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Figure 1. Characteristics of the probands. Number of the probands according to (&) diagnostic criteria and (€) first symptom.
(B,D,E) Mean age at diagnosis according to (B) diagnostic category or (D) first symptom; and (E) at onset according to first
symptom. CHF, congestive heart failure; CPA, cardiopulmonary arrest. *P<0.05, *P<0.01.
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Figure 2. Number of the patients who fulfilled the criteria for arrhythmogenic right ventricular cardiomyopathy/dysplasia. Red,
major criteria; blue, minor criteria; orange, none; light green, gene mutation carriers in major criteria.
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Age at PKP2 DSP DSG2 DSC2
No.  Sex dl(?gezc:ss)ns Category Codon Amino acids Codon l:::.i;: Codon ‘;2':: Codon ";2';:
1 M 30 Definite 1725— R577DisX5
1728dupGATG
2 M 49 Definite
3 M 16 Definite 1132 C>T Q378X
4 F 36 Definite
5 M 51 Definite
6 F 15 Definite 394 C>T R132C
582 C>G  N194K
607 C>T R203C
7 M 64 Definite
8 F 15 Definite 8269 G>C D2757H
9 M 49 Definite 2360 A>G ~ Y787C
10 F 47 Definite 2150 C>T P717Lt
11 M 72 Definite 953 A>C H318pPt
12 M 45 Definite
13 M 40 Definite 4741 A>G - K1581ET 1592 T>G  F531C
: (H) H)
14 M 41 Definite 976 G>A (H) A326Tt (H) 593 A>C  Q198P
(H) H)
15 F 16 Borderline 8455 A>C. M2819Lt
16 M 5 Definite
17 M 17 Definite 1725— R577DfsX5
1728dupGATG
18 M 38 Definite
19 F 25 Borderline
20 F 63 Possible
21 M 43 Definite
22 M 30 Borderline
23 M 32 Borderline
24 F 47 Definite
25 M 70 Definite
26 F 18 Possible 2780 C>T P927L*
27 M 56 Definite 875-890 del L266QfsX104
28 F 43 Definite 1481 A>C D494At
(H)
29 M 25 Definite 2119 C>T Q707X
30 F 63 Definite
31 M 56 Definite 1481 A>C DA494At
32 M 50 Definite 4741 A>G  K1581E"
33 M 34 Definite 2095 C>T Q699X 2780 C>T P927L*%
34 M 62 Definite 1203 G>T  K401N
35 F 53 Definite 1725— R577DfsX5
1728dupGATG

tReported in NCBI SNP database; *identified in the present control cohort. H, homozygous mutation.

healthy Japanese controls.

Age Analysis

The present probands were divided into 2 groups according to
age at diagnosis: <40 years old (younger group, n=16) and >40
years old (older group, n=19). We also compared the clinical
and genetic characteristics between the 2 groups.

Statistical Analysis
All continuous variables are reported as mean+SD. Differ-
ences between continuous variables were evaluated using the

Wilcoxon rank sum test for 2 groups and 1-way ANOVA for
>3 groups. Categorical variables were analyzed using chi-
square test (for counts =5) or Fisher exact test (for counts <5)
for 2 groups and Kruskal-Wallis ANOVA rank test for >2
groups. Significance was considered at P<0.05.

Results

Clinical Features
Clinical subject characteristics are summarized in Table 1. Ac-
cording to the 2010 diagnostic ARVC/D criteria,'$ 29 probands
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Figure 3. Clinical characteristics according to genotype and mutat

rhythmia; orange, asymptomatic.

and (C) mutation type. (B,D) Mean age at diagnosis for (B) genotype and (D) mutation type. (E) Number and (F) proportion of
probands according to first symptom. Red, cardiopulmonary arrest (CPA); blue, congestive heart failure (CHF); light green, ar-

missense

radical

ion type. Number of the probands according to (&) genotype

(82.9%) were diagnosed as definite, 4 (11.4%) as borderline,
and 2 (5.7%) as possible (Figure 1A). The mean age at diag-
nosis was 40.5£17.7 years. They experienced their first symp-
toms at 38.6+14.8 years, although 2 probands were diagnosed
with ARVC/D without symptoms. The asymptomatic pro-
bands first consulted doctors due to ECG abnormality, and

were diagnosed with ARVC/D. Mean age at diagnosis in each
diagnostic category was not significantly different: 42.5+17.4
years in the definite group, 25.8+7.1 years in the borderline
group, and 40.5+31.8 years in the possible group (Figure 1B).

