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The heart is the first organ to be formed in the embryo, where its role becomes essential to 
supply the exponential increasing demands in nutrients as is required for growth. Gene mutations 
frequently lead to defects and malformations of the heart and account for about 30% of the loss 
of embryos and fetuses before birth. Even though, in humans still approximately 1% of the 
newborns present with congenital heart defects or cardiac malformations at some stage 
(Buckingham et al, 2005; Hoffman & Kaplan, 2002; Vincent & Buckingham, 2010). Developmental 
defects manifest in a variety of ways, and many of them are appreciated to have genetic causes. 
Most common birth defects exist of atrial and ventricular septum defects, double outlet right 
ventricle, transposition of the great arteries, truncus arteriosus, patent ductus arteriosius, 
tetralogy of Fallot, aotic coarctation, aortic stenosis, pulmonic stenoses, hypoplastic left heart 
syndrome, and bicuspid aortic valve (Bruneau, 2008; Musunuru et al, 2010). For a number of 
these cardiac defects, it is known which gene mutations are causing the transcriptional dis-
regulation and malformations. 
Among the first-identified genes involved in the most frequent form of congenital heart defects 
in humans is Tbx5, a T-box transcription factor. Tbx5 is tightly linked to the Holt-Oram syndrome 
that features atrial and ventricular septum defects, as well as malformations of the conduction 
system, as was observed in mice lacking Tbx5 expression in the heart. (Basson et al, 1997; 
Bruneau et al, 2001; Li et al, 1997). This indicated the essential role for Tbx5 in correct chamber 
formation and myocyte differentiation. Other T-box genes are important for normal ventricular 
septation. Mutations in the Tbx20 gene were associated in a genome-wide-association-screen 
with defects of septation, valvulogenesis, and cardiomyopathy (Kirk et al, 2007; Posch et al, 
2010). Furthermore, Tbx1 is one of the major contributors to normal outflow tract and pharyngeal 
artery formation. In humans, DiGeorge syndrome is characterized by conotruncal and craniofacial 
anomalies due to a heterozygous chromosomal deletion in the 22q11.2 locus. Interestingly, 
when Tbx1 was deleted in mice it resulted in a severe disruption of pharyngeal arch development 
while heterozygous deletion of this Tbx1 gene only affected the fourth pharyngeal artery. This 
indicates that the haploinsufficiency of Tbx1 is an essential contributor of one component of the 
DiGeorge syndrome in humans (Lindsay et al, 2001; Merscher et al, 2001). These findings 
confirm the potential of mouse models for studying human diseases in a mechanistic manner 
and highlight the importance of transcriptional regulation required for normal cardiogenesis and 
development.

CARDIOGENESIS

The formation of the heart is a highly complex process that is governed by a core set of 
transcription factors, Nkx2.5, Mef2c, Gata4, Tbx5, and Hand2, which control cell fate and guide 
cardio morphogenesis. Large numbers of other transcription factors contribute as accessory 
factors to ensure fine-tuning of cardiac formation (Olson, 2006; Srivastava, 2006). 
Myocardial cells are direct derivatives of the mesodermal layer, rising from the primitive streak 
after gastrulation. Cells from the primitive streak migrate anteriorly to form the cardiac crescents 
of the splanchnic Mesp1/2+ mesoderm (Kitajima et al, 2000; Saga et al, 1999). Recent work 
demonstrated the transcriptional regulation of YY1 to promote cardiac cell fate of mesodermal 
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cells (Gregoire et al, 2013). Whereas the posterior crescent at E7.5 is characterized as the First-
Heart-Field (FHF), the anterior crescent is identified as the Second-Heart-Field (SHF). In mouse, 
the FHF and SHF regions fuse by E8 into a linear heart tube, followed by a looping process to 
eventually form the four-chambered heart, in which the FHF gives rise to the left ventricle and 
main parts of the inflow-tract, while the SHF sources the right ventricle and outflow-tract 
(Buckingham et al, 2005; Vincent & Buckingham, 2010). Tbx5 and Hcn4 expression are identified 
as markers of the early FHF since fate mapping experiments have shown that the Tbx5+ and 
Hcn4+ cells in the posterior cardiac crescent give rise to the left ventricle and parts of the atria 
(Bruneau et al, 2001; Liang et al, 2013; Spater et al, 2013; Takeuchi et al, 2003). While early in 
cardiac development Hcn4 marks the FHF progenitors, later on it becomes restricted to cells of 
the pacemaker and conduction system (Liang et al, 2013; Spater et al, 2013). Within the SHF, 
FGF10 marks populations of right ventricular and outflow tract precursors on the arterial pole of 
the heart (Cai et al, 2003; Kelly et al, 2001; Verzi et al, 2005; Zaffran et al, 2004). Lineage tracing 
of Isl1 and its direct downstream target Mef2c revealed contribution of these SHF derivatives 
to right ventricular myocardium, septum and outflow tract on the arterial pole, as well as parts 
of the atria on the venous pole of the developing heart (Cai et al, 2003; Verzi et al, 2005). As 
mentioned, one of the main regulators of chamber formation is the evolutionary conserved 
transcription factor Tbx20. In the absence of Tbx20, the heart fails to progress from the linear 
heart tube to a multi-chambered heart (Singh et al, 2005). When Tbx20 is present, chamber 
differentiation occurs and leads to formation of the four-chambered heart. 
The cardiac growth between E10.5 and adulthood accomplishes about a 300-fold increase in 
myocardial mass (von Gise et al, 2012). Here, we discuss the embryonic growth pathways and 
transcriptional mechanisms that orchestrate this massive ventricular expansion during cardiac 
development. 

VENTRICULAR GROWTH

Embryo
The growth of the ventricular myocardium is characterized by two phases. Firstly, guided by the 
embryonic and fetal gene program, myocardial cell mass increases through rapid cell divisions. 
In mouse, two peaks in cell-replication exist, between E9.5 an 12.5 and early after birth (Soonpaa 
et al, 1996). Secondly, early after birth cardiomyocyte proliferation is largely attenuated and 
further myocardial mass is build up through hypertrophic enlargement of the individual cardiac 
myocytes (Ahuja et al, 2007; von Gise et al, 2012). 
During the embryonic stages bipotent Nkx2.5+ progenitors, contributing to the myocardial and 
smooth muscle lineages fuel an early increase in cardiac mass (Wu et al, 2006). Isl1, a LIM 
homeodomain transcription factor, is a marker for a distinct population of undifferentiated SHF 
cardiovascular progenitors. Isl1+ progenitors play an essential role in sourcing the right ventricular 
myocardium and outflow tract and mice lacking Isl1 are missing parts of these segments (Cai 
et al, 2003). Additionally, fate-mapping experiments have shown the potential of Isl1+ progenitors 
to differentiate into the three cardiovascular lineages. Furthermore, mouse and human embryonic 
stem cell-derived Isl1+ progenitors can be clonally expanded and subsequently differentiated 
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as well into smooth muscle, endothelial cells, and cardiac myocytes (Bu et al, 2009; Moretti et 
al, 2006). The Wnt/ɴ-catenin signaling pathway regulates growth of these Isl1+ positive cells. 
Conditional loss of function studies revealed arrest in development through attenuated expansion 
of Isl1+ progenitors, whereas constitutively active ɴ-catenin resulted in massive accumulation 
of Isl1+ cells in the SHF (Cohen et al, 2007; Lin et al, 2007; Qyang et al, 2007). In vitro, the 
presence of Wnt3a proteins induced clonal expansion of this SHF specific progenitor population 
(Bu et al, 2009; Qyang et al, 2007). In humans, it was shown that common variations in the Isl1 
confers genetic susceptibility for complex congenital heart disease (Stevens et al, 2010).

Fetus
Stage specific activation of Bmp signaling and inhibition of Wnt signaling are required for the 
specification and commitment of mesodermal cells towards the myogenic lineages (Klaus et al, 
2007; Novikov & Evans, 2013; Qyang et al, 2007; Schneider & Mercola, 2001). These findings 
have been used to generate robust cardiomyocyte yields from multiple pluripotent stem cell 
sources with the stage specific use of Wnt and Bmp modulating small compounds (Kattman et 
al, 2011; Lian et al, 2012; Willems et al, 2011). After the specification of multipotent progenitors 
into committed ventricular progenitors or early cardiac myocytes, growth continues. While the 
whole fetal heart grows extensively, it requires an exquisite amount of precision per area. For 
many years, it is known that the compact myocardium proliferates more rapidly when compared 
to the trabecular myocardium (Figure 1) (Jeter & Cameron, 1971; Luxan et al, 2013). This region 
specific proliferation of fetal cardiomyocytes is necessary for proper morphogenesis of ventricular 
myocardium, trabeculae and chamber cavities. Genetic regulation of mammalian cardiac 

Figure 1. Regional proliferation differences in 
the myocardium. 
(A) The early myocardium consists of two compart-
ments, the ventricular wall or compact myocardium, 
and the trabeculae or trabecular myocardium. Since 
decades it is known that the compact compartment 
proliferates vigorously to realize ventricular growth, 
whereas more cells in the trabecular myocardium 
exit the cell cycle to become quiescent. This is 
visualized for embryonic growth at E9.5 (B) and 
E12.5 (C) with immunohistochemistry for Troponin 
T (TnT), Ki67.
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proliferation and heart size, however, is poorly understood. Yet, one of the players in fetal 
cardiomyocyte proliferation is the Hippo signaling pathway, previously represented as an organ 
size control pathway in Drosophila. Hippo/Yap1 signaling plays an essential role in controlling 
growth and organ size through repression of cell proliferation and induction of apoptosis. Yap1 
thereby functions as a potent transcription co-activator and is a tightly regulated downstream 
target of Hippo (Pan, 2010; Zhao et al, 2011). In the heart, deletion of Yap1 is lethal and results 
in hypoplasia of the compact myocardium. Conversely, constitutive activation of Yap1 results in 
increased cardiac myocyte number and fetal heart size, especially in trabecular cells exiting from 
cytokinesis. Hippo/Yap1 in the heart interacts with cell cycle regulators, canonical Wnt, and IGF 
signaling to exert these effects on fetal myocardial growth. These studies demonstrate that 
Yap1 is a regulator of myocardial proliferation, morphogenesis and trabeculation (von Gise et al, 
2012; Xin et al, 2011). In extension of this, Tbx20 also acts upstream from Wnt during ventricular 
development. Tbx20 regulates Lef1 expression, a key transcriptional mediator of Wnt/ɴ-catenin 
signaling (Cai et al, 2013). When Tbx20 was overexpressed in fetal cardiomyocytes this resulted 
in increased ventricular wall thickness due myocyte proliferation (Chakraborty & Yutzey, 2012). 

Neonate
In mouse, Hippo signaling remains active after birth to control cardiac myocyte proliferation and 
restrain heart size. This was demonstrated when Salv1, an upstream activator of hippo, was 
deleted in the developing heart. Growth was no longer repressed, and massive enlargement of 
the ventricular chambers and atria was observed in Salv1 knockouts. The Hippo effector Yap1 
interacted with Wnt signaling on the Sox and Snai genes. Mice born with repression of Hippo 
signaling in the heart expired early after birth as a result of massive hyperplasia, highlighting the 
importance of proper organ size control in mammalians (Heallen et al, 2011). 
Early after birth a number of transitions occur to facilitate the maturation of neonatal myocardium 
into highly electrophysiological coupled, fully aligned and functional adult myocardium. Firstly, 
cytokinesis is uncoupled from cell division to ensure poly-nucleation in mature myocardial cells 
(Ahuja et al, 2004; Engel et al, 2006). Morphologically, cardiomyocytes elongate into rod-shaped 
structures with alignment of sarcomeres en myofibrils in the short axis to ensure optimum 
contractility. Secondly, intercalated disk formation at the z-line of the sarcomeres anchors 
neighboring cells and together with polarized localization of gap junctions it contributes to a 
synchronous contraction (Angst et al, 1997; Peters et al, 1994). Finally, precise regulation of 
hypertrophic growth increases the cellular volume to maximize myocardial mass while adapting 
to the physiological environment of the cardiovascular system (Figure 2) (Oparil, 1985; Oparil et 
al, 1984). Recent work identified the homeodomain transcription factor Meis1 as a regulator of 
postnatal cardiomyocyte cell cycle arrest. In mouse, neonatal cardiomyocyte proliferation is 
attenuated by day 7. Cardiac deletion of Meis1, however, was sufficient for extension of the 
postnatal proliferative window of cardiomyocytes. Conversely, overexpression of Meis1 in 
myocardial cells decreased neonatal cardiomyocyte replication. These results revealed Meis1 
as a critical transcriptional regulator of postnatal cardiac myocyte proliferation (Mahmoud et al, 
2013). 
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Adult
After accomplishment of cellular enlargement, structural remodeling of the myocardial cells and 
of the chambers of the heart, cardiac mass normally stays in balance during adulthood. However, 
certain stimuli as increased systolic force (pressure overload), end-diastolic wall stress (volume 
overload) and excretion of catecholamines or renin-angiotensin can induce more than normal 
hypertrophic growth (Oparil, 1985; Oparil et al, 1984).  As illustrated in Figure 2, myocardial 
growth is divided in primarily hyperplastic growth in the embryonic and neonatal stages, followed 
by hypertrophic growth during postnatal cardiac development. However, excessive hypertrophic 
growth, leading to hypertrophic cardiomyopathy, is the most common form of inherited 
monogenetic heart disease. (Ashrafian & Watkins, 2007) Hypertrophic cardiomyopathies are 
characterized by an unexplained asymmetric or symmetric increase in myocardial cell size, 
fibrosis and disarray. The clinical phenotype has a widespread variation ranging from life-long 
absence of symptoms to progressive heart failure and sudden death. Up to date, a number of 
mutations in the structural cardiac muscle genes as Tnnt2, Myh7 and Mybpc3 have been linked 
to hypertrophic cardiomyopathy. These genes play essential roles in the maintenance of the 
contractile actin and myosin units of the myofibrils. However, the in depth molecular mechanisms 
of hypertrophic cardiomyopathy are widely unknown (Frey et al, 2012; Maron et al, 2012). 
In mammalians, unless the neonatal heart, postnatal myocardium exhibits very low replenishment 
of cardiomyocytes through pre-existing myocyte renewal or resident progenitors and therefore 
almost completely lacks the potential to regenerate (Bergmann et al, 2009; Hsieh et al, 2007; 
Porrello et al, 2011; Senyo et al, 2013). After ischemic cardiac injury the former functional 
myocardium is largely replaced by fibrotic scar tissue. Current therapies aim to minimize the 
duration of ischemia and pharmacologically prevent (hypertrophic) remodeling of the remaining 

Figure 2. Schematic overview of hyperplastic and hypertrophic cardiac growth. 
The early embryonic heart requires a 300-fold increase in mass to achieve adult hear weight. In the 
embryonic and fetal stages cell proliferation accounts for the first increase in myocardial mass, whereas 
postnatal increase is mainly achieved through hypertrophic growth of the myocardial cells. Factors as 
elevated systolic force, increased end-diastolic wall stress or genetic mutations can induce pathological 
hypertrophy leading to hypertrophic cardiomyopathy and failure of the heart.
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myocardium (O’Gara et al, 2013). However, multiple studies in rodents now provide evidence 
that the natural regenerative response after myocardial infarction can be enhanced with gene 
manipulations to decrease infarct size and reduce loss of function. Deletion of Meis1 in adult 
hearts promotes replenishment of cardiomyocytes and reduces infarct size. In adult cardiac 
myocytes, Meis1 is required for the activation of cell cycle inhibitors as p15, p16 and p21. When 
Meis1 is absent, this enhances the proliferation of pre-existing cardiomyocytes through breaking 
up the p15 and p16 blockades for proliferation(Mahmoud et al, 2013). 
Multiple tissues in the body with regenerative capacities as the skin and the liver rely on 
embryonic growth pathways to compensate for lost cells or refresh damaged tissue (Huch et 
al, 2013; Lu et al, 2012). Hippo signaling restrains heart size from embryonic up to the neonatal 
stage through repression of Wnt and IGF signaling (Heallen et al, 2011; Xin et al, 2011). 
Furthermore, forced expression of constitutively active Hippo effector Yap1 promotes cardiac 
regeneration and improves contractility after myocardial infarction. This regenerative activity of 
Yap1 correlates with the activation of Wnt, IGF and Akt signaling (Xin et al, 2013). This illustrated 
the induction of cardiomyocyte proliferation by forced re-activation of embryonic growth 
pathways and suggests that it is meaningful for designing novel regenerative strategies.

THESIS OUTLINE

In this thesis, we show that stem cells biology may lead to future cardiac regenerative strategies. 
In chapter 2, we discuss the cardiac regenerative attempts in humans performed in the last 
decade and explore the advances made in the fields of cardiac tissue engineering and stem cells 
biology. In chapter 3 to 5 we describe the role of evolutionary conserved signaling pathways 
required for the proliferation of ventricular cardiomyocytes and the identification of novel small 
molecular candidates improving the culture of cardiac muscle cells. In chapter 6 and 7 we show 
preliminary data on the transcriptional control of cardiac progenitors during cardiac development 
and provide an outlook for their involvement in cardiovascular diseases.
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ABSTRACT

Advanced heart failure represents a leading public health problem in the developed world. The 
clinical syndrome results from the loss of viable and/or fully functional myocardial tissue.  
Designing new approaches to augment the number of functioning human cardiac muscle cells 
in the failing heart serve as the foundation of modern regenerative cardiovascular medicine. A 
number of clinical trials have been performed in an attempt to increase the number of functional 
myocardial cells by the transplantation of a diverse group of stem or progenitor cells. Although 
there are some encouraging suggestions of a small early therapeutic benefit, to date, no evidence 
for robust cell or tissue engraftment has been shown, emphasizing the need for new approaches. 
Clinically meaningful cardiac regeneration requires the identification of the optimum cardiogenic 
cell types and their assembly into mature myocardial tissue that is functionally and electrically 
coupled to the native myocardium. We here review recent advances in stem cell biology and 
tissue engineering and describe how the convergence of these two fields may yield novel 
approaches for cardiac regeneration.
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INTRODUCTION

Heart failure is a leading cause of death and hospitalization in the developed world (Ford et al, 
2007; Levy et al, 2002; Lloyd-Jones et al, 2006). Most commonly this supply/demand mismatch 
results from a loss of fully functional myocardial tissue and an inability of the heart to meet the 
metabolic demands (De Boer et al, 2003). Current therapies of heart failure focus on symptomatic 
treatment of volume overload, prevention of ventricular remodeling, modulation of maladaptive 
neurohumoral responses, or device-based mechanical and electrical support (Dickstein et al, 
2010).  Of great significance, however, these therapies are not directly aimed at correcting the 
underlying pathophysiology of an inadequate number of normally organized functional myocardial 
cells. Cell based therapy aimed at replacing or augmenting the number of functional myocardial 
cells therefore represents an attractive therapeutic approach for heart failure.  For such a cell-
based approach to be successful, several major hurdles will have to be overcome. The optimum 
cell type(s) will have to be purified and expanded to result in a sufficient number of mature 
cardiomyocytes for robust myocardial regeneration. These cells will have to be assembled into 
an effective three-dimensional pumping machinery. This grafted tissue will then have to be 
electrically and functionally integrated with native myocardium in order to be capable of 
significantly augmenting the cardiac output of the failing heart, without resulting in arrhythmias 
or rejection.  In this review we will explore the various stem cells populations thus far utilized 
in cardiac regeneration, the different tissue engineering approaches that have been employed 
to assemble functional myocardial tissue, and the future work that lies ahead.

I. THE HUMAN EXPERIENCE: CLINICAL TRIALS OF CELL THERAPY 

After initial promising results of bone marrow stem cells therapy in animal studies, clinical trials 
in patients with acute myocardial infarction (MI) were initiated (Table 1). The first study, 
Transplantation Of Progenitors Cells and Regeneration Enhancement in Acute Myocardial 
Infarction (TOPCARE-AMI), was performed more than a decade ago. This phase-1 study allocated 
20 patients with acute MI to receive either bone marrow-derived stem cells or circulating blood-
derived progenitor cells into the infarct related artery (Assmus et al, 2002). In this open label, 
uncontrolled trial, left ventricular ejection fraction (LVEF) and myocardial viability in the infarct 
zone improved significantly in both groups. After these promising initial results, several mid-sized 
randomized studies demonstrated a modest but statistically significant improvement in LVEF in 
post-MI patients, including the BOOST and REPAIR-AMI trial (Schachinger et al, 2006; Wollert 
et al, 2004). A post-hoc sub-group analysis of the REPAIR-AMI trial showed that bone marrow 
stem cell therapy was most effective in patients with a clearly depressed left ventricular (LV) 
function, which might prevent adverse ventricular remodeling to some extend and improve 
quality of life. Unfortunately, 5-year follow-up of the BOOST trial revealed that the improvement 
in LVEF was transient (Meyer et al, 2009). These early results were subsequently confirmed by 
several international trials that did not find a beneficial long-term effect of bone marrow-derived 
stem cell therapy, including the REGENT trial, ASTAMI and the trial by Janssens et. al. (Janssens 
et al, 2006; Lunde et al, 2006; Tendera et al, 2009). More recently yet, similar negative results 
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were observed in the HEBE trial (Hirsch et al, 2011). In this multicenter trial, 200 patients with 
large first MI were randomized to mononuclear bone marrow cells, mononuclear peripheral 
blood cells or standard medical therapy. After 4-months of follow-up, there was no difference 
in regional myocardial function as assessed by Magnetic Resonance Imaging (MRI) between 
the three different groups. In addition, two randomized phase-2 multicenter studies, performed 
by the Cardiovascular Cell Therapy Research Network (CCTRN), did not find any beneficial effect 
of cell therapy in different patient groups and at various time points. These two double-blind 
placebo-controlled studies were geared at determining the optimum timing of BMMC coronary 
infusion after acute MI. The TIME trial compared intra-coronary cell infusion at 3 and 7 days after 
acute MI to placebo, and the LateTIME trial compared BMMNC coronary infusion to cell-free 
carrier control infusion 2 to 3 weeks after acute MI. Neither of these two phase-2 CCTRN studies 
showed any beneficial effect of BMMC infusion on either global or regional LV-function (Traverse 
et al, 2011; Traverse et al, 2012).
Whereas the above-mentioned trials were performed in acute MI, Strauer et al. performed a 
study in patients with chronic heart failure (Strauer et al, 2010). 391 patients with an ischemic 

Table 1. Selected large scale (patients > 50) Randomized Controlled Trials of Intracoronary Bone Marrow 
Derived Cell Infusion after Myocardial Infarction

Trial Year No. of  
Patients

Study design Effect (BM vs. control) Ref.

Boost 2004 60 BMC injection vs. no therapy  
5 days after acute MI

LVEF + 6% (P<0.05) in 
BMC group at 6 months, 
no significant difference 
after 5 years f/u

(Meyer et al, 
2009; 
Wollert et al, 
2004)

REPAIR-
AMI

2006 204 BMC injection vs. placebo 3-7 
days of reperfusion therapy for 
acute MI

LVEF +2,5% (P=0.01) in 
BMC group at 4 months 
f/u

(Schachinger 
et al, 2006)

ASTAMI 2006 100 BMC injection vs. no therapy 
4-8 days of reperfusion therapy 
for acute MI

No difference in LVEF 
between groups at 6 
months f/u

(Lunde et al, 
2006)

Janssens 
et al.

2006 67 BMC inection vs. placebo 
within 24 hours of reperfusion 
therapy for acute MI

No difference in LVEF 
between groups at 4 
months f/u

(Janssens et 
al, 2006)

REGENT 2009 200 BMC injection vs. no therapy 
3-12 days of reperfusion 
therapy for acute MI

No difference in LVEF 
between groups at 6 
months f/u

(Tendera et al, 
2009)

HEBE 2010 200 BMC injection vs. no therapy 
within 8 days of reperfusion 
therapy for acute MI

No difference in LVEF 
between groups at 4 
months

(Hirsch et al, 
2011)

Late-
TIME

2011 87 BMC inection vs. placebo 
within 2-3 weeks of reperfusion 
therapy for acute MI

No difference in LVEF 
between groups at 6 
months f/u

(Traverse et 
al, 2011)

TIME 2012 120 BMC injection vs. no therapy 3 
or 7 days of reperfusion therapy 
for acute MI

No difference in LVEF 
between groups at 6 
months f/u

(Traverse et 
al, 2012)

LVEF, left ventricular ejection fraction; BMC, bone marrow cells; MI, myocardial infarction; f/u, follow-up
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etiology of heart failure were included, and 191 of these patients received an intracoronary bone 
marrow cell infusion. Patients treated with bone marrow stem cells had improved LV-function 
and reduced mortality compared to untreated controls. Although the study is the largest of its 
kind, it needs to be emphasized that the study was open label and was not randomized: Patients 
who refused to undergo bone marrow cell infusion were included in the control group. This 
could well have lead to a significant patient-selection bias and therefore severely limits the value 
of this trial. Furthermore, the FOCUS-CCTRN study, explored transendocardial delivery of bone 
marrow mononuclear cell (BMMNC) in patients with chronic ischemic heart disease and LV-
dysfunction who had no revascularization options. In this double-blinded placebo controlled study 
transendocardial BMMNC injections were compared to injections of a cell-free substrate. 
BMMNCs did not improve myocardial perfusion, maximal oxygen consumption or LV end-systolic 
diameter compared to controls (Perin et al, 2012).
A recent meta-analysis included 2625 patients with acute MI or ischemic heart disease from 50 
trials (Jeevanantham et al, 2012). This study estimated the mean weighted differences for 
changes in LV ejection fraction, infarct size, LV end-systolic volume and LV end-diastolic volume 
in all individuals. Taking together, the selected studies in this meta-analysis showed a modest 
improvement in LV ejection fraction (3.96%), smaller infarct size (4.03%) and decreased end-
systolic and end-diastolic volumes, in patients treated with BMC therapy compared to untreated 
controls.
Even this modest improvement, however, is undermined by the fact that the largest published 
trails to date, the REGENT, HEBE and TIME did not find a beneficial effect of bone marrow 
derived stem cell therapy and were not included in this meta-analysis. Thus, studies bone marrow 
derived stem cells have shown at best ambiguous results with no evidence of engraftment of 
transplanted cells. 
As a result of these findings, it has been proposed that transplanted bone marrow derived stem 
cells engraft transiently while exerting paracrine effects and releasing growth factors promoting 
angiogenesis, modulating the immune-response and stimulate endogenous cardiac repair 
(Gnecchi et al, 2008; van den Akker et al, 2013). This hypothesis is supported by a study in a 
large animal model of acute MI that showed that the injection of bone marrow derived stem 
cells increased capillary density and improved collateral perfusion and regional cardiac function 
(Kamihata et al, 2002). Furthermore, fate-mapping studies in transgenic mouse models showed 
that after MI endogenous stem cells refresh adult cardiomyocytes (Hsieh et al, 2007). This 
endogenous repair mechanism of the mammalian heart could be enhanced through injection of 
bone marrow derived c-kit+ cells (Loffredo et al, 2011) or cardiac derived cells (Malliaras et al, 
2012). Despite these disappointing initial results, bone marrow cells remain the safest and source 
of human cells with the largest clinical experience (Mohsin et al, 2011). As a result, several trials 
including BAMI and RENEW are now entering phase-3.  
The finding that paracrine factors secreted by transiently engrafted cells mediate most (if not 
all) of the clinical benefit, has generated new interest in the use of allogenic cell sources for 
cardiac regeneration.  Despite the promise of this approach, the specific cytokines and growth 
factors secreted by transplanted cells and their mechanism of action remain unknown. 
Collectively these studies highlight the fact that future research should be aimed at developing 
a mechanistic understanding of any putative beneficial effects of bone marrow derived stem 
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cell therapy for the treatment of heart failure.  Future advances in this field could cover the 
delivery of genetically or pharmacologically modified bone marrow cells or the direct application 
of a cell-derived cocktail of paracrine and/or growth factors or exosomes (Vrijsen et al, 2010), 
and therefore facilitate the use of these cell types in cardiac regenerative medicine. 

Mesenchymal Stem Cell Therapy
Mesenchymal stem cells (MSCs) are multipotent stromal cells with a predominantly mesodermal 
origin. MSC possess the capacity for self-renewal and the potential to phenotypic adopt a 
spectrum of different somatic cell types. Most of the reported in vitro data on MSC differentiation 
into cardiac like cell types relied on the exposure to the DNA demethylating chemical 
5-azacytidine.  The endogenous roles described for MSC are maintenance of the hematopoietic 
stem cell niche, organ homeostasis, wound healing and aging. Therefore bone marrow-derived 
MSCs appeared as an appealing cell source for cardiac regeneration (Psaltis et al, 2008; Rose 
et al, 2008; Williams & Hare, 2011). In the past decade a number of phase-1/2 trials were 
introduced. In an open-label randomized trial 96 patients were included who underwent primary 
percutaneous coronary intervention within 12 hours after acute MI. Patients received either 
autologous bone marrow derived MSCs or saline intracoronary infusion. LV ejection fraction was 
significantly improved by 8% in patients treated with MSCs compared to saline infusion (Chen 
et al, 2004). To investigate the safety and efficacy of intravenous allogeneic MSCs after acute 
MI, a double-blinded placebo controlled trial was set up. Up to 6 months no difference in adverse 
cardiac events was observed, and renal, hepatic, and hematologic laboratory indexes were 
similar between groups. Additionally, MSC treated patients showed a 6% increase in ejection 
fraction at 3 months (Hare et al, 2009). The Percutaneous Stem Cell Injection Delivery Effects 
on Neomyogenesis (POSEIDON) trial aimed to compare the difference between transendocardial 
injection of autologous and allogenice MSCs, in patients with ischemic cardiomyopathy. The 
first analyses revealed that both autologous and allogenic MSC treatment have low rates of 
serious adverse events (Hare et al, 2012). Furthermore, the Mesenchymal Stromal Cells in 
chronic ischemic Heart Failure (MSC-HF Trial) and Transendocardial Injection of Autologous 
Human Cells (bone marrow or mesenchymal) in Chronic Ischemic Left Ventricular Dysfunction 
and Heart Failure Secondary to Myocardial Infarction (TAC-HFT) trials are underway to examine 
the efficacy of MSC therapy in patients with chronic heart failure. 

Cardiac Progenitor Cell therapy
Work from multiple laboratories has shown that resident cardiac progenitor cells (CPCs) (c-kit+, 
Sca-1+) isolated from adult heart auricles or heart biopsies can become functional cardiomyocytes 
through co-culture or epigenetic manipulation (with 5-Azacitidine) followed by TGF-� stimulation 
(Bearzi et al, 2007; Goumans et al, 2007; Messina et al, 2004). This opened up the strategy of 
autologous CPC-based therapy for the injured heart. The CADUCEUS (CArdiosphere-Derived 
aUtologous stem CElls to reverse ventricUlar dysfunction) study was designed to evaluate 
cardiac stem cell infusions in patients after acute MI. In the treatment group, infarct-size-
reduction and an improved regional function were observed up to 1-year after treatment (Makkar 
et al, 2012). Similar beneficial effects were found in the initial analysis of the still running (only 
the 1-year results have been published up to date) SCIPIO (Stem Cell Infusion in Patients with 
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Ischemic cardiomyopathy) trial. In this randomized open study design, 20 patients received 
coronary infusion of 1 million CPCs 4 months after CABG. In the treatment group, infarct-size-
reduction and an increased LVEF were observed up to 1-year after treatment (Bolli et al, 2011; 
Chugh et al, 2012). 
Currently, the AutoLogous Human CArdiac-Derived Stem Cell to Treat Ischemic cArdiomyopathy 
(ALCADIA) study is aiming to evaluate the safety and efficacy on the transplantation of autologous 
human cardiac-derived stem cells with the controlled release of basic fibroblast growth factor 
(bFGF) in patients with severe refractory heart failure. The first results of the ALCALDIA trial are 
expected later this year. Further the Allogeneic Heart Stem Cells to Achieve Myocardial 
Regeneration (ALLSTAR) trial will be the first to examine the safety of cardiac-derived cell therapy 
in a phase 2 trial. Thus, although the early results show the promise of autologous CPC infusion 
therapy, the long-term benefits remain uncertain.  Furthermore, it remains unclear if the observed 
improvements in cardiac function are due to true regeneration or due to cardio-protective or 
paracrine effects as a result of transient engraftment (as earlier discussed for bone marrow cells). 

Potential of Skeletal Myoblast in cell therapy
Skeletal muscle has the intrinsic capacity of repair and regeneration via the proliferation and 
differentiation of skeletal myoblasts. Since this tissue can be acquired in an autologous manner, 
it lacks the risk of immunological rejection (Menasche, 2008; Menasche, 2011). Although, early 
trials demonstrated an improvement in LV-function as well as an improvement of symptoms 
(Dib et al, 2005; Gavira et al, 2006; Hagege et al, 2006; Siminiak et al, 2004), this effect was not 
observed in the follow-up double-blinded placebo-controlled trial (MAGIC Trial). In contrast, there 
was evidence of early postoperative arrhythmic events and poor engraftment and/or survival of 
injected cells (Menasche et al, 2008). Thus, despite the theoretical appeal of skeletal myoblasts 
as a cell source for regenerative myocardial therapy, the clinical outcomes severely limit their 
applicability (Menasche, 2008; Menasche, 2011).

