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“Productive stupidity means being ignorant by choice. Focusing on important questions puts
us in the awkward position of being ignorant. One of the beautiful things about science is
that it allows us to bumble along, getting it wrong time after time, and feel perfectly fine as
long as we learn something each time. No doubt, this can be difficult for students who are
accustomed to getting the answers right. No doubt, reasonable levels of confidence and
emotional resilience help, but I think scientific education might do more to ease what is a
very big transition: from learning what other people once discovered to making your own
discoveries. The more comfortable we become with being stupid, the deeper we will wade
into the unknown and the more likely we are to make big discoveries.”

Essay from Martin A. Schwartz
The importance of stupidity in scientific research

(Schwartz, 2008)
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RESUME DU PROJET DE THESE

INTRODUCTION

La morphogenése est un processus complexe alliant a la fois I'expression
génétique et la mécanique. Pendant le développement embryonnaire, les forces
mécaniques sont essentielles car elles permettent le remodelage et la morphogenese
des tissus, des organes et des organismes en entier. Les forces mécaniques générées
au cours du développement peuvent provoquer des changements au sein du tissu
comme par exemple le nombre de cellules, leur forme ainsi que leur position. De plus,
les cellules sont également capables de sentir les contraintes physiques venant de
leur environnement extérieur (flux, pression hydraulique, matrice extracellulaire) et de
les traduire en réactions biochimiques entrainant I'expression de génes spécifiques au

sein de la cellule. Ce processus est connu sous le nom de mécanotransduction.

Un exemple particulierement pertinent pour étudier I'importance des forces
biophysique au cours du développement embryonnaire est la morphogenése du cceur.
En effet, il est connu que la formation du coeur dépend des signaux mécaniques
générés par le battement du cceur ainsi que par le flux sanguin. Cependant, la fagon
dont ces forces modulent le comportement des cellules cardiaques reste mal
comprise. Au sein de du laboratoire dans lequel j’ai réalisé ma thése, nous utilisons le
poisson zebre (Danio Rerio) comme organisme modele vertébré, principalement en
raison de sa fertilisation ex-utero et du fait que les embryons sont transparents lors
des premiers stades embryonnaires. En effet, ces caractéristiques rendent I'étude de

la dynamique de la formation du coeur par imagerie in vivo plus facile que dans d’autres



systémes d’étude comme la souris ou le poulet. De plus, la petite taille des embryons
leur permet de survivre quelques jours en | 'absence de tout battement cardiaque car
le dioxygene peut facilement diffuser a travers tous les tissus de I'organisme. Grace a

cette propriété, il est possible d’étudier de graves défauts cardiovasculaires.

Le coeur embryonnaire du poisson zébre se transforme au cours du
développement, passant d'une structure tubulaire linéaire a une structure composée
de deux chambres, un ventricule et un atrium. Il est composé de 3 couches tissulaires
: la couche externe constituée de cellules mésothéliales, I'épicarde, une couche
composée de cellules du muscle cardiaque, appelé le myocarde, et en effet une
couche constituée de cellules non contractiles tapissant l'intérieur du cceur, appelé
I'endocarde. Les cellules de I'endocarde sont en contact direct avec le flux sanguin et
subissent des forces biophysiques tout a fait uniques. Ces cellules sont connues pour
étre trés importantes en tant que capteurs et transducteurs de forces mécaniques

(Heckel et al., Curr Biol, 2015).

Dans ce projet, nous nous sommes concentrés sur les cellules endocardiques
et nous souhaitons comprendre le lien entre les forces mécaniques et I'établissement
de la forme pendant la morphogenese de I'AVC (Canal Atrio- Ventriculaire), la région
ou les valves se formeront entre le ventricule et I'atrium. Au début de la morphogenése
de la AVC, il est connu qu'il y a, localement, une augmentation de la densité cellulaire,
les cellules se retrouvent plus proches les unes des autres et forment un cluster (Steed
et al., Nature Communications, 2016 & Pestel et al., Development, 2016). Ce cluster
de cellule est la tout premiere étape dans la formation des valves et ensuite des
processus complexes de morphogenese vont amener a la formation de valves

matures. De plus, des expériences de photoconversion ont montré qu'il existe un



mouvement de convergence du tissu endocardiale vers 'AVC entre 36 heures post-
fertilisation (hpf) et 48 hpf (Boselli et al, Development, 2017). Cependant, ce
mouvement n'est pas observé chez le mutant silent heart, qui présente une mutation
du gene tnnt2, essentiel pour l'assemblage des sarcomeéres et la contractilité
cardiaque des cellules du myocarde. Ces mutants sont donc caractérisés par
'absence de contraction cardiaque et n‘ont donc pas de flux sanguin. Par conséquent,
nous avons commenceé ce projet avec I'hypothése qu’au début de la morphogenese
de 'AVC, il y a un mouvement de convergence des cellules endocardiales, associé a
une augmentation locale de la densité cellulaire et que cet événement
morphogénétique dépend des forces meécaniques. Cependant les mécanismes
moléculaires et cellulaires qui conduisent a ce mouvement tissulaire sont encore
inconnus. Dans ce projet de thése, nous avons voulu étudier la force motrice qui guide

ce processus et le rle des forces mécaniques.

Nous avons formulé plusieurs hypothéses sur ce qui pourrait étre la force
motrice du processus. Nous pensons qu’il puisse s’agir soit d’'une force ou les cellules
seraient poussées vers la région de I'AVC (cela pourrait s’expliquer par les
comportements cellulaires suivants : une prolifération cellulaire asymétrique et/ou une
migration cellulaire active en direction de 'AVC). A linverse, il pourrait aussi s’agir
d’'une force ou les cellules seraient tirées (force de traction) par les cellules dans la
région de 'AVC (qui pourrait étre due a une diminution locale du volume cellulaire au
niveau de 'AVC). Dans la suite de ce résumé, je vais donc vous exposer les résultats

gue nous avons pu obtenir au cours de ce travail de thése.



Les objectifs spécifiques de ce projet étaient :

Objectif 1. Caractériser les comportements cellulaires associés au mouvement de
convergence.

Objectif 2. Caractériser l'impact des forces mécaniques sur le processus.

Objectif 3. Caractériser la force motrice du mouvement et comment elle est régulée.

RESULTATS

Tout d'abord, nous avons évalué la polarité cellulaire dans I'endocarde, en
examinant la position relative entre I'appareil de Golgi et le noyau. Nous avons pu
observer qu'a 28hpf, la majorité des cellules de I'endocarde (environ 70%) sont
polarisées vers la sortie du cceur (dans la méme direction que le flux sanguin).
Cependant, les cellules présentes au sein de I'atrium gardent cette polarité au cours
des divers stades embryonnaires (de 28hpf a 48hpf) alors que les cellules qui
composent le ventricule changent graduellement de polarité a polarité a partir de 30hpf
et la majorité se retrouve polarisée vers I'entrée du coeur a 48hpf. Ces résultats
indiguent que la convergence du tissu endocardiale commence déja tres tot, puisque

I'orientation des cellules commence déja a changer a partir de 30hpf.

Pour caractériser plus en détail le comportement des cellules, nous avons ensuite
effectué une analyse 3D des changements de taille des cellules au cours de la
morphogenése de '’AVC. Nous avons constaté que la morphogenése de I'AVC est
associée a une diminution importante du volume cellulaire spécifiguement dans la

région de ’AVC pour créer une zone de convergence entre I'atrium et le ventricule.



Afin d'examiner les changements de volume des cellules, nous avons
développé un outil de segmentation des noyaux basé sur le deep learning, grace a
notre collaboration avec I'équipe de Florian Jug au MPI-CBG, a Dresde. Grace a cet
outil, nous avons d’abord pu montrer que nous avons une corrélation entre le volume
et le noyau de la cellule au sein du tissu endocardiale. Nous avons ensuite utilisé cet
outil pour étudier processus dans des conditions avec des génes mutés. Nous avons
d'abord montré que dans le mutant silent heart, lorsqu'il n'y a pas de contraction du
ceeur et qu'il n'en résulte pas de flux sanguin, la diminution du volume cellulaire ne se
produit pas au niveau de 'AVC. Cependant, en raison du phénotype assez drastique
de ce mutant, nous avons cherché a étudier une situation intermédiaire en injection le
morpholino tnnt2a & une concentration trés faible, résultant en un coeur qui battait
encore un peu mais avec une amplitude réduite par rapport a un wild-type (WT). Dans
ce cas nous avons quand méme observé une diminution du volume cellulaire mais
plus faible par rapport aux témoins et aussi une diminution du nombre de cellules qui
composent 'AVC. Ces résultats montrent et renforcent I'importance du réle des forces
mécaniques pour amener a une morphogenése correcte de 'AVC. De plus, grace a
un traitement pharmaceutique qui nous a permis d’abolir complétement la division
cellulaire (en bloquant les cellules en phase S), nous avons montré que le changement
de volume cellulaire est indépendant de la prolifération cellulaire. En effet, la diminution
du volume cellulaire avait toujours lieu dans les embryons traités. De plus, les cceurs
avaient en tout moins de cellules dans le cceur mais le cceur avait gardé la méme taille
globale en ayant des cellules plus grosses dans chaque compartiment du coeur
(phénomeéne de mise a I'échelle). Mécaniquement, nous avons montré que les canaux
sensibles aux forces mécaniques TRPP2/TRPV4 et également l'acide hyaluronique

(présent dans la matrice extracellulaire entre le myocarde et I'endocarde) sont des



modulateurs essentiels des changements de volume cellulaire au cours de ce
processus. Nous avons également identifié deux aquaporines qui sont exprimées
spécifiquement au niveau de I'AVC a ces stades de développement et qui pourraient
jouer un réle dans la régulation du volume cellulaire. En conclusion, notre étude révele
gue les changements de volume cellulaire sont essentiels dans les premiers stades

de la morphogeneése cardiovasculaire.
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INTRODUCTION

The early stages of the primitive heart tube development are characterized by a
cellular clustering event, at 48 hours-post fertilization (hpf), within the endocardial
monolayer localized at the Atrio-Ventricular Canal (AVC), where the valves will later
form (Pestel et al., 2016; Emily Steed, Faggianelli, et al., 2016). Prior to this event, the
endocardial tissue converges towards the AVC region (from 36hpf to 48hpf) (Boselli et
al., 2017). During my thesis work, | studied the cellular behaviors associated with
endocardial tissue convergence. Interestingly, |1 found that the increase in cellular
density at the AVC is not only the result of cell deformation (by cell elongation along
the apico-basal axis) but rather due to a significant cell volume decrease at the AVC
region. Following, | thought to uncover how the mechanical forces generated by the
cell microenvironment at the AVC (blood flow, heart contraction, ECM composition)
could regulate the size of these cells. | identified the mechanosensitive TRP channels
(Trpp2 and Trpv4) and hyaluronic acid (HA) as key players regulating cell volume
decrease. Interestingly, | also found two aquaporin channels (Agp8a.1 and Agpla.l)
to be exclusively expressed within cells that change volume, and | tried to decipher

their roles in the regulation of the cell volume.

To introduce the project, | will first give a general overview of the different processes
involved in morphogenesis (Part 1). Next, | will introduce more specifically cardiac
morphogenesis with an emphasis on the findings made in the zebrafish, Danio Rerio,
the model organism used in this work (Part 2). Finally, 1 will outline the thesis project,

describing the questions that | chose to address and the main hypotheses.



1 Embryo morphogenesis:

an interplay between biochemical signaling and

mechanical processes

How does the remarkable diversity and fidelity of biological forms arise?
This is certainly one of the most fascinating questions in biology. These incredible
arrays of forms emerge by a process called morphogenesis. Embryo morphogenesis
corresponds to the complex set of processes that lead to appropriate shape formation
during development. The morphogenesis of an organism is a highly precise process
and understanding how this reproducibility is achieved is one of the key questions in

the field of developmental biology.

The establishment of a specific shape for each species has always been an
intriguing question since the ancient Greek period to nowadays. Already the
philosopher Aristotle (384-322 BC), in his “Four causes”, was interested in
understanding the internal force necessary to acquire a functional organized shape,
from materials. Later, in 1744, Abraham Trembley, who was a naturalist, discovered
that Hydra fragments can regenerate a complete Hydra organism, raising even more
guestions about what is the nature of the information leading to shape emergence.
However, although great enthusiasm was present to understand this process better,
scientists could not provide theoretical and empirical answers before the early XXt

century.



1.1 Pioneer theoretical ideas and experiments about

morphogenesis

In the XX century, many influential theoretical ideas, as well as experiments in

the field of developmental biology, arose.

In 1917, the mathematician D’Arcy Thompson provided the theoretical foundations
of morphogenesis in his book “On growth and form” (Thompson, 1942)(Thompson,
1917*). By giving some concrete examples, he exposed the importance of physics
to drive cell and tissue shape changes. In fact, he found numerous correlations
between biological forms and geometries seen in inert matter. He proposed that
physical principles such as force balance and energy minimization are applicable
to living matter. However, its innovative ideas were kind of overshadowed by the
major advances in molecular biology. For instance, the discovery of the chromosome
theory of inheritance (Boveri, and Sutton, 1902* and Morgan, 1910%), the fact that
genes are controlled temporally and spatially with the understanding of the DNA
structure (Watson & Crick, 1953), the analysis of the lactose operon (Jacob and
Monod, 1953*) as well as the genetic code (Nirenberg and Matthaei, 1961*; Nirenberg
and Leder, 1964*). With the understanding of the chemical basis of heredity,
scientists aimed at providing a chemical nature of morphogenesis. As DNA
becomes the carrier of the genetic information, it could potentially explain the
reproducibility observed in biological forms.

Boveri showed in 1904 that abnormal chromosomal segregation in urchin eggs
that were double-fertilized led to developmental defects. From this, he concluded that
the chromosomes carry morphogenetic information. In 1924, Spemann and
Mangold discovered that transplanting a group of dorsal cells into the ventral pole, at
gastrulation stages, led to a secondary body axis. The discovery of what is called the
“Spemann organizer” revealed that morphogenesis was driven by signals that are
produced by a group of cells that instructs other cells (induction phenomenon).
These observations lead to the idea that morphogenesis is determined by the

formation of spatial patterns following a specific body plan leading to cell differentiation



but how the plan could be established and what were the mechanisms at play remained

unclear.

In 1952, Alan Turing presented a theoretical model called the “reaction-
diffusion model” explaining how spatial patterns can form autonomously, by breaking
the symmetry (Alan Mathison Turing, 1952). His model is based on a chemical nature
of morphogenesis. In the seminal paper, he studied a system made of two molecules,
called morphogens (“form producers”) that spread out from a source, interact with
each other, and have different diffusion rates [Figure 1.A]. He demonstrated
mathematically that this system gives six potential steady states and one of the
solutions vyields the generation of a spatially periodic wave pattern, called Turing
pattern. In 1972, Geier and Meinhardt showed that the formation of a Turing pattern
is only possible if the two molecules correspond to a self-catalyzing activator and an
inhibitor with the inhibitor diffusing faster than the activator, resulting in a highly
reproducible pattern (Gierer & Meinhardt, 1972; Meinhardt, 2012).

Then, Lewis Wolpert (who passed away this year 2021) came back to the idea
of the “Spemann organizer” and based on experiments with hydra, he came up with
the concept of positional information (Wolpert, 1969). Central to this concept is the
idea that there is a cell parameter, its positional value that is related to the position of
the cell within the developing tissue. Based on this information, cells sense and
interpret spatial gradients of morphogens that are secreted from a group of cells
(source) across the tissue and this leads to cell differentiation during tissue

development [Figure 1.B].
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Figure 1. The two theoretical models providing explanations on how tissues can

be patterned by chemical cues. (A) The Turing’s “reaction-diffusion” model. It

consists of a system of two interacting morphogens consisting of a rapidly diffusing
inhibitor (called S) and an auto-catalyzed slowly diffusing activator (called P). P also
stimulates the production of S. Interactions between the 2 morphogens lead to a sharp
peak of the activator P and a smaller peak of the inhibitor S. This system leads to self-
organizations as the fluctuations of both S and P are random at the beginning but get
amplified in order to lead to spontaneous periodic pattern formation. [from (Gilbert,
2000)] (B) The Wolpert’s model of positional information, the French flag. Each
cell within the developing tissue acquires positional information based on the sensing
of different concentrations of morphogens across the tissue leading to differentiation
based on concentration thresholds of morphogens. [from (Lewis Wolpert et al., 2015)]



1.2 The discovery of genes involved in patterning

Later, numerous studies demonstrated experimentally the evidence that

tissues are patterned by morphogen gradients.

The first morphogen to be identified was the transcription factor Bicoid (Bcd),
during early development of Drosophila Melanogaster embryos (Driever & Nusslein-
Volhard, 1988). In fact, embryos carrying a mutation in the gene bicoid lack the anterior
structures (head and thorax), which are replaced by posterior structures (Frohnhoéfer
& Nusslein-Volhard, 1986). Moreover, bcd mRNA is produced during oogenesis and
is localized at the anterior pole of the embryo (Berleth et al., 1988; Frigerio et al., 1986).
After translation, Bcd protein diffuses and controls, in a concentration-dependent
manner, the expression of Hunchback and other gap genes, which have been shown
previously to be essential for proper embryo segmentation (activating afterwards pair-
rule genes and polarity genes) (Driever & Nusslein-Volhard, 1988; Nusslein-volhard &
Wieschaus, 1980). The mode of action of this morphogen follows the concept of
positional information (Wolpert’'s theory). Therefore, the existence of positional
information within the embryo is defined by the cascade activity of different genes
leading then to the correct establishment of antero-posterior coordinates for each cell.

After this first experimental evidence, several other morphogens were identified
in numerous contexts of tissue morphogenesis. For instance, Decapentaplegic (Dpp)
acts as a morphogen during Drosophila appendage (wing) development (Lecuit et al.,
1996). Wingless (Wnt family) establishes the dorso-ventral axis of the Drosophila wing
(Carl J. Neumann and Stephen M. Cohen, 1997) while Activin (TGF-beta superfamily)

acts as a morphogen during Xenopus mesoderm induction (McDowell et al., 1997).

Moreover, increasing experimental data supports the formation of Turing
patterns (self-organization) during development. For instance, Nodal/Lefty (from the
TGF family) were shown to be a short-range activator/long-range inhibitor system
driving left-right asymmetry during zebrafish embryogenesis (Muller et al., 2012) and
Wnt/Dkk also acts as an activator/inhibitor system during hair follicle differentiation
and spacing (Sick et al., 2006).



These studies laid the groundwork for addressing morphogenesis via
genetic and molecular approaches. The findings in developmental biology at that
time, mainly consisted in determining which gene does what, where and when. The
information that leads to cell differentiation, and thus to the appropriate cell identity,
was revealed to have a chemical nature, controlled by a precise temporal and spatial

progression of gene activities.

However, even though these discoveries about the critical role of signaling
molecules in morphogenesis were essential and fascinating for the fields of
morphogenesis and developmental biology, they are not sufficient to explain how the
shape of a tissue/organism is established. What is leading to effective shape
changes? The morphogen concept cannot explain the physical deformation of the cell

and, at a larger scale, the whole tissue.

1.3 The essential role of mechanical forces in

morphogenesis

1.3.1 Intrinsic and extrinsic forces

Despite its genetic aspect, it is clear that morphogenesis is a physical process
in which the three-dimensional (3D) structure of the tissue has to change. For d’Arcy
Thompson, the specific form of an object is a “diagram of forces” (“On growth and
form”, 1917) (Thompson, 1942) and nowadays the fact that mechanical forces
generate and establish shape changes is regaining more and more attention (Lecuit &
Mahadevan, 2017). Recent technical advances that enable to measure and monitor
the forces, in the order of pN to nN, both in vitro and in vivo (Atomic Force Microscopy
(AFM), micropipette aspiration, optical and magnetic tweezers, molecular force
sensors...) (Balaban et al., 2001; Sugimura et al., 2016) as well as mathematical
modeling and interdisciplinary approaches, have laid to a change in our understanding

of morphogenesis. To shape a tissue, there must be mechanical forces at work that
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can be intrinsic, originating from the cellular structures and/or extrinsic coming
from the cell microenvironment that act on the biological system and are essential

for its remodeling.

A. Intrinsic force generation

1. Cell contractility

Intrinsic forces correspond to the forces that employ energy consumption (ATP
hydrolysis) and are actively generated by the cells themselves. This property leads
to autonomous cell behavior within a tissue and has been well studied ((Heisenberg &
Bellaiche, 2013; Munjal & Lecuit, 2014). Intrinsic forces are mainly driven by the
particular organization and contractile cortical forces of the cytoskeletal network within
the cell [Figure 2.A].

This cytoskeleton-dependent cell contractility relies mostly upon the activity
of molecular motors such as myosins (often non-muscle Myaosin II), pulling on the actin
filaments (F-actin). This leads to changes in the actin network and to an increase of
the cortical cell tension. Local regulation of the force generated can be achieved
through the assembly and the architecture of the F-actin network as well as by

regulating the activity of the non-muscle Myosin Il (Lecuit et al., 2011).

Importantly, morphogen gradients and gene activities, described earlier in this
chapter, have been reported to widely control the transcription of downstream effectors
such as cytoskeleton regulators, emphasizing the interplay between genetics and cell

contractility.

Cell contractility is required for proper tissue morphogenesis in several
developmental contexts. For instance, it has been shown that forces established by
pulsatile cell-autonomous contractility are responsible for the compaction of the mouse
embryonic cells prior to the formation of the blastocyst (Jean Leon Maitre et al., 2015).
In addition, the reorganization of the cytoskeletal network by actin polymerization leads
to the formation of membrane protrusions (lamellipodia, filopodia) that are essential in
the context of cell migration (Borisy & Svitkina, 2000). Moreover, other components of
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the cytoskeleton, microtubules, and intermediate filaments are also essential for the
control of cell mechanics and are largely implicated in tissue morphogenesis (Sanghvi-
Shah & Weber, 2017; Singh et al., 2018).

2. Hydrostatic pressure

The inward contractile force generated by the actomyosin cytoskeleton is
counterbalanced at the single-cell level, by the internal hydrostatic pressure (or, in
plant cells, the cell wall stiffness is counterbalanced by the turgor pressure) [Figure
2.A] (Salbreux et al., 2012; Zonia & Munnik, 2007). Hydrostatic pressure corresponds
to the pressure that a confined fluid exerts on its own boundaries. In cells, it is therefore
oriented toward the cell membrane, in the opposite direction than the contractile force

described earlier.

This intracellular pressure can vary in magnitude either through the
establishment of an osmotic gradient (different osmolyte concentrations across the cell
membrane and opening of ions transporters) leading to a directional flow of water
across the plasma membrane, and therefore changing the water content inside the
cell. This will be explored further in later parts of this thesis (see Part 1 section 1.4.2.
A). The interplays between all these forces (membrane tension, active contractility,
water, and ion flows) can thus alter the shape and morphology of individual cells and

therefore participate in the maintenance of the cell shape.

Nevertheless, in multicellular organisms, in addition to intrinsic forces, cells also
experience constant physical interactions with their environment. This causes external
force application that, in turn, modulates the generation of intrinsic forces. Such
interactions can occur with neighboring cells or tissues, the surrounding extracellular
matrix (ECM) or with other interfaces specific to each cellular context, for example the

blood flow in the case of endothelial cells.



B. External forces

1. Adhesion forces

In their 3D environment, cells are in direct contact with a substrate (ECM) and
with other neighboring cells in order to form a continuous tissue and maintain tissue

integrity.

Adhesion corresponds mechanically to the establishment of bonds between
molecules. Cell-substrate adhesion is, in most cases, mediated via integrin
molecules and protein complexes called focal adhesions (Gumbiner, 1996). Cell-cell
adhesion is primarily governed by molecules from the cadherin superfamily
(Gumbiner, 1996). Adhesion molecules that make the physical contacts between the
cells and their surrounding environment are often directly linked to the cell
cytoskeleton, or through other intermediate molecules such as catenins in the context
of cadherins (Gumbiner, 1996) [Figure 2.B].

2. The interplay between adhesion and cortical tension

The role of adhesion in morphogenesis is studied for a long time now, starting with
the differential adhesion hypothesis (DAH) by Steinberg in 1963 (Steinberg, 1963).
This hypothesis relies on the fact that differences in adhesion strength can lead to cell
sorting. Steinberg proposes a thermodynamic model of adhesion based on the
guantitative differences in the density of adhesion molecules. He demonstrated
experimentally that the concentration of the adhesion molecules correlates with the
adhesion strength (Steinberg & Takeichi, 1994). However, the forces between cell
adhesion molecules alone were later proved to be too weak to explain cell-cell
adhesion (Shi et al., 2008). Indeed, by measuring the separation force between two
cells, it was revealed that the adhesion force is dependent upon the dynamic coupling
of adhesion molecules and the actin cytoskeleton (Chu et al., 2004; Jean Léon Maitre
et al., 2012). Therefore, the surface tension is a function of both adhesion and cortical

tension and the contribution of these two factors is not dissociable. The cortical tension
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tends to decrease the cell-cell contact size whereas adhesion acts as a resisting force
to active remodeling and will tend to increase the contact between cells. Adhesion
and cortical tension therefore act together, to regulate cell shape and at a larger

scale eventually regulate tissue remodeling.

At the single-cell level Addition of adhesion forces
in the cell environment
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Figure 2: Mechanical forces at the cellular scale. (A). At the single-cell level,
cortex contractility based on the actomyosin network produces an inward force
counterbalanced by the internal hydrostatic pressure of the cell. (B) On top of the
forces presented in A, cells entering in contact with the extracellular matrix as well as
the interactions with the neighboring cells will lead to adhesion forces. (Image made
with Biorender.com). [Inspired from the review (Mao & Baum, 2015)]

3. Interactions with the extracellular matrix

Cells anchored to their in vivo substrate, the ECM, pull and apply contractile
forces on the ECM and respond according to its resistance. In fact, cells remodel
their cytoskeleton organization and adhesion sites in response to the mechanical
properties of the substrate. Thanks to the link between adhesion molecules and the
cytoskeleton, cells are able to sense and respond to the mechanical properties of the
substrate (Discher et al., 2005).
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The ECM is a network composed of different molecules (proteins and sugars)
secreted by the cells themselves and constitutes a physical support for the cells.
Depending on the amount and nature of the molecules, the biophysical
properties of the ECM are different. It can contain several types of components but
the most frequent ones are: elastic fibers, collagen, glycosaminoglycans (GAGS) such
as Hyaluronic Acid (HA), Heparan Sulfate (HS) or Chondroitin Sulfate (CS) (Humphrey
et al., 2014) [Figure 3]. Elastic fibers are important mechanically as they confer
extensibility and elastic behavior to the tissue, by enabling a recoil to the original shape
after mechanical load. Collagens are abundant within the body and confer stiffness
and strength to the ECM. GAGs are long polysaccharide chains of high molecular
weights that are negatively charged. Inside the ECM, GAGs are linked to core proteins
in order to form proteoglycans (PGs). GAGs produce an osmotic pressure and attract
water in vivo (Comper & Laurent, 1978) thus promoting ECM hydration, which can also

contribute to the mechanical load applied onto cells.

The ECM should not be seen as a stable scaffold for the cells. In fact, it is built up
during development and the production, degradation, and turnover of all its
components play crucial roles during tissue remodeling (Humphrey et al., 2014). ECM
degradation can be achieved by specific proteins such as matrix metalloproteinases
(MMP), adamalysins and hyaluronidases. These highly dynamic changes can alter the
forces exerted onto the cells in contact with the ECM.

Recently, live imaging of de novo ECM formation, in Drosophila embryos, revealed
that turnover of the basal ECM is extremely rapid (between 7-10 hours). Moreover,
in mutants deficient for the metalloproteinase MMP1 the turnover rate was reduced,
and this had an effect on tissue morphogenesis (Matsubayashi et al., 2020). Indicating

that ECM remodeling is fundamental for the process of morphogenesis.

Furthermore, the ECM contains growth factors and/or signaling molecules that can
attach to the plasma membrane by the means of specific receptors and activate
different cellular responses. This topic will be developed in the context of the heart
morphogenesis where signaling molecules travel between the tissue layers
(myocardium, endocardium) and instruct cells (see the Part 2 of the introduction,
section 2.3.2. D & 2.4.2). Therefore, the ECM network also plays a role in the signaling

between  cells composing different tissues.

12



ECM \ /
\0"" : Rpececstoses

Growth factor Integrin
receptor
cytoplasm
seee hyaluronan elastin MMP
proteoglycan __ .« collagen - : rowth
1 2625258 g = fibronectin . ?actor

Figure 3: The extracellular matrix (ECM): a complex and highly dynamic
network of fibers (collagen, elastin, fibronectin) and GAGs that are linked to core
proteins in_order to form proteoglycan (PGs). MMP= matrix metalloproteinase,
which can degrade some components of the ECM when needed. The mechanical load
coming from the different components of the ECM can be sensed via integrins at the
plasma and transduced into the cell. (Image made with Biorender.com).

4. Additional in vivo physical constraints

Moreover, cells can experience additional physical stimuli that will also impact their
behaviors. External forces can arise from the presence of fluid flows that apply shear
stress on the cells. This has a strong implication for shaping tissues throughout
development and, in particular during cardiovascular system morphogenesis (Boselli
et al., 2015; Freund et al., 2012). Forces generated by increased fluid pressure during

lumen expansion also have an impact on tissue morphogenesis (Navis & Bagnat,
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2015). Tissues can also experience stretching and compression forces due to

growth or other constraints applied by adjacent tissues (Villedieu et al., 2020)

5. Tissue properties

On top of the force balance encountered in every tissue, the cell and tissue material
properties, so-called rheology, also have to be taken considered (Petridou &
Heisenberg, 2019). Tissues can behave and deform differently when exposed to
intrinsic or extrinsic forces depending on if they have more a solid- or fluid-like
behavior. If tissues behave more like solids, they will tend to suffer an elastic
deformation, where the initial shape is recovered after force removal. However, if

tissues are more fluid-like, they will deform irreversibly.

1.3.2 Force transmission and robustness

The transmission of the intracellular forces to other cells is critical in order to
properly sculpt tissues. Effective long-range force propagation happens through
adhesion complexes that hold the cells together and maintain them mechanically
coupled. The junctions link neighboring cells and their internal actin cytoskeleton.
Moreover, other structures, such as supracellular actin cables that are encountered
in several developing tissues allow efficient force transmission (Roper, 2013). Thanks
to these cables, transcellular tension is generated at the tissue-scale, and is
fundamental in several morphogenetic events such as epiboly in zebrafish (Behrndt et
al., 2012) or even Drosophila dorsal closure (Solon et al., 2009).

Recent studies demonstrated that, during the formation of the cephalic furrow
(Eritano et al., 2020) and the folding of the Drosophila leg (E. Martin et al., 2020) long-
range anisotropic mechanical forces generated across the tissue via the planar
polarization of the Myosin Il play a key role in ensuring robustness during

morphogenesis in a mechanically noisy environment.
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Moreover, after the establishment of the proper shape of a tissue or an organ during
development, it is extremely important to maintain this shape even though fluctuating
mechanical forces are incessantly applied to the cells composing the tissue. Myosin Il
polarization is essential for this, by playing a role in force buffering (Duda et al., 2019).
Indeed, by stretching the wing disc, the authors observed the formation of polarized
Myosin |l cables that induce tissue stiffening and prevent further changes in shape,

thereby buffering force fluctuations.

In the previous sections, we have discussed how intrinsic mechanical force
generation, external forces, as well as properties of the environment drive the changes
in shape and position of cells, tissue, and organs. However, an additional level of
complexity arises when considering that cells also have the ability to sense, interpret
and respond to mechanical forces by converting mechanical forces into

electrochemical signal via a process called mechanotransduction.

1.3.3 Mechanotransduction

Mechanotransduction refers to the process by which a cell can sense external
physical stimuli and transduce them into an electrochemical information inside the
cells. This can lead to specific gene expression that can influence cell specification
and/or morphogenesis.

It is clear from many observations in vitro and in vivo that cells are able to sense
mechanical stimuli and that is important to dictate their identity. For instance, cells
subjected to different stiffness of the ECM are specified into different cell lineages:
stem cells in contact with soft matrices will commit into neurons whereas the ones in

contact with rigid matrices will commit into muscle (Engler et al., 2006).

During mechanotransduction, the forces can be sensed by different molecular
components of the cell. Cells can sense variations in magnitude, frequency, and
duration of the forces. Major efforts have been put in order to discover the cellular

molecules and structures that sense and transduce mechanical stimuli (Petridou et al.,
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2017). The majority correspond to components of the cell-cell and cell-ECM adhesion
molecules, transmembrane mechanosensitive channels such as stretch-activated
channels, cilia and elements of the cytoskeletal network as it is anchored/linked to the
adhesion complexes. Cellular mechanotransduction processes will be discussed in
more detailed in the context of heart morphogenesis (the topic of this thesis), in section
2.4.1 of the Part 2.

1.4 Collective cell behaviors drive tissue morphogenesis

The cell represents the functional unit composing every tissue. Therefore, to
characterize the shape changes of a tissue requires studying what happens at the
cellular level. After discussing the interplay between chemical and mechanical
processes that underlie tissue patterning and morphogenesis, | will now describe, in
this section, the different coordinated cell behaviors that can drive tissue shape
changes. This section will provide an overview of specific examples of common
stereotyped cell behaviors observed in different morphogenetic contexts and different
model organisms: cell shape and volume changes, cell division, collective cell
migration, cell intercalation, cell death and cell delamination. It is worth mentioning that
the different behaviors are not necessarily exclusive and that usually several act in a
concerted fashion in order to properly shape the tissue. The examples are mainly taken
from studies performed on epithelia because epithelia usually consist of a monolayer
of cells that can be studied in 2-dimensions (2D), making it useful to analyze and

guantify cellular features.

The coordination of these different behaviors leads to complex movements at
the tissue scale that include for instance folding, invagination, tube formation, and
tissue extension or shrinkage. However, this collective dynamic is not just arising from
many individual cells that will at some point in development do something different than

their neighbors, but it is the result of a coordination of all the cells by reciprocal
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interactions and by maintaining the tissue integrity. It is thus not surprising that
mechanotransduction at adhesion complexes, discussed in the last section, is pivotal
for the tissue cohesiveness and coordinated cell behaviors. The study of cell behavior
allows to get a precise understanding of global tissue remodeling. The recent
development of multidisciplinary approaches as well as major advances in microscopy,
the possibility to perform live-imaging, lineage tracing and the development of
performant image analysis tools in combination with simulation/modelling have been
key to push this field forward. Moreover, major advances in genetics, with new gene
editing technologies, to create mutants, transgenics or even knockdown were essential

in the discovery of genes involved in cell behavior changes.

1.4.1 Cell shape changes

Cell shape changes can drive important tissue movements during
morphogenesis. The cell shape is determined by the multiple forces acting on the cell
surface that have been described earlier in this introduction (the balance between
internal and the external forces applied onto the cell as well as the cell rheological
properties) and also the geometrical constraints of its environment. Cell shape
regulation is governed by genetic pathways as well as mechanics and needs to be

tightly controlled during development.

Apical and basal constriction

Cell shape changes have been mostly reported in the context of active force generation
by the acto-myosin cytoskeleton that can then lead to a shrinkage of either the apical

cell surface area (the most studied mechanism) or the basal cell surface area.

This accumulation of a contractile actomyosin cortex at the apical/basal side of
the cell can lead to a reduction of the apical/basal cell surface and the cells will
therefore adopt a wedge shape (Sawyer et al., 2010). At the tissue level, this change

will have some repercussions on neighboring cells and can induce significant tissue
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movements, through the cell junctions. In fact, the well-studied mechanism of apical
constriction drives the process of invagination during gastrulation (conserved among
vertebrates, Xenopus and invertebrates Drosophila) (Quintin et al., 2008). It has also
been involved in the context of tube formation during vertebrate neurulation (A. C.
Martin & Goldstein, 2014). Among others, it has also been reported to play a key role
in the airway epithelium where it drives the initial budding during monopodial branching
in the chick (Kim et al., 2013). Basal constriction has been less frequently reported
compared to apical constriction during morphogenesis but is also involved in some
contexts such as the zebrafish midbrain-hindbrain boundary morphogenesis (Gutzman

et al., 2018) or the optic cup morphogenesis (Sidhaye & Norden, 2017).

However, other cell shape changes mechanisms will be detailed in the
subsections about cell division, cell migration, cell intercalation, and cell death. Cell
shape changes are considered to be a cell deformation without changes in the
intracellular volume. We will see in the next section the implication of cell volume
changes which has been less studied and therefore less linked to tissue-scale

changes.

1.4.2 Cell volume changes

A. Osmotic pressure

Cell volume is a highly regulated parameter within differentiated cells that
participate in their physiological homeostasis (Hoffmann et al., 2009). Cells are made
of 70% of water and 30% of dry mass, which includes ions, proteins, nucleic acids
and metabolites. Extracellular compartments are also made of water, proteins and
ions. lons are present in large concentrations within cells depending on the nature of
the ion (e.g (K*)=100mM, (Na*)=10mM, (CI)=100mM in a mammalian cell (heart or red
blood cell)) (Nelson, 2003) and protein concentrations are usually about 20 to 30 times
less abundant than ions (Lecuit, n.d.). Specialized transmembrane channels enable

the transport of ions down their concentration gradients and also according to the

18



electrical differences in charge between the intracellular and the extracellular
compartments ((-) charges will go towards (+) charges and inversely). For proteins, the
lipid bilayer is impermeable to them and they will therefore accumulate in the
compartment where they are produced or transported, creating a concentration
gradient. A change in the quantity of dry mass within the cell due to increased protein
translation can also lead to a modification in the importation of water molecules in order

to readjust the osmotic pressure.

Those differences in terms of ion/protein concentration between the intracellular
and the extracellular compartments will create osmotic pressure. In fact, as other
components, H20 molecules will also move via diffusion from regions of low
concentration of ions/proteins to regions of large concentration of ions/proteins. The
osmotic pressure can be defined as the pressure needed to be applied in order to avoid
a water influx or efflux and depends only on different osmolyte concentrations across

the semi-permeable plasma membrane.

The amount of flow of water, that will dictate cell volume, is determined by two

forces, the hydrostatic pressure, p and the osmotic pressure, T, such as:

Jwater = K (Ap-A'IT)

where Jwater represents the flow of water, and k, the filtration coefficient.

At steady state, there will be no flow of water, ie. Jwater=0, when Ap=ATr.

The steady state cell volume is maintained through the activity of different
transmembrane channels at the plasma membrane. Among them, active pumps are
key in establishing a constant membrane potential across the cell membrane
(Hoffmann et al., 2009) [Figure 4]. One major actor is the Na*K* ATPase that moves 3
Na* out of the cell and 2 K* inside the cell at the cost of hydrolyzing one ATP molecule.
Together with other active pumps that move ions against their concentration gradients,
they maintain a constant ion concentration disequilibrium between the interior and the

exterior of the cells. For instance, a large concentration of Na* outside of the cell and
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a large concentration of K* inside of the cell are crucial for cell volume maintenance
(Mongin & Orlov, 2009) (Lecuit, n.d.).

However, when the cell experiences major perturbations in intracellular or
extracellular ion/protein concentrations, water influx or efflux will lead to cell volume
increase (i.e swelling) or cell volume decrease (i.e shrinkage).The rate of water
movements can be significantly enhanced via the presence of passive transmembrane
aquaporins (AQPs) that increase the membrane permeability to water, as it has been
characterized in astrocytes (Mola et al., 2016). It has also been quantified in vitro in
HelLa S3 cells that the expression level of AQP4 protein anchored at the plasma
membrane increases the permeability to water from 0.83 um/s to 2.7 um/s, measured
by using Coherent Anti-Stokes Raman Scattering (CARS) microscopy (lbata et al.,
2011). Moreover, more and more studies focus on understanding the osmosensing
mechanisms within the cell (Hoffmann et al., 2009). For instance, the well-established
stretch-sensitive channel TRPV4 (Arniges et al., 2004; Hoffmann et al., 2009b; Liedtke
et al., 2000; Strotmann et al., 2000) has been reported to play a role as an

osmosensitive channel.

As cell size changes can significantly affect the physiological properties of the
cell, mechanisms of Regulatory Volume Decrease (RVD) (controlled through VRAC
channels among other ion channels) or Regulatory Volume Increase (RVI) (controlled
through the NHEI channel among other ion channels) will in most cases rapidly
mediate the recovery of the initial cell size (Jentsch, 2016).
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Figure 4: Main players during osmotic_imbalance across the plasma
membrane. Aquaporin channels are passive transmembrane channels that can
enhance the permeability of the membrane and therefore increase the rate at which
water influx or efflux can take place. Passive ion channels can move ions across the
plasma membrane according to their concentration gradients. Active ion pumps use
the hydrolysis of ATP in order to move ions against their concentration gradients.
[Image taken from (Cadart et al., 2019)]

B. Examples of tissue remodeling

Recent papers shed light on the importance of cell volume changes as a driver
of tissue remodeling. In the Drosophila embryo the amnioserosa (AS) cell volume
decrease leads to the generation of contractile forces that pull on the whole epiderm
to drive dorsal closure (Saias et al., 2015). Mechanistically, cell volume decrease is
based on caspase activation and ion fluxes through the K* ion channels (demonstrated
by specific inhibition of K+ channels by TEA, a K* channels inhibitor) (Saias et al.,
2015). Cell volume changes are also involved in the epithelial morphogenesis of the
Kuppfer's vesicle (KV) (the transient left-right organizer in the Zebrafish embryo)
(Dasgupta, Merkel, et al., 2018). Here, asymmetric cell volume changes (anterior cells
become larger while the posterior cells become smaller) are also mediated by ion
fluxes. Indeed, by incubating zebrafish embryos with either a chloride channel inhibitor
or Ouabain to inhibit the Na+K+ATPase pump, authors could abolish these cell volume
changes. Another recent study demonstrated that enterocyte cell swelling drives lumen
shrinkage in intestinal organoids (Yang et al., 2020). The authors identified the SGLT-

1 (sodium/glucose transporter channel) involved in the establishment of the osmotic
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gradient and aquaporins as key players for the H20 influx from the lumen (by inhibiting
their activity using CuSO4 (Copper) (Yang et al., 2020).

