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Discovery of Induced Pluripotent Stem Cells
Induced pluripotent stem cells (iPSCs) were first reported in 
2006, but the foundation of reprogramming was made long 
before. In 1981, Evans et al1 showed that embryonic stem cells 
(ESCs) could be derived by cultivating the inner cell mass of 
murine blastocysts. Human ESCs were successfully estab-
lished from the inner cell mass of human blastocysts in 1998.2 
From the perspective of developmental biology, ESCs have 2 
important properties: self-renewal and pluripotency. Decades 
earlier, in 1958, Gurdon et al3 injected the nucleus of somatic 
cells from a Xenopus tadpole into an enucleated oocyte of the 
same species to produce a cloned frog. Wilmut et al4 prepared 
the first mammal clone through similar means. These clon-
ing studies demonstrated that nuclei in somatic cells can be 
reprogrammed into the pluripotent stem state by appropriate 
stimulation. Finally, another important finding crucial to the 
discovery of iPSCs is that each cell type has its own master 
regulator genes, which specifically work to maintain the cel-
lular identity. The first proof of this feature came by showing 
that the expression of a single gene, MyoD, can convert mouse 
fibroblasts into skeletal muscle cells.5 This finding led to the 
idea that individual master regulator genes can directly con-
vert numerous cell types. Together, the above, abbreviated list 
of landmark discoveries paved the way to iPSCs.

The original mouse iPSCs were established by retrovirally 
introducing a set of 4 transcription factors (c-Myc, Oct3/4, 
Sox2, and Klf4)6 into mouse fibroblasts. iPSCs were shown 
not only to contribute to chimera formation but also to give 
rise to germline transmission, making them comparable with 
mouse ESCs.7–9 Human iPSCs were established similarly by 

introducing the same or another set of transcription factors.10,11 
Like mouse iPSCs, human iPSCs are comparable to human 
ESCs, which in this case means that they do not contribute to 
chimeric formation.

Oct3/4 is a homeodomain transcription factor that con-
trols the maintenance and differentiation of pluripotent stem 
cells (PSCs). Sox2 plays a crucial role in controlling the ex-
pression of Oct3/4.12 Together with Nanog, Oct3/4 and Sox2 
constitute the key transcriptional network for pluripotency. 
c-Myc is a proto-oncogene associated with the cause of vari-
ous cancers. It recruits chromatin-modifying proteins, lead-
ing to widespread transcriptional activation. It was previously 
shown that c-Myc is dispensable for reprogramming13 and 
can be replaced with L-Myc which is deficient in transforma-
tion activity.14 Klf4 acts as an oncoprotein or a tumor suppres-
sor in a context-dependent manner, is a downstream target 
of leukemia inhibitory factor, and activates Sox2.15 Although 
the precise mechanisms have not been fully elucidated, the 
coordination of these reprogramming factors leads to the re-
programming of somatic cells into pluripotency.

Retroviruses and lentiviruses were initially used to intro-
duce these transgenes, risking the development of insertional 
mutations in the cells. Furthermore, although the transgenes are 
silenced after reprogramming to pluripotency, they can be un-
intentionally reactivated, which risks tumorigenicity. To avoid 
these drawbacks, nongenetic methods, including adenovirus,16 
plasmid vectors,17–19 removable piggyBac transposons,20–22 and 
Sendai virus,23,24 were developed. It was recently reported that 
mouse embryonic fibroblasts can be reprogrammed into iPSCs 
by a combination of chemical compounds.25
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Abstract: Induced pluripotent stem cells (iPSCs) are reprogrammed cells that have features similar to embryonic 
stem cells, such as the capacity of self-renewal and differentiation into many types of cells, including cardiac 
myocytes. Although initially the reprogramming efficiency was low, several improvements in reprogramming 
methods have achieved robust and efficient generation of iPSCs without genomic insertion of transgenes. iPSCs 
display clonal variations in epigenetic and genomic profiles and cellular behavior in differentiation. iPSC-derived 
cardiac myocytes (iPSC cardiac myocytes) recapitulate phenotypic differences caused by genetic variations, making 
them attractive human disease models, and are useful for drug discovery and toxicology testing. In addition, iPSC 
cardiac myocytes can help with patient stratification in regard to drug responsiveness. Furthermore, they can be 
used as source cells for cardiac regeneration in animal models. Here, we review recent progress in iPSC technology 
and its applications to cardiac diseases.    (Circ Res. 2017;120:1958-1968. DOI: 10.1161/CIRCRESAHA.117.311080.)