II. FROM EMBRYOS TO EMBRYONIC STEM CELLS: LESSONS FROM DEVELOPMENT

Understanding the normal cellular differentiation of cardiac progenitors and the assembly of 
their differentiated progeny into the highly specialized 3-dimensional structure of the four-
chambered mammalian heart, will likely represent a key milestone in the quest for genuine 
cardiac regeneration. In this regard, recent studies have uncovered a series of early heart 
progenitors that bring about the generation of the diverse cell types that constitute the mature 
mammalian heart (Figure 1). 
The early heart arises from primordial cardiogenic mesoderm progenitors that express the related 
transcription factors Mesp1/2. These progenitors give rise to multipotent progenitors in the 
first-heart-field (FHF) and the second-heart-field (SHF), a closely related set of cells in the 
developing mesoderm (Buckingham et al, 2005; Laugwitz et al, 2008; Martin-Puig et al, 2008). 
The FHF arises from the anterior lateral mesoderm and forms the cardiac crescent in early 
embryogenesis. Later in development, these cells coalesce into the linear heart tube and 
ultimately give rise to the left ventricle of the mature 4-chambered mammalian heart. 
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Progenitors of the SHF arise in the pharyngeal and splanchnic mesoderm and subsequently 
migrate into the developing heart to give rise to the right ventricle (RV), the outflow tract (OFT), 
and portions of the inflow tract (IFT). The LIM-homeodomain transcription factor Islet1 (Isl1) 
appears to mark these early SHF cardiac progenitors and has shown to be functionally important 
for their specification and differentiation (Cai et al, 2003; Laugwitz et al, 2005; Moretti et al, 
2006). The early progenitors of the FHF, however, appear to be marked by the T-box transcription 
factor Tbx5 (Domian et al, 2009; Mori et al, 2006; Moskowitz et al, 2004). In contrast to murine 
cardiogenesis, human cardiac development occurs over a considerably longer period of time 
and requires several orders of magnitude more cells. Accordingly, the period of cardiac progenitor 
expansion and lineage diversification must also be extended. Nonetheless, recent work has 
identified human multipotent fetal Isl1 positive cardiovascular progenitor populations that give 
rise to the cardiomyocyte, smooth muscle, and endothelial lineages in the developing heart. A 
subset of these early cardiac progenitor populations, expressing Isl1, are localized to the fetal 
atria and proximal/medial OFT and give rise to lineage-restricted intermediates marked by Isl1 
in combination with Nkx2-5 or other cardiac differentiation markers (Bu et al, 2009). 
Non-cell autonomous cues in embryonic development

Figure 1. Cardiac Lineage Commitment and Differentiation: The generation of Cardiac myocytes from 
embryonic stem cells. 
ESC are pluripotent stem cells that express the transcription factors Oct4, Sox2, and Nanog and can give rise 
to the three embryonic germ layers; ectoderm, mesoderm and endoderm. Differentiation of ESC along the 
cardiac lineage results in the sequential generation of mesodrmal progenitors (Brachyury T+), cardiogenic 
mesodermal progenitors (Mesp1/2+), multipotent cardiovascular progenitors (Flk1+), multipotent FHF 
(Nkx2.5+/Tbx5+) and SHF (Isl1+) progenitors, and committed ventricular progenitors (CVPs, Isl1+/Nkx2.5+). 
The differentiated progeny give rise to functional cardiomyocytes and smooth muscle cells. 
ESC, Embryonic Stem Cells; FHF, First Heart Field; SHF, Second Heart Field; CVP, Committed Ventricular 
Progenitors. Capacity for expansion or self-renewal is indicated with a circular arrow and + sign.
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The early cardiac progenitors of the developing heart are subject to a continuously changing 
microenvironment within the developing embryo. Changes in the activation of cell signaling 
pathways, cell migration, as well as changes of the three-dimensional architecture during the 
morphogenesis of the primitive heart form the dynamics. The developing cardiac progenitor 
populations are therefore exposed to significant temporally and spatially regulated non-cell 
autonomous signaling molecules. During the later cardiac development, the robust expansion 
of cardiac progenitors is critical for the ventricular chamber to achieve sufficient muscle mass 
necessary for the mechanical work to maintain adequate blood flow in the exponentially growing 
embryo. This increase in muscle mass has to be coordinated between the different chambers 
of the mammalian heart in order to avoid congenital malformations. Recent advances have 
suggested that canonical Wnt signaling appears to play a critical role in the expansion of Isl1+ 
SHF cardiac progenitors and their differentiated progeny (Gessert & Kuhl, 2010; Tzahor, 2007). 
Gain of function mutations of �-catenin that result in the constitutive activation of canonical Wnt 
signaling in E8.5-9.5 SHF progenitors results in robust expansion and inhibition of differentiation 
of these cell populations both in vitro and in vivo (Kwon et al, 2007; Lin et al, 2007; Qyang et al, 
2007; Tzahor, 2007). Interestingly, recent work now also suggests that Hippo/Yap signaling, 
which is well recognized to control organ size in Drosophila (Dong et al, 2007), may control 
mammalian heart size by suppressing Wnt signaling and thereby restricting cardiomyocyte 
proliferation (Heallen et al, 2011; von Gise et al, 2012; Xin et al, 2011). Similarly, stage specific 
expression of the Activin A and BMP4 signaling proteins appear to be critical in mesodermal 
and cardiac differentiation during normal in vivo cardiac development as well as in vitro cellular 
differentiation (Adler et al, 2009; Kattman et al, 2006; Kattman et al, 2011; Yang et al, 2008). 
Thus, defining the cell autonomous and non-cell autonomous cues that control cardiac progenitor 
expansion and differentiation will be critical to understanding normal development and generating 
the cell populations necessary for regenerative cardiovascular medicine (Heallen et al, 2011; 
Kattman et al, 2006; Kattman et al, 2011; Qyang et al, 2007; Yang et al, 2008).

Proliferation of post-natal cardiac myocytes
Annual cardiomyocyte turnover in the mammalian heart was estimated between 1 and 4% and 
predominantly occurs through renewal of preexisting cardiac myocytes (Senyo et al, 2013). 
Unlike the adult mammalian heart, certain fish and amphibians retain the capacity to regenerate 
from cardiac damage throughout life (Poss et al, 2002). And while the adult mammalian 
myocardium has almost no capacity to refresh the cardiac myocytes lost after injury, it was 
shown that the early neonatal myocardium has an intrinsic capacity to regenerate. When hearts 
of 1-day old mice were cryo-injured at the apex, a regenerative response was characterized by 
proliferation of preexisting cardiomyocytes resulting in minimal formation of fibrotic tissue. This 
capacity of cardiomyocytes (as opposed to progenitor cells) to proliferate is lost in the first week 
after birth. This neonatal intrinsic cardiomycte regenerative response is similar to the sustained 
regenerative capacity of zebrafish hearts (Jopling et al, 2010; Kikuchi et al, 2010). 

Pluripotent embryonic stem cells as model systems for cardiac development
The capacity of embryonic stem cell (ESC) lines to differentiate in vitro and to recapitulate many 
of the in vivo developmental programs provides an attractive model system for studying lineage 
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commitment (Figure 1). Significantly, ESC in vitro differentiation can be scaled up to generate 
large numbers of cardiac progenitors or myocytes.  
A major challenge for the use of pluripotent stem cells in cardiac tissue regeneration has been 
the isolation of large numbers of cardiac progenitors from the heterogeneous products of ESC 
in vitro differentiation, robustly controlling cardiac lineage differentiation and purifying of 
differentiated cardiomyocytes.  Recently, purified populations of cells that express Isl1 and the 
VEGF Receptor (KDR) have been shown to give rise to endothelial, smooth muscle, and cardiac 
muscle cells of the SHF (Kattman et al, 2006; Moretti et al, 2006; Wu et al, 2006). Similarly, the 
cardiac-specific Nkx2.5 enhancer has been used to isolate bipotential progenitors from murine 
embryos as well as murine ESCs (Wu et al, 2008), and the mesoderm marker Brachyury T in 
combination with a VEGF Receptor cell surface marker (Flk1/KDR) were used to successfully 
isolate multipotent cardiac progenitors from human and murine ESCs (Kattman et al, 2006; Yang 
et al, 2008). 
Unlike Isl1+ progenitors, both Nkx2.5+ and Flk1+ progenitors likely represent a heterogeneous 
mix of FHF and SHF progenitors. In order to distinguish between these two progenitor 
populations, the cardiac specific enhancer of the Nkx2.5 gene driving the expression of green 
fluorescent protein (eGFP) along with a SHF specific enhancer of the Mef2C gene driving the 
expression of red fluorescent protein (dsRed), were used to generate a double color murine 
transgenic system (Domian et al, 2009). This allowed the isolation of purified populations of FHF 
and SHF cardiac progenitors. A subset of these SHF progenitors appeared to be completely 
committed to the ventricular myogenic cell fate and at the same time be capable of limited 
expansion prior to differentiation. 
Current understanding of the molecular pathways that control in vivo cardiogenesis have 
facilitated the development of several different approaches for the in vitro directed differentiation 
of pluripotent stem cells toward the cardiac cell fate. These approaches have largely relied on 
varying the timing of signaling proteins and small molecules to yield higher numbers of cardiac 
lineage committed cells. The Wnt/�-catenin signaling pathway, for example, has a biphasic role 
during differentiation. In the early developmental stage activation of Wnt signaling, via Wnt3a 
and GSK-3-inhibition, and in the later stage down regulation, via Dkk1, are associated with 
enhanced cardiac differentiation (Naito et al, 2006). Similarly, a recent report demonstrates that 
stage specific Activin A/Nodal and BMP4 signaling directs early cardiac mesoderm specification 
and late cardiac myocyte differentiation (Kattman et al, 2011). Related directed differentiation 
approaches have relied on small non-coding regulatory micro-RNAs (miRNAs). In mouse and 
human, miR-1 and -133 have been shown to promote mesoderm formation from ESC, but have 
opposing functions during further differentiation into cardiac muscle progenitors (Ivey et al, 
2008). Further cardiomyocyte differentiation of ESCs or cardiac-derived stem cells can be 
improved through overexpression of miR-1 and miR-499 (Sluijter et al, 2010; Wilson et al, 2010).  
Despite these advances in promoting cardiac differentiation from ESCs, cell line specific 
optimization of concentrations and timing of signaling molecules remains essential for successful 
directed differentiation. In addition to ESC-derivates, the isolation of parthenogenetic (uniparental 
parthernodes) stem cells (PSCs) derived from murine oocytes forms a potential source of 
autologous pluripotent stem cells (Allen et al, 1994; Cibelli et al, 2002). In a recent report, oocyte-
derived PSCs were efficiently differentiated into beating cardiomyocytes, and subsequently 
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applied in pre-clinical cardiac regenerative approaches (Didie et al, 2013). Future work should 
aim to validate ESC findings in human PSCs.

Induced pluripotent stem cells and direct reprogramming
Until recently, the derivation of a pluripotent stem cell line was thought to require the use of 
discarded embryos from fertility treatment. Remarkably, introduction of only four factors (Oct3/4, 
Sox2, Klf4, and c-Myc) into mouse and human embryonic fibroblasts, successfully generated 
induced pluripotent stem cell (iPSC) lines that showed features similar to normal ESC lines 
(Figure 2) (Takahashi et al, 2007; Takahashi & Yamanaka, 2006). In a similar approaches, it has 
now also been possible to generate iPSCs by the expression of specific non-coding regulatory 
miRNAs (Miyoshi et al, 2011), synthetic modified mRNAs (Warren et al, 2011), purified 
recombinant proteins (Zhou et al, 2009), whole-cell extracts from ESCs (Cho et al, 2010) or from 
genetically engineered HEK293 cells (Kim et al, 2009). While these types of approaches represent 
an attractive option for the generation of transgene-free iPSCs, their efficiency remains low. 
Taken together, these studies point to a novel and evolving approach of generating patient-
specific iPSC lines. 

Figure 2. Biologic Sources of Cardiac Myocytes for Cardiac Regeneration.
There are several theoretically possible ways of generating cardiac myoctes from patient specific somatic 
cells (such as skin fibroblasts). First it is possible to reprogram somatic fibroblasts to a pluripotent state 
and generate iPSC (Takahashi et al, 2007; Takahashi & Yamanaka, 2006).  iPSC can then be induced to 
differentiate into cardiac progenitor cells (such as the unipotent ventricular progenitors (Domian et al, 2009)) 
and ultimately into functional cardiac myocytes. Alternatively fibroblasts could be directly reprogrammed 
into functional cardiac myocytes (Ieda et al, 2010). Finally, fibroblasts could, in principle, be reprogrammed 
into cardiac progenitor cells that are capable of limited expansion before terminal differentiation.
ESC, Embryonic Stem Cells; CVP, Committed Ventricular Progenitors; iPSC, induced Pluripotent Stem Cells. 
Capacity for expansion or self-renewal is indicated with a circular arrow and + sign.
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The postnatal human heart contains a large pool of fibroblasts. The reprogramming of these 
cells into functional cardiac myocytes that are electrically and functionally coupled to the normal 
heart represents an attractive approach for cardiac regeneration. Recent reports have in fact 
demonstrated the direct reprogramming of mouse somatic cells into ventricular myocytes in 
vitro (Ieda et al, 2010) and in vivo (Qian et al, 2012; Song et al, 2012), with the overexpression 
of a group of cardiac transcription factors (Gata4, Mef2c, Tbx5 and/or Hand2) (Figure 2). Although 
this early work clearly shows the induction of functional ventricular myocytes from fibroblasts, 
it remains an extremely rare event (Chen et al, 2012). Remarkable, this efficiency is markedly 
enhanced when direct reprogramming occurs in vivo, raising the possibility for clinically useful 
cardiac regeneration. 

III. ESC IN CARDIAC REGENERATION: THE EARLY ANIMAL EXPERIENCE 

The ability of ESC lines to differentiate in vitro into cardiac lineages raised the question of whether 
these cells and their derivates may be suitable for repairing the injured heart. To assess this 
possibility, undifferentiated mouse ESCs were transplanted into the hearts of adult mice. ESC 
transplants did not lead to the generation or engraftment of ESC-derived cardiomyocytes but 
did lead to teratoma formation within 4 weeks, highlighting an important potential pitfall for the 
use of pluripotent stem cells in regenerative cardiovascular medicine (He et al, 2009; Kolossov 
et al, 2006; Nussbaum et al, 2007; Swijnenburg et al, 2005). Moreover, the syngenic but not the 
allogenic mouse ESC transplants were detectable at 8 weeks post-transplantation suggesting 
that innate host immunity resulted in the rejection of allogenic mouse ESC and their differentiated 
progeny (Swijnenburg et al, 2005). 
This early work underscored several requirements for successful cardiac regeneration: 
Transplanted cells must be able to survive and differentiate into clinically relevant cell types 
in vivo, they must be able to undergo electromechanical coupling with the host myocardium, 
they must lead to measurable functional improvement in myocardial function, and they must 
not result in teratoma formation, arrhythmias, or other adverse clinical outcomes. Given that 
undifferentiated ESC satisfied none of these requirements, follow-up experiments explored 
the use of cardiac-enriched differentiated human ESC. Work from several laboratories 
demonstrated that the direct intramyocardial injection of such cardiac-enriched human ESC 
derivatives into rodent hearts resulted in the generation of human ESC-derived myocardial 
grafts (Laflamme et al, 2005; Smits et al, 2009; van Laake et al, 2009; van Laake et al, 2007). 
However, injection of ESC derivates only transiently improved LV-function (van Laake et al, 
2007).
More recent progress has allowed for the isolation of a highly purified population of human 
cardiomyocytes from human ESC via directed-differentiation and an improvement of the survival 
of these cells by a pro-survival cocktail that limits cardiomyocyte death after transplantation 
(Laflamme et al, 2007). These improvements allowed for the consistent formation of human 
ESC-derived myocardial grafts in infarcted mouse and rat hearts. The engrafted human 
myocardium attenuated ventricular dilation and preserved regional and global contractile function 
after myocardial infarction compared with controls. Thus, human ESC-derived cardiomyocytes 
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appear to partially remuscularize myocardial infarcts and augment heart muscle in rodent model 
systems (Caspi et al, 2007a; Laflamme et al, 2007; van Laake et al, 2007). It remains unclear, 
however, if engrafted ESC-derived cardiomyocytes cause adverse arrhythmic side effects, since 
both anti-arrhythmic (Roell et al, 2007) and pro-arrhythmic (Liao et al, 2010) effects were 
described for mouse cardiac myocyte grafts in injured mouse hearts. Recent work has 
demonstrated that human ESC-derived cardiomyocytes engraft in a guinea pig MI model, 
electromechanically integrate with host myocardium, contract synchronously with host hearts, 
and significantly reduce the incidence of spontaneous and induced ventricular tachycardia (Shiba 
et al, 2012). This shows the potential for transplantation of human cardiomyocytes derived from 
a renewable cell source. 
As noted above, clinically meaningful engraftment of transplanted myocardial tissue requires 
proper electromechanical coupling with the host heart. This in turn requires the formation of the 
intercalated discs to allow the electrophysiological coupling of transplanted cardiomyocytes to 
host cardiomyocytes. During normal development, postnatal remodelling and adaptation of the 
ventricular myocardium to the hemodynamic changes leads to localization of the gap-junctions 
to the transverse terminals of the cells.  This allows for the rapid spread of action potentials 
necessary for normal cardiac conduction. Adherens-junctions anchor sarcomeric actin filaments 
between myocytes and are required for correct gap-junction formation (Angst et al, 1997; Peters 
et al, 1994).  Cadherins are an important functional component of these junctions. Transplanted 
ESC-derived cardiomyocytes did show a pattern of diffuse N-Cadherin (adherens-junction) 
expression but no Connexin-43 (gap-junction) expression (Laflamme et al, 2005; van Laake et 
al, 2007). 
The in vivo differentiation of human ESC-derived myocytes into engrafted tissue points to the 
promise of pluripotent stem cells for regenerative medicine. Nonetheless, the existing body of 
literature does not support the hypothesis that the direct intramyocardial injection of cardiogenic 
cells will result in sarcomeric aligned, fully electromechanically-coupled tissue that can result in 
long-term improvement in myocardial function. Indeed, current evidence would seem to suggest 
that augmenting the advances in cell biology with tissue engineering technologies may be 
necessary to meet these functional requirements.

IV. GENERATING MYOCARDIUM IN VITRO:  ENGINEERING CARDIAC TISSUE

Even optimum cardiogenic cell populations are unlikely to result in mature functional myocardial 
tissue in the absence of appropriate cellular and sarcomeric alignment. It will therefore be 
important to define the 3-dimensional structure to guide cell growth, differentiation, and 
maturation (Gaetani et al, 2010). While reconstructing the entire 4-chambered mammalian heart 
may be difficult, recent advances raise the possibility of engineering specific cardiac components 
such as ventricular myocardium, heart valves, pacemaker conduction systems, and coronary 
vasculature. In the future, these heart parts could be used as replacement parts for diseased 
hearts. Coupled with advances in delivery systems, such a piecemeal approach may provide an 
alternative to direct cell transplantation (33). 
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Sources of cardiomyocytes for cell and tissue engineering applications
To date, most attempts at engineering ventricular myocardial tissue have relied on rat neonatal 
cardiomyocytes as a cell source (Table 2). This is largely due to the wide availability of these 
cells, and to their capacity to proliferate and differentiate into functional cardiac myocytes ex 
vivo (Guo et al, 2006). In the absence of external stimuli, however, the in vitro organizational 
capacity of neonatal rat cardiomyocytes is limited and does not result in the sarcomeric alignment 
nor in myofibrillar organization like in myocardium of the native heart (Akins et al, 1997). While 
useful for developing novel tissue engineering based platforms for cardiac regeneration, rodent 
cardiac myocytes will not have a role in cardiac regeneration in humans. It will therefore be 
necessary to adapt tissue-engineering advances from rodent neonatal cardiac myocytes to 
cardiac myocytes derived from renewable human patient-specific cell sources.

2-Dimensional cell engineering 
The emergence of micro-fabrication and micropatterning techniques in the early 1990’s, allowed 
for novel cell engineering approaches to investigate of the interaction between cell shape and 
function (Chen et al, 1997; Chen et al, 1998; Singhvi et al, 1994). Photolithography was initially 
used to generate cell culture surfaces with alternating lines of high and low cell-adhesion 
potential (Rohr et al, 1991). This approach was refined by micro-contact printing techniques that 
allowed extracellular matrix (ECM) proteins to be imprinted on a polydimethylsiloxane (PDMS) 
coated surface. This allowed for electromechanical coupling between cardiac myocytes and the 
generation of anisotropic cardiac tissue (Bursac et al, 2002; McDevitt et al, 2002).
In a powerful proof-of-principle series of experiments, it was demonstrated that it is possible to 
manipulate cell shape and 2-dimensional myofibrillar organization of rat cardiomyocytes by 
culturing them on PDMS thin films micro-patterned with fibronectin in specific shapes such as 
triangles, rectangles, and star shapes. These constructs, called muscular thin films (MTF), 
adopted functional, 3-dimensional conformations when released from the temperature 
responsive polymer poly(N-isopropylacrylamide) (PIPAAm) (Feinberg et al, 2007).  This work 
demonstrated that there is a direct correlation between sarcomeric alignment, force generation, 
and work performed. 
As discussed above, recent advances have allowed for the isolation of so-called mouse ESC-
derived ventricular progenitors (Domian et al, 2009). When the ventricular progenitors were 
cultured on micropatterned lines of fibronectin, their differentiated progeny aligned spontaneously 
to form anisotropic 2-dimensional myocardial tissue with uniaxial sarcomeric alignment (Feinberg 
et al, 2007). Of great importance is the finding that the generation of force generating 
2-dimensional myocardial tissue was only possible from cells that were completely committed 
to the ventricular cell fate, underscoring the importance of isolating highly purified populations 
of ventricular progenitors for the generation of tissue engineering constructs (Domian et al, 
2009). 

Biodegradable scaffolds
Although micro-patterning approaches have been used to promote cellular alignment and 
generate 2-dimensional muscular constructs, they have not yet been successfully used to 
generate the 3-dimensional constructs required for adequate force generation.  In order to 
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overcome this barrier, a number of laboratories have attempted to use biodegradable scaffolds 
to generate 3-dimensional cardiac tissue (Guillemette et al, 2010; Park et al, 2011; Radisic et al, 
2006). Early efforts focused on the generation of disk-shaped poly(lactic-co-glycolic) acid (PLGA) 
scaffolds that could serve as a 3-dimensional substrate for cell adhesion in vitro and, at the same 
time, could be gradually absorbed in vivo (Bursac et al, 1999; Carrier et al, 1999). PLGA is 
metabolized into glycolic acid monomers and these have been shown to stimulate collagen 
synthesis (Higgins et al, 2003; Niklason et al, 1999). PLGA scaffolds were coated with ECM 
proteins such as laminin (Papadaki et al, 2001), gelatin (Li et al, 1999; Li et al, 2000) and collagen 
(Radisic et al, 2003) and seeded with rat neonatal cardiac myocytes. This resulted 3-dimensional 
multilayered (1-5 millimeter thickness) cardiomyocyte tissue within one week of implantation 
of (Bursac et al, 1999; Carrier et al, 1999; Radisic et al, 2003). Electrophysiological studies 
revealed local functional coupling and alignment by cellularity, conduction velocity, signal 
amplitude, capture rate, and excitation threshold measurements of PLGA scaffold based 
constructs (Papadaki et al, 2001). When electrically stimulated for extended periods of time, the 
PLGA constructs had improved tissue morphology and contractile function compared to non-
stimulated controls (Radisic et al, 2004). Subcutaneous implanted engineered tissue survived 
and formed beating vascularized grafts. Engraftment upon 3 week old cardiac cryoinjury scars 
showed a 5 week survival of patches (Li et al, 1999). 
In a similar series of experiments, an accordion-like honeycomb scaffold was designed to 
replicate the structural and mechanical properties of the native heart (Engelmayr et al, 2008). A 
specific pore micro-architecture design of the scaffold generated directionally dependent 
structural and mechanical properties. The mechanical properties of these scaffolds were shown 
to closely match those of native heart tissue: the scaffold was stiffer when stretched 
circumferentially as compared to longitudinally (Engelmayr et al, 2008; Guillemette et al, 2010; 
Park et al, 2011). Although the scaffold provided mechanical anisotropy, it resulted in more 
isolated compartments of myocytes that were not electrically coupled over the whole construct. 
In addition, the bioreactor culture conditions did provide improved oxygenation, but the absence 
of vasculature of the new tissue dictated an upper limit on the thickness of the 3-dimensional 
tissue (Radisic et al, 2003; Radisic et al, 2008).
Further steps in the field were made with the so called “cotton-candy technique”. Sucrose was 
melted in a cotton candy machine, spun out to an optimum fiber length and thickness, and 
coated with a fibronectin-PLGA polymer. Cardiac myocytes cultured on this substrate aligned 
into unidirectional 3-dimensional tissue with macroscopic anisotropy (Bursac et al, 2007).

Cell Sheets
In an effort to fabricate 3-dimensional pulsatile cardiac grafts without the use of scaffolds, a 
novel technology that layers cell sheets 3-dimensionally was developed. Rat cardiomyocytes 
were cultured on a polystyrene surface coated with the temperature-responsive polymer 
PIPAAm. When the cultured cells had coalesced into a confluent layer, the temperature was 
reduced thereby detaching the cardiac myocytes as a thin cell sheet without the scaffold 
backbone. Multiple sheets were then overlaid to generate 3-dimensional heart muscle constructs 
(Shimizu et al, 2002; Shimizu et al, 2003). These constructs became electrically coupled via 
connexin-43 and began to pulse simultaneously (Kubo et al, 2007; Sekine et al, 2006; Yang et 
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al, 2007). Although conceptually appealing, at this point it remains unclear as to whether these 
constructs can be engineered to replicate the 3-dimensional organization of the native heart.  

Hydrogels
An alternate approach for the fabrication of myocardial tissue consists of culturing cardiac 
myocytes in hydrogels consisting of extracellular matrix (ECM) proteins to provide the 
3-dimensional environment for cell growth. Rat neonatal cardiomyocytes were cultured in circular 
hydrogel molds to generate spontaneously contracting muscular rings that could be attached 
directly to mechanical force transducers (Eschenhagen et al, 2002; Zimmermann et al, 2002). 
Interestingly, cyclical stretch of these engineered heart muscle rings resulted in myocyte 
hypertrophy and increased force generation (Black et al, 2009; Fink et al, 2000; Yildirim et al, 
2007; Zhao et al, 2005; Zimmermann et al, 2006; Zimmermann et al, 2002). Similarly, when 
electrically stimulated for extended periods of time cardiac muscle constructs had improved 
tissue morphology and contractile function compared to non-stimulated controls (Radisic et al, 
2004). Thus, it appears that both electric stimulation and mechanical stretch may be able to 
improve cardiac myocyte function although at this point it is unclear whether this occurs through 
the same or related pathways. 

Bioartificial Hearts
Perhaps the most ambitious approach to date involves the generation of a bioartificial hearts. 
This approach has the tremendous appeal of capitalizing on the intrinsic 3-dimensional 
architecture of the native heart (Ott et al, 2008). Rat hearts were decellularized by the infusion 
of the coronary vasculature with detergents resulting in an acellular perfusable natural scaffold 
for cell culture. These natural scaffolds were then reseeded with rat neonatal heart cells and 
within 1-week after reseeding, macroscopic contractions were visible, and constructs could 
generate force equivalent to approximately 2% of adult hearts. An important limitation of this 
approach, was the failure of the re-seeded cardiomyocytes to completely recapitulate the micro 
architecture of the native heart (Ott et al, 2008). Nonetheless, the successful decellularization 
of porcine hearts raises the intriguing possibility that such an approach may yet be adapted to 
the treatment of human disease (Wainwright et al, 2010; Weymann et al, 2011).  

Human cardiac myocytes in tissue engineering
Until recently, the use of human cardiac myocytes to generate tissue engineered myocardial 
tissue has been hindered by the lack of renewable sources of human cardiomyocytes. Initial 
attempts focused on the generation of synchronously contracting myocardial tissue from human 
embryonic stem cells containing endothelial vessel networks (Caspi et al, 2007b).  In a related 
series of experiments, human ESCs were differentiated to cardiomyocytes and cultured with 
endothelial cells, and fibroblasts in a rotating orbital shaker to create vascularized human cardiac 
tissue patches. Implantation of these patches resulted in better cell grafts compared with 
patches composed only of cardiomyocytes (Stevens et al, 2009). When cardiac derived stem 
cells were combined with bio-printing technology it increased expression of the cardiac genes 
in the 3-dimensional macroscopic generated tissue (Gaetani et al, 2012). In addition, when 
cultured in a 3-dimensional collagen matrix, uniaxial mechanical stress conditioning promoted 



37

ENGINEERING MYOCARDIAL TISSUE

2

myofibrillogenesis, sarcomeric banding, and cardiomyocyte matrix fiber alignment. Furthermore, 
the addition of endothelial cells markedly increased proliferation of myocytes by 20%. Thus, 
controlling the mechanical load as well as vascular cell contact will be necessary for engineering 
human myocardium (Tulloch et al, 2011).
In order to promote 3-dimensional cardiomyocyte alignment microtemplating techniques were 
used to micropattern a poly(2-hydroxyethyl methacrylate-co-methacrylic acid) (pHEMA-co-MAA) 
based hydrogel to generate tissue-engineering scaffolds. The constructs contained parallel 
channels designed to augment the formation of aligned cardiomyocyte bundles, supported by 
spherical interconnected pores intended to enhance angiogenesis and reduce scar formation. 
Cardiomyocytes survived for about 2 weeks in vitro on these scaffolds and proliferated to 
approximate the cell densities of the adult heart.  Implantation of acellular pore scaffolds resulted 
in angiogenesis as well as a reduced fibrotic response (Madden et al, 2010). The advances made 
in human cardiac tissue engineering illustrate the potential for novel cardiac regenerative 
therapies. Future work should attempt to unravel what cues are necessary to design heart tissue 
meeting the functional properties and electromechanical requirements for permanent 
engraftment in native myocardium.

Figure 3. Schematic Representation of Potential Clinical Ways of Combining Stem Cell Biology with 
Cardiac Tissue Engineering in Order to Repair the Injured Myocardium.
Patient specific cells, like iPSC (described in section II above) or their derivates can be combined with tissue 
engineering technologies (described in section IV) to generate functional cardiac muscle patches. These 
patches could then be transplanted into injured hearts for cardiac regeneration.  Such patches will need 
to be functionally integrated into the injured native myocardium or alternatively to function as biological 
ventricular assist devices. In principle, it may be possible to implant of acellular biomaterials that could be 
then seeded by cells from the native myocardium. Alternatively it may be possible to inject patient specific 
cardiac myocytes in the hopes of electrical and functional integration with the native myocardium. Defining 
the optimum strategy for cardiac regeneration (including the role of patient specific cells and biomaterials) 
remains a key objective for cardiac regenerative therapy. iPSC, induced Pluripotent Stem Cells; CVP, 
Committed Ventricular Progenitors; CM; cardiac myocytes
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V. FROM HERE TO THERE: COMBINING STEM CELL BIOLOGY AND TISSUE 
ENGINEERING TECHNOLOGY

Thus, despite nearly a decade of intensive research and billions of dollars of public money, at 
this point in time there is no clinically accepted therapy aimed at replacing the loss of functional 
cardiac myocytes and repairing failing myocardial tissue. Many hurdles remain, including the 
isolation of committed ventricular progenitors from patient specific cell sources, the differentiation 
and assembly of these progenitors into 3-dimensional myocardial tissue with sufficient mass to 
achieve hemodynamically significant force generation, the production of an adequate blood 
supply for this tissue, and the electrical coupling of the tissue to the native myocardium (figure 
3). Nonetheless, the recent advances in stem cell biology when coupled to the remarkable 
progress in tissue engineering technology, point to a powerful emerging approach for regenerative 
cardiovascular medicine. 

Acknowledgements
We acknowledge financial support from: NIH/NHLBI U01HL100408-01 to IJD and Netherlands 
Organization of Scientific Research, VENI grant 016106013 to PvdM.



