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We sought to compare the arrhythmic risk and sensitivity to sympathetic stimulation of
mutations located in transmembrane regions and C-terminal regions of the KCNQI channel
in the LQT1 form of congenital long QT syndrome (LQTS).

The LQT1 syndrome is frequently manifested with variable expressivity and incomplete
penetrance and is much more sensitive to sympathetic stimulation than the other forms.
Sixty-six LQT1 patients (27 families) with a total of 19 transmembrane mutations and 29
patients (10 families) with 8 C-terminal mutations were enrolled from five Japanese institutes.
Patients with transmembrane mutations were more frequently affected based on electrocar-
diographic (ECG) diagnostic criteria (82% vs. 24%, p < 0.0001) and had more frequent
LQTS-related cardiac events (all cardiac events: 55% vs. 21%, p = 0.002; syncope: 55% vs.
21%, p = 0.002; aborted cardiac arrest or unexpected sudden cardiac death: 15% vs. 0%, p =
0.03) than those with C-terminal mutations. Patients with transmembrane mutations had a
greater risk of first cardiac events occurring at an earlier age, with a hazard ratio of 3.4 (p =
0.006) and with an 8% increase in risk per 10-ms increase in corrected Q-Tend. The baseline
ECG parameters, including Q-Tend, Q-Tpeak, and Tpeak-end intervals, were significantly
greater in patients with transmembrane mutations than in those with C-terminal mutations
(p < 0.005). Moreover, the corrected Q-Tend and Tpeak-end were more prominently
increased with exercise in patients with transmembrane mutations (p < 0.005).

In this multicenter Japanese population, LQT1 patients with transmembrane mutations are
at higher risk of congenital LQTS-related cardiac events and have greater sensitivity to
sympathetic stimulation, as compared with patients with C-terminal mutations. (J Am Coll

Cardiol 2004;44:117-25) © 2004 by the American College of Cardiology Foundation

Congenital long QT syndrome (LQTS) is a hereditary
disorder characterized by a prolonged QT interval on the
electrocardiogram (ECG), commonly associated with poly-
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morphic ventricular tachycardia known as torsade de pointes
(TdP), often leading to severe symptoms, such as syncope
and sudden cardiac death (1,2). Genetic studies have so far
identified seven forms of congenital LQTS caused by
mutations in genes of the potassium and sodium channels or
the membrane adapter located on chromosomes 3, 4, 7, 11,
17, and 21 (3-5). Among the seven forms, LQT1 syndrome
is one of the two most common genetic variants of LQTS
and accounts for approximately 25% of genotyped patients
(6). Mutations in KCNQI are responsible for defects in the
slowly activating component of the delayed rectifier potas-
stum current (Ig,) underlying LQT1 syndrome (7). The
LQT1 syndrome is frequently manifested with variable
expressivity and incomplete penetrance (8—10) and is much
more sensitive to sympathetic stimulation than the other
forms (11,12).

Examination of the genotype-phenotype correlation is
important for the management and treatment of patients
with congenital LQTS, especially in the LQT1, LQT?2, and
LQT3 forms, which constitute approximately two-thirds of
genotyped LQTS (13). More recently, mutation site-
specific differences in the severity of phenotype have been
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Abbreviations and Acronyms

APD = action potential duration
DNA = deoxyribonucleic acid

Tcica = Ca?"-activated chloride current

Ix: = fast component of the delayed rectifier
potassium current

Ik, = slow component of the delayed rectifier
potassium current

Tna-ca = 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 KCNH2 gene were at markedly increased risk of
arrhythmia-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 KCNQI 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 KCNQI 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 XCNQI
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 KCNQ?
mutations were confirmed in all patients by using standard
genetic tests. Briefly, genomic deoxyribonucleic acid (DNA)
was isolated from leukocyte nuclei by conventional methods.
Screening for mutations of KCNQI, KCNH2, SCN54,
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 sequencer (3700 DNA Ana-
lyzer, PE Applied Biosystems, Foster City, California). If
the patients had double mutations within the KCNQI 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 LQTS 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 Vs, 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 a 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-
arrhythmic 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 noise in the measurement.

