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Mutation Site Dependent Variability of Cardiac Events
in Japanese LQT2 Form of Congenital
Long-QT Syndrome

lori Nagaoka, MD: Wataru Shimizu, MD*; Hideki ltoh, MD; Satoshi Yamamoto, MD;
Tomoko Sakaguchi. MD; Yuko Oka, MD: Keiko Tsuji, MS; Takashi Ashihara, MD;
Makoto lto, MD; Hidetada Yoshida, MD*#*; Seiko Ohno, MD**;

Takeru Makiyama, MD**; Yoshihiro Miyamoto, MD"; Takashi Noda, MD#;
Shiro Kamakura, MD*: Masaharu Akao, MD**; Minoru Horie, MD

Background In the LQT2 form of long QT syndrome (LQTS), mutation sites are reported to correlate with
chinical phenotypes in Caucasians, but the relationship in Asian patients remains unknown. The present study
was designed to determine whether the location of KCNH2 mutations would influence the arrhythmic risk in
LQT?2 patients.

Methods and Results [n |18 genetically-confirmed LQT2 patients (69 families, 62 KCNH2 mutations), the
ECG parameters, Schwartz scores, and the incidence of cardiac events, defined as syncope, aborted cardiac arrest,
and sudden cardiac death, were evaluated. To examine the effect of mutation sites, the participants were divided
accordingly: pore (n=56) and non-pore (n=62) groups. The comrected QTend interval was significantly greater in
the pore than in the non-pore group (QTe: 522463 ms vs 490£49 ms, p=0.002). In this study. the clinical course of
euch of the probands did not differ according to the mutation sites, whereas non-probands carrying the pore site
mutation experienced their first cardiac events at significantly younger age than those with the non-pore site muta-

tion (log-rank, p=0.0005).

Conclusions In a Japanese LQT2 cohort, family members with the pore site mutation were at higher arrhythmic
risk than those with the non-pore site mutation.  (Cire J 2008; 72: 694-699)

Key Words: Arrhythmia; Long-QT syndrome: QTe interval; Risk factors; Torsade de pointes

mogenic disease of the structurally normal heart
that may cause sudden death. LQTS is characterized
by an abnormality in myocardial repolarization that leads to
prolongation of the QT interval, morphological changes in
T waves and torsades-de-pointes (Tdp) type of ventricular
tachycardia on surface ECGs!? To date, 8 distinct genes re-
sponsible for LQTS have been identified, including those
of Andersen (LQT7) and Timothy (LQT8) syndromes: on
chromosome 11q15.5 (KCNQ/; LQT1), 7935-36 (KCNH2;
LQT2), 3p2l (SCN3A; LQT3), 4925-27 (ANKB; LQT4),
21922 (KCNEL: LQTS), 21922 (KCNE2; LQT6), 17q23
(KCNJ2. LQTT7) and 12p13.3 (CACNIC; LQTE)H-'0
Moss et al!l extensively examined the relationships be-
tween the site of mutation and clinical phenotype in approxi-

T he long QT syndrome (LQTS) is an inherited arrhyth-
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mately 44 different LQT2-related KCNH2 mutations. They
reported that subjects with causative mutations in the pore
region (n=38, amino acid residues 550 through 6350) had
more severe clinical manifestations and experienced a higher
frequency (74% vs 35%; p<0.001) of arrhythmia-related
cardiac events occurring at younger age than did subjects
with non-pore mutations (n=166).

In LQTI, based on the United States portion of the Inter-
national LQTS Registry (n=425), the Netherlands’ LQTS
Registry (n=93), and the Japanese LQTS Registry (n=82),
600 patients with KCNQ/! mutations were classified into 2
groups of patients with transmembrane and C-lerminus
mutations and their clinical phenotypes were examined!?
That study found that patients with transmembrane muta-
tions were at increasing risk for cardiac events (hazard ratio,
2.06; p<0.001). Shimizu et al also studied the mutation site-
dependent differences in 95 LQTI patients from a mulu-
center Japanese population and also found that patients with
transmembrane mutations were at higher risk of cardiac
events and had longer QTc and Tpeak-end intervals!?

In Japanese LQT2 patients, mutation site dependency is
unclear, although this has been reported in Caucasian pa-
tients, Therefore, in the present study we aimed (o compare
the genotype and phenotype relationship. according to the
classification adopted by Moss et al!! in 118 Japanese LQT2
patients who were genetically identified in the 3 genetic
centers in Japan and had no other mutations in LQTS-
related genes (except LQT4 and 8).
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Table | KCNH2 Mutations by Location, Amino-Acid Coding, Type of Mutation, and Reported Functional Effects

Nu. of Nu. of Functional effect in
Sfamilies sifyjects Fosition Exon Ty af iz expression stvdics
Fore regions
AS6IT ! ! 55 7 Missense Trafficking defect {22)
ERLTAS ! ! 35 7 Missense Druminant negative (23)
WiaiC* ! ! Porre 7 Missense
Wia3G* ) 2 Pore rd Missense
CSHaF* 1 1 Pore 7 Missense
G5725 2 4 Pore 7 Missense
M374V* ] i Pore T Missense
RS82L 1 2 Pore 7 Missense
R382C 1 ! Pore 7 Missense
GS84C I 2 Pore 7 Missense
GS9ove 1 1 Porr 7 Missense
1593\ iy i Pore 7 missense
K395N* 1 2 Pore 7 Missense
KSusE* ! ! Pore 7 Missense
oS 2 5 FPore 7 Missense Trafficking defect (22, 24}
GHMS 2 2 Pore 7 Missense
SHi6P ! 1 Pore 7 Missense
THIIM 2 K] Pore 7 Missense Daminant negative (23)
AtV 4 (] FPore 7 Missense Dominant negative { 26)
T6231 i ! Pore 7 Mussense Trafficking defect (22)
G62KS ! 2 Pore 7 Missense Trafficking defect (22§
N62OK ! ! Pore 7 Missense Dominant negative (27)
N6338 ! ! Pure 7 Missense
K638del ! ! 56 7 Deletion
Fodtdel” I ! 56 7 Deletion
St F i 3 56 7 Missense
VodaF I 4 6 7 Missense
Subtotal 14 56
Nem-pure regiony
N-terminal regions
VdIA* 1 l N-term 2 Missense
Y430+ i ] N-term 2 Mixsense
E50fs + 10X™ ! ! N-term 3 Deletiondframeshift
G538 ! ! Neterm 2 Missense
82-84inslAQ ! ! Neterm 2 Insertion
FloaLs I ! Neterm 3 Missense
Dirve l I N-term 3 Missense
VIisM* ! i N-term 3 Missense
PISifs+ 179X 1 ! N-term L] Insertion/frameshifi
GINT-A 1 Hhdel* ! i Noterm 4 Deletiom
R312-5318del* ! 2 N-term 5 Deletion
S320L ! 1 N-term 3 Missense
Pizal ! ! N-term 5 Missense
K3odfi+ 3K~ ! i N-term 5 Insertion/deletion/frameshift
Kisafs+ 31X+ d 4 N-term 5 Insertion/frameshift
Transmembrane domaing other than pore regions
[ERCTR ! 2 i L] Nonsense
F471fc+ 50X~ 1 1 51-52 [ Deletiondframeshift
J489F+ ! 1 51.52 (] Missense
AL490T ! I 51.82 ] Missense Current denvity & (28]
H4u2Y* ! 2 51.582 ] Missense
Weo7x ! ¥ 53 4 Nonsense
DSOIN ! i 53 f Missense
R534C 1 2 54 7 Missense Trafficking defect (22)
C-terminal region
@738X* ! 2 C-term 9 Nonsense
G745-G749del, Fins/fv+ 56X* ! 1 C-term i Insertinnddeletion!frameshift
R752W ! 2 C-term iy Missense Trafficking defect (22)
S8IAL ! ! Coterm n Missense Reduced T current (29)
PEIOT™ ! ! Cererm 1o Missense
WESIfs+ 14X~ I 2 Ceterm 10 Deletion/frameshift
R863X ! 2 C-term 1 Nensense
Lol lfs+6X* ! i C-term 2 Deletion/frameshift
ROI2fc+A3X" ! 2 C-term 2 Insertiondframeshift
SH29f5y+ 23X+ ! k} C-term 13 Deletiond frameshift
PIO3Hf 4 23X ! ] Cterm 13 Insertion/frameshift
All44T 1 2 C-term 15 Missense
Subtotal £5] 2

