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ABSTRACT

Genetic cardiac diseases are major causes of morbidity and mortality. Although animal models
have been created to provide some useful insights into the pathogenesis of genetic cardiac dis-
eases, the significant species differences and the lack of genetic information for complex genetic
diseases markedly attenuate the application values of such data. Generation of induced pluripo-
tent stem cells (iPSCs) from patient-specific specimens and subsequent derivation of cardiomyo-
cytes offer novel avenues to study the mechanisms underlying cardiac diseases, to identify new
causative genes, and to provide insights into the disease aetiology. In recent years, the list of
human iPSC-based models for genetic cardiac diseases has been expanding rapidly, although
there are still remaining concerns on the level of functionality of iPSC-derived cardiomyocytes
and their ability to be used for modeling complex cardiac diseases in adults. This review focuses
on the development of cardiomyocyte induction from pluripotent stem cells, the recent pro-
gress in heart disease modeling using iPSC-derived cardiomyocytes, and the challenges associ-
ated with understanding complex genetic diseases. To address these issues, we examine the
similarity between iPSC-derived cardiomyocytes and their ex vivo counterparts and how this
relates to the method used to differentiate the pluripotent stem cells into a cardiomyocyte phe-
notype. We progress to examine categories of congenital cardiac abnormalities that are suitable
for iPSC-based disease modeling. STEM CELLS 2015;33:2643—2651

SIGNIFICANCE STATEMENT

Induced pluripotent stem cells are increasingly important for creating in vitro models of
genetic diseases. This approach is particularly valuable for modelling cardiac developmental
abnormalities as long as the limitations of pluripotent stem cell derived cardiomyocytes are

INTRODUCTION

Substantial numbers of congenital cardiac
abnormalities result from mutations in several
genes which underline the development of

understood.
CARDIOMYOCYTES CAN BE DIFFERENTIATED FROM
INDUCED PLURIPOTENT STEM CELLS

Single cardiomyocytes isolated from patients
could be useful tools for disease modeling stud-

myocardial structures during embryonic ontog-
eny. The occurrence of such conditions is rela-
tively common with approximately 1% of live
births being affected by some form of cardiac
abnormality [1] although the phenotype of
these is often mild to produce overt symptoms
and the disease may only be detected during
autopsy indicated by death from causes other
than heart disease. The creation of in vitro
models for such congenital abnormalities is
important not only for understanding the
genetic mechanisms leading to disease but
also for drug screening efforts aimed at the
identification of potential treatments. Patient-
specific cardiomyocytes are a valuable resource
for studies of this nature.
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ies but they are rarely available and cannot be
grown in culture prior to analysis. Studies have
shown the possibility of in vitro differentiation
of various types of somatic cells (such as endo-
thelial progenitor cells from blood or bone mar-
row [2], mesenchymal stem cells from bone
marrow or other tissues [3], and resident cardiac
stem cells in the heart [4]) into cardiomyocytes,
but it is not clear how well such cardiomyocytes
replicate the functions of their ex vivo derived
counterparts [5]. Embryonic stem cells (ESC) are
a valuable cell source for regenerative medicine
because they are capable of proliferating infin-
itely and differentiating into all cell types
derived from the three embryonic germ layers.
Cardiomyocytes are readily differentiated from
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ESC. Appearance of spontaneously contracting cells in three-
dimensional embryoid bodies (EBs) was reported 4 years after
the derivation of mouse ESC, and in 2001 human cardiomyo-
cytes were successfully generated following the establishment
of human ESC lines 3 years earlier [6]. The problem with ESC is
we are unlikely to obtain them from sufferers of congenital
heart diseases and to mimic disease-specific mutations would
have to be introduced. The advent of induced pluripotent stem
cells (iPSCs) addresses this problem since these can be readily
generated from the somatic tissues of patients. Moreover, iPSCs
are similar to human ESC in morphology, proliferation, gene
expression, epigenetic status of pluripotency genes, and differ-
entiation potential both in vitro and in vivo [7-9]. Additionally,
human iPSCs can differentiate ESC toward cardiomyocytes [10,
11] which can provide patient-matched lines for future cell ther-
apy, but can also serve as in vitro models of congenital heart dis-
eases for the study of underlying mechanisms, drug screening,
and safety tests. Several strategies have been devised to repro-
gram somatic cells to iPSC most of which involve transduction of
cells with the four original “Yamanaka” factors OCT4, KLF4,
SOX2, and c-MYC and the majority of reprogramming protocols
differ mainly in the type of vector used to transducer the cells.
State of the art methods typically involve vectors that do not
integrate into the target cell’'s genome such as Sendai viruses,
plasmid vectors, polycistronic mini-circle vectors, and self-
replicating selectable episomes [12-17]. Alternatively viral
vector-free approaches including direct delivery of recombinant
reprogramming proteins [18, 19] and repeated administration of
synthetic modified messenger RNAs have been successfully
applied, albeit with low efficiency [20].

