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Abstract
Induced pluripotent stem cells (iPSCs) hold great promise for basic research and regenerative medicine. They offer the same

advantages as embryonic stem cells (ESCs) and moreover new perspectives for personalized medicine. iPSCs can be generated

from adult somatic tissues by over-expression of a few defined transcription factors, including Oct4, Sox2, Klf4, and c-myc. For

regenerative medicine in particular, the technology provides great hope for patients with incurable diseases or potentially fatal

disorders such as heart failure. The endogenous regenerative potentials of adult hearts are extremely limited and insufficient to

compensate for myocardial loss occurring after myocardial infarction. Recent discoveries have demonstrated that iPSCs have the

potential to significantly advance future cardiovascular regenerative therapies. Moreover, iPSCs can be generated from somatic

cells of patients with genetic basis for their disease. This human iPSC derivates offer tremendous potential for new disease

models. This paper reviews current applications of iPSCs in cardiovascular regenerative medicine and discusses progress in

modeling cardiovascular diseases using iPSCs-derived cardiac cells.
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Introduction

In 2006, Yamanaka’s group generated induced pluripotent
stem cells (iPSCs) by reprogramming of mouse embryonic
fibroblasts. These cells closely resemble embryonic stem
cells (ESCs) in terms of pluripotency and epigenetic
status.1 Reprogramming evolves the over-expression in a
somatic cell of a set of core pluripotency-related transcrip-
tion factors (in most cases Oct4, Sox2, Klf4).2 In 2007, Dr
Yamanaka showed that the same four genes, when over-
expressed in human fibroblasts, could also generate iPSCs.
Independently successful reprogramming reported Dr
Thomson based on different combination of four factors
(Oct4, Sox2, Nanog, and Lin28).3 These iPSCs are relevant
to a range of applications, including: autologus cell therapy;
the modeling of monogenic and multigenic diseases; the
study of complex genetic features and allelic variation;
and as a substrate for drug, toxicity, differentiation, and
therapeutic screening.4

Heart failure increases mortality risk and decreases qual-
ity of life. Optimized medical therapies have drastically
elongated life expectancy in patients, however the only rad-
ical therapy and possible cure for heart failure is cardiac
transplantation. Organ transplantations, including cardiac

transplantation, demand immunosuppressive therapies
for a patient’s whole life that might cause life-threatening
problems such as malignancy and infection.5,6 Cell therapy
for cardiac regeneration has evolved considerably during
the last decade from skeletal myoblasts in the early stages
to the use of mesenchymal and cardiac progenitor cells
(CPCs) and ESCs.7–9 In comparison, ESCs have many
advantages due to the highly proliferating and cardiomyo-
genic potentials, however the further application of ESCs in
cardiac tissue engineering is still hampered due to the eth-
ical problem and immune response. However, Chong et al.10

reported the intra-myocardial delivery of human embryo-
nic-stem-cell-derived cardiomyocytes into primate model of
myocardial ischemia to promote regeneration. They showed
extensive re-muscularization of the infarcted heart and pro-
gressive but incomplete maturation over a three-month
period. Other recent preclinical and clinical studies indicate
that some common sources of stem cells (hematopoietic
stem cells, endothelial progenitor cells, cardiac stem cells,
mesenchymal stem cells, or adipose stem cells) may reduce
infarct size and improve cardiac contractile function in
patients with myocardial infarction. Nevertheless, the bene-
ficial effects are poor in humans and thought to be due
largely to paracrine effects of secreted factors from adult
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stem cells rather than the incorporation of the cells into the
affected tissue.11 Under suitable conditions, iPSCs could
long-term propagate in undifferentiated state or differenti-
ate into many other cell types, including cardiomyocytes.12

Technologies involving iPSCs could potentially eliminate
the need for immunosuppression because differentiated
cells for transplantation would ideally be differentiated
into specific cell types as need from patient’s own tissue.
This scenario present the perfect therapy to restore lost
organ function, however there are still several steps that
need to be optimized to realize successful clinical
application.5

The main goal of this paper is to review current applica-
tions of iPSCs in cardiovascular regenerative medicine and
discuss progress in modeling cardiovascular diseases
(CVDs) using iPSCs-derived cardiac cells.

