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Chapter 1

  

General Introduction
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Human pluripotent stem cells (hPSC)

Human embryonic stem cells (hESC), derived from the inner cell mass (ICM) of late blasto-
cyst stage embryos, were  first isolated and maintained in culture in 1998 [1]. HESCs have 
the ability to undergo unlimited self-renewal and are pluripotent, i.e. have the capacity to 
differentiate into all ~220 somatic cell types in the adult organism and germ cells [2],[3]. 
hESC are typically characterized by the expression of transcription factors OCT3/4 [4], NA-
NOG [5] and SOX2 [6], which play an important role in the maintenance of their pluripo-
tent state. Additional cell surface markers such as SSEA3, SSEA4, TRA-1-60, TRA-1-80 and 
TRA-2-49/6E (alkaline phosphatase) are used to distinguish pluripotent hESC from other 
cell-types [1],[7],[8]. Although, many studies have shown the utility of hESC in biomedical 
research after their differentiation to specialized cell-types, ethical issues on their origin 
limited their widespread use for both research and clinical applications. 

In 2006, groundbreaking work of the group of Shinya Yamanaka demonstrated the gener-
ation of pluripotent stem cells by reprogramming mouse adult cells in vitro through over-
expression of only 4 transcription factors associated with pluripotency, i.e. Sox2, Oct3/4, 
c-Myc, and Klf4 [9]. In 2007, the groups of Yamanaka and Thomson independently de-
scribed this reprogramming for the first time in adult human skin fibroblasts using a sim-
ilar approach [10,11].  It was demonstrated that these reprogrammed cells, called induced 
pluripotent stem (iPS) cells, were comparable to hESC, with respect to their morphology, 
molecular markers and functional characteristics, including self-renewal and differentia-
tion capacity. In addition, human iPS cells resemble the hESC in other aspects, including 
proliferation, teratoma formation, and promoter- and telomerase activities [10]. Differences 
in gene expression and methylation state between hiPS cells and hESC have been described 
[10] when small samples have been compared but overall they seem very similar. The first 
approaches used integrating retroviral vectors to introduce the reprogramming transcrip-
tion factors, but later induced pluripotency without the integration of transgenes [12–14]. 
Banks of hiPS cells from multiple individuals could support in vitro studies at the popula-
tion level for disease modeling, tissue engineering and drug toxicity. Due to their human 
origin, the tools created with hiPS technology are expected to be more predictive and rele-
vant to human conditions than existing animal or cell line based models.

hPSC cultures

hPSCs self-renewal in vitro is rather complex and still under intensive study. Initially hPSC 
cultures were maintained on mouse embryonic fibroblast (MEF) feeder layers in fetal calf 
serum (FCS); however, FCS-based media introduced variation in culture and differentia-
tion. Some advances have been made regarding the use of defined medium for sustaining 
the hPSC self-renewal in culture. Several factors have been reported to be important for the 
maintenance of pluripotent stem cells in vitro. In particular, basic fibroblast growth factor 
2 (bFGF) has a pivotal role in hPSC stability and maintenance [15]. Activin A, a member of 
the transforming growth factor-b family is thought to be important in combination with 
bFGF for self-renewal of hPSC [16,17]. It has been suggested that the mechanism consists 
of promoting the expression of the transcription factors needed for self-renewing, such as 
Oct3/4 and Nanog, through the induction of Smad2/3 [18]. Furthermore, data have been 
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1published demonstrating a crucial role for Phosphoinositide 3-kinases (PI3K) signaling in 
hESC self-renewal. PI3K appears to be involved in inhibiting differentiation of hESCs as 
well as in the self-renewal regulatory pathway. Therefore, the presence of PI3K agonists, 
such as insulin/IGF type molecules, in the culture medium is important for cell survival 
and self-renewal by inhibiting differentiation [19]. In addition, PI3K suppresses the activity 
of glycogen synthase kinase-3 (GSK3). Suppression of GSK3 is mandatory for pluripotency 
maintenance [20]. Furthermore, the production of a completely defined culture medium is 
essential in the development of large scale culture systems for differentiation purposes and 
for enabling high throughput in vitro screening. The first fully defined medium was made 
commercially available in 2006 . However, the costs of some components in the medium 
made it too expensive for daily research use [21]. Therefore modifications were made to 
develop an alternative, named mTeSR1. Five years later, based on the mTeSR1 formulation 
Chen et al. decreased the components necessary for hPSC maintenance to 8, the E8 medium 
containing insulin, selenium, transferrin, L-ascorbic acid, FGF2 and TGFβ in DMEM/F12 
[22]. This fully defined medium is now widely used as the starting point for differentiation 
protocols.

