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Abstract 
 

 

Cardiovascular diseases are a leading cause of mortality world-wide. The general approach to 

managing the disease burden is to reduce risk factors and to control symptoms. However, 

when a heart attack occurs and cardiomyocytes perish as a result, there currently is no 

feasible strategy to replace the lost cells and to cure the disease. Progress has been made to 

generate cardiomyocytes in vitro, but these cells fail to integrate and beat according to the 

rhythm set by the existing heart. Yet in the embryo there are cells that achieve this; the 

secondary heart field cells. These cells are added onto the primitive heart over a prolonged 

time during embryogenesis and follow the beat set by the existing cells. The challenge is to 

molecularly characterise these cells such that the recruitment and integration process can be 

recapitulated in a patient. Both the primary heart field cells for the primitive heart and the 

secondary heart field cells that are added on later arise from the embryonic head mesoderm. 

Previous studies showed that initially, the entire head mesoderm is cardiac competent. Yet 

eventually, cells from the head mesoderm also form non-cardiac tissues such as skeletal 

muscle. It is therefore important to determine the time window in which the head mesoderm 

is heart-competent as stepping stone towards further molecular analyses. 

The chicken embryo is used as an established model for human heart development. Bone 

morphogenetic protein (BMP) are crucial for the induction of cardiogenesis and 

cardiomyocyte differentiation. BMP is loaded onto carrier beads and is implanted into the 

paraxial aspect of the head mesoderm that is fated to produce non-cardiogenic cell types. The 

experiment was conducted at several time points in development; embryos were analysed by 

in situ hybridisation for the expression of various cardiac and non-cardiac marker genes. It 

was found that the head mesoderm has full cardiac competence up to stages HH5/6 of 

development, which is 12 hours after the head mesoderm first formed at HH3/4. In the 

subsequent hours, cardiac competence declines as successively fewer cardiac markers 

respond to BMP. Instead, markers typical for head skeletal muscle precursors become 

activated, suggesting a shift from cardiac to myogenic competence. This suggest that the 

analysis of the molecular control and the underlying mechanism of the decline of cardiac 

competence has to focus onto the early head mesoderm. 
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Chapter 1. General Introduction 

1.1 The human heart 

1.1.1 The anatomy, structure and function of the heart 

 

The heart is the main organ of the cardiovascular network and is responsible for pumping 

blood and distributing oxygen throughout the human body. The heart is located between the 

lungs in the middle of the chest behind and slightly to the left of the sternum. The heart is 

surrounded by the pericardium which hold the heart in position. A human heart may have 

beat (expanded and contracted) more than 3.5 billion times at the end of a long healthy life. 

In reality, the average heart beats 100,000 times every day, pumping around 2,000 gallons 

(7,571 litres) of blood (Heart Information Center: Heart Anatomy | Texas Heart Institute). The 

heart is divided into left and right sides separated by a septal wall. Each side has two chambers 

dividing the heart into the right and left atrium and the right and left ventricles (Heart: 

Anatomy and Function). Through systemic circulation, the left side of the heart pumps 

oxygenated blood into the aorta and circulates it to the body. Through pulmonary circulation, 

the deoxygenated blood is pumped through the pulmonary valve and artery into the lung for 

oxygenation (NCBI). The heart maintains blood pressure and controls the rhythm and the 

heart rate during blood flow to the rest of the body. 

 

1.1.2 Heart diseases – Heart failure and its consequences 

 

Cardiovascular diseases, including hypertension, coronary heart disease, stroke and 

congestive heart failure are found to be the leading cause of death globally and the figures 

are continuously rising, owing to an increase and spread of risk factors. As of 2022, 

cardiovascular diseases take the lives of 17.9 million people every year, accounting for 32% 

of worldwide death, of these deaths 85% are due to heart attack and stroke (The Top 10 

Causes of Death). Triggering these diseases are risk factors that can be improved like smoking, 

harmful use of alcohol, physical inactivity, diabetes, obesity and high cholesterol whereas 

factors that cannot be resolved like age, gender, genetic factors, race and ethnicity. During 

heart failure, the heart doesn’tيpumpيas well as it should and gets deprived of oxygen resulting 
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in the partial loss of cardiomyocytes and an upregulation of skeletal muscle genes, Six1. This 

initiates a sequence of unfavorable events, including formation of scar tissue, increase the 

blood flow and pressure, reducing cardiac output, heart failure and eventually leading to 

death (Oh et al., 2019; Poole et al., 2012, Delgado-Olguín et al., 2012).  

 

1.1.3 Current Treatment and its complications 

 

Conventional pharmacological therapies for heart failure that deal with symptoms aim to 

attenuate the pathological remodeling and to reduce the risk factors for cardiovascular 

disease thus only delaying the progression of the disease. Intervention procedures like heart 

transplantationيcanي‘cure’يend-stage cardiac failure but it can be limited due to the restricted 

availability of donated organs, hospitalization costs and relies on the availability of a suitable 

donor. Xenotransplantation has recently been proposed to treat cardiac disease but it still 

remains a failure due to the difficulty in overcoming the immunological barriers that stems 

from such procedures (Cascalho & Platt, 2008). Therefore, regenerative medicine aims to 

develop cells that can replace the lost cardiomyocytes and will integrate well into the 

framework of the existing heart, thereby restoring the correct, organized contractions of the 

heart chambers. 

 

1.1.4 Challenges for regenerative medicine and introducing IPSCs 

 

In order to replace the lost cardiomyocytes, cells with cardiac competence, ideally progenitor 

cells that (i) can proliferate in situ, then (ii) differentiate correctly (i.e. reach the state of adult 

cardiomyocytes) and (iii) align and electrically couple with the existing cardiomyocytes are 

needed. To achieve this the scar tissue will have to be remodeled, and an environment 

supporting correct replacement cell behavior needs to be generated, too. All these problems 

are yet to be resolved by current research. 

Inroads have been made in particular in generating cells that can differentiate into 

cardiomyocytes, e.g. from induced pluripotent stem cells, iPSCs. However, these cells have to 

be expanded in vitro and grafted back in large numbers. They struggle to align and integrate 

into the existing heart; correct coupling with pre-existing cardiomyocytes cannot be achieved. 
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On recruiting into the adult heart, their autonomous beating may cause potentially fatal 

arrhythmias (M. Cui et al., 2018; Später et al., 2014). 

While iPSCs has advantages in approaching cardiac therapy because of the diminished need 

of immunosuppressants, there still lies complications related to the potential of these cells 

(He, Shen, et al., 2012; Youssef et al., 2016). Owing to the typical problems associated with 

iPSCs, i.e. the significant contribution to the carcinogenic potential of these cells, direct trans-

differentiation and de differentiation on re-entry into the cell cycle, keeping cells on a 

cardiomyocyte track and forcing them to divide into new cardiomyocytes (M. Cui et al., 2018) 

and to choose to commit to a cardiac fate is a key objective in cardiac regenerative research. 

Animal models play a crucial role in Developmental Biology. Vertebrates like zebrafish is 

known for its profound ability for cardiac regeneration. This occurs via proliferation of 

cardiomyocytes by forming a new ventricular wall of compact myocardium led by the 

epicardial edge in the injured heart (Poss et al., 2002). Furthermore, zebrafish has been widely 

used for genetically dissecting the molecular mechanisms of cardiac regeneration; however, 

the zebrafish does not have a four-chambered heart. 

 

1.1.5 Biomedical question 

 

Limitations in biomedical research are related to finding the best practice to irreversibly treat 

cardiovascular diseases. This indicates a need to understand the various perspectives that 

exist in favour of preventing heart failure. Given the strong impact of skeletal muscle genes 

on heart failure i.e. an antagonistic effect, it is essential to understand the molecular basis of 

the role it plays on cardiac cells. Cells at an early stage fail to commit to being cardiac cells; 

instead they choose to form skeletal muscle cells. How/why do they do it? During early 

embryogenesis and the formation of the primitive heart, cells are thought to assemble quickly 

and then the mature heart is formed by the recruitment of another population of cells to 

deliver the mature in and outflow tract. How does the embryo do it? What keeps the cells on 

track? All these unresolved questions regarding the cell fate/commitment issues are 

important to address and resolve in order to render a permanent fix in the cardiovascular 

research field. 
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1.2 Embryonic heart development 

1.2.1 Developmental anatomy of the embryo 

 

The heart is the first functioning organ to form during embryogenesis. Cardiogenesis; the 

development of the heart in an embryo is an extensive process. The primary germ layers 

generated during embryogenesis are ectoderm, mesoderm, and endoderm. Ectoderm is the 

outermost layer of gastrula, which differentiates into the skin, brain. Mesoderm is the layer 

located between the ectodermal and endodermal layers. Endoderm is the innermost layer of 

the embryo an differentiates into the primitive gut. During early embryogenesis, heart and 

skeletal muscle progenitor cells are thought to derive from distinct regions of the mesoderm 

(i.e. the lateral plate mesoderm and paraxial mesoderm, respectively) (Tirosh-Finkel et al., 

2006). Cardiac progenitor cells are derived from the lateral plate mesoderm. The lateral plate 

mesoderm splits horizontally into two layers; the dorsal layer is the somatic mesoderm and 

the ventral layer is the splanchnic mesoderm (Chapman et al., 2007) (Figure 1.1).  

 

1.2.2 The heart is a head mesoderm derivative 

 

The head and the cardiac mesoderm generate from cells migrating from the primitive streak 

early during gastrulation. The vertebrate head mesoderm provides the heart, the great 

vessels, smooth and most head skeletal muscle, and parts of the skull base. The ability to 

generate cardiac and smooth muscle is thought to be the evolutionary ground-state of the 

tissue (Schubert et al., 2018). In the chicken, the cardiac mesoderm is located laterally to the 

head mesoderm.  and initially the head mesoderm has cardiac competence throughout, even 

in the paraxial region that normally does not engage in cardiogenesis. How long this 

competence lasts, and what happens as cardiac competence fades, is not clear. 
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Figure 1.1 Schematic view of the fate of the head mesoderm at HH6 (24 hours) chick embryo (A) shows a schematic diagram of whole mount labelling the anterior head reqion and the posterior 

trunk region of the embryo hn: hensen’s node, ps: primitive streak and np: neural plate, not: notochord (B) is a head cross section of a chick embryo HH6 anteriorly labelling the ect: ectoderm, 

nf: neural fold, end: endoderm, np: neural plate, not: notochord, phm: paraxial head mesoderm, lhm: lateral head mesoderm. The area overlapping between the phm and lhm labelled by a 

question mark is the intermediate head mesoderm. 
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1.2.3 Paraxial and lateral regions cardiogenic cells - SHF cells and their significance 

 

The heart field is divided into two regions, the first and the second heart fields. The primary 

heart field (PHF) generates the early, tubular heart. In vertebrates with a two-chambered 

heart, PHF derived cells will end up in the ventricle. The lateral plate mesoderm deriving heart 

cells comprising of splanchnic mesoderm forms the cardiac crescent (also referred to as the 

PHF) that later forms the myocardium and the endocardium of the developing heart (Tirosh-

Finkel et al., 2006). The mature in and outflow tract is derived from the second heart field 

cells (SHF) with a contribution of cardiac neural crest cells to the aortic and pulmonary trunk.  

Studies in zebrafish embryos have shown that cardiac neural crest cells contribute to the 

developing myocardium (Y. X. Li et al., 2003).Cells in the head emerging from different regions 

of the mesoderm have been demonstrated in both chick (Waldo et al., 2005) and mouse 

embryos to contribute to the formation of the anterior pole of the heart after forming the 

linear heart tube (Buckingham et al., 2005). SHF cells includes the Previously, it was 

considered that all cardiomyocytes developed from the primary heart field; however, new 

findings indicate that the arterial pole of the heart develops through the addition of cells 

produced from mesoderm progenitors, now  referred to as the second heart field [(Abu-Issa 

& Kirby, 2007) Fiqure 1.2].   

In an embryo, a cell population exists that fulfils the requirements for therapeutic cells, i.e. 

The second heart field cells (SHF) that are being added on to the primitive beating heart to 

generate all chambers and all cell types of the mature heart. The head mesoderm has received 

quite some attention since in a subpopulation of cardiogenic cells, the SHF cells, 

differentiation is delayed. In the mouse, the anterior heart field is a subset of the second heart 

field, which contributes to the outflow tract and right ventricle, and will also contribute a 

majority of cells to the atria and the mesodermal core of the pharyngeal arches (Kelly et al., 

2014). Thus, a subset of pharyngeal mesoderm cells constitutes the second heart field, in 

contrast to the more lateral splanchnic mesoderm, known as the first heart field (Figure 1.2A 

and D, pink colour), which is contiguous with the pharyngeal mesoderm, differentiates earlier, 

and eventually populates the left ventricle (Dyer & Kirby, 2009). 

The progenitor cells of the first heart field are used-up quickly and fuse at the midline forming 

the primitive heart. Lineage tracing suggest that the SHF receives a contribution from both 

the head paraxial and lateral mesoderm (Camp et al., 2012). It has been established that the 



27 | P a g e  
 

entire head mesoderm including the paraxial head mesoderm; that normally does not take 

part in cardiogenesis, has cardiac competence. 

 

Importantly, SHF cells must have long-lasting cardiac competence as they are being recruited 

onto the heart to deliver the mature in-and-outflow tract; over a prolonged period. 

Unfortunately, these cells only exist in the early embryo and are not available for a patient. 

However, understanding the properties of these cells will enable us to modify and improve 

the cells that are available for therapy. In both Xenopus and chick embryos, bone 

morphogenetic protein (BMP) and fibroblast growth factor (Fgf) act as potent inducers of 

cardiac differentiation during early stages of heart formation (Lough & Sugi, 2000).  Whereas, 

canonical wnt signaling pathways inhibit terminal differentiation during cardiogenesis 

(Gessert & Kühl, 2010). 

 

Figure 1.2 Pharyngeal mesoderm cells give rise to parts of the heart and the pharyngeal muscles. (A–D) Schematic illustration 
of the anatomy of the pharyngeal mesoderm in sections of a 1.5–3-day-old chick embryo. Pharyngeal mesoderm cells (green) 
in the anterior part of the embryo surround the pharynx. Later, these cells fill the mesoderm core of the pharyngeal arches, 
and are incorporated into the arterial pole of the heart (e.g. outflow tract). The first heart field (pink) is restricted to the lateral 
splanchnic mesoderm that later contributes to the linear heart tube. Second heart field cells (green) are PM cells that 
contribute to the arterial pole of the heart. PM cells interact and migrate together with cranial neural crest cells. Cardiac 
neural crest cells are part of the cranial neural crest population, migrating into the outflow tract via the posterior arches 
(arches 3–6). (Eldad Tzahor & Evans, 2011) 
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1.3 Key regulators in heart development 

1.3.1 BMP is a known cardiac inducer 

 

Bone morphogenetic protein (BMP) belongsي toي theي transformingي growthي factorي βي (tgfβ)ي

superfamily and consists of around 20 members in the subfamily  The first BMPs were 

originally identified by their ability to induce ectopic bone formation (R. N. Wang et al., 2014). 

They were later known to play a major role in the specification of cell lineages during 

development (Carreira et al., 2014). Classically portrayed as a hand, each chain consists of 

two sets of anti-parallelيβ-strands forming finger-like extensions that protrude from a central 

stabilizingي“wrist”يα-helix. All members of the tgfβ superfamily bind to the type 1 receptors 

(BMPR1A) but BMPs are distinct from other tgfβ proteins in that they have a higher affinity 

for the type I receptors than the type II receptors (BMPR-2 ) (Yadin et al., 2016). Knockout of 

BMPR1A and BMPR-2 results in defects in mesoderm formation and gastrulation leading to 

embryonic lethality (Beppu et al., 2000; Mishina et al., 1995). During the canonical signaling 

cascade and through the affinity of BMP to type 1 receptor, a heteromeric complex between 

BMP and the receptors is formed; type II receptor phosphorylates receptor type 1. This in turn 

phosphorylates a smad1/5/8 domain conveying the signal intracellularly (Bessa et al., 2008). 

The activated smad binds to smad4 upon which then the complex enters the nucleus and 

directly or indirectly affects expression of genes [(Euler-Taimor & Heger, 2006) (Figure 1.3)]. 

Figure 1.3 The BMP signaling pathways 1) The BMP Smad-dependent 
(canonical) pathway: BMPs bind type II receptor and constitutively 
active type I receptor, which trans-phosphorylate and activate 
Smad1/5/8 (R-Smads). Phosphorylated Smad1/5/8 binds with Smad4, 
which translocate to the nucleus and regulate BMP downstream 
target genes. 2) The BMP Smad-independent (non-canonical) 
pathway: BMPs ligands activate the non-canonical pathway through 
TAK1, MKK3, and p38 mitogen activated protein kinase (MAPK). 
3)BMP antagonists (Noggin) bind to BMPs ligands and prevent BMPs 
from binding to their receptors. (Manzari-Tavakoli et al., 2022) 
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BMPs are expressed in the lateral anterior regions (Fig1.2). Among the family of BMP, BMP 4 

and 7 are expressed in the ectoderm and BMP 2 and 5 and expressed in the endoderm (Somi 

et al., 2004) (Figure 1.2). Moreover, in mouse, all four members of BMP are expressed in the 

anterior mesoderm including the heart forming regions (Zhao, 2003).  

BMP is a crucial regulator of cardiac development (Schultheiss et al., 1997) and it has been 

suggested to recruit head mesodermal cells into the cardiac lineage (Tirosh-Finkel et al., 

2006). As the cells migrate from the primitive streak to their target area lateral to the 

developing neural plate, it has been indicated that this area is controlled by BMP. Exposure 

to the cardiac inducer BMP suggests that initially, the entire head mesoderm is cardiac 

competent. Moreover, as the ability to generate skeletal muscle and cartilage arose late in 

the chordate lineage leading to vertebrates, the ability to make smooth and cardiac muscle 

may be the default programme of this tissue (Schubert et al., 2018). 

The effect of BMP as a signaling pathway controls the recruitment of cells into cardiogenesis. 

During normal cardiogenesis, a negative feedback loop ensures that after recruitment, 

sensitivity to BMP is switched off. It has become evident that the simple presence of a BMP 

is not sufficient to regulate a developmental process, but timing, duration, and local 

concentration are of importance, as well (Bothe et al., 2011, Tirosh-Finkel et al., 2006). 

During the process of embryogenesis, wnt signaling inhibitors set up the head mesoderm as 

heart- competent tissue. BMP signals from the lateral endoderm specify the lateral head 

mesoderm, of which the ventral portion (splanchnic mesoderm) follows the endoderm 

forming the gut canal to a ventral position. Here, the lateral mesoderm hollows out and the 

bilateral portions fuse to generate a single, linear heart tube. The cardiomyocytes at the 

caudal (venous) pole spontaneously begin to beat and through excitation-contraction 

coupling, a regular heartbeat is established. The primitive heart is unable to support the adult 

body, and, animals with 4-chambered hearts (mammals and birds) will only contribute to the 

atria and left ventricle. The published data on the ability of BMP to transform the cranial 

paraxial mesoderm into cardiac tissue cues for a detailed analysis of the effect on ectopic BMP 

signaling on the head mesoderm. 
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Figure 1.4 Model of heart and blood inducing signals in early chick mesoderm at HH5 (23 hours). (A) Anatomical schematic 
representation of a stage 5 chicken embryo viewed from the amniotic cavity. (B) Patterns of expression of genes involved in 
the differentiation of mesodermal cells into the cardiac lineage. BMP is expressed in the anterior lateral head mesoderm heart 
forming regions. BMP-2 and BMP-4 are expressed in the posterior primitive streak and in the lateral (future ventral regions 
of the embryo).BMP-7 is also expressed in the posterior primitive streak and posterior lateral mesoderm. Nkx-2.5 expression 
appears at stage 5–6 in the region of the embryo where wnt signals are blocked by crescent (and presumably other wnt 
antagonists like FRKB2 and DKK1) and where BMP-2/BMP-4 are expressed. Wnt inhibitors such as crescent are expressed in 
the anterior of the embryo, whereas wnt-3a and wnt-8c are expressed in the posterior primitive streak and posterior lateral 
mesoderm. (van Wijk et al., 2007) 

 

1.3.2 Role of wnt signaling during cardiogenesis 

 

During early gastrulation, wingless-typeيfamilyيwnt/β-catenin signalling pathway is known for 

its role in the initial specification of cardiac cells and ingression of mesodermal cells through 

the primitive streak but subsequently inhibits cardiac differentiation (Marvin, Di Rocco, et al., 

2001). Wnt signalling aids the repulsion of cardiac progenitors from the early primitive streak 

and later from lateral positions, such that the cells are deflected towards the ventral midline 

(J. Song et al., 2014). However, once the mesoderm is formed wnt suppresses cardiogenesis. 

This may be due to its caudalising role at this stage with wnt3/8 expressed in the posteriorly 

and wnt inhibitors like crescent, DKK and frizzled expressed interiorly overlapping with BMP 
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laterally (Gessert & Kühl, 2010). The suppression of cardiogenesis by wnt maybe a result of 

the mediolateral patterning of the HM with wnt signals (E. Tzahor & Lassar, 2001).  

Hence, wnt signalling has been proven to play distinct, rather opposing roles during cardiac 

development in various models like zebrafish, mouse and in embryonic stem cells. The 

biphasic nature was shown to be dependent on the timing and the response by which the 

pathway can influence normal cardiogenesis (Eldad Tzahor, 2007). 

In embryonic stem cells, Wnt/β-catenin signals secreted from cardiac mesenchymal cells act 

in an orderly fashion. The signaling cascade initially promotes mesoderm formation during 

gastrulation and then by blocking the pre- specification of the FHF by expressing wnt 

inhibitors sfrp2/5. Wnt/β-catenin then acts by promoting precursor cell proliferation and 

eventually by blocking terminal differentiation into cardiomyocytes (Qyang et al., 2007). In 

addition, wnt3a was shown to induce a negative feedback loop,  that suppressed the signaling 

pathway and increases cardiac differentiation which could in turn enhance cardiac cell fate 

(Ueno et al., 2007).  

 

Figure 1.5 The 4 main phases in early cardiac development and the role of Wnt/ β-catenin. Top red arrow implies 
presence of canonical wnt signalling, inverted T-shaped implies inhibiton of wnt, bottom blue arrows implies 
presence of non-canonical wnt signalling. (Gessert & Kühl, 2010). 

1.3.3 Noggin regulates mammalian cardiac morphogenesis 

 

BMPيinhibitor,يNogginيisيexpressedيinيtheيhensen’sيnodeيandيinيtheيnotochordيinيtheيmidlineي

of the embryo and in the medial paraxial mesodermal region. Noggin is activated in response 

to exogenously applied BMP (Figure 1.3) (Bothe et al., 2011; Sela-Donenfeld & Kalcheim, 

2002). Upon inhibition of BMP for a short interval through Noggin, in mouse embryonic stem 

cells, it has been shown that this induces cardiomyocyte differentiation (Yuasa et al., 2005). 

Moreover, when Noggin is knocked out, BMP signaling cascade is elevated in the myocardium 

and endocardium and the expansion of the cardiac cushion is observed. The thickness of the 

cardiac cushion is due to the migration of neural crest cells (Choi et al., 2007). This 
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demonstrates that the antagonistic effect of BMP on Noggin plays a vital role in appropriate 

level of cell proliferation of the myocardium during mammalian cardiac development. 

 

1.3.4 Epigenetic regulation by the skeletal muscle programme 

 

Epigenetic activation of the skeletal muscle programme is a key regulator of target genes. This 

activation is caused by the knockout of Ezh1 and Ezh2, the enzymatic subunits of polycomb 

repressive complex-2 (Batool et al., 2019). The epigenetic regulation aids in understanding 

the nature of the developing cardiomyocytes, where the programme of skeletal myogenesis 

is repressed. Research has shown that in a failing heart, cells partially lose their cardiomyocyte 

identity and falsely express skeletal muscle genes (Oh et al., 2019). The underlying theory by 

which Ezh1 enhances heart regeneration is unknown; however, it is implied to be H3K27me3 

independent and may include cardiac-muscle gene activation (M. Cui et al., 2018). Research 

indicates that the removal of an actively suppressing HKMT protein complex containing Ezh2 

and the subsequent engagement of positive transcriptional regulators characterize activation 

of muscle gene expression (Delgado-Olguín et al., 2012). Targeting the function of Ezh2 could 

be a potential therapeutic approach for cardiovascular diseases. 

  

Figure 1.6 Schematic diagram showing three core components of polycomb repressive complex-2 (PRC2) and 
suppression of gene transcription via methylating H3K27. Besides Ezh2, PRC2 consists of additional two core 
components: embryonic ectoderm development (EED), and suppressor of zeste 12 (SUZ12) 
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1.4 Aim of this study 

 

The limited understanding of the basic principles, pathways and transcription factor networks 

that contribute to vertebrate heart development and cardiomyocyte cell differentiation 

restricts all current strategies for cardiac regeneration. Bone morphogenetic proteins – BMPs, 

are essential for cardiogenic cells to realize their potential and differentiate and is known for 

its profound ability to induce cardiogenesis. 

This research assesses the significance of the head mesoderm aiming to understand cell fate 

choices and studies how the developmental competences of the head mesoderm are 

regulated, with the focus on cardiac competence. Using BMP as an approach could help 

during a systematic analysis in determining the duration in which the head mesoderm is in 

fact cardiac competent and what happens as this cell population loses it cardiac potential.  

In order to understand the cardiac cell choices in development, we need to systematically 

investigate the cardiac ability of the avian head mesoderm before we could exploit the 

properties of these cells. This could be accomplished by (i) defining the time in which the 

entire head mesoderm has cardiac competence, and (ii) extracting the tissue from this 

competence window and characterise how this lasting cardiac competence is achieved. 

Additionally, the behavior of cells in a natural cardiogenic vs. non-cardiogenic environment is 

also addressed in this thesis and how artificial is the ectopic expression of BMP on the 

respective environment. 
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Chapter 2. Materials and Methods 

2.1 General stock solutions 

 

Unless otherwise stated, solutions used in RNAse sensitive protocols were treated with 0.05 

% (v/v) DEPC and autoclaved. Water double distilled/deionised (ddH2O) in a water purification 

unit was sterilised by subsequent autoclaving. All the other stock solutions were sterilised by 

autoclaving. 

2.1.1 In situ Hybridisation (ISH) and Immunohistochemistry (IHC) stock solutions 

 

10 % BBR - Boehringer 's blocking reagent (Roche) dissolved in MAB by autoclaving and stored 

in 10 ml aliquots at -20 °C. 

Bleaching solution - 5 % Formamide (Sigma) 0.5 × SSC pH 4.5 10 % H2O2 (Sigma) 

Detergent mix - 1 % lgepal (Sigma), 1 % SDS, 0.5 % Sodium Deoxycholate (Sigma), 50 mM 

Tris-HCl pH 8.2, 1 mM EDTA and 150 mM NaCI (Fisher Scientific) in DEPC-ddH2O 

Glycerol - Glycerol (Fisher Scientific) diluted in DEPC-PBS to 20 %, 50 % and 80 % 

Goat Serum - Goat serum (Sigma), heat inactivated at 56 °C for 30 min and stored in aliquots 

of 10 ml at -20 °C 

Hybridisation mix - 50 % Formamide (Sigma), 5 x SSC pH 4.5, 2 % SOS, 2 % BBR, 250 µg/ml 

tRNA (Roche), 100 µg/ml heparin (Sigma) in DEPC-ddH2O 

MAB pH 7.5 - 100 mM Maleic acid (Sigma), 150 mM NaCI in ddH2O, ddH2O treated and 

autoclaved 

MABT - MAB with 0.1 % Tween-20 (Sigma) 

NTMT with azide - 100 mM NaCI, 100 mM Tris-HCI pH 9.5, 50 mM MgCl2, 1% Tween-20, 2mM   

Levamisole, 0.02 % Sodium azide (Sigma) in ddH2O 

NBT - Stock 100 mg/ml in demethylformamide (Boehringer) 

BCIP - Stock 50 mg/ml in demethylformamide (Boehringer) 

PBT - PBS with 0.1 % Tween-20 

1 x PBS - Phosphate buffered saline tablets (Sigma) dissolved in ddH2O according   to 

manufacturer’s instructions, DEPC treated and autoclaved 

4 % (w/v) PFA - Paraformaldehyde (Sigma) dissolved in PBS with stirring and, heating at       60 

°C. 10 ml aliquots were stored at -20 °C 
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20 % SDS - Sodium dodecyl sulphate (Sigma) dissolved in DEPC-ddH2O 

20 x SSC pH 4.5 - 3 M NaCI, 0.3 M sodium citrate (Sigma) dissolved in DEPC-ddH2O p              H adjusted 

to 4.5 with 1 M citric acid 

Solution X - 50 % Formamide, 2 x SSC pH 4.5 and 1 % SDS in ddH2O 

Tris-HCI pH7.5, 8.2, 9.5 -  Trizma base (Sigma) dissolved in DEPC-ddH2O, pH adjusted with 

concentrated hydrochloric acid (HCI) 

Triton X-100 - 4- (1,1,3,3-Tetramethylbutyl) phenyl-PEG (Sigma) 

Tween-20 - Polyoxyethilene sorbitan monolaurate (Sigma) 

 

2.1.2 Molecular Biology solutions 

 

1.5 % LB Agar - Agar (Sigma) mixed in LB medium 

LB medium - 1 litre Luria-Bertani medium: 10 g tryptone (Sigma), 5 g yeast extract, 10 g NaCI 

in ddH2O. pH adjusted to 7.5 with sodium hydroxide and autoclaved 

50 x TAE - 242 g Tris base (Sigma), 57.1 ml glacial acetic acid, 100 ml 0.5 M EDTA (pH 8), in 

ddH2O to 500 ml 

 

2.1.3 Albumin Petri dishes culture solutions 

 

35 mm Petri dishes (Fisher Scientific), 50 ml Falcon tubes (Fisher Scientific), 10 ml pipettes, 

120 ml of thin albumin, collected from 2 dozen incubated eggs, 120 ml of simple saline, 

autoclaved (7.19 g, NaCl/ 1L distilled water), 0.72 g Bacto-Agar (Sigma) and 

Penicillin/Streptomycin (Sigma). 

 

2.1.4 Protein stock solutions and dilutions 

 

Proteins were re-suspendedيin4يmMيHClي%1ي+يBSAيas1يmg/mlيor500يμg/mlيstocks,يaliquotedي

atي1يorي2يμl,يandيfrozenيat -20°. Working solutions for Bmp7, Bmp10 and Tgfb3 were adjusted 

to6.4يμMيtoيmatchيtheيpredictedيmolarityيofيBmp2يandيBmp4يat166يμg/ml. 
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2.2 Embryology 

2.2.1 Chicken embryo preparation and staging 

 

Fertilised chicken eggs (Gallus gallus) were obtained from Henry Stewart and Co, 

(Lincolnshire, UK) and GFP expressing embryos (from NARF, Roslin Institute, Edinburgh). They 

were incubated at 38 °C in a humidified incubator (LMS) for the required stage of 

development. Embryos were staged according to the morphological features described by 

Hamburger and Hamilton (Hamburger & Hamilton, 1951) shown in figure 2.1. 

 

Figure 2.1 A series of normal stages of development of the chick embryo as described by Hamburger and Hamilton, 1951.  

2.2.2 Embryo culture and harvesting 

 

Embryos were harvested by cracking the egg open into a glass dish. Embryos were then 

removed from the yolk by cutting into the yolk sac and transferring the embryo on filter rings 

into PBS using a spatula to wash off the remaining yolk. For bead implantation experiments 

at HH5-10, embryos were cultured on filter rings as described by Chapman and Bothe (Bothe 

et al., 2011; Chapman et al., 2001). Experiments at HH13/14 were performed in ovo. For 

embryos HH9 to around HH14, the embryos were staged by counting somites. However not 

all somites are the same within a given HH embryo, since the earlier formed anterior somites 
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are developmentally more mature than later formed posterior somites. Thus, the 

developmental age or flank/trunk somites was determinate according to (Christ & Ordahl, 

1995). The vitelline membrane was removed and for embryos HH14 onwards the amnion was 

removed and the brain vesicles were open to avoid the trapping of reagents in later 

procedures. 

2.2.3 Embryo fixation 

 

Embryos were put into a fixative solution of 4 % PFA/PBS and were left overnight for 20 hours 

and then stored long term in PBS. Embryos were stored at 4 °C. 

2.2.4 Bead implantation 

 

Beads were grafted into the paraxial head mesoderm (PHM) of embryos at stages HH5/6, 

HH7/8, HH9/10, HH13/14, and trunk using flame-sharpened tungsten needles (Bothe et al., 

2011; von Scheven et al., 2006). The embryos were incubated for 6 hours, during which time 

they may progress to the next stage of development. HH5/6 and HH13/14 embryos were also 

incubated overnight for 18 hours to allow for the response of indirect targets further 

downstream in regulatory cascades. All embryos were harvested in 4% PFA. 

