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Résume de la these en francais

Mots clés

Asymetrie droite-gauche ; Morphogenése du coeur ; Champ cardiaque ; Signalisation notch ;

Genetique de la souris ; Transcriptomique

Résumé

L'asymétrie droite-gauche du cceur est essentielle a I’établissement de la double circulation
sanguine : des anomalies dans l'information de position droite-gauche dans I’embryon
entrainent des malformations cardiaques congénitales dans le syndrome d’hétérotaxie. Alors
que le coeur se forme initialement comme un tube droit, il acquiert une forme hélicoidale
asymétrique au cours du processus de la boucle cardiaque. Il s’agit d’'une étape clé de la
morphogenese cardiaque, au cours de laquelle les cavités cardiaques sont alignées, condition

préalable a la canalisation de la circulation sanguine.

Bien que le déterminant gauche NODAL soit un régulateur important de la boucle cardiaque,
des travaux antérieurs en laboratoire ont montré qu'il n'est pas le seul facteur d'asymétrie :
NODAL oriente et amplifie des asymétries préexistantes. Pourtant, les asymétries autres que
la signalisation NODAL sont restées floues. Afin d'étudier I'information de position droite-
gauche des précurseurs cardiagues, nous avons congu une approche transcriptomique pour
mettre en évidence I'expression différentielle des genes dans les champs cardiaques droit et
gauche de I'embryon de souris. Le crible transcriptionnel a été réalisé sur des embryons
individuels, a sept stades séquentiels de la boucle cardiaque, fournissant une ressource de

centaines de génes marquant I'asymétrie du champ cardiaque.

A partir d'un crible pilote initial, nous avons identifié Notch3 comme un nouveau géne
asymétrique et I'avons sélectionné pour validation. La cartographie spatio-temporelle de
pointe, quantitative et en 3D, de I'expression de Notch3 a révélé une expression transitoire
dans le mésoderme de la plaque latérale gauche, y compris le deuxiéme champ cardiaque,
précédent la formation de la boucle cardiaque. Nous avons montré que Notch3 était co-

exprimé avec Nodal au sein de cette population et que I'asymétrie de Notch3 était amplifiée

10



par la signalisation NODAL, fournissant la premiere preuve moléculaire que NODAL agit

comme un amplificateur d'asymeétrie.

Etant donné que la souris posséde quatre récepteurs Notch paralogues, nous avons étudié la
redondance potentielle entre eux. A partir de données publiées de séquengage d'ARN en
cellules uniques et de nouvelles cartographies quantitatives, nous avons observé des profils
d'expression spécifiques : I'expression de Notch4 est négligeable, celle de Notchl est limitée
a l'endocarde et a l'aorte dorsale, tandis que Notch2 est exprimé dans les progéniteurs
cardiaques et enrichi dans le champ juxta-cardiaque, ou le niveau de Notch3 est bas. Nous
n'avons pas détecté d’asymétrie évidente de Notch autre que Notch3. Dans les champs
cardiaques des mutants Notch3, Notchl et Notch2 ont été trouvés surexprimés, indiquant

ainsi une compensation potentielle.

Pour élucider la contribution de Notch3 a la boucle cardiaque, nous avons adopté trois
approches. L'analyse des coeurs mutants pour Notch3 indique que Notch3 est
haploinsuffisant. Notch3 est partiellement requis pour la boucle cardiaque embryonnaire et a
la naissance, pour la septation, la croissance du ventricule droit et pour I'artére coronaire
septale. Faisant suite a I'observation que Notch3 est en aval de Nodal, nous avons généré des
double mutants. La perte d'un allele de Nodal n'a pas exacerbé le phénotype des
hétérozygotes pour Notch3, indiquant I'absence d'interaction génétique dans le mésoderme
de la plaque latéral entre ces deux genes asymétriques. Compte tenu de la pénétrance
partielle des phénotypes mutants pour Notch3, nous voulons surmonter la compensation
potentielle par d'autres paralogues de Notch : nous traiterons les mutants pour Notch3 avec
une dose sub-phénotypique d'inhibiteurs de la gamma-sécrétase et évaluerons si cela aggrave
les anomalies de la boucle cardiaque. Ces expériences fonctionnelles sont en cours de

réalisation.

Durant ce projet, nous avons développé de nouveaux outils pour cribler et quantifier
I'expression asymétrique des génes dans les précurseurs cardiaques. Nous discuterons de la
découverte de Notch3 dans le contexte de I'asymétrie droite-gauche et du développement

cardiaque. Par analogie avec le réle de Notch3 dans d'autres tissus, nous aborderons les

11



mécanismes cellulaires régulés par Notch3. Dans I'ensemble, ce travail fournit un nouvel

éclairage sur les mécanismes de |I'organogenese asymétrique droite-gauche.
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Summary of the Thesis in English

Keywords

Left-right asymmetry; Heart morphogenesis; Heart field; Notch pathway; Mouse Genetics;

Transcriptomics

Summary

Left-right asymmetry of the heart is essential for establishing the double blood circulation :
abnormal left-right patterning of the embryo leads to congenital heart defects in the
heterotaxy syndrome. Whereas the heart initially forms as a straight tube, it acquires an
asymmetric helical shape during the process of heart looping. This is a key step of heart
morphogenesis, during which cardiac chambers are aligned, as a prerequisite for the correct

plumbing of the blood circulation.

Although the left determinant NODAL is an important regulator of heart looping, previous
work in the lab has shown that it is not the only asymmetry factor : NODAL plays a key role in
orienting and amplifying pre-existing asymmetries. Yet, asymmetries other than NODAL
signaling have remained unclear. In order to investigate the left-right patterning of cardiac
precursors, we designed a transcriptomic approach to screen for differential gene expression
in the left and right heart fields of the mouse embryo. The transcriptional screen has been
performed in individual embryos, at seven sequential stages of heart looping, providing a

resource of hundreds of candidate genes patterning heart field asymmetry.

From an initial pilot screen, we have identified Notch3 as a novel asymmetric gene and
selected it for validation. State-of-the-art 3D spatio-temporal quantitative mapping of Notch3
expression revealed that it was transiently expressed in the left lateral plate mesoderm
including the second heart field, before heart looping. We found that Notch3 was co-
expressed with Nodal within this population and that Notch3 asymmetry was amplified by
NODAL signaling, providing the first molecular evidence that NODAL acts as an amplifier of

asymmetry.
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Given that the mouse has four paralogue Notch receptors, we have investigated potential
redundancy between them. From published single cell RNA sequencing and new quantitative
mapping, we observed specific expression patterns : Notch4 expression was negligible, Notch1
was restricted to the endocardium and dorsal aortae, whereas Notch2 was expressed in heart
progenitors and enriched in the juxta-cardiac field, where Notch3 is low. We have not
detected any obvious asymmetry of Notch other than Notch3. In Notch3 mutant heart fields,

Notch1 and Notch2 were found upregulated, thus indicating potential compensation.

To elucidate the contribution of Notch3 to heart looping, we have adopted three approaches.
Analysis of Notch3 mutant hearts indicate that Notch3 is haploinsufficient. Notch3 is partially
required for embryonic heart looping and, at birth, for septation, right ventricular growth and
the septal coronary artery. Following the observation that Notch3 lies downstream of Nodal,
we have generated double mutants. Loss of one allele of Nodal did not exacerbate the
phenotype of Notch3 heterozygotes, indicating no genetic interaction in the lateral plate
mesoderm between these two asymmetric genes. Given the partial penetrance of Notch3
mutant phenotypes, we aim to overcome potential compensation by other Notch paralogues
: we will treat Notch3 mutants with a sub-phenotypic dose of gamma-secretase inhibitors and

assess whether it worsens heart looping defects. These functional experiments are ongoing.

During this project, we have developed novel tools to screen and quantify asymmetric gene
expression in cardiac precursors. We discuss the discovery of Notch3 in the context of left-
right asymmetry and heart development. By analogy with the role of Notch3 in other tissues,
we discuss cellular mechanisms regulated by Notch3. Altogether, this work provides novel

insight into the mechanisms of left-right asymmetric organogenesis.
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Introduction

Left-right asymmetry

On the physiological relevance of left-right patterning

When seeing an organism with a bilateral body plan from the outside, be it human, beluga
whale or butterfly, most of them at a glance look to be left-right symmetric. However, this is
not the case, as many of our internal organs are not mirror images between their left and right
sides or not positioned symmetrically along the midline. For instance in humans, the lungs
have different number of lobes on each side, the apex of the heart points towards the left, the
liver is located on the right, the stomach and spleen on the left. Even the embryonic gut tube
rotates counter-clockwise (Fig 1A).

The left-right asymmetry of organs is an advantage, because it allows a diversification of
functions and, consequently, a greater complexity (Belo et al., 2017). One example is the brain,
where the centers responsible for controlling language or hand motor coordination are usually
restricted to one hemisphere. This is thought to save space, as the alternative would be that
each side encompass one of each center, thereby leading to duplications and thus
redundancy. Another example is the heart, where the right side is responsible for pumping
deoxygenated blood to the lungs, and the left side is responsible for receiving the newly
oxygenated blood and pumping it to the body (Fig 1B). The heart is thus a double pump, where
the separation and diversification on function between left and right are key for its proper

function.

Organs are usually positioned as in Fig. 1A, a condition referred to as situs solitus. A rare part
of the population has their visceral organs positioned in a mirror image, which is referred to
as situs inversus (Fig 2A). An American epidemiology study spanning ten years and including
examinations of more than 4.6 million individuals calculated that 3:100,000 births have situs

inversus (Lin et al., 2014).
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Fig 1. Internal organs can be left-right asymmetric. (A) The visceral organs display left-right
asymmetry in shape or position, which is important for their proper function. Schematics from
(Blum & Ott, 2018) (B) Schematic of the circulatory system, in which the heart serves as a
double pump for the blood. deoxygenated blood (blue) is pumped to the lungs, where it
oxygenated (red). Afterwards it is transferred to the left side of the heart and pumped into
the body. Adapted from Pearson?

Heterotaxia can be described as the situation in which organ shape or position is abnormal
and neither situs solitus nor situs inversus. This syndrome is associated with failures in either
establishment or maintenance of left-right patterning during development. the prevalence is
around 1:10,000 and in general occurrs around twice as often as situs inversus (Khoshnood et
al., 2012; Lin et al., 2014 ; Guimier, 2015 ; Szenker-Ravi, 2021).

Heterotaxia syndrome is associated with a wide range of abnormalities, including defects in
positioning and shaping of organs. The most severe defects are congenital heart diseases (Fig
2A lower panel) and cases of right- or left-sided isomerisms that will impact the vital prognosis
of patients. Cases of isomerism are reported when abdominal organs have predominantly
either a right- or left-sided identity on both sides, which can lead to a range of defects in these
organs (Fig 2A upper panel).

Congenital heart defects are the most common form of congenital defects, and up to 3% of

congenital heart defects have been reported to be related to heterotaxia (Zhu et al., 2006).

2 https://www.pearsonhighered.com/assets/samplechapter/0/1/3/4/0134760611.pdf
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Furthermore, up to 90% of all patients with heterotaxia syndrome have a congenital heart
defect (with more than nine out of ten of these being severe) (Gabriel & Lo, 2020 ; Lin 2014).
Two of these defects are schematized in Fig 2B. Atrioventricular septal defects are defined by
holes in the septum between the left- and right sides of the heart, which cause a mixing of
oxygenated and deoxygenated bloods. Another defect is transposition of the great arteries,
where the two blood circulatory systems are running in parallel, because the pulmonary artery
and aorta have switched position. This leads to that oxygen-poor blood flows through the right
side of the heart and back to the body without passing through the lungs. Concomitantly, the
oxygen-rich blood flows through the left side of the heart and directly back into the lungs
without being pumped to the rest of the body. These, along with other congenital heart
defects associated with heterotaxia, can arise both alone and in combination, and they can be

lethal if not surgically repaired (Desgrange et al., 2018).

As mentioned above, heterotaxia is caused by failure in establishing and/or maintaining the
left- and right sided identity of tissues. During development, the embryo is initially left-right
symmetric. How this symmetry is broken and laterality is established in the developing embryo
has been investigated in great detail during the past 25 years and will be described below (see
Introduction - The breaking of asymmetry and the Nodal pathway). Our understanding of how
organs develop asymmetrically is currently undergoing a paradigm shift.

In the clinics, cases of heterotaxia syndrome were categorized into either right- or left-
isomerism. This idea is also seen in the schematics of Fig 2A (upper panel), where the cases of
heterotaxia are displayed with the two isomerisms. This grouping of heterotaxia patients
associates different defects with each other, and the overall situs of the organs is determined
from looking at a few dominant criteria. For instance, it has been argued that isomerism can
be defined based on the morphology of the atrial appendages (Tremblay et al., 2017).

This is however challenged by case reports such as (de Bellaing et al., 2021), where the
authors report a patient, whose organ pattern does not fit into these discrete categories of
left- and right isomerism according to the atrial appendages. In fact, when this has been
studied systematically, it is found that for more than 20% of heterotaxia cases, these classical
patterns are breached (Yim et al.,, 2018). Instead, it would be more proper if each organ

laterality is assessed independently, as heterotaxy encompasses a broad range of defects.
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Fig 2. Heterotaxia syndrome can lead to congenital heart diseases (A) Schemes showing
normal positioning (situs solitus) of the visceral organs (left) and the situs inversus (right), in
which organs are positioned in mirror images. In-between these two situses are the
heterotaxia cases, where improper laterality in the organs can lead to a spectrum of defects
including congenital heart defects (CHD). (B) Left: Scheme of a normal heart with proper
separation between the left- and right sides and proper connection of cardiac segments.
Middle: Scheme of a heart suffering from atrioventricular septal defects causes a mixing of
blood (purple). Right: Scheme of a heart with transposition of the great arteries, where the
oxygenated (red) and deoxygenated (blue) blood are separated in two independent circuits,
and thus the systemic blood will not get oxygenated. From (Djenoune et al., 2022)
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This emerging assessment of organ laterality fits with how some developmental biologists
view the process of left-right asymmetry establishment. A main hypothesis is that each organ
independently develops its asymmetries, and that there is a biasing signal coordinating
laterality across the organism. This idea was proposed already in 1990 by the phenomenal
biologists Nigel A. Brown and Lewis Wolpert (Brown & Wolpert, 1990). They suggested a
three-step model, which can be reduced to a two-step process (Fig 3).

As taught in general chemistry classes, molecules can have a chirality. This is relevant in
biology, where for instance only the L-stereoisomer of amino acids are used to construct
proteins in nature. The first step is thus to convert this molecular asymmetry into a cellular-
or tissue asymmetry, which will give a left-right bias. The next step is the interpretation of this
bias. Organs (according to the model) have random generators of asymmetry that in the
absence of signal bias will form random deformations (such as generating the same number
of lung lobes on each side). However, during normal development, the signal bias will provide

a reference axis that is used by several organs to orient their laterality consistently.

As will be described below, our understanding of how left-right symmetry is broken and the
signals that govern the left-right bias has grown tremendously the past 25 years. However, as
the example regarding heterotaxy and congenital cardiac malformations described above
shows, there are still many open questions on how symmetry breaking and left-right bias is
translated into organ shape. Regarding this, the two most explored organs are the heart and
the gut (le Garrec et al., 2017; Savin et al., 2011), where there has been a research focus on
exploring which genes are asymmetrically expressed, and how these asymmetrically
expressed genes can drive organ asymmetry. In the work of this thesis, we have screened for
novel genes and pathways asymmetrically expressed in the cells driving asymmetric heart
morphogenesis, and we have characterized the role of one of these (Notch signaling) in
regarding to this. But before we can explore how organs can become asymmetric, we first

have to review how left-right asymmetry is initially established in the embryo.
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Fig 3. Brown-Wolpert model of asymmetry generation. Molecular chirality stemming from
protein structures is converted into a cellular handedness/direction, thus forming a left-right
bias. This bias functions as a reference axis for organs that each contain specific generators of
asymmetry (such as looping in the heart and the gut), thus generating the final shape. A,
anterior; L, left; LPM, lateral plate mesoderm; P, posterior; R, right. From (Desgrange et al.,
2018)

The breaking of symmetry and the Nodal pathway

The Brown-Wolpert model of symmetry breaking was confirmed experimentally in the
following decades, in which researchers both investigated how asymmetry is initially
established as well as the signaling pathways involved in propagating left-right asymmetry. In
short, most of the higher animals studied so far (from zebrafish to mice) use a transient organ
generally referred to as the left-right organizer, which induces the Nodal pathway on the left
side of the embryo? (Fig 4). Molecular asymmetry between the left and the right sides of the

embryo can be detected at the time when the first somite pairs forms (Nonaka et al., 2002;

3 There are exceptions to this. For instance, in Drosophila, where the two asymmetric organs, the sperm duct
and gut tube, are rotating dextrally due cell rotations caused by myosin genes (Spéder et al., 2006). Myosins
are powerful regulators of rotations. If overexpressed in not rotating tissues, they can induce rotation.
Furthermore, the direction can change depending on the myosin sub-type (Lebreton et al., 2018).
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Vincent et al., 2004), which in the mouse is around E8.0. The core of the Nodal pathway
consists of the TGF-B superfamily member Nodal, a secreted factor which induces (among
others) itself, Lefty1/2 and Pitx2. Lefty1/2 are both repressors of Nodal expression, and thus
serve as feedback inhibition mechanism. The left-sided Nodal pathway serves as the a left
determinant and will be described in detail later.

Although left-sided Nodal pathway expression is well conserved among deuterostomes, the
inductive mechanism is not always the same (Coutelis et al., 2014). This diversity is also
reflected in their naming, for instance the left-right organizer in the mouse is named the node,
in zebrafish Kupffer’s vesicle, in chicken Hensen’s Node and gastrocoel roof plate in Xenopus.
The mouse node and the zebrafish Kuppfer’s vesicle are the two most studied left-right
organizers. They are both small transient structures positioned on the ventral side of the
embryo, where they form a mono-layered cup (mouse) or sac (zebrafish) consisting of
epithelial-like cells that are mono-ciliated (Jurand, 1974; Lee & Anderson, 2008).

Some of the ciliain the left-right organizer are motile and generate a flow, which is necessary
for proper left-right patterning. If the cilia are missing (Nonaka et al., 1998), shorter (Lopes et
al., 2010), immotile (McGrath et al., 2003) or if the fluid flow is compromised by e.g. increasing
the viscosity of the fluid (Nonaka et al., 2002) it all leads to randomization of lateralization.
That fluid flow is the inducer of lateralization has been shown by that creating artificial flow
in mutants with immotile cilia, which can rescue laterality defects. Similarly, if fluid flow is

reversed, it can induce an opposite pattern of lateralization (Nonaka et al., 2002).

Not all left-right organizers are dependent on motile cilia. For instance, Hensen’s node in the
chicken uses an alternative strategy for symmetry breaking that relies on a counter-clockwise
cell displacement leading to left-sided Nodal pathway expression (Cui et al., 2009; Gros et al.,
2009). Upstream of the asymmetric cell displacement are asymmetric Fgf- and Shh signaling
as well as ion differences caused by H*/K*-ATPases. What is upstream of those is still unknown.

From an evolutionary developmental biology perspective, it is surprising (and thereby
interesting) that the process of symmetry breaking is mechanistically not well conserved, and
several publications in the recent years have looked into symmetry breaking in non-model
organisms and found diversity (Kajikawa et al., 2020; Onuma et al., 2020; X. Zhu et al., 2020).
As reviewed in (Coutelis et al., 2014), there are both common and divergent principles of left-

right formation, which might be related to how organisms ensure that their symmetry
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breaking is robust. It goes beyond the scope of this introduction to cover this diversity, and
therefore the focus will be on cilia-driven flow models of symmetry breaking (as seen in e.g.
mouse and zebrafish), as this is believed to be the mechanism in humans. Although not
experimentally proven or directly observed, as left-right organization occurs around
embryonic day 20 (Carnagie stage 9) in human embryos (O’Rahilly & Miiller, 2003) (thereby
after the gastrulation/14-day limit set for human experimentation), human symmetry
breaking is believed to be dependent on cilia driven flow because mutations in cilia genes

cause heterotaxy syndrome (Guimier et al., 2015; Szenker-Ravi et al., 2022).

Fig 4. Symmetry breaking in the mouse. At the posterior end of the notochord is a transient
organ named the node, which acts as the left-right organizer in the mouse. The node is a pit,
consisting of mono-ciliated cells. cilia generate a leftward flow (1), which restricts expression
of Nodal on the left side of the node (1) and of the Nodal pathway genes on the left side of
the embryo (2). The Nodal pathway consists of the Nodal gene and its direct targets Lefty1/2
and Pitx2. The Lefty genes encode antagonists of Nodal and thus provide a negative feedback
loop. From (Coutelis et al., 2014)
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Careful work by Sulik et al. using scanning electronic microscopy and dye-injection cell
labelling has described the origin and development of the mouse node (Sulik et al., 1994). Cells
that during the mid-late streak phase (E7.0-E7.5) are located near the anterior end of the
primitive streak, will at the zero bud (0B) stage form a plateau of mono-ciliated cells with a
small apical surface (Fig 5A-B). These will be surrounded by cells with a larger apical surface.
One stage later, at the early headfold stage (EHF) (E7.5-E7.75), the node has formed a concave
shape (Fig 5C-D), where the cells with the small apical surface are within the pit of the concave
(and are referred to as pit cells), while the cells with the larger apical surfaces are on the edge
of the pit. These cells are referred to as crown cells.

Both pit- and crown cells have a single cilium, however studies have shown that the cilia
located on the pit cells contain the dynein protein Dnah11 making them motile, while the cilia
of the crown cells are immotile and are instead responsible for sensing the flow (Fig 5E)

(McGrath et al., 2003).

A leftward flow is necessary and sufficient for proper lateralization (Nonaka et al., 2002), and
the leftward flow is generated by the posterior tilt of cilia. The latter is due to the positioning
of the basal body within the cell (which anchors the cilium), downstream of PCP signaling
(Nonaka et al., 2005 ; Minegishi et al., 2017). As the cilia rotates clockwise, this will lead to the
leftward flow. This clockwise rotation is due to the structure of the microtubules in the cilia (J.
Lin & Nicastro, 2018), and it is an example of how molecular chirality is converted to a cellular
handedness as described in the Brown-Wolpert model (Fig 3).

When immotile cilia sense the flow, a molecular cascade is induced that ends with the Nodal
pathway being expressed on the left side. There have been two main hypotheses on how the
immotile cilia could initiate molecular events leading to asymmetric gene expression;
chemosensing, where small molecules or vesicles are transported predominantly to one side
and thus inducing changes, and mechanosensing, where the immotile cilia of the crown cells
senses the directed flow. No secreted small molecule or vesicle has been identified so far in
the node, with functional impact on left-right patterning. Recent work by Katoh et al. in the
mouse rather supports the mechanosensing model, because they show that manipulating
single cilia on crown cells, using atomic force microscopy, is enough to generate asymmetric
gene expression (Katoh et al., 2022). Further work is required to exclude the possibility that

asymmetric chemical signal exists concomitantly.
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Fig 5. The formation of the node and the leftwards flow within the pit. Scanning microscopy
images of the node cells at the zero bud (0B) (A-B) and the early headfold stage (EHF) (C-D).
At the OB stage, node cells are ciliated however the concave has not yet formed. One stage
later, the node has the shape of a pit. Size bars: A,C = 20 uM; B,D = 2 uM. From (Lee &
Anderson, 2008) (E) Model of the node pit. Motile cilia located on the pit cells will induce a
leftwards flow. This directional flow will be sensed by immotile cilia on the crown cells. From
(Vingerhoets et al., 2021)

In 1996, two papers were published back-to-back reporting the expression of two genes
asymmetrically expressed in the lateral plate mesoderm of the mouse around early somite
stages (Collignon et al., 1996; Meno et al., 1996). These were Nodal and Lefty, who are two of
the three core-members of the left-sided Nodal pathway, which is now known to regulate
organ laterality (see Fig 4) (Actually, the Lefty probe detects two genes, Leftyl and Lefty2,

which are both involved in left-right patterning). The last member, Pitx2, was found a few
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years later to be left-sided in the same regions (Ryan et al., 1998). It was later shown that the
isoform Pitx2c is the main asymmetric isoform (Kitamura et al., 1999), however work in the
host lab demonstrated that the other isoforms, Pitx2a and Pitx2b, also play role in asymmetric
heart development (Desgrange et al., 2020). For all three members it was shown that their
asymmetry is dependent on a functional left-right organizer, and that they regulate each other
to control organ laterality.

Nodal expression begins in the crown cells of the node around the early headfold stage (Fig
6A) (Collignon et al., 1996; Kitajima et al., 2013). It is initially expressed symmetrically in the
crown cells, but then around the 2-3 somite stage becomes predominantly left-sided
(Kawasumi et al., 2011; Kitajima et al., 2013), and it has been studied in great detail how the
node flow leads to left-sided expression of Nodal.

Dand5 (also known as Cerl2) encodes an inhibitor of Nodal signaling important for restricting
Nodal activity on the left side of the node crown cells. Dand5 is expressed asymmetrically in
the node prior to Nodal with higher levels on the right, and if Dand5 is absent it leads to
symmetric Nodal expression (Marques et al., 2004; Oki et al., 2009). Dand5 is a potent
inhibitor of Nodal expression, as right-sided Dand5 will lead to asymmetric Nodal signaling
(measured by its downstream effector pSmad2) even if Nodal is symmetric (Fig 6B) (H.
Hamada, 2020).

Mechanical activation of cilia in crown cells is enough to bias Dand5 expression on the right
(Katoh et al., 2022), and right-sided Dand5 localization has been shown to be dependent on
MRNA degradation (Maerker et al., 2021; Minegishi et al., 2021). It has also been proposed
that Wnt3 is an upstream regulator of Dand5, as Wnt3 is expressed asymmetrically prior to
Dand5, and inhibition of Wnt signaling leads to symmetric Dand5 (Kitajima et al., 2013). On
top of this, asymmetric Ca?* in the left-right organizer (on both an intracellular and
extracellular level) has been shown to play a role in left-right asymmetry breaking at a level
downstream of flow-sensing, but upstream of Dand5 and Nodal asymmetric expression, and
inhibition of this leads to laterality defects (McGrath et al., 2003; Raya et al., 2004; Takao et
al., 2013). So far, a complete model integrating all these observations has not been proposed,
as we for instance do not mechanistically understand how vibration of cilia leads to gene
expression. Additionally, we do not understand how every asymmetrically identified gene is
related to each other, and if there are other asymmetrically expressed genes in the node (for

instance during the work of this thesis, we identified a new gene
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asymmetrically expressed in the node crown cells). Further work (likely involving very careful
manipulations of the left-right organizer as well as careful screenings) is necessary to

completely understand symmetry breaking in the mouse node.

Altogether these data have demonstrated the importance of Nodal to be asymmetrically
expressed in crown cells. As the cells of the node do not contribute to other organs (Lee &
Anderson, 2008), the next step is then to relay this information from the crown cells of the

node into organ precursors to further establish a left identity during organ formation.

Fig 6. Gene expression patterns within the node. (A) In situ hybridization of Wnt3, Nodal and
Cerl2 expression in the node show their relative kinetics. At the late headfold stage (LHF), they
are all left-right symmetrically expressed. One stage later, Wnt3 is higher on the left, followed
by Cerl2 on the right at the next stage and Nodal on the left. Adapted from (Kitajima et al.,
2013). (B) Cerl2 is a potent inhibitor of Nodal signaling, as symmetric expression of Nodal
combined with asymmetric expression of Cer/2 leads to asymmetric Nodal activity (measured
by pSmad2). Adapted from (H. Hamada, 2020). L = Left; R = Right

Beyond the left-right organizer

Nodal signaling in the lateral plate mesoderm is a determinant of organ laterality, and depends
on prior asymmetric expression of Nodal in crown cells (Brennan et al., 2002). The mechanism
by which Nodal is relayed from the crown cells to the lateral plate mesoderm (which is several

cells away) without activating Nodal expression in the pre-somitic mesoderm in-between is
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not well understood, however it has been demonstrated that proper Nodal propagation is
dependent on sulfated glucosaminoglycans (Oki et al., 2007) as well as the Nodal co-ligand
Gdf1 (C. Tanaka et al., 2007). Similarly, how Nodal is relayed from one cell to another in the
lateral plate mesoderm is also not clarified. There is evidence suggesting a relay mechanism,
where Nodal expression in one cell induces Nodal expression in the next one (L. Liu et al.,
2021). This also explains how the Nodal pathway propagates through the left lateral plate
mesoderm, where it is initially expressed laterally to the node and then propagates anterior
and posteriorly.

In the context of left-right asymmetry, the Nodal gene has two relevant enhancer elements.
The node-specific enhancer (NDE), which controls Nodal expression in the left-right organizer,
and the left-side specific enhancer (ASE, stemming from asymmetric expression), which is
required for left-sided expression of Nodal in the lateral plate mesoderm (Adachi et al., 1999;
Brennan et al., 2002; Norris et al., 2002; Norris & Robertson, 1999; Saijoh et al., 1999). Nodal
signals through P-Smad2 and the transcription factor Foxh1, which activate transcription
through the ASE genetic element (Norris et al., 2002), which explains why Nodal induces itself
in the lateral plate mesoderm. The other Nodal pathway genes, Lefty2 and Pitx2, also have
ASE elements (Shiratori et al., 2001). Beyond these known asymmetrically expressed genes,
Desgrange et al. has shown that Nodal regulates a range of cardiomyocyte differentiation- and
extracellular matrix genes, and 50% and 40% of these (respectively) have an ASE element in

their viscinity (Desgrange et al., 2020).

What is the role of Nodal pathway members? As seen above, Nodal itself serves as a left
determinant, which is important for inducing asymmetric gene expression. Lefty2 is a direct
inhibitor of Nodal, which is important for restricting Nodal expression in time and space (Meno
et al., 2001). Nodal also induces another Lefty gene, Lefty1, which is expressed at the midline
and servers as a barrier, ensuring that Nodal is not inducing its own expression on the right
(Meno et al., 1996). Like the Nodal protein, Leftyl and Lefty2 belong to the TGF-B superfamily
and they inhibit Nodal through receptor binding and thus out-competing Nodal binding to its
receptor (Cheng et al., 2004). Beyond signal restriction in time and space, the Lefty genes are
also responsible for dampening Nodal signal, which increases the robustness of the system

(Montague et al., 2018; Rogers et al., 2017). Altogether this feedback inhibition leads to a
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short time window of Nodal and Lefty2 expression in the left lateral plate mesoderm, between

the 3 and 6 somite stages (Desgrange et al., 2020; Vincent et al., 2004) (Fig 7A).

Fig 7. Expression pattern and kinetics of the Nodal pathway. (A) Brightfield images of the left
side of embryos at the 3-6 somite stage after in situ hybridization of Nodal. The kinetics of
Nodal expression is rapid as Nodal expression is almost gone by the 6 somite stage. Arrow
points to the node. From (Vincent et al., 2004). (B) At the E80-E8.5 stage, Nodal, Lefty1/2 and
Pitx2 are asymmetrically expressed in the left lateral mesoderm, however at E9.5 only Pitx2
expression persists. This is because Pitx2 has another enhancer element responsible for
continued expression and alternative induction. From (H. Hamada, 2020)

Pitx2 is also asymmetrically expressed in the left lateral plate mesoderm, but compared to
Nodal and Lefty2, its asymmetry persists longer (Fig 7B). This is because Pitx2 has another
element than the ASE, which ensures longer expression (Shiratori et al., 2001). Furthermore,

Pitx2 has been shown to be downstream of the heart progenitor markers Tbx1 and Nkx2-5,
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demonstrating that Pitx2 is also regulated by genes which are anterior-posterior regionalized
within the lateral plate mesoderm (Nowotschin et al., 2006). Because Pitx2 mutants harbor
laterality defects, it has been said that Pitx2 is the effector of the Nodal pathway and is
responsible for providing cells a left-sided identity controlling further asymmetric
morphogenesis of visceral organs (Piedra et al., 1998; Ryan et al., 1998). On a cellular level,
experiments in the zebrafish have shown that pitx2 is able to regulate asymmetric properties
of extracellular matrix proteins, cell migration and the planar cell polarity pathway (Collins et
al., 2018)

Although Pitx2 is very important, new research shows that Nodal dependent, Pitx2
independent laterality defects exist. This is for instance seen by the different heart laterality
defects observed in Nodal conditional mutants and Pitx2 mutants, where Nodal mutants can
lead to leftwards or rightwards rotation, while Pitx2 mutants always rotate rightwards.
However, the Pitx2 mutants display anomalies of ventricle position, and as such regulates
some aspects of Nodal signaling. Oppositely, Pitx2 mutants also display defects in the heart
not observed in Nodal mutants, showcasing that Pitx2 has roles beyond Nodal (Desgrange et
al., 2020).

On a molecular scale, several miRNAs have been shown to be regulated by Nodal in a Pitx2
independent manner (Rago et al., 2019) as well as cardiac differentiation- and extracellular

matrix genes (Desgrange et al., 2020).

This opens up new lines of research aiming understand how organs develop asymmetrically.
Two of the most studied organs are the heart and the gut, who both become asymmetric
during a looping process. However, even though both organs loop, they are very different in
form, function and timing of development, which is also reflected in how differently they
become lateralized. Asymmetric development of the heart is the focus of this thesis work, and
thus heart development (along with how it acquires its asymmetric shape) will be described

in details in the following chapter, while gut looping will be described below.

How molecular signaling can drive asymmetric organogenesis is now being analysed with
increased spatiotemporal and molecular resolution (le Garrec et al., 2017; Sivakumar et al.,
2018). As stated in the Brown-Wolpert model (Fig 3), each organ should have a random

asymmetry generator that should sense the Nodal pathway (or potential other left-right
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asymmetric signaling). A proof of such random generators is seen in the heart, where a
buckling mechanism drives proper formation of the asymmetric heart (see Heart looping —
when the heart becomes asymmetric). In the gut, which loops counter-clockwise, proper
rotation is dependent on a leftwards tilt in the dorsal mesentery, the structure which connects
the embryonic gut tube to the body wall (Davis et al., 2008). This tilt occurs around E10.5 (Fig
8A-B).

The research on gut looping has primarily been performed in first the lab of Cliff J. Tabin and
later in the lab of Natasza Kurpios. They initially showed that gut looping is dependent on
Pitx2, as Pitx2 mutants are left-right symmetric in terms of gut tilting (Davis et al., 2008),
meaning that Pitx2 is the effector of left-right asymmetry in the gut (Fig 8C). As will be
described later (see Heart looping — how the heart becomes asymmetric), this is not the case
in the heart. They found that extracellular matrix genes and cell adhesion genes were
regulated by Pitx2, which were important for proper gut looping (Kurpios et al., 2007).

It was recognized that there is dynamic left-right asymmetric gene patterning occurring
within the dorsal mesentery, so a transcriptomics screen was at performed on the left- and
right dorsal mesentery at different stages of gut looping (Mahadevan et al., 2014; Welsh et
al., 2013). This screen lead to the discovery of novel mechanisms in left-right asymmetric
organogenesis and in the role of Pitx2. For instance, it was found that Pitx2 acts through Wnt
signaling via the Wnt effector Daam2 (Welsh et al., 2013). Furthermore it was shown that
arteries are only formed in the left side of the dorsal mesentery, which is important for proper
vascularization of the gut (Mahadevan et al., 2014). It also revealed a key process to how the
gut tube becomes asymmetric. It was realized early that the right-sided dorsal mesentery
expanded, which is important for the leftwards tilt (Fig 8B) (Kurpios et al., 2007). This right-
sided expansion was shown to be due to covalent modification of hyaluronan, an extracellular
matrix component, through the enzyme Tsg6 (Sivakumar et al., 2018). Connected this work
shows that multiple genes, pathways and processes are important for proper organ

asymmetry.
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Fig 8. Looping in the gut. (A) The counter-clockwise looping of the gut tube (GT) occurs around
E10.5 in the mouse. From (Sivakumar & Kurpios, 2018). (B) This rotation is driven by a
leftwards tilt in the dorsal mesentery (DM), which is caused by among other expansion of the
extracellular matrix. (C) Pitx2 is expressed only on the left side of the dorsal mesentery. In the
absence of Pitx2, there is no tilt. B+C from (Mahadevan et al., 2014).

The research on how the gut loops have described novel genes that play roles in left-right
asymmetric organ development and shows the complexity of how organs become lateralized.
Similar work has also been performed in regard to the heart, but sometimes there have been
conflicting reports. In 2013 it was for instance claimed that early stages of heart asymmetry
were independent of spaw signaling (Nodal paralogue) in the zebrafish (Noél et al., 2013).
However, it was later pointed out that this was not the case, as Crispr mutants of spaw
affected heart looping (Montague et al., 2018). Montague et al., has argued that the sfw
mutant used by Emily et al.,, is not a true null-allele. Moreover, a right-handed pathway
(consisting of Bmp signaling and driver of epithelial to mesenchymal transition prrx1)

regulating asymmetric heart morphogenesis was reported in (Ocaia et al., 2017), but later
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work connected this right-handed pathway to Nodal signaling through miRNA regulation
(Rago et al., 2019). Both examples show that developmental biologists have to work carefully
to answer questions of left-right asymmetric organogenesis and the relationship between new
asymmetric genes and the Nodal pathway.

In the course of this PhD project, we have aimed to understand how the heart becomes
asymmetric in greater details. In order to tackle the challenges associated with this (and
inspired by among other the work in the gut) we decided on a transcriptomics approach. As
will be described in the next chapter, recent work in the lab has made it clear that there are
more pathways involved in left-right asymmetry beyond the Nodal pathway, and that these
asymmetries are occurring rapidly (Desgrange et al., 2020). To explain the reasoning for how
we designed our transcriptomics strategy to explore the kinetics of left-right asymmetry in the

heart, it will be necessary first to review the heart and its development.
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Development of the Heart

Anatomy and Development of the Heart
The heart is a muscular organ whose main role is to pump blood, containing nutrients and

oxygen, through the vessels of the body. Inside the heart, the blood will be either oxygenated
or deoxygenated, and the heart must ensure that deoxygenated blood is pumped to the lungs,
while oxygenated blood is propelled to the body. The mixing of oxygenated and deoxygenated
blood is prevented by the segregation of the heart into two halves, where the blood will pass
through each half per circuit. Because of this separation the heart is referred to as a double-

circuit system.

Deoxygenated blood from the body reaches the heart though the caval veins and right atrium
(Fig 9A). Here it flows through one of the atrioventricular valves, the triscupid valve, before
reaching the right ventricle. When the heart contracts, the right ventricle pumps the blood
towards the lungs via the pulmonary arteries. After oxygenation, the blood returns to the
heart via the pulmonary veins and left atrium. After flowing through the other atrioventricular
valve (the mitral valve), the blood reaches the left ventricle, whereupon it is pumped to the
body through the aorta (Depicted in Introduction - Fig 1B).

The two ventricles are positioned next to each other, and they are separated by the inter-
ventricular septum. An electrical pulse from the sinoatrial node orchestrates heart
contraction. It propagates through the atria and the atrioventricular node, which (after a
delay) will relay the pulse into the ventricles, leading to heartbeat.

There are three main layers of the heart; (1) the outer layer of epicardium, important for
protecting the heart and involved in cardiac repair, (2) the inner layer of myocardium
underlying the contraction of the heart and (3) the inner layer of endocardium, which among
other is required for making sure the blood flows smoothly inside the heart. Between the epi-
and myocardium runs the coronary arteries, which are important for supplying energy to

cardiomyocytes.
As seen above, the shape of the heart reflects its function as a pump driving a double circuit

system, and thus the formation of the heart during development must ensure that such a

shape is generated properly. Like human, the mouse has four cardiac chambers (2 ventricles
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and 2 atria) and is widely used as a model organism for cardiac related research (for instance
in the work of this thesis), and will in this chapter be used as an example of heart development
(Harvey, 2002).

The earliest cardiomyocyte cells arise at the headfold stage in the mouse around E7.5-8.0,
forming a crescent below the headfolds, referred to as the cardiac crescent (Fig 9B). Already
at this stage, cardiomyocytes are beating (Tyser et al., 2016). When they differentiate,
cardiomyocytes detach from the endoderm (lvanovitch, 2017). By E8.5, cardiomyocytes have
bulged out and formed a tube consisting of cells that will give rise to the future left ventricle
(Zaffran, 2004). The tube is open dorsally, connected to the dorsal pericardial wall via the
dorsal mesocardium. The tube is initially straight. However, as the tube continues to grow, it
loops and form a rightward helix —a process referred to as heart looping. During this process,
the dorsal mesocardium breaks down, thereby freeing the tube from its dorsal attachment.
The tube grows by two mechanisms; by division of differentiated cardiomyocytes (Thompson,
1990) and by addition of new cells from a reservoir outside the tube ((Viragh and Challice,
1973 ; de la Cruz et al., 1989 ; Kelly et al., 2001). After the dorsal mesocardium has broken
down, newly differentiated cardiomyocytes integrate into the heart tube through its two
poles.

Concomitantly with looping, cells of the right ventricle and atria is added to the tube. Initially,
they are all connected, as there is no separation between them. As the tube completes its
looping, the chambers will be positioned relatively to each other in a manner corresponding
to their future positions. The inter-ventricular septum, which will separate the left- and right
side of the heart, starts forming around E10.5 and the tube has been shaped into a form

reminiscent of the adult heart. Septation is completed in the fetal heart.

Remodeling of a tube into a functioning heart is an intricate 3D process, and one can easily
imagine that defective growth, septation or positioning of chambers will lead to congenital
heart defects. Congenital heart defects represent 1/3 of major congenital abnormalities, and
in Europe 1% of children are born with a congenital heart defect (Dolk et al., 2011 ; Khoshnood
2012).

Thus, it is clear that the development of the heart is directly relevant to cardiac diseases,
and that understanding the molecular mechanisms driving heart morphogenesis will give a

better framework to understand these malformations. In this chapter, the focus will be first
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directed on heart progenitor cells, and later on how left-right asymmetric morphogenesis

leads to an asymmetric heart shape.

