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Human pluripotent stem cell-derived
cardiomyocytes for heart regeneration, drug
discovery and disease modeling: from the genetic,
epigenetic, and tissue modeling perspectives
Maggie Zi Chow1,2, Kenneth R Boheler1,2,3 and Ronald A Li1,2,4*
Abstract

Heart diseases remain a major cause of mortality and morbidity worldwide. However, terminally differentiated human
adult cardiomyocytes (CMs) possess a very limited innate ability to regenerate. Directed differentiation of human
embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs) into CMs has enabled clinicians and researchers
to pursue the novel therapeutic paradigm of cell-based cardiac regeneration. In addition to tissue engineering and
transplantation studies, the need for functional CMs has also prompted researchers to explore molecular pathways and
develop strategies to improve the quality, purity and quantity of hESC-derived and iPSC-derived CMs. In this review, we
describe various approaches in directed CM differentiation and driven maturation, and discuss potential limitations
associated with hESCs and iPSCs, with an emphasis on the role of epigenetic regulation and chromatin remodeling, in
the context of the potential and challenges of using hESC-CMs and iPSC-CMs for drug discovery and toxicity screening,
disease modeling, and clinical applications.
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Introduction
Human embryonic stem cells (hESCs), isolated from the
inner cell mass of blastocysts, have the ability to propagate
indefinitely in culture and can differentiate into any cell
type in the body. As such, hESCs can potentially provide
an unlimited supply of even highly specialized cells for
restoring organ functions that have been damaged by
aging, diseases, or traumas. The discovery that mature
somatic cells can be reprogrammed to generate induced
pluripotent stem cells (iPSCs) [1,2] further provides inves-
tigators with a genetically diverse human model system
for studying disease mechanisms, drug screening, and
potential new therapeutic strategies.
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In 2006, Takahashi and Yamanaka were the first to show
that mouse fibroblasts can be reprogrammed to embryonic
stem-like pluripotent cells by retroviral transduction with
four transcription factors: OCT4 (POU5F1), SOX2, KLF4,
and MYC [3]. A year later, the same four retroviral vectors
were shown to be effective in reprogramming human fibro-
blasts [1]. Similarly, Yu and colleagues generated human
induced pluripotent stem cells (hiPSCs) based on lentiviral
transfer of OCT4, SOX2, LIN28, and NANOG [2]. Repro-
gramming has now been performed and tested with
numerous somatic sources, displaying a range of kinetics
and efficiencies [4], including accessible sources such as
keratinocytes from skin [5], peripheral blood [6-8], mesen-
chymal cells in fat [9], epithelial cells in urine [10,11], and
oral mucosa [12].
Subsequent studies have further reduced the require-

ment to only one or two factors in the reprogramming
cocktail, as small molecules or epigenetic modulating
drugs can be used to replace the omitted factors [13].
For instance, the addition of valproic acid, a histone
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deacetylase (HDAC) inhibitor, allows reprogramming with
only OCT4 and SOX2 [14]. Furthermore, to avoid per-
manent and random genomic integration of viral vectors
that can lead to DNA aberrations, various nonintegrative
or nonviral methods have been successfully employed in
the generation of iPSCs. These include transient DNA
transfection using episomal plasmids [15] or minicircles
[16], protein delivery [17], transfection of synthetic modi-
fied mRNAs [18], or use of nonintegrating Sendai virus
[19]. Although hiPSCs are comparable with hESCs in
terms of morphology, surface marker expression, ability to
form three germ layers, and teratoma formation capacity,
mounting evidence indicates that the epigenetic landscape
and gene expression profiles vary among different hESC
lines and hiPSC clones, which can be indicative of incom-
plete reprogramming, thereby leading to differentiation
potential bias and premature senescence [20-27]. Hence,
the choice of reprogramming and differentiation tech-
niques as well as stringent quality controls are critical to
the prospects of pluripotent stem cell therapy regimes.

Directed cardiac differentiation
hESCs can spontaneously differentiate into cardiomyocytes
(CMs) under appropriate culture conditions. When hESCs
are cultured in suspension with serum for a period of 7 to
10 days, differentiation to derivatives of the three germ
layers occurs and aggregates of cells called embryoid bodies
(EBs) are formed. EBs can then be cultured on gelatin-
coated dishes from which spontaneously contracting CMs
will be observed. Within a mixed population of differenti-
ated cells, a minority of EBs develop CMs and beating
areas are visible only in 5 to 15% of EBs [28-30] with the
actual yield of hESC-CMs being <1%. The efficiency has
been reported to be improved by the addition of DNA
demethylating agent 5-aza-cytidine [31], by incubation in
hypoxic conditions [32], or by co-culture with endodermal
END2 cells [33]. Yet the yields of CMs generated by these
methods remain poor.
Using a series of defined growth factors to guide differ-

