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Abstract

Due to the extremely limited proliferative capacity of adult cardiomyocytes, human embryonic (pluripotent) stem cell derived cardiomyocytes
(hESC-CMs) are currently almost the only reliable source of human heart cells which are suited to large-scale production. These cells have the
potential for wide-scale application in drug discovery, heart disease research and cell-based heart repair. Embryonic atrial-, ventricular- and
nodal-like cardiomyocytes can be obtained from differentiated human embryonic stem cells (hESCs). In recent years, several highly efficient
cardiac differentiation protocols have been developed. Significant progress has also been made on understanding cardiac subtype specification,
which is the key to reducing the heterogeneity of hESC-CMs, a major obstacle to the utilization of these cells in medical research and future
cell-based replacement therapies. Herein we review recent progress in cardiac differentiation of hESCs and cardiac subtype specification, and
discuss potential applications in drug screening and cell-based heart regeneration.
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Introduction

Human cardiomyocyte are a desirable tool for medical research. Heart
disease kills more people than any other disease in industrialized
countries, and is becoming the biggest threat to human health in
countries with emerging economies. This medical challenge calls for
furthermore endeavours to be focussed on heart disease research. In
addition, cardiovascular-related toxicity is a major safety concern in
pharmacology, and represents the cause of 19% of drug withdrawals
from the market [1]. Most cardiac-related research today is con-
ducted using laboratory animals and their heart cells. This raises the
question of whether these animals and their cardiomyocytes can fairly
reflect human physiology. Toxicity studies comparing the reactions of
pharmaceuticals in human and laboratory animals have shown that
only 43% of the toxic effects on humans can be predicted by using
rodents, and only 63% can be predicted when non-rodents are also
included [2]. This suggests that there are clear benefits in using
human cardiomyocytes in drug discovery and heart disease research.
It is currently impractical to utilize adult human cardiomyocytes in

regular medical research due to limited access to human heart tissues
and the minimal expansion capacity of cardiomyocytes in vitro.
Therefore, it is necessary to develop alternative, reliable and scalable
sources of human cardiomyocytes for medical research, and this will
require understanding not only the differentiation, but also the physio-
logical maturation of these cells.

For applications such as transplantation therapy for treating myo-
cardial infarction (MI) and cardiotoxicity analyses, it is critical to be
able to direct the formation of the correct cell types. To restore the
‘pump’ function of the left ventricle (LV) when treating MI, for exam-
ple, it is essential to rebuild the damaged LV with ventricular myo-
cytes to optimize electrophysiological integration with recipient tissue
and therefore reduce side-effects such as ventricular arrhythmia [3].
In cardiotoxicity testing, the effect of a drug candidate on cardiac
electrophysiology, specifically on the interference with ventricular
repolarization which raises the risk of ventricular tachycardia arrhyth-
mia, has been one of the major concerns of drug regulatory adminis-
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trations. Obtaining pure ventricular–like populations from hESCs is
critical for the application of human pluripotent stem cell derived car-
diomyocytes to cardiotoxicity testing, as guideline ICH S7B empha-
sizes the importance of evaluating drugs on ventricular repolarization
to prevent ventricular tachycardia arrhythmias [1]. Pure atrial- and
nodal-like cardiomyocytes are also important for studying atrial and
pace-making dysfunctions, and for developing related drugs.

To realize the promise of human cardiomyocytes in both medical
research and cell replacement therapy, it is important to establish a
reliable source of human cardiomyocytes which can be produced in
large quantities. Even though several cell populations, such as cardiac
progenitor cells [4–8] and human amniotic membrane-derived mes-
enchymal stem cells [9] have been shown to have some cardiac dif-
ferentiation potential, hESCs are much more attractive source for the
large-scale production of human cardiomyocytes as they have the
capacity to proliferate indefinitely and differentiate into all the cell lin-
eages of the human body [10]. In this review, we will discuss recent
progress on the cardiac differentiation of pluripotent stem cells.

