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    Chapter 2   
 Embryonic Stem Cells for Cardiac 
Regeneration       

       Francesco     Moccia     ,     Federica     Diofano    ,     Paola     Rebuzzini    , and     Estella     Zuccolo   

2.1             Introduction 

 Cardiovascular disease ( CD)   is the leading cause of death and morbidity in developed 
countries.  Heart failure (HF)   is the common end point of virtually all cardiac disor-
ders,    including acute myocardial infarction (AMI), coronary artery disease, hyper-
tension, stroke, and diabetes, and affects about 1–2 % of the population in the Western 
world. The incidence of HF dramatically increases in ageing subjects and, conse-
quently, represents the most frequent cause of hospitalization for those aged 65 and 
over (Pfi ster et al.  2014 ). Unlike smooth and skeletal muscle cells, adult cardiac myo-
cytes show a limited regenerative capacity and cannot restore ventricular function to 
supply suffi cient blood fl ow to the body (Jakob and Landmesser  2013 ; Pfi ster et al. 
 2014 ; Moccia et al.  2014 ).  Heart transplantation (HT)      represents the ultimate 
approach to treat end-stage HF, but this therapy is invasive, expensive and not suit-
able for elderly patients affected by comorbidities. Moreover, donor organ shortage 
is a major limitation factor worldwide and causes the death of an increasing number 
of subjects with head-stage HF who are listed for HT. Cell based therapy (CBT) pro-
vides an alternative option to replace damaged myocardium and vasculature and 
restore cardiac contractility (Moccia et al.  2013 ,  2014 ; Jakob and Landmesser  2013 ; 
Pfi ster et al.  2014 ). Several cardiac and non-cardiac stem/precursor/progenitor cells 
have been used in both pre-clinical studies and clinical trials to regenerate the failing 
heart, including bone marrow-derived mononuclear cells (MNCs), skeletal myo-
blasts, mesenchymal stem cells (MSCs), endothelial progenitor cells (EPCs), and 

        F.   Moccia      (*) •    F.   Diofano    •    E.   Zuccolo    
  Laboratory of General Physiology, Department of Biology and Biotechnology 
“Lazzaro Spallanzani” ,  University of Pavia ,   via Forlanini 6 ,  Pavia   27100 ,  Italy   
 e-mail: francesco.moccia@unipv.it  

    P.   Rebuzzini   
  Laboratory of Developmental Biology, Department of Biology and Biotechnology 
“Lazzaro Spallanzani” ,  University of Pavia ,   via Forlanini 6 ,  Pavia ,  27100, Italy    

mailto:francesco.moccia@unipv.it


10

cardiac progenitor cells (CPCs) (Moccia et al.  2013 ,  2014 ; Jakob and Landmesser 
 2013 ; Pfi ster et al.  2014 ). Unfortunately, there is no evidence that these cell popula-
tions, even when harvested from patients’ heart, such as CPCs, engraft within dam-
aged myocardium, acquire a contractile phenotype and behave as genuine myocytes. 
Moreover, most of these studies did not show any remarkable improvement of car-
diac performance: they recorded a modest 5 % increase, if any, in  left ventricular 
ejection fraction (LVEF)      of recipient hearts, which was mainly due to the paracrine 
release of factors and inhibit apoptosis, stimulate local angiogenesis and extracellular 
matrix remodelling, and recruit endogenous CPCs (Parsons  2012 ; Menasché  2012 ). 
This led to a paradigmatic shift in the fi eld, according to which CBT should rather be 
carried out by using cardiac lineage-committed stem cells that are physically capable 
of replacing lost native CMs and functionally integrating within the beating heart. 
This novel context has led to the re-appreciation of the therapeutic use of pluripotent 
embryonic stem cells (ESCs), unspecialized cells which can be indefi nitely cultivated 
in vitro, maintaining their features (undifferentiated status and self-renewal) and their 
intrinsic ability to generate all the terminal differentiated cell types, including cardio-
myocytes ( CMs)     . Therefore, ESCs hold tremendous potential for treating human dis-
orders featuring tissue loss and insuffi ciency, such as HF and AMI (Wong and 
Bernstein  2010 ; Parsons  2012 ; Menasché  2012 ). Accordingly, both murine and 
human ESCs (mESCs and hESCs, respectively) differentiate into contracting myo-
cytes that can integrate within damaged myocardium when properly manipulated in 
vitro (Kehat et al.  2001 ,  2004 ; Boheler et al.  2002 ; Passier et al.  2008 ). The present 
chapter aims at addressing the basic issues regarding isolation, characterization and 
CM differentiation of  mESCs and hESCs   and at focusing on their advantages and 
disadvantages for cardiac regeneration (Tables  2.1  and  2.2 ).

2.2        Murine Embryonic Stem Cells Isolation, 
Characterization and CM Differentiation 

 Mouse ESCs are undifferentiated, self-renewing and undifferentiated cells, derived 
from the inner cell mass (ICM or epiblast) of a blastocyst (Evans and Kaufman 
 1981 ; Martin  1981 ).  Blastocysts     , obtained or by natural (4 days  post coitum ) or by 
in vitro fertilization, are singly plated on plates coated with a feeder layer of immor-
talized or embryonic mouse fi broblasts and with an appropriate culture medium 
containing the  leukemia inhibitory factor (LIF)     , necessary to repress mESC differ-
entiation. To date, the presence of the feeder layer is necessary because of its ability 
to release the trophic factor, whereas LIF, a soluble glycoprotein belonging to the 
interleukin (IL)-6 family, is fundamental for mimicking the in vivo conditions in 
which it is released by the trophoectoderm cells and is perceived by the ICM cells, 
where it triggers the signal transduction fi nally activating the  STAT3 transcription 
factor  . STAT3 in turn transcribes all those genes involved in the maintenance of the 
undifferentiated state (Smith et al.  1988 ; Wobus and Boheler  2005 ; Graf et al.  2011 ). 

 After 2–4 days of culture, the rupture of the  zona pellucida      enables the outgrowth 
of both ICM cells and trophoblast cells, which are readily identifi able by phase- contrast 
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   Table 2.1     Approaches   to enhance cardiomyocyte yield from embryonic stem cells (ESCs)   

 Approach  Comments  References 

 Growth 
factors 

 Retinoic acid enhanced cardiomyocyte 
differentiation in mouse ESCs 

 Wobus et al. ( 1997 ) 

 Exogenous glucose, amino acids, vitamins, and 
selenium enhanced cardiomyocyte 
differentiation in mouse ESCs 

 Guan et al. ( 1999 ) 

 LIF enhances and inhibits cardiomyocyte 
commitment and proliferation in mouse ESCs 
in a developmental stage-dependent manner 

 Bader et al. ( 2000 ) 

 Reactive oxygen species enhanced 
cardiomyocyte differentiation in mouse ESCs 

 Sauer et al. ( 2000 ), 
Buggisch et al. ( 2007 ), 
Sharifpanah et al. ( 2008 ), 
Wo et al. ( 2008 ) 

 Endoderm enhanced cardiomyocyte 
differentiation in mouse ESCs 

 Bader et al. ( 2001 ), 
Rudy-Reil and Lough 
( 2004 ) 

 A TGF/BMP paracrine pathway enhanced 
cardiomyocyte differentiation in mouse ESCs 

 Behfar et al. ( 2002 ) 

 Activation of the MEK/ERK pathway enhanced 
 cardiomyocyte   differentiation in mouse ESCs 

 Kim et al. ( 2007 ) 

 Verapamil and cyclosporine enhanced 
cardiomyocyte differentiation in mouse ESCs 

 Sachinidis et al. ( 2006 ) 

 5-Aza-2¢-deoxycytidine enhanced 
cardiomyocyte differentiation in human ESCs 

 Xu et al. ( 2002 ) 

 Endoderm cell lines enhanced cardiomyocyte 
differentiation in human ESCs 

 Mummery et al. ( 2003 , 
 2007)  

 Ascorbic acid enhanced cardiomyocyte 
differentiation in human ESCs 

 Takahashi et al. ( 2003 ) 

 Directed differentiation with activin A and 
BMP4 in monolayers of human ESC 

 Lafl amme et al. ( 2007 ) 

 Genetic 
engineering 

 Lineage-restricted drug resistance gene resulted 
in highly purifi ed cardiomyocyte cultures from 
mouse ESCs 

 Klug et al. ( 1996 ), Zandstra 
et al. ( 2003 ), Schroeder 
et al. ( 2005 ) 

 Highly purifi ed cardiomyocyte cultures 
generated  by   FACS of mouse ESCs expressing 
a lineage-restricted EGFP reporter 

 Müller et al. ( 2000 ) 

 Targeted expression of a-1,3- fucosyltransferase 
enhanced cardiomyocyte differentiation in 
mouse ESCs 

 Sudou et al. ( 1997 ) 

 Coexpression of EA1, dominant negative p53, 
and dominant negative CUL7 enhanced cell 
cycle in  mouse   ESC-derived cardiomyocytes 

 Pasumarthi et al. ( 2001 ) 

 Expression of SV40 T antigen enhanced cell 
cycle in mouse ESC-derived cardiomyocytes 

 Huh et al. ( 2001 ) 

 Antagonization of Wnt/b-catenin enhanced 
cardiomyocyte differentiation in mouse ESCs 

 Singh et al. ( 2007 ) 

 Lineage-restricted drug resistance gene resulted 
in highly purifi ed cardiomyocyte cultures from 
human ESCs 

 Anderson et al. ( 2007 ), 
Xu et al. ( 2008b ) 

(continued)
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microscopy. Clusters of ICM cells are thus mechanically isolated, dispersed and 
replated onto MEF feeder layers until clonal mESC line is established. In the presence 
of the feeder layer and LIF, mESCs may be cultured for a long time maintaining their 
unlimited proliferation capacity, pluripotency and ability to differentiate into all cell 
lineages (Hescheler et al.  1997 ; Boheler et al.  2002 ; Wobus and Boheler  2005 ). This is 
consistent with their ability to create teratomas comprising multiple cell types from the 
three  germ layers   upon injection into immunodefi cient mice (Passier et al.  2006 ). It 
should, however, be pointed out that, unlike earlier predictions (Boheler et al.  2002 ), 
recent studies have demonstrated that (sub)chromosomal aberrations occur during 
mESC cultures (Neri et al.  2007 ; Rebuzzini et al.  2007 ; Gaztelumendi and Nogués 
 2014 ). Undifferentiated mESCs are characterized by a panel of cell surface and molec-
ular markers that defi ne their stemness; these include specifi c membrane antigens 
(SSEA-1,3) and membrane-bound receptors (gp130) and specifi c enzyme activities, 
such as  telomerase   and alkaline phosphatase (ALP).    The transcriptional circuit respon-
sible for  self-renewal and pluripotency   is governed by the  epiblast/germ cell-restricted 
transcription factor   Oct-3/4, whose expression levels must be maintained within an 
appropriate range to maintain stem cell self-renewal. A small elevation in Oct-3/4 
levels (<2-fold) causes ESC differentiation into primitive endoderm or  mesoderm  , 
while suppressing Oct-3/4 expression induces them to acquire a trophectoderm pheno-
type. Oct-3/4 sustains self-renewal and pluripotency by acting in concert with Sox2, 
FoxD3, bone morphogenetic protein (BMP)-induced Smad-mediated activation of Id 
(inhibition of differentiation target genes), and LIF-dependent JAK2/Stat3 cascade. 
Additional molecular markers of pluripotency are represented by Nanog, Sox2 and 
Rex-1 that are expressed in the ICM, but are down-regulated during differentiation. 

