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- Introduction -

1. Introduction

The zebrafish as an experimental model offers a number advantages over mammalian
models, such as: external fertilization, small size and transparency during embryonic
development, and the possibility to study organ formation in vivo. Furthermore, congenital
heart defects do not affect the survival during the first five days post fertilization (dpf), since
the zebrafish larvae are able to exchange oxygen and CO: by diffusion, thus permitting the
study of embryos with severe cardiovascular defects. All these characteristics make the
zebrafish a great candidate for the study of cardiovascular diseases that otherwise would be

difficult to study using mammalian experimental models.

In this project, the zebrafish was used as an experimental model for cardiac development.
However, results obtained with experiments in the zebrafish can help in understanding
certain events during heart development in higher vertebrates. Therefore, this chapter is
dedicated to the discussion of the zebrafish and mammalian heart formation, followed by a

description of different genetic and signaling pathways that are relevant in this project.

1.1.  Zebrafish Heart Development

The zebrafish has a linear heart configuration, composed by one atrium which receives the
deoxygenated blood from the body and one ventricle which pumps the blood out of the heart
and into the gills (Stainier 2001).

In the zebrafish, the heart is the first organ to form and function during embryonic
development. As early as 5 hours post fertilization (hpf) (in the blastula stage), atrial and
ventricular cardiomyocyte precursors can be found on both sides of the embryo in the lateral
margin zone. At this stage, the atrial precursors are located more ventral than the ventricular
precursors, and the endocardial precursors are located in the same area but without a specific
organization (Fig. 1.1 A) (Stainier, Lee et al. 1993, Keegan, Meyer et al. 2004). As
development progresses, the cardiomyocyte precursors involute and reach the embryonic
axis in the anterior lateral plate mesoderm (ALMP) by 5 somites stage, forming two bilateral
streams of cells known as the cardiac fields (Fig. 1.1 B) (Stainier, Lee et al. 1993), where
they express the transcription factors gata4, nkx2.5 and hand?2 (Schoenebeck, Keegan et al.
2007).

12
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Previous studies suggest that the G-coupled Apelin receptor (agtr/1b) and its ligand Apelin,
are important in the migration and the correct positioning of the cardiomyocyte precursors
in the ALPM, where they can receive myocardial differentiation signals (Scott, Masri et al.

2007, Zeng, Wilm et al. 2007).

By 14 somites, the ventricular precursors are positioned medial to the atrial precursors and
the endocardial precursors are located anterior to the cardiac fields (Fig. 1.1 B) (Bussmann,
Bakkers et al. 2007, Schoenebeck, Keegan et al. 2007). The forelimb progenitors can be
found posterior to the cardiac fields, and the boundaries between the pool of vascular, cardiac
and forelimb progenitors are tightly regulated by retinoic acid signaling (Waxman, Keegan

et al. 2008, Rydeen and Waxman 2014).

Afterwards, the endocardial precursors migrate and fuse at the midline (Fig. 1.1 C), dorsal
to the cardiomyocyte precursors (Bussmann, Bakkers et al. 2007, Holtzman, Schoenebeck
et al. 2007). Afterwards, the myocardial precursors meet at the midline, first by fusion of
the posterior cells (Fig. 1.1 D), and then by fusion of the most anterior cells of the cardiac
fields; this process of fusion forms the heart disc, where the atrial cardiomyocytes are located
around the ventricular cardiomyocytes (Fig. 1.1 E) (Bakkers 2011). The heart disc is covered
ventrally by the endocardial progenitors, which pass through the central ring of the heart disc
and connect dorsally to the lateral dorsal aortae through the aortic arches (Bussmann,

Bakkers et al. 2007).

fibronectin, a gene that encodes an extracellular matrix (ECM) protein, is important in the
migration of the bilateral heart fields to the midline. In fibronectin mutants (natter mutants),
the cardiomyocyte progenitors in the heart fields fail to fuse at the midline, leading to a
cardia bifida phenotype (Trinh and Stainier 2004). Mutations in other genes that are
involved in regulating fibronectin levels, such as sip (two-of-hearts/toh mutant) or its
receptor s/p2 (miles-apart), also cause cardia bifida (Bakkers 2011, Staudt and Stainier
2012). Therefore, regulation of the heart disc formation is important for proper heart

development.

After the heart disc is formed, the cells start to migrate and rotate asymmetrically to form
the heart tube (de Campos-Baptista, Holtzman et al. 2008, Rohr, Otten et al. 2008, Smith,
Chocron et al. 2008). By 26 somites (24 hpf), as a result of this asymmetrical migration of
the cardiomyocytes, the heart tube is tilted to the left side of the embryo (a process known
as cardiac jogging), with the future atrium located anterior to the future ventricle (Bakkers

2011, Staudt and Stainier 2012). Furthermore, the endocardial cells, which were previously

13
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located ventral to the heart disc, now line the interior of the heart tube and connect posteriorly

to the dorsal aortae (Bussmann, Bakkers et al. 2007, Holtzman, Schoenebeck et al. 2007).

A B A C
—+-r
v d

5 hpf 14 Somites 17 Somites

A

—+r

19 Somites 22 Somites 26 Somites

Figure 1.1. Schematic representation of the formation of the heart tube in the zebrafish.
(A) Endocardial (green), atrial (blue) and ventricular (red) myocardial precursors can be
tagged in the blastula stage. (B) By 14 somites, myocardial precursors are arranged
bilaterally and form the heart fields, with the ventricular precursors medial to the atrial
precursors, and the endocardial precursors anterior to the heart fields. (C) Endocardial
precursors fuse at the midline by 17 somites stage. (D) The most posterior myocardial
precursors meet at the midline, dorsal to the endocardial precursors. (E) The heart disc is
formed, with the ventricular precursors located in the center of the disc. The endocardial
cells cover the ventral side of the heart disc and pass through the ring in the disc, and
connect to the aortic arches at 22 somites stage. (F) The heart tube is formed, with the
endocardial cells lining the interior of the heart and the atrial cardiomyocytes located
anterior to the ventricular cells.

The migration of the cells in the heart disc is regulated by left-right (L-R) signaling pathways
(these pathways will be discussed in detail later in this chapter). Nodal and BMP signaling
genes are asymmetrically expressed in the ALPM, and control left-right heart morphogenesis
by regulation of the direction and the speed of the cardiomyocyte migration during heart

tube formation (de Campos-Baptista, Holtzman et al. 2008, Smith, Chocron et al. 2008).

Other genes also participate in the formation of the heart tube; for example, the heart disc in

has2 (hyaluronan synthase 2) mutants fail to rotate and, as a consequence, the heart disc is

14
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formed in the midline of the embryo instead of the normal leftward displacement that occurs

in wildtype (WT) fish (Smith, Chocron et al. 2008).

During heart tube extension, nkx2.5 and nkx2.7 are important in determining the number of
atrial and ventricular cardiomyocytes. nkx-deficient fish have normal heart disc formation,
but start showing abnormalities during heart tube development, with a short ventricle and a

surplus of atrial cardiomyocytes (Targoft, Schell et al. 2008).

After the heart tube is assembled, it inclines towards the right side of the embryo, and the
arterial and venous poles rotate in different directions and speeds, leading to a torsion of the
heart tube, a process known as heart looping (Smith, Chocron et al. 2008, Bakkers 2011).
This process results in a ventricle positioned on the right side and a more posterior atrium
located on the left side of the midline of the embryo. At this point, the atrium and ventricle
are separated by a narrow segment called the atrioventricular canal (AVC), where the valves

will be formed.

The direction of cardiac jogging is regulated by left-right signals and, usually, a leftward
migration of the heart tube is followed by a rightward looping of the heart. However, this is
not always the case, and it is still not clear which mechanisms are responsible for heart

looping (reviewed by (Bakkers, Verhoeven et al. 2009)).

A series of morphogenetic events follow after heart looping; however, they will not be
discussed in depth in this chapter. Some of these events include the formation of the
atrioventricular valves in the AVC, which starts at 48 hpf. The valves are key for proper
heart function, since they ensure the unidirectional blood flow from atrium to ventricle, and
prevent the retrograde blood flow inside the heart (reviewed in (Staudt and Stainier 2012).
A second key event is heart trabeculation, which starts at around 60 hpf, and consists in the
growth of finger-like projections into the ventricular lumen, which are important for the
contraction of the ventricle and in the electrical conduction in the heart (reviewed in (Staudt
and Stainier 2012)). As a summary, some of the most important steps during cardiac
development in the zebrafish have been mentioned above: formation of the bilateral cardiac

fields, formation of the heart disc, heart tube and AV valves, and trabeculation.

There is another important event during heart development: the contribution of cells from
the first and second heart fields (FHF and SHF, respectively) to different regions of the heart.
During cardiac development, two events of cardiomyocyte differentiation can be observed:

the earliest differentiation event corresponding to the FHF, and a second corresponding to

15
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the SHF. These two waves of cardiomyocyte differentiation are very important for proper
cardiac development (Liu and Stainier 2012) and some of the most relevant details about

SHEF are discussed below.

1.2. Second heart field

Mammalians have four-chambered hearts, with two ventricles and two atria which allow the
separation of the systemic and pulmonary circulations, constituting an evolutionary
advantage in comparison to the fish, who have two-chambered hearts and only one
circulatory system (Fig. 1.2). The separation of pulmonary and systemic circulations
happened during the transition from aquatic to terrestrial life, and it has been proposed that
the cardiac chambers dedicated to the newly formed pulmonary circulation, such as the right
ventricle, arise from the second heart field (SHF) (Hillenius and Ruben 2004, Olson 2006,
Koshiba-Takeuchi, Mori et al. 2009).

Teleost Mammalian
Gill capillaries Lung capillaries

Ventricle (V)

Atrium (A)

Systemic capillaries Systemic capillaries

Figure 1.2. Cardiovascular systems of teleost and mammalians. The teleost fish have
two-chambered hearts consisting of one atrium and one ventricle. Mammalians possess
fully septated four-chambered hearts composed of two atria and two ventricles, allowing

the separation of the pulmonary and systemic circuits. Modified from (Moyes and Schulte
2005)
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Surprisingly, the zebrafish also exhibits a SHF contribution to the arterial and venous pole,
despite having only one atrium and ventricle. In the ALMP, the SHF cells are initially
located medio-cranially in the bilateral heart fields (Hami, Grimes et al. 2011). After the
heart tube is formed, a late addition of a population of cells derived from the SHF contributes
to the venous and the arterial poles of the tube. It has been reported that is//+ cells contribute
to addition of cardiomyocytes to both poles of the heart. Furthermore, expression of is// is
important in the formation of the pacemaker cells in the atrium (Fig. 1.3) (de Pater, Clijsters

et al. 2009, Hami, Grimes et al. 2011, Witzel, Jungblut et al. 2012).

The SHF cells added to the arterial pole of the heart express the latent TGF-f3 binding protein
3 (Itbp3), and contribute cardiomyocytes to the outer curvature of the ventricle and smooth
muscle cells in the outflow tract (Fig 1.3). Moreover, an interaction between Nkx2.5 and
Ltbp3 was revealed, suggesting a role for Nkx2.5 in the contribution of SHF cells to the
heart (Zhou, Cashman et al. 2011, Guner-Ataman, Paffett-Lugassy et al. 2013). Last, the
process of expansion of the SHF derived cells in the heart, requires Fgf, Bmp and Hh
signaling (Marques, Lee et al. 2008, de Pater, Clijsters et al. 2009, Hami, Grimes et al. 2011).

Arterial pole / outflow tract

Venous pole / inflow tract

Figure 1.3. Second heart field in the zebrafish heart. At 72 hpf, the contributions of the
SHF derived cells can be observed in the outer curvature of the ventricle, outflow tract and
in the inflow tract (purple areas). A, atrium. V, ventricle.

1.3. Heart development in mammals

As previously mentioned, mammals have four-chambered hearts consisting of two atria and
two ventricles. Despite the notable anatomical differences, the cellular and genetic

mechanisms controlling cardiac development in mammals are very similar to those found in
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the teleost, which is an advantage when using the zebrafish as an experimental model for

heart diseases.

In mouse, at E7.5, the cardiac progenitors are arranged in the first and second heart fields
forming the cardiac crescent. The peak of the crescent is located cranially, while its two
tails extend caudally (Fig. 1.4 Cardiac Crescent) (Reviewed in (Harvey 2002)). The SHF
progenitors are located anterior and medial to the FHF progenitors (Waldo, Kumiski et al.
2001). Then, the cardiac crescent fuses at the midline, forming the linear heart tube.
Additionally, the cells of the FHF differentiate and proliferate during the formation of the
heart tube, while the SHF progenitors remain undifferentiated and are located dorsally to the

heart tube (reviewed by (Buckingham, Meilhac et al. 2005)).

In mammals, the anterior SHF progenitors give rise to the right ventricle and the outflow
tract, while the posterior SHF progenitors form the inflow tract and contribute to the atria.
In contrast, FHF progenitors form the left ventricle and contribute to both atria. As a
consequence, both atria show contribution from both FHF and SHF progenitors (Zaffran,

Kelly et al. 2004, Buckingham, Meilhac et al. 2005, Rochais, Mesbah et al. 2009).

The FHF progenitors express 7hx5 and an early wave of Nkx2.5 (Bruneau, Nemer et al.
2001, Stanley, Biben et al. 2002, Takeuchi, Ohgi et al. 2003). In contrast, the SHF can be
identified by the expression of Is//, Fgf8 and Fgf10 (Kelly, Brown et al. 2001, Cai, Liang et
al. 2003, Tlagan, Abu-Issa et al. 2006, Moretti, Caron et al. 2006) but become downregulated
as the linear heart tube is formed and other transcription factors such as Nkx2.5, Gata4 and

Mef2c become highly expressed in the cardiac cells (Waldo, Kumiski et al. 2001).

After the heart tube is formed, the cardiac chambers start to balloon as the atrial and
ventricular cells differentiate and proliferate. Cardiac septation occurs from stage E10 and
is only completed after birth (Fig. 1.4). Correct chamber septation is fundamental for the

proper function of the heart.
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Cranial OFT
| ~

Caudal ,I-\-

D First Heart Field

N A
[l second Heart Field SV
. . . Chamber Specialization/
Stage Cardiac Crescent Linear Heart Tube Looping Heart Septation
Mouse Embryo
Stage E7.5 E8.0 E9-12 E10+
Human Embryo _
Stage Day 15 Day 20 Day 28-30 Day 32+
Key Regulators GATA4 GATA4 GATA4 GATA4
NKX2.5 NKX2.5 NKX2.5 NKX2.5
MESP1/2 TBX5 TBX5 TBX5
I1SL1 TBX20 MEF2C PITX2
BAF60C MEF2C HAND1/2 TBX1
MEF2C

Figure 1.4. Overview of mammalian embryonic heart development. The table shows the
different stages of heart development in mouse and the equivalent time in humans, as well
as the most important transcription factors controlling cardiac embryonic formation.
Taken from (Paige, Plonowska et al. 2015).

The process of atrial septation starts with the formation of the septum primum, which
originates from the dorsal part of the common atrium and extends until the AV cushions,
leaving a small opening called the ostium primum that allows the movement of blood
between the atria. As the ostium primum closes, cell death produces another fenestration in
the upper side of the septum primum (Webb, Brown et al. 1998, Kim, Viragh et al. 2001).
This second opening is called ostium secundum. Another fold appears in the right atrium,
close to the septum primum, this fold will develop as the septum secundum, which overlaps
with the ostium primum. However, the septum secundum is also not completely closed; the
fenestration in the septum secundum is called the oval foramen, and it allows blood flow
from the right to the left atrium. After birth, when the blood pressure in the left atrium
increases, the septum primum and secundum are pushed together, which closes the
fenestrations in the septa, leading to the definitive formation of the inter-atrial septum

(Wessels, Anderson et al. 2000, Lamers and Moorman 2002).

Ventricular septation happens simultaneously to the atrial septation, and it starts with folding
and fusion of the anterior ventricular wall that extends to the interior of the common ventricle

towards the AV area. A fenestration called the interventricular foramen is left open until the
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aorticopulmonary septum is formed (a septum that separates the truncus arteriosus into the
aortic and pulmonary artery). Afterwards, the interventricular foramen is then closed due to
the contribution of endocardial tissue from the ventricular septum, the AV endocardial
cushions and the aorticopulmonary septum (Lamers and Moorman 2002, Anderson, Webb

et al. 2003).

Once the heart is completely formed, each chamber performs its own function within the
organ: the right atrium receives deoxygenated blood from the body and pumps it into the
right ventricle, which pushes the blood into the pulmonary artery and into the lungs for
oxygenation. Meanwhile, the left atrium receives the oxygenated blood from the lungs and
pushes it into the left ventricle and then to the body. The proper function of each chamber
is crucial for the overall cardiac performance, and diseases affecting chamber morphogenesis
can greatly compromise the proper blood circulation through the body. Therefore, the
following parts of this chapter are dedicated to the description of the importance of cardiac

chamber identity and function in heart diseases.

1.4. Congenital heart defects

Congenital heart diseases (CHDs) are the most common type of birth defects in humans,
affecting nearly 1% of live births (Hoffman 1995). CHDs arise when the heart is not
correctly formed during development, impeding the proper function of the heart. CHD can
be caused by external factors (such as certain medicines taken by the mother during
pregnancy) or by internal factors such as mutations (Schott, Benson et al. 1998, Garg,

Kathiriya et al. 2003, Li, Klena et al. 2015, Ang, Rivas et al. 2016).

CHDs can be classified into three main groups: cyanotic heart disease, left-sided obstruction
defects and septation defects (Bruneau 2008). Children with cyanotic heart disease appear
blue due to the mixing of oxygenated and deoxygenated blood; and the following defects
form part of this category: transposition of the great arteries, tetralogy of Fallot, double outlet
right ventricle and persistent truncus arteriosus. The left-sided obstruction defects include:
hypoplastic left heart syndrome, mitral and aortic stenosis, aortic coarctation and interrupted
aortic arch (Bruneau 2008). The most common septation defects are: atrioventricular septal
defects, atrial septal defects (ASDs) and ventricular septal defects (VSDs). The ASDs and

VSDs are the most relevant for this study and therefore, are described below:
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1.4.1. Atrial Septal Defects:

These defects happen when the inter-atrial septum is not completely closed or is absent,
causing a mix of oxygenated and deoxygenated blood between the atria (Fig. 1.5 B) (Lo, Yu
et al. 2010). ASDs are often associated with cardiac conduction defects since mechanisms
responsible for atrial septation can be involved in sinoatrial node formation, which is located

in the right atrium (Zaidi and Brueckner 2017).

1.4.2. Ventricular Septal Defects:

Similar to the ASDs, the VSDs occur when the interventricular septum is not closed or did
not form at all, allowing the passing of blood between the ventricles. Additionally, when
the fenestration between the pulmonary artery and the left ventricle is not closed, the
oxygenated blood from the ventricle can pass into the pulmonary artery, which carries the
deoxygenated blood to the lungs. This defect can significantly decrease the amount of

oxygenated blood that goes into the body (Fig. 1.5 C) (Lo, Yu et al. 2010)

e Hearts with ventricular septal defects
Mixing blood from

left (oxygenated) and
. right (deoxygenated)
o ventricles

o Mormal heart @ Heart with atrial septal defect

Pulmonary artery .(‘ Oxygenated
=4 % blood flow
in left heart

Ventricular
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Figure 1.5. Atrial and ventricular septal defects. (A) Schematic illustration of a healthy
human heart. (B) Heart showing an incomplete atrial septum formation. (C) Heart with a
ventricular septal defect, allowing blood from the left ventricle into the pulmonary artery
(top panel) and an interventricular septum malformation (bottom panel). Modified from
nhlbi.nih.gov.
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1.5. Determination of cardiac left-right asymmetry

The establishment of the three body axes (anterior-posterior, dorsal-ventral and left-right) is
key to the organization of the vertebrate body plan. The heart has a clear left-right
asymmetric pattern, which can be evidenced not only by the differential gene expression in
each chamber but also in the anatomy of the heart (Hamada 2010). Cardiac asymmetry is
linked to chamber identity, which, at the same time, is also linked to the particular functions
of each heart chamber. Several signaling pathways are involved in the establishment of the

left-right asymmetry, the most important are discussed below:

1.5.1 Nodal Signaling

The Nodal signaling pathway plays an important role in the asymmetric patterning of
different organs during embryonic formation, and its function is highly conserved among
species. In mammals, there is one single Nodal gene, while in the zebrafish there are three
orthologues: cyclops, squint and southpaw (spaw), where only the latter is important for

cardiac asymmetric development, as reviewed in (Shen 2007).

Nodal/spaw are expressed on the left side of the lateral plate mesoderm (LPM), and cells
that receive Nodal signals on this side will specifically contribute to the left side of visceral
organs. Cells located on the right half of the LPM that do not receive Nodal signals will
contribute to the right side of the visceral organs. Nodal is capable of inducing its own
expression via a positive-feedback loop, and alterations in Nodal asymmetric expression lead
to abnormal organization and development of the gut and heart (Yokoyama, Copeland et al.
1993, Horne-Badovinac, Rebagliati et al. 2003, Long, Ahmad et al. 2003, Baker, Holtzman
et al. 2008).

Nodal is a TGFB family ligand and can interact with type I and II TGF8 receptors. However,
Nodal requires CRYPTIC or CRIPTO (One-eyed pinhead in zebrafish) as co-receptors
(Schier and Shen 2000). Additionally, Smad2 and Smad4 are also key intracellular
components of the Nodal pathway and help activate the transcription of downstream genes

(Shen 2007).

There are several downstream targets and proteins involved in the Nodal signaling pathway

and in this chapter, I focus on Leftyl-2 and Pitx2.
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1.5.2. Leftyl and Lefty2

The Lefty genes are also asymmetrically expressed in the LPM. In mouse, during left-right
axis formation, Leftyl is expressed in the presumptive floor plate and lowly expressed on
the left LPM, while Lefty2 is lowly expressed in the presumptive floor plate and highly
expressed on the left side of the LPM (Meno, Ito et al. 1997). In contrast, in the zebrafish
leftyl is initially expressed in the notochord but after the left-right patterning is established
leftyl and 2 are expressed on the left side of the LPM.

Leftyl and 2 expressions are induced by Nodal signaling and, at the same time, LEFTY'1 and
2 act as NODAL antagonists by competitively interacting with CRYPTIC or CRIPTO
(Cheng, Olale et al. 2004). Therefore, LEFTY regulates Nodal activity and expression via
a negative-feedback loop. Furthermore, it has been proposed that expression of Leffy! in the
embryo midline, inhibits the expression of Nodal on the right side of the LPM (Fig. 1.6)
(Meno, Shimono et al. 1998, Bisgrove, Essner et al. 1999).

Anterior

Floo plate

Nodal /“_\I Nodal

Lefty2

Lateral plate Node Lateral plate
mesoderm mesoderm
Left Posterior Right

Figure 1.6. Nodal signaling pathway during left-right patterning specification in the
mouse embryo (3-8 somites). Nodal regulates its own expression in the LPM via a
positive-feedback loop, and at the same time NODAL induces the expression of Leftyl and
Lefty2. LEFTY2 downregulates Nodal expression in the left LPM, while LEFTY'1
suppresses Nodal expression in the midline and prevents the spreading of Nodal signals to
the right LPM.