Reprogramming methods

Several methods, which involve the transfer of genes into
the target cells, have been employed to reprogram termin-
ally differentiated somatic cells into iPSCs. They can be
divided into integrating and non-integrating methods.13,14

Integrative delivery system. Most of the iPSC lines estab-
lished to date have been generated using integrating retro-
viral and lentiviral vectors to deliver reprogramming
factors.15 The first sets on iPSCs were generated through
infection of fibroblasts with four separate retroviral vectors.
While retroviral vectors are most commonly used because
of ease of handling, retroviral reprogramming has some
shortcomings. It is relatively inefficient and generates
iPSCs with multiple viral transgenes that randomly inte-
grate in the genome, thus increasing the risk of insertional
mutagenesis. In addition, epigenetic silencing of the retro-
viral transgenes is sometimes incomplete giving rise to par-
tially reprogrammed cells.16 Residual transgene expression
might suppress the differentiation of iPSCs, resulting in a
higher tumorigenic potential when these cells are trans-
planted into patients.15,17 Tumors result either from basal
expression levels of the c-myc transgenes or other onco-
gene-related factors or tissue-specific reactivation of these
transgenes owing the promoter- or enhancer-trapping
events.4,18 For these reasons many efforts have been made
to identify safer strategies. Emphasis has been placed on the
use of peptides and recombinant proteins or non-integrat-
ing vectors.19

Other strategies to generate transgene-free iPSCs involve
transient expression of reprogramming factors followed by
faithful removal of transgenes. One such method makes use
of the Cre/loxP excision technology.20 A different excision
approach uses piggyBac (PB) transposons. The PB system is
usually composed of a donor plasmid containing the trans-
poson, co-transfected with a helper plasmid expressing the
transposase. PB iPSCs could represent another source of
xeno-free cell in clinical application.4

Integrative-free delivery system. Recently, several
approaches have been developed to generate safer trans-
gene-free or integration-free iPSCs. These methods

completely eliminate the use of integrating retroviral vec-
tors. Adenoviral vectors do not insert into the genome and
are diluted out as the cells divide, preventing genomic
modification of reprogrammed cells, however they suffer
from a low efficiency.21,18

Virus-free reprogramming can be achieved by plasmid
transfection, episomal vectors or minicircles, protein deliv-
ery, transfection of synthetic modified mRNAs, or the bac-
teriophage fC31 integrase, which reduce the risk of
genomic integration.17,20

However, reprogramming remains largely an inefficient
and non-specific process, with efficiencies of transduced
cells becoming fully reprogrammed iPSCs lower than
0.01%. Moreover, safety concerns still represent major chal-
lenges for clinical translation. An improved understanding
of the complex regulation of stem cells through cell-intrinsic
and -extrinsic signals is essential to rationally suggest
appropriate conditions for controlling stem cell fate, state,
and function. Small molecules provide an attractive
approach because they offer a number of unique advan-
tages. Their biological effects are typically rapid, reversible,
and dose-dependent, allowing precise control over specific
outcomes by fine-tuning their concentrations and combin-
ations. Moreover, the structural diversity that can be pro-
vided by synthetic chemistry allows the functional
optimization of small molecules and compared with genetic
interventions, their relative ease of the handling and admin-
istration make them more practical for in vitro and in vivo
applications, and for further therapeutic development.22,23

To these small molecules belong inhibitors of histone dea-
cetylases (HDACs) – valproic acid, suberoylanilide hydro-
xamic acid, trichostatin A, butyrate; histone demethylases
(HDMs) – tranylcypromine; lysine, and arginine methyl-
transferases (HMTs) – BIX-01294, SUV39h1, DOT1L, AMI-
5; DNA methyltransferases (DNMTs) – 5-azacytidine,
RG108, and MEK (mitogen activated protein kinase) and
GSK3 (glycogen synthase kinase-3) – PD0325901 and
CHIR99021. They regulate chromatin remodeling and act
as major players in building up the epigenetic landscape.1,24

Their major disadvantages are that they may have more
than one target, their unexpected toxicity, or other side
effects in vivo.22 Until last year the main goal of researchers
was to find chemical-only cocktails to reprogram somatic
cells without use of any reprogramming factor. This success
was achieved in 2013 by Hou et al., who demonstrated that
chemically iPSCs could be generated from mouse somatic
cells using a combination of seven small molecule com-
pounds. This strategy has great potential in generating
functional suitable cell types for clinical applications.25