Table 2.1 (continued)

 Approach  Comments  References 

 Miscellaneous  A single 90-s electrical pulse applied to day 4 
EBs increased cardiomyocyte differentiation in 
mouse ESCs 

 Sauer et al. ( 1999 ) 

 Application of mechanical loading enhanced 
cardiomyocyte differentiation in mouse ESCs 

 Shimko and Claycomb 
( 2008 ), Gwak et al. ( 2008 ) 

 FACS for transient Flk-1 isolated 
cardiomyogenic progenitors from mouse ESCs 

 Kattman et al. ( 2006 ) 

 Cardiomyocyte  enrichment   using density 
centrifugation and cultures of cell aggregates in 
human ESCs 

 Xu et al. ( 2006 ) 

 Activin A, BMP4, bFGF, VEGF, and DKK1 
treatment, followed by KDR+ 

 Yang et al. ( 2008 ) 

 /c-kit–FACS, identifi ed cardiovascular 
progenitor cells in human ESCs 

   LIF  leukemia inhibitory factor,  TGF  transforming growth factor,  BMP  bone morphogenetic protein, 
 MEK  mitogen-activated protein kinase,  ERK  extracellular-signal-regulated kinase,  FACS  
fl uorescence- activated cell sorting,     EGFP  enhanced green fl uorescent protein,  EBs  embryoid 
bodies,  bFGF  basic fi broblast growth factor,  VEGF  vascular endothelial growth factor  
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   Table 2.2    Comparison of some properties of mouse and human embryonic stem  cells     

 Marker  Mouse ES cells  Human ES cells  Reference 

 SSEA-1  +  −  Solter and Knowles ( 1978 ) 
 SSEA-3/-4  −  +  Thomson et al. ( 1998 ), 

Reubinoff et al. ( 2000 ), Xu 
et al. ( 2001 ), Henderson et al. 
( 2002 ) 

 TRA-1-60/81  −  +  Thomson et al. ( 1998 ), 
Reubinoff et al. ( 2000 ), Xu 
et al. ( 2001 ), Henderson et al. 
( 2002 ) 

 TRA-2-54  −  +  Henderson et al. ( 2002 ) 
 GCTM-2  −  +  Pera et al. ( 2000 ), Reubinoff 

et al. ( 2000 ) 
  TG   343  ?  +  Henderson et al. ( 2002 ) 
 TG 30  ?  +  Pera et al. ( 2000 ) 
 CD 9  +  +  Pera et al. ( 2000 ) 
 CD133/prominin  +  +  Kania et al. ( 2005 ), Carpenter 

et al. ( 2004 ) 
  Alkaline   phosphatase  +  +  Wobus et al. ( 1984 ), Thomson 

et al. ( 1998 ) 
 Oct-4  +  +  Thomson et al. ( 1998 ), Pesce 

et al. ( 1999 ) 
 Nanog  +  +  Chambers et al. ( 2003 ), Mitsui 

et al. ( 2003 ) 
 Sox-2  +  +  Avilion et al. ( 2003 ), Ginis 

et al. ( 2004 ) 
 FGF4  +  −  Ginis et al. ( 2004 ) 
 LIF receptor  +  +/−  Richards et al. ( 2004 ) 
  Telomerase   activity  +  +  Thomson et al. ( 1998 ), 

Armstrong et al. ( 2000 ) 
 Regulation of 
self-renewal 

 Via gp 130 
receptors, MEF 
feeder layer, 
Nanog, BMP-4 

 Feeder cells 
(MEF or human 
cells), serum, 
bFGF, Matrigel 

 Niwa et al. ( 1998 ), Thomson 
et al. ( 1998 ), Xu et al. ( 2001 ), 
Chambers et al. ( 2003 ), Ying 
et al. ( 2003 ) 

 Growth 
characteristics in vitro 

 Tight, rounded, 
multilayer clusters 

 Flat, loose 
aggregates 

 Thomson et al. ( 1998 ) 

 EB formation  Simple and cystic 
EBs 

 Cystic EBs  Doetschman et al. ( 1985 ), 
Thomson et al. ( 1998 ), 
Itskovitz-Eldor et al. ( 2000 ) 

  Teratoma   formation 
in vivo 

 +  +  Wobus et al. ( 1984 ), Thomson 
et al. ( 1998 ) 

   MEF  mouse embryonic fi broblast,  EB  embryoid body  
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  In vitro  differentiation of mESCs requires the initial formation of 3D cell aggre-
gates that have termed  embryoid bodies (EBs)     , which may differentiate into into the 
three primordial  embryonic germ layers  .  EBs   are obtained by cultivating mESCs in 
hanging drops for 3 days and in suspension for further 2 days before being  transferred 
onto gelatin-coated tissue culture dishes. The parameters that specifi cally infl uence 
the acquisition of  cardiac phenotype   are: (1)  cell density   in the EB, (2) culture 
medium, fetal bovine serum (FBS) or fetal calf serum (FCS), supplement with 
growth factors and other inducing agents (i.e. retinoic acid, DMSO, or co- colture 
with endoderm-like cells), (3) mESCs line, and (4) the time and duration of the dif-
ferentiation process. Spontaneously, contracting cardiac myocytes become manifest 
between day 1 and 4 after plating between an outer epithelial layer and a basal layer 
of mesenchymal cells of the EB. The number of spontaneously beating foci and the 
rate of contraction rapidly augment through the differentiation process, but matura-
tion (after about 1 month of culture) is accompanied by a reduction in average beat-
ing rate, as observed during normal cardiac development. Fully differentiated CMs 
normal fail to contract, but can be successfully maintained in culture for many 
weeks. Three stages can be distinguished during the differentiation process of 
murine EBs: early (pacemaker-like or primary myocardial-like cells), intermediate, 
and terminal (atrial-, ventricular-, nodal-, His-, and Purkinje-like cells) (Boheler 
et al.  2002 ; Becker et al.  2011 ). During early stages of differentiation, EBs-derived 
CMs (7 + 2 days) appear small and rounded, display sparse and irregularly orga-
nized myofi brils, or they can even lack them, and concentrate in round accumula-
tions. At later stages (7 + 12 days), they organize into strands of elongated CMs 
endowed with mature  sarcomeres and myofi brils   (Hescheler et al.  1997 ; Boheler 
et al.  2002 ). Contracting  myocytes   are primarily mononuclear and rod- shaped cells, 
and exhibit cell-cell junctions resembling those that have been described in CMs of 
developing hearts. Densely packed and well organized myofi bril bundles are evi-
dent at the terminal stages of differentiation, while sarcomeres show clear A bands, 
I bands, and Z disks. Likewise, intercalated disks, desmosomes, gap junctions, fas-
cia adherens, and gap junctions have been detected, as well as the spreading of 
Lucifer yellow to adjoining cells after microinjection, which is indicative of func-
tional gap junctions-mediated intercellular communication. Overall, the ultrastruc-
tural architecture, myofi brillar organization, and sarcomere length of mESCs-derived 
CMs are similar to those of foetal and neonatal rodent  myocytes   (Hescheler et al. 
 1997 ; Boheler et al.  2002 ). 

 CM differentiation of murine ESCs recapitulates the genetic program underlying 
cardiac development in mouse embryo in a developmentally regulated manner. The 
cardiac specifi c  transcription factors   Gata-4 and Nkx2.5 appear before transcripts 
encoding atrial natriuretic factor (ANF), myosin light chain (MLC)-2v, α-myosin 
heavy chain (α-MHC), β-myosin heavy chain (β-MHC), Na + -Ca 2+  exchanger and 
phospholamban. Similarly,  sarcomeric proteins   appear in the same time sequence as 
that described during cardiogenesis: titin (Z disk), α-actinin, myomesin, titin (M 
band), MHC, α-actin, cardiac troponin T, and M protein. Similar to foetal/neonatal 
CMs, early mESCs-derived CMs express slow skeletal muscle Troponin I and 
β-MHC rather α-MHC, which appear along with cardiac Troponin I in terminally 

F. Moccia et al.



15

differentiated CMs, displaying more rapid contractions (Boheler et al.  2002 ; Wobus 
and Boheler  2005 ). Concerning their  electrophysiological properties  , early (7 + 2 
days) and intermediate (7 + 5 − 8 days) mESCs-derived CMs display spontaneous 
depolarizations, resembling the pacemaker-like action potentials of the sino-atrial 
node of fully differentiated heart. On the other hand, terminally differentiated 
(7 + 9 − 18 days) cells present three major types of action potential: spontaneous 
sinusoidal, triggered ventricular- and atrial-like action potentials. Moreover, termi-
nal, but not early, mESCs-derived CMs respond to β-adrenergic stimulation. Finally, 
while T tubules are normally absent in these cells, the mechanism of excitation- 
contraction coupling resemble those found in foetal/neonatal CMs by utilizing 
ryanodine receptors (RyRs) to trigger Ca 2+  release in response to membrane depo-
larization (Hescheler et al.  1997 ; Boheler et al.  2002 ; Moccia et al.  2014 ). In par-
ticular, the role of RyR2 progressively increases during cardiac differentiation, 
while Ca 2+  mobilization during the early phases of development also involves 
 inositol- 1,4,5-trisphosphate receptors (InsP 3 Rs)   (Fu et al.  2006 ).  

2.3     Human Embryonic Stem Cells Isolation, 
Characterization and CM Differentiation 

 The technique exploited to harvest and cultivate mESCs was adapted to generate 
hESC lines from discarded pre-implanted embryos produced by IVF. Thomson and 
collaborators accomplished the derivation of the fi rst human ESC line through 
 immunosurgery   (Thomson et al.  1998 ). Thomson’s group cultured human embryos 
up to the blastocyst stage and applied the immunosurgery technique (Solter and 
Knowles  1978 ) using a rabbit anti-rhesus spleen cell antiserum, that targets the 
external trophoectoderm cells, surrounding the ICM, and is responsible for the acti-
vation of the  guinea pig complement  . The fi nal result is the release of the ICM. The 
ICM was plated and maintained for 16 days in suspension and then was grown for 
3 weeks in gelatin until the new line was established: they obtained the fi rst human 
ESC line, called H9. 