In mouse, absence of Leftyl causes the loss of asymmetric expression of Nodal, Lefty2 and

Pitx2 as these genes become expressed on the left and right side of the LPM. Additionally,
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Leftyl”- embryos show visceral left isomerism, meaning that the liver, lungs and heart
displayed a left-sided identity of both the right and left sides (Meno, Shimono et al. 1998).
In the zebrafish, leffy2 is expressed in the left half of the heart disc, and lineage tracing
experiments have shown that, during the formation of the heart tube, the lefty2-expressing
cells move to the dorsal half of the heart tube (Smith, Chocron et al. 2008). Lef#y2 null
mutant mice die at early embryonic stages and fail to form structures such as the node,
notochord and somites. These results suggest that LEFTY?2 plays an important role during

gastrulation (Meno, Gritsman et al. 1999).

1.5.3 Pitx2

PITX2 is a homeobox transcription factor involved in left-right signaling during embryonic
development of the heart and other organs. Mutations in Pitx2 cause Axenfeld-Rieger
syndrome in humans, which is characterized by ocular malformations, dental anomalies and
facial dysmorphisms (Semina, Reiter et al. 1996). Furthermore, mutations in Pitx2 have
been linked to congenital cardiac defects in humans such as atrial and ventricular septal
defects, as well as endocardial cushion defects and atrial fibrillation (Mammi, De Giorgio et
al. 1998, Gudbjartsson, Arnar et al. 2007, Franco, Chinchilla et al. 2012, Zhao, Peng et al.
2015).

Pitx2 has three splice isoforms: Pitx2a, Pitx2b and Pitx2c (in humans, a fourth Pitx2 variant
has been identified, Pitx2d). However, only Pitx2c is expressed in the heart and is involved
in left-right asymmetric cardiac development (from now on, Pitx2 refers to Pitx2c, since this
is the only isoform that will be discussed in this manuscript) (Martin, Amendt et al. 2010).
During heart development in mammals, Pitx2 is expressed on the left LPM, on the left
cardiac crescent, and subsequently on the left side of the heart tube (Fig. 1.7) (Campione,
Ros et al. 2001). During heart looping, Pitx2 expression becomes restricted to the ventral
side of the forming ventricles and on the left atrium. After the heart is formed, Pitx2
expression is downregulated in the ventricles while a high expression in the left atrium
remains until adulthood, as reviewed in (Franco and Campione 2003, Franco, Chinchilla et

al. 2012).
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Figure 1.7. Pitx2c expression during heart development in mouse. Purple areas indicate
Pitx2 expression. rcc, right cardiac crescent; lcc, left cardiac crescent; out, outflow; in,
inflow region; ias, interatrial septum; ivs, interventricular septum; la, left atrium; lv, left

ventricle; oft, outflow tract; pv, pulmonary veins; ra, right atrium; rv, right ventricle.
Taken from (Franco and Campione 2003).

Global knockout of Pitx2 leads to embryonic lethality and cardiovascular defects such as
double-outlet right ventricle, right atrial isomerism, ASDs and VSDs (Lin, Kioussi et al.
1999, Liu, Liu et al. 2002, Tessari, Pietrobon et al. 2008), while specific Pitx2 myocardial
knockout leads to right cardiac chamber enlargements, hypertrophy of the interventricular

septum and overall cardiac dysfunction (Tessari, Pietrobon et al. 2008).

Interestingly, mutations in Pitx2 in mouse also lead to atrial fibrillation. In WT conditions,
PITX2 directly represses Shox2 expression in the left atrium; therefore, Shox2 is exclusively
expressed in the right atrium, where it works together with NKX2.5, TBX3 and HCN4 in
the development of the sinoatrial node, which is responsible for originating the heart beat
(Mommersteeg, Hoogaars et al. 2007, Espinoza-Lewis, Yu et al. 2009, Wang, Klysik et al.
2010).

Pitx2 expression in the left LPM can be initiated by FOXH1 binding to the Pitx2 enhancer
region, and further regulated by NKX2-5 (Shiratori, Sakuma et al. 2001, Shiratori, Yashiro
et al. 2006). FOXHI is a transcription factor which is a Nodal signaling effector, therefore
it is accepted that Pitx2 is a downstream target of Nodal signaling. In general, there is strong
evidence that Pitx2 is a key factor in maintenance of the left atrial identity (Tessari, Pietrobon

et al. 2008, Franco, Christoffels et al. 2014).
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1.5.4. Bmp Signaling

Bmp signaling is also important in determining cardiac left-right asymmetry during
development by regulating Nodal signaling. In the zebrafish, the absence of Bmp signaling
at the end of gastrulation leads to expression of spaw in the right and left LPM, while ectopic
Bmp expression results in abolishment of spaw expression in the LPM (Chocron, Verhoeven
et al. 2007). Knock-down of bmp4 inhibits leftyl expression in the midline; therefore, as
mentioned before, the absence of leffyl leads to expansion of Nodal signaling to the right

LPM (Monteiro, van Dinther et al. 2008).

1.5.5. Tbx Transcription Factors

The T-box family of transcription factors are involved in cardiac lineage determination,
chamber specification, valve development and conduction system development. Thx/, Thx2,
Tbx3, Thx5, Thx18 and Thx20 are all involved in cardiac development (Plageman and Yutzey
2005). Especially in humans, mutations in 7BX5 cause the Holt-Oram Syndrome, which is
characterized by abnormal left-right asymmetric development of the upper limbs, as well
atrial and ventricular septal defects and cardiac conduction defects (Newbury-Ecob, Leanage
et al. 1996, Plageman and Yutzey 2005). Furthermore, in mouse, 7bxJ5 is required in the
SHF for the development of the atrial septum (Xie, Hoffmann et al. 2012).

Studies in the zebrafish revealed that thx16 is expressed in the perinodal area, around the
Kupffer’s vesicle (a ciliated organ that creates a directional flow, triggering the asymmetric
expression of genes such as spaw (Essner, Amack et al. 2005), where it promotes the
expression of spaw at around 4-6 somites stage therefore, influencing the initial break of the
embryonic left-right asymmetry (Fig. 1.8), as reviewed by Bakkers et al. (Bakkers,
Verhoeven et al. 2009).
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Figure 1.8. Role of Tbx16 in the initial expression of spaw. Tbx16 and Charon are the
first to promote the expression of the Nodal-related gene spaw in the perinodal area
(yellow). The directional flow caused by the Kupffer’s vesicle (red) is then responsible for
the accumulation of Southpaw on the left side of the LPM. Midline (blue); LMP (green).
Taken from (Bakkers, Verhoeven et al. 2009).

1.6. Retinoic acid signaling in heart development

Retinoic acid (RA) is the active form of Vitamin A. RA acts as a signaling molecule that
controls many events during embryonic anterior-posterior patterning, morphogenesis and
organogenesis (Niederreither and Doll¢ 2010). Once it is in the nucleus, RA binds to one of
the three Retinoic Acid Receptors (RARs) or to one of the three Retinoid X Receptors
(RXRs), which then bind to the RARE (Retinoic Acid Response Elements) DNA sequence
and activate the transcription of target genes (Rhinn and Dolle 2012). The cytochrome P450
26 subfamily (CYP26A1, CYP26B1 and CYP26C1) are responsible for the degradation of
RA; this process is very important to prevent inappropriate RA signaling in certain cell types.
The enzymes that carry out the last step in the synthesis of RA are RALDH1, RALDH?2 and
RALDH3 (also known as ALDH1-3); however, RALDH2 (Aldhla2 in zebrafish) is the most
important of these proteins and responsible for the earliest RA synthesized during

development (Rhinn and Dolle 2012).

Mutations in Raldh2 in mouse are lethal and cause severe cardiac defects such as hypoplastic
atria and sinus venosus, absence of endocardial cushion formation, underdevelopment of the
ventricular chamber, and persistent truncus arteriosus among other defects (Niederreither,
Subbarayan et al. 1999, Niederreither, Vermot et al. 2001). In zebrafish, the aldhla?2

(neckless, nls) mutants exhibit an excess of cardiomyocytes, and anterior and lateral
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expansion of cardiac markers such as nkx2.5 and myl7, as a consequence of an excess of
cardiac progenitor cells (Begemann, Schilling et al. 2001, Keegan, Feldman et al. 2005).
The same outcome is observed when Aldhla2 is inhibited by the use of BMS or DEAB
(Aldh inhibitors) (Waxman, Keegan et al. 2008).

Zebrafish embryos treated with BMS at 40% epiboly showed a dramatic excess of
cardiomyocyte progenitors in the heart field at 6 and 18 somites. This effect gradually
decreased in embryos that were treated with BMS at later stages (75% epiboly and tailbud),
suggesting that RA signaling is needed to control the number of cardiomyocyte progenitors
before gastrulation rather than at later developmental stages. Fate-map experiments
determined that RA signaling is required during gastrulation in the lateral margin zone to
restrict the size of the myocardial progenitor pool, thus defining a limit of the cardiac fields
(Keegan, Feldman et al. 2005). Furthermore, embryos treated with exogenous RA show an
anterior extension of the characteristics from posterior (posteriorization); in other words,
anterior structures are underdeveloped (small heads, eyes and fins) but posterior structures

are enlarged (Stainier and Fishman 1992, Waxman and Yelon 2009)

In the ALPM, the vascular progenitors are positioned anteriorly to the cardiac progenitors,
and the forelimb progenitors are located posteriorly to the cardiac progenitors; RA signaling
regulates the boundaries between these pool progenitors in the ALMP (Fig. 1.9 A) (Waxman,
Keegan et al. 2008, Rydeen and Waxman 2014). Zebrafish embryos with excess of RA
show reduced number of cardiomyocytes and an anterior shift in the pool of cardiac
progenitors with respect to the notochord (Fig. 1.9 B) (Keegan, Feldman et al. 2005,
Waxman and Yelon 2009, Rydeen and Waxman 2014), while deficiency of RA signaling
results in a posterior shift of the cardiac progenitors and a surplus in the cardiomyocyte
number (Fig. 1.9 C) (Keegan, Feldman et al. 2005, Waxman, Keegan et al. 2008). This
posterior shift is due to RA signaling directly regulating hoxb5b (a RA-responsive gene)
expression within the forelimb field. Hoxb5 is required to restrict the number of atrial cells
arising from the adjacent heart field; therefore, in the absence of Hoxb5b (caused by a
decrease in RA levels), cardiomyocytes proliferate at a higher rate and fill the space of the

forelimb progenitors (Waxman, Keegan et al. 2008).
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Figure 1.9. RA signaling regulates the boundaries between the pools of vascular, cardiac
and forelimb progenitors (A). (B) In RA excess conditions, there is an anterior shift in the
pool of cardiac progenitors, and a decrease in the number of cardiomyocytes. (C) When
there is deficiency of RA, the number of cardiomyocytes increases and there is a
significant posterior shift and a less marked anterior shift in the pool of cardiac
progenitors. Vascular, green; cardiac, pink; forelimb, blue; notochord, gray.

Interestingly, Raldh2 mutant mice display a posterior expansion of the anterior cells of the
SHF territory. The SHF cells of Raldh2 mutants fail to differentiate and form beating
cardiomyocytes, compromising the formation of the SHF derived structures such as the
outflow tract, right ventricle and part of the atria (Ryckebusch, Wang et al. 2008, Sirbu, Zhao
et al. 2008).

In the zebrafish, cyp26-deficient embryos (therefore, embryos with excess of RA) show a
decrease in the number of smooth muscle cells from the SHF added to the outflow tract and
an extrusion of the ventricular cardiomyocytes from the heart tube, leading to smaller

ventricles in comparison to WT siblings (Rydeen and Waxman 2016).

In general, RA is very important in determination of the anterior-posterior (outflow-inflow)
patterning of the heart. At tailbud stages, treatments with DEAB, or with exogenous RA,
results in hearts with outflow, or inflow dominance, respectively (reviewed by (Xavier-Neto,
Davidson et al. 2010)). To summarizing, heart development is a complex process which
involves the orchestration of several mechanisms, out of which left-right asymmetry,
anterior-posterior patterning, and first and second heart field are the most important for this

study.
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1.7.  Meis2 transcription factors

1.7.1. The MEIS proteins

The Meis proteins are transcription factors that belong to the TALE class of proteins. The
TALE (Three-aminoacid-loop-extension) transcription factors have a conserved 60 residue
long helix-loop-helix homeodomain (HD), with three aminoacid extension between the first
and second helix (Burglin 1997). This class of proteins is composed of two families: PBC
(which is formed by Pbx1-4) and MEINOX, the latter further divides in PREP and MEIS
subfamilies (Longobardi, Penkov et al. 2014). In mammals, the MEIS subfamily consists of
three genes: Meisl, Meis2 and Meis3, while the zebrafish subfamily is formed by meis/a,
meislb, meis2a, meis2b and meis3 (data from ensembl.org). In contrast, Drosophila and

nematodes have only one orthologue called Homothorax (Hth) (Merabet and Mann 2016).

The basic structure of the Meis proteins is shown in Fig. 1.10. The HD domain is conserved
throughout the TALE class and constitutes the DNA binding domain of these transcription
factors. Closer to the N-terminus, the MEIS-A and MEIS-B interaction domains can be
found, these domains are conserved only within the MEINOX family and are crucial for the
protein-protein interaction of Meis and Prep with other binding partners such as Pbx and

Hox (Penkov, Mateos San Martin et al. 2013, Longobardi, Penkov et al. 2014).

v [ I [ ] [ repsais

Figure 1.10. Basic structure of the Meis proteins. All Meis proteins have MEIS-A and B
interaction domains (pink and red, respectively) and the DNA binding Homeodomain (HD,
yellow). Taken from (Longobardi, Penkov et al. 2014).

1.7.2. Meis interaction partners

The Meis proteins form complexes with Pbx, Prep and Hox transcription factors
(Longobardi, Penkov et al. 2014). Hox genes are important for anterior-posterior axis
development, and depending on the cofactor interacting with the Hox protein, the binding
specificity of Hox can be modified. The main families of Hox cofactors are the Meis, Prep
and PBC families (Merabet and Mann 2016). Furthermore, Pbx proteins interact with Meis
or Prep (Chang, Jacobs et al. 1997, Knoepfler, Calvo et al. 1997), and at the same time, Pbx
proteins can interact with Hox proteins through their HD, thus allowing the formation of

trimers Pbx-Hox-Meis, which alters the binding specificity of Hox. Furthermore, all Meis
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proteins (but not Prep) can interact with posterior Hox proteins (Williams, Williams et al.

2005).

Additionally, it has been reported that during the development of cranial structures in mouse,
MEIS1/2 interactions with anterior Hox proteins (HOXA2) enhance Meis binding to specific
sites, which provide the second branchial arch with its anatomical identity, thus revealing
the importance of Hox-Meis complexes in anterior embryonic development (Amin,
Donaldson et al. 2015). Interestingly, when Pbx binds Meis, the DNA binding and
selectivity increases, and both HDs are required to bind to the DNA target sequence. A
mutation in the HD of Meis or Pbx is sufficient to prevent binding of the Pbx-Meis complex
to the DNA (Longobardi, Penkov et al. 2014). Furthermore, it has been proposed that Pbx-
Meis interactions influence a shift of the Pbx proteins from promoters containing Pbx-Hox
binding motifs to others containing Pbx-Meis motifs (Knoepfler, Calvo et al. 1997).
Additionally, during chick and mouse limb development, Meis/2 and PbxI expressions are
restricted to the proximal domains of the forming limbs, where MEISI regulates PBX1
activity by promoting the nuclear import of PBX1. Together, MEIS1/2-PBX1 are essential
to specify cell fates and differentiation patterns along the proximo-distal axis of the limb

(Mercader, Leonardo et al. 1999).

1.7.3. Meisl-3 mutants and knockdowns, and Meis upstream regulators

In recent years, it has been reported that mutations in Meis2 in humans cause ASDs and
VSDs and left-sided obstruction defects (Louw, Corveleyn et al. 2015). In addition to the
CHDs, mutations in Meis2 also cause cleft palate, mental retardation, delayed motor
development, facial dysmorphism, epilepsy (Erdogan, Ullmann et al. 2007, Chen, Lin et al.
2008, Crowley, Conlin et al. 2010, Louw, Corveleyn et al. 2015), and more recently, autism
spectrum disorder (Shimojima, Ondo et al. 2017), although the molecular pathway in which
MEIS2 works has yet to be investigated.

In mouse, mutations in Meis2 affect neural crest-derived tissues, causing defects in cranial
nerve development, malformations in craniofacial bones and cartilages, delayed ocular
development, and small body and liver size. Meis2 mutant mice die between E13.5 and
E14.5 due to strong hemorrhaging and display congenital heart defects such as persistent

truncus arteriosus, and absence of the aortic and pulmonary valves (Machon, Masek et al.

2015).
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As previously mentioned, there are two paralogues of Meis?2 in the zebrafish: meis2a and
meis2b. Paige et al. showed that meis2b had a temporal chromatin signature similar to those
genes encoding important cardiac regulators such as nkx2.5 or myh6 (Paige, Thomas et al.
2012). Additionally, they showed that knockdown of meis2b led to delayed cardiac looping
and slower heart rate (Fig. 1.11) (Paige, Thomas et al. 2012). In contrast, meis2a knockdown
causes craniofacial defects including the fusion of viscerocranial cartilages and ectopic

cartilage formation (Melvin, Feng et al. 2013).
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Figure 1.11. meis2b knockdown causes defects in cardiac development. (A) Fluorescent
in situ hybridization against ventricular myosin heavy chain (vmhc in green) and myl7 (red)
in control morpholino (upper panel) and meis2b splice morpholino (bottom panel) show
absence of heart looping at 48 hf. (B) Heart rate is significantly lower in 72 hpf meis2b
morphants compared to control conditions. Modified from (Paige, Thomas et al. 2012)

Another Meis protein that affects embryonic heart development is Meisl. Meis/ knockout
in mouse leads to subcutaneous hemorrhage and lethality between E14.5 and E15.5, VSD
and overriding aorta; interestingly this phenotype resembles the cardiac anomalies caused
by mutations in Pbx/, suggesting an important interaction between PBX1 and MEIS1 during
heart development (Stankunas, Shang et al. 2008). Furthermore, Meis! is also important in
regulating the cell cycle of postnatal cardiomyocytes in mice, suggesting a role of Meis/ in
cardiomyocyte proliferation and cardiac regeneration (Mahmoud, Kocabas et al. 2013). In
contrast, Meis3 is involved in pancreas development and it induces posterior hindbrain

patterning and neuronal differentiation, as summarized in (Uribe and Bronner 2015).

Little is known about what pathways are upstream of the meis genes and how is their

expression regulated. However, there is strong evidence that Meis/ and Meis2 are (direct or
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indirect) downstream targets of RA signaling (Oulad-Abdelghani, Chazaud et al. 1997,
Savory, Edey et al. 2014). Previous reports show that Meis! and Meis2 are important during
chick limb development by determining the proximal limb compartment (Capdevila, Tsukui
et al. 1999, Mercader, Leonardo et al. 1999). During limb budding, RA signaling is required
to restrict Meis and 2 expression to the proximal domains; ectopic RA signals in the distal
domain of the limb bud leads to ectopic expression of Meis! and Meis2 in the same area
(Mercader, Leonardo et al. 2000). Moreover, recent studies have revealed a role for RA
signaling during proximal-distal patterning and branching morphogenesis of the chick lung,
where Meis] and Meis2 expression is significantly induced after treatment with excess RA
(Fernandes-Silva, Vaz-Cunha et al. 2017). Altogether, these data suggest that RA signaling
can regulate Meis! and Meis2 expression in different tissues, and is important in the

patterning of lung and limb during development.

To summarize, it has become evident that the Meis genes have several roles during
embryonic development. Specifically, Meis2 and its zebrafish orthologue meis2b are
important in atrial and ventricular septation, formation of the aortic pulmonary valves,
separation of the pulmonary trunk and aorta, cardiac looping and heart rate (Paige, Thomas
et al. 2012, Louw, Corveleyn et al. 2015, Machon, Masek et al. 2015). However, how Meis2
works at the cellular level, in which genetic pathways Meis2 is involved, what are its
downstream targets, and how it regulates all of these important cardiac developmental
processes is still unknown (Longobardi, Penkov et al. 2014). Furthermore, regulation of
Meis expression by RA signaling has been proposed in different tissues (Mercader, Leonardo
et al. 2000, Fernandes-Silva, Vaz-Cunha et al. 2017), but how Meis2 expression is regulated
in the heart remains to be determined. All these reasons make Meis2b a good candidate for
further studies on cardiac development. Therefore, this work focuses on dissecting the role

of Meis2b during zebrafish heart development.
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I1. Aim of the Project

Congenital heart malformations represent the most common type of birth defects and
constitute a leading cause of mortality in newborns (Hoffman 1995, Hoffman 1995).
Numerous genetic pathways control embryonic heart formation, and mutations in several
genes have been associated with defects in cardiac development in humans (Mammi, De
Giorgio et al. 1998, Bruneau 2008, Prendiville, Jay et al. 2014, Ang, Rivas et al. 2016). In
humans, mutations in MEIS?2 lead to congenital heart defects such as atrial and ventricular
septal defects and persistent truncus arteriosus (Erdogan, Ullmann et al. 2007, Chen, Lin et
al. 2008, Crowley, Conlin et al. 2010, Louw, Corveleyn et al. 2015, Machon, Masek et al.
2015). In zebrafish, knockdown of meis2b leads to delayed cardiac development, cardiac
looping defects and slower heart rate (Paige, Thomas et al. 2012). However, the exact role
of MEIS?2 and its orthologue meis2b, during heart formation is not clear. Therefore, the main
goal of this project was to determine the function of meis2b in cardiac development in the

zebrafish.

Seeking to take advantage of the zebrafish model because of their small size, transparency,
and survival during embryonic development despite severe cardiac defects, the zebrafish
was chosen as an experimental model to answer the main aim of this study and its specific

aims, as shown below:

1%t Aim: To determine the expression pattern of meis2b heart development until adulthood.
2" Aim: To study the effect of meis2b loss-of-function in heart development and function.
34 Aim: To determine possible upstream regulators of Meis2b in the heart.