39

ENGINEERING MYOCARDIAL TISSUE

2

REFERENCES

Adler ED, Chen VC, Bystrup A, Kaplan AD, Giovannone S, Briley-Saebo K, Young W, Kattman S, Mani V, 
Laflamme M, Zhu WZ, Fayad Z, Keller G (2009) The cardiomyocyte lineage is critical for optimization of stem 
cell therapy in a mouse model of myocardial infarction. FASEB J

Akins RE, Schroedl NA, Gonda SR, Hartzell CR (1997) Neonatal rat heart cells cultured in simulated 
microgravity. In Vitro Cell Dev Biol Anim 33: 337-343

Allen ND, Barton SC, Hilton K, Norris ML, Surani MA (1994) A functional analysis of imprinting in 
parthenogenetic embryonic stem cells. Development 120: 1473-1482

Angst BD, Khan LU, Severs NJ, Whitely K, Rothery S, Thompson RP, Magee AI, Gourdie RG (1997) 
Dissociated spatial patterning of gap junctions and cell adhesion junctions during postnatal differentiation of 
ventricular myocardium. Circ Res 80: 88-94

Assmus B, Schachinger V, Teupe C, Britten M, Lehmann R, Dobert N, Grunwald F, Aicher A, Urbich C, Martin H, 
Hoelzer D, Dimmeler S, Zeiher AM (2002) Transplantation of Progenitor Cells and Regeneration Enhancement 
in Acute Myocardial Infarction (TOPCARE-AMI). Circulation 106: 3009-3017

Bearzi C, Rota M, Hosoda T, Tillmanns J, Nascimbene A, De Angelis A, Yasuzawa-Amano S, Trofimova I, 
Siggins RW, Lecapitaine N, Cascapera S, Beltrami AP, D’Alessandro DA, Zias E, Quaini F, Urbanek K, Michler 
RE, Bolli R, Kajstura J, Leri A, Anversa P (2007) Human cardiac stem cells. Proc Natl Acad Sci U S A 104: 
14068-14073

Black LD, 3rd, Meyers JD, Weinbaum JS, Shvelidze YA, Tranquillo RT (2009) Cell-induced alignment 
augments twitch force in fibrin gel-based engineered myocardium via gap junction modification. Tissue Eng 
Part A 15: 3099-3108

Bolli R, Chugh AR, D’Amario D, Loughran JH, Stoddard MF, Ikram S, Beache GM, Wagner SG, Leri A, 
Hosoda T, Sanada F, Elmore JB, Goichberg P, Cappetta D, Solankhi NK, Fahsah I, Rokosh DG, Slaughter MS, 
Kajstura J, Anversa P (2011) Cardiac stem cells in patients with ischaemic cardiomyopathy (SCIPIO): initial 
results of a randomised phase 1 trial. Lancet 378: 1847-1857

Bu L, Jiang X, Martin-Puig S, Caron L, Zhu S, Shao Y, Roberts DJ, Huang PL, Domian IJ, Chien KR (2009) 
Human ISL1 heart progenitors generate diverse multipotent cardiovascular cell lineages. Nature 460: 113-117

Buckingham M, Meilhac S, Zaffran S (2005) Building the mammalian heart from two sources of myocardial 
cells. Nat Rev Genet 6: 826-835

Bursac N, Loo Y, Leong K, Tung L (2007) Novel anisotropic engineered cardiac tissues: studies of electrical 
propagation. Biochem Biophys Res Commun 361: 847-853

Bursac N, Papadaki M, Cohen RJ, Schoen FJ, Eisenberg SR, Carrier R, Vunjak-Novakovic G, Freed LE (1999) 
Cardiac muscle tissue engineering: toward an in vitro model for electrophysiological studies. Am J Physiol 
277: H433-444

Bursac N, Parker KK, Iravanian S, Tung L (2002) Cardiomyocyte cultures with controlled macroscopic 
anisotropy: a model for functional electrophysiological studies of cardiac muscle. Circ Res 91: e45-54

Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, Chen J, Evans S (2003) Isl1 identifies a cardiac progenitor population 
that proliferates prior to differentiation and contributes a majority of cells to the heart. Dev Cell 5: 877-889

Carrier RL, Papadaki M, Rupnick M, Schoen FJ, Bursac N, Langer R, Freed LE, Vunjak-Novakovic G (1999) 
Cardiac tissue engineering: cell seeding, cultivation parameters, and tissue construct characterization. 
Biotechnol Bioeng 64: 580-589

Caspi O, Huber I, Kehat I, Habib M, Arbel G, Gepstein A, Yankelson L, Aronson D, Beyar R, Gepstein 
L (2007a) Transplantation of human embryonic stem cell-derived cardiomyocytes improves myocardial 
performance in infarcted rat hearts. J Am Coll Cardiol 50: 1884-1893



CHAPTER 2

40

Caspi O, Lesman A, Basevitch Y, Gepstein A, Arbel G, Habib IH, Gepstein L, Levenberg S (2007b) Tissue 
engineering of vascularized cardiac muscle from human embryonic stem cells. Circ Res 100: 263-272

Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE (1997) Geometric control of cell life and death. 
Science 276: 1425-1428

Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE (1998) Micropatterned surfaces for control of cell 
shape, position, and function. Biotechnol Prog 14: 356-363

Chen JX, Krane M, Deutsch MA, Wang L, Rav-Acha M, Gregoire S, Engels MC, Rajarajan K, Karra R, Abel 
ED, Wu JC, Milan D, Wu SM (2012) Inefficient reprogramming of fibroblasts into cardiomyocytes using 
Gata4, Mef2c, and Tbx5. Circ Res 111: 50-55

Chen SL, Fang WW, Ye F, Liu YH, Qian J, Shan SJ, Zhang JJ, Chunhua RZ, Liao LM, Lin S, Sun JP (2004) 
Effect on left ventricular function of intracoronary transplantation of autologous bone marrow mesenchymal 
stem cell in patients with acute myocardial infarction. Am J Cardiol 94: 92-95

Cho HJ, Lee CS, Kwon YW, Paek JS, Lee SH, Hur J, Lee EJ, Roh TY, Chu IS, Leem SH, Kim Y, Kang 
HJ, Park YB, Kim HS (2010) Induction of pluripotent stem cells from adult somatic cells by protein-based 
reprogramming without genetic manipulation. Blood 116: 386-395

Chugh AR, Beache GM, Loughran JH, Mewton N, Elmore JB, Kajstura J, Pappas P, Tatooles A, Stoddard 
MF, Lima JA, Slaughter MS, Anversa P, Bolli R (2012) Administration of cardiac stem cells in patients with 
ischemic cardiomyopathy: the SCIPIO trial: surgical aspects and interim analysis of myocardial function and 
viability by magnetic resonance. Circulation 126: S54-64

Cibelli JB, Grant KA, Chapman KB, Cunniff K, Worst T, Green HL, Walker SJ, Gutin PH, Vilner L, Tabar V, 
Dominko T, Kane J, Wettstein PJ, Lanza RP, Studer L, Vrana KE, West MD (2002) Parthenogenetic stem 
cells in nonhuman primates. Science 295: 819

De Boer RA, Pinto YM, Van Veldhuisen DJ (2003) The imbalance between oxygen demand and supply 
as a potential mechanism in the pathophysiology of heart failure: the role of microvascular growth and 
abnormalities. Microcirculation 10: 113-126

Dib N, Michler RE, Pagani FD, Wright S, Kereiakes DJ, Lengerich R, Binkley P, Buchele D, Anand I, Swingen 
C, Di Carli MF, Thomas JD, Jaber WA, Opie SR, Campbell A, McCarthy P, Yeager M, Dilsizian V, Griffith BP, 
Korn R, Kreuger SK, Ghazoul M, MacLellan WR, Fonarow G, Eisen HJ, Dinsmore J, Diethrich E (2005) Safety 
and feasibility of autologous myoblast transplantation in patients with ischemic cardiomyopathy: four-year 
follow-up. Circulation 112: 1748-1755

Dickstein K, Vardas PE, Auricchio A, Daubert JC, Linde C, McMurray J, Ponikowski P, Priori SG, Sutton R, 
van Veldhuisen DJ (2010) 2010 focused update of ESC Guidelines on device therapy in heart failure: an 
update of the 2008 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure and 
the 2007 ESC Guidelines for cardiac and resynchronization therapy. Developed with the special contribution 
of the Heart Failure Association and the European Heart Rhythm Association. Eur J Heart Fail 12: 1143-1153
Didie M, Christalla P, Rubart M, Muppala V, Doker S, Unsold B, El-Armouche A, Rau T, Eschenhagen T, 
Schwoerer AP, Ehmke H, Schumacher U, Fuchs S, Lange C, Becker A, Tao W, Scherschel JA, Soonpaa MH, 
Yang T, Lin Q, Zenke M, Han DW, Scholer HR, Rudolph C, Steinemann D, Schlegelberger B, Kattman S, 
Witty A, Keller G, Field LJ, Zimmermann WH (2013) Parthenogenetic stem cells for tissue-engineered heart 
repair. J Clin Invest 123: 1285-1298

Domian IJ, Chiravuri M, van der Meer P, Feinberg AW, Shi X, Shao Y, Wu SM, Parker KK, Chien KR (2009) 
Generation of functional ventricular heart muscle from mouse ventricular progenitor cells. Science 326: 
426-429

Dong J, Feldmann G, Huang J, Wu S, Zhang N, Comerford SA, Gayyed MF, Anders RA, Maitra A, Pan D 
(2007) Elucidation of a universal size-control mechanism in Drosophila and mammals. Cell 130: 1120-1133

Engelmayr GC, Jr., Cheng M, Bettinger CJ, Borenstein JT, Langer R, Freed LE (2008) Accordion-like 
honeycombs for tissue engineering of cardiac anisotropy. Nat Mater 7: 1003-1010



41

ENGINEERING MYOCARDIAL TISSUE

2

Eschenhagen T, Didie M, Heubach J, Ravens U, Zimmermann WH (2002) Cardiac tissue engineering. 
Transpl Immunol 9: 315-321

Feinberg AW, Feigel A, Shevkoplyas SS, Sheehy S, Whitesides GM, Parker KK (2007) Muscular thin films 
for building actuators and powering devices. Science 317: 1366-1370

Fink C, Ergun S, Kralisch D, Remmers U, Weil J, Eschenhagen T (2000) Chronic stretch of engineered heart 
tissue induces hypertrophy and functional improvement. FASEB J 14: 669-679

Ford ES, Ajani UA, Croft JB, Critchley JA, Labarthe DR, Kottke TE, Giles WH, Capewell S (2007) Explaining 
the decrease in U.S. deaths from coronary disease, 1980-2000. N Engl J Med 356: 2388-2398

Gaetani R, Doevendans PA, Metz CH, Alblas J, Messina E, Giacomello A, Sluijter JP (2012) Cardiac tissue 
engineering using tissue printing technology and human cardiac progenitor cells. Biomaterials 33: 1782-
1790

Gaetani R, Rizzitelli G, Chimenti I, Barile L, Forte E, Ionta V, Angelini F, Sluijter JP, Barbetta A, Messina 
E, Frati G (2010) Cardiospheres and tissue engineering for myocardial regeneration: potential for clinical 
application. J Cell Mol Med 14: 1071-1077

Gavira JJ, Herreros J, Perez A, Garcia-Velloso MJ, Barba J, Martin-Herrero F, Canizo C, Martin-Arnau A, Marti-
Climent JM, Hernandez M, Lopez-Holgado N, Gonzalez-Santos JM, Martin-Luengo C, Alegria E, Prosper F 
(2006) Autologous skeletal myoblast transplantation in patients with nonacute myocardial infarction: 1-year 
follow-up. J Thorac Cardiovasc Surg 131: 799-804

Gessert S, Kuhl M (2010) The multiple phases and faces of wnt signaling during cardiac differentiation and 
development. Circ Res 107: 186-199

Gnecchi M, Zhang Z, Ni A, Dzau VJ (2008) Paracrine mechanisms in adult stem cell signaling and therapy. 
Circ Res 103: 1204-1219

Goumans MJ, de Boer TP, Smits AM, van Laake LW, van Vliet P, Metz CH, Korfage TH, Kats KP, Hochstenbach 
R, Pasterkamp G, Verhaar MC, van der Heyden MA, de Kleijn D, Mummery CL, van Veen TA, Sluijter JP, 
Doevendans PA (2007) TGF-beta1 induces efficient differentiation of human cardiomyocyte progenitor cells 
into functional cardiomyocytes in vitro. Stem Cell Res 1: 138-149

Guillemette MD, Park H, Hsiao JC, Jain SR, Larson BL, Langer R, Freed LE (2010) Combined technologies 
for microfabricating elastomeric cardiac tissue engineering scaffolds. Macromol Biosci 10: 1330-1337

Guo XM, Zhao YS, Chang HX, Wang CY, E LL, Zhang XA, Duan CM, Dong LZ, Jiang H, Li J, Song Y, Yang 
XJ (2006) Creation of engineered cardiac tissue in vitro from mouse embryonic stem cells. Circulation 113: 
2229-2237

Hagege AA, Marolleau JP, Vilquin JT, Alheritiere A, Peyrard S, Duboc D, Abergel E, Messas E, Mousseaux 
E, Schwartz K, Desnos M, Menasche P (2006) Skeletal myoblast transplantation in ischemic heart failure: 
long-term follow-up of the first phase I cohort of patients. Circulation 114: I108-113

Hare JM, Fishman JE, Gerstenblith G, DiFede Velazquez DL, Zambrano JP, Suncion VY, Tracy M, Ghersin 
E, Johnston PV, Brinker JA, Breton E, Davis-Sproul J, Schulman IH, Byrnes J, Mendizabal AM, Lowery 
MH, Rouy D, Altman P, Wong Po Foo C, Ruiz P, Amador A, Da Silva J, McNiece IK, Heldman AW (2012) 
Comparison of allogeneic vs autologous bone marrow-derived mesenchymal stem cells delivered by 
transendocardial injection in patients with ischemic cardiomyopathy: the POSEIDON randomized trial. 
JAMA 308: 2369-2379

Hare JM, Traverse JH, Henry TD, Dib N, Strumpf RK, Schulman SP, Gerstenblith G, DeMaria AN, Denktas 
AE, Gammon RS, Hermiller JB, Jr., Reisman MA, Schaer GL, Sherman W (2009) A randomized, double-blind, 
placebo-controlled, dose-escalation study of intravenous adult human mesenchymal stem cells (prochymal) 
after acute myocardial infarction. J Am Coll Cardiol 54: 2277-2286



CHAPTER 2

42

He Q, Trindade PT, Stumm M, Li J, Zammaretti P, Bettiol E, Dubois-Dauphin M, Herrmann F, Kalangos A, 
Morel D, Jaconi ME (2009) Fate of undifferentiated mouse embryonic stem cells within the rat heart: role 
of myocardial infarction and immune suppression. J Cell Mol Med 13: 188-201

Heallen T, Zhang M, Wang J, Bonilla-Claudio M, Klysik E, Johnson RL, Martin JF (2011) Hippo pathway 
inhibits Wnt signaling to restrain cardiomyocyte proliferation and heart size. Science 332: 458-461

Higgins SP, Solan AK, Niklason LE (2003) Effects of polyglycolic acid on porcine smooth muscle cell growth 
and differentiation. J Biomed Mater Res A 67: 295-302

Hirsch A, Nijveldt R, van der Vleuten PA, Tijssen JG, van der Giessen WJ, Tio RA, Waltenberger J, Ten 
Berg JM, Doevendans PA, Aengevaeren WR, Zwaginga JJ, Biemond BJ, van Rossum AC, Piek JJ, Zijlstra 
F (2011) Intracoronary infusion of mononuclear cells from bone marrow or peripheral blood compared with 
standard therapy in patients after acute myocardial infarction treated by primary percutaneous coronary 
intervention: results of the randomized controlled HEBE trial. Eur Heart J

Hsieh PC, Segers VF, Davis ME, MacGillivray C, Gannon J, Molkentin JD, Robbins J, Lee RT (2007) Evidence 
from a genetic fate-mapping study that stem cells refresh adult mammalian cardiomyocytes after injury. Nat 
Med 13: 970-974

Ieda M, Fu JD, Delgado-Olguin P, Vedantham V, Hayashi Y, Bruneau BG, Srivastava D (2010) Direct 
reprogramming of fibroblasts into functional cardiomyocytes by defined factors. Cell 142: 375-386

Ivey KN, Muth A, Arnold J, King FW, Yeh RF, Fish JE, Hsiao EC, Schwartz RJ, Conklin BR, Bernstein HS, 
Srivastava D (2008) MicroRNA regulation of cell lineages in mouse and human embryonic stem cells. Cell 
Stem Cell 2: 219-229

Janssens S, Dubois C, Bogaert J, Theunissen K, Deroose C, Desmet W, Kalantzi M, Herbots L, Sinnaeve 
P, Dens J, Maertens J, Rademakers F, Dymarkowski S, Gheysens O, Van Cleemput J, Bormans G, Nuyts J, 
Belmans A, Mortelmans L, Boogaerts M, Van de Werf F (2006) Autologous bone marrow-derived stem-cell 
transfer in patients with ST-segment elevation myocardial infarction: double-blind, randomised controlled 
trial. Lancet 367: 113-121

Jeevanantham V, Butler M, Saad A, Abdel-Latif A, Zuba-Surma EK, Dawn B (2012) Adult bone marrow cell 
therapy improves survival and induces long-term improvement in cardiac parameters: a systematic review 
and meta-analysis. Circulation 126: 551-568

Jopling C, Sleep E, Raya M, Marti M, Raya A, Izpisua Belmonte JC (2010) Zebrafish heart regeneration 
occurs by cardiomyocyte dedifferentiation and proliferation. Nature 464: 606-609

Kamihata H, Matsubara H, Nishiue T, Fujiyama S, Amano K, Iba O, Imada T, Iwasaka T (2002) Improvement 
of collateral perfusion and regional function by implantation of peripheral blood mononuclear cells into 
ischemic hibernating myocardium. Arterioscler Thromb Vasc Biol 22: 1804-1810

Kattman SJ, Huber TL, Keller GM (2006) Multipotent flk-1+ cardiovascular progenitor cells give rise to the 
cardiomyocyte, endothelial, and vascular smooth muscle lineages. Dev Cell 11: 723-732

Kattman SJ, Witty AD, Gagliardi M, Dubois NC, Niapour M, Hotta A, Ellis J, Keller G (2011) Stage-specific 
optimization of activin/nodal and BMP signaling promotes cardiac differentiation of mouse and human 
pluripotent stem cell lines. Cell Stem Cell 8: 228-240

Kikuchi K, Holdway JE, Werdich AA, Anderson RM, Fang Y, Egnaczyk GF, Evans T, Macrae CA, Stainier DY, 
Poss KD (2010) Primary contribution to zebrafish heart regeneration by gata4(+) cardiomyocytes. Nature 
464: 601-605

Kim D, Kim CH, Moon JI, Chung YG, Chang MY, Han BS, Ko S, Yang E, Cha KY, Lanza R, Kim KS (2009) 
Generation of human induced pluripotent stem cells by direct delivery of reprogramming proteins. Cell Stem 
Cell 4: 472-476

Kolossov E, Bostani T, Roell W, Breitbach M, Pillekamp F, Nygren JM, Sasse P, Rubenchik O, Fries JW, 
Wenzel D, Geisen C, Xia Y, Lu Z, Duan Y, Kettenhofen R, Jovinge S, Bloch W, Bohlen H, Welz A, Hescheler 



43

ENGINEERING MYOCARDIAL TISSUE

2

J, Jacobsen SE, Fleischmann BK (2006) Engraftment of engineered ES cell-derived cardiomyocytes but not 
BM cells restores contractile function to the infarcted myocardium. J Exp Med 203: 2315-2327

Kubo H, Shimizu T, Yamato M, Fujimoto T, Okano T (2007) Creation of myocardial tubes using cardiomyocyte 
sheets and an in vitro cell sheet-wrapping device. Biomaterials 28: 3508-3516

Kwon C, Arnold J, Hsiao EC, Taketo MM, Conklin BR, Srivastava D (2007) Canonical Wnt signaling is a 
positive regulator of mammalian cardiac progenitors. Proc Natl Acad Sci U S A 104: 10894-10899

Laflamme MA, Chen KY, Naumova AV, Muskheli V, Fugate JA, Dupras SK, Reinecke H, Xu C, Hassanipour 
M, Police S, O’Sullivan C, Collins L, Chen Y, Minami E, Gill EA, Ueno S, Yuan C, Gold J, Murry CE (2007) 
Cardiomyocytes derived from human embryonic stem cells in pro-survival factors enhance function of 
infarcted rat hearts. Nat Biotechnol 25: 1015-1024

Laflamme MA, Gold J, Xu C, Hassanipour M, Rosler E, Police S, Muskheli V, Murry CE (2005) Formation of 
human myocardium in the rat heart from human embryonic stem cells. Am J Pathol 167: 663-671

Laugwitz KL, Moretti A, Caron L, Nakano A, Chien KR (2008) Islet1 cardiovascular progenitors: a single 
source for heart lineages? Development 135: 193-205

Laugwitz KL, Moretti A, Lam J, Gruber P, Chen Y, Woodard S, Lin LZ, Cai CL, Lu MM, Reth M, Platoshyn 
O, Yuan JX, Evans S, Chien KR (2005) Postnatal isl1+ cardioblasts enter fully differentiated cardiomyocyte 
lineages. Nature 433: 647-653

Levy D, Kenchaiah S, Larson MG, Benjamin EJ, Kupka MJ, Ho KK, Murabito JM, Vasan RS (2002) Long-term 
trends in the incidence of and survival with heart failure. N Engl J Med 347: 1397-1402

Li RK, Jia ZQ, Weisel RD, Mickle DA, Choi A, Yau TM (1999) Survival and function of bioengineered cardiac 
grafts. Circulation 100: II63-69

Li RK, Yau TM, Weisel RD, Mickle DA, Sakai T, Choi A, Jia ZQ (2000) Construction of a bioengineered cardiac 
graft. J Thorac Cardiovasc Surg 119: 368-375

Liao SY, Liu Y, Siu CW, Zhang Y, Lai WH, Au KW, Lee YK, Chan YC, Yip PM, Wu EX, Wu Y, Lau CP, Li RA, 
Tse HF (2010) Proarrhythmic risk of embryonic stem cell-derived cardiomyocyte transplantation in infarcted 
myocardium. Heart Rhythm 7: 1852-1859

Lin L, Cui L, Zhou W, Dufort D, Zhang X, Cai CL, Bu L, Yang L, Martin J, Kemler R, Rosenfeld MG, Chen 
J, Evans SM (2007) Beta-catenin directly regulates Islet1 expression in cardiovascular progenitors and is 
required for multiple aspects of cardiogenesis. Proceedings of the National Academy of Sciences of the 
United States of America 104: 9313-9318

Lloyd-Jones DM, Leip EP, Larson MG, D’Agostino RB, Beiser A, Wilson PW, Wolf PA, Levy D (2006) 
Prediction of lifetime risk for cardiovascular disease by risk factor burden at 50 years of age. Circulation 
113: 791-798

Loffredo FS, Steinhauser ML, Gannon J, Lee RT (2011) Bone marrow-derived cell therapy stimulates 
endogenous cardiomyocyte progenitors and promotes cardiac repair. Cell Stem Cell 8: 389-398

Lunde K, Solheim S, Aakhus S, Arnesen H, Abdelnoor M, Egeland T, Endresen K, Ilebekk A, Mangschau A, 
Fjeld JG, Smith HJ, Taraldsrud E, Grogaard HK, Bjornerheim R, Brekke M, Muller C, Hopp E, Ragnarsson 
A, Brinchmann JE, Forfang K (2006) Intracoronary injection of mononuclear bone marrow cells in acute 
myocardial infarction. N Engl J Med 355: 1199-1209

Madden LR, Mortisen DJ, Sussman EM, Dupras SK, Fugate JA, Cuy JL, Hauch KD, Laflamme MA, Murry 
CE, Ratner BD (2010) Proangiogenic scaffolds as functional templates for cardiac tissue engineering. Proc 
Natl Acad Sci U S A 107: 15211-15216

Makkar RR, Smith RR, Cheng K, Malliaras K, Thomson LE, Berman D, Czer LS, Marban L, Mendizabal 
A, Johnston PV, Russell SD, Schuleri KH, Lardo AC, Gerstenblith G, Marban E (2012) Intracoronary 
cardiosphere-derived cells for heart regeneration after myocardial infarction (CADUCEUS): a prospective, 



CHAPTER 2

44

randomised phase 1 trial. Lancet 379: 895-904

Malliaras K, Zhang Y, Seinfeld J, Galang G, Tseliou E, Cheng K, Sun B, Aminzadeh M, Marban E (2012) 
Cardiomyocyte proliferation and progenitor cell recruitment underlie therapeutic regeneration after 
myocardial infarction in the adult mouse heart. EMBO Mol Med 5: 191-209

Martin-Puig S, Wang Z, Chien KR (2008) Lives of a heart cell: tracing the origins of cardiac progenitors. Cell 
Stem Cell 2: 320-331

McDevitt TC, Angello JC, Whitney ML, Reinecke H, Hauschka SD, Murry CE, Stayton PS (2002) In vitro 
generation of differentiated cardiac myofibers on micropatterned laminin surfaces. J Biomed Mater Res 60: 
472-479

Menasche P (2008) Skeletal myoblasts and cardiac repair. J Mol Cell Cardiol 45: 545-553

Menasche P (2011) Cardiac cell therapy: lessons from clinical trials. J Mol Cell Cardiol 50: 258-265

Menasche P, Alfieri O, Janssens S, McKenna W, Reichenspurner H, Trinquart L, Vilquin JT, Marolleau JP, 
Seymour B, Larghero J, Lake S, Chatellier G, Solomon S, Desnos M, Hagege AA (2008) The Myoblast 
Autologous Grafting in Ischemic Cardiomyopathy (MAGIC) trial: first randomized placebo-controlled study 
of myoblast transplantation. Circulation 117: 1189-1200

Messina E, De Angelis L, Frati G, Morrone S, Chimenti S, Fiordaliso F, Salio M, Battaglia M, Latronico MV, 
Coletta M, Vivarelli E, Frati L, Cossu G, Giacomello A (2004) Isolation and expansion of adult cardiac stem 
cells from human and murine heart. Circ Res 95: 911-921

Meyer GP, Wollert KC, Lotz J, Pirr J, Rager U, Lippolt P, Hahn A, Fichtner S, Schaefer A, Arseniev L, Ganser 
A, Drexler H (2009) Intracoronary bone marrow cell transfer after myocardial infarction: 5-year follow-up 
from the randomized-controlled BOOST trial. Eur Heart J 30: 2978-2984

Miyoshi N, Ishii H, Nagano H, Haraguchi N, Dewi DL, Kano Y, Nishikawa S, Tanemura M, Mimori K, Tanaka F, 
Saito T, Nishimura J, Takemasa I, Mizushima T, Ikeda M, Yamamoto H, Sekimoto M, Doki Y, Mori M (2011) 
Reprogramming of Mouse and Human Cells to Pluripotency Using Mature MicroRNAs. Cell Stem Cell 8: 
633-638

Mohsin S, Siddiqi S, Collins B, Sussman MA (2011) Empowering adult stem cells for myocardial regeneration. 
Circ Res 109: 1415-1428

Moretti A, Caron L, Nakano A, Lam JT, Bernshausen A, Chen Y, Qyang Y, Bu L, Sasaki M, Martin-Puig S, Sun 
Y, Evans SM, Laugwitz KL, Chien KR (2006) Multipotent embryonic isl1+ progenitor cells lead to cardiac, 
smooth muscle, and endothelial cell diversification. Cell 127: 1151-1165

Mori AD, Zhu Y, Vahora I, Nieman B, Koshiba-Takeuchi K, Davidson L, Pizard A, Seidman JG, Seidman CE, 
Chen XJ, Henkelman RM, Bruneau BG (2006) Tbx5-dependent rheostatic control of cardiac gene expression 
and morphogenesis. Dev Biol 297: 566-586

Moskowitz IP, Pizard A, Patel VV, Bruneau BG, Kim JB, Kupershmidt S, Roden D, Berul CI, Seidman CE, 
Seidman JG (2004) The T-Box transcription factor Tbx5 is required for the patterning and maturation of the 
murine cardiac conduction system. Development 131: 4107-4116

Naito AT, Shiojima I, Akazawa H, Hidaka K, Morisaki T, Kikuchi A, Komuro I (2006) Developmental stage-
specific biphasic roles of Wnt/beta-catenin signaling in cardiomyogenesis and hematopoiesis. Proc Natl 
Acad Sci U S A 103: 19812-19817

Niklason LE, Gao J, Abbott WM, Hirschi KK, Houser S, Marini R, Langer R (1999) Functional arteries grown 
in vitro. Science 284: 489-493

Nussbaum J, Minami E, Laflamme MA, Virag JA, Ware CB, Masino A, Muskheli V, Pabon L, Reinecke H, 
Murry CE (2007) Transplantation of undifferentiated murine embryonic stem cells in the heart: teratoma 
formation and immune response. FASEB J 21: 1345-1357



45

ENGINEERING MYOCARDIAL TISSUE

2

Ott HC, Matthiesen TS, Goh SK, Black LD, Kren SM, Netoff TI, Taylor DA (2008) Perfusion-decellularized 
matrix: using nature’s platform to engineer a bioartificial heart. Nat Med 14: 213-221

Papadaki M, Bursac N, Langer R, Merok J, Vunjak-Novakovic G, Freed LE (2001) Tissue engineering of 
functional cardiac muscle: molecular, structural, and electrophysiological studies. Am J Physiol Heart Circ 
Physiol 280: H168-178

Park H, Larson BL, Guillemette MD, Jain SR, Hua C, Engelmayr GC, Jr., Freed LE (2011) The significance 
of pore microarchitecture in a multi-layered elastomeric scaffold for contractile cardiac muscle constructs. 
Biomaterials 32: 1856-1864

Parker KK, Tan J, Chen CS, Tung L (2008) Myofibrillar architecture in engineered cardiac myocytes. Circ Res 
103: 340-342

Perin EC, Willerson JT, Pepine CJ, Henry TD, Ellis SG, Zhao DX, Silva GV, Lai D, Thomas JD, Kronenberg MW, 
Martin AD, Anderson RD, Traverse JH, Penn MS, Anwaruddin S, Hatzopoulos AK, Gee AP, Taylor DA, Cogle 
CR, Smith D, Westbrook L, Chen J, Handberg E, Olson RE, Geither C, Bowman S, Francescon J, Baraniuk 
S, Piller LB, Simpson LM, Loghin C, Aguilar D, Richman S, Zierold C, Bettencourt J, Sayre SL, Vojvodic RW, 
Skarlatos SI, Gordon DJ, Ebert RF, Kwak M, Moye LA, Simari RD (2012) Effect of transendocardial delivery 
of autologous bone marrow mononuclear cells on functional capacity, left ventricular function, and perfusion 
in chronic heart failure: the FOCUS-CCTRN trial. JAMA 307: 1717-1726

Peters NS, Severs NJ, Rothery SM, Lincoln C, Yacoub MH, Green CR (1994) Spatiotemporal relation 
between gap junctions and fascia adherens junctions during postnatal development of human ventricular 
myocardium. Circulation 90: 713-725

Poss KD, Wilson LG, Keating MT (2002) Heart regeneration in zebrafish. Science 298: 2188-2190

Psaltis PJ, Zannettino AC, Worthley SG, Gronthos S (2008) Concise review: mesenchymal stromal cells: 
potential for cardiovascular repair. Stem Cells 26: 2201-2210

Qian L, Huang Y, Spencer CI, Foley A, Vedantham V, Liu L, Conway SJ, Fu JD, Srivastava D (2012) In vivo 
reprogramming of murine cardiac fibroblasts into induced cardiomyocytes. Nature 485: 593-598

Qyang Y, Martin-Puig S, Chiravuri M, Chen S, Xu H, Bu L, Jiang X, Lin L, Granger A, Moretti A, Caron L, Wu 
X, Clarke J, Taketo MM, Laugwitz KL, Moon RT, Gruber P, Evans SM, Ding S, Chien KR (2007) The renewal 
and differentiation of Isl1+ cardiovascular progenitors are controlled by a Wnt/beta-catenin pathway. Cell 
Stem Cell 1: 165-179

Radisic M, Euloth M, Yang L, Langer R, Freed LE, Vunjak-Novakovic G (2003) High-density seeding of 
myocyte cells for cardiac tissue engineering. Biotechnol Bioeng 82: 403-414

Radisic M, Marsano A, Maidhof R, Wang Y, Vunjak-Novakovic G (2008) Cardiac tissue engineering using 
perfusion bioreactor systems. Nat Protoc 3: 719-738

Radisic M, Park H, Chen F, Salazar-Lazzaro JE, Wang Y, Dennis R, Langer R, Freed LE, Vunjak-Novakovic G 
(2006) Biomimetic approach to cardiac tissue engineering: oxygen carriers and channeled scaffolds. Tissue 
Eng 12: 2077-2091

Radisic M, Park H, Shing H, Consi T, Schoen FJ, Langer R, Freed LE, Vunjak-Novakovic G (2004) Functional 
assembly of engineered myocardium by electrical stimulation of cardiac myocytes cultured on scaffolds. 
Proc Natl Acad Sci U S A 101: 18129-18134

Roell W, Lewalter T, Sasse P, Tallini YN, Choi BR, Breitbach M, Doran R, Becher UM, Hwang SM, Bostani 
T, von Maltzahn J, Hofmann A, Reining S, Eiberger B, Gabris B, Pfeifer A, Welz A, Willecke K, Salama G, 
Schrickel JW, Kotlikoff MI, Fleischmann BK (2007) Engraftment of connexin 43-expressing cells prevents 
post-infarct arrhythmia. Nature 450: 819-824

Rohr S, Scholly DM, Kleber AG (1991) Patterned growth of neonatal rat heart cells in culture. Morphological 
and electrophysiological characterization. Circ Res 68: 114-130



CHAPTER 2

46

Rose RA, Jiang H, Wang X, Helke S, Tsoporis JN, Gong N, Keating SC, Parker TG, Backx PH, Keating 
A (2008) Bone marrow-derived mesenchymal stromal cells express cardiac-specific markers, retain the 
stromal phenotype, and do not become functional cardiomyocytes in vitro. Stem Cells 26: 2884-2892

Schachinger V, Erbs S, Elsasser A, Haberbosch W, Hambrecht R, Holschermann H, Yu J, Corti R, Mathey 
DG, Hamm CW, Suselbeck T, Assmus B, Tonn T, Dimmeler S, Zeiher AM (2006) Intracoronary bone marrow-
derived progenitor cells in acute myocardial infarction. N Engl J Med 355: 1210-1221

Sekine H, Shimizu T, Yang J, Kobayashi E, Okano T (2006) Pulsatile myocardial tubes fabricated with cell 
sheet engineering. Circulation 114: I87-93

Senyo SE, Steinhauser ML, Pizzimenti CL, Yang VK, Cai L, Wang M, Wu TD, Guerquin-Kern JL, Lechene CP, 
Lee RT (2013) Mammalian heart renewal by pre-existing cardiomyocytes. Nature 493: 433-436

Shiba Y, Fernandes S, Zhu WZ, Filice D, Muskheli V, Kim J, Palpant NJ, Gantz J, Moyes KW, Reinecke H, 
Van Biber B, Dardas T, Mignone JL, Izawa A, Hanna R, Viswanathan M, Gold JD, Kotlikoff MI, Sarvazyan N, 
Kay MW, Murry CE, Laflamme MA (2012) Human ES-cell-derived cardiomyocytes electrically couple and 
suppress arrhythmias in injured hearts. Nature 489: 322-325

Shimizu T, Yamato M, Isoi Y, Akutsu T, Setomaru T, Abe K, Kikuchi A, Umezu M, Okano T (2002) Fabrication 
of pulsatile cardiac tissue grafts using a novel 3-dimensional cell sheet manipulation technique and 
temperature-responsive cell culture surfaces. Circ Res 90: e40

Shimizu T, Yamato M, Kikuchi A, Okano T (2003) Cell sheet engineering for myocardial tissue reconstruction. 
Biomaterials 24: 2309-2316

Siminiak T, Kalawski R, Fiszer D, Jerzykowska O, Rzezniczak J, Rozwadowska N, Kurpisz M (2004) 
Autologous skeletal myoblast transplantation for the treatment of postinfarction myocardial injury: phase I 
clinical study with 12 months of follow-up. Am Heart J 148: 531-537

Singhvi R, Kumar A, Lopez GP, Stephanopoulos GN, Wang DI, Whitesides GM, Ingber DE (1994) Engineering 
cell shape and function. Science 264: 696-698

Sluijter JP, van Mil A, van Vliet P, Metz CH, Liu J, Doevendans PA, Goumans MJ (2010) MicroRNA-1 and 
-499 regulate differentiation and proliferation in human-derived cardiomyocyte progenitor cells. Arterioscler 
Thromb Vasc Biol 30: 859-868

Smits AM, van Laake LW, den Ouden K, Schreurs C, Szuhai K, van Echteld CJ, Mummery CL, Doevendans 
PA, Goumans MJ (2009) Human cardiomyocyte progenitor cell transplantation preserves long-term function 
of the infarcted mouse myocardium. Cardiovasc Res 83: 527-535

Song K, Nam YJ, Luo X, Qi X, Tan W, Huang GN, Acharya A, Smith CL, Tallquist MD, Neilson EG, Hill JA, 
Bassel-Duby R, Olson EN (2012) Heart repair by reprogramming non-myocytes with cardiac transcription 
factors. Nature 485: 599-604

Stevens KR, Kreutziger KL, Dupras SK, Korte FS, Regnier M, Muskheli V, Nourse MB, Bendixen K, Reinecke 
H, Murry CE (2009) Physiological function and transplantation of scaffold-free and vascularized human 
cardiac muscle tissue. Proc Natl Acad Sci U S A 106: 16568-16573

Strauer BE, Yousef M, Schannwell CM (2010) The acute and long-term effects of intracoronary Stem cell 
Transplantation in 191 patients with chronic heARt failure: the STAR-heart study. Eur J Heart Fail 12: 721-729

Swijnenburg RJ, Tanaka M, Vogel H, Baker J, Kofidis T, Gunawan F, Lebl DR, Caffarelli AD, de Bruin JL, 
Fedoseyeva EV, Robbins RC (2005) Embryonic stem cell immunogenicity increases upon differentiation 
after transplantation into ischemic myocardium. Circulation 112: I166-172

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka S (2007) Induction of pluripotent 
stem cells from adult human fibroblasts by defined factors. Cell 131: 861-872

Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from mouse embryonic and adult 
fibroblast cultures by defined factors. Cell 126: 663-676



47

ENGINEERING MYOCARDIAL TISSUE

2

Tendera M, Wojakowski W, Ruzyllo W, Chojnowska L, Kepka C, Tracz W, Musialek P, Piwowarska W, 
Nessler J, Buszman P, Grajek S, Breborowicz P, Majka M, Ratajczak MZ (2009) Intracoronary infusion of 
bone marrow-derived selected CD34+CXCR4+ cells and non-selected mononuclear cells in patients with 
acute STEMI and reduced left ventricular ejection fraction: results of randomized, multicentre Myocardial 
Regeneration by Intracoronary Infusion of Selected Population of Stem Cells in Acute Myocardial Infarction 
(REGENT) Trial. Eur Heart J 30: 1313-1321

Tobita K, Liu LJ, Janczewski AM, Tinney JP, Nonemaker JM, Augustine S, Stolz DB, Shroff SG, Keller 
BB (2006) Engineered early embryonic cardiac tissue retains proliferative and contractile properties of 
developing embryonic myocardium. Am J Physiol Heart Circ Physiol 291: H1829-1837