 The basic features of hESCs resemble those of their murine counterparts, such as 
 high   telomerase activity and teratoma formation in  immunodefi cient mice  . The 
 transcriptional pluripotency   hub represented by Oct-3/4, Sox2 and Nanog is con-
served in hESCs, but their target different signalling pathways as compared to 
mESCs, as reviewed in Schnerch et al. ( 2010 ). Additionally, hESCs show different 
isoforms of stage-specifi c antigens (SSEA-3 and SSEA-4) and proteoglycans 
(TRA-1–60, TRA-1–81, GCTM-2) that are absent in mESCs (Wobus and Boheler 
 2005 ). Similar to mESCs, hESCs form  teratomas and teratocarcinomas   in immuno-
defi cient in vivo and actively proliferate for long periods of time in culture, but 
display longer average population doublings (30–35  vs.  12–15 h) (Amit et al.  2000 ). 
LIF does not maintain  pluripotency   in hESCs, which must be therefore grown on 
feeder  layers   of MEFs or human tissues-derived cells supplemented with bFGF2. 
Nevertheless, it has been found that hESCs remain pluripotent when cultured on 
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Matrigel or laminin in the presence of MEFs-conditioned media (Xu et al.  2001 ), 
albeit the soluble factor responsible for self-renewal maintenance has not been 
identifi ed. As discussed below, hESCs are now cultivated on MEFs without animal 
serum (Lee et al.  2005 ) but in the presence of specifi c serum-free defi ned media 
(serum replacement) (Mummery et al.  2012 ) to avoid any xenogenic contamination 
that could hamper their subsequent application on human subjects. 

  HESCs-derived cardiomyocytes   were described 3 years after hESC identifi ca-
tion (Thomson et al.  1998 ; Kehat et al.  2001 ). HESCs (cell line H9.2) were dis-
persed into small clusters (3–20 cells) by using collagenase IV and then grown in 
suspension with serum for 7–10 days to form EBs, which were then coated onto 
gelatine-coated plates. Spontaneous contractions started 4 days after plating (i.e. 
11–14 days after the beginning of the differentiation process), while the highest 
number of beating areas was detected 20 days after plating (i.e. after 27–30 days of 
differentiation) (Kehat et al.  2001 ). This  protocol   was thereafter utilized as the stan-
dard method to generate CMs from hESCs, but is fl awed by several limitations. 
These include the low yield of CMs, which are as low as less than 1 % of the total 
cell population obtained by spontaneous hESC differentiation. Moreover, stimulat-
ing cell growth with FBS may not be the most suitable strategy for CBT because of 
the potential risks of contamination associated with serum. Innovative enrichment, 
purifi cation and selection protocols have thus been established to drive cardiac dif-
ferentiation toward relatively pure homogeneity. Defi ned culture media have been 
developed to improve the effi ciency of CM derivation from hESCs. For instance, 
earlier studies demonstrated that co-culturing hESCs with END2, a mouse visceral 
endoderm-like cell-line, increased the percentage of contracting EBs to 35 % after 
12 days in culture (Mummery et al.  2003 ). Subsequent studies showed that the car-
diac inductive activity of END2 may be mimicked by culturing hESCs in insulin- 
free, serum-free medium supplemented with high concentrations of  prostaglandin 
I2 (PGI2)   (Xu et al.  2008a ). Alternatively, specifi c growth factors involved in the 
initiation of the signalling pathways that control cardiogenesis can be used to favour 
CM generation from hESCs. For instance, activin 4 and BMP4, both members of 
the  transforming growth factor β (TGFβ) family  , may sequentially be added to the 
differentiation medium to favour effi cient cardiac development. A monolayer of 
undifferentiated hESCs is plated on Matrigel before being exposed to activin A for 
1 day and then to BMP5 for further 4 days, followed by removal of these growth 
factors and replacement with a serum-free medium for about 3 weeks. This protocol 
yields 30 % of CMs as compared to the conventional serum-induced differentiation 
(Lafl amme et al.  2007 ). Alternatively, cardiac induction may be initiated by stimu-
lating the  Wnt/β-catenin signalling pathway  , which controls cardiogenesis in zebraf-
ish,  Xenopus  and mouse, with Wnt3 for 2 days in serum-containing medium, while 
activin A is added during the early phases of differentiation along with Wnt3 to 
accelerate CM formation. The fi nal CM yield of this treatment is thus enhanced to 
~50 % (Paige et al.  2010 ). Consistently, dickkopf homolog 1 (DKK1) adverses CM 
differentiation when is supplemented during the early stages of the protocol by 
inhibiting Wnt signalling (Tran et al.  2009 ). Nevertheless, CM generation is 
favoured when DKK1 is added at later stages (5–11 days) (Paige et al.  2010 ). 
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Finally, a staged protocol has been devised to recapitulate the microenvironment of 
developing mouse embryo by applying fi ve growth factors at different time points 
during the differentiation process. Human ESCs are fi rst stimulated with BMP4 for 
1 day to form EBs and then challenged with BMP4, activin A, and basic fi broblast 
growth factor (bFGF) from days 1 to 4 to induce  mesoderm  . The development of 
 cardiovascular lineages   is promoted by the subsequent addition of vascular endothe-
lial growth factor (VEGF), DKK1 and bFGF. The culture is maintained in hypoxic 
environment for the fi rst 10–12 days and the fi nal CM yield is ~40 % (Yang et al. 
 2008 ; Kattman et al.  2011 ). 

 The effi ciency of CM  differentiation   might also be improved by targeting the 
signalling pathways involved in cardiogenesis by exploiting selective small mole-
cule inhibitors or activators. For instance, low concentrations (10 μM) of SB203580, 
a specifi c inhibitor of p38 mitogen-activated protein kinase (MAPK), enhances CM 
formation from hESCs maintained in END2-conditioned medium by ~2 % 
(Graichen et al.  2008 ); the same effect is obtained when SB203580 is added to 
serum-free, insulin-free medium supplemented with high doses of PGI 2  (Xu et al. 
 2008a ). Moreover, CM differentiation may be stimulated by treating hESCs with 
BMP2, another cardiogenic inducer, and SU5402, a FGF receptor blocker, albeit 
this effect is specifi c to well defi ned cell lines and culture conditions (Burridge et al. 
 2007 ; Yang et al.  2008 ). Finally, the demethylating agent 5-azacytidine, ascorbic 
acid, and cyclosporine A, but not retinoic acid and DMSO, were all reported to exert 
effi cient cardiogenic effects (Passier et al.  2006 ; Xu et al.  2012 ). 

 The protocols illustrated above were conceived to direct cardiac differentiation 
from pluripotent hESCs; however, while the effi ciency of CM differentiation is 
improved by such treatments, hESCs-derived cultures still contain cell types deriv-
ing from all three germ layers that might reduce the therapeutic outcome of CBT or 
even exert a  pro-tumorigenic effect   (Xu et al.  2012 ; Bernstein  2012 ). Several meth-
ods have been developed to enrich CMs from hESCs-derived cultures and enhance 
the purity of cell populations to be utilized for clinical applications. Manual dissec-
tion and dissociation of contracting areas from human ES cells-derived EBs could 
produce up to 70 % cells positively stained for cardiac markers (Mummery et al. 
 2003 ). A less labour intensive method is based on discontinuous Percoll gradient 
followed by  centrifugation  : most of CMs accumulate in the high percentage Percoll 
layer, thereby leading to three to sevenfold enrichment up to 70 % (Xu et al.  2002 ) 
and, eventually, 95 % CMs when differentiation is induced with activin A and 
BMP4 (Lafl amme et al.  2007 ). Importantly, Percoll enriched CMs have successfully 
been employed in cardiac regeneration studies with no evidence of teratoma forma-
tion (Xu et al.  2012 ). A third strategy takes advantage from the high mitochondrial 
content of CMs as compared to non-cardiac cells. The fl uorescent dye tetramethyl-
rhodamine methyl ester perchlorate (TMRM) reversibly labels mitochondria and 
does not impair cell vitality.  Cell sorting   of differentiating human EBs carried out 
by exploiting TMRM fl uorescence leads to a CM purity >90 %. When these cells 
were injected in immunodefi cient mouse hearts, they showed a remarkable long- 
term (8 weeks) survival and did not form teratomas (Hattori et al.  2010 ). These 
enrichment protocols, although useful to obtain high purity CM populations from 
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human EBs, present several limitations that could affect their therapeutic translation. 
None of them permit to obtain  cardiac progenitor cells (CPCs)      that could be useful 
for the reconstruction of injured myocardium in virtue of their ability to  differentiate 
into multiple cells types, such as CMs, smooth muscle cells and endothelial cells. 
Moreover, mechanical dissection can only be performed towards the end of the dif-
ferentiation process, when a suffi cient number of contracting foci is detectable. 
 Percoll gradient   is also less effi cient when is conducted at the beginning of human 
ES cell differentiation. Finally, TMRM purifi cation is recommendable at the late 
stage of differentiation (from day 20 on), as at earlier stages many non-cardiac cells 
may be selected by this approach (Dubois et al.  2011 ; Elliott et al.  2011 ).  Lineage-
specifi c surface antigens   have, therefore, been identifi ed to selectively enrich CMs 
through fl uorescence-activated or magnetic-assisted cell  separation      (FACS and 
MACS, respectively) procedures. Two cell surface cardiac markers have recently 
been associated to  hESCs-derived CMs  : vascular cell adhesion molecule 1 
(VCAM1) and signal-regulatory protein alpha (SIRPA). FACS-based selection for 
SIRPA +  cells leads to a population of 90–98 % cardiac Troponin T +  (cTnT + ) cells 
(Dubois et al.  2011 ),  while    MACS  -based sorting of VCAM1 +  cells results in a yield 
of 95 % cTnT +  cells (Uosaki et al.  2011 ). Likewise,  activated leukocyte cell adhe-
sion molecule (ALCAM)      is expressed in hESCs-derived CMs and is amenable to 
MACS. This approach leads to 58 % of the enriched population positive for both 
ALCAM and the cardiac marker α-MHC (Rust et al.  2009 ). These strategies present 
a number of hurdles as well. While  FACS   has a low throughput but may target mul-
tiple markers on individual cells,    MACS displays a higher throughput but is limited 
to a single marker. Moreover, the percentage of hESCs-derived CMs expressing 
cTnT, SIRPA and  VCAM1   amounts to only 37 % (Elliott et al.  2011 ), while it is still 
unknown  whether   ALCAM co-localizes with SIRPA and/or VCAM1 or identifi es 
an additional CM population (Xu et al.  2012 ). It has, therefore, recently suggested 
to targeting non-cardiac markers to deplete non-cardiac cells and obtain pure 
CM-enriched cultures. Cell antigens exploited for this purpose include β-type 
platelet- derived growth factor receptor (PDGFRB; to exclude smooth muscle cells), 
platelet endothelial cell adhesion molecule-1 (PECAM-1; to exclude endothelial 
cells), and THY (to exclude fi broblasts) (Dubois et al.  2011 ). 