Key Words: drug discovery ■ embryonic stem cells ■ heart failure ■ induced pluripotent stem cells ■ regeneration

Induced Pluripotent Stem Cells 10 Years Later
For Cardiac Applications

Yoshinori Yoshida, Shinya Yamanaka

From the Center for iPS Cell Research and Application, Kyoto University, Japan (Y.Y., S.Y.); and Gladstone Institute of Cardiovascular Disease, 
Gladstone Institutes, San Francisco, CA (S.Y.).

Correspondence to Yoshinori Yoshida, MD, PhD, Department of Reprogramming Science, Center for iPS Cell Research and Application, Kyoto 
University, 53, Kawahara-cho, Shogoin, Sakyo-ku, Kyoto 606-8507, Japan. E-mail yoshinor@cira.kyoto-u.ac.jp

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 11, 2018

mailto:﻿yoshinor@cira.﻿﻿kyoto﻿﻿-u﻿﻿.ac.jp﻿


Yoshida and Yamanaka    Toward Clinical Applications of iPSCs    1959

The reprogramming efficiency to iPSCs was initially very 
low but has since been significantly improved. Chemical com-
pounds, such as valproic acid, sodium butyrate, and histone 
deacetylase inhibitors, have been shown to enhance iPSC 
generation.26–28 The culture environment, such as hypoxic 
cultivation, also improves the reprogramming efficiency.29 
The generation of iPSCs can be further facilitated by the in-
hibition of the p53 pathways30–34 or the inhibition of Mbd3, 
a component of the NuRD (Mbd3/nucleosome remodelling 
and deacetylation repressor) complex,35 although additional 
factors specifically expressed in oocytes, such as Glis1 and 
H1foo, also enhance the reprogramming efficiency.36,37

Characterization of iPSC Lines
In mouse iPSCs, pluripotency can be confirmed by the capacity 
to contribute to chimeras after blastocyst injection. The pluripo-
tency of human iPSCs can be confirmed by the capacity to form 
teratomas after injection into immunodeficient mice. However, 
iPSCs are generated from several types of cells by various 
methods that can lead to different genetic aberrations and epi-
genetic profiles (Figure  1). This effect may explain why the 
presence of marked differences in the differentiation propensity 
of human iPSC lines was previously reported.38,39 Since this re-
alization, several factors that affect differentiation capacity have 
been reported. One factor is the residual DNA methylation sig-
nature transmitted from the parental cells, known as epigenetic 
memory.38–42 Another factor is the genetic differences between 
individual donors.43 A third factor is aberrations acquired during 
the reprogramming process, such as reprogramming-associated 
aberrant DNA methylation.40,44–49 We recently reported that epi-
genetic variations influence the differentiation and maturation 
capacity of human iPSC lines.49 These differences are important 
when using iPSCs for disease modeling. Investigation of the 
molecular mechanisms that cause clonal variations in the dif-
ferentiation/maturation capacity is therefore critical.

Several studies have described the differences of ESCs 
and iPSCs especially with regard to epigenetic profiles.38,39,50 
These epigenetic differences are supposedly attributable in 
part to variations among iPSC clones. By comparing multiple 
human iPSC and ESC lines, we have shown that the methyla-
tion profiles of iPSC-specific differentially methylated regions 
differ markedly depending on the iPSC clone, with some iP-
SCs showing similar epigenetic profiles in iPSC-specific 
differentially methylated regions to those of human ESCs.49 
These findings underscore the importance of comprehensive 
profiling of iPSC lines to identify those suitable for biomedi-
cal application.

