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ABSTRACT 
The specific transformative steps that occur 
from the multipotent through the mature car- 
diomyocyte state are determined in large part by 
changes in gene expression. The exact differen- 
tiation and developmental programs are tightly 
regulated in a step-wise systematic fashion ba- 
sed on the influence of specific instigating and 
signaling factors. Crucial to the observed cell 
behavior and tissue specific phenotypic dif- 
ferences are alterations in the organization, 
translocation and expression of nuclear proteins 
during differentiation. The cardiomyogenic dif- 
ferentiation of Mesenchymal Stem Cells (MSCs) 
remains a precarious process. Transplanted 
MSCs must respond to endogenous signaling 
molecules involved in early embryonic cardio- 
myogenesis by activating the specific gene re- 
gulatory network required for successful cardio- 
myogenesis and transdifferentiation. To do that, 
transplanted MSCs would have to be genuinely 
reprogrammed genetically to become functional 
cardiac myocytes. A consideration of recent ex- 
perimental findings suggests that Bone mor- 
phogenic protein (BMP-2/4), insulin-like growth 
factor (IGF-1) and fibroblast growth factor (FGF- 
2) in combination is a potent inducer of MSC 
cardiomyogenesis. The development of an opti- 
mum and reliable in vitro culture milieu for di- 
recting their cardiomyogenesis will provide an 
indispensable model system for molecular stu- 
dies and genetic manipulation.  
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1. INTRODUCTION 

Mesenchymal stem cells (MSCs) are a unique popula- 
tion of non-hematopoietic adult stem cells resident in the 
bone marrow and within various adult tissues. In culture, 

MSCs are capable of sustaining extensive proliferative 
capacity in an uncommitted state. The current modality 
employed to identify and purify MSCs from co-resident 
cells is predicated on their expression of a number of 
surface markers which are in general, not specific to 
MSCs [1-5]. Overall, MSC populations isolated from 
different tissue sources express an identical immunophe- 
notype with minute differences in expression levels [3-5]. 
Bone marrow derived mesenchymal stem cells (BM- 
MSCs) have been extensively used in the clinical setting 
for cell therapy [4-6]. Irrespective of tissue source, MSCs 
are purified on the basis of their spindly fibroblast-like 
morphology, adherence to culture plates, and ability to 
differentiate into a number of different mesodermal line- 
ages as well positively express a panel of surface mark- 
ers (CD90, CD105, CD106, CD73, CD44, CD166, CD29, 
etc.) while remaining negative for markers of hematopoi- 
etic and endothelial precursors, lymphocytes and macro- 
phages such as (CD45, CD31, CD34, CD11a, CD14, etc.) 
[1-5,7-8]. Owing to their multipotent, clonogenic and 
self-renewing ability, MSCs can be induced in vitro and 
in vivo to differentiate and transdifferentiate into a vari- 
ety of mesodermal lineages including osteocytes, chon- 
drocytes, adipocytes, cardiomyogenic cells and neural 
cells [1-8]. Based on the diversity of surface markers ex- 
pressed, MSCs are considered a heterogeneous popula- 
tion of cells [4-5]. MSCs are known to express a host of 
stemness and pluripotent markers, including but not lim- 
ited to Oct-4, Sox-2, and NANOG, hTERT, Rex-1, KLF4 
and cMyc [9-10]. The functional homology of Oct-4 in 
the presence of other pluripotency genes is identical in 
MSCs and embryonic stem cells (ESCs) [9]. The expres- 
sion of ESC markers by MSCs is suggestive of a cell 
population with extensive proliferation and differentia- 
tion capacity [8-11]. MSCs lack the level of pluripotency 
associated with ESCs, but they maintain robust multipo-
tency; they are therefore less likely to spontaneously dif- 
ferentiate down undesired lineages. This makes them a 
safer alternative in the clinical setting [6-7]; their en- 
graftment and subsequent transdifferentiation in vivo can 
be better controlled. MSCs have therefore emerged in 
recent years as a reliable candidate cell source for stem 
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cell therapy. Their use in cellular cardiomyoplasty is ex- 
tensively documented and studied [4-7].  