Differentiation of human iPSC toward the cardiac lineage
can be achieved using a number of different methods [5, 6,
10, 11, 21-32]. It is not our intention in this review to focus
upon the variety of differentiation methods available but
rather the application of patient-specific iPSC to disease mod-
eling. The development of protocols for generating cardiomyo-
cytes ranges from simple spontaneous differentiation of
pluripotent stem cells, either as EBs or adherent monolayers
of cells coculture with other somatic cell types thought to
induce cardiac mesoderm differentiation, to chemically
defined media. The purpose of many such methods is to reca-
pitulate the embryonic development process by manipulating
molecular pathways that lead to specification and terminal
differentiation of cardiomyocytes from embryonic mesoderm.
It has been suggested that signals from the endoderm, such
as bone morphogenic proteins, Activin/Nodal/TGFf3, fibroblast
growth factors, and repressors of Wnt signaling, all play piv-
otal roles in establishment of the cardiovascular system [33].

How SIMILAR ARE THE IPSC-DERIVED CARDIOMYOCYTES TO
THEIR ADULT COUNTERPARTS?

Differentiation of both ESC and iPSC using the methods
described above yields areas of spontaneously contracting tissue
containing large numbers of cardiomyocytes [34] that are capa-
ble of generating action potential (AP) specific for atrial, ventric-
ular, and pacemaker cardiomyocytes which are detectable using
patch clamping techniques [11, 35]. Early attempts to differenti-
ate iPSC generated cardiomyocytes that were noticeably differ-
ent to both their neonatal and adult ex vivo counterparts.
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Expression of the subunits of the sodium channel current
(Ina) is consistent with native human ventricular cardiomyocytes
[36, 37] despite reduced upstroke velocity of the ventricular-
like AP in cardiomyocytes derived using earlier protocols
[38—41]. Again, newer methods are able to generate iPSC-
derived cardiomyocytes with ventricular APs that are more simi-
lar to those of adult cardiomyocytes [42]. Several solutions rely
upon restoring the inward rectifier potassium current in iPSC-
derived cardiomyocytes. Repolarization of the AP of native car-
diomyocytes is controlled by four voltage-dependent potassium
channel currents [43]. The activities of the delayed rectifier
potassium channel currents (/i and I¢) and the calcium-
independent transient outward current (/;,) are similar in native
and iPSC-derived cardiomyocytes [44, 45]; however, the activity
of the inward rectifier potassium current (/g1) is much lower in
iPSC-derived cardiomyocytes when compared with native coun-
terparts. The small /¢, current may explain the differences in
electrophysiological characteristics of iPSC-derived cardiomyo-
cytes. Several attempts have addressed this deficiency and res-
toration of /x; either by ectopic expression of Kir 2.1 which
encodes the channel protein that mediates /¢, [46], or by use of
an in silico interface to provide an external /¢ current [47]
restores the AP parameters to expected values.

Immaturity of the sarcoplasmic reticulum was observed in
early studies of cardiomyocyte differentiation from iPSC. In
fully differentiated cardiac muscle, the sarcoplasmic reticulum
is the major source of ca*t required for contraction [48, 49]
but an early publication suggested that both ESC and iPSC-
derived cardiomyocytes show a significantly reduced response
to f-adrenergic stimuli (such as isoproterenol) and a negative
force-frequency relationship compared to a positive relation-
ship for adult ex vivo cardiomyocytes [50]. More recent
improvement of differentiation protocols, principally those
which control the size and density of EBs generated in the
early phase of differentiation, gives rise to cardiomyocytes
with improved f-adrenergic responses [51, 52]. Transient cal-
cium release (Ca** sparks) from the sarcoplasmic reticulum
mediated by apparently normal ryanodine receptor function
has been demonstrated [53, 54] and the smaller peak ampli-
tude of the caffeine-induced calcium transient observed in
some iPSC-derived cardiomyocytes compared to equivalent
cells from hESC (suggestive of impaired ryanodine receptor
function), can be improved by growth of iPSC-derived cardio-
myocytes on microgrooved culture substrates [55].

