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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.

- 26 -



A | gal4FF-UAS system

over-expression of transgene
G ‘e
GarD) *
endogenous |_ ) s
e H Gal4FF —3’ 5— UAS 3

Gal4FF expressing line UAS effector/reporter line

B | Over-Expression of kIf2a (OE kif2a'%’ line)

5%»

enhancer trap Gal4FF line UAS transgenic line

Klf2a-tagged GFP

¢
@ :
5 gaMFF [—3 5 3

selection of fish with enhanced green
fluorescence within the endocardial cells

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.

- 30 -



pulmonary
veins

caudal

) ulmonar
vein P y

arteries

four-chamber

dorsal two-chamber heart
artery heart
cavea
veins aorta
systemic systemic
vascular beds vascular beds
FISH MAMMALS

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

- 38 -



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).

- 42 -



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
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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.

- 51 -



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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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
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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
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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

- 72 -



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.
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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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