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Abstract

Tissue morphogenesis requires co-ordination of changes in cell shape, gene
expression and the integration of both intrinsic and extrinsic patterning cues. One
such example of a complex tissue morphogenesis is the asymmetric looping of the
linear heart tube during embryogenesis. Heart looping is required for the correct
alignment of the chambers to facilitate septation, chamber ballooning and
subsequent connection to the rest of the cardiovascular system. The necessity for
robust heart morphogenesis is evident in the prevalence of congenital heart
diseases which occur in around 1% of live births, and are the leading cause of birth

defect-related deaths worldwide.

Most organ systems, including the heart are composed of distinct tissue types with
specialised functions: during cardiac development, the heart tube comprises an
outer layer of contractile myocardium surrounding a specialised endothelial cell
layer known as the endocardium. During heart looping both the myocardial and
endocardial tissue layers undergo distinct morphogenetic changes, and each play
important roles in providing temporal and spatial signals to the other, together
driving robust early cardiac morphogenesis. Separating the myocardium and
endocardium is a specialised extracellular matrix (ECM) termed the cardiac jelly.
Numerous studies have highlighted the importance of the cardiac jelly during later
stages of heart development, however little work since its initial characterisation has
investigated the mechanisms by which this ECM promotes asymmetric heart

morphogenesis.

In this thesis | highlight the pivotal and previously underappreciated role of the
embryonic cardiac jelly in promoting distinct aspects of cardiac morphogenesis in
zebrafish. Common to all ECMs are the large, heterotrimeric Laminin complexes,
secreted early during ECM deposition. | first identify and characterise the expression
of multiple different Laminin subunits in the heart at the onset of heart looping and



go on to show a broad requirement for Laminins in promoting cardiac
morphogenesis. Subsequently, | identify the specific Laminin isoforms which are
required during heart development and uncover two distinct roles for Laminins:

promoting asymmetric morphogenesis and restricting cardiac size.

Secondly, | uncover an asymmetry in the embryonic cardiac jelly, prior to the
initiation of heart looping morphogenesis (which correlates with the expression of an
ECM-modifying gene). | show that the cardiac ECM is rich in the Proteoglycan
Hyaluronic Acid and that chamber-specific regionalisation of the ECM is required to

promote heart morphogenesis.

Together, this work demonstrates that the constituents of the embryonic cardiac
jelly and their regionalised expression are critical in promoting the robust,

asymmetric morphogenesis of the linear heart during embryonic development.
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1. Introduction

1.1 Congenital Heart Diseases and Heart Development

1.1.1 The incidence of Congenital Heart Diseases

Congenital heart diseases (CHDs) are structural malformations of the heart, arising
due to failures in the multi-faceted process of heart development. Globally CHD is
present in approximately 1% of live births and is the most common cause of birth-
defect related deaths (Bernier et al., 2010; Hoffman and Kaplan, 2002; Linde et al.,
2011, Members et al., 2012). One categorisation of CHDs: severe, moderate or mild
describes how whilst severe and moderate manifestations are likely to be detected
either before birth or postpartum as they can be life-threatening, mild CHDs - which
account for greatest prevalence - often go undiagnosed due their asymptomatic
nature (Hoffman and Kaplan, 2002). Severe CHDs encompass all cyanotic heart
diseases (the mixing of oxygenated and deoxygenated blood) which present major
anatomical disruption to the heart (Hoffman and Kaplan, 2002) such as double outlet
right ventricle (DORV) in which both the pulmonary artery and aorta are connected
to the right ventricle. Mild CHDs do not exhibit such striking defects in gross heart
morphology (Hoffman and Kaplan, 2002), instead encompassing more subtle
abnormalities such as aortic incompetence (also known as aortic insufficiency).
Moderate CHDs are in some cases almost completely asymptomatic due to their
relatively minor impact on cardiac morphology, for example small ventricular septal
defects (Hoffman and Kaplan, 2002). Nonetheless, all forms of CHD have a major

impact on the individual’s life (Saha et al., 2019).

A range of CHDs are commonly associated with syndromes such as Down, Edward,
DiGeorge, Holt-Oram and Alagille (Muntean et al., 2016). Mapping of the causative
element in these syndromes has identified genes or clusters of genes that play roles
in the development of the heart (Muntean et al., 2016; Pierpont et al., 2000; Sifrim

et al., 2016). CHDs present in non-syndromic cases are more common and have
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been linked to mutations in specific genes or specific sets of genes (Muntean et al.,
2016; Sifrim et al., 2016). Mapping and identification of regions associated with
CHDs in both syndromic and non-syndromic patients has identified transcription
factors, signalling ligands, receptors and components of the extracellular matrix

(Muntean et al., 2016; Pierpont et al., 2000; Sifrim et al., 2016).

Using multiple vertebrate models, the characterisation of the expression patterns
and functions of these genes has shown that many are required during very early
heart development (Moon, 2008; Stainier, 2001). Furthermore, generation of
mutants in genes associated with CHDs has proven fruitful in beginning to uncover
the molecular mechanisms which result in both correct and improper cardiac
development (Moon, 2008; Stainier, 2001). Together, this highlights how
understanding development of the heart at early stages is critical to uncovering how
loss of function of these and other genes results in CHDs. | will set out the main
landmark events in vertebrate heart development, demonstrating their high level of
conservation between model organisms. | will also provide examples of mutations in
genes that promote these specific processes and in which mutations cause CHDs
and how use of animal models in this context has furthered our knowledge of heart

development.
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Figure 1.1. Comparison of Vertebrate Heart Looping.

Second Heart Field Addition
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Cranial movement of atrium
Bending along outer curvature
Rightward rotation
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Comparison of events during heart looping in morphogenesis Human, Chick, Mouse
and Zebrafish. (A-A") The linear heart tube forms in humans at 22 days (A), begins to
undergo morphogenesis at 23 days (A’) and valves start to form between chambers
at 28 days (A"). (B-B"”). At HH9 the linear heart tube has formed in Chick. (B’)
Starting at HH10, the heart tube buckles/bends ventrally (magenta), the arterial pole
rotates rightward (purple) followed by the leftward rotation at the venous pole
(cyan). Cell number is increasing by second heart field addition (green). (B") At
HH17, valves begin to form between the chambers. (C-C"’) The initial shaping of
heart looping morphogenesis occurs rapidly in mouse during E8.5, starting at E8.5e
(C). (C') At E8.5f rightward rotation at the arterial pole shifts the ventricle, whilst cell
number increases through second heart field addition. (C”) E8.5g the heart buckles
due to addition from second heart field and the venous pole undergoes leftward
rotation forming the basic shape of the heart by E9.5 (C"’) when valves begin to
form. (D-D") Heart looping morphogenesis in zebrafish begins at 24hpf, the linear

heart tube
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1.1.2 An overview of vertebrate heart development

A number of vertebrate models, together with complementary genetic analysis in
non-vertebrates have been utilised to understand the complex morphogenetic
process of heart development. Whilst the exact architecture of the final, mature
cardiovascular system differs between mammals/birds, reptiles and teleost fish, the
basic morphological processes which generate their respective four, three and two-
chambered hearts is well conserved (Figure 1.1). During embryogenesis, the heart is
the first organ to form and function. At day 22 in humans, embryonic day (E)8.5e (5-
6 somites) in mice, Hamburger-Hamilton stage (HH)? in chick and 24 hours post
fertilisation (hpf) in zebrafish the heart is clearly identifiable as a linear tube (LHT)
(Figure 1.1A, B, C, D) (Fishman and Chien, 1997; Garrec et al., 2017). Outer,
contractile myocardium is separated from the endocardium, a specialised
endothelial cell population, by the cardiac jelly or extracellular matrix (ECM).
Although the precursor structures to the LHT differ between different model

organisms, the formation of the LHT represents a highly conserved morphological

Figure 1.1 continued.

Is positioned asymmetrically under the left eye (D). (D) In early S-looping, the
primary addition of cells to the heart is at the arterial pole and the chambers bend
along their outer curvatures (black). (D) During advanced S-looping the atrium
moves cranially (orange) and similar to mice and chick, rotations at the poles occur,
predominantly at the arterial pole. By 55hpf (D"’) the heart has well defined
morphological chambers with the atrioventricular valve developing at the
constriction between chambers. Images and stages based on: Desgrange et al.,
2019; Fishman and Chien, 1997; Garrec et al., 2017; Lombardo et al., 2019; Manner,
2009; Martin et al., 2015; Pater et al., 2009. A: atrium, V: ventricle, LA: left atrium,
RA: right atrium, LV: left ventricle, RV: right ventricle. Left-right axis inverted, with

midline denoted by grey line.
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stage in the development of the cardiovascular system in vertebrates. At this early
stage, whilst appearing morphologically uniform, the LHT already displays highly
regionalised gene expression, necessary for correct function during and after

gestation (Bruneau, 2008).