Early differentiation protocols also produced cardiomyo-
cytes with noticeably immature ultrastructure; electron micros-
copy studies showed abundant myofibrillar bundles and
transverse Z-bands similar to those observed in fetal or neonatal
cardiomyocytes [56] but with lower abundance of mitochondria
than was normally observed for adult cardiomyocytes. Further-
more, mitochondria in the iPSC-derived cells showed lower den-
sity cristae. Again, improved differentiation protocols can give
rise to iPSC-derived cardiomyocytes that show sarcomere and
sarcoplasmic reticulum structures with a greater degree of simi-
larity to adult cardiomyocytes. Similar effects can be achieved
by long term maintenance of iPSC-derived cardiomyocytes in
low density cultures [57]; however, it is not yet clear that such
treatments significantly increase the structural maturity of
mitochondria beyond a modest increase in respiratory activity
[58]. In view of such data, manipulation of culture conditions, in
particular the physical characteristics of the supporting matrix,
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has significant influence on structural maturity of iPSC-derived
cardiomyocytes [59] but some structural parameters, such as
the absence of transverse tubules, remain to be addressed.
Moreover, mature expression of some protein components of
the sarcomere remains to be shown. In particular, expression of
the adult isoform of cardiac troponin, cTnl is not yet achievable
with human iPSC by any current cardiomyocyte differentiation
protocol except stable transduction with adenoviral vectors
encoding the adult TNNI3 gene [60].

The levels of cytoskeletal proteins present in iPSC-derived
cardiomyocytes also change in response to modification of dif-
ferentiation protocols. Myosin heavy chain (MHC), myosin light
chain (MLC) 2 atrial isoform, and MLC2 ventricular isoform are
present but in particular, z-MHC is present in early stage iPSC-
derived cardiomyocytes at higher levels than the f-isoform
although expression of the latter increases with prolonged
maintenance in culture, an occurrence suggested to reflect
changes in contraction kinetics [57]. Differentiated iPSCs exhib-
ited cardiomyocyte-specific markers, such as GATA4, NKX2.5,
cTnT, MLC2a, sarcomeric o-actinin, connexin 43, a-sarcoglycan,
and N-cadherin. The presence of a-sarcoglycan is interesting
since it is prerequisite to the formation of functional connec-
tions between individual cardiomyocytes in the whole myocar-
dium suggesting that iPSC-derived cardiomyocytes may be
competent to integrate upon myocardial transplantation. This
possibility has been underlined by animal model studies
showing successful integration and apparent maturation of the
iPSC-derived cardiomyocyte after transplant into the hearts of
experimental animals [61, 62].

In view of the studies described, human iPSC-derived cardi-
omyocytes appear to be useful for analyzing the molecular out-
comes of heart disease and as screening tools to determine
efficacy and toxicity of potential drugs to treat such conditions.
Naturally, the utility of iPSC-based in vitro models will depend
upon the nature of the disease we wish to study but overall, if
genetic mutation is a causative or contributing factor to the dis-
ease then it is possible that cardiomyocytes differentiated from
patient-specific iPSC may reflect dysfunctional characteristics
comparable to those present in cardiomyocytes in vivo. If the
mutations contribute to progressive deterioration of cardiac
function then iPSC-derived cardiomyocytes may be less valua-
ble; similarly, if the dysfunction present in the diseased cardio-
myocytes contributes to the degeneration of other components
of the heart or the ingress of fibrotic tissue, the disease may be
difficult to model using cardiomyocytes alone. Similarly, if the
causes of the disease are unknown, iPSC-based modeling will
rely on the observation of similar functional defects in iPSC-
derived and ex vivo cardiomyocytes. If we accept these limita-
tions then iPSC-based disease models may be useful in some
circumstances.

MODELING OF GENETIC CARDIAC DISEASES

Diseases Caused by lon Channel Dysfunction

Genetic mutations that affect the function of ion channels are
responsible for a group of diseases in which the APs of individ-
ual cardiomyocytes are suboptimal. Patients with such muta-
tions often present with cardiac arrhythmia. These mutations,
affecting 13 genes, are present in approximately 1:7,000 individ-
uals and affect the transfer of ions across the plasma membrane
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of cardiomyocytes [63] with varying degrees of severity so the
desirability of in vitro models of these conditions that may be
used to test prospective therapeutic agents is considerable par-
ticularly since animal models are often poor representations of
human cardiac electrophysiology.