Generation of Cardiac Myocytes From PSCs
The generation of cardiac myocytes from PSCs was first re-
ported using embryoid bodies with media containing serum51; 
however, the efficiency was 5% to 10%. Since then, several 
groups have revealed ways to elevate the efficiency. Mummery 
et al52 reported that coculture with mouse endodermal-like 
cells (END2) enhances the differentiation efficiency. Efficient 
cardiac myocyte induction using cytokines, such as Activin A 
and BMP4 (bone morphogenetic protein 4), was achieved in 
2-dimensional monolayer and embryoid body–based differen-
tiation systems.53,54 The addition of chemical compounds that 
inhibit Wnt signaling was also shown to enhance the cardiac 
myocyte differentiation efficiency markedly.55 Burridge et al56 
more recently reported a 3-step differentiation system using 
culture conditions with only chemically defined factors and 
without the use of serum to generate cardiac myocytes.

The differentiated cells induced from PSCs are a hetero-
geneous mixture of cell types. Antibodies against SIRPα (sig-
nal regulatory protein α) or VCAM1 (vascular cell adhesion 
molecule 1) were reported effective in isolating cardiac myo-
cytes.57–59 By using media with glucose depletion and the sup-
plementation of lactate, PSC-derived cardiac myocytes can be 
purified metabolically.60 In addition, the combination of gluta-
mine and glucose depletion was reported to further eliminate 
undifferentiated PSCs.61 We recently reported that synthetic 
RNA capable of sensing cardiac myocyte-specific microR-
NAs can purify cardiac myocytes at unprecedented levels.62

PSC-derived cardiac myocytes, such as cardiac myocytes 
in the heart, are composed of ventricular-, atrial-, and nodal-
like cells,63 and each cardiac myocyte subtype has distinct 
electrophysiological properties. Blazeski et al64 reported that 
current differentiation protocols are biased to generate ven-
tricular-like cells, with only a small proportion of cells becom-
ing atrial or nodal like. The manipulation of BMP signaling 
and retinoid acid signaling during the cardiac myocyte induc-
tion enhances the efficiency of nodal-like cell generation,65 
although treatment with retinoic acid was found to promote 
the specification of atrial cardiac myocytes.66 PSC-derived 
cardiac myocytes should be mature when used for regenera-
tive medicine or drug discovery. Ideally, the maturity will 
be similar to that of cardiac myocytes in the adult myocar-
dium, such that the derived cells display similar contractility, 
electrophysiological performance, and responses to pharma-
cological stimulation. However, in reality, PSC-derived car-
diac myocytes are immature and more consistent with cardiac 
myocytes in the embryonic state.67 Immature cardiac myo-
cytes show less-organized sarcomeric structures and calcium-
handling machinery.68 These characteristics are reflected by 
the low expression of maturation-related sarcomeric genes, 
such as MYL2, MYH7, TCAP, and MYOM2, and ion transport–
related genes, such as KCNJ2 and RYR2.69

Consequently, multiple efforts have been made to induce 
cardiac myocyte maturation. Several types of methods, in-
cluding the addition of thyroid hormone,70 a thick layer of 
matrigel,71 or long cultivation,72 have been reported to ma-
ture PSC-derived cardiac myocytes. In addition, mechanical 
conditioning in 3-dimensional cardiac tissue combined with 
electric stimulation was reported to mature PSC-derived car-
diac myocytes.73 Some miRNAs have also shown to induce the 

Nonstandard Abbreviations and Acronyms

CRISPR/Cas9	 clustered regularly interspaced short palindromic re-
peats/clustered regularly interspaced short palindromic 
repeat–associated 9

ESC	 embryonic stem cell

iPSC	 induced pluripotent stem cell

LQTS	 long QT syndrome

MHC	 myosin heavy chain

PSC	 pluripotent stem cell
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maturation of PSC-derived cardiac myocytes.74,75 Kuppusamy 
et al75 reported that let-7 induces cardiac myocyte maturation 
via the suppression of the phosphoinositide 3 kinase/AKT 
pathway and activation of fatty acid metabolism (Figure 2).