The fact that only a few studies tackle cell volume changes in vivo in 3D
environments can mostly be explained by the difficulty in precisely quantify the cell
volume. In vitro studies (on adherent and suspended cells) developed methods in order
to accurately quantify the cell volume through Fluorescence Exclusion microscopy
(FXm) (C. Cadart et al., 2017; Zlotek-Zlotkiewicz et al., 2015). Furthermore, in the
same study, quantitative phase microscopy was used to determine if the
shrinkage/swelling of the volume is a consequence of a loss/gain of dry mass or a
loss/gain of water (Zlotek-Zlotkiewicz et al., 2015). Unfortunately, those techniques still
need to be optimized or other techniques need to be developed in order to precisely
guantify cell volume changes in living organisms. Altogether, cell volume regulation
recently became an intensively investigated question, but little is known about the
contribution of cell volume changes in organogenesis as well as how it is regulated by

environmental cues.

Altogether, these publications emphasize the role of cell size changes in
tissue remodeling. It would be interesting to decipher more and more the role that

external mechanical forces applied on cells play in these processes.

C. The importance of cell proliferation for cell size

Independently of the osmotic pressure, cell size regulation is also influenced by
cell proliferation. Indeed, cell proliferation is tightly linked to cell growth, since a
controlled balance between both processes is required to maintain cell size
homeostasis. Depending on the cells/organisms and the situations considered, the
complex relation between cell division and cell growth has been explained by different
theoretical models: the ‘sizer’, the ‘adder’ and the ‘timer’ models [Figure 5.A] (Jones et
al., 2019).

The sizer refers to the theory that the cell will not start to divide before having

reached a threshold size, thus this could lead to robust cell size control [Figure 4.A].
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The idea behind the ‘adder’ model is that the same amount of mass will be added in
between each cell division [Figure 5.A]. The last one, the ‘timer’, is based on the idea
that cells could start dividing after a certain amount of time, regardless of their growth
state [Figure 5.A]. All those mechanisms enable cell size homeostasis by coordinating
cell division and cell growth.

However, in several developmental contexts, cell proliferation and cell growth
could somehow be dissociable from each other. For example, extracellular signals
such as mitogens or growth factors, can independently promote either cell division or
cell growth, respectively. Moreover, this decoupling between growth and proliferation
is also observed in developmental contexts. In the first-cell stage (egg cell), cells divide
without growing. On the contrary, post-mitotic neurons grow without dividing (Lloyd,
2013). In Drosophila, inhibiting cell proliferation (by targeting Cdk1, Cdc25 or E2F) in
a portion of the wing disc leads to the absence of defect in final size compared to the
part of the wing disc that was not affected. Indeed, the abolishment of cell proliferation
was compensated by an increased cell growth thus leading to larger cells. (Katrin
Weigmann, 1997; Neufeld et al., 1998; Su & O’Farrell, 1998) [Figure 5.B]. On the other
hand, in the same developmental context, increasing the cell proliferation leads to a
normal final tissue size that is composed of smaller cells, demonstrating that the tissue
compensates by decreasing cell growth (Neufeld et al., 1998; Su & O’Farrell, 1998)
[Figure 5.B]. This uncoupling between cell proliferation and cell growth enables to
maintenance of the overall tissue size homeostasis. Therefore, the development of
appropriate tissue size can be independent of cell proliferation but involves

changes in cell size.
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Figure 5: The importance of cell division and cell growth in the regulation
of cell volume. (A) The different models to explain cell size control: Timer, Sizer,
Sizer-flexible threshold size and adder [from (Jones et al., 2019)] (B) Cell size
homeostasis when cell growth and cell proliferation are well balanced (top panel)
Disturbing the balance between cell growth and cell proliferation results in final cell
size changes (middle and lower panel). [from (Wright & Schneider, 2014)]
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Cell division also plays additional roles during morphogenesis and in particular

during anisotropic tissue growth, as discussed in the following section.

1.4.3 Cell proliferation

Tissue shape emergence implies the regulation of local tissue growth. Tissue
growth can be explained by cell shape changes that can be anisotropically distributed
between several regions or by oriented cell proliferation. Alternatively, different
rates of proliferation across the whole tissue can also drive the establishment of
differential zones of growth within the developing tissue.

Oriented cell proliferation has been involved in a large number of
morphogenetic contexts: in the gastrulation of the zebrafish, where oriented cell
division along the animal-ventral axis, in synergy with the Hippo pathway, drives the
axis elongation (Gong et al., 2004). In the Drosophila wing disc, the cell divisions are
aligned with the tissue-scale main axis of mechanical stress in order to achieve a
polarized tissue growth (also associated with Hippo signaling) (LeGoff et al., 2013). In
the Drosophila wing imaginal disc, the cells localized in the center of the wing pouch
divide along the proximal-distal (P-D) axis, whereas the cells localized in the periphery
do not follow the same behavior as the central cells but divide perpendicularly to the

P-D which is dependent upon differential proliferation rates (Mao et al., 2013).

In addition to those anisotropy in cell divisions within a tissue, dividing cells also
change shape by rounding up, a process called “mitotic rounding”. This cellular
feature has been shown to be key in accelerating the invagination of the Drosophila
tracheal placode (Kondo & Hayashi, 2013). Moreover, mitotic rounding generates a
loss of cell-contacts within the central blastoderm cells in zebrafish, driving a tissue
fluidization which is necessary for the spreading over the yolk sac (‘doming’ process)
(Petridou et al., 2019).
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Cell division is therefore key in orienting tissue growth but additional behaviors
such as migration and intercalation, exposed in sections 1.4.4 and 1.4.5, respectively,

can also lead to the net displacement of the cells.

1.4.4 Polarized collective cell migration

At the single-cell level, cell migration is characterized by cell shape changes
associated with the protrusion of lamellipodia driven by the polymerization of F-actin,
or alternatively by blebbing, due to the internal hydrostatic pressure generated by the
cortex (Paluch & Raz, 2013).

Within a tissue, the coordinated migration of groups of cells that drive cell
movement is referred to as collective cell migration. During collective migration, the
cells move as a block rather than individually. This coordinated motion will lead to
tissue remodeling during different contexts of embryonic morphogenesis, as well as
tissue repair (e.g. wound repair) or cancer invasion (Friedl & Gilmour, 2009). Cells
have to remain physically and functionally connected by adherens junctions in order to
achieve coordinated tissue movement (Carmona-Fontaine et al., 2008). The direction
of collective cell migration is set by chemotaxis, such as chemokine or growth factors
gradients, or by mechanotaxis, such as the substrate stiffness gradients (Barriga et al.,
2018). Recently, topology of the external environment has been revealed as another
cue to direct cell migration (Bajanca et al., 2019; Caballero et al., 2015; Lo Vecchio et
al., 2020).

In the context of collective cell migration, cells acquire two distinct identities:
the leader cells, which are positioned at the front edge or at the tip and drive migration,
and the follower cells right behind. The leader cells exhibit a highly dynamic
actomyosin cytoskeleton and show protrusive activity mediated by actin and myosin,
dependent on the activity of RhoGTPases such as Rac or Cdc42 (Zegers & Friedl,
2014).

To illustrate collective cell migration during embryo development, | chose to

develop the example of primary branching morphogenesis during tracheal
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development in Drosophila Melanogaster. Tracheogenesis is interesting as it occurs
without cell division so the movement cannot be driven by cell proliferation (Samakovlis
et al., 1996). It is described that tissue movement is driven by collective migration
following a chemoattractant. Branchless (Bnl), a fibroblast growth factor (FGF)-like
ligand, is expressed in non-tracheal cells adjacent to the location where cells will
migrate to form branches and act as a chemoattractant (Sutherland et al., 1996).
Tracheal cells form highly dynamic protrusions called filopodia induced by the
activation of the Bnl/FGF signaling cascade (Ribeiro et al., 2002). The tip cells (leading
cells) sense Bnl/FGF and migrate towards the source, and tube-forming stalk cells
(follower cells) follow those tip cells to form a tube during tracheal branching

morphogenesis.

The elongation of the tube then, is then by stalk-cell intercalation (Caussinus et
al., 2008), this cellular behavior is further discussed in the next section.

1.4.5 Cell intercalation

Cell intercalation refers to the exchange of cell neighbors within the tissue. This
is possible through the remodeling of the cellular junctions leading to the loss of
contacts with the neighbouring cells in one direction and the creation of new contacts
in the perpendicular direction. This topological transition is called: T1 transition [Figure

6] and is based on the polarized activity of Myosin Il (Bertet et al., 2004).
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neighbors
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Q
Figure 6: T1 transition: topological changes within the developing tissue.

The pink cells are not neighbors anymore through the T1 transition whereas the orange
cells become neighbors. (Image made with Biorender.com)

This behavior drives the process of convergence-extension, in the well-
studied example of Drosophila germ-band extension (Bertet et al., 2004). In fact, cell
intercalations can dictate the directionality of tissue shape changes if they are polarized
and irreversible. Thus, leading to tissue shrinkage in one direction and tissue
elongation in the orthogonal direction. Moreover, during tubulogenesis (the change
from a flat epithelium towards a tube) of the salivary gland in Drosophila, radially-
oriented cell intercalations drive the invagination in association with apical constriction
(Sanchez-Corrales et al., 2018). In addition, left-right asymmetrically polarized Myosin
Il leads to cell intercalation driving directional cell movement during the clockwise
rotation of the Drosophila genitalia development (Sato et al., 2015).

Interestingly, topological changes that can be induced either by cell intercalation
or by cell division can play a role in dissipating the mechanical stress present within
the developing tissue. An example can be found during spreading of the enveloping
cell layer , in Zebrafish epiboly, where cell division is key in order to release mechanical
stress (Campinho et al., 2013).

28



1.4.6 Cell apoptosis

Apoptosis is a biological process by which a cell will undergo programmed cell
death. The apoptotic cell will exhibit a cell shape change through an apical constriction
leading to a “rosette” configuration (topological change) of the neighboring cells and
will then be extruded from the tissue [Figure 7.A-B]. Recently, apoptotic forces were
revealed to be the drivers of tissue movements during morphogenesis. In Drosophila
dorsal closure, apoptotic cells within the AS pull on the surrounding neighbors resulting
in closure [Figure 7.A]. In fact, by either reducing apopotosis, via the anti-apoptotic
caspase-supressor p35, or by enhancing apoptosis with pro-apoprotic grim,
specifically within the AS cells, either slows down or speeds up the rate of the cell-
sheet movement (Toyama et al., 2008). Another example was recently reported in
Drosophila embryos but in the context of epithelium folding of the leg morphogenesis
(Monier et al., 2015) [Figure 7.B]. Apoptotic cells exert pulling forces on their neighbors,
which propagate through the whole tissue and increase the tissue tension, triggering
folding. Interestingly, ectopically inducing apoptosis led to ectopic fold formation,
reinforcing the key role of apoptosis-driven forces in tissue shaping (Monier et al.,
2015).
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Figure 7: The importance of apoptotic forces in_tissue movement. (A)
Apoptotic forces generated by cells within the amnioserosa lead to dorsal closure in
Drosophila embryos. (B) During Drosophila leg morphogenesis, transient apoptotic
forces pull on their neighbors, increasing the tissue tension and driving tissue folding.
[from (Ambrosini et al., 2017)]

Altogether, we have seen in Part | that morphogenesis is a spatio-temporally
controlled process that include patterning and gene expression as well as intrinsic
forces generation and sensing of extrinsic forces. The interconnection and feedback
between biochemical signaling and mechanical processes lead to collective cellular

behaviors driving effective tissue shape changes.
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2 The cardiovascular system:

function, anatomy, embryonic development, and

mechanogenetic interplay

In the first part of this introduction, | discussed the interplay between genetics
and mechanical forces that drives shape emergence. Multicellular organisms develop
by two morphological processes: gastrulation and then organogenesis, where the
three germ layers (endoderm, ectoderm, and mesoderm) of the embryo give rise to the
different organs of the body. Organogenesis is a complex phenomenon as it requires
the action of multiple morphogenetic and patterning processes and proper cell
differentiation, the latter of which allow cells to perform specified functions, such as
contraction in the case of muscle cells or be electrically excitable in the case of
neuronal cells. The organ needs to morph into a given morphology and is made of
several types of tissues that will together enable its physiological function and therefore

also sustain the organism’s homeostasis.

The heart is one of the first functional organs during embryonic development. In
humans, it starts beating around 22-23 days in the foetus, and shortly after, blood flow
is initiated throughout the whole body. However, at this early stage of development, its
morphogenesis is not finished and will continue while the heart is beating. Therefore,
tissues composing the developing heart and vessels are permanently exposed
to external forces (caused by heart contraction and blood flow) and these forces
have been shown to be necessary for proper shape establishment and
remodeling (discussed in 2.3.2). Studying cardiovascular morphogenesis thus offers
an ideal model to better understand the interplay between mechanical forces and gene
expression driving morphogenesis during embryonic development. First, | will describe
the cardiovascular system, its function, its anatomy, and congenital diseases
associated with defects during cardiovascular morphogenesis (Section 2.1). After, I will

review the main steps underlying cardiovascular development (Section 2.2). Then, we
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will see the importance of myocardial-generated mechanical forces in proper shape
establishment (Section 2.3) before focusing on the morphogenesis of the Atrio-
Ventricular Canal, which corresponds to one of the sites of valve formation (Section
2.4).

2.1 Overview of the cardiovascular system

2.1.1 Physiological function

In vertebrate organisms, the cardiovascular system is a closed circulatory
system that transports oxygen (by the means of red blood cells) and nutrients to the
different organs and also removes waste from tissues. Cardiac function is required
from the early stages of development, thus explaining why the heart is one of the first
organs to acquire its function. Blood motion is also necessary to transport agents of
the immune response (white blood cells) and platelets that are necessary for blood
clotting (Rogers, 2010). The blood compartment represents an approximately fixed
volume which does not leave the network of vessels (arteries, veins, capillaries) and
this generates high hydrostatic pressure that is efficient for metabolic supply and gas
exchange. Mammal and birds’ hearts have four chambers and a double circulatory
system, with the flow of blood in the systemic circuit and the pulmonary circuit
[Figure 8]. In the systemic circuit, oxygenated blood is ejected by the heart through the
aorta [Figure 8.A] and then goes through the different organs and the oxygen-depleted
blood goes back to the heart via the vein network. In the pulmonary circulation, oxygen-
depleted blood exits the heart through the pulmonary artery [Figure 8.A], is
reoxygenated by the lungs, and this re-oxygenated blood goes back to the heart via
the pulmonary vein. However, fishes (e.g zebrafish) just have a 2-chambered heart
and a single circulatory system where blood leaves the heart, is oxygenated by the
gills, goes to the different organs, and comes back to the heart in an oxygen-depleted
form [Figure 8.B]. Invertebrate organisms (mollusks, arthropods), on the contrary,

present an open circulatory system that generates low hydrostatic pressure. For
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instance, Drosophila Melanogaster has a pump (tube-like heart) that delivers
hemolymph (interstitial fluid) throughout the body (Rotstein & Paululat, 2016). This less
efficient system is sufficient for insects as it just supplies organs with nutrients, and

gas exchanges are made through a specialized system, the trachea.

2.1.2 Histo-anatomical features

A. Heart chambers and valves

Both the different types of chambers (atrium, ventricle) and the different types
of vessels (arteries, veins) have distinct anatomical features, which are adapted for the

efficient circulation of blood throughout the body.

The heart within the body is surrounded by the pericardial cavity, which protects
the organ. The heart is made of two types of chambers, which are called ventricles
and atria. The atrium corresponds to the collecting chamber whereas the ventricle will
pump the blood into the vascular system. The cardiac cycle comprises two distinct
phases: diastole, when the cardiac muscle relaxes to let blood flow inside the
ventricle, and systole, when the ventricular chamber contracts to propel the blood into
the circulation. The mammalian heart includes two distinct halves for its double
circulation system: two right chambers (a right atrium and a right ventricle) located
before the lungs and two left chambers (a left atrium and a left ventricle) placed after

the lungs. The multiple chambers of the heart are separated by a set of valves.

The valves are essential structures that maintain an efficient unidirectionality
of the blood flow by avoiding blood retrograde flow during the cardiac cycle.
Mammals therefore present four different valves (Tricuspid and Pulmonary valves on
the right side of the heart, and Mitral and Aortic valves on the left side of the heart)
[Figure 8.A]. Zebrafish, the vertebrate organism model that has been used in this
thesis, has only two chambers (one Atrium and one Ventricle) and has three sets of
bicuspid valves separating the atrium and the ventricle, the Atrio-Ventricular canal

(AVC) valves that correspond to the Mitral valves of mammals and the Outflow tract
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(OFT) valves at the exit of the heart that corresponds to the pulmonary and aortic
valves [Figure 8.B] (Beis et al., 2005; Duchemin et al., 2019).

A Mammalian heart

Aorta

Pulmonary artery
B Zebrafish heart

Superior
vena cav

Chordae
tendineae

Ventricle

Ventricle

Key

Myocardium

Oxygenated .
blood

Deoxygenated - Pulmonary valve . MitFal valve Bulboventricular
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Tricuspid valve Aortic valve BEcloveRiicular Bulbus arteriosus
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Figure 8. Anatomy of the heart: differences between mammalian heart and the

zebrafish heart. (A) The mammalian heart consists of two separated halves made on
both sides of an atrium and a ventricle (4 chambers in total), separated by different
valves. (B) The Zebrafish heart is simpler due to its single circulatory system and thus
includes only one atrium and one ventricle, separated by valves. The red arrows
represent the blood flow direction. [adapted from (O’'Donnell & Yutz, 2020)]
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B. Tissues composing the heart

At the tissue-level, the heart is composed of three main tissues that are
myogenic (myocardium) and non-myogenic (epicardium and endocardium). The outer
layer is the epicardium, which is made of mesothelial cells. The epicardium plays
several important roles during development, most notably for myocardial growth and
coronary vessel patterning, and is also involved in cardiac repair (Quijada et al., 2020).
The myocardium is the middle tissue layer and is made of contractile cells called
cardiomyocytes that are responsible for the contraction of the heart. Some myocardial
cells are specialized and form the conduction system, allowing the propagation of
the electrical wave through the myocardium (Kennedy et al., 2016). The last layer, the
inner layer of the heart, corresponds to the endocardium. This layer is made of
specialized cardiac endothelial cells that experience quite unique mechanical forces
that are applied on them due to their direct contact with the blood flow as well as the
contraction of the heart (Haack & Abdelilah-Seyfried, 2016). An elastic extracellular
matrix, called the cardiac jelly, lies between the myocardium and the endocardium
and is deprived of cells. During heart development, the differentiation of these three

different tissues is spatially and temporally controlled.

C. Congenital diseases associated with cardiovascular defects

The complex morphogenetic process of cardiac development, resulting from
cell fate specification, interaction between different tissues as well as
mechanosensing/ mechanotransduction, implies that any defects during its

development could lead to malformations and could alter its function.

Congenital cardiomyopathies have an incidence of 5 out of 1000 births (FRM
numbers). Amongst the different cardiac diseases, valvulopathies are frequent and are
due to defects of the valve structures impairing their function. Most cases of
valvulopathies either result in stenosis, where blood flow cannot pass through the valve
region due to obstruction, or in regurgitation, where the valves incompletely close at
each cardiac cycle leading to a retrograde blood flow between the chambers. Most of

the time, the deficient heart valves need to be surgically replaced in order to maintain
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the proper function of the heart. These defects are found mainly to affect the aortic and
mitral valves (bicuspid aortic valve (BAV), calcified aortic valve disease (CAVD),
myxomatous mitral valve disease (MMVD)) (Back et al., 2013; Hinton & Yutzey, 2011).
They can originate during embryonic development (based on genetic mutations or
abnormal hemodynamic forces linked to abnormal valve structure) or can be the result
of the abnormal reactivation of developmental signals during adulthood (LaHaye et al.,
2014).

BAYV is due to the abnormal development of the aortic valve that comprises 2
leaflets instead of 3, leading to an impaired structure of the valve.

CAVD occurs when the aortic valves get thicker and calcified. This defect
happens progressively and can eventually lead to the obstruction of the aortic valve
(stenosis), so blood flow cannot travel from the left ventricle to the aorta. Interestingly,
the well-organized structure of the valve ECM was found to be disrupted and presented
higher levels of collagens and proteoglycans in explanted diseased valves from
pediatric patients (Hinton et al., 2006). This over-production of ECM can be explained
by the increased mechanical stress applied to the valve.

MMVD, which happens at the mitral valve, leads to thicker valves inducing
regurgitation. In MMVD, it has also been reported that the structure of the ECM is
impaired (increased level of proteoglycans, and disruption of collagen and elastin
fibers) (Aupperle & Disatian, 2012).

The study of these defects in numerous animal models has shown that inhibition
of Notch signaling (for BAV and CAVD), GATA5/ GATAG (for BAV), cilia (for BAV and
MMVD), and filamin A (for MMVD) are associated with developmental defects (LaHaye
et al., 2014). Therefore, more and more studies associate genetic mutations with the
development of phenotypes that resemble human diseases.

However, numerous congenital heart diseases have not been associated with
genetic origins or environmental causes (Levine et al., 2015). Additional non-genetic
factors might play a key role in the development of cardiac defects during
embryogenesis. Therefore, it is important to understand better how those defects occur
during development in order to develop new therapeutic treatments or to get new
insights for the regenerative medicine. Recently, the zebrafish model organism
became key to study severe cardiovascular defects as well as the importance of

mechanical forces and blood flow during embryonic development of the vertebrate
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cardiovascular system. Its main advantages for the study of cardiovascular

morphogenesis will be discussed in the next section.

2.2 Embryonic development of the vertebrate

cardiovascular system

2.2.1 Zebrafish, a powerful vertebrate model to study cardiovascular

defects

Studying the specific genetic programs as well as the contribution of blood flow
and heart contraction in mammalian models (mice, rat, chicken) is really challenging
due to early lethality during embryonic development caused by severe cardiovascular
defects (Brown et al., 2016). This is one of the reasons why the vertebrate model Danio
Rerio, a teleost fish belonging to the Cyprinidae family, became from the 1990s a
widely used vertebrate model organism for the study of cardiovascular development.
In fact, among its numerous advantages, thanks to the small embryonic size at early
stages of development, oxygen supply throughout the whole body is achieved just
through simple diffusion. This enables studies of severe cardiac defects as they are
able to survive for a few days even in the absence of heart contraction and
resulting blood flow (D. Y. R. Stainier et al., 1996). Moreover, the extra-uterine
fertilization enables the manipulation and injection of compounds into fertilized eggs
at the first-cell stage. Also, due to the optical embryo transparency (improved by the
addition of 1-phenyl 2-thiourea (PTU) at 8 hpf in the fish water), it is possible to easily
image the internal organs at cellular resolution [Figure 9]. Zebrafish development
is relatively quick compared to other vertebrate model systems (D. Y. R. Stainier,
2002). Moreover, it represents an interesting model for genetic studies. Indeed, its
genome has been fully sequenced and well-annotated, and around 70% of the human
genes have an ortholog into the zebrafish genome (Howe et al., 2013). However, due
to a whole-genome duplication event that happened during evolution at the teleost
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radiation, the zebrafish genome often contains several paralogs of the same gene
(Howe et al., 2013).

To address gene function during development, Morpholino antisense
oligonucleotide (MO)- based approach has been widely used and is now becoming
controversial as phenotypes that were often found in the morphants were not found in
the corresponding mutants, raising the question of the specificity of the MO approach
(Kok et al., 2015; D. Y. R. Stainier et al., 2017). This is why, within the Zebrafish
community, researchers are relying more and more on gene knock-down methods
based on genetic editing through the CRISPR-Cas9 or TALEN technologies.

Several large-scale forward and reverse genetic screens have been
successfully conducted in the zebrafish based mainly on Ethylnitrosurea (ENU)-
mediated mutagenesis (resulting in the generation of random mutations inside the
genome) (Alexander et al., 1998; Chen et al., 1996; W. Driever et al., 1996; Haffter et
al., 1996). These screens led to the identification of a multitude of genes involved in
cardiac formation and result in phenotypes close to cardiac defects seen in humans
(D. Y. R. Stainier et al., 1996).

Overall, the zebrafish is a powerful model to study the development of the
cardiovascular system. Since | used the zebrafish as the model organism for my thesis,
for the following sections of Introduction Part 2, | will mostly focus on the key steps of

early heart development in the zebrafish.

Figure 9. Bright-field image of a zebrafish embryo at 48hpf
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2.2.2 Heart development in zebrafish

A. From cardiac progenitors to the primitive heart tube

As presented above, the zebrafish has a simpler heart (composed of only two
chambers) compared to mammals but the key steps of heart development are known

to be conserved (Staudt & Stainier, 2012).

The primitive heart tube originates from two bilateral pools of cardiac progenitor
cells that are specified within the Anterior Lateral Plate Mesoderm (APLM)
(originating from the subdivision of the mesoderm after gastrulation) [Figure 10]. It is
known that cardiac progenitors (myocardial and endocardial) can already be found
from the blastula stage (Keegan et al., 2004), but it is still controversial as to whether
they originate from two distinct pre-specified progenitors or if it is multipotent
progenitors that then get differentiated into myocardial and endocardial progenitors
(Haack & Abdelilah-Seyfried, 2016).
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Figure 10: Different steps of early cardiac development. (A) Cardiac progenitors
are located in two bilateral pools inside the Anterior Lateral Plate Mesoderm (ALPM).
(B) The fusion of the progenitors leads to first a disc, a transient cone, and then the
primitive heart. At 28hpf, an accretion of cells from the SHF occurs. Then, the heart
starts its asymmetry breaking by adopting a C-shape at 36hpf and an S-shape at 48hpf
once the cardiac looping process is finished. Red dotted lines represent the heart
fields. [from (Desgrange et al., 2018)]
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The cardiac progenitors then fuse at the midline of the embryo and form a disc
(at 21 somites, around 19hpf) [Figure 10]. From the disc-stage, cardiac progenitors go
through an intermediate step to form a cone shape before forming the primitive heart
tube (D. Y. Stainier et al., 1993). The progenitors forming this primitive heart tube are
called the First Heart Field (FHF). The tube then extends towards the left of the
midline. This process is called cardiac jogging (Chen et al.,, 1997) and happens
around 23hpf. After jogging, the primitive heart tube will be repositioned towards the
midline (Chin et al., 2000). The primitive heart tube will then start beating between 22-
24hpf as a suction pump (Forouhar et al., 2006). However, it is incompletely lumenized
at this stage and only starts beating regularly at around 2.6Hz from 28hpf (Boselli et
al., 2015). In the primitive heart tube, the depolarization wave of the cardiomyocytes

happens at the same speed through the whole heart (Chi et al., 2008).

B. From the heart tube to the chambered heart

This straight tube then undergoes a rightward looping, cardiac looping, in order
to have the two chambers that are well-positioned in respect to one another (starts
from 36hpf and is finished at 48hpf) [Figure 10]. In zebrafish, the looped heart is
characterized by a flat S-shape whereas it has a helical shape in mammals. The heart
at that stage is exclusively composed of a monolayer of myocardial cells and a
monolayer of endocardial cells that are separated by the cardiac jelly. The epicardial
layer will cover the heart at later developmental stages, originating from the precursor
population, the pro-epicardium (PE), which is forming a cluster at the dorsal pericardial
wall at 48hpf. PE cells will then be released in the pericardial cavity, get advected into
the pericardial flow, and finally attach to the myocardium in order to form the

epicardium (Peralta et al., 2013).

Concomitant to the looping of the heart, a constriction will occur between the
two chambers, at the AVC, forming an endocardial ring. The chambers will also expand
in size, by a process called cardiac ballooning. This step implies changes in cell
shapes in both the myocardium and the endocardium tissue layers (Auman et al.,
2007; Dietrich et al., 2014). In addition, other cells from the Secondary Heart Field

(SHF), that correspond to late-differentiating mesodermal progenitor cells (also
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originating from the APLM in zebrafish), are added to the forming heart (Mosimann et
al., 2015). In mature mammal hearts, the FHF mainly gives rise to the left ventricle
whereas the SHF gives rise to the right and left atria and the right ventricle (Meilhac &
Buckingham, 2018). In zebrafish, the myocardium is not highly proliferative, so its
elongation mainly happens through the addition of SHF cells at both poles (de Pater
et al., 2009; Y. Zhou et al., 2011). However, for the endocardium, tissue growth has
been revealed to be mainly due to cell proliferation instead of the accretion of additional

external cells in the zebrafish embryo (Dietrich et al., 2014).

Interestingly, electrical wave propagation through the heart now adopts a hew
pattern. Indeed, by using a transgenic zebrafish line with a myocardial-specific
promoter (cmic2) and a calcium indicator (CaMP) (Tg(cmic2:CaMP), it has been shown
that the propagation of the calcium wave still happens at the same speed through the
atrial chamber but is delayed at the AVC from 36hpf to 48hpf (Chi et al., 2008). This
delay in the propagation wave at the AVC is essential for the sequential beating of the
chambers (atrium, ventricle). Therefore, both electrical and anatomical changes lead
to the development of an oscillatory flow profile in the region of the AVC that has
been shown to be essential for the establishment of AVC cell identity (presented in
2.3.2.C).

C. Cardiac valve development

Once the cardiac looping is completed (at 48hpf), the process of valve formation
will start at the AVC. This process involves complex cellular morphogenetic events.
The first cellular event at the onset of valve development corresponds to a local cell
clustering at the AVC [Figure 11.A]. This is also characterized by a cell shape change
where the AVC cells become cuboidal whereas the cells in the chambers remain flat
and elongated (squamous) (Pestel et al., 2016; Steed et al., 2016). This event is then
followed by the change of behavior of a few cells (between 1 and 3 cells (Guanawan
et al., 2020) that will exhibit cell protrusions before physically moving inside the cardiac
jelly [Figure 11.B-C] (Steed et al., 2016). This process involves, in mammals, a process
called endothelial-to-mesenchymal transition (Bolender & Markwald, 1979). Once

inside the cardiac jelly, the cell will proliferate [Figure 11.D]. Through a complex
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remodeling, this multi-layered structure will lead to cushions and then mature valve
leaflets that can efficiently close at each cardiac cycle. AVC valves will become
functional by 120hpf and OFT valves by 144hpf (Duchemin et al., 2019).

A 48hpf B C 56hpt D 80hpf
Cell clustering Cell protrusions Cell movement into Multi-layering
the cardiac jelly

Morphogenetic
events

Figure 11: Schematic of the different steps involved in valve formation. (A) Local
cell clustering at the AVC at 48hpf. (B) Cell protrusions sent towards the cardiac jelly
at around 50hpf. (C) Collective cell migration inside the AVC. (D) Cells proliferate
inside the cardiac jelly to form a multi-layered structure at the origin of the mature valve
leaflet.

D. Trabeculation

At around 72hpf, the structure of the myocardium also starts to change from a
monolayer towards a complex three-dimensional structure within the outer layer of the
ventricular chamber (J. Liu et al., 2010). The myocardium is formed by a thin layer of
compact cardiomyocytes and also ridges, called trabeculae, which protrude into the
lumen of the ventricle, increasing the surface of the myocardium (see Annex 2, Figure
3.c-d). Trabeculae have been shown to play a role in providing oxygen and nutrients
to the cardiomyocytes before the establishment of coronary vessels (Sedmera &

McQuinn, 2008) and also able to increase cardiac performance (Meyer et al., 2020).

Having reviewed the major stages of cardiac development, | will now focus on

the critical role that mechanical forces play in proper cardiovascular morphogenesis.
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2.3 Cardiovascular development is dependent upon

mechanical forces

Heart morphogenesis happens concomitantly to the generation of forces
by the myocardium. The forces associated with heart function are of diverse natures
and include wall shear stress generated by the blood flow (a frictional force) (Freund
et al., 2012), hydrostatic pressure, as well as cyclic strain due to stretch. The
endocardium in particular experiences numerous different forces due to its direct
contact with blood flow, as can be observed in Figure 12. Moreover, on top of being of
different natures, forces are also different in terms of amplitude, frequency, and
direction and all those parameters may affect the cellular response to the applied force.

—— Pericardium

Endocardium

Myocardium

Epicardium

Figure 12: The nature of the different forces during heart morphogenesis. Wall
shear stress is applied on the endocardial cells that are in direct contact with the blood
flow. A perpendicular hydrostatic pressure is also applied directly on the endocardial
cells. Cyclic strain and stretch result from the contraction of the myocardial layer. The
heart is also within the pericardial cavity, which is filled with a fluid that also exerts
pressure on the whole heart. [from (Andrés-Delgado & Mercader, 2016)]
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In this section, | will discuss only the contribution of mechanical forces in the
context of the early stages of blood vessel development (where the influence of blood
flow on endothelial cell behavior has been extensively studied) as well as heart
formation (chamber ballooning, valve formation). Other contributions during
pharyngeal arch artery remodeling and trabeculation can be found in the review | co-

wrote in Annex 2.

2.3.1 Response of endothelial cells to mechanical forces

The majority of our knowledge concerning the impact of flow forces on cell
behaviors come from the study of endothelial cells, both in vitro (Human umbilical vein
endothelial cells (HUVECSs), human pulmonary artery endothelial cells (HUPAECS) ...)

and in vivo, with numerous studies having been conducted in zebrafish embryos.

Endothelial cells line the interior of the vessels and are exposed to shear stress,
which was revealed to influence their behaviors and drive proper vessel
formation/remodeling. In fact, it has been known for a long time that in vitro endothelial
cells exposed to shear stress undergo cell shape changes by elongating and
aligning with the direction of the flow (Levesque & Nerem, 1985). This change in
behavior is accompanied by a reorganization of the F-actin and a partial disassembly
and reassembly of the adherens junction proteins (e.g VE-cadherin, the predominant
cadherin in endothelial cells, as well as alpha- and beta-catenins) (Noria et al., 1999,
2004). Moreover, the shear stress direction sets the orientation of endothelial cell
division, which is the same as the shear stress direction, therefore promoting vessel

lengthening (Zeng et al., 2007).

In vivo, within the immature vascular plexus, blood flow coordinates and drives
endothelial cell polarity changes, shown both in mouse and zebrafish (Franco et al.,
2015). In the regions with high shear stress, cells were observed migrating against the
direction of the blood flow (assessed by the relative Golgi-nucleus axis). This flow-

driven polarized migration was shown to be essential in the context of vessel

A



regression (vessel remodeling step during angiogenesis), by inducing cells to leave
the segments with low flow to migrate in and stabilize the more irrigated neighboring
segment with higher flow (Franco et al., 2015). In the developing vessels of the
zebrafish, Kwon et al. also observed this polarity change against the blood flow (Kwon
et al., 2016). Moreover, by altering the blood circulation, they observed that:

- In embryos injected with the tnnt2a morpholino (that inhibits cardiomyocyte
contractility), the polarization pattern was lost.

- In embryos where the heart was stopped transiently with the use of 2,3-
butanedione monoxime (BDM), the endothelial cell polarization was impaired,

but this was reversible.

These observations demonstrate the important role of blood flow in influencing cell
behavior. In this context, Kwon et al identified a G-Protein Coupled Receptor, the
Apelin Receptor (aplnr), as being key in the mechanosensation of the shear stress,
driving the polarity changes, as the percentage of polarized cells was decreased in
aplnrb mutants (Kwon et al., 2016).

In another developmental context within the vessels, blood flow has been shown
to be essential for the process of endothelial-to-hematopoietic transition. Within the
ventral wall of the dorsal aorta, some endothelial cells extrude and lead to
hematopoietic stem cells (Kissa & Herbomel, 2010). Recently, it has been shown that
decreasing blood flow or inhibiting blood flow (through inhibition of the heart
contractility) increased the rate of cell extrusion from the dorsal aorta of the zebrafish
(Campinho et al., 2020). Similarly, decreasing mechanosensation of the endothelial
cells through the inhibition of the stretch-sensitive channel, transient receptor potential
polycystin 2 (Trpp2), also led to increased cell extrusion (Campinho et al., 2020).
Therefore, blood flow forces in this context helps to maintain endothelial cells within

the vessels by limiting their extrusion.
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2.3.2 The importance of cardiac-generated forces in the developing

heart

A. Zebrafish mutants with deficiencies in cardiac force generation

The forces experienced by the endocardial cells within the heart are stronger
compared to the ones experiences by the endothelial cells within the vessels (Freund
et al.,, 2012). Moreover, they were also found to be key for cardiac morphogenesis
(Emily Steed, Boselli, et al., 2016). Several zebrafish mutants revealed the
fundamental role of heart-generated mechanical forces during heart morphogenesis.
The mutant called silent heart (sih) carries a mutation for the gene tnnt2 encoding for
a cardiac troponin T that plays a key role in cardiomyocyte sarcomere assembly
(Sehnert et al., 2002). These embryos present cardiac edema, do not have a
contractile heart, and therefore also no resulting blood flow but are still able to undergo
cardiac looping (Sehnert et al., 2002). However, in this mutant, heart valve
development is impaired and the AVC region fails to form, visualized by an absence of
an endocardial ring formation (Bartman et al., 2004). In this same study, based on
genetic screens, the authors identified another mutant for a cardiac sarcomeric actin,
called cardiofunk (cfk), that presents cardiac dilation and lacks blood flow at 36hpf.
This mutant was also not able to form an endocardial ring at the AVC at 48hpf (Bartman
et al., 2004). Those studies highlight the importance of cardiac-generated forces in the

heart for its own development.

In the developmental context of cardiac ballooning, when the two chambers
expand in size, forces derived from heartbeat were revealed to be important for cell
shape changes (Auman et al., 2007). This process is characterized by cell shape
elongation of the cardiomyocytes in the region of the curvature. Auman et al combined
experiments within two chamber-specific mutants, based on the differential expression
of the myosin heavy chain (myh) in the ventricle (myh7) and in the atrium (myh6). From
this, the authors observed that in the wea mutant, carrying a mutation in the atrial myh6

(or amhc), the atrial chamber was deprived of contraction resulting in low blood flow
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within the ventricle (Berdougo et al., 2003). This led to defects in the overall ventricle
size and intro less elongated ventricular cardiomyocytes (Auman et al.,, 2007,
Berdougo et al., 2003). On the opposite, in the haf mutant, carrying a mutation in the
ventricular myh7 (or vmhc), the contraction was completely blocked specifically within
the ventricle (Auman et al., 2007). This mutation led to a phenotype where ventricular
cardiomyocytes were larger compared to the cardiomyocyte size of wild-type embryos.
From those two observations, the authors shed light on the importance of a balance
between blood flow and cardiac contractility required for proper cell shape changes
during chamber ballooning.

All the studies presented so far highlight the difficulty to decipher the
contribution of one particular source of force (blood flow or heart contraction)
experienced by the cells. In fact, affecting the contractility of the cardiomyocytes also

affect the flow pattern onto the cardiac cells.

B. Shear stress seems to be the main force to which cells respond

In order to decouple cardiac contractility and blood flow, Hove et al.,
experimentally injected large beads at the entrance or at the exit of the heart [Figure
13] (Hove et al., 2003). They found that the physical blockage of blood flow without
affecting heart contraction led to cardiac defects (absence of cardiac looping and
impaired valve development). Thus, this suggests that it is mainly the shear stress
applied on the endocardial cells which are important for valve development. In another
study, the authors identified an allele of the gene southpaw (spaw) in which the looping
of the heart was randomized with hearts being still straight, rightwards or leftwards
looped (Kalogirou et al., 2014). They observed that in the mutants for which the heart
did not loop, the flow pattern at the AVC was altered leading to defects in valve
morphogenesis, even though the cardiac contractility was not altered (Kalogirou et al.,
2014). Therefore, this study also concludes about the importance of the intracardiac
flow as being the main driver of proper cardiac valve morphogenesis (Kalogirou et al.,
2014).
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Figure 13: Altering blood flow via the injection of large beads (50um) within the
developing heart leads to cardiac morphogenetic defects. (a,b,c) The bead was
injected at 37hpf and was either situated at the inflow resulting in blocking blood flow
(b) or still letting blood to flow within the heart (a) or was situated at the outflow and in
that case blocking the water efflux (c). (d-f) Bright-field images of the injected embryos
at 37hpf. Heart development was normal at 4.5dpf when the bead was present at the
inflow, but blood flow was still present within the heart (g) and the valve developed
properly (j). However, both when the bead was localized in the inflow and blocked
blood flow influx or in the outflow and blocked blood flow efflux, the heart did not loop
properly (h,i) and heart valve development was impaired (k,|) [from (Hove et al., 2003)].

C. Oscillatory blood flow is essential for AVC cell identity

More specifically, it has been described that it is mostly the retrograde nature
of blood flow that is important in order to specify the cell identity of the AVC cells
(Vermot et al., 2009). AVC endocardial cells at 48hpf express characteristic markers
such as the transcription factor Kriippel-life factor 2a (KlIf2a) (Vermot et al., 2009), the
zebrafish Notch homolog (Notch1b). AVC endocardial cells are also different from the
cells localized in the two chambers based on the specific expression of leucocyte cell
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adhesion molecule Alcam (also known as Dm-grasp) (Beis et al., 2005) [Figure 19].
The myocardial cells localized at the AVC specifically express bone morphogenetic
protein 4 (Bmp4) [Figure 14] [Figure 19].

cmic2

notch1b

48H  58H

Figure 14: In situ hybridization showing the spatial mRNA expression patterns
of the cmlc2, notchlb, kif2a, and bmp4 from 36hpf to 58hpf. The white arrows
indicate the AVC, and the black arrows indicate the OFT. [from (Vermot et al., 2009)].

The flow in the developing zebrafish heart being at low Reynolds number
(viscous forces dominate onto inertia forces), people aimed at trying to alter the blood
viscosity to determine its impact on heart development. The gatal and gata2 genes

are involved in early hematopoiesis in zebrafish and their inhibition results in less or
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the absence of red blood cells within the heart, leading to a decreased blood viscosity
(Vermot et al., 2009). It was found that targeting the gata2 gene with a morpholino
leads to a decrease of blood viscosity and a highly reduced retrograde flow at the AVC.
Moreover, decreasing the heart rate with lidocaine (sodium channel blocker) also led
to a decreased retrograde blood flow in the AVC region. These different treatments
induced a strong reduction in klf2a expression within the AVC during valve
development and subsequent defects in AVC valve morphogenesis. Therefore, this
study unravels that the retrograde nature of the flow at the AVC leads to the
expression of the transcription of klf2a and its identified downstream target, notchlb
that are both essential for cardiac valve morphogenesis (Samsa et al., 2015; Vermot
et al., 2009).