Traverse JH, Henry TD, Ellis SG, Pepine CJ, Willerson JT, Zhao DX, Forder JR, Byrne BJ, Hatzopoulos AK, 
Penn MS, Perin EC, Baran KW, Chambers J, Lambert C, Raveendran G, Simon DI, Vaughan DE, Simpson 
LM, Gee AP, Taylor DA, Cogle CR, Thomas JD, Silva GV, Jorgenson BC, Olson RE, Bowman S, Francescon 
J, Geither C, Handberg E, Smith DX, Baraniuk S, Piller LB, Loghin C, Aguilar D, Richman S, Zierold C, 
Bettencourt J, Sayre SL, Vojvodic RW, Skarlatos SI, Gordon DJ, Ebert RF, Kwak M, Moye LA, Simari RD 
(2011) Effect of intracoronary delivery of autologous bone marrow mononuclear cells 2 to 3 weeks following 
acute myocardial infarction on left ventricular function: the LateTIME randomized trial. JAMA 306: 2110-
2119

Traverse JH, Henry TD, Pepine CJ, Willerson JT, Zhao DX, Ellis SG, Forder JR, Anderson RD, Hatzopoulos 
AK, Penn MS, Perin EC, Chambers J, Baran KW, Raveendran G, Lambert C, Lerman A, Simon DI, Vaughan 
DE, Lai D, Gee AP, Taylor DA, Cogle CR, Thomas JD, Olson RE, Bowman S, Francescon J, Geither C, 
Handberg E, Kappenman C, Westbrook L, Piller LB, Simpson LM, Baraniuk S, Loghin C, Aguilar D, Richman 
S, Zierold C, Spoon DB, Bettencourt J, Sayre SL, Vojvodic RW, Skarlatos SI, Gordon DJ, Ebert RF, Kwak 
M, Moye LA, Simari RD (2012) Effect of the use and timing of bone marrow mononuclear cell delivery on 
left ventricular function after acute myocardial infarction: the TIME randomized trial. JAMA 308: 2380-2389

Tulloch NL, Muskheli V, Razumova MV, Korte FS, Regnier M, Hauch KD, Pabon L, Reinecke H, Murry CE 
(2011) Growth of engineered human myocardium with mechanical loading and vascular coculture. Circ Res 
109: 47-59

Tzahor E (2007) Wnt/beta-catenin signaling and cardiogenesis: timing does matter. Dev Cell 13: 10-13

van den Akker F, Deddens JC, Doevendans PA, Sluijter JP (2013) Cardiac stem cell therapy to modulate 
inflammation upon myocardial infarction. Biochimica et biophysica acta 1830: 2449-2458

van Laake LW, Passier R, den Ouden K, Schreurs C, Monshouwer-Kloots J, Ward-van Oostwaard D, van 
Echteld CJ, Doevendans PA, Mummery CL (2009) Improvement of mouse cardiac function by hESC-derived 
cardiomyocytes correlates with vascularity but not graft size. Stem Cell Res 3: 106-112

van Laake LW, Passier R, Monshouwer-Kloots J, Verkleij AJ, Lips DJ, Freund C, den Ouden K, Ward-van 
Oostwaard D, Korving J, Tertoolen LG, van Echteld CJ, Doevendans PA, Mummery CL (2007) Human 
embryonic stem cell-derived cardiomyocytes survive and mature in the mouse heart and transiently improve 
function after myocardial infarction. Stem Cell Res 1: 9-24

von Gise A, Lin Z, Schlegelmilch K, Honor LB, Pan GM, Buck JN, Ma Q, Ishiwata T, Zhou B, Camargo FD, 
Pu WT (2012) YAP1, the nuclear target of Hippo signaling, stimulates heart growth through cardiomyocyte 
proliferation but not hypertrophy. Proc Natl Acad Sci U S A 109: 2394-2399

Vrijsen KR, Sluijter JP, Schuchardt MW, van Balkom BW, Noort WA, Chamuleau SA, Doevendans PA (2010) 
Cardiomyocyte progenitor cell-derived exosomes stimulate migration of endothelial cells. J Cell Mol Med 
14: 1064-1070

Wainwright JM, Czajka CA, Patel UB, Freytes DO, Tobita K, Gilbert TW, Badylak SF (2010) Preparation of 
cardiac extracellular matrix from an intact porcine heart. Tissue Eng Part C Methods 16: 525-532

Warren L, Manos PD, Ahfeldt T, Loh YH, Li H, Lau F, Ebina W, Mandal PK, Smith ZD, Meissner A, Daley 
GQ, Brack AS, Collins JJ, Cowan C, Schlaeger TM, Rossi DJ (2011) Highly efficient reprogramming to 
pluripotency and directed differentiation of human cells with synthetic modified mRNA. Cell Stem Cell 7: 
618-630



CHAPTER 2

48

Weymann A, Loganathan S, Takahashi H, Schies C, Claus B, Hirschberg K, Soos P, Korkmaz S, Schmack B, 
Karck M, Szabo G (2011) Development and evaluation of a perfusion decellularization porcine heart model. 
Circ J 75: 852-860

Williams AR, Hare JM (2011) Mesenchymal stem cells: biology, pathophysiology, translational findings, and 
therapeutic implications for cardiac disease. Circ Res 109: 923-940

Wilson KD, Hu S, Venkatasubrahmanyam S, Fu JD, Sun N, Abilez OJ, Baugh JJ, Jia F, Ghosh Z, Li RA, 
Butte AJ, Wu JC (2010) Dynamic microRNA expression programs during cardiac differentiation of human 
embryonic stem cells: role for miR-499. Circ Cardiovasc Genet 3: 426-435

Wollert KC, Meyer GP, Lotz J, Ringes-Lichtenberg S, Lippolt P, Breidenbach C, Fichtner S, Korte T, Hornig B, 
Messinger D, Arseniev L, Hertenstein B, Ganser A, Drexler H (2004) Intracoronary autologous bone-marrow 
cell transfer after myocardial infarction: the BOOST randomised controlled clinical trial. Lancet 364: 141-148

Wu SM, Chien KR, Mummery C (2008) Origins and fates of cardiovascular progenitor cells. Cell 132: 537-
543

Wu SM, Fujiwara Y, Cibulsky SM, Clapham DE, Lien CL, Schultheiss TM, Orkin SH (2006) Developmental 
origin of a bipotential myocardial and smooth muscle cell precursor in the mammalian heart. Cell 127: 1137-
1150

Xin M, Kim Y, Sutherland LB, Qi X, McAnally J, Schwartz RJ, Richardson JA, Bassel-Duby R, Olson EN 
(2011) Regulation of insulin-like growth factor signaling by Yap governs cardiomyocyte proliferation and 
embryonic heart size. Sci Signal 4: ra70

Yang J, Yamato M, Shimizu T, Sekine H, Ohashi K, Kanzaki M, Ohki T, Nishida K, Okano T (2007) 
Reconstruction of functional tissues with cell sheet engineering. Biomaterials 28: 5033-5043

Yang L, Soonpaa MH, Adler ED, Roepke TK, Kattman SJ, Kennedy M, Henckaerts E, Bonham K, Abbott 
GW, Linden RM, Field LJ, Keller GM (2008) Human cardiovascular progenitor cells develop from a KDR+ 
embryonic-stem-cell-derived population. Nature 453: 524-528

Yildirim Y, Naito H, Didie M, Karikkineth BC, Biermann D, Eschenhagen T, Zimmermann WH (2007) 
Development of a biological ventricular assist device: preliminary data from a small animal model. Circulation 
116: I16-23

Zhao YS, Wang CY, Li DX, Zhang XZ, Qiao Y, Guo XM, Wang XL, Dun CM, Dong LZ, Song Y (2005) 
Construction of a unidirectionally beating 3-dimensional cardiac muscle construct. J Heart Lung Transplant 
24: 1091-1097

Zhou H, Wu S, Joo JY, Zhu S, Han DW, Lin T, Trauger S, Bien G, Yao S, Zhu Y, Siuzdak G, Scholer HR, Duan 
L, Ding S (2009) Generation of induced pluripotent stem cells using recombinant proteins. Cell Stem Cell 
4: 381-384

Zimmermann WH, Melnychenko I, Wasmeier G, Didie M, Naito H, Nixdorff U, Hess A, Budinsky L, Brune 
K, Michaelis B, Dhein S, Schwoerer A, Ehmke H, Eschenhagen T (2006) Engineered heart tissue grafts 
improve systolic and diastolic function in infarcted rat hearts. Nat Med 12: 452-458

Zimmermann WH, Schneiderbanger K, Schubert P, Didie M, Munzel F, Heubach JF, Kostin S, Neuhuber WL, 
Eschenhagen T (2002) Tissue engineering of a differentiated cardiac muscle construct. Circ Res 90: 223-230



49

 



Jan Willem Buikema1, 2, 3, Ahmed S. Mady1, 2, Nikhil V. Mittal1, 2, Ayhan Atmanli1, Leslie Caron4, 
Pieter A. Doevendans3, Joost P.G. Sluijter3, Ibrahim J. Domian1, 2, 5*

1  Cardiovascular Research Center, Massachusetts General Hospital, Boston, USA
2 Harvard Medical School, Boston, USA
3  Department of Cardiology, University Medical Center Utrecht, Utrecht, The Netherlands
4 Genea/FSHD, Sydney, Australia
5 Harvard Stem Cell Institute, Cambridge, USA



CHAPTER 3

Published in: Development. 2013 Sep 12

Wnt/ɴ-catenin Signaling Directs the Regional  

Expansion of First and Second Heart  

Field-derived Ventricular Cardiomyocytes



CHAPTER 3

52

ABSTRACT

In mammals, cardiac development proceeds from the formation of the linear heart tube, through 
complex looping and septation, all while increasing in mass to provide the oxygen delivery 
demands of embryonic growth. The developing heart must orchestrate regional differences in 
cardiomyocyte proliferation to control cardiac morphogenesis.  During ventricular wall formation, 
the compact myocardium proliferates more vigorously than the trabecular myocardium, but the 
mechanisms controlling such regional differences amongst cardiomyocyte populations are not 
understood. Control of definitive cardiomyocyte proliferation is of great importance for application 
to regenerative cell based therapies. We have used murine and human pluripotent stem cell 
systems to demonstrate that during in vitro cellular differentiation early ventricular cardiac 
myocytes display a robust proliferative response to ɴ-catenin mediated signaling and conversely 
accelerated differentiation in response to inhibition of this pathway. Using gain and loss of 
function murine genetic models, we show that ɴ-catenin controls ventricular myocyte proliferation 
during development and the perinatal period. We further demonstrate that the differential 
activation of the Wnt/ɴ-catenin signaling pathway accounts for the observed differences in the 
proliferation rates of the compact versus the trabecular myocardium during normal cardiac 
development. Collectively, these results provide a mechanistic explanation for the differences 
in localized proliferation rates of cardiac myocytes and point to a practical method for the 
generation of the large numbers of stem cell derived cardiac myocytes necessary for clinical 
applications.
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INTRODUCTION

Advanced heart failure represents a leading cause of morbidity and mortality in the developed 
world.  A loss of viable and fully functional myocardial tissue results in a mismatch in myocardial 
oxygen demand and supply (Deedwania & Nelson, 1990; Ford et al, 2007; Levy et al, 2002; 
Lloyd-Jones et al, 2006; Quyyumi et al, 1984). Designing new approaches to augment the 
number of functioning human cardiac muscle cells serves as the foundation of modern 
regenerative cardiovascular medicine (van der Pol et al, 2012). Untangling the molecular pathways 
that control early cardiomyocyte (CM) proliferation during differentiation will not only lead to a 
better understanding of normal cardiac development, but will also allow advances in stem cell 
biology to be adapted for clinical endpoints.
The early mammalian heart arises from two regions of multipotent progenitor cells in the 
splanchnic mesoderm, described as the first- (FHF) and second-heart-field (SHF) located 
posteriorly and medially to the cardiac crescent and anteriorly to the pharyngeal mesoderm. 
The FHF progenitors of the cardiac crescent coalesce along the midline and give rise to the 
primitive linear heart tube and ultimately the majority of the cells of the left ventricle (LV) and 
inflow tract (IFT). Cells from the SHF contribute to the growth of the developing heart and 
eventually give rise to the right ventricle (RV), outflow tract (OFT) and portions of IFT. 
(Buckingham et al, 2005; Laugwitz et al, 2008; Martin-Puig et al, 2008). Significantly, this 
complex developmental program requires the coordinated expansion of the different 
populations of cardiac progenitors and early CMs to allow for a greater than 300-fold increase 
in muscle mass (von Gise et al, 2012). This increase of mass has to be tightly linked to complex 
morphological changes (Ishiwata et al, 2003; von Gise et al, 2012). Work from a number of 
laboratories over several decades has shown that cardiomyocytes in the compact myocardium 
have a significantly higher proliferation rate than cardiomyocytes in the trabecular myocardium 
during normal cardiac development. The precise mechanism that controls this difference in 
cardiac myocyte proliferation remains poorly understood however (Jeter & Cameron, 1971; 
Luxan et al, 2013).
The Wnt/ɴ-catenin signaling pathway has previously been shown to be involved in early cardiac 
development and growth. In the absence of Wnt ligands, a complex of Axin, Adenomatous 
Polyposis Coli (APC), casein kinase 1 (CK1) and glycogen synthase kinase 3 (GSK-3), mediates 
phosphorylation, ubiquitylation, and degradation of ɴ-catenin. When present, receptor-bound 
ligands inactivate the phosphorylation complex and allow active ɴ-catenin molecules to enter 
the nucleus. Nuclear ɴ-catenin acts as a transcriptional coactivator of T-cell factor (TCF) and 
leukemia enhancer factor (LEF) transcription factors to activate Wnt target genes (Bejsovec, 
2005; Clevers, 2006; Rubinfeld et al, 1996; Tzahor, 2007).   
In murine and human embryonic development, Wnt has highly stage-specific effects on meso-
derm and cardiac progenitor specification and expansion. Wnt signaling is required for primitive 
streak formation, and disruption of Wnt/ɴ-catenin signaling leads to the absence of primitive 
streak, mesoderm and node formation (Barrow et al, 2007; Haegel et al, 1995; Liu et al, 1999; 
Rivera-Perez & Magnuson, 2005). In vitro, the addition of Wnt3a to differentiating embryonic 
stem (ES) cells enhances mesoderm induction and is therefore necessary for cardiac differen-
tiation. In contrast, repression of endogenous Wnt signaling diminishes Brachyury T expression 
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and blocks early mesoderm cell differentiation (Kattman et al, 2011; Kouskoff et al, 2005; Naito 
et al, 2006; Paige et al, 2010). 
Interestingly, later during development, Wnt inhibition is necessary for the differentiation of 
mesodermal progenitors into cardiac precursors. Wnt antagonists such as Crescent and 
Dickkopf-1 (Dkk-1) are expressed in the anterior endoderm and exert an inductive influence on 
the adjacent developing heart and promote the differentiation of precardiac mesodermal 
progenitors into cardiac progenitors (Rivera-Perez & Magnuson, 2005; Schneider & Mercola, 
2001). Similarly, during in vitro differentiation ES cells, repression of Wnt signaling promotes 
mesoderm progenitors to differentiate along the cardiac lineage (Naito et al, 2006; Paige et al, 
2010; Wang et al, 2011; Willems et al, 2011). 
Work from a number of laboratories has previously shown that canonical Wnt signaling promotes 
the in vitro expansion of multipotent cardiac progenitors that can subsequently differentiate into 
smooth muscle, endothelial and cardiomyogenic lineages. In vivo, inactivation of ɴ-catenin results 
in a partial loss of multipotent Isl1 progenitor cells that contribute to the RV and OFT, during 
early embryonic development (E7.0-9.5).  Conversely, constitutive expression of ɴ-catenin in 
these multipotent progenitors results in the expansion of the cells contributing to the right 
ventricle and outflow tract (Ai et al, 2007; Bu et al, 2009; Cohen et al, 2007; Kwon et al, 2007; 
Kwon et al, 2009; Lin et al, 2007; Qyang et al, 2007). 
Herein, we examine the role of Wnt signaling in the development and cellular differentiation of 
early ventricular CMs from the SHF and the FHF, which contribute to the majority of the cells in 
the right and left ventricles respectively.  We exploit recent advances that have allowed the 
isolation of highly purified FHF and SHF transgenic marked early ventricular CMs from developing 
embryos and differentiating ES cells. These early CMs have an intrinsically limited proliferative 
capacity before they further differentiate (Domian et al, 2009). We demonstrate that during 
murine and human in vitro cellular differentiation, these early cardiac myocytes display a robust 
proliferative response to ɴ-catenin mediated signaling and conversely accelerated differentiation 
in response to inhibition of this pathway. During in vivo murine development, the differential 
activation of ɴ-catenin signaling promotes the preferential expansion of compact versus trabecular 
myocardium. Taken together, our results provide a mechanistic explanation for the differences 
in localized proliferation rates of cardiac myocytes and point to a practical method for the 
generation of the large numbers of stem cell derived cardiac myocytes necessary for clinical 
and translational applications.

RESULTS

Wnt signaling promotes the expansion of ES cell-derived FHF- and SHF-marked ventricular 
CMs
We have previously reported the development of an in vivo multicolor reporter system in 
embryos and corresponding ES cell lines that allowed for the purification of distinct subsets of 
heart field progenitors and early proliferating cardiac myocytes. Specifically we generated a 
double transgenic mouse line with a red florescent protein (dsRed) under the control of an Isl1-
dependent anterior-heart-field specific enhancer of the transcription factor Mef2c (Dodou et al, 
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2003; Qyang et al, 2007) and with the enhanced green fluorescent protein (eGFP) under the 
control of a cardiac specific Nkx2.5 enhancer (Lien et al, 1999; Wu et al, 2006). We were able 
to thereby isolate fluorescently marked FHF (eGFP+/DsRed-) early myocytes and SHF (eGFP+/
DsRed+) early ventricular myocytes from embryos and corresponding differentiating ES cell 
lines (Domian et al, 2009). At day 6 (D6) of ES cell differentiation via embryoid bodies (EBs), FHF 
and SHF transgenic marked cells were isolated from beating EBs by fluorescence-activated cell 
sorting (FACS) and re-plated in 384-well plates.  FACS purified cells were then cultured for an 
additional 6 days (D6+6) in the presence of 6-bromoindirubin-3’-oxime (BIO), a reversible 
nonspecific GSK-3ɲ and ɴ inhibitor (Meijer et al, 2003; Sato et al, 2004), Wnt3a, or carrier controls. 
Cultured cells were then stained for cardiac Troponin T (cTnT) and Ki67, a marker for actively 
cycling cells. As shown in Figures 1A-C, induction of ɴ-catenin in FHF and SHF early CMs with 
1.0 and 2.0µM BIO resulted in a ~4 and ~8 fold increase in total cTnT+ CMs, and an ~10 and 
~20 fold increase in cTnT+/Ki67+ CMs. 
To demonstrate that the robust expansion obtained with BIO treatment was due to GSK-3 
inhibition and not due to off-target effects, we repeated a similar series of experiments using 
two other known analogous GSK-3 inhibitors; 1-Azakenpaullone (AZA) (Kunick et al, 2004; Qyang 
et al, 2007) and CHIR-99021 (CHI) (Sineva & Pospelov, 2010; Ying et al, 2008). AZA and CHI 
were shown to selectively inhibit the ɴ-isoform of cytoplasmic GSK-3. For each analog we found 
an approximately 4 to 8-fold increase in cTnT+ and a 15 to 20 fold increase in cTnT+/Ki67+ cell 
number (Figure 1B, 1C). To further determine if canonical Wnt signaling and ɴ-catenin activation 
can promote the proliferation of early ventricular CMs, we cultured cells with purified Wnt3a 
(Logan & Nusse, 2004).  This resulted in an approximately 3 fold increase in cTnT positive CMs 
and 6 fold increase in proliferating CMs compared to controls (Figure 1B, 1C). Thus activation 
of the canonical Wnt and ɴ-catenin signaling pathway results in the robust expansion of FHF 
and SHF ventricular CMs. To verify that Troponin-positive CMs also expressed other markers of 
definitive functional myocardial cells, we stained expanded cells as well as their respective 
controls for ɲ-Sarcomeric Actinin (ɲ-SA) and Myosin Heavy Chain (MF20) in combination with 
Ki67, or the ventricular-specific myosin light chain protein (MLC2v) co-stained with cTnT (data 
not shown). As demonstrated, expanding ventricular myocytes express multiple definitive 
markers of functional cardiac myocytes.  
To determine if suppression of ɴ-catenin signaling promotes definitive cardiac differentiation, we 
then examined the effect of Wnt suppression on early CMs. FACS-purified early ventricular CMs 
were cultured in the presence or absence of the small molecule Inhibitor of Wnt Response-1 
(IWR) or PNU 74654 (PNU). IWR has been previously shown to stabilize Axin proteins and thereby 
facilitate ɴ-catenin degradation (Chen et al, 2009; Lu et al, 2009); PNU has been previously shown 
to bind to ɴ-catenin and inhibit the interaction between ɴ-catenin and T cell factor 4 at the nuclear 
level (Trosset et al, 2006). FHF and SHF early ventricular CMs were therefore cultured in the 
presence of IWR, PNU or DMSO. After 3 days (D6+3) we found a reduced number of cTnT+ 
early CMs and a 2-fold reduction in the number of cTnT+/Ki67+ cells (Figure 1B, C). 
To evaluate the effect of Wnt signaling on differentiation, FHF and SHF early ventricular CMs 
were cultured in the presence of IWR, BIO, or a carrier control. After culturing the cells for 6 
days, the cells were lysed and gene expression was quantitatively analyzed by real-time 
polymerase chain reaction (RT-PCR) and plotted as a heatmap (Figure 1D). As expected, D6 FHF 
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and SHF early ventricular CMs expressed increased levels of Axin2 and Lef1, known targets of 
ɴ-catenin. In the presence of DMSO or IWR, Wnt signaling decreased within 5 days after 
isolation, but was upregulated in the presence of BIO (Figures 1D). Pan-cardiac transcription 
factors remained relatively stable in expanding and quiescent cultures. Interestingly, treatment 
of the CMs with the Wnt inhibitor IWR resulted in an increased expression level of cTnT, Myl2, 
and Myh6 when compared to treatment with the Wnt agonist BIO. The DMSO control exhibited 
an intermediate expression level (Figure 1E). Remarkably, the expression of markers of functional 
cardiac myocytes is inversely correlated to the expression of Wnt target genes in FHF and SHF 
ventricular cells treated with DMSO, BIO or IWR (R2=0.61 and R2=0.71) (Figure S4).

Isolation and expansion of iPS cell-derived FHF and SHF early ventricular CMs
Induced pluripotent stem (iPS) cells represent a potentially novel patient-specific source of 
ventricular CMs that can be used to generate functional cardiac tissue that may be exploited for 
clinically useful applications. To study the effect of GSK-3 inhibition and Wnt/ɴ-catenin activation 
on iPS-derived CM proliferation, we derived several induced pluripotent stem (iPS) cell lines. 
Tail tip fibroblasts were isolated from the previously described Nkx2.5-eGFP/SHF-dsRed dual 
transgenic reporter mouse. Tail tip fibroblasts were then cultured in vitro and reprogrammed 
into iPS cells with a lentiviral based reprogramming strategy, using the Yamanaka factors 
(Takahashi & Yamanaka, 2006) (Figure 2A). To ensure the pluripotency as well as the fidelity of 
fluorescent marker expression in these new double transgenic iPS lines, we injected the iPS 
cell lines into wild-type mouse blastocysts to generate ED9.5 mouse chimera. Fluorescence 
microscopy of these embryos revealed faithful recapitulation of marker expression (Figure 2B 
and Figure S1), validating the in vivo accuracy of transgene expression of in vitro generated iPS 
cells. In vitro differentiation of these iPS cells lines by embryoid body (EB) formation revealed 
discrete populations of FHF (Nkx2.5+/Mef2c-) and SHF (Nkx2.5+/Mef2c+) transgenic marked 
cells that were clearly evident by day 6 of EB differentiation as assessed by immunofluorescence 
microscopy (Figure 2C). To isolate iPS-derived FHF and SHF early ventricular cells, we dissociated 
day 6 EBs into single cell suspensions and FACS purified distinct populations (Figure S6) of 
cardiac cells similar to those found during ESC differentiation. 

Figure 1. Identification and characterization of Wnt activators that promote the expansion of early 
ventricular myocytes from the first and second heart fields
(A) Representative images of FHF- and SHF-marked ventricular cardiomyocytes (vCM) cultured for 6 days 
in (a) DMSO, 6-bromoindirubin-3’-oxime (BIO) or Wnt3a. Cardiomyocytes identified with cardiac Troponin 
T (cTnT) (green) staining, actively cycling cells with Ki67 (red), and nuclei with DAPI (Blue). Scale bars 
represent 50µm. (B) Quantification of total FHF (green) and SHF (yellow) Troponin (cTnT+) positive cells as 
fold increase over DMSO control for 3 different GSK-3 inhibitors, BIO, 1-Azakenpaullone (AZA) and CHIR-
99021 (CHI), Wnt3a purified protein and Wnt signaling inhibitors, Inhibitor of Wnt Response-1 (IWR) and 
PNU 74654 (PNU). (C) Quantification of proliferating ventricular cardiomyocytes (vCMs) (cTnT+/Ki67+ cells) 
in BIO, AZA, CHI and (g) Wnt3a. Error bars indicate standard deviation (n > 3). (D) Heatmap displaying 
the relative RNA expression pattern of ~35 selected genes for FHF and SHF marked cells at D6, D6+6 
with BIO, D6+6 with DMSO or D6+6 with IWR. Gene expression in all groups was row normalized to the 
not transgenic-marked (NEG D6) population. (n=3). Low-expression in blue, high-expression in red. (E) Bar 
graphs show re-validation of 3 structural cardiac genes FHF and SHF-marked cells at D6, D6+6 with BIO, 
D6+6 with DMSO or D6+6 with IWR relative to D6 negative cells. (n=3). *Indicates P<0.05, **indicates 
P<0.01 and ***indicates P<0.001.
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As previously described (Kaichi et al, 2010), we observed that the different iPS cell lines had 
widely varying efficiencies of cardiac differentiation (Figure 2D). Once purified CMs were isolated, 
however, they all had similar differentiation potential and a similar robust response to GSK-3 
inhibition and activated ɴ-catenin signaling (Figure 3E-J). Thus, although different iPS cell lines 
differentiate into the myocardial lineage with variable efficiencies, small molecule-mediated 
GSK-3 inhibition is capable of enhancing FHF and SHF early ventricular CM proliferation.

Ventricular CMs expanded by ɴ-catenin activation maintain the capacity to differentiate 
into functional ventricular muscle
A key consideration is that expanded CMs preserve the functional properties, cardiac gene 
expression pattern, protein organization, and cellular alignment of the unexpanded native CMs. 
We and others have previously shown that neonatal CMs (Feinberg et al, 2007) and ES cell-
derived CMs (Domian et al, 2009) have the capacity to functionally align on micro-patterned 
substrates and form 2-dimensional anisotropic functional myocardial tissue. In order to determine 
if expanded early ventricular CMs retain this capacity, we directly compared expanded and non-
expanded CMs. FHF (Figure 3A, 3B) and SHF (Figure 3C, 3D) early CMs were FACS purified 
from ES cells differentiated in vitro and expanded for an additional 6 days in the presence of the 
GSK-3 inhibitor BIO.  Cells were dissociated into a single cell suspension and plated on micro-
patterned substrates as shown in Figure 3B and 3D. Alternately, early ventricular CMs were 
cultured for 3 days (without prior expansion), dissociated into a single cell suspension, and again 
plated on micro-patterned substrates (Figure 3A, 3C). As shown in Figure 3E-H, FHF and SHF 
CMs maintained their capacity to generate anisotropic 2-dimensional myocardial tissue even 
after being expanded for 6 days by GSK-3 inhibition. Anisotropic organized ES-derived CMs 
contracted synchronously (Movie 2) and maintained a typical cardio-myogenic transcriptional 
profile regardless of whether or not they had been previously expanded in vitro.

Wnt/ɴ-catenin signaling is necessary for the maintenance of proliferation of embryonic 
ventricular CMs but is not sufficient for the induction of proliferation in quiescent CMs
We then sought to determine the role of Wnt/ɴ-catenin signaling in the expansion of fetal 
cardiomyocytes. We FACS isolated yellow fluorescent protein (YFP) positive ventricular myocytes 
from Rosa26lox(stop)YFP/+/Myl2cre/+  E12.5 embryos (Figure 4A, 4B). 

Figure 2. Generation of double transgenic iPS cell lines and expansion of iPS cell derived CMs.
(A) Representation of tail tip fibroblast (TTF) conversion into induced pluripotent stem cells (iPSCs) and 
validation via chimera formation. (B) Fluorescence image of an E9.5 chimera embryo resulting from iPSC 
injection into wildtype blastocysts. (C) Live cell image of an differentiated iPSC embryoid body. (D) FACS plot 
of cells isolated from dissociated embryoid bodies at day 6 (D6), showing the FHF and SHF transgenic marked 
populations. Graph represents mean percentages of colored cell populations obtained from iPSC lines 1, 2 
and 3 compared to ES cell derived populations at D6. (E) Quantification of iPS cell derived FHF (green) and 
SHF (yellow) marked cTnT+ cells and (F) cTnT+/Ki67+ cells expanding in BIO at D6+6. Data is represented as 
mean fold increase over DMSO control. Error bars indicate standard deviation (n>3). Representative images 
of iPS cell derived FHF-marked ventricular cardiomyocytes cultured for an additional 6 days (D6+6) with (G) 
DMSO or (H) BIO. Similar for SHF ventricular myocytes cultures with (L) DMSO or (J) BIO. Cardiomyocytes 
were identified with cardiac Troponin T (cTnT) (green) staining, active cycling cells with Ki67 (red), and nuclei 
with DAPI (Blue). Scale bars indicate 50µm. *Indicates P<0.01 and **indicates P<0.001.
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Figure 3. Expanded early ventricular CMs are a useful 
source for tissue engineering and retain the potential 
to further differentiate.
Images illustrating the alignment of (A) control (D6+3) and 
(B) expanded (D6+5+3) ES derived FHF early ventricular 
cardiomyocytes (vCMs) on micropatterned surfaces. 
Idem for (C) control and (D) expanded SHF marked early 
vCMs. All images show troponin T (cTnT) (green) stain 
with DAPI (DNA) (blue). Lower panels show further 
magnified images. Immunofluorescence images of (E) 
control and (F) expanded FHF marked early vCMs stained 
for Connexin-43 (Cx43) (red) and ɲ-Sarcomeric Actinin (ɲ-
SA)(green) with nuclear dye DAPI (DNA) (blue). Idem for 
(G) control and (H) expanded SHF marked cells.
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YFP+ ventricular myocytes were then cultured in a 3-dimensional cardiac microspheres in the 
presence of GSK-3ɴ inhibitor CHI or DMSO control.  Cardiac microspheres cultured in the 
presence of CHI had an increased diameter compared to DMSO (p<0.05) within only 3 days 
(E12.5+3) of ex vivo culture indicating an increased cell number (Figure 4C, 4D). We then 
obtained unsorted wild-type ventricular myocytes from E12.5 hearts. Ventricular CMs were 
cultured in the presence or absence Wnt agonists BIO 2.0µM and or CHI 4.0 µM, the Wnt 
inhibitors IWR 8.0µM and PNU 8.0µM, or DMSO carrier control for 6 days (E12.5+6). In all 
described concentrations we observed beating clusters of cardiac myocytes. At E12.5+6 we 
found a significant ~4 fold (p<0.01) increase in cTnT+ and ~8 fold (p<0.01) increase in cTnT+/
Ki67+ ventricular cells treated with BIO or CHI. Conversely, we found an ~1.5 fold (p<0.05) 
reduction in cTnT+ cells and a ~2.5 fold (p<0.01) reduction in cTnT+/Ki67+ cells when ventricular 
myocytes were cultured in the presence of Wnt inhibitors IWR or PNU (Figure 4E-I). Next, we 
hypothesized that Wnt/ɴ-catenin signaling promotes proliferation through the inhibition of 
differentiation. To test this, we cultured ventricular myocytes for 6 days (E12.5+6) in DMSO and 
then added BIO for an additional 4 days (E12.5+6+4). As shown in figure 4E and 4F (right graphs), 
activation of Wnt/ɴ-catenin signaling through GSK-3 inhibition was not sufficient to promote the 
proliferation of ventricular myocytes that have exited the cell cycle. Furthermore, RT-PCR analysis 
for downstream targets of ɴ-catenin revealed that Axin2, Lef1 and cell cycle genes as Ccnd1 
and Ccnd2 mRNA levels were significantly increased in ventricular myocytes treated with GKS-
3 inhibitor BIO (Figure 4J) and decreased in myocytes treated with IWR and as compared to 
DMSO control (Figure 4K).  We then performed micro-dissection of E12.5 hearts to isolate LV 
and RV ventricular cells and found no statistical differences in the two populations of ventricular 
myocytes in response to modulating Wnt signaling. 

GSK-3 inhibition results in the expansion of human stem cell-derived cardiomyocytes
A key requirement for the translation of our findings to clinically relevant applications is their 
extension to human stem cell-derived CMs. Accordingly, we generated human ESC-derived 
CMs using using a previously described directed differentiation protocol (Paige et al, 2010).  
After 3 weeks (D21) of in vitro differentiation, cardiac myocytes were dissociated into a single 
cell suspension and plated into individual wells of a 384-well tissue culture plate. Cells were 
then cultured in the presence of the GSK-3 inhibitor BIO or carrier controls (Figure 5A-D and 
Movie 3). After an additional 6 days of in vitro culture, cells were fixed and co-stained for cTnT 
or ɲ-SA and the proliferation marker Ki67. We found that the number of total Troponin-positive 
cells was increased approximately 4 -old (p<0.01), while the number proliferating (Ki67-positive) 
Troponin-positive cells was increased 9-fold (p<0.001) in BIO treated cells compared to carrier 
control (Figure 5C, 5D). RT-PCR analysis revealed increased expression of Axin2, Lef1 (Figure 
S5) and a trend for decreased expression of structural cardiac genes (data not shown). Thus in 
humans, as in mice, the inhibition of GSK-3 and the subsequent activation of ɴ-catenin signaling 
promotes the robust expansion of stem cell-derived cardiac myocytes.  