With maturation, the shape of the cardiac myocytes takes a 
prolonged and anisotropic form, and the sarcomeric structure 
becomes well organized and shows an increased sarcomeric 
length. In addition, some proteins in the sarcomere structure un-
dergo an isoform switch. As an example, TNNI1 is expressed in 
human embryonic cardiac myocytes, but TNNI3 (slow skeletal 
troponin T) is expressed in adult hearts.76,77 This isoform switch 
was also observed in human iPSC–derived cardiac myocytes.78 
Similarly, isoform switching of myosin heavy chain (MHC) 
occurs during development. In rodents, β-MHC (encoded by 
MYH7 gene) is expressed predominantly in fetal ventricle and 
replaced by α-MHC (encoded by MYH6) after birth.79 On the 
other hand, in humans, β-MHC is the predominant isoform in 
ventricular myocardium,80,81 and human PSC–derived cardiac 
myocytes show increased expression of β-MHC and decreased 
expression of α-MHC during maturation.67,70 The maturation 
of the sarcomeric structure and myofibrillar isoform switch 
is essential for efficient force generation in cardiac myocytes. 
Further studies to induce these changes are required.

In addition, electrophysiological properties change during 
cardiac myocyte maturation. It was previously reported that 
the electrophysiological properties of cardiac myocytes de-
rived from human PSCs resemble embryonic or fetal-like car-
diac myocytes.52,82,83 The resting membrane potential in adult 
cardiac myocytes in heart tissue is ≈−90 mV,68 but that in hu-
man PSC–derived cardiac myocytes is less negative, probably 

because of the lower expression level of I
K1

 channel. I
K1

 and 
I

to
 currents increase during the maturation process.84 Calcium 

handling and excitation–contraction coupling are important 
determinants of the contractile properties of cardiac myocytes. 
It was reported that cardiac myocytes derived from PSCs, like 
those from heart tissues, show calcium handling85–89 and that 
the RYR-mediated sarcoplasmic reticulum calcium store in-
creases during maturation.88 Furthermore, transverse tubules 
play a key role in excitation–contraction coupling in adult 
cardiac myocytes. In rats, fetal cardiac myocytes show an 
absence of T-tubules, but T-tubules are formed after birth.90 
Human PSC–derived cardiac myocytes cultured in vitro were 
reported to have few or no T-tubules,88,91,92 which may hinder 
the recapitulation of disease phenotypes or responses to phar-
macological stimulation. Therefore, a protocol in which PSC-
derived cardiac myocytes are matured is needed to ensure that 
cellular properties are consistent with the adult myocardium.

As explained above, PSC-derived cardiac myocytes are 
a heterogeneous mixture of different cardiac subtypes and 
maturation stages. Therefore, the selective generation of car-
diac myocytes of specific subtypes and maturation stages will 
facilitate the application of PSC-derived cardiac myocytes for 
cardiac regeneration and disease modeling.

Disease Phenotype and Drug Discovery
The electrophysiological properties of human and mouse 
cardiac myocytes are different. Mouse cardiac myocytes 
have shorter action potential duration and faster heart rates 
(≈600 bpm). These differences are reasons why mouse mod-
els do not adequately recapitulate human disease. In addition, 

Figure 1. Factors which possibly cause 
clonal differences of induced pluripotent 
stem cells (iPSCs).
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human primary cardiac myocytes are difficult to sample and 
maintain stably in vitro. Furthermore, unlike mouse models, 
iPSC-derived cardiac myocytes can be created from patient 
cells. For these reasons, human iPSC–derived cardiac myo-
cytes are intriguing disease models. Another advantage of 
iPSC-based disease modeling is the absence of compensa-
tory mechanisms often observed in in vivo diseased condi-
tions; disease phenotypes in vivo are presented as a mixture of 
disease-causing deficits that stimulate compensatory changes. 
Furthermore, the combination of gene-editing technologies, 
such as CRISPR/Cas9 (clustered regularly interspaced short 
palindromic repeats/clustered regularly interspaced short pal-
indromic repeat–associated 9), with iPSC technology allows 
for the investigation of mutations and SNPs (single nucleo-
tide polymorphisms) under the same genetic background, 
enabling the precise analysis of disease phenotypes and drug 
responses under genetic conditions identical to those of the 
actual patient.

