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Long QT syndrome (LQTS), a rare inheritable arrhythmia first
described by Romano and Ward et al. in the 1960s, is characterized by
the prolongation of the QT interval on surface ECGs and an increased
risk of potentially fatal ventricular arrhythmias, especially torsade de
pointes {11 In 1995, after years of extensive clinical investigation and
linkage analysis, several research groups, including Keating et al.,
successfully identified three distinct LQTS phenotypes (LQT1, LQT2,
and LQT3) associated with mutations in genes encoding plasma
membrane ion channels (KCNQ1, KCNH2, and SCN5A, respectively)
{2—4]. These seminal studies motivated further extensive genetic
screening in LQTS patients using a candidate gene approach and
functional analyses of the mutant genes. These efforts provided
evidence that ion channel genes represent the genetic basis for
several other arrhythmogenic syndromes that occur in the structu-
rally intact heart, often referred to as idiopathic ventricular fibrilla-
tion. At present, 13 genes responsible for LQTS have been identified.
Approximately 90% of the genotyped LQTS subjects belong to the
three major subtypes (LQT1-3) {5} in which numbers of distinct
genotype-specific clinical characteristics have been demonstrated,
including T-wave morphology {6}, triggers for cardiac events {7},
response to the epinephrine provocation test {8} and drug therapy {$L
Genetic testing for known arrhythmia susceptibility genes has
become the standard-of-care for a number of disorders, including
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LQTS. Considering the remarkable progress of research in this area,
there is no doubt that 1995 was the year in which genetic technol-
ogies experienced a paradigm shift with respect to both the under-
standing and clinical management of inherited arrhythmias. However,
it should be noted that despite the rapid progress in understanding
the genetic basis, the etiology still remains unknown in approxi-
mately 20% of LQTS conditions { i}]. Therefore, additional studies are
needed to reveal the missing heritable factors associated with these
syndromes.

Traditionally, DNA sequence information has been elucidated
using Sanger sequencing, but this method is limited by the amount
of DNA that can be processed at a given time and by the read
length (average 800 base pairs). Although the Human Genome
Project completed the sequencing of the entire human genome in
2001 using Sanger sequencing, it took 13 years of effort at an
estimated cost of $2.7 billion. Now, next-generation sequencing
(NGS), a revolutionary new genetic technology, has enabled whole
genomes to be sequenced over a period of a few days at projected
costs of less than $10,000. This technology involves massively
parallel sequencing of clonally amplified or single DNA molecules
that are spatially separated in a flow cell.

To date, the genes responsible for disease in more than 3000
Mendelian disorders have yet to be identified. NGS opens up
exciting new possibilities of discovering the genes associated with
these monogenic disorders. Classical strategies involve linkage
analysis in families with known shared genetic heritage by
identifying candidate genomic regions encompassing the gene
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with the causative mutation. After narrowing the interval with
additional families/probands, a candidate gene approach or an
approach of systematically sequencing the genes located within
the interval can be implemented. Genome-wide association stu-
dies (GWAS), which use single nucleotide polymorphisms (SNPs),
can significantly expedite the linkage analysis by narrowing the
regions of interest for further directed sequencing. GWAS have
been applied in the cardiac electrophysiological field and over 100
traits have been identified for common diseases such as atrial
fibrillation, or ECG parameters such as PR, QT, and RR intervals and
QRS durations {11]. These conventional approaches are costly and
time-consuming, and their success in identifying the causative
genetic variants has been variable, mainly because of the small
numbers of affected individuals for a given Mendelian disease and
also possibly due to locus heterogeneity. However, a recent multi-
center GWAS study involving our group has shown that common
genetic variation can have a strong impact on the predisposition of
rare diseases such as Brugada syndrome {121

Deep resequencing of all human genes for the discovery of
allelic variants could potentially identify genes whose dysfunction
underlies any given rare monogenic disease when a shared genetic
heritage is not readily available. Protein-coding exons represent
only approximately 1% of the entire 30-Mbp human genome but
are estimated to harbor approximately 85% of the mutations that
cause largely govern the expression of disease-related traits.
Indeed, most Mendelian disorders are thought to be attributable
to exonic mutations or splice-site mutations that alter the amino
acid sequence of the affected gene. Therefore, whole exon sequen-
cing (WES) (or exome sequencing) using NGS platforms will allow
vastly higher sequence coverage with considerably less raw
sequence and lower cost than whole genome sequencing. Since
its first application in 2008, a number of previously unidentified
monogenic traits have been discovered using WES techniques
[13-15]. These results have been achieved frequently using a
limited number of patients with genetic defects in both autosomal
dominant [ 14} and recessive | 15{ disorders. The implementation of
NGS technology in cardiology is expected to bring a second
paradigm shift in how clinical cardiologists diagnose patients
and how researchers investigate both common and rare disorders.
Potentially, all causative variants and genes and their relation to
phenotypes in Mendelian disorders will be uncovered in the very
near future. Such technologies should also enable us to identify all
the variants in an individual's personal genome and, in particular,
to highlight clinically relevant alleles. Whole genome sequencing
is expected to produce a major shift in clinical practice in terms of
diagnosis and understanding of cardiovascular diseases, which will
ultimately enable personalized medicine based on an individual's
genome.

Crotti et al. recently identified two novel disease-causing genes
responsible for sudden unexplained death syndrome using WES
{16]. They studied two unrelated infants with recurrent cardiac
arrest and dramatically prolonged QTc intervals who were both
born to healthy parents. The probands were confirmed in advance
to be negative for mutations in major LQTS genes KCNQ1, KCNH2,
SCN5A, KCNE1, and KCNE2. Applying WES to the two unrelated
probands and their healthy parents, they searched for de novo
genetic variants and found de novo mutations in either CALM1 or
CALM2, which encode calmodulin. To validate these WES results,
they performed follow-up genetic screening of the calmodulin
genes (CALM1, CALM2, and CALM3) on an independent cohort of 82
subjects who had congenital LQTS without a known genetic cause.
They identified two individuals from this cohort who also dis-
played variations in calmodulin; one individual harbored the same
mutation in CALM1 as that seen in proband 1, and the other
individual had a novel missense mutation in CALM1. The muta-
tions altered residues in, or adjacent to, critical calcium binding

loops in the calmodulin carboxyl-terminal domain. To determine
the functional consequences of calmodulin mutations, they mea-
sured the Ca®* binding activities of the recombinant calmodulin
proteins in bacteria and confirmed that three mutations have
significantly reduced Ca®* affinity in the C domain.

