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Figure 4. Muitiple gating defects associated with KCNH2 mutations. A, Mutations associated with drug-induced arrhythmia caused a
negative shift of inactivation gate of KCNH2 channels. Steady-state channel availability as a function of membrane potential was mea-
sured by using a double-step method, as shown in the insets: the voltage-clamp protocol and original current traces from a represen-
tative cell expressing WT KCNH2 channels. Open circles indicate the inactivation calculated from cells expressing cDNA with WT (2
1g), closed triangles, D342V/WT; closed squares, H492Y/WT; open triangles, S706F/WT,; and closed circles, M756V/WT. All data were
taken from 14 to 20 cells except for D342V/WT. B, To examine the inactivation time course, a conditioning pulse to +40 mV for 900
ms from a holding potential of —80 mV was followed by a hyperpolarizing pulse to —120 mV for 5 ms, and subsequent depolarizing
test pulses between —50 and +40 mV in 10 mV steps were applied. In addition, a conditioning pulse to +40 mV for 750 ms was
applied from a holding potential of —80 mV, followed by test pulses to various potentials between —130 and —60 mV in 10 mV incre-
ments. The inset illustrates the voltage protocol. Inactivation time constants were measured by fitting inactivating currents during test
pulses at each potential with a single exponential function. C, The S706F/KCNH2 mutant channel slightly accelerates deactivation time
course. Left column, time course of deactivation for each channel. To examine the deactivation time course, a conditioning puise to
+40 mV for 1.6 seconds from a holding potential of —80 mV was followed by hyperpolarizing test pulses between —70 mV and ~40
mV in 10-mV increments for 16 seconds (inset). Currents were not leak-subtracted. Each inset illustrates scale bars of 200-pA and
5-second times. Deactivation time constants (tau) were measured by fitting deactivating currents during test pulses at each potential

with double exponentials. The slow components of tau for the S7T06F/WT channel were smaller than that of WT; *P<0.05.

availability to the hyperpolarizing direction compared with
WT (V,,, of —58.3£4.7 mV for WT, V,, of —61.426.5 mV
for D342V/WT, —77.8£4.7 mV for H492Y/WT, —70.1+3.2
mV for STOGF/WT, and —71.1+4.6 mV for M756V/WT,
respectively). The time course to recovery from or the
development of the inactivation (recovery from inactivation
at hyperpolarized potentials and development of inactivation
at >-70 mV) was analyzed by double or triple pulse
protocols. The time course of inactivating kinetics could be
fitted by a single-exponential function. Time constants thus
calculated were significantly smaller than WT and mutant
channels over a wide range of voltage (between —50 and +40
mV for D342V/WT and H492Y/WT; between —30 and +20
mV for STO6F/WT; between —40 and 0 mV for M756V/WT,
Figure 4B). These results demonstrate that drug-induced
LQTS mutants have accelerated inactivation kinetics. Figure
4C shows representative families of current traces (left panel)
and time constants (right panel) of deactivation in each

channel. When the time course of deactivating kinetics was
fitted by a double-exponential function, the STO6F/WT chan-
nel slightly accelerated the deactivation process (Figure 4C).

Most of the drugs that induced LQTS in the study subjects
have been known to block /g, in a concentration-dependent
manner,®!719-22 whereas Iy, channel with KCNH2 mutations
may have different drug sensilivities compared with the WT
channel. Figure 5 shows 3 sets of drug concentration-current
inhibition relationships associated with KCNH2 mutations
with respect to erythromycin (5A), disopyramide (5B), and
pirmenol (5C). In each case of drug-induced LQTS, an
electrophysiological assay of current inhibition by the .
respective culprit drug was performed, for example, hy-
droxyzine,'? erythromycin, disopyramide, and pirmenol.
IC4ys were not significantly different between WT and the
respective mutant channels, suggesting that a change in drug
sensitivity was not involved in causing the drug-induced TdP in
the study subjects.
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Figure 5. Both WT and mutant channels showed similar drug sensitivities to the culprit agents. A, Fractional blockade by micromolar
erythromycin was recorded with regard to D342V/WT or WT as described in the methods and is plotted against the drug concentra-
tions. B, Similarly, the relationship between the fractional block by disopyramide and its concentration are shown. C, The relationship
between the fractional pirmenol block of M756V/WT or WT channels and its concentration. 1Cggs for erythromycin, disopyramide, and
pirmenol were 327 umol/L (WT) and 248 pmol/L (D342V/WT), 13.9 pmol/L (WT) and 8.4 umol/L. (H492Y/WT), and 16.6 wmol/L (WT) and

13.4 pmol/LL (M756V/WT), respectively (n=4 or 5 cells per condition).

Computer Simulation of Ventricular
Action Potentials
To compare how the functional changes caused by mutants
affect ventricular action potentials, a simulation study was
conducted using the Luo-Rudy computer model that incorpo-
rated the Markov!® or Hodgkin-Huxley?? process gating for
the mutant channels (Figure 6A). Table 2 shows parameters
of simulation that have been changed to [it to experimental
results. First, the I, or I, conductance was reduced to the
level observed in the D342V/WT, A614V/WT, and
R231C/WT channels. The deactivation time course for
R231C/WT was also fitted by modifying a parameter. Sec-
ond, the transition rate was changed accordingly from inac-
tivation to open states (i) and fitted with the experimental
data seen in H492Y/WT and M756V/WT channels. Acceler-
ation of inactivation induced by modifying the transition rate
ai reproduced smaller amplitudes for I-V relationships and
negative shift of steady-state inactivation curve (Figure 4A);
these findings were compatible with the experimental results
(Figure 3, A through C). Third, some parameters were altered
to simulate the S7T06F/WT model, by reducing the I,
conductance, modifying ai, and increasing the transition rate
from open to deactivation states. This was followed by
change to parameters associated with the activation and
deactivation rates for the R243H/WT model. Finally, not only
was I, conductance decreased in the subjects, but the burst
mode was also added to simulate the sustained current for the
L1825P model.>* The L1825P/WT channel was heteroge-
neously simulated to equally mix WT and L1825P models.
In the simulated M cells using the Luo-Rudy model, the
order of increase in magnitude of action potential duration
(APD) was A614V/WT>R231C/WT>D342V/WT>S7065/
WT>R243H/WT=L1825P/WT >H492Y/WT>MT756V/WT
for dLQTS mutations (Figure 6B, middle panel). Typically,
for cLQTS mutations, the simulated APD was longer than for
WT or drug-induced models, whereas APDs in drug-induced
models were intermediate between those in WT and those in
cLQTS (clinical information for simulated cLQTS are pre-
sented in supplemental Table 1).

Finally, an effort was made to reproduce action potentials
in the presence of [y .-blocking drugs (Figure 6C). Early
afterdepolarizations appeared in all mutants where there were
smaller reductions in the /. conductance compared with the
corresponding WT. Because drug sensitivities for WT and
mutant channels were not different (Figure 5), the same
inhibition rate was used in both the WT and mutant models
and the Iy, conductance was gradually reduced at the cycle
length of 1200 ms. As shown in Figure 6C, typically, when
the I, conductance was theoretically decreased to 89% of the
basal conductance for each channel, the D342V/WT model
began to develop early afterdepolarizations, whereas the WT
model produced only a 2.9% increase in APD.

Discussion
There were 3 major tindings.! In 8 of 20 consecutive dLQTS
subjects, 5 KCNH2, 2 KCNQI, and 1 SCNSA heterozygous
missense mutations were identified; there was a similar
positive mutation rate with dLQTS compared with ¢cLQTS.?
Both KCNQ/ and KCNH2 mutants possessed loss of function
effects on reconstituted /i - or J/x,-like channels.? The func-
tional changes in mutant channels reconstituted by the com-
puter simulation resulted in a mildly prolonged APD, sug-
gesting that the dLQTS may partially have a genetic
background, especially mild or latent long-QT syndrome—

. associated mutations.

Mutations in dLQTS

Potential torsadegenic drugs are used in the clinical setting
and include antiarthythmic drugs, antibiotics, antihistamines,
psychiatric drugs, and cholinergic antagonists. These might
induce TdP, which may lead to the sudden cardiac death of
individuals whose QT intervals were within normal range
before taking the drug. Several drugs such as cisapride and
terfenadine have been withdrawn from the market because of
these possible side effects.?5:2¢ The incidence of dLQTS is
not high, and the drugs lead to TdP in only a small
percentage of individuals, suggesting that there may be an
underlying genetic background that predisposes these in-
dividuals to the risk.
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Figure 6. Simulation study of congenital and dL.QTS-associated channels. A, Scheme showing a Markov model for /i, channels and
simulation resuits for voltage-clamp protocols with a modified the transition rate ai; «i=0.439Xexp(—0.02352%(V +40))/K,,. The 3 pan-
els iHlustrate the result on the M756V/WT model, (a); the |-V relationship, (b); the |-V relationship for amplitudes of peak tail currents and
{c); the steady-state inactivation curves. Open circles, WT; filled circles, mutant. B, Simulation study of action potential durations (APD).
The parameters used for simulation were changed and matched the experimental results for voltage-clamp protocols. Myocardium
models were stimulated at the cycle length of 800 ms for 5 minutes. C, Simulated APDs with /-blocking effects. When /. conduc-
tance was decreased to 11% in each of the models, the D342V model showed early afterdepolarization, whereas the WT model had
only slight prolonged APD. Bold fines, controls; dotted lines, models with /i-blocking effects.

