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Human embryonic stem cells and cardiac differentiation
Embryonic stem (ES) cells, derived from the inner cell mass of blastocysts, have the capacity 
to self-renew and are pluripotent, which means that these cells are able to differentiate 
into derivatives of all three embryonic germ layers: endoderm, ectoderm and mesoderm. 
The isolation of mouse and later human ES cells provided developmental biologists with 
an important tool for studying differentiation in early embryonic development. The first 
human embryonic stem cell (hESC) lines were isolated and characterized in 1998 1, 17 years 
after the first derivation of mouse ESC lines 2, 3. Since then many more hESC lines (>400 
lines) have been derived 4, 5. The ability of hESCs to differentiate to any cell type of the 
human body prompted research into their potential use in cell-based therapies. This initially 
entailed optimizing in vitro differentiation protocols in order to generate large numbers of 
specialized cell types for the purpose of cell replacement in diseases or disorders where 
cells had been lost or malfunctioned. However, besides this promising, though challenging  
opportunity, other (short-term) prospects for hESCs emerged that included their use as an 
in vitro model for unravelling molecular pathways in early differentiation events and disease 
(see Chapter 2). Ultimately, a better understanding of the molecular pathways involved in 
directed differentiation may lead to a more efficient protocol for the production of specific 
cell-types, which will be advantageous for possible future drug discovery and therapeutic 
applications. 
We and others have demonstrated the differentiation of hESCs to cardiomyocytes 6-9. 
One method is based on previous studies in mESCs, where the formation of aggregates 
in suspension culture called ‘embryoid bodies’ (EBs) resulted in the formation of beating 
cardiomyocytes. Another method is based on co-culture of ESCs with cells secreting 
differentiation inducing factors, like OP6 cells or END2 cells 10. In hESCs, we induce 
cardiomyocyte differentiation by co-culture with the visceral endoderm-like cell line, 
END-2. These, hESC-derived cardiomyocytes were previously characterized by cardiac 
genes and proteins (sarcomeric, ion channels), pharmacological responses (chronotropy) 
and electrophysiology (mainly patch-clamp measurements). In general, hESC-derived 
cardiomyocytes resemble fetal human cardiomyocytes and dependent on the method of 
differentiation a variety of cardiac cells (atrial, ventricular, pacemaker-like cardiomyocytes) 
can be observed. Cardiomyocyte differentiation by EB formation normally leads to a mixture 
of different cardiomyocytes, whereas in hESC-END2 co-cultures approximately 85% of the 
cardiomyocytes have a ventricular phenotype, based on patch-clamp measurements 9. 
Previously, we demonstrated improved cardiomyocyte differentiation from hESC-END-2 
co-cultures by lowering the percentage of fetal calf serum (FCS) used to supplement the 
medium 11. The number of beating areas in hESC-END-2 co-cultures was 24-fold higher 
in the complete absence of FCS, than in the presence of 20% FCS. Recently, additional 
improvement in cardiac differentiation efficiency was seen when differentiation was 
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performed in the absence of insulin 12. Differentiated cultures resulting from this serum-
free, insulin-free protocol contain around 25% cardiomyocytes. These improvements 
made it feasible studying directed cardiac differentiation in hESCs by analysis of mRNA 
expression using microarrays (see chapter 3), which may lead to a better understanding of 
molecular pathways involved in cardiac development and provide a platform for cardiac 
gene discovery in humans.

Cardiac development
The heart is the first organ to form in the embryo. Heart formation during vertebrate 
embryogenesis begins when two separate heart fields are formed during early gastrulation. 
This occurs in response to inductive signals that come from the adjacent endoderm. The 
cardiac progenitor cells are localized just underneath the primitive node of the primitive 
streak 13. At a later stage, the two populations of cardiac progenitor cells are found in the 
lateral plate mesoderm on each side of the primitive streak contributing to the primary 
and secondary heart field 13. The cardiac crescent, induced by the primary heart field, 
will form the heart tube by migrating medially and will contribute to the development of 
the left ventricle and the atria. The secondary heart field is located medial to the cardiac 
crescent and contains cardiac precursors contributing to the right ventricle and the outflow 
tract14 (Figure 1). The heart tube is formed by a distinct endocardium and myocardium and 
elongates anteriorly and posteriorly. The primary heart tube then undergoes rightward 
looping, chamber maturation and septation to ultimately form the multichambered heart 
(Figure 1) in which the septae separate the oxygenated and deoxygenated blood within 
pulmonary and systemic circulations. 

Figure 1. Scanning electron micrographs of representative stages of mouse development are shown with 
derivatives of the primary (blue) and secondary (purple) heart fields shown in color. Abbreviations: a, atrium; lv, 
left ventricle; oft, outflow tract; rv, right ventricle. (Adapted from 15).

In contrast to mammalian hearts, the hearts of fish contain a single atrium that is directly 
connected to one ventricle. Amphibians have two atria separated by a septum and a 
single ventricle. Despite these cardiac morphological differences between species, heart 
development is controlled by an evolutionary conserved network of transcription factors 
including NK2, MEF2, GATA, TBX and HAND. This core regulatory network controls muscle 
differentiation, patterning and contractility and is induced in the lateral plate mesoderm 
in part by signals from adjacent endoderm, such as BMPs and FGF8 16, many of which are 
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conserved in organisms ranging from insects to mammals 17. BMP signaling and FGF8 are 
both required for induction of cardiac differentiation 18 and at the same time inhibition 
of Wnt signaling is necessary for specifying the myocardial lineage 19, 20. Recently it was 
shown that inhibition of canonical Wnt signaling mediated by IGFBP-4 is required for 
cardiogenesis21. By interacting with the Wnt receptor Frizzled 8 (Frz8) and the Wnt co-
receptor LRP6, IGFBP-4 competes with binding of Wnt3a to Frz8 and LRP6 and thereby 
inhibits canonical Wnt signaling.
In response to inductive signals, several transcriptional regulators of the cardiac programme 
are activated, including Nkx2-5 which in turn induces other cardiac transcription factors 
GATA-4 and MEF2C 14, 17. Together they activate the expression of genes encoding cardiac 
muscle specific proteins such as cardiac α-actin, atrial natriuretic factor (ANF), α- myosin 
heavy chain (α-MHC) and brain natriuretic peptide (BNP) 22. Nkx2-5, GATA-4 and MEF2C 
induce the expression of the HAND proteins, HAND1 and HAND2. HAND proteins belong 
to the bHLH domain containing family and co-ordinate the looping of the newly formed 
heart tube. Embryonic growth of the heart occurs primarily through proliferation of cardiac 
myocytes. Soon after birth, cardiomyocytes withdraw from the cell cycle and cardiac 
growth can only occur by an increase in size of the individual myocytes (hypertrophy).

Skeletal muscle development
While cardiac progenitor cells arise from the lateral plate mesoderm, skeletal muscle 
progenitor cells arise from paraxial mesoderm which gives rise to the somites. Somites are 
transient structures that later on differentiate into different types of tissues that will give 
rise to several trunk structures: sclerotome (precursor of the bones, cartilages and tendons), 
myotome (precursor of muscle) and dermatome (precursor of the dermis) (reviewed in 
23) (Figure 2). Somites are formed sequentially as segments of the paraxial mesoderm 
on each side of the neural tube, from anterior to posterior, at regular time intervals. In 
response to signals (SHH, WNT, FGF) from the neural tube, notochord and surface 
ectoderm, the somites differentiate forming two distinct regions: the dermomyotome, 
which forms as an epithelium from the dorsal part of the somite, and the ventrally located 
sclerotome24.  The sclerotome gives rise to the majority of bones and cartilage in the body 
while the dermomyotome gives rise to muscle and dermal progenitors. In mammals, the 
dermomyotome can be further divided into epaxial and hypaxial domains that relate to 
the nature of innervations of the distinct muscle populations that derive from within these 
regions (Figure 2). The epaxial part of the dermomyotome gives rise to the muscles of the 
back and are innervated by the dorsal branch of the spinal nerve. The ventro-lateral hypaxial 
part of the dermomyotome gives rise to muscles innervated by ventral spinal nerves, such 
as body wall muscles, the appendicular muscles at the level of the limbs, and migratory cell 
populations that form the diaphragm.
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During development, there are two phases of myogenesis involving two distinct 
populations of myoblasts: the intensively studied primary phase and the less understood 
secondary phase. The primary myotome is formed as the first differentiated muscle from 
the dermomyotome between E11.5 and E15.5 in the mouse. After primary myotubes have 
stopped forming, secondary myoblasts in the dermomyotome use the primary myotome 
as a scaffold to attach to and fuse with each other, giving rise to secondary myotubes, a 
process that starts at E15.5 in the mouse and goes on postnatally 26, 27. Once a myoblast 
is specified it delaminates from the somites and migrates to sites of muscle formation. 
There, some myoblasts irreversibly exit the cell cycle, align with each other and fuse 
forming multinucleated myotubes. In adult mice, a third phase of myogenesis can be 
triggered in response to skeletal muscle damage. Resident stem cells within adult skeletal 
muscle (satellite cells) are recruited to form new myofibres and regenerate the damaged 
muscle28.
The genetic basis for muscle formation and the signaling pathways involved in patterning 
of the myotome are the same in all vertebrates. Primary myogenesis is initiated by 
signals from the notochord, neural tube and the overlying surface ectoderm that induce 
the expression of the basic helix-loop-helix myogenic regulatory factors myogenic factor 
5 (Myf5), Myf6 (also known as (Mrf4), myogenic differentiation (MyoD) and myogenin 
(Myog). Wnts produced by the neural tube and surface ectoderm and Sonic hedgehog 
(Shh) from the notochord and floor plate of the neural tube alongside with FGF have been 
identified as positive effectors of myogenesis 29.
Knockout studies in mice have shown that Myf5 and MyoD act redundantly and upstream 
of Myog. A double knockout of MyoD and Myf5 resulted in a complete lack of skeletal 

Figure 2. Schematic representation of mammalian somitogenesis. (Adapted from 25).
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muscle formation 30-32. Recently, it was shown that two distinct myoblast populations, one 
expressing MyoD and the other expressing Myf5, could compensate for the loss of each 
other 33, 34. These myogenic transcription factors are ultimately responsible for directing the 
expression of genes that are required to generate the contractile properties of a mature 
skeletal muscle cell.

Zebrafish as a model for cardiac and skeletal muscle development 
In the past few decades, the zebrafish (Danio rerio) has become a popular model system 
in the field of developmental genetics, next to the fruit fly, the nematode, the frog and 
the mouse. Its great advantages include the production of high numbers of externally 
developing embryos, making large-scale random mutagenesis screens feasible (forward 
genetics). Furthermore, reverse genetic approaches, like morpholino-mediated knockdown, 
are relatively fast and easy and allow us to study the role of a gene of interest. Injection 
of gene-specific morpholino antisense oligonucleotide into the 1-cell stage embryo leads 
to temporary knockdown of expression of a known gene during zebrafish development. 
Morpholinos target either the transcriptional start site or an internal splice site of the 
messenger RNA and prevent translation or induce aberrant splicing with loss of function for 
3 to 5 days 35.  This time frame of temporary knockdown is sufficient to study development 
of cardiac and skeletal muscle development, since the heart and skeletal muscle is formed 
within 3 days (see below).
Until very recently targeted disruption of a specific gene of interest was difficult due to 
collateral genetic damage found in TILLING methods. Two groups have recently described 
the use of zinc finger technology to directly modify genetic loci and generate targeted 
knockouts in zebrafish 36, 37. This method increases the value of the zebrafish as biological 
model for human disease. Zebrafish embryos are transparent throughout development 
allowing easy observation of individual organs, like the heart, by microscopy. In mammalian 
model systems, a cardiac defect is mostly early embryonic lethal. In zebrafish, cardiac 
defects can be studied in vivo more easily, since embryos can develop independent from 
a functional cardiovascular system during the first days of development as they gain 
sufficient oxygenation via diffusion 38, 39. 

Zebrafish cardiac development
Like in mammals, the cardiac precursors rise from lateral plate mesoderm of the zebrafish 
embryo which will eventually differentiate into endocardial and myocardial cells (Figure 
3a). Around 12 hours post fertilization (hpf) differentiation of cardiac progenitors starts 
and subsequent migration from their bilateral position towards the midline at the level 
of the future hindbrain follows 40 (Figure 2b, c). Once the myocardial precursors reach 
the midline (around 18 hpf), they begin to interact and combine to form the cardiac cone 
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Figure 3. Zebrafish cardiac development
a) Cardiac precursor cells are located in the ventrolateral region of the zebrafish embryo at 5 hours post fertilization 
(hpf). b) Around 12 hpf, these precursors migrate towards the midline of the embryo at the level of the hindbrain 
and represent endocardial precursors (blue) and myocardial precursors (red). c) At 15.5 hpf the myocardial 
precursors have further specified in atrial (yellow) and ventricular progenitors (red). d) The two cardiac progenitor 
fields fuse at the midline to form the cardiac cone at 19.5 hpf. Atrial precursors are located at the tip of the cone 
while ventricular precursors are located at the base. The endocardial precursors line the inside of the cone. e,f) 
The cardiac cone transforms into the primitive heart tube at 24 hpf which moves to the left of the midline. g) 
By 36 hpf a distinct atrium and ventricle has been formed and the heart undergoes looping after which valves 
are formed from endocardial cushions at the atrio-ventricular boundary at 48 hpf. Abbreviations: A, anterior; AP, 
animal pole; D, dorsal; P, posterior; V, ventral; VP, vegetal pole; L, left; R, right. (Adapted from 40) 

Figure 4. Zebrafish somitogenesis
a) The early zebrafish embryo has no dermomyotome, instead the presumptive myotome is seperated 
anterio-posteriorly and undergoes rotation during myogenesis. b) The adaxial cells (blue) are the first fibres to 
differentiate in the zebrafish myotome. The remainder of the primary myotome will form from the posterior of 
the somite (red). c) The majority of the adaxial cells will migrate to the lateral extent of the myotome forming 
the slow muscle, and the fast muscle cells will differentiate behind the migrating cells. A subset of adaxial cells, 
the muscle pioneers, remains at the notochord. Somite rotation results in the anterior cells of the somite (yellow) 
moving lateral to the slow muscle to form the dermomyotomal-like external cell layer. These cells subsequently 
contribute to secondary and adult myogenesis. In all figure parts, the neural tube is dark green and the notochord 
is light green. Abbreviations: A, anterior; D, dorsal; P, posterior; V, ventral. (adapted from 24)
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(Figure 3d), in which the apex of the cone contains cells which will become the ventricle 
and the base will become atrium (Figure 3d-g). The cardiac cone then extends posteriorly 
and gradually converts into the linear heart tube by 24 hpf, which is followed by a process 
called cardiac “jogging” in which the linear heart tube reorientates to the left side of the 
embryo and starts to contract 41. Between 24 and 48 hpf, the linear heart tube gradually 
bends at the boundary between the ventricle and the atrium to create an S-shaped loop 
after which the formation of valves from endocardial cushions at 48 hpf helps to ensure 
unidirectional blood flow. After cardiac looping establishes the final form of the heart, it is 
followed by cardiomyocyte maturation, thickening of the ventricular wall and formation 
of ventricular trabeculae ultimately leading to a fully functioning heart. Despite the 
anatomical differences between mammalian and zebrafish heart, the basic elements and 
transcriptional programs for cardiac specification, differentiation and morphogenesis are 
conserved between different species and can therefore be easily studied in zebrafish 40, 42. 

Skeletal muscle development in zebrafish 
In zebrafish, a primary myogenic phase in which initial myogenic differentiation occurs and 
post-mitotic fibres come to span the somite in an antero-posterior orientation (Figure 4). 
During this primary myogenic phase, distinct muscle populations differentiate at around 16 
hpf. Adjacent to the notochord a group of 20 cuboidal cells per somite called adaxial cells 
can be distinguished from the more irregularly shaped lateral presomitic cells 43. These are 
the first cells to express MyoD 44 and are specified by hedgehog family signalling proteins45. 
Furthermore, adaxial myoblasts are able to initiate myogenesis prior to segmentation of 
the somites 44, 45. These cells are also distinguished by the fact that they express both fast- 
and slow-twitch myosin heavy chains and that they are generally denoted as slow-muscle 
precursors, a phenotype they share with the primary fibers of the early myotome in mouse 
46, 47. Fast and slow-twitch muscles are distinguished by their rate of contraction, which is 
imparted by the expression of specific myosin isoforms.
Three to six of the 20 adaxial cells become so-called muscle pioneers 48, which are the 
first cells to develop myotomal morphology. The muscle pioneer cells, that are marked by 
Engrailed homeodomain protein expression , elongate in the middle of the somite near the 
future horizontal septum, which itself is also thought to be derived from the adaxial cells. 
MyoD and Engrailed are thus markers of early differentiation of myotome cells since they 
mark subpopulations of cells with a distinct cell fate. Besides giving rise to myotome as the 
major component of the somite, the zebrafish somites give also rise to sclerotome. In the 
zebrafish only ventral medial cells give rise to sclerotome. In contrast to zebrafish, mouse 
and chick sclerotome is the major compartment of the somite. 
At around 24 hpf the somite adopts its distinctive chevron shape, with the dorsal and 
ventral halves being separated by a sheet of matrix called the vertical myoseptum. These 
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myosepta, along with the notochord serve as attachment sites for somitic muscle fibres. 
The importance of these myosepta has been demonstrated in a dystrophin zebrafish 
mutant which displayed defective myosepta accompanied by detached muscle fibres 
recapitulating the Duchenne muscular dystrophy phenotype 49. This mutant provided the 
first zebrafish model of an inherited disease of skeletal muscle.
Previously, a large mutagenesis screen led to the discovery of skeletal muscle mutants that 
showed reduced motility or were immotile 50 of which at least 18 mutants were thought to 
have a gene function in myoblast differentiation, myofibril organization or maintenance of 
muscle tissue. However, genetic mapping and further characterization of these mutants will 
have to shed more light on the involved genes in these processes. Although the molecular 
mechanisms underlying myogenesis in fish are still relatively poor understood, new studies 
using the zebrafish as a model system will give us clues of which pathways are involved in 
zebrafish myogenesis.

The sarcomeric Z-disc and muscle disease 
Striated muscle cells such as cardiomyocytes and skeletal muscle cells, consist of a 
concatenation of sarcomeres. The sarcomere is the smallest contractile unit of striated 
muscle and consists of thin actin filaments and thick myosin filaments that slide over each 
other during contraction (Figure 5). The cross-linking of actin and myosin filament into 
anchoring Z-discs or M-bands is extremely regular. This regular assembly of sarcomeres is 
orchestrated by the giant protein titin that serves as a molecular ruler 51. Z-discs mark the 
lateral boundaries of a sarcomere and largely consist of α-actinin homodimers. α-Actinin 
crosslinks actin, titin and nebulin/nebulette molecules in the Z-disc making it a nodal 
point for transmitting the force generated within the sarcomeres. The Z-disc also plays a 
critical role in sarcomeric assembly, organization and sarcolemmal membrane integrity 52. 
During the past decade, the Z-disc has come into the focus of research and new functions 
emerged beyond a passive mechanical role as transmitter of force generated within the 
sarcomere. More evidence points to the fact that Z-disc proteins play a more important 
role than their structural or mechanistic function. These proteins can appear in multiple 
sarcomeric locations, as well as in other cellular compartments 53.
As the number of Z-disc proteins being identified increased, it became obvious that many 
new components of the Z-disc participate in important signaling pathways. Some Z-disc 
proteins can respond to extracellular stimuli, i.e. stress signals and translocate from the 
Z-disc to other cell compartments, such as the nucleus. One of the first Z-disc proteins 
implicated in (mechano) signal transduction is muscle LIM protein (MLP) 54. It has been 
shown that MLP acts as a transcriptional cofactor by binding to MyoD and thereby 
enhancing transcriptional activity of downstream targets 55. Furthermore, cytoskeletal 
binding partners have been identified like α-actinin and calcineurin 56 indicating a possible 
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mechanism in which the stress response transmitted at the Z-disc via α-actinin to MLP 
which is further translated downstream into a change in gene expression via calcineurin/
NFAT signaling 56.
Taken together, the Z-disc is a highly interwoven network of structural and non-structural 
proteins with a role in actin cross-linking, sensing and transmitting external and internal 
signals and transcriptional regulation. Impairment of one of the Z-disc components has not 
only structural consequences, but signaling processes are also affected, which may lead to 
skeletal muscle and cardiac diseases 57. Mutations in genes involved in sarcomere assembly 
and function, especially Z-disc proteins are often the cause of dilated cardiomyopathy 
(DCM). Human DCM is considered to be of genetic origin in up to 50% of the cases 58 and 

Figure 5 (a) Representative electron microscope image of a rat cardiac sarcomere. Abbreviations: I I-band, Z 
Z-disc, A A-band, M M-line (b) Schematic view of the sarcomere and sarcomeric proteins that are able to exchange 
between different compartments of the sarcomere (green arrows) and nucleus (pink arrows). (Adapted from 53).
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is associated with mutations in genes for sarcomere/Z-disc components, like actin, MLP, 
myosin, tropomyosin, and titin 59. An overview of mouse knockout models and disease 
models for genes encoding sarcomeric or cytoskeletal proteins is described in chapter 2.
Several groups have started to use zebrafish to assess the genetic mechanisms of inherited 
human cardiomyopathies, in either forward or reverse genetic approaches. The first studies 
of familial dilated cardiomyopathy (DCM) due to a titin mutation in zebrafish were described 
by Gerull et al and Xu et al 60, 61. Furthermore, morpholino knockdown of the transcriptional 
co-activator EYA4 in zebrafish recapitulated the impaired cardiac contraction and heart 
failure seen in patients with mutations in this gene 62, 63. Another reverse genetic study, 
describes the knockdown of CYPHER, a PDZ-LIM family member expressed in the Z-disc 
of striated muscle, which lead to a DCM phenotype like it has been described before in 
humans 64, 65. More recently, a forward mutagenesis screening revealed that mutations 
in integrin-linked kinase caused heart failure, and similar mutations have been shown to 
be over represented in human patients with DCM 66. Taken together, these initial studies 
demonstrate the usefulness of the zebrafish as a model to study muscle disease.
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Outline of this thesis
In this thesis, I described the use of human embryonic stem cells as a model to obtain 
insights into commitment to the mesoderm and endoderm lineages and the early steps in 
human cardiac cell differentiation. Furthermore, we used it as an approach to identify new 
genes that may be associated with (abnormal) human heart development.
In chapter 2 we give an overview of how human embryonic stem cells have been used or can 
be used, in addition to providing cardiomyocytes for cell-based transplantation therapy, as 
an in vitro model for cardiac differentiation, disease, and drug screening.
In chapter 3 we describe the whole-genome temporal expression profiling of human 
embryonic stem cells differentiating to cardiomyocytes. This was the first detailed temporal 
transcriptional profiling of hESCs differentiating to a specific cell type reported, most likely 
due to the lack of efficient protocols for directed differentiation. It is important to profile the 
expression changes that occur before and during cell commitment and to identify the key 
genes involved during the critical time points of the differentiation process. Furthermore 
it allowed us to identify novel genes that are enriched in cardiomyocytes. One of several 
novel cardiac-enriched genes that were identified in the microarray analysis, annotated as 
Synaptopodin 2-like (SYNPO2L), was cloned and studied further. In chapter 4 we showed 
that this gene encodes a cytoskeletal protein that is actin-associated and binds to α-actinin. 
Hence, we named the gene Cytoskeletal Heart-enriched Actin-associated Protein (CHAP). 
Furthermore we identified and knocked down the CHAP orthologues in zebrafish which 
lead to impaired heart and skeletal muscle development, indicating an important role for 
chap in muscle development.
In chapter 5 we describe the identification of another novel heart-enriched gene which 
was annotated as steroid 5α-reductase 2-like 2 (SRD5A2L2). We investigated the expression 
of this gene during embryonic development and provide the first indication that steroid 
metabolism might be involved in muscle development.
In chapter 6 we show that Asb-2, a member of the Ankyrin repeat and SOCS box containing 
family, which we also identified in our previous microarray study, is expressed during early 
mouse heart and skeletal muscle development.
Finally, in chapter 7 we summarize and discuss our findings in more detail.
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ABSTRACT
Studies on identification, derivation and characterization of human stem cells in the last 
decade have led to high expectations in the field of regenerative medicine. Although it is 
clear that for successful stem cell-based therapy several obstacles have to be taken, other 
opportunities lay ahead for the use of human stem cells. A more immediate application 
would be the development of human models for cell-type specific differentiation and 
disease in vitro. Cardiomyocytes can be generated from stem cells, which have been 
shown to follow similar molecular pathways of cardiac development in vivo. Furthermore, 
several monogenic cardiovascular diseases have been described, for which in vitro models 
in stem cells could be generated. Here, we will discuss the potential of human embryonic 
stem cells, cardiac stem cells and the recently described induced pluripotent stem cells as 
models for cardiac differentiation and disease.
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INTRODUCTION
In recent years, there has been substantial progress regarding the identification, derivation 
and characterization of human stem or progenitor cells, comprising embryonic stem 
cells, adult and fetal stem cells and the recently described induced pluripotent stem cells 
(reprogrammed adult cells with stem cell-like properties). In general, stem cells have the 
capacity to self-renew and to differentiate to specialized cell-types. Advances in the stem 
cell field have led to high expectations with respect to their potential as a source for stem 
cell based therapies. Diseases or injuries caused by loss or damage of one or a few cell-
types in organs that lack, or have limited capacity for self repair, such as neurodegenerative 
diseases, spinal cord injury, diabetes and heart diseases, have been frequently related to 
stem cell based therapies. Although significant progress has been made concerning directed 
differentiation protocols of stem cells and survival following transplantation, various 
hurdles have to be overcome before successful clinical applications can be realized [1]. 
Particularly for the treatment of cardiovascular diseases, clinical trials have been performed 
using adult bone marrow stem cells, which resulted in mixed results, especially for long-
term functional improvement [2]. For the treatment of heart failure in experimental animal 
models we and others have transplanted cardiomyocytes derived from human embryonic 
stem cells (hESCs). Analogous to adult stem cell therapy, transplantation of hESC-derived 
cardiomyocytes (hESC-CM) led to short-term (4 weeks) functional improvement [3-5], 
but was not sustained at the long-term (3 months) [3], despite a 3-fold higher number of 
transplanted hESC-CM [6]. 
Besides the potential of stem cells in the field of regenerative medicine, stem cells 
hold other promises. Stimulated by the progress in efficient, robust and reproducible 
differentiation protocols, genetic manipulation, and derivation of patient-derived stem 
cells, human stem cells provide a valuable tool for the study of early molecular events 
during directed differentiation or diseases. Since adult cardiomyocytes are terminally 
differentiated and primary cardiomyocyte cultures can not be maintained in culture, 
stem cell-derived cardiomyocytes offer a promising alternative for their use as an in vitro 
model system for cardiac development and disease. We will discuss different promising 
and clinically relevant human stem cells as a source for producing cardiomyocytes, which 
are: human embryonic stem cells (hESC), human induced pluripotent stem (hiPS) cells 
and human cardiac stem cells (hCSC). Other stem cells, such as mesenchymal stem cells 
(they efficiently form bone marrow, cord blood or adipose tissue), which have shown at 
least some degree of cardiac differentiation potential are not considered in this review.  
A stem cell-based cardiac differentiation model has to satisfy several requirements for 
creating a valuable and predictive model for cardiac development and disease. First of all, a 
robust and efficient cardiac differentiation model giving rise to preferably a homogeneous 
cardiomyocyte population is required. Secondly, for studying molecular events in early 
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cardiac differentiation and development, stem cell-derived cardiomyocytes should 
recapitulate signaling events during early embryonic cardiac development. Thirdly, stem 
cell-derived cardiomyocytes have to function and respond in a similar manner as human 
endogenous cardiomyocytes. Fourthly, genetic manipulation of stem cells as a tool for 
following molecular events during differentiation or in response to different stimuli (e.g. 
using fluorescent reporter lines) is required. Finally, a high-throughput differentiation 
model under defined culture conditions will be necessary for efficiently screening small 
molecule or other libraries, in search for agents or drugs that affect the process of cardiac 
differentiation and/or disease (Figure 1). Here, we will discuss the current state of art 
concerning these issues and the steps that need to be taken in the future for creating 
efficient and predictive cardiac in vitro models.