The discovery of pathological variants in calmodulin has raised
a variety of interesting and novel research questions. First, the
observations by Crotti et al. illustrate the genotypic and pheno-
typic heterogeneity of calmodulin mutations. The mutant carriers
in the study by Crotti et al. presented with early-onset life-
threatening cardiac arrhythmias, prolonged QT intervals, and
neurodevelopmental delay. Studies by other groups showed that
mutations in CALM1 may be linked to catecholaminergic poly-
morphic ventricular tachycardia with {17} or without {8} pro-
longed QT intervals. Furthermore, although the three calmodulin
genes (CALM1, CALM2, and CALM3) are dispersed in the genome
and encode identical calmodulin polypeptides, the phenotype
variants exhibit considerable differences in severity of clinical
phenotype. This phenotypic variability may suggest that the
cellular distribution, gene dosage, or function of each calmodulin
gene may not be equivalent. Although the authors did not address
this issue, it will be intriguing to identify the molecular targets of
calmodulin in the heart that underlie the action potential prolon-
gation, as well as the predisposition to lethal arrhythmias. Clearly,
more extensive experimental work, including studies of geneti-
cally engineered animals, is required to address these questions, to
refine current disease classifications, and to learn more about the
genomic origins of these and other diseases.

NGS technologies have the potential to uncover the hidden
etiologies of many diseases; however, such technologies are a
“double edged sword” because investigators leading clinical
sequencing efforts may face serious ethical issues. They may
unintentionally find a life-threatening genetic variation in a
patient who is unrelated to the project, or they may question
the decision whether they should provide the genetic information
to family members in the event that a patient dies.
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Novel SCN3B Mutation Associated With Brugada Syndrome
Affects Intracellular Trafficking and Function of Navl.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 SCNSEA for a large subunit of the sodium channel, Nav1.5, but a mutation in SCN3B for a
small subunit of sodium channel, NavB3, 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 Nav1.5.

959-967)

(Circ J 2013; 77
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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.** 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 SCNSA en-
coding a large subunit of the cardiac sodium channel Nav1.5.%-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 10,0003

Bmgada syndrome (BrS) is a cardiac channelopathy

Editorial p 900

In cardiomyocytes, 5 distinct sodium channel S-subunits,
Navp1, NavB1b, 2, 33 and 54, are known to be expressed. In
particular, NavS1 and Navf3, encoded by SCNIB and SCN3B,
are abundantly expressed, and these auxiliary -subunits and
a pore-forming subunit, Navl.5, comprise the cardiac sodium
channel complex.*1% Inward sodium current (fx) generated by
the sodium channel complex is crucial for the cardiac action
potential,’**” and functional alterations of Ina caused by gene
mutations have been reported in a wide range of arthythmias,
including long QT syndrome,* idiopathic ventricular fibrilla-
tion (IVF)," sudden infant death syndrome (SIDS),** and
atrial fibrillation (AF).*! In BrS patients, disease-causing mu-
tations were found not only in SCN5A but also in the genes
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Figme 1. Mutational analysis of SCN3B in Brugada syndrome (BrS). (&) Direct sequencing analysis of exon 3 in a control (Laft)

blood sampling or death are indicated. HF, heart failure.

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-C-1 and BrS-5-1, as well
as from BrS-O-2 who was a daughter of BrS-0-1 (Table 1). (B) Amino acid sequences of NavA3 from various species aligned with
the V110l 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 +. Agas at

encoding modifier proteins of Nav1.5, which causes functional
loss of /na 312225 Among the modifier proteins, Navf3, which
does not form the ion-conducting pore, modifies the function
of Navl.5 by modulating channel gating and increasing the
cell surface expression of Nav1.5,% and hence SCN3B muta-
tions could be responsible for BrS. Nevertheless. there is only
1 report of a SCN3B mutation, Leul0Pro, in an American

Zircidation Jownal

patient with BrS,** although some other SCN3B mutations
have been reported in other hereditary arrhythmias, including
IVE? SIDS,? and AF %

We report a SCN3B mutation, Vall10{le, found in 3 unre-
lated Japanese BrS patients. Functional studies in transfected
cells demonstrated that the mutation decreased the cell surface
expression of Nav 1.5 and reduced the peak current of the /.

Vol 77, Apdl 2013
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Age (years)/Sex ST-elevation

D type
Brs-0-1 42/M Coved
BrS-0-2 19/F Goved
BrS-8-1 33/M Saddleback
BrS-H-1 51/M Coved

Symptoms

' Family hlétory 6?

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

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

flethods

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
uging specific primer pairs (Table 51), 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 (Tabie 82). 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 Vall10lle mutation were ana-
Iyzed for mutations in the other known BrS susceptibility genes,
CACNAIC, CACNB2, GPDI-L, KCNJ8, SCNIB, KCNE3,
MOGI, HCN4, KCND3 and KCNES3, by sequencing of PCR
products amplified with specific primer pairs (Table $1).

Alignment of Amina 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 (ENSOCUPO0000009050), 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 Nav/33 by reverse
transcription-PCR from human adult heart ¢cDNA. Mutant
c¢DNA fragments of Navp3 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-
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mediated mutagenesis method using specific primers {(Tabie 83),
Wild-type (WT) or mutant cDNA fragments were cloned into
pcDNA3. I-myc, His-B (myc-His-Navf3) (Invitrogen, San
Diego, CA, USA) and pIRES-CD8 (pIRES-CD8-Nav(3). The
c¢DNA fragment of human SCNSA was a gift from Dr AL,
George (Vanderbilt University). A Flag-tagged Navl.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 (L.1-Flag-
Nav1.5), as described previously.®™ All constructs were se-
quenced to ensure that no errors were introduced.

immunofluorescence Microscopy

We seeded 4.0x10* sA-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-Navf3 (0.1 ug)
alone, or L1-Flag-Nav1.5 (0.1 ug) plus myc-His-Nav£3 (0.1 yg)
were added to the wells with Lipofectamine 2000 Reagent
(Invitrogen) (0.2 or 0.4 ¢, respectively). After 18h, the cells
were washed with phosphate-buffered saline (PBS), fixed in
4% paraformaldehyde for 13min at room temperature and
permeabilized by 0.15% Triton X-100 in PBS with 3% bovine
serum tor 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 Nav 1.5, fluorescence intensity of the
total cell and the plasma membrane (peripheral, 2 gm) areas in
the middle xy images of 7 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 Image] software (NIH,
MD, USA).#

Electrophysiolegical Studies

The tsA-201 cell line was used in the electrophysiclogical
study, as described previously. ' Cells transfected with pIRES-
CD8 or pIRES-CD8-Navfs3 were briefly preincubated with
Dynabeads M-450 CD8 (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 Instraments, CA, USA) and
series resistance errors were reduced by 60-70% using elec-
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Figura 2. SCN3B mutations report-
ed in arrhythmias and distribution
of Nav1.5 and Nav£3 in transfect-
ad tsA-201 cells. (&) Schematic
representation of Nav3 mutations
found in arrhythmias. SCN3B mu-
tations in BrS (red), IVF (purple),
SIDS (light green), and AF (light
blug) are mapped on the Navi3.
Extracellular domain and trans-
membrane domain are indicated.
The V110! mutation found in this
study is indicated inred. (B,C) tsA-
201 cells transfected with myc-
His-Nav3-WT (a,b), -L10P (¢.d) or
V1101 (e¥), and the combination
of L1-Flag-Nav1.5 and myc-His-
NavB3-WT (g~i), -L10P (j-1), or
V1101 (m—2). The cells were per-
meabilized by 0.15% Triton X-100
and stained with anti-myc Ab
(Navg3, green; a,cehkn) and
anti-Flag Ab (Nav1.5, red; g.j.m).
Nuclei were stained with DAP! and
0.8 4 # merged images are shown in
b fil and o. Scale bar=10um.
(D) The ratio of peripheral to total
cell area fluorescence intensity
(PTAFI) of expressed L1-Flag-
nNav1.5 in the transfected cells.
Numbers of analyzed cells are in-
dicated at the bottom of each bar.
Data are expressed as meanz
SEM. *P<0.001. AF, atrial fibrilla-
tion; BrS, Brugada syndrome; IVF,
idiopathic ventricular fibrillation;

- = SIDS, sudden infant death syn-
WT LiCP V110l drome.