A

Cardiac crescent Straight heart tube Looped heart Remodeled heart tube
LHF Early E8.5 Late E8.5 E10.5

A Forming cardiomyocytes

Fig 9. The adult and embryonic heart. (A) lllustrations of an adult mammalian (Human) heart
in external view (left side) and in section (right side). Description of the heart is found in the
text. From (Harvey, 2002). (B) Steps of the early cardiac heart. Initially a cardiac crescent
forms, where differentiating cardiomyocyte progenitors from the left- and right side fuses and
form a tube. This tube grows and loop, positioning the future left and right ventricles next to
each other. Afterwards the heart tube undergoes remodeling, and a shape reminiscent of the
adult heart is seen around E10.5. Images adapted from (Buckingham et al., 2005; Desgrange
et al., 2018). AVN: Atrioventricular node; Ca: Caudal; Cr: Cranial; L: Left; LA: Left atrium; LV:
Left ventricle; OFT: Outflow tract; R: Right; RA: Right atrium; RV: Right ventricle

The Origin and Early Development of the Embryonic Heart
Dye injection and fate mapping studies in first avian- and later mouse embryos have shaped

our understanding of how the heart arises during development. At the epiblast stage,

precursor cells of the heart are not yet committed to the cardiac lineage, as they can also
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differentiate into other tissues such as the endoderm, paraxial mesoderm and extra-
embryonic mesoderm (Buckingham, M., Biben, C. & Lawson 1997 ; Tzouanacou et al., 2009;
reviewed in Meilhac & Buckingham, 2018). During gastrulation, these cells migrates through
the primitive streak from the mid-streak stage (Fig 10) (Kinder et al., 1999). After ingression,
the cells moves anteriorly along the two sides of the lateral plate mesoderm towards just
below the headfold. Along this process, they will differentiate into cardiomyocytes and fuse
at the midline, thus giving rise to the cardiac crescent (lvanovitch et al., 2017; Kaufman &

Navaratnam, 1981).

Fig 10. Cells migrate from the primitive streak anteriorly to form the heart. At the mid-streak
stage, cells that form the heart migrate through the primitive streak and migrate anteriorly.
Here they differentiate into cardiomyocytes and form the cardiac crescent (red). From
(Meilhac & Buckingham, 2018)

Depending on when cells migrate through the primitive streak, they will contribute to
different compartments within the heart (Lescroart et al., 2014). Retrospective clonal analysis
had found that there are distinct clonal lineages of heart progenitors. Indeed, one group of
clones gives rise at E8.5 to the left ventricle and contributed to other compartments besides
the outflow tract. Alternatively, the second group of clones gives rise to the myocardium of
the outflow tract, the atria, the right ventricle and to a subset of pharyngeal skeletal muscles
(Meilhac et al., 2004 ; Lescroart 2010). These clonal lineages are termed the first- and second
lineage respectively, based on the earlier appearance of the first lineage (Meilhac et al., 2004).
Fitting with this, Lescroart et al., demonstrated that the cells of the first lineage turn on their
cardiogenic transcriptional program earlier than the second lineage, and they migrate earlier

(Lescroart et al., 2014). The two lineages segregate from early common progenitors, as it has
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been possible to find mega-clones (samples with many labelled cells due to early
labelling/recombination) where both the first- and second lineage derivatives are marked
(Meilhac et al., 2004).

The formation of the early heart tube has also been imaged live (Tyser et al., 2016 ;
Ivanovitch et al., 2017). These showed that myocardial differentiation occurs in two phases;
the first begins at the early headfold stage and results in the cardiac crescent. There is then a
break of 5-7 hours before cardiomyocyte differentiation commences again, providing cells
elongating the straight tube that then undergoes looping. These live video observations are in
agreement with that there are two lineages that migrate at two different times and form

different compartments of the heart.

Besides heart progenitors arising from the first and second lineages, other cell types also
contribute to the growing heart. This is the case of neural crest cells, a particular cell type that
is derived from the neuroectoderm (in contrast to the other cell types contributing to the
heart, which are derived from the mesoderm). Cardiac neural crest cells are important for
outflow tract development and proper septation of the great arteries, however they are first
present in the heart after E9.5, i.e. after the heart has completed looping (George et al., 2020;
Jiang et al., 2000).

As written above, the heart tube grows from proliferation of differentiated cardiomyocytes,
but also from integration of new cells into the tube. After ingression into the primitive streak,
the heart progenitors migrates to different regions before forming and entering the heart
tube. The regions of undifferentiated heart precursors are referred to as the heart fields. Two
were initially defined, and they were named first and second heart field (Buckingham et al.,
2005). At the cardiac crescent stage the first and second heart fields are adjacent, with the
second heart field lying medially to the first heart field. It is the cells in the first heart field
which then form the structure known as the cardiac crescent (Buckingham et al., 2005). (Fig
11A). The cells of the first heart field will deplete itself while forming the cardiac crescent, and
thus it gives rise mainly to the left ventricle (Zaffran et al., 2004). The cells of the second heart
field extend anteriorly at the border with the pharyngeal mesoderm, to the dorsal
mesocardium and posteriorly into the splanchnic mesoderm of the lateral plate mesoderm

(Cai et al., 2003); they will give rise to the right ventricle and atria (with overlapping
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contributions from the first heart field) and to the outflow tract®. The cells of the second heart
field can be further sub-divided into an anterior- and posterior region, with distinct
transcriptional programmes, who have both overlapping and specific contributions (Kelly et
al., 2001, 2014; Meilhac & Buckingham, 2018). Fate mapping studies have also been used to
show the contributions of the second heart field to the heart. Through these it was found that
cranial and caudal posterior second heart field have different, but overlapping contributions,
and that cells until the 2" somite pair can contribute to the heart (Dominguez et al., 2012).

The juxta-cardiac field, which contributes both to the cardiomyocytes and to the epicardium,
is a new field that has been identified through single cell RNA sequencing (Fig 11B) (Tyser et
al., 2021). At the cardiac crescent stage, the juxta-cardiac field is positioned anteriorly and
ventrally to the cardiomyocytes in a continuous layer that folds over them (Fig 11C). The juxta-
cardiac field extends into the extra-embryonic mesoderm, which is likely why it was only
discovered recently (as it was thought the extra-embryonic mesoderm would not contribute
to the heart). Inference of lineage trajectories from transcriptomic profiling indicates that the
juxta-cardiac field is a reservoir of undifferentiated precursors for the first heart field, which
rather contains intermediate differentiating cells. Thus single cell transcriptomic analyses
coupled to spatio-temporal gene mapping have refined our understanding of cardiac lineages.
It further supports the double segregation of myocardial lineages and the anterior/posterior
regionalization of the second heart field, while providing precise mapping and molecular
profiling of the different cell populations.

From the single cell RNA sequencing, it was possible to define several clusters, and as this
data have been used also in the work of this PhD thesis, these will be described explicitly. The
Me7 cluster represents the second heart field, while the Me5 cluster represents the juxta-
cardiac field. Upon differentiation to cardiomyocytes, they will cluster either at Me4 or Me6,
which represent two different clusters of differentiating cells, which are localized in different
regions (See Fig 11C). Upon differentiation, the cells will form the cardiomyocytes and cluster
as Me3. During this trajectory, they will express cardiomyocyte markers such as Actcl or

Acta?2.

4 As seen, there are great similarities between the contributions of the first lineage and the first heart field and
between the contributions of the second lineage and the second heart field, and as such these terms have been used
sometimes interchangeably. This is imprecise, as they are not referring to the same thing, and as such great care
should be implemented to avoid confusing the two concepts. Lineages refer to clonally related cells with specific
migration times, while the heart field refers to regions containing heart progenitor cells in the developing embryo.
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A
Looped heart

Cardiac crescent Late E8.5 Fetal heart
Headfold stage E14.5
B C
(Cardiomyocytes)

(Differentiating progenitors)
(Juxta-cardiac field)
(Differentiating progenitors)
(Second heart field)
(Paraxial mesoderm)

Fig 11. The heart progenitors are localized in into different heart fields. (A) Structure of the
first (red) and second heart field (green and yellow) at the headfold and heart looping stages.
The first lineage forms the left ventricle and contribute to the right ventricle and atria. The
second heart field can be segregated into an anterior (yellow) and posterior region (green),
who also has specific contributions to the chambers of the fetal heart. LA: Left atrium; LV: Left
ventricle; OFT: outflow tract; PhA: pharyngeal arch; Pt: Pulmonary trunk; RA: Right atrium; RV:
Right ventricle. Adapted from (Meilhac & Buckingham, 2018). (B) 2D UMAP projection of
single cell RNA sequencing of cardiogenic cells at early stages of heart development. These
can be clustered into different populations (labelled Me2-8). (C) Location of the newly
discovered juxta-cardiac heart field (Me5/green), which is located at the cardiac crescent
ventrally and anteriorly to the cardiomyocytes. The other clusters from B are also indicated.
Left image: front view; (a) and (b) are sections at the level indicated in the left image. CC:
Cardiac crescent; Endo: Endoderm; HF: Head fold; JCF: Juxta-cardiac field. B-C adapted from
(Tyser et al., 2021).
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Concomitantly with researchers exploring the heart lineages and -fields, genes marking these
populations were also identified. One of the earliest markers of cardiac cells is Mesp1, which
encodes a basic helix-loop-helix transcription factor that is active in the nascent mesoderm
(Saga et al., 1999). Mesp1 genetic tracing labels both cells of the first-, second and juxta-
cardiac field as well as several other mesoderm-derived tissues (Saga et al., 1999; R. C. V. Tyser
et al., 2021). However, it has been found that only 70% of the adult heart is derived from cells
that have expressed Mesp1 (Ragni et al., 2017). Fitting with this, Mesp17- mouse mutants still
develop some cardiomyocytes (Saga et al., 1999). An interesting marker, which challenges the
view of first- and second lineage, is Foxa2. Foxa2 lineage tracing reveals that cells derived from
Foxa2-expressing cells give rise mainly to the ventricle, and contribute very little to the atria
(Bardot et al., 2017). These cells like represent a group of very early heart progenitors.

Identifying markers of the first heart field is particularly complicated, as the field is transient
due to the rapid cell differentiation into cardiomyocytes and because markers of
cardiomyocyte differentiation are not specific to the first lineage. As a consequence, many of
the used markers also label other populations, in particular overall early cardiomyocytes. One
useful marker is Hcn4, which encodes a subunit of a potassium channel. Hcn4 labels from E7.5
the first heart field (Liang et al., 2013).

The most common marker of the second heart field is the gene Is/1, which encodes a
transcription factor. Is/1 is expressed in the full second heart field (Fig 12), however it is not
restricted to only mesodermal cells, as e.g. endodermal cells of the cardiogenic region are also
Isl1-positive (Cai et al., 2003). Fitting with Is/1 being a marker of the second heart field, /s/17-
mutants die at E10.5 and only develop a single ventricle. However, there are reports
challenging that Isl1 is only a marker of the second heart field. For instance it has been shown

that Isl1 protein (but not mRNA) is expressed in the first heart field (Prall et al., 2007).

40



Fig 12. Expression of Isll in the heart progenitors. In situ hybridization labelling of /s/1
expression at different stages of heart development shows that dorsally located cells
extending from around the headfold to posteriorly below the heart express /s/1. This region
has been shown to contribute to the heart, and Is/1 expression is considered a marker of the
second heart field. However, Is/1 marks a wider population than heart progenitors. Adapted
from (Cai et al., 2003)

As mentioned, the second heart field can also be patterned into an anterior- and posterior
region, and markers and regulators have been found for each. For instance, it has been shown
that Tbx1 labels the anterior second heart field, while Tbx5 labels the posterior second heart
field —however, they are not mutually exclusive, as Tbx1; Tbx5 double positive cells are found
at the anterior-posterior border between the two regions (de Bono et al., 2018). Furthermore
this is also stage dependent as Tbx1 labels the full second heart field at early stages.

Another classical marker of the anterior heart field is an enhancer element from the
cardiomyocyte differentiation gene Mef2c, which is termed Mef2c-AHF (Dodou et al., 2004;
Verzi et al., 2005). This enhancer element has been used for several genetic tracing studies
that explored the contributions of the anterior second heart field.

Several markers of the posterior heart field have been identified, however some of them are
not exclusive for this region, as for instance Sfrp5 and Tbx5 also label the first heart field
(Reviewed in Meilhac & Buckingham, 2018). Other markers, such as Hoxb1, are specific to the
posterior second heart field, however they label other tissues of the posterior embryo
(Bertrand et al., 2011).

The newly identified juxta-cardiac field was discovered through single cell RNA sequencing.
In particular, Mab21/2 appears as a specific marker for this population at early stages (Tyser

et al., 2021).
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There is an abundance of literature on the markers of heart progenitors, and it is clear that
their relationships are complex and that the different domains of the heart field are dynamic.
Thus, it is also a question that has been tackled through single cell RNA sequencing, and in
addition the work published by Tyser et al., several other single cell RNA sequencing papers
have been published the last years (de Soysa et al., 2019; Jia et al., 2018; Q. Zhang et al., 2021).
Through analysis of these, new markers can be discovered, and questions of overlapping
expression can be tackled. Of course, these findings must be validated using classical lineage
tracing approaches. Furthermore, single cell RNA sequencing analysis is complex and will have
to be revisited several times. For instance, Zhang et al., has proposed that the juxta-cardiac
field can be segregated into two regions, one more differentiated than the other (Q. Zhang et

al., 2021).

The mechanisms of cardiac specification described above explains the formation and
elongation of the heart tube from different heart field sources and differentiation trajectories,
however they cannot explain how the heart develops its asymmetric shape. For this, left-right

patterning of the heart field is involved.

Heart looping — When the Heart Becomes Asymmetric
At the straight heart tube stage, the embryo looks left-right symmetric from the outside, and

as such heart looping is the first morphological sign of asymmetry. Heart looping is defined as
the process when the straight tube transforms into a rightward helix. because it is the first
sign of asymmetry in the embryo, it was often used as a the first readout of left-right
asymmetry establishment and has sparked the interest of researchers for a long time. In fact,
this year marks the 100 year anniversary of one of the first description of this process (Patten,
1922). Bradley M. Patten investigated a range of chick embryos, matched them by somite
number and developmental stage and observed how the tube changed from being straight to
looped (Fig 13). These observations sparked a fundamental developmental biology question:

which mechanisms control the formation of a rightward helix?
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Fig 13. Heart looping in the chicken. First detailed description of heart looping in the chick
shows how the tube develop from a straight tube to a rightward helix. Schemes are ventral
views. Adapted from (Patten, 1922).

Computer simulations have shown that heart looping depends on a buckling mechanism (Le
Garrec et al., 2017). Buckling is a mechanical instability, deforming a tube when it grows while
its poles are fixed (Fig 14). In the context of the developing heart, the two fixed poles are the
anterior arterial pole and the posterior venous pole, and when the tube grows between these,
a curved shape appears (Patten, 1922 ; Manner, 2004). However, buckling is random and
alone cannot explain how a rightward helix is formed. For this, asymmetries are required, such
that the tube is steered or biased, e.g. through rotations or differential cell ingression (le

Garrec et al., 2017; Ménner, 2004).

Fig 14. The Buckling mechanism. Buckling mechanism, where a tube will start bending as it
grows between two fixed poles, has been proposed as a mechanism of heart looping.
However, a simple buckling mechanism cannot explain the formation of a rightward helix

Work in the host lab has studied heart looping in the mouse. At ES, a litter of embryos displays

a spectrum of heart shapes ranging from cardiac crescent to a complete looped heart. This

shows that heart looping is a very rapid process.
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Staging criteria like Theiler stages are not resolutive enough to account for these kinetics,
thus a more precise staging grid was designed (Fig 15A). This grid, containing nine stages
ranging from E8.5b-j, uses morphological criteria of the heart to segregate embryos into
discrete groups, and illustrate how the cardiac crescent transforms into a looped helix. It was
initially described in (le Garrec et al., 2017) and further precised in (Desgrange et al., 2018)
with the inclusion of an earlier stage. Beyond the morphological criteria, the staging grid was
also established using morphometric analysis of 3D imaged hearts. From these analysis it was
also found that somite numbers were not correlated with heart shape, and as such it is
necessary to stage the heart depending on the shape of the heart. Furthermore, heart looping
is a rapid process, and the mouse somite clock is around 2 hours (Cinquin, 2007),

There are other staging grids that also describe early heart morphogenesis and heart tube
formation. For instance, Tyser et al., have proposed another nomenclature using stage
numbers (from -1 to 3 with an additional stage defined as late heart tube) (Fig 15B) (R. C. V.
Tyser et al., 2021; R. C. V. Tyser & Srinivas, 2020), while Esteban et al., have proposed a
continuous staging tool, based on quantitative measures of either length of inner and outer
curvatures of the heart tube or (more easily measured) the height and width of the early heart
tube (Fig 15C) (Esteban et al., 2022). For the sake of clarifications and for making it easier for
people outside the field, a goal of the heart development research community should be to

agree on a staging grid with clearly defined criteria.

Fig 15. Mouse staging grids related to the heart. (A) Heart looping staging grid from (le Garrec
et al., 2017). Detailed description of each stage can be found in the text, however note that at
stage E8.5f the arterial pole undergoes a rightwards rotation, while at the stage after, E8.5g,
the venous pole will be displaced towards the left. These opposite asymmetries are important
for right ventricle re-positioning from cranial to the right side of the left ventricle at stage E8.5j
(the end of heart looping). Bright pink annotates region of cardiomyocytes/ developing heart
tube. LHF: Late headfold stage; LV: Left ventricle; OFT: Outflow tract; RV: Right ventricle.
Adapted from (Desgrange et al., 2018; le Garrec et al., 2017). (B) Staging grid of early heart
development from (R. C. V. Tyser et al., 2021; R. C. V. Tyser & Srinivas, 2020). This staging grid
has very fine separation at early stages, however it does not describe stages until the end of
heart looping. CC, cardiac crescent; FD, foregut diverticulum; HT, heart tube; LHT, late heart
tube (C) Staging grid based on morphometric analysis from (Esteban et al., 2022).
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The E8.5b stage is equivalent to the late headfold stage of (Downs & Davies, 1993). When the
cardiomyocytes start forming a cardiac crescent, it marks the beginning of the E8.5c¢ stage (c
for cardiac crescent). Following this, the left and right cardiac populations starts bulging, and
the E8.5d stage is defined by that the two bulbs are in close proximity but not yet fused.

The fusion of the bulbs marks the E8.5e stage. Initially shaped like a round bulb after bulging
out the heart will form a straight tube. At this stage, the embryo looks symmetric, however
careful 3D reconstructions of early heart morphogenesis have shown that already at this
stage, the angle of the left- and right inflow relative to the midline differs between the two
sides (Esteban et al., 2022). The right inflow angle tends to be more perpendicular compared
to the left one. Interestingly, this asymmetry is dependent on Nodal.

Following this, the future right ventricle forms anteriorly of the future left ventricle (Zaffran
et al., 2004). At this stage, Le Garrec et al. 2017 has shown, using 3D analyses, that the anterior
arterial pole undergoes a rightwards rotation of around 25° degrees. This rotation marks the
E8.5f stage, and it was seen in all wild-type embryos investigated at this stage. Sequentially
after this, with similar strategy they have identified a venous pole displacement towards the
left side, which defines the E8.5g stage, together with the rightward tilting of the RV. On a
cellular aspect, using Dil injections, they have identified that this step is associated with
asymmetric cell ingression at the venous posterior pole. The two asymmetries occurring at
E8.5f and -g take place at the arterial and venous pole respectively, and through 3D modelling
it has been shown that they are important to generate a rightwards helix in combination with
the buckling mechanism (le Garrec et al., 2017).

The next stage (E8.5h) is marked by a growing outflow tract. Following this, the dorsal
mesocardium starts breaking down at the arterial pole, freeing the future right ventricle. An
intermediate step is referred to as E8.5i, and when the right ventricle has reached its final
position on the right side of the left ventricle, it marks the E8.5j stage and the end of heart
looping. Overall the heart looping process takes around 12-15hours (based on observations in

embryo cultures in the lab).

As described in the paragraph above, we are now starting to have a good understanding of
the physical processes necessary to generate a rightward helix from a straight tube. The next
question is then to understand what are the molecular pathways and cellular mechanisms

that control this.
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As described in the first introduction section on left-right asymmetry, the Nodal pathway
has been shown to regulate heart looping (as well as other laterally asymmetric organs). This
was initially reduced to a question of direction, i.e. if looping was rightwards, leftwards or the
tube was straight (Brennan et al., 2002). This view of laterality is connected to how heterotaxia
syndrome has been described clinically as either right or left isomerism (see Introduction -
Left-right asymmetry). Sometimes, particularly in zebrafish, heart looping is still reduced to a
question of rightwards- or leftwards looping (Rago et al., 2019).

Work in the host lab has demonstrated the role of Nodal during heart looping leading to a
different view. In conditional mutants, where Nodal is genetically ablated in the lateral plate
mesoderm, the heart does not receive left-sided Nodal signaling anymore. Surprisingly the
heart still undergoes some looping, however the shape is incorrect (Fig 16) (Desgrange et al.,
2020). This means that Nodal is not required to initiate heart looping, instead Nodal is required
for orienting the random asymmetry generator of the heart, i.e. the buckling mechanism, thus
acting as a bias in the sense of Brown and Wolpert (See Fig. 3). It was shown in Le Garrec et
al., 2017 that the poles undergo opposite asymmetries (See Fig 15A). Fitting with these two
separate events, Nodal mutants fall into four classes of heart looping, which arise at equal
frequency (Desgrange et al., 2020). Furthermore, it was shown that the amplitude of the
asymmetries (such as arterial pole rotation) is smaller in Nodal mutants (independently on if
the rotation is to the correct- or incorrect direction). This shows that Nodal is both required
for orienting and amplifying asymmetries. The existence of the classes was shown by 3D
quantitative morphometric analysis and principal component analysis. It has been possible to
simulate the mechanism leading to the four classes, based on normal buckling and defective

asymmetries at the two poles (Desgrange et al., 2020).
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Fig 16. Nodal and heart looping. Nodal mutants group into four classes of heart shapes that
arise at equal frequency. These classes arise from the randomized orientation of two opposite
asymmetries at E8.5 being also reduced, thus showing that Nodal is both required for orienting
and amplifying asymmetries. From (Desgrange et al., 2020)

There are still many open questions on how Nodal orients and coordinates the heart looping
process. It is clear that orientation of heart looping is independent of Pitx2, as Pitx2 mutants
loop to the correct side (M.-F. Lu et al., 1999) and they do not phenocopy the whole spectrum
of Nodal mutants. This is in contrast to gut looping, where Pitx2 mutants are symmetric (see
Introduction — Beyond the left-right organizer) (Davis et al., 2008), thus showing that different
organs rely to a different degree on Pitx2 signaling to become asymmetric. Concomitantly, this
also means that different organs rely on the different components of the Nodal pathway to
different degrees, showcasing that organ lateralization is different from organ to organ.

But Pitx2 is an important effector of the Nodal pathway, and it seems that Pitx2 is important
for some aspects of cardiac left-right asymmetry, as 25% of Pitx2abc null mutants (for all
isoforms) show a shape like Nodal class 2, which is indicative of improper left-right orientation
at the venous pole (Desgrange et al., 2020). In addition, Pitx2 is required for the left/right
identity of atria (Galli, 2008; Desgrange 2020). This means that Pitx2 governs some aspect,
but not all, of left-right asymmetric heart morphogenesis.

Thus, since Pitx2 mutants do not phenocopy Nodal mutants in the context of the heart, it
means that Nodal must regulate something beyond the classic Nodal pathway. Furthermore,
as the heart tube still becomes asymmetric in the absence of Nodal, some of these signals
(important for generating the asymmetric heart shape), must be expressed also in Nodal
mutants. As described above, the role of Nodal is instead to orient and amplify these properly.
This leads to two questions: (1) which signals does Nodal orient and amplify and (2) where and

when does Nodal do it?
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Nodal is expressed in the left lateral plate mesoderm (containing the second heart field) at a
narrow time window between the 3-6 somite stage, which translates to E8.5c-e, i.e. prior to
heart looping (Desgrange et al., 2020; Vincent et al., 2004). Genetic tracing using a Nodal-ASE-
LacZ transgene has shown contribution of cells that have expressed Nodal to the tube poles
further supporting the role of Nodal in pole asymmetry.

That Nodal is expressed within the heart progenitors (and not within the heart tube) suggest
that the left-right asymmetric signal occurs there. Furthermore, since the time window of the
Nodal pathway is short, and that heart looping is directed by dynamic sequential asymmetries,
these left-right asymmetries with the heart progenitors must be rapid. Furthermore, since
both Nodal- and Pitx2 mutants become asymmetric, there must be other pathways involved
beyond the classic Nodal pathway.

Some roles of Nodal within the heart progenitors have already been described. Rago et al.,
has pointed towards Nodal controlling miRNA upstream of Bmp signaling (with Bmp signaling
being more active on the right), while Desgrange et al., has shown that Nodal regulates cell
proliferation, differentiation and extracellular matrix proteins (Desgrange et al., 2020; Rago et
al., 2019). Extracellular matrix proteins have also been found to important for looping in the
gut (Kurpios et al., 2007; Sivakumar et al., 2018), and one can speculate that the arterial pole
rotation and the venous pole displacement both require a changing in the surround
extracellular matrix.

Fitting with this, it has been shown that when the dorsal mesocardium is not degraded, the
heart tube cannot undergo looping (le Garrec et al., 2017). This breakdown is dependent on
both sonic hedgehog signaling and matrix metalloproteases (le Garrec et al., 2017; Linask et
al., 2005), and the matrix metalloprotease Mmp9 has been shown to be asymmetrically
expressed in left heart progenitors during heart looping and to be regulated by Nodal
(Desgrange et al., 2020). Furthermore, genes like Ablim1 (Stevens et al., 2010) and Six2 (Zhou
et al., 2017) have been reported as being asymmetric within the heart progenitors, but their
role in heart looping is not characterized.

Apart from this, left-right asymmetries within the heart progenitors beyond the Nodal
pathway is not well explored, and in particular little is known about their kinetics in relation

to heart looping. As such, this became the fundamental question driving this thesis.
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During the PhD | have explored left-right patterning kinetics of heart progenitors through a
transcriptional screening approach with the aim of identifying novel genes involved in heart
looping beyond Nodal (see Objectives). We selected a transcriptomics approach targeting
heart progenitors for two reasons:

(1) RNA sequencing is able to quantify gene expression levels without knowing the target
sequences a priori (compared to e.g. microarray), which makes RNA sequencing suitable for
detecting novel asymmetric genes and quantifying their expression levels.

(2) We expect the kinetics of left-right asymmetric gene expression in heart progenitors to
be very rapid. By performing the RNA sequencing on morphologically staged embryos
(according to our staging grid, see Fig 15A) we can explore the kinetics of asymmetric gene
expression in relation to their heart looping stage. As described elsewhere in the introduction,
a similar approach has been utilized in the gut, which lead to several discoveries regarding

which genes and processes regulate gut looping (Welsh et al., 2013, 2015).

From the screens performed during this thesis, several novel candidates of left-right
asymmetric heart formation were discovered. We focused on characterizing one of these, as
we found the Notch pathway, with particularly the Notch receptor Notch3, to be a novel left-
sided asymmetric signal.

Notch signaling have been shown to regulate left-right asymmetry before. However, this was
on the level of the left-right organizer and not as an asymmetric signal, which could potentially
regulate asymmetric organogenesis. In the final chapter of the introduction, Notch signaling

will be introduced with a focus on its role in left-right asymmetry and heart formation.
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Notch Signaling Pathway

The Notch pathway is a highly evolutionary conserved signaling pathway which has been
shown to regulate biological processes ranging from tissue patterning, cell fate choices and
patterning during development, to homeostasis in adult tissues and cancer (Hori et al., 2013).
The study of Notch began more than a hundred years ago, where work by legendary
geneticists such as John. S. Dexter and Thomas H. Morgan described a mutation in Drosophila,
where females displayed a notch, i.e. a small nick, in their wings and a thickening of their
arteries (Dexter, 1914; Morgan, 1917). The notch in the wing gave the name to the gene locus.

The Notch pathway is a juxtacrine signaling pathway, whose basic modus operandi at a
glance is quite simple. A transmembrane ligand on one cell will bind a transmembrane
receptor on another cell, leading to a series of proteolytic cleavages of the Notch receptor,
which free its intracellular domain. The Notch intracellular domain (usually referred to as
NICD) translocates into the nucleus, where it functions as a co-transcriptional regulator of the

transcription factor Rpbj, within a broader Notch transcriptional complex (Fig 17) (Bray, 2016).

That the Notch pathway is relatively simple in design is somehow surprising given the number
of different biological processes that the pathway regulates. One way that pathway diversity
can be explained is through different combinations of receptors and ligands. For instance,
Drosophila has a single notch receptor gene and two ligands, while in mammals there are four
different Notch receptor paralogues, Notchl1-4, and 5 different Notch ligands, Jag1/2 and
DIl1/3/4. Notch receptors have been shown during development to have both overlapping
and specific functions (Andersson et al., 2011; Meester et al., 2019): they can work either as
activator (Domenga et al., 2004) or repressor (Alunni et al., 2013; Kitamoto & Hanaoka, 2010),
of cell differentiation, or as a regulator of cell fate choices by lateral inhibition (Coumailleau
et al., 2009). Even if there are multiple receptors and ligands, this cannot explain the diversity
of the Notch pathway outcome: extensive research has shown that the pathway is regulated
on many levels. These regulations are thought to be important for explaining why Notch

signaling is dependent on the cellular context.
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Fig 17. Notch signaling pathway. The transmembrane Notch ligand, located on the signal
sending cell, bind a transmembrane Notch receptor on the signal receiving cell. This leads to
a series of proteolytic cleavages that ends with the release of the Notch intracellular domain
(NICD). Following cleavage, the intracellular domain then translocates to the nucleus, where
it binds other factors (Such as Rbpj or Maml) and form the Notch transcriptional complex,
which will lead to expression or repression of target genes. Drugs inhibiting the gamma
secretases, involved in the third proteolytic cleavage (S3), are used in therapy and
experiments to inhibit the Notch pathway. Figure from (Bray, 2006)

The canonical ligands belong to two families, delta (D/l1/3/4) and serrate (Jag1/2), and
experimental evidence suggests that any of the Notch canonical ligands can interact with any
of the receptors (Shimizu et al., 1999, 2000). However, binding strength and interaction may
vary depending on the combination of receptors and ligands, and for instance binding strength
is thought to regulate the pathway outcome, which has been shown to lead to different cell
fate choices in the haemogenic endothelium (Gama-Norton et al., 2015).

The Notch ligands can also be regulated via the process of endocytosis, where ligands are
removed from the surface of the cell (Hori et al., 2013). Ligand endocytosis and proper

interactions between Notch ligand and receptor have been shown to be regulated by
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ubiquitination. In particular, the E3 ubiquitin ligase Mib1 has been found to be essential for all
Notch signalling (Motoyuki et al., 2003 ; Koo, 2007) : Mib17- mouse mutants are embryonic
lethal at E10.5, and they show multiple defects related to failure in Notch signaling, for
instance a shortened tail, vascularization defects and a straight heart tube (Barsi et al., 2005).

Beyond the ligands belonging to the Serrate and Delta families, it has also been found that
other non-canonical ligands can also activate Notch receptors. These ligands are thought to
induce Notch signaling in a manner different from what is shown in Fig 17 (for instance
through B-catenin or through NF-xB in a Rbpj-independent manner) (Andersen et al., 2012;
M. Katoh & Katoh, 2007). How canonical or non-canonical Notch signaling relates to heart
development is not well understood, however cell culture experiments points towards the
fact that Rbpj-independent Notch signaling might play a role during early heart development
(Miyamoto et al., 2021).

The four Notch paralogues in mammals are not equivalent, as they differ in both length and
domains (the structure of the four Notch receptors are shown in figure 18). Most of the
extracellular N-terminal end consists of epidermal growth factor (EGF)-like tandem repeats.
Notch4, the shortest, have 29 repeats, while Notch3 has 34 and Notch1 and Notch2 both have
36 repeats (Hori et al., 2013). From studies of the single Notch gene in Drosophila (Rebay et
al., 1991), and from studies of human NOTCH1 expressed in bacterial systems (Whiteman et
al., 2013), EGF-like repeat 11 and 12 have been shown to be necessary for ligand interaction.
In particular, the study by Rebay et al. is interesting, as they generated 32 different deletions
of regions of the EGF repeats and found that any construct without the EGF 11-12 repeats
could not bind the ligand, while a construct consisting only of EGF repeats 1,12 and 13 (i.e.
missing the other 33 repeats) can.

At the intracellular C-terminal end, the RAM and Ankyryn sites are essential for Rbpj binding
in the nucleus after receptor cleavage (Hori et al., 2013). Only Notch1 and Notch2 have the
transcriptional activation domain (TAD), however it is not well understood how missing this
domain affects Notch3 and Notch4, as without the TAD, Notch3 and Notch4 can still form
transcriptional complexes with Rbpj. Overexpression of the different Notch intracellular
domains (an often used method to induce Notch signaling) has been shown in cases to activate
the same target genes (Q. Wang et al.,, 2012). This is in part attributed to the fact that

overexpression leads to very high, non-physiological levels, which might cause a promiscuous
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binding to targets. Also, when these tissues have been studied in greater detail, it has been
possible to find both overlapping- and specific functions for the different NICD (see Notch3 as

a promoter of differentiation) (Baeten & Lilly, 2015).

Fig 18. Structure of the mammalian Notch receptors. The extracellular regions consist mostly
of EGF-like repeats, which differ in numbers depending on the paralogue. All receptors have
the RAM and Ankyrin domains in their intracellular domains, which are required for
interactions with the transcription factor Rbpj. Notch3 and Notch4 both lack the
transcriptional activation domain (TAD). From (Hosseini-Alghaderi & Baron, 2020)

Like the Notch ligands, the Notch receptors are also regulated at a post-translational level.
After translation, the Notch receptor undergoes a series of modification. For instance, in the
Golgi apparatus, the extracellular domain is proteolytically cleaved into two peptides, which
are then bound together through non-covalent interactions (Hori et al., 2013). This is termed
the S1 cleavage, and it is necessary for the two cleavages (termed S2 and S3) occurring when
the Notch ligand- and receptor binds. The presence of proteases for the S1-S3 cleavages, in
particular gamma-secretases involved in the S3 cleavage, is key for Notch signaling, and many
cancer drugs targeting the Notch pathway are gamma secretase inhibitors (Shih & Wang,
2007).

Furthermore, the Notch receptors are glycosylated, for instance by the
glucosaminyltransferase Lfng. Lfng has been shown in Drosophila to regulate the function of
Notch signaling, where it can change the affinity between a ligand and Notch receptor
depending on the context (Panin et al., 1997). Furthermore, the reason why EGF-like repeats

11-12 are necessary and sufficient for ligand interactions has also been linked to these being
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glycosylation sites (Rebay et al., 1991). These repeats are also important to mention, as several

of the Notch mutants were designed to target these sites (Krebs, Xue, et al., 2003).

The Notch transcriptional complex consists of the Notch intracellular domain along with other
factors, the most known being the transcription factor Rbpj (also known as CSL or su(H)).
Depending on the other co-factors, the Notch transcriptional complex alters its output. It does
so through changing which genes the complex will bind to or through being either a repressor
or activator of transcription (Sakano et al., 2010). Another important co-factor is encoded by
the Maml gene, which has been coupled to activation of transcription. Furthermore, a
dominant negative form of Maml has been made, which inhibits activity of the Notch
transcriptional complex and has been a useful tool for studying the role of Notch (for instance
in the heart as will be described later) (Kitagawa et al., 2001).

Classical direct targets of the Notch transcriptional complex are the Hes and Hey genes,
which encode basic helix-loop-helix transcriptional regulators (Fischer & Gessler, 2007). The
Hes- and Hey proteins will form homo- and heterodimers with itself or other basic helix-loop-
helix proteins. For instance, it has been shown in cell culture that Heyl inhibits myogenic
differentiation, because it forms a heterodimer with MyoD, which represses MyoD and muscle
differentiation (Buas et al., 2010). There are a multitude of different ways in which Hes and
Hey proteins can regulate transcription beyond binding to other basic helix-loop-helix
proteins, in which some of them involves DNA binding and others do not (Fischer & Gessler,
2007). Relevant to this, mutations in Hey genes (as well as other members of the Notch
signaling pathway) can lead to congenital heart defects.

Although the Hes and Hey genes are the most known targets of Notch signaling, there are
also others. Some (as for instance Atplal, which is explored in this thesis) have been found
through RNA sequencing of developing Notch mutant embryos (Than-Trong et al., 2018), while
others (e.g. Erbb2) have been discovered through studying Notch signaling in the context of
cancer (Pradeep et al., 2012). On this note it is important to mention that it has not been
possible to find specific targets related to specific Notch receptors, despite the fact that the
receptors have different structures in their intracellular domain (see Fig 18). Similar to this,
the transgenic Notch signaling reporter lines (such as the CBF:H2B-Venus line or the Notch
Activity Sensor line), which have been generated to study the activity of Notch, are not specific

for single Notch receptors (Nowotschin et al., 2013; Souilhol, Cormier, Monet, et al., 2006).
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Concomitantly, the different reporter lines do not report all Notch activity, and thus it is
necessary to perform additional experiments in order to decipher which receptor is inducing
Notch activity at a given site.

During the work of this thesis, the Notch receptor Notch3 was found to be left-sided
asymmetricin heart progenitors, and as such we investigated its role during asymmetric heart
morphogenesis. As described with a few examples above, Notch signaling has been shown to
play roles in the formation of the heart. However, this is not the only site where Notch
signaling can influence asymmetric heart morphogenesis, as Notch signaling has also been

shown to be important for left-right symmetry breaking.

Notch Signaling is Involved in the Establishment of Left-right Asymmetry
A role for Notch signaling in left-right asymmetry was shown in 2000, when it was reported

that specific cells on the left side of C. elegans experience more Notch signaling, and this is
essential for proper gut rotation in the worm (Hermann et al., 2000). The left-sided Notch
asymmetry is due to higher levels of the canonical ligand Lag-2. This led researchers to
guestion if similar processes occurs in mammals.

In 2003, it was published that Notch signaling is required for proper formation of left-right
asymmetry at the level of the left-right organizer. mouse mutants removing global Notch
signaling (Rbpj”) display heart looping- and other laterality defects (Raya et al., 2003). This is
evolutionary conserved, as Notch mutants in zebrafish (Raya et al., 2003) and Notch
morpholino treatment in the frog (Sakano et al., 2010) lead to similar phenotypes. From here,
there has been two lines of research questions: 1) which are the components of the Notch
signaling pathway present in the left-right organizer? and 2) what kind of cellular effects does

Notch signaling play?

Patterning of the left-right organizer by Notch signaling
Around the left-right organizer, multiple Notch ligands and receptors are present with specific

regionalization. For instance, Notch2 is located in pit cells, while Notch1 is expressed in the
posterior mesoderm cells. Jag1 is expressed in the anterior adjacent mesoderm , while DIl1
and DII3 are expressed in the posterior adjacent mesoderm (Przemeck et al., 2003; Raya et al.,

2004). To our knowledge, the patterns of the remaining Notch receptors, Notch3 and Notch4,
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have not been examined in the context of the node. Through various mutant studies across
multiple species, the role of some of these components have been explored (Fig 19A).

Similar to the Rbpj mutants, mutants for the Notch canonical ligand DI/I1 display heart
looping- and laterality defects (Fig 19B), indicating that it is the main Notch ligand in the left-
right organizer (Krebs et al., 2003; Przemeck et al., 2003; A. Raya et al., 2003). Comparatively,
Jagl mutants have normal left-right asymmetry establishment (Przemeck et al., 2003).

In the mouse, neither Notch1 or Notch2 single mutants display laterality defects (Hamada et
al., 1996; Krebs et al., 2003), however Notch1/2 double mutants do, showing that there is
redundancy among the Notch receptors (it has to be mentioned that the Notch2 mutant allele
used in (Krebs et al., 2003) is a strong hypomorph and not a true null, indicating that there is
a genetic dosage component as well). This redundancy is not evolutionary conserved, as
notchla”- mutants in zebrafish (Lopes et al., 2010) and notchl knockdown through
morpholinos in Xenopus (Sakano et al., 2010) develop laterality defects.

Thus, Notch pathway components are present in- and around the node. In the next chapter,

it will be described which functions that Notch signaling has been shown to be involved in.

Fig 19. Notch signaling is involved in the formation of the left-right organizer. (A) Patterning
of Notch genes in and around the left-right organizer. Notch2 is expressed within the pit, while
other Notch genes are expressed in the adjacent mesoderm in different patterns. From
(Przemeck et al., 2003). (B) Heart looping defects in Rbpj”- and DII17- mutants secondary to
defects in the left-right organizer. AT: atria; LV: left ventricle; OT: outflow tract; RV: right
ventricle. From Raya et al., 2003
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Cellular mechanisms involved in left-right asymmetry establishment regulated
by Notch signaling
Complementary studies have demonstrated that Notch signaling is involved in at least three

different processes in the left-right organizer.

First, it has been reported that Notch signaling is important for regulating the formation of
the node, as Rbpj”"; DII17- and Smarcd3”- mutants show deformed nodes (Przemeck et al.,
2003; Takeuchi et al., 2007). Smarcd3 encodes a protein named Baf60c, which is involved in
chromatin remodeling. Baf60c has also been shown to enhance interactions between Notch
intracellular domain and Rbpj, thus promoting the activity of the Notch transcriptional
complex. Smarcd3”- mutants also display heart looping defects (Takeuchi et al., 2007).