Long QT Syndromes Arising from Sodium/Potassium
Channel Dysfunctions

These are a group of heritable diseases associated with abnor-
mal ion channel function characterized by prolongation of the
QT interval on an electrocardiogram and a high risk of sudden
cardiac death due to ventricular tachyarrhythmia. Patients with
long QT syndromes (LQTS) can develop life-threatening Torsades
de Pointes arrhythmias, which are polymorphic ventricular tach-
ycardia characterized by QRS (which comprises the Q, R and S
waves measured on an electrocardiogram) complexes twisting
around the baseline in the ECG. Because of the degeneration
into ventricular fibrillation and the massive drop in systemic
blood pressure, Torsades de Pointes can result in syncope and
sudden cardiac death with a mortality of up to 50% [64]. The two
most common forms of the disease are LQTS1 and LQTS2 which
account for 40%-55% and 30%—35% of all patients [65]. These
forms of the disease result from loss of function mutations in the
a-subunits of the repolarizing potassium channels. LQTS1 and
LQTS2 result, respectively, from mutations in the KCNQI and
KCNH2 genes which encode a-subunits of two distinct potassium
currents mediating the delayed rectifier potassium current [66].
iPSC-based models of both these mutations have been devel-
oped. Moretti et al. [39] first reported iPSC-cardiac myocyte
model for long-QT syndrome type 1 (LQT1) from patient carrying
an R190Q mutation in the KCNQ1 gene. The duration of the AP
was markedly prolonged in ventricular- and atrial-like cells
derived from patients with LQT1. Immunocytochemical tests in
LQT1-iPSC-cardiomyocytes revealed the abnormal ER colocaliza-
tion of KCNQ1, suggesting trafficking defect of the mutated pro-
tein. Compared with those from control subjects, LQT1-iPSC-
cardiomyocytes showed substantially reduced /¢ current den-
sities and activation and deactivation properties of the tail /i
current were significantly altered, with activation being shifted
toward more positive voltages and deactivation being deceler-
ated. Due to abnormal /g current, six out of nine LQT1-iPSC-
cardiomyocytes developed early after depolarisation (EAD) fol-
lowing adrenergic stimulation, which could be attenuated by
nonselective f-blockade. The LQT1 patient-derived cardiomyo-
cytes recapitulated the electrophysiological features of the disor-
der, and appeared consistent response to arrhythmia suppressor
of f-blockers. Several LQT2 models have been established from
patients with mutations A422T, A614V, G1681A, and R176W in
KCNH2 [40, 67, 68]. The LQT2-iPSC-cardiomyocytes had signifi-
cantly prolonged duration of APs and smaller peak amplitudes of
Ik~ The I, blocker E4031 provoked prolonged AP duration, result-
ing in pronounced EAD in LQT2-iPSC-cardiomyocytes. The effects
of arrhythmia preventing agents on LQT2-iPSC-cardiomyocytes
have been studied, including /c,, inhibitor nifedipine, /x arp chan-
nel opener pinacidil, and nicorandil, /¢, channel enhancer PD-
118057, and so forth. Application of these reagents resulted in
AP shortening and abolished propensity to EADs, mimicking the
clinical reactions of LQT2 to therapeutic medicines.

A third variant of LQTS has been modeled using iPSC.
LQT3 (also known as Brugada Syndrome) is related to muta-
tions in SCN5A, the gene encoding the a-subunit of the Na™*
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channel. The mutations lead to persistent inward Na™ current
(Ina) during the AP plateau phase and prolonged QT interval.
From a patient with the SCN5AY7?5"2/* mutation resulting in
the insertion of aspartic acid after tyrosine 1795, iPSCs were
generated and differentiated into cardiomyocytes [69, 70].
Patch-clamp measurements on the derivative cardiomyocytes
revealed significantly decreased /y,+ density, with peak /Iy,
density at —30 mV being 46% of that observed in control
iPSC-cardiomyocytes. The persistent /y,+ was also larger com-
pared with wild-type counterparts. AP measurements showed
that LQT3-iPSC-cardioymyocytes had significantly smaller Vi,
and longer APD90 persisting at faster pacing frequencies. This
iPSC-cardiomyocytes model emulated both gain-of-function
and loss-of-function disorders with Na® channel mutations
and will benefit the researches of genetic heart diseases with
mutations in SCN5A, such as Brugada syndrome.