The first gene linked to syndromic CHD was through the autosomal dominant
condition Holt-Oram syndrome (HOS). Mapping the genetic region suspected to
contain the lesion, and comparing multiple familial cases of HOS identified the
causative gene as T-box transcription factor 5 (TBX5) (Basson et al., 1997). Timing of
Tbx5 expression in the heart is highly conserved between chick, mouse and
zebrafish, with expression identified in the mouse cardiac crescent at E8, the chick
bilateral cardiac primordia at HH8, the analogous stage (Bruneau et al., 1999) and in
the zebrafish heart tube at 26hpf (Garrity et al., 2002). As the heart tube undergoes
morphogenesis, Tbx5 expression is maintained throughout heart development, and
subsequently is excluded from the right ventricle (RV) and outflow tract (OFT)
(Bruneau et al., 1999). Importantly there is a high degree of correlation between
Tbx5 expressing regions and those affected in HOS patients (Bruneau et al., 1999)
and both mice and zebrafish tbx5 mutants have cardiac phenotypes consistent with
a role for TBX5 in heart development (Bruneau et al., 2001; Garrity et al., 2002).
These early studies highlight that loss of function of genes expressed throughout

the heart during early development result in specific malformations of the heart.

Following heart tube formation and beginning at day 23 in humans E8.5f (6-8
somites) in mice, HH10 in chick and 30hpf in zebrafish, the linear heart tube
undergoes a robust, dextral, asymmetric morphogenesis known as heart looping
(Figure 1.1A", B, C', D) (Fishman and Chien, 1997; Garrec et al., 2017). The highly
asymmetric nature of heart looping is crucial in positioning the chambers of the
heart in correct alignment, facilitating accurate septation (division) of the chambers
and valves between chambers. Ultimately, this ensures unidirectional blood flow

through the heart and integration of the organ into the rest of the cardiovascular
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system. The need for tightly-controlled rightward looping of the LHT during
development is exemplified in the condition Situs ambiguus or Heterotaxy
syndrome. This results in randomisation of the internal organs across the left-right
body axis and can cause a spectrum of morphological cardiac abnormalities such as
sinistral looping of the heart resulting in incorrect attachment of the great vessels to
heart and life-threatening cyanotic CHDs (Kim, 2011). However, whilst this
demonstrates that heart looping is a critical developmental process, in comparison
to other events during heart development, relatively little is known about how it

progresses and how it is regulated (see 1.2).

During heart looping, multiple processes begin to shape the organ, one of which is
a dramatic increase in cell number in the myocardium, despite insufficient
proliferation to account for this increase (Cruz et al., 1977; Pater et al., 2009). This
increase in cell number is achieved through addition of cells to the developing heart
from a pool of progenitor cells known as the second heart field (SHF), initially
identified in chick and conserved in both mice and zebrafish (Figure 1.1 B’, C’, D). In
mice and chick, SHF addition generates the majority of cardiac tissue, giving rise to
the right ventricle and atrial tissue (Cruz et al., 1977; Kelly et al., 2001; Mjaatvedt et
al., 2001; Waldo et al., 2001), whilst in zebrafish the major contribution of SHF is to
the single ventricle (Hami et al., 2011; Kelly et al., 2014; Pater et al., 2009). Defects
in the proper patterning, placement and formation of septa between these
structures of the heart, amongst other developmental abnormalities including those
affecting the vestibular system are observed in DiGeorge syndrome patients, also
known as 22g11.2 syndrome, and mapping of the region identified the causative
gene TBX1 (T-box transcription factor 1) (Lindsay et al., 2001; Merscher et al., 2001).
TBX1 regulates a multitude of developmental processes necessary for SHF addition
(Baldini et al., 2017; Plageman and Yutzey, 2004), one key, highly conserved role
being proliferation of the progenitor pool (Chen et al., 2009; Nevis et al., 2013). In
both mice and zebrafish tbx1 mutants, addition of the SHF is affected leading to

severe heart looping abnormalities in the embryo.
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As heart looping morphogenesis proceeds, clear divisions begin to form between
the chambers heart. In mice and chick, septa form physical barriers between each of
the chambers, with valves forming to facilitate unidirectional blood flow from one
chamber to another (Day 28 in humans, E9.5 in mice, HH17 in chick, 55hpf in
zebrafish) (Fishman and Chien, 1997). The development of these valves is most
clearly observed in the zebrafish model where a constriction forms between the
atrium and ventricle, known as the atrioventricular canal (AVC), the precursor to the
atrioventricular valve (discussed in more detail in 1.4.3 and 1.6.3) (Beis et al., 2005;
Walsh and Stainier, 2001). Additional valves form in the Outflow Tract (OFT), where
blood exits from the ventricle into the vascular bed of the respiratory system, alos
conserved in zebrafish (Duchemin et al., 2019). In Alagille syndrome, the majority of
patients have defects in the pulmonary valves in the heart. Mapping of the causative
region identified mutations in the notch ligand JAGT (Jagged1) (Li et al., 1997) and
NOTCHZ (Notch receptor 2) (McDaniell et al., 2006). Subsequently, multiple roles
have been defined for Notch in the development of valve tissue, with studies in
mouse, chick and zebrafish models demonstrating that signalling ligands and

downstream effectors highly conserved between species.

Concomitant with valvulogenesis is the development of the trabecular myocardium,
a mechanism used to increase muscle content and surface area for oxygen uptake in
the ventricle through co-ordinated myocardial proliferation (Day 30 in humans, E9.5
in mice, HH16 in chick, 60hpf in zebrafish) (Samsa et al., 2013). Trabeculation is also
dependent on Notch signalling and mutations in MIBT (mindbomb homolog 1), a
conserved regulator of the Notch pathway have been linked to familial cases of Left-
Ventricular Non-Compaction, which results in a failure in trabeculation (Luxan et al.,
2013). Chamber maturation and valve development build upon blueprint of the
correctly looped heart, and both processes are dependent on the correct flow
patterns of blood through the heart (see 1.4.3), which itself requires heart looping
morphogenesis to proceed correctly. Therefore, the early morphogenesis of the

heart is critical in building the necessary elements of both form and function to
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ultimately generate the mature, functional heart (Bruneau, 2008; Harvey, 2002,

Srivastava and Olson, 2000).

Together, these examples of human syndromic CHDs and the associated genetic
mutations, highlight the power of vertebrate model systems in understanding how
the complex process of heart development is achieved. Furthermore, the genes
which regulate these processes are highly conserved between organisms separated
by millions of years of evolution (Keyte et al., 2014). More generally, the severity of
CHD is linked with spatiotemporal expression of genes in the linear heart tube which
are required to setup the necessary pathways to promote morphogenesis and form
the looped organ. This demonstrates that understanding the earlier processes of
heart development, in particular heart looping, is crucial to a better understanding
of the aetiology of CHDs and ultimately the development of better treatments for

patients in mitigating the lifelong effects of these diseases.

1.2 Heart looping morphogenesis: the integration of
intrinsic and extrinsic cues

Heart looping morphogenesis shapes the linear heart tube into the morphologically
complex form of the mature heart. Yet the final form of the heart must reflect the
need to integrate the rest of the cardiovascular system: zebrafish have a single
circulatory loop, whilst birds and mammals have two separate systems (Keyte et al.,
2014). Therefore, partitioning of the heart during looping to generate more complex
four-chambered structures in the mouse, versus a simpler two-chamber heart
required in the fish, necessitates different degrees of looping morphogenesis: the
mouse heart undergoes a helical loop, the zebrafish undergoes a simpler S-loop
(Desgrange et al., 2018). However, the basic morphological processes that drive
heart looping morphogenesis are highly conserved and integrate various intrinsic

and extrinsic mechanisms to shape the linear tube, which | discuss below.
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1.2.1 Embryonic left-right asymmetry and heart looping morphogenesis

Heart looping is a highly asymmetric process and the earliest morphological event
to break the bilateral symmetry of the vertebrate embryo. However, molecular
asymmetries exist in the embryo prior to heart formation, directed by a left-right
organiser: the node in mouse, Hensen’'s node in chick and Kupffer's vesicle in
zebrafish (Grimes and Burdine, 2017). The left-right organiser is a ciliated organ, in
which co-ordinated movement of the cilia result in asymmetric fluid flow towards the
future left-side of the embryo, driving a signalling cascade that results in up-
regulation of Nodal (a conserved signalling ligand of the Transforming growth factor
beta (TGF-p) family) in the left-lateral plate mesoderm of the embryo, (E8.0 in mice,
HH7 in chick, 14hpf in zebrafish) (Burdine and Schier, 2000; Levin, 2005; Long et al.,
2003). Thus, the asymmetric expression of Nodal in the left-lateral plate mesoderm
provides a parsimonious mechanism in driving the directionality and morphogenesis

of asymmetrically shaped and positioned organs such as the heart and gut.