Cell sources for generation of iPSCs

Up to now, iPSCs have been generated from plenty of cell
types. Fibroblasts and keratinocytes are easy to obtain and
might be suitable source for future large-scale screening
based on iPSCs technology. Fibroblasts are the mostly
used somatic cells, but they are suboptimal for large-scale
derivation because local anesthesia, an incision, and sutur-
ing are needed to obtain a skin biopsy.17,26 The goal is to
find most successful, efficient and safer cells to
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reprogram.27 For example, reprogramming of juvenile
human primary keratinocytes by retroviral transduction
was shown to be 100-fold more efficient and two-fold
faster compared with human fibroblast.28 An attractive
source of cells is also cord blood. Immature cells, abundant
in cord blood, may be suitable source because of their avail-
ability and moreover because they may have acquired
fewer genetic mutations than adult-derived cells.26

Hematopoietic stem and progenitor cells give rise to
iPSCs up to 300 times more efficiently than terminally dif-
ferentiated B and T cell, yielding reprogramming efficien-
cies of up 28%.13 Human adipose tissue is also rich source of
multipotent stem cells, which can be obtained by liposuc-
tion. These human adipose stem cells can differentiate into
adipogenic, osteogenic, chondrogenic, and myogenic cell
lineages and can be reprogrammed into iPSCs with 20-
fold greater efficiency and two-fold faster as compared to
adult fibroblast reprogramming.29 In the case of cardiomyo-
cytes, recent study reports that CPC-iPSCs demonstrate a
greater efficiency of differentiation into cardiomyocytes as
compared with fibroblast progenitor cell-iPSCs at early pas-
sage.30 Moreover, iPS-derived fetal liver kinase-1 (Flk-1)þ

progenitor cells have been produced in vitro and they
were shown to improve cardiac function in vivo in mouse
model of acute myocardial infarction. Also, a population of
iPS cell-derived progenitor cells enriched for the LIM-
homeobox transcription factor islet-1 (Isl1) was shown to
survive after transplantation into infracted hearts and dif-
ferentiated into cardiomyocytes, endothelial cells, and
smooth muscle cells.31 Critical issue is the need to generate
chamber-specific cardiomyocytes. Pacemaker, atrial, and
ventricular myocytes have distinct functional and electro-
physiological properties that may contribute to cardiac
arrhythmias in the wrong environment. Methods for pur-
ifying chamber-specific cardiomyocytes from a population
of stem-cell-derived cardiomyocytes remain to be
established.32

Cardiomyocytes differentiation and purification

iPSC colonies can be differentiated into functional cardio-
myocytes using a variety of methods, which are very simi-
lar to those traditionally employed to produce
cardiomyocytes from human ESCs since both iPSCs and
human ESCs share very similar characteristics and differ-
entiation potential.13 There are several protocols, which are
available for cardiac differentiation from human pluripo-
tent stem cells (hPSCs): the embryoid body (EB) culture
system, the monolayer culture system, and the inductive
co-culture system.5,33

The differentiation of iPSCs into cardiomyocytes in vitro
was firstly reported in murine iPSCs lines in 2008.34 The
resulted cardiac cells showed typical features of ESC-
derived cardiomyocytes, including spontaneous rhythmical
beating, expression of cardiac genes, including Nkx2.5,
cTnT (troponin T type 2), aMHC, a-actin, myosin light
chain 2 atrial isoform, myosin light chain 2 ventricular iso-
form, ANF, and phospholamban, expression of cardiomyo-
cyte-typical proteins, spontaneous rhythmic intracellular
Ca2þ fluctuation and presence of b-adrenergic and

muscarinic signaling cascade. Moreover, iPSC-derived car-
diomyocytes contained atrial- and ventricular-like cells and
responded to b-adrenergic signaling, a canonical CM sig-
naling pathway. However, iPSCs showed a delayed and less
efficient differentiation of beating EBs compared with
ESCs.12,35 Cardiac differentiation of human iPSCs was
firstly reported in 2009. The study showed that both
human iPSCs and ESCs have similar capacity for differen-
tiation into nodal-, atrial-, and ventricular-like phenotypes.
Cardiomyocytes derived from human iPSCs and ESCs
share similar cardiac genes expression patterns, prolifer-
ation, and sarcomeric organizations.36