In the medical literature, 13 KCNQI or KCNHZ2 mutations transmembrane regions have been shown to cause either mild
(13 of 15 mutations, 87%) associated with dLQTS, including long-QT syndrome or benign clinical phenotypes.?” Mutation
6 of the mutations identified in this present study, have been sites may influence the clinical and basic electrophysiological
located in nonpore regions (Figure 1B). Mutations in non- characteristics of patients with dLLQTS. It is of interest that
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Table 2. Parameters of Simulation Data in LQTS
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Phenotype Gene Mutant WT Basal Parameters Mutant Changed Parameters
dLaTs KCNQT R231C gks=0.202*(1-+0.6/(1 +pow((0.000038/cai), 1.4))) gks=0.103*(1-+0.6/(1 +pow((0.000038/cai), 1.4)))
tauxs1=1/(0.0000719"(v+30)/(1 —exp({—0.148... tauxs1=1.1/(0.00007 19*(v-+30)/(1 —exp(—0.148...
dLaTS KCNQ1 R243H ¥s185=1/(1 +exp(~ (v—1.5//16.7) xs155=1/(1+exp{— (v—11.5)/16.7})
tauxs1=1/(0.0000719*(v+30)/(1 —exp(—0.148.. tauxs1=0.9/{0.0000719*(v-+30)/(1 —exp(—0.148..
dLaTs KCNH2 D342y gherg=0.0135"pow(Kout, 0.59) gherg=0.0043*pow(Kout, 0.59)
dLaTs KCNHZ2 H492Y ai=0.439"exp(—0.02352*(v-+ 25))*4.5/Kout ai=0.439%exp(—0.02352*(v +47))*4.5/Kout
dLats KCNH2 S706F gherg=0.0135"pow(Kout, 0.59) gherg=0.0096"pow(Kout, 0.59)
ai=0.439%exp(—0.02352*(v-+25))*4.5/Kout al=0.439"exp(~0.02352*(v-+ 39)*4.5/Kout
bB3=2.9375e-3*exp(—0.02158"y) bB="5.875¢-3"exp(—0.02158*v)
dLaTs KCNHZ M756V ai=0.439%xp(—0.02352*(v+25))*4.5/Kout ai=0.439"exp(—0.02352*(v-+ 40))*4.5/Kout
dLaTsS KONH2 A614V gherg=0.0135*pow(Kout, 0.59) gherg=0.0024*pow(Kout, 0.59)
dLaTs SCN5A L1825P Gy=16 Gya=1.76
No burst mode ab=5%-6
No burst mode pB6=3.34%-4
clQTs KCNQY A3dty gks==0.202*(1-+0.6/(1 +pow((0.000038/cai), 1.4))) gks=0.101*(1+0.6/(1 +pow((0.000038/cai), 1.4)))
cLQTS KenNa1 A344Asp! gks=0.202*(1 +0.6/(1 +pow((0.000038/cai), 1.4)) gks=0.087*(1+0.6/(1 +pow((0.000038/cai), 1.4)))
cLQTS KCNH2 A561V gherg=0.0135*pow(Kout, 0.59) gherg=0.0023*pow{Kout, 0.59)
aa=65.5¢-3*exp(0.05547153*(v— 36)) ac=65.5e-3%exp(0.05547153*(v-16))
cLQTS KCNH2 G604S gherg=0.0135*pow(Kout, 0.59) gherg=0.0040*pow(Kout, 0.59)
ai=0.439"exp(—0.02352*(v +25))*4.5/Kout al=0.439"exp(~0.02352*(v-+ 35))*4.5/Kout
cLQTs KCNHZ A614V gherg=0.0135*pow(Kout, 0.59) gherg=0.0024*pow{Kout, 0.59)
cLATS SCN5A LB19F Gya=16 Gy,=6.24
No burst mode ab=10"¢-6
No burst mode pB6=3*e-4
cLatTs SCNSA L1330P Gy, =16 Gy, =6.24
No burst mode ab=10%-6
No burst mode p6=3"e-4

the functional assay of our 7 mutations resulted in various
levels of loss of function, but most of them showed no
dominant negative suppression, which is usually observed in
the classic cLQTS. Clinical characteristics during the drug
intake were not significantly distinct from those of cLQTS,
which shares a similar genetic background with the dLQTS.
Several polymorphisms have been shown to be associated
with dLQTS. 428 Abbott et al? identified a polymorphism
(T8A) of the KCNE2 gene encoding MiRP, a S-subunit for
the Iy, channel, which is present in 1.6% of the population
and is associated with TdP induced by quinidine or sulfame-
thoxazole/trimethoprim administration. Splawski et al*® also
found a heterozygous polymorphism involving substitution of
serine with tyrosine (S1102Y) in the sodium channel gene
SCN5A among blacks that increased the risk for drug-induced
TdP. The polymorphism was present in 57% of 23 patients
with proarrhythmic episodes but in only 13% of control
subjects. These findings suggested that common genetic
variations may increase the risk for development of drug-
related arrhythmias.

Roden et al® reported that cisapride could rescue traffick-
ing of L1825P channel with a potentially sustained current
and revealed a new mechanism of dLQTS with the Luo-Rudy
model. However, in the genotyped subjects in the present

study, dLQTS mainly resulted from the /,-blocking effect of
culprit drugs in the presence of latent genetic backgrounds.
Cardiac repolarization reserve may protect subjects against
the drug-induced QT prolongation by Ik -blocking drugs.30-3!
In the presence of latent genetic backgrounds, however,
reduction in the repolarization reserve unveils the presence of
so-called “concealed” long-QT syndrome when drugs with
Ix,-blocking effects are administered. The presence of bor-
detline prolongation of the QT interval, together with per-
sonal information such as unexplained previous syncope and
family history of premature sudden death, may help to
prevent drug-induced arrhythmia even if a subject’s Schwartz
score is low, because they could have a potential risk of TdP.
Special attention should be paid to family members of the
index subject with drug-induced QT prolongation because
~30% of family members were found to have a predisposing
genetic background in the present study. Indeed, they may
have inherited the risk for being susceptible to dLQTS.

Limitations of the Study

This study has some limitations. Bacause of the small cohort
of dLQTS subjects, this study was not powered to quantify
the overall prevalence of ion channel mutations in the group
of subjects with drug-induced TdP; there was also a possible
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selection bias in the population. As for the causative agents,
we were unable to test the action of amphetamine and
methamphetamine because it was impossible to obtain these
illegal drugs for clinical study. However, a previous report
has shown that 3,4-methylenedioxy methamphetamine (ec-
stasy, NMDA) prolongs the APD of hippocampal neurons by
blocking the conductance of a resting K+ channel.32 It is quite
possible that these drugs also suppressed cardiac K* currents
and induced QT prolongation and TdP in 1 subject in our
study, based on her medical records. Regarding protein
trafficking, 2 mutations in this study, A614V in KCNH2'7 and
L1825P in SCN5A,2 had been reported to be trafficking-
deficient mutations. Though protein trafficking of other
mutants remains unclear, especially R243H in KCNQI, and
H492Y, S706F, and M756V in KCNH2, would be not
trafficking-deficient because, under heterozygous conditions,
these mulants showed adequate current density compared
with WT. In the simulation study, the parameler seltings
could mimic mutant channels. In addition, the setting of the
paramelers might have innumerable patterns, and it therefore
remains possible that other combinations of patierns could
also simulate mutant channels.
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CLINICAL PERSPECTIVE

