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Abstract
Cardiovascular disease remains the leading cause of death in the Western world and myocardial
infarction is one of the primary facets of this disease. The limited natural self-renewal of cardiac
muscle following injury and restricted supply of heart transplants has encouraged researchers to
investigate other means to stimulate regeneration of damaged myocardium. The plasticity of stem
cells toward multiple lineages offers the potential to repair the heart following injury. Embryonic
stem cells have been extensively studied for their ability to differentiate into early cardiomyocytes,
however the pathway has only been partially defined and inadequate efficiency limits their clinical
applicability. Some studies have shown cardiomyogenesis from adult mesenchymal stem cells,
from both bone marrow and adipose tissue, but their differentiation pathway remains poorly
detailed and these results remain controversial. Despite promising results using stem cells in
animal models of cardiac injury, the driving mechanisms behind their differentiation down a
cardiomyogenic pathway have yet to be determined. Currently there is a paucity of information
regarding cardiomyogenesis on the systems level. Stem cell differentiation results from multiple
signaling parameters operating in a tightly regulated spatiotemporal pattern. Investigating this
phenomenon from a systems biology perspective could unveil the abstruse mechanisms
controlling cardiomyogenesis that would otherwise require extensive in vitro testing.

Introduction
Each year over 8 million Americans suffer from myocardial infarction and there is roughly
one death every minute in the US as a result of some coronary event [1]. Myocardial
infarction (MI), resulting from a blockage of a coronary artery, typically leads to
cardiomyocyte ischemia and death and eventual ventricular hypertrophy and heart failure
[2]. The heart has traditionally been viewed as one of the few organs lacking the capacity for
self-renewal. Despite recent studies showing limited long term turnover of cardiomyocytes,
the mammalian heart remains incapable of adequately replacing damaged myocardium [3].
Cellular cardiomyoplasty, or cell transplantation, offers an exciting approach to regenerate
myocardium post-MI by replacing the necrotic cardiomyocytes. Scientists have recently
turned to stem cells as a potential avenue for rebuilding the heart after injury. Stem cells are
characterized by their ability to differentiate into multiple lineages, including
cardiomyocytes. While animal studies have shown some success in regenerating heart
muscle in vivo, and several critical molecular chaperones have been identified in vitro, the
overall pathway of cardiomyogenic differentiation remains largely unknown [4–7]. This
review will discuss the major types of stem cells presently available to scientists and the
current evidence for their subsequent differentiation into cardiomyocytes, with the hope that
systems biologists can synthesize the combined information to diagram the overarching
mechanisms driving cardiomyogenesis.

This review will focus mainly on in vitro cardiomyogenesis of human stem cells. While
several in vivo studies have seen varying degrees of myocardial regeneration from stem cell
delivery post-MI, the in vivo environment presents innumerable confounding variables.
These studies are useful in demonstrating the feasibility of stem cell cardiac regeneration,
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but offer little help in elucidating the mechanisms that control cardiac differentiation and
thus will only be briefly highlighted here.

Cardiogenesis and Cardiomyocyte Characterization
Before attempting to manipulate stem cell differentiation to a cardiac phenotype, it is
imperative to gain a thorough understanding of the developmental biology of the heart. The
heart arises from the lateral plate mesoderm and develops from the primary and secondary
heart fields that segregate from a common progenitor [8–10]. The primary heart field gives
rise to the left ventricle and atria whereas the secondary heart field gives rise to most of the
right ventricle, ventricular septum and the outflow tracks [11, 12]. The primary heart field
adapts a crescent shape, and then fuses at the midline to create a heart tube, which ultimately
contributes to the left ventricle and atria. Next, several developmental steps are required to
create a mature four chambered heart. First, cells are recruited from the lateral plate
mesoderm to form the secondary heart field, and the tube loops around to form a C-shape.
During cardiac looping, the compartments of the heart become visible as the loop begins
ballooning out, and the outflow tract, embryonic right ventricle, embryonic left ventricle,
atria, and sinus venosus are defined [13]. The right atrium becomes connected to the right
ventricle as the left ventricle subsequently joins the outflow tract.