*Newvel mutation
del, deletiom, ins, insertion; fx, first umino acid affected by o frameshift {number after fs is number of amine acidy before terminaiton); lerm, terminus.
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Table 2 Clinical Characteristics of Pore and Non-Pore Mutations
Pore (n=56) Nowi-pore (n=62) p valur
Demngraphics
Female gender (%) 13159%) 42 (AN ) 0344
Proband (%) F11539%) 3 (55%) 0.712
Age (vears) at haseline ECG (range) FILIR(7-74) A6 2-71) 0.920
Age (vears ) at first event (range ) 1610545 20131571 0204
Diagnais
Schwartz score Sitle 4.5£1.8 0oz
Schwartz score 24 (%) 47 (845 41 (66% ) 0034
ECG measurements
Heart rate (beats/min) 6513 64415 D537
RR tms) USIr 18R Y75+ 146 0510
Ot (ms) 505479 982469 0.089
(T pet (ms) 177467 K265 0.650
Tieat-ond (m5) 129255 vordf a.001
Correcred (T tms) 522463 49049 0.002
Corrected QTpes (ms) I8ue62 88247 0.927
Corrected Tost ond (ms} 134252 10142 <0.00/
Torsade de pointes (%) 17 130%) 18 129%) 1.000
T-wave alternany (%) 7(13%) 4i7%) 0. 346
Notched T wave (%) 43 (77%1 12152%) 0007
Cardrae eveniy
Al cardie events (%) 3N (8% ) 12152%) 0.092
Syncope (%) 36(64%) 12(52%) o194
Aborted cardiac arrest/SCD (%) aH%) 2(3%) 0145
Therapy
B-blocker therapy 26(51%) 201 36%) 017
Pavemker (%) 1i2%) (] IR
Sympathectomy [ %) o 0 1.000
Defibrillator (%) Ie2%) 2(3%) 1.000
Daza are mean value * SD or number (%) of wibjects.
ECG, electrocardiography; SCD, sudden cardiac death
Methods analysis were subsequently sequenced by the dideoxynucle-
otide chain termination method with fluorescent dideoxy-
Study Population nucleotides in an ABI 3130 genetic analyzer (PE Applied

The study population consisted of 118 patients from 69
unrelated Japanese LQT2 families enrolled from 3 institutes
in Japan: National Cardiovascular Center, Kyoto University
Graduate School of Medicine and Shiga University of
Medical Science. The KCNA2 mutations were confirmed in
all patients by using standard genetic tests!*+!7 Screening
for mutations in KCNQI, SCN3A. KCNEI, KCNE2, and
KCNJ2? was also conducted, and patients with compound
mutations of KCNH2 and/or additional mutations in these
LOQTS-related genes were excluded from the analysis.
Symptomatic patients were defined as KCNH2 mutation
carriers who experienced at least | episode of syncope (ie,
complete loss of consciousness, or cardiac arrest requiring
cardiac resuscitation), while asymptomatic patients were
those without these events. Follow-up was censored at age
50 years to avoid the influence of coronary artery disease
on cardiac events.

Genetic Analysis and Characterization

Genomic DNA was isolated from venous blood by use of
the QIAamp DNA blood midikit (Qiagen, Hilden, Germany ).
The protocol for genetic analysis was approved by the
institutional cthics committee and was performed under its
guidelines. Established primer settings were used 1o amplify
the entire coding regions of the known LQTS genes from
genomic DNA!*!7 Denawring high-performance liquid
chromatography (DHPLC) was used for screening. For aber-
rant conformers, direct sequencing techniques were per-
formed as described elsewhere!? PCR products were dena-
tured at 95°C for Smin then analyzed by DHPLC. PCR
fragments presenting abnormal signals in the DHPLC

Biosystems).

The pore region of the KCNH2 channel was defined as
the area extending from S5 1o the mid-portion of 86 involv-
ing amino acid residues 550 through 650, according to a pre-
vious report!! The non-pore region included the N-terminus
region, transmembrane domains other than the pore region
and the C-terminus region.

Clinical Characterization

Routine demographic data and basal 12-lead ECGs were
abtained for all subjects at the time of enrollment in each
institute and there was at least yearly follow-up contact. All
ECGs were taken before or without fi-blocker medication.
The ECG parameters measured from the basal recordings
were the RR, QTend, QTpcak and Tpeak-cnd (QTend—QTpcak)
intervals, The lauer is thought to reflect the transmural dis-
persion of ventricular repolarization (TDR)!*-" The rate-
dependent QT intervals were corrected for heart rate by
Bazet's method?! The QTpeas was defined as the time inter-
val between QRS onset and the peak of the positive T wave
or the nadir of the negative T wave. Tpesk-end Was then ob-
tained by calculating QTena minus QTpeak.

These parameters were measured manually in lead Vs
averaged from 2 or 3 consecutive beats. Bifid T waves other
than U waves were included in the QT measurements. If
ECG recordings were obtained during a cardiac event, the
patients were requested to undergo the examination again
after improving. Measurements were performed by 3 inves-
tigators who were completely unaware of the patient’s clini-
cal and genetic status. There were no significant differences
in the measured data between the investigators. and the

Cirenlation foremal 1. 72, May 2008
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mean values were used for analysis. LQTS-reluted cardiae
events were defined as svncope, aborted cardiac arrest, or
unexpected sudden death.

Statistical Analyses

All data are expressed as the mean value+SD. The
Student's t-test was used to compare continuous data be-
tween mutations located in the pore region and those in the
non-pore region, Differences in frequencies were analyzed
by the chi-square test. Time to the first cardiac event (synco-
pe. cardiac arrest, or sudden cardiac death) before initiation
of fi-blocker therapy and before age 50 years was deter-
mined by Kaplan-Meier cumulative estimates. Two-sided
probability values <0.05 were considered statistically sig-
nificant. Statistical caleulations were performed with SPSS
software (version | 1.0O1J, Chicago, IL, USA).

Results

Genetic Characteristics

Table | lists the KCNH2 mutations we identified, classi-
fied by location, number of patients with these causative
mutations, coding effects (missense, insertion, deletion and
frameshift) and functional outcomes. We identified 62 dif-
ferent KXCNVH2 mutations among the 69 LQTS families: 42
missense, 16 deletion/insertion, |1 frameshift and 4 non-
sense mutations. There were 27 (44%) mutations causing
amino acid changes in the pore region and 35 (56%) muta-
tions within the non-pore regions (15 in the N-terminus, 8
in the non-pore transmembrane, and 12 in the C-terminus).
In the pore mutations there were 25 (93%) missense muta-
tions and the remaining 2 were protein deletons (K638del
and Fe40del).

In contrast, the non-pore mutations included more signifi-
cantly complex mutations such as deletion, insertion, frame-
shift or nonsense mutations that resulted in truncation of
channel proteins (15/35, 43%). Thirty-five mutations (56%.
11 in the pore region and 24 in the non-pore regions) were
novel and indicated by asterisk in Table 1. Functional effects
by cellular electrophysiologic tests have been reported in
only 12 of the 62 mutations (19%);222 however, all those
previous reports indicated that the KCNH2 mutations had
loss-of-function effects and made the Ix: current reduce or
disappear. Four pore mutations had dominant-negative
effects, 4 pore mutations and 2 non-pore mutations had traf-
ficking defects, and 2 non-pore mutations reduced the Ik
current.

Clinical Characteristics

Table2 is a comparison of the clinical characteristics of
the 56 patients with pore mutations and the 62 patients with
non-pore mutations. There were no significant differences
between the 2 groups regarding gender, the percentage of
probands and the age at baseline ECG recording. Diagnostic
LQTS scores of Schwartz et al™ were noticeably greater in
the pore group. RR and QTpear intervals were comparable;
however. corrected QTend and Tpeak—emt intervals were much
longer in the pore than in the non-pore group. Although the
incidence of TdP and T-wave alternans did not differ be-
tween groups, notched T waves were more frequently secn
in the pore group (p=0.007 vs non-pore group). The inci-
dence of cardiac evemts and the introduction of f-blocker
therapy were not statistically different between the 2
groups.
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Figl  (A) Kaplan-Meier cumulanve cardise event-free survival
curves from binh through o age 50 years for the wral of 118 pauents
with KCNH2 mutatnions located in the pore (n=36, smooth line) and
pon-pore (n=62, dotted line) regions. The pore group patients expen-
enced their first cardiac event at a younger age than the non-pore group
(log-rank, p=0.049), The difference was caused mainly by the high first-
event rate in non-probands. Kaplan-Meier cumulative cardiac event-free
survival curves for 67 probands (B) and 51 non-probands (C) with pore
mutztions (smooth line) aod non-pore mutations (dotted line).