entiation toward the cardiac lineage, directed differenti-
ation protocols that significantly enhance the generation
of hESC-derived and hiPSC-derived CMs have been devel-
oped [34-37]. These approaches have revealed that CM
differentiation is orchestrated by sequential expression
of different sets of genes in specific stages as follows:
mesoderm formation (BRY, MIXL1, FOXC1, DKK1), car-
diogenic mesoderm (MESP1, ISL1, KDR), cardiac-specific
progenitors (NKX2.5, GATA4, TBX5, MEF2C, HAND1/2),
and CM maturation (ACTN1, MYH6,TNNT2) [38]. Three
families of growth factors are implicated in the control
of mesoderm formation and cardiogenesis. Specifically,
bone morphogenetic protein (BMP) signaling generally
promotes cardiogenesis, wingless in Drosophila (Wnt)
proteins are involved in cardiac specification, and
fibroblast growth factors drive mesodermal cells into myo-
cardial differentiation [39]. The timing and concentration
of these growth factors are crucial for controlling signaling
pathways for the induction of directed CM differentiation.
In a monolayer-based protocol for directed cardiac

differentiation, H7 hESCs exposed to activin A for 1 day
followed by 4 days of BMP4 in serum-free RPMI medium
supplemented with B27 have been shown to yield >30%
contracting CM-containing clusters at day 12 [34]. Simi-
larly in a suspension EB protocol, the addition of BMP4,
activin A, and basic fibroblast growth factor to differenti-
ation medium for 4 days induces primitive-streak forma-
tion. Subsequent Wnt inhibition with Dickkopf homolog
1 for 4 days promotes cardiac mesoderm specification,
which together with vascular endothelial growth factor
promotes expansion and maturation. The differentiating
cells can be maintained in medium containing basic fibro-
blast growth factor, Dickkopf homolog 1, and vascular
endothelial growth factor to support further cardiac
lineage development [35]. A specific population of kinase
domain receptor (KDR)low/c-kitneg cells isolated on day 6
is found to constitute a set of cardiovascular progenitors
(CPs) that are able to differentiate into all three cardiovas-
cular lineages – namely CMs, smooth muscle cells, and
endothelial cells. Cardiac genes, including those encoding
cardiac troponin T (TNNT2), atrial and ventricular
isoforms of myosin light chain (MYL7/MYL2), and
cardiac transcription factors (NKX2.5, TBX5, TBX20), are
upregulated in the KDRlow/c-kitneg cells and 50% of the
population consists of contracting CMs when plated in
monolayer culture. With optimal activin and BMP4
concentrations, 80% of the KDR/platelet-derived growth
factor receptor-α double-positive population isolated on
day 5 differentiates into CMs [36].
Recently, sequential addition of activin A and BMP4 to

defined RPMI/B27 medium together with double layers of
a commercially available extracellular matrix (Matrigel) on
day −2 and day 0 of differentiation provided a favorable
microenvironment that further promotes epithelial–
mesenchymal transition for precardiac mesoderm forma-
tion. Such a matrix sandwich method results in the
efficient production of CMs from multiple hESC and
hiPSC lines with high yields and a purity of up to
98% cTnT+-derived cells [37].
Furthermore, as Wnt signaling activity is a key regulator

of cardiogenesis, early and late Wnt signaling enhances
and represses heart development, respectively. Efficient
CM differentiation can be achieved via appropriate tem-
poral modulation of regulatory elements in the Wnt sig-
naling pathway [40]. In this robust and growth factor-free
approach, the Wnt pathway is first activated by glycogen
synthase kinase 3 inhibitor to induce differentiation on
day 0, followed by shRNA β-catenin knockdown or the
use of small molecules that block Wnt protein secretion
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to repress Wnt activities on day 3 of differentiation.
Contracting cells are observed on day 7 and 90% of the
differentiated cells are cTnT+ on day 15 in multiple hESC
and hiPSC lines.
Furthermore, chemically synthesized small molecules

that target other signaling pathways have also been
screened for their ability to promote cardiac differenti-
ation process. Finally, enhanced cardiogenesis of hESCs
has been demonstrated through nodal pathway inhibition
at day 4 to promote cardiac specification [36] and through
inhibition of the p38 mitogen-activated protein kinase
pathway, which favors early mesoderm formation [41].
Select methods of CM-directed differentiation are
schematically summarized in Figure 1.
All of the above CM differentiation protocols require

optimization among hESC/hiPSC lines, and result in
highly heterogeneous cell populations, consisting of a
mixture of pacemaker, atrial and ventricular derivatives, as
well as some non-CMs [42]. Functionally, the derived
CMs respond to electric and chemical stimulation of the
β-adrenergic signaling pathway [30,43], and in general the
isolated derived cTnT+ cells display similar gene expres-
sion profiles, ultra-structures, calcium-handling proteins,
and ion channel functionality typical of immature CMs.
Although a striated pattern for α-actinin and myosin light
chain is observed [44], the derived CMs lack organized
sacromeres and t-tubules [45,46]. Cell surface marker
signal regulatory protein-α and vascular cell adhesion
molecule-1 as well as ROR2+/CD13+/KDR+/platelet-
derived growth factor receptor-α+ cells derived from dif-
ferentiating hESCs have been detected on CPs that form
CMs [47-49], but no convenient chamber-specific surface
markers have yet been identified for robust isolation of
CM subtypes. Ultimately, identification of accessible
chamber-specific surface markers, as opposed to the
use of reporter genes, will be required for any eventual
therapeutic application.