Several unique transcription factors and proteins have been identified to characterize the
stages of cardiac development. First, differentiation into mesoderm, one of the three germ
layers, can be identified by the transcription factor Brachyury (T). Pre-cardiac mesoderm
expresses Mesp-1, Is1-1, and Flk-1. However, Flk-1 is also a marker for hematopoietic
progenitor cells, and is found in the endothelium. Isl-1 may prove to be a difficult marker to
use as well since its expression is transient and not seen in the adult heart. To identify
cardiac progenitors, Nkx2.5 is one of the earliest cardiac transcription factors seen in the
developing heart field, but in the mouse it is also associated with many other tissues [14].
Other markers include Tbx5/20, GATA4, Mef2c and Hand1/2 [15]. Cardiomyocytes are
distinguished by their characteristic protein expression, including Troponin T (cTnT) and I
(cTnI), myosin light chain atrial/ventricle (MLC-2a and MLC-2v, respectively),
connexin-43, and myosin heavy chains (αMHC and βMHC). In addition, cardiac α-actinin
will appear as striated, indicating the formation of sarcomeres. However, a fully
differentiated adult cardiomyocyte will display an organized myofibrillar and sarcomeric
pattern throughout the cell [16–18]. Further maturation is indicated by increased calcium
transients compared to primordial cardiomyocytes, as well as the formation of several ion
channels including the L-type Ca2+ channel (ICa), the sodium channel (INa), and the
hyperpolarization-activated pacemaker channel (If) [19]. Action potentials also change from
pacemaker-like to more ventricular-like and atrial-like with higher upstroke velocity [20].
Figure 1 displays these stages of cardiac development in relation to differentiating
embryonic stem cells.

Through a series of elegant lineage-tracing studies in both the chick and mouse, it was seen
that both heart fields are marked by expression of Flk-1 and the transcription factor Nkx2.5
while solely the second heart field is marked by Isl-1, a transcription factor that is transiently
expressed [10, 21–23]. When Nkx2.5+ cells are isolated in vitro, the majority of the cells
differentiated to form cardiomyocytes and conduction system cells, but some were able to
differentiate into smooth muscle cells [23]. The isolation of cells with a capacity for
bipotential development in vitro was a significant achievement [24], but later isolation and
differentiation of cells from cardiac progenitors proved to be tripotential, forming
endothelium, smooth muscle and myocardium [24–26]. The study of heart development has
provided insights into the natural progression of stem cell maturation, which can further be
used as potential cues to direct differentiation towards the cardiac lineage.
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Cardiomyogenesis of Human Embryonic Stem Cells
Human embryonic stem cells (hESCs) are derived from the pluripotent inner cell mass of the
blastocyst, and are characterized by their ability to self-renew indefinitely while maintaining
an undifferentiated phenotype, and to form derivatives of all three germ layers. While this
plasticity broadens the regenerative potential of these cells, it also makes their differentiation
difficult to control. Additionally, their origin from pre-implantation fertilized blastocysts
have led to issues for their use and study, and many ethical guidelines and regulations have
been set into place to assure derivation and use of hESCs is done according to ethical
standards [27, 28]. However, the pluripotency of hESCs offers potential for myocardial
regeneration post-MI [29, 30]. The first report of hESCs spontaneously differentiating into
cardiomycytes was described by Kehat et al in 2001, however considerable effort has since
been made to control this cardiomyogenesis [31]. These hESC-derived cardiomyocytes
exhibit many similar behaviors of adult cardiomyocytes, including characteristic
electrophysiology expression and response to chronotropic drugs; however, these profiles
more closely resemble a fetal phenotype [18, 32–35]. Cardiomyocytes are generally difficult
to differentiate, with generation efficiencies less than 10% with most protocols [36]. Many
of the early protocols had a poorly defined combination of factors and high variability
between serum lots, thereby making them difficult to reproduce. In addition, the
differentiation potential among hESC lines is highly variable, as some will differentiate
more readily into cardiomyocytes than others. For example, one hESC line derived at the
University of Wisconsin, the H9 line, is considered to have a higher propensity to
differentiate toward mesoderm than other commonly used hESC lines [18]. Thus, much of
the progress over the past ten years has focused on better means for isolating, enriching, and
characterizing the portion of hESCs that spontaneously differentiate into cardiomyocytes.

