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Abstract

Human induced pluripotent stem cells (hiPSCs) have
emerged as a novel tool for drug discovery and therapy
in cardiovascular medicine. hiPSCs are functionally similar
to human embryonic stem cells (hESCs) and can be
derived autologously without the ethical challenges
associated with hESCs. Given the limited regenerative
capacity of the human heart following myocardial injury,
cardiomyocytes derived from hiPSCs (hiPSC-CMs) have
garnered significant attention from basic and
translational scientists as a promising cell source for
replacement therapy. However, ongoing issues such as
cell immaturity, scale of production, inter-line variability,
and cell purity will need to be resolved before human
clinical trials can begin. Meanwhile, the use of hiPSCs to
explore cellular mechanisms of cardiovascular diseases
in vitro has proven to be extremely valuable. For
example, hiPSC-CMs have been shown to recapitulate
disease phenotypes from patients with monogenic
cardiovascular disorders. Furthermore, patient-derived
hiPSC-CMs are now providing new insights regarding
drug efficacy and toxicity. This review will highlight
recent advances in utilizing hiPSC-CMs for cardiac disease
modeling in vitro and as a platform for drug validation.
The advantages and disadvantages of using hiPSC-CMs
for drug screening purposes will be explored as well.
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Introduction

The discovery of induced pluripotent stem cells (iPSCs)
by Shinya Yamanaka and Kazutoshi Takahashi in 2006
revolutionized the field of stem cell biology [1]. For the
first time, pluripotent stem cells could be obtained not
only from the inner cell mass of the blastocyst-stage em-
bryo but also from reprogramming somatic adult tissue
by enforced expression of Oct4, Klf4, Sox2, and c-Myc
(OKSM). While the potential applications for human
iPSCs are largely similar to those for human embryonic
stem cells (hESCs; that is, derivation of a specific human
cell type of interest from a self-renewing source), the
ethically complex hurdles involving the use of discarded
human embryos could now be avoided.

The initial success with derivation of iPSCs from
mouse tail tip fibroblasts has been replicated by labora-
tories around the world using adult skin, blood, hair
follicle, and even epithelial cells from urine samples
[2-4]. Initially, retroviral vectors were used to introduce
OKSM into somatic cells in order to generate iPSCs [1].
However, concerns of viral integration-mediated onco-
genesis spurred a number of advancements in repro-
gramming technologies, including the development of
non-integrating, and even non-viral methods of iPSC
generation [5,6]. In less than a decade, we have wit-
nessed the development of a biomedical industry focus-
ing on improving the technology of iPSC generation
as well as their downstream applications [7]. Major aca-
demic and private research institutions have created
iPSC ‘cores’ focused on efficient, high quality, and
disease-specific iPSC production as well as services such
as consulting and education for investigators interested
in practical knowledge involving iPSC maintenance and
applications. In all, the rapid progress made in this field
has now enabled the entire iPSC production process
from somatic cell harvesting to iPSC generation to isola-
tion of differentiated cell types such as neurons, blood
cells, and cardiomyocytes to take as little as a month or
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less [8-10]. Indeed, few scientific discoveries have had
such a meteoric rise to prominence as iPSC technol-
ogy. In recognition of the great promise of this field,
Yamanaka was awarded the 2012 Nobel Prize in Physiology
and Medicine, a mere 6 years after the initial discovery.

This review article will discuss recent advances in iPSC
technology and its potential applications in cardiovascu-
lar medicine, namely cell-based therapy, disease model-
ing, and drug discovery (Figure 1). An emphasis will be
placed on derivation of cardiomyocytes from iPSCs for
in vitro disease modeling and drug screening studies.

Significance of heart disease in the western world
Heart disease remains the most common cause of mor-
bidity and mortality in the western world [11]. An esti-
mated $300 billion is spent each year on managing
cardiovascular disease in the US [11]. Each year over
700,000 people are diagnosed with myocardial infarction
and develop an increased risk of a second myocardial in-
farction later in life [11]. Since the mammalian adult
heart cannot fully replace its lost cardiomyocytes
through proliferation of surviving cardiomyocytes, its
capacity for regeneration is quite limited [12]. Using *C
radioisotope dating, a recent study showed that the ju-
venile human heart can replace 1 to 2% or less of its car-
diomyocytes per year, and this capacity declines with age
[13]. Hence, the human heart is especially vulnerable to
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injury. Furthermore, a poorly conductive fibrotic scar re-
places the lost cardiomyocytes [14]. This scar tissue is
unable to effectively propagate the cardiac action poten-
tial and makes the heart vulnerable to developing ven-
tricular arrhythmia [15].