LQTS Arising from Calcium Channel Dysfunction:
Timothy Syndrome

This is a rather more complicated illness than the LQTS prob-
lems caused by Na-+/K + channel dysfunctions. Timothy syn-
drome (sometimes referred to as LQT8) is a multisystem
disorder arising from a gain of function mutation in the CAC-
NA1C gene which encodes the L-type calcium channel. This
causes QT elongation that may result in lethal arrhythmia but
since voltage gated calcium channels such as those encoded by
CACNAIC are also expressed in the plasma membranes of other
excitable cells such as skeletal myocytes and neurons, aberrant
calcium transfer generates other dysfunctions in Timothy
patients such as autism and intermittent hypoglycaemia [71].
Masayuki Yazawa et al. reported the modeling of Timothy syn-
drome from two patients [39, 72]. The Timothy syndrome cardi-
omyocytes contracted slowly (at half beating rate of the
control) and irregularly compared with contraction of control
cardiomyocytes, consistent with bradycardia in many Timothy
syndrome patients. By whole-cell patch clamping, it was found
that the L-type channel current in Timothy syndrome cardiomy-
ocytes had significantly reduced voltage-dependent inactivation
compared to control cells. Using current-clamp recording, it
was revealed that ventricular-like Timothy-iPSC-cardiomyocytes
had APs that were three times as long as those of control iPSC-
cardiomyocytes. Indicated by Fluo-4, the spontaneously con-
tracting Timothy syndrome cardiomyocytes showed more irreg-
ular, significantly larger and more prolonged Ca** elevations
than those of control cardiomyocytes. The application of low
doses of Roscovitine, a compound that increases the voltage-
dependent inactivation of CaV1.2, significantly reduced the
duration of APs, amplitude of ca’t transients, and decreased
the frequency of abnormal depolarizing events in Timothy-iPSC-
cardiomyocytes. This model provides a novel platform for the
screening of new treatments to Timothy syndrome.

Catecholaminergic Polymorphic Ventricular
Tachycardia Type 1

Catecholaminergic polymorphic ventricular tachycardia type 1
(CPVT1) is an inherited cardiac disorder characterized by emo-
tional and physical stress-induced ventricular arrhythmia
which can lead to sudden cardiac death in children and young
individuals. 30%—40% of CPVT1 cases are linked to mutations
in the cardiac ryanodine receptor type 2 gene (RYR2) encod-
ing a Ca’" channel on the membrane of sarcoplasmic reticu-
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lum, and studies based on RYR2 mutations suggested that
arrhythmias in CPVT1 are related to the diastolic Ca®" leakage
from the sarcoplasmic reticulum (SR).

IPSCs were generated from a patient of CPVT1 with mutation
p.F24383l in the RYR2 gene and in CPVT-iPSC-derived cardiomyo-
cytes abnormal cross-striation organization of the sarcomeric Z-
disc protein, D-actinin was observed which is typical of immature
cardiomyocytes [73]. Based on field potential recording of beat-
ing clusters (BCs), a higher percentage of CPVT1-iPSC-
cardiomyocytes showed tendency of arrhythmia at basal condi-
tions and upon treatment with the f-adrenergic agonist isopro-
terenol. APs in single cardiomyocytes measured by whole-cell
patch clamp showed that isoproterenol caused positive chrono-
tropic response in all the 32 control cardiomyocytes without
arrhythmia. Whereas, upon isoproterenol application, 57.9% of
CPVT1-iPSC-cardiomyocytes exhibited negative response and
34.2% developed arrhythmia and delayed after depolarizations,
the typical CPVT1 phenotype. Confocal fluorescence imaging
revealed higher amplitudes and longer durations of spontaneous
local Ca®* release events, indicating aberrant SR Ca%" release in
CPVT1-iPSC-cardiomyocytes due to mutant RYR2. With sarcolem-
mal Ca®" currents (/c,) activated by depolarizing pulses, the Ca®*
release from internal Ca®" stores continued long after repolariza-
tion of the membrane. When cells were exposed to forskolin or
cAMP, a steep and sustained rise in cytosolic Ca>* was observed.
These findings from the in vitro CPVT1 model suggested that
RYR2 mutation may increase the open probability of RYR2 espe-
cially upon adrenergic stimulation, leading to higher susceptibility
of patients to ventricular tachycardia.