Clinical Course by Mutation Location

Fig lA shows the Kaplan-Meier cumulative cardiac
event-free survival curves from birth through to age 50 years
for |18 patients (pore group, n=56; non-pore group, n=62).
The pore-group patients experienced their first cardiac event
at @ younger age than the non-pore group (log-rank, p=
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Table 3 Clinical Characteristics of Pore and Non-Pore M in Non-Prot
Pore (n=23) Non-pore (n=28) 1 value
Demagraphics
Femuale gender (%) 14161%) 19(68% ) 0.76Y
Age (years) ul baseline ECG (range) 42120 (9-74) FIE20(2-71) 0124
Ihagnosis
Svhwarts score 47515 13017 (10K
Schwartz score 24 (%) 18(78%) 12143%) 02y
ECG measurements
Heart rate (bears/min 85x15 =17 0.251
RR tmsx) 950170 804=]70 0.20]
QT et (mz) 480251 +41154 00011
QT sk (mix) 352447 252454 0y
j - Ty 128146 Rax i o0}
Corrected (Towt (ms) 4245 47040 hikid
Coreected QT (mis) 349 37440 0423
Corrected Trsteud (ms) 131243 932 0.002
Torvade de pointes (%) Di4%) i 0451
T-wave alternans (%) ] i -
Notched T wave (%) 17174%) 14 (50%) 0.045
Cardiuc events
All cardiae events (%) 11 {48%) 0 <0.00!
Svucape (%) 10 {43%) 0 <1
Aburted cardine arrest/SCD (%) Hid%) 0 0451
Therapy
B-blocker therapy G126%) 7] 0,006
Pacemaker (%) ] 0 =
Symparheciomy (%) 0 0 -
Defibrillator (%) /] 0 -

Data are mean value 2 SD or number (% ) of subjects.
Abbieviations see in Table 2

0.049), We examined the clinical course of the 67 probands
and 51 non-probands separately (Figs 1B,C). The clinical
courses of the probands were not significantly different ac-
cording to mutation site (Fig |B), whereas in the non-pore
group 28 non-probands remained asymptomatic and more
than half had suffered from cardiac events by the age of 50
(Fig IC). Therefore, the difference stemmed from markedly
distinet prognoses among the non-probands.

Table 3 summarizes the clinical characteristics of the 51
non-probands. The absolute and corrected QTent and
Tpeak-end intervals were all significantly greater in the pore
than in the non-pore group. In the non-probands. the inci-
dence of all cardiac events, syncope, and fi-blocker therapy
were significantly greater in the pore group than in the non-

pore group.

Discussion

This study demonstrates that the clinical features of 118
Japanese LQT2 patients who had 62 different KCNH2
mutations correlated with the mutation sites, but only in non-
probands. In probands, there was no significant relationship
between mutation site and prognosis, Moss et al'! reported
approximately 179 LQT2 patiemts based on 44 different
KCNH2 mutations and those patients with pore mutations
had significantly (p<0.0001) higher frequency of LQTS-
related cardiac events and longer QTe intervals than those
with non-pore mutations. In contrast to their results, in the
present study the mutation-dependent difference in progno-
sis was relatively small, though significant (p=0.049), when
analyzed in the total patient cohort (Fig IA). Indeed, the
beneficial outcome of the non-pore patients stemmed from
their family members (Fig 1C), and probunds showed virtu-
ally similar prognosis 1o that of pore mutation carriers, Al-
though Moss et al did not report separate sub-analysis of

probands and family members, the percentage of family
members in their non-pore group was significantly larger
than that of the pore group (84% vs 57%. p<0.001). The very
good prognosis of the non-pore mutation group in their study
may have reflected that large number of family members,
The character of the mutation per se may be important as
another reason for the variance between these 2 studies. as
both had a similar number of LQT2 patients. Compared
with the study by Moss et al!! the type of mutation in the
present study was quite different: in our non-pore group,
there were significantly more complex mutations, such as
nonsense or frameshift, that caused the truncation of chan-
nel proteins (15/35, 43%) than in the report of Moss et al
(4/30, 13%). For example. nonsense-mediated mRNA de-
cay (NMD) has recently been reported to play an important
role in reducing dominant negative suppression cffects?!
Premature termination codon caused by either a deletion or
insertion mutation would also cause NMD and thereby
attenuate the severity of cardiac phenotypes. This different
nature of the mutations may cause the apparently different
prognosis of the non-pore mutation groups in each study.
In our pore site mutation group, there were only 2 in-
frame deletions, but no frameshift mutations (Table ).
Although it was practically very difficult to conduct every
functional assay for each novel KCNH2 mutation identified
here, some cellular electrophysiological effects are availa-
ble in a small number of KCNH2 mutations we found
{Table I). Several missense mutations in the pore region
(such as AS61V and T613M) have been shown to produce
dominant negative suppression effects, a greater functional
change predisposing to arthythmic events. In contrast, func-
tional assay of several missense mutations in the non-pore
regions has revealed relatively smaller loss-of-function
effects (such as with A490T or S818L) Greater functional
disruption may also be reflected in the different prognosis

Ciralaeion_foumal 1ol 72, May 2008
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of fumily members in the pore and non-pore groups (Fig 1).

Previously we reported that LQTI patients with KCNQ/
mutations located in the transmembrane regions, including
the pore region, are at a higher risk of congenital LQTS-re-
lated cardiac events and longer QTc and Tpeak-end intervals
than are patients with C-terminal mutations!* In LQT2, we
have also demonstrated that Tpesk-end. representing trans-
mural dispersion of ventricular repolarization; is longer in
pore patients than in non-pore patients (Table 2). supporting
the finding that family members with pore mutations are
more likely to suffer from LQTS-related cardiac events than
those with & non-pore mutation.

Studv Limitanions

Curdiac events are not simply linked to the site of mutation
in probands; there are other triggering factors such as modi-
fier genes, including single nucleotide polymorphisms,*
hypokalemia and bradycardia, which play significant roles
in aggravating the symptoms of KCNH2 mutation carriers.
The influence of these factors could be interpreted in the
similar occurrence of cardiac events in the probands irrespec-
tive of mutation site, becuuse the presence of symptoms usu-
ally caused the patient to agree to undergo genetic testing.

Regarding each mutation, the number of study patients
was relatively small (at most 5), and the location of the
mutations was scattered, even in the same pore region. The
coding effect was also so various that we had limited ability
10 show arrhythmic nisk according to a specific mutation
site. Our cohort contained 35 novel KCNH2 mutations, and
their functional outcomes were not available. Moreover, our
study population included only Japanese, so more subjects
per mutation and a greater spectrum of KCNH2 mutations
in @ worldwide study are needed to evaluate the arrhythmic
risks associated with these mutations.
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Age- and Genotype-Specific Triggers for Life-Threatening
Arrhythmia in the Genotyped Long QT Syndrome
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Age and Long QT Syndrome. Introduction: Patients with long QT syndrome (LQTS) become symp-
tomatic in adolescence, but some become at age of >20 years. Since it remains unknown whether clinical
features of symptomatic LQTS patients differ depending on the age of onset, we aimed to examine whether
triggers for cardiac events are difTerent depending on the age in genotyped and symptomatic LQTS patients.

Methods and Results: We identified 145 symptomatic LQTS patients, divided them into three groups
according to the age of first onset of symptoms (young <20, intermediate 2039, and older >40 years), and
analyzed triggers of cardiac events (ventricular tachycardia, syncope, or cardiac arrest). The triggers were
divided into three categories: (1) adrenergically mediated triggers: exercise, emotional stress, loud noise,
and arousal; (2) vagally mediated triggers: rest/sleep; and (3) secondary triggers: drugs, hypokalemia, and
atrioventricular (AV) block. In the young group, 78 % of the cardiac events were initiated by adrenergically
mediated triggers and 22% were vagally mediated, but none by secondary triggers. In contrast, the adren-
ergically mediated triggers were significantly lower in the intermediate group. The percentage of secondary
triggers was significantly larger in the older group than in the other two groups (0% in young vs 23% in
intermediate vs 72% in older; P < 0.0001). Concerning the subdivision of secondary triggers on the basis
of genotype, hypokalemia was only observed in LQT1, drugs mainly in LQT2, and AV block only in LQT2,

Conclusion: Arrhythmic triggers in LQTS differ depending on the age of the palients, stressing the
importance of age-related therapy for genotyped LQTS patients. (/ Cardiovasc Electrophysiol, Vol. 19,

pp. 794-799, August 2008)

long QT syndrome, genetic test, age, triggers, drugs, hypokalemia, bradycardia

Introduction

The long QT syndrome (LQTS) is a disease entity char-
acterized by an abnormality in the myocardial repolarization
that leads to the prolongation of the QT interval, morpho-
logical changes in T waves, and torsade de pointes (TdP)
type of ventricular tachycardia on surface electrocardiogram
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(ECG).! The prevalence of LQTS is reported as | per 5,000
and it induces syncope and sudden cardiac death usually
among young people. Up to date, several different genes have
been reported to cause the LQTS.!?