2. CARDIOMYOGENIC POTENTIAL OF 
MESENCHYMAL STEM CELLS  

Functional cardiomyocytes are routinely and effi- 
ciently derived from ESCs. In contrast, the cardiomyo- 
genic differentiation of MSCs remains a precarious pro- 
cess. A consideration of experimental findings suggests 
that MSCs undergoing cardiomyogenesis display varying 
degrees of the cardiac phenotype [6,11-12]. Most remain 
skeptical as to if MSCs are capable of attaining the com- 
plete repertoire of cardiomyocyte structural and func- 
tional characteristics—i.e. the ability to exhibit Ca2+ cur- 
rents, respond physiologically to cardiaoactive drugs and 
other stimuli [12-13]. The truth is that MSCs, in vitro, 
never achieve the level of differentiation typified by 
adult myocardial cells that provide direct functional be- 
nefit in repairing or regenerating myocardium. A key 
limitation to unlocking their full potential is the field’s 
inability to overcome this hurdle. The primary goal in 
myocardial regeneration therapy is survival and subse- 
quent transdifferentiation of transplanted cells. Trans-
planted MSCs are expected to transdifferentiate into func- 
tional cardiac myocytes with full contractile and elec- 
trophysiological functionality [7]. In theory, transplanted 
MSCs would first function as authentic in vivo cardiac 
progenitor cells [14] en route to complete genetic repro- 
gramming to become physiologically functioning cardiac 
muscle cells. The exact molecular cues that presumably 
drive this process are yet to be systematically elucidated 
in vitro; this is painstaking but necessary basic research. 
Reproducing this phenomenon in an in vitro setting will 
provide a vital tool for controlled modeling of cardiac 
disease, drug discovery and testing, genetic manipulation 
and gene transfer experiments geared at influencing sig- 
nal transduction, and cardiac function [12,15]. 

It would appear that the field has seemingly moved 
beyond this level of systems biological analysis given the 
extent to which MSCs are being used in the clinical set- 
ting [4-6]. A realistic assessment of this burgeoning the- 
rapy underscores the fact that the underlying notion that, 
dead myocardial tissue can be repopulated by simply in- 
jecting stem and progenitor cells is a gross oversimplifi- 
cation [14-15]. Positive results in the clinical setting have 
been modest, owing in large part to the existing knowl- 
edge deficit [12,14-15]. Signaling that contributes to 
MSC cardiomyogenesis remains an important issue gi- 
ven the paucity of information. The development of an 
optimum and reliable in vitro culture milieu for directing 
their cardiomyogenesis will provide an indispensable 
model for molecular studies and genetic manipulation. 
Such a protocol will enable elucidation of the specific 
transformative steps that take place from the multipotent 

state through the cardiovascular progenitor cell state. A 
number of different approaches have been employed to 
direct the in vitro cardiomyogenesis of MSCs. Direct 
co-culture with neonatal ventricular cardiomyocytes (NV 
CMs) and adult cardiomyocytes has been used to induce 
expression of the cardiac phenotype [8,12-13,16-19]. 
MSCs co-cultured with NVCMs or adult cardiac myo- 
cytes express cardiac connexins, cardiac transcription 
factors such as Nkx2.5, GATA4, Mef2c, ANP, and car- 
diac structural proteins (cTnC, cTnT, cTnI, cTm, α-sar- 
comeric actinin, and MHC) [8,12,16-22]. Co-culture is 
inherently self-limiting with regard to being able to un- 
couple cells for downstream analyses. Furthermore, cell 
fusion can be erroneously catalogued as transdifferentia- 
tion [8,22]. Another drawback to co-culture is that, in the 
absence of direct cell-cell contact, MSCs fail to differen- 
tiate [19-20]. Other approaches include electrical stimu- 
lation, mechanical stimulation, and pharmacological ap- 
proaches using oxytocin or 5-azacytidin, fibroblast growth 
factor (FGF-2) or transforming growth factor (TGF-β) 
stimulation [13]. 

