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The current drug screening models are deficient, particularly in detecting cardiac side effects. Human stem cell-derived
cardiomyocytes could aid both early cardiotoxicity detection and novel drug discovery. Work over the last decade has
generated human embryonic stem cells as potentially accurate sources of human cardiomyocytes, but ethical constraints and
poor efficacy in establishing cell lines limit their use. Induced pluripotent stem cells do not require the use of human embryos
and have the added advantage of producing patient-specific cardiomyocytes, allowing both generic and disease- and
patient-specific pharmacological screening, as well as drug development through disease modelling. A critical question is
whether sufficient standards have been achieved in the reliable and reproducible generation of ‘adult-like” cardiomyocytes
from human fibroblast tissue to progress from validation to safe use in practice and drug discovery. This review will highlight
the need for a new experimental system, assess the validity of human induced pluripotent stem cell-derived cardiomyocytes
and explore what the future may hold for their use in pharmacology.
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brain natriuretic peptide; CK, creatine kinase; EADs, early after depolarizations; EB, embryoid body; ESC, embryonic
stem cells; FGF, fibroblast growth factor; FP, field potential; hERG, human ether-a-go-go; hESC, human embryonic stem
cells; hESC-CM, human embryonic stem cell-derived cardiomyocytes; hiPSC, human induced pluripotent stem cells;
hiPSC-CM, human pluripotent stem cell-derived cardiomyocytes; iPSC, induced pluripotent stem cells; LQT, long-QT
syndrome; MEA, multi-electrode array; NYHA, New York Heart Association; PVA, polyvinyl alcohol; RyR, ryanodine
receptor; SCID, severe combined immunodeficiency; siRNA, short interfering RNA; SR, sarcoplasmic reticulum; TdP,

Torsade de pointes

Drug discovery and toxicology: the need for a
new experimental system

There is a vast attrition in the number of drugs developed for
potential therapeutic use during the transition from the labo-
ratory bench to hospital bedside, with 89% of drugs that pass
current in vitro and animal model screening tests being with-
drawn in the clinical phase (Kola and Landis, 2004). Thirty
percent of these failures are due to lack of efficacy, with
another 30% due to safety concerns (Kola and Landis, 2004).

This failure in early drug toxicity detection is proving
extremely time-consuming and costly, and places people’s
health at risk. Cardiovascular toxicity is a major cause of drug
withdrawal during clinical development, accounting for up
to 33% of drug failure (MacDonald and Robertson, 2009).
Approximately half of these are due to risk of arrhythmias,
including QT prolongation and life-threatening polymorphic
ventricular tachycardia or torsade de pointes (TdP) (Manden-
ius etal., 2011). Part of the reason for this failure in early
pharmacological screening is that our current testing systems
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do not accurately replicate human cardiovascular conditions,
particularly cardiac electrophysiology, and cannot account
for individual variability. There is clearly a need for new and
robust experimental systems to elicit organ dysfunction hith-
erto unmasked by standard toxicity testing.

This failure has been internationally recognized - the
European Medicines Association have published guidelines
on ‘safety pharmacology studies for human pharmaceuticals’
(ICH 2000). These guidelines highlight the need for further
rigorous evaluation of functional and electrophysiological
cardiovascular endpoints in drug screening. They stress that
new testing models will need to achieve high specificity,
sensitivity, reproducibility and predictive power.

A pharmacological agent, during development towards
licensing, undergoes a series of safety tests before entering
human clinical trials. The current testing model starts with in
vitro single cells and then progresses through to ex vivo tissue
and organ baths. Both these models would clearly benefit
from using authentic human ‘adult’ cardiomyocytes to repli-
cate the complex electrophysiological and mechanical inter-
actions of human myocardium. Unfortunately, human cells
are scarce, difficult and costly to harvest and are terminally
differentiated with a low proliferative capacity. They have
limited time in culture before they de-differentiate, altering
structural features such as t-tubules, rendering the cells inad-
equate to perform the manipulations desired (Mitcheson
et al., 1998). Declining transplant numbers, unpredictability
over disease aetiology or previous treatment and absence of a
true control, with even unused donor hearts frequently
showing pathological changes, further highlight the need for
a new human in vitro cardiomyocyte model.

Testing then progresses to animal models, but several
factors contribute to their poor predictive power. Efforts to
model findings in animal cardiomyocytes have shown quan-
titative differences with significant inter-species variability
(Lu et al., 2001). There are differences in receptor subtypes,
distribution and signalling across species (Brito-Martins et al.,
2008). Furthermore, animal models may be inadequate for
some advanced treatments, such as monoclonal antibodies,
as these have been developed specifically for human tissue.
This has been a problem with monoclonal antibodies in other
areas, such as the TGN1412 antibody, which produced unex-
pected cytokine storms in healthy human subjects (Sunthar-
alingam et al., 2006). Some drugs cause cardiotoxicity with
long-term use through moderate pro-apoptotic or stem cell-
targeted necrotic damage, and these might not produce
effects in animal models because the time course of investi-
gation is too short. Drug cardiotoxicity may only become
evident when there is prior underlying deterioration of
the myocardium, as when used in an ageing or cardiac-
compromised human populations. Cardiovascular deteriora-
tion during aging is difficult to reproduce in animal models.
Cardiotoxicity is particularly evident when combinations of
agents are used; for example, one trial detected cardiac dys-
function of NYHA class IIT or IV in 27% of the group given an
anthracycline, cyclophosphamide and trastuzumab com-
pared with 8% of the group given an anthracycline and
cyclophosphamide alone; 13% of the group given paclitaxel
and trastuzumab; and 1% of the group given paclitaxel alone
(Slamon et al., 2001). Recapitulating the various possible
combinations in animal models is difficult and costly. Lastly,
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the predictability of transgenic mouse models for diseases
such as hypertrophic cardiomyopathy and Brugada syn-
drome are limited due to rodent heart size and electrophysi-
ology, so alternative models are needed for testing disease
specific therapies and toxicities (Lian et al., 2010).