DiSEASES CAUSED BY DYSFUNCTIONS IN INTERCELLULAR
COMMUNICATION

Arrhythmogenic Right Ventricular Cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) has a
prevalence of 2-10/10,000 [74, 75]. The mean age of presenta-
tion is approximately 35 = 15 years, typically with symptomatic
ventricular tachyarrhythmias and may progress to heart failure
[76, 77]. ARVC is familial in 25%—30% of cases and typically fol-
lows an autosomal dominant pattern of inheritance [78]. Path-
ogenic mutations of one or more genes coding for cardiac
desmosomal proteins, namely plakophilin-2 (PKP2), desmopla-
kin (DSP), desmoglein-2 (DSG2), desmocollin-2 (DSC2), and pla-
koglobin (JUP) are associated with ARVC [79]. Mutations in the
nondesmosomal genes have been found in a minority of
patients fulfilling the diagnostic criteria for ARVC.

Estimates of the prevalence of desmosomal gene mutations
in unrelated probands range from 30% to 50% [80, 81]. The pene-
trance of these mutations is highly variable. Compound hetero-
zygosity, modifier genes, and environmental influences have
been suggested as explanations for this variability [82, 83].
Nuclear translocation of plakoglobin is a consistent finding in car-
diac biopsy specimens from patients with ARVC and animal mod-
els of the disease and has been identified in probands with and
without desmosomal gene mutations [84]. Nuclear translocation
of plakoglobin suppresses canonical Wnt signaling which is a reg-
ulator of adipogenesis and apoptosis [85]. These processed have
been identified as important in the pathophysiology of ARVC
from histological studies [86]. Wnt signaling also regulates
embryological development of the right ventricle. It has been
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proposed that the nuclear translocation of plakoglobin leading to
changes in Wnt signaling is a common pathway by which a range
of processes produce the ARVC phenotype [87].

Generation of in vitro cellular models of ARVC using patient-
specific iPSC-derived cardiomyocytes has been achieved [55, 56,
88, 89] in which a heterozygous mutations in the PKP2 gene
(c.1841T.C) were present. The expression of PKP2 and plakoglobin
in cardiomyocytes derived from ARVC-iPSCs was significantly
reduced compared to control iPSC-cardiomyocytes. Ultrastruc-
tural analysis by transmission electron microscopy (TEM)
revealed notably greater maximum cell width of ARVC-iPSC-
cardiomyocytes. The Z-bands appeared thicker, less organized,
and more pleomorphic in ARVC-iPSC-cardiomyocytes. In addition,
more lipid droplets were found accumulated in ARVC-iPSC-
cardiomyocytes, in close agreement with in vitro cultured cardio-
myocytes derived from ARVC patient showing increased potential
for adipocytic changes. One further study [90] confirms these
findings. The generated ARVC cell models recapitulated key fea-
tures of the disease phenotype and provided a platform for fur-
ther understanding of the underlying mechanisms as well as to
evaluate novel clinical applications in diagnosis and treatments.

LEOPARD Syndrome

LEOPARD syndrome (LS) is an autosomal dominant developmental
disorder belonging to a relatively prevalent class of inherited RAS/
MAPK pathway syndromes, involving the skin, skeletal, and cardio-
vascular systems. Hypertrophic cardiomyopathy is the major pheno-
type in patients of LS. Approximately 90% of LS cases are caused by
missense mutations in the PTPN11 gene that encodes the protein
tyrosine phosphatase SHP2. T468M and Y279C are major mutations
in most LS cases. With sample cells from two patients with hetero-
zygous T468M substitution mutation in PTPN11, iPSC lines were
derived and induced into cardiomyocytes [91]. LS-iPSC-
cardiomyocytes showed significantly larger surface area and
increased sarcomere assembly compared to wild-type controls, indi-
cating that cardiac hypertrophy in LS patients may occur through a
cell autonomous mechanism due to the PTPN11 mutation.