Genetic and nongenetic driven maturation of hESC
cardiomyocytes
For safety and efficacy of using hESC-CMs as human heart
disease models, for drug screening, or for cell-based trans-
plantation therapies, understanding the electrophysiological
functions is of paramount importance. Both genetic and
nongenetic approaches have been implemented to promote
hESC-CM maturation to recapitulate the properties of
the adult counterparts. hESC-CMs have been structurally
and functionally characterized by ourselves and several
laboratories.
hESC-CMs express an array of cardiac-specific tran-

scription factors and structural proteins [28,30,43,50].
While adult ventricular CMs are normally electrically
silent-yet-excitable upon stimulation, >50% of hESC-
derived ventricular CMs fire spontaneously, exhibiting a
high degree of automaticity [51]. The remaining quiescent
cells can elicit single action potentials upon stimulation,
showing an intact excitability; however, they display a
prominent phase 4-like depolarization, a frequent occur-
rence of delayed after depolarization, and a significantly
depolarized resting membrane potential. IK1 is robustly
expressed in adult ventricular CMs, but is seen in neither
spontaneously firing nor quiescent hESC-derived ven-
tricular CMs. Interestingly, forced expression of Kir2.1
in immature hESC-derived ventricular CMs rendered
their action potential properties adult-like, in which the
percentage of quiescent ventricular CMs increased up to
100% and Kir2.1-silenced hESC-derived ventricular CMs
could elicit single action potentials upon excitation, with a
significantly hyperpolarized resting membrane potential
indifferent from adult-like but without incomplete phase
4 and delayed after depolarization. Unfortunately, Ca2+

handling stays immature [52,53]. Contractile apparatus
and myofilaments even deteriorate, probably due to the
lack of spontaneous contractions after silencing. Indeed,
immature Ca2+ transient properties of hESC-CMs can be
attributed to the differential developmental expression
profiles of Ca2+-handling proteins [52,53]. In a separate
study, forced expression of calsequestrin improves Ca2+

transients in hESC-CMs by significantly increasing the
transient amplitude, upstroke, and decay velocities as
well as the sarcoplasmic reticulum content, but without
altering ICa,L, suggesting the improved transient is not
simply due to a higher Ca2+ influx [54]. However,
calsequestrin-matured cells continue to have immature
electrophysiological properties. In developing neurons,
Kir2.1 expression is known to alter excitability by escalating
in response to extrinsic excitation via an activity-dependent
mechanism to mediate synaptic plasticity, and vice versa.
Interestingly, by mimicking endogenous fetal heart pacing
by field stimulation in culture, the regulated rhythmic
electrical conditioning of hESC-CMs promotes in vitro
electrophysiological, Ca2+ handling, as well as contractile
maturation with more organized myofilaments [51].

Genetic and epigenetic manipulation and profiling
of hESC/iPSC-derived cardiomyocytes
High-throughput screening allows comprehensive analysis
of mRNA and miRNA expression, as well as character-
ization of the epigenetic landscape and detection of
changes in histone modifications and DNA methylation
status. More specifically, whole-genome expression profil-
ing and RNA sequencing are commonly employed to
compare and characterize transcriptomes and miRNA
profiles among differentiated cell populations, as well as
between iPSC and embryonic stem cell (ESC) lines
(reviewed in [55]). Differences among these profiles can
be informative of nonuniform epigenetic states that may
exist between cell lines. DNA methylation studies and
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Figure 1 Methods for cardiomyocyte differentiation of human pluripotent stem cells. bFGF, basic fibroblast growth factor; BMP4, bone
morphogenetic protein-4; CM, cardiomyocyte; DKK1, Dickkopf homolog 1; dox, doxycycline; IWP, inhibitor of Wnt production; IWR1, inhibitor of
Wnt response 1; KSR, knockout serum replacement; MEF, mouse embryonic fibroblast; mTESR, specialized stem cell culture medium; VEGF,
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chromatin immunoprecipitation experiments (ChIP-chip or
ChIP-Seq) can also reveal variations in chromatin structure
and transcription factor binding. DNA methylation studies
of promoter regions are informative of transcriptional
activity, because active genes are generally hypomethylated,
while silenced genes are hypermethylated. Similarly,
genome-wide studies performed by techniques based on
ChIP-chip or ChIP-Seq permit the elucidation of histone
modifications that are indicative of transcriptionally active,
repressed, or bivalent patterns of histone methylation. In
bivalent promoters, for example, histone 3 is methylated at
both lysines 4 (H3K4) and 27 (H3K27). Although H3K4
methylation is associated with gene activation and H3K27
methylation typically results in gene repression, bivalent
promoters in stem cells tend to be repressed. With differen-
tiation, this pattern switches from a bivalent state to a
monovalent state, which results either in transcriptionally
active genes characterized by H3K4 methylation or in
nontranscribed genes with a H3K27 methylation state [56].
A number of other histone modifications are also known to
affect gene activity, including the repressive H3K9me3,
H4K20me3 marks, and multiple targets of histone
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acetylation, many of which can be assessed through
genome-wide approaches. The assessment of these profiles
in iPSC lines is extremely valuable when determining their
suitability for therapeutic applications, as defects may lead
to unintended consequences [57-59]. Principal epigenetic
mechanisms of gene expression regulation are shown
in Figure 2.
A comparative molecular, epigenetic, and biological

