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Clinical outcome and risk stratification in Brugada syndrome
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Article history: Since the first report on Brugada syndrome, vario| ers for the prediction of ventricular
Received 26 November 2012 fibrillation (VF) in patients with Brugada syndror ve been reported. Multicenter trials reported
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spontaneous type 1 electrocardiogram (ECG)
induction by programmed electrical stimula

sease symptoms as prognostic predictors. VF
s still controversial, and most of the studies have

Accepted 4 December 2012 failed to prove its significance for the prediction-of spontaneous VF episodes. In Japan, although most
multicenter studies have shown that:patiénts with type 1 ECG were at high risk, it is difficult to
Keywords: determine the indication for implantati implantable cardioverter defibrillator only based on the

Brugada syndrome
Ventricular fibrillation
Risk stratification

ECG type. Recent studies have lewrisk markers, such as inferolateral early repolarization,
fragmented QRS, and shorter ¢ ffective refractory periods of the ventricle, in addition to type 1 ECG and
symptoms. Here, we review;the ¢ utcome and indices reported as reliable prognostic factors of

Bec Brugada syndrome wi ocus:on the clinical and ECG markers for risk stratification.
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Q5 1. Introduction

Twenty years have passed since the first report on Brugada
syndrome [1]. The interesting electrocardiogram (ECG) character-
istics of this syndrome have attracted the attention of many
physicians and researchers, and almost 2000 reports on Brugada
syndrome have been published. Symptomatic patients who have
had a previous episode of aborted cardiac arrest (ACA) and
syncope are at high risk for recurrent ventricular tachyarrhyth-
mias. Previous studies that evaluated the long-term prognosis of
Brugada syndrome patients have shown that a previous episode
of ACA and syncope are high-risk markers [1-5]. Some studies
have also shown various clinical risk factors for identifying high-
risk patients (Table 1). Most of the observations from which risk
factors for ventricular fibrillation (VF) were identified were
carried out in patients who experienced cardiac arrest or VF,
and it is still not clear whether these risk factors can identify

Table 1
Risk markers reported in Brugada syndrome.

high-risk patients among those in whom VF has not been
documented.

Here, we review the clinical outcome and indices reported as
reliable prognostic factors of Brugada syndrome with a focus on
the clinical and ECG markers for risk stratification.

1.1. Long-term prognosis of Brugada syndrome

Brugada et al. [6] published the first report on the long-term
prognosis of patients with Brugada syndrome. They followed 63
patients (including 22 asymptomatic patients) for 34 months and
found a high incidence of cardiac events (~30% during follow-up)
regardless of the presence or absence of symptoms. Subsequent
studies showed relatively lower incidences of VF events, espe-
cially in patients without document , and recent studies have
shown that the event rates wer er year in asymptomatic
patients and 0.6-3.4% per yea ents with syncope [3-5].

Clinical characteristics ECG markers

Additional examination

Male
Syncope
Family history of sudden death

Repolarization abnormality
Spontaneous type 1 ECG
ST level (V2)

ST augmentation after exercise _,
ST augmentation after meal/ful

Signal-averaged electrogram
Late potential

Antiarrhythmic drug test
Pilsicainide-induced TWA, VT

Electrophysiological study
PES-induced VF

Mode of induction

ERP <200 ms
illation/SSS/AV block
Table 2
Long-term prognosis in Brugada syndrome.
Q3 Brugada  Brugada  Eckardt Takagi 2007 Kamakura 2009 Probst [3] Priori [4]
2002 2003 2005 [67] [5] (FINGER (PRELUDE
[2] . registry) registry)
Number of pts 334 547 212 188 330 1029 308
Age (years) 38+17 40415 45+13 424116 41+15 4546 53+ 14 51419 45 (35 to 55) 47 412
Follow-up 34432 33438 36 33+39 24 +32 40 + 50 37+16 49+15 32 (14 to 54) 36+8
(months)
Male (%) 90 75 - 94 76 75 72 95 95 72 80
Symptoms (%)
Asymptomatic 35 50 64 57 77 58 52 63 64 79
Syncope 32 22 17 22 23 31 26 20 30 21
VF 33 28 19 21 4] 11 22 17 6 [
Induced VF (%) 80(37/ 67(26/ NA 52(130/ 40(163/ 50(93/ 78 (114/146) 59 (138/232) 41 (262/638) 41 (126/308)
46) 39) 252) 408) 186)
VF event rate (%/yr)
Q6 Asymptomatic 12 0 0.5 35 1.5* 0.2 0 0.5 0.5 1
pts
Pts with 18 4 8.6 8.8 7.0% 1.8 19 0.6 1.9 36
syncope
Pts with VF 11 13.8 - 5.1 9.8 10.2 7.7 -
Predictors
ECG - - - Spont. Spont. Spont. 1] (V2) =90 ms QRS Inferolateral ER Spont. type QRS
‘ type type type (V6) =90 ms 1 ECG fragmentation
1 ECG 1 ECG 1 ECG
Symptom - - - - Syncope  ACA/ - Family history of  Syncope Syncope
syncope SD < 45 years
EPS - - - Induced Induced - - - - ERP <200 ms
VT|VF VTIVF
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Patients with previously documented VF still had high event rates
(7.7-10.2% per year) in recent studies [2,3,5,7] (Table 2, Fig. 1).
These studies proved that the spontaneous appearance of type
1 ECG, syncope, and ACA were high-risk markers for VF events
during follow-up. Prospective studies carried out in the past
3 years added the existence of inferolateral early repolarization
(ER) and QRS fragmentation to the risk markers predicting VF
events [4,5]. The value of VF induction by programmed electrical
stimulation for risk stratification in Brugada syndrome was
controversial [8-10]; however, meta-analyses of the results of
VF induction failed to prove the usefulness of induced VF for risk
stratification [11,12].

On the basis of a meta-analysis involving 1545 patients performed
in 2006, it was concluded that a history of syncope or aborted sudden
cardiac death (SCD) (relative risk [RR], 5.51), spontaneous type 1 ECG
(RR, 4.65), and male gender (RR, 4.47) can predict the prognosis of
patients; however, family history of sudden death, sodium channel
gene (SCN5A) mutation, and programmed stimulation cannot predict
the subsequent occurrence of VF [11].