2.2.5 Recombinant proteins and bead preparation 

 

Recombinant Bmp proteins from R&D Systems/Biotechne (Bmp2: 355-BM-10, Bmp4: 314-BP-

10, Bmp7: 354-BP-10, Bmp10: 2926-BP-025) were reconstituted in 4mM HCl, supplemented 

with 0.1% bovine serum albumin, at a concentration of 1mg/ml, and then diluted in sterile 

waterي toي obtainي ي0.19 μM,ي ي1.28 μM,ي ي6.41 μMي orي ي19.23 μMي (Bone Morphogenetic Proteins 

(BMPs): R&D Systems). Biorad Affi-Gel Blue Gel are crosslinked agarose bead with covalently 

attached Cibacron Blue F3GA dye. Sigma H5263 Heparin-acrylic beads are crosslinked with 

0.5-1.5 mg per mL (activity approx. 170 USP units per mg) heparin from Porcine intestinal 

mucosa. Affi-Gel blue agarose beads (BioRad) and heparin-coated acrylic beads (Sigma) were 

soaked in these solutions together for an hour, then washed in saline before grafting. Control 

beads were soaked in 0.1% BSA in saline. 
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2.2.6 GFP tissue grafting 

 

GFP expressing embryos of the Roslin Green line used from NARF, Roslin Institute, Edinburgh) 

driving the expression of GFP through the CMV enhancer/chicken beta-actin promoter). The 

Donor tissue was surgically manipulated to excise out the cell population desired and grafted 

into the host of a normal embryo (Mcgrew et al., 2008). Grafts were separated from 

surrounding endoderm and ectoderm using dispase. Where this was not possible, a record of 

the adhering tissues was kept. Embryos were then re-incubated overnight (for approximately 

20 hours) and harvested in 4% PFA as with normal embryos. 

 

Figure 2.2 Tissue grafts from GFP expressing embryos. Green outline represents the area from which the graft 
was excised from GFP expressing embryos and implanted into hosts of a normal embryo at different stages. 

 

2.3 Molecular Biology 

Unless otherwise stated, a benchtop centrifuge (Heraeus instruments PICO 21) at 13000 rpm 

 (17900 g) was used for all centrifugation steps. 

2.3.1 Bacterial strain and plasmid preparation 

 

All bacterial strains, derived from Escherichia coli (E. coli), and pBluescript vector used in this 

study were from Stratagene Cloning Systems or Novagen.  The general cloning vector was 

pCAB-GFP conferring ampicillin resistance. This was used for cloning all the genes used in 
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chicken models. The vector is 5770 bp and it has a cytomegalovirus (CMV) enhancer and 

chicken beta actin promoter. The pBluescript vector is a 2958 bp general cloning vector 

conferring ampicillin resistance. The T3 and T7 RNA polymerase promoters flank the two ends 

of the multiple cloning site. This was used for cloning all the genes used in chicken models. 

2.3.2 Templates and probes generation for in situ hybridization 

 

Probes for in situ hybridisation and wildtype gene expression patterns are summarised in the 

appendices. Templates for probe synthesis were generated using restriction endonucleases 

or by PCR with plasmid-based primers; antisense probes were made using the appropriate 

T3/T7/sp6 RNA polymerases and the DIG labelling mix (Roche/Sigma). 

 

2.3.3 Bacterial transformation of competent cells 

 

Frozen 10 µI aliquots of competentي α-cells were thawed on ice, mixed in a 1.5 ml micro-

centrifuge tube with 0.5 µg of plasmid DNA, and kept on ice for 5 minutes. The DNA was 

forced into the cells by heat shocking the bacteria at 42 °C for 45 seconds, then placed on ice 

for a further 2 minutes. Following this, 900 µl of pre-warmed SOC (stratagene) medium was 

added to the tube. The cells were then plated onto pre-warmed LB agar plates containing 100 

µg/ml ampicillin to select for transformed cells. The plates were incubated overnight for 20 

hours at 37 °C. 

2.3.4 Restriction analysis 

 

Plasmid DNA was digested using restriction enzymes and buffers provided by New England 

Biolabs (NEB), Promega or Roche. A typical reaction mixture consisted of up to 2µg of plasmid 

DNA, 1 µI of the appropriate restriction enzyme (final activity, 0.2-0.5 units/µI), 1 µl of the 

corresponding buffer supplied by the same manufacturer and if recommended 1 µl of BSA, 

and sterile ddH2O added to a total volume of 10 µl. The digest was incubated for 30 minutes 

– 2 hours at 37 °C. Specific DNA fragments and linearized plasmid DNA were purified using 

the Machenery-Nagel (NucleoSpin Gel and PCR Clean-up) gel extraction kit. The DNA was first 

separated on an agarose gel using electrophoresis. The fragment was excised under UV 
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illumination and weighed. Three volumes of Buffer NTI were added to 1 volume of gel 

(assuming that 10 µl-100 mg) and the gel was melted at 50 °C for 10 minutes. One gel volume 

of isopropanol was added to the sample, mixed, then applied to a spin column and 

centrifuged tor 1 minute. Buffer NT3 containing ethanol was used to wash the bound DNA in 

the column by centrifugation. The column was then transferred to a fresh 1.5 ml 

microcentrifuge tube and the DNA was eluted with 50 µl of ddH2O, again by centrifugation. 

2.3.5 Ligation 

 

All ligation reactions were carried out using a Rapid DNA Ligation Kit (Roche) according to 

manufacturer instructions. Briefly, the DNA was resolved in 1 X Ligation buffer to a final 

volume of 10µL; the standard ration of vector and insert DNA was 1:3. 10 µL of T4 ligase buffer 

was added, followed by 1 µL of T4 ligase and the reaction was incubated for 5 to 25 minutes 

at RT. The reaction mixture was then either directly used for transformation or stored at -20 

°C. 

2.3.6 Screening for transformants (colony) and PCR 

 

Successfully ligated transformants were screened by PCR with the following conditions: 95 °C 

tor 1 minute, then denatured, annealed and extended at (95 °C tor 15 seconds, 65 °C tor 15 

seconds, 72 °C tor 2 minutes) for 5 cycles; (95 °C tor 15 seconds, 50 °C tor 15 seconds, 72 °C 

tor 2 minutes) for 25 cycles, and then at 72 °C for 6 minutes. Individual colonies from the 

original LB plate with transformants were dipped into a free grid cell on a replica LB plate and 

then dipped into the corresponding PCR tube/well. The replica plate was incubated at 37 °C 

overnight for 20 hours. The transformants containing the insert of interest was cultured in LB 

medium overnight for 20 hours for mini- preparation, and confirmed by restriction enzyme 

digest and DNA sequencing service provided by Source Biosciences, Cambridge, UK. 

2.3.7 Agarose gel electrophoresis 

 

DNA and RNA were routinely analysed by gel electrophoresis with 1 % (w/v) agarose gels in 1 

× TAE buffer. Typically, 1 g of agarose (Sigma) was dissolved in 100 ml TAE buffer by heating 

in a microwave. The molten gel was cooled and ethidium bromide (Sigma) was added to a 
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final concentration of 0.5 µg/ml before pouring. The gel was run at 70 V/10cm in an 

electrophoresis tank (Bio-Rad) using TAE as the running buffer. DNA was visualised under 

ultraviolet illumination. A 10 kb or a 1000 bp DNA ladder (Promega) was run alongside the 

samples as a marker to determine the size of the DNA fragments. 

2.3.8 NanoDrop 

 

All nucleic acids produced for the experiments were analysed at the NanoDrop 2000c (UV-Vis 

spectrophotometer) to verify the absorbance and the initial analysis for the purity. 

2.4 Whole mount in situ hybridisation 

In situ hybridisation followed the procedure described in (Bothe et al., 2011). Embryos were 

permeabilised first in methanol, then with a detergent mix (15 minutes), re-fixed and 

equilibrated in pre-hybridisation mix for 1 hour. Hybridisation was performed overnight for 

20 hours at 70 °C; probes were detected using the alkaline phosphatase-coupled anti-DIG 

antibody (1:2000, Roche/Sigma) and NBT/BCIP (Roche/Sigma). After staining, embryos were 

fixed in 4% PFA and stored in 80% glycerol. Probes for in situ hybridisation and wildtype gene 

expression patterns are summarised in the appendices. 

 

2.4.1 Embryo preparation 

 

Chicken embryos fixed in 4 % PFA/PBS, HH13/14 were prepared by cutting between the 

telencephalic vesicles and opening the hindbrain roof. The embryos were dehydrated then 

stored in methanol at -20 °C for 24 hours. This allows the membranes to become permeable 

and enhance staining. 

2.4.2 Embryo hybridization 

 

Embryos were placed into individual wells in a 24-well dish, rehydrated and bleached with 6% 

H2O2/MeOH, followed by two 5-minute PBT washes to remove any remaining methanol. The 

embryos were washed in detergent mix for 10 minutes followed by PBT washes. The 

detergent mix washes were different between the stages. The embryos were then put into 4 
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% PFA/PBT for 20 minutes and then washed 3 times for 5 mins in PBT. The pre-hybridisation 

mix was pre-warmed to 65 °C and pre-incubated with the embryos for 1 hour. The 

hybridisation mix, which contains 5 µl of probe per 1 ml pre-hybridisation mix was added to 

the embryos and incubated overnight for 20 hours at 65 °C. 

2.4.3 Probe detection using alkaline phosphatase (AP) – conjugated antibodies 

 

Solution X was pre-warmed to 65 °C and used to wash the embryos four times for 30 minutes 

each, removing the hybridisation mix and any unbound probe. MABT was then used to 

remove the Solution X with two 30-minute washes at room temperature. MABT/2 % BBR/20 

% serum bleaching solution was added to the embryos for 1 hour. AP-conjugated anti-

digoxigenin antibody (1:2000, Roche) was added to the MABT/2 % BBR/20 % serum solution 

and incubated with the embryos overnight for 20 hours at 4 °C. The antibody was then washed 

off with seven 1-hour MABT washes and then one overnight wash for 20 hours at 4 °C. 

2.4.4 Staining reaction 

 

To stain the embryos, they were first washed with NTMT (pH 9.5) for 10 minutes 4 times. The 

substrate solution was made with 10-20 µl of NBT/BCIP (Roche) per 10 ml NTMT. The 

substrate solution was removed from the embryos and washed with NTMT for 5 minutes and 

replaced with fresh substrate solution every time that the substrate changed to a pink colour. 

The substrate solution was left on the embryos for hours or days to allow staining. Once 

staining was finished, the embryos were washed in NTMT and then PBT for 10 minutes each. 

The embryos were finally fixed in 4 % PFA/PBS overnight for 24 hours and then put into 80 % 

glycerol to store. 

2.5 Immunofluorescence 

Immunofluorescence followed the procedure described in (Berti et al., 2015; Nogueira et al., 

2015), using the mouse MF20 (1:500, DSHB) and rabbit anti-GFP(1:1000, Life technology) as 

primary antibodies and the anti-mouse IgG+IgM (H+L) – Alexa fluor 594 and anti-rabbit IgG 

(H+L)- Alexa Fluor 488 as secondary antibodies (1:200, Jackson Immuno). Both the primary 

and secondary antibodies were added to the solutions at the same time. Embryos were 
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washed with PBS for 30 minutes followed by fixing with 4 % PFA/PBS for 1 hour. The embryos 

were then put into long term storage with 80 % glycerol. 

Table 2.1: Primary and secondary antibodies used in this work. Primary antibodies (red cells) are listed by the name, supplier, 

antigen determinant, type, antigen retrieval and dilution. The same order is used for the secondary antibodies (green cells). 

Primary 
antibodies 

Supplier Antigenic determinant Type Antigen 
retrieval 

Dilution 

      

MF20 Developmental 
Studies 
Hybridoma 
Bank 

Light Meromyosin from 
chicken pectoralis 
muscle, detects all 
sarcomeric Myosins 

mouse 
monoclonal 
(IgG2b) 

- 1:500 

Anti- mouse 
IgG+IgM (H+L)  
Alexa fluor 
594 

Jackson 
Immuno 

whole mouse IgG goat - 1:200 

Anti-GFP Life Technology  rabbit 
polyclonal 

 1:1000 

anti-rabbit 
IgG (H+L) 
Alexa Fluor 
488 

Invitrogen/ 
Jackson 

whole rabbit IgG donkey - 1:200 

2.6 Photo microscopy and image analysis 

Images were captured on a Zeiss Axioskop with DIC and fluorescence optics, using a Zeiss 

AxioCam digital camera with ZEN light software. Images were processed using Adobe 

Photoshop 6.0. Image for stages HH5-8 that fit one frame were processed as one image. 

Images for older stages (HH9-14) that does not fit one frame were processed by taking 2 

frames of the anterior and the posterior part of the embryo and then merged together into 

one image using Photoshop 6.0. 

2.6.1 Stereomicroscopy 

 

Whole embryos were mounted on a slide dorsal up and HH13/14 stages with the right side 

facing up. The embryos were examined under a Zeiss Axioskop microscope using Nomarski 

optics or fluorescence; digital images were captured using a Zeiss AxioCam digital camera. 

Images were assembled and edited using Adobe Photoshop 6.0. 

2.6.2 Compound microscopy using fluorescence and Nomarski optics 
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Embryos were mounted on a slide dorsal side up or right side facing up for older stages. The 

embryos were analysed with the Zeiss AxioCam digital camera fluorescence microscope. The 

Normaski and the fluorescence images were mounted and analysed with Adobe Photoshop 

6.0. 

2.6.3 Confocal microscopy 

 

Whole embryos treated with immunohistochemistry with fluorescently-labelled antibodies 

were analysed with a Zeiss LSM 710 confocal microscope. The confocal was set for the use of 

multiple lasers to detect different dyes; 488 nm (Green) and 561 nm (Red) excitation 

wavelengths were used. The confocal microscope was focused for optimal signal and Z-Stack 

pictures were taken. The confocal was set manually for the desired starting point and end 

point of the picture with the best focus. 35 pictures were taken. The stacks were set at 0.50 

µm intervals. The pictures were analysed and mounted with ImageJ and Adobe Photoshop 

6.0. 

2.7 Epigenetic conditions 

 

2.7.1 Tissue collection for chromatin extraction 

 

E1(HH5/6) and E5 (HH25-28) chicken embryos were incubated for a day and five days 

respectively in a humidified incubator at 38.9 °C as described by Hamburger and Hamilton. 

Eggs were cracked into a petri dish, E5 embryos were excised and transferred into a dish with 

a collection buffer (details in table). The yolk was rinsed off and the extra embryonic tissues 

were dissected away using No5 forceps and vannas spring scissors. The head and heart were 

micro surgically removed and the trunk was then split into 4 sections using No5 forceps and 

fine watchmaker scissors. 

To obtain the early cardiogenic PHM, embryos were cultured to reach HH5-8. Eggs were 

cracked into a petri dish, embryos were transferred with a filter ring according to Chapman 

2001 into a petri dish containing chilled collection buffer to wash off egg yolk. The embryos 

on their filter rings were then transferred into sylgard dishes and pinned down with insect 

pins, ventral side up, as described in (Dietrich et al., 1997). A drop of 1mg/ml dispase in DMEM 
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(Stem cell technologies) was applied, endoderm removed, using an aspirator, and, using flame 

sharpened tungsten needles, the PHM was excised. The tissue was collected with a serum 

coated, standard pipette tips and rinsed in the collection buffer before onward use. 

2.7.2 Nuclei isolation 

 

Harvested tissues were homogenized to a single cell population with a 1 ml homogenizer 

mortar and pestle (Thermo Fischer Scientific Inc) on ice in a homogenisation buffer. An aliquot 

of cells was diluted in collection buffer (1:20 or more for E5, 1:20 for E1/E1.5 PHM) to detect 

the total number of cells. Cells were then cross linked for a time course to determine optimal 

period with an equal volume of 2% X cross-linking buffer at RT, and quenched with 3 volume 

of quenching buffer for 30 minutes at 20 °C. Cross linked cells were collected by centrifugation 

(12 secs, 10,000 g at 4 °C); the cells were washed twice with the homogenizing buffer and re-

suspended in cell lysis buffer. Cells were lysed to release nuclei with the homogenizer on ice. 

Nuclei were collected by centrifugation (5 min, 12,000 g at 4 °C) and pellet was either 

continued to chromatin fragmentation or stored in an equal volume of nuclear wash buffer 

and 2x nuclei storage buffer at -20 °C. 

2.7.3 Chromatin extraction, fractionation and release 

 

Frozen nuclei were thawed and washed with nuclear wash buffer, the nuclei were collected 

by centrifugation (5 mins, 12,000 g at 4 °C) and resuspended in nuclear digest buffer. The 

nuclear suspension was made up to a nuclei concentration of 5x107 nuclei /ml, and digested 

atيaيfinalيconcentrationيofي0.3يU/μlيMNaseي(NewيBiolabs)يat37ي °C optimised to 10 minutes. 

MNase digestion was allowed to proceed for various times to determine the optimal time to 

yield mono-, di- and tri-nucleosomes. Each reaction was terminated with the addition of a 

final concentration of 10 mM EDTA (Sigma) and placed on ice. Each sample underwent  

30 seconds (3 sec ON 10 sec OFF, power set to 40%) of Vibra Cell Sonicator (Jencons Scientific 

ltd/1.6mm probe (Fisher Scientific)) on ice to release chromatin from the cross-linked nuclei. 

Soluble chromatin was retained in the supernatant after centrifugation (12 secs, 10,000 g at 

4 °C); and a final concentration of 10% glycerol (Fisher Scientific) was added to the 

supernatant and stored at -20 °C. 
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Collection Buffer 

final concentration stock dilution factor for 50ml 

10mM Na butyrate (sodium 

butyrate, a deacetylase 

inhibitor 

1M 1 : 100 0.5 ml 

1x PBS 10x 1 : 10 5 ml 

H2O   44.5 ml 

 

Homogenisation buffer 

Final concentration stock dilution factor for 50 ml 

10 mM Na-butyrate 1M 1 : 100 = 0.5 : 50 0.5 ml 

Protease inhibitor – use 

either one: 

   

0.1x Sigma protease 

inhibitors P8340 in DMSO 

100x 1 : 1000 = 1µl/ml 50 µl 

0.1x Sigma Fast protease 

inhibitors, EDTA free, 

S8830-2TAB 

10x, made from 1 

tablet in 10ml H20 

1 : 100  

0.1x complete™ي Proteaseي

Inhibitor Cocktail, Roche 

4693116001 

7x, made from 1 

tablet in 1.5ml H20 

1 : 70  

1x PBS 10x 1 : 10 = 5 : 50 5ml 

H2O   44.45 ml 

 

2x X-linking buffer, made fresh just before use 

Final concentration stock dilution factor For 1ml 

2% Formaldehyde 16% w/v, methanol-

free 

1 : 8 = 1.25 : 10 125 µl 

10 mM Na-butyrate 1M 1 : 100 = 0.1 : 10 10 µl 

1x PBS 10x 1 : 10 100 µl 

H2O   765 µl 

Final concentration of Formaldehyde: 1% 

 

1.67 x Quenching buffer 
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Final concentration stock dilution factor For 1.5ml 

333 mM Glycine 1M 1 : 3 500 µl 

10 mM Na-butyrate 1M 1 : 100 15 µl 

1x PBS 10x 1 : 10 150 µl 

H2O   835 µl 

Final concertation of Glycine: 199.8mM 

 

Cell lysis buffer (with Triton) to release nuclei 

Final concentration stock dilution factor For 10ml 

10mM Tris-HCl ph7.5* 1M 1 : 100 = 0.5 : 50 100 µl 

80mM NaCl* 5M 8 : 500 160 µl 

6mM MgCl2* 2M 6 : 2000 = 0.6 : 200 = 0.3 : 100 30 µl 

10mM Na-butyrate 1M 1 : 100 100 µl 

0.1x Sigma protease 

inhibitors P8340 in 

DMSO 

100x 1 : 1000 = 1µl/ml 10 µl 

250mM Sucrose 2M in H2O 2.5 : 20 = 1.25 : 10 1.25 ml 

0.1% (w/v) Triton X-100 10% (w/v) Triton X-

100 (re-new stock 

often) 

1 : 100 100 µl 

H2O   8,250 ml 

* The protease inhibitor cocktail should be added just before use. 

 

Nuclei wash buffer 

Final concentration stock dilution factor For 10ml 

10mM Tris-HCl ph7.5* 1M 100 µl 500 µl 

80mM NaCl 5M 8 : 500 160 µl 

6mM MgCl2 2M 6 : 2000 = 0.6 : 200 = 0.3 : 100 30 µl 

10mM Na-butyrate 1M 1 : 100 100 µl 

1µl/ml Sigma protease 

inhibitors 

100x 1 : 1000 = 1µl/ml 10 µl 

250mM Sucrose 2M in H2O 2.5 : 20 = 1.25 : 10 1.25 ml 

H2O   8,350 ml 
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2x Nuclei storage buffer 

Final concentration stock dilution factor For 10ml 

10mM Tris-HCl ph7.5 1M 1 : 100 = 0.5 : 50 100 µl 

6 mM MgCl2 2M 6 : 2000 = 0.6 : 200 = 0.3 : 100 30 µl 

10 mM Na-butyrate 1M 1 : 100 100 µl 

25% Glycerol 50% in H2O 1 : 2 5 ml 

H2O   4.770 ml 

 

Nuclei digest buffer 

Final concentration stock dilution factor For 10ml 

25mM Tris-HCl pH7.5 1M 1 : 40 250 µl 

5mM MgCl2 2M 5 : 2000=1 : 400 25 µl 

10mM Na Butyrate 1M 1 : 100 100 µl 

1mM CaCl2 1M 1 : 1000 10 µl 

250mM Sucrose 2M in H2O 2.5 : 20 = 1.25 : 10 1.25 ml 

H2O   8.365 ml 

 

CE nuclei lysis buffer 

Final concentration stock dilution factor For 10ml 

10 mM Tris-HCl pH 7.5 1M 1 : 100 = 0.5 : 50 100 µl 

10 mM Na Butyrate 1M 1 : 100 100 µl 

2.5 mM EDTA 500mM 1 : 200 = 0.05 : 10 50 µl 

0.1x Sigma protease 

inhibitors P8340 in DMSO 

100x 1 : 1000 = 1µl/ml 10 µl 

1% SDS* 20% in H2O 1 : 20 = 0.1 : 2 500 µl 

H2O   9.24 ml 

 

2.7.4 DNA purification 

 

To purify the DNA ChIP fractions, 1:40 of RNase (10 mg/ml) was added to the sample and 

incubated at 37 °C for 1 hour. The incubation was repeated for Proteinase K, 1:40 (10 mg/ml) 

overnight for 18 hours at 65 °C to remove the DNA-protein cross link. Double stranded DNA 

was purified using PCR purification column (Invitrogen) and DNA was eluted in DNase and 
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RNase free water (Sigma). The concentration of the DNA was determined using the Qubit 4 

fluorometer. 

2.7.5 Agarose gel electrophoresis 

 

DNA was mixed with an equal volume of 6x loading dye (Promega), and analysed on 1.5 % 

agarose TBE gels by electrophoresis at 70 V/10cm for 45 minutes. The gel was visualised by 

fluorescenceي throughي ي0.5 μg/ml Ethidium bromide (Fischer Scientific) under ultra violet 

illumination of G: BOX gel doc (Syngene). 

2.7.6 Genomic DNA standards 

 

Approximately 1 mg of E5 embryos nuclei were extracted and lysed in CE nuclei lysis buffer. 

The mixture was adjusted to 0.5% SDS and 0.3 mg/ml Proteinase K and incubated O/N at 37 

°C. Proteins were salted out with 6M NaCl, shaking for 15 secs and centrifugation (1200 g for 

15 mins). DNA retained in the supernatant by alcohol precipitation and standard 

concentrations prepared by serial dilution with Sigma water. 

2.7.7 Chromatin Immunoprecipitation 

 

X-ChIP was performed as initially described (Braunstein et al., 1993; Orlando et al., 1997). 

Soluble chromatin sample was recovered from the storage buffer (nuclear wash buffer with 

 Columns, 7K MWCO (ThermoيDesaltingيSpinي™ZebaيusingيbufferيRIPAيfreshيtoيinي(glycerolي10%

Fischer Scientific). For each sample, 10 mg of Protein A Sepharose beads from Staphylococcus 

aureus (Sigma-Aldrich) were added to a 1.5ml siliconized tubes (Sigma cote) and incubated 

with RIPA buffer on ice for 10 mins. The beads were briefly centrifuged and re-suspended in 

يDNAيphageيlambdaيofيμgي5يandي(Sigma)يAlbuminيSerumيBovineيofيμgي5ي,bufferيRIPAيofيμlي100

(Invitrogen). The resin mixture was then rolled for 2 hrs at 4 °C; this step minimized non-

specific binding of chromatin fragments to the beads. 

Fromيtheيsample,ي%15يorي3يμgيaliquotيwasيremovedيforيinputيfractionيanalysisيandيtransferredي

intoيaيsiliconizedيtubeيandيmadeيupيtoي400يμlيwith1يxTEيandي%0.1يSDS.يToيtheيbulkيchromatin,ي

يantibodyيtheيofيμgي5 listedيbelowي(Abcam)يwasيaddedيtoي theيsample and the mixture was 

rolled for 2 hrs at 4 °C, to precipitate any chromatin with the histone modification in question. 
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A control sample was introduced using anti-GFP antibody and rolled for 2 hours at 4°C. The 

supernatant from the resin mixture was removed and the chromatin and antibody mixture 

were added and rolled O/N at 4 °C. The antibody/ beads/chromatin mixture was added to a 

Co-star Spin X unit filter (Sigma), and unbound fraction was retained as the filtrate after 

centrifugation (30 secs g at 4 °C). 

 

 

To remove non-specific chromatin bound to the beads, the sequential washes was repeated 

and corresponding filtrates were discarded. RIPA buffer wash was repeated thrice, RIPA 

buffer and 0.5 M sodium chloride wash was repeated twice and lithium chloride wash was 

repeated twice. The beads were incubated with elution buffer 1 for 15 mins at 20 °C , before 

centrifugation (30 secs 3500 g, at 4 °C). Elution buffer 2 was added to the beads twice and 

centrifuged; the filtrates were combined resulting inيtoيaي400يμlيvolumeيofيboundيfraction.ي

The input, unbound and bound fractions were incubated at 65 °C O/N to reverse DNA-protein 

cross links. 

2.8 Bioinformatics to design TaqMan probes and primers 

 

To detect the genes responsible for cardiac competence in E1 PHM, primers and probes for 

known genes expressed either in the PHM or PHM/endoderm or in the lateral head 

mesoderm (LHM) or LHM/endoderm were designed. The primers and probes were designed 

from the retrieved transcripts using guidelines mentioned in results chapter 5 using Primer 

Elution buffer 1 
10 mM Tris-HCl (pH 7.5) 
1 mM EDTA 
10 mM Na Butyrate 
1.5% SDS 

Elution buffer 2 
10 mM Tris-HCl (pH 7.5) 
1 mM EDTA 
10 mM Na Butyrate 
0.5% SDS 

Antibody Supplier Concentration 

Anti H3K4me1 

Abcam 

0.3µg/µl 

Anti H3K4me3 1µg/µl 

Anti H3K9me3 1µg/µl 

RIPA buffer 

10 mM Tris-HCl (pH 7.5) 

50 mM NaCl 

10 mM Na Butyrate 

1µl/ml Sigma protease inhibitors 

1 mM EDTA 

0.5 mM EGTA 

1% (w/v) Triton X-100 

0.1% Na deoxycholate 

0.1% SDS 
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Express® software. To generate a particular transcript with its information the databases used 

were NCBI (https://www.ncbi.nlm.nih.gov/), Ensembl 

(https://www.ensembl.org/index.html), Zenbu CAGE data, Galgal5 

(https://fantom.gsc.riken.jp/zenbu/), EPD TSS and promoter prediction, Galgal5 

(https://epd.epfl.ch//index.php), UCSF CpG and H3K4me3 data, Galgal5 

(http://genome.ucsc.edu/index.html) and ECR displayed in the ECR browser 

(https://ecrbrowser.dcode.org/, Galgal3, BLAST-ed back onto Galgal6). Sequences were 

extracted from the databases, converted to the sense orientation for the gene and aligned in 

Bioedit (https://bioedit.software.informer.com/). 

To extract information initially, the GEISHA site provides the expression of a candidate gene 

at different stages in development. In detail, the UCSC browser or Encode website allows 

access to gene regulation and functional information of the gene but mostly in humans. ECR 

and EPD browsing provides data of cross-species gene conservation, providing genetic 

regulatory information on the particular gene and promoter motifs and transcription factor 

regulators in chicken for some but not all genes. 

  

https://www.ncbi.nlm.nih.gov/
http://genome.ucsc.edu/index.html
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Chapter 3. Establishing an approach to investigate the duration of 

cardiac competence in the head mesoderm 

3.1. Introduction 

3.1.1. Studies on the cardiac competence of the head mesoderm have to start with 

BMP 

 

The vertebrate head mesoderm is the first mesoderm to be laid down during gastrulation. 

(Camp et al., 2012; Garcia-Martinez & Schoenwolf, 1993). It delivers the heart (reviewed in 

(Meilhac & Buckingham, 2018; Später et al., 2014), the great vessels (Paffett-Lugassy et al., 

2013; X. Wang et al., 2017), the smooth muscle collar of the cardiac outflow (Waldo et al., 

2005) genuine craniofacial and oesophageal skeletal muscles (reviewed in ((Schubert et al., 

2018)) and parts of the skull base (Jandzik et al., 2015) and reviewed in (Kuratani, 2005)).   

Whilst Wnt and Tgfb signalling are crucial to initiate gastrulation and hence head mesoderm 

formation,يtheيheadيmesodermيthenيdevelopsيunderيanي‘umbrella’يofيwnt inhibitor. (E. Tzahor 

& Lassar, 2001). This establishes the rostral/cranial/anterior identity of the tissue. (Marvin, 

Rocco, et al., 2001). In the chick embryos, BMP and fibroblast growth factor (Fgf) act as potent 

inducers of cardiac differentiation during early stages of heart formation (Lough & Sugi, 2000; 

Schlange et al., 2000; Schultheiss et al., 1997). By contrast, members of the canonical wnt 

signaling pathway can block cardiac differentiation during these stages (Tirosh-Finkel et al., 

2006,Brott & Sokol, 2005; Marvin et al., 2001; Tzahor & Lassar, 2001). 

Using BMP as a known cardiac inducer, various studies show that initially the entire head 

mesoderm including the PHM has cardiac competence (Andrée et al., 1998; Bothe et al., 2011; 

Schlange et al., 2000; Schultheiss et al., 1997; Tirosh-Finkel et al., 2006; Yamada et al., 2000). 

Cardiomyocytes develop from the splanchnic lateral head mesoderm upon induction by BMP 

delivered from the endoderm and lateral mesoderm itself. This lateral plate mesoderm tissue 

splits into somatic and splanchnic layers; cells within the splanchnic mesoderm form the 

cardiac crescent (also called the primary heart field) that later forms the myocardium and 

endocardium of the heart. The expression of BMP family members in the head region is 

consistent with its positive role in cardiogenesis. Research has shown that the ectopic 
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application of BMP4 induces cardiac differentiation in cranial paraxial mesodermal cells, and 

reduces the differentiation of skeletal muscle precursors (Tirosh-Finkel et al., 2006). 

Cardiogenic cells are specified but not determined as they leave the primitive streak. 

Migration to their target area lateral of the developing neural plate is controlled by bone 

morphogenetic proteins. BMP signalling converge on Smad1 and is said to play a role in the 

movement behaviour of prospective cardiac cells through an attraction to the lateral region 

autonomously (J. Song et al., 2014). BMP2 is able to induce the expression of myocardial 

lineage markers in ectopic locations. Ectopic delivery of BMP to the paraxial head mesoderm 

that is not normally fated to produce cardiomyocytes has shown an induced cardiac gene 

expression of heart specific transcription factors, Nkx2.5 and GATA4 in this location. Blocking 

of BMP signalling leads to the reduction in cardiac muscle-specific gene expression and a 

decrease in the number of cardiomyocytes thereby preventing cardiac development (Walters 

et al., 2001). These findings led to the conclusion that cardiac competence of the head 

mesoderm can explicitly be tested by exposing the paraxial head mesoderm to BMP at various 

stages of development. 

 

3.1.2. Previous studies on the duration of cardiac competence in the HM are 

inconclusive 

 

A number of studies have attempted to investigate the duration of cardiac competence, i.e. 

for how long the PHM may respond to BMP by upregulating cardiac gene expression and 

showed that the entire head mesoderm including the PHM has cardiac competence (Andrée 

et al., 1998; Bothe et al., 2011; Schlange et al., 2000; Schultheiss et al., 1997; Tirosh-Finkel et 

al., 2006; Yamada et al., 2000). 

However, how long this generic cardiac competence, specifically the ability to generate 

cardiomyocytes, lasts, and what happens as and when cardiac competence fades, is unclear. 

This is because the earlier studies used different BMPs, different methods for BMP 

application, different BMP concentrations, different exposure times and different marker 

genes in their assay. Thus, some studies ascribed cardiac competence to the paraxial head 

mesoderm of head-fold stage embryos only, in the chicken at HH5/6 (Bothe et al., 2011; 
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Schlange et al., 2000). Other studies suggested that the generic cardiac competence of the 

head mesoderm lasts until HH10 or even until HH13/14, an early pharyngula stage (Tirosh-

Finkel et al., 2006). 

A summary of the studies and finding with differences in relation to the i) strategy to deliver 

BMP (protein added in in vitro, beads, cells producing BMP, misexpression constructs); and ii) 

the duration of exposure (6h/ short term, 18h/overnight, 48/h several days) which would 

make a difference in terms of how many indirect target genes may be upregulated or down 

regulated is shown in a table below. 