  Genetic selection   provides the opportunity to purify hESCs-derived cardiomyo-
cytes by placing a reporter gene or selectable marker under the control of a cardiac- 
specifi c promoter. This strategy, initially developed to obtain cultures consisting of 
>99.6 % CMs from mESCs (Klug et al.  1996 ), associated to the paucity of cell 
surface antigens has led to the development of several reporter hESC lines. 
Genetically-modifi ed cells are thus induced to go through the differentiation pro-
cess and, subsequently, differentiated CMs can be sorted by FACS, if the transgene 
encodes for a fl uorescent protein (i.e. green fl uorescent protein and mCherry), or 
selected by antibiotics (i.e. neomycin or geneticin), if the transgene determines anti-
biotic resistance (Wong and Bernstein  2010 ; Xu et al.  2012 ).  Cardiac promoters   that 
have been exploited to obtain purifi ed CM culture include mouse or human cardiac 
α-MHC and human myosin light chain 2v (MLC2V). This strategy may yield up to 
99 % of pure CMs that exhibit human adult cardiac genes and fi re action potential 
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similar to those recorded in fetal CMs (Kita-Matsuo et al.  2009 ; Wong and Bernstein 
 2010 ). Moreover, CMs generated  through   FACS or antibiotic resistance do not lead 
to teratoma formation (Xu et al.  2008a ) and generate contractile forces similar to 
those of rat neonatal CMs (Kita-Matsuo et al.  2009 ). Nevertheless, their regenera-
tive impact in the ischemic or failing  heart   remains to be elucidated; moreover, 
developing stable expression lines is an expensive and time consuming process that 
could be hampered by random integration of the selected transgene in the host 
genome, thereby causing genetic modifi cations of stem cells lines. This hurdle can 
be overcome by adopting the so-called dual fl uorescence resonance energy transfer 
‘molecular beacon’ (MB)  technology   for transient, real-time detection of gene 
expression during hESC differentiation. Molecular beacons are single-stranded oli-
gonucleotide nanoscale probes with a fl uorophore at the 5′ end and a quencher at the 
3′ end. In the absence of their complementary target, MBs adopt a hairpin structure 
that causes the fl uorophore to come in close contact with the quencher, thereby 
reducing the overall fl uorescence. However,  hybridization   with a homologous 
sequence target opens the hairpin and separated the two opposite ends, thus leading 
to an increase in fl uorescence. This strategy has been modifi ed to detect the expres-
sion of specifi c cardiac mRNAs (i.e. Oct4 and MHC1) by using dual  fl uorescence 
resonance energy transfer (FRET)      associated with FACS (King et al.  2011 ; Ban 
et al.  2013 ). Recently, MHC1-MBs +  CMs have been shown to engraft up to 4 weeks 
in an AMI model without forming teratomas and signifi cantly improving LVEF (by 
~10 %) (Ban et al.  2013 ). 

 An extensive molecular characterization has demonstrated that  hESCs-derived 
CMs   express: (1) cardiac transcription factors, such as GATA-4, MEF-2, and 
Nkx2.5; (2) sarcomeric and myofi bril proteins, such as α- and β-MHC, atrial and 
ventricular forms of MLC (MLC2A and MLC2V), tropomyosin, cTnT, cardiac 
Troponin I, α-actinin and desmin; and (3) metabolic regulators of cardiac develop-
ment, such as ANF, myoglobin and creatine kinase-MB (Kehat et al.  2001 ; Xu et al. 
 2002 ). Nevertheless, hESCs-derived CMs present cytological and ultrastructural 
organization typical of foetal/neonatal, rather than adult, CMs: they are mononu-
clear cells, featured by a round, tri- or multi-angular shaped morphology, and with a 
high nuclear:cytoplasmic ratio. They, however, adopt a more elongated structure 
during maturation which is coupled to a progressive ultrastructural development 
from an irregular myofi brillar pattern to the generation of well-identifi able sar-
comers at the end of the differentiation process. Accordingly, at this stage, some 
sarcomers show recognizable A-, I-, and Z-bands, albeit hESCs-derived CMs always 
lack T tubules (Snir et al.  2003 ; Passier et al.  2008 ). Likewise,    hESCs- derived CMs 
display immature electrophysiological features. The beating rate in spontaneously 
contracting hEBs ranges between 30 and 130 bpm and undergoes positive and nega-
tive chronotropic regulation in response to adrenergic and cholinergic agonists, 
respectively. This stable pacemaker activity within hEBs is associated to functional 
gap junctions, comprising connexins 43 and 45, which enable the synchronized 
spreading of the electrophysiological signal through the cell aggregate. It must, 
however, be pointed out that: (1) connexin 45 expression is restricted at the early 
stages of in vivo development and (2) the beating activity may cease after the fi rst 
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9 weeks of culture (Blazeski et al.  2012 ). Upon differentiation, hESCs- derived CMs 
exhibit a mixture of electrophysiological profi les that resemble those of the imma-
ture adult heart and are classifi ed as nodal-, atrial-, and ventricular-like. This “func-
tional signature” may vary depending on hESC lines, differentiation protocols and 
time of differentiation, as reviewed by Blazeski et al. ( 2012 ), and displays heteroge-
neous properties even among cell outgrowths deriving from the same EB. Consistent 
with the foetal/embryonal phenotype of the action potentials they trigger, hESCs-
derived atrial- and ventricular-CMs are more depolarized (−40/−50 mV) than their 
adult counterparts (Passier et al.  2008 ; Blazeski et al.  2012 ). Moreover, the majority 
of hESCs-derived CMs shows a high degree of automaticity and spontaneously fi res 
in absence of external stimuli; quiescent cells, however, trigger single action poten-
tials upon stimulation and are, therefore, functionally active. The up-stroke is shaped 
by voltage-gated Na +  channels (mainly encoded by Na V 1.5), but is signifi cantly 
slower in ventricular hESCs-derived CMs than in adult cells (12  vs.  118 V/s). Ca 2+  
entry through L-type voltage-gated Ca 2+  channels (encoded by Ca V 1.2) maintains 
the depolarization, while repolarization is accomplished by transient outward K +  
channels (I to , encoded by Kv4.3), slow delayed rectifi er K +  channels (I Ks , encoded by 
Kv7.1), and inward rectifi er K +  channels (I Kr , encoded by Kv11.1 or human ether-a 
gò-gò related gene 1—HERG1). The spontaneous fi ring is initiated by voltage gated 
Na +  channels with the contribution of the pacemaker current I f  (or funny current, 
mediated by hyperpolarization- activated cyclic nucleotide-gated channel 1 or 
HCN1). In general, most of these ion channels undergo a remarkable up-regulation 
over a long maturation period (i.e. 3–8 months) which moves the action potential 
shape toward a more adult phenotype, but I f  and HCN1 are down-regulated; this 
process is signifi cantly slower as compared to the differentiation of mESCs-derived 
CMs which acquire an adult electrophysiological phenotype in approximately 3 
weeks (Sartiani et al.  2007 ; Passier et al.  2008 ; Blazeski et al.  2012 ; Robertson et al. 
 2013 ). The mechanism of excitation-contraction coupling in hESCs-derived CMs is 
still highly debated. Overall, their intracellular Ca 2+  signalling machinery is more 
immature as related  t  o adult CMs, which show a positive force-frequency relation-
ship due to the concerted interaction between voltage-operated Ca 2+  infl ow and 
RyRs activation at the dyadic junctions. Conversely, hESCs-derived CMs display a 
negative force-frequency, which refl ects the lack of T-tubules and the immaturity of 
Ca 2+  cycling across sarcoplasmic reticulum (SR) membranes. Furthermore,  intracel-
lular Ca 2+  mobilization   in these cells is dampened by a number of limiting factors, 
including: (1) low SR Ca 2+  content, SERCA2A and RyR2 expression, which render 
them less sensitive to electrical stimulation and caffeine application; (2) absence of 
the SR regulatory proteins calsequestrin, junctin and triadin, which control SR Ca 2+  
content and RyR2 activation; (3) U-shaped propagation of electrically-induced 
intracellular Ca 2+  waves. All of these features are typical of foetal/neonatal CMs and 
concur with the scarce contribution of RyRs2-induced Ca 2+  release to the activation 
of the contractile machinery (Kong et al.  2010 ; Blazeski et al.  2012 ; Robertson et al. 
 2013 ). Consistently, abating  RyRs2 signalling   reduces the beating rate, but does not 
suppress contraction development. This immature phenotype is further supported by 
the observation that InsP 3 R2 may be involved in intracellular Ca 2+  mobilization and 
control of contraction rate (Jaconi et al.  2000 ; Robertson et al.  2013 ).
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2.4        Advantages and Disadvantages of Embryonic Stem Cells 
as Source for Cardiac Regeneration 