Drug-induced long-QT syndrome (dLQTS) is a disease associated with the appearance of a prolonged QT interval and
torsades de pointes after taking a culprit drug or drugs; the QT interval usually returns to within normal range after a
washout period of these drugs. The clinical phenotype of dLQTS that appears during administration of these drugs
resembles that of congenital long-QT syndrome (cLQTS), and “latent” genetic factors may underlie the susceptibility of
a subject to drug-induced serious adverse reactions, such as a long QT interval and torsades de pointes. In the analysis of
cLQTS-associated genes encoding cardiac ion channel-composing proteins, this study revealed that dLQTS had a similar
positive mutation rate compared with cLQTS. When reconstituted in Chinese hamster ovary cells, KCNQ/T and KCNH2
mutant channels showed complex gating defects without dominant negative effects or a relatively mild decreased current
density. With the Luo-Rudy simulation model of action potentials, action potential durations of most mutant channels were
between those of wild-type and cLQTS. In conclusion, although the dLQTS subjects had genetic backgrounds that were
similar to cLQTS subjects, the functional changes associated with these mutations identified in dLQTS were different from
those in cLQTS. Thus, we believe that dLQTS can be regarded as a latent form of long-QT syndrome. When [i-blocking
agents produce excessive QT prolongation, the underlying genetic background of the dLQTS subject should be taken into
consideration, as would be the case with cLQTS.
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ABSTRACT: Long QT syndromie (LQTS) is an inherited
disease involving mutations. in  the genes encoding ‘a
number of cardiac ion channels and a membrane adaptor
protein. Among the genes that are responsible for LQTS,
KCNEI and KCNE2 are membets of the KCNE family of
genes, and function as ancillary subunits of Kv channels.
The: thitd KCNE gene, KCNE3, is expressed in ¢ardiac
myocytes and’ interacts; with: KCNQI - to - change: the
channel’ properties, However,, KCNE3 has never been
linked to' LQTS. To investigate the association between
KCNE3 and LQTS, we conducted a genetic screening of
KCNE3 mutations and single nucleotide polymorphisms
(SNPs) in 485 Japanese LQTS probands: using DHPLC-
WAVE system and direct sequencing. Consequently, we
identified two KCNE3 missense mutations, located in the
N- and C-terminal domains. The functional effects: of
these mutations  were examined by heterologous expres-
sion systems using CHO ‘cells stably expressing KCNQI.
One mutation, p.R99LH was identified in a:76-year-old
woman who suffered: torsades: de’ pointes: (TdP) after
administration  of “disopyramide. . Another: mutation,
p.T4A was identified in a 16-yeat-old boy and 67-year-
old woman. ‘Although the boy carried another KCNH2
mutation, he was asymptomatic., On the othet hand, the
woman suffered: from hypokalemia-induced TdP. .In a
series of electrophysiological analyses, the KCNQ1(Q1)
+KCNE3(E3)-R99)LH channel significantly reduced out-
ward current compared to. Q1+E3-WT; though the

current density of the Q1 +E3-T4A channel displayed no
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statistical significance, This is the first report of KCNE3
mutations associated with LQTS. Screening for variants
in the KCNE3 gene is of clinical importance for LQTS
patients.
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Introduction

Long QT syndrome (LQTS) is an inherited disease characterized
by a prolonged QT interval and a high risk of sudden cardiac
death due to peculiar ventricular tachycardia known as torsades de
pointes (TdP) [Moss and Kass, 2005]. Most of the LQTS-causing
genes encode ion channels, with particular regard o potassium
(K) channels. Among them, KCNEI (El) and KCNE2 (E2) are
members of the KCNE family (El through KCNES5) encoding a
single-transmembrane-domain proteins. They are called MinK-
related peptides (MiRPs) that function as ancillary subunits of Kv
channels. In 1999, the third KCNE gene, KCNE3 (ONIM
#604433) (E3), was cloned by homology to El [Abbott et al,,
1999]. In the functional analysis on the KCNQI! (Ql) +E3
channel, E3 was shown to markedly change Q1 channel properties
to yield those activating nearly instantaneously and linearly on
voltage [Schroeder et al., 2000].

The expression of E3 in heart was examined and confirmed by
northern blot analysis [Schroeder et al., 2000}, real-time
quantitative RT-PCR {Bendahhou et al,, 2005; Lundquist et al,,
2005, 2006] and in situ hybridization [Lundquist et al., 2005]. E3
was expressed in all regions of the human heart including left and
right ventricles {Lundquist et al., 2005]. The expression level of E3
was larger than that of E2 in every region of the human heart,
although smaller than that of El [Bendahhou et al, 2005;
Lundquist et al, 2005, 2006]. Recently, E3 was reported to

© 2009 WILEY-LISS, INC.




establish a complex with Q! along with E1 [Morin and Kobertz,
2007]. The Q1+E1+E3 complex generated the current with the
combined properties of homomeric Q1+El and Qi+E3 com-
plexes, as we previously reported the properties of Q1+E1+E2
complexes [Toyoda et al,, 2006]. Taken together, the dysfunction
of the Q1+E3 channel may reduce repolarizing K currents in the
myocardium, which thereby prolongs the QT interval, although
QI-E3 channels have not yet been demonstrated in the heart,

Abbott et al. [2001] demonstrated a missense mutation of E3
(p.R83%AH) in the patients of periodic paralysis. The reduced
current densities of the E3-R83AH plus Kv3.4 complex channel in
the skeletal muscle caused periodic paralysis, though the authors
did not mention cardiac symptoms. More recently, Lundby et al.
[2008) identified an E3 mutation (p.V17AM) from an early-onset
lone atrial fibrillation (AF) patients. They performed functional
analysis of E3-V17AM in coexpression with five kinds of
potassium channels. As a result, they revealed increased activity
of KV4.3+E3-V17AM and KCNH2+E3-V17AM channels,

During the genetic screening on 485 Japanese LQTS probands,
we identified two novel E3 mutations and one reported single
nucleotide polymorphism (SNP) (rs34604640:C>G; p.P39R).
The mutations were p.T4A in the N-terminal and p.R99AH in
the C-terminal. In the present study, we describe the clinical
phenotypes of E3-related LQTS patients and the electrophysiolo-
gical effects caused by these E3 mutations, and assess the
probability of E3 as a candidate gene for LQTS.

Materials and Methods

Subjects

Study patients are comprised of 485 congenital and acquired
LQTS probands showing prolongation of the QT interval
(QTc>460ms) or documented TdP from 485 unrelated families.
They were referred consecutively to either of our laboratories for
genetic evaluation. All subjects submitted written informed
consent in accordance with the guidelines approved by each
institutional review board. Each underwent detailed clinical and
cardiovascular examinations, and were then characterized on the
basis of the QT interval in lead V5 corrected for heart rate (QTc)
according to Bazett’s formula and the presence of cardiac
symptoms.

Genotyping

Genomic DNA was isolated from venous blood lymphocytes as
previously described [Ohno et al, 2007]. Through PCR,
denaturing high-performance liquid chromatography (DHPLC),
and direct DNA sequencing, we performed a comprehensive open
reading frame/splice-site mutational analysis of known LQTS
genes (KCNQI, KCNH2, SCN5A, KCNE1, and KCNE2) using
previously described primers [Ohno et al, 2007]. We did not
conduct mutational analysis of ANKB, KCNJ2, CACNA1C, CAV3,
and SCN4B. The KCNE3 coding region was amplified with a
primer pair; forward primer; 5-CTGAGCTTCTACCGAGTCTT-3’
and reverse primer; 5-TGCAGTCCACAGCAGAGTTC-3'. The
size of the PCR product was 435 base pairs. DHPLC analysis of
KCNE3 was performed at three different temperatures; 59.0, 61.2,
and 63.5°C. The ¢cDNA sequence was based on GenBank reference
sequence NM_005472.4, and the numbering reflects ¢DNA
numbering with +1 corresponding to the A of the ATG
translation initiation codon in the reference sequence, according
to journal guidelines. The initiation codon is codon 1.
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Plasmid Construction

cDNA for human KCNE3 (NM_005472.4) was cloned into a
PCR3.1 plasmid. Variant amino acid residues were constructed
using a Quick Change® II XL Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA), according to the manufacturer’s
instructions. Nucleotide sequence analysis was performed on each
variant construct prior to the expression study.

Construction of a CHO Cell Line Stably Expressing
Human KCNO1

Flp-In CHO cells containing a single integrated Flp recombi-
nase target (FRT) site at a transcriptionally active locus
(Invitrogen, Carlsbad, CA) were used for the generation of a
stable KCNQ1 cell line. The full-length ¢cDNA fragment of human
KCNQI (GenBank AF000571.1) in a pCI vector (a kind gift from
Dr. J. Barhanin, Institut de Pharmacologie Moléculaire et
Cellulaire, CNRS, Valbonne, France) was subcloned into a
pcDNAS/ERT vector (Invitrogen). This construct was cotrans-
fected into Flp-In CHO cells with pOG44, a Flp-recombinase
expression vector (Invitrogen), resulting in the targeting interac-
tion of the expression vector. Stable cell clones were selected in
hygromycin B (500 pg/ml; Invitrogen), and the expression of
KCNQL was tested by the whole-cell patch-clamp recording
method. One cell line exhibited uniform and homogenous
expression of KCNQI currents and was used for experiments,

Cell Culture and Transient Transfection

The stable KCNQ1-CHO cell line was maintained in Ham’s F-
12 medium supplemented with 10% fetal calf serum and
500 &mug/ml hygromycin B in a humidified incubator gassed
with 5% CO, and 95% air at 37°C. Before transfection, cells were
seeded onto 35-mm plastic culture dishes with seven to eight glass
coverslips (5Amm X 3Amm) and incubated for 24 to 48\hr.
Transient transfection was performed using Lipofectamine
(Invitrogen). The amounts of each ¢cDNA used for transfection
were (mug/dish): 1.0 KCNE3, and 0.5 green fluorescent protein
(GFP). At 48 to 72Ahr after transfection, only GFP-positive cells
were selected for the patch-clamp study.