WT

L10P

V1101

O
%

0.6 =

0.4 =

PTAFI

0.2
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Peak I (at ~25mV) Activation Inactivation Recovery
Transfected constructs pAE 0 Viz(mV) K N Vie(mV) X n forermaction n
recovery {ms)
SCNS5A without SCN3B -59.83x11.36™ 10 =35 23%1.83" ~7.49+0.29" 10 ~78.66x1.59" 7.63x0.29" 10 10.29+£0.81* 9
SCN5A+SCN3B-WT -110.28£8.92 11 -43.22x2.11 -6.68+021 11 -~82.40+1.96 6.83:+0.15 11 6.06+1.10 9
SCN5A+SCN3B-L10P —68.09+5.81"" 13 —40,39&1 98 ~6.51£0.17 13 —83.49+1.10 6.40:0.23 11 8.88+0.99"* 10
SCN5A+SCN3B-V110i -62.72+5.10" 15 -40.28x1.82 -6.35+£0.12 15 -81.98x1.34 6.60x0.18 15 6.10+0.92 12
SCN5A+SCN3B-WT/L10P  ~82.46+8.21" 13  -41.49+2.01 -6.27£019 13 =81.76x149 6.59:0.27 13 6.87+1.00 12
SCNSA+SCN3B-WT/NV110l -77.77+7.31* 13 -41.57x1.45 -6.16x0.26 13 -81.17+1.03 6.44x0.13 12 8.44+1.45 12

*P<0.05 vs. SCN5A+SCNSBB-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 1.0-1.5M(. The bath solution contained
36mmol/L. NaCl, 109mmol/L. NMG, 4mmol/l. KCI,
L.8mmol/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— Viev) X Graas X [1 +eEXp (V‘-‘ Vl/Z)/K} -1,

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

H Imas={1 +exp(V-Vin)/x)] -1,

where Imax 18 the maximum peak sodium current, to determine
the membrane potential for Vie (half-maximal inactivation)
and « (slope factor). The time course of inactivation was fit
with a 2-exponential function,

I(T)/[mz\?(: AOD+AL XexXp ("f/Tl}*f‘AZX@Xp (—-f/TQ),

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

Co-Immunoprecipitation (co-1P) Assay

The tsA-201 cells were transiently transfected with a combi-
nation of L1-Flag-Nav1.5 (2ug) and myc-His-Navp3 (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-
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ferences were analyzed using l-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 SCNSA
mutations, for sequence variations in SCN3B and found a
synonymous and another non-synonymous variant in { 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
(V1101, ¢.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) (Tabie 1).
The V110I vanant was predicted to affect an evolutionary
conserved residue of Nav3 (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-0-2) 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 (Figore 1E). BrS-H-1 had experienced syncope,
and showed spontaneous coved-type ST-elevation in ECG,
but the family history of arthythmia was uncertain. These 3
proband patients were also analyzed for mutations in the other
known disease genes for BrS (Table $1) and none had any
mutation.

Cell Surface Expression of Navi.5 in the Presence of
Mutant Navg3

Navfi3 modulates the function of the Nav1.5 channel, and sev-
eral SCN3B mutations have been reported in association with
arthythmias, 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 /v 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 Navf3-WT was expressed on the cell
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surface, whereas both Navf3-L10P and Navf3-V1101 were
retained in the cytoplasm (Figures 2B-a-f). In the cells co-
transfected with Nav1.5 and myc-His-Nav33, Nav1.5 was clear-
ly expressed on the cell surface in the presence of Navp3-WT
(Figures 2C-g-1), but its cytoplasmic trafficking was disturbed
by both Navf3-L10P and Navp3-V110I (Figures 2C-}~0). To
express the trafficking defects quantitatively, we measured the
fluorescence intensity of Nav1.5 in both the plasma membrane
region and the entire cell area to obtain the ratios of PTAFL
As shown in Figure 2D, both the LI0P and V110 mutation
of SCN3B significantly reduced the cell surface expression of
Nav1.5 by approximately 70%.

Altered Eleciraphysiological Characteristics of fv. Caused
by the SCN3B Mutations

Because the V1101 mutation impaired the intracellular traf-
ficking of Navl.5, we investigated the potential effect of
V1101 mutation on Nav1.5 kinetics. Whole-cell patch clamp
recordings were obtained from 1sA-201 cells transiently trans-
fected with pcDNA3.1-Nav 1.5 in combination with pIRES-
CDS, pIRES-CD8-Navf3-WT, -L10P or -V1101 (Figure 3,
Table 2). It was found that the peak current densities of v
from the cells cotransfected with pcDNA3.1-Navl.5 and
pIRES-CD&-Navf3-WT were significantly larger than that
recorded from the cells cotransfected with pcDNA3.1-Nav1.5
and pIRES-CDS by 83.9% (Figures 3B.C, Table 2). However,
the peak current densities of Ina recorded from the cells co-
transfected with pcDNA3.1-Nav1.5 and pIRES-CD8-Navf3-
L10P or -V110I were significantly smaller than that recorded
from the cells cotransfected with pcDNA3.1-Navl.5 and
pIRES-CD8-Navp3-WT by 37.5% or 42.5%, respectively
{Figures 3B,C, Table 2).

It also was observed that pIRES-CD8-Navf3-WT shifted
the voltage dependence of activation and inactivation to more
negative potentials compared with pIRES-CDS, and neither
pIRES-CD8-Navf3-1.10P nor -V 1101 caused any significant
changes in the activation and inactivation kinetics of Ixa com-
pared with pIRES-CD8-Navf3-WT (Figure 30, Table 2). In
accordance with the previous report, pIRES-CD8-Navj3-
L10P caused a rightward shift in the time course of recovery
from inactivation, whereas pIRES-CD8-Navf33-V 1101 did not
show any significant changes (Figure 3E, Table 2). To ana-
lyze the functional impact of mutant Navf33 in the heterozy-
gous state, the sodium current was recorded from cells ex-
pressing Nav1.5 in combination with WT and mutant Navf3.
It was demonstrated that the peak current densities of Iva
recorded from the pcDNA3.1-Navl.5-transected cells with
pIRES-CD8-Nav3-WT+L10P or -WT+V110I were signifi-
cantly smaller than that from the transfected cells with pIRES-
CD8-Navf3-WT by 25.2% or 29.4%, respectively (Table 2).
These data indicated that neither mutation exerted a dominant
negative effect on the function of normal Navf33.