Table 3.1. Direct comparison summary of previous Bmp gain-of-function experiments to study the activation of 
cardiac markers in the PHM 

Study Schultheiss 
et al., 1997 

Andrée et 
al., 1998; 
Schlange et 
al., 2000 

Yamada 
et al., 
2000 

Bothe et 
al., 2011 

Tirosh-
Finkel et al., 
2006 

von 
Scheven et 
al., 2006 

BMP 2 2 2 2 4 7 

Concentration 5يμg/mlي=ي
0.192µM 

Nd 30-90 
μg/mlي=ي
1.15-3.46 
µM 

يμg/mlي33
= 1.28µM 

Nd 100 and 500 
μg/mlي=ي
3.19-15.924 
µM 

Delivery Heparin-
acrylic white 
beads 

Q2bn cells Heparin-
acrylic 
white 
beads 

Affi-Gel 
blue 
agarose 
beads 

HEK-293 
cells 

Affi-Gel blue 
agarose 
beads 

Stage of 
treatment 

HH3-5 HH5 
embryos 
and 
explants 

HH5 HH5/6, 
HH7/8, 
HH9/10 

HH10 
embryos 
and explants 

HH10 

Duration of the 
experiment 

Unclear, 
possibly O/N 

6h 4-9h 6h 24h+ 48h 

Results Nkx2.5↑ 

Gata4,5,6↑ 

Nkx2.5↑ 

Gata4,5↑ 

Hand2↑ 

Mef2a↑ 

 

Tbx2↑ 

Tbx3↑ 

Tbx5 – no 
response 

Nkx2.5↑ 

Isl1↑, 

but only 
at HH5/6 

Nkx2.5↑ 
Isl1↑ 
Gata5↑ 
(but only 
expansion 
up to the 
BMP4-cells) 
Tbx1↓ 
Myf5↓ 

Lateral 
rectus 
muscle 
markers↓ 

MyoR↓ 

Myf5↓ 
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Whilst previous studies established that the entire HM has cardiac competence, the time 

window in which this cardiac competence is maintained is not clear. Therefore, a systematic 

investigation into the ability of the PHM to respond to BMP at different time points of 

development is yet to be established. 

 

3.1.3. Previous studies pose the chicken embryo as an established model for 

vertebrate heart development 

 

A long and productive history in biomedical research defines the chick as a model for human 

biology. The chicken is a well-established model for amniotes (including human) because the 

developmental anatomy of the chicken heart matches that of mammals having a 4-

chambered heart. By cutting a hole in the eggshell and covering it with a piece of shell from 

another egg to prevent dehydration, historic scientists and modern research are now able to 

follow sequential developmental changes in the germinal disk (Kain et al., 2014). 

This makes the chicken embryo; the largest of all vertebrate models easily accessible, owing 

to its extra uterine development that allowed specific developmental landmarks to be seen 

and correlated with experimental molecular manipulations in-ovo, decipher regulatory 

cascades, microsurgery, cell grafting, fate mapping. Fate maps with spatial resolution, PHM 

and LHM can clearly be distinguished. In the mouse, retrospective clonal analysis to reveal 

cells with particular fates having arisen from the same precursor but does not give spatial 

resolution. Genetic fate mapping is established but may be skewed by the leakiness of 

promoters giving false positive results, or the slow build-up of the driver giving false negative 

results. scRNAseq data has shown cellular progression but it is still controversial for e.g. 

whether cardiac cells arise from a cardiovascular precursor. Other models like the mouse 

embryo develops in utero and hence, is not accessible for transient assays. 

Fundamental discoveries including the description of directional circulation propelled by the 

heart indicate its utility in cardiac biology. The developmental anatomy of the heart PHF and 

SHF have been first described in the chicken. With the chicken genome characterised and a 

growing number of transcriptomic and epigenetic data becoming available, the chicken is also 

amenable to molecular manipulation. Moreover, major advantages include the ex utero 
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manipulation allowing easy access and in ovo observations, the chicken embryo model 

requires no animal maintenance and is much cheaper than any other model. Chicken embryos 

after 2/3rd way of gestation are not protected by ASPA and follows the 3Rs principle (The 3Rs 

| NC3Rs). 

The chicken embryo is known to be accelerating the discovery of normal development. In 

cardiovascular research, markers have been established for the key head mesoderm cell types 

like cardiogenic mesoderm, vascular endothelial cells and skeletal muscle precursors cells 

(Wittig & Münsterberg, 2016). Ectopic delivery of BMP protocols has been well established 

for gain-of-function approaches which is needed in this research (Andrée et al., 1998; Bothe 

et al., 2011b; Schultheiss et al., 1997; Tirosh-Finkel et al., 2006; von Scheven et al., 2006; 

Yamada et al., 2000). In conclusion, the chicken model being an amniote like mammals is a 

good model to be used for the performed experiments. 

 

3.1.4. A concrete, systematic approach to clarify the duration of cardiac competence 

in the HM is needed 

 

The mode of delivery and concentration of BMP being exposed to the tissue are important 

factors to be considered. Firstly, the concentration of BMP added to tissue culture cells can 

be determined precisely. However, 2D tissue culture do not recapitulate normal development 

as the surrounding tissues are absent (Schlange et al., 2000). Secondly, BMP can be added to 

chicken in Cornish pasty cultures, but development of these embryos is variable and 

inconsistent (unpublished observation). The actual BMP concentration released from beads 

transplanted into tissue in vivo cannot be determined, but the localised changes in gene 

expression around a bead are easily monitored.  

Introduction of misexpression construct do not allow to measure concentrations of BMP. Cell 

engineered to mis express BMP also do not allow to determine BMP concentrations. 

Moreover, the cells may express more factors than just BMP. Evidently, when exactly 

sufficient BMP is produced to trigger a biological response cannot be determined. Therefore, 

bead implantation; though laborious and cumbersome, is suited for a systematic approach.  
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The other important factor to be considered to determine the duration of cardiac competence 

is the duration of exposure of BMP to the paraxial head mesoderm. Several studies measured 

the irreversible activation of Snail to Fibroblast growth factors, as early as 60 minutes of 

exposure (Isaac et al., 2000). Other studies have revealed that the initial response to the 

treatment of BMP is indeed time dependent. The onset of expression changes has been 

measured in immediate direct early gene c-fos, which is upregulated by BMP-2 and show 

response within 30 minutes (Heining et al., 2011). BMP controls cardiogenesis directly, with 

Smad1/5/8-Smad4 complexes transactivating genes encoding key cardiac transcription 

factors such as Isl1, Nkx2.5, Gata4 and Tbx2 (Hami et al., 2011; Liberatore et al., 2002; Lien et 

al., 2002; Shirai et al., 2009; Si et al., 2014)). 

BMP also drive cardiogenesis indirectly by suppressing the proliferation-promoting function 

of Fgf. This balance controls cell proliferation vs differentiation in the secondary heart field 

(Hutson et al., 2010; Tirosh-Finkel et al., 2010). Second wave response genes require 

transcription and translation of the direct response genes, i.e de novo protein synthesis which 

might delay their onset but this nonetheless may happen quickly. In another context, cells or 

tissue may, via upregulating signalling inhibitors such as the BMP inhibitor Noggin, attempt 

to righten the system after signalling overload. As mentioned earlier in this chapter, previous 

studies used different BMPs, different delivery methods for BMP application, different BMP 

concentrations, different exposure times and different markers in their assay which led to 

different conclusions. Therefore, BMP type, BMP bead, BMP concentrations and the time 

widow that allows to obtain robust responses but of early BMP targets only, need to be 

established. This preparatory results chapter will present data that was generated in an 

attempt to address these questions using a rather controlled approach. 
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3.2. Results 

 

All the data in this chapter, unless stated otherwise are of dorsal views of embryos, rostral to 

the top, all were incubated for 6 hours after bead implantation into the PHM at the stage 

mentioned respectively. Marker genes are indicated on the left; unchanged expression is 

marked by blue arrowheads, gene upregulation by green and downregulation by red 

arrowheads. The n-numbers for every gene is documented in the appendix. 

3.2.1. Test for most suitable delivery method and concentration of BMP2 protein 

 

To study the impact of bead types (will be covered in the discussion) and BMP concentrations 

on the paraxial head mesoderm, Affi-Gel blue agarose beads and heparin-coated acrylic white 

beads were soaked together and implanted at HH5/6 in Bovine serum albumin, BSA which 

was used as a control (A-D; Figure 3.1) and in BMP2 at increasing concentrations, 

recapitulating conditions used in previous studies (E-L; see Table 3.1 for details) and then 

using a higher concentration (M-P Figure 3.1). Blue beads were implanted in the left, white 

beads in the right PHM (F-N Figure 3.1); embryos were analysed for the expression of Isl1, a 

BMP-dependent marker for the cardiogenic head mesoderm and underlying pharyngeal 

endoderm and Noggin, a known BMP inhibitor. In the control beads and at the concentration 

said to be used by Schultheiss (1997), no change of gene expression was obtained, the 

concentration used by Bothe (2011) led to Isl1 upregulation (n=2); a more robust response 

was obtained with 6.41µM BMP2. 



59 | P a g e  
 

 
Figure 3.1 Impact of BMP concentrations and bead types. Dorsal views of embryos, rostral to the top, all were 

incubated for 6 hours after bead (asterix) implantation into the PHM at stage HH5/6.  Affi-Gel blue agarose beads 

implanted on the left side and heparin-coated acrylic white beads implanted on the right side (B, F, J, N) were 

soaked together in Bovine serum albumin (BSA, A-D) or in BMP2 at increasing concentrations, recapitulating 

conditions used in previous studies (E-L) and using a further concentration (M-P). Blue beads were implanted in 

the left, white beads in the right PHM.; unchanged expression is marked by blue arrowheads, gene upregulation 

by green arrowheads. 
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3.2.2. Test for possible differential effects of Smad1/5/8-activating BMP proteins 

 

To test for possible differential effects of Smad1/5/8-activating BMP, white beads loaded with 

BMP orthologs BMP2 and BMP4, the distantly related paralog BMP10 and the even further 

distantيBMP7يproteinsيwithيconcentrationيadjustedيto6.41يμMيwereيimplantedيatيHH5/6,يIsl1ي

and Tbx1 (Figure 3.2). Isl1 was upregulated by all (A-E) and Tbx1 was downregulated by all  

(F-J). 

The study focused on Isl1, a BMP-dependent marker for the cardiogenic head mesoderm and 

underlying pharyngeal endoderm that showed an upregulation by all BMP types and Tbx1, a 

gene expressed in the pharyngeal endoderm, early caudal PHM and branchiomeric muscles, 

showed a down regulation by all BMP types. BMP2 and BMP10 showed the strongest effects, 

however because all BMP paralogs expressed somewhat similar effects, BMP2 was used as a 

reliable cardiac inducer. 

 

Figure 3.2 Impact of BMP type. Dorsal views of embryos, rostral to the top, all were incubated for 6 hours after 
bead (asterix) implantation into the PHM at stage HH5/6. Marker genes are indicated on the left; unchanged 
expression is marked by blue arrowheads, gene upregulation by green and downregulation by red arrowheads. 
(A-J) Beads were loaded with the orthologous Bmp2 and Bmp4 proteins, the related Bmp10 and the more 
distantly related Bmp7 proteins with concentration adjusted to 6.41µM assaying for the expression of Isl1 and 
Tbx1. Isl1 was upregulated by all Bmp types (B-E), Tbx1 was downregulated by all BMP types (G-J) 
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3.2.3. Speed of responses to BMP2 

 

The next section of the investigation was concerned with a palette of markers being exposed 

to BMP2 to establish the speed with which the BMP signal transduction cascade can activate 

its target genes. This was done through a time course 2h-4h-6hours; (Figure 3.3) exposure to 

BMP2 at a concentration of 6.4 µM on white beads. 

Phenotypes were observed at HH5/6 and 7/8 stages of development. Genes that are BMP 

direct targets such as Isl1, was shown to be upregulated within 2 hours of exposure (Figure 

1.4 D&P), all genes responded in 4h (Figure 3.3 E&Q) and exhibit a robust response in 6h 

(Figure 3.3 F&R). It was also shown that BMP sensitive genes such as Tbx1 can be suppressed 

in as low as 2 hours of exposure to BMP (Figure 3.3 J). Fast responses suggest that within  

6 hours direct and first wave indirect BMP targets can be triggered. 
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Figure 3.3 Dorsal views of embryos, rostral to the 

top, all were incubated after bead (asterix) 

implantation into the PHM at stage HH5-8. Marker 

genes are indicated on the left; unchanged 

expression is marked by blue arrowheads, gene 

upregulation by green and downregulation by red 

arrowheads. Time course experiment to test for the 

speed of response: Beads were loaded at stage 

HH5/6 and HH7/8 with BMP2 for 2h, 4h, and 6h time 

frame. Msx2 (B-C, N-O) and Hand2(H-I), showed 

response after 4h, Isl1(D-F, P-R) Tbx1 (J-L) and MyoR 

(S-U) showed response as early as 2h. 
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3.2.4. Test for a possible cell attraction to BMP2 beads  

 

The possibility of cell attraction was addressed by testing whether there is a chemoattraction 

controlled movement of cells to BMP2 beads when grafted into the PHM (Figure 3.4 shows a 

BMP2 white bead grafted PHM at a concentration of 6.41 µM for 6h injected with a label DiI 

laterally at HH5/6 A-D and 7/8 E-H). This showed no accumulation of DiI labelled cells around 

the bead, supporting the idea of the expression of BMP locally changing gene expression and 

not mediated by any force of attraction. 

Furthermore, to examine the impact of the BMP grafted beads, another test for cell attraction 

was performed by an exposure to BMP2 white bead grafted PHM at a concentration of  

6.41 µM for 6h with a semipermeable barrier laterally (A) and tantalum foil laterally  

(B) implanted at HH5/6 and HH7/8 and hybridized with a lateral head mesoderm marker, 

Hand2. (Figure 3.5) This gave rise to a rather significant outcome that the barriers to cell 

movement do not prevent the response to the implanted bead, justifying the local response 

of cells situated close to the bead with a stronger response with semi permeable barrier. 

 

Figure 3.4 Dorsal views of embryos, rostral to the top. Test for a possible cell attraction to the BMP2 beads 
(asterix) grafted at a concentration of 6.41 µM into the PHM label DiI (black arrow) injected laterally and 
photographed at time 0 at HH5/6 (A.B) and HH7/8 (E, F). Embryos then incubated for 6 hours and photographed 
(Red marks DiI labelling) (C, D and G, H respectively) to match the experimental conditions. 
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Figure 3.5 Dorsal views of embryos, rostral to the top. Test for a possible cell attraction. BMP2 beads (asterix) 
grafted at a concentration of 6.41 µM into the PHM label at HH5/6 and a semi-permeable (A) and tantalum foil 

(B) placed laterally and hybridized with Hand2. Gene upregulation shown by green arrowheads 

 

3.2.5. Test for the duration of BMP responsiveness in the PHM 

 

To test this, it was confirmed BMP-responsiveness in the head, assaying for the expression of 

Noggin, a BMP inhibitor activated in response to exogenously applied BMP (Bothe et al., 2011; 

Sela-Donenfeld & Kalcheim, 2002). Figure 3.6 shows the upregulated expression of Noggin 

(A-Diii) indicating BMP responsiveness in craniofacial tissues and the trunk. This concludes 

that six-hour-exposure to beads loaded with 6.41µM BMP is sufficient to trigger robust 

expression changes for direct BMP-response genes such as Noggin at all developmental 

stages, and responses were independent of the type of BMP or bead used. 



65 | P a g e  
 

 

Figure 3.6 Dorsal views of embryos, rostral to the top, all were incubated after bead (asterix) implantation into 
the PHM at stage HH5-8. Marker genes are indicated on the left; gene upregulation by green arrowheads. Test 
for the duration of BMP responsiveness in the PHM. Beads with 6.41µM BMP2 were implanted into the PHM or 
trunk of embryos at HH5/6 (A), 7/8 (B), 9/10 (C) and 13/14 (Di shows control side with no bead, Dii shows the 
operated side with bead, Diii shows bead implanted in the trunk) assaying for the expression of Noggin.not: 
notochord, ht:heart, ot: otic vesicle, som: somites, nt: neural tube, ma: mandibular arch. 

 

3.3. Discussion 

 

3.3.1. The use of heparin coated acrylic beads increases the retention of beads at the 

site of implantation 

 

Affi-Gel Blue agarose beads are crosslinked with covalently attached Cibacron Blue F3GA dye. 

The blue dye functions as an ionic, hydrophobic, aromatic active binding site. The use of 

Heparin-acrylic beads crosslinked with heparin from Porcine intestinal mucosa was tested for 

retention. Heparin exerts its effect by binding to many molecules of fibroblast growth factor 

and is required for Fgf stimulation (Spivak-Kroizman et al., 1994). While heparin is needed as 

signalling co-receptor for Fgf, it is not conditional in BMP signalling. It has been stated that 

there is a strong affinity interaction between heparin microparticles (HMPs) and BMP-2 to 

improve protein delivery to bone defects (Hettiaratchi et al., 2020). 

Isl1 upregulation was slightly more widespread with Affi-Gel blue beads than with heparin-

coatedيacrylicي“white”يbeads,يpossiblyيbecauseيheparinيisيableيtoيretainيtheيloadedيproteinي

(Ori et al., 2009). However, because there was no qualitative difference between marker gene 

responses, and because bead retention in the tissue was better for white beads, white 

heparin beads were found to be the best delivery method for further investigations. 
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3.3.2. BMP at 6.41 µM robustly induces cardiac gene expression 

 

It was found that at 0.192µM, the concentration said to be used by (Schultheiss et al., 1997) 

BMP did not upregulate Isl1. At 1.28µM used by (Bothe et al., 2011) Isl1 was mildly, and at 

6.41µM, Isl1 was robustly upregulated.  

There is an apoptosis-induced capacity to BMP2 found in human myeloma cells used as a 

novel therapeutic agent for treatment of multiple myeloma in patients (Kawamura et al., 

2002). Several other lines of evidence suggest that the activity of BMPs is associated with 

developmentally regulated apoptosis (Furuta et al., 1997). 

 

3.3.3. Smad1/5/8 activating BMPs all trigger cardiac gene expression 

 

Binding of BMP to their receptors activates an intracellular signalling cascade where 

SMAD1/5/8 proteins become phosphorylated (activated), partner with SMAD4 and 

translocate to the nucleus and act as a direct target for gene transcription (Massagué et al., 

2005). 

Before and during the formation of the primitive heart, the BMP ohnologs BMP2 and 4 are 

expressed in the lateral and extraembryonic mesoderm, its overlying ectoderm and 

underlying pharyngeal endoderm and the neural folds (Hinck et al., 2016). BMP2 continues to 

be expressed in the cardiac inflow tract, BMP4 in the SHF adjacent to the heart. The heart 

expresses BMP7 throughout, the ventricle expresses BMP10. Thus, the lateral head 

mesoderm and the interface to the paraxial head mesoderm (PHM) is under the influence of 

BMP all the time. 

BMP controls cardiogenesis directly, with Smad1/5/8-Smad4 complexes transactivating genes 

encoding key cardiac transcription factors such as Isl1, Nkx2.5, Gata4 and Tbx2 (will be 

discussed in details in chapter 4) (Hami et al., 2011; Liberatore et al., 2002; Lien et al., 2002; 

Shirai et al., 2009; Si et al., 2014)).  
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3.3.4. Response to BMP is a local change in gene expression and not targeted cell 

migration 

 

During the early stages of embryo development, cells migrate from the two rostral thirds of 

the primitive streak to form the heart forming region anterolaterally. This form of cell 

movement shed light on whether the phenotypic expression to BMP is naturally occurring 

because cells are meant to migrate responding to the signally pathway or rather a definite 

change in the marker expression pattern. 

BMP influences cell fate decisions in the 6h time window when the tissue is exposed. This 

means that the changes in marker gene expression are likely down to cell fate decisions the 

cells take. 

 

3.3.5. The HM remains BMP responsive up to and possibly beyond HH13/14 

 

According to previous research and this study, it has been shown that the PHM when exposed 

early and on continuous exposure to whatever was released by beads or cells for that time is 

responsive to BMP. Therefore, it is unknown when the BMP effects actually set in, and its 

unknown what long-term indirect effects were. This can now be tested because all these 

stages are in fact are shown to be BMP responsive. 

Taken together, this results chapter provides important insight into the ground rules affecting 

the response to BMP treatment within the six-hour-exposure to beads loaded with 6.41µM 

BMP and shows that it is indeed sufficient to trigger a localised robust expression changes for 

BMP-response genes. This combination of findings provides some support for the conceptual 

premise that the key parameter to address cardiac competence in the head mesoderm is the 

concentration of the BMP regardless of the type and the delivery of BMP. 
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Chapter 4. Determining the duration of cardiac competence in the head 

mesoderm 

4.1. Introduction  

 

The previous chapter established a robust and systematic approach to investigate the 

duration of cardiac competence in the HM, namely the implantation of BMP2-loaded heparin 

coated acrylic beads into embryos grown in EC-cultures; exposure of the paraxial head 

mesoderm (PHM) to the beads for 6 hours, then in situ hybridization (ISH) to assay for changes 

in marker gene expression. 

Yet: the previous chapter focused on the markers Msx2 and the BMP inhibitor Noggin, as 

markers that indicate the responsiveness of cells/tissue to BMP. Isl1 as marker for cells in the 

lateral and subpharyngeal mesoderm with cardiac, but also vascular endothelial/endocardial 

and skeletal muscle competence. Hand2 as a more general lateral mesoderm marker as it is 

also expressed in the trunk lateral mesoderm. Tbx1, as a marker for the caudal PHM, also 

portrayed as a SHF marker. Msc, as a marker initially for the rostral PHM, alter for all 

craniofacial skeletal muscle precursors. 

However, none of these markers are a specific cardiac marker. Moreover, Isl1 and Tbx1 are 

expressed in the non-cardiogenic pharyngeal endoderm, but are known to influence 

cardiogenesis indirectly. Research has shown that Isl1-null mutants exhibit cardiac 

deficiencies and interrupt cardiac growth (Cai et al., 2003), and Tbx1 deletion causes severe 

pharyngeal patterning and cardiovascular defects (Zhang et al., 2006). Thus, there is an 

epistatic relationship between Tbx1 and Isl1 transcription program which play a crucial for 

cardiovascular development.  

Thus, the question asked regarding cardiac competence is: which markers should be 

considered, and for which period in cardiogenesis? This will be reviewed here. It will also be 

assessed which stages in development should be assessed for the possible retention of 

cardiac competence. Together, this will deliver the markers and the time frame for the 

experimental work establishing the duration of cardiac competence; which is the main aim of 

this chapter. 
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4.1.1. Steps in cardiac cell specification, determination and differentiation 

 

Several cardiac transcription factors are activated shortly after the cells have formed the heart 

fields. One of the earliest transcription factors that is specifically expressed in the heart 

precursors is the tinman homologue; Nkx2.5.(Lints et al., 1993). Another marker, Isl1 also 

referred to as a pan-cardiac marker because it is expressed in all undifferentiated cardiac 

progenitor cells (Andersen et al., 2018). A transcription factor of the GATA family of zinc-finger 

seen in vertebrates, Gata4 is detected very early in the cardiogenic area and persists later in 

the developing heart. Overexpression of Gata4 in embryonic stem cells subsequently displays 

enhanced cardiac differentiation (Grépin et al., 1997). Furthermore, cardiac transcription 

factors such as Tbx5 and Hand2 are up-regulated in cardiac progenitor cells differentiating 

into cardiomyocytes (Brand, 2003). 

Cardiogenic cells are specified but not determined as they migrate bilaterally from the 

primitive streak. Research by (Lopez-Sanchez et al., 2009) descriptively divided the cells of the 

primitive streak into two groups: the more rostral region of the primitive streak; which would 

form the more anterior and lateral endodermal cells and the more caudal segments which is 

fated to form and differentiate the mesodermal precardiac cells. These mesodermal 

precardiac cells will subsequently constitute the precardiac splanchnic mesoderm, and 

eventually the layers of the primitive heart tube.  

The migration to the target area lateral of the developing neural plate in an embryo is 

controlled by BMP. Moreover, BMPs are essential for cardiogenic cells to realise their 

potential and differentiate (M. Cui et al., 2018; Später et al., 2014; van Wijk et al., 2007). BMPs 

drive cardiogenesis indirectly by suppressing the proliferation-promoting function of 

Fibroblast growth factors, Fgf (Hutson et al., 2010; Tirosh-Finkel et al., 2010). They also control 

cardiogenesis directly, with Smad1/5/8-Smad4 complexes transactivating genes encoding key 

cardiac transcription factors such as Isl1, Nkx2.5, Gata4 and Tbx2 (Hami et al., 2011; 

Liberatore et al., 2002; Lien et al., 2002; Shirai et al., 2009; Si et al., 2014). 

During the onset of gastrulation, wnt signalling plays multiple conserved roles in fate 

specification of cardiac progenitors in developing vertebrate embryos. Mesp2; that is 

controlled my wnt signalling gradients establishes the rostral identities of the meso-
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endoderm (Aulehla et al., 2008). Previous research also shows that the antagonizing canonical 

wnt and BMP signalling (through inducing lateral cell fates) promotes skeletal myogenesis in 

the rostral regions. However, wnt signalling activation vs. inhibition is proven to balance 

between skeletal and cardiac myogenesis during vertebrate development (Kaplan et al., 

2019). The antagonizing signalling mechanisms of wnt and BMP now establish Isl1-expressing 

cardiovascular precursors in the LHM, with Nkx2.5 expression appearing simultaneously, 

indicating cells ready to engage in cardiogenesis; in the context of cardiomyocyte formation.  

Cell population of the first heart field (FHF) are geared up for differentiation and the 

generation of a beating, primitive heart committed to a cardiomyogenic cell fate (Später et 

al., 2014). The FHF will develop into the primitive heart tube that rapidly begins to contract in 

order to pump blood and nutrients throughout the embryo. However, the second heart field 

(SHF) progenitors are located posteriorly and medially to the FHF-derived cardiac crescent 

and later, behind the primitive and looping heart tube in an area also known as the pharyngeal 

mesoderm. From there, SHF progenitors migrate towards the primitive and looping heart 

tube, which serves as a scaffold for the arriving cells, allowing subsequent growth of the heart. 

A further approach has been taken by researchers to directly reprogram fibroblasts by 

transcription factors, Gata4, Mef2c, Tbx5 and Hand2 to generate cardiomyocytes in-vitro that 

can ultimately achieve direct differentiation and mimic the potential of specified SHF cells 

(Ieda et al., 2010; K. Song et al., 2012). 
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Nkx2.5 levels increase from the progenitor to the differentiated state of cardiac cells. The 

function of Nkx2.5 suppresses BMP signalling during heart development as a result of twin 

Nkx2.5 and Smad1 knockout done in mice and through a negative feedback mechanism that 

is fundamental to cardiac development (i.e. Nkx2.5 exhibits a repressive action on BMP/SMAD 

complex). This downregulation of BMP is self-regulated and subsequently commits cells to 

achieves terminal cardiomyocyte differentiation (Christiaen et al., 2010; Prall et al., 2007). All 

together, these finding shed light on the markers best suited to take concrete steps leading 

to functional cardiomyocyte formation. 

 

4.1.2. Genes that are necessary for cardiac development 

 

Various loss of function experiments revealed the genes necessary during cardiogenesis. The 

knockout of Isl1 in mouse shows reduction is cardiac tissues and lethality to the embryo 

suggesting that Isl1 is a pioneer factor in cardiogenesis (Gao et al., 2019). As the cardiac 

progenitor cells migrate to the lateral plate mesoderm in early development and irreversibly 

differentiate towards a cardiac identity, they express Nkx2.5 (Garcia-Martinez & Schoenwolf, 

1993). Similarly, the knockout of Nkx2.5 impairs progenitor specification in the second heart 

field suggesting that Nkx2.5 regulates cardiac progenitor cell differentiation (Anderson et al., 

2018). Tbx2 is a marker that is expressed in the cardiogenic region during cardiac induction 

and in the heart tubes and until the primitive heart tube formation is complete. Tbx2 knockout 

demonstrates inhibition of cell proliferation and progenitors cell deployment from the SHF 

into the OFT (Dupays et al., 2009; Greulich et al., 2011). This highlights the importance of Isl1, 

Nkx2.5 and Tbx2 in cardiogenesis as genes that encode transcription factors that are 

necessary for cardiac development; even though they are expressed in the cardiogenic 

mesoderm as well as the pharyngeal endoderm (Table 4.1). 
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Additionally, Gata3, an endodermally (and ectodermally) expressed gene (Table 4.1), is a gene 

involved in controlling the interaction of the endoderm with the cardiac / cardiopharyngeal 

mesoderm. Data from several studies suggest that depending on signals from proximal 

pharyngeal endoderm, cells from the pharyngeal mesoderm can either develop cardiac or 

skeletal muscles (Mesbah et al., 2012; Tirosh-Finkel et al., 2006; Eldad Tzahor & Evans, 2011). 

Endoderm-derived growth factors appear to govern the creation of myocardial and 

endocardial cells in the developing embryonic heart during cell specification, terminal 

differentiation, and possibly morphogenesis (Lough & Sugi, 2000).  

 

4.1.3. Genes that are sufficient for cardiac development 

 

Nkx2.5 alone is not sufficient for cardiomyocyte differentiation, but the combinatorial 

expression of cardiogenic transcription factors allows beating cardiomyocytes to form, both 

in vivo and in vitro (Ieda et al., 2010; Luna-Zurita et al., 2016; Zhou et al., 2012). Additionally, 

mesodermal cells expressing the pioneer factor, Isl1 still have non-cardiogenic options alone, 

however the expression of Nkx2.5 drives cells towards a cardiomyocyte fate (Gao et al., 2019; 

Jia et al., 2018). Additionally, GATA factors contribute to the activation and/or maintenance 

of Nkx2.5 expression in early heart development. This supports the theory that no single gene 

alone is able to drive cardiogenesis. i.e. no gene is sufficient for cardiogenesis. (Christiaen et 

al., 2010) 

Collectively, a palette of markers is needed to establish whether full cardiac competence is 

present in the tissue or, if this is not the case, how far cells might be able to go in terms of 

cardiac differentiation. Summary of the selected genes and their expression patterns is shown 

in Table 4.1 (Reference is shown in the appendix 1). 
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Table 4.1 Summary of marker genes considered according to their wild type expression 
patterns 

Gene Protein function Expression 
endoderm 

Expression 
ectoderm 

Expression 
mesoderm 

Gata3 GATA family zinc finger TF pharyngeal 
endoderm 

pharyngeal 
ectoderm, 
otic 
vesicle, 
optic 
placode 
and neural 
retina 

intermediate 
mesoderm/ nephric 
duct; HH19-24 
blood vessels 

Gata4 GATA family zinc finger TF late: 
stomach 

- HH3 primitive 
streak, lateral and 
extraembryonic 
mesoderm, but 
highest in lateral 
head mesoderm/ 
cardiogenic 
mesoderm, sinus 
venosus; HH20 and 
later: allantois, 
intermediate 
mesoderm 

Hand2 bHLH TF - - all lateral and 
extraembryonic 
mesoderm, heart; 
strong: 2nd heart 
field 

Isl1 LIM homeodomain TF pharyngeal 
endoderm 

dorsal 
neural 
tube, 
neural 
crest cells/ 
cranial and 
spinal 
ganglia 

cardiac mesoderm, 
2nd heart field 

Mef2c MADS box TF - - cardiac mesoderm, 
heart/ sinus 
venosus, myotomes 

Myh15 thick filaments, 
sarcomere 

- - myocardium, 
myotomes/ skeletal 
muscle 

Myocd TF, SRF-cofactor - - cardiac mesoderm, 
heart incl. outflow 
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and inflow tract; 
HH18: 
extraembryonic 
mesoderm 

Myosins 
(sarcomeric) 

thick filaments, 
sarcomere 

- - myocardium, 
myotomes/ skeletal 
muscle 

Myom1 M-line, anchors 
myosin/thick filaments 
and the filamentous end 
of titin 

- - myocardium, 
myotomes/ skeletal 
muscle 

Nkx2.5 NK-type homeodomain TF pharyngeal 
endoderm 
and 
pouches 

- cardiac mesoderm, 
2nd heart field, 
myocardium/ heart 

Noggin BMP inhibitor - dorsal 
fore- and 
midbrain 

notochord, medial 
paraxial head 
mesoderm, somites 

Popdc2 membrane associated, 
cAmp binding 

- - cardiac mesoderm, 
heart, weak: 
myotome 

Tbx1 Tbox TF cranial 
endoderm, 
pharyngeal 
pouches 

otic vesicle caudal paraxial 
head mesoderm, 
then spread to all 
pharyngeal arch 
muscles 

Tbx2 Tbox TF HH5 
onwards: 
endoderm 

- HH8 all lateral 
mesoderm except 
centre of limbs; 
heart tube, 
atrioventrivular 
junction 

Tbx5 T-box TF - eye primitive streak and 
early mesoderm 
(HH4-6, weak), 
heart/atria-sinus 
venosus; lateral 
mesoderm in neck 
and fore limbs 

Tnnt2 on sarcomeric thin 
filaments, moves Tpm off 
Myosin binding sites in 
response to Ca2+ 

- - early: all lateral 
mesoderm, 
strongest: cardiac 
mesoderm; 
myocardium, 
myotomes/ skeletal 
muscle 
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4.1.4. Time window to be considered for cardiac competence 

 

Various studies suggested cardiac competence throughout the head mesoderm for HH5/6 

and declining later as development proceeds (Bothe et al., 2011). Other studies, even though 

the manipulation was done early, left the embryos to develop until HH13/14 and beyond 

(Schultheiss et al., 1997). These studies suggested that cardiac competence may still exists at 

these later stages. So which time period should be considered? And: can this time window be 

broken down into smaller segments?  

