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Avant-Propos

My PhD work aimed at connecting different aspects of biology, trying to make links
between molecular and cellular observations and genome-wide data to study the role of two
transcription factors (k/f2a and egrl) in a developmental context: the formation of cardiac
atrio-ventricular valves.

This manuscript starts by describing, within a state-of-art introduction, the vertebrate
cardiovascular system focusing on valvulogenesis and the advantages of using Danio rerio,
better known as zebrafish, as an animal model to study it. The manuscript is then divided into
five main chapters.

The first section describes the generation of monoclonal antibodies in order to validate
the knock-out of egrl, kif2a and kif2b genes in the zebrafish mutant lines used in the lab.
Related preliminary data of their use to study protein localization in vivo are presented in
chapter two.

The third and fourth parts correspond to the main project of my thesis: the study of
kif2a and egr1 transcription factors. The characterization of their roles in valvulogenesis, their
interaction and the discovery of their downstream transcriptional signalling pathway was
carefully explored. Part four presents the paper which will be sent to editors gathering the
results. Specific and more detailed analysis will complete it.

Finally, chapter five will present the preliminary work aiming at the generation of
zebrafish mutants using the CRISPR/Cas9 system, with fn1b as a target gene. This gene
encodes for fibronectin protein and was shown to be a KIf2a downstream target in

valvulogenesis.
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Introduction

The development of a well-organized and functional organ is a multistep process referred as

morphogenesis. The classical view of organogenesis suggest that organs tri dimensional shape
is the result of genetically programmed events. Tissues are patterned into distinct area by gene
expression domain. At the cellular scale, tissue shape results from cell remodelling, migration
and differentiation. Most of the cellular behaviours are governed by spatiotemporal changes
in gene expression. Morphogenesis also relies on the mechanical forces defined by the physical
properties of the system. In developing systems, mechanical forces can be active because cells
can sense and react to mechanical stimuli through the process of mechanotransduction. To
date, it is still unclear how genetic programs and mechanical forces interact to control

morphogenetic programs.

During my phD thesis, | studied the roles of three mechanosensitive transcription factors:

KIf2a, KIf2b and Egrl during the process of cardiac valve morphogenesis.

I. About the importance of studying cardiovascular development

Organogenesis is a well-organized and controlled process. Nevertheless, it happens one of the
steps may be impaired and therefore impacts the correct formation of organs, e.g. the heart
and/or the valves. It is obvious that valve function has to be mechanically flawless, as the heart
beats continuously during lifespan. Either the obstruction of forward flow or a backwards
regurgitation of blood due to defective valves could cause heart failure or could lead to

congenital heart diseases.
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1.1 Congenital heart diseases and valve defects
Congenital Heart Defects (CHDs) represent the most common form of birth defects occurring
in 1% of live birth, with similar prevalence throughout the world (CDC statistics). The defects
are diverse and too severe alteration can even result in death at birth. Therefore, CHDs
constitute a leading cause of infant mortality and morbidity worldwide (Kuo et al., 1997)
Among the possible defects, atrioventricular and septal defects (AVSDs) account for
the majority of CHDs (Hoffmann and Kaplan 2002) and, to date, are still a challenging medical
issue. In humans, cardiac valve defects account for 20-30% of all congenital cardiovascular
malformations, with an incidence of =2% in all live births (Hoffman and Kaplan, 2002). They
can affect the mature heart structure and its beating function. The most common are mitral
insufficiency (i.e., regurgitation), mitral stenosis, myxomatous degeneration (formation of
soft tumor) as well as mitral valve prolapse and can eventually lead to early death (Pagnozzi

and Butcher 2017)

1.2 Origin of the defects: genetic and epigenetic factors

Majority of the CH defects comes from abnormal embryogenic atrio-ventricular (AV) valve
development: for example, delays or alterations in the signalling pathway regulating heart
septation (Lin et al., 2012). Although the precise origin of each defect and related-disease is
elusive, multifactorial causes like genetic, environmental or a combination of both seems to
be link. In main cases, whitout clear origini, epigenetic factors are thought to play an important
role in the pathogenesis of congenital valve defects (Goddard et al., 2017). Among the
environmental causes, alcohol or tobacco, the use of certain drugs and medications
(barbituric, anti-inflammatory drugs) (van Gelder et al., 2011), poor nutritional status (Hassan
etal., 2015), obesity of the mother (Brite et al., 2014) or viral infections (like rubella, (Stuckley
1956) contracted during pregnancy can lead to heart malformations.

Most of the diseases are usually linked to specific genetic mutations in genes related
to heart valve development, such as the signalling factors: Notch1 and Transforming Growth
Factor Beta (TGFB) for the aortic valves (Kerstjens-Frederikse et al., 2016) (Arthur and
Bamforth 2011) (Theodoris et al., 2015), T-box transcription factor 5 & 20 (TBX5,TBX20)
(Chiplunkar et al., 2013), GATA4 (Guo et al.,, 2017), the transcription coactivator LIM and

cysteine-rich domains protein 1 (LMCD1), (Dina et al., 2015), and also proteins of the
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extracellular matrix : Tensin-1 (TNS1), the member of cadherin and cell adhesion proteins
protein dachsous homolog 1 (DCHS1) and Filamin A (FLNA), an actin-interacting protein (Sauls
et al.,, 2012) involved in mitral valvulopathies. Affected valves in patients carrying FLNA
mutations often display defects in extracellular matrix (ECM) deposition. thus leading to
affected mitral valve architecture and degeneration. The gold standard treatment for
advanced heart valve disease is surgical replacement. But none of the currently available
mechanical and biological heart valve substitutes are ideal solutions, though living autografts
(from the same body) are clearly have a better performance than non-living homografts
(mechanical valve) (Walter et al., 2012). Understanding how mechanical forces can be used to
grow better living valves is an ongoing challenge for biomedical engineers of valve defects
(MacGrogan et al., 2014). Another important research field investigates how these leaflets
develop during embryogenesis, in particular regarding the spatio-temporal signalling
regulations and the biochemical signals which are involved. In addition, it may help to create
engineered viable tissue for heart valves and developing novel treatment strategies for valve

diseases.

In order to study cardiac development and some diseases linked to it, a powerful animal model

has been used since 1990s: zebrafish.
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Il. Zebrafish, a powerful animal model for cardiac development and for

human cardiovascular diseases modelling

Among in vivo model systems, unique opportunities for understanding morphogenesis, and in

particular for studying heart development and valvulogenesis, are provided by zebrafish
embryos. Zebrafish has become a popular animal model for genetics and developmental

biology since the 1990s.

1.1 Presentation of the zebrafish

Danio Rerio or Brachydanio Rerio is a vertebrate from the Telosteis intraclass of fish. It is better
known as the zebrafish, appropriately named due to its black-and-white stripes (Figure 1). It
is a small (three centimetres in length for an adult) and tropical freshwater fish, originally
found in slow streams, rice paddies and in the Ganges River in East India and Burma. It is a
common and robust aquarium species, where it breeds all year round.

George Streisinger was the first scientist to use zebrafish as an animal model for
embryogenesis and developmental studies because of its “desirable attributes”. Amongst
these, include its small size, easy maintenance in an aquarium, the external fertilization and
extrauterine development allow access to the embryos easily from one-cell stage. 100 to 300
embryos can be obtained per couple per week, considerably enhancing the experimental
throughput in comparison to other vertebrate models such as chicks or mice. Generation time
is short (for a vertebrate), typically 3 to 4 months, making it suitable for selection
experiments. To make a comparison with human development, the first two days of zebrafish
development correspond to the 35 first days of human embryo and 12 first days of mouse
embryos (reviewed by (Stainier 2002). Organogenesis is rapid, with precursors of all major
organs developing within 36 hours, larvae displaying food-seeking and active avoidance

behaviours within five days after fertilization.
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Figure 1: Zebrafish embryo at different developmental stages.

A: 12hpf, B: 24hfp, Cand D’: 48hpf, E: 96hpf, E’: adult

The principal anatomical structures in a 48hpf-embryo and in an adult fish are presented in E

and E’. Due to the optical transparency, enhanced by the addition of PTU in the medium which

prevents the formation of pigments, cardiac vessels and organs can be observed easily under
visible light on a microscope (A, B, C, E x50 ; D: x250, E’: 1x). E: visualization of the heart cavity.
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11.2 Genetic considerations about zebrafish
Another important characteristic that makes the zebrafish an appealing model for research is
its use as a genetic tool.

Its diploid genome has been sequenced and is completely annotated. It contains 25
chromosomes (without the heteromorphic sexual ones). It has 1.4 billion bp size,
corresponding to a little less than half of the human genome. Interestingly, 69% of the 26.000
protein-coding genes have a human ortholog, making zebrafish to be a pertinentn animal
model to study human diseases (Howe et al., 2013). A whole genome duplication event has
been postulated to explain the high redundancy of zebrafish genes and the fact that
approximately 15% of the human genes have more than one ortholog in Danio rerio
(Postlethwait et al., 2000). Paralogs can have either redundant functionalities or retain one of

the functions of their human ortholog.

I1.2.a) Some considerations about zebrafish mutant models

The ease of depleting a candidate gene in zebrafish was extensively for studying loss-of-
function effects of mutations and for identifying new genes implicated in development and
pathologies.

Rapid screening for candidate gene validation, genome annotation and disease modelling
was first realized using morpholinos (MO)-based antisense Knock-Down (KD) (Summerton
1999). MOs are 25 morpholine (organic chemical compound) base-oligomers, that are
complementary in sequence to their target region. Their backbone confers to them a high
affinity with RNA. MOs have three ways of action: first they can modify the splicing of the pre-
mNA causing a specific exon to be spliced out. Second, they can inhibit the maturation and
activity of miRNA. Finally, they can block the initiation of translation due to steric hindrance
on the start site, leading in most cases to the production of non-functional protein. Despite
special care brought to ensure specificity of the targeting and to avoid off-target effects and
toxicity has been developed (Bill et al., 2009), some conflicting observations between
morphants (MO-injected embryos) and mutants raise serious concern about the specificity of
the morpholino anti-sense technology. (Kok et al., 2015) conclude that “after looking at more
than 80 genes, that approximately 80% of morphant phenotypes were not observed in the

corresponding mutants” (Stainier et al., 2015). Because of these drawbacks, this method tends
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to be neglected compared to Knock-Out (KO) models; or used as a complementary study.

Forward genetic screens has generated thousands of mutants by introducing random
point mutations in the genome using either gamma rays (Chakrabarti et al., 1983) or the more
commonly used point mutagen N-ethyl-nitroso-urea (ENU) (Driever et al., 1996) ; (Haffter et
al., 1996) The mutated gene was then identified using gene mapping techniques and mutants
showing recessive inheritance of the phenotype were selected. The largest random
mutagenesis project is carried out by the Welcome Trust Sanger institute (Kettleborough et
al., 2013). These screens have produced mutants with a variety of cardiac phenotypes (Stainier
et al., 1996), many of which resemble human cardiac malformations.

The repertoire of zebrafish mutagenesis tools, breeding strategies and mutant selection
approaches has no match in any other vertebrate. Nowadays, new techniques have emerged
to generate directed-mutants using nuclease-based techniques including Transcription
Activator-Like Effector Nucleases or TALENs (Bedell et al., 2012) and Clustered Regularly
Interspaced Short Palindromic Repeats / Cluster Associated 9 or CRISPR-cas9 (Hwang et al.,
2013). These techniques are based on the insertion of a double-stranded cut on genomic DNA
by a nuclease domain which can specially recognized at a locus of interest a DNA binding motif.
This motif is peptidic in the case of TALEN and RNA-based in the case of CRISPR/Cas9. the
induced cut will be repaired by the cell error-prone repair mechanism, which likely lead to
insertion and/or deletion. This can lead in modifications of the reading frame and therefore

to a shortened and un-functional protein.
The Zebrafish Mutation Project (ZMP) now aims to create a knockout allele in every

protein-coding gene in the zebrafish genome, using a combination of whole exome

enrichment, nuclease-based techniques and Illumina next generation sequencing.
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11.2.b) Zebrafish transgenic lines, tol2 system and Gal4 gene trap

In addition, a number of transgenic strains have been generated, expressing fluorescent
proteins in tissue specific cell types (Long et al., 1997), (Huang et al., 2003) and (Motoike et
al., 2000) making zebrafish a powerful model for imaging as well. Aside from its high genetic
homology with humans (Howe et al., 2013), a wide range of transgenic reporter lines with
tissue-specific expression of fluorescent proteins are available for the scientific community.
The Zebrafish International Resource Centre (ZIRC) gathers mutagenized and wild-type
zebrafish strains library and for materials and information about zebrafish research, public

available on the online platform Zfin.

Tol2 transposon system
Introducing transgenes into the zebrafish germline to generate stable transgenic lines is
facilitated by the use of Tol2 transposable element.

Tol2 system consists of a transposon-donor plasmid carrying a Tol2 construct with
gene of interest and the transposase activity supplied in the form of mRNA synthetized in
vitro. The tol2 construct contains DNA sequences recognized by the transposase. These
minimal cis-sequences essential and sufficient for transposition are 200-bp from the left end
(L200) and 150-bp from the right end (R150) of the Tol2 element ((Balciunas et al., 2006);
(Urasaki et al., 2006). Any DNA fragment can be cloned between these cis-sequences. Tol2
system is active in all vertebrate cells tested so far (Kawakami 2007).

In zebrafish, plasmid carrying Tol2 elements can be micro-injected into fertilized eggs
with the Tol2 transposase mRNA. Tol2 - excised from the donor plasmid - is integrated into
the genome of the germ cell lineage during embryonic development, and the transposon
insertions are transmitted to the next generation through germ cells (Kawakami and Shima
1999) ; (Kawakami et al., 2004). Because of the high transposition efficiency in the germ line
and the capacity to carry a large DNA fragment, Tol2-mediated transgenesis has become a
popular method to create zebrafish transenic lines. Moreover, it allows the integration of
transgenes as single copies, thereby eliminating the problems associated with insertions

containing complex concatemeric arrays (Kawakami et al., 2000).
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Gald/UAS regulatory system

Tol 2 system was successfully applied to It was in particular
associated with the Gal4 gene trap as well as enhancer trap methods (Scott et al., 2007) ;
(Asakawa and Kawakami 2008).

The yeast transcriptional activator Gal4” was used to develop a powerful system to
activate the transcription of gene of interest. Gal4 and its variant Gal4FF (Asakawa and
Kawakami 2008) binds to a specific recognition sequence called

and activates transcription of the target gene placed
downstream the UAS. Gal4/Gal4FF can be expressed in particular tissues and stimulates
expression of a gene linked to UAS in a tissue-specific manner. The Gal4/UAS system was
adapted to zebrafish by Scheer and Campos-Ortega (Sheer and Campos-Ortega 1999) who
assayed reporter expression under the control of 5 UAS copies (5X UAS). It is widely employed
to analyse zebrafish gene functions in vivo by crossing specific Gal4FF-expressing lines with
UAS-reporter / UAS-effector lines. An example is presented on Figure 2, with the over-

expression of KIf2a in endocardial cells.

! Gene trapping method is used to disrupt genes by inserting a trapping cassette consisting of a promoter-less reporter gene
and selectable genetic marker. When inserted into an intron of an expressed gene, the trap cassette is transcribed from the
endogenous promoter of that gene in the form of a fusion transcript in which the exon(s) upstream of the insertion site is
spliced in frame to the reporter/selectable marker gene. Since transcription is terminated prematurely at the inserted
polyadenylation site, the processed fusion transcript encodes a truncated and nonfunctional version of the
cellular protein and the reporter/selectable marker. Thus, gene traps simultaneously inactivate and report the expression of
the trapped gene at the insertion site. The same method can be applied to enhancer trapping to investigate how and when
enhancer DNA sequences can affect gene regulation, and also aid in the determination of their possible location

2 In yeast, the Gal4 transcription factor binds to upstream activating sequences (UAS) to direct transcription of genes
necessary for metabolism of galactose. UAS is found between the GAL1 and GAL10 genes from the yeast galactose metabolic
system. Giniger, E., S. Varnum and M. Ptashne, (1895). "Specific DNA Binding of GAL4, A Positive Regulatory Protein of Yeast."
Cell 40: 767-774.
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Notes about UAS sequences

UAS are repetitive sequences which exhibited high affinity for the Gal4 DNA binding domain
in vitro (Kang et al., 1993). Synthetic promoters consisting of basal transcription initiating
elements combined with tandem repeats of the UAS sequence were designed. Each UAS is 17
base pairs long, roughly palindromic, and in the form of CGG-N11-CCG. The CpG dinuleotides
are essential for Gal4 binding (Marmorstein et al., 1992) and serve as a target for methylation
(Goll et al., 2009). UAS are assembled into multiple tandem copies and separated by 10bp
spacer sequence. Four or five distinct upstream activator copies (4x — 5X UAS) were shown to
be far less susceptible to methylation than insertions containing fourteen repetitions used in
the past (Akitake et al., 2011). It was difficult to obtain high levels of expression from these
constructs, most likely because they were integrated as large concatemers of multiple
transgenes, which made them susceptible to silencing. The second and fourth repetitions are

placed in reverse orientation to minimize further the repetitive nature of the multicopy UAS.
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Figure 2: Genetic tools in ZF. Use of the Gal4FF/UAS system to express endogenous sequence
in the tissue of interest.

UAS: upstream activation sequence, specific recognition sequence of Gal4FF protein.

fli/flila promoter: Friend Leukemia Integration 1a (fli) promoter, specific of endothelial and
hematopoietic cells. It widely used to drive the expression of enhanced green fluorescent
protein (EGFP) in all blood vessels throughout embryogenesis (Lawson and Weinstein 2002).

Panel A: general presentation of the Gal4FF/UAS system.

Panel B: Example of the use of this system to over-express klf2a in endocardial cells.
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1.3 Advantages of using the zebrafish model to study heart development

Although the chick and amphibian have provided most of the current knowledge about cardiac

development (reviewed by Litvin, 1992), the zebrafish offers non-negligible advantages.

Organ formation in zebrafish is easily accessible at all stages of development due to their
optical transparency. This allows simple non-invasive whole-mount observation/imaging of
developmental processes, in particular of heart development, as shown on Figure 1. The
optical clarity is due either to the absence of pigment (“casper” line, (White et al., 2008)) or
the possibility to inhibit pigmentation by adding to the growing medium a non-invasive and
non-toxic drug called 1-phenyl 2-thiourea or PTU, a couple of hours after fertilization (see
materials & methods section).

The oxygenation of the early zebrafish embryo does not rely on heart beat and blood flow
during the first days of development (Stainier et al., 1996). Indeed, oxygen can diffuse into the
embryo during the early stages of development due to their small size, avoiding the need for
an intact circulatory system (Peal et al., 2011). This small vertebrate is therefore particularly
well suited to study development and in particular cardiac formation. Heartbeat can be
stopped temporarily and reversibly using 2,3-butanedione monoxime (BDM, a myosin
ATPase inhibitor for few hours without affecting the development during the first days (Banjo
et al., 2013). This would not be possible in the mouse, for example, as heartbeat is necessary
at any time. Therefore, the zebrafish embryo gives the opportunity to address the role of
blood flow-mediated effects in cardiac development.

Moreover, and contrary to zebrafish, higher vertebrates present some inherent difficulty
to study their AVC development due to the early lethality that results from essential gene
knockouts (Peal et al., 2011). These unique zebrafish characteristics strongly facilitate the
study of heart malformations and this for a considerable period of development. Furthermore,
these features have allowed the characterization of a large number of cardiovascular mutants
and the zebrafish is now a widely recognized model organism to study heart diseases

(Lombardo et al., 2015).
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Ill. Cardiovascular system organisation and formation

The cardiovascular system allows blood to circulate through the organism to transport oxygen

and nutrients, and to take waste away from all tissues. It is a complex network of vessels:
arteries, veins and capillaries. The arteries carry the blood away from the heart, the veins
pump it back to it. In addition, the capillaries enable the exchange of oxygen, water and

chemicals between the blood and the cells.

I1l.1 General considerations about the vertebrate cardiovascular system

Cardiovascular system of vertebrates is a closed system. Blood should never leave the vessel
network. Vasculature anatomy and processes leading to the complete and functional network
are highly similar to those described in higher vertebrates, in particular humans (simplified
representation of the zebrafish cardiovascular system is presented in Figure 4).

In all organisms, blood flow is set in motion by rhythmic contractions of a muscular
pump, the heart. The adult vertebrate heart is a complex organ, divided into chambers —
called atria and ventricles - separated by different sets of valves, which help maintain
unidirectional blood flow within the heart and towards the vascular system. The atria act as
the receiving chambers pumping the blood through the ventricles, the discharging chambers.

In mammals, the cardiovascular system is organized into a double circulation system
(Figure 3). The heart is composed of four chambers: two atria and two ventricles. The
oxygenated blood comes from the lungs and enters the left ventricle via the left atrium, and
is pumped out into the body. The deoxygenated blood returns to the heart through its right

side, entering the right atrium and ventricle to be pumped into the lungs.
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111.2 Presentation of the zebrafish cardiovascular system

[11.2.a) Anatomy of the ZF cardiovascular system

Danio rerio has a simpler cardiovascular system: a single pattern, wherein the blood passes
through the heart only once during each complete circuit. Their heart is homologous to the
human one in terms of constitution, except it has only two chambers: one atrium and one
ventricle (Figure 5). However, recent studies show a possible laterality in the zebrafish atrium
(Guerra et al., 2018) mimicking both atria in mammals.

A simplified anatomy of the zebrafish cardiovascular network is presented on Figure 4
and a complete anatomical description of it with a precise nomenclature of vessels was
established and reviewed by (Isogai et al., 2001). Oxygen-deprived blood from the body
tissues comes to the heart, from where it is pumped to the gills. Gaseous exchange happens
within the gills, and the oxygenated blood from the gills is circulated throughout the body.

As in mammals, the cardiac pump is composed of three layers of cells: the first one,
the muscle tissue layer myocardium, is able to contract and forms a thick middle layer
between the outer mesothelial envelope, the epicardium, and the inner and non-contractile
layer, the endocardium, in direct contact with the blood. Myocardium and endocardium are

separated by an elastic, cell-free layer known as the cardiac jelly.
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Figure 3: comparison between the circulatory systems of fish and mammals.

A: atrium, V: ventricle

In mammals, the cardiovascular system is organized into a double circulation system. The
heart is composed of four chambers: two atria and two ventricles. The oxygenated blood
comes from the lungs and enters the left ventricle via the left atrium, and is pumped out into
the body. The deoxygenated blood returns to the heart through its right side, entering the
right atrium and ventricle to be pumped into the lungs.
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Figure 4: Simplified diagram of the ZF cardiovascular system overall organization.
48hpf-zebrafish embryo, embryo length: approx. 3.1mm.

Early zebrafish embryonic vascular development begins approximately at 12hpf, when a
precursor pool of cells from originates in the lateral plate mesoderm and will become later, at
approximately 24hpf, the dorsal aorta (DA) and dorsal vein (DV) forming the first circulation
loop. Blood exits the heart through the OFT into the bulbus arteriosus and the ventral aorta,
passes through the aortic arches and continues into the DA. This single media vessel runs into
the tail and turns 180 degrees at its caudal most end to empty into the posterior caudal vein
(PCV), a single medial unpaired tube. Between both vessels, blood flow circulates through the
intersegmental vessels (ISVs). Post-ventral vasculature forms an interconnecting network of
venous tubes, called caudal vein plexus, formed by angiogenesis. Blood is then collected in
the common cardinal veins (CCVs) and transported back to the heart. At 48hpf stage, the
embryo still depends on lipid nutriments contained inside the yolk. The heart tube has looped
and beats vigorously, the two chambers — atrium and ventricle — become separated from the
constriction inside the Atrio-ventricular canal (AVC) region. Endothelial cushions are beginning
to form in this area.

Adapted from (Garcia-Caballero et al., 2018) and (Lawson and Weinstein 2002).
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Figure 5: Comparative anatomical schemes of a zebrafish and human hearts.
Simplified zebrafish heart on the upper part at 96hpf and adult human heart on the lower part

In zebrafish, the Atrio-Ventricular Canal (AVC) separates the two cardiac chambers, the atrium

(A) from the ventricle (V). Valve leaflets form from invagination and tissue remodeling from
the endocardium (green layer) in this area.
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[11.2.b) General structural key steps in the zebrafish cardiovascular development

The developmental steps of the zebrafish heart can be extrapolated to the human’s. As in
higher vertebrates, the zebrafish heart is one of the first organs to be formed and functional
during embryogenesis. It starts beating peristaltically at 24 hours post-fertilization (hpf) when
the blood flow is very low, and reaches its mature configuration within 5 days post fertilization
(dpf).

Cardiac development begins with cardiac cell specification at the blastula stage (5hpf)
(Stainier et al., 1993). The heart first forms as a linear simple tube, incompletely lumenized,
which lacks septation and chambers. Shortly after, the lumen starts opening and the stroke
volume and frequency quickly increase (Boselli et al., 2015). The linear tube then undergoes a
conformational change known as looping, with a displacement of the ventricle to the embryo’s
right-hand side, and by 36hpf the cardiac looping is done. Beatings are now 180beats/min and
provide a strong circulation to the trunk and head (Stainier et al., 1993).

With the onset of blood flow, the two cardiac chambers greatly expand in size in a
process called cardiac ballooning (between 30 and 54hfp), which occurs through a continuous
accretion of cells at the arterial and venous poles of the heart (Dietrich et al., 2014). At the
same time, the constricted region between the forming atrium and the ventricle specializes,
forming the so-called Atrio-Ventricular Canal (AVC), where one set of valves will emerge. As
the heart loops, it indeed becomes less efficient at preventing

, requiring functional valves (Liebling et al., 2006).

Embryonic heart growth requires the coordinated expansion and patterning of two

major cell types, endothelial cells that line the lumen of the cardiac chambers and contractile

myocardial cells that pump blood (Zhou et al., 2015).
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[11.2.c) Key cellular and molecular steps in zebrafish heart development

The heart results from the accretion of distinct progenitor cell populations, which have specific
regional contributions to its development.

In higher vertebrates, the earliest population of cardiac progenitors is called the

and originate from the anterior lateral plate mesoderm (ALPM). A midline
fusion of these mesodermal cells leads by differentiation to the initial tube myocardium
formation and expression of muscle-specific proteins. In mammals, these progenitors will
form the left ventricle and parts of the atria. Then, the heart expands by the addition of
(SHF) cells, late-differentiating mesodermal progenitor cells, accrete new
myocardium to the heart arterial and venous poles. They contribute to the smooth muscles
and myocardium of the atria, right ventricle, and OFT. (Stainier et al., 1993) (Lescroart et al.,
2010); (Felker et al., 2018). Several studies have shown the conservation of these mechanisms
in zebrafish. A population of late-differentiating cardiac progenitors gathering at the arterial
pole was shown to be analogous to the mammalian SHF (Knight and Yelon 2016).

At the early cardiac crescent stage, a bilateral expression of conserved cardiac
transcription factors ( ) can be detected defining the first and second
HF (Serbedzija et al., 1996) (Lazic and Scott 2011) (Yelon 2001).

The fusion of the progenitors occurs by 14-18 hpf, the subsequently linear tube
composed of endocardium and the surrounding early-differentiating FHF cardiomyocytes
emerges at 16—18 hpf under expression of differentiation markers including myosin regulatory
light chain 7 ( ) (Felker et al., 2018); (Stainier et al., 1993) (Bakkers 2011). Starting from
26 hpf, a late-differentiating wave of cardiomyocytes occurs. These progenitors from the SHF
are patterned along the anterior-posterior axis of the embryos. Anterior cells, adjacent to the
arterial cardiac pole, contribute to the formation of the right ventricle and the OFT
myocardium. Whereas the posterior SHF, adjacent to the venous pole, contributes to the
venous inflow tract (IFT) atrial myocardium and the sinoatrial node (Knight and Yelon 2016);

(Felker et al., 2018).
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[11.2.d Further information about genetic regulation of heart formation

During the early somitogenesis stage and the first steps of cardiac specification, retinoic acid
(RA) signalling has a potent repressive role, limiting the density of myocardial progenitor cells.
It later influences cardiac chamber identity, terminal myocardial differentiation, cardiac
looping, and ventricular maturation and growth (Keegan et al., 2004).

Some important factors regulate SHF. Among them, the Nkx. Nkx genes encode
homeobox-containing transcription factors. Nkx2.5 and nkx2.7 (two zebrafish homolog of
mice Nkx2.5) are expressed in cells of the FHF and SHF (Stanley et al., 2002), and regulate
cardiac development (Guner-Ataman et al., 2013), Nkx2.5 is associated with a myriad of
human CHDs (Bruneau 2008). They restrict the proliferation of anterior SHF progenitors in
OFT, will delimit later the number of posterior SHF progenitors at the venous pole and pattern
the sinoatrial node acting through Is/1 repression (Kelly 2005); (Colombo et al., 2018). Is/1 is a
member of the Isl1 mutant hearts are lacking outflow tract, right ventricle, and
have a severe reduction in atrial tissue (Lin et al., 2006). By regulating sonic hedgehog (shh)
expression, Isll participates to the morphogenesis at the anterior pole of the heart, in
particular the formation of the aortic arch and outflow tract formation (Lin et al., 2006).

Hedgehog (Hh) signalling is required for endocardial differentiation (Wong et al.,
2012). In the absence of Hh signalling, endocardial progenitors fail to migrate to the midline
and do not initiate endocardial nfatcl expression, while endothelial differentiation of blood
vessels is not affected. This argues that Hh is a specific signal required for endocardial
differentiation. It was also shown to activate fibronectin expression (Wong et al., 2012).

FGF signalling also regulates heart formation by modulating the expression of myocyte
enhancer factor 2cb (mef2ch), expressed in the late ventricular region, and necessary for late
myocardial addition to the arterial pole (Lazic and Scott 2011).

Two members of GATA family, gata4 and gata5, are expressed in endocardial cells®.
gata4 expression precedes gata5 and is essential for initiation of endocardial-endothelial

differentiation, gata5 rather appears to be required for progression of the differentiation

3 GATAGS expression was also detected in few myocytes, suggesting a potential cell autonomous role in the
myocardium (Nemer and Nemer, 2002)
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program. Inhibition of either gata5 expression or nuclear factor of activated T-cells
cytoplasmic (NF-ATc) activation blocks terminal differentiation at a pre- endocardial stage.
GATAS and NF-ATc seem to synergistically activate endocardial transcription (Nemer 2002).
GATAS also functions upstream of nkx2.5 to initiate myocardial differentiation.

Bmp and Wnt signals are also similarly required for endocardial and myocardial

differentiation in vitro (Misfeldt et al., 2009).

IV. Cardiac valves

Cardiac valves are the “doors of the heart”. These fine membranes open and close according

to the pressure on each side of the valve and act as a physical barrier to blood flow.

Zebrafish heart contains two types of valves: mitral or Atrioventricular Valves (AV
valves) located in between atrium and ventricle and define the Atrioventricular Canal region
(AVC). The second set of valves, the pulmonary and aortic valves, called Out Flow-Tract valves
(OFT valves) in zebrafish. They separate the ventricle from the aorta and permit the blood to
be expelled within the general circulation through aorta.

In the human heart, the AV or mitral valves can be distinguished between the tricuspid
valve, with three leaflets separating the right atrium and ventricle; and a bicuspid mitral valve
separating the left-sided chambers. A comparison between both cardiac systems is presented
on Figure 5.

The three-dimensional structure of the valve leaflets is key for efficient gating. Cardiac
valves are usually tricuspid (three leaflets) or bicuspid (two leaflets), and their function relies
on the fact that one leaflet is longer than the other(s) for the closing to be efficient. Valve mis-
function occurs when the valves fail to open properly (stenosis) or do not shut completely

(regurgitation).
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Due to their essential role, valve formation is an important and controlled process during heart

development, modulated spatiotemporally by a precise gene expression pattern. To date, the
developmental mechanisms controlling the number and the three-dimensional shape of the
valve leaflets are still not completely elucidated. In particular, the precise genetic signalling
pathways that dictate valve formation and the interactions with the mechanical forces at work

in the developing heart are not well understood.

IV.1 State-of-art on the cellular processes involved in the zebrafish valve formation
Zebrafish valvulogenesis starts from 48hpf when the endothelial ring is forming in AVC. The
reversing flow is still quite high at this stage (Scherz et al., 2008), estimated at 30% with a
heart rate between 1.5 and 2 Hz (Vermot et al., 2009). Valvulogenesis will be complete around
96hpf when the leaflets can actually be seen extending into the AVC lumen (Stainier 2002)
and (Beis et al., 2005).

An initial and crucial step in their formation is the swelling of the adjacent ExtraCellular
Matrix (ECM), also termed cardiac jelly, around the AVC. In mice and chicks, the composition
of ECM changes as the heart develops (reviewed by (Armstrong and Bischoff 2004) and is
mainly a hyaluronan (HA)-rich gelatinous matrix. This swelling is due to the delamination,
subsequent migration and proliferation of endothelial cells (ECs) into the ECM (Beis et al.,
2005) ; (Scherz et al., 2008) to form so-called endocardial pre-valvular cushions. These
transient structures are progressively remodelled into mature valve leaflets. The ECs undergo
an epithelial-to-mesenchymal transition (EMT) under a signal received from the overlying
myocardial cells. This process was first thought to be similar in zebrafish (Beis et al., 2005) as
several markers of EMT, such as notchlb (Vermot et al.,, 2009) and (Beis et al., 2005);
(Timmerman et al., 2004), nfat (Chang et al., 2004), wnt (Hurlstone et al., 2003) and erbB
(Goishi et al., 2003) are expressed in the zebrafish AVC as in mice. But some studies (Scherz et
al., 2008) have shown zebrafish heart valves appear to emerge at the AVC boundary directly
through an invagination of the AV endothelium rather than from mesenchymal cushion. Steed
etal. (2016) * analysed the cellular processes leading to leaflet formation. The ECs first cluster

at the AV boundary and form an endothelial ring lining the AV canal between 24 and 48hpf.

4 Paper available in Annex 1
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This initial clustering is followed by the appearance of cellular extensions (filopodia) towards
the cardiac jelly. A subsequent tissue remodelling occurs to form multiple cell layer-leaflets
composed of ventricular and AVC-derived ECs within the cardiac jelly, which overlie the atrial-
derived ECs exposed to the lumen. Figure 6 presents a comparison of both processes.
Endocardial and myocardial cells were shown to differentiate morphologically before
the onset of EMT/endocardial ring formation (Beis et al., 2005). From 36hpf, AV ECs undergoes
a transition from squamous to cuboidal cell shape and start laterally expressing Dm-grasp, a
cell-adhesion molecule Cuboidal AV. They also present a characteristic pattern of actin and
catenin staining indicative of adherent junctions. By 55 hpf, the superior and inferior regions
of the AVC are each lined by a sheet of cuboidal ECs interconnected by squamous cells. This
spatial organisation could help preventing blood regurgitation prior to the formation of valves

(Beis et al., 2005).
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Figure 6: Models of the early stages of AV valve development

A: Zebrafish valvulogenesis. different steps leading to the formation of mature valve leaflets
are summarized on the scheme. The primitive linear tube undergoes a change of conformation
with the displacement of the ventricle of the right side of the embryos. Atrium and ventricle
grow in size in a process called cardiac ballooning. EMT does not seem to occur in zebrafish.
In contrast, ECs clustered at AVC and rearrange to form multi-layered cushions invading the
cardiac jelly. Valve come from an invagination of endocardium. (Figure from (Steed et al.,
2016)- paper available at the end of chapter 1).

B: Mice valvulogenesis. Endocardial cells (ECs) delaminate and migrate into the cardiac jelly/
Extra Cellular Matrix (ECM) where they undergo a transition to become mesenchymal cells
(MC) under signals received from the myocardium (My) to populate and give birth to valve
cushions. This process is called Endocardial-Mesenchymal Transition or EMT. (Figures adapted
from Lambrechts and Carmeliet, 2004)
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IV.2. State-of-art on the genetic control of zebrafish valve formation

The formation of functional valves, from the initiation of ECs migration to the global tissue

remodelling, is regulated by a unique genetic program. The expression of genes specific to AVC
depends on the communication between molecules secreted in the subjacent AV myocardium
and the endocardium. An elaborate combination of signalling pathways between the two cell

layers occurs.

Figure 9 summarizes then main genetic and molecular pathways occurring during AV valve

formation.

IV.2.a) Notch and Bmp signalling: bidirectional signalling in zebrafish AVC

The myocardial and endocardial cells in the developing zebrafish AVC appear to communicate
to each other across the cardiac jelly, specifically through the myocardium-derived Bone
Morphogenetic Protein (BMP) and Notch signalling pathways (Vermot et al. 2009).