 Among the different stem cell sources that can potentially be used to promote car-
diac regeneration, hESCs stand out as the most promising candidates in virtue of 
their ability to differentiate into genuine CMs. Pioneering preclinical studies dem-
onstrated that mESCs and mESCs-derived CMs may engraft and regenerate infracted 
myocardium by improving its contractile function (Christoforou and Gearhart 
 2007 ). Initially, hESCs-derived CMs were shown to restore the pacemaking activity 
in the heart of  swines and guinea pigs   with complete atrio-ventricular block or cryo-
ablation, respectively (Passier et al.  2008 ). Later, it was demonstrated that hESCs-
derived CMs survive, proliferate and mature for at least 12 weeks after injection into 
the healthy myocardium of immunodefi cient mice or rats. However, grafted cells 
formed a syncytium that is separated from host tissue by a fi brotic patch secreted 
both by resident and transplanted CMs (Lafl amme et al.  2005 ; Dai et al.  2007 ; 
Passier et al.  2008 ). Unfortunately, the engraftment success rate dropped from 90 to 
18 % when hESCs-derived CMs were infused into a murine model of AMI. The 
same study disclosed that a pro-survival cocktail, containing components of the 
extracellular matrix and anti-death factors, improved graft survival and, conse-
quently, ventricular contractility up to 4 weeks post-transplantation (Lafl amme et al. 
 2005 ). Additional studies confi rmed that  hESCs-derived CMs   represent a feasible 
tool to induce cardiac repair in rodent models of AMI (van Laake et al.  2007a ,  b , 
 2008 ; Leor et al.  2007 ; Caspi et al.  2007a ). Nevertheless, no clinical trials have been 
launched yet as a consequence of the major challenges that remain to be overcome 
before the clinical translation of hESCs-derived CMs. First, the use of human- 
derived cells has raised serious ethical and legal concerns and it does not easily gain 
the appreciation of the public opinion (Joggerst and Hatzopoulos  2009 ; Wong and 
Bernstein  2010 ; Jakob and Landmesser  2013 ; Pfi ster et al.  2014 ). Second, func-
tional experiments unveiled that their effect on cardiac performance is only tran-
sient. For instance, even when the dose of hESCs-derived CM injected into injured 
heart is tripled, no functional improvement is observed after 12 weeks (van Laake 
et al.  2007a ,  b ,  2008 ). This therapeutically relevant hurdle might be solved by using 
hESCs-derived  cardiac progenitor cells (CPCs)     , which possess a superior ability to 
integrate within the injured heart and restore cardiac vascularisation (Wong and 
Bernstein  2010 ; Bernstein  2012 ). However, the transient improvement of ventricu-
lar function induced by hESCs-derived CMs may also refl ect the mismatch between 
the beating rates of  human  vs.  rodent   CMs (60–100  vs.  300–600 bpm). This would 
refl ect in the functional uncoupling that leads to the failure of long-term treatment 
(Passier et al.  2008 ). Therefore, rodent hearts might not provide the most suitable 
model to study the regenerative potential of hESCs,    and larger animals, such as pigs 
and primates, with beating rates comparable to those of humans could be used to 
address this issue. Third, hESCs may give raise to teratocarcinomas at the implanta-
tion site. Albeit these teratomas are regarded as benign in vivo, some studies reported 
the expression of malignant markers in some cells. The injection of hESCs-derived 
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CMs is predicted to alleviate this side effect, but these fi ndings raise ethical con-
cerns about the safety of their clinical use. Fourth, allogenic hESCs are obtained 
from embryos and obviously do not retain the same genome as the patients. It turns 
out that, although they are immunologically immature, hESCs-based therapy 
requires an immunosuppressive regimen (i.e. tacrolimus or cyclosporine) to prevent 
immune rejection after transplantation.  Induced pluripotent stem (iPS)      cells may be 
generated by reprogramming adult autologous differentiated cells (Takahashi and 
Yamanaka  2006 ; Takahashi et al.  2007 ) and then directed to differentiate towards 
CMs. Such strategy circumvents the limitation imposed by ethical concerns and 
immunological reaction, but is extremely expensive, time consuming and not 
exempt by risk (teratoma formation in vivo, virus as vectors, genomic rearrange-
ments and epigenetic mutations) (Bernstein  2012 ; Akhmedov and Marín-García 
 2013 ). However, protocols for cardiac differentiation of hESCs have been signifi -
cantly improved to attenuate the risk of teratoma formation, favour stem cell engraft-
ment, and increase functional improvement (Mummery et al.  2012 ; Bernstein  2012 ). 
For instance, alternative culture products and feeder-free culture systems have been 
devised to obtain and maintain hESCs under  animal- and xenobiotic-free conditions   
(Bernstein  2012 ). Moreover, earlier hESC lines have been discarded for clinical use 
as long-term cultures lead to  chromosomic and genomic instabilities  ; therefore, new 
hESC lines are required that should be maintained under conditions that do not 
compromise genomic integrity improvement (Mummery et al.  2012 ; Bernstein 
 2012 ). This goal could, for instance, be achieved by exploiting culture media that 
induce adult-like energy metabolism (Maher and Xu  2013 ).  

2.5     Future Trends in the Therapeutic Application 
of  hESCs   for Cardiac Regeneration 

 In the next future, unveiling the molecular determinants of cardiogenesis will favour 
the development of more robust and reliable methodologies to promote hESCs dif-
ferentiation into cardiac myocytes. Recent work clearly showed that miR-1 and 
miR-133 are enriched in mESCs and hESCs-derived CMs and are involved in the 
acquisition of a cardiac phenotype. Intriguingly, miR-1 over-expression increases 
Nkx2-5 expression in hESCs and results in more than a threefold higher number of 
beating hEBs as compared with wild-type cells (Ivey et al.  2008 ). Epigenetic 
manipulation could provide an additional means to control stem cell fate. The his-
tone deacetylase inhibitor trichostatin A (TSA) may be administrated to mESCs to 
favor cardiogenesis by enhancing the expression of Nkx2-5, ANF, and β-MHC. 
Moreover, mESCs may be committed toward the cardiac lineage by the ectopic 
expression of Baf60c, a cardiac-enriched subunit of the Swi/Snf-like BAF chroma-
tin remodeling complex, and the cardiac transcription factors GATA4 and Tbx5 
(Takeuchi and Bruneau  2009 ). These observations remain to be confi rmed in hESCs, 
but pave the way to design alternative protocols to promote cardiac differentiation 
for regenerative purposes. In this context, it will be important to understand how 
specifi cally directing the differentiation process towards the nodal or working (atrial 
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and ventricular) phenotype. Currently available protocols do not distinguish between 
these two different cardiac subtypes which might induce undesired off-target effects 
in recipient hearts. While working-type cardiomyocytes are more suitable for car-
diac regeneration, enriched nodal-type cardiomyocytes are more amenable for 
restoring the pacemaker function in arrhythmic patients. Contamination with nodal-
type cells might thus enhance the risk for arrhythmia in ischemic/failing patients 
and represents a potential risk for hESCs-based therapy of CD (Maher and Xu 
 2013 ). Profi ling the panel of cell surface antigens that identify cardiac progenitor 
pools and improving non-genetic selection strategies will permit to enrich the 
hESCs-derived population of CMs ready for clinical use. Recent advances in tissue 
engineering are predicted to enhance long-term graft and survival of hESCs-derived 
CMs. A number of 3D human cardiac patches have been constructed that contain 
embryonic fi broblasts, human endothelial cells, and hESCs- derived CMs (Caspi 
et al.  2007b ; Lesman et al.  2010 ). This multicellular preparation is fully vascular-
ized and capable of producing spontaneous and synchronized contractions that are 
propagated by gap junction connecting adjoining CMs (Caspi et al.  2007b ). Relevant 
to reparative purposes, such tissue-engineered human vascularized cardiac muscle 
forms stable biografts in the heart of recipient rats (Lesman et al.  2010 ). It will be 
important to develop a reliable and reproducible strategy to prevent immune rejec-
tion of injected cells. Preliminary studies conducted on patients suffering from spi-
nal cord injury and receiving hESCs-derived oligodendrocytes did not show any 
deleterious consequence after 6 months of moderate immunosuppression. The 
lower drug doses employed, as compared to whole organ transplantation, are justi-
fi ed by the lack of antigen presenting cells within the cellular graft, which reduces 
its immunogenicity (Menasché  2012 ). Finally, hESCs might contribute to cardiac 
regeneration by means other than cell replacement, i.e. by paracrine release of car-
dioprotective mediators. The injection of hESCs-derived CMs in a mouse model of 
AMI has been shown to increase angiogenesis, reduce apoptosis, infarct scar and 
myocardial fi brosis, and improve LVEF even in the absence of long-term engraft-
ment. This observation suggests that hESCs-derived CMs secrete soluble factors 
with the potential to stimulate the endogenous mechanisms of cardiac healing. The 
identifi cation and isolation of such biofactors could lead to the synthesis of “off-the-
shelf” drugs to restore myocardial structure and function with no need of CBT and 
circumventing all its associated hurdles  and   concerns.     

   References 

    Akhmedov AT, Marín-García J (2013) Myocardial regeneration of the failing heart. Heart Fail Rev 
18:815–833. doi:  10.1007/s10741-012-9348-5      

    Amit M, Carpenter MK, Inokuma MS et al (2000) Clonally derived human embryonic stem cell 
lines maintain pluripotency and proliferative potential for prolonged periods of culture. Dev 
Biol 227:271–278. doi:  10.1006/dbio.2000.9912      

    Anderson D, Self T, Mellor IR et al (2007) Transgenic enrichment of cardiomyocytes from human 
embryonic stem cells. Mol Ther 15:2027–2036. doi:  10.1038/sj.mt.6300303      

2 Embryonic Stem Cells for Cardiac Regeneration

http://dx.doi.org/10.1007/s10741-012-9348-5
http://dx.doi.org/10.1006/dbio.2000.9912
http://dx.doi.org/10.1038/sj.mt.6300303


24

    Armstrong L, Lako M, Lincoln J et al (2000) mTert expression correlates with telomerase activity 
during the differentiation of murine embryonic stem cells. Mech Dev 97:109–116  

    Avilion AA, Nicolis SK, Pevny LH et al (2003) Multipotent cell lineages in early mouse develop-
ment depend on SOX2 function. Genes Dev 17:126–140. doi:  10.1101/gad.224503      

    Bader A, Al-Dubai H, Weitzer G (2000) Leukemia inhibitory factor modulates cardiogenesis in 
embryoid bodies in opposite fashions. Circ Res 86:787–794  

    Bader A, Gruss A, Höllrigl A et al (2001) Paracrine promotion of cardiomyogenesis in embryoid bodies 
by LIF modulated endoderm. Differentiation 68:31–43. doi:  10.1046/j.1432-0436.2001.068001031.x      

     Ban K, Wile B, Kim S et al (2013) Purifi cation of cardiomyocytes from differentiating pluripotent 
stem cells using molecular beacons that target cardiomyocyte-specifi c mRNA. Circulation 
128:1897–1909. doi:  10.1161/CIRCULATIONAHA.113.004228      

    Becker JR, Deo RC, Werdich AA et al (2011) Human cardiomyopathy mutations induce myocyte 
hyperplasia and activate hypertrophic pathways during cardiogenesis in zebrafi sh. Dis Model 
Mech 4:400–410. doi:  10.1242/dmm.006148      

    Behfar A, Zingman LV, Hodgson DM et al (2002) Stem cell differentiation requires a paracrine 
pathway in the heart. FASEB J 16:1558–1566. doi:  10.1096/fj.02-0072com      

         Bernstein HS (2012) Cardiac repair and restoration using human embryonic stem cells. Regen 
Med 7:697–712. doi:  10.2217/rme.12.46      

        Blazeski A, Zhu R, Hunter DW et al (2012) Electrophysiological and contractile function of car-
diomyocytes derived from human embryonic stem cells. Prog Biophys Mol Biol 110:178–195. 
doi:  10.1016/j.pbiomolbio.2012.07.012      

           Boheler KR, Czyz J, Tweedie D et al (2002) Differentiation of pluripotent embryonic stem cells 
into cardiomyocytes. Circ Res 91:189–201  