Moreover, iPSC-derived cells can recapitulate the cellular 
phenotypes of not only monogenic disorders but also polygen-
ic/complex diseases. The penetration of most genetic disease 
caused by autosomal dominant mutations is <100% because 
of the presence of a modifier that affects the development and 
severity of the diseases. A comparison of iPSC-derived en-
dothelial cells from patients with familial pulmonary arterial 
hypertension and unaffected carriers of diseases with BMPR2 
mutations revealed the presence of modifier pathways that 
protect against familial pulmonary arterial hypertension.93 
That report suggested that iPSC technology can help clarify 
development and progression of diseases caused by multiple 
genetic factors. Furthermore, iPSC technology provides a 
promising tool for investigating the correlation of differences 
in gene expression and genetic variations among individuals.94

Finally, recent iPSC studies have reported the recapitula-
tion of individual susceptibility to cardiotoxicity caused by 
drugs, such as doxorubicin and sotalol.95,96 iPSC-derived car-
diac myocytes are therefore expected to be helpful for predict-
ing the response of individual patients to new drugs, which 
may facilitate drug development through the identification of 
drug responders (Figure 3).

Cardiac Arrhythmias
One of the earliest reports of iPSC-based disease modeling 
was on long QT syndrome (LQTS), in which prolongation 
of the depolarization period is associated with an increased 
risk of lethal ventricular arrhythmias. iPSC-based studies of 
LQTS1,97–99 LQTS2,100–103 and LQTS3104,105 have been report-
ed. The first report focused on type 1 LQTS, which is caused 
by the mutation of KCNQ1 (KCNQ1-R190Q).99 iPSC-derived 
ventricular cardiac myocytes from patients with the KCNQ1 
mutation displayed prolonged action potential duration in a 
whole-cell patch-clamp analysis. A voltage clamp analysis re-
vealed a decrease in the I

Ks
 current of LQTS1-iPSC–derived 

ventricular cardiac myocytes. Another article that modeled 
LQTS2 reported that iPSC-derived cardiac myocytes with the 
KCNH2 mutation (KCNH2-A614V) showed a prolonged ac-
tion potential duration and decreased I

Kr
 current.103 That study 

further revealed an increased frequency of early afterdepolar-
ization and triggered activity. Gain-of-function mutations in 
SCN5A are responsible for LQTS3, which was modeled using 
patient-specific iPSCs.104,105

Other channelopathies studied with iPSCs include Timothy 
syndrome, which is caused by a mutation in CACNA1C and 
presents with a variety of symptoms, including QT prolonga-
tion, syndactyly, autism, and immune deficiency.106 Embryoid 
bodies composed of cardiac myocytes derived from Timothy 

Figure 2. Cardiac myocyte maturation 
and differences in gene expression and 
cellular phenotypes.
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syndrome patients showed an increased rate of spontaneous 
beating. A whole-cell patch-clamp analysis using iPSC-de-
rived ventricular cardiac myocytes with CACNA1C mutation 
showed a prolongation of action potential duration and fre-
quent occurrence of delayed afterdepolarization. A voltage 
clamp analysis demonstrated impaired inactivation of the 
L-type calcium channel, resulting in hyperfunction of this 
channel. The same study also showed that roscovitine, which 
enhances the inactivation of CaV1.2, can shorten the action 
potential duration.

As alluded to above, the combination of CRISPR/Cas9 
with iPSC technology can further the study of cardiac ar-
rhythmias. Mutations in calmodulin genes cause early-onset 
severe LQTS (LQTS14, 15) by preventing Ca2+/calmodulin-
dependent inactivation of L-type Ca channels.107,108 Recently, 
the disease phenotypes of cardiac myocytes derived from 
iPSCs with calmodulin gene mutations were corrected by 
allele-specific knockdown or interference using CRISPR 
technology.109,110 These reports demonstrate the potential of 
using LQTS patient iPSC-derived cardiac myocytes to model 
disease phenotypes and provide insights onto new therapies.