5-azacytidin is a synthetic nucleoside commonly used 
as an inhibitor of DNA methylation and has been used 
widely as a treatment strategy to induce MSC cardiomy- 
ogenesis. But, it has proven to be inconsistent with re- 
ports of positive and negative results [13,23-29]. In in- 
stances of success, MSCs treated with 5-azacytidin un- 
dergo a fundamental change in morphology. The reported 
changes include increased size, ball-like or stick-like and 
myotube-like structures and vigorous beating [24-28]. 
The exact mechanism of action is still not well under- 
stood, but 5-azacytidine has been reported to reactivate 
MyoD [29]. 5-azacytidine also activates the extracellular 
regulated kinase (ERK) signaling pathway [28]. The ERK 
pathway is essential for mesoderm differentiation [30], 
and mediates osteogenic and adipogenic differentiation 
of MSCs [31]. But its function in myogenesis remains 
controversial [32-33]. The key issue with 5-azacytidine is 
that conflicting results have been reported regarding its 
inductive effect on MSC cardiomyogenesis. Liu, et al. [23] 
reported a null effect, Balana, et al. [29] reported a fail- 
ure to induce expression of MyoD or Nkx2.5 and GATA4 
or any cardiac structural proteins, and Takeda, et al. [34] 
also reported a null effect. 5-azacytidine reversibly in- 
hibits methyltransferase and blocks methylation of DNA 
[35-36]. The result is the reactivation of previously si- 
lenced genes which is thought to be responsible for its 
inductive effects on various cell types [37]. The mixed 
results are suggestive of non-specificity in action and in 
all probability additional factors might be required for 
consistently reliable results [12,23]. The case is stronger 
for a lack of specificity—5-azacytidine induces pheno- 
typic changes in a variety of cells including fibroblasts to 
adipocytes and muscle cells [37], erythroid differentia- 
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tion to erythroleukemia cells [36], and converts mouse 
embryonic cell lines into differentiated chondrocytes, adi- 
pocytes, and skeletal muscle [35]. Random reprograming 
of gene expression following 5-azacytidine treatment can 
not be ruled out [23]. Preadipocytes treated with 5-azacy- 
tindine overexpress Nanog, Sox 2 and Oct-4 genes which 
are associated with self-renewal and pluripotentiality [38]. 
These data are suggestive of random reprogramming and 
variability in cell response to 5-azacytidine treatment 
which makes it unsuitable for clinical use; it is not a re- 
liable and efficient treatment modality.  

3. THE CASE FOR BMP, IGF AND FGF 

The ideal efficient cardiomyogenesis protocol should 
be developed from a translational perspective—i.e. to 
facilitate current understanding of in vivo transdifferen- 
tiation events, cardiac development and treatment of car- 
diovascular disease. Early cardiomyogenesis is a com- 
plex process, but the activation of the cardiac specific 
gene program is determined by a number of key cellular 
signals. Clues can therefore be taken from growth factors 
(GFs) involved in early embryonic cardiomyogenesis to 
enhance the derivation of cardiomyocytes from MSCs 
[39-40]. Bone morphogenic protein (BMP-2/4), insulin- 
like growth factor (IGF-1) and fibroblast growth factor 
(FGF-2) are required for cardiac specific lineage com- 
mitment in early embryonic development. These three 
GFs have been extensively screened and tested for their 
effect on the cardiomyogenesis of ESCs, iPS cells, MSCs, 
and other adult stem cells [8,11-13,38-57]. BMP func- 
tions as part of the TGF-β superfamily and its inductive 
effect on the cardiac gene program is mediated by SMAD 
phosphorylation and nuclear accumulation of SMAD- 
complex [41]. The BMP inhibitor, NOG blocks activa- 
tion of the cardiac gene program in precardiac mesoderm 
explants and the subsequent formation of contracting car- 
diomyocytes [47-48]. Of particular importance is BMP- 
2/4 which mediates activation of the cardiac transcription 
factors NKX2.5, GATA5, GATA4, MEF2, TBX2, 5, 20 
[47-49]. BMP-2/4 is critical for precardioblast formation 
[48] and enables GATA4 and Nkx2.5 upregulation during 
cardioblast formation [51-53]. Critical to this endeavor is 
the knowledge that FGF-2 regulates the differentiation of 
resident cardiac precursors into cardiomyocytes [54]. 
Data from Baron, et al. [55] shows that, brief exposure to 
FGF-2 and contiguous presence of BMP-2 is sufficient to 
induce cardiac differentiation. Labovsky, et al. [56] fur- 
ther support this conclusion with data showing that nei- 
ther factor alone is sufficient to induce cardiogenesis in 
non-precardiac embryonic mesoderm. These specific data 
show that the action of BMP and FGF in cardiac myo- 
cyte formation is cooperative and that timing and length 
of exposure is of consequence [49,55-56]. IGF-1 is known 
to mediate the cardioprotective effect of MSCs [58], sup- 