The promises and pitfalls of human iPSC-derived
cardiomyocytes for cell replacement therapy

As the human heart is largely unable to replenish lost
cardiomyocytes, studies have been conducted to examine
ways to restore cardiac function by replacing these car-
diomyocytes. Strategies thus far have included: 1) coax-
ing existing cardiomyocytes to divide, 2) stimulating the
expansion and differentiation of existing cardiac stem/
progenitor cells, or 3) transplantation of autologous or
pluripotent stem cell-derived cells. These strategies have
achieved mixed results. Multiple groups have demon-
strated the ability to enhance cardiomyocyte division in
animal models by manipulating growth factors and cell
cycle regulators such as YAP1 and Neuregulinl without
inducing cardiac tumors [16,17]. Alternatively, isolation
and re-transplantation of endogenous cardiac stem/pro-
genitor populations have been explored in detail in re-
cent years. While the human heart exhibits a very
limited capacity for endogenous regeneration, this small
amount of cardiomyocyte turnover may be due to differ-
entiation of resident cardiac stem cells, which occurs at
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Figure 1 Potential applications of human induced pluripotent stem cell-derived cardiomyocytes towards cardiovascular medicine and
therapy. Patient fibroblasts or blood cells are obtained and reprogrammed into human induced pluripotent stem cell (hiPSC) colonies by
introduction of pluripotency factors - Oct4, Klf4, Sox2, and c-Myc. Subsequently, hiPSCs are differentiated directly into >95% cardiomyocytes using
high efficiency protocols and non-cardiomyocyte depletion strategies. These purified hiPSC cardiomyocytes could then be utilized for autologous
cell therapy, in vitro disease modeling, or high throughput drug screening studies. RBC, red blood cell.
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an extremely low rate [18]. These rare cells have been
investigated as a potential cell source to replace lost car-
diomyocytes [18].

Pluripotent stem cells have also been explored as a
promising cell source for cardiac cell therapy. For more
than a decade, researchers have been able to derive car-
diomyocytes from ESCs (ESC-CMs) that are phenotyp-
ically similar to adult cardiomyocytes [19]. Recently,
investigators have manipulated the same growth factors
that are thought to promote cardiogenesis in vivo, such
as the activin, bone morphogenetic protein, and Wnt
signaling pathways, to efficiently derive ESC-CMs in
large quantities [20]. Previous studies have shown that
ESC-CMs are able to successfully integrate into the
injured mouse heart and improve cardiac function
[21,22]. While ESC differentiation allows for the pro-
duction of a virtually unlimited pool of cardiomyocytes,
significant biological obstacles, such as cell immunogen-
icity, survival, and electrophysiological integration,
remain to be addressed prior to their application in hu-
man clinical trials. Given that ESCs are derived from the
inner cell mass of early stage human embryos, political
and ethical hurdles, in addition to the aforementioned
biological obstacles, have played a role in preventing
hESCs from being actively studied as a source of cells
for therapy. In this regard, human iPSCs (hiPSCs)
should hold a significant advantage over hESCs because
hiPSCs are derived from somatic cells of the patient and
contain the patient’s own genetic material. They may be
considered as autologous cells that are immunologically
compatible, although some studies have demonstrated
otherwise [23,24]. This remains a contentious topic and
more work is needed to clarify this issue as more recent
publications have argued that ESCs, iPSCs, and their de-
rivatives show negligible immunogenicity following
transplantation [25,26]. Similar to hESCs, the differenti-
ation of hiPSCs towards cardiomyocytes can be achieved
using a number of high-efficiency protocols, whereby
greater than 95% of the differentiated hiPSCs become
cardiomyocytes from their initial hiPSC population [27].
These iPSC-derived cardiomyocytes (iPSC-CMs) exhibit
features of bona fide cardiomyocytes, including sarco-
meric striation and spontaneous action potential
[28,29]. However, concerns remain regarding their im-
maturity and lack of functional and electrophysiological
fidelity in comparison to adult cardiomyocytes.

