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BACKGROUND Long QT syndromes (LQTS) are inherited diseases
involving mutations to genes encoding a number of cardiac ion
channels and a membrane adaptor protein. The MinK protein is a
cardiac K-channel accessory subunit encoded by the KCNET gene,
mutations of which are associated with the LQT5 form of LQTS.

OBJECTIVE The purpose of this study was to search for the KCNE1
mutations and clarify the function of those mutations.

METHODS We conducted a genetic screen of KCNEZ mutations in
151 Japanese LQTS patients using the denaturing high-perfor-
mance liquid chromatography-WAVE system and direct sequenc-
ing. In two LQTS patients, we identified two KCNEI missense
mutations, located in the MinK N- and C-terminal domains. The
functional effects of these mutations were examined by heterol-
ogous coexpression with KCNQ1 and KCNH2.

RESULTS One mutation, which was identified in a 67-year-old
woman, A8V, was novel. Her electrocardiogram (ECG) revealed

marked bradycardia and QT interval prolongation. Another muta-
tion, R98W, was identified in a 19-year-old woman. She experi-
enced syncope followed by palpitation in exercise. At rest, her ECG
showed bradycardia with mild QT prolongation, which became
more prominent during exercise. In electrophysiological analyses,
R98W produced reduced I, currents with a positive shift in the
half activation voltages. In addition, when the A8V mutation was
coexpressed with KCNH2, this reduced current magnitude, which is
suggestive of a modifier effect by the A8V KCNET mutation on 1.

CONCLUSION KCNEI1 mutations may be associated with mild LAQTS
phenotypes, and KCNEZ gene screening is of clinical importance
for asymptomatic and mild LQTS patients.

KEYWORDS Long QT syndrome; KCNEZ; Ion channels; Molecular
screening; Electrophysiology
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Introduction

Long QT syndromes (LQTS) are characterized by a pro-
longed QT interval in the electrocardiogram (ECG) and a
high risk of sudden cardiac death due lo a characterislic
ventricular tachycardia known as torsades de pointes. The
syndromes arc hereditary based on gene mutations encoding
multiplc cardiac ion channcls and a membranc adaptor pro-
tein.! In 1996, positional cloning methods established
KCNQI as the chromosome 11-linked LQT1 gene.” Sub-
sequently, MinK, a potassium channel regulatory subunit
encoded by the KCNEI gene,”” was shown to coassemble
with KCNQ1 to produce the slowly activating delayed-
rectifier K* current, I, ® Because of these relationships,
MinK was thought to be another candidate for LQTS. At the
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end of 1997, two groups first identified clinically significant
KCNEI mutations in LQTS patients.”® Schulze-Bahr and
coworkers’ reported a KCNE] compound heterozygous mu-
tation, which induced the Jervell and Lange-Nielsen syn-
drome (JLNS). The mutations were T71 and D76N, which
were located in the N terminus and C terminus of the MinK
protein, respectively. Splawski and coworkers® also re-
ported two families of the Romano-Ward syndrome and
identified two C-terminal KCNEI mutations, S74L and
D76N. In functional analyses, D76N caused a decreased Ik,
current with a strong dominant-negative effect. On the other
hand, S74L also decreased Ik, but displayed no dominant-
negative effect. Further investigation confirmed the KCNE
gene as the fifth LQTS locus (LQT5).’

To date, 16 LQT5-related KCNEI mutations have been
reported, but this number and the incidence of mutations are
very small compared with the principal LQTS mutations
(LQT1-3). The functional consequences of KCNE! muta-
tions in reducing I, vary considerably between mutations.
Furthermore, the gene-specific phenotype has not been well
investigated in LQT5. Here we report two KCNE]! muta-
tions identified in two Japanese LQTS patients from unre-
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lated families, which are locaed in the N terminus and C
erminus. Although these paticnts had no mutatons in
LQTS-related genes other than KCNVET and relatively mild
LQTS phenotypes, the response of QT intervals to heart
rates was quite different: QT prolongation became promi-
nent in bradycardia with the N-terminal mutation (ARV) and
in tachycardia with the C-terminal mutation (RO8W). These
heart rate dependencies were compatible with the symptoms
of reducing I, ~rapidly activating delayed-rectifier K™ cur-
rent—and I.. respectively. Since MinK is also able (o coas-
semble with the HERG protein (encoded by KCNH2) and
affect the I, current.'®~'* we examined the functional in-
fluence of these two mutations on both KCNQI- and
KCNH2-encoded channels, using a heterologous expression
system. In this report, we first displayed novel phenotypes
of LQTS5 that would be caused by reduced I,.

Methods

Subjects

The cohort of patients studied was comprised of 151 con-
secutive LQTS probands showing prolongation in the QT
interval (QTc = 460 ms); they were referred to our labora-
tory for genetic evaluation from all over Japan. The patients
had both familial and acquired LQTS. All subjects gave
their written informed consent in accordance with guide-
lines approved by the appropriate institutional review
boards. Each underwent detailed clinical and cardiovascular
examinations and was then characterized phenotypically on
the basis of the QT interval in lead Vs, corrected for heart
rate (QTc) according to Bazett’s formula, and the presence
of cardiac symptoms. Schwartz’s scores'” of all probands
were greater than 3 points.

Genotyping

Genomic DNA was isolated from venous blood by use of the
QIAamp DNA blood midikit (Qiagen, Hilden, Germany). Es-
tablished primer settings were employed to amplify the entire
coding regions of the known 'LQTS genes (KCNQ. Js
KCNH2,"* SCN5A,'® KCNEI,"™ and KCNE2'"), with the ex-
ception of ANKB'® from genomic DNA. The denaturing
high-performance liquid chromatography (DHPLC; WAVE
system Model 3500, Transgenomic, Omaha, NE) technique
was performed as described elsewhere.'” Polymerase chain
reaction (PCR) products were denatured at 95°C for 5 min-
utes and then analyzed in DHPLC. The PCR fragments
presenting abnormal signals in DHPLC analysis were sub-
sequently sequenced by the dideoxynucleotide chain termi-
nation method with fluorescent dideoxynucleotides on an
ABIT 3100 genetic analyzer (PE Applied Biosystems, Foster
City, CA).