Genetic characterization. Genetic mutations of the
KCNQI1 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 S6, 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 95 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 LQTS
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 different, 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 unexpected 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
events 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
1.4 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. KCNQ1 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
G314S 1 1 Pore 7 Missense Dominant negative (19,20)
Non-pore region
R174H 1 2 S2/S3 2 Missense
F193L 1 4 S2/S3 3 Missense Loss of function (21)
A226V* 1 3 S4 4 Missense
R237P* 1 1 S4/S5 5 Missense
R243C 2 4 S4/S5 5 Missense Loss of function (22)
R243T1* 1 2 S4/S5 5 Missense
V254M 2 3 S4/S5 5 Missense Dominant negative (18)
R259C 1 1 S4/S5 5 Missense Loss of function (23)
G269S 3 6 S5 6 Missense
S2771* 2 4 S5 6 Missense
G325R 1 4 Sé6 7 Missense
delF339 1 2 S6 7 Deletion
A341V 4 19 S6 7 Missense Loss of function (18)
A344sp 1 4 S6 7 Splice site
A344E* 1 2 S6 7 Missense
C-terminus region
R451Q* 1 1 C-term. 10 Missense
1517T* 1 3 C-term. 12 Missense
A525V* 2 2 C-term. 12 Missense
L572£s/20* 1 3 C-term. 14 Frameshift
T587M 2 2 C-term. 15 Missense Trafficking abnormality (24)
R591H 1 6 C-term. 15 Missense
D611Y* 1 10 C-term. 16 Missense
H637fs/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

termination); 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
a greater sensitivity to sympathetic stimulation than did
patients with C-terminal mutations.
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Table 2. Clinical Characteristics of the Study Population

121

Transmembrane Domain C-Terminal
(n = 66) (n=29) p Value
Demographics
Female gender (%) 41 (62%) 14 (48%) NS
Proband (%) 29 (44%) 8 (28%) NS
Age (yrs) at ECG (range) 32 + 20 (6-83) 28 = 17 (4-64) NS
Diagnosis
Diagnosed LQTS (Keating) 54 (82%) 7 (24%) < 0.0001
Diagnosed LQTS (Schwartz >4) 43 (65%) 5 (17%) < 0.0001
Schwartz score 44 *+21 20x15 < 0.0001
Baseline ECG measurements
RR (ms) 910 + 127 918 + 131 NS
Q-T.,4 (ms) 472 = 54 419 + 46 <0.0001
Q-T,ca (ms) 382 * 46 349 + 44 0.002
T euicena (m5) 90 % 20 71+ 12 <0.0001
Corrected Q-T,, 4 (ms) 496 = 46 439 = 38 < 0.0001
Corrected Q-T . (ms) 402 + 42 365 + 39 0.0002
Corrected Tpeppc-cna (ms) 95 +19 74+ 11 < 0.0001
Torsade de pointes (%) 10 (15%) 2 (7%) NS
T-wave alternans (%) 10 (15%) 0 0.03
Cardiac events
All cardiac events (%) 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 are presented as the mean value * SD or number (%) of subjects.
ECG = electrocardiography; LQTS = long QT syndrome; SCD = sudden cardiac death.

Mutation site-specific arrhythmic risk in LQT1 syn-
drome. Moss et al. (14) have recently reported that the
greater risk of arrhythmia-related cardiac events in LQT?2
patients with pore mutations of the KCNH2 gene was
consistent with the cellular electrophysiologic effects of the
KCNH?2 mutations, with pore mutations showing a greater
negative effect on the rapidly activating component of the
delayed rectifier potassium current (Ix,) than non-pore
mutations. Although the cellular electrophysiologic effects
of a small percentage of known KCNQI mutations have
been reported to be like those of KCNH2 mutations, several
in vitro electrophysiologic studies have reported missense
mutations with dominant-negative effects on Iy, in the
transmembrane regions of the KCNQT gene (18,19,25,26).
However, Wang et al. (18) have suggested that the degree of
Ik, suppression by KCNQI 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 KCNQI gene (R555C, R533W, R539W,
A544, G589D, T587M, and G643S) 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 I, 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 KCNQI
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 KCNQ1
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 LQT1 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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Non-proband
16 y.0. male
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cQ-Tpeak = 340 ms
cTpeak-end = 73 ms