2. (linical characteristics and prognosis
2.1. Symptoms

A previous episode of ACA is a high-risk marker of VF recurrence
during follow-up (hazard ratio [HR], 11) [3]. Therefore, implantation

Symptoms and prognosis

Event Free (%)

1 p<0.001
0.0 - T

al

Fig. 1. Prognosis of Brugada sy ror 'according to symptoms. Asymptomatic
patients had good prognosis; however, the event rates increased in patients with
syncope and ventricular fibrillation. Data from 250 patients (asymptomatic,
170 patients; syncope, 67 patients; aborted cardiac arrest, 17 patients).

of an implantable cardioverter defibrillator (ICD) should be recom-
mended for the secondary prevention of SCD [13]. It is also acceptable
to implant an ICD in patients with documented ventricular tachy-
cardia (VT) not resulting in aborted SCD. »

An episode of syncope is a sensitive predictor of sudden cardiac
arrest in patients with Brugada syndrome (HR, 2.5-6.4) [3,4,7,14].
Recording of a spontaneous or a drug-induced type 1 ECG is
important for detecting high-risk patients among those who have
had syncope episodes [15]. Indeed, 20% of sudden death cases caused
by this syndrome had at least 1 syncope episode before the fatal
event [16]. However, not all syncope episodes occur from VF, and
syncope can also occur from bradyarrhythmias, neutrally mediated
syncope, and epileptic seizures [17,18]. An extracardiac cause of
syncope should be excluded at the ti f diagnosis; however, it is
sometimes difficult to prove that a nt's symptoms have not
resulted from VF unless an ECG d during the episode itself.
Then, it is important to evaluat mstances and the existence
¢ ope episode [19]. Recently, we
h prodromes, especially symptoms

reported that syncope epis
such as blurred vision:(E

» niign episodes. In contrast to these symptoms,
the absence o e prodromes and abnormal respiration at night
(HR, 2.39) are independently associated with VF episodes [20].

2.2, ily history of sudden death and SCN5A mutation

otigh most of the European studies failed to prove an
sociation between family history of sudden death and VF events
[3./4,7,21], frequent sudden deaths in family members were
‘recognized [22]. A Japanese registry proved that a family history
of sudden death ( <45 years) was an independent predictor of
subsequent VF events (HR, 3.28) [5].

In most series, there was no difference in arrhythmic events
according to the presence or absence of mutations of the cardiac
sodium channel gene (SCN5A) [3,11,14]. Some studies have shown
a significantly higher rate of recurrent VF among patients carrying
SCN5A mutations [23] and loss-of-function mutations, compared
with patients without such mutations [24]. Mutations associated
with calcium and potassium channels and the B-subunit of the
sodium channel are rare {25}, and the impact of these mutations
on prognosis is unclear.

2.3. Gender difference and children

It is well known that Brugada syndrome has a male predomi-
nance (~80%) [26]. In an experimental model of Brugada syndrome,
male canines have been shown to frequently have the Brugada

ECG types of Brugada syndrome

Type O

Type 1

V1

Type 2 Type 3

V2

V3

Fig. 2. ECG types of Brugada syndrome.
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phenotype [27] and androgen has been shown to be important for
the development of this syndrome [28,29]. Men had greater rates of
spontaneous type 1 ECG, greater ST-segment elevation, and greater
inducibility of VF than women. Male gender was significantly
related to cardiac events during follow-up (HR, 4.45) [11,21,30].

Spontaneous VF or sudden death usually occurs at middle age
[31], and Brugada-type ECG in children is very rare. The prevalence
of Brugada-type ECG in children has been reported to be 0.005-
0.0098% [32,33], and it increases up to puberty. Although its
incidence is low, children with Brugada syndrome can show severe
clinical forms [1,34]. Severe infant cases have also been reported
and are associated with conduction abnormality. Syncope episodes
in children are frequently precipitated by fever [34].

3. Repolarization abnormality and prognosis
3.1. Type 1 ECG and prognosis

The diagnosis of Brugada syndrome requires the existence of
type 1 ECGs. Report of the Second Consensus conference stated
that type 1 ECG is only diagnostic of Brugada syndrome and is
defined by a coved ST-segment elevation of >2 mm (0.2 mV)
followed by a negative T wave (Fig. 2). The criteria for the
diagnosis of Brugada syndrome are the existence of type 1 ECG
in the presence or absence of a sodium channel blocker and VF/VF
(spontaneous or induced), symptoms (syncope or agonal respira-
tion), and family history of sudden death [13]. Type 1 ECG has
been identified as an independent predictor of ventricular
tachyarrhythmias in multivariate analyses of the largest cohor
of patients [2,3,14,35]. The HR of spontaneous type 1 ECG
reported [3] to be 1.8, and it increases when it is combined"
the patient's symptom (syncope) (HR, 4.2-6.4) [7,14].

Type 1 ECG is usually prominent in lead V2 [36], especially
intercostal spaces (ICSs) [37,38). If patients only have type
leads V1 and V2 of the 2nd or 3rd ICS and do not sHow typic
standard lead locations, the prognosis of the patient milar to that
of patients with a type 1 ECG in standard leads™V1 ahd V2 [39). This
observation indicates that detection of type 1:ECG is important
irrespective of the location of leads Vi and ype 1 ECG at lead
V2 represents abnormal repolarization. at t;I;},e right ventricular out-
flow tract (RVOT), and a variation in‘the telative location between the
RVOT and lead V2 will ca ifferent appearances of typical
Brugada-type ECG at the 2nd to 4th:ICSs [40].

Experimental observat ons have shown that VF occurs when
the morphology of the epicardial action potentials (APs) changes
functionally and results in prominent heterogeneity of APs within
the epicardium. These arrhythmogenic AP changes are accompa-
nied by ECG morphology changes from type 1 ECG to coved-type
ST elevation with shallowing of the negative T wave or without
negative T waves [41]. Take et al. defined this type as “type
0 ECG” and found that it frequently appeared in association with
VF episodes (Fig. 2).

3.2. Non-type 1 ECGs

Patients with type 2 and 3 ECGs are thought to have a more
benign clinical course compared with patients with spontaneous
type 1 ECGs. In the Consensus reports, these ECG types were
defined as saddleback-type ST segment ( = 2 mm) with a positive
or biphasic T wave (type 2) and a saddleback or coved-type ST
segment of <1 mm (type 3) [13], and these types are considered
non-diagnostic ECG.

From the experimental model of Brugada syndrome, these ECG
types represent less arrhythmogenic abnormality of repolariza-
tion [42]. However, not all patients without spontaneous type

1 ECG have good prognosis. Indeed, patients without spontaneous
type 1 ECG who have experienced ACA had a recurrence of VF
during follow-up [5]. Administration of a sodium channel blocker
is used to unmask type 1 ECG from non-type 1 ECGs, and it can
identify high-risk patients among those with non-type 1 ECGs.
The prognosis for patients with drug-induced type 1 ECG is worse
than that for patients without such ECG manifestations [43].
A recent study showed that the response to sodium channel
blocker can be predicted by measurement of the angle of the late
r’ wave (angle between the upstroke of the S wave and downslope
of the r’ wave) [44]. Patients with drug-induced type 1 ECG had a
blunter ' wave than did patients without such ECGs, and the
cutoff value was 58° (Fig. 3).