    Buggisch M, Ateghang B, Ruhe C et al (2007) Stimulation of ES-cell-derived cardiomyogenesis 
and neonatal cardiac cell proliferation by reactive oxygen species and NADPH oxidase. J Cell 
Sci 120:885–894. doi:  10.1242/jcs.03386      

    Burridge PW, Anderson D, Priddle H et al (2007) Improved human embryonic stem cell embryoid 
body homogeneity and cardiomyocyte differentiation from a novel V-96 plate aggregation sys-
tem highlights interline variability. Stem Cells 25:929–938. doi:  10.1634/stemcells.2006-0598      

    Carpenter MK, Rosler ES, Fisk GJ et al (2004) Properties of four human embryonic stem cell lines 
maintained in a feeder-free culture system. Dev Dyn 229:243–258. doi:  10.1002/dvdy.10431      

    Caspi O, Huber I, Kehat I et al (2007a) Transplantation of human embryonic stem cell-derived 
cardiomyocytes improves myocardial performance in infarcted rat hearts. J Am Coll Cardiol 
50:1884–1893. doi:  10.1016/j.jacc.2007.07.054      

     Caspi O, Lesman A, Basevitch Y et al (2007b) Tissue engineering of vascularized cardiac muscle from 
human embryonic stem cells. Circ Res 100:263–272. doi:  10.1161/01.RES.0000257776.05673.ff      

     Chambers I, Colby D, Robertson M et al (2003) Functional expression cloning of Nanog, a pluri-
potency sustaining factor in embryonic stem cells. Cell 113:643–655  

    Christoforou N, Gearhart JD (2007) Stem cells and their potential in cell-based cardiac therapies. 
Prog Cardiovasc Dis 49:396–413. doi:  10.1016/j.pcad.2007.02.006      

    Dai W, Field LJ, Rubart M et al (2007) Survival and maturation of human embryonic stem cell- 
derived cardiomyocytes in rat hearts. J Mol Cell Cardiol 43:504–516. doi:  10.1016/j.
yjmcc.2007.07.001      

    Doetschman TC, Eistetter H, Katz M et al (1985) The in vitro development of blastocyst-derived 
embryonic stem cell lines: formation of visceral yolk sac, blood islands and myocardium. 
J Embryol Exp Morphol 87:27–45  

      Dubois NC, Craft AM, Sharma P et al (2011) SIRPA is a specifi c cell-surface marker for isolating 
cardiomyocytes derived from human pluripotent stem cells. Nat Biotechnol 29:1011–1018. 
doi:  10.1038/nbt.2005      

     Elliott DA, Braam SR, Koutsis K et al (2011) NKX2-5(eGFP/w) hESCs for isolation of human 
cardiac progenitors and cardiomyocytes. Nat Methods 8:1037–1040. doi:  10.1038/nmeth.1740      

    Evans MJ, Kaufman MH (1981) Establishment in culture of pluripotential cells from mouse 
embryos. Nature 292:154–156  

F. Moccia et al.

http://dx.doi.org/10.1101/gad.224503
http://dx.doi.org/10.1046/j.1432-0436.2001.068001031.x
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.004228
http://dx.doi.org/10.1242/dmm.006148
http://dx.doi.org/10.1096/fj.02-0072com
http://dx.doi.org/10.2217/rme.12.46
http://dx.doi.org/10.1016/j.pbiomolbio.2012.07.012
http://dx.doi.org/10.1242/jcs.03386
http://dx.doi.org/10.1634/stemcells.2006-0598
http://dx.doi.org/10.1002/dvdy.10431
http://dx.doi.org/10.1016/j.jacc.2007.07.054
http://dx.doi.org/10.1161/01.RES.0000257776.05673.ff
http://dx.doi.org/10.1016/j.pcad.2007.02.006
http://dx.doi.org/10.1016/j.yjmcc.2007.07.001
http://dx.doi.org/10.1016/j.yjmcc.2007.07.001
http://dx.doi.org/10.1038/nbt.2005
http://dx.doi.org/10.1038/nmeth.1740


25

    Fu J, Yu H, Wang R et al (2006) Developmental regulation of intracellular calcium transients during 
cardiomyocyte differentiation of mouse embryonic stem cells. Acta Pharmacol Sin 27:901–910. 
doi:  10.1111/j.1745-7254.2006.00380.x      

    Gaztelumendi N, Nogués C (2014) Chromosome instability in mouse embryonic stem cells. Sci 
Rep 4:5324. doi:  10.1038/srep05324      

     Ginis I, Luo Y, Miura T et al (2004) Differences between human and mouse embryonic stem cells. 
Dev Biol 269:360–380. doi:  10.1016/j.ydbio.2003.12.034      

    Graf U, Casanova EA, Cinelli P (2011) The role of the leukemia inhibitory factor (LIF)—pathway 
in derivation and maintenance of murine pluripotent stem cells. Genes (Basel) 2:280–297. 
doi:  10.3390/genes2010280      

    Graichen R, Xu X, Braam SR et al (2008) Enhanced cardiomyogenesis of human embryonic 
stem cells by a small molecular inhibitor of p38 MAPK. Differentiation 76:357–370. 
doi:  10.1111/j.1432-0436.2007.00236.x      

    Guan K, Fürst DO, Wobus AM (1999) Modulation of sarcomere organization during embryonic 
stem cell-derived cardiomyocyte differentiation. Eur J Cell Biol 78:813–823. doi:  10.1016/
S0171-9335(99)80032-6      

    Gwak S-J, Bhang SH, Kim I-K et al (2008) The effect of cyclic strain on embryonic stem cell- 
derived cardiomyocytes. Biomaterials 29:844–856. doi:  10.1016/j.biomaterials.2007.10.050      

    Hattori F, Chen H, Yamashita H et al (2010) Nongenetic method for purifying stem cell-derived 
cardiomyocytes. Nat Methods 7:61–66. doi:  10.1038/nmeth.1403      

       Henderson JK, Draper JS, Baillie HS et al (2002) Preimplantation human embryos and embryonic 
stem cells show comparable expression of stage-specifi c embryonic antigens. Stem Cells 
20:329–337. doi:  10.1634/stemcells.20-4-329      

       Hescheler J, Fleischmann BK, Lentini S et al (1997) Embryonic stem cells: a model to study struc-
tural and functional properties in cardiomyogenesis. Cardiovasc Res 36:149–162  

    Huh NE, Pasumarthi KB, Soonpaa MH et al (2001) Functional abrogation of p53 is required for 
T-Ag induced proliferation in cardiomyocytes. J Mol Cell Cardiol 33:1405–1419. doi:  10.1006/
jmcc.2001.1403      

    Itskovitz-Eldor J, Schuldiner M, Karsenti D et al (2000) Differentiation of human embryonic stem 
cells into embryoid bodies compromising the three embryonic germ layers. Mol Med 6:88–95  

    Ivey KN, Muth A, Arnold J et al (2008) MicroRNA regulation of cell lineages in mouse and human 
embryonic stem cells. Cell Stem Cell 2:219–229. doi:  10.1016/j.stem.2008.01.016      

    Jaconi M, Bony C, Richards SM et al (2000) Inositol 1,4,5-trisphosphate directs Ca(2+) fl ow 
between mitochondria and the Endoplasmic/Sarcoplasmic reticulum: a role in regulating car-
diac autonomic Ca(2+) spiking. Mol Biol Cell 11:1845–1858  

       Jakob P, Landmesser U (2013) Current status of cell-based therapy for heart failure. Curr Heart 
Fail Rep 10:165–176. doi:  10.1007/s11897-013-0134-z      

    Joggerst SJ, Hatzopoulos AK (2009) Stem cell therapy for cardiac repair: benefi ts and barriers. 
Expert Rev Mol Med 11, e20. doi:  10.1017/S1462399409001124      

    Kania G, Corbeil D, Fuchs J et al (2005) Somatic stem cell marker prominin-1/CD133 is 
expressed in embryonic stem cell-derived progenitors. Stem Cells 23:791–804. doi:  10.1634/
stemcells.2004-0232      

    Kattman SJ, Huber TL, Keller GM (2006) Multipotent fl k-1+ cardiovascular progenitor cells give 
rise to the cardiomyocyte, endothelial, and vascular smooth muscle lineages. Dev Cell 11:723–
732. doi:  10.1016/j.devcel.2006.10.002      

    Kattman SJ, Witty AD, Gagliardi M et al (2011) Stage-specifi c optimization of activin/nodal and 
BMP signaling promotes cardiac differentiation of mouse and human pluripotent stem cell 
lines. Cell Stem Cell 8:228–240. doi:  10.1016/j.stem.2010.12.008      

       Kehat I, Kenyagin-Karsenti D, Snir M et al (2001) Human embryonic stem cells can differentiate 
into myocytes with structural and functional properties of cardiomyocytes. J Clin Invest 
108:407–414. doi:  10.1172/JCI12131      

    Kehat I, Khimovich L, Caspi O et al (2004) Electromechanical integration of cardiomyocytes 
derived from human embryonic stem cells. Nat Biotechnol 22:1282–1289. doi:  10.1038/
nbt1014      

2 Embryonic Stem Cells for Cardiac Regeneration

http://dx.doi.org/10.1111/j.1745-7254.2006.00380.x
http://dx.doi.org/10.1038/srep05324
http://dx.doi.org/10.1016/j.ydbio.2003.12.034
http://dx.doi.org/10.3390/genes2010280
http://dx.doi.org/10.1111/j.1432-0436.2007.00236.x
http://dx.doi.org/10.1016/S0171-9335(99)80032-6
http://dx.doi.org/10.1016/S0171-9335(99)80032-6
http://dx.doi.org/10.1016/j.biomaterials.2007.10.050
http://dx.doi.org/10.1038/nmeth.1403
http://dx.doi.org/10.1634/stemcells.20-4-329
http://dx.doi.org/10.1006/jmcc.2001.1403
http://dx.doi.org/10.1006/jmcc.2001.1403
http://dx.doi.org/10.1016/j.stem.2008.01.016
http://dx.doi.org/10.1007/s11897-013-0134-z
http://dx.doi.org/10.1017/S1462399409001124
http://dx.doi.org/10.1634/stemcells.2004-0232
http://dx.doi.org/10.1634/stemcells.2004-0232
http://dx.doi.org/10.1016/j.devcel.2006.10.002
http://dx.doi.org/10.1016/j.stem.2010.12.008
http://dx.doi.org/10.1172/JCI12131
http://dx.doi.org/10.1038/nbt1014
http://dx.doi.org/10.1038/nbt1014


26

    Kim HS, Cho JW, Hidaka K, Morisaki T (2007) Activation of MEK-ERK by heregulin-beta1 
promotes the development of cardiomyocytes derived from ES cells. Biochem Biophys Res 
Commun 361:732–738. doi:  10.1016/j.bbrc.2007.07.045      