The recapitulation of heart development can provide useful insight for optimizing
differentiation protocols. There have been three major families of growth factors that have
been identified as being important regulators of cardiac development: the transforming
growth factor beta-family (TGFβ) such as BMPs and Activin (Figure 2), the Wnt family,
and the fibroblast growth factor (FGF) family [37–39]. While these pathways are able to be
distinguished from each other, there may be a cooperative interplay between these
developmental pathways [40]. It is becoming evident that there is a temporal and spatial
segregation of molecular signals that are required to create the correct environment for
cardiac differentiation. The TGFβ, Wnt and FGF families all play an important role on
differentiation to any lineage, but are especially important for mesoderm formation. These
signals must be delivered at appropriate combinations and timing, and subsequently turned
off at the appropriate time to allow for specific differentiation. Addition of BMP4 during
embryoid body differentiation was found to induce the development of mesoderm, or
Brachyury (T) positive tissue. However, the Wnt/β-catenin signals play a biphasic role in
mouse ES differentiation, as these signals must then be inhibited to promote precardiac
progenitor formation [41]. If the signaling is not removed, the cells will instead form Flk-1+
mesoderm that moves toward a hemangioblast lineage [42]. Using Nodal, or adding Activin
A to act as a surrogate for Nodal, enhanced mesendoderm formation, but a careful balance
must be achieved, as higher concentrations of Activin A promoted formation of endoderm
over mesoderm [43]. The subsequent addition of BMP 4, in addition to Activin A, is thought
to further commit the cells down a cardiac lineage, and generate cardiomoycytes [44, 45].
However, BMPs have also exhibited biphasic activity and must be expressed and inhibited
at appropriate intervals [46]. For example, the endogenous BMP inhibitor Noggin, when in
use with mESCs, has been seen to increase cardiomyogenesis. Similarly, when a BMP small
molecule inhibitor was used within the first 24 hours of culture, it robustly increased
cardiomyogenesis and reduced differentiation into endothelial and smooth muscle lineages
[47]. Conversely, this BMP inhibition must be removed in later differentiation steps as
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BMPs have also been shown to upregulate SMAD signaling and MAP3K7 signaling for
proper heart development [48, 49]. The role of FGF, however, is less defined. While studies
have suggested a synergistic partnership between members of the FGF and BMP families to
promote heart induction during development, the precise pathway and interaction remains
unclear [39, 48].

Currently, there are three main methods for differentiating hESCs to the cardiac lineage:
embryoid body formation, co-culture with other cell types, and monolayer differentiation.
The first, and most widely used approach, is the formation of embryoid bodies (EBs), where
hESCs are clustered into multicellular three-dimensional aggregates that will differentiate to
comprise all three germ layers [50]. Over time, the EBs may spontaneously form contracting
regions, that when dissociated are positive for cardiac markers [18]. The aggregates
generally range in size, however methods are currently being developed to control EB size
and uniformity [15, 51, 52]. EB size may play an important role in differentiation, as it has
been shown that EBs with different initial aggregate size will affect the efficiency of
creating contracting EBs [51]. Enhancing differentiation during EB formation using growth
factors has also been explored, primarily using activin A and BMP4 [53]. After initial
embryoid body formation, the cells are dissociated and plated onto feeder-free coated tissue
culture plates for further differentiation and analysis, and spontaneously beating cells can
clearly be seen under a light microscope.

A separate method of culture employs a supportive stromal layer that will enhance
differentiation toward a cardiac lineage. For example, a co-culture approach using
undifferentiated hESCs with a mouse visceral endoderm-like cell line (END-2) has shown
increased cardiac differentiation [16]. Approximately 15–20% of the cells were seen to be
contracting between 12–21 days of co-culture, and the cells stained positive for α-actinin;
however, the sarcomeric proteins were not well defined. This approach may enhance
differentiation as a result of cell-cell interaction or possibly paracrine effects from the
END-2 cells, as culture of hESCs in END-2 conditioned media also enhanced
cardiomyogenesis [54]. To avoid the confounding variables associated with a separate cell-
line feeder layer, several groups have encouraged cardiomyogenesis by using monolayers of
high density undifferentiated stem cells plated on some sort of extracellular matrix coating,
representing a feeder-free system. These cells are then treated under various conditions to
induce differentiation. Laflamme et al used serum-free media supplemented with BMP4 and
Activin A to generate beating cardiomyocytes [44]. Additionally, Yao et al demonstrated
Activin A and BMP4 could push hESC in monolayer culture toward the cardiac lineage
[45]. However, other groups have shown that cell-cell interactions within the EB stimulate
markers for mesendoderm formation, which may argue in favor for EB differentiation [55].

To assess the maturity of the hESC-derived cardiomyocytes, gene expression profiles can be
used. Cao et al used microarray analysis at different time points during EB formation and
compared the expression profiles to human fetal heart cells [32]. The hESC cardiomyocytes
did contain a bias toward mesodermal and cardiac lineages, but there were still
characteristics of all three cell layers. They found that the gene expression of structural and
force generating proteins were similar between the hESC cardiomyocytes and fetal hearts,
but metabolic process genes were upregulated in the fetal heart. These pathways are
necessary for mature cardiomyocytes to contract forcefully, indicating that the
cardiomyocytes from stem cells were still fairly immature [32].