3.3. Alternation in ST-T segment

T-wave alternans (TWA) r
process and is often obs
Unstable repolarizati
initiates ventricula
showed the in

sents an unstable repolarization
atients with long QT syndrome.
romotes heterogeneity of APs and
ia. A Brugada .syndrome model
of+the epicardial AP in the RVOT that
resulted in m opi¢c: TWA and promoted ventricular arrhyth-
mias [42,45]. tients with Brugada syndrome, macroscopic
red as“beat-by-beat alternans of the negative T wave
levdtion (Fig. 4A) and appeared in association with
episodes [46], fever [47], administration of antiarrhyth-
rug, [48], and glucose tolerance test [49]. Antiarrhythmic
ced TWA was frequently observed in patients with
Spontaneous VF [50]. Macroscopic TWA is associated with VF;
however, microvolt TWA induced by exercise did not predict the
occurrence of VF [51].

Although TWA occurred as a very short-term instability of
repolarization, patients also showed long-term ST-T variations
(Fig. 4B). The ST level is augmented especially in association with
VF episodes [52]. These ECG variations were termed ECG fluctua-
tions [53] or alterations [41]. The ECG type in a patient can
alternate between types 1, 2, 3, and normal ECGs even if a typical
spontaneous type 1 ECG has been recorded. Patients who had
frequent appearances of type 1 ECG had more appropriate ICD
shocks [54] and VF induction by programmed stimulation [53].
ECG type alteration and ST level variations of >0.20 mV were
independently associated with VF {41]. These indices of TWA and
ST alteration were evaluated in a small number of patients
(< 100) and have not been tested in a randomized trial.

34. Abnormality in QT intervals

Some studies have analyzed abnormal QT intervals in patients
with Brugada syndrome, although they included small numbers
of patients. One study showed that a long QT interval in lead V2
(QTc > 460 ms) and a long Tyea—Tene interval were associated
with VF events [55]. Moreover, the response of QT interval to RR
interval change is deteriorated in patients with VF [56]. Deep
negative T wave in lead V1 ( < —105 pV) is also associated with
poor prognosis during follow-up (odds ratio [OR], 8.98) [57].
These abnormalities in QT-T segments may represent abnormal
repolarization processes in the ventricle.

3.5. Physiologic provocation test to unmask type 1 ECG

The diagnostic type 1 ST-segment elevation'is highly variable
over time and is often absent in affected individuals [41,53]. An
antiarrhythmic drug test with a sodium channel blocker is widely
used to unmask type 1 ECG. Some physiological provocation tests
for stratifying the risk of patients have been proposed.
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Responder to pilsicainide
Con Pilsicainide

Non-responder to pilsicainide

S::::\”‘-

—
hard

ey
o
o

U Y :

Y

Fig. 3. Response to pilsicainide in patients with non-type 1 ECG. Pilsicainide induced ST elevation in tient' With a large degree of late I’ wave (left). Patients with a sharp

degree of r' wave did not respond to pilsicainide.

A B

Feb. 2009 Jun. 2010

Fig. 4. T-wave alterations. (A} T-wave alternans in a patient with ventricular fibrillation. Arrows show the beat-by-beat changes of the negative T wave. {B) Spontaneous ST
alteration in an asymptomatic patient. This patient had type 2 or 3 ECGs, but type 1 ECG appeared spontaneously in February 2009.

Sympathetic nerve stimulation reduces ST elevation, and a
stormy occurrence of VF events can be terminated by the admin-
istration of a B-adrenergic stimulant. However, some patients
have augmented ST elevation at the recovery phase of an exercise
test in which the vagal nerve activity may increase. Makimoto
et al. [58] reported that ST-segment augmentation at early
recovery during exercise testing was observed in a third of
patients and was an independent predictor for VF during
follow-up periods (HR, 3.17) (Fig. 5).

The ST level is augmented by the intake of glucose or a meal in
patients with Brugada syndrome [59-61]. A full stomach
test by intake of a large meal within 20 min at lunch augmented
ST elevation in high-risk patients with Brugada syndrome [62]
(OR, 7.1). The ST augmentation after meals will cause the
occurrence of ACA at night and after dinner during high vagal
nerve activity.

3.6. Inferolateral early repolarization

Several studies have suggested an association of idiopathic VF
with ER or J wave [63]. Recently, inferolateral ER has been defined
as an elevation of the ] point ( > 0.1 mV) in at [east two leads and
includes QRS slurring or notching in inferior leads (11, Ill, and aVF),
lateral leads (I, aVL, and V4-V6), or both [5,63]. An ER pattern in
inferolateral leads is not rare in patients with Brugada syndrome
(Fig. 6), and its incidence was 11-12% [5,64,65]. This pattern of ST
elevation was not enhanced by an antiarrhythmic drug test
[65,66] but was frequently associated with VF or syncope epi-
sodes [5,65]. Kamakura et al. [5,65] demonstrated that inferolat-
eral ER in patients with spontaneous type 1 ECG was an
independent predictor of a fatal arrhythmic event (HR, 3.28),
whereas Letsas et al. [64] did not find any significant difference in
the analysis of ER in Brugada syndrome.
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ST level augmentation by exercise

Rest Post exercise 0 min

Fig. 5. ST level augmentation by exercise. ST level increased an

Post exercise 3 min

Fig. 6. Inferolateral early repolarization. This patient with spontaneous ventricular fibrillation (VF) had type 1 ECG and inferolateral early repolarization (arrows).

4. Depolarization abnormality and prognosis

4.1. QRS interval and axis

It has been reported that a wide QRS complex is associated
with the occurrence of VF. Patients with VF often have a wide QRS
complex and S wave. An S wave width of > 80 msinlead V1 has a
high sensitivity and specificity for patients with VF [36]. The
usefulness of a wide QRS complex for VF prediction was proved
by two studies that included a large number of patients. Takagi

et al. [67] evaluated the QRS interval in the right precordial leads
as the “rJ interval,” and found that an 1j interval (V2) of > 90 ms
and a QRS interval (V6) of > 90 ms were possible predictors of the
recurrence of cardiac events in symptomatic patients. A subse-
quent study also showed that symptomatic patients had a wider
QRS complex (V2, 115 + 26 ms) than did asymptomatic patients
(104 + 19 ms), and that the optimized cutoff point of V2 QRS of
> 120 ms gave an OR of 2.5 for being symptomatic [68].

The axis of the QRS complex often becomes leftward in
direction in patients with Brugada syndrome. A study with a
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limited number of patients focused on lead aVR and defined “aVR
sign” as R wave > 0.3 mV or R/q > 0.75 in lead aVR [69]. Patients
with aVR sign frequently had recurrent events during follow-up.

4.2. Fragmented QRS complex

Fragmented QRS (fQRS) is a convenient marker of ventricular
conduction disturbance. It is usually evaluated by analyzing
12-lead ECGs and is defined as additional spikes within the QRS
complex [70]. We defined the presence of fQRS in right bundle
branch block (RBBB) as 1) >4 spikes in 1 or 2) > 8 spikes in all of
leads V1, V2, and V3 [71]. Only two control subjects with RBBB
(2.5%) were regarded as having fQRS by this criterion. Patients
with Brugada syndrome often had fQRS, and it was more fre-
quently observed in the VF group (incidence of fQRS: VF 85%,
syncope 50%, and asymptomatic 34%; p < 0.01) (Fig. 7). fQRS was
not associated with the late potential (LP) recorded by a signal-
averaged electrogram. Patients who had fQRS often experienced
recurrent VF within 4 years of the first syncope or VF episodes.

