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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 (/IKur), rapid (/Kr), 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 IKr 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 G603D 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. 2008-27), 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-Paque PREMIUM (GE Healthcae)
gradient. The mononuclear cells were seeded on the
anti-human CD3 antibody (BD Pharmingen)-coated
B-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; WAKO), 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 coliagenase [V (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
iImmunoblock (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-6279; 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 1gG
(1:200 dilution; A21200; Invitrogen), and Alexa Fluor
5984 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
seqguenced with original primers.
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Results

Novel KCNH2 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
KCNHZ2 Ge03D (G1808A) mutation. Therefore he also
underwent the genotype analysis which also showed the
novel KCNHZ2 GB03D (G1808A) mutation (Figure 1B).

KCNH2 G603D (G1808A)
AGCAGCGGCCTGGECGGOCCCTOCAT

Figure 1. Novel KCNH2 mutation in the patient.

A. Electrocardiogram from the patient during sinus rhythm. B.
Sequence analysis of genomic KCNH2 in the patient. The novel
KCNH2 G603D (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
POUSF 1), 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 KCNHZ2
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
(OCT374, NANOG and DAPI) 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 KCNH2 mutation in the patient-specific iPS
cell colony.

Sequence analysis of genomic KCNHZ2 in the patient-specific iPS
cell colony. The novel KCNHZ2 GB03D (G1808A) mutation.

KCNH2 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 GB03D (G1808A)
mutation was taken over (Figure 3).

Discussion

In the present study, we successfully generated iPS
cells from a patient with the KCNH2 GB0O3D 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 AB14V
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, K,p-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, LQT2 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 GB03D. Patient showed QT interval
prolongation but never showed any sympioms. 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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Anatomical variations affect radial artery spasm and procedural
achievement of transradial cardiac catheterization
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Abstract Transradial cardiac catheterization (TRCC) has
unique technical challenges such as access difficulty rela-
ted to anatomical variations and/or radial artery (RA)
spasm. We sought to evaluate the incidence of anatomical
variations of the RA and whether they would affect RA
spasm and procedural achievement of TRCC. A total of
744 consecutive patients who underwent TRCC were
analyzed by routine radial arteriography. Anatomical
variations were defined as abnormal origin of the RA and/
or radioulnar loop and/or tortuous configuration. RA spasm
was defined as >75 % stenosis at first radial arteriography.
Overall, anatomical variations were noted in 68 patients
(9.1 %), including 39 cases of abnormal origin (5.2 %), 11
cases of radioulnar loop (1.5 %), and 42 cases of tortuous
configuration (5.6 %). Transradial procedures failed in 26
patients (3.5 %), and more frequently in patients with
anatomical variation than in those with normal anatomy
(23.5 % vs 1.5 %, P < 0.001). Importantly, on multivariate
analysis the presence of anatomical variation was a distinct
predictor of transradial procedure failure (odds ratio (OR)
17.80; 95 % CI 7.55-43.73; P < 0.001). RA spasm was
observed in 83 patients (11.2 %), and more frequently in
patients with anatomical variation than in those with
normal anatomy (35.3 % vs 8.7 %, P < 0.001). Ana-
tomical variation (OR 4.74; 95 % CI 2.61-8.47;, P <
0.001) and female gender (OR 2.23; 95 % CI 1.01-4.73;
P = 0.041) were distinct predictors of RA spasm.
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Anatomical variations were observed in 9.1 % of the
patients, and strongly correlated with RA spasm and pro-
cedural achievement of TRCC.

Keywords Radial artery - Transradial approach -
Vascular access - Spasm

Introduction

Cardiac catheterization is an essential diagnostic and ther-
apeutic method in evaluating cardiac disease. In recent
years, the radial artery (RA) has been considered a safe and
useful vascular access site for cardiac catheterization in
comparison with the conventional transfemoral approach
[1-4]. In general, access-site complications are significantly
lower in the transradial approach than in the transfemoral
approach. Furthermore, transradial cardiac catheterization
(TRCC) shortens hospital stay and improves postprocedure
quality of care [5, 6]. The RA has also been considered a
reasonable alternative to the saphenous vein graft in coro-
nary artery bypass surgery [7, 8].

However, TRCC also has unique technical challenges,
such as access difficulty related to anatomical variations
[9-11], RA spasm [12-15], and RA occlusion [16, 17].
Anatomical variations of the RA, such as abnormal RA
origin, radioulnar loop, tortuous configuration, and severe
RA spasm, occasionally lead to procedural failure. Some
previous studies reported that the frequency of anatomical
variations of the RA may differ between Asian and Wes-
tern populations [11, 18]. Furthermore, there is a paucity of
data on the relationship between RA spasm and anatomical
variations. Thus, we investigated the incidence of ana-
tomical variations of the RA and whether they would affect
RA spasm and procedural achievement of TRCC.

@ Springer
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Patients and methods
Study population

This was a single-center, prospective study in Japan. This
study included 756 consecutive patients with normal Allen
test results who underwent TRCC from January 2009 to
April 2011. Exclusion criteria were absence of a radial
pulse, abnormal Allen test results, and patients undergoing
hemodialysis. Patients’ characteristics, RA anatomy, RA
diameter, and procedural outcomes including spasm were
assessed.

Transradial procedure

After local subcutaneous anesthesia with 2 % lidocaine, the
RA was punctured with a 20-gauge needle, and a 16-cm
hydrophilic-coated sheath (Terumo, Japan) was inserted
with gentle manipulation. The size of the sheath was
selected at the discretion of the operator. Basically, a 4-F or
5-F sheath was used for diagnostic coronary angiography,
and a 6-F sheath was used for coronary intervention. After
sheath insertion, 1 mg of isosorbide dinitrate and 5000 IU

Fig.1 Anatomical variations of
the radial artery, defined as an
abnormal origin of the radial
artery (a) and/or radioulnar loop
(b) and/or a tortuous
configuration of >90° (¢)
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of heparin were administered through the sheath to prevent
RA spasm and thrombotic complications. After adminis-
tration of isosorbide dinitrate and heparin, retrograde radial
arteriography around the elbow joint via a 16-cm sheath
was performed in anteroposterior projection to evaluate the
RA anatomy from the edge of the sheath to the mid portion
of the brachial artery and the RA diameter. We injected
half-diluted contrast to prevent contrast-induced spasm.
When the transradial procedure failed, it was at the dis-
cretion of the operator to attempt the contralateral RA
approach, transbrachial approach, or transfemoral
approach. Additional doses of heparin were provided based
on an ACT level of >300 s during percutaneous coronary
intervention (PCI). After the procedure, the arterial sheath
was removed immediately and a TR band (Terumo, Tokyo,
Japan) was applied for hemostasis in all patients.