More recently, modeling and red blood cell tracking, helped to show that the
amplitude of the fundamental frequency (11) of the wall shear stress is higher in the
AVC region (Heckel et al., 2015). This parameter described the oscillatory flow
experienced by the endocardial cells (Heckel et al., 2015).

D. Cardiac forces influence endocardial cell proliferation

Inhibiting both blood flow and cardiac contractility with the silent heart mutant
also alters the proliferation rate of the endocardium, between 30hpf and 54hpf
(confirmed by BrdU experiment) (Dietrich et al., 2014). Control embryos have on
average around 80 cells in the ventricle and 70 cells in the atrium whereas the silent
heart mutant has only approximately 40 cells and 25 cells in the ventricle and the
atrium, respectively (Dietrich et al., 2014) [Figure 15]. By targeting gata2, authors
reduced retrograde blood flow and observed that this is accompanied by a decrease
in the ventricular cell number. Moreover, morphant embryos for gata2 or both gatal/
gata2 (leading to a reduction of blood viscosity and shear stress) (Vermot et al., 2009)
were observed to have a decreased atrial cell number [Figure 15]. Importantly, those
changes were revealed to not be due to increased apoptosis within the tissue (shown
via immunolabeling with the Caspase 3 antibody). Therefore, blood flow is key in
regulating endocardial cell proliferation. Moreover, the chemical communication

between the two layers (myocardium, endocardium) was found to be important for the
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endocardial cell proliferation, as inhibiting the BMP signaling from the myocardium,
which expresses the ligand, to the endocardium, that possesses BMP receptors,
decreases the endocardial cell proliferation (Dietrich et al., 2014). Therefore, the
communication between the different tissues composing the heart can also
modulate the cell behavior, and specifically in that context cell proliferation.

Recently, it has also been shown that increasing the size of the myocardial
atrium results in an increase in the cell proliferation of the endocardium, reinforcing the
importance of the communication between the two tissues (Bornhorst et al., 2019). In
this study, the authors showed that the expansion of the myocardial atrial chamber
generates higher junctional forces within the endocardium leading to VE-cadherin
(Cdhb5) force sensing/transmission that triggers the translocation of Yapl within the

endocardial nuclei subsequently enhancing cell proliferation.
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Figure 15. Endocardial cell number at 54hpf within the two chambers in wild-type
and conditions where the flow forces are altered. Mean with SEM; n 2 5 hearts per
condition; *p < 0.001, “p < 0.05, ns, not significant [data from (Dietrich et al., 2014)]

Altogether, in this section 3, we have seen that the shear stress in the AVC

region is a key external mechanical stimulus for proper heart morphogenesis.

But how is shear-stress in the valve-forming regions sensed and transduced

during valve development? How does mechanotransduction work? | will now focus
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only on the processes happening in the valve-forming region, and on AVC

morphogenesis in particular in order to provide context for my work.

2.4 Atrio-ventricular canal development

2.4.1 Mechanostransduction in the valve-forming regions

A lot of endothelial cellular components have been described to be
mechanosensitive and to play a role in mechanosensation and the modulation of
endothelial cells’ behavioral changes. The great majority of them are presented within
the review | co-wrote in Annex 2. Here, | will focus on the stretch-sensitive channels
Piezo and also members from the TRP family (TRPP2 and TRPV4), that have been
described at the stretch-sensitive channels involved in the morphogenesis of the valve-
forming areas (OFT, AVC).

A. PIEZO channels

The mechanically activated cation channels Piezo, Piezol, are expressed in
embryonic endothelial cells. In this context, Piezol is involved in the development of
the vascular structure of the mouse (Li et al., 2014; Ranade et al., 2014). Moreover,
Piezol mouse mutants have defects in lymphatic valve morphogenesis (Nonomura et
al., 2018). Piezol was also shown to be mechanically activated by shear stress in
HUVECSs (Li et al., 2014).

When 1| joined the Vermot laboratory, | worked on the research project of a
former post-doctorate, Anne-Laure Duchemin, (see paper in Annex 1) (Duchemin et
al., 2019). This project consisted in deciphering the mechanotransduction pathway
involved in OFT valve morphogenesis, which is less investigated than AVC valve
morphogenesis. First, we observed that Piezol, based on a reporter line, is expressed

mainly within the smooth muscle cell progenitors that surround the OFT valve
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endothelium as well as within the endothelium at 72hpf. We found that the Piezol,
Piezo2 mutants have defects in OFT valve formation (displaying a high percentage of
thick or delayed valves). Moreover, Piezol was revealed to be essential for repressing
kif2a expression within the OFT endothelium, whereas it was shown be necessary for
the expression of Yapl, Elastinb, and Fibronectinl expression within the smooth
muscle cells in order to lead to proper OFT valve folding. Interestingly, on top of the
essential role of Piezo channels, TRP channels were also important for the OFT valve

formation, as has already been reported for the AVC valves.

B. TRP channels: TRPP2 and TRPV4

The transient receptor potential (TRP) superfamily comprises cation permeable
channels that are divided into seven subfamilies, based on structural homologies: the
canonical (TRPC), the melastatin TRP (TRPM), the vanilloid TRP (TRPV), the
polycystic TRP (TRPP), the mucolipin TRP (TRPML), the ankyrin TRP (TRPA) and
the no mechanoreceptor potential C TRP (TRPN). All the TRP members have a
common structure made of six transmembrane segments (TM1-6) and they all have
a pore region between TM5 and TM6 which is responsible for the channel selectivity
for cations (Nilius & Owsianik, 2011). Both the N-terminus and the C-terminus are
localized within the cell cytoplasm and their length and binding regions, motifs vary
greatly between the different subfamilies of the TRP channels (Nilius & Owsianik,
2011). The majority of the members of this family have been characterized to be gated
by different heat/cold, osmosis, mechanical cues (Mendoza et al., 2010; Thodeti
et al., 2009), and chemical (exogenous and endogenous ligands) stimuli (Voets
et al., 2005). Interestingly, TRPP2 (also called PKD2 or CUP) and TRPV4 have been
identified to play a key role in the mechanotransduction of the oscillatory flow at 48hpf
within the AVC region (Heckel et al., 2015). In fact, in both trpp2 -/- and trpv4 -/-
embryos, Heckel and colleagues described that the signal from the zebrafish klf2a
reporter line was decreased, klf2a being a key marker of the AVC cell identity [Figure

16- A.D]. Their activation based on the oscillatory flow sensing at the AVC drives Ca2+
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entry, the expression of the transcription factor Klf2a and subsequent proper valve
formation [Figure 16- E] (Heckel et al., 2015).

In the context of the OFT valves, we found that TRP channels were also
essential for valve modeling and Trpp2 led to kIf2a activation in the posterior region of
the valve endothelium (paper in annex 1) (Duchemin et al., 2019).
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Figure 16. Expression of transcription factor Kklf2a (assessed by the Kklf2a
reporter (klf2a:H2B-eGFP)). (A) Klf2a is strongly expressed within the AVC cells of a
control embryo at 48hpf. Both in trpp2-/- (B) and in trpv4 -/- (C), the expression of klf2a
is reduced at the AVC, at 48hpf. (D) Quantification of the expression level based on
the pixel intensity at the AVC. [from (Heckel et al., 2015)]. (E) Scheme of the
mechanotransduction pathway at the AVC.

54



Kfl2a expression, through TRP channels mechanotransduction, was then found
to target the expression of Fibronectinlb (Fnlb), which is present in the cardiac jelly
at 48hpf (Steed et al., 2016) [Figure 16.E, Figure 18].

However, Fnlb is not the only component to be present in the cardiac jelly, as

an important remodeling of the ECM takes place during AVC morphogenesis.

2.4.2 Cardiac jelly composition changes during AVC development

On top of being blood flow or cardiac contractility dependent, proper valve
morphogenesis is also dependent upon the components present inside the cardiac
jelly (the ECM lining between the myocardium and the endocardium). Concomitant to
the establishment of oscillatory blood flow at the AVC, interactions between the
myocardial and the endocardial layers will produce different components of the cardiac
jelly. Amongst them, the GAGs are largely present during AVC morphogenesis [Figure
18].

One of the building blocks of all the GAGs (hyaluronic acid (HA), heparan
sulfate, chondroitin sulfate) is produced by the UDP-glucose 6-dehydrogenase
(UGDH), which transforms UDP-glucose (UDP-G) into UDP-glucuronic acid (UDP-
GIcUA) [Figure 17]. In the case of HA production, the sequential assembly of UDP-
GIcUA with N-acetylglucosamine (UDP-GIcNACc) is made by hyaluronan synthases
(HAS) that are anchored to the plasma membrane (Figure 17). In addition, HAS
proteins also export HA into the extracellular space (cardiac jelly). HA molecules have
a high molecular mass ranging from ~ 2 x 10° to ~ 10 x 108 daltons (Da) (T. D.
Camenisch & McDonald, 2000).
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Figure 17: Hyaluronic acid (HA) production_involves 2 steps. Firstly, the UDP-
glucuronic acid (UDP-GIcUA) is produced by the UDP-glucose 6-dehydrogenase
(UGDH). Secondly, the assembly and the exportation towards the cardiac jelly of the
repetitive motif (UDP-GIcUA with UDP-GIcNAC) forming the HA molecule, catalyzed
by the hyaluronan synthases (HAS). (HAS2 in the context of the AVC development.
[from (Derrick & Noél, 2021)]

Cytoplasm

Interestingly, the jekyll zebrafish mutant, which carries a mutation in the ugdh
gene (important for all GAG synthesis), leads to defects in the early steps of valve
morphogenesis at the AVC (Walsh & Stainier, 2001). The jekyll mutants did not
exhibit the cell clustering event at the AVC at 48hpf and show reduced and
mislocalized expression of early AVC differentiation markers, such as Bmp4 and Brl46
(a versican homolog) within the myocardium, and Notchlb within the endocardium
(Walsh & Stainier, 2001).

Within the primitive heart tube, Has?2 is responsible for the production of HA and
its exportation within the cardiac jelly (Todd D. Camenisch et al., 2000; Walsh &
Stainier, 2001) [Figure 18.B]. Has2 is specifically expressed within the AVC and the
OFT endocardial cells (Todd D. Camenisch et al., 2000; Tong et al., 2014).

The localized expression of has2 is regulated by genes expressed within the

myocardium, such as the T-box factor Tbx2 (tbx2b in zebrafish) or Tbx5, which is
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also restricted to the AVC and OFT regions ((Shirai et al., 2009), shown in mouse)
(Tong et al., 2014) [Figure 18]. Tbx2 is under the control of BMP signaling (BMP2/4)
(Shirai et al., 2009). Tbx5 has been shown to be regulated by the direct binding of
potassium channel tetramerization domain containing 10 (KCTD10), which restricts its
transcription and therefore HA expansion (Tong et al., 2014).

Has2 mouse mutants were revealed to have strong defects in heart
development, where cell migration and EMT at the AVC did not take place (Todd D.
Camenisch et al., 2000). Moreover, in zebrafish, excessive HA deposition due to
elevated levels of has2 expression leads to an enlarged expression of AVC cell identity
markers with, for instance, elevated numbers of Dm-grasp (Alcama) positive cells
within the heart (Lagendijk et al., 2011). Therefore, the local presence of HA inside
the cardiac jelly is essential for proper valve morphogenesis at the AVC.

The fact that has2 expression is localized at the AVC, therefore restricting cell
identity, has been shown to be regulated by the transmembrane protein Tmem2 (also
known as cemip2) which is expressed in both the myocardium and the endocardium
(Smith et al., 2011). In fact, zebrafish tmem2 mutants were characterized by increased
deposition of HA within the cardiac jelly as well as the expansion within the heart of
genetic markers normally restricted to the AVC (bmp4, tbx2b, has2, alcama, notchlb,
versican) [Figure 18] (Smith et al., 2011; Totong et al., 2011). Recently, the
extracellular portion of Tmem2 has been revealed to play a role as a hyaluronidase
in this context, degrading HA inside the cardiac jelly of the two chambers, thereby
restricting Wnt signaling within the myocardial cells of the AVC and enabling the proper
establishment of AVC cell identity (Hernandez et al., 2019).

Additional components are found locally at the AVC at around 36hpf, the core
protein Versican (produced by myocardial cells) [Figure 18], and the GAG
Chondroitin sulfate. Both mouse and medaka’s mutants for Versican (Mittal et al.,
2019; Mjaatvedt et al., 1998) and inhibition of Chondroitin Sulfate (via DX (cis/trans-
decahydro-2-napthol-b-D-xyloside) treatment of MO) (Peal et al., 2009) lead to defects
in the AVC development.
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Figure 18. Matrix composition genetic interactions during AVC morphogenesis.
(A) Structure of the heart. At=Atrium, V=Ventricle. (A’) Zoom in the AVC region with
the swelling of the cardiac jelly composed of different components: HA, versican,
chondroitin sulfate, and fibronectin 1b. (B) Main genes involved in the production of
the ECM at that developmental stage in the AVC cells. [inspired from (Derrick & Noél,
2021; Segert et al., 2018)]

Importantly, it is known for a long time that the GAGs have the physicochemical
property to attract salt and large amounts of water. This property led to the
observation that the cardiac jelly locally swells at the AVC prior to valve formation
at 48hpf, forming a hydrated ECM [Figure.18.A’] (Tong et al., 2014; Waldenstrém et
al., 1991).

Therefore, we saw in this subsection that the composition and organization of
the cardiac jelly are key during early AVC morphogenesis. However, the impact of the
biophysical properties of its constituents on the cell behavior changes of the AVC cells
is not known. More precisely, it will be interesting to decipher the impact of the osmotic

pressure generated by the GAG molecules on cardiac cell behaviors.
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2.4.3 Tissue remodeling during early heart morphogenesis

Even if the main steps of AVC valve morphogenesis are known, the cell
behaviors underlying the emergence of the AVC region are currently not well
understood. A previous paper from the Vermot lab has investigated what happens at
the tissue-scale during the AVC formation (Boselli et al., 2017). To do so, they
photoconverted the endocardial cells present in the ventricle and the atrium at 36hpf,
prior to the AVC emergence (characterized by a cell cluster formation, also called
endocardial ring) [Figure 19.A]. However, they did not photoconvert the region
corresponding to the AVC. After photoconversion, they let the photoconverted-embryo
develop normally, and they imaged the same heart again at 48hpf. They observed
that the non-converted region, the AVC, shrunk between 36hpf and 48hpf. This
observation led to the conclusion that a tissue convergence towards the AVC region
happens between 36hpf and 48hpf. Importantly, this tissue movement is dependent
upon mechanical forces as it does not occur in the sih mutant [Figure 19]. However,
the presence of red blood cells is not essential for this process as embryos injected

with the gatal morpholino did not have defects in tissue convergence.
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region of interest

Summary of tissue

movements

+

contraction
——
resumed

Tissue

v convergence

blood [lefslige]]
flow

R

fli:kaede photoconverted fli:kaede photoconverted ave

Reduced
tissue
convergence

36hpf

control

Figure 19. A photoconversion experiment reveals an endocardial tissue
convergence towards the AVC region from 36 to 48hpf. (A) Schematic of the
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photoconversion experiment based on the zebrafish line Tg(fli:kaede), fli being a
promotor specific for the endothelium and Kaede a photoconvertible protein that
normally emits in the green spectrum but upon irradiation with UV light (405nm)
changes conformation and emits in the red spectrum. v= ventricle and a= atrium. (B-
C) Confocal images showing a photoconverted heart at 36hpf and the result after 12
hours of growth, at 48hpf. (D) Schematic representing the tissue convergence
movement in control embryos (based on the shrinkage of the AVC region from 36 to
48hpf) and the absence of tissue movement in the sih mutant. [from (Boselli et al.,
2017)]

This experiment sheds light on the important tissue remodeling prior to the AVC
development. However, the cellular behaviors behind this tissue movement remain

unknown.

In conclusion of this Part 2, we saw that cardiogenesis is a complex
morphogenetic process. Defects during embryonic development can lead to congenital
heart diseases, which are a major medical issue. Thanks to the zebrafish model
organism, which enables to study the molecular and cellular origins of cardiovascular
defects, it has become clear that blood flow, and in particular oscillatory wall shear
stress encountered in the AVC region is essential for proper valvulogenesis. The
sensing and the mechanotransduction of this mechanical cues have been revealed to
imply the stretch-sensitive TRP channels (TRPP2 and TRPV4) leading to gene
activation such as the transcriptional factor Kif2a. In addition, the cardiac jelly
undergoes a complex remodeling and starts to be enriched in mainly GAG molecules
(such as hyaluronic acid) that attract water leading to a swelling of the ECM during
AVC development. At the cellular level, the beginning of AVC morphogenesis is
characterized by an increase in cell density, with cells are becoming closer to each
other, locally at the AVC at 48hpf. Prior to this event, we saw in the last section that
the whole endocardial tissue undergoes a convergence towards the AVC region from
36 to 48hpf.

Based on this literature background, | will now discuss the objectives and main aims

of my thesis project.
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OBJECTIVES OF THE THESIS

Molecular and cellular mechanisms involved in the zebrafish Atrio-
Ventricular Canal (AVC) morphogenesis

In the introduction of this thesis, the key morphogenetic events at early AVC
development were outlined. We have seen that AVC formation is characterized by
convergent movement of the endocardial tissue towards the AVC region from 36hpf to
48hpf. At 48hpf, the cells present within the AVC region become closer to each other,

forming a cluster, and exhibit a cuboidal shape [Figure 20].

« Myocardium

36 hpf ®
>

convergent movement

Myocardium

cell clustering
Co0P

AVC EdCs

Figure 20. Early AVC morphogenesis: Tissue convergence towards the valve-
forming area followed by an increase of the cell density into that region. [inspired
by (Steed et al., 2016)]

Based on these two main observations, my thesis project sought to decipher
the driving force behind this movement of the endocardial tissue as well as to

understand the role of mechanical forces in this process.
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To achieve this, my project had 3 main aims:

1. Characterize the changes associated with tissue convergence at the cellular
level

The point of this first aim is to determine the behaviors of endocardial cells that
occur during tissue remodeling (as discussed in the Part 1/1.4 of the introduction). My

efforts focused on examining in-plane tissue cell polarity changes, cell volume

changes, as well as the proliferation of the endocardial cells in the process, following

these parameters from 28hpf (primitive heart tube) until 48hpf (looped heart and

establishment of the AVC cell clustering)

2. Characterize the impact of mechanical forces and the composition of the
cardiac jelly in the process

This part consisted of modifying either the forces generated by the myocardium
(contraction of the heart and resulting blood flow) or the mechanotransduction within

the endocardium to study their roles in this morphogenetic process.

In addition to these forces, the components of the cardiac jelly are also key in
the proper development of the AVC. Therefore, we also aimed to decipher the impact

of hyaluronic acid on the endocardial cell behaviors investigated in Aim 1.

3. Characterize the driving force of the tissue movement and how it could be
requlated
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Figure 21. The hypotheses behind the driving force of the convergence
movement

For the identification of the driving force of the process, we started with some
hypotheses that could explain the tissue convergence towards the AVC and the cell

clustering event. | will go through these different points:

On the one hand, the movement of endocardial cells towards the AVC could be
explained by a pushing force towards that region [Figure 21, top panel]. This might
be induced by the increased proliferation of cells within the two chambers that will push
the cells towards the AVC. A different alternative would be that the cells inside the AVC
region exhibit higher cell proliferation rates but do not grow as much as the cells within
the two chambers. Finally, a pushing force could also be due to the active migration of

the endocardial cells towards the AVC region.

On the other hand, the atrial and ventricular endocardial cells might be pulled
towards the AVC [Figure 21, bottom panel]. This pulling force might originate from a

local cell volume decrease at the AVC.
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ABSTRACT

Organ morphogenesis involves dynamic changes of tissue properties at the

cellular scale. In addition, cells need to adapt to their mechanical environment through
mechanosensitive pathways. How mechanical cues influence cell behaviors during
morphogenesis, however, remains poorly understood. Here we studied the influence
of mechanical forces during the formation of the atrioventricular canal (AVC) where
cardiac valves develop. We show that in zebrafish the AVC forms within a zone of
tissue convergence between the atrium and the ventricle which is associated with
increased activation of the actomyosin meshwork and endocardial cell orientation
changes. We demonstrate that tissue convergence occurs with a major reduction of
endocardial cell volume triggered by mechanical forces and the mechanosensitive
channels TRPP2/TRPV4. In addition, we show that the extracellular matrix component
hyaluronic acid controls cell volume changes. Together, our data suggest that cell
volume change is a key cellular feature activated by mechanical forces during
cardiovascular morphogenesis. This work further unravels how mechanical forces and

extracellular matrix can influence tissue remodeling in developing organs.
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INTRODUCTION

Most organs need to acquire a defined shape for optimal function.
Organogenesis is controlled both spatially and temporally as a result of the interplay
between genetic and mechanical factors (Mammoto & Ingber, 2010; Sivakumar &
Kurpios, 2018). Mechanical cues can originate from diverse contexts: the cell
environment for example the surrounding extracellular matrix (ECM), neighboring
cells, or neighboring tissues (Charras & Sahai, 2014; Hannezo & Heisenberg, 2019;
Martino et al., 2018; Petridou et al., 2017; Villedieu et al., 2020). Further, mechanical
forces can originate from the tissue itself (Boselli et al., 2015; Xiong et al., 2020). Cells
constitute the functional unit of every tissue and can sense and react to those different
forces driving coordinated cell behaviors (cell shape changes, cell intercalation, cell
apoptosis, etc) that are essential for tissue remodeling (Heisenberg & Bellaiche, 2013;
Lecuit et al., 2011). Yet how mechanical forces affect cell behaviors and tissue shape

at the cellular scale remains unknown.

Amongst the different cellular mechanisms that control morphogenetic
processes (Heisenberg & Bellaiche, 2013; Lecuit et al., 2011; Mao & Baum, 2015), cell
volume changes have recently emerged as an essential modulator of tissue shape. In
Drosophila Melanogaster, cell volume decrease drives the tissue movement during
dorsal closure, (Saias et al., 2015). Moreover, cell volume changes are also key in
regulating the lumen volume of intestinal organoids (Yang et al., 2020) and the Kupffer
vesicle morphogenesis in zebrafish (Dasgupta et al., 2018). In vitro, external
mechanical cues can trigger cell volume changes (Guo et al., 2017; Wang et al., 2020;
Xie et al., 2018). Cell volume is controlled by osmotic regulation, cell cytoskeletal
contractility as well as cell growth and division (Cadart et al., 2019). However, how cell
volume changes can lead to tissue remodeling in broader tissular contexts, such as

the cardiovascular system, remains unclear.

The heart acquires its function early during embryonic development in order to
pump blood throughout the body. Defects in heart formation and especially heart valve
anomalies can lead to congenital heart diseases with major medical implications
(Lincoln & Yutzey, 2011). The fluid shear stress and stretching forces generated by
heartbeat have been reported to be essential for proper valve morphogenesis (Auman
et al., 2007; Bartman et al., 2004; Hove et al., 2003; Kalogirou et al., 2014; Vermot et
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al., 2009). The inner tissue layer of the heart corresponds to the endocardium,
constituted of specialized endothelial cells called endocardial cells (EdCs). Like
endothelial cells, EdCs are potent mechanosensors and mechanotransducers of
mechanical forces (Campinho et al., 2020). The membrane-bound stretch-sensitive
channels Piezol, TRPP2, and TRPV4 are important for mechanical force sensing
during cardiac valve development (Duchemin et al., 2019; Faucherre et al., 2020;
Heckel et al., 2015). Moreover, EdCs interact also with their ECM (i.e. cardiac jelly),
produced by both myocardial and endocardial cells, and which plays key roles during
cardiac morphogenesis (Steed et al., 2016; Derrick et al., 2019; Derrick & Noél, 2021,
Grassini et al., 2018).

One of the main components of the cardiac jelly is hyaluronic acid (HA), which
is a negatively charged glycosaminoglycan (GAG). HA has the property to generate
osmotic pressure and therefore attracts water, resulting in a local swelling of the
cardiac jelly at the AVC (Camenisch et al., 2000; Cowman et al., 2015; Lockhart et al.,
2011; Schroeder et al.,, 2003; Tong et al., 2014). However, the roles of the forces
generated by the heartbeat as well as the impact of biophysical properties of the ECM
on the modulation of EJC shape during primitive heart tube formation are currently not

well understood.

In zebrafish, the formation of a local cell cluster within the single-layered
endocardial sheet at the AVC marks the onset of cardiac valve formation (Pestel et al.,
2016; Steed et al., 2016). At the tissue level, this event is preceded by a symmetry-
breaking event promoted by a tissue convergence towards the AVC (Boselli et al.,
2017). Here, we used this morphogenetic model to investigate the early cellular
features involved in endocardial tissue convergence, starting from 28hpf, when the
zebrafish heart has a tubular structure, until 48hpf when the heart has looped and the
two chambers (atrium, ventricle) are formed. We found that tissue convergence is
associated with a global EJC orientation change directed towards the AVC and a cell
clustering event that is associated with a local cell volume decrease of the AVC cells.
Interestingly, neither the cell cluster formation nor the cell volume changes were linked
to cell proliferation. At the molecular level, we found that the cell volume decrease
depends on the mechanosensitive TRP channels (both TRPP2 and TRPV4) and the
ECM component hyaluronic acid. We propose a model where mechanotransduction

and the osmotic pressure generated by HA accumulating within the cardiac jelly
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dictates local cell volume changes in the endocardium. This may be a general feature
by which mechanical forces shape the cardiovascular system, such as the heart or

blood and lymphatic vessels in the vascular system.

71



RESULTS

EdC polarisation during AVC development

Using zebrafish for high precision live imaging, we analyzed the morphogenetic
patterns of the endocardium at cellular resolution. Axial cell polarity is a well-
established readout of the orientation and the coordination of cell movements within
endothelial tissues (Franco et al., 2015; Kwon et al., 2016; Pouthas et al., 2008).
Taking advantage of this fact, we investigated the dynamics of endocardial cell
orientation during AVC development in vivo to characterize the general morphogenetic
features underlying AVC formation. We used a zebrafish transgenic line that labels the
Golgi apparatus and the nucleus specifically in endothelial cells Tg(flil:nEGFP);
Tg(flila:B4GALT1-mCherry) (Kwon et al., 2016), thereby providing a readout of the
global tissue patterning at the cellular scale. Nucleus-to-Golgi axis orientation was
analyzed every two hours from 28hpf to 36hpf and at 48hpf in order to track EdC
orientation changes (Figure 1.A, Figure S1.A, Video S1). We classified the cells into
three categories: 1) nucleus-to-Golgi axis towards the outflow, 2) nucleus-to-Golgi axis
towards the inflow and 3) no clear nucleus-to-Golgi axis orientation (Figure 1.B; Figure
S1.B). For statistical analysis, we quantified nucleus-to-Golgi axis changes in the
ventricle (Figure 1.C) and in the atrium over time (Figure 1.C’). Before heartbeat
(22hpf), 48.6+£5.7% of the cells showed a nucleus-to-Golgi axis towards the outflow
(n=130 cells, N=3 embryos) (Figure S1.C). After blood flow initiation, we found that the
majority of the cells (66.5+2.0%, n=271 cells, N=5 embryos for the atrium and
70.2+4.6%, n=198 cells, N=5 embryos for the ventricle) showed a nucleus-to-Golgi
axis towards the outflow at 28 hpf in both chambers (Figure 1 C-C’). While nucleus-to-
Golgi axis patterns remained unchanged from 28hpf to 48hpf within the atrium (Figure
1.C’), ventricular cells gradually reversed their nucleus-to-Golgi between 28 and 48hpf
(48.2+2.0%, n=578 cells, N=7 embryos) to point towards the AVC (Figure 1.C). These
results indicate that tissue convergence is accompanied by a global orientation of the
nucleus-to-Golgi axis towards the AVC, starting from 30hpf underlining the collective
movements of the endocardial cells required to initiate the formation of cardiac valves
(Figure 1.F).
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endocardium. Scale bars, 30um. (B) Schematic explanation of the way cell orientation
was classified within the endocardium. (C-C’) Quantification of the percentage of cells
with the nucleus-to-Golgi axis oriented towards the outflow and towards the inflow from
28hpf to 48hpf (N=5 embryos, 28hpf ; N=5 embryos, 30hpf ; N=4 embryos, 32hpf ; N=4
embryos, 34hpf; N=5 embryos, 36hpf ; N=7 embryos, 48 hpf; Error bars show the
s.e.m) in the ventricle (C) and in the atrium (C’). (D) Maximal projection of flila: LifeAct-
EGFP heart showing an increase in F-actin fluorescence intensity at the AVC.
V=ventricle, At= atrium. Scale bar, 30um. (D’) Quantification of the F-actin fluorescent
intensity based on the data in (D). A.U= arbitrary units. Error bars represent the s.d.
(E) Single z-plane immunofluorescence with phalloidin and phospho-myosin light chain
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MLC signal in the myocardium (blue arrows) and an increasing signal through time in
the AVC (green arrows) from 30hpf, 36hpf, to 48hpf. Scale bars, 20pm (F) Schematic
representation of the general cellular morphogenetic features underlying AVC
development.
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EdC volume during AVC development

Considering the global change in EdC orientation at the onset of AVC
morphogenesis, we reasoned that the cells located in the area of convergence had to
specifically change shape within the AVC. We therefore hypothesized that a local cell
size change at the AVC could contribute to the process of AVC morphogenesis. To
address this, we analyzed EdC volume changes during AVC morphogenesis. We first
guantified the cell area and the cell height (apicobasal direction) separately in order to
compare the cell size between all three regions (atrium, AVC, ventricle) in order to
calculate the mean cell volume. To measure the area of the apical cell surface, we
used a transgenic zebrafish line (TgBAC(ve-cad:ve-cad-TS)) labeling vascular
endothelial (VE)-cadherin (Lagendijk et al., 2017) (Figure 2.A). We estimated the cell
size by multiplying the apical cell surface area by the cell thickness (Figure 2.B). Based
on these calculations, the size of AVC cells is 412.2+21.6 um? (n= 41 cells), while that
of cells located in the atrium and the ventricle are 1348+67.9 um?3 (n= 48 cells) and
933.1+47.8 um? (n= 34 cells), respectively (Figure 2.C). We concluded that cell size
varies depending on the different regions of the heart with cells being smaller in the
AVC.

To overcome the difficulties associated with 3D manual segmentation, we
developed a robust and quantitative deep-learning-based routine to obtain a reliable
assessment of the cell volume from nuclei segmentation. Indeed, it has been reported
that nuclear volume directly scales with the cell volume in different contexts (Cantwell
& Nurse, 2019; Greiner et al., 2015; Huber & Gerace, 2007). We thus focused on
extracting the nuclei volume which is easier to segment than the cell borders when in
3D. Quantitative data was obtained by using a trained classifier by deep learning. To
confirm the validity of the approach, we showed that nucleus volume correlates with
cell volume in our system (Figure 2.D). To demonstrate this correlation more clearly,
we analyzed individual cells for both their cell surface and their nucleus volume and

found a strong correlation between those two parameters (Figure 2.E).

We next assessed the temporal variation of cell volume during the progression
of tissue convergence. At 28hpf, cells in the AVC were not different in size compared
to cells located inside the ventricle (426.7+32.8 um?3at 28hpf in the AVC), whereas they
started to be smaller from 36hpf until 48hpf (390.6+12.9 um? at 36hpf, and of 284.9+6.1
um? at 48hpf) (Figure 2F). We confirmed these results by quantifying the mean
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Figure 2. 3D analysis of EJC size reveals a significant decrease in cell volume at
the AVC (A) Maximal projection of a stopped heart from a ve-cad:ve-cadTS;
flila :dsRed embryo. V=ventricle, At=atrium. Scale bar, 30 um. (B) Schematics
depicting methods used to calculate the cell volume in EdCs of the AVC (top panel)
and in EdCs of the ventricle and the atrium (bottom panel). A= area, An= area of the
nucleus, Ac= area of the cytoplasm, H= height of the cell, Hn= Height at cell region
containing the nucleus, Ho= Height in other regions of the cell (C) Quantification of the
cell volume shows differences between EdCs located in the atrium (n=41 cells), AVC
(n=48 cells), and ventricle (n=34 cells) with AVC EdCs having the lowest cell volume.
Mann-Whitney test. (D) Nucleus volume scales with cell volume. Correlation
(R?=0.9979) between the mean cell volume (calculated in (C)) and the mean nucleus
volume quantified via segmenting nuclei using deep learning. Error bars represent the
s.e.m for both axes (E) Individual cell surface area is positively correlated with
individual nucleus volume (Spearman coefficient= 0.7781). Each dot represents a cell
analyzed for both its surface area and nucleus volume (F) Quantification of the nucleus
volume at 28, 36 and 48hpf reveals a significant decrease in cell volume of the AVC
EdCs over development time. Top panels represent maximal projections of flil:nEGFP
stopped hearts, with blue dotted lines outlining the endocardium, and lower panels
represent heat-maps of nucleus volume for the same embryonic heart. Unpaired two-
tailed t-test. (N=5 embryos, 28hpf; N=5 embryos, 36hpf; N=5 embryos, 48hpf).
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distance between each nucleus and its three nearest neighbors (Figure S2.A).
Moreover, we found that cell volume change is correlated with enrichment in actin
filaments (F-actin) and phospho-myaosin light chain (p-MLC) specifically in the cells that
will form the AVC, suggesting that cells display active contractility in the AVC (Figure
1.D-E, Video S2). This observation indicates that the mechanical properties and
behaviors of the cells in the AVC could be different from the endocardial cells located
in the heart chambers. Overall, these results show that AVC EdCs undergo a
substantial decrease in cell volume along with actin cortex remodeling. This argues
that EJC contractility and cell volume decrease are involved in endocardial tissue

remodeling.
Cell volume decrease is independent of cell proliferation in the AVC

Differential cell proliferation rates or differential progression through the cell
cycle between the three regions of the primitive heart tube (atrium, AVC, ventricle)
could result in EdC cluster formation. We thus assessed if cell proliferation is
associated with heart chamber-specific cell volume changes. To do so, we abolished
cell division by using a combination of 30mM Hydroxyurea and 150uM Aphidicolin, two
drugs that induce cell cycle arrest in the S phase (Figure 3.A). Embryos were treated
from 30hpf until 48hpf without major phenotypic defects (Figure S1A-A’). Anti-phospho-
Histone 3 immunolabeling confirmed that cell proliferation inhibition was effective in
the presence of the drugs (Figure S3.B-B’). During the treatment, the number of EdCs
doubled while cell numbers remained similar between 30hpf and 48hpf when
proliferation was inhibited (Figure 3.A). The endocardial tissue and shape of the overall
heart were qualitatively unchanged: the heart looped, and the overall volume of the
heart was not significantly different between control and treated embryos (Figure 3.B,
Figure S3.C-C’). When nuclei volume was quantified, we could not detect a difference
in the cell size ratio between the three regions of the heart (atrium, AVC, ventricle) in
controls and treated embryos (ratio of 1.48, 1.48, and 1.53 respectively in the atrium,
AVC, and ventricle), suggesting a global scaling effect linking cell number and cell size
(Figure 3.C). Similarly, we could not detect any difference in the mean nucleus-nucleus
distance (ratio of 1.26, 1.27, and 1.15 respectively in the atrium, AVC, and ventricle)
between controls and treated embryos (Figure S3.D). Importantly, cells were
significantly smaller in the AVC of the treated embryos in the absence of proliferation

comparable to cells located in the ventricle (Figure 3.C). These results show that cell
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embryos, 28hpf ; N=5 embryos, 30hpf ; N=4 embryos, 34hpf ; N=5 embryos, 36hpf and
N=7 embryos, 48hpf and N=10 HU+A embryos). Error bars represent the s.d (B-B’)
Maximal projection of flil:nEGFP embryos showing a control (DMSO) (B) and a treated
embryo (HU+A) (B’) at 48 hpf. Blue dotted lines outline the endocardium. Scale bar,
50 pym. (C) Quantification of nucleus volume in atrium, AVC, and ventricle in controls
(DMSO) and treated embryos (HU+A). The ratios of the medians are conserved
between each region for both conditions. (N=7 embryos, DMSO and N=10 embryos,
HU+A). Unpaired two-tailed t-test (D-D’) Quantification of the percentage of cells with
the nucleus-to-Golgi axis towards the outflow and towards the inflow at 48hpf in
controls (DMSO) and in treated embryos (HU+A) (N=3 embryos, DMSO and N=4
embryos, HU+A), for the ventricle (D) and for the atrium (D’). Error bars indicate the
s.e.m.
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volume decrease at the AVC is independent of EdC proliferation. Moreover, the
nucleus-to-Golgi axis pattern at 48hpf was similar in treated and control embryos in
both the ventricle (Figure 3.D) and the atrium (Figure 3.D’). This additionally suggests
that tissue convergence occurs independently of cell proliferation.

Mechanical forces are important regulators of cell volume decrease

As mechanical forces have been shown to be involved in endocardial tissue
remodeling (Steed et al., 2016, Heckel et al., 2015, Dietrich et al., 2014), we next
studied the impact of altering cardiac contraction and blood flow on EdC size. To do
so, we first analyzed cell volume changes based on nuclei labelling in silent heart
mutants (sih”), which carry a mutation in the gene troponin T2a (tnnt2a) and are
therefore devoid of heart contraction and resulting blood flow (Sehnert et al., 2002)
(Figure 4.A-A’). Cell volume did not show significant differences between the three
regions of the heart (atrium, AVC, ventricle) and cells located in the AVC did not show
a smaller volume compared to control embryos (nucleus volume of 481.7+25.5 um2in
sih”-, n=68 cells, N=12 embryos, nucleus volume of 273.2+7.6 pm? in sih** sih*,
n=197 cells, N=8 embryos) (Figure 4.B). Less cells were present within the AVC
compared to controls (Figure 4.D) and the nucleus-nucleus distance was significantly
increased at the AVC in sih”-embryos (Figure S4.B). Interestingly, F-actin remodeling
was absent in the AVC cells of the sih”- embryos compared to controls (Figure S4.A).
Furthermore, at 48hpf cells located in the atrium showed random nucleus-to-Golgi
axes distribution (Figure 4.F’) (towards the outflow: 35.3£2.9%; towards the inflow:
36.0+3.3% for n= 208 cells, N=6 embryos) different to what was observed in controls
(towards the outflow: 68.7+1.4%, n=195 cells, N=3 embryos) (Figure 4.F’).Ventricular
nucleus-to-Golgi axis reversal did not occur in sih”-embryos and instead cells tended
to show a nucleus-to-Golgi axis towards the outflow (towards the outflow: 46.0+2.6%,
towards the inflow:27.3+4.4%, n=314 cells, N=6 embryos) compared to controls
(towards the inflow: 53.5+2.5%, n=217 cells, N=3 embryos) (Figure 4.F).These data
are consistent with the observation that tissue convergence does not occur in absence
of mechanical forces generated by the heartbeat (Boselli et al., 2017). To confirm these
results, we partly inhibited heart activity by injecting a low concentration of the tnnt2a
morpholino (Video S3) (Figure A”). As expected, the flow velocity was lower
(176.7+£30.0 um/s, N=12 embryos), compared to controls (1222.6+128.0 pm/s, N= 3
embryos) (Figure 4.E). Interestingly, cell volume decrease at the AVC was affected
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Figure 4. Mechanical forces and TRP channels mediate AVC endocardial cell
volume decrease during early AVC morphogenesis (A-A”) Maximal projection of
kdrl :nls-mCherry heart at 48 hpf for sih** sih*- (A), sih’ (A’) and diluted tnnt2a
morpholino (A”). Scale bars, 50 um. Blue dotted lines outline the endocardium (B)
Quantification of the nucleus volume in atrium, AVC, and ventricle in both sih*/* sih*-
and sih”-. (N= 8 sih*"* sih*” embryos, N=12 sih”’- embryos). Unpaired two-tailed t-test.
(C) Quantification of the nucleus volume in the atrium, AVC, and ventricle in controls
(sham) and diluted tnnt2a morpholino (MO)-injected embryos. (N= 3 controls (sham),
N=12 embryos injected with diluted tnnt2a morpholino (MO)-injected embryos).
Unpaired two-tailed t-test. (D) Number of EdC cells present in the AVC region based
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on the data presented in (A) for controls, diluted tnnt2a MO-injected embryos, and sih-
-, (E) Quantification of the forward flow (in the direction of the outflow) velocity at 30hpf
based on manual tracking of fluorescent nano-droplets injected in the blood circulation,
as explained in Figure (5.B). (F-F’) Quantification of the percentage of cells with the
nucleus-to-Golgi axis towards the outflow and towards the inflow in the ventricle (F)
and the atrium (F’) at 48hpf in controls (sham) and tnnt2a morphants (at high
concentration). (N=3 embryos, sham and N=6 embryos, tnnt2a MO) Error bars indicate
the s.e.m.(G-G’) Maximal projection of the stopped heart of kdrl:nls-mCherry embryos
at 48hpf for trpp2,trpv4 controls (G) (including trpp2** trpv4**; trpp2+*-,trpv4** and
trpp2*'*,trpv4+-) and their siblings trpp2-, trpv4’- (G’). Scale bars, 50 um. Blue dotted
lines outline the endocardium. (H) Maximum projection of confocal micrograph for
trpp2 and trpv4 probes at 36hpf. The outer black dotted line represents the myocardial
layer and the inner violet dotted line represents the endocardial layer (1) Quantification
of nucleus volume in the atrium, AVC, and ventricle in trpp2,trpv4 control embryos
(including trpp2** trpv4*'™*; trpp2*- trpv4** and trpp2*/+,trpv4*-) and their trpp2-,trpv4-
I siblings. (N= 15 embryos for trpp2-/-trpv4-’- and N=6 control embryos). Unpaired two-
tailed t-test. (J-J’) Quantification of the percentage of cells with the nucleus-to-Golgi
axis towards the outflow and towards the inflow at 48hpf in controls and trpp2-/- trpv4
-/- in the ventricle (J) and in the atrium (J’). The antibody GM130 was used to label the
golgi. (N= 3 embryos, controls and N= 4 embryos, trpp2-/- trpv4 -/-). Error bars
represent the s.e.m.
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(nucleus volume of 360.9+11.7 um3, n=153 cells, N= 12 embryos in tnnt2a morphants,
nucleus volume of 324.9+10.5 um3, n=114 cells, N=3 embryos) (Figure 4.C)
suggesting that even subtle hemodynamic decrease alters cell volume. Overall, these
results indicate that mechanical forces are important regulators of cell volume

decrease.