Stem cells as a model for cardiac differentiation and disease
Cardiac differentiation of hESC
Of all the different human stem or progenitor cell sources, hESC have been characterized 
most extensively. HESC were derived from donated blastocysts and characterized for the 
first time in 1998 [7]. Since then more than 400 hESC lines have been derived worldwide. 
HESC have the capacity to self-renew and therefore can be maintained as a cell line of 
undifferentiated cells. Furthermore, hESC are pluripotent, which implicates that they can 
differentiate to all cell types of the human body. However, it has become clear that hESC 
lines respond differently to directed differentiation protocols. In an international study 
(ISCI) 59 hESC lines were characterized and compared, demonstrating that all hESC lines 
had similar expression patterns for several hESC markers, despite their different genetic 
background and derivation techniques [8]. Nevertheless, variations of gene expression and 
imprinting status were observed for some genes. Whether these or other subtle differences 
affect their differentiation outcome and efficiency is not clear. Therefore, it is important to 
obtain robust and efficient differentiation protocols, which are applicable to multiple cell 
lines.
Since the first isolation of mouse embryonic stem cells (mESC) in 1981 [9,10] much has 
been learned regarding their differentiation to cardiomyocytes. Although signaling 
pathways and culturing conditions in undifferentiated and differentiating embryonic 
stem cells are not identical between mice and humans, it was supportive for developing 
cardiac differentiation protocols in hESC lines. The classical approach for inducing cardiac 
differentiation from mESC is by formation of three-dimensional aggregates in a so called 
“hanging drop” method (reviewed in [11]). These aggregates or embryoid bodies (EBs) 
contain differentiated cells derived from endoderm, mesoderm and ectoderm and can be 
further stimulated towards the cardiac lineage by combinatorial addition of several factors 
from the Wnt, BMP, TGFβ and FGF families (reviewed in [12]). 



29

Human stem cells and cardiac differentiation

CH
A

P
TE

R
 2

blastocyst hESC adult 
heart

hCSC
human fibroblasts

hIPS

patient-derived

A

B

C

D

E

F

G

H

1 2 3 4 5 6 7 8 9 10 11 12

electrophysiology contractility

high-throughput cardiac differentiation

differentiation

generate disease model

isolation of CPCs

transcriptional profiling

expansion differentiation transplantation

novel genes/mechanisms

verify in
in vivo models

CHD database

improved 
differentiation

cardiomyocytes

drug screening

readout

ca
rd

ia
c 

d
is

ea
se

ca
rd

ia
c 

d
if

fe
re

n
ti

at
io

n

Figure 1. Human stem cells as a model for cardiac differentiation and disease.
Schematic representation of the potential of different human stem cell sources. In the lower part of this figure 
stem cells are used as a model for cardiac differentiation. By transcriptional profiling, novel genes and mechanisms 
associated with different stages of cardiac differentiation may be identified and compared between the different 
stem cell sources, which may lead to (1) the isolation of a subpopulation, such as cardiac progenitor cells (CPCs) 
(2) a better understanding in cardiac development by functional analysis in animal models and subsequently in 
databases of congenital heart diseases (CHD) (3) further improved cardiac differentiation in vitro. In the upper 
part of the figure, patient-derived stem cells or a disease model in hESC is generated and differentiated in a high-
throughput system to cardiomyocytes. Using readouts such as electrophysiology and contractility, the effect of 
drugs or small molecule libraries can be tested.
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For the differentiation of hESC to cardiomyocytes two main protocols have been used 
successfully. One approach is based on classical mESC cardiac differentiation by EB 
formation, which has been further improved by serial application of Activin A and BMP4 
[5]. Alternatively, hESC are differentiated to cardiomyocytes by co-culture with a mouse 
endodermal cell line, END-2, resulting in the formation of beating areas within 12 days 
[13]. This differentiation system has been improved further by serum [14] and insulin [15]. 
In addition,  differentiation in the presence of END-2 conditioned medium has been shown 
to exert a similar cardiogenic effect on hESC, which could be further enhanced by inhibiting 
the P38 MAPK pathway [16]. In the same system, cardiogenic activity present in END-2 
conditioned medium of END-2 cells could be mimicked in a chemically defined medium in 
the presence of prostaglandin I2 [17].
The manifestation of beating areas following differentiation of hESC suggests the presence 
of the appropriate ion channels and signaling and contractile proteins for functional 
excitation-contraction coupling. Several studies have confirmed this by molecular, 
biochemical, electrophysiological and pharmacological data. In general, cardiomyocytes 
derived from hESC (hESC-CM) display an immature phenotype resembling human fetal 
cardiomyocytes. HESC-CM respond to cardiovascular agents such as phenylephrine (α1-
adrenergic receptor agonist), isoprenaline (β-adrenergic receptor agonist) and carbachol 
(muscarinic agonist). The main ion currents involved in the different phases of the action 
potential are Na+, Ca2+ and K+ (discussed below). The activity of these ion currents and 
expression of their respective ion channels have been demonstrated in hESC-CM (reviewed 
in [18]) . 

Derivation and cardiac differentiation of hCSC
Previous studies in mouse hearts identified the presence of cardiac stem or progenitor 
cells, including so called side population (SP) cells and cells that express the cell surface 
markers c-Kit and Sca-1 (reviewed in [19]). These findings prompted researchers to search 
for the presence of cardiac stem cells in humans. Messina et al. [20], described the isolation 
of a population of cells from atrial and ventricular biopsies, that formed a cluster of cells, 
called cardiospheres, which expressed several markers, including c-Kit. Differentiation to 
contracting cardiomyocytes was achieved by co-culture with rat neonatal cardiomyocytes. 
Recently, the efficiency of this isolation procedure was further improved [21]. Concomitantly, 
several other studies demonstrated the presence of c-Kit+ stem cells from heart biopsies 
with the capacity to form cardiac cells in vitro and in vivo [22-24]. Recently, Goumans et 
al. [25] isolated a Sca1+ cell population from human fetal and adult heart biopsies using a 
mouse antibody. This Sca1+ stem cell population differentiated in three weeks to beating 
cardiomyocytes in the presence of demethylating agent 5-azacytidine. Adding TGFβ1 to 
these differentiating cultures further increased cardiac differentiation efficiency.
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Generation and characterization of induced pluripotent stem cells 
In 2006 Takahashi and Yamanaka [26] showed for the first time that forced retroviral over-
expression of a cocktail of key stem cell proteins Oct4, Sox2, c-Myc and Klf-4 in mouse 
embryonic or adult fibroblast cultures led to reprogramming of these cell to pluripotent 
stem cell-like cells, called induced pluripotent stem (iPS) cells. Using a identical approach, 
the same group generated human iPS cells from adult skin cells [27]. Concurrently, Yu 
and colleagues achieved a similar result, by using transcription factors Lin28 and Nanog 
in addition to Oct4 and Sox2 in a lentiviral delivery system [28]. In these studies iPS cells 
exhibited essential characteristics of ESCs based on morphology, surface markers, gene 
expression profiles and telomerase activity. Further, iPS clones could be maintained in 
culture for at least several months and differentiated to cell types of all three germ layers in 
vitro and in vivo by the formation of teratomas in mice. Both mouse and human iPS formed 
cardiomyocytes. Since reactivation of c-Myc increased tumorigenicity in mice, a protocol 
was developed for the generation of mouse and human iPS, without activation of c-myc 
[29]. One of the interesting prospects for the use of human iPS is cell-based treatment of 
patients with genetic diseases, which would involve repair of the defect in iPS cells, directed 
differentiation to the cell-type of interest, followed by cell transplantation, avoiding the 
risk of immune rejection, since genetic material is derived from the patient (reviewed in 
[1]). The feasibility of this concept has been shown recently in a mouse model of sickle 
cell anemia, a genetic blood disorder [30]. However, the more immediate applications of 
human iPS cells are likely to be development of human in vitro disease models for studying 
molecular mechanisms, drug screening and drug safety and toxicology.

Cardiac differentiation and transcriptional profiling
Studying the molecular pathways during directed cardiac differentiation of stem 
cells may on one hand lead to the identification of novel genes that are important for 
cardiac differentiation but may also reveal new candidates for congenital heart defects. 
Transcriptional profiling of differentiating stem cells is a powerful approach to study genes 
during various stages of directed differentiation. The first study to implement microarrays 
in cardiomyocyte differentiation was reported by Peng et al [31] showing the global 
changes in gene expression in DMSO stimulated mouse P19CL6 cells. Although several 
cardiac-specific genes were upregulated during P19CL6 differentiation, the variability 
in cardiomyocyte differentiation of this mouse embryonal carcinoma cell line limits the 
predictive value of this model. Recently mESC have been used to study cardiac gene 
expression by microarray analysis [32,33]. In one study, mESC were differentiated into EBs 
with transient removal of serum which led to enhanced cardiomyogenesis. Microarray 
analysis showed that cardiac transcription factors, like Nkx-2.5, Mef2c, and Gata4 were 
amongst the top 100 upregulated genes in differentiated EBs. Furthermore, 13 unknown 
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genes were found highly expressed in EBs. However, this subset of genes did not show 
cardiac-specific expression by whole-mount in situ hybridization on mouse embryo’s 
[32]. In another microarray study [33], purified  cardiomyocytes, using a cardiac-specific 
α-myosin heavy chain (α-MHC) promoter driving EGFP expression, were compared to 
undifferentiated mESC. In total 884 upregulated genes and 951 downregulated genes 
in mESC-derived cardiomyocytes. Unfortunately, no temporal gene expression was 
performed and novel genes were not further characterized.
Derivation of hESC lines and sequencing of the human genome, made it feasible to study 
differentiation events in a human in vitro model using whole-genome approaches. Initial 
studies described the transcriptional profiling of spontaneously differentiating hESC to 
understand the genetic control of human embryonic development [34-36]. Most of these 
studies describe the comparison between undifferentiated hESC and differentiating EBs 
bodies, which provides more information about self-renewal of hESC than differentiation 
events. For example, Brandenberger et al. focused on pathways required for the 
maintenance of pluripotency and found that in particular FGF, WNT, NODAL and LIF 
pathways play important roles [34]. The first large-scale microarray analysis reporting 
temporal expression was performed on hESC and 2, 10 and 30-day old EBs [37]. By cluster 
analysis three clusters of genes were identified representing early, transient and late 
expressed genes. As is true for the previous studies, the lack of directed differentiation in 
this study prevents acquiring insights on transcriptional pathways that are important for 
embryonic development. 
Until recently, the lack of efficient protocols for directed differentiation hampered 
large scale transcriptional profiling. As mentioned before, differentiation of hESC to 
cardiomyocytes is possible by EB formation or by co-culture with the visceral endoderm 
line, END-2. Improved cardiac differentiation efficiency and minimal variations in the timing 
and the number of beating areas in hESC-END-2 cultures made it possible to perform 
whole-genome microarray analysis. On average beating areas contain approximately 25% 
cardiomyocytes [13,14]. Whole-genome microarray analysis was performed on different 
stages of cardiac differentiation on hESC-END-2 cultures and compared to a common 
reference pool. Furthermore, since hESC-CM highly resemble human fetal cardiomyocytes 
based on morphology, expression markers and electrophysiology [13], human fetal 
heart (hFH) was included as a reference source in this study, allowing to compare gene 
expression profiles of cardiomyocytes from differentiating hESC to that of hFH. By cluster 
analysis of the microarray data, genes were identified which were rapidly downregulated 
upon differentiation. Within this cluster of genes, known stem cell markers such as OCT4 
and NANOG were present, indicative for efficient differentiation. Furthermore, different 
clusters of gene expression were observed corresponding to early molecular events during 
embryogenesis, including the formation of mesoderm and endoderm, cardiac progenitors 
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and fetal cardiomyocytes. In addition to identification of known cardiac transcription 
factors and sarcomeric genes, several novel genes, and genes not previously associated 
with cardiomyocyte differentiation were identified and confirmed to be heart-enriched by 
means of whole-mount in situ hybridization in mouse embryos [38].
More recently, temporal expression of 468 genes that were previously reported to be 
expressed during cardiac development, were compared in two different hESC differentiation 
protocols by microarray [39]. This led to the conclusion that EB based differentiation was 
more favourable for cardiac differentiation than an alternative high density differentiation 
protocol. The same group provided a molecular signature of cardiomyocyte clusters 
derived from hESCs by classifying genes according to their Gene Ontology annotation [40] 
and thereby showing high similarities to the molecular signature of human heart tissue.
In conclusion, transcriptional profiling of directed cardiomyogenic differentiation in hESC 
recapitulates in vivo temporal gene expression during cardiac development. 

Identification of cardiac progenitors from differentiating stem cells
Sophisticated genetic methods such as Cre-Lox based lineage tracing and retrospective 
clonal analysis provided much information about the origin and fates of cardiac progenitors 
during embryonic development (reviewed in [41]). Cardiac progenitor cells express 
transcription factors Nkx2.5 and Isl-1. By coupling these transcription factors to fluorescent 
proteins, investigators were able to isolate and culture these cells  [42-44]. In these studies 
in vitro differentiated mESC were used for determining clonal origin. Differentiation to 
cardiomyocytes, vascular smooth muscle cells and endothelial cells, showed that these 
isolated cells were true cardiac progenitor cells. Nkx2.5+ cells showed preference for 
differentiating in cardiomyocytes and smooth muscle cells [42], whereas Isl-1+ cells gave 
rise to cardiomyocytes, smooth muscle cells and endothelial cells [43]. Recently, a similar 
Nkx2-5-GFP reporter was used for isolation of cardiac progenitor cells in differentiating 
mESC. The clonally derived cardiac progenitor cells in their study expressed Nkx2-5, Flk1 
and Kit, but later also expressed Isl-1. These cells did show the capacity to differentiate to 
cardiomyocytes, vascular smooth muscle cells and endothelial cells [44], as opposed to the 
bipotent Nkx2-5+ cells from the previous study [42]. In that study the cardiac progenitor 
cells did not express Flk1, although a subpopulation of these cells expressed c-Kit. Another 
group used Flk-1 as a marker for the isolation of cardiac progenitor cells. Following isolation, 
Brachyury+/Flk-1+ cells from differentiating mESC were able to differentiate into the 
hematopoetic and cardiovascular lineage [45]. In an attempt to study cardiac progenitor 
cells in the postnatal heart, Laugwitz and co-workers identified Isl+ cells in rat, mouse and 
human neonates, with the potential to form cardiomyocytes [46].
Recently, cardiac progenitor cells were derived from hESC [47]. To stimulate cardiac 
differentiation hESC were treated with combinations of Activin A, BMP4, FGF2, VEGF and 
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DKK1 in EBs. In analogy with their previous study in mESC, the investigators identified a 
KDR+(low) (Flk1)/ c-Kit- population, which showed cardiovascular differentiation in vitro and in 
vivo. These findings are in agreement with the previous studies on cardiac progenitor cells 
in mESC and with the identification of temporal gene expression patterns resembling the 
transition form mesoderm to cardiac progenitor cells [38].
At present date, it is unknown whether the embryonic cardiac progenitor cells are the 
developmental precursors for the cardiac stem cells in adult hearts. At least a subpopulation 
of cardiac progenitors cells express markers, that are present in cardiac stem cells, and vice 
versa. This remains to be studied in the future.
 
Genetic manipulation: creating tools for studying cardiac differentiation and disease
Unlike adult cardiomyocytes which do not proliferate and cannot be maintained in 
long-term culture, expansion of cardiac progenitors is likely the most efficient approach 
for generating higher number and purer cardiac cells. Isolation of progenitors can be 
achieved by using cell-surface markers for cell sorting (c-Kit, Sca-1, Flk1), or, if this marker 
is not available, by genetically marking these cells. In the latter approach, promoter or 
knock-in lines need to be generated coupled to a reporter gene, such as GFP, as already 
demonstrated for mESC. However, poor transfection efficiency in hESC has hampered 
progress in this area since the derivation of the first hESC line (reviewed in [48]). Several 
studies demonstrated high efficiency, using lentiviral infection [49], variable efficiency by 
plasmid transfection [50] and low efficiency using adenoviral infection [51]. Additionally, 
homologous recombination, an important procedure for gene targeting, has also been 
achieved in hESC [52]. However, transfection efficiencies were very much dependent on 
which hESC line was used and since at present not all hESC lines are suitable for efficient 
differentiation to specialized cell-types, like cardiomyocytes, it is crucial to develop generic 
efficient transfection protocols. Costa and co-workers established an improved method 
for genetic modification by electroporation, the method of choice for gene targeting, 
in 4 different hESC lines [53]. Recently, improved transfection efficiencies have been 
achieved in 12 independent hESC lines with different growth requirements. HESC lines 
were transiently transferred to feeder-free culture conditions allowing clonal growth and 
efficient gene transfer (80-90%) without loss of stem cell markers [54]. Stable lines retained 
normal karyotype and differentiation capacity. These technologies allow researchers to 
introduce reporter/selection constructs and generate genetic disease-causing mutations 
by homologous recombination into hESC. 
Very recently, the first studies demonstrating the advantages of lineage-specific reporter 
hESC lines during differentiation, including cardiac, have been reported [55-58]. By 
lentiviral infection a cardiac-specific promoter (human myosin light chain-2V promoter) 
was driving the expression reporter gene, eGFP. Differentiation to the cardiac lineage by 
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EB formation followed by sorting of GFP+ cells by FACS resulted in purer populations (> 
90%) of cardiomyocytes [56]. In another study, a higher purity of cardiomyocytes was 
achieved by either negative selection (proliferation-associated suicide system, 33% purity) 
or by positive selection using the human α-myosin heavy chain (α-MHC) promoter coupled 
to a bicistronic reporter (GFP and puromycin, >90% purity) [57]. Recently, a murine α-MHC 
promoter driving the neomycin-resistance gene was introduced into hESC followed 
by differentiation into cardiomyocytes and G418 selection, resulting in a high purity of 
cardiomyocytes [58]. 

Stem cells as a model for cardiac disease
The advantage of hCSCs and hiPS cells is that cells can be derived from the patient suffering 
from a genetic disease and therefore these stem cells do not need to be genetically 
modified. Moreover, the genetic disorder does not have to be known for generating an in 
vitro model and performing functional assays. However, it will not always be possible to 
obtain cell material, in particular for hCSC. And although hCSC can differentiate efficiently 
to cardiomyocytes, they can not be maintained as a cell line and therefore are dependent 
on new isolations, generating batch-to-batch-variations. Furthermore, in certain cases 
it would be advantageous to manipulate the genome. For example when a disease-
associated promoter coupled to a fluorescent reporter is needed for a proper readout, or 
for rescuing the observed phenotype. It will be important to compare cardiomyocytes from 
patient-derived stem cells with cardiomyocytes from genetically modified hESC for the 
same genetic disorder. 
The recently improved protocols for genetic modification in hESC will facilitate the 
generation of clinically relevant cardiac disease models. Successful homologous 
recombination has been shown for the first time by Zwaka and Thomson [52] by knocking 
out the HPRT gene on the X chromosome, leading to a complete loss of function in a 
female hESC line. Although it will be a matter of time, no cardiac disease models have 
been generated yet.

Towards a higher throughput system
In order to generate disease models, it is important to optimize existing differentiating 
protocols and develop a defined high throughput model, suitable for screening small 
molecule or drug libraries. An initial attempt to create a robust and reproducible 
differentiation procedure was described by Ng et al. [59], using a known number of dissociated 
undifferentiated hESCs in low-adherence 96-well plates, followed by centrifugation 
resulting in aggregation and the formation of EBs. In their study these so-called spin EBs 
or forced aggregates, were transferred to culture plates for further differentiation towards 
the hematopoietic lineage.  This differentiation procedure was adapted using a variety of 
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feeder-free hESC lines, v-shaped 96-well plates and the addition of Activin A and bFGF for 
differentiation towards cardiomyocytes [60]. However, a high interline variability in EB 
growth and cardiac differentiation was observed. Recently, a defined serum-free, animal 
product-free medium, denoted APEL (Albumin Polyvinylalcohol Essential Lipids) resulted 
in reproducible EB formation and differentiation with minimal batch-to-batch variation 
[61].

Models for cardiac diseases
Cardiac disease is one of the major causes of morbidity and mortality worldwide. With 
the recent advances in the field of stem cell research, as discussed above, generation of 
human disease models are within reach. A prerequisite for predictive in vitro models for 
cardiac disease is the existence of a reproducible (preferably expandable) cell population 
that resembles the phenotypical characteristics of cardiac cells of patients in combination 
with consistent readouts, such as contractility and electrophysiology. In order to generate 
transgenic cell lines it would be advantageous to characterize single gene disorders. The 
most important characteristic of a cardiomyocyte is the conversion of an electrical signal 
to a mechanical response. It is therefore not surprising that many of the cardiac gene 
disorders are found in proteins that are important for force generation (cardiomyopathy) 
and electrical stimulation (channelopathy). The extrapolative value of in vitro models will 
be determined by comparisons to outcomes obtained from animal in vivo models and 
ultimately from patients. Over the years many different animal models related to cardiac 
diseases have been generated. In particular, the mouse has been widely used as a genetic 
in vivo model. Although these models are important for our understanding of signaling 
pathways involved in the onset and progression of cardiac diseases, it is questionable 
how predictive these models are for drug discovery and development of new therapies. 
Human stem cell based disease models may provide a faster and cheaper model for initial 
drug screenings and may reduce the number of false-positive or false-negative results and 
may be complementary to the existing animal models of to date. It is therefore important 
to compare future in vitro models for cardiac diseases with in vivo models. Next we will 
discuss current animal models for clinically relevant mutations or other genetic defects for 
the cardiovascular diseases, cardiomyopathies and channelopathies, which are related to 
impaired contractility and electrophysiology, respectively.

Cardiomyopathy
Cardiomyopathy is a disease of the heart muscle with hypertrophic and dilated 
cardiomyopathy (HCM and DCM, respectively) as the most common forms (Figure 2). 
Features of HCM are left ventricular (LV) wall hypertrophy (increased size or volume of 
cells), enhanced systolic function accompanied with impaired diastolic function. On the 
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histological level cardiomyocyte hypertrophy, myofibrillar disarray, and interstitial fibrosis 
is apparent. DCM is characterized by ventricular dilation, contractile dysfunction of the 
left and/or right ventricle(s) and the heart is hypocontractile due to impaired systolic and 
diastolic function. Histologically the major feature is myocyte disarray. About 25-30% of 
the DCM cases is familial and is mostly inherited as an autosomal dominant trait [62,63].
Genes that are mutated in HCM and DCM appear to be genes that encode proteins of the 
sarcomere. 
The sarcomere is the smallest functional unit responsible for muscle contraction, which 
is comprised of sliding thick and thin filaments. The thick filament consists of myosin and 
myosin binding proteins, whereas thin filaments are composed of actin, α-tropomyosin, 
and troponins (C, I and T). The giant protein titin spans from the border (Z-line or Z-disc) 
to the midline of the sarcomere (M-line, comprised of thick filaments only) and provides, 
together with myomesins, scaffolding for the thick and thin filaments. Z-disc and 
cytoskeletal proteins are important for filament organization and assembly, but are also 
involved in transducing mechanical and chemical signals (reviewed in [64,65]).
Mutations in genes that encode sarcomeric proteins have been found in patients with 
clinical features of both HCM and DCM. The majority of these mutations are present in 
proteins of the thin and thick filaments, such as beta-myosin heavy chain, cardiac myosin-
binding protein C (thick filament) and cardiac troponins (thin filament), but are also 
described in titin and Z-disc proteins. In general, mutations in genes that encode proteins 
that are directly involved in force-generation are strongly associated with HCM, whereas 
mutations that affect proteins involved in force transmission from the sarcomere to the 
extrasarcomeric cytoskeleton are associated with DCM [62]. 

Disease 
model

Gene Mutation Species Approach Reference

HCM α-MHC R403Q/+ Mouse Knock-in [66-68;91]

β-MHC R403Q Rabbit Transgenic [92]

MyBP-C truncation Mouse Knock-in [67;70;71;93]

cTnT R92Q Mouse Transgenic [73;74;78;94;95]

DCM cTnT ΔK210 Mouse Knock-in [76]

cTnT R141W Mouse Transgenic [77;78]

Duchenne dystrophin Premature stopcodon (base 3185) Mouse Spont. mutation [96;97]

LQTS/Brugada SCN5A 1795InsD(h) /1798InsD(m) Mouse Knock-in [81]

LQTS SCN5A ΔKPQ Mouse Knock-in [80;82;83;98]

KCNQ1 A340E/+ Mouse Knock-in [87]

ARVD Dsp R2834H Mouse Transgenic [99]

Table 1. Animal models of monogenic heart diseases with known clinically relevant mutations. Abbreviations: 
HCM, hypertrophic cardiomyopathy; DCM, dilated cardiomyopathy; LQTS, long QT syndrome; ARVD, 
arrhythmogenic right ventricular dysplasia.
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Animal models of HCM and DCM
For several mutations that have been described in patients with HCM or DCM, animal 
models have been generated (Table 1). Many mutations were found in β-MHC, the 
predominant isoform in human adult ventricles. The majority of these mutations are 
missense mutations, i.e. a single point mutation that leads to substitution of a different 
amino acid, and have been reported to cause severe forms of HCM. The most characterized 
mutation represents the Arg403Gln mutation. Since in smaller mammals, including mice 
and rats, α-MHC is the predominant isoform [66] (α-MHC is abundantly expressed in 
human ventricles and atria during embryogenesis), Geisterfer-Lowrance and colleagues 
generated a knock-in mouse model harboring the Arg403Gln mutation in the endogenous 
α-MHC gene [67]. Heterozygous α-MHC403/+ mice displayed impaired cardiac function, 
evidenced by decreased cardiac output and delayed pressure relaxation and chamber 
filling [67-69]. By examining histological sections it was clear that the symptoms of HCM, 
such as myofiber disarray, hypertrophy and fibrosis, became gradually more severe with 
age in α-MHC403/+ mice. In accordance, hypertrophic markers, like atrial natriuretic factor, 
brain natriuretic factor and α-skeletal actin showed increased expression [68]. 
Cardiac myosin-binding protein C (MyBP-C) is also frequently (25 %) mutated in HCM 
patients. Missense mutations as well as insertion/deletions leading to a c-terminal truncation 
of MyBP-C have been described [70]. Several knock-in mice models of the MyBP-C gene 
have been generated, including removal of exon 3-6 [71], exon 3-10 [72] and exon 30, which 
all resulted in truncated MyBP-C proteins. Homozygous mice for the exon 3-10 deletion 
displayed impaired cardiac function, cardiac hypertrophy, cardiomyocyte disarray, fibrosis 
and increased expression of hypertrophic markers. A similar phenotype was observed in 
mice lacking exon 30 of the MyBP-C gene, whereas a much milder phenotype was observed 
in mice lacking exons 3-6. In general, mouse models for truncated MyBP-C proteins showed 
much milder cardiac phenotypes, when compared to α-MHC403/+ mice, resembling the 
severity of HCM in patients with mutations in MyBP-C and β-MHC genes.
Cardiac troponins, in particular troponin T and I, represent another group of proteins that 
have been associated with HCM and DCM. Missense mutations of cTnT in HCM patients 
show moderate cardiac hypertrophy, but have a poor prognosis and a high incidence of 
sudden death [73]. Transgenic mice expressing R92Q human TnT showed symptoms of 
human HCM, which were more severe with increasing transgene expression. The R92Q 
transgenic mice had significant higher heart rate and diastolic dysfunction. Transgenic 
hearts showed cardiac fibrosis and cardiomyocyte disarray [74,75]. 
In DCM patients, deletion of a lysine residue at position 210 of cTnT (ΔK210-cTnT) was 
reported to cause ventricular dilation and marked ventricular dysfunction, without signs of 
hypertrophic heart disease [76]. A knock-in mouse model of ΔK210-cTnT resulted in  cardiac 
enlargement with marked ventricular dilation and systolic dysfunction in mice, which 
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closely resembles the phenotype of DCM in humans [77]. In addition, two independent 
groups generated mice harboring a human R141W cTnT and showed clinical features of 
DCM [78,79].