Definition of anatomical variations

In this study, anatomical variations of the RA were defined
as abnormal origin of the RA and/or radioulnar loop and/or
tortuous configuration [9-11, 16, 19]. The RA normally
originated from the brachial artery at the level of the
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Fig. 2 Radial artery spasm,
defined as >75 % stenosis
(black arrowheads) at first
radial arteriography after
administration of isosorbide
dinitrate and heparin (a). The
ulnar artery was also diffusely
spastic in this case (white
arrowheads). Arterial spasm
was ameliorated after additional
administration of isosorbide
dinitrate (b)

antecubital fossa. Forearm arterial patterns were classified
by Uglietta and Kadir [20]. The site of abnormal origin was
determined relative to the intercondylar line of the
humerus. This line represented the proximal border of the
antecubital fossa. Bifurcation of the brachial artery proxi-
mal to this line was considered to be the abnormal origin of
the RA (Fig. la). A radioulnar loop was defined as the
presence of a full 360° loop of the RA distal to the bifur-
cation of the brachial artery (Fig. 1b). Tortuous configu-
ration of the RA was defined as the presence of maximum
angulation of >90° (Fig. lc).

Definition of RA spasm

Radial artery spasm was defined as >75 % stenosis at first
radial arteriography after administration of isosorbide di-
nitrate and heparin {12] (Fig. 2a, b).

Measurement of RA diameter

Proximal RA diameters of the patients were measured at a
point 2 cm proximal from the sheath edge. Radial arterio-
grams were quantitated using the computer-based quantita-
tive coronary angiography (QCA) system Centricity
CA1000 (GE Healthcare, Burlington, VT, USA). The outer
diameter of the arterial sheath was used for calibration pur-
poses. The outer diameters of the 4-, S-, and 6-F sheaths
(Terumo, Japan) were 1.86, 2.20, and 2.48 mm, respectively.
The ratio of sheath outer diameter to RA inner diameter was
calculated to measure the RA diameter.

Data analysis

JMP version 8.0 (SAS Institute, Cary, NC, USA) was used
for statistical analysis of the data. Continuous variables
were expressed as mean and standard deviation (SD).
Categorical variables were expressed as a percentage.

Continuous variables were compared using Student’s 7 test,
and the differences between categorical variables were
examined using the Chi-square test. Multivariate logistic
regression was performed to evaluate the distinct predictors
of transradial procedure failure and RA spasm. A P value
of less than 0.05 was considered statistically significant.

Results
Study population and clinical characteristics

The baseline clinical characteristics of the 756 patients are
expressed in Table I. Mean age was 67.6 + 11.5 years, and
632 cases (83.6 %) were male. RA puncture was unsuc-
cessful in 12 of 756 cases (1.6 %). Routine retrograde
radial arteriography was obtained in 744 cases. PCI was
performed in 202 patients (26.7 %). A total of 93.4 % of
procedures were attempted via the right RA, and 54.4 % of
the procedures were performed using a 5-F sheath.

Anatomical variations of the RA

Overall, anatomical variations of the RA were noted in 68
patients (9.1 %). There were 39 cases of abnormal origin of
the RA (5.2 %), 11 cases of radioulnar loop (1.5 %), and 42
cases of tortuous configuration (5.6 %). Patients with
abnormal origin of the RA or radioulnar loop frequently
had tortuous configuration (33.3 % and 72.7 %, respec-
tively). Six cases had both abnormal origin of the RA and
radioulnar loop. The baseline clinical characteristics of
patients with anatomical variation and patients with normal
anatomy are expressed in Table 2. Patients with anatomical
variation were slightly older (70.8 & 10.7 vs 67.3 £ 11.4
years, P = 0.017), shorter (161.1 £ 9.0 vs 164.4 + 8.1 cm,
P = 0.002), and lighter (61.8 & 11.9 vs 65.6 4 12.4 kg,
P = 0.015) than patients with normal anatomy. There were
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Table 1 Baseline clinical and procedural characteristics of the 756
patients

Table 2 Clinical characteristics of the patients with anatomical
variation of the radial artery and patients with normal anatomy

Age (years) 67.6 £ 11.5
Male 632 (83.6)
Height (cm) 164.0 + 8.3
Body weight (kg) 652+ 124
Body mass index (kg/m?) 24.1 £ 3.6
Risk factors
Hypertension 558 (73.8)
Hyperlipidemia 495 (65.5)
Diabetes mellitus 271 (35.8)
Smoking 172 (22.8)
Family history of CAD 119 (15.7)
Serum creatinine (mg/dl) 0.96 £ 0.28
Initial approach
Right RA 706 (93.4)
Left RA 50 (6.6)
RA puncture failure 12 (1.6)
PCl 202 (26.7)
Sheath size
4 F 69 (9.1)
SF 411 (54.4)
6 F 276 (36.5)
Change approach site 38 (5.0)
RA to FA 22 (2.9)
RA to BA 12 (1.6)
RA to contralateral RA 4 (0.5)

Values are presented as n (%) or mean £ SD unless otherwise noted

CAD coronary artery disease, RA radial artery, PCI percutaneous
coronary intervention, FA femoral artery, BA brachial artery

no statistically significant differences in coronary risk
factors between patients with anatomical variation and
patients with normal anatomy. Details of anatomical vari-
ations between males and females are expressed in Table 3.
Females had a higher frequency of anatomical variations
compared with males (21.0 % vs 6.9 %, P < 0.001),
especially those with radioulnar loop (5.9 % vs 0.6 %, P <
0.001) and tortuous configuration (15.1 % vs 3.8 %, P <
0.001). Anatomical variations were frequently related to
the transradial procedure failure rate (16 of 68 cases, 23.5
%) and RA spasm (24 of 68 cases, 35.3 %).