BMP already demonstrated as crucial for endocardial proliferation during the
ballooning phase (Dietrich et al., 2014) is also required for EMT and for the formation of
endocardial cushions and valves (Jiao et al., 2003); (Rivera-Feliciano and Tabin 2006) (Garside
et al., 2013). Bmp4 is expressed throughout the primitive myocardium, and becomes
restricted from 37hpf to AVC myocardial cells (Walsh and Stainier 2001). It inhibits the
expression of chamber-specific genes in the AVC region, and initiates the expression of
another important markers of endocardial differentiation — nuclear factor of activated T-cells,
cytoplasmic, calcineurin- dependent 1 - (Palencia-Desai et al., 2015). BMP also encodes
for different ligand and membrane receptor pairs which leads to the activation of cytoplasmic
SMAD proteins. These proteins regulate gene expression in the endocardium of the primitive
heart tube by 24hpf, and later in myocardial cells of the AVC by 48hpf (Beets et al., 2016).
Thx2/tbx2b gene is one of their targets, it directly binds Has2 and Tgf-82 promoters and
increased their transcriptional activities required for EMT / cushions formation (for Has2 see
next paragraph for further details ; for mice Tgf-B2 - (Shiraia et al., 2009). Tbx2/tbx2b

expression pattern makes it as a marker of the AVC myocardium (Walsh and Stainier 2001).
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Notch signalling is also involved in similar communication between cell layers and AVC
formation. Notch1b expression is first detected throughout the endocardium and it becomes
restricted to the endocardial AVC valve forming cells by 58 hpf (Vermot et al., 2009). Zebrafish
notchlb was proved to be one of the potential endocardial signals for myocyte differentiation
in the AV ring (Milan et al., 2006). Consequently, Notch signalling is required at early stages to
prevent an AV cushion phenotype in the ventricle, and later on to modulate cushion formation

in the AVC (Timmerman et al., 2004).

IV.2.b) VEGF signalling: Regulation of endothelial division and ECM biosynthesis

Vascular Endothelial Growth Factor (VEGF) signalling, pivotal regulator of vascular
development, is essential for AVC formation at 17-19 hpf, it causes cell maker changes and
division. Then calcineurin/NFAT represses its expression from 20-33 hpf (Lee et al., 2006).
After myocardial cells migrate to surround endocardial progenitors, they initiate calcineurin-
dependent transcription factor (nfatcl) expression in AVC (Wong et al., 2012), making of this
gene a specific endocardial marker of the AVC. VEGF also cooperate with TGF-B1 (Lee et al.,
2006), which was shown to induce EMT in clonal populations of mouse valve endothelial cells
(Paranya et al., 2001). The upregulation of endoglin by TGFB1 is cooperative with hypoxia,
which is an upstream regulator of VEGF, suggesting cross-talk between VEGF and TGFB1 in
valvulogenesis (Lee et al., 2006). VEGF modulates extracellular matrix biosynthesis and in turn,
the ECM influences cell behavior during development (Ortega et al., 1998). Cell-restricted
expression of notch1b and bmp4 is abolished when VEGF-R signalling was chemically disrupted
(Lee et al., 2006). This blocking also mimics the genetic disruption of UDP-glucose
dehydrogenase (UGDH) in zebrafish (Walsh and Stainier 2001) raising the hypothesis VEGF-R
signaling and hyaluronic acid (HA) biosynthesis may act in an integrated manner during valve

development.

Focus on one VEGF receptor, Fgefrl or Flt1

Zebrafish VEGF receptor proteins are encoded by the f/t1 (Vegf receptor 1, vegfrl),
kdr (previously kdrb, vegf receptor 2), kdr-like (kdrl, previously kdra) and the fit4 (vegfr
receptor 3) (Bussmann et al., 2007) ortholog genes. Whereas the roles of flk1 (also named

kdr and kdrl) and of flt4 in mediating vascular development in zebrafish are well described
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(Covassin et al., 2009; Covassin et al., 2006; Habeck et al., 2002; Hogan et al., 2009b; Lawson
et al., 2002; Liao et al., less is known about flt1. FIt1 was first well documented for its essential
functions during blood vessels formation. Zebrafish embryos expressed soluble FIt1l protein
(sFIt1) and membrane-bound protein (mFIt1). Both mFlt-1 and sFlt-1 are essential to establish
and maintain the earliest vessels, a process termed vasculogenesis, as well as to direct later
sprouting, termed angiogenesis. They modulate endothelial cell proliferation (Kappas et al.,
2008) but only sFlt-1 regulates vessel branching by contributing to a local sprout guidance
mechanism and by negatively regulating endothelial tip cell differentiation (Krueger et al.,
2011) and (Chappell et al., 2013). Fit1 is involved in a VEGF-Notch Feedback Loop, acting in a
Notch-dependent manner as a negative regulator of and arterial branching formation. The use
of MO targeting flt1 showed reduced expression of Notch receptors and of the Notch
downstream target efnb2a, and ectopic expression of flt4 in fish arteries, consistent with the
loss of Notch signaling. Conditional overexpression of the notchla intracellular cleaved
domain in flt1 morphants restored segmental artery patterning (Chappell et al., 2013). Fit1 is
also expressed in the neural tube and it was shown that neuronal sFlt1 restricts Vegfaa-Kdrl
mediated angiogenesis at the neurovascular interface (Wild et al., 2017).

Beside its involvement in angiogenesis, flt1 is expressed in the endocardium at 26hpf,
and is required during heart development. Although its roles in valvulogenesis have never
been studied, flt1 was shown to act upstream of the phospholipase C gamma 1 (PLCgammal)
to control cardiac ventricular contractility (Rottbauer et al., 2005). The VEGF-FLT1-PLC1
signalling pathway function in a reversible and rapid manner by modifying cardiomyocyte

sa1504

calcium cycling. In this thesis, | studied the fit1 mutant and found severe AV valve defects.

| also uncovered a crosstalk with egr1 and klf2a signaling pathways (see chapter 3).

IV.2.c) Signaling pathways in cardiac jelly, role of the ECM

An appropriate ECM environment in the AVC is necessary to provide a scaffold to support
normal endocardial cushion formation (Camenisch et al., 2000) ; (Schroeder et al., 2003).

Some genes encoding for important components of ECM and cardiac jelly, like ugdh, versican
and has2 genes, undergo similar spatio-temporal changes as notch1b and bmp4 in the AVC
(Peal et al., 2011). Versican-a and has2 genes becomes restricted to AVC in 48hpf-embryos

(Hurlstone et al., 2003). Versican is a HA-binding proteoglycan, and Has2 synthetizes
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hyaluronan or acid hyaluronic (HA). HA was shown to be important for cell migration into the
cardiac jelly and for mice EMT in combination with Ras signalling and also involving CD44, and
ErbB receptors/ligands (Camenisch et al., 2000). Both versican a and has2 are transcriptional
targets of the Wnt/B-catenin pathway (Hurlstone et al., 2003). Another gene, expressed in
AVC endothelial cells, crip2, was discovered to have an antagonistic role (Kim et al., 2014) by
downregulating their expression. A cross-talk between Crip2 and Wnt signaling allows the
production of normal amount of Versican and HA. Indeed, either deficiency or over-expression
of versican and has2 causes heart valve defects (Walsh and Stainier 2001) (Hurlstone et al.,
2003) (Schroeder et al., 2003). Another signalling pathway, Wnt-independent, is also
regulating Has2: the mediator complex subunit 10 (Med10) mediates Forkhead box protein
N4 (Foxn4) signals and thereby activates the expression of tbx2b in AV myocardial cells; tbx2b
which in turns regulates Has2 (Just et al., 2016).

Versican regulation is also downstream of Cerebral Cavernous Malformation (CCM)
pathway. A role of CCM signaling in the developing heart was revealed by zebrafish embryos
(Mably et al., 2003) (Mably et al., 2006) (Zheng et al., 2010). Its name is linked to its discovery
through genetic studies of human patients with familial vascular malformations (Chan et al.,
2010) ; (Riant et al., 2010). Loss of endocardial CCM signaling results in embryonic heart failure
and reduced myocardial growth that is characterized by loss of cardiac jelly. Zhou et al. (2015)
demonstrated that this phenotype was shown to be caused by an increased expression of
KIf2 and KIf4 and of Adamts4 and Adamts5 genes endocardial secreted proteases that degrade
versican and were already shown to be important in the regulation of cardiac jelly and heart
valve formation (Dupuis et al., 2011) ; (Stankunas et al., 2008). CCM signaling plays a critical
role in cardiac development through the regulation of the MEKK3/MAPK signaling pathway
which then controls the expression of downstream KLF2/4 and ADAMTS. ADAMTS which
finally regulates versican protein levels in the cardiac jelly modulating its degradation (Figure

7) (Zhou et al., 2015).
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Figure 7: Cardiac jelly protein versican as a downstream target of CCM pathway.

The Cerebral Cavernous Malformation (CCM) pathway controls endocardial gene expression
through regulation of MEKK3 signaling and KLF2/4 expression during valve cushion formation.
CCM signaling controls the degradation of cardiac jelly (versican mainly) by negatively
regulating endocardial expression of ADAMTS4/5 proteases.

(From (Zhou et al., 2015)
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UDP-glucose dehydrogenase (UGDH)® is required to synthesize three important
glycosaminoglycans (GAGs) of the cardiac jelly from the conversion of UDP-glucose:
chondroitin sulfate (CS), heparan sulfate, and hyaluronic acid (HA) (Lander and Selleck 2000).
This process is also regulated by retinoic acid pathway (Morton et al., 2008). GAGs synthetis
are important to settle a boundary between the atrium and the ventricle and patterning the
developing AVC. They help forming a hydrated gel and regulating ligand availability, while

interacting with ECM components as versican (Armstrong and Bischoff 2004).

micro-RNAs (miRs) are also crucial molecular modulators during developments. Some
of them were shown to be involved in cardiac jelly remodelling. For example, miR-138, this
micro-RNA downregulates versican and retinoic acid dehydrogenase (raldhla2) from VEGF
cascade within the ventricle to keep them expressed only around the AVC (Morton et al.,
2008). The response to flow patterns is also mediated by small RNAs, often referred to as
mechano-miRs (Kumar et al., 2014). miR-21 is able to respond rapidly to blood flow, its
expression in regions of high shear stress suppresses a number of target genes that would
otherwise impair valve formation (Banjo et al., 2013). miR-143 is expressed within the OFT
and ventricle in a flow-dependent manner too (Miyasaka et al., 2011), it targets retinoic acid
(RA) signalling pathway components. Within endothelial cells in culture, KIf2 binds to the
promoter region of the mir143/145 cluster to induce expression (Hergenreider et al., 2012).

(See paragraph IV.3 for further details about biochemical forces during cardiac development)

Another gene seems to be important for the remodelling endocardial cushion matrix
components: bHLH gene heart and neural crest derivatives expressed transcript 2 or hand2.
Early in development, it regulates the epithelial polarity of myocardial precursors in zebrafish
(Trinh 2004) and it was shown to be required for proper morphogenesis of the right ventricle
and outflow tract, and to sustain mice cardiac development (Holler et al., 2010) (Laurent et

al., 2017).

g ekyll mutation” — Walsh and Stainier, 2001
% Role of miR-126 acting downstream of klf2a to drive flow-stimulated angiogenesis. — Nicoli et al., 2010

- 47 -



IV.2.d) Wnt/ B-catenin pathway

Whnt signalling - though the binding with its ligands - controls the translocation of B-catenin
into the nucleus to allow for expression of target genes. Among them, there are the T-Cell
Factor (TCF) transcription factors (Hurlstone et al.,, 2003). Wnt/b-catenin signalling is
operative in myocardial and endocardial cells only at AVC and regulates bmp4, has2 and
versican. Wnt/ R-catenin regulates subsequent expression of valve markers as well as
proliferation and transdifferentiation of endocardial cells to establish endocardial cushions
(Hurlstone et al., 2003). However, high resolution imaging leads to the proposal that
constitutively active Wnt/B-catenin signaling not only permits an increased cell proliferation
but also increased endocardial cell movement towards the AVC cardiac jelly.

Wnt/B-catenin signalling was shown to be downstream of NOTCH signalling (Wang et
al., 2013) and upstream of BMP (Verhoeven et al., 2011). For example, the complex Jagged1-
Notchl induces the mice endocardial expression of Wnt4, which subsequently acts as a
paracrine factor to upregulate Bmp2 expression in the adjacent AVC myocardium to signal
EMT (Wang et al., 2013). Verhoeven et al. demonstrated Wnt/b-catenin signaling is both
sufficient and required for the induction of Bmp4 and Thx2b expression in the AVC and
consequently the proper patterning of the myocardium. negative feedback loops were
discovered between these two major signaling pathways: 1d4 (from the Id family of
transcriptional bHLH repressors) could restrict endocardial Wnt/B-catenin signalling in
response to BMP signal (Ahuja et al., 2016)

Recent study reveals that one WNT members, the endocardial Wnt9b, “is required to
slow mesenchymal cell proliferation and drive the sub-endocardial mesenchymal cell
condensation by which a bulky cushion is remodeled into a mature valve” (Goddard et al.,
2017). Further details about the role of wnt9b in AVC valve formation and its interaction with
another important transcription factor, KIf2/KIf2a, will be presented in the following part IV.3.

| also studied in this thesis the regulation of wnt9b by Egrl.
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IV.3. The role of biomechanical forces in cardiac valve development

First hint that mechanical stimuli are essential for AVC development was the study of the early
cardiac phenotype of silent heart (sih) mutant embryos - which establish neither a heartbeat
nor blood flow due to mutation of cardiac troponin T (tnnt2/tnnt2a) gene, but do undergo
looping morphogenesis (Sehnert et al., 2002) and fail to form an endocardial ring at the AV
boundary (Bartman et al., 2004). Bartmann et al. noticed a specific absence of EC formation
in these embryos. This clearly demonstrates that myocardial function is required for EC
formation. However, they did not observe any change in the expression of bmp4; their
hypothesis was that myocardial function was somehow required for another aspect of this
signaling event.

It has been then shown that valve formation relies on a coordinated interplay with
mechanical forces generated by the blood flow (Hove et al., 2003). Blood flow seems to not
be necessary for endocardial ring formation, but rather critical for cell shape change and
leaflet invagination (Vermot et al., 2009). Numerous studies demonstrated that ECs can both
sense and transduce biomechanical stimuli, such as wall and fluid shear stress (WSS & FSS)
and transmural pressure caused by pulsatile blood flow (first demonstration by (Helmlinger et
al., 1991) into internal signals by sensing different patterns of blood flow. How hemodynamic
forces are converted to molecular information that are relayed across the endothelium to
control sub-endocardial mesenchymal cell, which are away from the blood flow, are not yet
completely understood.

Some flow-responsive genes have been identified, revealing specific molecular/
mechanical pathway in heart valve formation. One such gene is the zinc-finger transcriptional
regulator Vermot et al. (2009) demonstrated that the endothelial
ring assembly causes an increase in amplitude of reversing flows in the AVC. KIf2a expression
then becomes detectable in this specific region. Its expression dramatically reduces if flow
decreases. When klf2a is knocked-down valve genesis is altered. KIf2a appears to be an
important mediator of mechanosensitive responses to blood flow within ECs and thus
necessary for normal valve formation. The action of this endocardial transcription factor was
shown to be mediated primarily by , a secreted protein which acts as a
paracrine effector on underlying mesenchymal cells in mice and zebrafish (Goddard et al.,

2017). In mice, the KLF-WNT signalling pathway is required by endocardial cells to convert
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hemodynamic forces to paracrine WNT signals that orchestrate the behaviour of cells not in
contact with blood to form a mature heart valve, as illustrated in Figure 8. In zebrafish, the

endocardial expression of wnt9b is absent in klf2a mutants (Goddard et al., 2017), suggesting

that kif2a-wnt9b axis in conserved in vertebrates.
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Figure 8: Role of biochemical forces in AV valve development through KLF-WNT signalling.

Hemodynamical forces activate the expression of KLF2/KIf2a which in turn regulates
endocardial wnt9b expression in the mesenchymal cells. Wnt9b paracrine signal provide
primary instructions for the remodeling of the underlying mesenchymal cushion.

(From (Goddard et al., 2017).
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V. kilf2a, an important gene for valvulogenesis

Figure 9 illustrates this part.

V.1. KIf2a, a member of Kriippel-life factor family of transcription factors

Krippel-like factor 2a (KIf2a) has been identified by (Oates et al., 2001) as the zebrafish
ortholog of KLF2 gene discovered previously in humans (Wani et al., 1999) & (Kozyreva 1999)
and mice (Anderson et al., 1995). KIf2a has a paralog, KIf2b, reflecting the partial duplication
of the zebrafish genome after divergence of the teleost lineage during evolution (Taylor et al.,
2002), partial phylogenetic tree in Oates et al., 2001), as detailed previously.

KIf2 is part of a multigenic, evolutionarily conserved family of transcription factors
(Kruppel-Like Factors or KLF), either activators or repressors, discovered in mammals (Turner
and Crossley 1999). The genomic sequences are highly conserved among all members of the
family and they are all zinc-finger transcription factors (Anderson et al., 1995). The percentage
of identity is much higher in the region of the three tandem zinc fingers, DNA binding domains,
common to every KLF member. Each has three tandem C2H2-zinc finger domains in the C-
terminus of the protein (Figure 10). The N-termini have some common conserved motifs that
act as transactivation or repression domains but generally exhibit much less similarity in their
sequence. In some KLF proteins, N-termini contain sites of phosphorylation and acetylation
that may contribute to regulation of KLF activity (Zhang and Bieker 1998). The zinc-finger
motifs are able to bind to GC-rich sites of general structure (C)CN CNC CCN such as canonical
common in various promoters and enhancers (Jiang et al., 2008).

Regarding KLF2 homology, the murine and human genes are identical at 85% and their
proteins share 90% of identity in their primary structure. The homology between human KLF2
and zebrafish Klf2a is 78% for nucleotide content and 90% regarding the primary structure
(Anderson et al., 1995) ; (Oates et al., 2001).

Published and studied zebrafish KIf2a protein contains 380 amino acids (43kDa).
However, another form of KIf2a protein could be present in cells. Indeed, there is a second
putative ATG in the coding sequence, similar to human which also contains two putative TATA
boxes (Kozyreva 1999). The second putative zebrafish start codon is in the same reading frame
and would code for a shorter isoform of 347 amino acids (39kDa). To date, it is not known if

both forms are expressed in human or zebrafish cells. This will be explored in this thesis.
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V.2 Functions of KIf2/kif2a

Even if they share common elements in their structural organization, all members of the KLF
family present highly restricted patterns of expression in tissues and across development
(Oates et al., 2001) controlling cell growth and differentiation.

In adult organisms, KLF2 is involved in a broad range of functions including the control
of endothelial identity, vascular integrity, haematopoiesis (Wang et al., 2011, Sangwung et al.,
2017). It is essential for cardiovascular physiology in general: vasculogenesis, angiogenesis,
cardiac valve morphogenesis, regulation of vascular tone, and control of vasoprotective gene
expression (Dekker et al., 2006) ; (Lee et al., 2006) ; (Nicoli et al., 2010) ; (Parmar et al., 2006)
; (Vermot et al., 2009). Furthermore, KLF2 is implicated in the endothelial pro-inflammatory
process and over-expression the gene induces key endothelial inflammatory factors such as
eNOS (Kumar et al.,, 2005). This is evidenced by its implication in pathologies such as

atherosclerosis and cerebral cavernous malformations (Zhou et al., 2015).

Despite its implication in adult organism functions, KLF2 also plays an important role
during embryogenesis. In mice KLF2 is highly expressed in the vascular endothelium and is
critical for lung development and blood vessel formation (Dekker et al., 2006). Kuo et al.
(1997) observed that KLF2 mutant mice die in utero due to failure to form stable tunica media
in the blood vessels and subsequent haemorrhaging. KLF2 mutant embryos were shown to
present abnormal endocardial cell morphology and hypoplastic AV endocardial cushions. They
die before complete valve formation (Chiplunkar et al., 2013). In zebrafish, klf2a is expressed
in the early epidermis and becomes restricted to cells associated with blood vessels in the
head, trunk, and tail (Oates et al., 2001). klf2a is important for hematopoietic stem cell
formation (Wang et al., 2011). KIf2a is also essential for angiogenesis regulating some micro
RNA (as miR-126) (Nicoli et al., 2010). During the first steps of valvulogenesis, kif2a is
expressed in valve endocardium and in particular in the AVC (Vermot et al., 2009) (Heckel et
al., 2015). The Knock-Down of klf2a using morpholino (MO) results in thicker and less flexible
valves and increased regurgitation in the developing heart, compared to WT (Vermot et al.,
2009). Approximately 10% of klf2a™* mutant embryos (TALEN-KO mutant, published in (Steed
et al.,, 2016)) was missing any kind of valve structure, and 70% demonstrated a range of

valvular defects. However, and contrary to mice, adult homozygous fish survive, highlighting
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some compensatory mechanisms that should happen to compensate with klf2a loss. Kif2b
gene, the paralog of klf2a, could be involved in this compensatory mechanism. Despite its
central functions in both mice and zebrafish for valve development, to date, KLF2 has not been

linked to valvulopathies in humans.

V.3 KIf2/klf2a is a flow-responsive gene

KIf2 was originally described as LKLF (lung KLF) (Kozyreva 1999) (Dekker et al., 2002). It is the
first endothelial transcription factor that is uniquely induced by flow in human vascular
endothelial cells. was shown to be a key molecular effector of blood flow during valve
formation in the developing fish and mice heart (Vermot et al., 2009) (Heckel et al., 2015).

The circulation of blood flow in the vessels create so-called ,
tangential forces on the vessel walls. This fluid shear stress is crucial for maintenance of a
properly functioning endothelium. It was demonstrated in mice that KLF2 expression is greatly
induced by pulsatile shear stress in microvascular endothelium (Huddelson et al., 2004). In
zebrafish, Vermot et al. (2009) and then Heckel et al. (2015) demonstrated that kiIf2a
expression is activated and upregulated in response to retrograde flow in the AVC at 48hpf (a
contrario a downregulation was observed when this reversing flow is experimentally
decreased). KIf2a is consequently a flow-responsive gene. Its Knock-Down or Knoc-Out results
in valvular defects which are similar to those observed in mutants with decreased retrograde
flow: thicker and less flexible valves and increased regurgitation in the developing heart
(Vermot et al., 2009) ; (Steed et al., 2016) suggesting a role for this transcription factor in blood
flow-dependent valvulogenesis as a mechanosensitive transcriptional regulator.

Beside the regulation of KLF2/klf2a by CCM/MKK3 pathway (see part IV. of this
introduction), recent studies have then demonstrated that klf2a expression is also under the
control of the protein kinase D2 (PrkKD2), which phosphorylates the class Il histone deacetylase
HDACS (Wang et al., 2010). HDACS acts as a chromatin modifier and usually represses gene
expression when not phosphorylated. The mechano-transduction pathway leading to kif2a
activation is thought to involve a series of posphorylation events that finally phosphorylate
HDACS and de-repress klf2a gene. Klf2a expression was observed to be absent in prkd2

mutants (also known as cup mutants) which do not form valves (Boselli et al., 2015). Heckel
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et al. discovered the roles of two membrane-bound mechanosensitive channels (polycystin 2
or Trpp2 and Transient receptor potential cation channel subfamily V. member 4 or Trpv4)
which lead to the activation of a calcium-activated intracellular cascade resulting in klf2a

expression (Heckel et al., 2015).

V.4 Genetic pathway regulated by KIf2/klf2a

KLF2/KIf2a by transducing fluid shear forces was shown to regulate, directly or indirectly,
endothelial gene expression (Chiplunkar et al., 2013) and consequently control EMT and atrial
septation, through the activation of multiple genes involved in cardiovascular development:
gatad, tbx5 and ugdh, and indirect regulation of sox9 (Dekker et al., 2006, Chiplunkar et al.,
2013). KIf2a has also been shown to directly affect heart chamber growth and morphogenesis
in the endocardium (Dietrich et al., 2014).

The molecular basis of KLF2/KIf2a diversity of functions and its direct transcriptional targets
are still partially unknown. Steed et al. discovered fibronection 1b (fn1b) as a downstream
gene target of KIf2a in developing AVC. Enriched klf2a expression on the ventricular side of
the AVC at 48Hpf was shown to subsequently cause an enrichment of the expression of the
gene fnl1b to the same cells (Steed et al., 2016). KIf2a/klf2b were shown to controls Notch
activity and Yapl expression to coordinate OFT valve morphogenesis (Duchemin et al., 2018
in press)

It was also shown that within developing aortic arch blood vessels, KIf2a activates a
signalling cascade involving the endothelial-specific microRNA miR-126a that promotes VEGF-
induced angiogenesis (Nicoli et al., 2010). Blood flow is also essential for Hematopoietic Stem
Cell (HSC) development and is mediated by a klf2a-Nitrogen Oxyde (NO) signalling cascade;

KIf2a was shown to directly regulate NO synthase (nos) genes (Wang et al., 2011).
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atrio-ventricular ring at 48hpf

oscillatory blood flow

\
vz
o d f
production of ECM proteins,
—— Glucosamino-glycans (GAGs)
e gly \ )
blood vessel membrane ° > ECM deposition & Fn1b synthesis
=) ﬁ creatmq an area of m\grat\oh for
° - flow-responsive ECs
QQ ca 1 micro-RNAs (miR-143, > cushion formation
.~ miR-138 & miR-21) > mature valve leaflets
2
endocardial cellmembrane RA signalling

T
caom —> Mekka/MAPK ——> (OKI2a —_suynt/beatenin
(wnt9b)

AVendocardial cell

NOTCH signalling

(notch1b)
*interaction with WNT signalling
(Wang etal. 2013)

VEGF modulates ECM biosynthesis
and in turn, the ECM influences
cell behavior during development

VEGF signaling

Has2

TGF-B2
communication across the cardiac
jelly of BMP and notch signalling
pathways defines AVC area.

fibronection
Fnib

UDP-GA = HA & other GAGS

UGDHI\

UDP glucose versican (HA-binding
proteoglycan)
(degraded by ADAMST4/5
(MEKK3/MAPK pathway) 1’

cardiacjelly/ECM
5
—_—
BMP signaling
(bmp4)
*interaction with WNT signalling (Misfeldt et al., 2009 ; Verhoeven et al., 2011 ; Ahuja et al. 2016)
AVmyocardial cell *bmp2 can restore nfatcl expression (haack and Abdelilah-Seyfried, 2016)

1: PrkD2 phosphorylates of HDAC5 and nuclear export (Wang et al. 2010) / Activation of a calcium-activated intracellular cascade via blow-flood sensitive channels Trpp2 and
Trpv4 (Heckel et al., 2010) which leads to the expression of klf2a gene.
1": MEKK3/MAPK signaling also controls klf2a and ADAMST proteases expression via CCM complex regulation (Zhou et al., 2015)

2: Response to flow pattern is also mediated by small RNAs, often referred to as mechano-miRs (Kumar et al., 2014). miR-21 (banjo et al. 2002), miR-143 which targets retinoic
acid (RA) signalling pathway components. KIf2 binds to promoter of miR-143 (Hergenreider et al,, 2012).

2": cregulation by RA sigalling of GAGs synthesis

3:activation of notch1b gene by Klf2a (Vermot et al., 2009, Duchemin et al., 2018 in press)

4: crosstalk between notch and bmp factors (Vermot et al., 2009 ; Garside et al. 2013)

5:notch1b and bmp4 is abolished when VEGF-R signalling was chemically disrupted (Lee et al., 2006).

6: calcineurin/NFAT represses VEGF expression from 20-33 hpf (Lee et al., 2006).

7:BMP activates cytoplasmic SMAD proteins that regulate gene expression in the endocardium of tbx2/tbx2b gene. This gene directly bound Has2 and Tgf-32 promoters and

increased their transcriptional activities required for EMT / cushions formation (Beets et al., 2016)

8: Wnt/b-catenin signalling is operative in myocardial and endocardial cells only at AVC and regulates bmp4, has2 and versican (Hurlstone et al., 2003). wnt9b was shown as
atarget of KIf2a (Goddard et al., 2017)

9: Has 2 synthetizes HA, hyaluronic acid, which was shown to be important for cell migration into the cardiac jelly and for mice EMT in combination with Ras signalling and
also involving CD44, and ErbB receptors/ligands (Camenisch et al., 2000). Some GAGs synthetize by HA interacts with versican protein (Hurlstone et al., 2003).

9': UGDH cooperates with VEGF signaling (Walsh et al., 2001)

10: KLF2 binds to and positively regulates the UDP-glucose dehydrogenase (Ugdh) gene, the Tbx5 and Gata4/5 genes in the mouse E10.5 AV region and indirect regulation
of Sox9 (Chiplunkar et al.,, 2013)

11: cooperative interaction between GATA5 and NF-ATc regulates endothelial-endocardial differenciation of cardiogenic cells. (Nemer and Nemer, 2002)

12: Additional functions of KIf2/klf2a reported in angiogenesis, but to date, not proved in heart development. It was also shown that within developing aortic arch blood
vessels, KIf2a activates a signalling cascade involving the endothelial-specific microRNA miR-126a that promotes VEGF-induced angiogenesis (Nicoli et al., 2010).

Figure 9: General genetic and molecular pathways leading to the formation of AVC valve
leaflets.

Schematic representation of the mechanisms of activation of KLF2/klf2a and of the signaling pathways
activated by this transcription factor.
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V.5 Role of kiIf2b, paralog of kif2a

As mentioned before, in zebrafish, kif2a has a paralog gene called kIf2b. The precise functions
of this second gene are not yet completely known and could be redundant with k/f2a own
functions (Kotkamp et al., 2014). It is not known as well is klf2b is a hemodynamic-sensitive

gene like kIf2a. These specific questions will be addressed in this thesis.

Note about kIf4 and kiIf17 genes:
KIf2a and klf2b form with kIf4 (former kif4a) and kiIf17 (former kif4b or biklf) genes a

subfamily inside the KLF members - as mentioned in the phylogenic trees reviewed by (Oates
et al., 2001) and (Xue et al., 2015) and illustrated in Figure 11.

Humans KIf4 is also up-regulated by FSS in ECs in vitro and regulated by the same shear-
responsive MEKK3-ERK5 pathway as KLF2 in endocardial cells in vivo (Cullere et al., 2015);
(Zhou et al., 2016). KIf2 and KIf4 were shown to be both required in the endocardium of the
developing mouse heart during the remodelling of cardiac cushions to mature heart valves
(McCormick et al., 2001) ; (Zhou et al., 2015). KIf17, klf2a and klf2b function in a regulatory
network to promote zebrafish periderm differentiation, acting downstream of both Pou5f1
and an additional transcription factor speculated to be Irf6 (Kotkamp et al., 2014) (Liu et al.,
2016). KIf4 was shown to be activated in the same manner as klf2a by HDAC5 pathway (Just
et al., 2011).

The putative cardiac expression of these genes between 30h and 72hpf will be

presented in the result part.
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Figure 10: zebrafish Kf2a protein domains.

KIf2a contains an cidic domain (D20 to T37), a proline-rich domain (P75 to R106), a conserved
block (F218 to D246) immediately N-terminal to a basic domain (K254 to R266).

Elaborated from data reviewed in (Oates et al., 2001) ; (Kaczynski et al., 2003) and
(Novodvorsky et al., 2015)

kif4 0.34231
kif2a 0.2264
kif2b 0.23593
kif17 0.28851
kifl 0.31003
kif5 0.29003
kif3 0.27657

_: kifi2a 0.1816
kifi2b 0.17512

:

Figure 11: Phylogram of KLF zebrafish proteins.

An alignment of KLF protein sequences was realized with Clusal W program and a phylogram
was generated (branch length: cladogram representation).

N-fer — NLS DBD WAD = C-fer
Strong activation Repressor DNA Binding Domain  Weak activation domain
Domain Domain = 3 zinc finger domains

Figure 12: zebrafish Egrl protein domains.

Adapted from (Burmeister and Fernald 2005)
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Not surprisingly, other genes have been postulated to be flow-dependently activated and

involved in valvulogenesis, in particular due to their restrictive area of expression during AVC
formation. Amongst them the early growth factor 1 (egrl) is an interesting candidate.
Through In Situ Hybridization experiments, it was reported to be expressed in the heart from
30hpf and more restrictively in the AVC at 48hpf. Egrl was also shown to respond to the flow
in developing zebrafish AVC (Banjo et al., 2013)

VI. Egr1, another important gene for valvulogenesis

VI.1 Egrl, a member of the transcription factor “Early Growth Factor” family

Early Growth Factor 1 (egrl), also known as NGFI-A, zif268, TIS8 or krox-24, is part of the
transcription factor family of immediate early genes. They are named due to their rapid
inducibility. They are master regulators controlling the expression of a wide variety of genes
involved in cell growth, development and stress responses in many tissues. Egrl was originally
identified in bones and cartilage as a rapid early stress-activated gene responding to a variety
of proliferation stimuli, including NGF, (Sukhatme et al., 1998) ; FGF and PDGF (Christy et al.,
1988) and general serum proteins (Lemaire et al., 1988), and mechanical stimuli in tendon
formation and healing (Gaut et al., 2016)

EGR proteins are in a phylogenetic relationship with the 12 human KLFs, they are called
“Krippel-like related-proteins” (Dang et al., 2000). As KLF, EGR members are zinc-finger
transcription factors, containing three DNA binding domains of the Cys2-His2 class (Sukhatme
et al., 1988; (McMahon et al., 1990) (Figure 12). Egrl binds to a consensus recognition
element, conserved between human, mice and zebrafish: GCGGGGGCG (Drummond et al.,
1994). Once bound to DNA, Egrl can act as either an activator or a repressor of transcription,
through mechanisms that depend on interactions with or regulation of distinct cofactors (SP1,
NAB1/2) (reviewed in (Thiel and Cibelli 2002) but are to date not completely discovered.

The high degree of amino acid identity between the zebrafish and human egr1 genes,
the presence of well-characterized vertebrate regulatory cis-elements in the zebrafish

promoter and conservation of the functional domains indicate that this gene has been highly

- 50 -



conserved during vertebrate evolution, implicating egrl as an important regulator of growth

and development (Drummond et al., 1994) and (Burmeister and Fernald 2005).

V1.2 Egr1 expression and functions

Egr-1 is a central actor mediating the transcription of genes involved in a
multitude of signaling cascades vital for growth, differentiation and apoptosis. (Thiel and
Cibelli 2002) reported through the observation that Egrl biosynthesis is strongly stimulated
by activation of the mitogen-activated protein (MAP), a role for this factor in controlling cell
proliferation and growth factor synthesis. Egrl was postulated as a “pro-apoptotic protein”
(Liu et al., 1998) and to be an active part of the apoptotic-signaling cascade. It was also shown
to be associated with tissue injury, being an important mediator of fibroblast activation
activated in tissue repair mechanisms, and in general playing a central role in regulation of
fibrogenesis. (Bhattacharyya et al., 2013). Egrl is important for brain and ocular development
(Hu et al., 2006).

Egrl has been linked to several aspects of cardiovascular pathology including intimal
thickening following acute vascular injury (Khachigian 2006), cardiac hypertrophy (Rayner et
al., 2013) atherosclerosis (Harja et al., 2004) and angiogenesis (Fahmy et al., 2003). Egrl was
shown to be involved in human valvulopathies. It was indeed detected in calcific human aortic
valve cusps compared with non-calcified normal cusps (Ghazvini-Boroujerdi et al., 2004).

In zebrafish, expression of egrl starts at 4-somite stage (10hpf) with a strong
expression in posterior adaxial cells, and from 40hpf a weak expression in the heart can be
detected, the signal is maintained at 48hpf (Close et al., 2002) and (Banjo et al., 2013). Egr1 is
important in early zebrafish retinogenesis (Hu et al., 2006) and (Zhang et al., 2013). In human,
Egrl has a role in angiogenesis and was shown to be activated by acute mechanical injury and
other vascular stresses (Khachigian 2006). Khachigian demonstrated that Egr1 —as Klf2a —is a
flow-responsive gene: it is activated in ECs exposed to Fluid Shear Stress (Khachigian et al.,
1997). In my thesis, | studied egrl functions during valvulogenesis and addressed if its
expression is mechanosensitive. As binding-sites for egr1 were found in mice KLF2 (Huddelson
et al., 2004) suggesting a first crosstalk regulation of both genes, | also explored this specific

question. Finally, | analysed the gene targets of egrl in the developing endocardium.
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Objectives of this thesis

As suggested in the introduction, the present thesis aims at studying AVC valve formation in

zebrafish through the comprehension of the roles of three transcription factors: kif2a, kif2b
and egrl. We worked on the understanding of their specific roles during valvulogenesis, to
complete the knowledge regarding their activation by blood flow and to decipher the target

genes they are regulating.

1) The first aim was to validate the loss of KIf2a protein in a kIf2a Knock-Out mutant
lines generated in the lab, to be certain of the total disappearance of the protein,
validating the mutant line status. For this purpose, polyclonal and monoclonal
antibodies against Klf2a, klf2b and Egrl proteins were generated. The homozygous

state of mutant lines was assayed though Western blot assays.

2) Then the cardiac phenotype of these lines (and the double mutant lines obtained
by crossing the single mutant fish) was characterized. We observed defects in valve

formation and analysed different gene expression patterns.

3) A third part aimed at understanding the genetic pathway in which these three
genes are involved, and at deciphering in particular which are their downstream
gene targets. For this purpose, different omics-approaches were developed: ATAC-

seq, mMRNA-seq and Chromatin ImmunoPrecipitation (CHiP).
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Results

Chapter 1

Generation of zebrafish polyclonal and monoclonal
antibodies to validate Knock-Out mutant lines
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The first part of my thesis aimed to generate specific antibodies to confirm the disappearance
of proteins in the single KO-mutant klf2a'®, kIf2b' (and the double mutant kif2a-kif2b) and
egr1’® lines. Single mutant klf2a"* and kIf2b"> were generated by our laboratory using TALEN

8 line

technology (see Materials & Methods for further explanation about their creation). klf2a
was published in (Steed et al., 2016). Egr1*®®* was received as a heterozygous line from ZIRC
(see Materials & Methods for information about the generation of a stable line). Figure 13
presents the localization of each mutation and general data about the endogenous proteins
and information about the native proteins is presented in table 1.

