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Abstract

Drug attrition rates have increased in past years, resulting in growing costs for the pharmaceutical
industry and consumers. The reasons for this include the lack of /n vitro models that correlate with
clinical results, and poor preclinical toxicity screening assays. The /n vitro production of human
cardiac progenitor cells and cardiomyocytes from human pluripotent stem cells provides an
amenable source of cells for applications in drug discovery, disease modeling, regenerative
medicine, and cardiotoxicity screening. In addition, the ability to derive human induced
pluripotent stem cells from somatic tissues, combined with current high-throughput screening and
pharmacogenomics, may help realize the use of these cells to fulfill the potential of personalized
medicine. In this review, we discuss the use of pluripotent stem cell-derived cardiomyocytes for
drug discovery and cardiotoxicity screening, as well as current hurdles that must be overcome for
wider clinical applications of this promising approach.
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INTRODUCTION

Heart disease is the most significant cause of morbidity and mortality in the industrialized
world, accounting for nearly 33% of all deaths in 2008 within the United States alone [1].
Over 82 million Americans suffer from some form of cardiovascular disease (CVD),
accounting for nearly 27% of the entire population [2]. Billions of dollars are spent on drug
therapy in the U.S. every year, and drugs for CVD are some of the most widely used on the
market. However, despite the latest advances in research, much remains to be learned about
pharmacological and cellular treatments for cardiovascular disease. Recently, the isolation
and propagation of pluripotent stem cells such as human embryonic stem cells (hESCs) and
human induced pluripotent stem cells (hiPSCs) has provided new opportunities for the
development of novel approaches to treat heart disease [3-6]. While the heart does have
some regenerative ability due to the presence of proposed cardiac stem cells, human adult
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cardiomyocytes (CMs) have only a limited regenerative capacity (with an estimated renewal
rate of approximately 1% per year during its peak) and lose their ability to divide postpartum
[7-10]. The therapeutic potential of engraftment of human pluripotent stem cell-derived

CMs to repair cardiac damage is highly promising, but many technological challenges
remain for this approach to advance from the bench to the bedside [11-14]. In addition, cell-
based therapeutic strategies for cardiac repair must satisfy a considerable number of criteria
that can critically affect safety and potential risks to patients such as cell biodistribution,
tumorigenic potential, and immunogenicity [15, 16].

In contrast to potential therapeutic engraftment studies, the use of human pluripotent stem
cell-derived CMs for drug discovery and screening has already proven promising, as hiPSC-
CMs have been shown to respond to cardioactive drugs in a similar way as hESCs,
comparable to empirical results seen in a clinical setting [17-19]. There is much need for the
replacement of current /in vitro and in vivo cardiotoxicity and arrhythmogenesis models that
rely on animal- or tumor-derived cell lines, lines immortalized by genetic modifications, and
isolated tissues such as perfused animal hearts [20-22]. These functional assays are used at
various stages of drug development, including target identification and validation, library
screening for early hits and leads, and pharmacological analysis of lead optimization and
potential drug candidate selection. In these assays, pharmacologically targeted receptors and
proteins of interest are transfected into cell lines or expressed in animal models to mimic a
functional human system. However, many new chemical entities (NCEs) in early preclinical
studies have failed because targets validated in both /n vitro assays and /n vivo animal
models often prove to be unreliable and non-predictive when translated to humans. In
addition to drug discovery, the use of pluripotent stem cells as tools for modeling cardiac
development and disease is another important application. This goal often relies on the use
of microarrays and other genomic approaches for the phenotyping of novel cardiac-
associated genes during pluripotent stem cell differentiation [23, 24]. With the number of
drugs approved by the U.S. Food and Drug Administration (FDA) decreasing every year,
these models could also eventually spur the discovery of novel drug pathways to target using
pharmacological therapy, ultimately with the potential to lead to new classes of drugs.