Since the first description on two LQTS-related genes
(KCNH2 and SCNSA) in 1995,' a number of studies have
been performed regarding the relationship between genotype
and phenotype. In addition to the genetic background pre-
disposing excessive QT prolongation and TdP, many triggers
have been known to modify and aggravate the clinical features
of LQTS.** They are, for example, gender (being female),
exercise, emotional stress, loud noise, sudden arousal, drugs,
hypokalemia, and bradycardia. Some of them are related to
the autonomic nervous tone, and it is well known that LQT1
patients are at a higher risk of TdP during exercise and LQT2
patients, in sudden arousal and auditory stimuli.¥”

Although many LQTS patients develop symptoms during
adolescence, some of them experience the first cardiac event
in their adulthood. In order to study the age-related differ-

* ence in the LQTS phenotype, we aimed to examine whether

the above-mentioned triggers for cardiac events are different
depending on the age in genotyped and symptomatic LQTS
patients.
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Methods
Study Population

The study population consisted of consecutive 145 symp-
tomatic patients (117 probands and 28 family members) of
a known genotype (LQT1, LQT2, and LQT3) from 117 un-
related Japanese families out of 343 genotyped patients (185
probands and 158 family members). They were enrolled from
three institutes in Japan — Shiga University of Medical Sci-
ence, National Cardiovascular Center, and Kyoto University
Graduate School of Medicine — between 1996 and 2007. Pa-
tients with LQTS, LQT6, LQT7 (Andersen-Tawil syndrome),
and compound mutations were excluded from the present
study. All of the patients experienced cardiac events, and
they were associated with, or triggered by, well-defined con-
ditions. LQTS-related cardiac events were defined as syncope
(transient and complete loss of consciousness), documented
TdP, aborted cardiac arrest, or unexpected sudden cardiac
death without a known cause. We excluded the patients who
were genotyped but remained asymptomatic. All subjects or
their guardians provided informed consent for the genetic and
clinical studies according to each institutional review board’s
guidelines,

The patients were classified into three groups according
1o the age of first onset of cardiac events: (1) young group
(n = 106): patients who experienced their first cardiac event
at age of less than 20 years; (2) intermediate group (n = 20):
those who experienced their first cardiac event at age of 20-39
years; and (3) older group (n = 19): those who experienced
their first cardiac event after age of 40 years.

Clinical Phenotyping

Routine clinical and electrocardiographic (ECG) param-
eters were acquired at the time of the first examination for
the evaluation of LQTS. Measured parameters on the first
recorded ECG included QT and R-R interval in milliseconds,
with corrected QT interval (QTc) corrected for heart rate (HR)
by Bazett's formula.® Measurement for ECG parameters was
performed manually on lead V5 (if not available on leads II).
A cumulative LQTS diagnostic “Schwartz" score (which is
derived in part from the QTc, symptoms, and family history)
was assigned.” In regard to the family history, we defined
positive family history as subjects who have relatives with a
Schwartz score of =4.

Sakaguchi et al, Age and Long QT Syndrome 795

Genetic Analysis

Screening for mutations of KCNQ/!, KCNH2, and
SCN5A was performed using polymerase chain reaction
(PCR)/single-strand conformation polymorphism (SSCP) or
denatured high-performance liquid chromatography analy-
ses (dHPLC, WAVE system; Transgenomic Inc., Omaha, NE,
USA). For aberrant PCR products, DNA sequencing was con-
ducted with a DNA sequencer (ABI 3130 DNA Sequencer;
Perkin Elmer, Foster City, CA, USA).

Genetic mutations of amino acid sequence were character-
ized by a specific location and coding effect (missense, non-
sense, splice site, frameshift, insertion, deletion, and intronic
variant). The transmembrane regions of KCNQ!, KCNH2,
and SCNSA were defined as six membrane segments (S1 to
S6, amino acid residues 112 through 354 for KCNQI, 397
through 666 for KCNH2, and 127 through 1771 for SCN5A,
respectively). They, therefore, included cytoplasmic and ex-
tracellular linkers, as well as the pore region. As for LQT1
and LQT2, the pore region was defined as the area extend-
ing from S5 to the mid portion of $6 involving amino acid
residues 262 through 354 for KCNQ/ and 550 through 650
for KCNH2, respectively.'%'4

Triggering Factors

We divided the triggers into three categories:(1) adren-
ergically mediated triggers: exercise, emotional stress, loud
noise, and arousal; (2) vagally mediated triggers: rest/sleep;
and (3) secondary triggers: drugs, hypokalemia, and AV
block. There was a small number of undefined conditions
associated with cardiac events, and they were classified as
other triggers and excluded for analysis in Figures 1-3.

Statistical Analysis

Data are expressed as the mean value + standard devi-
ation (SD). The clinical characteristics of the study groups
were compared with the chi-square test for categorical vari-
ables. For continuous variables, we analyzed the normally
distributed data with one-way analysis of variance and non-
normally distributed data with Kruskal-Wallis tests. For com-
parisons between two groups, the Student’s r-test was used
for parametric data and the Mann-Whitney’s U-test for non-
parametric data. Differences were accepted as significant for
P value of <0.05.

101
100
80|
Figure 1. Triggers for cardiac events in the i 60-
young, intermediate, and older groups. In- L] 70
cidence of three categorical triggers. Bar 40. |
graphs show the number of symptomatic pa-

tients and their triggers of the first cardiac
evenrs: open bars, adrenergically mediated;
gray bars, vagally mediated; and black bars

secondary triggers. Other triggers for cardiac
events that were undefined were excluded
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Results ferent mutations). Among 58 LQT1 patients, most (48/58,
v . 83%) of the first cardiac events occurred at young age. In
Clinical Characteristics Y

Table | summarizes the clinical characteristics of the
study subjects. The percentages of females, probands, and
patients with positive family history were significantly dif-
ferentamong the three groups. In the older group, the percent-
age of females and probands increased, but that of positive
family history decreased. The intermediate group patients
showed similar levels of QT prolongation, family history,
and Schwartz scores as those of the young group patients,
There were no significant differences in basal HR, QTe¢, and
Schwartz scores among the three groups.

Genetic Characteristics

There were 58 LQT1, 75 LQT2, and 12 LQT3 patients
(Table 1). In these genotyped patienmts, we identified 31
KCNQ@1, 60 KCNH2, and 8 SCN5SA mutations (total 99 dif-

P<0.0001

FH ()

contrast, first cardiac events occurred less at young age in
LQT2 (51775, 68%) and LQT3 (7/12, 58%) patients com-
pared to the LQT1 patients (P = 0.019). The prevalence of
transmembrane mutations in LQT1 and LQT3 patients and
that of pore site mutations in LQT2 patients was evaluated,
but no significant differences were observed among the three
groups.

Triggers for Cardiac Events

Figure 1 illustrates the incidence of three categorical trig-
gers in the three age groups. In Figure 1, left-sided bars indi-
cate the number of patients in whom the event was induced
by cither adrenergically (open bar) or vagally (gray bar) me-
diated triggers. Right-sided black bars indicate those with
secondary triggers. The vertical axis indicates the number
of patients. In the young group, all 101 cardiac events were

[ Adrenergicalty-mediated trgger
DWW Figure 3. Triggers for cardiac events in the
B Secondary trigger patients with and without family history, Bar

graphs show the number of symptomatic pa-
tients and their triggers to induce the cardiac
events: open bars, adrenergically mediated;
gray bars, vagally mediated; and black bars,
secondary iriggers. Other triggers for cardiac
events that were undefined were excluded

=225~



Sakaguchi et al, Age and Long QT Syndrome 797

TABLE 1
Clinical and Genetic Characteristics in the Three Groups
Young Intermediate Older
(n = 106) (n =20} (n=19 P Value
Apge at first cardiac 1.0 £ 04 28.0% 1.1 9.0+ 35
event (years)
Female (%) 63 (59%) 16 (80%) 18 (95%) 0.004
Proband (%) 80 (75%) 18 (90%:) 19(100%)  0.035
Family history 68 (64%) 11 (35%) 3(16%) <0.001
HR (bpm) 65+ 12 65+28 6528 0.984
QTe (ms) 515+ 57 523+ 12 485+ 10 0.084
Schwartz score 6.1+02 62+04 5305 0.335
Subtype
LQTI (n = 58) 48/58 (83%) 1/58 (2%) /58 (15%)
LQT2(n=T75) S51/75(66%) 16/7521%) 875(11%)
LQT3(n=12) T/12(58%) 3/12(25%) 2/12 (17%)
Transmembrane  39/48 (81%) I 0100%)  7/9(78%)
mutation
(LQTD)
Pore site mutation  25/51 (49%)  9/16 (56%) 1/8 (13%)
(LQT2)
Transmembrane 6/7 (86%) I3(100%) 102 (50%)
mutation
(LQT3)