JACC Vol. 44, No. 1, 2004
July 7, 2004:117-25

Exercise

cQ-Tend=574ms |
cQ-Tpeak = 436 ms
cTpeak-end = 138 ms

cQ-Tend = 44‘3.r’r'13
cQ-Tpeak = 329 ms
cTpeak-end = 114 ms

Figure 1. Electrocardiographic parameters in lead Vs 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-year-old male) (C and D). The baseline
corrected Q-Tend (cQ-Tend), Q-Tpeak (cQ-Tpeak), and Tpeak-end (cTpeak-end) intervals were greater in the patient with a transmembrane mutation
than in the patient with a C-terminal mutation (A and C). Exercise produced more prominent increases in the cQ-Tend and cTpeak-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 mutation
in the present study. These findings suggest that careful

A

1.09

1.0 7

Total

0.8+

Transmembrane domain
(n=66)

Cumulative Probability of First Cardiac Event

Transmembrane domain
(n=29)

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

Probands Non-Probands

Transmembrane domain
(n=37)

P=0.007
C-terminal
(n=21)
1 | T 1 I 1T 17 1T 71T 71
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Age (years) Age (years) Age (years)

Figure 2. (A) Kaplan-Meier cumulative cardiac event curves from birth through to age 50 years for a total of 95 patients with KCNQI 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. Kaplan-Meier
cumulative cardiac event curves for 37 probands (B) and 58 non-probands (C) with transmembrane mutations and C-terminal mutations.
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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 (yrs) 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-T . (ms) 403 = 37 359 =26 <0.0001

Corrected Tepp-ena (ms) 91 + 12 76 * 6 NS
ECG measurements after exercise

RR (ms) 514 + 87* 503 + 74* NS

Corrected Q-T,,q (ms) 571 * 45* 470 = 39* <0.0001

Corrected Q=T ., (ms) 420 *+ 38 365 *+ 51 <0.0001

Corrected Tep-ena (ms) 151 + 34* 106 * 17* <0.0001
Changes in ECG measurements with exercise

RR (ms) 349 + 119 348 + 137 NS

Corrected Q-T,, 4 (ms) 77 £ 32 35*+17 <0.0001

Corrected Q-T ., (ms) 17 £ 36 5+ 30 NS

Corrected Tpeppc-ena (ms) 60 + 34 30 £ 17 0.002

*p < 0.005 vs. before exercise. Data are presented as the mean * 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.”

Zareba et al. (32) recently reported on 294 LQT1
patients in the International Long-QT Syndrome Registry
and analyzed the QTc interval and cardiac event rates by
mutation location. In contrast to the present study, they
found no significant differences in QTc 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 overlap 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 Iy function
(22); thus, a more severe phenotype is expected in mutations
located in the S4 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 S4 to S5 loop and the S6
segment, except for two mutations found in the S2 to S3

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
a longer corrected Q-Tend than did those with pre-pore
mutations (data not shown). Overall, 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
KCNQ1I 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 reported both clinically and experimentally to
be the most sensitive to sympathetic stimulation among the
seven forms of LQTS (9-12). Sympathetic stimulation 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 (Iyc,),
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
LQT?2 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 protein kinase and protein
phosphatase-1 to KCNQI through the targeting protein
yotiao. The binding of protein kinase and protein
phosphatase-1 to the KCNQI 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 QT ¢ interval was mild in patients with the two
mutations (Fig. 1). Further clinical evaluation will be
required to conclude the role of LZ motifs in the
C-terminus on sympathetic modulation of the Iy, channel.

Acknowledgments

We gratefully acknowledge the expert technical assistance of
Naotaka Ohta and Ritsuko Yamamoto (Laboratory of Molec-
ular Genetics, National Cardiovascular Center, Suita, Japan).

Reprint requests and correspondence: Dr. Wataru Shimizu,
Division of Cardiology, Department of Internal Medicine, Na-
tional Cardiovascular Center, 5-7-1 Fujishiro-dai, Suita, Osaka,
565-8565 Japan. E-mail: wshimizu@hsp.ncve.go.jp.

REFERENCES

1. Schwartz PJ, Periti M, Malliani A. The long QT syndrome. Am
Heart ] 1975;89:378-90.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

JACC Vol. 44, No. 1, 2004
July 7, 2004:117-25

. Moss AJ, Schwartz PJ, Crampton RS, et al. The long QT syndrome:

a prospective international study. Circulation 1985;71:17-21.