Recently, the PRELUDE study has shown that fQRS was useful
for identifying candidates for prophylactic ICD implantation (HR,
4.9), in addition to spontaneous type 1 ECG and a history of
syncope as well as short ventricular refractory periods [4].

4.3. Prolongation of the PQ interval

Brugada et al. [1] in their initial report stated that patients
with ACA had a longer HV interval. The PQ interval was usually
normal, but patients with SCN5A mutation frequently had a
longer PQ interval than did patients without an SCN5A mutation
[72]. A recent study has shown that a long PQ interval ( > 170
was an independent risk factor for life-threatening ev:
11.5) [57].

4.4. Signal-averaged electrogram

In patients with Brugada syndrom_e L

Fragmented QRS
3rd ICS

of Arrhythmia ¥ (15n) snn-ag 7

the RVOT area [76]. Patients with LPs often had induced VF [73]
and showed daily fluctuation of the LPs [75]. A study showed that
LPs are associated with subsequent cardiac events (HR, 10.9) [74].

5. Other indices
5.1. Prediction of outcome by electrophysiological study

The value of the inducibility of sustained ventricular arrhyth-
mias during an electrophysiological study (EPS) for evaluating
arrhythmic risk in Brugada syndrome is controversial [9,10].
Brugada et al. [2,7] showed that the inducibility of ventricular
arrhythmias during an EPS was can_independent predictor
for cardiac events (HR, 8.33). However, other studies and a
meta-analysis have failed to | te its prognostic value
[3-5,11,14,71].

VF induction by a small:i

f extrastimuli might indicate

VF. A recent study
induced VF served-
1 ECG (HR, 3.21:
interval that ing
[77]. However,

; nostic indicator for patients with type
ver, the site of induction and the coupling

revious studies failed to show the prognostic
mber of extrastimuli [4,14,35], and a prospective
rge number of patients is required to prove the
f the number of extrastimuli.

arameters recorded during EPS, the significance of HV
and ventricular refractory periods has been reported. The
interval was prolonged in symptomatic patients but did not
show a prognostic value [35]. Recently, a ventricular refractory
period < 200 ms has been identified as an independent predictor
of ventricular arrhythmias (HR, 3.91) [4].

5.2. Atrial arrhythmias

It is well known that patients with Brugada syndrome often
have atrial arrhythmias, especially atrial fibrillation (AF) [78]. AF
is an important cause of inappropriate discharge of an ICD in
patients with Brugada syndrome [79]. The occurrence of AF is
associated with cardiac events [79], and sometimes a new onset

Lead V2

2nd ICS

2nd ICS 1Y/

ot oo

3rd ICS i g

o

4th ICS

Fig. 7. Fragmented QRS. This patient with ventricular fibrillation (VF) had type 1 ECG and fragmented QRS in leads located at high intercostal spaces (ICSs). Arrows show

multiple spikes within the QRS complex.
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Table 3
Proposed risk stratification in Brugada syndrome.

Asymptomatic
patients

Step 1 Spontaneous type 1 ECG (at any intercostal
spaces)
Step 2 VF induction by single or double extrastimuli
ERP <200 ms
Step 3 Fragmented QRS
Inferolateral ER
Exercise-induced ST elevation
Step 1 Type 1 ECG (spontaneous or drug-induced)
Step 2 Syncope without specific prodromes
Step 3 VF induction by single or double extrastimuli
ERP < 200 ms
Step 4 Fragmented QRS
Inferolateral ER
Exercise-induced ST elevation
Family history of sudden death ( <45 years)
PQ prolongation ( > 170 ms)
wide QRS complex (> 120 ms)
T-wave alternans
Spontaneous ST alteration ( > 2 mm)
ST augmentation by meal or full stomach
Atrial fibrillation, sick sinus syndrome
Late potential by SAECG

Patients with
syncope

Additional
observations

of AF precedes VF [80]. The occurrence of bradyarrhythmias is
associated with high-risk patients [81]; however, it is not known
whether AF and bradyarrhythmia can predict the development of
VF during follow-up.

6. Summary and proposed risk stratification

The risk stratification of individuals without AC
controversial. As we have reviewed, many indice
reported as prognostic predictors, but they are not
for identifying high-risk patients who do not
VF. In Japan, although most multicenter st
patients with type 1 ECG were at highgrisk,

documented
wed that

be made by VF induction with a“si
addition to the presence of us type 1 ECG [77]. The
indication for an EPS is detefmined by the existence of ECG
changes, including fQRS;i ferol‘gtefal ER, and exercise-induced ST
augmentation. If patients have:one of these ECG findings, an EPS is
recommended.

In patients with syncope episodes, detecting type 1 ECG
(spontaneous or drug-induced) and evaluating the characteristics
of symptoms are important for determining the indication for ICD
implantation. The result of EPS is supportive; however, it should
be noted that VF is not induced during EPS in all patients who
have spontaneous VF episodes and that syncope is an important
symptom preceding VF. The existence of fQRS, ER, and exercise-
induced ST augmentation should also be considered (Table 3).

To determine the risk for patients, indices including family
history and other various ECG markers are also considered in both
asymptomatic patients and in those with syncope.

The incidence of a new onset of VF is not high in asymptomatic
cases, and various clinical markers should be evaluated to identify
high-risk patients in the future.
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Ultrastructural Maturation of Human-Induced Pluripotent
Stem Cell-Derived Cardiomyocytes in a Long-Term Culture
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Background: In the short- to mid-term, cardiomyocytes generated from human-induced pluripotent stem cells
(hiPSC-CMs) have been reported to be less mature than those of adult hearts. However, the maturation process in
a long-term culture remains unknown.

Methods and Results: A hiPSC clone generated from a healthy control was differentiated into CMs through em-
bryoid body (EB) formation. The ultrastructural characteristics and gene expressions of spontaneously contracting
EBs were analyzed through 1-year of culture after cardiac differentiation was initiated. The 14-day-old EBs contained
a low number of myofibrils, which lacked alignment, and immature high-density Z-bands lacking A-, H-, I-, and M-
bands. Through the long-term culture up to 180 days, the myofibrils became more tightly packed and formed paral-
lel arrays accompanied by the appearance of mature Z-, A-, H-, and I-bands, but not M-bands. Notably, M-bands
were finally detected in 360-day-old EBs. The expression levels of the M-band-specific genes in hiPSC-CMs re-
mained lower in comparison with those in the adult heart. Immunocytochemistry indicated increasing number of
MLC2v-positive/MLC2a-negative cells with decreasing number of MLC2v/MLC2a double-positive cells, indicating
maturing of ventricular-type CMs.

