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Abbreviations and Acronyms
*  APD = action potential duration
DNA = deoxyribonucleic acid
Youen = Ca**-activated chloride current
| = fast component of the delayed rectifier
potassium current
L = slow component of the delayed rectifier
potassium current
Ineca = Na*/Ca?* exchange current
LQTS = long QT syndrome
LZ = leucine zipper
PCR = polymerase chain reaction
TdP = torsade de pointes
Tpeak-end = interval between Tpeak and Tend

evaluated in each genotype. Moss et al. (14) have suggested
that LQT?2 patients with mutations in the pore region of
the KCNVH2 gene were at markedly increased risk of
arthythmia-related cardiac events, as compared with pa-
tients with non-pore mutations, in the International
Long-QT Syndrome Registry. With regard to the LQT1
syndrome, Donger et al. (15) initially suggested that the
missense mutation, R555C, located in the C-terminal
region of the KCNQ! gene was associated with a less severe
phenotype than the mutations in the transmembrane re-
gions. Since then, more than 20 mutations located in the
C-terminal region of the XCNQI gene have been reported,
but neither the severity nor the function of the mutations
has been fully determined. In the present study, we com-
pared the arrhythmic risk and sensitivity to sympathetic
stimulation with exercise between LQT1 patients with
mutations located in the transmembrane regions and those
with mutations in the C-terminal regions of the KCNQZ
gene.

METHODS

Patient population. The study population consisted of 95
patients from 37 unrelated Japanese LQT1 families enrolled
from five institutes in Japan: the National Cardiovascular
Center, Kyoto University Graduate School of Medicine,
Kanazawa University, Niigata University Graduate School
of Medical and Dental Science, and Okayama University
Graduate School of Medicine and Dentistry. The KCNQ1
mutations were confirmed in all paticnts by using standard
genetic tests. Briefly, genomic deoxyribonucleic acid (DNA)
was isolated from leukocyte nuclei by conventional methods.
Screening for mutations of KCNQI, KCNH2, SCN5A,
KCNE1, and KCNE2 was performed by using polymerase
chain reaction (PCR)/single-strand conformation polymor-
phism or denatured high-performance liquid chromatogra-
phy analyses. For aberrant PCR products, DNA sequencing
was conducted with a DNA scquencer (3700 DNA Ana-
lyzer, PE Applicd Biosystems, Foster City, California). If
the patients had double mutations within the XCNQ! gene
or accompanying additional mutations in other genes, they
were excluded from the present study. Genotyping of
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LQTS was reviewed and approved according to each Insti-
tutional Review Board’s guideline, and written, informed
consent was obtained from all patients. No patients were
taking beta-blockers at the time of the baseline ECG and
exercise treadmill test.

Clinical characterization. Routine clinical and ECG pa-
rameters were usually obtained at the time of first admission
to each institute for evaluation of LQTS, and thereafter at
the time of at least yearly follow-up contact.

CLINICAL DIAGNOSIS. We evaluated two major clinical
ECG criteria for diagnosing LQTS-affected individuals.
The ECG diagnostic criteria of Keating et al. (16), included
a corrected QT (QT¢) interval =470 ms in asymptomatic
individuals and a QTc interval >440 ms for males and
>460 ms for females, were associated with one or more of
the following: 1) stress-related syncope; 2) documented
TdP; or 3) a family history of early sudden cardiac death.
The LQT'S was also diagnosed by the diagnostic criteria
(score =4) of Schwartz et al. (17).

BASELINE 12-LEAD ECG MEASUREMENTS. Baseline 12-lead
ECG parameters included the RR, Q-Tend, Q-Tpeak, and
Tpeak-end (Q-Tend — Q-Tpeak) intervals as an index of
transmural dispersion of repolarization. The Q-Tend,
Q-Tpeak, and Tpeak-end intervals were also corrected
using Bazett’s method. These parameters were measured
manually in three leads (II, V,, and V), with quantitative
repolarization values reported for lead Vg, because the
measurements were similar in all three leads. Q-Tend was
defined as the interval between the QRS onset and the point
at which an isoelectric line intersected a tangential line
drawn at the minimum first derivative (dV/dt) point of the
positive T-wave or at the maximum dV/dt point of the
negative T-wave. When a bifurcated or secondary T wave
fusing the first component appeared, it was included as part
of the measurement of Q-Tend, but a normal U-wave,
which was apparently separated from a T-wave, was not
included. Q-Tpeak was defined as the interval between the
QRS onset and the peak of the positive T-wave or the nadir
of the negative T-wave. Measurements were carried out by
two investigators who were unaware of the subjects’ genetic
status. There were no significant differences in the measured
data between the two (data not shown). In addition, TdP
and T-wave alternans on the ECG were assessed.

CARDIAC EVENTS, THERAPY, AND FOLLOW-UP. Congenital
LQTS-related cardiac events were defined as syncope,
aborted cardiac arrest, or unexpected sudden cardiac death
without a2 known cause. Cardiac events, which brought the
probands to medical attention but were secondary to appar-
ent causes known to prolong repolarization, such as anti-
arthythmic drugs, electrolyte abnormalities, or bradycardia,
were excluded from the analysis of congenital LQTS-
related cardiac events. Such secondary cardiac events were
documented in one patient with C-terminal mutation (hy-
pokalemia 1) and one patient with transmembrane mutation
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(hypokalemia 1). Therapy, including beta-blockers, pace-
makers, sympathectomy, and defibrillator, was also evalu-
ated. Follow-up was censored at age 50 years to avoid the
influence of coronary artery disease on cardiac events in the
Japanese population.

EXERCISE TREADMILL TESTING. Forty-nine of the 95 pa-
tients were included for the analysis with exercise treadmill
testing. All patients were in sinus rhythm, and none had
atrioventricular or bundle branch block during the exercise
testing. Exercise treadmill testing was performed using the
standard Bruce protocol. Twelve-lead ECGs were recorded
every 1 min from the baseline condition through the
maximal exercise to the recovery phase for 8 min. The ECG
measurements before exercise were obtained in the standing
position before exercise, and those after exercise were
usually obtained within 2 min after stopping exercise to
avoid noisc in the measurement.

Genetic characterization. Genetic mutations of the
KCNQ1 amino acid sequence were characterized by a
specific location and coding effect (missense, splice site,
frameshift, or deletion). The transmembrane regions were
defined as six transmembrane segments (S1 to §6, amino
acid residues 112 through 354), including cytoplasmic and
extracellular linkers as well as the pore region. The pore
region of the KCNQI channel was defined as the area
extending from S5 to the mid-portion of S6 involving
amino acid residues 301 through 320.

Statistical analysis. Data are expressed as the mean value
* SD. Repeated measures two-way analysis of variance
(ANOVA), followed by the Scheffé test, was used to
compare data between mutations located in the transmem-
brane regions and those in the C-terminal regions, as well as
to compare measurements made before and after exercise
(STATISTICA, 1998 edition). Repeated measures one-
way ANOVA, followed by the Scheffé test, was used to
compare changes (A) in the measurements with exercise
between the groups. Differences in frequencies were ana-
lyzed by the chi-square test. A two-sided p value <0.05 was
considered to indicate significance. The cumulative proba-
bility of a first cardiac event was assessed by the Kaplan-
Meier method and log-rank statistic. The multivariate Cox
proportional hazards survivorship model (adjusting for mu-
tation locations, age, and gender) was used to evaluate the
independent contribution of clinical and genetic factors to
first cardiac events from birth through to age 50 years.
Clinical data were also compared between transmembrane
mutations and C-terminal mutations for the probands and
non-probands, separately. Because the non-probands (fam-
ily members} in this study were mainly relatives in the first
or second degree of the probands, the non-probands in each
family were equally handled in the analysis.

RESULTS

Genetic characteristics, Table 1 illustrates the numbers of
LQT1 patients by mutation and location (18-24). We
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identified 27 KCNQI mutations among the 35 LQT1
patients, with 19 mutations located in the transmembrane
regions and eight mutations in the C-terminal regions. Four
mutations were located at the pore region in the transmem-
brane domain. Twenty-three of the 27 mutations were
missense mutations; 2 were frameshift mutations; 1 was a
deletion mutation; and 1 was a splice mutation. Thirteen
mutations (seven in the transmembrane regions and six in
the C-terminal regions) were novel. Functional effects by
cellular electrophysiologic tests have been reported in eight
of the 27 mutations {Table 1).