Stem cell-derived cardiomyocytes: new model
systems for toxicology testing

A general search for improved, humanized cell models for
disease has led to a focus on human stem cell derivatives.
Human embryonic stem cells (hESC), first developed in 1998,
were quickly shown to produce cells with spontaneous con-
tractility and electrophysiological characteristics of cardio-
myocytes (Kehat et al., 2001; Mummery et al., 2002). In one
respect, they were superior to the adult cardiomyocyte in that
they would continue to beat in culture for months and could
be readily transfected using plasmid or siRNA constructs
(Braam et al., 2008). Since their discovery, efforts in laborato-
ries have characterized human embryonic stem cell-derived
cardiomyocytes (hESC-CM) in detail in terms of electro-
physiology, calcium handling, receptor response, growth,
proliferation and survival, showing similarities to human
cardiomyocytes (Reppel et al., 2004; Harding et al., 2007; Liu
et al., 2007; Sartiani et al., 2007; Brito-Martins et al., 2008;
Habib et al., 2008; Pekkanen-Mattila et al., 2010).

However, there are problems associated with hESC use. A
major criticism is that hESC-CMs resemble fetal rather than
adult cardiomyocytes in appearance, structure and function
(He et al., 2003; Mummery et al., 2003; Brito-Martins et al.,
2008; Caspi et al., 2009; Braam et al., 2010). There remains a
low efficacy in establishing hESC lines, especially patient
specific hESCs via somatic cell nuclear transfer (Lian et al.,
2010). There is a risk of immune rejection with allogenic
transplant. Notably, there are complex ethical issues sur-
rounding the use of human embryos. Therefore, although the
new stem cell model made some promising steps in the right
direction, there remains an unmet clinical need for a valid,
efficient and acceptable new screening model.

Discovery of iPSC

In 2006, Takahashi and Yamanaka induced pluripotency in
mouse adult fibroblasts by the retroviral transduction of four
transcription factors - OCT3/4, SOX2, KLF4 and C-MYC (Taka-
hashi and Yamanaka, 2006). OCT3/4 (Nichols et al., 1998;
Niwa et al., 2000) and SOX2 (Avilion et al., 2003) are factors
that maintain pluripotency in early embryos and embryonic
stem cells, and KLF4 (Li et al., 2005) and C-MYC (Cartwright
et al., 2005) are up-regulated in tumour cells, encourage rapid
proliferation of embryonic stem cells in culture and maintain
the embryonic stem cell phenotype.

The following year, Takahashi et al. developed human
induced pluripotent stem cells (hiPSC) from human dermal
fibroblasts, using the same four transcription factors (Taka-
hashi et al., 2007). RT-PCR demonstrated the expression of
undifferentiated stem cell marker genes in both hiPSCs and
hESCs. Western blotting revealed similar protein levels in the
two cell lines. DNA microarray analysis showed that the
global gene expression patterns were similar, with fewer than
4% of the genes analyzed showing greater than a fivefold
difference in expression between hiPSCs and hESCs. These
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cells demonstrated pluripotency in vitro, differentiating into
cells from all three germ cell layers, and maintaining pluripo-
tency in vivo, forming teratomas when injected into SCID
mice (Takahashi et al., 2007). Their murine iPSC predecessors
demonstrated further evidence of pluripotency displaying
chimerism and germ line transmission in murine models
(Boland et al., 2009; Kang et al., 2009; Zhao et al., 2009).

Around the same time, Yu and colleagues used slightly
different transduction factors (OCT4, SOX2, NANOG and
LIN28) to produce hiPSCs (Yu et al., 2007). A number of other
groups have replicated this work showing that human
somatic cells can be reprogrammed to a pluripotent state by
forced expression of a small set of transcription factors (Mah-
erali et al., 2007; Okita et al., 2007; Wernig et al., 2007; Lowry
et al., 2008; Park et al., 2008b).

A year later, in 2008, cardiomyocytes were differentiated
from mouse iPSCs (Mauritz et al., 2008; NarazaKki et al., 2008),
and in 2009, beating human cardiomyocytes were derived
from hiPSCs via embryoid body (EB) formation (Zhang et al.,
2009; Zwi et al., 2009). EBs are formed when iPSCs grown in
culture are dispersed into small clumps, transferred to suspen-
sion and cultured for 7-10 days. During this time, the cell
colonies aggregate to form EBs (Kehat et al., 2001; Xu et al.,
2002). These EBs develop spontaneously contracting out-
growths that can be observed microscopically. When dis-
sected out and examined, these spontaneously beating cells
have molecular, structural and functional similarities to
human cardiomyocytes (Kehat et al., 2001; Xu et al., 2002;
Zhang et al., 2009; Zwi et al., 2009). Recently, more directed
differentiation methods have been developed using signalling
factors responsible for germ layer induction. Activin/Nodal/
TGFB, Wnt and BMP pathways are central to cardiovascular
development, and so it was thought that manipulation of
these pathways could lead to more efficient cardiogenesis
from pluripotent stem cells (Laflamme et al., 2007; Yang et al.,
2008; Kattman et al., 2011). Indeed, culture manipulation
with Activin A, BMP4 and small molecule Wnt inhibitors
induces cardiac mesoderm differentiation in EBs from both
hESCs and hiPSCs with up to 60% efficiency (Laflamme et al.,
2007; Yang et al., 2008; Kattman et al., 2011; Ren et al., 2011).
Recent efforts have sought to improve this efficiency even
further — this will be discussed later in this review.

Human induced pluripotent stem cell-derived cardiomyo-
cytes (hiPSC-CM) open tantalizing new drug screening, diag-
nostic and therapeutic opportunities. Not only do they
provide a potentially unlimited source of human cardiomyo-
cytes, but they also overcome the ethical hurdles that burden
hESC-CMs as they do not require the killing of a human
embryo. Furthermore, hiPSC-CMs produce patient-specific
cells, making patient targeted therapy a real possibility, whilst
surmounting the problem of immune rejection in transplan-
tation. Furthermore, they offer a pharmacological test bed for
patient specific phenotypes and genotypes. They open oppor-
tunities to study diseases of unknown or complex genetic
origin and allow us to replicate diseases with no known
animal models. However, as with hESC-CMs, hiPSC-CMs still
resemble immature fetal-like cardiomyocytes and therefore
their validity as a model for healthy adult cardiomyocytes
needs to be rigorously examined. Although it is beyond the
remit of this review, it is worth mentioning here that in
transplanted populations, hiPSC-CMs present a risk of ter-
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atoma formation similar to that posed by hESC-CMs. Further-
more, there is also a theoretical risk of viral reactivation in the
host when viral vectors are used to generate iPSCs.

