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At more rapid pacing rates, accumulation of ROS is antici- in a patient with BrS that produces both a chronic reduction in
pated, which would decrease 1. The CVs of the WT and I, and absence of augmentation of the current by adrenergic
mutant channel-transduced cultures are greater than that stimulation. Interestingly, the reduction in the basal current
of nontransfected control cultures at slower pacing rates; at produced by the R526H and S528A mutations compared with
faster rates, the difference is diminished and no longer signif- WT Na, 1.5 is more pronounced when fluoride is included in
icant at a pacing cycle length of 180 ms (Figure SB). The CVs the patch pipette to inhibit protein phosphatase, consistent
of the WT-infected cultures are significantly increased by with increased basal phosphorylation of the WT channel.
exposure to isoproterenol while that of the mutant-infected The elimination of a PKA site seems to be central to both the
cultures are no more responsive than nontransfected control signaling and trafficking deficits. The disease-causing muta-
cultures (Figure 5C). tion, R526H, which is chemically and structurally conserva-

tive,”* eliminates the basic priming residue in a consensus
Discussion PKA phosphorylation recognition sequence. Replacement
Mutations in the Na channel, SCN5A,' or regulatory proteins of the phosphorylation target residue, S528A, alters channel
such as GPDI-L" that reduce current have been associated trafficking and regulation by PKA in a manner that is compa-
with BrS and sudden infant death syndrome (SIDS). In both rable to the disease-causing mutation and similar to previously
conditions, arrhythmias are more prevalent under conditions described defects in PKA-mediated 7, potentiation.”” The
of various types of stress (oxidant stress, fever, ischemia, and mutations reduce channel expression at the membrane sur-
Na channel blocking drugs). We describe an SCN5A mutation face as assessed by biotinylation and immunocytochemistry
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Figure 5. Optical mapping of Na channel variants. A, Representative isochronal maps from cultures of neonatal rat ventricular myocytes
infected with the Na channel variants and stimulated at the left side of the culture. B, Plots of the average conduction velocity (CV)+SEM
of wild-type (WT), R526H, and S528A transduced cultures and noninfected (NT) control cultures over a range of pacing cycle lengths
(PCLs). CV is consistently faster in WT, R526H, and S528A Na,1.5 infected cultures compared with the NT controls for the entire range of
PCLs. *P<0.05, all vs NT; #P<0.01, all vs NT. C, Plots of the change in average CV+SEM of WT, R526H, and S528A transduced cultures
and NT control cultures after application of 1 pumol/L isoproterenol. The change in CV of WT-transduced cultures is significantly larger
than CV changes of NT cultures and mutant transduced cultures after isoproterenol application. *P<0.05, R526H vs WT; #P<0.05, S528A
vs WT. The number of cultures studied at all PCLs in both the absence and presence of isoproterenol were NT (14), WT (13), S528A (5),
and R526H (11).
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studies (Figure 4) and are reflected in a lower expressed cur-
rent density in HEK cells (Figure 3).

The reduction in /, is further complicated by the absence of
a response of the channel to adrenergic stimulation. Neither the
direct activation of adenylyl cyclase nor -adrenergic stimula-
tion with isoproterenol had a significant effect on current density
or CV mediated by the mutant channel variants. These findings
suggest a mechanism of stress-induced arrhythmias that may be
due to changes of cellular redox balance with alterations in the
ratio of NAD/NADH and consequent reduction in /. Such met-
abolic stressors are typically accompanied by activation of the
sympathetic nervous system that may partially offset the redox-
induced reduction in /,, and would dampen stress-induced ECG
changes in BrS and alterations in CV. In such cases, arrhythmias
would not be predicted to be induced by sympathetic activation
but instead would be mitigated by an increase in sympathetic
tone. This concept is consistent with the utility of isoproterenol
in the treatment of arrhythmic storm in patients with BrS. 2%

There are several mechanisms by which metabolism has
been proposed to alter the /. Direct oxidation of the chan-
nel can alter channel conductance,** gating,*** and traf-
ficking.* Mutations associated with BrS have informed other
mechanisms of metabolic regulation of Na channels. NADH
is generated from NAD during glycolysis, and NAD must
be regenerated for glycolysis to continue. GPDI reduces
dihydroxyacetone phosphate to glycerol-3-phosphate, caus-
ing oxidation of NADH and regeneration of NAD with the
electrons released from this reaction entering the electron
transport chain. GPDI-L is highly homologous to GPDI
and harbors mutations associated with BrS.'? When mutant
GPDI-L is coexpressed with Na 1.5, I is significantly
reduced.'?"'> The BrS mutations have been proposed to reduce
the enzymatic function of GPDI-L and would be expected to
increase intracellular NADH levels. An increase in NADH
possibly via activation of PKC,"” enhancing phosphoryla-
tion of complex III resulting in an increase in ROS release,"
reduces channel function. Alternatively, inactivating mutants
of GPDI-L have been proposed to increase PKC phosphory-
lation of the Na channel in the III-IV linker, reducing cur-
rent density.” Increased mitochondrial ROS release, elevated
levels of NADH, and PKC activation have been implicated in
I, downregulation in models of nonischemic cardiomyopathy
and in CV slowing in diseased human ventricles.* Our work
supports another mechanism of coupling of metabolism to
channel function through altered PKA activation.”” Increased
NADH causes a reduction in current through WT and mutant
R526H- and S528A-expressed channels. The absence of the
PKA phosphorylation site in the mutant channels precludes
current augmentation in the setting of sympathetic activation.

The mechanism of arrhythmias in this SCN5A-mediated BrS
seems to involve a substrate that is characterized by decreased
basal current expression as a result of altered mutant channel
trafficking. Although it is difficult to infer general mechanisms
from a single family, this disease-causing mutation produces
the requisite basal reduction in I, compounded by defective
current augmentation that generates the substrate for a poten-
tially lethal arrhythmias. A trigger that further reduces I,
through any number of mechanisms such as alterations in gly-
colysis, ROS levels, or PKC activation, cannot be mitigated by
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PKA activation, leading to a further reduction in current. The
absence of a PKA-mediated reversal of NADH-induced cur-
rent reduction (Figure 3) is consistent with the lack of effect
on conduction in infected NRVMs. The reduction of I, could
alter either regional dispersion of repolarization or conduction
in the heart; one or both may contribute to the genesis of the
potentially lethal ventricular arrhythmias in patients harboring
this mutation.
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CLINICAL PERSPECTIVE

Brugada syndrome is an inherited cardiac arrhythmia characterized by coved-type ST-segment elevation in the right precordial
(V,and V,) leads of the ECG and an increased risk of sudden cardiac death. In some cases, the cause is a mutation in SCNSA,
the gene encoding the a-subunit of cardiac sodium channels, typically resulting in a loss of function. The genetic and cellular
mechanisms of Brugada syndrome have provided general insights into the links between metabolism, ion channel function,
and cardiac arrhythmias. Oxidant stress, as may occur with fever, ischemia, or even an increase in heart rate, can produce a
potentially arrhythmogenic decrease in the sodium current (7, ). We have described a mutation in a consensus protein kinase A
phosphorylation site in a patient with Brugada syndrome that does not respond to sympathetic stimulation. Wild-type and Bru-
gada syndrome mutant 7, are reduced by oxidant stress and subsequent protein kinase A stimulation mitigates the reduction
of the wild-type 7, but not the current through mutant channels. This disease-causing mutation may have relevance to more
general mechamsms of arrhythmias involving [, . A trigger that reduces I, through any number of mechanisms that cannot
be mitigated by protein kinase A activation, could produce a reduction in / with an increased risk of cardiac arrhythmias.
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Background: Loss-of-function mutations in the HCN4 gene have been shown to be associated with sinus dysfunction,
but there are no reports on HCN4-mediated atrioventricular (AV) block. A novel missense HCN4 mutation G1097W
was identified in a 69 year-old Japanese male with AV block, and we characterized the functional consequences of
I-like channels reconstituted with the heterozygous HCN4 mutation.

Methods and Resulis: Wild-type (WT) HCN4 or/fand HCN4-G1097 W were expressed in a heterologous cell expres-
sion system. A functional assay using a whole-cell patch-clamp demonstrated that the mutant /+-like currents were ac-
tivated at more negative voltages compared to WT currents, while they retained the sensitivity to changes in intracellular
cyclic adenosine monophosphate (CAMP) levels. Co-expression of G1097 W with WT channels showed dominant-
negative effects, including a reduction in peak currents and a negative voltage shifting on reconstituted currents.

Conclusions: The HCN4-G1097 W mutant channels displayed a loss-of-function type modulation on cardiac /i chan-
nels and thus could predispose them to AV nodal dysfunction. These data provide a novel insight into the genetic basis

for the AV block.