Site-directed mutagenesis and expression

Complementary DNAs (cDNAs) for human XCNQ/ (Gen-
Bank AF000571) and KCNE/ (GenBank M26685) were
kindly provided by Dr. J. Barhanin (Institut de Pharmacolo-
gie Moléculaire et Cellulaire, CNRS, Valbonne, France).
The cDNAs were subcioned into pIRES2-EGFP (for

KCNQI) and pIRES-CD8 (for both wild-type [WT] and
mutated KCNE/) vectors, respectively. The cDNAs for hu-
man KCNH2 (GenBank AF363636) were kindly gifted by
Dr. M. Sanguinetti (University of Utah, Salt Lake City, UT).
The ¢cDNA was subcloned into the pCEP4/CMV vector.
MinK mutations were constructed using a Quick Change I1
XL Site-Directed Mutagenesis Kit according to the manu-
facturer’s instructions (Stratagene, La Jolla, CA). Nucleo-
tide sequence analysis was performed on each variant con-
struct before the expression study. COS7 cells were
transiently transfected using 1 pg of pIRES-CD8/KCNE]
(WT or mutants) and | pg of pIRES2-EGFP/KCNQ] per 35
mm dish, using fugene6 according to the manufacturer’s
instructions (Roche Diagnostics, Basel, Switzerland). CHO
cells were cotransfected using 1 ug of pIRES-CD8/KCNE!
(WT or mutants), 1 pg of pCEP4/CMV/KCNH?2 vector, and
0.5 pg of pEGFP-N1/CMV vector to detect the cells with
KCNH2 expression. COS7 or CHO cells that are success-
fully transfected with KCNQ/ or KCNH2 and KCNE]
c¢DNAs were selected by green fluorescence and decoration
with anu-CD8 antibody-coated beads (Dynabeads CDS;
Dynal Biotech, Oslo, Norway).

Electrophysiological experiments

and data analysis

Whole-cell patch-clamp recordings were made with pipettes
filled with (in mM) KCl 130, KOH 20, Mg-ATP 5, Na-GTP
0.1, EGTA 5, and HEPES 10 (pH 7.2 with KOH), with a
resistance of 2.0 to 4.0 MQ. The external superfusate con-
tained (in mM) NaCl 140, KCI 5.4, MgCl, 0.5, CaCl, 1.8,
NaH,PO, 0.33, glucose 5.5, and HEPES 5 (pH 7.4 with
NaOH). Data were filtered at 2 kHz.

Experiments on KCNQ] were performed at 37°C using
an Axopatch 200A patch-clamp amplifier (Axon Instru-
ments, Foster City, CA) 48-~72 hours after transfection.
PClamp software (version 9.0, Axon Instruments) was used
to generate voltage pulse protocols and for data acquisition.
Currents were elicited by depolarizing pulses from a hold-
ing potential of —70 mV to test potentials between —350 and
+100 mV (with a 10-mV step increment), followed by
repolarization to —30 mV to monitor tail current amplitude.
Current densities (pA/pF) were calculated for each cell
studied by normalizing peak tail current amplitude to cell
capacitance. Activation curves were derived from tail cur-
rents at —30 mV after stepping to test pbtentials ranging
from —50 to +100 mV.

Whole-cell patch-clamp recordings with KCNH2 were
performed at 37°C using an EPC-8 patch-clamp amplifier
(HEKA, Lambrecht, Germany) 48—72 hours after transfec-
tion. Data acquisition was performed using PatchMaster
acquisition software (HEKA). Currents were elicited by
depolarizing pulses from a holding potential of —80 mV to
test potentials between —40 and +50 mV (with a 10-mV
step increment), followed by repolarization to —60 mV to
monitor tail current amplitude. Current densities (pA/pF)
were calculated for each cell studied by normalizing peak
tail current amplitude to cell capacitance. Activation curves
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were derived from tail currents at —60 mV after stepping Lo
test potentials ranging from —40 o +50 mV.

Current voltage relations were fitled with a Boltzmann’s
function:

Tewn = 1741 + expl(Vio — V,)/&1} (1

where V,,, stands for the potential at which the activation is
half maximal, V,, is the test potential. and k is the slope
factor.

Time constants describing current (ime courses were
obtained by data with single or double exponential functions
shown below (equation 2 for single exponential and equa-
tion 3 for double exponential):

I(r) = A + Bexp(—t/7) (2)

I(f) = A + Bexp(_t/’rfﬂm) + chp(_t/Tsl(\w) (3)

where I(r) means the current amplitude at time 1, A, B, and
C are constants, and T refers to the activation/deactivation
time constants obtained.

Numerical data are presented as mean * standard error
of the mean. Student’s r-test was used to compare data
between different groups for electrophysiological measure-
ments. P <.05 was considered statistically significant.

Results

Mutation analysis

In 151 LQTS patients from unrelated families. we found
two major elution patterns (Figures 1A(a) and 1A(b).)

and two abnormal patterns (Figures 1A(c) and 1A(d)) in
DHPLC analyses for KCNE]. Subsequent DNA sequencing
revealed that the wave patterns shown in Figures 1A(a)
and 1A(b) were derived from the normal and D85N poly-
morphism.zo'23 There were 11 patients with heterozygous
D85N polymorphism. The third elution pattern (Figure
1A(c)) turned out to be due to a single nucleotide change
(23C > T), causing an amino acid substitution denoted
A8V, replacing an alanine at residue 8 with a valine (Fig-
ures |B and 1C). The bottom pattern (Figure 1A(d)) was
due to a single nucleotide alternation (292C > T) resulting
in an amino acid substitution from an arginine at residue 98,
designated R98W (Figures 1B and 1D). Both types of ab-
errant bands were absent in 110 unrelated healthy individ-
uals of the general population. These mutations are located
in the N terminus (A8V) and in the C terminus (R98W),
respectively (shown schematically in Figure 1B). The two
probands carrying KCNEI mutations had homozygous G38
and D85 alleles in KCNEI and no other mutations in the
LQTS-related genes (see the Methods section). Regarding
other LQTS-related genes in our cohort, we found 20 mu-
tations from 27 patients in KCNQ/, 33 mutations from 37
patients in HERG, and 12 mutations from 12 patients in
SCNSA.

Phenotypic characterization: Case 1

The A8V mutation was identified in a 67-year-old female
who had no family history of syncope and premature sudden
death. Arrhythmia was initially detected at age 63 years, and
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| month before entering the hospital she began to [eel
general malaise and palpitations with skipped beats. Her
12-fead ECG (Figure 2A(a)) showed prominent sinus bra-

dycardia (46 bpm) and marked QT prolongation (QTc 600

ms) with flat and biphasic T waves in chest leads. After
further examination in hospital, paroxysmal atrial fibrilla-
tion (AF; Figure 2A(b)) and sinus pause after cessation of
AF were detected and were considered to be the cause of her
palpitations. Under the diagnosis of bradycardia-tachycar-
dia syndrome, she received a pacemaker implantation. With
atrial pacing at 60 bpm, her QTc interval was shortened to
within the normal range (QTc 428 ms; Figure 2A(c)).

Phenotypic characterization: Case 2
The R98W mutation was found in a 19-year-old female, an
athlete in high school, who experienced several episodes of
short-term syncope followed by palpitation during exercise
at age 16. In a medical checkup, conducted at the time of
entrance to college, sinus bradycardia (heart rate 45 bpm)
and mild QT prolongation (QTc 460 ms) were detected on
ECG. She was referred for further examination and, during
and after a treadmill exercise test (Figures 2B(a) and 2B(b)),
her QTc interval prolongation became more prominent. The
QTc after 3 minutes of recovery was still prolonged to 580
ms, and a premature ventricular complex was observed
(Figure 2B(b)). None of her relatives had a history of syn-
cope or cardiac sudden death.