Cardiac channelopathies
The existence of an electrochemical gradient across the membrane of a cardiomyocyte 
makes it possible to initiate cardiac contraction by an electrical stimulus, the action potential, 
which is generated by the movement of ions across the membrane via ion channels. At 
the start of an action potential or depolarization the membrane becomes permeable for 
the movement of Na+ ions from outside to inside the cell, resulting in an increase of the 
negative membrane potential. After this rapid depolarization phase, Na+ channels close 
again, followed by a balance between inward Ca2+ and outward K+ movements, resulting in 
a plateau phase. Subsequently, Ca2+ channels close, whereas more types of K+ channels are 
opened, resulting in a negative membrane potential (repolarization phase), which finishes 
the action potential. Genetic alterations leading to disturbed functions of cardiac ion 
channels are referred to as cardiac channelopathy, which may lead to cardiac arrhythmias 
and sudden death (reviewed in [80]). Cardiac channelopathies can be either congenital 
(e.g. mutations in encoding genes) or acquired (e.g. induced by electrolytes, drugs, genetic 
predisposition). The congenital form can be caused by mutations in several different genes. 
Disturbances of the depolarization-repolarization events by ion channel mutations are 
more accentuated by prolongation of the action potential, which is characterized by a long 
QT (repolarization of ventricles) interval on an electrocardiogram. Patients with a long QT 
interval (long QT syndrome or LQTS) have an increased risk of arrhythmias, which may 
lead to sudden cardiac death. The majority of the known mutations in ion channels are 
associated with LQTS. In particular, genes encoding for potassium, sodium and calcium 
channels are most commonly affected. Next, we will discuss the available animal models 
that mimic human congenital cardiac channelopathy.

Animal models of cardiac channelopathies
The SCN5A gene encodes the α-subunit of the cardiac Na+ channel. Mutations for SCN5A 
cause LQTS by ‘gain of function’ mutations, leading to increased late Na+ current, resulting 
in an increased action potential duration and delayed repolarization [81,82]. A deletion of 
9 base pairs of the SCN5A gene resulted in the deletion of 3 amino acids (KPQ), leading to 
LQTS. Accordingly, heterozygous mice lacking the same amino acids showed prolonged 
action potential duration and QT interval and early after depolarizations by ECG recordings 
[83,84]. An insertion of the amino acid aspartate at position 1795  in SCN5A is associated 
with both LQTS and the Brugada syndrome, which is characterized by an abnormal ECG 
and an increased risk of sudden death [85].  Remme et al.,[82] generated a mouse model 
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for this insertion. Heterozygous SCN5A 1798InsD mice resembled the clinical features of 
patients with a similar insertion, demonstrated by a prolonged QT interval although no 
cases of sudden death were reported. Another mouse model which shares similarity with the 
Brugada syndrome was generated by heterozygous deletion of the SCN5A gene (SCN5A+/-). 
SCN5A+/- cardiomyocytes show reduced  Na+ current densities, slow conduction within the 
atria and atrioventricular conduction system, whereas QT interval remained unchanged 
[86,87]. Delivery of an extra stimulus induced ventricular tachycardia in SCN5A+/- mice and 
responded comparable to pharmacological interventions [87]. 
Mutations in K+ channels are frequently associated with LQTS (Figure 2). In particular,  
KCNQ1 a gene that encodes the α-subunit domain voltage-gated K+ channel and many 
different mutations have been found and associated with LQTS [88]. Homozygous deletion 
of the KCNQ1 gene in mice results in inner ear defects and ECG abnormalities, such as 
abnormal T-wave morphology, prolonged QT-interval, QTc and JT interval and increase in 
P-wave area and duration, which is comparable to the Jervell and Lange-Nielsen syndrome 
[89]. Casimiro et al. made different model mice for missense mutations in the KCNQ1 
gene. KCNQ1T311I/T311I mice had inner ear defects and only a mild cardiac phenotype with 
prolongation of QT intervals. KCNQ1A340E/+mice were affected with respect to cardiac 

Figure 2. Mutations involved in cardiac channelopathies and cardiomyopathies
A diagram representing mutations affecting contractility and electrophysiology in cardiomyocytes leading to 
cardiomyopathies and channelopathies in humans and their corresponding mouse models.
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repolarization and prolonged QT interval, which resembled the LQT1 syndrome in humans 
[88]. Vetter et al [90] showed that KCNE-/- mice had inner ear defects. Balasubramaniam et 
al [91] showed that KCNE-/- mice ventricular tachycardia could be induced by addition of an 
extra stimulus. Treatment with the L-type calcium channel blocker nifedipine suppressed 
ventricular arrhythmias in KCNE-/- mice and ECG showed that electrogram duration was 
increased. 

CONCLUDING REMARKS
In this review we discussed the possibilities of using human embryonic, induced pluripotent 
and cardiac stem cells as models for studying cardiac development and disease. Regarding 
cardiac development, in particular hESCs but also cardiac stem cells, provide a good 
model. Genomic profiling of differentiating stem cells demonstrated activation of gene 
clusters throughout the differentiation process, mimicking gene expression profiles during 
embryonic development in several species, related to gene expression profiles in epiblasts, 
gastrulation events and early cardiac differentiation. The information that is gathered 
together for new genes that are associated with different stages of cardiac development 
can be further expanded by performing gain-and-loss of function in in vitro assays and 
in vivo experiments in different species (Figure 1). The combination of gene expression 
patterns with functional data will provide further clues whether genes may be involved in 
congenital heart defects or other diseases. In addition, genes related to cardiac progenitors 
or cardiac mesoderm could be identified, indicated by the activation of transcription factors 
such as Mesp1, Nkx2.5 and Isl-1. Promoters of these genes coupled to a fluorescent marker 
can be used to sort out a pure cardiac mesoderm or progenitor population. These purified 
cultures could be further used for directed differentiation to cardiomyocytes or used for 
cell-mediated therapy (Figure 1).
Human ESC and iPS appear to be best suited for generation of both disease models and 
associated medium/high throughput screening for identification of drug targets. However, 
a word of caution is in its place. At the present time human iPS derived cardiomyocytes 
are not fully characterized. Although they have been shown to form cardiomyocytes, 
there are still many unanswered questions. How efficiently do human iPS cells form 
cardiomyocytes? How do human iPS derived cardiomyocytes compare to hESC-derived 
cardiomyocytes and human cardiomyocytes regarding genetic and protein markers and 
functional parameters, such as contractility and electrophysiology? How stable is their 
cardiac phenotype? Although hESC-derived cardiomyocytes are better characterized, to 
date we do not have sufficient information regarding their predictability as a model for 
cardiac disease and drug screenings. One disadvantage may be that hESC-CMs resemble 
human fetal cardiomyocytes regarding molecular and functional parameters and therefore 
may behave differently to different stimuli than mature adult cardiomyocytes. To date, 
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however, studies have reported expected responses of hESC-CMs on different stimuli, 
which are applicable to the adult cardiomyocytes. In future studies it will be important to 
compare cardiomyocytes from different cell sources in order to establish predictable in 
vitro models with high clinical relevance.   
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ABSTRACT
Mammals are unable to regenerate their heart after major cardiomyocyte loss caused by 
myocardial infarction. Human embryonic stem cells (hESCs) can give rise to functional 
cardiomyocytes and therefore have exciting potential as a source of cells for replacement 
therapy. Understanding the molecular regulation of cardiomyocyte differentiation from 
stem cells is crucial for the step-wise enhancement and scaling of cardiomyocyte production 
that will be necessary for transplantation therapy. Our novel hESC differentiation protocol 
is now efficient enough for meaningful genome-wide transcriptional profiling by microarray 
technology of hESCs, differentiating towards cardiomyocytes. Here, we have identified 
and validated time-dependent gene expression patterns and shown a reflection of early 
embryonic events; induction of genes of the primary mesoderm and endodermal lineages 
is followed by those of cardiac progenitor cells and fetal cardiomyocytes in consecutive 
waves of known and novel genes. Collectively, these results permit enhancement of step-
wise differentiation and facilitate isolation and expansion of cardiac progenitor cells. 
Furthermore, these genes may provide new clinically relevant clues for identifying causes 
of congenital heart defects.
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INTRODUCTION
Embryonic stem cells (ESCs) are pluripotent cells derived from the inner cell mass of 
embryos at the blastocyst stage of development. They are characterized by their capacity 
to self-renew and potential to differentiate into all cells of the adult individual. Since 
derivation of the first human embryonic stem cell (hESC) lines in 1998 [1], many hESC lines 
have been isolated into culture [2, 3]. Whilst they have many features in common and with 
mouse ESCs, particularly with respect to specific transcription factors, they are clearly not 
identical in terms of their differentiation capacity in vitro [4]. 
In order to identify stem cell-specific features and create a molecular signature for 
“stemness”, transcriptional profiling has been carried out on different stem cell populations. 
Two independent studies first compared the transcriptional profiles of mESCs, mouse 
neural and hematopoietic stem cells [5, 6]. Although more than 200 stem-cell enriched 
genes were found, only 6 genes overlapped between the two studies. Since then several 
studies have compared the transcriptomes of mESCs with hESCs [7, 8], multiple hESC lines 
[9-13] and undifferentiated hESCs (UH) with differentiated cells in “embryoid bodies” (EBs) 
[14-18].  Although these studies showed that established stem cell markers such as OCT4, 
NANOG, TDGF1 and UTF1, were upregulated in UH, other upregulated genes associated 
with UH showed relatively little overlap. This has been the reason for a recent International 
Stem Cell Initiative [19] to compare up to 75 cell lines under standard growth conditions 
using standard assays. 
Only one study to date has described the transcriptome of hESCs undergoing directed 
differentiation specifically to hepatic and neuronal lineages [15]. This is likely due to the 
relatively poor efficiency of many differentiation protocols. We [20-23] and others [22, 23] 
have described various methods for inducing differentiation of hESCs to cardiomyocytes 
which all lead to the characteristic formation of beating cell aggregates. In general however, 
the proportion of cardiomyocytes within these aggregates is either low or not determined. 
Recently, we demonstrated significantly improved cardiomyocyte differentiation by 
lowering the concentration of fetal calf serum (FCS) [24] in a culture system in which hESCs 
are co-cultured with a visceral endoderm-like cell line END-2. The number of beating 
areas in the hESC-END-2 co-cultures was 24-fold higher in the absence of FCS than in the 
presence of 20% FCS and up to 20% of the cells within the aggregates were hESC-derived 
cardiomyocytes (hESC-CM). This improved efficiency made it then feasible to study the 
transcriptome of hESCs differentiating towards the cardiac lineage.
Here, we describe the temporal gene expression profiles of hESCs during their directed 
differentiation towards cardiomyocytes by whole-genome microarray analysis. mRNA 
from human fetal heart (HFH) of 16 week gestation (after voluntary abortus provocatis) 
was included as a reference source, allowing us to compare gene expression profiles of 
hESC-CM to that of HFH. By microarray cluster analysis, genes were identified which were 



52

enriched in UH, transiently expressed during early differentiation and associated with 
mesoderm or endoderm differentiation, or enriched in hESC-CM and HFH. The specificity 
of the candidate genes was confirmed by RT-PCR, real-time RT-PCR and whole-mount in 
situ hybridization (ISH) on hESC colonies or on hESC-CM containing aggregates, mouse 
embryos and HFHs. This study demonstrates that directed differentiation of hESCs 
towards cardiomyocytes can be made sufficiently efficient to provide an excellent model 
for understanding commitment to the mesoderm or endoderm lineage and the early steps 
in human cardiac cell differentiation. Furthermore, it is an approach to data mining to 
identify new genes that may be associated with (abnormal) human heart development. 
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MATERIALS AND METHODS

Cell culture
END-2 cells and HES-2 cells were cultured as described previously [21]. To initiate co-
cultures, END-2 cell cultures treated for 3 hours with mitomycin C (mit.C; 10μg/mL) replaced 
mouse embryonic fibroblasts (MEFs) as feeders for hESCs. HESC-END-2 co-cultures are 
grown in 12-well plates in DMEM containing L-glutamin, insulin-transferrin-selenium, non-
essential amino acids, 90 μM β-Mercaptoethanol, penicillin/streptomycin in the absence of 
fetal calf serum [24]. At 1, 3, 6, 9 and 12d after the start of hESC-END-2 co-culture (passage 
79 and 80), differentiated hESCs were carefully dissected from the END-2 cell layer to avoid 
contamination of END-2 cells. Beating areas normally appear from day 6-7 onwards and 
were included in the 9 and 12d timepoints. Samples were collected for RNA isolation. For 
the isolation of undifferentiated hESCs (UH), only undifferentiated HES-2 colonies based 
on morphology (passage 46, 79 and 82), were removed from MEFs by dispase (10 mg/ml) 
treatment. After 2 min incubation HES-2 colonies were lifted and washed twice in PBS and 
collected for RNA isolation. For the verification of the microarray data by RT-PCR or real-
time qPCR, different independent samples were used.

Primary Human Fetal Cardiomyocytes
Primary tissue was obtained after abortion after individual permission had been obtained by 
use of standard informed consent procedures and approval of the ethics committee of the 
University Medical Center, Utrecht. Human fetal hearts (HFHs) (11-16 weeks of development) 
were directly frozen in liquid nitrogen, fixed overnight in 2% paraformaldehyde or perfused 
by Langendorff’s method, followed by culture of cardiac cells. After 4 days in culture, fetal 
cardiac cells were washed with PBS and collected for RNA isolation.

RNA Isolation and sample preparation
Total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA, http://www.invitrogen.com), 
following the manufacturers’ protocol. The quality of all RNA preparations was confirmed 
prior to microarray hybridization by Agilent’s Bioanalyzer 2100 using the RNA 6000 Nano 
assay. Equal amounts of total RNA from UH, all timepoints from hESC-END-2 differentiation 
(1d, 3d, 6d, 9d and 12d) and HFH were combined, in order to create a common reference 
pool (CRP). All microarray hybridizations were performed against this CRP. The use of a 
CRP has several advantages: Firstly, by comparing each sample directly to the CRP it is 
possible to compare relative gene expression in all other samples. Secondly, it prevents loss 
of data for genes that are expressed in one sample but not in another. Thirdly, it is possible 
to extend the data set at a later date by hybridizing a new sample to the CRP, allowing 
comparisons for the expression of the whole genome to all other samples.  Furthermore, 
we hybridized UH with 12d and performed dyeswap for this experiment.
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Probe preparation and hybridization of Agilent DNA microarrays
Agilent 44K Whole Human genome arrays (G4112A, Agilent Technologies, Palo Alto, CA, 
USA) were prepared and hybridized with linearly amplified and labeled total RNA following 
the manufacturer’s protocol. Briefly, probes were prepared from 500ng total RNA by linear 
amplification and Cyanine-3 (Cy-3) or Cyanine-5 (Cy-5) labeling of cRNA using Agilent’s Low 
input Linear Amplification and Labeling kit. Cy-3-CTP (10mM) and Cy-5-CTP (10mM) was 
obtained from PerkinElmer/NEN, Wellesley, MA, USA. Fluorescent labeled probes were 
purified using Qiagen RNeasy Mini kit as described by the manufacturer.  Dye incorporation 
was confirmed using UV spectrophotometer analysis. According to Agilent’s “ISH kit plus” 
protocol, we used 0.75µg labeled cRNA per sample for 17 hours hybridization at 600C. 
After the coverslips were removed in 6xSSPE + 0.005% N-Laurylsarcosine, the slides 
were washed in 6xSSPE + 0.005% N-Laurylsarcosine for 1 minute, washed in 0.06x SSPE 
+ 0.005% N-Laurylsarcosine for 1 minute and washed 30 s in Agilent’s “Stabilization and 
drying solution” This wash is to delay degradation of cy-5 dye which is susceptible to ozone 
and it conveniently dries the slides. Arrays were scanned using the Agilent DNA microarray 
scanner. 

Data analysis/Statistics
DNA microarray images are processed using Feature Extraction software. The processing 
that Feature Extraction does involves finding the spots, analyzing the spots (pixel 
population statistics), analyzing the spot population (feature population statistics), 
background subtraction, dye normalization (combination of linear and LOWESS), then 
calculating ratios from the processed signals with error values and P-values. The signal 
intensity from the red channel (Cy-5) is divided by the signal of the green channel (Cy-3) and 
the scale is compressed by applying log to base 10 (log10) for easier visualization. Luminator 
from Rosetta Biosoftware was used to analyze the microarray data by clustering using an 
agglomerative algorithm, trending, and comparing profiles at a P- value of ≤ 0.01.  Additional 
microarray software analysis was performed using Genespring version 7.2 software.

RT-PCR
Total RNA (1 µg) was transcribed by reverse transcriptase (SuperScriptTM II RT, Invitrogen, 
Carlsbad, CA, USA) and used for PCR using Silverstar DNA polymerase (Eurogentec, San 
Diego, USA). For each PCR reaction 1 µl cDNA was used in a reaction volume of 50 µl. The 
cycling parameters were 94°C for 15 s; 58°C, 30 s; and 72°C, 45 s, for 35 cycles. The PCR 
cycles were preceded by an initial denaturation of 2 minutes at 94°C and followed by a final 
extension of 7 minutes at 72°C. Primer sequences for PCR are given in Supplementary Table 
1a and b. Products were analyzed on ethidium bromide–stained 1.5% agarose gel. Human 
acidic ribosomal phophoprotein (hARP) was used as RNA input control. HARP levels did 
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not significantly change during differentiation (data not shown). As a negative control total 
RNA was used directly for PCR.

Real-time qPCR
Real-time PCR was performed according to standard protocols on a “MyIQ single color 
Real-Time PCR detection system” (Bio-Rad, Hercules, CA, USA). Briefly, 1μg of total RNA 
was DNAse treated, and transcribed to cDNA. 10μl of a 1/10 dilution of cDNA was then 
added to 12.5μl of the 2xSYBR green PCR mastermix (Applied Biosystems, Foster City, 
CA, USA), and 500 μM of each primer. PCR cycles were 3 minutes at 95°C, followed by 40 
cycles of 15 s at 95°C, 30 s at a specific annealing temperature, and 45 s at 72°C. The thermal 
denaturation protocol was run at the end of PCR to determine the number of products. 
Samples were run on a 2% agarose gel to confirm the correct size of the PCR products. All 
reactions were run in triplicate. As negative controls, PCR was performed on water and 
on RNA without reverse transcription. The cycle number at which the reaction crossed an 
arbitrarily placed threshold (Cτ) was determined for each gene. The relative amount of 
mRNA levels was determined by 2-∆Cτ. Relative gene expression was normalized to ARP 
expression. Primer sequences and annealing temperatures used for real-time PCR are 
shown in Supplementary Table 2. 

In situ hybridization
Whole-mount in situ hybridization was performed as described before [25]. Probe template 
primers were designed with the T3-promoter sequence at the 5’ end of the forward primer 
and T7-promoter at the 5’ end of the reverse primer. Digoxigenin-labeled probes were 
generated using the purified PCR product as a template for probe transcription with either 
T3 RNA polymerase or T7 RNA polymerase (Promega, Madison, USA). Human and mouse 
probe template primers are shown in Supplementary Table 3.
T3 promoter sequence: 5’-ATACAATTAACCCTCACTAAAGGG-3’
T7 promoter sequence: 5’-ATAGGTAATACGACTCACTATAGGGC-3’
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RESULTS

Temporal gene expression during differentiation of hESCs
Whole-genome microarray analysis was carried out on total RNA from UH (HES-2 cells), 
hESCs isolated after co-culture with END-2 cells for various times (HES-2-END2 co-cultures: 
1d to 12d) and whole HFH (16 weeks gestation). From all samples, equal amounts of RNA 
were pooled to create a common reference pool (CRP). Each separate sample was then 
hybridized against the CRP on Agilent whole-genome microarray chips (Fig. 1A). The use 
of a CRP allows comparison of relative gene expression levels of each sample with all other 
samples.  Dye-swap experiments confirmed the reproducibility of the microarray data 
(data not shown). Since we previously have shown that hESC-CM resemble human fetal 
cardiomyocytes [21], RNA from HFH was used as a reference source for comparison to 
differentiating hESCs. Additional microarray experiments were performed by hybridizing 
UH directly against hESCs co-cultured for 12 days with END-2 (12d). Again, dye-swap 
control experiments were performed (Table 1 and 3).  

Figure 1. Whole-genome temporal gene expression profiling of hESCs differentiating towards cardiomyocytes. 
(A) Experimental approach in which RNA of UH, differentiating hESCs from hESC-END-2 co-culture (1d to 12d) and 
HFH was first isolated, followed by creating a common reference pool (CRP). Each sample was hybridized with the 
CRP on a 44K Agilent Microarray as well as a direct comparison of UH and 12 days differentiated hESCs (12d) was 
done. The first appearance of beating areas (average starting point) is indicated by a red circle on the time line. 
(B) Number of significantly up- and downregulated genes of UH and all timepoints during hESC differentiation 
towards cardiomyocytes, P<0.01. The number of upregulated genes is displayed in red, and downregulated genes 
in blue. (C) Quantitative Real-Time PCR analysis of the mesoderm marker brachyury T. (D) Percentage of tissue-
enriched genes ≥3-fold upregulated at 12d compared directly to UH. Genes were indicated as tissue-enriched 
according Gene Ontology Tree Machine (GOTM) classifications, representing genes with a p-value ≤10-10. 1d, 1 
day; 3d, 3 days; 6d, 6 days; 9d, 9 days.
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Differentially expressed genes were identified using a statistical cut-off value of P≤0.01 
(Rosetta Luminator). Figure 1B shows the number of significantly up- and downregulated 
genes of all samples during hESC differentiation towards cardiomyocytes and HFH. A 
steady increase in differentially expressed genes is seen as differentiation proceeds. The 
relatively high number of downregulated genes in the UH and 1d samples compared with 
the CRP is likely due to differentiation being initiated but not yet to distinct lineages. The 
results of all microarray experiments are provided in Supplementary Data 1a-j online. 

Figure 2. hESCs-enriched genes. (A) Cluster of 15 unique genes (cluster 1a) which are rapidly downregulated upon 
differentiation of which 7 are unknown. Red indicates upregulation versus CRP, blue indicates downregulation 
versus CRP. *Since multiple probes are present on the microarray chip, some genes are represented multiple times 
in one cluster. (B) Genes of cluster 1a shown in a timecourse graph with a reference line at y=0 where the expression 
ratio is equal to 1. (C) RT-PCR confirmation of various hESC-enriched genes including 3 unknown genes. (D) In situ 
hybridizations on hESC colonies for 4 unknown hESC enriched genes. OCT4 was used as a positive control, OCT4 
sense probe was used as a negative control. To visualize non-stained hESC colonies, different transmission light 
settings were used. Arrowheads indicate differentiated areas within hESC colonies. Scale bar, 1mm for OCT4, 
OCT4 sense, ENST00000297751, FLJ10884, C14ORF115. Scale bar, 500µm for THC2173136.
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HESCs preferentially differentiate towards mesoderm and endoderm 
Previously we demonstrated that after 12d of hESC-END-2 co-culture various cell types 
formed in addition to cardiomyocytes [21, 24]. The majority of these non-cardiomyocytes 
were positive for Troma-1/cytokeratin 8 [24] expressed in endoderm and trophectoderm. 
The formation of cardiomyocytes, which are derived from mesoderm, was preceded 
by transient upregulation of Brachyury T, a marker of nascent mesoderm (Fig.1C). This 
suggested that hESCs grown on END-2 cells differentiated preferentially towards mesoderm 
and endoderm derivatives. This was confirmed by calculating the percentage of tissue-
enriched genes that were ≥3-fold upregulated at 12d compared directly to UH. Genes were 
indicated as tissue-enriched according Gene Ontology Tree Machine (GOTM) classifications, 
representing genes with a p-value ≤10-10. Since most genes are significantly expressed in 
multiple tissues and therefore classified in different tissues, the sum of the percentages of 
all tissue-enriched genes exceeds 100%. As expected, the highest percentage (62%) was 
observed for heart-enriched genes (Fig.1D). In addition, liver (58%) (endoderm-derived) 
and kidney-enriched (47%) (mesoderm-derived) genes were also highly represented, 
whereas brain (12%) and skin-enriched (11%) (both ectoderm-derived) genes showed the 
lowest percentage. Thus hESC-END-2 co-cultures differentiate predominantly towards 
mesoderm and endoderm, with little ectoderm differentiation taking place. 

HESC-enriched genes
It is to be expected that genes important for maintenance or self-renewal of hESCs would 
be rapidly downregulated upon differentiation. By cluster analysis we identified a group 
of 15 genes (cluster 1a) that displayed rapid downregulation (Fig. 2A and B) and included 
well established hESC-markers like OCT4 and NANOG. Other genes in this cluster were 
TDGF1, GAL, LEFTB, DNMT3B and SOX2, also described as being enriched in UH [15], 
indicating that the approach used could identify genes which may be involved in hESC 
self-renewal. Seven genes in this group were novel with unknown function, but with 
similar expression trend-lines during differentiation as OCT4 and NANOG (Fig. 2B). A 
less restrictive cluster (cluster 1b) with similar downregulating gene patterns identified a 
group of 145 gene entries with potential roles in self-renewal of hESCs (Supplementary 
Data 2 online). To verify the microarray results, expression levels of a subset of known and 
unknown genes from both clusters were examined by RT-PCR in 2 independent UH and 12d 
differentiated samples (Fig. 2C). For 4 unknown genes (ENST00000297751, THC1818772, 
FLJ10884 and C14ORF115) we carried out whole-mount ISH on UH colonies, cultured on 
mouse embryonic fibroblasts (MEFs) and compared expression with that of OCT4 (Fig. 
2D). High expression of the selected genes was observed in the parts of the colonies with 
characteristic undifferentiated morphology, while the differentiated parts and the MEFs 
remained negative. This confirmed association of these genes with the pluripotent state. 