Secondly, Notch signaling is required for the regulation of cilia length and motility. In the
context of zebrafish, it has first been shown that the length of cilia in the Kupffer’s vesicle (left-
right organizer of the fish) is regulated by Notch. deltaD”- embryos display shorter cilia, while
deltaD or NICD overexpression leads to longer cilia (Lopes et al., 2010). It has also been shown
that the ratio of motile- versus immotile cilia is dependent on Notch signaling. As mentioned
previously, motile cilia are present mostly in the pit and are important for generating flow,
while immotile cilia are present on crown cells and they are associated with the sensing of
flow in the mouse (McGrath et al., 2003). Notch mutants in Xenopus (Boskovski et al., 2013)
and deltaD”- mutants in zebrafish (Sampaio et al., 2014) have a higher ratio of motile cilia,
while overexpression of NICD or of the Notch canonical target her-12 (a zebrafish paralogue
of Hes5) leads to a higher ratio of immotile cilia (Tavares et al., 2017). These regulations of
cilia specification occurs already in the dorsal forerunner cells, which are precursors of the

Kupffer’s vesicle (Melby et al., 1996).

Although cilia are affected, the flow of the left-right organizer has been shown to be still
present: reports from mouse studies indicate regular flow in Rbpj”- and DI/17- Notch pathway
mutants (Krebs et al., 2003; Takeuchi et al., 2007), while data from zebrafish show a reduced
flow, which leads to a reduced expression of asymmetric genes such as charon (Lopes et al.,
2010). A reduction of the flow in the node is delicate to measure; thus it is possible that Notch
mutant mouse embryos display a reduced flow in the left-right organizer, and a re-

examination of this using state-of-the-art methods would be required to drive further
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conclusions. Furthermore, it is not clear if the regulation by the Notch pathway of cilia length
and the ratio of motile versus immotile cilia are related.

Finally, the third level of Notch involvement in the left-right organizer is through regulation
of Nodal gene expression. As mentioned previously, the Nodal gene has two important
regulatory elements associated with its asymmetric expression; the node-specific enhancer
(NDE) and the asymmetric enhancer (ASE) (Adachi et al., 1999; Norris & Robertson, 1999). Of
the two, only the node-specific enhancer (NDE) has been shown to be regulated by Notch
signaling, as it includes two Rbpj binding sites, which are required for its function (Krebs, Iwai,
et al., 2003; Raya et al., 2003). If these sites are mutated, it leads to defective expression of
Nodal in the left-right organizer, thus demonstrating that Notch signaling is upstream of Nodal
in this region.

That Notch signaling is required for Nodal asymmetry does not automatically infer that
Notch is responsible for asymmetric expression of Nodal in the left-right organizer, as multiple
pathways are involved in this. For instance, it has been shown that Wnt3, which is expressed
higher on the left side of crown cells at a stage prior to Nodal (as well as regulate Nodal
asymmetry), also has Rbpj binding sites in its enhancer (Kitajima et al., 2013). If these Rbpj
sites are mutated (thus preventing Rbpj to bind), it leads to a reduction of Wnt3 expression in
the crown cells, but it also leads to ectopic expression of Wnt3 in the pit cells. This repression
of Wnt3 in the pit cells is argued to be Rbpj-dependent, in a manner where the Notch
transcriptional complex does not contain a Notch Intracellular domain and is therefore Notch-
independent, and as such it is the output of a cell not experiencing Notch signaling. it highlights

a role for Notch signaling in the patterning of the left-right organizer.

Finally, it has been reported that Notch signaling in the left-right organizer in the chicken (the
Hensen’s node) is asymmetric and could thus directly drive asymmetric Nodal expression.
(Raya et al., 2004) showed that D/l1 and Lfng are left-sided asymmetrically expressed in the
left-right organizer of the chick during development (while for instance Notch1 and Jag1 are
not) (Fig 20). DIl1 and Lfng have previously been reported to be downstream of Notch
signaling, and Raya et al., demonstrated that if Notch signaling is blocked using a gamma-
secretase inhibitor, DII1 and Lfng lose their asymmetric expression. Furthermore, there is a
higher left-sided concentration of Ca?* in the left-right organizer (McGrath et al., 2003; Raya

et al., 2004). This ion difference is driven by H*/K*-ATPases, and if this is repressed, it leads to

59



a randomization of Nodal pathway expression, loss of DII1 and Lfng asymmetry and
morphological laterality defects. From experiments in the sea urchin, it is shown that Ca®*
asymmetry is upstream of Notch signaling prior to the S3 cleavage. It is hypothesized that the
ion differences can affect the extracellular domain of Notch receptors due to their non-
covalent bonds following S1 cleavage (Bessodes et al., 2012). However, it is not clear if
mechanisms also applies in the mouse. As described elsewhere in the introduction (See The
breaking of symmetry and the Nodal pathway) the Hensen’s node cells of the chicken undergo
a counter-clockwise cell movement. This cell displacement can also explain the pattern
observed in Fig 20.

There are still uncertainties, as it has so far not been demonstrated whether or not classical
direct targets of Notch signaling (such as the Hes/Hey genes) are asymmetric in the left-right
organizer, or if there is a higher activity of Notch signaling in left crown cells. For instance,
Notchl is necessary for left-right asymmetry in Xenopus and zebrafish, making it a candidate
for asymmetric Notch signaling in the left-right organizer. Immunofluorescent labelling and
measurements of left-right asymmetry of Notchl intracellular domain (which is a direct
readout of Notch1 activity) in the left-right organizer at different stages of development would

help to answer this question.

Fig 20. Some Notch pathway components are asymmetric in the Hensen’s node. In situ
hybridization images of Notch pathway genes in the left-right organizer of the chick. Most
genes are symmetrically expressed, however DIl1 and Lfng have been reported to be left-sided
asymmetrically expressed. From Raya et al., Nature 2004
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Beyond the left-right organizer, phenomenal work by (Sakano et al., 2010) has also shown that
Notch signaling can have a role in left-right asymmetry establishment outside the left-right
organizer.

Among the first reports of Notch signaling’s role in Nodal pathway asymmetry, there were
some discrepancies in the results of the Notch signaling mutants. (Przemeck et al., 2003)
reported that expression of Nodal, Lefty2 and Pitx2 were randomized in the lateral plate
mesoderm, while (Krebs, lwai, et al., 2003; Raya et al., 2003) reported that neither Nodal nor
Lefty2 were expressed in the lateral plate mesoderm, but that Pitx2 expression was
randomized. Finally, (Takeuchi et al., 2007) detected neither Nodal, Lefty2 nor Pitx2. These
discrepancies were initially attributed to differences in mouse strains and in situ hybridization
protocols (in particular, Nodal is lowly and transiently expressed and can be challenging to
detect), however (Sakano et al., 2010) has challenged this by showing that Notch signaling has
a Nodal independent role in the lateral plate mesoderm, where it regulates Pitx2 expression.

Sakano et al. observed initially that notchl knockdown followed by NICD overexpression
only rescued xnrl (Nodal Xenopus paralogue) but not pitx2 expression. This made them
hypothesize a Nodal independent role of Notch signaling in regulating pitx2. The authors also
observed that knockdown of bcl6 and bcor leads to a similar pattern. Bclé and BCoR are co-
factors and transcriptional repressors in the Notch pathway. Mutations in BCOR has been
associated with heterotaxia syndrome in humans (Hilton et al., 2007), and knockdown of
either bcl6 or beor leads to laterality defects in Xenopus. Sakano et al. demonstrated that when
Bcl6 or Bcor are present, they bind the Notch transcriptional complex and out-competes
Maml1 (Fig 21). By changing co-factors, the Notch transcriptional complex change binding
sites, and the BCoR-Bcl6-NICD-Rbpj complex binds and represses the expression of genes such
as esrl (paralogue to Hes5). In follow-up work they have demonstrated that Esrl can bind the
asymmetric enhancer site (ASE) of the pitx2 gene, and if doing so, can block the activity of the
Nodal-induced Foxh1l transcriptional complex through inhibition of p300 recruitment, thus
showing that if Bcl6 and BCoR are not present, Notch signaling (through Esrl/Hes5) will
downregulate pitx2 in the lateral plate mesoderm and induce laterality defects (K. Tanaka et
al., 2014). The work presented by Sanako and Tanaka et al., is particularly solid, because it
explores direct binding targets. How much these processes are evolutionary conserved in the

mouse remains unknown.
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Fig 21. Proposed role of Notch signaling regulating Pitx2 expression in the lateral plate
mesoderm. (A-B) When Notch signaling is active, it leads to the expression of Esr1, whichis a
direct inhibitor of Pitx2 expression. If Bcl6 and BCoR are present, they will outcompete Mam1
from the Notch transcriptional complex, which instead leads to the repression of Esrlm and
thus no repression of Pitx2. (C) Model of Notch signaling, Nodal paralogue Xnrl and other
genes regulating Pitx2 expression in the left lateral plate mesoderm. A+C from (Sakano et al.,
2010), B from (K. Tanaka et al., 2014).

Notch Signaling in the Context of Heart Development

The effect of Notch signaling on heart morphogenesis goes beyond the left-right organizer and
establishment of left-right asymmetry. Already in the early 1990s, Notch signaling
components were found to be expressed in the heart (Franco Del Amo et al., 1992). Around
the same time, mutations of Notch pathway components were identified to cause
cardiovascular diseases in humans, such as JAG1 and NOTCH2 in Alagille syndrome (L. Li et
al., 1997; Mcdaniell et al., 2006), NOTCH3 in CADASIL (Cerebral Autosomal Dominant
Arteriopathy with Subcordical Infarcts and leukoencephalopathy) (Joutel et al., 1996) and
NOTCH1 in aortic valve disease (Garg et al., 2005). These findings prompted researchers to

unravel the role of Notch during the formation of the heart.

Early work in the frog (using inducible activation and inhibition of Notch signaling during
gastrulation) showed Notch to be a repressor of cardiomyocyte specification while heart field
related genes were not affected (Rones et al., 2000). These findings were supported by in vitro
studies using mouse embryonic stem cells, where Rbpj- or Notchl mutants would promote
cardiomyocyte formation, while Notchl overexpression would demote cardiomyocyte

formation and instead favor neurogenesis (Schroeder et al., 2003; Nemir et al., 2006). This
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work shows how Notch can regulate cardiomyocyte cell fate, however the developing heart is
a complex tissue. Therefore, there has been a research focus on understanding exactly when

and where Notch signaling is required in the heart and for which processes.

As described earlier in the introduction, Notch signaling is involved in left-right asymmetry
breaking, and therefore global Notch mutants display heart looping defects. Abnormal left-
right patterning is not necessarily lethal, as patients are born with heterotaxia syndrome.
However, due to that Notch signaling is involved in multiple processes during development,
embryos die early. For instance, Notch pathway mutants, such as the Mib17- (Barsi et al., 2005)
and the Rbpj”- (Oka, Nakano, Wakeham, Luis de la Pompa, et al., 1995; Souilhol, Cormier,
Tanigaki, et al., 2006), have a straight heart tube. They also display a short tail at E9.5 due to
failure in somitogenesis as well as defects in vascularization (Fig 22A). Likely due to the
vascularization defects, the embryos die around E10.5-11.5, which hinders further analysis.
Thus, researchers have been forced to either look at other Notch pathway components or use
conditional genetic ablation to further investigate the role of the Notch pathway specifically
in the heart and heart field.

Interestingly, Notch1 and Notch2 single mutants also die at similar stages, while they don’t
display laterality defects (Hamada et al., 1996; Krebs et al., 2003). In stark contrast to this,
Notch3 and Notch4 mutants are viable and fertile, and were initially reported to have no
obvious defects (Krebs et al., 2000; Krebs, Xue, et al., 2003). This prompted research to focus
more on Notch1/2 compared to Notch3/4. The Notch3 receptor is the main focus of this PhD

thesis and will be discussed in details separately in a chapter below.

To investigate how different cardiac populations are dependent on Notch signaling,
experiments have been performed using Cre-drivers. Overall, there have been three types of
Cre-drivers used for studying the heart; drivers targeting the heart progenitor population,
drivers targeting the endothelial (including the endocardial) population and finally drivers

targeting the myocardium.
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Fig 22. Images of Notch pathway mutants. (A) The global Notch signaling mutant (Rbpj-/-)
displays severe phenotypes, such as a shortened tail, vascularization and randomized heart
looping direction. From (Souilhol, Cormier, Tanigaki, et al., 2006) (B) Knockout of Notch1 in
the endothelial lineage does not cause randomized heart looping, however the embryos are
grossly underdeveloped, showing that Notchl in the endothelium is important for early
embryonic development. From (Limbourg et al., 2005) (C) Removal of Notch signaling in the
mesodermal population leads to lesser overall defects, however they display heart looping
defects due to shortening of outflow tract and right ventricle. From (Klaus et al., 2012). (E)
Hes1l mutants display dextraposed aorta (left) and ventricular septal defects (right,
arrowhead) with partial penetrance. From (Rochais et al., 2009). (F) While Hey1”- and Heyl”-
do not show developmental defects, Hey1; Heyl double mutants do. For instance in the heart
there are both observed valve defects (arrowhead) and ventricular septel defects (VSD)
(asterisk). From (Fischer et al., 2007)
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Notch signaling in the endothelial population is likely the most important in early embryonic
development, as ablation of Rbpj or Notchl in the endothelium (Tie2-Cre) phenocopies
constitutive Notch1 knock-out (Fig 22B) (Limbourg et al., 2005; Grego-Bessa et al., 2007).
Similar results have been reported for the overexpression of N1ICD in the endothelial
population (Luna-Zurita et al., 2010). This has sometimes been attributed to effects in the
endocardial population (see e.g., the review Luxan et al., 2016).

However, it is surprising that the endocardial phenotypes (driven by Tie2-Cre) have been
reported to be so strong, as is more severe than the genetic ablation- (High et al., 2009; Klaus
et al., 2012) or activation (Watanabe et al., 2006) of Notch signaling in heart progenitor cells
including endocardial precursors (Fig 22C). Embryos where Notch signaling has been
genetically ablated in either mesodermal cells (via Mesp1-Cre) or in heart progenitor cells
(Isl1-Cre) instead display shorter outflow tract and smaller right ventricle at E9.5, while they
also have severe congenital defects at birth leading to neonatal lethality. That these have a
less severe phenotype than global Notch signaling mutants or endothelial-cell specific mutants
can be hard to gauge from the images in Fig 22, however global Notch signaling mutants or
endothelial-cell specific mutants die around E10.5, while conditional ablation of Notch
signaling in heart progenitors leads to death at late gestational stages (while displaying several
cardiac malformations) (High et al., 2009).

The Cre-driver mainly used for studying the endothelium, the Tie2-Cre (Kisanuki et al., 2001),
has effects beyond the endocardial population, as it targets the full endothelial population. It
remains to be clarified if affecting Notch signaling in the endothelial population is causing the
severe phenotype due to effects in the endocardial population of the heart or if it is due to a
systemic reaction in the embryo caused by disruption of Notch signaling throughout the
endothelial tissue.

This confusion likely stems from that Notch signaling, in particular Notch1, has been shown
to be important for the endocardium. Notchl has been shown to be expressed in the
endocardial population (Timmerman et al., 2004), where it induces, among others, Hey1 and
has been reported to be important for the patterning of the cushions (Watanabe et al., 2006).

Knockout of Notchl in heart progenitors and cardiomyocytes leads to a smaller right
ventricle and higher proliferation in cardiac progenitors (Kwon et al., 2009), while ectopic
activation of Notchl signaling throughout the heart and heart progenitors also leads to a

reduction of right ventricle size (Watanabe et al., 2006). Furthermore, in this context of
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overexpression, cardiomyocytes are formed but they are not able to form proper sarcomere
structures, indicating that Notch signaling inhibits proper maturation of cardiomyocytes. The
fact that both knockout and overexpression lead to similar phenotypes suggests that the role
of Notch signaling in the heart is complex and it is likely dependent on tissue, timing and
genetic dosage of the Notch pathway components. Additionally, it has to be noted that in
several studies using Cre-drivers targeting heart progenitors, it was stated that the effect of
the genetic ablation or -overexpression was due to biological processes occurring within the
progenitors. Nevertheless, heart progenitors form both the myocardial- and endocardial
populations, and these conclusions cannot be drawn without supplementary experiments.
Ablation of Notch signaling in the myocardium displays the least severe phenotype. Indeed,
it has been found that conditional ablation of Notch signaling or Notch1 in the myocardium
leads to defective trabeculations of the left ventricle (cTnT-Cre in Luxdn et al., 2013),
abnormal patterning of the atrioventricular canal causing issues with the conduction (Mlc2v-
Cre in Rentschler et al., 2011) or no phenotype (Tnnt2-Cre in Salguero-Jiménez et al., 2018)

depending on the cre-driver used.

The key role of Notch signaling in the endocardium has also been investigated through studies
of the Notch ligands. During heart development, the main ligands are Dll4, Jagl and Jag2. DIl4
is restricted to the endocardium, while Jagl is localized in a wide population containing
endocardium, heart progenitors and to a lesser degree myocardium (Luxan et al., 2016; R. C.
V. Tyser et al., 2021). Jag2 is upregulated around E10.5 and primarily in the myocardium
(D’Amato et al., 2016; R. C. V. Tyser et al., 2021).

Early interactions between Notch1 and Dll4 in the endocardium have been shown to induce
ventricular trabeculation, while later interactions between Notch1 in the endocardium and
Jagl/2 in the myocardium is important for ventricular maturation and compaction (D’Amato

et al., 2016).

Constitutive Jagl and DIl4 mutants share some similarities with Notchl mutants (vascular
defects, no obvious heart looping phenotype and embryonic lethality at E10.5-11.5), which
again point towards the role of Notch signaling in the vascular tissue (Duarte et al., 2004; Xue
et al., 1999). To explore the role of Jagl and Dll4 in cardiac tissue beyond the endothelium,

gene knockout using cre-drivers has also been utilized. When either Jag1 or DIl4 are knocked-
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out using cre-drivers of the second heart field (e.g. Isl1-Cre), this leads to congenital heart
defects such as ventricular septal defects or double outlet right ventricle (Fig 22D). These
defects, at least in the case of DI//4, could be related to a reduced size of the right ventricle and
length of the outflow tract (de Zoysa et al., 2020; High et al., 2009). Altogether, this shows
that the Notch ligands have roles beyond the endocardium, however it remains to be

understood if they are needed in the heart progenitors or in the cardiomyocytes.

It has also been shown that the classical Notch targets, the Hes and Hey genes, are involved in
cardiogenesis. For instance, mutant mice of Hes1 and Hey2 die at late gestational stages with
defects in multiple organs, among others the heart (Gessler et al., 2002; Ishibashi et al., 1995).

Hey2”/- mutants are the most severe, as they display a wide range of congenital heart defects
such as hypertrophy, ventricular septal defects and tetralogy of Fallot (Donovan et al., 2002;
Kokubo et al., 2004). Hes1”- mutants display defects with partial penetrance, the most
common being dextraposed aorta and ventricular septal defects (Fig 22E) (Rochais et al.,
2009). The role of Hes1 has been linked to the second heart field, as heart progenitors of Hes1"
/- mutants proliferate less at E8.5, which leads to a shorter outflow tract at E10.5.

Hey1 and Heyl single mutants are viable, and they don’t display evident defects. However,
this is probably due to functional redundancy with other bHLH factors, as Hey1”"; Heyl” and
Hey1”-; Hey2”" leads to neonatal- and embryonic death, respectively. Hey1”"; Hey2”- mutants
die at E10.5-11.0, where they have vascular defects and only form a single ventricle with a left
(-ventricle) identity (Kokubo et al., 2005). On the other hand, Hey1”"; Heyl”- mutants develop
ventricular septal defects (Fig 22F) (Fischer et al., 2007).

Compared to Hesl, the functions of Heyl/Hey2/Heyl have been associated to processes
occurring within the heart tube, where they have been coupled to chamber identity (among
other by Bmp2 inhibition) and in epithelial-to-mesenchymal transition important for forming
the cushions in the atrioventricular canal (MacGrogan et al., 2018). Whether the Hey genes

(like Hes1) also play a role in the heart progenitors remains unsolved.

All this shows that Notch signaling plays a role in the formation of the heart. Some Notch
mutants display defects in several organs leading to embryonic lethality, which complicates
studying the specific contributions of Notch pathway components during development. From

investigating conditional mutants and classical Notch target, it is clear that they develop
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cardiac defects, usually related to the outflow tract, the valves or septal defects. Furthermore,
there is redundancy within the heart, as some of these mutants do not display defects (e.g.
Hey1”- or Heyl”"), while others only show partial penetrance (e.g. Hes17°). There are still many
guestions regarding the role of Notch within the heart. Next will be described the Notch

receptor Notch3, which has previously not been linked to asymmetric heart morphogenesis.

Notch3

During the thesis work, Notch3 has been identified as a novel candidate factor in asymmetric
heart morphogenesis. Although Notch3 was the first specific Notch receptor to be related to
a disease (CADASIL, (Joutel et al., 1996)), its specific role has been less studied compared to
Notch1 and Notch2. Notch3”- were initially reported as viable and fertile with no obvious
defects (Krebs, Xue, et al., 2003). However, Notch3 has been shown to play roles in e.g.
smooth muscle cell differentiation (Domenga et al., 2004), progenitor maintenance (Lafkas et
al., 2013) and injury response (Sahu et al., 2021).

Similarly to the other Notch receptors, the role of Notch3 in development is not very clear,
as it can promote both stemness and differentiation depending on the context. Coherently
with this, NOTCH3 has been shown to be both a tumor suppressor- and an oncogene in cancer
(Aburjania et al., 2018), and below the research investigating the role of Notch3 in stemness
and in differentiation is described.

There have been developed several mouse lines to explore the function of Notch3; ranging
from full knockout mutants (Dickinson et al., 2016; Kitamoto et al., 2005; Krebs et al., 2003)
to inducible overexpression of Notch3 activity (Lafkas et al., 2013). Of the three reported
Notch3 null alleles, the Notch3t™1¢7 generated by Krebs et al. is the most used with more than
35 publications using it. There are 33 exons of Notch3 (see Results — Fig S4F), and there are no

report on isoforms of Notch3 (www.ncbi.nlm.nih.gov/gene/18131).

In the Notch3'™1¢"@ mouse mutant (Krebs et al., 2003), exon 6-8 are removed (See Results —
Fig S4F), which among other encodes EGF-like repeats 11+12 that have been reported to be
necessary for the function of Notch receptors (Rebay et al., 1991). Beyond the Notch3tmicrid
mouse mutant, there are two other null alleles, the Notch3tmkhan (Kitamoto et al., 2005) and
the Notch3tm1-1(KOMP)Vicg (Dickinson et al., 2016). The Notch3™khan has a neomycin cassette

inserted in exon 4, while the Notch3tm-1(KOMP)Vicg s reported as a complete removal of all 33
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exons. All three Notch3 mutants report that they mice are viable and fertile, and these mutant
lines have been useful to understand the role of Notch3 in quiescence, stemness and

differentiation.

Notch3 as a Promoter of Stemness and Quiescence

The role of Notch3 has been associated with quiescence induction (i.e. non-proliferative, non-
differentiating) in multiple tissues such as muscle satellite cells (Kitamoto & Hanaoka, 2010),
neuronal stem cells in zebrafish (Alunni et al., 2013) and mice (Kawai et al., 2017) as well as in
mammary gland luminal cells (Lafkas et al., 2013). All these cell types have to continuously
balance between replenishing lost cells and maintaining the progenitor pool. In these cells,
Notch3 induces a quiescent progenitor stage, as overexpression of Notch3 intracellular
domain leads to loss of both proliferation- and differentiation markers. Similarly for muscle
satellite cells and for neuronal progenitors, where quiescence has been studied in the greatest
details, acute loss of Notch3leads to a higher number of activated, proliferating progenitors
as well as differentiated cells (Alunni et al., 2013; Kawai et al., 2017). This can lead to specific
phenotypes; for instance if Notch37- mutant mice are subjected to multiple rounds of muscle
injury, hyperplasia of muscle tissue is induced (Kitamoto & Hanaoka, 2010).

In this process of progenitor pool maintenance, Notch1 has also been shown to play a role.
Notch3 is higher expressed in the quiescent progenitors, while Notch1 is typically expressed
in activated progenitors prior to differentiation (Kawai et al., 2017; Kitamoto & Hanaoka,
2010) (Fig 23). Careful work in the zebrafish has shown that while notch1b only regulates
stemness of the progenitor cells, notch3 regulates both quiescence and stemness, potentially
through two different transcriptional programs (Than-Trong et al., 2018). This is for instance
the case in Notchl mutants, in which the number of quiescent progenitors is comparable to
controls, however the number of active progenitors is lower due to precocious differentiation.
Similar to this, absence of Notch3 in retina injury models will lead to a lower threshold of
differentiation, i.e. that more cells will commit to regeneration following injury (Sahu et al.,

2021).
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Fig 23. Model of Notch signaling involvement in the regulation of the neuronal cell
progenitor pool. Radial glial cells can replenish lost neurons, and they exist as two states: a
quiescent stage, where the cells are in GO, and an activated stage, where the cells are dividing.
Notch3 has been shown to promote the quiescent cell state as well as regulating the stemness
of activated cells. Notchl is important for stemness in the activated radial glial cells and
important for early steps of differentiation. This is also an example of Notch receptors having
both overlapping and specific functions. Figure adapted from Bally-Cuif lab (Institut Pasteur)

Altogether, it is clear that Notch3 promotes stemness and quiescence across multiple cell
types and organisms, which is important for progenitor pool maintenance, however it is not
well understood if the mechanism upon which Notch3 ensures this function is conserved.
Some evidence points towards this: for instance Notch1 is associated with an activated state
prior to differentiation. Furthermore, some Notch classical targets are regulated by Notch3 in
the different systems. hey1 is induced by Notch3 in both neuronal stem cells and in retina
upon injury, and Hey1 has been shown to be important for the function of Notch3 (Sahu et al.,
2021; Than-Trong et al., 2018). Although formally not shown for Notch3, Hey1 is induced by
Notch signaling myogenic cells (Castel et al., 2013) and Hey1 has been shown to be a repressor
of myogenesis (Buas et al., 2010). Further work is needed to elucidate if these mechanisms
are conserved in the mouse. In particular it is important to understand what is the specific role
of Heyl in relationship to Notch3, and to determine which other targets are regulated by

Notch3 (in the context of stemness and quiescence).

Notch3 as a Promoter of Differentiation
That Notch37- mice are viable and do not die prematurely initially came as a surprise, since

mutations in NOTCH3 were linked already in 1996 to CADASIL, the most common form of late
onset hereditary stroke disorder (Joutel et al., 1996). Since CADASIL is related to the vessels,

it prompted researchers to look into the vessels of adult mice, where it was found that the
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arteries are thinner due to improper differentiation of smooth muscle cells, which ultimately
affects the blood flow (Domenga et al., 2004).

Further studies have shown that Notch3 is expressed in mural cells, a heterogenous cell type
that surrounds vessels and is important for regulating and maintaining vascular function and
-structure (A. Lin et al., 2021). From cell co-culture experiments it was discovered that Jagl,
localized in endothelial cells, induces the expression of Notch3 in mural cells, where Notch3
through a positive feedback loop auto-regulates itself, which finally leads to activation of
smooth muscle gene expression (H. Liu et al., 2009). This process has also been studied in vivo,
for instance in renal vasculature (H. Liu et al., 2010) and in coronary arteries within the heart
(Volz et al., 2015).

Volz et al. demonstrated that a sub-type of the mural cells, the pericytes, develop into
coronary artery smooth muscle cells in the mouse heart during development, and Notch3 is
required for this process. They also demonstrated that Jagl is localized only on endothelial
cells close to blood flow, and that similarly to the co-culture system of Liu et al., Jagl is
important for inducing Notch3 in the pericytes. In the absence of Notch3, the differentiating
pericytes will not mature into proper smooth muscle cells (Volz et al., 2015). These data links
blood flow, development and vascular remodeling and shows that Notch3 is an important
factor in this. Notch3 has also been found to promote differentiation in other cell types, for
instance in the airway basal cells (Bodas et al., 2021).

Notch2 has been shown to have a role in vascularization, so that Notch2/3 double mutants
develop vascular defects that are more severe than single mutants (Q. Wang et al., 2012).
However, careful studies in cell culture have shown that the functions of Notch2 and Notch3
in vascular smooth muscle cells are not completely overlapping, as they are regulated by
different genes and can induce different targets leading to different outcomes (Baeten & Lilly,
2015). Notch2 promotes proliferation, while Notch3 promotes differentiation and protection
against apoptosis. That Notch2 and Notch3 have overlapping and specific functions has also
been shown in airway basal cell culture differentiation experiments. Work by Carrora et al.
has shown that it will lead to different distribution of differentiated cell types depending on if
Notch2 or Notch3 is inhibited (Carraro et al., 2020). These findings demonstrate that Notch3
signaling is involved in differentiation and has overlapping and specific roles with other Notch

receptors.
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However, Notch3 is not always found as a promoter of differentiation, as in mouse models
of pulmonary arterial hypertension, Notch3 has been found to be a promoter of proliferation
and inhibitor of differentiation through the activation of Hes5, which leads to the repression
of smooth muscle genes such as Myh11 (X. Li et al., 2009). This discrepancy can come from
the fact that Notch3 can have different functions in different tissues, but it can also come from
the fact that many of these studies were conducted with overexpression of Notch3
intracellular domains. When expressed at high levels, these are suspected to lose their specific
targets (Than-Trong et al., 2018; Z. Wang et al., 2009). Further studies in different cell types
with emphasis on targets and cellular mechanisms are necessary to elucidate the role of

Notch3.

Thus, Notch3 can promote quiescence, stemness and differentiation, and it can do so across
different tissues and species. Although evidence suggests that some components are
conserved (e.g. Notch3-Hey1 in stemness), how Notch3 is regulating these processes is not
well understood. In this thesis, Notch3 was identified as a novel asymmetric gene, whose
asymmetry is amplified by Nodal and plays a role in proper heart morphogenesis. This links
Notch3 to asymmetric organogenesis. As described in the next chapter (Objectives) Notch3

was identified through a screen aiming to find novel asymmetrically expressed genes.
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Objectives

As described in the introduction, recent experiments in the lab have pinpointed that Nodal
functions by biasing and amplifying pre-existing asymmetries, and therefore there must be
asymmetrically expressed genes beyond the Nodal pathway. Additionally, the fact that Nodal
is expressed within the second heart field (and not within the heart), in combination with the
observation that the two sequential events biasing heart looping occurs at the poles of the
tube, where newly differentiated cardiomyocytes are entering the heart, made us hypothesize
that there must be several aspects of left-right patterning within heart progenitors. This led

to the formulation of the main question driving the work of this PhD thesis:

Are there genes other than that of the Nodal pathway, which are left-right asymmetrically

expressed in heart progenitors ?

To answer this question, we selected a transcriptomics approach, as this would allow an
genome-wide screening. Initially we explored both single cell- and bulk RNA sequencing
approaches. In particular we reasoned that a more resolutive segregation of samples in time
(see Introduction - Fig 15) was important, as the kinetics of Nodal asymmetry had been shown
to be transient (Desgrange et al., 2020), and the heart acquires sequential asymmetric changes
(le Garrec et al., 2017).

To prepare for sequencing, we first characterized the second heart field population at
different stages of heart looping (Figure 1). As we initially planned for a FACS based single cell
RNA sequencing approach, we estimated the total number of cells in the second heart field
and we compared the proportion of labelled cells with different markers.

During the PhD, several great reports of single cell RNA sequences in heart progenitors were
published. In particular (1) a data set of full mouse embryos at stage E6.5-E8.5 (Pijuan-Sala et
al., 2019) and (2) a data set focused on microdissected cardiac regions at different stages of
early heart development (R. C. V. Tyser et al., 2021). Considering that patterning is more
difficult to detect in single cells, due to lower gene coverage and cell loss upon FACS sorting,
we decided to concentrate efforts on the bulk approach. We used the published scRNA

sequencing data sets whenever relevant. Figure 2 describes how we initially performed a pilot
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screen at two stages. Although we were able to detect novel left-right asymmetrically
expressed genes using the pilot screen, we were not satisfied with the overall data quality
(e.g. number of duplicated reads), so we optimized conditions to then performed a wider

screen at seven stages of heart looping.

Among the novel asymmetric genes detected in the pilot screen, Notch signaling was the most
striking. It caught our surprise, as we had not expected Notch to be asymmetric in the heart
field. Thus, | have identified Notch3, as a novel left-sided gene. To validate this candidate from

the screen, | have been exploring the following questions:

What is the spatio-temporal pattern of Notch3 during heart looping?
Is Notch3 the only asymmetric Notch receptor?
Can other Notch receptors compensate when Notch3 is absent?
What is the relationship between Notch3 and Nodal signaling?

Is Notch3 required for asymmetric heart morphogenesis?
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Material and Methods

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C56BI6) mice were used as wild-type embryos. Notch3tmicrid/ tmiGrid mytants (abbreviated
Notch37") were kept in a C56BI6J background (Krebs et al., 2003). Nodal"“"*; Hoxb1¢/* males
were maintained in a mixed genetic background and crossed to Noda/’*/fox females (C. C. Lu
& Robertson, 2004) to generate Nodal conditional mutants. Notch3”" were crossed to
Nodalfo/flox to generate Notch3”; Nodal*/flx females. Tg CBF:H2B-Venus embryos
(Nowotschin et al., 2013) were produced in a mixed genetic background. Rosa26™™¢ mice
(Muzumdar et al., 2007) were kept in a mixed genetic background. Mesp1 (Saga et al., 2000),
Hoxb1¢; Mef2c-AHFCre (Bertrand et al., 2011; Verzi et al., 2005) and /s/1MercreMer (Syn et al.,
2007) were kept in C57BI6J background. For RNA sequencing experiments, only male embryos
were used to reduce variability in a small cohort. For all other experiments, both male and
female embryos were collected and used randomly. Embryonic day (E) 0.5 was defined as
noon on the day of vaginal plug detection. Embryonic stages were determined according to
the staging grid established in Le Garrec et al., 2017 and Desgrange et al, 2020. Somite
numbers were evaluated from brightfield images, and samples with somite pair numbers < 18
were deemed too young for E9.5 analysis and thus excluded. All embryos were genotyped by
PCR. Genotyping of Notch3 alleles was simplified by using three primers together to amplify
the wild-type (752b) and deleted (380b) alleles. Animals were housed in the Laboratory of
Animal Experimentation and Transgenesis of the SFR Necker, Imagine Campus, Paris. Animal
procedures were approved by the ethical committees of the Institut Pasteur and Paris

Descartes and the French Ministry of Research.
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METHOD DETAILS

RNA sequencing
Left and right paired heart fields of morphologically staged single embryos were micro-

dissected and the tissue flash frozen in liquid nitrogen. The heart tube and back were
removed, the anterior boundary was set below the headfolds and the posterior boundary at
the level of the second somite, in agreement with fate maps (Dominguez et al., 2012). For the
full screen, the head was included at early stages (E8.5b-d). The yolk sac was used for sex
determination by PCR. All samples were collected within 1 hour of sacrificing the mother. RNA
was extracted in TRIzol-Chloroform and purified using the RNeasy micro kit (QIAGEN) including
DNAse treatment. RNA quality and quantity were measured on Fragment Analyzer (Agilent).
All RQN were higher than 9.7.

For the pilot screen, libraries were established using the Nugen Universal Plus mRNA-Seq kit,
using 15ng of total RNA per sample. The oriented cDNAs produced from the poly-A+ fraction
were PCR amplified (15-18 cycles). An equimolar pool of the final indexed RNA-Seq libraries
was sequenced on an lllumina NovaSeq6000, with paired-end reads of 130 bases and a mean
sequencing depth of 37,15 million reads per sample. Quality check of samples for the
microdissection is shown in Fig. S2B-C. The RNA-seq data will be available in the NCBI Gene
Expression Omnibus (GEO) database upon publication.

For the library kit test, libraries were established using either the Nugen Universal Plus
mRNA-Seq kit, the NUGEN Trio RNA sequencing kit or the NEBnext Single Cell/Low Input RNA
Library Prep Kit, using between 0.5-15 ng of total RNA per sample. Each condition was
performed in duplicates, and to each sample was added ERCC spike-in RNA. The oriented
cDNAs produced from the poly-A+ fraction were PCR amplified (17 cycles). An equimolar pool
of the final indexed RNA-Seq libraries was sequenced on an Illumina NovaSeq6000 with a
mean sequencing depth of ~40 million reads per sample.

For the full left-right screen, libraries were established using the NUGEN Trio RNA sequencing
kit, and using 2.5ng RNA per sample at stage E8.5b and 5ng per sample for the remaining
stages. To each sample there was added ERCC spike-in RNA. Each condition was performed in
duplicates, and to each sample was added ERCC spike-in RNA. The oriented cDNAs produced
from the poly-A+ fraction were PCR amplified (17 cycles). After a final purification, all the

individual libraries were first controlled by fluorimetry Qbit Double Strand DNA and capillary
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electrophoresis double strand DNA on the Fragment Analyzer. An equimolar pool of all the 59
libraries was prepared according to these 2 first measurements. The concentration of this pool
was measured by qPCR (KAPA Library Quantification kit, Roche) and then this pool was
sequenced on the iSeq100 (Illumina) to get the percentage of reads obtained for each of the
59 libraries. A second corrected pool of libraries was prepared to correct in-balances and was
then sequenced on the NovaSeq6000, lllumina (S2 FlowCells, paired-end 100+100 bases, with
the target of ~50 millions of reads/clusters per library). One outlier was excluded from stage

E8.5e, as Ward'’s hierarchical clustering grouped this sample independently.

Embryo dissection
Embryos were dissected in 1xDPBS (Gibco) and fixed in 4% paraformaldehyde either 6 hours

at room temperature or 24 hours at 4°C. Yolk sac or tail pieces were collected for genotyping.
Forembryos dissected at E9.5, hearts were arrested in diastole by treatment with cold 250mM
KCI for 5 minutes. Fixed embryos were gradually dehydrated into methanol and stored at -

20°C.

Genotyping
Tissue samples were lysed either using proteinase K in lysis buffer (200 mM NaCl; 100 mM Tris

pH 7.8; 5 mM EDTA; 0.2% SDS) or using the Smart Extract DNA kit (Eurogentec). Primers and PCR
programs used are listed below. Expected sizes: Sex determination PCR = Y-chromosome
280bp, X-chromosome 660bp and 480bp; Notch3 alleles = wild-type allele 758 bp, deleted
allele 380bp; Hoxb1 alleles = wild-type allele 301 bp, cre allele 1300bp; Nodal alleles = wild-
type allele 540bp, flox allele 590bp, null allele 1050bp.

Sex determination PCR

Gene Target Primer Sequence
Sly (intron 8) / XIr SX_F 5'-GATGATTTGAGTGGAAATGTGAGGTA-3'
(intron 6)
Sly (intron 8) / XIr SX_R 5'-CTTATGTTTATAGGCATGCACCATGTA-3'
(intron 6)

From (McFarlane et al., 2013)

Temperature | Length Cycles
94°C 2 min x1
94°C 30 sec
60°C 30 sec x 33

77



72°C 30 sec

72°C 10 min x1

Notch3 PCR

Gene Target

Primer

Sequence

Notch3 (exon 7)

N3WT3 (Forward)

5-CCATGAGGATGCTATCTGTGAC-3’

Neomycin

HoxNeo2 (Forward)

5-TCGCCTTCTATCGCCTTCTTG-3’

Notch3 (intron 8-9)

N3MTR (Reverse)

5- GGTACTGAGAACCAAACTCAG-3’

Temperature | Length Cycles
94°C 2 min x1
94°C 30 sec
61°C 30 sec x 32
72°C 30 sec
72°C 10 min x1

Hoxb1-Cre PCR

Gene Target Primer Sequence
Hoxb1 Hoxb1F (Forward) 5’-ACGCAGGTGAAGATCTGGTT-3’
Hoxb1 Hoxb1R (Reverse) 5’-CTGGGCAGCTCTAAACTGGT-3’
Cre CRE1 (Forward) 5’-TGATGGACATGTTCAGGGATC-3’
Temperature | Length Cycles
94°C 2 min x1
94°C 30 sec
60°C 30 sec x 35
72°C 30 sec
72°C 10 min x1
Nodal-Flox-Null PCR
Gene Target Primer Sequence

Nodal (exon 3)

Nodall (Forward)

5'-ATTCCAGCAGTTGAGGCAGA-3’

Nodal (intron 3)

Nodal2c (Reverse)

5’-CCTGACTCAAAACCCAAGGC-3’

Nodal (intron 1)

Nodal3e (Forward)

5’-CCACCCAATTTCTAGCCCAG -3’

Temperature | Length Cycles
94°C 2 min x1
94°C 30 sec
60°C 30 sec

(Decreasing X7
0.5°C per cycle)
72°C 30 sec
94°C 30 sec
57°C 30 sec X25
72°C 30 sec
72°C 10 min x1
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RNA in situ hybridization
Wholemount RNAscope ISH was performed using the Mutliplex Fluorescent v2 Assay

(Advanced Cell Diagnostic, cat. n0.323110) as described in Desgrange et al, 2020. Probes used
are listed in the table below, Hoechst (1:1000) was used as a nuclear counterstain.
Amplification steps were performed using the TSA cyanine5 and cyanine3 amplification kits
(Akoya Bioscence). Samples were then cleared in R2 CUBIC reagents and embedded in R2
reagent containing agarose (Susaki et al., 2015). Multi-channel 16-bit images were acquired

with a Z.1 lightsheet microscope (Zeiss) and a 20X/1.0 objective.