Catecholaminergic polymorphic ventricular tachycardia, 
which is caused mainly by mutations in RYR2 (catecholamin-
ergic polymorphic ventricular tachycardia-1) or CASQ2 (cate-
cholaminergic polymorphic ventricular tachycardia-2), has also 
been investigated using patient-specific iPSCs.111–118 Cardiac 
myocytes derived from catecholaminergic polymorphic ven-
tricular tachycardia iPSCs with the RYR2 mutation showed 
an increased concentration of intracellular calcium after the 
addition of isoproterenol, and catecholaminergic stimulation 
increased the frequency of calcium sparks.115 Dantrolene,115 
thapsigargin (a intracellular calcium releaser), S107 (an RYR 
stabilizer),115 CAMKII inhibitors, propranolol (a β blocker), 
and flecainide were all shown to ameliorate the disease pheno-
types. These findings indicate the potential of cardiac myocytes 
derived from disease-specific iPSCs for drug screening.

Cardiomyopathy
Along with cardiac arrhythmias, patient-specific iPSCs have 
been used to model cardiomyopathies in vitro. One of the 
earliest reports studied LEOPARD syndrome.119 Mutations in 
the PTPN11 gene are responsible for LEOPARD syndrome, 
which show various clinical manifestations, including hyper-
trophic cardiomyopathy, lentigines, pulmonary stenosis, ab-
normal genitalia, retarded growth, and deafness. PTPN11 is 
a protein tyrosine phosphatase SHP2 that plays an important 
role in the RAS/MAPK signal pathway. Cardiac myocytes 
derived from patient iPSCs showed increased cell size, de-
veloped sarcomere structure, and the nuclear translocation of 
NFATC4, all of which are consistent with changes in hyper-
trophic cardiac myocytes. In addition, the cardiac myocytes 
showed upregulated phosphorylation of ERK and MEK.

Other reports have used iPSCs to study pathologies associ-
ated with hypertrophic cardiomyopathy.98,120,121 The resulting 
cardiac myocytes displayed higher frequencies of sarcomeric 
disorganization and increased cellular size than normal. Liang 
et al98 reported that cardiac myocytes derived from hypertro-
phic cardiomyopathy iPSCs were more prone to drug-induced 
prolongation of the action potential duration and arrhythmias.

Disease models also exist for dilated cardiomyopa-
thy.98,122–125 Patient iPSC-derived cardiac myocytes showed 
cellular characteristics consistent with dilated cardiomyopa-
thy, including sarcomere disorganization, a decreased con-
tractile function, and calcium-handling abnormality. Sun et 
al122 reported that the disease phenotypes of dilated cardiomy-
opathy iPSC–derived cardiac myocytes, which have a point 
mutation in TNNT2, are ameliorated by metoprolol. A report 
on LMNA-related cardiomyopathy showed enhanced nuclear 
senescence and apoptosis of patient iPSC-derived cardiac 
myocytes. For further disease modeling of cardiac disorders, 
3-dimensional tissue engineering is advised. As an example, 
Hinson recently investigated the disease phenotypes of dilated 
cardiomyopathy caused by several types of TTN mutations by 

Figure 3. Patient stratification based on drug 
responsiveness using induced pluripotent 
stem cells–derived cardiac myocytes.
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comparing the contractile performance of cardiac microtis-
sues engineered from iPSC-derived cardiac myocytes.124

Arrhythmogenic right ventricular cardiomyopathy is an-
other cardiomyopathy modeled with patient iPSCs.126–128 iP-
SC-derived cardiac myocytes with the PKP2 mutation showed 
no pathological phenotypes under normal culture conditions, 
but when the media were supplemented with defined factors 
to induce the activation of lipogenic pathways, the cardiac 
myocytes showed increased lipogenesis and apoptosis.128 That 
study suggested that the induction of adult-like metabolic 
conditions could facilitate the manifestation of disease pheno-
types in adult-onset diseases in vitro.