Validating hiPSC-CM for use

Before hiPSC-CMs are adopted for high-throughput pharma-
cological screening, they need to be meticulously validated
for use. They need to display similar genomic, proteomic,
pharmacological, mechanical and electrophysiological prop-
erties to human cardiomyocytes in vivo. As a surrogate marker
for this, human cardiomyocytes in vitro can be used as a
benchmark for comparison, possibly together with animal
models where suitable.

Genes
RT-PCR performed on RNA isolated from undifferentiated
hiPSC and differentiating, spontaneously beating EBs dem-
onstrates ontogeny of gene expression that mirrors that in
human cardiomyocytes (Tanaka etal., 2009; Zhang et al.,
2009; Zwi etal., 2009). Undifferentiated hiPSCs express
pluripotency markers OCT3/4, SOX2 and NANOG; and this
expression declines as the cells differentiate and mature
(Yokoo et al., 2009; Zhang et al., 2009; Zwi et al., 2009). Four
to 10 days after EB formation and differentiation, there is an
increase in the expression of primitive steak, mesoderm and
cardiomesoderm markers (Brachyury and MESP1), followed by
expression of cardiac progenitor markers (ISL-1, TBXS5)
(Yokoo et al., 2009; Zhang et al., 2009; Zwi et al., 2009).
hiPSC-CMs from 10 to 60 days post differentiation express
genes for cardiac-specific proteins. These include cardiac-
specific transcription factors (NKX2.5, MEF2C and GATA4),
genes coding sarcomeric proteins (o. and B-myosin heavy
chains, myosin light chains and cardiac troponin) and ion
channel proteins (sodium channels, L-type calcium channels,
rapid and slow delayed rectifier potassium channels, inward
rectifier potassium channels, transient outward potassium
channels and I; ‘funny’ channels).

Proteins and structure

Immunofluorescence confirms the presence of proteins
expressed by these genes and illuminates their spatial con-
figuration. Antibody immunolabelling of myofilament pro-
teins (o-actinin, myosin heavy chain, troponin I, troponin T
and tropomyosin) in hiPSC-CMs reveals some degree of sar-
comeric organization (Tanaka et al., 2009; Zhang et al., 2009;
Zwi et al., 2009). These striated patterns seen under immun-
ofluorescence are similar to those observed in hESC-CMs
(Tanaka et al., 2009; Zhang et al., 2009). Cardiac troponin T
appears across the length of the hiPSC-CMs as punctate
fibrous striations, o-actinin as fibrous strands and o- and
B-myosin heavy chains as both punctate and globular stria-
tions (Guo etal., 2011a). The positive staining of multiple
myofilament proteins and their pattern of distribution sug-
gests embryonic sarcomeric organization, similar to that in
fetal cardiomyocytes but not yet as developed and structured
as in adult cardiomyocytes (Germanguz et al., 2011; Itzhaki
et al., 2011b), analogous to hESC-CMs. These structures are
illustrated in Figure 1.



Figure 1

Immunofluorescence image showing differentiated human induced
pluripotent stem cell-derived cardiomyocytes. Cells are stained posi-
tive for cardiac-specific atrial natriuretic factor (cytoplasmic), mitotic
marker Ki67 (nuclear) and myosin heavy chain a/p at 30 days after
differentiation. Nuclei are stained with DAPI. Courtesy Gabor Foldes,
NHLI, Imperial College.

The expression of key calcium handling proteins such as
ryanodine receptor (RyR), pan-IP3R and calsequestrin has
also been demonstrated in hiPSC-CMs (Germanguz et al.,
2011; Itzhaki et al., 2011b).

Immunofluorescence also reveals the nuclear expression
of transcription factors NKX2.5 and GATA-4, and localizes
ANP to the secretory granules surrounding the nuclei in
much the same manner as seen in human cardiomyocytes
(Tanaka et al., 2009). Immunostaining of Cx43, a key gap
junction protein, shows localization of fluorescence to the
junctions between hiPSC-CMs (Zwi et al., 2009). The ion
channel proteins (sodium, L-type-calcium and hERG) are also
localized to the intermembrane surfaces (Guo et al., 2011a).
Although not evidence of function, this anatomical mapping
suggests that these channels and gap junctions at least have
the potential to be functional.

Function

To investigate whether hiPSC-CMs function as human car-
diomyocytes, we need to assess the electrical activity of indi-
vidual cells and of cell clusters. We need to examine ion
channel properties and interactions, excitation—contraction
coupling, spontaneous beating frequency and contractility,
and study how these features are affected by cardioactive
drugs at a range of doses and time periods.

Inotropy and chronotropy. hiPSC-CMs demonstrate an appro-
priate dose-dependent response to cardioactive drugs in
terms of beating frequency and contractility that match
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responses seen in hESC-CMs (Figures 2 and 3) (Yokoo et al.,
2009). The graphs below illustrate the inotropic and chrono-
tropic responses of hiPSC-CMs and hESC-CMs to a variety of
cardioactive drugs including sodium channel blockers (Pro-
cainamide, Mexilitine, Flecainide), potassium channel block-
ers (Amiodarone), calcium channel blockers (Verapamil),
B-blockers (Propranolol), non-selective a- and B-receptor
agonists (adrenaline) and f-agonists (isoproteronol). The
effects of these drugs on hESC-CMs have previously been
validated against human cardiomyocytes, showing compa-
rable effects at the same range of drug concentrations (Xu
etal., 2002; He etal., 2003; Reppel etal., 2004). These
responses also match those expected in the clinical setting
(Rosen, 1995).