This basic model would therefore suggest that a loss of Nodal signalling would
result in a failure of both morphogenesis and positioning of these organs. However,
mutations in the zebrafish Nodal homolog southpaw (spaw), results in total
randomisation of gut morphogenesis, but crucially asymmetric morphogenesis still
occurs, demonstrating that in the gut, left-right asymmetry is dispensable for
morphogenesis, but instructive for its directionality (Grimes et al., 2019; Noél et al,,
2013). Similarly, loss of spaw does not result in a failure of the heart to undergo
looping morphogenesis: heart looping still occurs in over 90% of embryos. Yet
distinct from gut morphogenesis and genetic asymmetry in the brain, over 70% of
spaw mutant hearts undergo dextral looping morphogenesis. This demonstrates
that a strong bias towards correct looping morphogenesis persists despite the
absence of Nodal signalling or indeed cilia function in the Kupffer's vesicle (Noél et
al., 2013). Similarly, whilst the directionality of heart looping in mice with loss of

Nodal display randomised heart looping, asymmetric morphogenesis still occurs
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(Brennan et al., 2002) and more recently it has been elegantly demonstrated that
Nodal is not required to initiate the process of heart looping (Desgrange et al.,
2019). Together this shows that directionality of heart looping morphogenesis is
only partially influenced by extrinsic left-right asymmetry in the embryo and that

asymmetric morphogenesis of the heart tube is an inherent property of the tissue.

1.2.2 Heart looping is tissue intrinsic

The tissue movements required to implement the robust asymmetric movements in
heart development across the vertebrates suggests that the mechanisms required to
bend and shape the heart tube are partially intrinsic to the heart itself. Multiple early
studies tested this through the use of explant culture of the chick heart which
suggested that cells of the heart held an intrinsic programme to initiate looping
morphogenesis, however the exact staging of hearts was unclear (Butler and Keith,
1952; Castro-Quezada et al., 1972; Llorca and Gil, 1967). A definitive study
explanted chick hearts at the between HH8-10, (linear tube stage and early looping
phase), cultured them for 24hrs ex vivo, and examined cardiac morphology. Under
ex vivo conditions, all but one explant out of 36 underwent looping morphogenesis,
confirming multiple previous reports that heart looping in the chick is intrinsic (Butler
and Keith, 1952; Castro-Quezada et al., 1972; Llorca and Gil, 1967; Manning and
McLachlan, 1990).

Whilst this identified the intrinsic nature of the heart tube to undergo
morphogenesis, the directionality of looping was not fully explored. Building upon
the early chick ex vivo studies, dissected zebrafish hearts at 28hpf cultured ex vivo
for 24hrs also display a robust asymmetric loop, even in the absence of Nodal
signals (Noél et al., 2013). Using lineage-labelling to orient the explanted heart
tube, 79% of explanted hearts undergo a dextral loop, demonstrating that not only

is the nature of heart looping tissue intrinsic, there is also a preferential direction in
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which the tube will bend in the absence of external cues (Lombardo et al., 2019;

Noél et al., 2013).

Further investigation of the intrinsic nature of dextral heart looping identified a
requirement for the activity of the actomyosin cytoskeleton. Drug treatments with
either Blebbistatin or Cytochalasin B, abrogated any tube morphogenesis in either
explanted hearts or hearts in vivo, whilst explants treated with Nocodazole did not
show any effect (Noél et al., 2013). This confirmed earlier studies in chick, which had
demonstrated that microtubules were not required for the initial looping of the heart
in the embryo (Icardo and Ojeda, 1984). Together, these experiments demonstrate
that heart looping morphogenesis is a tissue intrinsic process, guided by external

cues such as left-right asymmetry in the embryo.

1.2.3 Biomechanical models of heart looping

Heart looping requires the coordination of multiple processes to drive the complex
tissue rearrangement and techniques have been developed which are being applied
to begin to define these processes at a tissue level. Recently a highly detailed
characterisation using high-resolution episcopic microscopy (HREM) subdivided the
E8.5 stage mouse further into E8.5c to E8.5j, defining landmark changes to the
tissue architecture during this time (Garrec et al., 2017). During heart looping, SHF
addition and low levels of proliferation cause the length of the cardiac tube to
increase between 8.5e and 8.5j, whist the distance between the poles of the heart
remains constant, implicating a buckling mechanism in heart looping, a mechanism
first proposed in chick (Garrec et al., 2017; Patten 1922) (Figure 1.1C’). Concomitant
with buckling of the heart tube, the attachment between the heart tube and the
body wall - the dorsal mesocardium - is broken down, a process also necessary for
heart looping morphogenesis. Thirdly, as the heart tube buckles, two temporally
separate, opposing rotations at the poles of the heart are observed. At E8.5f, the

arterial pole undergoes approximately a 25-degree rotation displacing the arterial
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pole to the right of the midline, whist the venous pole displays a leftward
displacement at stage E8.5g (7-8 somites) (Figure 1.1C’, C”). These movements,
together with the buckling mechanism identified (due to growth of the heart tube)
and breakdown of the dorsal mesocardium, bend the mouse heart tube (Garrec et
al., 2017). Together, the use of high-resolution imaging and in silico modelling is
beginning to uncover the relative contribution of each of these mechanisms to

promote the asymmetric morphogenesis of the heart tube.

Further applications of these techniques in mice has identified that the interaction
between these processes is crucial in generating the correct form of heart loop, in
particular between embryonic laterality and tissue-intrinsic processes in heart
morphogenesis. Upon loss of asymmetric Nodal signalling, four classes of heart
looping phenotype are observed in which looping is randomised with equal
incidence (Desgrange et al., 2019). Neither the breakdown of dorsal mesocardium,
nor distance between the two poles is affected following loss of Nodal, instead the
initial rotations at the poles of the heart are randomised and also less pronounced.
Computer simulation of the four different possibilities of randomisation in pole
rotation and dampened levels of rotation accurately recapitulated the four loss of
Nodal function mutant classes (Desgrange et al., 2019). Together this demonstrates
that Nodal signalling is dispensable for asymmetric morphogenesis of the mouse
heart, but acts to generate opposing left-right asymmetric rotation of the poles of
the heart, which together with Nodal-independent buckling through cell addition
and the breakdown of the dorsal mesocardium generates the loop of mouse heart

(Desgrange et al., 2019; Garrec et al., 2017) (Figure 1.1C"-C").

Further, enhanced computer simulations have recently been used to consider
changes in all three axes of the looping heart (dorsal-ventral, anterior-posterior and
left-right) (Honda et al., 2019). EdU experiments identified a low level of cell
proliferation in the first few hours of heart morphogenesis, generating the ventrally

directed bulge of the heart tube (Honda et al., 2019). Application of the arterially

12



1. Introduction

localised rightward displacement of the tube (Desgrange et al., 2019; Garrec et al.,
2017) subsequent to the ventral bulge was then sufficient to generate the initial
helical loop of the tube (Honda et al., 2019). This in vivo data, together with
computer modelling strongly correlates with modelling of heart looping in the chick
embryo. Using a physical model, the shape of the chick heart at stage HH16 could
be accurately achieved through an initial ventral bending, followed by rightward
rotation at the cranial pole, left-ward rotation at the venous pole and compression

along the cranial-caudal axis (Méanner, 2004) (Figure 1.1B’).

Similar mechanical movements have been recently characterised in the zebrafish
heart, separated in into early S-looping (30-42hpf, Figure 1.1D’) and advanced S-
looping (42-54hpf, Figure 1.1D") (Lombardo et al., 2019). Between 30-42hpf, both
chambers bend along the outer curvature, morphologically separating the two
chambers (Figure 1.1D’), also during this time, another laterality-independent
mechanism rotates the tube leftward (Baker et al., 2008). During advanced S-
looping the atrium moves cranially, positioning the two chambers side-by-side;
simultaneously both chambers expand in a process known as cardiac ballooning
(Lombardo et al., 2019) (Figure 1.1D"”). Using mosaic expression analysis, a similar
role for torsional movement in the heart tube observed in mice has been described
in zebrafish: between 48-54hpf a right angular shift occurs in the ventricle (arterial
pole), whilst at the venous pole, a mild leftward rotation occurs, both rotations are
most prominent at the poles of the heart (Lombardo et al., 2019) (Figure 1.1D").
Importantly, these cellular movements appear well conserved with mouse heart pole
rotation (Desgrange et al., 2019; Garrec et al., 2017) and the chick physical model
(Manner, 2004) (Figure 1.1B’, C' C", D', D"), however whether the presence of a
similar structure to the dorsal mesocardium in mice is also remodelled during heart

looping in zebrafish has not yet been shown.

In summary, this demonstrates a highly similar, intrinsic suite of cellular of

behaviours that shape the linear heart into the loop that is built upon by ballooning.
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Crucially, the recent work quantifying and modelling heart looping in mice upon loss
of Nodal demonstrates that whilst these mechanisms are able to generate an
intrinsic loop of the heart tube, additional extrinsic factors such as rotational
asymmetries, cell addition and breakdown of surrounding tissues are necessary to
refine the shape of the intrinsic loop further. These advances have only been
possible until recently due limited quantification techniques, but with the advent of
higher resolution imaging and 3D-rendering, the morphology of the heart and
therefore the mechanisms which generate this morphology can be better

understood.