Patch-Clamp Recordings and Data Analysis

Whole-cell membrane currents were recorded with an EPC-8
patch-clamp amplifier (HEKA, Lambrecht, Germany). A coverslip
with adherent CHO cells was placed on the glass bottom of a
recording chamber (0.5Mml in volume) mounted on the stage of
Nikon Diaphot inverted microscope (Tokyo, Japan). Patch
pipettes were prepared from glass capillary tube (Narishige,
Tokyo, Japan) by means of a Sutter P-97 micropipette puller
(Novato, CA), and the tips were then fire-polished with a
microforge. Pipette resistance ranged from 2 to 4 Mo when filled
with internal solution. Current recordings were conducted at
344 1°C. Voltage-clamp protocols and data acquisition were
controlled by PatchMaster software (version 2.03, HEKA) via an
LIH-1600 AD/DA interface (HEKA). Cell membrane capacitance
(Cm) was measured in every cell by fitting a single exponential
function to capacitive transients elicited by 20 ms voltage-clamp
steps from a holding potential of —80 mV.

External Tyrode solution contained (mM): 140 NaCl, 0.33
NaH,PO,, 5.4 KCl, 1.8 CaCl,, 0.5 MgCly, 5.4 glucose, and 5
HEPES, and pH was adjusted to 7.4 with NaOH. The internal




pipette solution contained (mM): 70 potassium aspartate, 50 KCI,
10 XH,PO,, 1 MgCl,, 3 Na,-ATP, 0.1 Li,-GTP, 5 EGTA, and 5
HEPES, and pH was adjusted to 7.2 with KOH. Liquid junctional
potential between the test solution and the pipette solution was
measured to be around ~10 mV and was corrected. HMR1556 (a
kind gift from Drs. H.J. Lang and J. Piinter, Aventis Pharma
Deutschland GmbH) was added from 10mM stock solution in
DMSO to the external solution {final DMSO concentration did
not exceed 0.01%).

To obtain the deactivation time constant, the time course of
decaying tail current at =50 mV were fitted to a single exponential
function:

I(t) = A+ Bexp(—t/1),

where [(f) means the tail current amplitude at time £, A and B are
constants, and 1 is the deactivation time constant.

All data are presented as mean+standard error of the mean
(SEM). Statistical analysis was performed by analysis of variance
(ANOVA) followed by Tukey-Kramer post hoc comparison.
Statistical significance was set at P <0.05.

Cell Preparation and Confocal Imaging

For the immunofluorescence study, we constructed a hemag-
glutinin (HA)-tagged KCNE3 plasmid (wild type {WT] and
mutant). An HA epitope (YPYDVPDYA) was introduced into the
N-terminus of KCNE3 cDNA, using an HA-tagged 5’ primer with
a Kpnl restriction site at the 5" end and a 3’ primer with BsrGI at
the 3 end. The full-length cDNA f{ragment of human KCNQI was
subcloned into pCl-neo. COS7 cells were transfected with
1.0 &mug of HA-tagged pCR3.1-KCNE3 (WT or mutant) and
1.0 &mug of pCl-neo-KCNQI plasmid in 35-mm glass-bottom
dishes, using Fugene6 (Roche Diagnostics, Basel, Switzerland)
according to the manufacturer’s instructions, At 48)hr later, the
cells were washed twice with phosphate buffered saline (PBS),
followed by incubation with a mouse anti-HA primary antibody
(1:500) (Covance Research Products, Inc., Berkeley, CA) for
30hminutes at 37°C. The cells were then washed twice with PBS
and incubated with an anti-mouse antibody conjugated to the
Alexa 488 fluorophore (1:500) (Molecular Probes, Eugene, OR) as
a secondary antibody for 30Aminutes at 37°C. Finally, cells were
washed with and immersed in Opti-Mem, and confocal images
were obtained with a Zeiss LSM 510 (Carl Zeiss GmbH, Jena,
Germany).

Results

Mutation Analysis

In 485 LQTS probands, we identified two novel missense
mutations and one SNP in E3 (Figs. 1 and 2). The first mutation
was a single nucleotide alternation (c.296G>A) (Fig. 1A)
resulting in an amino acid substitation from an arginine at
residue 99 with a histidine (p.R99AH). The second mutation was a
single nucleotide change (c.10A >G) (Fig. 2A), causing an amino
acid substitution p.T4A, replacing a threonine at residue 4 with an
alanine. This T4A missense mutation was identified in two
probands. Another proband was found to have a p.P39R
polymorphism, which was reported as an SNP (rs34604640:
C>G). These three variants were absent in 200 unrelated healthy
individuals (400 alleles) from the general Japanese population,
They are located in the N-terminus (T4A and P39R) and C-
terminus (R99AH), respectively. We further searched for another

mutation in LQTS-related genes in these probands carrying E3
mutations (see Materials and Methods), In one of the KCNE3-
T4A carriers, we identified a KCNH2-p.G572S mutation and in
the proband with the P39R polymorphism a KCNH2-p.W563G
mutation. SNP ¢.198 T>C (rs2270676), which causes no amino
acid substitution (p.F66F), was identified heterozygously in
roughly 20% of both LQTS probands and healthy individuals.

Phenotypic Characterization

Patient 1

The novel mutation p.R99AH was found in a 76-year-old female
suftering from drug-induced TdP. Her resting 12-lead electro-
cardiograph (ECG) before administration of disopyramide (Fig.
1B-a) displayed sinus rhythm with normal QTc (438 ms). Because
of repeated paroxysmal AF she was started on 300Amg of
disopyramide per day. At 10 days after disopyramide intake, her
level of consciousness decreased and ECGs displayed frequent
premature ventricular contractions (PVCs) and TdP (Fig. 1B-b).
Her heart rate was 66 beats per minute (bpm), and her QTc time
was prolonged to 580 ms. Serum K level was within normal range
(4.0mEq/L). Disopyramide was immediately stopped, and
temporary pacing was immediately started at 90 bpm. In 3 days,
TdP attacks ceased and QTc intervals returned within normal
range. She had no family history of sudden cardiac death and
LQTS. We did not conduct genetic analyses on the relatives of this
patient, due to a lack of consent.

Patient 2

A p.T4A mutation was identitied in a 16-year-old boy who had
QT prolongation discovered during his school’s annual health
checkup. He had no history of faintness or syncope and no family
history of syncope or sudden death. His resting ECG (Fig. 2B)
revealed bradycardia for age (48bpm) and QT prolongation
(QTc=525ms). Genetic analysis on other LQTS-related genes
revealed a KCNH2-G572S missense mutation which had been
previously reported [Tester et al., 2005]. His mother and sister also
remained asymptomatic but had the same heterozygous set of
genetic variants (E3-T4A and KCNH2-G572S). Their ECGs also
displayed the prolongation of QTc intervals: 520 ms and 560 ms
(data not shown).

Patient 3

A p.T4A mutation was also identified in another unrelated
proband, a 68-year-old female, who experienced hypokalemia-
induced TdP at age 60 years. After correction of serum potassium
levels, her QTc time was normalized to 430 msec (Fig. 2C). Two
years after the TdP event, she was diagnosed with cardiac
sarcoidosis and was started on steroid hormone therapy. Though
her daughter also carried the E3-T4A mutation, she was
asymptomatic with borderline QTc.

Patient 4

A p.P39R amino acid substitution was identified in a 32-year-
old female who was also identified to have a novel KCNH2
missense mutation, p.W563G. She experienced repeated episodes
of late night syncope at ages 15, 21, and 26 years. Figure 3 displays
her 12-lead ECG demonstrating marked QT prolongation
(QTc=512msec) and notched T waves, suggesting LQTS type
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Figure 1. Molecular discovery and clinical characterization of R99H-KCNE3. A: DHPLC {insets) and DNA sequence analyses of normal
control and Patient 1. DNA sequencing chromatograms demanstrate an arginine (Arg) to histidine {His) substitution at residue 99. B: ECGs of
Patient 1. {a) 12-lead ECG and (b} monitoring ECG of TdP in a 76-year-old female patient. Scale bars indicate 1 mV and 400 ms. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 2. Molecular discovery and clinical characterization of TAA-KCNE3. A: DHPLC (insets) and DNA sequence analysis of normal control
and patient. DNA sequencing chromatograms demonstrate a threonine (Thr) to alanine {Ala) substitution at residue 4. B: The 12-lead ECG of
Patient 2. C: The 12-lead ECG of Patient 3. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

2. E3-P39R was reported as an SNP (rs34604640: C> G); however,
P39R was absent in 400 control alleles from healthy Japanese
cohorts. Therefore, we conducted a functional analysis of three
mutants including P39R.