Transradial procedure failure

Transradial procedure failure was observed in 26 of 744
cases (3.5 %), and more frequently in patients with ana-
tomical variation of the RA than in patients with normal
anatomy (23.5 % vs 1.5 %, P < 0.001). The baseline
clinical characteristics of these patients are expressed in
Table 4. The approach in 18 cases was changed to the
femoral artery, and the approach in 8 cases was changed to
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Anatomical Anatomical P value
variation (+), variation (—),
n=68 n =676
Age (years) 70.8 £ 10.7 673+ 114 0.017
Male 43 (63.2) 582 (86.1) <0.001
Height (cm) 161.1 £ 9.0 164.4 + 8.1 0.002
Body weight 61.8 £ 119 65.6 £ 12.4 0.015
(kg
Body mass 237+ 3.6 242 4+ 3.6 0.305
index (kg/m?)
Hypertension 46 (67.7) 503 (74.4) 0.247
Hyperlipidemia 43 (63.2) 445 (65.8) 0.689
Diabetes 22 (32.4) 246 (36.4) 0.596
mellitus
Smoking 15 (22.1) 155 (22.9) 1.000
Family history 12 (17.7) 105 (15.5) 0.604
of CAD
Serum 0.99 £ 0.32 0.96 + 0.27 0.407
creatinine
(mg/dl)
Transradial 16 (23.5) 10 (1.5) <0.001
procedure
failure
RA spasm 24 (35.3) 59 8.7) <0.001

Values are presented as n (%) or mean £ SD unless otherwise noted
CAD coronary artery disease, RA radial artery

the brachial artery because of failure of the initial RA
approach. The reason for transradial procedure failure
included inability to advance the guide wire or catheter in
21 cases (2.8 %) and necessity for a larger sheath or
catheter >6 F for PCI in 5 cases (0.7 %). Multivariate
logistic regression analysis revealed that the presence of
anatomical variation of the RA was the distinct predictor of
transradial procedure failure (odds ratio [OR], 17.80; 95 %
confidence interval [CI], 7.55-43.73; P < 0.001), while
age, gender, and short stature (height <155 cm) were not
statistically independent predictors after adjustment (Table
5). The procedure failure rate with each of the individual
anatomical variations is expressed in Table 6. Each of the
variations was associated with transradial procedure fail-
ure. Of the anatomical variations, the presence of a radio-
ulnar loop was strongly associated with the highest rate of
procedure failure in 8 of the 11 cases (72.7 %, P < 0.001).

RA spasm

The baseline clinical characteristics of patients with and
without RA spasm are expressed in Table 7. Although
routine radial arteriography was performed after adminis-
tration of isosorbide dinitrate and heparin, RA spasm was
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Table 3 Details of anatomical variations of the radial artery between males and females

Total (n = 744) Male (n = 625) Female (ﬁ = 119) P value
Anatomical variation (+) 68 (9.1) 43 (6.9) 25(21.0) <0.001
Abnormal origin of the RA 39 (5.2) 27 (4.3) 12 (10.1) 0.021
Radioulnar loop 11 (1.5) 4 (0.6) 7(5.9) <0.001
Tortuous configuration 42 (5.6) 24 (3.8) 18 (15.1) <0.001
Values are presented as n (%)
RA radial artery
Table 4 Clinical characteristics of patients with transradial procedure Table 6 Transradial procedure failure rate in patients with each of
failure and procedure success the anatomical variations of the radial artery
Procedure Procedure success, P value n Procedure failure P value
failure, n = 26 n=718 rate, n (%)
Age (years) 715 £ 12.6 675+ 114 0.075 Total 744 26 (3.5)
Male 17 (65.4) 608 (84.7) 0.024 Anatomical variation (4) 68 16 (23.5) <0.001
Height (cm) 159.8 4+ 6.9 1642 + 8.2 0.008 Abnormal origin of the RA 39 8 (20.5) <0.001
Body weight (kg) 59.1 + 12.7 655 + 123 0.010 Radioulnar loop It 8 (72.7) <0.001
Body mass index 23.0 £ 3.9 242 + 3.6 0.113 Tortuous configuration 42 11(26.2) <0.001
(kg/m?) ;
. ~ RA radial artery
Hypertension 18 (69.2) 531 (74.0) 0.650
Hyperlipidemia 18 (69.2) 470 (65.5) 0.835
Diabetes mellitus 9 (34.6) 259 (36.1) 1.000 261—847, P < 0001) and female gender (OR 223, 95 %
Smoking 4 (154) 166 (231) 0.478 CI ]01“473, P= 0041) were the diStiHCt prediCtOl'S Of RA
Family history of 3 (11.5) 114 (15.9) 0.784 spasm, while use of a 6-F sheath and short stature (height
CAD <155 cm) were not statistically independent predictors
Serum creatinine  1.00 + 0.27 0.96 + 0.28 0.466 after adjustment (Table 8).
(mg/dl)
Anatomical 16 (61.5) 52 (7.2) <0.001 RA diameter
variation
RA spasm 10 (38.5) 73 (10.2) <0.001

Values are presented as 1 (%) or mean = SD unless otherwise noted
CAD coronary artery disease, RA radial artery

Table 5 Multivariate logistic regression analysis on transradial pro-
cedure failure

OR 95 % CI P value
Anatomical variation (+) 17.80 7.55-43.73 <0.001
Age >75 years 2.04 0.83-4.97 0.117
Female gender 1.28 0.34-4.25 0.703
Height <155 cm 111 0.27-4.41 0.879

OR odds ratio, CI confidence interval

observed in 83 cases (11.2 %), and more frequently in
patients with anatomical variation of the RA than in
patients with normal anatomy (35.3 % vs 87 %, P <
0.001). Females had a higher frequency of RA spasm
compared with males (244 % vs 8.6 %, P < 0.001).
Multivariate logistic regression analysis revealed that the
presence of anatomical variation (OR 4.74; 95 % CI
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Radial artery diameter was analyzed in 701 patients by an
angiographic method. Of 744 cases, 43 were excluded from
the analysis using the QCA system because of poor
angiographic image quality. Mean RA diameter was 2.69
+ 0.37 mm, and was significantly correlated with gender
and presence of anatomical variation of the RA. Females
had smaller RA diameters than did males (2.40 & 0.26 vs
2.75 + 036 mm, P < 0.001) (Fig. 3a). Furthermore,
patients with anatomical variation of the RA had smaller
diameters than did patients with normal anatomy in both
males (2.51 £ 0.31 vs 2.77 & 0.36 mm, P < 0.001) (Fig.
3b) and females (2.24 + 0.16 vs 2.44 + 0.26 mm, P <
0.001) (Fig. 3c).