1.2.4 The role of heart contractility and blood flow in cardiac development

Heart function initiates prior to heart morphogenesis and thus contractility, blood
flow, and morphogenesis are tightly coupled during cardiac development. At the
initial stage of looping morphogenesis, the heart tube is a linear, valve-less,
pumping tube. One study suggests that under these conditions, the formation of a
looped, valve-less tube is able to generate a greater pressure, proposing that even
the early morphological changes of the tube improves its ability to move blood
around the embryo during development (Hiermeier and Manner, 2017). Thus, form

and function during heart development are highly interconnected.

Regionalised differences in cell shape and size accompany heart morphogenesis,
and studies in zebrafish have shown these to be dependent on chamber contractility
(Auman et al., 2007). Between 27hpf and 52hpf, cells residing in the outer curvature
of the ventricle increase in size and become more elongated whilst at the inner
curvature, cells do not change their shape as dramatically, both observations similar
to those made in the chick (Auman et al., 2007; Manasek and Monroe, 1972).
Mutations in myhé (myosin, heavy chain 6, cardiac muscle, alpha formerly amhc)
results in loss of atrial contractility, resulting in smaller, more circular ventricular cells

at 52hpf. (Auman et al., 2007). Loss of ventricular contractility (resulting from myh7
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(myosin heavy chain 7, formerly vmhc) mutations) has the opposite impact on
ventricular cell morphology, cells are large and less circular (Auman et al., 2007).
Similar to the myocardium, the endocardium also undergoes regionalised cell shape
changes, including increase in cell area and circularity. However, distinct from the
myocardial tissue, the endocardium also undergoes proliferation during heart
looping, which upon complete loss of heart contractility is abolished (Dietrich et al.,
2014). Therefore, heart form influences heart function (Hiermeier and Méanner, 2017)
and heart function influences heart form (Auman et al., 2007; Dietrich et al., 2014;

Hoog et al., 2018)

Distinct from heart contractility is the sensation of blood flow, which is also required
for heart morphogenesis (Lombardo et al., 2019) (see 1.4.3 for more detail). One
example is the immobilisation of blood cells through acrylamide injection in mice
which results in reduced heart volume, reduction in trabeculae formation and a
significant reduction in heart looping (Hoog et al., 2018). In the chick, blood flow
through the OFT increases between HH13 and HH18. These haemodynamic forces
at the OFT regulate the shape and size of the vessel through sensation of blood flow
mediated by mechanotransductive transcription factors. Activation of these
pathways result in vasodilation, leading to a reduction in the overall forces
experienced by the endocardial cells, whilst supplying the increasing demand for
oxygenated blood as development continues (Groenendijk et al., 2004; Midgett et

al., 2015).

Together these studies highlight the importance of heart contractility and blood
flow through the heart during morphogenesis and that they cannot be uncoupled.
As such, a suitable model organism which allows for characterisation of form and
function during heart looping morphogenesis is needed to investigate these

mechanisms.
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1.3 Zebrafish as a model for vertebrate development

1.3.1 Advantages of zebrafish usage

Many vertebrate models exist with which to study cardiac development, each with
their own advantages. Zebrafish embryos are small, develop rapidly ex utero and are
transparent, making them an ideal model with which to understand development of
internal organs such as the heart. Their transparency also facilitates live imaging of
multiple transgenic lines, which can highlight various different tissues in a single

embryo.

An additional benefit to zebrafish studying cardiovascular development is that when
heart function is compromised, oxygen diffusion is sufficient to sustain life, meaning
that the role of blood flow can be investigated more fully than other model
organisms. In particular, this allows imaging of blood flow dependent processes
during development through temporarily blocking heart function and acquiring
detailed, high resolution images to gain insight into the interaction between form
and function during heart development (Arrenberg et al., 2010; Samsa et al., 2015;
Steed et al., 2016; Vermot et al., 2009). Furthermore, the oviparity of zebrafish
means that where mutations result in lethality due to a failure in implantation or

placental development, this is not a factor zebrafish.

The extensive number of embryos that can be collected from a single cross and cost
efficiency compared to mice has made zebrafish ideal candidates for forward
genetics screens to identify mutants with defects in specific developmental
processes. Commonly these mutations are functional nulls, allowing determination
of the gene function by characterising development in the absence of its activity.
This approach has been successful in identifying hundreds of genes with diverse
roles in development that have shown to be well conserved with other vertebrates,
including humans. Sequencing of the zebrafish genome and comparison with the

human genome has identified 47% of human genes have a direct, one-to-one match
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with a zebrafish gene. More broadly, 71.4% of human genes have at least one
zebrafish gene, whilst 82% of disease-causing genes in humans has at least one
zebrafish orthologue (Howe et al., 2013). The ‘one-human-to-many-zebrafish’ class
of genes, where there are 2.28 zebrafish genes for every human gene (Howe et al.,
2013) is thought to have arisen due the additional round of whole genome

duplication referred to as the teleost-specific genome duplication.

1.3.2 Reverse genetic approaches in zebrafish

Whilst forward genetic screens offers an unbiased method to identify genes with
important roles in biological processes, these studies require large numbers of
animals, are time consuming and expensive. The sequencing of the zebrafish
genome has subsequently allowed reverse genetic methodologies, an increasingly-
favoured candidate-led approach to investigate the role of specific genes in
development, being quicker, cheaper and using fewer animals than forward
genetics. Broadly two reverse genetic approaches are commonly used in zebrafish:
knockdown, reducing levels of functional protein without mutating the DNA; and

knockout, abrogating gene function through mutation of the DNA (Figure 1.2).
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Figure 1.2. Mechanisms of targeted gene knockdown and knockout in zebrafish.

Comparison of different basic mechanisms currently available in zebrafish to target
gene function. (A) Under WT conditions, transcription and translation of a protein
coding gene generates functional protein. (B) Translation blocking morpholinos (red)
bind the AUG initiation codon of the sense mRNA (cyan), preventing binding of the
ribosome (orange), leading to absence of translation. (C) Targeted mutagenesis of

Gene A (purple) results in a genetic lesion in the DNA (red) which is then present as
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For a long time, the preferred reverse genetic approach to assess the role of a
specific gene in zebrafish development was knockdown by the use of antisense
morpholino oligonucleotides (MOs Figure 1.2B) (Nasevicius and Ekker, 2000).
Morpholino usage in zebrafish is wide-spread, entailing injection of short DNA
sequences complementary to the target gene at the 1-cell stage which are capable
of either inhibiting initiation of protein translation (Figure 1.2B) or blocking correct
splicing of the transcript (Bill et al., 2009). Prior to the development of targeted
mutagenesis techniques, morpholino usage was commonplace in functional studies
to ascribe specific functions to genes across a broad range of biological processes.
Alongside mapping, MOs remain widely used as a secondary method to confirm a
mutation identified in a forward genetic screen. Morpholinos are subject to decay
following injection, and this limits use of morpholino knockdown to interrogation of
the very early stages of development, anecdotally until approximately 3dpf.

Therefore, examining larval or adult phenotypes is not possible using morpholinos.

However, use of MOs in reverse genetic approaches have proved troublesome.
Injection of MOs has been reported to result in up-regulation of tp53 (tumor protein
p53) and induce cell death (Robu et al., 2007). Furthermore MOs may have off-
target effects, interfering with the function of a separate gene (Eisen and Smith,

2008; Lai et al., 2019). Additionally, there is no standard working concentration for

Figure 1.2 continued

a premature stop codon (red), upstream of the WT stop codon (yellow) in the
transcribed mRNA (cyan). Classically (i) the mutation is expected to result in loss of
functional protein through loss of domains or degradation of the mRNA. More
recent studies have identified that the mutation can activate nonsense-mediated
decay (NMD) of the transcript (i) and products of decay can up-regulate expression
compensating Gene B (green) which prevents deleterious phenotype from
emerging. (D) CRISPR interference uses gRNAs to target catalytically dead Cas9
(dCas9) to the promoter of the gene, sterically blocking the binding of RNA
Polymerase Il (pink) leading to no mRNA translation and therefore loss of protein.
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MO use, or complete consensus in the design of negative control experiments,
which include injection of a scrambled MO, control MO or tp53 alone (Robu et al.,
2007). Together this can make correctly interpreting morphant (embryo injected with

a morpholino) phenotypes challenging.