The stretch sensitive channels TRPP2 and TRPV4 are key modulators of cell volume

decrease

The stretch-sensitive channels Transient Receptor Potential Polycystin 2
(TRPP2) and Transient Receptor Potential Vanilloid 4 (TRPV4) are important
regulators of heart valve development (Heckel et al., 2015). Interestingly, TRPV4 is
also a well-known contributor to cell volume regulation in astrocytes where it acts as
an osmosensitive channel (Benfenati et al., 2011). We thus hypothesized that TRP
channels could modulate cell volume during AVC morphogenesis. We investigated
mutants for trpv4 and trpp2 channels. trpp2 mRNA is ubiquitously distributed in the
embryo but is enriched within the endocardial layer of the heart whereas trpv4 is mostly
expressed in the endocardium and specifically enriched in the AVC region (Figure 4.H).
By looking at both trpv4 - and trpp2 - single mutant embryos, we found that EdC
nucleus volume at the AVC was unchanged compared to controls (Figure S4.D). Since
genetic compensation is a widespread feature in zebrafish (El-Brolosy & Stainier,
2017) we analysed double trpv4 “-trpp2 7 mutants (Figure 4.G-G’). Cell volume
decrease was not observed in the AVC of trpv4 *;trpp2 - compared to controls
(nucleus volume of 351.9+7.9 um?, n=333 cells, N=15 embryos in trpv4 *;trpp2
nucleus volume of 282.4+9.8 um?3, n=129 cells, N=6 in trpv4 **;trpp2 **) (Figure 4.1),
and nucleus-nucleus distance was significantly increased in AVC EdCs of the double
mutants (Figure S4.E). Importantly, heart rate was not significantly different between
mutants, suggesting that heart function and flow forces are normal (Figure S4.F).
These data show that the Trpp2 and Trpv4 mechanosensitive channels are important
regulators of cell volume decrease. Moreover, the percentage of ventricular EdCs with
nucleus-to-Golgi axis towards the inflow 36.9+1.7 % (n= 309 cells, N=4 embryos) is
reduced compared to controls (49.0+3.8 % (n= 223 cells, N=3 embryos) (Figure 4.J)
and the distribution of the nucleus-to-Golgi axes was unchanged in the atrium (Figure
4.J). This suggests that the tissue convergence is affected in the absence of the TRP

channels.
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In the context of osmotically-driven cell volume increase (i.e. cell swelling)
TRPV4 interacts with aquaporin channels to modulate cell volume (Benfenati et al.,
2011; Conner et al, 2012; luso & Kirizaj, 2016). Aquaporins are passive
transmembrane channels that can enhance membrane permeability (Ibata et al., 2011,
Mola et al., 2016). We studied the spatio-temporal expression patterns of aquaporins
and focused on two aquaporin channels present in the developing cardiovascular
system: agp8a.1 and agpla.l (Figure S2.B-S2.D). Both agp8a.1 and agpla.l mRNA
are expressed within the heart (Figure S2.B), with expression starting from 30hpf
specifically in AVC cells (9/32 embryos (aqp8a.l), 4/20 embryos (agpla.l)). At this
stage, agpla.l is also expressed in the red blood cells, as previously reported (16/20
embryos) (Chen et al., 2010) (Figure S2.B). At 36hpf, agp8a.1l and agpla.l mRNAs
are expressed in both AVC and OFT cells (24/27 embryos (aqp8a.1l), 19/19 embryos
(agpla.l). At 48 hpf, agp8a.l is undetectable (36/36) whereas agpla.l mRNA
expression is highly specific in the AVC and OFT regions (31/31). Using fluorescent
probes, we confirm that these channels are expressed specifically in the AVC and OFT
regions and further show that their expression is restricted to the endocardium (Figure
S2.C). Interestingly, both the expression of agp8a.1 and agpla.l were absent in the
sih - embryos, suggesting that their expression is dependent on mechanical forces
(Figure S4.C). These data indicate that cells specifically located in the AVC are
equipped with water channels whose expression depends on heart function.

Hyaluronic acid modulates AVC endocardial cell volume changes

One of the most abundant components of the cardiac jelly is the
glycosaminoglycan (GAG) hyaluronic acid (HA). GAG accumulation is known to apply
osmotic pressure and to attract water (Cowman et al., 2015; Lockhart et al., 2011). In
vitro, GAG leads to cell shrinkage of HEK cells (Joerges et al., 2012). HA is assembled
by hyaluronan synthase genes and is then secreted into the ECM. In particular, has2
is specifically expressed by EdCs of the AVC (Patra et al., 2011; Tong et al., 2014). As
expected, has2 expression in the heart starts at 30hpf and is restricted to the AVC from
30hpf to 48hpf (Figure S5.A). We used HA-binding protein (HA-BP) to study the protein
localization (Figure 5.A). HA was found to be present exclusively within the cardiac
jelly (Figure 5.A, Figure S5.B) and appears uniformly distributed throughout the cardiac
jelly of the heart. We next assessed its potential role in cell volume regulation at the
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Figure 5. Hyaluronic acid located in the cardiac jelly modulates AVC endocardial

cell volume changes. (A) Pictures of one z-plane showing the localization of HA-BP
(magenta) by immunofluorescence on fixed and deyolked (to visualize the whole heart)
flil:nEGFP embryos (nuclei in green) at 30hpf (N=10 embryos), 36hpf (N=8 embryos),
and 48hpf (N=12 embryos). Scale bar, 50 ym. White dotted lines outline the heart. (B)
Schematic explaining the injection process of the hyaluronidase (HAase) inside the
blood circulation, near the inflow region of the heart at 30hpf. (C) Pictures of one z-
plane in the AVC region showing the presence of HA-BP inside the cardiac jelly (yellow
arrow) for control (injected with PBS-injected) embryos (N=10/10) and the absence of
HA-BP inside the cardiac jelly (yellow arrow) for HAase-injected embryos (N=12/12) at
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36hpf. Scale bar, 30 um. White dotted lines outline the heart. The yellow dotted lines
mark the contours of the cardiac jelly. (D-D’) On the top panel: Maximal projections of
stopped hearts at 48hpf of flinEGFP embryos for control (PBS-injected) embryos (D)
and HAase-injected embryos (D’). On the bottom panel: zoom in the AVC region. Scale
bar, 50 ym. Blue dotted lines outline the endocardium. (E) Quantification of the nucleus
volume in the atrium, AVC, and ventricle in both controls (PBS-injected) embryos and
HAase-injected embryos based on the raw data presented in (D). (N=8 controls, N=12
HAase-injected embryos). Two-tailed unpaired t-test. (F-F’) Quantification of the
percentage of cells polarized towards the outflow and cells polarized towards the inflow
in the ventricle (F) and the atrium (F’) at 48hpf in controls (PBS-injected) and HAase-
injected embryos (N=5 embryos, controls, and N=7 embryos, HAase-injected) Error
bars indicate the s.e.m. (G) Schematic illustrating the proposed mechanism for cell
volume decrease at the AVC. Created partially with BioRender.com.



AVC by injecting hyaluronidase (HAase), which breaks down HA chains (Figure 5.B).
HAase-injected embryos presented pericardial edema after 18 hours of treatment
(Figure S5.C) but did not have heart rate defects at 48hpf (Figure S5.E). In this
condition, HA was not detected inside the cardiac jelly of HAase-injected embryos,
confirming that HA degradation was effective (Figure 5.C). Interestingly, F-actin
remodeling in EACs and cell volume decrease did not occur in the treated embryos
(Figure S5.D) (N=7/7 HAase-injected embryos, N=7/7 controls). Cell volume decrease
was not observed in the AVC of HAase-injected embryos compared to controls
(nucleus volume of 422+10.0 um3, n=177 cells, N=12 embryos in HAase-injected
embryos, nucleus volume of 290.6+7.0 um?3, n= 266 cells, N=8 in controls) (Figure 5.E).
Similarly, the AVC nuclei-nuclei distance was increased in HAase-injected embryos
(Figure S5.F). Furthermore, the number of ventricular cells with nucleus-to-Golgi axis
towards the inflow 30.1£2.2 % (n=523 cells, N=7 embryos) is reduced compared to
controls 53.4+3.3% (n=425 cells, N=5 embryos) (Figure 5.F) and the distribution of the
nucleus-to-Golgi axes was unchanged in the atrium (Figure 5.F’). This result indicates
that tissue convergence is reduced in the absence of HA inside the cardiac jelly. We
conclude that both mechanosensitivity and HA are essential modulators of the cell

volume decrease in the AVC (Figure 5.G).



DISCUSSION

Using in vivo imaging, we show that endocardial cell volume decrease is key for
tissue convergence and AVC formation, setting the stage for subsequent valve
formation (Pestel et al.,, 2016; Steed et al., 2016). We observed that cell volume
decrease is concomitant with ventricular nucleus-to-Golgi axis reversal as well as F-
actin remodeling in the AVC. Additionally, we show that cell volume change is
independent of cell proliferation and is regulated by mechanical forces caused by heart
function, TRP channels and HA located in the cardiac jelly. Together, our results show
that cell volume decrease is an important cellular feature involved in cardiovascular
morphogenesis in response to mechanotransduction activated by TRP channels. We
propose that cell volume change may be a general cellular feature activated by

mechanical forces to control tissus shape.

TRP channels are key players in the mechanotransduction pathway leading to
heart valve formation (Duchemin et al., 2019; Heckel et al., 2015). The current model
suggests that those channels sense oscillatory blood flow at the AVC, which is
subsequently transduced into electrochemical information, leading to the expression
of mechanosensitive genes (Steed, Boselli, et al., 2016, Heckel et al., 2015). Our
results suggest that additional cues, on top of oscillatory blood flow, might affect the
activity of the TRP channels through the generation of an osmotic pressure generated
in the cardiac jelly. The components of the cardiac jelly are important for proper AVC
formation (Derrick & Noél, 2021; Grassini et al., 2018; Hernandez et al., 2019). For
example, modulating the expression of the ugdh gene encoding for the GAG building
blocks or the alteration of HA deposition in the cardiac jelly leads to defects in AVC
development (Segert et al., 2018; Walsh & Stainier, 2001). Here, we show that HA
regulates the size of the EdCs in the AVC, revealed by the absence of a cell volume
decrease in the hyaluronidase-treated embryos. Interestingly, it is known that GAG can
establish an osmotic pressure (Cowman et al., 2015) and TRPV4 channels are potent
osmosensitive channels (Hoffmann et al., 2009) that physically interact with aquaporin
to modulate cell volume in response to osmotic stresses (Benfenati et al.,, 2011).
Interestingly, the cells that lose volume were also found to be equipped with aquaporin

channels (agp8a.l, aqgpla.l). Considering that Aquaporin enhances water
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permeability (Ibata et al., 2011; Mola et al., 2016), the TRPV4-Aquaporin complex
might increase the rate of water efflux following the establishment of an osmotic
gradient. Moreover, the intracellular entry of calcium ions following the opening of the
TRP channels might lead to the translocation of the aquaporin channels to the plasma
membrane (Conner et al., 2012). With this, we propose a model where HA
accumulation creates an osmotic pressure between the EdCs and the cardiac jelly to
promote the cell volume decrease observed in the AVC (Figure 5.G). In this model,
TRP channels would be involved both in the osmosensing as well as the shear stress

sensing.

What is the driving force behind tissue convergence? At the tissue level, we
observed a change of the nucleus-to-Golgi axis that is concomitant to cell volume
changes and depending both on blood flow, and the presence of TRP channels and
HA. As a consequence, the local cell volume decrease of EdCs in the AVC could pull
on the surrounding cells and drive tissue convergence as well as the cell clustering. In
addition, we cannot rule out that tissue convergence is in part due to an active
migration of EdCs towards the AVC. Indeed, the presence of HA inside the ECM has
been reported to be essential in the context of cell migration in several studies (Derrick
& Noél, 2021) and ECM is key to regulate the turnover of angiogenic signals (De
Angelis et al., 2017). Two main scenarios can therefore explain our results: active
migration towards the AVC is taking place and then followed by an adaptive cell volume
shrinkage and/or the cell volume shrinkage at the AVC pulls on the surrounding cells
and leads to tissue convergence. Considering the small amplitude of the tissue
movements, we favour the second scenario where cell volume decrease is sufficient

to drive tissue movement as described in other species (Saias et al., 2015).

In summary, we observed that the loss of the mechanosensitive/osmosensitive
TRP channels in the presence of normal blood flow affects the ability of AVC EdCs to
decrease their cell volume and subsequent heart valve morphogenesis. These results
indicate that EdCs process local mechanical signals to regulate their size through ion
channels. The coordinated interactions between extracellular and intracellular
processes involved in cell volume regulation are key to explain the mechanisms
leading to tissue remodeling. Overall, a better understanding of these mechanisms will
have implications for treating numerous pathological conditions including
cardiovascular diseases such as congenital valvulopathies.
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METHODS

Zebrafish husbandry, transgenic lines, morpholinos

Animal experiments were approved by the Animal Experimentation Committee
of the Institutional Review Board of the IGBMC and followed ethical and animal welfare
guidelines. 0.003% 1-phenyl- 2-thiourea (PTU) (Sigma Aldrich, P7629) was added to
0.3X Danieau’s buffer at 8 hours post-fertilization in order to prevent pigment formation.
Embryos were raised at 28.5 °C. The different zebrafish lines used in this study were:
AB as wild-type line, Tg(flila:B4GALT1lgalT-mCherry)’"s® (Kwon et al., 2016),
Tg(flil:nEGFP)Y” (Roman et al., 2002), Tg(ve-cad:ve-cadTS) (Lagendijk et al., 2017),
Tg(flila:DsRed) (Vatine et al., 2013); Tg(flila:lifeact-EGFP) (Phng et al., 2013),
Tg(kdrl:nls-mCherry) (Nicenboim et al., 2015), silent heart (sih)3000 (Sehnert et al.,
2002), cupt©321 (Schottenfeld et al., 2007), trpv4sa1671 (ZIRC). The genotyping primers
were for trpv4 the forward (5-GCCTTTCAGCATGTTGTCCA-3’) and the reverse (5'-
GGTTCCTGCTGGTCTACGTG-3’) primers with a Tm of 64.2°C for annealing and for
trpp2 the forward (5- CCATTAGCCTGCACATTCAATC-3’) and the reverse (5'-
ATCGCACTGCTCATCTGAAG-3’) primers with a Tm of 62.9°C for annealing. The
trpp2 homozygous mutant was selected phenotypically based on their curved talil
phenotype. The morpholino (MO) used in this study targets tnnt2a (5'-
CATGTTTGCTCTGATCTGACACGCA-3') (GeneTools) (Sehnert et al., 2002). 5.8 ng
of the tnnt2a MO was injected into the yolk at the one-cell stage for complete heartbeat
arrest and 0.14 ng was injected to reduce heartbeat amplitude (referred to as diluted
tnnt2a MO in text).

Confocal imaging

For live imaging, dechorionated zebrafish embryos were anesthetized using
0.2mg.mL"* of tricaine (Sigma Aldrich, A5040; stock at 8mg/mL adjusted to pH7-7.5)
(to stop fish motion) or 50mM drug 2,3-butanedione monoxime (BDM) (Sigma Aldrich,
B0753) for 10 minutes (to stop the heart) and then mounted in 1.2% UltraPure low
melting-point agarose (Sigma Aldrich, 16520) that has the same concentration of
tricaine or BDM as the media.

Confocal imaging was performed either on an up-right Leica SP8-Multiphoton
confocal microscope (to image the stopped heart or fixed embryos) or on an inverted
Leica spinning disk (to image the beating heart). The mounting was different on the
two microscopes - a custom-designed mold was used for imaging on the up-right Leica
SP8-MP confocal microscope (Chow et al.,, 2018) and a glass-bottom Petri dish
(MateTek, P35G-0-14-C) for imaging on the inverted spinning disk microscope.
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Image analysis

Classification of cell polarity

Individual cell polarity was analysed by manually labelling individual nuclei and
Golgi apparatus using the “spots” tool in the Imaris software (3D viewer). We then
classified by eye the cell polarity of each cell based on the position of its Golgi
apparatus relative to its cell nucleus: polarized towards the outflow, polarized towards
the inflow, or no clear polarization.

F-actin intensity measurements

10 cells were analyzed for each region of the heart (atrium, AVC, ventricle) in
fli:LifeAct-eGFP embryos. For each cell, 10 lines were drawn perpendicular to the
plasma membrane with ImageJ and the maximal intensity was measured.

Cell volume estimation measurements

Measurement points were put with the Imaris software all around the cell
membrane based on the VE-cadherin signal, Tg(ve-cad:ve-cadTS). The coordinates
of these measurement points were inputted into Matlab, and the individual cell surface
area was calculated using Delaunay triangulation-based surface reconstruction. Using
the Tg(flila:DsRed) line to visualize the cytoplasm of endothelial cells, cell height
measurements were made in Imaris software (3D viewer). Since AVC endocardial cells
are cuboidal, an estimation of their cell volume was computed simply by multiplying
the height of the cell with the cell surface area (Figure 2.B). For EdCs in the ventricle
and atrium, the height of the cell was much higher at the part of the cell containing the
cell nucleus (Hn) than at other parts of the cell (Ho). Thus, their cell volume was
estimated by multiplying Hn with the nucleus area, multiplying Ho with the area of the
cell not containing the nucleus, and adding the two products together (Figure 2.B).

Nuclei segmentation

Nucleus segmentation of 3D images was obtained with a Deep Learning based
segmentation pipeline called StarDist3D (Weigert et al., 2020). The training of
StarDist3D needs ground truth instance segmentation annotations which are
cumbersome to obtain, if done fully manually. Hence, this manual annotation effort was
partially circumvented by adopting an iterative approach for ground-truth annotation.
Firstly, only one 3D image was fully manually annotated using the open-source Labkit
plugin in Fiji (Schindelin et al., 2012). A StarDist3D network was then trained using the
single annotated 3D stack. This trained network was then used to predict nucleus
segmentations in a separate 3D image. These predictions were then manually curated
such that all segmentation errors were removed. The curated image, together with the
first, manually annotated image, were then used to train yet another StarDist3D
network, and this iterative training, prediction, curation loop can be continued.

In this work, this process was iterated 4 times, leading to a final StarDist3D
network trained on a total of 5 full 3D images. While manual annotation of the first
ground truth image took roughly 4 hours, the curation times for the subsequent 4
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iterations reduced to ~2 hours, ~1 hour, ~30 minutes and ~10 minutes, respectively.
Network training was performed using patches of size 48x96x96 and a batch size of 2
for 400 epochs and 100 steps per epoch, using the default parameters of the public
implementation of StarDist3D (https://github.com/stardist/stardist).

The final network was used to obtain instance segmentations for all datasets
used in this work. After segmentation, a custom python script was used to compute
volume and 3D position of each segmented cell nucleus. By matching the 3D
coordinates of nuclei positions back to the original image, nuclei were manually sorted
into three groups (atrium, AVC, and ventricle) based on the region of the heart they
are located in.

To obtain the mean distance between each cell and its three nearest
neighbours, the 3D coordinates of the segmented nuclei were inputted into a custom
Matlab script. For each nucleus, the Matlab script calculates the distance between the
nucleus and all the other nuclei within the heart. Then, those values are sorted
according to size, and the mean value for the three shortest distances was calculated.

Immunofluorescence

Zebrafish embryos were dechorionated and fixed for 2-3 hours at room
temperature (RT) at the desired developmental stage in either 4% paraformaldehyde
(PFA) in 1X phosphate-buffered saline solution (PBS) or in 4g of PFA diluted in 200mL
of Fish Fix Buffer (1L: 1X PBS, 120uL 1M CacClz, 40g sucrose) for easy removal of the
yolk with forceps. At early developmental stages, the removal of the yolk was beneficial
for imaging the whole endocardial tissue, in particular the part of the endocardium near
the outflow tract. Therefore, the yolk was removed for cell polarity, HA-BP
immunofluorescence, and RNAscope experiments.

After fixation, embryos were washed in PBS implemented with 0.1% Tween20
(PBST), three times for 5 minutes. For GM130, anti-phosphorylated histone H3
antibody, and phalloidin stainings, embryos were permeabilized in 1X PBS containing
0.1% Triton X-100 (PBST) (Sigma-Aldrich, T8787) (GM130 antibody) or 0.5% Triton
X-100 (phospho-H3 antibody), overnight at 4°C. Embryos were then incubated in
blocking solution (PBS with 0.1% Triton X-100, 2% BSA (H2B, 1005-70), 5% NGS
(Coger, VS-1000) (GM130) (Sepich & Solnica-Krezel, 2016) or (PBS with 0.5% Triton
X-100, 2 mg/mL BSA, 2% NGS) overnight at 4°C. Primary antibodies were then added
at the following dilutions: Mouse-anti-GM130, 1:100, BD Bioscicence-610822),
(Rabbit-anti-PH3, 1:100, Millipore-06-570 in fresh blocking buffer for 2 days. Then,
embryos were washed over 4 hours (with solution changes every 30 minutes) in PBST.
Secondary antibodies were added: Goat-anti-Mouse (Alexa Fluor 647, Invitrogen,
A32728) or Goat-anti-Rabbit (Alexa Fluor 594, Invitrogen, A11037), and
counterstained with Phalloidin when necessary (Alexa Fluor 568, 1:50, Invitrogen,
A12380).
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For Hyaluronic Acid-Binding Protein (HA-BP, Sigma-Aldrich, 385911)
immunofluorescence, the experimental procedure described in (Munjal et al., 2020)
was performed on deyolked embryos.

Pharmacological treatments

Hydroxyurea and Aphidicolin

Larvae were incubated from 30hpf to 48hpf with a mix of two S-phase inhibitors:
30 mM Hydroxyurea (HU) (Sigma-Aldrich, H8627; diluted in water) and 150 uM
Aphidicolin (A) (Sigma-Aldrich, 89458; diluted in DMSO).

Hyaluronidase pharmacological treatment

Zebrafish embryos were dechorionated, anesthetized with 0.2mg.mL"1 of
tricaine, and mounted on a glass-bottom Petri dish (MateTek, P35G-0-14-C) with 1.2%
UltraPure low melting-point agarose (Sigma Aldrich, 16520). The injection solution was
prepared as follows: 1X PBS with 0.5% Phenol Red (Sigma Aldrich, P0290) for controls
and Hyaluronidase from Streptomyces Hyalurolyticus (Sigma- Aldrich, H1136, diluted
in 1X PBS) with 0.5% Phenol Red for treated embryos. The solutions were injected
into the embryos via the cardinal vein at 30 hpf near the inflow region of the heart using
glass capillaries and a Nanolnjectll injector (Drummond Scientific, Broomall, PA, USA).
Embryos were then carefully removed from agarose using forceps before returning
them to 0.3X Danieau, 0.003% PTU and placed in a 28.5°C incubator.

Flow analysis

Embryos were injected as described in the section above, except here the
injection mix was made by diluting a solution containing 95nm 561nm fluorescent
nano-droplets with 3.3% Dil-TPB suspension (Kilin et al., 2014) 1:1000 in PBS.
Embryos were removed carefully from the low melting point agarose and mounted
again in order to be imaged under the spinning disk microscope with a Leica 40X (NA
1.1) water immersion objective. The analysis of the flow was then realized with the
Manual Tracking plugin available under FiJi.

In situ hybridization

Whole-mount in situ hybridization (ISH) was performed as in Thisse and Thisse
(2008). Agp8a.1 and agpla.l probes were generated for this study. The agp8a.1 probe
was generated with a fully sequence cDNA clone (IRBOp991A0150D - Source
Bioscience) with the primers:- forward primer containing the T7 promoter (5-
TAATACGACTCACTATAGCTGAAGCTCCGGGCAG-3’) - reverse primer containing
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the Sp6 promoter (5 ATTTAGGTGACACTATAGCCTCTTCAGTTCCTTCTTCCATC-
3).

The agpla.l probe was generated from whole extracted cDNA at 30hpf and
amplified with the primers (5-GTCATGAACGAGCTGAAGAGC-3’) and (5'-
GGGTCACTTTGAGGACATCTC-3’), incorporated into the pCR-Bluntll-TOPO vector
(Invitrogen, 45-0245) (containing both the SP6 and T7 promoters), linearized with Notl.
Both were then subsequently transcribed with the SP6 enzyme (mMessage mMachine
SP6 transcription kit (Ambion)) in order to obtain the antisense RNA probe that was
then purified with the RNeasy kit (Qiagen — 74104).

The has2 probe was generated from the plasmid PBSK-dg42II containing cDNA
of the zebrafish has2 (provided by the Bakkers lab, The Netherlands), linearized with
Xbal and subsequently transcribed using the T7 polymerase.

Imaging of ISH was then realized using a Leica M165 macroscope with a
TrueChrome Metrics (Tucsen) with a Leica 1.0X objective (10450028).

RNAscope

RNAscope experiments were performed using the RNAscope Fluorescent
Multiplex kit (Advanced Cell Diagnostics, 323110) and by following the manufacturer’s
guidelines.

Statistical analysis

For the statistical analysis of the data, Student’s paired t-test with a two-tailed
distribution or Mann-Whitney test with a two-tailed distribution were performed using
the Prism software. For p values: < 0.05 ", < 0.01 ™, < 0.001 ™, < 0.0001 ™

In each figure, the statistical test performed on the data, the number of analyzed
cells (n) and/or the number of embryos (N), as well as the meaning of error bars is
stated. Box plots were generated with the Prism software where horizontal lines show
the median. The whiskers extend to the 2.5th and 97.5th percentiles. Data points
outside whiskers are shown as individual circles.
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Figure S1. (A) Quantification of the percentage of EdCs nucleus-to-Golgi axis towards
the outflow and towards the inflow at 28hpf in hearts that are beating and in the same
hearts after fixation, showing that fixation does not affect the cell orientation pattern
within the endocardium (N=3/3 embryos). (B) Quantification of the percentage of cells
with no clear orientation of the nucleus-to-Golgi axis from 28hpf to 48hpf, in both
ventricle and atrium. (N=5 embryos, 28hpf; N=5 embryos, 30hpf; N=4 embryos,
32hpf ; N=4 embryos, 34hpf ; N=5 embryos, 36hpf ; N=7 embryos, 48 hpf). Error bars
show the s.e.m (C) Maximal projection of a fixed and deyolked heart at 22hpf (Scale
bar, 30 um.) and analysis of the EdC nucleus-to-Golgi axis distributions within the
whole heart tube (N= 3 embryos).
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Figure S2.(A) Heat-maps of the distance between a nucleus and its three nearest
neighbours (top panel) and quantifications of those distances by heart region (Atrium,
AVC, ventricle) at 28hpf, 36hpf, and 48hpf. (N=5 embryos, 28hpf; N=5 embryos, 36hpf;
N=5 embryos, 48hpf). (B) In situ hybridization with agp8a.land agpla.l probes in AB
embryos at 30hpf, 36hpf, and 48hpf. White dotted lines outline the heart. Scale bars,
50 um. (C) agp8a.1 and agpla.1 mRNA expression profile in the endocardium. On the
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left: maximal projection of a multiplex RNAscope with the kdrl and aqp8a.1 probes at
30hpf (N=7/7 embryos). On the right: maximal projection of a multiplex RNAscope
using trpv4 and agpla.l probes at 48hpf (N=5/5 embryos). Scale bars, 50 um. (D)
agp8a.l and agpla.l mRNA expression in the endothelium of the cardiovascular
system. DLAV= dorsal longitudinal anastomotic vessels, ISV= Intersegmental vessels,
DA= dorsal aorta, PCV= posterior cardinal vein. Scale bars, 50 ym.
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Figure S3. (A) Bright-field images of the embryo phenotype at 48hpf for controls
(embryos treated with 0.5% DMSO from 30hpf to 48hpf) and treated embryos
(embryos treated with 30mM Hydroxyurea (HU) and 150 uM Aphidicolin (A) from 30hpf
to 48hpf). Scale bars, 0.5mm (A’) Measurements of total embryo size based on bright-
field images at 48hpf (N=16 embryos, DMSO and N=16 embryos, HU+A). Mann-
Whitney test. Error bars represent the s.d. (B) Immunofluorescence with anti-
phosphorylated histone H3 in controls (DMSO) and treated (HU+A) in flila:LifeAct-
eGFP embryos. Scale bars, 50 um. White dotted lines outline the endocardium (B’)
Analysis based on the immunofluorescence data in (B) showing the number of EdCs
in the heart with anti-PH3 antibody signal at 48hpf (N=8 embryos, DMSO and N=8
embryos, HU+A). Bar plot with the mean and error bars representing the s.d. (C) Imaris
3D viewer representation of the whole heart volume at 48hpf. Scale bars, 50 ym. (C’)
Quantification of the heart volume based on the Imaris data in (C) (N=7 embryos,
DMSO and N=10 embryos, HU+A). Bar plot with the mean and the error bars represent
the s.d. Two-tailed Mann-Whitney test. (D) Quantitative analysis of the mean distance
between one nucleus and its three nearest neighbours at 48hpf for controls (DMSO)
and treated (HU+A) flil:nEGFP embryos.
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Figure S4. (A) Maximal projections of stopped hearts for sih** sih*-; flila:LifeAct-
EGFP showing enrichment of F-actin signal at the AVC (arrowheads) and for their
siblings sih”; flila :LifeAct-EGFP showing the absence of F-actin signal at the AVC
(arrowheads). (B) Quantitative analysis of the mean distance between one nucleus
and its three nearest neighbours at 48hpf for sih** sih*- and sih”- kdrl:nls-mCherry
embryos, based on the raw data presented in Figure 4.A (N= 8 sih*/* sih*- embryos,
N=12 sih”- embryos). Unpaired two-tailed t-test. (C) In situ hybridizations with the
aqp8a.l and aqpla.l probes in sih**, sih*- and sih”-. Scale bars, 50 ym for the heart
zoom and 200 pm for the entire embryo. Gray or white dotted lines outline the heart.
(D) Quantification of the nucleus volume in the AVC in both trpp2,trpv4 controls
(including trpp2*/* trpv4*'*; trpp2*-,trpv4*’* and trpp2+/+,trpv4+-) and their trpp2- (trpp2-
I trpv4**) and trpv4’- (including trpp2** trpv4”- and trpp2*-trpv4”) siblings. (N=6
embryos for the controls, N=4 embryos for trpv4/-, N=5 embryos for trpp2--). Unpaired
two-tailed t-test. (E) Quantitative analysis of the mean distance between one nucleus
and its three nearest neighbours at 48hpf for trpp2, trpv4 controls (including
trpp2** trpv4*’*; trpp2+-,trpv4*+ and trpp2++,trpv4*-) and their siblings trpp27,trpv4--
embryos. (N= 15 embryos for trpp27- trpv4”’- and N=6 control embryos). Error bars
represent the s.e.m (F) Quantification of the heart rate (in bpm: beats per minute) at
30hpf at room temperature in controls (including trpp2**,trpv4*'*; trpp2*- trpv4*+ and
trpp2+/+,trpv4+-), trpp2 single mutant, trpv4 single mutant and trpv4 trpp2 double
mutants. Bar plots represent the mean and the error bars represent the s.d.
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Figure S5. (A) In situ hybridization images with has2 probe in AB embryos at 28hpf,
30hpf, 36hpf, and 48hpf. Scale bar, 50 um. White dotted lines outline the heart. (B)
Control immunofluorescence where Streptavidin was added in the absence of HA-BP
resulting in a strong background signal in myocardial cells and a weaker background
signal in endocardial cells. (N=6/6 embryos). Scale bar,50 ym. White dotted lines
outline the endocardium. (C) Phenotype of the embryo at 48hpf. The embryos injected
with HAase at 30hpf present edema (red arrow). Scale bar, 0.5mm (D) Phalloidin
stainings in controls (N=7 embryos) and HAase-injected embryos (N=7 embryos).
Black arrows point towards the endocardial cells of the AVC. (E) Quantification of the
heart rate (in beats per minute) at 48hpf (N=15 controls, N=15 HAase-injected
embryos) based on counting the number of beats per minute at room temperature. Bar
plot with the mean and the error bars represent the s.d. (F) Quantitative analysis of the
mean distance between one nucleus and its three nearest neighbours at 48hpf for
controls (PBS-injected) embryos and HAase-injected embryos. Two-tailed unpaired t-
test.
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RESULTS - PART Il

In this Part, | will expose the different results that | obtained that were not
included into the manuscript. | will focus on the analysis of the function of the aquaporin

channels and on the impact of inhibiting ion transports on the cell size regulation.

I. Investigating the function of the aguaporin channels in cell
size requlation

A. CRISPR mutants

To analyze the functions of the aquaporins (aqp8a.1 and agpla.l) previously
identified as expressed within the cells that lose volume (Manuscript, Figure
supplementary 2), | generated mutants based on the CRISPR (Clustered regularly
Interspaced Short Palindromic Repeats)/Cas9 type Il technology. This work consisted
in a major task during my thesis. | will rapidly present, based on the Figure 1, this gene-
editing technology originally described by Emmanuelle Charpentier and Jennifer.A
Doudna, who received the Chemistry Nobel Prize for this discovery in 2020 (Jinek et
al., 2012).

1 sgRNA (single guide RNA) 2 sgRNA + Cas9 protein
Casd
A <
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e et
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Figure 1: The CRISPR-Cas9 methodology. (1) The single guide RNA (sgRNA)
consists of a 20 base pairs sequence which targets a specific region of the gene of
interest (crRNA: CRISPR RNA) associated with a constant part for each sgRNA
(tracrRNA: trans-activating crRNA). (2) This RNA-structure and a specific “NGG”
sequence on the genome called PAM (Proto-spacer Adjacent Motif) sequence will
guide the Cas9 nuclease to cut the targeted gene region. (3) The sgRNA/Cas9
complex induces a double strand-break in DNA a few bp upstream the PAM. (4) This
double-strand break will then be repaired by Non-Homologous-End-Joining (NHEJ),
which can introduce random insertions or deletions, leading to a potential gene knock-
out (Image from Takara.com)

The agp8a.1 gene consists of 6.95kb and includes 5 exons (1029 base pairs
(bp)) that encode for a total of 260 amino acids (aa) (Figure 3.A). For the aqp8a.l
gene, | aimed at removing almost the entire gene from the chromosome 12 by
designing two different single guide RNAs (sgRNAs) with one sgRNA targeting the (-)
stand before the ATG (sgRNAL - agp8a.l) and one targeting the intron on the (+)
strand between exon 4 and exon 5 (SQRNA2 - agp8a.1) (Figure 3.A).

The agpla.l gene consists of 11.91kb and include 4 exons (1435bp) that
encode for a total of 260 aa. For the agpla.1, just one single guide RNA was designed
to cut within the exon 1 of the agpla.1 gene on the strand (+) (SQRNA — agpla.l)
located on the chromosome 2.

Those gRNAs were constructed, and then injected into one-cell stage embryos

(for details on the protocol see the Material & Methods section).

The successful cleavage by the CRISPR associated nuclease 9 (Cas9),
indicated by the presence of insertions/ deletions (INDELS) at the targeted region, was
assessed with the T7 endonuclease assay (Material & Methods) in the FO generation.
For both strategies (1 sgRNA for the agpla.1l and a pair of 2 sgRNAs for the aqp8a.1),
the experiment worked extremely well giving us embryos carrying INDELs after a

single injection session (of approximately 50 eggs).
Embryos for which an INDEL was detected were then grown to adulthood before

being crossed with wild-type fish (AB) to obtain the F1 generation, which was then

sequenced to determine the specific mutation.
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Analysis of the CRISP/Cas9-generated mutants in agp8 & aqpl

e Agpla.l: deletion of 3bp and insertion of 5bp leading to a premature stop codon

A
11.91 kb
cut site sgRNA agpla.l
:x: NTRONS
EXON1 INTRONS EXON2 EXON3 EXON4

I . e e—

TCGC CCAGAGCCTGGGACACATCAGCGGAGCTC
AGCGGGTCTCGGACC CTGTGTAGTCGCCTCGAG
Target sequence PAM

premature stop codon in exon1

1 C T E L T = T L
.
PATGTACGGAG CTCACC TGAACCCT G mutant sequence
TCGCCCAGAGCCTGGGACACATICAGCGGAGCT CACCTGAACCCTGCC WTsequence
I S G A H L N P A

X
TCGC CCAGAGCCTGGGACACAT - - - ATGTACGGAGCTC mutant sequence (-3bp +5bp)
TCGC CCAGAGCCTGGGACACATCAG CGGAGCTC WT sequence

Figure 2: Agpla.l CRISPR mutant (A) Presentation of the strategy followed for the
agpla.l CRISPR mutant: the sgRNA targets a site within the exonl. (B) Results from
the sequencing of a heterozygous embryo carrying the CRISPR-induced INDEL (a
deletion of 3bp and an insertion of 5bp, in the F1 generation. This INDEL generates a
frameshift within the coding sequence leading to a premature stop codon and the
absence of the N-P-A motif which is essential for the specificity of the aquaporin
channel towards water.

The mutation induced in the aqgpla.l gene by the cleavage of the Cas9
corresponds to a deletion of 3 bp (CAG) and an insertion of 5 bp (ATGTA) (Figure 2.
B). This leads to a frameshift in the coding sequence that introduces a premature stop
codon (TGA) within the coding sequence of the exon 1 (Figure 2.B). Therefore, we
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could expect that this would lead to a loss-of-function of the protein, allowing us to

study its function.

e Agp8a.l: big deletion of 5891bp from the 5’-UTR sequence before the exon 1
until the intron between exon 4 and exon 5, without insertions

A 6.95 kb
. agp8a.1 i
cut Slt? SgRNA1 » cut site sgRNA2
E XE:XON‘I Exﬂ\]z EXON3 INTRONS EXON4 . 5&: EXON5
' T — _— T — -'____’__,_._/———af*' — e ———— .F’,_,__ﬂw—"'—*‘r —— |
EETN PP
Exon1 ) :
AAATCACCCTGAAGCTCCGGGCAGAAATCAAAAATG GCAAAATGAGTAAGAACTACAGCACGAGGCGCTT
TTTAGTGGGACTTCGAGGCCCG TCTTTAG TTTTTAC CGTTTT ACTCATT CTT GATGTCGTGC TCC GCGAA
PAM Target sequence Target sequence PAM
B :
GCCCGCAAATCACCCTGAA::ACGAGGCGCTTG TG TATT CE

: | \

I |

RN il

3| } |1l i Deletion of 5891bp

! { { | ‘\ ( without insertions

: Deletion site

X
AAATCACCCTGAA... ..CACGAGGCGCTT
TTTAGTGGGACTT... ..GTGC TCC GCGAA
Cut site sgRNA1 Cut site sgRNA2

Figure 3: Aagp8a.1l CRISPR mutant (A) Presentation of the strategy followed for the
agp8a.1l CRISPR mutant: a pair of sgRNAs were designed with the sgRNA1 targeting
the 5 UTR region right before the ATG of the exon 1 and the sgRNA2 targeting the
intron region between the exons 4 and 5 (B) Results from the sequencing of an embryo
carrying the CRISPR-induced deletion of the region delimited by the 2 sgRNA cut sites
(5891bp deletion). This deletion occurred without new bp insertions during NHEJ
repair.
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The cleavage at both sides of the agp8a.1 gene induced a deletion of 5891bp

corresponding to the entire region between the two sgRNAs targeted sites.

The generated mutants were subsequently mated with a genetic background
fluorescently labeled for nuclei and F-actin Tg(flila:LifeAct-eGFP; kdrl:nls-mCherry),
to analyze the nuclei volume in the F2 or F3 generation.

For the aqpla.l, three different tanks were established based on the genotype
of the fish: agpla.l +/+, agpla.l +/- and agpla.l -/- (F3 generation). First, |
investigated the phenotype of the aqpla.l +/+ and of the agpla.l -/-. Interestingly, the
mutant embryos presented a strong phenotype, with an apparent decrease of the
density of nuclei in the AVC region, as well as looping defects (Figure 4.A-A).
Moreover, cell volume decrease at the AVC was absent in the agpla.l -/- embryos
compared to the agpla.l +/+ embryos (Figure 4.B) (mutants nucleus volume of
373.0+13.1 pm® compared to 248.9+10.1 um? in controls, from 3 independent
experiments). Therefore, this phenotype argues for a role of the agpla.l gene in water
efflux at the AVC, leading to subsequent cell volume shrinkage. To confirm this result,
we then decided to cross sibling fish from the agpla.1+/- tank, to image the nuclei at
48hpf in additional mutants. Surprisingly, when doing so, no phenotype was found in
the embryos that were found to be agpla.l -/- compared to controls (Figure 4.C-C’).
However, we noticed that the controls were also quite abnormal, with defects in cell
clustering at the AVC compared to the sibling agpla.l +/+ tank (compare Figure 4.A
and Figure 4.C).

From these results, it is therefore impossible/ambiguous to conclude on the
involvement of Agpla.l in the AVC cell volume decrease. Further experiments need
to be performed to validate or not the phenotype observed in the tank composed
exclusively of agpla.l mutant.

In the agp8a.1 CRISPR mutant, in spite of the large deletion, no defects of the
AVC development were observed (data not shown). However, to test if there might be
a compensation in the between those two genes, the double heterozygous line was
generated. By crossing those agp8a.l +/- aqp8a.1+/- fish together, the phenotype of
the double mutants could be investigated (Figure 5. A-A’). Even if this experiment was
repeated 4 times, only 6 double mutants (agp8a.l -/- agpla.l -/-) and 6 controls
(agp8a.l +/+, agpla.l +/+) were obtained, indeed there is only one chance out of

sixteen to get one of these two genotypes.
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Figure 4: Phenotype of the agpla.l CRISPR mutants. (A-A’; C-C’) Maximal
projection of kdrl:nls-mCherry embryos showing a control, agpla.l +/+ (A, C) and a
mutant embryo, aqpla.l -/- (A’, C’) at 48 hpf. Blue dotted lines outline the
endocardium. Scale bar, 50 ym. (A-A’) Agpla +/+ embryos come from the incross of
the agpla +/- tank and the mutants from the incross of the agpla.l -/- tank. (C-C’)
Both agpla.l +/+ and agpla.l -/- come from the incross of the agpla.l +/- tank, and
were sequenced after imaging. (B) Quantification of nucleus volume in atrium, AVC,
and ventricle in controls (agpla.l +/+) and mutant embryos (agpla.l -/-) based on the
data presented on A and A’. (N=3 embryos, agpla.l +/+ and N=5 embryos, agpla.l -
/-). Unpaired two-tailed t-test.
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Figure 5: Phenotype of the agpla.l agp8a.l double CRISPR mutants. (A-A’)
Maximal projection of kdrl:nls-mCherry embryos in controls, agpla.l +/+ aqp8a.l +/+
(A) and in agpla.l -/- agp8a.1 -/- double mutant embryos (A’). Blue dotted lines outline
the endocardium. Scale bar, 50 um. (B) Quantification of nucleus volume in atrium,
AVC, and ventricle in controls (agpla.l +/+ agp8a.l +/+) and double mutant embryos
(agpla.l -/- agp8a.l -/-). (N=6 embryos, agpla.l +/+ agp8a.l +/+ and N=6 embryos,
agpla.l -/- agp8a.l -/-). Unpaired two-tailed t-test.