Discussion

The major findings from this study show that anatomical
variations of the RA were strongly correlated with RA
spasm and procedural achievement of TRCC. It was
reported that the procedure success rate of the transradial
approach is lower compared with that of the conventional
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Table 7 Clinical characteristics of patients with and without radial

artery spasm

Table 8 Multivariate logistic regression analysis on radial artery
spasm

Radial artery Radial artery P value
spasm (+), spasm (—),
n =83 n =661
Age (years) 68.5 + 11.5 675+ 114 0.436
Male 54 (65.1) 571 (86.4) <0.001
Height (cm) 160.8 £ 9.9 1645+ 79 <0.001
Body weight (kg) 62.2 + 14.4 65.6 £ 12.1 0.018
Body mass index 238 £3.8 242 £ 35 0.426
(kg/m?)
Hypertension 59 (71.1) 490 (74.1) 0.596
Hyperlipidemia 51 (61.5) 437 (66.1) 0.394
Diabetes mellitus 23 (27.7) 245 (37.1) 0.114
Smoking 20 (24.1) 150 (22.7) 0.782
Family history of 14 (16.9) 103 (15.6) 0.750
CAD
Serum creatinine 092 £+ 0.27 097 £ 0.28 0.145
(mg/dl)
Transradial 10 (12.1) 16 (2.4) <0.001
procedure failure
Anatomical variation 24 (28.9) 44 (6.7) <0.001
Use of 6-F sheath 32 (38.6) 241 (36.5) 0.718

Values are presented as n (%) or mean £ SD unless otherwise noted

CAD coronary artery disease

transfemoral approach [3]. Thus, it is necessary to elucidate
what caused the failure of the transradial approach and
identify predictors for a successful transradial approach.

Anatomical variations of the RA and transradial
procedure failure

In this study, the incidence of anatomical variations of the
RA was 9.1 % (68 of 744 cases), including 39 cases of
abnormal origin of the RA (5.2 %), 11 cases of radioulnar
loop (1.5 %), and 42 cases of tortuous configuration (5.6
%). The incidence of abnormal origin of the RA, radioulnar
loop, and tortuous configuration has been reported to range
from 2.4 % to 8.3 %, 0.8 % to 2.3 %, and 2.0 % to 5.2 %,
respectively [9-11, 16, 19]. We obtained similar results in
the present study. Based on previous reports and the results
of our study, it should be recognized that anatomical
variations of the RA are not rare beyond those associated
with race.

More importantly, in 16 of the 68 patients (23.5 %) with
anatomical variations, we failed to perform TRCC as the
initial approach. As a result, the procedure success rate was
significantly lower in patients with anatomical variation
than in patients with normal anatomy (76.5 % vs 98.5 %,
P < 0.001). Multivariate logistic regression analysis
revealed that the presence of anatomical variation was the
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OR 95 % CI P value
Anatomical variation (+) 4.74 2.61-8.47 <0.001
Use of 6-F sheath 1.18 0.71-1.93 0518
Female gender 223 1.01-4.73 0.041
Height <155 cm 1.37 0.59-3.14 0463

OR odds ratio, C7 confidence interval

337 p < 0.001

2.8 1

Radial Artery Diameter (mm) ©

Male

Female

Male

331 p < 0.001

2.8

Radial Artery Diameter {mm) g

Anatomical variation {+)

Anatomical variation (-)

Female
p < 0.001

3.3

2.31

Radial Artery Diameter (mm) ©

Anatomical variation (+)

Anatomical variation (-}

Fig. 3 Differences in radial artery diameter. Proximal radial artery
diameter was analyzed in 701 patients by an angiographic method.
Females had a smaller radial artery than did males (2.40 + 0.26 vs
2.75 £ 0.36 mm, P < 0.001) (a). Patients with anatomical variation of
the RA had smaller diameters than did patients with normal anatomy
in both males (2.51 4+ 0.31 vs 2.77 4 0.36 mm, P < 0.001) (b) and
females (2.24 £ 0.16 vs 2.44 + 0.26 mm, P < 0.001) (¢)
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distinct predictor of transradial procedure failure. Of the
anatomical variations, radioulnar loop was strongly asso-
ciated with the highest procedural failure rate in 8 of the 11
cases (72.7 %, P < 0.001). The transradial procedure
failure rate in patients with anatomical variation has been
reported to range from 6.9 % to 14.2 % [9, 10, 16]. In our
study, it was higher than those reported previously. These
differences might be due to differences in definitions of
anatomical variations, populations’ clinical backgrounds
and race, and operators’ tenacity in performing the trans-
radial procedure. In any case, the transradial procedure
failure rate was higher in patients with anatomical varia-
tions. Dehghani et al. [21] reported that an age of >75
years, prior coronary artery bypass graft surgery, and short
stature are independent predictors of transradial PCI fail-
ure. Although the transradial procedure failure rate tended
to be higher in older and shorter patients, an age of >75
years and short stature (height <155 cm) were not statis-
tically independent predictors in our study. Furthermore,
the presence of an anatomical variation was much more
strongly correlated with transradial procedure failure than
was age and height. It is not contraindicated to perform
TRCC in patients with anatomical variation of the RA.
However, we should recognize that different anatomical
variations are associated with different transradial proce-
dure failure rates. Some previous studies reported that the
presence of a radioulnar loop was the most common cause
of transradial procedure failure [9, 10, 22]. We were
sometimes able to pass the radioulnar loop with a hydro-
philic guide wire, but the procedure could cause vasospasm
and pain. According to previous reports and the results of
our study, the presence of a radioulnar loop was not suited
to the performance of the transradial procedure.

In this study, radial arteriography was performed
immediately after sheath insertion and administration of
isosorbide dinitrate and heparin. When we had to change
the approach site owing to anatomical variation or severe
spasm, especially from the RA to the femoral artery or
brachial artery, heparinization might have been associated
with bleeding complications. From the standpoint of pre-
venting bleeding complications, we should have performed
radial arteriography before the administration of heparin.