Probe Channel | Catalogue number
Notch3 1 425171
Notch3 3 425171-C3

Nodal 1 436328
Notch1 2 404641-C2
Notch2 3 425161-C3

Mab2112 1 456901

Hey1 3 319021-C3

Wholemount immunofluorescence
Wholemount immunofluorescent staining was performed on embryos using a CUBIC clearing

protocol as described in Bernheim et al. Antibodies are listed in the table below. For antigen
retrieval before N1ICD staining, embryos were boiled for 1h in 10mM NaCitrate (adjusted to
pH6) in screw cap tubes. Samples were then blocked for at least 2h in TNB Blocking buffer
(Perking Elmer) and then incubated for 48h with the primary antibody in TNB Blocking,
followed by overnight incubation with secondary antibodies and nuclear counterstain. For
Jagl staining, TSA amplification (Perkin Elmer) was used. Multi-channel 16-bit images were

acquired with a Z.1 lightsheet microscope (Zeiss) and a 20X/1.0 objective.

Primary antibody

Name Concentrations Provider Reference
Rabbit a N1ICD 1:300 Cell Signaling ab4147
Goat a Jagl 1:300 R&D Systems AF599
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Secondary antibody and nuclear counterstain

Name Ratio Provider Reference
Alexa Flour 647 Goat a Rabbit 1:500 Molecular Probes A21244
Cy3 Affinipure Donkey a Goat 1:500 | Jackson Immunoresearch | 705-145-167
Hoechst 33342 1:1000 Sigma Aldrich 14533
Drag5 1:500 Invitrogen 65-0880-92

RT-gPCR
The second heart field was micro-dissected in DPBS 1X (Gibco) by cutting embryos below the

headfolds and above the second somite pair. The myocardium and neural tube were removed
to enrich for cardiac progenitors, and the tissue was flash frozen in liquid nitrogen. RNA was
extracted using TRIzol-Chloroform and purified using the RNeasy micro kit (QIAGEN). Reverse
transcription was performed using the Reverse Transcription kit (Quantitect). Quantitative
PCR was carried out using the ViiA7 real-time PCR system (Applied Biosystems). The mRNA
expression levels were measured relatively to Polr2b and normalized with a reference cDNA
sample (pool of 7 embryos at stage E8.5c-g), using the standard AACt method. Primers used

are listed in the table below.

Gene | Direction Sequence (5’ to 3’) Reference Comment
Notch3 Fwd AGGCCATGGTCTTCCCCTAT This paper Outside the
(ex10- Rev AGCCGGTTGTCAATCTCCAG deleted region in

11) the Notch3tmicrid
allele
Notch3 Fwd CGTGTCTTGACCGAATTGGC This paper Inside the
(ex8-9) Rev GTGCAGCTGAAGCCATTGAC deleted region in
the Notch3tmicrid
allele
Notch3 Fwd AGGCCATGGTCTTCCCCTAT This paper Outside the
(ex25- Rev AGCCGGTTGTCAATCTCCAG deleted region in
26) the Notch3tmicrid
allele
Notch1 Fwd GCCGCAAGAGGCTTGAGAT (Bone et al., Exon 1-3
Rev GGAGTCCTGGCATCGTTGG 2014)
Notch2 Fwd CAGGAGGTGATAGGCTCTAAG (R. Zhang et Exon 26-28
Rev GAAGCACTGGTCTGAATCTTG al., 2019)
Hey1 Fwd TGAGCTGAGAAGGCTGGTAC (Fischer et Exon 3-5
Rev ACCCCAAACTCCGATAGTCC al., 2004a)
Hey2 Fwd AAAGGCGTCGGGATCGAATAA This paper Exon 7
Rev GGCATCAAAGTAGCCTTTACCC

80



Hes1 Fwd ACACCGGACAAACCAAAGAC This paper Exon1-2
Rev AATGCCGGGAGCTATCTTTCT
Erbb2 Fwd TTGTGGTCATCCAGAACGAGG This paper Exon 8
Rev GGGGAGAAGAATCCCTGCTG
Atplal Fwd GTATGAGCCTGCCGCTGTAT This paper Exon 1
Rev GCAGGTGTTAATCCTCGGCT
Pitx2c Fwd GAGGTGCATACAATCTCCGATA (Desgrange
Rev TGCCGCTTCTTCTTGGAC etal,, 2020)
Emilin1 Fwd TGTTCCCGAAGTATCATGTACCG This paper Exon 2-3
Rev CTGTCTTGTAAGCCACCCGA
Bcar3 Fwd GAGAGGATCCTGGCAGATTTCC This paper Exon 8-9
Rev CCCTTGCTGCCCCATAACA
Pald1 Fwd GATGCCTTTGTCAGCGTTCTTCG Sequence
Rev GTTGGTTCTGCCTACACCTGAC from
Origene
Crip2 Fwd TGCAACAAGAGAGTGTACTTCG This paper Exon 4-7
Rev GCACCAGTATTCACTCCTTTGG
Cap2 Fwd ACCTGAGCTCTACAGCAGAATG This paper Exon 1-2
Rev CCTCTGGGAGGTCCGTCTAA
Dok4 Fwd CACTGTCCGTGGAATGTCTG (Bou rane et
Rev GGTAAAGCGCGTAGCATCTC al., 2007)
Nebl Fwd CCTGGCCAGTGATTGGGAAT This paper Targets only
Rev GGAGGGTGGCGTTTCCTTTA splice variant
NM_001362722.1
Nexn Fwd GAAGCGAGACGACGCTTAGA This paper Exon 8-9
Rev TCCTCCTCATTTACCATGTGCC
Acta? Fwd CACCATTGGAAACGAACGCT This paper Exon 7-8
Rev CCGCTGACTCCATCCCAATG
Actcl Fwd AGCCCTCTTTCATTGGTATGG (WiIIia ms et
Rev CCTCCAGATAGGACATTGTTGG al,, 2020)
Thx1 Fwd AAGGCAGGCAGACGAATGTT This paper Exon 4-6
Rev TAGTGTACTCGGCCAGGTGTA
fo4 Fwd GGAGGAACCCGACATGGATT This paper Exon 1-4
Rev TCTCATAGTTTTCCTCCAGCCATT
Six2 Fwd CGCAAGTCAGCAACTGGTTC This paper
Rev GAACTGCCTAGCACCGACTT
Isl1 Fwd CAGTCCCAGAGTCATCCGAGT
Rev CCTGTCATCCCCTGGATATTAGTT
Nodal Fwd AGCCAAGAAGAGGATCTGGTATGG (Desgra nge
Rev GACCTGAGAAGGAATGACGGTGAA etal,, 2020)
Lefty? Fwd ATCGACTCTAGGCTCGTGTCCATTC (Desgrange
Rev CACAATTGCCTTGAGCTCCGTAGTC etal,, 2020)
Enil Fwd TCCTACTCATGGGTTCGGCTA This paper
Rev GGTGCGTGGACCAGAGGAC
Hoxb4 Fwd AGCACGGTAAACCCCAATTACG This paper
Rev TGTAGTGAAACTCCTTCTCCAACT
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Egr2 Fwd TGCTAGCCCTTTCCGTTGA This paper
Rev TCTTTTCCGCTGCTGTCCTCGAT

High Resolution Episcopic Microscopy
E9.5 embryos or heart from PO pups were subjected to HREM imaging by first embedding

them in methacrylate resin (JB4) containing eosin and acridine orange as contrast agents
(Desgrange et al., 2020). Two channel images of the surface of the resin block were acquired
using the optical high-resolution episcopic microscope (Indigo Scientific) and a 1X Apo
objective repeatedly after removal of 1.75-1.76 um thick sections : the tissue architecture
was imaged with a GFP filter and the staining of enzymatic precipitates with an RFP filter. The
datasets comprise 855-1150 images of 0.90-1.45 um resolution in x and y depending on the
stage. Icy (de Chaumont et al., 2012) and Fiji (Imagel) softwares were used to crop or scale

the datasets. 3D reconstructions and analysis were performed in Imaris (Bitplane).

Embryo culture
For identifying a sub-phenotypic dosage of gamma-secretase inhibitor drug treatment,

wildtype E8.5 embryos were collected in Hank’s solution. DAPT, LY411575 or an equivalent
volume of the adjuvant (DMSO) were added to the 75% rat serum, 25% T6 medium,
supplemented with 1X Penicillin/Streptomycin. Embryos were cultured with 5% C0O2, 5%02
until E8.5g in rolling bottles in a precision incubator (BTC Engineering, Milton, Cambridge, UK)
At the end of the treatment, embryos were rinsed in T6 medium and further culture in embryo
culture medium in 5% C0O2, 20%02. At the end of the culture embryos were rinced in PBS and
fixed in paraformaldehyde (PFA) 4%. Brightfield images were acquired at the end of the
culture with a Zeiss AxioCamICc5 Camera and a Zeiss StereoDiscovery V20 stereomicroscope

with a Plan Apo 1.0X objective.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatics Analyses of bulk RNA Sequences
FASTQ files were mapped to the ENSEMBL Mouse GRCm38/mm10 reference using Hisat2 and

counted by featureCounts from the Subread R package. Read count normalizations and group

comparisons were performed using DESeq?2 statistical method: DESeq2. For the pilot screen,
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duplicates were excluded due to a high number of duplicates (89%, see Fig 2B). Flags were
computed from counts normalized to the mean coverage. All normalized counts < 20 were
considered as background (flag 0) and > 20 as signal (flag = 1). P50 lists used for the statistical
analysis gather genes showing flag=1 for at least half of the samples. P50 lists used for the
statistical analysis gather genes showing flag=1 for at least half of the samples. Clustering of
samples by stage and side was controlled by hierarchical clustering using the Spearman
correlation similarity measure and ward linkage algorithm.

Differential gene expression analysis was performed using the Limma R package v3.40.6 (Wu
and Smyth, 2012) for the pilot screen and the DESeq2 R package v1.24.0 (Love et al., 2014) for

the full screen.

Ingenuity Pathway Analysis
The ingenuity pathway analysis (QIAGEN IPA) performed on the E8.5f left-right RNA bulk

sequencing data from the pilot experiment (Fig. 3) was performed by taking the group
comparisons obtained through three independent methods (DESeq2, edgeR and LimmaVoom)
and running the analysis using the fold change and p-value of differentially expressed genes

from the three methods using standard parameters.

Quantification of Immunofluorescence and RNAscope ISH Signal
Immunofluorescent or RNAscope labelled lightsheet imaged samples were analyzed using

Imaris (Bitplane).

For quantification of left-right asymmetry in the second heart field, we manually segmented
out the second heart field using headfold and the second somite pair as cranial and caudal
boundaries, respectively (based on dye labelling from (Dominguez et al.,, 2012)), and
separated the object into left and right. Both Hoechst and target signal were extracted. To
account for imaging differences between left and right, the spot detector function was used
on Hoechst signaling to make a normalization score between the two sides by measuring at
which threshold 50% of spots were covered at each side, respectively. To calculate left-right
ratio, number of spots were measured on the left- and right side (using the Hoechst
normalization score to decide threshold) and normalized to the volume.

For progenitor characterization, the heart fields were segmented as described above, and

the signal was extracted in these channels. For quantifications of number of Isll
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immunofluorescent positive cells and for the number R267°™®-positive cells (in /s/1MercreMer
cross), the cells were counted manually. To count the number of Hoechst-positive and to
count the number of Hoechst-positive cells within mGFP-positive cells, the Hoechst signal was
extracted within the segmented heart field and from with this field, Hoechst signal within
mGFP-positive cells were extracted. To count the two numbers of Hoechst-positive cells, three
regions were set up in the heart field of two different embryos of 100 um x 100 um x 40 pum.
Within these areas, the cells were counted manually, and the best parameters for automatic

cell counting that counted similar numbers were used.

Bioinformatics Analyses of published single cell RNA sequences
scCRNA seq data from Tyser et al, 2021 was downloaded from

https://marionilab.cruk.cam.ac.uk/heartAtlas/ and analysed using scran (Lun et al., 2016) and

visualized using Seurat v3.1.2 (Stuart et al., 2019). Co-expression analysis to find genes
associated with Notch1/2/3 was performed in several steps. First, the data set was reduced to
appropriate clusters (different combinations of Me2-Me7). Secondly, using the findMarkers
function (scran), cells were divided into a positive (normalized counts > 0) and negative
(normalized counts = 0) group. The non-parametric test of Mann Whitney Wilcoxon was used,
with the development stage added as a blocking factor, and both directions of expression
were allowed (direction = ‘any’). Finally, in order to find genes with normalized counts
significantly correlated with the selected target, a correlation analysis was performed. Each
candidate gene of the dataset was selected for correlation analysis whether it was expressed
together with the target gene in at least 100 cells: the pairwise Spearman correlation
coefficient between normalized read counts was computed and its significance tested using
an asymptotic t approximation. Corresponding p-values were adjusted for multiple testing

using Benjamini-Hochberg correction (Benjamini and Hochberg, 1995).

Quantification of the geometry of the heart tube at £9.5
Using HREM images, the different compartments of the heart tube were segmented using

Imaris (Bitplane). Using this, eight landmarks along the tube were extracted and used for
calculations of geometry similarly to what has been described in (Desgrange et al., 2020).
Heart shapes were aligned in 3D using an in-house MATLAB code so that the Z-axis

corresponds to the notochord axis and the x-axis corresponds to a perpendicular dorso-ventral
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axis (Described in Desgrange et al., 2020) The length of the tube and the angle of left- and

right ventricle were measured as done in (le Garrec et al., 2017).

Statistical analyses
Statistical tests as well as p-values are described in figure legends. In general, wilcoxon tests

were predominantly used to compare two groups, as sample numbers were low and thus it
was not possible to test for normal distribution. For E9.5 heart shape analysis, student two
tailed t-tests were used. All statistical tests were performed in R except for the chi®-test, which
was performed using excel. All sample numbers (n) indicated in the text refer to biological
replicates, i.e. different embryos. One pair of left-right heart field was excluded at stage E8.5e
in the full left-right bulk sequencing screen, as it was shown to be an outlier. Samples with

severe injuries in the segmented area were also excluded for 3D lightsheet quantification.
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Results

Characterization of the second heart field during heart looping
In order to identify novel left-right asymmetric genes that can play a role in heart looping, we

selected a transcriptomics approach. We first aimed to estimate the number of cells in the
second heart field, and secondly, we aimed to identify which marker would label the most
cells in this tissue. Heart looping is a very rapid process, and therefore we did this
characterization across multiple stages to see if there are changes in the second heart field.
As we initially explored both single cell and bulk RNA sequencing approaches, counting cell
number gives an estimate for the number of cells collected per sample (scRNA) and how much
RNA we could expect to collect per sample (bulk RNA).

Regarding our single cell RNA sequencing approach, we planned to use MARS-seq (Jaitin et
al., 2014), as it allows to enrich for cells of interest using fluorescence-activated single cell
sorting (FACS). Thus, we needed a marker compatible with FACS, that would label as many
cells as possible in the second heart field.

Isl1 is a classical marker of the second heart field. Is/1 is expressed in the second heart field
as well as in the endoderm close to the heart at E8.5 (Cai et al., 2003). Previous work in the
lab (Nji Asong, Audrey Desgrange) had found that /s/1t™1(ce)Tmi (Srinivas et al., 2001) crossed
with a fluorescent Cre reporter line Rosa26™™™¢ (Muzumdar et al., 2007) labelled very few
cells in the heart field (< 5 %) at E8.5. We decided to test an alternative tool for Is/1 genetic
tracing, the inducible Is/1VerceMer |ine (Sun et al., 2007), as we observed in published work that
it might label more cells— a difference likely originating from the design of the genetic
construct.

We received from our collaborator F. Rochais (Marseille) embryos from crosses with the
reporter line Rosa26'°ma (Madisen et al., 2010) along with tamoxifen injection at E6.5 (Fig
1A). Some cells are labelled within the heart tube, while only few labelled cells were detected
in the second heart field (Fig 1a2). The labelled cells are located in the SHF dorsal to the heart
tube and not in the posterior region (Fig 1a3). Although the ratio of labelled cells was higher
than for the Is/1¢¢ line (data not shown), very few cells in the heart field were labelled
compared to wholemount immunofluorescent labelling of Isl1 (Fig 1B), where Isl1 is strongly

localized in the heart field and endoderm dorsal to the heart (Fig 1b2). At more posterior
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levels, Isl1 is still detected in the SHF, but less so (Fig 1b3). The low ratio of labelled cells in the
IsI1® and the [s/1MercreMer jines compared to Isl1 immunofluorescent labelling likely comes
from the delay between Isl1 promoter expression and recombination and reporter expression
in the Cre-lox system, which usually takes 12-36 hours. Thus, Cre expression under the control
of the Is/1 promoter is too late to mark all SHF cells at E8.5.

To obtain a higher ratio of labelled cells, we combined two transgenic lines. We used the
Mef2c-AHF-Cre line (Verzi et al.,, 2005) which labels the anterior second heart field, and
crossed it with Hoxb1¢* (Bertrand et al., 2011) that is expressed at gastrulation and labels a
wide population of mesodermal cells, including the posterior second heart field. We
generated Mef2c-AHF-Cre; Hoxb1¢/* studs and crossed them with Rosa26™"™¢ to generate
Mef2c-AHF-Cre; Hoxb1¢*; Rosa26™™%* embryos that were then imaged (Fig 1C). The
Rosa26™™C is a double reporter line, where Cre- cells will be labelled with mTomato, while
Cre+ cells will be labelled with mGFP. In these embryos, the posterior heart field was well
covered (Fig 1c3), however, labelling of the anterior region was patchy (Fig 1c2).
Quantification shows that overall ~76% of second heart field cells are labelled (Fig 1G). The
patchiness may depend on the Mef2cAHF transgene driving restricted Cre expression (Verzi
et al., 2005) and thus the double Mef2c-AHF-Cre; Hoxb1¢*is unsuitable for marking the full
heart field at E8.5. From this it is clear that early expression of Cre is necessary for sufficient
fluorescent labelling of the second heart field at E8.5.

Mesp1 is expressed transiently at E6.0 in the nascent mesoderm and is one of the earliest
markers of cardiogenesis (Saga et al., 2000). Mesp1 marks both early and late migrating heart
progenitors of the first and second lineages (Lescroart et al., 2014). We generated and imaged
Mesp1<e*/-: Rosa26™™%* embryos at E8.5 (Fig 1D). Almost all cells (96%) within the second
heart field are labelled, both in the anterior (Fig 1d2) and posterior regions (Fig 1d3).
Furthermore, cells within the second heart field were mTomato-negative in Mesp1e*/;
Rosa26™™m%/* embryos, which is not the case for cells of the both the anterior and posterior
regions of the second heart field of Mef2c-AHF-Cre; Hoxb1<¢/*; Rosa26™™%* embryos, where
cells express both mGFP and mTomato. This indicated that the recombination occurred earlier
or more efficiently in the Mesp1©® line.

To quantify volume, cell number and ratio of labelled cells, we manually segmented out the
second heart field. The headfolds and second somite pair were used as cranial and caudal

boundaries respectively, as dye-injection tracing experiments has shown that cells within this
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region contribute to the heart (Dominguez et al., 2012). We found that the volume (Fig 1E)
and cell numbers (Fig 1F) were stable between stage E8.5d and E8.5i with around 3000-4000
Hoechst-positive cells. This shows that although the embryo is growing in overall size between
these stages, the volume and cell number of the second heart field is rather constant.

The stable size of the second heart field means that E8.5 stages are equally suitable for RNA
sequencing. Furthermore, Mesp1 is the most appropriate marker for cell sorting prior to

sequencing, as it labels almost all cells within the second heart field (Fig 1G).

Figure 1. Size of the second heart field of progenitors

(A) Whole-mount imaging of an [s/1MercreMer/+. gagtdTomato/+ embryo at E8.5f, injected with
tamoxifen at E6.5. al: front view, a2-a3: transverse sections at levels indicated in al. (B) Isl1
whole-mount immunofluorescent staining in a wild-type embryo at E8.5f. b1: front view, b2-
b3: transverse sections at levels indicated in b1. (C) Whole-mount imaging of a Hoxb1/*;
Mef2c-AHFCre; R26™™™%* embryo at E8.5f. c1: front view, c2-c3: transverse sections at levels
indicated in c1 (D) Whole-mount imaging of a Mesp1¢*; R26™™%* embryo at E8.5f. d1: front
view, d2-d3: transverse sections at levels indicated in d1. (E-F) Volume (E) and cell count (F)
of the segmented second heart field at different stages of heart looping (n = 1 for E8.5d, 3 for
E8.5e, 3 for E8.5f, 3 for E8.5g; 4 for E8.5h; 2 for E8.5i). (G) Ratio of cells in the second heart
field labelled by different modalities. (n = 4 for [s/1MercreMer/+. pagtdTomato/+ 3 for |s|1
immunofluorescence, 5 for Hoxb1<¢/*; Mef2c-AHFCre; R26™™™5/*, 4 for Mesp1<¢/*; R26™TM5/#),
Means and standard deviations are shown; HT, heart tube (pink dotted outline); L, left; R,
right. SHF, second heart field (cyan dotted outline). The midline is marked by a yellow dotted
line.
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Figure 1
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Development of a protocol of single cell RNA sequencing of heart progenitors
To profile gene expression in the heart progenitors and explore heterogeneity within these

populations, we tested protocols of cell dissociation and sorting as a pre-requisite to single
cell RNA sequencing. An outline of the experiment is shown in Fig S1A. From our
characterization of the second heart field, we had identified Mesp1¢¢ as a suitable marker.
We initially decided not to micro-dissect out the left- and right heart field, as we aimed to first
assess how many cells could be collected from the heart field of a single embryo.

After testing several conditions for cell dissociation and filtration, we found that enzymatic
digestion by Liberase (Roche) in combination with dispase followed by filtration using FlowMi
cell strainer (Bel-Art) worked well in dissociating cells without killing them. Liberase is a
collection of different proteases (primarily collagenases) used in previous publications (Sebé-
Pedrés et al., 2018). Dispase, which has a high affinity towards Fn1, was added because in a
previous RNA bulk sequencing of the lab (Desgrange et al., 2020), we found Fn1 to be the most
expressed extracellular matrix gene in the cardiogenic region of wildtype embryos (Fig S1B).

After cell sorting, we decided to control both cell survival as well as the number of collected
cells per embryo. Cell survival was measured by adding the dead cell marker DRAQ7
(Biostatus). Cell survival was correlated with the duration of embryo dissection. Almost all cells
(98.5%) were alive when FACS was performed on tissues within 1h15 after euthanizing the
mother (Fig S1C). At 1h40 this dropped to 87% and dropped further to 76% after 2h10,
showing that working quickly is important for collecting live cells for RNA sequencing. The
number of cells collected per embryo (reported in Fig S1D) ranges from 2651-4251 depending
on the experiment, which is accordance with the number of cells we quantified in the second
heart field (Fig 1F).

From the profiling of Nodal pathway gene expression, we had identified the E8.5d stage as
particularly interesting. At E8.5d, Lefty2 (a direct target of Nodal) expression peaks, and thus
we expect other genes directly regulated by Nodal to be asymmetrically expressed at this
stage. For this reason, our aim was to perform scRNAseq on E8.5d embryos, and we therefore
assessed how many cells could be collected from a single embryo. From an experiment micro-
dissecting the cardiogenic region in a single embryo, we collected 4251 mGFP* cells (Fig S1E),
which is more than sufficient for cell collection prior to scRNAseq. Thus, we found that our

protocol is suitable for this purpose.
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The aim was to perform scRNAseq using the MARSeq approach (Jaitin et al., 2014) on heart
fields of embryos at stage E8.5d, however as described in Objectives, we decided to

concentrate our efforts on the bulk RNA sequencing approach.

Development of a protocol for bulk sequencing of the left and right heart field
To profile asymmetric gene expression in the heart field at different stages of heart looping,

we performed micro-dissections to separate left- and right heart field tissue (Fig S1F). As the
kinetics of heart looping is fast, we decided against pooling embryos, as this would lower
resolution. We instead reasoned that it would be stronger to compare left- and right heart
field tissue of the same embryo to eliminate stage biases.

In order to confirm our micro-dissections, we performed RT-gqPCR experiments using known
markers of the heart field, of the left lateral plate mesoderm and of dissected out surrounding
tissue (anterior head: En1, posterior tail: Hoxb4 and dorsal neural tube: Egr2). Expression of
these markers showed that our micro-dissections were of sufficient quality to isolate heart
progenitor tissue and to separate left and right (summarized in Fig S1G). At later stages (from
E8.5f) we did not detect any marker of outside tissue, while at early stages we detected
expression of the head- and neural tube markers. This is due to the fact that at early stages,
the head- and neural tube are close to the heart progenitor tissue and can therefore not be
completely removed by microdissection.

From these RT-qPCR validations, we also profiled the kinetics of the Nodal pathway. These
results are published in (Desgrange et al., 2020) — See Annex 1 Figure 2A and Figure S4. We
find that Nodal peaks at stage E8.5c, while its direct target Lefty2 peaks one stage later at
E8.5d. As a consequence of Lefty2 expression, the expression of Nodal is downregulated from
E8.5d and is not detectable from E8.5f. Pitx2c becomes expressed at E8.5¢, but compared to
Nodal and Lefty2, its expression gets stronger and persists across all E8.5 stages.

Having shown that isolated left- and right sides of heart fields of single embryos are sufficient
for RNA detection and gene profiling, we then aimed to perform bulk RNA sequencing of these
tissues. Our measures estimate that the number of cells in a half heart field is around 1500-
2000 cells (Fig 1F), which is expected to provide a low amount of RNA. Therefore, we started
by performing a pilot RNA sequencing experiment at E8.5e and E8.5f (dissections outlined in
Fig 2A) using the standard RNA library building kit NUGEN Universal Plus and a sequencing

depth of on average 50 millions reads per sample. To avoid gender effects, we selected only
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male samples. After sequencing ~35 million polyA+ transcript reads were uniquely assigned
per sample. However, due to the small amount of input RNA available, the number of
duplicates was 89.2% (+/- 2.5%) per sample (Fig 2B). After removal of duplicated reads along
with additional quality control, there was on average ~1,9 million reads per sample. Even with
this relatively low number of reads, we were able to detect 129 significantly differentially
expressed genes (DEGs) at E8.5e (Fig 2C) and 44 at E8.5f (Fig 2D), among which control genes
involved in Nodal signaling, such as Pitx2 and Lefty2 (Saijoh et al., 2003), both in the left heart
field. Among the DEGs there were also new genes that had previously not been associated
with left-right asymmetry. One of these will be further analysed from Figure 3 and onwards.
Albeit able to detects DEGs at both stages, the low number of useable reads reflects a low
sensitivity. To obtain higher data quality, we decided to test alternative RNA library building
kits suited for low input material: the NUGEN Trio RNA sequencing kit and the NEBnext Single
Cell/Low Input RNA Library Prep Kit. As the total amount of RNA collected from one side of
micro-dissected heart fields was in the range of 5-50ng, we also tested the sensitivity of kits
to a range of input materials from 500pg to 15ng (Fig 2E). To obtain homogeneous mix of RNA
for the kit test, we pooled the left- and right heart fields of four micro-dissected female
embryos at stage E8.5d. We performed each measurement in duplicates, and added ERCC
spike-in RNA (Thermo Fischer), which contains a known amount of RNA and is suitable to
eliminate biases in sample preparation. Additionally, we adjusted the sequencing depth to 40
million reads per sample to avoid generating too many duplicates. Both low-input RNA
sequencing kits performed better than the NUGEN Universal plus kit: the rate of duplicates
were 19.8 % (+/- 0.52%) and 24.3% (+/- 1.93%) (Fig 2F) and the proportion of uniquely®
assigned reads was above 33.7% (+/- 0.87%) and 40.2% (2.98%) for the NUGEN Trio RNA
sequencing kit and the NEBnext Single Cell/Low Input RNA Library Prep Kit , respectively (Fig
2G) (compared to 73.9% rate of duplicates and 5.9% uniquely assigned reads with the NUGEN
Universal plus kit). Between the two kits, NUGEN Trio RNA sequencing kit performed slightly
better on rate of duplicates, and it was also more reproducible at low amount of input RNA
(not shown). Thus, the Nugen Trio RNA sequencing kit is suitable for performing RNA

sequencing of heart field tissue and expected to generate up to 6.5 times more useable reads

5 Uniquely assigned read refers to how many of the total reads can be assigned to the genome and are at the
same time not duplicated (i.e. two identical assigned reads would count for one uniquely assigned read).
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than the NuGEN Universal plus kit. We therefore selected this kit for our full screen of left-

right asymmetrically expressed genes across heart looping stages.

Bulk sequencing of paired left- and right heart fields at different stages of heart
looping
We collected left- and right heart field tissues for seven different stages of heart looping. The

earliest stage selected is the late headfold stage, because this is prior to Nodal expression in
the heart field and we therefore expect to find no difference between left- and right
(Desgrange et al., 2020). From E8.5c-g there is molecular- and from E8.5f morphological
asymmetry occurring, thus all these stages were selected for profiling. E8.5j marks the end of
heart looping and was thus selected as a final point.

RNA sequencing was performed using the NUGEN Trio RNA sequencing kit (Fig 2H-N). At the
late headfold (LHF) stage, prior to the expression of Nodal in the lateral plate mesoderm, no
significant left-right asymmetry in gene expression can be detected (Fig 2H). We found Nodal
asymmetrically expressed in the left heart field at E8.5c and d, in keeping with the short time
window of Nodal expression in the lateral plate mesoderm that we have previously identified
by RT-gPCR (Desgrange et al., 2020) (Fig 20). The Nodal targets Pitx2 and Lefty2 were also
found asymmetrically expressed on the left at most stages of heart looping. New asymmetric
genes were found either in the right or left heart field. Interestingly, we found that at the first
stage of asymmetry, stage E8.5¢c, 30 out of 36 DEGs are enriched on the left side. Additionally,
E8.5d was the stage with the most DEGs, with 132 of 211 DEGs being higher expressed on the
right.

To conclude, we have established conditions to screen for new asymmetrically expressed
genes during heart looping, and our screen identifies new asymmetrically expressed genes.
The overall analysis of asymmetric genes is a long-term project that is ongoing in the
laboratory. Within the time-window of my PhD, | decided to focus on one new asymmetric

gene, discovered in the pilot screen (NUGEN Universal Plus kit).
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Figure 2

A

E8.5e

Repeat 1
@1
Repeat 2

ERCC spikein2

RNA
(Pooled E8.5d
heart fields)

LHF/E8.5b

Log10(Mean reads)

Log10(Mean reads)

Log10(Mean reads)

-0 5 0 5 10

100%

5%

50%

Proportion of
duplicated reads

25%

0%

1ng

15ng

10ng 5ng

Log2(Ratio L/R)

-10 5 0 5 10
Log2(Ratio L/R)

-10 5 0 5 10
Log2(Ratio L/R)

OE8.5e OlLeft
@E8.5f ARight

Samples
“
o
c
9
€
o
Q.
e
o
500pg
E8.5¢ —_
(2]
©
]
o
C
3]
[0
=
o
~
()]
e}
|

Log10(Mean reads)

10

Log2(Ratio L/R)

o

duplicated reads

N w s o

N

C D
E8.5e E8.5f
m m
o ke
® @®
03 03
C C
® ®
[0} )
=2 S2
S S
@ >
S S+
0 5 0 5 10 4 S5 0 5 10
Log2(Ratio L/R) Log2(Ratio L/R)
G
100% © NEBNext o 100% © NEBNext
@ NuGEN Trio -?g @ NuGEN Trio
et (Full screen in H-O)
75% @ NuGEN Uniplus - 5% .
@ @ NuGEN Uniplus
g) (Pilot screen in A-D)
50% ‘» 50%
1%
®
=
25% O 25%
>
g
=
0% O 0%
05 1 5 10 15 05 1 5 10 15
RNA (ng) RNA (ng)
J
E8.5d —
N 5
ke
@
Q4
C
3 3
=
S 2
?
S
M0 S5 0 5 10 5 0 5 10
Log2(Ratio L/R) Log2(Ratio L/R)
M
E8.59
w5
°
®
O 4
[
3 3
=
o 2
?
S
M0 5 0 5 10 n=4 M0 5 0 5 10
Log2(Ratio L/R) Log2(Ratio L/R)
. —@— Nodal
* ©— Lefty2
* * * ©@— Pitx2
. Normalized
. * * number of reads
E8.5b E8.5c E8.5d E8.5e EB8.5f E8.5g EB8.5j

94



Supplementary figure 1 (related to figure 2)
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Figure 2. RNA sequencing of left-right differential expression in the heart field

(A) Outline of the left (light blue) and right (light red) heart field micro-dissected in mouse
embryos for bulk RNA-sequencing at the indicated stages in a pilot screen. (B-C) MA plots
representing relative gene expression between paired left and right heart fields at E8.5e (B)
and E8.5f (C). Non-significant differential expression is represented in red, differential
expression in blue (Benjamini-Hochberg corrected p-value < 0.05, Voom, n = 4). Coloured
number represent the number of DEGs at each stage. (D) Rate of duplication per sample in
the pilot screen (mean = 89,2%). (E) Structure of experiment for testing novel RNA library kits
suited for low amount of input RNA. (F) Duplication rates at different amount of input RNA in
the kit test. (G) Assigned reads at different amount of input RNA in the kit test. (H-N) Full
screen using the NEBnext Single Cell/low Input RNA kit. Dissection schema (left panel) and MA
plot (right panel) representing relative gene expression between paired left (light blue) and
right (light red) heart fields at stages LHF/E8.5b (H), E8.5c (I), E8.5d (J), E8.5e (K), E8.5f (L),
E8.5g (M) and E8.5j (N). Non-significant differential expression is represented in red,
differential expression in blue (Benjamini-Hochberg corrected p-value < 0.05, DESeg2, n as
indicated). Blue numbers represent the number of differentially expressed genes at each
stage. (O) Expression of genes associated with Nodal signalling in the full screen. Sandard
deviations are shown. Size of circle represents number of reads. *Benjamini-Hochberg
corrected p-value < 0.05 indicate significant asymmetry (DESeq2). HT, heart tube; LHF, late
head fold.

Figure S1 related to Fig. 2. Development of protocols for single cell RNA sequencing of heart
progenitor patterning

(A) Experimental overview of planned single cellRNA sequencing by isolation of heart
progenitors from of Mesp1<*; Rosa26™™™%* embryos at stage E8.5d. The second heart field
is highlighted in green. (B) Expression level of the top 15 most highly expressed extracellular
matrix genes in the cardiogenic region of E8.5e-f wildtype embryos. (C) Dotplots of 3 pilot
FACS experiments showing levels of the cell death marker DRAQ7 (in x) and the size of objects
(in y) at different time points after euthanization of the mother. Embryos were pooled in
experiments 1-2 and isolated in experiment 3. Stages are indicated in (E). Single and alive cells
were selected for further. (D) Summary table of associated quantifications. (E) Dotplot of
experiment 3 of the micro-dissected heart field from a single E8.5d Mesp1“¢/*; Rosa26™™™%/*
embryo. 4251 cells of interest were counted as mGFP* mTomato™ (R7?) and alive (based on
Draqg? levels in D). Rare cells are double positive for mGFP and mTomato (R4). (F) Control of
the micro-dissection of the left and right heart fields. Schema of the isolation of the left (light
blue) and right (light red) heart fields in mouse embryos. (G) Summary of RT-qPCR validation
of the indicated markers at sequential stages of heart looping. Colors indicate level of
expression. HT, heart tube
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Notes before reading
Figures 3, 4 and 6 (along with their supplementary figures) are publication ready. Figure 5, 7
and 9 (related to functional data) are underway and scheduled to be completed before the

end of 2022.

Bulk sequencing of paired left- and right heart fields identifies Notch3 as a novel

left-sided marker
In order to identify novel genes involved in the left-right patterning of the embryonic heart,

we performed bulk RNA sequencing on micro-dissected left- and right heart field tissue at
E8.5f (Fig 3A, Fig S2A), as this is the earliest stage when left-right asymmetric morphological
difference can be detected in the heart tube (le Garrec et al., 2017). Because both heart
looping and the kinetics of the Nodal pathway are very dynamic, we decided to collect single
left- and right heart fields, to increase resolution compared to embryo pooling prone to stage
biases. We performed paired analysis of left/right differential expression.

We first set a threshold of expression compared to background levels, using standard
statistical criteria (see Material and Methods), as well as expression of negative control genes,
not expressed in the micro-dissected tissues (Dmp1l: osteocyte marker, Oc90: inner ear
marker, Neurod1: neuronal marker), and a positive control of a gene lowly expressed gene in
the heart field, Mmp9 (Desgrange et al., 2020) (Fig S2B). We controlled microdissections with
molecular markers. Anterior (En2, Wnt8b) and posterior (Hoxa5, Hoxb6) markers were not
detected. However, some neural tube markers (Rfx4, Tfap2b) were still present (Fig S2C),
indicating that back tissues had not been completely removed during micro-dissections.
Similarly, markers of mature cardiomyocytes (Myh7b, Myoz1, Tnnt1) are not detected or lowly
expressed, indicating that the heart had been properly removed during micro-dissections.
Second heart field markers (/s/1, Six2, Fgf8) are highly expressed, showing that the micro-
dissected tissue contains second heart field cells. Markers of the juxta-cardiac field (Tbx5,
Mab2112) are also detected, indicated that the isolated tissue also contains cells of the juxta-

cardiac field (Tyser et al., 2021).
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At E8.5f, Nodal is no longer expressed, as shown previously (Desgrange et al., 2020).
However, Nodal direct targets Lefty2 and Pitx2 were found highly enriched in the left side (Fig
S2D), validating tissue preparation. Additionally, the left-sided gene Six2 (Zhou et al., 2017)
was also found enriched as expected, whereas Snail (Ocana et al., 2017) was found
symmetric. Overall, our analysis of control genes validates micro-dissection to extract
differential gene expression in the left and right heart field of the same embryo and screen for
novel asymmetric genes.

44 genes were highly significantly asymmetric, with a Benjamini-Hochberg adjusted p-value
< 0.05, while 442 genes were significantly asymmetric with a p-value < 0.05 but a Benjamini-
Hochberg adjusted p-value > 0.05. We performed a pathway analysis (Ingenuity) to extract
most significant differential expression. This highlighted the Notch pathway as activated on
the left side (Fig 3C). We looked in more detail at the individual expression of Notch pathway
genes. Five genes were found to be asymmetrically expressed (Fig 3D). Dtx4 was excluded on
the basis of previously published single cell RNA sequencing data (Tyser et al., 2021), as it is
not expressed in heart progenitors but in the surrounding ectoderm (Fig S2E). We focused on
Notch3 as it encodes a receptor that upon ligand activation becomes a transcription factor,
and it is thus central to signaling. Furthermore, it is the most highly expressed gene of the
asymmetric pathway. To validate Notch3 as an asymmetric gene, we investigated its
expression pattern. Using whole-mount RNAscope in situ hybridization imaged in 3D, we
quantified Notch3 asymmetry in the heart field (Fig S2F). Notch3 was confirmed to be
asymmetrically expressed on the left (Fig 3E). From transversal sections (Fig 3e2, Fig3e3)
Notch3 expression was detected in the lateral plate mesoderm, which contains heart
precursors, and absent in cardiomyocytes of the heart tube. Notch3 expression extends
posteriorly throughout the left lateral plate mesoderm. We also found expression in the node,
the left-right organizer (Fig 3F). Notch3 was observed in left-sided crown cells of the node (Fig
3f1), the site where asymmetric Nodal signaling is initiated (Collignon et al., 1996).

Our previous analysis of Nodal signaling (Desgrange et al., 2020), has highlighted a short
time-window of expression and activity in heart precursors. We thus decided to investigate
the dynamics of Notch3. We quantified Notch3 asymmetry in heart progenitors at sequential
stages (Fig 3G, Fig S2F), and found that Notch3 asymmetry peaks at stage E8.5d, when it is ~
4.5-fold more expressed on the left side. Expression becomes lower at E8.5f, when

asymmetric heart morphogenesis begins (Le Garrec et al., 2017). As the pattern and transient
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kinetics of Notch3 asymmetric expression are similar to Nodal, we analyzed the overlap
between the two genes. Notch3 and Nodal were found co-expressed in the left lateral plate
mesoderm (Fig 3H, Movie S1). Using published RNA sequencing in single heart progenitors at
the same stages (Tyser et al., 2021), we found that Notch3 was expressed in 75% (234/309) of
Nodal-positive cells, thus showing that Nodal and Notch3 are largely co-expressed in left heart
progenitors (Fig S2G). Some Nodal only positive cells (ie Notch3-negative) were also observed
by ISH (Fig S2H) and localized more laterally, compared to Nodal and Notch3 co-expression
which was more medial. Thus Nodal is expressed throughout the left splanchnic mesoderm,
whereas Notch3 is upregulated more medially (Fig S2H). This indicates a lateral regionalization
of the lateral plate mesoderm.

Altogether, our bulk RNA sequencing strategy has identified a novel asymmetric gene, not a
component of the Nodal pathway: Notch3. We have validated its dynamic asymmetric
expression in the left lateral plate mesoderm containing heart precursors and found that it is
co-expressed with Nodal. We next wondered about the relationship between Nodal and

Notch3 expression.

Figure 3. Left-sided enrichment of Notch3 expression at E8.5.