Key Words: Atrioventricular (AV) block; /;; Novel HCN4 mutation; Patch-clamp

certed function of various ion channels, including at

least 4 different types of cation channels:'* T- and
L-type Ca? channels, K* channels, and the /r channels that car-
ries both K+ and Na* ions under physiological conditions (rela-
tive permeability ratio: Pna/Px=0.2-0.4)," thereby producing a
reversal potential of approximately —25mV. Ir channels flow in
an inward depolarizing current in pacemaker cells after the chan-
nels are repolarized by the activation of K* channels and they
drive the cell membrane potential up to the threshold of Ca?
channel activation. The activation of Ir channels generates the
“pacemaker potential” and determines the rate of automaticity
in nodal cells. Ir channel currents are regulated by intracellular
cyclic adenosine monophosphate (cAMP) levels. In addition to
hyperpolarization, an increase in cAMP accelerates the pace-
maker potential rise by shifting the voltage dependence of I¢
channels to a more positive potential.* This phenomenon ex-
plains the positive chronotropic effect of f-adrenergic receptor
agonists.®

T he automaticity of heart rhythm is determined by a con-

Genes encoding a-subunits of /r channels have 4 members,
the hyperpolarization-activated cyclic nucleotide-gated channels
1-4 (termed HCN1-HCN4).* HCN1, -2, and -4 are expressed
in the heart and brain, and all have 6 transmembrane helices
(S1-S6) and a cyclic nucleotide binding domain (cNBD) in the
middle of the C-terminus.* Similar to other members of voltage-
gated cation channels, the 4 subunits of the HCN channels most
likely form a tetramer. Compared to other HCN isoforms, HCN4
is known to be more abundant in the heart.”® HCN4 mutations
are reported to cause familial sick sinus syndrome®-'* and spo-
radic cases of sinus nodal dysfunction;** however, their rela-
tionship with atrioventricular (AV) block remains unknown.
We recently identified a novel HCN4 mutation (G1097W) in a
Japanese patient with AV block. The functional characterization
of reconstituted /r channels shows that the HCN4 mutation
could predispose to AV nodal dysfunction, which might pro-
vide an important insight into the genetic basis for the AV
block.
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Figure 1. Clinical characterization and molecular discovery of HCN4-G1097W (a novel HCN4 mutation). (4) The patient's electro-
cardiograms (ECGs) indicating a complete AV block. (8) DNA sequence analyses demonstrate the location of the heterozygous
mutation HCN4-G1097W (3289G>T). (£) Schematic topology of HCN4 channels. The location of the detected mutation is shown

Methods

Genetic Testing

After obtaining appropriate approval from the institution re-
view board and written informed consent from the patient, ge-
nomic DNA was isolated from peripheral blood lymphocytes
and screened for candidate genes by using denaturing high
performance liquid chromatography (DHPLC: WAVE Model
3500, Transgenomic Inc, Omaha, NE, USA). We screened for
SCNS5A and HCN4 mutations in patients from 38 families with
sick sinus syndrome or AV block. Abnormal conformers were
amplified by using polymerase chain reaction (PCR), and se-
quencing was performed on an ABI PRISM 3100 DNA se-
quencer (Applied Biosystems, Foster City, CA, USA).

Cell Preparation, Site-Directed Mutagenesis, and
Transfection .

Chinese hamster ovary (CHO) cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM)/F-12 supplemented with
2mmol/L L-glutamine, 10% fetal calf serum (FCS), 100 U/ml
penicillin, and 100 ug/ml streptomycin sulfate in an atmosphere
of 95% air and 5% COz2 at 37°C. Cells were passaged twice
weekly by harvesting with trypsin-EDTA, and a part of the
treated cells were seeded onto glass coverslips (5x3 mm?) for
transfection.

The mammalian expression vector, pcDNA3.0, containing
HCN4 cDNA (provided by Dr Takano M, Kurume University,
Japan) was used for the expression of all constructs in this
study. PCR-based, site-directed mutagenesis was applied to
introduce the HCN4-G1097W mutation into HCN4 cDNA by

using a Quikchange Mutagenesis Kit (Stratagene, La Jolla, CA,
USA). All PCR products were fully sequenced to ensure the
fidelity of the PCR reactions. Wild-type (WT) HCN4 or/and
G1097W cDNAs were transiently transfected into CHO cells
together with green fluorescent protein (GFP) cDNA (1.5ug
HCN4-WT or -G1097W+0.5 ug GFP) by using Lipofectamine
(Invitrogen Life Technologies, Carlsbad, CA, USA), according
to the manufacturer’s instructions.

Electrophysiological Recordings and Data Analysis

After a 48-h transfection, cells attached to glass coverslips were
transferred to a recording chamber (0.5 ml) mounted on the stage
of an inverted microscope (ECLIPSE TE2000-U; Nikon, Tokyo,
Japan). The chamber was maintained at 25°C and was perfused
continuously at a rate of 1-2ml/min with Tyrode’s solution.
Patch-clamp experiments were conducted as described previ-
ously.'? Whole-cell membrane currents were recorded with an
EPC-8 patch-clamp amplifier (HEKA, Lambrecht, Germany).
Current data were low-pass filtered at | kHz, acquired at 5 kHz
through an LIH-1600 analogue-to-digital converter (HEKA),
and stored on a hard disc drive, by using Pulse/Pulse Fit soft-
ware (HEKA). Patch pipettes were fabricated from glass cap-
illaries using a horizontal puller (P-97; Sutter Instruments Co,
Novato, CA, USA). Patch electrodes had a resistance of 3-4M(Q)
when filled with the pipette solution containing (in mmol/L) 70
potassium aspartate, 40 KCl, 10 KH2POs, 1 MgSO4, 3 Na2-ATP
(Sigma Chemical Co, St. Louis, MO, USA), 0.1 Li>-GTP (Roche
Diagnostics GmbH, Mannheim, Germany), 5 EGTA and 5
HEPES (pH adjusted to 7.2 with KOH). Tyrode’s solution con-
tained (in mmol/L) 140 NaCl, 5.4 KCl, 1.8 CaClz, 0.5 MgCla,

— 118 —




Advance Publication by-J-STAGE

A Novel HCN4 Mutation in Atrioventricular Block

A Qomv B
20 MV -40 mv
= P
-140 mV g
2
a HCN4 =
1
5
[&]
%
I-—
b HCN4-G1097W
C
e
[
5
(&)
E
C HCNA4/HCN4-G1097W 8
N
©
£
Q
i
l 0.2 nA
1s

Figure 2.  Functional characterization of HCN4-G1097W (a novel HCN4 mutation) channels in CHO cells. Representative current
traces of HCN4-WT (A-z), HCN4-G1097W (A-b), and HCN4-WT/HCN4-G1097W (A-¢) channels elicited by 5s hyperpolarizing
voltage steps between ~40mV and -120mV from a holding potential of -20mV. (8) Average peak tail current density of HCN4-WT,
HCN4-G1097W, and HCN4-WT/G1097W at -120mV (**P<0.01 vs. HCN4-WT). (C) Normalized tail currents are shown as a function
of test potentials from 55 test pulses. Each data set was fitted by the Boltzmann equation. Therefore, G1097W and HCN4-WT/
HCN4-G1097W produced a negative shift of V2 by 12 and 8mV (P<0.01 and P<0.05 vs. HCN4-WT), respectively.
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0.33 NaH2POs, 5.5 glucose and 5.0 HEPES (pH was adjusted
to 7.4 with NaOH). The cell was clamped at—20mV and hyper-
polarized to potentials from -40mV to —120mV for 5s. Tail
currents were observed at 0mV and expressed as densities
(pA/pF) to control for cell size variability. The voltage depen-
dence of activation was fitted to the Boltzmann equation: rela-
tive tail currents=1/(1+exp ((Vm—Vi2)/slope factor)), where Vm
indicates test potentials and Viz is the half activating potential.
The deactivation kinetics of I+ was determined by fitting a
single exponential function to the tail current trace at —120mV.

Statistical Analysis

All data are expressed as meanzstandard error of the mean
(SEM), with the number of experiments in parentheses. Statisti-
cal comparisons were analyzed using a Student’s unpaired t test
and one-way analysis of variance (ANOVA) with Newman-
Keuls post-hoc test. A P<0.05 was considered statistically sig-
nificant.

Results

Clinieal Investigation and Genetic Analysis

The patient was a 69-year-old male who underwent DDD pace-
maker implantation (PMI) at the age of 51 years because of re-
current syncope. His electrocardiograph (ECG) before the op-

eration showed a complete AV block with wide QRS but not
sinus nodal dysfunction. The atrial rate was 132 beats per min-
ute (bpm) and the ventricular rate was 33 bpm (Figure 14).
The high atrial rate might be compensation that resulted from
an enhancement in sympathetic tone of the heart because the AV
block leads to a slower ventricular rate (33 bpm) that reduces
cardiac output and might cause ischemia. Genetic analysis iden-
tified a novel heterozygote missense mutation, HCN4-G1097W
(3289G>T). Figure 1B shows the results of subsequent sequenc-
ing and Figure 1C illustrates the topology of HCN4 and the
mutant location in the C-terminus, which was downstream to
the cyclic nucleotide-binding domain (cNBD). Importantly, the
mutation was absent in 110 Japanese control individuals (220
chromosomes).