Cardiac differentiation

Initially cardiomyocytes were generated from hESC during “spontaneous” differentiation 
that takes place when the cells are grown as aggregates in suspension called embryoid bod-
ies (EBs) [23] . A more robust and efficient protocol was later described using END-2 co-cul-
ture to differentiate hESC into cardiomyocytes [24]. This protocol was further improved by 
removal of serum and insulin [25,26]. Presently, there are several methods described for 
efficient differentiation of human pluripotent stem cells into cardiomyocytes often tailored 
to the particular hESC or hiPSC. Most efficient are based on defined, serum  free medium 
(methods reviewed in Mummery et al 2012 [27]). Among the more widely used are those 
based on the serum-free defined media called APEL (albumin, polyvinyl alcohol, essen-
tial lipids)[28] or BPEL, a variant of APEL where albumin is replaced by BSA [29]. Since 
signaling events during early cardiogenesis are highly conserved between species, lessons 
from cardiac development have been very important for stepwise efficient differentiation 
of hPSCs to cardiomyocytes. The major signaling pathways involved in cardiogenesis are 
initiated by ligands of the Transforming growth factor beta family (TGF-β), the wingless/
INT proteins (WNTs) and the fibroblast growth factors (FGFs) (reviewed in [30]). Studies 
on early development have demonstrated that the TGF-β family signaling proteins Activin 
or nodal are important in the induction of mesoderm specification prior to gastrulation 
in Xenopus and chick embryos [31,32]. Activin/Nodal signaling pathway activates down-
stream SMAD proteins type 2 and 3, which have an important role in embryonic develop-
ment and organ growth. Bone morphogenic proteins (BMPs) also play a role. Among its 
members BMP4 has a pivotal role in cardiac development, acting via the SMAD (type1,3,5) 
and MAPK pathways to promote cardiogenesis [33]. The Wnt family are signaling proteins 
that play a regulatory role in many different developmental processes, including cell sur-
vival, migration, proliferation, cell-fate specification and adhesion [34]. Wnt signaling can 
be divided into two distinct pathways, referred to as  canonical and non-canonical. Initial 
findings suggested a clear functional separation of these signaling pathways, where β-cat-
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enin-dependent canonical Wnt pathway is thought to play an inhibitory role on cardiac 
specification [35,36], as opposed to the cardiovascular development promoting role of the 
β-catenin-independent non-canonical Wnt signaling [37],[38]. Currently, different studies 
suggest more complex function of the canonical Wnt pathway in the temporal specification 
of cardiac commitment. Expression of canonical Wnt ligands before gastrulation promotes 
mesoderm induction [39], whereas activation of the canonical Wnt pathway during late 
cardiac differentiation blocks the expression of cardiac genes [40]. Recent completely de-
fined protocols were developed using cytokines BMP4 and Activin A together with a GSK3 
inhibitor that acts as a potent Wnt activator to initiate cardiomyocyte differentiation and 
later removed in a time dependent manner, recapitulating the development cardiac induc-
tion signaling in vivo [28]. An alternative format of differentiation have been developed 
using monolayer culture on a specific extracellular matrix (ECM) (e.g. Matrigel) in serum 
free medium (RPMI/B27 or APEL) in combination with similar cytokine cocktail and timing 
as the EB methods;  cardiomyocyte yields of 30% have been reported [28,41]. More recent 
advances however, now enable the production of cultures containing 85% or more cardi-
omyocytes across different hESC and hiPSC lines. This was achieved through the use of 
RPMI medium in combination with  defined chemicals (Wnt activator Chir99021 and Wnt 
inhibitor Wnt-C59) on hPSC cultures maintained in animal component-free medium (E8)
[42]. Further increases in purity of the cardiomyocytes culture have been achieved by taking 
advantage of the cardiomyocyte’s ability to use l-Lactate as an energy source. The use of 
l-Lactate as a replacement of Glucose as energy substrate eliminates the non-cardiomyo-
cytes from the culture, increasing the cardiomyocytes yield to 95% [42,43]. Other selection 
methods include the use of cardiomyocte cell surface markers like Sirpα in combination 
with VECAM [44,45] or cell type specific reporters (review den Hartogh and Passier 2016 
[46])