In vitro differentiation of stem cells to cardiomyocytes
mimics the sequential stages of embryonic cardiac develop-
ment. Three families of protein growth factors are thought
to control these early stages of mesoderm formation and
cardiogenesis: bone morphogenic proteins (BMPs), which
are members of the transforming growth factor b superfam-
ily; the Wingless/INT proteins (WNTs); and the fibroblast
growth factors (FGFs). These factors, or their inhibitors, are
expressed in the endoderm.33,37 At first, human PSCs
should be developed into endomesodermal lineage cells
that express T-box factor Brachyury (T) and several factors
form mesodermal differentiation. After the differentiation
into early CPCs, Mesp-1-positive cells and small chemical
Wnt inhibitors (IWR, IWP, XAV) are also useful for the next
stage of development. The first widely-used method for
developing PSCs-derived cardiomyocytes involved co-cul-
turing human ESCs with the mouse endodermal cell line
END-2, which stimulates differentiation toward a cardio-
myocyte-like phenotype. However, this technique proved
relatively inefficient and remains infrequently used in prac-
tice. Most commonly are cardiomyocytes generated by
either EBs.38 Pluripotent stem cells are cultured in suspen-
sion for about eight days in differentiation medium, which
induces EB formation and then EBs are further cultured on
gelatin-coated dishes for another 8–10 days. The EBs con-
tain cell types derived from mesoderm, ectoderm, and
endoderm. Within these mixed population, contracting car-
diomyocytes can be detected.17 However, due to challenges
in low differentiation efficiency and purity of derived car-
diomyocytes using EB system, techniques have been devel-
oped to enhance their differentiation process, namely,
directing the differentiation of cardiomyocytes using vari-
ous factors on monolayer cultures. Combination of growth
factors such as activin A, bone morphogenic protein 4
(Bmp4), FGF 2, wingless-type mouse mammary tumor
virus integration site family members 3A, and vascular
endothelial growth factor (VEGF) have been shown to
induce cardiomyocyte differentiation with increased effi-
ciencies.20 Transit inhibition of BMP signaling very early
during differentiation is crucial for cardiogenesis in
murine ES cells. Egashira’s group suggests that administra-
tion of noggin, a BMP antagonist, before the EB formation
stage would mimic its transient and strong expression
during early gastrulation. Indeed, noggin administration
around EB formation day led to a marked increase in car-
diogenesis from murine ES cells. Other BMP antagonists
also act to increase cardiomyocyte differentiation efficiency,
indicating that transient relief from the intrinsic BMP signal
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is critical for cardiomyocyte induction. Growth factor gran-
ulocyte colony-stimulating factor (G-CSF) is critical for car-
diomyocyte proliferation and could be used to boost the
yield of cardiomyocytes from iPSCs for their potential
application in regenerative medicine.37 Growth factors,
however, can be expensive and they can degrade quickly.
More recently, small molecule-based approaches are indi-
cating to be highly efficient in cardiomyocyte generation
from iPSCs.20 For example, Lian et al. demonstrated an effi-
cient and robust generation of cardiomyocytes from mul-
tiple hPSC lines solely via small molecule modulation of
regulatory elements of Wnt/b-catenin signaling.
Investigators suggest that b-catenin is essential for cardio-
genesis upon hPSC treatment with activin A and BMP4.
They showed that small molecules are sufficient to convert
hPSCs to cardiomyocytes efficiently when applied at the
appropriate developmental stages.39

Many other inducers used in cardiac differentiation of
ESCs were also confirmed effective to induce cardiac differ-
entiation from iPSCs, including 5-azacytidine, ascorbic acid,
cyclosporine-A, sulfonyl hydrazones, DMSO, isoxazolyl-
serines and so on. The use of small molecules instead of
growth factors ultimately could allow inexpensive and
reproducible generation of human cardiomyocytes or mul-
tipotent tissue-specific stem cells in completely chemically
defined conditions, facilitating translation of these cells to
high through put screening applications or regenerative
therapies.17,29

Recently it was reported that chromatin modification
also has a great impact on cardiac differentiation, and it
might be necessary to have a deep knowledge of epigenetic
mechanisms to achieve better cardiomyocytes differenti-
ation protocols.5