All these lines should constitute genetic-KO mutant. Each respective mutation leads to
a premature stop codon early in the coding sequence resulting in theory to a non-
produced/non-encoded protein. The mRNA is nevertheless still produced as it can be detected
by In Situ Hybridization assay with a probe complementary to them (data not shown here but
realized on egr1**** and kif2a'"* mutant samples).

To confirm the absence of gene product (here the protein) in these mutants, some
polyclonal and monoclonal antibodies against the proteins of interest were generated. Their

efficiency was determined on a Western Blot (WB) assay. Some of them were also used on an

Immuno-Fluorescence assay (IF) to localize the proteins.
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Figure 13: Presentation of the zebrafish KO-mutant lines for egr1, kif2a and kif2b genes used

in this thesis.

The mutation is indicated on the genomic representation of each gene.

kif2a®" and kIf2b"® were obtained using TALEN endonuclease system (see Materials and
Methods for further details) in the lab. Egr1®*®*

kiIf2a9* mutant

exon 2

exon 1
1

exon 3

TATTTCCACATTTTCGGCGCAGAAGGAAAAATGCTGGGA

9pb deletion 24pb after ATG and insertion of
Native protein: 380aa (43kDa)

Predicted mutant: 29aa

Putative second form «short version»: 347 amino acids (39kDa)

klIf2b9° mutant
exon 1 exon 2 exon 3
1
GCGTGGAC GCTTTACCTTGCCTTTTGCCTTCGATTTC

28pb deletion containing ATG
Native protein : 363 amino acids (41kDa)

egr1%®mutant

exon 1
1

exon 2

CCCGTCCTAAACCTCTCAGG

Point mutation A>C
Native protein: 511aa (55kDa)
Predicted mutant : 137aa

mutation resulted from ENU treatment.

Information about the molecular weight of each respective zebrafish protein.

Table 1: Native MW and Uniprot references of proteins of interest studied in this

is a line available on ZIRC database, the point

manuscript

Protein name Molecular Weight Uniprot reference
KIf2a LV 42,88kDa Q1LX17

KIf2a SV 39kDa Q6P3M5

KIf2b 41,2 kDa Q90XE7

egrl 55,1 kDa P26632

KIf4 (previous name Klf4a) 43,6kDa A9X6Q5

KIf17 (previous names Klfdb, biklf) | 46,9kDa Q9DFS2
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I. Preamble about the optimization of zebrafish protein lysis and

Western Blot assay

I.1. Experimental procedure to get zebrafish protein lysates
In order to get enough material of good quality and to obtain nice bands on immunoblots, |
optimized a protein extraction protocol. The method used previously in the lab was not

reproducible in my hands and did not bring satisfying results.

I.1.a) Choice of the extraction lysis buffer

To maximize the efficiency of the protein extraction, in particular by preventing sample
degradation, protein aggregation and to enhance their solubility, | first tried and compared
various extraction buffers commonly used in laboratories worldwide (the list is available in
Table 2). The common approach in the zebrafish field involves the use of detergents like
Sodium dodecyl sulfate (SDS) to solubilize the proteins before the separation in SDS-PAGE gel.
It is one of the most common and helpful surfactants for protein extraction (Wang J. et al.,
2014). Urea, a chaotropic agent7, is also commonly added to lysis buffer, it competes with the
protein native interactions, resulting in a better unfolding and solubilization. Sodium
deoxycholate (DOC), a bile salt surfactant, is more used for the purification of membrane
proteins (Wang J. et al., 2014). It is contained into the common protein lysis buffer (RIPA
buffer) with a small percentage of SDS. B-mercapto-ethanol could be used to replace DTT.
Although it has a higher volatility and toxicity than this latter, it was shown to be less prone to
oxidation and less unstable. Unlike DTT, it drives the reaction forward to completion (from:

VP-DSC MicroCalorimeter User’s Manual, MicroCal, LLC).

7 A chaotropic molecule helps disrupting the hydrogen bonds between water molecules thus impairing the stability of
molecules (like proteins) in the solution, by weakening the hydrophobic effect.
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Table 2: Overview of the different lysis buffers tested to optimize the protein lysis of 48hpf-

zebrafish embryos

Protocol

Buffer components

1) RIPA lysis

- Lysis performed 15 min in RIPA lysis buffer on ice
- Addition of 1X SDS buffer

- heat-denaturing step (5 min 95°C)

RIPA

50mM Tris-HCl pH7.5

150mM NacCl

0.25% Sodium deoxycholate

1% NP40

add immediately before use: protease inhibitor cocktail

6X SDS blue buffer

250mM tris-HCI

10% SDS

0.02% bromophenol blue

30% glycerol pH6.8

add immediately before use: 500mM DTT

2) Urea lysis
same protocol as for buffer 1)

add 6M urea inside RIPA buffer

3) B-mercapto-ethanol lysis

(Dr Samantha Carrillos-Rosas from Dr Yvon
Trottier’s lab)

- Homogenize with a microfuge pestle until the mix
can be pipetting easily, add the buffer in 2 times
and boil 5 min between each

-heat-denaturing step (5 min 95°C)

63mM 1M Tris-HCl, pH 6.8
0.1% glycerol

0.05 % B-mercapto-ethanol
1% SDS

4) Laemmli lysis buffer

(Following the advice of Dr Benjamin Vitre, CRBM —
CNRS, Montpellier)

- Homogenize until the mix can be pipetting easily.
- heat-denaturing step (5 min 95°C)

0,25M Tris pH 6,8

40% glycerol

4% SDS

10% B-mercapto-ethanol
0,3% bromophenol blue

- 66 -




I.1.b) Sample preparation: embryos dechorionating and deyolking steps

At 48hpf, not all embryos have hatched. Thus, their eggshell, the chorion, should be removed.
Dechorionation could be done by enzymatic removal using Pronase enzyme (Roche), a manual
operation was nevertheless preferred using a pair of forceps. This greatly increased the
extraction by preventing the damaging of proteins.

48hpf-embryos should also be deyolked. Indeed, the large amount of lipids contained
into the yolk will distort band pattern migration and may mask proteins of interest (Yuan et
al., 2003).

Another important point to consider is the protein conservation. It should be possible to
keep the denatured lysis extracts at -20 or -80°C few days after fast freezing. However, a
degradation of the samples (i.e. transcription factors of interest) was observed already two
days after storage. To keep reproducible data, samples should be prepared fresh and proteins

run on Western Blot on the same day.
I.2. Western Blot optimization
Other parameters also require special attention and can be optimized to get a good resolution

on the immunoblots.

I.2.a) The quantity of proteins loaded on gels

Loading too much protein could lead to signal saturation in western blots, yet too little
produces weak signals. | compared three methods to measure protein concentrations in order

to find a reliable method that gave me an accurate estimation of the quantity | load on gels.

BCA protein assay: it corresponds to a Copper-based protein assay based on the traditional
Lowry assay, except bicinchoninic acid is used. Peptides containing three or more amino acid
residues react with cupric ions (Cu2+) to form a colored chelate complex. A product of the
reaction from an excess of urea, biuret, reacts with copper to form a light blue to purple
tetradentate complex that absorbs at 560 nm. The intensity of the color produced is
proportional to the number of peptide bonds participating in the reaction. BCA has a broad
dynamic range — capable of measuring protein concentrations of 0.5ug/mL to 1.5mg/mL.

Unlike other methods available, the BCA Protein Assay is compatible with samples that
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contain up to 5% surfactants (detergents). In addition, the BCA Assay was shown to respond

more uniformly to different proteins than the Bradford method (thermo fisher scientific data)

: Coomassie Brilliant Blue (or G-2508) interacts
electrostatically but non-covalently with the amino and carboxyl groups of proteins. The
formation of the dye-protein complex stabilizes the negatively charged anionic form of the
dye producing the blue colour. (Chial et al. 1993). This results in a spectral shift from the
reddish/brown form of the dye (absorbance maximum at 465 nm) to the blue form of the dye
(absorbance maximum at 610 nm). The difference between the two forms of the dye is
greatest at 595 nm, optimal wavelength chosen to make the measurement. It is less sensible

than BCA to detergents present in the lysis buffer.

NanoDrop protein A280 measurement: this device measures the absorbance of mainly
tryptophan and phenylalanine amino acids, and estimates to the average frequency of these
amino acids inside the protein mix. Consequently, the given measurement of protein
concentration is, usually off from Bradford or BCA measurements by a factor of two or more.

It is very sensitive to interference from a number of compounds, including detergents.

1.2.b) The blocking solution

Nonfat-dried milk or BSA can be diluted in PBS-Tween 0.1% as blocking solutions. BSA is
generally used with biotin and antiphosphoprotein antibodies. It is one protein, so less for the
antibody to cross-react with compared to milk, which contains in particular casein, a
phosphoprotein and biotin, thus interfering with the assay results (Mahmood and Yang, 2012).
However, BSA is more expensive and it was used in this thesis only when no band could be

detected on membrane for some antibodies after optimization.

8 ““G” stands for the blue colour of the solution, a “greenish” tint. The "250" originally denoted the purity of the

dye.
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I.2.c) The concentration of primary antibodies

Different concentrations were tested to be able to detect a band on Western Blot. The figures

of this manuscript present the immunoblot with the optimal concentration.

1.2.d) The time of exposure

Each immunoblot was exposed during various times until saturation of the signal, using Clarity

System for the revealing solution.
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Figure 14: Optimization of a Western Blot protocol for protein lysates of 48hpf-embryos.

WT-protein lysate replicates were loaded on a 12%-polyacrylamide gel. Nitrocellulose membrane was
incubated with antibodies in 5%milk-PBST solution (concentration 1/1000).

Secondary antibody: goat anti-rabbit HRP (ref: 111-035-003, Jackson ImmunoResearch Lab.), goat anti-
mouse HRP (ref: 115-035-003, Jackson ImmunoResearch Lab.)

Revelation using Clarity System. Ladder: Pageruler plus Prestained protein 26619 from Thermo-Fisher.

A: Test of different control antibodies: anti-mouse Beta tubulin (ref: TUB-2A2, IGBMC), mouse anti-alpha
actin (ref: ACT-2D7, IGBMC), rabbit anti-actin (ACT, IGBMC)

B: Test of different lysis buffers to extract protein from 48hpf-deyolked and dechorinated embryos. Buffer
compositions are listed in Table 2.

C: Test of anti-KLF2/KlIf2a antibodies: anti-KLF2 (commercial Merck-Millipore) ; polyclonal anti-Klf2a
generated and purified at IGBMC.
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1.3. Results and discussion
The final optimized protocol is available in the materials and methods part. It summarizes the
best parameters which avoid sample degradation, protein aggregation and allow to perform

clean and reproducible immunoblots in my hands with 48hpf-embryo protein lysates.

[.3.a) The choice of the lysis buffer

When embryos were lysed into RIPA buffer, following a protocol used previously in the lab, |
never managed to obtain reproducible data. Most of the time, proteins stacked in the gel
wells, certainly resulting from aggregation and degradation of proteins. In addition, the
proteins of interest are not detected at their expected size - as illustrated on the immunoblot
in Figure 14). Klf2a is a 43kDa-protein and a band around 30kDa was detected. A slight
discrepancy between the theoretical MW and the MW observed during SDS-PAGE is however
not uncommon. It may happen that a protein does not run on a gel at its expected size. It can
be the result of protein modification (glycosylation, phosphorylation...), in this case the
detected band would correspond to a higher molecular weight (Guan et al., 2015). They may
either be not completely denatured or equally likely do not bind SDS micelles well due to its
amino acid composition (Rath et al., 2009), resulting from a faster migration on the gel. It
could also come from protein degradation. As with the other lysis protocols, a band
corresponding more to the theoretical size can be detected, we assumed it was indeed due to
protein degradation with RIPA buffer.

Extraction in RIPA buffer supplemented with 6M-urea was slightly better than in RIPA
alone, as evident from the larger number of protein bands as well as higher intensity bands
which can be seen on red Ponceau stained membranes (data not presented here). However,
correct gel migration and visually correct bands on immunoblots were obtained with an
extraction based on B-mercapto-ethanol (buffers conditions 3 and 4, cf table 2). However,
with the buffer 3 from time to time, really sticky sample solutions were obtained, not easy to
pipet. Finally, only the buffer 4 was used, which contained a higher concentration of SDS, for

the following protein extractions.
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Additionally, the results presented here were based on whole embryo extract rather than
nuclei proteins. A special lysis protocol for keeping the nucleic protein fraction could have also
been interesting to try, especially when working with transcription factors. Nevertheless, as

we managed to get good visible bands of proteins on immunoblots with the current protocol.

1.3.b) The quantity of loading material

BCA and Coomassie methods gave the same range of protein concentration measurements.
As expected, with a Nanodrop the values are biased by a factor of two. However, Nanodrop
method was preferred when a very accurate estimation of the protein concentration is not
required. This method is fast, cheap and requires only one microliter per sample lysate. The
range of concentrations of the lysates was thus determined once for all with BCA or
Coomassie, and the appropriate amount to load on gels was selected. Then for further
extractions, a Nanodrop measurement was performed in order to normalize the lysates
before loading. Different amounts of whole protein extracts were tested on gel: 400, 200 and
50ug per gel well. As illustrated on Figure 14, panel B, the best resolution corresponds to
400ug of total proteins loaded per well, in order to detect the bands corresponding to the
transcription factors of interest. To obtain enough quantity to perform up to 4 Western blot

the same day, 50 embryos are required.

I.3.c) Finding a good control protein

The use of an antibody against a “control protein” ensures the same amount of protein sample
was loaded in each lane, they transferred well in the nitrocellulose membrane and the signal
detection are uniform across different lanes after revelation. They are thus typically used to
normalize the signals from the proteins of interest.

Some troubleshooting was encountered to find a good control antibody. Beta-Actin,
beta-Tubulin and GAPDH proteins present high homology between corresponding proteins
from species as diverse as human, mouse, zebrafish and chicken. For that, antibodies against
them are commonly used as controls for Western Blot. However, with anti-GAPDH and anti-
Beta-tubulin unexpected bands were obtained (Figure 14), which were not due to non-specific
binding caused by a too high concentration of primary or secondary antibodies. It may be due

to a cross-reactivity with similar epitopes on other proteins. Only anti-beta-actin from mouse
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gave satisfying results. As Beta-actin is also present in the nucleus, as a component of
chromatin remodeling complexes (Olave et al., 2002), it is not recommended in theory to be
used as a control for nuclear protein samples. Nevertheless, after some trials, no change in
protein expression was observed for control versus mutant samples used in this study. As an
alternative to antibody control, several authors have proposed to forego the use of a protein
as a loading control, and to rely on the dye staining of proteins before (by Coomassie blue) or
after (by Ponceau) the transfer step during Western blotting (Romero-Calvo et al., 2010). They
do not fulfill the advantages of “antibodies” as an ideal control, as they are controls for sample
loading and protein transfer but not for antibody incubation/signal detection. However, in
practice, for some samples, they are necessary and a combination of both when possible if

presented on the figures of this manuscript.

1.3.d) The time of exposure

Depending on the time of exposure some bands may be masked. Immunoblots were then
always exposed during different times to get to the over-exposure and be able to detect

residual bands.

This optimized method was applied to the validation of Knock-Out mutant lines by searching
for protein disappearance. This aim required first to find good antibodies specific for the

protein of interest.
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1. The need of home-made anti-KiIf2a/KIf2b antibodies

A commercial mouse anti-KLF2 antibody is available on the market (Merck-Millipore,
reference 09-82). (Wang et al., 2011) used it in Western blot assays to show that KIf2a protein
was significantly down-regulated in Klf2a-morpholino (MO)-injected embryos and to confirm
nos genes as downstream targets of klf2a on Chromatin Immuno-Precipitation Assay (CHiP).
While testing this antibody on Western Blot, lots of bands can be detected, as shown
on Figure 14, Panel A. This antibody does not seem specific to KLF2/KIf2a. According to the
manufacturer, the epitope used to design the antibody targets the common DNA-binding
domain region (emails exchanged with Merck Millipore R&D department). Thus, this antibody
is not specific for one KLF member, in particular not only specific for KLF2/KLF2A. It could
detect KLF2A, since mouse and zebrafish KLF2 proteins are highly conserved, but could also
detect KLF2B and even KLF4, 17 and other KLF. Moreover, the antibody is in an un-purified
serum. In order to detect specifically Klf2a and KIf2b, the production of “home-made”

antibodies against these proteins was started.
Due to this lack of specific commercial zebrafish antibodies against Klf2a, KIf2b and

Egrl when the study was started, we decided to generate our own antibodies, starting with

polyclonal antibodies.
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1.1 Generation of polyclonal antibodies against Kf2a/KIf2b

II.1.a) Presentation of the chosen peptides

This project was launched by Dr Emily Steed and Dr Karim Hnia in 2012. They designed the
peptides, which were synthetized by M. Pascal Eberling at the sequencing IGBMC platform.
Peptides were injected to immunize rabbits and four bleed sera were collected. The sequences
of the peptides are available in the Table 3, their localization in the protein sequence is
highlighted in the alignment on Figure 17. As mentioned in the introduction, KLF protein
sequences are highly similar, KIf2a and KIf2b form with KIf4 and KIf17 a sub-protein family
inside the KLF members. For this purpose, the peptides were designed to be not found in the
most homologous sequences. We can notice P5 is not completely specific to KIf2a and a partial
redundancy in sequence with KIf2b is visible on Figure 17.

This peptide was designed to be specific to KIf2a long version, the published protein sequence
available for Klf2a, since the second putative methionine (see the introduction for further
details) corresponding to the short Kilf2a version is located downstream. However, P5

sequence can also be found in KIf2b. The same can be said about P6 specificity for KIf2a.

I1.1.b) Purification and test of the polyclonal antibodies

My PhD project started with the test of the polyclonal sera on Western Blot. Unpurified sera
gave similar results to the one obtained with the commercial anti-KLF2 antibody. Lots of bands
were detected on immunoblots (data not presented here)
The sera were then purified. The peptide corresponding to its related serum was bound to a
protein A sepharose column. The complete protocol is detailed in the Materials and Methods
part. Table 3 and Table 4 summarize the concentration of antibody obtained for each purified
serum. Each purified polyclonal antibody was tested on Western Blot with 48hpf-whole
embryo protein lysates. Two different concentrations (1/500 and 1/1000) were tested. Figure
14 presents the results obtained with the concentration 1/1000.

According to the sub-optimal results, despite a purification step, the production of

monoclonal antibodies was undertaken, choosing carefully interesting epitopes.
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11.2. Monoclonal antibodies against KlIf2a, KiIf2b, KIf4, KIf17 and Egrl

I1.2.a) Monoclonal antibodies production

To generate some monoclonal antibodies against KIf2a, the most promising peptides used for
polyclonal antibodies were selected (P2 and P7) and some new peptides against KIf2b, Egrl,
KIf4 and KIf17 proteins were also designed. This was performed using Abdesigner website.
This website does not contain links to the zebrafish protein bank. It is only possible to copy a
fasta sequence of interest and then carefully select interesting peptides based on the Ig-score
rank. Table 5 summarizes the designed sequences.

Hybridoma culture supernatants from the immunized mice (see materials and methods
for the protocol), positive in Elisa test, were collected and pre-tested to select one or two good
candidates in Western Blot. The selected hybridomas were established and ascites fluids
collected to obtain the monoclonal. A purification step was performed before testing the

antibodies on Western Blot assay.

I1.2.b) Results and discussion

Production of a good anti-KIf2a antibody

On the immunoblots incubated with the 2KLF anti-klf2a antibody, no bands were detected in
the samples “single klf2a mutant” and “double mutant kif2a-klf2b” (Figure 16, panel A’). This
complete disappearance of Klf2a protein in mutants would be in favor of a real KO of kif2a

gene in the mutant line ig4.

The putative second form of Kif2a is produced in fish

Aband at a very low intensity can be detected in the “double mutant kif2a-klf2b” sample when
the immunoblot - incubated with the 1KLF anti-klf2a antibody - was more exposed (Figure 13,
panel A). This second short version could be recognized by this antibody (Figure 17). It should
have a slightly lower molecular weight (39kDa vs 43kDa for the long version of KIf2a). As the
12%-protein gel is not resolutive enough, both forms cannot be discriminated according to
their sizes with our assay. This result would be in favor of the production of a second putative

form of Klf2a.
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Does this form is functional in cells? Trying to answer this question, we generated in
the lab two transgenic constructs allowing us to over-express both versions of KIf2a proteins:
Tg(UAS:kIf2a LV; cmlc2:eGFP) for the Long Version and Tg(UAS:klf2a SV; cmlc2:eGFP) for the
Short Version (See Materials and Methods for further information).

The fish which over-express the long version, corresponding to the known functional
version of Klf2a, they present some cardiac defects, some cardiac edema develop from 72hpf
and they do not survive. No phenotypical defect was detected with the fish over-expressing
the “short version”. Moreover, when using these lines on WISH with anti-egrl probe to detect
the expression of egrl mRNA, no difference in expression was observed with the fish
expressing the “short version”, but egrl is up-regulated in the fish over-expressing KIf2a-long

version (Figure 15 and Figure 1 of the paper in submission, cf chapter 4).

Are egr1*®® and kIf2b' real KO-mutant lines?

Regarding the immunoblots against Egrl protein, the commercial antibody (which was
received after the production of the monoclonal antibodies) detected a band at the expected
size (55kDa) but in both control and mutant samples (Figure 16, panel C). With the monoclonal
antibody, surprisingly, it is not the same band which is detected (slightly bigger than 55kDa).
The question of the specificity and cross-reactivity of this antibody is then raised. We did not
get any answer about the epitope targeted by the commercial anti-egrl, it may target the
common binding part of the protein and thus recognize other Egr proteins as it was described
previously with the commercial anti-KLF2, or also other proteins of the same molecular
weight.

For KIf2b, the antibodies 3KLF and 4KLF still cross-react with other proteins, since
several bands were detected (Figure 16, panel D).

What does it mean regarding the mutant egr1°®** and kIf2"?’ lines used in our studies
and the relevance of the data? To assay completely the KO-state of this line, it would be
necessary to know what is exactly recognized by the generated antibodies. To determine this
point, it could be possible to perform an immunoprecipitation assay and analyze by mass-
spectrometry the immune-precipitates. Optimization could be performed with these two
antibodies, and for example, other epitopes could be chosen to produce new monoclonal

antibodies.
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However, clear cardiac phenotypes were observed for all mutant lines, which indicate
the mutation has an effect (data presented in the following chapters). Which is relevant even

if the “KO”-state of the lines still remain to be completely validated.

Monoclonal against KIf17 and Klf4

A single band higher than 55kDa was detected for the immunoblots incubated with
anti-KLf17 (5KLF), as shown on Figure 16, panel B. However, the expected size for this protein
is 46,9kDa (Uniprot reference: Q9DFS2). It is possible this protein has some modifications
(phosphorylation, glycosylation ...) and may run at a slightly higher size. This have been
elucidated yet.

Sera against KIf4 remain to be tested.

To conclude, we can notice that producing monoclonal antibodies was forth doing.
Cleaner immunoblots were obtained. We managed to generate a specific antibody against
KIf2a which detect, named 1KLF in this study. The characterization of KIf2a"®* mutant was
published in Steed et al. (2016) ; this paper is available in Annex 1.

Even if were not successful in generating efficient antibodies against Egrl and KIf2b, a
method was optimized to analyze 48hpf-zebrafish protein lysates and produce polyclonal and

monoclonal antibodies against zebrafish proteins.

- 78 -



egri

control
klf2a SV OE
kif2a LV OE

Figure 15: egr1 WISH on the transgenic lines over-expressing kif2a in endocardial cells.

Fish carrying either the transgenic Tg(UAS:kIf2a LV; cmlc2:eGFP) for the Long Version (LV) of
KIf2a protein or the Tg(UAS:kIf2a SV; cmlc2:eGFP) for the Short Version (SV) of the protein
(corresponding to a putative second form of KIf2a) were crossed with
Tg(fli:GaldFF;UAS:kaede) fish. The fish over-expressing klf2a/GFP were selected under
fluorescence at 48hpf (see Materials and Methods) and used for In Situ Hybridization with
anti-egrl probe.
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Figure 16: test of zebrafish monoclonal anti-KIf2a, anti-KIf2b, anti-KIf17 and anti-Egrl
antibodies, generated and purified at IGBMC.

Each primary antibody was incubated at 1/250 in 5%milk-PBST and 1/1000 for anti-actin

control antibody. 50 embryos were lysated in B-mercapto-ethanol lysis buffer (condition 3)
400ug/well were loaded on gel.

For some blots, the anti-actin incubation was not realized and Ponceau staining is presented
to control the global amount of protein loaded per gel.
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Table 3: Sequences used to design peptide-directed antibodies

For some sequences, a cysteine residue (C highlighted in blue in the table) was added, required
for the forward purification step. For the peptides with an asterisk (*), only the immunoblot

for one of each couple are presented in Figure 14.

Peptide Sequence Directed against IGBMC Serum n°
number

P1 AELINTDCQSHSC Kl2a Not used

P2 SQSYQGNTGFPHC Klf2a 3287 -3288 *

P3 NVALNTDTCRGRKC KIf2b Not used

P4 HQFAMYEEAMGMQPSC | KIf2b Not used

P5 SISTSAQKEKCWENC Klf2a 3289 -3290 *

P6 CMRSYEQPRLANS kif2a 3291-3292 *

P7 KDELDRSMHLSC klf2a 3293 -3294 *

P8 IEEHKPLNASC KIf2b 3295 -3296

Table 4: Concentration and volumes of purified polyclonal antibody obtained after

purification of the rabbit sera.

Concentration was determined by Nanodrop measurement.

Peptide | Serum Concentration Volume
n° n°
P2 3288 2.02 mg/mL 1mL
P5 3289 2.07 mg/mL 1mL
P5 3290 | 1.66 mg/mL (03.12.2014) 500 pL
1.67mg/ml (05.05.2015)

2mL
P8 3295 | 3mg/mL 2 mL
P8 3296 2.6 mg/mL 1.5mL
P6 3291 3.92 mg/mL 2.5mL
P2 3287 0.60mg/mL 2mL
P7 3293 0.66mg/mL 1.5mL
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Figure 17: CLUSTAL O(1.2.4) multiple sequence alignment of Klf2a, KIf2b, KIf4 and KIf17
zebrafish proteins.

In green are highlighted peptides designed against Klf2a protein, in red those against Klf2b, in

blue against KIf17 and in yellow against KIf4 (see Figure 16 and Table 5 for the correspondence
peptides-names).

From the amino acid 344 starts the zinc-finger DNA-binding motif common to all KLF
members. The second putative methionine (M) in KIf2a protein sequence is highlighted in
grey.
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Table 5: Peptidic sequences used to generate monoclonal antibodies

For some sequences, a cysteine residue (C highlighted in blue in the table) was added, required
for the forward purification step.

Peptide n° Polyclonal | Against Sequence Supernatant selected
P2 pg77LB1 PK270 serum Klf2a SQSYQGNTGFPHC 1KLF
3287 (P2)
P7 PK275 serum Klf2a KDELDRSMHLSC 2KLF
3293 (P7)
PM8 / KIf2b DDSHLRQTTYTQSYHC 3KLF
PM7 / KIf2b CPPLNVALNTDTC 4KLF
PM10 / Egrl SSSTYPSAKTC 1ERG
PM9 / Egrl IPSSTSQATHPSSSSTC 2ERG
PM11 / KIf17 HLTNSNNAGYKIKTENQEQSC 5KLF
PM12 / KIf17 STVYDSDGC 6KLF
PM13 / Kif4 GRGARSSLSPDEHPQC 7KLF
PM14 / Kif4 PTHYTFPMPSPQGQEC 8KLF
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Chapter 2

Use of the home-made monoclonal antibodies to
study Klf2b and Egr1 protein localization by Immuno-
Fluorescence
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It is possible that an antibody efficient to detect an epitope on a denaturated protein (on

Western Blot assay) is not able to bind to native protein or inversely. That is why, we wanted
to test some monoclonal antibodies in native conditions on fixed samples by
Immunofluorescence. This requires as well optimization steps in order to ensure the
penetration of the antibody inside our region of interest (the heart) and to choose the proper

concentration of antibody to add to detect a visible signal.

I Problematic and optimization steps
We were interested in the tissue and cellular localization of Egrl and KIf2b inside the heart.
We expected to find them inside endocardial cells of the valve forming area at 48hpf according

to the preliminary results obtained with ISH (data presented in the submitted paper).

The principal conditions to optimize were the following:

- the time of permeabilization: from 1h at RT we switch to o/n 4°C under rocking

- the piercing of embryo in the neck near the heart: this should allow the antibodies to

penetrate more easily the tissues

- the composition of the blocking solution: we add 10% of normal goat serum to the

common basal blocking solution (PBS-Tween 0,5% ; 0.5% TritonX-100 ; 1% BSA)

- the time of the blocking step: from 2h at RT to o/n 4°C under rocking

- the concentration of the primary antibody: from 1:1000 to 1/250

1. Preliminary results
Even after the attempts to optimize the protocol, no clear results have been obtained. Both
anti-egrl (1ERG) and anti-kif2b (3KLF) do not recognize native proteins in tissues. The
permeabilization steps have improved the entry of the antibodies inside the heart but they
seem to bind un-specifically red blood cells has illustrated on Figure 18 (white arrow). A very
faint signal could be detected in few endocardial cells only when increasing the laser detection

power, but it is more likely an artefact.
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Figure 18: Immuno-Fluorescence assay with anti-KIf2b and anti-Egrl antibodies

Incubation of home-made monoclonal anti-KIf2b (3KLF) (panel A) and of anti-Egrl (1ERG)
(panel B) in fixed-48hpf WT (AB) zebrafish embryos. SP8 confocal imaging. Scale bar: 10um
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Illl. Perspectives

This assay would require more time to be fully optimized. It would be interesting to test other
anti-KIf2b and anti-Egrl sera. Some antibodies could work better on IF than other. Their
concentration could be increased too to be able to discriminate between real signal and

background/ artefacts.

The current data do not permit to conclude regarding the cellular type of localization

of Egrl and KIf2b proteins.
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Chapter 3

Elucidating the roles of egr1i, kif2a/kif2b and fit1
genes in valve formation

The results of this chapter - and those of the following chapter 4 - are part of a scientific
paper which will be published. The first draft of the paper is available on the following page
89. It will be modified before sending to editors. In particular the analysis of the data about
the double mutant klf2a/klf2b will be further investigated.

Chapter 3 and 4 will bring some complementary information not included in the

manuscript.
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Manuscript in preparation, will be sent to editors

The egri-fitl axis defines a mechanosensitive pathway required for
valve morphogenesis
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Materials and Methods

Zebrafish accession gene numbers
klf2a: ENSDARG00000042667
klf2b: ENSDARG00000040432
egrl: ENSDARG00000037421
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fit1: ENSDARG00000019371

Zebrafish husbandry, fish strains and embryo treatments

The zebrafish (Danio rerio) lines used in the experiments were the following: wild-type AB,
Tg(egr1™®*) - from ZIRC, received as an heterozygous line ; Tg(klf2a®") - generated in
Vermot’s lab using TALEN technology, published in Steed et al. 2017 ; Tg(klf2b"®’) - generated
in Vermot’s lab using TALEN technology (further information below), Tg(flt1®*"***) - from
ZIRC, received as an heterozygous line, Tg(pkd2'**") or cup mutants from ZIRC, Tg(vIt™*")
or vald tepes, gatal mutant, from ZIRC, Tg(tnnt2ab109) or silent heart (sih) mutant from
Stainier’s lab (Sehnert et al. 2002). Tg(ﬂi:gal4FF“bS; UAS:kaede) (Herwig et al. 2001) from
Markus Affolter’s lab (Biozemtrum, Basel) and Tg(flk1:mCherry) (Bertrand et al., 2010),

Embryos were staged according to hours (hpf) and days postfertilization (dpf). They were
incubated at 28.5°C in 0.3% Danieau medium supplemented 5h after birth with 0.003% (wt/vol)
1-phenyl-2-thiourea (PTU) (Sigma Aldrich) to inhibit pigment formation. All zebrafish strains
were maintained at the IGBMC fish facility under standard husbandry conditions (14h light/10h
dark cycle). The Animal Experimentation Committee of the Institutional Review Board of
IGBMC approved all animal experiments performed in this project.

kIf2a"** mutant line: Mutant described in Steed et al. 2017. The INDEL generated using TALEN
technology leads to premature stop codon in the protein. A second ATG could be a putative
protein-coding start site, this site will be conserved in k/f2a*** mutant. Its effective presence and
cellular activity have still to be proved.

kIf2b"° mutant line: Tg(KIf2b'®) line was generated in the same way as Tg(Klf2a'®*), using
TALEN system. A TALEN pair (left and right arms: 5’GGACATGGCTTTACCT-3’ and
5’AACGTTTGCAAACCAG-3’) were designed to target exon 1 of the klf2b gene and injected
into single cell wild-type (AB) first cell. We identified the alleles generated and confirmed that
potential targeting events could be transmitted through the germline by out-crossing the FO fish
with AB animals and sequencing genomic DNA from pools of 6 F1 embryos. We After
screening the first generation, we focused on a 28pb-deletion mutation (5°-
GGACATGGCTTTACCTTGCCTTTTGCCT-3’) leading to a premature stop codon in kIf2b
transcript. Studies were performed from F4 fish and later generations, and on transgenic lines
resulting of out-crossings. A PCR-based genotyping strategy was established using the
following primers to identify the wild-type and mutant alleles, the length of the deletion
allowing their visualization directly on a 3%-agarose DNA gel: forward 5’-
GGAAAGCGCGTATATTTGGA-3’, reverse 5’- CAAGTAGGAAATGCAAGTGT-3’ and
sequencing forward primer 5’- AGAGCGCACTGTGCCTTATA-3".

sa64 sa64
1 1

egr mutant line: Egr mutant comes from Stemple line (ZIRC), adult males were treated
with ENU. It contains a C>T point mutation in the exon 2 of the gene leading to a premature
stop codon in the predicted translation product. Studies on Tg(egr1>***) line were realized - after
cleaning to obtain a stable line - on F4 fish and later generations, following out-crossing to
transgenic lines of interest. Genotyping was performed by sequencing of the PCR product
generated with the following primers: forward 5’-ATATCCTACACAGGCCGTTTCAC-3’,
reverse 5’-CACTGGGATATGTTGATGAGGAG-3’, and sequenced with the primer 5°-
TGGTTGAGAAGTTAGGGCCAGAC-3’.
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KIf2a"’, kIf2b™ and egr1*** fish were viable and kept as homozygous fish to be able to work
with maternal zygotic embryos in this study. Double mutant lines (klf2a-klf2b, egri-kif2a) came
from crossings between single mutant lines and following genotyping.

Fltl *“P% mutant line: FIt1**"* mutant comes from Stemple line (ZIRC), adult males were
treated with ENU. It contains a T>G point mutation in the exon 9 of the gene, which in theory
leads to a stop codon preventing to form both soluble and membrane flt1 forms (

Studies on Tg(flt1°*"°*) line were realized from F4 fish and later generations, following out-
crossing to transgenic lines of interest. Genotyping was performed by sequencing of the PCR
product generated with the following primers: forward for PCR and genotyping: 5°-
TTAGGCTGAAGGATGGGATG -3, reverse 5’- TGGTCCTCTTTGAACAACCA-3".

Genotyping

Genotyping of adult fish was performed three months after birth on genomic DNA extracted
from a small piece of the caudal fin lysed at 55°C in 100uL of SDS-lysis buffer (10mM Tris-
HCI pHS, 200mM NaCl, 10mM EDTA, 0.5% SDS and 100 pg/mL Proteinase K), and then
purified using isopropanol/70%-ethanol. Genotyping of embryos was either realized on whole
embryos (after live imaging or ISH) or from dissected tails (before immunofluorescence), lysed
in 50uL of 50mM NaOH at 95°C for 10min. Lysis reaction was stopped with 10uL Tris-HCI
pHS. 1uL used for PCR reaction.

In Situ Hybridization (ISH)

ISH assay was performed as in Thisse (2008) using the following anti-sense probes:

klf2a probe: obtained by PCR amplification of the plasmid IRBOp991B0734D, provided by
RPDZ, Berlin, using forward primer: 5’- CAGGCGACTACAGAATGCA -3’ and reverse
primer: 5’>-TAATACGACTCACTATAGGGAGTGAC. Transcription with T7 polymerase.
KI1f2b probe: obtained by PCR amplification of the plasmid #1343 pSCB-klIf2b, provided by
Mrs Cecile Otten, Seyfried group), 640pb fragment amplified with reverse primer 5°-
CTACGGTCCGGTGATAGGCATG-3’ and forward primer 5°-
AGCATTTAGGTGACACTATAGTCACAGGTGTCTCTTCATGTGCAG-3’. Transcription
by SP6 polymerase.