The studies by (Bothe et al., 2011 and Nogueira et al., 2015) distinguished  HH5 (PHM is 

cardiacيcompetent,يbutيdoesn’tيexpressيPHMيmarkersيbesidesيCyp26C1) HH6 (PHM is cardiac 

competent and just about expressed the first PHM and skeletal muscle precursor markers 

established by Fgf and retinoic acid) HH7/HH8 (early PHM/ skeletal muscle precursor markers 

pattern is refined, no cardiac gene responses to BMP applied at low concentration any more) 

HH9/10 (establishment of the late PHM/ skeletal muscle precursors markers by BMP and Fgf, 

HH10-12 (no new markers, but Fgf-driven spreading of skeletal muscle precursor markers 

throughout the PHM/ pharyngeal arches) and HH13/14 marking the onset of skeletal muscle 

differentiation shown as Myf5 expression. Therefore, in terms of well-established cardiac 

competence and new markers indicating changes occurring in the PHM, the time frame was 

distinguished as HH5/6, HH7/8, HH9/10, HH13/14. These are the stages this research focuses 

on. 

4.2. Results 

 

All the data in this chapter, unless stated otherwise are of dorsal views of embryos, rostral to 

the top, all incubated for 6 hours after bead implantation into the PHM at the stage 

mentioned respectively. Marker genes are indicated on the left; unchanged expression is 

marked by blue arrowheads, gene upregulation by green and downregulation by red 

arrowheads. The n-numbers for every gene is documented in the appendix. 
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4.2.1. Response of cardiopharyngeal marker genes to BMP2 in the HH5-10 PHM  

 

The first experiment aimed to confirm the most suitable BMP concentration to be loaded onto 

the white beads, using established markers from published studies, including Noggin (BMP-

response gene, control), Isl1, Nkx2.5, Tbx2 (well established cardiopharyngeal markers, all 

expressed in cardiogenic mesoderm but also the underlying endoderm). Gata3 was also used 

as it is expressed in the pharyngeal endoderm and ectoderm, thus allowing to monitor non-

mesodermal responses. (Brown et al., 2004; Lien et al., 2002; Pal & Khanna, 2006; Shirai et 

al., 2009; Si et al., 2014). 

Beads were loaded with 1.28 µM as in (Bothe et al., 2011) and, because in this chapter the 

response of cardiac genes to BMP2 was limited to stages HH5/6, the higher concentration of 

6.41 µM was also used. Embryos were grown as EC-cultures and harvested for ISH 6 hours 

after bead implantation to obtain robust responses of direct and first-wave indirect BMP-

responsive genes, as established in chapter 3. 

The initial focus was on stages HH5/6 thought to have cardiac competence, and HH7/8 and 

HH9/10, when cardiac competence is controversial. However, stage HH13/14 were also 

investigated in ovo, and will be discussed later (section 4.2.4). 

All markers were upregulated in response to BMP2 at all stages tested; exception: Noggin 

when tested with the lower concentration of 1.28 µM BMP2 at HH5/6 (Fig4.1A). Gene 

upregulation was particularly strong in the endoderm and ectoderm, but mesoderm also 

responded (Fig4.1D-X). The upregulation was stronger with the higher BMP concentration 

(Fig4.1J-X). This confirms the observation in chapter 3 that the head mesoderm remains BMP 

responsive throughout the time period tested. BMP2 at 6.41 µM has a higher propensity to 

trigger the cardiac programme. In contrast to Bothe et al., 2011, cardiac genes did respond to 

BMP2 also at HH7/8 and 9/10. Thus, cardiac competence may last longer than suggested by 

(Bothe et al., 2011; Schlange et al., 2000) and may indeed last until HH13/14 as suggested by 

(Tirosh-Finkel et al., 2006). 
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Figure 4.1 Dorsal views of embryos, rostral to the 
top, all were incubated after bead (asterix) 
implantation into the PHM at stage HH5-10. 
Marker genes are indicated on the left; unchanged 
expression is marked by blue arrowheads, gene 
upregulation by green arrowheads. Responses of 
cardio-pharyngeal marker genes: BMP2 beads 
placed into the PHM at HH5-10 and assayed for 
Noggin, Isl1, Nkx2.5, Tbx2 and Gata3 at 1.28 µM 
(A-I) and 6.41 µM (J-X) respectively.  
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4.2.2. Response of cardiac/LHM-specific transcription factors to BMP2 in the HH5-10 

PHM 

 

Given that no gene alone is sufficient to drive cardiogenesis, and a complement of marker 

genes needs to be expressed for cardiomyocyte formation to occur, the response of a palette 

of cardiac genes to BMP2 treatment was systematically explored. The first set of markers 

were genes encoding lateral mesoderm or cardiac-specific transcription factors; shown in 

alphabetical order: Gata4, Hand2, Mef2c, Myocd, Tbx5 in (Fig.4.2). Since Hand2 seemed 

particularly responsive to BMP, the lower BMP concentration with this gene was also tested 

(Fig.4.3). Moreover, in more detail the response to BMP2 by Myocd was investigated (Fig.4.4). 

White beads with BMP2 at 6.41 µM concentration were grafted into the PHM at HH5-10, 

embryos were analysed 6 hours later, all as before. 

Gata4 was robustly upregulated at HH5/6 (n=1), faintly at HH7/8 (n=1) and not anymore at 

HH9/10 (Fig.4.2A, B, green arrowhead, Fig.4.2C, blue arrowhead). The general LM marker 

Hand2 was upregulated at all stages (Fig.4.2D-F, green arrowheads). The marker readily 

responded to BMP as low as 1.3µM (n=1) (Fig4.3A, B). Mef2c was not activated by BMP in the 

PHM (Fig4.2G, H). However, the gene, being also a neural crest cell marker (Edmondson et 

al., 1994) showed upregulated expression in these cells (n=2) (Fig.4.2I, green arrowhead, ncc), 

in line with the known ncc-activating role of BMP (Goldstein et al., 2005) Myocd was also not 

activated by BMP (Fig.4.2J-L). However, its expression expanded towards the bead when 

embryos were visualised in a ventral view (Fig.4.4A,B). Tbx5 which had been described as a 

BMP-unresponsive gene (Yamada et al., 2000) showed weak upregulated expression at 

HH5/6, possibly because a higher BMP concentration was used compared to the previous 

study (Fig.4.2M). Nonetheless, beyond HH5/6 (n=2), Tbx5 never responded to BMP 

(Fig.4.2N,O). 
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Figure 4.2 Dorsal views of embryos, rostral 
to the top, all were incubated after bead 
(asterix) implantation into the PHM at stage 
HH5-10. Marker genes are indicated on the 
left; unchanged expression is marked by blue 
arrowheads, gene upregulation by green 
arrowheads. Responses of cardiac/LHM-
specific transcription factors. BMP2 beads 
placed into the PHM at HH5/6-9/10 at a 
concentration of 6.41 µM. Gata4 
transcription factor only showed an 
upregulation till HH8 (A, B) no response at 
HH10 (C). Hand2 showed an upregulation 
from HH5-10 (D-F) whereas Tbx5 showed an 
upregulation at HH5/6 only (M). Note that 
within the 6-hour time frame, neither the 
transcription factors Mef2c (G-I) and Myocd 
(J-L). The exception is the upregulated 
expression of Mef2c in emigrating neural 
crest cells (I, green arrows).  
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Figure 4.3 Closer look in to the response of LHM marker Hand2 to BMP beads (asterix) placed into 
 the PHM at HH5/6 at a concentration as low as 1.3 µM (A,B), gene upregulation shown by green  
arrowheads. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Ventral view of embryo, closer look in to the response of transcription factor Myocd to 
BMP beads (asterix) placed into the PHM at HH5/6 at a high concentration of 6.41 µM(A,B), its 
expression expanded towards the bead,  gene upregulation shown by green arrowheads. 
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4.2.3. Response of cardiomyocyte terminal differentiation markers to BMP2 in the 

HH5-10 PHM 

 

Results so far showed that markers associated with the onset of myogenesis respond to BMP2 

at HH5/6, with responsiveness of some genes declining over time. Markers associated with 

later stages of cardiogenesis did not respond within the 6-hour exposure period. To explore 

how far into cardiac differentiation the PHM may be able to go, further experiments were 

conducted. Here, white beads with BMP2 at 6.41 µM concentration were grafted into the 

PHM for 6h, and the embryos were analysed for the expression of genes associated with 

terminal differentiation. No upregulation of gene expression at any stage for genes Popdc2, 

Myh15, Myom1 and Tnnt2 (Fig.4.5A-L). It is unclear weither the PHM never has full cardiac 

competence, or BMP requirement switches over to BMP10; the BMP strongly expressed in 

the primitive heart (Chen et al., 2004). Furthermore, higher concentrations of BMP than those 

used so far are forced to drive the PHM through cardiac differentiation.  
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Figure 4.5 Dorsal views of embryos, rostral to the top, all were incubated after bead (asterix) implantation into 
the PHM at stage HH5-10. Marker genes are indicated on the left; unchanged expression is marked by blue 
arrowheads. Genes depicting cardiomyocyte differentiation do not respond to BMP2 within 6 hours BMP2 beads 
placed into the PHM at HH5/6-9/10 at a concentration of 6.41 µM. The genes encoding muscle structural proteins 
(A-L) showed no response to BMP2 beads. 
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To test for a possible switch from BMP2 to BMP10 as cardiac regulator, embryos received 

BMP10 at HH5/6 and HH9/10, and were assayed for the expression of Isl1 (Fig.4.6A,E; as 

positive control) and the genes that remained BMP2 responsive, namely Nkx2.5 (Fig.4.6B,F) 

Hand2 (Fig.4.6D,H) and Gata4 (Fig.4.6C,G). Markers associated with terminal differentiation 

were tested for the response to BMP10; Mef2c (Fig.4.6I), Myocd (Fig.4.6J), Popdc2 (Fig.4.6K), 

Myh15 (Fig.4.6L), Myom1 (Fig.4.6M) and Tnnt2 (Fig.4.6N). The result was identical to the 

response of BMP2 where BMP10 induced Isl1, Nkx2.5, Hand2 at HH9/10, BMP10 did not 

induce Gata4 at that stage, BMP10 did not induce the markers associated with later stages in 

cardiogenesis and with terminal differentiation. This suggests that regardless of the type of 

BMP, the cardiac regulator induces lateral head mesoderm markers and cardiac transcription 

factors at HH5/6 but do not induce markers encoding proteins for cardiomyocyte contraction 

and terminal differentiation. 

Additionally, to test for the effect of higher concentration of BMP2 at a concentration of 19.23 

µM was used. Embryos were assayed for markers associated with terminal differentiation; 

Popdc2, Myh15, Myom1, Tnnt2. There was no phenotype seen from markers associated with 

terminal differentiation (Fig.4.6O-T). This suggests that either no full cardiac competence or 

more time needed. This will be tested in section 4.2.5 (Fig.4.10), but before that, the response 

to BMP2 within 6 hours at later stage HH13/14 needs to be established. 
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Figure 4.6 Dorsal views of embryos, rostral to the top, all were incubated after bead (asterix) implantation into 
the PHM at stage HH5 and 10. Response of LHM and cardiac markers (A-H) and genes encoding proteins for 
cardiomyocyte contraction (I-T) to BMP10 and BMP2 beads placed into the PHM at HH5/6 at 6.41 µM and 19.2 
µM respectively. Marker genes are indicated on the left; unchanged expression is marked by blue arrowheads, 
gene upregulation by green arrowheads. Genes depicting cardiomyocyte differentiation do not respond to BMP2 
within 6 hours BMP2 and 10 beads placed into the PHM at HH5/6-9/10 at a concentration of 6.41 µM. The genes 
encoding muscle structural proteins showed no response to BMP2 beads even when the concentration was 
increased to 19.23µM. 
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4.2.4. Response of LHM and cardiac marker genes in the PHM at HH13-14 

 

This section explores the response of lateral mesoderm and cardiopharyngeal and cardiac 

marker genes at HH13/14. At these stages, embryo cannot be easily retrieved and cultured 

on filter rings. Therefore, the manipulation was carried out in ovo. Beads were grafted to the 

upper, right side of the embryo, the left side facing the yolk was the unoperated control. To 

distinguish expression patterns on both sides, embryos were mid-sagittally bisected after the 

ISH procedure as shown in the Fig.4.7A, B, C i-ii. Embryos were re-incubated for 6 hours 

(Fig.4.7Ai, ii; Fig.4.8) or, testing for the effect of longer-term exposure, overnight for 18 hours 

(Fig.4.8Bi-Cii, Fig. 4.9).  

In addition to the PHM, beads were grafted into the trunk. This served as a control: it was 

expected that the BMP-response gene Noggin and Hand2, Gata4 and Tbx2, genes with more 

widespread expression in the lateral and extraembryonic mesoderm, to be upregulated. It 

was also expected the skeletal muscle markers Myf5 or MyoD to be downregulated, both in 

the head and in the trunk (Berti et al., 2015; von Scheven et al., 2006).    

Isl1 showed occasional (n=1) upregulation in the pharyngeal arch mesoderm, similar to the 

result by Tirosh-Finkel (2006), both within the 6-hour window and when left for 18 hours. 

(Fig.4.7Aii, Bii) However, expression did not increase around the bead as seen at earlier 

stages; instead, the upregulated expression appeared as an expansion from the expression 

domain in the SHF. A further effect of BMP2 was downregulation of Isl1 expression in the 

trigeminal ganglion. In the trunk, Isl1 was not upregulated in the somite (Fig.4.8Ai-iii). Nkx2.5 

was not upregulated, neither in the head, nor in the trunk (Fig.4.8Bi-iii). Tbx2 was not 

upregulated in the head, but in the trunk, weak upregulation around the bead occurred 

(Fig.4.8Ci-iii). The same observation was made for Gata4 (Fig.4.Di-iii). Hand2 expression on 

occasion (n=1) expanded from its normal expression domain in the SHF towards the bead; the 

gene was upregulated around the bead in the trunk. Tbx5 did not respond to the head, neither 

in the head nor the trunk, neither in 6h nor overnight for 18 hours. Noggin was upregulated 

around the bead within 6h, both in the head and in the trunk. Myf5 or MyoD expression in 

the somites was slightly downregulated in 6h, more strongly after 18 hours exposure. 
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Affected somites are small, suggesting cell death. In the head, expression did not change 

within 6 hours. 

BMP fails to upregulate the cardiac programme since of the palette of markers inducible at 

HH5/6, Gata4 and Tbx5 cannot be upregulated in the PHM. Noggin and Myf5/MyoD 

experiments confirm that the PHM and the paraxial trunk mesoderm/somite is BMP 

responsive. Mrf experiments show that BMP continues to effect after 6h because the 

downregulation was more pronounced after 6h (Fig.4.9Aiii). The results also show that even 

at this late stage, BMP lateralises/ventralises the mesoderm, both in the head and in the 

trunk.  

Figure 4.7 Dorsal views of embryos, rostral to the top, all were incubated after bead (asterix) implantation into 
the PHM at stage HH14. Marker genes are indicated on the left, gene upregulation by green arrowheads. 
Response of cardiac marker, Isl1 to BMP 2 beads placed into the PHM at HH13/14 at 6.41 µM for 6h (Ai-ii) and 
overnight (for 20 h) (Bi-ii; white beads) and white beads (Ci-ii). 
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Figure 4.8 Dorsal views of embryos, rostral to the top, all 
were incubated after bead (asterix) implantation into the 
PHM at stage HH14. Marker genes are indicated on the left 
unchanged expression is marked by blue arrowheads, gene 
upregulation by green and downregulation by red 
arrowheads. (i and ii are head ends whereas iii is trunk). 
Response of BMP2 responsive genes, to BMP 2 beads placed 
into the PHM at HH13/14 at 6.41 µM for 6h. Abbreviations: 
ht:heart, ot: otic vesicle, som: somites, nt: neural tube, ma: 
mandibular arch, hy: hyoid arch, lm: lateral mesoderm. 
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Figure 4.9 Dorsal views of embryos, rostral to the top, all were 
incubated after bead (asterix) implantation into the PHM at 
stage HH14. Marker genes are indicated on the left unchanged 
expression is marked by blue arrowheads, gene upregulation by 
green and downregulation by red arrowheads. (i are control 
sides of the head and ii are the operated side of the head ends 
whereas iii is trunk implantation). Response of Nkx2.5, Tbx2, 
Gata4, Hand2 after prolonged exposure, to BMP 2 white (Ai-iii) 
and blue (Bi-Fii) beads placed into the PHM at HH13/14 at 6.41 
µM overnight for 20h, control Isl1. Only Nkx2.5 shows an 
upregulation to the bead (Cii). Abbreviations: ht:heart, ot: otic 
vesicle, som: somites, nt: neural tube, ma: mandibular arch, hy: 
hyoid arch, lm: lateral mesoderm. 
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4.2.5. Test whether PHM cells exposed to BMP can complete cardiac differentiation 

 

The ability of the PHM to complete cardiac differentiation can be further tested by either the 

PHM is exposed to a higher BMP concentration or when the tissue is exposed to BMP for a 

longer time. To test this, white beads with BSA (control) or BMP2 at 6.41 µM and 19.23 µM 

are loaded into the PHM and incubated for 6h (Fig.4.10 A-F) or ON (Fig.4.10. G-R) and stained 

for the expression of sarcomeric myosins depicting the contractile protein using the MF20 

antibody. 

Interestingly, ectopic sarcomeric myosin expression was found around the beads with 19.23 

µM BMP but only in HH5/6 host (n=2) and when left to develop overnight for 18 hours. The 

above result suggested that to complete cardiac differentiation in response to BMP, PHM cells 

need high BMP concentration and more time than 6 hours exposure. The PHM can complete 

cardiac differentiation only when treated at HH5/6, i.e. only at that stage, the PHM is fully 

cardiac competent. 
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Figure 4.10 Control beads A, B, G, H. Treatment with BMP2 at 6.41 µM and 19.23 µM concentration, stained 
using an MF20 antibody, for 6h, (C-F) and O/N exposure(I-R), to test whether the PHM can complete myocardial 
differentiation, unchanged expression is marked by blue arrowheads, gene upregulation by green arrowheads. 
Implantation of control beads and beads loaded with 6.41μM or 19.23μM Bmp2 into the HH5/6, 7/8, 9/10 and 
13/14 PHM, followed by staining for sarcomeric myosins. Embryos were left to develop for 6 hours (A-F, dorsal 
views) or overnight (G-R, ventral views). Ectopic cardiomyocyte differentiation occurs after overnight incubation 
with 19.23μM BMP2, but only in HH5/6 hosts (L). 
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4.3. Discussion 

 

4.3.1 The PHM can be lateralised/ ventralised until HH13/14 

 

The markers that responded to BMP early namely Gata4, Hand2 and Tbx2 (with an exception 

to Gata4; no response at HH9/10) are all markers expressed in the extraembryonic and head 

and trunk lateral mesoderm. However, at a later stage these same markers showed no 

response in the head with an exception to an expansion in Hand2 expression in the HH13/14 

head (only in 1 of 4 embryos). This suggests that the PHM remains BMP responsive. The 

ectopic expression to Gata4, Hand2 and Tbx2 observed in the trunk suggests that the 

response to PHM is a ventralised BMP-induction rather than a medial paraxial induction of 

the head mesoderm.  

 

4.3.2. Some aspects of cardiogenesis can be triggered in the pharyngeal arches as late 

as HH13/14 

 

In line with previous research, by Bothe et al., 2011 and Tirosh-Finkel et al., 2006, occasionally 

expansion of Isl1 expression from the SHF towards the bead was observed and an ectopic 

expression around the bead was not observed. These studies however, propose long-lasting 

cardiac competence, and if looking only at theseي markers,ي it’sي possibleي toي getي toي aي falseي

conclusion.  

Markers that respond to BMP at HH9/10 and HH13/14 are also expressed in the pharyngeal 

endoderm, which releases signalling molecules to communicate with the mesoderm. So, in 

particular when using long-term exposure to BMP, we might be looking at the outcome of 

what BMP does to the endoderm, rather than BMP activating cardiac genes directly in the 

mesoderm. sc RNA seq showed that Isl1 which often is portrayed as a cardiac marker, is in 

fact expressed in precursors for both VEC/endocardial as well as cardiomyocyte precursors. 

Moreover, Isl1 is also expressed in the ventral skeletal muscle precursors in the pharyngeal 

arches, and Isl1+ cells can generate smooth muscle. The remit of Nkx2.5 expression is 
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narrower as cells are more biased towards cardiogenesis. However, these are markers for still 

multipotent precursor cells. They do not foretell that cells will adopt a cardiac fate. This can 

only be achieved analysing for a palette of markers that together signify cardiac development. 

 

4.3.3. The full palette of early cardiac markers can only be activated at HH5/6 

 

Combinatorial mechanism of genes is ought to be needed to trigger cardiogenesis and as a 

result of these marker genes being needed and, in combination, are sufficient to drive 

cardiogenesis, it becomes apparent that this palette of markers can only be activated at 

HH5/6. Isl1 is a known cardiac inducer that is expressed in cells that are driven into vascular 

endothelial and cardiomyocyte lineages. However, these precursor mesodermal cells 

expressing the pioneer factor, Isl1 has shown to not have cardiogenic options alone and it is 

the expression of Nkx2.5 that drives cells towards a cardiomyocyte fate (Gao et al., 2019; Jia 

et al., 2018).  

Nkx2.5 is not sufficient to drive cells into cardiomyocyte differentiation, but the combinatorial 

expression of cardiogenic transcription factors allows beating cardiomyocytes to form, both 

in vivo and in vitro (Ieda et al., 2010; Luna-Zurita et al., 2016; Zhou et al., 2012). Gata4 fails to 

be activated at HH9/10, Tbx5 at HH7/8, suggesting that an increasing number of cardiac genes 

fails to be activated as development proceeds. This may be down to epigenetic closure, (Cirillo 

et al., 2002) to active repression by the activation of more PHM genes, or a change is the 

signalling landscape of the PHM (Gao et al., 2019). 

Results suggested that at HH13/14 the PHM is BMP responsive, but it is markers generally 

associated with lateral mesoderm fates rather than specifically cardiac that can be activated. 

This absence of response suggests that either the PHM cannot complete CM differentiation 

or these markers are indirect targets, and that they may take longer to activate. BMP inhibits 

terminal differentiation and these are genes that are in the downstream in the cascades of 

cardiogenesis. 
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4.3.4. Only the HH5/6 PHM can complete cardiac differentiation 

 

In this research, genes indicating cardiomyocyte differentiation were not activated by BMP 

within 6h. This did not change when BMP10, the BMP expressed in the primitive, beating 

heart that consists of differentiated cells was used. BMP2/4/7/10, whilst all employing 

Smad1/5/8 for signal transduction/ target gene activation, have a slightly difference 

preference for BMP type 1 receptors. Yet in terms of induction of cardiac gene expression in 

the PHM, there seems little difference, as seen already in chapter 3 (Fig3.2). Thus, stating that 

there is a generic inability to respond to BMP in the 6h time period. 

However, cardiomyocyte differentiation was completed in the PHM, when the tissue was 

exposed to BMP overnight for 18 hours. This is in tune with cardiac differentiation genes 

becoming activated later in cardiogenesis. In the embryo, the expression of early cardiac 

genes beings at HH5. However, the expression of Mef2c myosins only commences at HH8, i.e. 

around 6-7 hours later, with Myh15 the first to be expressed. Thus, the prolonged period 

required to complete differentiation, are in line with the progression of cardiac differentiation 

in vivo, and the ability of the HH5/6 PHM to engage in cardiomyocyte differentiation shows 

that at this stage, the PHM has cardiac competence or potency. 

There are however differences between the cardiac differentiation in the FHF and cardiac 

differentiation induced in the PHM: in the FHF of the embryo the cardiac TF Myocd as well as 

cardiac differentiation genes such as Tnni1, Tnnt2 are already expressed at HH5/6. Thus, if 

the PHM were to enter cardiogenesis as easily as the lateral mesoderm, these genes should 

have been activated within 6 hours. On a similar note, the PHM was subjected to 19.2µM of 

BMP2, a concentration that in the somite leads to cell death by apoptosis, to enforce the 

completion of cardiogenesis in the PHM at HH5/6. This suggests that, probably because the 

PHM at HH5/6 is already expressing some PHM markers (Cyp26C1 at HH4-5, Pitx2 and Tbx1 

at HH6), the tissue has begun to depart from its cardio-competent set-up. 
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Indeed,يasيtheيBMPيinhibitorsيChordinيandيNogginيareيexpressedيinيHensen’sيnodeيandيinيtheي

notochord, the PHM has developed under the umbrella of BMP inhibition for 8-12 hours from 

the generation of HM at HH3 to HH5-6. So, the PHM at HH5/6 was specified, but not 

irreversibly determined to engage in processes typical for this paraxial region of mesoderm 

and it still has cardiac competence. 

 

4.3.5. Conclusion 

 

Previous conclusion on cardiac competence were drawn on limited marker sets used and the 

different timing and concentration of BMP used. Here: clearly, the early PHM has full cardiac 

competence and can realise this potential when forced with high concentrations of BMP. 

After HH5/6, cardiac competence ceases as an increasing number of cardiac genes cannot be 

activated anymore (Fig.4.11).
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Figure 4.11 Summary statement - BMP induces full complement of cardiac markers in the HH5/6 PHM, so: head mesoderm has full cardiac competence only at HH5/6 

 

head mesoderm has full cardiac competence 

BMP induces cardiac fates 

 BMP induces skeletal fates 
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Chapter 5. Investigating the natural environments for myocardial 

differentiation of the head mesoderm 

5.1. Introduction 

 

5.1.1. BMPs concentrations inducing cardiogenesis in the PHM may have been too high 

 

The previous chapter showed that the PHM at HH5/6, but not at later stages, is cardiac-

competent. However, this competence (potency and potential), could only be realised when 

the tissue was exposed to high BMP2 concentrations and overnight for 18 hours. To explore 

how artificial these experimental conditions were, and how types of head mesoderm may 

behave in a naturally cardiogenic environment, HM explants derived from GFP expressing 

transgenic chicken are grafted to sites of cardiogenesis in vivo. In the introduction here, it is 

important to recapitulate what is known about BMP effects at different concentrations and 

about the cardiogenic environments at HH5/6, HH7/8, HH9/10 and HH13/14. 

 

5.1.2. Effect of BMP concentrations in controlling cell behaviour in vivo  

 

The BMP loaded beads are soaked in a worked concentration of BMP before being grafted 

into the PHM. However, the actual concentration delivered to the tissue maybe be lower than 

the worked concentration. This debate could be due to not all BMP maybe be released from 

the bead because of possible retention by the heparin/agarose bead as a carrier. Another 

possibility could be that the tissues buffer and adapt as a coping mechanism by up-regulating 

BMP inhibitors as a response. Programmed cell death or Apoptosis can be induced by 

intracellular and extracellular signals by cell adhesion and withdrawal of growth factors. BMP 

is known to help trigger apoptosis by making changes in the transcription of genes that 

regulate cell death. Nonetheless, the nature of these genes is unclear. As a result of subjecting 

the tissue to BMP with high concentrations resulting in absence of responses may be due to 

BMP inducing apoptosis. However, BMP can induce apoptosis, the respective genes do give 

transcriptional responses all the time, suggesting that the cells are still alive.  
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5.1.3. Other factors present in the cardiogenic environment of the 1st and 2nd HF may 

allow for lower BMP concentrations in vivo 

 

In the previous chapter, it was concluded that the PHM cells were only ever activated in 

response to BMP when exposed to a higher concentration and for a longer time period. Hence 

to induce ectopic cardiogenesis, the PHM environment is seen to be deprived of factors that 

can promote cardiogenesis. For instance, the PHM is under the influence of wnt8 antagonist, 

sFRP sizzled whereas BMP2/4 expression is absent. Another instance where the initiation of 

MyoR expression in the PHM is only achieved when following the interconnected signalling 

networks of BMP2 and Fgf8 molecules (Bothe et al., 2011). 

Nevertheless, building a cardiogenic environment and reconstituting the cardiogenic niche in 

the PHM is difficult, because, again, the exact concentration required by the tissue is a 

challenge. Instead; grafting the PHM into a naturally cardiogenic environment is ultimate to 

study the nature of these cells. 
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5.2. Results 

 

Approach 
 

Donor tissue excised from GFP expressing embryos are grafted into normal embryo hosts at 

different stages depending on the experimental purpose. Grafts were separated from 

surrounding endoderm and ectoderm using dispase. Where this was not possible, a record of 

the adhering tissues was kept. The embryos were Re-incubated overnight (for 18- 20 hours).  

Analysis was done by immunohistochemistry using primary GFP antibody staining to enhance 

the GFP signal and allows to localise the graft. MF20 antibody staining revealed with a red 

fluorescing secondary antibody, assaying for the expression of sarcomeric myosin and hence 

cardiac differentiation. Photomicroscopy to show the graft and the cardiac region of embryos 

in a ventral (except: HH13/14 lateral) views, confocal images assaying for the colocalization 

of red and green fluorescence was used (n-numbers are shown in the appendix). 

 

5.2.1. Grafting of cardiac mesoderm (CM) into the FHF and into the PHM at HH5/6 and 

HH7/8 

 

The aim of this experiment was to investigate the natural environment of the PHM in terms 

of cardiac potential both at stages 5/6 and 7/8. Mock operation of the FHF, shown at HH5/6 

(Fig.5.1 A) and HH7/8 (Fig.5.1B) (11 embryos) were done as negative control showing a healed 

lesion and a heart developed. Red MF20 staining can be seen in the primitive heart with no 

background green fluorescence indicating GFP. Grafts from HH5/6 CM into the CM/FHF at 

HH5/6, 8 graftings were carried out as a positive control; grafts were retained in 7 embryos. 

Of these, 2 had the graft in the heart, 5 had the graft in the pericardial mesoderm or OFT. The 

grafts were dispersed, possibly due to convergence extension movements of the host tissues 

and low cell cohesion in the graft. However, in the two embryos with grafted cells in the heart, 

two showed sarcomeric myosin expression (co-existence of red and green staining in 

Fig.5.1C).  
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The cardiac mesoderm from stage HH5/6 was grafted into a later stage CM at HH7/8. Two 

graftings were conducted, both grafts were recruited into the heart and the graft stayed 

compact. But cells did not express sarcomeric myosin, hence no cardiomyocyte 

differentiation (Fig.5.1D). However, when HH7/8 CM was grafted back (2 graftings) into the 

early CM/FHF at HH5/6, recruitment of cells into heart in one graft, in the other, the graft was 

in the pericardium and the grafts stayed compact. Sarcomeric myosin expression was seen in 

both grafts, irrespective of the location of the graft (Fig.5.1E). 

The HH7/8 CM (1 embryo) or CM + endoderm (1 embryo, n numbers in the appendix in cases 

when it was difficult to separate the endoderm from the mesoderm) was grafted into the 

CM/FHF at HH7/8, recruitment of grafts into the heart and graft stayed compact and cells 

showed sarcomeric myosin expression in both (shown for the CM-only graft in Fig.5.1F). 

Grafts form HH5/6 CM where implanted into the PHM at HH5/6 (1 embryo), the graft 

remained in the PHM and graft stayed compact, cells expressed GFP noting that the cells 

stayed alive, but no sarcomeric myosin, hence no differentiation (Fig.5.1G). 

The next set of graftings were done to test the behaviour of cardiac mesoderm cells in the 

paraxial head mesoderm. When the HH5/6 CM was grafted into the PHM at HH7/8 (2 

embryos), the graft remained in the PHM and stayed compact. The cells expressed GFP but 

no sarcomeric myosin expression was seen, hence no differentiation (Fig.5.1H). However, 

when HH7/8 CM was grafted back into the PHM at HH5/6 (4 embryos), the graft remained in 

PHM but showed sarcomeric myosin expression in 2 of the grafts (Fig.5.1I). When the late 

stage CM of HH7/8 was grafted into the PHM at HH7/8 (1 embryo), the graft stayed in PHM 

and expressed sarcomeric myosin (Fig.5.1J). 

HH7/8 lateral cardiac mesoderm has cell-autonomous control over (Fig. 5.1.E.F.I.J) cell 

adhesion where the graft remains a compact cell clump irrespective of graft site in HH7/8. 

Cardiomyocyte differentiation showing sarcomeric myosin expression irrespective of graft 

site in HH7/8. HH5/6 lateral cardiac mesoderm needs a cardiogenic environment, and it finds 

this environment in the FHF at HH5/6 (Fig.5.1.C). 
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Figure 5.1 Grafting of cardiac 
mesoderm from a GFP-expressing 
donor (green) into the FHF and into 
the paraxial head mesoderm of a 
GFP-negative host at HH5/6 and 
HH7/8. i,ii,iii shows magnified 
images from confocal microscope 
of the main corresponding image 
showing an overview of the heart. 
i, mf20 sarcomeric myosin staining 
(red); ii GFP staining (green); and 
iii, merge image (yellow. 
Sarcomeric myosin expression 
indicating cell differentiation into 
cardiomyocytes can be seen in 
yellow in Ciii, Eiii, Fiii, Iiii and Jiii. (A, 
B) Negative control operations, (C) 
as Positive control. Abbreviations: 
OP, operation, cardiac mesoderm 
(CM) and paraxial head mesoderm 
(PHM).  
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5.2.2. Grafting of PHM into the FHF/CM at HH5/6 and HH7/8 
 

The previous experiment suggests that the FHF is supportive of cardiogenesis at HH5/6, but 

not quite any more at HH7/8. So, the following experiment came after the expectation that 

cardiac-competent tissue would differentiate in the environment of the FHF at HH5/6, but 

not at HH7/8. 