Functional Analyses of HCN4-G1097W Channels

In order to analyze the functional characteristics of the HCN4-
G1097W mutant channel, the whole-cell configuration of the
patch-clamp technique was used. Upon hyperpolarizing mem-
brane potentials (-40mV to —-140mV for 5s), cells transfected
with WT, G1097W or WT+G1097W displayed slowly acti-
vating inward currents with typical Ir features,®” as well as out-
ward tail currents after returning to OmV (Figures 2A-a—c).
As shown in Figure 2B, the tail current densities after a
—140mV repolarization pulse were 30.2+1.9 pA/pF (n=26) in
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Table. Gating Kinetics of HCN4-G1097W Channels
Plus cAMP t of deactivation
A \ Sl \

vz (mV) ope factor (mV) Vir (MV) Slope factor (mV) (ms)
HCN4-WT -86.6£1.7 8.940.3 ~78.0+1.6 9.0:0.6 196.9+8.4

(n=20) (n=20) (n=12) (n=12) (n=22)
HCN4-G1097W -98.6+3.1"" 12.4+1.2 ~88.7+2.3 12.6+1.6 154.6+9.2**

(n=18) (n=18) (n=9) (n=9) (n=18)
HCN4/HCN4-G1097W -94.2+2.2% 11.120.7 ND ND 159.1+14.4*

(n=19) (n=19) (n=13)

*P<0.05, **P<0.01 vs. WT.

CAMP, cyclic adenosine monophosphate; HCN4-G1097W, a novel HCN4 mutation; ND, not detected; Vi, half activating potential; WT, wild type.
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Figure 3. Effects of cyclic adenosine monophosphate (CAMP) on tail currents of HCN4-WT and HCN4-G1097W (a novel HCN4
mutation) channels in CHO cells. Current-voltage (/-V) relations for tail currents of HCN4-WT (A) and HCN4-G1097W (B) in the
presence (open circles) or absence (closed circles) of 1 mmol/L 8-Br-cAMP. The tail currents were recorded at 0mV after hyper-
polarization to potentials from ~40mV to ~140mV for 5s. HCN4+cAMP and HCN4-G1097W+cAMP produced a positive shift of Vi
by 9 and 10mV (P<0.01 and P<0.05 vs. HCN4 and HCN4-G1097W), respectively.

-140 120 100

Test potential (mV)

-80 -60 -40

HCN4-WT, 14.14£0.6pA/pF in HCN4-G1097W (P<0.01 vs.
WT, n=26), and 16.6+1.3pA/pF (P<0.01 vs. WT, n=25) in
WT+HCN4-G1097W. The current densities in both HCN4-
G1097W and WT+HCN4-G1097W channels were similar and
significantly smaller than that of WT. Moreover, the deactiva-
tion time constants were significantly faster in mutant channels
compared to that of WT channels (Table). Open probabilities
of WT, mutant, and WT/mutant channels were taken from
instantaneous peak outward tail currents by normalizing with
those recorded after —140mV hyperpolarization, and were
plotted as a function of test potential (Figure 2C). All relations
were well described by the Boltzmann function. Compared to
WT, both mutant and WT/mutant channels showed signifi-
cantly negative shifts (approximately —12mV and -8 mV, re-
spectively) in half-activation potentials (Vi2) and had larger
slope factors (‘Tabie). The results suggested that the HCN4-
G1097W mutation had a suppressive effect on WT-HCN4
channels.

To investigate the effects of cAMP on HCN4-G1097W chan-
nel currents, a cAMP analog, 8-Br-cAMP (Sigma Chemical Co),
was intracellularly loaded through a recording pipette. Figure 3
and Table show that the midpoints (Vi) of activation of
HCN4-WT (Figure 3A) and HCN4-G1097W (Figure 3B)
currents were shifted approximately 9mV and 10mV towards
the depolarization direction with an intracellular dialysis of
1 mmol/L 8-Br-cAMP for 5-7 min, respectively. There was no
significant difference between the shifts of the 2 current acti-
vations in the presence of cAMP.

Discussion

In the present study, we identified a novel missense HCN4 mu-
tation, G1097W, in a Japanese male patient with AV nodal
dysfunction. Functional analyses showed that HCN4-G1097W
caused a loss-of-function suppression on /r channels, possibly
leading to AV nodal dysfunction. To the best of our knowledge,
this is the first report on the HCN4 mutation related to AV
block but not sinus nodal dysfunction.’!

HCN4 Mutations and Sinus Nodal Dysfunction

Four HCN4 mutations have been reported to be associated with
sinus bradycardia, intermittent episodes of atrial fibrillation
(P573X)," severe bradycardia, QT prolongation, torsade de
pointes (D553N),” asymptomatic sinus bradycardia (S672R),*®
or sinus bradycardia (G480R).!' However, AV block was not
a complication in any of these reports. Although grade II or
greater AV block has been recognized in ~70% patients with
sick sinus syndrome,**7 there is no case of binodal dysfunction
associated with HCN4 mutations.

Previous functional assays on HCN4 mutant channels have
revealed various biophysical outcomes associated with Ir: (1)
the negative shift of the activation gate (P573X, G480R, and
S672R);!%-12 (2) reduction in current densities (D553N and
G480R);* (3) slower activation (G480R);”? (4) faster deacti-
vation (S672R);' and (5) reduced sensitivity to intracellular
cAMP (P573X).** These results implicate a potential associa-
tion of It current decrease during diastolic depolarization with
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a slowing of the sinus rate. These 4 HCN4 mutations provide
evidence that HCN4 channels are essential for proper sinus
pacemaker activity in humans.

Unique Properties of the HCN4-G1097W Mutation

Unlike previous reports, the carrier of HCN4-G1097W in this
study suffered from AV block but not sick sinus syndrome. His
clinical features were similar to those of familial progressive
heart block or cardiac conduction disturbance (PCCD: Lenegre
disease). It remains unknown why the patient was exclusively
affected by AV block. In this regard, Habuchi et al'® and Munk
et al’” demonstrated that ¢ is expressed in ~90% of isolated rab-
bit AV nodal cells, suggesting that /r does play an important
role in generating AV junctional pacemaking. More recently,
Dobrzynski et al*® used histological and immunohistochemical
techniques to show that the role of /r might be even more im-
portant in the posterior extension from the AV node than in the
sinus node. In addition, Marger et al indicated that HCN4 chan-
nels are important for basal excitability of mouse AV node cells.
All these implicate that a HCN4 mutation might lead to AV
nodal dysfunction.

A biophysical survey of the HCN4-G1097W mutation
(Figures 2,3) showed that it caused a loss-of-function effect
on the /r current by shifting the activation gate to a more hyper-
polarizing state and reducing the current density. In heterozy-
gous conditions, the mutation also significantly attenuated Ir
channel functions (Figure 2). Therefore, HCN4-G1097W most
likely predisposes to the AV block, leading to a slow ventricu-
lar rate (33 bpm) in our patient. The slow ventricular rate re-
duces cardiac output and stimulates the sympathetic nervous
system reflexly, causing the higher activity of the SA node (even
anormal SA function) because of the higher density of sympa-
thetic innervation.**~** That might (at least partially) be the rea-
son why our patient first presented with AV block but not SA
dysfunction. Similar to progressive cardiac conduction defect
cases, our patient showed AV conduction disturbances at an age
over 50 years. Therefore, other genetic or environmental factors
might predispose the patient to the apparent pathological con-
ditions.>* Further studies involving more HCN4 mutation
cases are needed to elucidate the underlying mechanisms.

In the present study, HCN4-G1097W, which is located close
to the cNBD in the C-terminus (Figare 1), does not change the
response of It to intracellular cAMP, suggesting that the muta-
tion has no effect on the combination of cAMP with cNBD or
the activation of Ir by cAMP.*
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BACKGROUND Atrial fibrillation (AF) is one of the most common
cardiac arrhythmias. In some patients, the disease is inheritable;
however, hereditary aspects of AF remain not fully elucidated.

OBJECTIVE The purpose of this study was to identify genetic
backgrounds that contribute to juvenile-onset AF and to define the
mechanism.

METHODS In 30 consecutive juvenile-onset AF patients (onset age
<50 years), we screened AF-related genes (KCNQ1, KCNHZ, KCNE1-
3, KCNE5, KCNJ2, SCN5A). We analyzed the function of mutant
channels using whole-cell patch-clamp techniques and computer
simulations.