In addition to monitoring gene and protein expression to determine cardiomyogenesis,
several groups have examined the functionality of the differentiated cardiomyocytes. Mature
cardiomyocytes have a characteristic response to electrical stimuli and pharmacological
agents that alter heart rate. Examination of the electrophysiology of hESC-derived
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cardiomyocytes using microelectrodes showed distinct action potential (AP) formation, with
characteristics of atria, ventricles and pacemaker cells [18]. However, these action potentials
prove to be more similar to embryonic cardiac cells than adult with regard to AP amplitude,
duration and depolarization [18]. Cao et al measured calcium handling in addition to AP
formation, and found that hESC-derived cardiomyocytes were similar to fetal
cardiomyocytes, and that the AP profiles showed no change from three to six weeks post
differentiation. When examining cellular response to pharmacological agents, Xu et al
demonstrated that their differentiated cells, when incubated with dilatiazem, an ion blocker,
decreased the beating rate in a dose-dependent fashion while isoprenaline and phenylephrine
increased the rate of contraction, as seen in adult cardiomyocytes. In particular, cells at an
earlier stage of differentiation were not responsive to clenbuterol, while cultures that were
allowed to differentiate for a longer period of time (greater than 60 days) increased beating
frequency. These results indicate that longer culture times increase the maturation of the
cells [56]. Despite the mature protein expression of these differentiated hESCs, there
remains difficulty in producing cells that appropriately respond to external stimuli in a
mature manner.

While many protocols attempt to generate fully mature cardiomyocytes, the efficiency is
generally low. Several newer protocols aim at generating a cardiovascular progenitor that
possesses tripotentiality, forming endothelium, smooth muscle cells, and cardiomyocytes.
These cardiac precursors generally display Flk-1, c-kit, and Isl-1, and may be attractive to
study since mature cardiomyocytes are non-proliferative and committed to cardiac muscle.
Although several groups report that cardiomyocytes generated from hESCs are still able to
maintain proliferation after differentiation, the cardiac progenitors would be proliferative
and retain the ability to differentiate [17, 57, 58]. Yang et al in 2008 identified tripotential,
contractile progenitor cells with Flk-1+ and c-kit negative expression in half of the hESC
population, where in addition to cardiomyocyte formation, the cell population also contained
endothelial and vascular smooth muscle potential [45]. This protocol combined activin A,
BMP4, Dikkopf-1 (DKK1), VEGF, and bFGF in serum-free media using embryoid body
formation, with the rationale that activin A and BMP4 promote hESC cardiac development,
DKK1 acts as a Wnt inhibitor, and VEGF promotes the viability of the progenitor
population. bFGF was added at a later time point to continue the development of the
cardiovascular lineages. Also in 2008, Leschik et al published a separate protocol to
generate cardiac committed, but not fully differentiated cardiomyocytes [59].This protocol
aimed at inexpensively reproducing cardiac progenitor cells, as only one growth factor
(BMP2) was used for only four days. These cells expressed various cardiac progenitor
markers such as Tbx6, Mef2c, and Mesp2, and were able to differentiate into functional
contracting cardiomyocyte-like cells. This protocol suggests that a subpopulation of beating
hESCs can be produced that is comprised of up to 95% cardiomyocyte progenitors,
potentially improving the overall efficiency of hESC cardiomyogenesis.