Figure 1C summarizes the number of probands according
to first symptom, and Figures 1D,E, the mean age at diagnosis
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Younger group (n=16) Older group (n=19) P-value

Age at onset (years) 24.4+9.5 48.9+7.5 <0.001
Age at diagnosis (years) 24.5£10.2 53.9+9.4 <0.001
Initial manifestation

Cardiac arrest 5(31.3) 1(5.3) 0.073

Arrhythmia 7 (43.8) 14 (73.7) 0.146

Heart failure 2 (12.5) 4(21.1) 0.666

Asymptomatic 2 (12.5) 0 (0) 0.202
ARVC/D diagnostic criteria

Definite 11 (68.8) 18 (94.7)

Borderline 4 (25) 0(0) 0.333

Possible 1(6.3) 1(5.3)
Desmosomal mutations

All 9 (64.2) 10 (52.6) 0.899

PKP2 5(31.3) 4(21.1) 0.656

PKP2 radical 5(31.3) 2(10.5) 0.17

DSP 2 (12.5) 3(15.8) 1

DSG2 0 (0) 2 (10.5) 1

DSC2 1(6.3) 0(0) 0.474

DSP+DSG2 1(6.3) 0(0) 0.474
' PKP2+DSP 0(0) 1(5.3) 1

Data given as mean+SD or n (%). ARVC/D, arrhythmogenic right ventricular cardiomyopathy/dysplasia.

and onset. Probands whose first symptom was cardiopulmo-
nary arrest (CPA) were significantly younger than those whose
first symptom was arrhythmia or congestive heart failure. The
mean age at onset and diagnosis in the CPA patients were
22.3+15.3 years and 22.7+15.6 years, respectively.

Letters A and I in Table 1 indicate the presence of positive
major and minor criteria by the revised task force,!8 respec-
tively. In Table 1, diagnostic criteria are also summed with
the result for the diagnostic category. Regarding the RV dys-
function and structural alterations criteria, 24 probands
(68.6%) tulfilled major criteria and 1 (2.9%) a minor criterion
(Figure 2A). Regarding endocardial biopsy, only 3 probands
fulfilled major and 3 minor criteria because tissue character-
ization from the RV free wall was not available in most cases
(Figure 2B). Eight probands (22.9%) fulfilled criteria for major
repolarization abnormalities and 4 (11.4%) minor criteria
(Figure 2C). Epsilon waves were observed in 5 (14.3%), and
13 (37.1%) had other depolarization abnormalities (Figure 2D).
In 33 probands (94.3%), ventricular tachycardia (VT) or fre-
quent premature ventricular contraction (PVCs) were docu-
mented; in 13 of them (37.1%), VT with both a superior axis
and left bundle-branch morphology was observed (Figure 2E).
Only 1 proband (no. 25) had a clear family history of ARVC/D
in first-degree relatives, and 19 (54.3%) were found to carry
pathogenic mutations in at least 1 gene of desmosomal pro-
teins (M, Table 1) and, therefore, fulfilled family history cri-
teria (Figure 2F).

Genetic Testing

We identified ARVC/D-related gene variants in 19 probands
(Table 2). No variants except DSG2-P927L (indicated by #)
were identified in the 200 control alleles. Because DSG2-
P927L was identified in 1 control as a heterozygote, we clas-
sified this variant (probands 26 and 34) as a bystander sin-
gle-nucleotide polymorphism (SNP). Three of them carried
compound or digenic mutations. Mutations indicated by (H)

in Table 2 were homozygous, and those indicated by 1 are
rare variants according to the National Center for Biotechnol-
ogy Information (NCBI) SNP database.

Figure 3A shows the numbers of carriers of each gene
mutation, and Figure 3B the mean age at diagnosis according
to genotype, which was not significantly different. PKP2 mu-
tations were identified in 10 probands (28.6%). Seven of them
carried radical mutations that caused an inappropriate termina-
tion of the protein (Figure 3C). DSP and DSG2 mutations
were all missense and were identified in 7 (20.0%) and 3
(8.6%) probands, respectively. One proband (no. 6) carried 3
DSC mutations. The mean age at onset was not significantly
different between mutation carriers (39.1+£15.5 years) and
non-carriers (37.9£14.5 years). Concerning the probands with
radical mutations (Figure 3D), onset was significantly young-
er (29.4+12.4 years) than in those with missense mutations
(45.8£14.2 years; P=0.0266). Figure 3E summarizes first symp-
tom according to gene mutation. Three of 6 patients who suf-
fered CPA carried mutations in PKP2 or DSP. Regarding the
mutation type (Figure 3F), 2 patients (28.6%) with radical
mutations suffered CPA; in contrast, only 1 (8.3%) with a
missense mutation did. Two asymptomatic patients carried
missense mutations.

Age, and Clinical and Genetic Characteristics
Development of the disease seems to be different between
young and older patients, and the mean age at diagnosis in the
present cohort was approximately 40 years old. Therefore we
divided the present cohort into 2 groups according to this age
and compared clinical and genetic characteristics (Table 3).
Regarding initial clinical manifestation, 31.3% patients suf-
fered cardiac arrest in the younger group, whereas 5.3% did,
in the older group. In contrast, 2 asymptomatic probands be-
longed to the younger group. Four probands in the younger
group were diagnosed as having borderline ARVC/D, where-
as none had this in the older group.
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Subject  Age at diagnosis Sex lagnosis utations
no. (vears) Major criteria  Minor criteria Amino acids
3 1 16 M 3 1 Definite PKP2 Q378X
2 ? M 1 Possible )
3 ? F 1 Possible =)
4 ? F 1 Possible -
4 1 36 F 2 1 Definite =)
2 11 F 1 Possible -)
3 13 F 1 Possible =)
6 1 15 F 2 2 Definite DSC R132C N194K R203C
2 ? F 1 Possible DSC N194K R203C
3 12 M 1 Possible =)
13 1 40 M 2 2 Definite DSP K1581E*(H) DSG2 F531C
2 76 M 1 Possible DSP K1581E* DSG2 F531C
3 66 F 1 Possible DSP K1581E*
17 i 17 M 3 1 Definite PKP2 R577DfsX5
2 20 M 3 Definite PKP2 R577DfsX5
18 1 38 M 1 2 Definite =)
2 7 M 1 Possible =)
28 1 43 F 3 Definite DSG2 D494A*
2 56 M 2 Definite DSG2 D494A*
3 23 M 1 Possible DSG2 D494A*
4 14 F 1 Possible DSG2 D494A*
31 1 56 M 2 2 Definite DSG2 D494A*
2 61 F 2 1 Definite DSG2 D494A*
3 26 F 1 Possible -)