(A) Outline of the left (light blue) and right (light red) heart field micro-dissected in the mouse
embryo for RNA-sequencing. (B) MA plot representing relative gene expression between
paired left and right heart field at E8.5f. Non-significant differential expression is represented
in red, differential expression in green (p-value < 0.05), and blue (Benjamini-Hochberg (BH)
corrected p-value < 0.05, Voom, n=4) (C) Ingenuity Pathway Analysis ordered according to
significance and colour-coded for the activation state (z-score: blue, active pathway on the
left; red, active pathway on the right). (D) Normalised read counts of genes involved in the
Notch pathway in the left (blue) and right (red) heart field. The dotted line indicates the
threshold of background expression. Whisker plots show the median, 25%"- and 75% quartiles
(boxes), and the extreme data points (whiskers). *p-value < 0.05, ** Benjamini-Hochberg
corrected p-value < 0.05 (Voom, n=4). (E-F) Expression of Notch3 (white) detected by whole
mount RNAscope ISH at E8.5d, shown in frontal views (E1, cranial side of the embryo, F1,
caudal side of the embryo) and transverse sections (E2-E3, F2, at the levels indicated in E1-F1)
(n=6). (G) Quantification of normalized Notch3 asymmetric (left over right) expression in the
heart field at sequential stages. The means are shown on a red dotted line and standard
deviations are in blue (n=3 at E8.5c, 6 at E8.5d, 6 at E8.5e, 3 at E8.5f). (H) Notch3 (white) and
Nodal (magenta) co-expression detected by double whole mount RNAscope ISH at E8.5d, and
shown in a frontal view (H1) and traverse section (H2) (n=5). The midline is indicated by a
yellow dotted line. HT, heart tube; L, left; LPM, lateral plate mesoderm (green dotted outline);
Myo, myocardium (red dotted outline); No, node ; R, right. See also Video S1 of Notch3 (white)
and Nodal (red) double RNAscope labelled embryo at stage E8.5d. Note video is inverted
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Figure 3
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Supplementary figure 2 related to Figure 3
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Figure S2 related to Fig. 3. Additional transcriptomic analyses.

(A) Brightfield images of embryos used for RNA sequencing at E8.5f. In the left panel, an
outline of the dissected areas is shown. The identification number of embryos is given. (B)
Normalized read counts of genes used to validate the threshold of expression in the
transcriptomic analysis. The osteocyte gene Dmp1, inner ear marker Oc90, neuronal marker
Neurod1 are used as negative controls and Mmp9 as a positive control, lowly expressed in left
heart progenitors. Whisker plots show the median, 25%"- and 75" quartiles (boxes), and the
extreme data points (whiskers). (C) Normalized read counts of genes used as markers to
control sample micro-dissection. En2, Wnt8b are anterior markers, Hoxa5, Hoxb6 posterior
markers, Rfx4, Tfap2b back markers, Isl1, Six2, Fgf8 second heart field markers, Tbx5, Mab21/2
juxta-cardiac field (JCF) markers and Myh7b, Myoz1, Tnntl cardiomyocyte markers. The
dotted line indicates the threshold of background expression. Whisker plots show the median,
25™- and 75" quartiles (boxes), and the extreme data points (whiskers). (D) Normalized read
counts of genes used as markers to validate the left-right profile of samples. Nodal targets
Lefty2 and Pitx2, as well as Six2 label the left side. Snail, which was reported as a right marker,
was not found asymmetric. *p-value between the left and right sides < 0.05, *** Benjamini-
Hochberg corrected p-value < 0.00001 (Voom, n=4). Whisker plots show the median, 25%"- and
75t quartiles (boxes), and the extreme data points (whiskers). (E) Violin plot of Dtx4
expression in single cells from a published transcriptomic dataset at early E8.5, clustered as
annotated (n= 89 Ec2, 59 Me2, 713 Me3, 221 Me4, 355 Me5, 65 Me6, 514 Me7). Dots are
normalized reads per cell. (F) Segmentation of the cardiac region in 3D images, to quantify
gene expression in the heart tube (red), left (white) or right (yellow) heart field. Somites are
outlined by white dotted lines. Expression of Notch3 within the segmented second heart field
is extracted in the right panel. (G) Violin plot of Notch3 expression in Nodal-negative (n=1559)
and Nodal-positive (n=309) cells in the cardiac clusters (Me3-7) of the single cell
transcriptomic dataset at early E8.5 (stages 1 to LHT). (H) Transversal section of the left LPM
in three embryos, labelled by double wholemount RNAscope ISH of Nodal and Notch3. The
region of Notch3 and Nodal co-expression is outlined in yellow. Lateral cells positive for Nodal
without high Notch3 expression are indicated by a white arrowhead. L, left; SHF, second heart
field; R, right.

Nodal is required in the lateral plate mesoderm to amplify Notch3 asymmetric

expression
Nodal and Notch3 are co-expressed in the lateral plate mesoderm, yet Nodal asymmetry peaks

from E8.5c (Desgrange et al., 2020), i.e. one stage before Notch3 and the Nodal target Lefty2
at E8.5d. We thus hypothesized that Notch3 asymmetric expression could be downstream of
Nodal signaling. To investigate this, we assessed Notch3 expression in Nodal mutants, using a
conditional mutant line, in which Nodal is inactivated in the mesoderm, but not in the node
(Desgrange et al., 2020). 3D quantifications indicate that Notch3 asymmetry is significantly
reduced in Nodal mutants compared to littermate controls at E8.5d-e (Fig 4a-b). However,

Notch3 asymmetric expression is not completely abrogated in Nodal mutants. This is in
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keeping with our previous finding that Nodal is required to amplify left-right asymmetries
(Desgrange et al., 2020) and provides the first molecular evidence of this. In reverse, Notch
signaling has been shown to directly activate Nodal in the left-right organizer (Raya et al.,
2003). We thus analyzed Nodal expression in Notch37- mutants (Krebs et al., 2003). Nodal
expression was found restricted to the left side of the lateral plate mesoderm (Fig S3A-B) and
higher in the left crown of the node (Fig S3B) in Notch3 mutants at E8.5c, as reported in wild-
type embryos (Collignon et al., 1996) In addition, Pitx2 expression at E8.5e was also unaffected
(see Fig.8B). These experiments show that Notch3 is downstream of Nodal signaling in cardiac

progenitors, and therefore a candidate for regulating asymmetric heart morphogenesis.
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Figure 4. Decreased Notch3 asymmetric expression in Nodal mutants.

(A-B) Whole mount RNAscope ISH of Notch3 in control (A) and Nodal mutants (B) at E8.5d.
Expression of Notch3 within the segmented heart field is extracted in right panels. (C)
Corresponding quantification of normalized Notch3 asymmetric (left over right) expression in
the heart field at sequential stages in controls (n= 3 at E8.5¢, 5 at E8.5d, 3 at E8.5e) and Nodal
mutants (n=5 at E8.5c¢, 3 at E8.5d, 6 at E8.5e). Means and standard deviations are shown. *p-
value < 0.05 (Mann-Whitney U test between controls and mutants). *p-value < 0.05 (Wilcoxon
signed rank test to compare mutant levels with a symmetry hypothesis). The midline is
indicated by a yellow dotted line. L, left; R, right.
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Supplementary figure 3 related to figure 4

A B
Hoechst Nodal Hoechst Nodal

Notch3™"
Notch3'

Figure S3 related to Fig. 4. Nodal expression in Notch3 mutants.

(A-B) Whole mount RNAscope ISH of Nodal in Notch37- mutant embryos at E8.5c in anterior
(A) and posterior (B) front views. The midline is indicated by a yellow dotted line. L, left; LPM,
lateral plate mesoderm; No, node; R, right.

Notch3 mutants display mild heart looping defects with partial penetrance
We next examined the role of Notch3 in asymmetric heart morphogenesis. Notch3 mutants

were recovered at the expected Mendelian ratio (Fig 5A-B), and were viable and fertile, as
reported previously (Krebs et al., 2003).

We analysed in more detail heart morphogenesis in Notch3 mutants at the end of the
looping process. 80% of Notch3”- embryonic hearts at E9.5 (Fig 5d1) were indistinguishable
from wild-type littermates (Fig 5C), with normal heart looping and normal positions of the
ventricles. In 20% of cases (see also Fig. 9B), the position of the ventricles appeared slightly
affected with the right ventricle being posteriorly (Fig 5d2), anteriorly (Fig 5d4) positioned
relative to the left ventricle, or with a more medial left ventricle (Fig 5d3). Hearts with an
anterior right ventricle resemble to Nodal class 4 mutants (Desgrange et al., 2020). To quantify
morphological defects, we performed High Resolution Episcopic Microscopy (HREM) on a first
series of Notch3”- mutants in 3D and segmented the heart tube (Fig 5E). Since these embryos
were produced from Notch3” parents, no control littermate was available and we used
controls from our previous analysis of Nodal mutants (Desgrange 2020). In this first series of
mutants, some showed a normal positioning of the ventricles (Fig 5e2), while 2/9 displayed an

anterior right ventricle (Fig 5e3). Heart tube length was not significantly different in Notch3
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mutants and controls (Fig 5F), however, the orientation of the ventricles was significantly
affected in Notch3 mutants compared to controls (Fig 5G). To confirm these observations and
look for other potential defects, we have designed a second batch in which we will compare
control littermates with Notch3”- mutants. As the defects are partially penetrant, we aim to
quantify ~10 wild-types and ~20 mutants.

The anterior right ventricle phenotype is similar to Nodal class 4 mutants. We have
previously shown that this mild phenotype is associated with congenital heart defects at birth
(Desgrange et al., 2020). This prompted us to investigate if Notch3 mutants have malformed
hearts at birth. We collected a batch of Notch3 homozygote and heterozygote mutants. We
first imaged whole mount neonates by micro-CT imaging, and found none displaying an
heterotaxy syndrome or laterality defects, as seen in Nodal mutants (data not shown). To
obtain higher resolution of the heart structure, we subjected isolated hearts to HREM imaging
(Fig 5H). 4/12 homozygote Notch3 mutant hearts were normal (Fig 5h1-3), while 1/12 showed
peri-membranous ventricular septal defect (Fig 5h4), 4/12 muscular ventricular septal defect
(Fig 5h5-6), and 3/12 had a thinning of the RV, often associated with septal defects (Fig 5h5).
Furthermore, we detected one heart with a dilated septal coronary artery (Fig 5h7), which is
in keeping with the published role of Notch3 in coronary artery smooth muscle cell
development (Volz et al., 2015) or the role of Notch3 in CADASIL syndrome (Joutel et al., 1996;
Monet et al., 2007). 1/4 heterozygote Notch3 mutants showed peri-membranous ventricular
septal defect, and 2/4 thinning of the right ventricle.

In conclusion we show that Notch3 mutants display cardiac phenotypes with partial
penetrance, both at E9.5 with abnormal heart loops and at birth with structural heart defects,
predominantly ventricular septal defects and a thinner right ventricle. Given the mild
phenotype of Notch3 mutant hearts, we wondered whether the absence of Notch3 could be

compensated by paralogue genes.
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Figure 5. Heart looping defects in Notch3”- mutants.

(A-B) Histogram showing the percentage of genotypes recovered at the indicated stages, from
litters of Notch3*- x Notch3*/- crosses. The observed frequency is not significantly different
from the expected Mendelian ratio (dotted lines) (p-value = 0.14 (E9.5), 0.64 (P14), chi-square
tests, n as indicated). (C-D) Examples of brightfield images of a control littermate (B) and
Notch37- mutant embryos (C) at E9.5. Phenotype variations are shown: no obvious defect (d1),
posterior RV and straighter AVC (d2), medial LV (d3), anterior RV (d4). Embryos are shown in
a front, right or left-sided view as indicated. Numbers in the bottom left corner report the
observed frequency. (E) 3D-segmented heart tubes in control (el) and Notch37 mutant
embryos (e2-e3), shown in a front (left panel) and right-sided view (right panel). Numbers in
the bottom left corner report the observed frequency. (F) Quantifications of the heart tube
length in controls (n = 6) and Notch3”- embryos (n = 7) at E9.5, which are not significantly
different (two sided t-test). Means and standard deviations are shown. (G) Quantifications of
ventricle orientation relative to the notochord in the same embryos. *p < 0.05 (two sided t-
test). Means and standard deviations are shown. (H) Sections of Notch3”- mutant hearts at
PO, imaged by HREM. Defects include peri-membranous VSD (yellow arrowhead), muscular
VSD (red arrowheads), dilatation of the septal coronary artery (pink arrowhead) and thin RV
(green arrow). Numbers in the bottom right corner report the observed penetrance. AVC,
atrioventricular canal; Ao, aorta; LA, left atrium; LV, left ventricle; ns, non-significant; RA, right
atrium; RV, right ventricle; VSD, ventricular septal defect

Notch3 is the main Notch receptor in the lateral plate mesoderm and is the only

asymmetric Notch receptor
The mouse has four Notch receptor paralogues, which have been reported to have both

overlapping and specific functions (Hosseini-Alghaderi & Baron, 2020). We compared
expression of Notch1-4 at the stages when Notch3 is asymmetrically expressed. In our RNA
bulk sequencing, Notch3 was the only gene asymmetrically expressed, and Notch4 was
expressed at very low levels (Fig 6A) and thus was not selected for further analysis. We then
compared the expression profiles of Notch paralogues. Notchl was detected in the
endocardium and dorsal aortas, as well as the posterior presomitic mesoderm, thus not
overlapping with Notch3 (Fig 6B). Notch2 was more highly expressed in the floor plate of the
neural tube and the notochord (Fig 6C) and laterally in a domain that we confirmed as the
juxta-cardiac field by co-labelling with Mab21/2 (Tyser et al., 2021) (Fig S4A). Thus, Notch2 had
a specific expression profile compared to other Notch, but was also detected more broadly at
low levels, in particular in the domain of Notch3 expression (Fig 6C). Using published single
cell datasets (Tyser et al., 2021), we confirmed that Notchl and Notch4 are specifically
expressed in endothelial cells, Notch2 and Notch3 are both expressed in myocardial

progenitors, with Notch2 enriched in the juxta cardiac-field and first lineage trajectory (Me4-
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5) and Notch3 enriched in the second heart field and second lineage trajectory (Me6-7) (Fig
S4B-C).

To further investigate where Notch signaling was active, we collected embryos from the
Notch reporter mouse line CBF:H2B-Venus (Nowotschin et al., 2013). The reporter was
detected in the dorsal aortas, endocardium and yolk sac (Fig S4D), which indicates that this
line only reports Notchl signaling. We performed wholemount immunofluorescent labelling
of Notch1 intracellular domain (N1ICD), and found expression in the endocardium, dorsal
aortas, and presomitic mesoderm, a very similar pattern to Notch1 expression but sharper (Fig
S4E). Unfortunately, no antibody for Notch2 and Notch3 intracellular domains are available,
nor specific mouse reporter lines.

As both Notch2 and Notch3 are co-expressed in the second heart field, we quantified their
respective asymmetry. Notch2 asymmetry (Fold change: 1.17 towards the right) was negligible
compared to that of Notch3 (Fold change: 6.9 towards the left) (Fig 6D), showing that Notch3
is the main asymmetric Notch receptor in the second heart field during heart looping.

To assess more directly whether Notch paralogues may compensate the absence of Notch3,
we analyzed their expression in micro-dissected heart fields by RT-qPCR (Fig 6E). As a control,
Notch3 expression was confirmed downregulated in Notch3 mutants compared to wildtype
embryos. Primers within the deleted region (exons 8-9, Fig S4F) showed a 100% reduction,
whereas primers outside showed a 75% reduction. Notchl and Notch2 were found
upregulated in mutants, while control genes, Tbx1 (second heart field marker) and Rfx4
(neural tube marker), were not significantly changed. This analysis suggests that increased
expression levels of Notch1/2 may compensate the absence of Notch3. We further mapped
the expression profile of Notch2 and found no obvious change in Notch3 mutants (Fig 6F). We
guantified no asymmetry of Notch2 expression in the second heart field of Notch3 mutants
(Fig 6G), thus indicating that Notch2 upregulation in Notch3 mutants is likely general.

Altogether, our data show that Notch3 is the only asymmetric Notch receptor during heart
looping, and that in the absence of Notch3, Notch1 and Notch2 are upregulated. Following

this, we then questioned which genes and pathways that Notch3 is regulating in the heartfield.
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Supplementary figure 4 related to figure 6
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Figure 6. Notch receptor gene expression profile in control and Notch3 mutants.

(A) Normalized read counts of Notch receptor genes in the left (blue) and right (red) heart
field at E8.5f. The dotted line indicates the threshold of background expression. *p-value <
0.05 (Voom, n=4). Whisker plots show the median, 25" and 75" quartiles (boxes), and the
extreme data points (whiskers). (B) Relative Notch1 (white) and Notch3 (magenta) expression
detected by double whole-mount RNAscope ISH at E8.5d, and shown in a front view (b1), and
transverse sections (b2-b3), at the levels indicated in b1) (n=4). (C) Relative Notch2 (white)
and Notch3 (magenta) expression detected by double whole-mount RNAscope ISH at E8.5d-e
and shown in a front view (c1), and transverse sections (c2-c3 — at the levels indicated in c1)
(n=5). (D) Corresponding quantifications of normalized Notch2 and Notch3 asymmetric (left
over right) expression in the second heart field at E8.5d-e. *p-value < 0.01 (Two sided Mann-
Whitney test to compare expression levels with a symmetry hypothesis, n = 5). (E) Relative
expression of the indicated Notch genes and quantified by RT-qPCR in micro-dissected heart
fields of wild-type (n=6) and Notch3” (n=5) embryos at stage E8.5d-e, and normalized to
controls. Tbx1 and Rfx4 are used as control markers of the heart field and neural tube
respectively. **p-value < 0.01 (two sided Mann-Whitney test). Notch3 has been detected with
primers outside (ex9-10) and inside (ex8-9) the region deleted in mutants (See Fig S4F). (F)
Notch2 (white) expression detected by whole-mount RNAscope ISH in Notch37" mutant
embryos at stage E8.5d-e. The SHF is outlined in green. (G) Corresponding quantification of
Notch2 asymmetric (left over right) expression in the second heart field of Notch37- embryo
between E8.5d-f. The asymmetry is non-significant (one sample Mann Whitney test). Means
and standard deviations are shown. DA, dorsal aorta; Ec, endocardium; FP, floor plate; ISH, in
situ hybridization; JCF, juxta-cardiacfield; L, left; ns, non-significant; R, right; SHF, second heart
field; So, somite.

Figure S4 related to Fig. 6. Additional profiling of Notch paralogues.

(A) Co-expression of Notch2 (white) and the juxta-cardiac field marker Mab21/2 (magenta)
detected by double whole mount RNAscope ISH at stage E8.5d, and shown in a front view (al)
and transverse section (a2, at the level indicated in al). Expression of Notch2 within the
segmented JCF domain is extracted in the right panel. The midline is indicated by a yellow
dotted line (n=8). (B) Violin plots of Notch1-4 expression in single cells from a published
transcriptomic dataset at early E8.5 (Tyser et al, 2021), clustered as annotated (n= 35 Me2,
n=627 Me3, n=169 Me4, n=287 Me5, n=63 Meb6, n=386 Me7). (C) Violin plot of Notch2 and
Notch3 expression in single cells of the second heart field cluster (Me7) at early E8.5 (stages 1
to late heart tube, dataset as in B). 84% of Notch3-positive cells (n=277) are lowly positive for
Notch2, and Notch2 is also detected in 73% of Notch3-negative cells (n=109). (D) Whole-
mount fluorescent signal of a Notch reporter in a transgenic CBF-H2B-Venus embryo at E8.5e,
shown in a front view (c1), and transverse sections (c2-c3, at the levels indicated in c1) (n=7).
(E) Whole-mount immunofluorescence of cleaved Notchl intracellular domain (N1ICD) at
E8.5d, shown in a front view (d1), and transverse sections (d2-d3, at the levels indicated in d1)
(n=11). (F) Schema of the Notch3 locus mapping the deleted region in the knock-out allele, as
well as gPCR primers used in Fig. 6E. DA, dorsal aorta ; Ec, endocardium ; FP, floor plate ; JCF,
juxta-cardiac field (red dotted outline); L, left; R, right ; SHF, second heart field (green dotted
outline) ; So, somites ; YS, yolk sac.

Marks end of figures specific for publication
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Hey1 is left-sided in heart progenitors, downstream of Nodal rather than Notch3
To better understand Notch signaling in heart progenitors, we investigated Notch canonical

ligands and targets. Of the five canonical Notch ligands, Jag1 is the most highly expressed in
the heart field and asymmetrically enriched on the left at E8.5f (Fig 7A). By immunostaining,
Jagl was detected in all cardiogenic populations, but more highly detected in differentiating
cardiomyocytes, at the transition zone between the heart field and heart tube, as well as in
the second heart field. This pattern overlapping with that of Notch3, makes Jagl a good
candidate to act as a ligand of Notch3 in the cardiogenic region.

We decided to investigate the expression of the classical Notch target gene Heyl1, as Heyl
has been shown to be a specific target of Notch3 in both regenerating retinal Miller glial cells
(Sahuetal., 2021) and neural stem cells (Than-Trong et al., 2018). Furthermore, Hey1 has been
shown to be enriched in Pitx2* cells compared to Pitx2 cells of the second heart field cells (de
Soysa et al.,, 2019), suggestive of asymmetry. By double in situ hybridization and
quantification, we found that Hey1 is asymmetrically expressed in the second heart field at a
similar stage as Notch3 (E8.5d). Heyl asymmetry is restricted to the heart field compared to
the broader expression of Notch3 throughout the lateral plate mesoderm (Fig 7C, G). The
region of overlap between Heyl and Notch3 is also positive for Jagl, suggesting active
signaling of a ligand/receptor pair on a target gene. However, in Notch3 mutants, Heyl was
still expressed asymmetrically in the second heart field (Fig 7D, G), indicating that Notch3 does
not promote Heyl asymmetric expression. Beyond the second heart field, Heyl was also
found expressed in the dorsal aortas, sinus venosus and endocardium. This expression pattern
is reminiscent of that of Notch1 and Notch reporters (Fig. 6B, S4C-D), suggesting that Notch1
could regulate Hey1 in these tissues. Moreover, by exploring the kinetics of Hey1 and Notch3
expression in our full left-right bulk RNA sequencing screen (see Fig. 2), we found that Heyl
becomes asymmetric at E8.5¢, i.e. prior to Notch3 and concomitant with Nodal (Fig 7H).

To directly test the regulation of Heyl, we examined its expression in Nodal conditional
mutants and found that Hey1 expression is unchanged in the sites of Notch1 activity (see Fig.
6B, S4C-D). However Heyl expression, and thus its asymmetry, are lost in the second heart
field (Fig 7E-G). Our data thus support the conclusion that Nodal rather than Notch3 induce
Heyl asymmetric expression in the second heart field. Thus, we had to perform a broader

screen in order to identify Notch3 targets.
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Figure 7
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Figure 7. Expression of Notch ligand Jag1 and Notch canonical target Hey1.

(A) Normalized read counts of Notch ligand genes in the left (blue) and right (red) wild-type
heart field at E8.5f. The dotted line indicates the threshold of background expression. *p-value
< 0.05 (Voom, n=4). Whisker plots show the median, 25%"- and 75" quartiles (boxes), and the
extreme data points (whiskers). (B) Jagl whole-mount immunofluorescence in a wild-type
embryo at E8.5e, shown in a frontal view (b1) and transverse sections (b2-b3) at the levels
indicated in b1 (n=8). (C) Relative Hey1 (white) and Notch3 (magenta) expression detected by
double whole mount RNAscope ISH at E8.5d-e, and shown in a front view (c1), and transverse
sections (c2-c3), at the levels indicated in c1. Open arrowheads indicate absence of Heyl
expression. (D) Whole-mount RNAscope ISH of Hey1 in Notch3 mutants at E8.5c-d, and shown
in a front view (d1), and transverse section (d2), at the level indicated in d1 (n=4). Open
arrowheads indicate absence of Heyl expression. (E-F) Expression of Hey1 in control (G) and
Nodal mutants (H) at E8.5d, and shown in front views (el1-f1) and transverse sections (e2-f2)
at the levels indicated in el-f1 (n= [1, 2]). Open arrowheads indicate absence of Heyl
expression. (G) Associated quantifications of normalized Heyl asymmetric (left over right)
expression in the second heart field at E8.5d-e in Notch3** (n=3), Notch3”- (n=3), Nodal
control (Hoxb1**; Nodalf®/*, n=1) and mutant (Hoxb1<¢/*; Nodal’*/™! n=2) embryos. Means
are shown. (H) Asymmetric expression of Heyl and Notch3 detected by RNA sequencing at
sequential stages in wild-type heart fields (see Fig. 2H-O). * Benjamini-Hochberg corrected p-
value < 0.05 (DESeq2). Standard deviation are shown. Size of circle indicate number of reads.
DA, dorsal aorta; Ec, endocardium; L, left; ns, non-significant ; R, right ; SHF, second heart field
(green dotted outline) ; SV, sinus venosus.

Screening of potential Notch3 target genes in cardiac cells
In the absence of reporters for Notch3 signaling, we screened for potential Notch3 target

genes in the single cell transcriptomic dataset (Tyser et al., 2021). We first analysed gene
expression correlation with Notch3 in all cardiac cells (Me3-Me7) and stages -1 to LHF
(corresponding to our nomenclature of early headfold (EHF) to E8.5f, Le Garrec et al., 2017).
We identified 177 genes significantly positively correlated with Notch3 and 79 genes
significantly negatively correlated. Of the canonical Notch targets, Hes and Hey genes, only
Heyl was significantly correlated (positively). Among the significantly correlated genes, we
selected candidates which are expressed and became asymmetric at the time or after Notch3
asymmetry in our bulk RNA sequencing of the heart field at 7 stages (see Fig 2) and based on
previous literature of association with Notch signaling or the heart : 4 positively (Hey1, Emilin1,
Bcar3 and Pald1) and 7 negatively (Crip2, Cap2, Dok4, Nebl, Nexn, Acta2 and Actc1) correlated
genes. Crip2, encoding a transcription factor, has been found to interact with Notch3 in cancer
cells (J. G. Jung et al., 2014) and knockdown of crip2 in zebrafish leads to heart looping defects
(Kim et al., 2014). In keeping with the enrichment of Notch3 in cardiac precursors, and its

published role in cell differentiation in other tissues (Bodas et al., 2021; Domenga et al., 2004),
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we selected cardiac differentiation markers (Acta2 and Actc1). In addition, we probed classical
Notch targets (Hey1/2, Hes1), Atplal as a published Notch3 target (Than-Trong et al., 2018),
as well as Pitx2 because it has been shown to be negatively regulated by Notch signaling in
Xenopus lateral plate mesoderm (Sakano et al., 2010). Erbb2 is associated with Notch3 in
cancer (Pradeep et al., 2012).

We examined expression of these candidate genes by RT-qPCR in the heart field of control
and Notch3 mutants at E8.5e, the stage after Notch3 asymmetry peaks (Fig 8B). A subset of
targets was also tested at a later time point (E8.5g), with the idea that the lack of Notch3
asymmetry may need more time to have an effect on gene expression (Fig 8C). The Notch
targets Hey1, Hey2, Atplal and the genes negatively correlated with Notch3, Crip2, Nexn and
Actc10 were deregulated in Notch3 mutants at E8.5e. However, several of these genes
(Hey1/2, Crip2, Nexn, Actcl) behaved opposite to expectations from Spearman correlation,
i.e., genes negatively correlated with Notch3 were downregulated in Notch3 mutants.
Expression of most other candidate genes and at E8.5g were found not to be affected in
Notch3 mutants (Emilin1, Pald1, Cap2, Dok4, Nebl, Acta2 and Actc1). By RNAscope ISH, we did
not find any change in Hey1 expression patterns in Notch3 mutants compared to controls (Fig.
7D). Due to the fact that RNAscope staining is not a quantitative approach to compare gene
expression levels in between embryos, this Heyl upregulation is likely an upregulation in
tissues already expressing Heyl. Furthermore, given the compensatory expression of
Notch1/2 in Notch3 mutants, the exacerbated expression of Hey1/2, Crip2, Nexn, Actcl at
E8.5e or the similar tendency of Dok4 and Nebl at E8.5g (with p-values of 0.056 and 0.058
respectively), may reflect an overall increase in Notch signaling.

Given that bioinformatic predictions were not well validated by RT-qPCR, we revisited our
Spearman correlation analysis. We sharpened the analysis to the clusters where Notch3 is
significantly expressed (Fig. S4B) and compared the specificity of candidates genes correlated
with distinct Notch paralogues. For Notchl in endothelial cells (Me2), 13 positively and 31
negatively significantly correlated genes were predicted (Fig 8D), while for Notch2 in the first
lineage trajectory (Me4-5), 574 positively and 294 negatively significantly correlated genes
were predicted (Fig 8E). For Notch3 in heart progenitors and differentiating cell populations
(Me4-7), only a single significantly correlated gene was predicted (Fig 8F). The poor prediction
with Notch3 may stem from the lower and broader expression of Notch3 compared to

Notch1/2 (See Fig S4B). In our initial analysis of genes correlated with Notch3, 19/79 genes
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negatively correlated with Notch3 were associated with cardiac function and development
(using the bioinformatic tool Panther from Gene Ontology - data not shown), thus reflecting a
bias from the inclusion of cardiomyocyte cells rather than a role of Notch3 in cardiac
differentiation.

In conclusion, we have not yet identified convincing targets of Notch3, and further work will
be required to understand its role of in the second heart field. In the remaining part of the
results, we will describe alternative approaches we have used for exploring the role of Notch3

in heart morphogenesis.

Figure 8. Bioinformatic predictions of potential Notch targets in cardiac cells

(A) Volcano plot for co-expression analysis with Notch3 expression levels. Spearman
correlation between genes of the Tyser et al., 2021 dataset and Notch3 expression levels in
single embryonic cardiac cells (clusters Me3-7) is represented against its significance (n=1868
cells, adjusted p-value < 0.05 in red and blue, > 0.05 in green). Anti-correlated and correlated
candidate genes are colored in red and blue respectively. Highlighted genes were selected for
RT-qPCR analysis. (B-C) RT-gPCR analysis of gene expression in heart field micro-dissected as
schematised at E8.5e (B) and E8.5g (C). Relative expression of selected genes in wild-type (n=6
at E8.5e, 4 at E8.5g) and Notch3”- (n=5 at E8.5e, 3 at E8.5g) embryos and normalized to
controls. *p-value < 0.05, **p-value < 0.01 (two sided Mann Whitney test). Standard
deviations and means are shown. (D-F) Volcano plot for co-expression analysis with Notch1
(D, n=59 cells), Notch2 (E, n = 556 cels) and Notch3 (F, n = 1135 cells) expression levels in the
indicated cell clusters of the dataset used in A. Adjusted p-value < 0.05 in red and blue, > 0.05
in green). Anti-correlated and correlated candidate genes are colored in red and blue
respectively. HT, heart tube; n.s., not significant.
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Figure 8
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Notch3 haploinsufficiency
We have identified in Notch3 heterozygotes mild heart looping phenotypes at E9.5 with a 35%

penetrance (n=37, Fig. 9B), structural heart defects at PO with a 75% penetrance (n=4, see
above), indicating that Notch3 shows haploinsufficiency, as reported for Notch1 (Koenig et al.,
2017). The proportion of the more severe phenotype, anterior right ventricle, is lower in
Notch3 heterozygote mutants (0-4% depending on the cross) compared to Notch3
homozygote mutants (10%).

To further investigate Notch3 haploinsufficiency, we looked at Notch3 transcription levels
comparatively in wild-type, heterozygote and homozygote Notch3 mutants. In the case of
Notch2!™1¢Md muytants, alternative splicing near the knocked out site has been detected
(McCright et al., 2001), thus generating a Notch2 hypomorph allele rather than a null allele.
To assess Notch3, we thus designed three different sets of qPCR primers : one set within the
region depleted in the mutant allele (Ex8-9), one set next to it (Ex10-11) and one located
multiple exons from it (Ex25-26) (See Fig. S4F). We compared transcript levels at stage E8.5¢,
right after the peak of asymmetric Notch3 expression and at E8.5g, after Notch3 asymmetry
has ended (Fig S5A-B). We obtained similar results for all gPCR primer sets and at both stages
: Notch3 heterozygotes display on average 67.9% (+ 5.94%) of transcript levels compared to
wildtype, whereas Notch3 homozygotes display 0% of ex8-9 and an average of 21.7% (£
7.52%) of other exons. Thus, our results show that Notch3 heterozygotes have significantly
decreased Notch3 expression and also suggest no compensatory alternative splicing.

We then wondered if decreased Notch3 levels could compromise Notch3 asymmetry in
Notch3* heterozygote embryos. Thus, we performed RNAscope in situ hybridization and
quantified left-right asymmetry in the second heart field (Fig S5C-E). We found no significant
difference between littermate controls and Notch3* heterozygote embryos (Fig S5E). As we
have shown that Notch1/2 are like compensation in Notch3”~ (Fig 6E), we investigated if these
compensation were also occurring in Notch3*-, as this would suggest a compensation
mechanism like for instance transcriptional adaption (El-Brolosy et al., 2019). We looked at
the transcriptional levels of Notch1/2 as well as Hey1 and Crip2 (which we had found to be
differentially expressed between wildtype and Notch3”") in wild-type, heterozygote and
homozygote Notch3 mutants and we found for all four genes that they were expressed at

similar levels between Notch3*- and Notch3”". As such the Notch3 heterozygous display gene
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expression like the Notch3 homozygous mutant, indicating that compensation is occurring
also in the Notch3*".

That Notch3* display cardiac phenotypes and that there is potentially compensation
ongoing in the Notch3*", indicates that Notch signaling is compromised in the Notch3
heterozygous. To potentially reveal a stronger phenotype, we next aimed to understand in

there was a genetic interaction between Notch3 and Nodal.

Investigating genetic interaction between Notch3 and Nodal
As we have shown that Nodal is required for amplifying Notch3 asymmetric expression in the

lateral plate mesoderm, we aimed to investigate if they also genetically interact. We
generated new crosses to analyze Nodal; Notch3 double heterozygotes (Fig 9A), compared to
littermate single heterozygotes at E9.5. The frequency of phenotypes is summarized in Fig 9B.
35% Notch3 heterozygotes (Notch3*; Hoxb1**; Nodal®/*) showed mild looping phenotypes
with medial left ventricle or malposed right ventricle (anterior or posterior) (Fig9a2 and a3).
In double heterozygotes (Notch3*"; Hoxb1<¢*; Nodal™*), we observed 40% of looping
anomalies with medial left ventricle (Fig 9a4), isolated straight atrioventricular canal (Fig 9a5),
and malposed right ventricle and a single embryo with anterior right ventricle. Furthermore,
we also re-investigated previously collected Nodal heterozygotes (Hoxb1¢*; Nodal"*¥*) and
found posterior right ventricles in 2/10 cases (Fig 9al). There is no obvious change in the
distribution of phenotypes between Notch3 single heterozygotes, Nodal single heterozygotes
and Notch3; Nodal double heterozygotes. Thus, there is no evidence of genetic interaction
between Notch3 and Nodal.

Anissue with the brightfield whole mount analysis is that it groups samples qualitatively into
discrete groups. Therefore, we are now processing samples for 3D quantitative analysis of
heart shape similarly to Desgrange et al., 2020. Embryos will be labelled by in situ hybridization
with Wnt11 and Bmp2, which mark the outflow tract and the atrioventricular canal,
respectively. This labelling will guide the 3D segmentation of cardiac chambers after HREM
imaging. Several parameters will be quantified, such as heart looping and cardiac chamber
size, to conclude on differences between single and double heterozygotes.

As redundancy and compensation have been argued to mask the role of Notch3 (Hosseini-
Alghaderi & Baron, 2020), we next aimed to develop an experimental system that would allow

us to potentially circumvent Notch compensation.
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Figure 9
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Medial LV + Straight AVC 1(11%) 0 (0%) 3 (8%) 1 (4%) 0 (0%) 0 (0%)
Anterior RV 0 (0%) 0 (0%) 0 (0%) 1 (4%) 1(3%) 2 (10%)
Total embryos 9 10 37 23 30 20

Figure 9. Phenotype of Notch3 ; Nodal double heterozygotes.
(A) Brightfield images of E9.5 single or double heterozygote embryos for Nodal and Notch3
knock-out. Embryos are shown in a front, right or left-sided view as indicated. Phenotype
variations are illustrated: medial left ventricle (a2, a4), posterior right ventricle (a3) and
straight AVC (a5). Numbers in the bottom left corner report the observed frequency. (B) Table
summarizing the occurrence of phenotypes (lines) for the indicated genotypes (columns).
AVC, atrioventricular canal; L, left; LV, left ventricle; R, right; RV, right ventricle
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Supplementary figure 5 related to figure 9
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Figure S5 related to Fig. 9. Additional profiling of Notch3 heterozygote.

(A-B) Relative expression of Notch3 in micro-dissected heart fields of wild-type (n=6 at E8.5e,
3 at E8.5g), Notch3*~ (n=6 except for E8.5 ex25-26 n=3) and Notch3”" (n=5 for ex8-9 and ex10-
11 at E8.5e, n=3 for ex25-26 at E8.5e, n=4 at E8.5g) embryos at stage E8.5e (A) and E8.5g (B),
quantified by RT-qPCR using different primer pairs and normalized to wt. *p-value <0.05, **p-
value < 0.01 (two sided Mann Whitney test). Schema outline micro-dissected area and stage.
Standard deviations and means are shown. (C-D) Whole-mount RNAscope ISH of Notch3 in
control (C) and Notch3* heterozygote (D) littermates at E8.5e. Expression of Notch3 within
the segmented heart field is extracted in right panels. (E) Corresponding quantification of
Notch3 left-right asymmetry in the second heart field (Wilcoxon two-sided test, n=[4, 4]). (F)
Relative expression of Notch1, Notch2, Heyl and Crip2 in micro-dissected heart fields of wild-
type (n=6), Notch3*- (n=5) and Notch3”- (n=6) at stage E8.5e. *p-value < 0.05, **p-value <
0.01 (two sided Mann Whitney test). HT, heart tube; n.s., not significant.

Setting up conditions for lowering overall Notch signaling in Notch3*- mutants

to circumvent Notch compensation
As described earlier, the penetrance of heart looping defects is partial in Notch3 mutants, and

the phenotype is mild. Our analysis of Notch paralogue expression suggests that other Notch
receptors may compensate for the absence of Notch3. To test this hypothesis and potentially
reveal a stronger phenotype, we opted for a strategy validated in the zebrafish brain. Notch3
heterozygote embryos were treated with a sub-phenotypic dose of Notch inhibition by vy-
secretase inhibitors (Alunni et al., 2013). We first investigated the sub-phenotypic dosage of
drugs in wild-type embryos using two different y-secretase inhibitors (Olsauskas-Kuprys et al.,
2013). In mouse embryo cultures, either DAPT or LY411575 was applied during the time
window of Notch3 asymmetric expression (E8.5c¢ to g) and compared to controls treated with
a corresponding volume of the adjuvant (DMSO). Embryos were then rinsed and grown in
fresh media until 24h of overall culture (Fig 10A). DMSO controls showed varying degrees of
development with various degrees of looping advancement (Fig 10B) The delay correlated
with the stage at the start of the culture and with DMSO concentration, indicating potential
toxicity of the adjuvant and delayed development in culture conditions.

At 25uM of DAPT and 1uM of LY411575, embryos looked similar to controls (Fig 10C).
However, at 50uM of DAPT or at 5 and 10uM of LY411575, embryos had a striking phenotype
of straight heart tubes, which is similar to Mib17- embryos (Barsi et al., 2005), a ubiquitin ligase
necessary for the function of canonical Notch ligands. A summary of the results is reported in

Fig 10D.
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Thus, a sub-phenotypic dose has been identified in wildtype embryos for both DAPT and

LY411575. We are now testing sub-phenotypic doses in Notch3 heterozygote embryos to

identify whether this will trigger heart looping defects.

Figure 10
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Figure 10. Establishing a sub-phenotypic dosage of gamma-secretase inhibition in embryo
culture.
(A) Experimental schema for dampening overall Notch signaling by treatment with y-secretase
inhibitors in embryo cultures, during the stages of Notch3 asymmetry. (B) Brightfield images
of three (b1-b3) control wild-type embryos treated with the adjuvant (DMSO), shown after
24h of culture. (C) Brightfield images of wild-type embryos treated with either DAPT or
LY411575 at the indicated concentrations. (D) Table summarizing the phenotypes observed
after 24h of culture. LV, left ventricle; RV, right ventricle.
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Discussion

During the work of this PhD thesis, we developed new tools to identify novel asymmetrically
expressed genes and to quantify their kinetics. We performed a bulk-RNA sequencing of left-
and right heart progenitors at seven different stages morphological stages within the same
day, and we developed imaging- and analyzing pipelines to validate candidates from this
screen. From newly identified asymmetrically expressed genes, Notch3 was validated and
characterized in details. We show that Notch3 is widely expressed at low levels, but transiently
enriched in the left lateral plate mesoderm, including the second heart field, prior to heart
looping. This upregulation is controlled by Nodal, as in the absence of Nodal in the lateral plate
mesoderm, Notch3 asymmetry is strongly reduced. This provides the first direct molecular
evidence of Nodal as an amplifier of asymmetry. To look further into this, we explored if Nodal
and Notch3 are genetically interacting by generating Nodal; Notch3 double heterozygotes,
however we did not detect a change or increase in phenotypes.

We have observed that a target gene shown in the fish brain to be downstream of Notch3,
Hey1, is asymmetrically expressed and overlaps with Notch3 in left cardiac progenitors. Yet,

its asymmetric expression in the second heart field is controlled by Nodal rather than Notch3.

Analyses of Notch37- mutant mice indicate that Notch3 is required for heart morphogenesis.
The absence of Notch3 affects heart looping at E9.5, as well as heart septation, myocardium
and coronary size at birth. The right ventricle is more often impacted at both stages. We have
found that Notch3 heterozygotes, which have a 32% reduction in Notch3 levels, may also
display heart defects indicating haploinsufficiency. The mild mutant phenotypes of Notch3
mutants and their partial penetrance raise the question of whether there is compensation by
other Notch paralogue receptors in the absence of Notch3. In regards to this, we have found
that Notch1 and Notch2 are more highly expressed in different cardiac tissues compared to
Notch3, however Notch2 is also expressed at low levels in the lateral plate mesoderm, thus
overlapping with Notch3. Furthermore we show that Notch3 is the only asymmetric Notch
receptor. In Notch3” mutants, Notchl and Notch2, along with classical Notch target genes
Heyl and Hey2 as well as the Notch3 target from the fish brain Atplal are upregulated,

indicating compensatory expression. However, the expression pattern of Notch1/2 does not
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change in Notch37- mutants and in particular remains symmetric. Finally, we have established
conditions to overcome compensation by paralogue Notch receptors and will assess if this

worsens heart looping defects.