We were unable to conduct genetic analyses for the
relatives of these two index patients because none of them
gave informed consent.

Biophysical assays of WT and mutant

KCNE1 channels

To assess the functional consequences of these missense
KCNEImutations (A8V and R98W) on the MinK protein,
we coexpressed WT and mutant KCNE /with either KCNQ/
or KCNH2 (Figures 3 and 4).

The C-terminal KCNE1 mutation causes a loss of
function of KCNQ1 channels

Figurc 3A shows representative families of current traces
recorded from COS7 cells cotransfected with KCNQ/ and
WT or mutant KCNE]. Cells expressing WT-KCNE1/
KCNQ]I (Figure 3A, left) elicited vigorous outward currents
with slow activation/deactivation kinetics, which are typical
of Ix, currents as reported elsewhere.”® Cells expressing
A8V-KCNEI/KCNQ! (Figurc 3A. middle) revealed differ-
ent voltage dependence of current activation, although the
current amplitude was comparable to that of WT- KCNE].
In contrast, RO8W-KCNEI/KCNQI caused reduced cur-
rents compared with WT-KCNE! (Figure 3A. right). In the
panel of Figure 3, the mean tail current densities measured
at —30 mV in multiple measurements were shown plotted
as a function of test pulse voliages (between —350 and
+100 mV). Mean current densities after the depolarizing
test pulse to +20 mV (indicated by arrow) were 12.4 =
1.8 pA/pF in WT (closed circles), 11.0 = 1.3 pA/pF in A8V

(open circles), and 6.3 * 1.2 pA/pF in R98W (closed
triangles), respectively. Therefore, compared with the WT
Ix, channels, R98W (but not A8V) mutant channels carried
significantly smaller currents on repolarization from the
physiological range of action potential plateau level
(P <.05 between WT and RI8W).

To determine whether or not these mutations altered the
voltage dependence of current activation, tail current den-
sities after each test potential were normalized to the max-
imum value obtained after the test pulse to +100 mV. In
Figure 3C, normalized currents were then plotted as a func-
tion of test potentials. The curve fits to plotted data points
were obtained using equation 1 (see the Methods section).
The V,,, and k values derived from these fits were, respec-
tively, +40.0 = 4.8 and 20.0 = 1.3 mV for WT, +49.0 =
4.3 and 23.0 + 0.8 mV for the A8V mutation, and +55.7 *
3.8 and 20.4 = 1.0 mV for R98W mutation. Thus, the A8V
produced a positive shift of V,, by +9 mV (NS vs. WT)
and R98V by +16 mV (P <.05 vs. WT). Effective outward
currents through R98W channels were therefore reduced
over a voltage range relevant to the ventricular action po-
tential plateau level.

Time constants for both activation and deactivation were
fitted to equation 2 (Methods). In comparison with WT,
A8V did not influence the rate of activation, and R98W
rather slowed it but there was no statistical significance.
7 values at + 40 mV were 1.72 = 0.31 seconds for WT,
1.55 = 0.13 seconds for A8V, and 3.20 * 0.84 seconds for
R98W. 7 values for deactivation at —30 mV after test pulse
to 40 mV were also comparable and were 0.59 = 0.05
seconds for WT, 0.46 = 0.03 seconds for A8V, and 0.46 £
0.04 seconds for RO8W.

The N-terminal KCNE1 mutation causes a loss of
function of KCNH2 channels
Figurc 4A shows representative current traces recorded
from CHO cells successfully cotransfected with WT or
mutant KCNE! and KCNH2. Cells expressing WT and
RI98W KCNEI/KCNH2 displayed outward currents with
inward rectifying properties (a decline in current during the
voltage command at positive test potentials), which are
typical of Iy, currents as reported elsewhere (Figure 4A, left
and right).”* In contrast, the magnitude of currents from
cells expressing A8V-KCNE]/KCNH2 was reduced (Figure
4A, middle). In Figure 4B, the tail current densities at —60
mV in multiple cells are plotted as a function of test pulse
voltages (between —40 and +50 mV). The mean current
densities after depolarizing test pulse to +20mV (indicated
by arrow in graph) were 85.0 = 13.4 pA/pF in WT (closed
circles), 47.7 = 6.9 pA/pF in A8V (open circles; P <.05 vs.
WT), and 75.8 = 13.8 pA/pF in R98W (closed triangles, NS
vs. WT). Therefore, A8V mutant channels carried signifi-
cantly smaller currents on repolarization from the physio-
logical range of action potential plateau level.

Tail current densities after each test potential were nor-
malized to the maximum value obtained after depolarization
to +50 mV. Normalized currents thus calculated are shown
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as a (unction ol test potentials in Figure 4C, and each data
set was fitted by equation 1. V,, and k values were
~19.5 = 0.8 and 7.7 = 0.4 mV for WT, —25.9 = 0.8 and
7.9 +05mV for A8V,and —19.8 £ 2.3 and 6.9 £ 0.4 mV
for R98W, respectively. Therefore, A8V produced a nega-
tive shift of V,,, by 6 mV (P <.05 vs. WT). Time constants
of deactivation were calculated by fitting to equation 3. 7¢,,
and 7, for tail currents at —60 mV after the +50 mV test
pulse were 0.19 = 0.04 and 1.16 = 0.21 seconds for WT,
0.25 = 0.03 and 1.61 * 0.18 seconds for A8V, and 0.24 *
0.02 and 1.58 * 0.09 seconds for R98W, respectively. The
values of these time constants did not differ significantly
between cells expressing WT and mutant MinK.

Discussion

Clinical features of type 5 LQTS

In the present study, we identified two KCNEJ mutations in
two of 151 unrelated Japanese LQTS probands (1.3%). One
of them, A8V, was novel and was identified in an elderly
LQTS woman who had paroxysmal AF and sick sinus
syndrome. Although her resting ECG displayed marked
bradycardia and QT prolongation, her QT interval was nor-
malized after atrial pacing therapy. Recently, KCNE/ poly-
morphism (38G) has been shown to be associated with

AFE.*® We also found the homozygous 38G allele in the
patient, which may be related to her AF. Another mutation,
R98W, was found in a young woman athlete who suffered
from recurrent short-term syncope only during exercise.
Although her ECG displayed only mild QTc prolongation
(460 ms), subsequent exercise stress test revealed that her
QTc lengthened markedly along with the heart rate increase.
We therefore could not rule out the possibility that her
symptoms were due to torsades de pointes. Although the
R98W mutation has already been reported in an LQTS
patient, we could not compare the clinical features of the
two cases because no clinical information is available from
the previous study.™®

We were unable to conduct extensive genetic assays for
family members of these index patients, but based on their
clinical data, both of our patients exhibited a mild LQTS.
Biophysical assessment of the KCNE! mutants revealed that
the newly identified A8V mutation affected significantly the
magnitude of expressed KCNH2 current, leading to a loss-
of-function type modulation. Consistent with the functional
measurements, our patient with heterozygous A8V muta-
tions showed a definite bradycardia-dependent QT prolon-
gation and sinus bradycardia. The Iy, deactivation process
has been implicated as an important part of the pacemaker
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mechanism.?” and reduced I, may lead to the sinus brady-
cardia. She had apparently no episodes of torsade de
pointes, and her QT interval was normalized after pacing
therapy. These features are indeed concordant with a type 2
rather than type 1 LQTS. In addition, our clinical observa-
tions suggest that KCNE] mutation may be associated with
AF in this patient.