Conclusions: The structural maturation process of hiPSC-CMs through 1-year of culture revealed ultrastructural
sarcomeric changes accompanied by delayed formation of M-bands. Our study provides new insight into the matu-
ration process of hiPSC-CMs. (Circ J 2013; 77: 1307-1314)

Key Words: Cardiomyocytes; Induced pluripotent stem cells; Ultrastructure

functional cardiomyocytes (CMs), and are a powerful

model for regenerative therapy and investigating the mech-
anisms underlying inherited cardiac diseases.-S Although sev-
eral studies have shown that iPSC-derived CMs (iPSC-CMs)
have molecular, structural and functional properties resembling
those of adult CMs,%? they have proved to be less mature than
adult and fetal CMs.1%-1? Thus, there is limited information
about the electrophysiological and biochemical properties of

I nduced pluripotent stem cells (iPSC) can differentiate into

iPSC-CMs, and the ultrastructural maturation process has not

been investigated fully.
The ultrastructural features of human iPSC-CMs (hiPSC-

CMs) at around 30 days after cardiac differentiation have been
described as being similar to those of adult CMs showing
myofibrillar bundles with transverse Z-bands.*'34 However,
in those reports, hiPSC-CMs still remain embryonic in pheno-
type, lacking a mature sarcomeric structure with M-bands and
a variable degree of myofibrillar organization. It is unknown
whether hiPSC-CMs can develop the adult CM-like ultrastruc-
ture in vitro. Immaturity of the hiPSC-CMs may hamper their
application for studying cardiac diseases, drug development,
and regenerative medicine, and could affect functional proper-
ties and drug responses in vitro and increase the risk of abnor-
mal growth in vivo. Therefore, it is crucial to elucidate the

Received July 31, 2012; revised manuscript received December 7, 2012; accepted January 8, 2013; released online February 9,2013  Time

for primary review: 27 days

Department of Cardiovascular Medicine, Kyoto University Graduate School of Medicine, Kyoto (T. Kamakura, TM., K.S., Y.W,, J.C,,
T. Kimura); Department of Cardiovascular and Respiratory Medicine, Shiga University of Medical Science, Otsu (T.H., S.0., M.H.);
Center for iPS Cell Research and Application (CiRA), Institute for Integrated Cell-Material Sciences Kyoto University, Kyoto (Y.Y.,
S.Y.); and Department of Cardiovascular Medicine, Kobe City General Hospital, Kobe (T. Kita), Japan

Mailing addresses: Takeru Makiyama, MD, PhD, Department of Cardiovascular Medicine, Kyoto University Graduate School of Medicine,

54 Kawahara-cho, Shogoin, Sakyo-ku, Kyoto 606-8507, Japan.

E-mail: makiyama@kuhp.kyoto-u.ac.jp and Yoshinori Yoshida,

MD, PhD, Center for iPS Cell Research and Application (CiRA), Institute for Integrated Cell-Material Sciences, Kyoto University, 53

Kawahara-cho, Shogoin, Sakyo-ku, Kyoto 606-8507, Japan.
ISSN-1346-9843  doi: 10.1253/circj.CJ-12-0987

E-mail: yoshinor @cira.kyoto-u.ac.jp

All rights are reserved to the Japanese Circulation Society. For permissions, please e-mail: ¢j@j-circ.or.jp

Circulation Journal Vol.77, May 2013

—644—



1308

KAMAKURA T et al.

120 -

Beating Rate (bpm)

30 day

360 day

Figure 1. Comparison of human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) at 30 and 360 days after
cardiac differentiation. (A) The rate of beating (beats/min [bpm]) of embryoid bodies (EBs) at 30 days was significantly higher than
that of 360-day EBs (73.2+34.9bpm vs. 32.2+14.2bpm, P<0.0001). (B) Size of hiPSC-CMs increased significantly after long-term
culture (3,277.4x1,679.5um? vs. 4,067.9+1,814.6 um2, P=0.01). *P<0.05 vs. 30-day.

30 day 360 day

maturation process and establish a protocol for creating homo-
geneous mature iPSC-CMs.

In this study, we investigated the ultrastructural, immuno-
cytological, and gene expression changes of hiPSC-CMs in a
long-term 2D culture. Here, we first report that mature sarco-
meric structures with M-bands were detected only in 360-day
hiPSC-CMs, which might be associated with lower expression
levels of M-band-specific proteins compared with adult heart
cells.

Methods

Culture of hiPSC and CM Differentiation

The hiPSC line 201B7 was retrovirally transfected with Oct3/4,
SOX-2, KIf4, and c-Myc.!? These lines displayed all the defin-
ing parameters! and the hiPSCs were maintained as described.’s
We differentiated hiPSC-CM:s as embryoid bodies (EBs).1617
In brief, hiPSCs aggregated to form EBs, and were cultured in
suspension for 8 days. On day 8, the EBs were plated onto fi-
bronectin-coated dishes and for the first 20 days, we followed
the protocol as described previously.1617 Cultures were main-
tained in a 5% COz, 5% Oz, 90% N2 environment for the first
12 days and then transferred into a 5% CO2/air environment
for the remainder of the culture period. At 20 days after car-
diac differentiation, EBs were maintained in culture DMEM/
F12 supplemented with 2% fetal bovine serum, 2 mmoVl/L L~
‘glutamine, 0.1 mmol/L non-essential amino acids, 0.1 mmol/L
B-mercaptoethanol, 50U/ml penicillin, and 50 ug/ml strepto-

mycin.? The medium was renewed every 2-3 days.

Immunocytochemistry

For immunostaining, single cells were isolated from microdis-
sected 30- and 360-day-old beating EBs using collagenase B
(Roche) and trypsin EDTA (Nacalai Tesque). The cells were
plated onto fibronectin-coated dishes for 3 days to allow at-
tachment. The cells were fixed in 4% paraformaldehyde and
permeabilized in 0.2% Triton X-100 (Nacalai Tesque). The
samples were stained with the following primary antibodies:
rabbit polyclonal anti-cardiac troponin I (cTnI) (1:200; Santa
Cruz), mouse monoclonal anti-myosin light chain 2a (MLC2a)
(1:200; Synaptic Systems), rabbit polyclonal anti-myosin light

chain 2v (MLC2v) (1:100; Proteintech Group), mouse mono-
clonal anti-SIII tubulin (1:100, Promega), mouse monoclonal
anti-fibroblast (1:100, Acris Antibodies), and mouse monoclo-
nal anti-human smooth muscle actin (1:100, Dako). We used
the appropriate secondary antibodies: donkey anti-rabbit
Alexafluor 594 (1:500, Invitrogen) and donkey anti-mouse
Alexafluor 488 (1:500, Invitrogen). The nuclei were stained
with DAPI (1:2000, Wako). The specimens were observed
under a fluorescence microscope, Biozero BZ-9000 (Key-
ence), and the areas of cTnl-positive cells were calculated
using a BZ-1I analyzer (Keyence).