Egrl probe: from pBSK plasmid, PCR amplification using forward primer: 5’-
ATGACCCGTGAGTCAGTAA-3’ and reverse primer: 5’-
ATTAACCCTCACTAAAGGGACTTGGTGCCCTGAGTTCTGAT-3". Transcription using
T3 polymerase.

Fltl probe: from a partial cDNA fully sequenced ordered at Science Biosource
(IRCYp5023H065D, 9038840 IMAGE ID), pCR4-TOPO plasmid, linearized by NCOI (NEB).
Transcription using SP6 polymerase.

Wnt9b probe: forward primer: 5’-TATTGCCCTCTGCATCCTTC-3’ and reverse primer: 5’°-
TGACATTCAACGTGACAGCA-3.

To optimize the imaging of the heart after staining, in certain cases the embryos were made
more transparent using fructose. A first bath in 45%-fructose solution (D-fructose, Sigma, ref
F0127) containing 1/100 1-Thioglycerol (Sigma M6145) was performed for 15 min followed
by a second bath in 90%-fructose solution from 30min to 1 hours depending the stage of the
embryo. Imaging was performed using a Leica M 165 macroscope with a TrueChrome Metrics
(Tucsen) with a Leica 1.0X objective (10450028).
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High throughput dissection of 48hpf-hearts

Hearts were dissected from klf2a"*:klf2b'%°, Tg(egr1®***) and Tg(klf2a’®") lines in background
Fli:lifeact-eGFP; flk:nls-mcherry and respective control embryos at the desired stage (48hfp)
using high-throughput extraction technique, optimized from Lombardo et al. (2015) protocol.
Hearts were separated mechanically by pipetting up and down a batch of 200 embryos in culture
medium (L-15 Leibovitz, 10% FCS 9150, 1.25mM CaCl2, 800mg/L glucose, S0microg/mL
penicillin, 0.05mg/mL streptomycin), medium prepared fresh for each experiment. Hearts were
then separated from debris after passages on two different filters: first purification though a
100um nylon cell stainer (Falcon, 352360), and further collection on a pre-separation filter
30um (Miltenyi Biotech). After centrifugation 10 min at 2.5g, culture medium was replaced by
cold FACS medium (PBS with 2% Fetal Calf Serum 9150, 1% Penicilline/streptavidine, 1mM
EDTA) and final filtration was performed with tip strainers (40um) (Scienceware, Bel-Art,
flowmi tip strainers)

development

Fluorescence-activated cell sorting (FACS)

Further separation of endocardial cells from the other cardiac cell types was achieved directly
after heart extraction by FACS. FACSAria Fusion (BD Biosciences) device was used. Cells
were sorted on a FITC-A detector and flow cell passed through 70um-nozzle.

Sorted cells were collected at 4°C in PBS: 9,5ulL cold PBS + 0,24ulL RNAsin and immediate
freezing in dried ice of 1000 cell-samples for mRNA sequencing assay; or 50uL. cold PBS for
the samples directly treated after sorting with the transposase for ATACseq assay.

mRNA-sequencing

1000 endocardial cells were collected in 9.4 uL PBS-RNase free supplemented with 0,24ul
RNAsin and immediately frozen after FACS sorting in dried ice and stored at -80°C. cDNA
transcription was performed using Clontech SMART-Seq v4 Ultra Low Input RNA Kit. Paired-
end 100 bp reads for control and experimental samples were generated with [llumina Hiseq
4000. RNA-seq raw sequencing data from zebrafish were trimmed and aligned to zebrafish
genome version GRCz10/danRer10, with the tophat algorithm (version 2.1.1) (Kim et al., 2013)
and the use of «--b2-very-sensitive» parameter. Samtools (version 0.1.19) (Li et al., 2009) were
used for data filtering and file format conversion while the HT-seq count (version 0.5.4p3.)
(Anders et al., 2015) algorithm was applied to assign aligned reads to exons using the following
command line «htseq-count —s no —m intersection -nonempty». Differentially expressed genes
were identified with the use of the DESeq R package (Anders and Huber 2010), and genes with
fold change cut-off 1.5 and P<=0.05 were considered to be differentially expressed (DEGs).
Heatmaps that were constructed to depict DEGs or selected genes were generated with
R/Bioconductor. 4 summary of the differentially expressed genes can be found in
Supplementary Tables *****

ATAC-sequencing

After FACS sorting, cells harvested in PBS were treated according to Buenrostro et al. (2015)
protocol. Transposition reaction and purification were directly performed the day of cell
collection, DNA resuspended in Buffer EB from the MinElute kit was stored at -20°C upon
further treatment. Custom Nextera PCR Primer were used during PCR amplification to label
the samples. Library quality control was done using Bioanalyser, a purification step was
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performed using MiniELute Qiagen kit and size separation on Agencourt AMPure XP beads
(A63882, Beckman Coulter, Inc) to remove PCR Nextera primers.

Sequencing was performed on one lane on Illumina HiSeq 4000 sequencing, Nextera, HS-2x50
millions bases for control and mutants. Bowtie2 algorithm (version 2.1.0) (Langmead and
Salzberg 2012) and «--very-sensitive» parameter were used for aligning ATAC-seq data to the
zebrafish genome version GRCz10/danRer10. Samtools (version 0.1.19) (Li et al., 2009) were
used for data filtering and file format conversion. Duplicate reads were removed before peak
calling. The MACS2 (version 2.1.0) algorithm (Zhang et al., 2008) was used for ATAC-seq
peak identification with default p-value 1-E05. All .bam files were converted to bedgraphs with
genomeCoverageBed and MACS2 bdgdiff command was used in order to identify differential
enrichment in the accessible regions between control and mutants, with default options. Gene
annotation (100 kB upstream and 10kB downstream ftom the tss) and genomic distribution of
accessible regions identified by MACS2 was performed with bedtools (Quinlan and Hall 2010).
A summary of ATAC-seq peaks can be found in Supplementary Data xxxxxx.

Gene ontology, pathway and network analysis

Gene ontology and pathway analysis of the differentially expressed genes from RNA-seq and
ATAC-seq was performed with DAVID knowledgebase (Huang da et al., 2009) (Huang da et
al., 2009) and Ingenuity Pathway Analysis software (IPA, Ingenuity® Systems,
www.ingenuity.com) with the default settings. Only pathways and biological processes with p-
value <=0.05 were considered to be significantly enriched.

Network construction
Cytoscape (Shannon et al., 2002) and Metascape (Tripathi et al., 2015) were used for network
construction.

Motif analysis
Motif analysis for ATAC-seq peaks was performed with “findMotifsGenome.pl” from
HOMER software (Heinz et al., 2010).

Digital genomic footprinting for ATAC-Sequencing

To attain sufficient sequencing depth to perform digital genomic footprinting (DGF) on ATAC-
Seq data produced in this work, aligned bam files were merged using samtools merge (version
1.3.1) (Li et al., 2009) following sorting via samtools merge and subsequently indexed using
samtools index. DGF was

performed using dnase footprints of the Wellington pyDNase package (version 0.2.4) (Piper et
al., 2013) on total merged ATAC peaks using -A as a parameter to enable ATAC mode,
resulting in coordinate shift 5’ and 3’ by +4 and -5 bp, respectively. Motif overrepresentation
and average profile analyses were performed with dnase average profile.py of the Wellington
pyDNase package (Piper et al., 2013), on WT-only footprints versus all mutant footprints and
vice-versa. Briefly, motif bootstrapping was performed in WT-only and mutants-only footprints
using HOMER motifs corresponding to de novo found motifs found in WT- and mutants-
specific footprints.

qPCR

Whole hearts where extracted as explained previously. RNA was extracted directly after heart
collection inside RNA lysis buffer from Quick RNA micro-prep (Zymo kit, R1050). Around
Img of each RNA mix was used to synthetized cDNA using SuperScript VILO kit (Invitrogen,
ref: 11754-050) in 20uL final volume according to the manufacturer’s instructions. Products
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were amplified in a real-time PCR reaction with Light Cycler 480 Real-Time PCR System
(Roche) using a UPL Probes Master mix (Roche) according to the manufacturer’s instructions.

Sequence of primer pairs were as follows:

gane Forward primer Reverse primer
egrl agtttgatcaccttgctggag ggtgaaacggcctgtgtaag
flt] agtcacgtccacccacaatce gccaactgtcagaactccaac
gata5 | ggacgccagggaactctac acacggcaggtcatccag
has2 agcatccctgttcaactaacg gctgaccgctttatcacatct
klf2a | ccgtctatttccacattttcg tccagttcatccttccacct
klif2b | cgtggacatggctttacctt ttgtgctcctcaatettcea
soxI7 | caacccacagttctggtcaa ccccaaaagagagacagtgce
thx20 | gacttatgctggagatgaagagact tgcagtgaacgctgaacc
wnt9b | cttattgccectctgeatect gaggctcgegacctgtaa
polr2d-2 | aacgcaagtgggagatgtg agcgtctetgegttctcaa

Valve imaging

Embryos were incubated with 4mM BODIPY-FL CS5-ceramide (Molecular Probes from
ThermoFischer, D3521) overnight and then anesthetized with 0.02% Tricaine (Sigma Aldrich,
Saint-Louis, USA) solution and were mounted on Petri dishes embedded in 0.7% low melting
point (LMP) agarose (Sigma Aldrich). To visualize the valve shape and to observe their motion,
confocal imaging was performed on a Leica SP8 confocal microscope. Images were acquired
with a low-magnification water immersion objective (Leica HCX IRAPO L, 25X, N.A. 0.95).
For four-dimensional imaging, time series were acquired at a random time in the cardiac cycle
at 35fps for 3 s. The optical plane was moved 2 mm between the z-sections until the whole
AVC was acquired. AVC area was visually defined as in (Steed et al., 2016). The number of
cells within each AVC was analyzed using Imaris software (Bitplane).

AVC photoconversion

Photoconversion was performed at 48 hpf and follow-up imaging experiments were performed
at 98 hpf using the protocol described in Chow et al, 2018 (Jove Paper). Briefly,
Tg(flila:Gal4FF; UAS:Kaede) embryonic hearts were induced to stop beating by treating
embryos with 50 mM 2,3-Butanedione monoxime (BDM) (Sigma Aldrich), a myosin inhibitor,
for 5-10 minutes. They were then mounted in 0.7% low melting-point agarose supplemented
with 50mM BDM to inhibit heart contraction for the duration of the photoconversion procedure.
48hpf- ventricular cells were selected using the Region of Interest tool and exposed to 405 nm
light (400 Hz, 25% laser power) using the FRAP module on a SP8 confocal microscope and a
Leica HCX IRAPO L, 25, NA0.95 water immersion objective. For each selected region, one
pre-bleach frame was acquired, followed by 3—6 bleach pulses with acquisition to convert kaede
protein in the illuminated region from its green to 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 removed from the agarose using a glass suction
pipette, washed in fish water, and then placed in fresh fish water containing 0.003 % PTU.
Heart contraction soon resumes, and the fish are allowed to develop normally at 28.5 °C under
standard conditions until the second timepoint of interest (98hpf).
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In zebrafish, valvulogenesis starts between 24 and 48hpf with the formation of an

endocardical ring creating a region called AVC. Within the AVC, the pulsatile flow plays critical
roles, activating in particular key transcription factors, as Klf2a (Vermot et al. 2009), which is
expressed inside the AVC. We were first interested in proving a similar expression of egrl and
klf2b in this area, and a flow-dependent activation of egrl as postulated by (Khachigian et al.,
1997). We also studied kif4 and klf17 gene expression patterns, trying to find putative cross-
regulations during valvulogenesis between the sub-family klf2/klf4/kif17 discovered by (Oates
et al, 2001). In addition, we studied the flt1°**®* mutant and discovered an egri/klf2b-

dependent expression of flt1 gene.

I Cardiac gene expression patterns of egrl in zebrafish

I.1. Egrl cardiac expression
(Supplementary Figure 1 of the paper)

In the heart, the expression of egr1 started at 30hpf in a small subset of the endocardial
cells at the AV initiation of constriction. At 48hpf, this expression became stronger in AVC with
an additional spot in the OFT. Expression is still maintained at high level at 72hpf. We can note
a strong expression of Egrl in brain and tail vasculature since 30hpf similar as published by

(Banjo et al., 2013).

(figure 1 of the paper)

Egrl expression is blood flow- and klf2-dependent.
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I.2. Additional data about egr2 gene

On mice, another egr gene, egr2/krox20, is important for cardiac formation (Odelin and
Zaffran, 2014). egr2 mutant mice show aortic valve dysfunction associated with
disorganization of the ECM, hypertrophic aortic valve defects and in 27% of them bicuspid
aortic valve. The krox20-expressing cells constitute a subset of neural crest cells which
contribute to arterial cells and OFT (Odelin et al., 2018). Egr2b (one of the two Danio rerio
paralogs of Egr2) expression was investigated in zebrafish 30, 48 and 72hpf-embryo. However,
no cardiac expression has been observed, as shown on Figure 19. The other paralog, egr2a,
could be nevertheless expressed and recapitulates the data obtained in mice. However, the

lab does not possess the WISH-probe for egr2a and time was missing to study further down

this point.

| egr2/kro20 spatio-temporal expression |

|| Control 48hpf || Control 30hpf |

Control 72hpf

Figure 19: egr2b/krox20 expression pattern between 30 and 72hpf in WT zebrafish embryo.

Expression was detected in rhombomeres 3 and 5 from 30hpf (red arrows), this expression
decreased at 48hpf and is maintained only in hindbrain nuclei at 72hpf. This recapitulates
results published by Thisse et al. 2001 (Zfin). No cardiac expression was reported.
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1. Some klf members cardiac expression

1.1 kif2b AVC-expression would be kif2a-dependent
As klf2a (Vermot et al., 2009), kIf2b was expressed in the heart tube from 30hpf (Figure 20).
At 48hpf, the expression was restricted to AVC and OFT area.

We then compared expression in blood flow mutants (Figure 21, panel B). KIf2b
expression is reduced in pkd2'/' mutant and absent in silent heart / tnnt2a”” mutants. But the
expression of klf2b in gatal / viad tepes'/' mutant was not changed. This would suggest
different mechanotransduction pathway would regulate kif2b expression. As kif2b expression
is down in klf2a mutant and up-regulated in fish where klf2a is over-expressed (kIF2a OE), it
is possible that klf2a regulates klf2b expression (Figure 21, panel C).

gPCR data showed a downregulation of klf2b in kif2a mutant (fold change: 0,54,
p.value: 0,018). However, this was not recapitulated in the mRNA seq data. We have to bear
in mind that both k/f2a and kIf2b mRNA are still produced in the mutants in a lower extent.
Consequently, it will be interesting to do a gqPCR in the klf2a OE line to confirm the trend

observed.

11.2. kif4 and kif17 are not expressed in AVC and OFT between 30 and 72hpf

WISH probes were designed for kIf4 and kiIf17 genes. Figure 22 shows the results obtained
after incubation of these probes with WT (AB) embryos. KIf4 was highly expressed in brain of
30 to 72hpf-embryo but no signal was detected in the heart. KIf17 seems to be expressed in
the heart tube at 30hpf but then the area of expression at 48hpf does not show a specific
expression in heart. Some yolk cells were stained around the cardiac area.

In the mRNA-seq data, no deregulation of these two genes was detected at 48hpf in
endocardial cells in mutants compared to controls. No feedback regulation seems to happen
between the KLF subgroup family of KIf2 / KIf4 and KIf17 in zebrafish. Interestingly, we can
nevertheless notice a high expression of kIf17 mRNA in the mRNA-seq data of the controls
(around 17, 700 reads against 3,000 for klf2b and 600 for kif2a). This could be explained by
the fact that surprisingly a great number of erythroid markers are present in the mRNA-seq
data (hemoglobin is one of the first hit — this will be discussed later) and klf17 was shown to
be involved in erythroid cell differentiation and no heart expression of this factor was

mentioned to date (Kawahara and Dawid 2001).
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In literature, kif4a/klf4 was shown to be involved in heart valve formation with klf2a.
(Just et al., 2011) studied the zebrafish bng mutant (a mutation within the kinase domain of
PKD2 protein which abrogates the PKD2-HDACS5-KLF pathway). KIf2a and kif4 expression were
down in bng mutant hearts at 72hph. The WISH in our study were realized earlier (from 30 to
56hpf) and could be done at 72hpf trying to recapitulate the cardiac expression observed by

Just et al. KIf4 is above all important for primitive erythropoiesis (Gardiner et al., 2007).
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klf2b spatio-temporal expression

14/15 .

AB 24hpf

|__AB48hpf ||

AB 72hpf

Figure 20: kiIf2b spatio-temporal expression (WISH assay) on 30-48 and 72hpf zebrafish
embryos

klf2b is expressed from 30hpf in the heart tube and then its expression becomes restricted
similarly to klf2a expression in AVC and in a small extend in OFT at 48hpf. These area of
expression are maintained at 72hpf. KIf2b is also detected in the pectorial fin buds at 48 and
72hpf. No expression in the tail vasculature.
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Figure 21: kIf2b WISH on blood-flow, kIf and egr1**®* mutants at 48hpf
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Panel A: kIf2b cardiac expression at 48hpf is restricted to valve forming area (AVC and OFT) in
WT (AB) embryos. Panel B: kiIf2b expression is abnormal in mutants where blood flow is
altered (tnnt2) and where mechano-sensors trpp2 is knocked out (pkd2 mutant). This
indicates that klf2b expression would be flow dependent, but in a different manner of klf2a
expression. Panel C: klf2b expression in kIf mutants (single mutant klf2a, double mutant k/2fa;
klf2b; the over-expressing klf2a line). KIf2b expression seems abnormal in klf2 mutants. This
indicates that kIf2b expression might be modulated by kif2a. No change in expression in
egr1*®® mutant. Panel D: statistical analysis of klf2b WISH in the different mutants. The
control presented here is the sum of all respective controls for the mutants. *p<0.05,
**p<0.01, ***p<0.001, **** p<0.0001 chi-squared analysis for ISH

| kif4 spatio-temporal expression | | KkIf17 spatio-temporal expression

s .
¥ A

Figure 22: kif4 and kif17 WISH expression in 30-48 and 72hpf WT zebrafish embryos.

|| Control 30hpf |
[ Control 30hpf |

Control 48hpf

[ Control 56hpf |[ Control 48hpf
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lll.  Additional information about flt1 and fIt4 gene expression

.1 fIt1 cardiac expression is klf2a- and egr1-dependent

As described in the main introduction of this thesis, in zebrafish flt1 gene encodes for both
membrane and soluble proteins (mFIt1 and sFlt1). sFltl is formed by alternative splicing at the
exon 10—intron 10 boundary. It was shown by (Wild et al., 2017) that mf/t1 mutant alleles did
not reveal any obvious vascular malformations or alterations in vascular branching
morphogenesis compared to mutants which involved mutation of soluble Fltl. These mutants
presented indeed a hyper-branching of the trunk vasculature at 3—4 dpf (Wild et al., 2017).

If the mutation is located in the first exons, more likely the mutant will be lacking both Flt1
proteins.

Our mutant flt1°°%

presents a point mutation in the exon 9, in an essential splice site.
However, this mutant has not been characterized yet. Probably both forms are not encoded
but this has to be checked. We haven’t finished the complete analysis of this mutant to look
for potential defects in the vasculature which could recapitulate the data of (Wild et al., 2017).

We were focusing on the heart defects of this mutant. Zebrafish MZ homozygous
flt15”1504 displayed severe heart defects, oedema appeared from 48hpf and the mutation

penetrance observed was 60%. The complete study of the valve defects is presented in the

draft of the paper.

I11.2 No fIt4 cardiac expression at 48hpf

To test the possible implication of other VEGF receptors during valve development, we
performed a WISH with flt4 probe. Figure 23 presents the results obtained, no cardiac
expression was detected at this time-point. No change in transcriptomic data was neither
observed. This gene was only reported to date in vascular development, in particular it was

shown to be important for developing zebrafish intersegmental arteries (Hogan et al., 2009).
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|| Control 48hpf |

tnnt2a

Figure 23: fIt4 WISH on 48hpf-zebrafish embryos

No cardiac expression of flt4 was reported at 48hpf neither in WT or silent heart (tnnt2a)
mutants contrary to the results of our collaborators.

| wtn9b spatio-temporal expression

Control 30hpf |

[ Control 72hpf |[ Control 48hpf |[ Control 46hpf ||

Figure 24: wnt9b WISH in 30 to 72hpf zebrafish embryos

Wnt9b was detected in the heart tube at 30hpf and its expression was then observed in the
ventricle and AVC/OFT area. The ventricular expression became stronger et 48hpf. At 72hpf
cardiac expression was absent.
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IV. Additional information about wnt9b spatio-temporal
expression in zebrafish heart

We analysed the spatio-temporal of wnt9b gene in zebrafish from 30hpf to 72hpf Figure 24.
Cardiac expression was detected in the linear tube at 30hpf and was maintained in the
ventricle and in the AVC-OFT areas. The expression seemed even more intense in OFT and
AVC. The signal in ventricle became more intense from 46hpf to 48hpf. At 72Hpf it seemed
wnt9b was not more expressed in heart. Additional data about the expression of wnt9b in klf

and egrl mutants are presented in the paper.
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Chapter 4

Deciphering the cardiac downstream transcriptional
network of klf2a and egr1 at 48hpf

Development of a Chromatin Immuno-Precipitation (ChlP)

Integration of Assay for Transposase Accessible Chromatin-

Sequencing (ATAC-seq) and mRNA-seq data
NB: This part is included in the scientific paper (page 87) and only additional data will be added
in this chapter.
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I Preamble: introduction to integrative genomic studies used to

understand regulatory networks in development

I.1. Chromatin and gene expression

In the cells, the entire genetic information is stored and packaged into a compact and dense
structure called chromatin. This reinforces the DNA macromolecule during mitosis,
preventing its damage, and also controlling gene expression and DNA replication. The local
structure of chromatin changes depending on the gene expression requirement of each cell:
DNA which encodes actively transcribed genes ("turned on genes") and DNA corresponding
to biologically active regions (promoter, enhances or other regulatory elements) is loosely
packaged, associated with RNA polymerases and thus more accessible to the transcription
machinery. This state is referred to as euchromatin (Gross and Garrard, 1988, Bell et al., 2011).
While inactive genomic regions that contain inactive genes ("turned off genes") are
sequestered in a condensed state - referred as heterochromatin. Very simplistically, this
hierarchical packaging is composed of three levels: DNA is wrapped around histone proteins
forming nucleosomes, the "beads on a string" structure which constitutes the euchromatin.
Multiple histones can then be wrapped into a 30nm-fiber forming compact nucleosome arrays
(heterochromatin). An even higher-level of DNA packaging can be observed, when the 30nm-
fiber compacts into the metaphase chromosome during mitosis and meiosis (Kornberg, 1974).

These different levels of chromatin compaction are summarized on Figure 25.

The molecular DNA compaction into chromatin provides the epigenetic control system
that Conrad Waddington first postulated in the 1940s. “Epigenetics” literally means “over or
above genetics”. It refers to hereditary changes in genome expression that do not involve
alteration of DNA sequences. Epigenetic code includes DNA methylation, nucleosome
positioning, histone composition, and histone modifications. Transcription factors, chromatin
remodelers, and non-coding RNAs are the main actors of these epigenetic mechanisms
governing cellular processes (Kouzarides 2007); (Rinn and Chang 2012) ; (Chen and Dent
2014).
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Figure 25: Hierarchical levels of DNA organization in the eukaryotic nucleus.

Nucleosomes are the basic structure unit in eukaryotic chromatin, where DNA wraps around
a histone octamer. Post-translational modifications of the histone core affect DNA compaction
and act as signaling components for various proteins. These modifications are part of the
“epigenetics code”. Different genomic techniques are used to study epigenetics and to
provide information on gene regulation and expression (mentioned in red letters in the figure).
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l.2. Genome-wide analysis techniques

Understanding the epigenetic regulation mechanisms and the related chromatin
changes provides information on gene regulation and expression, and gene network. By
identifying the binding regions of transcription or chromatin factors, but also the regions of
open chromatin it is possible to study how this information is translated into particular
phenotypes.

In parallel of these studies, the emergence of high-throughput sequencing
technologies has changed the way to study the genome and its expression. Coupling molecular
biology with sequencing permitted the implementation of new analysis tools. Among the
variety of information-rich genome-wide analysis methods, genome-wide measurements of
protein-DNA interactions by Chromatin Immuno-Precipitation (ChIP), of chromatin
accessibility by Assay for Transposase Accessible Chromatin (ATAC) and quantitative
measurements of transcriptomes (RNAseq) are increasingly used to link regulatory inputs with
transcriptional outputs (Figure 25 and 26).

Integration of the data produced by the methods mentioned above allows to answer

to this type of questions:

Il. Which are the downstream transcriptional targets of a transcription factor of
interest?

Il Are they direct targets?

V. Is the transcription factor an activator, repressor, or both?

V. Does it have different binding partners depending on the type of regulation or the

cellular environment?

In other words, a computational analysis combining data from each type of assay
allows a simultaneous assessment of transcriptome (genome expression profile), epigenomics
and/or chromatin dynamics at a given time for one particular cell type. Collective results
revealed that changes in chromatin accessibility occurred concomitantly with changes in RNA

expression and large-scale genome organization (Duren et al., 2017).
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Figure 26: Integration of transcriptomic and epigenetic studies.

With the progress in genomics and in high-throughput sequencing, Integrative Genomics (IG)
provides novel insights into the understanding of molecular developmental mechanisms. It
would help in particular to decipher the ones driving heart development, by identifying
genetic factors and investigating regulation pathways.

RNA-seq: Ribonucleic Acid sequencing (transcriptome sequencing)

WES: Whole Exon Sequencing / WGS : Whole Genome Sequencing

ChIP-seq: chromatin Immuno-Precipitation

ATAC-seq: Assay for Transposase Accessibility

BS-seq : Bisulfite sequencing, used to detect methylated cytosines in genomic DNA

Hi-C / 4C: two 3C technique (Chromosome conformation capture). Hi-C is used to find the nucleotide sequence
of fragments. 4C for Chromosome conformation capture-on-chip (4C) captures interactions between one locus
and all other genomic loci

MNAse-seq: technique used to distinguish nucleosome positioning based on the ability of nucleosomes to
protect associated DNA from digestion by Micrococcal Nuclease. Sequenced fragments reveal nucleosome
location information about the input DNA.

FAIRE-seq: Formaldehyde-Assisted Isolation of Regulatory Elements), method used for determining the
sequences of DNA regions in the genome associated with regulatory activity.

DNAse-seq: sequencing of regions sensitive to DNase | nuclease, it helps identifying and localysing regulatory
regions.
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Three types of analysis performed in this thesis to discover downstream (direct or indirect)

transcriptional targets of klf2a and egr1.

1.3 Chromatin Immuno-Precipitation followed by high-throughput sequencing or ChiP-seq
ChIP is a method to investigate the protein/chromatin interactions in vivo. ChIP can be
employed to define the specific DNA binding sites of a particular protein / transcription factor
and thus provides evidence for a DIRECT regulation of genes by a transcription factor (Buck
and Lieb 2004) (Mardis 2007). A single ChIP experiment can in principle identify all the binding
sites of a particular protein under the chosen experimental conditions.

It relies on antibodies to identify the presence of specific histones or histone
modifications or transcription factors bound to DNA regions of interest. First, a fixative
chemical, usually formaldehyde, will cross-link proteins to DNA and maintaining the chromatin
architecture. Glycine is added to quench the formaldehyde and terminate the cross-linking
reaction. Chromatin is then extracted from cells, covalent protein-DNA complexes are sheared
into ~ 500 bp DNA fragments by sonication and incubated with antibodies against the protein
of interest. The chromatin fragments bound to the protein-antibody complex are captured
using protein A/G beads, and the immuno-precipitated DNA is reverse cross-linked.
Enrichment of specific DNA sequences represents regions on the genome that the protein of
interest is associated with in vivo. Then, it is possible to focus on specific genes and to
investigate protein-DNA interactions at known genomic binding sites, in order to determine
the abundance of a region of interest in the precipitated material. For this purpose, the
purified DNA is amplified using primers designed at the loci of interest (ChIP-PCR or qPCR); or
the entire set of fragments is sequenced and their distribution is mapped across the genome

(microarray or ChIP-sequencing). This method is summarized on Figure 27.
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1.4. Assay for Transposase-Accessible Chromatin with high-throughput sequencing or
ATAC-seq
ATAC coupled with high-throughput sequencing is a powerful method for mapping chromatin
accessibility in a genome-wide manner (Buenrostro et al., 2015). This method probes
accessible DNA regions recognized by the hyperactive Tn5 transposase, which simultaneously
cuts those sites and inserts sequencing adapters. Sequencing reads can infer regions of
increased accessibility that can also indicate transcription factor binding sites. ATAC-seq can
also lead to the identification of nucleosome positions.

The method is a fast and sensitive alternative to DNAse hypersensitivity assays or
FAIRE-seq for assaying chromatin accessibility genome-wide, or to MNase for assaying

nucleosome positions in accessible regions of the genome.
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Figure 27: Comparative scheme presenting ATAC-seq and ChlIP-seq principles and the method
used in this thesis on 48hpf-zebrafish endocardial cells.

Adapted from the figure presenting ATAC-seq by (Raj and McVicker 2014)
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I.5. Whole transcriptome shotgun sequencing or RNA-seq

RNA-seq refers to a “next generation sequencing” (NGS) approach that offers a snapshot of
the entire transcriptome profile at a given time point. It reveals the presence and amount
of RNA in a biological sample at a given moment. The shortcut term RNA-Seq is a bit confusing,
as RNA is not directly sequenced. Single RNA strands are reverse transcribed into
complementary DNAs (cDNA) and then converted to double stranded DNA before being
sequenced. cDNA synthesis is performed using adapter primers followed by a PCR
amplification step. So, while the initial material is RNA, the sample loaded on the sequencing
instrument is DNA. This analysis is used to determine global expression levels of each
transcript, identify exons, introns and map their boundaries. IT can also be used to quantify
alternative splicing.

It is possible to look only at different populations of RNA and for example to sequence
only the messenger RNA population. mRNA-seq protocol permits an enrichment of all
polyadenylated (poly-A) transcripts of the transcriptome, which represents 1-2% of the entire
transcriptome. By targeting mRNA, sequencing depth is improved as resources are dedicated
to the sequencing of coding genes. This makes identifying rare variants and low expressed
MRNA transcripts easier. mRNA-seq will be used in this thesis to study gene expression profile

and find differentially expressed genes between mutants and controls.

During my thesis, | have first worked on the development of a ChIP-assay to investigate the
direct targets of Klf2a in 48hpf-endocardial cells. The optimization of the protocol was a long
process and the first results obtained were not totally satisfying. We decided to perform an
ATAC-seq coupled to mRNA-seq assay, which were “easier” to implement. Integrative analysis
of the data is part of the paper which will be sent to editors. In a second part of this chapter

will be presented the work realized about the ChIP assay and the experienced difficulties.
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Il. Optimization of a ChIP method

In parallel to the generation of anti-KIf2a antibodies (Chapter 1 on this thesis manuscript), |
tried to optimize a ChIP assay, using the commercial anti-KLF2 antibody (Merck Millipore) and
a home-made polyclonal anti-KIf2a (n°3290). The aim was to determine new direct
transcriptional targets of Kif2a.

As presented before, ChIP is a powerful method to identifying genome occupancy by
proteins (histones and transcription factors). However, the protocol could be a bit tricky to
settle in order to get results. The complete and detailed protocol from Dr. Eirini Trompouki
(Max-Planck of Immunobiology and Epigenetics, Freiburg) is available in the Material and
Methods part. This part will present the points which have required a specific optimization,

the preliminary results obtained and encountered issues.

1.1. Optimization steps
A particular attention was paid on these different points:

[1.1.a) Quantity of material

Working with living animals and no cells in culture constitutes a first challenge to overcome.
We need to access to chromatin in early-stage zebrafish embryos, which are surrounded by a
thick glycoprotein chorion and possessed a large amount of yolk (Lindeman et al., 2010). For
transcription factor ChlP it is recommended to use 10’ cells (Trompouki et al., 2011). A first
ChIP assay was performed using 1000 48hpf-whole embryos and some modifications were
introduced for the next assays, as presented later). Embryos were dechroniated by Pronase

digestion (Roche) and crosslinked with the addition of 1%-formalhehyde for 5 min at RT.

I1.1.b) Sonication step

An over-sonication will lead to chromatin degradation and an insufficient sonication to non-
specific binding. Sonicated fragments should ideally have an average size of 500 bp ranging
from 200 to 1000 bp. After sonication, a part of the sonicated chromatin was reverse
crosslinked by boiling for 20 min and loaded on a gelto check for chromatin size. Bioanalyzer
analysis (using Agilent 2100) was also performed to get a more accurate estimation of the

sonication efficiency.
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I.1.c) Antibodies efficiency

The antibody used should be evaluated to determine: 1- if it is able to bind the beads, 2- if it
recognizes the native transcription factor of interest and 3- if it is able to pull it down efficiently
during the immunoprecipitation step (IP step). A “ChiP-Western Blot” was performed to
evaluate these points. A part of the beads after the IP was collected, boiled in loading buffer

for 10 min and loaded on a gel.

[1.1.d) Choice of controls

To ensure that each step of the experiment is working, different controls were used.

Antibody controls: To determine if the results obtained are correct, we run in parallel a ChIP
with antibodies against the histones H3K4me3 and H3K27ac. ChIP for these histones
modifications were previously published and marks active regulatory elements in whole
zebrafish embryos (Lindeman et al., 2009; Vastenhouw et al., 2010; Quillien et al., 2017).
Histone H3 tri-methyl Lysine 4 (H3K4me3) is generally a mark for actively transcribed
promoter regions. Histone H3 acetyl Lys27 H3K27ac is also commonly associated with active
enhancers and promoters. These antibodies will be “positive controls”. As a negative antibody
control, we could have used an antibody that recognizes a non-chromatin epitope such as an

anti-GFP antibody (not done here).

Control for the background of the assay: As a negative control, | use “beads only” or “beads

with an isotype matched control immunoglobulin (Ig)”.

“Input”: A part of the DNA sample that has been cross-linked and sonicated but not immuno-

precipitated. It is used to normalize signal from ChIP enrichment.

Controls for qPCR: Primers for both positive and negative loci should be designed. One couple
of primers was designed where we know the protein of interest is present (positive control
locus) and one where it is absent or significantly decreased (negative control locus). This will
reveal whether the observed enrichment is specific. It is important to include these controls

as some antibodies result in non-specific enrichment.
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11.3. Results of the optimized steps

I1.3.a) Sonication time

Sonication was realized using Covaris E220 sonicator (Sonolab 7.3. software). The parameters
were the followings: duty cycle 20% - intensity 8 and frequency / cycles per burst 200 and |
tried a range of sonication time between 5 and 30 min. A time course was performed using
different numbers of sonication cycles (effective sonication during x minutes followed by x
min of no sonication to avoid an overheating of the chromatin). The efficiency of the
sonication was attested by agarose gel loading and Bioanalyser analysis (Agilent 2100). Results
are presented on Figure 28. 30 min of sonication brought the best quality of fragments with

the selected parameters.

I1.3.b) Antibodies test
The Immublots of IP samples were first incubated with the secondary antibody (HRP anti-

rabbit) to detect any false positive and to distinguish the bands of the proteins of interest from
the bands corresponding to the antibodies bound to the beads. Only the heavy and light chains
of antibodies incubated with the beads should be detected: a band around 55kDa for the
heavy chain and a small one (sometimes not easy to detect) around 25kDa for the light chain.
A band around 100 kDa is visible in some samples, as shown in Figure 29, which could
correspond to the complex heavy and light chains or to a non-specific band. This figure also
illustrates that anti-KLF2/KLF2A 3290 worked nicely, but surprisingly, not the IP using anti-
H3K4me3. The “Input” immunoblot lanes are free from any bands probably because the
sample is diluted.

The immunoblot was then incubated with anti-KIf2a 3290 and commercial anti-KLF2
antibodies: KLF2A protein could be detect in the inputs and in the IP samples.

A third incubation of the membrane with anti-H3K4me3 allows to attest the presence
of H3K4 in the IP as well. This confirms the protocol was efficient to immune-precipitate the

proteins of interest.
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Figure 28: Optimization of the sonication step of the ChIP protocol.

Effects of different sonication times on chromatin fragment length. Chromatin was
fragmented using Covaris E220 for the indicated times and conditions at 4°C. Panel A:
Following crosslink removal, the DNA was extracted and analyzed on a 1%-agarose gel. 5ug of
sonicated chromatin were loaded per lane (from 2000 48-hpf embryos).

Panel B: For four conditions the purified chromatin was analyzed with Bioanalyzer System
(Agilent 2100, microchip Agilent High Sensitivity DNA Kit (reorder-no 5067-4626) and Agilent
DNA 1000 Kit (reorder number 5067-1504)

Fragments above 600bp were considered under-sonicated and below 200pb over-sonicated.
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3- incubation with primary anti-H3K4 antibody (1:1000)

Figure 29: Test of the antibody efficiency to immune-precipitate Kif2a and H3K4 proteins in
ChIP assay.

Immunoblots.