Other Types of Cardiomyopathies 
and Myocarditis

Disease models of the mitochondrial disease Barth syndrome129 
using iPSCs have been reported. Barth syndrome is caused by 
a mutation in the TAZ gene, which plays an important role on 
the mitochondria structure. Mutant TAZ causes an abnormal 
mitochondrial structure and function. Wang et al129 reported 
that cardiac myocytes derived from Barth syndrome iPSCs 
show mitochondrial dysfunction, abnormal contractility, and 
elevated reactive oxygen species. In addition, abnormalities in 
the Barth syndrome iPSC cardiac myocytes were corrected by 
the addition of linoleic acid, a precursor of cardiolipin, or mi-
toTEMPO, a mitochondria-targeted antioxidant. Other types 
of cardiac myocyte diseases, including the glycogen storage 
disorder Pompe disease130 and infectious myocarditis,131 have 
been reported. Sharma et al131 reported the applicability of 
iPSC-derived cardiac myocytes for antiviral drug screening 
against coxsackievirus B3-induced myocarditis.

Cardiac Safety Testing
During drug development, drug-induced proarrhythmias are 
a paramount concern. In the cardiovascular field, avoiding a 
drug-induced ventricular arrhythmia, torsades de Pointes, is 
particularly critical,132–134 and drugs that can prolong ventricu-
lar repolarization in the preclinical phase have been intensely 
sought.135–137 The association of blockade of I

Kr
 current with 

prolongation of ventricular repolarization was shown, and 
an hERG test, which uses cell lines stably expressing hERG 
(namely KCNH2, which encodes the I

Kr
 channel) to identify 

compounds with a propensity to block I
Kr

 current, was ad-
opted for safety testing. However, because the actual risk of 
drug-induced cardiac toxicity is determined by multiple car-
diac channels, the results of these tests may not adequately 
describe the actual risk. A lack of specificity may overestimate 
the cardiac toxicity, terminating the development of poten-
tially effective drugs.138,139 PSC-derived cardiac myocytes are 
expected to help resolve the current limitations in cardiotoxic-
ity tests. Most of the currents seen in adult ventricular cardiac 
myocytes can be recapitulated in PSC-derived cardiac myo-
cytes.63,140 Electrophysiological profiling, including a patch-
clamp analysis, microelectrode array, calcium indicator dye, 
and membrane potential dye using cardiac myocytes derived 
from PSCs, was used in in vitro pharmacological testing to 
demonstrate drug-induced proarrhythmic responses, includ-
ing the prolongation of action potential duration.82,141–145 As de-
scribed above, PSC-derived cardiac myocytes are equivalent 

to embryonic cardiac myocytes, but for drug safety testing, 
cardiac myocytes are required to display drug responses con-
sistent with adult heart tissues, so further maturation should 
improve the predictability of drug-induced cardiac toxicity. 
The Comprehensive in vitro Proarrhythmia Assay proposes 
that proarrhythmic risks be determined by integrating the non-
clinical data of the effects of drugs on multiple human cardiac 
ion channels obtained by an exogenous expression system 
using patch-clamp methods with the findings from in silico 
analyses and subsequent confirmation using cardiac myocytes 
derived from human stem cells, such as PSCs.146,147

It has also been shown that PSC-derived cardiac myocytes 
can be used to predict cardiac toxicity caused by anticancer 
drugs, as Burridge et al96 reported that patient-specific iPSC-
derived cardiac myocytes can recapitulate individual propen-
sities toward doxorubicin-induced cardiotoxicity.

Cardiac Myocyte Regeneration
Heart failure is one of the most common causes of death 
worldwide, and medical treatment for patients with severe 
heart failure still has only limited benefit. Surgeries, includ-
ing cardiac transplantation and the implantation of ventricular 
assist devices, are available for only a limited number of pa-
tients. Cardiac regeneration using PSCs is therefore expected 
to be useful as a treatment for otherwise untreatable severe 
heart failure. Transplanted PSC-derived cardiac myocytes are 
expected to improve cardiac function via mechanistic contri-
bution to the cardiac contraction and via trophic effects. For 
the former purpose, electrophysiological integration of the 
transplanted cells and host myocardium is important. Using 
a guinea pig model, Shiba et al148 reported that transplanted 
cardiac myocytes were able to form gap junctions with the 
surrounding host myocardium and achieve 1:1 host graft cou-
pling. Trophic effects were attributable to factors secreted from 
the grafted cells, such as growth factors. Cotransplantation of 
noncardiac myocytes may enhance the trophic effects.149