59

hESC differentiation to cardiomyocytes

CH
A

P
TE

R
 3

Activated and repressed signaling pathways during hESC differentiation
The earliest appearance of beating areas in hESC-END-2 co-cultures was consistently at 6d-
7d. Before the appearance of beating areas, cells are committed to form cardiomyocytes and 
regulatory as well as structural genes are activated. Accordingly, expression of the earliest 
mesoderm marker Brachyury T is transiently upregulated in 3d hESC-END-2 co-cultures, 
3 or 4d before the onset of beating, as described above. Clustering analysis revealed a 
group of 25 genes (cluster 2a, Table 2), transiently co-upregulated with Brachyury T on 3d 
of hESC-END-2 co-culture (Fig. 3A and B). Interestingly, in addition to 8 unknown genes, 
the clustered group contained genes shown previously to be important for early embryonic 
development and for mesoderm formation in particular. The Notch signaling pathway, 
with ligands delta-like 1 (DLL) and DLL3, upregulated at 3d, has pleiotropic functions 
during development, including a role in differentiation of paraxial mesoderm, which later 
gives rise to skeletal muscle [26, 27]. The WNT-family plays an important role in early 
embryogenesis. Dickkopf-1 (DKK1), an inhibitor of canonical (β-catenin-dependent) WNT-
signaling has been demonstrated to induce cardiomyocyte differentiation [28, 29]. For 
Wnt3A both inducing [29] as well as inhibiting effects [30] on cardiomyocyte differentiation 
have been described. Other genes in this cluster were the transcription factors FOXC1 and 
MESP1 and the transcriptional repressor SNAI1, which are all expressed in mesoderm 
and important for cardiac development. The majority of these genes also play roles in 
epithelial-mesenchymal-transformation (EMT), important for many processes during 

Accession number Gene name Gene description Fold change
UH vs 12d      Dye swap

ENST00000297751 Unknown Unknown -15.49 18.43
NM_018308 FLJ11042 Acyl-Coenzyme A oxidase-like -17.74 26.25

NM_002701 POU5F1 POU domain, class 5, transcription factor 1 -13.96 24.81
AF268617 POU5FLC12 POU 5 domain protein -38.4 57.59

NM_019079 FLJ10884 Hypothetical protein FLJ10884 -19.85 20.86
NM_024865 NANOG Nanog homeobox -39.7 65.08
NM_003212 TDGF1 Teratocarcinoma-derived growth factor 1 -30.3 42.25
NM_018228 C14ORF115 Chromosome 14 open reading frame 115 -22.34 18.63

NM_015973 GAL Galanin -12.33 19.94
BC013923 SOX2 Sex determining region Y-box 2 -7.75 25.99
NM_175850 DNMT3B DNA cytosine-5-methyltransferase 3 beta -17.44 16.11

NM_024504 PRDM14 PR domain containing 14 -6.37 11.64
NM_002164 INDO Indoleamine-pyrrole 2,3 dioxygenase -17.59 23.18

NM_020997 LEFTB Left-right determination factor 1 -18.75 24.92

AK097672 LOC284344 Hypothetical protein LOC284344 -5.91 3.21

Table 1. HESC-enriched genes, including 7 genes of unknown function which are rapidly downregulated during 
hESC-END2 differentiation. Fold change is shown for the direct comparison between UH and 12d and their 
dyeswap controls.
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development, including that of the heart. The transient expression of these genes during 
differentiation was confirmed by quantitative real-time PCR (Fig. 3C). Interestingly, for 
DKK1, WNT3A, FOXC1 and SNAI1 a biphasic expression pattern was observed with peaks at 

Figure 3. Transiently upregulated genes during hESC differentiation. (A) Cluster of 25 unique genes (cluster 
2a) which are transiently upregulated at day 3 of differentiation. Among these genes we find mesoderm 
markers and genes that are important in early cardiac development. *Since multiple probes are present on the 
microarray chip, some genes are represented multiple times in one cluster. (B) Genes of cluster 2a are shown in 
a timecourse graph with a reference line at y=0 where the expression ratio is equal to 1. (C) Quantitative Real-
Time PCR also demonstrates a transient upregulation of genes implicated in mesoderm and heart formation. 
(D) Schematic representation of the regulation of genes of the WNT-family during hESC differentiation. 
Transiently upregulated expression is indicated by blue-red-blue coloring, down-regulation is indicated by blue 
and upregulation by red coloring. Brachyury T (BRA-T) is downstream of LEF1 and is important for mesoderm 
formation, whereas SOX17 may interact with LEF1 for the formation of endoderm.
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3 and 12d, suggesting a role in both early and late phases of differentiation. A larger cluster 
with a similar pattern (cluster 2b) is available as Supplementary Data 2 online. Besides 
activation of genes involved in mesoderm formation, genes associated with endoderm 
formation, such as FOXA2 and SOX17, displayed a similar transient upregulation with a 
peak at 3d (data not shown). We next identified a cluster of genes (cluster 3) with expression 
transiently increased at 6d and enhanced expression in HFH. This cluster consisted of 204 

Figure 4. Cardiomyocyte enriched genes at 12d of differentiating hESCs. (A) Cluster of 15 unique genes (cluster 
4a) which are upregulated at 12d as well as in HFH of which 3 genes of unknown function. *Since multiple probes 
are present on the microarray chip, some genes are represented multiple times in one cluster. (B) Genes of cluster 
4a in a time course graph, including HFH for comparisons to 12d with a reference line at y=0 where the expression 
ratio is equal to 1. (C) RT-PCR confirmation of a subset of genes (from cluster 4a and b) of known and unknown 
function which are expressed at 12d and HFH but not or at low levels in UH. Acidic ribosomal protein (ARP) was 
used as an internal control. (D) Quantitative Real-Time PCR of cardiac transcription factors MEF2C, TBX2 and 
TBX5 and cardiac marker ACTN2. (E) Schematic representation of hESCs differentiating towards cardiomyocytes 
compared to embryonic development. UH resemble the epiblast stage during embryonic development. Shortly 
after the start of hESC-END-2 co-culture (3d) gene expression profiles indicate the onset of gastrulation with a 
preference for endoderm and mesoderm formation, followed by the probable formation of cardiac progenitor 
cells (CPCs) between 3d and 6d, and optimal differentiation to cardiomyocytes (CM) at 12d. At the bottom, the 
contribution of genes from the different clusters (CL) during the different phases of differentiation are indicated. 
The shape of the triangles represents the relative expression of the genes within that cluster during differentiation, 
with two examples of genes in each triangle. The first appearance of beating areas (average starting point) is 
indicated by a red dot on the time line.
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gene entries, including the transcription factors LBX1, IRX3, IRX4, FOXC2, HES7 and SRF, 
all of which have been implicated in cardiac development (Supplementary Data 2 online). 
In addition, MSX1 and ISL1, homeodomain transcription factors, also increased from 3d to 
12d and 6d to 12d, respectively (Supplementary Figure 1). MSX1 plays a role in EMT and 
cardiac development, whereas ISL1 has recently been described as a marker for a cardiac 
progenitor cell (CPC) population [31].
The WNT, FGF, TGFβ and BMP signaling pathways have been shown to play important roles 
during embryonic development and early cardiogenesis. The early transient increase of 
members of the WNT family, DKK1 and 3 and WNT3a have been discussed above, but other 
WNT-family members such as FRZ10, LEF1, WNT5A and B, and WNT11 showed a steady 
increase in expression during differentiation, whereas secreted FRZ1 and 2, Cerberus, 
WNT8B, FRZ5 and SRY17 were downregulated during differentiation (Fig. 3D). For the TGFβ 
and FGF families, FGF9, FGF receptor 2, TGFβ1, 2 and 3, SMAD3, TGFβ receptor III, Activin 
A receptor type I and II were upregulated, whereas nodal, FGF receptor 1 and FGF2 (basic 
FGF) were downregulated. Interestingly, BMP10, enriched in heart tissue and essential 
for cardiogenesis in mouse [32], was highly expressed in UH, rapidly downregulated after 
initiation of differentiation and increased again at 9d and 12d. BMP4, also essential for 
cardiogenesis [33] and BMP5, expressed in cardiac development [34], were increased 
during differentiation (Supplementary Data 3 and Supplementary Figure 2).

Cardiac-enriched genes
Since the number of beating areas are increasing from day 9 to 12d of differentiation, 
genes responsible for cardiomyocyte differentiation and function are expected to be 
upregulated during this time period. As reference source HFH was used to increase the 
possibility that upregulated genes may be associated with human cardiac development. A 
cluster of 15 genes (cluster 4a), upregulated at 9 or 12d of differentiation and in HFH was 
identified (Fig 4A and B). This group consisted of known cardiac genes such as troponin T 
2 (TNNT2), myosin light chain 4 (MYL4), alpha-actinin-2 (ACTN2) and myosin light chain 2B 
(HUMMLC2B), but also three novel genes and several genes that have been annotated but 
not previously associated with cardiac development.  A larger cluster of 145 gene entries 
with similar expression pattern (cluster 4b) is represented in Supplementary Data 2 online. 
Verification of a subset of the cardiac enriched genes was performed by RT-PCR (Fig. 4C). 
Many transcription factors known to play a role in cardiac development were upregulated 
during differentiation. Real-time RT-PCR for cardiac transcription factors MEF2C, TBX2 and 
TBX5 demonstrated increased expression at 9 and 12d of differentiation. By comparison, 
α-actinin, a sarcomeric protein, was only increased after 12d of differentiation (Fig. 4D). 
These data demonstrate distinct molecular regulation during each step of differentiation 
(Fig. 4E). Furthermore, ISH for a set of the cardiac-enriched genes, including phospholamban 
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Accession nr Gene name Gene description Fold change
12d vs UH      Dye swap

NM_006308 HSPB3 Heat shock 27kDa protein 3 11.89 -14

BC009755 ADPRHL1 ADP-ribosylhydrolase-like 1 15.22 -13.41

NM_014424 HSPB7 Heat shock 27kDA protein family, member 7 (cardiovascular) 9.8 -9.14

NM_006789 APOBEC2 Apolipoprotein B mRNA editing enzyme,catalytic polypeptide-like 2 25.79 -22.02

NM_003280 TNNC1 Troponin C, slow 10.63 -12.01

NM_024875 SYNPO2L Synaptopodin 2-like 12.04 -12.45

NM_003476 CSRP3 Cystein and glycin-rich protein 3 (cardiac LIM protein) 16.88 -12.79

NM_001103 ACTN2 Actinin, alpha 2 19.24 -17.73

NM_016599 MYOZ2 Myozenin 2 1.52 -1.27

NM_002667 PLN Phospholamban 30.37 -31.85

NM_021223 MYL7 Myosin light, polypeptide 7, regulatory 38.95 -30.72

NM_013292 HUMMLC2B Myosin light chain 2 30.52 -35.12

NM_014332 SMPX Small muscle protein, X-linked 21.61 -31.64

X52005 MYL4 Myosin light, polypeptide 4, alkali; atrial, embryonic 3.17 -25.04

X79859 TNNT2 Troponin T2, cardiac 11.95 -12.71

Table 3. Cardiomyocyte-enriched genes which are upregulated at 12d and HFH including 2 genes of unknown 
function (ADPRHL1 and SYNPO2L). Fold change is shown for the direct comparison between UH and 12d and 
their dyeswap controls.

and two novel genes annotated as SRD5A2L2 and SYNPO2L (from clusters 4a and b), on 
micro-dissected beating areas from 12d hESC-END2 co-cultures showed strong expression 
(Fig. 5A-C). Expression of these genes was not detected in the non-beating areas derived 
from the same hESC-END2 co-cultures. Mouse orthologues were found for both SRD5A2L2 
and SYNPO2L and whole-mount ISH on mouse embryos at different development stages 
showed cardiac- restricted/enriched expression in early stages of cardiac development for 
both genes. At E8.5 and E9.5 SRD5A2L2 was specifically expressed in the sinus venosus, 
giving rise to the inflow tract, and at lower levels in the ventricle (Fig 5D-F). SYNPO2L was 
detected in the heart from E8.5 and in myotomes, which give rise to skeletal muscle, at 
E10.5 (Fig. 5G-I). In addition whole-mount ISH on intact HFH (Fig. 5J) or hearts cut in half 
(Fig. 5K-M) showed that the unknown genes THC2339346, SRD5A2L2 and SYNPO2L were 
all expressed as the positive control phosholamban in the fetal heart. As in mouse embryos, 
SRD5A2L2 was detected predominantly in the inflow tract of HFHs.
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(A) Expression of phosholamban (PLN) in an excised beating area at 12d. The inset shows a non-beating area 
at 12d which shows no expression of PLN. (B) Expression of steroid reductase 5-alpha 2-like 2 (SRD5A2L2) in a 
12d beating area while the non-beating area (insert) shows no expression. (C) Expression of synaptopodin 2-like 
(SYNPO2L) in an excised beating area at 12d. Non-beating (insert) area shows no expression. (D) Expression of 
mouse SRD5A2L2 at day 8.5 post fertilization is restricted to the heart with strongest expression in the inflow tract 
(ift). Dorsal to the right, anterior to the top. (E) Transverse section of E9.5 mouse embryo with strong expression 
of SRD5A2L2 in both horns of the sinus venosus, lower expression in other parts of the heart. Dorsal to the top. nf, 
neural fold; rs, right horn sinus venosus; ls, left horn sinus venosus; st, septum transversum. (F) Magnification of 
right horn of sinus venosus showing strong expression of SRD5A2L2 at E9.5. Dorsal to the top. (G) Expression of 
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DISCUSSION
In the present study, we described the temporal gene expression of hESCs during 
differentiation towards the cardiac lineage. Besides information on genes which may play 
roles in self-maintenance or self-renewal of hESCs, genes important during the different 
stages of cardiac development were also identified. It is expected that genes with important 
roles in self-renewal of ESC would be rapidly downregulated upon differentiation. For this 
reason several studies have compared the transcriptome of UH with differentiated hESCs 
[15, 17, 18]. In most studies differentiation of hESCs occurs through the formation of EBs. 
However, information on changes in gene expression of hESCs during the differentiation 
process itself has, so far, been very limited. In one study [18], microarray analysis was 
performed on 2, 10, 20 and 30d differentiated EBs from hESCs. However, 10d EBs had 
essentially unchanged levels of OCT4 expression, suggesting that differentiation by 
formation of EBs was relatively inefficient and slow. We demonstrated here that temporal 
transcriptional profiling of hESCs can be a rich source of information on the molecular 
mechanisms underlying human development, provided differentiation is directed and 
efficient, as in this study for the cardiac lineage. By cluster analysis of microarray data we 
firstly identified genes which were rapidly downregulated upon differentiation, that included 
OCT4 and NANOG, as well as multiple unknown genes and confirmed their expression 
independently in UH colonies. Whether these genes play roles in the self-renewal of stem 
cells or are simply stem cell marker has to be determined in functional studies. 
Previously, we have shown that hESCs in co-culture with END-2 cells differentiated 
predominantly to endoderm and mesoderm derivatives [21, 24]. Here, this was confirmed 
by microarray analysis with transient expression of the early mesodermal marker brachyury 
T and the endodermal markers FOX2A and SOX17, peaking after 3d of differentiation (3 
to 4d before the appearance of the first beating areas). Other mesodermal markers or 
transcription factors such as SNAI1 and MSX1 MESP1, FOXC1, were transiently upregulated 
with peaks at 3d. The detailed temporal gene profiling of differentiating hESCs presented 
here may lead to improvements in step-wise directed differentiation towards mesoderm and 
endoderm-derived cell-types or tissues, if specific signalling pathways are further activated 
or enhanced at the times indicated. Many studies have demonstrated the importance of 

mouse SYNPO2L at E9.5 is restricted to the heart and somites. Dorsal to the right, anterior to the top. Oft, outflow 
tract; lv, left ventricle; avc, atrioventricular canal; la, left atrium; s, somite. (H) Transverse section of E8.5 mouse 
embryo showing SYNPO2L expression in the heart tube and developing somites. Nt, neural tube; ht, heart tube. 
(I) Transverse section of a E10.5 mouse embryo showing SYNPO2L expression in the myotome. Nt, neural tube; 
m, myotome. (J) SYNPO2L expression in human fetal heart at 11 weeks of gestation. Expression of SYNPO2L in 
both ventricles and stronger in both atria but absent in aorta and pulmonary trunc. (K) Expression of SRD5A2L2 
predominantly in the vena cava and pulmonary trunc of a 14 week human fetal heart. (L) Ubiquitous expression of 
THC2339346 in a 17 week human fetal heart. (M) Phospholamban expression in a 20 week human fetal heart. Rv, 
right ventricle; lv, left ventricle, ra, right atrium; la, left atrium; pt, pulmonary trunc; ao, aorta; svc, superior vena 
cava; lvw, left ventricular wall; rvw, right ventricular wall; sp, septum. Scale bars, 500µm (A,B,C,D,G); 300µm 
(E,H,I); 150µm, (F); 2mm, (J,K,L,M).
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endoderm for the induction of cardiac differentiation [35]. The presence of endoderm 
as well as mesoderm markers in differentiating hESCs, suggest that differentiation to 
cardiomyocytes in hESC-END-2 cultures may be either direct by the END-2 cells and/or 
indirect by the formation of endoderm derived from hESCs, inducing adjacent mesodermal 
cells to become cardiomyocytes.
Proteins from the WNT, TGF-β, BMP and FGF signalling pathways have been implicated 
in both self-renewal of stem cells as well as cardiac differentiation. Basic FGF, important 
for self-renewal [36], was rapidly downregulated upon differentiation. DKK1, WNT11 and 
WNT5A and downstream transcription factor LEF1, increased during differentiation and 
all have been shown to play a role in cardiac development. For other factors, such as 
WNT3A both cardiac inducing as well as inhibiting effects have been described [29, 30]. 
In addition, WNT3A has been suggested to play a role in the self-renewal of stem cells 
[37], although some controversy surrounds this report. Overall however, this suggests that 
the net effect on differentiating cells depends on the state of the cell when targeted and 
the concentration, duration or exposure and presence of other factors. This was recently 
shown by Yuasa et al. [38] who demonstrated that the BMP-inhibitor Noggin only induced 
cardiomyocyte differentiation of mESCs when applied in a very narrow time window during 
ESC culture. 
Microarray studies have been performed on mouse P19 embryonal carcinoma cells 
differentiating to cardiomyocytes and during early mouse cardiogenesis, using an 
Nkx2.5 enhancer to select cardiac progenitor cells [39]. The human heart is however not 
accessible at the first crucial stages of development, 4 weeks of gestation being the earliest 
we have obtained when the heart already has four defined chambers. Here, we have 
described for the first time the transcriptome of hESCs differentiated towards the cardiac 
lineage. Using HFH as a reference source we were able to identify genes that were both 
upregulated during differentiation of hESC-CM and in HFH. In addition to the presence 
of known cardiac sarcomeric genes, several unknown genes, and genes not previously 
associated with cardiomyocytes were identified (clusters 4a and b). Two of these unknown 
genes, SRD5A2L2 and SYNPO2L displayed cardiac expression during mouse embryonic 
development and in HFHs. In addition, THC2339346, THC1564329 and THC1452070 
for which no mouse orthologue could be found, were expressed in HFH. These findings 
indicate that in vitro differentiation of hESCs as used in this study is a very powerful model 
for human cardiac development. Using hESCs as a model for human cardiac development 
will likely result in the discovery of genes not previously associated with cardiomyocyte 
differentiation or function and may lead to a better understanding of abnormal cardiac 
development. Furthermore, improved cardiomyocyte differentiation will lead to a higher 
production and purer populations of cardiomyocytes, facilitating entry into regenerative 
medicine for heart patients.
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Supplementary data

Supplementary Figure 1. Real-Time quantitative PCR of the homeodomain transcription factors MSX1 and ISL1 
during hESC differentiation towards cardiomyocytes.

Supplementary Figure 2.  Schematic representation of the regulation of genes of the BMP and TGF-β family 
during hESC differentiation. Transiently upregulated expression is indicated by blue-red-blue coloring, down-
regulation is indicated by blue and upregulation by red coloring.
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Gene symbol Forward primer Reverse primer Product size

LEFTA 5’-TAGAGGACAGCCCCACTCTG-3’ 5’-CTACATACTGGGCCCTCACG-3’ 232

ENST00000297751 5’-AATCCCCAATTTGGACATCA-3’ 5’-TGCACACATTTTGCTCCAAT-3’ 203

POU5F1 5’-GAGGAGTCCCAGGACATCAA-3’ 5’-CTCCAGGTTGCCTCTCACTC-3’ 339

POU5FLC12 5’-GAAGGATGTGGTCCGAGTGT-3’ 5’-GTGAAGTGAGGGCTCCCATA-3’ 183

FLJ10884 5’-TAACCAGTGATGGCATGGAA-3’ 5’-GGCACAGCTGTTTCCTCTTC-3’ 244

NANOG 5’-CAAAGGCAAACAACCCACTT-3’ 5’-TCTGCTGGAGGCTGAGGTAT-3’ 158

INDO 5’-GGCAAAGGTCATGGAGATGT-3’ 5’-CTGCAGTCTCCATCACGAAA-3’ 203

ARP 5’-CACCATTGAAATCCTGAGTGATGT-3’ 5’-TGACCAGCCCAAAGGAGAAG-3’ 116

Supplementary Table 1a Primers RT-PCR for hESC genes

Gene symbol Forward primer Reverse primer Product size

PLN 5’-ACAGCTGCCAAGGCTACCTA-3’ 5’-GCTTTTGACGTGCTTGTTGA-3’ 191

THC1564329 5’-ACAGCAGCTCACTCGTAGCA-3’ 5’-TTCCCAGGTGCTGAGATAGG-3’ 196

SMPX 5’-GTTAGAGCCATCCAGGCAAA-3’ 5’-CTGTTCAGCTTTGGGGACAT-3’ 234

MBLN2 5’-GAGACTCGGACGTTGAAAGC-3’ 5’-GCCCTTTAGGGAATCAAAGC-3’ 446

THC2339346 5’-AGACCCCTGACCCTAAGGAA-3’ 5’-TTCTCAGCAGCATGAACTGG-3’ 131

THC1452070 5’-CCCTTTGGATGCAGAACATT-3’ 5’-TTCAGTCAGAAGGCATGTGG-3’ 196

MYOZ2 5’-CCGGAGCTTTTAGAGGCTTT-3’ 5’-CCAGAAAGGGGATTGACAAA-3’ 206

BC009755 5’-CTGTCGCAGAGCTAATGCTG-3’ 5’-CCCCAGTGTGGACTGTTTCT-3’ 215

SYNPO2L 5’-AGGAGAATGGCATGAACCT-3’ 5’-CCATGTGGGGATATCTGACC-3’ 171

THC2210112 5’-TTGGCTTGCTTCTGTCATTG-3’ 5’-TGTGATTTGCCTGTTTCCAA-3’ 201

Supplementary Table 1b Primers RT-PCR for cardiac genes.

All primer sets have an annealing temperature of 58 °C

Gene 

symbol
Forward primer Reverse primer Temp 0C Product size

DKK4 5’-CTACGATGGAAGATGCAACC-3’ 5’-ATGACGAGCACAGCAAAG-3’ 60.5 209

WNT3A 5’-GGGAAAGGTAGGAAGAGAGG-3’ 5’-ATGAGGCAACCAGGGATA-3’ 60.5 288

Brachyury 5’-ATCACCAGCCACTGCTTC-3’ 5’-GGGTTCCTCCATCATCTCTT-3’ 60.5 156

MEF2C 5’-CGAGATACCCACAACACACG-3’ 5’-TTCGTTCCGGTGATCCTC-3’ 55.0 109

DKK1 5’-TCCCTCTTGAGTCCTTCTGA-3’ 5’-CAGGTTCTTGATAGCGTTGG-3’ 58.8 156

MSX1 5’-CCAGTTTCACCTCTTTGCTC-3’ 5’-AACCTCTCTGCCCTCAGTTT-3’ 59.2 144

TBX5 5’-TACCACCACACCCATCAAC-3’ 5’-ACACCAAGACAGGGACAGAC-3’ 59.2 141

TBX2 5’-ACCCTGAGATGCCCAAAC-3’ 5’-CAGTGACGGCGATGAAGT-3’ 56.0 258

SNAIL1 5’-CCCACATCCTTCTCACTGC-3’ 5’-GTCAGCCTTTGTCCTGTAGC-3’ 59.2 265

FOXC1 5’-ACGGCATCTACCAGTTCATC-3’ 5’-TCCTTCTCCTCCTTGTCCTT-3’ 60.0 256

ACT2 5’-CTGCTGCTTTGGTGTCAGAG-3’ 5’-TTCCTATGGGGTCATCCTTG-3’ 62.0 163

MESP1 5’-CTCTGTTGGAGACCTGGATG-3’ 5’-CCTGCTTGCCTCAAAGTG-3’ 60.5 278

ARP 5’-CACCATTGAAATCCTGAGTGATGT-3’ 5’-TGACCAGCCCAAAGGAGAAG-3’ 62.5 113

GUS 5’-CCACCTAGAATCTGCTGGCTAC-3’ 5’-GTGCCCGTAGTCGTGATACCAA-3’ 60.5 178

ISL1 5’-TGATGAAGCAACTCCAGCAG-3’ 5’-GGACTGGCTACCATGCTGTT-3’ 62.5 313

Supplementary Table 2 Real-Time Quantitative PCR primers
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Gene symbol Forward primer Reverse primer Product size

THC2173136 5’-AGACCGTTTTAGCACGGAAA-3’ 5’-ATCAGCCTGCTCAATTGCTT-3’ 308

ENST00000297751 5’-GGTGCATAGGGAACTCCTCA-3’ 5’-TGTCCAAATTGGGGATTCAT-3’ 314

POU5F1 5’-GAGGAGTCCCAGGACATCAA-3’ 5’-CTCCAGGTTGCCTCTCACTC-3’ 339

C14ORF115 5’-GTATGCTCTCGCCTCTGTCC-3’ 5’-AGTAGCTGAGGCCAGGTTCA-3’ 320

FLJ10884 5’-GAAAATTTGCCAGCCAAAAA-3’ 5’-CCTGAAGCCTCTTCATCCAG-3’ 280

NANOG 5’-TACCTCAGCCTCCAGCAGAT-3’ 5’-ATTGTTCCAGGTCTGGTTGC-3’ 255

THC2339346 5’-AGACCCCTGACCCTAAGGAA-3’ 5’-TTCTCAGCAGCATGAACTGG-3’ 346

SYNPO2L 5’-GCCAACTACCACCTCGGTTA-3’ 5’-GATAGAAGCGGTGGAGGTCA-3’ 310

PLN 5’-ACAGCTGCCAAGGCTACCTA-3’ 5’-GCTTTTGACGTGCTTGTTGA-3’ 191

SRD5A2L2 5’-ATTGCAGCTTCCTCCATTGT-3’ 5’-TCCCCAGTAAAAGGCACAAC-3’ 309

Genesymbol Forward primer Reverse primer Product size

SYNPO2L 5’-ACCATTGCATCCCTGCTAAC-3’ 5’-CTGTCCCAGTCGGATTGATT-3’ 227

SYNPO2L 5’-ACCATTGCATCCCTGCTAAC-3’ 5’-CGCCCAGAGACCTCACTTAG-3’ 323

SRD5A2L2 5’-TCCACAGCAGCGTTTAACAG-3’ 5’-GGGCCTGCTGAGAGTACAAG-3’ 214

SRD5A2L2 5’-CCCAGACACTTCCAGTTGGT-3’ 5’-CCTGGCAAATGTCAACACAC-3’ 585

SRD5A2L2 5’-ACTGCCACAGTCCACAATGA-3’ 5’-CCCCAATAAAATGCACAACC-3’ 618

Supplementary Table 3a Human probe templates

Supplementary Table 3b Mouse probe templates

All primer sets have an annealing temperature of 58 °C
All primers were designed using the online Primer3 software1.

1. Steve Rozen and Helen J. Skaletsky (2000) Primer3 on the WWW for general users and for biologist 
programmers. In: Krawetz S, Misener S (eds) Bioinformatics Methods and Protocols: Methods in Molecular 
Biology. Humana Press, Totowa, NJ, pp 365-386.