- 143-



11.4. Preliminary results
Once these points were optimized, a first ChIP-qPCR was launched. IPs were performed
with the commercial anti-KLF2 (Merck Millipore), the home-made polyclonal anti-KIf2A

n°3290 and the anti-H3K4me3 (Merck Millipore, 07-473) as control.

I.4.a) ChIP-gPCR
2000 48hpf whole WT embryos were used and treated according to the optimized protocol.

For the gPCR, putative kif2a target genes were tested. Among already validated targets of
kif2a/KIf2 in literature in endothelial cells, there are No synthase or nos genes (nosl and
nos2b). (Wang et al., 2010) performed a ChIP-gPCR assay and showed KIf2a was bound to the
promoters of nosl and nos2b genes in vivo, indicating a direct gene regulation. | was
interested in recapitulating these data to validate the optimized ChIP protocol. Another gene
was also tested in qPCR: fibronectin 1b, fn1b, a putative downstream target of klf2a - which
was then validated as such by (Steed et al., 2016). Positive and negative primers were selected
for each gene: a positive couple will amplify a fragment containing kif2a binding motif°, and
the negative couples not. Published primer couples were used for nos1 gene (Wang et al.,
2011) ; for fn1b, one putative KIf2a binding site (CACCC) was found inside fn1b proximal
promoter and primers were designed according to its position, as illustrated on figure 31
(primers  sequences available in Table 6). We analyzed two housekeeping
genes, glyceraldehyde-3-phosphate dehydrogenase (gapdh) and S18 ribosomal protein
(rps18) as positive controls for H3K4Me3 and H3K27ac for the gPCR (Kozera and Rapacz 2013)
primers for these genes were gratefully provided by Dr Eirini Trompouki.

ChIP enrichment was calculated with the method “percent of input”. A standard curve
per couple of primers was performed with the input sample and then used to calculate the
enrichment of each immunoprecipitation (IP). Preliminary data (not presented here)

presented an important background (the 1gG read-out was high). A second ChIP-qPCR was

° NB about klf2a binding motif: KLK binding motifs are CG-rich sites of general structure CCN CNC CCN such
as CACCC-boxes in various promoters and enhancers (Jiang et al. 2008). This motif is common to all KLF
members and not only to KIf2a. Moreover, it is quite common in genome. | try to look for this motif not

more than 1kb upstream of the transcription start site (TSS).
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thus performed after modification of these points on the advice and experience of Dr Eirini
Trompouki: addition of 1%-Triton x-100 just after sonication to obtain less stringent
conditions, longer washes of the IP (15 min more), double amount of N-laurosarcosine in lysis
buffer 3. These helps reducing the background. Figure 30 presents the data obtained.
Enrichment can be shown with each positive couple of primers for fn1b, nos1 genes
for IP with anti-KIf2a/KLF2 and for gapdh and rpsi8 genes for IP with anti-H3K4 (Merck
Millipore, 07-473). This will validate the ChIP assay efficiency and recapitulates data showing
klf2a is regulating nos1 gene and fn1b. Nevertheless, for some couples of negative primers,
where no enrichment should be detected, a significant amplification can be detected.
Moreover, the standard deviations are not acceptable, out of four gPCRs from four
independent ChIPs, two gave non-optimal data explaining the discrepancy in the data

obtained.
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Figure 30: ChiIP-qPCR

Quantitative RT-PCR analysis of gapdh, rps18 (house-keeping control genes) and nos1, fnlb
genes (kIf2a downstream targets) expression in whole-embryo ChIP at 48hpf (mean of four
replicate assays +SD).

Immunoprecipitation with anti-KLF2 (Merck Millipore), anti-KIf2a (home-made polyclonal
antibody n°3290) and control antibody anti-H3K4 (Merck Millipore, 07-473).
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Table 6: List of primers used for the ChIP-qPCR assay.

To validate each potential binding site, a couple of “positive primers” will amplify a fragment
containing KlIf2a binding motif (CACCC), these primers are specific to KIf2a binding site. Other
couples are unspecific to it and called « negative primers ». Primers are designed within 1kb
in the upstream region of each gene. gapdh and rps18 are control genes for H3K4 assay. Nos

primers were used by Wang et al. (2011).

Primer couple

Primer sequence

PCR fragment length

Fnlb_positive primers

1F: TCTTTGTGTGTGTGTGTGTGTG
1R: GCTCCAGATTTGCCTTCATTACTC

147pb

Nosl_1R: CTTCGTGGACCAGAGGGTTT

Fnlb_negative primers 2F: GTAATGAAGGCAAATCTGGAGC 359pb
2R: GCTCAGCATAAATGAGTACACC

Fnlb_negative primers 3F: ACTCTATTACCTGCGGGTTC 172pb
3R: TCCAGGAGAGAGAGAGAGAG

Fnlb_negative primers 4F: TTGCCAGATTTCCCGACAGTG 253pb
4R: TTCACCCGCGTTATGGAGAG

GAPDH_positive primers FP1: TTGTGAAACTGCAACACCTC 330pb
RP1: CTCAGATTGCGCTGGTGAAG

GAPDH_negative primers FP2: TGTAGTTCACAGTAGCCTGTTG 180pb
RP2: ATTGCGCTGGTGAAGCCTTTG

RPS18 positive primers FP1: CATTTACAAACCCACCTCATCCTC 238pb
RP1: CACGAACATTGATGGAAGACG

RPS18 negative primers FP2: AGCTTTCCTCAGAACCACATG 178pb
RP1: CACGAACATTGATGGAAGACG

RPS18 negative primers FP3: GACACGAAGGATGTGCTGAAAC RP3: 170pb
GGAGCCGTTACAATAATGTGC

Nosl_negative primers Nosl 5F : GGCGTTGATTATGGGTGTAG 191 pb
Nosl_5R : GCCAGAGCACTAGGATTGT

Nosl_negative primers Nos1l_CF : ATCCAGTTAAAGTCCTTCCC 186 pb
Nosl_CR: GGTTTAGGTTTTGGGTAGGATT

Nos1_positive primers Nosl_1F : GCAAACCACCTGTCATCGTC 199 pb

| fn1b zebrafish gene

1FAR  2F/2R  3F/3R

4F/AR _+1

5 cAcce
-833

{ exon 1 |—| exon 2 |—| exon 3 |73’

[nos1 zebrafish gene

5F/5 CF/CR

+

1FAR

1
cacce exon 1 |—| exon 2 |—| exon 3 lis’

Figure 31: Positions of negative/positive couples of primers on nos1 and fn1b zebrafish

genes used in qPCR.

Nos1 primers were published by (Wang et al., 2011)
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Table 7: General quality assessments for the samples sequenced in the ChIP-seq assay 1.

Sequencing performed with lllumina technology. Library prep: SQ00/SIL-01-SR, Read Length:

SQ00/HS-1x50 — Hiseq Sequencing 1x50 bases standard.

In the column “raw reads”, it is estimated as good when the number of reads is equal or above
25 million. The "Aligned reads" column represents the number of reads aligned onto the
reference genome. "%aligned" is the ratio (aligned reads / total reads).

(Merck Millipore)

Sample name Concentration | Quantification | Volume | Raw reads Aligned % aligned
method reads
input 96.6 ng/ul Qubit 30uL 65,116,728 36,071,163 55.39
IP anti-H3K4me3 11.1 ng/ul Qubit 18ul 73,740,824 | 41,623,425 56.45
IP anti-KLF2 6.7 ng/ul Qubit 11ul 77,957,951 43,897,882 56.31
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I1.4.b) Results of the ChIP-seq assays

With the quite promising data obtained in ChIP-qPCR, we decided to redo a similar ChIP for
immunoprecipitating Klf2a and H3K4 and to sequence the samples. Sequencing was
performed using lllumina (Library prep: SQ00/SIL-01-SR, Read Length: SQ00/HS-1x50 — Hiseq
Sequencing 1x50 bases standard).

Unfortunately, despite a good quality of the fragmented chromatin and sequencing
(Table 7) the results were not satisfying: not enough coverage and an important background
masking any interesting peak even for the IP with controls H3K4 antibody.

At 48hpf, KIf2a is mainly expressed in cardiac valve area and slightly in the tail vascular.
While running a ChIP with whole embryos, we may “diluted” the few cells expressing the
transcription factor among the different cell type populations. In order to enrich the samples
with cells containing KIf2a and thus to maximize the chances to pull-down the transcription
factor, it will be better to run a ChIP with endocardial cells and not with entire embryos.

FACS-sorting protocol was optimized to be able to collect these cells.
Fli:gal4FF;UAS:kaede transgenic line was used to sort endocardial GFP positive cells. This
requires to find an optimal lysis buffer which maintain cells alive during and after the sorting.
Time of sorting was also a critical parameter and the quantity of starting material, its
concentration should be optimized to be able to sort in 15 minutes maximum one sample.

A 48hpf zebrafish heart roughly contains around 200 cardiomyocytes (Bennett et al.,
2013) meaning a ChIP on endocardial cells requires to collect more embryos (5000 to 10,000)
to obtain enough cells after sorting. 10 FACS-sorts were required to reach 2 million cells,
pulled together to obtain a sample for one ChIP condition. A second ChIP-seq assay using the
cell population was run. IP was realized with anti-KIf2a n°3290 and another control antibody:
anti-H3K27ac (Abcam, 4729), rather than H3K4me3 (Merck Millipore, 07-473).

Unfortunately, this second sequencing was not more successful as the previous one,
even if again the quantity of chromatin and quality were nevertheless optimal. Figure 32
presents an example of data obtained on egrl gene. ATAC-seq on fli positive cells obtained in
Dr Trompouki’s lab as a comparison is included. No peak can be seen, just a baseline

background.
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Figure 32: comparison of ChIP-seq data on erg1 promoter

Data obtained on egrl promoter region (IPs using anti-H3K4me3 and anti-H3K27ac) with
ATAC-seq obtained in Dr Trompouki’s lab on the same type of cells (48hpf-endothelial cells).
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Figure 33: Immunoprecipitation of KIf2a protein
IP realized with 300 embryos WT (AB) and 300 embryos (kIf2a®®%) in 600uL lysis buffer.

Incubation of the lysates with protein G-sepharose beads coated with anti-KIf2a (monoclonal
1KLF) and elution with 0.1M glycine pH2.8.
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11.5. Discussion and perspectives
The low coverage and poor quality of the data could be explained in different ways.

[1.5.a) The quality of the starting material

Removing the chorion using Pronase (Roche) could be detrimental to the efficiency of ChIP
(Lindeman et al., 2010), notably by resulting in the degradation in modified histone epitopes
such as H3K27me3. This will require to dechorionate manually around 5000-10,000 embryos
per condition before starting the experiment, adding a considerable time-consuming step to
the protocol. Moreover, the sorted and cross-linked cells were snap frozen in liquid nitrogen

and stored at -80°C up to one month.

11.5.b) The cross-linking step

An excessive cross-linking reduces antigen accessibility and sonication efficiency, and epitopes

may thus be masked. A shorter cross-linking step may help.

I1.5.c) Antibody specificity and efficacy

It is also possible anti-KIf2a antibody is not efficient enough to pull down correctly the in vivo
protein. The band on the immunoblot is indeed not consequent (Figure 29). Even if with H3K4
and H3K27ac, usual ChIP-grade antibodies, the results were not better. | tried to a protocol of
immunoprecipitation of KIf2a with the purified monoclonal anti-KIf2a 1KLF antibody. Figure
33 attests this antibody is able to pull down the protein correctly. This means either there are

not enough cells in the assay or enough protein to be detected.

This approach would have required more time to be developed completely. We decided
to investigate another approach, an ATAC-seq assay coupled to mRNA-seq, which will be less
time-consuming to optimize. They will bring us some information about the changes in
chromatin accessibility in our mutants and we could thus infer some potential KIf2a and Egr1
downstream targets (direct or indirect, these methods are less precise to determine relations).
Data obtained with this integrative analysis are presented in the draft of the paper which will

be submitted to editors.
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In parallel, we have also decided to generate zebrafish transgenic lines which will over-
express Klf2a protein with a biotin-tag. It might be powerful to use it in a ChIP assay using anti-

biotin antibody instead of anti-KIf2a antibodies.

lll. Improvement: establishment of in vivo biotinylation tagging of Egrl

and Klf2a in zebrafish endocardial cells.

I1l.1. Presentation of the constructs designed

With the help of Dr Bernardo Reina San Marin and M. Vincent Heyer (IGBMC), two transgenic
constructions were designed in order to express a biotin tag-version of Klf2a and Egrl in
endocardial cells of living fish. A schematic representation of the construction is presented in
Figure 34.

The system is based on the bacterial BirA biotin ligase, which recognizes and
biotinylates a short 23 amino acid peptide termed BioTag, allowing subsequent high
stringency streptavidin affinity chromatography for purification of bait proteins, as illustrated
on Figure 35. In this assay, the bait proteins will be KIf2a and Egrl. We combined biotinylation
tagging with the versatile Gal4/UAS system for klf2a and egrl expression in myocardial cells.
the approach has already been used to BioChIP—Chip applications to characterize the genome-
wide distribution of histones, transcription factors, and chromatin-binding proteins (Lee et al.,
2006) and (Mito et al., 2005).

The module cmlc2-eCFP will be a control for transgene. The transfection would be
efficient if the myocardial cells present cyan fluorescence. Klf2a or Egrl production will be
followed by mCherry expression produced in parallel under UAS/gal4 system control

(presented in the general introduction of this thesis).
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Figure 34: schematic representation of the transgenic constructions designed to over-
express a biotin-tag version of KIf2a and Egrl in endocardial cells of living fish.

7 modules called megaprimers were amplified by PCR using Q5 enzyme with addition of adapters
containing Bsal restriction site and sequences for further insertion into pUC plasmid. Megawhoop
cloning inside this vector was performed by PCR.

1: fusion of tol2-L200 — cmlc2 promoter and eCFP cassette

2A: fusion of SV40 and 5x UAS

2B: klf2a and egrl sequences with tags

7: fusion of tol2-5150 and SV40 polyA.
Tol2-L200 and Tol2-R150: cis-sequences of the Tol2 transposon system
pA = polyA
P2A: fusion peptide, proteins linked by this peptide will be produced in the same time
BirA gene: code biotin ligase enzyme which regulates biotin biosynthesis
Bio-tag: 23 amino acid peptide which is recognized by BirA and undergoes biotinylation modification
FLAG: polypeptide protein tag, having the sequence motif DYKDDDDK (where D=aspartic acid,
Y=tyrosine, and K=lysine). It is an artificial antigen to which specific, high affinity monoclonal antibodies
have been developed and hence can be used for protein purification or used for locating proteins
within living cells.
(4GS)3 = spacer between the tag and the sequence of the gene of interest

BioChIP-ChlIP assay

BioTag streptavidin pulling down
TEV site -
\/ Biotin
- /
Klf2a / Klf2a /
Egrl Egrl

Figure 35: Presentation of birA biotinylation system used to create tagged proteins

(adapted from (Strubbe et al., 2011). KIf2a and Egrl are fused at their C-terminus to a TEV-
cleavable BioTag allowing proteolytic elution from streptavidin-coated beads. Gal4 induction
of BirA biotin ligase expression leads to the biotinylation of the BioTag. Biotinylated KIf2a/Egrl
proteins are expressed in cells. Streptavidin pull-down will allow in future the
immunoprecipitation of DNA-KIf2a/Egrl complexes by ChIP using anti-biotin antibodies.
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111.2. Construction protocol

The assembly of the different modules was realized using (adapted from
Miyazaki protocol, 2011) based on

This method allows the efficient, seamless and orderly assembly of multiple inserts into a final
plasmid vector using the simultaneous activities of single type Il S restriction enzyme (Bsal)
(NEB) and T4 DNA ligase (NEB). Unlike standard Type Il restriction enzymes
like EcoRl and BamHI, enzymes from type S bind to their recognition sites but cut DNA outside
at a downstream positional, not sequence-specific, cut site (NEB website). Therefore, they can
create non-palindromic and unique overhangs. Bsal has a recognition site of GGTCTC(N1/ N5),
where the GGTCTC represents the recognition/binding site, the N1/ N5 indicates the cut site
is one base downstream on the top strand, and five bases downstream on the bottom strand.
Ordered assembly of digested fragments is possible through annealing of complementary four
base overhangs on adjacent fragments different from each other. The digested fragments and
the final assembly no longer contain Type IIS restriction enzyme recognition sites, so no

further cutting is possible. Figure 36 illustrates the principles of this method.

The different sequences to assemble were first PCR-amplified using Q5 enzyme (NEB)
to form so-called “ ”.Some megaprimers are composed by the fusion of different
fragments. The sequences used are listed on Table 8.

Adapters containing Bsal restriction sites and pUC-sequences of insertion were added
to the extremities. Cloning of modules 2A and 3 containing UAS promoter were not
straightforward, as UAS is composed of repetitive sequences. After several unsuccessful
attempts to PCR-amplify five repetitions in one final fragment, the complete sequence was
ordered as an ultramer at IDT. Regarding the fragment containing egrl genomic sequence,
additional PCRs were required to mutate Bsal restriction site, which will have impaired the
module assembly.

Megaprimers were then purified using NucleoSpin columns (Gel and PCR clean-up,
MN) before to be inserted into pUC plasmid by a second PCR with Q5 (megawhoop reaction).
Plasmid were then digested one hour 37°C-digestion by Dpnl (NEB) and transformed into

TOP10 competent cells (Sigma) by heat shock. Bacteria were plated on LB supplemented with
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ampicillin and Xgal for selection. Mini-prep from white colonies were performed and their
sequences verified by sequencing (GATC/Eurofins).

The final assembly was realized into pXpA vector (unpublished data, kindly provided
by Dr Reina San Marin’s lab, IGBMC) in one reaction (digestion by Bsal and ligation by T4 DNA
ligase (NEB)) as described on figure 34. Final plasmids were checked to be error-prone by
sequencing (Table 10 presents the primers used). For each construction one clone was
selected: pXpA_633 mini prep n°6 for kif2a construction and pXpA_634 mini prep n°9 for egrl

construction.

111.3. Fish mutant generation

To deliver the construction to all embryo cells, one-cell stage WT (AB) embryos were injected
with 10ng/ulL of pXpA-633/634 plasmid and 12ng/uL of mRNA tol2 (pCS2+ tol2 plasmid from
Kawakami) diluted in RNAse-free water. Expression of eCFP under cmlc2 promoter was used
to control the efficiency of transfection. CFP-positive embryos were raised to adulthood. A

first out-crossing of this FO generation with AB fish was performed to raise a stable line.

111.4. Preliminary results and perspectives

CFP-positive F1 fish were then crossed with the fli:gal4FF,UAS:kaede line. To confirm the
overexpression of Egrl and KIf2a in the offspring, we measured the expression of the mcherry
reporter. This is part of an on-going work, data will not be shown in this thesis. We did detect
mcherry fluorescence in CFP and GFP positive embryos from 48hpf, but | still have to validate
the expected over-expression in valve areas. CFP and GFP fluorescences were detectable
under regular fluorescent macroscope, but not mCherry fluorescence. Therefore, mCherry
fluorescence signal was assessed using a spinning disk confocal microscope at 48, 96 and

120hpf.
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Figure 36: Megawhoop Golden Gate cloning
(figure adapted from Dr Reina San Marin, IGBMC)

1- Afirst PCRis performed to amplify the fragment of interest with primers. Adapters
with Bsal site and sequences for futher cloning into pUC plasmid are contained in
the primers.

2- A second PCR using the product of the first PCR (the megaprimer) is performed
with the target plasmid (pUC57) as template. This second PCR is digested with
Dpnl enzyme to remove the parental plasmid. Purified plasmid is then
transformed in E. coli TOP10.

3- Asingle tube final reaction allows Bsal digestion of the megaprimers from pUC and
of the destination plasmid, and T4 DNA ligase orderly and seamless assembly (Bsal
sites are absent of the final construction)
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Table 8: description of the module (megaprimers) used to design egrl and klf2a transgenic
constructions using Golden Gate Megawhoop approach.

Megaprimer name Sequences fused Origin and information
Tol2 L200 pDestol2CG2 gateway vector
cmlc2 promoter - Kozak pDestol2CG2 gateway vector
1: m573
eCFP gratefully provided by Dr San Martin (IGBMC)
This will be a control for the transgenesis and efficient
transfection. Cardiac cells should be CFP positive.
SV40 poly A from pDesTol2CG2 gateway vector
2A and 3: m574 and 5X-UAS Complete sequence ordered as an ultramer at IDT
Five repetitions were shown to be optimal to reduce the silencing
m577 effects observed with increasing generation numbers (Akitake et
al. 2011)
Bio-tag/FLAG/(4GS)3 gratefully provided by Dr San Martin (IGBMC)
2B Egrl cDNA transcribed by Jean-Marie Garnier (IGBMC). Bsal sites were
klf2a: m575 mutated by PCR prevent impairment during the final assembly.
egrl: m576 Notl and EcoRl sites replaced them.
Klf2a From pExpress plasmid available in the lab
4 mcherry gratefully provided by Dr San Martin (IGBMC)
P2A gratefully provided by Dr San Martin (IGBMC)
5 fusion peptide, 2 proteins produced in the same time : control of
Klf2a production visible by fluorescence (mcherry).
6 BirA - Stop gratefully provided by Dr San Martin (IGBMC)
7 (m578) SV40 polyA & Tol2 R150 pDestol2CG2 gateway vector
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Table 9: Primers used for the design of the transgenic constructions

Primer name

Sequence

m573-Fwd1 CGAATGCATCTAGATATCGGATCCCGGTCTCGATCCCAGAGGTGTAAAGTACTTGAGTAATTTTACTTG
m573-Fwd2 CAGTCAAAAAGTACTTATTTTTTGGAGATCACTTAAAGCTTAAATCAGTTGTGTTAAATAAGAG
m573-Fwd3 CCAGACCAACAGCAAAGCAGACAGTGACCGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACC
m573-Revl CTCTTATTTAACACAACTGATTTAAGCTTTAAGTGATCTCCAAAAAATAAGTACTTTTTGACTG
m573-Rev2 GGTGAACAGCTCCTCGCCCTTGCTCACCATGGTGGCGGTCACTGTCTGCTTTGCTGTTGGTCTGG
m573-Rev3 GCAGGCCTCTGCAGTCGACGGGCCCGGTCTCTCATATCACTTGTACAGCTCGTCCATGCCG

m574/577-Fwd

AGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAC

m574/577-rev

CGTTAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCT

m574-Rev2 GCAGGCCTCTGCAGTCGACGGGCCCGGTCTCTCACCGTGTGGAGGAGCTCAAAGTGAGGCTGAGACGCGATGG

m575-Fwd1 CGAATGCATCTAGATATCGGATCCCGGTCTCGGGTGGCCACCATGGGCCTGAATGACATCTTTGAGGCCCAGAAGATCG

m575-Fwd?2 GACATCTTTGAGGCCCAGAAGATCGAGTGGCATGAGGGAGGAATGGACTACAAGGACGACGATGACAAGGGTGGCGGAGGGAGTGG

m575-Fwd3 GATGACAAGGGTGGCGGAGGGAGTGGAGGCGGTGGCAGCGGTGGCGGAGGGAGTATGGCTTTGAGTGGAACGATTTTACC
m575-Rev GCAGGCCTCTGCAGTCGACGGGCCCGGTCTCTGTTCCTACATATGACGTTTCATATGAAGGGC

m576-Fwd1 CGAATGCATCTAGATATCGGATCCCGGTCTCGGGTGGCCACCATGGCTGCAGCCAAGACAGAGATGC

m576-Fwd?2 CACGAGCGCCCCTACGCATGCCCTGTGGAAACCTGTGACAGGCGCTTCTCACGCTCAGACG

m576-Fwd3 CCTCTCCCATCACTTCTTACCCCTCTCCGGTTTCCTCTTTCCCGTCTCCAGTCAACTCCTGC

m576-Revl CGTCTGAGCGTGAGAAGCGCCTGTCACAGGTTTCCACAGGGCATGCGTAGGGGCGCTCGTG

m576-Rev2 GCAGGAGTTGACTGGAGACGGGAAAGAGGAAACCGGAGAGGGGTAAGAAGTGATGGGAGAGG

m576-Rev3 TTGTAGTCCATACTCCCTCCGCCACCGCTGCCACCGCCTCCACTCCCTCCGCCACCGCAGATGTCGGCTGTCCGAGGGGAAAGCG

m576-Rev4 CGATCTTCTGGGCCTCAAAGATGTCATTCAGGCCCATTCCTCCCTTGTCATCGTCGTCCTTGTAGTCCATACTCCCTCCGCCACC

m576-Rev5 GCAGGCCTCTGCAGTCGACGGGCCCGGTCTCTGTTCTCACTCATGCCACTCGATCTTCTGGGCCTCAAAGATGTCATTCAGGCC

m577-Rev2 GCAGGCCTCTGCAGTCGACGGGCCCGGTCTCTTGCGGTGTGGAGGAGCTCAAAGTGAGGCTGAGACGCGATGG

m578-Fwd1 CGAATGCATCTAGATATCGGATCCCGGTCTCGGCTTTGATCATAATCAGCCATACCAC

m578-Fwd2 GTCCAAACTCATCAATGTATCTTAAAATACTCAAGTACAATTTTAATGGAG

m578-Revl CTCCATTAAAATTGTACTTGAGTATTTTAAGATACATTGATGAGTTTGGAC

m578-Rev2 GCAGGCCTCTGCAGTCGACGGGCCCGGTCTCTATGGCAGAGGTGTAAAAAGTACTCAAAAATTTTACTC

Ultramer sequence (4X UAS)
ccaaactcatcaatgtatcttaaCGGAGTACTGTCCTCCGgcaaggtCGGAGTACTGTCCTCCGacactagaggtCGGAGTACTGTCCTC
CGacgcaaggCGGAGTACTGTCCTCCGEgctggCGGAGTACTGTCCTCCGgcaagggtcgactctagagggtatataatggatcccategegt

ctcagcctcactttgag

Table 10: primers used for sequencing the final pXpA-633/634 constructions

Part to sequence Primer sequence
first UAS repetitions (cassette 2A) CMLC2_FP : GTCAGAACCTGCAGTGTTGGC
second UAS repetitions (cassette 3) P2A_RP : CAGGCTGAAGTTAGTAGCTC
End of kif2a genomic sequence kif2aend_FP : CTGGACGCCAAACCAAAGAG
End of egrl genomic sequence egrlend_FP : CTGACGCCGCTGCACACCAT
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IV. Additional information about the ATAC-seq / mRNA-seq combined

approach

IV.1. Discussion about quantity of material required, choice of the kit and protocols used for
ATAC-seq and mRNAseq

IV.1.a) Optimization of a FACS sorting protocol

FACS-sorting required some improvement to be able to sort a good ratio of positive and viable
cells from a given sample in a minimum amount of time. FACSmax buffer (Fisher Scientific)
used previously in the lab was abandoned for the following extraction methods:

- for whole embryos: extraction was performed in PBS-2%-Liberase (Roche) for 15min at 37°C,
5%-FBS was then added to stop the reaction. The solution was pipetting up and down
thoroughly before being filtered on ice on a 40um-nylon mesh and finally resuspended into

FACS buffer (0.02% FBS; 0,01% Penicillin/streptomycin; 2% EDTA)

- for extracted hearts: after the extractions, hearts were centrifuged rapidly and cells
resuspended into FACS buffer (500 hearts in 500l to ensure an optimal concentration of cells

to reduce the time sorting).

IV.1.b) ATAC-seq protocol

The amount of input material was a challenging issue in ChIP. We leveraged the recent
development of the assay for transposase-accessible chromatin with high-throughput
sequencing (ATAC-seq), which requires only roughly 50,000 cells as input material (Buenrostro
et al., 2013). We performed several FACS sorting of endothelial cells from dissected hearts to
reach this number of cells. No protocol optimization was required here, we followed the

protocol published by Buenrostro et al. (2015).

IV.1.b) Collecting RNA from 48hpf-sorted cells

Preparing the mRNA-seq samples was more challenging for two reasons. First, the number of
cells used for an ATAC-seq sample was not enough to obtain a quantitative and qualitative
RNA amount after extraction. Second, when studying dynamic biological processes, such as
developmental steps, it is critical to work fast. The changes in gene expression are rapidly

happening in live cells. In order to recapitulate the whole regulatory network involved at a
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precise time point, in the most accurate way, we tried to pay attention to the experiment
duration.

FACS-sorting optimized to collect cells in maximum 15 minutes allowed to limit the
total technical process of less than one hour. This should ensure to have reproducible data
reflecting at most the cellular processes happening at 48hpf in live cells. Total RNA purification
followed cell isolation as quickly as possible using Zimo RNA extraction kit.

Unfortunately, the quality of the RNA and subsequent cDNA was not optimal for every
replicate. We could also notice the presence of an unexpected peak around 550-600pb on the
cDNA quality profile, as illustrated on Figure 37. This was supposed to be a contaminant globin
peak. But even after some sorting of endothelial cells from gatal / viad tepes mutant which
lack blood cells, the peak was still present. From one sample to another its proportion varies
but it could still be detected.

We can remark that surprisingly, hemoglobin genes were the most abundant RNA
population in the mRNAseq data we obtained. The unexpected peak could be attribute to
these genes.

To finally obtain high-quality RNA in amount required for RNA-seq, we decided to use
a protocol for small RNA quantity (Clontech SMART-Seq v4 Ultra Low Input RNA Kit). 1000 cells
were FACS-sorted and immediately frozen. Once all technical replicates for mutants and
respective controls were collected, cells were defrosted and direct cDNA synthesis from intact

cells was performed.
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Figure 37: cDNA quality profiles. Analysis performed with Bioanalyser.

Panel A presents a theoretical expected profile and panel B the profile obtained with our
sample. The blue arrown points out the unexpected peak obtained around 550-600pb.
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IV.2. Complementary information not included in the paper about the mRNA and ATACseq
data sets

IV.2.a) Data on the double mutant klf2a;klf2b

MRNA seq and ATACseq were also performed on klf2a-klf2b double mutants. The data were
not included in the paper we would like to submit to editors. They need to be analyzed further
down.

We were surprised this mutant do not share many genes in common with the single
respective mutants, indeed only 80 genes seem in common between these three mutants.
Has2, wnt9b for example which were both down-regulated in the single mutants were not
deregulated in the double mutant analysis. The GO-terms of the deregulated genes in mRNA-
seq and of differential peaks found in ATAC-seq were however quite interesting, revealing
genes mainly involved in embryogenic morphogenesis, heart development and regulation of
transcription (Figure 38, panel C and D).

How these disparities could be explained? it is possible the double knock-out has
induced other effects which are not the addition of the effects observed for the single
mutants. Some compensation may occur in each single mutant. On the contrary in the double
mutant, where klf2 gene is completely absent, the mechanism of compensation could be

different. These data sets will be analyzed more carefully (on going work).
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Panel A: ATAC-seq comparison between mutants, showing interesting deregulated peaks.
Panel B: interesting genes deregulated in the mRNA seq
Panel C: mRNA-seq GO-terms analysis based on cellular compartment terms of upregulated
genes highlighted a significant enrichment of ECM-related terms. P values describing the
significance of each term enrichment are shown in blue.
Panel D: GO-terms analysis of differential ATAC peaks found in the double mutant compared
to control siblings.
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IV.2.b) Some disparities with ISH data

An WISH was performed with anti-Has2 probe and contrary to what was expected
regarding the mRNA seq and the qPCR data, no change in expression was observed between
mutants and their respective controls (Figure 39). Another disparity was observed with egrl
probe, in kIf2 mutants the down-regulation was total in almost 80% of embryos. However, in
mRNAseq and qPCR the down-regulation was not significant for every klf2 mutant.

WISH is indeed not a quantitative technique. The staining is not always linear. qPCR
and mRNA-seq assays would be more accurate to estimate mRNA levels. WISH can detect
differences in the distribution of expression and could give an idea of the deregulation. But if
the down-regulation is not total, some transcripts are left in cells, and if the staining is too
long, it may happen the saturation is reached and the signal is equivalent to the control signal.
This does not explain nevertheless the result obtained with egrl probe.

Moreover, these results also raise the question of the experiment timing: we tried to
perform experiment precisely at 48hpf for WISH, imaging, mRNA-seq, ATAC-seq and gPCR.
But as the processing for genome-wide data (embryos processing, heart extraction, FACS-
sorting and DNA/RNA processing) is a bit longer we cannot be 100% sure. It would be
interesting to perform some qPCR at different close time-points (46, 47, 48, 49 and 50hpf) to
study the expression of the gene of interest. The time window were cushions and ECM

remodeling happened is highly dynamic and significant changes may occur quickly.
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Figure 39: has2 WISH on 48hpf-zebrafish embryos

has2 expression is restricted to AVC and OFT area at 58hpf. No change in expression was

observed between control and klf, egrl mutants, contrary to the down-regulation observed
in mRNAseq and gPCR for this gene.
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Chapter 5

Design of CRISPR/cas9 system for generating
KO-fn1b zebrafish mutant
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In the past morpholinos (MO)-based Kl were an accepted alternative to genomic lesions, but
there were reports of strong phenotypes that are a result of clearly off-target inhibition (Kok
et al. 2014; Law and Sargent 2014). Kok et al. (2014) and Stainier et al. (2015) also discovered
that 80% of gene knockouts did not recapitulate the morpholino phenotype reported for the
same gene. This is a significant setback to researchers interested in studying gene function to
find a way to generate proper KO mutants.

To date, experience from the zebrafish community and from the hands of different
collaborator labs give advantages to the CRIPSR-Cas9 approach in term of KO efficiency and
lack of off targets compared to the use of TALENs system. For example, Chang et al. (2013)
targeted etsrp and gata5 loci with CRISPRs and managed to recapitulate the vasculature
phenotypes and the cardiac bifida phenotype'® observed previously with morphants** with
these “CRISPR-KO” mutants.

For the project of Dr Emily Steed (results published in Steed et al., 2016 — paper
available in Annex), we aimed to generate zebrafish fn1b mutants using CRISPRs for some
validation experiments of results obtained with fn1b morphants. When the project started,
no viable mutant was available in the worldwide database and only fn1b-Morpholino (MO)
was used for studies on this gene. This will be a starting point to optimize a method to
generate KO-zebrafish mutant using CRISPRs and could be implement to other genes of

interest in the future.

V.1. Presentation of CRISPR-Cas9 system

CRISPR-associated protein 9 (Cas9) is an RNA guided DNA endonuclease enzyme associated
with the CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) adaptive
immunity system in Streptococcus pyogenes. This bacterium uses Cas9 protein to memorize
and later to interrogate and cleave any foreign DNA, such as invading bacteriophage or
plasmid DNA, complementary to the 20bp spacer region of the guide RNA. This system has

some analogy with the RNA interference (RNAi) mechanism in eukaryotes.

10 Failure of the bilateral myocardial cells to fuse into a single central heart tube resulting in the presence of
two independent hearts

1 Name given to an organism treated with a morpholino antisense oligo to temporarily knock down expression
of a targeted gene

- 167 -



CRISPR represents a family of DNA non-contiguous direct repeats separated by variable
sequence spacers, they are found in most archaeal (~¥90%) and bacterial (~40%) genomes.
Spacer mostly correspond to segments of captured plasmid or virus. The size of CRISPR repeats
and spacers varies between 23 to 47 bp and 21 to 72 bp, respectively. CRISPR are often
adjacent to CRISPR-associated genes (cas). Cas genes encode a heterogeneous family of
proteins that carry functional domains typical of nucleases, helicases, polymerases, and
polynucleotide-binding proteins. (From Horvath et. Barrangou, 2010.)

Three classes of CRISPR/Cas systems have been described so far. Whereas Type | and
Type Il systems require multiple distinct effectors Cas proteins acting in a complex, type Il
utilizes a single effector nuclease: Cas9 (Makarova et al., 2011). The CRISPR-Cas9 system is
based on the recognizing by a Cas complex o foreign DNA and subsequent integration of
exogenous DNA fragments into the repeat-spacer unit at the leader end of the CRISPR loci
(Figure 40). The integrated sequence is called a protospacer and is followed by a short stretch
of conserved nucleotides, the protospacer adjacent motif or PAM. PAM is a component of the
invading virus or plasmid, but is not a component of the bacterial CRISPR locus. The immunity
process relies on the subsequent transcription of the CRISPR repeat-spacer array into pre-
crRNA and its processing into mature short CRISPR RNAs (crRNAs). This crRNA then forms a
RNA duplex with a trans-activating crRNA (tracrRNA) which acts as a guide for the
endonuclease Cas9 to direct sequence-specific silencing of the corresponding invading nucleic
acid (Figure 40).

This ingenious system has been adapted to create ‘molecular scissors’ to induce DNA
direct double stranded beaks, and are widely used in genome editing. Gene knockout
(KO) using CRISPR “molecular scissors” technology is accomplished by Cas9-mediated double-
stranded (ds)-DNA breaks. Following a Cas9-cut, the error-prone natural repair mechanism of

often leads to the generation of indels (insertion and/or
deletions) and thus frameshifts disrupting the protein-coding capacity of a locus.