The need for a controlled differentiation environment has led scientists to utilize high
throughput screening techniques to search for novel low molecular weight compounds that
can enhance differentiation to a cardiac lineage [36, 60, 61]. By screening chemical libraries
for “hits”, small molecules can be identified that improve the efficiency of hESC
cardiomyogenesis, although the pathway of differentiation is not yet well defined using
these synthetic molecules. Multiple developmental pathways affect the early stages of
differentiation, as evidenced by the wide array of factors implicated for in vitro
cardiomyogenesis. It is evident that the sequence and concentration of induction cues
introduced in culture play a critical role in determining which differentiation pathway the
hESCs follow. The mechanism of these pathways to form cardiac progenitors or
cardiomyocytes has yet to be elucidated and will need to be mastered before use of hESCs
for clinical therapies can continue.
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The main focus of differentiation has traditionally been to use soluble cues to direct
cardiomyogenesis, but other external cues may also enhance differentiation. The
extracellular matrix (ECM) has been shown to play a pivotal role in controlling cell
maturation and differentiation. Conventional protocols have cultured hESCs on gelatin-
coated surfaces, however, recent studies have begun to examine the potential for matrix-
directed renewal [62, 63] or differentiation [22, 63–69] of stem cells. In particular, one study
showed that hESCs cultured on ECM produced by cardiac fibroblasts significantly improved
the speed and extent of cardiomyogenesis [70]. Additionally, a rotary orbital suspension
culture increased the proportion of contracting EBs and increased sarcomeric muscle protein
expression when compared to static culture systems [71]. Electrical stimulation of hESC for
increased cardiac differentiation has also been explored with moderate success [72]. Despite
the rudimentary understanding of the controlling parameters for hESC cardiomyogenesis,
embryonic stem cells remain the most thoroughly defined cell type. However, the
cardiomyogenic potential of other cell types, including induced pluripotent stem cells and
adult mesenchymal stem cells, is rapidly gaining popularity due to their autologous nature
and ease of isolation and culture with the latter.

The recent discovery of induced pluripotent stem cells (iPSCs) has sparked significant
excitement for the generation of patient-specific pluripotent stem cells. These cells are
reprogrammed somatic cells that have characteristics of embryonic stem cells without
involving the destruction of an embryo. Takahashi et al first described the generation of
human iPSCs from dermal fibroblasts using retroviruses containing the four transcription
factors c-myc, Klf4, Oct3/4, and Sox2 [73]. The resulting iPSCs could easily form embryoid
bodies (EBs) as discussed previously, express markers for all three germ layers, self-renew,
and form teratomas – all of the signature characteristics of pluripotent embryonic stem cells.
Several groups have explored the cardiomyogenic potential of these cells using existing
protocols previously established for hESCs, as discussed earlier. Most commonly, EBs are
formed from the iPSCs using either the hanging drop method or by aggregation during
floating cultivation. Several EBs exhibited spontaneous beating within a few days and
exhibited positive expression of the cardiomyogenic genes Tbx5, Nkx2.5, and MEF2c [74–
76]. Several groups even showed typical cardiomyocyte-like responses to pharmacological
agents that alter beating frequency [77, 78]. Together, these results demonstrate the ability
of iPSCs, like hESCs, to differentiate into cardiomyocytes. However the genetic
reconfiguration during viral reprogramming raises questions as to whether iPSCs follow the
same molecular pathways to arrive at the desired cell lineage. While promising, these newest
players in the stem cell cardiomyogenesis niche remain largely undefined.

Adult Mesenchymal Stem Cells
Bone Marrow-Derived Mesenchymal Stem Cells

The ethical and tumorigenicity concerns surrounding hESCs and iPSCs have sparked several
researchers to investigate adult stem cell types for cardiomyogenic capabilities. One of the
more extensively studied adult stem cell types, bone marrow-derived mesenchymal stem
cells (MSCs), have expressed plasticity towards a variety of cell lineages including muscle
[79, 80], bone [81, 82], cartilage [83, 84], and neurons [85]. Some studies have shown that
these cells differentiate into cardiomyocyte-like cells under a variety of stimuli, although
true cardiomyogenesis is controversial. 5-azacytidine (5-aza), a cytosine analog and DNA
demethylating agent, has become a common media additive to induce differentiation.
Makino et al were among the first to describe the in vitro cardiomyogenic potential of MSCs
by incubating rat MSCs in 3 μM 5-azacytidine [86]. This treatment produced spontaneously
beating cells within 30% of the culture that stained positively for myosin, actinin, and
desmin. RT-PCR further showed positive expression of cardiac markers MHC, MLC-2v,
GATA4, and Nkx 2.5. Xu et al expanded these findings to human MSCs using 10 μM 5-
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azacytidine and saw up to 80% of the isolated cells express similar positive cardiac markers
after 3 weeks of culture [87]. However, bFGF and horse serum, commonly used in
myogenic differentiation of mESCs, were also present in the media for the duration of this
study. These additives had little effect on the control MSCs that did not receive 5-aza
treatment, thus suggesting a synergistic role of several compounds in the enhanced
cardiomyogenic differentiation of hMSCs compared to Makino’s findings. Several cells also
positively stained for adipogenic markers, thus indicating that this method is not entirely
cardiac specific. Furthermore, Liu et al were unable to repeat these studies, seeing no
cardiac gene expression despite applying a range of 5-aza concentrations [88]. These studies
raise questions as to whether these cells are undergoing true cardiomyogenesis as a result of
5-aza treatment, or if there are other latent factors contributing to these variable results.