Fukuda et al. [12] reported that the proximal RA
diameter in a Japanese population was 2.72 £ 0.77 mm in
males and 2.49 4+ 0.36 mm in females. In our study, the
proximal RA diameter measured by the QCA system was
similar to those reported previously. Interestingly, both
male and female patients with anatomical variation of the
RA had smaller diameters than did those with normal
anatomy. Smaller RA diameter might contribute to punc-
ture failure and severe vasospasm [12, 13]. In general, the
RA is easier to palpate at the wrist than is the ulnar artery
in most patients. However, in some patients the ulnar artery

is particularly strong on palpation, and quite superficial.
Some patients with anatomical variation of the RA had a
significantly larger ulnar artery than RA (Fig. 1a). In some
of these difficult transradial cases with anatomical varia-
tion, the transulnar approach might be a safe and useful
alternative to the transradial procedure if the reverse Allen
test result is normal [23-25].

It is difficult to detect anatomical variations of the RA
by physical examination. Ultrasound examination of the
RA is an effective and noninvasive method with which to
evaluate RA anatomy before the transradial procedure [13,
19]. Yokoyama et al. [19] reported that preprocedural
ultrasound examination could be helpful to measure the RA
diameter and to exclude patients  with inaccessible arteries
including radioulnar loop and tortuous configuration, and
those at high risk for access failure. In addition, postpro-
cedural ultrasound examination could detect the patency of
the RA [19, 23]. Yokoyama et al. [26] also reported that
preprocedural ultrasound examination could be useful not
only to detect anatomical variations, but also to assess the
collateral supply to the hand instead of a modified Allen
test. Thus, ultrasound examination of the RA should be
considered before the transradial procedure.

RA spasm

In our study, severe RA spasm (>75 % stenosis at first
radial arteriography) was observed in 11.2 % of patients
despite preadministration of isosorbide dinitrate. Further-
more, patients with anatomical variation tended to have a
smaller RA diameter and more frequent RA spasm than did
patients with normal anatomy (353 % vs 8.7 %, P <
0.001). Multivariate logistic regression analysis revealed
that the presence of anatomical variation of the RA and
female gender were the distinct predictors of RA spasm.
The incidence of RA spasm has been reported to range
from 3.8 % to >50 % [12—14, 27-29]. The incidence varied
because there were differences in premedication and defi-
nition of RA spasm. A case report suggested a relationship
between severe vasospasm and anatomical variation of the
RA [30]; a patient with abnormal origin of the RA had
severe vasospasm of the branching point of the distal
axillary artery, resulting in entrapment of the catheter.
Although there are some reports on RA spasm, there is a
paucity of evidence about the relationship between RA
spasm and anatomical variations.

Previous studies reported that female gender, younger
age, small RA diameter, lower body mass index, diabetes
mellitus, and unsuccessful access at first attempt were
distinct predictors of RA spasm [13, 14, 29]. In addition,
the presence of anatomical variation was a distinct pre-
dictor of RA spasm in our study. Ruiz-Salmeron et al. [31]
also reported that anatomical variations of the RA were
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strongly associated with RA spasm in multivariate analysis
(OR 5.1;95 % CI12.2—-11.4; P <0.001). These results are in
accordance with those in our present study. Use of a 6-F
sheath was not a distinct predictor of RA spasm in com-
parison with use of a 4- or 5-F sheath, while the ratio of the
RA diameter and sheath outer diameter was reportedly
related to RA occlusion [19].

When preprocedural radial arteriography shows ana-
tomical variation of the RA, especially with small diameter
or severe vasospasm, good judgment is needed to poten-
tially change the approach site to the contralateral RA,
brachial artery, femoral artery, or even ulnar artery [23-25].

Study limitations

A limitation of this study was the lack of follow-up
information on RA patency. The lack of the strict criteria
for the operator’s experience, the lack of independent
angiographic evaluation by a core laboratory, and the lack
of ultrasound data on RA anatomy were other limitations of
the study. Although radial arteriography was performed
after administration of isosorbide dinitrate, pain and stim-
ulation of the sheath insertion might have affected the RA
spasm, and RA spasm might have affected RA diameter in
this study. Ultrasound examination of the RA is an effec-
tive noninvasive method with which to evaluate RA anat-
omy. Radial arteriography seems to be more precise than
ultrasound, but further studies are needed to compare these
two methods in terms of accuracy.

Conclusions

Anatomical variations of the RA were observed in 9.1 % of
patients, and were strongly correlated with RA spasm and
procedural achievement of TRCC. From the standpoint of
preventing serious complications, preprocedural radial
arteriography is a powerful tool with which to provide
precise anatomical information. It requires only a very
small amount of contrast media and radiation, and helps
operators to safely perform transradial procedures.
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mercial or proprietary interest in the submitted article.
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Induced pluripotent stem cell (iPSC) technology has great potential to establish novel therapeutic ap-
proaches in regenerative medicine and disease analysis. Although cell therapy using iPSC-derived cells still
has many hurdles to overcome before clinical applications, disease analysis using patient-specific iPSCs may
be of practical use in the near future. There are several reports that patient-specific iPSC-derived cells have
recapitulated the apparent cellular phenotypes of a wide variety of diseases. Moreover, some studies revealed
that it could be possible to discover effective new drugs and to clarify disease pathogenesis by examination of
patient-specific iPSC-derived cells in vifro. We have recently reported that iPSCs can be a diagnostic tool in
a patient with a novel mutation. For definitive diagnosis in a patient with long QT syndrome who had an un-
characterized genetic mutation, we succeeded in clarifying the patient’s cellular electrophysiologic character-
istics and the molecular mechanism underlying the disease phenotype through the multifaceted analyses of
patient-specific iPSC-derived cardiomyocytes. In this review, we focus on the conceptual and practical issues
in disease modeling using patient-specific iPSCs and discuss future directions in this research field.