No such drastic phenotype of heart looping and AVC development defects were
observed in the double mutants compared to the first results obtained with the agpla.l-
/- single mutants (Figure 5.A, Figure 4.A’). Moreover, in a few control embryos
(agpla.l+/+ aqp8a.l+/+), the heart did not seem to develop properly (Figure 5.A).
When comparing the nuclei volume in the three regions of the heart (atrium, AVC,
ventricle), the cell volume at the AVC was noticed to be smaller compared to the nuclei
in the two chambers, in both controls and double mutants (Figure 5.B). Therefore,
these data suggest that the aquaporin channels do not regulate the cell volume at the
AVC by enabling the water efflux. However, we cannot rule out any compensation
effect in the double mutant embryos, by a another aquaporin channel such as the aqps3,
which has also been reported to be expressed in the heart at 48hpf, based on RNA-
sequencing data (Burkhard & Bakkers, 2018). However, we did not check the spatio-

temporal expression of this specific aquaporin.
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B. Pharmacological treatments to inhibit the aquaporin channels

To test the possible involvement of additional aquaporins in cell size regulation,
we turned to pharmacological treatments in order to abolish aquaporin’s activity (Abir-
Awan et al., 2019). Experiments were performed by using the putative aquaporin
inhibitor called Phloretin already reported in zebrafish studies (Kwong et al., 2013) and
Copper Sulfate (CuS0Oa4), a well-known AQP inhibitor that has been recently used in
intestinal organoids (Yang et al., 2020). As it was done for the hyaluronidase treatment,
both drugs were injected directly within the blood circulation at 30hpf, near the inflow
region of the heart (Mat & Med, Figure 5.B of the article’s manuscript).

K]
£ P PSSP P D3 .
Cc & & F S &R g 2004 o
2 7 7 v 7 2
¢ ¢ ¢ ¢ ¢ ¢ 8 150
— o .
= 1500 Atrium 2
£ AVC G
£ 5 100
— _— ]
Tkkk Q
& —— £ 504
: % 1000- __—— :
. ;| — ¢ - s 0-
Control. % s es¥ . © ke
—_— i QE) /?)‘ controls 2mM
5 ‘ ;{;&3,} € 'F CuSO,
[e] - [ |
2 500 - T E ] -
e | HY 4 H g |
3 @ 8 E 5 1 :
g ] @ {{L e 5 1007
z & o s 1
0 | T I I | T ?
& ™ N » N » © E
: S & &P o 504
\ 'e SO SO & O g
0.5mM < s ¢ Q ¢ Q ¢ Q bet ]
Phloretin ¢ * % g
; =ty o o & g ]
04

controls 2mM
CuSO,

Figure 6. Treatments with agquaporin inhibitors affect the endocardial cell size.
(AA’-BB’) Maximal projection of fli:nEGFP embryos showing a DMSO-injected control
(A) or a water-injected control (B) and an embryo injected with 2.3nL of 0.5mM of
Phloretin (A’) or 2mM of Copper Sulfate (B’) at 48 hpf. Blue dotted lines outline the
endocardium. Scale bar, 50 ym. (C) Quantification of nucleus volume in atrium, AVC,
and ventricle in controls and embryos injected with 2mM CuSOa. (N=7 controls and
N=9 embryos injected with Copper Sulfate). Unpaired two-tailed t-test. (D)
Quantification of the total number of endocardial cells at 48hpf, in the same embryos
analyzed in (C). Two-tailed Mann-Whitney test (E) Heart rate at 48hpf, measured at
room temperature. Two-tailed Mann-Whitney test.

In both cases, Phloretin and Copper Sulfate treatments affected the
cellular density at the AVC (Figure 6.A-B’). For the injection of Phloretin, the

experiment needs to be repeated, and data analyzed in details but the preliminary
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results are promising (Figure 6.A-A’). The nuclei volume were quantified in Copper
Sulfate-injected embryos, and showed that AVC cells were bigger than controls (Figure
6.C, mean nucleus volume of 351.0+6.9 um?3 in Copper Sulfate-injected embryos
compared to 298.3+6.8 um3in controls, ratio of 1.18). This clearly demonstrates that
the treatment impairs the cell volume decrease at the AVC. However, the cells in the
atrium and in the ventricle were also found to be bigger (atrium: 466.3+5.8 pm?3
compared to 411.6+5.9 um? for the controls, ratio of 1.13; ventricle: 389.0+4.7 um?3
compared to 347.1+4.5 um?3 for the controls, ratio of 1.12) as it was already the case
in the agpla.l single mutant (Figure 6.C, Figure 4.B). The fact that cells in each
compartment of the heart are bigger is similar to the result obtained when proliferation
was inhibited (Figure 3 of the paper’'s manuscript). Therefore, this result could be
explained by the fact that fewer cells are present within the heart but the overall size
of the heart is not changed, so that cells end up being larger. To test this hypothesis,
the total number of endocardial cells was counted (Figure 6.D) but was not different
between controls and Copper Sulfate-injected embryos, indicating that the overall
increase in cell volume is not due to impaired cell proliferation (Figure 6.D). Moreover,
Copper Sulfate-injected embryos had a very slight decrease of the heart rate at 48hpf
compared to controls but this cannot account for the observed phenotype (Figure 6.E).

On top of assessing the function of the aquaporin channels, we also tried
to identify ion channels and pumps that could generate an osmotic gradient and drive
the water efflux that could mediate the cell volume decrease.
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Il. Altering the osmotic gradient by targeting the ion channels
with pharmacological treatments

To study the importance of the ion channels in driving the water efflux from the

AVC cells, we analyzed the effects of inhibiting:

- the K+ channels by tetraethylammonium chloride (TEA) (Saias et al., 2015),

- the Chloride channels with Cystic Fibrosis Transmembrane Conductance
Regulator inhibitor 172 (CFTRinh-172),

- the Na*-K*-ATPase with Ouabain (Dasgupta et al., 2018).

For each drugs, several concentrations were tested, to test if these channels
play a role in the decrease of cell volume. The experiments were performed by directly
diluting the drug within the fish water at 30hpf and not by injecting the drugs inside the
blood circulation, as it was done previously (Hyaluronidase, Phloretin, Copper). No
defects were observed when embryos were treated with the TEA drug (data not
shown).

By using the CFTRIinh-172, defects in the AVC development were noticed
especially for high concentrations of the drug (50uM, 100uM) (Figure 7.A-A””).
However, the drug also decreased the heart rate at 48hpf in a dose-dependent manner
(Figure 7.B). It is therefore complicated to decipher if the phenotype is due to the lack
of chloride ions transport establishing an osmotic gradient across the membrane, or if
it is due to mechanotransduction defects caused by a lack or decreased mechanical
forces experienced by the endocardial cells.

Inhibition of the Na*-K*-ATPase with the drug Ouabain was also found to
dramatically alter the conduction system established within the myocardium as
embryos were found to have the heart stopped or non-periodically beating (data not
shown). When the heart was stopped at 48hpf, it had a phenotype that resembled to
the one obtained with the silent heart mutant, with a low density of cells at the AVC
(Figure 7.C-C”, C”: heart stopped at 48hpf). This result was expected as both Na* and
K*transmembrane gradients are key for the myocardial cell electrophysiology in order
to propagate the action potential through the heart (Klabunde, 2017). As observed with
the CFTR-inh172, inhibiting the ion channels also alters the way the heart is beating,

rendering impossible to identify the cause of the defects in at the AVC.
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Figure 7. CFTRinh-172 and Ouabain treatments from 30hpf to 48hpf affect both
the heart rate and the AVC morphogenesis. (A-A’”’) Maximal projection of
flinEGFP embryos showing a control (DMSO) (A) and the phenotype of embryos
treated with increasing concentrations of CFTRinh-172 (A’-A””’). Red arrowheads
indicate defects of the cell clustering in the AVC region. Blue dotted lines outline the
endocardium. Scale bar, 50 ym. (B) Quantification of the heart rate at 48hpf after
incubation from 30hpf to 48hpf with different concentrations of CFTR-inh172. (C-C”)
Maximal projection of fl.nEGFP embryos showing a control (DMSO) (C) and the
phenotype of embryos treated with 5mM Ouabain (C’) and 10mM Ouabain (C”’). The
red arrowhead indicates defects of the cell clustering in the AVC region. Blue dotted
lines outline the endocardium. Scale bar, 50 ym.
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Discussion

In this part, we studied the function of the two aquaporin channels (agpla.1 and
agp8a.l) during AVC morphogenesis, based on the generation of two CRISPR mutant
zebrafish lines and on pharmacological inhibition using two drugs (CuSOa, Phloretin).
Furthermore, we tested the potential establishment of an osmotic gradient at the AVC
by inhibiting different ions channels (with CFTR-inh172 and Ouabain). The analysis of
agpla.l mutants and aqpla.l agp8a.1l double mutants gave inconsistent results from
which it was impossible to conclude on the role of the aquaporin in the process. In
contrast, the preliminary data obtained with the drug treatments gave promising results
that support the idea that aquaporins are important for water efflux in the AVC cells,
as cells were bigger at the AVC after an injection of CuSOs in the bloodstream. In this
discussion, | will first provide clues to explain the CRISPR phenotype and also
prospects for experiments in order to validate or invalidate the role of the aquaporins
in the process of cell volume decrease. Second, | will focus on the technical challenge
of altering ion transport in the heart.

The phenotype that we obtained for the CRISPR mutants is particularly difficult
to interpret. We could think of mainly two hypotheses that could explain i) the absence
of phenotype, by the compensation of the mutated aquaporins by other aquaporins,
and ii) defects in control embryos, by the presence of off-target cleavage sites by the
SgRNAs, repaired by NHEJ.

The aquaporin family is composed of numerous members (thirteen members in
mammals) and even more in the zebrafish genome that code for several paralogs (due
to the duplication of the genome). In total, eighteen sequences correspond to
aquaporin genes in the zebrafish genome (Tingaud-Sequeira et al., 2010), therefore
the absence of phenotype could be linked to compensation by other aquaporins that
may be overexpressed in a given mutant conditions (El-Brolosy et al., 2019; El-Brolosy
& Stainier, 2017). Exploring this possibity would require to perform gPCR on isolated
hearts, with different aquaporin primers to unravel if some are overexpressed within

the agp8a.1, agpla.l mutants compared to controls.

Although the designed gRNAs were selected on the basis of bioinformatics

algorithms for a high efficiency score and a low risk of targeting error which is never
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null (Zhang et al., 2015), we cannot exclude that the successful mutation within the
targeted genes could be associated with off-target mutation(s) elsewhere. Identifying
these off-targets should be possible by genome-wide sequencing but this would
require heavy bioinformatics analyses. An alternative would have been to create
several mutant lines for each genes using different sgRNAs, supposedly avoiding
identical off-target effects. Also, it has been recommended to use truncated gRNAs of
17-18bp rather than 20bp, reducing the binding energy and therefore promoting only
perfect target matches (Fu et al., 2014).

Moreover, we could think of alternative ways to investigate the function of the
aquaporin channels in the process of cell size regulation. The injection of the
morpholinos for agpla.l and aqp8a.l would give us indications of the possible
phenotype that could be obtained in absence of those aquaporins. Alternatively, the
crispant method, leading biallelic knockouts in FO, would be interesting to perform as
the experimental time required is faster than the establishment of CRISPR mutant lines
(Kroll et al., 2021).

Moreover, the structure of the aquaporin gene is well described and presents in
particular two highly conserved motifs located inside the narrow pore of the channel
(Hub & De Groot, 2008):

« The NPA (Asn-Pro-Ala) motif, which is important for the specificity towards
water as well as the targeting of the aquaporin towards the plasma membrane
(Guan et al., 2010).

« The selectivity filter, which consists of a constricted region with aromatic and
arginine residues that also plays a role for the channel selectivity (Hub & De
Groot, 2008).

These two structural elements establish the water flow through the aquaporin channel,
which prevents the flow of other molecules and protons via electrostatic and steric
factors (Hub & De Groot, 2008). Therefore, mutating these specific residues by
expressing an endothelium-specific dominant negative form of the aquaporin

channel would allow us to investigate the aquaporin’s function. This approach would
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be interesting as it would not affect other tissues within the embryo and it would not

lead to compensation.

Nevertheless, this approach might (also) lead to the absence of phenotype during AVC

development. How could we interpret that?

As agquaporins are passive transmembrane channels, the observed
phenotype could result from passive water diffusion through the plasma membrane
that does not necessarily require the presence of aquaporins. Indeed, the plasma
membrane is permeable to water, but aquaporins increase the diffusion rate by
enhancing the membrane permeability (Ibata et al., 2011; Mola et al., 2016). This
suggests that the steady-state reached at the end of the process (the final AVC cell
volume) will be the same but the kinetics to reach this value will be different. Assessing
this point would be possible by measuring the cell volume decrease with time in the
mutants. Indeed, so far, | have only observed and quantified the data at 48hpf, when
the steady state may have had sufficient time to be reached.

Another issue addressed in these results was the effect of altered ions
transports across the plasma membrane. This proved to be particularly challenging in
the context of the study of heart morphogenesis. Indeed, this also impaired the
contraction forces generated by the myocardium and therefore the forces experienced
by the endocardial cells that are essential for proper development of the tissue.
Therefore, it is impossible to determine whether the defects in cell clustering at the
AVC are the result of these deficient mechanical forces or the absence of an osmotic
gradient. To go further in this direction and conclude about the influence of heart rate
decrease on AVC development, we would need to find a condition in which the
heartbeat would be altered independently of ion channel inactivation. Moreover, we
will also try to inject those compounds directly into the bloodstream as it was performed
for the hyaluronidase, Copper and Phloretin treatements. Like this, this could affect ion

transports within the endocardium and perhaps less in the myocardium.

In the article manuscript, we propose that the localization of HA inside the
cardiac jelly is causing the osmotic gradient across the plasma membrane of the AVC
endocardial cells. Interestingly, it has been reported that the CFTR channel is also
involved in HA export in epithelial cells (Schulz et al., 2010). Therefore, we could
imagine that the phenotype observed for high doses of CFTRinh-172 could be linked
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to a deficit of HA in the cardiac jelly, resulting in lower osmotic pressure exerted on the
endocardial cells. To check that hypothesis, an immunofluorescence with the
hyaluronan-binding protein (HA-BP) could be performed to unravel if the signal
intensity would be decreased in the embryos treated with CFTR-inh172 compared to

controls.
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METHODS

The gRNAs were generated following the protocol of Gagnon et al., 2014

gene-specific oigo (80 nt)

constant oligo (80 nf)

lm.-n

1 in vitro transcription

[
targeting constant region of sgRMA,
region

promoter

Figure 8: Explanation of the way the SQRNA is generated in vitro. For each
SgRNA two primers are needed: one primer with the promoter necessary for the
transcription, the targeting region onto the genome and the overlapping region with the
constant region of the sgRNA.; the other primer consists of the constant region of the
SgRNA. The first step consists in the annealing of the primers and then the fill in with
the T4 DNA polymerase. Then, the PCR product is cleaned up and the size is verified
on an agarose gel before doing the transcription step with the SP6 enzyme. DNA is
then removed with the TURBO DNase before the cleaning step of the transcribed
sgRNA. The RNA concentration at the end should be around 200ng/ul and ratio
(260/280) closed to 2 (considered as pure RNA), and not close to 1.8 (considered as
pure DNA). The final stock should be around 300ng/pL, aliquoted and conserved at -
80°C [Picture of the process from (Gagnon et al., 2014)]

Primers used for the generation of the gRNAS:

The part in blue corresponds to the SP6 promoter sequence that is used for the in vitro
transcription.

The part in bold and black represents the 20 bases specific to the targeted region of
the aqp8a.l or agpla.l gene. The specific targeted region was designed by using the
combined results obtained by the CHOPCHOP and Benchling websites. The PAM
sequence (NGG) which is essential for proper binding of the Cas9 to the target region
should not be included onto the primer sequence but should be present on the
genome.
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The part in gray is the overlapping sequence to the constant region of the sgRNA that
was ordered as an independent primer of 80 nucleotides (constant oligonucleotide
primer).

SgRNAL1 - agp8a.1:

5’ ATTTAGGTGACACTATAGGATTTCTGCCCGGAGCTTCAGTTTTAGAGCTAGAAATAGCAAG 3’
SgRNAZ - agp8a.1:

5 ATTTAGGTGACACTATAGTGAGTAAGAACTACAGCACGGTTTTAGAGCTAGAAATAGCAAG 3’
SgRNA - agpla.l:

5 ATTTAGGTGACACTATAGCAGAGCCTGGGACACATCAGGTTTTAGAGCTAGAAATAGCAAG
Constant oligonucleotide primer:

5 AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTAT
TTCTAGCTCTAAAAC3’

The incubation step with the SP6 enzyme was performed during 2.5 hours, using the
MEGASscript SP6 kit from Ambion.

Injection of the sgRNA inside the first cell of the eqq:

The injection that | followed was the following (in case 1nL is injected):

Cas 9 protein at 1000ng/puL luL
SgRNA at 300ng/uL should be around 1L
Phenol Red 15% of the Volume (Cas9+sgRNA); should be around 0.3 pL

The Cas9 protein was ordered from the PNA Bio (reference: CP01-20). As the injector
available in the lab could not inject less than 2.3nL, this mix was diluted with pure
RNAase-free water 2.3 times.

The morning of the injection: the mix Cas9+sgRNA was first incubated at RT for 5
minutes to allow the complex to form. Then, the water and the Phenol Red was added.

The mix was then let on ice and injected inside the first cell.

T7 endonuclease | assay to verify that the injection was successful (Trompouki’s
lab protocol):

When the region around the targeted region will get amplified in that step then, at the
annealing step if non-homogous end-joining happened leading to random insertion or
deletion, this will lead to mistmatches. Those DNA mistmitaches will be recognize by
the T7 endonuclease | than will cut at the site of mismatches, indicating that the
CRISPR-mutant generation worked.
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For this step, specific primers need to be design (with the same annealing temperature)
in order to amplify a fragment of approximately 500bp around the targeted region. And,
the important thing is that they have to be positioned asymmetrically around the PAM
sequence (such as for instance 100 nucleotides and 400 nucleotides).

Primers used for the gRNA-agpla.1l (Annealing temperature of 62.9°C):

T7_gRNA_agpla.l_RP: CGAGCTGCTGGGAATGAC (fragment size: 150 nucleotides)
T7_gRNA_agpla.l_LP: CTGTAGGACAGATGCGGTATG (fragment size: 383 nucleotides)

For the agp8a.l, as the deletion was really big, two different PCRs were performed
instead of performing a T7 endonuclease assay. The first PCR “Big deletion”
corresponds to a set of primers located outside the deleted region leading to a fragment
of 1585 bp in mutated embryos and to the absence or a very large fragment wild-type
embryos. The second PCR “Outside-Inside” corresponds to a set primers with one
inside the deleted region (right after the exonl) and one outside (before the exonl).

Like this, this fragment of 619bp will be amplified only if the wild-type sequence is

present.
PCR RP: LP : Tm:
"Big deletion" 5'-GCCTACCTTGCTGCCATCTTCCT-3"' |5'-CCGCCCCGGGAACCCTG-3' 69,6°C
PCR RP_inside: LP_outside: Tm:
"Outside-Inside" | 5'GACTTGTAAAGTGGAATCATGATG-3' | 5'-GAGTTGCATAACAGACGAGC-3' |60,9°C

Genotyping of the embryos after imaging:

The genotyping of the embryos was done with the two PCR programs exposed ahead

for the agp8a.1 mutant embryos followed by a 1.5% Agarose gel.

The region containing the mutation for the aqpla.l was amplified with the following
primers: RP 5- GAACGAGCTGAAGAGCAAG-3 and LP 5-
CTGTGCTGTAAATGTAAATACTG-3’, Tm of 58.7°C. The amplified fragment was then
sequenced with 5’- CGAGCTGCTGGGAATGAC-3'.
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Pharmacological treatments:

Compound Manufacturer Reference
Phloretin Sigma-Aldrich P7912
Copper Sulfate solution Sigma-Aldrich C2284
CFTR inhibitor-172 AdooQ Bioscience A12897
Ouabain Sigma-Aldrich PHR1945
Tetraethylammonium Chloride Sigma-Aldrich T2265

Imaging: See the Material and Methods of the article’s manuscript

Box plots were generated with the Prism software where horizontal lines show the

median. The whiskers extend to the 2.5th and 97.5th percentiles. Data points outside

whiskers are shown as individual circles.
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GENERAL DISCUSSION AND
PERSPECTIVES

In my thesis research project, | focused on the early developmental stages of
heart morphogenesis, when valves are starting to morph between the atrium and the
ventricle. | studied the cellular behaviors underlying the tissue convergence towards
the AVC region. | found out that a cell volume decrease occurs at the AVC from 36hpf
to 48hpf, concomitantly with the expression of aquaporins (agp8a.l1 & agpla.l) in
these cells. Altering the mechanical forces produced by the heart led to defects in
endocardial cell size regulation. | observed that the cell volume decrease is dependent
upon myocardial-generated contractions and resulting blood flow as well as
mechanosensitivity/mechanotransduction through the TRP channels
(TRPP2/TRPV4). In addition, | uncovered that the presence of hyaluronic acid within

the cardiac jelly is essential for the cell volume decrease.

Here, | would like to discuss some of the methods we used as well as the results

we obtained.

¢ Nucleus volume, used as a tool to observe cell volume changes within the

tissue

During my PhD, | had the chance to develop a collaboration with the Jug lab
(MPI-CBG, Dresden) to establish a deep-learning based segmentation method to
extract the nuclei of all the endocardial cells of the heart from raw confocal images.
This approach was essential as we first tried classical nuclei detection segmentation
softwares (such as llastik and Labkit under FiJi) that could not give us satisfactory

results, especially in the crowded AVC region.

Thanks to deep-learning, with the ground-truth that | did manually on Labkit and

the work of our collaborators to train the classifier, | was able to show that the extracti
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of the nucleus volume can give us a good approximation of the cell volume as a strong
correlation between them was established. This validation was important because
even if the nuclear-cytoplasmic ratio is often considered as constant for a given cell
type and conserved among several organisms (from yeast to multicellular organisms)
(Cantwell & Nurse, 2019; Huber & Gerace, 2007), a recent study pointed out that this
is not necessarily the case during early embryogenesis (Mukherjee et al., 2020): in
early blastomeres of sea urchin embryos, the cell size and the nuclear size can be
uncoupled (Mukherjee et al., 2020). Therefore, it was essential for us to assess
whether the nucleus volume can be used as a reliable tool in our developmental
context to study cell volume changes under conditions other than those of wild-type
embryos (heart contraction-altered conditions, TRP mutants, hyaluronidase-injected
embryos). This approach proved to be highly beneficial as it was less time-consuming
than manually segmenting cell and nucleus surfaces as well as cell heights to obtain
a cell volume approximation, based on geometric calculations. | truly believe that this
tool, available on GitHub, could shed light on unrelated morphogenetic processes in
which cell volume changes might play an important role. Indeed, among all the different
cell behaviors underlying tissue remodeling during embryogenesis, cell volume
changes remain understudied. This is certainly due to the fact that it is a complex
parameter to quantify as it has to be performed with precision and in a three-
dimensional environment. Among the numerous morphogenetic processes involving
cell shape changes, it would be of particular interest to investigate whether or not this
is accompanied by changes in cell volume, as it has been recently explored during

Drosophila dorsal closure (Saias et al., 2015).

By using this tool (on top of cell volume approximation), | was able to show that
the clustering event taking place in the AVC region at the onset of valvulogenesis is
associated with a significant cell volume decrease of these cells. Based on the cell
volume approximation from geometric calculations, it seems that AVC cells would lose
approximately 70% of volume compared to atrial cells, and 56% compared to
ventricular cells. This result is certainly overestimated by errors due to the
measurements performed with Imaris on raw confocal images, and the following
geometric calculations that do not correspond to exact quantifications. Indeed, those

values do not match with values obtained in in vitro experiments as in most cases,
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even cells exposed to drastic osmotic shocks lose at most approximately 40% of their
initial volume, otherwise they would become completely devoid of water and would die
(E. H. Zhou et al., 2009). In order to get more accurate measurements of cell volume,
we could envision to mosaically label endocardial cells (via injection of DNA or mRNA
at the one cell stage) (Yu et al., 2015) with a construct enabling us to visualize the cell
cytoplasm or, by using the Zebrabow transgenic line to get neighboring cells labeled
with distinct colors (Albert Pan et al., 2013; Dasgupta, Jacob, et al., 2018). To get a
clear quantification of single cell volume decrease, labeled cells could be imaged at
different timepoints during endocardial tissue convergence.

Despite the fact that our actual measurements are certainly overestimated, we
could conclude about the presence of a cell volume loss at the AVC. However, the
different approaches suggested before, would make us more confident regarding our

conclusions and would enable a quantification of the single cell volume.

¢ Cell volume changes: why? Water efflux or loss of dry mass? Implications on

cell physiology?

This cell volume decrease could result from a water efflux or a decrease of
the cellular dry mass. The presence of the aquaporin channels that are specific for
water exchanges, as well as gazes for agpla.1l (NO, CO2) (Herrera et al., 2006; Horng
et al., 2015) and possibly urea for agp8a.1(Holm et al., 2005), favors the hypothesis
that it is mostly water that is moving into the extracellular space leading to subsequent
cell shrinkage. However, at this point, we cannot rule out that autophagy could
participate in cell size regulation by decreasing cellular dry mass. In fact, autophagy
processes correspond to an accumulation of cellular components into a vacuole called
autophagosome which is then degraded through a fusion with lysosomes that help to
maintain cellular homeostasis (Offei et al., 2018). This process will be particularly
exciting to investigate in our context as it has been recently reported that fluid flow
forces could induce autophagy and subsequent cell volume decrease in kidney

epithelial cells both in vitro and in vivo (Orhon et al., 2016).
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To investigate the presence of autophagy within the AVC cells, a well-establish method
is to look at the Lc3 ((microtubule-associated protein 1A/1B-light chain 3) protein.
During autophagy, this protein which is normally cytoplasmic relocates to the
autophagosome, and can be visualized as “puncta” within the cells (Kabeya et al.,
2000; Mathai et al., 2017). In our case, we could use the transgenic zebrafish line GFP-
Lc3, under the control of a flila endothelial specific promoter, which would enable to

visualize in vivo the LC3 protein (Mathai et al., 2017).

Cell volume represents a highly regulated parameter that has to be kept
constant for each differentiated cell. This is critical to sustain the cell’s physiological
needs and to maintain its homeostasis (Hoffmann et al.,, 2009). Cells can be
challenged by their external environment leading to changes of their volume, such as
differences between the internal and external osmotic pressure, mechanical forces or
mechanical properties of the ECM (Wang et al., 2020). However, as it is one of the
parameters that the cell needs to maintain for its normal function (biochemical
reactions, metabolism) and survival, numerous regulatory mechanisms exist that will
adjust the osmolarity in order to come back to the steady-state cell volume. Those
mechanisms will activate different ion pumps to move osmolytes (mainly Na+, K+, Cl-
) to readjust the osmolarity by Regulatory Volume Decrease (RVD) if the cell had
swollen, or for Regulatory Volume Increase (RVI) if the cell had shrinked (Jentsch,
2016; Mongin & Orlov, 2009). For instance, budding yeast can produce osmaotically
active compounds such as glycogen to restore the initial osmotic pressure and

therefore recover its initial cell size (Hoffmann et al., 2009).

In our work, we did observe the cell volume decrease from 36hpf but we did not
see that cells returned afterwards to their original volume. Therefore, AVC cells seem
to establish a new steady-state volume that may result from a new equilibrium between
the forces applied on them. This volume decrease might be seen as an adaptive
response of the cells towards the new constraints exerted on them (shear stress,
osmoaotic pressure), thereby favoring survival in this changing environment. Indeed, the
loss of volume could help to release cellular tension and therefore bring the tension

back to homeostatic values that would prevent the cell from bursting.

But, what would be the consequence of this loss of cell volume on the cell’s
physiology? Cell volume shrinkage has an impact on the intracellular concentration of

molecules leading to increased molecular crowding (Minton, 2001; Neurohr & Amon,
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2020). Recently, cell volume decrease following different mechanical cues
experienced by the cell during spreading, or faced to an increased stiffness of the
substrate or an external osmotic pressure, has been shown to change the
differentiation paths of mesenchymal stem cells (Guo et al., 2017). Therefore, it is
tempting to speculate that the decreased cell volume observed locally at the AVC could
participate in the differentiation of these endocardial cells that express specific
genetic markers in comparison to their neighboring cells into the ventricle and atrium.
Through the inhibition of the aquaporin channels (agp8a.1, agpla.l), | was hoping to
alter exclusively the cell volume change and therefore, assessing whether in absence
of cell volume change the cell differentiation would have been affected or not.
However, no defects in cell size regulation were found in our generated CRISPR

mutants (see Results-Partll and associated discussion).

If we take the example of the KlIf2a expression profile which corresponds to one
of the genetic markers of AVC cell identity, our laboratory already demonstrated that
its expression is reduced in both the trpv4 and trpp2 single mutants concomitantly with
a decrease in calcium signaling in these cells (Heckel et al., 2015). Here, no defect in
AVC cell volume has been observed in each single mutants. Therefore, we
hypothesize that the TRP-dependent increased intracellular Ca2+ signaling could

specifically influence kif2a expression, rather than cell volume decrease per se.

¢ TRP channels: osmo-sensor? Shear-stress sensor?

What are the roles of the TRP channels in the process of cell size regulation, and how

do they get activated?

In the context of heart valve development, it has been shown that TRP channels
are activated by the oscillatory flow present in the lumen at the AVC region (Heckel et
al., 2015). However, a huge literature regarding Trpv4 channels has revealed that they
can be activated by stimuli of different nature such as heat (Todaka et al., 2004;
Watanabe et al., 2002), mechanical forces like stretching (Thodetti et al., 2009), shear
stresses (Heckel et al., 2015) or osmotic challenges, particularly hypotonic stresses
(Liedtke et al., 2000; Strotmann et al., 2000).The latter stimulus was the first one

described for the Trpv4 channel and has earned it the name of osmosis-activated
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vanilloid receptor-related channel (VR-OAC) (Liedtke et al., 2000). In the presented
data, we showed that altering the osmotic pressure applied on the endocardial cells
through the removing of HA (that attracts both cations and water, thus changing
osmotic pressure) led to the absence of cell volume decrease at the AVC. Moreover,
the inhibition of both the TRPV4 and the TRPP2 channels also led to impaired cell
volume decrease at the AVC, indicating that these channels could play a role for the

osmo-sensation.

However, even if we identified several actors (HA, TRPs, AQPS) involved in the
AVC cell size regulation, the interactions between them remain largely unknown in our
context [Figure 1]. We can get some clues about their possible interactions from mostly
in vitro studies. Benfenati and colleagues reported via co-immunoprecipitation and
immunofluorescent assays that the TRPV4 channel and AQP4 are colocalized in
astrocytes and form a functional complex (Benfenati et al., 2011). In retinal Miller glia,
the same TRPV4-AQP4 interactions were shown to be essential for cell swelling (Jo
et al., 2015) and in salivary gland cells, a functional coupling was reported between
TRPV4 and AQPS5 (X. Liu et al., 2006). More recently, a study performed in Xenopus
laevis oocytes in which TRPV4 and AQP1 were co-expressed unveiled that TRPV4
can also interact with AQP1 (same results obtained with AQP4), suggesting that TRP4
does not show specificity towards an AQP channel in particular (Toft-Bertelsen et al.,
2017). The same authors showed that the presence of AQPs increased the water
permeability of cell membranes by approximately 20-fold, thereby mediating
accelerated cell volume change, as already reported in Mola et al., 2016. Interestingly,
they revealed that this rapid cell volume change is critical and needed for proper
TRPV4 channel activation. Therefore, as exposed previously, we could think that the
Agp8a.l and Agpla.l present in our context could be important for the rate of the cell
volume decrease and subsequent activation of the TRP channels. However, if TRP
channels activation rely on cell volume changes, this does not explain why an absence
of cell volume decrease was reported in the TRP double mutants. Another study
performed on HEK 293 cells, showed that the rising intracellular Ca2+ concentration
following the TRPCL1 activation is crucial for the translocation of the AQP1 channel at
the plasma membrane (Conner et al., 2012). We could easily check this last point by
exploring the cellular localization by immunofluorescence of the aquaporins when the

TRP channels are inhibited. It would be important to further investigate a functional link
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between these two actors in our in vivo context. To decipher if the aquaporins are
downstream to TRP channels [Figure 1- top panel], we are currently testing if the
aquaporins expression rely on the presence of the TRP channels by performing in situ
hybridization experiments with the agp8a.1 and aqpla.l probes in the trpv4 -/- trpp2 -
/- embryos, with the help of Christina (first year PhD student in our laboratory).

One fundamental question that is quite challenging to address is how the TRP
channels could be gated by the osmotic pressure driven by the presence of HA inside
the cardiac jelly. I think that we should envision the osmo-sentation as resulting from
a membrane stretching induced by the applied osmotic pressure on the AVC cells (Jiao
et al., 2017). This might lead to TRP channel opening concomitantly to a water efflux
via the AQP channels. Actors that we did not investigate in that direction correspond
to integrins that play a critical role in transducing signals between the extracellular and
the intracellular environments (Jiao et al., 2017). We could think of inhibiting a5 and
B1 Integrins expressed in the endocardial cells at these developmental stages
(Gunawan et al., 2019) and see whether this affects the final AVC cell volume. This
would suggest a role of integrins in the transduction of the mechanical forces and the

activation of the TRP channels.

Importantly, such an interplay between the cytoskeleton remodeling and the
TRP channels activity could be envisioned as TRPV4 channels have been shown to
directly interact via their C-terminal part with the cytoskeleton (F-actin and

microtubules), by co-immunoprecipitation (Goswami et al., 2010).

We will therefore now discuss the remodeling of the cytoskeletal network

specifically within the cells that lost volume.

o Cortex remodeling: higher tension?

One important point that we did not discuss so much in the paper’'s manuscript
is the remodeling of the F-actin network and the increased phospho-myaosin light chain
expression in the same cells that decrease their volume. This observation led us to
suspect that these cells might certainly contract and would exhibit a higher cortical
tension in comparison to the other endocardial cells present in the atrial and ventricular

chambers. | tried to measure the tension in vivo by performing laser cuts on stopped
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hearts (with the BDM drug) within the different regions of the heart (atrium, AVC,
ventricle). However, this proved to be challenging as the laser light can be scattered
by passing through the pericardial cavity, the myocardium, the cardiac jelly before
entering in contact with the endocardial cells. As a result, | ended up having no cut at
all or a big hole within the tissue when | increased the laser power. Alternatively, to
guantify the tension in the endocardial tissue, it would be possible to use the FRET-
based-Ve-cadherin tension sensor line (Lagendijk et al., 2017), but | did not have time
to implement that during my thesis. Despite the lack of experimental quantifications/
validation, our observations (strong F-actin signal, and enriched phospho-myosin
antibody at the AVC) strongly suggest that these cells will certainly be more tensed
and have a higher cell stiffness. This observation is consistent with several studies
which highlighted an increase of cell stiffness concomitantly to a cell volume shrinkage
(Guo et al., 2017; E. H. Zhou et al., 2009).

However, the driving force that leads to this remodeling of the acto-myosin
network remains unclear in our context. Several scenarios could explain this
observation, first it might be that it is the cell volume decrease itself that has increased
the cell stiffness as shown in Guo et al., 2017. Furthermore, we could imagine that the
increased external hydrostatic pressure due to the highly hydrated HA polymers within
the ECM could exert a compressive force onto the endocardial cell surface, therefore
increasing the cellular tension through a remodeling of the cytoskeleton. This
mechanism is proposed in the recent paper of Munjal and colleagues, who showed
that in zebrafish inner ear, the presence of HA applies an isotropic pressure at sites
where the semicircular canals develop, and the epithelium resists to this force by an
accumulation of F-actin and myosin Il in structures called cellular tethers (Munjal et al.,
2020). Interestingly, in the heart, we reported that the inhibition of HA by the
hyaluronidase disrupted the accumulation of F-actin within the AVC cells, which
support this hypothesis. Finally, a last alternative could be that the activation of the
TRP channels through the process, and the subsequent entry of Ca?* ions could induce

signaling pathways that will mediate the remodeling of the cytoskeleton.

Moreover, this increase of the cellular tension could participate in driving water
efflux from the AVC cells. To assess the possible involvement of cellular contractility
for cell volume decrease, we could try to inhibit it. This point can be addressed in vivo

by inhibiting the actin polymerization (through Latrunculin or Cytochalasin D) or the
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myosin activity (through Blebbistatin) and exploring the effects of the cell size
regulation. However, in the context of the heart morphogenesis, this would have an
impact on the activity of the myocardial cells and therefore on the way the heart will
beat. This would require to target only the endocardial cells. We could manipulate the
contractility of single endocardial cells by expressing dominant-negative forms of
myosin light chains for instance. However, as it has to be done from the first cell stage,
prior morphogenetic processes may be affected during development and may also
lead to the extrusion of the defective cells from the endocardial tissue. Another way
would be to implement optogenetic methods allowing to specifically target the cells we

are interested in and at a particular moment during embryonic development.

e Hyaluronic acid: restricted to the AVC? Roles of other ECM

components?

The presence of HA in the heart from 28hpf to 48hpf was examined by an
immunofluorescence assay with the HA- Binding Protein (BP). As the has2 gene,
which is responsible for the assembly and exportation of HA, is expressed locally within
the AVC cells, we were expected to visualize a gradient of the HA protein within the
cardiac jelly at the vicinity of AVC cells. However, we detected it almost
homogeneously distributed inside the ECM with our assay. This result was particularly
intriguing, and | would like to comment on it, as we expected a local accumulation of
HA. First, it might be that this method did not allow us to distinguish between regions
with high vs low density of HA. Indeed, we could imagine that in the AVC region where
the ECM components are crowded, the HA-BP does not manage to reach all the
binding sites to HA. For that, it would be pertinent to perform scanning electron

microscopy in order to see the density of HA molecules inside the cardiac jelly.

Moreover, our experiment was performed on deyolked embryos in which the
cardiac jelly is directly accessible to binding proteins. It might be possible that the
concentration of HA-BP was too high and that nonspecific bindings were still present
after the washes, therefore giving us a strong signal everywhere within the cardiac
jelly. However, the fact that no signal was found in the hyaluronidase-injected embryos

kind of rule out this hypothesis.
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In our work, we only focused on HA as it is the best described among the other
glycosaminoglycans (GAGs) present inside the cardiac jelly. However, the GAG
chondroitin sulfate, which is also negatively charged and has the same tendency to
attract water, also shows defects in the AVC development when inhibited (Peal et al.,
2009). On top of that, the authors could show that this particular GAG is found
exclusively in the AVC region using a specific antibody. Therefore, we would also like
to study the effect of removing the chondroitin sulfate on the process of AVC cell size
regulation (via the biosynthesis inhibitor: cis/trans-decahydro-2-napthol-3-D-xyloside
(DX) (Peal et al., 2009). It might be that the presence of both GAG molecules (HA and
chondroitin sulfate) is needed in order to produce an osmotic pressure sufficient to

alter the cell volume of the AVC cells.

« A pulling or a pushing force towards the AVC?

For the last point addressed in this discussion, | would like to come back to the
last aim of my project, which consisted in determining the driving force behind the
tissue convergence. We hypothesized that the tissue movement could result from a
pushing force towards the AVC mediated by cell proliferation or cell migration or, on
the opposite by a pulling force generated by cell volume decrease at the AVC. By
completely abolishing the cell proliferation between 30hpf and 48hpf, we could show
that it was not the driver of the movement as both AVC cluster formation and the
orientations of nucleus-to-Golgi axes were normal. However, the fact that both
ventricular and atrial endocardial have their nucleus-to-Golgi axes pointing towards the
AVC does not help us to decipher between hypotheses of the cell migration vs cell
volume decrease. To go further, additional experiments should be performed. Cell
migration could be accompanied by a cell shape change via the formation of
protrusions. To test this, endocardial cells could be mosaically labeled in order to
assess single cell protrusive activity to test if they actively migrate towards the AVC.
However, the amplitude of the tissue movement assessed by photoconversion
experiments seemed quite low (Boselli et al., 2017), which does not support the
hypothesis of an active migration. Rather, we therefore propose that the cell volume
decrease at the AVC might be sufficient to drive the tissue movement, as reported in

the Drosophila dorsal closure (Saias et al., 2015). To test this hypothesis, we could
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turn to in vitro experiments, where endothelial cells would be labeled for both Golgi
and nucleus, and a hyperosmotic shock would be performed in some cells in the middle
of the plate. This experiment would enable us to decipher if a local cell volume
decrease can drive an orientation change over multiple cells and a concomitant cell
movement. This would be essential in order to demonstrate that the driving force of the
endocardial movement could be due to a pulling force from the decrease in AVC cell

volume applied to the surrounding cells.