RESULTS Among the juvenile-onset AF patients, we identified
three mutations (10%): SCN5A-M1875T, KCNJ2-M301K, and KCNQ1-
G229D. Because KCNQZ variant (G229D) identified in a 16-year-old
boy was novel, we focused on the proband. The G229D-Iy was
found to induce a large instantaneous activating component
without deactivation after repolarization to -50 mV. In addition,
wild-type (WT)/G229D-Iy, (WT and mutant coexpression) displayed
both instantaneous and time-dependent activating currents.

Compared to WT-Iy, the tail current densities in WT/G229D-Iy,
were larger at test potentials between -130 and ~40 mV but smaller at
test potentials between 20 and 50 mV. Moreover, WT/G229D-Iy,
resulted in a negative voltage shift for current activation (—35.2 mV)
and slower deactivation. WT/G229D-I, conducted a large outward
current induced by an atrial action potential waveform, and computer
simulation incorporating the WT/G229D-Iy, results revealed that the
mutation shortened atrial but not ventricular action potential.

CONCLUSION A novel KCNQ1-G229D mutation identified in a
juvenile-onset AF patient altered the Iy activity and kinetics,
thereby increasing the arrhythmogenicity to AF.

KEYWORDS Atrial fibrillation; Juvenile-onset atrial fibrillation; Ion
channel; Iy; KCNQ1

ABBREVIATIONS AF = atrial fibrillation; AP = action potential;
CHO = Chinese hamster ovary; ECG = electrocardiogram; QTc =
corrected QT interval; WT = wild type

(Heart Rhythm 2014;11:67-75) © 2014 Heart Rhythm Society. All
rights reserved.

Introduction

Atrial fibrillation (AF) is the most prevalent cardiac rhythm
abnormality and one of the major causes of morbidity and
mortality.” Many risk factors predispose to AF, such as
advancing age, male sex, structural heart disease,
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Japan. E-mail address: horie @belle.shiga-med.ac.jp.

1547-5271/$-see front matter © 2014 Heart Rhythm Society. All rights reserved.

hypertension, obesity, diabetes mellitus, and hyperthyroid-
ism.' In some patients, AF occurs in the absence of these risk
factors; this subtype is called lone AF.” Genetic backgrounds
have been shown to be associated with lone AF.” In fact,
mutations in genes encoding ion channels, """ gap junction
proteins,'* and signaling molecules'” have been identified in
families with AF and in isolated AF cases.'* In 2003, Chen
et al” first revealed among these AF-related genes the link
between AF and a KCNQ/ mutation (a gene encodes the
slowly activating component of delayed rectifier K* current
Ixs). They reported a missense KCNQ/ mutation, S140G,
in fami%ial AF, which showed a gain-of-function effect
of IKS'A;’ 3

http://dx.doi.org/10.1016/j.hrthm.2013.09.073
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To date, seven KCNQI mutations have been reported to
be associated with AF by exerting a gain-of-function effect
with enhanced Iy, current density with or without altered
gating. "' In addition, five of seven KCNQI mutations
(S140G, V141M, S209P, R231C, R231H) were identified in
juvenile-onset AF patients. Among these five mutations,
S140G, R231C, and R231H mutations were associated with
QT prolongation. Regarding other mutations in genes that
encode ion channels, functional analyses of the mutations
have demonstrated either gain-of-function effects, for exam-
ple, in SCN5A and KCNJ2,>° or loss-of-function effects in
SCN5A and KCNA5.'"'"' Intriguingly, these functional
alterations are similar to those found in electrophysiologic
remodeling in chronic AF.*

In order to clarify the genetic basis of juvenile-onset AF, we
screened 30 consecutive probands for mutations in KCNQ/,
KCNH2, KCNEI-3, KCNE5, KCNJ2, and SCN5A. Three
heterozygous mutations were identified in SCN5A, KCNJ2,
and KCNQ! in three probands from unrelated families (10%).
We previously reported the former two mutations SCN5A-
M1875T and KCNJ2-M301K.™ The third missense KCNQI
mutation, G229D, was identified in a 16-year-old boy with AF,
and it is novel. We examined the molecular mechanism
underlying the KCNQ!I mutation found in juvenile-onset AF
by using a heterologous expression. We then incorporated the
functional impact of the mutation into computational simu-
lations of the atrial action potential (AP), and we found that it
could contribute to shortening of the atrial AP duration leading
to the arrhythmogenicity of AF.

Methods

Study subjects

The study was approved by the Institutional Ethics Commit-
tees of our institutes, and all patients provided informed
consent. Thirty consecutive AF probands who developed AF
at age <50 years were included in the study.

DNA isolation and genetic analysis

Genomic DNA was isolated from blood lymphocytes and
screened for the entire open reading frames of KCNQI,
KCNH2, KCNEI1-3, KCNES, KCNJ2, and SCN5A. Genetic
screening (except for KCNJ2) was performed using denatur-
ing high-performance liquid chromatography (dHPLC
WAVE System, Transgenomic, Omaha, NE, USA). Abnor-
mal conformers and KCNJ2 were amplified via polymerase
chain reaction, and sequencing was performed using an ABI
PRISM3130 DNA sequencer (Applied Biosystems, Well-
esley, MA, USA). When a mutation was detected, we
examined its presence in > 200 Japanese healthy individuals
to exclude the possibility of polymorphisms. When a
mutation was detected in a proband, we checked whether
or not his or her family members were also carriers.

In vitro mutagenesis
Full-length cDNA encoding human wild-type (WT) KCNQ1
(GenBank AF000571) in a pCI vector was subcloned into a

pIRES2-EGFP expression vector. We engineered KCNQI-
(G229D mutant using a site-directed mutagenesis kit (Quik-
Change II XI, Stratagene, La Jolla, CA, USA). The presence
of mutations was confirmed by sequencing. Full-length
cDNA encoding human KCNE1 (GenBank M26685) subcl-
oned into the pCDNA3.1 expression vector was obtained by
polymerase chain reaction from human heart cDNA library
(Clontech Laboratories, Mountain View, CA, USA).

Electrophysiologic experiments

To assess the functional modulation by KCNQ! mutation, we
used a heterologous expression system with the Chinese hamster
ovary (CHO) cell line. Briefly, the cells were transiently
transfected with KCNQI-WT (0.5 pg) or KCNQI1-G229D (0.5
pg) or KCNQI-WT (0.25 pg)/G229D (0.25 pg), and KCNEI
(0.5 pg) plasmid DNA using Lipofectamine (Invitrogen Life
Technologies, Carlsbad, CA, USA). For electrophysiologic
experiments, after 48 hours of transfection, cells attached to
glass coverslips were transferred to a 0.5-mL bath chamber
perfused with extracellular solution at 1 to 2 mL/min. The
chamber was mounted on the stage of an inverted microscope
(ECLIPSE TE2000-U, Nikon, Tokyo, Japan) and maintained
at 37°C. Patch-clamp experiments were conducted on GFP-
positive cells.

Whole-cell membrane currents were recorded with an
EPC-8 patch-clamp amplifier (HEKA Electronik, Lambrecht,
Germany). Pipettes were prepared from glass capillary tube
(Narishige, Tokyo, Japan) using a Sutter P-97 micropipette
puller (Navato, CA, USA), and the tips were fire-polished
with a microforge. Pipette resistance ranged from 2.5 to 3.5
MQ. Pipettes were filled with a solution containing the
following (in mM): 70 potassium aspartate, 40 KCI, 10
KH,PO,4, | MgSO,, 3 Na,-ATP (Sigma, St. Louis, USA),
0.1 Li,-GTP (Roche Diagnostics GmbH, Mannheim, Ger-
many), 5 EGTA, and 5 HEPES; and pH was adjusted to 7.2
with KOH. The extracellular solution contained the following
(in mM): 140 NaCl, 5.4 KCl, 1.8 CaCl,, 0.5 MgCl,, 0.33
NaH,POy, 5.5 glucose, and 5.0 HEPES; pH was adjusted to
7.4 with NaOH. Liquid junction potential between the test
solution and the pipette solution was measured to be around —
10 mV and was corrected. HMR 1556 (kind gift from Drs. H.J.
Lang and J. Punter, Aventis Pharma Deutschland GmbH), a
selective Iy blocker, was added from 10 mM stock solution in
DMSO to the external solution (final DMSO concentration did
not exceed 0.01%).

Iks was elicited by depolarizing voltage steps from a holding
potential of —-80 mV to various test potentials. Is amplitude
was determined by measuring the amplitude of the tail current
elicited on repolarization to —50 mV following 2-second
depolarization to 30 mV every 15 seconds and divided by the
cell membrane capacitance to obtain current densities (pA/pF).
Iks activation was evaluated by fitting the current-voltage
relationship of the tail currents to a Boltzmann equation:

Ikl = /(1 +exp(Va—Vm)/k))

where Iy, is the current amplitude density, Vy, is the voltage at
half-maximal activation, V, is the test potential, and k is the
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slope factor. Time constants for deactivation (taup, and taugey)
were obtained by fitting a two-exponential function as follows:

I(t) = Afastexp("t/mufﬂst) + As]owexp(—‘t/muslow) +A0

where I(t) is the current amplitude at time t, Agg, Agiow. and Ag
are constants, and tau refers to the deactivation at the tail
potential,

For voltage-clamp recordings using an atrial AP waveform,
we applied a waveform generated from a computer simulation
of an atrial AP at 1 Hz and recorded currents at 37°C."' Resting
membrane potential in the CHO cell was determined by current
clamp after creating the whole-cell configuration.