    King FW, Liszewski W, Ritner C, Bernstein HS (2011) High-throughput tracking of pluripotent 
human embryonic stem cells with dual fl uorescence resonance energy transfer molecular bea-
cons. Stem Cells Dev 20:475–484. doi:  10.1089/scd.2010.0219      

     Kita-Matsuo H, Barcova M, Prigozhina N et al (2009) Lentiviral vectors and protocols for creation 
of stable hESC lines for fl uorescent tracking and drug resistance selection of cardiomyocytes. 
PLoS One 4, e5046. doi:  10.1371/journal.pone.0005046      

     Klug MG, Soonpaa MH, Koh GY, Field LJ (1996) Genetically selected cardiomyocytes from dif-
ferentiating embronic stem cells form stable intracardiac grafts. J Clin Invest 98:216–224. 
doi:  10.1172/JCI118769      

    Kong C-W, Akar FG, Li RA (2010) Translational potential of human embryonic and induced plu-
ripotent stem cells for myocardial repair: insights from experimental models. Thromb Haemost 
104:30–38. doi:  10.1160/TH10-03-0189      

     Lafl amme MA, Gold J, Xu C et al (2005) Formation of human myocardium in the rat heart from 
human embryonic stem cells. Am J Pathol 167:663–671. doi:  10.1016/S0002-9440(10)62041-X      

      Lafl amme MA, Chen KY, Naumova AV et al (2007) Cardiomyocytes derived from human embry-
onic stem cells in pro-survival factors enhance function of infarcted rat hearts. Nat Biotechnol 
25:1015–1024. doi:  10.1038/nbt1327      

    Lee JB, Lee JE, Park JH et al (2005) Establishment and maintenance of human embryonic stem 
cell lines on human feeder cells derived from uterine endometrium under serum-free condition. 
Biol Reprod 72:42–49. doi:  10.1095/biolreprod.104.033480      

    Leor J, Gerecht S, Cohen S et al (2007) Human embryonic stem cell transplantation to repair the 
infarcted myocardium. Heart 93:1278–1284. doi:  10.1136/hrt.2006.093161      

     Lesman A, Habib M, Caspi O et al (2010) Transplantation of a tissue-engineered human vascular-
ized cardiac muscle. Tissue Eng Part A 16:115–125. doi:  10.1089/ten.TEA.2009.0130      

     Maher KO, Xu C (2013) Marching towards regenerative cardiac therapy with human pluripotent 
stem cells. Discov Med 15:349–356  

    Martin GR (1981) Isolation of a pluripotent cell line from early mouse embryos cultured in 
medium conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci U S A 78:7634–7638  

      Menasché P (2012) Embryonic stem cells for severe heart failure: why and how? J Cardiovasc 
Transl Res 5:555–565. doi:  10.1007/s12265-012-9356-9      

    Mitsui K, Tokuzawa Y, Itoh H et al (2003) The homeoprotein Nanog is required for maintenance 
of pluripotency in mouse epiblast and ES cells. Cell 113:631–642  

     Moccia F, Dragoni S, Cinelli M et al (2013) How to utilize Ca2+ signals to rejuvenate the repaira-
tive phenotype of senescent endothelial progenitor cells in elderly patients affected by cardio-
vascular diseases: a useful therapeutic support of surgical approach? BMC Surg 13(suppl 
2):S46. doi:  10.1186/1471-2482-13-S2-S46      

       Moccia F, Ruffi natti FA, Zuccolo E (2014) Intracellular Ca2+ signals to reconstruct a broken heart: 
still a theoretical approach? Curr Drug Targets 16(8):793–815  

    Müller M, Fleischmann BK, Selbert S et al (2000) Selection of ventricular-like cardiomyocytes 
from ES cells in vitro. FASEB J 14:2540–2548. doi:  10.1096/fj.00-0002com      

      Mummery C, Ward-van Oostwaard D, Doevendans P et al (2003) Differentiation of human embry-
onic stem cells to cardiomyocytes: role of coculture with visceral endoderm-like cells. 
Circulation 107:2733–2740. doi:  10.1161/01.CIR.0000068356.38592.68      

   Mummery CL, Ward D, Passier R (2007) Differentiation of human embryonic stem cells to cardio-
myocytes by coculture with endoderm in serum-free medium. Curr Protoc Stem Cell Biol 
Chapter 1:Unit 1F.2. doi:   10.1002/9780470151808.sc01f02s2      

      Mummery CL, Zhang J, Ng ES et al (2012) Differentiation of human embryonic stem cells and 
induced pluripotent stem cells to cardiomyocytes: a methods overview. Circ Res 111:344–358. 
doi:  10.1161/CIRCRESAHA.110.227512      

    Neri T, Monti M, Rebuzzini P et al (2007) Mouse fi broblasts are reprogrammed to Oct-4 and Rex-1 
gene expression and alkaline phosphatase activity by embryonic stem cell extracts. Cloning 
Stem Cells 9:394–406. doi:  10.1089/clo.2006.0011      

F. Moccia et al.

http://dx.doi.org/10.1016/j.bbrc.2007.07.045
http://dx.doi.org/10.1089/scd.2010.0219
http://dx.doi.org/10.1371/journal.pone.0005046
http://dx.doi.org/10.1172/JCI118769
http://dx.doi.org/10.1160/TH10-03-0189
http://dx.doi.org/10.1016/S0002-9440(10)62041-X
http://dx.doi.org/10.1038/nbt1327
http://dx.doi.org/10.1095/biolreprod.104.033480
http://dx.doi.org/10.1136/hrt.2006.093161
http://dx.doi.org/10.1089/ten.TEA.2009.0130
http://dx.doi.org/10.1007/s12265-012-9356-9
http://dx.doi.org/10.1186/1471-2482-13-S2-S46
http://dx.doi.org/10.1096/fj.00-0002com
http://dx.doi.org/10.1161/01.CIR.0000068356.38592.68
http://dx.doi.org/10.1002/9780470151808.sc01f02s2
http://dx.doi.org/10.1161/CIRCRESAHA.110.227512
http://dx.doi.org/10.1089/clo.2006.0011


27

    Niwa H, Burdon T, Chambers I, Smith A (1998) Self-renewal of pluripotent embryonic stem cells 
is mediated via activation of STAT3. Genes Dev 12:2048–2060  

     Paige SL, Osugi T, Afanasiev OK et al (2010) Endogenous Wnt/beta-catenin signaling is required 
for cardiac differentiation in human embryonic stem cells. PLoS One 5, e11134. doi:  10.1371/
journal.pone.0011134      

     Parsons XH (2012) Mending the broken heart—towards clinical application of human embryonic 
stem cell therapy derivatives. J Clin Exp Cardiol 3, e116  

    Passier R, Denning C, Mummery C (2006) Cardiomyocytes from human embryonic stem cells. 
Handb Exp Pharmacol 174:101–122  

          Passier R, van Laake LW, Mummery CL (2008) Stem-cell-based therapy and lessons from the 
heart. Nature 453:322–329. doi:  10.1038/nature07040      

    Pasumarthi KB, Tsai SC, Field LJ (2001) Coexpression of mutant p53 and p193 renders embryonic 
stem cell-derived cardiomyocytes responsive to the growth-promoting activities of adenoviral 
E1A. Circ Res 88:1004–1011  

      Pera MF, Reubinoff B, Trounson A (2000) Human embryonic stem cells. J Cell Sci 113(pt 1):5–10  
    Pesce M, Anastassiadis K, Schöler HR (1999) Oct-4: lessons of totipotency from embryonic stem 

cells. Cells Tissues Organs 165:144–152  
        Pfi ster O, Della Verde G, Liao R, Kuster GM (2014) Regenerative therapy for cardiovascular dis-

ease. Transl Res 163:307–320. doi:  10.1016/j.trsl.2013.12.005      
    Rebuzzini P, Martinelli P, Blasco M et al (2007) Inhibition of gene amplifi cation in telomerase 

defi cient immortalized mouse embryonic fi broblasts. Carcinogenesis 28:553–559. doi:  10.1093/
carcin/bgl158      

      Reubinoff BE, Pera MF, Fong CY et al (2000) Embryonic stem cell lines from human blastocysts: 
somatic differentiation in vitro. Nat Biotechnol 18:399–404. doi:  10.1038/74447      

    Richards M, Tan S-P, Tan J-H et al (2004) The transcriptome profi le of human embryonic stem 
cells as defi ned by SAGE. Stem Cells 22:51–64. doi:  10.1634/stemcells.22-1-51      

      Robertson C, Tran DD, George SC (2013) Concise review: maturation phases of human pluripo-
tent stem cell-derived cardiomyocytes. Stem Cells 31:829–837. doi:  10.1002/stem.1331      

    Rudy-Reil D, Lough J (2004) Avian precardiac endoderm/mesoderm induces cardiac myocyte 
differentiation in murine embryonic stem cells. Circ Res 94:e107–e116. doi:  10.1161/01.
RES.0000134852.12783.6e      

    Rust W, Balakrishnan T, Zweigerdt R (2009) Cardiomyocyte enrichment from human embryonic 
stem cell cultures by selection of ALCAM surface expression. Regen Med 4:225–237. 
doi:  10.2217/17460751.4.2.225      

    Sachinidis A, Schwengberg S, Hippler-Altenburg R et al (2006) Identifi cation of small signalling 
molecules promoting cardiac-specifi c differentiation of mouse embryonic stem cells. Cell 
Physiol Biochem 18:303–314. doi:  10.1159/000097608      

    Sartiani L, Bettiol E, Stillitano F et al (2007) Developmental changes in cardiomyocytes differenti-
ated from human embryonic stem cells: a molecular and electrophysiological approach. Stem 
Cells 25:1136–1144. doi:  10.1634/stemcells.2006-0466      

    Sauer H, Rahimi G, Hescheler J, Wartenberg M (1999) Effects of electrical fi elds on cardiomyo-
cyte differentiation of embryonic stem cells. J Cell Biochem 75:710–723  

    Sauer H, Rahimi G, Hescheler J, Wartenberg M (2000) Role of reactive oxygen species and phos-
phatidylinositol 3-kinase in cardiomyocyte differentiation of embryonic stem cells. FEBS Lett 
476:218–223  

    Schnerch A, Cerdan C, Bhatia M (2010) Distinguishing between mouse and human pluripotent 
stem cell regulation: the best laid plans of mice and men. Stem Cells 28:419–430. doi:  10.1002/
stem.298      

    Schroeder M, Niebruegge S, Werner A et al (2005) Differentiation and lineage selection of mouse 
embryonic stem cells in a stirred bench scale bioreactor with automated process control. 
Biotechnol Bioeng 92:920–933. doi:  10.1002/bit.20668      