MinK encoded by KCNE! has been shown to form a
stable complex with HERG protein in heterologous coex-
pression,'' while MinK-antisense treatment has also been
reported to affect Iy, magnitude. 10 Considered together with
our observations, this suggests that the A8V MinK mutation
may cause a relatively mild LQTS phenotype as a conse-
quence of an altered functional effect on the HERG channel
protein. A previously reported KCNEI mutation (D76N)
has been shown to influence the interaction of MinK with
both the KCNQI and HERG proteins.”® However, detailed
information on the resulting phenotypes is not available,
especially on the rate dependency of QT interval prolonga-
tion. To our knowledge, therefore, our A8V case is the first
reported example of LQTS exhibiting the phenotype differ-
ent from type 1 LQTS as a consequence of a KCNE!
mutation.

Functional analyses of KCNE1 mutations in
N- and C-terminal regions
Until now, only 16 KCNEI mutations have been reported,
and four of these were homozygous JLNS patients as listed
in Table 1. Similar to our cases, Schulze-Bahr and col-
leagues” demonstrated that heterozygous KCNEI muta-
tions displayed a relatively mild or even normal phenotype
with very low penetrance. This may partially explain why
KCNE] mutations are more frequently found among JLNS
patients. It becomes clinically significant when KCNE] mu-
tations produce a severe functional disturbance in a ho-
mozygous manner, thereby leading to the JLNS phenotype.
Among 16 KCNE] mutations, functional analyses are
available on eight mutations (Tablc 1), four of which were
located in the transmembrane segment and the rest in the C
terminus. Tapper and George™ reported that transmem-
brane and C terminal regions of KCNE] interact with the
KCNQI1 protein. Three KCNE/ mutations in the N terminus
have already been reported (T7L,’ R32H,*® and R36H"),
but their functional outcome has not been examined. Ala-
nine at codon 8 is next to threonine at 7’ and caused a
significant modulation on the MinK/HERG complex (Fig-
ure 4). Our data therefore raise the possibility that other
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Table 1  Summary of all KCNEZ mutations among LQTS probands). In the presence of additional risks
Amino acid such as hypokalemia and drugs associated with QT pro-
change Protein domain  Phenotype Reference longation, however, the arrhythmia risk for these carriers
- - could increase considerably. Therefore, the identification of
z{/ :i:rmnmg{ . ‘]RIWNSS Tr:is study KCNE] mutations with possible phenotypic effects in
; LQTS patients may be of significant value in providing
R32H N terminal RWS 26 p 8
R36H N terminal RWS 31 information important for our understanding of LQT geno-
V4TH Transmembrane JLNS: 28 type-phenotype correlations. Moreover, in considering the
Eg;: l::::zmg::: fzwss gi basis for the functional consequences of such mutations,
F535 Transmembrane  RWS 31 changes to HERG/T, as well as KCNQ1/Iy, need to be
T59P-L60P  Transmembrane  JLNS 35 considered.
K70N Transmembrane  RWS 36
S74L C terminal RWS 8 Acknowledgments
[Y)7162' E:e"“‘_"at gwg/‘]ms* 32 The authors are grateful to the Japanese LQT families for
W%7R c tgg:’::l RWS >3 their willingness to participate in this study. We thank
RISW ¢ terminal RWS This study, 26 Dr. Andrew F. James, Bristol University, for reading the
V1091 C terminat RWS 29 manuscript.
P1277 C terminal RWS 26

*T71, D76N; compound heterozygous mutation.
tV47H, L51H; compound heterozygous mutation.

N-terminal mutations may also be of functional importance
in the interaction with the HERG protein.

C-terminal KCNE] mutations caused various functional
changes according to their location and the species of mu-
tated amino acids: the D76N mutaton displayed a domi-
nant-ncgative cffect, but S74L caused only current de-
crcasc.® In general, most C-terminal mutations produced a
very mild functional change, and the dominant negative
suppression was only seen in D76N. In our experiments,
RI98W caused a decrease in current density and a positive
shift of the activation curve. Melman and colleagues™ con-
structed chimeras of KCNEI and KCNE3 and determined
the region of KCNEI that is necessary and sufficient to
modulate the KCNQI. This appeared to be located in
the transmembrane portion, which indicates that N- and
C-terminal mutations caused no extreme change in I, cur-
rent. This may be one reason why most of the patients with
LQTS5 mutations in the C terminus showed the rather mild

phenotype.

Study limitations

Considering the fact that we did not find any other discern-
ible mutations in the known LQTS genes for the index
patients, we employed DHPLC analysis to screen for ge-
netic variants, which may not be 100% effective in the
detection of mutations.™ In DHPLC analysis, although the
temperatures of the analysis are optimal, we may miss
mutations in the very high or low melting domains. It also
cannot be excluded that there might be mutations within
regulatory regions or intronic sequences that are important
for splicing or transcription.

Conclusion
We have identified two hetcrozygous mutations that mani-
fested the mild phenotype of LQTS (1.3% incidences
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Communicated by Johannes Zschocke
Andersen-Tawil syndrome (ATS) is a rare inherited disorder characterized by periodic
paralysis, mild dysmorphic features, and QT or QU prolongation with ventricular
arrhythmias in electrocardiograms (ECGs). Mutations of KCNJ2, encoding the human

inward rectifying potassium channel Kir 2.1, have been identified in patients with ATS.
We aimed to clarify the genotype-phenotype correlations in ATS patients. We screened 23
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clinically diagnosed ATS patients from 13 unrelated Japanese families. Ten different
forms of KCNJ2 mutations were identified in the 23 ATS patients included in this study.
Their ECGs showed normal QTc intervals and abnormal U waves with QUc prolongation
and a variety of ventricular arrhythmias. Especially, bidirectional ventricular tachycardia
(VT) was observed in 13 of 23 patients (57%). Periodic paralysis was seen in 13 of 23
carriers (57%), dysmorphic features in 17 (74%), and seizures during infancy in 4 (17%).
Functional assays for the two novel KCNJ2 mutations (c. 200G>A (p. R67Q) and c.
436G>A (p. G146S)) displayed no functional inward rectifying currents in a heterologous
expression system and showed strong dominant negative effects when co-expressed with
wild-type KCNJ2 channels (91% and 84% reduction at -50 mV respectively compared to
wild-type alone). Inmunocytochemistry and confocal imaging revealed normal trafficking
for mutant channels. In our study, all of the clinically diagnosed ATS patients had KCNJ2
mutations and showed a high penetrance with regard to the typical cardiac phenotypes:
predominant U wave and ventricular arrhythmias, typically bidirectional VT. © 2007
Wiley-Liss, Inc.