4™ Aim: To determine possible downstream targets of Meis2b in the heart.
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III. Materials

3.1. Disposable Laboratory Equipment
Table 3.1. Disposable equipment.

Model
13mL PP Tube Sterile

Material Supplier

Bacterial culture tubes Greiner Bio-one

Cell culture plates
Cell culture plates

Cell culture plates

Cover slips
Falcon tubes
Glass Capillaries

Microscope slides

Nitril gloves
Pasteur pipettes
PCR tubes
Pipette filter tips

Plastic pipettes
Reaction tubes
Thin pipette tips for
capillary filling

Tissue cassettes

10cm

6-well cell culture plate,
cellstar

12-well cell culture plate,
cellstar

24 X 60mm #1

15mL, 50mL

1.000D X 0.58ID X 100mm
Menzel Gléser Superfrost

UltraPlus

2,5mL

8er SoftStrips 0,2mL

FT10, FT20, FT100, FT200,
FT1000

SmL, 10mL, 25mL Cellstar

1,5mL, 2mL safe-lock tubes

20uL Physio Care Concept

C-0250-YL

35

Greiner Bio-one

Greiner Bio-one

Greiner Bio-one

Thermo Scientific
Greiner Bio-one
Hardvard Apparatus

Thermo Scientific

Gen-X
Sarstedt
Bio Zym

Greiner Bio-one
Greiner Bio-one
Eppendorf

Eppendorf

Thermo Scientific
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3.2. Laboratory Equipment

Table 3.2. Miscellaneous equipment

Material
Analytical balance
Aquatic system

Bacterial incubator

Balance

Cooling centrifuge
Electrophoresis chamber
Forceps

Glass beakers

Glass bottles

Glass Erlenmeyer flasks
Glass measuring cylinder
Heating block

ImmEdge Pen

Injection pump

Magnetic heating plate

Micromanipulator
Micropipette Puller
Micropipettes
Microtome

Optical dishes

Paraffin Pouring Station

PCR cycler

Model

Explorer

Innova 4200

M-Power

5424R

B2 Separation System
Inox 55

Duran

Duran

Duran

Duran

Digital heatblock
H-4000

Pneumatic Picopump PV820

VMS-C7
MM 33 Right

Horizontal puller P-1000
Research

Paraffin microtome 1516
Glass bottom culture 35mm
dishes

EC 350

Eppendorf Vapo Protect
Master Cycler Pro PCR
Machine
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Supplier

OHAUS
Techniplast

New Brunswick
Scientific
Sartorius Laboratory
Eppendorf

OWI

Dumont

Schott

Schott

Schott

Schott

VWR

Vector Laboratories, Inc.
World Precision
Instruments

VWR

World Precision
Instruments

Sutter Instruments
Eppendorf

Leitz

Ibidi

Formafix Global
Technologies

Eppendorf



pH meter
Real-Time PCR cycler
Real-Time PCR cycler

Spectrophotometer
Table-top centrifuge
Tissue homogenizer
Vortex

Water bath

Water bath for paraffin

sections

3.3.  Microscopes

- Materials -

Five easy

Eco Realtime PCR System
CFX Connect Real-Time
System

Nanodrop 2000c

5424 and 5810R

Bullet Blender 24 Gold
Vortex Genie 2

14L waterbath, 1003
Paraffin stretch bath, 1052

Table 3.3. Employed microscopes.

Microscopes

Confocal microscope

Dissecting microscope
Dissecting microscope
Stereo microscope

Widefield Microscope

3.4. Chemicals

Model

LSM700, LSM 780,
LSM800, LSM880
SteREO Discovery.V8
Stemi 2000

SMZ725

Axio Imager 2

Table 3.4. List of all employed chemicals.

Name

20X SSC

4-diethylaminobenzaldehyde

Agarose
Alcian blue 8GX

Alizarin red S

Supplier
Ambion
Sigma
peqlab
Sigma

Sigma
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Mettler Toledo
[llumina

Bio-Rad

PeqLab
Eppendorf
Next Advance

Scientific Industries

GFL
GFL

Supplier

Zeiss

Zeiss
Zeiss
Nikon

Zeiss



Ampicillin
Blocking reagent
Bouin’s solution
Bovine serum albumin
BSA

Chloroform
DAPI
Dichloromethane
Dimethyl sulfoxide
EdU

EGTA

Ethanol
Formaldehyde
Formamide
Glacial acetic acid
Glutaraldehyde
Glycerol

Goat serum

H>0:

HCl

Heparin

KCl

KH>POq4

KOH

Low melt agarose
Low melting agarose
Methanol

MgCl,

MgSOq

Na;HPO,

NaCl

NaH;POyq4
NBT/BCIP

- Materials -

Calbiochem
Roche
Sigma
Sigma
Sigma
Merck
Sigma
Sigma
Sigma
Life Technologies
Sigma
Carl Roth
Santa Cruz Biotechnology
Sigma
Carl Roth
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Carl Roth
Carl Roth
Carl Roth
Sigma
Sigma
Sigma
Sigma
Sigma

Roche
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OCT mounting medium for
cryosections
Paraformaldehyde

PBS tablets

Phenol red

PIPES

ProLong Diamond Antifade
Mountant

Retinoic acid

SDS

Sheep serum
Tetrahydrofuran

Tricaine

Trichrome stain (Masson) kit

Tris

Triton X-100

TRIzol Reagent

tRNA

Tween 20

Weigert’s iron hematoxylin

Xylene

3.5. Buffers

Table 3.5. List of all employed buffers.

Name

4% PFA

Acid-Formalin-Ethanol

fixative

- Materials -

Tissue-tek

Sigma
Sigma
Sigma
Sigma

Molecular Probes by Life Technologies

Sigma
Sigma
Sigma
Sigma
Pharmaq
Sigma
Carl Roth
Sigma
Invitrogen
Sigma
Sigma
Sigma

Carl Roth

3,7% Formaldehyde
70% Ethanol
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Acid-free staining solution

Alkaline Tris Buffer

Bleaching solution

Blocking buffer for HA

staining

E3 Embryo Medium
Fish Fix

HM-

HM*

- Materials -

5% Glacial acetic acid
Part A:

0,02% alcian blue
200mM MgCl,

70% ethanol

Part B:

H>O

0,5% alizarin red S

Working solution:

ImL part A + 10puL part B
100mM Tris-HCI pH 9,5
50mM MgCl,

100mM NaCl

0,1% Tween 20

1,5% H20:

1% KOH

PBST

1% BSA

2% HINGS

22,6mM NaH>PO4
76,9mM Na,HPO4
0,12mM CaCl;

4% w/v Sucrose

4% Paraformaldehyde

pH 7,35

50% deionized formamide
5X SSC

0,1% Tween 20

50ug/mL heparin

pH 6.0 (adjusted with 1M citric acid)
50% deionized formamide

5X SSC
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0,1% Tween 20

50ug/mL heparin

RNase-free tRNA

pH 6.0 (adjusted with 1M citric acid)
ISH Staining Solution 10mL Alkaline Tris buffer

175uL NBT/BCIP
MBST 100mM Maleic Acid

150mM NaCl

pH to 7,5
0,1% tween 20

PBDT PBS

1% BSA

1% DMSO

0,25% Triton X-100
PBS 137mM NaCl

2,7mM KCl

10mM NaxHPOg4

1,8mM KH>PO4
PBST PBS

0,1% Triton X-100
PBT PBS

0,1% Tween 20
Pre-hybridization solution for (RNAse free)

ISH on paraffin sections 50% formamide
5x SSC pH 4,5
50pug/mL yeast tRNA
1% SDS
50ug/mL Heparin
5X Gendhardt’s solution
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3.6.

- Materials -

Enzymes, Antibodies, Kits

Table. 3.6. List of all employed enzymes, antibodies, kits, cells.

Name of Reagent

2X Kapa2G Fast Ready Mix
+ Dye

Alexa Fluor 488 Donkey-
anti-rabbit

Alexa Fluor 488 Goat-anti-
chicken

Alexa Fluor 568 Donkey-
anti-mouse
Anti-digoxigenin-AP Fab
Fragments

anti-dsRed Rabbit
Polyclonal Antibody

Avrll Restriction Enzyme
BamHI-HF Restriction
Enzyme

Chicken Anti-GFP antibody
Clal Restriction Enzyme
Click-iT EdU Alexa Fluor
647 Imaging Kit

Competent cells

DIG RNA Labeing Mix 10X
DNasel

Eag-HF Restriction Enzyme
EcoRV-HF Restriction
Enzyme

GeneJET Gel Extraction
Kit

GeneJET PCR Purification
Kit

Reference number

KM5101

A21206

A11039

A10037

1093274

632496

R0O174S
R3136L

GFP-1020
RO197L
C10340

dh5a

11277073910

M610A

R3505S

R3195S

K0692

K0701
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Supplier

Kapa Biosystems

Life Technologies

Life Technologies

Life Technologies

Roche

Clontech

NEB
NEB

Aves Labs. Inc.
NEB
Life Technologies

Roche
Promega
NEB
NEB

Thermo Scientific

Thermo Scientific



GeneJET Plasmid Miniprep
Kit

Hyaluronic Acid Binding
Protein, Bovine Nasal
Cartilage, Biotynilated
Maxima First Strand cDNA
Synthesis Kit for RT-qPCR
Maxima SYBR Green
qPCR Master Mix
mMESSAGE mMACHINE
SP6 Transcription Kit

Mouse anti-Isl1

PCR Master Mix
PGEM-T easy cloning kit
Proteinase K
Recombinant RNasin
Ribonuclease inhibitor
RNAscope® Multiplex
Fluorescent Reagent Kit
SP6 RNA Polymerase
Streptavidin Alexa Fluor
555

T4 DNA Ligase

T7 RNA Polymerase
Xhol Restriction Enzyme
Zymo RNA cleaner

- Materials -

K0503

385911

K1641

K0241

AM1340

39.4D5

AB-0575/DC

A1360

03115879001

N251A

320850

P108B
S32355

M02025
P207B
R0O146S
R1016
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Thermo Scientific

Calbiochem

Thermo Scientific

Thermo Scientific

Invitrogen

Developmental Studies
Hybridoma Bank
Thermo Scientific
Thermo Scientific
Roche

Promega

Advanced Cell Diagnostics Srl

Promega

ThermoFischer Scientific

NEB
Promega
NEB

Zymo Research
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IV. Methods

4.1.  Zebrafish husbandry and transgenic and mutant lines

Embryos and adult zebrafish were maintained and handled under standard conditions as
previously described (Westerfield 2000). Briefly, zebrafish embryos were collected and
raised until five dpf in E3 embryo medium in an incubator at 28,5°C. Afterwards, the larvae
were transferred to an aquarium system from Techniplast and were raised until adulthood
with a 14 h/10 h light/darkness cycle. Animal housing and experiments were approved by

the MPG animal committee in concordance with the European regulations.

The transgenic and mutant lines used in this study include:

o Tg(myl7:LIFEACT-GFP)**’* (Reischauer, Arnaout et al. 2014)

e Tg(-5.1myl7:nDsRed2)” (Mably, Burns et al. 2003)

o Tg(5xUAS:EGFP)"uasgipla (Asakawa, Suster et al. 2008)

o Tg(myl7:mCherry)"*! (Langenbacher, Huang et al. 2012)

o TgBAC(meis2b:GAL4FF)"! (Guerra et al., manuscript in preparation).
e meis2b**® (Guerra et al., manuscript in preparation).

o Tg(kdrl:Hsa. HRAS-mCherry)*3°5 (Chi, Shaw et al. 2008)

e Tg(vmhc:mCherry-Eco.NfsB)*°°” (Zhang, Han et al. 2013)

o Tg(kdrl:NLS-mCherry)™? (Wang, Kaiser et al. 2010)

o Tg(myl7:BFP-CAAX)"'} (Guerra et al., manuscript in preparation).

4.2. DNA extraction

Tissue samples were incubated with 40uL Tris Buffer and incubated at 95°C for ten minutes.
Afterwards, SuL of Proteinase K were added (stock concentration 10.000pg/mL), followed
by incubation at 55°C for 3h to overnight and then vortexed to help disintegrate the tissue.
To deactivate the Proteinase K, the samples were incubated at 95°C for ten minutes. The

DNA samples were stored at 4°C until used, or at -20°C for long term storage.
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4.3. RNA extraction and cDNA synthesis

Using the Bullet Blender, the tissue of interest was homogenized with 250uL TRIzol
Reagent. After homogenization, the samples were kept at room temperature for ten minutes.
Next, 65uL chloroform was added and the tubes were constantly shaken for two minutes
and then incubated at room temperature for three minutes. Next, the samples were
centrifuged for 15 minutes at 10.000g at 4°C and the supernatant was transferred to a clean,
autoclaved 1,5mL tube. To precipitate the RNA, one volume of isopropanol was added then,
the tubes were briefly vortexed, and afterwards were incubated for 1h on ice. Last, the

samples were centrifuged for 20 minutes at 4°C with maximum speed.

After removal of the supernatant, the pellet was washed with 1mL of 75% ethanol / H>O and
again centrifuged at 4°C with maximum speed for 15 minutes. The supernatant was carefully
removed and the RNA air dried. Then, the RNA was resuspended in 85uL autoclaved water.
To eliminate the possible DNA contamination from the samples, 10uL of DNasel buffer and
SuL of DNasel were added and the tubes were incubated for 30 minutes at 37°C. Afterwards,

the RNA was cleaned with Zymo RNA cleaner, following manufacturer’s instructions.

Iug of RNA was used to synthesize cDNA with the Maxima First Strand cDNA synthesis

kit for RT-qPCR, following manufacturer’s instruction.

4.4. Ligation
For TA cloning, the PCR product was ligated into a pGEM-T easy vector by mixing:

e 3,5uL of PCR product

e SuL of 2X ligation buffer

o 0,75uL pGEM-T easy linearized vector
e 0,75uL T4 DNA ligase

e The mix was incubated at room temperature for 3h to overnight.

For ligations following digestion with restriction enzymes, the reactions were set in the

following way:

e 100ng insert
e 50ng vector

e IuL T4 10X ligation buffer
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e 0,75uL T4 ligase
e H>O until 10pL

e The mix was incubated at room temperature for 3h to overnight.

4.5. Transformation

After thawing the competent cells, 6uL of the plasmid were added and the cells were
incubated for 20 minutes on ice. Afterwards, the cells were heat shocked at 42°C for one
minute and were put back on ice for five more minutes. 300uL of LB medium were added
and the cells were recovered for 30-40 minutes at 37°C with slow agitation. Finally, 150uL
of the cell culture were spread on agar plates containing ampicillin (if the pGEM-T easy
plasmid was used, 75uL of X-Gal was added to the agar plate, before the spreading of the
bacteria culture). The plates were incubated overnight at 37°C. The following day, the
colonies were selected (white colonies were selected when using the pGEM-T easy plasmid)
and were grown for at least 6h in a liquid LB medium containing ampicillin. Finally, the
plasmid was recovered using the Plasmid Miniprep Kit, following manufacturer’s

instructions.

4.6. EdU injections

Eight meis2b”" fish and eight WT siblings of three mpf were anesthetized in 0,02% tricaine.
EdU was injected intraperitoneally (200ug/g of body weight). After injection, the fish were
allowed to recover for 30 minutes in a tank without tricaine and then were placed back in

the fish system for four days before extraction of the heart.

4.7. EdU detection in adult hearts

EdU was detected with Click-iT EdU Alexa Fluor 647 Imaging Kit, following
manufacturer’s instructions, with minor modifications. After antibody staining against
DsRed, the hearts were washed with PBS and then fixed (3,7% PFA / PBS) for 15 minutes
at room temperature. Afterwards, the hearts were washed twice with 3% BSA / PBS and
then incubated with PBS / 0,5% Triton X-100 for 20 minutes at room temperature. Next,
the samples were washed twice with PBS/3% BSA. Then, the Click-iT reaction cocktail

was prepared as shown in Table 4.1 and used immediately. The samples were incubated in
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darkness with the Click-iT reaction cocktail for 25 minutes. After this time, the solution was
replaced with a fresh reaction cocktail fresh and the samples were kept in the darkness for

25 minutes. Finally, the samples were washed with three times with PBS/3% BSA.

Table 4.1. Components of the Click-iT reaction cocktail

Reaction components Amount added
1X Click-iT reaction buffer 4,3mL

CuSOq4 200uL

Alexa Fluor 647 azide 12,5uL
Reaction buffer additive 500uL

Total volume SmL

Modified from manufacturer’s manual.

4.8. Whole-mount antibody staining in adult hearts

The hearts from adult Tg(-5. Imyl7:nDsRed?2) zebrafish were fixed overnight at 4°C with
Fish Fix. Next, the hearts were washed with PBS and then gradually dehydrated with
Methanol (25% methanol / PBS; 50% methanol / PBS; 75% methanol / PBS; and then 100%
methanol) in five-minute washes and were kept at -20°C in 100% methanol for at least 24h.
Hearts were gradually rehydrated to PBS with successive washes (75% methanol / PBS;
50% methanol / PBS; 25% methanol / PBS) for five minutes each wash.

Due to the thickness of the cardiac tissue, penetration of the antibody is limited. Therefore,
two different permeabilization protocols were used: first, after heart rehydration, all PBS
was removed from the tube and 100% methanol was immediately added and the samples
were incubated at -80°C for 1h. Afterwards, the methanol was removed, and the samples
were incubated for l1h at room temperature with PBS. This procedure was repeated seven
times. Finally, hearts were kept overnight at 4°C with 100% methanol, and then hearts were
rehydrated with PBS. For the second step of permeabilization, all PBS was removed, and

ImL of cold acetone was added, and the samples were incubated at -20°C for 20 minutes.

Next, the hearts were rehydrated again with PBS and then blocked for two to five hours at
room temperature with PBDT/2% goat serum. The samples were incubated for five days at

4°C with anti-dsRed antibody diluted 1/500 in PBDT with constant rotation. The primary
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antibody was removed by washing with PBDT at room temperature ten times for 30 minutes
each. The samples were incubated at 4°C for five days with the secondary antibody
(Donkey-anti-rabbit Alexa Fluor 488), diluted to 1/500 in PBDT. Afterwards, the samples

were washed ten times, for 30 minutes with PBDT.

4.9. iDisco tissue clearing for adult hearts

Tissue clearing was performed as described in (Renier, Wu et al. 2014). Briefly, after EQU
detection, the samples were incubated overnight in 10mL of 50% v/v THF / H,O (Sigma).
Afterwards, samples were incubated in 10mL of 80% THF / H>O for 1h and then twice for
1h with 100% THEF. Then, the samples were transferred to a 2mL tube with dichloromethane
until they sank at the bottom of the tube. Finally, the samples were incubated in DBE until

clear and then stored in darkness at room temperature until imaged.

4.10. RNA probe preparation for in situ hybridization

For synthesizing the antisense RNA probe for ISH, the protocol described in (Thisse and
Thisse 2008) was followed with some modifications. A PCR was performed on the
previously prepared cDNA as described in Tables 4.2 and 4.3, and using the combination of
primers listed in Table 4.4. The primers were chosen to the span intron-exon boundaries
and so that the resulting probes were between 800 and 1000bp long. The anti-sense probe
for ntl was kindly provided by Dr. Michelle Collins.

Table 4.2. Amplification of cDNA by PCR

Component Amount per reaction Final amount/concentration
Template cDNA 0,5uL 10-100ng
Forward primer (100puM) 0,5uL 0,5uM

Reverse primer (100uM) 0,5uL 0,5uM

Kappa PCR 2X master mix 50ulL 1X

Water 48,5uL -

Total volume 100pL -

Modified from (Thisse and Thisse 2008).
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Table 4.3. PCR conditions for ISH RNA probe synthesis

Cycle number Denature Anneal Extend

1 95°C, 4 minutes - -

2-36 95°C, 30s 55°C, 30 s 72°C, 1 minute
37 - - 72°C, 7 minutes

Taken from (Thisse and Thisse 2008).

Table 4.4. List of primers for ISH RNA probe synthesis

Probe Forward Reverse

meis2b CAGATCACAATCCAGCATCC TCTGATGGCTAGGTGAGGAG
myl7 AGACCAACAGCAAAGCAGAC TGATGCTCTACTCATAGTCAAGG

After the PCR, the product was loaded in a 1% agarose gel, the desired product band was
then excised and the product was cleaned using the Gel Extraction Kit and following
manufacturer’s instructions. Afterwards, the PCR product was ligated into pGEM-T easy
plasmid and then transformed. Three colonies were picked from the agar plate and grown
in LB medium containing ampicillin. Afterwards, the plasmids were extracted with the
Miniprep Extraction Kit and were sequenced with T7 and SP6, in order ensure the correct

sequence and the direction in which the PCR product was inserted into the vector plasmid.

Afterwards, a PCR with T7 (forward) and SP6 (reverse) primers was made with the
conditions shown in Table 4.3 and the PCR product was cleaned with the PCR Purification
Kit.

For the RNA anti-sense probe synthesis, the reaction was carried as indicated in Table 4.5.
To check the quality of the RNA probe, 1uL of the product was loaded in a 1% agarose gel,

a single band was observed in all cases, indicating that the RNA was not degraded.

The rest of the RNA probe was cleaned using the Zymo RNA cleaner and following
manufacturer’s instructions. After cleaning, the probe was diluted in HM" to a final

concentration of 1pug/mL and stored at -20°C until used.
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Table 4.5. RNA probe synthesis reaction

Component Amount Temperature/Time
Template: PCR product 400pg

10X DIG labeling mix 4uL

5X Transcription Buffer 8uL 37°C

RNase inhibitor 2uL 2 D

T7 or Sp6 enzyme 2ul

RNase free water Up to 40uL

DNasel 2uL 37°C for 30 minutes

4.11. 'Whole-mount in situ hybridization

Whole-mount ISH was performed as described in (Thisse and Thisse 2008) with minimal
modifications. Samples were fixed overnight at 4°C with Fish Fix. Later, the samples were
washed with PBS and successively dehydrated with methanol washes for five minutes each
(25% methanol / PBS, 50% methanol / PBS, 75% methanol / PBS, 100% methanol).
Samples were kept in 100% methanol at -20°C for at least 2h or up to one month. The ISH

protocol was performed in three days, as explained below:

4.11.1. Day 1 ISH — Permeabilization and Hybridization

Dehydrated samples were kept on the bench until room temperature was reached
(approximately 15 minutes). Afterwards, the samples were successively rehydrated with
five-minute washes with methanol (75% methanol / PBS, 50% methanol / PBS, 25%

methanol / PBS) and washed four times for five minutes with PBT.

Permeabilization was performed with proteinase K in PBT (10pug/mL), the time of digestion

varied according to the age of the fish as described in Table 4.6.

Table 4.6. Duration of tissue permeabilization for ISH

Developmental stage Duration of treatment

1 cell — tailbud stage 30s

50



- Methods -

Tailbud — 8 somites stage 1 minute

9 — 18 somites stage 3 minutes
18 somites stage — 36 hpf 10 minutes
36 hpf—5 dpf 30 minutes

Modified from (Thisse and Thisse 2008).

After permeabilization, samples were fixed with Fish Fix for 20 minutes and then washed
four times with PBT for five minutes. Posteriorly, the samples were prehybridized with

HM" for 2-5h at 70°C. Then, HM" was substituted with the RNA probe, diluted in HM™ to

a concentration of 1pug/mL and the samples were incubated to 70°C overnight.

4.11.2. Day 2 ISH — Blocking and antibody detection

The solutions were gradually changed from HM* to 2X SSC, through a series of ten-minute
washes at 70°C with 75% HM-/2X SSC; 50% HM-/2X SSC; 25% HM-/2X SSC and twice
with 2X SSC. Posteriorly, two washes with 0,2X SSC for 30 minutes at 70°C.

Afterwards, the 0,2X SSC solution was progressively replaced with PBT at room
temperature, doing ten-minute washes with: 75% 0,2X SSC / PBT; 50% 0,2X SSC / PBT;
25% 0,2X SSC / PBT and finalizing with two washes of 100% PBT.

Then, the samples were blocked with blocking buffer for 3-4h at room temperature with PBT
/ 2% sheep serum / 2mg/mL BSA. Later, the solution was replaced with anti-DIG antibody,
diluted in blocking buffer to 1/10.000 and the samples were incubated overnight at 4°C.

4.11.3. Day 3 ISH — Staining

To eliminate the excess of anti-DIG antibody, the samples were washed six times for 15
minutes with PBT at room temperature. Afterwards, all excess of PBT was removed from
the samples, and the solution was replaced with alkaline Tris buffer and incubated three

times for five minutes.

Then, the samples were transferred to 6- or 12-well culture plates and were incubated in
darkness with ImL of the staining solution until the desired staining intensity was reached

(depending on the RNA probe, the time average incubation time was between 1-2h).