Until recently, the exact mechanism of 5-aza induced cardiomyogenesis was largely
unknown and attributed to demethylation, and subsequent activation, of an unknown
cardiac-related gene. However, a study by Cho et al in 2009 revealed that the upregulation
in cardiomyocyte specific genes following 5-aza delivery resulted from the induced
demethylation of CpG islands in the promoter of the glycogen synthase kinase (GSK)-3
gene, a major player in the Wnt signaling pathway [89]. Methylation of CpG sequences in a
gene promoter has been postulated to play a role in silencing that gene. This study saw a
time dependent increase in both GSK-3 isoforms, GSK-3α and GSK-3β , in response to 5-
aza treatment. Genetically modified overexpression of GSK-3β resulted in a similar
upregulation of cardiomyocyte specific genes in the absence of 5-aza. Furthermore, GSK-3β
is known for phosphorylation of β-catenin, which leads to its eventual ubiquitinylated
proteolytic degradation. This downregulation of β-catenin, either by 5-aza induced
upregulation of GSK-3β or specific knockdown using silencing RNA, results in the apparent
cardiomyogenesis of MSCs (Figure 3). Conversely, this study also saw chondrogenesis of
the MSCs in response to β-catenin upregulation. These results suggest that the
differentiation of MSCs could be induced by controlling elements of the Wnt signaling
pathway further downstream from where 5-aza acts. However, the Wnt pathway has
extensive applications within the body and the specific transcription factors bound to β-
catenin as it localizes to the nucleus to inhibit cardiomyogenic gene expression remain
unknown. Thus, further studies are still required to fully define and control the chemically-
defined cardiomyogenic pathway.

To better mimic the physical extracellular cues that these cells would naturally see in vivo,
multiple laboratories have investigated the differentiation of MSCs co-cultured with
differentiated cardiomyocytes. Research from Dr. Shinji Tomita’s group in Japan first
showed that MSCs would beat synchronously with rat neonatal cardiomyocytes within a few
days of co-culture [90]. Neonatal cardiomyocytes were used in this study due to the limited
viability of adult cardiomyocytes ex vivo. These findings were later expanded to show that
direct cell-cell contact between MSCs and cardiomyocytes was necessary for the induction
of cardiomyocyte-like function in the stem cells. Only those MSCs cultured in direct contact
with neonatal cardiomyocytes showed synchronous beating and positive staining for MHC,
TnI, atrial natriuretic peptide, and connexin-43 [91]. MSCs cultured alone or in conditioned
media showed no cardiomyocyte-like behavior, thus indicating that soluble factors alone
were insufficient to cause beating or the presence of myogenic and gap junction proteins.
Several studies have further confirmed this finding, suggesting that physical connections
between MSCs and cardiomyocytes via gap junction proteins, like connexin-43, upregulate
the expression of cardiomyogenic markers β MHC, cTnT, and α-actin [92–95]. Interestingly,
the addition of 5-aza to these co-culture conditions had no increased effect on
cardiomyogenic differentiation of the MSCs [96]. Thus, it is possible that the intracellular
signaling between the MSCs and the mature cardiomyocytes is triggering a similar pathway
as 5-aza when inducing cardiomyogenesis. In light of the conflicting results surrounding 5-
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aza induced differentiation, it may be more beneficial to focus on downstream regulators of
cardiogenic genes, such as the Wnt pathway and other cardiac-related transcription factors.

Despite the moderate success of 5-aza and co-culture techniques, neither is an ideal solution
for in vitro cardiomyogenesis. 5-aza has been shown to induce tumors in animals [97] and
the cardiomyocyte co-culture system is too poorly defined to identify the controlling
variables of differentiation. Shim et al developed a “cardiomyogenic medium” containing
several additives such as insulin, transferrin, dexamethasone, ascorbate phosphate, linoleic
acid, and sodium selenite [98]. This cocktail of soluble proteins and molecules was able to
transdifferentiate nearly 90% of hMSCs in culture, which showed positive staining for
cardiac markers TnI, connexin-43, and β MHC. These cells were also negative for myoD
and skeletal MHC, indicating that the differentiation was cardiac specific and did not induce
skeletal myogenesis. However, the role each element of the cardiomyogenic cocktail plays
in differentiation remains unclear. Xaymardan et al also saw positive staining of MSCs for
cardiac markers following treatment with VEGF and FGF-2 [99]. Both of these growth
factors are commonly used in the cardiomyogenesis of embryonic stem cells, as discussed
previously, and also for cardiac-directed differentiation of endothelial cells [100]. Using an
elegant systems biology approach, Behfar and Terzic were able to identify specific
cardiotrophic agents by analyzing the gene expression of cardiomyogenic embryonal mouse
endodermal cells [101]. They then found that a specific combination of these factors,
including TGFβ , BMP-2, FGF-4, VEGF, retinoic acid, and tumor necrosis factor α caused a
significant upregulation and nuclear translocation of Nkx 2.5 and Mef2c. However, the total
percentage of cardiomyogenic cells within the population was not reported, leaving doubts
as to the efficiency of the established protocol.