Biophysical Properties of KCNQ1 Channels Coexpressed
With KCNE3

To clarify the functional consequences of these missense
mutations (R99AH, T4A, and P39R) on E3, we assessed the
biophysical properties of the mutated E3 clone by using the stably
expressing human KCNQI-CHO cell line. Figure 4A shows
representative examples of whole-cell currents recorded from
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CHO cells stably expressing the Q1 channel transfected with or
without E3 (WT or mutant). Insets to the right of each recording
illustrate expanded views of the tail current elicited after return to
~50mV from test potentials, The current amplitudes were
normalized by cell capacitances (current densities). Recordings
from cells expressing the Q1 channel alone (left panel of Fig. 4A)
displayed small amplitudes of time-dependent outward currents
during depolarizing test potentials, followed by slowly deactivating
tail currents on return to —50mV. In contrast, transfection of
stable Q1 cells with E3-WT (second panel in Fig. 4A) gave rise to
large amplitudes of currents composed of at least two compo-
nents: 1) a time-dependent outward current activated during
depolarizing steps; and 2) a constitutively active background




current during depolarizing and hyperpolarizing (-50 mV) steps,
as previously reported [Bendahhou et al,, 2005; Schroeder et al.,
2000}. After the recordings of Q1 with or without E3 current, we
applied HMR1556 {1&muM), a selective Q1 channel blocker.
Though the sensitivity on the Q1 alone and Q1+E3 channel of
chromanol 293B, another Q1 channel blocker, was different [Bett
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Figure 3. The 12-lead ECG of Patient 4 with QT prolongation. The
patient was found to have a KCNE3-SNP, P39R, and a KCNH2-
mutation, W536G.

et al,, 2006}, both Q1 and QI+E3 currents were almost totally
abolished by only 1 &muM HMR1556 (lower panels of Fig. 4A).

HMR1556-sensitive current densities at the end of test pulse
(Fig. 4B) were averaged from data and are plotted as the function
of test voltage of Q1 (closed square), Q1+E3-WT (closed circle),
Q1+E3-R99LH (open triangle), Q1+E3-T4A (open circle), and
Q1+E3-P39R (closed triangle). Currents reconstituted by Q1
alone were activated at potentials greater than —40mV, whereas
those by QI+E3 (WT and all mutants) were active at all test
potentials and exhibited a strong outward rectification with a
reversal potential close to Ex (-84mV as predicted by Nernst
equation). All three E3 mutants, E3-R99AH, E3-T4A, and E3-
P39R, produced membrane currents with properties qualitatively
similar to those of E3-WT. As summarized in Figure 4C, the
current densities for the Q1+4E3-R99MH current at +40 and
-120mV were 163.71+263 and -10.1+2.6 pA/pE, respectively.
These values were significantly smaller than those of the Q1+E3-
WT (301.6+33.3pA/pF at +40mV and -24.5+4.2pA/pF at
—-120 mV, P <0.05). Q1+E3-T4A and Q1+E3-P39R displayed no
statistically significant difference. The deactivation time constant
for tail currents was significantly decreased by coexpression of E3
with Q1, but these three mutations in E3 had no significant effect
on deactivation kinetics (Fig. 4D).

Cellular Immunocytochemistry of KCNE3

It was reported that no E3 could be expressed on the plasma
membrane in the absence of Q1 {Schroeder et al., 2000]. This was
reconfirmed in our experimental protocol; the two left columns in
Figure 5 show that HA-tagged E3 is not detected by Alexa 488
conjugated HA antibodies in nonpermeabilized COS7 cells in the
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Functional analysis of KCNE3 and its mutants in a CHO cell line stably expressing KCNQ1 channel, A: Whole-cell membrane

currents recorded from stable KCNQ1-CHO cells transfected without {Q1) or with KCNE3-wild type {Q1+E3-WT), KCNE3-RI9AH {O1-+E3-R992H),
KCNE3-T4A {Q1+E3-T4A), or KCNE3-P39R {Q1+E3-P39R}. Cells were held at —80 mV and stepped to various test potentials ranging from -120 to
+40mV in 10mV steps for 1 sec before (upper panel) and during {lower panel) exposure to HMR1556 {1 1M). Dotted line indicates zero current
level. Scale bars indicate 0.5 sec and 100 pA/pF. Insets to right of each recording illustrate expanded views of tail current elicited after return to
-50mV from test potentials. Scale bar indicates 0.} sec. B: Current-voltage relationships for mean values of HMR1556-sensitive currents
measured at the end of test pulses in CHO cells expressing Q1 (closed square, n = 5), Q1+E3-WT (closed circle, n = 14), Q1 +E3-R391H (open
triangle, n = 12), Q1-+E3-T4A {open circle, n = 12), or Q1+E3-P39R (closed triangle, n = 10). C: Summary of the current density measured at +40
(black bar) and =120 mV {white bar). Columns and error bars indicate mean+ SEM. D: Deactivation time constant calculated by fitting a single
exponential function to tail current at -50mV after depolarization to +40mV.
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Figure 5.
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Cell surface expression of WT and mutant KCNE3 channels in nonpermeabilized cell. Upper panels of each column indicate HA-

tagged KCNE3 (E3) (WT and three variants) with Alexa 488-conjugated antibodies with or without KCNQ1. Lower panels show merge of green
fluorescence and light transmission images. Scale bars indicate 50 &mum in E3-WT and 10 &mum in others.

absence of Q1 cotransfection. In contrast, HA-tagged E3 could be
visualized in the presence of Q1, which indicates that the Q1
protein is necessary for E3 to be successfully trafficked to the cell
membrane. Q1 plus HA-tagged E3 channels generated currents
similar 1o those of Q1 plus untagged E3 channels (data not
shown). Figure 5 illustrates representative sets of confocal images.
COS7 cells were transfected with tagged B3 (WT, T4A, and
R99AH) and Ql. All Q1 plus HA-tagged E3 exhibited green
fluorescence in the plasma membrane indicating that these
channels were trafficked to the plasma membrane normatly.

Discussion

In the present study, we report three E3 variants found in 485
LQTS probands. One of the two novel mutations, R99LH,
displayed a significant decrease in outward currents when
coexpressed with Q1. The proband with the E3-R99AH mutation
suffered from drug-induced TdP. After washout of disopyramide,
her QTc time on the ECG returned within normal range. The drug
probably induced remarkable QT prolongation and TdP in the
presence of a reduced repolarization reserve [Roden, 1998], which
was associated with the E3-R99AH mutation.

The expression of E3 was confirmed in the human heart
[Bendahhou et al., 2005; Lundquist et al,, 2005, 2006]. Though
neither the presence nor potential function of Q1+E3 channels in
human cardiac myocytes have been determined, E3 conformed a
functional channel in interaction with QI, constitutively open
potassium channel [Schroeder et al.,, 2000]. In addition, azimilide-
sensitive Q1+E3 like currents were recorded in canine myocytes
{Dun and Boyden, 2005]. On account of these results, E3 is
assumed to have a physiological role in human heart. Mazhari
et al. [2002] studied the effects of E3 on action potential duration
(APD) in in vivo transduction of guinea pig ventricular myocytes.
APD of E3-transduced myocytes was signilicantly reduced
compared to that of control myocytes. Under the assumption
that E3 might interact with KCNH2, they also performed a series
of tests using an Iy, blocker (E-4031) to determine whether the
APD shortening was due to the interaction with E3 and KCNH2.
However, E-4031 did not affect the APD in E3-transduced
myocytes. As a result, the APD shortening appeared to be a result
of the interaction between Ql and E3. Although ventricular
myocytes are repolarized mainly by Q1+E1 (Ix,) and KCNH2
(Ixe) in human hearts, we believe that the mutant E3 could
prolong APD through interaction with Q1. We recently reported
the knockdown of E3 expression using RNA interference in guinea
pig ventricular myocytes {Toyoda et al., 2008]. The knockdown of
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E3 was found to prolong the APD, suggesting that E3 may play a
physiological role in repolarizalion of cardiac action potential.

The interaction between KCNH2 and E3 is not established yet.
In the experiments using Xenopus oocytes, KCNH2 currents were
suppressed by coinjection with E3 {Schroeder et al., 2000]. On the
contrary, the interaction in horse hearts could not be displayed by
means of sequential immunoprecipitation and immunoblotting
[Finley et al, 2002}. In addition, the Iy, blocker did not affect
APD in E3-transduced myocytes in guinea pigs [Mazhari et al,,
2002]. Consequently, we supposed that KCNH2 plus E3 channel
would affect very little for repolarization. We therefore did not
pursue further examination on the interaction with KCNH2 and
E3 using mammalian cell lines.