It was reported that transplanted human PSC–derived 
cardiac myocytes can engraft and form myocardium in ro-
dents.54,150,151 However, the survival of the transplanted cardiac 
myocytes is limited, compromising efficient regeneration of 
the injured myocardium. Hydrogel composed mainly of lam-
inin, matrigel, and a prosurvival cocktail (including insulin-
like growth factor 1 and cyclosporine A) along with heat 
shock pretreatment improved the survival of the transplanted 
cells through antiapoptotic effects.54,152 We recently reported 
that the engraftability of iPSC-derived cardiac myocytes dif-
fers depending on the maturation stage.69

To overcome the poor survival of transplanted cells, sheet- 
or patch-form cardiac myocytes and aggregates of cardiac 
myocytes have been used.153,154 Epicardial transplantation us-
ing stacked cell sheets between which gelatin hydrogel beads 
are loaded was also reported to improve the cardiac func-
tion.155 Zimmermann et al156 reported technology to generate 
engineered heart tissue that generates contractile force using 
neonatal rat cardiac myocytes. The engineered heart tissues 
engrafted efficiently after transplantation into immunosup-
pressed infarcted rat hearts and improved the cardiac function. 
This technology can be applied to cardiac myocytes derived 
from human PSCs.157,158
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Building on murine models, larger animal models have 
been reported more recently. Transplantation studies using a 
monkey model revealed that human PSC–derived cardiac my-
ocytes were able to engraft in the infarcted hearts of monkeys 
treated with immunosuppressive agents.159 Kawamura et al160 
reported the transplantation of cell sheets composed of cardiac 
myocytes derived from human iPSCs using a pig model of 
myocardial infarction. Intramyocardial transplantation of car-
diac myocytes along with smooth muscle cells and endothe-
lial cells, all derived from human iPSCs, with a 3-dimensional 
fibrin patch containing IGF-1 (insulin-like growth factor 1) 
was shown to increase the cardiac function in another porcine 
model of acute myocardial infarction.161

New evidence indicates that the outcomes of cell therapies 
will benefit from donor matching. In allogeneic transplanta-
tion experiments, cardiac myocytes derived from monkey 
iPSCs with major histocompatibility complex homozygosity 
were shown to engraft into infarcted hearts and improve the 
cardiac function of heterozygous major histocompatibility 
complex–matched monkeys.162 The immune response of the 
heterozygous major histocompatibility complex monkeys was 
favorable when transplantation involved cardiac myocytes 
derived from homozygous major histocompatibility complex–
matched monkey iPSCs than from monkeys without identical 
major histocompatibility complex alleles.163 These findings 
support the clinical rationale of allogeneic transplantation us-
ing major histocompatibility complex homozygous PSCs.

Nevertheless, ventricular arrhythmias may occur after the 
transplantation of cardiac cells.159,162 The transplantation of 
immature or dedifferentiated cells can result in heterogene-
ity of repolarization, leading to reentry and triggered activity. 
Paracrine factors secreted from the graft cells may also cause 
electrophysiological changes, resulting in arrhythmia genera-
tion through increased automaticity, triggered activity, and 
reentry.164,165

The first clinical transplantation of human ESC–derived 
cardiac progenitors was reported by Menasche et al.166,167 
They successfully transplanted cardiac progenitor-loaded fi-
brin patches into the hearts of patients with advanced isch-
emic heart failure. Considering the similarity between cardiac 
myocytes derived from human ESCs and those derived from 
iPSCs, a platform developed using human ESCs should be ap-
plicable to human iPSCs too.

Conclusions
iPSCs have been shown to be useful for investigating the phe-
notypes and disease mechanisms in cells of variable mutations 
and other genetic conditions. These properties of iPSCs are 
expected to make them a powerful tool for providing new ther-
apeutic insights in the era of precision medicine. Furthermore, 
iPSCs have been applied to cell transplantation and are ex-
pected to function as source cells for cardiac regeneration. 
Before reaching this level, however, several issues, such as 
arrhythmias, should be addressed.
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