2 Embryonic Stem Cells for Cardiac Regeneration

http://dx.doi.org/10.1371/journal.pone.0011134
http://dx.doi.org/10.1371/journal.pone.0011134
http://dx.doi.org/10.1038/nature07040
http://dx.doi.org/10.1016/j.trsl.2013.12.005
http://dx.doi.org/10.1093/carcin/bgl158
http://dx.doi.org/10.1093/carcin/bgl158
http://dx.doi.org/10.1038/74447
http://dx.doi.org/10.1634/stemcells.22-1-51
http://dx.doi.org/10.1002/stem.1331
http://dx.doi.org/10.1161/01.RES.0000134852.12783.6e
http://dx.doi.org/10.1161/01.RES.0000134852.12783.6e
http://dx.doi.org/10.2217/17460751.4.2.225
http://dx.doi.org/10.1159/000097608
http://dx.doi.org/10.1634/stemcells.2006-0466
http://dx.doi.org/10.1002/stem.298
http://dx.doi.org/10.1002/stem.298
http://dx.doi.org/10.1002/bit.20668


28

    Sharifpanah F, Wartenberg M, Hannig M et al (2008) Peroxisome proliferator-activated receptor 
alpha agonists enhance cardiomyogenesis of mouse ES cells by utilization of a reactive oxygen 
species-dependent mechanism. Stem Cells 26:64–71. doi:  10.1634/stemcells.2007-0532      

    Shimko VF, Claycomb WC (2008) Effect of mechanical loading on three-dimensional cultures of 
embryonic stem cell-derived cardiomyocytes. Tissue Eng Part A 14:49–58. doi:  10.1089/
ten.a.2007.0092      

    Singh AM, Li F-Q, Hamazaki T et al (2007) Chibby, an antagonist of the Wnt/beta-catenin path-
way, facilitates cardiomyocyte differentiation of murine embryonic stem cells. Circulation 
115:617–626. doi:  10.1161/CIRCULATIONAHA.106.642298      

    Smith AG, Heath JK, Donaldson DD et al (1988) Inhibition of pluripotential embryonic stem cell 
differentiation by purifi ed polypeptides. Nature 336:688–690. doi:  10.1038/336688a0      

    Snir M, Kehat I, Gepstein A et al (2003) Assessment of the ultrastructural and proliferative proper-
ties of human embryonic stem cell-derived cardiomyocytes. Am J Physiol Heart Circ Physiol 
285:H2355–H2363. doi:  10.1152/ajpheart.00020.2003      

     Solter D, Knowles BB (1978) Monoclonal antibody defi ning a stage-specifi c mouse embryonic 
antigen (SSEA-1). Proc Natl Acad Sci U S A 75:5565–5569  

    Sudou A, Muramatsu H, Kaname T et al (1997) Le(X) structure enhances myocardial differentia-
tion from embryonic stem cells. Cell Struct Funct 22:247–251  

    Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from mouse embryonic and 
adult fi broblast cultures by defi ned factors. Cell 126:663–676. doi:  10.1016/j.cell.2006.07.024      

    Takahashi T, Lord B, Schulze PC et al (2003) Ascorbic acid enhances differentiation of embryonic 
stem cells into cardiac myocytes. Circulation 107:1912–1916. doi:  10.1161/01.CIR.0000064899.
53876.A3      

    Takahashi K, Tanabe K, Ohnuki M et al (2007) Induction of pluripotent stem cells from adult 
human fi broblasts by defi ned factors. Cell 131:861–872. doi:  10.1016/j.cell.2007.11.019      

    Takeuchi JK, Bruneau BG (2009) Directed transdifferentiation of mouse mesoderm to heart tissue 
by defi ned factors. Nature 459:708–711. doi:  10.1038/nature08039      

              Thomson JA, Itskovitz-Eldor J, Shapiro SS et al (1998) Embryonic stem cell lines derived from 
human blastocysts. Science 282:1145–1147  

    Tran TH, Wang X, Browne C et al (2009) Wnt3a-induced mesoderm formation and cardiomyogen-
esis in human embryonic stem cells. Stem Cells 27:1869–1878. doi:  10.1002/stem.95      

    Uosaki H, Fukushima H, Takeuchi A et al (2011) Effi cient and scalable purifi cation of cardiomyo-
cytes from human embryonic and induced pluripotent stem cells by VCAM1 surface expres-
sion. PLoS One 6, e23657. doi:  10.1371/journal.pone.0023657      

     Van Laake LW, Passier R, Monshouwer-Kloots J et al (2007a) Monitoring of cell therapy and 
assessment of cardiac function using magnetic resonance imaging in a mouse model of myo-
cardial infarction. Nat Protoc 2:2551–2567. doi:  10.1038/nprot.2007.371      

     Van Laake LW, Passier R, Monshouwer-Kloots J et al (2007b) Human embryonic stem cell-
derived cardiomyocytes survive and mature in the mouse heart and transiently improve func-
tion after myocardial infarction. Stem Cell Res 1:9–24. doi:  10.1016/j.scr.2007.06.001      

     Van Laake LW, Passier R, Doevendans PA, Mummery CL (2008) Human embryonic stem cell- 
derived cardiomyocytes and cardiac repair in rodents. Circ Res 102:1008–1010. doi:  10.1161/
CIRCRESAHA.108.175505      

    Wo Y, Zhu D, Hu Y et al (2008) Reactive oxygen species involved in prenylfl avonoids, icariin and 
icaritin, initiating cardiac differentiation of mouse embryonic stem cells. J Cell Biochem 
103:1536–1550. doi:  10.1002/jcb.21541      

       Wobus AM, Boheler KR (2005) Embryonic stem cells: prospects for developmental biology and 
cell therapy. Physiol Rev 85:635–678. doi:  10.1152/physrev.00054.2003      

     Wobus AM, Holzhausen H, Jäkel P, Schöneich J (1984) Characterization of a pluripotent stem cell 
line derived from a mouse embryo. Exp Cell Res 152:212–219  

    Wobus AM, Kaomei G, Shan J et al (1997) Retinoic acid accelerates embryonic stem cell-derived 
cardiac differentiation and enhances development of ventricular cardiomyocytes. J Mol Cell 
Cardiol 29:1525–1539  

F. Moccia et al.

http://dx.doi.org/10.1634/stemcells.2007-0532
http://dx.doi.org/10.1089/ten.a.2007.0092
http://dx.doi.org/10.1089/ten.a.2007.0092
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.642298
http://dx.doi.org/10.1038/336688a0
http://dx.doi.org/10.1152/ajpheart.00020.2003
http://dx.doi.org/10.1016/j.cell.2006.07.024
http://dx.doi.org/10.1161/01.CIR.0000064899.53876.A3
http://dx.doi.org/10.1161/01.CIR.0000064899.53876.A3
http://dx.doi.org/10.1016/j.cell.2007.11.019
http://dx.doi.org/10.1038/nature08039
http://dx.doi.org/10.1002/stem.95
http://dx.doi.org/10.1371/journal.pone.0023657
http://dx.doi.org/10.1038/nprot.2007.371
http://dx.doi.org/10.1016/j.scr.2007.06.001
http://dx.doi.org/10.1161/CIRCRESAHA.108.175505
http://dx.doi.org/10.1161/CIRCRESAHA.108.175505
http://dx.doi.org/10.1002/jcb.21541
http://dx.doi.org/10.1152/physrev.00054.2003


29
        Wong SSY, Bernstein HS (2010) Cardiac regeneration using human embryonic stem cells: produc-

ing cells for future therapy. Regen Med 5:763–775. doi:  10.2217/rme.10.52      
       Xu C, Inokuma MS, Denham J et al (2001) Feeder-free growth of undifferentiated human embryonic 

stem cells. Nat Biotechnol 19:971–974. doi:  10.1038/nbt1001-971      
      Xu C, Police S, Rao N, Carpenter MK (2002) Characterization and enrichment of cardiomyocytes 

derived from human embryonic stem cells. Circ Res 91:501–508  
    Xu C, Police S, Hassanipour M, Gold JD (2006) Cardiac bodies: a novel culture method for enrich-

ment of cardiomyocytes derived from human embryonic stem cells. Stem Cells Dev 15:631–
639. doi:  10.1089/scd.2006.15.631      

      Xu XQ, Graichen R, Soo SY et al (2008a) Chemically defi ned medium supporting cardiomyocyte 
differentiation of human embryonic stem cells. Differentiation 76:958–970. 
doi:  10.1111/j.1432-0436.2008.00284.x      

    Xu XQ, Zweigerdt R, Soo SY et al (2008b) Highly enriched cardiomyocytes from human embry-
onic stem cells. Cytotherapy 10:376–389. doi:  10.1080/14653240802105307      

        Xu H, Yi BA, Wu H et al (2012) Highly effi cient derivation of ventricular cardiomyocytes from 
induced pluripotent stem cells with a distinct epigenetic signature. Cell Res 22:142–154. 
doi:  10.1038/cr.2011.171      

      Yang L, Soonpaa MH, Adler ED et al (2008) Human cardiovascular progenitor cells develop from 
a KDR+ embryonic-stem-cell-derived population. Nature 453:524–528. doi:  10.1038/
nature06894      

    Ying QL, Nichols J, Chambers I, Smith A (2003) BMP induction of Id proteins suppresses differ-
entiation and sustains embryonic stem cell self-renewal in collaboration with STAT3. Cell 
115:281–292  

    Zandstra PW, Bauwens C, Yin T et al (2003) Scalable production of embryonic stem cell-derived 
cardiomyocytes. Tissue Eng 9:767–778. doi:  10.1089/107632703768247449        

2 Embryonic Stem Cells for Cardiac Regeneration

http://dx.doi.org/10.2217/rme.10.52
http://dx.doi.org/10.1038/nbt1001-971
http://dx.doi.org/10.1089/scd.2006.15.631
http://dx.doi.org/10.1111/j.1432-0436.2008.00284.x
http://dx.doi.org/10.1080/14653240802105307
http://dx.doi.org/10.1038/cr.2011.171
http://dx.doi.org/10.1038/nature06894
http://dx.doi.org/10.1038/nature06894
http://dx.doi.org/10.1089/107632703768247449

	Chapter 2: Embryonic Stem Cells for Cardiac Regeneration
	2.1 Introduction
	2.2 Murine Embryonic Stem Cells Isolation, Characterization and CM Differentiation
	2.3 Human Embryonic Stem Cells Isolation, Characterization and CM Differentiation
	2.4 Advantages and Disadvantages of Embryonic Stem Cells as Source for Cardiac Regeneration
	2.5 Future Trends in the Therapeutic Application of hESCs for Cardiac Regeneration
	References