Bold, Proband. *Reported in NCBI SNP database.

Desmosomal gene mutations were identified in 9 probands
from the younger group and in 10 from the older group. There
was no difference in the number of mutation carriers of the
respective genes. Five probands from each group carried PKP2
mutations, but the number of radical PKP2 mutation carriers
was higher in the younger (n=5) than the older (n=2) group.

Family Members

We examined 16 family members from 8 families, and identi-
fied desmosomal gene mutations in 8 members from 6 fami-
lies (Table 4). Only 3 of them satisfied the diagnostic criteria
for definite ARVC/D and they were all found to have desmo-
somal gene mutations. A 20-year-old man with a definite di-
agnosis (subject 17-2) remained asymptomatic without treat-
ment. In contrast, 2 other family members with a definite
diagnosis (28-2 and 31-2) were a 56-year-old man and a
61-year-old woman, and both were symptomatic and receiving
treatment. The remaining family members were diagnosed in
the possible category because first-degree relatives fulfilled
the major criteria of family history.

Discussion

In this study, we first performed a comprehensive examination
of 35 Japanese ARVC/D patients and their 16 family mem-
bers. Furthermore, we analyzed the age-dependent clinical and
genetic features of the ARVC/D patients.

Age-Dependent Features

In the clinical course of ARVC/D, it is well-known that pa-
tients become symptomatic at around 40.1516 Because the
disease displays a dominant or recessive inheritance trait, we
can examine the family members after the diagnosis of the
probands. Advances in molecular genetics facilitated the early
detection of ARVC/D before disease onset not only for pos-
sible probands, but also their family members. In contrast,
however, sporadic cases were rarely diagnosed before onset.
As described here, 5 young patients suffered from cardiac ar-
rest as the first symptom. Also, in the present cohort, 2 young
patients were diagnosed before onset of symptoms due to ECG
abnormalities recorded in a health check-up at high school.
One had frequent PVCs and another had T-wave inversion in
the right precordial leads.

Corrado et al described the age dependence of the disease
with regard to the clinicopathology.?! They analyzed 42 whole
hearts of patients with a pathologic diagnosis of ARVC/D at
postmortem examination or after heart transplantation. Ac-
cording to the left ventricular (L'V) involvement, the patients
were classified into 3 groups. Consequently, they reported that
the group with LV involvement was significantly older than
the others and had highly developed heart failure. This agrees
with the present finding of the patients whose onset was heart
failure being older than those who developed cardiac arrest.
Concerning the unexpected sudden cardiac death, 200 of
1,930 autopsy subjects were diagnosed as having ARVC/D.22
In that report, there was a gradual increase of sudden cardiac
death until the late 305, followed by a progressive decrease.
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In a recent study involving 53 pediatric ARVC/D patients
with desmosomal mutations,'” only 40% of mutation carriers
fulfilled the diagnostic criteria. The frequency of ECG abnor-
mality in genotyped patients, however, was significantly high-
er in probands than in family members; 12 of 13 probands in
that study had ECG abnormality.!” Taken together, ECG in
adolescence would be effective for the early diagnosis of
ARVC/D, as well as the prevention of sudden cardiac death.
In Japan, ECG is obligatory in schools at the age of 6, 12, and
15 years. Therefore, we can identify abnormal ECG carriers,
and further examine their cardiac function to prevent unex-
pected cardiac sudden death.

Although there was no age dependence in each gene muta-
tion carrier, carriers with PKP2 radical mutations developed
the disease at a significantly younger age than other mutation
carriers (Figure 3D). This implies that nonsense or frameshift
mutations may cause severer phenotypes and the early onset
of ARVC/D, because multiple desmosomal mutations cause
earlier onset and more severe phenotype.'62 In Table 3, we
could not identify the clear clinical and genetic differences
between younger and older groups, but we should bear in
mind that the onset in the younger ARVC/D patients might be
CPA, as shown in Figures 1D,E.