press apoptosis of cardiomyocytes [59], stimulate con- 
tractility, and maintain cardiac myocyte function [60]. 
IGF-1has also been shown to stimulate increased expres- 
sion of the gap junction protein connexin-43 in vitro [61], 
and to enhance the survival and proliferation of cardiac 
stem cells [62]. Kofidis, et al. [63] demonstrated overex- 
pression of MHC along with enhanced engraftment and 
transdifferentiation of ESCs in host myocardium follow- 
ing supplementation with IGF-1.  

The main distinguishing feature between MSCs and 
ESCs is the level of pluripotency. In terms of pluripo- 
tency genes, MSCs are known to express, the array of 
stemness markers seen in ESCs [8-11]; the functional ho- 
mology of these genes in MSCs is identical to that seen 
in ESCs [9]. Identical transcription factors trigger activa- 
tion of the cardiac gene program in both ESCs and adult 
stem cells [16,64-65]. From a theoretical standpoint, it is 
expected that the role of BMP-2/4, FGF-2 and IGF-1 in 
the cardiac differentiation of ESCs will be identical in 
MSCs (Figure 1). Presumably, undifferentiated multipo- 
tent MSCs will first undergo a precardioblast or early 
cardiac progenitor stage marked by diminished expres- 
sion of stemness genes and recapitulation of the embry- 
onic differentiation program [12,41,66]. It is presumed 
here that, MSCs at this stage will express primary early 
cardiac transcription factors such as Nkx2.5, GATA4, 
Mef2c, Tbx5/20 and Hand1/2 [16,41,64-65]. It is also 
presumed that MSCs at this stage of transformation may 
yet express either low levels of stemness markers such as 
OCT4 and SOX-2 or null expression might be the case. 
Following this stage, MSCs are expected to undergo a 
cardioblast or early cardiomyocyte stage which is pre- 
sumably marked by definitively high levels of nuclear 
GATA4, and Nkx2.5 along with varying levels of struc- 
tural and sarcomeric proteins such as MHC, cTn, cTm 
and α-actinin [12,15,41,65]. The mature cardiomyocyte 
stage will be marked by full expression of the cardiac 
gene program along with the full repertoire of structural 
and myofilament lattice proteins and most importantly 
will presumably be characterized by mature myofibrillar 
organization, calcium handling and electrophysiology [12, 
41,66]. 

The case and ensuing evidence for a combination treat- 
ment of MSCs with BMP-2, FGF-2 and IGF-1 has been 
made [7-8,11-13,45-46]. Asumda, et al. [8,11] induced 
BM-MSC cardiomyogenesis following treatment with 
DMEM supplemented with 5% FBS, 50 ng⋅ml−1 FGF-2, 
5 ng⋅ml−1 IGF-1, and 20 ng⋅ml−1 BMP-2. It is worth not- 
ing here that the specific BM-MSC population used by 
Asumda, et al. [8,11] expressed high levels of the ESC 
markers OCT4, SOX-2, and NANOG and demonstrated 
extensive multi-differentiation capacity. BM-MSCs in- 
duced with this treatment strategy fail to display the 
spontaneous syncytial contraction or striations typical of 
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Figure 1. Illustration of expected stages of cardiomyogenesis in MSCs following GF treatment. Multipotent MSCs expressing Oct4, 
SOX2 and NANOG commit to the cardiac lineage following induction by forming cardiac progenitors. Cells at this stage are prolif-
erative, express significantly high levels of early cardiac transcription factors such as Isl-1 and MEF and possibly low levels of 
Oct4/SOX2. Continued induction will activate expression of cardiomyocyte-enriched transcription factors such as Nkx2.5, GATA4, 
Hand 1/2 and Tbx 5/20. Cells at this stage are early cardiomyocytes that will go on to express sarcomeric and structural proteins, and 
demonstrate functional activity synonymous with mature contracting cardiomyocytes. 
 