Graft from HH5/6 PHM was implanted into HH5/6 CM, 9 graftings out of which 6 grafts were 

in the pericardium or OFT and 3 grafts got recruited into the heart. One embryo with the graft 

in the heart displayed sarcomeric myosin staining in the graft (Fig.5.2A). (Also, one graft with 

HH5/6 PHM + endoderm and graft in the pericardium expressed no sarcomeric myosin. 

When the HH5/6 PHM was grafted into the later HH7/8 CM (7 graftings), all grafts were 

retained, and 5 got recruited into the heart, but no sarcomeric myosin expression was seen 

(Fig. 5.2B). The next graft was from the HH7/8 PHM implanted into HH5/6 CM, 3 grafting were 

recruited into the heart and showed no sarcomeric myosin expression (Fig5.2C). 

The HH7/8 PHM was grafted into HH7/8 CM (7 graftings), all grafts were recruited into the 

heart but showed  no sarcomeric myosin and hence no cardiac differentiation (Fig.5.2D). 

When tissue from the later HH9/10 PHM was grafted into HH5/6 CM (5 graftings), all grafts 

were retained and 3 grafts got recruited into the heart but showing no sarcomeric myosin 

expression (Fig.5.2E). Tissue from the HH9/10 PHM was grafted into the HH7/8 CM – (6 

graftings), all grafts were retained but one graft seems to contain dead cells (observation not 

shown). The remaining 5 grafts were recruited in the heart but showed no sarcomeric myosin 

expression (Fig.5.2F). 

Mature tissue from HH 13/14 PHM (from the proximal region of the mandibular or hyoid arch) 

were grafted into HH5/6 CM (2 graftings), grafts were recruited into the heart but showed no 

sarcomeric myosin (Fig.5.2G). Furthermore, when the same tissue was grafted into the slightly 

older HH7/8 cardiac mesoderm (2 embryos), grafts were recruited into the heart but still 

showed no sarcomeric myosin (Fig.5.2H). 
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Grafts from the segmental plate were implanted into the cardiac mesoderm of stages HH5/6 

(Fig.5.2I) and stage HH7/8 (Fig.5.2J) as negative controls. On recruitment into the heart, no 

sarcomeric myosin expression were seen at both stages. The HH5/6 PHM can be recruited 

into the heart and participate in cardiogenesis. However, cardiomyocyte differentiation is 

only achieved at HH5/6 PHM and only in the environment of the HH5/6 cardiac mesoderm. 

(Fig.5.2. A) 
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Figure 5.2 Grafting of paraxial 
head mesoderm from GFP-
expressing donor (green) stage 
HH5-14 into the cardiac 
mesoderm of a GFP-negative host 
at HH5-8. i,ii,iii shows magnified 
images from confocal microscope 
of the main corresponding image 
showing an overview of the heart. 
i, mf20 sarcomeric myosin 
staining (red); ii GFP staining 
(green); and iii, merge image 
(yellow). Sarcomeric myosin 
expression indicating cell 
differentiation into 
cardiomyocytes can be seen in 
yellow only from HH5/6 and in 
the HH5/6 cardiac mesoderm 
environment (Aiii). Grafts from 
HH13/14 segmental plate were 
implanted into the cardiac 
mesoderm at both stages as 
negative control (I, J). 
Abbreviations: cardiac mesoderm 
(CM), segmental plate (sp) and 
paraxial head mesoderm (PHM). 
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5.2.3. Grafting of HH9/10 and HH13/14 SHF cells into the FHF/CM and PHM 

 

It was described earlier in this chapter that the HH7/8 FHF/CM cardiogenic mesoderm can 

easily differentiate even when placed in the PHM. Yet subpharyngeal SHF cells from HH9/10 

can also easily deliver beating cardiomyocytes in vitro, at least when grown with the 

endoderm attached (Tirosh-Finkel et al., 2006). So, it was interesting to know how the SHF 

cells would behave in the natural environment of the CM/FHF and the PHM. HH9/10 SHF cells 

and the the SHF cells next to the mandibular and hyoid arch at 13/14 was considered because 

they are cells known to contribute to the right ventricle and OFT. 

When grafts from the HH9/10 SHF were implanted into HH5/6 CM (2 graftings), they were 

recruited into the heart as compact cell clumps and both showed sarcomeric myosin 

expression (Fig.5.3A). In addition, when grafts from the same tissue was grafted into the later 

stage HH7/8 CM (5 graftings), all grafted were retained and recruited into the heart and all 

expressed sarcomeric myosin (Fig.5.3B). Moreover, when HH9/10 SHF tissue was grafted into 

HH7/8 PHM (3 grafts), all grafted were retained but not recruited into the heart and all 

showed expression of sarcomeric myosin (Fig5.3C). 

Mature tissue from HH13/14 SHF were grafted into HH7/8 CM (3 graftings), 2 grafted were 

recruited into the heart. GFP positive cells nested between the host sarcomeric myosin 

positive cells, but did not express sarcomeric myosin themselves (Fig.5.3D). This suggests that 

the HH9/10 SHF is as cardiogenic of an environment as the HH7/8 FHF/CM cells (seen in 

Fig.5.3A,B,C). This however seems not to be the case for the stage 13/14 SHF cells (Fig.5.3D). 
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Figure 5.3 Grafting of secondary heart field cells from GFP-expressing donor (green) stage HH9- 14 into the 
cardiac mesoderm and paraxial head mesoderm of a GFP-negative host at HH5-8. i,ii,iii shows magnified images 
from confocal microscope of the main corresponding image showing an overview of the heart. i, mf20 sarcomeric 
myosin staining (red); ii GFP staining (green); and iii, merge image (yellow). Sarcomeric myosin expression 
indicating cell differentiation into cardiomyocytes can be seen in yellow in grafts from HH9/10 only. Aiii, Biii and 
Ciii. Abbreviations: cardiac mesoderm (CM) and paraxial head mesoderm (PHM). 

5.2.4. Grafting into the HH13/14 SHF 
 

The above grafting makes the statement that cells from stages HH9/10 and HH13/14 SHF 

behave differently. The HH9/10 is a cardiogenic tissue when grafted whereas the HH13/14 

SHF is not. Next, it was important to know to which extent the environment of the SHF at 

HH13/14 would trigger different responses in different graft sites. So, grafts from the cardiac 

mesoderm from stages HH5-10 were grafted into the SHF of the 1st (mandibular) or 2nd (hyoid) 

arch. 
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 When grafts from HH5/6 CM were implanted into HH13/14 SHF, cells were retained in the 

vicinity of the SHF. Despite the fact that cells were not recruited into the heart, the graft 

expressed sarcomeric myosin (Fig.5.4A). This shows that the environment is, in principle, a 

cardiogenic environment. Grafts from HH5/6 PHM were implanted into HH13/14 SHF (6 

graftings), 4 retained the graft, and the cells remained in the SHF, no cell recruitment into the 

heart and no sarcomeric myosin (Fig.5.4B). Tissue from HH9/10 SHF implanted into HH13/14 

SHF (graft was in 2 pieces, one at the junction to the OFT, one further dorsal). However, graft 

expresses sarcomeric myosin in line with the idea of the autonomous behaviour of the 

HH9/10 SHF cells (Fig5.4C). 

Graft from HH13/14 SHF into HH13/14 SHF done as a positive control (3 graftings), grafts 

retained in the SHF, and one embryo showed graft recruitment into the OFT (Fig5.4D) but 

none of the grafts expressed sarcomeric myosin. Grafts from HH13/14 segmental plate into 

the HH13/14 SHF (negative control) were not recruited into the heart and showed no 

sarcomeric myosin (Fig5.4E). 

Stage HH5/6 cardiac mesoderm can read the environment when grafted into the SHF region 

at HH13/14 and interprets it as an invitation to commit and reach cardiac differentiation. All 

other grafts did not, not even the HH13/14 SHF itself. 

Taken together, it was seen that the graft retention as well as cell recruitment into the heart 

was low, suggesting that a form of carrier or gel should be tested to increase the rate of 

implantation. CM from HH5/6 started to differentiate, suggesting that the environment is 

cardiogenic. Similarly, HH10 SHF graft differentiated, as expected from the autonomous 

behaviour seen earlier. 



107 | P a g e  
 

 

Figure 5.4 Grafting into the HH13/14 secondary 
heart field cells. i,ii,iii shows magnified images from 
confocal microscope of the main corresponding 
image showing an overview of the heart. i, mf20 
sarcomeric myosin staining (red); ii GFP staining 
(green); and iii, merge image (yellow). Sarcomeric 
myosin expression indicating cell differentiation into 
cardiomyocytes can be seen in yellow in grafts from 
HH 5/6 and HH9/10 cardiac mesoderm only. Aiii, and 
Ciii. Abbreviations: cardiac mesoderm (CM) and 
paraxial head mesoderm (PHM).  
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5.3. Discussion 

 

5.3.1. Low graft retention rates when grafting into the HH5/6 FHF/CM, but clear data 

for the positive control 

 

When counting the embryos that (i) retained the grafts and (ii) retained the grafts at the 

intended sites, we noticed that they differed between sites and stages. Retention rates of 

grafts at the intended sites was 80-90% for graftings into the HH7/8 FHF (environment of 

differentiating CM), for graftings into the HH13/14 SHF of the mandibular and hyoid arch and 

for graftings into the PHM. In contrast, only 37.5 % of grafts introduced into the HH5/6 FHF 

were retained in the heart. 

During the time between HH5/6 and HH7/8, the cranial region elongates and narrows 

significantly, suggesting extensive convergence extension movements of cells. These are 

suited to displace cells. Nonetheless, for the HH5/6 CM retained in the HH5/6 FHF/CM, 

cardiogenic differentiation was observed, suggesting that grafts in this cardiogenic 

environment have the chance to respond to cardiogenetic signals when exposed for a period 

of 20 hours. Thus, even if the n-numbers are low, the grafting approach is suited to provide 

reliable data. 

 

5.3.2. The early HH5/6 FHF/CM environment drives CM determination and 

differentiation 

 

The heterotopic graftings done here showed that HH5/6 CM needed a supportive, cardiogenic 

environment to differentiate; no differentiation was obtained when the tissue was grafted 

into the PHM. In contrast, the 2-5 hours older HH7/8 FHF cells can differentiate even in the 

environment of the PHM. Therefore, the HH5/6 FHF cells are specified but not determined to 

generate and differentiate into cardiomyocytes in contrast to cells at HH7/8, were they are 

determined. This is in good agreement with studies that showed the introduction of Noggin; 

a BMP antagonist, on the lateral mesoderm losing its inhibitory effect after HH8 (Schlange et 
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al., 2000), suggesting that this loss of sensitivity is due to the fact that during this time, the 

developed cardiogenic cells have already acquired there stable identity. 

Notably, even though the grafts were retained better in the HH7/8 compared to the HH5/6 

FHF, the HH5/6 CM did not differentiate here. This suggest it is specifically the HH5/6 FHF 

environment that leads the cells to cardiac determination and CM differentiation. Thus, to 

address the behaviour of the PHM in response to natural cardiogenic signals, the interaction 

of the PHM with the HH5/6 environment will be a key question to investigate. 

 

5.3.3. The early HH5/6 PHM can engage in cardiac differentiation in the HH5/6 FHF/CM 

 

With the HH5/6 FHF/CM environment supporting cardiac development of cells specified but 

not determined for cardiogenesis, it was hypothesised that the PHM; being cardiac 

competent would respond to the HH5/6 FHF and engage in cardiogenesis. This indeed was 

the finding: The HH5/6 PHM but not the PHM at any of the later stages was able to engage in 

cardiogenesis and express sarcomeric myosin. Therefore, as artificial as the BMP experiments 

may have been, the experiment here supports the idea that cardiac competence exists in the 

PHM at HH5/6 (Fig.5.5), but not thereafter. 

The HH5/6 CM and PHM is a lose mesenchyme and it is dissociated more easily when 

transplanted. The cohesion of cells was stronger in grafts from later stages. Cells retaining 

cohesionيhaveيbeenيshownيtoي‘remember’يtheirيdestinyيbetterيthanيdissociatedيcells.يThisيwasي

shown for transplantations of neural progenitors across rhombomere boundaries and for 

neural crest and mesodermal cells grafted between pharyngeal arches. This was termed 

‘communityيeffect’يandيcouldيplayيaيroleيhere.يItيcouldيbeيtestedيbyيdeliberatelyيdissociatingي

and then reaggregating the cells (Cheng et al., 2004). However, even for cells that broke free 

from the graft, it was not observed that any better engagement in cardiogenesis than for cells 

in compact cell groups, suggesting that intrinsic properties of PHM cells rather than the 

community effects may account for the different behaviour of grafts from HH5/6 PHM vs PHM 

from later stages.  
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5.3.4. The HH5/6 FHF/CM and the HH13/14 SHF are distinct cardiogenesis-supporting 

environments 

 

The heart in vertebrates is formed from two progenitor heart field cells, the first heart field 

(FHF) and the second heart field (SHF). These progenitor cells express distinct genes such as 

Tbx5, BMP10 in FHF and Isl1, Fgfs in SHF. However, BMP signalling acts early in cardiogenesis 

and aid in the differentiation of these FHF and SHF progenitors. Wnt signalling controlled by 

β-catenin also act as regulators early in cardiogenesis and is responsible for the formation of 

the multichambered heart later in development. Research has shown that the ablation of the 

Bmp receptor 1a by MesP1-cre in mouse resulted in the complete absence of FHF 

specification. In contrast, loss-of-function mutations of β-catenin induced by MesPl-cre 

affected specifically the SHF, but not the FHF (Klaus et al., 2007). This suggests that the 

signalling cascades in both environments might as well be distinct. 

Figure 5.5 Cells grafted from HH5/6 PHM (green) into the HH5/6 CM (red) are determined and differentiate and 
express sarcomeric myosin; in contrast to cells from HH7/8 PHM and in line with our BMP experiments that states 
that cardiac competence fades after stage HH5/6. 
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Cells from the FHF engage in cardiogenesis to deliver the primitive heart which in the chicken 

starts beating at HH10. Cells from the subpharyngeal mesoderm are recruited into the OFT 

and IFT of this primitive heart to contribute to the mature atria and to deliver the right 

ventricle and the mature OFT. These cells are referred to as SHF cells. To allow SHF cells to 

enter the heart and differentiate, also the SHF at the junction to the heart has to be a 

cardiogenesis-promoting environment. Indeed, the specified but not determined cells of the 

HH5/6 FHF were able to differentiate in this environment (Fig.5.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.5. HH9/10 and HH13/14 SHF cells are distinct during cardiogenesis 

 

SHF cells at HH9/10 and 13/14 originate from the subpharyngeal mesoderm and express the 

markers for cardiac- (and vascular endothelial-) competent cells including Isl1 and Nkx2.5. 

Moreover, both contribute to the primitive heart, the difference being that the cells recruited 

later contribute to more distal areas of the heart (the more proximal to the pharyngeal 

Figure 5.6 Cells grafted from HH5/6 CM (green) into the HH13/14 SHF (red); naturally being a 
cardiogenic-supportive environment differentiate and express sarcomeric myosin 
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arches). We thus expected that the ability of SHF cells to engage in cardiac differentiation 

would be the same. This however was not the case. The HH9/10 cells readily differentiated 

even in the environment of the PHM, similar to the HH7/8 cell taken from the bilateral heart 

fields (Fig.5.7). The HH13/14 cells did not, suggesting that both cell populations are not 

identical. 

Moreover, at HH13/14, the mesenchyme of the pharyngeal arches consists of neural crest 

and mesoderm-derived cells that are difficult to distinguish and likely were co-grafted. As a 

result, with the endothelium of the aortic arches (pharyngeal arch arteries as forerunners of 

the great vessels) being too delicate, endothelium may have been co-grafted, too. This has 

been proven in (Milgrom-Hoffman et al., 2014) where endothelial cells are found necessary 

for the migration of cranial NCC and hence the deployment of SHF cells into the cardiac OFT. 

Ablation of ncc and grafting the ncc-free SHF cells, can be done in an attempt to monitor the 

grafts cell population. However, the endothelial cells will still be of presence unless the 

isolation is done through Fluorescence-Activated Cell Sorting (FACS) of the GFP-labelled cells 

(FACS-Isolated NCC in Cell Culture). Notwithstanding, this would give rise to dissociated cells 

that may well behave differently to the original cells in vivo rather than the naturally occurring 

cells in its own environment. 

Figure 5.7 Cell from HH9/10 SHF (green) to 6 CM 8 PHM and CM, and the HH13/14 SHF (red) readily differentiate 
and express sarcomeric myosin. 
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Chapter 6. Developmental choices of the PHM after the decline of 

cardiac competence 

6.1. Introduction 

 

6.1.1 Head mesoderm has full cardiac competence only at HH5/6 and declines from 

HH7/8 onwards 

 

The vertebrate head mesoderm provides the heart, the great vessels, smooth and most head 

skeletal muscle, and parts of the skull base. The ability to generate cardiac and smooth muscle 

is thought to be the evolutionary ground-state of the tissue, and initially the head mesoderm 

has cardiac competence throughout. As discussed in chapter 4, experimental findings show 

that full set of cardiogenic transcription factors are activated only at HH5/6. This indicated 

that the head mesoderm has generic cardiac competence from the time of its gastrulation to 

early head fold stages only. After HH5/6, the set of BMP-responsive cardiac genes became 

successively more limited as cardiac competence declines from HH7/8 onwards. 

 

6.1.2 The PHM remains responsive to BMP during and after the decline of cardiac 

competence 

 

BMP is expressed in the pre-chordal plate, the pharyngeal pouches, the otic vesicle and the 

dorsal neural tube, suggesting that some regions of the PHM are exposed to BMP (Bothe et 

al., 2011, von Scheven et al., 2006). BMP upregulates the direct target gene Noggin, a BMP 

inhibitor activated in response to exogenously applied BMP (Ben-Yair & Kalcheim, 2008; 

Bothe et al., 2011; Sela-Donenfeld & Kalcheim, 2002). Marker is activated within 6 hours, at 

all developmental stages, and responses were independent of the type of BMP or bead used, 

as mentioned in chapter 4. This indicates that the PHM remains BMP responsive even at 

stages that lost cardiac competence. 
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6.1.3 BMP may trigger non-myocardial programmes 

 

Chapter 4 discussed the upregulation in expression of Isl1, Nkx2.5 and, slightly, Tbx2 in 

response to BMP. Upregulation was also seen in the pharyngeal endoderm, which is a source 

of Retinoid, BMP and Fgf signalling molecules (Ben Lovely et al., 2016; Wendling et al., 2000). 

In the 6-hour time window, direct and first wave indirect responses to BMP are possible. Thus, 

BMP influencing endodermal marker gene expression has to be considered, too. 

The lateral mesoderm in the head is a source of the endocardium, specialised vascular 

endothelial tissue that links the heart with the vasculature.  These cells arise from Isl1+ and 

Kdr+ precursors. The lateral/extraembryonic mesoderm in the head and in the trunk is a 

source of Kdr+ but Isl1- angioblasts, vascular endothelial precursors, that migrate into the 

embryo to begin building the vasculature (primary vasculogenesis). However, also the paraxial 

mesoderm is angiogenic and delivers angioblasts (secondary vasculogenesis). In the trunk, 

vasculogenesis relies on BMP signalling, in conjunction with other signalling molecules such 

as wnt and Fgf. Thus, it is possible that BMP may control vasculogenesis and/or the formation 

of endocardial precursors (García de Vinuesa et al., 2016).  

Following the findings in chapter 4, BMP plays a role in the induction of muscle programmes.  

Acta2; expressed in embryonic heart muscle, having the gene product, smooth muscle actin, 

is a key component of the smooth muscle contractile apparatus and remains expressed in 

smooth muscle mural cells. Smooth muscle in the head is mainly delivered by neural crest 

cells (Majesky, 2007). However, single cell differentiation tests (Liu et al., 2019; Waldo et al., 

2005) showed that the head mesoderm can produce smooth muscle, and lineage tracing 

showed that the head mesoderm delivers the smooth muscle collar of the cardiac outflow. 

Thus, it is possible that when BMP upregulates Acta2, it in fact activates the smooth muscle 

programme. 

Previous work showed that at stages HH5-10, BMP suppresses the medial/PHM markers 

Cyp26C1 and Tbx1 (Bothe et al., 2011). Here, it was found that BMP upregulates the lateral/ 

extraembryonic mesoderm marker Hand2 at HH5-10 and dorsally expands Hand2 expression 

at HH13/14. This indicates that BMP continues to control dorsomedial versus ventrolateral 

patterning. Cardiogenesis belongs to the ventrolateral programme, yet cardiogenesis cannot 
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be triggered in the PHM beyond HH5/6. This suggests that BMP activates non-cardiac 

programmes that belong to the lateral mesoderm. BMP2 and 7 are expressed in the 

prechordal plate, i.e. medially. Moreover, BMP has been shown to activate Msc/MyoR, a 

marker for head skeletal muscle precursors, in the rostral PHM HH9/10; this expression 

spreads throughout the PHM destined to produce skeletal muscle at later stages under the 

influence of Fgf (Bothe et al., 2011). These findings suggest that BMP may directly, or 

indirectly via its role in rostro-caudal (anterior-posterior) patterning, influence the skeletal 

muscle cell fate choice. 

 

6.1.4 Markers to test for non-myocardial programmes 

 

A palette of markers is needed to examine the ability of the PHM to switch from cardiac 

programmes. BMP can trigger markers related to alternative programmes in the underlying 

endoderm; Gata3, vascular endothelial and endocardial markers; Etsl1, Cdh5, Nfatc1, smooth 

muscle markers; Capsulin, Acta2, early PHM and head skeletal muscle precursor markers; 

Cyp26c1, Sim1, Pitx2, Msc, Tbx1 and skeletal muscle differentiation markers; Six1, Eya1, 

Dach1&2, Ebf2, Myh5. 

Thus, as the cardiac competence of the PHM declines at an early stage, the tissue might now 

be taking an alternative pathway in development. The PHM competence to switch to non-

myocardial programmes when exposed to BMP at and after HH7/8 will be tested in this 

chapter. 
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Table 6.1 Markers associated with non-myocardial programmes  

Gene Protein 
Function 

Expression 
Endoderm 

Expression 
Ectoderm 

Expression Mesoderm 

Acta2/Usmaar/ 
smooth muscle 
actin 

thin filaments 
  

initially lateral + 
extraembryonic mesoderm, 
then vascular smooth muscle 
- blood vessels, cardiac 
muscle, skeletal muscle; 
retained long-term in smooth 
muscle 

Kdr/Vegfr2/Flk1 Vegf signaling 
  

HH3-4 epiblast next to caudal 
primitive streak, from HH6 
onwards: lateral mesoderm, 
endothelial cells, 
endocardium; trunk: 2nd 
domain in sclerotome next to 
neural tube 

Msc/MyoR bHLH TF  lung bud 
 

initially rostral paraxial head 
mesoderm, then all 
craniofacial skeletal muscles, 
trunk:ventrolateral and 
dorsomedoal lips of 
dermomyotomes, hypaxial 
muscle precursors 

Myf5 bHLH TF 
  

skeletal muscle precursors 
set up for differentiation 

MyoD bHLH TF 
  

differentiating skeletal 
muscle precursors 
(myoblasts) 

Nfatc1 TF low: HH13 
pharyngeal 
endoderm 

 
maybe already HH4-5 
primitive streak and extra-
embryonic mesoderm, 
endocardium 

Pitx2 RIEG/PITX type 
homeodomain 
TF 

 
oral 
ectoderm, 
pituitary 

rostral paraxial head 
mesoderm and skeletal 
muscle derived thereof, left 
lateral mesoderm, periocular 
mesenchyme; later also 
somites/ trunk skeletal 
muscle 

Tcf21/Capsulin bHLH TF HH16 lung 
bud 

 
HH5 lateral head mesoderm, 
HH10 occipital lateral 
mesoderm, spreading 
caudally, HH12 pharyngeal 
arch muscle precursors, 
HH13 propepicardium, 
HH16 mesonephric tubules; 
allantois 
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6.2. Results 

 

All the data in this chapter, unless stated otherwise are of dorsal views of embryos, rostral to 

the top, all were incubated for 6 hours after bead implantation into the PHM at the stage 

mentioned respectively. Marker genes are indicated on the left; unchanged expression is 

marked by blue arrowheads, gene upregulation by green and downregulation by red 

arrowheads. The n-numbers for every gene is documented in the appendix. 

 

6.2.1 Response of the underlying endoderm to BMP2 at HH5-14 

 

The first experiment aimed to check for endodermal response to BMP using Gata3 -  

a pharyngeal endoderm and ectoderm marker, also expressed in the trunk intermediate 

mesoderm ad the mesonephric duct (Begbie et al., 1999; Bothe & Dietrich, 2006; James & 

Schultheiss, 2005; Sheng & Stern, 1999). Similar to experiments in chapter 4, BMP2 coated 

white beads were implanted into the PHM at HH5-13/14 and HH13/14 trunk. This marker 

shows strong upregulation at HH5 (n=2) HH8 (n=2) and HH10 (n=3), mild up regulation at 

HH13/14 (n=2) and in the somites (n=2) (Fig.6.1. A-Diii). The response of the endoderm was 

not different at the cardio-competent stage HH5/6 and stages during which cardiac 

competence fades.  

 

 

Figure 6.1 Dorsal views of embryos, rostral to the top, all were incubated after bead (asterix) implantation into 
the PHM at stage HH5-14. Marker genes are indicated on the left; gene upregulation by green arrowheads. 
Response of the underlying endoderm: Beads with 6.41µM BMP2 were implanted into the PHM or trunk of 
embryos at HH5/6 (A), 7/8 (B), 9/10 (C) and 13/14 (Di shows control side with no bead, Dii shows the operated 
side with bead, Diii shows bead implanted in the trunk) assaying for the expression of Gata3, .not:notochord, 
ht:heart, ot: otic vesicle, som: somites, nt: neural tube, ma: mandibular arch.  
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6.2.2 Response of vascular endothelial and endocardial markers to BMP2 at HH5-14 

 

BMP2 coated white beads were implanted into the PHM at HH5-13/14 and HH13/14 trunk to 

analyse for responses. This aimed to check for vascular endothelial and endocardial marker 

response to BMP using a vascular endothelial growth factor receptor 2, Flk1/Kdr, expressed 

in angioblasts i.e. VEC precursors. This marker at times showed an upregulation around the 

bead at HH5/6 n=3 (or an accumulation of cells here), and downregulation in the lateral head 

mesoderm at HH5/6 (Fig.6.2.A). Notably, expression was downregulated at HH7-10 (n=4) 

(Fig.6.2.B-C) with no response in the head at HH13/14 (Fig.6.2.D-Dii). In the trunk PHM, 

expression was upregulated (n=2) (Fig.6.2.Diii). 

The response to Ets1, a marker expressed in the VEC precursors and ncc was also assayed for. 

This marker was downregulated in the PHM at HH5 (n=2) HH8 (n=2) and HH10 (n=1) (Fig.6.2.E-

G) with no response at HH13/14 (Fig.6.2.Hi-ii). Expression was also upregulated in the somites 

(n=1) (Fig.6.2.Hiii). This at times occurred at a distance to the bead, indicating that the BMP 

at the concentration used was able to convert the somitic into lateral mesoderm. 

A marker for more mature VEC precursors – that aggregate to form tubules, Cdh5 was 

analysed. This marker showed no response in PHM, as would be expected for a marker 

associated with later stages of vasculogenesis (Fig.6.2.I-Liii).  

To test for the response of the endocardium, Nfatc1 - a marker highly expressed in the 

endocardium and mild expression in blood vessels, the notochord and, at HH13/14, mildly 

expressed in the pharyngeal endoderm was analysed (Wu et al., 2011). This marker shows no 

response to BMP at HH5/6 to HH9/10 (Fig.6.2.M-O). At HH13/14, however expression was 

upregulated in the endoderm (n=2) and no response in the somites (Fig.6.2.Pi-Piii). 
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Figure 6.2 Dorsal views of embryos, rostral to the top, all were incubated after bead (asterix) implantation into 
the PHM at stage HH5-14. Marker genes are indicated on the left; gene upregulation by green arrowheads. i 
shows control side with no bead, ii shows the operated side with bead, iii shows bead implanted in the trunk. 
Response of vascular endothelial and endocardial markers to BMP2 at HH5-14: Beads with 6.41µM BMP2 were 
implanted in the PHM and assayed for Flk1, Ets1, Cdh5 and Nfatc1 as markers associated with vascular and 
endothelial precursors. Flk1 and Ets1 show an uprequlation at HH5-10 (red arrowhead, A-C and E-G) and a 
downregulation at HH14 trunk (green arrowhead, Diii and Hiii). Nfatc1 only shows an uprequlation in the 
HH13/14 pharyngeal endoderm (green arrowhead, Pii) unchanged expression is marked by blue arrowheads, 
gene upregulation by green and downregulation by red arrowheads. not:notochord, ht:heart, ot: otic vesicle, 
som: somites, nt: neural tube, ma: mandibular arch. 
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6.2.3 Response of smooth muscle markers to BMP2 at HH5-14 

 

The next experiment aimed to check for smooth muscle response to BMP of Tcf21/Capsulin, 

a marker expressed early in the lateral head mesoderm, in the occipital lateral head 

mesoderm at HH10, spreading caudally in the pharyngeal arch muscle precursors at HH12, 

pro-epicardium at HH13, HH16 mesonephric tubules and the allantois. 

No change in the expression was seen for Tcf21 in all stages (Fig.6.3.A-Diii). This is in contrast 

to findings of (Tirosh-Finkel et al., 2006) that reported Tcf21 upregulation albeit in response 

to prolonged BMP4 exposure.  

Another marker, Acta2 – marker expressed initially in the lateral and extraembryonic 

mesoderm, then in the vascular smooth muscle and blood vessels, cardiac muscle (Waldo et 

al., 2005), skeletal muscle with a long-term widespread expression in smooth muscles. (Colas 

et al., 2000; Lopez-Sanchez et al., 2009) This marker shows an upregulation at HH5 (n=5), HH8 

(n=3) and HH10 (n=5) (Fig.6.3.E-G) and no response in the head and trunk at HH13/14 

((Fig.6.3.Hi-Hiii) 

Figure 6.3 Dorsal views of embryos, rostral to the top, all were incubated after bead (asterix) implantation into 
the PHM at stage HH5-14. Marker genes are indicated on the left; gene upregulation by green arrowheads. 
Response of smooth muscle markers to BMP2 at HH5-14 (A-Hiii). Beads with 6.41µM BMP2 were implanted in 
the PHM and assayed for Acta2 and Tcf21 as markers associated with smooth muscles unchanged expression is 
marked by blue arrowheads and gene upregulation by green arrowheads not: notochord, ht: heart, ot: otic 
vesicle, som: somites, nt: neural tube, ma: mandibular arch. Acta2, a marker with sustained expression in smooth 
muscle, responds to Bmp at stages HH5/6 to 9/10 (green arrowhead, E-G). 
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6.2.4 Response of early PHM and head skeletal muscle precursors markers to BMP2 at 

HH5-14 

 

To test the response of early PHM and head skeletal muscle precursors, the following genes 

were considered. Cyp26c1 – expressed in the anterior head mesoderm; early phm, ncc and 

later in the pharyngeal arches. This marker shows downregulation at HH5 (n=2), HH8 (n=3) 

and HH10 (n=3) (Fig.6.4.A-C) and no response in the head and trunk at HH13/14 (Fig.6.4.Di-

Diii). Sim1 – expressed in the medial phm and the lateral somites. This marker shows 

downregulation at HH5 (n=2), HH8 (n=2) and HH10 (n=3) (Fig.6.4.E-G) and no response in the 

head and trunk at HH13/14 (Fig.6.4.Hi-Hiii). Tbx1 – expressed in the pharyngeal endoderm, 

early caudal PHM and branchiomeric muscles. This marker shows downregulation at at HH5 

(n=5), HH8 (n=3) and HH10 (n=5) (Fig.6.4.Q-S) and no response in the head and trunk at 

HH13/14 (Fig.6.4.Ti-Tiii). 

Msc (MyoR) - marker first activated in the rostral PHM in response to BMP and then spreads 

caudally to eventually label all craniofacial skeletal muscle precursors and to participate in the 

activation of MyoD ((Bothe et al., 2011; Bothe & Dietrich, 2006; Nogueira et al., 2015; von 

Scheven et al., 2006)). 

Using a higher BMP concentration than in the original study by Bothe 2011, this marker 

showed an upregulation at stages HH7/8 (n=2) rather than HH9/10 (n=1) (Fig.6.4.N-O). 