Key words

1. INTRODUCTION

Induced pluripotent stem cells (iPSCs) are defined as artifi-
cial pluripotent stem cells that can be generated from somatic
cells by introducing reprogramming factors (e.g, OCT3/4,
SOX2, KLF4, ¢-MYC, NANOG, and LIN28)}Y The methodol-
ogy for generating iPSCs has markedly improved and now
integration-free iPSCs, without transgene insertion in the host
genome, can be obtained using several procedures>™” iPSCs
maintain the two essential stem cell characteristics of infinite
self-renewal capability and pluripotency, meaning that they
can give rise to all cell types of the three germ layers and
differentiate in a fashion similar to normal embryogenesis.>”

One of the expectations of iPSCs is the generation of
human disease-specific pluripotent stem cells from patients.
Such iPSCs, refered to as patient-specific iPSCs, can dif-
ferentiate into any type of cell including a patient’s diseased
organ tissue, and the genetic information of patient-specific
iPSCs is identical to that of the patient.'”® Therefore we can
directly and repetitively analyze diseased cells using patient-
specific iPSC-derived cells. Figure 1 shows the conceptual
scheme for the utilization of patient-specific iPSCs in clinical
practice. To date, many groups have reported that the apparent
cellular phenotypes of genetic disorders can be recapitulated
in patient-specific iPSC-derived cells in vitro (Table 1). Some
reports also involved drug screening using iPSCs, resulting in
the proposal of novel drug candidates."'? We have recently
reported that functional analyses of patient-specific iPSC-de-
rived cardiomyocytes elucidated the molecular mechanism of
the disease phenotype in a patient with undiagnosed sporadic
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long QT syndrome (LQTS)."® This paper reviews current top-
ics in disease modeling using patient-specific iPSCs and in-
troduces our study as an actual example in this research field.

2. GENERATION OF PATIENT-SPECIFIC iPSCs

Disease Selection Although any type of disease can theo-
retically be reproduced by patient-specific iPSC-derived cells,
in many diseases it appears difficult to recapitulate the pheno-
type using this technique because of problems related to both
the properties of iPSCs and the disease causality. First, the
differentiation efficiency of iPSCs into specific cells restricts
the category of disease.” In terms of the maturity of iPSC-
derived cells, it may be easier to to reproduce the phenotype
of disease occurring in younger individuals because of the
immaturity of iPSC-derived cells.!” Disease mainly caused
by the alteration of epigenetic status due to environmental
parameters is not suitable for modeling using iPSCs because
the cellular epigenetic information can be partly renewed dur-
ing the process of reprogramming.'®'” On the other hand, in
disease directly caused by a genetic aberration that is clearly
preserved in iPSCs, it is feasible to confirm whether patient-
specific iPSC-derived cells can reproduce diseased cellular
kinetics. In addition, apparent phenotypes can be determined
even at the single-cell level because of the difficulty in organ
formation from iPSCs.'®

Considering those issues comprehensively, the first disease
to be analyzed using patient-specific iPSCs should be a mono-
genetic disorder with severe phenotypes diagnosed in infancy
and easily examined with simple methods at the single-cell
level. Most studies using patient-specific iPSCs focus on dis-
eases that satisfy such requirements. LQTS was selected by

© 2013 The Pharmaceutical Society of Japan
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Fig. 1. Overview of Issues in Clinical Applications Using Patient-Specific iPSC Technology

This scheme shows the circle that is one model of patient-specific iPSC technology. The disease type was selected from among many conditions. Controls are often
first-degree relatives of patients. Somatic cells are obtained from the blood, skin, hair, or teeth and then reprogramming factors are introduced using various methods (e.g.,
plasmid, virus, or chemical compounds) and both patient-specific and control iPSCs are generated. If possible, isogenic control iPSCs could be generated through genetic
rescue by gene targeting. After evaluating the quality of 1PSCs generated, they are differentiated into disease-relevant cells. Then both types of iPSC-derived cell are
characterized using various techniques (imaging, genomics, epigenomics, proteomics, metabolomics, efc.). Based on the results of pioneering studies, further examinations
such as high-throughput screening using large chemical libraries are planned through collaborations between academic research groups and pharmaceutical companies.
Expected results of studies on iPSCs are the development of novel therapeutic compounds, establishment of novel risk factors predicting the onset of disease and progno-
sis, and suggestions on appropriate lifestyles which can serve as feedback to patients.

our and other groups as a disease model using patient-specific
iPSCs. LQTS is an inherited life-threatening disease caused
by functional impairment of the cardiac ion channel with a
monogenetic aberration and often causes sudden cardiac death
due to ventricular tachyarrhythmia even in infancy.'*2?

Derivation and Characterization of Patient-Specific
iPSCs Originally, iPSCs were generated from dermal fibro-
blasts in a retroviral transduction system.**V Subsequently,
the methodology for generating iPSCs rapidly improved and
became simpler and more efficient, enabling the generation of
iPSCs using less patient-invasive methods. Moreover, using
plasmid vectors, RNA viruses, and other methods, good-
quality iPSCs can be obtained without the need for integrating
reprogramming factors.>™” Integration-free iPSCs appear ideal
because exogenous genes integrated in the host genome may
affect the genetic properties of the iPSCs generated and mod-
ify the cellular phenotypes of patient-specific iPSC-derived
cells.?®

We previously reported that integration-free iPSCs can
be efficiently, easily, and rapidly generated from terminally
differentiated circulating T lymphocytes in peripheral blood
using Sendai virus (RNA virus).? Our method makes it
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possible to generate iPSCs from any patient including infants,
girls, and the very elderly via simple blood sampling, which
is one of the least-invasive common clinical procedures. Such
cumulative progress in generating iPSCs can accelerate the
widespread application of patient-specific iPSC technology.
Before the utilization of generated iPSCs in disease mod-
eling, their characteristics must be evaluated.” It should
be determined whether problems occurred during iPSC re-
programming and maintenance, such as the occurrence of
somatic coding mutations,” dynamic changes in the allelic
copy number variation,”® abnormality of X chromosome in-
activation,”” incomplete demethylation,’® etc. These elements
may affect the phenotype of iPSC-derived cells and skew
the interpretation of the results of their assay. In addition,
the most appropriate control group remains controversial. In
most previous studies, the control groups comprised healthy
volunteers without genetic mutations who were unrelated to
or relatives of the patients involved. It remains unclear which
controls are optimal in disease modeling using patient-specific
iPSCs. To examine the unadulterated functions of mutated
genes, it appears preferable to compare patients with fam-
ily members who do not carry the mutation, although related
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Table 1. Summary of the Literature on Disease Modeling Using Patient-Specific iPSCs
Disease Gene mutation Cell type Cellular phenotype Refs.