Selective activation of ɴ-catenin controls the differential rate of proliferation in compact 
versus trabecular cardiomyocytes
Work from multiple laboratories has previously demonstrated that compact myocardial cells 
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Figure 4. Wnt/ɴ-catenin signaling is necessary for the maintenance of proliferation of embryonic 
ventricular CMs.
(A) Bright-field (BF) and immunofluorescence images of the Myl2 ventricular specific YFP (yellow) 
expression in E12.5 hearts. (B) FACS-isolation of Myl2+ (yellow) ventricular myocytes. (C) Live cell YFP 
immunofluorescence (yellow) and BF images of beating cardiac microspheres at E12.5+3 made from 
Myl2+/YFP+ cells cultured with DMSO or GSK-3ɴ inhibitor CHIR-99021 (CHI). (D) Quantification of cardiac 
microspheres (CMS) diameter (µm) after 3 days of 0.01% DMSO or 4.0µM CHI treatment. Quantification 
of (E) cTnT+ and (F) cTnT+/Ki67+ cells in whole ventricle cultures treated with 0.01% DMSO, 2.0µM 
6-bromoindirubin-3’-oxime (BIO), 4.0µM CHIR-99021 (CHI), 8.0µM Inhibitor of Wnt Response-1 (IWR) or 
8.0µM PNU 74654 (PNU) at E12.5+6 (left panels) and E12.5+6+4. Images of ex vivo cells treated with 
(G) DMSO, (H) BIO or (I) IWR and stained for Troponin T (cTnT) (green), Ki67 (red) and Dapi (DNA) (blue). 
Relative RNA expression pattern of Wnt target genes Axin2 and Lef1 and cell cycling genes Ccnd1 and 
Ccnd2 in cells ex vivo ventricular cells treated with (J) BIO or (K) IWR. (n=3). Scale bars indicate 50µm. 
*Indicates P<0.05, **indicates P<0.01 and ***indicates P<0.001.
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have a significantly higher proliferation rate than trabecular cardiomyocytes. To examine the 
role of ɴ-catenin signaling during normal cardiac development, we stained E12.5 embryos 
for the active nuclear form ɴ-catenin as well as Ki67. Approximately 65% of the LV and RV 
compact ventricular myocytes were ɴ-catenin+ compared to only approximately 30% of 
trabecular cardiac myocytes (Figure 6A, 6B). Furthermore, a majority (greater than 70%) of 
ɴ-catenin+ myocytes were Ki67 positive (Figure 6C) and that this correlation was independent 
of whether or not the cardiac myocytes were trabecular or compact. Conversely, the majority 
of ɴ-catenin+ cells were quiescent.  These findings suggest that canonical Wnt/ɴ-catenin 
signaling may control the differential proliferation rates of these two myocardial sub-
compartments.  
To more closely examine this possibility, we generated cardiac specific gain and loss of function 
ɴ-catenin mutants. Cardiac specific ɴ-catenin loss-of-function (LOF) mutants were generated by 
crossing Ctnnb1tm2Kem/tm2Kem mice (Brault et al, 2001) with Myl2Cre/+/Ctnnb1tm2Kem/+ mice, in which 
the Cre recombinase is under the transcriptional control of the ventricular myocyte specific Myl2 
promoter (Chen et al, 1998a; Chen et al, 1998b). The Ctnnb1tm2Kem allele carries loxP sites flanking 
exon 2-6 encoding the N-terminal domain and the Armadillo repeats 1-4 of the Ctnnb1 gene.  
Cre recombinase-mediated excision results in a short inactive ɴ-catenin molecule (Brault et al, 
2001). Cardiac specific ɴ-catenin gain-of-function (GOF) mutants were generated by crossing 
Ctnnb1tm1Mmt/tm1Mmt mice with Myl2Cre/+ animals. The serine/threonine residues of the ɴ-catenin 
protein, encoded in exon 3 of the gene, are the phosphorylation targets of GSK-3ɴ (Sparks et 
al, 1998) and deletion of exon 3 results in the constitutive activation of the ɴ-catenin protein 
(Iwao et al, 1998). In the previously described Ctnnb1tm1Mmt allele, the loxP sequences flank exon 
3 of the ɴ-catenin gene, and Cre-mediated deletion results in a truncated constitutively active 
mutant protein (Harada et al, 1999).
ɴ-catenin was essential for normal cardiac development and embryonic viability with no cardiac 
ɴ-catenin LOF embryos born from Ctnnb1tm2Kem/tm2Kem mouse breeding with Myl2Cre/+/Ctnnb1tm2Kem/+ 
mice (n=26 live born animals). Hearts of LOF embryos at E12.5 have a thin compact layer of 
both the LV and RV wall compared to littermate controls (CTR) (figure 4D-G). Furthermore, the 
proliferation rate of cardiac myocytes (cTnT+/Ki67+) was markedly decreased to approximately 
5% (p<0.001) compared to ~45 and ~25% cTnT+/Ki67+ in the compact and trabecular 
myocardium of control hearts (Figure 6J-L). Critically, this reduction in the proliferation rate was 
observed to a similar extent in the compact and trabecular myocardium of both the RV and the 
LV (Figure 6K, 6L).  This suggests that activated ɴ-catenin is necessary for normal cardiac 
myocyte proliferation and that it’s normal preferential activation in compact myocardium is 
necessary to maintain the higher proliferation rate of compact compared to trabecular 
myocardium.  
In contrast, cardiac specific ɴ-catenin GOF pups were born at the predicted Mendelian ratios. 
Furthermore, the proliferation rate in the trabecular myocardium of GOF E12.5 was increased 
from approximately 25% to approximately 40% (p<0.001) in both ventricles, while the 
proliferation rate of the compact myocardium was not significantly changed from control hearts 
(p=0.76) (Figure 6H-L). In addition, the LV and RV compact myocardial thickness in LOF embryonic 
hearts was decreased from approximately 40µm to approximately15µm. In contrast, the compact 
myocardial wall thickness was similar in the GOF embryos compared to controls (Figure 6J). 
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Thus, during fetal development ɴ-catenin is essential for the normal proliferation of LV and RV 
myocardial cells and that the differential activation of ɴ-catenin plays a key role in controlling the 
differential proliferation rates of cardiac myocytes in the compact and trabecular myocardium.

ɴ-catenin activation promotes limited late fetal and early neonatal ventricular CM expansion 
and results in an increase in heart size
As described above, Ctnnb1tm1Mmt/+/Myl2cre/+ gain-of-function (GOF) animals, expressing a 
constitutively active ɴ-catenin mutant protein in ventricular myocytes, were live born in the 
predicated Mendelian ration. GOF Ctnnb1tm1Mmt/+/Myl2cre/+ day 1 (P1) pups have a significant increase 
in the number of replicating ventricular myocytes when compared to littermate controls (Figure 
7A-C) and the LV and RV walls as well as the septum appeared to be thicker, especially the 
trabecular myocardium. No abnormalities of the outflow tract or atrio-ventricular valves were 
observed. To examine whether the increase in thickness of GOF ventricles correlated with 
increased proliferation, we again performed immunohistochemistry for the proliferation marker 
Ki67, along with cTnT, for marking all cardiac myocytes. We found that in the LV and RV of 
ɴ-catenin GOF hearts ~13% and ~17% of cTnT+ cells were Ki67+ versus ~6% and 8% in 

Figure 5. Canonical Wnt signaling promotes proliferation of human ES cell derived cardiomyocytes.
Representative images of human CMs cultured for 6 days in the (A) absence or (B) presence of GSK-
3 inhibitor BIO stained for Ki67 (red). The fraction of CMs is visualized with ɲ-Sarcomeric Actinin (ɲ-SA) 
(green), proliferating cells with Ki67 (red) and nuclei are stained with DAPI (blue). Scale bare represents 
50µm. Quantification of total (C) cTnT+ cells and (D) cTnT+/Ki67+ cells as fold increase over DMSO control 
for various concentrations of BIO. Error bars represent standard deviation (n>3). *Indicates P<0.01 and 
**indicates P<0.001.
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Figure 6. ɴ-catenin plays a pivotal role in growth of compact myocardium.
(A) Representative images of sections of E12.5 wild type (WT) hearts stained for cTnT (green), active 
ɴ-catenin (red) and Dapi (blue). (B) Percentage of ventricular myocytes (cTnT+) staining positive for active 
ɴ-catenin in the compact or trabecular myocardium. (C) Percentage of proliferating ventricular myocytes 
staining positive for active ɴ-catenin (black) or negative (grey). (n=3). Representative color illustrations and 
images of stained of sections of E12.5 (D, E) control (CTR) ventricles, (F, G) ɴ-catenin loss-of-function (LOF) 
ventricles and (H, I) ɴ-catenin gain-of-function (GOF) ventricles stained for Troponin T (cTnT) (green), Ki67 
(red) and Dapi (DNA) (blue). Scale bars indicate 50µm. (J) Thickness (µm) of the compact layer of LV and 
RV myocardium in CTR, LOF and GOF animals. Percentage of active cycling myocytes (cTnT+/Ki67+) (red) 
versus quiescent myocytes) cTnT-/Ki67+) (grey) in the compact (Com) and trabecular (Tra) myocardium of 
the (K) left ventricle (LV) and (L) right ventricle of (RV) CTR, LOF and GOF hearts (n=2-3). *Indicates P<0.001.
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littermate controls (p<0.001) (Figure 7C). Interestingly, the ~2 fold increase in proliferation rate 
was equally distributed over the compact and trabecular myocardium consistent with the finding 
that there is no significant difference in Wnt responsiveness between the different myocardial 
compartments. At P1, RNA was isolated from the left (LV) and right ventricle (RV) of neonatal 
hearts. Expression analysis of Wnt target genes demonstrated that in the ɴ-catenin GOF 
ventricles, Axin2, a known downstream target of ɴ-catenin was 8 to 15 fold more expressed 
than in littermate controls. 
We next examined the ventricular size in response to constitutive activation of Wnt/ɴ-catenin 
signaling in the myocardium. Morphologically, LV, RV and septum shape of Ctnnb1tm1Mmt/+/Myl2cre/+ 
adult mice was comparable to cre-negative littermate controls.  Furthermore, there was no 
difference in the number of cTnT+/Ki67+ cells between groups at this stage (p=0.54 and p=0.64) 
(Figure 7D). At P30, we did observe an 11% increase in ventricular length/size (p<0.01) and an 
increased heart-weight/body-weight ratio in ɴ-catenin GOF hearts compared to littermate controls 
(Figure 7E, 7F). The total number of nuclei per area in the left and right ventricle did not differ 
between GOF and CTR ventricles (Figure 7G, 7H). Collectively, these results indicate that Wnt 
signaling exerts a profound proliferative effect on early cardiac myocytes but not on mature 
myocytes.

DISCUSSION

A critical step in cardiogenesis is the formation and expansion of the ventricular myocyte lineage 
necessary for normal cardiac contractile function. The finding that the proliferation of FHF and 
SHF early ventricular CMs from embryos and corresponding ES cell lines are controlled by the 
ɴ-catenin signaling pathway uncovers a mechanistic pathway for the control of in vitro 
cardiogenesis and in vivo adult heart size.  From a developmental perspective, we showed that 
in the developing myocardium ɴ-catenin is predominantly active in the compact myocardium 
and that the activated protein is expressed in the majority of proliferating cardiac myocytes. 
Furthermore, cardiac loss of function of ɴ-catenin results in an abrogation of myocyte proliferation. 
Conversely, activation of ɴ-catenin and canonical Wnt signaling drives the proliferation of early 
ventricular CMs. Work from a number of laboratories over several decades has shown that 
during mammalian development, the compact myocardium has a significantly higher rate of 

Figure 7. Constitutive activation of ɴ-catenin in the ventricular myogenic lineage.
Representative images of sections of (A) early neonatal (CTR) (P1) and (B) P1 ɴ-catenin gain-of-function 
(GOF) ventricles stained for Troponin T (cTnT) (green), Ki67 (red) and Dapi (DNA) (blue). Scale bars represent 
50µm. (C) Percentage of cTnT+/Ki67+ cells in CTR and GOF left ventricle (LV) and right ventricle (RV) at 
P1 (n=3). (D) Percentage of cTnT+/Ki67+ cells in CTR and GOF left ventricle (LV) and right ventricle (RV) at 
P30 (n=3). (E) Color images and hematoxylin and eosin (H&E) staining of P30 CTR hearts (left panels) and 
ɴ-catenin GOF hearts (right panels). Scale bars indicate 1000µm. (F) Heart-weight/body-weight (HW/BW) 
ratios (upper panel) of CTR and GOF animals and ventricular length in µm (lower panel) at P30 (n=4-6 per 
group). (G) Image of ventricular cells stained for Lectin (green) and Dapi (DNA) (blue) in CTR and GOF hearts. 
(H) Ventricular cell size measurements of CTR and GOF LV and RV cells. (n=3, 25 replicates per ventricle.) (I) 
Number of nuclei per area of 40x picture. (n=3).  Error bars indicate standard deviation. *Indicates P<0.05, 
**indicates P<0.01. 
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cardiomyocyte proliferation. Our studies begin to provide a mechanistic explanation of how this 
is achieved. Specifically, we show that the differential proliferation in the different cardiac sub-
compartments requires the differential activation of ɴ-catenin signaling.  Cardiac specific 
overexpression or deletion of ɴ-catenin, such that it is equally expressed in both the compact 
and trabecular myocardium, abrogates the normally observed differences in their proliferation 
rates. This raises the possibility that inductive signals from the epicardium or repressive signals 
from the endocardium may control the differential activation of ɴ-catenin and thereby direct the 
observed differences in proliferation rates in compact versus trabecular myocardium.
The organized assembly of various cell types is fundamental to organogenesis and organ 
regeneration. Complete regeneration of complex organs such as the adult heart appears to be 
largely restricted to lower vertebrates such as zebra fish (Jopling et al, 2010; Kikuchi et al, 2010; 
Poss et al, 2002). In mammals, the neonatal heart has been shown to regenerate from apical 
injury, but this potential fades shortly after birth (Porrello et al, 2011), and annual cardiac myocyte 
turnover decreases to less than 2-4% in adults (Bergmann et al, 2009; Porrello et al, 2011; Senyo 
et al, 2013). Our incomplete understanding of the molecular mechanisms driving cardiomyocyte 
expansion during cardiogenesis limits our ability to develop novel strategies for regenerative 
cardiovascular medicine.  In that regard, the results described herein represent an important 
advance in defining pro-proliferative pathways in early FHF- and SHF-derived ventricular CMs. 
A key consideration is that expanded CMs preserve their potential to further differentiate into 
functional CMs without significant epigenetic or phenotypic drift.  We show that early FHF and 
SHF ventricular CMs, derived from murine and human ES and iPS cell sources, have similar 
responsiveness to Wnt/ɴ-catenin signaling. Quantitative gene expression analysis for common 
cardiac genes illustrated that expanding early ventricular CMs are in an intermediate differentiated 
state between freshly isolated and their differentiated progeny.  Withdrawal of GSK-3 inhibition 
allows expanded CMs to further differentiate into functional CMs. Active forced stabilization of 
Axin by IWR resulted in the further enhanced differentiation of expanded CMs. Remarkably, 
expanded FHF and SHF CMs aligned into functional myocardial tissue with similar potential as 
their unexpanded counterparts. Thus expanded cardiac myocytes maintain the functional 
properties, cardiac gene expression pattern, protein organization, and cellular alignment of the 
unexpanded native CMs.  This underlines the potential of GSK-3 inhibition-driven expansion of 
early CMs for yielding large numbers of functional cardiomyocytes as required for chemical 
screens and future therapeutic strategies.
Although we found an increase in proliferating ventricular myocardium of neonatal ɴ-catenin 
GOF mice, this effect was limited. By P30 we no longer found any statistical difference in the 
myocardial proliferation rate. In addition, we observed an increase in ventricular size between 
GOF and littermate controls with the number of nuclei per area remaining equal. However, we 
could not rule out earlier cell cycle withdrawal or increased apoptosis rates in hearts of GOF 
animals compared to controls. During the transition from the neonatal to the adult period, a 
number of cellular changes occur that allow neonatal CMs to mature into their adult counterparts. 
Collectively, these changes result in cardiac myocytes that are no longer capable of proliferating 
in response to activated ɴ-catenin signaling. As such, activation of a recently discovered Hippo/
Yap1/Tead pathway that orchestrates heart size control, could be down-regulating postnatal 
ɴ-catenin-mediated CM cell cycling (Heallen et al, 2011; von Gise et al, 2012). Furthermore, 
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TGF-ɴ/BMP regulatory pathways, especially known to influence growth and differentiation early 
on in cardiac specification and differentiation (Klaus et al, 2012; Wang et al, 2010), may contribute 
to molecular changes causing cardiac maturation and/or redundancy of Wnt signals. 
We have examined the role of the Wnt/ɴ-catenin pathway in controlling the expansion and 
differentiation of early CMs from different sources by employing several validated small molecule 
inhibitors of GSK-3.  Disruption of GSK-3-mediated degradation of ɴ-catenin results in the 
activation of ɴ-catenin and its nuclear translocation, subsequently resulting in the Lef1/TCF-
mediated activation of Wnt target genes (Jho et al, 2002; Lustig et al, 2002). Although GSK-3 is 
described as being part of the canonical Wnt cascade, it also forms the cornerstone for molecular 
crosstalk. Signaling pathways orchestrated by PI3K/Akt and Raf/Mek/Erk indirectly inhibit GSK-
3 at the cytoplasmic level and thereby can act synergistically with activated Wnt signaling 
(Shiojima & Walsh, 2006; Singh et al, 2012). We demonstrate that Wnt signaling can promote 
early CM proliferation during development, but our results do not rule out the possibility that 
Akt signaling may also converge on the ɴ-catenin signaling pathway. 
Advanced heart failure is a major, unmet clinical problem, arising from a loss of viable and/or 
fully functional cardiac muscle cells (Jessup & Brozena, 2003). Currently, a number of clinical 
trials have been designed to augment the function of cardiac muscle via bone marrow or 
mesenchymal stem cell transplantations. To date, while there have been encouraging early 
suggestions of a small therapeutic benefit, there has not been evidence for actual regeneration 
of heart muscle tissue, (Bolli et al, 2011; Menasche, 2008; Pouly et al, 2008) underscoring the 
need for new approaches. A central challenge for cell-based therapy has been the isolation and 
expansion of sufficient numbers of cardiac myocytes necessary for tissue regeneration. In 
addition, it would be critical that the expanded cells retained their differentiation potential as 
well as their capacity to self-organize into functional myocardial tissue. Herein we demonstrate 
that early cardiac myocytes from a renewable cell source can be robustly expanded while 
maintaining their capacity to differentiate into functional myocardial tissue. 
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MATERIAL AND METHODS

Generation of double-fluorescent reporter iPS cell lines
Tale tip fibroblasts (TTFs) from homozygous Nkx2.5-eGFP and anterior-heart-field-Mef2C-DsRed 
mice (Domian et al, 2009) were expanded and reprogrammed by transfection with 4 factors 
(Oct3/4, Sox2, Klf4, c-Myc) into iPS cells in LIF containing media. In total ~30 lines were screened 
for their potential to differentiate into cardiac progeny in vitro. For the 3 lines used in this work, 
iPS cells were injected in E3.5 blastocysts and re-implanted in pseudo pregnant foster moms. 
At E9.5 chimerical contribution to the embryonic heart of the double transgenic cardiac reporter 
system was visualized under whole mount fluorescence microscopy. 

Mouse ES and iPS Cell Culture
Murine Nkx2.5-eGFP and anterior-heart-field-Mef2C-DsRed double transgenic embryonic stem 
(ES) cells and induced pluripotent stem (iPS) cells were cultured and differentiated as previously 
described (Domian et al, 2009). On day 6, EBs were trypsinized into single cell suspension and 
GFP+/DsRed- (FHF), GFP+/DsRed+ (SHF) or GFP-/DsRed- (NEG) cells were FACS purified. 
Purified cells were plated in 0.1% gelatin-coated 384-well plates in differentiation media. To 
study the effect of canonical Wnt signaling, 8.4µL of DMSO (Sigma Aldrich) 0.01% control, 
6-bromoindirubin-3’-oxime (BIO), 1-Azakenpaullone (AZA) (Sigma Aldrich), CHIR-99021 (CHI) 
(Sigma Aldrich), Wnt3a (R&D) or IWR (Sigma Aldrich) was added at 1 day after re-plating in 10x 
of final concentration to make a total volume of ~84µL per well of a 384-well plate.  Media was 
changed every 3rd day and compounds were subsequently added as described above.. 

Quantitative RT-PCR
Standard RT-PCR was performed on an Eppendorf Realplex 4. Prior to Tryzol (Invitorgen) RNA 
isolation, cells were treated with various small-molecules in equal volumes of DMSO. Primer 
sequences are available upon request.

Tissue engineering 
Anisotropic fibronectin patterns were generated on PDMS substrates through microcontact 
printing. PDMS stamps with patterns consisting of 20µm wide and 2µm tall ridges, separated 
by 20µm spacing were generated using a micropatterned master. PDMS elastomer was mixed 
at a 10:1 base to curing agent ratio and cured against the master to obtain microtextured PDMS 
stamps. Micropatterned substrates were passivated with 1% Pluronic acid  for 10 minutes 
before cell seeding (Feinberg et al, 2007). 

Human ES cell culture
Human Embryonic Stem (ES) cells (HES7) were maintained on feeder-free Matrigel-coated (BD 
Biosciences) polystyrene plates with MEF-conditioned media. Conditioned medium (DMEM 
Knockout, 10% Knockout serum, 10% Plasmanate, NEAA 1x, L-Glutamine, bFGF and 
2-Mercaptoethanol (2-ME)) was harvested from cultured iMEF. Human ES cells were passaged 
every 5-6 days using Dispase 1mg/mL (STEMCELL Technologies). Cardiac differentiation was 
induced with an earlier described 2-dimensional directed differentiation approach (Kattman et 
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al, 2011; Laflamme et al, 2007; Paige et al, 2010).
At day 21, human ES cell-derived cardiomyocytes were dissociated into single cell suspension 
utilizing collagenase A and B (1mg/mL) in serum containing media (DMEM, 20% serum) and 
subsequently trypsin 0.25% for 5 minutes. Dissociated cells were pelleted, re-suspended in 
human cardiac differentiation media, re-plated on Fibronectin 0.005% coated 384-well plates 
and treated with compounds. 

Animal breeding and constitutive activation of ɴ-catenin in the myocardium
Conditional loss and gain-of-function studies were performed with the previously described 
Myl2cre/+ mouse strain (Chen et al, 1998a). For the ventricular-specific ɴ-catenin loss of function 
studies the Ctnnb1tm2Kem/tm2Kem mice stain was utilized (Brault et al, 2001). For the gain of function 
of ɴ-catenin Ctnnb1tm1Mmt/tm1Mmt (Harada et al, 1999) mice were used. All animal work was 
performed within the institutional animal guidelines.
For ex vivo cardiac cultures, hearts from Rosa26lox(stop)YFP/+/Myl2cre/+ or wild type mice were 
digested for 1 hour in collagenase A and B (1mg/ml) to obtain single-cell suspension. After FACS 
isolation, YFP+ cells were re-plated in mouse differentiation media. 

Statistical analysis
Statistical analysis was performed using the Student T Test. Differences were considered 
significant if p was lower than 0.05 (p < 0.05). Standard deviation is represented in error bars 
for each mean value mentioned in this manuscript. 
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ABSTRACT

Controlled proliferation of cardiac myocytes remains a major limitation in cell biology and one 
of the main underlying hurdles for true modern regenerative medicine. Here we provide a 
technique to robustly expand early fetal-derived mouse ventricular cardiomyocytes on a platform 
usable for high-throughput molecular screening, tissue engineering or potentially useful for in 
vivo translational experiments. This method provides a small molecule-based approach to control 
proliferation or differentiation of early beating cardiac myocytes through modulation of the 
Wnt/ɴ-catenin signaling pathway. Moreover isolation and expansion of fetal cardiomyocytes 
takes less than 3 weeks, yields a relatively pure (~70%) functional myogenic population and is 
highly reproducible.
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INTRODUCTION

During cardiogenesis, cells from the endocardium, myocardium and epicardium give rise to the 
appearance of the ventricular wall (Moorman & Christoffels, 2003). The myogenic commitment 
of multipotent cardiovascular progenitors sources the myocardial compartment herein. And while 
the right ventricular myocardium originates from an Isl1/Nkx2.5 positive cell population, up to 
date, it remains unknown what transcription factor marks the origin of left ventricular myocardium 
(Buckingham et al, 2005; Cai et al, 2003; Laugwitz et al, 2005). Early Isl1+ and Nkx2.5+ right 
ventricular marked cardiomyocytes isolated from a double transgenic renewable cell source can 
be used for functional tissue engineering and show limited intrinsic capacity to proliferate in vitro 
(Domian et al, 2009). Previous work showed that Wnt/ɴ-catenin plays a pivotal role in self-renewal 
and myogenic differentiation of early embryonic multipotent progenitors (Kwon et al, 2007; Lin 
et al, 2007; Qyang et al, 2007). In addition, recently, we demonstrated that Wnt/ɴ-catenin signaling 
pathway also controls spatiotemporal proliferation and differentiation of early ventricular myocytes 
derived from pluripotent cell sources as well as mouse fetal ventricular myocytes. Furthermore, 
constitutively activated ɴ-catenin in fetal ventricular myocardium promotes proliferation of cardiac 
myocytes in the left and right ventricle up to the early neonatal stage, while abrogation of ɴ-catenin 
signaling attenuates proliferation of early ventricular myocytes.
Therefore, we explored the effect of a defined set of small molecules, known to modulate the 
Wnt/ɴ-catenin signaling pathway, on proliferation and differentiation of early fetal-isolated 
ventricular myocytes. We found that a group of small molecules (table 1), directly inhibiting 
cytoplasmic glycogen synthase kinase 3 (GSK-3) and thereby activating Wnt/ɴ-catenin signaling, 
robustly enhanced the ex vivo proliferation capacity of early cardiomyocytes. Conversely, 
treatment with molecules abrogating Wnt/ɴ-catenin signaling resulted in reduced intrinsic 
proliferation and enhanced differentiation as found with quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) for structural cardiac genes.
Herein, we describe a reliable and reproducible method to isolate relatively high numbers of 
ventricular cardiomyocytes and provide the techniques to expand or differentiation these cells. 
Altough, several strategies for isolation of rat and murine cardiac myocytes have been reported 
before, yet no easy and effective culture method exists to efficiently expand these.  

Table 1. Selected small molecule inhibitors and activators of the Wnt/ɴ-catenin signaling pathway

Small molecule Molecular target Wnt/ɴ-catenin 
signaling

Effect Reference

BIO* GSK-3 inhibition Activation Proliferation (Meijer et al, 2003)

CHIR99021 GSK-3 inhibition Activation Proliferation (Ying et al, 2008)

1-Azakenpaullone GSK-3 inhibition Activation Proliferation (Kunick et al, 2004)

IWR-1* Axin stabilization Inhibition Differentiation (Lu et al, 2009)

IWP-3 Porcupine inhibition Inhibition Differentiation (Chen et al, 2009)

PNU7747 Nuclear ɴ-catenin binding Inhibition Differentiation (Trosset et al, 2006)

GSK-3, glycogen synthase kinase 3. *Small-molecules used in this protocol.
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Mouse fetal (E11.5-14.5) cardiomyocytes have a limited capacity to proliferate ex vivo. This 
intrinsic capacity can be robustly enhanced with treatment of a GSK-3 inhibitor. Moreover, 
isolation and expansion or differentiation of fetal cardiomyocytes takes less than 3-weeks and 
yields high numbers of functional myocytes with relatively high purity (~70%).
 

BASIC PROTOCOL 1 

Isolation of fetal ventricular cardiomyocytes 
Introductory paragraph
This protocol is used to isolate ventricular cardiac myocytes from murine embryonic hearts 
(E11.5-14.5) using micro dissection and enzymatic digestion techniques. The steps describe 
how to dissect fetal tissues and how to process the cardiac tissue to yield dissociated 
cardiomyocytes. This protocol will yield between 50.000-200.000 ventricular myocytes per 
embryonic heart depending on the embryonic stage.

Materials
Sterile Phosphate Buffered Saline (PBS) 1x
Collagenase Solution (see Reagents & Solutions)
Trypsin/EDTA (Invitrogen, 5200-056)
Culture Media (see Reagents & Solutions)
15-ml centrifuge tubes (BD, 352097)
Scissor
Forceps 
Scalpel
Microscope
Inverted light microscope
70% Ethanol
Laminar flow hood
37°C water bath
37°C / 5% CO2 tissue incubator

Protocol steps
1.  Euthanize mouse (preferable through cervical dislocation) and open up the abdominal skin 

and peritoneum with scissor and forceps.
2.  Dissect out the uterus by cutting the following structures; Fallopian tube on one side, the 

cervix and the Fallopian tube on the other side. Transfer the uterus containing the embryos 
to a 10cm cell culture dish with ice-cold PBS 1x (Figure 1a).

3.  Open up the uterus wall with a scissor and collect the embryos by opening up the yolk sacs. 
Cut-off the head with one incision in the neck and the lower structures with one incision 
above the liver. The heart now becomes visible and can be dissected-out. Remove the 
pericardial sac, atrial and vascular tissue (Figure 1b and c).

4.  Incise ventricles multiple (3-4) times with a scalpel and put in 15mL collection tube(s) while 
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in PBS 1x on ice (Figure 1d)
5.  Wash ventricles with PBS 1x, spin down at 850 RPM for 3 minutes and discard wash buffer. 

Repeat this step up to 3 times.
6.  Add 2-4mL of Collagenase Digestion Solution to 15mL tube and incubate ventricular tissue 

for 1-1.5 hours at 37°C water bath.
7.  Gently pipet ventricular tissue up and down every 15 minutes to enhance enzymatic digestion.
8.  After 1-1.5 hours, add 1 volume of 0.25% trypsin and incubate for 3 minutes at 37°C.
9.  Gently pipet up and down to create a single cells suspension and neutralize the trypsin with 

1 volume of FBS.
10.  Fill up 15mL tube(s) with PBS1x and spin cells down for 5 minutes at 850 RPM.
11.  Discard supernatant and re-suspend cells in 1mL of Culture Media (see Reagents & Solutions).
12.  Pipet up 10µL and count cells using standard counting method.

Step annotations
1.  Note: Experiments involving live animals must be according to the institutional regulations 

and require approval of the Institutional Animal Care and Use Committee (IACUC) or 
equivalent.

2.  Note: The mouse uterus is located in the peritoneal cavity. The uterus tube runs from the 
cervix up to the Fallopian tubes on both sides. 

4.  Optional: The left and right ventricle can be collected separate if the study design requires 
this.

Figure 1 Isolation and plating of ventricular myocytes. 
(a) Image of dissected mouse uterus containing multiple embryos. (b) mouse embryo at ~E12.5. Dashed 
lines indicate where incisions should be made to yield the heart. (c) fetal mouse heart. Dashed lines indicate 
excision of atrial tissue. (d) pooling of ventricular tissue in 15mL tubes. 2-3 tubes can be used for biological 
replicates. (e) representative image of ventricular cells stained for cardiac troponin T (cTnT) (green), Ki67 (red) 
and DAPI (blue). (f) percentage of cTnT+ cells 1 day after isolation (E12.5+1). Scale bar represents 50µm. (g) 
quantification of cTnT+ cell number per well of a 384-well plate. Error bars indicate standard deviation. (n=3, 
each in 6 technical replicates).
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6.   Note: Alternatively the 15mL can be placed horizontally on rotational platform in a 37°C 
incubator to enhance enzymatic digestion with continuous mechanical force.

9.  TROUBLESHOOTING: Before pipetting the tissue up and down in the digestion buffer, wet 
pipet tips to avoid adhesion of cardiac tissue on the inside wall. 

10. IMPORTANT: Pipet gently to avoid shear stress. 
 

BASIC PROTOCOL 2 

2-Dimensional culture of fetal ventricular cardiomyocytes
This protocol describes the procedures for the in vitro culture of fetal-derived ventricular 
cardiomyocytes. Depending on the purpose of the experiment, cells can be plated (2-dimensional) 
or cultured in aggregates (3-dimensional) (alternate protocol 2) (Table 2). 2-dimensional cultures 
allow better quantification options for proliferation or differentiation assays, while 3-dimensional 
cultures preserve a better physiological cellular context useful for tissue engineering experiments. 
GSK-3 inhibitor treatment in a 2-dimensional culture conditions results in up to a 20-fold increase 
of cardiac myocyte within one week (Figure 2a-d).

Materials
0.1% Gelatin solution (see Reagents & Solutions)
Collagen solution 1:20 (see Reagents & Solutions)
Culture Media (see Reagents & Solutions)
6-Bromoindirubin-3’-oxime (BIO) (Sigma, B1686) (see Reagents & Solutions)
Inhibitor of Wnt Response-1 (IWR) (Sigma, I0161) (see Reagents & Solutions)
Sterile pipet basin
Multichannel pipet
24, 96 or 384-well cell culture plate(s) 
Inverted light microscope
Laminar flow hood
37°C water bath
37°C / 5% CO2 tissue incubator
4% Paraformaldehyde (PFA) solution
TRIzol Reagent (Invitrogen, 15596-026)

Table 2. Overview of 2 and 3-dimensional culture methods

Environment (Plate ) Media (volume) Cells (number)

2-Dimensional culture

24-well culture plate 1000µl 15.000-45.000

96-well culture plate 200µl 2.500-7.500

384-well culture plate 75µl 500-1500

3-Dimensional culture

10 or 15 cm petri-dish 10-20µl/drop 250-500
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Protocol steps
1. Coat plates with 0.1% gelatin solution for 20 minutes at RT.
2.  Re-suspend cells in the desired amount of culture media to end-up with cell densities per 

volume as listed in table 2. Next, transfer the cell suspension to a sterile pipet basin.
3. Use a single or multichannel pipet to plate cells on 0.1% gelatin pre-coated plates.
4. Allow the cells to settle overnight in a tissue incubator at 37°C (12-24 hours)
5. The next day, dissolve compounds in DMSO to create a 10mM stock concentration.
6.  Prepare 10x of final concentrations in Culture Media (for BIO make 15-25µM and IWR 80-

160µM solutions (which is 10x if the appropriate end concentration, i.e 1.5-2.5µM for BIO 
and 8-16µM for IWR)

7.  Add the small-molecules and DMSO carrier control in 10x concentration of final to the cell 
culture (i.e. add 8.3µl of 10x compound to 75µl of media in a 384-well, to make ~83µl)

8.  Change the Culture Media every 2-3 days, or when color changes to orange/yellow, and add 
compounds again in 10x of the final concentration on top.

9.  Fix cells with 4% PFA at desired time-point(s) and perform standard immunocytochemistry 
(Figure 1e and f). Alternatively lyse unfixed cells in TRIzol Reagent and process for RT-PCR 
analysis.

Step annotations
1.  NOTE: To mimic a more organic environment plates can also be coated with collagen type 

I solution for 20 minutes at RT.

ALTERNATE PROTOCOL 2

3-Dimensional culture of fetal ventricular cardiomyocytes
3-Dimensional aggregate culture of cardiomyocytes has the advantage that physiological cell-cell 
communication is maintained or re-established to some extend. Because of the absence of 

Figure 2 2-dimensional expansion of differentiation of ventricular myocytes. 
Representative images of ventricular cells cultured in (a) DMSO, (b) BIO or (c) IWR stained for cardiac 
troponin T (cTnT) (green), Ki67 (red) and DAPI (blue). Scale bar represents 50µm. (d) Quantification of cTnT+ 
cells at day 1 (baseline) (E12.5+1), 3 (E12.5+4) and 6 (E12.5+7) additional days of culture in the presence 
or absence of BIO or IWR. Error bars indicate standard deviation. (n=3, each in 6 technical replicates for 
each time point). 