To conclude this discussion section, | would like to remind you that
morphogenetic processes have often been described as autonomous processes
involving mainly forces generated by the cell cytoskeleton (Heisenberg & Bellaiche,
2013; Munjal & Lecuit, 2014). However, a fascinating question in the field of
developmental biology, is to understand how the external forces can influence
morphogenesis of the tissue, by changing the individual cell behaviors. In my thesis, |
demonstrated the particular importance of these forces in the context of the early AVC
morphogenesis. | hope that more and more studies will shed light on the role that the
external cell microenvironment plays in dictating cell behaviors. Beyond being relevant
for basic research, they might also increase our knowledge and identify novel targets
to treat diseases such as cancer, in which a complex environment is built up around

tumor cells (Baghban et al., 2020).
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RESULTATS (EN FRANCAIS)

INTRODUCTION

La plupart des organes doivent acquérir une forme définie pour une fonction optimale.
L'organogenése est contrblée a la fois dans l'espace et dans le temps grace a
I'interaction entre des facteurs génétiques et mécaniques (Mammoto & Ingber, 2010 ;
Sivakumar & Kurpios, 2018). Les signaux mécaniques peuvent provenir de divers
contextes : I'environnement de la cellule, par exemple la matrice extracellulaire (MEC)
environnante, les cellules voisines ou les tissus voisins (Charras & Sahai, 2014 ;
Hannezo & Heisenberg, 2019 ; Martino et al., 2018 ; Petridou et al., 2017 ; Villedieu et
al., 2020). En outre, les forces mécaniques peuvent provenir du tissu lui-méme (Boselli
etal., 2015 ; Xiong et al., 2020). Les cellules constituent l'unité fonctionnelle de chaque
tissu et peuvent détecter et réagir a ces différentes forces qui entrainent des
comportements cellulaires coordonnés (changements de forme, intercalation,
apoptose, etc.) qui sont essentiels au remodelage des tissus (Heisenberg & Bellaiche,
2013 ; Lecuit et al., 2011). Pourtant, la maniere dont les forces mécaniques affectent
les comportements cellulaires et la forme des tissus a I'échelle cellulaire reste mal
connue.

Parmi les differents mécanismes cellulaires qui contrdlent les processus
morphogénétiques (Heisenberg & Bellaiche, 2013 ; Lecuit et al., 2011 ; Mao & Baum,
2015), les changements de volume cellulaire sont réecemment apparus comme un
modulateur essentiel de la forme des tissus. Chez Drosophila Melanogaster, la

diminution du volume cellulaire entraine le mouvement du tissu pendant la fermeture
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dorsale (Saias et al., 2015). De plus, les changements de volume cellulaire sont
également essentiels pour réguler le volume de la lumiére des organoides intestinaux
(Yang et al., 2020) et la morphogenése des vésicules de Kupffer chez le poisson zébre
(Dasgupta et al., 2018). In vitro, des signaux mécaniques externes peuvent déclencher
des changements de volume cellulaire (Guo et al., 2017 ; Wang et al., 2020 ; Xie et
al., 2018). Le volume cellulaire est contrdlé par la régulation osmotique, la contractilité
du cytosquelette cellulaire ainsi que la croissance et la division cellulaire (Cadart et al.,
2019). Cependant, la fagon dont les changements de volume cellulaire peuvent
conduire a un remodelage tissulaire dans des contextes morphogénétiques plus
larges, tels que le systéme cardiovasculaire, reste peu claire.

Le cceur acquiert sa fonction t6t au cours du développement embryonnaire afin de
pomper le sang dans tout le corps. Les défauts de formation du cceur, et en particulier
les anomalies des valves cardiaques, peuvent conduire a des cardiopathies
congénitales qui aménent a des implications médicales majeures (Lincoln & Yutzey,
2011). La contrainte de cisaillement des fluides et les forces d'étirement générées par
les battements cardiaques sont considérées comme essentielles afin d’obtenir un
développement correct des valves (Auman et al., 2007 ; Bartman et al., 2004 ; Hove
et al., 2003 ; Kalogirou et al., 2014 ; Vermot et al., 2009). La couche tissulaire interne
du cceur correspond a I'endocarde, constitué de cellules endothéliales spécialisées
appelées cellules endocardiques (EdC). Comme les cellules endothéliales, les EAC
sont de puissants mécanosenseurs et mecanotransducteurs des forces mécaniques
(Campinho et al., 2020). Les canaux membranaires sensibles a I'étirement Piezol,
TRPP2 et TRPV4 sont importants pour la détection des forces mécaniques pendant le
développement des valves cardiaques (Duchemin et al., 2019 ; Faucherre et al., 2020

; Heckel et al., 2015). En outre, les EdC interagissent également avec leur MEC (c'est-
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a-dire la gelée cardiaque), produite par les cellules myocardiques et endocardiques,
et qui joue des réles clés au cours de la morphogenese cardiaque (Steed et al., 2016
; Derrick et al., 2019 ; Derrick & Noél, 2021 ; Grassini et al., 2018).

L'un des principaux composants de la gelée cardiaque est I'acide hyaluronique (AH),
qui est un glycosaminoglycane (GAG) chargé négativement. L'AH a la propriété de
générer une pression osmotique et attire donc I'eau, ce qui entraine un gonflement
local de la gelée cardiaque au niveau de I’'AVC (Camenisch et al., 2000 ; Cowman et
al., 2015 ; Lockhart et al., 2011 ; Schroeder et al., 2003 ; Tong et al., 2014). Cependant,
les roles des forces générées par les battements cardiaques ainsi que l'impact des
propriétés biophysiques de la MEC sur la modulation de la forme de 'EdC pendant la
formation du tube cardiaque primitif ne sont actuellement pas bien compris.

Chez le poisson zebre, la formation d'un cluster cellulaire local au sein de la
monocouche de I'endocarde au niveau de 'AVC marque le début de la formation de
la valve cardiaque (Pestel et al., 2016 ; Steed et al., 2016). Au niveau tissulaire, cet
événement est précédé d'une rupture de symétrie favorisée par une convergence
tissulaire vers 'AVC (Boselli et al., 2017). Ici, nous avons utilisé ce modéle
morphogénétique pour étudier les caractéristiques cellulaires précoces impliquées
dans la convergence des tissus endocardiques, a partir de 28hpf, lorsque le coeur du
poisson zébre a une structure tubulaire, jusqu'a 48hpf, lorsque les deux chambres
(oreillette, ventricule) sont formées. Nous avons constaté que la convergence des
tissus est associée a un changement d'orientation global de I'EdC dirigé vers 'AVC et
a un événement de regroupement cellulaire qui est associé a une diminution locale du
volume des cellules composant 'AVC. Il est intéressant de noter que ni la formation
d'amas cellulaires ni les changements de volume cellulaire ne sont liés a la prolifération

cellulaire. Au niveau moléculaire, nous avons découvert que la diminution du volume
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cellulaire dépend des canaux TRP mécanosensibles (TRPP2 et TRPV4) et 'acide
hyaluronique présent au sein de la MEC. Nous proposons un modele dans lequel la
mécanotransduction et la pression osmotique générée par lI'accumulation d'AH dans
la gelée cardiaque dictent les changements de volume des cellules locales dans
I'endocarde. Il pourrait s'agir d'une caractéristique générale par laquelle les forces
meécaniques fagonnent le systéme cardiovasculaire, comme le coeur ou les vaisseaux

sanguins et lymphatiques du systéme vasculaire.

RESULTATS

L orientation des cellules de I'’endocarde pendant le développement de 'AVC

En utilisant le poisson zebre pour une imagerie live de haute précision, nous avons
analysé les modéles morphogénétiques de I'endocarde a une résolution cellulaire. La
polarité cellulaire axiale est un indicateur bien établi de l'orientation et de la
coordination des mouvements cellulaires dans les tissus endothéliaux (Franco et al.,
2015 ; Kwon et al., 2016 ; Pouthas et al., 2008). Profitant de ce fait, nous avons étudié
la dynamique de l'orientation des cellules endocardiques pendant le développement
de PAVC in vivo afin de -caractériser les caractéristiques générales de la
morphogénese 'AVC. Nous avons utilisé une lignée transgénique de poisson zebre
qui marque l'appareil de Golgi et le noyau spécifiqguement dans les cellules
endothéliales Tg(flil:nEGFP) ; Tg(flila:B4GALT1-mCherry) (Kwon et al., 2016),
fournissant ainsi des données sur la configuration globale du tissu a I'échelle cellulaire.
L'orientation de I'axe Nucleus-to-Golgi a été analysée toutes les deux heures de 28hpf

a 36hpf et a 48hpf afin de suivre les changements d'orientation de 'EdC (Figure 1.A,
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Figure S1.A, Vidéo S1). Nous avons classé les cellules en trois catégories : 1) axe
noyau-Golgi vers la sortie du coeur, 2) axe noyau-Golgi vers I'entrée du coeur et 3)
aucune orientation claire de l'axe noyau-Golgi (Figure 1.B ; Figure S1.B). Pour
l'analyse statistique, nous avons quantifié les changements de I'axe noyau-Golgi dans
le ventricule (Figure 1.C) et dans l'oreillette au fil du temps (Figure 1.C'). Avant le
battement du cceur (22hpf), 48,6+5,7% des cellules présentaient un axe noyau-Golgi
vers la sortie (n=130 cellules, N=3 embryons) (Figure S1.C). Aprés le déclenchement
du flux sanguin, nous avons constaté que la majorité des cellules (66,5+2,0 %, n=271
cellules, N=5 embryons pour l'oreillette et 70,2+4,6 %, n=198 cellules, N=5 embryons
pour le ventricule) présentaient un axe noyau-Golgi vers la sortie a 28 hpf dans les
deux chambres (Figure 1 C-C'). Alors que l'orientation de I'axe noyau-Golgi est restée
inchangée de 28hpf a 48hpf dans l'oreillette (Figure 1.C"), les cellules ventriculaires
ont progressivement inversé leur axe noyau-Golgi entre 28 et 48hpf (48,2+2,0%,
n=578 cellules, N=7 embryons) pour pointer vers I'AVC (Figure 1.C). Ces résultats
indiquent que la convergence des tissus s'accompagne d'une orientation globale de
I'axe noyau-Golgi vers 'AVC a partir de 30 hpf, soulignant les mouvements collectifs
des cellules endocardiques nécessaires pour initier la formation des valves cardiaques

(Figure 1.F).

Le volume des cellules de I’'endocarde au cours du développement de 'AVC

Compte tenu du changement global de l'orientation de I'EAC au début de la
morphogenese de 'AVC, nous avons pensé que les cellules situées dans la zone de
convergence devaient changer spécifiguement de forme au sein de ’AVC. Nous avons

donc émis I'hypothése qu'un changement local de la taille des cellules au niveau de
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'AVC pourrait contribuer au processus de morphogenese de ’AVC. Pour répondre a
cette hypothéese, nous avons analysé les changements de volume de I'EdC pendant
la morphogenese de 'AVC. Nous avons d'abord quantifié séparément la surface et la
hauteur des cellules (direction apicobasale) afin de comparer la taille des cellules entre
les trois régions (atrium, AVC, ventricule) pour calculer le volume moyen des cellules.
Pour mesurer l'aire de la surface cellulaire apicale, nous avons utilisé une lignée de
poisson zébre transgénique (TgBAC(ve-cad:ve-cad-TS)) marquant la cadhérine
endothéliale vasculaire (VE) (Lagendijk et al., 2017) (Figure 2.A). Nous avons estimé
la taille des cellules en multipliant la surface cellulaire apicale par I'épaisseur de la
cellule (figure 2.B). D'aprés ces calculs, la taille des cellules de I'AVC est de
412,2+21,6 um3 (n= 41 cellules), tandis que celle des cellules situées dans l'oreillette
et le ventricule est de 1348+67,9 um3 (n= 48 cellules) et 933,1+47,8 um3 (n= 34
cellules), respectivement (Figure 2.C). Nous avons conclu que la taille des cellules
varie en fonction des différentes régions du cceur, les cellules étant plus petites dans
'AVC.

Pour surmonter les difficultés associées a la segmentation manuelle 3D, nous avons
développé une routine robuste et quantitative basée sur le Deep Learning pour obtenir
une évaluation fiable du volume cellulaire a partir de la segmentation des noyaux. En
effet, il a été rapporté que le volume nucléaire est proportionel au volume cellulaire
dans différents contextes (Cantwell & Nurse, 2019 ; Greiner et al., 2015 ; Huber &
Gerace, 2007). Nous nous sommes donc concentrés sur I'extraction du volume des
noyaux qui est plus facile a segmenter que les cellules lorsqu'elles sont en 3D. Pour
confirmer la validité de I'approche, nous avons montré que le volume des noyaux est
corrélé au volume des cellules dans notre systeme (figure 2.D). Pour démontrer plus

clairement cette corrélation, nous avons analyseé les cellules individuelles a la fois pour
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leur surface cellulaire et leur volume de noyau et avons trouvé une forte corrélation
entre ces deux paramétres (Figure 2.E).

Nous avons ensuite évalué la variation temporelle du volume cellulaire au cours de la
progression de la convergence tissulaire. A 28hpf, les cellules de 'AVC n'étaient pas
différentes en taille par rapport aux cellules situées dans le ventricule (426.7+32.8 um3
a 28hpf dans I'AVC), alors gqu'elles ont commencé a étre plus petites de 36hpf a 48hpf
(390.6£12.9 um3 a 36hpf, et de 284.946.1 um3 a 48hpf) (Figure 2F). Nous avons
confirmé ces résultats en quantifiant la distance moyenne entre chaque noyau et ses
trois plus proches voisins (Figure S2.A). De plus, nous avons constaté que le
changement de volume cellulaire est corrélé a I'enrichissement en filaments d'actine
(F-actine) et en chaine Iégere de phospho-myosine (p-MLC) spécifiquement dans les
cellules qui formeront I'AVC, ce qui suggére que les cellules présentent une
contractilité active dans ’AVC (Figure 1.D-E, Vidéo S2). Cette observation indique que
les propriétés mécaniques et les comportements des cellules de I'AVC pourraient étre
différents de ceux des cellules endocardiques situées dans les deux chambres. Dans
I'ensemble, ces résultats montrent que les EdC de I'AVC subissent une forte diminution
du volume cellulaire ainsi qu'un remodelage du cortex d'actine. Cela indique que la
contractilité des EdC et la diminution du volume cellulaire sont impliquées dans le

remodelage du tissu endocardique.

La diminution du volume cellulaire est indépendante de la prolifération cellulaire dans
'’AVC

Des taux de proliféeration cellulaire différentiels ou une progression différentielle a
travers le cycle cellulaire entre les trois régions du tube cardiaque primitif (oreillette,

AVC, ventricule) pourraient entrainer la formation du cluster de cellules au sein de
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FAVC. Nous avons donc évalué si la prolifération cellulaire est associée a des
changements de volume cellulaire spécifigues aux chambres cardiaques. Pour ce
faire, nous avons aboli la division cellulaire en utilisant une combinaison de 30mM
Hydroxyurea et 150uM Aphidicolin, deux médicaments qui induisent l'arrét du cycle
cellulaire en phase S (Figure 3.A). Les embryons ont été traités de 30hpf & 48hpf sans
défauts phénotypiques majeurs (Figure S1A-A"). L'immunomarquage anti-phospho-
Histone 3 a confirmé que l'inhibition de la prolifération cellulaire était effective en
présence des médicaments (Figure S3.B-B'). Pendant le traitement, le nombre d'EdCs
a doublé alors que le nombre de cellules est resté similaire entre 30hpf et 48hpf lorsque
la prolifération était inhibée (Figure 3.A). Le tissu endocardique et la forme du cceur
global sont restés qualitativement inchangés : le coeur a « loopé » et le volume global
du ceceur n'était pas significativement différent entre les embryons témoins et traités
(Figure 3.B, Figure S3.C-C'). Lorsque le volume des noyaux a été quantifié, nous
n‘avons pas pu détecter de différence dans le rapport de taille des cellules entre les
trois régions du cceur (oreillette, VCA, ventricule) chez les embryons témoins et traités
(rapport de 1,48, 1,48 et 1,53 respectivement dans l'oreillette, le VCA et le ventricule),
ce qui suggeére un effet d'échelle global reliant le nombre et la taille des cellules (Figure
3.C). De méme, nous n'avons pas pu détecter de différence dans la distance moyenne
noyau-noyau (rapport de 1,26, 1,27 et 1,15 respectivement dans l'oreillette, 'AVC et
le ventricule) entre les embryons témoins et traités (Figure S3.D). Il est important de
noter que les cellules étaient significativement plus petites dans 'AVC des embryons
traités en I'absence de prolifération comparable aux cellules situées dans le ventricule
(Figure 3.C). Ces resultats montrent que la diminution du volume des cellules
présentes dans la région de I'AVC est indépendante de la prolifération cellulaire. De

plus, I'orientation de I'axe noyau-Golgi a 48hpf était similaire chez les embryons traités
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et les embryons témoins, tant dans le ventricule (Figure 3.D) que dans l'atrium (Figure
3.D"). Cela suggere également que la convergence des tissus se produit normalement

indépendamment de la prolifération cellulaire.

Les forces mécaniques sont des régulateurs importants de la diminution du volume

cellulaire

Comme il a été démontré que les forces mécaniques sont impliquées dans le
remodelage des tissus endocardiques (Steed et al., 2016, Heckel et al., 2015, Dietrich
et al., 2014), nous avons ensuite étudié I'impact de la modification de la contraction
cardiaque et du flux sanguin sur la taille des cellules de I'endocarde. Pour ce faire,
nous avons d'abord analysé les changements de volume cellulaire basés sur le
marquage des noyaux dans des mutants silent heart (sih-/-), qui portent une mutation
dans le gene de la troponine T2a (tnnt2a) et sont donc dépourvus de contraction
cardiaque et du flux sanguin qui en résulte (Sehnert et al., 2002) (Figure 4.A-A"). Le
volume cellulaire n'a pas montré de différences significatives entre les trois régions du
ceeur (oreillette, AVC, ventricule) et les cellules situées dans le 'AVC n'ont pas montré
un volume plus petit par rapport aux embryons témoins (volume du noyau de
481,7+£25,5 uym3 chez les sih-/-, n=68 cellules, N=12 embryons, volume du noyau de
273,2+7,6 um3 chez les sih+/+ sih+/-, n=197 cellules, N=8 embryons) (Figure 4.B).
Moins de cellules étaient présentes dans I’AVC par rapport aux témoins (Figure 4.D)
et la distance noyau-noyau était significativement augmentée au niveau de ’AVC chez
les embryons sih-/- (Figure S4.B). |l est intéressant de noter que le remodelage de la
F-actine était absent dans les cellules de 'AVC des embryons sih-/- par rapport aux

témoins (Figure S4.A). En outre, a 48hpf, les cellules situées dans I'atrium présentaient
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une distribution aléatoire des axes noyau-Golgi (Figure 4.F") (vers la sortie du coeur:
35,31£2,9% ; vers l'entrée du cceur: L'inversion de lI'axe noyau-Golgi ventriculaire ne
s'est pas produite chez les embryons sih-/- et les cellules ont plutét eu tendance a
présenter un axe noyau-Golgi vers I'écoulement du cceur (vers I'écoulement du coeur
: 46,0+2,6 %, vers I'entrée du cceur : 27,3+4,4 %, n=314 cellules, N=6 embryons) par
rapport aux témoins (vers l'entrée du coeur: 53,5+2,5 %, n=217 cellules, N=3
embryons) (Figure 4.F). Ces données sont cohérentes avec l'observation selon
laquelle la convergence des tissus ne se produit pas en l'absence de forces
meécaniques générées par le battement du cceur (Boselli et al., 2017). Pour confirmer
ces résultats, nous avons partiellement inhibé l'activité cardiague en injectant une
faible concentration du morpholino tnnt2a (Vidéo S3) (Figure A"). Comme prévu, la
vitesse du flux sanguin était plus faible (176,7+30,0 um/s, N=12 embryons), par rapport
aux témoins (1222,6+128,0 um/s, N= 3 embryons) (Figure 4.E). Il est intéressant de
noter que la diminution du volume cellulaire au niveau de 'AVC a été affectée volume
du noyau de 360,9£11,7 um3, n=153 cellules, N=12 embryons chez les morphants
tnnt2a, volume du noyau de 324,9+10,5 um3, n=114 cellules, N=3 embryons) (Figure
4.C) suggérant que méme une diminution subtile des forces générées par le coeur
modifie le volume cellulaire. Globalement, ces résultats indiquent que les forces

mécaniques sont des régulateurs importants de la diminution du volume cellulaire.

Les canaux sensibles a I'étirement TRPP2 et TRPV4 sont des modulateurs clés de la

diminution du volume cellulaire

Les canaux sensibles a I'étirement Transient Receptor Potential Polycystin 2 (TRPP2)
et Transient Receptor Potential Vanilloid 4 (TRPV4) sont des régulateurs importants
du développement des valves cardiaques (Heckel et al., 2015). De plus, TRPV4 est

également un contributeur bien connu de la régulation du volume cellulaire dans les
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astrocytes ou il agit comme un canal osmosensible (Benfenati et al., 2011). Nous
avons donc émis I'hypothese que les canaux TRP pourraient moduler le volume
cellulaire pendant la morphogenese de 'AVC. Nous avons étudié des mutants pour
les canaux trpv4 et trpp2. L'/ARNm trpp2 est distribué de maniére ubiquitaire dans
I'embryon mais est enrichi dans la couche endocardique du cceur alors que trpv4 est
principalement exprimé dans I'endocarde et spécifiquement enrichi dans la région de
'AVC (Figure 4.H). En examinant les embryons mutants simples trpv4 -/- et trpp2 -/-,
nous avons constaté que le volume du noyau EdC au niveau de 'AVC était inchangé
par rapport aux témoins (Figure S4.D). La compensation génétique étant une
caractéristique répandue chez le poisson zébre (El-Brolosy & Stainier, 2017), nous
avons analysé les mutants doubles trpv4 -/-;trpp2 -/- (Figure 4.G-G"). La diminution du
volume cellulaire n'a pas été observée dans I'AVC des trpv4 -/-;trpp2 -/- par rapport
aux témoins (volume du noyau de 351,9+7,9 um3, n=333 cellules, N=15 embryons
chez les trpv4 -/-;trpp2 -/-, volume du noyau de 282. 4+9,8 um3, n=129 cellules, N=6
chez trpv4 +/+;trpp2 +/+) (Figure 4.1), et la distance noyau-noyau était significativement
augmentée au sein de I'endocarde des doubles mutants (Figure S4.E).De plus, la
fréquence cardiaque n'était pas significativement différente entre les mutants, ce qui
suggere que la fonction cardiaque et les forces d'écoulement sont normales (figure
S4.F). Ces données montrent que les canaux mécanosensibles Trpp2 et Trpv4 sont
des régulateurs importants de la diminution du volume cellulaire. En outre, le
pourcentage de cellules de I'endocarde dont I'axe noyau-Golgi est orienté vers
I'écoulement du cceur dans le ventricule 36,9+1,7 % (n= 309 cellules, N=4 embryons)
est réduit par rapport aux témoins (49,0£3,8 % (n= 223 cellules, N=3 embryons)

(Figure 4.J) et la distribution des axes noyau-Golgi est inchangée dans l'oreillette
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(Figure 4.J"). Ceci suggere que la convergence tissulaire est affectée en lI'absence des

canaux TRP.

Dans le contexte d'une augmentation du volume cellulaire d'origine osmotique (c'est-
a-dire le gonflement des cellules), TRPV4 interagit avec les canaux aquaporines pour
moduler le volume cellulaire (Benfenati et al., 2011 ; Conner et al., 2012 ; luso & Krizaj,
2016). Les aquaporines sont des canaux transmembranaires passifs qui peuvent
augmenter la perméabilité de la membrane (lbata et al., 2011 ; Mola et al., 2016). Nous
avons étudié I'expression spatio-temporelle des aguaporines et nous nous sommes
concentrés sur deux canaux aquaporines présents dans le systéme cardiovasculaire
en développement : agp8a.l et agpla.l (Figure S2.B-S2.D). L'ARNm d'agp8a.l et
d'agpla.l est exprimé dans le cceur (Figure S2.B), avec une expression commengant
a partir de 30hpf spécifiguement dans les cellules de 'AVC (9/32 embryons (aqp8a.1l),
4/20 embryons (agpla.l)). A ce stade, 'agpla.l est également exprimé dans les
globules rouges, comme précédemment rapporté (16/20 embryons) (Chen et al.,
2010) (Figure S2.B). A 36hpf, les ARNm agp8a.1 et agpla.l sont exprimés dans les
cellules de 'AVC et de 'OFT (24/27 embryons (agp8a.1), 19/19 embryons (agpla.l).
A 48 hpf, agp8a.l est indétectable (36/36) alors que I'expression de 'ARNm agpla.l
est hautement spécifique dans les régions de 'AVC et de I'OFT (31/31). En utilisant
des sondes fluorescentes, nous confirmons que ces canaux sont exprimeés
spécifiguement dans les régions de 'AVC et de 'OFT et nous montrons également
gue leur expression est limitée a I'endocarde (Figure S2.C). De maniére intéressante,
I'expression d'agp8a.l et d'agpla.l était absente dans les embryons sih -/-, ce qui
suggere gue leur expression dépend des forces mécaniques (Figure S4.C). Ces
données indiquent que les cellules spécifiguement situées dans I'AVC sont équipées

de pores a eau dont I'expression dépend de la fonction cardiaque.
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L'acide hyaluronique module les changements de volume des cellules endocardiques

de 'AVC

L'un des composants les plus abondants de la gelée cardiaque est le
glycosaminoglycane (GAG) acide hyaluronique (AH). L'accumulation de GAG est
connue pour appliquer une pression osmotique et attirer I'eau (Cowman et al., 2015 ;
Lockhart et al., 2011). In vitro, les GAG entrainent un rétrécissement des cellules HEK
(Joerges et al., 2012). L'AH est assemblé par les genes hyaluronan synthase et est
ensuite sécrété dans la MEC. En patrticulier, has2 est spécifiquement exprimeé par les
cellules de I'encodarde présentes au sein de I'AVC (Patra et al., 2011 ; Tong et al.,
2014). Comme prévu, I'expression de has2 dans le coeur commence a 30hpf et est
limitée a I'AVC de 30hpf & 48hpf (Figure S5.A). Nous avons utilisé la protéine de liaison
a 'AH (HA-BP) pour étudier la localisation de la protéine (Figure 5.A). L'AH s'est
avérée étre présente exclusivement dans la gelée cardiaque (Figure 5.A, Figure S5.B)
et semble uniformément distribuée dans toute la gelée cardiaque du cceur. Nous avons
ensuite évalué son rdle potentiel dans la régulation du volume cellulaire a I'échelle de
la cellule en injectant de la hyaluronidase (HAase), qui décompose les chaines d'AH
(Figure 5.B). Les embryons injectés avec de la HAase présentaient un cedéme
péricardique apres 18 heures de traitement (Figure S5.C) mais ne présentaient pas de
défauts de fréquence cardiaque a 48hpf (Figure S5.E). Dans ces conditions, I'AH n'a
pas été détectée a l'intérieur de la gelée cardiague des embryons injectés a la HAase,
ce qui confirme que la dégradation de I'HA a été efficace (Figure 5.C). Il est intéressant
de noter que le remodelage de la F-actine dans les EdC et la diminution du volume
cellulaire n'ont pas eu lieu dans les embryons traités (Figure S5.D) (N=7/7 embryons
injectés a I'HAase, N=7/7 contréles). La diminution du volume cellulaire n'a pas été
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observée dans I'AVC des embryons ayant recu une injection de HAase par rapport
aux témoins (volume du noyau de 422+10,0 um3, n=177 cellules, N=12 embryons
dans les embryons ayant regu une injection de HAase, volume du noyau de 290,6+7,0
pum3, n=266 cellules, N=8 dans les témoins) (Figure 5.E). De méme, la distance entre
les noyaux des AVC était accrue chez les embryons ayant recu une injection de HAase
(Figure S5.F). En outre, le nombre de cellules ventriculaires dont I'axe noyau-Golgi est
orienté vers l'influx 30,1+2,2 % (n=523 cellules, N=7 embryons) est réduit par rapport
aux témoins 53,4+3,3 % (n=425 cellules, N=5 embryons) (Figure 5.F) et la distribution
des axes noyau-golgi était inchangée dans l'atrium (Figure 5.F'"). Ce résultat indique
qgue la convergence des tissus est réduite en I'absence d'AH a l'intérieur de la gelée
cardiaque. Nous concluons que la mécanosensibilité et 'AH sont tous deux des

modulateurs essentiels de la diminution du volume cellulaire dans ’AVC (Figure 5.G).

DISCUSSION

En utilisant I'imagerie in vivo, nous montrons que la diminution du volume des cellules
endocardigues est essentielle a la convergence des tissus et a la formation de I'AVC,
ce qui prépare le terrain pour la formation ultérieure de la valve (Pestel et al., 2016 ;
Steed et al., 2016). Nous avons observé que la diminution du volume cellulaire est
concomitante avec l'inversion de l'axe noyau-Golgi ainsi au sein du ventricule ainsi
gu'avec le remodelage de la F-actine dans 'AVC. De plus, nous montrons que le
changement de volume cellulaire est indépendant de la prolifération cellulaire et est
régulé par les forces mécaniques causées par la fonction cardiaque, les canaux TRP

et 'AH situé au sein de la gelée cardiaque. Ensemble, nos résultats montrent que la
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diminution du volume cellulaire est une caractéristique cellulaire importante impliquée
dans la morphogenese cardiovasculaire en réponse a la mécanotransduction activée
par les canaux TRP. Nous proposons que la modification du volume cellulaire puisse
étre une caractéristique cellulaire générale activée par les forces mécaniques pour

controler la forme des tissus.

Les canaux TRP sont des acteurs clés dans la voie de mécanotransduction menant a
la formation des valves cardiaques (Duchemin et al., 2019 ; Heckel et al., 2015). Le
modele actuel suggéere que ces canaux détectent le flux sanguin oscillant au niveau
de 'AVC, qui est ensuite transposé en informations électrochimiques, conduisant a
I'expression de genes mécanosensibles (Steed, Boselli, et al., 2016, Heckel et al.,
2015). Nos résultats suggérent que des signaux supplémentaires, en plus du flux
sanguin oscillant, pourraient affecter I'activité des canaux TRP par la génération d'une
pression osmotique générée dans la gelée cardiaque. Les composants de la gelée
cardiaque sont importants pour la formation correcte de I'AVC (Derrick & Noél, 2021
; Grassini et al., 2018 ; Hernandez et al., 2019). Par exemple, la modulation de
I'expression du géne ugdh codant pour les blocs de construction des GAG ou
l'altération du dépdt d'AH dans la gelée cardiaque conduit a des défauts dans le
développement de 'AVC (Segert et al., 2018 ; Walsh & Stainier, 2001). Ici, nous
montrons que I'AH régule la taille des EdC dans I'AVC, révélée par I'absence de
diminution du volume cellulaire chez les embryons traités a la hyaluronidase. De
maniére intéressante, il est connu que les GAG peuvent établir une pression
osmotique (Cowman et al., 2015) et les canaux TRPV4 sont connus pour étre des
canaux osmosensibles (Hoffmann et al., 2009) qui interagissent physiquement avec

l'aquaporine pour moduler le volume cellulaire en réponse aux stress osmotiques

(Benfenati et al., 2011). Il est intéressant de noter que les cellules qui perdent du
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volume se sont également révélées étre équipées de canaux d'aquaporine (agp8a.1l,
agpla.l). Considérant que l'aguaporine améliore la perméabilité a I'eau (Ibata et al.,
2011 ; Mola et al., 2016), le complexe TRPV4-Aquaporine pourrait augmenter le taux
d'efflux d'eau suite a l'établissement d'un gradient osmotique. De plus, l'entrée
intracellulaire d'ions calcium suite a I'ouverture des canaux TRP pourrait conduire a la
translocation des canaux aquaporines vers la membrane plasmique (Conner et al.,
2012). Dans ce contexte, nous proposons un modele dans lequel I'accumulation d'AH
crée une pression osmotique entre les EdC et la gelée cardiaque pour favoriser la
diminution du volume cellulaire observée dans I'AVC (Figure 5.G). Dans ce modéle,
les canaux TRP seraient impliqués a la fois dans la détection osmotique et dans la

détection de la contrainte de cisaillement.

Quelle est la force motrice de la convergence tissulaire ? Au niveau des tissus, nous
avons observé un changement de l'axe noyau-Golgi qui est concomitant aux
changements de volume cellulaire et qui dépend a la fois du flux sanguin et de la
présence de canaux TRP et d'AH. Par conséquent, la diminution locale du volume
cellulaire des cellules de I'AVC pourrait avoir une influence sur les cellules
environnantes et entrainer la convergence des tissus ainsi que le regroupement des
cellules. De plus, nous ne pouvons pas exclure que la convergence des tissus soit en
partie due a une migration active des EdCs vers la région de 'AVC. En effet, la
présence d’AH au sein de la MEC a été rapportée comme étant essentielle dans le
contexte de la migration cellulaire dans plusieurs études (Derrick & Noél, 2021) et la
MEC est clé pour réguler le renouvellement des signaux angiogéniques (De Angelis
et al., 2017). Deux scénarios principaux peuvent donc expliquer nos résultats : une
migration active vers 'AVC a lieu et est ensuite suivie d'un rétrécissement adaptatif du

volume cellulaire et/ou le rétrécissement du volume cellulaire au niveau de I’AVC tire
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sur les cellules environnantes et conduit a la convergence tissulaire. Compte tenu de
la faible amplitude des mouvements tissulaires, nous privilégions le second scénario
dans lequel la diminution du volume cellulaire est suffisante pour entrainer le

mouvement des tissus, comme décrit chez d'autres especes (Saias et al., 2015).

En résumé, nous avons observé que la perte des canaux TRP
mécanosensibles/osmosensibles en présence d'un flux sanguin normal affecte la
capacité des EdCs de I'AVC a diminuer leur volume cellulaire et la morphogenese
ultérieure de la valve cardiaque. Ces résultats indiquent que les cellules de I'endocarde
traitent les signaux mécaniques locaux pour réguler leur taille par le biais de canaux
ioniques. Les interactions coordonnées entre les processus extracellulaires et
intracellulaires impliqués dans la régulation du volume cellulaire sont essentielles pour
expliquer les mécanismes conduisant au remodelage des tissus. Dans lI'ensemble, une
meilleure compréhension de ces mécanismes pourrair avoir des implications pour le

traitement de certaines pathologies.
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Abstract Mechanical forces are well known for modulating heart valve developmental programs.
Yet, it is still unclear how genetic programs and mechanosensation interact during heart valve
development. Here, we assessed the mechanosensitive pathways involved during zebrafish outflow
tract (OFT) valve development in vivo. Our results show that the hippo effector Yap1, Kif2, and the
Notch signaling pathway are all essential for OFT valve morphogenesis in response to mechanical
forces, albeit active in different cell layers. Furthermore, we show that Piezo and TRP
mechanosensitive channels are important factors modulating these pathways. In addition, live
reporters reveal that Piezo controls KIf2 and Notch activity in the endothelium and Yap1

localization in the smooth muscle progenitors to coordinate OFT valve morphogenesis. Together,
this work identifies a unique morphogenetic program during OFT valve formation and places Piezo
as a central modulator of the cell response to forces in this process.

DOI: https://

doi.org/10.7554/eLife.44706.001

Introduction

Heart pumping and shaping take place concomitantly during embryonic development. These two
processes require a tight and dynamic coordination between mechanical forces and tissue morpho-
genesis. Heart valve development is a great model for studying these interactions when considering
that heart valve defects are common congenital cardiac malformation in human (Hoffman and
Kaplan, 2002; @yen et al., 2009). The four-chambered heart contains two different sets of valves
(Lin et al., 2012):

- Tricuspide valves including the two semilunar (SL) valves, the aortic valve and the pulmonary
valve, as well as the tricuspide valve located between the right atrium and the right ventricle.

- A bicuspide valve called the mitral valve separating the left atrium from the left ventricle. Abnor-
malities of the arterial valve leaflets are the most-common congenital malformations, in particular
bicuspid aortic valve (Hoffman and Kaplan, 2002). Aortic valves mainly derive from endocardial
cushion progenitors with a potential contribution from other cellular sources (epicardial cells and
neural crest) (Wu et al., 2017). Generally, valve formation depends on two main events: cell prolifer-
ation, which is mainly mediated by the vegf-nfat1 pathway, matrix deposition and an endothelial-to-
mesenchymal transformation (endMT) under the control of Gata transcription factors
(Laforest et al., 2011; Stefanovic et al., 2014), Notch signaling (Luxdn et al., 2016), Smad/tgf-
beta/Bmp, and Whnt-beta catenin signals (Combs and Yutzey, 2009). Nevertheless, recent evidence

Duchemin et al. eLife 2019;8:e44706. DOI: https://doi.org/10.7554/eLife.44706
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suggests that arterial valves develop differently from atrioventricular valves by differentiating directly
from progenitors in the outflow wall independently from endMT in mouse (Eley et al., 2018).

Congenital valve defects may originate from developmental origins and/or abnormal haemody-
namic forces between these two sets of valves, and it remains unclear how general these develop-
mental programs are. Aortic valves are located in areas of high flow velocity and mechanical forces
have a great impact on valve morphogenesis (Butcher et al., 2008). Abnormal blood circulation is
widely recognized as a cardiovascular risk factor and abnormal mechanotransduction has been asso-
ciated with valvulopathies (Béck et al., 2013). Congenital heart valve malformations are usually asso-
ciated with genetic mutations in genes essential for heart valve development, such as signaling
factors (Notch1, TGFB) for the aortic valves (Back et al., 2013), and actin-binding proteins (FilaminA)
for the mitral valves (Sauls et al., 2012). The reoccurring discovery of genetic mutations linking valve
defects with genes involved in controlling developmental programs (e.g., in NOTCH1, TBXS5,
GATA4, TBX20, LMCD1, TNS1, and DCHS1) (PROMESA investigators et al., 2015; Durst et al.,
2015; Garg et al., 2005; Richards and Garg, 2010), has spurred interest in valve morphogenesis. A
key issue is to further define the genetic or environmental causes of valve malformation.

The zebrafish constitutes a powerful model to study cardiac valve development and the role of
mechanical forces at the cellular scale. Zebrafish heart is two chambered and contains three sets of
valves (the outflow tract (OFT), atrioventricular (AVC) and the inflow tract (IFT) valve [Figure 1A])
that are all bicuspid (Beis et al., 2005; Hsu et al., 2019; Tessadori et al., 2012). While the develop-
mental programs driving mitral valve development in response to mechanical forces start to be well
established in zebrafish, less is known about OFT and IFT valves (Paolini and Abdelilah-Seyfried,
2018; Steed et al., 2016a). The cellular processes leading to valve formation are dynamic and are
particularly challenging to address in vivo. Zebrafish heart valves originate from progenitors located
in the ventricle and atrium that generate the valve leaflets through a coordinated set of endocardial
tissue movements (Boselli et al., 2017, Pestel et al., 2016; Steed et al., 2016a; Steed et al.,
2016b; Vermot et al., 2009). The sequence of cellular events leading to AVC valve formation in
zebrafish embryonic hearts is initiated through cell shape changes that lead to EC convergence
towards the AVC (Boselli et al., 2017) and cellular rearrangements that will form a multilayered tis-
sue (Beis et al., 2005; Pestel et al., 2016; Scherz et al., 2008; Steed et al., 2016b). In the zebrafish
AVC, blood flow and Klf2a control notch1b and bmp4 expression, both of which are necessary for
valve formation (Vermot et al., 2009). Klf2a regulates the deposition of matrix protein (in particular
Fibronectin1) in the valve forming area (Steed et al., 2016b), as well as Wnt signaling by controlling
wnt9b expression (Goddard et al., 2017). The latter is consistent with the fact that canonical Wnt
signals arise specifically in sub-endocardial, abluminal cells and that these Wnt signals are dependent
upon hemodynamic forces in zebrafish (Pestel et al., 2016). In addition, Notch signaling is essential
for aortic valve formation (Garg, 2016) and OFT development (MacGrogan et al., 2016;
Wang et al., 2017). The role of mechanical forces during OFT valve development at the cellular and
molecular scale, however, is largely unknown.

Fluid shear stress is an important environmental cue that governs vascular physiology and pathol-
ogy (Baeyens et al., 2016), but the molecular mechanisms that mediate endocardial responses to
flow are only partially understood. In zebrafish, the mechanosensitive channels Trpv4 and Trpp2
modulate endocardial calcium signaling and klf2a expression is necessary for valve morphogenesis
and downstream pathway activation (Heckel et al., 2015; Steed et al., 2016b). Notch signaling is
tightly involved in cellular mechanosensitive responses in human aortic valves (Godby et al., 2014)
and Notch1 is a potent mechanosensor in adult arteries (Mack et al., 2017). More recently, it has
been shown that stretch-sensitive channels from the Piezo family (Murthy et al., 2017) are important
for vascular development (Li et al., 2014; Ranade et al., 2014) and lymphatic valve formation
(Nonomura et al., 2018). In the embryo, Piezo channels exert essential roles during cell differentia-
tion (He et al., 2018) and can affect lineage choice by modulating the nuclear localization of the
mechanoreactive transcription coactivator Yap (Pathak et al., 2014). Nevertheless, the role of Piezo-
mediated mechanotransduction during cardiac development and its potential targets remain
unclear.

In the developing cardiovascular system, biomechanics is key for modulating flow propagation
(Anton et al., 2013). In the teleost heart, the OFT constitutes a specialized organ comprising the
conus arteriosus (CA) and the bulbus arteriosus (BA) (Figure 1A). The BA dampens the pressure
wave down the arterial tree (Braun et al., 2003b). To perform its function, the BA expresses elastic
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Figure 1. The OFT develops from 56 hpf to form functional valves at 144 hpf. (A) Top: Z-section of the double transgenic line Tg(kdrl:nls-mCherry;
myl7:GFP) showing the overall structure of the heart. Bottom: Scheme of the zebrafish heart with the endocardium, myocardium and smooth muscles
and zoom on the OFT structure. The OFT includes the CA and the BA. The CA is the zone of the myocardial connection of the ventricle to the BA. The
BA is after the ventricle and is surrounded by smooth muscles. Scheme adapted from Felker et al. (2018). OFT: outflow tract, IFT: inflow tract, AVC:
atrioventricular canal, At: atrium, V: ventricle, BA: bulbus arteriosus, CA: conus arteriosus. Scale bar: 20 um. (B) Z-sections of the double transgenic line
Figure 1 continued on next page
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Ty(fli:lifeact-EGFP; kdrl:nls-mCherry) at different time-points showing the endocardial OFT structure. Scale bar: 25 um. (C) Schematic representation
summarizing the formation of the valve leaflets over time and flow profile in the OFT during development (from 56 hpf to 144 hpf) showing the forward
flow (black), retrograde flow (white) and no flow (grey) fractions with the velocity of the red blood cells (in mm/s) using the double transgenic line Tg
(gatal:ds-red; kdrl:EGFP). V: ventricle.