Developmental biology of the heart

The human heart is the first organ to be formed and function /n utero, and all subsequent life
events are dependent on its capacity to meet the demands for oxygenating the developing
organism. The heart is derived from the mesodermal germ layer that is established by a
signaling cascade starting with NODAL [25, 26]. The high levels of NODAL expression in
the proximal epiblast at E5.0 maintain bone morphogenetic protein-4 (BMP4) expression in
the extraembryonic ectoderm adjacent to the epiblast [27-29]. BMP4 acts by inducing
WNT3 expression in the proximal epiblast [30]. It is at this pre-gastrulation stage that the
expression of mesoendodermal markers such as T, MIXL1, EOMES and GSC is detected
[31-34]. Unpatterned mesoderm expresses kinase insert domain receptor (KDR, FLK1/
VEGFR?2) and platelet-derived growth factor receptor alpha (PDGFRA) [35, 36]. Lateral
plate mesoderm, which forms the cardiac lineage, subsequently down-regulates PDGFRA,
whereas paraxial mesoderm down-regulates KDR [37]. The lateral mesoderm moves in an
anterior direction to populate positions on either side of the midline, creating the cardiac
crescent [38]. This epithelial crescent initially functions as a contractile cardiac tube of
myocardium, which then undergoes a rightward looping and expansion of the myocardium,
culminating in a segmented structure and the formation of cardiac chambers [39].

Recent analyses have revealed that two distinct mesodermal heart fields contribute to the
developing heart. The first heart field is responsible for the formation of the primitive heart
tube, generating endocardial and myocardial cell populations therein. Cells of the second
heart field migrate onto a scaffold generated for it by the primary heart field in order to
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establish the cardiac chambers. Both heart fields contribute to most cardiac structures;
however, recent molecular analyses have discerned possible differences in their innate
developmental potential. This becomes important when one is considering what might be the
most competent cell type to engraft and repair a failing heart. Unlike the genesis of skeletal
muscle, for which a single transcription factor, myogenic differentiation 1 (MYOD1), is
sufficient, cardiogenesis appears to rely on a complex web of interacting factors. Myocyte-
specific enhancer factor 2C (MEF2C) coordinates the activation of myofibrillar protein
encoding genes, whereas the serum response factor (SRF) acts in concert with other factors
like NKX2-5, GATA4, and MYOCD to modulate the expression of structural cardiac
proteins such as troponins, actins and myosins (e.g., TNNT2, TNNI3, ACTN2, MYH6, and
MYH7) [40-43]. The expression of NKX2-5 and GATA4 are heavily dependent on the
activating signals of the BMPs. Furthermore, ventricular genes are specifically activated by
the IRX4 while simultaneously suppressing expression of atrial genes within the ventricular
chambers [44]. These observations are now further complicated by reports of the existence
of two populations of cardiac progenitors, one for each of the first and second heart fields
[45-47]. Importantly, these populations share significant pathway components in their
regulation, such as a common dependence on NKX2-5 in orchestrating their differentiation
[39]. However, their differences also underscore a potentially critical divergence in their
biological roles; most notably, the secondary heart field is proposed to contain a population
of cardiac progenitor stem cells. This secondary heart field multipotent cardiovascular
progenitor appears to be characterized by its expression of the LIM homeodomain
transcription factor ISL1, in combination with expression of other cardiac genes like
NKX2-5and KDR.