Transmission Electron Microscopy (TEM)

TEM was performed on 14-, 30-, 60-, 90-, 180-, and 360-day
old EBs derived from hiPSC-CMs. EBs were microdissected
and fixed for 1h in 2% glutaraldehyde at 4°C in phosphate-
buffered saline (PBS). All sections were treated with OsOs
(1% for 1 min, and 0.5% for 20 min at 4°C) in PBS, dehydrated
in ethanol and propylene oxide, and embedded in Luveak 812
(Nacalai Tesque). Ultrathin sections were cut with an ultrami-
crotome (Leica, Heidelberg, Germany) and observed with
TEM (H-7650; Hitachi). All stages of EBs were examined in
triplicate.

Analysis of mRNA Expression by Real-Time Quantitative
Polymerase Chain Reaction (qPCR)

Total RNA was isolated using TRIzol Reagent (Invitrogen)
from 20 to 30 EBs microdissected from 30-, 90-, 180-, and
360-day-old hiPSC-CMs, and treated with TURBO DNA-free
Kit (Applied Biosystems). Total RNA from human heart tis-
sue (left ventricle, left atrium, and fetal heart) was also reverse
transcribed into complementary DNA (cDNA) for compari-
son. cDNA was synthesized from 1 ug of total RNA, in a total
volume of 20ul, using oligo (dT)s primer with Transcriptor
First Strand cDNA Synthesis Kit (Roche). The PCR-related
primers are detailed in Table S1. The real-time qPCR was per-
formed using power SYBR Green PCR Master Mix (Applied
Biosystems) for 6 samples. The expression of genes of interest
was normalized to that of GAPDH. Relative quantification
was calculated according to the AACt method. The changes in
gene expression levels were compared with those of hiPSC-
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Figure 2. - Immunostaining of human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) at 30 days after cardiac
differentiation. (A-E) Immunostaining of single cells isolated from microdissected beating embryoid bodies (EBs) at 30 days using
the following antibodies: (A) cTnl (red), Blll-tublin (green), and DAPI (blue); (B) fibroblast (green) and DAPI (blue); (C) a-SMA
(green) and DAPI (blue); (D) MLC2v {green) and DAP! (blue); (E) MLC2v (red) and MLC2a (green). (E) hiPSC-CM expressing both
MLC2v and MLC2a. (F) Properties of MLC2v-positive/MLC2a-negative, MLC2v-negative/MLC2a-positive, and MLC2v/MLC2a
double-positive cells at 30 days and 360 days. Among the MLC2v- or MLC2a-positive cells, 36% of 30-day hiPSC-CMs were
MLC2v-positive/MLC2a-negative mature ventricular CMs and 56% w
At day 360, MLC2v-positive/MLC2a-negative mature CMs increased to 60%, whereas MLC2v/MLC2a doubl&posnt:ve immature

a-SMAIDAPT

100um

30 day

360 day

MLC2v+2a

were MLC2v/MLC2a double-positive immature ventricular CMs.

CMs at 30-day differentiation. The fold change is expressed
as mean+SEM.

Statistical Analysis

All values are presented as mean+SEM. Statistical signifi-
cance was evaluated by Student’s t-test for 2 groups or 1-way
analysis of variance followed by Tukey test for comparisons
of multiple groups. Differences with P<0.05 were considered
statistically significant.

Resuits

Long-Term Maintenance of hiPSC-CMs

Areas of spontaneous beating became visible as early as day
8 after differentiation, and kept beating for more than 360 days
(Movie S1). The beating rate of 30-day-old EBs (n=42) was
significantly higher than that of 360-day-old EBs (n=41; 73.2+
34.9beats/min vs. 32.2+14.2beats/min, P<0.0001) (Figure 1A).

The size of dispersed hiPSC-CMs increased significantly after
long-term culture as measured by their cell area (3,277.4+
1,679.5 um? vs. 4,067.911,814.6 um?, P=0.01) (Figure 1B).

immunostaining Analysis of Beating EBs at 30 and 360
Days After Cardiac Differentiation

Immunostaining of single cells isolated by microdissected beat-
ing EBs detected cells positive not only for cTnl, MLC2v, and
MLC2a, but also Sll-tubulin, fibroblasts, and a-SMA, sug-
gesting the existence of neural cells, fibroblast-like cells, and
vascular smooth muscle cells in the beating EBs as well as
CMs (Figures 2A-E).

Among randomly selected single cells isolated from 30-
(n=213) and 360-day-old (n=191) beating EBs, 61% and 64%,
respectively, were positive for cTnl. Double immunostaining
with anti-MLC2v and anti-MLC2a antibodies revealed that
among the MLC2v- or MLC2a-positive cells, 36% were ML-
C2v-positive/MLC2a-negative, 8% were MLC2v-negative/
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Figure 3. Transmission electron mi-
croscopy images of human-induced
pluripotent stem cell-derived cardio-
.myocytes (hiPSC-CMs) at- 14 days after
cardiac differentiation. (A) hiPSC-CMs
at 14 days contained myofibrils (MF)
that lacked alignment or organized
sarcomeric pattern. Scattered con-
densed Z-bodies (Zb) were also con-
firmed. (B) In some areas, a more
developed pattern was noted in which
myofibrils (MF) were held between a
few of the Z-bands (Z). (C) CMs con-
nected by desmosomes (Ds) and fas-
cia. adherens (FA) even at this early
stage. Mitochondria (Mit) can be seen.

tochondria (Mit) can be seen.

Figure 4. Transmission electron microscopy images of human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-
CMs) at 30 days after cardiac differentiation. (A) hiPSC-CMs at 30 days appeared to be packed between parallel Z-bands. Some
myofibrils (MF) showed A- (A) and I-bands (I). (B) Transverse section of sarcomere and rough endoplasmic reticulum (rER). Mi-

MLC2a-positive, and 56% were MLC2v/MLC2a double-pos-
itive CMs at 30-day differentiation. By day 360, ML.C2v-pos-
itive/MLC2a-negative CMs increased to 60%, whereas MLC2v/
ML.C2a double-positive immature ventricular CMs decreased
to 36% (Figure 2F).

Ultrastructural Analysis of hiPSC-CMs at 14-, 30-, 60-, 90-,
180-, and 360-Day Differentiation

hiPSC-CMs at 14-day differentiation contained myofibrils that
lacked alignment or organized sarcomeric pattern, and were
distributed diffusely in the cytoplasm in a disorganized fash-
ion. Scattered patterns of condensed Z-bodies were also con-
firmed. However, in some areas, a more developed pattern was
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Figure 5. Transmission electron mi-
croscopy images of human-induced
pluripotent stem cell-derived cardio-
myocytes (hiPSC-CMs) at 60 (A), 80
(B), and 180 days (C) after cardiac
differentiation. Between 60- and 180-
day differentiation, ultrastructural mat-
uration continued and formation of H-
bands (H) can be seen. However, even
at 180-day differentiation, M-bands are
not apparent. Lipid droplets (L) can
be seen in (C).