. Keating M T, Sanguinetti MC. Molecular and cellular mechanisms of

cardiac arrhythmias. Cell 2001;104:569-80.

. Plaster NM, Tawil R, Tristani-Firouzi M, et al. Mutations in Kir2.1

cause the developmental and episodic electrical phenotypes of Anders-
en’s syndrome. Cell 2001;105:511-9.

. Mohler PJ, Schott JJ, Gramolini AO, et al. Ankyrin-B mutation

causes type 4 long-QT cardiac arrhythmia and sudden cardiac death.
Nature 2003;421:634-9.

. Splawski I, Shen ], Timothy KW, et al. Spectrum of mutations in

long-QT syndrome genes: KVLQT1, HERG, SCN5A, KCNE1, and
KCNE2. Circulation 2000;102:1178-85.

. Sanguinetti MC, Curran ME, Zou A, et al. Coassembly of KvLQT1

and minK (IsK) proteins to form cardiac Iy, potassium channel.
Nature 1996;384:80-3.

. Priori SG, Napolitano C, Schwartz PJ. Low penetrance in the

long-QT syndrome: clinical impact. Circulation 1999;99:529-33.

. Shimizu W, Noda T, Takaki H, et al. Epinephrine unmasks latent

mutation carriers with LQT1 form of congenital long QT syndrome.
J Am Coll Cardiol 2003;41:633-42.

Priori SG, Schwartz PJ, Napolitano C, et al. Risk stratification in the
long-QT syndrome. N Engl ] Med 2003;348:1866—74.

Schwartz PJ, Priori SG, Spazzolini C, et al. Genotype-phenotype
correlation in the long-QT syndrome: gene-specific triggers for life-
threatening arrhythmias. Circulation 2001;103:89-95.

Shimizu W, Antzelevitch C. Cellular basis for the electrocardiographic
features of the LQT1 form of the long QT syndrome: effects of
beta-adrenergic agonists, antagonists and sodium channel blockers on
transmural dispersion of repolarization and torsade de pointes. Circu-
lation 1998;98:2314-22.

Zareba W, Moss AJ, Schwartz PJ, et al. Influence of the genotype on
the clinical course of the long-QT syndrome. N Engl ] Med 1998;
339:960-5.

Moss AJ, Zareba W, Kaufman ES, et al. Increased risk of arrhythmic
events in long-QT syndrome with mutations in the pore region of the
human ether-a-go-go-related gene potassium channel. Circulation
2002;105:794-9.

Donger CD, Denjoy I, Berthet M, et al. KVLQTZ C-terminal
missense mutation causes a forme fruste long-QT syndrome. Circu-
lation 1997;96:2778-81.

Keating M, Atkinson D, Dunn C, et al. Linkage of a cardiac
arrhythmia, the long QT syndrome, and the Harvey ras-1 gene.
Science 1991;252:704-6.

Schwartz PJ, Moss AJ, Vincent GM, et al. Diagnostic criteria for the
long QT syndrome: an update. Circulation 1993;88:782—4.

Wang Z, Tristani-Firouzi M, Xu Q, et al. Functional effects of
mutations in KvLQT1 that cause long QT syndrome. ] Cardiovasc
Electrophysiol 1999;10:817-26.

Chouabe C, Neyroud N, Guicheney P, et al. Properties of KvLQT1
K" channel mutations in Romano-Ward and Jervell and Lange-
Nielsen inherited cardiac arrhythmias. EMBO ] 1997;16:5472-9.
Mohammad-Panah R, Demolombe S, Neyroud N, et al. Mutations in
a dominant-negative isoform correlate with phenotype in inherited
cardiac arrhythmias. Am ] Hum Genet 1999;64:1015-23.
Yamaguchi M, Shimizu M, Ino H, et al. Clinical and electrophysio-
logical characterization of a novel mutation (F193L) in the KCNQ1
gene associated with long QT syndrome. Clin Sci 2003;104:377-82.
Franqueza L, Lin M, Shen ], et al. Long QT syndrome-associated
mutations in the S4-S5 linker of KvLLQT1 potassium channels modify
gating and interaction with minK subunits. ] Biol Chem 1999;274:
21063-70.