Differentiation of CM from human pluripotent stem cells

The recent discovery of murine iPSCs (miPSCs) in 2006 and hiPSCs in 2007 as an
alternative, non-embryonic derived source of pluripotent stem cells has resulted in
significant advances in the field of stem cell research over the past five years [3, 4, 48, 49].
This groundbreaking work has opened the door for a new area of stem cell research, as it can
avoid many of the ethical and political concerns associated with hESCs. Unlike hESCs,
hiPSCs can be generated from somatic cells such as fibroblasts via delivery and ectopic
expression of the Yamanaka factors (Oct4, Sox2, KlIf4, and c-Myc), also known as OKSM.
Recent studies have also demonstrated the successful derivation of iPSCs from other
sources, including amniotic fluid, human blood and keratinocytes [50-52]. Multiple methods
to deliver these critical factors have been published, such as the use of integrating
approaches (lentiviruses and retroviruses), as well as non-integrating approaches such as
adenoviruses, Sendai virus, polycistronic minicircle vectors, and self-replicating selectable
episomes [53-55]. Once pluripotency is established, hiPSCs can be differentiated into CMs
by various methods [56]. Traditionally, human pluripotent stem cells are differentiated to the
cardiac lineage in culture by allowing colonies to form three-dimensional aggregates in
suspension known as “human embryoid bodies” (hEBs). It is thought that these three-
dimensional structures recapitulate some of the growth factor gradients and cell-cell
interactions that normally exist in the human embryo. In general, there are currently three
well-described techniques for cardiac differentiation of hESC. The first is an EB-based
technique that uses a defined proprietary medium, in addition to ascorbic acid, hypoxic
conditions, and a rigorously defined growth factor regiment [57]. In the second method,
hESCs are cultured directly on stromal cells such as murine OP9 or visceral endoderm-like
cells [58, 59]. The third approach is a monolayer-based method that uses a medium
consisting of RPMI 1640, the supplement B-27, and growth factors activin A and BMP4
with high-density hESC cultured on Matrigel [60, 61]. In this last technique, the medium is
not changed for 4 days (between days 1 and 5), which allows for a buildup of secreted
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factors to occur. In all three systems, contracting cells are witnessed after 8-12 days. Similar
methods can also be used for the differentiation of hiPSCs into CMs.

The use of hiPSC-CM for drug discovery and development

Novel drug discovery, development, and safety testing make up a long, arduous and
expensive process that is plagued by the lack of economical and reliable methods that can
accurately mimic the human physiological response. High drug attrition rates continue to
bedevil the research and development process, including the more than 40% of NCEs that
enter phase Il clinical trials which fail due to ineffectiveness and/or unforeseen toxicities
[62]. The pharmaceutical industry currently invests ~ $1.5 billion to take a candidate drug
from primary screen to market, a process lasting an average of 10-15 years, and many drugs
are withdrawn due to side effects associated with off- and on-target electrophysiological
alterations and biochemical cardiotoxicity [63]. For example, in an eight-year span from
2000-2007, drugs such as the non-steroidal anti-inflammatory drug (NSAID) Vioxx
(rofecoxib), the gastrointestinal prokinetic drug Propulsid (cisapride), and the 5-
hydroxytryptamine receptor 4 (5HT,) agonist Zelnorm (tegaserod) were all withdrawn from
the U.S. market following unforeseen clinical cardiotoxic and/or arrhythmogenic toxicities.
Off-target cardiac toxicity is the most common cause of regulatory delay in approval and
market withdrawal of newly developed pharmaceuticals [20, 64]. In addition, members of
several non-cardiovascular drug classes, including the anthracyclines, non-steroidal anti-
inflammatory drugs (NSAIDs) and certain first- and second-generation antipsychotics, carry
cardiovascular-related black box warnings (Table 1). Decreasing the failure rate of novel
therapeutics could result in a significant reduction in both the length of time of drug
development as well as pharmaceutical company and consumer costs.

High drug attrition rates during early drug development are often related to suboptimal
screening assays that do not accurately translate to /n vivo results [65]. Some of the current
barriers to improving the efficiency of novel drug discovery and development include the
use of nonhuman animal models for the assessment of off-target toxicities and the lack of
translation to potential human toxicities, the practice of performing early compound safety
screening studies when only small quantities of the compound exist prior to scale-up for
expensive animal model experiments, and the fact that small-scale early human clinical trials
(usually around 20-50 patients) do not include rare but potentially relevant genetic
backgrounds. CMs from animals may not translate to results observed in humans, and the
utilization of primary human CMs is further limited by donor cell availability, problematic
isolation procedures, and poor viability and proliferation capacity. The use of hiPSC-derived
cardiac progenitor cells (CPCs) and CMs provide the potential to overcome these barriers by
reducing the burden of each of these factors and therefore decreasing the time and cost of
bringing new drugs to market. Importantly, hiPSC-CMs display many of the characteristics
of normal /n vivo CM, including molecular, structural and functional properties such as ion
channel, transporter, and receptor expression, as well as similar electrophysiological
properties and biochemical responses [66]. Other desirable properties of hiPSC-CMs include
their ability to survive under cell culture conditions for extended periods of time, and the
fact that they can be grown in controllable environmental conditions. In addition, a recent
comparison of CMs derived from both hESCs and hiPSCs showed no observable differences
in the time course for the development of contracting cells between these two types of
pluripotent stem cells [67]. Large-scale generation of CMs from pluripotent stem cells, or
disease-specific hiPSC lines such as patients with heart disease, dilated cardiomyopathy,
LEOPARD syndrome, long QT syndrome, and Timothy syndrome hold the potential to
serve as a high-throughput human-based model for both drug development and
cardiotoxicity screening. All of these desirable properties favor the use of pluripotent stem
cells for drug testing and toxicology screening [68-72]. This model could provide the
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pharmaceutical industry with a valuable tool for the pre-clinical screening of candidate anti-
arrhythmic and anti-heart failure pharmacological agents, as well as other classes of
medicines for the evaluation of secondary off-target cardiac toxicities, such as various
classes of chemotherapeutic agents (Figure 1) [64, 73, 74].