More recently, genome-editing techniques such as Zinc Finger Nucleases, TALEN,
and CRISPR facilitate the specific targeted mutagenesis of genes to generate
knockouts, which revolutionised the ability to interrogate gene function (Gaj et al.,
2013; Pickar-Oliver and Gersbach, 2019). The common CRISPR-Cas? system uses
sequence specific CRISPR RNA (crRNA) which anneals to the common trans-
activating crRNAs (tracrRNAs) to recruit the Cas? nuclease. The two RNA
components are commonly referred to as a single guide RNA (gRNA). Target
recognition by the Cas9 protein requires a protospacer adjacent motif (PAM)
upstream of the crRNA-binding region in order to cleave the DNA (Gaj et al., 2013).
Subsequently, in the stable lines generated, transcription of targeted genes results
in mMRNA with a nonsense mutation, leading to a frameshift and a premature

termination codon (PTC) (Figure 1.2C).

During the pioneer round of translation, if the PTC is more than 50-55bp upstream
of an exon-exon boundary marked by an exon junction complex (EJC) Upf1 and a
Smg1-Smg8-Smg? complex associate with the termination complex. Smg1 activates
Upf1 through phosphorylation, resulting in repression of mRNA translation and
recruitment of mMRNA decay factors through an interaction between phosphorylated
Upf1 and Smg7. This results in the exonucleolytic decay of the mRNA, referred to as
nonsense-mediated decay (NMD) an evolutionarily conserved pathway in
vertebrates and other classes (Maquat, 2005; Popp and Maquat, 2016; Wittkopp et
al., 2009). Destruction of the transcript or generation of a truncated protein (which
dependent on location of PTC is likely to be non-functional) leads to loss of gene
function. The phenotype that results from this loss-of-function can then be studied

to understand the role of the gene during development (Figure 1.2Ci).

20



1. Introduction

1.3.3 Genetic robustness in zebrafish

Whilst genome-editing technologies have been rapidly adopted and have
revolutionised our ability to analyse gene function in specific developmental
processes, studies are reporting that the subsequent link between mutant
phenotype and gene function is more complex than initially supposed. Multiple
studies have reported that novel mutations generated in genes resulted in no
phenotype, despite clear developmental phenotypes when the same gene was
subjected to morpholino-mediated knockdown or RNA silencing (Braun et al., 2008;
El-Brolosy and Stainier, 2017; Gao et al., 2015; Lin et al., 2017, 2007; Rossi et al.,
2015; Savage et al., 2019; Williams et al., 2015) A large-scale study in zebrafish set
out to define the roles of genes with well characterised phenotypes achieved
through MO knockdown, but only three of the 24 mutant lines recapitulated the
morpholino phenotype (Kok et al., 2015). This resulted in a backlash against MO
usage in zebrafish (Eisen and Smith, 2008; Kok et al., 2015; Stainier et al., 2017), and
also raised concerns over the requirement of many genes, which upon mutagenesis
had no effect on development of the embryo. Following this, guidelines for MO
usage were laid out by the zebrafish community and mainly focussed upon MO
usage only following validation that the morphant and mutant phenotypes were

comparable (Stainier et al., 2017).

However, one study examined more closely the disparity between the mt2
(metallothionein 2) mutant and morphant phenotype (which exhibited defects in
angiogenesis). Zygotic mt2 mutants did not show any development phenotypes, but
the maternal zygotic mutants of mt2 did show a similar phenotype to the morphants
(Schuermann et al., 2015). Examination of mt2 transcript levels in two different mt2
mutant alleles identified varying levels of mt2 expression which correlated with
phenotypic severity: the more mt2 transcript present, the more severe the
phenotype. Partial removal of two conserved NMD pathway components, smg1 and

upf1, in the stronger mt2 mutant allele resulted in increase in penetrance of the mt2
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morphant phenotype, suggesting that degradation of mutant mRNA transcript could
result in differences in phenotypic severity through activation of a compensatory

mechanism (Schuermann et al., 2015).

This compensatory pathway was investigated further in zebrafish egfl7 (EGF-like-
domain, multiple 7) mutants. Knockdown of EGFL7 in human cells lines, zebrafish
and frog results in a severe vascular defect (Charpentier et al., 2013; Huang et al.,
2014; Parker et al., 2004), however a mouse Egfl7 knockout has no reported
phenotype (Kuhnert et al., 2008; Schmidt et al., 2007) and a zebrafish egfl7 null
mutant does not have a developmental phenotype and survives to adulthood (Rossi
et al., 2015). RNA-profiling and mass spectrometry of mutant, morphant and wild-
type egfl7 zebrafish embryos revealed significant up-regulation of emilin2a, emilin3a
and emilin3b in egfl7 mutants, which were shown to be able to compensate for loss
of egfl7 (Rossi et al., 2015). Interestingly, there was no up-regulation of
compensating emilins in a 3bp deletion egfl7 mutant, which maintains the reading
frame and shows no reduction of transcript (Rossi et al., 2015). Together this
suggested that mutations that result in a reduction of mutant transcript levels could
up-regulate compensatory genes, whilst embryos subject to knockdown of the same
gene by MO were unable activate compensation (Figure 1.2C). This could explain
the basis for absence of phenotypes associated with genetic knockout where the

associated knockdown exhibits severe phenotypes.

Supporting this, a recent study has begun to identify the mechanisms by which
increased degradation of mutant transcripts is able to up-regulate compensatory
genes. Where mutant mRNA is directed for NMD, up-regulation of compensating
genes can be abolished through the inhibition of NMD either by pharmacological
inhibition of NMD, or through mutation of upf1, a critical factor for activation of
NMD (El-Brolosy et al., 2019; Wittkopp et al., 2009). This led to the suggestion that
mutagenesis approaches should be designed to overcome the NMD-induced

genetic compensation, for example by targeting the gene promoter for deletion or
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deleting the entire gene rather than introducing PTCs in the coding sequence (El-
Brolosy et al., 2019). Using this methodology, deletion of the entire egfl7 locus
recapitulated the original egfl7 morphant phenotype, in striking contrast to the
previously published egfl7/ mutants (El-Brolosy et al., 2019; Rossi et al., 2015).
Crucially, genetic compensation does not appear to be a zebrafish-specific
consideration: genetic compensation has been reported in C. elegans, mouse and
human cell and tissue lines (Dawlaty et al., 2011; Freudenberg et al., 2011; Jackson
and Pereira-Smith, 2006; Mulligan et al., 1998; Raj et al., 2010) and a similar
approach to targeted promoter deletion in cell lines appears sufficient to overcome

this phenomenon.

Whilst analysis of mutant lines is suitable for assessing the impact of loss of function
of a gene throughout the embryo, there remains a requirement for spatiotemporal
knockdown, not widely available in zebrafish. One promising possibility is CRISPR
interference (CRISPRi) where the CRISPR-Cas9 technique has been modified for
knockdown, rather than knockout. CRISPRi employs a catalytically dead Cas%
(dCas?, which cannot cleave DNA) which is recruited by gRNAs to act as a
“roadblock” preventing either initiation or elongation of transcription of a target
gene (Larson et al., 2013; Qi et al., 2013) (Figure 1.2D). Using an mRFP reporter in E.
coli, Qi et al. (2013) demonstrated that CRISPRi can carry out highly effective and
specific gene silencing by preventing transcription. CRISPRi was applied to
investigate the role of egfl7 in zebrafish by knocking down transcription using two
gRNAs targeting the non-template strand (Rossi et al., 2015). CRISPants (embryos
subject to knockdown by CRISPRi) of egfl7 recapitulate the MO phenotype and
similarly to egfl7 morphants, did not show an up-regulation of emilin genes
observed in the nonsense deletion egfl7 mutant (Rossi et al., 2015). A similar result
has been described for tmem33 (transmembrane protein 33), a gene for which the
mutant has no phenotype, but morphants and CRISPants show a severe delay in
angiogenesis (Savage et al., 2019) Together these results demonstrate that CRISPRi-

mediated knockdowns appear able to perturb gene function sufficiently to
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interrogate the role of a gene in development without activating genetic

compensation mechanisms (Rossi et al., 2015; Savage et al., 2019).

Altogether, this demonstrates the variety of tools available for genetic manipulation
of the zebrafish and thus its suitability with which to investigate the mechanisms
which drive cardiac development. The next section will outline in greater detail the
development of the zebrafish heart, with particular focus on the stages involved in

heart looping morphogenesis.
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1.4 Development of the Zebrafish Heart

The zebrafish heart develops rapidly in the first few days of embryonic development,
with the LHT visible at 24hpf (Figure 1.3B) undergoing looping morphogenesis by
30hpf (Figure 1.3C). By 2dpf (Figure 1.3D) the heart has completed initial
morphogenesis and begins to mature, morphologically appearing to compact in size

(Figure 1.3E).

A A
v “ “
v A
Left . Right Left Right Left Right Right A Left Right Left
20hpf: Cardiac Disc 24hpf: Cardiac Tube 30hpf: Early Looping 55hpf: Looped Heart 72hpf: Maturing Heart

Ventricular cardiomyocytes
Endocardial cells
Atrioventricular canal
Outflow tract valve

Bulbus Arteriosus

Figure 1.3. Stages of heart development in zebrafish.