Moreover, within the 6-hour time window, Msc was readily upregulated at HH13/14 (n=3) 

(Fig.6.4.Pi-Pii). The response was specific to the PHM since in the trunk, Msc was not activated 

(Fig.6.4.Piii).  
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Figure 6.4 Dorsal views of embryos, rostral to the top, all were incubated after bead (asterix) implantation into 
the PHM atHH5-14. Marker genes are indicated on the left; unchanged expression is marked by blue arrowheads 
and gene upregulation by green arrowheads. Response of early PHM and head skeletal muscle precursors 
markers at HH5-14 Beads with 6.41µM BMP2 were implanted in the PHM and assayed for; Cyp26c1, Sim1, Pitx2, 
Msc, and Tbx1 (A-Tiii). Cyp26c1, Sim1, and Tbx1 show a down regulation from HH5-10 (red arrowhead, A-C, G-
H, Q-S). Pitx1 only show a down regulation at HH5 (I). Msc, a marker for craniofacial skeletal muscle, is not 
upregulated at stage HH5/6 (M) when the PHM has cardiac competence. Thereafter, Msc is robustly activated 
(N-Pii) not: notochord, ht: heart, ot: otic vesicle, som: somites, nt: neural tube, ma: mandibular arch. 
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6.2.5 Test for the response of skeletal muscle differentiation markers to BMP2 at  

HH5-14 

 

Besides Msc as a skeletal muscle precursor marker, Skeletal muscle differentiation markers 

like Six1, Eya1, Dach were tested for the response of BMP in the PHM. Six1 – expressed early 

in the PHM, non-somitic head mesoderm, the pre-placodal ectoderm, and later in the rostral 

segmental plate developing somites. This marker was downregulated by BMP at at HH5 (n=1), 

HH8 (n=2) and HH10 (n=1) (Fig.6.5.A-C-Diii) with no response in the head HH13/14 (Fig.6.5.Di-

Dii). A similar expression to Six1 is seen in Eya1, also known as a coactivator of Six1 was used. 

This marker was downregulated early, (Fig.6.5.E-F) but from HH9/10 onwards, it is 

upregulated (n=1), so it can protect & activate any residual Six1 (Fig.6.5.G-Hiii). 

Dach1 – a regulator of Six1, is expressed in the lateral/cardiac mesoderm, PHM early and later 

in the somites. This marker was upregulated only at HH5/6 and distant form the somites in 

the trunk (Fig.6.5.I&Liii) and no response in the other stages  (Fig.6.5.J-Lii). Dach2 – expressed 

in the lateral plate mesoderm and the neural plate. This marker was upregulated in the neural 

plate at 5/6 only (n=2) (Fig.6.5M). Ebf2 – expressedيlateralيtoيtheيhensen’sيnode,يneuralيtube.ي

This marker showed no response (Fig.6.5.Q-Tiii). 
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muscle differentiation markers to BMP2 at HH5 -14 at 6.41µM implanted in the PHM and assayed for Six1, 
Eya1, Dach1&2, Ebf2, Myh5, unchanged expression is marked by blue arrowheads, gene upregulation by 
green arrowheads and downregulation by red arrowheads. Six1 show a down regulation from HH5-10 (red 
arrowhead, A-C). and Eya1 only shows a down regulation from HH5-8 (red arrowhead, E-F). Thereafter, 
Eya1 is upregulated (green arrowhead, G-Hiii). Dach1 is only upregulated early at HH5 (green arrowhead, 
I). not:notochord, ht:heart, ot: otic vesicle, som: somites, nt: neural tube, ma: mandibular arch. 

 

Figure 6.5 Dorsal views of embryos, rostral to 

the top, all were incubated after bead 

(asterix) implantation into the PHM at stage 

HH5-14. Marker genes are indicated on the 

left; unchanged expression is marked by blue 

arrowheads and gene upregulation by green 

arrowheads. Test the response of skeletal 
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6.3. Discussion 

 

6.3.1. BMP2 upregulates endodermal markers, but this is not different at HH5/6, 7/8 

or 9/10 

 

The experimental findings suggest that BMP2 may change the expression of endodermal 

genes including the complement of signalling molecules released from the endoderm (Bothe 

et al., 2011). Furthermore, BMP may indeed influence the endoderm and the signalling 

molecules it releases and the endoderm likely does not play a role in the differential 

expression of cardiac genes in the PHM response to BMP. 

 

6.3.2. BMP does not move cells towards an endothelial or endocardial fate 

 

Previous results showed that BMP upregulates Isl1, which is expressed both in cardiomyocyte 

and endocardial precursors. Thus, to entertain the idea that BMP may drive cells towards a 

VEC or endocardial fate when the cardiomyocyte programme is not activated anymore is a 

possibility. Yet, it was found that BMP did not activate the endocardial marker Nfatc1, at least 

in the mesoderm. BMP also did not influence the marker for aggregating VEC, Cdh5. 

Markers more generally indicative of cells specified as angioblasts and VEC precursors, Kdr 

and Ets1 were downregulated in the PHM. This suggests that in the PHM, BMP does not drive 

cells towards a VEC fate. It also explains why an absence of phenotype was detected in Nfatc1 

or Cdh5 – theيprecursorيcellsيweren’tيthere. 

The suppression of Kdr and Ets1 in the PHM was in contrast to the trunk paraxial mesoderm, 

the somites, where BMP upregulated these markers. Moreover, BMP has different effects in 

head and trunk secondary vasculogenesis. This may be due to the combinatorial effect with 

other factors present in the head or trunk, or this may be due to BMP having different effects 

at different concentrations.  
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6.3.3. Newly expressed markers suggest a shift away from cardiomyocyte and smooth 

muscle programmes 

 

Acta2, but not cardiomyocyte differentiation markers, was upregulated by BMP at stages 

HH5/6 to HH9/10, suggesting a prolonged competence of the PHM to produce smooth 

muscles. In normal heart development, lateral head mesoderm cells expressing early cardiac 

markers are recruited to form the smooth muscle collar of the OFT (smooth muscle of great 

vessels from the ncc). Because BMP-dependent NCC have been demonstrated to be critical 

during OFT remodelling, BMP signalling is significantly observed in controlling a subset of CNC 

cells as they migrate to the OFT (Neeb et al., 2013). It will be interesting to investigate whether 

BMP may be part of the control system that allows the formation of the smooth muscle collar 

of the cardiac oft. 

 

6.3.4. The craniofacial skeletal muscle programme in the PHM is activated as cardiac 

competence ceases 

 

BMP2 suppresses most PHM markers, in tune with tissue lateralisation. However, Msc was 

upregulated from HH7/8 onwards, and this response was seen at HH9/10 and 13/14. The 

response was specific to the PHM since in the trunk, Msc was not activated. Msc is a crucial 

regulator of head skeletal muscle development and directly participates in the activation of 

Myf5. This suggests that as cardiac competence fades, competence to engage in craniofacial 

myogenesis becomes established in the PHM. Moreover, this shift in cellular competence 

follows the same temporal pattern. 

Amongst genes involved in skeletal muscle differentiation, Six1 and Eya1 were downregulated 

early, but Eya was upregulated at HH10. Since the Eya phosphatases render Six or (Six-Dach 

complexes) transcriptional activators, it can be assumed that despite the prolonged 

downregulation of Six1 itself, any residual Six protein may be enabled to activate target genes. 

BMP is known to downregulate MRF gene expression, both in the head and in the trunk. In 

the 6-hour window investigated here, the downregulation was mild, suggestion the that BMP 
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effect is indirect. Nonetheless, how can this be reconciled with the elevated levels of Msc and 

possible transcriptionally active Six1? Six1 has been shown to play a role in myogenesis in the 

activation of late MRF genes such as MyoG. Six1 has also shown to be an activator of MyoG 

and of genes encoding proteins required for muscle contraction, particularly proteins for 

glycolytic, fast-twitch contraction (Grifone et al., 2004). Activated Six1 and Mef2c contributes 

to the progression of differentiation. It typically acts together with other factors; for example, 

it cooperates with MyoD and Mef2 proteins on the MyoG promoter. Thus, Six1 is not 

sufficient to drive skeletal muscle differentiation. 

Genes expressed in the head (Pitx2, Msc, Tbx1) and in the trunk (Pax3, Pax7) mesoderm 

controlling the skeletal muscle precursor state promote cell proliferation and delay 

differentiation. Amongst the precursor markers, Msc has been shown to bind to MyoD target 

sites (Cao et al., 2010). But it also is a potent transcriptional repressor. Thus, the upregulation 

specifically of Msc suggest that while more cells have become skeletal muscle precursors, 

these cells are also being withheld from differentiation. 

 

6.3.5. Consequence of the switch to the skeletal muscle programme 

 

These findings concluded that as the ability of the PHM to engage in cardiomyocyte formation 

fades, the ability to deliver skeletal muscle is established. Moreover, in cardiomyocytes with 

relaxed epigenetic gene repression, skeletal muscle genes are activated, most notably Six1 

(Delgado-Olguín et al., 2012; He, Ma, et al., 2012). In heart failure, Six1 is also upregulated, 

and it activates the expression of a micro RNA that targets cardiac genes (Oh et al., 2019; 

Wahlquist et al., 2014). Msc was not investigated in this context, but, given that is can act as 

potent transcriptional repressor, it is possible that is contributes to the repression of cardiac 

genes. Nonetheless, there clearly is an antagonism between the cardiac and the skeletal 

muscle programmes. 

Retrospective clonal analyses in the mouse showed that cells contributing to the IFT and OFT 

late, and cells contribution to the pharyngeal arch musculature, may arise from the same 

precursor cell, likely an Isl1+ cell in the subpharyngeal mesoderm (i.e. SHF). A corresponding 

observation has been made in tunicates, invertebrate chordates most closely related to 
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vertebrates. Cardiac and skeletal muscles are both are striated, i.e. use fibrils organises as 

sarcomeres in order to bring about contraction. 

Thus, the cardiac and skeletal muscle programmes share a significant number of genes. On 

the other hand, their activation and contraction profiles are distinct, as is their cellular 

architecture (only CM form intercalated discs). A genetic antagonism would ensure that, as 

cells are recruited into the cardiac programme, skeletal myogenesis is suppressed. Likewise, 

as cells switch to the skeletal muscle programme which was co-opted into the mesoderm as 

chordates evolved a more active lifestyle, genes such as Msc and Six may contribute to the 

suppression of the cardiac programme. 

Taken together, the above finding can help in a further investigation looking into whether 

indeed, cardiac genes may suppress eg. Six and Msc, and vice versa by gene misexpression. 

 

6.3.6. Conclusion 

 

It can be concluded that the head mesoderm has full cardiac competence only at HH5/6. As 

development proceeded and cardiac competence of the head mesoderm fades, distinct sets 

of marker genes are activated. Context-dependent BMP2 signalling results in the activation 

of cardiac programmes early, smooth muscle competence is maintained slightly longer, and 

specifically Msc as upstream marker and for head skeletal myogenesis later. As cardiac 

competence declines, cells can get recruited into the skeletal muscle programme via Msc and 

Six-Eya cascades. 

These findings set the stage to investigate the molecular control of the cardiac and skeletal 

muscle antagonism. Moreover, this allows to now compare the cellular competence, cell fate 

choice and maturation of natural and engineered cardiogenic cells, of cells in a failing heart 

and of cardiac cells forced back into cell cycle. 
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Figure 6.6 Timeline of developmental stages from early gastrulation (HH3) to HH13/14. Onset of cardiac genes expression is bilateral heart fields is seen at HH5 with 

the onset of first set of paraxial markers at HH6 and the onset of skeletal muscle precursor makers at HH10. The head mesoderm has full cardiac competence up until 

HH6. Cardiac competence of the head mesoderm fades as cells now are directed towards smooth and skeletal fates during early stages of development.
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Chapter 7. Establishing the regulatory mechanism that facilitates the 

switch from cardiac to skeletal muscle competence in the PHM 

7.1. Introduction 

 

Collectively, chapters 4 to 6 have revealed that through the context dependent signalling of 

BMP through smad phosphorylation, the activation of the cardiac programmes is only 

possible until HH5/6.  

Subsequently, at HH7/8, there is an increasing loss of responsiveness to cardiac genes by and 

instead, the activation of the head skeletal muscle programme – Msc is observed. This next 

chapter will describe work towards unravelling the underlying mechanism behind the switch 

from cardiac programmes to skeletal muscle programmes in the paraxial head mesoderm. 

 

7.1.1. Cellular competence depends on the complement of genes that are in use, 

activatable or shut down 

 

In any given cell, not all genes in the genome are always active. This is maintained under gene 

regulation; a process that depicts gene expression depending on how a cell controls gene in 

theيgenomeيthusيturningيaيgeneي‘on’يorي‘off’.يThisيis the same in toti- or pluripotent cells, they 

express genes needed for that state and not all genes in the genome for all possible 

developmental pathways. For examples, genes like Nanog, Oct-4 and Sox-2 that act as 

transcription factors are expressed in high levels in pluripotent cells, they express genes 

needed to maintain the pluripotent state.  

Likewise: single cell RNA seq analysis showed how the complement of genes active in cells 

change as they take cell fate choices or progress towards terminal differentiation. The 

regulation is based on how a cell deploys its gene in the genome i.e. the combination of genes 

being on (expressed) and off (repressed) decides the cellular competence and its function.  In 

cell reprogramming, e.g. the generation of iPSC from dermal fibroblasts, the fibroblast specific 

genes have to be shut down, pluripotency genes have to be activated, and then for onward 

meso/endo/ectoderm development have to be made available as the cells acquire the ability 
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to partake in gastrulation (Takahashi & Yamanaka, 2006). It is thus important to study what 

controls the complement of genes that can or cannot be used during regulatory pathways. 

 

7.1.2. Mechanisms controlling gene activity 

 

Gene regulatory networks are macromolecules that interact to control the level of expression 

of various genes in a given genome namely DNA-binding proteins called transcription factors 

(TF) as they facilitate the first steps in gene expression acting as activators or repressors. 

Because of these various structural patterns in the DNA, transcription factors have selectivity 

for the aligned sequences to which they bind. 

The ground state of DNA expression in eukaryotes is repressive, this means even though 

promoters might be present, they are only regulated on recruiting a transcription factor to 

initiate gene expression. RNA polymerase II is not shown to transcribe mRNA and bind to 

promoters without the help of a conserved sequence on the gene around the promoter called 

the TATA box. Transcription is initiated when one TF binds to one of these promoter 

sequences, initiating a series of interactions between multiple proteins ultimately forming 

transcription complex.  

 

7.1.2.1. Transcriptional control of gene activity 

 

Trans-regulatory elements are sequences encoded in the genome (i.e. trans acting factors) at 

sites distinct from the gene under investigation that can regulate (or modify) the expression. 

Such factors are Transcriptional activators that increases transcription by recruiting 

coactivators and are of positive control over the gene. Other pioneer transcription factors are 

factors that subsequently enable other transcription factors, nucleosome remodelling 

complexes, and histone modifiers to engage chromatin, thereby initiating the formation of an 

activating or repressive regulatory sequence (Zaret, 2020). Transcriptional repressors are 

factors that inhibit the initiation of transcription by recruiting corepressors and has a negative 

control over a gene. 

Cis-regulatory elements are factors associated with the gene itself and are found on the same 

sequence of the gene being transcribed. Some key regulatory factors are promoters, silencers, 



132 | P a g e  
 

enhancers and play a vital role in controlling gene expression (Y. Li et al., 2015). Considering 

the transcription start sites of a gene, a promoter functions like a switch to turn on or off the 

transcription of the target gene. An enhancer (or silencer) can dynamically control the 

expression level of its target gene(s) through its interaction with promoters, even if they are 

distant from their target genes, upstream or downstream to the TSS. Such a distal 

transcriptionally active enhancer is attracted closer to its target promoter by DNA looping.  

 

In the context of the head mesoderm, the transcriptional control of gene activity clearly plays 

a role in the cell fate choices: Bmp initiates the signal transduction cascade by binding to type 

I or II kinase receptors which then phosphorylates the type 1 receptor and eventually leads 

to phosphorylated R-smads (pSmad1/5/8) and form a complex together with co-Smad4 that 

travels into the nucleus, bind to target promoters and activate transcription. This means that 

direct Bmp targets will have Smad binding sites in their promoters.  

 

Figure 7.1 (top) Pioneer factors can scan nucleosomal DNA for their target sites in silent chromatin. (middle) 
Increased residence time at targeted sites allows for cooperative interactions with other factors and more stable 
binding. (bottom) Binding of pioneer factors can lead to activated sequences (left) with open chromatin features 
(green flags) and a state of competence to be expressed or direct transcriptional activity, or repressed sequences 
(right) with closed chromatin features (red flags). Image retrieved from (Zaret & Mango, 2016)   
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7.1.2.2. Epigenetic control of gene activity 

 

Genetic mechanisms of gene transcription (via transcription factors encoded in the genome) 

offers little explanation as to how genes may become available or cease to be available. Gene 

availability is regulated by epigenetic mechanisms. These epigenetic mechanisms are defined 

asيheritableيbutيnotيgenetic,يliteralيmeaningيbeingي“beyondيtheيgeneticيcode”.يThisيregulationي

is a stable control of gene expression with changes in the chromosome itself rather than the 

DNA/gene sequence. They are modifications that regulate genes i.e. how a cell after cell 

division remembers which genes should be in which state and helps ensure that the next 

generation of cells maintain the modification inherited through generations (Lee & Young, 

2013). 

The two common types of mechanisms of epigenetic control are direct DNA methylation and 

Histone modifications. DNA methylation is described as the silencing or turning off of genes 

through an addition of a methyl group to DNA at the cytosine-guanine sequence (CpG) islands 

of the promoter sequences (Saxonov et al., 2006). An octamer histone cores are proteins 

composed of two copies of H2A, H2B, H3 and H4 that are wrapped with around 150 bp of 

DNA forming a nucleoprotein complex called a nucleosome which is a subunit of chromatin 

(Kornberg & Lorch, 1999). Histone modification occurs through the addition or removal of 

methyl or acetyl groups to the histone depending on how tightly the DNA is wrapped around 

histone affecting the state of the gene being turned on or off. The chromatin in the 

chromosome exists as active open, poised or inactive closed chromatin. This type of histone 

alteration would activate an open chromatin state facilitating gene expression and allowing 

TF to interact or inhibit gene expression and thus preventing the start of transcription. These 

include, but are not limited to acetylation of lysine 9 and lysine 27 on histone 3 (H3K9ac and 

H3K27ac, respectively) resemble transcription activation, methylation of lysine 4 on histone 

3 (H3K4me1) is associated with transcription activation while trimethylation of lysine 27 on 

histone 3 (H3K27me3) resembles transcription repression (Aboud et al., 2021). 

Further expansion on the second type of epigenetic control is enzyme-catalysed modifications 

including histone acetyl transferases (HAT), histone deacetylases (HDAC), histone methyl 

transferases (HMT) which also alters the DNA-histone interaction. HAT modification corelates 

with neutralizing the positive charge of lysine, which alters interactions between the DNA and 
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the histone allowing for an open configuration. HDAC modifications display transcription 

repression through limiting access to DNA because of the positive charge on lysine. HMT 

modifications transfer methyl groups to either lysine or arginine on the histone sequence and 

has domains-containing complex. One of these domain is Enhancer of zeste homologue 2 

(Ezh2), an H3-K27 specific HMT that is associated with polycomb-2 complexes, which serves 

to silence genes and repress transcription (Keppler & Archer, 2008). 

 

Figure 7.2 Core histone modifications: N- and C-terminal histone tails extend from the globular domains of 
histones H2A, H2B, H3 and H4. DNA is wrapped around the nucleosome octamer made up of two H2A–H2B 
dimers (red and pink) and a H3–H4 tetramer (blue and yellow). Post-translational covalent modifications include 
acetylation (orange triangles), methylation (green diamonds), phosphorylation (blue circles) and ubiquitylation 
(purple hexagons). Human histone tail amino acid sequences are shown. Corresponding modified residue 
positions within histones are indicated by asterisks. Lysine positions 56 and 79 on histone H3 are located within 
the globular domain of the histone. Image retrieved from (Keppler & Archer, 2008) 

 

7.1.3. Epigenetic mechanisms are candidates to regulate the switch from cardiac to 

skeletal muscle competence 

 

It has been shown that the state of the gene changes from poised to closed states when cells 

make cell lineage decisions, e.g. when a neural cell decides to became a glial precursor, 

abandoning the neuronal option (Tsuboi et al., 2018). The therapeutic ability of targeting 

epigenetics in diseases has been researched extensively over the year. While the mechanism 

behind the transcriptional reprogramming or loss of cardiomyocytes could be a genetic 

consequence, Epigenetic processes and modifications has been proven to be regulators in 

heart failure. Epigenetics is associated with cardiac and head skeletal muscle cell fate choices, 
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including the details of skeletal muscle gene de-repression and the activation of Six1;  

a skeletal muscle gene, in the experimentally induced Ezh2 knockout in heart failure (Delgado-

Olguín et al., 2012). Hence, in this study, it is expected that there is an epigenetic mechanism 

to underlie the switch from cardiac to skeletal muscle competence. 

 

7.1.4. ChIP is a method to establish chromatin states 

 

Chromatin immunoprecipitation (ChIP) is a powerful tool to study in vivo DNA-protein 

interactions. The technique assays for the understanding of the relation of histone 

modifications with the regulatory regions of genes and other DNA/chromatin-associated 

proteins throughout the genome. ChIP allows to explore changes in epigenetic signatures of 

candidate regulatory genes and its application in analysing transcription factor DNA binding 

activity has been successfully demonstrated over the years in research. ChIP works on the 

technique of analysing histone modification and protein binding to the DNA being cross linked 

together with formaldehyde and is irreversible by acid or high temperature. The chromatin is 

immunoprecipitated and can be detected by multiple ways including qPCR, chip-on-chip 

hybridization array, ChIP-serial analysis of gene expression. The ChIP procedure is influenced 

by the specific antibody being used, conditions and timing of cross-linking the DNA-protein 

complex, chromatin sonication to release chromatin and to obtain DNA fragments to 

appropriate sizes that can then be analysed further (Milne et al., 2009). 

ChIP uses antibodies that identify and can bind to proteins, histone modifications, TF to 

deliver information about the state of the chromatin and the transcription of genes.  

ChIP can reveal open, poised and closed chromatin states that will allow us to explore 

transcriptional regulations and decipher the mechanism underlying the loss of cardiac 

competence early in the PHM. 

The sequences have to be occupied by the modified histones: H3K4Me3 for open and 

transcribed promoters, H3K4Me1 for poised promoters and H3K9Me3 for closed promoters. 

These histone modifications occur at the promoter/ on either side of the TSS as these are the 

key histone modifications typically associated with the three chromatin states needed to be 

assayed for. 
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7.1.5. Expected chromatin states of the genes of interest 

 

The key gene locus is predicted based on previous experiments and how these genes 

responded on exposure to BMP. Another factor ruled in is the availability of the gene in terms 

of the history of expression, i.e. open chromatin in contrast to genes not expressed at a 

specific stage of development would either have a poised or closed chromatin. If the induction 

of cardiac genes in the cardiac area is increased, then the locus of this gene would be open. 

Whereas in the PHM, the state of genes would either be poised to open at an early stage and 

later the gene would have a closed chromatin. 

Table 7.1 Suspected gene locus of the paraxial head mesoderm at different stages, hearts and body at E4; control 
Gapdh- a house keeping gene, Rho Globin- expressed in primitive lineage erythroid cells between 2-5 days of 
development and Ovalbumin- an egg specific gene and is depleted in all tissue samples 

 
Table 7.2 Suspected gene locus of the paraxial head mesoderm at different stages, hearts and body at E4; cardiac 
genes Isl1, Nkx2.5, Tbx2, Hand2, Gata4 and Tbx5 

Tissue-
stage 

PHM 
HH5/6 

PHM 
HH7/8 

PHM 
HH9/10 

 PHM 
HH13/14 

Somites 
HH13/14 

 Heart  
E4 HH24 

Bodies E4 

 

Cardiac markers 

Isl1 poised poised poised  poised (or 
open) 

closed  closed open: nt, endoderm, 
SHF, and others 

Nkx2.5 poised poised poised  closed closed  open open: gizzard 

Tbx2 poised poised poised  closed poised  open (avj) open: lm, borders of 
limb buds 

Hand2 poised poised poised  closed poised  open open: limb buds, 
extra-embr.; weak 
lm 

Gata4 poised poised closed  closed poised  open (ift?) open: allantois, 
weak im and 
splanchnic lm 

Tbx5 poised closed closed  closed closed  open (ift) open lm, forelimbs 

Tissue-stage PHM 
HH5/6 

PHM 
HH7/8 

PHM 
HH9/10 

 PHM 
HH13/14 

Somites 
HH13/14 

 Heart  
E4 HH24 

Bodies E4 

 

Control genes 

Gapdh open open open  open open  open open 

Hbbr/Rho 
Globin 

closed closed closed  open open  closed open 
(primitive 
erythroid cell 
lineage E2-
E5) 

Ovalbumin closed closed closed  closed closed  closed closed 
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Table 7.3 Suspected gene locus of the paraxial head mesoderm at different stages, hearts and body at E4; genes 
associated with the PHM and skeletal muscle precursors 

Tissue-stage PHM 
HH5/6 

PHM 
HH7/8 

PHM 
HH9/10 

 PHM 
HH13/14 

Somites 
HH13/14 

 Heart  
E4 
HH24 

Bodies E4 

 

PHM and skeletal muscle precursor markers 

Cyp26C1 open open open  open closed  closed (nd) 

Alx1 open open open  poised or 
closed 

closed  open: OFT 
at junction 
to pharynx 

open: weak-body 
wall 

Pitx2 open 
(rostral) 

open 
(rostral) 

open 
(rostral) 

 open closed or 
poised 

 (maybe 
open/ weak 
expr.) 

open: various 
sites including 
somitic dm, 
strongest extra-
embryonic 

Tbx1 open 
(caudal) 

open 
(caudal) 

open 
(caudal) 

 open closed  closed open: im 

Ebf2 open open open  open open  closed open: somites 

Msc/MyoR closed poised open 
(rostral) 
poised 
(caudal) 

 open closed or 
poised 

 open: some 
expression 
in the valves 
and ift 

open: dml and vll 
of dm, limb 
muscle, 
extraembryonic 
mes. 

Six1 open open open  open open  closed open: myotome, 
limb muscle 
precursors 

Eya1 open open open  open open  closed open 

Dach2 closed closed closed  closed open  closed open: somites, 
lateral 
mesoderm, nt 

 

Table 7.4 Suspected gene locus of the paraxial head mesoderm at different stages, hearts and body at E4; genes 
associated with Skeletal muscle differentiation 

Tissue-stage PHM 
HH5/6 

PHM 
HH7/8 

PHM 
HH9/10 

 PHM 
HH13/14 

Somites 
HH13/14 

 Heart  
E4 
HH2 

Bodies E4 

 

Skeletal muscle differentiation markers 

Myf5 closed closed poised  open open  closed open: 
myotome 

MyoG closed closed closed  poised or 
closed 

poised or 
closed 

 closed open: 
myotome 
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Table 7.5 Suspected gene locus of the paraxial head mesoderm at different stages, hearts and body at E4; genes 
associated with vascular endothelial and smooth muscles. 

Tissue-stage PHM 
HH5/6 

PHM 
HH7/8 

PHM 
HH9/10 

 PHM 
HH13/14 

Somites 
HH13/14 

 Heart  
E4 
HH24 

Bodies 
E4 

 

VEC and general muscle markers 

Kdr poised/ 
open 

poised/ 
open 

poised/ 
open 

 poised/ 
open 

poised/ 
open 

 open 
(endo.) 

open 

Acta2 poised poised poised  poised/ 
open 

poised/ 
open 

 poised poised 

 

7.1.6. The prerequisite to ChIP is the establishment of TSS and the associated 

promoters 

 

Although conventional PCR can be used to detect ChIP signals, due to the signal noise ratio of 

immunoprecipitation qPCR offers advantage over regular PCR as a method to rigorously 

analyse the material precipitated by the antibodies distinguishing histone modifications 

especially in quantifying weaker ChIP signals. 

SYBR Green and TaqMan Assays are the most commonly used PCR procedures in 

quantification analysis. SYBR Green method uses green dye to bind to any dsDNA without 

sequence specificity thus might lead to false positive pairing or an over estimate of 

quantification. However, using the TaqMan procedure is distinguishable having a TaqMan 

fluorogenic probe with a reporter and a quencher attached, that is highly specific to a specific 

target gene and a specific forward and reverse primer specially designed to the area of 

amplification in a sequence specific manner. 

In order to design TaqMan probes and primers, it is important to establish the site of 

specificityيonيtheيgeneيi.e.يtheيidentificationيofيtheيgene’sيtranscriptional start sites (TSSs) at 

the promoter region. Bioinformatic analysis using various databases and alignment-based 

sequences to identify the promoter region, core promoter motifs – initiator, TATA, CAAT and 

GC box are retrieved. In some genes, multiple TSS is a possibility when extracting sequences 

when multiple robust CAGE peaks/regions are found upstream of the curated mRNA. Such 

cases require an optimal identification of the TSS used in the head mesoderm at the time 

points relevant for this study. 
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TSS and promoter analysis is the first analytical step and remains a challenge for 

computational biology despite the progress in improving databases and species inclusion. Not 

enough data is present related to the promoter regions in the chicken genome. Consequently, 

at this point, a bioinformatic analysis of gene promoters and TSS is required. The results 

section of this chapter reveals the TSS of the genes of interest and the TaqMan set chosen for 

each gene. Because the databases used also provide information on binding sites of TF, this 

information was also extracted as it hints at genetic interactions which can be investigated 

further. Evidently, a bioinformatic analysis of cardiac and head skeletal muscle promoters is 

necessary for epigenetic studies. 

  



140 | P a g e  
 

7.2. Results 

 

Approach 

For the TaqMan probe/primer design, the location of each gene in the chicken genome and 

the RNAseq data as shown in NCBI and Ensembl, displaying Galgal6 and Zenbu CAGE data and 

EPD TSS and promoter prediction, displaying Galgal5 was extracted. The start of the chicken 

curated and predicted mRNAs in NCBI and Ensembl displaying Galgal6 was considered.  

Chicken ESTs supporting transcript starts, identified by BLAST searches in NCBI. Start of the 

orthologous mRNA in related species identified by BLAST searches in NCBI, for the phylogeny 

of galliform birds (Hosner et al., 2020). Own RNAseq data from chicken HH7-9, plotted onto 

Galgal5 was also considered (Schubert et al., 2018 and unpublished observations). UCSF CpG 

and H3K4me3 data (from skin) displaying Galgal5 and ECR displayed in the ECR browser (from 

Galgal3 and BLAST-ed back onto Galgal6) was included. 

Sequences were extracted from the above-mentioned databases, converted to the sense 

orientation for the gene and aligned in Bioedit Sequence Alignment Editor. The best 

supported TSS was identified, 300 bp and if necessary 500 bp upstream and downstream of 

this TSS were extracted and fed into the Primer Express3 software (Fisher Scientific) to 

identify possible TaqMan probes and primers. The top-ranked suggestion by the software was 

used, with the Tms of the primers 10 degrees lower than the Tm of the probe and avoiding 

runsيofيGCيatيtheي’3يendيofيprimerيandيprobe. 

In addition to the analyses aimed to generate TaqMan probes and primers, the presence and 

p-value for promoter elements and TF binding sites predicted by EPD and Zenbu were 

investigated for a possible mutual repression of cardiac genes and genes acting upstream in 

head skeletal myogenesis. 
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Isl1 

 

Gene is found on the positive strand of chromosome Z. Curated and predicted mRNAs start 

with5ي’ UTRs. ESTs found support the TSS associated with the curated mRNA on Ensembl. 

Zenbu database shows 50bp CAGE peak region with 3 robust peaks at the start of the curated 

transcript (Fig.7.3). EPD CAGE peak regions matches that on Zenbu, but several TSS predicted 

for different stages of development with HH7 slightly upstream of CAGE peak region. This may 

also reflect multiple sites of Isl1 expression in the endoderm, mesoderm and ectoderm. 

Own RNAseq analysis suggests weak start with few onward splices, 52 bp downstream from 

curated sequence and stronger start 231 bp downstream (unpublished observation). 

However, sequences are repetitive which may hinder accurate sequencing. Sequence from 

the ECR browser showed 283bp ECR1 overlapping with CAGE region and start of curated 

mRNA, so it likely contains actual TSS. The ECR browser als showed 285bp ECR2 which is 2985 

bp upstream of curated mRNA start, likely containing an upstream enhancer. 

No strong TATA box was found on the EPD browser. However, the browser showed robust p 

values for 2 CCAAT boxes (promoter motif), Sp1 binding site at -450 bp, as well as Tbx1/5, 

Gata4, Mef2c, Myod/Msc sites within 1kb upstream of CAGE region and less conserved sites 

for Hand1-Tcf3, Six1, Ebf1, Ets1, Snai2, Id4. This suggests that skeletal muscle genes may 

suppress Isl1. The position of the TaqMan probe and primer set sequence 69 to 137 bp 

upstream of the TSS is shown in a blue outline in Figure 7.3. 
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Figure 7.3 Isl1 A graphical representation of the 
TSS, the location of the TaqMan set and the 
location of key TF binding sites to display possible 
gene interactions. Red and orange boxes indicate 
robust p values for CCAAT box, Sp1 binding site, 
Tbx1/5, Gata4, Mef2c, Myod, Msc sites within 1kb 
and pink and white boxes indicate less conserved 
sites for Hand1-Tcf3, Six1, Ebf1, Ets1, Snai2, Id4 
upstream of CAGE region. The TaqMan probe and 
primer set sequence 69 to 137 bp upstream of the 
TSS is shown in a blue outline. 
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Nkx2.5 

 

Gene encoded on the negative strand of chromosome 13. The curated and predicted mRNAs 

startيwithيtheيsame,يshort5ي’ UTR. Two permissive FANTOM5 CAGE peaks, peak 1 is 53 bp and 

peak 2 is 82bp upstream of the start for the curated mRNA. Own RNAseq data shows a start 

region of 35bp which is coinciding with the start of CAGE peak 2. Three ECRs; ECR1 is 42bp 

upstreamيofيcuratedيmRNAيandيencompassesيtheيCAGEيpeaksيatيitsي’3يend, ECR2 is 1712bp 

and ECR3 2398bp upstream of the start of the curated mRNA. 