KEY WORDS: Andersen-Tawil syndrome; long QT syndrome; tachyarrhythmia, KCNJ2; ion channelopathy; potassium
channels; bidirectional ventricular tachycardia, QU prolongation; periodic paralysis; dysmorphic features

INTRODUCTION

Andersen-Tawil syndrome (ATS, MIM# 170390) is a rare autosomal dominant disorder characterized by
classical triad: (1) ventricular tachyarrythmias associated with QT prolongation in electrocardiograms (ECGs), (2)
periodic paralysis, and (3) dysmorphic features (Andersen, et al., 1971; Canun, et al., 1999; Sansone, et al., 1997;
Tawil, et al., 1994). Plaster et al. revealed that mutations in KCNJ2 (MIM# 600681) caused the syndrome in the
majority of clinically diagnosed ATS families (Plaster, et al., 2001). KCN.J2 encodes a pore-forming subunit of
inwardly rectifying potassium channels (Kir 2.1), a critical contributor for the Ix; current, which maintains normal
resting membrane potentials and regulates the final phase of action potential repolarization in various types of cells
(Kubo, et al., 1993; Raab-Graham, et al., 1994). To date, more than 30 KCNJ2 mutations were identified and
reported to be responsible for ATS (A, et al., 2002; Bendahhou, et al., 2005; Davies, et al., 2005; Donaldson, et
al., 2003; Hosaka, et al., 2003; Plaster, et al., 2001; Tristani-Firouzi, et al., 2002; Zhang, et al., 2005). Most
mutations in KCNJ2 showed loss-of-function and dominant negative suppression effects (Tristani-Firouz, et al.,
2002), and a mutation, p.S136F, has been shown to suppress the native Iy, in neonatal rat cardiomyocytes (Lange,
et al., 2003).

In contrast to the relatively homogenous change in functional outcome as a result of the mutations, ATS
patients displayed a wide range of penetrance and severity of clinical phenotypes (Plaster, et al., 2001). This
perplexity makes it difficult for physicians to properly diagnose the syndrome. Indeed, some cases have been
diagnosed and treated as long QT syndrome (LQTS) and others as periodic paralysis. Tristani-Firouzi et al.
performed extensive genetic and phenotypic analyses of ATS patients from 17 families and suggested that ATS
might be classified as a new subtype of LQTS (referred to as KCNJ2-associated LQTS (LQT7)) (Tristani-Firouz,
et al., 2002). Recently, Zhang et al. reviewed the ECGs of 96 ATS patients with KCNJ2 mutations and revealed
the median QT interval in ATS patients to be within the normal range (Zhang, et al., 2005). They concluded that
KCNJ2-associated ATS is not a subtype of LQTS and recommended to have them annotated as ATS1. In a study
on guinea pig hearts transfected with a dominant negative KCNJ2 mutant, Miake et al. demonstrated that
suppression of Ig; decelerated the action potential repolarization, prolonged the action potential duration, and
depolarized the resting membrane potential. They also observed that the suppression of Ik caused QTc
prolongation on surface ECGs.

In order to clarify the genotype-phenotype correlations in Japanese ATS patients, we carried out a complete
screening of KCNJ2 in 23 ATS patients and investigated their clinical manifestations.
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METHODS

Study Subjects
Twenty-three clinically diagnosed Japanese ATS patients (from 13 unrelated families) were enrolled in this

study from 12 institutes in Japan. Individuals were diagnosed as being affected with ATS if 2 or 3 of the following
criteria were present: (1) episodes of muscle weakness, (2) cardiac involvement, and/or (3) dysmorphology as
previously described (Donaldson, et al., 2003; Tristani-Firouzi, et al., 2002). The presence of periodic paralysis
was based on standard criteria (McManis, et al., 1986). Cardiac involvement was determined by the presence of
ventricular arrhythmias (frequent premature ventricular contractions (PVCs), bigeminy, ventricular tachycardia
(VT)), prolongation of the corrected QT interval (QTc) and/or a prominent U wave. Subjects were classified as
having QT prolongation if the QTc exceeded 440 milliseconds (ms) for males and 460 ms for females, in
accordance with standard criteria (Keating, et al., 1991). The QT interval was defined from the onset of QRS to
the end of the T wave. The U wave was defined as an early diastolic deflection after the end of the T wave. The
QU interval was defined from the onset of QRS to the end of the U wave. QT and QU intervals were corrected
according to Bazzett’s formula (Bazzett, 1920; Zhang, et al., 2005). The end of the T or U wave was the point at
which a tangent drawn to the steepest portion of the terminal part of the T or U wave crossed the isoelectric line
(Yan and Antzelevitch, 1998). Because a prominent U wave is fused to the next PQ segment in some cases, we
defined the isoelectric line as a segment connecting two points preceding consecutive QRS complexes. Abnormal
U waves were judged by the following criteria: (a) wave amplitude > 0.2 mV (Lepeschkin, 1972) or (b) amplitude
larger than preceding T wave (Lepeschkin, 1969).

Dysmorphology was defined by the presence of 2 or more of the following: (a) low-set ears, (b) hypertelorism
(wide-set eyes), (c) small mandible, (d) clinodactyly (permanent lateral or medial curve of a finger or toe), and (e)
syndactyly (persistent webbing between fingers or toes) (Tristani-Firouzi, et al., 2002).

In order to elucidate the genetic differences between ATS and LQTS, we also screened KCN.J2 mutations in 74
LQTS probands from 74 unrelated families. They displayed no clinical signs compatible with ATS except for
cardiac manifestations. .

DNA Isolation and Mutation Analysis
The protocol for genetic analysis was approved by the Institutional Ethics Committee and was performed under

its guidelines. All patients provided an informed consent before the genetic analysis was carried out. Genomic
DNA was isolated from leukocyte nuclei using a DNA extraction kit, Q[Aamp DNA Blood midi kit, (QIAGEN
GmbH, Hilden, Germany). Genetic screening for KCNJ2 was performed by polymerase chain reaction/single-
strand conformation polymorphism (PCR-SSCP) analysis (Yoshida, et al., 1999) or denaturing high-performance
liquid chromatography (DHPLC) using WAVE System Model 3500 (Transgenomic, Omaha, NE, USA) (Ning, et
al., 2003). Abnormal conformers were amplified via PCR, and sequencing was performed on an ABI PRISM3100
DNA sequencer (Applied Biosystems, Wellesley, MA, USA). The cDNA sequence numbering was based upon
GenBank reference sequence NM_000891.2 for KCN.J2 and NM_000218.2 for KCNQ! (the first adenosine in the
initiator ATG was designed as +1). -

In Vitro Mutagenesis

With regard to the novel KCNJ2 mutations, site-directed mutagenesis was employed to construct mutants as
described previously (Hosaka, et al., 2003). Briefly, human KCNJ2 ¢cDNA was subcloned into the pCMS-EGFP
plasmid (Clontech, Palo Alto, CA, USA). We engineered KCNJ2 mutants using a site-directed mutagenesis kit,
QuickChange II XL (Stratagene, La Jolla, CA, USA). The presence of mutations was confirmed by sequencing.