For editing genes, synthetic and customizable single guideRNAs (gRNAs) are
synthesized to perform the function of the tracrRNA:crRNA complex in recognizing gene
sequences having a PAM sequence at the 3'-end. The canonical PAM recognized by Cas9 is the
sequence 5'-NGG-3' where "N" is any nucleobase followed by two guanines. This site occurs

once in every 128 bp of random DNA sequence (Hwang et al. 2012). Potential target sites are
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both [5’-20nt-NGG] and [5’-CCN-20nt], as it is equally efficacious to target the coding or non-

coding strand of DNA.

A Immunization

Infection

Novel
Plasmid spacer

DNA

% Cas9
Insertion of a novel
ﬁ _/ Cas repeat-spacer unit
Conjugation complex i

Cleavage

<
<,
()
<
<

L’"S &l prdaal U
csni , casi  Weas2wy snamyes | N R ECE
CRISPR array
-
3 ) ) ) tracrRNA
Acquired immunity against subsequentl Target specific crRNA #8660U86U006U UBU

cccc
CB®SBScC

viral infection or plasmid transfer
Absence of PAM within the ﬂ !! ﬂ
CRISPR array prevents autoimmunity
. 4 DO 0
Za ¥ x Cascade Transcription
* (Cas complex)

Inactivation

pre-crRNA
é?‘r’gTQO\ /o_xxxxxxx

Processing
chNAs DI{

M

Interference
with the invading nucleic acid \
bearing a proto-spacer and PAM
---CGGACGTGGT| TGCTCGACTTGTTAAAAAAACTACTGA -

[ YYYYJUGCUCGACUUGUUAAAAAAACUACUGAAGA[TIIIIY
crBRNA

B Immunity

Target genomic loci PAM

Figure 40: Overview of the CRISPR/Cas system

Mechanism of action in bacteria (from Horvath and Barrangou, 2010)

(A) Immunization process: After insertion of exogenous viral or plasmid DNA, a complex of Cas proteins
recognizes this foreign DNA and integrates it as a novel repeat-spacer unit the protospacer, followed by a PAM
sequence, at the leader end of the CRISPR locus.

(B) Immunity process: The CRISPR repeat-spacer array is transcribed into a pre-crRNA that is processed into
mature crRNAs used as a guide by a Cas complex to interfere with the corresponding invading nucleic acid (for
the type Il CRISPR/Cas9, crRNA complexes with tracrRNA and this complexe is recognized by Cas9 nuclease).
Repeats are represented as diamonds, spacers as rectangles, and the CRISPR leader is labeled L.

(C) Schematic representation of the customizable complex formed in vitro between Cas9 protein, the gRNA (with
the tracrRNA scaffold recognized by Cas9) and targeted genome locus (from ThermoFisher Scientific).
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V.2. Design of a CRISPR/Cas9 approach to target fn1b zebrafish gene

V.2.a) ldentification and customization of gRNA

SgRNA:Cas9-targetable sites were generated from a comparison between different web-
based targeter CRISPR programs: ZiFiT Targeter programl4 (hosted by the Zinc Finger
Consortium, Hwang et al., Mali et al. 2013), CRISPOR (Haeussler et al., 2016) and CRISPRdirect
(developed by Naito et al., DBCLS, Tokyo), CRISPRScan tool (Yale University, Giraldez lab,
Moreno-Mateos et al. 2015). They provide a list of customizable sgRNA bearing 20 nucleotides
(nts) of sequence complementary to a target site of interest. Constraints on the range of
targetable sequences are due to sequence requirements imposed by the T7 promoter used to
make sgRNAs (GG at the 5’ end of the transcriptlz) and by the requirement for PAM sequence
in genomic DNA just 3’ to the target site.

In this project, exon 1 and exon 3 of fnlb gene were targeted. Targeting 5'-
constitutively expressed early exons is preferred when loss-of-function mutant is required
(Hwang et al., 2013 ; Meier et al., 2017). Exons 1 and 3 are also present in all splice variants
and different from fnla gene. It should reduce the chances that the targeted region will be
removed from the mRNA due to alternative splicing. Exons near the N-terminus are also often
targeted since frameshift mutations here will increase the likelihood that a nonfunctional
protein product is produced. According to our collaborators experience, every sgRNA do not
work efficiently in zebrafish. It is better to design a minimum of four independent sgRNA per
gene (some even use up to 10 different gRNA targeting the same region).

gRNAs obtained by correlation of these different program, with the best score were
chosen (GC content below 55% ; CRISPRscan score of at least 55, ideally >70 (Moreno-Mateos
et al., 2015). A Blast research confirmed the designed sequence does not exist at any other
location in the genome was performed. Selected fn1b-gRNAs are listed in Table 10.

To ensure no error on the available genome version could affect the targeting, before
injecting gRNA in WT AB embryos, fn1b WT genomic sequence was verified in five AB adult

parent fish by extracting genomic DNA from their tail. PCR was realized using primers reported

12 “For Streptococcus pyogenes Cas9, the PAM sequence is NGG, leading to a consensus CRISPR target site of

N21GG. For sgRNAs produced in vitro using a T7 promoter the first two transcribed bases are G, making sgRNAs
with a GGN19GG consensus” (Hwang et al., 2013)
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in table 11. Fragments were sequenced (GATC/Eurofins) and aligned with zebrafish 10 version.
No error was reported.

“Off-targets analysis” should also be performed to assess the targeting specificity of
the designed gRNA/Cas9 system, and check the nuclease did not generate unwanted cuttings
at other loci in the genome. Nevertheless, off-targets events were shown to be rare and of
minimal concern with zebrafish compared to the off-target rates observed in cell culture for
example, certainly due to the duration of Cas9/sgRNA activity in faster dividing cells or
segregation of unlinked loci during meiosis (Varshney et al., 2015).

A first analysis was performed while designing the gRNAs, to avoid the choice of
putatively prone-off target sequences. Previous studies have shown “that 8-12 bases (“seed
sequence”) immediately to the 5’ end of the PAM, NGG, are critical in determining target
specificity: single mismatches within this region largely abolish the gRNA/Cas9 target activity,
whereas single mismatches beyond can be tolerated” (Jiang et al., 2012; Cong et al., 2013).
Potential off-target sites were searched in this way in the genome by Blast analysis and using
the browser “CRISPRs” track on the ZebrafishGenomics track hub (which computationally
predicts 18,367,469 CRISPR 20-mers in the zebrafish reference genome; Varshney et al., 2015)
The track allows for rapid selection of guide sequences with embedded information on
predicted off-target sites in the genome. The number appearing in the name field of the BED
track indicates the number of off-targets for the 12-mer seed region. Then it is also possible

to sequence putative off-target sites to look for Cas9-cuttings in the injected embryos.

V.2.b) gRNA production

The single-guide RNA (sgRNA) contains in general a 20-nucleotide sequence complementary
to the genomic loci to target, and 80 nts of chimeric guide RNA (crRNA:tracrRNA) (Cong et al.
2013; Mali et al. 2013). Most methods rely on subcloning the 20-nt target sequences between
a T7 promoter and the crRNA:tracrRNA sequences and obtaining the sgRNAs from in vitro
transcription off of the plasmid.

gRNAs were ordered as oligonucleotides containing 20nts homologous to the CRISPR
targeted region and overhangs compatible with directional cloning into the Bsal-digested
pDR274 vector, following Hwang et al. (2013) protocol (Table 10 summarizes the chosen

sequences). Vector pDR274 harbors the T7 required for further in vitro transcription. This was
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realized using Megascript T7 kit (Ambion) at 37°C overnight (better yield than the two hours
recommended by the kit). One step of DNA digestion was performed using Turbo DNase and
RNA cleaned using Qiagen RNeasy Minikit. Concentrations obtained were in the range 1.5-3
ug/uL. Another approach using T7-cas9-sgRNA2 vector (kindly provided by Dr Eirini
Trompouki) was tested. One step-digestion/ligation using BsmBlI, Bglll and Sall to digest the
vector and T4 ligase inserted the customized gRNA inside this plasmid.

It is also possible to avoid the cloning step and used a simpler straightforward PCR
approach to obtain the gRNA (Gagnon et al., 2014; Varshney et al.,, 2017). Two partially
overlapping synthetic oligonucleotides can be ordered, one containing the target-specific
gRNA and the other T7 transcription promoter and crRNA:tracrRNA, which can be used as a
generic oligonucleotide for all constructs. Oligonucleotides are annealed and PCR-amplified

before being transcribed.

V.2.c) CRISPR injection

Three papers in zebrafish suggest that injecting Cas9 protein is faster and yields more
mutagenesis than injecting cas9 mRNA (Gagnon et al., 2014; Kotani et al., 2015; Sung et al.,
2014), our collaborators confirmed this from their own experiments.

One-cell WT (AB) embryos were micro-injected with 1pL of CRISPR/cas9 mix (2uM Cas9
protein (NEB), 10x Cas9 buffer (NEB) and 300ng/uL sgRNA) to have roughly 1:1 cas9/sgRNA
ratio. The mix was incubated 5 min at RT before injection. Injection was performed in the yolk.
As a control, non-injected embryos or embryos injected with Cas9 alone were grown in
parallel. WT sequence for fn1b gene was verified by tail-clipping the future parents used for
injection (Table 11).

In a first assay, only the gRNAs 1 and 2 targeting exon 1 were injected. The plan was to
then inject the other alone or in combination of two (see the discussion part for further details

and perspectives).

V.2.d) Results of the injection, estimation of the mutagenesis rate

Ten embryos were randomly selected after 5 days to quantify the mutagenesis rates using the

T7 endonuclease | (T7El) assay (NEB). Not all assayed embryo mix showed mutagenesis. We
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observed targeted indels in >60% of embryo mix injected with gRNA 2 targeting exon 1 (Figure
41).

Their siblings from the same injected clutch were raised to adulthood. 40% of them
died during the few days of development, certainly due to the toxicity of the injected
construct. However, the survival embryos did not present any phenotypical defects. Adult fish
were then fin-clipped and fnlb gene sequenced to identify those who are carrying mutated
alleles. Such screening fin clips of GO individuals is however not predictive of the germline
transmission rates or the transmitted alleles. Over 50 fish for each gRNA injected none of them
presented mutation inside fn1b gene. No FO founder grew to adulthood. It may be possible
the putative founders died after dew days, the other did not get efficient cutting on both

alleles.

V.3 Discussion and perspectives

CRISPR/Cas9 system was shown to be an efficient genome editing tool to target, with few off-
targets effects, endogenous loci in wild-type zebrafish, where two copies of a given
endogenous gene are present. Unlike Zinc Finger Nucleases (ZFNs) and TALENs, gRNA is the
only component that needs customization for each genomic target of interest, thus greatly
simplifying the design and lowering the cost of gene targeting.

In our study, considering the correct mutagenesis rate observed after few days after
injection, surprisingly no CRISPR-injected fish presented a mutation at the adult state.
Normally Cas9-induced mutations are heritable, but it seems the mutations did not pass the
germ line. To achieve this, it would have been interesting to vary the injected gRNA/Cas9
protein/mRNA concentration and determine the optimal quantity necessary to obtain the
highest mean frequency of mutations, and in the same time the best concentration avoiding
high levels of toxicity (40% in our case was a limit acceptable level of toxicity). Cas9-induced
mutagenesis was indeed shown to be dose-dependent (Jao et al., 2013).

Literature reports some issues to target some loci with CRISPR/Cas9 system in
zebrafish. The mutagenesis efficiencies for the different Cas9 applications were shown to vary
widely in reported studies, with several groups experiencing 50% or more of sgRNAs being
ineffective for mutagenesis (Moreno-Mateos et al., 2015; Shah et al., 2015; Sung et al., 2014;
Varshney et al., 2015).
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The mutagenesis rates could also be increased by injecting simultaneously several
gRNA targeting multiple loci of the same gene, thus maximizing the chance to get a KO and to
achieve a germ-line transmission of Cas9-induced mutations. CRISPR/Cas9 system can induce
heritable large deletions when at least two sgRNAs were simultaneously injected, deletions
which are germline-transmitted mutations (Varshney et al., 2015).

Another point which could help improving the mutagenesis rate is the localization of
delivery of the CRISPR/cas9 system. For facility, since the cytoplasm could be difficult to target
especially when the first cell is really flat, the injections were performed into the yolk in the
first cell and not in the cell itself. Aiming it could nevertheless improve the chance of
successfully producing transgenic fish. The efficiency seems to be increased and lethality
decreased with this approach (Erickson et al., 2016)

However, as in parallel, we received a fn1b mutant from ZIRC database: fn1b**>** (point

mutant), the on-going CRISPR project has not been finished, and these points never tested.
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Table 10: gRNA and primer sequences to target CRISPR cutting in exons 1 and 3 of

zebrafish Fn1b gene

Targeted | Online program used

gRNA sequences

Primer sequences

exon for the design

Exon 1 Zifit 5’-TGAGTCAGTAAAGAGACTCC-3’ E1_1F : TAGGAGTCTCTTTACTGACTCA
PAM: CGG E1_1R: AAACTGAGTCAGTAAAGAGACT

Exon 1 Zifit 3’-GGTCATTTTCACCCGCGTTA-5’ E1-2F : TAGGTCATTTTCACCCGCGTTA
PAM: AGG E1_2R: AAACTAACGCGGGTGAAAATGA

Exon 1 Zifit 5-GGAGTTTAGCCATCCACG-3’ E1_5F : TAGGGGAGTTTAGCCATCCACG
PAM: AGG E1_5R: AAACCGTGGATGGCTAAACTCC

Exon 1 Crisprdirect (here T7 5’-AAGCTGCTCTCCATAACG-3’ E1_3F : TAGGAAGCTGCTCTCCATAACG
binding sites should be PAM: CGG E1_3R: AAACCGTTATGGAGAGCAGCTT
added and PAM removed)

Exon 3 Crisprdirect (here T7 5’-TGCATGCCACAATCCGCA-3’ E1_4F : TAGGTGCATGCCACAATCCGCA
binding sites should be PAM: GGG E1_4R : AAACTGCGGATTGTGGCATGCA
added and PAM removed)

Exon 3 Zifit 5’-CGCACGTTCCTACCGAGT-3’ E3_1F : TAGGCGCACGTTCCTACCGAGT

PAM: CGG E3_1R : AAACACTCGGTAGGAACGTGCG

Exon 3 Zifit 5-ACGAGCGACCAAAGGATA-3’ E3_2F : TAGGACGAGCGACCAAAGGATA

PAM: AGG E3_2R : AAACTATCCTTTGGTCGCTCGT
Exon 3 Zifit 5’- AAGGATAACATGATATGG-3’ E3_3F : TAGGAAGGATAACATGATATGG
PAM: AGG E3_3R : AAACCCATATCATGTTATCCTT

Table 11: primers to sequence WT genomic fn1b exon 1 and exon 3

Primer sequence Fragment length
FP1_exonl: AGGGTGAGAGAACCTCATAAAGC 491pb
RP1_exon1: CTCACTTAAACCGCGAACTGTCC
FP2_exon3: ACAGTTCGCGGTTTAAGTGAG 290 pb
RP2_exon3: aagcatttattaaacgttgtc
gRNA1 exon1 gRNA2 exon1 non-injected / WTs

Figure 41: T7 endonuclease | assay to detect Cas9 induced mutations

T7 endonuclease | enzyme is able to detect heteroduplex DNA that results from the annealing of a
modified DNA strand after a sgRNA/Cas9 mediated cut to WT DNA strand. In this thesis, this assay was
used to get a first estimation of whether our Cas9-targeting approach was successful or not. 5 pools of
10 5dpf-injected embryos were used for each gRNA injected. Non-injected embryos from the same
clutch were used as a control. The target sites in fnlb gene was first amplified by PCR, the generated
fragments were then digested with T7E1. The digested products were loaded immediately on a 1.5%

agarose gel.

Groups 2, 4, 5 and 6 show mismatches at the target sequence.
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General conclusion and perspectives

The embryogenic morphogenetic processes shaping the vertebrate heart are complex and still
poorly understood. Understanding the molecular and cellular details underlying AVC
patterning and valve development is important in order to gain insights towards the etiology
of valve diseases, which are a leading cause of birth defects and morbidity. Zebrafish is a
powerful model organism to study these processes including AVC patterning and the function
of cardiac valves.

This thesis aimed at elucidating the role of the stress-inducible transcription factor
Egrl in zebrafish AVC valvulogenesis. Our data demonstrated egrl gene as a key actor of
zebrafish AV valve morphogenesis. Deletion of egrl results in altered cardiac valve formation
and cushion remodeling. From ISH and wide-genomic data, its seems that egrl expression is
regulated by kiIf2a/klf2b genes at 48hpf. The deletion of both egrl and klf2a is embryogenic
lethal. This argue that klf2a and egrl are two master regulators of valve development. We
analyzed further in details the valve defects of this double mutant klf2a-kif2b line and those
of the single mutant kIf2b. They both present a range of valve defects similar to those
observed by Steed et al. (2016) for the single mutant k/f2a. The double knock-out surprisingly
does not affect more the phenotype than the single loss of klf2a or kif2b. This pointed out a
putative compensatory role of egrl in valvulogenesis in double mutant klf2a-kiIf2b, which
manage to survive to adulthood at a homozygous state, compared to the double mutant egr1-
kif2a which died after few days. As discovered through the mRNAseq data, klf2a seems to be
more activator rather klf2b a repressor, it could also explain the results observed for the
double mutants.

The analysis of genome-wide analysis of transcriptomic landscape and chromatin
organization at 48hpf in endothelial cells revealed that kIf2a and kIf2b do not share so many
transcriptional target genes in common. This is in agreement with the hypothesis that they
regulate different genes during valvulogenesis, however linked in the same signaling
pathways. Together the combined mRNAseq/ATACseq results demonstrated that egrl, kif2a
and kIf2b have multi-faceted roles in this developmental program. They all regulate the
development of AV valve by modulating the expression of flt1, wnt9b and has2 genes in

zebrafish heart at 48hpf. The role of fit1 gene in this process was further investigated. flt1°**°%
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present severe valve defects. These data sets may also prove meaningful in other signaling
pathways happening at 48hpf in endocardial cells. This comparative analysis mRNA-
seq/ATACseq provide a great resource for analyzing transcriptomics landscape at 48hpf in
endocardial cells. It will provide valuable information on different pathways, as well as for
mechanotransduction pathways activated at 48hpf. We could perform a similar analysis with
sequencing in addition the miRNA. Indeed, some of them were shown as important in
development. In particular miR126 was shown to be regulated by klf2a during valvulogenesis.

This analysis could also be performed in a small subset of cells, for example only in AVC

cells to reduce the heterogeneity and discovered specific genes important at 48hpf.

Valvulopathies are still a challenging issue in our society. This amount of data could
help finding new interesting targets. In kIf2b mutant, numerous genes linked with human

valvulopathies were interestingly deregulated.

In addition, different projects were developed in this thesis. First, the generation of
monoclonal antibodies against Klf2a, KIf2b and Ergl zebrafish proteins was performed. It was
undertaken trying to validate the KO of these proteins in mutant lines. KIf2a protein was
confirmed absent in the KO-mutants used in the lab with one home-made monoclonal
antibody (1KLF). This thesis presents an efficient protocol to generate specific and purified

sa1304 utant lines, the

monoclonal antibodies against zebrafish proteins. For klf2b" and egr1
complete disappearance of the proteins still has to be proved. Further work should be done
to characterize the generated antibodies and to conclude with certitude. Second, a ChIP assay
against Klf2a protein for 48hpf zebrafish cells was developed. It could be repeated for IPs
against Egrl and Klf2a using the designed fish lines over-expressing a biotinylated version of
KIf2a and Egrl in endocardial cells. This assay would allow to discover direct downstream
transcriptional targets of egrl and kif2a. Third, a CRISPR-Cas9 endonuclease system was

designed to target fn1b gene. Even if the project was not finalized, the general protocol could

be adapted in future for the generation of zebrafish KO mutants for a gene of interest.
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Material and Methods

Zebrafish accession gene numbers
klf2a: ENSDARG00000042667

klf2b: ENSDARG00000040432

egrl: ENSDARG00000037421

flt1: ENSDARG00000019371

kif4: ENSDARG00000079922

kif17: ENSDARG00000038792

Zebrafish husbandry, fish strains and embryo treatments
The zebrafish (Danio rerio) lines used in the experiments were the following: wild-type AB,

sa64 '8%) _ generated in Vermot’s

Tg(egrl™”) - from ZIRC, received as an heterozygous line ; Tg(klf2a

lab using TALEN technology, published in (Steed et al., 2016) ; Tg(klf2b®) - generated in

Vermot’s lab using TALEN technology (further information below), Tg(flt1°****) - from ZIRC,

tc321 m651

received as an heterozygous line, Tg(pkd2™"*") or cup mutants from ZIRC, Tg(vlt""") or vald

®109) or silent heart (sih) mutant from Stainier’s lab

tepes, gatal mutant, from ZIRC, Tg(tnnt2a
(Sehnert et al., 2002). Tg(fli:gaI4FF“bs; UAS:kaede) (Herwig et al., 2011) from Markus Affolter’s
lab (Biozemtrum, Basel) and Tg(flk1:mCherry) (Bertrand et al., 2010).

Embryos were staged according to hours (hpf) and days postfertilization (dpf). They were
incubated at 28.5°C in 0.3% Danieau medium supplemented 5h after birth with 0.003%
(wt/vol) 1-phenyl-2-thiourea (PTU) (Sigma Aldrich) to inhibit pigment formation. All zebrafish
strains were maintained at the IGBMC fish facility under standard husbandry conditions (14h

light/10h dark cycle). The Animal Experimentation Committee of the Institutional Review

Board of IGBMC approved all animal experiments performed in this project.

klf2a"* mutant line

Mutant described in (Steed et al., 2016). The INDEL generated using TALEN technology leads
to premature stop codon in the protein. A second ATG could be a putative protein-coding start
ig4

site, this site will be conserved in kIf2a”" mutant. Its effective presence and cellular activity

have still to be proved.
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KIf2b"”> mutant line

Tg(KIf2b) line was generated in the same way as Tg(KIf2a), using TALEN system. A TALEN pair
(left and right arms: 5’GGACATGGCTTTACCT-3’ and 5’AACGTTTGCAAACCAG-3’) were designed
to target exon 1 of the kIf2b gene and injected into single cell wild-type (AB) first cell. We
identified the alleles generated and confirmed that potential targeting events could be
transmitted through the germline by out-crossing the FO fish with AB animals and sequencing
genomic DNA from pools of 6 F1 embryos. We focused on a 28pb-deletion mutation (5’-
GGACATGGCTTTACCTTGCCTTTTGCCT-3’) leading to a premature stop codon in kIf2b
transcript. Studies were performed from F4 fish and later generations, and on transgenic lines
resulting of out-crossings. A PCR-based genotyping strategy was established using the
following primers to identify the wild-type and mutant alleles, the length of the deletion
allowing their visualization directly on a 3%-agarose DNA gel: forward 5’-
GGAAAGCGCGTATATTTGGA-3’, reverse 5- CAAGTAGGAAATGCAAGTGT-3’ and sequencing
forward primer 5’- AGAGCGCACTGTGCCTTATA-3'.

KIf2a'"*, kIf2b'> and egr1*°®* mutant fish were viable and kept as homozygous fish to be able
to work with maternal zygotic embryos in this study. Double mutant lines (k/f2a-kIf2b, egri-
kif2a) came from crossings between single mutant lines and genotyping.

sa64

egrl mutant line

Egr1*®** mutant contains a C>T point mutation in the exon 2 of the gene leading to a

>26%) Jine were

premature stop codon in the predicted translation product. Studies on Tg(egrl
realized from F4 fish and later generations, following out-crossing to transgenic lines of
interest. Genotyping was performed by sequencing of the PCR product generated with the
following primers: forward 5’-ATATCCTACACAGGCCGTTTCAC-3, reverse 5-
CACTGGGATATGTTGATGAGGAG-3’, and sequenced with the primer 5-

TGGTTGAGAAGTTAGGGCCAGAC-3'.
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flt1%°2°% mutant line

FIt1°"°% mutant contains a T>G point mutation in the exon 9 of the gene causing a modified

essential splice site. Studies on Tg(flt1>*"*

) line were realized from F4 fish and later
generations, following out-crossing to transgenic lines of interest. Genotyping was performed
by sequencing of the PCR product generated with the following primers: forward for PCR and

genotyping: 5’- TTAGGCTGAAGGATGGGATG -3/, reverse 5’- TGGTCCTCTTTGAACAACCA-3’.

Over-expression of Klf2a protein in endothelial cells

Tg(fli:gal4FF; UAS:kaede) line allows the expression of gal4FF gene under the control of Friend
Leukemia Integration 1a (fli) promoter, which is specific of endothelial and hematopoietic
cells. This line was crossed with Tg(UAS:kIf2a LV or SV; cmlc2:eGFP). As explained in a previous
paragraph, a second ATG could express a shorter version of KIf2a protein, LV stands for long
version (known klf2a protein form) and SV for short version (putative form). Fish were selected
under green fluorescence macroscopy: the over-expressing Klf2a fish present fluorescence
inside the cardiovascular system and an enhanced staining in the heart, controls fish are

fluorescent only for the heart.

Over-expression of a biotinylated version of KIf2a and Egrl proteins in
endothelial cardiac cells

The assembly of the different modules /megaprimers presented in the chapter 4 was realized
using Golden Gate method (adapted from Miyazaki protocol, 2011) based on Megawhoop
cloning. Adapters containing Bsal restriction sites and pUC-sequences of insertion were added
to the extremities to each megaprimer by PCR. Megaprimers were amplified by successive
PCR to assemble the different required parts. For the cloning of modules 2A and 3 containing
UAS promoter, the complete sequence with 4xUAS sequences was ordered as an ultramer
(IDT). For the fragment containing egrl genomic sequence, additional PCRs were performed

to mutate Bsal restriction site, which will have impaired the module assembly.
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PCRs to generate the megaprimers:

- m573 (Tol2-L200-zCmlc2p-Kozak-ECFP): PCR1 fragment tol2-L200 Tm=66°C, m573-
fwd1/m573-revl; PCR2 fragment zCmlc2 Tm=62°C, m573-fw2/m573-rev2; PCR3 fragment
ECFP Tm=72°C, m573-fwd3/m573-rev3 and fusion PCR (purified PCR1, PCR2, PCR3) Tm=72°C,
m573-fwd1/m573-rev3.

-m574/577 (SV40pA-UAS-TS): PCR1, SV40 pA, Tm=63°C, m574/577-fwd/m574/577-rev; PCR2
UAS Tm=72°C, either m574/577-fwd/m574-rev2 or m577rev2.

-m575 (klf2a-(4GS)3-Flag-bioTag): PCR1 Tm=64°C, m575-fwd3/m575-rev; PCR2 with PCR1
purified fragment Tm=72°C, m575-fwd2/m575-rev and PCR3 with PCR2 purified fragment
Tm=70°C, m575-fwd1/m575-rev.

- m576 (egr1-(4GS)3-Flag-bioTag): PCR1 Tm=72°C, m576-Fwd1/m576rev3 with the modified
cDNA of egrl; PCR2 Tm=72°C m756-Fwd1/m576Rev4 with PCR1 purified fragment; PCR3
Tm=72°C m576-Fwd1/m576-rev5 with PCR2 purified fragment.

-m578 (SV40pA-Tol2-R150): PCR1, SV40 pA, Tm=61°C, m578-fwd1/m578-revl; PCR2, tol2
R150, Tm=59°C, m578-fwd2/m578-rev2; fusion PCR3 with purified PCR1 and PCR2, Tm=72°C,
m578-fwd1/m578-rev2.

PCR mix

Q5-buffer 5X= 5uL

10mM dNTPs: 0.5uL
50uM Fwd primer: 0.25uL
50uM Rev primer: 0.25ulL
5ng template: 1uL

Q5 polymerase HF: 0.5ulL
H20 gsp: 17.5puL

PCR settings
98°C 30”

98°C 10”

Tm 10”

72°C extT 20”/kb >> goto2 - loops 30X
72°C2’

4°C hold

ok wWwNE

PCR fragments were purified using NucleoSpin columns (Gel and PCR clean-up, MN).
Megaprimers were inserted into pUC plasmid in Q5-PCR (megawhoop reaction).

Cloning of Megaprimer in pUC vector
Reaction mix

Q5-buffer 5X: 5uL

dNTPs 10mM: 0.5uL

100ng megaprimer: from 0.5 to 2plL
50ng pYC vector: 1ulL

gsp H20 to 25uL final volume
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PCR settings
98°C 30”

98°C 10”

68°C 10”

72°C extT 20”/kb (vector + fragment) >> goto2 - loops 30X
72°C2

4°C hold

oukwNE

Plasmid were digested one hour 37°C-digestion by Dpnl (NEB) and transformed into TOP10
competent cells (Sigma) by heat shock (1pul reaction / 50ulL bacteria). Bacteria were plated
(9/10 and 1/10) on LB supplemented with ampicillin and Xgal for blue/white selection. Mini-
prep from white colonies were performed and their sequences verified by sequencing
(GATC/Eurofins). The final assembly was realized into pXpA vector (unpublished data, kindly
provided by Dr Reina San Marin’s lab, IGBMC) in one reaction (digestion by Bsal and ligation
by T4 DNA ligase (NEB)). Final plasmids were checked to be error-prone by sequencing. For
each construction one clone was selected: pXpA_633 mini prep n°6 for kif2a construction and

pXpA_634 mini prep n°9 for egrl construction.

Genotyping
Genotyping of adult fish was performed three months after birth on genomic DNA extracted

from a small piece of the caudal fin lysed at 55°C in 100uL of SDS-lysis buffer (10mM Tris-HCI
pH8, 200mM NaCl, 10mM EDTA, 0.5% SDS and 100 pg/mL Proteinase K), and then purified
using isopropanol/70%-ethanol.

Genotyping of embryos was either realized on whole embryos (after live imaging or ISH) or
from dissected tails (before immunofluorescence), lysed in 50uL of 50mM NaOH at 95°C for

10min. Lysis reaction was stopped with 10uL Tris-HCl pH8. 1uL used for PCR reaction.

PCR

Reaction mix for one sample:

10pL Phusion High-Fidelity PCR master mix (F531L, Thermo Scientific)
1pL Forward primer at 10uM

1lpl Reverse Primer at 10uM

7ul milliQ water

1uL DNA (100 to 500 ng of genomic DNA)
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PCR settings

98°C 3’
98°C 10”
Tm 20”

. 72°C extT 20”/kb >> goto2 - loops 30X
.72°C7’
. 4°C hold

Electrophoresis

2 or 3% agarose gel

1 drop of 10%-Ethidium bromide per 100mL
Gelrunat130V

DNA check under UV lamp

In Situ Hybridization (ISH)
ISH assay was performed as in (Thisse and Thisse 2008) using the following anti-sense probes:

notchlb probe: plasmid pCR-scriptSK+, made by Sonja Chocron, Baekkers’s lab.
Linearized by BamHI (NEB) Transcription using T3 polymerase.

kif2a probe: obtained by PCR amplification of the plasmid IRBOp991B0734D, provided
by RPDZ, Berlin, using forward primer: 5- CAGGCGACTACAGAATGCA -3’ and reverse
primer: 5’-TAATACGACTCACTATAGGGAGTGAC. Transcription with T7 polymerase.
kif2b probe: obtained by PCR amplification of the plasmid #1343 pSCB-klIf2b, provided
by Mrs Cecile Otten, Seyfried group), 640pb fragment amplified with reverse primer

5’- CTACGGTCCGGTGATAGGCATG-3’ and forward primer 5-
AGCATTTAGGTGACACTATAGTCACAGGTGTCTCTTCATGTGCAG-3'. Transcription by SP6
polymerase.

egrl probe: from pBSK plasmid, PCR amplification using forward primer: 5’-
ATGACCCGTGAGTCAGTAA-3’ and reverse primer: 5-
ATTAACCCTCACTAAAGGGACTTGGTGCCCTGAGTTCTGAT-3’. Transcription using T3
polymerase.

flt1 probe: from a partial cDNA fully sequenced ordered at Science Biosource
(IRCYp5023H065D, 9038840 IMAGE ID), pCR4-TOPO plasmid, linearized by NCOI (NEB).
Transcription using SP6 polymerase.

Bmp4 probe: Transcription using T7 polymerase

Wnt9b probe: forward primer: 5’-TATTGCCCTCTGCATCCTTC-3’ and reverse primer: 5’-
TGACATTCAACGTGACAGCA-3’

KIf4 probe: designed from a partial cDNA (EST) ordered on GenomeCube (IMAGE ID
4467522/IMAGp998H1910280Q M13F, sequence ID BI882122.1), 515pb probe
amplified using forward primer: 5’-ACTGAGTTTGATAGCATGGCAC-3’ and reverse
primer 5-AGCATTTAGGTGACACTATAGGGGAAGGTGTGAGTGTGTAGG-3'.
Transcription using SP6 polymerase.
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Probe design
A PCR amplification was preferred to plasmid linearization before transcription, this method
gave us cleaner ISH with less background. PCR products were purified using Qiagen PCR

columns and resuspended in 30uL water solution.

Transcription
Transcription was performed for two hours at 37°C using the following mix:

4ulL Buffer transcription 5x

2uL UTPdig ATP/GTP/CTP/UTP mix

0.5uL Rnasine (20-50U/uL)

0.5uL DTT (0.5mM)

2ug PCR product (5ul in general)

2uL RNA pol at 20U/uL T3, T7 or SP6 (second microliter added after one hour)
Up to 20ulL H20 sterile

2uL of reaction were kept for control of transcription on an agarose gel. The last 18ulL were
treated with DNAse | for 20min at 25°C (0,1uL of DNase, 2,5uL of buffer 10x and 3.4uL H20
RNAse free were added to the transcription mix). The efficiency of digestion was controlled
on an agarose gel with the non-digested sample.

RNA was purified using 2.5uL LiCl 4M and 75ulL 100% cold EtOH and stored 30 min at -80°c or
2H at -20°C. Spin in a cold centrifuge for 20min. The pellet was then dissolved with 22uL H20,
2.5uL LiCl and 75uL 100% EtOH and stored 2H at -20°C before spinning down 15 min, wash
one time with cold 70% EtOH and air dried. RNA was finally resuspended in 100uL

Hybridization buffer according to the quantity of the transcript and stored at -20°C.

Revealing solution

After 3 days embryos were washed four in PBS-0.1% Tween (PBST) times 30min at RT under
gentle agitation followed by three washes in the revealing solution (100mM pH9.5 Tris-HCI;
50mMgCl2; 100mM NacCL; 0.1% Tween 20 in water), prepared fresh, 10 min at RT under gentle
agitation. BM purple (Sigma Aldrich, Roche, 11442074001) was added in a volume sufficient
to cover the embryos. The signal was developed in the dark at 37°C. The reaction was stopped
with three wash 5min in PBS-T before fixation 20min in 4%-PFA. The stained embryos can be

stored in the dark several weeks at 4°C in PBS-T.
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Imaging of WISH

To optimize the imaging of the heart after staining, in certain cases the embryos were made
more transparent using fructose. A first bath in 45%-fructose solution (D-fructose, Sigma, ref
F0127) containing 1/100 1-Thioglycerol (Sigma M6145) was performed for 15 min followed by
a second bath in 90%-fructose solution from 30min to 1 hours depending the stage of the
embryo. Imaging was performed using a Leica M165 macroscope with a TrueChrome Metrics

(Tucsen) with a Leica 1.0X objective (10450028).

High throughput dissection of 48hpf-hearts

Hearts were dissected from klf2a'%%; kif2b'” ; egr1®®®* and kif2a;klIf2b lines in background
fli:lifeact-eGFP; flk:nls-mcherry and respective control embryos at the desired stage (48hfp)
using high-throughput extraction technique, optimized from (Lombardo et al., 2015) protocol.
Hearts were separated mechanically by pipetting up and down batchs of 200 embryos in
culture medium (L-15 Leibovitz, 10% FCS 9150, 1.25mM CaCl2, 800mg/L glucose,
50microg/mL penicillin, 0.05mg/mL streptomycin), medium prepared fresh for each
experiment. Hearts were then separated from debris after passages on two different filters:
first purification though a 100um nylon cell stainer (Falcon, 352360), and further collection on
a pre-separation filter 30um (Miltenyi Biotech). After centrifugation 10min at 2.5g, culture
medium was replaced by cold FACS medium (PBS with 2% Fetal Calf Serum 9150, 1%
Penicilline/streptavidine, 1mM EDTA) and final filtration was performed with tip strainers

(40um) (Scienceware, Bel-Art, flowmi tip strainers).

Fluorescence-activated cell sorting (FACS)

Subsequent separation of endocardial cells from the other cardiac cell types was achieved
directly after heart extraction by FACS. Extracted hearts were pipetted up and down to
dissociate cells in FACS medium. FACSAria Fusion (BD Biosciences) device was used. Cells were
sorted at 4°C on a FITC-A detector and flow cell passed through a 70um-nozzle.

Sorted cells were collected at 4°C in PBS (9,5uL cold PBS and 0,24uL RNasin (Sigma)).
Immediate freezing in dried ice of 1000 cell-samples was either performed for mRNA
sequencing assay. Or cells collected in 50uL cold PBS were directly treated after sorting with

the transposase Tn5 for ATAC-seq assay.
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Chromatin Immunoprecipitation

Samples preparation

48hpf-embryos were dechorionated by Pronase. Crosslinking was performed in 1%-
formaldehyde for 5 min at RT with shaking. The reaction was quenched with 1/20 volume
2.5 M glycine for 3 min at RT with shaking. Embryos were washed twice with ice-cold PBS and
the pellet was flash-frozen in liquid nitrogen. Embryos were kept at -80°C until the
experiments were performed.