Practical considerations in the use of hiPSC-CMs
for disease modeling and cell therapy

Despite the advantages that hiPSCs have over hESCs
and other cell types as the source of transplantable cells,
a number of critical issues with hiPSC-CM technology
remain to be addressed. As mentioned above, the pheno-
typic immaturity of hiPSC-CMs is most concerning.
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hiPSC-CMs largely resemble fetal cardiomyocytes in
terms of ion channel structure and sarcomeric morphology
[30,31]. Notably, hiPSC-CMs do not form organized T-
tubules, which comprise a network of intracellular structures
involved in cardiomyocyte action potential propagation and
calcium influx [32]. Additionally, there is significant het-
erogeneity in the subtypes of hiPSC-CMs, including
atrial, nodal, and ventricular cardiomyocytes, that can
be found with each batch of differentiation [33]. The
myosin light chain proteins MLC2A and MLC2V can
be used to distinguish between atrial and ventricular
cardiomyocytes in mice, and MLC2V has been used
to genetically select for ventricular myocytes using a
lentivirus-transduced hESC line [34-36]. However, there is
no highly reliable cell surface marker that would allow for
fluorescence activated cell sorting of these hiPSC-CM
sub-populations. The use of SIRPA (Signal-regulatory pro-
tein alpha) as the surface marker for hESC-CM and
hiPSC-CM purification has proven to be variably efficient
[37]. Thus, obtaining a pure population of hiPSC-CMs
remains challenging.

With regards to the efficiency of cardiac differentiation,
significant line-to-line and patient-to-patient variability
exists. While differentiation protocols have improved dra-
matically over the last few years, we and others have no-
ticed that cardiac differentiation protocols also produce
other mesodermal derivatives, such as smooth muscle
cells and endothelial cells [38]. Some hiPSCs remain un-
differentiated even after days of small molecule treatment
[10]. For the purpose of cell therapy, the presence of un-
differentiated cells presents a significant concern because
of the potential for teratoma formation [39]. Furthermore,
the production of hiPSCs from a patient-specific tissue
sample and the subsequent cardiac differentiation process
can take weeks, which may be a significant barrier to suc-
cess if it turns out that cell transplantation as a therapeutic
intervention for acute myocardial injury has to be given
within a month or less.

Finally, the economic barrier to personalized hiPSC-
derived cell therapy is considerable given that thousands
of dollars are needed to generate a set of hiPSC lines
for each patient and ten times that are needed to gener-
ate sufficient (approximately 1 billion or more) cardio-
myocytes for each treatment. It is possible that the use
of a genetically and immunologically (that is, human
leukocyte antigen haplotype) defined set of hiPSC lines
to generate ‘off the shelf’” hiPSC-CMs for a population
of patients may be more practical and economically feas-
ible, although these hiPSC-CMs are likely to encounter
immune response that require long-term immunosup-
pression, which introduces additional costs and potential
infectious complications that may approximate, if not
exceed, the cost of autologous hiPSC-CM therapy in the
long run.
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Table 1 Examples of currently published human induced pluripotent stem cell-derived cardiomyocyte disease models

Cardiovascular Cardiovascular Phenotype observed/recapitulated in vitro Drug treatment  Reference
disease category disease modeled to rescue
with hiPSC-CMs phenotypes

Cell signaling defect ~ LEOPARD syndrome Cardiomyocyte hypertrophy, NFATC4 nuclear accumulation, NA [28]
increase in RAS/MAPK phosphorylation

Channelopathy Long QT syndrome 1 Drug-induced prolongation of field potential duration NA [40]

Channelopathy Long QT syndrome 1 Cardiac action potential prolongation, irregularities in potassium- Propranolol [33]
gated voltage channel (KCNQT1) localization

Channelopathy Long QT syndrome 2 Cardiac action potential prolongation Pinacidil, nifedipine, [41]

ranolazine

Channelopathy Long QT syndrome 2 Prolonged field and action potential, drug-induced early after Nicorandil, nadolol, [42]
depolarizations propranolol

Channelopathy Long QT syndrome 2 Prolonged action potential duration, increased sensitivity to NA [43]
arrhythmogenic drugs