There have been two main lines during the PhD: (1) the establishment of transcriptomics
screens to identify left-right differences in heart progenitors and (2) the characterization of
Notch3 as a novel asymmetric factor involved in heart morphogenesis. In this discussion, both

lines will be considered and put into perspectives.

Advantages, limitations and perspective of the left-right RNA bulk sequencing

approach

The identification of Notch3 as a novel asymmetric gene has validated our screening strategy,
which is based on paired analysis of micro-dissected and morphologically staged single
embryos in combination with RNA sequencing technology optimized for small samples.
There have been previous reports of left-right transcriptomics screens which have
investigated left-right transcriptional asymmetries in the developing mouse embryos. For
instance, Ablim1 was detected as a left-sided signal in such a screen (Stevens et al., 2010).
However, in the micro-array transcriptomic analysis performed by Stevens et al., they
identified only 18 left-sided and 14 right-sided differentially expressed genes, which is less
compared to what we found (e.g. at stage E8.5d, the stage with the most differentially
expressed genes, we identified 79 left-sided and 132 right-sided genes). Similarly, one of the
other successful left-right asymmetry gene expression screens have also been done through
using stage matched embryos in combination with precise dissections to explore left-right

differences in the dorsal mesentery of the gut in the chick (Welsh et al., 2013, 2015).

Using RNA sequencing is a great approach to identify novel pathways asymmetrically
expressed, as it is genome-wide and does not need the sequences of the targets a priori.
However, it does not show the full picture. For instance, Rago et al., have shown that there
are asymmetrically expressed miRNA in the heart progenitors, and these would not be

detected through RNA sequencing approaches targeting mRNA (Rago et al.,, 2019).
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Additionally, proteins in the extracellular matrix, which have been shown to regulate both
heart- and gut looping, can be regulated on several levels. This is for instance illustrated by
the glycosaminoglycan hyaluronan. Hyaluronan has been shown to be involved in the rotation
of the gut, where it expands on the right side of the dorsal mesentery driving looping.
However, it is not the hyaluronan gene that is upregulated on the right, rather it is its modifier
Tsg6, which then drives hyaluronan expansion (Sivakumar et al., 2018). This shows that it is
not only mRNA that can be asymmetric, but also small RNAs and posttranslational
modification.

A way to systematically investigate changes in extracellular matrix composition between the
left and right heart progenitors at different stages of heart looping would be to perform a
screen of the proteomic composition through e.g. a mass spectrometry approach in a similar
manner as we performed the left-right bulk RNA sequencing screen. Even though the tissue is
small, recent advances are allowing mass spectrometry to identify the protein composition of
single cells, thus it should be possible to perform a screen with enough resolution to identify
left-right differences (Budnik et al., 2018).

One caveat of a screen looking at left-right asymmetries is that they assume that mRNA and
proteins must be asymmetrically distributed to drive asymmetric morphogenesis, however
this is not always the case. As shown in the fly, myosin proteins can drive rotations of organs
in direction just through being chiral (Lebreton et al., 2018), and as such they do not need to
be asymmetrically expressed. This might also be relevant in the heart tube. Although 3D
modeling has shown that the sequential opposite asymmetries at the two poles of the tube
along with buckling is sufficient to generate the rightwards helix (le Garrec et al., 2017), some
evidence points towards the fact that the heart tube has an intrinsic capacity to curve, i.e. that
not all asymmetry is driven by differences between the left- and right heart field. Isolated
heart tubes grown in cultures will form a C-shape, which may be linked to an intrinsic cell

chirality (Ray et al., 2018). If this is relevant for heart looping in vivo is not understood yet.

Albeit the above text describes the limitations of the left-right screen and the transcriptomics
approach, it is still important to point out that the screen performed during this thesis work
has identified many new asymmetrically expressed genes, which will lead to many new
projects within the lab and likely in the end provide a better understanding of left-right

asymmetric heart morphogenesis. A particularly interesting analysis to perform will be to
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identify clusters of genes showing similar asymmetry kinetics (in a manner similar to what was
done in (Soldatov et al., 2019) for developmental trajectories). And there are many interesting
questions, e.g.: will genes within these clusters have common gene regulatory elements?

Which pathways will they belong to? Will they display similar characteristics?

As a final note, a similar left-right bulk sequencing screen could be performed in the Nodal
mutant. From this it would be possible to filter genes whose asymmetry is dependent or not
on Nodal. Furthermore, it would help us understand Nodal biases the random generators of
asymmetry, i.e. the buckling mechanism in the heart.

An expected challenge of this is that we expect these random generators to have random
orientation in the absence of Nodal signaling. l.e., in some samples these genes would be
asymmetrically expressed on the left, while in some other samples they would be
asymmetrically expressed towards the right, and as such we would require a high number of
observations. Furthermore, there are two independent asymmetries occurring at each end of
the pole, and we expect that Nodal signaling will affect the arterial pole progenitors
independently of the venous pole progenitors.

In my opinion, a better approach for studying the effects of missing Nodal in different heart
progenitor populations would be to perform single cell RNA sequencing of heart progenitors
in Nodal controls versus -mutants. This would allow to assess the effect that the absence of
Nodal has on anterior and posterior progenitors (similarly to what was done for Hand2 in heart
progenitors of mutants versus controls in (de Soysa et al., 2019)).

This can be complicated by the lower sequencing quality of single cell RNA sequencing. From
published single cell RNA sequencing of heart progenitors (de Soysa et al., 2019; Pijuan-Sala
et al., 2019), it was not possible in our hands to extract information on left-right asymmetry
or to go further into the patterning of the heart precursors. On a technical note, we need to
overcluster heart progenitors before they separated into anterior- and posterior second heart
field, and no matter how strongly we clustered the heart progenitors, we were never able to
separate into left and right (which are marked by Nodal, Lefty2 and Pitx2). Thus, our left-right
RNA bulk sequencing approach with higher sequencing coverage and -depth was stronger in
identifying novel left-right asymmetry genes. However, in the case of how single genes and
signaling (like Nodal) affects one population, single cell RNA sequencing would be more

appropriate.
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Mespl-Cre is an appropriate driver to explore single cell heterogeneity in second

heart field progenitors

Although we ended up prioritizing the bulk RNA sequencing approach, conditions for
performing single cell RNA sequencing were established during the thesis work. During the
establishment of conditions, we also characterized cre-drivers to be used for FACS prior to
single cell RNA sequencing. As shown in Results — Fig. 1, Mesp1¢; R26™™¢ labels ~ 99 % of
cells in the second heart field.

The characterization of Mesp1 as a driver for cre-recombination prior to single cell RNA
sequencing of heart progenitors is important, because it has been used in several single cell
RNA sequencing papers (Lescroart et al., 2018; Zhang et al., 2021). This is in contrast to e.g.
(de Soysa et al., 2019; Tyser et al., 2021), who did not use FACS prior to single cell RNA
sequencing to avoid losing for cells of interest. This is particularly important, as using Mesp1
as a driver comes with a risk. At adult stages, only 70% of heart cells are derived from Mesp1-
expressing cells (Ragni et al., 2017), which leads to the possibility that some cell types are not
including in this approach. However, Ragni et al. shows that the structures derived from the
second heart field (such as the right ventricle and the atria) show very few non-labelled cells.
This, in combination with the data presented in this thesis, suggests that Mesp1-Cre labels
most second heart field cells, and is as such an appropriate marker for exploring heterogeneity

in this population during early heart development.

The role of asymmetric Notch3 in heart looping

From our analysis of the 3D heart structure in Notch37- mutants, we have found that 58.3%
(7/12) displayed heart defects. 5/7 had ventricular septal defects, which are associated with
defects in laterality (A. E. Lin et al., 2014), however ventricular septal defects can also arise
without laterality defects, for instance through improper development of the septum (Lamers
& Moorman, 2002). We also observed one instance of an enlarged coronary artery, which is
fitting with the fact that Notch3 has been shown to regulate the formation of these arteries
(Volz et al., 2015), which is in agreement with the role of Notch in vascularization in among

other the brain (Domenga et al., 2004) and the retina (Liu et al., 2010).
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Furthermore, several of the defects we identify in Notch3” are related to the right ventricle,
for instance the mal-positioning at E9.5 and the thinning of the myocardium at PO. Fitting with
that Notch3 could regulate proper formation of the right ventricle, we also found that one
marker of cardiomyocyte formation (Actc1) was downregulated in the heart fields of Notch3
mutants. It will be interesting to examine proliferation rate and the localization of markers of

cardiomyocyte differentiation in Notch3”" to investigate if they have defects.

At E9.5 20% of Notch3”~ embryos display an abnormal heart looping shape, showing that there
is partial penetrance of heart defects in Notch3 mutants at several stages in development.
However, we are not able to draw conclusions on whether heart looping defects are the cause
of ventricular septal defects, as it would require determining the phenotype of the Notch3”-
at 9.5 in the uterus and correlate it with cardiac defects observed at late gestational stages.
The host lab has developed an imaging pipeline for phenotyping laterality defects at E9.5 and
correlating this with heart defects at E18.5 (Desgrange et al., 2019), however with the subtle
defects of Notch37- mutants at E9.5, an analysis like this is not possible, by lack of resolution
of ultrasound imaging.

That the penetrance is partial reflects what has been shown for other Notch pathway
mutants. For instance in Hes1”- mutants, 38% display dextraposed aortas at E15.5 (with 75%
of these showing ventricular septal defects) (Rochais et al., 2009), while in Hey1”"; Heyl”-
double mutants, between 21-82% of newborns showed ventricular septal defects (depending
on the degree of inbreeding) (Fischer et al., 2007). All Hey2”~ have cardiac defects, albeit they
vary from ventricular septal defects, Tetralogy of Fallot to enlarged heart (Donovan et al.,
2002; Gessler et al., 2002). Similarly, inactivation of Notch signaling in all Is1/-derived cells also
leads to cardiac defects (including ventricular septal defects) in all pups (High et al., 2009).
Although the penetrance varies, it is interesting to note they all display ventricular septal
defects similar to Notch3 mutants.

Some Notch pathway mutants, like the Heyl and Hey1 single mutants, do not display cardiac
defects, while the Heyl; Heyl double mutants do, which shows that there is redundancy.
Furthermore, because there is a difference in which types of phenotypes that arise (ranging
from septal defects in Hes1 mutants to enlarged hearts in Hey2 mutants), it shows that there
are potentially several mechanisms for how Notch signaling mutants can develop heart

defects, and we are currently exploring how Notch3 is regulating this.
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We have found that in the heart fields of Notch3”", several Notch pathway genes and classical
targets were upregulated (Notch1, Notch2, Heyl, Hey2 and Atplal). Furthermore, we found
that Crip2, Nexn and Actcl were downregulated. It is initially surprising to see increased
expression of classical targets in a Notch pathway mutant, however it is likely due to
compensation stemming from Notchl and Notch2 upregulation (Potential mechanisms of
compensation is discussed in Discussion — Transcriptional adaptation as a potential

compensation mechanisms).

Due to the partial penetrance as well as potential compensation, understanding the roles of
Notch3 in heart progenitors is not trivial. This is further complicated by the lack of knowledge
of specific targets of Notch3 in cardiac cells, and the lack of tool to monitor Notch3 signaling,
such as N3ICD antibody or a specific reporter line. Additionally, Notch3 has been shown to be
able to both promote differentiation and promote stemness and quiescence (see Introduction
— Notch3). One observation points against Notch3 as a promoter of stemness in heart
progenitors: Heyl is not positively regulated by Notch3, which is unlike known systems in
which Notch3 promotes stemness (Sahu et al., 2021; Than-Trong et al., 2018). In contrast,
gain-of-function of Notch3 by overexpression of Notch3 intracellular domain in cell cultures
of airway epithelial ductal cells, in which Notch3 acts as a promoter of differentiation, leads
to lowered expression of Crip2 and Nexn, i.e. the contrary to what would be predicted from
our loss-of-function observations (Bodas et al., 2021). Bodas et al., also observe that Hey1,
Hey2 and Heyl are all upregulated upon overexpression of Notch3 intracellular domain. This
differences pinpoints that we need to study the role of Notch3 in the heart progenitors in a

cell specific context

To better understand how the absence of Notch3 can lead to congenital heart defects (and to
relate this to left-right asymmetry), there is a need to explore the cellular effects of Notch3 in
heart progenitors. As redundancy with Notch paralogues might obscure effects in Notch3”"
mutants, another strategy is to study overexpression of Notch3 instead, or better; activation
of Notch3 activity. Overexpression is less likely to be camouflaged by redundancy. For
instance, an inducible Notch3-intracellular domain line was generated in (Lafkas et al., 2013),

and using this, it was shown that activation of Notch3 signaling induces a quiescent stage in
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mammary gland cells. However, it is believed that the expression of truncated Notch
intracellular domains at non-physiological relevant high levels might circumvent the
endogenous specificity of the respective Notch paralogues intracellular domains (Alunni et al.,
2013). This, in combination with the fact that there are multiple Notch receptors present in
the cardiogenic tissue at E8.5, could lead to observation of non-specific roles of Notch
signaling in heart progenitors.

A way to circumvent this would be to generate a mouse line, where the levels of Notch3
activity is controllable. One possibility would be to have the expression of the Notch3
intracellular domain under the control of the doxycycline-inducible Tet-On promoter, where
the levels of Notch3 intracellular domain is dependent on the dose of added doxycycline (Das
et al., 2016). In such a context, changes in gene regulation could be studied at different levels
of induction, and furthermore, it would help to investigate how specific the Notch3
intracellular domain is. It would be particularly interesting to explore if there is a difference
between the targets regulated at high or low levels of Notch3 intracellular domain, and to
identify targets that are dose-responsive.

However, such a project would take considerable time to perform, particularly if planned to
do in vivo. A less complicated way to explore the role of Notch3 in heart progenitors would be
to use a cardioid system, where organoids grown in 3D cell culture as clusters of cells are
differentiated from pluripotent stage to cardiomyocytes (Hofbauer et al., 2021). Cardioids
have been shown to form epicardium, myocardium and endocardium as well as self-organize
into layers. Using a system like this to explore the effects of Notch3 up- or downregulation
during the cardiac progenitor stage of the protocol would be particularly useful to explore the
role of Notch3. For instance, looking at which genes depend on Notch3 and examining if there
will be the changes to the organoids would be key experiments to gain insight into the role of

Notch3.

Beyond the left heart progenitors, we have found that Notch3 is asymmetrically expressed
throughout the whole left lateral plate mesoderm as well as in the node crown cells (see
Results — Fig. 3). We have not formally shown that Notch3 asymmetric expression amplified
by Nodal in the node crown cells (as our Nodal mutant is conditional and only lacks Nodal in

the lateral plate mesoderm).
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There have been reports of asymmetric Notch pathway expression (D/I1 and Lfng) in the
Hensen’s node of the chicken, but here it was argued that these were upstream of Nodal
asymmetry in the crown cells (Raya et al., 2004), similarly to how Notch has been shown to be
upstream of Nodal in the mouse (Przemeck et al., 2003). Furthermore, the pattern of DI/1 and
Lfng asymmetric expression in the Hensen’s node of the chick is different compared to Nodal
and Notch3, where the shape of DII1 and Lfng asymmetric expression is due to they extend
further anteriorly on the left than on the right (See Introduction - Fig 20). This expression
pattern could be related to the counter clockwise cell movements in Hensen’s node (Gros et
al., 2009), and it shows that finding Notch3 asymmetry in the node is a novel discovery.

But what about other Notch pathway components? We have found that Heyl asymmetry in
the lateral plate mesoderm is regulated by Nodal in a Notch3 independent manner, and it will
be interesting to explore if Heyl is also asymmetrically expressed in the crown cells of the

node and if this is dependent on Notch- or Nodal signaling.

It was surprising to us that Heyl asymmetry is independent of Notch3, as Hey1 was reported
as a target of Notch3 in other tissues (Bodas et al., 2021; Sahu et al., 2021). Rather Heyl1 is
upregulated in Notch3”- mutants. This can be an indirect effect of compensatory Notch1/2
upregulation and thus does not infer that Hey1 is directly negatively regulated by Notch3. Hes-
and Hey genes are classical targets of the Notch signaling pathway, however it has been found
in cancer cell culture that TGF-B signaling through P-Smad2 (which is the same signal
transducer used by Nodal) can directly induce Hey1 in a Notch independent manner (Zavadil
et al., 2004).

How Nodal then restricts Heyl expression to heart progenitors (in contrast to Lefty2, Pitx2
and Notch3, which are expressed throughout the lateral plate mesoderm) is unknown, and it
means that other factors beyond Nodal regulated Heyl expression. And although Heyl”"
mutants are viable (Fischer et al., 2004b), Hey1 has been shown to inhibit myogenesis through
forming heterodimers with the myogenic transcriptional factor MyoD (Buas et al., 2010). If
Hey1 has a similar role in heart progenitors as a repressor of cardiomyocyte formation is not
known, however Nodal has been shown to regulate cardiomyocyte differentiation (Desgrange
et al., 2020), and it remains to be tested if this regulation is dependent on Hey1. Additionally,
Hey1 has been explored in the context of the heart, where it is important for patterning the

chambers (reviewed in MacGrogan et al., 2018). This is among others due to mutual
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repression of Bmp2. Bmp signaling has been reported to be right-sided during heart
development (Ocafia et al., 2017; Rago et al., 2019), and it remains to be tested if this right-

sided Bmp signaling is dependent on Hey1 e.g. through Hey1 repression Bmp on the left side.

In Rago et al. it was shown that Bmp signaling is regulated by Nodal through miRNA (Rago et
al., 2019). This might be relevant, as neither Heyl nor Notch3 are predicted to have an ASE
binding site near their promoter according to the bioinformatic analysis performed in
(Desgrange et al., 2020). Furthermore, Notch3 has been shown to be regulated by miRNA from
the miR-106a-363 supercluster in the context of heart injury (J. H. Jung et al., 2021). In
particular, miR363 is interesting, as it was bioinformatically predicted by Rago et al., to be a
candidate for asymmetric regulation of gene expression (Rago et al., 2019).

How Nodal regulates Notch3 is relevant, as we find that initiation of Notch3 asymmetry is
not dependent on Nodal (in the lateral plate mesoderm). Rather Nodal is important for
amplifying Notch3 in the left lateral plate mesoderm, providing molecular evidence of Nodal
as an amplifier of asymmetry on a molecular level. However, it is possible that Notch3 is still
dependent on symmetry breaking in the node to become left-sided. As mentioned, the
conditional Nodal mutant we employ (Hoxb1%¢; Nodalf*/"!), still have a functioning left-right
organizer, and it remains to be tested if Notch3 is still left-sided in e.g. the Dnah11" mouse
mutant, which have a non-functioning node due to immotile cilia (McGrath et al., 2003). For
instance, Ablim1 has been reported to be still left-sided or absent in mutants without Noda/
in the lateral plate mesoderm, while its expression is randomized in the Dnah11" mouse
mutant (Stevens et al., 2010). It will be interesting to explore if Notch3 display a similar

pattern.

Is the Notch3tmi¢rid 3]lele a true null allele?

It was initially surprising that when we tried to predict genes regulated by Notch3 (through
our bioinformatical correlation analysis in combination with literature review. See Results —
Fig. 7+8), we have not been able to validate many of these. Furthermore, the genes which we
validated to be differentially expressed in heart progenitors of Notch3** versus Notch3” were
behaving contrary to expected (i.e. the classical Notch pathway targets Hey1, Hey2 and Atplal

were upregulated instead of downregulated, and genes anti-correlated with Notch3 - Crip2,
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Nexn and Actcl - were downregulated instead of upregulated). This made us wonder if the
Notch3tm16rid was a true null allele.

As described in the introduction, Notch3 has 33 exons. In the Notch3™™1¢"d mouse mutant,
exon 6-8 are removed (See Results — Fig S4F) (Krebs et al., 2003). These encode EGF-like
repeats 10-13, and it is argued that since EGF-like repeat 11-12 are essential for the function
of Notch in the fly and Notch1 in human (Rebay et al., 1991), this should also be the case for
Notch3 (which is not necessarily true and should be tested). Krebs et al. validated their
knockout using southern-, northern- and a western blot (using an antibody against Notch3
intracellular domain), however antibodies against Notch3 are notoriously complicated to use,
which made us question if the Notch3t™1¢" js 3 true null allele for Notch3. In particular this
question was raised as it had previously been shown for Notch2 that a hypomorph allele
(Notch2t™1¢7d) was generated instead of true null allele, because of alternative splicing around
the knockout site (McCright et al., 2001). Additionally, we found that in Notch3”, there was
still 21.7% transcript left, leaving the option that these might generate some functional Notch3
protein. This is relevant, as for instance the Notch intracellular domain is derived from a
portion of the transcript.

Beyond the Notch3™1¢@ mouse mutant, there are also two other reported null alleles; the
Notch3!™khan (Kitamoto et al., 2005) and the Notch3m1-1(kOMP)Vica (Djckinson et al., 2016) (as
described in Introduction — Notch3). Several evidence suggest that they are all true null alleles.
First, for all of the alleles, antibodies against Notch3 intracellular domain are not able to detect
any signal in homozygote mutants. Secondly, homozygote mutants for all three alleles are
viable and fertile and have a healthy appearance (similarly to what we have found). (Canalis
et al., 2021; Kitamoto et al., 2005; Krebs, Xue, et al., 2003). Thirdly, Notch reporter line and
phenotypes related to arterial defects in Notch3'1¢" mouse mutant can be rescued by
human NOTCH3 (and even by human NOTCH3 with CADASIL mutations, as CADASIL mutations
are not functional knockouts) (Monet et al., 2007). Fourthly, the Notch3 mutants alleles have
been shown to have phenotypes in a range of tissues - the Notch3!™¢": differentiation
defects in the arteries of the tail and brain (Domenga et al., 2004), the arteries of the retina
(Liu et al., 2010), the kidney (Boulos et al., 2011) and coronary arteries (Volz et al., 2015) as
well as in the airway epithelium (Li et al., 2009; Morimoto et al., 2012) and the spinal chord
(Rusanescu & Mao, 2014); the Notch3t™khan: quiescence in muscles (Kitamoto & Hanaoka,

2010) and the brain (Kawai et al., 2017); and the Notch3!m1-1(KOMP)Vicg: inhibition of
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osteogenesis (Canalis et al.,, 2021). Unfortunately, the different alleles have not been
investigated for the same phenotype, however given overall similar properties, it suggests that

the Notch3t™167d is 3 true null allele.

Summary of potential Notch pathway compensation in the heart fields of

Notch3”- mutants

From the studies conducted in this thesis, Notch3 was found to be the only asymmetric Notch
receptor in the heart progenitors at E8.5. Notch4 is not expressed at this stage, while Notch1
and Notch2 are present in the cardiac progenitors, albeit their expression is left-right
symmetric. Notch2 and Notch3 are widely expressed, while Notchl is restricted to the
endocardium, the dorsal aortas and the sinus venosus (see Results — Figure 6 and
Supplementary Figure 4).

Because the heart defects observed at E9.5 and PO are not fully penetrant in Notch3”- mice,
we hypothesized that this can either occur from two possibilities: 1) In the absence of Notch3,
there is compensation by other Notch receptors which mitigates the effects of lacking Notch3
or 2) the role of Notch3 in heart progenitors is rather involved in a fine-tuning mechanism,
meaning that the lack of Notch3 would potentially only lead to mild defects without full
penetrance.

In concordance with option 1, we found by gPCR that in the heart fields of Notch3”,
Notch1/2 are upregulated at stage E8.5e (the stage after Notch3 asymmetry peak), indicating
potential compensation. However, when we examined the expression of Notch1 and Notch2
in Notch37- embryos at E8.5 using RNAscope staining and 3D imaging at E8.5d-f, neither
Notch1 nor Notch2 had different expression patterns compared to wild-type mice, meaning
that Notchl was still not expressed in the second heart field and Notch2 expression in the
second heart field was still symmetric.

This challenges the idea of compensation, because for compensation to occur, the
compensating Notch receptors must be present where the missing Notch3 receptors are
absent. However, RNAscope measures RNA transcript, and thus is not a readout of activity,
but since we are unfortunately not able to measure the activity of Notch2 due to lack of
appropriate tools, it is currently not possible to examine if Notch2 signaling becomes

asymmetric in the Notch37".
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Notch3 haploinsufficiency

We have found that Notch3 heterozygotes display heart phenotypes with partial penetrance
at both E9.5 and at PO (3 out of 4 examined Notch3* hearts showed defects), which was
unexpected given the low partial of heart defects in Notch37- mutants (20% at E9.5, 58.3% at
PO) under the assumption that there is compensation in Notch3”". At E9.5, 35% of Notch3*"
were shown to have an abnormal shape, but compared to the Notch3”- mutants, the Notch3*
displayed a lower number of the most severe phenotype, the anterior right ventricle.
Furthermore, we show that in the heart fields of Notch3*- that Notchl and Notch2 are
upregulated compared to wildtype to similar levels of expression as observed in Notch3”".
Similarly, Hey1 and Crip2 show intermediate values between the wild-type and homozygote
mutants, confirming that also on gene regulatory level, Notch3*- are affected. Together, these
data indicate that Notch3 heterozygotes display intermediate phenotypes between wild-type
and homozygous Notch3 mutants.

That Notch3 displays haploinsufficiency is reminiscent of the historic context, as the Notch
gene name refers to the haploinsufficient phenotype observed in Drosophila (as homozygous
Notch mutant is embryonic lethal) (Dexter, 1914; Morgan, 1917). Similarly, when looking at
the mode of function of the Notch pathway (see Introduction — Notch signaling), there is no
secondary messenger or signal amplification between the receptor and the Notch
transcriptional complex, which means that the pathway will be sensitive to changes in dosage

(Guruharsha et al., 2012).

Notch pathway components have been shown to display haploinsufficiency in the mouse and
human. The most severe is the ligand DIl4, where heterozygous DIl4 mouse embryos display
embryonic lethality (Krebs et al., 2004). In humans, heterozygosity of either NOTCH2 or JAG1
can lead to Alagille syndrome (L. Li et al., 1997; Mcdaniell et al., 2006), and Jagl*"
heterozygous mice have been shown to display some of the characteristics of the disease
along with other phenotypes, such as a reduced number of cells division in neuronal
progenitor cells (Blackwood et al., 2020).

Regarding Notch3 role in vascularization, it has been reported that the retinal vasculature is
similar between wildtype and Notch3*" heterozygotes (whereas the branching is strongly
reduced in Notch3”- mutants) (H. Liu et al., 2010). However, when the Notch3*heterozygote

has been examined for gene expression or Notch pathway activity in the retina or the cerebral

137



vasculature, it has been found that the Notch3*" heterozygotes display intermediate
expression levels between wildtype and Notch37- mutants (H. Liu et al., 2018; Monet et al.,
2007). And it seems that Notch3* heterozygotes are sensitized, as for instance in mouse
models of diabetes (diabetes is associated with retinopathy/loss of sight), the absence of one
Notch3 allele leads to more severe defects in the vasculature of the retina (H. Liu et al., 2018).

That the lack of Notch pathway components can lead to a higher sensitivity in diseases fits
with the role of the Notch pathway in tissue regulation and homeostasis. This has also been
explored in the heart, where haploinsufficiency of Notchl has been shown to increase the
penetrance and severity of cardiac defects in for instance disease models of ascending aorta
aneurysms and in mice with endothelial defects (Koenig et al., 2016, 2017). Koenig et al. also
reported that Notch1*~ heterozygotes mice will develop aortic root dilation (which is related
to ascending aorta aneurysm) at around 9 months if they are in the 12956 background,
indicating that the sensitivity to Notch component dosages is dependent on other genetic
factors.

Returning to the observations of this thesis, it is still surprising that Notch3 shows
haploinsufficiency given that the penetrance of the Notch37" homozygous mutant is low
(although it could be due to the targets of Notch3 are sensitive to reduction of dosage). Our
data suggest compensation expression of Notch1 and Notch2, however if the expression of
these also lead to compensation mechanisms is not yet understood. However, if
compensation mechanisms are present and they can rescue 80% of Notch3”- at E9.5, how
come they are not able to fully rescue defects in Notch3*~, where we find that there is still
67.9% of Notch3 transcript remaining? This can be related to how compensation mechanisms

function.

Transcriptional adaptation as a potential compensation mechanism

Our data indicate that there is compensation expression ongoing due to that in both Notch3*

and in Notch3”, there is an upregulation of Notch1 and Notch2 at stage E8.5e (the stage after

Notch3 asymmetry peak) as well as increased Notch activity (measured by Heyl, Hey2 and

Atplal expression increase), and these could potentially lead to a compensation mechanism.
Work in the lab of Didier Stainier has explored how organisms can compensate for genetic

perturbations, and they have described a mechanism with they call transcriptional adaptation,
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where mutations leading to mRNA degradation will induce the transcription of genes with
similar sequences (termed adaptor genes) which will then be able to compensate (Sztal &
Stainier, 2020). It was initially described in zebrafish, where morpholino knockdown have
sometimes been found to have a more severe defect than knockout of the gene. This has been
initially attributed to the fact that morpholinos can have off-target effects, however when
Rossi et al. investigated the gene egfl7, they found that only egfl7/* mutants (and not
morpholino knockdown of egf/7) had increased expressed on genes with similar sequences
(Rossi et al., 2015). These findings were later extended to mouse cells, and it was also found
that alleles that undergo mRNA degradation show a higher degree of transcriptional
adaptation (El-Brolosy et al., 2019). Although several mechanisms for transcriptional
adaptation have been described, it is argued that mRNA degradation (through e.g. mechanism
like non-mediated decay) is required for transcriptional adaptation (Sztal & Stainier, 2020).

We have found that Notch3 expression levels are decreased in Notch3 mutants which
indicates no transcription or degradation. Furthermore, our data suggests that it is mRNA from
the Notch3 mutant allele that specifically not present in the cells, as gPCR experiments in
Notch3* heterozygotes show similar expression levels for primers targeting both inside- and
outside the deleted region (meaning that remaining mRNA in Notch3*/" is predominantly from
the Notch3 wildtype allele). This is in line with our findings that compensation is induced in
both Notch3 heterozygous and -homozygous mutants.

We were not able to detect any change of expression pattern of Notchl and Notch2 in
Notch3”- mutants (for instance, Notch2 remained symmetrically expressed in the second heart
field in the absence of Notch3). No change for Notch1/2/4 in Notch3 mutants has been
reported before (Kitamoto et al., 2005), and furthermore Notch3 is widely expressed, so we

would expect most cells to undergo transcriptional adaptation.

If the reason why Notch3” display a partial penetrance of defects is due to transcriptional
adaptation mechanisms, understanding the role of Notch3 in heart looping in Notch3”
mutants will be complicated (as the roles of Notch3 are obscured). For this reason, we have
selected to perform the gamma-secretase inhibition in Notch3* to potentially reveal a
stronger phenotype.

Already from the experiments to establish the conditions of drug treatment in embryo

culture (See Results — Fig. 10), we have found one interesting observation. Wildtype embryos
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treated with a high dosage of gamma-secretase inhibitor will display a straight heart tube (or
in some cases, an abnormal heart tube) along with a shorter tail. These embryos phenocopy
Mib1”/- and Rbpj”- mutants (Barsi et al., 2005; Oka, Nakano, Wakeham, de la Pompa, et al.,
1995; Souilhol, Cormier, Tanigaki, et al., 2006), where the defects in heart looping have been
attributed to prior defects in the left-right organizer leading to laterality defects (Raya et al.,
2003). At the stage where we begin our embryo culture (E8.5c), Nodal is already left-sided
(Desgrange et al., 2020) and as such not dependent on a functional left-right organizer
anymore (Nonaka et al., 2002). This indicates that Notch signaling (beyond the left-right

organizer) can lead to severe heart looping defects.

Contributions of the thesis work to the molecular understanding of what drives

heart looping

During this PhD thesis, two screens of left-right asymmetric genes in the heart field across
multiple stages were performed, which lead to the identifications of many new potential
asymmetric genes. From these screens, Notch3 was selected for future validation and its
expression was mapped in time and space. Furthermore, its left-right asymmetry dynamics
were quantified and shown to be dependent on Nodal. A classic Notch pathway target, Hey1,
was also found to be asymmetrically expressed at similar stages, however its asymmetry is
dependent on Nodal rather than Notch3, and its asymmetry is only in the anterior lateral plate
mesoderm (Figure 1A).

Both asymmetries are present at stage E8.5d and absent by E8.5f, which is the stage where
the arterial pole rotation of the heart tube occurs, one of the first major morphological
asymmetries of the embryo, indicating that Notch3and Hey1 could play roles in directing heart
looping prior to onset of looping. In accordance with this, 20% of Notch3”- develop heart
looping defects at E9.5 and 58% display cardiac defects at PO. These are the main findings of
the PhD work, and they have been summarized in Figure 1A. However, the mechanism of how
Notch3 in the heart progenitors regulates proper cardiogenesis is still not understood and will
be the subject of future studies.

Beyond Notch3, Hey1 and the Nodal signaling pathway, other genes and signaling pathways
have also been shown to be asymmetric in the heart progenitors. The expression pattern of

some of these are shown in Figure 1B. Some of these, like Six2, are well studied — the
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populations they contribute to has been mapped and experiments have been performed to
understand their cellular effects (Zhou et al., 2017). Others, like Ablim1, are less characterized
(Stevens et al., 2010).

In the left-right bulk sequencing screen, 447 different genes were identified to be candidates
of asymmetric expression (the term candidate is used, as they should be validated using
methods like what has been performed in this thesis). At the stage with the highest number
of asymmetric candidates (E8.5d), more than 200 genes were identified. It remains to be
explored how all these genes, which belong to many different pathways and have a very

diverse range of function, are directing the complicated 3D process of heart looping.
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Figure 1. Summary of asymmetric signal during heart looping. (A) Main contributions of the
thesis work to our understanding of heart looping. Notch3 and Hey1 were found the left-sided
asymmetric at heart looping stages just prior to the arterial pole rotation, with Notch3 being
asymmetric in the full lateral plate mesoderm, while Heyl asymmetry is restricted to the
anterior lateral plate mesoderm. From investigations of the Notch3 mutant, 20% heart looping
defects were found at E9.5, while at PO, 58% of mutants display congenital heart defects. (B)
Expression pattern of some of the asymmetric genes and signals which have been identified
in the litterature. Some genes, like Pitx2, Six2 and Mmp9 are also asymmetric at later stages,
however this has not been indicated on the figure.

142



Conclusions and Perspectives

The underlying idea which drove the four years of work presented in this thesis was to identify
novel genes and pathways, which could drive asymmetric heart morphogenesis, as we had
recognized that many of these were not yet explored. We tackled this through a
transcriptomics screen that we designed in a manner to be able to carefully explore the
kinetics of left-right asymmetry in the heart progenitors during heart looping.

This screen was successful, as we identified novel asymmetrically expressed candidate
genes, and the last two years of the thesis were spent of characterizing one of these
candidates, the Notch receptor Notch3. We explored its spatiotemporal expression, its
relationship to the left determinant Nodal and if the absence of Notch3 could lead to heart
defects. From these experiments we show that Notch3 is asymmetrically expressed on the
left, that its asymmetry in enhanced by Nodal (but that Notch3 is still asymmetric in the
absence of Nodal, providing the first molecular evidence of Nodal as an amplifier of
asymmetry) and that in the absence of Notch3, cardiac defects arise with partial penetrance

at embryonic and neonatal stages.

Moving beyond this, we are now exploring how the absence of Notch3 can lead to cardiac
defects. Is the partial penetrance due to compensation by other Notch receptors? What are
the cellular roles of Notch3? How can Notch signaling drive asymmetric organogenesis, and is
this also related to lateralized organs other than the heart?

Returning to the transcriptomics screen, we have generated a valuable tool to explore left-
right asymmetry in the early formation of the heart, which will lead to several new studies.
Similarly, to what has been done for Notch3, there will be other asymmetric genes to
characterize. Furthermore, it will be interesting to explore genes with similar kinetics. Are
these genes, which do not necessarily need to belong to the same pathway, responsible for
driving specific aspects of heart looping? As asymmetric heart morphogenesis is related to

cardiac defects, these questions are of great interest.
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Annex

To the publication in Annex #1 (Desgrange et al., 2020), | contributed with three sets of

experiments as well as comments on the manuscript.
1) Nodal pathway gPCR (Fig 2A + Fig S4A)

2) Pitx2 isoform gPCR (Fig S4C)

3) Mapping and quantifications of Nodal*®“ within the second heart field (Described in text)
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SUMMARY

The secreted factor Nodal, known as a major left determinant, is associated with severe heart defects. Yet, it
has been unclear how it regulates asymmetric morphogenesis such as heart looping, which align cardiac
chambers to establish the double blood circulation. Here, we report that Nodal is transiently active in precur-
sors of the mouse heart tube poles, before looping. In conditional mutants, we show that Nodal is not required
to initiate asymmetric morphogenesis. We provide evidence of a heart-specific random generator of asym-
metry that is independent of Nodal. Using 3D quantifications and simulations, we demonstrate that Nodal
functions as a bias of this mechanism: it is required to amplify and coordinate opposed left-right asymmetries
at the heart tube poles, thus generating a robust helical shape. We identify downstream effectors of Nodal
signaling, regulating asymmetries in cell proliferation, differentiation, and extracellular matrix composition.
Our study uncovers how Nodal regulates asymmetric organogenesis.

INTRODUCTION

Left-right asymmetric organogenesis is essential for vertebrates.
Impairment of left-right patterning leads to human diseases such
as the heterotaxy syndrome, affecting the asymmetry or concor-
dance of the positions of visceral organs (Van Praagh, 2006). Het-
erotaxy is associated with complex congenital heart defects,
which determine the prognosis of patients (Lin et al., 2014). Asym-
metric organogenesis has been theorized by Brown and Wolpert
(1990) to occur in two sequential steps: (1) a symmetry-breaking
event, transforming molecular chirality into a left-right bias, which
coordinates laterality throughout the embryo; (2) organ-specific
random generators of asymmetry, which generate asymmetric or-
gan shapes and are modulated by the left-right bias. Studies of the
left-right organizer support step 1, whereas random generators of
asymmetry in step 2 are still poorly characterized.

How the bilateral symmetry is broken in the early embryo is
now well established. This involves a left-right organizer, referred
to as the node in the mouse, which forms as a pit of ciliated cells
at embryonic day (E)7.5 (see Lee and Anderson, 2008; Shiratori
and Hamada, 2006). The motility of cilia generates a leftward
fluid flow (Nonaka et al., 1998), which is required between the
1 to 6 somite stages for the asymmetric expression of compo-
nents of Nodal signaling. Dand5, encoding a Nodal antagonist,
is the first gene asymmetrically expressed, on the right side of
the perinodal region (Kawasumi et al., 2011; Marques et al.,

)

st

2004). As a result, Nodal, a secreted factor of the TGF-f family,
becomes active only on the left side of the perinodal region, as
detected by the phosphorylation of the Smad2 transcription fac-
tor (Kawasumi et al., 2011). It stimulates its own asymmetric
expression in the left perinodal region and the left lateral plate
mesoderm (Brennan et al., 2002; Saijoh et al., 2003). Nodal
expression is initiated lateral to the node, then propagates ante-
riorly and posteriorly in the left lateral plate mesoderm by autoac-
tivation (Lowe et al., 1996; Vincent et al., 2004). Nodal also acti-
vates its own antagonists Lefty1/2, suggestive of a patterning
mechanism by reaction-diffusion as shown in the fish blastula
(Muller et al, 2012). The negative feedback loop ensures transient
expression of Nodal in the lateral plate mesoderm, where heart
precursors are localized, between the 3 and 6 somite stages.
Nodal is not expressed within the heart tube (Collignon et al.,
1996; Vincent et al., 2004). Deletion of the asymmetric enhancer
(ASE) of Nodal dramatically reduces left-sided Nodal expression
and impairs the formation of the heart and lungs (Norris et al.,
2002). Similarly, the conditional inactivation of Nodal in the
mesoderm impairs left-right asymmetry of the heart, lungs,
spleen, and stomach (Kumar et al., 2008). Nodal is thus a major
left determinant, required in the lateral plate mesoderm for asym-
metric organogenesis. The phenotype of Nodal mutants is either
symmetrical, i.e., right isomerism as seen in the lungs, spleen,
and atria, or randomly lateralized, as seen in the stomach, gut,
heart apex, or heart tube (Brennan et al., 2002; Kumar et al.,
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2008; Lowe et al., 2001; Saijoh et al., 2003). Beyond its asym-
metric expression in cell precursors of the lateral plate meso-
derm, it has remained unclear by which mechanism Nodal regu-
lates the morphogenesis of visceral organs.

The primordium of the heart is a tube, which grows by addition
of precursor cells from the heart field to the arterial (cranial) and
venous (caudal) poles (Dominguez et al., 2012; Kelly et al., 2001).
The heart becomes asymmetrical during the process of heart
looping, which transforms the tubular primordium into a helix.
This process, which has been extensively studied in the chick
embryo, is crucial to position the cardiac chambers relative to
each other and thus establish the double blood circulation (see
Desgrange et al., 2018). From 3D (dimensions) reconstructions
in the mouse embryo at E8.5, we have previously characterized
the spatiotemporal dynamics of heart looping and established
specific staging criteria (Figure 1A). A model for a heart-specific
random generator of asymmetry was proposed (Le Garrec et al.,
2017). This is based on buckling, when the heart tube grows
between fixed poles as a mechanism able to generate random
deformations. We uncovered sequential and opposed asymme-
tries at the poles, which can bias the buckling to generate a helix:
a rightward rotation of the arterial pole at E8.5f, followed by an
asymmetric ingression of heart precursors at the venous pole
at E8.5g. Finally, the progressive breakdown of the dorsal
mesocardium provides an additional mechanical constraint
that reinforces looping, as suggested also by inhibition of matrix
metalloproteases in the chick (Linask et al, 2005). On these ba-
ses, we have generated a computer model, which can predict
the shape of the heart loop, not only its direction, thus, providing
an original framework to analyze asymmetric heart morphogen-
esis. However, the molecular mechanisms of the left-right asym-
metries at the heart tube poles have remained unknown.