51



- Methods -

To stop the staining reaction, the samples were transferred to 1,5mL tubes and the staining
solution was replaced with three washes for five minutes with PBT, followed by 20 minutes

fixation with Fish Fix, and then repeating the washes with PBT.

To eliminate the background staining, the samples were incubated with 50% methanol/PBT
for five minutes, then in 100% methanol for ten minutes. Afterwards, the methanol was
replaced with fresh 100% methanol, and the samples were incubated for 30 minutes and then

rehydrated with PBT. The samples were stored at 4°C in PBT until imaged.

4.12. In situ hybridization on paraffin sections

4.12.1. Tissue processing

Adult hearts were extracted and fixed with 4% PFA/PBS at 4°C overnight. Washed twice
for ten minutes with PBS and then gradually dehydrated with ten-minute washes with 30%
ethanol / H>O, 50% ethanol / H>O, twice with 70% ethanol / H>O, 80% ethanol / H,O, 90%
ethanol / H>O, 95% ethanol / H>O, 3 times with 100% ethanol. To preserve the RNA in the
sample, all washes were performed in sterile conditions. The hearts were transferred to a
plastic cassette and washed twice in xylene for 20 minutes at room temperature and then in
50% xylene/50% paraftin at 65°C for 1h. Afterwards, the cassettes were transferred to 100%
paraffin at 65°C for 2-3h and then overnight in fresh paraffin. The hearts were mounted in
paraffin blocks and stored at 4°C for up to one month. The sections were made with 12pum

thickness.

4.12.2. Hybridization

The slides were dewaxed in xylene for 10 minutes. Then gradually rehydrated with 100%
ethanol, 95% ethanol / H>O, 90% ethanol / H,O, 80% ethanol / H,O, 70% ethanol / H>O,
50% ethanol / H,O, 30% ethanol / H,O and 100% water for 30s, each wash. Then, three
washes in PBS for 3 minutes. To permeabilize the tissue, the sections were incubated in
15pg/mL proteinase K in PBS for ten minutes and fixed with 4% PFA / PBS for five minutes
and then washed with PBS. Afterwards, 200uL of the pre-hybridization solution were added
and the slides were incubated at 65°C for 1h. Finally, the probe was added to a final

concentration of 1pug/mL and incubated overnight at 65°C.
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4.12.3. Antibody detection

The sections were washed for ten minutes in 5X SSC at 70°C, twice in 0,2X SSC for 30
minutes. The slides were rinsed in MBST. After, the tissue was blocked with 2% blocking
reagent / 5% sheep serum / MBST at room temperature for 1-2h. Finally, the antibody was
diluted 1:4000 in 2% blocking reagent / 1% sheep serum / MBST and the sections were

incubated overnight at 4°C.

4.12.4. Staining

The excess of antibody was eliminated with 30-minute washes in MBST at room
temperature. Then, the slides were incubated three times for five minutes in alkaline Tris
buffer. Afterwards, 200uL BM Purple were added, and the slides were kept in the dark until
the desired intensity of the staining was reached. Afterwards, the slides were washed in PBT
pH 4,5 to stop the staining reaction and then fixed in 0,2 glutaraldehyde / 4% PFA / PBS at
room temperature for 1-2h, then washed three times for five minutes in PBS and finally

mounted with a drop of Mowiol.

4.13. RNAscope

The low expression levels of pitx2, make it difficult to precisely determine its expression
pattern in the mature zebrafish heart. Thus, RNAscope, an alternative and more sensitive
ISH technique, was employed. The probe for detecting pitx2 transcripts was designed by
Advanced Cell Diagnostics. Whole-mount RNAscope was performed as described in
(Gross-Thebing, Paksa et al. 2014) on five wpf hearts that carried the Tg(meis2b-reporter).
For imaging, the hearts were mounted on a glass slide with ProLong Diamond mountant and

imaged with a Zeiss LSM880 or LSM800 confocal microscope.

4.14. Trichrome

Hearts were embedded in paraffin, following the same procedure previously explained in
“In situ hybridization on paraffin sections; tissue processing”, paraffin sections had 8-10pum
thickness. After rehydration of the sections, the slides were incubated in preheated Bouins
solution at 56°C for 15 minutes. Then, the slides were cleaned under running water until all

color from the previous solution had disappeared. Afterwards, the slides were immersed in
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Weigert’s Iron Hematoxylin solution for five minutes, then briefly rinsed in 1% HCI /

Ethanol and then washed in H>O for five minutes.

Next, the slides were stained with phosphotungstic/phosphomolybdic acid solution for 15
minutes and then immediately transferred to an Aniline Blue solution. Then, the slides were
washed in 1% acetic acid/H>O. Last, the sections were gradually dehydrated by fast washes
in 90% ethanol/H20 and 100% ethanol and finally in xylene. A drop of mowiol was used

to mount the tissue. The sections were stored at room temperature until imaged.

4.15. Whole-mount Antibody Staining for Isl1

Antibody staining for Isl1 was performed as described in (Dong, Munson et al. 2007, Witzel,
Jungblut et al. 2012) with some modifications. Briefly, embryos of 30 hpf and 48 hpf,
carrying the meis2b-reporter were fixed with 2% formaldehyde in 0,1M PIPES / 1mM
MgSO4 / 2mM EGTA overnight at 4°C, and were kept in the fixative for up to one week.
Fixed embryos were washed twice with PBS and then blocked for 1h with PBST / 5% BSA
at room temperature with slow agitation. Embryos were incubated overnight at 4°C with

anti-Isl1 antibody, diluted to 1:10 ratio in blocking solution.

Next day, the samples were washed three times for 1h at 4°C with PBST. Finally, the
samples were incubated overnight at 4°C with the secondary antibody (Alexa Fluor 568),
diluted to 1:500 ratio in PBST. And then, washed with PBST, three times for 1h.

4.16. Whole-mount antibody staining on zebrafish embryos after ISH

The same protocol for whole-mount antibody staining on adult zebrafish hearts was
followed, with some exceptions: the samples did not undergo dehydration and were not
permeabilized because they had been already permeabilized when performing the ISH. The
samples were blocked with the previously described blocking buffer. The primary antibody
(chicken anti-GFP) was incubated overnight at 4°C, followed by 30-minute washes for five
times with the blocking buffer. The secondary antibody (goat-anti-chicken Alexa Fluor 488)

was incubated following the same procedure as with the primary antibody.
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4.17. Hyaluronic acid staining on paraffin sections

4.17.1. Tissue preparation

The hearts were fixed overnight at 4°C with acid-formalin-ethanol fixative, since it best
preserves the hyaluronic acid (HA) structure in the tissue (de la Motte and Drazba 2011).
Next day, the hearts were gradually dehydrated with series of ten-minute washes with 80%
ethanol / H>O, 90% ethanol / H,O, 95% ethanol / H,O, twice with 100% ethanol for ten
minutes and then once for 30 minutes. Afterwards, the hearts were placed in a plastic
cassette, and then immersed twice in xylene for 20 minutes at room temperature, then in
50% xylene/50% paraffin at 65°C for 1h. Next, the samples were incubated twice with 100%
paraffin for 2-3h at 65°C. Finally, the samples were mounted in paraffin and were allowed

to solidify overnight.

The paraffin blocks were cut to give 8um thick sections. The slides with the heart sections
were put on a hot plate at 40°C overnight to evaporate all the water. Afterwards, the samples

were kept at room temperature until used.

4.17.2. Staining

Before staining, the slides were washed twice in xylene for five minutes to remove all the
paraffin. Afterwards, the tissue sections were gradually rehydrated with a series of three-
minute washes with ethanol: 100% ethanol, 95% ethanol, 80% ethanol, 70% ethanol, 50%

ethanol, then rinsed twice in H>O and then twice in PBS.

The slides were incubated with blocking buffer for HA staining for 1h at room temperature.
Afterwards, the InmEdge hydrophobic pen was used to draw a contour around the sections.
Finally, the slides were incubated overnight at 4°C with the biotinylated HABP (dilution
4pg/mL) in blocking buffer. Next, the slides were washed three times with PBST, to
eliminate the excess of HABP. Afterwards, the slides were incubated at room temperature
for 1-2h with Streptavidin Alexa Fluor 555 (dilution 1/700) in blocking buffer. After, the
slides were rinsed three times in PBST. Finally, the sections were counterstained with DAPI
(dilution 1/3000) for twelve minutes in PBST and then rinsed fresh in PBST. To mount the
slides, a drop of Mowiol was added on top of the sections, covered with a coverslide and
then allowed to dry overnight in darkness. The slides were imaged with a Zeiss LSM780

confocal microscope.
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4.18. DEAB and retinoic acid treatments

DEAB and RA were prepared at a stock solution of 10mM in DMSO and diluted to the

desired working solutions with egg water.

For DEAB treatment, groups of 40 eggs were dechorionated at 30% epiboly and incubated
with 1uM DEAB (Waxman, Keegan et al. 2008) starting at 40% epiboly, 80% epiboly or

tailbud, until collection at eight, 17 or 22 somites stages.

For treatment with excess of RA, groups of 40 eggs were dechorionated at 30% epiboly and
incubated with 0.1uM RA for one hour. To eliminate the excess of RA, the embryos were
washed twice with egg water and collected at eight, 17 or 22 somites stage (Waxman and

Yelon 2009).

Embryos that were treated at 40% epiboly and collected at 22 somites, were selected for
positively carrying the Tg(meis2b-reporter),; Tg(myl7:mCherry) background and were fixed
overnight with Fish Fix. Finally, fixed embryos were washed with PBT, the yolk was
removed, and the embryos were mounted in 1,1% low-melt agarose and imaged ventrally

using a Zeiss LSM880 or LSM780 confocal microscopes.

Embryos that were collected at 8 and 17 somites stages, were sorted for positively carrying
Tg(meis2b-reporter) background and were fixed overnight. Then, ISH for nt/ + hand?2 (for
8 somites) or nt/ + myl7 (for 17 somites) was performed on the embryos, followed by
antibody staining against GFP. Afterwards, the yolk was removed and the embryos were
mounted in 1% low-melt agarose and imaged ventrally using a Zeiss LSM880 or LSM780

confocal microscopes.

The percentage of the heart field area that expresses Tg(meis2b-reporter), was calculated by
measuring the myl/7-positive area and the myl7;Tg(meis2b-reporter)-positive area with
ImagelJ/Fiji. The statistical significance of the values was calculated using paired student’s

t-test with one tail distribution, with the Past (PAleontological STatistics) software.

4.19. Morpholino and plasmid injections

Sng of isl] ATG morpholino from Gene Tools, LLC
(CCCATGTCAAGAAAGTAAGGCGGTG) were injected into one-cell stage embryo
carrying the Tg(meis2b-reporter); Tg(myl7:mCherry) (Hutchinson and Eisen 2006). After
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injection, the embryos were raised until 48 hpf and the expression of Tg(meis2b-reporter)

was evaluated by imaging the embryos using a Zeiss LSM700 confocal microscope.

For injections of plasmids containing over-expression constructs of meis2b, InL of the
following solution was injected into one-cell stage embryos: 1uL of Tol2 mRNA + 2uL
Phenol Red + 1uL of 250ng/uL of the desired construct + 6uL HoO. The embryos were

raised and sorted for mosaic fluorescence at 2-3 dpf.

4.20. Cryosections

The tissue was dissected and fixed in Fish Fix overnight at 4°C. Next, the samples were
washed with PBS and then transferred to 10% sucrose / PBS until the tissue sank at the
bottom of the tube. Afterwards, the samples were incubated overnight at 4°C in 30% sucrose
/ PBS. Finally, the samples were mounted in OCT and were stored at -80°C until used. The

sections had 10-12um thickness.

4.21. Genotyping of meis2b

meis2b mutant allele (meis2b*?%%) is characterized by a seven bp deletion and a codon

substitution, leading to an earlier stop in the amino acid sequence (Fig. 4.1).

IR T T I O T R O T I I O I NI A A I A N I I IR A A

40 50 (0] 70 g0 S0
WT CTECGAEGCTGECCACATGCACACCEAGRAGAGCCEGEAGTCECTEGAGGAGAT
meizs2lh S8B8  [f - e e - R

Figure 4.1. meis2b***® allele in exon 4. Nucleotide sequences of meis2b WT and
meis2b***® alleles.

To genotype the meis2b mutant fish, a PCR was performed, followed by analysis of the PCR

product by electrophoresis. The following primers were used:

1. meis2b Forward Primer: CCTAACCGCAACAATAAACCA
2. meis2b WT Reverse Primer: CCCGGCTCTCTCGGTGTGCAT
3. meis2b Mutant Reverse Primer: GACTCCCGGCTCTCTCGC

Two PCR reactions were set for each sample: the first one with meis2b Forward Primer, in

combination with meis2b WT Reverse Primer, giving a product of 210 bp. The second PCR
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with meis2b Forward Primer, in combination with meis2b Mutant Reverse Primer and gives
a 207 bp long product. The common meis2b Forward Primer binds the end of intron three.
The meis2b WT Reverse Primer binds exclusively the meis2b WT allele. Therefore, the first
PCR determines the presence of the WT allele in the DNA sample.

The meis2b Mutant Reverse Primer binds exclusively the meis2b**% allele. Consequently,

the second PCR determines the presence of the mutant allele in the sample (Fig. 4.2).

X
X X\
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meis2b
! WT allele
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_— mutant allele

200 kb —p - -

Figure 4.2. Genotyping of meis2b alleles by PCR. A PCR made for the meis2b WT allele
(top panel) and for the meis2b*?*% allele (lower panel). meis2b™* sample shows a band in
the PCR for WT allele. meis2b*" sample shows a band in the PCR for WT allele and in
the PCR for the mutant allele. meis2b” sample shows a band only in the PCR for the
mutant allele.

4.22. RT-qPCR analysis

All RT-gqPCR analyses were done in triplicates using an Illumina Real-Time PCR cycler.
Primers were designed using PerlPrimer, and rp//3 was used for normalization. Primer
sequences are listed in Table 4.7; the primer mix was made as follows: 50uL Forward primer
+ 50uL Reverse primer + 900 uL. H>O. For the RT-qPCR reaction: Sul. Sybr Green 2X
Master Mix + 4uL primer mix + 1 uLL cDNA, for a total of 10uL.

58



- Methods -

Table 4.7. List of primers used for RT-qPCR.

Gene Forward Reverse

rpll3 TAAGGACGGAGTGAACAACCA  CTTACGTCTGCGGATCTTTCTG
pitx2c  CACACGGTTTCAGACACCTC CTTGAACCACACTCGGACTC
coll8a GGTGTGAACGGATATAAAGGA  CTTCATATCTGCCAAATCTGTC
1 G C

stab2 TGAATGTCTGCTGAATCCTCCA  CTCTTGTTCTCCCACTGGCT

4.23. kikGR mRNA injections and photoconversion

4.23.1. kikGR mRNA injection

A pCS2+ linearized plasmid containing the kikGR (Kikume Green to Red) sequence was
kindly provided by Dr. Michelle Collins. kikGR is a green fluorescence protein (excitation:
488nm) that can be illuminated with UV light at 405nm and be permanently photoconverted
to a red fluorescence protein (excitation: 561 nm), this protein is commonly used for lineage
tracing experiments (Tsutsui, Karasawa et al. 2005, Nowotschin and Hadjantonakis 2009).
The mRNA was synthesized using mMESSAGE mMACHINE SP6 Transcription Kit from
Invitrogen, following manufacturer’s instructions. 100pg of kikGR were injected into one-
cell stage Tg(myl7:BFP-CAAX)""!% embryos (this transgenic line allows visualization of
The fertilized and

the cardiomyocyte membrane with a blue fluorescent protein).

successfully injected embryos were raised.

4.23.2. Photoconversion

Dechorionated embryos of 20-23 somites stage were mounted on 0,8% agarose with the
dorsal side up, so that the cardiac disc could be easily visualized. The photoconversion was
carried as follows: using a Zeiss LSM 880 confocal microscope the “Bleaching” option was
selected. Then, the heart disc was visualized, and the anterior or the posterior half of the
disc were selected using the option “Regions”. Last, the regions of interest were
photoconverted using a 405nm wavelength laser, with 15% intensity and seven iterations.

After photoconversion, the embryos were transferred to egg water and raised until 48 hpf.

4.23.3. Cell tracking
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At 48 hpf, the embryos with photoconverted kikGR were again mounted in 0,8% agarose,
and the hearts were visualized with a Zeiss LSM 880 confocal microscope. The hearts were
scanned twice: first, the green kikGR together with the photoconverted kikGR were imaged.
Then, the hearts the BPF from the cardiomyocyte membrane was visualized, using a 405nm

wavelength laser. The channels were later merged using the ImagelJ software.

4.24. Microarray

To determine the possible downstream targets of Meis2b, the following expression profiles
were compared: 48hpf whole larvae of meis2b” to meis2b™* siblings, whole heart of three
wpf meis2b”" to meis2b*" siblings, atria of three mpf meis2b”" to meis2b*" siblings, and
ventricle to atrium of three mpf WT zebrafish (Table 4.8). OakLabs (Hennigsdorf,

Germany) performed the microarray using ArrayXS Zebrafish 8x60K.

To determine putative cardiac transcriptional targets of Meis2b, the following selection
criteria were used: downregulated or unchanged in 48 hpf meis2b” larvae, downregulated
more than 1.5 fold in three wpf meis2b” hearts and in three mpf meis2b” atria, more than

fivefold atrial enrichment (Table 4.8).

Table 4.8. Selection criteria for possible Meis2b downstream targets.

genotype meis2b " meis2b " meis2b" meis2b "
Vs. Vs. Vs. Vs.
genotype meis2b " meis2b - meis2b - meis2b "
stage 48 hpf 3 wpf 3 mpf 3 mpf
tissue whole embryo whole heart atrium atrium vs. ventricle
fold change of unchanged down down atrial
target genes or down regulated (>1.5x) | regulated (>1.5x) enriched (>5x)
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4.25. Image processing

Imaris software was used to count the number of cells in the adult atrium of meis2b™* and
meis2b*" after EAU labeling and cardiomyocyte nuclei staining. Imaris was also used to

perform 3D rendering of the 48 hpf hearts from is// morphants.

Zen software in Black and Blue editions were used to acquire images from all Zeiss confocal
and light sheet microscopes, as well as processing such as: contrast and brightness

adjustments, maximum intensity projections and cropping.

Imaging Software NIS-Elements was used to acquire images using the Nikon SMZ25 stereo

microscope. The same software was used to adjust the contrast and brightness.

ImageJ was employed to adjust contrast, and brightness and to create maximum intensity
projections of confocal images. Additionally, Image] was used to merge the red and blue

channels from the images obtained with after kikGR photoconversion.

4.26. Generation of meis2b overexpression constructs

Three different constructs were made in parallel where meis2b was expressed under the
control of the atrial specific myosin (myh6) promoter. The first construct: myh6.:meis2b, in
which the vector had also integrated cristallin: GFP, which allowed to screen for embryos
that were carrying the meis2b over-expression construct. In the second construct,
myh6:TdTomato-2A-meis2b, the TdTomato was fused to a 2A self-cleaving peptide, which
allows the expression of TdTomato in the cells that are overexpressing meis2b. And finally,

the third construct: myh6.:meis2b-2A-TdTomato.

Figures 4.3 to 4.5, explain the workflow in which all three constructs were cloned, along
with the restriction enzymes used for each construct. meis2b CDS was obtained by
amplification of cDNA, and the DNA was amplified using primers that added unique
restriction sites at the end of the PCR product. The constructs containing the myh6 promoter,

TdTomato-2A and 24-TdTomato were kindly provided by Dr. Sven Reischauer.
The double digestion reactions with the respective restriction enzymes were as follows:

e Sug plasmid
e 2uL CutSmart 10X buffer
e lpL restriction enzyme 1

e lpuL restriction enzyme 2
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e H>O until 20pL

e Overnight incubation at 37°C

The products were then ligated into the vectors as previously explained.

A BamHI
CIaI BamHI CIaI
Bam"“ EcoRV BarH EcoRV

i s
° N,

Figure 4.3. Cloning workflow for myh6.:meis2b construct. (A) The plasmid containing
the myh6 promoter and the backbone were digested with Clal and BamH1 and then ligated
together, resulting in the construct shown in B. (B) The vectors containing myh6 and

meis2b were digested with BamH1 and EcoRV. (C) After ligation, the final
overexpression construct was obtained.

AvrII BamHI Spel BamHI
BamHl Eagl BamHI Eagl
Eagl
9 XhoI Eagl Xhol
myh6 | TdTomato | 2] @

myh6 {TdTomato | 2A1 meis2b

Figure 4.4. Cloning workflow for myh6:TdTomato-2A-meis2b construct. (A) The
plasmid containing myh6 promoter was digested with Avrll and BamHI, the backbone was
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digested with Spel and BamHI (Avrll and Spel have compatible ends) and then, the
linearized plasmids were ligated together. (B) The plasmids containing the myh6 promoter
and TdTomato-24 were digested with BamH1 and Eagl and then ligated together. (C)
Plasmids were both digested with Eagl and Xhol, and then ligated. (D) After a third
ligation, the final overexpression construct was obtained.
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BamHI

@Qm)

BamHI Eagl
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Figure 4.5. Cloning workflow for myh6:meis2b-2A-TdTomato construct. (A) The
plasmid containing myh6 promoter was digested with Avrll and BamHI, the backbone was
digested with Spel and BamHI (AvrIl and Spel have compatible ends) and then ligated
together. (B) The plasmids containing myh6 promoter and meis2b CDS were digested with
BamH]1 and Eagl and then ligated together. (C) Plasmids were both digested with Eagl
and Xhol, and the ligated. (D) After a third ligation, the final overexpression construct

was obtained.

Table 4.9. List of primers used for the creation of the meis2b overexpression constructs.

Gene
Clal-amhc-
BamHI
BamHI-meis2b-
EcoRV
Avrll-amhc-
BamH1
BamH1-
TdTomato-2A-
Eagl
Eagl-meis2b-
Xhol

Forward
ATCGATGCTAAAGTGGCAGT
GTGCCG
GGATCCATGCTGATGGCTCA
ACGG
CCTAGGGCTAAAGTGGCAGT
GTGCCG
GGATCCATGGGCTGCATCAA
GAGCAAG

CGGCCGATGCTGATGGCTCA
ACGGTAC
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Reverse
GGATCCCGTGAATATGGTTT
TCAGG
GATATCTTACATGTAGTGCC
ACTGTCC
GGATCCCGTGAATATGGTTT
TCAGG
CGGCCGTGGGCCAGGATTCT
CCTCG

CTCGAGTTACATGTAGTGCC
ACTGTCC
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GAAAACCATATTCACGGGAT AGTAGCTCCGCTTCCCGGCC
CCATGCTGATGGCTCAACGG GTTACATGTAGTGCCACTGT
TA C
TGGCACTACATGTAACGGCC CTATAGTTCTAGAGGCTCGA
GGGAAGCGGAGCTACTAAC  GTTACTTGTACAGCTCGTCC
TT A

BamH1-meis2b-
Eagl

Eagl-2A-
TdTomato-Xhol
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V. Results

Note: Parts of this chapter will be included in the article “Distinct myocardial lineages break
atrial symmetry during cardiogenesis in zebrafish” from Guerra, A. et al. (manuscript in
preparation). All experiments and results shown in this thesis were performed by Almary
Guerra. Dr. Sven Reischauer and Prof. Dr. Didier Stainier supervised this project and helped
with experimental design. Raoul Freitas and Dr. Sven Reischauer created the meis2b mutant
line (meis2b***®) and the respective genotyping method. The Tg(myl7:BFP-CAAX)""s'%} line
used in this study was established by Dr. Suchit Ahuja. Dr. Oliver Stone provided the
modified BAC (CH211-128L12), used in creating the TgBAC(meis2b: GAL4FF)"! line.