Channelopathy Long QT syndrome 3 Prolonged action potential duration, early after depolarization, NA [44]
sodium current irregularities

Channelopathy Long QT syndrome 3 Sodium current irregularities, longer action potential duration NA [45]

Channelopathy Long QT syndrome 3 Sodium current irregularities, prolonged QT interval NA [46]

Channelopathy Long QT syndrome 8,  Anomalous calcium transients, cardiac action potential Roscovitine [47]

Timothy syndrome prolongation, irregular cardiomyocyte contraction

Channelopathy CPVT-1 Intracellular calcium concentration irregularities, delayed after Dantrolene [48]
depolarizations

Channelopathy CPVT-1 Abnormal calcium release, abnormal calcium response after NA [49]
phosphorylation, anomalous calcium transients

Channelopathy CPVT-1 Abnormal calcium transients, early after depolarizations, reduced NA [50]
sarcoplasmic reticulum calcium concentration

Channelopathy CPVT-1 Delayed after depolarizations, calcium transient irregularities, Flecainide, [51]
abnormal calcium concentrations thapsigargin

Cardiomyopathy CPVT-2 Isoproterenol-induced delayed after depolarizations, abnormal NA [32]

caused by structural/ calcium concentrations, myofibril disorganization, sarcoplasmic

sarcomeric protein reticulum abnormalities

mutation

Cardiomyopathy Familial dilated Reduced force output during cardiomyocyte contraction, Metoprolol [52]

caused by structural/  cardiomyopathy sarcomeric structural irregularities, abnormal beating rate,

sarcomeric protein abnormal calcium transients

mutation

Cardiomyopathy Familial hypertrophic Enlarged hiPSC-CM phenotype, elevated intracellular calcium Verapamil [53]

caused by structural/  cardiomyopathy levels, irregular calcium transients

sarcomeric protein

mutation

Cardiomyopathy ARVD/C Reduced expression of plakophilin-2, increase in intracellular lipid  Nifedipine, [54]

caused by structural/ levels, disorganized hiPSC-CM sarcomeric structure isoproterenol

sarcomeric protein

mutation

Cardiomyopathy ARVD/C Irregular plakophilin-2 nuclear accumulation, diminished (-catenin NA [55]

caused by structural/ activity in cardiogenic conditions, abnormal peroxisome proliferator-

sarcomeric protein activated receptor gamma activation, calcium handling defects

mutation

Cardiomyopathy Pompe disease High glycogen levels, ultrastructural abnormalities, cellular I-camnitine, acid [56]

caused by structural/
sarcomeric protein
mutation

respiration irregularities

alpha-glucosidase

ARVD/C, arrhythmogenic right ventricular dysplasia/cardiomyopathy; CPVT, catecholaminergic polymorphic ventricular tachycardia; hiPSC-CM, human induced
pluripotent stem cell-derived cardiomyocyte; MAPK, mitogen-activated protein kinase; NA, not applicable; NFAT, nuclear factor of activated T cells.
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These issues, while beyond the scope of this review
article, are extremely important and well deserving of re-
search efforts from health policy experts in the govern-
ment and private sector. Given these and other
concerns, it is no surprise that cell therapy clinical trials
using hiPSC-CMs have not been undertaken thus far.