Regarding the E3-T4A mutation, we postulated that the E3-T4A
has minor effects on the QT prolongation, based on the fact that
no E3-T4A variant was found in our normal control. Though one
of the probands had a KCNH2-G572S mutation {Tester et al.,
2005] which is supposed to be the major reason for the QT
prolongation, another proband had no mutation in major LQTS-
related genes. In our biophysical assay, the mutant caused no
significant difference in Q1+E3-T4A channel currents; therefore
we could not display the association between E3-T4A mutation
and QT prolongation. In patient 3, hypokalemia triggered the
TdP, accordingly reducing extracellular potassium level may affect
the currents through Q1+E3-T4A channels. Or E3 may also
interact with another potassium channel alpha-subunit that affects
the repolarization of cardiac myocytes, and the E3-T4A mutation
may decrease the outward current to prolong QT time. We have to
take into account that E3-T4A is a rare SNP, because the
correlation between phenotype and genotype in our patients was
not common and the number of our control was smaller
compared to the studied cases.

E3-P39R may also have functional effects on repolarization.
However, our proband with E3-P39R had a compound KCNH2-
W563G mutation, as well as typical symptloms and ECG findings
(Fig. 3) compatible with type 2 LQTS. In addition, functional
analysis of the Q1+E3-P39R channel displayed smaller current
densities than those of the Q1+E3-WT channel; however there
was no statistical difference, Therefore we considered E3-P39R as a
rare normal variant in Japanese.

Concerning another & subunit which interacts with KCNE3, Kv4.3
potassium channel encoded by KCND3 produces transient outward
potassium conductance (I,) in the heart and KCNE3 inhibits the
Kv4.3 currents [Lundby and Olesen, 2006; Radicke et al,, 2006}, even
in the presence of KChIP2. Hence, there is a possibility that our E3
mutants affect the Kv4.3 current and prolong QT interval,




In conclusion, we identified three E3 variants among 485
Japanese LQTS probands, and one of which significantly reduced
currents by interacting with Ql. Though the proband had
remained asymptomatic in the absence of risk predisposing to
QT prolongation, she fell into highly critical condition by taking
disopyramide for AF at age of 76. Therefore, identification of E3
mutations with possible phenotypic effects provides us with
information for our understanding of the mechanism of LQTS.
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BACKGROUND The transient outward current I, is of critical im-
portance in regulating myocardial electrical properties during the
very early phase of the action potential. The auxiliary B8 subunit
KCNEZ recently was shown to modulate L.

OBJECTIVE The purpose of this study was to examine the contribu-
tions of KCNEZ and its two published variants (M54T, I57T) to L.

METHODS The functional interaction between Kv4.3 (« subunit of
human 1) and wild-type (WT), M54T, and 1577 KCNE2, expressed in
a heterologous cell line, was studied using patch-clamp techniques.

RESULYS Compared to expression of Kv4.3 alone, co-expression of
WT KCNEZ significantly reduced peak current density, slowed the rate
of inactivation, and caused a positive shift of voltage dependence of
steady-state inactivation curve. These modifications rendered Kv4.3
channels more similar to native cardiac I,. Both M54T and I57T

variants significantly increased L, current density and slowed the
inactivation rate compared with WT KCNEZ. Moreover, both variants
accelerated the recovery from inactivation.

CONCLUSION The study results suggest that KCNEZ plays a critical
role in the normal function of the native I, channel complex in
human heart and that M54T and I57T variants lead to a gain of
function of I,,,, which may contribute to generating potential arrhyth-
mogeneity and pathogenesis for inherited fatal rhythm disorders.

KEYWORDS Cardiac arrhythmia; M54T variation; I57T variation;
KCNEZ; Kva.3; Sudden cardiac death

ABBREVIATIONS CHO = Chinese hamster ovary; HERG = human
ether-a-go-go related gene; WT = wild type
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Introduction

Classic voltage-gated K channels consist of four pore-
forming («) subunits that contain the voltage sensor and
ion selectivity filter!? and accessory regulating () sub-
units.> KCNE family genes encode several kinds of B8
subunits consisting of single transmembrane-domain
peptides that co-assemble with « subunits to modulate
ion selectivity, gating kinetics, second messenger regu-
lation, and the pharmacology of K™ channels. Associa-
tion of the KCNE] product minK with the « subunit
Kv7.1 encoding KCNQ! forms the slowly activating de-
layed rectifier K* current I, in the heart.*® In contrast,
association of the KCNE2 product MiRP1 with the hu-
man ether-a-go-go related gene (HERG) forms the car-
diac rapid delayed rectifier K* current I,.%

doi:10.1016/j.hrthm.2009.10.012
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KCNE2 co-expression with Kv4.3 produces smaller I,,-like currents with slower activation/inactivation kinetics, A: Representative current traces

recorded from Chinese hamster ovary (CHO) cells expressing Kv4.3 (left) and Kv4.3 + KCNE2 (right). As shown in the inset in panel A, depolarizing step
puises of l-second duration were introduced from a holding potential of —~80 mV to potentials ranging from —40 to +50 mV in 10-mV increments. B:
Current—voltage relationship curve showing peak current densities in the absence and presence of co-transfected KCNE2 (*P <05 vs Kv4.3). C: Bar graphs
showing the kinetic properties of reconstituted channe! currents: time to peak of activation course (left) and inactivation time constants (right) measured using
test potential to +20 mV (*P <.05 vs Kv4.3). Numbers in parentheses indicate numbers of experiments. D: Normalized conductance—voltage relationship

for peak outward current of Kv4.3 and Kv4.3 + KCNE2 channels.

Abbott et al reported that three KCNE2 variants (Q9E,
M354T, 157T) caused a loss of function in Iy, and thereby
were associated with the congenital or drug-induced long
QT syndrome.®” However, the reported QTc values in two
index patients with M54T and I57T variants, both located in
the transmembrane segment of MiRP1, were only mildly
prolonged (390-500 ms and 470 ms).® We recently identi-
fied the same missense KCNE2 variant, I5S7T, in which
isoleucine was replaced by threonine at codon 57, in three
unrelated probands showing a Brugada type | ECG. These
findings are difficult to explain on the basis of a loss of
function in Ig,, thus leading us to explore other mechanisms,

Recent studies have demonstrated that interaction be-
tween « and [ subunits (KCNEs) of voltage-gated K'
channel is more promiscuous; for example, MiRP1 has been
shown to interact with Kv7.1,%7'" HCN1,'" Kv2.1,'* and
Kvd.2.'® These studies suggest that MiRP1 may also co-
associate with Kv4.3 and contribute to the function of tran-
sient outward current (1,,) channels.'* Indeed, a recent study
veported that I, is diminished in kene2 (—/-) mice.'”

In the human heart, I, currents are of critical importance
in regulating myocardial electrical properties during the
very early phase of the action potential and are thought to be
central 1o the pathogenesis of Brugada-type ECG manifes-
tations.'® Antzelevitch et al demonstrated that a gain of
function in I, secondary to a mutation in KCNE3 contrib-
utes to a Brugada phenotype by interacting with Kv4.3 and
thereby promoting arrhythmogenicity.'*

We hypothesized that mutations in KCNE2 may have
similar actions and characterize the functional consequences
of interaction of wild-type (WT) and two mutant (I57T,
M354T) MiRP| with Kv4.3'"!® using heterologous co-ex-
pression of these « and B subunits in Chinese hamster ovary
(CHO) cells.

Methods

Heterologous expression of hKv4.3 and B8
subunits in CHO cells

Full-length ¢DNA fragment of KCNE2 in pCR3.1 vector'®
was subcloned into pIRES-CDS8 vector. This expression
vector is useful in cell selection for later electrophysiologic
study (see below). Two KCNE2 mutants (M54T, 157T) were
constructed using a Quick Change I XL site-directed mu-
tagenesis kit according to the manufacturer’s instructions
(Stratagene, La Jolla, CA, USA) and subcloned to the same
vector, Two KCNE2 mutants were fully sequenced
(ABI3100x, Applied Biosystems, Foster City, CA, USA) to
ensure fidelity. Full-length ¢cDNA encoding the short iso-
form of human Kv4.3 subcloned into the pIRES-GFP
(Clontech, Palo Alto, CA, USA) expression vector was
kindly provided by Dr. G.F. Tomaselli (Johns Hopkins
University). Full-length ¢cDNA encoding Kv channel-inter-
acting protein (KCNIP2) subcloned into the PCMV-IRS
expression vector was a kind gift from Dr. G.-N. Tseng
(Virginia Commonwealth University). KCND3 was tran-
siently transfected into CHO cells together with KCNE2 (or
MS54T or IS7T) ¢cDNA at equimolar ratio (KCND3 1.5 pg,
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Table 1  Effects of KCNE2 on Kv4.3 and Kv4.3 + KChIP2b
Kv4.3
Kv4.3 Kv4.3 KChiP2b
Parameter Kv4.3 KCNE2 KChIP2h KCNE2
Current density at -+20 mV (pA/pF) 142.0 = 16.0 66.0 = 6.6* 191.5 * 33.8 77.8 = 5.9t
(n=12) (n = 12) (n = 15) (n = 20)
Steady-state activation (Vg 5 in mV) —-6.5 £ 2.1 —5.5 = 1.7 -7.5 = 1.7 —7.4 £ 1.4
(n=29) (n =11) (n=8) (n = 8)
Steady-state inactivation (V, 5 in mV) ~46.0 + 1.3 —40.8 * 1.7* —-49.8 £ 1.4 —44.,5 + 1.9%
(n = 10) (n = 8) (n=17) (n=17)
7 of inactivation at +20 mV (7, in ms) 473+ 2.0 87.2 * 6.2* 47.5 £ 2.2 66.6 *= 3.5t
(n = 15) (n = 15) (n = 15) (n = 15)
Time to peak at +50 mV (TtP in ms) 4.5 * 0.2 14.4 = 1.4*% 4.1 0.2 6.1 = 0.5t
(n = 20) {n = 16) (n = 15) (n = 21)
7 of recovery from inactivation (ms) 419.6 + 18.8 485.6 + 74.8 89.2 + 5.3 60.2 * 6.9t
(n=6) {n = 6) (n=16) (n = 6)