Figure 6. Transmission electron mi-
croscopy images of human-induced
pluripotent stem cell-derived cardio-
myocytes (hiPSC-CMs) at 360 days
after cardiac differentiation. (A,B) In
addition to discrete A-, H-, |-, and Z-
bands, M-bands (M) are also noted
in a minority of the cells within the
sarcomeres.

noted in which myofibrils were held between a few of the Z-
bands (Figure 3). However, A-, H-, I-, and M-bands were not
recognized. CMs were connected by desmosomes and fascia
adherens at this early stage.

At 30-day differentiation, nascent myofibrils decreased and
appeared to be packed between Z-bands. Parallel Z-bands were
demonstrated to confine the myofibrils in the typical sarco-
meric pattern. Some myofibrils showed A- and I-bands. How-
ever, they still lacked the formation of H-, and M-bands
(Figure 4). Mitochondria and rough endoplasmic reticulum
were also noted, as previously reported.13

Between 60- and 90-day differentiation, ultrastructural mat-
uration continued and formation of H-bands could be observed.
However, even at 180-day differentiation, M-bands could not
be detected (Figure 5).

Finally, at 360-day differentiation, in addition to discrete
A-, H-, I-, and Z-bands, M-bands were first noted in a minor-
ity of the cells within the sarcomeres (Figure 6). Myofibrils
appeared to be tightly packed and distributed in an oriented
fashion. The amount of sarcomeric structure in a single CM
continued to increase, but was still scarce compared with an
adult CM. Even at this stage, different degrees of organization
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Figure 7. Percentages of the cardiomyocytes (CMs) having
I-, H-, and M-bands at 14, 30, 90, 180, 360 days after cardiac
differentiation. The amount of CMs with |- and H-bands in-

noted in 360-day CMs.

creased through the long-term culture and M-bands were first

existed simultaneously in the same EB.

We evaluated 30 CMs with sarcomeres on randomly se-
lected electron micrographs to assess the maturation process
of sarcomeres quantitatively. Figure 7 shows the percentages
of CMs having I-, H-, and M-bands at 14-, 30-, 90-, 180-, 360-

~ day differentiation.

Expression of Cardiac-Specific Genes

Leucine-rich repeat-containing protein 39 (LRRC39), myo-
mesin 1 (MYOM]I), and 2 (MYOM?2), components of M-bands,!8
increased at 360-day differentiation compared with 30-day
differentiation, supporting the observation of M-band forma-
tion in 360-day hiPSC-CMs (Figure 8). However, the expres-
sion levels of the M-band-specific proteins in the hiPSC-CMs
were lower compared with those of the adult heart. The ex-
pression of cardiac troponin-T (¢7nT), myosin heavy chain 6
(MYH6), myosin heavy chain 7 (MYH7), and myosin regula-
tory light chain 2 (MYL2) also increased after the 1-year cul-
ture. However, the expression levels of cardiac-specific genes
in the hiPSC-CMs were also considerably lower than those in
the adult heart left ventricle or left atrium, and in the fetal
heart. The expression levels of gap junction -1 protein were
significantly decreased in 180-day and 360-day hiPSC-CMs
compared with 30-day hiPSC-CMs.

cTnT MYH6

- e
S N

Relative gene expression
O N A~ O @

LRRC39

JUP

MYH7 MYL2

adult left ventricle
adult left atrium
fetal heart

Figure 8. Real-time quantitative polymerase chain reaction analyses for cTnT, MYH6, MYH7, MYL2, MYL7, LRRC39, MYOM1,
MYOM2, JUP, and GJA1 expression in beating embryoid bodies (EB) from human-induced pluripotent stem cell-derived cardio-
myocytes (hiPSC-CMs) at 30, 90, 180, and 360 days, in the adult left ventricle, adult left atrium, and fetal heart. The changes in
gene expression levels were compared with those of hiPSC-CMs at 30-day differentiation. cTnT, cardiac troponin-T; MYH6, myo-
sin heavy chain 6; MYH?7, myosin heavy chain 7; MYL2, myosin regulatory light chain 2; MYL7, myosin regulatory light chain 7;
LRRC39, leucine-rich repeat-containing protein 39; MYOM1, myomesin 1; MYOMZ2, myomesin 2; JUP, junction plakoglobin; GJA1,

gap junction a-1 protein. *P<0.05 vs. 30-days EBs.
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Discussion

In this study, we demonstrated that hiPSC-CMs continue to
mature through a 1-year culture. This is the first report of the
feasibility of 1-year 2D culture of hiPSC-CMs and description
of the sarcomeric maturation process represented by the emer-
gence of M-bands and the increase in the cardiac-specific gene
expressions.

So far, the reported ultrastructure of hiPSC-CMs has been
immature and their maturation process remained unknown.#13.14
Human embryonic stem cell-derived cardiomyocytes (hESC-
CMs) are reported to follow a roughly similar maturation
process to that reported both in vivo and in an in-vitro murine
ES model.¥-% The hiPSC-CMs in the present study showed a
similar maturation process to that of hESC-CMs.% At first,
narrow, diffusely distributed, and frequently not well aligned
myofibrils, resembling those of hiPSC-CMs at 14 days, devel-
oped into sarcomeres with clear band patterns including the
Z-, I-, and A-bands, responding to hiPSC-CMs at between 30
and 90 days, and ultimately resulted in the generation of well-
designed sarcomeres with A-, H-, I-, and M-bands. The ultra-
structural findings of hiPSC-CMs in the literature now avail-
able relate to around 30 days of differentiation, and only
Z- and I-bands have been visible.41314 In our study, the 30-day
hiPSC-CMs similarly showed only Z- and I-bands, not H- or
M-bands. Notably, we are the first to find that only 360-day
hiPSC-CMs, not 180-day hiPSC-CMs, show a mature sarco-
meric structure with M-bands. However, even at 360-day dif-
ferentiation, different degrees of organization patterns existed
simultaneously in the same EB and homogeneous maturation
was not confirmed. Our 1-year culture system was able to con-
firm more mature sarcomeric structures than previously re-
ported, but still not that of adult CMs. It is reported that human
CMs derived from fetal hearts do not achieve full ultrastruc-
tural maturity and that myofibrillar development continues
throughout the entire fetal period.?? The insufficient matura-
tion of hiPSC-CMs after long-term culture could be explained
by several factors. In vitro culturing conditions lack the pres-
ence of adjacent non-myocyte proliferating cells, which play
an important role in the maturation of CMs via paracrine and
humoral signals in vivo. In addition, the CMs grown in the
absence of hemodynamic workload typical of in vivo working
CMs are reported to lack appropriate ultrastructural develop-
ment.? The differences between in vitro and in vivo condi-
tions, such as the absence of humoral factors and organized
mechanical and electrical stress in vitro, might result in de-
layed ultrastructural maturation.