DOI: https://doi

org/

10.7554/eLife.44706.002

fiber genes that are thought to provide the mechanical properties necessary for its physiological
function (Braun et al., 2003a; Braun et al., 2003b; Keith et al., 1977). The BA is separated from
the ventricle by the OFT valve and is composed of smooth muscle. The extracellular matrix (ECM)
gene, elastin b, contributes to the development of the BA by regulating cell fate determination of
cardiac precursor cells into smooth muscle via a process that involves the mechanotransducer Yap1
(Moriyama et al., 2016). How these factors contribute to OFT valve development and interact with
other mechanosensitive pathways remains unclear.

In this study, we investigated the signaling events taking place during OFT valve formation and
addressed their regulation by the mechanosensitive channels Piezo and transient potential channels
(Trp) as well as the flow-responsive transcription factor Klf2a. We show that OFT valve formation pro-
ceeds via an initial stage of endothelial cell folding, which is associated with the generation of a clus-
ter of smooth muscle cell progenitors surrounding the endothelial layer. Subsequent global tissue
remodeling events result in the appearance of functional leaflets, which defines a unique process of
valvulogenesis. Using live reporters to highlight the signaling changes accompanying these tempo-
rally coordinated cell-movement events and genetics, we identified Notch and Klf2 as key flow-
dependent factors as well as Yap1 as necessary factors for the correct coordination of OFT valvulo-
genesis. We show that Piezo and Trp channels are key regulators of klf2 activity in the endothelium
and that piezo modulates Yap1 localization in the smooth muscle cells, providing a molecular link
between mechanosensitivity and cell signaling in the multilayered valve structure. These data
describe the cell responses that are coordinated by the mechanical environment and mechanotrans-
duction via mechanosensitive channels in the endothelium.

Results

Outflow tract valve morphogenesis is unique

In order to better understand the roles played by blood flow during outflow tract (OFT) valve devel-
opment, we have developed imaging techniques to capture cardiac motion and analyze blood flow
in the OFT. Live imaging of the double transgenic line Tg(gatal:ds-red; kdrl:EGFP) to follow red
blood cells and endothelial cell wall movements reveal dramatic changes in intracardiac blood flow
patterns during OFT valve development: as the heart matures, blood flow in the OFT is bidirectional
until functional valve leaflets emerge in the OFT at 144 hpf (Figure 1A-C). Throughout develop-
ment, the periods within the cardiac cycle in which reversing flow can be observed decrease in
length until 144 hpf, the stage at which we could not observe reversing flow anymore (Figure 1C).
Using the Tg(fli:lifeact-EGFP; kdrl:nls-mCherry) line, which labels endothelial cells, we found that
these flow profile modifications are linked to changes in OFT tissue geometry and the state of OFT
maturation (Figure 1B). At 56 hpf, the endothelium resembles a tube (Figure 1B,C), maturing into
cushions by 72 hpf, into premature leaflets by 96 hpf and finally into elongated, thin leaflets by 144
hpf (Figure 1B,C).

To better characterize how the endothelium changes shape over time and how cells reorganize to
form OFT valves, we performed photoconversion experiments using the Tg (fli:gal4FF;UAS:kaede)
(Figure 2A). We photoconverted Kaede from green to red in the cells located in the anterior, middle
or posterior part of the valve at 72 hpf and assessed their position at 96 hpf and 120 hpf (Figure 2A,
B). The results suggest that the endothelium folds to form the valve without multilayering
(Figure 2B,C and Figure 2—figure supplement 1A). Indeed, we could observe that the photocon-
verted cells remain attached to each other and do not show signs of delamination as observed in
the AVC (Figure 2B,C and Figure 2—figure supplement 1B).
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Figure 2. The endothelium contribution to emerging OFT valve leaflets. (A) Experimental set-up for the
photoconversion studies. Heart was stopped at 72 hpf, the region of interest exposed to 405 nm light to convert
kaede from green to red (shown in magenta) fluorescent form and heart contraction was resumed until 120 hpf.
Beating hearts were imaged at 96 hpf and 120 hpf by spinning disk microscopy. A. Anterior, P. Posterior. (B)
Z-sections of the Tg(fli:gal4FF; UAS:Kaede) line just after photoconversion (72 hpf), and at 96 hpf and 120 hpf. The
star highlights the photoconverted cell in the top (n = 6), middle (n = 5) and bottom (n = 4) part of the OFT valve.
The other photoconverted cell anteriorly goes out of the frame. Scale bar: 20 um. Results obtained from three
independent experiments. (C) Schematic representation of the results of the photoconversion studies showing the

folding of the endothelium in the OFT.
Figure 2 continued on next page
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Figure 2 continued

DOI: https://doi.org/10.7554/eLife.44706.003

The following figure supplement is available for figure 2:

Figure supplement 1. The endothelium contribution to emerging OFT versus AVC valves.

DOI: https://doi.org/10.7554/eLife.44706.004

Together, these results suggest that OFT valves form by a folding process that might involve the
adjacent tissue.

The cellular contribution of the OFT valve led us to the hypothesis that the surrounding tissue
could contribute to valve morphogenesis. We analyzed Fibronectin1 (Fn1) expression in the OFT by
counterstaining the Tg(kdrl:EGFP) with the Fn1 antibody (Figure 3A-D). We found that Fn1 deposi-
tion in the OFT is different from that in the AVC (Steed et al., 2016a). At 72 hpf, cushions appear
and Fn1 is observed in the cells around the endothelial cells, that are themselves surrounded at their
base by myocardium in the posterior part (Figure 3A,B,C,D,E). Fn1 expression level increases at 96
hpf and delineates a group of cells surrounding the OFT as well as in the basal side of a few endo-
thelial cells that form the cushions (Figure 3C, arrows, E). In the developed leaflets at 120 hpf, Fn1
expression is maintained within the leaflets (Figure 3D, E). We found that most of the cells surround-
ing the endothelium expressing Fn1 also express Elastin b (Elnb, EIn2 or Tropoelastin), a marker of
smooth muscle cells (Grimes et al., 2006; Miao et al., 2007; Paffett-Lugassy et al., 2017)
(Figure 3B’, C’, D’). We could confirm that the cells surrounding the Fn1 cells are not myocardial
cells as the myocardium stops just before the BA region (Figure 3A,E). To better characterize the
smooth muscle identity and their activity, we performed a DAF-FMDA assay and counterstained with
Fn1 at 72 hpf, 96 hpf and 120 hpf (Figure 3—figure supplement 1A). These results suggest that all
cells expressing Fn1 are also DAF-FMDA-positive (Figure 3—figure supplement 1A). Some of these
cells also express Tg(wt1a:GFP) (asterisks in Figure 3—figure supplement 1B) a marker of epicardial
cells (Peralta et al., 2013). One hypothesis could therefore be that they might have originated from
epicardial precursors. Together, these results suggest a developmental sequence of OFT morpho-
genesis in vivo where endothelial cell reorganization is associated with changes in gene expression
in the surrounding smooth muscle cell progenitors. This indicates that the OFT morphogenesis
involves remodeling of not just the endothelium, but also of a group of smooth muscle cells that
express Fn1 and Elnb, and are functionally active.

We conclude that the tissue remodeling occurring during OFT valve development is significantly
different from AVC valve development where the endocardium is the main remodeling tissue
(Beis et al., 2005; Pestel et al., 2016; Steed et al., 2016b).

KIf2, Notch signaling, and Hippo pathways are active in the OFT in
different cell layers and are allpnecessary for proper OFT valve
development

To elucidate how these early events are regulated, we sought to determine the mechanosensitive
signaling pathways activated at these early stages of OFT valve formation. We first assessed the
activity of a Kif2a reporter line (Tg(klf2a:H2B-GFP)) (Figure 4A), which is a well described flow
responsive reporter (Heckel et al., 2015; Steed et al., 2016b) and the Notch reporter Tg(tp1:dGFP)
(Figure 4B) which is well active in the progenitors of the AVC cardiac valves (Pestel et al., 2016).
We could observe a specific activation of the Klf2a reporter in the OFT endothelium (Figure 4A,C
and Figure 4—figure supplement 1), in particular in the ventricular part of the valve (posterior)
from 72 hpf to 120 hpf (Figure 4C,D and Figure 4—figure supplement 1). Similarly, the Notch
reporter Tg(tp1:dGFP) is specifically expressed in the OFT endothelium (Figure 4B,C), in the ventric-
ular part of the valve from 72 hpf to 120 hpf (Figure 4C,D). Interestingly, the spatial activation of the
reporter varies within the valve forming area - the transgene activation is stronger in the posterior
part of the valve than the anterior part of the valve throughout the process of valve maturation
(Figure 4C,D). We made similar observations for the Notch reporter (Figure 4C,D). These results
suggest that Klf2a and Notch signaling are activated specifically in the part of the valve correspond-
ing to where the OFT has the smallest diameter and where shear stress is expected to be the high-
est, consistent with the hypothesis that KIf2a and Notch signaling are flow-responsive.
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Figure 3. The OFT endothelium is surrounded by smooth muscle cell progenitors expressing fibronectin and elastin. (A) Staining of Fibronectin1
(magenta) on Tg(myl7:GFP; flila:nls-mCherry), highlighting the myocardium (white) and the endothelium (green) at 72 hpf. Scale bar: 20 um. V: ventricle.
Fibronectin1 (anti-Fn1, magenta) counterstaining on Tg(kdrl:GFP) and Elastinb (anti-Elnb, magenta) counterstaining on Tg(fli:lifeact-EGFP) showing their
expressions in the OFT at 72 hpf (B), (B’) respectively) at 96 hpf (C), (C') respectively) and at 120 hpf (D, D’ respectively). Scale bar: 20 um. Arrows show
Figure 3 continued on next page
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the Fn1 localisation within the valve leaflets. Results obtained from three independent experiments. (E) Scheme of the three layers shown in A’, B, C
and D (magenta, smooth muscles; green, endothelium; grey, myocardium; Fibronectin1, magenta lines) at 72hpf, 96hpf and 120hpf.
DOI: https://doi.org/10.7554/eLife.44706.005

The following figure supplement is available for figure 3:

Figure supplement 1. Smooth muscle identity is revealed by NO.
DOI: https://doi.org/10.7554/eLife.44706.006

We next investigated the expression of the Hippo effector Yap1 and a reporter of the Hippo
pathway in vivo. We found that Yap1 is localized in the heart at 72 hpf, in particular in the OFT
smooth muscle cells (Figure 5—figure supplement 1A,B). To better characterize its tissue-specific
expression, we used the double transgenic line Tg(fli:lifeact-EGFP; kdrl:nls-mCherry) and could show
that the smooth muscle cells surrounding the OFT, but also some OFT endothelial cells express
Yap1 (asterisks in Figure 5—figure supplement 1B). To assess the activity of the Hippo pathway in
the heart at 72 hpf, we made use of the Tg(4xGTIIC:d2GFP) and could see that the Yap/Wwtr1-Tead
reporter was activated in the OFT endothelial cells (labelled using the kdrl:membrane-mCherry line)
as well as the smooth muscle cells surrounding the OFT (labelled by the Elnb staining) (Figure 5A).
To assess the implication of Yap1 during OFT valve development, we followed the same embryos
over time and looked at the valve phenotype in yap1 mutant embryos, yap embryos and yap1 con-
trol embryos (Agarwala et al., 2015) (Figure 5B). When analyzed from 72 hpf until 120 hpf, a signifi-
cant fraction of yap1-/- embryos displayed abnormal valves (17% at 72 hpf, 8% at 96 hpf, 17% at 120
hpf, n = 12) and an increasing fraction of yap1 embryos did not have recognizable OFT valves (58%
at 120hpf, n = 12). Thus, these results suggest that yap1 is involved during OFT valve morphogene-
sis (Figure 5B) and that smooth muscle cell progenitors are likely to play a role in the process.

Together, these results show that Klf2a, Notch signaling, and Hippo pathways are active in the
OFT during valve morphogenesis.

KlIf2a and notch reporter activity is flow-dependent in the OFT

As blood flow is an important regulator of klf2a expression and cardiac valve formation, we next
wanted to assess whether changes in flow properties impact Klf2a and the Notch reporter activity in
the OFT.

We analyzed the reporters activity following injection of a morpholino specific for troponin T2a
(tnnt2a), which is necessary for heart contraction and reliably mimics the sih mutants (Sehnert et al.,
2002), to determine whether these signaling pathways were impacted when heart contraction is
abnormal and/or are activated upon shear stress forces. As the absence of heart contraction can
impact heart morphogenesis, we injected highly diluted tnnt2a morpholino (hypomorphic condition)
into these two reporter lines (Figure 6A,B). Such treatment allows us to decrease heart function and
flow without dramatically altering heart shape (Figure 6A,B, Videos 1 and 2). Depending on the
knockdown efficiency in single embryos, this treatment leads to the generation of two groups of
embryos: group1 where the heart beats ‘normally’ (normal heart rate at 2-3 Hz and function) and
group2 where the heartbeat is slower. In the group of ‘beating heart’ embryos (group1, Video 1),
we still observe stronger GFP expression in the posterior part of the valve for both reporters at every
stage analyzed (Figure 6A). In the group of embryos where the heart is still beating but at an abnor-
mal slow rate (less than 2 Hz, group2, Video 2), we observe no difference between the anterior and
posterior part of the valve (p=0.99) for the Klf2a reporter at 72 hpf (Figure 6B). For the Notch
reporter, we observed no difference in fluorescence intensity at 72 hpf (p=0.1) (Figure 6B). In addi-
tion, we analyzed the localization of Fn1, EInb and Yap1 by immunostaining in both ‘beating heart’
(n=4,n=7and n = 7, respectively) and ‘slow beating heart’ (n = 6, n = 7 and n = 7 respectively)
groups and could observe that Fn1, Elnb, and Yap1 are down-regulated in the smooth muscle cells
of the ‘slow beating heart’ embryos (Figure 6D,F). Moreover, we assessed the BA diameter and the
activity of the smooth muscle using the DAF-FMDA assay (Figure 6E). The results suggest that the
‘slow beating heart’ group has a smaller BA (p<0,001) and the smooth muscle are much less active
(p=0,05) (Figure 6E,F). We next assessed valve morphology in which blood flow is altered due to
slow heart contraction and selected the fish with almost no contraction (group2). All the tnnt2aMO-
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Figure 4. KIf2a and Notch reporters are activated in the OFT endothelium Confocal z-section of the Tg(klf2a:H2B-GFP; fli:nls-mCherry). (A) and Tg(tp1:
dGFP) (B) at 72hpf. OFT: outflow tract, At: atrium, V: ventricle. Scale bar: 20 um. (C) Confocal z-section of OFT valves expressing the Klf2a reporter and
Notch reporter at 72 hpf, 96 hpf, and 120 hpf. Schemes explaining the considered anterior (grey) and posterior (green) parts of the valve at 72 hpf, 96
hpf, and 120 hpf. A: anterior, P: posterior. V: ventricle. Scale bar: 10 um. (D) Quantification of the fluorescent intensity of the Klf2a (GFP over mCherry)
and Notch (GFP over background) reporters in the anterior versus posterior part of the valves at 72 hpf (n = 6 embryos, p=0001 and n = 5 embryos,
p=0,02 respectively), 96 hpf (n = 5 embryos, p=0005 and n = 6 embryos, p=0,0007 respectively) and 120 hpf (n = 6 embryos, p=0,01 and n = 5 embryos,
p=0,01) in wild-type embryos using the student's t-test. Boxplots: Center lines show the medians; box limits indicate the 25" and 75™ percentiles as
determined by R software; whiskers extend 1.5 times the interquartile range from the 25" and 75" percentiles, outliers are represented by dots. Results
obtained from three independent experiments.

DOI: https://doi.org/10.7554/eLife.44706.007

The following source data and figure supplement are available for figure 4:

Source data 1. Fluorescence intensity measurements.

DOI: https://doi.org/10.7554/eL ife.44706.009

Figure supplement 1. Expression of the kif2a reporter Z-section of the Tg(klf2a:H2B-EGFP; kdrl:nls-mCherry) at 72 hpf, 96 hpf and 120 hpf used to
quantify the reporter expression.

DOI: https://doi.org/10.7554/eLife.44706.008

injected embryos have no valve (n = 9/9, p<10~°) (Figure 6C). To confirm the role of flow in the pro-
cess, we analyzed the effect of altered blood viscosity and shear stress by lowering red blood cell
content in the gatal mutants (Vlad Tepes) as previously described (Steed et al., 2016b;
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Figure 5. Hippo pathway effector Yap1 is active and Yap1 is essential for valve formation in the OFT. (A) Confocal z-sections of the double transgenic
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valve phenotypes (normal, thick, delayed and no valve) and quantification of the phenotypes in the yap1™"* controls embryos, yap1"" and in yap1”

mutant embryos. Chi-square test. n.s.: non significant, ***: p<107>. Scale bar: 10 um. Results obtained from two independent experiments.
DOI: https://doi.org/ 554/elife.44706.010

The following source data and figure supplement are available for figure 5:

Source data 1. Phenotypic quantifications.

DOI: https://doi.org/10.7554/eLife.44706.012

Figure supplement 1. Yap1 is expressed in the OFT Yap1 antibody staining on Tg(fli:lifeact-EGFP; kdrl:nls-mCherry) (A) and zoom on the OFT (B) at 72
hpf.

DOI: https://doi.org/10.7554/eLife.44706.01

Vermot et al., 2009). In vlad tepes mutant embryos (n = 21, p<10’2), more than 80% of the mutants
displayed abnormal OFT valves (Figure 6C).

Together, these results suggest that the expression of both Klf2a and Notch reporters is flow-
dependent and that mechanical forces associated with heart activity are necessary for valve develop-
ment and smooth muscle cell identity in the OFT.
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Figure 6. KIf2a and notch response, as well as the smooth muscle cell identity, are flow-dependent. Quantification of the Klf2a and Notch reporter
expressions in tnnt2a-morpholino injected embryos showing a ‘beating heart' (p=0,27 and p=0,01 respectively). (A) and a ‘slow beating heart’ (p=0,7
and p=0,1 respectively) (B) at 72 hpf. N = 2 independent experiments. (C) Quantification of the phenotypes in the control (n = 24), vlad tepes mutant

(n = 21 embryos from two independent experiments), tnnt2aMO-injected embryos (n = 9 embryos from two independent experiments). Chi-square test.
Figure 6 continued on next page
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s p<10’7, TR p<10’6. (D) Z-sections of the Tg(fli:lifeact-eGFP) counterstained with either Fibronectin1 (Fn1), elastin (Elnb) or Yap1 in tnnt2a-
morpholino injected embryos (slow beating and beating heart). Scale bar: 20 um. N = 2 independent experiments. (E) Z-section and quantification of
the BA diameter and DAF-FMDA intensity in tnnt2a-morpholino injected embryos (p=0,0005 and p=0,05 respectively). Student’s t-test. Boxplots: Center
lines show the medians; box limits indicate the 25 and 75" percentiles as determined by R software; whiskers extend 1.5 times the interquartile range
from the 25™ and 75t percentiles, outliers are represented by dots. (F) Scheme summarizing the down-regulation of the smooth muscle markers in
‘slow beating heart’ embryos compared to 'beating heart” embryos.

DOI: https://doi.org/10.7554/eLife 44706.013

The following source data is available for figure é:

Source data 1. Phenotypic and fluorescence reporters quantifications.

DOI: https://doi.org/10.7554/elife.44706.014

KlIf2a regulates OFT valve morphogenesis via notch signaling activation
and is necessary for the smootﬁ muscle cells differentiation

As notch1b and klf2a are expressed in the OFT endothelium in response to flow forces, we hypothe-
sized that they have a role during OFT valve morphogenesis. Therefore, we imaged the Tg(fli:gal4/
UAS:kaede) and Tg(flli:lifeact-EGFP; kdrl:nls-mCherry) transgenic lines (Figure 7A,B). We looked at
the phenotype of OFT valve endothelium in the kif2a”" and notch1b”" embryos at 72 hpf, 96 hpf and
120 hpf (Figure 7A,B). We found that most of the klf2a”" embryos display proper valves at 72 hpf
(n = 7/12), 96 hpf (n = 6/12) and 120 hpf (n = 6/12). However, 33% of the kif2a” embryos have
abnormal ‘delayed phenotype’ at 72 hpf (n = 4/12), at 96 hpf (n = 4/12) and 120 hpf (n = 4/12)
(Figure 7A). In this case, the OFT valves are larger, leading to big cushions instead of thin valve leaf-
lets (Figure 7A). In addition, notch1b is also necessary for proper valve formation since 30% (n = 6/
20) of the notch1b”" embryos have a ‘delayed phenotype’ at 72 hpf, 35% (n = 7/20) at 96 hpf and
45% (n = 9/20) at 120 hpf (Figure 7B) while almost all control embryos have proper valves at 72 hpf
(n = 6/7), 96 hpf (n = 7/7) and 120 hpf (n = 7/7) (Figure 7B). Next, we wondered whether a cross-
regulation between notch1b and klf2a exists since they are both necessary for proper valve forma-
tion. First, we compared notch1b expression between klf2a”~ embryos and klf2a*’* control embryos
(Figure 7—figure supplement 1A). In controls, 85% and 91% of the embryos have notch1b expres-
sion in the OFT at 48 hpf and 72 hpf, respectively (Figure 7—figure supplement 1A-C). However,
in klf2a”~ embryos, notch1b expression is altered with no clear expression defining the OFT region
at 48 hpf (64%) and at 72 hpf (78%) (Figure 7—figure supplement 1A,B). However, in the reverse
experiment, most of the embryos show proper kif2a expression in notch1b -/- embryos (61% at 48
hpf and 51% at 72 hpf) (Figure 7—figure supplement 1C).

In order to assess the regulation of the Notch pathway activity by Klf2a in the endothelium, we
analyzed the Notch reporter activity in the posterior and anterior parts of the valve in klf2a*’* (n = 5)
versus klf2a” (n = 4) embryos. As for Notch reporter expression in wild-type (Figure 4C,D), the
Notch reporter is significantly more expressed in the posterior part compared to the anterior part of
the valves at 72 hpf (p<1072), 96 hpf (p<107?)
and 120 hpf (p<10") (Figure 7C,C") in the
kif2a*’* embryos. Interestingly, the stronger pos-
terior expression is lost in the klf2a”~ embryos
and the fluorescent intensity in the posterior
part of the valve is significantly reduced in the
klf2a”~ compared to klf2a*’* at 72 hpf (p<10-1),
96 hpf (p<10™") and 120 hpf (p<107")
(Figure 7C,C"). In comparison, the expression in
the posterior part of the valve in the notch1b”
embryos compared to the notch1b** control
embryos is not significantly different at any time

point analyzed (Figure 7—figure supplement
1D). To further assess whether KIf2 has an effect
on the OFT formation, we performed Fn1, Elnb
and Yap1 stainings on klf2a”" and controls at 72

Video 1. Bright field videomicroscopy of the typical
heart function of a thnt2a MO group1 embryo where
the heart is still beating normally.

10.7554/elife.44706.015

DOI: https://doi.org/
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hpf. We could observe that Fn1, Elnb, and Yap1
are properly localized in controls (n = 13/13,
n = 7/7 and n = 4/4, respectively), kif2a” (n = 5/
6, n = 3/4, and n = 3/3) (Figure 7—figure sup-
plement 1E).

These results suggest that klf2a and notch1b
are involved for proper valve morphogenesis
and that Klf2a modulates notch expression in the
process. Moreover, klf2a does not seem neces-
sary for the smooth muscle cell differentiation

surrounding the endothelium.
Video 2. Bright field videomicroscopy of the typical

heart function of a tnnt2a MO group2 embryo where .
the heart is still beating but at an abnormal slow rate Piezo channels regl'IIate both the

(less than 2 Ha). endothelial and smooth muscle cell
markers expression
In order to decipher whether flow and mechano-
sensitive channels could be involved in the regu-
lation the OFT valve formation, we proceeded to analyze the phenotype of different potent
mechanosensitive channel mutants. We focused on the non-selective ion channels Trpp2, Trpv4,
Piezo1 and Piezo2a (Figure 8—figure supplement 1A,B,C) that are known for their mechanosensi-
tive properties (Coste et al., 2010; Kottgen et al., 2008; Li et al., 2014; Sharif-Naeini et al., 2009;
Thodeti et al., 2009). First, we evaluated the relative fractional shortening (RFS) at 72hpf in the
atrium and in the ventricle of each mutant and their corresponding controls (Figure 8—figure sup-
plement 1A). We did not observe any significant difference in the RFS between mutants and their
respective controls neither in the atrium nor in the ventricle, suggesting that heart function in these
mutants is normal. As another readout of flow forces and heart function, we quantified the retro-
grade flow fraction (RFF) at 72hpf and 120hpf in these mutants and the time windows for forward,
reverse or no flow. We found that they are equivalent in all mutants when compared to their respec-
tive controls (Figure 8—figure supplement 1B), confirming that heart function is not different in
these mutants. We looked at valve morphology at 120 hpf when leaflets are normally fully formed. In
control embryos, the valves are extending into the lumen (Figure 8—figure supplement 1C). We
found that 33% of the trpv4 mutant embryos (n = 7) have normal valves and mainly display thick
valves (67%). In the trpp2 mutant embryos (n = 20), a stronger phenotype is observed with only 10%
of normal valves. We observed that some embryos are delayed with respect to valve phenotype,
meaning that the valve forming area still displays cushions at 120 hpf instead of having leaflets
(35%). The trpv4™; trpp2* (n = 8) has an intermediate phenotype with 25% of the embryos having
normal valves. Finally, the trpp2”"; trpv4”~ embryos (n = 11) have a stronger phenotype, with none
of the embryos showing proper OFT valve development and displaying mainly a delayed valve phe-
notype (45%). Interestingly, the piezo1 mutant embryos (n = 14) show mainly a delayed valve forma-
tion (50%), similarly to the trpvd™”"; trpp2'/' embryos. The piezo2a™ (n = 9) has a less stringent
phenotype with mainly normal valves (44%) but nevertheless 11% of piezo2a™ fish do not have
valves at all. This phenotype is even more prevalent in piezo1”"; piezo2a” embryos (n = 11), where
none of the fish display proper valve development and most of them do not form any valves (36%).
To better characterize the valve phenotype in trpp2” and piezo1”- embryos, we made use of the
Ty(fli:lifeact-EGFP; kdrl:nls-mCherry) transgenic line and assessed the shape of the endothelium at
72 hpf (Figure 8A and Figure 8—figure supplement 2A), 96 hpf (Figure 8B and Figure 8—figure
supplement 2A) and 120 hpf (Figure 8C and Figure 8—figure supplement 2A). trpp2”~ embryos
display mainly thick valves at all time points (n = 4/8 at 72 hpf, n = 8/13 at 96 hpf and n = 5/11 at
120 hpf) (Figure 8A-C and Figure 8—figure supplement 2A). Indeed, the endothelial layer is not a
single cell layer anymore (Figure 8B) which leads to a thicker leaflet at 120 hpf (Figure 8C). Although
piezo1”~ embryos have mainly normal valves at 72 hpf (Figure 8A and Figure 8—figure supplement
2A) (n = 6/10), they display a delayed phenotype (still cushions) at 96 hpf (Figure 8B and Figure 8—
figure supplement 2) (n = 4/10) and thick or delayed phenotype at 120 hpf (Figure 8C and Fig-
ure 8—figure supplement 2A) (n = 3/10 and n = 3/10 respectively). To assess the redundancy
between trpp2 and piezol, we performed the same experiment in piezo1”"; trpp2-morpholino
injected embryos at 72 hpf (Figure 8A), 96hpf (Figure 8B) and 120 hpf (Figure 8C). Although the

DOI: https://doi.org/10.7554/eLife.44706.016
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Figure 7. Kif2a and notch are necessary for valve formation. Quantification of the valve phenotypes at 72 hpf, 96 hpf and 120 hpf (normal, thick,
delayed) in kif2a*’*(n = 11), and kIf2a” (n = 12) using the Tg(fli:gal4FF/UAS:Kaede). (A) and notch1b™* (n = 7) and notch1b™ (n = 20) using Tyg(fli:
lifeact-EGFP; kdrl:nls-mCherry) embryos. (B) Scale bar: 10 um. N = 3 independent experiments. (C) Confocal z-sections of the Tg(tp 1:dGFP) in kif2a*’*
and klf2a” embryos at 72 hpf, 96 hpf and 120 hpf. V: ventricle. Scale bar: 10 um. (C’) Quantification of the fluorescent intensity of the Notch reporter
Figure 7 continued on next page
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Figure 7 continued

(GFP over background) in the anterior versus posterior parts of the valves in in klf2a™* (n = 5) and klf2a”~ (n = 4) embryos. Statistical test were
performed to compare the posterior intensities in kif2a*"*versus klf2a” at 72 hpf (p=0,05), 96 hpf (p=0,03) and 120 hpf (p=0,04). Student's t-test.
Boxplot: Center lines show the medians; box limits indicate the 25" and 75™ percentiles as determined by R software; whiskers extend 1.5 times the
interquartile range from the 25" and 75" percentiles, outliers are represented by dots. Results obtained from three independent experiments.

DOI: https://doi.org/10.7554/eLife.44706.017

The following source data and figure supplement are available for figure 7:

Source data 1. Fluorescent intensity quantifications.

DOI: https://doi.org/10.7554/eL ife.44706.019
Figure supplement 1. K|f2a regulates notch1b expression but Notch1b does not regulate klf2a expression.
DOI: https://doi.org/10.7554/eLife.44706.018

trop2-MOrpholino injected embryos do not show a phenotype as strong as the trpp2”" mutant
embryos at 96 hpf and 120 hpf (possibly due to less effective morpholinos at these stages), the dou-
ble piezo1”; trpp2-MO do not clearly show a stronger phenotype than the single trpp2”" or
piezo1”" embryos (normal valves in n = 6/7, n = 2/7 n = 4/7 and at 72 hpf, 96 hpf and 120 hpf
respectively). These results suggest that Trp and Piezo channels are necessary for the proper folding
of the endothelium from 72 hpf to 120 hpf.

To better characterize the cell layer affected by piezo1 loss of function, we performed immunohis-
tochemistry against Yap1 and two smooth muscle identity markers (Fn1 and Elnb) as well as their
active functionality in piezo1*’* controls and piezo1” mutants at 72 hpf (Figure 8D and Figure 8—
figure supplement 2B). A bit more than two thirds of piezo1”" embryos (n = 7/10) display reduced
Yap1 expression as well as a down-regulation of Elnb (n = 9/12) and Fn1 (n = 3/4) (Figure 8E). How-
ever, the BA diameter as well as the DAF-FMDA fluorescence intensity are not affected in the
piezo1” compared to piezo1*’* (Figure 8D and Figure 8—figure supplement 2B) demonstrating
that smooth muscle cells are still present in the piezo mutants. These results suggest a selective role
of piezo1 in the regulation of the smooth muscle cell maturation and proper Yap1 localization in the
OFT. We next assessed Klf2a reporter expression in piezo1” and trpp2”". We found that Kif2a
expression was misregulated in piezo1”" mutant embryos with stronger Kif2a reporter activation in
the anterior and posterior part of the valve endothelium when compared to controls (p<10~2 for the
anterior part and p<10~? for the posterior part of the valves) (Figure 8F,F’). By contrast, we found
that the posterior part of the valve has a decreased expression of GFP (p<10~?), highlighting a
down-regulation of klf2a in the trpp2’~ embryos (Figure 8G,G’). These results suggest that Piezo1
inhibits klf2a overall the valve endothelium (Figure 8F,F") while Trpp2 is required for klf2a activation
in the posterior part of the OFT valve endothelium (Figure 8G,G’). To assess if the localization of
piezo1 and trpp2 mRNA could explain the differential function of these channels, we performed
RNAscope assay at 72hpf (Figure 8—figure supplement 3A). We found that trpp2 is ubiquitously
expressed in the embryo, including in the different layers composing the OFT. Similarly, we found
that piezo1 is expressed in both endothelium and smooth muscles, albeit at a lower level than trpp2
(Figure 8—figure supplement 3A). To confirm these results, we generated a transgenic reporter
line with 3 kb of the piezo1 promoter upstream of the start codon (piezo1:nls-Venus). We observed
the expression of the reporter line mostly in smooth muscles at 72hpf (Figure 8—figure supplement
3B) and cells of the endothelium of the OFT valve. Trpp2 immunohistochemistry showed that Trpp2
is expressed in the endothelium and the smooth muscles confirming that trpp2 is ubiquitously
expressed in the OFT (arrow in Figure 8—figure supplement 3B). We conclude that Piezo1 plays a
dual role in the OFT: it modulates kif2a expression in the endothelium and it is necessary for proper
smooth muscle cell maturation around the OFT endothelium.

Discussion

Using cardiac live imaging and functional studies combined with in vivo reporter analysis, we uncover
key mechanosensitive signaling pathways involved in OFT valve morphogenesis (Figure 9). We iden-
tify two tissue layers sensitive to mechanical forces in the OFT: (1) The endothelial cells where klf2a
expression is modulated both by Piezo and Trp channels (2) The smooth muscles surrounding the
endothelium, where Piezo channels regulate Yap1 localization and smooth muscle cell specific
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Figure 8. Flow and mechanosensitive channels are necessary for proper OFT valve formation. (A) Z-sections and quantifications of the valves
phenotypes (normal, thick, delayed) of the Tg(fli:lifeaAct-EGFP; kdrl:nls-mCherry) at 72 hpf (B), 96 hpf (C) and 120 hpf (D) in trpp2*/*(n =11, n = 10,
n=10), trppZ/' (n =8, n=13, n=13from three independent experiments), piezo?’/+ n=10,n=10,n=09), piezo1'/'(n =10, n =10, n = 9 from two
independent experiments), piezo1**; trpp2*/* (n = 7), trpp2-morpholino injected embryos (n = 9) and piezo1”’; trpp2-morpholino injected embryos

(n = 7). Scale bar: 10 um. (D) Z-section of the OFT stained with DAF-FMDA in piezo1 #/* and p{eon/i Scale bar: 20 um. (E) Fibronectin1 (Fn1), elastin
(Elnb) and Yap1 staining on Tg(fli:lifeact-eGFP) in piezo1 **(n=12,n=4andn =10 respectively) and pieon/' (n=12,n=4and n = 10 respectively
from three independent experiments). Scale bar: 20 pm. Z-sections (F) and quantification (F’) of the klf2a reporter (GFP over background) in the anterior
and posterior parts of the valves in piezo1** (n = 6) and piezo1” (n = 6) obtained from two independent experiments). Scale bar: 20 um. Z-sections (G)
and quantification (G') of the kif2a reporter (GFP over background) in the anterior and posterior parts of the valves in trop2™/* (n = 6) and trpp2”

(n = 6) (obtained from two independent experiments). Scale bar: 20 um. Student’s t-test. Boxplot: Center lines show the medians; box limits indicate
the 25" and 75™ percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25" and 75" percentiles, outliers
are represented by dots.

Figure 8 continued on next page
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Figure 8 continued

DOI: https://doi.org/10.7554/eLife.44706.020

The following source data and figure supplements are available for figure 8:

Source data 1. Phenotypic and fluorescence reporters quantifications.
DOI: https://doi.org/10.7554/eLife 44706.024

Figure supplement 1. Embryo phenotypes in controls and mutants.
DOI: https://doi.org/10.7554/eLife.44706.021

Figure supplement 2. Valve phenotypes in trpp2” and in piezol™".
DOI: https://doi.org/10.7554/elife.44706.022

Figure supplement 3. Trpp2 and Piezo? expression in the OFT.

DOI: https://doi.org/10.7554/elife.44706.023

Developmental Biology

marker expression (Figure 9). These observations enable us to confirm the universal role of mechani-
cal forces in cardiac valve morphogenesis and suggest a specific mechanism for OFT valve morpho-
genesis in which the origins of the valve progenitors, the implication of particular groups of cells, the
mechanosensors involved and the impact of the mechanotransduction cascade are identified.

KIlf2a modulates notch signaling specifically in the OFT endothelium

Valve morphogenesis occurs in complex mechanical environments. In the AVC, endocardial cells
experience both shearing forces and mechanical deformation due to the contraction of the heart
and its associated blood flow. The situation is slightly different in the OFT because endothelial valvu-
lar progenitors are not surrounded by contractile cardiomyocytes but passive smooth muscle cells

@ endothelium

120 hpf

vaVi
(}"bq' "
\‘\\ A

(O smooth muscle  —— fibronectin

1;
flow

@ Kkif2a+, notch+

~ ) klIf2a-, notch-

Figure 9. Working model summarizing OFT valve morphogenesis in response to mechanical forces. Two cell layers forming the OFT respond to piezol
activity: the endothelium (green) and smooth muscle cells (magenta). Endothelial klf2a expression is repressed by Piezo1. In the smooth muscle cells,
the expression of elastin (EInb), fibronectin (Fn1) and Yap1 is modulated by Piezo1. Fibronectin is localized in the smooth muscle cell layer and within
the forming valve (magenta lines). Future work will help to decipher how the two cell layers interact with each other to modulate OFT valve formation.

V, ventricle.
DOI: https://doi.org/10.7554/eLife.44706.025
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that can provide a counter force to flow and pressure. Here, we show that the main mechanosensi-
tive pathways involved in AVC valve development are required for OFT valve development, even
though the mechanical stimuli vary greatly between these two sets of valves. Previous studies have
proposed that klf2a and notch1b are important during the formation of functional cardiac valve leaf-
lets in zebrafish. Both are specifically expressed in the AVC (Beis et al., 2005; Pestel et al., 2016;
Steed et al., 2016b; Vermot et al., 2009) and are transcriptionally misregulated in models of Cere-
bral cavernous malformation (CCM) where cardiac valve development is altered (Donat et al.,
2018). Here, we show that both Notch signaling and klf2a are active in the endothelial cells of the
OFT between 48 hpf and 120 hpf. During the process in which zebrafish cardiac AVC cushion
remodel into valve leaflets, endocardial KIf2a expression and Notch activity are high on the luminal
side of the developing valve leaflet, which is exposed to blood-flow, whereas their expression is
lower on the abluminal side of the leaflet (Pestel et al., 2016; Steed et al., 2016b). In the OFT,
KlIf2a expression and Notch activation follow a different pattern because we could not clearly identify
abluminal cells in the OFT. This might reflect a complete lack of endothelial to mesenchymal transi-
tion in the OFT by comparison to the AVC. Nevertheless, the impact of both pathways on valve mor-
phogenesis remains the same as we found that klf2a”" and notch1b” embryos show similar valve
phenotypes and Notch signaling pathway is significantly decreased in kif2a” mutants. Even though
the downstream players of the notch pathway remain to be established in the OFT, these results val-
idate previous observations, suggesting that klf2a acts upstream of Notch signaling in the endocar-
dium (Donat et al., 2018; Samsa et al., 2015; Vermot et al., 2009). Considering that Notch has
been proposed to be mechanosensitive in blood vessels (Mack et al., 2017), an attractive hypothe-
sis is that the KIf2-Notch axis could be a general mechanosensitive cascade in endothelial cells. In
that case, it would be interesting to address notch activity in a flow related context, similarly to what
is currently being done with Nf-kb, Kif2a, and other flow responsive pathways (Feaver et al., 2013).
This assumption is particularly interesting in the context of sprouting angiogenesis and other aspects
of angiogenesis where Notch is broadly required (Choi et al., 2017, Hasan et al., 2017,
Pitulescu et al., 2017; Tammela et al., 2011). We further show that the expression of Fibronectin1
and Elastinb in the smooth muscle cells surrounding the OFT is not altered in the klf2a”"embryos.
Considering that Piezo is emerging as an important contributor to human diseases related to blood
cells (Ma et al., 2018; Zarychanski et al., 2012) and lymphatic diseases in humans (Lukacs et al.,
2015), our work should motivate the search of potential involvement of Piezo in cardiac pathologies
such as valvulopathies.

Piezo is necessary for proper OFT smooth muscle cell identity and
endothelial klf2a expression in the OFT

Cardiac valve development is highly dependent on endothelial/endocardial cell mechanosentivity.
Previous work identified the membrane-bound mechanosensitive channels (Trpp2 and Trpv4) and a
calcium-activated intracellular signaling cascade leading to Kif2a expression and valve morphogene-
sis as key elements of the endocardial mechanodetection-signaling pathway (Heckel et al., 2015
) Consistently, we found that these Trp channels are also required for endothelial Kif2a expression
and OFT valve formation. In addition, we identify another type of mechanosensitive channel belong-
ing to the Piezo family. Piezo channel mutants show valve dysgenesis phenotype, suggesting their
requirement during OFT valve morphogenesis. Interestingly, Piezo channels are important both for
modulating Klf2a expression in the endothelium and for smooth muscle cell-specific expression of
Elnb and Fn1. Piezo function in these two cell layers is consistent with the fact that Piezo1 is
expressed in smooth muscle cells and is important for tissue remodeling in mouse arteries
(Retailleau et al., 2015) as well as in endothelial cells in mouse vasculature (Li et al., 2014;
Ranade et al., 2014) and lymphatic valves (Nonomura et al., 2018). These studies along with our
results suggest that Piezo1 might be necessary for both layers to regulate distinguishable functions:
activation of signaling cascade upon shear stress in the OFT endothelium and proper cell identity
acquisition in smooth muscles. Both tissue layers might be sensing different stimuli: shear plus strain
for the endothelial cells and strain for the smooth muscle cells. This hypothesis is consistent with the
fact that Piezo is sensitive to stretch (Ranade et al., 2015), compression (Lee et al., 2014; Qi et al.,
2015), and rhythmic mechanical stimuli (Lewis et al., 2017). Importantly, Piezo-dependent mecha-
nisms can transduce forces at the cell-cell or cell-matrix interface (Eisenhoffer et al., 2012,
Poole et al., 2014). Thus, Piezo can have different mechanosensitive roles both in smooth muscle
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cells and endothelium to coordinate the expression of KIf2 and ECM proteins. An interesting hypoth-
esis is that the smooth muscle cell layer participates in the shaping up of the OFT valve and that
both tissue layers establish paracrine interactions to fine tune the morphogenetic process. Further
work will be needed to identify if this is the case and how it affects OFT valve morphogenesis at the
cellular scale.