Computer simulation

To confirm the role of the KCNQI-G229D mutation, we
conducted simulations of paced activation in atrial and
ventricular myocytes and of paced propagation in a one-
dimensional (1D) bidomain ventricular myocardial model of
9.0-mm length with transverse conductivity, mimicking a
transmural section of the left ventricular free wall. Mem-
brane kinetics of the myocytes were represented by the
Courtemanche human atrial model”™ and O’Hara-Rudy
human ventricular model,”’ of which Igx, models were
replaced by the following equations based on WT-Igx, or
WT/G229D-Ik obtained by electrophysiologic recordings.

For both WT-Ig, and WT/G229D-I:

Igs =G, (1+0.6/(1-+(3.8-107° /[Ca® T [)'))-
Xs1 " Xg2 " (Vm"'EKs)

dxs| /dt: (xs,oo~x51)/tauxgsl

dxg /dt= (X, 00 —Xs2)/talX 52
For WT-Iy,:
Xs00=1/(1+exp(—(Vy+28.8)/15.45))

tauy ) =326.9+0.4/(2.326- 107 - exp((Vin +65.5)/17.8) +
12921073 - exp(—(Vin +227.2)/230))

tauy s =5/(0.01-exp((Vin—50)/100)+0.0193 -
exp(—(Vn+66.54)/155))

For WT/G229D-Iks:

Xsi00=0.85 /(1 +exp(—(Vyn +82.8)/41.72))

tauy | =326.940.4/(2.326- 107 -exp((Vin +119.5)/17.8) +
1.292- 1073 - exp(— (Vi +281.2)/230))

tat, s =5/(0.01 -exp((Vin—50)/100)+0.0193 -
exp(—(Vy +66.54)/155))

where Gy, (mS/pF) is the maximum conductance of Ikg;
[Ca?*]; (mM) is the intracellular Ca>* concentration; x,; and
Xs2 are the activation and deactivation gates, respectively, for
Iks; Vin (mV) is the transmembrane potential; Ex, (mV) is the
reversal potential for Iks; Xseo is the steady-state value of
both x5, and X, gates; and tauyg; and tau,g; are the time
constant of x4, and x4, gates, respectively. The values of G

for atrial and ventricular models were 0.0136 and 0.0034 mS/
uF, respectively, because the WT-Ix, with these values
faithfully reproduced the same current amplitudes as the
original I, models.™"""

To obtain the ventricular transmural gradient, we defined
endocardial, midmyocardial, and epicardial layers of thickness
(0.6, 6.0, and 2.4 mm, respectiw:ly25 ) and then incorporated
transmural differences in ion channels and intracellular Ca®*
dynamics according to the original code.” Pacing stimuli of
2-ms duration and strength twice diastolic threshold were
applied transmembranously to the endocardial end at a cycle
length of 1000 ms. To obtain ECGs similar to those recorded
from left precordial leads, a unipolar recording electrode was
located 2 cm above the epicardial end of the tissue. Trans-
mural conductivity in the extracellular space was set to 2.36
mS/cm and that in the intracellular space for endocardial and
midmyocardial layers and for epicardial layer were set to 0.38
and 0.29 mS/cm, respectively.”” Other model parameters and
the numerical approach have been described elsewhere.”

Statistical analysis

All data are given as mean = SEM. Differences between two
groups were examined by independent Student £ test. P < .05
was considered significant.

Results

Genetic analysis

We identified three heterozygous mutations in 3 of 30
probands with juvenile-onset AF (10%): SCN5A-M1875T,
KCNJ2-M301K, and KCNQI-G229D. Details of patients
with SCN5A-M1875T and KCNJ2-M301K have been
reported previously.™ The third KCNQI mutation, a
single-base substitution at nucleotide 686 (c.686G > A),

A B
Proband
AspD) T g T
SGGGACAT C
@ alelge | fig
+
RN
e ol
d 229
3+
NH coo
Control C G229
— %Gm H.sapiens  ATSAIRGIRFLQILR
v M. musculus ATSAIRﬁIRFLQILR

R. norvegicus ATSAIR;%IRFLQILR

M.mulatta  ATSAIRGIRFLQILR
B.taurus  ATSAIRGIRFLQILR
G. gallus ATSAIRGIRFLQILR
T. rubripes ATSAIRGIRFLQILR

Figure1  Genetic analysis of the proband. A: Electropherograms of KCNQ/
gene showing a mutation, p.G229D (c.686G > A) in the proband. B: Topology
of Kv7.1 encoded by KCNQ1. G229 is located in the fourth transmembrane
segment (S4), known as the voltage sensor. C: Alignment of Kv7.1 sequence
showing conservation of glycine at position 229 (G229) across species.
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Figure 2  Clinical characteristics.
Twelve-lead ECGs of the proband,
indicating atrial fibrillation (AF) at the
first detection (A) and sinus rhythm at
rest and during exercise tolerance test
after catheter ablation (B). C: ECG of
the proband’s mother. D: Pedigree and
ECG (Vs lead) of the proband’s father.
Males and female are represented as

4 min
recovery

3 min
recovery

squares and circle, respectively. Arrow

indicates the proband. +/- symbols
indicate the presence/absence of the
KCNQ1-G229D variant. Filled symbols

JRY/=

causes an amino acid change from glycine to aspartic acid at
position 229 in the Kv7.1 potassium channel (Figure [A).
Gly-229 resides in the fourth transmembrane segment (S4),
which is known as a voltage sensor (Figure {B). Alignment
of the Kv7.1 amino acid sequence (Figuwe () demonstrated
that the glycine at position 229 is conserved in several
species, suggesting its importance at this position. G229D
was absent in 400 Japanese control alleles and has not been
reported according to the NHLBI Exome Sequencing Project
(ESP), Exome Variant Server (http://evs.gs. washington.edw/
£V S/). In the proband, we did not find any mutations in other
candidate genes described in the Methods.

Clinical characteristics
KCNQ1-G229D mutation was identified in a 16-year-old
boy who was diagnosed as AF at the age of 16 (QT/QTc

m-

+; KCNQ1-G229D

indicate the development of AF.

[corrected QT interval] 380/429 ms; Figure 2A). Cardiovas-
cular and blood examination including thyroid hormone
were all normal. He took propranolol hydrochloride
30 mg/day and digoxin 0.125 mg/day for rate control and
bepridil 100 mg/day for pharmacologic cardioversion, but
they failed to maintain his sinus rhythm. Moreover, cardio-
version did not restore sinus rhythm.

As the next step of treatment, he underwent radiofre-
quency catheter ablation therapy (pulmonary vein isolation).
After the therapy, his AF did not recur without any
antiarrthythmic agents for 20 months. Eighteen months after
therapy, exercise tolerance test was performed (Figure 2B).
The QTec interval both at rest and at 4 minutes of recovery
after exercise showed borderline criteria of QT prolongation
(QT/QTc from 415/452 ms to 372/480 ms).

The G229D mutation was also identified in the boy’s
asymptomatic mother. Her ECG at rest showed borderline
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criteria  of QT prolongation (QT/QTc 460/468 ms;
Figure 2C). There was no family history of AF (Figure 2D).

Functional analysis

To elucidate the genetic effect of G229D mutant, we
conducted functional characterization by using a heterolo-
gous expression system. As shown in Figure 3A, coexpres-
sion of KCNQI-WT (0.5 pg) with KCNET (0.5 pg) produced
a slowly activating outward WT-Igs on depolarization to 30
mV from the holding potential of —80 mV. In contrast,
transfection of KCNQ/-G229D (0.5 pg), coexpressed with
equimolar KCNEI, produced an instantaneously activated
G229D-Ik that did not deactivate after repolarization to =50
mV (Figure 3B). Moreover, the cells coexpressing WT and
mutant (0.25 pg each) channels with KCNE] displayed both

instantaneous (indicated by an arrow) and time-dependent
activated  WT/G229D-Ix, with deactivation process
(Figure 3C), suggesting that coexpression of WT results in
an intermediate functional phenotype. HMR1556 (an Iy
blocker; 1 pM) completely inhibited all conducted Ik;
currents (indicated by red traces in Figures 3A through 30).