It has been reported that active calcineurin dephosphoryl-
ation promotes the nuclear translocation of transcription fac-
tors NFAT [92]. Localization analysis of NFATc4 revealed a
significantly higher proportion of LS cardiomyocytes with
NFATc4 in the nucleus, suggesting that calcineurin-NFAT path-
way plays important roles in the ontology of LS. To shed light
on signaling pathways affected in LS, phosphoproteomic
microarray chip containing ~600 pan and phospho-specific
antibodies was applied to screen targets of PTPN11 mutation.
It was found that the phosphorylation of EGFR and MEK1 pro-
teins was considerably increased in the LS-iPSC samples. How-
ever, bFGF stimulation did not elicit further activation of ERK,
as observed in HES2 and wild-type iPSC. This LS model for the
first time demonstrated that RAS-MAPK signal transduction is
perturbed in LS as early as the pluripotent stem cell stage.

DISEASES THAT MAY BE CAUSED BY INTRINSIC CARDIOMYOCYTE
DYSFUNCTION

Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is the most common form of
nonischemic cardiomyopathy characterized by ventricular dila-
tation, systolic dysfunction, and progressive heart failure, and
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is the most common diagnosis leading to heart transplanta-
tion. Cardiac troponin T is one of the key components regulat-
ing sarcomeric thin filament activity and contraction of
cardiomyocytes. Mutations in the cardiac troponin T encoding
gene TNNT2 are one of the main causes of DCM [93]. Due to
the difficulty to obtain specimens from the hearts of DCM
patients and the short surviving period of cultured cardiomyo-
cytes, the study on DCM was challenging. Sun et al. reported
the generation of iPSC-derived cardiomyocytes from DCM
patients carrying a point mutation (R173W) in exon 12 of the
TNNT2 gene [94]. Compared to control cardiomyocytes, a
much higher percentage of DCM-iPSC-cardiomyocytes showed
punctate distribution of sarcomeric o-actinin. Highly variable
sarcomeric organization, less well aligned Z lines, and scat-
tered patterns of condensed Z bodies were detected by TEM
as well, indicating increased heterogeneous sarcomeric pat-
tern of DCM iPSC-derived cardiomyocytes. Treatment with the
positive inotropic reagent norepinephrine markedly increased
the proportion of DCM-iPSC-cardiomyocytes with disorganized
sarcomeric pattern, and more severe scattered distribution of
Z bodies. 10 mM norepinephrine treatment induced an initial
positive chronotropic effect (increased rate of beating) that
later became negative, eventually leading to failure of sponta-
neous contraction in DCM iPSC-derived beating EBs. When
subjected to cycles of prolonged stretching, increased hetero-
geneity in sarcomeric pattern was observed in DCM-iPSC-
cardiomyocytes. Thus, DCM iPSC-derived cardiomyocytes are
more susceptible to the stress induced by f-adrenergic stimu-
lation and biomechanical force. With excitation-contraction
coupling examination, DCM-iPSC-cardiomyocytes exhibited sig-
nificantly smaller intracellular calcium concentration ([Ca®"]i)
transient, indicating greatly reduced [Ca®™"]i available for each
contraction of DCM-iPSC-cardiomyocytes which is consistent
with their weaker contraction force. With treatment of caf-
feine, DCM-iPSC-cardiomyocytes exhibited smaller amplitudes,
prolonged time to peak, and delayed decay time compared to
controls, suggesting lower Ca®" storage in their sarcoplasmic
reticulum and altered function of Ca?* channels and Ca®*
pumps in the plasma and sarcoplasmic reticulum membranes.

Clinical studies have shown that blockade of the f-
adrenergic pathway by metoprolol and Serca2a overexpression
effectively alleviated the disease phenotype of DCM patients
[95, 96]. Consistently, in vitro application of metoprolol
helped DCM iPSC-derived cardiomyocytes to resist mechanical
deterioration and improved their myofilament organization,
overexpression of Serca2a increased the [Ca®*)i transients
and contraction force of DCM-iPSC-cardiomyocytes and par-
tially improved their function. Moreover, gene expression
profiling further identified several new pathways related to
DCM aetiology, which may lead to novel investigations for the
specific disease mechanisms and drug screening.