In electron micrographs of the sarcomere, the M-band ap-
pears as a series of parallel electron-dense lines in the central
zone of the A-band. The M-band has been reported to play a
role not only in mechanical stability in the activated sarco-
mere, such as reducing the intrinsic instability of thick fila-
ments and helping titin to maintain order in sarcomeres, but
also in the biomechanical conditions in contracting muscle
such as stress sensing.?” M-band formation was confirmed in
the latest stage and has been considered the endpoint of myo-
fibrillar maturation.’¥2! The lower expression levels of the
M-band-specific proteins in the hiPSC-CMs compared with
the adult heart might be associated with the delayed appear-
ance of M-bands. Maturation of iPSC-CMs is critical for their
application in regenerative medicine, as well as for investi-
gating the mechanisms underlying inherited cardiac diseases.
Techniques to promote the maturation of ESC-CMs, such as
3D culture methodology,?® electric stimulation,? and cocul-
ture with non-cardiomyocytes®® may be applicable to iPSC-

CMs to overcome the problem, although it has not been fully
investigated in hiPSC-CMs. Improved methods are needed to
produce homogeneous, mature iPSC-CMs.

In addition to ultrastructural maturation, there was a sig-
nificant increase in the size of hiPSC-CMs after long-term -
culture, supporting the process of morphological maturation.
Also, the lower rate of beating of 360-day hiPSC-CMs com-
pared with 30-day hiPSC-CMs suggested electrophysiological
maturation, because it has been reported that the resting mem-
brane potential becomes progressively more negative in the
developing atrial and ventricular myocytes, which correlates
with an increasing presence of Iki, and ultimately, the fetal
atrial and ventricular myocytes exhibit stable resting mem-
brane potentials with little automaticity.3! .

Changes in the expression patterns of MLC2v and MLC2a
occur during the maturation process.3? hiPSC-CMs were thought
to be immature and similar to human fetal CMs because of the
presence of a number of MLC2v/MLC2a double-positive
CMs.3 Our immunostaining analysis demonstrated that the
percentage of MLC2v/MLC2a double-positive hiPSC-CMs
decreased after long-term culture, accompanied by an increase
in MLC2v-positive/MLC2a-negative hiPSC-CMs, suggesting
maturing of the ventricular-type CMs.

This study also showed for the first time, changes in the
expression levels of cardiac-specific genes and genes related
to intercalated discs throughout the 1-year culture. The cardi-
ac-specific genes tended to increase during |-year culture,
supporting the maturation process of hiPSC-CMs. The con-
nexin (gap junction proteins) are reported to be more abundant
in the neonate than the adult.* The significant decrease in
GJAI expression levels in 180- and 360-day hiPSC-CMs com-
pared with 30-day hiPSC-CMs also suggested maturation of
hiPSC-CMs.

Study Limitations

We used microdissected beating EBs for the gene expression
studies. The fact that EBs contain CMs at various stages of
differentiation, as well as non-CMs, might obscure the results
of the gene expression studies. We conducted immunostaining
analysis of single cells from microdissected beating EBs 3
days after enzymatic dispersion, which might allow non-CMs
to increase and affect the results of the percentage of CMs in
the beating EBs. '

Conclusions

The current study demonstrated developmental changes in the
ultrastructural, immunocytological, and gene expression prop-
erties of hiPSC-CMs. Our results confirmed mature sarco-
meric structure with M-band formation in long-term culture of
hiPSC-CMs for the first time, which provides a new insight
into the maturation process of hiPSC-CMs. For application of
homogeneous mature hiPSC-CMs in regenerative medicine
and in vitro modeling of human cardiac diseases, further mat-
uration of cardiac cells will be needed.
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A novel mutation in the transmembrane nonpore region of the
KCNHZ2 gene causes severe clinical manifestations of long QT

syndrome
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BACKGROUND Long QT syndrome (LQTS) is characterized by
prolonged ventricular repolarization and variable clinical course
with arrhythmia-related syncope and sudden death. Mutations in
the nonpore region of the LQTS-associated KCNH2 gene (also known
as hERG) are mostly associated with coassembly or trafficking
abnormalities, resulting in haplotype insufficiency and milder
clinical phenotypes compared with mutations in the pore domain.

OBJECTIVE To investigate the effect of a nonpore mutation on the
channel current, which was identified from an LQTS family with
severe clinical phenotypes.

METHODS Two members of a Japanese family with LQTS were searched

for mutations in KCNQ1, KCNH2, SCN5A, KCNE1, KCNE2, and KCNJ2 genes -

by using automated DNA sequencing. We characterized the electro-
physiological properties and glycosylation pattern of the mutant
channels by using patch clamp recording and Western blot analysis.

RESULTS In the LQTS patient with torsades de pointes and
cardiopulmonary arrest, we identified the novel T473P mutation
in the transmembrane nonpore region of KCNH2. The proband’s
father carried the same mutation and showed prolonged corrected

QT interval and frequent torsades de pointes in the presence of
hypokalemia following the administration of garenoxacin. Patch
clamp analysis in heterologous cells showed that hERG T473P
channels generated no current and exhibited a dominant negative
effect when coexpressed with wild-type protein. Only incompletely
glycosylated hERG T473P channels were observed by using Western
blot analysis, suggesting impaired trafficking.

CONCLUSIONS These results demonstrated that a trafficking-
deficient mutation in the transmembrane nonpore region of KCNH2
causes a dominant negative effect and a severe clinical course in
affected patients.

KEYWORDS Long QT syndrome; KCNH2; Nonpore region; Trafficking
deficient; Dominant negative

ABBREVIATIONS ECG = electrocardiogram; Iy, = delayed rectifier
K* current; LQT2 = long QT syndrome type 2; LQTS = long QT
syndrome; QTc = corrected QT; TdP = torsades de pointes

(Heart Rhythm 2013;10:61-67) © 2013 Heart Rhythm Society. All
rights reserved.

Introduction

Long QT syndrome (LQTS) is characterized by prolonged
ventricular repolarization and malignant arthythmia leading to
syncope, cardiac arrest, and sudden death.' Genetic studies
have so far identified 13 forms of congenital LQTS caused by
mutations in genes of cardiac ion channels or ion channel
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1547-5271/$-see front matter © 2013 Heart Rhythm Society. All rights reserved.

modulators, including membrane adapters.” The acquired form
of LQTS is more common than the congenital form; risk
factors include drugs administered for noncardiac conditions,
over-the-counter drugs, hypokalemia, bradycardia, and genetic
variations in ion channel genes.’

The KCNH2 gene encodes the Kv11.1 protein o subunit
(hERG) that underlies the rapidly activating delayed rectifier
K™ current (Ig,) in the heart, which is active during phases 2
and 3 of the cardiac action potential and plays an important role
in cardiac repolarization. Mutations in KCNH2 are responsible
for LQTS type 2 (LQT2), and many mutations or polymorph-
isms in this gene have been identified in patients with both
congenital and acquired LQTS.*” Previous studies showed
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—652—