Even though stem cell-derived cardiomyocytes are con-
sidered to represent a relatively immature stage of develop-
ment relative to human adult cardiomyocytes, faithful
pharmacological responses have now been recorded from
over 40 different drugs that include modulators of a-, Bi-,
B.- and muscarinic-receptors and calcium, potassium and
sodium ion channels (Dick etal., 2010). Comparing
hESC-CM and hiPSC-CM with human ventricular cardiomyo-
cytes, a strong quantitative similarity has been shown in
terms of B;- and B, adrenoreceptor subtype dependency
(Drysdale et al., 2000), unlike all other animal models tested
(dog, sheep, rat, rabbit, guinea pig, mouse) (Brito-Martins
et al., 2008). Importantly, ;- and B, adrenoreceptor responses
in stem cell-derived cardiomyocytes were better models for
those in adult human ventricular cardiomyocytes than those
previously found using adult animal cardiomyocytes (Brito-
Martins et al., 2008).

Electrophysiological properties. Field potentials (FP) can be
recorded from spontaneously contracting EB outgrowths
using microelectrode arrays (MEA). This method has been
validated previously on mouse and rat ventricular cardio-
myocytes (Meiry et al., 2001; Halbach et al., 2003), mouse
ESC-CMs (Reppel et al.,, 2007) and hESC-CMs (Caspi et al.,
2009). FP duration correlates with the QT interval in an ECG
and has been shown to parallel action potential duration and
predict drug effects on depolarization (Caspi et al., 2009).
MEAs measure and record the surface electrical activity of cell
clusters and are a valuable tool for assessing the electrophysi-
ological properties of cardiomyocyte syncytia. They are easily
performed and upscaled; they provide stable recordings that
permit dose-dependent relationships and side effects to be
elicited. Furthermore, they enable multiple drugs to be tested
on the same system as the recordings return to baseline after
washing out of the drugs from the external solution (Tanaka
et al., 2009).

MEA analyses of hiPSC-CMs reveal FP morphologies
similar to those produced by atrial, nodal and ventricular
human myocardium (Zhang et al., 2009). Patch clamp analy-
sis of single cells also reveal action potentials of atrial, nodal
and ventricular morphologies. The atrial- and ventricular-like
cells exhibit a more negative maximum diastolic potential, a
higher rate of depolarization and larger amplitudes as com-
pared with nodal-like cells (Ma et al., 2011). The ventricular-
like cells also exhibit a plateau phase (phase 2) and
accelerated repolarization (phase 3), with longer action
potential durations and slower spontaneous beating frequen-
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Figure 2

The effects of cardioactive drugs on the beating rates of contractile colonies derived from human iPS cells and human ES cells. Adrenaline,
isoproterenol, verapamil, amiodarone and isoproterenol + propranolol had statistically significant effects between pre-drug loading; and the
maximum concentration of the drug used in cardiomyocytes was derived from human iPS cells (P < 0.05). There were no statistically significant
differences between the concentrations of drugs that elicited effects in human iPS cells and those that elicited effects in human ES cells (Yokoo
et al. 2009, Biochem Biophys Res Commun 387: 482-488, with permission).

cies (Ma et al., 2011). These action potential morphologies are
illustrated in Figure 4 (Ma et al., 2011).

The presence of functional ion channels can be assessed
by the action of cardioactive drugs on the FP morphology.
Quinidine, a sodium channel blocker, causes a dose-
dependent and reversible decrease in the first FP negative
peak, analogous to the action potential upstroke; Verapamil,
a calcium channel blocker, causes a dose-dependent and
reversible shortening of the FP duration; E-4031, a drug that
blocks the Iy, channel (i.e. hERG channel blockade), causes a
dose-dependent and reversible prolongation of the FP dura-
tion; Chromanol 293B, an I, channel antagonist, also pro-
duces a dose-dependent increase in FP duration (Tanaka et al.,
2009; Zwi et al., 2009).

These properties and measurements are nearly identical to
those seen in native adult canine ventricular cardiomyocytes
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(January et al., 1988). Additional studies into drug antago-
nism of these ion channels have further shown that the
current density and activation properties of the channels for
Ing, Ica, Ixe, Iks, Ike, I, Is @and I, in hiPSC-CMs (Moretti et al.,
2010; Ma et al., 2011) are quantitatively similar to those in
human cardiomyocytes (Sakakibara et al., 1993; Feng et al.,
1996; Pelzmann et al., 1998; Jost et al., 2009).

hiPSC-CMs demonstrate a dose-dependent decrease in
AP duration and increase in beating frequency with non-
selective B-agonism (isoproterenol) and a dose-dependent
decrease in beating frequency with muscarinic agonism (car-
bamylcholine) at doses between 1 and 10 umol L™ (Zwi et al.,
2009). In response to the cardiac glycosides digoxin and
ouabain, there is a decrease in the sodium spike amplitude,
shortening of the FP duration, increase in the calcium wave
amplitude and induction of arrhythmic beats (Guo etal.,
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Figure 3

The effects of cardioactive drugs on the contractility of contractile colonies derived from human iPS cells and human ES cells. Adrenaline,
isoproterenol, procainamide, flecainide, verapamil and isoproterenol + propranolol had statistically significant effects on human iPS cells between
pre-drug loading and the maximum concentration of the drug used in cardiomyocytes derived from human iPS cells (P < 0.05). There were no
statistically significant differences between the concentrations of drugs that elicited effects in human iPS cells and those that elicited effects in
human ES cells (Yokoo et al. 2009, Biochem Biophys Res Commun 387: 482-488, with permission).

2011b). This response is similar to that seen in isolated guinea
pig hearts, which demonstrate QT shortening, increased con-
tractility and increased arrhythmogenesis (Guo et al., 2011b).