Activating currents were then divided into instantaneous
and time-dependent components by measuring the instanta-
neous current level at 10 ms after the depolarization pulse
and the time-dependent current as a difference between
current level at 10 ms after depolarization and at the end of
depolarizing duration (steady state (indicated by arrowhead
in Figure 3C0). As summarized in bar graphs of Figure 3D,
instantaneous components of WT/G229D-Ig, were 171.9 =
28.3 pA/pF, which was significantly larger than those in WT-
Ixs (40.8 = 14.1 pA/pF, P < .001). In contrast, time-
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O SU—— B e — current
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P < 0.001 P < 0.001 P <0.05
200 - f ! 700 - f ! 700 1 T' )
o T
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=) 400 - 400 1
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g 5o A [ 200 1 200
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O
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Figure 3

PR
WT  WT/G229D

G229D mutation drastically alters properties of reconstituted I current. Whole-cell Kv7.1 currents recorded from CHO cells expressing wild type

L
WT  WT/G229D

(WT; A), G229D (B), and WT/G229D (C). Current was elicited by 2-second voltage step from a holding potential of —80 mV to 30 mV before (black trace) and
after (red trace) application of HMR 1556 (1 pM). Blue lines indicate the zero current level. Inset (lower right) shows the voltage application protocol. D: Bar
graphs of current densities summarized from multiple experiments for instantaneous (/eft), time-dependent (middle), and steady-state (right) currents during
voltage step to 30 mV. Instantaneous current level was measured 10 ms after depolarization (arrow). Time-dependent current was estimated as a difference
between an instantaneous current level (arrow) and that at the end of depolarizing pulse (steady-state: arrowhead). White bars indicate data from WT (n = 19).

Black bars indicate data from WT/G229D (n = 19).
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dependent and steady-state currents were significantly larger
in WT-Ig, than WT/G229D-Ig, (Figures 3C and 3D).

Figures 4A depicts two families of Iy current traces
elicited by 2-second depolarizing voltage-clamp steps from a
holding potential of —80 mV to various test potentials and
following repolarization to —50 mV (inset shows voltage-
step protocol): left, WT-Ixs and right, WT/G229D-Igs.
Again, WT/G229D-Ik, displayed an instantaneous activation
(indicated by arrow in Figure 4A), which was followed by
time-dependent slow activation (intermediate phenotype).
On repolarization to —50 mV, tail currents did not completely
deactivate. As shown in the lower panels, both WT and
WT/G229D currents were entirely inhibited by HMR1556
(1 pM).

Figures 4B shows peak tail current—voltage relationships
for WT-Ixs and WT/G229D-Ik, obtained from multiple
experiments. Tail current densities were larger at test
potentials between —130 and —40 mV in WT/G229D (filled
circles) than in WT (open circles). At more depolarizing test
pulses (20 to 50 mV), however, they were reversely smaller
in WT/G229D than in WT.

In Figure 4C, voltage-dependent activations of WT and WT/
G229D tail currents were evaluated by fitting to a Boltzmann
equation. In WT/G229D, the voltage dependence for I,

A WT

+HMR 1556

1s l1nA

+HMR 1556

activation was significantly shifted to more hyperpolarized
potentials (from —15.1 = 1.4 mV to -50.8 = 7.8 mV).

Because deactivation of WT/G229D-Ix, was extremely
slow at =50 mV (Figures 3C and 4A), in the following
experiments (Figure 5A) we measured deactivation Kinetics
(taup, and taug,,,) at —120 mV after 2-second depolarization
to 30 mV (left trace, WT; right trace, WT/G229D). As
summarized in the bar graphs shown in Figure 38, compared
to WT, rates for deactivation in WT/G229D were signifi-
cantly slower (taugg 77.3 = 3.6 ms vs 115.0 = 8.9 ms;
talgiow 270.9 = 124.9 ms vs 1716.3 = 110.9 ms).

In the next series of experiments, we used an atrial AP
waveform to elicit current activation. WT/G229D-Ik, thus
conducted large outward currents (Figure 6A, red trace). As
summarized in the bar graphs shown in Figure 68, integral
current densities were significantly larger in WT/G229D
than WT, suggesting a gain-of-function effect by G229D
mutation.

Because the instantaneous current component of WT/
G229D-Ik could influence the resting membrane potential,
we measured the resting potential of CHO cells expressing
various constructs (Figure 6C). Resting membrane potentials
were —4.6 = 1.9 mV in nontransfected cells and —41.3 + 2.2
mV in cells expressing WT channels. In contrast, those

WT/G228D

Figure 4  Electrophysiologic proper-
ties of wild type (WT) and WT/G229D.
A: Two representative sets of current
traces recorded from CHO cells expres-
sing WT (left) and WT/G229D (right).
Currents were elicited by 2-second
depolarizing voltage-clamp steps from

-140
(2s)

w

Current density C

Channel availability

a holding potential of -80 mV to
various test potentials (from -140 to
=50 mv 50 mV) before (top) and after (bottom)

(6s) application of HMRI556 (1 pM).
Arrow in the right panel indicates the
instantaneous current level at 50-mV
test potential. Blue lines indicate the
zero current level. Inset (lower right)
shows the voltage application protocol.

150 4 1.0 B: Tail current—voltage relationships for
o *p<0.05 WT (open circles, n = 7) and WT/
S 120 4 - - G229D (filled circles, n = 6). Tail
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g 5 05 A error. C: Current-voltage relationships
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= a* + ’i ®(]§ OWT symbols indicate the standard error.
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Figure 5  Cocxpression with G229D slows down the deactivation
process. A: Current traces from CHO cells expressing wild type (WT; left)
and WT/G229D (right). Currents were elicited by a 2-second depolarizing
voltage step to 30 mV followed by repolarization to —120 mV to obtain a
completely deactivated tail current. Blue line indjcates the zero current level.
Inset (lower right) shows the voltage application protocol. B: Bar graphs
showing averaged taugy (left), tauge,, (middle), and Ago/(Aps + Agow)
(right). White bars indicate data from WT (n = 8). Black bars indicate date
from WT/G229D (n = 10).

expressing WT/G229D or G229D channels showed signifi-
cantly more negative resting potentials (-<74.6 == 1.9 mV and
-74.3 + 6.2 mV), which were closer to the calculated
equilibrium potential of potassium ion (-89.9 mV in the
present experimental condition). Therefore, the negative
shift of resting potentials may be due to constitutive opening
of WT/G229D or G229D channels.

Computer simulation

To explore the cellular mechanisms by which the G229D
mutation manifested AP shortening in atrial but not ven-
tricular myocytes, we performed a computer simulation
study by using both atrial and ventricular myocytes and 1D
myocardial model (Figure 7). Based on the Ik, obtained by
electrophysiologic recording (Figures 4 and 3), we numeri-
cally reproduced both WT and WT/G229D current traces
(Figure 7A), the current—voltage relationship curves
(Figwre 78), and the normalized activation curves
(Figure 7C). The numerically reproduced I, were incorpo-
rated into the human atrial and ventricular myocyte models
(Figures 7D and E, respectively). WT/G229D-Ig, was
markedly larger than WT-Ig in both atrial and ventricular
cell models. Because of the difference in the contribution of
Ixs to AP formation, the mutation markedly shortened AP
duration in the atrial but not the ventricular myocyte model.
Indeed, the numerically reproduced Igs did not shorten the
QT interval in the 1D model under 1-Hz pacing (Figure 7F),
consistent with the ECG phenotype of the proband.
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Figure 6 A, B: Atrial action potential clamp recording. A: Whole-cell

clamp was conducted by using an atrial action potential waveform (indicated in
inset below the traces). Two representative current traces recorded from cells
expressing WT (black trace) and WT/G229D (red trace). Blue line indicates
the zero current level. B: Bar graph showing averaged integral current densities
measured by the area enclosed by the current curves. White bar indicates data
from WT (n = 10). Black bar indicates data from WT/G229D (n = 11). C: Bar
graph showing averaged resting membrane potentials from CHO cells under
four different conditions: no transfection of constructs (dot bar, n = 23),
transfected with WT (white bar, n = 25), WT/G229D (black bar, n = 15), and
G229D (striped bar, n = 12). Blue line indicates the equilibrium potential of
potassium ion in the present experimental condition.

Discussion

In the present study, we described a novel missense KCNQ/
mutation, G229D, in a juvenile-onset AF patient. The
proband’s AF, which started at the age of 16 years, was
refractory to bepridil. Radiofrequency catheter ablation
therapy was effective in maintaining his sinus rhythm. In
sinus rhythm, he showed borderline QT prolongation. His
mother carried the same heterozygous mutation and also
showed borderline QT prolongation.

G229D mutant Ik, reconstituted in CHO cells displayed
unique functional properties: a time-independent component
(instantaneous current) and slow deactivation. In detail, (1)
instantaneous component of WT/G229D was significantly
larger than that of WT; (2) the tail current density of WT/
G229D was larger at test potentials between —130 and —40
mV; (3) WT/G229D produced a negative shift in the voltage
dependence of half-maximal activation (-35.2 mV); (4) the
deactivation of WT/G229D was significantly slower than
that of WT; (5) a large integral current density of WT/G229D
was indeed induced by the atrial AP clamp experiment; and
(6) computational AP simulations suggest WT/G229 selec-
tively shortens the atrial AP. Taken together, these results are
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consistent with a view that the mutation caused gain-of-
function effects on I, thereby shortening atrial refractori-
ness and increasing susceptibility to AF.