Supplementary Data 1 to 3 can be found at: 
http://stemcells.alphamedpress.org/cgi/content/full/24/8/1956
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CHAP, a novel Z-disc protein essential 
for heart and skeletal muscle function

CHAPTER 4
Abdelaziz Beqqali, Jantine Monshouwer-Kloots, Rui Monteiro, Maaike 
Welling, Jeroen Bakkers, Elisabeth Ehler, Christine Mummery, Robert 
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ABSTRACT
In recent years, the perception of Z-disc function has changed from a passive anchor for 
myofilaments that allows transmission of force, to a dynamic multicomplex structure, 
capable of sensing and transducing extracellular signals. Here, we describe a new Z-disc 
protein, which we named CHAP (cytoskeletal  heart-enriched   actin-associated protein), 
expressed in differentiating heart- and skeletal muscle in vitro and in vivo. Interestingly, 
in addition to its sarcomeric localisation, CHAP is also able to translocate to the nucleus. 
CHAP was associated with filamentous actin in cytoplasm and nucleus when expressed 
ectopically in kidney cells in vitro, but in rat neonatal cardiomyocytes, CHAP disrupted the 
subcellular localization of α-actinin, another Z-disc protein. More importantly, knockdown 
of CHAP in zebrafish resulted in aberrant cardiac and skeletal muscle development and 
function. These findings suggest that CHAP is a critical component of the sarcomere with 
an important role in muscle development.
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INTRODUCTION
The sarcomere is bordered by the Z-discs and is the smallest contractile unit of striated 
muscle. Contractile sarcomeric proteins, such as actin and myosin, play essential roles in 
the assembly and the maintenance of the sarcomere but cytoskeletal proteins are also 
crucial for structure integrity. Here, we identify a novel cytoskeletal protein, which when 
disrupted has a profound effect on cardiac and skeletal muscle development. The Z-disc, 
which is important for cross-linking of thin filaments and functions as a nodal point in 
transmission of force generated within the sarcomere, has long been considered as the 
passive part of the contractile structure. A major component of the Z-disc is α-actinin-2, 
a member of four highly similar (muscle and non-muscle) proteins that were originally 
described as actin-crosslinking proteins. Besides its role in organizing the polarized 
orientation of actin, α-actinin may function as a platform for the assembly and interaction 
of multiprotein complexes. In striated muscle this is further supported by the findings 
that α-actinin-2 mediates molecular interconnections at the Z-disc by binding to different 
signalling molecules, like the Rho effector PKN 1, phospholipase D2 2 and G-protein coupled 
receptor kinases 3 , suggesting a  role in several signalling pathways.
In recent years it has become clear that some Z-disc proteins, in particular those bound 
to or associated with actin and α-actinin, can respond to extracellular physical stimuli, 
such as stretch, stress or strain, by translocating to other cell compartments 4, 5. One of the 
first Z-disc proteins implicated in mechano-signal transduction was the α-actinin-binding 
muscle LIM protein (MLP) 6, 7. In response to chronic pressure, MLP translocates from the 
cytoplasm to the nucleus 8; here it can stimulate myogenic differentiation by binding to 
the muscle-specific transcription factor MyoD, which enhances transcriptional activity 
of downstream targets 9. Z-disc actin-binding proteins have also been shown to activate 
transcriptional responses. For example, striated muscle activator of Rho signalling (STARS) 
changes the ratio of the monomeric (G-actin) to polymerized form (F-actin) of actin by 
promoting polymerization 10. The resulting decrease in G-actin leads to activation of serum 
response factor (SRF), a transcription factor which regulates the muscle genetic program.    
In addition to their involvement in transducing signalling events from different subcellular 
regions, actin- and α-actinin binding Z-disc proteins may also play roles in development or 
maintenance of both cardiac and skeletal muscle function. For example, Cypher (also known 
as ZASP/oracle) 11-13 knockout mice display severe congenital myopathy and early postnatal 
death, demonstrating the necessity for Z-disc integrity in contracting muscle11. In zebrafish, 
knockdown of cypher leads to severe somite and heart defects during development 14. MLP-
null mice by contrast, display normal heart and skeletal muscle development but dilated 
cardiomyopathy occurs postnatally 6.
We recently performed whole-genome microarray analysis on human embryonic stem 
cells (hESCs) differentiating towards cardiomyocytes, from which we identified multiple 
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known and new cardiac-enriched genes 15. Among these we identified a novel heart-
enriched gene, annotated Synaptopodin 2-like (Synpo2l). Here we show that this gene 
encodes a cytoskeletal protein which is highly expressed in the Z-disc of heart and skeletal 
muscle, associates with actin and interacts with α-actinin. We thus renamed this protein 
Cytoskeletal Heart-enriched Actin-associated Protein (CHAP). CHAP was unexpectedly 
detected in the nucleus of embryonic cardiomyocytes and overexpression of CHAP in 
rat neonatal cardiomyocytes resulted in disorganization of α-actinin. These results were 
confirmed and further extended by knockdown of CHAP in zebrafish, which resulted in 
aberrant heart and skeletal muscle development, disorganized sarcomeres and ultimately 
lead to diminished cardiac contractility.

Figure 1. Sequence and genomic organization of CHAP
(a) Alignment and amino acid sequence comparison of human CHAPa and mouse CHAPa shows 87% identity. 
Identical amino acids are shaded in black and similar residues are shaded in gray. Gaps are represented by a 
dash and positions in the amino acid sequence are given by the numbers. Mm, Mus musculus. Hs, Homo sapiens. 
(b) Genomic organization of the mouse Chap gene. Numbers represent the different exons (c) Schematic 
representation of CHAPa and CHAPb protein showing the N-terminal PDZ domain and the nuclear localization 
signal (NLS) in CHAPa while CHAPb only contains the NLS.
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RESULTS

Identification of CHAP
CHAP was originally identified as a novel heart-enriched gene in a whole-genome 
transcriptional profiling study using hESCs undergoing cardiomyogenesis 15. The mouse 
ortholog which mapped to chromosome 14A3, was found after BLAST search with human 
CHAP (GenBank accession no. NM_024875) as entry. Amino acid sequence comparison 
revealed an identity of 85% between the human CHAP and mouse CHAP (Figure 1a) which 
was conserved amongst vertebrates (Figure S1). Full-length mouse CHAP was amplified 
from E17.5 heart cDNA based on the nucleotide sequence in the NCBI database (GenBank 
accession no. NM_175132.3). We found that the predicted GenBank transcript sequence 
(NM_175132.3) lacked nine coding base pairs (GTA TCT AAG, bp 97-105). The ORF codes for 
a 978 amino acid (aa) protein (2,973 bp) with a calculated Mr of 103 kDa and an isoelectric 
point of 9.83.  The predicted genomic organization of CHAP revealed 4 exons encoding the 
CHAP gene. Database searches identified expressed sequence tags (ESTs) which revealed 
a non-predicted exon containing a second start codon for a shorter isoform of CHAP which 
we termed (Figure 1c and Figure S2). Molecular cloning of CHAPb revealed an ORF of 2,250 
bp which codes for a 749 aa protein, with a calculated Mr of 79 kDa and a pI of 9,77.
Based on sequence comparisons using the BLASTp algorithm 16, CHAPb showed significant 
homology (31%) to myopodin (synpo2) 17 and synaptopodin (30%) 18, proteins involved 
in skeletal muscle and neuron differentiation, respectively. The larger isoform CHAPa 
contains a predicted N-terminal PDZ domain and a potential classical nuclear localization 
signal (NLS): KKRR 19, whereas CHAPb only contains the NLS (Figure1c). PDZ domains are 
found in diverse signalling proteins and can bind either the carboxyl-terminal sequences 
of proteins or internal peptide sequences and thereby form protein complexes involved in 
signalling or subcellular transport 20.

CHAP is expressed in the developing heart and skeletal muscle
We used whole-mount in situ hybridization to determine the expression of CHAP during 
early mouse development. Earliest expression of ChapB was observed at embryonic 
day (E) 7.75 in the cardiac crescent (Figure 2a); this was maintained throughout cardiac 
development. Expression of ChapB was observed in both atria and ventricles (Figure 2b, c, 
d, e). From E9.5 and E10, ChapB was also expressed in somites, in particular the myotome 
which gives rise to the skeletal muscle (Figure 2d, f). ChapA by contrast could not be 
detected during embryonic development (up to E10.5), even after using three different 
specific ChapA probes. The expression patterns were confirmed by Northern hybridization 
analysis. A clear ChapB transcript could be detected at 4.5 kb in E17.5 mouse hearts, 
whereas expression in adult hearts was much lower (Figure 2g). On the other hand, ChapA 
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Figure 2. Expression of CHAP in embryonic and adult mouse
(a) ChapB expression in E7.75 embryos (ventral view) is restricted to the cardiac crescent. (b,c) ChapB is expressed 
ubiquitously in the heart at E8.5 (ventral view) and E9.5 (left view). (d) At E10 ChapB could also be detected in the 
somites (left view). (e) Transverse section of a E8.5 embryo shows ChapB expression throughout the heart. (f) 
Transverse section of E10.5 embryo shows specific expression of ChapB in the myotome part of the somites. Cc, 
cardiac crescent. s, somite. nt, neural tube. m, myotome. (g) Mouse tissue Northern blot showing predominant 
expression of ChapB in embryonic heart and ChapA expression in adult heart and skeletal muscle, whereas no 
transcript could be detected in adult brain. (h) Semiquantitative RT-PCR shows that ChapA is absent in E12.5 
heart and becomes upregulated after E17.5 in heart and skeletal muscle. On the contrary, ChapB is expressed in 
embryonic hearts (E12.5 and E17.5) and becomes downregulated in adult heart and skeletal muscle. Both ChapA 
and ChapB are absent in adult brain. (i) Western blot analysis of endogenous CHAP expression in mouse tissues 
revealed a 140 kDa band for CHAPa in adult heart and skeletal muscle and a 110kDa band for CHAPb present in 
embryonic heart. Overexpressed myc-tagged CHAPa and CHAPb in COS-1 cells served as a positive control.
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expression was clearly present in adult hearts but not at E17.5. ChapA was also the most 
dominant isoform in adult skeletal muscle. As confirmation of probe specificity, no Chap 
expression was observed in adult brain. This shift in Chap isoform expression depending 
on developmental stage was also evident by semi-quantitative RT-PCR, with ChapA as the 
dominant isoform in adult heart and skeletal muscle and ChapB as the dominant isoform in 
embryonic heart (Figure 2h).  
In order to study CHAP protein we generated antibodies recognizing both mouse CHAPa 
and b isoforms. Western blot analysis of embryonic and adult mouse heart protein extracts 
using the anti-CHAP antibody revealed a 110kDa band for CHAPb in the embryonic heart 
lanes and a 140kDa band for CHAPa in the adult heart and skeletal muscle. These bands 
co-migrated with overexpressed CHAPa and CHAPb protein respectively (Figure 2i).  These 
data confirmed muscle-specific and stage-dependent expression of adult CHAPa and 
embryonic CHAPb isoforms.

CHAP is induced during myogenesis
To investigate CHAP expression during muscle differentiation we used C2C12 myoblasts 
as a model system. CHAPa and b transcripts and protein levels are not detectable or are at 
very low levels in undifferentiated (ud) C2C12 myoblasts (Figure 3a and Figure S3a). CHAPa 
protein was only upregulated at the later phase of skeletal muscle differentiation at day 
6, although at lower levels than CHAPb. CHAPb protein expression was upregulated at 
day 1 (1d) of differentiation and gradually increased until day 6 (6d) when differentiated 
myotubes have formed (Figure 3a right panel). 

CHAP colocalizes with α-actinin at the Z-disc of the sarcomere 
Using the anti-CHAP antibody, the subcellular localization of CHAP was determined in 
cultured E17.5 mouse cardiomyocytes (Figure 3b) and mouse adult heart and skeletal 
muscle hind limb cryosections (Figure S4 online and Figure 3c respectively). CHAP was 
present at the Z-disc of the sarcomere in both heart and skeletal muscle, indicated by the 
co-localization of the Z-disc protein α-actinin (Figure 3b and c upper panel), but not with 
myomesin, an M-band marker (Figure 3b and c lower panel). Interestingly, CHAP was also 
observed in the nucleus of E17.5 cardiomyocytes (Figure 3b upper panel).

Overexpression of CHAP in COS-1 cells reveals actin-association
Since highest homology of CHAP was observed with myopodin and synaptopodin, both of 
which are associated with actin, we expressed CHAP ectopically in COS-1 cells and asked 
whether it co-localized with actin. Overexpression of CHAPa-GFP in COS-1 cells revealed 
cytoskeletal organization, punctuated cytoplasmic distribution and nuclear localization 
(Figure 4a). 
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Figure 3. Chap is upregulated during muscle differentiation and is localized at the Z-disc of striated muscle
(a) Quantitative RT-PCR and Western blot of CHAPa and CHAPb in C2C12 differentiation. Chap mRNA expression 
was relative to gapdh and actin was used as a loading control in Western blot. (b) Subcellular localization of CHAP 
in E17.5 mouse cardiomyocytes as shown by immunofluorescence. CHAP colocalizes with α-actinin at the Z-disc of 
the sarcomere and in the nucleus as indicated by white arrowheads (upper panel). CHAP was not colocalized with 
M-band protein myomesin (lower panel). (c) Subcellular localization of CHAP in adult skeletal muscle cryosections. 
CHAP colocalizes with α-actinin (upper panel) but not with myomesin (lower panel). Scale bar, 10 µm.
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Figure 4. Actin-association of CHAP
(a) Overexpression of CHAPa-GFP and CHAPb-GFP (b) in COS-1 cells leads to cytoplasmic rod-like pattern 
(upper panel) and loops in the nucleus (lower panel) associated with F-actin as shown by phalloidin staining. (c) 
Disruption of actin filaments by Cytochalasin D treatment for 1 hour (10µM) resulted in disruption of CHAPa-GFP 
(upper panel) and CHAPb-GFP (lower panel) cytoskeletal organization. Scalebars, 10 µm.
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Functional domains of CHAPa and b
We next identified functional domains of CHAP by overexpressing truncated CHAP-GFP 
proteins in COS-1 cells (Figure 5a). In contrast to the cytoskeletal and nuclear localization 
of full-length CHAPa, the N-terminal 441 aa of CHAPa containing the PDZ domain and 
the NLS, predominantly localized in the nucleus (Figure 5b). However, nuclear localization 
was not dependent on the NLS since 1-298 aa also displayed nuclear localization. In fact, 
CHAPa 297-441 (or CHAPb 68-212), which contained the NLS did not show exclusive 
nuclear localization. Diffuse cytoplasmic and nuclear localization was observed with 
CHAPa 1-686aa, suggesting that the characteristic actin-associated cytoskeletal and 
nuclear expression pattern was determined by the C-terminal sequence of CHAPa and b. 
Indeed, CHAPa 687-978aa (or CHAPb 458-749aa) restored the actin-associated localization. 

Figure 5. Truncated fragments of CHAPa and CHAPb in COS-1 cells
(a) Schematic representation of truncated CHAP GFP fusion proteins expressed in COS-1 cells and their individual 
subcellular localization and/or actin-association indicated by a + (presence) or – (absence). (b) Overexpression 
of CHAP-GFP truncations in COS-1 cells shows that the NLS is not necessary for nuclear localization and the 
C-terminal part of CHAP (CHAPa 687-978) is required for actin-association. Scalebars, 20 µm.

Co-localization of CHAPa-GFP with F-actin, as indicated by rhodamine-conjugated 
phalloidin staining, strongly suggests association of CHAPa with actin filaments. In addition, 
CHAPa forms nuclear actin-containing loops and rods, suggesting that CHAPa could bind 
and bundle nuclear actin. Overexpression of CHAPb-GFP revealed similar results as that of 
CHAPa-GFP (Figure 4b). 
Since CHAP protein co-localized with actin filaments, we investigated whether disruption 
of F-actin would have an effect on CHAP localization. We therefore treated CHAPa/b-GFP 
transfected COS-1 cells with 10µM Cytochalasin D (CytoD) for 1 hour. CytoD disrupts actin 
filaments and inhibits actin polymerization 21. Upon treatment, both CHAPa and CHAPb-
GFP lost their cytoskeletal organization and had a punctuated cytoplasmic and nuclear 
distribution, confirming CHAP association with actin (Figure 4c).
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Figure 6. CHAPb binds to α-actinin but not to actin
(a) Immunoprecipitation of actin in COS-1 cells expressing flag-CHAPb. No direct interaction of flag-CHAPb could 
be detected. (b) Immunoprecipitation of endogenous α-actinin in differentiated C2C12 cells resulted in the co-
immunoprecipitation of CHAPb (upper panel). Conversely, immunoprecipitation of endogenous CHAP lead to 
co-immunoprecipitation of α-actinin (lower panel). (c) Co-immunoprecipitation of CHAP with FLAG-α-actinin-2 
in transfected COS-1 cells (upper panel). Conversely Flag-α-actinin-2 co-immunoprecipitated with CHAP (lower 
panel). (d) Immunostaining for α-actinin-2 (blue) in neonatal rat cardiomyocytes overexpressing CHAPb-GFP 
(green) shows highly disorganized α-actinin-2 while myomesin localization (red) stays intact. Neighbouring cells 
that do not express CHAPb-GFP showed normal sarcomeric α-actinin-2 distribution. Scalebar, 10µm.

Exclusively nuclear localization was never seen with any of the CHAPb fusion proteins. In 
summary the N-terminal domain containing the PDZ domain, and not the NLS domain, 
appears sufficient for nuclear localization. Furthermore, the cytoskeletal and nuclear actin 
association is regulated by the C-terminus, present in both CHAP isoforms. 

CHAP binds directly to α-actinin but not to actin
Since CHAP is associated with both α-actinin (Z-disc) and actin, we investigated whether 
CHAP binds directly to these proteins. We performed immunoprecipitation (IP) of actin 
using COS-1 cells overexpressing Flag-CHAPb. However, despite several attempts, no 
interaction was detected between CHAP and actin (Figure 6a). Endogenous α-actinin was 
immunoprecipitated from differentiated C2C12 cells and analyzed for the presence of 
CHAP by Western blot (Figure 6b upper panel). CHAP was clearly co-immunoprecipitated 
with α-actinin while no α-actinin was detected in the negative control. Conversely, when 
endogenous CHAP was immunoprecipitated, α-actinin could be detected by Western blot. 
In addition, overexpression and immunoprecipitation of CHAPb and α-actinin in COS-1 
cells confirmed the interaction between CHAPb and α-actinin (Figure 6c).
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When CHAPb-GFP is overexpressed in neonatal rat cardiomyocytes, α-actinin organization 
is disturbed and no longer completely restricted to the Z-disc, while myomesin localization 
in the M-band is intact. In non-transfected (GFP-negative adjacent cells) or GFP control 
transfected cell (data not shown) α-actinin is, as expected, localized in the Z-disc of 
cardiomyocytes (Figure 6d).

Identification and expression of the zebrafish CHAP ortholog
To identify the CHAP ortholog in zebrafish (Danio rerio) we searched the zebrafish Ensembl 
database using the mouse cDNA sequence for ChapA. Two putative genes were identified, 
which we named chap-1 and chap-2. Chap-1 is located on chromosome 12 and consists of 
4 exons, while chap-2 is on chromosome 13 and also consists of 4 exons. Chap-1 encodes 
a predicted protein of 1184 amino acids, while chap-2 encodes a predicted protein of 1151 
amino acids. Chap-1 is more conserved compared to mouse (37%) or human CHAPa (38%) 
than Chap-2 (34% and 34% respectively), and there is only 46% conservation between 
Chap-1 and Chap-2 protein (Figure S5). However, important domains such as the PDZ, NLS 
and the C-terminal actin-association domain are highly conserved. 
The temporal and spatial expression of chap-1 and -2 mRNA were analyzed using semi-
quantitative RT-PCR and whole-mount in situ hybridization in zebrafish embryos. RT-
PCR showed that neither chap-1 and chap-2 transcripts were expressed by 1-cell stage 
embryos and 6 hours post fertilization (hpf) but were detected from 24 hpf onwards until 
at least 6 days post fertilization (dpf) (Figure 7a). chap-1 expression was detected by in 
situ hybridization in the somites and cardiac progenitors as early as the 3 somite stage. 
The somitic expression of chap-1 appeared confined to the adaxial cells, which are slow 
muscle precursors. Chap-1 continued to be expressed in the cardiac progenitor cells at 
the 12-somite stage that later migrate further towards the midline to form the heart tube 
(Figure 7b). At the 21-somite stage, chap-1 is expressed in the cardiac cone and in the 
somites, where expression is stronger in the somite boundaries. Expression of chap-1 at 
24 hpf was in the somites and heart tube (Figure 7b). chap-1 continued to be expressed in 
the heart, while somitic expression gradually decreased from 24 hpf until 48 hpf where it 
was completely absent in the somites. At 48hpf, chap-1 is also expressed in the pectorial fin 
buds in addition to the heart (Figure 7b). By contrast, chap-2 is expressed exclusively in the 
somites until 36 hpf when cardiac expression is observed for the first time (Figure S6a, b). 
Somitic and cardiac expression is maintained at low levels until at least 3 dpf (Figure S6c, 
d). 
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Figure 7. Identification and expression of zebrafish chap-1 and chap-2
(a) Semiquantitative RT-PCR analysis of zebrafish chap-1 and chap-2 expression during embryonic development. 
As control, transcripts of the ef1α housekeeping gene were amplified. Chap-1 and chap-2 transcripts could not 
be detected at the 1-cell stage and 6 hpf indicating non-maternal and non-zygotic expression of the chap genes. 
(b) Whole-mount in situ hybridization of chap-1 during zebrafish development. Hpc, heart progenitor cells. Cc, 
cardiac cone. Ht, heart tube. Pfb, pectorial fin bud, v, ventricle, a, atrium.

Knockdown of CHAP reveals its essential role in heart and skeletal muscle 
development
To determine the functions of Chap-1 and Chap-2 in vivo, we knocked down each gene 
product using antisense morpholino oligonucleotides (MOs). Non-specific MOs and gene-
specific 5-mismatch MOs were used as controls. Specific MO-mediated knockdown was 
verified by GFP intensity following injecting of chap-1-GFP and chap-2-GFP, both containing 
MO targeting sequences upstream of GFP, with or without co-injection of MOs (Figure S7a). 
Injection of chap-1 or chap-2 MOs resulted in defective somite development, aberrant heart 
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Figure 8. Knockdown of chap-1 in zebrafish
(a) Morphological defects in chap-1 morpholino mediated knockdown at 3dpf. Wildtype uninjected control 
embryo (upper panel). Chap-1 MO injected embryo showing impaired trunk development and severe cardiac 
edema (middle panel). Chap-1 5mismatch control injected embryo shows a wildtype phenotype (lower panel). 
h, heart. WT, wildtype. (b) Vinculin immunostaining on chap-1 morphant embryos at 3dpf (upper panel) displays 
disturbed somite boundaries. α-actinin immunostaining on chap-1 morphants displays disorganized myofibrils. 
(c) In situ hybridization for the cardiac marker cmlc2 in chap-1 morphants at 32hpf and 48 hpf. Chap-1 morphants 
show defective cardiac looping and broadening of the cardiac tube, while 5-mismatch control injected embryos 
showed a correctly looped heart. A, atrium. V, ventricle. WT, wildtype, MO, morpholino antisense oligos.
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morphology, decreased contractility and cardiac edema (increased pericardial sac) (Figure 
8a). Furthermore, MO injected embryos failed to hatch from their chorion at 48 hpf; it had 
to be removed manually at 4 dpf, indicating reduced muscle force necessary for hatching 
(Figure S7b). Eventually, the Chap morphant phenotype deteriorated and embryos died at 
6 dpf. 
Since chap-1 was expressed earlier and at higher levels during muscle development than 
chap-2, we studied the phenotype of chap-1 knockdown zebrafish embryos in more detail. 
At 3 dpf chap morphants exhibited clear defects in heart and somite morphology and 
function. Morphant embryos were divided into three groups depending on the severity 
of the phenotype at 3 dpf. “Mild phenotype” embryos showed kinked tails. “Intermediate 
phenotype” embryos displayed bent tails and enlarged pericardium with defects in cardiac 
looping. “Severely affected” morphants showed shortening of the body axis with tail coiling 
and enlarged pericardium in combination with an elongated heart (Figure S7c). To study the 
somite phenotype more in detail we immunostained the somite boundary with antibodies 
against vinculin, which plays a role in integrin signalling. In chap-1 morphants somite 
boundaries were disrupted, while the wildtype and the 5-mismatch control morphants 
showed normal chevron shaped somites. Since the integrin adhesion complexes are 
essential for force transmission 22, 23 the disruption of vinculin organization could explain 
the lack of muscle strength in chap morphants.
Since we showed that mouse CHAPb can bind to α-actinin-2 (Figure 6b,c) and that 
overexpression of CHAPb resulted in α-actinin-2 disorganization (Figure 6d), we analyzed 
α-actinin-2 staining in chap-1 morphants. We observed disorganized α-actinin-2 patterns, 
illustrated by the irregular alignment in the somites of the chap-1 morphants, whereas 
chap-1 5-mismatch controls displayed normal α-actinin-2 organization and muscle fibre 
alignment (Figure 8b lower panel).
To assess cardiac morphogenesis and differentiation we examined chap-1 morphants for 
expression of the cardiac marker cmlc2 by in situ hybridization. The first defects became 
apparent at 32 hpf in the looping heart tube (Figure 8c upper panel). Chap-1 morphants had 
a shortened, broad heart tube with a poorly defined atrio-ventricular boundary. Moreover, 
looping of the heart was strongly impaired, which became more obvious at 48 hpf (Figure 
8c lower panel).
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DISCUSSION
The Z-disc harbours many different proteins which take part in a network of interactions 
that are either involved in the transmission of force, architecture of the sarcomere or as a 
mechano-sensor playing a role in signalling. Here, we report the identification of CHAP, a 
novel protein that interacts and co-localizes with α-actinin at the Z-disc of the sarcomere. 
Furthermore we showed that CHAP associates with polymerized actin, is able to translocate 
to the nucleus, and plays an important role in skeletal and cardiac muscle development. 
CHAP is specifically expressed in cardiac and skeletal muscle and is conserved amongst 
vertebrates, indicating an essential role in muscle function. 
We identified two isoforms of mouse Chap, which we termed ChapA and ChapB. CHAPa 
contains an N-terminal PDZ domain and a classical NLS which are both highly conserved 
amongst vertebrates. CHAPb lacks the N-terminal PDZ domain but contains the NLS. 
Examination of temporal and spatial expression showed that the short isoform ChapB 
is expressed during early heart and skeletal muscle development, whereas ChapA was 
only detected in adult muscle. Furthermore, ChapB is expressed shortly after initiation 
of myoblast differentiation, whilst ChapA is expressed at a higher level at later stages of 
myogenic differentiation and in adult heart and skeletal muscle. Therefore CHAPb can be 
regarded as the “embryonic” isoform and CHAPa as the “adult” isoform.
Highest homology of CHAP was found with myopodin (31 %) and synaptopodin (30%), 
both of which are actin-bundling proteins and interact with α-actinin17, 18. Synaptopodin is 
expressed in kidney and forebrain, whereas myopodin is expressed in skeletal muscle, but 
also at lower levels in heart and smooth muscle. Myopodin shuttles between the nucleus 
and the Z-disc, depending on the stage of differentiation and stress conditions 17, 24. It 
has been demonstrated that nuclear import of myopodin is mediated by the binding of 
importin-α to two potential NLSs, regulated via binding to 14-3-3 25. However, both NLSs 
of myopodin were not necessary for nuclear localization, suggesting the existence of an 
alternative nuclear import pathway.  Indeed, importin 13, another nuclear transport protein 
has been shown to bind the C-terminus of myopodin  26. In agreement, we also showed that 
the CHAP NLS was not necessary for nuclear import since truncated fragments of CHAP 
which lack the NLS still localized to the nucleus even if the fragments exceeded 60 kDa, 
when nuclear entry by passive diffusion normally does not occur 27. It is therefore likely that 
nuclear import of CHAP is at least partially mediated via another import mechanism.   
As myopodin and synaptopodin, CHAP was associated with cytoskeletal and nuclear actin 
filaments and displayed actin-bundling activity. Treatment with Cytochalasin D, an inhibitor 
of actin polymerization, resulted in the disruption of CHAP cytoskeletal organization. 
The actin-association domain of CHAP was located in the final 293 amino acids at the 
C-terminus of the CHAP protein which does not contain a classical actin-binding site. In 
agreement, direct interaction between CHAP and actin could not be detected. Instead, we 
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demonstrated an interaction of CHAP with the actin-binding protein, α-actinin, suggesting 
that CHAP is associated with actin via binding to α-actinin. This is further corroborated 
by the fact that synaptopodin has also been shown to bind and regulate actin-bundling 
via α-actinin-2 and 4 28.  Formation of nuclear actin containing loops and rods following 
exogenous expression of CHAP were similar to that of myopodin 17 and supervillin 29. The 
functional significance of these nuclear actin loops and rods remains to be elucidated. 
Various actin-bundling proteins have been shown to regulate gene transcription. For 
example supervillin was found to bind and enhance the transactivational activity of the 
androgen receptor 30.  
The presence of a PDZ domain in the adult isoform CHAPa most likely adds extra functions 
to CHAP in mature muscle cells, since PDZ domain containing proteins have been shown 
to play an important role in the transport, localization and assembly of large signalling 
complexes 31. Other N-terminal PDZ domain containing proteins have been described as 
localizing in the Z-disc and binding to α-actinin-2. An example is ALP, which is expressed 
in heart and skeletal muscle 32. Cypher (also known as Oracle/ZASP), is also localized in the 
Z-disc in heart and skeletal muscle, where it binds to the C-terminus of α-actinin via the 
PDZ domain of Cypher 11-13. It seems unlikely that the PDZ domain of CHAP is necessary 
for the binding to α-actinin, since overexpression of CHAPb, which lacks the PDZ domain, 
in cardiomyocytes showed localization to the Z-disc and interaction with α-actinin-2. This 
overexpression of CHAP, however, did result in a disorganized pattern of α-actinin-2, which 
led us to study the role of CHAP in vivo.  
The zebrafish is an excellent vertebrate model for studying heart development in vivo. 
Therefore we first identified and characterized the orthologs of chap in zebrafish in order 
to understand its function in vivo. We found two orthologs which we named chap-1 and 
chap-2. Chap-1 is expressed in the earliest stages of cardiomyocyte specification in the 
cardiac progenitor cells and continues to be expressed in the heart. Furthermore, Chap-1 
was expressed at the earliest stages of somitogenesis, but was lost by 48 hpf. Chap-2, on 
the other hand, was not expressed in the heart until 36hpf. Expression in the somites was 
apparent at the 12-somite stage and remained expressed until at least 3 dpf. In summary, 
both chap-1 and chap-2 are expressed in the heart and in the somites but in distinct 
temporal patterns. Knockdown of chap-1 and chap-2 individually by morpholino antisense 
oligos revealed an essential role in cardiac and skeletal muscle development and function, 
evidenced by decreased cardiac contractility, enlarged pericardial sac, myofibrillar disarray, 
disruption of somite boundaries and cardiac looping defect. Knockdown of the chap genes 
ultimately resulted in death at 6 dpf, ruling out any potential redundancy between Chap-1 
and Chap-2. Another indication of muscle defect was depicted by the failure of the Chap 
morphants to hatch, which is dependent on the combination of enzymatic secretion and 
contractile force. Disrupted myofibrillogenesis could be a possible cause for the observed 
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cardiac looping defect. It has been shown previously that inhibiting myofibrillogenesis 
with Cytochalasin B prevents looping 33. Inhibiting actin polymerization with relatively low 
concentrations of cytochalasin D or latrunculin A has similar effects 34.
Previously, other Z-disc proteins have been investigated in relation to muscle development 
and disease in in vivo loss-of-function studies. Morpholino mediated knockdown of Cypher 
in zebrafish led to defective somite formation, enlarged pericardium and dilated ventricular 
wall which resembled dilated cardiomyopathy 14. A few Z-disc proteins have been shown to 
localize in different compartments of the cell such as the nucleus, and mutations in these 
proteins have been linked to cardiac and skeletal myopathies in humans and mice 5. Mice 
lacking the Z-disc protein MLP develop lethal cardiomyopathy 35. MLP has been implicated 
in mechanosignalling since there is evidence that MLP translocates between the cytoplasm 
and nucleus in response to physical stimuli like (cardiac) chronic pressure overload 8. 
Because of its unique position at the interface of the cytoskeleton and the sarcomere, the 
Z-disc has been suggested to play a role as a mechanosensor in cardiomyopathic chamber 
dilatation 7.
It would be of interest to further elucidate the molecular mechanisms and signalling events 
that are associated with the dual compartment protein CHAP in muscle development and 
disease. CHAP may play a dual role as a structural protein at the Z-disc and a regulator 
protein participating in a signalling pathway between the nucleus and the Z-disc in 
development and during cellular stress. Interestingly, we identified an embryonic as well as 
adult isoform of CHAP. Since re-expression of embryonic or fetal cardiac genes in adults is 
frequently observed in cardiac diseases, such as hypertrophy, it would be exciting to study 
CHAP isoforms in pathophysiological conditions. 
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MATERIALS AND METHODS