Embryos were lysed in three successive buffers. First in 5ml of lysis buffer 1 (50 mM HEPES-
KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 1x
protease inhibitors) for 10 min at 4°C — then in 5mL lysis buffer 2 (10 mM Tris-HCI, pH 8.0, 200
mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1x protease inhibitors) and finally in 1ml lysis buffer 3
(200ul for FACS-sorted cells) (10 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM

EGTA, 0.1% Na-Deoxycholate, 0.5% N-lauroylsarcosine, 1x protease Inhibitors)

Sonication

Sonication was performed in Covaris E220 (Sonolab 7.3. software) in 1 mL glass tubes for 5
min (duty cycle 20%, intensity 8 and 200 cycles per burst). After a spinning down for 15 min
at full speed at 4°C to eliminate the debris. 10% of Triton was added to the supernatants. 50ul
of sonicated chromatin (called INPUT sample) for futher quantification of ChIP was kept at -

20°C for later use.

Incubation of antibodies with the magnetic beads

50uL of magnetic beads coupled with protein A (Dynabeads® Protein A Beads & Microspheres)
(Life Technologies) were used for one ChIP sample. After two washed with fresh PBS/0.5%BSA,
the beads were incubated with 5ug of antibody in 250ul of PBS/0.5%BSA, for at least 5 hours
at 4°C under rocking. After two washes with PBS/0.5%BSA, the sonicated chromatin was
added to the beads and Incubatied o/n under rotation at 4°C. The following day, beads were
washed for 5min at 4°C with the following three buffers: buffer 1 (20mM Tris-HCI pH8, 150
mM NaCl, 2mM EDTA, 0.1% SDS, 1%Triton X-100), buffer 2 (20mM Tris-HCI pH8, 500mM Nacl,
2mM EDTA, 0.1% SDS, 1%Triton X-100) and buffer 3 (10mM Tris-HCI pH8, 250nM LiCl, 2mM
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EDTA, 1% NP40). A final wash was performed in TE. The beads were then resuspended in
200pL of elution buffer (50mM Tris-HCI pH8.0, 10mM EDTA and 1%-SDS) - 150uL was added
to the input sample too. DNA was eluted from the beads by shaking the tubes at 65°C for at
least 30min. The beads were removed and the reverse-crosslink reaction was continued o/n
at 65°C. 200ul of TE and 0,2mg/mL of RNAse were added and the IPs left for 3h at 37°C. 2ug/ml
of proteinase K was then added at 55°C for 2h. Chromatin IP was purified with MiniElute kit

(Qiagen). The pellet was finally resuspended in 30uL of water.

ATAC-seq

see Materials and Methods of the paper.

MmRNA-sequencing

see Materials and Methods of the paper.

Confocal valve imaging and AV photoconversion

See Materials and Methods of the paper.

Additional data about the imaging of heart valves of lines which over-express biotinylated
Egrl or KlIf2a protein using spinning disk confocal microscopy

For live imaging, zebrafish embryos were staged, anaesthetized with 0.02% tricaine solution
and mounted in 0.7% low melting-point agarose (Sigma Aldrich). Confocal imaging was
performed either on a Leica spinning disk (to check for mCherry signal in the
fli:gal4dFF/UAS:kaede; cmlc2:CFP; UAS:(4GS)3-Flag-BioTag-egrl/kif2a-P2A-mCherry).
Fast confocal imaging to image heart structure was performed using a Leica DMi8 combined
with a CSU-X1 (Yokogawa) spinning at 10 000 rpm, 2 simultaneous cameras (TuCam Flash4.0,
Hamamatsu) and a water immersion objective (Leica 20X, N.A. 0.75 or Leica 40X, N.A. 1.1).
20ms exposure was used for whole heart imaging. 1% of 488 laser power and 100% of 561

laser power were used for validating green (GFP signal) and red (mCherry signal) expressions.
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Western Blot

Fifty 48hpf-embryos were dechorionated either manually with forceps or using Pronase
(Roche) enzyme (10 min in danieau and 1mg/mL of pronase). Their yolk was removed by
pipetting up and down in deyolking buffer (55mM NaCl; 1.8mM; KCL, 1.25mM NaHCO3)
before being homogenized into 150uL of cold lysis SDS-B-mercaptoethanol-buffer (0.25mM
Tris-HCI pH6.8; 40% glyceryl, 10% R-mercaptoethanol, 4% SDS and 0.3% bromophenol blue)
for 10 min on ice and then 5min at 100°C to denature the proteins. Lysates were centrifuged
at full speed at 4°C for 15min to pellet any remaining debris and embryos. The protein
concentration of the lysates was determined using BCA dosage assay/Bradford or Nanodrop
measurement. The protein solution was either used directly or snap-frozen and stored at -
80°C until use (not recommended). Around 400ug / 13uL of the lysate solution were loaded
per well on 12%-precast SDS-polyacrylamide gel mini protean TGX gel (Biorad). Proteins were
then transferred onto a nitrocellulose membrane (0,45um) (Amersham GE Healthcare) at
400mA for 1h in transfer buffer. Blots were blocked for one hour at RT in PBST-5% dry milk
and then incubated at 4°C with primary antibody o/n. They were washed three times 10min
in PBS-0,5% Tween 20 and incubated with either secondary goat anti-rabbit HRP or goat anti-
mouse HRP antibodies for 1 hour at RT. Chemiluminescent detection was performed using

Clarity system (Bio-rad).

Monoclonal and polyclonal antibody production and purification

Sulfolink coupling gel (Pierce N°20401) was equilibrated with 3mL of TE (50mM Tris, 5mM
EDTA, pH8.5) before being coupled with 1mL of peptide (1 to 5mg) in TE during 45min at RT.
Wash in TE two times. Non-specific sites were blocked with 1mL of 50mM L-cysteine in TE
during 45min at RT. Wash in 3mL 1M NaCl two times. Then 1mL of each serum was incubated
with the peptide coupled-Sulfolink o/n at 4°C under agitation. The following day, the column
was washed with PBS two times and elution was realized with 0.1M pH2.8 glycine elution
buffer. 500 pL fractions were eluted and 25uL 1M pH9.5 Tris was added to neutralize the
solution. The concentration of each fraction was determined with Nanodrop. Purified

antibodies were stored in 30% glycerol in small aliquots at -20°C.
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Immunoprecipitation protocol

(from Mustapha Oulad-Abdelghani, IGBMC)

For 1mL of input material, 1/10 volume of protein G-sepharose beads (Sigma, ref 17-0618-05)
was washed twice with milliQ water and twice with IP 100mM KCI buffer (25mM Tris HCl ph7.9
; 0.1% NP-40 ; 5mM MgCI2 ; 10% glycerol ; 100mM KCI ; 2mM DTT and 1X protease cocktail
inhibitor). Beads were first incubated with 1mg of antibody of interest per mL of protein G
sepharose and 1 beads volume of IP 100mM KCI buffer, at least 1 hour at RT under gentle
agitation. Beads were then washed twice with at least 10 volumes of IP 500mM KCI buffer and
three times with IP 100mM KCI buffer. ImL of protein lysate (prepared as explained in the
Whlot protocol part) was incubated with the beads o/n at 4°C under gentle agitation. The resin
was then washed the following day twice with 1 volume of IP 500mM KCI buffer and three
times with 1 volume of IP 100mM KCl buffer. Protein was eluted with 1mL 0.1M ph2.8 glycine.
Supernatant was neutralized with Tris pH8.8 buffer and loaded on gel protein. A western blot

was performed to confirm the efficiency of the immunoprecipitation.

Immuno-fluorescence assay

Embryos were fixed in PBS/2%-PFA o/n at 4°C protected from light. The following day, they
were washed four times 5" in PBS-0.5%Tween 20 and permeabilized in PBS-T + 1% TritonX-100
o/n at 4°C under rocking. An additional step of piercing was performed for some assays,
embryos were pierced at the back of the pericardial cavity near the “neck” to facilitate
antibody entry, using a pair of forceps. A first incubation in blocking buffer was performed o/n
at 4°C into specific buffer (PBS-T; 0.5% TritonX-100; 1% BSA and optional, 10% normal goat serum).
The primary antibody was incubated in the specific blocking solution o/n at 4°C. Six washed in
PBS-T over 4 hours at RT were done on day 5. The suitable secondary antibody (Alexa Fluor
red-fluorescent 594, far-red-fluorescence 633 or green-fluorescence 488 anti-rabbit or anti-
mouse depending on the primary antibody used, Invitrogen) in the same blocking solution was

added o/n at 4°C. Final six washes in PBS-T were performed before imaging on confocal.
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Statistical Analysis

The Chi-squared analysis was performed for statistical analysis of WISH data. P-values were
indicated in the figures as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001

Student’s t-test and Fisher F-test were used for statistical analysis for qPCR. Standard
deviation was used to measure deviation from the mean, for all experiments. For all of the
statistical qPCR tests, p values #0.05 were considered significant.

Statistical analysis for valve defects was realized using an unpaired two-tailed Student’s t test.
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Etude du réle de trois facteurs de transcription dans le
développement des valves cardiaques, en utilisant le poisson
zébre comme modéle animal.

Les valves cardiaques

Parce qu’elles permettent un pompage du sang a sens unique, les valves
cardiaques sont indispensables au bon fonctionnement du cceur chez les Vertébrés. Ces
fines membranes séparent les différentes chambres cardiaques (oreillette, “atrium” en
anglais et ventricule, “ventricle” en anglais). Leur formation est trés contrélée au cours
du développement embryonnaire. Cependant, il arrive que celle-ci soit défectueuse, et
donc a I’origine de maladies cardiaques congénitales. Ces maladies représentent une des
causes majeures de décés a la naissance.

L’¢étude de la formation des valves cardiaques constitue donc un champ de
recherche majeur. En effet les mécanismes mis en jeu lors de leur formation sont encore
mal connus.

Le poisson zebre (Danio rerio, ou zebrafish)

Ce petit poisson d’eau douce, originaire d’Inde, est devenu un modele d’étude
trés populaire en biologie du développement et en génétique. Sa petite taille, le
développement externe et rapide de ses embryons, la transparence optique de ces
derniers et la possibilit¢ d’arréter le coeur durant les premiers jours sans affecter le
développement font de lui un organisme de choix. La figure 1 présente quelques stades
de développement.

Le cceur du poisson zeébre est une « version simplifiée » du cceur humain. Le
schéma de la figure 2 compare les deux anatomies cardiaques.

Son génome a été complétement s€quencé et annoté. 69% des génes codant pour
/e 13 J . r
des protéines ont un homologue ~ dans le génome humain. Le génome du zebrafish

13 Homologue : on parle de génes/protéines homologue ou d’homologie pour décrire une relation entre des
génes/protéines qui résultent d’'une évolution divergente, sur la base de leur similarité/identité de séquences.
On peut subdiviser ensuite en différentes catégories dont les paralogues qui désignent des génes qui ont été
dupliqués et sont présents en deux exemplaires chez une espéce par rapport a une autre.
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comme celui de beaucoup de poissons a subi un évenement de duplication au cours de
I’évolution et environ 15% des génes humains ont plus qu’un paralogue chez le poisson.

Dans cette étude par exemple, le géne K/f2 humain existe en deux exemplaires
chez le poisson : klf2a et kif2b. 11 est possible qu’au cours du développement les deux
genes aient évolué différemment et acquis des roles différents.

nageoire caudale

nageoire
(vasculature et muscles)

caudale

oeil R ——

cavité cardiaque -

yolk cloaque / anus

=sac vitellin .
E ( ) extension du

yolk

nageoire
nageoire dorsale  -qudale

oeil
machoire

branchies ~ heart nageoire anale

systeme digestif

Figure 1 : Différents stades de développement du poisson zebre (Danio rerio).

A: 12hpf, B: 24hfp, C, C’ et C*’: 48hpf, D: 96hpf, E’: adulte. Les embryons sont observables sous un
microscope classique (A, B, C, E x50 ; D: x250, E’: 1x). Les fleches pointent la cavité cardiaque. La
transparence optique des embryons est permise par 1’ajout d’un composé chimique non-invasif, appelé
PTU, au milieu de culture.

Des poissons transgéniques (= dont le génome a été modifié¢ par I’insertion de séquences d’ADN
exogenes) peuvent étre créés afin de faciliter I’étude. C’’: lignée transgénique exprimant la protéine
GFP (Green fluorescent Protein, protéine isolée a 1’origine de la méduse, largement utilisée en biologie)
dans les cellules endothéliales du cceur et des vaisseaux sanguins.
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Figure 2: coeur de poisson zebre a 96hpf (heures post fertilisation) en haut, et coeur humain adulte en
bas. Le coeur du poisson ne possede que deux chambres : une oreillette et un ventricule contrairement
au cceur humain.

Cette ¢tude s’est focalisée sur la formation des valves dites « atrio-ventriculaires » (AV) entre 1’oreillette
et le ventricule du poisson, qui correspondent aux valves mitrales chez I’homme.

Le poisson ze¢bre est un organisme facilement manipulable génétiquement. De
nombreux mutants (KO : Knock-Out, extinction totale du géne ou KI : Knock-In,
extinction temporaire) peuvent étre créés afin d’étudier les fonctions de ces genes. La
création de tels mutants peut se faire de manicre aléatoire (en utilisant des agents
mutagénes, ENU - N-ethyl-N-nitrosourea - ou UV) ou dirigée (en utilisant des
technologies d’édition du génome appelées TALENS ou CRISPRs, de véritables
ciseaux moléculaires insérant une coupure dans une séquence désirée).
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Il est également possible de générer des lignées transgéniques permettant
d’exprimer un fluorophore/fluorochrome (molécule chimique ou biologique capable
d'émettre de la lumiere par fluorescence apres excitation) dans une population cellulaire
spécifique et/ou pour suivre I’expression d’une protéine. Dans cette étude, nous avons
notamment utilis¢ des lignées ou les cellules endothéliales du cceur ou du systéme
cardiovasculaire sont marquées en rouge (mCherry) ou vert (GFP) (panel C’’ de la figure

).

Mon projet de these

Grace a des techniques d’imagerie in vivo a haute résolution et des techniques de
biologie moléculaire, j’ai pu étudier le rdle des trois facteurs de transcription dans la
formation des valves atrio-ventriculaires.

Ces trois facteurs sont et . Dans de précédentes études, ils
avaient déja ét¢ démontrés comme actifs a 48hpf, dans la zone appelée AVC (cf figure
2) ou vont se former les valves cardiaques. Chez ’homme, une mutation dans le géne
Egrl entraine notamment des défauts dans les valves mitrales (valves calcifiées). En ce
qui concerne Klf2, il n’a pas encore été trouvé impliqué dans une pathologie cardiaque.

Qu’est-ce qu’un facteur de transcription ?

C’est une protéine importante dans la cellule, nécessaire a 1'initiation ou a la régulation
de la transcription d'un geéne (c’est-a-dire a I’étape permettant de passer de la lecture du
gene dit exprimé, en intermédiaire messager ou ARNm, qui sera ensuite traduit en
protéine). Ce sont en quelque sorte les architectes d’un programme génétique qui va
permettre d’activer ou de réprimer (réduire leur expression) les génes acteurs / ouvriers
intervenant au cours de la formation de la valve. Tout un programme spatio-temporel
d’expression génétique se met en place.

Notion de chromatine, d’épigénétique et présentation de techniques d’analyse de
I’expression des génes
L’ADN - support de I’information génétique - est compacté dans le noyau des cellules.
Une compaction basale est permise par des complexes protéiques appelés nucléosomes.
L’¢édifice formé ressemble a un collier de perles (les perles = nucléosomes). La
chromatine est ensuite plus ou moins sur-enroulée selon 1’état d’activation des genes.
On parle d’hétérochromatine (état super-enroulé¢, geénes non transcrits) et
d’euchromatine (état plus lache correspondant a des genes / régions géniques actives ou
transcrites) (voir figure 3).

Une méthode appelée permet de détecter les régions d’ADN actives
a un moment donné dans une cellule. Une enzyme (Tn5) coupe I’ADN accessible entre
les nucléosomes. Le séquencage au débit des fragments générés permet d’avoir une
information sur ces geénes / régions actives.

4 _ . ) . . e .
seq signifie « sequencing » ou séquengage : avec le progrés des techniques en génétique, il est
aujourd’hui possible de séquencer rapidement de nombreux fragments d’ADN en méme temps.
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Il est aussi possible de découvrir les genes régulés directement par des
facteurs de transcription. On lie de manicre covalente les protéines a I’ADN dans
une premiere €tape, puis I’ADN est fragmenté. Seuls les fragments d’ADN liés a
la protéine d’intérét, en utilisant un anticorps qui reconnait spécifiquement la
protéine, sont récupérés, (on parle d’immunoprécipitation) avant d’étre
séquences. Cette technique appelée Chromatin Immunoprecipitation ( )
requiert des anticorps spécifiques a chaque facteur €tudi€, ce qui n’est pas toujours
¢vident a obtenir.

Le transcriptome, c’est-a-dire ’ensemble des intermédiaires ARN produits
a un temps donné dans une cellule, peut aussi étre étudié. Il donne une information
sur les genes activés ou réprimés et donc potentiellement en amont des genes
¢tudiés (si on compare le transcriptome d’un mutant par rapport au controle). On
parle de

— hypersensitive site, accessible chromatin
1 TStransposase Q\, metaphase chromosome
©® Transcription Factors > e
»# Histone modifications ( —
. RNA polymesase transcription complex

= chromatin fiber

30nm chromatin fiber of packed nucleosomes
heterochromatin (highly condensed)

\ A IS s condensed section of a chromosome

OO

histones
euchromatin (activelely transcribed region, less condensed chromatin)

'\\ C )
1nm fiber , «beads-on-a-string»

ATAC-seq = — — — — — — — — — o — o IO N
- — S nuckosome
ChlP-seq = — — — — — V/ J
Long-range interactions -
HiC/aC @ '
A DNA double helix
RNA-seq

RNA

Figure 3: représentation schématique de la compaction de ’ADN depuis la double-hélice jusqu’au
chromosome dit métaphasique. La transcription de I’information génétique en intermédiaire messager
(ARN) est également représentée. En rouge sont citées quelques techniques utilisées en biologie
moléculaire pour avoir acces a différents types d’informations (sur les protéines liées a ’ADN, les
régions actives du génome, le transcriptome = I’ensemble des ARNs produits & un instant donné,
information reliée aux génes activés correspondants)

-212-



Notion de méchano-transduction
Le flux sanguin est un parametre important dans la formation des valves. Les forces de
frottement générées sur les parois cellulaires au niveau de I’AVC (“shear stress” ; flux
oscillatoire sanguin entrainant des forces de friction) et le flux réserve (“reverse flow”)
présent a 48hpf avant 1’apparition des valves, constituent un signal majeur. Toute une
cascade d’éveénements est ainsi activée afin de traduire ce message mécanique (d’ou le
terme de méchano-transduction) et d’activer au final des génes dits « méchano-
sensitifs » ou “blood-flow sensitive/responsive” en anglais) dont k/f2a.

Dans cette étude, j’ai pu montrer que les geénes egr! et klf2b sont exprimés en
réponse au flux sanguin a 48hpf dans I’AVC, comme il avait déja ét¢ montré pour klf2a.

Les expériences mises en place

- Des mutants KO de ces genes ont été générés et étudiés afin d’analyser les effets de la
perte de ces génes sur les valves -> observations des valves par microscopie confocale
a 96hpf. La figure 4 présente les résultats obtenus pour les lignées mutantes pour egr/,

klf2a-b.

Résultats: Klf2a, kif2b et egrl orchestrent 1’activation d’un programme génétique
spécifique contrdlant les mouvements cellulaires conduisant a la formation des valves
et ’environnement moléculaire de la matrice extra-cellulaire (espace entre les deux
couches de cellules du cceur le myocarde et I’endocarde, appelé “cardiac jelly” chez le
zebrafish) dans lesquels les cellules formant les valves vont migrer/se déplacer pour se
réorganiser.

- Etude de I’expression spatio-temporelle de ces trois facteurs -> In Situ Hybridization
(ISH) Une sonde synthétique complémentaire a une partie de I’ARNm du gene d’intérét
est incubée sur des poissons préalablement fixés (par paraformaldéhyde, PFA).
L’hybridation entraine une réaction chimique générant un signal lumineux visuel. La
figure 5 présente un exemple de cette technique : I’expression du géne egr/ dans le coeur
d’embryons fixés a 48hpf.
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Figure 4 :

A : Phénotype des mutants étudiés. On peut noter la présence d’cedémes cardiaques pour les deux
mutants dans 31% des embryons mutés pour klf2a et kif2b et 50% des mutants pour egri. De plus, une
partie de ces derniers ne développe pas de vessie natatoire'~ (petite fleche rouge). La mutation dans les

deux cas entraine I’apparition d’un codon stop dans ’ADN ne permettant pas de produire la protéine
native.

B : Observation de la structure des valves par microscopie confocale.

Cette analyse nécessite 1’ajout de BodiPy, un colorant fluorescent utilisé pour marquer les membranes
par ses propriétés hydrophobes, quelques heures avant I’expérience. (A : atrium/oreillette et V :
ventricle/ventricule). On observe chez les mutants des valves'® plus épaisses que la normales (“thick®),
des valves asymétriques (“asymetrical leaflets”) : I’une n’est pas formée et reste a 1’état primitif de
« coussin » (“cushion”). Dans le cas le plus sévére, aucune valve ne se forme (“no valve leaflet”).

C’est un organe qui permet au poisson de déterminer la profondeur a laquelle il flotte dans I'eau et lui permet
ainsi de se mouvoir a la profondeur qu’il veut en ajustant sa densité a celle de I'eau dans laquelle il vit.
6 . . o . .. ,
On parle aussi de « leaflets » : une « valve » supérieure et une « valve » inférieure pouvant étre distinguées
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Figure 5: résultats d’une expérience d’In Situ Hybridization (ISH). Une molécule d’ADN simple brin
complémentaire a I’ARN du géne d’intérét (appelée sonde) est incubée sur des embryons préalablement
fixée. Une réaction chemi-luminescence (signal visible de couleur violette) permet de détecter la
localisation du complexe formé correspondant a la zone d’expression du gene étudié.

Une tache violette révele une expression du gene egr/ sur la figure. On peut notamment noter une
expression dans le coeur (plus particulierement les zones AVC / OFT ou se forment les valves. Egrl est
un géne majeur du développement, il s’exprimer aussi dans le cerveau et la rétine.

- Outils d’analyses de ’expression des génes (analyses dites « Genome-wide »)

J’ai ensuite cherché a découvrir quels étaient les génes situés en amont (ou
“downstream” en anglais) de mes trois facteurs de transcription ; en d’autres termes
découvrir quels étaient les génes régulés (activés ou réprimes) a 48hpf dans ’AVC. Une
approche combinant deux techniques moléculaires (mMRNAseq & ATACseq) a été mise
en place. Elles ne permettent pas de dire si les geénes trouvés sont des cibles directes de
klf2a-b, egrl cependant (pour cela une expérience de ChIP par exemple serait
nécessaire) simplement que ces génes sont en amont dans le programme génétique
(“genetic regulation pathway” en anglais).

Conclusion

Cette étude a permis de découvrir le role majeur de klf2a, kif2b et egrl dans la formation
des valves de ’AVC. S’ils sont absents, cela conduit a des défauts séveres des valves
(elles ne sont pas ou mal formées). Il est possible que ces genes interagissent (I’un
régulant 1’autre et vice-versa) dans cette formation, mais d’autres recherches doivent
étre entreprises pour le prouver. L’approche couplée mRNA/ATAC-seq a permis de
réaliser une image précise des réseaux géniques en jeu a 48hpf et des génes qui se situent
en amont des facteurs Klf2a-2b et Egrl dans ces réseaux. Parmi ceux-ci, un géne
important: fI¢t/. Pour valider ’approche utilisée, une ¢tude plus poussée d’un mutant
pour le gene fI¢1 a éte réalisée.
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Annex 1

Steed, E., N. Faggianelli, S. Roth, C. Ramspacher, J. P. Concordet and J. Vermot. "kIf2a couples
mechanotransduction and zebrafish valve morphogenesis through fibronectin synthesis." Nat
Commun 7: 11646.

Author contribution on this paper: generation of anti-klf2a antibody to validate the KO-state
of the kIf2a®®" line used in this study. Help for the fn1b Immuno-Fluorescence assays. Design o
CRISPR tools to generate a fn1b zebrafish mutant (not published as we received a ZIRC mutant
to finish the study before publication).

Annex 2

Publication of the following manuscript is ongoing:

Duchemin, A.-L., H. Vignes, N. Faggianelli and J. Vermot. “Piezo channels control
mechanosensitive outflow tract valve development through the Hippo pathway effector Yapl
and the KIf2-Notch signaling axis”.

Author contribution on this paper: generation of stable klf2b®® TALEN-mutant line and
preliminary characterization of this line.
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The heartbeat and blood flow signal to endocardial cell progenitors through mechanosensitive
proteins that modulate the genetic program controlling heart valve morphogenesis. To date,
the mechanism by which mechanical forces coordinate tissue morphogenesis is poorly
understood. Here we use high-resolution imaging to uncover the coordinated cell behaviours
leading to heart valve formation. We find that heart valves originate from progenitors located
in the ventricle and atrium that generate the valve leaflets through a coordinated set of
endocardial tissue movements. Gene profiling analyses and live imaging reveal that this
reorganization is dependent on extracellular matrix proteins, in particular on the expression of
fibronectinlb. We show that blood flow and klf2a, a major endocardial flow-responsive gene,
control these cell behaviours and fibronectinlb synthesis. Our results uncover a unigue
multicellular layering process leading to leaflet formation and demonstrate that endocardial
mechanotransduction and valve morphogenesis are coupled via cellular rearrangements
mediated by fibronectin synthesis.
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issue morphogenesis and organ formation depend upon the

cooperative behaviour of groups of cells as well as the

integration of chemical inputs generated in growing tissues.
In addition, cells experience environmental mechanical stresses,
such as pressure, strain and shear stress, due to tissue deformation
and biological flows"2, which subsequently participate in driving
morphogenetic movements">~>. Due to the early initiation of heart
contraction, the formation of the cardiovascular system is
intricately linked to its function. Indeed, flow forces are
necessary for cardiac ballooning, trabeculation and epicardium
formation with flow forces being necessary for cardiac ballooning®,
trabeculation”® and epicardium formation®. In both the lymphatic
and cardiac systems, valves serve to maintain unidirectional fluid
flow and, pertinently, depend on their respective flows to form!'%11,

Congenital heart valve malformations constitute an important
medical issue challenging our society. In recent years, it has
become clear that most valve disease has its origin during embryo-
genesis, either as signs of abnormal developmental processes or the
aberrant re-expression of fetal gene programs normally quiescent
in adulthood!>!3. These include mutations in genes encoding
signalling factors (Notchl and TGEB)!* for the aortic valves, and
actin-binding proteins (Filamin A for the mitral valves. Diseased
valves often also display defects in extracellular matrix (ECM)
deposition'®, which plays an essential function in valve archi-
tecture!”"!8, Interestingly, studies of lymphatic valve formation
have shown that the ECM proteins fibronectin and laminin are
deposited during the initial stages of valve development!%,
implicating ECM deposition in the earliest stages of the valve-
forming process. The complex three-dimensional (3D) shape and
constant motion of the heart, however, make imaging the morpho-
genetic events during cardiac valve development particularly
challenging, although live imaging approaches are being
continuously pioneered to observe endothelial cell behaviours in
their mechanically active context?0-23,

In the heart, the atrioventricular (AV) valve emanates from the
endocardial wall and is composed of endocardial cells (EdCs) and
ECM components!2. While blood flow has a broad influence on
the shape and growth of EdCs® the oscillatory flow profile
specific to the early AV canal (AVC) directs AV valve (AVV)
formation by specifically increasing Kriippel-like factor 2a (kif2a)
expression in the AVC?*»?°, As a transcription factor, klf2a
expression likely allows EdCs to couple mechanotransduction to
valve morphogenesis by activating a range of downstream target
genes. The identity of such Klf2a target genes in valve-forming
EdCs and the subsequent cellular behaviours induced, however,
are unknown.

In this study, we investigated the cellular events taking place
during valve formation and addressed their regulation by the
flow-responsive transcription factor Klf2a. We show that valve
formation proceeds via an initial stage of cell clustering followed
by the appearance of cellular extensions towards the cardiac jelly.
Subsequent global tissue remodelling events result in the
appearance of ventricular and AVC-derived EdCs in the cardiac
jelly overlying atrial-derived EdCs exposed to the lumen. Using
transcriptomic analyses to highlight the transcriptional changes
accompanying these temporally coordinated cell-movement
events, we identified fibronectinlb as a key Klf2a- and flow-
dependent factor necessary for the correct coordination of
valvulogenesis. These data describe cell behaviour that is
coordinated by the mechanical environment and mechanotrans-
duction via Klf2a and ECM deposition.

Results
Endocardial cell contributions to the atrioventricular valve.
AVV morphogenesis begins ~48hours post fertilization (hpf).

2

By 5 days post fertilization (dpf) a set of functional valve leaflets,
extend into the AVC, occluding the passage of reversing blood
flow?®=28, To uncover the origins of the EdCs contributing to
the AVV, we performed photoconversion experiments using the
Tg(flila:Gal4FF"%, UAS:kaede) transgenic line, in which the
photoconvertible protein kaede is expressed in the endothelial
cells, including the endocardium. The exposure of kaede to
405nm light results in an irreversible fluorescence conversion
from fluorescent green to fluorescent red, enabling the
development of cells labelled with the red form to be followed
with respect to their green neighbours during AVV formation. As
EdCs of the AVC can be identified by their positivity for
Alcama®®, we used our knowledge of this staining pattern
(Fig. 1a) to specifically photoconvert green kaede to its red form
in the atrium and ventricle at 48 hpf. We then focused on the
subsequent development of the superior AVC as it undergoes
valve morphogenesis earlier than the inferior AVC?®. Heart
contraction was temporarily blocked using 2,3-butanedione-
2-monoxime (BDM) to enable the photoconversion to be
performed. Following photoconversion, heart contraction was
resumed and embryos were allowed to develop under standard
conditions until imaging at 80hpf, enabling us to assess the
contribution of EdCs from each region to the forming superior
AVYV leaflet (Fig. 1b). Atrial cells photoconverted at 48 hpf were
seen lining the AVC lumen at 80 hpf (Fig. 1c), and were never
present inside the cardiac jelly following the formation of
multiple cell layers (n=12/12). In contrast, photoconversion
of cells in the ventricular region of the superior AVC at
48 hpf resulted in photoconverted cells in the cardiac jelly at
80 hpf (n=7/7 Fig. 1d). When ventricular photoconversion was
performed away from the ventricular inner curvature, no
photoconverted cells were observed inside the cardiac jelly
(n=3/3; Fig. le). Thus, in addition to the cells of the AVC,
EdCs from the atrium and ventricular inner curvature make
significant and distinct contributions to the forming valve leaflets
at 80 hpf (Fig. 1f). Furthermore, these distinct contributions are
maintained at 120 and 168 hpf, suggesting mixing of cells from
atrial and ventricular origins does not occur in the AVV at later
stages (Supplementary Fig. 1). These findings implicate the
ventricle and atrium as important sources of valve progenitors
and suggest that stereotyped and coordinated cellular behaviours
guide valve morphogenesis.

Cell density and protrusive activity in early valvulogenesis. To
elucidate how cells of the atrium and ventricle reorganize to
contribute to the developing valve leaflets, we characterized the
organization of EdCs in the AVC in the moments preceding the
appearance of multiple cell layers, beginning at 36hpf. Using
Tg(fli:nlsmCherry) embryos, in which the EAC nuclei are labelled,
we observed nuclei to be relatively evenly spaced around the AVC
at 36 hpf, before undergoing regional increases in cell density at
48 hpf (Fig. 2a-d and Supplementary Movie 1). Quantification of
total cell numbers in the AVC showed a doubling of EdCs in the
AVC between 36 and 48 hpf, (Fig. 2b). Photoconversion experi-
ments suggest that cells move towards the AVC from the atrium
between 36 and 48 hpf, while ventricular cells maintain their
position at the ventricular inner curvature/exit of the AVC
(Supplementary Fig. 2). In the absence of multi-layering, at this
stage, this results in an increased density of cells within the AVC,
particularly on the ventricular side. Incubation of embryos in
BrdU between these stages demonstrated that ~60% of the atrial
cells and ~40% of the cells from both the ventricle and the AVC
proliferate during this time (Supplementary Fig. 2E,F), suggesting
cell proliferation throughout the heart could be an important
contributing factor to the increased cell density observed in the
AVC at 48 hpf. Visualization of the superior leaflet alone enabled
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Figure 1 | The cellular contribution of heart chambers to emerging valve leaflets. (a) anti-Alcama immunofluorescence analysis shows Alcama-positive
EdCs in the AVC of fli:nEGFP hearts (white dotted line), used to define the cardiac chambers at 48 hpf. Yellow dashed line delineates the endocardium from
the myocardium, which also stains positively for Alcama. v =ventricle, a =atrium, AVC = atrioventricular canal. (b) The experimental set-up for the
photoconversion studies. Heart contraction was stopped in fli:kaede embryos at 48 hpf, the region of interest exposed to 405 nm light to convert kaede
from a green to red (shown here to be the atrium, in magenta) fluorescent form and heart contraction was then resumed until 80 hpf. Stopped hearts were
imaged at 80 hpf by confocal microscopy. (¢) EdCs present in the atrium and Alcama-negative at 48 hpf lined the lumen of the AVC at 80 hpf (n=12/12, 3
experiments), while those in the ventricle contribute cells to the cardiac jelly (d; n=7/7, 3 experiments). Ventricular cells outside the ventricular inner
curvature (distal ventricle) do not enter the cardiac jelly at 80 hpf (e; n=3/3, 2 experiments). In all cases only the superior valve leaflet is shown. (f)
Schematic representation of the cellular contributions of each chamber to the emerging valve leaflet at 80 hpf. Atrial cells (purple) line the lumen of the
AVC, while EdCs originating in the ventricular inner curvature (blue) and AVC (yellow) contribute cells to the cardiac jelly. Black arrows highlight the

coordinated movements of the groups of cells. Scale bars, 10 um.

the changes in cell density between 36 and 48 hpf to be seen more
clearly (Fig. 2¢,d). A region of increased cell density was parti-
cularly apparent on the ventricular side of the superior AVC at
48 hpf, containing 11+ 3 cells (n=5). The numbers of cells in
this clustered region stayed the same at 56 hpf (11 2 cells; n=5;
Fig. 2d and Supplementary Movie 2). Quantification of distances
between neighbouring nuclei at these stages confirmed cells in the
clustered region were indeed more closely packed together than
those around the rest of the AVC (Fig. 2e and see Supplementary
Movie 3) suggesting regional increases in cell density accompany
the increases in cell numbers observed.

We recently demonstrated the sensitivity of EdCs in detecting
flow forces and inducing the expression of the flow-responsive
transcription factor kif2a (ref. 24). In light of this, we investigated
the distribution of klf2a expressing cells, more specifically, within
the AVC. Using a klf2a reporter line (Tg(klf2a:H2BEGFP)*, we
observed higher levels of GFP expression in those nuclei closest to

the ventricle, compared with those on the atrial side of the AVC
(Fig. 2f,g), corresponding to the region of cell clustering.
Interestingly, protrusions were observed emanating from EdCs
in this region towards the cardiac jelly at 48hpf (Fig. 2h and
Supplementary Movie 4). By 56 hpf, cells could be observed
extending further into the cardiac jelly and by 72 hpf multiple
layers of cells were present. To confirm the relevance of these
observations in the beating heart, we performed fast confocal
imaging of Tg(kdrl:EGFP) embryos and observed the same
arrangement of cells at 72 hpf (n = 3; Supplementary Movie 5).
Indeed when the heart is contracting, the connection of the EdCs
within the cardiac jelly to the region of the heart wall from where
they originate is clear (Supplementary Movie 5). These
observations enable us to describe, for the first time, a cluster
of EdCs close to the ventricular inner curvature at 48 hpf, from
which cellular protrusions and movement of cells into the cardiac
jelly originates.

| 711646 | DOI: 10.1038/ncomms11646 | www.nature.com/naturecommunications 3


http://www.nature.com/naturecommunications

ARTICLE

*kk

Whole heart
AVC cell number

36 48 56
[0 AvC

*kk
Il Cluster

)
®

Rotate 90°

-
N

o

distance (um)

N
©
@
N
9

Nucleus—nucleus

o

Superior AVC

Reporter expression
(GFP/mCherry)
© o o o
Q N A OO

kdrl:EGFP

o
o

&
Figure 2 | EdCs move into the cardiac jelly from a region of increased cell density. (a) fli:nlsmCherry hearts imaged at early stages of heart development
show the organization of EdCs between 36 and 56 hpf. White dotted lines outline the endocardium. Magenta dotted lines mark the AVC. (b) Total AVC cell
number quantification at 36, 48 and 56 hpf. (¢) Demonstration of how the superior AVC is defined and presented in d: The nuclei of AVC EdCs are defined
(magenta spots) from images of the whole heart (orange/v = ventricle; white/a = atrium), rotated 90 °C using Imaris software and then divided into two
parts, the superior AVC (to be the upper leaflet) and the inferior AVC (to be the lower leaflet). Orthogonal views of the superior AVC are then shown to
display nuclei organization in d. (d) Regional increases in cell density can be seen on the ventricular side of the AVC from 48 hpf (n=5 at each
developmental stage). (e) Quantification of nucleus-nucleus distances within the AVC shows enhanced proximity of nuclei within the cluster region. No red
bar at 36 hpf signifies the absence of a cluster at this stage. (f) kif2a expression pattern in the whole AVC at 48 hpf in the kIf2a:H2BEGFP transgenic line
shows enrichment of GFP signal on the ventricular side. The GFP signal is shown as FireLUT to aid visualization (white = highest intensity, black =no
signal). (g) Relative reporter expression level in the ventricular (vAVC) and atrial (aAVC) regions of the AVC (n=10). (h) Imaging of kdrl:EGFP hearts
demonstrates the presence of protrusions (black arrows) extending from the region of clustered cells towards the cardiac jelly at 48 hpf. Cells emanating
into the cardiac jelly can be seen from 56 hpf. Protrusions are also still visible (black arrows). Groups of cells are present in the cardiac jelly by 72 hpf.
Inverted images of the kdrl:EGFP signal are shown to aid visualization of the protrusive structures. Black dotted lines mark the EdCs layer. Error bars in all
graphs represent the s.d. Student's t-test ***P<0.005, **P<0.01, *P<0.05. Scale bars, 10 um; except in f: 2 um.