Clinical characteristics. Sixty-six patients from 27 unre-
lated families had mutations located in the transmembrane
regions, and 29 patients from 10 unrelated families had
mutations located in the C-terminal regions. Table 2
illustrates the clinical characteristics of the patient popula-
tion. No significant differences were observed with regard to
gender, percentage of proband, and age at baseline ECG
recordings. The LQTS-affected individuals were more fre-
quently diagnosed in patients with transmembrane muta-
tions than in those with C-terminal mutations. The LQT$S
diagnostic score of Schwartz et al. (17) was significantly
higher in patients with transmembrane mutations. The
Q-Tend, Q-Tpeak, and Tpeak-end intervals, both uncor-
rected and corrected, were significantly greater in patients
with transmembrane mutations than in those with
C-terminal mutations (Figs. 1A and 1C). Although the
frequency of TdP was no diffcrent, that of T-wave alternans
was higher in patients with transmembrane mutations.
Patients with transmembrane mutations had more frequent
LQTS-related cardiac events (all cardiac events, syncope,
and aborted cardiac arrest or unecxpected sudden cardiac
death) than did those with C-terminal mutations. More
therapy with beta-blockers for LQTS was initiated in
patients with transmembrane mutations.

Clinical course by mutation location, Figure 2A illus-
trates Kaplan-Meier cumulative cardiac event curves from
birth through to age 50 years for a total of 95 patients with
mutations located in the transmembrane regions (n = 66)
and C-terminal regions (n = 29). The difference in the
clinical course by mutation location was significant (log-
rank, p = 0.005), with a greater risk of first cardiac events
in patients with transmembrane mutations than in those
with C-terminal mutations. Most of the first cardiac events
occurred before age 15 years in LQT1 patients with
transmembrane mutations, whereas half of the LQT1 pa-
tients with C-terminal mutations had their first cardiac
cvents after age 15 years. Multivariate Cox proportional
hazards regression analysis revealed that patients with trans-
membrane mutations had a greater risk of first cardiac
events, with a hazard ratio of 3.4 (95% confidence interval
14 to 8.2, p = 0.006). The corrected Q-Tend modulated
the risk among patients with transmembrane mutations,
with an 8% increase in risk per 10-ms increase in corrected
Q-Tend, but had no effect on risk among patients with
C-terminal mutations. Figures 2B and 2C illustrate Kaplan-
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Table 1. KCNQ! Mutations by Location, Amino-Acid Coding, Type of Mutation, and Reported Functional Effects

No. of No. of Functional Effect in
Location and Coding Families Subjects Position Exon Type Expression Studies
Transmembrane domains
Pore region
G306R 1 2 Pore 6 Missense Dominant negative (18}
1313K* 1 1 Pore 7 Missense
G314A° 1 1 Pore 7 Missense
G3148 1 1 Pore 7 Missense Dominant negative (19,20}
Non-pore region
R174H 1 2 82/53 2 Missense
F193L 1 4 S2/83 3 Missense Loss of function {21)
A226V 1 3 54 4 Missense
R237P* 1 1 §4/85 5 Missense
R243C 2 4 S4/85 5 Missense Loss of function (22)
R2431* 1 2 §54/85 5 Missense
V254M 2 3 S4/85 5 Missense Dominant negative {18)
R259C 1 1 $4/8% 5 Missense Loss of function (23}
G2695 3 6 85 6 Missense
S277L* 2 4 S5 6 Missense
G325R 1 4 S6 7 Missense
delF339 1 2 S6 7 Deletion
A3V 4 19 56 7 Missense Loss of function (18)
Al3ddsp 1 4 Se 7 Splice site
AJ44E" H 2 S6 7 Missense
C-terminus region
R451Q* 1 1 C-term. 10 Missense
15171 1 3 C-term, 12 Missense
AS25V* 2 2 C-term, 12 Missense
L5726/20* 1 3 C-term, 14 Frameshift
T587M 2 2 C-term. 15 Missense Trafficking abnormality (24)
R591H 1 6 C-term. 15 Missense
Del1Y” 1 10 C-term. 16 Missense
H637f/28* 1 2 C-term. 16 Frameshift

*Novel mutation.

del = deletion; sp = last unaffected amino acid before predicted splice mutaion; fs = first amino acid affected by a frameshift (number after fs is number of amino acids before

ermination); term, = terminus.

Meier cumulative cardiac event curves for 37 probands and
58 non-probands with transmembrane mutations and
C-terminal mutations, respectively. The difference in phe-
notype severity based on mutation location persisted (p =
0.007) in the non-probands. There was no significant
difference in the clinical course of the probands according to
mutation site, although the number of probands was rela-
tively small.

Exercise treadmill testing. Exercise treadmill testing was
conducted in 33 patients with transmembrane mutations
and 16 patients with C-terminal mutations. Table 3 illus-
trates the ECG measurements before and after exercise
testing in both patient groups. The baseline RR and
corrected repolarization parameters before exercise in both
groups showed quite similar values to those evaluated in the
total patients (Table 2), indicating that these patients who
had exercise testing were representative of each group. The
RR interval was similarly shortened with exercise between
the two groups. Exercise produced a significant prolonga-
tion in the corrected (Q-Tend interval, but not at all in
corrected Q-Tpeak, resulting in a significant increase in
corrected Tpeak-end in both groups. These changes were
much more pronounced in patients with transmembrane

mutations than in those with C-terminal mutations (Figs.
1B and 1D). Therefore, the increases in the corrected
Q:-Tend and corrected Tpeak-end intervals with exercise
were significantly greater in patients with transmembrane
mutations (Table 3).

When we re-analyzed the ECG measurements for the
probands (n = 26) and for the non-probands (n = 23)
separately, the corrected Q-Tend intervals both before and
after exercise were longer in the probands than in the
non-probands. However, the magnitude of differences in
corrected Q-Tend for the two mutation groups persisted
after this re-analysis both in the probands and non-
probands (data not shown).

DISCUSSION

The major findings of the present study are: 1) LQT1
patients with mutations located in the transmembrane
regions are at a higher risk of congenital LQTS-related
cardiac events than are patients with C-terminal mutations;
and 2) LQT1 patients with transmembrane mutations had
2 greater sensitivity to sympathetic stimulation than did
patients with C-terminal mutations.
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Table 2. Clinical Characteristics of the Study Population

Transmembrane Domain C-Terminal
{n = 66) (n=129 p Value
Demographics
Female gender (%) 41 (62%) 14 (43%) NS
Proband (%) 29 (44%) £ {28%) NS
Age (y1s} at ECG (range) 32+ 20 (6-83) 28 £ 17{4-64) NS
Diagnosis
Diagnosed 1.QTS (Keating) 54 (82%) 7 (24%) < 0.0001
Diagnosed LQTS (Schwartz >4) 43 {65%) 5 (17%) < 0.0001
Schwartz score 44+21 20+ 15 < 0.0001
Baseline ECG measurements
RR {ms) 910 >+ 127 918 = 131 NS
Q-T, 4 (ms) 472+ 54 419 = 46 < 0.0001
QT e (ms) 382 + 46 349 * 44 0.002
Tocak-ena (MS) 90 = 20 71+ 12 < 0.0001
Corrected Q-T, 4 (ms) 496 + 46 439 = 18 < 0.0001
Corrected Q=T i {ms) 402 + 42 365 39 0.0002
Corrected Tpeaena (Ms) 95+ 19 7411 < 0.0001
Torsade de pointes (%) 10 (15%) 2 (7%) NS
T-wave alternans (%) 10 (15%) 0 0.03
Cardiac events
Al cardiac events {(36) 36 (55%) 6(21%) 0.002
Age {yrs) at first events (range) 11 = 8(3-48) 13 * 9(2-25) NS
Syncope (%) 36 (55%) 6 (21%) 0.002
Aborted cardiac arrest/SCD (%) 10 {(15%) 0 0.03
Therapy
Beta-blockers (%) 30 (45%) 6 (21%) 0.02
Pacemakers (%) 1(2%) 0 NS
Sympathectomy (%) 0 0 NS
Defibrillator (%) 0 0 NS

Data ate presented as the mean value * SD or number (%) of subjects.
ECG = electrocardiography; LQTS = long QT syndrome; SCD = sudden cardiac death.