Plasmid constructs
Full-length and truncated fragments of mCHAPa and mCHAPb were amplified by PCR 
from mouse E17.5 heart cDNA and cloned into pCRII-TOPO or pcDNA6.2/C-EmGFP/TOPO 
mammalian expression vector (Invitrogen). The cDNAs encoding mCHAPa and mCHAPb 
with a N-terminal Flag epitope were subcloned into the EcoRI site of pcDNA3.1 (Invitrogen). 
Zebrafish chap-1 and chap-2 were amplified by PCR from 36 hpf zebrafish cDNA and 
subsequently cloned into pCRII-TOPO (Invitrogen). All cloning products were confirmed by 
sequencing. Cloning primers are shown in Table S1.

Northern hybridization analysis
Total RNA was isolated from tissues with Trizol reagent (Invitrogen). Total RNA (15g) was 
size fractionated by electrophoresis in a 1.5% agarose gel containing 0.7 M formaldehyde 
and transferred to Hybond N+ membrane (GE Healthcare) by capillary blotting in 20x SSC. 
PCR products were generated from full-length CHAP constructs in order to generate a 
CHAPa specific probe (CHAPa nucleotides 1 to 763) and a probe that recognizes CHAPb 
(-65 to 85). PCR products were labeled with 32-P by random prime labeling kit (Amersham). 
Hybridization (Expresshyb, Clontech) and washing procedures were performed following 
manufacturer’s protocols.

Cardiomyocyte isolation, cell culture and transient transfection
Rat neonatal cardiomyocytes, culture from 1-3 day old rats were prepared as described 
previously 36. Mouse E17.5 cardiomyocytes were isolated as described before37. C2C12 
myoblasts were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-BRL) 
containing 10% fetal calf serum (FCS) (Gibco-BRL). Differentiation was induced by 
replacing FCS with 2% horse serum (HS) (Gibco-BRL) when cells reached 80% confluency. 
Differentiation medium was refreshed every day during differentiation until day 6. COS-1 
cells were cultured in DMEM-F12 (GibcoBRL) with 7.5% FCS. For immunocytochemistry 
cells were plated on 0.1% gelatin-coated glass coverslips in a 12-well plate. Cells were 
transiently transfected using Lipofectamin 2000 (Invitrogen) following the manufacturer’s 
instructions and analyzed 48 hours after transfection. To disrupt F-actin fibers 10µM 
Cytochalasin D (Sigma) was added 48 hours posttransfection for 1 hour, before cells were 
fixed in 2% paraformaldehyde.

Production of polyclonal antibody
Polyclonal antiserum specific for CHAP was generated by immunization of rabbits 
(Eurogentec, Leuven, Belgium) with two synthetic peptides coding aa827-841 
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[ARTLPNKAQSQGPRV] and aa866-881 [CFDEGSSTPGPTSGPP] of mouse CHAPa 
(corresponds to aa598-612 and aa637-652 for CHAPb). For immunostaining and Western 
blot, IgG was purified from anti-serum using protein A Sepharose beads (GE Healthcare). 
The specificity of the CHAP antibody was verified by western blot analysis of different 
mouse tissue samples revealing  two bands of  the expected size (140kDa for CHAPa en 110 
kDa for CHAPb), which disappeared by preadsorbtion of the antibody with the peptides 
used for immunization (FigureS3b). 

Immunocytochemistry
Cells were fixed in 2% paraformaldehyde for 30 minutes, washed 3 times in PBS and 
permeabilized in 0.1%Triton-X/PBS for 8 minutes. Cells were blocked in 4% normal goat 
serum (NGS) for 1 hour at room temperature (RT) and then incubated with first antibody in 
4% NGS for 1 hour at RT. Secondary antibody incubation occurred in 4% NGS for 1 hour at RT. 
Phalloidin-TRITC in PBS (1:500 Sigma-Aldrich) staining was performed after the secondary 
antibody step for 30 min at RT. Nuclear staining was performed as a last step using TO-PRO 
(Invitrogen) or DAPI (Molecular Probes). Coverslips were then mounted on glass slides with 
Mowiol (Calbiochem) and images were captured using confocal microscopy (Leica SPE). 
Primary antibodies were as follows: rabbit anti-CHAP (1:75, Eurogentec), mouse anti-α-
actinin2 (1:800, Sigma), mouse anti-myomesin (1:10, Dr. Ehler). Cy-3 and Cy-5 conjugated 
secondary antibodies were used at 1:250 (Jackson Immunoresearch Laboratories).

Immunohistochemistry
Heart and skeletal muscle cryosections were stained as described before 38. Primary 
antibodies were used as follows: rabbit anti-CHAP (1:50, Eurogentec), mouse anti-α-
actinin2 (1:800, Sigma), mouse anti-myomesin (1:10, Dr. Ehler). Cy-3 and Cy-5 conjugated 
secondary antibodies were used at 1:250 (Jackson Immunoresearch Laboratories).
For zebrafish, immunofluorescence staining protocols were used as previously described39. 
The following antibodies were used: vinculin (1:200, Sigma) α-actinin (sarcomeric) 
(1:400, Sigma). ALEXA488 (1:500, Invitrogen) and Cy-3 (1:250, Jackson Immunoresearch 
Laboratories) conjugated secondary antibody were used.

Whole-mount in situ hybridization
Whole-mount in situ hybridization for mouse embryos was performed as described 
before15. Probe template primers were designed with the T3-promoter sequence 
(5’-ATACAATTAACCCTCACTAAAGGG-3’) at the 5’ end of the forward primer and T7-
promoter (5’-ATAGGTAATACGACTCACTATAGGGC-3’) at the 5’ end of the reverse primer. 
Digoxigenin-labeled probes were generated using the purified PCR product as a template 
for probe transcription with either T3 RNA polymerase or T7 RNA polymerase (Promega, 
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Madison, USA). Probe template primers are shown in Table S2. For zebrafish embryos, 
whole-mount in situ hybridization was performed using digoxigenin-labeled antisense 
RNA probes, as described previously40. A combination of 4-nitro blue tetrazolium (NBT) 
and 5-bromo-4-chloro-3-indolyl phosphate 4-toluidine salt (BCIP) was used for detection. 
Sense RNA probes were used as a negative control for each specific gene of interest. 
Embryos were cleared in methanol and mounted in benzylbenzoaat/benzylalcohol (2:1) 
before pictures were taken.

Immunoprecipitation and Western blotting
For immunoprecipitation cells were lysed in icecold RIPA- buffer (50mM Tris-HCl, 150mM 
NaCl, 1% NP-40, 0.2% sodium deoxycholate, 0.1%SDS) supplemented with DTT, PMSF and 
protease inhibitor cocktail (Sigma). Cell debris was spun down by centrifuging at 10.000 
rpm for 15 min. Cell lysates were incubated overnight at 4 ºC with 1µg/mL of antibody for 
immunoprecipitation. Antibodies used were as follows: anti-actin antibody C4 (Chemicon), 
anti FLAG M2 (Sigma), anti α-actinin2 (Sigma) and anti CHAP. Subsequently, 30µl protA/G 
beads (Santa Cruz Biotechnology) per ml lysate were added and incubated for 1 hour 
rotating at 4 °C. Prot A/G beads were washed three times with RIPA buffer, resuspended 
in Laemmli sample buffer and boiled. Negative control IPs were performed by adding only 
protA beads to the lysates or IgG-purified pre-immune serum in the case of CHAP IPs.
Western blotting was performed according to standard protocols. Briefly, protein 
concentrations were determined using the Biorad protein assay and proteins were 
resolved by SDS-PAGE and transferred to Polyvindyline difluoride (PVDF) membrane (GE 
Healthcare/Amersham). Primary antibodies were as follows: rabbit polyclonal anti-CHAP 
(1:200), mouse monoclonal anti-actin C4 (1:500, Chemicon), mouse monoclonal anti FLAG 
M2 (1:1000, Sigma), mouse monoclonal anti sarcomeric α-actinin2 (1:1000, Sigma). Horse 
radish peroxidase-conjugated secondary antibodies were used for detection. Western 
blots were developed with enhanced chemiluminescence (Pierce SuperSignal West Pico 
ECL) and exposed to film.

RT-PCR
Total RNA was isolated from cells using Trizol reagent (Invitrogen) according to standard 
protocol. DNAseI digestion was performed to ensure elimination of genomic DNA. Total 
RNA (1 µg) was transcribed by reverse transcriptase (SuperScriptTM II RT, Invitrogen, 
Carlsbad, CA, USA) and used for PCR using Silverstar DNA polymerase (Eurogentec, San 
Diego, USA) or Platinum Taq DNA polymerase HiFi (Invitrogen, Carlsbad, CA, USA). For 
each PCR reaction 1 µl cDNA was used in a reaction volume of 50 µl. The cycling parameters 
were 94°C for 15 s; 58°C, 30 s; and 72°C, 45 s, for 35 cycles. The PCR cycles were preceded by 
an initial denaturation of 2 minutes at 94°C and followed by a final extension of 7 minutes at 
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72°C. Primer sequences for PCR are given in Table S3. Products were analyzed on ethidium 
bromide–stained 1.5% agarose gel. Glyceraldehyde phosphate dehydrogenase (Gapdh) 
was used as RNA input control. As a negative control total RNA was used directly for PCR.

Real-time qPCR
Real-time PCR was performed according to standard protocols on a “MyIQ single color 
Real-Time PCR detection system” (Bio-Rad, Hercules, CA, USA). Briefly, 1μg of total RNA 
was DNAse treated, and transcribed to cDNA. 10μl of a 1/10 dilution of cDNA was then 
added to 12.5μl of the 2xSYBR green PCR mastermix (Applied Biosystems, Foster City, 
CA, USA), and 500 μM of each primer. PCR cycles were 3 minutes at 95°C, followed by 40 
cycles of 15 s at 95°C, 30 s at a specific annealing temperature, and 45 s at 72°C. The thermal 
denaturation protocol was run at the end of PCR to determine the number of products. 
Samples were run on a 2% agarose gel to confirm the correct size of the PCR products. All 
reactions were run in triplicate. As negative controls, PCR was performed on water and 
on RNA without reverse transcription. The cycle number at which the reaction crossed an 
arbitrarily placed threshold (Cτ) was determined for each gene. The relative amount of 
mRNA levels was determined by 2-∆Cτ. Relative gene expression was normalized to GAPDH 
expression. Primer sequences and annealing temperatures used for real-time PCR are 
shown in Table S3. 

Fish maintenance
Techniques for the care and breeding of zebrafish were according to standard protocols. 
Embryos were obtained from natural matings after the initiation of the light cycle and 
staged hours postfertilization (hpf) according to morphological criteria 41. 

Morpholino antisense oligonucleotide injections
Stock morpholinos (Genetools, Philomath, OR) were dissolved in 1x Danieu’s buffer (58 mM 
NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 5 mM HEPES, pH 7.6) 42. The diluted morpholino stocks 
(1 nl) were injected into one-cell stage zebrafish embryos. The effective concentration for 
each morpholino was determined through dose–response experiments. Injection of 0.1mM 
(0.8 ng) chap-1 MO or 0.2mM (1.7 ng) chap-2 MO per embryo caused specific muscular 
defects with no observable defects in other structures, along with no significant increase 
in mortality in the randomized control MO or 5 mismatch MO injected embryos when 
injecting same amounts of MO. Morpholino specificity was tested by fusing MO target 
sequences to GFP and injecting RNA together with either target MO or 5-mismatch MO 
(Figure S7a). 
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MO sequences are as follows:
Control MO  5’-CCTCTTACCTCAGTTACAATTTATA-3’
Chap-1 MOATG  5’-ACCACCTCCTCTGCTACCATTTTCC-3’
Chap-1 5mis MOATG 5’-ACGACCTGCTGTGCTACGATTTTGC-3’
Chap-2 MOATG  5’-GATGATAACCTCCTCGGCCACCATG-3’
Chap-2 5mis MOATG 5’-GATCATAAGCTGCTCCGCCAGCATG-3’

Microscopic imaging
To permit imaging, embryos were dechorionated with forceps and anesthetized with MS-
222. Embryos were analyzed under a Leica MZ FL III microscope and pictures were taken 
with a Leica DC 300F digital camera (Leica Microsystems). In situ hybridizations were imaged 
using a Zeiss Axioplan coupled to a Leica DFC480 digital camera. Immunofluorescence in 
cells and zebrafish embryos was imaged with a Leica TCS SPE confocal microscope (Leica 
Microsystems).
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SUPPLEMENTARY FIGURES

Supplementary Figure 1.  CHAP is conserved amongst vertebrates
Alignment and amino acid sequence comparison of frog, chick, human, chimpanzee, mouse and zebrafish CHAP. 
The N-terminal PDZ domain and the nuclear localization signal are highly conserved. Identical amino acids are 
shaded in black and similar residues are shaded in gray. Gaps are represented by a dash and positions in the amino 
acid sequence are given by the numbers. NLS, nuclear localization signal, Xt, Xenopus tropicalis. Gg, Gallus gallus. 
Hs, Homo sapiens. Pt, Pan troglodytes. Mm, Mus musculus. Dr, Danio rerio.
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Supplementary Figure 2. Amino acid sequence of human and mouse CHAPb
The short isoform of Chap lacks the N-terminal PDZ domain which is present in the longer isoform CHAPa. Amino 
acid comparison between human and mouse CHAPb shows 85% identity. Mm, Mus musculus. Hs, Homo sapiens. 
NLS, nuclear localization signal.
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Supplementary Figure 3. Specificity of polyclonal CHAP antibody
(a) Immunofluorescent staining of undifferentiated and differentiated c2c12 myoblasts for CHAP. CHAP protein 
is not detected in undifferentiated myoblasts, while differentiated myotubes express CHAP (in green) in a 
sarcomeric fashion. Inset shows magnification of sarcomeric expression pattern. Scalebar, 20µm. (b)Western 
blot analysis of E17.5 heart protein lysates reveals two bands representing CHAPa and CHAPb, which run at the 
same height as overexpressed CHAPa and CHAPb in COS-1 cells respectively. These bands disappeared when 
anti-CHAP was preadsorbed with immunization peptides along with lower molecular weight bands that are likely 
degradation products of CHAP.

Supplementary Figure 4. Subcellular localization of CHAP in adult mouse heart cryosection
CHAP is absent in the nucleus of adult cardiomyocytes and localized to the Z-disk as shown by alpha-actinin 
colocalization (upper panel).CHAP is not co-localized with Myomesin an M-band marker (lower panel). Scalebar, 
10 µm.
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Supplementary Figure 5. Deduced amino acid sequence of Danio rerio Chap-1 and Chap-2
Alignment of Chap-1 and Chap-2 shows 46% identity. N-terminal PDZ-domain and the NLS (nuclear localization 
signal) are indicated.
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Supplementary Figure 6. Expression of chap-2 in zebrafish development
(a) chap-2 is expressed in the somites at 32 hpf but not in heart b) At 36 hpf chap-2 is also expressed in the heart at 
low level (c) chap-2 is expressed at low levels in the heart at 48 hpf (d) chap-2 expression is decreased in the heart 
and somites at 3dpf and restricted to the somite boundaries.
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Supplementary Figure 7. Morpholino mediated knockdown of Chap-1 and Chap-2
(a) When co-injecting chap-1 or chap-2 morpholino target sequence fused to GFP together with Chap-1 MO (upper 
panel) or Chap-2 MO (lower panel) respectively we observed abrogation of GFP expression indicating morpholino 
specificity. (b) Chap-1 and Chap-2 morphants at 4dpf fail to hatch from their chorion. (c) Quantification of Chap-1 
(left panel) and Chap-2 morphants (right panel) subdivided in degree of phenotype.
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SRD5A4 a novel 5-α steroid reductase 
expressed in developing heart and 

skeletal muscle

CHAPTER 5
Abdelaziz Beqqali, Christian Freund, Jantine Monshouwer-Kloots, Christine 
Mummery, Robert Passier.
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ABSTRACT
Androgen signaling is important for various biological processes, including differentiation 
of the male genitalia, sexual differentiation of the brain and muscle maintenance. Little is 
known about the possible role(s) of androgens during development prior to the formation 
of the androgen producing organs. 5α-steroid reductases (SRD5a) are a family of proteins 
that are able to convert testosterone to the more potent dihydrotestosterone (DHT). 
Three members of this family, SRD5a1, 2 and 3, have been described to date, which are 
expressed in a wide variety of adult tissues. Here, we describe the cloning and expression of 
a fourth member of the 5-α reductase family, which we named Srd5a4. Srd5a4 is expressed 
in the early stages of heart development and in adult heart and expression levels are 
increased upon muscle differentiation. This is the first report of a 5α-steroid reductase that 
is expressed in heart. Our data provide a link between androgen metabolism and cardiac 
development.
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INTRODUCTION
Androgens are natural or synthetic compounds, usually steroid hormones, which can 
stimulate male sexual differentiation after binding to the androgen receptors (AR). 
Androgen signaling is important for development and differentiation of male genitalia1, the 
sexual differentiation of the brain2, behavioral characteristics3, and muscle maintenance 
throughout development. Androgen deficiency is associated with decreased muscle mass, 
and increased fat mass4. In agreement, supplementation of the androgen testosterone 
increases skeletal muscle mass and decreases fat mass in humans. It has been demonstrated 
that testosterone increases muscle mass either by stimulating muscle protein synthesis5 or 
by promoting differentiation of pluripotent mesenchymal cells to the myogenic lineage 
while  inhibiting their differentiation to the adipogenic lineage6.
To date, little is known about a possible role of androgens during developmental events 
prior to the formation of the androgen producing organs. Chang et al reported for the first 
time, AR mRNA expression in the inner cell mass of blastocysts and in undifferentiated 
mouse embryonic stem cells (mESC)7. Upon mESC differentiation AR expression level was 
increased, although the functional significance of this observation was not clear. However, 
Goldman-Johnson et al showed that testosterone or its metabolite dihydrotestosterone 
(DHT), stimulated the formation of beating cardiomyocytes in embryoid bodies (EBs). 
Conversely, fewer cardiomyocytes were formed in the presence of flutamide, an androgen 
antagonist. Addition of flutamide together with testosterone leads to no enhancement 
in the cardiomyocyte formation compared to unstimulated control differentiations8. 
Furthermore, mESCs not only expressed key enzymes necessary for androgen synthesis, 
but also synthesized testosterone at levels comparable to that observed in Leydig cells 
in vitro, suggesting an autocrine mechanism for androgen-supported cardiomyocyte 
differentiation8.
The conversion of testosterone to the more potent DHT is catalyzed by 5α-steroid reductase 
enzymes. Three types of human 5α-steroid reductase enzymes have been described to 
date (type 1, 2 and 3)9, 10. Type 1 5α-steroid reductase (SRD5A1) is expressed predominantly 
in the skin, scalp, sebaceous gland, liver, and brain. Whereas type 2 5α-steroid reductase 
(SRD5A2) is found predominantly in androgen target organs such as prostate, genital 
skin, and seminal vesicles9, 11. The third member of the 5α-steroid reductase family, 
SRD5A3, was recently identified in a genome-wide expression profile analysis as a novel 
gene overexpressed in hormone-refractory prostate cancer cells12. In addition, SRD5A3 
was predominantly expressed in pancreas10. For the two members, Srd5a1 and Srd5a2, 
knockout mice were generated. Male mice lacking Srd5a1 were indistinguishable from their 
wildtype littermates, while female mice displayed defects in parturition due to impaired 
cervical ripening13-15. Male mice lacking Srd5a2, displayed a mild virilization defect marked 
by a reduction in the size of secondary sexual glands, while absence of Srd5a2 had no effect 
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in females16. 
Recently, we performed whole-genome microarray analysis on human embryonic stem cells 
(hESCs) differentiating towards cardiomyocytes, from which we identified cardiomyocyte-
enriched genes17. Among these genes we identified a novel gene, annotated steroid 
5α-reductase 2-like 2 (SRD5A2L2), which we renamed SRD5A4, the fourth member of the 
5α-steroid reductase family. In the present study we report the cloning and expression of 
mouse Srd5a4. Srd5a4 is expressed specifically in the developing heart and skeletal muscle, 
and provides the first link between androgen signaling and cardiac and skeletal muscle 
development in vivo.

Figure 1. Sequence and genomic organization of Srd5a4
(a) Alignment and amino acid sequence comparison of Srd5a4 in different vertebrates. Identical amino acids 
are shaded in black and similar residues are shaded in gray. Gaps are represented by a dash and positions in 
the amino acid sequence are given by the numbers. Pt, Pan troglodytes. Hs, Homo sapiens. Bt, Bos Taurus. Rn, 
Rattus norvegicus. Gg Gallus gallus. Mm, Mus musculus. (b) Genomic organization of the mouse Srd5a4 gene. (c) 
Schematic representation of Srd5a4 protein showing three transmembrane domains and a carboxy- terminus 
3-oxo-5α-steroid 4-dehydrogenase domain.
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RESULTS

Identification of Srd5a4
We previously carried out a whole-genome transcriptional profiling of human embryonic 
stem cells differentiating to cardiomyocytes and found a subset of cardiomyocyte-
enriched genes. Amongst those was a novel gene, SRD5A2L2, encoding a putative steroid 
5α-reductase17. The mouse ortholog, which is mapped to the negative strand of chromosome 
5 E1, was found after BLAST search with human SRD5A2L2 as entry (GenBank accession no. 
NM_001010874). Amino acid sequence comparison revealed an identity of 82% between 
the human SRD5A2L2 and mouse Srd5a2l2 (Figure 1a) and it is highly conserved amongst 
other vertebrates. 
Full-length mouse Srd5a2l2 was amplified from E17.5 heart cDNA and sequenced. The 
open reading frame (1,086 bp) codes for a 361 amino acid (aa) protein with a calculated Mr 
of 42 kDa and an isoelectric point of 10.1.  The predicted genomic organization of Srd5a2l2 
revealed 12 exons encoding the Srd5a2l2 gene (Figure 1b).
Srd5a2l2 contains three predicted transmembrane domains (aa139-161; aa214-233; aa313-
335) and a predicted carboxy terminal 3-oxo-5-alpha-steroid 4-dehydrogenase (aa208-
361) (Figure 1c). This domain is responsible for converting 3-oxo-5-alpha steroids into 
dihydrotestosterone with NADPH as a cofactor. 