hPSC derived cardiomyocyte phenotype

These recent advances in robust cardiomyocyte differentiation procedures enables the use 
of hPSC-derived cardiomyocytes for (hPSC-CM) in the fields of disease modeling or drug 
toxicity screening, which are of interest for both the academic and the industrial research 
communities. HPSC-CMs based models have the inherent advantage of being human, mak-
ing them closer to the clinic reality then the established animal models. Moreover, these 
cells can be generated from any individual as hiPSC, enabling the disease modeling of par-
ticular individuals, bridging the in vitro phenotype and the clinical symptoms in order 
to understand the disease mechanism. Despite the advantages of this model, the use of 
hPSC-technology is still limited by the immature phenotype of the cardiomyocytes. Al-
though hPSC-CMs express cardiac-specific genes, which are necessary for action potential 
(AP) induction and contractile function, their electrophysiological and contractile proper-
ties resemble those of human fetal cardiomyocytes [24]. In particular the APs of hPSC-CM 
have low resting membrane potentials (~-63mV), low upstroke velocities (~20V/s) and short 
AP amplitudes (~90mV) in comparison to the adult situation (-85mV, 270V/s and 106mV, 
respectively)[47]. This immature phenotype is also observed in cell morphology with a 
variable shape, partially disarrayed sarcomeres and a smaller cell size [48],[49] (Figure 1). 
Additionally, the T-tubules, which are key components of excitation–contraction coupling 
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1mechanism in adult cardiomyocytes, are not present in hPSC-CM, making this feature a 
hallmark of cardiomyocyte maturation [50]. Mitochondrial structure and function play an 
important role during development. hPSC-CM have long and slender mitochondria located 
around the nucleus [51] and use glycolysis as a major energy source, which is comparable 
to fetal cardiomyocytes, as opposed to the crystal-like lattice pattern distributed throughout 
the cell [52] and use of fatty acids as energy source in adult cardiomyocytes [53]. Different 
studies have shown that the gene profiles of hPSC-CM have a higher degree of similarity 
with fetal than with adult cardiomyocytes [54],[55]. 

 

Maturation of hPSC-CM in vitro

Although several studies have shown the potential of hPSC-CM for disease modeling, drug 
toxicity screening and cell-based therapies, it is crucial to drive hPSC-CM towards a mature 
phenotype. During cardiac development in vivo, cardiomyocytes are exposed to different 
maturation cues, varying from circulating factors in the blood, to cell-cell interactions, ex-
tracellular matrix components to electrical and mechanical signals for a prolonged time 
allowing cardiomyocytes to develop an adult phenotype and function. Different approach-
es have been applied to mimic the conditions present in the development of adult heart. 
The effect of long term culture on hPSC-CM maturation have been described with variable 
outcomes [56–58]. The most striking change has been reported by Lundy et al. in 2013 by 
culturing hPSC-CM on glass for periods up to 120 days, leading to improved morphology, 
sarcomeric structure and length, calcium handling and electrophysiological properties [56]. 
Interestingly, the commonly used cell culture surfaces such as plastic or glass for cell cul-
ture have Young’s modulus of ≈2 GPa and ≈50 GPa, respectively, which are 5 to 6 orders 
of magnitude stiffer than ≈24.4kPa measured on the native heart tissue [59]. Different stud-
ies have described that culturing neonatal rat ventricular myocytes (NRVM) on substrates 
with physiological-like stiffness improved their sarcomere structure, cell aspect ratio and 
contractile forces [60,61]. Moreover, cardiomyocyte length/width ratio has been proposed 
as a measure of maturity and disease [62,63]. Cell shape plays an important role in cardio-
myocyte function since changes in cytoskeletal architecture have been described to regulate 
gene expression [64], impulse propagation [65], excitability [66] and contraction [62,67]. 
Morphology of healthy adult ventricular cardiomyocytes is characterized by an elongated 
shape with a length/width ratios of 7:1 in vivo [68]. Accordingly, restraining cardiomyo-