Predicted EPD promoter coincides with FANTOM CAGE peaks and ECR. EPD browser also 

shows TSS atround 84bp upstream of curated mRNA, i.e. coincides with FANTOM Cage peak 

2 (Fig 7.4). Therefore, the CAGE peak region likely contains the actual TSS and ECR2 and 3 

likely contain upstream enhancers. Hence sequence up and downstream of CAGE peaks 1 and 

2 were used for possible TaqMan probe/primers. A possible set was identified 275 upstream 

(according to Primer express software, a top hit with 10 degrees diff between primers and 

probe Tm), with no hairpins and some cross- and self-dimerization was predicted. Another 

possible set was found 109 bp downstream of the CAGE peak region, not predicted to form 

hairpins and cross-dimers, but some self-dimers. Both TaqMan sets has similar penalty values. 

For the sake of consistency, the upstream set (No3) was chosen. 

The EPD Browser showed promoter motifs as weak TATA and CCAAT box but not quite in the 

correct distance for the likely TSS (shown in Fig7.4). 

Robust LEF1 and Smad 2/3-4 binding sites were found but no data for Smad1/5/8-4 binding 

sites. Possible binding sites for Tbx1, Hand1-Tcf3, Meis1, Nkx2.5, Gata4, Tbx5, Mef2c, Six1, 

Msc, Ebf1, MyoD, Ets1, Snai2, Id4 were found upstream of the TSS (Fig 7.4). Hence, there is a 

possibility that genes from the skeletal muscle programme do suppress Nkx2.5. The position 

of the TaqMan probe and primer set sequence 39 bp to 105 bp upstream of the TSS is shown 

in a blue outline in Figure 7.4. 



144 | P a g e  
 

Figure 7.4 Nkx2.5 A graphical representation of 
the TSS, the location of the TaqMan set and the 
location of key TF binding sites to display possible 
gene interactions. Red boxes indicate robust LEF1 
and Smad 2/3-4 binding sites upstream to the TSS 
and pink and white boxes indicate possible binding 
sites for Tbx1, Hand1-Tcf3, Meis1, Nkx2.5, Gata4, 
Tbx5, Mef2c ,  Six1, Msc, Ebf1, MyoD, Ets1, Snai2, 
Id4 were found upstream of the TSS. The TaqMan 
probe and primer set sequence 39 to 105 bp 
upstream of the TSS is shown in a blue outline. 
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Hand2 

 

Gene encoded on the negative strand of chromosome 4.  The curated and predicted mRNAs 

startيwithيshort5ي’ UTR.  The ESTs support the TSS associated with the curated mRNA. Own 

RNAseq data suggest a start 35 bp upstream from curated sequence and a stronger start 

605bp upstream. Two robust CAGE peaks; peak 1 at 250bp and peak 2 at 621bp found located 

upstream of the start for the curated mRNA. The EPD browser shows two TSS at -320 and -

693 where peak 2 coincides with the upstream TSS. The ECR browser revealed 2 ECRs, blasting 

the ECR sequences back onto the current edition of the chicken genome confirmed the 

existence of these sequences. The 416 bp ECR2 is 4.73kb upstream of the start of the curated 

mRNA and it does not overlap with a robust CAGE peak. Morover, the 263bp ECR1 is 

conserved between humans and chicken and is located 564bp upstream of the start of the 

curated mRNA and overlapping with the -693 CAGE peak2 and our own RNAseq data 

upstream TSS. 

The EPD bowser showed promoter motifs CAAT box and a TATA box at 58 bp and 27 bp 

upstream of CAGE peak 2 (measured from centre to centre of motif), respectively and 27bp 

is the expected distance to a TSS. So, it is likely that ECR1 contains the proximal 

promoter/enhancerيandيtheيTSS,يandيdeliversيtheي’5يendيofيtheي’5يUTR. Hence, sequences up 

and downstream from CAGE peak2 for TaqMan probe/primer design was used. A sequence 

210 bp upstream from this peak was identified as suitable, with no hairpins and cross dimers, 

but some self-dimerization for primers predicted. No suitable sequences were identified 

downstream of the CAGE peak. 

The EPD browser also revealed that the ECR1 fragment contains Sp1, Lef1, Six1, Ebf, Msc, 

Msx2 binding sites (Fig 7.5), suggesting that like Isl1 and Nkx2.5, skeletal muscle associated 

genes could repress Hand2. The position of the TaqMan probe and primer set sequence 101 

bp to 168 bp upstream of the TSS is shown in a blue outline in Figure 7.5. 
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Figure 7.5 Hand2 A graphical representation of 
the TSS, the location of the TaqMan set and the 
location of key TF binding sites to display possible 
gene interactions. Red and orange boxes indicate 
robust LEF1 and sp1 binding sites upstream to the 
TSS and pink and white boxes in ECR1 fragment 
(highlighted in yellow) containing Sp1, Lef1, Six1, 
Ebf, Msc, Msx2 binding sites are found upstream 
of the TSS. The position of the TaqMan probe and 
primer set sequence 101 bp to 168 bp upstream of 
the TSS is shown in a blue outline. 
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Gata4 

 

Gene encoded by the positive strand of chromosome 3. Curated mRNA is without 5’يUTR and 

starts directly with the open reading frame. NoيESTيsupportيforي’5يendيofيmRNA. There are 5 

robust CAGE peaks/regions in the 1900 bp upstream of the curated mRNA, which could 

indicate multiple promoters and start sites. The ECR browser suggests a 130 bp exon/ECR 

conserved between humans and chicken and located 14 kb upstream of the curated mRNA 

and blasting this sequence back onto the current edition of the chicken genome confirmed 

the existence of this sequence. NCBI database predicted mRNAs in chicken (XM_004935896.4 

latest version 4 Galgal6) and many galloanserae extend the open reading frame with an UTR 

يalternativeي,speciesيotherيsomeيandي(withdrawnيnowي,XM_025148584.1)يchickenيtheيinيbutي,’5

upstream exons are also predicted, yet they are not always in sync with the ATG of the open 

reading frame. 

Ensembl database heartيmuscleيRNAseqيsupportsيanيextendedيsequenceيatيtheي’5يendيofيtheي

curated mRNA, overlapping with XM_004935896.3 (version 3 Galgal6). RNAseq also suggests 

two possible small exons upstream of the curated mRNA, yet they do not overlap with the 

withdrawn predicted mRNA. Own RNAseq data suggest a start overlapping with 

XM_004935896.3/4 version 3 and 4 Galgal6. Two sets of robust CAGE peak regions, consisting 

of peaks 1/2/3 at the start of XM_004935896.3 and 4/5 located 1725 bp upstream and 

coinciding with the start of the withdrawn XM_025148584.1. So, the CAGE peak region 1/2/3 

may contain at least one real TSS, and hence sequences up and downstream of that was 

analysed for TaqMan probe/ primer possibilities (but also downloaded sequences for 4/5). No 

suitable sequences were found 300 or 500 bp downstream of the TSS, but a suitable sequence 

was identified starting 270 bp upstream of the CAGE peak region. Predicted to form low 

degree of hairpins and dimers, but the 500 bp fragment offered no improvement to the 300bp 

fragment and the same TaqMan set was proposed. 

Zenbu predicted a Smad1 binding site upstream of CAGE region2 and two MyoD binding sites 

downstream of the CAGE region1. With MyoD and Msc recognising similar sites, this might be 

a site also recognised by Msc gene.يGeneيdoesn’tيfeatureيonيthe EPD browser. The position of 

the TaqMan probe and primer set sequence 45 bp to 99 bp upstream of the TSS. 
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Tbx5 
 

Gene located on the positive strand of chromosome 15, downstream of gene Tbx3. NCBI 

database shows four mRNAs predicted. NM_204173.1/ ENSGALT00000013434.6 starts from 

an exon 1 located 7kb upstream of exon 2 (the exon containing the orf start). The start of 

accession XM_015294832.1 on NCBI (predicted in GalGal5, withdrawn from Galgal6) from an 

exon 1 located 4.8kb upstream exon 2. XM_015294831.3 starting from an alternative exon 1 

located 2.4 kb upstream and start of XM_015294830.3 is from a site 1.2kb upstream with a 

direct read-through into exon 2. These isoforms have also been predicted for the quail specie, 

but for other galliform birds, only the 3rd isoform has been predicted. On Zenbu, fromي’5يto3ي’ 

there was a weak permissive CAGE peak (7) associated with the start of NM_204173.1, with 

further weak reads directly upstream at HH5-19.  Stronger and broader permissive CAGE peak 

(6) associated with the withdrawn XM_015294832.1, but mainly active E5-E10. Another weak 

permissive CAGE peak (5) not associated with any Tbx5 mRNA, but with a lncRNA and an EST 

(there is a further EST not linked with any CAGE peak or full mRNA further downstream was 

shown. A strong CAGE peak 4, but not associated with any Tbx5 mRNA and active at E5,15,20 

was also on zenbu. Another weak permissive CAGE peak 3 (from HH14) of 40bp upstream of 

XM_015294831.3 and a weak permissive CAGE peak 2 (from HH7) 200bp downstream of 

XM_015294831.3 start was detected with no CAGE peak for XM_015294830.3. A permissive 

CAGE peak1 (early stages up to HH7) at the start of exon 2 and two weak CAGE peaks (8 and 

9) of 6kb upstream of CAGE peak associated with an EST with no indication of a splice to the 

main body of the Tbx5 gene. 

Own RNAseq data derived from HH7-9 heads shows both alternative 1st exons have variable 

starts over 10-20 nucleotides, but a precise end. Exon 1-1 (located at start of NM_204173.1) 

is clearly defined with a single peak, starting 50 bp upstream of CAGE peak. Exon 1-2 (located 

at start of XM_015294831.3) is represented by two disconnected peaks. The first starts over 

10-20 nucleotides and then peters out. It is 200 bp downstream of CAGE peak 3 and overlaps 

with CAGE peak2. The second starts again over 10-20 nucleotides and ends with the splice 

donor. There are no reads connecting the peaks, despite the predicted mRNA reading 

through. The two possible starts for exon 1-2 are around 300 bp apart. The latter exon has a 

precise start and end, suggesting that it starts with a splice acceptor rather than a TSS. 
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On the ECR browser, there was ECR1 overlapping with CAGE peak 6 and upstream of 

XM_015294832.1, further 3 ECRs 20kb upstream. The UCSC browser showed H3K4me3 marks 

upstream CAGE7. So, CAGE peaks 7 and 3/2 seem relevant for this study, other CAGE peaks 

may be in use at other stages. ECRs likely contain enhancers. Possible TaqMan sets were 

identified in the 300bp up- and downstream of CAGE peak7, without hairpins but with some 

dimerisation predicted. The peak overlaps with a H3K4me3 open mark. 

TheيdownstreamيsetيhasيGCsيatيtheي’3يendيofيtheيprobe,يhenceيtheيsetي150يbpيupstreamيofي

Cage peak 7 was used (No2, to have 10 degrees in TM between primers and probe). For the 

region up and downstream CAGE peaks 3-2, another TaqMan set 285 bp upstream of CAGE 

peak 3 overlapping with H3K4me3 sites, 120 down CAGE peak 2 (overlapping with H3K4me3 

site, penalty 111 for primer dimers and repetitive sequences) and 439 bp down from CAGE 

peak 2 (close to a H3K4 me3 site, but this set would be far from CAGE peak3). Hence, sequence 

upstream of CAGE peak 3 was taken instead of peak 2. 

Limited TF binding site predictionsيsinceيgeneيdoesn’tيfeatureيinيEPD and no sites in Zenbu of 

immediate relevance for this study. 

Msc 
 

Gene encoded on the negative strand of chromosome 2, directly upstream of the eye abent 

homolog; Eya1. A number of ESTs found haveيvariedي’5يends. On NCBI, 2 predicted mRNAs, 

alternativelyيsplicedيtowardsيtheي’3يend,يbutيwithيsameيshort5ي’UTRيstartingيinيC-rich region 

are present with similar 5’UTRيinيotherيgalliformيbirds. On ensembl, same transcripts but 191 

nt longer at 5’ end Own RNAseq data: few reads as expression at HH7-9 is low, but consistent 

with a TSS around the start of the predicted mRNAs, On Zenbu, two robust CAGE peaks were 

found, CAGE peak 1 corresponds to the start of the predicted mRNAs in NCBI and CAGE peak 

2 is 60bp upstream, but 113يbpي’3يofيtheيMScيstartيsiteيshownيinيEnsembl.يOneيpermissiveي

CAGE peak 245 bp upstream of CAGE peak2 was also found along the sequence. 

No EPD data was found, but UCSF genome browser on Galgal5 showed two CAGE peaks as 

shown on Zenbu with one further CAGE peak in between. Two HeK4me3 sites, one 

overlapping with CAGE peak 2 and the other 80bp upstream with CpG island with permissive 

CAGE peak further upstream A cryptic TATA box 26 bp upstream of CAGE peak 2 was found. 
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The ECR browser shows one ECR upstream of the CpG island at 2.5 kb upstream of the RNAseq 

supported mRNA and one ECR 21kb upstream of the mRNA. ECRs likely contain conserved 

enhancers and CAGE peak region contains two TSS but both are very close by. Hence 300 to 

500bp up and downstream of CAGE peaks1 and 2 were used to generate TaqMan probes and 

primers. A suitable set was identified 263bp upstream of the CAGE peak 2 with no suitable 

sequences found downstream of CAGE peak 1. Zenbu shows Myf family binding site 

downstream of CAGE peak 1. Limited TF binding site predictions could be found since gene 

doesn’tيfeatureيon the EPD browser. 

 

Six1 
 

Gene located on positive strand of chromosome 5 downstream and transcribed in the same 

direction as Six4 (NCBI called Six5), and upstream and transcribed in the opposite direction 

with respect to Six6. Two exons found on gene with transcript and shortي’5يUTR. RNAseq in 

both Ensembl and NCBI support a TSS at the start of the curated mRNA. ECR browser and 

BLAST back onto Galgal6 shows 7 ECRs. ECR7 has a repetitive sequence producing 100 hits 

with best it over 300kbp upstream of Six1 and overlapping with ENSGALG00000011889.  

ECR6-1 are located in the region between the lncRNA and Six1, but no overlap with RNAseq 

reads which might be enhancers for either Six1 or the lncRNA, or both. Zenbu shows robust 

CAGE peak 1 at the start of the curated mRNA and a permissive CAGE peak 2 further upstream 

but not overlapping any ECR or mRNA. EPD browser TSS coincides with FANTOM5 CAGE peak 

1b. Own RNAseq shows a start coinciding with permissive CAGE peak1b. The UCSC browser 

also shows H3K4me3 sites upstream of CAGE 1b. So, sequences either side of CAGE peak 1b-

a were used for TaqMan probe/primer design. 

A suitable sequence was found 300bp upstream of the CAGE peak region, without hairpins 

but some dimerization predicted. When the additional 200bp upstream were included, no 

TaqMan set was returned any more, possibly owing to the repetitive AT-stretches located 

there. No suitable sequences were found 300bp downstream, but a possible target was 

identified when 200 more bp were added. Nonetheless, this section was also predicted to 

lead to TaqMan tools forming hairpins and dimers. We therefore remained with the upstream 

set.  
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EPD browser showed promoter motif CAAT box but no TATA box, possible binding sites for 

Lef1 and Smads, in line with a regulation by wnt and Bmp, and sites for Tbx1, Msx1, Hand1-

Tcf3, Isl1/2, Nkx2.5, Gata4, Tbx5, Mef2c, Six1, Msc, Ebf1, MyoD, Ets1, Snai2, Pax3/7. These 

finding are in line with the idea that many molecular programmes may converge on Six genes, 

with cardiac genes repressing Six1. Binding sites for MyoD, Mef2 proteins, Six1/4, Pax7 

experimentally confirmed for bovine Six1 (Wei et al., 2017). The position of the TaqMan probe 

and primer set sequence 11 bp to 110 bp upstream of the TSS is shown in a blue outline in 

Figure 7.6. 
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Figure 7.6 Six1 A graphical representation of 
the TSS, the location of the TaqMan set and the 
location of key TF binding sites to display 
possible gene interactions. Red and yellow 
boxes indicate robust ebf1, Gata4 and sp1 
binding sites upstream to the TSS and pink and 
white boxes indicates possible sites of Tbx1, 
Msx1, Hand1, Tcf3, Isl1/2, Nkx2.5, Gata4, 
Tbx5, Mef2c, Six1, Msc, Ebf1, MyoD, Ets1, 
Snai2, Pax3/7 binding sites found upstream of 
the TSS. The position of the TaqMan probe and 
primer set sequence 11 bp to 110 bp upstream 
of the TSS is shown in a blue outline. 
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Table 7.6 The sequence of the TaqMan reagents after the bioinformatics analysis to generate TaqMan probes 
and primers sequences. Sequences extracted from different databases, converted to the sense orientation for the 
gene and aligned in Bioedit (https://bioedit.software.informer.com/). The best supported TSS was identified, 300 
bp (and if necessary 500 bp up- and downstream of this TSS) were extracted and fed into the Primer Express3 
software (Fisher Scientific) to identify possible TaqMan probes and primers. The top-ranked suggestion was used, 
with the Tms of the primers 10 degrees lower than the Tm of the probe and avoiding runs of GC at the 3’ end of 
primer and probe. 

 

  

Gene Position in the 
promoter 

Sequence Tm 
(°C) 

GC 
(%) 

Start 
bp 

Stop 
bp 

      

Cardiac markers 

Isl1 69 

137 

90 

87 

115 

109 

F Primer GATAAGCGGCAGGGATGGA 

R Primer CCTCGCTCCTCATTTGTATTTCC 

T. Probe AGAACGACAAGAAGAAAGTA 

60 

60 

70 

58 

48 

35 

Nkx2.5 39 

105 

62 

59 

82 

80 

F Primer CCTCCCGGCCTGTTTATTTAA 

R Primer GATGTGTACAGAGCCCCTATCTGA 

T. Probe GACTGTATGATAGATGGC 

59 

58 

69 

48 

50 

42 

Gata4 45 

99 

65 

63 

81 

78 

F Primer CCTGCGGGACAAAGGTTTT 

R Primer AGCCGGGAAAGGTGAGAGA 

T. Probe CTCCAGGGCTTCTC 

59 

58 

70 

53 

58 

64 

Hand2 101 

168 

133 

122 

154 

149 

F Primer ACCTCTGCCTCCATGACAATTC 

R Primer GCCCCTCCGCATCCA 

T.  Probe CCCCTCGTTTTAATTAC 

59 

58 

70 

50 

73 

41 

Tbx5 217 

289 

235 

233 

269 

255 

F Primer CGCCGACCCTCGAAGTG 

R Primer AATAGTGCCGAGCGTGAACTC 

T.  Probe TGTTTTAAAGGGTGTGTTCGG 

60 

58 

70 

71 

52 

43 
      

Skeletal muscle markers 

Msc  

 

50 

105 

76 

74 

90 

88 

F Primer TTATATCCCCCTGTTGAACGTTTAC 

R Primer CCCGCGAGGGAAAGGA 

T.  Probe CGAGCGTTCACCC 

58 

59 

69 

40 

69 

69 

Six1 

 

11 

110 

42 

39 

95 

56 

F Primer GAAAGAGAAATGAAAAGGTACCAAAC 

R Primer GAGCGCCGGGCAAAAC 

T.  Probe AGCGGAATGGAAGCG  

60 

60 

70 

31 

69 

60 
      

Control 

MyoG 

 

186 

240 

204 

202 

220 

218 

F Primer CCGCAGCCGGACAAGTT 

R Primer GAAACCTGAGCCCACCCTAAG  

T.  Probe TGATGCGAGGCAGCA 

59 

59 

69 

65 

57 

60 
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7.3. Discussion 

 

7.3.1 TSS identification to design TaqMan probes and primers  

 

Upon analysis and extraction of a gene sequence from various databases, alignment-based 

method can help identify regions of similarity and align sequences to better locate the gene 

and the TSS of the gene. Tbx5, post sequencing on Zenbu showed more than one TSS and 

CAGE peaks that are indiscriminative. Our own RNAseq data at the stages relevant to this 

study suggested that both peaks are in use. These identified TSSs when compared to other 

databases showing an overlap with H3K4me3 sites is a cross confirmation on the identified 

TSS. TaqMan probes and primers can be designed targeting the respective TSS upstream to 

the gene of interest with conditions being Tms of the primers 10 degrees lower than the Tm 

ofيtheيprobeيandيavoidingيrunsيofيGCيatيtheي’3يendيofيprimerيandيprobe. 

 

7.3.2 TF such as Msc/MyoD are involved in the regulation/repression of transcription 

of cardiac markers Isl1, Nkx2.5 and Hand2 

 

Generally, transcription factors modulate gene expression by binding to gene promoter 

regions or to distal regions called enhancers. There is a limitation of transcription factors 

binding site predictions in the literature. On the EPD browser, for some genes of interest but 

not all, promoter motifs and transcription factors on consensus sequence could be identified. 

These established transcription factors binding and genetic interactions can aid in 

understanding gene regulation. The presence and p-value for promoter elements and 

transcription factors binding sites predicted by EPD and Zenbu were investigated for a 

possible mutual repression of cardiac genes and genes acting upstream in head skeletal 

myogenesis. Further upstream of the TSS of the cardiac genes Isl1, Nkx2.5 and Hand2, 

transcription factors like Msc/MyoD associated with head skeletal muscle markers. Therefore, 

it is possible that there is a direct genetic regulation by Msc/MyoD on the transcription of the 

cardiac markers.   
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Future work 

 

Establishing chromatin extraction and chromatin immunoprecipitation conditions for 

a successful epigenetic analysis 

 

The developmental competence of cells could depend particularly on the epigenetic signature 

of genes being in an active, poised or closed configuration. This depends on the 

posttranslational modifications on the histone tails i.e. the change of the conformation of the 

histones, which in turn either more tightly or more loosely package DNA. As a consequence, 

transcription factors can lose or gain access, may or may not be able to assemble the 

transcriptional machinery, and hence, may or may not facilitate gene transcription. Such 

interactions can be analysed by immunoprecipitation using antibodies distinguishing histone 

modifications on the extracted chromatin from cells at the desirable developmental stage and 

quantifying by qPCR the input to IP ratio enrichment. 

The experimental conditions to extract chromatin and to perform ChIP and ChIP seq analysis 

for small cell populations like the paraxial head mesoderm at early stages has not been 

established yet. Hence as a preparatory work, it was important to establish a procedure for 

chromatin extraction at an older stage E5 chicken embryo to optimize conditions that will 

help in extracting chromatin from HH5/6, HH7/8, HH9/10 and to perform the 

immunoprecipitation at the desirable cell population for this study. 

The detailed optimization of the extraction procedure is mentioned in the Materials and 

methods section of this thesis. However, a successful extraction for an optimal ChIP 

experiment when quantified on an agarose gel shows mono di and trinucleosomes fragments 

approximately around 500 bp.  
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The next optimization experiment to be done is establishing ChIP conditions using H3K4Me3 

antibodies, an open configuration assaying for MyoG (open at E5, closed at E1-2), Gapdh 

(open), Rho (open E5, closed E1-2) Ovalbumin (closed) as housekeeping genes as control. 

Further, ChIP the PHM at HH5/6 vs HH7/8 vs HH9/10 with antibodies against H3K4me3 (open 

promoters) H3K4me1 (poised promoters), H3K9me3 (closed promoters). An optimised 

protocol was established and explained in a flow chart below. The following samples can then 

be quantified using Qubit fluorometer and proceeded to qPCR analysis.  

  

Figure 7.7 Ethidium bromide–stained agarose gel pattern showing Mnase digested chromatin of E5 cross linked 
nuclei. Lane 1 and 6 are 10kb ladder, lane 1 to 4 are different samples from an E5 trunk. The size of the fragment 
is depicted on the left of the image. 

Tri 

Di  nucleosomes 

Mono 
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Epigenetics play an emerging role as a key regulator in cardiovascular medicine. It is important 

to investigate the processes where altered factors affects cellular physiology, chromatin 

remodelling and change in gene expression without changing the gene sequence. It is also 

vital to understand how these modifications affect the progression of cardiovascular diseases. 

The concept of epigenetics is likely to be involved in the biology of heart diseases. This 

research aspires to eventually lead to better approaches in the nature and nurture of 

cardiovascular diseases. 

  

Figure 7.8 ChIP steps post extraction of sheared chromatin. 
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8. Discussion 

 

Research has revealed that cells gastrulating from the HH3 chicken primitive streak and 

settling lateral to the border of the overlaying neural plate deliver the primitive heart, which 

begins beating at HH10 (Camp et al., 2012; Garcia-Martinez & Schoenwolf, 1993; Wittig & 

Münsterberg, 2016). However, cells that settle in a paraxial position contribute to the skull 

and craniofacial skeletal muscles (Schubert et al., 2018). The destiny of the cells at the 

paraxial-lateral interface is not yet determined (known as the intermediate region) most likely 

due to their multipotency and ability to contribute to the SHF/heart, its smooth muscle collar, 

the great vessels, and head skeletal muscle. 

 

8.1 The significance of the PHM and its response to BMP 

 

The significance of the head mesoderm in understanding cell fate choices has been widely 

studied leading to factors that that regulates development. However, what keeps the cells on 

track and questions regarding cell fate and commitment vs. the competency of these cells to 

participate towards a specific programme has not been established. Moreover, experiments 

showing different assays also led to different conclusions with regards to cell specificity and 

cells being determined to follow a fate has not been well defined. It is important to establish 

whether there is a generic cardiac competence in the head mesoderm, including the paraxial 

head mesoderm that is not fated to contribute to the heart and how long does that cardiac 

competence lasts. Using BMP as an approach and doing a systematic analysis is important to 

determine the duration in which the head mesoderm is in fact cardiac competent and what 

happens as this cell population loses it cardiac potential. 

In previous studies, different bead types, different Bmp concentrations and different Bmp 

paralogs were used. It was therefore explored first, which of these parameters would 

differentially affect cardiac induction in the PHM at stage HH5/6, the stage known for its 

generic cardiac competence throughout the head mesoderm. The initial focus on Isl1, a BMP-

dependent marker for the cardiogenic head mesoderm and underlying pharyngeal endoderm, 
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and Tbx1, a gene expressed in the pharyngeal endoderm, early caudal PHM and 

branchiomeric muscles, and repressed by BMP (Bothe et al., 2011; Bothe & Dietrich, 2006; 

Nogueira et al., 2015). 

The concentration said to be used by (Schultheiss et al., 1997) BMP did not upregulate Isl1. 

At 1.28µM used by (Bothe et al., 2011), Isl1 was mildly, at 6.41µM, Isl1 was robustly 

upregulated (Fig.3.1). Isl1 upregulation was slightly more widespread with Affi-Gelي “blue”ي

beads than with heparin-coatedيacrylicي“white”يbeads,يpossiblyيbecauseيheparinي isيable to 

retain the loaded protein (Ori et al., 2009). Various physiological and pathophysiological 

processes in the human body are thought to be mediated by the interaction of heparin with 

proteins (Gandhi & Mancera, 2012). To rule out the possible effect of heparin on the bead, 

BSA-loaded beads were performed as controls showing no response. However, because there 

was no qualitative difference between marker gene responses, and because bead retention 

in the tissue was better for white beads, white beads was used. Beads loaded with 6.41µM of 

the BMP ohnologs BMP2 and BMP4, the more distantly related paralog BMP10 and the even 

further distant BMP7 all upregulated Isl1 (Fig.S1E-I) and suppressed Tbx1 (Fig.3.2). Thus, 

during 6 hours assay, all BMP paralogs had the same effect, likely because all trigger the 

pSmad1/5/8 pathway (Hinck et al., 2016). Consequently, the key parameter to study the 

duration of cardiac competence of the head mesoderm is the concentration of the BMP, not 

the BMP or bead type. 

 

8.2 The response of cardiac markers to BMP  

 

Previous studies had suggested that cardiogenesis can be triggered in the PHM as late as 

HH13/14 (Tirosh-Finkel et al., 2006). Cardiac markers were tested for their response to BMP 

if they can be activated in the PHM at stages HH5/6, HH7/8, HH9/10, HH13/14, using 6.41µM 

BMP2 on white beads in the same 6-hour assay as before and HH13/14 embryos were allowed 

to develop further for 20 hours to test for possible delayed responses. Nkx2.5 and Tbx2, 

expressed in the cardiogenic mesoderm and underlying endoderm, and Gata4, Hand2, Tbx5, 

at the relevant stages largely confined to mesodermal tissues were selected. All of these 

genes encode transcription factors that are necessary for cardiac development and, in 
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combination, drive induced pluripotent stem cells into cardiogenesis (M. Cui et al., 2018; Ieda 

et al., 2010b; Luna-Zurita et al., 2016; Später et al., 2014; Zhou et al., 2012). Moreover, Isl1, 

Nkx2.5, Gata4 and Tbx2 are direct Bmp targets (Brown et al., 2004; Hami et al., 2011; 

Liberatore et al., 2002; Lien et al., 2002; Pal & Khanna, 2006; Satou et al., 2004; Shirai et al., 

2009). At HH13/14 beads implanted between flank somites and the neural tube as control, 

reasoning that Hand2, Gata4, Tbx2, genes with widespread lateral/extraembryonic 

expression, would be upregulated there; as further control, an assay for the down-regulation 

of somitic Myf5/MyoD expression was included (Berti et al., 2015; von Scheven et al., 2006). 

Expression of Isl1 was upregulated in the mesoderm and endoderm at stages HH5/6 as shown 

previously (Bothe et al., 2011). Yet an upregulated expression at HH7/8 and 9/10 was seen 

because a higher Bmp concentration was used. At HH13/14, both in the 6-hour and in the 

overnight experiments, Isl1 expression occasionally expanded from the SHF towards the 

bead, similar to the results by (Tirosh-Finkel et al., 2006) however, an ectopic expression 

around the bead was not observed. Similar to Isl1, both Nkx2.5 and Tbx2 expression was 

upregulated by Bmp at HH5/6 to HH9/10. At HH13/14 however, none of these markers 

changed expression in the head. In the trunk Tbx2 was upregulated, in line with its association 

with trunk lateral mesoderm development. Hand2 expression was upregulated around the 

Bmp beads in the HH5/6 to 9/10 PHM and in the HH13/14 trunk. In the HH13/14 head, only 

an expansion of the expression domain towards the bead was observed, and only in 1 of 4 

embryos. Gata4 was upregulated in the PHM at HH5/6 and 7/8, not however at HH9/10 or 

HH13/14; in the trunk, ectopic expression was induced. Tbx5 had been described as a BMP-

unresponsive gene (Yamada et al., 2000) but an upregulated expression was obtained at 

HH5/6 only, possibly because a higher Bmp concentration was used compared to the previous 

study. Nonetheless, beyond HH5/6, Tbx5 never responded to BMP. Taken together, the full 

set of marker genes used here was only ever activated at HH5/6, thereafter the set of Bmp-

responsive cardiac genes became successively more limited. This may be down to epigenetic 

closure, (Cirillo et al., 2002) to active repression by the activation of more PHM genes, or a 

change is the signalling landscape of the PHM (Gao et al., 2019) 
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8.3 Cardiac differentiation of the PHM 

 

To test whether and when the PHM may be able to complete cardiomyocyte differentiation, 

BMP loaded beads were implanted at stages HH5/6 to HH13/14, assaying for the expression 

of the Mef2c and Myocd, two transcription factors associated with the activation of genes 

encoding muscle structural proteins and often part of car diomyocyte-inducing gene cocktails 

(M. Cui et al., 2018; Gordon, 2018; Später et al., 2014). The expression changes of Myom1, 

Myh15/sarcomeric Myosins, Tnnt2, all indicating terminal differentiation of striated (cardiac 

and skeletal) muscle was also investigated. When embryos were exposed to BMP for 6 hours, 

none of these markers was induced at any stage, even when the BMP concentration was 

further increased to 19.23µM. When the embryos were incubated overnight for 20 hours, 

then sarcomeric myosin expression was found around beads with 19.23µM BMP, but only in 

HH5/6 host and no ectopic expression was ever seen at later stage HH7/8 suggesting that only 

the HH5/6 PHM is able to complete cardiomyocyte differentiation and can realise this 

potential when forced with high concentrations of BMP. 

The ability of the PHM to complete differentiation needs to be investigated further to study 

the nature of these cells. To explore how artificial the experimental conditions of the BMP 

loaded beads are on the tissue, and how types of head mesoderm may behave in a naturally 

cardiogenic environment, head mesoderm explants derived from GFP expressing transgenic 

chicken were grafted to sites of cardiogenesis in vivo. This was done through excising the PHM 

from GFP expressing embryos and transplanted into the cardiogenic region of wildtype hosts 

at HH5/6 and HH7/8. The embryos were allowed to develop over night as before. Terminal 

differentiation was assayed for using the MF20 antibody, GFP expression was enhanced using 

an anti-GFP antibody. The location of GFP-positive cells was established by fluorescence 

microscopy and co-expression of sarcomeric myosins and GFP was analysed by confocal 

microscopy. The retention rate of tissue grafted into the cardiogenic region at HH5/6 varied 

and grafts often dispersed, possibly because of the morphogenetic movements that lengthen 

the head at this time ((C. Cui et al., 2009; Redkar et al., 2001). However, of the grafts that had 

been retained, only HH5/6 PHM ever expressed sarcomeric myosins, and only when grafted 

into the HH5/6 heart field. 
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8.4 Non-myocardial programmes stimulated by BMP 

 

This research indicates that generic cardiac competence in the head mesoderm fades after 

HH5/6. Yet Isl1, which marks cells with myocardial but also vascular, smooth or head skeletal 

muscle potential (Jia et al., 2018b; Nathan et al., 2008), and Hand2, a marker for head and 

trunk lateral mesoderm (Firulli et al., 2005; Lopez-Sanchez et al., 2009) could be activated in 

the PHM as late as HH10 and its expression dorsally expanded at HH13/14. This suggests that 

the PHM remains BMP responsive. Moreover, BMP is expressed in the pre-chordal plate, the 

pharyngeal pouches, the otic vesicle and the dorsal neural tube, suggesting that some regions 

of the PHM are exposed to BMP (Bothe et al., 2011b; von Scheven et al., 2006). This then 

implies that, as cardiac competence fades, the PHM may respond to BMP by activating non-

myocardial programmes and upregulates smooth muscle and skeletal muscle precursor 

markers. BMP plays a role in recruiting cells from the secondary heart field into the heart and 

into differentiation. This suggest that at this late stage ectopic Bmp may dorsolaterally expand 

the area in the subpharyngeal mesoderm from which secondary heart field cells are being 

recruited. The expression of Noggin, a BMP Inhibitor was activated in response to 

exogenously applied BMP (Bothe et al., 2011b; Sela-Donenfeld & Kalcheim, 2002) as control. 