Yap1 and hippo pathways are regulators of the OFT valve formation in
the endothelium and smooth muscles

Our work shows that Yap1 is specifically localized in the OFT in both endothelial cells and smooth
muscle cells and is required for valvulogenesis. Accordingly, the Hippo pathway is active in smooth
muscles and in the endothelium. Our work suggests that Piezo constitutes a plausible regulator of
Yap1 localization as Piezo1 seems important for its localization in smooth muscle cells. Interestingly,
Yap1 has been shown to translocate less in the nucleus in Piezo1 mutant mice neural stem cells
(Pathak et al., 2014) and to induce proliferation in smooth muscles during cardiovascular develop-
ment in mouse (Wang et al., 2014). Even though we were not able to assess Yap1 subcellular locali-
zation in vivo, the regulation of Yap1 activity and ECM assembly might be a general feature of Piezo
function. The connection between Piezo and Yap1 is particularly interesting in the context of OFT
development and function. In teleost, the OFT has an important biomechanical role for the control
of flow propagation within the vascular networks by contributing to the dampening of the pressure
wave down the arterial tree (Braun et al., 2003b). In zebrafish, Yap1 is involved in the determination
of cardiac precursor cells into smooth muscle cell fate via a process that involves the regulation of
Elastinb expression (Moriyama et al., 2016). Besides the control of cell identity, ECM contributes to
biomechanical properties of tissues (Dzamba and DeSimone, 2018). It is thus possible that Piezo
acts as a regulator of tissue mechanical properties by regulating Yap1 expression both in the OFT
and in the vascular system where Yap1 expression is flow inducible (Nakajima et al., 2017).

In summary, this study reveals a novel function for mechanosensitive Piezo and Trp channels in
modulating OFT valve development as well OFT smooth muscle cell maturation. It will be important
to further investigate endothelial-smooth muscle cells interactions during OFT cardiac wall
maturation.

Materials and methods

Zebrafish strains, husbandry, embryo treatments, and morpholinos
Animal experiments were approved by the Animal Experimentation Committee of the Institutional
Review Board of the IGBMC (reference numbers MIN APAFIS#4669-2016032411093030 v4 and MIN
4669-2016032411093030 v4-detail of entry 1). Zebrafish lines used in this study were Tg(fli1a:lifeact-
EGFP) (Phng et al., 2013), Tg(kdrl:nls-mCherry) (Nicenboim et al., 2015), Tg(kdrl:EGFP) (Jin et al.,
2005), Tg(flita:nls-mCherry) (Heckel et al., 2015), Tg(myl7:egfp) (Huang et al., 2003), Tg(—26.5Hsa.
WT1-gata2:eGFP)c"’2 (Sanchez-Iranzo et al., 2018), Tg(klf2a(6 kb):H2B-eGFP) (Heckel et al., 2015),
Tg(tp1:dGFP) (Ninov et al., 2012), Tg(4xGTIIC:d2GFP) (Miesfeld and Link, 2014), vlad tepes"'651
(Lyons et al., 2002), cup'3?' (Schottenfeld et al., 2007), piezo1%3'2¢%® (EZRC), piezo2a®?'2414
(ZIRC), trpv4*2’%”" (ZIRC), notch1b®''%3¢ (ZIRC), kif2a'9* (Steed et al., 2016b), yap1™4®
(Agarwala et al., 2015) and wild-type AB. Cup mutant embryos were phenotyped based on the
curled tail phenotype. The Tg(piezo1:nls-Venus) was generated by injection of the piezo1:nls-Venus
plasmid and the mRNA of the Tol2 transposase. The plasmid was generated by cloning of 3 kb of
the zebrafish piezo1 promoter upstream of the ATG start site and 3xnls-Venus into a pTol2-GAGGS
vector. All animals were incubated at 28.5°C for 5 hr before treatment with 1-phenyl- 2-thiourea
(PTU) (Sigma Aldrich) to prevent pigment formation. Morpholino specific for tnnt2a (Sehnert et al.,
2002) (5'-CATGTTTGCTCTGATCTGACACGCA-3') were obtained from GeneTools. It was injected
into the yolk at the one-cell stage at a concentration of 5,8 ng to stop the heart. It was diluted 40
times in order to get fish with either a decreased heartbeat (‘slow beating heart’ group in this study)
or close to the non-injected fish heartbeat (‘beating heart’ group in this study).
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Immunofluorescence

Embryos were fixed at the desired stage in 4% paraformaldehyde overnight at 4°C. After washing in
1X PBST (PBS-0.1% Tween-20), embryos were permeabilized in 1X PBST containing 1% Triton-X 100
for 30 min at room temperature or overnight at 4°C. For Fibronectin1 staining, the pericardial cavity
was then carefully pierced with the tip of a needle to facilitate antibody penetration before blocking
in permeabilization buffer supplemented with 5% BSA. Embryos were incubated in blocking solution
containing 5% BSA and 15% NGS (a-Fn1), 1% BSA, 2% NGS (anti-Elnb) and 2% BSA, 2% MgCI2
(1M), 5% NGS supplemented by 1,5% Tween-20 (anti-Yap1) for 2 hr at room temperature or over-
night at 4°C. Primary antibodies were added to the relevant blocking solution and incubated 2 over-
nights at 4°C. Secondary antibodies were added in blocking solution after thorough washing in PBST
and incubated for 2 days at 4°C. Embryos were thoroughly washed in PBST and mounted for imag-
ing on a Leica SP8 confocal. Antibodies were used as follows: rabbit a-Fn1 (F3648, Sigma) 1:100,
rabbit anti-Elnb (Miao et al., 2007; kind gift from Burns lab; Paffett-Lugassy et al., 2017) 1:1000,
rabbit anti-Yap1 (generated by the Lecaudey lab; Agarwala et al., 2015) 1:300, rabbit anti-Trpp2
(kind gift from Drummond lab) 1:100 and Alexa Fluor 647 goat anti-rabbit IgG secondary antibody
(A21245, Life Technologies) were used at 1:500.

In situ hybridization

In situ hybridization was performed as in Thisse and Thisse (2008). Anti-sense probes for notch1b
and kif2a were generated from a plasmid containing the cDNA of zebrafish notch1b in pCR-script
SK+ (provided by the Bakkers lab, The Netherlands) and zebrafish kif2a in IRBOp991B0734D (pro-
vided by RPDZ, Berlin; Vermot et al., 2009) and subsequently transcribed using the T3 polymerase
and T7 polymerase, respectively. After ISH, embryos were incubated subsequently in 45% and 90%
D-fructose (Sigma F0127) containing 0.5% of 1-Thioglycerol (Sigma M6145) for 20 min. Imaging of
ISH was done using a Leica M165 macroscope with a TrueChrome Metrics (Tucsen) with a Leica 1.0X
objective (10450028).

RNAscope

72 hpf wildtype zebrafish embryos were fixed in 4% PFA overnight at 4°C. The fixed embryos were
dehydrated to 100% ethanol gradually. Embryos were stained using the RNAscope Fluorescent Mul-
tiplex kit (Advanced Cell Diagnostics).

Confocal imaging

For live imaging, zebrafish embryos were staged, anaesthetized with 0.02% tricaine solution or 50
mM BDM, to stop the heart when necessary, and mounted in 0.7% low melting-point agarose
(Sigma Aldrich). Confocal imaging was performed either on a Leica SP8 confocal microscope (experi-
ments with BODIPY-ceramide or fixed samples) or a Leica spinning disk (valve structure, flow profile,
reporter experiments). Fast confocal imaging to image valve leaflets from 72 hpf to 120 hpf stained
with BODIPY-ceramide was performed using the resonant scanner mode of the Sp8 microscope.
Images were acquired with a low-magnification water immersion objective (Leica HCX IRAPO L, 25X,
N.A. 0.95). The optical plane was moved 2 um between the z-sections until the whole OFT was
acquired. 2-colored fast confocal imaging was used to image valve structure, red blood cells, and
reporter activities from 56 hpf to 144 hpf was performed using a Leica DMi8 combined with a CSU-
X1 (Yokogawa) spinning at 10 000 rpm, two simultaneous cameras (TuCam Flash4.0, Hamamatsu)
and a water immersion objective (Leica 20X, N.A. 0.75 or Leica 40X, N.A. 1.1). 1 ms exposure was
used for red blood cells imaging and 20 ms exposure for valve structure and reporter activity experi-
ments. 50% of 488 laser power and 40% of 561 laser power were used for reporter activity
experiments.

BODIPY-ceramide imaging
Embryos were incubated with 4 mM BODIPY-ceramide (Molecular Probes) overnight and then proc-
essed as in Heckel et al. (2015) and Vermot et al. (2009) to visualize the valve shape.
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DAF-FMDA labelling

To reveal the presence of NO, embryos were incubated in zebrafish medium containing 5 uM DAF-
FM DA (Life Technologies, D23842) for 30 min in the dark at 28°C. Fluorescence intensities of the
smooth muscles were measured using ImageJ software.

Photoconversion

Photoconversion was performed using the FRAP module on a SP8 confocal microscope and a Leica
HCX IRAPO L, 25X, NA0.95 water immersion objective. Tg(flila:Gal4FF; UAS:Kaede) embryos were
mounted in 0.7% low melting-point agarose supplemented with 50 mM BDM to inhibit heart con-
traction for the duration of the procedure. A region of interest corresponding to the anterior, middle
or posterior part of the valve was selected and exposed to 405 nm light (25% laser power). One pre-
bleach frame was acquired, followed by 3-6 bleach pulses (3-5 ms each) without acquisition to
achieve conversion of the kaede protein to its red form. A z-stack of the photoconverted heart was
then acquired in the standard confocal mode to record the starting point of each experiment.
Embryos were then carefully dissected from the agarose, placed in fish water for 5-10 min until heart
contraction resumed and then put at 28.5°C to develop individually under standard conditions until
the next time point of interest.

Fractional shortening

Imaging was performed on a Leica DMIRBE inverted microscope using a Photron SA3 high-speed
CMOS camera (Photron, San Diego, CA) and water immersion objective (Leica 20X, NA 0.7). Image
sequences were acquired at a frame rate of 1000 frames per second. FS% = (Dm diastole- Dm sys-
tole)/ (Dm diastole) and where Dm is the diameter of the chamber of interest (atrium or ventricle).

Flow analysis

Red blood cells were manually tracked through the OFT and their velocity calculated from image
sequences of the Tg(gatal:ds-red; kdrl:EGFP) beating heart, acquired at 1000 frames per second as
described previously. Red blood cells transiting through the OFT were tracked manually on Imaris
and their velocity calculated. The tracks of multiple cells in at least four embryos per stage were
assembled to obtain an estimate of the flow velocity over multiple cardiac cycles (typically 3). Veloci-
ties estimated at the same time point by tracking different cells were averaged.

Image analysis
For fluorescence intensity analysis of the Kif2a reporter, the Tg(klf2a:H2B-EGFP) reporter line was
crossed with the Tg(flia:nls-mCherry) line and the mCherry signal was used for normalization. The
maximum intensity of each channel on a single Z-section through the valves was quantified and the
EGFP over mCherry ratio generated. For fluorescence intensity analysis of the Notch reporter, the
ratio of the maximum intensity of the GFP signal from the Tg(tp1:dGFP) reporter line on a single
Z-section through the valves over the maximum intensity of the background was generated.

These ratios were then averaged for three cells in the anterior part and three cells in the posterior
part of both valves in the OFT of individual embryos. Finally, the averages of the anterior and poste-
rior parts were compared.

Statistical analyses

We did not compute or predict the number of samples necessary for statistical differences because
the standard deviation of our study’s population was not known before starting our analysis. Biologi-
cal replicate corresponds to the analysis of different embryos of the same stage. Technical replicate
corresponds to the analysis of the same embryo imaged the same way. The sample size (biological
replicate and number) to use was as defined by our ability to generate our datasets. For analyses
between two groups of embryos, differences were considered statistically significant when the
p-value<0.05, as determined using a two-tailed and paired Student'’s t-test (k/f2a and notch reporter
expression). For boxplots, center lines show the medians, crosses show the means, box limits indi-
cate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the inter-
quartile range from the 25th and 75th percentiles, data points are represented as circles.
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Cardiovascular morphogenesis involves cell behavior and cell
identity changes that are activated by mechanical forces
associated with heart function. Recently, advances in in vivo
imaging, methods to alter blood flow, and computational
modelling have greatly advanced our understanding of how
forces produced by heart contraction and blood flow impact
different morphogenetic processes. Meanwhile, traditional
genetic approaches have helped to elucidate how endothelial
cells respond to forces at the cellular and molecular level. Here
we discuss the principles of endothelial mechanosensitity and
their interplay with cellular processes during cardiovascular
morphogenesis. We then discuss their implications in the field
of cardiovascular tissue engineering.
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Introduction

The development of the vertebrate cardiovascular system
involves the morphogenesis of the heart from a simple
tubular structure to its final complex form as well as the
building of a vast network of blood vessels either through
vasculogenesis or angiogenesis. Mechanical forces gener-
ated by heart contraction and blood flow play key roles in
both of these developmental processes.

Various animal models have been used to improve our
understanding of the role of mechanical forces caused by

n
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heartbeat and blood flow in cardiovascular morphogenesis,
including mouse, chicken, and zebrafish. Signaling path-
waysand genesinvolved in cardiovasculardevelopmentare
best studied in the mouse and several transgenic lines that
alter cardiac contractility or blood flow are available [1,2].
However, since mice develop within the mother, quantifi-
cation, modelling and perturbation of mechanical forces
and live imaging studies in mouse have been limited.
Chicken embryos develop outside the mother and are
therefore accessible to surgical interventions that alter
blood flow. Chicken embryos have been particularly useful
for studying carly cardiovascular development when the
embryos are optically accessible. However, there are few
genctic tools available for this model. More recently, zebra-
fish has been a valuable addition to mouse and chicken
models of cardiovascular development. Although, unlike
humans, the zebrafish heart is two-chambered instead of
four-chambered and its vasculature is specialized for
aquatic environments [3], the optically clear zebrafish
develop externally and facilitate the imaging of complex
cardiovascular cell behaviors. Like mice, there isa vastand
growing number of transgenic and mutant lines available.
Additionally, zebrafish can survive without heartbeat
throughout early stages of development [4], which enables
experimental manipulations to impair heart contractility or
blood flow not possible in mice or chicken.

Here, we review the role of mechanical forces caused by
cardiac function on cardiovascular morphogenesis and its
implications for cardiovascular tissue engineering. We first
discuss recent advances on the impact of different mechani-
cal forces and associated force parameters on cardiovascular
morphogenesis. We then explore how endothelial and endo-
cardial cells (ECs and EdCs respectively) convert mechani-
cal signals into electrochemical activity, leading to changesin
gene expression, cell behavior, and cell identity. In both
sections, we focus ourattention on zz vivo studies. Finally, we
extend our discussion to cardiovascular tissue engineering
and examine the ways, in which our understanding of the
interplays between mechanical forces, mechanical environ-
ment, and cell behaviors can improve technologies required
for engineering efficient tissues.

Recent advances in the understanding of the
mechanical forces regulating cardiovascular
morphogenesis

Forces associated with cardiac function include wall shear
stress (WSS), pressure, and circumferential stress due to
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stretch. The response of cardiovascular cells to mechani-
cal force is complex and often depends on the dynamics of
the force amplitude and direction, as well as on the
biological and mechanical environment. Uncovering
the contribution of different forces and force parameters
to developmental processes iz vivo has proven challeng-
ing, but recent advances in computational modelling and
imaging have successfully chipped away at the mystery
surrounding how complex force patterns regulate key
cardiovascular morphogenetic events.

Blood vessel lumen formation

The role of mechanical forces during blood vessel mor-
phogenesis is one of the oldest and best-studied fields in
mechanobiology [5-7]. Until recently, however, the role
of mechanical forces in lumen formation during angio-
genesis has not been appreciated. While lumen formation
of early vessels occurs before the onset of circulation [8],
strong evidence now suggests that blood flow can drive
lumen formation during sprouting angiogenesis. Using
the development of zebrafish intersegmental vessels as a
model, it was found that blood flow drives lumen expan-
sion by inducing spherical deformations of the apical
membrane in endothelial tip cells (Figure 1a). These
membrane intrusions are dynamic and cause the local
and transient recruitment and contraction of actomyosin
within the angiogenic sprout [9°°]. The similarity of these
membrane intrusions to blebs, whose growth is driven by
intracellular pressure generated in the cytoplasm when
the actin cortex undergoes actomyosin contractions [10],

Figure 1

suggests that the formation of these membrane intrusions
is driven by blood pressure. It would be interesting to
assess if actomyosin is mechanosensitive during lumen
formation as shown in other systems [11]. The role of
blood plasma pressure have been addressed during the
process of lumen spreading in the cranial vasculature of
the zebrafish embryo between two endothelial tip cells
that just meet and fuse [12°°]. When endothelial tip cells
meet, their filopodial activity is dramatically reduced
(Figure 1b). In this minimal setting, the luminal pocket
of each cells is simply deliminated by apical membrane
insertion. As lumen growth under pressure, the apical
membranes that connect the tip cells to their correspond-
ing stalk cells are invaginating rapidly, and eventually
connect to the de novo generated luminal pocket. Here,
plasma blood pressure promotes these initial steps allow-
ing the generation of a transcellular lumen (Figure 1b).

Pharyngeal arch artery network growth and remodeling
During the growth and remodeling of the bilaterally
paired embryonic aortic arches into extracardiac great
vessels, WSS is known to be correlated with developmen-
tal genes [13,14]. However, previous work in chicken that
combines computational fluid dynamics simulations with
a novel femtosecond laser-based method to obstruct
blood flow in individual arch arteries showed that WSS
alone cannot account for all hemodynamic adaptations of
the vessel network [15]. A recent study describes a new
imaging and image analysis pipeline that allows research-
ers to analyse the range and variability of pharyngeal arch

(a)

tip cell

stalk cells

_L; blood flow

(b) tip cell 1 tip cell 2
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The importance of hemodynamics forces during lumen formation. (a) Schematic of flow-dependent lumen formation by inverse membrane
blebbing, during sprouting angiogenesis. Blood flow drives lumen expansion by generating pressure differences between the luminal and the
cytoplasmic sides of the apical membrane leading to inverse membrane blebbing at the tip position. Inverse membrane blebbing involves F-actin
polymerization and myosin Il recruitment in areas where membranes get deformed in response to pressure variations driven by heartbeat.
Actomyosin contractility allows to modulate bleb formation and help guiding unidirectional lumen expansion. Adapted from Ref. [9°].
(b) Palatocerebral Artery Forms through Fusion of Two Lumenized Angiogenic Sprouts. Pressure is thought to allows growth of cell membrane
invagination defining the newly formed lumen. When two cells meet (tip cell 1 and 2), pressure helps the transcellular lumen to go through contact
sites (black rings) of both cells. Without pressure, unicellular tubes cannot form. Adapted from Ref. [12*°].
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artery network morphologices at different developmental
stages and to computationally model hemodynamic forces
acting on the nectwork. This population-based study
allowed the authors to provide a comprehensive atlas
of chick pharyngeal arch artery network development
and showed that although WSS acts as the primary driver
of pharyngeal arch artery growth, a combination of pres-
sure and WSS maps is necessary to predict many of the
developmental changes [16°°] (Figure 2).

Valve formation

Since the landmark study by Hove ez @/ in 2003 [17],
numerous studies have highlighted the essential role of
mechanical forces in valve formation [18°°,19°,20-29].
Through the use of computational modelling and live
imaging, it is known that the oscillatory component of
WSS is able to predict both the expression levels of the
mechanosensitive gene #/f2a and the intracellular calcium
levels of EdCs during ecarly valvulogenesis [23]
(Figure 3b). More recently, a similar approach has been
used to determine the role of hemodynamic frequency
harmonics during the convergent movement of tissues
toward the atrioventricular canal (Figure 3a) [18°°]. This
latest study refines the 7z si/ico models to account for the
non-homogeneity of blood and the WSS caused by red

Figure 2

blood cell dynamics [18°°]. In doing so, the authors found
that the spatial patterns of the periodic components of
WSS are similar in the heart tubes of both wild-type
embryos and in mutant embryos lacking red blood cells,
and that these periodic components are a good predictor
of where the endocardial tissue will converge.

Trabeculation

Previous studies have shown that perturbing blood flow or
heartbeat causes trabeculation defects [30-33], but our
understanding of how spatial and temporal changes in
mechanical forces regulate trabeculation remains limited.
In zebrafish, the onset of trabeculation is marked by the
delamination of cardiomyocytes to sced the trabecular
layer [34]. This process involves the apical constriction of
the delaminating myocardial cell, followed by the depo-
larization of the myocardial cell [35] (Figure 3c).
Recently, a method combining selective plane illumina-
tion microscopy with computational fluid dynamics in
zebrafish has enabled the quantification of 4D WSS in
the moving ventricle [36]. These models revealed that
endothelia experience high pulsatile WSS along trabecu-
lar ridges and high oscillatory WSS in trabecular grooves
(Figure 3d) [37]. It has been postulated that cells of the
ventricle are able to distinguish pulsatile versus

HH18

flow
1l

Increased flow
Growth and remodelling
 —

HH24

flow

T

@

©

Increased cross-sectional area
and decreased ellipticity

Current Opinion in Genetics & Development

Recent high-resolution maps of vessel morphology and haemodynamic parameters suggest that the combination of wall shear stress and
pulsatility (transmural pressure at peak flow minus the transmural pressure at the minimum flow) drives pharyngeal arch artery network remodeling
in chick embryos. For example, between embryonic stages HH18 and HH24, changes in peak wall shear stress correlate with the increase in the
cross-sectional area of the left IV arch, as well as changes in the minimum diameter of the left Ill arch and right IV arch. Changes in pulsatility are
positively and negatively correlated to changes in the maximum and minimum diameter of the left Ill arch, respectively. (Wall shear stress: green

arrows; pressure: red arrows; flow: blue arrows.) Adapted from Ref. [16*°].
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. endocardium

The importance of hemodynamics forces during early cardiac morphogenesis, valvulogenesis and trabeculation in zebrafish. (a) Schematic of the
primary heart tube at 36hpf. The periodic components of shear stress are thought to drive the convergence of the EdCs toward the AVC (red
arrows). (b) Oscillatory shear stress leads to cell clustering, locally at the AVC, at 48hpf. Adapted from Refs. [18°%,27]. (c) Blood flow drives
changes in cardiomyocyte apicobasal polarity and delamination leading to cardiac trabeculation. Adapted from Ref. [35]. (d) Pulsatile WSS along
the trabecular ridges and oscillatory WSS in the trabecular grooves. Adapted from Ref. [37].

oscillatory WSS and respond differently to produce the
ridges and grooves of trabeculaec [37]. Testing this
hypothesis will require further studies that combine
4D modelling with simultaneous imaging of the heart
at cellular resolution to see if the grooves and ridges
observed in the models correlates to areas where trabe-
culation is initiated. Given the sensitivity of blood flow
patterns to changes in morphology and blood rheology
[38], it will be interesting to measure WSS and morpho-
logical variation across individuals and species to see
whether WSS can predict intra-species and inter-species
differences in trabeculae location and morphology.

Mechanotransduction pathways mediating
the cell response to forces during
cardiovascular morphogenesis

Cardiovascular cells have diverse behavioral responses to
heartbeat and blood flow, and studies over the years have
established the existence of multiple force sensors as well
as mechanosensitive signaling pathways and gene sets
(‘'able 1). Although various cell types in the cardiovas-
cular system are responsive to mechanical forces caused
by heartbeat and blood flow, we choose to only discuss
mechanotransduction pathways found in ECs and EdCs,

where the field is most mature and where a number of
exciting discoveries have recently been made.

Direct force transducers and sensory organelles

Perhaps the best established mechanosensitive machinery in
ECs is the junctional complex, which comprises PECAM1,
VE-cadherin, VEGFR2 [39°°], and VEGFR3 [40] (Figure 4).
Pulling on this complex using magnetic tweezers in
cultured cells demonstrated direct mechanotransduction by
PECAMI, which leads to downstream VEGER signalling
[39°°41]. This complex is well known to modulate EC
alignment in response to WSS 7z vivo [39°°] and modulate
blood vessel compliance by altering extra cellular matrix
assembly [42]. More recently, the transmembrane heparin
sulfate protcoglycan receptor syndecan-4 [43] emerged as
another regulator of WSS-induced EC alignment [44]. In
addition to flow, Syndecan-4 is a central mediator of cell
adhesion, migration, proliferation, endocytosis, and mechan-
otransduction 7z vivo [45] and has the ability to respond to
directly applied mechanical tension in cultured EC [46]. In
endothelial cells, Syndecan-4 plays a critical role in sensing
flow direction to promote cell alignment and inhibit athero-
sclerosis [44]. Interestingly, both PECAM and Syndecan-4,
are important to modulate lymphatic vasculature develop-
ment, which is known to depend on WSS [47] (IFigure 4).
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Table 1
M i and cell resp invol in morp
Tissue Mechanosensor Gene or pathway Mechanical stimulus (shear dyn/cm? Cell response (tissue, animal Reference
activated flow velocity wm/sec) model)
Blood vessel VE-cadherin Stretch/flow: 12 dyn/cm?® . N . [39*",48]
PECAM-1 Sre Vascular remodeling, angiogenic
VEGFR2/VEGFR3 PI3)K leading to sprouting (intersegmental
integrin activation vessel, ZF)
Primary cilia Trpp2 Ca2* Blood flow Vascular remodeling (vascular [65]
plexus, ZF)
Hertbeat: 2.63 + 0.17 Hz
Blood flow velocities
{peak; mean): 883 + 118 pm/s;
192 + 13 pm/s (AA)
1159 + 187 pmy/s; 170 + 15 pm/s (LDA)
Primary cilia BMP signaling Shear stress: 2 dyn/cm? (HUVECs) Vessel connection stabilization [76]
(Bmp9) in the retina (endothelium of the
retina, mouse)
Not assessed Endoglin Not assessed Vessel diameter control [75]
(endothelium, ZF)
Not assessed Yap Taz Shear stress: 15 dyn/cm? (HPAECs) Blood vessel maintenance [71*]
(endothelium, ZF)
Apelin receptor Kif2 Shear stress: 12 dyn/cm? (HUVECSs) Cell polarity changes: against [82*1]
the direction of the flow in
vessels (endothelium, ZF)
Lymphatic valve Piezo channels (Piezo1) Foxc2, Gata2, Cx37 Oscillatory lymphatic flow Valve morphogenesis (lymphatic [53,97]
vessels, mouse)
Heart valve TRP channels (Trpp2, Trpv4) Ca2" [21,23,27]
(atrioventricular canal) Blood velocity Vinax ~5 mm/s AVC valve morphogenesis:
kifea 61 dyn/cm?® regulation of synthesis
wnt9b (endocardium, ZF)
fibronectin1b
Heart valve (outflow tract) Piezo1, Trpp2 Yap1, kif2a, notch1b Blood flow OFT valve development 197
(endocardium, ZF)
from 56 hpf:
forward flow: +3.6 mm/s
retrograde flow: —1.2 mm/s
120hpf:
forward flow: +9.9 mm/s
no retrograde flow
Heart trabeculation Not assessed kif2a fgf signaling Not assessed Trabeculation, maintenance of [67]
myocardial wall integrity
(ventricular myocardium, ZF)
Not assessed notch1b Oscillatory shear stress: Trabeculation (ventricle, ZF) [37]

0 + 3 dyn cm 2 with 0 net flow

ZF = Zebrafish, AA = Aortic Arches, LDA = Lateral Dorsal Arteries, HUVECs = Human Umbilical Vein Endothelial Cells, HPAECs = Human Pulmonary Artery Endothelial Cells.
2 Measurements performed using magnetic beads (max force on a 4.5 pm diameter bead of ~130 pN, ~10% of the grad force exerted by shear stress on a 30 um x 30 um endothelial cells).
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Mechanosensors and mechanotransduction pathways involved in cardiovascular development (in vivo and in vitro): transduction of hemodynamic
forces toward cell responses. On the cell surface, junctional complexes (PECAM-1, Ve-cadherin, VEGFR2-VEGFR3), the stretch-activated ion
channels TRP, PIEZO, as well as 31 Integrin, Syndecan4, GPCR, caveolae, glycocalyx and primary cilium act as mechanosensors. Downstream of
the mechanosensitive channels, different signaling pathways and gene expression are activated.

VE-cadherin is required during vascular development
[12°°,48] although whether VE-cadherin is involved in sens-
ing mechanical forces associated with cardiac function during
development is unclear. Acute termination of blood flow
during zebrafish dorsal aorta maturation does not cause
detectable changes in VE-cadherin tension as measured using
a FRE'T (Forster resonance energy transfer) sensor, suggest-
ing blood flow plays little role in the maintenance of tension
through VE-cadherin in developing arteries [49°°]. Stretch-
activated ion channels have been shown to serve as additional
mechanosensors whose rapid activation and inactivation rates
may account for the capacity of ECs to decode subsecond-
frequency characteristics [50,51]. In particular, Piezol ion
channels have been shown to be important for heart valve
formation and vascular development in vertebrates
[19°,20,52-54]. The potent mechanosensitive channels from
the transient receptor potential family, Trpp2 and Trpv4,
have been shown to be expressed in EdCs and are necessary
for both heart valve and vascular development [23,52,55]
(Figure4). Stretch activated ion channels are often considered
as the initial mechanosensitive trigger leading to cell
response. However, the precise mechanism of action of these
channels, including whether or not they act as direct mechan-
osensors, remains to be systematically established [23,52].

Nevertheless, it was recently established that B1-integrins
can sense specifically unidirectional flow 7z vitro, leading to
intracellular calcium signalling through Piezol and T'rpv4and
trigger the alignment of the ECs [56°°] (Figure 4). Beyond
junctional complexes and ion channels, G Protein-Coupled
Receptors, long suspected to be direct mechanosensors, have
recently been shown to function as shear sensors in ECs of
small-diameter arteries iz vivo [57°°]. The thin layer of
biopolymers such as glycolipids, glycoproteins, and proteo-
glycans located on the surface of ECs called glycocalyx is also
regularly discussed as an important mechanosensitive system.
In ECs, the glycocalyx is a significant mediator of NO
production and is known to modulate vascular development
[58]. Recent i cellulo study provided direct evidences of the
mechanosensitivity of glycocalyx by using atomic force
microscopy to apply force sclectively on the glycocalyx for
regulating the production of endothelial nitric oxide in
response to fluid shear stress [59]. In addition, it was recently
demonstrated in isolated cells that the biopolymer density in
glycocalyx can define cell membrane curvature and, ulti-
mately, its shape [60°°]. These observations certainly pro-
motes a different view on how glycocalyx can impact ECs
mechanosensitivity and morphogenetic processes involving
cell shape changes in the cardiovascular system.
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Mechanosensitive organelles such as primary cilia and
caveolae constitute intriguing elements potentially
involved in providing cell sensitivity to WSS. Cilia have
been shown to play a role during early stages of vessel
development in regions of lower shear where they bend in
response to flow [55] (Figure 4) as well as in arteries where
endothelial cilia are required for the activation of Notch
signalling and vascular mural cell recruitment [61].
Caveolae are specialized type of lipid raft composing
the plasma cell membrane. Endothelial cells express high
levels of Cav-1, which is involved in endothelial inflam-
mation, adhesion, and phagocytosis [62]. Endothelial
Cav-1 regulates endothelial NO production, microvascu-
lar permeability and vascular remodclling in response to
mechanical signals [63]. In addition, caveolae have been
proposed to help buffering membrane tension surges in
response to mechanical stress [64]. Considering the
diversity of mechanical stresses are generated in the
developing vascular and cardiac system [18°%,55,65,66],
it will be interesting to address if any of these stresses can
impact cndothelial caveolac and their function during
cardiovascular morphogenesis.

Signalling pathways and gene expression

Downstream of the mechanosensitive channels, one of
the most studied flow-responsive genes in cardiovascular
development is the zinc-finger transcription factor
Kriippel-like factor 2 [21,27,29,67,68]. KIf2 is expressed
upon mechanical forces and is vital for mammalian car-
diovascular development [21,69]. Various studies in zeb-
rafish have complemented studies in mouse and provided
additional insights into the role of klf2 in cardiovascular
development. It was first shown that £/2¢ was highly
cxpressed in the endocardium of the developing zebrafish
atrioventricular valve leaflet and is essential for proper
valve formation [27]. It was then shown that £/f2a expres-
sion levels depend on the oscillatory flow amplitude in
the atrioventricular canal and the presence of Trp chan-
ncls [23]. Furthermore, £/f2a regulates the deposition of
extracellular matrix proteins, such as fibronectinl b [27]. In
an athcrosclerosis  pathological context, Syndccan-4
depleted mice show poor EC alignment in the flow
direction and complementary iz witro experiments
showed that Syndecan-4 depleted HUVECs increase
pro-inflammatory NF-kB pathway and decrease anti-
inflammatory KILF2 and KLF4 induction [44] (Figure 4).
Moreover, #/f2 has been known to play a role during
trabeculation by maintaining myocardial wall integrity
by modulating Fgf signalling [67] and during valve for-
mation by regulating canonical Wnrt signalling in the
neighboring mesenchymal cells, leading to cushion remo-
delling and valve morphogenesis [21]. Interestingly, non-
canonical Wnt signalling is also important to raise the
threshold of WSS above which EdCs change their prop-
erties [70]. T'his work highlights the complex feedback
loop operating to modulate the response to flow.

Blood flow is also a potent regulator of Yap1 localization in
ECs [71] and is thought to modulate vessel development
by lowering BMP signalling [72]. In particular, Yapl is
translocated into the nucleus of zebrafish ECs and cul-
tured cells in response to blood flow [71]. In zebrafish,
Yapl expression is modulated by Piezol and Trpp2
during OFT valve development [19°] (Figure 4). In
addition, it has been shown that YAP and its paralog
WWTRI1 (TAZ) respond to disturbed flow in lymphatic
ECs in vitro |73%°]. 'Thus, Yapl is certainly an important
player of the mechanosensitive response activated during
cardiovascular development.

In addition to these flow-responsive pathways acting in
ECs, the BMP-ALLK1/End-SMAD pathway also recently
emerged as an important player in both endothelial flow
responses and vessel stability [70,74-77]. Indeed, blood
flow promotes the association of the Endoglin and Alk1
tyrosine kinase that triggers the activity and phosphory-
lation of Smad1/5/8 at low concentrations of Bmp9, lead-
ing to the recruitment of mural cells and therefore vessel
quiescence [70,74,76]. Mechanosensitivity may take
place through mechanosensitive primary cilia in regions
of low shear levels as it has been shown that primary cilia
modulate BMP activity [76].

Cell behavior

ECs and EdCs respond and adapt to stress by altering their
cytoskeleton, shape, patterns of gene activity and internal
organization. Flow triggers association of PECAM with
vimentin, which transmits myosin-generated forces to
PECAM and therefore vascular remodeling [78]. At the
cellular level, the regulation of contractility via the acto-
myosin nctwork controls cell rearrangements and migration
during vesscl growth [79°]. In addition, blood flow causcs
ECs to clongate and align following the flow dircction [75].
EdCsofthe heartventricle also change shape in response to
heart function by clongating and getting smaller as cell
number increases [80]. Finally, ECs orient against the
direction of flow in developing blood vessels at low shear
levels [70]. This polarity change can be accompanied by
cell migration to remodel the blood vessel network into
arterics and vein remodeling in responsc to Notch signaling
[81,98]. Polarization and cell migration within maturing
blood vessels are dependenton the Apelin receptor [82°°],a
potential mechanosensitive g-protein acting through beta-
arrestin. Here, it seems that kIf2 expression activated by the
Apelin receptor is required to set cell polarity, establishing
an exciting link between cell response to force and
morphogencsis.

The use of mechanical forces in
cardiovascular tissue engineering

Deciphering how hemodynamic forces control cell beha-
viors during cardiovascular morphogenesis have strong
implications in cardiac tissue engineering, which aims to
restore the function of a damaged tissue by replacing it
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with a biomimetic construct [83]. The understanding of
how ECs and EdCs sense and respond to mechanical
forces helps to design adequate approaches for engineer-
ing cardiovascular tissue. Moreover, knowing the hemo-
dynamic forces in place within the developing heart and
blood vessels should help to develop and improve
approaches aiming at engineering heart valves and blood
vessels de novo. Interestingly, tissue engineering requires
a deep understanding of the mechanical and biochemical
environment the cells experience.

Tissue Engineered Blood Vessels (TEBV)

TEBV requires smooth muscle cells and EdCs that are
incorporated into a tubular scaffold in order to mimic a native
blood vessel [84]. Angiogenesis is a crucial step as it is
required in nearly all types of tissue engineering and is
largely dependent upon mechanical forces. In wvitro, it
has been shown that the differentiation of pluripotent stem
cells (PSCs) into EdCs can be robustly promoted by expos-
ing them to fluid shear stress within embryoid bodies [85].
"T'his approach could be applied to promote pre-vasculariza-
tion of tissue-engineered vessels derived from PSCs [85].
During vessel formation in 3D Gelfoam scaffolds cocultured
with EdCs and fibroblasts, static stretch induces parallel
vessel orientation whereas the orientation becomes diagonal
under cyclic stretching [86]. Like in the embryo and in
regenerative processes, the host environment surrounding
the transplanted engineered tissue adds another layer of
complexity. For example, the implantation of a vascular
network whose orientation has been controlled 7z vitro to
match that of the host tissue improves graft integration [86].
Moreover, in an 7z vive rat bone wound healing model, it has
been demonstrated that mechanical conditions of the sur-
rounding environment modulate neovascular growth and
remodeling [87]. They showed that an early mechanical
loading impaired regeneration as it disrupted the formation
of new vessels. However, delayed mechanical loading stim-
ulated the neovascular remodeling and therefore regenera-
tion [87]. Thus, it is essential to integrate mechanical forces
for creating relevant and successful TEBV.

Tissue Engineered Heart Valves (TEHV)

The replacement of defective heart valves with mechan-
ical heart valves or bi-leaflet valves have often been
associated with the production of non-physiological flow
patterns that could lead to thromboembolism [88,89].
Bioprosthetic valves produce more physiological flow
patterns but are often degraded after a few years [90].
TEHV is therefore needed, especially for young patients,
where full integration and remodeling of the implanted
valve is essential [91]. The latest progress in this field is
the development of personalized 3D-printed cardiovas-
cular prostheses leading to the proper design of TEHVs
that will reproduce physiological forces [92]. Yet, the
complexity of the valve leaflet is only starting to be better
understood, and different cell types within the valve can
influence key aspects of valve pathology [93]. Shear stress

can also be used to activate endothelial-to-mesenchymal
transition of adult endothelial cells 7z vitro [94]. This
suggests that the developmental program can be re-
activated in adult, differentiated tissues and illustrate
how cardiogenesis and cardiac tissue engineering are
complementary.

Conclusions and outlook

Heart mechanics and blood flow have diverse roles in
cardiovascular development. This diversity could in part
be explained by the sensitivity of ECs and EdCs to
subtle differences in force profiles and their potential to
activate discrete signaling pathways that, in turn, will mod-
ulate different cell behaviors. In the embryo, force profiles
experienced by EdCs are constantly changing as heart
functionand the geometry of the heartand vascular network
changes. Despite this diversity, the basic principles associ-
ated with cardiovascular morphogenesis are conserved and
certainly are key to improving cardiovascular tissue engi-
neering. Advances in our understanding of these basic
principles will help achieve the production of truly func-
tional engineered tissues that generate the same hemody-
namic forces as native ones. More work needs to be done in
order to understand how EdCs integrate environmental
information so that the heart and blood vessels develop
harmoniously. In addition, understanding heart valve cell
lineage in vivo will be essential for mimicking valve matu-
ration /7 vitro [99]. Lastly, the recent advances in live
imaging applied to mouse models will be key to moving
the field forward [95°°,96°°].
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Mécanismes moléculaires et cellulaires impliqués dans le processus de
morphogeneése du canal atrio-ventriculaire chez le poisson zeébre

Résumé

La morphogenése des organes impligue des changements dynamiques des propriétés des
tissus a I'échelle cellulaire. De plus, les cellules doivent s'adapter a leur environnement
mécanique par des voies mécanosensibles. Cependant, la maniére dont les signaux
mécaniques influencent le comportement des cellules pendant la morphogenése reste mal
comprise. Nous avons étudié ici l'influence des forces mécaniques pendant la formation du
canal atrio-ventriculaire (AVC) ou se développent les valves cardiagues. Nous montrons que
chez le poisson zébre, le canal atrio-ventriculaire se forme dans une zone de convergence
tissulaire entre l'atrium et le ventricule qui est associée a une activation accrue du réseau
d'actomyosine et a des changements d'orientation des cellules endocardiques. Nous
démontrons que la convergence tissulaire se produit avec une réduction majeure du volume
des cellules endocardiques déclenchée par des forces mécaniques et les canaux
meécanosensibles TRPP2/TRPV4. De plus, nous montrons qu'un composant de la matrice
extracellulaire, l'acide hyaluronique, contrble les changements de volume cellulaire.
Ensemble, nos données suggerent que le changement de volume cellulaire est une
caractéristique cellulaire clé activée par les forces mécaniques pendant la morphogenése
cardiovasculaire. Ces travaux permettent de mieux comprendre comment les forces
mécaniques et la matrice extracellulaire peuvent influencer le remodelage des tissus dans les
organes en développement.

Mots clés : poisson zébre, endocarde, matrice extracellulaire, mécanobiologie

Résumé en anglais

Organ morphogenesis involves dynamic changes of tissue properties at the cellular scale. In
addition, cells need to adapt to their mechanical environment through mechanosensitive
pathways. How mechanical cues influence cell behaviors during morphogenesis, however,
remains poorly understood. Here we studied the influence of mechanical forces during the
formation of the atrioventricular canal (AVC) where cardiac valves develop. We show that in
zebrafish the AVC forms within a zone of tissue convergence between the atrium and the
ventricle which is associated with increased activation of the actomyosin meshwork and
endocardial cell orientation changes. We demonstrate that tissue convergence occurs with a
major reduction of endocardial cell volume triggered by mechanical forces and the
mechanosensitive channels TRPP2/TRPVA4. In addition, we show that the extracellular matrix
component hyaluronic acid controls cell volume changes. Together, our data suggest that cell
volume change is a key cellular feature activated by mechanical forces during cardiovascular
morphogenesis. This work further unravels how mechanical forces and extracellular matrix can
influence tissue remodeling in developing organs.

Keywords: zebrafish, endocardium, ECM, mechanobiology
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