isolated neonatal and adult ventricular cardiomyocytes. 
But they undergo dramatic morphological change from 
the spindly-fibroblast appearance typical of MSCs. Pro- 
gressive enlargement and elongation with formation of 
ball and stick-like morphology; binucleation and the for- 
mation of long vacuolated cytoplasmic processes with 
distinct surface characteristics are observed. Also obser- 
ved are connections between adjoining cells, and forma- 
tion of myotube-like structures. It is worth noting that 
these observations shown in Figure 2 were also reported 
elsewhere [24-28] following 5-azacytidine treatment. A 
full array of cardiac transcription factors and structural 
proteins including GATA4, Nkx2.5, GATA6, MHC, con- 
nexin 43, α-sarcomeric actinin, cTnT, cTnI cTnC, cTm 
are also detectable [9,11]. These observations are re- 
markably reproducible and are consistent with data from 
others [45-46] using an identical treatment strategy. Of 
importance is the fact that the GF’s are required in com- 
bination [45-46] and individually, they fail to induce the 
nuclear translocation of key transcription factors such as 
Nkx2.5, GATA4 and Mef2C [45]. 

is far from arbitrary. Crucial to the observed cell behav- 
ior and tissue specific phenotypic differences are altera- 
tions in the organization, translocation and expression of 
nuclear proteins during differentiation. Presumably, the 
same applies to MSCs transplanted to the injured myo- 
cardium. Transplanted MSCs are expected to respond to 
endogenous signaling molecules involved in early em- 
bryonic cardiomyogenesis within host myocardium by 
activating the specific gene regulatory network required 
for successful cardiomyogenesis and transdifferentiation. 
To do that, transplanted MSCs would have to be genu- 
inely reprogrammed genetically to become functional car- 
diomyocytes as opposed to taking on the behavior of na- 
tive cells with which they are fused [14]. Such an occur- 
rence is contingent first on the in vitro demonstration that, 
MSCs do in fact differentiate into physiologically func- 
tional, stable, specialized cardiac muscle cells [14]. The 
nuclear expression of cTn and cTm by BM-MSCs under- 
going cardiomyogenesis is discussed and examined in 
greater detail elsewhere [7,11]. It is worth noting here 
that, GATA4 and Nkx2.5 act synergistically to activate 
cardiac transcription [67] and furthermore, cardiac diffe- 
rentiation of MSCs is driven by the nuclear translocation 
of GATA4 and Nkx2.5 [65]. Shown in Figure 3 is the 
nuclear expression of Nkx2.5 and GATA4 early in the 
cardiomyogenesis of treated BM-MSCs. In connection 
with this, BMP-2/4 and FGF-2 are known to target, acti-
vate and maintain GATA4 and Nkx2.5 expression [50, 
51 54]. 

It is important to note that the specific transformative 
steps that occur, from the multipotent through the mature 
cardiomyocyte state is determined almost exclusively by 
changes in gene expression. The exact differentiation and 
developmental programs are tightly regulated in a step- 
wise systematic fashion based on the influence of spe- 
cific instigating and signaling factors; recapitulation of 
the events of embryonic cardiac differentiation by MSCs  ,
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Figure 2. Phase Contrast Micrographs of cardiomyogenic cells. MSCs show typical spindly-fibroblast like morphological before GF 
treatment. A dramatic change in morphology is observed 7 days (7 d) after treatment. Progressive enlargement and elongation, ball 
and stick- like morphology and long vacuolated cytoplasmic processes with distinct surface characteristics are observed. Cardiomy-
ogenic cells appear stretched and spherical, connect with adjoining cells and form distinct combinations of myoblast and myo-
tube-like cells at 15 days (15 d) and 21 days (21 d) post induction. 
 