In humans, mutations in MEIS?2 lead to a great number of congenital malformations, such as
cleft palate, facial dysmorphism, epilepsy, mental retardation, delayed motor development,
and atrial and ventricular septal defects (Erdogan, Ullmann et al. 2007, Chen, Lin et al. 2008,
Crowley, Conlin et al. 2010, Louw, Corveleyn et al. 2015). In mouse, it has been reported
that MEIS2 is important in the development of tissues derived from neural crest. Meis?2
deficient mice display defects in facial nerves, in head bones and cartilages, delayed ocular
development, small body and liver size compared to WT siblings, and die between E13.5
and E14.5 due to severe hemorrhaging (Machon, Masek et al. 2015). Furthermore, Meis2
mutant mice also show congenital heart defects, characterized by persistent truncus
arteriosus and absence of the aortic and pulmonary valves (Machon, Masek et al. 2015).
From studies performed in mammals, it becomes clear that MEIS2 is an important regulator

of various processes during embryonic development.

In zebrafish, Meis2 has two orthologues, meis2a and meis2b. It has been reported that
meis2b morphants show delayed cardiac looping and slower heart rate (Paige, Thomas et al.
2012), whereas meis2a morphants display defects in craniofacial development (Melvin,
Feng et al. 2013). Therefore, this chapter will be dedicated to understanding the effect of

the loss-of-function of meis2b in the zebrafish heart development and morphogenesis.
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Role of Meis2b in zebrafish heart development and asymmetry

Systemic and pulmonary vascular circuits require dedicated left and right cardiac chambers,
which are present in terrestrial vertebrates but not in teleost fish. Whether left-right (L-R)
chamber specification arose de novo in higher vertebrates, or whether it evolved from
preexisting molecular patterns, remains to be elucidated. Consequently, mutations
interfering with cardiac L-R asymmetry are associated with patterning and septation defects
in humans and constitute the leading cause of congenital disorders (Hoffman 1995, Mammi,

De Giorgio et al. 1998, Gudbjartsson, Arnar et al. 2007).

In the search for chamber-specific candidate genes that could be linked to atrial and

ventricular septation defects, the expression profiles of atria and ventricles of adult zebrafish
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hearts were compared (Fig. 5.1).

ventricular RNA

Figure 5.1. Schematic representation of the workflow to determine chamber-specific
expression profiles. The hearts of three mpf zebrafish were extracted and the atria
dissected from the ventricles. Total RNA of atria and ventricles was isolated and then
compared using a microarray.

The expression of atrial enriched transcription factor genes was analyzed and, interestingly,
expression of meis2b was found to be highly enriched in the atria of three mpf zebrafish
(Table 5.1). This result made meis2b a very interesting candidate to study its role in heart
development, since mutations in MEIS2 have been associated with atrial and ventricular
septal defects in humans (Louw, Corveleyn et al. 2015). Additionally, the expression of
pitx2, a key regulator of asymmetric cardiac development, was also found to be highly
enriched in the atrium, resembling its atrial-specific expression pattern found in the
mammalian heart (Franco, Christoffels et al. 2014). pitx2 and its relationship with meis2b

will be discussed later in this chapter.
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Table 5.1. Expression of chamber-specific transcription factor genes and myosin genes in
the zebrafish adult heart. The expression profiles of atria and ventricles were obtained
using a microarray. -log>(fold change Atria vs Ventricles) is shown. Negative values
represent atrial-enriched genes and positive values represent ventricular-enriched genes.

Gene -log2(Fold Change)
myh6 -5,803683649
meis2b -5,811560939
pitx2 -4,443606651
id4 -3,700560925
shox2 -3,554771323
vmhcl 5,883161005

5.1.  meis2b mutants do not show cardiac looping defects

Since MEIS2 is important in cardiac development in humans, and given its restricted
expression pattern in the zebrafish, we decided to study the effect of the loss-of-function of
meis2b in the zebrafish heart development. For this purpose, a meis2b mutant allele was
used, which is characterized by a seven bp deletion, followed by a codon substitution

(meis2b**%%).

Earlier published work has shown that knockdown of meis2b results in delayed cardiac
development and cardiac looping defects (Paige, Thomas et al. 2012). To test whether the
meis2b mutants recapitulate the phenotype observed in the meis2b morphants, a blind
experiment was performed, where the overall morphology and looping of the hearts from a

meis2b*" incross were evaluated before knowing the genotype of the fish.

The hearts of 32 fish at 48 hpf were observed; to visualize the heart shape and the
cardiomyocytes, the Tg(myl7:LA-GFP) together with Tg(-5.Imyl7:nDsRed2) were
employed. Interestingly, 28 of 32 hearts were correctly looped at 48 hpf; while only four of
32 were not looped (Fig. 5.2). 17 fish with looped hearts were randomly selected and
genotyped, a mendelian ratio was observed, with 50% of the fish meis2b*", 25% for
meis2b*", and 25% for meis2b”". The same trend was observed after genotyping the four

fish with unlooped hearts (Table 5.2).

Furthermore, no additional cardiac defects were observed during embryonic cardiac
development of the meis2b mutants. These results indicate that mutations in meis2b do not
affect embryonic heart development, in contrast to the knockdown experiments that have

been previously published (Paige, Thomas et al. 2012).
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Looped Not Looped

Tg(myl7:LA-GFP);
Tg(-5.1myl7.nDsRed2)

Figure 5.2. meis2b mutants do not display early cardiac developmental defects.
Brightfield picture of 48 hpf Tg(myl7:LA-GFP) together with Tg(-5. Imyl7:nDsRed2)
embryos from a meis2b™" incross. (A) 28 out of 32 hearts were looped. (B) four out of 32
hearts failed to loop. Scale bars: 100 pum.

Table 5.2. Genotyping of 48 hpf embryos from a meis2b™" incross, with looped and
unlooped hearts.

meis2b™* meis2b™" meis2b™” Total
Looped 4 e 4 17
Not looped 1 2 1 4

5.2.  Loss of meis2b causes abnormal atrial growth

In contrast to previously published knockdown experiments (Paige, Thomas et al. 2012), no
early cardiac morphogenetic defect was observed in meis2b”" at early stages of development.
However, starting from three wpf, the atria of the meis2b” fish were significantly enlarged
when compared to WT siblings (data obtained provided by Raoul Freitas. This result has
not been published, but is included in Guerra et al., manuscript in preparation). At three
mpf, the abnormal atrial growth persisted, causing a pericardial bulge in the adult meis2b™
fish (Fig. 5.3). Interestingly, two different levels of atrial growth were observed in the
meis2b mutants: less than 5% of the adult meis2b”" developed an extreme atrial growth,
which caused a highly prominent pericardial area (Fig. 5.3 C, F, F’), while the majority of
the adult meis2b mutants exhibited a milder atrial growth and a smaller pericardial bulge.

However, trichrome staining and analysis of confocal projections of the adult meis2b” hearts
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revealed that the overall myofibrillar architecture and the formation of the atrioventricular

valves in the meis2b” are normal.

Figure 5.3. meis2b” display abnormal atrial growth. (A-C) 4mpf meis2b” and WT
siblings are shown. Adult meis2b” display pericardial bulging (arrows). (D-E) Trichrome
staining on paraffin section of the hearts from the fish in A-C reveals the mild (E) and
extreme (F) abnormal atrial growth in meis2b mutants. (D’-F’) zoom of the
atrioventricular canal area of the hearts in D-F shows normal valve formation. A, atrium,;
V, ventricle. Scale bars: (A-C) Imm, (D-E) 500um, (D’-E”) 50um.

5.3.  Loss of meis2b increases atrial cardiomyocyte proliferation

To elucidate whether the meis2b mutants exhibit enlarged atria due to excessive cell
proliferation, the atrial proliferation ratio was determined with the help of EAU detection.
EdU is a Thymidine analog which is incorporated in proliferating cells and later can be easily
detected using a Click reaction (Salic and Mitchison 2008). For this purpose, EAU was
injected in three mpf meis2b mutants and WT siblings carrying Tg(-5.Imyl7:nDsRed2)".
Afterwards, the fish were incubated for four days in the system and later, the hearts were
extracted and stained with anti-DsRed, followed by detection of EAU. Finally, the hearts
were cleared using iDisco and imaged using a confocal microscope. All proliferating atrial

cardiomyocytes were counted with the help of Imaris software.

Adult meis2b”, showed 10,02% (+1.12) of proliferating atrial cardiomyocytes, in contrast
to the 2.78% (£0.49) in WT siblings (Fig. 5.4). These results suggest that excessive atrial

69



- Results -

cardiomyocyte proliferation greatly contributes to the abnormal atrial growth observed in

the meis2b mutants.
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Figure 5.4. Increased atrial cardiomyocyte proliferation in meis2b”. (A) Atrial
cardiomyocytes from three mpf meis2b”- show significantly increased proliferation in
comparison to WT siblings. (B-C) Cleared hearts from three mpf fish show the
abnormally enlarged atrium in the meis2b mutants. Significant differences compared with
control are indicated (**p<0,005); error bars indicate £SD. Scale bar: 1mm.

5.4. meis2b expression in the adult heart

To better understand how Meis2b works in the heart, it is important to understand the cardiac
expression pattern of meis2b. Therefore, an ISH for meis2b was performed on paraffin
sections of zebrafish adult hearts. Interestingly, ISH experiments revealed that meis2b is
expressed only on the left side of the atrial myocardium, near the OFT. These results indicate
that meis2b has an asymmetric expression pattern in the adult zebrafish heart (Fig. 5.5), a
characteristic that had not yet been described for any of the meis genes in zebrafish or in

other species. These results constitute the first evidence of asymmetry in the zebrafish

atrium.
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Figure 5.5. meis2b is asymmetrically expressed in the atrium. (A-B) In situ hybridization
on paraffin sections of 6 mpf zebrafish hearts for meis2b (A) and the cardiomyocyte
marker myl7 (B). The restricted expression of meis2b can be observed in (A). Scale bars:
Imm.

5.5  Establishment of the meis2b reporter line

A modified BAC (CH211-128L12), containing the GAL4FF sequence after the start codon
of meis2b was kindly provided by Dr. Oliver Stone. 25pg of the modified construct
(meis2b:GAL4FF) were injected into one-cell stage embryos carrying the
Tg(5xUAS:EGFP) " uasgibla transgene (Asakawa, Suster et al. 2008). Embryos that were
successfully injected and that showed EGFP expression were raised. After three mpf, the
adult FO fish were outcrossed to WT fish, and the F1 progenies were evaluated to determine
if the FO parents carried the meis2b: GAL4FF transgene in their germ line (founder fish).
Two founders were recovered and the progeny was raised, therefore establishing the

TgBAC(meis2b: GAL4FF)""'3 (Guerra et al., manuscript in preparation).

In order to validate this newly established transgenic line, the expression pattern of the
TgBAC(meis2b: GAL4FF)""13; Tg(5xUAS: EGFP)"asglbla (hereon referred to as Tg(meis2b-
reporter)) was compared to the endogenous expression of meis2b observed with ISH, at 24
and 48 hpf. The Tg(meis2b-reporter) line was found to recapitulate the expression pattern
of the endogenous meis2b expression. At 24 hpf, the expression Tg(meis2b-reporter) can
be observed in the olfactory bulb, brain and neural tube and heart tube. At 48 hpf, the
expression of meis2b detected with ISH and the expression Tg(meis2b-reporter) can be
observed in the retinal cells in the eyes, fin buds, brain and neural tube (Fig. 5.6).
Interestingly, at 24 and 48 hpf, the Tg(meis2b-reporter) is expressed in the cardiac tissue, in
contrast to what can be seen in with the ISH, where the expression levels of meis2b are too

low and cannot be appreciated with conventional ISH.
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TgBAC(meis2b:GAL4FF);

messn Tg(5xUAS:EGFP)

24 hpf

48 hpf

Figure 5.6. Validation of the Tg(meis2b-reporter) line. Left column: ISH for meis2b at
24 and 48 hpf. Central and right columns: expression of Tg(meis2b-reporter) at 24 and 48
hpf. Tg(meis2b-reporter) and endogenous meis2b are expressed in the same areas of the
embryos (arrow heads). B, brain; E, eye; NT, neural tube; OB, olfactory bulb. Scale bars:
100pm.

5.6. Asymmetric expression of Tg(meis2b-reporter) in the embryonic heart

To closely follow the expression pattern and dynamics of the Tg(meis2b-reporter)
throughout heart development, Tg(meis2b-reporter) fish were crossed to different transgenic
lines that allow the visualization of the distinctive cell types that compose the developing

heart.

myosin light chain 7 (myl7) is exclusively and highly expressed in the cardiomyocytes; the

transgenic line Tg(myl7:mCherry) expresses cytosolic mCherry under the control of myl/7
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promoter, which makes this line an excellent tool for visualization of the cardiomyocytes

since early stages of development (Langenbacher, Huang et al. 2012).

Tg(meis2b-reporter),; Tg(myl7:mCherry) embryos at different developmental stages were
fixed, flat-mounted and imaged ventrally using a confocal microscope. Interestingly, at 23
somites stage, after the heart disc has been formed, the Tg(meis2b-reporter) is expressed in
the cardiomyocytes located in the posterior half of the heart disc (Fig. 5.7 A). This restricted
expression pattern is consistent with what has been observed at earlier stages, where meis2b
is expressed in a more posterior subset of the gata4+ cardiomyocyte progenitors in the heart
field in the ALMP (Paige, Thomas et al. 2012). Later, due to the migration and rotation of
the cardiomyocytes in the heart disc (Rohr, Otten et al. 2008, Smith, Chocron et al. 2008),
the Tg(meis2b-reporter)-positive cells are found in the ventral region of the heart tube,

adopting a dorso-ventral configuration (Fig. 5.7 B).

TgBAC(meis2b:GAL4FF);
Tg(5xUAS:EGFP)

Tg(myl7: mCherry) merge

20.5 hpf
(23 somites)

Figure 5.7. Tg(meis2b-reporter) is asymmetrically expressed in the embryonic heart.
Confocal projections of Tg(meis2b-reporter),; Tg(myl7:mCherry) at 20,5 hpf (A) and 24 hpf
(B). (A) Tg(meis2b-reporter) is expressed in the posterior compartment of the heart disc
(n=16). (B) Tg(meis2b-reporter) is exclusively expressed in the ventral side of the heart
tube (n=14). Ventral views, anterior up. Scale bars: 100um.
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5.7.  Tg(meis2b-reporter) expression in the larval and mature heart

At three dpf, once the heart tube has looped and the atrium and ventricle are formed,
Tg(meis2b-reporter) expression can be observed in the dorsal and left side of the atrium, in
the inflow tract and in a small portion of the ventricle near the atrioventricular canal (Fig.
5.8A). After six dpf, the expression of Tg(meis2b-reporter) is completely restricted to the
left side of the atrium, near the outflow tract and no expression in the ventricle can be
detected (Fig. 5.8B). In the mature heart, the expression of the Tg(meis2b-reporter)
resembles the endogenous expression observed with ISH on sections, as shown in Fig. 5.5.
At three mpf, the meis2b reporter maintains its asymmetric expression in the atrium, being

only observed on the left side of the atrium (Fig. 5.8C).

Altogether, these data imply that there is an anterior-posterior asymmetry in the heart disc,
which can be evidenced by the restricted expression of the Tg(meis2b-reporter). Later, due
to the migration and rotation of the cardiomyocytes, this anterior-posterior asymmetry is
translated to a dorso-ventral asymmetry and, after the heart is formed, the dorso-ventral
pattern changes to a L-R asymmetry which remains from larval stages until adulthood

(Bakkers, Verhoeven et al. 2009, Bakkers 2011).

TgBAC(meis2b:GAL4FF); |
Tg(5xUAS:EGFP);
Tg(myl7: mCherry)

TgBAC(meis2b:GAL4FF);
Tg(5xUASEGFP)
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Figure 5.8. Tg(meis2b-reporter) is expressed in the left side of the mature atrium. (A) At
three dpf Tg(meis2b-reporter) expression can be observed in the dorsal and distal side of
the atrium, in the inflow track (white arrow) and in the ventricle, next to the
atrioventricular canal (red arrow) (n=8). (B) At six dpf, meis2b reporter is exclusively
expressed in one side of the atrial myocardium (dotted line) (n=5). (C) Expression of
meis2b reporter is restricted to the left side of the atrium in the adult heart (dotted line)
(n=15). (A) ventral view, anterior up; dotted line delimits the heart; (B-C) lateral views,
anterior left; A, atrium; V, ventricle. Scale bars: (A-B) 100 um, (C) 500 um.
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5.8.  Expression of 7g(meis2b-reporter) in the ventricular progenitors

In the mature heart, meis2b is expressed in the atrium. However, during heart development,
Tg(meis2b-reporter) seems to be expressed in both atrial and ventricular precursors; to
determine the extent to which meis2b is expressed in the atrial or ventricular progenitors, the
Tg(meis2b-reporter) was crossed to a Tg(vmhc:mCherry-NTR), which expressed mCherry
under the control of the ventricular myosin heavy chain (vmhc) promoter (Zhang, Han et al.
2013). At 20,5 hpf, Tg(meis2b-reporter) can be observed in the ventricular cardiomyocyte
precursors in the heart disc, as well as in the atrial cardiomyocyte precursors located in the
posterior half of the heart disc (Fig. 5.9 A). At 24 and 30 hpf, the Tg(meis2b-reporter) can
be observed in the ventricular cardiomyocytes in the ventral side of the heart tube, as well

as in the atrial progenitors, which are rostral to the ventricular progenitors (Fig. 5.9 B-C).

TgBAC(meis2b:GAL4FF);

Tg(5xUAS:EGFP) Tg(vmhc:mCherry-NTR) merge

20.5 hpf
(23 somites)
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Figure 5.9. Tg(meis2b-reporter) is expressed in the ventricular and atrial progenitors.
Confocal projections of Tg(meis2b-reporter),; Tg(vmhc:mCherry-NTR) at 20,5 hpf (A), 24
hpf (B) and 30 hpf (C). (A) In the heart disc, the Tg(meis2b-reporter) colocalizes with
Tg(vmhc:mCherry-NTR) in the ventricular progenitors located in the posterior half of the
heart disc (n=5). (B-C) At 24 and 30 hpf, Tg(meis2b-reporter) is expressed in the
ventricular cardiomyocytes located on the ventral side of the heart tube (n=5). Ventral
views, anterior up. Scale bars: 100 pm.

5.9. Tg(meis2b-reporter) is not expressed in the endothelial tissue during heart

development

During embryonic development, the endocardium and the myocardium are essential for
cardiac formation (Staudt and Stainier 2012). To determine if the Tg(meis2b-reporter) is
expressed exclusively in the cardiomyocytes or if it is also expressed in the endothelial
progenitors, the Tg(meis2b-reporter) was crossed to the endothelial marker Tg(kdrl: HRAS-
mCherry) (Chi, Shaw et al. 2008). Neither in the heart disc nor in the forming heart tube,
the Tg(meis2b-reporter) was found to colocalize with endothelial cells (Fig. 5.10). Instead,
at 19 hpf, the krdl-positive cells were located ventral and dorsal to the meis2b-positive cells.
Two streams of kdri-positive cells extended anteriorly to the heart disc were observed, but
no coexpression with 7g(meis2b-reporter) was detected. Altogether, these data indicate that
Tg(meis2b-reporter) is expressed exclusively in the myocardium during cardiac

development.

TgBAC(meis2b:GAL4FF);
Tg(5xUAS:EGFP)

Tg(kdrl:HRAS-mCherry) merge

19 hpf
(20 somites)
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Figure 5.10. Tg(meis2b-reporter) is not expressed in endothelial cells. Confocal
projections of Tg(meis2b-reporter),; Tg(kdrl: HRAS-mCherry) embryos at 19 hpf (n=5) (A)
and 22,5 hpf (n=4) (B) indicate that the Tg(meis2b-reporter) does not colocalize with the

endothelial marker. Ventral views, anterior up. Scale bars: 100pm.

5.10. Anterior-posterior asymmetry in the heart disc is translated to left-right
asymmetry in the heart at 48 hpf

A lineage tracing experiment was designed to determine if the Tg(meis2b-reporter)-positive
cells from the left side of the 48 hpf heart are the same Tg(meis2b-reporter)-positive cells
from the posterior half of the cardiac disc. 100pg of mRNA of the photoconvertible protein
kikGR (Tsutsui, Karasawa et al. 2005, Nowotschin and Hadjantonakis 2009) were injected
into Tg(myl7:BFP-CAAX)""'%3 one-cell stage embryos. At 20-23 somites stage, the
posterior or the anterior halves of the cardiac disc were photoconverted using an LSM880
confocal microscope (Fig. 5.11). Since kikGR was expressed in all tissues of the embryos,
all the tissues that are dorsal or under the posterior half of the heart disc were photoconverted

(eg., endocardium, notochord, etc.).

kikGR

heart disc kikGR photoconverted kikGR

23 somites

posterior half

anterior half

Figure 5.11. Photoconversion of kikGR in the posterior or anterior halves of the heart
disc. Top panel: kikGR photoconversion in the posterior half of the heart disc. Lower
panel: kikGR photoconversion in the anterior half of the heart disc. (A, B) Dorsal view of
the heart disc (black, dotted circle) and the region selected for photoconversion (red
square). (A’, B’) kikGR expression before photoconversion. (A”’, B*”) kikGR expression
after photoconversion.
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At 48 hpf, once the cardiac chambers were formed, the hearts were imaged to determine
where the cells with photoconverted kikGR are located. In 12 out of 17 samples, the cells
from the posterior half of the cardiac disc were located on the left side of the heart at 48 hpf
(3.11 A-B). Specifically, the cardiomyocytes with photoconverted kikGR were located
around the inflow tract, the left and dorsal side of the atrium and in the AV canal, resembling
the Tg(meis2b-reporter) expression pattern observed at two and three dpf (Fig. 5.8A and
5.15A).

The endocardial cells that were located in the posterior half of the cardiac disc and were
photoconverted were also observed in the heart at 48 hpf. Interestingly, most of the
photoconverted endothelial cells were located on the same side of the photoconverted
myocardium (Fig. 5.12 B). These results suggest that the endocardium migrates together

with the myocardium and form the same side of the heart.

In contrast, in 9 out of 12 embryos, the cardiomyocytes from the anterior half of the heart
disc were located on the right side of the heart at 48 hpf (Fig 5.12 C-D), displaying the
opposite pattern observed in the cardiomyocytes from the posterior half of the disc.
Specifically, the cardiomyocytes from the anterior half of the disc were located in the outer
ventricular curvature and in the inner atrial curvature, together with the endocardial cells

that were also located in the photoconverted area.

Altogether, these data indicate that the anterior-posterior asymmetry in the cardiac disc is

translated to a L-R asymmetry in the heart at 48 hpf.