Establishment of an excellent purification system for
iPSC-derived cardiomyocytes is necessary for clinical appli-
cation. Micro-dissection and Percoll density centrifugation
have been widely used, but these methods are labor inten-
sive and still do not provide high purity. Transgenic selec-
tion techniques have been employed for cardiomyocytes
enrichment by insertion of a reporter gene and antibiotic
resistant gene under the transcriptional control of a cardiac
specific promoter. However, the genetic modification may
provide a hurdle for further clinical applications.40 The
identification of markers expressed specifically on cardio-
myocytes, including EMILIN2, SIRPA, and VCAM has
made it possible to isolate highly enriched population of
these cells from pluripotent stem cells by fluorescent acti-
vated cell sorting (FACS) or magnetic beat sorting. FACS is
the most prominent method reported for selecting specific
cell types, although it requires antibodies, a long processing
time, and can process only small amounts of cells at one
time. However, human heart is a large organ, thus current
protocols still need further optimization to control in vitro
maturation as well towards the desired subtype.5,41

Applications of iPSC-derived cardiomyocytes

Cardiac repair. Human iPSCs have the potential to revo-
lutionize regenerative medicine, human disease modeling,
as well as drug safety and discovery studies (Figure 1).

Since human iPSCs can differentiate into any cell type and
the supply is virtually unlimited, they are an ideal source of
cells for transplantation to treat end stage organ failure.42

CVD is a leading cause of mortality and morbidity and
there are few if any options, to reverse or repair damage
after a myocardial infarction. Adult human cardiomyocytes
have a very limited proliferation capacity that is not suffi-
cient to repair larger areas of damage heart. To prevent scar
formation caused by death of cardiomyocytes, it would be
highly desirable to either induce resident progenitor cells to
differentiate into cardiomyocytes or to replace dead cardi-
omyocytes with stem cell-derived cardiomyocytes. Once
derived, human iPSCs can serve as an inexhaustible
source of more differentiated cardiovascular cells, includ-
ing the cardiomyocyte, endothelial cell, and smooth muscle
lineages, therefore the advent of human iPSCs has been
tremendously exciting for the field of cardiovascular
regeneration.17,43

To date, a wide variety of different stem cell types have
been investigated for their ability to repair infarcted heart in
both animal studies44,45 and human clinical trials.46,47

Recent studies have begun to focus on the application of
iPSCs in rodent models of cardiac injury. Proof-of-concept
experiments with murine iPSC – cardiomyocytes have
shown the ability of these cells to survive and form nascent
myocardium.48 Nelson et al. showed that intra-myocardial
delivery of iPSCs into the infracted hearts of mice following
ligation of the left anterior descending artery yielded pro-
geny that properly engrafted without disrupting cytoarchi-
tecture.49 Mauritz et al. showed that injection of iPSCs-
derived Flk1-positive progenitor cells into the ischemic
myocardium of left anterior descending artery-ligated
mice improved cardiac function following myocardial
infarction.50 Zhang et al. have derived cardiomyocytes
from the EBs of human iPSC lentivirally transduced with
Oct4, Sox2, Nanog, and Lin28. These cells were comparable
to cardiomyocytes derived from the EBs of human ESCs.
Human iPSCs proliferated robustly, generated atrial, nodal,
and ventricular action potentials, and responded to electri-
cal and chemical stimulation of the b-adrenergic signaling
pathway. There were quite fewer human iPSCs-cardiomyo-
cytes that exhibited contractile ability than human ESCs,
and ineffective silencing of Oct4 and Nanog transgenes
was also present.36 Tulloch et al. reported three-dimensional
(3D) human cardiac tissue patches, which were generated
by combining collagen type 1 and human ESC- and
hiPSC-derived cardiomyocytes. Cardiomyocytes showed
alignment and proliferation within the collagen 3D matrix
when subjected to mechanical stress.51 Kawamoto et al.
successfully differentiated cardiovascular blast populations
(CBPs) to form vascular networks both in vivo and in the ex
vivo organ culture systems by recapitulating the process of
vasculogenesis from human iPSCs.52

The preceding experience in rodent infarct models set
the stage for transplantation studies with human iPSC-car-
diomyocytes in more relevant large animal preclinical
models.48 Kawamura’s group incorporated human iPSCs-
cardiomyocytes into bioengineered sheets that were
applied to the epicardial surface of infracted pig hearts.
At eight weeks post-transplantation, the recipient hearts
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had very few surviving graft cells, but they showed better
preserved ejection and left ventricular dimensions than
untreated controls. Interestingly, the therapeutic benefit of
hiPSC-derived cardiomyocytes sheets in porcine model of
myocardial infarction was more recently reported by same
researchers. They developed another strategy for improved
engraftment and survival using human iPSCs-cardiomyo-
cytes sheets by transplanting the cell sheets with an omen-
tum flap, resulting in significantly improved cardiac
function and attenuated left ventricular remodeling follow-
ing ischemic damage. Importantly, few surviving cells were
found when human iPSC-derived cardiomyocytes grafts
were monitored eight weeks after transplantation, and no
teratoma formation was observed.53,54 Templin et al.
injected human iPSCs (hiPSCs) in pig models of myocardial
infarction and found that hiPSCS could be detected for up
to 15 weeks in pig myocardium. More importantly, they
observed hiPSC-derived endothelial cells contributed to
vascularization of infracted myocardium.55