Binding Between Nav1.5 and Navg3

Because Navf3 non-covalently interacts with Navl.5, we
investigated whether the V1101 mutation would change the
interaction, but there were no significant differences among
Nayf3-WT, -L10P and -V110I in binding Nav1.5 (Figure 4),
indicating that the altered sodium channel function was not
caused by loss of binding between Nav1.5 and Navf53.

Discussion

Arrhythmias can be caused by mutations in the genes for car-
diac ion channels producing action potentials. In BrS, the in-

é!’:
- &
& £ &g
o (NavB3) - 25kDa
WB: FLAG «
:::; (Nav1.5) — 250kDa
£ WH: myc
L (NavB3) ~ 25kDa

Figwre 4. Binding assay between Nava3 and Navi.5. The
15A-201 cells were cotransfected with Flag-tagged Nav1.5
(L1-Flag-Nav1.5) and myc-tagged Navi3 (myc-His-Navg3) of
WT, L10P or V1101, Cell lysates were prepared and subjected
to western blot analyses after immunoprecipitation with the
anti-Flag polyclonal lg. (Upper) Amounts of myc-tagged
Navg3 after immuneprecipitation detected by anti-myc anti-
body. (Lower) Amounts of input proteins, Flag-tagged Nav1.5
and myc-tagged Nav33, detected by anti-Flag and anti-mye
antibodies, respectively. Positions of size markers are indi-
cated at the right. WT, wild-type.

ward sodium current (Ina) is more frequently affected than the
other currents such as calcium and potassium.™ To date, more
than 300 disease-causing SCN5A mutations have been reported,
and have been detected in 11-28% of BrS patients. ¥ On the
other hand, the prevalence of BrS-causing mutations in the
genes for modifier proteins of Navl.5, including GPDI-L,
Navf1, Navf3 and MOGI, is relatively low.>*2+* In the pres-
ent study, we identified a novel SCN3B mutation, V1101, in 3
Japanese BrS patients. It affected the evolutionary conserved
residue of Navf33, not found in the control subjects, decreased
the cell surface expression of Nav1.5, and impaired /v func-
tion. These observations strongly suggested that the SCN3B
mutation was a BrS-causing mutation. It is noteworthy that,
among these 3 patients, 2 had family histories of arrhythmia
and/or sudden cardiac death, while the family history was
uncertain in the other patient, indicating that the SCN3B muta-
tion was rare but could be found in a considerable proportion
of SCN3A-negative BrS, especially familial cases; 2 in 19
(10.5%) familial cases and 1 in 159 (0.6%) sporadic cases.
Although there were no traceable genetic relations among the
proband patients carrying the same mutation, the V110 muta-
tion might be a founder mutation. Further investigation of the
SCN3B mutation in a large cohort of familial BrS cases is re-
quired to assess the ancestral origin of mutation.

The cell surface expression of Nav1.5 was significantly re-
duced in the presence of Navf53-L10P or-V 1106 in transfected
cells. Although the cytoplasmic trafficking defect of Nav1.5 is
well known to be an underlying mechanism for cardiac chan-
nelopathies, including BrS,** involvement of modifier pro-
teins in the cell surface expression of Nav1.5 is poorly under-
stood.* A pore-forming subunit of the voltage-gated sodium
channel in the sensory nervous and atrial myocardium, Nav1.8,
is highly homologous to Nav1.5.% It was reported that an en-
doplasmic reticulum (ER) retention sequence, RRR, in the
cytoplasmic loop I of Nav1.8 caused retention of Navl.§ on
the ER, and masking of the retaining signal by Navf3 released
Nav1.8 for trafficking to the cell surface.® Because the RRR
sequence is conserved in the cytoplasmic loop I of Navl.5,
Navf3 might alter Nav1.5 trafficking by masking its ER reten-
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tion signal. However, immunofluorescence studies demonstrat-
ed cytoplasmic colocalization of Nav1.5 and Navf3. even in
the presence of SCN3B mutations. This, in turn, implied that
the trafficking defect of Nav1.5 was not caused by impaired
formation of the sodium channel complex but by retention of
mutant Navfs3 in the ER.

To date, 5 different f-subunits of the sodium channel have
been identified.*** In cardiomyocytes, Navfil and Navf33 are
preferentially expressed and modulate the function of Navl.5
through non-covalent binding.** the structure of the S-subunits
is relatively simple; forming with an Ig loop at the extracel-
lular N-terminal region, | transmembrane domain, and a small
intracellular C-terminal domain. In this study, both the L10P
and V110] mutations affected the peak current of /va in trans-
fected cells via an affect on the trafficking of Navl.5 to the
cell surface. The binding of Nav1.5 and Navf33, however, was
not affected by the SCN3B mutations, suggesting that the Ig
loop might not be involved in the binding to Navl.5. On the
other hand, these mutations showed different effects on the
recovery from inactivation, indicating the possibility that the
modulation of Nav1.5 function by Nav3 might be controlled
at multiple steps. It is interesting to note that the L10P muta-
tion 1s also reported in AF.* The underlying mechanism of AF
is a reentrant circuit in atrial tissues, where electrical conduc-
tion is delayed.®* In patients with inherited AF who carried
the SCN5A mutation, the delayed conductance is predicted to
be induced by a slower upstroke of the action potential be-
cause of the loss-of-function mutation in SCN5A.* As shown
in Figure 3E, slower recovery from inactivation associated
with the L10P mutation might partly contribute to the further
delayed upstroke of the action potential by decreasing the frac-
tion of channels enrolling in the subsequent depolarization.
The difference in inactivation recovery might be related to the
differences in arrhythmic phenotypes.

We revealed that the L10P mutation decreased peak sodium
current density by 37.5%. On the other hand, Hu et al reported
that the L10P mutation decreased the peak current density by
80%, and approximately 40% of the transfectants did not
produce the current.™ and Olsen et al showed that the L10P
decreased the peak currents by approximately 50%.% The
reasons for these functional differences might be related to the
different experimental conditions, including cell lines, the ratio
of vectors, the presence of Navf31, and the chemical composi-
tion of the bath solution. These differences would complicate
the understanding and comparing of functional alterations
caused by the mutations.