CHAPTER 4

86

attachment to the culture plate, cardiomyocytes form aggregates which allow interaction and 
mechanical forces in 3-dimensions. Previous work suggested that neonatal rat ventricular cells 
have an innate potential to re-form the complex 3-dimensional organization of cardiac tissue in 
vitro. The electrophysiological properties of cardiomyocytes cultured in 3-dimensional 
environment were superior to those of the same cells cultured as monolayers (Akins et al, 1999; 
Bursac et al, 2003). Using alternative protocol 2, ventricular cells can be cultured, expanded 
or differentiated using a hanging drop aggregate method.

Materials
Culture Media 
TRIzol® reagent (Invitrogen, 15596-026)
Chloroform (Fisher Scientific, 67-66-3)
Pipet basin
Multichannel pipet
Inverted light microscope
Laminar flow hood
37°C water bath
37°C / 5% CO2 tissue incubator

Protocol steps
1.  Re-suspend cells in a density of 25-50 cells/µl and add final concentrations of small molecules 

(BIO 1.5-2.5µM and IWR 8.0-16µM)
2. Use a multichannel pipet to make 10µl drops (250-500 cells/drop) on a petri dish. 
3. Flip the petri dish upside down and place hanging drops in tissue culture incubator at 37°C. 
4.  Within 12 hours the isolated cardiac myocytes will cluster and form cardiac microspheres. 

Within 24-36 hours spontaneously contracting cardiac microspheres can be observed. 
5.  After 2-4 days, pool cardiac microspheres into petri dish or low-attachment with new culture 

media for additional culture or process tissue for optical, immunohistochemistry or standard 
real-time reverse-transcription PCR analysis (RT-PCR).

IMPORTANT NOTE: For optimal cell adhesion it is recommended not to move the plate within 
the first 12 hours of cardiac microsphere formation. 

SUPPORT PROTOCOL 2

Analysis of expanded or differentiated fetal ventricular myocytes 
This section summarizes and discusses a selection of analytical readout options available to 
study proliferation and/or differentiation of fetal-derived ventricular progenitors.

Materials
PBS 1x
Saponin (Sigma, 47036)
4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) 1:10.000 (invitrogen, D1306)
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Primary antibodies
Cardiac Troponin T (cTnT) 1:250 (mouse monoclonal, NeoMarkers, Ms-295, 0.2mg/mL)
Ki67 1:300 (rabbit monoclonal, Abcam 16667, 1mg/mL) 
ɲ-Sarcomeric Actinin (ɲ-SA) 1:250 (mouse monoclonal, Sigma, A7811, 1mg/mL)
Connexin-43 (Cx43) 1:150 (rabbit polyclonal, Sigma, C6219, 1mg/mL)

Secondary antibodies
Alexa 488nm donkey anti-mouse 1:400 (Invitrogen, A-21202) 
Alexa 594nm donkey anti-rabbit 1:400 (Invitrogen, A-21206)

Immunofluorescence microscope
Qiagen RNeasy Mini Kit (Qiagen, 74104)
iScript cDNA Synthesis Kit (BIO-RAD, 170-8891)

Immunofluorescence
Standard immunofluorescence can be used to visualize cell number, proliferation and 
differentiation or commitment. Commonly used antibodies for a basic analysis of cardiac 
myocytes (and/or differentiation or commitment) are cTnT and ɲ-SA. Assays to analyze cell 
number and proliferation include staining for nuclear DNA with DAPI or for proliferation marker 
Ki67. In this protocol, cTnT staining is used to discriminate between the cardiomyocyte and 
non-cardiomyocyte populations. Furthermore, scoring of total cTnT+ cell number, as well all 
Ki67+/cTnT+ cells are useful methods to evaluate proliferation. 

Quantitative PCR
RT-PCR analysis for structural cardiac genes provides insights in what effect of small-molecules 
exert on gene expression. In this protocol it is illustrated for cardiac Troponin T (TnnT2), ventricular 
specific myosin light chain (Myl2), and cardiac specific ɲ-myosin heavy chain (Myh6) in ventricular 
myocytes treated with BIO or IWR. Furthermore, activation or inhibition of a molecular pathway 
can be monitored by RT-PCR analysis for direct target genes. 

REAGENTS AND SOLUTIONS

Collagenase solution
Phosphate Buffered Saline (PBS) 1x, Collagenase A (Roche, Cat. No. 11 088 785 103) 1mg/mL, 
Collagenase B (Roche, Cat. No. 11 088 823 103) 1mg/mL and 20% Fetal Bovine Serum (FBS) 
(Gemini Bioproducts)

Trypsin
0.25% Trypsin-EDTA 1x (Invitrogen, 25200-056)

0.1% Gelatin solution
Phosphate Buffered Saline (PBS) 1x, 0.1% gelatin (Sigma, G1890)
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Collagen 1:20 solution
Phosphate Buffered Saline (PBS) 1x, collagen type I 3.37mg/mL 1:20 (BD, 354236)

Ascorbic Acid
Sterile water, Ascorbic acid 10mg/mL (100x) (Sigma, A4544)

Culture media
Iscove’s Modified Dulbeccos Medium (IMDM) (Thermo Scientific, SH30228.01), 10% Fetal 
Bovine Serum (FBS) (Gemini Bioproducts, 100-500), Non Essential Amino Acids solution (NEAA) 
1x (Invitrogen, 11140-050), Ascorbic acid 1x, Pencillin 50U/mL, Streptomycin 50µg/mL, 
Mercaptoethanol 1:150.000 (Sigma, M6250)

BIO (GSK-3 inhibitor)
6-Bromoindirubin-3’-oxime (BIO) (Sigma, B1686), prepare 10mM solution in DMSO

IWR (Axin inhibitor)
Inhibitor of Wnt Response-1 (IWR) (Sigma, I0161), prepare 10mM solution in DMSO

Antibodies
Primary antibodies: Cardiac Troponin T (cTnT) 1:250 (mouse monoclonal, NeoMarkers), Ki67 
1:300 (rabbit monoclonal, Abcam 16667), ɲ-Sarcomeric Actinin (ɲ-SA) 1:250 (mouse monoclonal, 
Sigma, A7811), Connexin-43 (Cx43) 1:150 (rabbit polyclonal, Sigma, C6219). Secondary 
antibodies: Donkey anti-mouse Alexa 488nm 1:400 (Invitrogen, A-21202) and donkey anti-rabbit 
594nm 1:400 (Invitrogen, A-21206).

COMMENTARY

Background Information 
Annual ventricular myocyte turnover is estimated around 2% in the adult mammalian heart and 
occurs mostly through refreshment of preexisting myocytes (Senyo et al, 2013). Unlike the 
mammalian heart, certain fish and amphibians maintain the capacity to repair cardiac damage 
throughout life (Poss et al, 2002). And while adult mammalian myocardium is almost completely 
lacking the capacity to regenerate the myocytes lost after injury, it was shown that the early 
neonatal myocardium has an intrinsic capacity to reconstitute for myocyte loss. This capacity of 
neonatal cardiomyocytes to proliferate is lost early after birth. The neonatal intrinsic cardiomyocyte 
response to reconstitute the cell loss, however, is similar to the regenerative capacity of zebrafish 
hearts (Jopling et al, 2010; Kikuchi et al, 2010).
Pharmacological or cell based therapy, aiming at replacing or augmenting the number of 
functional myocardial cells represents an attractive therapeutic approach to regenerate the 
injured mammalian heart. These pharmacological compounds or cells will have to be applied or 
assembled into the 3-dimensional structure of the myocardial wall. Boosted cardiomyocyte 
renewal or direct engrafted cardiac cells will then have to be functionally coupled with native 
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myocardium to improve cardiac function. Furthermore, electrophysiological coupling of de novo 
cardiomyocytes has to occur without resulting in arrhythmias or rejection. For such a 
pharmacological or cell-based approach to regenerate the adult heart, a more detailed 
understanding of physiological cardiac myocyte growth and turnover is required. 
Up to date, no stable cardiac myocyte cell-line has been described. And although neonatal rat 
cardiomyocytes have a limited capacity to proliferate ex vivo, neonatal mouse-derived myocytes 
almost completely lack the intrinsic capacity to further proliferate. Recent work, however, 
showed that a number of microRNAs efficiently promote the proliferation of murine 
cardiomyocytes (Eulalio et al, 2012). In this regard, having a small-molecular strategy to direct 
early cardiomyocytes to expand or further differentiate forms therefore the next step to 
cardiomyocyte culture. Furthermore, the set up of this protocol allows it to study molecular Wnt 
signals driving the proliferation and differentiation. In addition, this approach is adaptable into a 
platform to identify novel small-molecules regulating early cardiomyocyte fate. 

CRITICAL PARAMETERS AND TROUBLESHOOTING 

Survival and viability
Low yield is often a result of too much shear stress through vigorously pipetting or too long 
exposure to enzymatic digestion. Since the cardiac cells in the native myocardium are highly 
organized and tightly connected to each other by gap junctions and adherens junctions 
(desmosomes) it requires slow enzymatic dissociation over 1-2 hours. In addition, gentle pipetting 
enhances the dissociation process and shortens the digestion time. Therefore, the survival and 
viability of the isolated cells is a balance between the least shear stress and the shortest possible 
digestion process. To optimize cell dissociation, a 3-minute Trypsin digestion step can be added 
after 1-2 hours of collagenase treatment. Optionally collagenase digestion can be performed on 
a rotational shaker. 

Adherence
Protein coating of the cell culture plates is necessary to facilitate sufficient attachment of plated 
cells. As described, we routinely use gelatin and collagen protein-solutions for coating of our 
culture plates. In addition, fibronectin and laminin are other proteins often used for coating. If 
adherence of cell is an issue, protein concentrations in the coating solution can be increased up 
to a 10 fold to promote cell adhesion.

Plating density
For successful expansion of ventricular myocytes it is important to start off with the seeding 
densities as described in table 2. For RT-PCR analysis it is recommended to use higher densities, 
while for cell count analysis lower cell numbers per well are time saving.

Small-molecule treatment
It is important to add compounds within 12-24 hours after cell seeding to maintain ventricular 
myocytes in a proliferative state, while it is not recommended to seed cells together with the 
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final concentration of the compounds, since compounds can have different effects on cell 
survival, viability and attachment. Furthermore, avoid multiple freezing and thawing cycles of 
the small molecule stocks and instead prepare small aliquots. 10x diluted compounds are usually 
last for up to 1 week. Cover tubes with small-molecules in aluminum foil to avoid light exposure.

Contamination
Under aseptic conditions ventricular myocytes cultures can be grown without antibiotics. 
However, we prefer to perform the animal dissection and isolation of cardiac cells under non-
sterile conditions and supplement the Culture Media with low concentrations of antibiotics (see 
Reagents & Solutions: Culture Media). Potentially, antibiotics can cause bacterial resistance and 
can interfere with the expansion or differentiation of cardiac cells. 

Anticipated Results
This protocol describes in detail the isolation and subsequently expansion or differentiation of 
fetal ventricular cardiomyocytes. As described in Basic Protocol 1, between 500.000 and 2 
million ventricular myocytes can be isolated from one litter, depending on the embryonic stage. 
Usually, between 60-80% of the fetal ventricular myocytes stain positive for cardiac troponin T 
(cTnT) at day 1 (E12.5+1) (Figure 1e-g)
As shown in Basic Protocol 2, isolated cells can subsequently be plated and up to a 20-fold 
expanded in 1 week with GSK-3 inhibitor treatment. Conversely, inhibition of Wnt signaling with 
IWR, results in the reduced proliferation and ventricular myocyte cell number (Figure 2a-d). 
Furthermore, expanded and differentiated ventricular myocytes show strong sarcomere 
expression and gap junction formation as illustrated in figure 2e-g. 
Alternate Protocol 2, describes the culture of ventricular myocytes in aggregates. When BIO 
or IWR are added to the aggregates, it results in increased or decreased diameter of the cardiac 
tissue aggregates compared to the DMSO control (Figure 3a-d). Furthermore, IWR appears to 
increase the beating rate while BIO has the opposite effect, when compared to aggregates 
cultured in DMSO (Video 1-3). Quantitative RT-PCR reveals that BIO decreases and IWR increases 
mRNA expression of structural cardiac / ventricular genes as Tnnt2, Myl2 and Myh6 as compared 
to the DMSO controls (Figure 3e).

TIME CONSIDERATIONS

Animal breeding
The animal breeding for this protocol exists of setting up C57BL/6 or CD1 females with males. 
Mice mate during night, so plug checks should preferably be performed in the in the morning. 
Usually, C57BL/6 or CD1 females plug within 3 days in the presence of a male. Fetal 
cardiomyocytes can be yielded between E11.5 and 14.5. Total time for this part of the protocol 
is 2-2.5 weeks.
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Isolation
Sacrificing the pregnant female and dissecting the fetal ventricular tissue takes approximately 
1-1.5 hours. Digestion of tissue 1-2 hours and plating varies on the size of the experiment. Total 
time is approximately 2-4 hours.

Expansion
Expansion or differentiation assays can be performed varying from 3 days up to 1-2 weeks. Total 
time of this part depends on experimental design.

PCR
PCR primer sequences are online available on PrimerBank: http://pga.mgh.harvard.edu/
primerbank/

Figure 3 3-dimensional culture of ventricular myocytes. Representative bright field images of ventricular 
cells cultured in aggregates treated with (a) DMSO, (b) BIO or (c) IWR. Scale bar represents 50µm. (d) 
Quantification of the diameter of ventricular tissue constructs in µm. (n=3, each in 3 technical replicates). 
(e) qPCR analysis for structural cardiac genes on cells treated with BIO, DMSO or IWR. (n=3). Error bars 
indicate standard deviation.
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ABSTRACT

The limited intrinsic proliferation capacity of cardiac myocytes forms a major hurdle in modern 
cell biology and regenerative medicine. Therefore, the directed derivation of cardiomyocytes 
from renewable pluripotent stem cell sources has emerged in the past decade. However, in 
order to obtain robust cell numbers required for true regenerative cardiac approaches and large-
scale drug screens it is mandatory to improve cell-replication in cardiomyocytes. To that point, 
we performed high-content screens for cardiomyocyte expansion. Here, we describe the set-up 
and the first candidates from a high-throughput small compound screen in mouse embryonic 
stem cell and fetal-derived cardiomyocytes. This work resulted in a number of novel candidates 
that can induce early myocyte expansion and are related to the Endothelial Growth Factor 
pathway, Androgens, and Interleukins. 
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INTRODUCTION

Although much attention has focused on the use of stem cells to regenerate injured organs, 
stem cells and their derivatives may also lead to molecular drug discoveries. Since decades, 
about 90% of developed and tested drugs in randomized clinical trials fail due to inefficacy or 
toxic side effects (Rubin, 2008; Rubin & Haston, 2011). Embryonic stem (ES) cell-derived tissue 
specific cells form a novel approach to identify or test new drugs reproducible on a cellular level. 
High-throughput screening is a novel method for large-scale scientific drug discovery. Using 
high-throughput screening, new hit compounds can quickly be identified and subsequently be 
used to study molecular pathways leading to control of tissue growth and homeostasis (Rubin, 
2008; Willems et al, 2011a). Recent efforts have demonstrated the identification of candidate 
therapeutics for amyotrophic lateral sclerosis (ALS) in a screen on stem cell-derived motor 
neurons, highlighting the promise of pluripotent stem cells for drug discovery for potential future 
clinical purposes (Burkhardt et al, 2013; Yang et al, 2013). 
ES cells and induced pluripotent stem (iPS) cells and their differentiated derivatives form efficient 
and quick models to study development and cell behavior in vitro. Much work has focused on 
optimizing the directed differentiation of ES and iPS cells into cardiac progenitors and myocytes 
using stepwise and stage specific addition of purified proteins, known to be involved in embryonic 
development. This stage specific modulation of Wnts, BMPs, Activins and FGFs has resulted 
in differentiation protocols yielding over 80% of beating cardiomyocytes (Kattman et al, 2006; 
Kattman et al, 2011; Lian et al, 2012; Paige et al, 2010; Yang et al, 2008). Moreover, larger 
chemical screens were performed in ES and iPS cell lines, containing cardiac specific fluorescent 
reporter systems, and identified novel targets for cardiac specification and commitment (Willems 
et al, 2012; Willems et al, 2011b). ES and iPS cells are characterized by their potential for self-
renewal, but cardiac progenitors and myocytes are marked by their limited capacity to self-
replicate (Domian et al, 2009; Thomson et al, 1998) but potential hits that can stimulate their 
proliferation are of great interest and potential clinical importance.
For easy drug screening and future cell and tissue transplant therapies, it is important to 
understand the regulation of cardiomyocyte expansion in vitro. Up to date, the proliferation of 
cardiac myocytes after successful cardiac differentiation is limited. In a recent attempt, several 
miRNAs were identified to activate cardiac cell replication in ex vivo cardiac cultures. However, 
these miRNAs exerted a transient effect and are difficult to apply in long term cell culture (Eulalio 
et al, 2012). To extent these early findings, it is mandatory to identify (novel) small molecular 
compounds that target the promotion of cardiomyocyte proliferation. Here, we describe the 
set-up, pilot screen, and validation of several selected small-molecule libraries aiming to identify 
novel compounds that stimulate mouse ES cell-derived and fetus-derived cardiomyocyte 
proliferation. 

RESULTS 

We used a previously described transgenic embryonic stem (ES) cell line, in which GFP was 
expressed under the fetal enhancer of Nkx2.5. In this line, the Nkx2.5-GFP+ cells represent a 
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first-heart-field (FHF) population of early cardiomyocytes. These ES cell-derived FHF cells and 
fetal-derived cardiomyocytes were used as cell input for the high content screens (Doevendans 
et al, 1996; Domian et al, 2009; Wu et al, 2006). In a first set of experiments, we aimed to 
optimize the screening conditions to increase sensitivity and specificity of the results. For this 
screen, we defined through experimental testing the effect of the following factors; positive 
control, potential readouts (cTnT+ vs cTnT+/Ki67+) and culture conditions (Figure 1E-G).  Not 
surprisingly, sensitivity and specificity of hits are increased when an appropriate positive control 
is used (Rubin, 2008). Previously, glycogen synthase kinase 3 (GSK-3) inhibitors were shown to 
promote robust expansion of early ES cell-derived cardiomyocytes and fetal ventricular myocytes 
(Buikema et al, 2013). Therefore, in the first optimization experiments we tested the effect of 
GSK-3 inhibitor 6-bromoindirubin-3’-oxime (BIO) in a 384-well plate high-throughput format. As 
readout, we stained for the cardiomyocyte marker Troponin T (cTnT) and cell-replication marker 
Ki67. Next, we used automated imaging and cell count techniques to quantify cTnT+/Ki67- and 
cTnT+/Ki67+ cell numbers. Colored images were quantified by defining all nuclei, all 
cardiomyocytes (cTnT+/Ki67-) and all replicating cardiomyocytes (cTnT+/Ki67+) (Figure 1A-D). 
During the set-up phase, automated cell count was validated by manual cell count and counted 
cell numbers did not significantly differ between techniques (data not shown). We found that 
within 4 days of culture, cTnT+/Ki67+ cell numbers were 2-6 fold increased in BIO treated cells 
when compared to the carrier control (p<0.001). This allowed exploring cell proliferation in a 
72-hour screen without media or compound changes. In a next set of experiments, we aimed 
to optimize cell density, serum percentage, and GSK-3 concentration. As shown in Figure 1E-G, 
we found that the optimum conditions were ~1000 cells/384-well, 5% serum and 1.5µM of BIO 
(Figure 1G) (P<0.001). In a first pilot assay, we screened for ~35 selected compounds known 
to interact with the Wnt/ɴ-catenin signaling pathway (Figure 1H). In a 4-day pilot screen, we 
identified 4 more GSK-3 inhibitors, named FHF535, 3F8, CHIR98014, CHIR99021(CHI) and one 
Wnt agonist, QS11, all of which showed equal or better effects than BIO (Figure 1I). From these, 
we found that CHI, a specific GSK-3ɴ inhibitor, was the most potent stimulator in a concentration 
of 3.0µM. This illustrated that our screen was sensitive to pick up expected hits within the 
Wnt/ɴ-catenin signaling pathway. Therefore, CHI was added to the subsequent screening set-
ups as a second positive control.

Small chemical screening NIH therapeutic approved compounds 
To identify new molecular pathways involved in early cardiomyocyte proliferation, we screened 
a selection of ~550 National Institute of Health (NIH) drug approved compounds and kinase 
inhibitors. These libraries covered small molecules known to target most embryonic pathways 
as TGF-ɴ/BMP, FGF, Wnt, Notch and Hedgehog (Paladini et al, 2005). Importantly, these 
compounds could potentially easily be translated into pre-clinical studies. Each compound from 
this library was screened in two replicates, two different concentrations, and two cell types. As 
shown for ES cell-derived Nkx2.5+ cells in Figure 2A and for fetal cardiomyocytes in Figure 2B, 
positive and negative controls showed a 3-6 fold increase in proliferation, whereas the baseline 
signal of the screen appeared to be similar as the DMSO treated control. Candidates were 
considered and picked when the average of two replicates was equal or higher than the averaged-
fold-increase of the positive controls as compared to the carrier control. From these two libraries, 
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we got a total of ~25 small molecules molecules as listed in Figure 2C. Within those molecules, 
we found eight overlapping compounds in both ES and fetal derived early cardiomyocytes (Data 
not shown). Next, we validated these ~25 molecules in 5 different concentrations on fetal-
derived cardiomyocytes. As shown in Figure 2D, we found 6 promising candidates for the 
expansion of early cardiac myocytes, named Ethylestrenol, 10-DEBC hydrochloride, Deguelin, 
Resvatrol, Glycyl H-1152 Rho Kinase Inhibitor IV and Phorbol 12-myrisate 13-acetate. From this 
set of small molecules, potentially one or more could be useful for the long-term expansion of 
cardiomyocytes. 

Figure 1. Automated screening and assay development.
(A) Image of ES cell-derived early cardiomyocytes stained for cardiac Troponin T (cTnT) (green) and Ki67 
(red), nuclear DNA is visualized with Dapi (blue). (B) Recognition of all nuclei in Columbus automated image 
quantification software. (C) Automated inclusion of all cTnT+ (green) cells and exclusion of cTnT- (red) cells. 
(D) Automated inclusion of proliferating cardiomyocytes (cTnT+/Ki67+) (green) and exclusion of cTnT+/Ki67- 
cells (red). (E) Four-day test run for positive (BIO) and negative (DMSO) control represented as fold increase 
in cTnT+ and proliferating cTnT+/Ki67+ cells over the control. (F) Scatterplot of positive control versus the 
DMSO control. Y-axe indicates cell numbers per well. (G) Graph representing cTnT+/Ki67+ cell-replication in 
different amounts of serum. X-axe shows the relative amounts of serum in the media.
(H) Pilot screen for Wnt pathway related compounds. Data is represented as fold increase over the DMSO 
treated negative control. (I) Validation experiment for the hits found in E, for each compound listed 0.3, 1.0 
and 3.0µM amounts were used. Error bars indicate standard deviation. 
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Figure 2. Screening NIH drug approved small chemicals library. (A) Graph representing DMSO controls, 
positive controls and ~550 selected NIH approved chemicals screened on ES cell-derived Nkx2.5+ cells. (B) 
Graph representing DMSO controls, positive controls and ~550 selected NIH approved chemicals screened 
on fetal-derived cardiomyocytes. (C) List of ~25 compounds identified from ~550 screened compounds 
demonstrating similar or better proliferation stimulatory effects than the effect of BIO (positive control) (D) 
Validated hits from C (overlapping with A and B) screened in concentrations of 100, 500nM and 1.0µM. All 
graphs demonstrate fold increase over the average DMSO control. Error bars indicate standard deviation. 
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Identifying growth factors inducing cardiac myocyte cell replication
Growth factors, and purified proteins, form a special class of compounds. Most growth factors 
are certified for clinical applications because of their natural presence. The library we used 
contained ~80 growth factors represented in 2-3 different concentrations. Screening was 
performed in ES cell-derived and fetal-derived cardiomyocytes. As displayed in Figure 3A, 
Nkx2.5+ cells contained more cTnT+/Ki67+ cells in positive controls than DMSO treated cells. 
Furthermore, 90% of the screened compounds were comparable to the negative control, 
indicating that the negative control did not under or over represent the results. The most potent 
compounds were human fibroblast growth factor 17 (hFGF-17), human granulocyte macrophage 
colony-stimulating factor (hGMCSF), human interleukin 4 (hIL4), human interleukin 6 (hIL6), 
mouse Cerberus 1 (mCerberus-1), human cardiotrophin-1 (hCT-1) and Follistatin (Figure 3B). In 
an identical experiment, the same set of growth factors was added to fetal-derived 
cardiomyocytes and evaluated after 4 days of culture. The screenings characteristics, shown in 
Figure 3C, showed that the early myocytes had the intrinsic capacity to expand when treated 
with a GSK-3 inhibitor, indicating that the screen worked. The most potent growth factors, 
demonstrating a capacity to increase or maintain cardiomyocyte cell replication, are; human 
endothelial growth factor (hEGF), human granulocyte macrophage colony-stimulating factor 
(hGMCSF), amphibian transforming growth factor ɴ5 (aTGF- ɴ5), hCT-1, and human bone 
morphogenetic protein 4 (hBMP4) (Figure 3D).

DISCUSSION

Culture of cardiac myocytes remains one of the major limitations in the field of cell biology. 
Generation of indefinite numbers of cardiomyocytes through replication would un-limit modern 
drug testing, tissue engineering, and true regenerative therapies. For the work presented here, 
we chose to perform a high-throughput screen, evaluating high numbers of small molecules in 
ES cell and fetus derived early cardiomyocytes. The small molecule and growth factor screens 
revealed several novel candidates and potential targets regulating cell-replication in early cardiac 
myocytes. 
Various screening strategies have been reported. Recently, Eulalio et al. described an intriguing 
strategy to screen for miRNAs regulating proliferation in neonatal cardiac-derived myocytes. 
Two miRNAs, hsa-miR-590 and hsa-miR-199a, were capable to induce cell-replication in quiescent 
myocytes and cardiac regeneration (Eulalio et al, 2012). Here, we aimed to identify small 
molecules in a high-throughput screen for proliferation. For this, we selected mouse ES cell-
derived FHF marked cells and fetus derived cardiomyocytes, rather than neonatal cells to carry 
out our large-scale screens because of purity and reproducibility of production. Also, performing 
the screen in two cell types would potentially yield stage specific and/or overlapping compounds, 
broadening the biological scope. Furthermore, cardiomyocytes cell division during development 
peaks between E10.5 and E12.5, allowing us to investigate the effect of different molecules on 
maintain/enhancing rather than inducing proliferation in quiescent cells (Soonpaa et al, 1996).
From the NIH drug-approved small-compound library, we identified ~25 molecules. After 
secondary validation, we found 6 candidate molecules that were able to promote proliferation 
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Figure 3. Interaction of purified proteins on cardiomyocyte cell-replication. 
(A) Graph representing DMSO controls, positive controls, and ~80 purified proteins screened on ES cell-
derived Nkx2.5+ cells. (B) Selected hits from (A) screened in the concentrations as listed per compound. (C) 
Graphs representing DMSO controls, positive controls and ~80 purified proteins screened on fetal-derived 
cardiomyocytes. (D) Selected hits from C screened in the concentrations as listed per compound. All graphs 
demonstrate fold increase over the average DMSO control. Error bars indicate standard deviation.
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of early cardiomyocytes, including Ethylestrenol and Glycyl H-1152 Rho Kinase Inhibitor IV (Glycyl 
H-1152). Ethylestrenol is an anabolic steroid with some progesterone-like activity and little 
androgenic activity and already approved for decades for males with testosterone deficiency 
(Cuenca, 1971). At a molecular level, its structure is similar to nandrolone, except for one 3-keto 
functional group (Overbeek et al, 1961) and misused widely in sports as a tool to increase 
functional and esthetic muscle hyperthophy (Evans, 2004). Recent animal studies, however, 
suggest that besides the hypertrophic process also the number of satellite cells in skeletal 
muscle is increased in response to androgen use (Allouh & Aldirawi, 2012; Allouh & Rosser, 
2010). Satellite cells are characterized by their potential to differentiate into skeletal muscle, 
thereby compensating for lost muscle cells during adulthood (Crist et al, 2012; Gunther et al, 
2013). In other environments, treatment with nadrolone/anabolic steroids was also associated 
with breast tumor growth, proliferation of human visceral pre-adipocytes, and aortic endothelial 
cells (Barbosa-Desongles et al, 2013; Sirianni et al, 2012). Androgens stimulate cell proliferation 
through up-regulation of vascular endothelial growth factor (VEGF) (Eisermann et al, 2013). The 
VEGF promoter region contains three binding sites for the Androgen Receptor (AR) transcription 
factor (Cai et al, 2011). Furthermore, recent work illustrated a significant role for VEGF and 
modified VEGF RNA in cardiovascular regeneration (Zangi et al, 2013). However, what exact role 
androgens and analogs play in the cell-replication of early cardiomyocytes has not been described, 
and requires further detailed studies. 
Glycyl H-1152 is a reversible and ATP-competitive glycyl analog of Rho kinase inhibitors that 
block Rho-associated protein kinase (ROCK) and are known to enhance ES cell survival and 
culture (Watanabe et al, 2007). Furthermore, the inhibition of Rho protein kinase leads to 
activation of epidermal growth factor (EGF) (Nakashima et al, 2011). Interestingly, in our growth 
factor high-throughput assay we identified EGF as a candidate to control fetal cardiomyocyte 
cell-replication. Previous work showed that neuregulin-1 is one of four proteins acting on the 
EGF receptor and thereby promotes cardiomyocyte proliferation and cardiac regeneration through 
Erb4 activation. Up-regulation of neuregulin-1 and Erb4 enhanced cardiomyocyte proliferation 
and regeneration in an EGF-like way (Bersell et al, 2009). However, EGF stimulates the intrinsic 
tyrosin kinase activity and causes activation of the Ras/mitogen-activated protein kinase-signaling 
pathway leading to mitogenisis (Rojas et al, 1996). It could be of interest to further evaluate the 
role of EGF receptor activation through Ras kinase proteins in cardiomyocytes.
Finally, in our growth factor screen we picked up interleukin 4 (IL-4) and 6 (IL-6), which are both 
involved in many biological roles including activated B-cell and T-cell proliferation. IL-6 was 
originally characterized as a B-cell stimulatory factor and turned out to be similar to hybridoma 
plasmacytoma growth factor and hepatocyte stimulating factor (Kawano et al, 1988). It is known 
that IL-6 and IL-4 have a variety of biological functions and that their targets are not limited to 
B cells since responses have also been observed in T cells, plasmacytomas, hepatocytes, 
hematopoietic stem cells, and fibroblasts (Garrone et al, 1991; Kawano et al, 1988; Sekhsaria & 
Malech, 1993). But which potential roles IL-4 and IL-6 could play in the (clonal) expansion of 
early cardiac myocytes needs still to be unsolved. 
In this work, we proposed new targets for the expansion of cardiomyocytes. Long-term culture 
of cardiac myocytes is an appealing, but yet to be resolved, issue. Although suggestive, expanded 
cultures should have the same functional properties as the original cells and this is still 
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unexplored. From a biological perspective it seems counterintuitive that mature cardiomyocytes 
could be expanded, not only because of their rod shape and stiff cytoskeleton but also since 
endogenous cell turnover in the adult heart is very low. However, future work might unravel 
ways to dedifferentiate adult cardiomyocytes into a more immature phenotype that is capable 
to expand. The identifications made here might serve as a foundation for new approaches to 
culture early cardiomyocytes and thereby facilitate drug discoveries and future cardiac 
regenerative cell replacement strategies.

METHODS

Mouse ES cell culture
Murine Nkx2.5-eGFP and AHF-Mef2c-DsRed double transgenic embryonic stem (ES) cells  
(Domian et al, 2009) were maintained in regular serum containing media (DMEM, 15% FCS, 
pen/strep 1x, NEAA 1x, L-Glutamine, LIF and 2-Mercaptoethanol (2-ME)) with an irradiated MEF 
feeder system. Prior to differentiation, cells were allowed to adapt for 2 days on 0.1% gelatin-
coated polystyrene plates in (IMDM, 5-15% FCS, pen/strep, NEAA, L-Glutamine, LIF and 2-ME). 

ES cell differentiation and isolation
At day 0, cells were dissociated with 0.25% trypsin for 3 minutes and re-suspended in a density 
of 100.000 cells/mL. Differentiation was induced by embryoid bodies (EBs) in hanging drops of 
1000 cells in 10µl of differentiation media (IMDM, 15% FCS, pen/strep, NEAA, L-Glutamine, 
Ascorbic acid 50ng/mL and 2-ME). At day 3 of differentiation, plates of EBs were pooled in a 
ratio of 4:1. On day 6, EBs were trypsinized into single cell suspension and the GFP+/DsRed- 
(FHF (first-heart-field) fraction) population was isolated. 

Fetal isolation
Embryonic hearts were harvested at E11.5 of development and immediately stored in PBS 1x 
at 4°C. All heart tissue wash washed three times in ice-cold PBS 1x. Cells were chemically 
dissociated for 1 hour in 1% Collagen A and B solution in 20% serum in PBS 1x at 37°C. After 
1 hour, tissue was spun down and collagen solution discarded. Next, tissue was chemically 
dissociated with 0.25% Trypsin for 3 minutes under gentle shaking at 37°C. The Trypsin was 
neutralized, cells were washed, and suspended in differentiation media (see above).

Plating and addition of compounds
After isolation, different cell populations were plated in 0.1% gelatin-coated 384-well plates in 
75µL of differentiation media (5% serum) per well in a density of 1000 of GFP+/DsRed- cells 
per well. Negative and positive controls were added in to the media at day 1. All wells were 
containing final concentrations of 0.01% DMSO (Sigma Aldrich). Positive controls contained 
final concentrations of 1.5µM 6-bromoindirubin-3’-oxime (BIO) or 3.0µM CHIR99021(CHI) (Sigma 
Aldrich). At 4 additional days of culture, cells were fixed in 4% paraformaldehyde for 10 minutes 
and stained and quantified for Troponin T and Ki67 expression. 
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Immunohistochemistry
Cells were blocked for 2 hours at room temperature in 5% serum of secondary antibody and 
0.1% Saponin in PBS. Overnight incubation was performed for primary antibodies in the presence 
of 2% serum of secondary antibody and 0.1% PBS at 4º C. Primary antibodies that were used: 
cardiac Troponin T (mouse monoclonal, NeoMarkers, 1µg/mL and Ki67 (rabbit monoclonal, Abcam 
16667, 1µg/mL). Secondary antibody staining was performed with Alexa fluor 488nm- and 
594nm-conjugated antibodies (Invitrogen, 1:400) against the appropriate species for ~2 hours 
at room temperature. Finally, nuclei of cultured cells were visualized with DAPI blue (1:10.000) 
(Invitrogen).

Imaging and processing
384-well plates were imaged with the Operetta automated image platform (Perkin Elmer). From 
each well, nine 10x images were made in blue, red and green channel to visualize nuclei, cell 
replication and cardiomyocytes, subsequently.

Automated Cell counting
Data was exported from Harmony (Perkin Elmer) to Columbus image quantification software. 
In the used scripts, all cells were counted and from them sub populations were selected using 
intensities derived high-content microscopy (also Figure 1a, 1b).