Figure 1- Cardiomyocyte structure. A. Human adult cardiomyocytes (Adapted from  C. Mum-
mery et. al 2003). B. Human stem cell derived cardiomyocytes. Both stained for α-actinin (green), 
MLC-2v (red) and nuclei (blue). 
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cyte shape to an adult like length/width ratio, with techniques like microcontact-printing 
or defined topology, can enhance its sarcomere structure and contractile performance[62]. 
Furthermore, 2D monolayer cultures lack endogenous 3D biophysical properties crucial for 
cardiomyocyte development such as electical impulse and mechanical loading. Electrical 
stimulation have been shown to improve NRVM alignment and ultrastructural organiza-
tion and to increase contraction amplitude [69]. In 2011 Tulloch et al. were the first to show 
improvements of hPSC-CM sarcomere alignment and physiological hypertrophy by me-
chanically stretching cells cast in a 3D collagen gel [70]. Later, a combination of collagen 
type I and a suture wire in a PDMS channel template created a 3D microenvironment with 
architectural and electrical cues conducive for hPSC-CM maturation. This so-called 3D bi-
owire platform induced physiological hypertrophy with maturation of contractile appara-
tus, improvements in calcium handling and electrophysiology properties of hPSC-CM in 
vitro [71]. Although 3D structures are a better representatives of the environment in vivo 
they are still deprived of the biochemical cues present in the blood during development 
and adult stages. Despite its complexity some components present in human serum such 
as hormones, growth factors and adrenergic receptor agonists have been described to play 
a role in cardiomyocyte maturation. Triiodothyronine (T3) is a thyroid hormone involved 
in numerous physiological processes throughout the body, related to growth and develop-
ment. More specifically for the development of the heart, T3 has been shown to affect heart 
rate and metabolism [72]. In addition, T3 has been shown enhance the expression of cardiac 
genes such as NKX2.5, MYH6, MLC2v, SERCA, RYR2, KCND3 and PGC1α [73,74], which 
have pivotal roles in cardiomyocyte differentiation and function including electrophysi-
ology [75], calcium handling and contraction force [76]. Furthermore, Insulin-like growth 
factor 1 (IGF-1) is known to promote cell growth, proliferation, survival and metabolism 
(reviewed in Troncoso et al. 2014[77]). IGF-1 activates the phosphatidylinositol-3 kinase 
(PI3K)/Akt pathway, Ras/Raf/ Mitogen-activated protein kinase (MEK) and consequently 
the extracellular signal-regulated kinase (ERK) pathway, which are major pathways in-
volved in protein production leading to metabolic changes, cell growth and at a later stage 
cardiomyocyte hypertrophy [78]. Although IGF-1 have been shown to inhibit cardiomyo-
cyte formation [26], its role in promoting migration, proliferation, and survival of cardiac 
progenitor cells has been established [79,80], making it a potential effector in hPSC-CM 
maturation. 

Cardiac hypertrophy

Cardiac hypertrophy is a process characterized by an increase in cell size with increased 
protein synthesis and sarcomere assembly. Since mammalian cardiomyocytes rapidly fail 
to retain their ability to divide, cardiomyocyte hypertrophy accompanied with fibroblast 
and endothelial proliferation is the major process responsible for the development of the 
adult size heart. This developmental enlargement of cardiomyocytes is referred to as phys-
iological hypertrophy [48]. During postnatal physiological hypertrophy the contractile ap-
paratus matures,  there is a switch to a fatty acid based metabolism and T-tubules develop, 
improving the excitation contraction coupling efficiency [81]. Physiological hypertrophy 
also occurs in adult hearts during female pregnancy or extreme exercise by increasing 10–
20% heart weight, in order to handle the necessary cardiac output, in a fully reversible man-
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1ner[82,83]. In contrast, pathological hypertrophy is defined as an overall increase in the size 
of cardiomyocytes compensating for impaired cardiac function where there is  loss of cardi-
omyocytes (as occurs after myocardial infarction) or pressure overload (aortic stenosis, high 
blood pressure) or genetic causes. In addition to an increase in cardiomyocyte size, patho-
logical cardiac hypertrophy is characterized by fibroblast proliferation and interstitial fi-
brosis leading to worsened cardiac function and an increased mortality. Cardiomyopathies 
can be classified in two different categories: Concentric (hypertrophic cardiomyopathy) or 
Eccentric (dilated cardiomyopathy). Concentric hypertrophy is evidenced by thicker/wider 
cardiomyocytes with length/width ratio of 5:1 or lower, which generates a thickening of the 
cardiac wall and consequently a decrease in ventricular volume [68]. On the other hand, 
cardiomyocytes in eccentric hypertrophy display an elongated shape with a length/width 
of 10:1 or greater, leading to a disproportionally thin cardiac walls and ventricular volume 
overload [63]. Despite the differences between these two extreme phenotypes, both condi-
tions lead to the same outcome: a decrease in cardiac output leading to cardiac failure. An 
important molecular marker of pathological hypertrophy is the induction or reactivation 
of genes such as c-jun, c-fos, c-myc, atrial natriuretic peptide (ANP), α-myosin heavy chain 
(α-MHC) and skeletal alpha actin (SKA), which are also important during development[84]. 