Calcium handling. Intracellular calcium transients require
initiation by L-type calcium channels in human cardiomyo-
cytes. These transients have been recorded in hiPSC-CMs
using laser confocal microscopy on cells pre-loaded with a
fluorescent calcium indicator (Itzhaki et al., 2011b). Removal
of extracellular calcium or use of nifedipine, an L-type
calcium channel blocker, eliminates these calcium transients.
Furthermore, functional RyR-mediated sarcoplasmic reticu-
lum (SR) calcium stores exist in hiPSC-CM, as demonstrated
by changes in intracellular calcium transients when stimu-
lated with caffeine or inhibited with ryanodine in a dose-
dependent manner (Itzhaki et al., 2011b). Inhibition of the
SERCA pump with thapsigargin reduces intracellular calcium
transients, through inhibition of re-uptake of calcium into
the SR (Itzhaki etal.,, 2011b). Thapsigargin also causes a

decreased calcium response to caffeine. These experiments
demonstrate the presence of SERCA-sequestering, RyR-
mediated SR calcium stores in hiPSC-CMs, and suggest that
intracellular calcium transients depend on both sarcolemal
calcium entry via L-type calcium channels and calcium
release from intracellular stores, analogous to adult cardio-
myocytes (Itzhaki efal.,, 2011b). hiPSC-CMs also show a
dose-dependent decrease in amplitude and frequency of
intracellular calcium transients when cultured with either an
IP;R antagonist or a PLC inhibitor, implying the presence of
a functional IP; releasable pool of calcium (Itzhaki et al.,
2011b). This functional calcium-induced calcium release
mechanism is similar to that found in human cardiomyo-
cytes (Cannell et al., 1995; Bers, 2002), though the response
of hiPSC-CMs to ryanodine and caffeine is less in magnitude
than that of human adult cardiomyocytes (Germanguz et al.,
2011).

There is ongoing controversy as to the maturity of the
calcium handling pathways in stem cell cardiomyocytes.
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Figure 4

Action potential morphologies from iPSC-derived cardiomyocytes. From Ma | et al. Am | Physiol Heart Circ Physiol 2011;301: H2006-H2017 with
permission. Interval, beat rate interval; MDP, maximum diastolic potential; Peak, peak voltage; Amp, amplitude; dV/dtmax, maximal rate of
depolarization, APD, AP duration at different levels of repolarization (APD measured at 10% increments of Amp).

Initial work on hESC-CMs showed that these cells do not
increase in amplitude of contraction in response to increased
stimulation, thereby lacking the positive force—frequency
response typical of adult cardiomyocytes (Dolnikov et al.,
2006). This may be because mature cardiomyocytes rely on
internal calcium stores for contraction whereas stem cell-
derived cardiomyocytes depend more on external calcium
(Dolnikov et al., 2006) as they have underdeveloped SR
capacity and t-tubule systems (Satin et al., 2004; Binah et al.,
2007; Sedan etal., 2008). They therefore have immature
calcium handling within the cell. However, later studies have
shown that culture-matured stem cell-derived cardiomyo-
cytes do have a functional SR and do display a positive force—
frequency response (Liu et al., 2007; Satin et al., 2008). Forced
expression of calsequestrin improves intracellular calcium
handling in these cells (Kong et al., 2010). These experiments
demonstrate the principle that stem cell cardiomyocytes can
be evolved into a more mature phenotype with genetic
manipulation, stress induced changes and prolonged time in
culture. It is also worth noting that calcium handling in
hiPSC-CMs closely resembles that in adult cardiomyocytes
from failing human hearts, where regression to the fetal phe-
notype has occurred.

Application of hiPSC-CM in
drug screening

Arrhythmias

Drug-induced QT prolongation is associated with the devel-
opment of torsade de pointes (TdP) (Carlsson, 2006). Repo-
larization assays have been recommended by the European
Agency for the Evaluation of Medicinal Products in its 1997
document ‘Points to Consider’, with a prolonged QT interval
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being used as a surrogate end-point for TdP. These assays,
however, are poor predictors of drug arrhythmogenicity
(Carlsson, 2006; Thomsen et al., 2006b). In particular, the
degree of QT prolongation pootly predicts progression to TdP,
and other factors such as drug effects on transmural variabil-
ity of repolarization may play a more important role (Kan-
nankeril and Roden, 2007).

KCNH2-encoded rapid-acting inward rectifying potassium
channel or hERG (human Ether-a-go-go) channel inhibition
is sometimes used as a surrogate end-point for QT prolonga-
tion and TdP. Non-cardiac cell lines over expressing hERG
channels are commonly used to screen for hERG channel
inhibition (Giorgi etal., 2010). However, not all hERG
channel blockers cause QT prolongation or TdP, e.g. vera-
pamil (De Ponti efal.,, 2002; Meyer etal., 2004), and QT
prolongation does not always cause TdP (e.g. ranolazine, alfu-
zosin, moxifloxacin) (Frothingham, 2001; Extramiana et al.,
2005; Thomsen et al., 2006a). Some drugs cause arrhythmias
in humans that neither inhibit hERG channels in vitro nor
cause QT prolongation in animal models (Demiryiirek and
Demirytirek, 2005; Chan, 2009).

Drug arrhythmogenic potential is much better assessed in
predisposed animal models (Carlsson, 2006; Thomsen et al.,
2006b). These pro-arrhythmic animal models confer greater
sensitivity and specificity, but these models are expensive and
cumbersome, with varying predictive power, and upscaling
for use industry is costly. Furthermore, the number and
spatial compartmentalization of hERG channels are an
important determinant of action potential duration (Zaza,
2010), and these vary across species (Jonsson et al., 2010). It is
thought that studying ion current changes in the context of
a human ventricular action potential will increase the accu-
racy of predicting arrhythmias.

hiPSC-CM demonstrate dose and time dependent
arrhythmias when challenged with drugs known to cause



hERG inhibition, QT prolongation and TdP (astemizole,
cisapride, dofetilide, erythromycin, flecainide, quinidine,
sotalol, terfenadine and thioridazine) (Guo et al., 2011a). The
induced arrhythmias have a characteristic oscillatory imped-
ance pattern typical of TdP, whereas arrhythmias seen with
non-TdP arrhythmic drugs such as ouabain and aconitine
produce a fibrillation like pattern of impedance (Guo et al.,
2011a). On the other hand, drugs that block hERG channels
or cause QT prolongation but do not cause TdP clinically
(ranolazine, alfuzosin, verapamil, moxifloxacin) do not cause
arrhythmias in hiPSC-CMs at therapeutic doses (although
supratherapeutic doses of ranolazine and alfuzosin did cause
TdP-like arrhythmias in these experiments) (Guo etal.,
2011a).