In summary, we identified a SCN3B V1101 mutation in 3
unrelated Japanese patients with BrS that impaired intracel-
lular trafficking and affected the electrophysiological function
of Nav1.5, a hallmark of BrS. This is the first replicating re-
port demonstrating a SCN3B mutation as a disease gene for
BrS.
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The generation of induced pluripotent stem cells from a patient with KCNH2
G603D, without LQT2 disease associated symptom
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The long QT syndrome type 2 (LQTZ2) is inheritable
life threatening arrhythmic disorder and one
of the most common genetic variants in long
QT syndrome. There are some indications for
treatment of the patients with LQT2 but it is
impossible to completely prevent fatal arrhythmia.
To develop novel therapy for the patients with
LQT2, it has been desired to generate disease-
specific and patient-specific disease model.
Human induced pluripotent stem (iPS) cells are
somatic cell-derived pluripotent stem cells with
infinite proliferation ability and multipotency.
Patient-specific iPS cells can be derived from
patient somatic cells, have all genomic information
encoded in patient’s genome including mutation
and all SNPs, and can be ideal disease models
of the patients. To generate disease model for
LQT2 by iPS cells, we should firstly generate iPS
cells from the patient with LQT2 and confirm the
genomic mutation in iPS cells. In this study, we
showed the successful generation of iPS cells
from a patient with KCNH2 G603D mutation. The
patient specific iPS cells properly expressed stem
cell markers, such as NANOG and OCT3/4. We
also confirmed that the KCNH2 G603D (G1808A)
mutation was taken over in patient specific
iPS cells. These patient-specific iPS cells may
contribute to the future analysis for disease
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pathogenesis and drug innovation.

Key words: iPS cell, Long QT syndrome, Disease
modeling

Introduction

The generation of induced pluripotent stem (iPS) cell
is firstly reported in 2006 with great surprise’. Human
iPS cells are similar to human embryonic stem (ES) cells
in terms of proliferation and differentiation ability, and
can be generated from adult somatic cells®®. Now we
can easily generate iPS cells from patient’s somatic
cells and those IPS cells have all genomic information
of the patient genome®. Many human diseases are
caused by genomic mutation. Disease modeling using
human iPS cells is newly emerged research field to
analyze genetic human diseases’. Actually, there are
many fatal genetic diseases without effective therapy.
To develop newly effective therapies for those
diseases, first of all we have to generate disease
models. In the past, there had been solely animal models
of human genetic disease, such as specific gene
knockout mice, transgenic mice and autochthonous
diseased animals. Although those models gave us many
valuable information regarding to the mechanisms of
human genetic diseases, most crucial problem is that
those models are not human. So it is often difficult to
model human diseases using experimental animals. In
another important point of view, among humans, each
individual shows highly rich in genomic diversity in
terms of racial differences and single nucleotide
polymorphisms (SNPs). So it has been highly expected
to generate not only disease-specific models, but also
disease-specific and patient-specific disease models. To
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generate patient-specific disease models, now we can
use iPS cells.

Long QT syndrome is one of the most common fatal
cardiac arrhythmic disorders®. Recent molecular
and electrophysiological examination established the
fundamental disease concepts. But there is no definitive
therapy invented so far. Here again, one of the most
important points. in drug discovery is to generate
excellent disease models. Current experimental models
for arrhythmic disorders mostly depend on animal
model and heterologous expression system in human
non-cardiomyocytes or non-human cardiomyocytes.
The long QT syndrome type 2 (LQT2) is one of the
most common genetic variants in long QT syndrome,
and accounts for approximately 40% of genotyped
patients®. LQT2 is caused by mutation of a potassium
channel gene, hERG (human ether-a-go-go related gene),
now referred to KCNHZ2. To generate the physiological
cardiac action potential in human cardiomyocytes, in
addition to inward sodium and calcium currents, several
potassium currents are notably involved. The inward-
rectifier background current (IK1), the rapidly activating
and inactivating transient outward current (to), and the
ultrarapid (/Kur), rapid (IKr), and slow (IKs) components
of delayed rectifier currents. Those potassium currents
have pivotal roles in electrophysiological homeostasis
in human cardiomyocytes and the mutations in
potassium current genes result in several human
arrhythmic disorders. KCNHZ2 encodes the a-subunit of
the /Kr channel, and membrane depolarization induced
by strong inward currents produces a sequence
of conformation changes within the channel that
allows permeation of potassium ions. As a clinical
phenotype, LQT2 is likely to result in cardiac events
during exercise or emotional stress in more than half
cases and during rest or sleep in some cases. More
specifically, an auditory stimulus (telephone, alarm
clock, ambulance siren, etc) can be a specific trigger in
LQT2™. B-blocker use significantly reduces the risk of
cardiac arrhythmic events in LQT2. And maintenance
of the extracellular potassium concentration by long-
term oral potassium supplementation is also reported
to be effective because it shortens the QT interval in
LQT2 patients. Besides those therapies, we cannot fully
prevent sudden cardiac death in LQT2 patients. So we
have to carry on the drug development for LQT2 by
using LQT2 disease model.

In this study we showed the generation of iPS cells
from a patient with KCNH2 GB03D mutation. These
patient-specific iPS cells may contribute to future
analysis for disease pathogenesis and drug innovation.
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Materials and Methods

Patient consent

All subjects provided informed consent for blood
testing for genetic abnormalities associated with
hereditary long QT syndrome. The isolation and use of
patient somatic cells was approved by the Ethics
Committee of Keio University (approval no. 20-92-5)
and the Ethics Committee of Tokyo Medical and Dental
University (approval no. 2009-27), and was performed
only after the patient and the parent had provided
written informed consent.

Generation of human iPS cell

Human iPS cells were established from T lymphocytes
as described previously'"'2. Briefly, peripheral blood
mononuclear cells (PBMCs) were separated by the
centrifugation of heparinized whole blood sample
obtained, using a Ficoll-Pague PREMIUM (GE Healthcae)
gradient. The mononuclear cells were seeded on the
anti-human CD3 antibody (BD Pharmingen)-coated
6-well plates in 2 mL GT-T502 (KOJIN BIO) medium per
well, and incubated for 5 to 7 days until the activated T
cells reached 80% to 90% confluent. Activated PBMCs
were collected and transferred at 1.5 x 10° cells per
well to a fresh anti-CD3 antibody coated 6-well plate,
and incubated for an additional 24 hours. Then, the
solution which contained sendai virus vectors
individually carrying each of OCT3/4, SOX2, KLF4, and
c-MYC were added at 10 MOI. After 24 hours of
infection, the medium was changed to fresh GT-T502
medium, and the cells were collected and split at
5 x 10* cells into 10 cm-plates pre-seeded with mouse
embryonic fibroblasts (MEFs) at more 24 hours after
infection. After an additional 24 hours of incubation, the
medium was changed to human iPS cell medium
supplemented with 4 ng/mL of bFGF. The cells were
cultured for another 20 days. On day 25, ES cell-like
colonies were dissociated mechanically and transferred
to a 24 well plate on the MEF feeder cells.

iPS cell culture

Human iPS cells were maintained on irradiated MEF
feeder cells in human iPS cell culture medium,
consisting of 80% DMEM/F12 (Sigma-Aldrich), 20% KO
Serum Replacement (Invitrogen), 4 ng/mL basic
fibroblast growth factor (bFGF; WAKOQO), 2 mmol/L
L-glutamine (Invitrogen), 0.1 mmol/L non-essential amino
acids (Sigma-Aldrich), 0.1 mmol/L 2-mercaptoethanol,
100 U/mL penicillin, and 100 ug/mL streptomycin
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(Invitrogen). The human iPS cell medium was changed
every 2 days and the cells were passaged using
1 mg/mL collagenase IV (Invitrogen) every 5-7 days.
293FT cells were cultured in DMEM supplemented with
10% FBS (Nichirei Bioscience), 1 X 10* M non-essential
amino acids (NEAA; Sigma-Aldrich), 2 mmol/L
L-glutamine (Invitrogen), 100 U/mL penicillin, and 100
ug/mL streptomycin (Invitrogen).