analysis of cells differentiated from iPSCs with somatic
cells from which the iPSCs originated is therefore essential
to understand the translational potential of these cells.
Towards this end, Xu and colleagues recently reported
Figure 2 Major epigenetic mechanisms of gene expression regulation
that reprogrammed murine ventricular myocytes form
iPSCs that retain the characteristics of epigenetic memory,
which is referred to as CM memory [60]. These ventricu-
lar myocyte-derived iPSCs, relative to iPSC controls
derived from tail-tip fibroblasts, display a significantly
greater differentiation propensity to form spontaneously
beating CMs. Importantly, ventricular myocyte-derived
iPSCs relative to either ESC or iPSC controls produce
greater numbers of CPs at early stages of differentiation.
Further analysis of both ventricular myocytes and
ventricular myocyte-derived iPSCs revealed a number of
genes encoding transcription factors (Nkx2.5, Irx4) and
. RISC, RNA-induced silencing complex.
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contractile proteins (Myh6, Myl2, Tnni3, Des) that appear
to play a role in the specification of CPs. While potentially
due to a transient state in the reprogramming of
CMs to iPSCs, it is also possible that the mild DNA
hypomethylation observed in these cells contributes to the
process of ventriculogenesis. Somatic cells, at least during
early stages, thus retain epigenetic marks on DNA or
histones reminiscent of the somatic cell of origin. While
these traits may be transient, this system also provides a
model to identify which genes are potentially implicated
in fate decisions critical to CM generation.
Genetic manipulation and alteration in epigenetic

regulation through chromatin remodeling also control cell
fate. Viral transduction of Gata4, Mef2c, and Tbx5 (GMT)
directly transdifferentiates murine fibroblasts into CM-
like cells in vitro, skipping the pluripotent stage [61].
Transduced fibroblasts are epigenetically reprogrammed
with enrichment of H3K4me3 (active transcription mark)
and depletion of H3K27me3 (repressed transcription
mark) at the promoter regions of the sarcomeric genes,
including Actn2, Ryr2, and Tnnt2. The global gene
expression profile and electrophysiological properties of
the transduced fibroblasts, which demonstrate spontan-
eous beating, resemble neonatal CMs. In vivo, delivery of
GMT into fibroblasts located in the infarcted zone of
murine heart also induces CM differentiation [62]. Ectopic
expression of Gata4, and Tbx5 in combination with
Baf60c, a cardiac-enriched subunit of the Swi/Snf-like
BAF ATPase-dependent chromatin remodeling complex,
also transdifferentiate cells derived from noncardiogenic
mouse mesoderm into CMs [63]. With this combination,
90% of the transfected cells express cardiac α-actin
(Actc1). However, GMT overexpression in murine tail tip
fibroblasts and cardiac fibroblasts with myocardial lineage
reporters (αMHC-Cre, Nkx2.5-Cre, cTnT-Cre) is, however,
very inefficient at inducing molecular and electrophysio-
logical phenotypes of mature CMs. While 35% of the cells
infected by GMT factors expressed cTnT, the αMHC and
Nkx2.5 reporters remain silenced and transduced fibro-
blasts transplanted into injured mouse heart fail to survive
[64]. The discrepancy between these studies may be
due to differences in experimental protocols, genetic back-
ground of the strain, or levels of GMT overexpression, but
it is also possible that differences in the epigenetic status
of these cells play an essential regulatory role.
Histone acetyltransferase and HDACs control the relax-

ation and condensation of chromatin structure for tran-
scription. Treatment with HDAC inhibitor trichostatin A
during differentiation of murine ESCs promotes CM dif-
ferentiation [65]. The levels of acetyl-histone H3 and H4
are upregulated in EBs treated with trichostatin A when
compared with the untreated controls. This is accompan-
ied by an increase in GATA4 acetylation, which augments
its DNA binding to ANF promoter. Administration of
trichostatin A between days 7 and 8 of differentiation
doubles the percentage of Nkx2.5-GFP+ cells and in-
creases the expression of cardiac genes, Nkx2.5, β-MHC,
and ANF. Furthermore, the introduction of transient
HDAC inhibition with valproic acid in hESC-derived
ventricular CMs amplifies the expression of Ca2+ handling
and cardiac ion channel genes that are important for CM
electrophysiological functions and induces physical matur-
ation [50]. These pharmacological-mediated results under-
score the involvement of epigenetic and post-translational
modification of transcription factors in CM differentiation
and heart development. Indeed, knockout models of the
chromatin remodeling proteins often lead to congenital
heart developmental defects or result in embryonic death
(reviewed in [66,67]). Hence, chromatin modifiers,
including ATPase-dependent nucleosomal remodelers
and histone-modifying enzymes, play a key role in
cardiogenesis and are essential for heart development.
miRNAs are noncoding RNAs that bind to complemen-