Mutation site-specific arrthythmic risk in LQT1 syn-
drome. Moss et al. (14) have recently reported that the
greater risk of arthythmia-related cardiac events in LQT2
patients with pore mutations of the XCNH2 gene was
consistent with the cellular electrophysiologic effects of the
KCNH2 mutations, with pore mutations showing a greater
negative effect on the rapidly activating component of the
delayed rectifier potassium current (Ig,) than non-pore
mutations. Although the cellular electrophysiologic effects
of a small percentage of known KCNQ! mutations have
been reported to be like those of KCNF{2 mutations, several
in vitro electrophysiologic studies have reported missense
mutations with dominant-negative effects on Iy, in the
transmembrane regions of the KCNQ! gene (18,19,25,26).
However, Wang et al. (18) have suggested that the degree of
Tk, suppression by KCNQ1 transmembrane mutations eval-
uated in the heterologous expression system did not corre-
late with severity in the clinical phenotype in LQT1
patients. There have been fewer reports on the cellular
electrophysiologic effects of the C-terminal mutations of the
KCNQ1 gene. To the best of our knowledge, the electro-
physiologic effects were examined in seven C-terminal
mutations of the XCNQI gene (R555C, R533W, R539W,
A544, G589D, T587M, and G6438) by French, Finland,
and Japanese groups (19,20,24,27-30). All seven
C-terminal mutations, except for A544 and T587M, when

co-expressed with KCNE1, could produce functional het-
eromultimeric channels and showed only a mild reduction
of Iy, due to a rightward voltage shift in the activation
process and/or acceleration of the deactivation kinetics.
Neyroud et al. (28) have reported a homozygous deletion-
insertion mutation in the C-terminal region of the KCNQ!
gene (A544), causing a severe phenotype—the Jervell and
Lange-Nielsen syndrome. However, the heterozygotes of
A544 clinically displayed mild or no QT prolongation, with
no symptoms, mainly due to the lower dominant-negative
effects of the A544 mutant. More recently, Larsen et al. (31)
have described a severe form of Romano-Ward syndrome
associated with compound heterozygosity for two
C-terminal mutations (R518X and A525T} in the KCNQI
gene. Once again, none of the heterozygotes of the
C-terminal mutations (R518X or A525T) had symptoms
with minor or no QT prolongation. These previous reports
on C-terminal mutations in the KCNQI gene indicate a less
severe phenotype in C-terminal mutations than that in
transmembrane mutations in L.QT1 syndrome, concordant
with the findings in the present study.

It is noteworthy that most of the first cardiac events
occurred before age 15 years in the LQT1 patients with
transmembrane mutations, whereas half of the LQT1 pa-
tients with C-terminal mutations had their first cardiac
events after age 15 years. This tendency holds up regardless
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Figure 1. Electrocardiographic parameters in lead Vi before and after exercise in LQT1 patients with mutations located in the transmembrane region
(A341V, non-proband, 16-year-old male) (A and B) and in the C-terminal region {(D611Y, non-proband, 16-ycar-old male) (C and D). The bascline
corrected Q-Tend {cQ-Tend), Q-Tpeak {¢Q-Tpeak), and Tpeak-end (cTpeak-end} intervals were greater in the patient with a transmembrane mutation
than in the patient with 2 C-terminal mutation (A and C). Exercise produced more prominent increases in the ¢Q-Tend and «Tpeak-end in the patient
with a transmembrane mutation than in the patient with a C-terminal mutation (B and D).

of whether the patient was a proband. Moreover, hypoka-
lemia, which is known to prolong repolarization, unmasked
the LQTS proband in a patient with C-terminal mutaticn
in the present study. These findings suggest that careful

follow-up is needed in LQT1 patients with C-terminal

mutations, despite their less severe phenotype, by limiting

exposure of these patients to QT prolonging conditions.
Although the difference in the clinical course based on
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Figure 2. {A) Kaplan-Meier cumulative cardiac event curves from birth throug}

1 to age 50 years for a total of 95 patients with KCNQT murtations located

in the transmembrane regions (n = 66} and C-terminal regions (n = 29). The difference in the clinical course by mutation location was significant (log-rank,
p = 0.005), with a greater risk of first cardiac events in paticnts with transmembrane mutations than in those with C-terminal mutations. Kaplan-Meier

cumulative cardiac event curves for 37 probands (B) and 58 non-probands (C)
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Table 3. Electrocardiographic Measurements Before and After Exercise Testing

Transmembrane Domain C-Terminal
(n = 33) (n = 16) p Value

Demographics

Female gender (%) 18 (55%) 7 (44%) NS

Proband (%) 22 (67%) 4 (25%) 0.006

Age (y1s) at ECG (range) 26 * 16 (9-72) 27 *+ 13 (6-45) NS
ECG measurements before exercise

RR (ms) 862 £ 128 850 + 106 NS

Corrected Q-T., 4 (ms) 494 + 40 435 > 28 <0.0001

Corrected Q- Ty (ms) 403 = 37 359 * 26 <0.0001

Corrected Tpeuc.ena (ms) 91 +12 76 NS
ECG measurements after exercise

RR {ms) 514 = 87 503 = 74* NS

Corrected Q-T,pa {ms) 571 > 45° 470 = 19* <0.0001

Corrected Q-T,,..i (ms) 420 * 38 365 * 51 <0.0001

Corrected Tpeneecna (M) 151 = 34* 106 = 17* <0.0001
Changes in ECG measurements with exercise

RR {ms) 349 = 119 348 x 137 NS

Corrected Q:-T,,.4 (ms) 77+ 32 3517 <0.0001

Corrected Q;Tl,,,k {ms) 17+ 36 5+30 NS

Corrected Ty ok-coa (mS) 60 = 34 3017 0.002

*p < 0,005 vs. before exercise. Data are presented as the mezan % SD) value or number (%) of subjects. The electrocardiographic
{ECG) measurements after exercise were obtained within 2 min after stopping exercise.

mutation location was obvious in the non-probands, no
significant difference was observed in the clinical course
according to mutation location in the probands. This is not
surprising, because probands are usually brought to medical
attention by their first cardiac events, especially those with a
less prolonged QT interval. There indeed may be no
difference in cardiac events based on mutation location for
probands. This is because other modifier genes may be
contributing to the more severe phenotype, which leads to
the individual receiving a label of “proband.”

Zarcba et al. (32) recently reported on 294 LQT1
patients in the International Long-QT Syndrome Registry
and analyzed the QTe¢ interval and cardiac event rates by
mutation location. In contrast to the present study, they
found no significant differences in QT¢c or risk of cardiac
events when the patients were separated into those with
transmembrane mutations and those with C-terminal mu-
tations. However, only six transmembrane mutations were
overlapped between the two studies (out of 31 transmem-
brane mutations in the Registry and 19 transmembrane
mutations in this study). Moreover, no ovetlap was observed
in the C-terminal mutations between the two studies (out of
11 C-terminal mutations in the Registry and 8 C-terminal
mutations in this study). In transmembrane regions, the 54
to S5 loop (amino acid residues 221 through 300) and the
S6 segment (amino acid residues 325 through 354) are
known to be important for voltage-dependent I, function
(22); thus, 2 more severe phenotype is expected in mutations
located in the $4 to S5 loop and the S6 segment than in the
S2 to S3 loop (amino acid residues 148 through 220). The
transmembrane mutations in the non-pore region in the
present study were located in the 54 to S5 loop and the 56
segment, except for two mutations found in the 52 to 53

loop. This may affect the result that cardiac event rates were
higher in patients with transmembrane mutations in the
present study than those in the Registry. Interestingly, when
the patients with transmembrane mutations in the present
study were separated into those with pre-pore mutations
and those with pore mutations, according to the definition
by Zareba et al. (32), the patients with pore mutations had
2 longer corrected Q-Tend than did those with pre-pore
mutations {data not shown). COverall, our data present
evidence that mutation site-specific differences in arrhyth-
mic risk exist, in contrast to findings previously reported
from the Long-QT Syndrome Registry. Therefore, a larger
patient population per mutation and a greater spectrum of
KCNQ1 mutations by corroboration with other investiga-
tors are clearly needed to make a definitive conclusion about
the mutation site-specific differences in arrhythmic risk in
LQT1 syndrome.

Greater sensitivity to sympathetic stimulation in trans-
membrane mutations of the KCNQI gene. The LQT1
syndrome is rcported both clinically and experimentally to
be the most sensitive to sympathetic stimulation among the
seven forms of LQTS (9-12). Sympathetic stirnulation is
known to increase the net outward repolarizing current due
to a larger increase in outward currents, including Ca?*-
activated Iy, and Ca?*-activated chloride current (Igcy),
compared with the inward Na*/Ca®" exchange current
(Ina-ca), resulting in an abbreviation of action potential
duration (APD) and QT interval under normal conditions.
A defect in Iy, in LQT1 syndrome could account for the
failure of sympathetic stimulation to abbreviate the QT
interval and APD, especially in the mid-myocardial regions,
resulting in a paradoxical QT prolongation and an increase
in transmural dispersion of repolarization reflecting an
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increase in the Tpeak-end interval under sympathetic stim-
ulation (12). In fact, recent clinical studies have demon-
strated that sympathetic stimulation with epinephrine infu-
sion or exercise produced a more significant increase in
Q-Tend and Tpeak-end intervals in LQT1 compared with
LQT2 patients (33-35). More recently, the Q-Tend and
Tpeak-end intervals both before and after epinephrine and
prolongation of Q-Tend with epinephrine were reported to
be greater in symptomatic than asymptomatic patients with
LQT1 syndrome (9). In the present study, LQT1 patients
with transmembrane mutations, who had more frequent
LQTS-related cardiac events than those with C-terminal
mutations, showed greater baseline Q-Tend and Tpeak-end
intervals and a greater increase in both Q-Tend and
Tpeak-end intervals with exercise than those with
C-terminal mutations. The data in the present study may
indicate a stricter exercise limit and a more aggressive use of
beta-blockers in LQT1 patients with transmembrane mu-
tations, but once again, we need to evaluate a larger patient
population to make a definitive recommendation.