Desmosomal Mutations in Japan

Kapplinger et al reported desmosomal gene mutations iden-
tified in healthy controls in comparison with ARVC/D pa-
tients.?! They reported that missense mutations in DSP and
DSG2 were frequently identified in non-Caucasian controls.
Concerning the desmosomal variant, Fressart et al used soft-
ware to distinguish whether the variants were disease-causing
mutations or genetic variants of unknown significance.!¢ In the
present cohort, we identified 2 DSG2-P927L carriers in the
healthy controls. Also, 5 desmosomal variants we found were
reported in the NCBI SNP database. It was, however, difficult
to distinguish whether the variants were benign or not, be-
cause the healthy controls might develop the disease at a later
date. Concerning the family members, only 3 of 8 with gene
mutations fulfilled the criteria for definite ARVC/D. Origi-
nally, the penetrance of the disease with PKP2 mutations was
reported to be very low.>835 As the reason for low penetrance,
additional genetic or environmental factors, including age,
might affect the onset of the disease. Therefore, we need to
perform careful follow-up of the genotyped family members
to elucidate the effect of the variants on the progression of the
disease, especially in young carriers.

Study Limitations

The number of ARVC/D patients in the present study was
limited to 35, and this number was smaller than in other stud-
ies reported from Europe and the USA. Because we did not
screen for JUP, the present mutation-negative patients may
have carried mutations of JUP.

Conclusions

In Japan, as reported in Western countries, PKP2 mutations
are the major cause of ARVC/D among desmosomal genes. In
young patients, fatal arrhythmias and cardiac arrest are some-
times the first symptom,; therefore, the identification of ge-
netically affected family members, especially those with PKP2
mutations causing a premature stop codon, is indispensable for
preventing sudden death.
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Ultrastructural Maturation of Human-Induced Pluripotent
Stem Cell-Derived Cardiomyocytes in a Long-Term Culture

Tsukasa Kamakura, MD; Takeru Makiyama, MD, PhD; Kenichi Sasaki, MD;
Yoshinori Yoshida, MD, PhD; Yimin Wuriyanghai; Jiarong Chen;
Tetsuhisa Hattori, MD, PhD; Seiko Ohno, MD, PhD; Toru Kita, MD, PhD;
Minoru Horie, MD, PhD; Shinya Yamanaka, MD, PhD; Takeshi Kimura, MD, PhD

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 Resulis: 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.

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.!-* 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.2-12 Thus, there is limited information
about the electrophysiological and biochemical properties of
iPSC-CMs, and the ultrastructural maturation process has not
been investigated fully.
The ultrastructural features of human iPSC-CMs (hiPSC-

I nduced pluripotent stem cells (iPSC) can differentiate into

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.*131* 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
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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 .441,679.5um? vs. 4,067.9+1,814.6um?, P=0.01). *P<0.05 vs. 30-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, K1f4, and c-Myc.!? These lines displayed all the defin-
ing parameters! and the hiPSCs were maintained as described.!
We differentiated hiPSC-CMs 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.'617 Cultures were main-
tained in a 5% CO2, 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, 2mmol/L L-
glutamine, 0.1 mmol/L non-essential amino acids, 0.1 mmol/L
B-mercaptoethanol, 50 U/ml penicillin, and 50 #g/ml strepto-
mycin.? The medium was renewed every 2-3 days.

Immunocytochemisiry

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-fII 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-II 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 OsO«
(1% for 1 min, and 0.5% for 20min at 4°C) in PBS, dehydrated
in ethanol and propylene oxide, and embedded in Luveak 8§12
(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 20 ul, using oligo (dT):8 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), Alii-tublin (green), and DAPI (blue); (B) fibroblast (green) and DAPI (blue); (C) a-SMA
(green) and DAPI (blue); (D) MLC2v (green) and DAPI (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% were MLC2v/MLC2a double-positive immature ventricular CMs.
At day 360, MLC2v-positive/MLC2a-negative mature CMs increased to 60%, whereas MLC2v/MLC2a double-positive immature

ventricular CMs decreased to 36%.

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.

Resulis

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; 73.2t
34.9beats/min vs. 32.2+14.2 beats/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 ym? vs. 4,067.9+1,814.6 yum?, 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 SlI-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 ¢Tnl. 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. (&) 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 |-bands (1). (B) Transverse section of sarcomere and rough endoplasmic reticulum (rER). Mi-

MLC2a-positive, and 56% were MLC2v/ML.C2a double-pos-
itive CMs at 30-day differentiation. By day 360, MLC2v-pos-
itive/MLC2a-negative CMs increased to 60%, whereas MLC2v/
MLC2a 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 (&), 90
(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 seenin (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. 3

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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Figwre 7. Percentages of the cardiomyocytes (CMs) having
l-, H-, and M-bands at 14, 30, 90, 180, 360 days after cardiac
differentiation. The amount of CMs with |- and H-bands in-

creased through the long-term culture and M-bands were first
noted in 360-day CMs.