Kubota T, Shimizu W, Kamakura S, et al. Hypokalemia-induced long
QT syndrome with an underlying novel missense mutation in S4-
S5linker of KCNQI. J Cardiovasc Electrophysiol 2000;11:1048-54.
Yamashita F, Horie M, Kubota T, et al. Characterization and
subcellular localization of KCNQ1 with a heterozygous mutation in
the C terminus. ] Mol Cell Cardiol 2001;33:197-207.

Wang Q, Curran ME, Splawski I, et al. Positional cloning of a novel
potassium channel gene: KVLQT1 mutations cause cardiac arrhyth-
mias. Nat Genet 1996;12:17-23.

Shalaby FY, Levesque PC, Yang WP, et al. Dominant-negative
KvLQT1 mutations underlie the LQT1 form of long QT syndrome.
Circulation 1997;96:1733-6.



JACC Vol. 44, No. 1, 2004
July 7, 2004:117-25

27.

28.

29.

30.

31.

Chouabe C, Neyroud N, Richard P, et al. Novel mutations in
KvLQT1 that affect Iks activation through interactions with Isk.
Cardiovasc Res 2000;45:971-80.

Neyroud N, Tesson F, Leibovici M, et al. A novel mutation in the
potassium channel gene KVLQTY? caused the Jervell and Lange-
Nielsen cardioauditory syndrome. Nat Genet 1997;15:186-9.

Piippo K, Swan H, Pasternack M, et al. A founder mutation of the
potassium channel KCNQ1 in long QT syndrome: implications for
estimation of disease prevalence and molecular diagnostics. ] Am Coll
Cardiol 2001;37:562-8.

Kubota T, Horie M, Takano M, et al. Evidence for a single nucleotide
polymorphism in the KCNQI1 potassium channel that underlies
susceptibility to life-threatening arrhythmias. J Cardiovasc Electro-
physiol 2001;12:1223-9.

Larsen LA, Fosdal I, Andersen PS; et al. Recessive Romano-Ward
syndrome associated with compound heterozygosity for two mutations
in the KVLQT1 gene. Eur ] Hum Genet 1999;7:724-8.

32.

33.

34.

35.

36.

Shimizu et al. 125

Mutation Site-Specific Differences in LQT1 Syndrome

Zareba W, Moss A]J, Sheu G, et al. Location of mutation in the
KCNQ1 and phenotypic presentation of long QT syndrome. J Car-
diovasc Electrophysiol 2003;14:1149-53.

Ackerman MJ, Khositseth A, Tester D], et al. Epinephrine-induced
QT interval prolongation: a gene-specific paradoxical response in
congenital long QT syndrome. Mayo Clin Proc 2002;77:413-21.
Shimizu W, Tanabe Y, Aiba T, et al. Differential effects of B-blockade
on dispersion of repolarization in absence and presence of sympathetic
stimulation between LQT1 and LQT2 forms of congenital long QT
syndrome. ] Am Coll Cardiol 2002;39:1984-91.

Takenaka K, Ai T, Shimizu W, et al. Exercise stress test amplifies
genotype-phenotype correlation in the LQT1 and LQT?2 forms of the
long QT syndrome. Circulation 2003;107:838—44.

Marx SO, Kurokawa J, Reiken S, et al. Requirement of a macro-
molecular signaling complex for beta-adrenergic receptor modula-
tion of the KCNQ1-KCNET1 potassium channel. Science 2002;295:
496-9.



	Mutation Site-Specific Differences in Arrhythmic Risk and Sensitivity to Sympathetic Stimulation in the LQT1 Form of Congenital Long QT Syndrome
	METHODS
	Patient population
	Clinical characterization
	CLINICAL DIAGNOSIS
	BASELINE 12-LEAD ECG MEASUREMENTS
	CARDIAC EVENTS, THERAPY, AND FOLLOW-UP
	EXERCISE TREADMILL TESTING

	Genetic characterization
	Statistical analysis

	RESULTS
	Genetic characteristics
	Clinical characteristics
	Clinical course by mutation location
	Exercise treadmill testing

	DISCUSSION
	Mutation site-specific arrhythmic risk in LQT1 syn-drome
	Greater sensitivity to sympathetic stimulation in trans-membrane mutations of the KCNQ1 gene

	Acknowledgments
	REFERENCES