With regard to the sympathetic regulation of Iy, Marx
et al. (36) have suggested that beta-adrenergic modulation
of Iy, required targeting of cyclic adenosine monophos-
phate (cAMP)-dependent protcin kinase and protein
phosphatase-1 to KCNQI through the targeting protein
yotiao. The binding of protein kinase and protein
phosphatase-1 to the KCNQZ channel through yotiao is
mediated by leucine zipper (LZ} motifs located in the
C-terminal of the KCNQ! gene (amino acid residues 588 to
616). They also reported that the G589D mutant channel
located in the LZ motifs of the C-terminus prevented
cAMP-dependent regulation of Iy, and thus may not
respond to beta-adrenergic stimulation, resulting in a defect
of APD shortening and further prolonging of the APD.
The G589D mutation was not included among the
C-terminal mutations of the present study. Two C-terminal
mutations, R591H and D611Y, located in the LZ motifs
were included in the present study. However, the prolon-
gation of the QTc interval was mild in patients with the two
mutations (Fig. 1). Further clinical cvaluation will be
required to conclude the role of LZ motifs in the
C-terminus on sympathetic modulation of the I, channel.
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Additional Gene Variants Reduce Effectiveness of Beta-Blockers
in the LQT1 Form of Long QT Syndrome
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Additional Mutations in LQT1I. Introduction: Beta-blockers are widely used to prevent the lethal
cardiac events associated with the long QT syndrome (LQTS), especially in KCNQ1i-related LQTS (LQT1)
patients. Some LQT1 patients, however, are refractory to this therapy.

Methods and Results: Eighteen symptomatic LQTS patients (12 families) were genetically diagnosed
as having heterozygous KCNQI variants and received beta-blocker therapy. Cardiac events recurred in 4
members (3 families) despite continued therapy during mean follow-up of 70 months. Three of these patients
(2 families) had the same mutation [A341V (KCNQ1)]; and the other had R243H (KCNQI). Thelatter patient
took aprindine, which seemed to be responsible for the event. By functional assay using a heterologous
mammalian expression system, we found that A341V (KCNQI) is a loss-of-function type mutation (not
dominant negative). Further genetic screening revealed that one A341V (KCNQI) family cosegregated with
S706C (KCNH2) and another with G144S (KCNJ2). Functional assay of the S706C (KCNH2) mutation
was found to reduce the current density of expressed heterozygous KCNH2 channels with a positive shift
(+8 mV) of the activation curve. Action potential simulation study was conducted based on the KYOTO
model to estimate the influence of additional gene modifiers. In both models mimicking LQT1 plus 2 and
LQT]1 plus 7, the incidence of early afterdepolarization was increased compared with the LQT1 model
under the setting of beta-adrenergic stimulation.

Conclusion: Multiple mutations in different LQTS-related genes may modify clinical characteristics.
Expanded gene survey may be required in LQT1 patients who are resistant to beta-blocker therapy.

{J Cardiovasc Electrophysiol, Vol. 15, pp. 190-199, February 2004)

long OT syndrome, beta-blocker, KCNQI, KCNH?2, KCNJ2, computer simulation

Introduction

A number of mutations in genes coding cardiac
ion channels delay the repolarization of the ventricle,
thereby causing long QT syndrome (LQTS). At least
six respomsible LQTS-related genes have been identi-
fied: KCNQI—LQT1,! KCNH2—LQT2,2 SCN5A—LQT3,2
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ANKB—LQT4,* KCNEI—LQT5,° and KCNE2—LQT6.5
Another autosomal dominant form of congenital LQTS is
accompanied by periodic paralysis and dysmorphic features
(Andersen syndrome).” More recently, mutations in KCNI2,
which codes cardiac inward rectifier potassium channels
(Kir2.1), were found to result in the syndrome (LQT7).32
Thus, novel knowledge of the genetic aspect of LQTS paved
a new path to understanding the mechanism of the disease
and choosing gene-specific treatment.'®!!

For example, beta-blockers are first-line strategy for treat-
ment of LQTS patients.!? Such therapy provided >80% ef-
fectiveness in LQT1 mutation carriers.!®!3 In contrast, beta-
blockers are not as effective in LQT2 and LQT3 patients
(50%-59%),'° suggesting the genotype-dependent efficacy
of the drug. However, some LQT1 patients did not respond
to beta-blocker administration and required further conjunc-
tive therapy (pacemaker, implantable cardiac defibrillator).
These findings indicate the heterogeneity of the LQTI pa-
tient population.

In the present study, we focused on the prevalence of
nonresponders to beta-blockers among genetically diagnosed
LQTI patients and found that additional gene mutations
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different from those in KCNQI are responsible for gener-
ation of the clinical phenotype.

Methods
Study Subjects

Eighteen LQT1 patients from 12 unrelated Japanese faml-
lies were included in the analysis. As described previously,'
all represented with (1) unexplained syncope, aborted car-
diac arrest requiring cardiac resuscitation, or documented
polymorphic ventricular tachycardia (VT, torsades de pointes
[TdP]); (2) corrected QT interval for’ heart rate (QTc)
=460 ms; or (3) QTc >440 ms associated with bradycar-
dia or abnormal T wave pattern. QT intervals were measured
on baseline ECG in lead I or V5 and were corrected for heart
rate according to Bazett's formula, '3

DNA Isolation and Mutation Analysis

The protocol for genetic analysis was approved by and
performed under the guidelines of the Institutional Ethics
Committee. All subjects gave informed consent prior to gene
ana!ym Genomic DNA was isolated from leukocyte nuclei
using conventional methods.!® Genetic screening was per-
formed for KCNQ! and other LQTS-related genes (KCNH2,
SCN3A, KCNE!, KCNE2, KCNJ2) using polymerase chain
reaction/single-strand conformation polymorphism (PCR-
SSCP) analysis.!” Abnormal conformers were amplified by
PCR, and sequencing was performed on an ABI PRISM310
DNA sequencer (Perkin-Elmer Applied Biosystems, Welles-
ley, MA, USA).

In Vitro Mutagenesis

With regard to the specific KCNQ! mutation A341V,
site-directed mutagenesis was used to construct the mutant
as described previously.'® Briefly, human KCNQ/ cDNA
(kind gift from Dr. Barhanin) was subcloned into pIRES2-
EGFP plasmid (Clontech, Palo Alto, CA, USA). The KCNQ/
mutant was synthesized by overlap extension at the index
site using sequential PCR. Human KCNH2 ¢DNA (kind
gift from Dr. Sanguinetti) was subcloned into pRc/CMV
plasmid (Invitrogen, Carlsbad, CA, USA) as described pre-
viously.!” A specific KCNH2 mutation, S706C, was con-
structed from pRe/CMV-KCNH2 using a site-directed mu-
tagenesis kit (QuikChange II XL, Stratagene, La Jolla, CA,
USA). Introduction of the mutation was confirmed by se-
quencing the mutation primer and the surrounding regions,
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Electrophysivologic Experiments and Data Analysis

To assay the functional modulation of KCNQ/ and
KCNH?2, we used a heterologous expression system us-
ing COS7 cell line as previously described.'® Briefly, the
cells were transiently transfected by the LipofectAMINE
method according to the manufacturer’s instructions (Gibeo
BRL, Rockville, MD, USA)}, using 0.5 to 2 ug/35 mm
dish of pIRES2-EGFP/KCNQ1 or pRe/CMV-KCNH2 (wild-
type | WT] and/or mutant). Alt experiments were performed
in the presence of cotransfection of pIRES2-CD8/KCNE]
(1 ;g/35-mm dish) with pIRES2-EGFP/KCNQ1, or pCI/GFP
with pRc/CMV-KCNH2. By using both green fluorescent
protein (GFP) fluorescence and anti-CD8 antibody-coated
beads (Dynabeads CD8, Dynal Biotech, Oslo, Norway), it
was possible to select successfully cotransfected cells. The
cells were studied by the conventional whole-cell patch clamp
technique at 37°C, 48 to 72 hours after transfection. Pipettes
were filled with a solution contained (in mM): KC1 130, KOH
20, Mg-ATP 5, Na-GTP 0.1, Naz-phosphocreatine 5, EGTA
5, and HEPES 5 (pH 7.3 with HCI), and had aresistance of 3.0
10 5.0 M£2. The solution used to perfuse the cells contained (in
mM): NaCl 140, KC1 5.4, MgCl, 0.5, CaCl, 1.8, NaH,PO,
0.33, glucose 5.5, and HEPES 5 (pH 7.4 with NaOH).!" All
data are given as mean = SEM. Where appropriate, Student’s
unpaired t-test was used, P < 0.05 was considered statistically
significant.