Immunocytochemistry

Immunostaining was used to analyze the expression
of pluripotency markers. Cells were placed on a 35 mm
glass-bottomed dish (IWAKI) before being fixed with 4%
paraformaldehyde for 30 min at 4°C. The cells were
then rinsed three times with phosphate-buffered saline
(PBS) and permeabilized with 0.2% Triton-X 100 in PBS.
The cells were then washed and blocked with
Immunoblock (DS Pharma) three times for 5 min each
time. Samples were incubated overnight at 4C with
each of the primary antibodies: anti-NANOG (1:200
dilution; ab21624; Abcam), anti-OCT3/4 (1:100 dilution;
sc-5279; Santa Cruz). Following incubation with primary
antibodies, samples were incubated at room
temperature for 1 h with the following secondary
antibodies: Alexa Fluor 488 chicken anti-mouse 18G
(1:200 dilution; A21200:; Invitrogen), and Alexa Fluor
594 goat anti-rabbit IgG (1:200 dilution; A11037;
Invitrogen). After cells had been washed by PBS,
samples were mounted using Vectashield Hard Set
Mounting Medium with 4°,6"-diamidino-2-phenylindole
(DAPI) (Vector Laboratories) for nuclear staining.
Images were obtained using a X 10 objective lens (NA
= 0.45) on a fluorescence microscope (BZ-9000:;
Keyence).

Genome sequencing

DNA sequencing was used to confirm the presence of
the LQT2 mutation in patient-derived iPSCs. Genomic
DNA was isolated using a Gentra Puregene Cell Kit
(Qiagen) and the region encoding KCNHZ2, including the
mutation, was amplified using polymerase chain
reaction (PCR) with the following primer set:
5-TAGCCTGCATCTGGTACGC-3 (forward) and 5-
GCCCGCCCCTGGGCACACTCA-3 (reverse). The PCR
product (277 bp) was electrophoresed on a 1% agarose
gel and purified using a Wizard SV Gel and PCR Clean-
Up System (Promega). The purified PCR product was
sequenced with original primers.
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Results

Novel KCNHZ2 mutation

A 10-year-old man was given surgery for funnel chest,
without any symptoms. Before operation, routine surface
electrocardiogram (ECG) was recorded (Figure 1A). At
that time, QT interval prolongation at ECG was firstly
pointed out. The patient had no history of previous
syncopal episode, palpitation or other cardiac symptoms.
But his mother showed repetitive syncopal episodes at
rest, triggered by sudden loud noises such as alarm
clock and telephone call. Exercise testing shortened the
QT interval and epinephrine challenge induced the QT
interval prolongation and the form of polymorphic
ventricular tachycardia called torsades de pointes. She
underwent the genetic test which showed the novel
KCNH2 GB03D (G1808A) mutation. Therefore he also
underwent the genotype analysis which also showed the
novel KCNHZ2 Ge03D (G1808A) mutation (Figure 1B).
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Figure 1. Novel KCNHZ2 mutation in the patient.

A. Electrocardiogram from the patient during sinus rhythm. B.
Sequence analysis of genomic KCNHZ2 in the patient. The novel
KCNHZ2 Ge03D (G1808A) mutation.
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iPS cell generation from a patient with KCNHZ2
mutation

To generate iPS cells, we used peripheral blood cells
as donor somatic cells from the patient. Separated
peripheral mononuclear cells were stimulated by CD3
antibody and IL-2 to activate T lymphocytes. And
activated T lymphocytes were reprogrammed by using
Sendai virus carrying SOX2, OCT3/4 (also known as
POUSF1), KLF4, and MYC. Several clones were
generated, expanded and stored. All iPS cell lines
showed typical iPS cell morphology and expressed
human pluripotency markers (Fig. 2a and b). These iPS
cells were moved to petri-dishes and formed embryoid
bodies with spontaneous beating, which indicated that
these patient-specific iPS cells properly differentiated
into beating cardiomyocytes in vitro.

A

Figure 2. Generation of iPS cells from the patient with KCNH2
G603D (G1808A) mutation.

A. Representative phase-contrast image of patient-specific iPS cell
colony. Black box in figure is shown at a higher magnification in the
inset. B. Immunofluorescence staining for stem cell markers
(OCT3/4, NANOG and DAPY) in the patient-specific iPS cell colony.
White boxes in each figure are shown at a higher magnification in
the inset.
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KCNH2 G603D (G1808A)
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Figure 3. Novel KCNHZ2 mutation in the patient-specific iPS
cell colony.

Sequence analysis of genomic KCNHZ in the patient-specific iPS
cell colony. The novel KCNHZ2 G603D (G1808A) mutation.

KCNHZ2 mutation in iPS cells derived from a patient
with KCNHZ2 mutation

To confirm that the generated iPS cells have a same
mutation as the patient has, the genotype analysis was
performed. It revealed the KCNHZ2 GB603D (G1808A)
mutation was taken over (Figure 3).

Discussion

In the present study, we successfully generated iPS
cells from a patient with the KCNH2 G603D mutation
who didn't exhibit any symptoms but showed prolonged
QT interval at ECG. This patient is still young and may
exhibit the cardiac symptom in the future. In real clinical
setting, it is very important to know whether patients
with genetic mutation will develop severe diseases or
not. If we can predict the severity in the future disease
manifestation, we can easily determine to do those
patients, e.g., intensive care, exercise limitation, no
medication and so on. So it is valuable to establish
patient-specific disease model and develop the systems
to evaluate the characteristics of patient-specific
diseases. Patient-specific iPS cells may contribute to
these concepts.