TABLE 2
Clinical and Genetic Characteristics in Patients With or Without Family
History
FH(+) FH(-)
in=82) (n=63) P Value
Age ar first cardiac event (years) 4011 26028 <0001
Female (%) 55 (67%) 42 (67%) 0.960
Proband (%) 54 (66%) 63 (100%)  <0.001
HR (bpm) 65+12 642 14 0.728
QTe (ms) 512+69 513270 0.890
Schwartz score 644£02 5602 0.0058
Subtype
LQTI {n = 58) 40/58 (69%)  18/58 (31%)
LQT2(n=T%) 36/75 (48%) 39775 (52%:)
LQTi(n=12) 6/12 (50%) 6/12 (50%)
Transmembrane mutanon (LQT1) 35/40 (88%) 13/18 (72%)
Pore site mutation (LQT2) 19136 (53%)  16/39 (41%)
Transmembrane mutation (LQT3)  6/6 (100%)  4/6 (67%)

Data are presented as the mean value £ SD or number (%) of subjects.

FH = family history; HR = hean rate; LQT1 = long QT syndrome
caused by the KCNQ/ potassium channel gene mutations; LQT2 = long
QT syndrome caused by the KCNH2 potassium channel gene mutations,
LQT3 = long QT syndrome caused by the SCNSA sodium channel gene
i QTe = QT interval correcied by Bazeu's formula.

Data are presented as the mean value = SD or number (%) of subjects,

HR = heant rate; LQT1 = long QT syndrome caused by the KCNQ@/
potassium channel gene mutations; LQT2 = long QT syndrome caused by
the KCNH2 potassium channel gene mutations; LQT3 = long QT syndrome
caused by the SCNSA sodium channel gene mutations; QTc = QT interval
corrected by Bazett's formula.

associated with autonomic triggers, among which 79 (78%)
evenis were adrenergically mediated and 22 (22%) were va-
gally mediated. On the other hand, only 5 of 18 cardiac events
(28%) were associated with autonomic triggers in the older
group, and secondary triggers induced cardiac events in the
majority of the older group patients (13/18, 72%). The per-
centage of secondary triggers was significantly larger in the
older group than in the other two groups (0% in young [0/101]
vs 23% in intermediate [3/13] vs 72% in older [13/18]; P <
0.0001). Among the cardiac events triggered by autonomic
factors, the percentage of the adrenergically mediated trig-
gers was significantly lower in the intermediate group pa-
tients (79/101 [78%] in young vs 3/10 [30%] in intermediate
vs 4/5 [80%] in older group; P < 0.001). Thus, triggering
factors were significantly different among the three groups.

Figure 2A shows autonomic triggers in the three genotypes
in each age group. There were also genotype-dependent dif-
ferences in triggers for cardiac events in the young group, as
previously reported:* in young LQT]1 patients, 92% (44/48)
of the cardiac events occurred during exercise (open bar),
but none with noise/arousal (black bar) or rest/sleep (hatched
bar). This is in sharp contrast with the pattern in young LQT2
patients: 37% (19/51) of the events occurred during rest/sleep
and 43% (22/51) with noise/arousal. Irrespective of onset age,
cardiac events triggered by noise/arousal were very specific
and observed in only LQT?2 patients (35%, 26 of 75 LQT2
patients). In contrast, 44% (3/7) of LQT3 patients experi-
enced cardiac events during rest/sleep. In opposition 1o the
young LQT1 patients, only ~20% of total LQT2 and LQT3
patients experienced cardiac events triggered by exercise or
emotional stress.

Figure 2B depicts secondary triggers in the three geno-
types in each age group. Hypokalemia (open bar), com-

plete AV block (gray), and drugs (black) were associated
with cardiac events in total of 6, 3, and 7 patients, respec-
tively, in the intermediate and older groups. Interestingly, hy-
pokalemia was associated with cardiac episodes in only older
LQT1 patients. On the other hand, drugs and AV block trig-
gered cardiac events mainly in LQT2 patients of >20 years.
Responsible drugs were amphetamine, aprindine, cisapride
(plus pirmenol), disopyramide, erythromycin, hydroxyzine,
and procainamide,

Family History

Comparison of clinical and genetic characteristics be-
tween patients with and without family history is shown
in Table 2. The age at first cardiac event was significantly
younger and Schwartz score was significantly higher in the
patients with family history than in those without it. LQTI
patients appeared to have more family history compared to
those of LQT2 and LQT3 genotypes. Figure 3 illustrates the
incidence of three categorical triggers in patients with and
without family history. Triggers for cardiac events were also
significantly different between the two groups, and secondary
trigger was seen in only | patient with family history and in
27% (15 of 56) of patients without family history.

Discussion

In the genotyped/symptomatic LQTS patients, the present
study demonstrated that factors triggering cardiac events
were different depending on the age of their first onset. In
general, syncope and sudden death in LQTS are believed
10 be due to TdP-type of ventricular tachycardia and occur
usually in the young,'*'® However, pathophysiological prop-
erties of LQTS-related events were found 1o be even different
among the three groups that were divided by age of less than
20, 20-39, and greater than 40 years. In the young group
(<20 years), triggers were closely related to the autonomic
nervous tone. In contrast, secondary triggers induced cardiac
events in 72% of the older patients (=40 years), suggesting
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that “double hit" by secondary trigger(s) appeared to aggra-
vate the clinical phenotype, in addition to genetic variants
in ion channel genes, in the older group. The intermediate
group patients were at in-between risk in clinical characteris-
tics and the triggers of cardiac events, Interestingly, regarding
the triggers of cardiac events, the percentage of the adrener-
gically mediated trigger was lower in the intermediate group.
This may reflect a relatively small number of LQT1 patients
in the intermediate group.

Although there was no statistically significant difference
in the QTc interval among the three age groups (P = 0.084),
the older group showed shorter QT¢ interval compared to that
in the other two groups. The QTc¢ in the young group was
cven shorter than that in the intermediate group. This was
probably due to the fact that the QTc in the LQT1 patients
was significantly shorter than that in the LQT2 and LQT3
patients (LQT1: 490 + 6.6, LQT2: 534 + 8.4, LQT3: 555 +
26; P < 0.0001) and the percentage of LQTI patients was
higher in the young group.

Ourresults in the young group are consistent with previous
reports:*>7 LQTI patients experienced the majority of their
cardiac events during exercise or emotional stress and only a
few occurred during rest/sleep, in opposition to the pattern in
LQT2 and LQT3 patients. Cardiac events in LQT2 patients
in the young group were mainly associated with noise and
sudden arousal and other adrenergic triggers. Cardiac events
occurred during rest/sleep in half of the young LQT3 patients.

Among the secondary triggers, hypokalemia was associ-
ated with cardiac episodes in only LQT1 patients. Lower ex-
tracellular K* concentrations are known to reduce outward
conductance of both rapid component of delayed rectifier
potassium (Ig,) and background inward rectifier potassium
(Ix,) currents,'”"? In LQTI, the slow component of delayed
rectifier potassium current (Ix,) is impaired, and the function
of I, and Ik, channels remains normal or even upregulated to
compensate the total net outward K™ conductance. Therefore,
hypokalemia may unveil the potential repolarization disorder
by reducing both “healthy” Ik, and Iy;.

On the other hand, AV block and drug intake associated
with cardiac events as secondary triggers were seen to be
present in most of the intermediate and older LQT2 pa-
tients. Tan and colleagues™ reported that pause-dependence
of TdP onset was predominant in LQT2 but absent or rare
in LQTI, suggesting that this disparity may reflect differ-
ent mechanisms. Experimental studies have shown that Iy,
blockade (LQT1) causes delayed afterdepolarizations (DAD)
but not early afterdepolarizations (EAD);?! on the contrary,
I, blockade (LQT2) causes EADs, predominantly at slower
HRs.** Extreme bradycardia due to AV block may lead to
EAD as well as TdP through the postpausal prolongation of
action potential plateau. Both a smaller Iy, due to complete
deactivation and an enhanced inward Na*/Ca®* exchanger at
low HR may contribute to EAD formation by providing time
for recovery and reactivation of L-type Ca* channel. In the
presence of pathological bradycardia, therefore, I, plays a
more important role in abbreviating the repolarization and,
thereby, keeping the appropriate QT interval because little
accumulation of outward Iy, occurs at lower HR.>?