Regarding KCNQI mutations associated with juvenile-
onset AF, five mutations (S140G, V141M, S209P, R231C,
R231H) were previously identified.*'®'*=*" Chen et al* first
reported the KCNQI-S140G mutation that potentiated I
especially the component of instantaneous activation. Later
in 2005, Hong et al'® reported the KCNQI-V 141M mutation
in a baby with AF and an abnormally short QT interval. They
also described a large instantaneous activation of V141M-
Iks. Das et al'” then reported a heterozygous KCNQI-S209L
mutation. This mutation also showed an instantaneous
opening when expressed as WT/S209L-Iks, a significantly

0.15
’ model (filled circles). D: Atrial action

potential (AP) and Iy, in the computer
\ models of human atrial myocyte with
WT-Ig, or WT/G229D-Ig;. E: Ventri-
cular AP and Iy, in the computer
models of human ventricular myocyte
with WT-Ig, or WT/G229D-Ig,. F:
Transmural heterogeneity of AP and
the simulated ECG in the 1D
ventricular model.

QT =402ms

negative shift of half-maximal activation voltage (-42.4
mV), and slow current deactivation.

More recently, Bartos et al?? reported KCNQI1-R231C
and R231H mutations in families with AF and mild QT
prolongation. These mutations showed marked instantane-
ous activation and significantly negative shift in half-
maximal activation (=30 to —40 mV). In addition, recent
extensive mutagenesis experiments and the structural model
of KCNQI protein'® suggest that residues S140, E160,
R237, and R231 closely associate with one another in the
closed state. Substitution of amino acid at any of the charged
S140, E160, R237, or R231 residues was shown to disrupt
KCNQI1 deactivation (“lock” the Igs channel in the open
state).' > This suggests that these residues are critical for
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normal KCNQ1 channel closing and that G229D might also
disrupt the interaction among these residues.

Our biophysical assessment revealed that the function of
G229D resembled that of R231C and R23 1H mutations, "
which reside near glycine at 229. However, the G229D
mutation was somewhat different in that it caused a border-
line QT prolongation. Indeed, it appeared not to affect the
ventricular AP while markedly shortening the atrial AP. Our
computer simulation 1D model (Figure 7F) partially
explained these apparently different effects of G229D for
the first time. Regarding the pharmacologic treatment of AF
in the proband, a low concentration of pure Ig, blocker
would be a potential for restoring sinus rhythm without
considerable prolongation of QT interval. In fact, Courtney
et al”’ recently reported the enhanced sensitivity of KCNQ/
gain-of-function mutation (S140G) for HMR 1556, a pure Ik
blocker, compared to that of WT channels.

Study limitations

In the present study, we used a heterologous expression
system to assess functional modulation by the KCNQI
mutation. However, the environment of this system is
different from that of cardiac myocytes or whole heart.
Therefore, our data might not always explain electrophysio-
logic modulation in the whole heart.

Conclusion

We identified a novel KCNQ7-G229D mutation in a patient
with juvenile-onset AF. In the heterozygous condition, the
mutation changed Ik, channel kinetics and showed a gain-of-
function modulation of Ik, In the computer simulation
model, it markedly shortened the atrial AP duration, suggest-
ing the tendency toward AF.
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Background: The gene KCNET encodes the p-subunit of cardiac voltage-gated K™ channels and causes
long QT syndrome (LQTS). LQTS is characterized by the prolongation of QT interval and lethal
arrhythmias such as torsade de pointes (TdP). A KCNET polymorphism, D85N, has been shown to modify
the phenotype of LQTS through a loss-of-function effect on both KCNQ1 and KCNH2 channels when co-
expressed and reconstituted in a heterologous expression system.

Methods: A screening for the D85N polymorphism was performed in 355 LQTS families with mutations
in KCNQ1, KCNH2, or SCN5A. Among the probands who had a heterozygous status with the polymorph-
ism, we focused on a family with a KCNH2 mutation (E58K), a N-terminal missense mutation, and
examined the clinical significance of this polymorphism. We also conducted biophysical assays to analyze
the effect of the polymorphism in mammalian cells.

Results: In 355 probands, we found 14 probands (3.9%) who had a heterozygous compound status with the
D85N polymorphism. In the family with a KCNET-D85N polymorphism and a KCNH2-E58K mutation, the
proband and her daughter carried both the KCNH2 mutation and the KCNE1-D85N polymorphism. They
experienced repetitive syncope and TdP. Two sons of the proband had either KCNH2-E58K mutation or KCNE1-
D85N, but were asymptomatic. Biophysical assays of KCNE1-D85N with KCNH2-E58K variants produced a larger

reduction in the reconstituted Iy, currents compared to co-expression with wild-type KCNE1.
Conclusions: The KCNE1-D85N polymorphism modified the clinical features of LQTS patients.
© 2013 Japanese Heart Rhythm Society. Published by Elsevier B.V. All rights reserved.

1. Introduction

Long QT syndrome (LQTS) is characterized by cardiac repolarization
abnormalities that lead to TdP, syncope, and sudden cardiac death {1}.
The disease is genetically heterogeneous and caused by mutations in
> 10 genes, including KCNH2 and KCNET [2-4], In LQTS probands with
heterozygous genetic variants, compound mutations usually exacer-
bate the disease severity compared to other family members who
carry a single mutation {5-7}. Previously, the coexistence of the single
nucleotide polymorphism (SNP) KCNH2-K897T with the latent KCNH2
mutation A1116V was shown to modify the clinical symptoms {8}].

Abbreviations: CHO cell, Chinese hamster ovary cell; LQTS, long QT syndrome;
PPM, post pacemaker implantation; SCD, sudden cardiac death; SNP, single
nucleotide polymorphism; TdP, torsade de pointes
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A KCNE1 C-terminal polymorphism, D85N, has been found in the
normal population. The sequence, a nucleotide replacement from G
to A at 253, causes an amino acid change from aspartic acid to
asparagine at position 85 {4l The allele frequency of the poly—
morphism is reported to be 0.7% in apparently healthy Asians |
Paulussen et al. demonstrated that the allele frequency of the same
variant among Europeans is 5% in drug-induced LQTS patients who
experienced TdP, but 0% in the control population [1i]. More
recently, we demonstrated that the D85N allele frequency is 0.8%
among apparently healthy Japanese individuals and that it is
significantly higher among clinically diagnosed LQTS probands
(3.9%) {8]. In a patch-clamp experiment using a heterologous
expression system in a mammalian cell line, KCNE1-D85N was
found to reduce the current densities in KC(NQ1/KCNET channels (Ixs)
and KCNH2/KCNE1 channels (Iy,) by 28% and 31%, respectively [3].

In the present study, we screened for the D85N polymorphism
in 355 LQTS probands in which we could identify a mutation in

1880 4276/$ see front matter © 2013 Japanese Heart Rhythm Society. Published by Elsevier B.V. All rights reserved.
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KCNQ1, KCNH2, or SCN5A, and found 14 patients that carried the
polymorphism in addition to a single pathologic LQTS-related gene
mutation. Among them, in a family with KCNH2-E58K, D85N
appeared to modulate the phenotype of family members. In order
to clarify the phenotype-genotype correlation, we then conducted
functional assays of the variants by using a heterologous expres-
sion system in Chinese hamster ovary (CHO) cells.

2. Material and methods
2.1. Genetic analysis

The cohort of this study was 355 LQTS probands who were
identified as having mutations in KCNQI, KCNH2, or SCN5A and
their family members. Genetic analysis was performed after
obtaining written informed consent in accordance with the study
protocol approved by our institutional ethics committees. In
addition to the 3 genes listed above, genetic screening for KCNE1
was performed by single strand conformation polymorphism or
denaturing high-performance liquid chromatography using a
WAVE System Model 3500 (Transgenomic, Omaha, NE, USA).
Abnormal conformers were amplified by polymerase chain reac-
tion (PCR). Sequencing was performed with an ABI PRISM3130
DNA sequencer (Applied Biosystems, Wellesley, MA, USA).

2.2. Mutagenesis

Complementary deoxyribonucleic acid (cDNA) for human KCNET
(GenBank M26685) was kindly provided by Dr. J. Barhanin (Institut de
Pharmacologie Moléculaire et Cellulaire, CNRS, Valbonne, France) and
was subcloned into a pIRES-CD8 vector. ¢cDNA for human KCNH2
(GenBank AF363636) was kindly donated by Dr. M. Sanguinetti (Uni-
versity of Utah, Salt Lake City, UT, USA) and was subcloned into a pRc-
CMV vector. A KCNET-D85N variant was constructed using a Quik
Change Il XL Site-Directed Mutagenesis Kit, according to the manufac-
turer's instructions (Stratagene, La Jolla, California, USA). A KCNH2
mutation (ES8K) was constructed by overlap-extension PCR. Nucleo-
tide sequence analysis was performed on each variant construct before
the expression study to confirm their sequences.