Even though this progress in animal models gives reason
for hope, a number of major hurdles must still be overcome.
Enthusiasm for use of iPSC technology in regenerative
medicine has been hampered by the increasingly recog-
nized problems of the unpredictable nature and behavior
of transplanted iPSCs and the potential for these cells to
cause harm.13,48 For cardiovascular regeneration, more
robust selection markers and refined experimental proto-
cols are required to reproducibly guide iPSCs to cardiovas-
cular lineage. Moreover, effective negative selection against
pluripotent cells is necessary to avoid teratoma formation
by contaminating pluripotent stem cells.11 Of a great con-
cern is also that gene expression pattern of hiPSC–cardio-
myocytes more closely resemble fetal cardiac tissue than
adult cells and that they act mechanically and electro-phy-
siologically like immature cardiomyocytes.56 Developing
new techniques to make hiPSC-CMs more ‘‘mature’’ will
be critical for the technology to reach its full potential.38

CVD modeling. In addition to their regenerative capacity,
iPSCs constitute an important tool for modeling CVD,

allowing to study the molecular mechanisms involved in
cardiac syndromes and to test specific drug targets. The
advantage of using iPSCs is that it would enable modeling
disease as closely to the patient’s physiology and genetic as
possible to isolating patient-specific fibroblasts,20,31 unlike
human ESC-cardiomyocytes-based disease models which
can only be created from known mutations that are intro-
duced into the cells. Several cardiac disease models have
been established with hiPSC-cardiomyocytes and demon-
strate the ability to recapitulate the cellular pathogenic hall-
marks of the diseases.57 These models are useful for
understanding mechanism of physiology and pathology
of disease, validating therapeutic targets, and drug screen-
ing or discovery.58

To date, iPSC models have been used to model a large
number of genetic arrhythmias including Long-QT syn-
drome (LQTS), catecholaminergic polymorphic ventricular
tachycardia, arrhythmogenic right ventricular cardiomyop-
athy, Overlap syndrome, LEOPARD syndrome, Timothy
syndrome (TS), etc.59 While there is a wide array of CVDs,
we chose to focus on several with well defined clinical pres-
entation, strong genetic component, and significant
research progress.

LEOPARD syndrome. Investigators created the first hiPSC
model of a CVD using skin fibroblasts from a patient with
lentigines, electrocardiogram conduction abnormalities,
ocular hypertelorism, pulmonary stenosis, abnormal geni-
talia, retardation of growth, and sensorineural deafness
(LEOPARD) syndrome, an autosomal dominant disorder
caused in 90% of cases by a mutation in the PTPN11 gene
encoding the protein-tyrosine phosphatase Shp2 that also
results in myocardial hypertrophy. The hiPSC-CMs that
were generated exhibited increased cell size and sarcomeric
organization, suggestive of the cardiac hypertrophic
response, as well as aberrant RAS-MAPK signaling. When
cardiomyocytes generated from the diseased iPSCs were
compared with cardiomyocytes derived from hESCs or
non-diseased iPSCs generated from a healthy brother, a sig-
nificant enlargement in cell surface area, a higher degree of

Figure 1 Schematic picture of iPSCs generation and their potential application. (a) Generation of patient-specific iPSCs and differentiation into cardiomyocytes;

(b) potential applications of iPSC-derived cardiomyocytes. (A color version of this figure is available in the online journal.)
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sarcomeric organization, and nuclear translocation of the
NFATC4 transcription factor could be observed, all of
which correlate with the hypertrophic phenotype observed
in patients.59 One limitation of the model is that cardiac
differentiation from human iPSCs was performed by
standard EB culture, resulting in a heterogeneous popula-
tion of cells.60