Methods for the cardiac differentiation
of human embryonic stem cells

Heart development involves a series of highly complex morphoge-
netic processes that are chronologically regulated by multiple
phase-specific signals. Using the chicken as a model, early heart
development can be divided subjectively into three phases. In the first
phase, before Hamburger & Hamilton stage 3 (HH 3), posterior lateral
epiblast cells are stimulated by Activin/TGF-beta and FGF8 from hypo-
blasts, and by Chordin and Nodal from posterior epiblasts, and move
to the distal region of the primitive streak (PS) [11, 12]. During the
second phase, these cells migrate from the PS to the anterior region
of the embryo where they receive inductive signals, including BMP2/
4, FGF2/4/8, Crescent, and Wnt11 from the endoderm to form the
cardiac mesoderm [13]. In the third phase, cardiac mesoderm cells
come to lie under the head folds to form the cardiac crescent, where
their fate is determined as cardiac myocytes [14]. Research has
shown that BMP4 and bFGF promote hESC differentiation into PS-like
populations [15], and WNT/b-catena signalling has biphasic roles
during mesoderm formation and the cardiogenesis stages of hESC
cardiac differentiation [16].

Recently, significant progress has been made on improving the
cardiac differentiation efficacy of hESCs (outlined in Fig. 1A). Initially,
hESCs were differentiated into cardiomyocytes spontaneously using a
procedure called embryoid body (EB) formation, a method derived
from mouse cardiac differentiation protocols. Although the
differentiation efficacy was lower than 1%, embryonic atrial-like, ven-
tricular-like and node-like myocytes were identified based on action
potential (AP) measurements [17]. By partially mimicking the embry-
onic cardiac development process, several highly efficient cardiac dif-
ferentiation protocols have been established in recent years.
Laflamme et al. sequentially treated hESCs with Activin A and BMP4
for 5 days in a monolayer culture system and reported that this car-
diac differentiation procedure gave a cardiac differentiation efficiency

of above 30% [18]. By further manipulating WNT signalling with dick-
kopf-related protein 1 (DKK1) at the later stages of cardiac differentia-
tion, Yang et al. increased cardiac differentiation efficiency to over
50% [19]. They also showed that during the cardiac mesoderm stage,
differentiated hESCs could be divided into three distinct populations
based on the expression levels of vascular endothelial growth factor
receptor-2 (KDR) and C-KIT; a KDRhigh/C-KIT+ population containing
haematopoietic and vascular progenitors, a KDRlow/C-KITneg popula-
tion containing cardiac progenitors, and a KDRneg/C-KIT+ population
consisting of undifferentiated ESCs, primitive-streak-like cells and
endodermal cells. Our preliminary results indicate that KDR expres-
sion is repressed when cells are treated with Noggin (Ngn). Studies
with zebrafish have shown that retinoic acid (RA) signalling restricts
the cardiac progenitor pool, and exposure of the anterior lateral plate
mesoderm of zebrafish embryos to RA antagonist BMS189453 (RAi)
causes uncommitted lateral mesodermal cells to become myocardial
progenitors [20]. Based on this information, we added Ngn and RAi
to our differentiation system, and achieved cardiac differentiation effi-
ciencies of over 70% [21]. Zambidis’ group has published a complex
method in which a controlled number of hESCs were seeded in V-bot-
tomed 96-well plates for EB formation. The physiological conditions
of early embryos were then mimicked by stage-exposing EBs to phys-
iological oxygen (5%), BMP4, bFGF, insulin and human serum albu-
min (HSA). The final cardiac differentiation efficacy obtained reached
64–89% [22]. Even though each study reported impressive cardiac
differentiation efficacies, a commonly known problem with all the pro-
tocols mentioned is that it is sometimes difficult for other laboratories
to adopt them. Furthermore, the cardiac differentiation efficacy of a
given protocol is different when applied to different pluripotent stem
cell lines [23]. Sometimes, a given protocol and cell line can even
yield significant differences from one experiment to the next in one
laboratory. This instability is one of the major hurdles in the broad
application of pluripotent stem cell derived cardiomyocytes. Contin-
ued endeavours to optimize the cardiac differentiation procedures of
pluripotent stem cells are essential for fully realizing their potential in
heart regeneration. Compared with the natural process of heart devel-
opment, the inductive signals provided by these protocols are obvi-
ously incomplete. In our opinion, the non-cardiac cells in the cultures
may provide some important, but as yet overlooked cardiac inducing
signals. Therefore, the details of procedures, such as the EB size used
in suspension culture systems and the cell density used for seeding
monolayer culture systems, although hard to control practically, are
crucial for the success of hESC cardiac differentiation, and should be
documented thoroughly.