hiPSC-CMs for in vitro disease modeling and drug

discovery

While the use of hiPSC-CMs for in vivo cell therapy
may be feasible in the future, the use of hiPSC-CMs for
in vitro disease modeling and drug screening has been
demonstrated recently (Table 1). Cardiovascular disease
with a monogenic origin and cell-autonomous pheno-
type may be recapitulated ‘in the dish’ using hiPSC tech-
nology. For example, hiPSC-CMs have been used to
study cardiac disorders caused by misregulated intracel-
lular signaling pathways such as in LEOPARD syndrome
[28]. LEOPARD syndrome is due to gene mutations that
result in hyperactivity of the RAS/mitogen-activated pro-
tein kinase (MAPK) signaling pathway controlling mul-
tiple cellular processes such as migration, proliferation,
growth, and death [66]. LEOPARD syndrome hiPSCs car-
rying a point mutation in the PTPN1I gene, which en-
codes a tyrosine-protein phosphatase downstream of RAS
signaling, have been reported [28]. Analogous to the
hypertrophic cardiomyopathy phenotype in LEOPARD
syndrome patients, hiPSC-CMs from these patients ex-
hibit larger size than wild-type hiPSC-CMs. In addition,
hiPSC-CMs from LEOPARD syndrome patients had ab-
normal accumulation of NFAT (nuclear factor of activated
T cells), suggesting a role for this pathway in the onset of
LEOPARD syndrome. LEOPARD syndrome hiPSCs and
hiPSC-CMs also exhibited a significant increase in phos-
phorylation of multiple components of the RAS/MAPK
signaling pathway, confirming the contribution of this
pathway to disease onset. It should be noted, however,
that this and the majority of iPSC disease modeling
studies have focused on monogenic diseases and usu-
ally from those with point mutations in the coding re-
gions of genes, since these diseases hold the strongest
genotype-phenotype correlation (Table 1). Future stud-
ies are likely to focus on polygenic cardiovascular dis-
eases and diseases that are environmentally influenced
since these diseases account for a significant proportion
of morbidity and mortality in developed countries [67].

Modeling channelopathies with hiPSC-CMs

‘Channelopathies; or diseases of ion channel mutations,
result from mutations in the coding regions of ion chan-
nels causing misregulated cellular action potential [57].
One such disease is long QT syndrome, a hereditary dis-
order characterized by a delay in the repolarization of
the myocardium that manifests as prolongation of the
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QT interval in an electrocardiogram [33,41,42,47]. The
patients in these studies had mutations in genes such as
KCNQI, SCN5A, and KCNH2, which encode sodium
and potassium channels essential for correctly initiating
and propagating the cardiac action potential. In one
study, hiPSC-CMs generated by Moretti and colleagues
showed prolongation in action potential similar to the
QT prolongation seen in long QT patients from which
hiPSCs were initially derived [33]. Morphologically,
hiPSC-CMs from these patients exhibit irregularities in
the subcellular localization of the potassium gated volt-
age channel encoded by KCNQI. Treatment with pro-
pranolol, a beta-adrenergic blocker, abrogated the
increase in action potential duration caused by the beta
agonist isoproterenol. Similarly, Itzhaki and colleagues
showed the recapitulation of the QT prolongation
phenotype exhibited by patients with long QT syndrome
2 caused by a mutation in KCNH2 [41]. These authors
were able to restore the proper action potential duration
in hiPSC-CMs using pinacidil and nifedipine, a potas-
sium channel regulator and a calcium channel blocker,
respectively. Likewise, Yazawa and colleagues created
hiPSC-CMs recapitulating the prolonged action potential
phenotype from patients with a point mutation in
Cavl.2, the A1 subunit for the L-type voltage-dependent
calcium channel, causing long QT syndrome 8 [47]. This
mutation is associated with Timothy syndrome, a dis-
order characterized by mental retardation, ventricular
arrhythmia, and external physical abnormalities [58]. In
vitro treatment with roscovitine, a compound that pro-
longs the deactivation of the voltage-dependent calcium
channel that is misregulated in Timothy syndrome, cor-
rected the anomalous calcium transients associated with
this disease [47].

Finally, several studies have created patient-specific
hiPSC lines from individuals with inherited catechol-
aminergic polymorphic ventricular tachycardia (CPVT-1)
[48-51]. This disorder, characterized by stress-induced ven-
tricular arrhythmia, is caused by a point mutation in the
ryanodine receptor 2 (RYR2) [59]. This receptor, found
on the cardiomyocyte sarcoplasmic reticulum, is re-
sponsible for proper calcium-mediated release of intra-
cellular calcium in cardiomyocytes, and thus critically
regulates cardiomyocyte excitation-contraction coupling
[59]. Several drugs, such as flecainide, thapsigargin, and
dantrolene, were used in these studies to restore intracel-
lular ion concentration to normal levels [48-51]. Thus, it
appears that hiPSC-CMs can effectively recapitulate the
disease phenotype associated with channelopathies.