Although controversial, based on the results of these studies, it suggests that a population of
cells may exist within the bone marrow that possesses the potential to differentiate into
cardiomyocytes or cardiomyocyte-like cells. However, several factors have been implicated
in this process and the exact controlling mechanisms have yet to be clearly defined. In fact,
one study has even shown the presence of certain muscle markers in freshly isolated bone
marrow stromal cells under basal conditions [102]. This suggests the possibility of a rare
pre-existing myocardial progenitor present within the bone marrow. Thus, the wide
discrepancy in cardiomyocyte differentiation cues for MSCs could be the result of
amplification of these cardiac-specific progenitors, as opposed to true transdifferentiation of
multipotent stem cells toward the cardiomyocyte lineage.

Adipose-Derived Mesenchymal Stem Cells
In addition to bone marrow, adipose tissue has been discovered as a depot of mesenchymal
stem cells. These adipose-derived mesenchymal stem cells (ASCs) can be isolated in
relatively high numbers from either excised adipose tissue or from lipoaspirate [103].
Several groups have investigated the multipotency of these stem cells and identified
differentiation towards multiple cell lineages, including osteocytes [104, 105], adipocytes
[106, 107], chondrocytes [83, 108], myoblasts [109, 110], neurons [111], and hepatocytes
[112]. As this review focuses on the cardiomyogenic potential of these cells, readers are
referred to more in-depth reviews for further detail [113, 114]. In 2003, Rangappa et al first
showed the conversion of rabbit ASCs to a cardiomyocyte lineage by incubating the cells in
9 μM 5-azacytidine for 24 hours [115]. However, despite the ability of 5-aza to encourage
the apparent cardiomyogenesis of MSCs, there is not yet enough evidence to support its
equivalent function in ASCs. Additionally, the specific targets of this demethylating agent
remain unknown and thus preclude its classification as a cardiogenic factor.

Separately, several other groups have shown spontaneous beating of small populations of
ASCs in culture. Shortly following the Rangappa study, Planat-Bénard et al published a
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study showing a miniscule subpopulation of cells (0.02–0.07%) that expressed contractile
activity within a heterogeneous population of adipose stromal vascular fraction cells [117].
Despite the presence of surrounding adipocytes and fibroblasts, these beating cells tested
positive for Nkx2.5, GATA4, MLC-2v, and MLC-2a. They also positively stained for
Mef2C, β MHC, and connexin-43, and negatively for the skeletal marker myoD. Song et al
further confirmed these results, reporting a range of 0.005% to 0.07% spontaneously beating
cells within a population of human ASCs [118]. Additionally, this study reported a
significant level of VEGF in the media surrounding these beating hASCs, and a complete
absence of contractile activity following the blocking of VEGF receptor Flk-1. These results
suggest that the presence of VEGF could be a crucial factor in the cardiomyogenesis of
hASCs. However, no supporting evidence has since been published for this conclusion.
Other studies have investigated the ability of nitric oxide donors and cellular uptake of
homogenized mature cardiomyocyte extracts as in vitro differentiation cues [119, 120].
While these techniques have resulted in cardiomyocyte-like behavior of hASCs, a defined
molecular pathway for cardiomyocyte differentiation remains to be outlined. Gene
expression analyses, such as those used by Behfar and Terzic, could provide insight into the
appropriate factors to promote hASC cardiogenesis.