When repolarization is prolonged with hERG channel
blockade, early after depolarizations (EADs) are produced by
the hiPSC-CMs. EADs are thought to be produced by the
arrhythmogenic L-type calcium window current (January
1989) and are a precursor to TdP (Ma et al., 2011). These EADs
were abolished when the cells are treated with Nifedipine, a
calcium channel antagonist (Guo et al., 2011a).

These results are promising and suggest that hiPSC-CMs
may be a faithful model for predicting drug arrhythmogenic-
ity as well as serving as a test bed for discovering new drug
treatments for arrhythmias.

Screening of non-cardiac drugs
There is a large market for screening of non-cardiac drugs for
cardiac toxicity. This is particularly true in the field of oncol-
ogy, with chemotherapeutic drugs causing significant cardiac
damage: a recent survey of breast cancer patients receiving
the monoclonal antibody trastuzumab (Herceptin) reported a
24% rate of congestive heart failure (Wadhwa et al., 2009).
Much of the undetected toxicity of anti-tumour agents is
likely to be related to their long term pro-apoptotic or anti-
angiogenic effects and anti-proliferative actions on stem cells
rather than acute electrophysiological phenomena. Use of
hiPSC-CMs for assessing apoptotic, proliferative and hyper-
trophic activity is much less explored, but assays are being
developed using both live and fixed cells (Foldes et al., 2011).
Proliferative activity, as detected by increase in cell number,
Ki67*, phosphorylation of histone H3 and relative distribu-
tion of cells in G, M and G,,G, phases of cell cycle, can be set
up for automated analysis. Assays for hypertrophic changes
such as increases in cell size, protein content, sarcomere
assembly and ANP/BNP have also been automated and may
be useful markers of long-term cardiac toxicity (Foldes et al.,
2011).

Harnessing genotype variability in iPSC
A wide variety of disease-specific iPSC have been generated,
with fibroblasts or bone marrow mesenchymal cells being
successfully reprogrammed from patients with ADA-SCID,
Gaucher’s disease, Duchenne’s muscular dystrophy, Becker’s
muscular dystrophy, Down’s syndrome, Parkinson’s disease,
juvenile diabetes mellitus, Swachman-Bodian-Diamond syn-
drome, Huntington’s disease and Lesch-Nyhan syndrome
(Park et al., 2008a).

Of particular interest is the replication of the long-QT
syndrome 2 in hiPSC-CMs from a patient with the syndrome
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(Itzhaki ef al., 2011a). As mentioned previously, drug arrhyth-
mogenicity is better assessed in predisposed models. The
development of hiPSC-CMs carrying LQT2 syndrome is there-
fore a very tantalizing model for screening drug arrhythmic
potential.

The patient carried a missense mutation in the KCNH2
gene, disrupting the pore-forming region of the hERG
channel, thereby reducing I. In the pluripotent stage, the
cells displayed ES-like morphology as previously described.
These were successfully differentiated into a cardiac lineage,
confirmed by gene analysis, immunocytostaining and func-
tional assessment, with all three morphologies of AP gener-
ated. LQTS-iPSC-CMs showed a marked prolongation in
action potential duration in patch clamp studies, associated
with a reduced repolarization velocity in ventricular-like and
atrial-like cells but not in nodal-like cells, with comparable
results on field potential duration in MEA analysis (Itzhaki
et al., 2011a). EADs in atrial and ventricular like cells detected
on patch-clamp testing are a harbinger of ventricular arrhyth-
mias in LQT (Marban, 2002). EADs were seen in 66% of LQTS
cells but not in control cells (Itzhaki et al., 2011a). Ectopic
activity seen in MEA analysis was observed in 38% of LQTS
cells but only 6% of controls. Cisapride, a gastric prokinetic
agent and indirect inhibitor of I, withdrawn from the
market for increase in mortality due to increase in arrhyth-
mogenicity (Fermini and Fossa, 2003), further prolonged the
QT/AP duration in LQTS-iPSC-CMs and increased EADs and
ectopic activity (Itzhaki et al., 2011a).

Treatments were also tested on this model. Nifedipine
(L-type calcium channel blocker) and pinacidil (K-ATP
opener, increasing potassium outflow) shortened the AP dura-
tion, eliminated EADs and triggered beats on patch clamp
testing, and shortened FP duration and arrhythmic activity
on MEA analysis (Matsa et al., 2011; Itzhaki et al., 2011a).
Ranolazine (late sodium channel blocker, and therefore pos-
sibly more suited to LQT3 where there is a gain of function
sodium channel mutation) had no effect on AP duration/FP
duration but decreased the EADs and arrhythmias seen
(Itzhaki et al., 2011a; Matsa et al., 2011).

A missense mutation in the L-type calcium channel
Ca,1.2 leads to QT prolongation in patients with Timothy
syndrome. hiPSC-CMs generated from the skin cells of
Timothy syndrome patients have revealed ventricular-like
cells with irregular electrical activity, excess calcium influx
with abnormal calcium transients and prolonged AP duration
(Yazawa etal.,, 2011). Pharmacological blockade of this
channel restored normal calcium signalling in these cells
(Yazawa et al., 2011).

hiPSC-CMs from a patient with LEOPARD syndrome, a
disease predisposing to hypertrophic cardiomyopathy, are
larger, with a greater degree of sarcomeric organization and
preferential localization of NFATC4 in the nucleus (Carvajal-
Vergara et al., 2010). This model has been used to further
understand the molecular mechanisms underlying the
disease, implicating disruption of the RAS-MAPK pathway as
evidenced by up regulation of the phosphoprotein MEK1, an
upstream kinase of ERK1/2 (Carvajal-Vergara et al., 2010).

The potential for producing patient-specific lines and its
implications on pharmacological screening and drug discov-
ery is vast. These cells provide robust assays for investigating
the molecular and cellular mechanisms behind a variety of

British Journal of Pharmacology (2013) 169 304-317 311




BJP JM Khan et al.

cardiac diseases. Arrhythmogenicity can be investigated in
normal subjects, in heart failure models and in subjects with
inherited QT abnormalities. Likewise, hypertrophic insults
can be investigated in a variety of genetically predisposing
conditions. As has been demonstrated in the models so far,
these disease-specific cells also provide a test bed for the
development of new treatments.