Tg(myl7.BFP-CAAX) || Tg(myl7:.BFP-CAAX)

photoconverted kikGR photoconverted kikGR [ |photoconverted kikGR

posterior half

anterior half

Single stack

Figure 5.12. Cells from the posterior half of the cardiac disc form the left side of the heart
at 48 hpf. Top panel: confocal projections of Tg(myl7:BFP-CAAX) and photoconverted
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kikGR from the posterior half of the heart disc. Lower panel: confocal projections of
photoconverted kikGR from the anterior half of the heart disc. (A-A’) Confocal
projections show that cells from the posterior half of the heart disc are located on the left
side of the heart at 48 hpf (n=12/17). (B, D) Single stack of the hearts in A and C show the
myocardial cells (green arrows) and endocardial cells (white arrows) expressing
photoconverted kikGR. (C) Confocal projections show that cells from the anterior half of
the heart disc are located on the right side of the heart at 48 hpf (n=9/12).

5.11. Tg(meis2b-reporter) expression in the adult heart

As previously described in this chapter, the Tg(meis2b-reporter) is asymmetrically
expressed in the adult atrium; its expression is limited to the left half of the atrium, revealing
an inherent L-R atrial asymmetry (Fig 5.13 A). To further characterize the expression
pattern of the Tg(meis2b-reporter) in the adult heart, the meis2b reporter line was crossed to
the Tg(-5.Imyl7:nDsRed2), which expresses DsRed2 in the nuclei of all cardiomyocytes
(Mably, Burns et al. 2003). As expected, the Tg(meis2b-reporter) colocalized with Tg(-
5. Imyl7:nDsRed2) in the cardiomyocytes of the atrial trabeculae and the atrial wall (Fig 5.13
B). Furthermore the meis2b reporter line was crossed to Tg(kdrl:NLS-mCherry), which
allows visualization of the endocardial cells by expressing mCherry under the control of the
endothelial specific marker promoter kdrl (Wang, Kaiser et al. 2010). The Tg(meis2b-
reporter) was not found to be expressed in the endocardial cells of the atrium in the adult

heart (Fig 5.13 C).

Taken together, these results indicated that meis2b is exclusively expressed in the
myocardial cells throughout cardiac development and it reveals an inherent L.-R asymmetry

in the single atrium of the zebrafish.

o .|| TgBAC(meis2b:GAL4FF);|| TgBAC(meis2b:GAL4FF);
TGBACmOIZO CALIFRIN ™ Ta(oxUASEGFP) Tg(5xUASEGFP)
g(5xUAS: ) Tg(-5.1myl7nDsRed?2) Tg(kdrlNLS-mCherry)

-

Figure 5.13. Tg(meis2b-reporter) is exclusively expressed in myocardial cells. Confocal
projections of heart cryosections of Tg(meis2b-reporter) (A), Tg(meis2b-reporter); Tg(-
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5. Imyl7:nDsRed?2) (B), Tg(meis2b-reporter),; Tg(kdrl: NLS-mCherry) (C). (B) Tg(meis2b-
reporter) is expressed in the atrial myocardium (arrows) (n=4). (C) Tg(meis2b-reporter)
expression cannot be detected in endocardial cells in the atrium (arrows) (n=5). Scale bars:
(A) 500um, (B-C) 100pum.

5.12. Embryonic cardiac expression of Tg(meis2b-reporter) and the second heart field

At three dpf, the Tg(meis2b-reporter) is expressed in a small portion of the ventricle, near
the AVC, in the distal part of the atrium and in the inflow tract. This asymmetric expression
of Tg(meis2b-reporter) resembles the areas of the heart that are derived from the first heart
field (Witzel, Jungblut et al. 2012, Guner-Ataman, Paffett-Lugassy et al. 2013, Mosimann,
Panakova et al. 2015). It was hypothesized that if the cardiac meis2b-positive cells are
derived from the FHF, then they should have a mutually exclusive expression pattern with
respect to the cells derived from SHF. Therefore, the expression Tg(meis2b-reporter) at 48
hpf was compared to the expression pattern of Isletl (Isl1), a SHF marker (Hami, Grimes et

al. 2011, Witzel, Jungblut et al. 2012).

An antibody staining was performed against Isll on Tg(meis2b-reporter) hearts at 48 hpf.
Around the inflow tract, where most of the Isl1-positive SHF derived cells are present, no

correlation between the expression of Isl and Tg(meis2b-reporter) was observed (Fig. 5.14).

TgBﬁcgmgjébE’%i’l-jF F); " TgBAC(meis2b:GAL4FF);
9(5x e ) Tg(5xUAS:EGFP)

Figure 5.14. Expression of Isl1 and Tg(meis2b-reporter) do not correlate. Confocal
projections of Tg(meis2b-reporter);Isll hearts at 48 hpf in the inflow tract (n=7/7).
meis2b+/Isl1+ (white arrows), meis2b+/Isl1- (green arrows) and meis2b-/Isl1+ (pink
arrows) cardiomyocytes. Scale bar: 100um.
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5.13. Asymmetric expression of Tg(meis2b-reporter) is independent of second heart

field contribution

To determine if the absence of SHF derived cells affect the expression of Tg(meis2b-
reporter), a morpholino against is// was injected in Tg(meis2b-reporter);Tg(myl7:mCherry)
one-cell-stage embryos. At 48 hpf, the expression of Tg(meis2b-reporter) was not affected
by the absence of SHF derived cardiomyocytes (Fig. 5.15 A-B).

isl] is expressed in a variety of tissues in the zebrafish embryos and, like meis2b, it is also
expressed in retinal cells in the eye (Nakayama, Miyake et al. 2008, Seth, Machingo et al.
2010). Interestingly, knockdown of is// abolishes the expression of Tg(meis2b-reporter) in
the retina at 48 hpf (Fig. 5.15 C-D), thus serving as an internal control of the function of the
islI morpholino. Altogether, these results indicate that asymmetric expression of meis2b is

independent of SHF contribution.

TgBAC(meis2b:GAL4FF); Tg(5xUAS:EGFP)
Tg(myl7mCherry)

48 hpf
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"
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Figure 5.15. Cardiac expression of Tg(meis2b-reporter) is independent of SHF
contribution. (A-B) Confocal projections of control and is// MO injected 48 hpf
Tg(meis2b-reporter), Tg(myl7:mCherry) hearts [white lines delineate Tg(meis2b-reporter)
expression]. (C-D) Expression of Tg(meis2b-reporter) in retinal cells is lost in is//
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morphants, serving as an internal control of knockdown efficiency. A, Atrium; V,
Ventricle. Scale bars: 100 um.

5.14. Asymmetric expression of Tg(meis2b-reporter) is regulated by retinoic acid
signaling

RA signaling plays a key role in anterior-posterior development in vertebrates. Previous
works have reported that during gastrulation stages, RA signaling restricts the number of
cardiomyocyte progenitors (Keegan, Feldman et al. 2005). Furthermore, in the ALPM, RA
signaling regulates the anterior-posterior boundaries between the vascular, cardiomyocyte
and forelimb progenitors. Whereby changes in the levels of retinoic acid lead to anterior or
posterior shifts in the position of the cardiomyocyte progenitors at the expense of vascular
and forelimb progenitors (Waxman, Keegan et al. 2008, Waxman and Yelon 2009, Rydeen
and Waxman 2014). As meis2b expression shows an anterior-posterior asymmetry in the
embryonic heart, the possibility of RA signaling affecting the expression pattern of meis2b

was tested.

Tg(meis2b-reporter) embryos were dechorionated and treated before gastrulation at 40%
epiboly with either 1uM DEAB (a known inhibitor of Aldh, the enzyme that produces RA)
or with 0.1uM RA for 1 hour (Waxman, Keegan et al. 2008, Waxman and Yelon 2009).

Under control conditions, the Tg(meis2b-reporter)-positive is expressed in 55.1% (+7.6) of
cardiomyocytes in the heart disc (Fig. 5.16). In contrast, RA signaling inhibition caused a
significant reduction of myocardial progenitors expressing the Tg(meis2b-reporter), where
only 7.7% (£2.3) of the cardiomyocytes expressed the Tg(meis2b-reporter) and these
meis2b-positive cells were limited to the posterior end of the heart disc. Embryos exposed
to excess RA showed a significant expansion of the Tg(meis2b-reporter) expression
throughout the cardiac disc, with 92.6% (+6.9) of the cardiomyocytes expressing the
Tg(meis2b-reporter), causing the loss of the anterior-posterior asymmetry that is defined by

the expression of Tg(meis2b-reporter) in the heart disc.
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Figure 5.16. Early Tg(meis2b-reporter) cardiac expression is regulated by retinoic acid
signaling. (A) Tg(meis2b-reporter) expression in control embryos at 22 somites stage
(n=7/7). (B) Tg(meis2b-reporter) expression decreases and is confined to the most
posterior part of the cardiac disc in DEAB treated embryos (n=5/5). (C) In embryos
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treated with excess of RA, expression of 7g(meis2b-reporter) is expanded throughout the
cardiac disc (n=5/5). (D) Percentage of cardiomyocytes expressing the Tg(meis2b-
reporter) in the heart disc in control, DEAB and RA treated embryos. (A-C) White dotted
lines delineate the cardiac disc. Scale bars: 100 um. Significant differences compared to
controls are indicated (t-test, **p<0.005); error bars indicate £SD.

5.15. Retinoic acid signaling affects 7g(meis2b-reporter) expression during

gastrulation

To determine the time window in which RA signaling affects the expression of the
Tg(meis2b-reporter), the embryos were exposed either to DEAB or to RA at 40% epiboly,
80% epiboly or at tailbud, and then collected at 17 somites stage, where the expression of

Tg(meis2b-reporter) in bilateral heart fields starts to be noticeable.

In all cases, embryos treated with excess of RA showed increased expression of 7Tg(meis2b-
reporter) throughout the body (Fig. 5.17). This effect was time-dependent, since the
embryos that were incubated with exogenous RA at tailbud stage showed a minor increase
in the expression of the Tg(meis2b-reporter) in comparison to the embryos treated at 40%
epiboly. Consistent with previous reports (Stainier and Fishman 1992, Waxman and Yelon
2009), the embryos with increased RA displayed a mild posteriorization of the body, as well

as small head and eyes.

Embryos treated with DEAB showed a reduced expression of Tg(meis2b-reporter) in the
body compared to control. Similar to RA, the effects of DEAB were time-dependent as the
embryos treated at tailbud showed a more expanded expression of Tg(meis2b-reporter)

compared to those treated at 40% epiboly.

84



- Results -

Control

A 17 somites

DEAB treated
(6= 17 somites

40% epiboly

80% epiboly

Tail bud

Figure 5.17. Retinoic acid signaling induces 7g(meis2b-reporter) expression in a time-
dependent manner. Control embryos (A). Embryos treated with exogenous RA (left
panel) and embryos treated with DEAB (right panel) at 40% epiboly (B-C), 80% epiboly
(D-E) and tailbud stage (F-G). Embryos treated with exogenous RA at tailbud stage
showed expanded expression of the Tg(meis2b-reporter) in the body. Embryos treated
with DEAB showed decreased expression of 7g(meis2b-reporter). Scale bars: 100 pum.

5.16. Retinoic acid signaling regulates expression of 7g(meis2b-reporter) in the LPM

As previously mentioned, RA signaling is important in the maintenance of boundaries
between the forelimb, myocardial and vascular progenitors in the LMP. Furthermore, an
excess of RA signaling causes anterior shifts in the heart field, while reduction of RA
signaling causes a posterior shift in the region occupied by the bilateral heart field in the

LPM (Waxman, Keegan et al. 2008).

To determine how RA signaling affects the expression of Tg(meis2b-reporter) in the heart
field in the LPM, in situ hybridization combined with antibody staining were performed on

Tg(meis2b-reporter) embryos treated with either excess of RA or DEAB.
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The whole-mount in situ hybridization was performed for two genes myl7 and ntl. myl7
marks the cardiomyocyte progenitors in the ALMP (Yelon, Horne et al. 1999), while nt/
labels the notochord, therefore providing a point of reference for the anterior or posterior
shifts of the heart field in the embryos treated with DEAB or RA (Waxman, Keegan et al.
2008). After the in situ hybridization, an antibody staining against GFP was performed, to

recover the expression of Tg(meis2b-reporter).

Consistent with previously published data, embryos that were treated with excess of RA
showed an anterior shift of the heart field with respect to the notochord. In contrast, embryos
with decreased RA signaling showed a posterior shift of the heart field in the ALMP (Fig.
5.18).

Using Imagel, the percentage of the area of cardiomyocyte progenitors that express the
Tg(meis2b-reporter) with respect to the entire heart field area was measured (% meis2b/myl7
area). In control conditions, Tg(meis2b-reporter) is expressed in 64,17% (£4,87) of the
entire heart field (Fig. 5.18A, H). In concordance with the previously shown data in this
chapter, embryos exposed to excess of RA showed an increase in the percentage of
Tg(meis2b-reporter)-positive cells in the heart field with respect to control embryos. This
effect had a mild variation depending on the time of'the start of the RA treatment: Tg(meis2b-
reporter)-positive cells occupied 79,91% (£6,91), 75,17% (£2,33) or 61,12% (£3,53) of the
heart disc upon RA treatment at 40% epiboly, 80% epiboly or tailbud stage, respectively
(Fig. 5.18 B, D, F, H).

In embryos exposed to DEAB at 40% epiboly, 45,12% (£5,00) of the heart field expressed
Tg(meis2b-reporter); while those treated at 80% epiboly showed 56,26% (£10,07), and those
treated at tailbud stage showed 68,44% (£8,86) of the heart field expressing the Tg(meis2b-
reporter) (Fig. 5.18 C, E, G, H).

Altogether, these data confirm our previous results (Fig. 5.16): RA signaling affects the
expression of 7g(meis2b-reporter) in the ALPM by regulating the anterior-posterior

expression pattern of meis2b.
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Figure 5.18. Retinoic acid signaling affects expression of Tg(meis2b-reporter) in the heart
field. In situ hybridization and antibody staining on Tg(meis2b-reporter) embryos
incubated with exogenous RA (left panel) and embryos incubated with DEAB (right panel)
at 40% epiboly (B-C), 80% epiboly (D-E) and tailbud stage (F-G). (H) Quantification of
the heart field area that expresses Tg(meis2b-reporter) in control conditions, in DEAB and
RA treated embryos. Embryos incubated with excess of RA present anteriorly-expanded
expression of Tg(meis2b-reporter) in the heart field, while those incubated with DEAB
show a decreased expression of Tg(meis2b-reporter). RA signaling significantly affects
expression of Tg(meis2b-reporter) in the heart field before tailbud stage. White dotted
lines delineate the heart field. Yellow lines indicate the end of the notochord. Scale bars:
100 um. Significant differences are indicated (t-test, **p<0.005, *p<0.05); error bars
indicate £SD.

87



- Results -

5.17. Meis2b downstream targets

Thus far, I have described the expression pattern of meis2b throughout development and the
cardiac phenotype of the meis2b mutants. However, to further understand the role of Meis2b
in the adult heart, it is necessary to study the possible downstream targets of Meis2b, which

can help in determining the molecular mechanism through which Meis2b works.

In order to identify the possible downstream targets of Meis2b, expression profiles at
different developmental stages were determined and compared: 48 hpf whole embryos of
meis2b”" to meis2b*'" siblings, whole hearts of three wpf meis2b” to meis2b™" siblings, atria
of three mpf meis2b”" to meis2b*" siblings, and ventricle to atrium of three mpf WT zebrafish

(Table 5.3).

Depending on the stage, several subsequent criteria were established for the selection of the
different genes. As there is no obvious phenotype that can be appreciated in the meis2b™ at
embryonic stages, only genes that were unchanged were further analyzed, with the sole
exception of meis2b, which (as expected) is downregulated in the meis2b”. As the atrial
myocardial enlargement can be observed starting at three wpf until adulthood, only genes
that were downregulated in the meis2b”- were taken into account. Finally, as meis2b is
exclusively expressed in the atrium of the adult heart, only atrial enriched genes were

considered in the list of possible downstream targets of Meis2b.

Table 5.3. Comparison of expression profiles of meis2b mutants at different
developmental stages.

genotype meis2b ™ meis2b ™" meis2b ™ meis2b**
VS. Vs. Vs. Vs.
genotype meis2b** meis2b*" meis2b*" meis2b**
stage 48 hpf 3 wpf 3 mpf 3 mpf
tissue whole embryo whole heart atrium atrium vs. ventricle
fold change of unchanged down down atrial
target genes or down regulated regulated enriched

The ten most significantly downregulated genes in the meis2bh mutant atria are shown in
Figure 5.19B. Interestingly, pitx2, a transcription factor important for asymmetric organ
development, is significantly downregulated in the atria of meis2b mutant (Tessari,
Pietrobon et al. 2008, Franco, Christoffels et al. 2014). Other candidates of interest are

coll8al, which encodes a type of collagen, important in normal heart valve development in
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mammals (Utriainen, Sormunen et al. 2004). stab2, which is a receptor that helps to degrade
hyaluronic acid (HA) from the cardiac jelly; HA is especially important in trabeculation and
in valve formation in the zebrafish and mouse (Camenisch, Spicer et al. 2000, Walsh and

Stainier 2001, Falkowski, Schledzewski et al. 2003).

Comparing this data set to previously published data, the list of the top 10 downregulated
genes in the meis2b mutant heart was further narrowed down to 3 genes (meis2b, pitx2 and
stab2). According to ChIPseq data from E11.5 mouse embryos, these genes three are
probably directly regulated by Meis2b, as they contain a MEIS1/2 binding site near their

enhancer regions (Penkov, Mateos San Martin et al. 2013).

The results obtained by the microarray were further confirmed by RT-qPCR. The log, of
the fold change for pitx2c in 3 mpf atria of meis2b”" to meis2b*’ siblings was -4,73 (£0,37).
For coll8al was -1,36 (£1,08) and for stab2 was -1,33 (£0,79) (Fig. 5.19C).
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Figure 5.19. Possible downstream targets of Meis2b. (A) selection criteria of the
candidate genes indicating the fold change for each condition. (B) Top ten most
downregulated genes in the atria of adult meis2bh mutant hearts. (C) Validation by RT-
qPCR of the fold change values obtained by the microarray for pitx2c, coll8al and stab?.
Significant differences compared to meis2b™" are indicated (t-test, **p<0.005, *p<0.05);

error bars indicate £SD.
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5.17.1 Absence of meis2b does not affect cardiac hyaluronic acid distribution

Stabilin 2 (Stab2) is a transmembrane glycoprotein that clears molecules such as hyaluronic
acid (Zhou, McGary et al. 2003). HA is a very important component of the cardiac jelly,
which is fundamental in heart development since it allows signaling between the
endocardium and myocardium, as reviewed by (Peal, Lynch et al. 2011). Furthermore, HA
is also required for endothelial to mesenchymal transition (EMT) and heart valve formation
in zebrafish and mouse (Stainier, Fouquet et al. 1996, Camenisch, Spicer et al. 2000, Walsh
and Stainier 2001). However, besides previous reports showing the importance of HA in
EMT during zebrafish heart regeneration (Lagendijk, Szabo et al. 2013, Missinato, Tobita
et al. 2015), little is known about the function of HA in the adult heart.

It was hypothesized that reduction of stab2 in the atrium of meis2b mutants would lead to a
decrease in HA clearance, which would translate into an accumulation of HA or a change in
the distribution of HA in the heart. Therefore, five hearts of adult meis2b mutants and WT
siblings were extracted and HA was detected through staining of a Hyaluronic Acid Binding
Protein (HABP) (Fig. 5.20). No difference in the distribution of atrial HA was observed
between the meis2b mutant and WT siblings. Additionally, the HABP staining in the
atrioventricular valve was not significantly affected, indicating that HA levels and
distribution are not affected in the absence of meis2b. Thus, the study of stab?2 as a possible

target of Meis2b was not pursued.

meis2b** meis2b”
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Figure 5.20. Hyaluronic acid is not affected in the heart of adult meis2b mutant. Confocal
projections of 4 mpf meis2b”" (A-A’) and WT sibling (B-B’) with Hyaluronic acid and
DAPI staining show no difference in the distribution of HA in the heart or in the valves.
White dotted squares indicate the atrioventricular valves. Scale bars: (A-B) 500um, (A’-
B’) 100pm.

5.17.2. pitx2 and meis2b colocalize in the left side of the mature atrium

As mentioned in the previous chapter, Pitx2 is a transcription factor which is important in
the asymmetric development of the heart and guts in mammals and in zebrafish (Ryan,
Blumberg et al. 1998). In the mammalian heart, Pitx2 is exclusively expressed in the left
atrium and has been extensively associated with cardiac septal defects, sinoatrial node
formation and maintenance of L-R atrial identity (Tessari, Pietrobon et al. 2008, Wang,

Klysik et al. 2010, Franco, Christoffels et al. 2014).

Since pitx2 is a master regulator of L-R asymmetry that is expressed in the left atrium in
higher vertebrates and is significantly downregulated in the hearts of adult meis2b™, the next
step was to determine the expression pattern of pitx2 in the heart in relation to meis2b. Since
pitx2 expression levels are low in the adult atrium and conventional in situ hybridization
could not accurately detect pitx2 expression pattern, a highly sensitive ISH technology called

RNAScope was employed.

Interestingly, pitx2 transcripts were found to largely colocalize with Tg(meis2b-reporter) in
five wpf hearts. These results reveal an asymmetrical expression of pitx2 and for meis2b in
the zebrafish heart, which are restricted to the left myocardial compartment of the zebrafish

atrium (Fig. 5.21).

TgBAC(meis2b:GAL4FF);
DAPI pitx2, DAPI Tg(5xUAS:EGFP)
pitx2, DAPI

......
----------------------

Figure 5.21. pitx2 and Tg(meis2b-reporter) are co-expressed in the left half of the mature
atrium. Fluorescent in situ hybridization (RNAscope) for pitx2 expression on a 5 wpf
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Tg(meis2b-reporter) zebrafish atrium. White dotted lines delineate the atrium; yellow
lines delineate Tg(meis2b-reporter) expression. Scale bar: 100 um.

To further prove that meis2b and pitx2 are significantly enriched in the left side of the atrium,
the hearts of adult 7Tg(meis2b-reporter) were dissected and divided into the 7g(meis2b-
reporter)-positive and the Tg(meis2b-reporter)- compartments. cDNA was synthesized
from the total RNA from both compartments, and the expression levels of pitx2 and meis2b
were determined by RT-qPCR. The results show that in the Tg(meis2b-reporter)-positive
atrial compartment, the log of the fold change for meis2b is 2,56 and 1,37 for pitx2 (Figure
5.22). Indicating that pitx2 and meis2b are higher expressed in the Tg(meis2b-reporter)-

positive compartment compared to the 7g(meis2b-reporter)-negative compartment.
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Figure 5.22. pitx2 and meis2b transcripts are enriched in the Tg(meis2b-reporter)-positive
compartment. (A) Schematic representation of Tg(meis2b-reporter) adult heart and the
Tg(meis2b-reporter) positive and negative compartments. Red dotted line shows the point
of the dissection of the atria, in the boundary between Tg(meis2b-reporter)-positive and
negative halves. (B) log: of the fold change of meis2b and pitx2 expressions, obtained by
RT-qPCR.