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 (MYOM1I), 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
(MYH®6), myosin heavy chain 7 (MYH?7), 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 a-1 protein were
significantly decreased in 180-day and 360-day hiPSC-CMs
compared with 30-day hiPSC-CMs.

cThnT MYH6

Relative gene expression

MYL7 LRRC39

O S SO S

JUP GJAT

MYH7 MyL2

MYyOmM2

[ |day 30
|day 90
|day 180
lday 360

Figure 8. Real-time quantitative polymerase chain reaction analyses for cTnT, MYH6, MYH7, MYL2, MYL7, LRRC39, MYOM1,
MYOM2, JUP, and GJAT 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. ¢TnT, cardiac troponin-T; MYH6, myo-
sin heavy chain 6; MYH7, 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; GJAT,

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. #1314
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.?5 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.#13 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.2® 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.’32! 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.*2 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.® 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 1-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.3* 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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Novel SCN3B Mutation Associated With Brugada Syndrome

Affects Intracellular Trafficking and Function of Nav1.5

Taisuke Ishikawa, BSc; Naohiko Takahashi, MD; Seiko Ohno, MD; Harumizu Sakurada, MD;
Kazufumi Nakamura, MD; Young Keun On, MD; Jeong Euy Park, MD; Takeru Makiyama, MD;
Minoru Horie, MD; Takuro Arimura, PhD; Naomasa Makita, MD; Akinori Kimura, MD

Background: Brugada syndrome (BrS) is characterized by specific alterations on ECG in the right precordial leads
and associated with ventricular arrhythmia that may manifest as syncope or sudden cardiac death. The major causes
of BrS are mutations in SCN5A for a large subunit of the sodium channel, Nav1.5, but a mutation in SCN3B for a
small subunit of sodium channel, Navp33, has been recently reported in an American patient.

Methods and Resulis: Atotal of 181 unrelated BrS patients, 178 Japanese and 3 Koreans, who had no mutations
in SCN5A, were examined for mutations in SCN3B by direct sequencing of all exons and adjacent introns. A muta-
tion, Val110lle, was identified in 3 of 178 (1.7%) Japanese patients, but was not found in 480 Japanese controls.
The SCN3B mutation impaired the cytoplasmic trafficking of Nav1.5, the cell surface expression of which was de-
creased in transfected cells. Whole-cell patch clamp recordings of the transfected cells revealed that the sodium
currents were significantly reduced by the SCN3B mutation.

Conclusions: The Val110lle mutation of SCN3B is a relatively common cause of SCN5A-negative BrS in Japan,

which has a reduced sodium current because of the loss of cell surface expression of Navi.5. (Circ J 2013; 77:

959-967)

Key Words: Brugada syndrome; Electrophysiologic study; Genetics; lon channels; Sodium

characterized by specific findings, such as accentuated

J wave and ST-segment elevation in the right precor-
dial leads on ECG, in the absence of structural heart diseases. )=
BrS patients sometimes suffer from syncope, and have a risk
of sudden cardiac death caused by rapid polymorphic ventricu-
lar tachycardia or ventricular fibrillation.!-3> Approximately
35% of BrS patients have a family history of the disease, which
is consistent with the autosomal dominant inheritance, and mu-
tations in 12 different genes have been reported as associated
with BrS, of which the majority are mutations in SCN5A en-
coding a large subunit of the cardiac sodium channel Nav1.5.3-12
The prevalence of BrS in East Asia including Japan is much
higher, reaching 1 in 1,000-2,000, than the worldwide preva-
lence of approximately 1 in 10,000.13-15

B rugada syndrome (BrS) is a cardiac channelopathy

Editorial p 900

In cardiomyocytes, 5 distinct sodium channel f-subunits,
Navf1, Navf1b, 2, $3 and 34, are known to be expressed. In
particular, Navf31 and Navf33, encoded by SCN1B and SCN3B,
are abundantly expressed, and these auxiliary S-subunits and
a pore-forming subunit, Nav1.5, comprise the cardiac sodium
channel complex.*1¢ Inward sodium current (Ina) generated by
the sodium channel complex is crucial for the cardiac action
potential, 17 and functional alterations of Ina caused by gene
mutations have been reported in a wide range of arrhythmias,
including long QT syndrome,'8 idiopathic ventricular fibrilla-
tion (IVF),” sudden infant death syndrome (SIDS),® and
atrial fibrillation (AF).2! In BrS patients, disease-causing mu-
tations were found not only in SCN5A but also in the genes
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Figure 1. Mutational analysis of SCN3B in Brugada syndrome (BrS). (A) Direct sequencing analysis of exon 3 in a control (Left)
and a patient, BrS-H-1 (Right), shows that the patient was heterozygous for GTC and ATC (lle) at codon 110, where the control
was homozygous for GTC (Val). The same pattern was obtained from the other proband patients, BrS-O-1 and BrS-S-1, as well
as from BrS-O-2 who was a daughter of BrS-O-1 (Table 1). (B) Amino acid sequences of NavB3 from various species aligned with
the V110! mutation. (C) Representative ECG recording from BrS-O-1 shows typical coved-type ST-segment elevation in leads
V1-2. Pedigrees of BrS families with the V110l mutation: BrS-O-1 (D) and BrS-S-1 (E). Squares and circles indicate male and fe-
male, respectively. Filled and open symbols represent affected and unaffected individuals, respectively. Shaded symbols indicate
subjects with undefined arrhythmia (Ar). Arrows indicate the proband patients. Presence of the mutation is noted as +. Ages at
blood sampling or death are indicated. HF, heart failure.

encoding modifier proteins of Nav1.5, which causes functional

loss

does not form the ion-conducting pore, modifies the function
of Nav1.5 by modulating channel gating and increasing the

cell

tions could be responsible for BrS. Nevertheless, there is only
1 report of a SCN3B mutation, LeulOPro, in an American

patient with BrS,? although some other SCN3B mutations
have been reported in other hereditary arrhythmias, including
IVF,?” SIDS,? and AF.2%%