Electrophysiological Experiments and Data Analysis

To assess the functional modulation of KCNJ2 channels, we employed a heterologous expression system with
COS7 cells (Kubota, et al., 2000). Briefly, the cells were transiently transfected by the Lipofect AMINE method as
directed in the manufacture’s instructions (Invitrogen, Carlsbad, CA, USA), using a 1.0 pg/35 mm dish of pCMS-
EGFP/KCNJ2 (wild type (WT) and/or mutant). For electrophysiological experiments, GFP-positive cells were
selected 24 to 72 hours after transfection. Current measurement was conducted by the conventional whole-cell
configuration of patch-clamp techniques at 37°C, using an Axopatch 200A patch clamp amplifier and a Digidata
1322A digitizer (Axon Instruments, Foster City, CA, USA). pClamp software (version 9.0, Axon Instruments)

—507 -



4 Haruna et al.

was used to generate voltage pulse protocols and for data acquisition. Currents were evoked by 150 ms square
pulses applied in 10 mV increments to potentials ranging from —140 mV to +30 mV from a holding potential of -
80 mV. Pipettes were filled with a solution containing (in mM): K-aspartate 60, KCl 65, KH,PO, 1, MgCl, 2,
EDTA 3, K;ATP 3 and HEPES 35 adjusted to pH 7.4 using KOH, and had a resistance of 3.0 to 5.0 MQ. The bath
solution contained (in mM): NaCl 140, KCI 5.4, MgCl, 0.5, CaCl; 1.8, NaH,PO, 0.33, glucose 5.5, and HEPES 5
(pH 7.4 with NaOH) (Yoshida, et al., 1999). All the data are shown as mean + SEM. Where appropriate,
Student’s unpaired #-test was used; a value of P < 0.05 was considered statistically significant.

Immunocytochemistry
The hemaggulutinin (HA) epitope (YPYDVPDVA) was introduced into the pCMS-EGFP/KCNJ2 (WT and

mutants) between Ala-115 and Ser-116 (extracellular lesion between TM1 and TM2) as previously described
(Ballester, et al., 2006). COS7 cells were transfected with 1.0 pg of plasmid DNA in 35 mm glass-bottom dishes.
Forty-eight hours 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, USA) for 30
minutes at 37°C. The cells were then washed twice with PBS and incubated with an anti-mouse antibody
conjugated to the Alexa 594 fluorophor (1:500) (Molecular Probes, Eugene, OR, USA) as a secondary antibody for
30 minutes at 37°C. Finally, cells were washed with and immersed in PBS, and confocal imagings were obtained
with a Zeiss LSM 510 (Carl Zeiss GmbH, Jena, Germany).

RESULTS

KCNJ2 Mutation Analysis

Figure 1 and Table 1 show the mutations and clinical findings of 23 ATS patients (9 males/14 females; mean
23.0 £ 3.1 years old). There were 13 probands from 13 unrelated families. We found 10 different heterozygous
KCNJ2 mutations (two were novel) in the 23 ATS patients examined in this study: ¢.199C>T (p.R67W)
(Andelfinger, et al, 2002); c.200G>A (p.R67Q); ¢.430G>A (p.G144S) (Kobori, et al., 2004); c.436G>A
(p.G1468S); ¢.574A>G (p.T192A) (Al, et al., 2002); ¢.644G>A (p.G215D) (Hosaka, et al., 2003); c.652C>T
(p.R218W) (Plaster, et al., 2001); c.653G>A (p.R218Q) (Tristani-Firouzi, et al., 2002); ¢.899G>T (p.G300V)
(Tristani-Firouz, et al., 2002); and c¢.926C>T (p.T309I) (Bendahhou, et al., 2005). R67Q and G146S were novel
mutations.  Arginine at codon 67 is implicated in binding membrane-associated phoshatidylinositol 4,5-
bisphosphate (PIP,), and has be¢n reported to be a hot spot for ATS mutations (Donaldson, et al., 2003; Zhang, et
al., 2005), but the substitution of arginine with glutamine (R67Q) is a novel mutation. G1468 is also a novel
mutation located at an essential region known as the K™ channel signature sequence that serves as a principal ion
selective filter (Doyle, et al., 1998). Therefore, both R67Q and G146S are supposed to cause substantial effects to
KCNJ2 channels.

In 8 kindred (K-024, K-037, K-178, K-180, K240, K-323, KJ-01, and KJ-02, Table 1) the mutations were
inherited from parents. In contrast, they were de novo in 3 probands of 3 kindred (K-179, K-201, and K-324) and
were undetermined in 2 kindred (N-01 and KJ-03) because detailed family information was not available. These
KCNJ2 variants were not present in 100 normal controls (200 alleles). Analysis for other known LQTS-
responsible genes (KCNQI, KCNH2, SCN54, KCNE1, and KCNE2) revealed that K-024 proband and her son were
also heterozygous for a KCNQI mutation (c.1022C>T (p.A341V))(Kobori, et al., 2004).

In 74 LQTS patients, we found one novel KCNJ2 variant (c.1051C>T (p.P3518S)) in a 74-year-old female who
had suffered from syncope and received a pacemaker implantation. In addition, genetic analysis had revealed that
she was a carrier of ¢.1927G>A (p.G643S) (KCNQI). This variant (P351S-KCNJ2) could not be identified in 100
healthy controls.

The cDNA sequence numbering was based upon GenBank reference sequence NM_000891.2 for KCNJ2 and
NM_000218.2 for KCNQ! (the first adenosine in the initiator ATG was designed as +1).
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R218Q
R218W

P3518*~ ~COO

Figure 1. Topology of the Kir 2.1 channel. Scheme showing the
topology of the Kir 2.1 channel and the location of 10 KCNJ2
mutations (filled circles) found in 23 ATS and | (open circle) in a
LQTS patient. Asterisks indicate novel mutations.

General Clinical Findings
Table 1 summarizes ECG findings and two other major phenotypes in 23 ATS patients. Seven of the 23
mutation carriers (30 %) showed the full clinical triad, and 16 (70 %) had two of the three phenotypes.