 
Figure 3. Immunocytochemical demonstration of cMHC (top row), GATA4 (bottom left) and Nkx2.5 (bottom right) expression in 
MSCs undergoing cardiomyogenesis. 
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4. DISCUSSION  

In comparison to the data presented here and reported 
by Asumda, et al. [7-8,11], few studies have been as suc- 
cessful at inducing the simultaneous expression of this 
many cardiac specific transcription factors and structural 
proteins in MSCs. While, MSCs have thus far failed to 
achieve the level of differentiation synonymous with na- 
tive ventricular cardiomyocytes, their ability to recapitu- 
late the embryonic cardiac developmental pathway and 
gene program under the influence of these three GFs 
(BMP-2, FGF-2 and IGF-1) provides a reproducible in 
vitro model system for further mechanistic studies. It is 
unclear what the missing link is at this stage. But the 
goal still remains—that is, to generate morphological and 
functional cardiomyocytes from MSCs with syncytial 
and electro-mechanical contractile ability synonymous 
with their endogenous counterparts in a consistent and 
reproducible manner. Given the heterogeneous nature of 
MSCs a number of issues may arise. Extensive culture 
over multiple population doublings might result in the 
selection of MSC populations with significantly higher 
intrinsic expression of cardiomyogenic genes [57,68]. 
Bayes-Genis, et al. [68] previously reported that, exten- 
sive in vitro culture promotes the selection of MSC sub- 
populations with high intrinsic expression of cardiomy- 
ogenic genes in the absence of inductive stimuli. The 
specific cells used by Asumda, et al. [8,11] were negative 
for cardiac markers in the absence of inductive media. 
Furthermore, characterization of the exact number of 
cells positive for the observed cardiac markers was not 
assessed by Asumda, et al. [8,11]. It is highly likely that 
within a specific MSC population, a significant number 
of cells might fail to activate the cardiac genome. But 
given time and continued induction, all cells are expected 
to undergo differentiation. Asumda, et al. [8,11] also in- 
duced adipogenesis in their BM-MSCs; over the course 
of three weeks, all cells committed and differentiated 
into fully functional adipocytes [8,11]. The existence of 
authentic MSCs in the bone marrow already committed 
to the cardiac lineage raises a host of questions. It sug- 
gests that, the cardiac microenvironment is favorable for 
their commitment to the cardiac lineage. It also indicates 
that in the absence of cardiac specific characterization of 
isolated MSCs, existent subpopulations within what is in- 
herently a heterogeneous population might be more sus- 
ceptible to in vitro cardiac differentiation stimuli. The he- 
terogeneity within a specific population, differences be- 
tween isolated populations and interspecies differences 
are issues inherent in the definition of what MSCs are [5]. 
It lends credence to the view that MSCs are a phenome- 
non of in vitro culture [5]. It further highlights the need 
to substantiate, reproduce and correlate hypothetical in 
vivo transdifferentiation events either by transplanted 

MSCs or endogenous MSCs that traffic to the heart fol- 
lowing injury [69] within a controlled in vitro system. 

5. CONCLUSION 

Despite the recent flurry of studies employing a vari- 
ety of protocols to induce MSC cardiomyogenesis, the 
process remains unreliable at best. Development of a well- 
defined and efficient cardiomyogenic protocol should be 
done with clinical applications in mind; it should utilize 
safe and proven recombinant cytokines and growth fac- 
tors. Taken together, the available data support the theo- 
retical exposition that combination treatment with BMP, 
IGF and FGF is a potentially effective and reliable treat- 
ment modality for derivation of cardiomyocytes from 
MSCs.  
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