We report a SCN3B mutation, Vall10Ile, found in 3 unre-
lated Japanese BrS patients. Functional studies in transfected
cells demonstrated that the mutation decreased the cell surface
expression of Nav1.5 and reduced the peak current of the /..

of Ina.81222-25 Among the modifier proteins, Navf33, which

surface expression of Nav1.5,% and hence SCN3B muta-
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D Age (vears)/Sex ST-etI;\)r:hon
Brs-0-1 42/m Coved
BrS-0-2 19/F Coved
BrS-S-1 33/M Saddleback
BrS-H-1 51/M Coved

Symptoms

arrhythmia/SCD
Symptomatic Yes Yes VF
Asymptomatic Yes No -
Asymptomatic Yes No NSVT
Syncope No No -

Family history of

BrS, Brugada syndrome; EPS, electrophysiologic study; ICD, implantable cardioverter defibrillator; NSVT, non-
sustained ventricular tachycardia; SCD, sudden cardiac death; VF, ventricular fibrillation.

Methods

Subjects

We studied 178 genetically unrelated Japanese and 3 Korean
patients with BrS. Age at the diagnosis of 145 male patients
was 45.3+15.7 (range 7-76) years, and that of the 17 female
patients was 46.8%17.3 (range 11-72) years. Episodes of syn-
cope and/or arrhythmia had occurred in 93 patients, but the
others were asymptomatic. There was a family history of sud-
den death and/or arrhythmias for 19 patients, but nothing
certain for the others. Blood samples were obtained from each
subject after informed consent for gene analysis was given.
The patients had been analyzed for mutations in SCN5A by
using specific primer pairs (Table §1), and no disease-related
mutation was found. The control subjects were 480 genetically
unrelated Japanese individuals who were selected at random
without ECG records.

The research protocol was approved by the Ethics Review
Committee of the Medical Research Institute, Tokyo Medical
and Dental University and the Institutional Review Board of
Samsung Medical Center.

Mutational Analysis

Genomic DNA extracted from the peripheral blood leukocytes
of each individual was subjected to polymerase chain reaction
(PCR) using primer pairs specific to SCN3B (Table S2). PCR
products were analyzed for mutations by direct DNA sequenc-
ing using Big Dye Terminator version 3.1 and ABI3100 DNA
analyzer (Applied Biosystems, Foster City, CA, USA). The
proband patients carrying the Vall10Ile mutation were ana-
lyzed for mutations in the other known BrS susceptibility genes,
CACNAIC, CACNB2, GPDI-L, KCNJ8, SCNIB, KCNE3,
MOGI, HCN4, KCND3 and KCNES, by sequencing of PCR
products amplified with specific primer pairs (Table 51).

Alignment of Amino Acid Sequences

Amino acid sequences of human Nav33 protein predicted from
the nucleotide sequences (GenBank™ NM_018400) were
aligned with those of chimpanzee (XM_522210), macaque
(NM_001194283), mouse (NM_153522), rat (NM_139097),
rabbit (ENSOCUP00000009050), bovine (NM_001046495),
horse (ENSECAT00000025763), dog (XM_847682), elephant
(ENSLAFT00000000307), opossum (XM_001379934), platy-
pus (ENSOANT00000023925), chicken (XM_417884), Xen-
opus (NM_001011299), and zebrafish (NM_001080802).

Constructs for Nav1.5 and Navg3

We obtained a cDNA fragment of human Navf3 by reverse
transcription-PCR from human adult heart cDNA. Mutant
cDNA fragments of Navf33 containing a T to C substitution in
codon 10 (for Leul0Pro mutation) or a G to A substitution at
codon 110 (for Vall10lle mutation) were created by the primer-

mediated mutagenesis method using specific primers (Table §3).
Wild-type (WT) or mutant cDNA fragments were cloned into
pcDNA3.1-myc, His-B (myc-His-Navp3) (Invitrogen, San
Diego, CA, USA) and pIRES-CD8 (pIRES-CD8-Navf33). The
cDNA fragment of human SCN5A was a gift from Dr A.L.
George (Vanderbilt University). A Flag-tagged Nav1.5 was
constructed by inserting a Flag epitope (DYKDDDDK) into
the extracellular linker 1 (L1) between S1 and S2 in the D1
domain after position aal54 in the Nav1.5 construct (L1-Flag-
Navl.5), as described previously.!® All constructs were se-
quenced to ensure that no errors were introduced.