Molecular pathways in hypertrophy

Cardiac hypertrophy is originated from the cardiomyocyte response to mechanical and 
neurohormonal stimuli such as angiotensin II, IGF-1, endothelin-1, adrenaline, etc. Al-
though there is some insight on the initial triggers of hypertrophy, the mechanisms un-
derlying progression of pathological hypertrophy are still intensively studied. Several mo-
lecular pathways have been described to be involved in the initiation and progression of 
cardiac hypertrophy. The Phosphoinositide 3-kinase (PI3K)/Akt pathway plays a major role 
in cardiac hypertrophy and serves as a nodal point that is directly activated by tyrosine 
kinase receptors such as IGF-R, TGFβ-R (transforming growth factor β-receptor), FGF-R (fi-
broblast growth factor-receptor), as well as β-adrenergic G protein coupled receptors [85]. 
The 3-kinase (PI3K)/Akt pathway promotes hypertrophy through mediation of two direct 
target proteins, mTOR (mammalian target of Rapamycin) and glycogen synthase kinase 3β 
(GSK3β)[86]. Another important pathway in hypertrophy is the MAPK signalling cascades 
(mitogen activated protein kinases). These cascades are involved in protein production, cell 
proliferation, growth and survival, and can be activated by different stimuli as mechani-
cal stress and growth promoting factors (ET-1, AngiotensineII, Phenylephrine and TGF- 
β). Downstream of these cascades are the Extracellular signal receptor-Regulated Kinase 
(ERKs), c-jun NH2-terminal Kinase (JNKs) and p38 MAPK, which are known to induce 
cell growth, increase in protein synthesis and hypertrophy specific gene expression [87,88]. 
The calcineurin/nuclear factor of activated T-cells (NFAT) was one of the first pathways 
described as playing a role in hypertrophy. In this pathway, calcineurin is induced by me-
chanical and/or neurohormonal stimuli to regulate NFAT dephosphorylation [89], leading 
to nuclear translocation where it can activate transcription factors involved in hypertrophy 
such as GATA-4 and MEF2 [90]. Furthermore, this process can be inhibited by a class of 
histone deacetylases (HDACIIa) as they repress transcription of GATA-4, MEF2 and NFAT. 
On the other hand the class I HDACs are known for their pro-hypertrophic role in the heart 
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as they are involved in the regulation of growth proliferation and differentiation [91].  The 
interleukin-6 family of cytokines are known to induce cardiac hypertrophy by binding to 
a common receptor unit glycoprotein 130 (gp130) and consequently activating the (PI3K)/
Akt, MAPK and Janus Associated Kinase/signal transducers and activators of transcription 
(JAK/STAT) pathways [92]. The JAK/STAT signalling pathway has been implicated as im-
portant key in cardiac pathophysiology[93] (Figure 2). Dysregulation of this pathway has 
been described in pressure overload induced hypertrophy [94].

 

MYBPC3 in Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is the most common genetic cardiovascular dis-
ease with a prevalence of 1:500 in general population [95] (Figure 3). The clinical signs 
and symptoms for HCM include palpitations, dizziness, syncope and sudden cardiac death 
(SCD), with the latter often being the first symptom. Genetic linkage studies revealed nine 
different chromosomal loci, with the preponderance of genes encoding cardiac sarcomeric 
proteins [96–99] inherited in a dominant autosomal manner. The genes most frequently 
mutated encode β-myosin heavy chain (35%), myosin binding protein C (20%), troponin T 
(5%) and α-tropomyosin (<3%), which are proteins with pivotal roles in the cardiomyocyte 
contraction mechanism [100]. Such mutations can arise de novo or be familial and passed 