Schematic of key stages of zebrafish heart development. (A) The precursor structure
to the linear heart tube at 20hpf is the cardiac disc. At the centre are endocardial
cells (magenta), surrounded by ventricular cardiomyocytes (dark green) and further
surrounded by atrial cardiomyocytes (light green). (B) The heart tube forms by
jogging, in which the heart becomes asymmetrically positioned under the left eye,
with the atrium positioned more anteriorly than the ventricle and the endocardium
encompassed by the myocardium. (C) By 30hpf the heart has begun looping
morphogenesis, with the heart descending over the yolk and chambers taking on
more distinct shapes at their outer curvatures. (D) At 55hpf, the heart has undergone
the main morphogenetic movements of looping and is positioned over the yolk with
a constriction visible between the single atrium and ventricle where the
atrioventricular canal (blue) is forming. (E) At 3dpf, the morphology of the heart
changes, with the chambers becoming more compacted and closer to one another.
The development of the outflow tract valve (orange) has commenced. A-C: dorsal

views, D-E: ventral views. A: atrium, V: ventricle.
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1.4.1 Specification of cardiac progenitors, formation of the cardiac disc (0-22hpf)

Classic lineage tracing identified that atrial and ventricular myocardial cells are
segregated as early as Shpf (Stainier et al., 1993). Following gastrulation, these
cardiomyocytes are located bilaterally in the anterior lateral plate mesoderm
(ALPM), with atrial precursors residing more laterally than the ventricular precursors
(Bakkers, 2011; Brown et al., 2016). Live cell tracking shows that the endocardium is
also derived from the ALPM developing from a pool of cells residing anterior to the
cardiomyocytes that also gives rise to the head vasculature, aortic arches and

primitive myeloid progenitors (Bussmann et al., 2007).

Between 16hpf and 1%9hpf, the bilateral, linearly arranged cardiomyocytes migrate
toward the midline of the embryo, with cells at the extreme poles of each
population migrating towards their more centrally located neighbours, and fuse at
the midline to form the cardiac disc (Holtzman et al., 2007) (Figure 1.3A). However,
at 16hpf, endothelial cells reside more anterior than myocardial cells and the two
bilateral endocardial populations have already met at the midline of the embryo,
highlighting that endocardial migration begins slightly before myocardial migration
(Bussmann et al., 2007). Interestingly, proper cardiomyocyte migration requires the
presence of the endothelium, as in cloche mutants, which lack endothelial cells,
despite cardiomyocyte convergence towards the midline, no angular cell

movements take place to form the cardiac disc (Holtzman et al., 2007).

Furthermore, a reciprocal interaction is necessary for correct specification of the
endocardium as the heart disc forms. In hand2 (heart and neural crest derivatives
expressed 2) mutants, where myocardial progenitors are absent (Yelon et al., 1999)
at 22hpf, no nfatlc (nuclear factor of activated T cells 1, a marker for the
endocardium) (Pompa et al., 1998) positive endocardial cells are present in the disc

(Palencia-Desai et al., 2015). Studies at these early timepoints demonstrate that
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even before tube formation, the interaction between the two cell layers of the future

heart tube is critical for heart development.

1.4.2 Heart jogging: the disc-to-tube transition (22-24hpf)

At 20hpf the zebrafish cardiac disc is positioned in the middle of the ALPM (Figure
1.3A, 1.4A), where endocardial cells are surrounded first by a ring of ventricular
cardiomyocytes, and at the periphery a ring of atrial cardiomyocytes (Bakkers, 2011;
Brown et al., 2016). Concomitant with heart disc formation, the zebrafish embryo
exhibits genetic left-right asymmetries, as a result of Kupffer's vesicle (KV) activity
and subsequent asymmetric Nodal signalling. Downstream targets of Nodal
signaling in the heart disc include bmp4 (bone morphogenetic protein 4), has2
(hyaluronan synthase 2) and Ift2 (lefty2), whose expression is either elevated on, or
restricted to, the left side of the disc (Chen et al., 1997; Chocron et al., 2007;
Lenhart et al., 2013; Smith et al., 2008). has2 displays a more distinct left-side
restriction which is dependent on southpaw, as southpaw morphants have bilateral

has2 expression (Smith et al., 2008; Veerkamp et al., 2013).

Asymmetric expression of has2 on the left side of the cardiac disc results in a
reduction of BMP (Bone Morphogenetic Protein) activity on the left side of the heart
disc (Veerkamp et al., 2013). Expression of a non-muscle myosin is positively
regulated by BMP and restricted by spaw (Veerkamp et al., 2013) resulting in an up-
regulation of phospho-myosin light chain 2 (pMLC2) on the right side of the disc,
where BMP is more active (Veerkamp et al., 2013). These genetic asymmetries in the
heart disc correlate with regional differences in migration patterns of cells within the
four quadrants of the cardiac disc as the heart tube forms between 22-24hpf
(Campos-Baptista et al., 2008; Lenhart et al., 2013; Smith et al., 2008; Veerkamp et
al., 2013). The major contribution to the changes in migration speed comes from a

significantly slower migration rate of anterior cardiac cells of the disc, but more
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broadly, cells of the right cardiac disc migrate slower (Campos-Baptista et al., 2008;

Lenhart et al., 2013; Smith et al., 2008; Veerkamp et al., 2013).

At the same time as regionalised cell migration, the heart disc also undergoes a
rotation and involution event resulting in a complex rearrangement of cardiac tissue
as the heart transitions from disc to tube (a process known as heart jogging) (Rohr et
al., 2008; Smith et al., 2008) (Figure 1.4A). This rotation and migration of cells results
in redistribution of cardiac cells, positioning the initially left-sided, Nodal-responsive
Ift2-positive cells from the cardiac disc on the dorsal face of the linear heart tube
(Baker et al., 2008; Smith et al., 2008) (Figure 1.4B), whilst those initially in the
posterior of the disc reside on the left side of the heart (Guerra et al., 2018). Heart
jogging positions the linear heart tube under the left eye of the embryo (Figure
1.3B, 1,4B), where the arterial pole remains at the midline and the venous pole is
displaced left (Chen et al.,, 1997). Mutants in the Nodal pathway, for example
southpaw, or the Nodal-responsive transcription factor foxH1 (forkhead box H1),
present with a heart tube positioned down the midline of the embryo (Lenhart et al.,
2013; Noél et al., 2013). In these mutants, loss of southpaw activity results in a
failure of has2 restriction to the left side of the disc, and a uniform dampening of
BMP activity. This results in a loss of asymmetric migration directionality during heart
disc rotation and generally slower migration speeds (Campos-Baptista et al., 2008;
Lenhart et al., 2013; Veerkamp et al., 2013), leading to a failure of disc rotation and
extension of the heart tube down the midline of the embryo, demonstrating the

tight link between embryonic asymmetry and heart lateralisation.
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Figure 1.4. Heart jogging re-organises left-right disc asymmetry to dorsal-ventral
tube asymmetry.

Current model of heart jogging, which generates the linear heart tube from the
cardiac disc. (A) The heart disc (myl7, green) displays left-right asymmetry,
dependent on the expression of the Nodal signaling pathway (spaw). L-R asymmetry
cues are required to promote expression of lefty2 (magenta) and restrict the
hyaluronan synthase 2 (has2, yellow) to the left side. The asymmetric expression of
has2 results in dampening of responsiveness to BMP ligands, resulting in increased
BMP activity on the right of the disc (blue triangle), which promotes cell adhesion
over motility through non-muscle myosins. The asymmetries in the heart disc result
in increased migration speed on the left of the disc and in the posterior of this disc
(black triangles). This results in an asymmetric, left-directed migration and right-ward
rotation of the heart disc (jogging). (B) Heart jogging positions the linear heart tube
asymmetrically under the left eye, with ventricle/arterial pole remaining at the

midline (dotted line) and the
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1.4.3 Heart looping and initiation of valvulogenesis (24-56hpf)

Following heart tube formation, repositioning of the chambers begins as the heart
tube loops (Figure 1.3C). The directionality of cardiac looping is accurately
predicted by the direction of heart jogging. In all cases where the heart jogs to the
left, hearts loop to the right, and under conditions where the heart jogs to the right,
the heart loops to the left (Chen et al., 1997; Grimes et al., 2019) (Figure 1.4B). The
re-organisation of left-right asymmetry in the heart disc to dorsal-ventral asymmetry
in the heart tube (Baker et al., 2008; Smith et al., 2008), supports the model of a
Nodal-independent mechanism regulating heart looping morphogenesis due to
spatial disconnection of laterality of the tube and whole embryo (Lombardo et al.,
2019; Noél et al., 2013). There is however an interaction between Nodal and the
actomyosin cytoskeleton which is required to promote asymmetric morphogenesis.
Sub-phenotypic treatment with Cytochalasin B of southpaw mutants is able to
significantly reduce the proportion of right-ward looped hearts and increase the

incidence of non-looped hearts (Noél et al., 2013).