AD PS1 mutations Neurons Increase in Af secretion and rescued by 44)
y-secretase inhibitors

PD LRRK2 mutations Neurons-dopaminergic Degeneration due to increased oxidative-stress 45)

CPVT RYR2 mutations Cardiomyocytes Abnormal dynamism in Ca handling and 46)

' treatment with several drugs rescues the

phenotype

DCM TNNT2 mutations Cardiomyocytes Altered regulation of Ca emphasized by £ ad- 47)
renergic agonist and rescued by £ blocker

FH LDL receptor mutations Hepatocytes Impaired ability to incorporate LDL 48)

CML BCR-ABL iPSCs, Hematopoietic cells Imatinib resistant in iPSCs and immature 49)
Hematopoietic cells

MD (+DM) mtDNA A3243G mutation iPSCs, EBs Variety of degree of mutation heteroplasmy in 50)
each iPSC clones

DS (+AD) Trisomy 21 Neurons-cortical Secretion of the pathogenic peptide fragment 51)
amyloid-p42

DKC DKCI1, TERT, TCABI1 iPSCs Progressive telomere shortening and loss of 52), 53)

mutation self-renewal of iPSCs
RP RP1, RP9, PRPH2, RHO Rod photoreceptor cells Decreased numbers of differentiated rod cells 54)
mutations and expression of cellular stress markers
GD GCase mutations Neurons-dopaminergic Lysosomal protein degradation, causes ac- 55)

cumulation of a-synuclein

AD: Alzheimer’s Disease, PD: Parkinson’s Disease, CPVT: Catecholaminergic Polymorphic Ventricular Tachycardia, DCM: Dilated Cardiomyopathy, FH: Familial Hyper-
cholesterolemia, CML: Clonic Myeloid Leukemia, MD: Mitochondrial Disease, DM: Diabetes Mellitus, DS: Down Syndrome, DKC: Dyskeratosis Congenita, RP: Retinitis

Pigmentosa, GD Gaucher Disease.

family members partly share genetic information including
single-nucleotide polymorphisms, and this could affect disease
phenotype. A recent study has demonstrated that ideal control
iPSCs can be obtained by mutated gene correction using a tar-
geting strategy.?>>® Even though it cannot be applied in every
disease model, further analysis using isogenic-control iPSCs
may be the answer to this problem.

Differentiation into Disease Relevant-Cells iPSCs can
give rise to a wide variety of cell types present in the three
germ layers. In most cases, differentiation methods for iPSCs
are applied with some modification from the methods es-
tablished in embryonic stem cells, which are similar to the
regulatory mechanisms of normal early development.*® To
establish methods for in vitro differentiation from pluripotent
stem cells, various screening methods for essential signaling
molecules in normal development have been performed.*)

Among several iPSC lines, the variation in differentiation
propensity into specific cell types is well known.*>*® There-
fore the cell type of each iPSC generated should be confirmed
before selecting the optimal cell line that can most efficiently
differentiate into the cells of interest. A recent study has
shown that iPSCs maintain epigenetic memories originally
belonging to somatic cells, and this epigenetic status can
regulate the characteristics of iPSCs, especially their differ-
entiation propensity.’*>® Therefore it is important to confirm
which cells are the best source for iPSCs to obtain stable,
disease-relevant cells.

To investigate more sophisticated experimental conditions
similar to the physiologic environment, further improvements
are required. First, it is necessary to establish a procedure to
purify the cells from aggregations of iPSC-derived miscel-
laneous cells.’>*® In addition, it would be ideal to be able
to differentiate iPSCs into all constitutive cell types of an
organ. In other words, to create organs in vitro, not only
a single specific cell type but also other cell types such as
endothelial cells, fibroblasts, and peripheral neural cells are

3
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needed. Furthermore, there are various subpopulations among
cardiomyocytes such as atrial-, nodal- and ventricular-type
cardiomyocytes, although at present there is no method to ob-
tain each specific cell type.’® These are crucial limitations on
the reliability of results of the novel iPSC assay. In addition,
iPSC-derived cells retain the original fetal-like characteristics,
and it remains unclear how these cells can be appropriately
matured.*? Still another unresolved issue is the best time in
the developmental stage of patient-specific iPSC-derived cells
to analyze cellular function in terms of disease properties.

A recent advance in reprogramming to change the cellular
fate is direct conversion, which allows terminally differenti-
ated cells to be transformed into other functional cells of
different lineages without passing through the pluripotent
state.*"*? In this method, mature target cells can be obtained
within a shorter period, and disease modeling using this direct
conversion technique has also been reported.”” However, in
spite of lower induction efficiency and the lack of a method
established for all cell lineages, iPSCs seem to be a suitable
cell source for disease modeling. The infinite self-renewability
of iPSCs allows repetitive, reproducible analysis of the disease
cells of interest.

Disease Modeling Using Patient-Specific iPSCs To
date, several patient-specific iPSC lines have been generated
from patients with a wide variety of mainly monogenetic,
early-onset diseases such as neurologic disorders,***> heart
disease,*>*" metabolic disease,*® hematologic disorders,* mi-
tochondrial disease,”® chromosomal abnormalities,’” telomere
disease,”>*® sensory organ disorder,” and storage disease.”
The current list of studies of disease modeling using patient-
specific iPSCs is shown in Table 1. While findings on patient-
specific iPSCs have accumulated, analysis becomes more
complicated in polygenic, sporadic, late-onset disease.>%
The next steps that will deliver useful clinical information
resulting from patient-specific iPSC technology will result
from collaborations between academic research groups and
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pharmaceutical companies, which are expected develop
novel therapeutic compounds and clarify possible sife effects
through advanced high-throughput screening systems using
patient-specific iPSC-derived cells.