In terms of disease modeling using iPS cells, LQT2
is firstly noticed'®'® because LQT2 is one of the most
common genetic variants in long QT syndrome and
there is no definitive therapy for LQT2. And drug
discovery often failed at the expense of immense cost,
due to the side effects related to HERG which is LQT2
associated gene product, following QT prolongation and
lethal arrhythmia. First report showed the generation
of LQT2 patient-specific iPS cells harboring A614V
missense mutation in the KCNHZ2 gene. which was
previously shown to lead to a significant reduction of
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IKr which is responsible for LQT2'®. Detailed whole-
cell patch-clamp and multi-electrode array (MEA)
recordings revealed significant prolongation of the
action potential duration in LQT2 iPS cell-derived
cardiomyocytes. Voltage-clamp studies confirmed a
significant reduction of the cardiac potassium current
IKr. LQT2 iPS cell-derived cardiomyocytes also showed
marked arrhythmogenicity, characterized by early-after
depolarizations (EAD) and triggered arrhythmias. And
calcium-channel blockers, Kirp-channel openers and
late sodium channel blockers ameliorate the disease
phenotype in LQT2 iPS cell-derived cardiomyocyte.
Second report showed the generation of LQT2 patient-
specific iPS cells harboring G1681A missense mutation
in the KCNH2 gene, which was also previously
shown to lead to a significant reduction of IKr'®. MEA
and patch-clamp recording showed prolonged field/
action potential duration in LQT2 iPS cell-derived
cardiomyocytes. LQT2 iPS cell-derived cardiomyocytes
developed EADs when challenged with the E4031 (IKr
blocker) and isoprenaline. Action potential duration
and EAD were ameliorated by propranolol, nadolol,
nicorandil and an activator of hERG, PD118057. The
other report showed the generation of LQT2 patient-
specific iPS cells harboring R176W missense mutation
in the KCNHZ2 gene'®. The KCNH2 R176W mutation is
relatively common variant and was reported to have
the frequency of 0.5% in apparently healthy individuals.
Although there were some reports showed that this
mutation was related to long QT syndrome, the majority
of these individuals were completely asymptomatic
and unaware of their carrier status, as is the case
with this patient. In heterologous expression system,
R176W reduced hERG tail current density by ~75%,
but upon coexpression with wild type the difference in
current densities was nullified. But the action potential
duration of LQT2 iPS cell-derived cardiomyocytes
was significantly longer than that of control, and IKr
density of the LQT2 iPS cell-derived cardiomyocytes
was significantly reduced. Consistent with clinical
observations, the LQT2 iPS cell-derived cardiomyocytes
demonstrated a more pronounced inverse correlation
between the beating rate and repolarization time
compared with control cells. Additionally, LQTZ2 iPS
cell-derived cardiomyocytes were more sensitive than
controls to potentially arrhythmogenic drugs, including
sotalol, and demonstrated arrhythmogenic electrical
activity.

In this study we chose a patient with a novel mutation
in the KCNH2 G603D. Patient showed QT interval
prolongation but never showed any symptoms. To
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treat properly and prevent cardiac lethal arrhythmia,
we believe it is valuable to generate experimental
methods to predict how susceptible to lethal arrhythmia
in various stimulations in those patients. Actually,
many genomic variations such as many SNPs in each
patient’'s genome affect disease manifestation even in
the patients with major functional mutation and may be
the cause of low penetrance for long QT syndrome'®. So
it is difficult to accurately predict disease susceptibility
only by genomic information such as patient’s mutation
and SNPs. Patient-specific iPS cells have all genomic
information encoded in patient’'s genome including
mutation and all SNPs, and can be ideal disease models
for the patients. Actually, each patient shows different
disease phenotype and drug response, which is also
partly due to patient genomic variation. In terms of
personalized medicine, we can also try many notorious
and beneficial drugs on patient-specific iPS cell-derived
cardiomyocyte and predict disease susceptibility before
the patient will use those drugs. To generate patient-
specific disease models using iPS cells, we established
the patient-specific iPS cells and confirmed the patient-
specific iPS cells had the same mutation as the patient.
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Heart disease remains a leading cause of death worldwide. Owing
to the limited regenerative capacity of heart tissue, cardiac regen-
erative therapy has emerged as an attractive approach. Direct
reprogramming of human cardiac fibroblasts (HCFs) into cardio-
myocytes may hold great potential for this purpose. We reported
previously that induced cardiomyocyte-like cells (iCMs) can be
directly generated from mouse cardiac fibroblasts in vitro and
vivo by transduction of three transcription factors: Gata4, Mef2c,
and Tbx5, collectively termed GMT. In the present study, we
sought to determine whether human fibroblasts also could be
converted to iCMs by defined factors. Our initial finding that
GMT was not sufficient for cardiac induction in HCFs prompted us
to screen for additional factors to promote cardiac reprogram-
ming by analyzing multiple cardiac-specific gene induction with
quantitative RT-PCR. The addition of Mesp1 and Myocd to GMT
up-regulated a broader spectrum of cardiac genes in HCFs more
efficiently compared with GMT alone. The HCFs and human dermal
fibroblasts transduced with GMT, Mesp1, and Myocd (GMTMM)
changed the cell morphology from a spindle shape to a rod-like
or polygonal shape, expressed multiple cardiac-specific proteins,
increased a broad range of cardiac genes and concomitantly sup-
pressed fibroblast genes, and exhibited spontaneous Ca* oscilla-
tions. Moreover, the cells matured to exhibit action potentials and
contract synchronously in coculture with murine cardiomyocytes.
A 5-ethynyl-2’-deoxyuridine assay revealed that the iCMs thus
generated do not pass through a mitotic cell state. These findings
demonstrate that human fibroblasts can be directly converted to
iCMs by defined factors, which may facilitate future applications in
regenerative medicine.

cell fate conversion | regeneration | cardiogenesis

Cardiovascular disease remains a leading cause of death
worldwide, for which current therapeutic regimens remain
limited. Given that adult human hearts have little regenerative
capacity after injury, the demand is high for cardiac regener-
ative therapy. The recent discovery of induced pluripotent stem
cells (iPSCs) allows the direct generation of specific cell types
from differentiated somatic cells by overexpression of lineage-
specific factors.

Several previous studies have demonstrated that such direct
lineage reprogramming can yield a diverse range of cell types,
including pancreatic p cells, neurons, neural progenitors, blood
progenitors, and hepatocyte-like cells (1-5). We previously re-
ported that a minimum mixture of three cardiac-specific tran-
scription factors—Gatad, Mef2c, and Tbx5 (GMT)—directly
induced cardiomyocyte-like cells (iCMs) from mouse fibroblasts
in vitro (6). Following our report, three other groups also reported
generation of functional cardiomyocytes from mouse fibroblasts
with various combinations of transcription factors, either with
GMT plus Hand2 (GHMT) or Mef2c, Myocd, and Tbx5 or using

www.pnas.org/cgi/doi/10.1073/pnas.1304053110

microRNAs (7-9). Although full reprogramming into beating
cardiomyocytes was not efficient in vitro (10, 11), gene transfer
of GMT or GHMT into mouse hearts generated new car-
diomyocytes from endogenous cardiac fibroblasts and improved
cardiac function after myocardial infarction (7, 12, 13). The
foregoing studies suggest that direct cardiac reprogramming may
be a useful therapeutic approach for regenerative purposes, and
that identification of reprogramming factors in human cells is
important for the development of this technology (14-16).

In the present study, we sought to generate cardiomyocytes
directly from postnatal human fibroblasts. We found that GMT
was not sufficient for cardiac reprogramming in human cells. We
then screened additional reprogramming factors for their ability
to induce cardiac reprogramming by analyzing multiple cardiac
gene induction, and found that the addition of Mespl and Myocd
to GMT was able to generate cardiomyocyte-like cells from human
fibroblasts in vitro.