2.3. Cell transfection

CHO cells were maintained at 37 °C in Dulbecco’s modified
Eagle medium and Ham'’s F12 nutritional mixture (Gibco-BRL,
Rockville, Maryland, USA) containing 10% fetal bovine serum
supplemented with 1% penicillin and 1% streptomycin. Wild-type
(WT) and/or variant KCNH2, and WT and/or variant KCNE1 clones
were transiently expressed in CHO cells by using the Lipofecta-
mine method according to the manufacturer's instructions (Invi-
trogen, Carlsbad, California, USA).

To identify the cells that were positive for KCNH2 expression, CHO
cells were co-transfected with 0.5-1 g of the pRc-CMV/KCNH2 vector
and 0.5 pg of a pEGFP-N1/CMV vector. About 48-72 h after transfec-
tion, green fluorescent protein (GFP) positive cells and anti-CD8
antibody-coated bead (Dynabeads CD8; Dynal Biotech, Oslo, Norway)
decorated cells were used for the patch-clamp study.

24. Electrophysiological assays

Whole-cell configuration of the patch-clamp technique was
employed to record membrane currents at 37 °C with an EPC-8
patch-clamp amplifier (HEKA, Lambrecht, Germany). Pipette resis-
tance ranged from 2.5 to 4 MQ when filled with pipette solutions,
as described in the following text. The series resistance was
electronically compensated for at 70-85%. The extracellular

solution contained (mmol/l): 140 NaCl, 0.33 NaH,PO4 5.4 KCl,
1.8 CaCl,, 0.5 MgCl,, 5.5 glucose, and 5 HEPES and the pH was
adjusted to 7.4 with NaOH. The internal (pipette) solution con-
tained (mmol/l): 70 potassium aspartate, 70 KOH, 40 KCl, 10
KH,PO4, 1 MgaS04, 3 Nay-ATP, 0.1 Li,-GTP, 5 EGTA, and 5 HEPES
and the pH was adjusted to 7.2 with KOH.

KCNH2/KCNE1-encoded currents were elicited by depolarizing
pulses from a holding potential of —80mV to test potentials
between 60 and +50 mV (with a 10-mV step increment), and
then repolarized to ~60 mV to measure tail currents. Current
densities (pA/pF) were calculated for each cell studied by normal-
izing peak tail current amplitude to cell capacitance (Cm). The Cm
was calculated by fitting a single exponential function to the decay
phase of the transient capacitive current in response to +5mV
voltage steps (20 ms) from a holding potential of ~-50 mV. The
liquid junction potential between the test solution and the pipette
solution was measured as approximately —10mV and was cor-
rected. Data were collected and analyzed using Patch master and
Igor Pro (WaveMetrics, Lake Oswego, Oregon, USA).

2.5. Data analyses

The voltage-dependence of current activation was determined
by fitting the normalized tail current () vs. test potential (Vt) to
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Fig. 1. Clinical Characteristics. A: Pedigree structures as well as phenotypic and
genotypic information and electrocardiogram (V5) data for family members of the
proband. Males and females are represented as squares and circles, respectively.
Genotypes are shown on the right side of the symbols, and the presence of variants
is indicated as shown in the inset. Phenotypes are shown in the left half of symbols.
Filled symbols indicate symptomatic cases. Individuals with uncertain genotype and
phenotype are indicated by a gray color. Deceased family members are indicated by
symbols with slashes. PPM, post pacemaker implantation; SCD, sudden cardiac death. B:
(a) The DNA sequence of D85N KCNET; part of the nucleotide sequence of the KCNET
showing a G to A transition at codon 253 leading to an amino acid substitution of
aspartic acid for asparagine at position 85. (b) The DNA sequence of E58K KCNH2; part of
the nucleotide sequence of the KCNH2 showing a G to A transition at codon 172 leading
to an amino acid substitution of glutamine for lysine at position 58.
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Boltzmann's function:
Tait =1/(1 +expl(Vos5-VD)/kD),

where Vy 5 is the voltage at which the current is half-activated and
k is the slope factor. Time constants for deactivation (zes and zsiow)
were obtained by fitting a two-exponential function to the time
course of the deactivating tail currents. All data were expressed as
the mean + standard error. Statistical comparisons were made
using analysis of variance, followed by a t test, and the differences
were considered significant at a value of P < 0.05.

3. Results
3.1. Clinical features

Among our 355 probands with mutations in KCNQ1, KCNH2, or
SCN5A, 206 probands (58.0%) suffered cardiac events such as ventri-
cular arrhythmia or syncope. The average QTc interval of 355 probands
was 492.4 + 55.7 ms. Fourteen probands (3.9%) carried a heterologous
KCNE1-D85N polymorphism. Coexisting mutations were identified in
either KCNQ1 or KCNH2 carriers. Ten mutations were missense, and
the remaining 4 were complex deletion/insertion mutations in KCNH2.
The average age of these subjects was 28 + 18 years and females were
the dominant gender (n=10, 714%). Eleven compound probands
carrying KCNE1-D85N were symptomatic (78.5%), while 195 probands
without KCNE1-D85N were symptomatic (57.1%, P=0.17). The average
QTc interval of the probands with KCNE1-D85N was a little longer
(5036 +92.7ms) than that of probands without KCNE1-D85N
(491.8 + 53.2 ms, P=0.64). In 7 of 14 probands, we failed to conduct
genetic tests in their family members. In the remaining 7 families, we
found a family in which both genetic variants were found in multiple
family members (Fig. 1A). The proband (indicated by arrow in Fig. 1A)
was a 51-year-old woman who was admitted to the hospital because
of palpitations and repeated syncope. She experienced her first
syncope at the age of 45. The standard 12-lead electrocardiogram
(ECG) showed a prolonged QT interval (QT/QTc, 478/490 ms; HR,
63 bpm), notched T waves in leads I, Ill, and aVg, and premature
ventricular contraction. Blood and serological tests showed normal
results. The echocardiogram, myocardial perfusion scintigraphy,
and coronary angiography with/without acetylcholine test were
all normal. Although ventricular fibrillation was not inducible on
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electrophysiological study, TdP with syncope was detected on the
ECG monitor while she was talking to her doctor. Because she showed
a marked sinus bradycardia (~40 bpm) during the day, a pacemaker
was implanted and B-blocker therapy was started. Three uncles on her
maternal side underwent pacemaker implantation and an aunt died
suddenly before she reached 40-years-old (Fig. 1A).

The proband had 3 children (Fig. 1A), and her 2 sons were free
of symptoms with normal QTc intervals (QTc, 429 ms and 381 ms,
respectively). In contrast, her daughter experienced syncope
several times since she was 13 years old. When the daughter
was 22 years old, head-up tilt, exercise stress, and isoproterenol
challenge tests were performed to examine the cause of syncope
and she was suspected to have neurally mediated syncope.
However, she repeated syncope while micturition at the age of
27 and she consequently underwent Holter monitoring. Because
the ECG monitor demonstrated QT prolongation, she underwent
an epinephrine challenge test. Intravenous administration of
epinephrine (0.1 ugkg™?! plus 0.1 pgkg~! min~—") prolonged the
QT interval (QTc, 438 to 658 ms) and she was diagnosed
with LQTS.

3.2. Genetic analysis

DNA sequencing of the proband confirmed a G to A transition
leading to amino acid substitution of aspartic acid for asparagine at
position 85 (D85N) located within the C-terminal region of KCNE1
(Fig. 1B-a) and a G to A transition leading to amino acid substitution of
glutamic acid for lysine at position 58 (E58K) in the N-terminus of
KCNH2 (Fig. 1B-b). We identified 2 heterozygous variants, KC(NH2-E58K
and KCNEI-D85N, in the proband and her daughter. The proband's
elder son had KCNH2-E58K and the younger son had KCNE1-D85N,
respectively. In this family, therefore, a genetic double hit appeared to
largely modify the clinical phenotypes (Fig. 1A).

3.3. Biophysical assays

To examine the phenotype-genotype correlation, we first
examined how the KCNH2-E58K mutation affected Iy, currents
when reconstituted in CHO cells. Fig. 2 depicts 3 sets of typical
current traces recorded from cells transfected with KCNH2-WT
(A, 1 pg), KCNH2-WTJE58K (B, 0.5 pg each), and KCNH2-E58K (C,
1pg). Cells transfected with KCNH2-WT displayed inwardly
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Fig. 2. Functional expression analysis of KCNH2 in Chinese hamster ovary cells. Representative current traces of KCNH2 co-expression with the WT and/or E58K.
(A) KCNH2-WT (1 pg). (B) KCNH2-WT/E58K (0.5 pg of each). (C) KCNH2-E58K (1 pg).
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