Evaluation of drug toxicity using hiPSC-CM

Action potentials are the rhythmic electrical oscillations of CM membrane potential that
underlie the heartbeat as well as basic cardiac function. The action potential waveform
results from ions crossing the plasma membrane through a variety of ion channels, the
dysfunction of which can lead to an alteration of cardiac rhythm. Cardiac ion channel block
and dysfunction arises from genetic mutations and/or interactions with drug compounds.
Different species express different types of cardiac ion channels as well as differing relative
levels of each channel type. Therefore, different toxicity assessments could be drawn from
applying the same compound to CMs from different species. Dysfunction resulting in action
potential prolongation is of particular concern as it can lead to ventricular arrhythmias and
sudden death. The most common cause of cardiac action potential prolongation is drug-
induced blockade of the human Ether-a-go-go-Related Gene (hERG) channel, a rapid
component of the delayed rectifier potassium current (/k,) that controls action potential
repolarization. Inhibition of hERG causes one of the most common negative cardiovascular
drug effects, long QT syndrome (LQTS). LQTS is associated with an increased risk of
ventricular arrhythmias such as Torsade de Pointes (TdP). Drug-induced TdP is often caused
by blockade of /, channels, resulting in activation of L-type calcium channels, which are
normally inactive during the repolarization phase. This can lead to an early after-
depolarization caused by inward calcium currents, resulting in TdP and potentially life-
threatening ventricular fibrillation. Drug-induced TdP is the most common reason for the
withdrawal or restricted use of many cardiovascular and non-cardiovascular drugs [75].

The clinical evaluation of effect of a new drug for potential delayed repolarization is
currently performed using a hERG-binding assay involving radiolabeled drugs and
immortalized cell lines expressing single recombinant hERG potassium channels. However,
this assay has multiple limitations. Specifically, it is expensive and does not accurately
predict the occurrence of organ toxicity or lethal side effects secondary to pharmacological
agents. Also, since the hERG channel only accounts for phases 2 and 3 of the action
potential, it cannot completely predict drug-induced LQTS associated with the blockade of
other channels Figure 2) [76]. Due to these drawbacks, the use of hiPSC-CMs would
provide a unique and more predictive model for pharmaceutical companies to study the
potential /n7 vitro cardiotoxic effects of novel pharmacologicals in early drug development
[77].