In this connection, drug-induced TdP has been shown
to depend on intervals of preceding pauses.”® The above-
mentioned mechanism on the bradycardia-induced TdP may
give an explanation of our result that most of the drug-induced
events were observed in LQT2. Because responsible drugs are
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known to block cardiac Ik, (except hydroxyzine), preexisting
repolanzation abnormality due to gene mutations may predis-
pose the patients to fatal arrhythmias by further reducing the
outward K* conductance.?* In preliminary experiments of
biophysical assay with heterologous expression systems, we
found that these KCNH2 mutations identified in drug-induced
TdP patients produced mild loss-of-function of Ig,.

We evaluated only “already-symptomatic™ genotyped pa-
tients in this study. The percentage of “still-asymptomatic”
patients was 58% of all genotyped patients (198 of 343).
The average ages of asymptomatic patients were 19.0 +
1.9 years (5-67 years) for probands and 34.0 £ 1.8 years (2—
68 years) for family members. Asymptomatic probands were
still young; therefore, some of them would be symptomatic
in the future, being exposed to higher risk of lethal events.
The results of our study again emphasize the importance of
a careful approach to asymptomatic (preclinical) LQTS pa-
tients to decrease their arrhythmic risk, particularly in older
patients (=20 years). Because of lack of apparent phenotypes,
most of them were not diagnosed prior to the onset of symp-
toms. However, one of the most important missions of our
genetic testing would be to achieve a preclinical diagnosis of
LQTS, particularly in patients with forme-fruste phenotype.
Because of low penetrance, inheriting a gene mutation per
se does not always mean that the individual mutation carrier
will present clinical manifestation,*’ but apparently “healthy”
carriers have inherited the risk for developing the clinical
phenotype. Once genetic information becomes available, we
can introduce the timely beta-blocker therapy and conduct
careful follow-up, including ECG recordings, lifestyle modi-
fications (i.¢., avoidance of QT-prolonging drugs), avoidance
of hyopokalemia, bradycardia, other alarming symptoms,
and family education (home automatic electrical defibrillator,
etc.).

Study Limitations

Intermediate and older group patients may have a higher
possibility to use more drugs. We, therefore, could not ex-
clude such an age-dependent risk accumulation affecting the
results of trigger distribution. As for another issue, carriers
of milder mutations may induce cardiac events more likely in
association with secondary triggers. Our study included only
subjects with three major genotypes, although they account
for the majority of LQTS patients. Patients with compound
mutations of LQT1-3 and 5-7 genotypes were all excluded
from analysis. However, we failed to exclude compound mu-
tation carriers with other (LQT4, 8-10) or unknown geno-
types, which may result in a minor selection bias,

We evaluated only the Japanese population and there re-
mains a concern about ethnic differences. However, the preva-
lent mutations found in more than 4 patients were A341V-
KCNQI, A344A/sp-KCNQI, and A614V-HERG and were
all popular in other ethnic cohorts. The genotype-specific trig-
gers were also similar to those observed in previous studies
from other countries.

Although syncope may result from diseases other than
LQTS-related ventricular arthythmia, we considered sudden
onset/offset nature of loss of consciousness in a genotyped
LQTS patient as syncope due to ventricular arrhythmias, if
there was no evidence of another explanation, and included
as a study subject. In this connection, very short duration of
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TdP that did not cause syncope was underestimated if Holter
ECG failed to detect it.

Conclusion

Triggers of cardiac events were closely related to the au-

tonomic nervous tone with a higher incidence of family his-
tory in younger patients. In contrast, arrhythmic events in
older patients were associated with secondary triggers, such
as drugs, hypokalemia, and AV block. with genotype speci-
ficity. Thus, arrhythmic triggers in LQTS differ depending
on the age of the patients, stressing the importance of age-
and genotype-related therapy for genotyped LQTS.
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atients with type 2 diabetes often

sufler from asymptomatic leht ven-

tricular (LV) injury, including in
creased LV mass, without apparemt
myocardial ischemia
underlying chabetic LV injury remain un-
clear: however, it has been suggested that
endothelial dysfuncuon plays a role. Ac-
Llu‘nul.!lm_\_‘, vidence indicates that bone
marrow—derived endothelial progenitor
cells (EPCs) contribute to neovasculariza-
non of ischemic tissue and endotheliali-
=ation of denuded endothelium. Recent
studies have shown that circulating bone
marrow—lernived immature cells, includ-
ing CD347 cells, contribute to the main-
tenance of the vasculature, both as a pool
ol EPCs and as the source of growth/
anglogenesis lactors (1). We hypothe
sized thar circulating € D3+" cells might
be associated with LV dysfunction in pa-
tienis with type 2 diabetes. Therclore, we
stuchied the correlation between circular-
g CD34° cell levels and plasma brain
natriuretic peptide (BNP) levels, an LV
dysfuncuion marker, in 1ype 2 diabetic
patients

The mechamisms

RESEARCH DESIGN AND
METHODS

The nstitutional review board ol the Na-
tonal Cardiovascular Center approved
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this study. and all subjects provided in

formed consent. We examined 26 pa-
tients with type 2 diabetes (12 men and
14 women, duration of diabetes 16,1 *
10.7 vears) who were over 60 years ol age
(705 = 6.4 years). Slatin was given 10
nine subjects, ACE inhibitor or angioten-
sin receptor blocker was given to nine
subjects, and thiazolidinedione was given
to two subjects. Subjects were excluded
from the study if they had known cardio-
vascular disease or chromic renal failure
(defined as serum creatinine = 180 pmaol/
1), No study subject showed hypokinesis
by echocardiography or electrocardio-
gram change, indicating myocardial 1sch-
emia Systolic (SBP) and diastolic (DBP)
blood pressure and anthropometric pa-
rameters were determined. Blood samples
were taken after 12-h fasting 1o measure
circulating CD347 cells, plasma BNP,
fasting plasma glucose (FPG), and Al(

Circulating CD34 " cells were quanufied
by flow cytometry according to the man-
ufacturer’s protocol (ProCOUNT; Becton
Dickinson Biosciences) as previously re-
ported (2). BNI was quantified by en-
zyme immunoassay (Tohso, Tokyo,
lapan). We further examined LV [rac-
tional shortening (LVES), LV mass index
(LVMI) (3), and peak flow velocity of the
early lilling wave (E), the late hilling wave
[ AN RN RN ERNEN]
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(A), and the E/A-wave ratio (E/A) by echo-
cardiography. All echocardiograms were
performed by several expert physicians
who were blinded 10 CD34 7 cell level

All stanstical analyses were per-
formed using IMP version 5.1.1 software
(SAS Institute), Data are expressed as
means = SD. Comparisons of number of
CD34 " cells by sex were made using the
two-tailed unpaired 1 test, Correlations
between number ol CD34 " cellsand clin
ical parameters were assessed by univari-
ate liner regression analysis and multiple
regression analysis. LVMI and plasma
BNP concentrations were analyzed after
logarithmic ranslormation

RESULTS
FPG levels, A1C levels, and BMIs in the
studly subjects were measured tobe 9.5 %
26 mmoll, 9.2 = 1.8%, and 264 £ 4.3
kg/m?*, respectively. A total of 88% of the
patients had hypertension (SBP 142 * 18
mmHg, DBP75.7 % 13.5mmHg). Plasma
BNP levels were measured to be 95 = 319
pg/ml. Although it has been reported that
the level of BNP =100 pg/ml has a sensi-
tivity of 90% of diagnosing congestive
heart failure (CHF) in patients with CHF
symptoms (4), none of the subjects in this
study, including subjects with =100
pg/mlof BNP, showed symptoms of CHF
Ihe level of circulatng CD34 " cells was
measured 10 be 0.76 = 0.39 cells/pl, and
there was no significant difference be-
tween sexes. The range ol LVMI was
733-340.2, and 11 subjects u[‘[lln‘d 1o
the delinition of LV hypertrophy (LVMI
=131 in men and =100 in women) (3)

Plasma BNP levels had a significant
inverse correlation with the number of
circulating CD34 " cells (Fig. 14)
whereas FPG, ALC, BMI, SBP. DBP, and
age showed no significant correlations
There was a signihcant correlation be-
tween the number of circulating CD34°
cells and LVMI by echocardiography (Fig
1B). LVFS and E/A were not associnted
with circulating CD34" cell numbers
(LVES r = =007, P = 072, EA r =
—0.11, P = 0.59). There was also a sig
nificant correlation between BNP levels
and LVMI (r = 0.59, P = 0.001)