Conserved with mice and chick, during zebrafish heart looping, myocardial cell
number increases predominantly through addition of new cardiomyocytes into the
heart tube from the second heart field (Pater et al., 2009), a pool of cardiac

precursors in the adjacent mesoderm. Between 24hpf-48hpf cells are first added to

Continued from Figure 1.4.

atrium/venous pole displaced to the left. The asymmetric movements of the heart
disc lead to a reorganisation of the left-right patterning of the disc to the dorsal-
ventral polarity of the heart tube, leading to lefty2 positive cells being positioned on
the dorsal surface of the heart (magenta). Dorsal views. Model based on: Baker et
al., 2008; Campos-Baptista et al., 2008; Lenhart et al., 2013; Rohr et al., 2008; Smith
et al., 2008; Veerkamp et al., 2013.
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Figure 1.5. Second heart field addition and myocardial-endocardial cross-talk are
required for looping morphogenesis.

(A) Dorsal view of 26hpf zebrafish embryo. The linear heart tube (green) is
positioned under the left eye with pools of cardiac progenitors (SHF, turquoise)
present at both poles. (B) At the arterial pole, TGF-B3 localised to extracellular
matrix by Ltbp3 is required for SHF proliferation. Fgf8 signalling and the
transcription factor Tbx1 are required for addition of the SHF to the ventricle. (C) At
the venous pole Isl1 is required for SHF addition. (D) Cross-talk between the
myocardium (green) and endocardium (magenta), together with blood flow regulate
changes to endocardial cell shape and proliferation. Functional endocardial CCM
signalling limits klf2a expression and promotes myocardial chamber ballooning.
Based on: Bornhorst et al., 2019; Dietrich et al., 2014; Hami et al., 2011; Neuvis et al,

2013; Pater et al., 2009; Zhou et al., 2011; Zhou et al., 2015. A: atrium, V: ventricle.
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the arterial pole of the heart, in a mechanism dependent upon Fibroblast growth
factor 8 (Fgf8) signalling, whilst the later addition at the venous pole is dependent
upon the function of the transcription factor Islet1 (Is|1) (Hami et al., 2011; Pater et
al., 2009) (Figure 1.5A-C). Similar to mice, loss of FGF signalling or mutations in the
key transcriptional regulator of SHF addition tbx1 leads to loss of arterial structures
and defects in heart looping morphogenesis (Felker et al., 2018; Hami et al., 2011;
Lazic and Scott, 2011; Nevis et al., 2013; Reifers et al., 2000). TGF-B signalling is also
required at the arterial pole for correct SHF addition to maintain SHF proliferation
(Zhou et al., 2011). This is achieved by Ltbp3 (Latent transforming growth factor beta
binding protein 3) which anchors TGF-B3 in the ECM (Figure 1.5B). In summary,
timely and controlled cell addition together with maintenance of this progenitor
pool during cardiac development is critical to generate the correct shape of the

heart.

During cardiac morphogenesis the chambers of the heart contribute to looping by
elaboration of their outer curvatures, characterised by the expression of natriuretic
peptide A (nppa, ANF in mice) (Habets et al., 2002) where it is excluded from the
inner curvature and non-working myocardium at the atrioventricular canal (Auman et
al., 2007). nppa is closely linked to natriuretic peptide B (nppb), a gene which
displays a much tighter restriction to the outer curvatures of the heart (Grassini et al.,
2018) (Figure 1.6A-C). Loss of both nppa and nppb result in a spectrum of cardiac
phenotypes, broadly impacting on heart morphology and the formation of the
atrioventricular valve. Interestingly, cardiac contractility is important the regulation of
nppa expression during heart development as loss of myh7 results in failure of
restriction of nppa, whilst loss of myhé results in a reduction of nppa expression in
the ventricle (Auman et al., 2007). Together this identifies a link between heart

contractility, heart looping and chamber ballooning during cardiac morphogenesis.

Whilst chamber ballooning is predominantly observed to be myocardial, co-

ordination of growth and cell shape change between the myocardium and
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endocardium is required to maintain cardiac shape and function. Under
experimental conditions which result in overgrowth of the atrium through increased
Wnt signalling, endocardial tissue tension increases, transmitted through Cadherin5
(Cdh5) (Bornhorst et al., 2019) (Figure 1.5D). This increased tension in the
endocardium correlates with increased Yap (Yes1 associated transcriptional
regulator) activity, resulting in increased atrial endocardial proliferation to co-
ordinate chamber morphogenesis of both tissues (Bornhorst et al., 2019). Another
identified cross-talk between the myocardium and endocardium regulates the
ballooning of the endocardium through regionalised changes in cell shape and size,
thought to be dependent on myocardial-derived BMP signals and the sensation of

blood flow (Dietrich et al., 2014) (Figure 1.5E).

Another conserved signalling pathway required for heart looping and correct
chamber ballooning is the cerebral cavernous malformation (CCM) pathway.
Mutations in components of the CCM pathway results in enlarged chambers of the
heart due to uncontrolled chamber ballooning associated with a profound looping
phenotype, but not through a mechanism of increased cell number (Mably et al,,
2006, 2003). CCM pathway components are expressed in endothelial and
endocardial cells (Mably et al., 2006, 2003), where they regulate multiple different
signalling pathways including the MEKK3-ERKS axis (Otten et al., 2018; Zhou et al.,
2015), however the most obvious effect on the heart following loss of CCM activity
is in the myocardium (Mably et al., 2006, 2003) (Figure 1.5E). Thus, heart looping
and chamber ballooning require intricate cross-talk between the two tissues layers
during heart development and these two processes are tightly coupled during

morphogenesis and orchestrated by both biochemical and biomechanical signals.
Concomitant with heart looping morphogenesis is the onset of valvulogenesis at the

AVC, and these processes are tightly linked. The cellular mechanisms of valve

formation are well conserved between zebrafish, mice and chick and require the co-
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Figure 1.6. Early valvulogenesis in zebrafish.

(A-B) Ventral view of zebrafish embryo between 48-56hpf, the heart has undergone
initial stages of morphogenesis and the chambers are morphologically distinct
separated by the developing atrioventricular valve where localised ECM deposition
drives formation of the endocardial cushions. (C) Morphological differences are
correlate with transcriptional differences between the chambers and the AVC.
Chamber myocardium (green) is marked by expression of nppa/nppb whist valve
myocardium expresses foxn4 and tbx2b. Valve endocardium (magenta) expresses
key, conserved markers of valvulogenesis has2 and notch1b. (D) Endocardial cells of
the AVC respond to reversing flow through up-regulation of kif2a which maintains
expression of notch1b to regulate EndoMT and drives expression of fn1b which is
required for ECM invasion. Has2 expression is required for locaslied HA deposition

which leads to expression of the cell adhesion molecule Alcama. Based on: Auman
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ordination of myocardial and endocardial interactions. At 36hpf, endocardial cells at
the interface between the ventricle and atrium change their morphology from
squamous to cuboidal and up-regulate Alcama (activated leukocyte cell adhesion
molecule a) (Beis et al., 2005). These cellular rearrangements are dependent on the
transcription factor Foxn4 (Forkhead box N4) and its interactions with Tbx5:
mutations in foxn4 result in loss of notch1b (notch receptor 1b) restriction and
absence of the transcription factor tbx2b (t-box transcription factor 2b), which

regulates valve development (Chi et al., 2008).

This correlates with the tightly regulated expression of has2 expression at the
atrioventricular canal which is required for the presence of Alcama-positive cells in
the endocardium (Lagendijk et al., 2011) (Figure 1.6C, D)and localised increase in
cardiac jelly at this region, termed the atrioventricular cushions (Peal et al., 2011). At
48hpf, protrusions from endocardial cells are observed interacting with the cardiac
jelly, and endocardial cells invade the cardiac jelly at the AVC by 56hpf (Steed et al.,
2016).

This migration of endocardial cells into the cardiac jelly represent a highly
specialised form of Epithelial to Mesenchymal transition (EMT) known as EndoMT
(Endothelial-to-Mesenchymal transition) (Gunawan et al., 2019; Pestel et al., 2016).
EndoMT is promoted by Notch signalling - over-activation of Notch signalling leads
to abnormally large atrioventricular valves and an up-regulation of the pro-EMT
factor snaila (snail family zinc finger 1a), whilst inhibition of Notch activity results in

under-developed valves (Timmerman et al., 2004) (Figure 1.6D).