Action Potential Model Simulation

The KYOTQ computer model was used to calculate the es-
timated result on action potentials (APs).'? In order to mimic
the AP characteristics of human mid-myocardial (M) cells
in the left ventricle, we changed parameters of major ion
currents in the original model' according to human experi-
mental data,2%~?" as summarized in Table 1. For constructing
the epicardial (Ept) cell model, we arranged the parameters
of the M cell as follows: magnifying current amplitude of
the slow component of the delayed rectifier potassium cur-
rent (Igs) and transient cutward potassium current (I,) 4 and
1.5 times, respectively.?2?* Conduction time between M and
Epi was set at 20 ms and extracellular K concentration (K+)
at 4.0 mEq/L.

To simulate the condition of beta-adrenergic stimulation,
we set the parameters as previously deseribed®®: (1) magnify-
ing Pcy. 4 times and slowing the time constant of inactivation
1.5 times in L-type calcium current (Iga), (2) magnifying Iy,
amplitude 4 times with a §-mV shift of the activation curve
in the hyperpolarization direction, (3) magnifying In,, of the

TABLE 1
Setting Parameters for the Mid-Myocardial (M) Cell Model

Current Modulation Reference

I, Calcium-biding rate (ky.c = 0.28, kuce.cca = 028, keea.c = 0.0087) 20

| [ V12 of activation property = —14.4 mV 21
Magnifying Gk, 1.7 times

Ixs V2 of activation property = 10.0 mV 22
Magnifying current amplitude 1.14 times

lio V2 of inactivation property = —33.3 mV 23

: Magnifying current amplitude 406} times 24,25
Iky Magnifying Gk 0.7 times 26
In V2 of ultraslow inactivation property = —87.0mV 27

V|2 = half-maximal activation potential, Other abbreviations as in reference 19,
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TABLE 2
Characteristics of LQT1 Patients

Cardiac Event

Follow-Up

Variants in KCNQ!  No. of Kindred Age/Sex QTc(ms) Before Therapy Therapy Period (months) Recurrence Additional Mutation
R243H K-088 53/F 634 + BB, SCB 3t +
G3148 K-056 3UF 622 - BB 36 -
G314A* K-020 27/F 610 + BB 75 -
S8/F 500 + BB 72 -
A341V K-024 1M 460 + BB 53 + G445 (KCNJ2)
36/F 480 + BB 53 +
K-125 15/F 560 + BB 144 + S706C (KCNHZ)
39/F 500 + BB 84 -
10/F 488 + BB 82 -
K-001 38F 647 + BB 180 -
10/M 524 + BB 60 -
13/M 496 + BB 108 -
1517T* K-034 13/M 500 + BB 88 -
G6438 K-047 45/F 487 + BB, K 38 -
K-057 23/F 470 + BB 66 -
K-071 5TF 502 + BB, ICD 36 -
K-072 30/F 480 + BB 36 -
K-094 23/F 469 + BB, K 26 -

*Novel mutations,

BB = Beta-blocker; ICD = implantable cardioverter defibrillator; K = potassium supplement: SCB = sodium channel blocker.

Ca®* pump in sarcoplasmic reticulum and Na*/K*+ pump
1.41 and 1.2 times, respectively, and (4) shifting the fast in-
activation curve of the sodium current (Ing) 3.4 mV in the
hyperpolarization direction.

Results
Mutation Analysis and General Clinical Findings

Table 2 summarizes mutational and clinical findings. We
identified 6 KCNQT variants: 5 missense {(including 2 novel,
indicated by asterisks) mutations and 1 single nucleotide
polymorphism (SNP) in 12 probands. Six family members
also were identified as having KCNQI mutations, Eventu-
ally, 18 patients were heterozygous and received beta-blocker
medication for a mean period of 70.4 & 9.6 months at the time
point of data analysis. Population characteristics were pre-
dominantly female (female/male: 14:4) and symptomatic be-
fore introduction of beta-blockers (positive/negative: 17:1).
Mean age was 29.8 & 3.8 years, and QTc intervals were
523.8 £3.8 ms.

Four of 18 LQT1 patients were nonresponders to beta-
blockers (Table 2). With regard to genetic abnormality, 1
had R243H and 3 had A341V KCNQ! mutations. The lat-
ter was a hot-spot mutation that resulted from C-to-T sub-
stitution at position 1022 (Fig. 1A).% In all patients, ex-
tensive genetic analyses also were conducted for the other
LQTS-related genes: KCNH2, SCNSA, KCNE!, KCNE2, and
KCNJ2. Three of 4 nonresponders who were carriers of het-
erozygous A341V were found to have additional mutations:
heterozygous KCNJ2 and KCNH2Z mutations, respectively.
The former mutation, G1448 (KCNJ2), resulted from G-to-A
substitution at position 430 (Fig. 1B) and was the same as re-
ported by Plaster et al.¥ The latter mutation, S706C (KCNH2),
resulted from G-to-C substitution at position 2117 (Fig. 1C)
and was a novel mutation, located between the sixth trans-
membrane and cyclic nucleotide binding domain.

The remaining 14 patients were all beta-blocker respon-
ders, including 2 members of the double-mutation family

discussed earlier (K-125, Table 2). Detailed genetic analyses
found no appended mutations in the LQTS-related genes. All
mutational changes listed in Table 2 were absent in > 100 con-
trols, except G643S (KCNQ/), an SNP common and specific
in the Japanese population.*?

Case Reports of Nonresponders fo Beta-Blockers
A3V (KCNQI)-GI445 (KCNJ2) family (Table 2, K-024)

A 36-year-old woman (no. 4 in the family tree shown
in Fig. 2A-a) and her 11-year-old son (no. 7) were diag-
nosed as LQT1 plus LQT7 (Andersen syndrome). No other
family members were symptomatic (Fig. 2A-a). PCR-SSCP
(Fig. 2A-b and 2A-c) revealed that two different mutations
in KCNQI and KCNJ2 were cosegregated only in these two
members of the family, suggesting that the mutations are de
novo in the mother.

The female patient developed normally until age 12 years,
when she first experienced loss of consciousness after swim-
ming and required resuscitation. She was diagnosed with ven-
tricular tachycardia (VT) and began beta-blocker therapy, but
she complained of dizziness and recurrent syncope. After ge-
netic diagnosis of LQT! was made, she was given another
beta-blocker (atenolol 50 mg/day) and K+ supplement ther-
apy. The syncope and VT decreased, but the faintness and
dizziness continued. Baseline ECG showed QT prolongation
{QTc = 512 ms) with prominent U waves (Fig. 2B) and in-
cessant bigeminy with multiform premature ventricular com-
plexes (PVC). Since the age of 13 years, she had experienced
episodes of muscle weakness 1 to 2 times per month, espe-
cially during menstruation, which proved to be independent
of serum K* concentration. She had short stature, microg-
nathia, low-set ears, broad forehead, and scoliosis.

The woman’s son was born after a normal pregnancy and
delivery. At the age of | year, he began to suffer from afebrile
seizures and was given valproic acid for several years. Elec-
troencephalographic study performed when he was 3 years
old revealed polymorphic VT. After the genetic diagnosis
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A A341V (KCNQT)
TGGG 4G CSCAAAG AN

reverse sequence,

B G144S (KCNJ2)
ACCAT AGC CT:T AT G GT

hS

(reverse sequence)

C S706C (KCNH2)
GCCTGGTEC TAC ACC

Figure 1. DNA sequences of our mutations. Sequence chromatographs
showed heterozygous single base-pair substitutions: (A) C-to-T (G-10-A in
reverse sequence) conducted to Ala34iVal in KCNQI; (B) G-to-A (C-to-T
in reverse sequence) conducted to Glyl44Ser in KCNJ2; and (C} G-to-C
conducted to Ser706Cys in KCNIH2.

was made, he began taking a beta-blocker (propranolol 30—
60 mg/day) at age 7 years. However, at age 10 years he devel-
oped syncope during mild exercise that required cardiac re-
suscitation. ECG showed QT prolongation {QTc = 490 ms),
prominent U wave, incessant bigeminy with multiform PVC,
and bidirectional VT (Fig. 2C). After aborted sudden death,
verapamil was supplemented and was successful in prevent-
ing symptomatic events for 2 years. He has complained of
easy fatigability but has experienced no major attacks of mus-
cle paralysis. He has the same dysmorphic features, charac-
teristic of Andersen syndrome, as his mother.