The expression of Gata3, a marker for the pharyngeal endoderm and ectoderm and, in the 

trunk, a marker for the mesonephric duct, all sites subject to BMP signalling (Begbie et al., 

1999; Bothe & Dietrich, 2006; James & Schultheiss, 2005; Sheng & Stern, 1999) was activated 

within 6 hours, at all stages and sites investigated. 

BMP did not activate the endocardial marker Nfatc1 (Wu et al., 2011) at HH5/6 to HH9/10, 

suggesting that BMP did not move cells towards an endocardial fate. Acta2 is a marker for the 

early cardiogenic cells, and remains expressed in embryonic cardiac (and skeletal) muscle for 

some time (Lopez-Sanchez et al., 2009) and a widespread expression in the extraembryonic 

mesoderm, demarcating developing vascular smooth muscle (Colas et al., 2000). Acta2 was 

upregulated by BMP between stages HH5/6 to HH9/10 suggesting a prolonged competence 

of the PHM to produce smooth muscle. In normal heart development, lateral head mesoderm 

cells expressing early cardiac markers are recruited to form the smooth muscle collar of the 

OFT (smooth muscle of great vessels from the ncc). Because BMP-dependent ncc have been 

demonstrated to be critical during OFT remodelling, BMP signalling is significantly observed 
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in controlling a subset of CNC cells as they migrate to the OFT (Neeb et al., 2013). This suggest 

that smooth muscle competence is retained longer than cardiac competence, in line with the 

requirement of the head mesoderm to finalise the cardiac outflow tract by adding its smooth 

muscle collar (X. Wang et al., 2017) 

The expression of Msc as a skeletal muscle precursor marker was investigated in the 6-hour 

window. This gene is first activated in the rostral PHM in response to BMP and then spreads 

caudally to eventually label all craniofacial skeletal muscle precursors and to participate in the 

activation of MyoD (Bothe et al., 2011; Bothe & Dietrich, 2006; Moncaut et al., 2012; Nogueira 

et al., 2015; von Scheven et al., 2006). Using a higher BMP concentration than in (Bothe et al., 

2011) an upregulation of Msc at stages HH7/8 rather than HH9/10. Moreover, within the 6-

hour time window, Msc was readily upregulated at HH13/14. The response was specific to 

the PHM since in the trunk, Msc was not activated. This suggests that as cardiac competence 

fades, competence to engage in craniofacial myogenesis becomes established in the PHM. 

This however did not lead to a premature entry into differentiation. 

BMP2 suppresses most PHM markers, in tune with tissue lateralisation. However, Msc was 

upregulated from HH7/8 onwards, and this response was seen at HH9/10 and 13/14. Initially, 

Bmp suppressed PHM marker genes including Cyp26C1, genes associated the head 

programme of skeletal muscle formation (Pitx2 and Tbx1), and genes generally involved in 

myogenesis (Six1 and Eya1; (Schubert et al., 2018). These genes showed downregulation with 

Eya1 being upregulated by BMP at HH9/10. Skeletal muscle differentiation in the head does 

not commence before HH13/14 (Nogueira et al., 2015)and both for head and trunk skeletal 

muscle differentiation, BMP is a strong inhibitor (Schubert et al., 2018; Eldad Tzahor et al., 

2003; von Scheven et al., 2006) Msc is a crucial regulator of head skeletal muscle development 

and directly participates in the activation of Myf5 (Moncaut et al., 2012) mainly acts as a 

transcriptional repressor (Harris et al., 2015), suggesting a scenario whereby the head skeletal 

muscle precursor genes and not skeletal differentiation. 

The loss of cardiac competence in the PHM will require further investigation highlighting 

several lines of evidence that supports the mechanism. Through promoter analysis, Msc may 

interact with Gata4 or other proteins also early to repress the cardiac programme in the PHM. 

Morover, Msc binds to enhancers similar to those recognised by MyoD (MacQuarrie et al., 

2013), and Msc and MyoD binding sites have been predicted for the promoters of several 
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cardiac genes seen it may repress target genes directly. Six1 contributes to the upregulation 

of pharyngeal Fgf8 expression and upregulates Tbx1 and Msc in the mesoderm (Bothe et al., 

2011b; Guo et al., 2011). Six1 accordingly may have additional roles when it begins to be 

expressed in the early PHM. 

Using a strict 6-hour regime to treat the chicken PHM with the cardiac promoter BMP2, it was 

found that up to early head fold stages at HH5/6, the PHM was able to activate the palette of 

transcription factors that cooperatively drives cardiogenesis in vitro and in vivo. Moreover, 

when given time to complete differentiation, the early PHM was able to do so, both when 

exposed to ectopic BMP and when grafted into the cardiogenic region of a HH5/6 host. Thus, 

the entire head mesoderm is initially heart-competent, and cardiac-competence is the default 

state of the tissue. Stage-dependent responses to BMP indicate that in the paraxial head 

mesoderm, cardiac competence persists until early head fold stages. Thereafter, cardiac 

competence is replaced by skeletal muscle competence. 
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9. Conclusion 

The ability to generate cardiac and smooth muscle is thought to be the evolutionary ground-

state fate of the head mesoderm. This thesis reconciles previous studies, showing that 

different BMP concentrations lead to different outcomes in cardiac induction assays. 

Nonetheless, using a large set of marker genes, it states that the head mesoderm has generic 

cardiac competence throughout but that cardiac competence fades concomitant with a shift 

towards the head skeletal muscle programme. 

 

9.1 The cardiac potential of the head mesoderm ceases early in development 

 

On short-term exposure to the cardiac inducer bone morphogenetic protein, the entire head 

mesoderm is shown to remain responsive up to and beyond 50 hours of development. 

However, the full set of cardiac genes are activated during the first 24 hours of gastrulation. 

Interestingly, a longer exposure to BMP rendered the paraxial head mesodermal cells 

equipped into entering cardiomyocyte terminal differentiation suggesting that the cells in this 

vicinity can be specified but not irreversibly determined to engage in programmes that are 

not typical for this region. The HM has cardiac competence early which rapidly fades in the 

PHM as development proceeded. 

This was backed up and further proven by grafting paraxial head mesoderm cells from the 

same HH5/6 stage that has cardiac competence into the natural environment of the cardiac 

mesoderm to address the artificiality that might be introduced by the cardiac inducer. This 

concluded that the paraxial head mesoderm cells indeed were determined and differentiate 

in the vicinity of normal cardiac development.  

 

9.2 As cardiac competence ceases, the paraxial head mesoderm establishes skeletal 

muscle competence 
 

While endothelial and endocardial fates were BMP-responsive not cell choices adopted by 

the paraxial head mesoderm, context dependent BMP signalling concluded that cardiac 

programmes can only be activated early, smooth muscle competence is possibly maintained 
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a while longer. The paraxial head mesoderm then expresses skeletal muscle potential as the 

cells renounce cardiac potential. Cells take an alternative pathway specifically towards 

skeletal muscle programmes via Msc and Six-Eya cascades. The craniofacial skeletal muscle 

programme in the paraxial head mesoderm is activated as the cardiac markers fail to be 

activated and cardiac competence fades. This research allows to now depict the correct time 

point to analyse the cellular competence of natural and engineered cardiogenic cells. 

 

9.3 Bioinformatic analysis is set to investigate the underlying epigenetic mechanism 

that regulates the switch from cardiac to skeletal muscle competence 
 

When cells make cell lineage decisions, it has been extensively researched that the fate 

choices depend on the complement of genes being expressed, repressed or poised ready to 

be activatable. It is expected that there is an epigenetic mechanism to underlie the switch 

from cardiac to skeletal muscle competence. Cardiac genes are being kept in a poised 

configuration ready to be closed early in the paraxial head mesoderm, smooth muscle genes 

are kept in a poised configuration early ready to be open and skeletal muscle precursor gene 

Msc is kept in a closed configuration ready to poised as development proceeds. 

Promoter analysis and determination of the transcription start sites of genes are important 

to generate the tools for TaqMan-qPCR, the method chosen to analyse ChIP-ed material. 

Additionally, the analysis of TF binding sites delivered information on possible genetic 

interactions, which would have to be tested by misexpression studies combined with CHIP 

using antibodies directed against the TF thought to bind a particular promoter. Evidently, as 

cardiac competence ceases to exist, an epigenetic mechanism behind the switch from cardiac 

to alternative non-cardiac programmes is yet to be investigated.  
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Appendix 
Appendix 1 Summary of marker genes, probes, gene function, gene expression, responses to Bmp treatment with reference of expression 

gene source of ISH 
probe 

protein 
function 

expression 
endoderm 

expression 
ectoderm 

expression 
mesoderm 

reference  
expression 

response to Bmp bead, 6h exposure 

paraxial head mesoderm trunk somites 

HH6 HH8 HH10 HH14 HH14 

Acta2/Us
maar/sm

ooth 
muscle 
actin 

cloned from 
HH17 cDNA 
by RT-PCR 
using the 

nested 
primers 

thin 
filaments 

and 
sarcomere 

  
initially lateral + 
extraembryonic 

mesoderm, 
then vascular 

smooth muscle 
- blood vessels, 
cardiac muscle, 
skeletal muscle; 
retained long-

term in smooth 
muscle 

Colas 
2000, 
Lopez-

Sanchez 
2009 

up up up up none 

Gata3 Sheng 1999 GATA 
family Zn-
finger TF 

pharyngeal 
endoderm 

pharyngeal 
ectoderm, 

otic vesicle, 
optic 

placode and 
neural retina 

intermediate 
mesoderm/ 

nephric duct; 
HH19-24 blood 

vessels 

Bothe 
2006 

up 
(endo

-
derm, 
ecto-
derm; 
down 

w. 
Bmp1

0) 

up 
(endo

-
derm, 
ecto-
derm

) 

up 
(endo-
derm, 
ecto-
derm) 

up 
(endo-
derm) 

up 
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Gata4 ChEST207p4 GATA 
family Zn-
finger TF 

late: 
stomach 

 
HH3 primitive 
streak, lateral 

and 
extraembryonic 
mesoderm, but 

highest in 
lateral head 
mesoderm/ 
cardiogenic 
mesoderm, 

sinus venosus; 
HH20 and later: 

allantois, 
intermediate 

mesoderm 

Lopez-
Sanchez 

2009, 
stomach: 
Shin 2005 

up up none none up 

Hand2 ChEST70a11 bHLH TF 
  

all lateral and 
extraembryonic 

mesoderm, 
heart; strong: 

2nd heart field 

Lopez-
Sanchez 

2009; 
trunk: 

Firulli 2005 

up up up (expan
ded 

toward
s bead) 

up 

Isl1 Tsuchida 1994 LIM 
homeodo
main TF 

pharyngeal 
endoderm 

dorsal 
neural tube, 
neural crest 
cells/ cranial 

and spinal 
ganglia 

cardiac 
mesoderm, 2nd 

heart field 

Bothe 
2006 

up up up (expan
ded 

toward
s bead) 

none 

Mef2c Berti 2015 MADS-box 
TF 

  
cardiac 

mesoderm, 
heart/ sinus 

venosus, 
myotomes 

Berti 2015 none none (neural 
crest 
cells) 
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Msc/My
oR 

von Scheven 
2006 

bHLH TF lung bud 
 

initially rostral 
paraxial head 
mesoderm, 

then all 
craniofacial 

skeletal 
muscles, trunk: 

ventrolateral  
and 

dorsomedial lips 
of 

dermomyotome
s, hypaxial 

muscle 
precursors 

von 
Scheven 

2006, 
Bothe 

2006, 2011 

none up up up none 

Myf5 Berti 2015 bHLH TF 
  

skeletal muscle 
precursors set 

up for 
differentiation 

Berti 2015, 
Meireles 
Nogueira 

2015 

   
none down 

Myh15 Berti 2015 thick 
filaments, 
sarcomere 

  
myocardium, 
myotomes/ 

skeletal muscle 

Berti 2015 none none none 
  

Myocd ChEST221o12 TF, SRF-
cofactor 

  
cardiac 

mesoderm, 
heart incl. 

outflow and 
inflow tract; 

HH18: 
extraembryonic 

mesoderm 

http://geis
ha.arizona.
edu/geisha

/ 

none (expa
nded 
towar

ds 
bead) 

none 
  

MyoD Berti 2015 bHLH TF 
  

differentiating 
skeletal muscle 

precursors 
(myoblasts) 

Berti 2015, 
Meireles 
Nogueira 

2015 

   
none down 
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Myom1 cloned from 
HH17 cDNA 
by RT-PCR 
using the 

nested 
primers F1- 

CACCCTGCTG
ATATCGGAGT

TTTC, R1- 
GTTGTGGTTT
GCTCATAACA

GTTGC, F2- 
GGACATCAGT
GAGCTGAAGC

TTAC, R2- 
CGTGCTTAGC
TGCATCAGTC

TGG 

M-line 
protein, 
anchors 
myosin 

thick 
filaments 
and the 

filamentou
s end of 

Titin 

  
myocardium, 
myotomes/ 

skeletal muscle 

http://geis
ha.arizona.
edu/geisha

/ 

none none none 
  

Myosins 
(sarcome

ric) 

DSHB 
antibody 

MF20 

thick 
filaments, 
sarcomere 

  
myocardium, 
myotomes/ 

skeletal muscle 

Berti 2015 none 
(but: 
up at 
HH5/

6 
after 
O/N 
ex-

posur
e) 

none none none 
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Nfatc1 ChEST526a21 TF low: HH13 
pharyngeal 
endoderm 

 
maybe already 
HH4-5 primitive 

streak and 
extra-

embryonic 
mesoderm, 

endocardium; 
low: notochord, 

blood vessels 

Wu 2011, 
http://geis
ha.arizona.
edu/geisha

/ & 
unpublishe

d 
observatio

ns 

none none none (up: 
pharyn

geal 
endode

rm) 

none 

Nkx2.5 gene 
synthesis and 
cloning of the 
open reading 

frame 

NK-type 
homeodo
main TF 

pharyn-
geal 

endoderm 
and 

pouches 

 
cardiac 

mesoderm, 2nd 
heart field, 

myocardium/ 
heart 

Schultheiss
1995, 
Bothe 
2006 

up up up none none 

Noggin Chapman 
2002 

Bmp 
inhibitor 

 
dorsal fore- 

and 
midbrain 

notochord, 
medial paraxial 

head 
mesoderm, 

somites 

http://geis
ha.arizona.
edu/geisha

/, Tzahor 
2003, 
Bothe 
2011 

up up up up up 

Popdc2 ChEST986a14 membrane 
associated, 

cAmp 
binding 

  
cardiac 

mesoderm, 
heart; weak: 

myotome 

Breher 
2004 

none none none none 
 

Tbx1 Garg 2001 T-box TF cranial 
endoderm, 
pharyngeal 

pouches 

otic vesicle caudal paraxial 
head 

mesoderm, 
then spread to 
all pharyngeal 
arch muscles 

Bothe 
2006, 2011 

down 
  

none 
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Tbx2 Isaac 1998 T-box TF HH5 
onwards: 

endoderm 

 
HH8 all lateral 

mesoderm 
except centre of 

limbs; heart 
tube, 

atrioventrivular 
junction 

Yamada 
2000 

up up up none up 

Tbx5 ChEST59k10 T-box TF 
 

eye primitive streak 
and early 

mesoderm 
(HH4-6, weak), 

heart/atria-
sinus venosus; 

lateral 
mesoderm in 
neck and fore 

limbs 

Yamada 
2000; eye: 

Peters 
2002 

up none none none none 

Tnnt2 ChEST40m11 on 
sarcomeric 

thin 
filaments, 

moves 
Tpm off 
Myosin 
binding 
sites in 

response 
to Ca2+ 

  
early: all lateral 

mesoderm, 
strongest: 

cardiac 
mesoderm; 

myocardium, 
myotomes/ 

skeletal muscle 

http://geis
ha.arizona.
edu/geisha

/ 

none none none 
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Appendix 2 Bead experiment n-numbers The bead type is displayed as (i) protein loaded, (ii) type of bead, (iii) 
concentration (i) control is  no BMP, B2 is BMP2, B4 is BMP4, B7 is BMP7, B10 is BMP10 (ii) W = heparin coated 
acrylic white beads (Sigma), B = Affi-Gel agarose blue beads (Bio-Rad) (iii) 5 = 5μg/ml Bmp2 = 0.19μM for all 
Bmps 33 = 33μg/ml Bmp2 = 1.3μM for all Bmps 166 = 166μg/ml Bmp2 = 6.4μM for all Bmps 500 = 500μg/ml 
Bmp2 = 19.2μM for all Bmps 

Colour code: 
No response to Bmp 
Upregulated expression 
Downregulated expression 
Assay: ISH; markers in alphabetical order 

Numbers shown in ratio depicts the number of responses of the gene out of the total number of specimens 

Acta2 embryonic stages 

 6-hour exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

 

B2 W 166 5:9 (1 weak) * 3:5 5:9 (weak) * 0:6 0:6  

B2 W 500 0:1      
       

B10 W 166 0:1      

 * looks continuous with the vascular staining in the area pellucida 
  

Cdh5 embryonic stages 

 6-hour exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

 

B2 W 166 0:2 0:1 0:1 0:2 0:2  

Nog W200   0:2 0:2 0:2  

Tgfb3 W166  0:1     
  

Dach2 embryonic stages 

 6-hour exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

 

B2 W 166 2:2 0:1 0:2 0:3 0:3  
  

Ets1 embryonic stages 

 6-hour exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

 

B2 W 166 2:3 2:4 (2 
broken) 

1:2 0:2 1:2 up 
1:2 down 
around 

bead, up 
at a 

distance 

 

Nog W200    0:2 0:2  

Tgfb3 W166    0:2 0:2  
  

Eya1 embryonic stages 

 6-hour exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

 

B2 W 166 1:2 down 1:2 down 1:2 up  2:2 up 2:2 up  
  

Gata3 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 W 166 1:6 2:4 3:4 2:2 2:2  

       

B10 W 166 3:3 down      
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Gata4 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH9/10 HH13/14 

B2 W 5   0:2     

B2 W 33 0:2 0:2 0:2     

B2 W 166 1:3 1:6 0:8 0:4  2-nd Head 0:4 

B2 W 500   0:1 0:1 1:1 2-nd  

       

B2 B 166 0:2 0:1 -    

       

B10 W 166 1:2  0:2    

  

Hand2 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 W 5 med   0:3    

B2 W 33 med 1:1 1:2 0:3    

B2 W 166 med 2:4 2:2 4:5 1:4 
(expansion) 

0:2 
(insuff. 
stain ?) 
 + 1:1 up 
(2 beads, 
both up) 

head 0:2 
 

B2 W 500 med    0:2 2:2  

       

B10 W 166 med 2:2  1:2    

       

B2 W 166 lat       

       

Nog W 200 med 0:3      

Nog W 200 lat       

       

Tgfb3 W 166 
med 

0:1      

Tgfb3 W 166 lat 0?:1      

  

  

Isl1 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH9-10 HH13/14 

Control W 0:2      

       

B2 W 5 1:5      

B2 W 33 2:10 weak 3:4 3:5    

B2 W 166 7:9 2:2 1:2 1:7 
(expansion) 

0:2 0:1 (bead 
dorsal) 

1:6 
(expansio
n) 

B2 W 500    0:2  0:1  

       

Control B 0:2  0:1 0:1   

       

B2 B 5 0:2      

B2 B 33 1:2 0:1     

B2 B 166 5:7 1:2 1:1   6:10  

       

B4 W 33 0:2      

B4 W 166 3:6 0:1     
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B4 B 166  1:1 1-nd    

       

B7 W 33 0:2      

B7 W 166 3:10 1:4     

       

B10 W 33 1:1      

B10 W 166 4:8  2:4    

  

  

Kdr=Vegfr2=Flk
1 

embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 
head 

HH13/14 
trunk 

B2 W 166 med 3:3 up - pos 
cells accum. 
around bead 

4:5 down 4:5 down 0:2 + 2:2 
pos cells 
accum. 
around 
bead 

 

1:2 down 
around 
bead, up 
at a 
distance 
+ 2:2 up 

0:2 2:2 up 

B2 W 500 med 1:1 up      

       

B2 W 166 med 
+ foil 

2:2 up - pos 
cells accum. 
around bead 

     

B2 W 166 med 
+ 
semipermeable 
barrier (small 
pores) 

      

       

B2 W 166 lat 0:1      

       

Noggin W 200 
med 

1:1 up? 1:1 up?  0:2 0:1 0:1 0:1 

Noggin W 200 
lat 

      

       

Tgfb3 W 166 
med 

 1:2 
extension 
of a Kdr+ 
string of 

cells 
towards 
the bead 
1:2 down 

 0:2 0:1 0:2 0:2 

Tgfb3 W 166 lat 0:1      

  

  

Mef2c embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 W 166 0:3 0:3 2:5 (neural 
crest cells) 

   

B2 W 500 0:1      

       

B10 W 166 0:1      

       

Msc = MyoR embryonic stages 

 6-hour exposure ON exposure 
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Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 
head 

HH13/14 
trunk 

B2 W 166 0:2 1:1 1:1 3:3 0:2 1:2 (little 
expansion 
only) 

0:1 

       

Msx2 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 
head 

HH13/14 
trunk 

B2 W 166 med 2:2 up 2:2 up    0:1, staining 
not long 
enough 

0:1, 
staining 
not long 
enough 

B2 W166 lat        

        

Nog W 200 med        

Nog W 200 lat 1:1 down       

        

Tgfb3 W166 
med 

       

Tgfb3 W166 lat        

  

Myf5 / MyoD embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 
head 

HH13/14 
trunk 

B2 W 166    0:5 9:9 down 0:5 11:11 
down 

B2 W 500    0:1 1:1 down 0:1  

        

B2 B 166       6:6 down 

        

Nog W 200      0:1 0:1 
(maybe 
some lat 

exp in 
myotome, 

need 
sections) 

  

  

Myh15 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 W 166 0:2 0:2 0:2    

B2 W 500 0:2      

       

B10 W 166 0:2      

  

Myocd embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 W 166 0:4 0:4 
(dorsal 
expansion
) 

0:3    

B2 W 500 0:1      
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Control B   0:1 0:1   

       

B2 B 166  0:2 - 0:4 0:1   

       

B4 W166 0:1      

       

B7 W 166 0:1      

       

B10 W 166 0:1      

  

  

Myom1 embryonic stages 

 6-hour exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

 

B2 W 166 0:1 0:2 0:2    

B2 W 500 0:2      

       

B10 W 166 0:1      

  

  

Nedd9 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 
head 

HH13/14 
trunk 

B2 W 166 med   (HH11 -  
0:1) 

0:1 0:1 1:1 down in 
2nd pa ncc, 
but maybe 

pa 
underdevelo

ped 

1:1 
slightly up 

around 
bead 

B2 W166 lat        

       

Nog W 200 med      0:1 0:1 

Nog W 200 lat 1:1  down in 
extra-embr. 
mes around 
bead, up 
caudal to bead 

      

       

Tgfb3 W166 
med 

 1:1 up in 
ectoderm 
over bead 

(HH11 1:1 
down, but 

embryo 
was 

malformed) 

1:1 dorsal 
expansion 
towards 

bead 

0:1 1:1 up in 2nd 
pa ncc (need 
to confirm by 

sections) 

0:1 

Tgfb3 W166 lat        

  

  

Nfatc1 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 W 166 0:7 0:5 0:7 2:3 
(endoderm) 

0:3  

B2 W 500 0:1      

       

Nog W 200    0:2 0:2  

       

Tgfb3 W 166    0:2 0:2  
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Nkx2.5 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

Control W       

       

B2 W 33 2:3 1:2 3:6    

B2 W 166 5:6 3:4 1:2 0:4 0:3 0:6  

       

Control B   1-nd 0:1   

       

B2 B 166 1:2 2:4 1:4 0:2   

       

B4 B 166  0:1 1:2    

       

B10 W 166 1:1  1:1    

  

  

Noggin embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

Control W 0:2      

       

B2 W 5 3:4 (v. weak) 1:1     

B2 W 33 1:6 4:4 2:2    

B2 W 166 2:3 3:3 2:4 2:2 (weak) 2:2  

       

Control B 0:2  0:1    

       

B2 B 5 0:2 1:1     

B2 B 33  2:2     

B2 B 166 1:4 (neural 
plate) 

 3:3    

       

B4 W 33 1:1 (weak)      

B4 W 166       

B4 B 166  1:1     

       

B7 W 33 1:1 (weak)      

B7 W 166 1:1 (weak)      

       

B10 W 33 1:1 (weak)      

B10 W 166 0:1      

 Only asymm. staining considered 

  

Olfml3 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 
head 

HH13/14 
trunk 

B2 W 166 med        

B2 W166 lat        

        

Nog W 200 med 1:1 
dorsomedial 
expansion of 
signal in phm 

      

Nog W 200 lat 1:1 up 
regulation at 
lateral- 
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extraembryon
ic interface 

        

Tgfb3 W166 
med 

       

Tgfb3 W166 lat        

  

  

Pitx2 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 W 166 1:2 slightly 
down 

  0:2 0:2  

  

  

Popdc2 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 W 166 0:2 0:1 0:3    

B2W 500 0:1      

       

Control B   0:1 0:1   

       

B2 B 166   0:1 0:2   

       

B4 W166 0:1      

       

B7 W 166 0:1      

       

B10 W 166 0:1      

  

Six1 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 B 33 (Ingo) 2:2 down 2:3 down     

B2 W 166 1:2 down 0:2 1:2 
(slightly) 

0:2 2:2 down  

  

  

Smad6 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 W 166 0:3 0:2 0:2 0:2 (strong 
background 
staining) 

0:2  

  

  

Tbx1 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

Control W 0:1      

       

B2 W 5 1:1 slightly 
down 

     

B2 W 33    0:1   

B2 W 166 2:2 down   0:4  head 0:4 



192 | P a g e  
 

       

B4 W 33       

B4 W 166 1:1 down      

       

B7 W 33 2:2 down      

B7 W 166 2:2 down      

       

B10 W 33       

B10 W 166 4:4 down      

  

  

Tbx2 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 W 166 3:6 3:5 2:2 0:5  3:5  

       

B10 W 166   2:2    

  

  

Tbx5 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 W 166 1:6 0:1 0:3 0:2 0:2  

       

B10 W 166 0:1      

  

  

Tcf21=Capsulin embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 W 166 1:2 up, 1:2 
down 

0:2 0:2 0:2 0:2  

  

  

Tgfb3 embryonic stages 

 6 hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 
head 

HH13/14 
trunk 

B2 W 166   1?:1ي “old”ي
B2; maybe 
upregulatio
n around 
bead 

    

  

  

Tgfbr2 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 
head 

HH13/14 
trunk 

B2 W 166  0:1  1?:1 maybe 
accumulatio

n of pos. 
cells around 

bead 

0:1   

  

  

Tnnt2 embryonic stages 

 6-hour exposure ON exposure 
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Bead HH5/6 HH7/8 HH9/10 HH13/14 
head 

HH13/14 
trunk 

HH13/14 

B2 W 166 0:3 0:2 0:3    

B2 W 500 0:1      

       

B10 W 166 0:2      

  

  

 

Table 3 Immunofluorescence assay. 

  

Myosin, 

sarcomeric 

(MF20 

staining) 

embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 

head 

HH13/14 

trunk 

HH5/6 HH7/8 HH9/10 HH13/14 

Control W 0:1     0:1 0:1   

B2 W 166 0:2     0:5 0:3   

B2 W 500 0:1     2:3 
(1: 

bead is 

in the 

outflow 

tract) 

0:5 0:3 0:1 

  

pSmad1/5/8 embryonic stages 

 6-hour exposure ON exposure 

Bead HH5/6 HH7/8 HH9/10 HH13/14 

head 

HH13/14 

trunk 

HH13/14 

B2 W 166 0:2      

B2 W 500 0:1      
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Table 4 N-numbers mesoderm grafts Abbreviations: ect, ectoderm; end, endoderm; CM, cardiac mesoderm; oft, outflow tract; PHM, paraxial head mesoderm; SHF, secondary heart field cells; 
SP, segmental plate. Bold: images shown in Figures 

CM grafts 

stage range 
of graft 

graft stage range of host 
target 

site 
 graft found in  

sarcomeric myosin 
staining in graft: 

numbers 

no staining: 
numbers 

 graft found in  
sarcomeric myosin staining in 

graft: numbers 
no staining: 

numbers 

            

5 to 6 CM 5 to 6 CM  CM 5 0  
pericardium or oft 

= 4 
1 5 

5 to 6 CM 7 to 8 CM  CM 1 2      

5 to 6 CM 13 to 14 SHF  SHF with cell recruitment 1 0  
SHF, no cell 
recruitment 

0  

            

5 to 6 CM 5 to 6 PHM  PHM 1 1     

5 to 6 CM 7 to 8 PHM  PHM 0 2     

            

7 to 8 CM 5 to 6 CM  CM 1   
pericardium or 

oft=1 
 1 

7 to 8 CM 7 to 8 CM  CM 1       

7 to 8 
CM + 
end 

7 to 8 CM  CM 1 0     

            

7 to 8 CM 5 to 6 PHM  PHM 2  2      

7 to 8 CM 7 to 8 PHM  PHM 1 0     
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PHM grafts 

stage range 
of graft 

graft stage range of host 
target 

site 
 

graft found in  
sarcomeric myosin 

staining in graft: 
numbers  

no staining: 
numbers 

 graft found in 
sarcomeric myosin staining in 

graft: numbers 
no staining: 

numbers 

            

5 to 6 PHM 5 to 6 CM 
 

CM 2 3   
pericardium or 

OFT 
0 6 

5 to 6 
PHM + 

end 
5 to 6 CM 

 
CM 0 3   0 1 

5 to 6 PHM 7 to 8 CM  CM 0 5   0 2 

5 to 6 
PHM + 

end 
7 to 8 CM 

 
CM 0 1      

5 to 6 PHM 13 to 14 SHF 
 
SHF with cell recruitment    

SHF, no cell 
recruitment 

0 4 

            

7 to 8 PHM 5 to 6 CM 
 

CM 0 3  
pericardium or 

OFT 
0 2 

7 to 8 
PHM + 

end 
5 to 6 CM 

 
CM  2     

7 to 8 PHM 7 to 8 CM  CM 0 7     

            

9 to 10 PHM 5 to 6 CM 
 

CM 0 5  
pericardium or 

OFT 
0 2 

9 to 10 PHM 7 to 8 CM  CM 0 5     

9 to 10 
PHM + 

end 
7 to 8 CM 

 
CM 0 3     

            

13-14 PHM 5 to 6 CM  CM 0 2     

13-14 PHM 7 to 8 CM  CM 0 2     
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SHF grafts 

stage range 
of graft 

graft stage range of host 
target 

site 
 

graft found in 
sarcomeric myosin 

staining in graft: 
numbers  

no staining: 
numbers  

 graft found in  
sarcomeric myosin staining in 

graft: numbers  
no staining: 

numbers  

            

9 to 10 SHF 5 to 6 CM 
 

CM 2 0  
pericardium or 

OFT  
  

9 to 10 SHF 7 to 8 CM  CM 5       

9 to 10 
SHF + 
end 

7 to 8 CM 
 

CM  1      

9 to 10 SHF 13 to 14 SHF 
 
SHF with cell recruitment 1   

SHF, no cell 
recruitment 

  

            

9 to 10 SHF 7 to 8 PHM  PHM 3      

            

            

13 to 14 SHF 5 to 6 CM 
 

CM    
pericardium or 

OFT 
 2 

13 to 14 SHF 7 to 8 CM  CM  2     

13 to 14 
SHF + 

ect 
7 to 8 CM 

 
CM 1 8     

13 to 14 SHF 13 to 14 SHF 
 
SHF with cell recruitment  1  

SHF, no cell 
recruitment 

 2  
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SP grafts 

stage range 
of graft 

graft stage range of host 
target 

site 
 

graft found in  
sarcomeric myosin 

staining in graft: 
numbers  

no staining: 
numbers  

 graft found in 
sarcomeric myosin staining in 

graft: numbers 
no staining: 

numbers  

            

13 to 14 sp 5 to 6 CM 
 

CM    
pericardium or 

OFT 
0 3 

13 to 14 sp 7 to 8 CM  CM 0 2     

13 to 14 sp 13 to 14 SHF 
 
SHF with cell recruitment 0 1  

SHF, no cell 
recruitment 

0 1  
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