High-throughput systems

Both efficient, automated cardiogenesis and advanced, inte-
grated bioanalytical techniques are required if high-
throughput toxicity screening on hiPSC-CMs is to become a
reality.

Industry demands high-quality, uniform, validated cells.
Several groups have established protocols to improve the
efficiency of isolating cardiomyocytes from beating EBs,
including by pipette dissociation of beating clusters (Shino-
zawa et al., 2012), use of pro-cardiogenic growth factors to
stimulate mesoderm induction (e.g. BMP4 and FGF2) (Burr-
idge et al., 2011; Xu et al., 2012), manipulation of Activin/
Nodal and Wnt signalling pathways as mentioned earlier
(Laflamme et al., 2007; Yang et al., 2008; Kattman et al., 2011;
Ren et al., 2011), and supplementing the culture media with
chemical promoters of cardiac differentiation (e.g. 20% FBS,
PVA and physiological oxygen tension) (Burridge et al., 2011).
Use of monolayer cultures, where cardiac progenitor cells are
allowed to proliferate and fuse to form single beating sheets,
has also increased hiPSC-CM yield (Carpenter et al., 2012).
These measures have been adopted in an attempt to remedy
the poor differentiation efficiency of hiPSC-CMs of the order
of 1-25% and reduce the prolonged time in culture before
beating cells are produced (Gai etal., 2009; Zhang etal.,
2009). They also aim at producing uniform cell lines and
limiting the epigenetic differences between lines (Kim et al.,
2010). With optimization, differentiation efficiency can be
significantly improved to over 90% of hiPSCs forming
beating EBs within 9 days of differentiation (Burridge et al.,
2011).

Easily measurable and upscaled endpoints of toxicity
have been established. Electrophysiological abnormalities
can be detected by MEA analysis, as described earlier. Meta-
bolic activity can be measured by using oxygen uptake as a
marker of respiration, detected using luminescence intensity
measurements (Papkovsky, 2004). Stress responses can be
evaluated by examining gene expression (e.g. IL6/8 release),
membrane integrity (CK release) and apoptosis (e.g. TUNEL
assay). Surface plasmon resonance can be used to detect
cardiac biomarkers, e.g. cardiac troponin T, a clinically valu-
able marker for cardiomyocyte damage. Multi-wavelength
spectroscopy fluorescence can provide real-time information
on the protein level of the culture and detect a decrease in
this level in the presence of toxic substances due to decrease
in cell growth, excretion of proteins from dying cells, and
detachment of dying cells from the plate (Mandenius et al.,
2011).

Such observations have prompted several companies (e.g.
GE-Healthcare, Cellular Dynamics International, Cellartis,
Reprocell) to produce stem cell-derived cardiomyocytes for
uptake by pharmaceutical companies for integration into
their drug safety assessment pipelines. These assays are
becoming a commercial reality, with companies such as
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Cellular Dynamics selling hiPSC-CMs (iCell™) for drug can-
didate toxicity screening.

Shortcomings

Heterogeneity

hiPSC-CMs are not a homogenous group of cells. Even fully
differentiated hiPSC-CMs display heterogeneity in terms of
being at various stages of development and maturity. There is
also a spectrum of APs demonstrated by these cells, with a
continuous range (rather than sharply divided populations)
from nodal-like, through to atrial- and ventricular-like APs.
Single cell transcriptional profiling confirms heterogeneity
between individual hiPSCs (Narsinh efal.,, 2011). Twenty-
eight pluripotency related transcripts and 14 differentiated
state related transcripts were measured in hiPSCs and hESCs.
In aggregate, they had the same mean levels of transcript
expression, but the frequency distribution in hiPSCs was
much broader, suggesting greater inter-cell line variability
(Narsinh et al., 2011). This heterogeneity impacts on the gen-
eration of reproducible results from these cells.

Much work on validating hiPSC-CMs has been done by
comparing them to previously validated hESC-CMs. This
seems reasonable as iPSC-CMs and hESC-CMs have similar
expressions of stem cell proteins, proliferation rate, ability to
form EBs and capacity for differentiation (Takahashi et al.,
2007). Their differentiation efficiency, contraction rates, car-
diomyocyte marker genes and electrophysiological properties
are also comparable (Gai et al., 2009; Zhang et al., 2009). The
sarcomeric structures in hiPSC-CMs have been shown to be
immature but functional (Zwi et al., 2009), with an indistin-
guishable ultrastructure from hESC-CMs (Zhang et al., 2009).
However, groups have noted differences in their gene expres-
sion signatures, and these differences are maintained in their
miRNA expression patterns (Chin ef al., 2009; Gupta et al.,
2010). Sub-chromosomal genomic differences analyzed using
array-comparative genomic hybridization, gene expression
differences analyzed by RNA profiling, difference in non-
coding RNAs by miRNA profiling, and epigenetic changes
analyzed by histone modification profiling have revealed a
characteristic gene expression signature shared between iPSC
lines that differs slightly from ESC lines (Chin et al., 2009;
Gupta et al., 2010). Differences were diminished, but not
completely eliminated when late passage hiPSCs were com-
pared with hESCs. These differences mainly arose from insuf-
ficient induction of hESC genes or insufficient suppression of
fibroblast genes in the hiPSC lines (Chin et al., 2009; Gupta
et al., 2010). Alterations in DNA methylation patterns have
also been noted (Deng et al., 2009). On the other hand, there
is no convincing difference in structure or function between
hiPSCs and hESCs as a result of their different transcriptomes
(Deng et al., 2009).

Use of retroviridae and lentiviridae in reprogramming
introduces a potential risk of viral reactivation and is associ-
ated with altered gene expression due to residual expression
of reprogramming factors (Kaji et al., 2009; Soldner et al.,
2009; Woltjen etal.,, 2009). Methods have developed to
remove these viral vectors after reprogramming. For example,
using cre-recombinase excisable viruses has generated hiPSCs



with global gene expression profiles that more closely resem-
ble hESCs than their genetically identical hiPSC counterparts
(Soldner etal., 2009). Other non-integrating approaches
include using episomes (Yu et al., 2009), adenoviruses (Stadt-
feld et al., 2008), RNA viruses (Fusaki et al., 2009) and plasmid
transfection (Okita et al., 2008; Gonzalez et al., 2009). All
these approaches confer varying degrees of success in limiting
genetic modification, although vector sub-fragments are
rarely completely eradicated (Kaji et al., 2009). Furthermore,
these methods are often extremely labour intensive and inef-
ficient (Saha and Jaenisch, 2009).