Cardiac Manifestations (Table 1 and Fig. 2)

In 2 cases (G146S: a proband, and T309I: a proband), it was difficult to measure the RR interval and recognize
the U wave because of very frequent premature contractions and sustained ventricular bigeminy. Two G144S
patients had A341V-KCNQ/ mutation. We therefore excluded these 4 cases from ECG parameter analyses. In the
remaining 19 cases. the mean QTc interval was 406 + 10 ms. and only 3 (16%) had a QTc¢ > 460 ms. Based on
the criteria described in Methods. 16 patients (84%) showed abnormal U waves (Fig. 2A-C and Table 1). Their
serum K" concentrations were within normal range. There were no other factors influencing the U wave formation
such as bradycardia or drugs. :

Ventricular tachyarrhythmias were observed in 15 patients (65%; 12 of 13 probands and 3 of 10 family
members): monomorphic VT in 2 (9%). polymorphic VT in 4 (17%). bidirectional VT in 13 (57%) (Fig. 2D). and
ventricular fibrillation (VF) in one (4%).

B blockers (propranolol. atenolol, metoprolol, or carvedilol) were prescribed for 7 individuals. calcium channel
blocker (verapamil) for 5 and sodium channel blockers (one is flecainide. the others are mexiletine) for 3. These
drugs appeared to prevent cardiac events etfectively in each case.

Periodic Paralysis

Periodic paralysis was observed in 13 patients (57%). In some of them, muscle weakness was triggered by
elevated fever, exercise, and menstruation. Biopsy of skeletal muscle demonstrated tubular aggregates in 2
probands (Ai. et al.. 2002; Hosaka, et al., 2003). Carbonic anhydrase inhibitors prevented or reduced the attack in
4, however, they were not effective in 2 cases.
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KCNJ2 Mutations in Andersen-Tawil Syndrome 7

Dysmorphology

Dysmorphology was observed in 17 patients (74%). Mandibular micrognathia (small mandible) was most
frequently observed (11; 48%). Short stature was found in 8 (35%); clinodactyly in 6 (26%); hypertelorism in 6
(26%); low-set ears in 5 (22%); broad forehead in 4 (17%); and scoliosis in 1 (4%).

Other Manifestations in ATS Patients

Interestingly, 4 patients (17%) had episodes of afebrile seizures during infancy. Because Kir 2.1 channels are
known to be distributed in various types of cells—including major parts of the brain (Raab-Graham, et al., 1994)—
seizures as an episodic electrical phenotype of the central nervous system could be a clinical sign of ATS. Mild
thyroid dysfunction was observed in one case.

Figure 2. Representative ECG traces of KCNJ2 mutation carriers. A: Normal QTc (360 ms) and abnormal U
wave (U amplitude 0.30 mV) (K-323, R67Q). B: Normal QTc (373 ms) and abnormal U wave (U amplitude
0.30 mV and U amplitude > T amptlitude) (KJ-01, R67W). C: QTc¢ prolongation (460 ms) and abnormal U wave
(U amplitude 0.30 mV) (K-024, Carrier of compound mutation A341V-KCNQ! and G144S-KCNJ2). D:
bidirectional ventricular tachycardia in a Holter recording (K-179, G146S).
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Electrophysiological Functional Assays

R67Q and G146S-KCNJ2 Channels

We performed biophysical assays for the two novel KCNJ2 mutations using the whole-cell patch clamp method
in COS7 cells.

COS7 cells transfected with WT-KCN.J2 ¢cDNA (1 pg/dish: Fig. 3A-a) displayed K currents with a strong
inward rectification, which are typical of I, as previously described (Kubo, et al., 1993; Raab-Graham, et al.,
1994). However, neither of the mutants—R67Q nor G146S—displayed measurable currents when transfected
alone (Fig. 3A-b,c). )

To simulate the allelic heterozygosity, WT and each mutant-KCNJ2 were co-transfected at an equimolar ratio
(0.5 pg/dish, respectively, Fig. 3A-d,e). Panel B of Figure 3 shows current-voltage relations. The currents co-
expressed of WT with either mutant-KCN.J2 showed the inward rectification. As summarized in bar graphs of
Figure 3C, current densities for co-expression of WT-KCNJ2 with R67Q (white bar) or G146S (gray bar) were -
123 + 32 pA/pF and —157 + 23 pA/pF at -140 mV, and -9 + 6 pA/pF and —15 = 5 pA/pF at —50 mV, respectively.
They were significantly smaller than those displayed by WT (=362 + 48 pA/pF at —140 mV and 94 = 16 pA/pF at -
50 mV, indicated by closed bars). Both mutants showed a larger suppression at =50 mV, which is more
physiological membrane potential.

A awTiug b.R67Q1ug ¢ G146S1ug & WT 05ug e WT 05ug

R67Q 0.5 ug G146S 0.5 ug
W= | | T
T — 100 ms .
.3 . !
omy,
L) Ty
B C inward outward
(at -140 mV) {(at -50 m\)
04 — B S
: LA 3 Y
I NI AEGL TOODDE.
- g =
R R = 4 2 .200 4
= ) gt 4 (4 3
3 S A =
R : t T .300 1
H " ¥ e AT iy H
K sl W R e GHBEE S g et} =
w6 R e © 400 4
[ j o WTD Sy P57 CE wn :
e | - RRIT L gty _ 1]
- WT 1 0505
o 0 1 Y R67Q 0 05 O

G146S 0 0 05

Figure 3. Both R67Q-KCNJ2 and G146S-KCNJ2 exert dominant negative effects on wild type function. A:
Representative Kir 2.1 currents expressed in COS7 cells: (a) wild type (WT) cDNA 1 ug, (b) R67Q 1 pg, (c) G146S 1 pg,
(d) co-transfection with WT 0.5 pg and R67Q 0.5 pg and (e) co-transfection with WT 0.5 pg and G146S 0.5 pg. Holding
potential was set at -80 mV. Square puises of 150 ms duration were applied to the potentials between ~140 mV and +30
mV with a 10 mV increment. Time scale is given in the middle of graph. B: Plots for current-voltage relationships
obtained by multiple experiments of the same protocol as shown in A. Current densities were calculated by dividing with
cell capacitance. C: Bar graphs showing mean current densities in WT (black bars), co-transfection with WT and R67Q
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KCNJ2 Mutations in Andersen-Tawil Syndrome 9

(white bars) and co-transfection with WT and G146S (gray bars): left panel: those at —140 mV and right panel: those at —
50 mV. Vertical bars indicate SEM.