To summarize, this study reveals that both meis2b and pitx2 show asymmetric expression
patterns and are both expressed on the left side of the atrium, dividing the single zebrafish
atrium into two distinct transcriptional compartments. Furthermore, the cardiac pitx2
expression is significantly downregulated in meis2b mutants. Additionally, published

CHIP-seq data show that Pitx2 contains a MEIS1/2 binding site (Penkov, Mateos San Martin
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et al. 2013). Altogether these results suggest that Meis2b can directly regulate cardiac

expression of pitx2, a key regulator in asymmetric heart development.
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V1. Discussion

6.1.  The relationship between atrial left-right asymmetry in the zebrafish and in the

mammalian heart

The cardiovascular systems of mammals and teleost are very different. The mammalian
heart is composed of four chambers, with two atria and two ventricles. Due to the function
of each cardiac chamber, the mammalian heart can be divided into a left and a right heart:
the right half (right atrium and ventricle) receives the deoxygenated blood from the body
and pushes it into the pulmonary circuit. After the blood is oxygenated, it enters the left
heart (left atrium and ventricle) and then is pumped into the systemic circuit for the transport
of oxygen to the body tissues (Vander, Sherman et al. 2001). Furthermore, the ventricular
morphology is also very different from the atrial morphology, which allows each chamber

to perform a particular function.

There are also morphological and functional differences between the atria, for example: the
right atria (but not the left) has the sinoatrial node, which originates the heartbeat.
Additionally, these differences can also be observed at the level of gene expression; for
example, the left atrium expresses Pitx2, a known regulator of cardiac L-R development and
of left atrial identity (Franco and Campione 2003, Tessari, Pietrobon et al. 2008, Franco,
Chinchilla et al. 2012). Therefore, we can say that, in the mammalian heart, the two atria

exhibit different morphology and functions, and asymmetric gene expression profiles.

In contrast, zebrafish possess two-chambered hearts, with only one ventricle and one atrium.
Until now, no L-R asymmetry had been described for each cardiac chamber. Instead, it has
been reported that L-R asymmetric signals control cardiac jogging and looping (de Campos-
Baptista, Holtzman et al. 2008, Smith, Chocron et al. 2008, Bakkers, Verhoeven et al. 2009),
and that the FHF and SHF would contribute to cell heterogeneity within each chamber (de
Pater, Clijsters et al. 2009, Zhou, Cashman et al. 2011, Liu and Stainier 2012, Witzel,
Jungblut et al. 2012, Guner-Ataman, Paffett-Lugassy et al. 2013).

This work presents evidence of an asymmetric gene expression pattern in the single atrium
of the teleost heart. This asymmetry is characterized by the differential expression of meis2b
and pitx2 in the atrial myocardium. In the mature heart, pitx2 expression greatly overlaps
with meis2b expression, which indicates the existence of two different transcriptional

compartments in the atrium, a meis2b-positive and a meis2b-negative compartment. The
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meis2b+/pitx2+ atrial compartment in the zebrafish can be associated to the left atrium in
higher vertebrates, since they both show an enrichment in the expression of pitx2 (Franco
and Campione 2003), which confers a “left atrial identity” to the meis2b+/pitx2+ atrial

compartment.

Furthermore, during evolution, in the transition from aquatic to terrestrial life, one of the
most significant and evolutionary advantageous adaptations was the separation of the
pulmonary and systemic circulation (Liu and Stainier 2012), and this change involved the
septation of the cardiac chambers. However, how atrial septation arose, and how the two-
chambered heart of teleost transitioned to the three-chambered heart of amphibians, and
finally to the four-chambered hearts of mammalians are still unknown. Nevertheless, this
study presents evidence that before the physical separation of the atria, a L-R asymmetry
was already present. In addition, these results suggest that atrial septation did not happen de

novo, but instead, a pre-existing asymmetric pattern can be found in teleost hearts.

6.2.  Meis2b could mediate left-right atrial identity through Pitx2

Previous work in mouse has shown that MEIS1/2 can bind near the Pitx2 enhancer region
(Penkov, Mateos San Martin et al. 2013), indicating that Pitx2 could be a direct downstream
target of MEIS1/2. Interestingly, pitx2 and meis2b expression patterns overlap in the left
side of the mature zebrafish atrium, and pitx2 is downregulated in the atria of adult
meis2b” zebrafish. Altogether, these results indicate that pitx2 could be a direct downstream

target of Meis2b in the zebrafish.

Mutations in Pitx2 in humans and mouse lead to atrial fibrillation due to the misregulation
of PITX2 downstream target genes such as Shox2, which is involved in the formation of the
sinoatrial node (Mommersteeg, Hoogaars et al. 2007, Espinoza-Lewis, Yu et al. 2009).
Interestingly, meis2b mutant fish also show defects in cardiac conduction (data obtained in
collaboration with Prof. Dr. Rima Arnaout. This result has not been published, but is
included in Guerra et al., manuscript in preparation), which suggests that Meis2b can act
through Pitx2 to properly pattern the cardiac conduction system, possibly involving the Pitx2
downstream target shox2. Notably, in humans, the cardiac malformations that result from
mutations in MEIS2 and PITX2 are similar (Franco, Christoffels et al. 2014, Louw,
Corveleyn et al. 2015), which suggest that MEIS2 and PITX2 work together in the same
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genetic pathway in mammals. These results would suggest that the genetic pathways of

Meis2 and Pitx2 are conserved across species.

Furthermore, the progressive atrial chamber enlargement observed in the meis2bh mutants,
has also been observed in Pitx2 mutant mice, where atrial myocardial proliferation is
significantly increased (Chinchilla, Daimi et al. 2011, Lozano-Velasco, Chinchilla et al.
2011). It should be noted that although it is possible that other pathways may be stimulating
atrial proliferation or hypertrophy in the meis2b mutant hearts, it is likely that the
downregulation of pitx2 is influencing the abnormal atrial growth observed as a mechanism

of maintenance of the arrhythmogenic process (Chinchilla, Daimi et al. 2011).

Taken together, the lack of meis2b, in the meis2b mutants, could be interpreted as the loss
of asymmetry between the two atrial compartments of the zebrafish heart. It is possible that,
in the zebrafish heart, the role of Meis2b is to mediate the identity of the left atrial

compartment through regulating the cardiac expression of pitx2.

Additionally, one of the genes that was most downregulated in the hearts of meis2b”- and
that may be a potential direct target of Meis2b is stab2, a transmembrane glycoprotein that
clears hyaluronic acid (Zhou, McGary et al. 2003). However, no changes in HA distribution
in the hearts of meis2b”- were observed (Fig. 5.20); which suggests that the reduction in the
atrial expression of stab2 is not significant enough to induce an obvious change in the
distribution and levels of HA, and that Meis2b is not the only factor that regulates cardiac

stab2 expression.

6.3. Retinoic acid signaling regulates early compartmentalization of the cardiac disc

In the ALMP, RA signaling is important in maintaining the boundaries between the vascular,
cardiomyocyte and forelimb progenitors (Waxman, Keegan et al. 2008, Rydeen and
Waxman 2014). Imbalance in the levels of RA during gastrulation can alter the number of
cardiomyocyte progenitors. More specifically, the level of RA is inversely proportional to
the number of cardiomyocytes (Keegan, Feldman et al. 2005), which is evident even before

the fusion of the bilateral heart fields.

A decrease in RA creates a surplus of cardiomyocytes, but a significant decrease in the
number of Tg(meis2b-reporter)-expressing cells. In contrast, an excess of RA results in a
decrease in the number of cardiomyocytes, but a significant increase in the number of

Tg(meis2b-reporter)-expressing cardiomyocytes (Fig. 5.15-18). Therefore, a loss of A-P
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asymmetric pattern is lost when RA levels are misregulated, which indicates that RA
signaling regulates early compartmentalization of the cardiac disc by inducing the

expression of meis2b in the cardiomyocytes.

Several publications have reported that Meis! and Meis2 are RA signaling targets (Oulad-
Abdelghani, Chazaud et al. 1997, Savory, Edey et al. 2014) in mouse and chick (Mercader,
Leonardo et al. 1999, Mercader, Leonardo et al. 2000, Fernandes-Silva, Vaz-Cunha et al.
2017). These data support the observation that meis2b expression can be regulated by RA
signaling in zebrafish, although further investigation is needed to determine if meis2b is

directly controlled by RA signaling.

During the experiments, it became evident that the effect of excess RA seems stronger than
the effect of adding DEAB (inhibiting Aldh enzymes). It is possible that adding exogenous
RA has a stronger effect because RA is directly integrated in the pathway; hence, a faster
and more dramatic effect can be achieved. Additionally, it is likely that inhibition of Aldh
enzymes with DEAB may not be as efficient as other RA signaling inhibitors such as BMS,
which antagonizes RA by binding the RA receptors without activating them (Schulze, Clay
et al. 2001, Waxman, Keegan et al. 2008).

6.4. The role of Meis2b during embryonic cardiac patterning and in the

maintenance of left-right atrial asymmetry in adult zebrafish heart

Paige et al. reported that knockdown of meis2b leads to delayed cardiac development, failure
of the heart to loop and slower heart rate (Paige, Thomas et al. 2012). However, these results
significantly differ from the observations in this study; meis2b mutants do not show evident
cardiac formation delay or cardiac looping defects (Fig. 5.2). Although Paige et al. showed
that the morpholino effectively blocks meis2b pre-mRNA splicing, the possibility that the
meis2b morphant phenotype is due to an off-target effect cannot be excluded (Bedell,
Westcot et al. 2011, Blum, De Robertis et al. 2015).

The levels of meis2b transcripts are very low in meis2b mutants (Fig. 5.19), suggesting a
significant loss-of-function of meis2b in the zebrafish. However, even though meis2b
expression pattern during heart formation reveals an unknown previously-uncharacterized
anterior-posterior asymmetry, no evident defect is observed during embryonic heart
formation. This observation suggests that Meis2b function during heart development is not

essential, and other factors may be needed in the A-P patterning of the heart. It is possible
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that Meis2a and Meis2b could have redundant functions during heart development, as the
DNA sequence of both paralogues are highly conserved (Force, Lynch et al. 1999,
Longobardi, Penkov et al. 2014); and that meis2a expression can also be regulated by RA

signaling.

In contrast to what is observed in the embryo, adult meis2b” zebrafish exhibit a cardiac
phenotype, characterized by a progressive atrial enlargement (which produces pericardial
bulging in the fish) and cardiac conduction defects. Furthermore, it is clear that the
Tg(meis2b-reporter) reveals a previously unknown L-R asymmetry in the atrium, which, as

discussed above, could be regulated together with Pitx2.

As previously mentioned in the Introduction section, the Meis proteins are important
interaction partners of Pbx and Hox transcription factors (Longobardi, Penkov et al. 2014,
Merabet and Mann 2016). It has been suggested that, during heart development in mouse,
MEIS1 and PBX1 work together, and the absence of one of them causes VSD and overriding
aorta (Stankunas, Shang et al. 2008). Therefore, it would be interesting to determine which
Meis2b interaction partners are important for the role of Meis2b in the establishment of the

atrial L-R asymmetry and patterning of the cardiac conduction system.

Furthermore, published data revealed that in mouse, MEIS1/2 could bind near its own
enhancer region (Fig. 5.19) (Penkov, Mateos San Martin et al. 2013), suggesting that
MEIS1/2 may regulate its expression via a feedback loop.

In summary, the current research focuses on the cardiac function of the transcription factor
Meis2b, and reveals an unexpected L-R asymmetry in the single atrium of the zebrafish
heart. The evolution of the cardiac compartments from the simple two-chambered heart of
the teleost to the four-chambered heart of mammals, remains a puzzling problem, whose
evolutionary, developmental and genetic bases still have to be discovered. However, the
results obtained in this study suggest that before atrial septation and the emergence of the
two physically separated left and right atria, there was a pre-existing transcriptional pattern
present in the heart of the teleost fish, which confers an individual identity to the two
transcriptional compartments, and includes the participation of genes involved in the

establishment of cardiac L-R asymmetry.

Furthermore, this study also reinforces the idea that proper heart formation requires the

orchestration of different mechanisms and cell lineages, which include the first and
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secondary heart fields, L-R signaling pathways and, importantly anterior-posterior
patterning. The latter is mainly controlled by RA signaling, and can also be evidenced by

the expression of meis2b during heart development.

99



VII.

7.1.

- Conclusion -

Conclusion

The present study shows the first evidence of the existence of a L-R atrial asymmetric
pattern in the zebrafish heart, which preceded the evolutionary emergence of the
atrial septum in higher vertebrates. This L-R asymmetry can be evidenced by the
expression pattern of meis2b and divides the atrium into two distinct transcriptional
compartments.

Initial anterior-posterior patterning of the cardiac disc in the zebrafish is regulated
by RA signaling.

Loss of meis2b function leads to progressive chamber enlargement and cardiac
conduction defects.

pitx2 and meis2b expression patterns overlap in the left atrial compartment.

Furthermore, Meis2b could directly regulate the expression pitx2 in the heart.

Future Directions

A research project never ends, as soon as a question is answered many more questions and

experiments come to mind. Scientific research requires dedication, discipline, curiosity and

vocation. Therefore, this section is dedicated to summarizing some ideas of experiments

that can be done to answer some questions derived from the results presented in this

dissertation:

meis2b overexpression: This project has revealed the cardiac defects originated from
a mutation in meis2b. However, it will be interesting to investigate what happens in
the opposite case, regarding atrial cardiomyocyte proliferation, expression of Meis2b
downstream targets (pitx2), cardiac embryonic phenotype and cardiac conduction.
This is an ongoing investigation, and several meis2b overexpression constructs were
synthesized; at the time of submission of this Thesis dissertation to the Johann

Wolfgang Goethe University, the injected fish are being screened for founders.

MEIS2 in heart development and asymmetry in mammals: Mammals only have one
MEIS?2 orthologue; however, several splice isoforms are derived from MEIS?2
(Dunwoodie, Rodriguez et al. 1998, Longobardi, Penkov et al. 2014). It would be
useful to determine which isoforms are expressed in the mouse heart, if they are

asymmetrically expressed, and if they can also regulate cardiac Pitx2 expression.
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Meis2b interaction partners during heart development: As previously mentioned,
Meis1 and 2 are important interaction partners of Pbx and Hox transcription factors.
It would be interesting to dissect how these interactions contribute to the cardiac

phenotype observed in the meis2b mutants in this study.

Meis2a in heart development: In contrast to meis2b, meis2a is expressed in both
atrium and ventricle (with a slight ventricular enrichment). Due to the interesting
anterior-posterior expression pattern of meis2b in the early stages of cardiac
development, but an absence of phenotype in the embryonic heart, it is possible that
Meis2a, at least in part, compensate for the loss of Meis2b. Therefore, close
evaluation of heart development in meis2a and meis2b mutants could provide some

answers in this matter.
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Summary

Introduction

Zebrafish heart development: The heart of the zebrafish is the first organ to form and
function during embryonic development, and is composed by one atrium and one ventricle.
Between 5-17 somites stage, the cardiomyocyte precursors form the bilateral cardiac fields
in the anterior lateral plate mesoderm (ALMP); where the endocardial precursors are located
anterior to the cardiac fields (Zeng, Wilm et al. 2007). Then, the pools of endocardial and
myocardial precursors fuse at the midline and form the heart disc; where atrial
cardiomyocytes are located around, the ventricular cardiomyocytes are located in the center
of the heart disc, and the future endocardium is located in a ventral position relative to the

cardiomyocytes (Bakkers 2011).

After the heart disc is formed, the cardiomyocyte progenitors start to migrate and rotate
asymmetrically to form the heart tube (de Campos-Baptista, Holtzman et al. 2008, Rohr,
Otten et al. 2008, Smith, Chocron et al. 2008). This process is followed by a rightward
bending of the heart tube, and the arterial and venous poles rotate at different speed and
directions (a process known as heart looping) (Smith, Chocron et al. 2008). The heart
looping process results in a ventricle located on the right side and a more posterior atrium
located on the left side with respect to the midline; at this point the atrium and ventricle are
separated by a fine segment called the atrioventricular canal, where the valves will be formed

(Staudt and Stainier 2012).

The second heart field (SHF) is a pool of cardiac progenitors that are specified later during
the formation of the heart disc and until the heart looping stages. The SHF contributes with
cells to the distal side of the ventricle, the outflow and inflow tracts, and is important for the
specification of the cardiac conduction system (de Pater, Clijsters et al. 2009, Hami, Grimes
etal. 2011, Zhou, Cashman et al. 2011, Witzel, Jungblut et al. 2012, Guner-Ataman, Paffett-
Lugassy et al. 2013).

Mammalian heart development: Mammals have four-chambered hearts comprised of two

atria and two ventricles. Despite anatomical differences, the genetic pathways regulating
heart development in mammals are very similar to those in the zebrafish (Staudt and Stainier
2012). In mouse, at E7.5, the cardiac progenitors are located at both sides of the LPM,

forming the cardiac crescent that contains the FHF and SHF progenitors. These pool of

123



- Summary -

progenitors will fuse at the midline and form the linear heart tube (Harvey 2002).
Afterwards, the cardiac chambers start to balloon as the atrial and ventricular cells
differentiate and proliferate. The interatrial, the interventricular septation processes start at
stage E10 and are only completed after birth (Paige, Plonowska et al. 2015). However,
correct chamber septation is fundamental for the proper function of the heart, and defects in
heart septation lead to mixing of deoxygenated and oxygenated blood, which in severe cases,
can lead to lethality. Cardiac septation allows the separation of the systemic and pulmonary
circulations, constituting an evolutionary advantage in comparison to the teleost fish, who
only have two-chambered hearts; however, the evolutionary transition from two- to four-

chambered hearts is a question that remains to be elucidated.

Congenital heart diseases (CHDs) constitute the most common type of birth defects, and
arise when the heart is not correctly formed during embryonic development, impeding the
proper function of the heart (Hoffman 1995). Some of the most common types of CHDs are
atrial and ventricular septal defects (ASD and VSD, respectively) and atrioventricular canal

defects (Bruneau 2008).

Mutations in genes involved in the establishment of cardiac left-right (L-R) asymmetry often
lead to ASDs and VSDs (Liu, Liu et al. 2002, Plageman and Yutzey 2005, Tessari, Pietrobon
et al. 2008). PITX2 is a homeobox transcription factor that is key in L-R patterning of the
heart. During cardiac development, Pitx2 is expressed on the left side of the heart tube, and
then its expression becomes restricted to the left atrium (Franco and Campione 2003). In
mammals, mutations in Pitx2 have been linked to ASDs, VSDs, as well as endocardial
cushion defects and atrial fibrillation (Mammi, De Giorgio et al. 1998, Gudbjartsson, Arnar

et al. 2007, Franco, Chinchilla et al. 2012, Zhao, Peng et al. 2015).

Retinoic Acid Signaling: RA is a signaling molecule important for embryonic anterior-

posterior (A-P) patterning, morphogenesis and organogenesis (Niederreither and Dollé
2010). In the zebrafish, RA signaling regulates the boundaries between the pool of cardiac
progenitors and the adjacent vascular and forelimb progenitors by restricting the number of
cardiomyocytes in the ALMP (Waxman, Keegan et al. 2008, Rydeen and Waxman 2014).
Additionally, the levels of RA are inversely proportional to the number of cardiomyocytes.
And excess of RA results in hearts with atrial dominance, suggesting that A-P cardiac

patterning is influenced by RA signaling (Xavier-Neto, Davidson et al. 2010).

Meis transcription factors: The Meis transcription factors are major interaction partners of

Hox and Pbx proteins, and together they are important in A-P axis development and
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organogenesis. Meis2 expression and activity have been shown to be regulated by RA
signaling during limb and lung development in chick (Mercader, Leonardo et al. 2000,
Fernandes-Silva, Vaz-Cunha et al. 2017). In humans, mutations in MEIS2 lead to a great
number of congenital malformations, including ASDs and VSDs (Erdogan, Ullmann et al.
2007, Chen, Lin et al. 2008, Crowley, Conlin et al. 2010, Louw, Corveleyn et al. 2015).
Meis2 deficient mice die between E13.5 and E14.5 due to severe hemorrhaging and show
congenital heart defects, characterized by persistent truncus arteriosus and absence of the
aortic and pulmonary valves (Machon, Masek et al. 2015). In zebrafish, Meis2 has two
orthologues, meis2a and meis2b. It has been reported that meis2b morphants showed
delayed heart development, cardiac looping defects, and slower heart rate (Paige, Thomas et

al. 2012),

However, the exact role of MEIS2 and its orthologue meis2b, during heart formation is not
clear. Therefore, the main goal of this project was to determine the function of meis2b in
cardiac development by: a) determining the expression pattern of meis2b throughout heart
development; b) studying the effect of meis2b loss-of-function in heart development and
function; c) determining possible upstream regulators of Meis2b; and d) possible

downstream targets of Meis2b in the heart.

Results and Discussion

meis2b mutant: In an unbiased comparison of the transcription profiles of the atrium and

ventricle of the adult zebrafish heart, meis2b expression was found to be highly enriched in
the atrium. Together with meis2b, the expressions of myho6, pitx2, id4 and shox2, are also

highly enriched in the atrium and lowly expressed in the ventricle.

Since MEIS2 is important in cardiac development in humans, and given its restricted
expression pattern in the zebrafish heart, meis2b became an interesting candidate to study its
role in heart development. For this purpose, a meis2b mutant allele was used, which is
characterized by a frameshift mutation. However, no cardiac defects were observed during
embryonic cardiac development of the meis2b mutants. In contrast to the knockdown
experiments that have been previously published, these results indicate that mutations in
meis2b do not affect embryonic heart development (Paige, Thomas et al. 2012).
Nevertheless, starting from 3 wpf, a progressive atrial enlargement was detected in the

meis2b mutants, which caused bulging in the pericardial area of the adult fish.
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To determine if proliferation is increased in the hearts of meis2b mutants, the atrial
proliferation ratio was determined in 3 mpf fish. Adult meis2b”, showed 10,02% (+1.12) of
proliferating atrial cardiomyocytes, in contrast to the 2.78% (+0.49) in WT siblings. These
results suggest that excessive atrial cardiomyocyte proliferation greatly contributes to the

abnormal atrial growth observed in the meis2b mutants.

Establishment of the meis2b reporter line: To closely follow the expression pattern of meis2b

during heart development, transgenic line was created: 7gBAC(meis2b:GAL4FF);
Tg(5xUAS:EGFP) (hereon referred to as Tg(meis2b-reporter)). At 24 and 48 hpf, the
expression Tg(meis2b-reporter) in the body closely resembles the endogenous expression of
meis2b, detected by in situ hybridization (ISH). Interestingly, at 24 and 48 hpf, the
Tg(meis2b-reporter) is expressed in the cardiac tissue, in contrast to what can be seen in
with ISH, given that the expression levels of meis2b are too low and cannot be appreciated

with conventional ISH.

Taking advantage of the possibility of visualization of Tg(meis2b-reporter) in the heart at
embryonic  stages, Tg(meis2b-reporter); Tg(myl7:mCherry) embryos at different
developmental stages were imaged. Interestingly, at 23 somites stage, after the heart disc is
formed, the Tg(meis2b-reporter) is expressed in the cardiomyocytes located in the posterior
half of the heart disc. This restricted expression pattern is consistent with what has been
observed at earlier stages, where meis2b is expressed in a more posterior subset of the gata4-
positive cardiomyocyte progenitors in the bilateral heart fields in the ALMP (Paige, Thomas
et al. 2012). Later, due to the migration and rotation of the cardiomyocytes in the heart disc,
the Tg(meis2b-reporter)-positive cells are found in the ventral region of the heart tube,

adopting a dorso-ventral configuration.