tary sequences on target mRNA transcripts. miRNAs
function as negative transcriptional regulators via transla-
tional repression, or mRNA degradation [68]. Recent
reports have demonstrated in the mouse that the absence
of the miRNA processing enzyme Dicer leads to differenti-
ation and proliferation defects, highlighting the biological
importance of miRNAs in stem cell research [69,70].
Several miRNAs have been implicated in cardiovascular
development of the mouse (for example, miR-1, miR-18b,
miR-20b, miR-21, miR-106a, miR-126, miR-133, miR-138,
and miR-208).
Specific miRNAs have also been characterized and are

regulated during hESC-CM differentiation. Overexpression
of miR-1 by lentiviral transduction in CPs increases the
expression of mesodermal and cardiac marker genes, with
accelerated occurrences of contracting areas [71,72]. miR-1
also facilitates electrophysiological maturation of hESC-
CMs, in which decreased action potential duration and
hyperpolarized resting membrane potential/maximum
diastolic potential due to increased Ito, Iks, and Ikr and
decreased If is observed [73]. miR-133 is clustered on the
same chromosome as miR-1, but they are functionally dif-
ferent and play opposing roles during CM differentiation.
In fact, overexpression of miR-133 represses cardiac
markers in hESCs and blocks CM differentiation [74].
miR-499 and miR-208 are also known to affect cardiac
function. The miR-499 and miR-208 are encoded by an
intron of MYH7 and MYH6, respectively, and they share
many predicted targets. miR-208 plays a crucial role in
stress adaptation of the adult heart [75]. miR-499 is
enriched in cardiac committed CPs and hESCs, and
overexpression of miR-499 reduces the proliferation of CPs
and augments the formation of beating EBs, promoting
differentiation of CPs into ventricular CMs [72,73]. In
contrast, downregulation of miR-499 inhibits cardiac
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differentiation, suggesting that miR-499 is responsible for
cardiac commitment [72].
Interestingly, a recent report has demonstrated the

direct conversion of mouse fibroblasts to a CM-like
phenotype using single transient transfection with a
combination of miRNAs (miR-1, miR-133, miR-208, and
miR-499) [76]. The reprogrammed cells express genes and
proteins specific for CM and electrophysiological charac-
teristics of the CM-like phenotype can be observed. Direct
administration of these miRNAs into injured myocardium
likewise results in direct conversion of cardiac fibroblasts
to CM-like cells in vivo.
\Interestingly, knockout of single miRNAs often does

not lead to embryonic lethality, suggesting that miRNAs
may be compensated by family members that differ in
only a few nucleotides. In summary, different miRNAs are
involved in different stages of development through
repression of genes that are likely to contribute to stem
cell pluripotency, stem cell renewal, differentiation, speci-
fication, lineage commitment, and maturation. Further
investigation into manipulation of multiple miRNAs in
combination can potentially alter physiological and patho-
logical conditions and can reveal the complexity of
miRNA–target interactions and developmental regulatory
systems.

Chromatin signatures in hESC-derived
cardiomyocytes
The dynamic orchestration of epigenetic factors is funda-
mental in regulating gene expression patterns during
development. Two recent studies have examined the
changes in histone modification marks during CM differ-
entiation of mouse ESCs and hESCs, which provide
a high-resolution view of the complex organization of
histone modification on a genome-wide scale during car-
diac development [77,78]. As described earlier, H3K4me3
and H3K36me3 are marks associated with transcriptional
initiation and elongation, respectively, whereas the
H3K27me3 modification is associated with transcriptional
repression. In ESCs, bivalent chromatin structures with
both activating H3K4me3 and repressing H3K27me3
marks on the same promoter are found on lineage
commitment genes that are poised to become either tran-
scriptionally active or silent upon definitive cell-type
differentiation [56,79].
Using ChIP-seq technology, the H3K4me3, H3K27me3,

and H3K36me3 modifications were mapped on the
genome at five key developmental stages: undifferentiated
hESCs (T0), mesodermal progenitors (T2), specified
tripotential CPs (T5), committed cardiovascular cells (T9),
and definitive cardiovascular cells (primarily CMs, T14).
Interestingly, genes of different functional categories are
characterized by different temporal epigenetic signatures
[78]. For example, a complete reversal of active and silent
histone marks is found on FGF19 and NODAL promoters.
These genes are highly expressed in undifferentiated
hESCs with high levels of H3K4me3 and low levels of
H3K27me3, and over the course of CM differentiation
they subsequently lose H3K4me3 and gain H3K27me3.
The genes involved in mesodermal differentiation
are highly expressed despite being heavily marked by
H3K27me3. Developmental regulators, such as genes
encoding NKX2.5, are highly enriched for H3K27me3 in
an undifferentiated state, which gradually decreases as
H3K4me3, H3K36me3, and RNA expression appear at T9
and T14. In contrast, genes encoding for CM contractile
proteins, such as MYH6, do not have high levels of
H3K27me3 deposition at any time [78]. These findings
suggest that there are complex but distinct chromatin and
gene expression patterns that are associated with lineage
and cell fate decisions. The characterization of chromatin
state transitions during cardiac differentiation has pro-
vided useful insights into our understanding of the tran-
scriptional regulation in cardiac developmental programs.
Applications of hESC-derived and hiPSC-derived
cardiomyocytes for disease modeling and drug
development
Clinical drugs are often withdrawn from the market
because of safety concerns, including many with unex-
pected side effects on the human heart. Harvesting human
CMs is a highly invasive procedure, and the numbers of
CMs that can be isolated is low. These cells are also
difficult to maintain in culture, limiting their use for high-
throughput drug screening. The use of animal models for
cardiotoxicity screening is also not applicable as heart
function differs among mammalian species. For instance,
rodent hearts beat significantly faster than human hearts
and use different ion channels [80].
The hESC-CMs and hiPSC-CMs provide an alternative