Modeling sarcomeric and adhesion protein
mutation cardiomyopathy with hiPSCs

We and others have recently published studies describ-
ing the in vitro cellular phenotype from hiPSC-CMs
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generated from patients with dilated and hypertrophic
cardiomyopathy. These diseases are best characterized
genetically by their known mutations in sarcomeric pro-
teins. From a patient family cohort with affected individ-
uals harboring a mutation in the TNNT2 gene, we
generated hiPSC-CMs and showed that these cells ex-
hibit irregular sarcomeric organization and abnormal
force generation and beating rate [52]. These phenotypes
are representative of the in vivo phenotype in patients
with mutated TNNT2 causing dilated cardiomyopathy,
the most common cause of heart failure following hyper-
tension and coronary artery disease and the most com-
mon indication for heart transplantation in the United
States [60,61]. Treatment with metoprolol, a beta-
blocker, improved sarcomeric organization in hiPSC-
CMs, reflecting the improvement in prognosis seen in
dilated cardiomyopathy patients treated with this drug
[62]. We also created hiPSC-CMs from a patient cohort
with familial hypertrophic cardiomyopathy harboring a
mutation in the MYH7 gene encoding myosin heavy
chain 7, another critical component of the sarcomeric
complex [53]. These hiPSC-CMs exhibit enlarged cell
size reminiscent of the in vivo hypertrophic cardiomyo-
cyte phenotype [63]. The intracellular calcium ion level
was elevated and the cells were associated with irregular
calcium transients. These phenotypes were abrogated by
treatment with the L-type calcium channel blocker ver-
apamil, which also reduces myocyte hypertrophy in vivo.
A more recent study has focused on hiPSC-CMs derived
from patients with arrhythmogenic right ventricular dys-
plasia/cardiomyopathy (ARVD/C), a disease characterized
by fibro-fatty infiltration and replacement of the right
ventricular wall myocardium [32]. This patient cohort
exhibited a mutation in the PKP2 gene, which encodes
plakophilin-2, a component of the desmosome cell-cell
adhesion complex. Previous studies have shown that the
cardiomyocyte desmosome is mutated in patients with
ARVD/C [64]. Patient hiPSC-CMs exhibited reduced ex-
pression of plakophilin-2, an increase in intracellular lipid
levels, and disorganized sarcomeric structure. Treatment
with isoproterenol was able to upregulate hiPSC-CM con-
tractility. Thus, as is the case with the channelopathies, it
appears as though hiPSC-CMs can reproduce cellular dis-
ease phenotypes associated with cardiomyopathies caused
by mutations in sarcomeric and cell adhesion molecules.

Conclusions and future perspectives

In the past few years we have witnessed an explosion in
the number of studies involving patient-specific hiPSCs.
hiPSC-CMs derived from cardiovascular disease patients
have been shown to recapitulate disease phenotypes and
to validate the therapeutic efficacy of candidate drugs
in vitro. In particular, drugs that are clinically known to
restore proper intracellular ion trafficking and current
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flow, such as the potassium channel regulator pinacidil
and the calcium channel blocker nifedipine, have been
shown to suppress irregular action potential in disease-
specific hiPSC-CMs. However, in addition to the afore-
mentioned concerns about hiPSC-CM maturity and
purity, other questions regarding hiPSC-CM technology
remain to be answered. For example, can hiPSC-CMs be
mass-produced in a consistent enough way using high
efficiency differentiation methods so that they can be
used towards screening hundreds, and perhaps thou-
sands, of drugs for potential cardiotoxicity [65]? Second,
if a novel therapeutic agent is successful at restoring
proper cardiomyocyte function at a cellular level in the
dish, to what extent will its effect be able to translate to
the patient? Finally, can the problem of inter-line genetic
and epigenetic variability, which exists even among
hiPSCs lines from the same individual, be minimized?

In light of these issues, we should remember that iPSC
science is only 7 years old. While improvements in hiPSC-
CM production, maturation, and purification will con-
tinue, there is likely to be a dramatic rise in the utility of
these cells for cardiovascular disease modeling in vitro
and for high throughput drug screening and discovery.
Thus, while still in its infancy, hiPSC-CM technology
shines brightly given its potential for clinical applications
to improve cardiovascular health in the future.

Note: This article is part of a thematic series on Cardiovascular
regeneration edited by Ronald Li. Other articles in the series can

be found online at http://stemcellres.com/series/cardiovascular
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