Paucity of Systems Biology Analysis in Cardiomyogenesis Research
Current research investigating the cardiomyogenesis of stem cells has identified several key
players, but a systematic approach to the process has not yet been defined. Looking across
all stem cell types, it appears that the Wnt signaling pathway, β-catenin, and specific growth
factors such as VEGF, FGF, and BMP-2 each significantly contribute to the process.
However, their roles and interactions have only been partially defined to date. Biological
development is never controlled by the static presence of one single molecule. Growth and
maturation of any tissue result from the appropriate spatiotemporal delivery of multiple
factors at defined intervals. Control over the specific timing and concentration of each
stimulus is crucial for proper development of any organ. To date, there has been limited
investigation of human stem cell differentiation using a systems biology approach. Fathi et
al combined proteome and transcriptome analyses to examine hESCs at various stages of EB
differentiation. Accordingly, they identified several proteins associated with self-renewal
(Oct4 and Nanog) that were downregulated in differentiating EBs [121]. Furthermore,
Aranda et al discovered specific microRNA patterns at different levels of differentiation
when analyzing the epigenetic profile of hESCs [122]. However, systemic analysis of
cardiogenic factors has primarily been concentrated on mouse ESCs. Faustino et al analyzed
the gene expression of mouse ESCs at various timepoints in cardiomyogenesis and were
able to identify distinct patterns of upregulation and downregulation of specific genes at the
undifferentiated, cardiopoietic, and cardiomyocyte stages [123]. Ventura and Branzi have
also published a detailed review of autocrine and intracrine signaling pathways that have
been identified for mouse ESC cardiogenesis. Similar analyses of human adult stem cells
could help label the “stemness” of these multipotent cells and verify the extent of their
cardiomyogenic ability. Metabolomics has recently emerged as a growing field within
systems biology to analyze the products of intracellular biochemical reactions, and thus
generate connections between a cell’s gene expression and its functional metabolic activity.
Post-transcriptional modification can prevent protein activity despite an upregulation in
mRNA expression, and thus analysis of the metabolites provides insight into which
biochemical pathways are actually active. Additional studies that analyze the metabolome of
hESC-derived cardiomyocytes could aid in characterization of the phenotypic changes seen
in these differentiating cells. The propensity of embryonic stem cells to form
cardiomyocytes also varies greatly between cell lines [124]. Proteomic and metabolomic
analyses of these cell lines could potentially identify trends among highly cardiomyogenic
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cell lines and serve as an initial screening method for differentiation capacity of newly
derived lines.

Furthermore, high throughput screening analysis could hasten the discovery of latent
contributors to differentiation. This type of non-hypothesis driven research could facilitate
faster identification of novel cardiogenic factors than traditional experimentation. Willems et
al used high throughput screening and high content screening to identify several small
molecule candidates that potentially improve cardiomyogenesis of hESCs [36]. This strategy
could be further utilized to discover other compounds that improve ESC viability and
maturation as well, and also expanded for use with adult stem cell types. In addition to
chemical cues, many studies have implicated external physical factors, such as matrix
stiffness and biochemical composition, as contributors to enhanced stem cell differentiation
and maturation [125]. While there are limited studies investigating the influence of this
feature specifically for cardiomyogenesis, it adds yet another parameter to consider when
investigating this type of lineage specificity [126, 127]. Matrix stiffness has also been linked
to enhanced maturation and force development of neonatal cardiomyocytes. Gene
expression and metabolomics analysis potentially offer a means for identifying signal
transduction pathways that develop during cardiomyocyte maturation. This information
would aid in quantifying the efficiency of newly developed differentiation protocols.

As empirical data supporting the cardiomyogenesis of various stem cells continues to
surface, there emerges a growing need to synthesize this information into a coherent process.
In silico experiments offer the possibility of monitoring and managing a host of parameters,
but have only begun to investigate the field of cardiomyogenesis. The use of a systems
biology approach holds potential for elucidating the controlling mechanisms behind
cardiomyocyte differentiation, and thus permit the controlled generation of renewed
myocardial tissue.

Conclusions
Regenerating healthy cardiac muscle following myocardial infarction continues to be a
significant challenge for tissue engineering. Stem cells offer an exciting potential solution,
and have even seen some degree of success in improving heart function in animal models of
MI. However, there are several hurdles that must be overcome before this hypothesis can
become a reality in the clinic. Most current differentiation protocols lack the efficiency to
produce clinically-relevant numbers of committed cardiomyocytes in a reasonable
timeframe. Additionally, several approaches use hazardous compounds or molecules that
may pose challenges for clinical translation. Undifferentiated stem cells also impose the risk
of tumorigenicity upon implantation. Despite these setbacks, progress in improving the
efficiency of cardiomyogenesis in vitro and defining the controlling mechanisms brings the
generation of therapeutic myocardial tissue closer to realization; a goal that can be rapidly
advanced through the use of a systems biology approach.
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Figure 1.
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Figure 2.
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Figure 3.
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