A341V (KCNQI1)-S706C (KCNH2) family (Tuble 2; K-123)

A 15-year-old girl (no. 2 in the family tree shown in Fig.
3A-a) was a proband and member of a typical LQTS family.
Her mother (no.l in Fig. 3A-a) and younger sister (no. 3)
also were symptomatic and receiving beta-blocker therapy.
Several members on the maternal side of her family, except
her grandfather, presented with recurrent syncope without
available genetic information (gray symbols in Fig. 3A-a).

She developed normally until age 2 years, when she first
experienced syncope during a run. At age 3 years, she was
notéd to have QT prolongation on ECG screening prior
to phlegmonous scar resection and since then was given
a started beta-blocker (carteclol 10 mg/day). Despite beta-
blocker therapy, she experienced recurrent syncope, on occa-
sions such as running and being astonished. ECG showed QT
prolongation and characteristic T wave morphology, thatis, T
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waves showed either broad or bifid pattern depending on heart
rate (Fig. 3B-a to 3B-¢). These ECG features are compatible
with those of LQT2 patients.*! Despite atenolol (75 mg/day)
therapy, at age 14 years she had repetitive syncope due to
incessant TdP (Fig. 3B-d). Intravenous verapamil was effec-
tive in suppressing the TdP, and oral verapamil (120 mg/day)
was started. At the same time, the beta-blocker was changed
to propranolol (140 mg/day). With these medications she has
remained free of syncope for mere than 2 years.

R243H (KCNQ1) woman (Table 2; K-088)

A 52-year-old woman suffered from syncope and was
noted to have QT prolongation and TdP. She had no family
history of syncope and began to take propranolol (90 mg/day)
and sodium channel blockers (mexiletine 400 mg/day and
aprindine 60 mg/day). These medications were not successful
in preventing her attacks. When aprindine was discontinued,
her syncope discontinued. Because aprindine has a potent
blocking action on the rapid component of the delayed rec-
tifier potassium current Ig;,'” the drug may have aggravated
her clinical features.

Functional Assay of Mutant Channels
A341V (KCNQ1) channel

As summarized in Table 2, we eventually found three un-
related families that carried the same heterozygous mutation:
A341V (KCNQ1). Two of the families were associated with a
heterozygous mutation in other LQTS-related genes (K-024
and K-125). Of interest, in these two families, there were
three patients who were resistant to beta-blocker therapy. In
contrast, although family K-001 (Table 2) had the same mu-
tation, all members responded well to beta-blocker therapy.

To clarify the wide range of phenotypes in A341V mu-
tants, we conducted functional analysis using a mammalian
heterologous expression system. Although electrophysio-
logic assay of this mutation was previously performed in
Xenopus oocytes,*? we believed it was necessary to evalu-
ate the mutation in a mammalian expression system because
oocytes have intrinsic Iy-like proteins.>* COS7 cells trans-
fected with WT KCNQI cDNA (2 and 1 gg/dish: Fig. 4A-a
and 4A-b) displayed outward currents that slowly activated
on depolarization and were typical of I as previously re-
ported.3*** COS7 cells transfected with A341V (KCNQJ)
(2 pg/dish) revealed no measurable currents (Fig. 4A-c). To
simulate allelic heterozygosity, WT and A341V (KCNQ/)
were cotransfected at an equimolar ratio {0.5 and | pg/dish,
respectively, Fig. 4A-d and 4A-¢). One pug WT/1 pg mu-
tant resulted in conductance equivalent to that of | g WT-
induced current (Fig. 4A-d). Similarly, expressed current by
0.5 g WT/0.5 ng A341V was half that of 1 pg WT-induced
current (Fig. 4A-e).

In muliple cells, the effect of various combinations of
WT and/or mutant clones was extensively examined (Fig.
4B). In the current-voltage relations shown in Fig. 4B, each
symbol indicates the mean tail current density obtained from
data pool of >12 cells. At every membrane potential, co-
transfected mutant A341V did not influence current density.
Thus, A341V did not interfere with WT expression (no domi-
nant negative suppression). Figure 4C shows the relationship
between normalized tail currents and test potential (between
—50and + 60 mV). Smooth curves are fitted to the Boltzmann
equation, and there were no statistically significant changes
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Figure 2. Identification and characterization of affected members with KCNQI and KCNJ2 murations. A: {a) Fomily tree of A341V (KCNQH -G 1445
(KCNJ2) famify. Consecutive numbers were given to all fumily members. Squares = males; circles = females; open = unaffected; closed = affected member.
PCR-S5CP using the primer set for (b) KCNQ1 and (¢} KCNJ2: Extra bands were found only in the lanes of the 36-year-old woman (no, 4) and her son (no.
7). C indicates healthy control, B: Baseline ECG of the woman (no. 4) shown in panel A. Note QT prolongarion, prominent U wave, and premature ventricular
complex. C: Holter ECG recording of the son (na. 7) shown in panel A. Note bidirectional ventricular tachycardia.

in half-maximal activation potentials (V,») and slope factors
(Vs). Coexpression of A341V did not affect either current
amplitude or voltage dependence of WT KCN@Q/ channels.
Therefore, the mutant A341V subunit may not be able to
coassemble with the WT subunit, thus accounting for the
lack of dominant negative suppression.

A-a

S706C (KCNH2) channel

Three of the beta-blocker nonresponders were noted
to have additional mutations [G144S (KCNJ2), S706C
(KCNH2)]. In a different series of experiments, we con-
ducted functional assay of the G144S (KCNJ2) variant using a

d Iyt oy Sy by
Sy b i

Figure 3. ldentification and characterization of affected members with KCNQ! and KCNH2 mutations. A: (a) Family tree of A1V (KCNQ1)-5706C
(KCNH?2) family. Numbers 1 through 3 are given to members available for genetic information. Squares = males; circles = females; open = asymptomatic;
filled = affected and sympromatic; halftone filled = svmptomatic without availuble genetic information. The prohand is indicated by the arrow. PCR-S5CP
using the primer set for (b) KCNQI and (c) KCNH2: Aberrani bands were noted in the lanes of the proband (no. 2), her mother (no. 1), and ker younger
sister (no. 3). C indicates healthy control, B: Baseline ECG of the proband na. 2 (shown in panel A). Note QT prolongation in tead Vs, {a)} broad-based
T wave (52 beats/min), (b) low-amplinude T wave (60 beats/min), and (c) bifid T wave (82 heats/min}. (d) Electrical storm.
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Figure 4. Macroscopic current recordings under whole-cell parch clamp of WT KCNQ1 and/or A341 V mutant expressed in COS7 cells. Ar Representarive
current recordings. Holding potential was —80 mV. Depolarizing pulses (5-s duration) were applied from +60 to =50 mV in 10-mV decrements. Tail currents
were measired on repolarization to —30 mY. Transfected cDNA volume/dish is indicated above the graph. B: Plots of current-voltuge relationships of
isochronal tail curreni: (a) closed circles (n = 15), (b) open circles {n = 15), (c) closed triangles (n = 15), (d) open triangles (n = 12), and (e) closed squares
(n = 15). Every measured current was normalized to cell capacitance (curvent density). Vertical bars indicate SEM. C: Normalized isochronal activation
curves. For the data in the group of 1 pg WT (h; open circles) and coexpression 1 g WTand T g AMIV (d; closed triangles), data points were fitted to the
Boltzmann distribution. Half-maximal activation voltages were 28.31 + 0.70 and 31.27 + 0.58 mV, and slope fuctors were 14.93 £ 0.50 and 14.6] £ 0.41,

respectively.

Xenopus oocyte expression system. As reported recently by
Lange et al.,?’ the G1448 mutation was found to cause ~40%
reduction in the inward rectifier potassium current I, *® ina
heteromeric manner with the WT gene {data not shown). We
then conducted a functional assay of another additive mu-
tation [S706C (KCNH2)] using a mammalian heterologous
expression system.

COS7 cells were transiently transfected with WT and/or
mutant KCNH2 cDNA (0.5-1.0 pg/35-mm dish). WT
KCNH2 current displayed rapid activation on depolariza-
tion with strong inward rectification as well as large tail cur-
rents on repolarization (Fig. 5A-a), as previously reported.®
S706C mutant also could display Ik,, but its current den-
sity was significantly smaller than that of WT (Fig. 5A-
a and 5A-c). Both S706C and WT ¢DNAs (0.5 ug each)
were cotransfected to mimic the heterozygous condition of
the patient. In the typical traces shown in Figure 5A-b, the
expressed current amplitude showed values that were in-
termediate between those of WT and the mutant KCNH2
currents.