Hypoplastic Left Heart Syndrome

Hypoplastic left heart syndrome (HLHS) is a serious congenital
cardiovascular malformation characterized by underdevelop-
ment of the left-sided cardiac structures, variably including
hypoplasia or atresia of the left ventricle, ascending aorta,
and aortic and mitral valves. HLHS is the commonest cause of
heart transplantation in infancy and it is the cardiovascular
malformation most frequently resulting in childhood death.
The consensus view is that reduced flow through the left heart
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during development is a key factor in the development of the
condition. Also, aberrant expression or mutations of genes closely
related to the development of left ventricular chamber have
been reported presented in HLHS patients, such as TBX5, LRX1,
and HANDI1, which may contribute to the aetiology of HLHS
[97-100]. However, any myocardial susceptibility component is
as yet undefined. To study the molecular mechanisms underlying
HLHS, iPSC lines were generated in our group from HLHS patients
and differentiated into cardiomyocytes [101]. Alteration of gene
expression profile was observed in HLHS-iPSC-cardiomyocytes,
especially downregulation of key cardiac markers MESP1 and
cTnT. In addition, HLHS-iPSC-cardiomyocytes showed lower ability
to give rise to BCs compared to control cardiomyocytes. HLHS-
iPSC-cardiomyocytes showed more random arrangement of myo-
fibrils and formed BCs with lower beating rate. Compared to
control-iPSC-derived cardiomyocytes, HLHS-iPSC-cardiomyocytes
showed an accelerated rate of Ca2 + transient decay and gener-
ated calcium transients in the presence of caffeine, implying the
dysfunction of ryanodine receptor. Of note, IP3R expression was
upregulated in HLHS derived, indicating that inositol triphosphate
system may be an alternative source of calcium. When treated
with adrenergic receptor agonist isoproterenol, the beating fre-
quency of HLHS-iPSC-cardiomyocytes increases only by 9% com-
pared to 66% for human ESC-derived cardiomyocytes. Therefore,
it is possible that for HLHS, inositol triphosphate plays an impor-
tant role in generating calcium transients. This is also an indicator
of immature cardiac differentiation. For the first time, the HLHS-
iPSC-cardiomyocytes model demonstrated that cardiomyocytes
derived from HLHS-iPSC lines showed developmental and/or
functional defects that could compromise their ability to contrib-
ute to cardiogenesis in vivo. Further studies are needed to char-
acterize the molecular mechanisms involved in HLHS aetiology.

Familial Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy is associated with abnormal
thickening of the left ventricular myocardium and estimated
to be the most common hereditary cardiac disease being
present in 0.17% of the population [102]. Mutations in a
number of genes encoding proteins that contribute to sarco-
mere structure (such as the myosin heavy chain) are thought
to cause this disease [103, 104] but the mechanisms by which
these lead to myocyte hypertrophy and the resulting ventricu-
lar arrhythmia are unclear. Cardiomyocytes derived from
patient-specific iPSC carrying an Arg663His mutation in the
MYH7 gene recapitulate many of the phenotypic consequen-
ces of this disease [105] such as greater cardiomyocyte vol-
ume compared to nondiseased controls, higher expression of
fp-myosin compared to o-myosin, calcineurin activation, and
increased expression of several hypertrophy related genes
such as GATA4, TNNT2, MYL2, and MYH7. Importantly, the
electrophysiological characteristics of many of the iPSC-
derived cardiomyocytes show arrhythmic waveforms and fre-

quently failure of AP triggering. Subsequent analysis of Ca**
handling properties of the iPSC-derived cardiomyocytes
revealed Ca®>" transient irregularities and significantly reduced
ability of the sarcoplasmic reticulum to release Ca**.

SUMMARY

In conclusion, we have attempted to present the current state
of the art regarding the use of iPSC to create in vitro models
of cardiac diseases. To date, such investigations have been
restricted to conditions arising from gene mutations that com-
promise the function of ion channels or signal transduction
mechanisms for which a wealth of functional data are avail-
able. This simplifies the analysis of similar function in cardio-
myocytes generated from patient-specific iPSC for although
such cardiomyocytes are immature in comparison with adult
cells obtained ex vivo, it is easy to show if they recapitulate
the functional defects observed in the patient.

The utility of iPSC is less apparent for diseases in which
the contribution of gene mutation is unknown. If there are
discernible functional defects in the patients cardiomyocytes
then it is possible that these will be present in cardiomyo-
cytes derived from patient-specific iPSC and in this respect it
is interesting to note the publication of studies such as those
of HLHS where disease mechanisms are largely unknown but
without a clear functional readout in a specific cell type, crea-
tion of iPSC-based in vitro disease models will be complicated.
Moreover, the contribution made by the apparent immaturity
of iPSC-derived cardiomyocytes is unclear and thus the devel-
opment of robust protocols capable of producing cells with
greater similarity to adult cardiomyocytes is a key challenge
for iPSC models of cardiac disease.
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