model for drug development. Despite the fact that hESC/
iPSC-CMs retain many functional and structural traits that
are most analogous to embryonic or fetal heart-derived
CMs, these cells do express cardiac-specific factors and
structural proteins. Many essential contractile proteins,
intercellular communication structures, receptors, calcium
handling proteins, and ion channels for action potential
repolarization are present, including ryanodine receptor,
sarco/endoplasmic reticulum Ca2+-ATPase, cardiac sodium
channel (SCN5A), the voltage-dependent L-type Ca2+

channel (CACNA1C), and voltage-gated K+ channels
(KCN4A and KCNH2). The hESC-CMs and hiPSC-CMs
exhibit depolarization patterns with action potentials typical
of CMs (reviewed in [81-84]). More importantly, these cells
are responsive to hormonal treatments, and positive and
negative chronotropic responses can be induced by
isoproterenol and carbamylcholine, respectively [85]; they
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therefore represent an ideal source for some toxicology and
drug studies.
Patient-specific iPSC lines and differentiated CMs

partially recapitulate disease phenotypes, providing new
strategies for understanding disease mechanisms. We
present two examples – one designed to look at morpho-
logical and structural changes, and another designed to
examine electrical defects. For the first, hiPSCs were
generated to model LEOPARD syndrome, an autosomal-
dominant mutation in the PTPN11 gene that encodes the
SHP2 phosphatase, which consequently leads to develop-
mental disorder in multiple organ systems. The major
disease phenotype of LEOPARD syndrome is hypertrophic
cardiomyopathy [86]. When CMs generated from the
diseased iPSCs were compared with CMs derived from
hESCs or nondiseased iPSCs generated from a healthy
brother, a significant enlargement in cell surface area, a
higher degree of sarcomeric organization, and nuclear
translocation of the NFATC4 transcription factor could be
observed, all of which correlate with the hypertrophic
phenotype observed in patients.
Second, CMs were derived from patients with long QT

syndrome (LQTS), a cardiac disorder caused by mutations
in ion channels or associated proteins and characterized
by arrhythmias that can lead to sudden death [87,88].
LQTS is a particularly apt model for cardiovascular
syndromes because a risk assessment for a prolonged QT
interval is part of the standard preclinical procedure for
all novel drugs in development. In LQTS type 2, in
which a potassium channel KCNH2 is mutated, iPSC-
CMs displayed prolonged action potential and early
depolarization in patch-clamp studies. Several drugs were
subsequently found to prevent arrhythmias in the iPSC-
derived CMs. When treated with cisapride, a drug that is
banned from the market for causing lethal arrhythmias,
the cells show increased susceptibility to induced
arrhythmogenesis [87]. In LQTS type 1, mutations occur
in the KCNQ1 gene, which encodes the repolarizing K+

channel mediating the delayed rectifier IKS current. This
disease genotype is maintained in the iPSC-CMs [89]. The
ventricular and atrial CMs have significantly longer QT
intervals and slower repolarization velocity. The iPSC-
CMs show 70 to 80% reduction in IKS current and altered
channel activation and deactivation properties, with
increased susceptibility to catecholamine-induced tachyar-
rhythmia, which can be attenuated with β-blockade [89].
The iPSC-CMs generated from patients with Timothy
syndrome [90], which is caused by a mutation in an
L-type Ca2+ channel CACNA1C gene, also display signa-
tures of LQTS with irregular contraction rates. Treatment
with rescovitine restores their electrical and Ca2+ signaling
properties. Disease-specific iPSCs from patients are thus
useful for studying disease mechanism and molecular
pathways that may promote improved therapies. However,
the use of iPSCs may be largely restricted to genetic
diseases, as adult-onset diseases are affected by environ-
mental and chronic conditions that are not easily modeled
in two-dimensional culture systems.