Similar experiments were conducted in multiple cells, and
current densities during depolarization were measured at the
end of 4-second pulse in each experiment and plotted as a
function of the test potential (Fig. 5B). As depicted by repre-
sentative traces in Figure SA, the current amplitude of mutant

channels (open squares) was significantly smaller than that
of WT current (closed circles). In addition, current recon-
structed with mutant and WT constructs was significantly
smaller (open triangles). Steady-state current densities at
10-mV depolarization were 62.15 £ 5.0 in WT, 43.13 =
4.2 in WT/S706C*, and 27.49 £ 2.5 pA/pF in §S706C*, re-
spectively (*P < 0.05 vs WT). Steady-state current-potential
relation showed a bell-shaped configuration and was shifted
in the depolarization direction by 10 mV with cotransfection
of §706C.

Channel kinetics with regard to activation and inactiva-
tion gates were examined by using the double-pulse method
and tail current analyses. As summarized in Figure 5C, gat-
ing property for activation in the heterozygous (WT/S706C)
condition was altered significantly toward depolarization. Fit-
ting to the Boltzmann equation yielded 48 mV shift of V.
In contrast, gating property for inactivation remained un-
changed. Therefore, it was concluded that the S706C mu-
tant caused a mild reduction in efficient outward I, current,
which would further prolong the action potential.

Computer Simulation of Action Potential

Nonresponders to beta-blocker in our study all were car-
rying heterozygous A341V KCNQ! mutation, Coincident
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Figure 5. Macroscopic current recordings of WT and/or S706C KCNH2 channels expressed in COS7 cells. A: Representative current recordings, Depolarizing
pulses (4-5 duration) were applied from —80 mV to potentials between —70 and +60 mV in a 10-mV step. Steady-state current amplitudes were measured at
the end of test pulses, and tail currents after each test potential at —40 mV. Concentrations of cDNAs used for transfection (volume/dish) are indicated above
each graph. B: Plots of steady-state current-voltage relationships: {a) WT (I pg): elosed circles (n = 15); (b) WI/S706C (0.5 jug each): open iriangles (n =
13); and (¢} S706C (1 pg): open squares (n = 18). Measured current data were nonmalized to the cell capacitance (current density). Vertical bars indicare
SEM. C: Normalized activation and inactivation curves. Activation curves were obtained by normalizing the peak tail current at ~40 mV using the same
protocol as in panef A, For inactivation analysis, we gave 460 mV depolarizing pulse (200 ms) 1o open the activation gate and then a preconditioning pulse
(3 ms) to various potentials (hetween +40 and — 120 mV in a 10-mV step). Degree of fast inactivation was measured at the following voltage step to +40 mV
and was normalized by the peak. For WT'(a; closed circles) and WT/S706C (b, open triangles) data, the Boltzmann distribution was used to obtain V13 and
Vs. V2 and V; values for activation curves were —19.7 £ 0.3 and 8.7 + 0.2 mV for WE, and - 11.4 £ 0.9 and 1.3 £ 0.8 mV for WI/S706C, Values for

the inactivation curves were —24.0 & .4 and —22.2 + 1.2 mV for WT, and —26.9 £ 2.1 and —=20.7 & 0.9 mV for WT/S706C. * P < 0.05 vs WT.

mutations in other LQTS-related genes may account for the
varied clinical features of these patients. Because it is dif-
ficult to conduct functional analyses using multiple clones
in a heterologous expression system, we used the KYOTO
computational model'® and examined the electrophysiologic
outcome by double mutations.

The KYOTO model consists of reconstruction of APs by
incorporating the majority of known sarcolemmal ion chan-
nels and transporters, sarcoplasmic reticulum, and contractile
elements. Two types of AP were reconstituted by partially
incorporating human experimental data into the guinea pig
model: mid-myocardial (M) and epicardial (Epi) cells as de-
scribed in the Methods section (Fig. 6A). In each type of cell,
we simulated how second mutations modified arthythmoge-
nesis in the reconstituted LQT1 model induced by A341V
mutation. To mimic more completely the condition found in
our beta-blocker nonresponders, we introduced experimental
data into ion channels that were found to be affected: (1) 50%
reduction in Ig, for the LQTI model—A341V (KCNQI); (2)
V2 of Iy, activation shift by 8 mV in the depolarization
direction for the LQT2 model—S706C (KCNH2); and (3)
40% reduction in Ix; amplitude for LQT7 model—G144S
(KCNJ2) (adopted from reference 35).

In the LQT! model (Fig. 6B), half-reduction in Ig; pro-
duced almost equivalent prolongation of action potential du-
ration (APD) in M and Epi cells (solid lines); therefore, the
transmural dispersion of repolarization (TDR; differences

APD between M and Epi) represented a small decrease (66 ms
in normal and 64 ms LQT1). I, or Ix; modulation measured
experimentally as described earlier was incorporated into the
LQTI1 model to simulate the double heterozygosity in our pa-
tients (LQT1+2 in K-125 and LQT147 in K-024) (Fig. 6C
and 6D). Additional alterations caused further prolongation
of APD and mild TDR increases {72 ms in LQT1+42 and
74 ms in LQT 147 model).

In M cell of the LQT147 model, APD at 90% repolar-
ization from the overshoot (APDyg) lengthened more promi-
nently (5.1% in LQT1+2, 12.5% in LQT147, each increase
from LQTI) than APDsy (5.9% and 9.2%, respectively),
probably because Iy affects the final phase of repolarization.
Similarly, including Ix, modulation slowed the repolariza-
tion rate (dV/dt} at APDyy more significantly than at APDs:
0.46, 0.38, and 0.30 mV/ms at APDs, and 2.49, 2.37, and
1.32 mV/ms at APDygy in LQTI, LQTI 42, and LQT1+47, re-
spectively. The reduction in lg; depotarized the resting mem-
brane potential from —92.7 to —90.7 mV. The results induced
by the Ik suppression model are consistent with previous ob-
servations in an animal model, even with suppression of I,
alone.”

Lowering extracellular K* from 4.0 to 3.0 mEg/L pro-
duced APD prolongation (dotted lines in Fig. 7B to 7D),
especially in M cells, which yielded TDR increase in LQT1
{72 ms) and drastically changed those in double-altered mod-
els (110 ms in LQTI4+2 and 118 ms in LQT147).
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Figure 6. Action potemtial simulation study in the combined LQTS model.
Tiwo types of action potential (AP} models at cycle length of 1,000 ms:
M = mid-myocardial cell model; epi = epicardial cell model. Solid
lines show AP configurations in normal extraceilular K concentration
(4 mEqg/L), dashed lines in low K+ concentration (3 mEg/L). A: Normal
type model; B: LQT! model obtained by 50% g, reduction; C: LQTI+2
model obtained by 50% reduction of Ix; with a +8 mV shift of activation
curve for I, D: LQT1+7 model obtained by 50% reduction of { xs and 40%
reduction of Ix).

Shimizu and Antzelevitch®® elegantly proved that to in-
duce TdP in their LQT1 model of arterially perfused wedge
preparations of canine left ventricle, not only Ik, reduction
but also beta-adrenergic stimulation was required. The find-
ings were compatible with the clinical features of L.QT!I
patients. In a final series of experiments, we altered ma-
jor ion currents by mimicking beta-adrenergic stimulation
as described in the Methods section. In the presence of beta-
adrenergic stimulation in the LQT | model, TDR dramatically
increased (> 100 ms in every beats), and an early afterdepo-
larization (EAD) occurred (the fifth beat of M cell series,
solid line, Fig. 7A). EAD would trigger TdP in the clinical
setting.

In the LQT142 model (Fig. 7B), upon beta-adrenergic
stimulation, an additive effect of Ix, modulation produced a
more profound increase in TDR and frequent EADs in M cell
(solid line) than in the LQT1 medel. In the LQT1+7 model
(Fig. 7C), upon beta-adrenergic stimulation, Ix; suppression
also caused an increase in TDR and the occurrence of EADs
in M cell. Transient depolarizations such as small delayed
afterdepolarization (DADs) were observed in the diastolic
phase of M cell in the LQT14-7 series (Fig. 7C, solid line), as
previously reported.’® Thus, based upon the KYOTO compu-
tational model, it was postulated that these genetic modifiers
in addition to the A341V (KCNQ!) mutation increase the
arrhythmogenic risk in our patients.
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Discussion

Heterogeneity af Clinical Phenotype
and Beta-Blocker Response

Recent advances in studies of hereditary arrhythmia
allowed us to conduct gene-specific treatment. Beta-
adrenoceptor blockers have become first-line therapy with
high efficacy in LQTI patients,'™'?!? and Shimizu and
Antzelevitch'!:3® showed the cellular mechanism in arteri-
ally perfused wedge preparations. On the other hand, some
LQTI1 cases were refractory to this therapy, and the rea-
sons remain unknown.'®!? In the present study, 18 LQT]I
patients in whom 6 different KCNQ 1 variants were identified
were examined in this regard. There were 4 nonresponders
to the therapy (22%). This percentage in the 70-month ob-
servation period was comparable to the ~20% previously re-
ported.!® 3 One of the patients took aprindine, which mod-
ulated the efficacy of beta-blocker treatment. The other 3
patients from 2 families all were carriers of the mutation het-
erozygous A341V (KCNQ/J). We then conducted extensive
genetic analyses in 18 patients from 12 families and found
that these 2 families had two heterozygous mutations in other
LQTS-related genes: G1445 (KCNJ2) and STO6C(KCNH?2).
In contrast, we failed to identify any additional mutations in
LQTS-related genes in the remaining 10 families.