Nodal (Brennan et al., 2002; Kumar et al., 2008; Lowe et al.,
2001; Saijoh et al., 2003) or components of Nodal signaling,
such as the transcription factor Foxh1, the co-receptor Cfc1, or
the protease Furin (von Both et al., 2004; Roebroek et al., 1998;
Yan et al., 1999), have been shown to control the direction of
the heart loop. These studies have focused on the binary looping
direction, as a readout of the symmetry-breaking event, but have
not addressed the specific shape of the heart helix, as a readout
of the heart-specific generator of asymmetry. In addition to heart
looping, left-right patterning of cardiac precursors is important
for the left-right identity of atrial chambers and the morphogen-
esis of the outflow tract. Clonal analyses of myocardial cells
have shown a differential origin of the pulmonary and aortic trunks
from left and right precursors, respectively (Lescroart et al., 2010,
2012). In keeping with the spiraling of the great arteries in the
mature heart, the outflow tract undergoes a rightward rotation
(Bajolle et al., 2006), which follows that of the arterial pole during
heart looping (Le Garrec et al., 2017). Regionalization of the
outflow tract prefigures the separation of the great arteries, as
marked by Sema3c (Théveniau-Ruissy et al., 2008). Outflow tract
defects have been associated with Nodal mutations in mouse
models (Kumar et al., 2008; Lowe et al., 2001; Saijoh et al.,
2003) and in patients, including a higher occurrence of pulmonary
atresia and transposition of the great arteries (Bouvagnet and de
Bellaing, 2016; Mohapatra et al., 2009).

A pending question is the identification of the molecular effec-
tors downstream of Nodal signaling, and how they control asym-
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metric cell behavior during organogenesis. Targets of the Nodal
pathway have been mainly identified in the context of zebrafish
gastrulation (Bennett et al., 2007), ES cell differentiation (Brown
et al., 2011), or in cell cultures (Coda et al., 2017; Guzman-Ayala
etal., 2009), but not in the context of left-right asymmetric organ-
ogenesis. A target gene of Nodal signaling in the left lateral plate
mesoderm is the isoform Pitx2c, which is expressed asymmetri-
cally in the heart tube, mainly in the inner curvature (Campione
et al., 2001; Furtado et al., 2011), and regulates asymmetric
cell proliferation and atrial cell identity (Galli et al, 2008). Howev-
er, contrary to Nodal, Pitx2 or its isoform Pitx2c are not required
for the proper direction of heart looping (Liu et al., 2002; Lu et al.,
1999), highlighting the existence of other Nodal target genes dur-
ing this process.

Here, we address the specific role of Nodal for mouse heart
looping with a high spatiotemporal resolution. We mapped the
cardiac precursor cells expressing Nodal and determined the
time window of Nodal activity. We generated conditional Nodal
mutants, using Hoxb1°® to target the mesoderm. We combined
quantifications of the heart shape in 3D and computer simula-
tions to assess how Nodal controls the heart-specific generator
of asymmetry. Our results show that the generator of asymmetry
is independent of Nodal and that Nodal is required to amplify and
bias pre-existing asymmetries at the tube poles. We show that
Pitx2c is not required for mediating the biasing signal of Nodal.
By transcriptomic analyses, we identify other targets of Nodal,
involved in the regulation of asymmetric cell behavior at the heart
tube poles. Overall, Nodal is essential for the robust rightward
helical shape of the heart. This has functional impact for the
blood circulation, given that heart looping underlies the align-
ment of cardiac chambers.

RESULTS

Nodal Is Expressed in Myocardial Precursors
Contributing to a Quarter of the Heart Poles

Since Nodal is transiently expressed in the left lateral plate meso-
derm and not within the heart tube, we investigated whether
Nodal-expressing cells are genuine heart precursors. We took
advantage of the Nodal-ASE-lacZ transgenic line, in which the
B-galactosidase is produced under the control of the asymmetric
enhancer of Nodal. The known perdurance of lacZ mRNA and/or
B-galactosidase (Echelard et al., 1994) provides a pulse-chase
readout of Nodal expression in the left lateral plate mesoderm.
By 3D imaging of stained embryos at progressive stages of heart
looping (Figure 1A), B-galactosidase-positive cells were found not
only in the left second heart field but also in the inner curvature of
the heart tube poles: in the left sinus venosus, the myocardium of
the dorsal left atrium, of the superior atrio-ventricular canal and of
the left outflow tract (Figures 1B-1G; Video S1). A sharp boundary
was observed within the right ventricle and at the entrance of the
left ventricle, such that the two ventricles at E9.5 were largely
devoid of B-galactosidase staining (Figure 1H). In the outflow tract,
the domain positive for Sema3c, a marker of the pulmonary trunk
(Théveniau-Ruissy et al., 2008), is broader and includes that of
Nodal-ASE-lacZ (Figures 11 and 1J). No staining was observed
in the endocardium (Video S1). After segmentation of the heart
tube myocardium, we measured that a fraction of 17% + 5%
(n=16) is colonized by B-galactosidase-positive cells, at all stages

164



Developmental Cell ¢ Cell’ress

Figure 1. Tracing Cells that Have Expressed Nodal with the Nodal-ASE-LacZ Transgene
(A) Schematic representation of the stages of heart looping in the mouse. The cardiac crescent forms at E8.5¢c and bulges at E8.5d, while cardiomyocytes
differentiate (orange). The cardiac tube forms at E8.5e and elongates, with the right ventricle visible from E8.5f and the outflow region from E8.5h. At E8.5g, the

(legend continued on next page)
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between E8.5e and E9.5 (Figure 1K). If we consider only the heart
regions colonized by B-galactosidase-positive cells, i.e., discard-
ing the ventricles, the fraction increases to 26% + 4% (n = 4 at
E8.5j and E9.5). Thus, we show that left cardiac precursors, which
contribute to the ventricles, barely express Nodal, whereas left
cardiac precursors expressing Nodal contribute to a quarter of
the cells in the heart tube poles.

Nodal Is Transiently Active before Heart Looping, at
E8.5c-e

Nodal expression in the lateral plate mesoderm has been previ-
ously reported at 3—-6 somite stages (Vincent et al., 2004). How-
ever, we found that somitogenesis is not synchronized with heart
morphogenesis (Kaufman and Navaratnam, 1981; Le Garrec
et al., 2017), so we re-analyzed Nodal expression within the
context of heart looping stages. By gRT-PCR of the cardiac re-
gion, we found expression of Nodal at E8.5c~d (Figure 2A), which
is compatible with the 3-6 somite window. We then assessed the
time window when Nodal is active. First, we analyzed the expres-
sion of its target Lefty2, which we found expressed at E8.5c-e,
peaking one stage after Nodal (Figure 2A). Because a mouse
litter at E8.5 contains embryos within a range of different looping
stages, we used drug treatment in embryo cultures to interfere
with Nodal signaling at a specific stage. The SB505124 drug
was shown previously to efficiently abrogate Alk signaling (Da-
Costa Byfield et al., 2004; Hagos and Dougan, 2007). This in-
cludes Nodal/activin receptors (Alk4/7), as well as Tgfpr1 recep-
tors (AIk5) that have not been reported to play a role in left-right
patterning. When applied to embryos at E8.5c over 8 h, i.e., until
E8.5e, SB505124 repressed the expression of the Nodal-spe-
cific target genes Pitx2 and Lefty2, whereas it only decreased
it upon treatment at E8.5d and had no effect at E8.5e, compared
with treatment with the adjuvant (Figures 2B-2E). Exposure over
a shorter period of 4 h, i.e., until E8.5d, partially reduced Pitx2
expression. Taken together, these observations indicate a tran-
sient time window of Nodal signaling, between E8.5¢c and E8.5¢,
thus, before heart looping.

Nodal Inactivation in the Mesoderm Leads to Four
Classes of Looping Defects

To study in more detail looping anomalies, we generated Nodal
conditional mutants, using Hoxb1€™®* as a driver that is ex-
pressed from the onset of gastrulation in the mesoderm (Forlani
et al., 2003), overlapping with Nodal asymmetric expression.
This provides a model of mesoderm-specific Nodal inactivation,
different from previous lines (Figure S1). We first collected mu-
tants at birth and found a heterotaxy phenotype, including
lung, colon, and heart defects (Table 1), but no anomaly in
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most abdominal organs (intestine, spleen, stomach, and liver)
as reported in other types of Nodal mutant lines (Brennan
et al., 2002; Kumar et al., 2008; Lowe et al., 2001; Saijoh et al.,
2008). Then, we collected embryos at E9.5, when heart looping
is complete in wild-type embryos, and analyzed the heart pheno-
type of Nodal mutants. In a collection of 56 mutants, we
observed 4 classes of anomalies (Figure 3A), with an equal fre-
quency (Figure 3B). The classes are defined by the position of
the ventricles: inversely lateralized (class 1), both on the right
side (class 2), both on the left side (class 3), or normally lateral-
ized (class 4). To confirm the identity of the ventricles, and
more generally assess whether heart segments were correctly
patterned, we performed a double in situ hybridization (ISH), us-
ing Wnt11 as a marker of the outflow tract (Zhou et al., 2007) and
Bmp2 as a marker of the atrio-ventricular canal (Ma et al., 2005)
and ventral left atrium. In addition to the sulcus separating the
ventricles, this was enough to identify all cardiac segments in a
single labeling experiment (Figure 3C). Staining of Nodal mutants
indicated normal patterning of the heart tube and confirmed the
localization of the right and left ventricles in the different classes
of mutants. To further assess whether mutant phenotypes repre-
sent a continuum or discrete classes, we performed a principal
component analysis of the shape of the tube axis, which was ex-
tracted as a set of 33 parameters from 3D images by HREM
(high-resolution episcopic microscopy) (Video S2). The indepen-
dent clustering of each class of mutants rules out the hypothesis
of a phenotypic continuum (Figures 3D and 3E). We conclude
that Nodal inactivation in the lateral plate mesoderm impairs
the positioning of the embryonic ventricles, leading to four
possible configurations, with equal frequency. The full pene-
trance of heart defects at birth such as complete atrio-ventricular
septal defect and malposition of the great arteries (Table 1) indi-
cate that even the milder looping phenotype of class 4 mutants
leads to congenital heart defects.

Nodal Inactivation in the Mesoderm Randomizes Heart
Looping Direction

Nodal inactivation was previously reported to randomize the di-
rection of heart looping (Brennan et al., 2002; Kumar et al., 2008;
Lowe et al., 2001). However, the method used to assess the loop
direction was not defined. Since the looped heart tube has a he-
lical shape, we propose to define the direction of heart looping as
the orientation of the tube axis helix, seen cranially at E9.5 (as
schematized in Figure 4B). 3D reconstructions of the heart
loop were color coded for cardiac segments (Figure 4A; Videos
S2, S8, S4, S5, and S6); the 3D shape of the tube axis was ex-
tracted and averaged for at least 5 embryos (Figure 4B). This
shows that heart looping is rightward in class 2 and 4 Nodal

tube appears tilted on the right side, so that the right ventricle is progressively repositioned (E8.5i) to the right side of the left ventricle (E8.5j). At E9.5 the outflow

tract is bent, and the arterial/venous poles are closer.

(B-H) Brightfield images (B, D, F, and H) and 3D images by HREM (C, E, and G) of Nodal-ASE-lacZ embryos at E8.5e, n =2 (B and C), E8.5j, n = 2 (D and E) and
E9.5, n =2 (F and H). Ventral views (left panels), transversal (third panel), and sagittal (right panel) sections are shown, with B-galactosidase staining in blue. The
orange dotted line outlines the heart tube. Regionalization of the staining in the outflow tract is schematized on the right (G). The black dotted lines in (H) highlight

sharp boundaries between B-galactosidase-positive and -negative regions.

(I and J) Brightfield image (I) and 3D images by HREM (J) of Sema3c ISH (in blue), n = 2.

(K) Quantification of the B-galactosidase-positive myocardium volume at the indicated stages of heart looping. The low correlation coefficient (R?) indicates a
constant fraction at the different stages. Scale bars: 200 um. dLA, dorsal left atrium; LHF, late headfold stage; I-HF, left heart field; (I-)OFT, (left) outflow tract; I-SV,
left sinus venousus; LV, left ventricle; n, number of observations; RV, right ventricle; SAVC, superior atrio-ventricular canal; ss, somite stage. See also Video S1.

416 Developmental Cell 55, 413-431, November 23, 2020

166



Developmental Cell ¢ Cell’ress -

(legend on next page)

Developmental Cell 55, 413-431, November 23, 2020 417

167



¢? CellPress

mutants, as in control littermates, whereas it is leftward in class 1
and 3 mutants. Given the equal frequency of the mutant classes,
we conclude that the direction of heart looping is indeed ran-
domized, when Nodal is inactivated in the mesoderm. However,
the description of the loop direction is not sufficient to charac-
terize heart defects, since mutant classes 2 and 4 or classes 1
and 3 have distinct shapes.

Existence of a Random Generator of Asymmetry
Independent of Nodal

Within the framework of the model of heart looping that we have
proposed previously (Le Garrec et al., 2017), we analyzed
whether the associated parameters are affected. Heart looping
depends on the buckling of the heart tube, growing between
fixed poles. In any class of Nodal/™™":Hoxb1°®/* mutants, we
found no significant difference in growth compared with control
littermates (Figures S2A-S2F). The distance between the mutant
heart poles did not significantly differ from controls (Figure S2G).
Finally, the breakdown of the dorsal mesocardium, which mod-
ulates the degree of buckling, occurred normally in the mutant
samples (Figure S2H). Thus, Nodal inactivation affects neither
the growth nor the buckling of the heart tube.

In contrast to Foxh1 mutants, in which ventral loops with no
obvious left-right asymmetry were observed (von Both et al.,
2004), Nodal mutant hearts still have an asymmetric shape,
though abnormal. We quantified the degree of heart looping in
Nodal mutants, as evidenced by the progressive repositioning
of the right ventricle, which, in control embryos, is cranial at
E8.5e and right-sided at E8.5j relative to the left ventricle (Le Gar-
rec et al., 2017). This measure provides a quantitative definition
of the discrete classes of mutant hearts, taking into account that
the angle is mirror imaged in classes 1 and 3 (Figure 4C). In none
of the mutants has this orientation remained cranio-caudal, indi-
cating an asymmetric deformation of the tube. However, the re-
positioning of the right ventricle was significantly reduced in
Nodal mutant classes 1, 2, and 3. These observations point to
the persistence of some degree of heart looping in Nodal mu-
tants, supporting the idea that a heart-specific random generator
of asymmetry remains functional in the absence of Nodal.

Nodal Inactivation Affects Left-Right Asymmetries at
the Heart Tube Poles

Our previous computer simulations have shown that the buckling
is biased by sequential and opposed left-right asymmetries at
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the arterial and venous poles. These are important to correctly
shape the helix of the heart loop (Le Garrec et al., 2017). One
manifestation of these asymmetries is the leftward displacement
of the venous pole from E8.5g. This was absent or inverted in 3/5
Nodal mutants at E8.5h, when mutant classes cannot be deter-
mined (Figure S3D). At E9.5, the leftward displacement, which is
accentuated in control embryos, was significantly reduced in
class 2, 4 Nodal mutants and abrogated (midline location) in
class 1, 3 mutants (Figure 4D). At the arterial pole, we observed
anomalies in the curvature of the outflow tract at E9.5. From a
cranial view, the outflow tract was significantly straighter in class
1, 3, 4 Nodal mutants compared with controls (Figures 4B and
4E), whereas in a lateral view, it was straighter in class 1, 2, 3 mu-
tants (Figures 4F, S3A, and S3B). Earlier at E8.5f, we detected a
reduced rotation of the arterial pole in 9 mutants analyzed, and 5
cases of reversed direction (Figure S3C).

When analyzing the expression patterns of Wnt11 and Bmp2
in 3D, we noticed that they are regionalized in wild-type heart
tube poles at E9.5 and that this is not detectable in brightfield im-
ages. Wnt11, which is a known target of Pitx2 (Zhou et al., 2007),
was found asymmetrically expressed on the left side of the
outflow tract at E9.5 (Figures 4G and 4H), in a similar domain
to Nodal-ASE-lacZ (Figure 1F). Bmp2 was detected in the left,
but not right, ventral atrium (Figure 4l). This provides molecular
markers of the left-right identities of the heart poles, where
sequential and opposed asymmetries are important to shape
the heart loop. In Nodal mutants, Bmp2 expression was found
correctly left-sided in classes 2 and 4, which loop rightward. In
reverse, it was abnormal in classes 1 and 3, which loop leftward
(Figure 41). However, we observed distinct abnormal patterning
of Bmp2 in the atria: bilateral, partially penetrant, in class 1 mu-
tants, and midline, fully penetrant, in class 3 mutants. Bilateral
staining is reminiscent of atrial isomerism, as also detected at
birth by the anatomy of atrial appendages (Table 1), whereas
midline staining may reflect the position of the atrio-ventricular
canal, which fails to be displaced laterally in class 3 mutants (Fig-
ures 4B and 4D). At the arterial pole of Nodal mutants, Wnt11
expression was also correctly left-sided in classes 2 and 4,
whereas it was incorrectly localized to the superior outflow tract
in classes 1 and 3, with a partial penetrance in class 1 (Figures
4G-4H). This staining may reflect an abnormal rotation of the
outflow tract, as also detected at birth by the malposition of
the great arteries (Table 1). Our observations thus indicate that
the left-right patterning of the heart poles correlates with the

Figure 2. Temporal Window of Nodal Expression and Signaling

(A) Quantification of Nodal and Lefty2 expression by gRT-PCR in microdissected cardiac regions (dotted lines) at LHF (n = 3), E8.5¢c (n =4), E8.5d (n = 5), E8.5e (n =
4), and E8.5f (n = 4 and 3, respectively). The dotted line indicates the threshold of expression, based on primer efficiency in a reference sample. Means and
standard deviations are shown.

(B) The experimental design of embryo cultures is schematized, for a drug exposure of 8 h (left) or 4 h (right). Examples of embryos are shown at the beginning (top
panels) and end (middle panels) of the cultures, treated with the inhibitor of Nodal signaling (SB505124) or with the adjuvant (DMSO). ISH of Pitx2 at the end of the
culture is in the lower panels, indicating strong (arrows), reduced (black arrowheads) or absent (white arrowhead) expression in the left lateral plate mesoderm.
Bilateral expression in the oral ectoderm (yellow arrowheads) provides a control.

(C) Corresponding quantification of Pitx2 expression, as the ratio between the left and right lateral plate mesoderm (see schema). *p < 0.05, **p < 0.01 (one-way
ANOVA with a Tukey Kramer post-hoc test compared with DMSO [black] or between treatments [gray], n = 5, 5, 5, 6, and 4). The orange dotted line indicates
symmetric expression.

(D) ISH of Lefty2 at the end of the culture, with the timing of drug treatment indicated below.

(E) Corresponding quantification of Lefty2 expression. **p < 0.01 (one-way ANOVA with a Tukey Kramer post-hoc test compared with DMSO, n = 3 per condition).
Scale bars: 200 um. LHF, late headfold stage; LLPM, left lateral plate mesoderm; LV, left ventricle; n, number of observations; RLPM, right lateral plate mesoderm;
RV, right ventricle.
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Table 1. Situs of Visceral Organs and Congenital Heart Defects at
Perinatal Stages (E18.5 and PO0)

Control (n = 10) Mutant (n = 33)

NOda/ﬂOX/+; Nodalﬂax/Nul;
Hoxb1*'* Hoxb1°e/*
Heart Apex Position
Levocardia 100% 43%
Mesocardia 0% 21%
Dextrocardia 0% 36%
Heart Malformations
Complete atrio-ventricular 0% 100%
septal defect
Malposition of the 0% 100%
great arteries
Right atrial isomerism 0% 70%
Bronchus Anatomy
Situs solitus 100% 0%
Right isomerism 0% 100%
Colon Flexure
Normal 100% 64%
Abnormal 0% 36%
Spleen Position
Situs solitus 100% 100%
Liver Lobation
Situs solitus 100% 100%
Stomach Position
Situs solitus 100% 100%

10/31 Nodal™’N!: Hoxb 1"+ mutants were recovered at E18.5 and 23/
150 at PO, indicating normal Mendelian ratios (p = 0.96, n = 181, chi-
square test). Right atrial isomerism is defined by the symmetry of the right
atrial appendages. See Desgrange et al. (2019) for the phenotyping
nomenclature.

direction of the heart loop (abnormal in classes 1, 3), but Wnt11/
Bmp2 markers are not enough to predict a unique mutant class.

Taken together, our 3D analyses show that Nodal is required
for the proper shape of the outflow tract, for the correct position
of the venous pole and the right ventricle. In class 1 and 3 Nodal
mutants, leftward looping is associated with more severe anom-
alies and defective regionalization of the arterial and
venous poles.

Nodal Is Required to Amplify and Coordinate Left-Right
Asymmetries

To understand the mechanism leading to the 4 classes of shapes
generated in the absence of Nodal, we used our computer model
of heart looping (Le Garrec et al., 2017). Based on our observa-
tions in Nodal mutants, we reasoned that the parameters of
buckling itself were normal, whereas the left-right asymmetries
at the poles were changed. Randomizing the laterality of two pa-
rameters (asymmetry at the arterial and venous poles) would be
sufficient to generate 4 classes of shapes. However, we also
noticed that the shape of control embryos was not observed in
mutants. Class 4 mutants are closest to the control phenotype,
yet significantly deviate from it (Figures 4D, 4E, 5A, and 5C),
indicative of incomplete heart looping. In reverse, we also
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noticed that the leftward loops are not mirror images of the
wild-type heart (Figures 4A, 5B, and 5C), again indicative of
incomplete heart looping. Given the reduced asymmetries
observed at the poles (Figures 4D, S3C, and S3D), we thus
postulated that they not only had a variable laterality but also a
reduced intensity. We simulated a 50% reduction of intensity,
which is within the range of our observations. Computer simula-
tions testing these hypotheses were sufficient to reproduce the 4
classes of mutant shapes, as defined by the position of the ven-
tricles (Figures 5D compared with 3A). To further validate the
simulations, we predicted the orientation of the right ventricle-
left ventricle axis in all classes of shapes and observed a remark-
able correlation with the biological values (Figure 5E). The model,
including both a randomized laterality and a reduction of asym-
metries at the poles, is thus able to recapitulate Nodal mutant
shapes. Our work demonstrates that Nodal is required to amplify
and coordinate opposed left-right asymmetries at the poles of
the heart tube, thus, generating a robust helical shape.

Nodal Modulates Cell Proliferation, Differentiation and
Extracellular Matrix Composition

To understand how Nodal could modulate left-right asymmetries
at a molecular level, we first analyzed its main target, the tran-
scription factor Pitx2. We quantified by gRT-PCR that Pitx2c is
expressed as early as Nodal but maintained after E8.5e (Figures
S4A and S4B). We then analyzed mutant embryos, in which the
asymmetric enhancer of Pitx2 is deleted (Pitx24ASE/44SE) or the
asymmetrically expressed isoform Pitx2c inactivated. We de-
tected mild malformations of the heart loop at E9.5: abnormal
patterning of the atria in Pitx24ASE/44SE hearts (Bmp2 in Fig-
ure S4D), which is one aspect of Nodal mutants, and malposition
of the atrio-ventricular canal in Pitx24ASE/4ASE and pitx2c/nul
mutants (orange arrowheads Figures S4D and S4E), which was
not observed in Nodal mutants. ISH with a probe detecting the
three isoforms of Pitx2, and gRT-PCR of Pitx2 isoforms suggest
compensation by the Pitx2a/b isoforms in the absence of Pitx2c
(Figures S4B and S4C). We then looked at Pitx2 mutants, in
which all three isoforms are inactivated. Pitx2abct™’Sac/tm1Sac
mutants displayed mild malpositions of the atrio-ventricular ca-
nal (Figure S4F). 6/12 Pitx2abc™/fmAmIJm mytants as well as
all Pitx2abci™m?Sac/tm1Sac mytants resemble the mild phenotype
of Pitx2c™"™! mutants. 3/12 Pitx2abc™ MMM mytants
had more severe looping anomalies, as judged by the more cra-
nial position of the right ventricle and the more medial position of
the left ventricle, whereas the most severe mutants (3/12) were
very similar to class 2 Nodal mutants (Figures S4F compared
with 3A). The leftward displacement of the venous pole was
significantly decreased in Pitx2abc™/™mM mutants only
(Figure S4G). Thus, Pitx2 mutants do not phenocopy the full
spectrum of heart looping defects in Nodal mutants.

To identify other targets of Nodal, we used a transcriptomic
approach. The heart region (Figure 6A) was isolated at E8.5e—f,
just after Nodal extinction (Figure 2A) and just before the
morphological changes of heart looping. We compared the tran-
scriptome in control and mutant samples. We first validated the
dissection and genotype of samples, based on specific markers
(Figures S5A and S5B). Then, we analyzed the GO terms of
481 differentially expressed genes (Table S1; Figure S5C),
showing cell-cycle, collagen, chromatin, and muscle terms as
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Figure 3. Classes of Looping Defects in Nodal™*'™;Hoxb1°®* Mutants

(A) Brightfield images of control and mutant embryos at E9.5. Four classes of looping defects are detected, based on the positions of the right and left ventricles.
(B) Equal frequency of the four classes of mutants (p value = 0.93, chi? test, n = 56 mutant embryos from 33 litters).

(C) Double ISH of Wnt11 (orange arrowheads), labeling the outflow tract and the right ventricle, and Bmp2 (green arrowheads) labeling the superior atrio-ven-
tricular canal and the ventral left atrium. See also Videos S2, S3, S4, S5, and S6 and Figure S1.

(D) Principal component (PC) analysis of 33 parameters characterizing the loop shape in the different classes of mutants.

(E) Clustering of individual mutants based on the four principal components, the values of which is color coded from blue to orange. Scale bars: 400 um. AVC,
atrio-ventricular canal; LA, left atrium; LV, left ventricle; n, number of observations; OFT, outflow tract; RV, right ventricle; vLA, ventral left atrium. See also

Figure S1; Videos S2, S3, S4, S5, and S6.

significantly enriched gene sets. The cell-cycle genes Ccnd2,
Ccne1l, Cdc25a, Cdc6, Cdt1, Mcm3/5/10, and Pcna were signif-
icantly upregulated in Nodal mutants, whereas the cell-cycle exit
gene Cdkn1b was significantly downregulated (Figure 6B). To
confirm an effect on cell proliferation, we labeled embryos with
the mitotic marker phosphorylated histone H3 at different stages
of heart looping (Figure 6C). Since Nodal is expressed in the left

420 Developmental Cell 55, 413-431, November 23, 2020

heart field, we quantified mitotic cells as a ratio between the right
and left heart fields. In control embryos, we observed asym-
metric proliferation, with significantly more mitotic cells on the
right side from E8.5f onward (Figure 6D). In contrast, in Nodal
mutants, no significant asymmetry was observed at E8.5e-i.
Thus, molecular and cellular analyses support a role for Nodal
in controlling the asymmetric proliferation of heart precursors.
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Figure 4. Quantification of Looping Defects in Nodal™*/™!:Hoxb1°*/+ Mutants
(A) Cranial views of the 3D-segmented heart tube in control and mutants at E9.5, with regions color coded based on Bmp2/Wnt11 expression and histology. The
samples are aligned with the notochord vertical. See also Videos S2, S3, S4, S5, and S6.

(legend continued on next page)
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Differentially expressed genes also include genes involved in
cardiomyocyte differentiation, such as Ttn, Tnnt1, and Vsnl1
(Figure 6E), which are significantly downregulated in Nodal mu-
tants. More generally, in a list of 112 cardiomyocyte differentia-
tion genes (Table S2), the vast majority is slightly downregulated
(Figures 6E and 6F). With a statistical bootstrap approach, we
conclude that there is a collective significant effect of Nodal inac-
tivation on cardiomyocyte differentiation. As a validation, we
imaged in 3D the expression pattern of Thnt7 and Vsnl1, encod-
ing a subunit of the slow skeletal troponin and a calcium-binding
protein, respectively (Figures 6G and 6H). Expression was de-
tected at the arterial (Thnt7) and venous poles (Thnt1 and
Vsni1). Tnnt1 was regionalized similarly to Nodal-ASE-lacZ (see
Figure 1F) in the left outflow tract and left atrium. Expression of
Tnnt1 was decreased in all Nodal mutant classes and bilateral-
ized in the atria of classes 1 and 2. Expression of Vsn/1 was
decreased at the venous pole (atria and proepicardium) of class
1, 2, and 3 mutants.

Other GO terms characterizing genes differentially expressed
in controls and Nodal mutants relate to collagen and the extra-
cellular matrix (Figure S5C). Several genes encoding extracel-
lular matrix proteins, such as Col1a1/2, Col3a1, Col5ai1/2,
Col9a3, Reln, Tnc, the extracellular matrix receptor ltga2b, or
the matrix metallopeptidase Mmp9, were significantly downre-
gulated in Nodal mutants (Figure 7A). This was validated by 3D
imaging of expression patterns. Tnc expression, which was de-
tected in the heart precursors and arterial pole (Figure 7B), as
previously reported (Stennard et al., 2005), was reduced in the
arterial pole of Nodal mutants. We found higher expression of
Mmp9 (Figures 7C and 7D) and Col5a2 (Figures 7E and 7F) on
the left in control embryos. Expression of Mmp9 in the outflow
tract overlaps with that of Pitx2, indicative of Nodal signaling
domain (Figure 7G). These asymmetries were lost in Nodal mu-
tants (Figures 7C-7E).

To gain insight into genes directly regulated by Nodal signaling
we performed bioinformatics analyses of the presence of asym-
metric enhancers (ASE) in the vicinity of differentially expressed
genes, corresponding to a pair of FoxH1-binding sites, as shown
previously in the bona fide Nodal direct target genes Nodal,
Pitx2, and Lefty2 (Saijoh et al., 1999; Shiratori et al., 2001).
40% of the genes differentially expressed in Nodal mutants,
including extracellular matrix genes (Tnc, Col5a1/2, Col3al,
Col1a2, Itga2b, Reln), and 50% of the cardiomyocyte differenti-
ation genes, such as Vsnl1, Gata4, Ttn, Mef2c, Tbx5, Actc1, and
Cacnald contained an ASE signature, which is a significant
enrichment compared with the total gene list (chi® test p =
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0.036 n = 481, 16,954; p = 0.0007 n = 112, 16,954) (Table S3).
All together these results indicate that Nodal signaling controls,
in part directly, the asymmetric expression of genes involved in
cardiomyocyte differentiation and extracellular matrix composi-
tion, whereas it controls indirectly, potentially via Pitx2, genes
involved in cell proliferation.

Thus, our molecular analyses identify effectors of Nodal
signaling, further supporting its role in amplifying left-right asym-
metries at the poles of the heart tube.

DISCUSSION

We have mapped in 3D the asymmetric contribution of Nodal-
expressing precursor cells to the heart tube poles and deter-
mined the time window of Nodal signaling, just before heart
looping. Our quantitative analyses in conditional mutants further
demonstrate that Nodal does not initiate asymmetric morpho-
genesis, but rather functions as a biasing signal, to coordinate
and amplify opposed left-right asymmetries at the heart tube
poles, and thus generate a robust helical shape. We have iden-
tified genes downstream of Nodal, which are involved in regu-
lating asymmetries in cell proliferation, differentiation or in the
composition of the extracellular matrix.

Nodal signaling has been initially identified as the first pathway
restricted to the left side of the embryo (Collignon et al., 1996;
Levin et al., 1995; Lowe et al., 1996). Nodal is not only required
in the node (Brennan et al., 2002) but also in the lateral plate
mesoderm (Kumar et al., 2008; Saijoh et al., 2003). Our condi-
tional mutant line indicates a requirement of Nodal in the lateral
plate mesoderm for the asymmetric morphogenesis of the heart,
lungs, and colon, but not for that of the spleen, stomach, and gut
affected in other Nodal mutants (Brennan et al., 2002; Kumar
et al., 2008; Lowe et al., 1996; Norris et al., 2002; Saijoh et al.,
2008). Using 3D reconstructions and more resolutive staging
criteria, we now provide a higher spatiotemporal resolution of
Nodal signaling in myocardial precursor cells, before heart loop-
ing. Pitx2, a known target of Nodal, was shown to be dispensable
for the proper direction of heart looping (Ammirabile et al., 2012;
Liu et al., 2002; Lu et al., 1999), thus, ruling out a role for medi-
ating the biasing function of Nodal. Our mutant analysis indicates
that the ASE enhancer of Pitx2 is required for the atrial situs, but
not for heart looping. Although Pitx2c was previously reported as
the only asymmetric isoform (Kitamura et al., 1999), we now pro-
vide evidence that Pitx2a/b isoforms are also expressed in the
lateral plate mesoderm and are redundant with Pitx2c to modu-
late heart looping. Upon inactivation of the three Pitx2 isoforms,

(B) The mean trace of the tube axis is represented by a dotted line showing the shape and direction of the heart loop in controls and mutants. The origin (position 0)
represents the exit of the outflow tract, seen on a transversal projection (perpendicular to the notochord). Other colored points are the centers of gravity of the
corresponding regions, with an additional point (black) at the interventricular sulcus. The arrow indicates the looping direction, from the venous to the arterial pole.
(C) Quantification of the orientation of the RV/LV axis relative to the notochord in controls and the different classes of mutants. Positive (blue) and negative
(orange) numbers correspond to the right and left position of the RV, respectively.

(D) Quantification of the lateral displacement of the venous pole.

(E and F) Quantification of the curvature of the outflow tract in the transversal (E) and sagittal (F) planes. Means and standard deviations are shown. *p < 0.05, **p <
0.01, **p < 0.001 (Kruskal-Wallis test compared with controls, n = 11 controls, n = 6, 5, 6, and 5 for classes 1, 2, 3, and 4, respectively). See also Figures S2
and S3.

(G-1) 3D images by HREM of control and mutant embryos. The expression of Wnt11 and Bmp2 is in red, the histology in gray. Section planes (G, frontal; H,
transverse at the arterial pole; |, transverse at the venous pole) and the control Wnt11/Bmp2 pattern are schematized on the right. Regionalization of the staining in
the outflow tract is schematized in the bottom right corner of panels in G. AVC, atrio-ventricular canal; L, left; LV, left ventricle; n, number of observations; OFT,
outflow tract; R, right; RV, right ventricle. Scale bars: 200 pm. See also Figures S2 and S3.
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Figure 5. Simulations of Looping Defects in Nodal Mutants by Randomized Laterality and Reduced Asymmetry at the Heart Tube Poles
(A-C) Superimposition of the mean heart loop shape (see Figure 4B), seen in a transversal projection, of controls and class 4 Nodal/™/™":Hoxb 1"+ mutants (A),
and of mirror imaged control hearts and class 1 mutants (B). The exit of the outflow tract is taken as a landmark for the alignment. The optimized alignment was
obtained by sequential rotations around the three axes as indicated. (C) Quantification of the misalignment, as the total distance between the mutant and control
landmark positions.

(D) Computer simulations of heart looping, with different input conditions. The control simulations are run with a 25° rotation of the arterial pole (arrow) and a 2.8-
fold asymmetric growth at the venous pole (arrowhead). In mutant simulations, the parameters were reduced by half (see the reduced size of arrows and ar-
rowheads). In simulated class 1, asymmetries at the arterial and venous poles were reversed, in simulated class 2 only the venous pole asymmetry was reversed,
in simulated class 3 only the arterial pole asymmetry was reversed. The RV/LV axis is marked by a dotted red line, joining the centroids of the two regions.

(E) Correlation (RZ, Pearson coefficient) between the observed and simulated RV/LV axes (n = 11 controls, n =6, 5, 6, and 5 for classes 1, 2, 3, and 4, respectively).
Means and standard deviations of the observed values are plotted (see Figure 4C). LV, left ventricle; NO, no optimization; AO, alignment optimization; RV, right
ventricle.
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anomalies of ventricle position had been reported (Kitamura
et al., 1999; Lin et al., 1999; Martin et al., 2010), which we find,
in the most severe cases, similar to one class of Nodal mutants.
Pitx2 mutants also display specific anomalies, not detected in
Nodal mutants, such as malposition of the atrio-ventricular ca-
nal, in agreement with previous reports (Kitamura et al., 1999;
Lu et al., 1999). Thus, Pitx2 mediates aspects of Nodal signaling
and has also independent roles. Our transcriptomic analysis
identifies targets of Nodal signaling, modulating the proliferation,
differentiation, and extracellular matrix composition of cardiac
cells, providing a mechanism for how Nodal may generate or
amplify molecular left-right asymmetries. Several of these tar-
gets (Tnnt1, Vsnl1, Col5a2, Mmp9, and Tnc) are expressed
asymmetrically in the heart tube poles or heart field, in agree-
ment with the contribution of Nodal-expressing cells. Our tran-
scriptomic data highlight downregulation in Nodal mutants of
many genes involved in myocardial differentiation, including
some previously identified in the context of left-right asymmetry,
such as Actal (Noél et al., 2013) or Hen4 (Pai et al., 2017),
whereas Myh10 expression (Linask et al., 2003) was unchanged.
Detection of an ASE enhancer suggests direct regulation by
Nodal signaling of half of our gene list, which will have to be
confirmed with biochemical approaches. Previous targets of
Nodal signaling had been identified in ES cells or during fish
gastrulation and mesendoderm specification (Bennett et al.,
2007; Brown et al., 2011; Coda et al., 2017; Guzman-Ayala
et al., 2009). We have detected little overlap with our gene list
(Nodal pathway components, Cyp26a1), in keeping with distinct
roles of Nodal in distinct tissues and at distinct stages. A com-
mon theme is a role of Nodal in cell differentiation, and potentially
in cell proliferation and rearrangements, relevant also to Nodal
re-expression during cancer progression and metastasis (see
Quail et al., 2013).

The phenotype of asymmetry can be decomposed into several
components: the initiation of the asymmetry, the fold difference
between the left and right, and the laterality of the difference, i.e.,
whether a left determinant is localized on the anatomical right or
left side. We show that Nodal is not required to initiate asym-
metric heart looping. In the absence of Nodal, heart looping is
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not randomized in the sense that specific shapes are generated,
rather than a continuum of random shapes. The observation of 4
classes of heart loop shapes with an equal frequency supports
the model that independent left-right asymmetries at the two
heart poles determine the loop shape. It is the laterality of these
asymmetries, which is randomized in Nodal mutants, but not the
process of asymmetry per se. Such a biasing role for Nodal has
also been reported for the stomach (Kumar et al., 2008; Saijoh
et al., 2003) or for the migration of the parapineal nucleus in
the fish diencephalon (Concha et al., 2000). In other instances,
Nodal is required to initiate asymmetry and its absence leads
to symmetrical phenotypes or isomerism. This is the case for
atrial identity, the formation of the mouse lungs and spleen
(Brennan et al., 2002; Kumar et al., 2008; Lowe et al., 2001; Sai-
joh et al., 2003), or for the expression of cxcr4b, an early marker
of the left habenular nucleus in the fish diencephalon (Roussigné
etal., 2009). Our quantitative analyses of shape further show that
Nodal mutant hearts are distinct from the control shape and from
a mirror image. This demonstrates a previously uncharacterized
role for Nodal in amplifying left-right asymmetries. Our transcrip-
tomic analysis provides molecular candidates for mediating this
amplification. The fact that the reversal of asymmetries does not
generate a perfect mirror image of organs may explain why situs
inversus totalis (incidence 3/100,000) is not always asymptom-
atic but can be associated with anomalies in the heart, spleen,
and intestinal rotation (Lin et al., 2014).

Our study supports the two-step model of asymmetric organo-
genesis proposed by Brown and Wolpert (1990) and provides a
demonstration of the concept of an organ-specific random gener-
ator of asymmetry. In the absence of Nodal, we show that some
degree of asymmetric morphogenesis occurs, as reported also
upon bilateral expression of Nodal, in Snail mutants (Murray
and Gridley, 2006). This is in agreement with the existence of a
generator of asymmetry that is independent of the Nodal left-right
bias. We had shown previously that heart looping can be repro-
duced by a buckling mechanism, when the heart tube grows be-
tween fixed poles (Le Garrec et al., 2017). Disruption of buckling,
when heart tube growth is impaired, leads to straight tubes, as
exemplified in Tbx20 or Nkx2-5 mutants (Lyons et al., 1995;

Figure 6. Nodal Targets Modulating Cell Proliferation and Differentiation

(A) Outline (blue) of the region isolated for RNA sequencing at E8.5e—f.