Figure 2. Alignment of Srd5a4 with previously cloned members of the 5α-steroid reductase family
Identical amino acids are shaded in black and similar residues are shaded in gray. Gaps are represented by a dash 
and positions in the amino acid sequence are given by the numbers.

Srd5a2l2 has the highest homology with Srd5a1, 2 and 3 (14% 15% and 14% respectively). 
Alignment of Srd5a2l2 with Srd5a1, 2 and 3 shows that highest conservation is apparent 
in the C-terminus where the 3-oxo-5-alpha-steroid 4-dehydrogenase domain is located 
(Figure 2). Based on these observations we renamed Srd5a2l2 as a novel member of the 
5α-reductase family to type 4 5α-steroid reductase (Srd5a4). 
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Srd5a4 is upregulated during myogenic differentiation
We have previously shown that Srd5a4 is upregulated during hESC differentiation towards 
cardiomyocytes17 (Figure 3a).  To address the question whether Srd5a4 is also upregulated 
in other models of muscle differentiation we studied Srd5a4 expression in C2C12 cells, a 
model system for skeletal muscle differentiation and in mESC, which can be differentiated 
to cardiomyocytes by EB formation. By semiquantitative RT-PCR analysis we showed that 
Srd5a4 transcripts were undetectable in undifferentiated myoblasts, but were gradually 
upregulated during the time course of differentiation towards myotubes (Figure 3b). This 
observation was confirmed by quantitative RT-PCR (Figure 3c). In agreement, Srd5a4 
mRNA levels were not detected in undifferentiated mES cells but were increased in beating 
embryoid bodies (EBs) (Figure 3d).

Figure 3. Srd5a4 is upregulated during muscle differentiation 
(a) Srd5a4 expression during hESC differentiation towards cardiomyocytes as detected by microarray. (b) 
Semiquantitative RT-PCR for Srd5a4 during C2C12 differentiation. (c) Quantitative RT-PCR for Srd5a4 during 
C2C12 differentiation. Srd5a4 mRNA expression was relative to gapdh. (d) Semiquantitative RT-PCR for Srd5a4 in 
undifferentiated mESCs and differentiated beating EBs.

Srd5a4 is expressed in the developing heart and skeletal muscle
Since Srd5a4 mRNA levels were associated with muscle differentiation, we investigated 
the expression of Srd5a4 during early embryonic development in mice by whole-mount in 
situ hybridization. Srd5a4 was not expressed in the cardiac crescent (data not shown) but 
earliest expression of Srd5a4 was observed at embryonic day (E) 8.5 (Figure 4a). At E8.5 
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Figure 4. Expression of Srd5a4 in embryonic and adult mouse
(a) Srd5a4 expression in E8.5 embryo the heart. (b) Transverse section of a E8.5 embryo shows strong Srd5a4 
expression in the left horn of the sinus venosus. (c) Srd5a4 expression at E9 (d) At E9.5 Srd5a4 expression becomes 
more restricted to the inflow tract. (e) negative control E9.5 embryo using sense probe. (f) Srd5a4 expression 
at E10 is restricted to the inflow tract of the heart and the somites (lateral right view). (g) At E10.5, Srd5a4 is 
expressed in the ventricles and atrium of the heart and in the myotomes (lateral left view). (h) Transverse section 
of E10.5 embryo showing expression of Srd5a4 in the myotomes. (i) Expression of Srd5a4 throughout the E14.5 
heart, attached to lungs which served as negative controls. Abbreviations: ift, inflow tract. nt, neural tube. lsv, left 
horn sinus venosus. v, ventricle. a, atrium. m, myotome. lv, left ventricle. rv, right ventricle. lb, limb bud. lu, lung. 
ra, right atrium. la, left atrium.

and E9, Srd5a4 was expressed throughout the heart, however expression was higher in 
the inflow tract of the heart, specifically in the left horn of the sinus venosus (Figure 4b, c). 
At E9.5, atrial and ventricular Srd5a4 expression were still detectable, but clearly at lower 
levels, whereas expression in the inflow tract was maintained and became more restricted 
(Figure 4d). From E10 onwards, Srd5a4 was also expressed at low levels in somites, 
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particularly in the myotome part of the somites that gives rise to the skeletal muscle 
(Figure 4f, h). Cardiac Srd5a4 expression at E10.5 is no longer restricted to the inflow tract 
of the heart (Figure 4g) and somitic expression is maintained. Srd5a4 is further expressed 
throughout the myocardium in E14.5 hearts, and not in lungs which served as a negative 
control (Figure 4i).
To investigate Srd5a4 expression in adult mouse, we performed quantitative real-time PCR 
on different adult tissues. Expression was high in adult heart, while expression in brain, 
skeletal muscle, stomach, pancreas, liver, kidney, small intestine and uterus was either very 
low or undetectable (Figure 5).

Figure 5.  Quantitative real-time PCR for Srd5a4 in adult tissues.
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DISCUSSION
Steroid 5α-reductases are responsible for converting testosterone to its more potent 
metabolite DHT, which plays primarily a role in sexual differentiation.  Here, we report 
the identification of novel steroid reductase, Srd5a4, a gene that is conserved amongst 
vertebrates and is specifically expressed in cardiac and skeletal muscle during early 
mouse embryonic development. Srd5a4 is expressed shortly after initiation of myoblast 
differentiation and is upregulated in the later stage of myogenic differentiation. Srd5a4 
contains three transmembrane domains and a C-terminal 5α-reductase domain, which are 
highly conserved between the other three members of this family, SRD5a1 to 3.
Manipulation of androgenic hormonal levels in vivo has been shown to affect cardiac weight 
and performance and has been extensively examined18, 19. Testosterone administration is 
associated with hypertrophy of both type I (slow twitch) and type II (fast twitch) muscle 
fibers20, 21. Moreover, androgens can produce a hypertrophic effect directly on cardiomyocytes 
mediated via androgen receptors22. Thum et al showed that testosterone metabolism is 
changed in cardiac hypertrophy, marked by a significant increase in cytochrome P450 
mono-oxygenase, 5α-reducase and androgen receptor expression23. This change in gene 
expression was associated with increased production of several testosterone metabolites, 
including DHT. 
Androgen receptor knockout mice have a lower heart to bodyweight ratio than wildtype 
mice24. Furthermore, Angiotensin II-induced hypertrophy was less pronounced in AR 
knockout mice compared to wildtype mice and cardiac fibrosis in knockout mice was 
worse, suggesting an important role for AR mediated signaling in normal cardiac growth, 
hypertrophy and fibrosis.
Heart specific testosterone metabolism is of critical importance in cardiac hypertrophy23. 
Since cardiac hypertrophy is marked with reactivation of a fetal gene program we 
could speculate that steroid metabolism mediated by Srd5a4 is important for cardiac 
development. 
In this study we present Srd5a4 as the first link between androgen signaling and cardiac 
and skeletal muscle development. Furthermore, Srd5a4 expression is enriched in the inflow 
tract of the heart and could therefore play a specific role in the development of the inflow 
tract.
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MATERIALS AND METHODS

Plasmid constructs
Full-length Srd5a4 was amplified by PCR from mouse E17.5 heart cDNA using Platinum 
Taq DNA polymerase HiFi (Invitrogen) and cloned into pCRII-TOPO. All cloning products 
were confirmed by DNA sequencing. Cloning primers are as follows: Forward 5’-CACCA-
TGTTCAAAAGGCACAAGTCC-3’ and reverse 5’-TAATATGAGTGGAATTATGGC-3’ for full-
length Srd5a4. 

Cell culture and transient transfection
C2C12 myoblasts were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-
BRL) containing 10% fetal calf serum (FCS) (Gibco-BRL). Differentiation was induced by 
replacing FCS with 2% horse serum (HS) (Gibco-BRL) when cells reached 80% confluency. 
Differentiation medium was refreshed every day during differentiation until day 6. 
COS-1 cells were cultured in DMEM-F12 (GibcoBRL) with 7.5% FCS. Mouse ES cells (D3 line) 
were maintained in DMEM-F12 (GibcoBRL) with 7.5% FCS and differentiated into embryoid 
bodies as described before25. 
For fluorescent imaging cells were plated on 0.1% gelatin-coated glass coverslips in a 12-
well plate. Cells were transiently transfected using Lipofectamin 2000 (Invitrogen) following 
the manufacturer’s instructions and analyzed 48 hours after transfection. 

Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed as described before (Nieto et al )17. 
Probe template primers were designed with the T3-promoter sequence (5’-ATACA-
ATTAACCCTCACTAAAGGG-3’) at the 5’ end of the forward primer and T7-promoter 
(5’-ATAGGTAATACGACTCACTATAGGGC-3’) at the 5’ end of the reverse primer. 
Digoxigenin-labeled probes were generated using the purified PCR product as a template 
for probe transcription with either T3 RNA polymerase or T7 RNA polymerase (Promega, 
Madison, USA). Probe template primers were as follows: Forward 5’-ACTGCCACAG-
TCCACAATGA-3’ and reverse 5’-CCCCAATAAAATGCACAACC-3’ for Srd5a4 probe 1. 
Forward 5’-CCCAGACACTTCCAGTTGGT-3’ and reverse 5’-CCTGGCAAATGTCAA-CACAC-3’ 
for Srd5a4 probe 2.

RT-PCR
Total RNA was isolated from cells using Trizol reagent (Invitrogen) according to standard 
protocol. Then DNAseI digestion was performed to ensure elimination of genomic DNA. 
Total RNA (1 µg) was transcribed by reverse transcriptase (SuperScriptTM II RT, Invitrogen, 
Carlsbad, CA, USA) and used for PCR using Silverstar DNA polymerase (Eurogentec, 
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San Diego, USA) or Platinum Taq DNA polymerase HiFi (Invitrogen, Carlsbad, CA, USA). 
For each PCR reaction 1 µl cDNA was used in a reaction volume of 50 µl. The cycling 
parameters were 94°C for 15 s; 58°C, 30 s; and 72°C, 45 s, for 35 cycles. The PCR cycles 
were preceded by an initial denaturation of 2 minutes at 94°C and followed by a final 
extension of 7 minutes at 72°C. Products were analyzed on ethidium bromide–stained 
1.5% agarose gel. Glyceraldehyde phosphate dehydrogenase (Gapdh) was used as RNA 
input control. As a negative control total RNA was used directly for PCR. Primer sequences 
for PCR are: forward 5’-TCCACAGCAGCGTTTAACAG-3’ and reverse 5’-GGGCCTGCTG-
AGAGTACAAG-3’ for Srd5a4. Forward 5’-GTTTGTGATGGGTGTGAACCAC-3’ and reverse 
5’-CTGGTCCTCAGTGTAGCCCAA-3’ for Gapdh.

Real-time qPCR
Real-time PCR was performed according to standard protocols on a “MyIQ single color Real-
Time PCR detection system” (Bio-Rad, Hercules, CA, USA). Briefly, 1μg of total RNA was 
DNAse treated, and transcribed to cDNA. 10μl of a 1/10 dilution of cDNA was then added 
to 12.5μl of the 2xSYBR green PCR mastermix (Applied Biosystems, Foster City, CA, USA), 
and 500 μM of each primer. PCR cycles were 3 minutes at 95°C, followed by 40 cycles of 15 
s at 95°C, 30 s at 59°C, and 45 s at 72°C. The thermal denaturation protocol was run at the 
end of PCR to determine the number of products. Samples were run on a 2% agarose gel to 
confirm the correct size of the PCR products. All reactions were run in triplicate. As negative 
controls, PCR was performed on water and on RNA without reverse transcription. The cycle 
number at which the reaction crossed an arbitrarily placed threshold (Cτ) was determined 
for each gene. The relative amount of mRNA levels was determined by 2-∆Cτ. Relative gene 
expression was normalized to GAPDH expression. Primer sequences for PCR are: forward 
5’-TCCACAGCAGCGTTTAACAG-3’ and reverse 5’-GGGCCTGCTGAGAGTACAAG-3’ 
for Srd5a4. Forward 5’-GTTTGTGATGGGTGTGAACCAC-3’ and reverse 5’-CTGGTCCT-
CAGTGTAGCCCAA-3’ for Gapdh.

Microscopic imaging
In situ hybridizations were imaged using a Zeiss Axioplan SZX9 coupled to a Leica DFC480 
digital camera. 
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ABSTRACT
Ankyrin repeat and SOCS box containing proteins (ASBs) belong to a family of proteins of 
which 18 members have been identified to date (ASB-1 to ASB-18). However, many of these 
members are not fully characterized and lack a biological function. We found that Asb-2 is 
enriched in cardiomyocytes derived form human embryonic stem cells by whole-genome 
transcriptional profiling of cardiac differentiating human embryonic stem cells. Here we 
show the spatio-temporal expression of Asb-2 during mouse embryonic development 
where it is expressed specifically in developing heart and skeletal muscle. Furthermore, 
Asb-2 is upregulated during muscle differentiation. This study provides evidence that ASBs 
might be important for cardiac and skeletal muscle development.
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INTRODUCTION
Ankyrin-repeat and SOCS box-containing (Asb) proteins comprise a relatively new protein 
family1. Asb proteins contain a variable number of ankyrin repeats and a carboxy-terminal 
SOCS (Suppressor of cytokine signaling) box domain1. The ankyrin repeat is a 33 amino 
acid domain that has been identified in a large number of proteins including receptors, 
cell cycle regulators, membrane skeletal proteins, secreted proteins, tumor suppressors 
and transcription factors2. Ankyrin repeats mediate protein-protein interactions between 
regulatory proteins3  and homodimerization of ankyrin repeat proteins4, 5.
The SOCS box is a domain of about 50 amino acids and was originally identified in the 
SOCS family of proteins (CIS and SOCS-1 to SOCS-7) that all share an amino terminal SH2 
domain 1, 6-8. Database searches for homology to the SOCS box identified a large family of 
proteins that contained a C-terminal SOCS box coupled to either ankyrin repeats (Asb-1 
to Asb-18), WD40 repeats (WSB-1 and -2 as well as Tubby-like protein), a SRPRY domain 
(SSB-1 to SSB-4) or a small GTPase (RAB) domain (4RAR-like proteins)1. The function of the 
SOCS box in the SOCS family proteins and other SOCS box-containing proteins appears to 
be associated with degradation of their specific targets via ubiquitination9, 10. 
To date, 18 Asb proteins have been identified in mouse and human, but their biological and 
biochemical functions are largely unexplored. In contrast to the SH2-containing SOCS box 
proteins, relatively little is known about the function of Asb genes. Although recent studies 
suggest that Asb proteins may also be involved in ubiquitination-mediated pathways. For 
example, it has been shown that several members of the Asb family (Asb-1, -2 and -12) 
have E3 ubiquitin ligase activity by binding Elongin B/C which can assemble with Cullin5 
and Rbx111, 12.  In accordance, it has been shown that Asb-9 targets Creatine Kinase B for 
destruction via ubiquitination and proteosomal degradation13.
Several Asb genes have been cloned and are expressed in a variety of adult tissues14, 15. 
Characterization and functional analyses of Asb proteins during embryonic development 
has been restricted. The first and only Asb that has been knocked out to date is Asb-1, 
which is predominantly expressed in testes, spleen and bone marrow14. Mice that lack Asb-
1 show abnormal spermatogenesis whereas other organs develop normally15. Transgenic 
mice ubiquitously overexpressing full length Asb-1 or Asb-1 lacking the c-terminal SOCS 
box did not show any abnormalities15. Since several different Asb genes have overlapping 
expression patterns, it is possible that they will display functional redundancy. In adult 
mouse Asb-2 is highly expressed in heart, skeletal muscle and spleen, and at lower level 
in bladder and boneshaft as shown by Northern blot14. Retinoic acid rapidly induced Asb-2 
expression, which inhibited cell growth and induced differentiation of leukemia cells  in 
vitro 16, 17. Furthermore, it was shown that retinoid receptors (RARs) could bind to  functional 
retinoid receptor or retinoid X receptor binding element (RAREs/RXRE) in the promoter of 
Asb-216. 
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Recently, we identified a cluster of cardiomyocyte-enriched genes following whole-genome 
microarray analysis on human embryonic stem cells (hESCs) differentiating towards 
cardiomyocytes18. Among those cardiac genes we identified ASB-2 as cardiomyocyte-
enriched gene. In the current study we report the spatio-temporal expression of Asb-2 in 
mouse development. Asb-2 is expressed specifically in the developing heart and skeletal 
muscle.

Figure 1. ASB-2 is upregulated during human embryonic stem cell differentiation to cardiomyocytes
(a) Upregulation of ASB-2 in human embryonic stem cells differentiating to cardiomyocytes as detected by 
microarray (Beqqali et al 2006). (b) Schematic representation of the Asb-2 protein, with domains indicated.
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RESULTS

ASB-2 is upregulated during myogenic differentiation
Previously, we have studied human embryonic stem cell differentiating towards 
cardiomyocytes using whole-genome microarrays. In a cluster of cardiomyocyte-enriched 
genes we identified ASB-2 as a cardiomyocyte enriched gene18 (Figure 1a). Mouse Asb-2 
has been previously cloned and was shown to be expressed in adult mouse heart, skeletal 
muscle and spleen, and at lower levels in bladder and boneshaft 14.  In the initial study 
where the cloning and characterization of Asb-2 is described, an ankyrin repeat domain 
spanning most of the protein and a C-terminal SOCS box were indicated. However, we 
found a predicted N-terminal Ubiquitin Interaction motif (UIM) that has not been described 
for Asb-2 before (Figure 1b). To address the question whether Asb-2 is also upregulated in 
skeletal muscle differentiation, we used C2C12 cells as a model system for skeletal muscle 
differentiation. Quantitative RT-PCR analysis shows that Asb-2 transcript was expressed 
at very low levels in undifferentiated myoblasts, and was rapidly upregulated upon 
differentiation towards myotubes (Figure 2).

Figure  2. Asb-2 is upregulated during myogenic differentiation 
Quantitative RT-PCR analysis of Asb-2 expression during C2C12 differentiation. Expression of Asb-2 is relative to 
Gapdh. Values represent an average of triplicate determinations in 5 experiments.

Asb-2 is expressed in the developing heart and skeletal muscle
In order to investigate the expression of Asb-2 during early development we performed 
whole-mount in situ hybridizations on mouse embryos. Earliest expression of Asb-2 was 
observed in the cardiac crescent at embryonic day (E) 7.5 and E7.75 (Figure 3a, b). From 
E8 to E9 Asb-2 was exclusively expressed in the heart tube (Fig 3c-e), and at day E9.5, Asb-
2 was predominantly expressed in the myocardium with the first detectable expression 
in the somites (Figure 3f). Expression of Asb-2 was particularly found in the myotomes of 
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the somites, which give rise to skeletal muscle (Figure 3g, h). Cardiac and somitic Asb-2 
expression from E10 to E11 remained prominent (Figure 3i-k). At E14.5, we observed strong 
expression in both atria and ventricles of the heart, whereas no Asb-2 expression was 
detected in the lungs, which served as a negative control (Figure 3l). 
To investigate Asb-2 expression in adult mouse, we performed quantitative real-time 
PCR on different adult tissues. Asb-2 was predominant in adult heart and pancreas, and 
expression could also be detected in E17.5 heart, adult skeletal muscle, stomach, small 
intestine and uterus (Figure 4).

Figure 3 Expression of Asb-2 in embryonic development
(a,b) Asb-2 expression in E7.5 and E7.75 embryos (ventral view) is restricted to the cardiac crescent. (c,d) Asb-2 
expression at E8 and E8.5 is restricted to the heart tube (lateral view) (e) At E9 Asb-2 is expressed in the heart (f) 
At E9.5, Asb-2 expression is also detected in the somites (g) Transverse section of a E9.5 embryo shows Asb-2 
expression in the myocardium and somites (h) Frontal section show Asb-2 expression in the myotome part of the 
somite (i,j,k) Asb-2 expression at E10, E10,5 and E11 is located in the heart and myotome. (l) Expression of Asb-2 
throughout E14.5 heart, but absent in lungs. Cc, cardiac crescent. s, somite. nt, neural tube. OFT, outflow tract. 
Rv, right ventricle. Lv, left ventricle. Ra, right atrium. La, left atrium. Lu, lung.
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DISCUSSION
We have previously shown that Asb-2 was upregulated during hESC differentiation to 
cardiomyocytes18. Here, we demonstrated that Asb-2 is upregulated during muscle 
differentiation in vitro and in vivo. In C2C12 cells, Asb-2 expression is induced rapidly after 
initiation of myoblast differentiation and is upregulated in the later fase of myogenic 
differentiation. In addition, we showed that Asb-2 is specifically expressed in early stages 
of cardiac and skeletal muscle differentiation during mouse embryonic development. This 
suggests a role for Asb-2 in heart and skeletal muscle development or functioning that has 
not been implicated before.
It has been shown before that retinoic acid rapidly induces Asb-2 via a functional retinoid 
receptor or retinoid X receptor binding element (RAREs/RXRE) in the promoter of Asb-216. 
Increased expression subsequently inhibits growth and promotes differentiation in myeloid 
leukemia cells in vitro16, 17. The essential requirement of RA during early cardiovascular 
morphogenesis has been studied in targeted gene deletion of retinoic acid receptors or 
RA synthesizing enzymes19. Retinoic acid is critical for late steps in heart development, 
including terminal myocardial differentiation, cardiac looping, and ventricular maturation 
and growth20. 
Inactivation of the RXRa gene resulted in embryonic death as a consequence of cardiac 
hypoplasia because of ventricular chamber defects21, 22. Ventricular hypoplasia was also 
observed after vitamin A deficiency23, 24. However, dramatic abnormalities of the normal 
embryonic development, including those of the heart and out-flow tract, were obtained by 
combining mouse strains with mutant RAR and RXR subtypes25-28.

Figure 4 Quantitative real-time PCR for Asb-2 in adult mouse tissues
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In vitro studies with ES cells29 and earlier studies with embryonic carcinoma (EC) cells30 
demonstrated that all-trans RA, in a time and concentration dependent manner, influenced 
the efficiency of cardiogenic differentiation. Treatment with high concentrations of RA (10-7 
and 10-8 M RA) during the first 2 days or between day 2 and 5 of ES cell-derived embryoid 
body formation significantly inhibited cardiogenesis, whereas treatment between day 5 
and 7 resulted in an increased cardiomyocyte differentiation29, 31. Therefore, it would be 
interesting to investigate if Asb-2 expression is directly induced by RA signaling in the 
heart.
It has recently been shown that Asb-2 has E3 ubiquitin ligase activity11, 12. This suggests that 
Asb-2 targets specific proteins, possibly via its ankyrin repeat domains, to destruction by 
the proteasome. In the light of cardiac development, Asb-2 in the heart and skeletal muscle 
may target inhibitors of cardiac and skeletal muscle differentiation for degradation.
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METHODS

Cell culture and transient transfection
C2C12 myoblasts were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-
BRL) containing 10% fetal calf serum (FCS) (Gibco-BRL). Differentiation was induced by 
replacing FCS with 2% horse serum (HS) (Gibco-BRL) when cells reached 80% confluency. 
Differentiation medium was refreshed every day during differentiation until day 4. 

Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed as described before32. Probe 
template primers were designed with the T3-promoter sequence (5’-ATACAATTAA-
CCCTCACTAAAGGG-3’) at the 5’ end of the forward primer and T7-promoter 
(5’-ATAGGTAATACGACTCACTATAGGGC-3’) at the 5’ end of the reverse primer. 
Digoxigenin-labeled probes were generated using the purified PCR product as a 
template for probe transcription with either T3 RNA polymerase or T7 RNA polymerase 
(Promega, Madison, USA). Probe template primers for Asb-2 were as follows: Forward 
5’-CGTGGTGCAGTTCTGTGAGT-3’ and reverse 5’-CACTCCCCACATCAGGTTCT-3’. 

RT-PCR
Total RNA was isolated from cells using Trizol reagent (Invitrogen) according to standard 
protocol. Then DNAseI digestion was performed to ensure elimination of genomic DNA. 
Total RNA (1 µg) was transcribed by reverse transcriptase (SuperScriptTM II RT, Invitrogen, 
Carlsbad, CA, USA) and used for PCR using Silverstar DNA polymerase (Eurogentec, 
San Diego, USA) or Platinum Taq DNA polymerase HiFi (Invitrogen, Carlsbad, CA, USA). 
For each PCR reaction 1 µl cDNA was used in a reaction volume of 50 µl. The cycling 
parameters were 94°C for 15 s; 58°C for 30 s; and 72°C, 45 s, for 35 cycles. The PCR cycles 
were preceded by an initial denaturation of 2 minutes at 94°C and followed by a final 
extension of 7 minutes at 72°C. Products were analyzed on ethidium bromide–stained 
1.5% agarose gel. Glyceraldehyde phosphate dehydrogenase (Gapdh) was used as 
RNA input control. As a negative control total RNA was used directly for PCR. Primer 
sequences for PCR are: forward 5’-CGTGGTGCAGTTCTGTGAGT-3’ and reverse 5’-CACTC-
CCCACATCAGGTTCT-3’ for Asb-2. Forward 5’-GTTTGTGATGGGTGTGAACCAC-3’ and 
reverse 5’-CTGGTCCTCAGTGTAGCCCAA-3’ for Gapdh.

Real-time qPCR
Real-time PCR was performed according to standard protocols on a “MyIQ single color Real-
Time PCR detection system” (Bio-Rad, Hercules, CA, USA). Briefly, 1μg of total RNA was 
DNAse treated, and transcribed to cDNA. 10μl of a 1/10 dilution of cDNA was then added 
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to 12.5μl of the 2xSYBR green PCR mastermix (Applied Biosystems, Foster City, CA, USA), 
and 500 μM of each primer. PCR cycles were 3 minutes at 95°C, followed by 40 cycles of 15 
s at 95°C, 30 s at 59°C, and 45 s at 72°C. The thermal denaturation protocol was run at the 
end of PCR to determine the number of products. Samples were run on a 2% agarose gel to 
confirm the correct size of the PCR products. All reactions were run in triplicate. As negative 
controls, PCR was performed on water and on RNA without reverse transcription. The cycle 
number at which the reaction crossed an arbitrarily placed threshold (Cτ) was determined 
for each gene. The relative amount of mRNA levels was determined by 2-∆Cτ. Relative 
gene expression was normalized to GAPDH expression. Primer sequences for PCR are: 
forward 5'-CGTGGTGCAGTTCTGTGAGT-3' and reverse 5'-CACTCC-CCACATCAGGTTCT-3' 
for Asb-2. Forward 5’-GTTTGTGATGGGTGTGAACCAC-3’ and reverse 5’-CTGGTCCT-
CAGTGTAGCCCAA-3’ for Gapdh.

Microscopic imaging
In situ hybridizations were imaged using a Zeiss SZX9 coupled to a Leica DFC480 digital 
camera. 
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In the studies presented in this thesis, we showed how human embryonic stem cells 
(hESCs) can provide novel insights and a better understanding of commitment to the 
mesoderm or endoderm lineages and early steps in human cardiac cell differentiation. 
By using a microarray approach we were able to determine the transcriptional profile of 
differentiating hESCs in a sensitive and genome-wide manner, with relatively little material 
input. Furthermore, our microarray approach served as an excellent source for data mining 
to identify new genes that may be associated with (abnormal) human heart development. 
The prospective of human (embryonic) stem cells as an in vitro model for cardiac 
differentiation and disease is discussed in chapter 2. Besides information on genes which 
may be important during the different stages of cardiac development, genes which may 
play roles in self-maintenance or self-renewal of hESCs were also identified. However, in 
this thesis the focus lies on the initial characterization of the novel cardiac and skeletal 
muscle genes, Chap, Srd5a4 and Asb-2. 