*Significantly different from Kv4.3.
tSignificantly different from Kv4.3 + KChIP2b.

KCNE2 1.5 ug) using Lipofectamine (Invitrogen Life Tech-
nologies, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. In one set of experiments, we also
co-transfected equimolar levels of KChIP2b (KCND3 1.5
ng, KCNE2 1.5 g, KCNIP2 1.5 pg). The transfected cells
were then cultured in Ham’s F-12 medium (Nakalai Tesque,
Inc., Kyoto, Japan) supplemented with 10% fetal bovine
serum (JRH Biosciences, Inc., Lenexa, KS, USA) and an-
tibiotics (100 international units per milliliter penicillin and
100 pg/mL streptomycin) in a humidified incubator gassed
with 5% CO, and 95% air at 37°C. The cultures were
passaged every 4 to 5 days using a brief trypsin-EDTA
treatment. The trypsin-EDTA treated cells were seeded onto
glass coverslips in a Petri dish for later patch-clamp exper-
iments.

Electrophysiologic recordings and data analysis

After 48 hours of transfection, a coverslip with cells was
transferred to a 0.5-mL bath chamber at 25°C on an inverted
microscope stage and perfused at | to 2 mL/min with
extracellular solution containing the following (in mM): 140
NaCl, 5.4 KCl, 1.8 CaCl,, 0.5 MgCl,, 0.33 NaH,PO,, 5.5
glucose, and 5.0 HEPES; pH 7.4 with NaOH. Cells that
emitted green fluorescence were chosen for patch-clamp
experiments. If co-expressed with KCNE2 (or its mutants),
the cells were incubated with polystyrene microbeads pre-
coated with anti-CD8 antibody (Dynabeads M450, Dynal,
Norway) for 15 minutes. In these cases, cells that emitted
green fluorescence and had attached beads were chosen for
electrophysiologic recording. Whole-cell membrane cur-
rents were recorded with an EPC-8 patch-clamp amplifier
(HEKA, Lambrecht, Germany), and data were low-pass
filtered at 1 kHz, acquired at 5 kHz through an LIH-1600
analog-to-digital converter (HEKA), and stored on hard
disk using PulseFit software (HEKA). Patch pipettes were
fabricated from borosilicate glass capillaries (Narishige, To-
kyo, Japan) using a horizontal microelectrode puller (P-97,
Sutter Instruments, Novato, CA, USA) and the pipette tips
fire-polished using a microforge. Patch pipettes had a resis-

tance of 2.5 to 5.0 MQ when filled with the following
pipette solution (in mM): 70 potassium aspartate, 50 KCI,
10 KH,PO,, I MgSQ,, 3 Na,-ATP (Sigma, Japan, Tokyo),
0.1 Li,-GTP (Roche Diagnostics GmbH, Mannheim, Ger-
many), S EGTA, and 5 HEPES (pH 7.2).

Cell membrane capacitance (C,,) was calculated from
5 mV-hyperpolarizing and depolarizing steps (20 ms)
applied from a holding potential of —80 mV according to
Equation 1'%

Cn=71/AV (1 — L/Tp), )

where T, = time constant of capacitance current relaxation,
I, = initial peak current amplitude, AV, = amplitude of
voltage step, and I, = steady-state current value. Whole-
cell currents were elicited by a family of depolarizing volt-
age steps from a holding potential of —80 mV. The differ-
ence between the peak current amplitude and the current at
the end of a test pulse (1-second duration) was referred to as
the transient outward current. To control for cell size vari-
ability, currents were expressed as densities (pA/pF).

Steady-state activation curves were obtained by plotting
the normalized conductance as a function of peak outward
potentials. Steady-state inactivation curves were generated
by a standard two-pulse protocol with a conditioning pulse
of 500-ms duration and obtained by plotting the normalized
current as a function of the test potential. Steady-state in-
activation/activation kinetics were fitted to the following
Boltzmann equation (Eq. 2):

Y(V) = 1/(1 +exp[(Vip = VIK]), @

where Y = normalized conductance or current, V,, =
potential for half-maximal inactivation or activation, re-
spectively, and k = slope factor.

Data relative to inactivation time constants, time to peak,
and mean current levels were obtained by using current data
recorded at +50 mV or +20 mV. Recovery from inactiva-
tion was assessed by a standard paired-pulse protocol: a
400-ms test pulse to +50 mV (P1) followed by a variable
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Figure 2  KCNE2 co-expression with Kv4.3 causes a positive shift of

voltage dependence of steady-state inactivation. A: Representative Kv4.3
and Kv4.3 + KCNE2 current traces induced by 500-ms pulses (P1) from
-90 to +50 mV applied from the holding potential —-80 mV in 10-mV steps
followed by a second pulse (P2) to +40 mV. B: Steady-state inactivation
curves for Kvd3 (open circles) and Kv4.3 + KCNE2 (closed circles)
channels.

recovery interval at —80 mV and then a second test pulse
to +50 mV (P2). Both the inactivation time constants and
the time constant for recovery from inactivation were de-
termined by fitting the data to a single exponential (Eq. 3):

1) (or P2/P1) = A + B(—t/7), )

where I(t) = current amplitude at time t, A and B =
constants, and T = inactivation time constant or time con-
stant for recovery from inactivation. For measurement of
recovery from inactivation, the plot of P2/P1 instead of I(t)
was used.

All data were given as mean = SEM. Statistical com-
parisons between two groups were analyzed using Student’s
unpaired t-test. Comparisons among multiple groups were
analyzed using analysis of variance followed by Dunnett
test. P <.05 was considered significant.

Results

Effects of KCNE2 on Kv4.3 currents and its gating
kinetics

WT KCNE?2 initially was co-expressed with KCNDJ3, the
gene encoding Kv4.3, the o subunit of the I, channel,'”'®
in CHO cells. Figure 1A shows representative whole-cell
current traces recorded from cells transfected with KCND3
and co-transfected with (right) or without (left) KCNE2.

Cells expressing Kv4.3 channels alone showed rapidly ac-
tivating and inactivating currents. Co-expression of KCNE2
significantly reduced peak current densities as summarized
in the current-voltage relationship curve shown in Figure
IB and slowed both activation and inactivation kinetics
(Table 1). Figure 1C (left) shows mean time intervals from
the onset of the pulse to maximum current (time to peak),
whereas the right panel shows time constants of inactivation
(at +20 mV) obtained using Equation 3. Thus, co-transfec-
tion of KCNE2 significantly increased both the time to peak
and the time constant.

In contrast, KCNE2 did not affect the voltage dependence
of steady-state activation as assessed by plotting the normal-
ized conductance as a function of test potential (Figure 1D).
Fitting to the Boltzmann equation (Eq, 2) yielded half-maximal
activation potentials of ~6.5 = 2.1 mV for Kv4.3 alone (open
circles) and ~5.5 = 1.7 mV for Kv4.3 + KCNE?2 channels
(filled circles, P = NS; Table 1). These findings are consistent
with those previously reported for studies using Xenopus oo-
cytes, CHO cells, and HEK293 cells.?®?!

A P1 P2

P2/P1

FHCHCUE AN LA A L L

0 600 1000 1500 2000
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Figure 3 Effects of KCNE2 co-expression on recovery from inactivation
of Kv4.3 (A) and Kv4.3 + KChiP2b (B) currents. Recovery from inacti-
vation was assessed by a two-pulse protocol (A, inset): a 400-ms test pulse

to +50 mV (P1) followed by a variable interval at —80 mV, then by a
second test pulse to +50 mV (P2). Data were fit to a single exponential.
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Two KCNE2 transmembrane variants, I57T and M54T, increase the reconstituted Kv4.3 + KChIP2b channel current and slow its inactivation.