At three dpf, once the cardiac chambers are formed, Tg(meis2b-reporter) is expressed in the
dorsal and left side of the atrium, in the inflow tract and in a small portion of the ventricle
near the atrioventricular canal. After six dpf, the expression of Tg(meis2b-reporter) is
completely restricted to the left side of the atrium, near the outflow tract and no expression
in the ventricle can be detected. At three mpf, the Tg(meis2b-reporter) maintains its
asymmetric expression pattern, being only observed on the left side of the atrium, and
resembling the endogenous expression observed with ISH on sections. Throughout heart

development, the Tg(meis2b-reporter) is expressed exclusively in the cardiomyocytes.

Lineage tracing experiments indicated that the cardiomyocytes from the posterior half of the

cardiac disc, form the left side of the heart at 48 hpf; while cells from the anterior half of the
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disc, are located mainly on the right side of the heart at 48 hpf. These results indicate that
the A-P asymmetry in the cardiac disc is translated to a L-R asymmetry in the heart and, and
this L-R is maintained until adulthood. Furthermore, these data reveal a L-R asymmetric
gene expression pattern in the single atrium of the zebrafish heart, preceding the evolutionary
emergence of the interatrial septum of terrestrial vertebrates; and divides the atrium into a

meis2b-positive and a meis2b-negative compartment.

Upstream regulators of meis2b: To determine if the asymmetric expression pattern of meis2b

at 48 hpf depends on the cellular contributions of the FHF and SHF to the heart, a morpholino
against is// (a SHF marker) was injected in Tg(meis2b-reporter); Tg(myl7:mCherry)
embryos. However, at 48 hpf, the expression of Tg(meis2b-reporter) was not affected by
the absence of SHF derived cardiomyocytes. Suggesting that the asymmetric expression of

Tg(meis2b-reporter) is independent of SHF contribution.

Since RA signaling is important for A-P axis development during heart formation, and it has
been shown that RA restricts the number of cardiomyocyte progenitors (Keegan, Feldman
et al. 2005), Tg(meis2b-reporter) embryos were treated before gastrulation with either
DEAB (a known inhibitor of Aldh, the enzyme that produces RA) or with excess of RA
(Waxman, Keegan et al. 2008, Waxman and Yelon 2009).

Under control conditions, the Tg(meis2b-reporter) is expressed in 55.1% (£7.6) of
cardiomyocytes in the heart disc. In contrast, inhibiting RA signaling caused a significant
reduction in the number of Tg(meis2b-reporter)-positive cells, where only 7.7% (+2.3) of
the cardiomyocytes expressed the Tg(meis2b-reporter) and these meis2b-positive cells were
limited to the posterior end of the heart disc. Embryos exposed to excess of RA showed a
significant expansion of the Tg(meis2b-reporter) expression throughout the cardiac disc,
with 92.6% (£6.9) of the cardiomyocytes expressing the Tg(meis2b-reporter). Therefore,
the A-P asymmetric pattern is lost when RA levels are misregulated, which indicates that
RA signaling regulates early compartmentalization of the heart disc by inducing the

expression of meis2b in the cardiomyocytes.

Downstream targets of Meis2b: In order identify the possible downstream targets of Meis2b,

expression profiles at different developmental stages were determined and compared using
a microarray. Interestingly, within the ten most downregulated genes in the atria of adult
meis2b mutants are: meis2b (as expected) and pitx2. Surprisingly, and according to

previously published data (Penkov, Mateos San Martin et al. 2013), MEIS1/2 in mouse, can
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- Summary -

bind near Meis2 and Pitx2 enhancer sites, which suggests that pitx2 could be a direct

downstream target of Meis2b in the zebrafish as well.

Interestingly, pitx2 transcripts were found to largely colocalize with Tg(meis2b-reporter) in
five wpf hearts. This result was further confirmed by RT-qPCR, by comparing the
transcriptional profiles of meis2b-positive and meis2b-negative atrial compartments of three
mpf zebrafish hearts. These data revealed that pitx2 and meis2b expressions are significantly
enriched in the left atrial compartment of the zebrafish atrium, and indicates that cardiac
expression of pitx2 could be regulated by Meis2b. Given that Pitx2 is a key factor in
maintenance of the left atrial identity in mammals (Tessari, Pietrobon et al. 2008, Franco,
Christoffels et al. 2014), it is possible that, in the zebrafish heart, the role of Meis2b is to
mediate the identity of the left atrial compartment through regulating the cardiac expression

of pitx2.

In summary, the current research emphasizes on the cardiac function of Meis2b and reveals
an unexpected L-R asymmetry in the single atrium of the zebrafish heart. The evolution of
the cardiac compartments from the simple two-chambered heart of the teleost, to the four-
chambered heart of mammals, remains a puzzling problem whose evolutionary,
developmental and genetic bases still have to be discovered. In contrast, the results obtained
in this study suggest that before atrial septation, there was a pre-existing transcriptional
pattern present in the heart of the teleost fish; which confers an individual identity to the two
transcriptional compartments (meis2b-positive and meis2b-negative compartments), and

includes the participation of genes involved in the establishment of cardiac L-R asymmetry.
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Zusammenfassung

Einleitung

Herzentwicklung des Zebrafisches: Das Herz des Zebrafisches ist das erste gebildete und

funktionsfahige Organ wéhrend der Embryonenentwicklung und setzt sich aus einem
Herzvorhof und einem Ventrikel zusammen. Zwischen dem 5. und dem 17. Somitenstadium
formen die Kardiomyozytenvorldufer die bilateralen Herzfelder im vorderen lateralen
Plattenmesoderm (VLPM), wo sich die Endokardiumvorldufer vor den Herzfeldern
befinden. Dann verschmelzen die Zellverbinde der Endokardium- und der
Myokardiumvorldufer auf der Mittellinie und bilden die Herzscheibe, bei welcher die
Ventrikelkardiomyozyten  im  Zentrum  lokalisiert sind und von  den
Herzvorhofkardiomyozyten umgeben sind. In einer ventralen Position relativ zu den

Kardiomyozyten befindet sich das zukiinftige Endokardium.

Nachdem sich die Herzscheibe gebildet hat, beginnen die Kardiomyozytenvorldufer,
asymmetrisch zu migrieren und zu rotieren, um die Herzrohre zu bilden. Anschlie3end neigt
sich die Rohre auf die rechte Seite des Embryos und die Arterien- und Venenpole rotieren
in verschiedenen Richtungen und Geschwindigkeiten (ein Prozess, welcher als ,heart
looping™ bezeichnet wird). Dieser Prozess resultiert in einem Ventrikel, welcher auf der
rechten Seite lokalisiert ist und einem Herzvorhof, welcher sich weiter hinten auf der linken
Seite gegeniiber der Mittellinie befindet. Zu diesem Zeitpunkt sind dann sowohl der
Herzvorhof, als auch der Ventrikel durch einen diinnen Abschnitt separiert, dem

sogenannten atrioventrikuldren Kanal, wo sich die Ventile bilden.

Das sekundire Herzfeld (SHF) ist ein Verband aus Herzvorlduferzellen, welche sich spéter
wiahrend der Formierung der Herzscheibe und bis zu den ,heart looping“-Stadien
spezifizieren. Das SHF tragt Zellen zu der distalen Seite des Ventrikels, dem Einfluss- und

dem Ausflusstrakt bei und ist wichtig fiir die Spezifizierung des Herzleitungssystems.

Herzentwicklung der Sdugetiere: Sdugetiere besitzen Vierkammerherzen, welche aus zwei

Herzvorhofen und zwei Ventrikeln bestehen. Abgesehen von den offensichtlichen
anatomischen Differenzen sind die zelluldren und genetischen Mechanismen, welche die
Herzentwicklung in Séugetieren kontrollieren, sehr dhnlich zu denen in Zebrafischen. In der
Maus, bei E7.5, sind die Herzvorlduferzellen in der LPM gruppiert und formen damit die

Herzsichel, welche die FHF- und die SHF-Vorldufer beinhaltet, die auf der Mittellinie

129



verschmelzen und die lineare Herzrohre bilden. Danach beginnen die Herzkammern sich
aufzubldhen, indem die Atrium- und Ventrikelzellen differenzieren und proliferieren. Der
Interatrium- und Interventrikelseptationsprozess starten bei Stadium E10 und sind erst nach
der Geburt vollendet. Jedoch ist die korrekte Septation der Kammern grundlegend fiir die
einwandfreie Funktionsfahigkeit des Herzens und Defekte in der Herzseptation fithren zu
der Vermischung von sauerstoffarmen mit sauerstoffreichem Blut, was in schweren Fillen
todlich enden kann. Die Herzseptation erlaubt die Trennung des Korper- und des
Lungenkreislaufs, was einen evolutiondren Vorteil zu den Teleostfischen darstellt, welche
nur Zweikammerherzen besitzen. Jedoch ist der evolutionire Ubergang von

Zweikammerherzen zu Vierkammerherzen eine noch ungeklérte Fragestellung.

Erblich bedingte Herzerkrankungen stellen den héufigsten Fall von Geburtdefekten dar und
treten auf, wenn das Herz wihrend der Embryonenentwicklung nicht korrekt ausgebildet
wurde, was die Funktionsfahigkeit des Herzens einschriankt. Einige der haufigsten Typen
von  erblich  bedingten  Herzerkrankungen  sind  Herzvorhofseptum-  und

Ventrikelseptumdefekte, sowie atrioventrikuldre Kanaldefekte.

Mutationen von Genen, welche in der Etablierung der Herz-Links-Rechts-Asymmetrie (L-
R) involviert sind, fiihren hiufig zu ASDs und VSDs. PITX2 ist ein Homeobox-
Transkripitionsfaktor, welcher eine Schliisselrolle in der Bildung des L-R-Musters des
Herzen spielt. Wihrend der Herzentwicklung wird Pitx2 zunéchst in der linken Hilfte der
Herzrohre exprimiert, anschlieBend wird seine Expression auf den linken Herzvorhof
beschrinkt. In Sdugetieren wurden Mutationen von Pitx2 in Verbindung mit ASDs, VSDs,

Defekten des Endokardkissens, sowie Herzvorhofflimmern gebracht.

Der Retinolsdurensignalweg: RA ist ein Signalmolekiil, welches wéhrend der embryonalen

Anterior-Posterior-Musterbildung (A-P), der Morphogenese und der Organogenese wichtig
ist. Im Zebrafisch reguliert RA die Grenzen zwischen den Herzvorlduferzellen und den
benachbarten Gefid3- und VordergliedmaBenvorldufern, indem es die Anzahl an
Kardiomyozyten im ALMP begrenzt. Zusitzlich ist die Menge an RA umgekehrt
proportional zu der Anzahl an Kardiomyozyten. Ein Uberschuss an RA resultiert in einem
Herzen mit Herzvorhofdominanz, was zu der Vermutung fiihrt, dass die A-P-Herzmusterung

durch die Signalwirkung von RA beeinflusst wird.

Meis-Transkriptionsfaktoren: Die Meis-Transkriptionsfaktoren sind

Hauptinteraktionspartner der Hox- und Pbx-Proteine und zusammen sind sie wichtig in der

A-P-Axen-Entwicklung und der Organogenese. Es wurde beobachtet, dass in Kiiken
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wihrend der Entwicklung der Extremititen und der Lunge die Meis2-Expression und —
Aktivitit durch RA-Signalwege reguliert wird. Im Menschen fiihren Mutationen in MEIS2
zu einer groflen Anzahl an angeborenen Missbildungen, beispielsweise ASDs und VSDs.
Meis2-defiziente Miuse sterben bedingt durch schwere Blutungen zwischen E13.5 und
E14.5 und zeigen angeborene Herzdefekte, charakterisiert durch einen persistenten Truncus
arteriosus und dem Fehlen der Aorten- und Lungenventile. Im Zebrafisch hat Meis2 zwei
Orthologe, meis2a und meis2b. Es wurde berichtet, dass meis2b-Morphanten eine
verzogerte Herzentwicklung, Herzschlaufendefekte und eine verringerte Herzrate

aufweisen.

Allerdings ist die exakte Rolle von MEIS2 und seinem Ortholog meis2b wihrend der
Formierung des Herzens nicht klar. Daher ist es das Hauptziel dieses Projektes, die Funktion
von meis2b in der Herzentwicklung zu untersuchen, a) durch die Untersuchung des
Expressionsmusters von meis2b wihrend der Herzentwicklung, b) durch das Studieren des
Effekts eines meis2b-Funktionsverlustes auf die Herzentwicklung und —Funktion, c¢) durch
die Untersuchung der moglichen Regulatoren stromaufwérts und d) stromabwirts von

Meis2b im Herzen.

Ergebnisse und Diskussion

meis2b-Mutanten: In einem objektiven Vergleich der Transkriptionsprofile des Herzvorhofs

und des Ventrikels des erwachsenen Zebrafischherzens wurde gefunden, dass die meis2b-
Expression im Atrium stark angereichert ist. Zusammen mit meis2b sind die Expressionen
von myh6, pitx2, id4 und shox2 ebenso stark im Herzvorhof angereichert und wenig

exprimiert im Ventrikel.

Da MEIS2 wichtig fiir die Herzentwicklung vom Menschen ist und da es ein beschranktes
Expressionsmuster im Zebrafischherzen zeigt, wurde meis2b ein interessanter Kandidat, um
seine Rolle in der Herzentwicklung zu studieren. Fiir dieses Ziel wurde ein meis2b-
Mutantenallel verwendet, welches durch eine Framshiftmutation charakterisiert ist.
Allerdings konnten keine Herzdefekte wéhrend der embryonalen Herzentwicklung der
meis2b-Mutanten festgestellt werden. Im Kontrast zu den knockdown-Experimenten,
welche kiirzlich publiziert wurden, zeigen diese Ergebnisse, dass Mutationen in meis2b die

embryonale Herzentwicklung nicht beeinflussen. Trotzdem wurde, beginnend bei drei
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Wochen nach der Befruchtung, eine bestindige HerzvorhofvergréBerung in den meis2b-

Mutanten festgestellt, was Ausbeulungen im Perikard des erwachsenen Fisches ausloste.

Um herauszufinden, ob die Proliferation in den Herzen der meis2b-Mutanten erhoht ist,
wurde die Herzvorhofproliferationsrate in drei Monate alten Fischen gepriift. Erwachsene
meis2b” zeigten 10,02% (+1,12) an proliferierenden Herzvorhofkardiomyozyten, im
Gegensatz zu den 2,78% (£0,49) in Wildtypgeschwistern. Diese Ergebnisse suggerieren,
dass eine exzessive Proliferation in den Herzvorhofkardiomyozyten stark zu dem abnormen

Herzvorhofwachstum beitrigt, welches in meis2b-Mutanten beobachtet wurde.

Etablierung der meis2b-Reporterlinie: Um das Expressionsmuster von meis2b wihrend der

Herzentwicklung genau verfolgen zu konnen, wurde eine transgene Linie kreiert:
TgBAC(meis2b:GAL4FF); Tg(5xUAS:EGFP) (kurz als Tg(meis2b-reporter) bezeichnet).
24 und 48 Stunden nach der Befruchtung gleicht die Expression von Tg(meis2b-reporter)
im Korper stark der endogenen Expression von meis2b, wenn sie durch in situ-
Hybridisierung (ISH) detektiert wurde. Interessanterweise wird 24 und 48 Stunden nach der
Befruchtung der Tg(meis2b-reporter) im Herzgewebe exprimiert, im Gegensatz zu dem, was
mit ISH gesehen werden kann, da die Expressionslevel von meis2b zu gering sind und daher

nicht mit konventioneller ISH eingeschitzt werden konnen.

Dank dieses Vorteils der Visualisierung von 7g(meis2b-reporter) im Herzen wéhrend
embryonalen Stadien, konnten Tg(meis2b-reporter),; Tg(myl7:mCherry)-Embryos wéhrend
verschiedenen Entwicklungsstadien abgebildet werden. Interessanterweise wird der
Tg(meis2b-reporter) wihrend des 23. Somitenstadiums, nachdem sich die Herzscheibe
gebildet hat, in den Kardiomyozyten, welche sich in der hinteren Hélfte der Herzscheibe
befinden, exprimiert. Dieses beschrankte Expressionsmuster liegt im Einklang mit dem, was
in fritheren Stadien beobachtet wurde, wobei meis2b eher im hinteren Teil der gata4+-
Kardiomyozytenvorldufer im bilateralen Herzfeld im ALMP exprimiert wird. Spiter, durch
Migration und Rotation der Kardiomyozyten in der Herzscheibe, wurden die 7g(meis2b-
reporter)-positiv-Zellen in der ventralen Region der Herzréhre gefunden, wo sie eine dorso-

ventrale Konfiguration annehmen.

Drei Tage nach der Befruchtung, sobald die Herzkammern geformt wurden, wird der
Tg(meis2b-reporter) in der dorsalen und linken Seite des Atriums exprimiert, sowohl im
Einstromtrakt als auch in einem kleinen Bereich des Ventrikels nahe des Herzvorhof-
Ventrikelkanals. Sechs Tage nach der Befruchtung ist die Expression von 7g(meis2b-

reporter) komplett beschrénkt auf die linke Seite des Atriums, nahe des Ausflusstraktes und
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es kann keine Expression im Ventrikel detektiert werden. Drei Monate nach der
Befruchtung, behélt der Tg(meis2b-reporter) sein asymmetrisches Expresionsmuster bei, da
es nur auf der linken Seite des Herzvorhofes beobachtet werden kann, was der endogenen
Expression dhnelt, welche mit ISH in Querschnitten beobachtet werden kann. Wihrend der
Herzentwicklung wird der Tg(meis2b-reporter) exklusiv nur in den Kardiomyozyten

exprimiert.

Linienverfolgungsexperimente ergaben, dass die Kardiomyozyten aus der hinteren Halfte
der Herzscheibe bei 48 Stunden nach der Befruchtung die linke Seite des Herzens bilden,
wihrend Zellen von der vorderen Hilfte der Scheibe 48 Stunden nach der Befruchtung
hauptsichlich auf der rechten Seite lokalisiert sind. Diese Ergebnisse induzieren, dass sich
die A-P-Asymmetrie in der Herzscheibe zu einer L-R-Asymmetrie im Herzen umwandelt
und dieses L-R bis zum Erwachsenenalter beibehalten wird. Weiterhin zeigen diese Daten
auf, dass ein asymmetrisches L-R-Genexpressionsmuster in dem einzelnen Herzvorhof des
Zebrafischherzens existiert, welches dem evolutiondren Hervortreten des interatrialen
Septums von Landwirbeltieren vorrausgeht und den Herzvorhof in ein meis2b+ und ein

meis2b- Kompartiment unterteilt.

Regulatoren stromaufwérts von meis2b: Um herauszufinden, ob das asymmetrische

Expressionsmuster von meis2b bei 48 Stunden nach der Befruchtung von dem zelluléren
Beitrag des FHF und des SHF zum Herzen abhéngt, wurde ein Morpholino gegen is// (einem
SHF-Marker) in Tg(meis2b-reporter); Tg(myl7:mCherry)-Embryos injiziert. Allerdings
wurde bei 48 Stunden nach der Befruchtung die Expression von Tg(meis2b-reporter) nicht
durch die Abwesenheit von SHF-abgeleiteten Kardiomyozyten beeinflusst. Dies suggeriert,
dass die asymmetrische Expression von Tg(meis2b-reporterjunabhéngig von dem SHF-

Beitrag ist.

Da die RA-Signalwege wihrend der Herzbildung wichtig sind fiir die A-P-Axenentwicklung
und da gezeigt wurde, dass RA die Anzahl an Kardiomyozytenvorldufern beschrinkt,
wurden Tg(meis2b-reporter)-Embryos entweder mit DEAB (einem bekannten Inhibitor von
Aldh, dem Enzym welches RA produziert) oder mit einem Uberschuss an RA vor der

Gastrulation behandelt.

Unter Kontrollbedingungen wird der 7g(meis2b-reporter) in 55,1% (£7,6) der
Kardiomyozyten in der Herzscheibe exprimiert. Im Gegensatz dazu fiihrte die Inhibierung

von RA zu einer signifikanten Reduktion der Anzahl an 7g(meis2b-reporter)-positiv-Zellen,
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bei welchen nur 7,7% (+2,3) der Kardiomyozyten den Tg(meis2b-reporter) exprimierten und
diese meis2b+-Zellen waren limitiert auf das hintere Ende der Herzscheibe. Embryos, die
einem Uberschuss an RA ausgesetzt waren zeigten eine signifikante Expansion der
Tg(meis2b-reporter)-Expression in der gesamten Herzscheibe, wobei 92,6% (£6,9) der
Kardiomyozyten den Tg(meis2b-reporter) exprimierten. Somit geht das A-P-
Asymmetriemuster verloren, wenn die RA-Level dysreguliert sind, was zu der Annahme
fithrt, dass RA die frithe Kompartimentalisierung der Herzscheibe reguliert, indem es die

Expression von meis2b in den Kardiomyozyten induziert.

Ziele stromabwérts von Meis2b: Um die mdglichen Ziele stromabwirts von Meis2b zu

identifizieren, wurden die Expressionsprofile bei unterschiedlichen Entwicklungsstadien
bestimmt und mithilfe eines Microarrays verglichen. Interessanterweise sind unter den zehn
der am meisten herunterregulierten Gene in den Herzvorhéfen von erwachsenen meis2b-
Mutanten: meis2b (wie erwartet) und pitx2. Uberraschenderweise und entsprechend der
zuvor publizierten Daten kann MEIS1/2 in Méusen nahe Meis2- und Pitx2-Enhancerstellen
binden, was zu der Vermutung fiihrt, dass pitx2 ebenfalls ein direktes Ziel stromabwirts von

Meis2b im Zebrafisch sein konnte.

Interessanterweise wurde beobachtet, dass fiinf Wochen nach der Befruchtung pitx2-
Transkripte stark mit 7g(meis2b-reporter) im Herzen kolokalisieren. Dieses Ergebnis wurde
weiter bestétigt durch RT-qPCR, indem die Transkriptionsprofile von den meis2b+ und den
meis2b- Herzvorhofkompartimenten in Zebrafischherzen drei Monate nach der Befruchtung
verglichen wurden. Diese Daten decken auf, dass die Expressionen von pitx2 und meis2b in
dem linken Herzvorhofkompartiment des Zebrafischherzvorhofes signifikant erhoht sind
und sie indizieren, dass die Herzexpression von pitx2 durch Meis2b reguliert werden kdnnte.
Da Pitx2 ein Schliisselfaktor fiir die Aufrechterhaltung der linken Herzvorhofidentitit in
Saugetieren ist, ist es moglich, dass die Aufgabe von Meis2b im Zebrafischherzen die
Vermittlung der Identitit des linken Herzvorhofkompartiments ist, indem es die

Herzexpression von pitx2 reguliert.

Alles in allem betont die aktuelle Forschung die Funktion von Meis2b im Herzen und sie
deckt eine unerwartete L-R-Asymmetrie im einzelnen Herzvorhof des Zebrafischherzens
auf. Die Evolution der Herzkompartimente von einem einfachen Zweikammerherzen der
Teleostfische zu einem Vierkammerherzen von Séugetieren bleibt ein rétselhaftes Problem,
dessen evolutionire, genetische und Entwicklungsgrundlagen noch immer erforscht werden

miissen. Trotzdem weisen die Ergebnisse aus dieser Studie darauf hin, dass vor der
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Herzvorhofseptation ein bereits existierendes Transkriptionsmuster im Herzen der
Teleostfische prisent war, welches den beiden Transktiptionskompartimenten (meis2b+ und
meis2b- Kompartimente) eine individuelle Identitdt gewdhrt und die Beteiligung von Genen

einschlieft, welche in der Etablierung der Herz-L-R-Asymmetrie involviert sind.
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