The effects of drugs on pluripotent stem cell-derived CMs can be assessed using simple
“number of beating hEBs” assays or more detailed studies such as the use of current laser
capture microscopy and bioenergetics assays [78-80]. Patch-clamp assays and
microelectrode arrays (MEAS) are often used to measure action potential duration (APD),
field potential duration (FPD), as well as other measurements which can analyze the rhythm,
excitation, repolarization, and conduction properties of beating CM clusters derived from
both hESCs and hiPSCs after exposure to cardioactive drugs [81, 82]. Small-scale
preliminary studies using MEAs on hiPSC-CMs have been performed, yielding promising
results [83]. Both automated robotic high-throughput patch-clamp systems and MEA
systems enabling high throughput screening of 96 or even 384 compounds simultaneously
are already commercially available. These systems enable the measurement of the surface
electrogenic activities of cell clusters and allow stable, long-duration recordings that are
necessary to evaluate the relationship between dose-dependency and the induction of side
effects by novel therapeutics. The washing out of drugs leads to the recovery of the field
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potential waveform almost to the baseline observed before the drug application, which
means that this system can be used to test the reproducibility of pharmacological effects, and
several drugs at varying concentrations may be tested using the same sample. In addition to
high-throughput patch-clamp and MEA systems, recent studies have also demonstrated the
ability to perform microfluidic-based single-cell, high-throughput, real-time polymerase
chain reaction (RT-PCR) for the analysis of iPSCs and differentiated derivatives [84]. This
technology also allows the ability to thoroughly investigate gene expression patterns in
difficult to analyze heterogeneous cell populations from both healthy patients and patients
with various disease states, and helps to overcome limitations associated with small sample
sizes. The combination of these high-throughput assays with current /n sifico approaches
provides a time-sensitive and cost-effective option for the evaluation of drug-induced
cardiotoxicity in pluripotent stem cell-derived CMs [85]. The use of hiPSC-CMs also allows
the possibility for drug testing on a panel of cell lines that might more closely reflect the
genetic diversity of a population, including that seen in murine ESCs [86]. Genetic
conditions that affect the heart may also be studied, including familial cardiomyopathy,
familial lethal arrhythmias, and congenital heart diseases [87]. In addition, because hiPSC-
CMs can be derived from both male and female patients, the use of these cells in drug
screening may prove beneficial to evaluate gender differences in response to treatment. For
example, almost two-thirds of TdP cases occur in women, who are more prone to drug-
induced TdP [88, 89].

Publication standards for the characterization of hiPSC-CM

Despite the increasing popularity and use of iPSC-CM for drug discovery and toxicity
screening, there are no published consensus guidelines for the characterization of these cells.
These steps are of the utmost importance for the successful interpretation and reproducibility
of subsequent experiments (Table 2). While beating cells will be observed at different time
points depending on the specific differentiation method used, steps should be taken to assure
that these contracting cells form striated sarcomeres, and express typical terminal cardiac
markers and structural proteins such as a-actinin (ACTN2), cardiac troponin | (TNNI3),
cardiac troponin T (CTNT), connexin43 (Cx43), myosin heavy chain 6 (MYH6), myosin
light chain 2a (MLC2a), and troponin T type 2 (TNNT2). In addition, a detailed
electrophysiological characterization should be done, including MEA recordings and patch-
clamp techniques to record field potentials and action potentials, determine the percentage of
atrial-, nodal-, and ventricular-like cells, as well as measure ion channel currents with and
without the presence of specific agonists and antagonists. Calcium imaging and atomic force
microscopy may also be useful to further characterize these cells, especially in cellular
disease models where calcium transients and contraction forces play a significant role, such
as dilated cardiomyopathy.

Current limitations

One of the major limitations preventing the large-scale use of these cells in drug discovery
and screening is inefficient differentiation methodologies, which currently are incapable of
producing CPCs or CMs at clinically or commercially relevant scales, nor to current good
manufacturing practice (cGMP) standards. Current differentiation methods are designed
around small-scale research paradigms [90]. These systems, although substantially improved
over prior methods, are still vastly inefficient and provide mixed populations of terminal
cells with a wide variability in cells derived from patients of different ages and sex [91]. For
the scale-up to production levels, improvements in current differentiation techniques will
need to be made, with a focus on large-scale pluripotent cell culture or automated culture
[92, 93]. Also, hiPSC-CM are immature and do not express many markers of fully
developed adult hearts. In addition, improvements will also need to be made in
methodologies involving the purification of differentiated populations. Traditional methods
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for the purification of CMs, which can involve density gradient centrifugation or genetic
modification for GFP or drug resistance expression, are unsuitable for large-scale or clinical
practice, and routinely result in only a 5- to 10-fold enrichment in CM populations [94-96].
Also, producing hiPSC lines to cGMP standards in defined, feeder-free, and xeno-free
conditions, as well as the exclusion of the use of retroviruses and oncogenic factors,
represent other major challenges to stem cell biology. Recently, it has been shown that
hiPSC lines can be derived in xeno-free conditions, and cardiac differentiation has been
performed in serum-free conditions, albeit from cells cultured on mouse embryonic
fibroblasts (MEFs) or animal tumor cell line-derived Matrigel [97, 98]. The further
development of feeder-, serum-, and xeno-free conditions for the /in vitro culture of
pluripotent stem cells will be vital if they are to be used clinically in humans. Lastly, caution
must be exercised when comparing results using hESCs versus hiPSCs. While it has been
demonstrated that these two groups of stem cells share many properties, recent studies have
also suggested that hiPSCs may not occupy the same pluripotent state as hESCs [99].