Cardiac tissue bio-engineering
hESC-derived and hiPSC-derived CMs are immature, with
electrophysiological properties that more closely resemble
embryonic or fetal CMs. In part this may reflect their
growth as individual cells or groups of cells grown on the
surface of a tissue culture plate, where they are not
subjected to the same mechanical forces or loads as those
in a three-dimensional structure. In contrast, ventricular
myocardium is a highly complex structure consisting of
aligned, connected CMs, stromal cells, and a vascular net-
work systematically embedded in a mesh of extracellular
matrix [82]. In vitro differentiated and plate cells may
therefore not always be a reliable model for drug testing
and determining physiological endpoints [91].
Tissue engineering approaches have been suggested to

better mimic the native heart tissues for better applicabil-
ity and efficacy [92,93]. Indeed, engineered heart tissue
has been created by mixing neonatal rat heart cells in a fi-
brin matrix, attached to flexible posts [94], and engineered
three-dimensional muscle strips and cardiac organoid
chambers with key characteristics of cardiac physiology
have been examined to calculate the rate, force, and kinet-
ics of the contractions [95,96]. The engineered cardiac
tissue constructs are also suitable for studying the changes
in CM properties upon increased exercise by mechan-
ical stretches. When hESC-CMs were cultured on a
microgrooved platform, the cells aligned and displayed
typical banding patterns consistent with organized
sarcomeric structure patterns [97]. The aligned hESC-
CMs show characteristics of the native heart, including
anisotropic conduction properties with distinct longitu-
dinal and transverse velocities. Structural anisotropy can
increase the diffusion rate in the direction of alignment
and facilitate organization of ion channels. Furthermore,
compared with single CMs or randomly oriented CMs,
the aligned structures as shown by an increased aniso-
tropic ratio of hESC-CMs have a lower spatial dispersion
of action potential propagation through the cell syncyt-
ium, which consequently makes them more sustainable
against re-entrant arrhythmia and other arrhythmogenic
stimuli (Wang J and Li RA, unpublished data).
Using a triple-cell-based three-dimensional culture in

scaffolds consisting of CMs, endothelial cells, and embry-
onic fibroblasts, highly vascularized human engineered
cardiac tissue with cardiac-specific properties has been
demonstrated [98]. The endothelial cells and embryonic
fibroblasts did not hamper orientation and alignment of
CMs, the generated tissue constructs show synchronous
contraction via gap junctions, and appropriate chronotropic
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responses are detected following application of pharmaco-
logical agents. When coupled with the improved directed
differentiation protocols described earlier, the use of three-
dimensional culture systems should ultimately promote
more physiological maturation events. Once achieved, it is
anticipated that engineered cardiac tissues technologies will
become a powerful tool for disease modeling, cardiotoxicity
screening, and even cardiac regeneration and repair.

Cardiac regeneration using hESC-derived and
hiPSC-derived cardiomyocytes
The ultimate goal of regenerative medicine is to repair or
replace tissues that have been damaged by diseases and
injuries. Unlike some organs, the human heart is unable
to repair itself. The use of personalized iPSC-derived cells
in regenerative medicine is therefore an attractive option
for cell supplementation designed to repair the damaged
heart. Indeed, ESCs and iPSCs have been reported to be
almost identical at a variety of levels, through the expres-
sion of pluripotency markers, transcriptomic comparisons,
and analysis of some epigenetic states; however, a number
of reports have described considerable differences in
epigenetic patterns, genomic imprinting, and global gene
expression. Somatic mutations have also been identified
between ESCs and iPSCs. Perhaps most importantly,
iPSCs are believed capable of evading immune surveil-
lance and graft rejection [99], but accumulating evidence
in mice shows that iPSCs do elicit some immune
response. Moreover, transplanted allogenic and xenogen-
eic grafts are not always immune-privileged due to expres-
sion of minor antigens that are not normally found in
ESCs [100,101] or due to generation of immunogenic
neo-antigens caused by genomic instability during the
reprogramming process [102]. The immunological com-
patibility of iPSCs is not, however, misplaced, as a recent
report examining seven ESC lines and 10 iPSC lines
established from bone marrow and skin tissues found
negligible immunogenicity of either cell type in syngeneic
situations [103]. Finally, it is noteworthy that both
undifferentiated hESCs and hiPSCs have the capacity to
generate teratomas, even following transplantation of fully
differentiated cells [104]. More likely, however, is that
these differentiated cells contain a minor population of
undifferentiated ones. Hence, their use in humans remains
a challenge with safety concerns.
Animal experiments have further demonstrated that the

introduction of hESC-CMs into damaged areas of the
heart improves cardiac function. While transplantation of
undifferentiated hESCs 7 to 10 days after coronary ligation
resulted in the formation of teratoma-like structures in a
rat model of permanent coronary occlusion, injection of
predifferentiated hESC-CMs resulted in stable engraft-
ment in both uninjured and infarcted rat hearts [105]. The
grafted CMs survived, proliferated, matured, aligned, and
formed gap junctions with host cardiac tissue. Transplant-
ation of hESC-CMs attenuated remodeling of scar tissue
and improved myocardial performance. Similar results
were obtained from other studies evaluating the feasibility
of transplanting hESC-CMs in rodent models of myocar-
dial infarction [106-109]. However, in a chronic model in
which hESC-CMs are transplanted 1 month after myocar-
dial infarction in the rat, no improvement in heart func-
tion or alteration in adverse remodeling was observed
[110]. In other mammalian models, formation of stable
engraftment of hESC-CMs in pharmacologically immuno-
suppressed pigs [111] and guinea pigs [43,112] has also
been described. In a guinea-pig model, the hESC-CM
grafts in uninjured heart have consistent host–graft
coupling, while grafts in the injured heart include both
electrical-coupled and electrical-uncoupled regions. Im-
portantly, the injured hearts are partially re-muscularized
and demonstrate reduced arrhythmia susceptibility [112].
Finally, suggestions have been made that instead of