HESCs serve as an excellent model for studying cardiac development
In chapter 3, the temporal gene expression profile of hESCs during their directed 
differentiation to cardiomyocytes by whole-genome microarray analysis is described. We 
have previously shown that our hESC-derived cardiomyocytes (hESC-CM) resemble human 
fetal cardiomyocytes in both molecular and electrophysiological properties1. It is a common 
feature of hESCs derivatives that, under normal culture conditions, they do not mature 
fully to acquire an adult phenotype. Inclusion of mRNA from human fetal heart (hFH) of 16 
week gestation as a reference source, allowed us to compare gene expression profiles of 
hESC-CM to that of hFH. Furthermore, the use of a common reference pool (CRP) allows 
comparison of relative gene expression levels of each sample with all other samples with 
a minimal use of microarrays. By microarray cluster analysis, genes were identified which 
were enriched in undifferentiated hESCs, transiently expressed during early differentiation 
and associated with mesoderm or endoderm differentiation, or enriched in hESC-CM and 
hFH. 
It is expected that genes with important roles in self-renewal of ESCs would be 
rapidly downregulated upon differentiation. Several other studies have compared the 
transcriptome of undifferentiated hESCs directly with differentiated hESCs2-5 and thereby 
obtaining a large set of hESC-enriched genes that later appear not to be hESCs specific. In 
addition, in most studies differentiation of hESCs occurs through the formation of embryoid 
bodies (EBs). However, information on changes in gene expression of hESCs during the 
differentiation process itself has, so far, been very limited. In one study3, microarray analysis 
was performed on 2, 10, 20 and 30d differentiated EBs from hESCs. However, 10d EBs had 
essentially unchanged levels of stem cell marker OCT4, suggesting that differentiation 
by formation of EBs was relatively inefficient and slow. This was also shown for many 
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other hESC lines by the International Stem Cell Initiative (ISCI) consortium6. By cluster 
analysis of microarray data we identified 15 genes which were rapidly downregulated upon 
differentiation, including stem cell markers OCT4 and NANOG and 7 unknown genes. We 
subsequently confirmed their expression independently in undifferentiated hESC colonies. 
Several unknown hESCs-enriched genes were also identified by other transcriptome 
studies of different hESC lines, including FLJ10884, FLJ11042 and C14ORF1152, 3, 7. Whether 
these genes play roles in the self-renewal of stem cells or are simply stem cell marker has 
to be determined in functional studies. However, one of the genes that we identified as 
hESC-enriched, the DNA methyltransferase DNMT3B, was later found to play an essential 
role in hematopoietic stem cell self-renewal 8.
Previously, we have shown that hESCs in co-culture with END-2 cells differentiate 
predominantly to endoderm and mesoderm derivatives1, 9. Here, this was confirmed by 
microarray analysis with transient expression of the early mesodermal marker brachyury T 
and the endodermal markers FOXA2 and SOX17, peaking after 3d of differentiation (3 to 4d 
before the appearance of the first beating areas). Other mesodermal markers or transcription 
factors such as SNAI1 and MSX1, MESP1, FOXC1, were transiently upregulated with peaks 
at 3d and may to play an important role in cardiac mesoderm formation. Indeed, several 
groups have recently shown that Mesp-1 has a key role in cardiovascular commitment. 
Inducible overexpression of Mesp-1 during in vitro ESC differentiation resulted in expansion 
of myocardial cells independently of Wnt10, 11. Interestingly, this effect was enhanced when 
the cells were co-treated with Dkk-1, an extracellular inhibitor of Wnt signaling, which is also 
transiently upregulated at day 3 of our hESC differentiation. These findings are consistent 
with another recent study demonstrating that ubiquitous Mesp1 overexpression results 
in the formation of ectopic beating cardiac cells in Xenopus embryos and enhances the 
formation of beating embryoid bodies in differentiating ESCs12. Furthermore, DKK1, WNT11, 
WNT5A and downstream transcription factor LEF1, increased during differentiation. All of 
these genes have been shown to play a role in cardiac development. 
For another transiently upregulated factor WNT3A, both cardiac inducing as well as 
inhibiting effects have been described13, 14. In ESCs canonical Wnt signalling promotes 
cardiogenesis in the early phase of cardiomyocyte differentiation, whereas it inhibits 
cardiomyocyte differentiation in the later phase15, 16. Interestingly, a recent study provided 
more insight into how this biphasic canonical Wnt signalling is regulated in the process 
of cardiogenesis both in vivo and in P19CL6 and mES cells. It was shown that IGFBP-4 
promotes cardiogenesis by the inhibition of canonical Wnt signalling specifically in the later 
stages of cardiomyocyte differentiation17. IGFBP-4 binds to Wnt receptors Frizzled 8 and 
LRP6 thereby competing for the binding of Wnt3a, resulting in inhibition of canonical Wnt 
signaling. Furthermore, it was shown that IGFBP-4 is required for proper cardiogenesis in 
Xenopus embryos. Knockdown of IGFBP-4 in Xenopus embryos led to the formation of a 
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small heart structure or no heart at all. The heart is initially formed in IGFBP-4 morphants 
but its subsequent growth is disturbed. This led to the hypothesis that IGFBP-4 may 
promote cardiogenesis by maintaining the proliferation and/or survival of embryonic 
cardiomyocytes. Taken together, experimental conditions such as the use of cell-type, 
temporal activation and concentration of different factors, play an important role during 
cardiac differentiation.  This was recently also shown by Yuasa et al. who demonstrated 
that the BMP-inhibitor Noggin only induced cardiomyocyte differentiation of mESCs when 
applied in a very narrow time window during ESC culture18. We were able to identify genes 
associated with differentiated cardiomyocytes by selecting clusters of genes that were 
both upregulated in hESC-CM and in hFH. In addition to the presence of known cardiac 
transcription factors and sarcomeric genes, we selected three unknown genes, or genes 
not previously associated with the heart, from this cluster for further analysis, based on 
predicted expression patterns and functional domains. These three genes are annotated 
as SYNPO2L and SRD5A2L2, both novel, and ASB-2, which was not previously associated 
with cardiac development. The characterization of these cardiac candidate genes will be 
discussed below.
Taken together, the hESC-END-2 differentiation model recapitulates the early embryonic 
molecular events that are crucial for proper cardiac development. Besides the identification 
of novel genes which may play a role during early cardiac development, these findings 
indicate that it might be feasible to identify and isolate cardiac progenitors form these 
cultures. This is corroborated by the recent findings by Yang and colleagues who identified 
and isolated cardiac progenitor cells in differentiating hESCs19. 

CHAP is a novel protein necessary for cardiac and skeletal muscle development and 
function
In chapter 4, we described the cloning and initial characterization of the novel gene 
annotated Synpo2l. We found strong expression of this gene from the very early stages of 
heart development onwards and later in the myotome. Furthermore, we have demonstrated 
that it encodes a cytoskeletal protein that is actin-associated and binds to α-actinin. 
Hence, we named the gene Cytoskeletal Heart-enriched Actin-associated Protein (CHAP). 
We identified two isoforms of mouse Chap, which we termed ChapA and ChapB. CHAPa 
contains an N-terminal PDZ domain and a classical nuclear localization signal (NLS) which 
are both highly conserved amongst vertebrates. CHAPb lacks the N-terminal PDZ domain 
but contains the NLS. The short isoform ChapB is expressed during early heart and skeletal 
muscle development, whereas ChapA was only detected in adult muscle. Therefore CHAPb 
can be regarded as the “embryonic/fetal” isoform and CHAPa as the “adult” isoform of 
CHAP.
The great advantage of the zebrafish as a model system for studying cardiac development 
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is the fact that they are transparent and allow us to observe the heart throughout 
development. Furthermore, zebrafish embryos can develop in the absence of a functional 
cardiovascular system by means of oxygen diffusion, in contrast to mice where the onset of 
severe cardiac defects mostly are embryonic lethal. To investigate the role of CHAP in vivo, 
we knocked down the orthologs chap-1 and chap-2 individually by morpholino antisense 
oligos, which lead to impaired heart and skeletal muscle development, indicating an 
important role for chap in muscle development. Relatively low amounts of morpholino 
(0.7ng for chap-1 and 1.7ng for chap-2) lead to decreased cardiac contractility, enlarged 
pericardial sac, myofibrillar disarray, disruption of somite boundaries and cardiac looping 
defects. The cardiac looping defect could be explained by the fact that CHAP associates with 
actin and is able to bundle actin. It has been shown before that disrupted myofibrillogenesis 
by inhibiting actin polymerization prevents correct looping of the heart20, 21. Thus, knocking 
down chap may subsequently lead to impaired actin polymerization and thereby prevent 
correct myofibrillogenesis and looping of the heart. The same process may explain the 
deformed somites and aberrant myofibrils in the chap morphant fish. Knockdown of the 
chap genes ultimately resulted in death at 6 dpf, ruling out any potential redundancy 
between chap-1 and chap-2. Another indication of muscle defect was depicted by the failure 
of the chap morphants to hatch, which is dependent on the combination of enzymatic 
secretion and contractile force. 

CHAP is a novel multicompartment Z-disc protein
Ectopic expression of CHAP in COS-1 cells (chapter 3) and c2c12 myoblasts (data not 
shown) gave us the first indication of the subcellular localization of CHAP. CHAP displayed 
a cytoskeletal actin-associated expression pattern and interestingly also localized to the 
nucleus where it formed characteristic actin loops and rods, as previously described for 
homologues myopodin and synaptopodin22, 23. However, the functional significance of 
these nuclear actin loops and rods remains to be elucidated.
Overexpression of CHAP in cardiomyocytes resulted in α-actinin-2 disorganization. 
This raised the question whether CHAP directly interacts with α-actinin-2. Indeed, as we 
showed with immunoprecipitation assays, CHAP is a direct binding partner of the actin-
binding protein α-actinin-2. This could explain why we find actin-association while the 
CHAP protein does not contain an actin-binding domain. It is likely that CHAP is associated 
with actin via α-actinin-2. This is further supported by the fact that synaptopodin has also 
been shown to bind and regulate actin-bundling via α-actinin-2 and 424.
Endogenous CHAP, as detected by antibody staining, was localized at the Z-disc of the 
sarcomere in adult heart and skeletal muscle. Interestingly, we also observed nuclear 
localization of CHAP in E17.5 cultured cardiomyocytes, which we never observed in adult 
muscle cells. We can speculate that this nuclear localization is possibly involved in the 
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regulation of the gene expression that is required for cardiomyocyte differentiation.
In the past decade, other Z-disc proteins have been shown to localize to different 
compartments of the muscle cell and thereby shed light on an emerging role for the Z-disc in 
signal transduction25-27. Mutations in these proteins have been linked to cardiac and skeletal 
myopathies in humans and mice25. Mice lacking the Z-disc protein MLP (Muscle LIM Protein) 
develop lethal cardiomyopathy28. MLP has been implicated in mechanosignalling since 
there is evidence that MLP translocates between the cytoplasm and nucleus in response 
to physical stimuli like (cardiac) chronic pressure overload29. Furthermore MLP serves as 
an anchor for the Calcineurin-calsarcin1 complex at the Z-disc and thereby provides a link 
between MLP and the prohypertrophic calcineurin-NFAT pathway30. Because of its unique 
position at the interface of the cytoskeleton and the sarcomere, the Z-disc has been 
suggested to play a role as a mechanosensor in cardiomyopathic chamber dilatation31. 
In this light, we were interested in studying the molecular mechanisms and signalling events 
that are associated with the dual compartment protein CHAP in muscle development 
and disease. While hypertrophy is part of normal postnatal development and thought 
initially to be a beneficial response of the adult heart in order to adapt to stress stimuli, it 
is a major determinant for the progression to heart failure. Cardiac hypertrophy is often 
accompanied with a reactivation of a fetal cardiac gene program. Therefore we determined 
CHAP expression in an experimental model of heart failure. Preliminary experiments 
demonstrated that CHAP protein is dramatically upregulated in Calcineurin-induced 
hypertrophy (Figure 1a). This result was confirmed in 3 other CalcineurinA transgenic 
hearts (Figure 1b). In wildtype hearts only CHAPa was expressed, as expected. However, 
in hypertrophic hearts CHAPa and fetal isoform CHAPb were dramatically upregulated in 
Calcineurin hearts. This coincides with the fact that the fetal gene program is reactivated 
in hypertrophied heart. Furthermore, initial experiments show that there might be 
an interaction between CalcineurinA and CHAP (Figure 1c). CHAPb and FLAG-tagged 
CalcineurinA were overexpressed in COS-1 cells, subsequently immunoprecipitation of 
CHAP was performed whereafter we could detect CalcineurinA by western blot.
These data suggest that CHAP plays a role in the calcineurin pathway. Interestingly, 
myopodin, which displays the highest homology to CHAP, has recently been shown to be 
part of a PKA, CaMKII, Calcineurin signalling pathway in the heart32. These enzymes regulate 
the phosphorylation state of myopodin and thereby controlling subcellular localization in 
cardiomyocytes. PKA and CamKII are able to phosphorylate myopodin and thereby allow 
14-3-3 to bind myopodin and direct it for importin-α mediated nuclear import. Conversely 
Calcineurin can dephosphorylate myopodin and thereby prevent its nuclear translocation 
in adult cardiomyocytes. It is worthwhile investigating whether nuclear translocation of 
CHAP is regulated in a similar way, regarding our finding that CHAP might interact with 
Calcineurin A.



141

General discussion

CH
A

P
TE

R
 7

Although studying the role of chap in zebrafish has its advantages when studying cardiac 
development, the hearts of mice resemble human hearts more closely in both morphology 
and physiology. Since we showed that Chap is essential for zebrafish heart and skeletal 
muscle development and function we are presently carrying out in vivo studies of CHAP in 
the mouse by generating knockout and transgenic overexpression models. Furthermore, 
established methods to induce hypertrophy, like transverse aortic constriction, or 
myocardial infarction can be used to investigate the role of CHAP in heart disease using 
these mouse models.

Srd5a4 as the first link between steroid metabolism and cardiac/skeletal muscle 
development?
In chapter 5 of this thesis we described the cloning and expression of mouse Srd5a4. We have 
identified this gene as a cardiomyocyte-enriched gene in our whole-genome microarray 
analysis on human embryonic stem cells (hESCs) differentiating to cardiomyocytes, 
described in chapter 3. This novel gene was originally annotated as steroid 5α-reductase 
2-like 2 (SRD5A2L2). After cloning and sequencing the mouse ortholog we analyzed the 
deduced amino acid sequence and found this gene is conserved amongst vertebrates.
It contains three transmembrane domains and a C-terminal 5α-reductase domain, which is 
highly conserved between the previously described three members of this family, Srd5a1 
to 3. We named this gene Steroid 5α-reductase type 4 (Srd5a4), representing the fourth 
member of the 5α-steroid reductase family.
Srd5a4 is expressed specifically in the developing heart where it is temporarily enriched 
in the sinus venosus that will later become the inflow tract of the heart. From E10.5 in 

Figure 1. (A) CHAPa is upregulated in CalcineurinA transgenic (CnA Tg) mouse hearts together  with re-expression 
of the fetal isoform CHAPb. Ectopically expressed CHAPa and CHAPb in COS-1 cells served as controls. 30µg 
of protein lysate was loaded per lane. (B) Confirmation of CHAP upregulation in three additional CnA mouse 
hearts. 30µg of protein lysate was loaded per lane. (C) Flag-CnA could be detected on western blot when 
immunoprecipitating (IP) CHAP from co-transfected COS-1 cells. While no FLAG-CnA could be detected in the 
negative control IP.
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mice, Srd5a4 expression becomes more ubiquitous in the heart and becomes apparent 
in the myotome. 5α-steroid reductase enzymes catalyze the conversion of testosterone 
to the more potent dihydrotestosterone (DHT). Our expression data suggests a role for 
Srd5a4 in heart and skeletal muscle development, which has not been described before for 
any gene involved in steroid metabolism. Recently, Goldman-Johnson et al showed that 
testosterone and its metabolite, DHT, stimulated the formation of beating cardiomyocytes 
in embryoid bodies (EBs) from mouse embryonic stem cells. This supports our hypothesis 
that steroid metabolism might be important for heart differentiation and development. All 
together, our data provides the first link between androgen metabolism and cardiac and 
skeletal muscle development in vivo. It would be interesting to investigate if testosterone 
or DHT supplementation has a positive effect on human embryonic stem cell-derived 
cardiomyocyte formation, and thereby enhancing current differentiation protocols. 
Improved cardiomyocyte differentiation will lead to a higher production and purer 
populations of cardiomyocytes. Furthermore, Srd5a4 could represent a novel candidate 
for heart and skeletal muscle disease.

Asb-2 is expressed during early heart and skeletal muscle development
Asb-2 was identified as a cardiomyocyte-enriched gene in our whole-genome microarray 
analysis on human embryonic stem cells (hESCs) differentiating to cardiomyocytes, 
described in chapter 3. In chapter 6, we described the expression of mouse Asb-2 in vivo 
and in vitro.
In the skeletal myoblast cell line C2C12, Asb-2 expression was induced rapidly after initiation 
of differentiation and gradually downregulated in the later fase of myogenic differentiation. 
In addition, we showed that Asb-2 is specifically expressed in the cardiac crescent during 
early stages of mouse heart development. Furthermore, Asb-2 was also expressed in the 
myotome that gives rise to skeletal muscle. This suggests a role for Asb-2 in heart and 
skeletal muscle development or functioning that has not been implicated before.
Kohroki and colleagues showed before that retinoic acid rapidly induces Asb-2 via a 
functional retinoid receptor/ retinoid X receptor-binding element (RAREs/RXRE) in 
the promoter of Asb-2 in leukemia cells in vitro33. With the knowledge that retinoic acid 
is essential for cardiac differentiation in vivo and in vitro34 35, it would be interesting to 
investigate if Asb-2 expression is directly induced by RA signaling in the heart. Furthermore, 
it has recently been shown that Asb-2 has E3 ubiquitin ligase activity33, 36, which suggests 
that Asb-2 targets proteins for degradation. Therefore, we can speculate that Asb-2 may 
target inhibitors of cardiac and skeletal muscle differentiation for degradation and thereby 
stimulate myogenic development.
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Concluding remarks and perspectives
In this thesis we showed that using hESCs as a model for human cardiac development in 
combination with microarray technology resulted in the discovery of genes not previously 
associated with cardiomyocyte differentiation or function. We mainly focused on 
unravelling the function of the novel Z-disc protein CHAP. Since heart failure is the number 
one cause of mortality and morbidity worldwide37, the identification of new components, 
the precise molecular mechanisms of the Z-disc and its role in signaling has become critical 
for understanding the regulation of cardiac function and disease. 
Furthermore, insight into the intracellular signaling pathways that control cardiac 
hypertrophy and dilatation could lead to the design of therapeutic strategies to prevent 
the progression to heart failure, for example by the direct targeting of intracellular 
proteins. Altogether, our findings represent novel disease candidate genes that could be 
involved in (cardio) myopathies. Further studies on the function of CHAP, Srd5a4 and Asb-2 
will shed more light on their possible role in disease. Since the molecular mechanisms of 
cardiogenesis are conserved in zebrafish, mouse and human, we could use the zebrafish as 
a model system to investigate the importance of novel genes such as Srd5a4 and Asb-2 in 
cardiac development.
In addition, making use of DNA-databases of congenital heart disease patients such as 
the ”CONgenital COR vitia” registry (CONCOR), which contains DNA of over 4000 dutch 
patients, will allow us to screen for mutations in our discovered candidate genes.
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Humane embryonale stamcellen zijn cellen die in staat zijn om zichzelf te vernieuwen en te 
specialiseren (differentiëren) in alle celtypes van het lichaam, waaronder hartspiercellen. In 
ons lab zijn we in staat om humane embryonale stamcellen efficient te laten differentiëren 
naar hartspiercellen, door ze samen te kweken met zogeheten END-2 cellen (cellen met 
de kenmerken van visceraal endoderm). Deze humane hartspiercellen kunnen vervolgens 
gebruikt worden voor verschillende experimentele doeleinden zoals transplantatie ter 
vervanging van beschadigd hartweefsel in geval van hartaandoeningen, of om nieuwe 
medicijnen op uit te testen en te optimaliseren. In hoofdstuk 2 van dit proefschrift 
wordt uitgebreid beschreven hoe humane stamcellen gebruikt kunnen worden als 
experimenteel model voor hartspierontwikkeling en ziekte. In hoofdstuk 3 laten we 
zien dat humane embryonale stamcellen uitermate geschikt zijn voor het bestuderen 
van hartspierontwikkeling. Door gebruik te maken van microarray-technologie waren 
we in staat om veranderingen in expressie van alle genen in het genoom vast te leggen 
gedurende het differentiatieproces van embryonale stamcel naar hartspiercel. Uit de 
resultaten is gebleken dat genen die betrokken zijn bij hartontwikkeling dezelfde expressie 
profielen hebben tijdens differentiatie van stamcel naar hartspiercel als tijdens normale 
hartontwikkeling. We kunnen daaruit concluderen dat het in vitro differentiatiemodel wat 
wij hanteren humane hartontwikkeling nabootst. Verder hebben we ook (nieuwe) genen 
gevonden die opgereguleerd worden gedurende differentiatie naar hartspier, maar waar 
nog niks van bekend is of die nog niet in verband zijn gebracht met hartontwikkeling. Drie 
van die genen worden besproken in dit proefschrift namelijk: Chap, Srd5a4 en Asb-2. 
In hoofdstuk 4 beschrijven we de bevindingen omtrent een nieuw gen wat tot expressie komt 
in hart- en skeletspier. Tijdens embryologische ontwikkeling van de muis zien we expressie 
van dit gen vanaf de vroegste stadia van hart- en skeletspier ontwikkeling. Wanneer we dit 
gen tot overexpressie brengen in cellen, dan zien we dat het localiseert in het cytoskelet 
en dat het geassocieerd is met actine filamenten. We hebben dit gen daarom “cytoskeletal 
heart-enriched actin-associated protein” (CHAP) genoemd. In spiercellen localiseert CHAP 
zich specifiek in de Z-disk van de sarcomeer, de kleinste zich herhalende structuur die 
zorgt voor spiersamentrekking. De Z-disk fungeert als ankerplaats voor filamenten die 
belangrijk zijn voor spiercontractie. Sinds kort is ook bekend dat sommige eiwitten in de 
Z-disk zich kunnen verplaatsen naar andere plekken in de cel zoals de celkern als gevolg 
van extracellulaire stimuli. Deze eiwitten hebben behalve een structurele functie ook een 
functie in signaaltransductie. Aangezien wij CHAP ook in de celkern hebben gevonden, is 
het aannemelijk dat CHAP misschien een rol speelt in signaaltransductie of regulatie van 
genexpressie.
We hebben ook gebruik gemaakt van de zebravis als in vivo modelorganisme om de 
functie van CHAP te bestuderen. Als we CHAP eiwitexpressie uitschakelen in de zebravis, 
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dan zien we een abnormale hart- en skeletspier ontwikkeling wat uiteindelijk lethaal is 
voor de zebravislarves op dag 6 van ontwikkeling. Het buigingsproces van de hartbuis 
verloopt niet goed waardoor er een abnormaal hart gevormd wordt met sterk verminderde 
pompfunctie. Verder reageren embryos waarin CHAP is uitgeschakeld niet of nauwelijks 
op aanraking (ze zwemmen niet weg) en ze zijn niet in staat om zelf uit het chorion (vlies 
rondom het embryo) te ontsnappen vanwege een gebrek aan spierkracht. Als we kijken 
naar de spierstructuur in de somieten dan zien we een disorganisatie van spiervezels in 
embryos waarin CHAP is uitgeschakeld. Deze resultaten geven aan dat het chap gen een 
essentiële rol speelt bij hart- en skeletspier ontwikkeling. Chap kan daarom ook gezien 
worden als een kandidaatgen voor genetische hartafwijkingen of spierafwijkingen.
In hoofdstuk 5 wordt de expressie van het nieuwe gen Srd5a4 beschreven. Srd5a4 codeert 
voor een transmembraaneiwit met een 5-alpha-steroide dehydrogenase domein wat 
verantwoordelijk is voor het omzetten van testosteron naar dihydrotestosteron. Gezien 
de homologie met SRDa1, 2 en 3 hebben we het gen Srd5a4 genoemd en representeert 
het vierde lid van de Srd5a familie van genen. Srd5a4 komt tot expressie tijdens de vroege 
ontwikkeling van het hart van de muis, specifiek in de inflow tract en daarna gelijkmatig 
over het hart. Lichte expressie is ook aanwezig in de vroege stadia van skeletspier 
ontwikkeling in de somieten. In de volwassen muis wordt Srd5a4 alleen in het hart tot 
expressie gebracht. Met deze bevindingen tonen wij voor het eerst een link tussen steroide 
metabolisme en hartontwikkeling aan. Verdere karakterisatie moet ons de precieze rol van 
Srd5a4 aantonen in de hartspiercellen en skeletspiercellen.
In hoofdstuk 6 beschrijven we de expressie van Asb-2 in de vroege ontwikkeling van  hart- 
en skeletspier. Asb-2 komt tot expressie in de “cardiac cresent”,  een van de vroegste 
stadia van hartontwikkeling. Daarna is er expressie in het hele hart gedurende de verdere 
ontwikkeling. Tevens komt Asb-2 tot expressie in de somieten. Dit betekent dat Asb-2 
een mogelijke rol speelt in de ontwikkeling van het hart en skeletspier, wat niet eerder 
is aangetoond. Uit eerdere literatuur is al wel gebleken dat Asb-2 direct geïnduceerd kan 
worden door retinoic acid (RA) signalering. Aangezien RA signalering essentieel is voor 
hartontwikkeling, kunnen we speculeren dat Asb-2 een rol speelt downstream van RA in 
het hart.
Het hart is het eerste orgaan dat gevormd word tijdens de embryonale ontwikkeling en 
is essentieel voor verdere embryonale ontwikkeling. Aangezien de meeste aangeboren 
afwijkingen in het hart voorkomen, en hart- en vaatziekten in de westerse wereld 
doodsoorzaak nummer 1 zijn (met kanker als nummer 2) is het van belang om de genetische 
grondslag van normale hartontwikkeling te begrijpen. Bestuderen van nieuwe genen die 
belangrijk zijn voor de embryonale ontwikkeling van het hart in modelorganismen zoals de 
zebravis en muis, is dan ook belangrijk voor het vinden en begrijpen van de oorzaken van 
aangeboren hartafwijkingen.
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Samengevat, wordt in dit proefschrift beschreven hoe humane embryonale stamcellen als 
model voor hartspierontwikkeling, hebben geleid tot de identificatie van nieuwe genen 
die hoog tot expressie komen in hartspiercellen en die nog niet eerder beschreven zijn. 
De eerste resultaten van het onderzoek van deze genen hebben ons een idee gegeven 
wat de mogelijke functie zou kunnen zijn in hart- en skeletspieren. In klinisch opzicht 
zijn deze genen ook nieuwe kandidaten voor genetische hart- of skeletspier afwijkingen. 
Door gebruik te maken van DNA databases van patienten met deze afwijkingen waarvan 
de genetische oorzaak nog niet bekend is, kunnen we zoeken naar mutaties in de nieuwe 
genen die in dit proefschrift beschreven zijn. Verder onderzoek naar de functie van deze 
genen zou dan uiteindelijk kunnen leiden tot het ontwikkelen van medicijnen die hart- of 
skeletspierfunctie zouden kunnen verbeteren.
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