Cardiac jelly cells present distinct characteristics. Analysis of
the Tg(kdrl:EGFP) line at 80 hpf showed cells in the cardiac jelly
to have a distinct mesenchymal-like morphology in comparison
with those exposed to the lumen (Fig. 3a). Closer inspection of
AVC morphology highlighted a deformation in the endocardial
wall towards the cardiac jelly, which was wider towards the centre
of the AVC (Fig. 3a—-d). This morphology suggests a bending of
the endocardial wall in response to the localized movement of
EdCs into the cardiac jelly. In keeping with their mesenchymal-
like morphology, junctional Cdh5 (VE-Cadherin) was lost

4

between the neighbouring cells in the cardiac jelly at 72hpf
(Fig. 3e). Interestingly, BrdU-incorporation assays revealed the
presence of BrdU-positive cells in the cardiac jelly, but not in the
AVC wall between 56-72 hpf and 72-80 hpf (Fig. 3f and g). This
suggests EACs proliferate in the cardiac jelly, but do not enter it as
a result of asymmetric cell division. Finally, analysis of klf2a
reporter activity at 80hpf, after multi-layering, showed EdCs
exposed to the lumen expressed higher levels of kif2a activity than
those in the cardiac jelly (Fig. 3h,i). This suggests klf2a is not
continuously expressed in the EdCs that undergo multi-layering,
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**P<0.01, *P<0.05. Scale bars, 10 pum.

as they originate in the region of the AVC where klf2a expression
is high and then enter the cardiac jelly where klf2a expression is
low. Furthermore, cells originally expressing low levels of klf2a in
the atrium?* appear to initiate klf2a expression upon entering
the AVC. These observations define two subsets of cells
within the AVC following multi-layering; one klf2a'®", Cdh5'°¥,
proliferative population within the cardiac jelly overlying a
second klf2a"8h, Cdh5M&h population exposed to the blood flow.
On the basis of these observations we propose a model to describe
the early cellular events involved in AVV formation (Fig. 3j).
EdCs cluster in a region of the AVC close to the ventricular inner
curvature at 48 hpf, corresponding to the region of increased kif2a
expression. EACs in this clustered region extend protrusions and
emanate into the cardiac jelly, initiating the coordinated

morphogenetic movements that result in multiple layers of
EdCs within the cardiac jelly by 80 hpf. Once inside the cardiac
jelly, EdCs display a mesenchymal-like phenotype with reduced
levels of Cdh5 and klf2a, and increased proliferation.

Transcriptional changes in early valvulogenesis. To elucidate
how these early events are regulated, we sought to determine the
gene expression profile activated at these early stages of valve
formation. To do so, we extracted RNA from hearts dissected
from 48 and 56 hpf myl7:EGFP embryos and performed tran-
scriptome analysis using an Illumina sequencing platform
(Fig. 4a). Between 31 and 65 million reads were generated for
each RNA sample, of which, on an average, 67% could be mapped
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onto the Zv9 assembly of the zebrafish genome. We identified
1,628 genes that were significantly, differentially expressed in the
heart between 48 and 56 hpf (FDR < 0.05). Importantly, we saw a
downregulation of has2 and an upregulation of klf2a, confirming
the reliability of our approach (Fig. 4b). Real-time quantitative
PCR (qPCR) analysis of heart RNA confirmed the respective
up and downregulation of these genes with time (Fig. 4c).

Considering only those genes with a logfC> 1, we found 1,076
genes to be upregulated during these early stages of valve
development. To assess the biological significance of these genes,
we then performed Gene Ontology analysis using DAVID soft-
ware?®. By clustering genes based on cellular compartment
annotations we saw a strong enrichment for ECM protein terms
(Fig. 4d). Closer analysis of the 31 genes found in the ‘extra-
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cellular region’ term demonstrated that, among others,
fibronectinlb was significantly upregulated in the heart between
48 and 56 hpf (Fig. 4e). Given the importance of fibronectin
deposition in lymph valve formation'?, we questioned whether it
could also play a role in AVV formation. qPCR analysis of heart-
derived RNA showed fibronectinlb is indeed expressed in the
heart during this period of its development and confirmed the
increase of transcript levels between 48 and 56 hpf (Fig. 4f).
We next addressed the temporal and spatial expression of
fibronectin within the heart at the protein level through
immunofluorescence analysis. Interestingly, fibronectin protein
is expressed specifically in the AVC at 48hpf (Fig. 4g) with
further enrichment by 56hpf, in keeping with the mRNA
sequencing data (Fig. 4h). More specifically, fibronectin is seen
on the basal side of cells at both time points and is particularly
enriched in the region of cell clustering (Fig. 4gh). Fibronectin
can also be observed on and between the multiple layers of cells
that are present by 72 hpf (Fig. 4i), as has previously been shown
in 105 hpf hearts?®. This spatial and temporal expression pattern
in the heart suggests a potentially relevant role of fibronectinlb/
fibronectin in cardiac valve development.

Blood flow and kif2a alter fibronectin synthesis in the AVC. As
blood flow is an important regulator of EAC behaviour and car-
diac valve formation, we next wanted to assess whether changes
in flow properties impacted fibronectin synthesis in the AVC. To
do so, we first analysed the fibronectin staining pattern in silent
heart (sih =/~ ) mutant embryos, which completely lack heart
contraction and blood flow®’, and saw that fibronectin was no
longer detectable in the AVC at 48hpf (Fig. 5a). As sih~/~
mutants fail to form an AVV, we performed photoconversion
experiments following injection of a morpholino specific for
troponin T2a (tnnt2a), which is necessarg for heart contraction
and reliably mimics the sih =/~ mutants®’, to determine whether
the cell-movement events described above were impacted in the
absence of heart contraction. Indeed, in tnnt2aMO hearts at
80 hpf, the photoconverted cells were found on the inner
curvature of the ventricle and had failed to enter the cardiac
jelly, as observed in age-matched controls (Supplementary
Fig. 3A,B). To address the role of flow forces more specifically,
we then altered blood viscosity and shear stress by lowering
haematocrit content by injecting gatal and gata2 morpholinos, as
previously described?’. In gatal morphants, where the fraction of
reversing flow in the AVC at 48hpf is increased and kif2a
expression is high?4, strong fibronectin staining was observed in
the AVC (Fig. 5b), while it was much reduced or absent in gata2
morphants where the fraction of reversing flow in the AVC, and
klf2a expression, is reduced (Fig. 5b). When atrial contraction was
affected in myh6 morphants (atrial specific myosin heavy chain,
previously amhc), which also results in reduced klf2a expression’!
(Supplementary Fig. 3EJF), fibronectin deposition was also
impaired (n=6/7; Fig. 5b). Quantification of the proportion of
the AVC positive for fibronectin confirmed these observations
(Fig. 5c¢). Furthermore, fibronectin synthesis was significantly
reduced, compared with controls, when 0.1% tricaine was used to
stop heart contraction between 48 and 52 hpf and between 48 and
56 hpf (Fig. 5d). Interestingly, when the 0.1% tricaine was
removed and heart contraction resumed at 52 hpf, fibronectin
staining in the AVC at 56 hpf was restored (Fig. 5d,e). Taken
together these observations suggest that the synthesis of
fibronectin in the AVC is flow-dependent. To ascertain how
conditions of altered flow may impact cellular organization
during valve formation, we repeated our photoconversion
experiments in the flow morphants described above. We
observed cells in the cardiac jelly of gatal MO embryos, but

this was greatly reduced in gata2 MO and absent in myh6 MO
embryos, when compared with controls (Supplementary
Fig. 3C,D). Furthermore, in gatal MOs, cells in the cardiac jelly
appeared to be more disorganized than in controls
(Supplementary Fig. 3C,D) suggesting AVC-specific fibronectin
synthesis may be necessary for the correct organization of
multiple cell layers before leaflet emanation.

AVC-specific fibronectin synthesis is necessary for valve for-
mation. Considering the apparent flow-dependent nature of
fibronectin synthesis in the AVC and its increased levels on the
ventricular side of the superior AVC, where kif2a is most highly
expressed, we reasoned that fibronectinlb could be a downstream
target of Klf2a. As klf2a is elevated in response to the specific flow
regime found within the AVC?4, such a target would enable kif2a
to both respond to the mechanical environment of the AVC and
impact the local environment of EdCs in a manner necessary for
valve formation. Indeed, fibronectin staining was reduced in
trpp2~/~ mutants (Fig. 6a), which present defects in
valvulogenesis and klf2a induction despite a normal flow
regime in the AVC?%. To address the effect of loss of klf2a and
validate previous observations performed using morpholino-
based approaches, we generated a mutant of klf2a using a TALEN
approach targeting a sequence in the first exon of the klf2a gene
(Supplementary Fig. 4A). Observations of valve morphology at
96 hpf, when valve leaflets can be seen extending into the lumen
of the AVC in controls, demonstrated a range of valvular defects
in klf2a mutants (Fig. 6b,c; n =25 wild-type, n=46 kif2a—'~)
despite there being no change in overall cell numbers
(Supplementary Fig. 4B) or flow properties (Su})plementary
Fig. 4E) at 48hpf. Approximately 10% of kif2a™’~ embryos
were missing any kind of valve structure. Identical analyses
performed in kif2a morpholino-injected embryos showed a
similar, but more severe, phenotype in the knock down
(Fig. 6¢) and all subsequent studies were performed with the
klf2a mutant. To investigate origins of the valve defects observed
in the klf2a ~/~ mutants, we examined these embryos during the
early stages of valve formation described above. Analysis of cell
organization showed klf2a~/~ embryos had fewer cells
clustering together in the superior AVC at 48 hpf than controls
(Supplementary Fig. 4C). Quantification of cells within the
cardiac jelly suggested multi-layering was impaired in ~40% of
klf2a =/~ hearts while the remaining klf2a ~/~ hearts presented
elevated numbers of EdCs in the cardiac jelly at 72hpf when
compared with controls (Fig. 6d and Supplementary Fig. 4D). In
those mutants where multi-layering occurred, however, the cells
in the cardiac jelly appeared disorganized, with intracellular
spaces between neighbouring EdCs, compared with the compact
nature of the cells in this area in controls (Fig. 6d,e and
Supplementary Movie 6). These data suggest that, in the absence
of klf2a function, the cellular processes underlying the initiation
of valve formation are perturbed and support observations made
with klf2a morpholinos that kif2a expression is necessary for
efficient valvulogenesis®>.

In situ hybridization and immunofluorescence analysis
demonstrated that fibronectin is downregulated at both the
mRNA and protein level in the majority of klf2a mutants
(Fig. 7a,b). Furthermore, when we forced the overexpression of
klf2a in all endothelial cells, we saw a spread of fibronectin
synthesis outside the AVC, into the atrium and ventricle, in
comparison with the AVC-specific localization observed in
controls (Fig. 7c). This suggests that Klf2a, the expression of
which is normally restricted to the AVC, is capable of driving the
expression of fibronectin in the heart. Indeed, forced expression
of klf2a was sufficient to rescue fibronectin synthesis in gata2 and
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myh6 morphant embryos (Supplementary Fig. 5G). To quantify
the efficacy of valve progenitors in undergoing multi-layering in
the absence of fibronectin, a vital process in the formation of the
heart valve, we used a fnlb-specific morpholino to deplete
fibronectin in the AVC (Supplementary Fig. 5A). Care was taken
to select embryos presenting no morphological defects following
fn1bMO injection (Supplementary Fig. 5B), ensuring that kif2a
reporter activity, AVC cell number and the flow velocity profile at
48 hpf (Supplementary Fig. 5D-F), as well as levels of p53 mRNA
(Supplementary Fig. 5C), were not significantly changed in the
morphants studied. Cell clustering and multi-layering were
dramatically impaired in the absence of fnlb, with few or no

8

cells in the cardiac jelly in the majority of cases (Fig. 7d,e)
indicating the importance of fibronectin deposition in the early
stages of valve development. At 96 hpf, large groups of EdCs and
reversing blood flow were visible in the AVC of fn1bMO embryos
in contrast to the efficient valve leaflets present in controls
(Fig. 7f). To confirm these observations, we analysed the valve
shape of fn1b***>3 =/~ embryos at 96 hpf. Similar to fnlb knock
down, we found that all the fnlb mutants had abnormal valves
(9/9). The majority of these embryos displayed large blocks of
cells occluding the AVC or thick leaflets as sometimes also
described in the klf2a mutants (Fig. 7g). These data suggest kif2a
and fnlb expression are necessary for the movement of EdCs into
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the cardiac jelly and their correct organization within. Thus
mechanically-induced klf2a expression coordinates the morpho-
genetic events necessary for valve formation via the regulation of
fibronectinlb expression and localized fibronectin synthesis
within the AVC.

Discussion
Using in vivo imaging technologies and cellular scale 3D analysis,
we have identified three successive steps highlighting the cellular
processes associated with heart valve morphogenesis: (1) the first
signs of valve formation correspond to a regional increase in cell
density in the superior AVC and localized fibrillogenesis; (2) the
first sign of cellular invasion towards the cardiac jelly is
highlighted by cell protrusions specifically in this area of cell
clustering; and (3) a highly stereotyped multi-layering process
within the cardiac jelly leading to the formation of a functional
leaflet. These observations enable us to confirm the previouslg
reported role of mechanical forces in valve morphogenesis!®?
and suggest a refined model in which the origins of the valve
progenitors, the behaviour of particular groups of cells and the
impact of the mechanotransduction cascade are identified.
Clustering of EdCs in a region of the AVC close to the
ventricular inner curvature and localized fibronectin synthesis in
the same area at 48 hpf is followed by the appearance of cells
protruding into the cardiac jelly by 56 hpf. In the absence of kif2a,
an important component of the mechanotransduction pathway
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downstream of blood flow?4, cell clustering and fibrillogenesis are
both impaired. Ultimately, the coordinated morphogenetic
movements subsequently observed in control embryos are
perturbed in klf2a mutants highlighting the importance of an
intact mechanotransduction pathway in orchestrating the cellular
events involved in valve formation. Interestingly, we observed a
striking change in cell properties following migration into the
cardiac jelly, with cells demonstrating a mesenchymal
morphology, downregulating junctional Cdh5 and some of
them proliferating. While we cannot rule out a contribution of
cell proliferation in other parts of the heart driving cells towards
the AVC, within the AVC itself we only observed cell
proliferation within the cardiac jelly and not within the cell
layer that is exposed to the blood flow. We demonstrated that
flow forces primarily influence cell behaviour and ultimately valve
shape, but not cell number, via the asymmetric activation of klf2a
expression in the ventricular region of the AVC. Interestingly,
klf2a=/~ mutants presented an array of valvular phenotypes
similar to those observed under a range of altered flow regimes,
implicating Klf2a as an integrator of the flow response, which,
when absent, impacts valvulogenesis from the earliest stages. It
will be interesting to see if fibronectin also relays Klf2a function in
other contexts, such as haematopoietic stem cells (HSC)
formation®?, development of the branchial arches®® and
endocardial chamber ballooning®.

During valve formation the cells lining a unicellular tube are
required to undergo extensive rearrangements in order to form a
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*P<0.05. Scale bars, 10 um.

protrusive 3D structure capable of occluding undesired reversing
flow. In the lymphatic system, the initial phases of valve
formation have been elegantly described proceeding via
the clustering of lymphatic valve progenitors on one side of the
collecting vessel, adoption of a cuboidal morphology and the
generation of a ring-like constriction within the vessel wall'l.
Valve-forming cells then protrude into the lumen of the
lymphatic vessels, which, accompanied b?r ECM deposition,
results in the formation of a valve leaflet'>!°, In an initially
similar manner, we see EdCs clustering on the ventricular side of
the superior AVC, but rather than protruding towards the lumen,
clustered EACs then send basal protrusions into the cardiac jelly
that they subsequently invade. These cells then proliferate and
form a group of cells nestled close to the ventricular inner
curvature, before a clear leaflet structure is formed. This
significant difference in acquisition of cells into the leaflet in

the lymphatic and cardiac systems is likely to be, at least in part,
attributable to the different mechanical environments
experienced by their progenitors.

During cardiac valve formation in the mouse, EdCs within the
AVC undergo an endothelial-to-mesenchymal transition (EMT)
and migrate into the cardiac jelly>*, where they proliferate and
valve leaflets subsequently elongate. This is in striking contrast to
lymphatic valve formation, which proceeds in the absence of an
EMT. Interestingly, by embryonic day 10.5 (E10.5) the loss of kif2
results in AVC cell disorganization and hypocellular cushions,
attributed to a defect in the EMT process>>. We also observe AVC
cell disorganization and, in some instances, hypocellular cushions
in the absence of klf2a. Considering this together with the
downregulation of Cdh5 by EdCs inside the cardiac jelly, cell
morphology changes and increased proliferation, we hypothesize
that the cellular protrusions observed from the clustered cells
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from 48hpf and the subsequent movement of cells into the
cardiac is reminiscent of the valve-forming process described in
the mouse®®. Importantly, the presence of an EMT durin
zebrafish valvulogenesis, although extensively discussed!®26-28:30,
remains to be confirmed and will be an important focus of future
studies.

Valve morphogenesis occurs in one of the most hostile
mechanical environments in the body: EdCs experience both
high flow forces and strong mechanical deformation due to the
contraction of the heart and its associated blood flow'. Indeed, at
embryonic stages, viscosity dominates and the main mechanical
forces generated at the heart wall are the tissue strain generated
by pressure variations occurring during heart contraction and
wall shear stress generated by the flowing blood!. These physical
features are crucial to understanding how EdCs behave during
valve development. Cell clustering close to the ventricular inner
curvature in the AVC suggests localized differences in cell
tension, which in turn may be responsible for the localized
fibrillogenesis observed before multi-layering.

The specific enrichment of klf2a expression in the AVC at
48hpf in response to flow and its regulation of fibronectinlb
expression provides a mechanism to modulate valve morphogen-
esis in response to its mechanical environment®>. For now, we
can only speculate on the role of fibronectin in the process of
valve formation. One possibility is that fibronectin is necessary
for EACs to acquire a valvular cell fate as it is now becoming clear
that forces, ECM and stem cells fate are tightly interdependent®”.
The discovery that the mechanical environment and stretch-
sensitive channels are essential determinants of lineage choices in
embryonic stem cells further supports this hypothesis®®~40,
Fibronectin could also be involved in promoting the generation
of the filopodia observed at the onset of AVC-specific fibronectin
accumulation and before the multi-layering process. Indeed,
fibronectin-rich nanoenvironments have been demonstrated to be
sufficient for orienting cell migration and proliferation®!. In
addition, fibronectin may alter the mechanical properties of the
EdCs environment as well as several cellular properties, including
the mechanosensitivity of the cells themselves. Fibronectin has
been implicated in the endothelial mechanotranduction pathway
mediated by trpv4 (ref. 42), a gene that is also involved in AVV
formation®*. Alternatively, fibrillogenesis could participate in cell-
shape changes associated with morphogenesis*®, a feature that
has also been attributed to klf2a expression®.

In conclusion, we propose a model for AVV formation in
which EdCs arising from the atrium and ventricle make specific
contributions to the emerging valve leaflets through coordinated
cell-movement events. Enriched mechanosensitive klf2a expres-
sion on the ventricular side of the AVC subsequently enriches the
expression of its downstream target gene fibronectinlb to the
same cells, establishing an asymmetry within the AVC.
Ventricular EdCs extend protrusions towards the fibronectin-
rich area and move into the cardiac jelly in a coordinated manner
while accompanying morphogenetic changes result in atrial EdCs
lining the lumen of the AVC. Subsequent Cdh5-downregulation,
increased proliferation and morphological changes within the
AVC liken aspects of AVV formation in the zebrafish to that of
the mouse and higher vertebrates.

Finally, this study elucidates the impact of mechanical forces
on the localized behaviours of valve progenitors during
valve morphogenesis. As the origins of most valvulopathies are
still. unknown'?, our findings highlight the importance of
investigating the potential embryonic and mechanical origins of
valve defects. The recent demonstration that mitral valve disease
can have embryonic origins supports this view?4~46, Furthermore
our work highlights the role of the coordination between
morphogenesis and mechanical forces via ECM synthesis

during cardiovascular morphogenesis. These findings may also
prove meaningful in other biological contexts where mechanical
forces and ECM are involved, such as during stem cell niche
formation in develoSping HSCs*74, skin stem cells®® and adult
intestinal stem cells’’.

Methods

Zebrafish husbandry, embryo treatments and morpholinos. Animal experi-
ments were approved by the Animal Experimentation Committee of the Institu-
tional Review Board of the IGBMC. Zebrafish lines used in this study were
Tg(flila:gal4FF*%; UAS:kaede)®?, Tyg(flila:nEGFPY” (ref. 53), Tg(kdrl:EGFP)*,
Tg(fliznls-mcherry)?®, Tg(myl7:EGFP)*®, Tg(fligal4FF“YS; UAS:kIf2a) (ref. 6),
Tg(klf2a:H2BEGFP)** and wild-type AB. Zebrafish with a mutant allele of kIf2a
( Tg(kleu’g"‘)) were generated and used in this study. Zebrafish with a mutant allele
of fnlb (Tg(fn1b5>>3) were obtained from the Zebrafish International Resource
Center (ZIRC). Tg(fn1b5”553) mutants contain a C>T point mutation in exon 1 of
the fnlb gene leading to a premature stop codon in the predicted translation
product. Genotyping was performed by sequencing the PCR product generated
with the following primers: forward 5'-AGGGTGAGAGAACCTCATAAAGC-3,
reverse 5'-CTCACTTAAACCGCGAACTGTCC-3', and sequenced with 5'- TCA
GTAAAGAGACTCCTGCTGC-3'. Genotyping was performed on genomic DNA
after live imaging. Morpholinos were injected into the yolk at the one-cell stage.
All animals were incubated at 28.5 °C for 5h before treatment with 1-phenyl-
2-thiourea (PTU) (Sigma Aldrich) to prevent pigment formation. Morpholinos
specific for tnnt2a (ref. 30) (5'-CATGTTTGCTCTGATCTGACACGCA-3') and
fnlb (5-AAGTAATAATGTCACCTTGCTCCTC-3') were obtained from
GeneTools. Morpholinos for klf2a, gatal, gata2 and myh6 were described
previously?>>°. Anti-sense MO concentrations ranged from 0.06 to 0.3 mM.

Generation of klf2a —/~ mutants. We injected a TALEN pair designed to target
exon 1 of the kif2a gene into single cell wild-type (AB) embryos. We identified the
alleles generated and confirmed that potential targeting events could be transmitted
through the germline by out-crossing the F0 fish with AB animals and sequencing
genomic DNA from pools of 6 F1 embryos. We focused on an INDEL mutation
(deletion of 5'-CAGAAGGAA-3' followed by insertion of 5'-GATGCTGGG
AGAG-3') leading to a premature stop codon in the klf2a transcript and raised
these F1 animals to adulthood. Studies were performed on F2 fish, and later
generations, following out-crossing to transgenic lines of interest. Klf2a =/~ fish
were viable and also kept as homozygous adults. A PCR-based genotyping strategy
was established using the following primers to identify the wild-type and mutant
alleles (Wild-type: forward 5'-TCGGCGCAGAAGGAAA-3/, reverse 5'-TGT
TGAGGTTGTCCATGTTA-3'; mutant: forward 5-AAGGTCTTCCACCACT
CATA-3, reverse 5'-CCAGCATTTCTCTCCCAGC-3'). Genotyping was
performed on genomic DNA from whole embryos after live imaging, or from
dissected tails before immunofluorescence analysis, as necessary.

mRNA sequencing of dissected heart samples. Hearts were dissected from
Tg(myl7:EGFP) embryos at the desired stage and pooled (30 hearts/sample). RNA
was extracted using a Nucleospin RNA XS kit (Macherey-Nagel) according

to the manufacturer’s instructions. After isolation of total cellular RNA, a library
of template molecules suitable for high throughput DNA sequencing was

created following the Illumina ‘mRNA sequencing sample preparation guide’
(part #1004898 Rev.D) with some modifications. Briefly, mRNA was purified from
20 ng total RNA using oligo-dT magnetic beads and fragmented using divalent
cations at 94 °C for 5 min. The cleaved mRNA fragments were reverse transcribed
to cDNA using random primers, then the second strand of the cDNA was
synthesized using DNA Polymerase I and RNase H. The next steps of RNA-Seq
Library preparation were performed in a fully automated system using SPRIworks
Fragment Library System I kit (ref A84801, Beckman Coulter, Inc) with the
SPRI-TE instrument (Beckman Coulter, Inc). Briefly, in this system, double-
stranded cDNA fragments were blunted, phosphorylated and ligated to indexed
adapter dimers, and fragments in the range of ~200-400bp were size selected.
The automated steps were followed by PCR amplification (30s at 98 °C; (10's at
98°C, 30 at 60 °C and 30s at 72 °C) x 13 cycles; 5min at 72 °C), then surplus
PCR primers were removed by purification using AMPure XP beads (Agencourt
Biosciences Corporation). DNA libraries were checked for quality and quantified
using a 2100 Bioanalyzer (Agilent). The libraries were loaded in the flow cell at
6 pM concentration and clusters generated and sequenced in the Illumina Genome
Analyzer IIX as single-end 54 base reads. The data discussed in this publication
have been deposited in NCBI’s Gene Expression Omnibus®” and are accessible
through GEO Series accession number GSE79585 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc = GSE79585).

Bioinformatics and gene ontology analysis. Read quality was assessed with
FastQC (S. Andrews, http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Then reads were mapped onto the Zv9 assembly of the zebrafish genome using
Tophat v1.4.1 (ref. 58) and the bowtie v0.12.7 aligner. Only uniquely aligned reads
were retained for further analyses. Gene expression was quantified using HTSeq
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v0.5.3p5 (ref. 59) and gene annotations from Ensembl release 69. Read counts
were normalized across libraries with the method proposed by Anders et al.%.
To identify significantly differentially expressed genes, we performed a test for
differential expression within the experiment (that is, adjusting for baseline
differences between the experiments) using the method proposed by Robinson
and Smyth®! and implemented in the Bioconductor edgeR v3.0.8 package®.
Adjustment for multiple testing was performed with the Benjamini and
Hochberg®® method. Functional analyses of genes with an adjusted P value smaller
than 0.05 were performed using DAVID software®. Graphics were obtained with
the R program (R Core Team, URL http://www.R-project.org/).

qPCR. Products were amplified in a real-time PCR reaction with Light Cycler 480
Real-Time PCR System (Roche) using a UPL Probes Master mix (Roche) according
to the manufacturer’s instructions. Sequence of primer pairs were as follows: has2
forward 5'-AGCATCCCTGTTCAACTAACG-3/, reverse 5'-GCTGACCGCTTT
ATCACATCT-3'; klf2a forward 5'-CCGTCTATTTCCACATTTTCG-3/, reverse
5'-TCCAGTTCATCCTTCCACCT-3'; fnlb forward 5-TGGAAATGTGATGCC
ATTGA-3/, reverse 5'-GGCCAATCTGGTAGAACACC-3'; p53 forward 5'-GAGG
TCGGCAAAATCAATTC-3/, reverse 5'-TGGGGGCTGAATAATCAAAT-3'.

In vivo imaging. Zebrafish embryos were staged, anaesthetised with 0.02% tricaine
solution and 50 mM BDM, to stop the heart when necessary, and mounted in 0.7%
low melting-point agarose (Sigma Aldrich). Confocal imaging was performed

on a Leica SP8 confocal microscope. Fast confocal and four-dimensional imaging
(to image valve leaflets at 96 hpf and the AVC at 72 hpf) was performed using
the resonant scanner mode of the same microscope. Images were acquired with a
low-magnification water immersion objective (Leica HCX IRAPO L, 25X, N.A.
0.95). For four-dimensional imaging, time series were acquired at a random time in
the cardiac cycle at 35fps for 3s. The optical plane was moved 2 pm between the
z-sections until the whole AVC was acquired. Time series of two-dimensional
sections were temporally synchronized using Matlab?’. Blood flow imaging for flow
velocity analysis 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 x 20, NA 0.7). Image sequences were acquired at a
frame rate of 2,000 frames per second.

Photoconversion. Photoconversion was performed using the FRAP module on a
SP8 confocal microscope and a Leica HCX IRAPO L, x 25, 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
contraction for the duration of the procedure. A region of interest corresponding to
the ventricle, atrium or superior AVC was selected and exposed to 405 nm light
(25% laser power). One pre-bleach frame was acquired, followed by 3-5 bleach
pulses (3-5ms 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 a time point of interest. The move-
ment of cells within each heart was analysed using Imaris software (Bitplane).

Valve imaging. Embryos were incubated with 4 uM BODIPY-ceramide
(Molecular Probes) overnight and then processed as in refs 24,25 to visualize
the valve shape.

Flow analysis. Red blood cells were manually tracked through the AVC and their
velocity calculated from image sequences acquired at 2,000 frames per second as
described previously?%,

Immunofluorescence. Embryos were fixed at the desired stage in 2% paraf-
ormaldehyde overnight at 4 °C. BrdU-incorporation studies were performed

by incubating embryos in 5mgml~! BrdU for the desired length of time
(Dietrich et al.%) before fixation. After washing, embryos were permeabilized in

1 x PBS-0.1% Tween-20 containing 0.5% Triton-X 100 for 30 min at room
temperature. The pericardial cavity was then carefully pierced with the tip

of a forcep to facilitate antibody penetration before blocking in permeabilization
buffer supplemented with 5% BSA (anti-fibronectin), 1% BSA and 10% NGS
(anti-VECadherin and anti-Alcama) or 1% BSA, 2% NGS and 1% DMSO
(anti-BrdU) for 2h at room temperature. Primary antibodies were added in the
relevant blocking solution and incubated between 16 and 48h at 4 °C. Secondary
antibodies were added in blocking solution after thorough washing and incubated
overnight at 4 °C. Embryos were thoroughly washed and mounted for imaging
on a Leica SP8 confocal. Antibodies were as follows: rabbit anti-fibronectin
(F3648, Sigma) 1:100, rabbit anti-VECadherin® 1:1,000 (kind gift of the

Affolter lab), mouse anti-BrdU (11170376001, Roche Diagnostics) 1:100, mouse
anti-Alcama (zn-8, DSHB) 1:500 and goat anti-rabbit and goat anti-mouse
Alexa-488 and -594 secondary antibodies (A11034 and A11032, respectively, Life
Technologies) were used at 1:500. To directly test the effects of flow on fibronectin

12

synthesis, embryos were incubated in 0.1% tricaine (Ethyl 3-aminobenzoate
methanesulfonic acid; Sigma) at pH7 for up to 12 h. They were then rinsed briefly
in egg water before being fixed and processed as described above.

Cell proliferation assay. Dechorionated embryos were incubated in fish water
containing 5 mgml ~! BrdU between 36 and 48 hpf, 56 and 72 hpf, and 72 and
80 hpf. Incorporation was stopped by washing in fresh fish water and fixation in 4%
PFA. Embryos were permeabilized with Proteinase K and DNA denatured with 2N
HCI (method modified from Dietrich ef al.%). BrdU immunolabelling was then
performed as described above.

Image analysis. Cell number quantifications and kif2a:EGFP signal intensity
measurements were made using the Spots tool on Imaris (Bitplane). A single spot
was placed at the centre of each nucleus in the AVC, or cardiac jelly, as appropriate.
For intensity analysis, the klf2a:H2BEGFP reporter line was crossed with the
fliznlsmCherry line and the mCherry fluorescence signal was used for normal-
ization?%. The maximum intensity of each channel was quantified and a ratio
generated. These ratios were then averaged across the AVC of individual embryos.
Nucleus to nucleus distance analysis was performed using Imaris software and the
Measurement Points tool. Nuclei within the AVC were connected to all of their
nearest neighbours and the average distances for defined regions were calculated.
The extent of cell clustering, in klf2a mutants and fn1b morphants, was quantified
by defining clustered cells as those cells closer than 8 um to their neighbour
(according to our analysis of nucleus-to-nucleus distances in controls; Fig. 2e). The
extent of fibronectin staining in the AVC was calculated using the Imaris Surfaces
tool to define a volume of fibronectin staining and a volume of the whole AVC. The
% of fibronectin coverage was then calculated ([Volume fibronectin staining/
Volume AVC]*100). Hearts were segmented using the surfaces tool and the
segmented heart presented, for clarity.

In situ hybridization. In situ hybridization was performed as in ref. 66. Anti-sense
probes for fnlb were generated from a plasmid containing fnl1b cDNA (obtained
from SourceBioscience) amplified using the following primers forward: 5'-ATG
ACCCGTGAGTCAGTAA-3" and reverse (containing T3 sequence): 5'-ATTAA
CCCTCACTAAAGGGACTTGGTGCCCTGAGTTCTGAT-3" and subsequently
transcribed using the T3 polymerase.
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Abstract

Cardiac valves are necessary for maintaining a unidirectional blood flow in the cardiovascular system of
vertebrates. Their efficient gating function requires a highly controlled developmental program.
However, this program may be impaired and thus leading to defective valves. In fact, congenital heart
valve diseases represent the most common form of birth defects. Therefore, cardiac valve
development studies constitute a challenging research field. In this thesis, we used the zebrafish as a
model organism for studying the formation of atrioventricular valves. To date, it is known that
mechanical forces generated by blood flow constitute key modulators dictating valve formation. In
particular, they initiate valvulogenesis by restricting the expression of the transcription factor Kif2ain a
subset of endocardial cells of the atrio-ventricular canal. Our work demonstrated the activation of
another transcription factor, Egr1, in this same region and within the same time window. We aimed at
deciphering the mechanosentitive gene network involving klf2a, its paralog klf2b as well as egr1, by
combining genome-wide analysis of gene expression and chromatin accessibility with live imaging. We
addressed the potential interactions of these factors and studied their downstream signalling
pathways. Finally, we demonstrated that egri, klf2a/klf2b modulates valve morphogenesis by
specifically controlling flt1, has2 and wnt9b expression. Moreover, we showed that kIf2b could
regulate egrl. Together, these results uncover a novel mechanosensitive axis during cardiac valve
development.

Résumeé

La circulation du flux sanguin a sens unique dans le systéme cardiovasculaire des vertébrés est assurée
par les valves cardiaques. Leur formation est trés controlée au cours du développement embryonnaire.
Cependant, il arrive que celle-ci soit défectueuse, et donc a l'origine de maladies cardiaques
congénitales. Ces maladies représentent une des causes majeures de décés a la naissance. L'étude de
la formation des valves cardiaques constitue donc un champ de recherche majeur. Dans cette thése,
nous avons utilisé le poisson zébre, comme animal d’'étude modeéle pour étudier la formation des
valves atrio-ventriculaires. Les forces mécaniques générées par le flux sanguin constituent un signal
modulant le programme génétique valvulaire. Elles initient la formation des valves en contraignant
I'expression du facteur de transcription, Klf2a, a un groupe de cellules endothéliales du canal atrio-
ventriculaire. Nos travaux ont démontré I'activation d’un autre facteur, Egri, dans cette méme région
dans le méme lapse de temps. Notre étude a cherché a élucider le réseau génétique impliquant klf2a,
son paralogue kiIf2b, et egr1 en combinant une analyse pangénomique de I'expression génique et des
sites accessibles de la chromatine avec une approche d’imagerie haute résolution in vivo. Nous avons
déterminé les interactions entre ces facteurs et les réseaux qu'ils régulent. Cette étude a finalement
démontré qu’egril, kif2a/klf2b modulent la morphogénése des valves cardiaques en contrélant en
particulier fIt1, has2 et wnt%b. De plus, nos travaux tendent & montrer que klf2b régulerait egri. Cette
étude a donc permis de révéler un nouvel axe de régulation génétique mécano-dépendant nécessaire a
la bonne formation des valves cardiaques.
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