using fully differentiated hESC-CMs for cardiac repair,
perhaps the use of CPs would be more therapeutically
appropriate [113]. CPs retain the plasticity to differentiate
into other cell types needed for optimal repair, such as
endothelial cells, which would contribute to vascular-
ization of the graft, and thereby may improve the survival
and integration for extensive engraftment [114]. Indeed,
Isl1+ multipotent CPs from mouse and human iPSCs were
shown to spontaneously differentiate into all three cardio-
vascular lineages after transplantation in the left ventricu-
lar wall of nude mice, without teratoma formation [115].
Engraftment of ESC-derived early population of CPs in
myocardial infarcted nonhuman primate has also been
demonstrated [116]. The early multipotent CP population
is characterized by expression of OCT4, SSEA-1, and
MESP1, and has the potential to differentiate into CMs as
well as smooth muscle and endothelial cells. The grafted
CPs developed into ventricular CMs and recolonized in
the scar tissue. Although the adult heart possesses a popu-
lation of progenitor cells capable of differentiating into
functional CM, the regeneration capacity is limited and is
inadequate for repairing the lost tissue in ischemic heart
failure [117]. Nevertheless, by isolation and culture of
adult CP cells from biopsy, cardiospheres with prolifera-
tive capacity that are capable of forming differentiated
contractile CMs can be obtained [118,119]. Injection
of adult CPs also promotes cardiac regeneration and im-
proves heart function in a mouse infarct model [119,120].
All in all, these studies demonstrate that human myocar-
dial grafts can potentially be used in therapies as they can
repair injured heart both mechanically and electrically.
Despite these encouraging results, challenges remain. The
beneficial effect appears to be transient and is not
sustained after 12 weeks, irrespective of the number of
transplanted hESC-CMs and graft survival [107]. Long-
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term safety and efficacy investigation is therefore required
in large animal models prior to clinical translation of
hESC-based therapies [87].

Conclusion and future perspectives
Over the past few years, several major limitations in the
derivation of hESC/hiPSC-CMs have been overcome.
Importantly, the use of growth factors, chemically
synthesized molecules, epigenetic modifiers, miRNAs, or
cardiac-specific transcription factors has significantly
improved the yield of cardiac differentiation to close to
100%. Furthermore, nongenetic promaturation protocols
have been developed and are being fine-tuned [51]. More-
over, hESC/iPSC-CMs are beginning to be used in three-
dimensional cultures that are likely to more accurately
mimic the physiological state of cardiac muscle. hESC/
hiPSC-CMs have therefore emerged as a powerful tool for
modeling heart development and cardiac disorders. In-
deed, patient-specific iPSCs that retain disease phenotypes
are useful for drug cardiotoxicity screening; the diverse
genetic backgrounds of the system enable such screening
to be personalized.
Yet it remains unclear whether hiPSC models of

diseases can be accurately interpreted because epigenetic
signatures acquired during disease conditions may not be
fully reset, leading to the retention of epigenetic memory.
Despite advances in uncovering the molecular basis
of epigenetic mechanisms, including DNA methylation,
histone modifications, chromatin remodeling, and miRNA-
mediated translational control, their role in cardiac differen-
tiation, CM functions, and disease development remains
poorly defined. This is largely due to the fact that regulation
of CM differentiation and heart development requires
complex orchestration of numerous epigenetic factors
to precisely control repression of pluripotency genes,
upregulation of one lineage, and suppression of other line-
ages. All of these processes occur simultaneously and are
partially controlled by the same enzymes. Epigenetic drugs
that targets DNA methylation or histone modifiers are also
not gene specific. Further studies at both global and gene
promoter levels are therefore necessary to fully identify the
recruitment of transcription factors, histone modification
enzymes, and chromatin remodelers at specific stages of
cardiac differentiation or disease development for better
drug discovery and disease modeling.
Regardless of these possible limitations, good quality

iPSCs from the mouse are almost identical to murine ESCs.
There are, however, no fully accepted criteria to assess and
compare hiPSCs and hESCs. Genetic, transcriptomic, and
epigenetic approaches performed at the whole-genome
level together with functional assays are likely to be critical
in the establishment of iPSCs useful for translational
research. Transplantation studies of CMs in animal models
also reveal many hurdles and challenges that must be
overcome before any hESC or hiPSC products can be safely
brought to the clinic, including advances in isolation and
purification techniques. With better strategies to circum-
vent immune rejection and better understanding in long-
term assessment of cell engraftment after transplantation in
large animal models, the prospect of employing hESC-CMs
and hiPSC-CMs as an unlimited source for cell replace-
ment therapy to treat heart failure and other conditions will
be realized.
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