Fetal phenotype

Another limitation of hiPSC-CMs is that they retain certain
stem-cell and fetal characteristics. There is persistent trans-
genic expression of OCT4 and NANOG in hiPSCs even in
micro dissected beating clusters at 60 days post differentia-
tion (Zhang et al., 2009). Nevertheless, protein levels of OCT4
and NANOG, as measured by immunolabelling, are undetec-
table. This suggests down-regulation in the expression of
these proteins despite some persistence in mRNA expression,
possibly mediated by miRNA regulation (Zhang et al., 2009).

Quantitative real-time PCR has been used to compare
RNA levels between different sources of cardiomyocytes.
Commercially available hiPSC-CMs (iCells), after being
thawed and cultured for three to five days, were compared
with human fetal and human adult cardiomyocytes (Guo
etal., 2011a). The expression levels of genes for sarcomeric
proteins in hiPSC-CMs more closely resembled those in fetal
cardiomyocytes. Specifically, expression of MYL2, MYH7,
TNNI3, SCN5A and KCNH2 more closely resembled fetal
levels; whereas expression of MYH6 resembled adult levels.
The expression of MYL7, MYH7 and TNNI3 was less than that
seen in both fetal and adult cardiomyocytes (Guo et al.,
2011a).

In terms of their structure, both hESC-CMs and hiPSC-
CMs phenotypically resemble the fetal mycocardium (Cao
et al., 2008; Xu et al., 2009). With maturation, their myofi-
brils align and organize and they more closely resemble the
adult phenotype, but still appear immature (Snir et al., 2003).
Figure S is a slide of hiPSC-CMs illustrating sarcomeric struc-
tures with varying degrees of organization seen within the
same preparation.

Young stem cell-derived cardiomyocytes demonstrate a
positive inotropic and chronotropic effect in response to the
non-selective B-agonist isoprenaline, but show a poor lusi-
tropic response. However, stem cell-derived cardiomyocytes
can be matured through extended time in culture, and
further maturation is being developed using such techniques
as mechanical stretching, pharmacological or neurohormo-
nal treatment, and chemical or conformational modulation
of the growth substrate. Matured cells also seem to adopt a
more adult phenotype in terms of arrhythmic propensity
(Abdul Kadir et al., 2009).

Stem cell-derived cardiomyocytes show increased autom-
acity compared with human ventricular cardiomyocytes due
to under-expression of the inward rectifier potassium
channel, therefore resulting in a large inward sodium current
and increasing the spontaneity of contraction (Satin
et al., 2004). Forced expression of the gene encoding the I
channel reduces the observed automacity and results in an
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Figure 5

iCell-CMs (Cellular Dynamics International) were cultured for 2
weeks in iCell cardiomyocytes maintenance medium (Cellular
Dynamics International), fixed with paraformaldehyde (4%) and
immunolabelled with primary antibodies against mouse sarcomeric
o-actinin (Sigma, A7811, 1:150). The secondary antibody was Alexa
Fluor 594 goat anti mouse IgG (Invitrogen, 1:800). Nuclei were
stained with DAPI. Scale bars: 20 um. Courtesy Ljudmila Kolker,
NISBC and Imperial College.

electrophysiological phenotype more akin to mature adult
cardiomyocytes (Kong et al., 2010).

The concentration-response curves of stem cell-
cardiomyocytes to cardioactive drugs such as isoprenaline
match those of the embryonic and also of the failing human
heart (Brito-Martins et al., 2008). This suggests the possibility
that cardiomyocytes in heart failure regress towards the ‘pro-
tective’ fetal phenotype. If this is the case, hiPSC-CMs may
paradoxically be a better model for diseased mature human
cardiomyocytes than for healthy adult cardiomyocytes. Car-
diotoxicity modelling using both adult and fetal phenotypes
may give better predictive abilities since they will span
normal responses and those from patients with sub-clinical or
clinical heart disease.

Conclusion

We are currently in the transition phase from validation to
discovery. A powerful testament to the utility of hiPSC-CMs
in drug screening would be cardiotoxicity detection in com-
pounds that did not show cardiotoxicity in animal screens
but which subsequently failed in phase I trials due to cardiac
effects. This is an extremely important set of compounds to
validate the predictive power of any assay, and will expedite
the widespread adoption of the model to pharmaceutical use.
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More extensive testing will need to be done to ensure that the
model does not generate too many false negatives. This
would be problematic, as many drugs with great therapeutic
potential may be prematurely withdrawn. Difficulties could
arise with drugs that not only have clear toxic effects but also
have great therapeutic benefit in certain scenarios, the use of
thalidomide in multiple myeloma being a prime example.

Once we know the sensitivity, specificity, reproducibility
and predictive power of hiPSC-CMs, they can be confidently
used in drug screening. The initial results are promising, but
further work still needs to be done. A limitation of using cell
models for drug screening is the difficulty in mimicking the
drug pharmacokinetics and durations of drug exposure that
occur in whole organisms. Future areas of research could
involve injecting hiPSC-CMs into animal models (e.g. nude
mice) to form chimeras (Friese et al., 2006; Behringer, 2007).
This may allow testing toxicity on human-like cardiomyo-
cytes in an in vivo environment that replicates the complex
pathophysiology of multiple tissue interactions and also
allows toxic effects with long latency periods to be assessed.
Along with drug screening, an exciting new field of disease
modelling has emerged with hiPSC, with greater understand-
ing of the developmental process of cardiac disease pheno-
types aiding drug discovery. We have also moved a step closer
to individualised therapies, where drugs can be tested for
patient organ-specific effects and toxicities. This would be a
significant advance in the field of targeted health care and
have great potential benefit in the clinic.
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