Figure 1.6 continued.
et al., 2007; Grassini et al, 2018; Heckel et al., 2015 Lagendijk et al., 2011; Pestel et
al., 2016; Steed et al, 2016; Vermot et al., 2009
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These morphological and transcriptional changes associated with valve
development are almost exclusively dependent on heart contractility. This is most
clearly demonstrated by a mutant in cardiac troponin, type T2a (tnnt2a, formerly
silent heart, sih) isolated from a forward genetic screen, where mutants exhibit a loss
of heart contractility, expression of notch1b and Notch reporter activity in the
endocardium is abolished (Samsa et al., 2015). In tnnt2a mutants, endocardial cells
at the presumptive AVC retain their squamous morphology, do not converge
towards the valve (Boselli et al., 2017; Steed et al., 2016) and do not initiate Alcama
expression (Beis et al., 2005). Heart contractility is also critical for the correct
development of the valve through regulation of has2 expression (Lagendijk et. al.

2011).

While loss of contractility in models such as tnnt2a mutants/morphants implies a
requirement for cardiac function in distinct aspects of heart development, dissecting
the mechanical roles of contractility compared to blood flow and its sensation in
these specific processes can be challenging upon straight-forward loss of
contractility. Further complicating analysis of contractility mutants, tnnt2a loss-of-
function models also display pericardial oedema as early as 30hpf, and this increase
in fluid surrounding the heart is also likely to impact upon morphogenesis
independent of any requirement for blood flow in shaping the cells of the heart

(Auman et al., 2007; Sehnert et al., 2002).

Heart contractility and blood flow orchestrate atrioventricular valve development
through multiple mechanisms, one of which is through sensation of blood flow shear
stress in endocardial cells through the oscillatory flow-responsive transcription factor
kruppel-like factor 2a (klf2a) (Heckel et al., 2015; Vermot et al., 2009). Reduction in
blood viscosity through morpholino-mediated knockdown of either gatala (GATA
binding protein 1a, formerly gatal) or gataZa (GATA binding protein 2a, formerly
gata2), both master regulators of erythropoiesis (Brownlie and Zon, 1999) results in

differing effects on klf2a expression and opposing defects in valvulogenesis (Heckel
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et al., 2015; Vermot et al., 2009). gatala morphants result in subtle changes to klf2a
expression but a dramatic decrease in shear stress (Heckel et al., 2015; Hsu et al.,
2019; Vermot et al., 2009) whilst gata2a morphants display a significant reduction in
kif2a expression. Knockdown of klf2a results valve morphogenesis defects, together
with a reduction in bmp4 and clear loss of notch1b expression, both key signalling
molecules in valve development (Vermot et al., 2009). As well as setting up the
necessary signalling pathways at the valve, klf2a also regulates localised ECM
synthesis necessary for the development of the atrioventricular cushions. Between
48hpf to 56hpf, the expression of fibronectin 1b (fn1b) increases 3-fold, is highly
restricted to the AVC and is dependent on klf2a function. Knockdown of fn1b leads
to a failure of EndoMT into the cardiac jelly, a crucial step in valvulogenesis (Steed
et al., 2016). Together this places klf2a as a major integrating transcription factor in
the development of the atrioventricular valve. klf2a also plays a role in the
development of the endocardium during ballooning, where sensation of blood flow

through klf2a is required for endocardial proliferation (Dietrich et al., 2014).

A close reciprocal relationship exists between blood flow patterns through the heart
and the looping morphogenesis as one ultimately causes a perturbation on the
other. In line with the link between form and function of the heart, the sensation of
blood flow is proposed to be required for proper cardiac morphogenesis more
generally, with altering of blood viscosity by knockdown of either gatala and gataZa
resulting in a failure of heart looping (Lombardo et al.,, 2019). Interestingly,
knockdown of either or both gatala and gataZa results in a less severe looping
defect than observed in tnnt2a morphants (Lombardo et al., 2019), potentially
confirming two distinct requirements for blood flow and heart contractility in

promoting heart looping (Auman et al., 2007).
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1.4.4 Heart maturation (56hpf onwards)

As development progresses, specialisation between the two chambers becomes
more apparent. During ventricular maturation, myocardial cells begin to delaminate
and invade into the ventricular cardiac jelly in a process known as trabeculation.
Similar to valve development, trabeculation is dependent upon heart contractility as
tnnt2a morphants display a complete lack of trabeculae (Samsa et al., 2015). Blood
flow during trabeculation also regulates Notch signalling, although recovery of
Notch activity in thnt2a morphants, is not sufficient to recover the loss of trabeculae
phenotype, suggesting multiple pathways are active during this process (Samsa et

al., 2015).

Specialisation of the atrium is mainly characterised by the emergence of the Sino-
Atrial node (SAN) or pacemaker at the base of the inner curvature of the atrium
(Pater et al., 2009). These cells are some of the last to be added to the heart and
express the transcription factor Isl1 and loss of is/1 function results in pacing defects
(Pater et al., 2009). Although specified during earlier morphogenesis (prior to 56hpf)
(Burkhard and Bakkers, 2018), mutations affecting the function of the SAN are more
pronounced at 3dpf than 2dpf (Tessadori et al., 2012), suggesting a key requirement
for function from 3dpf onwards. Distinct to that of ventricular trabeculation, between
7dpf-14dpf, the atrial wall undergoes a significant morphological change. Referred
to as "webbing”, individual cells of the atrium make sparse contacts with one
another. Additionally, and similar to the adult ventricular myocardium, the atrial
myocardium is derived from clonal expansion of the embryonic myocardium (Foglia

et al., 2016; Gupta and Poss, 2012).

Between 3-4dpf, the atrioventricular valve continues to develop and increase in
efficiency (Scherz et al., 2008). By 80hpf the atrioventricular valve is a multi-layered
mass of originally endocardial cells expressing high levels of klf2a with low levels of

cell proliferation (Steed et al., 2016). By 102hpf, the morphology of the
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atrioventricular valve is similar to valve present in the adult (Scherz et al., 2008). At
the outflow tract of the heart a second valve forms between the ventricle and the
bulbus arteriosis (BA) from 56hpf onwards, and functions to regulate blood flow into
the aortic arches. This has recently been shown to regulated by a similar, yet distinct
set of cellular behaviours to that of the development of the AVC, including the

Klf2a-Notch1b pathway (Duchemin 2019, Hsu 2019).

Initiating around 72hpf, the pro-epicardium begins to cover the surface of the
maturing heart generating the third cardiac tissue layer of the heart: the epicardium
(Bakkers, 2011). The epicardium is important in supporting the function of the
myocardium, containing the precursors necessary to generate the coronary
vasculature and other cell types (Ruiz-Villalba and Pérez-Pomares, 2012).
Development of the epicardial layer is dependent on heart contractility, as
movement of the pro-epicardium onto the heart is compromised in tnnt2a
morphants (Peralta et al., 2013), further demonstrating the coupling of form and

function during heart development.

Finally, as the larva begins to develop into the juvenile stage, a third rotation of the
heart (terminal rotation) occurs between 84hpf and 120hpf. This rotation
dramatically alters the arrangement of the chambers, such that the ventricle moves
from the right to ventral and the atrium moves from left to dorsal and it is this

position that the heart retains throughout life (Singleman and Holtzman, 2012).

1.4.5 Comparison of Zebrafish and Human heart anatomy

The final form of the zebrafish heart is distinctly different from that of the human
heart (Figure 1.7), reflecting the key differences in the nature of oxygen exchange.
The 4-chambered mammalian/avian heart is a closed double circulatory loop,
collecting deoxygenated blood from the soma and moving it to the lungs where it is

oxygenated, returns to the heart is then returned to the rest of the body (Figure
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1.7A). Instead, the two-chambered zebrafish heart only delivers deoxygenated
blood to the gills in a single circulatory loop (Figure 1.7B). Importantly despite these
differences, the fundamentals of cardiac function are highly conserved with pacing
of the heart regulated by the sinoatrial node located at the base of the atrium which
fills with deoxygenated blood (Figure 1.7) and valves present at homologous
positions between chambers and the major vessels which are integrated into the

heart.

Ultimately, the final form of the heart is not critical to elucidating how the organ
takes shape during embryonic development. Instead, it is the conservation of
mechanisms both at a genetic and cellular level (1.1.2, 1.2 and 1.4.3), and
integration of biomechanical cues that is important. The co-ordination of these
processes is necessary to generate the correct form of the heart, which is necessary

for its function.
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Figure 1.7. Comparison of human and zebrafish heart anatomy

(A) The Human heart (ventral view) is a closed, double circulatory loop, where the
blood passes through the heart twice per circuit. Deoxygenated blood (blue) returns
to the heart through the Vena Cava (1) into the right atrium (2) through the tricuspid
valve into right ventricle (3), exiting the heart by the Pulmonary Artery (4) to the
lungs. Oxygenated blood (red) returns to the heart through the Pulmonary Vein (5)
into the left atrium (6) through the mitral valve into the left ventricle (7) and exits the
heart through the Aorta (8). (B) The Zebrafish heart (lateral view) is a closed, single
circulatory loop, which delivers deoxygenated blood to the gills. Blood enters the
heart through the Sinus Venous (1) into the single atrium (2) through the
atrioventricular valve into the ventricle (3) and exiting the heart via the outflow tract
valve into the Bulbus Arteriosus (4) and