While the use of human pluripotent stem cell-derived CMs in regenerative medicine is a
long-term goal, a growing body of studies already have shown promising results in the
ability to use these cells in the field of drug discovery, development, and toxicity screening.
The aim should not be to replace current methods of using animal-derived primary cells or
immortalized cell lines, but to supplement their use with the combination of iPSC-CMs and
high-throughput screening assays. This technology may one day provide a long sought after
solution for multiple problems arising from the lengthy drug discovery process, including
expensive preclinical studies that do not accurately translate to clinical results, high drug
attrition rates, and market withdrawals.
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Figure 1.
The use of human pluripotent stem cells for novel drug discovery, screening, and toxicity
testing.
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Cells expressing recombinant hERG potassium channels cannot completely predict drug-
induced LQTS associated with the blockade of other channels.
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Approved drugs with cardiovascular-related black box warnings
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Trade name (generic name) Indication(s) Black box warning and associated
cardiotoxicity

Anthracyclines including Adriamycin Anticancer Black box warnings (cardiotoxicity)

(doxorubicin), Cerubidine (daunorubicin), and

Ellence (epirubicin)

Avandia (rosiglitazone) Type 2 diabetes Black box warning (congestive heart failure and

myocardial infarction)

Betapace (sotalol)

Antiarrhythmic

Black box warning (proarrhythmic effects)

Clozaril (clozapine)

Antipsychotic

Black box warning (myocarditis)

Cordarone, Pacerone (amiodarone)

Antiarrhythmic

Black box warning (proarrhythmic effects)

Herceptin (trastuzumab)

Breast cancer

Black box warning (cardiomyopathy)

Inapsine (droperidol)

Antiemetic and antipsychotic

Black box warning (QT prolongation and TdP)

Mellaril (thioridazine)

Antipsychotic

Black box warning (QT prolongation and TdP)

Novantrone (mitoxantrone)

Anticancer and multiple sclerosis

Black box warning (cardiotoxicity)

NSAIDs including Anaprox (naproxen), Cataflam
(diclofenac), Celebrex (celecoxib), Orudis
(ketoprofen) and Motrin (ibuprofen)

Pain and inflammation

Black box warnings (increased cardiovascular
risk)

Sporanox (itraconzaole)

Antifungal

Black box warning (congestive heart failure)

Tambocor (flecainide)

Antiarrhythmic

Black box warning (ventricular arrhythmias)

Tasigna (nilotinib)

Leukemia

Black box warning (QT prolongation and TdP)

Tikosyn (dofetilide)

Antiarrhythmic

Black box warning (proarrhythmic effects)

Tyrosine kinase inhibitors including Gleevec
(imatinib) and Sprycel (dasatinib)

Anticancer

No black box warnings (reports of cardiotoxicity)
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Characterization of hiPSC-CM

Table 2
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Criteria

Assay(s)

Results

Electrophysiological properties

Multielectrode Array

Field potentials of beating cells including beat frequency,
field potential duration (FPD), maximum positive
amplitude (MPA), maximum negative amplitude (MNA),
and interspike interval (1SI)

Patch Clamp

Action potential, classification of spontaneous action
potentials (ventricular-, atrial-, or nodal-like)

Expression of cardiac-specific genes
and proteins

Immunohistochemistry and/or RT-PCR

Positive for cardiac markers and proteins such as
ACTN2, cTNT, Cx43, MLC2a, MYHS6, TNNI3, and
TNNT2

Structural properties and organization

Electron microscopy

Typical cardiomyocyte structural properties such as
glycogen granules, mitochondria, myofibrils,
sarcoplasmic reticulum striated sarcomeres, A-bands, I-
bands, and Z-lines

Calcium signaling

Calcium imaging

Calcium transient waveforms, intracellular calcium
voltage micromapping
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