(B) Normalized sequence counts of genes associated with the cell cycle, differentially expressed fold change >1.2 or p < 0.05) in control (n = 4) and Nodal mutant
(n = 3) samples. *p < 0.05, ***p < 0.001 (DESeq?2). Whisker plots show the median, 25th, 75th quartiles (boxes), and the extreme data points (whiskers). See also
Table S1.
(C) Whole-mount immunofluorescence of the heart field marker Isl1 and the mitotic marker phospho-histoneH3 (P-HH3) in controls and mutants. White ar-
rowheads point to double positive cells. L, left; R, right. Scale bar: 200 um.
(D) Quantification of cell proliferation in the right and left heart field in control (n =4, 3, 4, 4, 4 at E8.5e, f, g, h, i, respectively) and mutant (n=1, 1, 1, 3, 2 at E8.5e, f, g,
h, i, respectively) embryos at the indicated stages of heart looping. Means, standard deviations, and confidence intervals (Cls) are shown for control samples.
Proliferation ratios significantly deviate from 1 in control samples from the E8.5f stage, indicating proliferation asymmetry. Proliferation rates are not significantly
different from a homogenous distribution between the left and right in any mutant sample (chi-square test of homogeneity).
(E) Normalized sequence counts of genes associated with cardiomyocyte differentiation, in control (n = 4) and mutant (n = 3) samples. *p < 0.05 (DESeq2).
(F) Bootstrap statistical analysis to compare the fold change in the expression of 112 cardiomyocyte genes (red), between controls and mutants, with that of 1,000
randomly sampled sets of 112 genes (blue). The mean fold change for cardiomyocyte genes (0.87) lies 17 standard deviations away from the mean of randomly
sampled sets (1.01), indicating a globally significant downregulation of genes involved in cardiomyocyte differentiation. See also Table S2.
(G) Brightfield images (left column) and 3D images by HREM (right columns) of Tnnt7 ISH in control (upper line) and mutant (lower lines) samples at E9.5. The
mutant class is indicated in the bottom (n =1, 3, 2, and 3 for classes 1, 2, 3, and 4, respectively). Filled and empty arrowheads point to high and low expression in
the inner curvature of the outflow tract (white) and left atrium (green), respectively. Note that Thnt1 expression is bilateralized in the atria of class 2-3 Nodal
mutants.
(H) Vsnl1 ISH in control (upper line) and mutant (lower lines) samples at E9.5. Filled and empty arrowheads point to high and low expression in the atria (green),
respectively. The mutant class is indicated in the bottom (n = 1, 2, 2, and 3 for classes 1, 2, 3, and 4, respectively) LA, left atrium; OFT, outflow tract; PE, pro-
epicardium; RA, right atrium. Scale bars: 400 um. See also Figures S4 and S5; Tables S1, S2, and S3.
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Figure 7. Nodal Targets Related to the Extracellular Matrix
(A) Normalized sequence counts of genes associated with the extracellular matrix, differentially expressed (fold change >1.2 or p < 0.05) in control (n = 4) and
mutant (n = 3) samples. *p < 0.05, **p < 0.01 (DESeqg?2). Whisker plots show the median, 25th, 75th quartiles (boxes) and the extreme data points (whiskers).

(legend continued on next page)
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Stennard et al., 2005). Computer simulations show that the buck-
ling mechanism in isolation generates random deformations,
whereas small left-right asymmetries at the tube poles are suffi-
cient to bias them. Our work points to the existence of left-right
asymmetries at the heart tube poles, independent of Nodal, which
orient the buckling of the heart tube. The nature of these asymme-
tries remains to be uncovered, whether they are stochastic, trivial
differences or whether they are genetically controlled asymme-
tries. The facts that the mutant heart loops are not a continuous
spectrum of random shapes and that pole asymmetries are clearly
detectable in Nodal mutants would support the latter hypothesis.
However, the underlying molecular mechanism remains unknown.
For the arterial pole rotation, the asymmetric cell proliferation that
we have observed in the heart field from E8.5g depends on Nodal
signaling and thus would not fit as a mechanism. More promising
would be actomyosin, which was shown to be important for the
later phase of heart looping in the fish, independently of Nodal
(Noél et al., 2013) or for the rotation of another tube, the fly hindgut
(Chougule et al., 2020). Asymmetries preceding that of Nodal are
evident in the brain, involving Fgf, Notch, or Wnt/B-catenin
signaling (see Gunturkun and Ocklenburg, 2017), or in the frog
embryo, involving ion channels or cytoskeletal rearrangements
(Pai et al., 2017).

For the looping of a tube, such as the embryonic heart, intrinsic
and extrinsic mechanisms can intervene, depending on whether
the asymmetric determinant acts inside or outside the tube. We
show that Nodal is transiently required in cardiac precursor cells
between E8.5c—e. This supports the idea of an extrinsic role of
Nodal for heart looping, i.e., in cells outside the heart tube.
Whether there are additional intrinsic determinants of heart loop-
ing, e.g., regulating differential growth within the tube, remains to
be demonstrated. Nodal-expressing cells contribute to the
myocardium of the arterial and venous poles, but neither to the
left ventricle nor to the majority of the right ventricle. This is remi-
niscent of the second myocardial lineage (Meilhac et al., 2004)
and is consistent with fate mapping of the left second heart field
(Dominguez et al., 2012). Our observations of largely negative
ventricles would thus suggest that cells of the first lineage are
not sensitive to left-right patterning. Indeed, they are defined first
(Meilhac et al., 2004), ingress first in the primitive streak (Le-
scroart et al.,, 2014), differentiate earlier (lvanovitch et al.,
2017), and reach the heart region (cardiac crescent) before the
node has become a left-right organizer at the late headfold
(LHF) stage (Kawasumi et al., 2011) and before the heart field ex-
presses Nodal at E8.5¢. Thus, the second heart field, which pro-
vides cells for the elongation of the heart tube, as a pre-requisite
of the buckling mechanism, and is patterned by Nodal signaling,
appears as a driving force of heart looping.
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Our quantification of the coverage of the Nodal-ASE-lacZ
staining suggests a 25% contribution of Nodal-expressing cells
to the heart poles at E9.5. Given the short time window of Nodal
expression and the perdurance of B-galactosidase a day later,
we expect that most of Nodal-expressing cells in the lateral plate
mesoderm are labeled with the Nodal-ASE-lacZ transgene,
compared with a hypothetical Nodal-ASE-Cre transgene, which
would induce a delay in the initial activation of a reporter. Nodal-
ASE-lacZ staining thus provides a 3D map of left derivatives in
the looped heart tube. The percentage below 50% raises the
questions of whether all left cells in the second heart field ex-
press Nodal, and/or whether left precursor cells contribute less
to the heart tube compared with right cells. The higher prolifera-
tion of cells that we detect in the right second heart field, as well
as the asymmetric contribution of right versus left grafts in the
chick precardiac mesoderm (Stalsberg, 1969) would support
the second hypothesis.

Our work provides insight into the left-right patterning of car-
diac cells, showing that it is a spatiotemporal dynamic process
rather than a single event. We have previously detected opposed
and sequential left-right asymmetries at the arterial and venous
poles (Le Garrec et al., 2017). We now report molecular left-right
patterning of the outflow tract (Wnt7117) and atria (Bmp2), which is
defective in Nodal and Pitx24ASE/4ASE mutants, consistent with
malposition of the great arteries and atrial isomerism at birth.
However, these molecular anomalies are not fully penetrant
and not predictive of a class of abnormal heart looping. This in-
dicates that left-right asymmetry is regulated independently in
the different segments of the heart, for the situs of the atria,
the position of the atrio-ventricular canal, the relative position
of the ventricles, and the regionalization of the outflow tract.
With more markers of the heart tube poles identified in our tran-
scriptomic analysis, the molecular signature of the asymmetry of
cardiac segments will be refined. Another cardiac asymmetry is
the curvature of the outflow tract, arising between E8.5j and
E9.5, under the control of Nodal. This curvature is not repro-
duced in our computer simulations, suggesting that it is not
related to the buckling. It is also not correlated with proliferation
differences (data not shown), leaving its origin unclear.

In the clinics, heterotaxy is a laterality defect associated with
mutations affecting the formation or signaling of the left-right
organizer (Guimier et al., 2015). The clinical picture is very vari-
able, in terms of associations of left-right anomalies between
different organs or between different heart segments (Desgrange
et al., 2019; Lin et al., 2014). Even looking at a single structure
such as the atria, the parameters of the anatomy of the append-
ages and of the connection of the inferior caval vein are not al-
ways concordant (Tremblay et al., 2017). This is the basis of

(B) Brightfield images (upper line) and 3D images by HREM (lower lines) of Tnc ISH in control (left column) and mutant (right columns) samples at E9.5 (n =2 in each
mutant class). Filled and empty arrowheads point to high and low expression, respectively, in the outflow tract (red), heart precursors (orange), and pro-

epicardium (blue).

(C and E) Mmp9 (C) and Col5a2 (E) expression detected by whole-mount RNAscope ISH at E8.5g-h. Filled and empty white arrowheads point to high and low
expression, respectively, in the heart field and myocardium. Asterisk, blood autofluorescence.

(D and F) Corresponding quantification of asymmetric expression in controls and mutants. *“p < 0.01 (Student’s t test compared with controls, n = 5 controls, 4
mutants for Mmp9 and n = 3 controls, 6 mutants for Col5a2). The orange dotted line indicates symmetric expression. Signal in the endocardium (e) is not

quantified.

(G) Co-expression of Pitx2 and Mmp9 in the left outflow tract (outline) by whole-mount RNAscope ISH at E9 (n = 1). CpM, cardiopharyngeal mesoderm; L, left; LV,
left ventricle; PaM, paraxial mesoderm; R, right; RV, right ventricle. Scale bars: 400 (B) and 100 (C, E, and G) pm. See also Table S3.
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debates in the nomenclature of heterotaxy, for the qualification
of isomerism (Jacobs et al., 2007). Clinical variability may relate
to the fact that left-right asymmetry is regulated independently at
different levels and that Nodal regulates either the initiation or the
laterality of asymmetry. The previous focus on the symmetry-
breaking event as a binary decision (left, right) has masked the
dynamics of left-right patterning. In the future, it will be important
to correlate classes of abnormal heart loop shapes with specific
congenital heart defects. Quantifications of the contribution of
different factors to the fine shape of the heart loop, not just its di-
rection, are expected to provide novel perspectives in under-
standing the origin of severe congenital heart defects associated
with heterotaxy or other types of cardiac chamber misalignment.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Isl1 and Isl2 homeobox DSHB 39.4D5; RRID: AB_2314683

Recombinant Anti-Histone H3 (phospho Abcam ab32107; RRID: AB_732930

S10 + T11) antibody

Phospho-Smad?2 (Ser465/467) Rabbit mAb Cell Signaling 3101; RRID: AB_331673

Goat anti-rabbit Alexa Fluor 546 secondary
antibody

Goat anti-mouse IgG2b Alexa Fluor 488
secondary antibody

Streptavidin Alexafluor conjugated 546

Thermofischer scientific

Thermofischer scientific

Invitrogen

A11035; RRID: AB_2534093

A21141; RRID: AB_2535778

S$11225; RRID: AB_10626776

Hoechst 33342 Life Technologies H3570
Chemicals, Peptides, and Recombinant Proteins

SB 505124, ALKS5 inhibitor Abcam ab144402
Critical Commercial Assays

JB-4 embedding kit Polysciences 00226-1
RNeasy micro kit Qiagen 74004
Reverse transcription kit Qiagen 205311
Universal Plus mRNA-seq kit Nugen 0508-96
RNAscope multiplex fluorescent Biotechne (ACD) 323110
detection Kit

TSA cyanine 5 reagent pack Akoya Bioscences SAT704A001EA
Deposited Data

GEO submission GSE148123 NCBI GSE148123
Experimental Models: Organisms/Strains

Mouse: Wild-type C57BI6J Jackson MGI:3028467
Mouse: Noda/™/fex Lu and Robertson, 2004 MGI:3056345
Mouse: Nodal-ASE-LacZ Norris and Robertson, 1999

Mouse: Hoxb1°"®/* Arenkiel et al., 2003 MGI:2668513
Mouse: Pitx244SE Shiratori et al., 2006 MGI:3767234
Mouse: Pitx2c™ /! Liu et al., 2002 MGl:2445428
Mouse: Pitx2abcim?Sac/tm1Sac Gage et al., 1999 MGI:1857844
Mouse: Pitx2abc!™"/m/tm1Jim Lu et al., 1999 MGI:2136268
Oligonucleotides

Nodal reverse primer This paper. N/A
CCTGACTCAAAACCCAAGGC

Nodal forward primer This paper. N/A
ATTCCAGCAGTTGAGGCAGA

Nodal forward primer This paper. N/A
CCACCCAATTTCTAGCCCAG

Mouse Tnnt1 antisense riboprobe This paper. N/A
generation

Fwd: 5" to 3’

GGTCAAGGCAGAACAGAAGC

Mouse Tnnt1 antisense riboprobe This paper. N/A

generation Rev+T7: 5’ to 3’
TAATACGACTCACTATAGCTC
CACACAGCAGGTCATGT
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse Tnc antisense riboprobe generation
Fwd: 5’ to 3’ ctaccatcgccaccaagttt

Mouse Tnc antisense riboprobe generation
Rev+SP6: 5’ to 3° ATTTAGGTGAC
ACTATAGattcttctctgcggtctcca

Mouse Nodal primer for RTgPCR
Fwd: 5’ to 3° GGCAACGCCGACATCATTTG

Mouse Nodal primer for RTQPCR
Rev: 5’ to 3 CAGCAGGCTCTGGATGTAGG

Mouse Pitx2c primer for RTQPCR

Fwd: 5’ to 3’
GAGGTGCATACAATCTCCGATA
Mouse Pitx2c primer for RTQPCR

Rev: 5’ to 3° TGCCGCTTCTTCTTGGAC
Mouse Lefty2 primer for RTgPCR

Rev: 5’ to 3’
CACAATTGCCTTGAGCTCCGTAGTC
Mouse Lefty2 primer for RTgPCR
Fwd:5 to 3
ATCGACTCTAGGCTCGTGTCCATC
Mouse Pitx2ab primer for RTQPCR
Rev: 5’ to 3 ACTTGGCACCCTCAAGATCC
Mouse Pitx2ab primer for RTqPCR
Fwd: 5’ to 3’
CTCCCATTCCCGGTTATCGGC
RNAscope probe Mm-Col5a2-O1
RNAscope probe Mm-Mmp9

This paper

This paper

This paper.

This paper.

This paper.

This paper.

This paper.

This paper.

This paper.

This paper.

Biotechne (ACD)
Biotechne (ACD)

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

538021
315941

Recombinant DNA

pBSSK-Bmp2

pBSSK-Lefty2

pBSSK-Pitx2
pBKCMV-Sema3c
PYXASC-Vsnl1

pWnt11

Saijoh et al., 1999

L’Honoré et al., 2007
Feiner et al., 2001
Ola et al., 2012

Gift from C. Vesque, Developmental
Biology Laboratory, IBPS

Gift from J. Collignon, Institut
Jacques Monod

Gift from J. Drouin, IRCM
Gift from R. Kelly, IBDM

Gift from H. Sariola, Developmental biology,
University of Helsinky

Gift from S. Evans, UCSD

Software and Algorithms

ImageJ/Fiji
Imaris
lcy

Gftbox algorithm
Matlab Finite Element Analysis package
simulating biological growth

ClustVis
Matlab
R
Fuzznuc
Prism

Schindelin et al., 2012
Bitplane
de Chaumont et al., 2012

Kennaway et al., 2011; Le Garrec
etal., 2017

Metsalu and Vilo, 2015

The Mathworks

R Project for Statistical Computing
EMBOSS-MS software

Graphpad

RRID:SCR_002285
RRID:SCR_007370
RRID:SCR_010587

http://cmpdartsvr3.cmp.uea.ac.uk/wiki/
BanghamLab/index.php/Software

RRID : SCR_017133
RRID: SCR_001622
RRID: SCR_001905

RRID: SCR_002798
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sigolene
M. Meilhac (sigolene.meilhac@institutimagine.org)

Material Availability
This study did not generate new unique reagents.
All stable reagents generated in this study are avaible from commercial sources or the Lead Contact without restriction

Data and Code Availability
The RNAseq dataset generated during this study is available at the NCBI Gene Expression Omnibus (GEO) database with the acces-
sion number GEO: GSE148123.

The published article includes all codes generated or analysed during this study (see Data S1 and S2)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type mouse embryos were from a C57BI6J genetic background. The Nodal-ASE-lacZ transgenic line (Norris and Robertson,
1999), Nodal™°% (Lu and Robertson, 2004), Pitx24ASE/4ASE (Shiratori et al., 2006) and Pitx2c™"™! (tm3.1Jfm allele) (Liu et al.,
2002) were maintained in a mixed genetic background. The Pitx2abc™'Sa¢/m1Sac (Gage et al, 1999) line was maintained in
C57BI6/J; the Pitx2abc™ WM/ tm1Jim | || et al, 1999) line was maintained in 129S4/SvJaeS (milder phenotypes) or C57BI6/J (most se-
vere phenotype) backgrounds. Nodal™"* mice were generated by crossing Nodal™/"°* males with Mef2cAHFCre transgenic fe-
males (Verzi et al., 2005) and then crossed to Hoxb1°®* (Arenkiel et al., 2003). Nodal™"*;Hoxb1°"®* males were maintained in a
mixed genetic background and crossed to Nodal”* females to generate Nodal conditional mutants. Both male and female em-
bryos were collected and used randomly for experiments. Embryonic day (E) 0.5 was defined as noon on the day of vaginal plug
detection. Heart looping stages from E8.5c to E8.5j were defined according to the previously published nomenclature (Le Garrec
et al., 2017), whereas E8.5a and E8.5b are equivalent to EHF and LHF stages respectively (Downs and Davies, 1993). The number
of somites was evaluated from the HREM images. All embryos were genotyped by PCR. For the genotyping of Nodal alleles, primers
were designed to detect the wild-type (540b), floxed (590b) and deleted (1050b) alleles. Animals were housed in the Laboratory of
Animal Experimentation and Transgenesis of the SFR Necker, Imagine Campus, Paris and in the animal facility of the Institut Pasteur.
Animal procedures were approved by the ethical committees of the Institut Pasteur and Paris Descartes and the French Ministry of
Research.

METHOD DETAILS

Embryo Culture

For drug treatment, wild-type E8.5 embryos were collected in Hank’s solution. We tested a range of drug concentrations (20-50uM) to
avoid toxicity on embryo development and promote efficient Pitx2 downregulation. A working concentration of 50uM of SB505124 or
an equivalent volume of the adjuvant (DMSO) were added to the 75% rat serum, 25% T6 medium, supplemented with 1X Penicillin/
Streptomycin. Embryos were cultured with 5% CO,, 5% 02, in rolling bottles in a precision incubator (BTC Engineering, Milton, Cam-
bridge, UK). At the end of the treatment, embryos were rinsed in PBS and fixed in paraformaldehyde (PFA) 4%. Brightfield images
were acquired at the beginning and the end of the culture with a Zeiss AxioCamICc5 Camera and a Zeiss StereoDiscovery V20 ste-
reomicroscope with a Plan Apo 1.0X objective. Drug treatment over 8 hours did not affect overall embryo development, as quantified
by the number of newly added somites (3.1+0.6 and 2.8+0.5 somites in DMSO (n=8) and SB505124 (n=29) treated embryos respec-
tively, p=0.19, Wilcoxon test).

Wholemount B-galactosidase Staining and Immunofluorescence

Embryos were collected at E8.5 or E9.5. The heart was arrested in diastole with 250mM KCL (E9.5). Nodal-ASE-LacZ transgenic em-
bryos were fixed in 4% PFA - 5mM EGTA - 2mM MgCI2 for 10min. Embryos where then permeabilized in 0.2% NP40 -2mM MgCI2 -
0.1% sodium deoxycholate 30min and stained overnight in Xgal solution. Immunofluorescence on whole mount E8.5 embryos was
performed after removal of the left headfold as a landmark, using CUBIC clearing as described in (Le Garrec et al., 2017), with
Hoechst as a nuclear counterstain. Multi-channel 16-bit images were acquired with a Z.1 lightsheet microscope (Zeiss) and a
20X/1.0 objective. Automatic detection of mitotic cells was performed with the Spots plugin of Imaris and co-localisation with Isl1
staining was evaluated manually. Given morphological variations in mutant embryos, their stage of development was evaluated
based on the length of the heart tube, using the quantifications of Le Garrec et al. (2017) as a reference. P-Smad2 staining was adapt-
ed from Kawasumi et al (2011). E8.5 embryos were fixed 2h in 4% PFA, and gradually dehydrated into methanol. We used 3% H,0,
for bleaching before rehydratation. Samples were blocked with the TSA Blocking Reagent (Perkin Elmer), incubated with the primary
antibody Phospho-Smad2 (1/50) during 48h at 4°C and 4h with the Alexa Fluor conjugated secondary antibody (1/500). Embryos
were then cleared in gradually concentrated glycerol before imaging with a fluorescent Stereomicroscope in 80% gycerol.
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RT-qPCR

At earlier stages (LHF-E8.5d), cardiogenic regions were isolated as shown in Figure 2A. From E8.5e, the heart tube was removed.
From E8.5c the heart field was bisected to keep the left half only. The posterior boundary is set at the level of the second somite,
in agreement with fate maps (Dominguez et al., 2012). At E9.5, embryos were cut into three pieces: “the head” until the second bran-
chial arch, the “heart region” until the proepicardium and depleted from the neural tube, the rest as “the tail”. The tissue was flash
frozen in liquid nitrogen. RNAs were extracted in TRIzol-Chloroform and purified using the RNeasy micro kit. Reverse transcription
was carried out using the Quantitect Reverse Transcription kit. Quantitative PCR was carried out using a real-time PCR system (Bio-
Rad), and primers as listed in the Key Resources Table. Polr2b was chosen from the RNA-seq dataset as a reference housekeeping
gene, because of its expression in the range of Nodal pathway components (2000 counts), with no variability between samples,
including controls and mutants. The mRNA expression levels were measured relatively to Polr2b and normalized with a reference
cDNA sample (pool of 4 embryos at E8.5c, d, g, and j), using the standard AACt method.

RNA In Situ Hybridisation

ISH was performed on wholemount embryos after fixation in PFA 4% and dehydratation in methanol 100% following standard pro-
tocols. Lefty2, Pitx2, Wnt11, Bmp2, Sema3c, Vsnl1 riboprobes were transcribed from plasmids. Tnc and Tnhnt1 probes were synthe-
tized by PCR, using primers listed in the Key Resources Table. Hybridization signals were detected by alkaline phosphatase (AP)-
conjugated anti-DIG antibodies (1/2500; Roche), which were revealed with NBT/BCIP (magenta) substrate (Roche). After staining,
the samples were washed in PBS and post-fixed. Brightfield images were acquired with a Zeiss AxioCamICc5 Camera and a Zeiss
StereoDiscovery V20 stereomicroscope with a Plan Apo 1.0X objective.

RNAscope ISH was performed with Mutliplex Fluorescent v2 Assay (Advanced Cell Diagnostic, cat. no.323110). E8.5 embryos
were fixed 24h in PFA at 4% and dehydratated in methanol 100%. The protocol was adapted from (de Soysa et al., 2019). mm-
Col5a2-C1 (Cat No. 538021) and mm-Mmp9-C1 (Cat No. 315941) probes were used, together with Hoechst as a nuclear counter-
stain. Amplification steps were performed using the TSA cyanine5 amplification kit (Akoya Bioscence). Samples were then trans-
ferred in R2 CUBIC clearing reagents. Multi-channel 16-bit images were acquired with a Z.1 lightsheet microscope (Zeiss) and a
20X/1.0 objective.

HREM (High-Resolution Episcopic Microscopy)

Embryos or hearts were collected and embedded in methacrylate resin (JB4) containing eosin and acridine orange as contrast agents
(Le Garrec et al., 2017; Desgrange et al., 2019). One or two channel images of the surface of the resin block were acquired using the
optical high-resolution episcopic microscope (Indigo Scientific) and a 1X Apo objective repeatedly after removal of 1.56-1.7 pm (em-
bryos) and 2.34 um (hearts) thick sections: the tissue architecture was imaged with a GFP filter and the staining of enzymatic pre-
cipitates with a RFP filter. The dataset comprises 500-1700 images of 0.96-1.85 um resolution in x and y depending on the stage.
Icy (de Chaumont et al., 2012) and Fiji (ImageJ) softwares were used to crop or scale the datasets. 3D reconstructions were per-
formed with the Fiji plugin Volume Viewer or Imaris (Bitplane).

RNA Sequencing

Embryos were microdissected and the tissue was flash frozen in liquid nitrogen. RNA was extracted in TRIzol-Chloroform and purified
using the RNeasy micro kit. RNA quality and quantity were assessed using RNA Screen Tape 6000 Pico LabChips with the Tape Sta-
tion (Agilent Technologies). All RINs were higher than 9.0. The library was established using the Nugen Universal Plus mRNA-Seq kit,
using 20 ng of total RNAs as recommended by the manufacturer. The oriented cDNAs produced from the poly-A+ fraction were PCR
amplified (15-18 cycles). An equimolar pool of the final indexed RNA-Seq libraries was sequenced on an lllumina HiSeg2500, with
paired-end reads of 130 bases and a mean sequencing depth of 58 millions per sample. The RNA-seq data are available in the
NCBI Gene Expression Omnibus (GEO) database with the accession number GEO: GSE148123.

FEA Modeling of the Heart Tube

The model is based on the GFtbox finite element analysis software, using a cylindrical mesh, with fixed poles and a dorsal constraint
simulating the progressive breakdown of the dorsal mesocardium (Le Garrec et al., 2017). At each successive step during a simu-
lation, each element is deformed according to a growth tensor field specified from the hypotheses of the model.

The control model is based on the following input parameters, chosen to simulate the control shape (Le Garrec et al., 2017) : basic
longitudinal growth (2.5%, with a peak value of 5% ventrally between steps 1-40), 25 degree rightward rotation at the arterial pole
(1.1% circumferential growth per step, positive on the left side, negative on the right side), asymmetric longitudinal growth at the
venous pole (peak value of 7% on the right, 2.5% on the left), circumferential growth in the ventricles (0.9% in the ventral right
ventricle, 0.4% in the dorsal right ventricle, 1.4% in the left ventricle). Simulations were run for 100 steps. The MATLAB code con-
taining the interaction function of the GFtbox model, and used to generate the control shape in Figure 6A, is provided in Data S1.

The simulations of the mutant shapes were obtained by a 50% reduction in the intensity of the asymmetries at both poles and by
simulating the four possible combinations of lateralization at the arterial/venous poles: normal/normal, normal/inverted, inverted/
normal and inverted/inverted. The MATLAB code containing the interaction function of the GFtbox model, and used to generate
the mutant shapes in Figure 6A is provided in Data S2. This code is edited to run the inverted/inverted combination ("Class 1"),
the alternative codes for each of the three other combinations being included as commented lines under the headings "Class 2-4".
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Phenotyping at Perinatal Stages

The situs and anatomy of visceral organs were evaluated by micro-CT imaging (Quantum FX, perkin Elmer) after 72h of Lugol staining
(Desgrange et al., 2019). The heart structure was phenotyped on 3D reconstruction of HREM images, based on the segmental
approach (Van Praagh, 1972).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of the Proportion of 3-galactosidase Staining

Hearts were segmented from HREM images using the IMARIS software (Bitplane). The contour of the myocardium was manually out-
lined at regular Z intervals of the GFP channel, and the Create Surface function was used to reconstruct the 3D surface. Signal of the
B-galactosidase staining intersecting with the myocardium was obtained using the “mask selection” function to extract a new chan-
nel and create another 3D surface. The volume of each surface was extracted and the proportion of the stained myocardium was
calculated.

Quantification of the ISH Signal

Brightfield images were transformed into 8 bit images and black and white were inverted. Two Regions of Interest (ROls) were drawn,
around the right and left lateral plate mesoderm, as schematized in Figure 2C. The average intensity signal of each ROl was used to
calculate the left/right ratio.

Quantification of Inmunoflorescence and RNAscope ISH Signal

The cardiac region was segmented in the 3D lightsheet images using the IMARIS software (Bitplane). The heart/myocardium and
heart field were manually outlined at regular intervals of the Hoechst channel and the Create surface function was used to reconstruct
the 3D surface. The headfolds and second somite were used as cranial and caudal boundaries of the heart field respectively. This
surface was bisected, using the notochord as a midline reference for the heart field, to extract the P-HH3, Mmp9 or Col5a2 channels
on the left and right sides. We used the Spot Detector tool to count the number of mitotic cells or RNA molecules and calculate the
left/right ratio.

3D Rendering and Visualisation

We used Fiji Volume Viewer plugin to assess in situ labeling within the heart tube in 3D. In parallel we segmented the myocardium from
HREM using the IMARIS software (Bitplane). This 3D surface was used to extract the RFP channel corresponding to in situ signal
within the object. The extracted signal was used to automatically generate a corresponding 3D surface.

Quantification of the Geometry of the Heart Loop

From the 3D reconstruction of the myocardium contour, the axis of the cardiac tube was extracted, using eight landmarks along the
length of the tube. Three of these landmarks were obtained with the IMARIS Oblique Slicer function intersecting the tube perpendic-
ularly, and by computation of the centroid of the polygon (MATLAB geom3d library : function polygonCentroid3d) : one at the exit of
the outflow tract, one at the sulcus between the two ventricles, and one at the bifurcation of the two atria. The five other landmarks
were obtained by sub-division of the volume into the outflow tract (positive for Wnt17), the right ventricle (without cushions), the left
ventricle, the atrio-ventricular canal and left atrium (positive for Bmp2) and the right atrium. The center of gravity of each of these
volumes was computed, using IMARIS.

The 3D coordinates of the eight landmarks were used to draw the loop of the tube axis as shown in Figure 4. All the hearts were
aligned so that the notochord coincides with the Z axis, and the dorsal-ventral axis with the X axis. This alignment was performed
using two landmarks on the notochord and two landmarks defining the bisectrix of the neural groove, then applying two successive
3D rotations to the axis coordinates, using an in-house MATLAB code: first a rotation aligning the notochord with the Z axis, then a
rotation aligning the dorsal-ventral axis with the X axis. All measurements shown in Figure 4 were done on these alignments and aver-
aged for all analysed samples (n indicated in Figure 4A). The orientation of the RV/LV axis relative to the notochord, the distance of the
venous pole (taken as the bifurcation of the tube) relative to the notochord, the distance between the poles and the tube length, the
rotation of the tube at E8.5f were calculated as in Le Garrec et al., 2017. The OFT angles were directly measured on the aligned loops
after projection on the indicated planes (transversal : XY; sagittal : XZ). E8.5f Nodal mutants in Figure S3C were classified as rightward
or leftward depending on the number of asymmetric points in the arterial half of the heart tube (from 75um after the bifurcation).

Superimposition of the loops shown in Figure 5 was obtained by optimization of composite 3D rotations (combining rotations
around the three coordinate axes) of the mutant loops relative to the control loop. The 3 basic rotation matrices were each succes-
sively incremented by 1° and combined in alternative order (because of non-commutation) to explore the full space of 3D rotations
around the exit of the outflow tract taken as a fixed point. Optimization was obtained by minimizing the sum of the euclidean distances
between each of the seven mutant landmarks and the corresponding control landmarks. The computations were implemented in
MATLAB.

Quantifications of the rotation of the arterial pole and the left displacement of the venous pole at E8.5 were performed as described
in Le Garrec et al., 2017 from HREM and lightsheet images respectively.
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Principal Components Analysis and clustering

A Principal Components Analysis was performed on 33 variables describing the heart loop in 22 Nodal conditional mutants. All
segmented hearts were registered, using the exit of the outflow tract as origin, the notochord as Z-axis, and the dorsal-ventral
axis as X-axis. The variables are the X, Y, and Z coordinates of 6 landmarks along the loop (outflow tract, right ventricle, inter-ven-
tricular sulcus, left ventricle, atrio-ventricular canal/left atrium, right atrium -see Figure 4A), as well as the angles between the 5
segments defined by these landmarks and projected on the 3 planes perpendicular to the embryonic axes (dorsal-ventral, cra-
nial-caudal, left-right). Variance scaling was applied by dividing the coordinate variables by the ratio between their average standard
deviation and the average standard deviation of the angular variables. The covariance matrix and its diagonalization were then
computed with Matlab. The 4 highest eigenvalues, cumulatively accounting for 85% of the total variance, were retained together
with their eigenvectors for clustering, using the ClustVis R-package (Metsalu and Vilo, 2015), with correlation distance and average
linkage.

Bioinformatics Analyses of the RNA Sequences

FASTQ files were mapped to the ENSEMBL [Mouse GRCm38] reference using Hisat2 and counted by featureCounts from the Sub-
read R package. Read count normalisations and group comparisons were performed by three independent and complementary sta-
tistical methods: DESeq2, edgeR and LimmaVoom. Flags were computed from counts normalized to the mean coverage. All normal-
ized counts <20 were considered as background (flag 0) and >=20 as signal (flag=1). P50 lists used for the statistical analysis regroup
the genes showing flag=1 for at least half of the compared samples. Unsupervised cluster analysis was performed by hierarchical
clustering using the Spearman correlation similarity measure and average linkage algorithm. The results of the three methods
were filtered for differentially expressed genes between control and mutant samples, on the basis of a p-value lower than 0.05
and a fold change greater than 1.2. Functional analyses were carried out using the Gene Ontology database (PANTHER Overrepre-
sentation test).

Bioinformatics Analysis of ASE Elements
The analysis was performed as described in Guzman-Ayala et al., 2009 on the Ensembl GRch38 mouse reference genome (48,526
genes). Nodal, Lefty2 and Pitx2 were used as positive controls.

Bootstrap Inference on Transcriptomic Data

In order to assess how significantly genes of cardiomyocyte differentiation deviate from the average gene expression fold change
between control and mutant samples, a bootstrap method was applied. The analysis was restricted to the 9,375 genes with a min-
imum of 150 normalised counts (see Figure S5B). 112 were selected as cardiomyocyte differentiation (Table S2), because they
encode sarcomere components, ion channels, transcription factors, adhesion proteins or signals required for cardiomyocyte differ-
entiation, or on the basis of previous RNA-seq datasets (DelLaughter et al., 2016; Li et al., 2016). The 9,375 genes were resampled
1,000 times, with replacement, into sub-samples of 112 genes (MATLAB RandStream method using the Mersenne twister generator).
The means and standard deviations of the fold change distribution between mutant and control embryos for these 1,000 bootstrap
samples were assessed, and compared to the mean and standard deviation for the 112 genes of cardiomyocyte differentiation.

Statistical Analysis

Sampile size was checked post-hoc, using the calculator powerandsamplesize.com, in order to ensure a power of at least 0.8, with a
type | error probability of 0.05, with an effect size of 20%. The collection of full litters was used to randomise imaging experiments.
Group allocation was based on PCR genotyping. 3 outliers were excluded from geometric analysis based on a lower number of so-
mites (Figures 4 and S2). One mutant sample was discarded from the RNA-seq analysis because of a poor gene coverage. All sample
numbers (n) indicated in the text refer to biological replicates, i.e. different embryos. Investigators were blinded to allocation during
imaging and phenotypic analysis, but not during quantifications. Tests were performed with Excel and R. The correlation between
two data series was quantified by the square of the Pearson coefficient R2. The regression line was computed using the least square
method. Comparisons of two centre-values were done on the average, or the geometrical mean when ratios were compared, using a
Student two-tailed test. When more than two centre-values were compared, an ANOVA was calculated, with a Tukey Kramer post-
hoc test, unless a normal distribution could not be assumed, in which case a Kruskal Wallis test was used. For comparing left and
right angles at successive positions, a paired Student test was used. The 95% confidence intervals for the mean were calculated
assuming a normal distribution of measurements. A chi? test was used to evaluate the randomisation of class frequency and the sym-
metry of proliferation rates between left and right heart precursors.
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Supplemental figures

Fig. Sl related to Fig. 3. Disruption of Nodal signalling in Nodal"®™":Hoxb1*
mutants.

(A) Brightfield images of Hoxb1“"®";R26-*“* embryos showing B-galactosidase staining in
the posterior mesoderm (orange arrowhead), but not the node (black arrowhead) at the

indicated stages. The heart (h) is outlined in black. Hoxb1“"®* targets heart precursors in the
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posterior heart field (Bertrand et a., 2011). However, since Nodal signalling isinitiated lateral
to the node and propagates anteriorly by auto-activation (Lowe et a., 1996; Vincent et a.,
2004), Nodal"™™!:Hoxb1“"?* conditiona mutants are deprived of Nodal signaling
throughout the lateral plate mesoderm. (B) Wholemount immunofluorescence of the Nodal
effector Phospho-Smad2 showing active Nodal signalling in left perinodal cells (white
arrowhead) in control and Nodal mutant samples at the late headfold (LHF) stage. The node is
outlined in white. (C) At E8.5¢c Phospho-Smad?2 is detected in the left lateral plate mesoderm
(orange arrowhead) of control, but not mutant (white arrowhead) embryos. (D-E) ISH of the
indicated Nodal targets, showing no expression in the left lateral plate mesoderm of mutant
(white arrowheads) compared to control (orange arrowheads) embryos at E8.5d-h. The
symmetrical expression of Pitx2 in the oral ectoderm (yellow arrowheads) and yolk sac (black
arrowheads) is maintained in Nodal mutants, in agreement with previous reports (Constam
and Robertson, 2000; Mucchielli et al., 1996; Schweickert et al., 2000). From 23 mutant
embryos stained (C-E) and 3 analysed by RNAseq (Fig. S5), we can calculate (by random
sampling of 4 distinct populations) that there is a 0.5% probability to have missed a class of
mutants (see Fig. 3), which is thus an unlikely event. (F) We have further analysed Nodal
mutants with the mildest phenotype (Class 4) at E9.5 and found no cardiac Pitx2 expression
(red arrowheads). This supports complete disruption of Nodal signalling in all mutant classes,
rather than a dose effect in each class. cc, cardiac crescent; LHF, late headfold stage; LPM,

lateral plate mesoderm; n, number of observations. Scale bars. 200um.
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Figp S2 related to Fig 4. Normal growth and buckling parameters in

Nodal"""- Hoxb1°"®* mutant hearts.

Quantification of the length of the heart tube (A), of the volume of the outflow tract (B), the
right (C) and left (D), ventricles, the atrio-ventricular canal/left atrium (E) and the right atrium
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(F), of the distance between the heart tube poles (G) comparatively in control and the different
classes of Nodal mutant hearts at E9.5. Means and standard deviations are shown in red, with
no significant difference between controls and mutants (ANOVA, n=11 controls and n=6, 5,
6, 5for classes 1, 2, 3, 4 respectively). (H) Transverse sections of HREM 3D images showing

the absence of dorsal mesocardium (arrowhead) in control and mutants. Scale bar: 200um.
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Fig. S3 related to Fig. 4. Rotation and curvature of the outflow tract in

Nodal">™"-Hoxb1%®* mutants

(A) Sagittal views of the 3D segmented heart tube in control and mutants at E9.5, with
regions colour-coded, based on Bmp2/Wntl1l expression and histology (n=11 controls and
n=6, 5, 6, 5 for classes 1, 2, 3, 4 respectively). (B) The mean trace of the tube axis for control
and mutant hearts is indicated by a dotted line and shown on a sagittal projection relative to
the notochord axis. The origin (position 0) represents the exit of the outflow tract. Other
colored points are the centers of gravity of the corresponding regions, with additional points at
the interventricular sulcus (black) and the bifurcation of the atria (grey). n as in Fig4A. (C)
Quantification of the arterial pole rotation at E8.5f, as the left-right difference in the angle
between the heart tube and the dorsal pericardial wall. The black line shows the mean and

standard deviations of 5 littermate controls. Mutants are classified as rightward or leftward
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depending on the angle difference observed from position 75um. Examples of transverse
embryo sections are shown below. The position, along the notochord, of sections is measured
as the distance to the bifurcation between the two atrial regions (um). (D) Quantification of
the displacement of the venous pole in control and mutants at E8.5h. Mutants are plotted
individually, because classes 1-4 of mutants cannot be determined at this stage. AVC, atrio-

ventricular canal; n=number of observations. Scale bars: 100pum.
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Fig. $4 related to Fig. 6. Expression and role of Pitx2c during heart looping

(A) Pitx2c was previously reported as the asymmetrically expressed isoform of Pitx2
(Kitamura et al., 1999; Schweickert et al., 2000). Quantification of Pitx2c expression by RT-
gPCR, relative to Nodal (see Fig. 2A, same n) in control embryos. Both expressions are
initiated at E8.5¢c. Means and standard deviations are shown. (B) ISH of Pitx2 (3 isoforms) at
the indicated stages, showing asymmetric expression in the left latera plate mesoderm
(orange arrowheads) and bilateral expression in the oral ectoderm (yellow arrowheads) in
control embryos, as well as in Pitx2c mutants. (C) Quantitative expression of Pitx2 isoforms
(@b and ¢) by RT-gPCR in microdissected regions of control (n=4) and Pitx2c mutant
embryos (n=4). (D-F) Phenotype of an alelic series of Pitx2 mutant embryos at E9.5 (E-F)
and E10 (D). Brightfield images of the embryo (first line) and heart loop (second line) are
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shown. The dotted lines highlight the alignment of the ventricles. HREM images (third line)
show Bmp2 expression (red) in the atrial region, which is abnormally bilateral in Pitx2 ¥ AE
mutants. The mean trace of the tube axis was reconstructed (bottom lines, n=3, 3 (D), n=2, 4
(E), n=2 of the intermediate phenotype (F)) with the same colour code as in Fig. 4B. The
orange arrowhead points to the position of the atrio-ventricular cana (empty arrowhead,
abnormal). (G) Quantification of the lateral displacement of the venous pole. *p-value<0.05
(one-way ANOVA with Tukey Kramer post-hoc test, n=8, 3, 3, 2, 4, 2, 3). HF, heart field;
LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. n, number of

observations. Scale bars: 200um (B, F for transversal section), 500um (D, E, F for right and
ventral views).
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Fig. S5 related to Fig. 6. Transcriptomic analyses in control and Nodal"*™": Hoxbh1“"®*

mutants.

(A) Normalised sequence counts of genes validating the genotypes of control
(Nodal"™*;Hoxb1""*) and mutant (Nodal"®™":Hoxb1°"®*) embryos. The Nodal target Lefty2
is the most downregulated gene of the dataset. fc, fold change. (B) Normalised sequence
counts of genes validating the microdissection, by removal of head, posterior and dorsal
markers and enrichment of heart field (HF) markers. *p-value<0.05, **p<0.01,
**%*n<0.0001; n=4 controls and 3 mutants (DESeg2). Whisker plots show the median, 25th,
75th quartiles (boxes) and the extreme datapoints (whiskers). (C) Gene Ontology (GO)
analysis of enriched biological processes reflecting gene expression changes, ordered by p-

value. The black arrow shows the threshold of significance.
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