In multiple regression analysis, the
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Figure 1—Correlation between CD34° coll
numbers and plasma BNP levels (A) and cor-
relation between CD34° cell numbers and
LVMI (B} in type 2 diabetic patients (n = 26)

level of CD347 cells was an independent
correlate of both BNP (B = —164, P =
0.017) and LVMI (B = =0.337, P =
0.031) in the model including age, A1C,
SBP, BMI. and medication (ACE inhibi-
tor/angiotensin receptor blocker, statin,
and thiazolidinedione)

CONCLUSIONS — [nthisstudy oir-
culating CD34 " cell number was found 1o
significantly correlate with plasma BNP
level, a marker of LV dysfuncoion. To the
best of our knowledge, this is the first re-
port that circulating bone marrow-
denived cells are associated with diaberic
LV abnormality. Circulating CD34" cell
numbers also significantly correlated with
LVMI, whereas they did not correlate with
LVES (an LV systolic lunction marker) or
E/A (an LV diastolic funcrion marker). LV
hypertraphy is a well-known predictor of
cardiovascular events independent of cor-
onary artery chisease. The Framingham
Heart Study identified an association be-

tween diabetes and increased LV wall
thickness and mass (5). Although the
precise mechanisms underlying the asso-
clanon between diabetes and LV hyper-
trophy remain unknown, our results
suggest that reduced circulating CD34°
cell numbers may be involved in the pro
gression of LV hypertrophy in diabetic pa-
tents However, further investigations are
necessary to demonstrate this hypothesis

We measured the level of CD34°
cells in this study but not the levels of
virculaung CD34 " kinase imsert domain
receptor (KDR)" cells that are regarded as
EPCs, Circulating CD34 " cell levels are
associated with ischemic stroke (6), and
admimustration of CD34" cells amelo-
rates cerebral ischemia in mice (7). This
indicates that CD34" cells may be in-
volved in cardiovascular chisease. Indeed,
another recent report indicated that levels
of circulating CD34 7 cells are more
strongly correlated with cardiovascular
risk than levels ol EPCs (8) Therelore,
our results suggest that measurement of
CD34" cells may provide an indicator for
diabetic LV hypertrophy

Qur study had several limitations
First, the study was performed only by
cross-sectional analysis, therefore, a pro-
spective study is needed to clanly
whether circulating CD34 " cell numbers
predict LV injury in diabetic patients. Sec-
ond, although systemic blood pressure
did not significantly associate with
CD34" cell numbers, lurther invesuga-
tion of normotensive diabetic patients is
needed to exclude the possible eflfects of
hypertension on circulating CD34 " cell
numbers, as most of the subjects in this
study were hypertensive. Despite this ca-
veat, these results may be of pracucal use
in elderly patients with type 2 diabetes, as
hypertension is a very common comorbid
condition w this population.

In conclusion, reduced circulating
CD34" cell numbers are signilicantly as-
sociated with plasma BNP concentration
and LVMI in elderly patients with type 2
diabetes, These results suggest that de-
creased circulating CD347 cells may be
involved i LV hypertrophy and that mea-
surement of crrculaning CD34 7 cell num-

bers may be usetul lor the idenuhication of
diabetic patients a high risk of LV injury
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Role of modulator recognition factor 2 in adipogenesis
and leptin expression in 3T3-L1 cells
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Abstract

The complex network of adipogenic transcription factors regulates adipocyte differentiation, obesity, and insulin resistance. Modu-
lator recognition factor (Mrf) 2 knockout mice exhibit defects in fat accumulation and are protected from diet-induced obesity, suggest-
ing that Mrf2 deficiency affects adipogenesis. Here, we report that the gene expressions of the 2 isoforms of the transeription factors
Mrf2, Mrf2a, and M2, were induced upon adipogenesis in 3T3-L1 cells. Mrf2 mRNA expression was sensitive 1o stimulation by insu-
lin, dexamethasone. and TNF-a m 3T3-L1 preadipocytes and diffcrentiated adipocytes. Down-regulation of Mri2x and Mrf2f gene
expressions induced by small interfering RNAs increased the mRNA expression of leptin. These results indicate that Mrf2 can be a
potential regulator of adipocyte differentiation and a potential repressor of leptin,

© 2007 Elsevier Inc. All rights reserved.
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Modulator recognition factor (Mrf2), which binds with
high affinity to the target sequence AATA[T/C], is a mem-
ber of the AT-rich interaction domain (ARID) family of
transcription factors [1.2]. ARID family is critically
involved in the regulation of differentiation of smooth mus-
cle cells. Mrf2 has 2 isoforms of Mri2x (3.0 kb) and Mrf2p
(3.7 kb) that differ in the N-terminus but share the DNA-
binding domain. Adult Mrf2 knockout mice are lean with
significant reductions of lipid accumulation in brown and
white adipose tissues, and are resistant to weight gain
and obesity when they are maintained on high-fat diet
[3]. In addition, they have less stored triglyceride per adipo-
cyte and normal numbers of adipocytes. With differentia-

* Corresponding author. Address; Department of Molecular and Cel-
lular Pathobiology and Therapeutics, Nagoya City University Graduate
School of Pharmaceutical Sciences, Tanabe-don 3-1, Mizuho-ku, Nagoya
467-8603, Japan, Fax: +81 52 836 3454
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tion both the size of adipocytes and the amount of stored
triglyceride vary markedly, whereas the number of adipo-
cytes is thought to be increased as a result of the prolifer-
ation of preadipocytes. Differentiation of adipocyte is
regulated by a complex network of adipogenic transcrip-
tion factors [4-6]. Matured adipocytes act as endocrine
cells. The present study was designed to determine whether
Mrf2 is involved in the regulation of adipocyte differentia-
tion and affects secretion of adipokine(s).

Materials and methods

Materials. Muring 3T3-L1 cell line was purchased from American
Type Culture Collection (Rockville, MD). Dulbecca's modified Eagle's
medium (DMEM), fetal bovine serum (FBS) and calf bovine serum,
insulin, dexamethasone, and 3-isobutyl-l-methylxanthine (IBMX) were
from Sigma (St. Louis, MO). TRIZOL reagent was from Invitrogen
(Carlsbad, CA). ExScript RT reagent and SYBR ExScript RT-PCR kit
were from Takara (Kyoto, Japan). Synthetic short interfering RNAs
{siIRNA) were designed and provided by Ambion (Austin, TX). DeliverX
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Plus siRNA Transfection kit was from Panomics (Redwood City, CA). All
other chemicals and reagents were from Sigma.

Cell culture and differ 3T3-LI preadipocytes were lin
DMEM supplemented with 10% FBS, 100 Ui/ml penicillin, and 100 pg/ml
streptomycin at 37 *C in 5% CO. under humidified condition. When the
cells were grown for 2 days postconfluence (referred to as day 0), differ-
entiation was induced with 10% FBS/DMEM containing 1.67 uM insulin,
| uM dexamethasone, and 0.5 mM 1BMX for 2 days. The cells were then
incubated in 10% FBS/DMEM with insulin for 2 days and maintained
thereafter with 10% FBS/DMEM 1o day 12. Medium was changed every 2
days. Fat droplets were seen in more than %0 of cells after day 10,

RN A preparation and quantitative real-time PCR. After the cells were
washed with cold phosphate buffered saline (PBS) twice, total RNA from
cells at various differentiated stages was isolated using TRIZOL reagent
according to the manufacturer’s instructions. Total RNA samples (400 ng)
were reverse transcribed in 10 pl volume at 42 °C for 15 min with ExScript
RT reagent. Quantitative real-time PCR analysis was performed in a 25 pl
final reaction volume with ABI PRISM 7300 real-time PCR sysiem
{Applied Biosystems, Foster City, CA) using SYBR ExScript RT-PCR kit,
The PCR thermal cycling program was as follows: 205 at 95°C for
enzyme activation (allowing hot start), 40 cycles for 8 s at 95 °C, and 30 5
at 60 °C for extension. The mRNA expressi were ¢ i for the
ribosomal protein 53 (Rps3) mRNA expression for each time tested, Rpsl
expression was stable throughout differentiation and under treatments
administered to the cells. Primer sequences used were as follows: for
mouse Rps3, upstream (CGGTGCAGATTTCCAAGAAG) and down-
stream (GGACAACTGCGGTCAACTC), for Mrf2a, upstream (TTCCA
GTCGCCAAACATCT) and downstream (CTGAGCCTCCTCGCA
GCT), for M2, upstream (GGATCCAGGATTAGCCATCG) and
downstream (TTTTGCGTGGTCTGCCTTTA); for CCAAT/enhancer
binding protein (C/EBP)x, upstream (CAAGAACAGCAACGAGTA
CC) and downstream (GTCATTGTCACTGGTCAACTC); for C/EBPS,
upstream (CTCCCGCACACAACATACTG) and downstream (CTTC
GGCAACCACCTAAAAG): for mouse leptin, wpstream (GTGC
CTATCCAGAAAGTCCA) and downstream (GACCTGTTGATA
GACTGCCA), for adiponectin, upstream (GTTCCTCTTAATC
CTGCCCA) and downstream (TCCAACATCTCCTGTCTCAC), for
aP2, upstream (ATGAAAGAAGTGGGAGTGGG) and downstream
(ATGCTCTTCACCTTCCTGTC), for peroxisome proliferators-acti-
vated receptor (PPAR )-y2 (the adipocyte specific form of the two PPAR-y
transcriptional vanants, PPAR-yl and PPAR-y2), and upstream
(GOGAGTTCATGCTTGTGAAGG) and  downstream  (AAACCT
GATGGCATTGTGAG). PCR melting curve was constructed to ensure
that nonspecific products were eliminated. Then, the amount of mRNA
was determined by ison with the standard curve generated from
sertal dilutions of a T-vector containing cDNA of the gene.