Immunofluorescence Microscopy

We seeded 4.0x10* tsA-201 cells, a derivative line of HEK
cells, onto poly-D-Lysine 8-well culture slides (BD Biosciences,
San Jose, CA, USA), and 24h later, myc-His-Navf33 (0.1 ug)
alone, or L1-Flag-Nav1.5 (0.1 »g) plus myc-His-Nav/33 (0.1 pug)
were added to the wells with Lipofectamine 2000 Reagent
(Invitrogen) (0.2 or 0.4y, respectively). After 18h, the cells
were washed with phosphate-buffered saline (PBS), fixed in
4% paraformaldehyde for 15min at room temperature and
permeabilized by 0.15% Triton X-100 in PBS with 3% bovine
serum for 20min at room temperature. The cells were then
incubated with the primary rabbit anti-Flag polyclonal antibody
(Ab) (1:250, Sigma, CA, USA) and mouse anti-myc monoclo-
nal Ab (1:200, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), and secondary Alexa Fluor 568 goat anti-rabbit IgG
(1:500, Molecular Probes, Eugene, OR, USA) and Alexa
Fluor 488 rabbit anti-mouse IgG (1:1,000, Molecular Probes),
respectively, in PBS with 3% bovine serum. All cells were
mounted on glass slides using Mowiol 4-88 Reagent
(Calbiochem, Darmstadt, Germany), and images were collected
and analyzed with an LSM510 laser-scanning microscope
(Carl Zeiss Microscopy, Jena, Germany). To quantify the
membrane expression of Nav1.5, fluorescence intensity of the
total cell and the plasma membrane (peripheral, 2 um) areas in
the middle xy images of z series stack were measured, and the
ratios of peripheral to total cell area fluorescence intensity
(PTAFI) were calculated as described previously.?* Analyses
of labeled cells were performed using ImageJ software (NTH,
MD, USA).3!

Electrophysiological Studies

The tsA-201 cell line was used in the electrophysiological
study, as described previously.!® Cells transfected with pIRES-
CD8 or pIRES-CDS8-Navf33 were briefly preincubated with
Dynabeads M-450 CDS8 (Dynal, Oslo, Norway) prior to the
recordings. Sodium currents were recorded from the cells that
were labeled with Dynabeads using the whole-cell patch clamp
technique. Currents and cell capacitances were recorded using
Axopatch 200B amplifier (Axon Instruments, CA, USA) and
series resistance errors were reduced by 60-70% using elec-
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WT

L10P

V110l

Nav1.5

Figure 2. SCN3B mutations report-
ed in arrhythmias and distribution
of Nav1.5 and Navj3 in transfect-
ed tsA-201 cells. (A) Schematic
representation of Nav3 mutations
found in arrhythmias. SCN3B mu-
tations in BrS (red), IVF (purple),
SIDS (light green), and AF (light
blue) are mapped on the Navf3.
Extracellular domain and trans-
membrane domain are indicated.
The V110l mutation found in this
study is indicated in red. (B,C) tsA-
201 cells transfected with myc-
His-Navp3-WT (a,b), -L10P (c,d) or
-V110t (ef), and the combination
of L1-Flag-Nav1.5 and myc-His-
NavB3-WT (g-i), -L10P (j-), or
-V110l (m-0). The cells were per-
meabilized by 0.15% Triton X-100
and stained with anti-myc Ab
(Navp3, green; a,c,ehkn) and
anti-Flag Ab (Nav1.5, red; g.j,m).
Nuclei were stained with DAPI and
0.8 = # merged images are shown in
b,dfil, and o. Scale bar=10um.
(D) The ratio of peripheral to total
cell area fluorescence intensity
(PTAFI) of expressed L1-Flag-
hNav1.5 in the transfected cells.
Numbers of analyzed cells are in-
dicated at the bottom of each bar.
Data are expressed as meant
SEM. *P<0.001. AF, atrial fibrilla-
tion; BrS, Brugada syndrome; IVF,
idiopathic ventricular fibrillation;

- = SIDS, sudden infant death syn-
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SCN5A without SCN3B ~59.83x11.36"* 10

SCN5A+SCN3B-WT -110.28:8.92 11 -43.2222.11
SCN5A+SCN3B-L10P ~68.00+5.81"* 13 -40.39+1.98
SCN5A+SCN3B-V110l ~62.7225.10% 15 —40.28+1.82

SCN5A+SCN3B-WT/L10P  -82.4648.21* 13 —41.49:2.01
SCN5A+SCN3B-WT/V110l  -77.77+7.31* 13 —-41.57+1.45

Peak Ina (at 25 mV) Activation Inactivation Recovery
Transfected constructs Time requil:ed
pA/pF n Viz (mV) K n Virz (mV) K n fore-! fraction n

—35.23+1.83* . ~7.49+0.29* 10

-6.68+x0.21 11 -82.40+1.96 6.83x0.15 11 6.06+1.10 9
—6.51x0.17 .13 ~83.49x1.10 6.40+0.23 11 8.88+0.99"* - 10
~6.35x0.12 15 ~-81.98+1.34 6.60x0.18 15 6.10+0.92 12
—6.27+0.19 13 ~-81.76x1.49 6.59+0.27 13 6.87+1.00 12
~6.16+0.26 13 ~-81.17x1.03 6.44z0.13 12 6.44:+1.45 12

recovery (ms)

-78.66+1.59* 7.63+£0.29 10 10.29x0.81** 9

*P<0.05 vs. SCN5A+SCN3B-WT, **P<0.01 vs. SCN5A+SCN3B-WT.
Ina, inward sodium current; WT, wild-type.