Figure 2- Different mechanisms leading to hypertrophy. Activation of the IGF receptor, L-Type 
calcium channel or G protein coupled receptors by hypertrophic stimuli leads to the activation 
of PI3K, Calcineurin and MAP kinase pathways, respectively. The activation of these pathways 
result in an upregulation or activation of transcription factors involved in protein synthesis and 
cell growth, the building blocks of hypertrophy. (Figure adapted from Agrawal et al 2010, with 
permission)
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1on from each generation. In the Netherlands nearly 35% of the familial hypertrophic car-
diomyopathy are caused by founder mutations in the MYBPC3 gene, which encompass  a 
Guanine duplication in exon 25 (2373dupG) or a Cysteine and threonine deletion from exon 
29 (2864_2865delCT)[101]. Although these mutations are predicted to encode a truncated 
MYBPC3 version, such protein is not found in patient material. Moreover, the amount of 
the wild-type MYBPC3 has been shown to be reduced by 33% in these patients, suggest-
ing haploinsufficiency as a trigger of the disease mechanism [101]. The cardiac MYBPC3 is 
present in the C zones of the A band as 9 transverse stripes 43nm apart [102]. This protein 
is composed of 11 domains named C0-C10 from the N- to the C-terminus and by a linker 
amino acid sequence (MYBPC motif) between C1 and C2 with four phosphorylation sites. 
The MYBPC3 interacts with different sarcomeric proteins via de different protein domains. 
The C0 and C1 are anchored on the actin filaments, allowing the MYBPC motif to interact 
with the myosin head during contraction. The C2 to C4 domains work as an arm connect-
ing the thin to the thick filament. Furthermore, two predictive models have been suggest-
ed describing the interaction between C5 and C10 domains and components of the thick 
filament [103],[104]. The most accredited model describes a trimeric collar constituted by 
the C5 to C10 domains of three different MYBPC3 wrapped around the myosin, titin and 
light meromyosin (LMM). This anchoring is further stabilized by the interaction between 
domains of the different MYBPC3 (C5:C8 and C7:C10)[105]. Functionally, the MYBPC3 re-
strains the distance between the thick and the thin filaments and acts as a physical holder 
of the myosin heads at a specific distance of the actin filament, reducing the probability of 
their interaction during diastole. Importantly, low levels or absence of MYBPC3 leads to a 
hypertrophic cardiomyopathy phenotype characterized by an eccentric left ventricular hy-
pertrophy with myocardial disarray, diastolic dysfunction and interstitial fibrosis[106,107].

 Figure 3- Hypertrophic cardiomyopathy illustration. The hypertrophic heart (right) displays 
thicker ventricular walls due to the increase in interstitial fibrosis and cardiomyocyte size, decreas-
ing the ventricular volume capacity. (http://www.extremehealthradio.com/i-no-longer-have-hy-
pertrophic-cardiomyopathy)
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Scope of this thesis

This thesis describes different approaches for studying human stem cell cardiomyocyte 
differentiation and their maturation in health and disease using state-of-the-art technol-
ogies. By integrating stem cell biology with other disciplines of molecular biology, imag-
ing, biomaterials and biophysics, we were able to address different biological questions. 
In Chapter 2 we tested different biocompatible materials for hPSC-CM culture in order to 
partially mimic the in vivo microenvironment using soft substrate stiffness and controlling 
cell shape. Moreover, we describe the combination of cell traction force measurement tech-
nique with µcontact-printing and its application in the assessments of contraction force of 
single hPSC-CM. In Chapter 3 a comparative analysis on contraction force was performed 
between hPSC-CM and primary human fetal cardiomyocytes on the same substrate. More-
over, by adjusting the culture conditions we assessed changes in maturation stage of hP-
SC-CM by measuring contraction force and electrophysiology in identical cardiomyocytes. 
In Chapter 4 we describe a combination of different molecules to induce maturation of hP-
SC-CM in vitro. We further use this maturation technology to assess contraction differences 
on hiPSC-CM derived from patients with a Dutch founder mutation in the MYBPC3 pro-
tein. In Chapter 5 we develop a genetically engineered α-actinin-mCherry fusion to study 
sarcomere development, structure and function of hPSC-CM with live imaging. In Chapter 
6 we apply the technology and initial findings of chapters 4 and 5 to develop a hESC-CM 
based disease model, where we assess changes in calcium kinetics, contraction force and 
sarcomeric structure caused by the absence of the MYBPC3 protein. In Chapter 7 we make 
use of an inducible cMYC overexpression to arrest cardiac progenitors in their multipotent 
state. We were able to expand and differentiate these cardiac progenitors to cardiomyo-
cytes, smooth muscle and endothelial cells. Moreover, within the cardiomyocyte lineage we 
were able to specifically differentiate the cardiac progenitors to nodal-like or working myo-
cardium in vitro. Finally, in Chapter 8 the content of the experimental chapters is discussed 
and future perspectives in this field are proposed.
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