In addition to improving cardiac differentiation efficacy, progress
has been made on the cardiac subtype specification of hESC-CMs.
Laflamme’s group have shown that 20% of the hESC-CMs induced
with Activin A and BMP4 are embryonic nodal cells, and that inhibition
of NRG-1b/ErbB signalling enhances the proportion of hESC-CMs
with a nodal phenotype [24]. Of interest, Melkoumian et al., per-
formed with the same protocol as Laflamme’s group, except that the
Matrigel matrix was substituted with a synthetic surface made of
acrylate conjugated with a vitronectin active domain peptide, obtained
a relatively homogeneous embryonic ventricular myocyte population
(88% ventricular myocytes and 12% atrial myocytes, with no nodal
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myocytes) [25]. A study using chicken embryos has shown that inhi-
bition of RA signalling within critical periods produces embryos with
oversized ventricles and smaller or missing atria, and that exogenous
addition of RA results in reverted phenotypes [26]. Based on this
information, we examined the roles of RA signalling in the cardiac
subtype specification of differentiated hESCs, and found that retinoid
signals regulate atrial versus ventricular specification during the car-
diac differentiation of hESCs. When the RA inhibitor BMS 189453 is
added to cultures, expression of the ventricular-chamber-specific
genes Irx-4 and Mlc-2v are significantly elevated and 83% of the
hESC-CMs have embryonic ventricular-like APs (Fig. 1B and C);
although 94% of the hESC-CMs have embryonic atrial-like APs when
RA is applied [21]. Hrt1 and Hrt2, which are expressed in atrial and

ventricular precursors respectively [27], are differentially expressed
in RA and RAi treated cultures.

Maturation of ESC-differentiated
cardiomyocytes

The maturation of hESC-CMs is a long and poorly understood pro-
cess. During human heart development, embryonic and neonatal car-
diomyocytes proliferate until soon after birth, and the continued
growth of the heart is largely dependent on the increase in myocyte
size over a period of about 10–20 years before the adult size is

Fig. 1 Direct differentiation and characterization of cardiomyocytes from human embryonic stem cells. (A) Representative protocols for the direct dif-
ferentiation of hESCs into cardiomyocytes. The top timeline shows a protocol developed by Laflamme et al. in which hESCs are sequentially treated

with Activin A and BMP4 in a monolayer culture format [18]. The second timeline shows a cardiac differentiation method established by Yang et al.

that involves EB formation and treatment with combinations of Activin A, BMP4, bFGF, DKK1 and VEGF for the time intervals indicated [19]. The

third timeline stands for a protocol derived by our group in which monolayer hESCs are chronologically induced with Activin A, BMP4, bFGF, Ngn
and Dkk1, and either RA or its inhibitor RAi as indicated [21]. The bottom timeline shows the protocol developed by Burridge et. al, in which EBs

are formed and stage-exposed to physiological oxygen (5%), BMP4, bFGF, insulin and human serum albumin (HSA) [22]. (B) Immunostaining of

60-day-old Ngn + RA and Ngn + RAi induced cultures for MLC-2V (red) and cTNT (green) using the protocol described by the third timeline in (A).
(C) Quantitative RT-PCR analysis of the kinetics of Irx-4 gene expression in Ngn + RA and Ngn+RAi treated cultures using the protocol described

by the third timeline in (A). Average Irx-4 expression, normalized to GAPDH, is shown.
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reached [3]. The gene expression profiles and physiological proper-
ties of hESC-CMs also change with time; for example, the number of
hESC-CMs that express ventricular-specific sarcomeric protein MLC-
2V increases over time, stabilizing after 90 days of differentiation
[28]. The density of AP-related currents such as Ica, Ikr, Ito and Ik1,
increases from early to later stages of hESC-CM differentiation,
reflecting the maturation process [29]. One of the major differences
between atrial-like and ventricular-like APs is that atrial-like APs have
a shorter AP duration than that of ventricular-like APs. Blocking Ito
currents with TTX and Cd2+ in rabbit cardiomycoytes demonstrates
that reducing the density of Ito enlarges the duration of atrial-
like APs but has minimal impact on the duration of ventricular APs
[30]. Therefore, the weak Ito current of newly differentiated
cardiomyocytes may be the reason why it is hard to distinguish
embryonic atrial- and ventricular-like APs at early stages of hESC-CM
differentiation [31, 32], but relatively easy at later stages of
differentiation [17, 21, 33–35].