Statistical Analysis
Statistical analysis was performed with a student t test and p-values <0.05 were considered 
statistical significant.
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ABSTRACT

A complex network of transcription factors orchestrates normal cardiac formation, and mutations 
of one or more factors may result in cardiac defects. Here, we report a First Heart Field-specific 
transcription factor, Hnf4ɲ, identified in a high-throughput quantitative PCR based transcription 
factor array. In situ hybridizations for Hnf4ɲ revealed a detailed expression pattern in the sinus 
venosus at E9.5 of the mouse embryo. Interestingly, small molecule inhibitors of Hnf4ɲ promote 
expansion of embryonic stem cell-derived first heart field progenitors. This work might hold an 
important promise for a marker of first heart field contribution to the sinus venosus. Moreover 
this could lead to improved molecular insights in development and correlation to diseases of 
sinus venosus-derivatives as the sinoatrial node and malformations of the atrial wall. 
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INTRODUCTION

Congenital heart defects are among the most common abnormalities in humans. Cardiac 
formation is orchestrated by the spatiotemporal and structural expression of many transcriptional 
regulators. These transcription factors (TFs) are evolutionary conserved in all living organisms 
and play a central role in cardiogenesis by functioning as activators or repressors of multiple 
genes (Clark et al, 2006; Garry & Olson, 2006; Olson & Srivastava, 1996) by binding specific 
DNA sequences and controlling the genetic transcription from DNA to mRNA. The mouse 
genome encoded for approximately 2000 TFs, and, whereas some TFs are highly tissue specific, 
others are involved in the gene regulation of multiple tissues. Genes are often flanked by several 
binding-sites for distinct TFs, allowing an organ unique fingerprint regulation by networks of TFs 
acting on tissue specific genes (Latchman, 1997; Mitchell & Tjian, 1989; Tomkins et al, 1969). 
Previous work has shown that Mef2, Nkx2.5, Tbx5, and Gata4 are key transcription factors with 
a high expression level necessary for cardiac specification and development (Bruneau et al, 
2001; Lin et al, 1997; Molkentin et al, 1997; Olson & Srivastava, 1996). Interestingly, the 
reprogramming of somatic cells into cardiomyocytes required overexpression of Gata4, Mef2 
and Tbx5, and thereby underscores their pivotal role in cardiogenesis (Ieda et al, 2010). 
Unfortunately, TFs usually have a low expression level and are therefore not identified in the 
standard whole genome gene expression studies, being expressed near array background levels 
(Arany, 2008). A recent developed method, using quantitative PCR, emerged to identify low 
expressed TFs (Gupta et al, 2010). The early mammalian heart arises from two regions of 
multipotent progenitor cells in the splanchnic mesoderm, described as the first (FHF) and second-
heart-field (SHF) which are located posteriorly and medially to the cardiac crescent, and anteriorly 
to the pharyngeal mesoderm (Buckingham et al, 2005). The FHF progenitors of the cardiac 
crescent coalesce along the midline and give rise to the primitive linear heart tube and ultimately 
to the majority of the cells of the left ventricle and inflow tract including the sinus venosus 
(Garcia-Frigola et al, 2003; Spater et al, 2013). Cells from the SHF contribute to the growth of 
the developing heart and eventually give rise to the right ventricle, outflow tract and parts of the 
inflow tract (Laugwitz et al, 2008; Martin-Puig et al, 2008). Fate mapping experiments have 
revealed specific molecular markers, such as Isl1 for the SHF (Cai et al, 2003; Laugwitz et al, 
2005), Tbx5 and Hcn4 for the FHF (Liang et al, 2013; Spater et al, 2013; Takeuchi et al, 2003) 
and WT-1 and Tbx18 for the proepicardium (Cai et al, 2008; Zhou et al, 2008), but up to date it 
remains unknown what transcriptional marker might mark the sinus venosus or its derivatives. 
Originating from the FHF, the sinus venosus is a quadrangular structure, which in mammals 
gives rise to part of the right atrium wall and the sinoatrial node, utterly important in the regulation 
of sinus rhythm and heart rate in healthy individuals (DeRuiter et al, 1995; Park & Fishman, 2011). 
Recent work has shown the isolation of distinct FHF and SHF transcriptional color-marked 
progenitors derived from embryonic stem (ES) cells (Domian et al, 2009). Here, we report the 
identification of Hepatocyte Nuclear Factor 4 Alpha (Hnf4ɲ) as a marker for the sinus venosus 
of the developing heart. 
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RESULTS

A recently developed method for the quantitative analysis of transcriptional components, named 
Quanttrx, allowed us to study the transcriptional control in cardiac progenitors from the FHF and 
the SHF. Quanttrx is previously published platform to quantitatively determine the expression 
of nearly all transcription factors (~1850) encoded by the mouse genome (Arany, 2008; Gupta 
et al, 2010). We induced cardiac differentiation in the previously reported ES cells carrying a 
double fluorescent cardiac reporter system (Domian et al, 2009). From day 6 (D6) differentiated 
embryoid bodies, we FACS-isolated following AHF-Mef2c+/Nkx2.5- (Mef2c), AHF-Mef2c-/
Nkx2.5+ (FHF), AHF-Mef2c+/Nkx2.5+ (SHF), AHF-Mef2c+/Nkx2.5- (NEG) genetically marked 
cell populations. After linear amplification of all RNA samples, we performed high-throughput 
Quanttrx TF analysis on these 3 populations of cardiac cells and as a comparison on the 
population of non-cardiac cells (Figure 1A). In an averaged Pierson correlation, we identified a 
set of genes expressed in FHF progenitors that are known for their role in liver development 
and maintenance. As shown in Figure 1A, Hepatocyte Nuclear Factor 1 Alpha and Beta (Hnf1ɲ 
and Hnf1ɴ), Hepatcyte Growth Factor Receptor (Met) and Hnf4ɲ, were all upregulated in FHF 
progenitors, but not in SHF marked cells. Hnf4ɲ has been characterized as the master regulator, 
playing a pivotal role in liver development and homeostasis in mouse and man (DeLaForest et 
al, 2011; Hayhurst et al, 2001). As being a master regulator of liver development but unknown 
role in the heart, we focused on Hnf4ɲ and validated expression levels in ES cell and embryo-
derived transgenic marked Mef2c, SHF, FHF and NEG cell populations (Figure 1B). We found 
that Hnf4ɲ mRNA expression was enriched in FHF marked cells at D6 of differentiation in vitro 
(left graph) and E9.5 of development in vivo (right graph). To evaluate the expression pattern in 
time, we isolated FHF marked cells at D6 and subsequently plated them on gelatin-coated 
surfaces for 3 days. We performed qPCR analysis for Hnf4ɲ at D6 and the three consecutive 
days (D6+1, +2, +3). In culture, we found that Hnf4ɲ levels decreased rapidly in cells within 2-3 
days after isolation from embryoid bodies (p<0.05) (Figure 1C). Interestingly, we found a similar 
rapid decrease in Hnf4ɲ expression in E11.5 hearts, being almost neglectable in cardiac tissue 
when compared to E11.5 fetal liver (p<0.001) (Figure 1D). So, at a transcriptional level we 
gathered evidence that Hnf4 was spatiotemporal expressed in FHF-derived progenitors or a 
subset of these.
In a next set of experiments, we aimed to identify a more detailed location of where Hnf4ɲ is 
expressed and performed in situ hybridizations on E9.5 embryos. In situ hybridization revealed 
a clear expression of Hnf4ɲ in the sinus venosus of the developing heart and in the cells of the 
early liver bud (Figure 2A-C). Hnf4ɲ expression was seen in the sinus venosus including the left 
and right horns (Figure 2A). As illustrated in sagittal views (Figure 2B and 2C), Hnf4ɲ is present 
from the transition between the inflow tract and the sinus venosus to the horns. Nuclear protein 
expression is observed in the horns of the sinus venosus when stained for Hnf4ɲ and Troponin 
T (Figure 2D) and showed that expression of Hnf4 in E9.5 embryos was restricted to the sinus 
venosus of the developing heart.
Hnf4ɲ is a nuclear receptor protein, mostly expressed in adult liver, gut, kidney and pancreatic 
beta cells. Hnf4 was originally classified as an orphan receptor protein continuously bound to a 
number of fatty acids. The identified endogenous ligand is linoleic acid, however its role remains 
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unclear (Yuan et al, 2009). Conversely, recently a group of small molecules was identified that 
exert antagonistic effects on Hnf4ɲ (Kiselyuk et al, 2012). We therefore treated sorted FHF 
progenitors with these Hnf4ɲ inhibitors, named BI6015 (BI6) and BIM5058 (BIM). After 6 days 
of additional culture, we stained for the cardiac marker Troponin T and the proliferation marker 
Ki67. As shown in Figure 3A-D, we found a ~4 fold increase in Troponin T positive cells when 
treated with BIM or BI6 compared to the DMSO control (p<0.001). Remarkably, the proliferating 
cells were predominantly observed in isolated clusters (data not shown). We concluded that 
inhibition of Hnf4ɲ resulted in expansion of FHF derived progenitor cells or a subset of these. 

Figure 1. High-throughput quantitative PCR identifies Hnf4ɲ in the First-Heart-Field. 
(A) Pierson clustering of Quanttrx transcriptional factor analysis in ES cell-derived AHF-Mef2c+/Nkx2.5- 
(R+G-), AHF-Mef2c-/Nkx2.5+ (R-G+), AHF-Mef2c+/Nkx2.5+ (R+G+), AHF-Mef2c+/Nkx2.5- (NEG) genetically 
marked cell populations. (B) Quantitative PCR validation for Hnf4ɲ in day 6 (D6) ES cell-derived progenitors 
(left graph) and E9.5 embryo-isolated progenitors (right graph). (C) Quantitative PCR analysis for Hnf4ɲ in ES 
cell-derived R-G+ cells at D6, and after plating for 1, 2 or 3 days (D6+1, +2, +3). (D) Hnf4ɲ gene expression 
in E11.5 hearts and livers at different regions; left ventricle (LV), right ventricle (RV), left atrium (LA) and right 
atrium (RA). Error bars indicate standard deviation. N=3 biological experiments.
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Figure 2. Localization of Hnf4ɲ expression in the mouse embryo.
(A-C) In situ hybridization for Hnf4ɲ (purple) in E9.5 embryos from a (A) ventral view, (B) right view and (C) 
left view. (D) Staining for Hnf4ɲ (red), cardiac Troponin T (cTnT) (green) and Dapi (DNA) (blue) in sections of 
E9.5 hearts.

Figure 3. Hnf4ɲ antagonists promote proliferation of First-Heart-Field derived progenitors. 
Immunohistochemistry for cardiac Troponin T (cTnT) (green), Ki67 (red) and Dapi (DNA) (blue) in cells treated 
with (A) the carrier control or a (B) Hnf4ɲ antagonist. (C) Cell count of cTnT+ cells treated with Hnf4ɲ 
inhibitor BI6015 compared to DMSO. (D) Fold increase of cTnT+ cells treated with Hnf4ɲ inhibitor BIM5073 
compared to DMSO. Error bars indicate standard deviation. N=3 biological experiments.
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DISCUSSION 

The cardiac regulatory network of TFs, tightly controlling growth and specification of region-
specific progenitors to secure morphogenesis and organ size, is relatively uncovered (Heallen 
et al, 2011; von Gise et al, 2012). Our data shows that Hnf4ɲ, previously shown to be important 
for liver, pancreas and gut development and homeostasis (Cattin et al, 2009; Garrison et al, 2006; 
Kuo et al, 1997; Molkentin et al, 1997; Parviz et al, 2003), transiently marked the sinus venosus 
of the embryonic heart. Furthermore, we showed that in vitro inhibition of Hnf4ɲ resulted in 
increased proliferation of a subset of ES cell-derived FHF progenitors. This raised the possibility 
that Hnf4ɲ regulates growth and specification of sinus venosus-derived structures such as the 
sinus node. Future work should aim to more precisely characterize the embryonic presence of 
Hnf4ɲ in time. Work from several groups illustrated a relation between Hnf4ɲ and Gata4 and 
Gata6 expression in the liver. Gata4 is known to play an essential role in cardiogenesis and Gata4 
knockouts arrested in development between E7.0 and E9.5. Mutant embryos lacked a primitive 
heart tube because the two bilaterally symmetric promyocardial primordia failed to migrate 
ventrally, and instead, resulted in two lateral independent heart-like tubes (Kuo et al, 1997; 
Molkentin et al, 1997). Therefore, it would be of great interest to show the interaction of Hnf4ɲ 
and Gata4 in cardiac cells. The role of Hnf4ɲ has been studied in multiple organs and conditional 
deletion of Hnf4ɲ in the liver resulted in liver growth and dysfunction (Parviz et al, 2003). In the 
gut, Hnf4ɲ repressed Wnt signaling in crypt cells, and genetic deletion resulted in over-
proliferation of crypt cells (Cattin et al, 2009). Furthermore, it is known that Hnf4ɲ binds to the 
predicted consensus sites of Lef1, which is one of the downstream effectors of Wnt signaling. 
Our work in vitro, suggested a similar effect in FHF cardiac progenitors. However, a cardiac 
specific deletion of Hnf4ɲ is mandatory to fully elucidate its role in regulation of FHF and sinus 
venosus development. The work we presented here is fundamental for the advanced road 
mapping of the developing heart. We showed that Hnf4ɲ marks the sinus venosus of the 
embryonic heart structure and future studies should aim to uncover its developmental role and 
demonstrate the potential for novel genetic and molecular insights in sinoatrial and atrioventricular 
development, defects and diseases. 

METHODS

ES cell culture and differentiation 
Murine Nkx2.5-eGFP and AHF-Mef2C-DsRed double transgenic embryonic stem (ES) cells 
(Domian et al, 2009) were maintained in regular serum containing media (DMEM, 15% FCS, 
pen/step 1x, NEAA 1x, L-Glutamine, LIF and 2-Mercaptoethanol (2-ME)) in an irradiated MEF 
feeder system. Prior to differentiation cells were adapted for 2 days on 0.1% gelatin-coated 
polystyrene plates in (IMDM, 15% FCS, pen/strep, NEAA, L-Glutamine, LIF and 2-ME). At day 
0, cells were dissociated with 0.25% trypsin for 3 minutes and re-suspended in a density of 
100.000 cells/mL. Differentiation was induced by embryoid bodies (EBs) in hanging drops of 
1000 cells in 10µl of differentiation media (IMDM, 15% FCS, pen/strep, NEAA, L-Glutamine, 
Ascorbic acid 50ng/mL and 2-ME). At day 3 of differentiation EBs were pooled in a ratio of 4:1. 
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FACS isolation of cardiac-tagged populations
E9.5 embryos and D6 embryoid bodies were trypsinized into single cell suspension to FACS 
isolate GFP+/DsRed- (FHF), GFP+/DsRed+ (SHF), GFP-/DsRed+ (Mef2c) or GFP-/DsRed- (NEG) 
cell populations. After isolation populations were spun down and lysed in Tryzol (Qiagen) or 
plated on gelatin-coated polystyrene dishes.

Quanttrx
Quanttrx was performed on four ES cell-derived cardiac progenitor populations. RNA was isolated 
with an iScript cDNA synthesis kit (Qiagen, EasyRNA) and if necessary linear amplified to the 
required quantity of 500ng. cDNA was generated (BioRad) from 500ng of RNA and high-
throughput quantitative PCR was performed in 384-well plates for ~1850 transcription factors 
of the mouse genome (Gupta et al, 2010). All groups (Mef2c, FHF and SHF) were normalized 
to average transcription levels in the NEG populations. Pierson correlation of data was performed 
on the averaged data of 3 biological experiments with the Genepattern software from the Broad 
Institute. Heatmaps were generated with GenePattern HeatMapViewer software from the Broad 
Institute (Reich et al, 2006).

RNA isolation and quantitative PCR
RNA was extracted and purified with RNeasy Mini Kit (Qiagen). Using the iScript cDNA synthesis 
kit (BioRad) cDNA was generated and quantitative PCR was performed with HOT-START SYBR 
Green (USB/AffyMetrix) on an Eppendorf Mastercycler for 40 cycles. For shown data, analysis 
was performed on threshold cycles lower than 36. Following forward 
5-ATGCGACTCTCTAAAACCCTTG-3 and reverse 5-ACCTTCAGATGGGGACGTGT-3 primer 
sequences were for detection of Hnf4a gene expression levels.

In Situ Hybrization
A ~489 base pair fragment of the Hnf4a gene was PCR amplified with following forward 
5-GGCCTTCAGTGGTAGCAGTC-3 and reverse 5-GATCTGATGGGACACAGCCTA-3 primers. This 
fragment was inserted into a TOPO vector (Invitrogen) and cloned in DH10B (Invitrogen). After 
purification and linearization of the DNA, the SP6 or T7 bacterial promoter was used to generate 
antisense DIG-labeled RNA probes (Roche). Sense probes were used as negative controls. In 
situ hybridization was performed overnight at 65° followed by incubation with anti-DIG antibody 
(Invitrogen). The next day embryos were developed with a chromogenic substrate for alkaline 
phosphatase (Roche).

Immunohistochemistry 
Frozen sections of heart tissue were fixed in 4% paraformaldehyde before staining. Cells and 
sections were blocked for 2 hours at room temperature in 5% serum of secondary antibody and 
0.1% Saponin in PBS. Overnight incubation at 4º C was performed for primary antibodies in the 
presence of 2% serum of secondary antibody and 0.1% PBS. Following primary antibodies were 
used: cardiac Troponin T (mouse monoclonal, NeoMarkers, 1:200, 1µg/mL), Hnf4a (goat 
polyclonal, SantaCruz, 1:100, 2µg/mL), Ki67 (rabbit monoclonal, Abcam, 1:300, 2µg/mL). 
Secondary staining was performed with Alexa fluor 488nm-, 594nm-conjugated antibodies 
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(Invitrogen, 1:400) against the appropriate species for ~2 hours at room temperature. Finally, 
nuclei of embryonic tissues were visualized with ProLong Gold Antifade Reagent with DAPI 
blue (Invitrogen) before mounting with a coverslip, or fixed cells were stained with DAPI blue 
(Invitrogen, 1:10.000).

Imaging
Images and movies were taken with a Leica DMI4000B immunofluorescence microscope 
connected to Leica Application Suite Advanced Fluorescence 3.0.0 software package with similar 
exposure times for all samples within experiments. Brightness of images was edited with Adobe 
Photoshop respecting the same increase for all images shown within one experiment. 

Statistical Analysis
Statistical analysis was performed with a student t test and p-values <0.05 were considered 
statistical significant.



CHAPTER 6

120

REFERENCES

Arany ZP (2008) High-throughput quantitative real-time PCR. Current protocols in human genetics / editorial 
board, Jonathan L Haines  [et al] Chapter 11: Unit 11 10

Bruneau BG, Nemer G, Schmitt JP, Charron F, Robitaille L, Caron S, Conner DA, Gessler M, Nemer M, 
Seidman CE, Seidman JG (2001) A murine model of Holt-Oram syndrome defines roles of the T-box 
transcription factor Tbx5 in cardiogenesis and disease. Cell 106: 709-721

Buckingham M, Meilhac S, Zaffran S (2005) Building the mammalian heart from two sources of myocardial 
cells. Nat Rev Genet 6: 826-835

Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, Chen J, Evans S (2003) Isl1 identifies a cardiac progenitor population 
that proliferates prior to differentiation and contributes a majority of cells to the heart. Dev Cell 5: 877-889

Cai CL, Martin JC, Sun Y, Cui L, Wang L, Ouyang K, Yang L, Bu L, Liang X, Zhang X, Stallcup WB, Denton 
CP, McCulloch A, Chen J, Evans SM (2008) A myocardial lineage derives from Tbx18 epicardial cells. Nature 
454: 104-108

Cattin AL, Le Beyec J, Barreau F, Saint-Just S, Houllier A, Gonzalez FJ, Robine S, Pincon-Raymond M, 
Cardot P, Lacasa M, Ribeiro A (2009) Hepatocyte nuclear factor 4alpha, a key factor for homeostasis, cell 
architecture, and barrier function of the adult intestinal epithelium. Mol Cell Biol 29: 6294-6308

Clark KL, Yutzey KE, Benson DW (2006) Transcription factors and congenital heart defects. Annual review of 
physiology 68: 97-121

DeLaForest A, Nagaoka M, Si-Tayeb K, Noto FK, Konopka G, Battle MA, Duncan SA (2011) HNF4A is essential 
for specification of hepatic progenitors from human pluripotent stem cells. Development 138: 4143-4153

De Ruiter MC, Gittenberger-De Groot AC, Wenink AC, Poelmann RE, Mentink MM (1995) In normal 
development pulmonary veins are connected to the sinus venosus segment in the left atrium. The Anatomical 
record 243: 84-92

Domian IJ, Chiravuri M, van der Meer P, Feinberg AW, Shi X, Shao Y, Wu SM, Parker KK, Chien KR (2009) 
Generation of functional ventricular heart muscle from mouse ventricular progenitor cells. Science 326: 426-
429

Garcia-Frigola C, Shi Y, Evans SM (2003) Expression of the hyperpolarization-activated cyclic nucleotide-gated 
cation channel HCN4 during mouse heart development. Gene expression patterns : GEP 3: 777-783

Garrison WD, Battle MA, Yang C, Kaestner KH, Sladek FM, Duncan SA (2006) Hepatocyte nuclear factor 
4alpha is essential for embryonic development of the mouse colon. Gastroenterology 130: 1207-1220

Garry DJ, Olson EN (2006) A common progenitor at the heart of development. Cell 127: 1101-1104

Gupta RK, Arany Z, Seale P, Mepani RJ, Ye L, Conroe HM, Roby YA, Kulaga H, Reed RR, Spiegelman BM 
(2010) Transcriptional control of preadipocyte determination by Zfp423. Nature 464: 619-623

Hayhurst GP, Lee YH, Lambert G, Ward JM, Gonzalez FJ (2001) Hepatocyte nuclear factor 4alpha (nuclear 
receptor 2A1) is essential for maintenance of hepatic gene expression and lipid homeostasis. Mol Cell Biol 
21: 1393-1403

Heallen T, Zhang M, Wang J, Bonilla-Claudio M, Klysik E, Johnson RL, Martin JF (2011) Hippo pathway 
inhibits Wnt signaling to restrain cardiomyocyte proliferation and heart size. Science 332: 458-461

Ieda M, Fu JD, Delgado-Olguin P, Vedantham V, Hayashi Y, Bruneau BG, Srivastava D (2010) Direct 
reprogramming of fibroblasts into functional cardiomyocytes by defined factors. Cell 142: 375-386

Kiselyuk A, Lee SH, Farber-Katz S, Zhang M, Athavankar S, Cohen T, Pinkerton AB, Ye M, Bushway P, 
Richardson AD, Hostetler HA, Rodriguez-Lee M, Huang L, Spangler B, Smith L, Higginbotham J, Cashman J, 
Freeze H, Itkin-Ansari P, Dawson MI, Schroeder F, Cang Y, Mercola M, Levine F (2012) HNF4alpha antagonists 
discovered by a high-throughput screen for modulators of the human insulin promoter. Chem Biol 19: 806-818



121

HNF4ɲ MARKS THE SINUS VENOSUS

6

Kuo CT, Morrisey EE, Anandappa R, Sigrist K, Lu MM, Parmacek MS, Soudais C, Leiden JM (1997) GATA4 
transcription factor is required for ventral morphogenesis and heart tube formation. Genes Dev 11: 1048-
1060

Latchman DS (1997) Transcription factors: an overview. The international journal of biochemistry & cell 
biology 29: 1305-1312

Laugwitz KL, Moretti A, Caron L, Nakano A, Chien KR (2008) Islet1 cardiovascular progenitors: a single 
source for heart lineages? Development 135: 193-205

Laugwitz KL, Moretti A, Lam J, Gruber P, Chen Y, Woodard S, Lin LZ, Cai CL, Lu MM, Reth M, Platoshyn 
O, Yuan JX, Evans S, Chien KR (2005) Postnatal isl1+ cardioblasts enter fully differentiated cardiomyocyte 
lineages. Nature 433: 647-653

Liang X, Wang G, Lin L, Lowe J, Zhang Q, Bu L, Chen Y, Chen J, Sun Y, Evans SM (2013) HCN4 Dynamically 
Marks the First Heart Field and Conduction System Precursors. Circ Res 113: 399-407

Lin Q, Schwarz J, Bucana C, Olson EN (1997) Control of mouse cardiac morphogenesis and myogenesis by 
transcription factor MEF2C. Science 276: 1404-1407

Martin-Puig S, Wang Z, Chien KR (2008) Lives of a heart cell: tracing the origins of cardiac progenitors. Cell 
Stem Cell 2: 320-331

Mitchell PJ, Tjian R (1989) Transcriptional regulation in mammalian cells by sequence-specific DNA binding 
proteins. Science 245: 371-378

Molkentin JD, Lin Q, Duncan SA, Olson EN (1997) Requirement of the transcription factor GATA4 for heart 
tube formation and ventral morphogenesis. Genes Dev 11: 1061-1072

Olson EN, Srivastava D (1996) Molecular pathways controlling heart development. Science 272: 671-676

Park DS, Fishman GI (2011) The cardiac conduction system. Circulation 123: 904-915

Parviz F, Matullo C, Garrison WD, Savatski L, Adamson JW, Ning G, Kaestner KH, Rossi JM, Zaret KS, 
Duncan SA (2003) Hepatocyte nuclear factor 4alpha controls the development of a hepatic epithelium and 
liver morphogenesis. Nat Genet 34: 292-296

Reich M, Liefeld T, Gould J, Lerner J, Tamayo P, Mesirov JP (2006) GenePattern 2.0. Nat Genet 38: 500-501

Spater D, Abramczuk MK, Buac K, Zangi L, Stachel MW, Clarke J, Sahara M, Ludwig A, Chien KR (2013) A 
HCN4+ cardiomyogenic progenitor derived from the first heart field and human pluripotent stem cells. Nat 
Cell Biol 15: 1098-1106

Takeuchi JK, Ohgi M, Koshiba-Takeuchi K, Shiratori H, Sakaki I, Ogura K, Saijoh Y, Ogura T (2003) Tbx5 
specifies the left/right ventricles and ventricular septum position during cardiogenesis. Development 130: 
5953-5964

Tomkins GM, Gelehrter TD, Granner D, Martin D, Jr., Samuels HH, Thompson EB (1969) Control of specific 
gene expression in higher organisms. Expression of mammalian genes may be controlled by repressors 
acting on the translation of messenger RNA. Science 166: 1474-1480

von Gise A, Lin Z, Schlegelmilch K, Honor LB, Pan GM, Buck JN, Ma Q, Ishiwata T, Zhou B, Camargo FD, 
Pu WT (2012) YAP1, the nuclear target of Hippo signaling, stimulates heart growth through cardiomyocyte 
proliferation but not hypertrophy. Proc Natl Acad Sci U S A 109: 2394-2399

Yuan X, Ta TC, Lin M, Evans JR, Dong Y, Bolotin E, Sherman MA, Forman BM, Sladek FM (2009) Identification 
of an endogenous ligand bound to a native orphan nuclear receptor. PLoS One 4: e5609

Zhou B, Ma Q, Rajagopal S, Wu SM, Domian I, Rivera-Feliciano J, Jiang D, von Gise A, Ikeda S, Chien KR, 
Pu WT (2008) Epicardial progenitors contribute to the cardiomyocyte lineage in the developing heart. Nature 
454: 109-113



Jan W. Buikema1,2,3, Jonathan Clarke1,2, Nikhil V. Mittal1,2, Pierre G. Lutz4, Joost P.G. Sluijter3,  
Ibrahim J. Domian1,2,5

1 Cardiovascular Research Center, Massachusetts General Hospital, Boston, USA 
2 Harvard Medical School, Boston, USA
3 Department of Cardiology, University Medical Center Utrecht, Utrecht, The Netherlands
4 Université de Toulouse, Toulouse, France.
5 Harvard Stem Cell Institute, Cambridge, USA



Unpublished

Asb2 Proteolytic Regulation of Filamin A 

During Cardiac Development

CHAPTER 7



CHAPTER 7

124

ABSTRACT

Acquired and congenital heart disease is a major reason of morbidity worldwide and up to date 
mostly lacking the mechanistic insights. Mutations in regulatory proteins have been traced-down 
as reasons for cardiac birth defects, highlighting the importance of uncovering the underlying 
molecular biology. In a previously performed genome-wide micro-array on embryonic stem cell-
derived cardiac progenitors, we discovered relative enrichment of the Asb2 gene in cardiac cells. 
Here, we present the detailed expression pattern of Asb2 in the heart at messenger RNA, and 
protein level. Deletion of Asb2 in Nkx2.5 and AHF-Mef2c lineages results in lethality around 
E9.5-10.5 indicating that Asb2 is essential for normal cardiac development. Moreover, 
downstream of abrogated proteolysis in Asb2 mutants, we illustrate an up-regulation of Filamin 
A. This work shows that Asb2 is essential for normal cardiac development and that it targets 
the turnover of Filamin A in the heart. Future studies should uncover Asb2’s specific role at the 
cellular level and during later stages.
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INTRODUCTION

Genetic regulation is critical in cardiac development, as numerous cardiac defects have been 
traced back to developmental regulatory proteins (Chien et al, 2008; Olson, 2006; Srivastava, 
2006). Genome wide transcriptional profiling on purified embryonic stem (ES) cell-derived cardiac 
myogenic lineages identified elevated expression of the ankyrin repeat-containing protein with 
a suppressor of cytokine signaling box 2 gene (Asb2), encoding the subunit of an E3 ubiquitin 
ligase complex (Domian et al, 2009).
Asb2 is an ankyrin repeat-containing protein with a suppressor of cytokine signaling box 2. It 
was identified initially during differentiation of acute promyelocytic leukemia (APL) as a target 
of the promyelocytic leukemia/retinoic acid receptor alpha oncogenic transcription factor, of 
which the expression is a defining characteristic of APL (Guibal et al, 2002). Asb2 can form an 
E3 ubiquitin ligase structure with a Cullin5/Rbx module and Elongin BC complex that specifically 
targets Filamins for proteolytic degradation (Heuze et al, 2005; Heuze et al, 2008; Kohroki et al, 
2005; Razinia et al, 2011). These Filamins are large acting binding proteins that organize and 
stabilize the actin cytoskeleton and regulate cellular elasticity and stiffness of the actin network. 
Moreover, they anchor the actin filaments to the transmembrane receptors to provide a 
connection with extracellular signals (Zhou et al, 2010). 
Two isoforms of Asb2 were identified, ɲ and ɴ (Bello et al, 2009). Asb2ɲ will target both Filamins 
A and B for proteolytic degradation and is expressed in early hematopoietic stem cells, but also 
in early cardiogenesis (Heuze et al, 2008; Lamsoul et al, 2011). Asb2ɴ primarily regulates Filamin 
B during cardiac and muscle development (Bello et al, 2009). Spatiotemporal expression of the 
Asb2 proteins during cardiac development, however, has not been fully elucidated (Lamsoul et 
al, 2011). 
Recently, it was shown that Asb2ɲ is highly expressed in immature dendritic cells and is down-
regulated upon maturation, being a critical regulator of immature dendritic cells from the immune 
system.  Since the Filamins are Asb2ɲ’s substrates, they are not stably present in immature 
dendritic cells, and when Asb2 is absent, dendritic cells lack the capacity to migrate presumably 
through increased stiffness and rigidity (Lamsoul et al, 2013). Here, we show that during cardiac 
development Asb2ɲ is highly expressed, indicating a role in cardiogenesis and myocardial 
function. 

RESULTS

The recent generation of a mouse double-fluorescent ES cell cardiac reporter system allowed 
the isolation of one first-heart-field population (FHF), marked by Mef2c-/Nkx2.5+ (FHF), and of 
two second-heart-field populations (SHF), marked by Mef2c+/Nkx2.5- (Mef2c) and Mef2c+/
Nkx2.5+ (SHF), respectively. Genome wide transcriptional profiling of these three ES cell-derived 
cardiac populations, revealed a distinct expression pattern for Asb2 when compared to Mef2c-/
Nkx2.5- (NEG) cells (Domian et al, 2009). As shown in Figure 1A-C, Asb2 was enriched in all 
three ES cell-derived cardiac populations and clustered closely to other known highly expressed 
cardiac genes as cardiac Troponin T (Tnnt2). Of great interest, work in both hematopoietic and 
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skeletal muscle differentiation suggested that the alpha isoform appeared to control cellular 
commitment whereas the beta isoform appeared to control maturation (Bello et al, 2009; 
Lamsoul et al, 2011). In order to determine which isoform was expressed in the cardiac 
progenitors, real time PCR analysis was performed on RNA isolated from FACS purified cardiac 
progenitors. To validate these genome wide expression results, we performed quantitative real-
time polymerase chain reaction (qPCR) for both Asb2ɲ and Asb2ɴ isoforms on ES-cell derived 
FHF, AHF and NEG isolated cell populations. We found that Asb2ɲ and Asb2ɴ were 50 and 
20-fold up-regulated in FHF, SHF and Mef2c cardiac marked cells compared to NEG cells (Figure 
1D). Subsequently, we dissociated double transgenic E9.5 embryos into single cell suspension 
and FACS-isolated the three distinct colored and one non-colored populations to validate our 
findings in vivo. As expected, the gene expression pattern for Asb2ɲ and Asb2ɴ was similar as 
compared to the ES cell derived cells (Figure 1E). To investigate if Asb2ɲ and Asb2ɴ exhibited 
a spatiotemporal expression pattern, we isolated RNA from embryonic (E13.5), postnatal (P1 
and P8) and adult hearts. Normalized gene expression values illustrated a relative decrease of 
Asb2ɲ and increase of Asb2ɴ gene expression during development (Figure 1F). We concluded 
that Asb2ɴ gene expression was enriched in the developing and adult heart.