SiRNa sfection. SIRNAs against murine Mrf2a and Mrf2§i were
designed and provided in the duplex-ready stable form. The sense and
anti-sense strands of Mri2a siRNAs (NM 023598, Exon V) were
GCCGAUAUCCACACCAAGAN and UCUUGGUGUGGAUAUCG
GCt. The sense and anti-sense strands of Mri2f siRNAs (NM 023598,
Exon I1) were GGAUCCGAUUUGCAUAGCGU and CGCUAUGC
AAAUCGGAUCCH, respectively, Negative control siRNA and flactin
sIRNA were used as positive and negative controls. Preadipocytes were
cultured to confluence in 10% calf bovine serum/DMEM. The cells were
then incubated with 10% FBS/DMEM supplemented with insulin, dexa-
methasone, and IBMX for 48 h. Then, the medium was changed with 10%
FBS/DMEM containing insulin for every 2 days. At day & fully differ-
entiated adipocytes were washed with PBS and separated with trypsin and
collagenase. Adipocytes (240,000 cells per well) were planted to each well
of the 6-well plates with 2 ml 10% FBS/DMEM and incubated overnight.
The cells were transfected with 30 nM siRNA using DeliverX Plus siRNA
Transfection protocol specially designed for differentiated 3T3-L1 cells
Antibiotics were not used during the whole transfection procedures. Total
RNA was extracted 24 h and 48 h after siRNA transfection.

Staristical analvsis. All experiments were conducted in duplicate with
independent separate cultures (n = bers of independent experi )
Data are expressed as means £+ SDs. Statistical comparison of control and

treated groups was performed with Student's r-tests. The accepied level of
significance was P < 0,05,

Results

Up-regulation of Mrf2a and Mrf2f gene expressions during
adipocyte differentiation in 3T3-L1 cells

To determine whether transcription factor Mrf2 was
regulated during adipocyte differentiation, we analyzed
Mrf2a and Mrf2p gene expression during the conversion
of 3T3-L1 fibroblasts 1o adipocytes by quantitative real-
time PCR (Fig. 1). Both Mrf2x and Mrf2B mRNA expres-
sions calibrated for each ume tested by Rpsi mRNA
expression were up-regulated after induction with insulin,
dexamethasone, and IBMX. Thus, the mRNA expressions
of Mrf2a and Mrf2 were maintained at high level. Com-
pared with Mrf2 mRNA the increase of Mrf2ax mRNA
occurred carly. The increase of Mrf2a mRNA expression
could be observed at day 1 and peaked at day 4
(10.9 £ 1.2-fold).

Effects of insulin, dexamethasone, and IBMX on Mrf2a and
Mrf2f gene expressions in preadipocytes

Insulin, dexamethasone, and IBMX represent a classic
combination for the induction of adipocyte differentiation.
Mrf2 gene expression in response to these inducers was
investigated. As shown in Fig. 2A and B treatment of pre-
adipocytes with insulin or dexamethasone alone up-regu-
lated Mrf2a and Mrf2p mRNA expressions, respectively.
The peak was observed at 1 h. Combination of insulin,
dexamethasone, and IBMX further produced transient
increase of Mrf2a and Mrf2f mRNA (Fig. 2C). After stim-
ulation Mrf2a and Mrf2p mRNA levels were rapidly
increased peaking at 1 h. The increased mRNA expressions
returned to baseline values in 3h, Mrf2a and Mrf2f

1 -~ Mrf2a
12} - M2
10}

o lmdan‘u‘u‘nLud_u Bd 9d 10d 11d 12d
Days of adipocytes differsntiation

Fig. | Mri2a and Mri2} mRNA expressions dunng differentiation of
3T3-L1 cells. Proliferating 3T3-L1 cells were cultured in 10% FBS/DMEM
until they reached confluence. Two days after reaching confluence the cells
were induced to differentiate by insulin, dexamethasone, and IBMX (day
0). The cells were harvested and total RNA was 1solated every day from
day 0 to day 12. Mrf2a and Mrf2p mRNA expressi were d
using quantitative real-time PCR. Rps} mRNA expression was used as an
internal control. Values are means + SD of the fold increase compared
with control before differentiation in = 3).
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Fig. 2. Effects of insulin, dexamethasone, IBMX, and TNF-x on Mrf2x and Mrf2f mRNA expressions in preadipocytes and differentiated adipocytes.
IT3-L1 preadipocytes and differentiated adipocytes were starved in serum-free medium for 16 hours. Then, preadipocytes were stimulated by (A) insulin
(INC | uM), (B) dexamethasone (Dex, 1 pM), and (C) IN, Dexand mbutyl 1- melh)'lxanlhm{lBMX 0.5 mM). Adipocytes were stimulated by (D) IN, (E)

Dex, and (F) TNF-a for indicated periods. Total RNA was isolated and

PCR was performed. Rps3 mRNA expression was used as

ive real-ti

an internal control. Values are means + SD of the fold increase oompared with control without stimulation (n = 3).

mRNA expressions were increased again from 12 h (data
not shown), and remained at high stable level until the cells
became mature adipocytes (Fig. 1)

Effects of insulin, dexamethasone, and TNF-2 on Mrf2x and
Mrf2fi gene expressions in differentiated adipocytes

In view of the well documented effects of insulin, dexa-
methasone, and TNF-a on adipose tissue metabolism and
on the regulatory role of adipocyte transcriptional net-
work, the effects of insulin, dexamethasone, and TNF-a
on Mrf2 gene expressions were assessed in mature adipo-
cytes. Mrf2a mRNA was decreased by insulin within 1 h
of exposure and the maximal decrease was at 2h
(78.4 + 4.8%), and Mrf2f mRNA was decreased by insulin
at 2h (50.0 £ 6.5%) (Fig. 2D). Different responses were
observed with Mrf2a and Mrf2p mRNA expressions by
stimulation with dexamethasone. Mrf2a mRNA was
increased by 3.3 = 0.4-fold at 4 h and Mrf2p mRNA was
decreased maximally at 4h by 58.0 £ 2.3% (Fig. 2E).
Mrf2a mRNA was slightly up-regulated whereas Mri2p
mRNA was slightly down-regulated by TNF-a (Fig. 2F).

Effects of siRNA-mediated down-regulation of Mrf2x and
Mrf2[ gene expressions on adipogenesis transcription factors
and adipokines

Mrf2o and Mrf2B, like other up-regulated transcription
factors during adipocyte differentiation, were possibly
involved in the regulation of adipogenesis transcriptional
network and were possibly responsible for secretion of
adipokines. To determine which transcription factors or
adipokines were regulated by Mrf2, Mrf2«, and Mrf2f siR-
NAs were transfected into mature 3T3-L1 adipocytes. The
cells were harvested 24 h and 48 h after transfection. RNA
was isolated and quantitative real-time PCR was per-
formed. When the B-actin siRNA was transfected, B-actin
mRNA expression was decreased. When Mrf2a siRNA
and Mrf2p siRNA were transfected, the expressions of
Mrf2a mRNA and Mrf2p mRNA were decreased by
62.1% and 59.3%, respectively (Fig. 3A). In contrast, leptin
mRNA expression was increased by 8.1 £ 1.8-fold at 24 h
(Fig. 3B) and by 6.6 + 1.8-fold at 48 h (Fig. 3C) after
Mrf2u siIRNA was transfected. For Mrf2f siRNA similar
results were observed. Leptin mRNA expression was
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