Alanine at codon 341 is a hot-spot KCNQ/! mutation, and
a number of LQT1 families carrying this variant have been
reported with their clinical features.!2%-32:40-42 There were 8
symptomatic and heterozygous A341V carriers among our
study patients. Three of these patients who had A341V alone

A LQT1

BL

=80

LS

1000ms

Figure 7. Action potential simulation study in beta-adrenergic stimuia-
tion. Three tvpes of action potentials (AP) in LOT1 (A), LQTI+2 (B), and
LOT147(C) models under beta-adrenergic stimulation. Solid lines indicate
AP trains in the mid-myocardial (M) model, dashed lines in the isochronal
epicardial {Epi; reduced current amplitude} madel.
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(K-001} were good responders to beta-blocker therapy. In
contrast, among 5 members with double mutations (K-024
and K-125), 3 were nonresponders. As we confirmed with
the functionat outcome of A341V mutation by electrophysi-
ologic techniques (Fig. 4), this variant produced a 50% cur-
rent reduction in the heterozygous condition and exerted no
dominant negative effect. Both results partially explained the
phenotype of patients with A341V alone. In other words, ad-
ditional mutations in either KCNJ2 or KCNH2 appeared to
modify the clinical aspects.

Simulation Study and Implications for Clinical Features

How can we learn the phenotype modified by these double
mutations? Transgenic mice or gene transfer techniques using
virus vector®®* have helped us to understand much about
the mechanism of LQTS, but it is difficult in the presence of
multiple mutations. Therefore, we conducted a computer AP
simulation by adopting the KYOTO model'® and by including
some human experimental data. Cellular electrophysiologic
characteristics were examined extensively (Figs. 6 and 7) by
incorporating multiple current dysfunctions measured in the
heterologous expression system (Fig. 4 and 5).

Beta-adrenergic stimulation in the LQT1 model induced
a larger TDR and increased risk for EADs, as demonstrated
by Shimizu and Antzelevitch®® in wedge preparations and as
seen in clinical settings. Additional reduction in either Ik
or Iy, produced marked electrical instability, especially in
the presence of low K* or beta-adrenergic stimulation. Thus,
additional genetic alterations may be one cause for the severe
phenotype in LQTS.

To our knowledge, there has been only one case report
of double mutations of LQTS-related genes (KCNQJ and
KCNH2).% Two members of the affected family (LQT1+2)
were severely symptomatic and resistant to beta-blocker ther-
apy. Hypokalemia due to diarrhea and vomiting appeared to
be an aggravating factor in these cases. Because, based on
our computer model, hypokalemia is a definite risk factor in
the case of LQT1+2 model (Fig, 6C), K supplement therapy
would have been effective in their cases.

Study Limitations

Qur clinical data were obtained in a relatively small num-
ber of Japanese LQTS families; therefore, the extent to which
the data can be applied more generally must be verifiedin a
larger cohort. We conducted computer AP simulation studies
using the KYOTO model, which consists of reconstruction of
guinea pig APs. Although we replaced some major elements
withhuman experimentally outcome (Table 1), we mustawait
more detailed information on human cardiac myocyte elec-
trophysiology in both normal and genetically altered con-
ditions. Further study is required to develop a multicellular
model with predictable ECG as well as a whole heart com-
puter model.

Conclusion

We provide evidence that multiple mutations in different
LQTS-related genes may influence phenotype severity and
reduce beta-blocker effectiveness in LQT patients. Previous
reports showed that approximately 20% of LQT]1 patients are
resistant to beta-blocker therapy.'™'? We suggest that there
may be additional mutations in such patients, and that it is

of critical importance to conduct a complete genetic survey
of all LQTS-related genes, even if one possible mutation has
already been identified.
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Abstract

A method for reconstructing an action potential during the repolarization
period was developed. This method uses a current distribution—plotted as
a current-arrow map (CAM)—calculated using magnetocardiogram (MCG)
signals. The current arrows are summarized during the QRS complex period
and subtracted during the ST-T wave period in order to reconstruct the action-
potential waveform. To ensure the similarity between a real action potential and
the reconstructed action potential using CAM, a monophasic action potential
(MAP) and an MCG of the same patient with type-1 long-QT syndrome were
measured. Although the MAP had one notch that was associated with early
afterdepolarization (EAD), the reconstructed action potential had two large
and small notches, The small notch timing agreed with the occurrence of the
EAD in the MAP. On the other hand, the initiation time of an abnormal current
distribution coincides with the appearance timing of the first large notch, and
its end time coincides with that of the second small notch. These results
suggest that a simple reconstruction method using a CAM based on MCG data
can provide a similar action-potential waveform to a MAP waveform without
having to introduce a catheter.

(Some figures in this article are in colour only in the electronic version}
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1. Introduction

The action potential is a basic unit of electrical activation in the heart. It has a variety
of waveforms depending on the atrial myocardium, the ventricular myocardium and the
conduction pathways (AV node, His, bundle branches and Purkinje) {Hoffman and Cranefield
1960). To detect the action potential, monophasic action potential (MAP) recording
has been used since the first comparison study between action potential and MAP was
performed (Hoffman et al 1959). MAP recordings revealed afterdepolarizations during the late
repolarization period in two patients with congenital long-QT syndrome (Gavrilescu and Luca
1978). Furthermore, an early afterdepolarization (EAD) was detected on a MAP of patients
with idiopathic long-QT syndrome (Bonatti ef a/ 1983). It has also been reported that the
appearance of the EAD in the LQT group was associated with an increased amplitude of the
late component of the TU complex and that the corrected QT (QTc) interval was prolonged by
isoproterenol (Shimizu ef al 1991). Moreover, it has been reported that the EAD triggered the
ventricular premature complex (Shimizu et af 1994, 1995) and torsades de pointes in patients
with long-QT syndrome (Kurita et al 1997, Yos et al 2000),

Flectrical propagation of the ventricular action potential was studied using a one-
dimensional Beeler—Reuter cable model (Beeler and Reuter 1977). The model has been
used to reconstruct two-dimensional electrical propagation (Roberge et al 1986, Delgado er al
1990). These studies suggested that threshold requirements for active propagation were
lower for transverse propagation than for longitudinal propagation, which is associated with
a line of gap junctions. Although the model still has some problems (fibre oricntation,
three-dimensional complexity, etc, in the real heart), it is very useful for understanding the
mechanism of electrical activation in the myocardial muscle.

The repolarization wave represents current flow which is originated from the potential
difference of action potential mainly between endocardial and epicardial regions. Thus, a
magnetocardiogram (MCG) can depict the potential derivative at each time point, i.e. the
difference of action potential of two regions. The MCG has a high spatial resolution for
cardiac electrical sources because it suffers little interference from various organs such as
the bones and the lungs (Hosaka er al 1976, Cuffin 1978). Electrical distributions have
been analysed mathetnatically by a multiple-source model (Karp et af 1980} and a realistic
torso model (Nenonen et al 19%1). To simplify the analysis, we have used a tangential
vector calculated from the normal component of a magnetic field, because it reflects an
electrically activated current distribution (Hosaka and Cohen 1976, Tsukada er af 1998, 1999,
Miyashita et af 1998, Horigome et al 1999, Kandori et al 2001a, 2001b, 2002, Kanzaki et al
2003). In the visualization of a tangential vector, MCGs of adult patients with long-QT
syndrome (L.QTS) had an abnormal current distribution in the cases of LQT1 and LQT2 types
(Kandori et al 2002).

In the present study, we developed a method that uses MCG signals to reconstruct an
action potential in a repolarization phase. We then verified that this method can be used to
estimate the presence of the EAD in LQTS patients.

2. Methods

2.1, Relationship between action potential and electrocardiogram

The relationship between a cell-membrane ionic current, an action potential in ventricular
muscle and an electrocardiogram can be represented by figure 1. When the selectivity of the
jons in the current increases, an ionic current occurs in accordance with the ionic potential
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