Long QT syndrome. The other reported disease-specific
iPSC line mimics congenital LQTSs. LQTS is characterized
by prolonged cardiac repolarization that can result in fatal
ventricular arrhythmias. More than a dozen different types
of inherited LQTS have been described, and human iPSCs
have been used to study LQTS types 1,2,3, and 8.37,58 In
long-QT syndrome type 1 (LQT-1), mutations occur in the
KCNQ1 gene, which encodes the repolarizing potassium
channel mediating the delayed rectifier IKs current.
Moretti et al.61 provided an early example, taking skin biop-
sies from patients with LQT-1, reprogramming their cells
into iPSCs, and then differentiating those iPSCs into cardiac
cells. These patient-specific cardiomyocytes recapitulated
the clinical presentation of long-QT phenotype (increased
susceptibility to catecholamine-induced tachyarrhythmia,
phenotype attenuated by beta-blockade).62 Using a similar
approach, successfully modeled long QT syndrome type 2.
These studies clearly establish iPSC-derived cardiomyo-
cytes as a powerful tool for drug discovery and persona-
lized medicine.58

Timothy syndrome. Yazawa et al. derived human iPSCs
from patient with TS, a disorder in which patients suffer
from LQTS, autism, immune deficiency, and syndactyly
due to a mutation in the CACNA1C gene encoding Cav1.2
L-type channel. Electrophysiological recording and calcium
Ca(2þ) imaging studies of these cells revealed irregular
contraction, excess Ca(2þ) influx, prolonged action poten-
tials, irregular electrical activity, and abnormal calcium
transients in ventricular-like cells. In later study, the same
group of investigators tested candidate drugs in TS cardio-
myocytes and found that roscovitine could successfully
rescue these cellular phenotypes.63,64

Dilated cardiomyopathy (DCM) is characterized by ven-
tricular dilatation, systolic dysfunction, and progressive
heart failure, which is one of the leading causes of heart
failure and is associated with substantial mortality.65,66

Sun et al. generated cardiomyocytes from iPSCs derived
from patients in a DCM family carrying a point mutation
(R173W) in the gene encoding sarcomeric protein cardiac
troponin T. Compared to control healthy individuals in the
same family cohort, cardiomyocytes derived from iPSCs
from DCM patients exhibited altered regulation of calcium
ion Ca(2þ), decreased contractility, and abnormal distribu-
tion of sarcomeric a-actinin. The over-expression of Serca2a,
a gene therapy treatment for heart failure currently in clin-
ical trials, significantly improved the contractility force gen-
erated by iPSC-cardiomyocytes derived from DCM
patients.66

These studies into patient-specific iPSCs indicate a tre-
mendous potential for our increased understanding of

pathogenesis. However, significant hurdles still exist in
modeling the more complex CVD using iPSCs technology.
There are difficulties in ensuring a purified cardiomyocytes
population from iPSCs through standard cardiomyocytes
differentiation protocols; the complexities of reproducing
a heterogeneous disease phenotype which may involve
other systematic factors in vitro using only cardiomyocytes;
and limitations of modeling essentially adult-onset diseases
using iPSC-cardiomyocytes with a predominantly fetal-like
phenotype.13 Resolving these obstacles will also have great
impact on facilitating in vivo studies and widespread appli-
cations in drug discovery and development.67

Conclusion

As CVDs continue to be a leading cause of morbidity and
mortality in the developing world, it is essential to develop
strategies to combat these diseases. iPSCs technology has
been heralded as the key for therapeutic regenerative stra-
tegies due to its potential of differentiating into any cell type
of interest. iPSCs and iPSC-derived cardiomyocytes
recently emerged a powerful tool to model cardiac devel-
opment and congenital cardiac disorders. Importantly, the
use of specific growth factors, chemically synthesized mol-
ecules, epigenetic modifiers, miRNAs, or cardiac-specific
transcription factors has significantly improved the yield
of cardiac differentiation. Moreover, hESC/iPSC-cardio-
myocytes are beginning to be used in 3D cultures that are
likely to more accurately mimic the physiological state of
cardiac muscle. Transplantation studies of cardiomyocytes
in animal models reveal many hurdles and challenges that
must be overcome before any human iPSC products can be
safely brought to the clinic, including advances in isolation
and purification techniques. With better strategies to cir-
cumvent immune rejection and better understanding in
long-term assessment of cell engraftment after transplant-
ation in large animal models, the prospect of employing
human iPSC-CMs as an unlimited source for cell replace-
ment therapy to treat heart failure and other conditions
have to be realized.
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