P351S-KCNJ2 Channel i

We found one novel KCNJ2-variant (P351S) among 74 LQTS probands (1.4%). Functional assays revealed that
the mutant channel displayed inwardly rectifying currents of similar size (Fig. 4A). In a heterozygous condition
(Fig. 4B), the current densities of WT and WT/P351S were —362 + 48 pA/pF and -350 + 38 pA/pF at -140 mV,
and 90 £ 15 pA/pF and 94 + 20 pA/pF at —50 mV, respectively. Student r-tests revealed these changes in current
were not significant. These findings suggested that the P351S-KCNJ2 was a non-pathological variant associated
with the LQT1 patient who lacked extra-cardiac signs of ATS.

b. P351S tug

B a imward :at -140 mV) b. outward {at -50 mV}

=)

Iy i

T
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2 200 {

g

: |

g -300 ;

w0f i :

A 05 EE
PISIS 0 0.5 0 05

Figure 4. The Kir 2.1 variant in LQTS displays inwardly rectifving
currents, which are indistinguishable from that of the WT. A:
Representative Kir 2.1 currents expressed in COS7 cells: (a) WT
c¢DNA 1 pg, (b) P351S 1 ug. Pulse protocols were the same in Fig. 3.
B: Bar graphs showing averaged current densities induced by WT
(black) and co-transfection of WT/P 351S (white) at test of (a) —140
mV and (b) =50 mV (n=8 respectively).

Immunocytochemistry of Mutant Channels (R67Q and G146S)

[n order to investigate whether the R67Q and G146S mutations affect KCN.J2 trafficking. immunocytochemistry
and confocal imaging of mutant channels was performed. An HA tag was introduced into an extracellular loop
lesion of KCNJ2 in the pCMS-EGFP vector which carried GFP as a reporter gene. The HA-tagging procedure
itself did not affect the functional expression of inwardly rectifying Ik, currents (data not shown).

Figure 5 illustrates typical results of confocal imaging. COS7 cells were transfected with HA-KCNJ2, HA-
R67Q, HA-G146S and KCNJ2 (without HA tag)(Fig 5, upper panel). All of HA-tagged KCNJ2 (HA-KCNJ2, HA-
R67Q and HA-G146S) exhibited red fluorescence at the plasma membrane (Fig 3. middle panel). indicating that
both R67Q and G146S were trafficking-competent mutants.

-513-



10 Haruna et al.

HA-KCNJ2 ~ HAR67Q  HA-G146S  KCNJ2

Anti-HA EGFP

Merge

Figure 5. Cellular localization of WT and mutant Kir 2.1 channels. In figure, HA-KCNJ2 indicates HA-
tagged WT-KCN.J2 (positive control), KCNJ2, WT-KCNJ2 without HA tagging (negative control), and
HA-R67Q and HA-G146S; HA-tagged mutant KCNJ2. Upper panel shows green fluorescence of GFP,
middle panel; red fluorescence of secondary anti-HA antibody, bottom panel; merge of green
fluorescence, red fluorescence, and transmission.

DISCUSSION

ATS is a rare inherited disorder characterized by periodic paralysis, mild dysmorphic features, and QT or QU
prolongation with ventricular arrhythmias in ECGs. Mutations of KCNJ2 have been identified in patients with
ATS (ATS1). However, about 20-30% of clinically diagnosed ATS patients do not have the KCNJ2 mutation
(Plaster, et al., 2001; Tristani-Firouzi, et al., 2002; Zhang, et al., 2005), suggesting genetic heterogeneity. In the
present study, we screened 23 clinically diagnosed ATS patients and identified 10 variations of KCNJ2 mutations
(including 2 novels, R67Q and G146S). Every genotyped patient had one of these 10 mutations. Therefore, all
were ATSI patients. As in our study, a recent genetic survey conducted in the UK (Davies, et al., 2005)
demonstrated that all 11 probands from 11 unrelated ATS families were KCNJ2-positive (100% ATS1). Our
findings, along with that of the UK, seem to contradict the prevalence rate mentioned above, however, ATS is a
rare disorder and we should await future studies.

With regard to the cardiac manifestation of ATS, the mean QTc interval was within normal range (406 + 10
ms), and only 3 of 19 cases (16%) showed prolonged QT intervals. In contrast, abnormal U waves were present in
the majority (80%), thereby causing a markedly prolonged QUc interval (715 + 12 ms). Although ATS had been
suggested as a subtype of LQTS (LQT?7), Zhang et al. showed the median QTc interval was within the normal
range in 96 KCN.J2-positive ATS patients and suggested that the QTc prolongation reported in earlier studies was
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KCNJ2 Mutations in Andersen-Tawil Syndrome 11

due to the inclusion of U waves in the QT measurement. Our study supported their conclusion, and KCNJ2-
positive ATS should be classified as ATS1 but not LQT7. In most patients, QTc intervals were within normal
range, and the QTc prolongation was observed in only 3 pure ATS patients and 2 ATS patients with compound
KCNQI mutation (K-024) (Data of these two compound mutation patients were not included in the analysis of
ECG parameters as described above). In our study, if cardiac manifestations were defined as abnormal U waves
and/or ventricular arrhythmias, the penetration of cardiac manifestations was up to 96% (22 of 23).

The clinical severity of ventricular arrhythmias was reported to be milder in ATS than other subtypes of LQTS
(Plaster, et al., 2001); however, 2 unrelated patients in our cohort experienced aborted sudden death (Hosaka, et
al., 2003; Kobori, et al., 2004). Aborted sudden deaths have also been reported in the past (Junker, et al., 2002). It
is much too early to conclude that arrhythmias in ATS are, for the most part, benign. Further studies are required
to determine long-term prognosis, risk stratification for life threatening cardiac phenotypes, and for effective
treatment.

Afebrile seizures were noted during infancy in 4 of 23 ATS patients (17%). This episodic electrical disorder
related to the central nervous system was previously reported in one ATS patient having tonic clonic seizures
associated with vomiting (Canun, et al., 1999). In our patients with a history of seizures, there were no identified
fundamental conditions, including elevated fever, electrolyte abnormality, and/or organic central nervous system
disorders. As for a possible mechanism underlying the seizures, Neusch and coworkers (Neusch, et al., 2003)
demonstrated that reduced K™ conductance induced by Kir mutants would disturb the clearance of external K™ by
glial cells during neuronal activities. Therefore, the impaired spatial K* buffering induced stronger and prolonged
depolarization of glial cells and neurons in response to activity-dependent K* release, which may generate the
seizures. Furthermore, the Kir current density has been noted to be reduced in temporal lobe epilepsy (Bordey and
Sontheimer, 1998; Schroder, et al., 2000). It remains, however, unknown why these patients experienced the
seizures only during infancy. )

Subsequent functional assays for novel KCN.J2 mutations (R67Q and G146S) revealed that they were non-
functional and trafficking-competent mutations. In a heterozygous condition, they both caused strong dominant
negative suppression effects (91% and 84% reduction at -50 mV respectively) (Fig. 3). These biophysical
properties may be compatible with pathological roles in expression of ATS phenotypes as well as other mutations
previously reported (Lange, et al., 2003).

In conclusion, Japanese ATS patients were exclusively associated with KCNJ2 mutations (100% ATSI) and
presented a high penetrance of cardiac manifestations (96%). ATS1 is a disorder distinct from LQTS. The disease
entity is more characterized by a normal QTc interval, abnormal U waves and ventricular arrhythmias, typically
bidirectional VT.
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