tronic compensation. Holding potentials were —120mV and
pipette resistance was 1.0—1.5MQ. The bath solution contained
36mmol/L NaCl, 109mmol/l. NMG, 4mmol/L. KCI,
1.8 mmol/L CaClz, 1 mmol/L MgClz, and 10 mmol/L. HEPES,
pH 7.35, while the pipette solution contained 10mmol/L
NaF,110mmol/L. CsF, 20mmol/L CsCl, 10mmol/L EGTA,
and 10mmol/L HEPES, pH 7.35. All signals were acquired at
20-50kHz (Digidata 1332, Axon Instruments) with a personal
computer running Clampex 8 software (Axon Instruments)
and filtered at SkHz with a 4-pole Bessel low-pass filter. Ex-
periments were done at room temperature. Membrane currents
were analyzed with Clampfit 8 software (Axon Instruments)
and Sigmaplot (Systat Software, CA, USA). The current-
voltage relationships were fit to the Boltzmann equation,

I=(V—Vier) X Gmax X[ 1 +CXP(V- Vin)/«k]-1,

where / is the peak sodium current during the test pulse poten-
tial V. The parameters estimated by the fitting are Viev (reversal
potential), Gmax (maximum conductance), and « (slope factor).
Steady-state availability was fit with the Boltzmann equation,

I Inax=[1+exp (V= Vin)/1)] -1,

where Jmax is the maximum peak sodium current, to determine
the membrane potential for Vi (half-maximal inactivation)
and « (slope factor). The time course of inactivation was fit
with a 2-exponential function,

I(1)/ Imax=A0+ Al Xexp (—t/711) + A2Xexp (—t/ 12),

where A and 7 are amplitudes and time constants, respective-
ly. I and ¢ refer to current and time, respectively.

Co-Immunoprecipitation (co-IP) Assay

The tsA-201 cells were transiently transfected with a combi-
nation of L1-Flag-Nav1.5 (2ug) and myc-His-Navf3 (2ug).
Cellular extracts were prepared from the transfected cells and
equal amount of extracted proteins were used for the co-IP
assay using the Catch and Release version 2.0 reversible im-
munoprecipitation system, according to the manufacturer’s
instructions (Millipore, Milford, MA, USA), with rabbit anti-
Flag polyclonal Ab (Sigma). Eluted samples were separated
by SDS-PAGE, transferred to a nitrocellulose membrane, pre-
incubated with 5% skimmed milk in PBS, and incubated with
primary mouse anti-c-myc monoclonal Ab (1:100) followed
by secondary rabbit anti-mouse (for monoclonal Ab) IgG HRP-
conjugated Ab (1:1,000; Dako A/S, Glostrup, Denmark).

Statistical Analysis
Numerical data are expressed as mean®SEM. Statistical dif-

ferences were analyzed using 1-way analysis of variance
(ANOVA,) followed by Dunnett’s test. P<0.05 was considered
to be statistically significant.

Resulis

Mutational Analysis of SCN3B

We analyzed 181 BrS patients, who were negative for SCN5A
mutations, for sequence variations in SCN3B and found a
synonymous and another non-synonymous variant in 1 and 3
patients, respectively. The synonymous variant, p.Asnl13Asn
(¢.339C>T), was rare and was not considered to be a disease-
causing mutation because no functional effect was deduced.
On the other hand, the non-synonymous variant, p.Vall10lle
(V110L, ¢.328G>A) (Figure 1A), was found in 3 unrelated
Japanese patients; a 42-year-old male (BrS-O-1), a 33-year-
old male (BrS-S-1), and a 51-year-old male (BrS-H-1) (Table 1).
The V110I variant was predicted to affect an evolutionary
conserved residue of Navf33 (Figure 1B) and was not found in
960 control chromosomes. As summarized in Table 1, BrS-
O-1 had experienced repetitive syncope, and showed sponta-
neous coved-type ST-elevation in ECG (Figure 1C). His
daughter (BrS-0O-2) was asymptomatic, but exhibited a BrS-
like ECG pattern and carried the same mutation (Table 1,
Figure 1D). BrS-S-1 was asymptomatic, showed saddleback-
type ST-segment elevation, and pilsicainide administration
converted the ST-segment elevation into the coved type. His
father and sister had arrhythmia, although the details could not
be evaluated (Figure 1E). BrS-H-1 had experienced syncope,
and showed spontaneous coved-type ST-elevation in ECG,
but the family history of arrhythmia was uncertain. These 3
proband patients were also analyzed for mutations in the other
known disease genes for BrS (Table S1) and none had any
mutation.

Cell Surface Expression of Nav1i.5 in the Presence of
Mutant Navp3

Navf33 modulates the function of the Nav1.5 channel, and sev-
eral SCN3B mutations have been reported in association with
arrhythmias, including BrS, IVF, SIDS, and AF (Figure 2A).
Because the Leu10Pro (L10P) mutation was the only mutation
previously reported in only 1 BrS patient, which resulted in
the reduction of Ixa in transfected cells,?® we investigated the
functional alterations caused by the V110l mutation as com-
pared with the L10P mutation. Membrane surface expression
of Navl.5 was examined in tsA-201 cells transfected with
myc-His-Navf3 alone or in combination with L1-Flag-Nav1.5.
It was observed that Nav33-WT was expressed on the cell
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