The electrophysiological maturation of hESC-CMs is influenced by
the presence of non-cardiac cells in the culture, however, the underly-
ing molecular mechanisms are still largely undiscovered [36].
Mechanical and electrical stimuli are important factors promoting the
maturation of hESC-CMs in vitro. Forced contractile stimuli and elec-
trical signals which mimic those of the heart facilitate hESC-CM
realignment, strengthen synchronous contractions and increase the
density of the gap junction in hESC-CMs in vitro [37, 38].

Perspective

The hESC-CMs, particularly myocytes with a ventricular phenotype,
are of great interest for cell-based heart regeneration. Arrhythmia, the
most severe side-effect of cell replacement treatments for heart
infarction [39, 40], is primarily caused by the incompatibility of elec-
trophysiological properties between engrafted cells and the recipient
heart. Because nodal, atrial and ventricular myocytes have different
electrophysiological properties, implantation of relatively homoge-
neous hESC-CMs with ventricular phenotypes is essential for the elec-
trophysiological integration of engrafted cells with the recipient heart
ventricle, and reducing the risk of ventricular arrhythmia [3]. Unlike
their adult counterparts, hESC-CMs are immature and beat spontane-
ously. Engrafting hESC-CMs with spontaneous excitability could thus
potentially trigger arrhythmia in cell-based heart repair therapies [41].
During human development, the maturation of the human heart takes
at least 9 months, and possibly even up to 20 years, and involves
mechanical and electrical stimuli. Although it is extremely difficult to
imagine that this long-term process could be shortened or mimicked
in vitro, special attention should at least be paid to eliminating the
spontaneous excitability of hESC-CMs.

In addition to their potential applications in cell therapy, hESC-
CMs are an ideal tool for cardiotoxicity testing. Several cardiac and
non-cardiac drugs, which have passed animal toxicity tests, have
been withdrawn from the market due to their cardiovascular toxic
effects in humans [42]. Very often, due to limited access to human

tissues, the first time that a drug candidate is tested on human mate-
rial is in clinical trials. Using human ESC-CMs for in vitro cardiotoxic-
ity analysis may help to overcome problems of species variation
between human and laboratory animals. Cardiotoxic studies per-
formed with hESC-CMs with a ventricular subtype have shown that
the drug responses of hESC-CMs were highly predictive of clinically
observed cardiotoxic effects, despite the relative immaturity of hESC-
CMs [43]. There is increasingly strict regulation on the release of can-
didate drugs due to their potential interference with ventricular repo-
larization which may be the cause of ventricular tachycardia
arrhythmia. The ready availability of ventricular-like myocytes derived
from hESCs is therefore of extensive interest due to the requirements
of ICH Safety Guideline S7B [44].

One of the challenges for realizing the promise of hESC-CMs is
their capacity for large-scale production. A key difference between
currently available hESC cardiac differentiation methods [18, 19, 21,
22] is the involvement of the EB formation process. The size of EBs is
critical for efficient cardiac differentiation. Unlike their mouse counter-
parts, controlling the cardiac differentiation process of human ESCs
is challenging, as the formation of EBs of relatively uniform size is dif-
ficult. On the other hand, monolayer culture is comparatively easy to
handle and suitable for large-scale culture. One big hurdle for large-
scale production of human cardiomyocytes using human pluripotent
stem cells is the instability of currently available protocols. Clearly,
more effort should be invested in identifying cardiac inducing factors,
and further optimizing the induction culture system. Because hESC
derivatives do not proliferate a lot during cardiac differentiation,
obtaining large numbers of cardiomyocytes is also dependent on the
presence of large numbers of un-differentiated hESCs as starting
materials. Therefore, large-scale production of hESC-CMs also
depends on the large-scale production of hESCs.

Although there are still many challenges to overcome before
broad application of hESC-CMs is possible in medical research, sig-
nificant progress has been made on improving cardiac differentiation
efficacy and cardiac subtype specification of hESC-CMs. These
advances not only open up a new era in heart-related research, but
may also make heart cell transplantation therapy one step closer to
reality.
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