Results

Gatad, Mef2c, Thx5, Mesp1, and Myocd Induce Multiple Cardiac Gene
Expression in Human Cardiac Fibroblasts. We first developed a cul-
ture system for human cardiac fibroblasts (HCFs) following our
mouse cardiac fibroblast isolation protocol. Human atrial tissues
were obtained from 36 patients (age 1 mo to 80 y; average age,
35 y) undergoing cardiac surgery with informed consent follow-
ing the guidelines of the Keio University Ethics Committee. The
Thy1*/CD31" FACS-sorted fibroblasts did not express cardio-
myocyte or cardiac progenitor cell (CPC) genes, but did express
fibroblast genes on quantitative RT-PCR (qRT-PCR) analysis
(Fig. 81.4-C). HCFs expressed fibroblast proteins, vimentin, and
fibronectin, but not markers of cardiomyocytes, CPCs, smooth
muscle cells, or endothelial cells (Fig. 14 and Fig. S1D). The
antibody immunoreactivities were confirmed in the positive
controls (Fig. S1E). FACS analyses also demonstrated that the
HCF population did not contaminate cardiomyocytes (Fig. 1B).

For transduction, we first used the sequential lentivirus/eco-
tropic retrovirus infection following the iPSC generation protocol
from human dermal fibroblasts (HDFs) (17). The transduction
efficiency was <20% in HCFs (Fig. 1C). We then directly infected
HCFs using other types of retroviruses, produced by PLAT-A cells
and PLAT-GP cells (18). We achieved high transduction efficiency
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Fig. 1. Gatad, Mef2c, Thx5, Mesp1, and Myocd induce cardiac gene expres-

sion in HCFs. (A) Morphology and characterization of HCFs by phase-contrast
imaging, with vimentin, fibronectin, and ¢TnT immunostaining [passage
number 1 (P1) HCFs, 57-y-old patient; n = 3]. The antibody immunoreactivities
were confirmed in HESC-CMs (Fig. S1£). (B) FACS analysis for a-actinin® cells
(HESC-CMs as a positive control) showed no expression in HCFs (P1 HCFs, 58-y-
old patient; n = 3). (C) FACS analysis of the HCFs transduced by sequential
infection of Slc7a1 lentivirus and ecotropic GFP retrovirus (Slc7a1-PLAT-E),
amphotropic GFP retrovirus produced by PLAT-A cells (PLAT-A), and pantropic
GFP retrovirus produced by PLAT-GP cells (PLAT-GP) (P1 HCFs from patients
aged 1 mo and 50 y; n = 4). (D) Histogram of GFP intensity in the transduced
HCFs determined by FACS analysis (P1 HCFs from 50-y-old patient; n = 3). GFP
expression was high in cells transduced with retrovirus produced by PLAT-GP.
(E) Image of HCFs infected by the GFP retrovirus produced by PLAT-GP. (F-H)
mMRNA expression of cardiac genes (Tnnt2, Nppa, and Ryr2) in HCFs transduced
with GMT plus individual factors as determined by qRT-PCR after 1 wk of
transduction (P1 HCFs, 71-y-old patient; n = 3). Data were normalized against
the GMT values. See also Fig. 52 A-F and Movie 51, (-K) The mRNA expression
of cardiac genes in HCFs transduced with GMTM plus Mesp1, Nkx2.5, Pitx2c, or
all three genes was determined by gRT-PCR after 1 wk of transduction (P1
HCFs, 59-y-old patient; n = 3). Data were normalized against the GMT values.
(L) Multiple cardiac genes were up-regulated in GMTMM-HCFs after 1 wk of
transduction (P1 HCFs, 2-y-old patient; n = 3). Representative data are shown
in each panel. All data are presented as mean + SD. *P < 0.05; **P < 0.01 vs.
relevant control. (Scale bars: 100 ym.)

(>90%) using the pantropic retrovirus from PLAT-GP cells, and
used this virus in subsequent experiments (Fig. 1 C-E).

We next transduced HCFs with a mixture of GMT retro-
viruses. The GMT overexpression induced very few a-actinin®
cells, suggesting that this mixture is insufficient for human cardiac
reprogramming (Fig. 24). To identify reprogramming factors, we
screened an additional 11 factors for use in combination with
GMT and analyzed the induction of multiple cardiac genes by
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gRT-PCR after 1 wk of transduction. Of these 11 factors, only
Myocd strongly induced Tnnt2 expression (Fig. 1F). Myocd also
induced Nppa, but did not induce Ryr2 (ryanodine receptor 2). In
contrast, Mespl, Nkx2.5, and Pitx2c strongly induced Ryr2 ex-
pression (Fig. 1 G and H).

Consistent with our qRT-PCR results, FACS analysis and
immunocytochemistry demonstrated that the addition of Myocd
to GMT increased the expression of sarcomere proteins a-actinin
and ¢TnT in HCFs compared with Mespl In contrast, threefold
more cells exhibited spontaneous Ca** oscillations by transduction
of GMTMespl compared with GMTMyocd after 4 wk of culture
(Fig. 82 4-F and Movie S1).

We next investigated whether the addition of Mespl, Nkx2.5, or
Pitx2c to GMT and Myocd could induce multiple cardiac gene ex-
pression. We found that Nkx2.5 and Pitx2c inhibited Tnns2 mRNA
expression, but that addition of Mespl up-regulated all three car-
diac genes (Fig. 1 I-K). Moreover, transduction of Gatad, Mef2c,
Tbx5, Mespl, and Myocd (GMTMM) up-regulated the ex-
pression of a panel of cardiac genes related to different functions,
including sarcomere structure, ion channels, and transcription
factors, compared with GMT or mock infection, suggesting
a more comprehensive reprogramming by GMTMM than by
GMT (Fig. 1L).
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Fig. 2. Generation of cardiomyocyte-like cells from HCFs with GMTMM. (A)
Immunostaining for «-actinin and DAPI in HCFs and GMT- or GMTMM-
transduced HCFs at 4 wk after transduction (P1 HCFs, 3-y-old patient; n = 4).
Note that GMTMM induced abundant and strong a-actinin expression. (Inset)
High-magnification view of the area in the white box showing sarcomeric
organization (see Fig. S1£ for a positive control). (B) Morphology of mock- and
GMTMM-infected HCFs by phase-contrast imaging and with o-actinin immu-
nostaining (P1 HCFs, 57-y-old patient; n = 3). (C) Quantitative data of a-actinin®
(P1 HCFs, 3-mo-old patient; n = 3) and cTnT* (P1 HCFs, 5-mo-old patient; n = 3)
cells in GMTMM-HCFs and HESC-CMs (n = 3). (D and E) GMTMM-HCFs ex-
pressed both a-actinin and ANP at 4 wk after transduction (P1 HCFs, 5-y-old
patient; n = 2). ANP was expressed at the perinuclear site. (F and G) Induced
cardiomyocyte-like cells expressed ¢TnT and cTnl at 8 wk after GMTMM
transduction (P1 HCFs, 5-y-old patient; n = 2). (Inset) High-magnification
view representing the area in the white box. Representative data are shown
in each panel. (Scale bars: 100 pm in A, B, D, F, and G; 50 ym in E.)
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