A: Three sets of curreat traces elicited by depolarizing pulses for 500 ms from a holding potential of —80 mV to potentials ranging between —40 and +50
mV in 10-mV increments (same protocol as in experiments of Figure 1A). B: Superimposition of three original current traces recorded upon depolarization
showing variant-related increase in peak outward current density. C: Current-voltage relationship curve showing average peak outward current densities

(*P <.05 vs Kv4.3 + KChiIP2b + WT). WT = wild type.

KCNE2 co-expression also caused a positive shift (ap-
proximately +5 mV) of voltage dependence of steady-state
inactivation. Steady-state inactivation was assessed using a
double-step pulse method (Figure 24, insct). Peak outward
currents recorded at various levels of prepulse (Figure 2A)
were normalized by that measured after a 500-ms prepulse
at —90 mV and are plotted as a function of prepulse test
potentials (Figure 2B). Half-inactivation potentials of
steady-state inactivation, determined by fitting data to the
Boltzmann equation (Eq. 2), were —46.0 * 1.3 mV for
Kv4.3 (open circles) and —40.8 = 1.7 mV for Kv4.3 +
KCNE?2 (filled circles, P <.01), consistent with the obser-
vation of Tseng’s group."?

A double-pulse protocol (Figure 3A, inset) was used to
test the effect of KCNE2 co-expression on the time
course for recovery from inactivation. Figure 3A shows
the time course of recovery of Kv4.3 alone (open circles)
and Kv4.3 + KCNE2 (filled circles). Mean time constants
for recovery from inactivation were not significantly differ-
ent, indicating that co-transfection of KCNE?2 did not affect
the time course of recovery from inactivation.

Effects of KCNE2 on Kv4.3 + KChIP2b current and
its gating kinetics

For human native cardiac I,,, KChIP2 has been shown to
serve as a principal 8 subunit.”>>* Accordingly, in another
series of experiments, we examined the effect of WT and
mutant KCNE2 on Kv4.3 + KChiP2b current. Consistent
with previous reports, in the presence of KChIP2, Kv4.3
currents showed a significantly faster recovery from inacti-
vation (Figure 3B and Table 1).®*" Co-expression of WT

KCNE2 produced similar changes on Kv4.3 + KChIP2b
current as on Kv4,3 current (Table ). Kv4.3 + KChIP2b
current recovery from inactivation was further accelerated:
average time constant was 89.2 = 6.5 ms for Kv4.3 +
KChIP2b alone (open circles) and 60.2 = 8.4 ms for
Kv4.3 + KChIP2b + KCNE2 (filled circles, P <.05). In
16 of 21 cells transfected with KCNE2, we observed an
“overshoot” phenomenon, which is commonly seen during
recording of native I, in human ventricular myocytes.?

KCNE2 variants increase Kv4.3 + KChIP2b current
and alter its gating kinetics

The IS7T variant was first identified in an asymptomatic
middle-aged woman with very mild QT prolongation.® In
addition to this variant, the authors reported another KCNE2
variant of the transmembrane segment (M54T) that was
associated with ventricular fibrillation during exercise in a
middle-aged woman. This patient appeared to show a wide
range of QTc interval (390-500 ms). Therefore, we tested
the functional effects of these two transmembrane KCNE2
variants on Kv4.3 + KChIP2b currents.

The three panels of Figure 4A show three sets of current
traces elicited by depolarizing pulses from a holding potential
of —80 mV in cells co-transfected with WT (a), I57T (b), or
M54T (c) KCNE?2. Neither variant caused a significant shift of
half-maximal activation voltage: ~7.4 = 1.4 mV (n = 8) for
co-expression of WT KCNE2, —6.1 = 1.5 mV (n = 8) for
I57T, and —6.6 = 1.6 mV (n = 8) for M54T. Both variants
significantly increased I, density: 125.0 = 10.6 pA/pF in
WT KCNE2 (n = 21), 178.1 = 12.1 pA/pF with I57T (n =
9), and 184.3 * 27.9 pA/pF with M54T (n = 9, Figure 4C).
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Figure 5 Two KCNE2 variants slow inactivation kinetics and accelerate recovery from inactivation. A, a: Three current traces obtained from Chinese hamster

ovary (CHO) cells transfected with wild-type (WT), I57T, and M54T KCNE2 variant co-expressed with Kv4.3 and KChiP2b, Traces, which are normalized and
superimposed, show that the variants slow inactivation. A, b Time constants of decay at +20 mV for WT and variant KCNE2 (*P <.05 vs Kv4.3 + KChIP2b +
WT). Numbers in parentheses indicate numbers of observations. B: Time constants of recovery from inactivation recorded using a double-pulse protocol (*P <<.05
vs Kv4.3 + KChiP2b + WT). Numbers in parentheses indicate numbers of observations.

Figure SA shows the three traces depicted in Figure 4B
normalized to their peak current level. This representation
shows that the time course of inactivation of the two variant
currents is slowed. The current decay was fitted by Equation
3 and the time constants (at +20 mV) summarized in Figure
5A, panel b. Finally, Figure 5B shows that the time con-
stants of recovery of the two mutant channels from inacti-
vation were significantly reduced. Thus, compared to WT
KCNE2, recovery of reconstituted Kv4.3 + KChIP2b chan-
nels from inactivation was significantly accelerated with
both I57T and M54T mutants.

Discussion

Kv4.3/KChIP2/MiRP1 complex can recapitulate
the native I,

In the present study, co-expression of WT KCNE2 produced
changes in kinetic properties (Figures 1-3 and Table 1) that
led to close recapitulation of native cardiac L., 25 Notably,
in addition to causing a positive shift of steady-state inac-
tivation (Figure 2), KCNE2 co-expression hastened the re-
covery of Kv4.3 + KChIP2b channels from inactivation
(Figure 3). These modifications rendered Kv4.3 + KChIP2b
channels more similar to native cardiac I, suggesting that
KCNE?2 may be an important component of the native I,
channel complex. In contrast to a previous observation in
HEK293 cells,”! KCNE2 co-expression decreased the cutrent

density of Kv4.3 and Kv4.3 + KChiP2b channel current in the
present study, which seems to be a more reasonable result as
the native I, density reportedly was smaller in isolated human
heart.?® KCNE2 co-expression has also been shown to reduce
the density of Kv7.1%° and HERG®’ channels.

Similar to the result of Deschenes and Tomaselli,?' we
failed to observe an overshoot during recovery from inactiva-
tion when KCNE2 was co-expressed with Kv4.3 (Figure 3A),
which is in contrast to the report of another group.'? However,
co-expression of KCNE2 with Kv4.3 + KChIP2 channels
produced an overshoot (Figure 3B), consistent with the report
of Wettwer’s group.”® Wettwer et al also found that other
KCNE subunits either were ineffective or induced only a small
overshoot in CHO cells. Therefore, both MiRP1 and KChIP2
subunits are sufficient and necessary to recapitulate native I in
the heart. Considering that the overshoot phenomenon has
been described only in human ventricular I, channels of the
epicardial but not endocardial region,?® these results may fur-
ther implicate participation of MiRP1 and KChIP2 in the I,
channel complex in epicardium.

KCNE2 variants may alter the arrhythmogenic
substrate by modulating I,

Heterologous expression in CHO cells was conducted to
examine the functional effects of I57T and M54T variants
on Kv4.3 + KChIP2 channels. Both I57T and MS54T
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KCNE2 variants significantly (1) increased peak transient
outward current density (Figure 4), (2) slowed the decay of
the reconstituted 1, (Figure 5A), and (3) accelerated its
recovery from inactivation (Figure 5B). Both variants thus
caused an important gain of function in human I,. These
sequence changes may play a role in modulating I, and
thereby predispose to some inherited fatal rhythm disorders.

Functional effects on I, induced by 157T and M54T
resemble each other, increasing I, density and accelerating
its recovery from inactivation. The gain of function in [,
opposes the fast inward Na™ currents during phase 0 of the
action potential, leading to all or none repolarization at the
end of phase 1 and loss of the epicardial action potential
dome, thus promoting phase 2 reentry and fatal ventricular
arthy thmias.*

Another KCNE2 variant (M54T) associated with fatal
arthythmias was first identified in a woman who had a
history of ventricular fibrillation and varied QT intervals.® It
is possible that her arrhythmia was also related to a gain of
function in I, secondary to this variation in KCNE2. Inter-
estingly, the I57T variant has been reported to produce a
loss of function of HERG or Kv7.1 channels, thereby pre-
disposing to long QT syndrome,®® indicating that the same
KCNE?2 variant could cause two different cardiac rhythm
disorders, similar to long QT syndrome and Brugada syn-
drome caused by SCNSA mutations.?'?
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