Figure 1. Identification and characterization of Asb2 gene expression in ES and Embryo-derived 
cardiac tissues.
(A) Live cell image of an differentiated embryoid body. Colors represent cardiac differentiation. (D) FACS 
plot of cells isolated from dissociated embryoid bodies at day 6, showing the firs-heart-field (FHF), second-
heart-field (SHF), SHF-Mef2c (Mef2c) and negative (NEG) transgenic marked populations. (C) Pierson 
correlation of genes that are on average more than 10-fold enriched in ES cell-derived cardiac cells (red = 
high expression, blue = low expression) when compared to the NEG population. (D) Validation of Asb2ɲ 
and Asb2ɴ gene expression in ES cell-derived cardiac populations. (E) mRNA expression of the Asb2ɲ 
and Asb2ɴ isoforms in E9.5 embryo FACS-isolated cardiac cells. (F) Normalized expression of the Asb2ɲ 
and Asb2ɴ isoforms at different time points during development. Error bars indicate standard deviation. * 
Indicates P-values are <0.05.
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Next, we aimed to illustrate the detailed expression pattern of the Asb2 gene at different time 
points during development. By in situ hybridization at E9.5, we detected robust Asb2 mRNA 
transcription predominantly in the left and right ventricle as well as the inflow- and outflow- tract 
of the heart (Figure 2A-C). Moderate expression of Asb2 was also seen bilaterally in the somites 
that give rise to skeletal muscle (Figure 2B and 2C (left panels)). In addition, we visualized the 
Asb2 protein in cardiomyocytes with a co-stain for Asb2 and cardiac Troponin T (cTnT). Active 
mRNA Asb2 gene expression resulted in the presence of Asb2 protein in the cardiomyocytes 
of the embryonic heart (Figure 2D). Furthermore, in situ hybridization on E11.5 hearts revealed 
Asb2 expression in both ventricles and atria of the heart, but not in lung tissue (Figure 2E). 
Staining of fetal heart tissue showed the presence of Asb2 protein in the ventricles (Figure 2F). 
In summary, Asb2 expression was restricted to the heart and somites of the developing embryo.
To investigate what role Asb2 plays in cardiac development, we generated a cardiac conditional 
knockout. Previously, an Asb2flox/flox mouse strain was generated with loxP sequences flanking 
exons 2 and 4 resulting in a truncated and non-functional protein residue (Lamsoul et al, 2013). 
We therefore crossed Asb2flox/flow females with Nkx2.5cre/+/Asb2flox/+ males to evaluate hearts in 
Nkx2.5cre/+/Asb2-/- offspring. Interestingly, no animals were born that could be identified with a 
Nkx2.5cre/+/Asb2-/- genotype, indicating that complete cardiac-specific loss of Asb2 is embryonically 
lethal. By detailed studies at E9.5, we observed severe dyskinesia of the heart and the lack of 
growth of cardiac structures (Figure 3A an 3B). Morphologically, the inflow tract, common 
ventricle, and outflow tract appeared to be present, thereby indicating that the cardiac specific 
deletion of Asb2 resulted into cellular defects (Figure 3B). Measurement of the left ventricular 

Figure 2. Embryonic expression pattern of Asb2.
 (A-C) In situ hybridization for Abs2 in E9.5 mouse embryos. (D) Immunohistochemistry for Asb2 (green) 
and cardiac Troponin T (cTnT) (red) with nuclear dye Dapi (blue) at E9.5. (E) In situ hybridization for Abs2 on 
E11.5 heart and lung tissue. (F) Immunohistochemistry on E11.5 heart for Asb2 (green) and cardiac Troponin 
T (cTnT) (red) with nuclear dye Dapi (blue). OFT; outflow tract, L; left ventricle, R; right ventricle, IFT; inflow 
tract. Scale bar represents 250µm.
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diameter and outflow tract showed a decrease in size in mutant embryos, compared to littermate 
controls (p<0.05) (Figure 3C and 3D) Furthermore, the whole mutant embryos were smaller 
than littermate controls and appeared to be immature. Around ~E10.5, we observed that mutant 
embryos were dying or being resorbed (Data not shown). Based on these findings, we concluded 
that Asb2 was essential for normal development of the heart. 
Since the left ventricular diameter and outflow tract showed a decrease in size, we subsequently 
checked what the effect and morphology would be of a second-heart-field derivative specific 
Asb2 deletion. To test this hypothesis, we crossed the earlier described Asb2flox/flox females mice 
with second-heart-field-like Mef2ccre/+/Asb2flox/+ males. The offspring was genotyped for Asb2flox/+ 
and Mef2ccre/+. Similar to the Nkx2.5 conditional knockout of Asb2, we could not observe animals 
born alive carrying the Mef2ccre/+/Asb2-/- mutation. Around E11.5, we found resorbing embryos 
suggestive that mutants would die at this stage of development. We therefore checked embryos 
between E9.5 and E10.5, and, at ~E10.5, we observed that structures originating from the 
second-heart-field, as the right ventricle and the outflow tract, were small and thin when 
compared to the littermate controls (Figure 4A and 4B). Interestingly, the left ventricle was 
compensatory enlarged, while the total embryo size did not differ between control and mutants, 
as was confirmed by histology and immunohistochemistry for Troponin T. Where the left ventricle 
was dilated with a thin and stretched wall, the right ventricle and outflow tract were small and 
a separation between the left and right side of the heart was present (Figure 4C and 4D). 

Figure 3. Asb2 is critical for normal cardiac development. 
(A) Bright field images from E9.5 littermate control embryos from a ventral, right and left perspective. (B) 
Images of Nkx2.5 specific deletion of Asb2 from three different views. (C) Left ventricular (LV) diameter 
measurements in littermate controls (CTR) and Nkx2.5 conditional Asb2 knock out (CKO) embryos. (D) 
Outflow tract length measurements in CTR and CKO embryos. Error bars indicate standard deviation. Scale 
bars represent 200µm. Dashed lines show measurements of C) and D). * Indicates P-values are <0.05.
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We concluded that Asb2 was essential for normal cardiac development and that its absence 
leads to growth defects, resulting in lethality around E11. Since Asb2 controls the turnover of 
Filamins (Feng et al, 2006), and the isoform Filamin A leads to cardiac-related embryonic lethality 
due to failure of outflow-tract septation, we investigated its presence in the mouse embryo. 
We therefore stained for Filamin A together with cTnT and DAPI in our conditional second-heart-
field specific Mef2ccre/+/Asb2-/- knockouts. Since Asb2 deletion will result in a decreased Filamins 
proteolytic degradation, we expected to find Filamin A in the right ventricle. As expected, we 
observed that ~75% of the cardiomyocytes in the right ventricle were Filamin A positive 
compared to less than 10% in the left ventricle (Figure 4E and 4F). These observations suggests 
that Filamin A was a target of Asb2 in right ventricular cardiomyocytes and becomes highly 
expressed upon deletion of Asb2.

Figure 4. Second-heart-field specific deletion of Asb2 abrogates Filamin A degradation. 
(A) Bright field microscopy of littermate control embryos at E10.5. (B) Images of anterior-heart-field (AHF)-
Mef2c Asb2 conditional knock out embryos. Staining for cardiac Troponin T (cTnT) (green) and Dapi (blue) 
in (C) control embryos and (D) AFH-Mef2c Asb2 mutants. (E) Immunohistochemical analysis for Filamin A 
(FlnA) (red) and cardiac Troponin T (cTnT) and Dapi (blue). (F) Relative FlnA+/cTnT+ cell number in the left 
ventricle (LV) and right ventricle (RV).  Scale bars represent 200µm. Error bars indicate standard deviation. 
OFT; outflow tract, IFT; inflow tract. * Indicates P-values are <0.05.
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DISCUSSION

Important steps in cardiac development are the transitions from the immature fetal heart to a 
mature adult heart with highly organized myofibrillar architecture and electrophysiological 
coupling. Understanding the normal cellular differentiation of cardiomyocytes and the organization 
and maturation progeny into the highly specialized 3-dimensional structure of the four-chambered 
mammalian heart will likely represent a key milestone in the quest for genuine cardiac 
regeneration. The finding that Asb2, a specific subunit of an E3 ubiquitin ligase complex, is critical 
for cardiac development and that the ɲ and ɴ isoforms spatiotemporal regulate cardiac expression 
of Filamin A reveals a potential new control mechanism for differentiation and maturation of 
cardiac cells. We were able to identify, by GenePattern Pierson clustering software (Reich et al, 
2006), Asb2 being expressed in different cardiac cell populations in the previously described 
two-color in vivo and in vitro ES cell system. (Domian et al, 2009). Our data further shows that 
predominantly Asb2ɲ, but also ɴ, is expressed in the developing myocardium and, as the heart 
matures, Asb2ɴ becomes the dominant isoform over Asb2ɲ. This demonstrates that during 
cardiac maturation, Asb2ɲ is repressed whereas Asb2ɴ is activated. We subsequently showed 
the detailed cardiac expression pattern of Asb2 during development. In our genetic knockout 
experiments, we demonstrated that, presumably Asb2ɲ, is essential for embryonic cardiac 
development. It remains interesting to investigate what role Asb2ɴ plays in the adult heart. 
Conditional inducible genetic knockout experiments could answer that intriguing issue. 
Work from several groups showed that Asb2ɲ targets Filamin A, B, and C for proteolytic 
degradation (Heuze et al, 2008; Razinia et al, 2011). Filamin A and Filamin B are ubiquitously 
expressed throughout most tissue types, whereas Filamin C is restricted to striated muscle 
types, both cardiac and skeletal (Stossel et al, 2001). Mutations in all three subtypes of filamin 
have been shown to cause human genetic disease. In the heart, Filamin A is expressed in the 
epicardium, endocardium, myocardial cushion, outflow tract, and valvular apparatus (Zhou et al, 
2010). It is not expressed in the myocardium. Of great interest, work in both hematopoietic and 
skeletal muscle differentiation suggests that Asb2ɲ controls cellular commitment whereas the 
ɴ isoform appears to control maturation (Bello et al, 2009; Lamsoul et al, 2011; Lamsoul et al, 
2013). These observations together suggest that during cardiac differentiation, Asb2ɲ promotes 
cardiac progenitor commitment whereas Asb2ɴ promotes myocyte differentiation and 
maturation. We confirmed that Filamin A was not present in the embryonic heart, unless Asb2 
proteolysis was genetically abrogated. If the failure to develop was due to the presence of 
Filamin A in the heart, then an Asb2/Filamin A double-deletion would rescue the Asb2 knockout 
phenotype. Asb2’s regulation of Filamin C, however, has not yet been fully elucidated. The 
suggestion was made that ASB2ɲ will target Filamin C, however no in vivo studies have been 
performed to answer this question (Burande et al, 2009). In addition, the filamins bind to 
transmembrane signaling proteins, transcription factors, and GTPase related proteins to 
orchestrate critical scaffolding requirements (Zhou et al, 2010). For example, the right balance 
of Filamin A and ɴ-integrin is required for proper cell strength and motility, as overexpression of 
Filamin A prevents cell migration and survival (Kim et al, 2008). Filamins are also required for 
mechanotransduction (Nakamura et al, 2011). Filamin A mediates a cell stiffening response to 
activation of ɴ1 integrins by pressure. Mammalian fibroblasts lacking Filamin A do not show a 
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stiffening response to mechanical strain (Ehrlicher et al, 2011). The detailed expression of the 
Filamins and Asb2 proteins during cardiac development has not been fully elucidated. Yet, our 
studies suggest that proper Asb2 expression is critical for complete cardiac formation and 
function. Uncovering the full interplay of cell surface molecules with structural regulators of 
cytoskeleton could provide molecular insights in genetic and acquired cardiomyopathies and 
could lead to future gene-targeted therapies. 

METHODS

ES cell culture and differentiation 
Murine Nkx2.5-eGFP and AHF-Mef2C-DsRed double transgenic embryonic stem (ES) cells 
(Domian et al, 2009) were maintained in regular serum containing media (DMEM, 15% FCS, 
pen/step 1x, NEAA 1x, L-Glutamine, LIF and 2-Mercaptoethanol (2-ME)) in an irradiated MEF 
feeder system. Prior to differentiation, cells were adapted for 2 days on 0.1% gelatin-coated 
polystyrene plates in (IMDM, 15% FCS, pen/strep, NEAA, L-Glutamine, LIF and 2-ME). At day 
0, cells were dissociated with 0.25% trypsin for 3 minutes and re-suspended in a density of 
100.000 cells/mL. Differentiation was induced by embryoid bodies (EBs) formation in a density 
of ~1000 cells per 10µl drop of differentiation media (IMDM, 15% FCS, pen/strep, NEAA, 
L-Glutamine, Ascorbic acid 50ng/mL and 2-ME). At day 3 of differentiation, plates of EBs were 
pooled in a ratio of 4:1. 

FACS isolation of cardiac tagged populations
E9.5 embryos and day 6 EBs were trypsinized into single cell suspension and GFP+/DsRed- (FHF 
(first-heart-field) fraction), GFP+/DsRed+ (SHF (second-heart-field) Fraction), GFP-/DsRed+ 
(second-heart-field / pharyngeal mesoderm fraction) or GFP-/DsRed- (NEG fraction) cell 
populations were FACS isolated as described before (Domian et al, 2009). After isolation, 
populations were spun down and lysed in Tryzol (Qiagen). 

RNA isolation and quantitative PCR
RNA was extracted and purified with RNeasy Mini Kit (Qiagen). Using the iScript cDNA synthesis 
kit (BioRad), cDNA was generated and quantitative PCR was performed with HOT-START SYBR 
Green (USB/AffyMetrix) on an Eppendorf Mastercycler for 40 cycles. For shown data, analysis 
was performed on threshold cycles lower than 36.

Animal breeding
For the conditional loss and gain-of-function studies, we used the Nkx2.5cre and AHF-Mef2ccre 
knock-in mouse lines, which we combined with an Asb2flox/flox mouse line carrying loxP sequences 
flanking exon 2-4 (Lamsoul et al, 2013). For the cardiac-specific loss of Asb2 studies, we first 
crossed Nkx2.5cre and AHF-Mef2ccre males with Asb2flox/flox females to create Nkx2.5cre/Asb2flox/+ 

and AHF-Mef2ccre/Asb2flox/+ males. These were subsequently bred with Asb2flox/flox to mediate 
excision of exon 2-4 in both Asb2 alleles in Nkx2.5+ and AHF-Mef2c+ cardiac cells. All animal 
work was performed according the institutional animal guidelines.
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In Situ Hybrization
A ~450 base pair fragment of the Asb2 gene was PCR amplified with following forward 
5-CGTGGTGCAGTTCTGTGAGT-3 and reverse 5-CACTCCCCACATCAGGTTCT-3 primers. This 
fragment was inserted into a TOPO vector (Invitrogen) and cloned in DH10B cells (Invitrogen). 
After purification and linearization of the DNA, the SP6 or T7 bacterial promoter was used to 
generate antisense DIG-labeled RNA probes (Roche). Sense probes were used as negative 
controls. In situ hybridization was performed overnight at 65° followed by incubation with anti-
DIG antibody (Invitrogen). The next day embryos were developed with a chromogenic substrate 
for alkaline phosphatase (Roche).

Immunohistochemistry 
Frozen sections of heart tissue were fixed in 4% paraformaldehyde before staining. Cells and 
sections were blocked for 2 hours at room temperature in 5% serum of secondary antibody and 
0.1% Saponin in PBS. Overnight incubation at 4º C was performed for primary antibodies in the 
presence of 2% serum and 0.1% PBS. Primary antibodies that were used: cardiac Troponin T 
(mouse monoclonal, NeoMarkers, 1:200), Asb2 (goat polyclonal, SantaCruz, 1:100), Filamin A 
(rabbit monoclonal, Abcam, 1:200). Secondary staining was performed with Alexa fluor  
488nm-, 594nm-conjugated antibodies (Invitrogen, 1:400) against the appropriate species for 
~2 hours at room temperature. Finally, nuclei of cells were visualized with ProLong Gold Antifade 
Reagent with DAPI blue (Invitrogen) before mounting with a coverslip. 

Imaging
Images and movies were taken with a Leica DMI4000B immunofluorescence microscope, 
connected to Leica Application Suite Advanced Fluorescence 3.0.0 software package ,with 
similar exposure times for all samples within experiments. 

Heatmaps and Statistical Analysis
Heatmaps were generated with GenePattern HeatMapViewer software from the Broad Institute 
(Reich et al, 2006). Pierson correlation was performed on all genes which were on average 
<10-fold up regulated. Statistical analysis was performed with a student t test and p-values 
<0.05 were considered statistical significant.
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A leading public health problem in the developed world is represented by advanced heart failure, 
which results from the progressive loss of viable and/or fully functional myocardial tissue (De 
Boer et al, 2003; Lloyd-Jones et al, 2002). Designing new approaches to augment the number 
of functioning human cardiac muscle cells in the failing heart serves as the foundation of modern 
regenerative cardiovascular medicine. A number of clinical trials have been performed in an 
attempt to increase the number of functional myocardial cells by the transplantation of diverse 
populations of stem or progenitor cells. Myocardial or intracoronary injection of bone marrow-
derived cells showed transient beneficial effects, but no functional engraftment or trans-
differentiation into cardiomyocytes was observed (Perin et al, 2012; Traverse et al, 2011; Traverse 
et al, 2012). Recent clinical trials, comparing cardiac stem cell injections versus placebo, showed 
promising prolonged improvements in cardiac function (Bolli et al, 2011; Chugh et al, 2012; 
Makkar et al, 2012). Although these encouraging suggestions of an early therapeutic benefit, to 
date, no evidence for robust functional cell or tissue engraftment has been shown, emphasizing 
the need for new approaches. The use of preclinical large and small animal models serves herein 
as a platform to identify the optimum factors for future regenerative strategies (Koudstaal et al, 
2013; van der Spoel et al, 2011).  Clinically meaningful cardiac regeneration requires the 
identification of the optimum cardiogenic cell types and their assemblies into mature myocardial 
tissue that is functionally and electrically coupled to the native myocardium (Chapter 2). Over 
the past years cell types with variable potential, such as bone marrow cells, cardiac stem cells 
and cardiac myocytes, have been explored for transplantation. However, one of the difficulties 
of cardiomyocytes is their limited capacity to proliferate in culture. Furthermore, the production 
of cardiomyocytes from pluripotent stem cell sources has variable yields and is risking the 
inclusion of undifferentiated teratotoma-forming cells (Buikema et al, 2013a). Here, we utilized 
the recent advances in stem cell biology to isolate, expand and utilize pure populations of 
ventricular myocytes for functional tissue engineering experiments to understand how the early 
ventricular myocyte proliferation is regulated. In addition, we actively searched for small 
molecules within the Wnt signaling pathways that were holding potential effects for the long-
term expansion of cardiac myocytes (Figure 1) (Chapter 3).
Previous work has shown that the embryonic Wnt signaling pathway is essential during 
cardiogenesis and development (Tzahor, 2007). The Wnt signaling system, consisting of 19 
lipophilic proteins, controls wound repair and regeneration in simple organism such as planaria 
and hydra (Gurley et al, 2008; Petersen & Reddien, 2008) to hair follicle, sweat gland and 
intestinal crypt regeneration in mammals (de Lau et al, 2011; Ito et al, 2007; Lu et al, 2012). 
Furthermore, Wnts are evolutionary conserved for their role in the development of the early 
heart (Bu et al, 2009; Eisenberg & Eisenberg, 1999; Qyang et al, 2007). In mammalians, cardiac 
development proceeds from the formation of the so called linear heart tube, through complex 
looping and septation, all while increasing in mass to provide the oxygen delivery demands of 
embryonic growth. The developing heart must orchestrate regional differences in cardiomyocyte 
proliferation to control precise cardiac morphogenesis.  During ventricular wall formation, the 
compact myocardium proliferates more vigorously than the trabecular myocardium, but the 
exact mechanisms controlling such regional differences amongst cardiomyocyte populations 
are not understood. Control of definitive cardiomyocyte proliferation is of great importance for 
application to regenerative cell based therapies. We have demonstrated in murine and human 
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pluripotent stem cell systems that during in vitro cellular differentiation early ventricular cardiac 
myocytes display a robust proliferative response to Wnt/ɴ-catenin mediated signaling and 
conversely accelerated differentiation in response to inhibition of this pathway. Using gain and 
loss of function murine genetic models, we have shown that ɴ-catenin controls ventricular 
myocyte proliferation during development and the perinatal period. Furthermore, we illustrated 
that the differential activation of the Wnt/ɴ-catenin signaling pathway accounts for the observed 
differences in the proliferation rates of the compact versus the trabecular myocardium during 
normal cardiac development (Buikema et al, 2013b). Collectively, these results have provided a 
mechanistic explanation for the differences in localized proliferation rates of cardiac myocytes 
and point to a practical small molecule based method for the generation of the large numbers 
of stem cell derived cardiac myocytes which are necessary for clinical applications (Chapter 3 
and Chapter 4). Various cell populations in the myocardium exhibited activated canonical Wnt 
signaling peaking around 2 weeks after myocardial ischemic injury, suggesting that timing the 
regenerative approach will be crucial (Aisagbonhi et al, 2011; Oerlemans et al, 2010). These 
previous mentioned small molecules hold promise for the direct application in the injured heart 
to stimulate cardiac repair.  However, there is conflicting evidence about the role of Wnts in 
cardiac repair.  Wnt antagonists like secreted frizzled-related proteins (Sfrp2) exert anti-apoptotic 
effects on cardiac myocytes. Local delivery of the Wnt antagonists, to inhibit Sfrp2, after 
myocardial infarction was associated with reduced infarct size, preserved cardiac function and 
diminished fibrosis (He et al, 2010; Laeremans et al, 2011; Mirotsou et al, 2007; Zhang et al, 
2009). Remarkably, mice lacking the Sfrp2 gene also showed better cardiac function and less 
fibrosis than wild types. Interestingly, in these studies Sfrp2 also seemed to interact with Bmps 

Figure 1. Distinct Phases of Wnt/ɴ-catenin Signaling in Cardiac Development.
Schematic illustration of Wnt/ɴ-catenin signaling during cardiac differentiation and proliferation of 
embryonic stem cell-derived progenitors and ventricular myocytes. Wnt/ɴ-catenin has highly stage specific 
effects; whereas activation of Wnt/ɴ-catenin is required for mesodermal specification (Lindsley et al, 
2006), repression of Wnt/ɴ-catenin is mandatory for specification of cardiogenic mesodermal precursors 
and multipotent progenitors (Palpant et al, 2013). Subsequently, activated Wnt/ɴ-catenin signaling has 
proliferative effects in multipotent progenitors (Qyang et al, 2007) and early ventricular myocytes, while 
the repression of Wnt/ɴ-catenin signaling in this stage promotes further differentiation and exiting of the 
cell cycle (Buikema et al, 2013b). To date, it is unknown what exact effects Wnt/ɴ-catenin exerts on adult 
cardiomyocytes. Arrows represent activated Wnt/ɴ-catenin signaling; T’s indicate repressed Wnt/ɴ-catenin 
signaling; FHF, first-heart-field; SHF, second-heart-field.
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rather than Wnt signaling to inhibit apoptosis and prevent fibrosis. Conversely, inhibition of Wnt 
signaling with a one-time injection of Pyrvinium during reperfusion reduced adverse cardiac 
remodeling and infarct size in mouse ischemia-reperfusion model (Saraswati et al, 2010). These 
differences in findings, most likely a result of the various used genetic models and timing, 
conscript for more detailed studies ruling out possible interactions of genetic manipulations with 
other pathways than Wnt signaling in the injured myocardium. The outer cell layer of the 
myocardium is called the epicardium and is marked by Wilms Tumor 1 (WT1), and these. WT1+ 
epicardial cells are a possible source of multipotent cells that can give rise to cardiac myocytes 
and endothelial cells (Zhou et al, 2008). Upon ischemic injury, the epicardial cells are known to 
express paracrine factors and migrate into the infarct zone, promoting cardiac repair (van Wijk 
et al, 2012; Zhou et al, 2011). Recent work demonstrated that the epicardium actively starts 
expressing Wnt1 upon myocardial injury to recruit fibroblasts towards the ischemic area. When 
Wnt/ɴ-catenin signaling is interrupted, however, it impairs epicardial mediated cell recruitment, 
undermining the wound healing process resulting in worsening of cardiac function (Duan et al, 
2012). This evolutionary conserved response bears a high similarity to the regenerative cascade 
of the zebrafish heart, except for the fibrotic outcome in mammalians versus complete healing 
in fish (Lepilina et al, 2006; Poss et al, 2002). In zebrafish cardiac regeneration comes 
predominantly from expansion of pre-existing cardiomyocyte populations within the compact 
layer of the myocardium (Jopling et al, 2010; Kikuchi et al, 2010). In this thesis we showed that 
in the developing mammalian heart, also the compact zone contributes to the majority of fetal 
ventricular growth. However, the postnatal changes of the myocardium seem to differ between 
fish and mammalians resulting in limited endogenous cardiac repair mechanisms of the 
mammalian heart. Future work may delineate strategies to modulate Wnt signaling to manipulate 
myocardial refreshment after ischemic injury in mammalians.
Cardiac regeneration remains a major limitation in mammalians, as well as controlled proliferation 
of cardiac myocytes in vitro. In this thesis, we provided a technique to robustly expand early 
fetal-derived mouse ventricular cardiomyocytes on a platform usable for high-throughput 
molecular screening, tissue engineering, or potentially useful for in vivo translational experiments. 
Using a set of small molecules to modulate Wnt/ɴ-catenin signaling, we developed a method 
for proliferation or differentiation of early beating cardiac myocytes. Moreover, isolation and 
expansion of fetal cardiomyocytes was possible in less than 3 weeks, yielded relatively pure 
(~70%) populations of functional myogenic cells in a reproducible manner. For future work, 
these cells may be used in tissue engineering experiments and transplantation studies of 
autologous stem cell-derived engineered heart tissue (Gaetani et al, 2012; Yildirim et al, 2007). 
The expansion of these ventricular myocytes, however, is not unlimited yet. To that end, we 
screened multiple small molecule libraries in a high-content screen for proliferation. In chapter 
5, we described the set-up and the first candidates from a high-throughput small compound 
screen in mouse ES cell and fetal-derived cardiomyocytes. This work resulted in a number of 
novel candidates related to the Endothelial Growth Factor pathway, Androgens and Interleukins. 
These findings could be of specific interest for the long-term culture of early ventricular myocytes. 
And future work may unveil a cocktail of compounds and growth factors usable for unlimited 
expansion of functional cardiomyocytes. Moreover, direct application of these small compounds 
could holds great promises to boost cardiomyocyte refreshment in the injured adult heart, as 
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was recently shown with targeted delivery of modified VEGF RNAs after myocardial infarction 
to increase endothelial repair (Zangi et al, 2013). 
Congenital heart diseases are among the most common birth defects in humans. Cardiac 
formation is orchestrated by the expression spatiotemporal and structural expression of many 
regulators. Mutations in one or more genes can result in birth defects and abnormalities. The 
transcription factors Mef2, Nkx2.5, Tbx5, Gata4 and Hand2 play a central role in cardiogenesis 
by functioning as activators or repressors of multiple genes (Clark et al, 2006; Garry & Olson, 
2006; Olson & Srivastava, 1996). Transcription factors usually have a low expression level and 
are therefore not identified in the standard whole genome gene expression studies, being 
expressed close to background levels of arrays (Arany, 2008; Gupta et al, 2010). In chapter 6, 
we described a novel candidate regulator of the sinus venosus and early pro-epicardium, 
identified with highly sensitive quantitative PCR-based array and covering most transcription 
factors in the mouse genome (Gupta et al, 2010). Fate mapping experiments have revealed 
specific molecular markers, such as Isl1 for the SHF (Cai et al, 2003; Laugwitz et al, 2005), Tbx5 
and Hcn4 for the FHF (Liang et al, 2013; Spater et al, 2013; Takeuchi et al, 2003), and WT-1 and 
Tbx18 for the pro-epicardium (Cai et al, 2008; Zhou et al, 2008), but it remained unknown what 
marks the early sinus venosus structures. We reported in chapter 6 the identification of 
Hepatocyte Nuclear Factor 4 Alpha (Hnf4�) as a marker for the sinus venosus of the developing 
heart. In our preliminary date, we found that Hnf4� is transiently expressed in the cells of the 
developing sinus venosus around E9.5. It is unknown what transcriptionally regulates specification 
of sinoatrial node cells and how the first heartbeat is initiated. Furthermore, the genetic 
contributors of sinus node dysfunctions remain among the most blurred fields. Most of the 
mutations resulting in conduction problems are found in genes such as Scn5a and Kcnj2 encoding 
for sodium and potassium channels (Chen et al, 1998; Deo et al, 2013). Yet, it needs to be 
unraveled what role Hnf4� plays in development of the sinoatrial node and if there is a potential 
association with sinus node dysfunctions.
Cardiomyopathies are characterized by a measurable detoriation of the function of the 
myocardium, which in most cases also leads to the clinical syndrome of heart failure. Various 
types of myopathies are distinguished such as, dilated cardiomyopathy, hypertrophic 
cardiomyopathy, restrictive cardiomyopathy, and arrhytmogenic cardiomyopathy (Teekakirikul et 
al, 2013). Most cardiomyopathies have in common the lack of genetic and mechanistic insights. 
Mutations in regulatory proteins have traced-down as causal for cardiac birth defects and 
cardiomyopathies, highlighting the importance of uncovering the underlying molecular biology 
(Gomes & Potter, 2004; Willott et al, 2010). In a previously performed genome-wide micro-array 
on embryonic stem cell-derived cardiac progenitors (Domian et al, 2009), we discovered a relative 
enrichment of the Asb2� gene in cardiac progenitor cells. In chapter 7, we presented the detailed 
expression pattern of Asb2 in the heart at gene, messenger RNA, and protein level. Cardiac 
deletion of the Asb2 gene in the Nkx2.5 and Mef2c lineages resulted in embryonic lethality, 
demonstrating its essential role in cardiac formation. We showed preliminary date for up-
regulation of Filamin A as a result of abrogated proteolysis in Asb2 mutants. The Filamin proteins 
play important roles in the formation of the cytoskeleton through anchoring actin filaments (Feng 
et al, 2006; Nakamura et al, 2011). Furthermore, we found that the Asbɴ isoform is expressed 
in the adult myocardium, raising the intriguing question what role this would play in homeostasis 
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of the myocardial cellular shape and function and its potential role for the development of 
cardiomyopathies. Filamin A deficient mice for example exhibited enlarged mitral valves during 
fetal life progressing to a pathological weakening and myxomatous phenotype within the first 
months of life (Sauls et al, 2012). Future work should aim to uncover Asb2s exact role in the 
regulation of adult myocardium and if it appears in the context of adult cardiomyopathies. 
In conclusion, the work in this thesis provides a mechanistic explanation for the regional 
proliferation of cardiomyocytes in the fetal heart through the modulation of the evolutionary 
conserved Wnt/ɴ-catenin signaling pathway. As a derivative, in vitro activation of ɴ-catenin creates 
a robust method for the expansion of cardiomyocytes. Moreover, the identification of novel 
candidate small molecules enhancing myocyte proliferation might result in the long-term culture 
of cardiac muscle cells. The mapping of transcriptional regulators in cardiac development could 
emerge in detailed molecular and mechanistic insight in cardiac conduction disorders and 
cardiomyopathies, as required for prospective true substitutions of diseased myocardium.
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SAMENVATTING

Symptomatisch hartfalen komt veelvuldig voor en leidt tot grote mortaliteit en morbiditeit. Het 
klinisch syndroom van hartfalen is meestal het resultaat van een relatief tekort aan functioneel 
hartspierweefsel als gevolg van bijvoorbeeld een hartinfarct. Een van de onderliggende redenen 
hiervoor is dat spiercellen in het volwassen hart bijna niet meer terug groeien na schade. Echter 
tijdens de ontwikkeling delen de harspiercellen in het jonge hart zich veelvuldig. Op dit moment 
weten we nog maar weinig over wat de groeisignalen zijn in het embryonale hart en op welke 
wijze deze worden gereguleerd.
In zoogdieren is het hart het eerste orgaan dat tijdens de embryonale ontwikkeling wordt 
gevormd. Gen mutaties leiden regelmatig tot hart afwijkingen met als regelmatig gevolg dat de 
embryonale groei tot stilstand komt. Ook na de geboorte worden bij de mens in ongeveer 1% 
aangeboren hart defecten gevonden, meestal veroorzaakt door subtielere veranderingen in de 
genregulatie. 
In hoofdstuk 2 geven we een overzicht van welke pogingen er zijn gedaan om hartspierweefsel 
te maken van embryonale stamcellen, cardiale stamcellen en herprogrammering van bij voorbeeld 
huidweefsel. Daarnaast vormt hoofdstuk 2 een overzicht van de verschillende manier waarop 
gepoogd is om het beschadigde hart te repareren met bijvoorbeeld cel injecties. De uiteindelijke 
uitdaging bij het vinden van een regeneratieve therapie van het hart is het creëren van functioneel 
hartspierweefsel en dat vervolgens te integreren. 
In hoofdstuk 3 en 4 hebben we de rol van embryonale “Wnt” groeisignalen onderzocht tijdens 
de ontwikkeling van het muizenhart. Daarvoor hebben we “Wnt” groeisignalen zogenaamd 
“AAN” of “UIT” gezet in het hart waarbij de deling van hartspiercellen respectievelijk toenam 
of verminderde. Verder konden we via de activatie van “Wnt” ook buiten het lichaam embryonale 
stamcel afgeleide hartspiercellen van muizen en mensen in hoeveelheid laten toenemen. Deze 
bevinden vergroten het inzicht in het bouwproces van het hart en geven mogelijk een nieuwe 
impuls aan het ontwikkelen van een reparatiemechanisme voor het gehavende hart. De grondslag 
hiervoor is dat bij schade aan organen, zoals bijvoorbeeld de huid vaak embryonale groeisignalen 
worden geactiveerd om beschadigd weefsel te herstellen. 
In Hoofdstuk 5 beschrijven we hoe een deel van de bevindingen zijn vertaalt naar een methode 
om harspiercellen van muizen en mensen te laten delen in petrischalen. Dit maakte het mogelijk 
om grote hoeveelheden hartspiercellen te verkrijgen die konden worden gebruikt in “small-
molecule screens” om nieuwe medicijnen en middelen te vinden die een effect hebben op de 
celdeling van harspierweefsel.
Naast het effect van eiwitten en moleculen op de regulatie van hartspierceldeling hebben we 
in hoofdstuk 6 en 7 getracht om uit te zoeken door welke genen/transcriptie factoren celdeling 
een rol spelen bij commitment en celdeling van voorloper cellen en vroege hartspiercellen. 
Daarbij hebben we een groep van genen en transcriptiefactoren geïdentificeerd waarvan tot op 
heden in zoogdieren niet is beschreven welke rol deze hebben in de embryonale ontwikkeling 
van het hart. In een serie aftastende experimenten hebben we getracht om het embryonale 
expressiepatroon voor Hepatocyte Nuclear Factor 4 Alpha (Hnf4�) en ankyrin repeat-containing 
protein with a suppressor of cytokine signaling box 2 gene (Asb2) in het hart in kaart te brengen. 
De resultaten van dit proefschrift vormen een belangrijke basale kennis van de embryonale en 
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foetale ontwikkeling van het hart. In beschadigde organen, zoals bv de huid of de dunne darm, 
worden embryonale groeisignalen afgegeven om het weefsel te repareren. De kennis die we 
hebben opgedaan met dit proefschrift geeft inzicht in hoe hartspiercellen delen tijdens de 
ontwikkeling. In de toekomst geeft dit mogelijk inzichten om het beschadigde hart te repareren 
met behulp van bijvoorbeeld het activeren van embryonale groeisignalen. Op dit moment bestaan 
er geen echte regeneratieve behandelmethoden voor het menselijke hart. De beste mogelijkheid 
om de kennis hierover fundamenteel te vergroten, bestaat uit het begrijpen van de 
ontwikkelingsbiologie of het bouwplan van het hart. De resultaten met betrekking tot de in vitro 
celkweek van hartspiercellen zou op kortere termijn kunnen leiden tot ontdekkingen van nieuwe 
medicijnen en screening naar toxiciteit van bestaande geneesmiddelen. Hierbij moet ook worden 
gedacht aan het gebruik van patiënt specifieke stamcel verkregen hartspiercellen voor individueel 
geoptimaliseerde therapieën.  
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