3. CARDIOVASCULAR DISEASE MODELING USING
iPSCs

Functional Characteristics of iPSC-Derived Cardiomyo-
cytes On the premise that the study of human cardiovascu-
lar disease modeling will be initiated using patient-specific
iPSCs, it is necessary to confirm that the characteristics of
human iPSC-derived cardiomyocytes are physiologically anal-
ogous to human cardiomyocytes in vivo. Previous molecular
biological and physiologic studies revealed that iPSC-derived
cardiomyocytes have normal cardiomyocyte functional
properties.”®** iPSC-derived cardiomyocytes have a striated
muscle structure identical to that of normal functional cardio-
myocytes and express cardiac-specific proteins, as confirmed
in molecular biological assays such as immunocytochemistry
and reverse-transcriptase polymerase chain reaction (PCR).
Based on the waveform of the action potential, iPSC-derived
cardiomyocytes can be divided into three subpopulations:
atrial, nodal, and ventricular cells. Moreover, the contraction
of iPSC-derived cardiomyocytes is regulated by physiologic
intracellular signaling including excitation-contraction cou-
pling,*” and those cardiomyocytes express typical ion chan-
nels with the expected functional responses to several ion
channel blockers.) All these findings indicate the validity of
studies that will lead to the analysis of cardiovascular disease
using patient-specific iPSC-derived cardiomyocytes.

Modeling LQTS Type 1 Some groups thought that
LQTS would be a suitable disease for modeling using iPSCs
because of the promising reproducibility of disease pheno-
types in iPSC-derived cardiomyocytes.>>"*") Moretti et al.
first showed that patient-specific iPSC-derived cardiomyo-
cytes could recapitulate the disease phenotype in congenital
LQTS.%? They generated iPSCs from two patients with LQTS
type 1, who had autosomal-dominant inheritance of a G569A
missense mutation in the KCNQI gene encoding the IKs cur-
rent which was previously shown to be relevant to LQTS onset
by functional analysis of the mutated gene.*®

Individual cardiomyocytes derived from LQTS type 1 pa-
tient-specific iPSCs (LQTS1-iPSC-CMs) showed prolonged ac-
tion potentials using whole-cell patch clamping compared with
cardiomyocytes from healthy control donors who were unre-
lated to the patients. Moreover, LQTS1-iPSC-CMs exhibited
increased susceptibility to catecholamine-induced tachyar-
rhythmia, which is one of the most important clinical features
of the syndrome.®” Even though that study was recognized
as an important work first confirming the great potential of
patient-specific iPSCs, we thought that there was room for
expansion of the scope. In not only that study but also in other
reports of LQTS disease modeling using iPSCs, patients who
had mutated channel profiles characterized by conventional
experimental methods were selected. In reality, many patients
have unknown mutations that give no specific information on
their disease phenotype. To address whether iPSC technology
could be used to characterize the disease phenotype with a
novel mutated gene, we selected LQTS patients with no family
history or previous disease characterization."”
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We generated iPSCs from a 13-year-old boy who was a spo-
radic LQTS patient. He had survived cardiopulmonary arrest
due to ventricular fibrillation, and his subtype of LQTS could
not be diagnosed using standard clinical tests.”®”” Two healthy
volunteers served as controls who donated iPSCs that had
differentiated into cardiomyocytes. Our patient had a novel
heterozygous mutation located in the KCNQI gene, 1893delC,
identified by genotyping of his blood sample.”® Electrophysi-
ologic function was measured using a multielectrode array
system,”™ which showed that the duration of the field potential
was markedly prolonged in LQTS-iPSCs-CMs as compared
with cardiomyocytes derived from controls, which suggested
that LQTS-iPSC-CMs maintained the patient’s characteristics
and could be successfully reproduced in this assay system.

Next we tried to confirm the responsible channel for the
disease phenotype by precise evaluation of several drug re-
sponses. We clarified that the IKs channel was functionally
impaired and that the IKr channel could compensate for this
effect in LQTS-iPSC-CMs with the administration of several
potassium current blockers. In general, the IKr and IKs chan-
nels work in a complementary fashion in the repolarization
of cardiomyocytes, which is known as the repolarization
reserve,” and we confirmed that this mechanism regulated
the balance of the potassium current in LQTS-iPSC-CMs.
Arrhythmogenic events in LQTS-iPSC-CMs caused by ad-
renergic stimulation also suggested that the patient’s IK chan-
nel was significantly attenuated.”””” These findings strongly
suggested that cardiomyocytes in the patient’s IKs channel
were functionally impaired and that the precise diagnosis
was LQTS type 1™ To confirm the dominant-negative role
of the KCNQI 1893delC mutation in IKs channel function,
we performed electrophysiologic and histochemical analy-
ses in iPSC-derived cardiomyocytes and found that KCNQI
1893delC has a dominant-negative effect via a trafficking
deficiency.

Importantly, our study demonstrated that iPSCs could be
useful to characterize the electrophysiologic cellular pheno-
type of a patient with a novel mutation. We performed func-
tional analysis of the novel mutation using patient-specific
iPSCs, which may support the diagnosis of LQTS type 1.
Moreover, this system allowed us to perform several drug
administration tests on LQTS-iPSC-CMs, which would be ex-
tremely risky to such a patient in clinical practice.”® Therefore
patient-specific iPSC technology can be used for drug evalua-
tion and monitoring. At the same time, we were able to clarify
the underlying molecular mechanism of the disease phenotype
using this assay system.

4. CONCLUSION

Although iPSC technology is an attractive tool for analyz-
ing human genetic diseases, it is clear that technological in-
novation remains necessary for the utilization of iPSCs in rou-
tine medical practice. Disease modeling using patient-specific
iPSCs is a novel procedure for analyzing disease. It enables
a direct, repetitive approach to diseased cells and has great
potential to elucidate novel disease pathogenesis and develop
new therapeutic compounds. However, in terms of the effort,
cost, and time required in current studies using iPSCs, routine
clinical usage is not yet feasible.”” In addition, improvement
of the quality of iPSCs and iPSC-derived cells is required
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to make disease models using iPSCs more faithful. Some
problems such as genetic mutations during reprogramming,
incomplete epigenetic reprogramming, and undesired gene
expression should also be controlled and standardized. More
sophisticated differentiation, maturation, and purification
protocols will be indispensable to create physiologic cellular
conditions that reflect the actual disease phenotype.

In conclusion, steady progress is being made in iPSC
technology to overcome the hurdles, and disease modeling
using iPSCs appears a likely technique for the future. Recent
and future innovations in the technique hold out the promise
of patient-derived iPSC technology to achieve personalized
medicine in the clinical setting. )
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