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Abstract

Cardiac valves are essential for the continuous and unidirectional flow of blood throughout
the body. During embryonic development, their formation is strictly connected to the
mechanical forces exerted by blood flow. The endocardium that lines the interior of the heart
is a specialized endothelial tissue and is highly sensitive to fluid shear stress. Endocardial
cells harbor a signal transduction machinery required for the translation of these forces into
biochemical signaling, which strongly impacts cardiac morphogenesis and physiology. To
date, we lack a solid understanding on the mechanisms by which endocardial cells sense the
dynamic mechanical stimuli and how they trigger different cellular responses. In the zebrafish
embryo, endocardial cells at the atrioventricular canal respond to blood flow by rearranging
from a monolayer to a double-layer, composed of a luminal cell population subjected to blood
flow and an abluminal one that is not exposed to it. These early morphological changes lead
to the formation of an immature valve leaflet. While previous studies mainly focused on genes
that are positively regulated by shear stress, the mechanisms regulating cell behaviors and
fates in cells that lack the stimulus of blood flow are largely unknown. One key discovery of
my work is that the flow-sensitive Notch receptor and Kriippel-like factor (KIf) 2, one of the
best characterized flow-regulated transcriptional factors, are activated by shear stress but that
they function in two parallel signal transduction pathways. Each of these two pathways is
essential for the rearrangement of atrioventricular cells into an immature double-layered valve
leaflets. A second key discovery of my study is the finding that both Notch and KIf2 signaling
negatively regulate the expression of the angiogenesis receptor Vegfr3/Flt4, which becomes
restricted to abluminal endocardial cells of the valve leaflet. Within these cells, Flt4
downregulates the expressions of the cell adhesion proteins Alcam and VE-cadherin. A loss
of FlIt4 causes abluminal endocardial cells to ectopically express Notch, which is normally
restricted to luminal cells, and impairs valve morphology. My study suggests that abluminal
endocardial cells that do not experience mechanical stimuli loose Notch expression and this
triggers expression of Flt4. In turn, Flt4 negatively regulates Notch on the abluminal side of
the valve leaflet. These antagonistic signaling activities and fine-tuned gene regulatory
mechanisms ultimately shape cardiac valve leaflets by inducing unique differences in the fates

of endocardial cells.



Zusammenfassung

Herzklappen sind essentiell fiir den kontinuierlichen und gerichteten Blutfluss durch den
Korper. Wihrend der Embryonalentwicklung ist die Bildung der Herzklappen stark von vom
Blutfluss generierten, mechanischen Kréften abhédngig. Das Endokard, ein endotheliales
Gewebe, das das Herz im Inneren auskleidet, reagiert sehr sensibel auf biomechanische
Einwirkungen. Endokardzellen weisen eine Signaltransduktionsmaschinerie auf, welche die
Umwandlung dieser Kréfte in biochemische und elektrische Signale ermdglicht und somit
unverzichtbar fiir die Herzmorphogenese und -physiologie ist. Allerdings fehlt uns noch
immer das Verstindnis der Mechanismen, mit denen Endokardzellen dynamische,
biomechanische Signale wahrnehmen und wie verschiedene zelluldre Antworten ausgeldst
werden konnen. Im Zebrafischembryo reagieren Endokardzellen im atrioventrikuldrem Kanal
auf Blutfluss induzierte Schubspannung mit einer Umorganisation, wobei sich aus einer
Einzelschicht an Zellen eine Doppelschicht bildet. Letztere besteht aus einer luminalen
Zellpopulation, die dem Blutstrom ausgesetzt ist und einer abluminalen Population, der der
Kontakt zum Blut fehlt. Diese initialen morphologischen Verdnderungen fiihren zur
Ausbildung des frithen Herzklappensegels. Bisherige Studien berichteten im Besonderen iiber
Gene die positiv von einer verdnderten Schubspannung in Endokardzellen reguliert werden.
Allerdings sind die Mechanismen, die das Verhalten und die Spezifizierung von den Zellen
regulieren, die nicht in Kontakt mit dem Blutfluss sind, weitgehend unbekannt. Eine meiner
Schliisselentdeckungen in dieser Arbeit ist, dass zwei der am besten charakterisierten, durch
Blutfluss transkriptional regulierten Faktoren, der Notch Rezeptor und der Kriippel-like factor
(KIf) 2, durch Schubspannung aktiviert werden. Dies funktioniert auf zwei parallelen
mechanosensitiven Signaltransduktionswegen und beide Kaskaden sind essentiell fiir die
Umorganisation der atrioventrikuldren Zellen wihrend der Bildung der frithen
zweischichtigen Klappensegeln. Eine zweite wichtige Entdeckung meiner Studien ist, dass die
Expression des angiogenen Faktors Vegfr3/FlIt4, die auf abluminale Endokardzellen im frithen
Klappensegel beschrink ist, von beiden Signalwegen, Notch und KL{2, negativ reguliert wird.
AuBlerdem veringert Flt4 die Expression der Zelladhdsionsproteine Alcam und VE-cadherin in
abluminalen Zellen und fiihrt die Herzklappenmorphogenese herbei. Der Verlust von Flt4
wiederum fiihrt zu einer ektopischen Expression von Notch in abluminalen Endokardzellen,
welche sonst nur in luminalen Zellen auftritt. Daher zeigt meine Arbeit, dass abluminale
Endokardzellen, die keinem mechanischem Reiz ausgesetzt sind, Notch herunterregulieren

und damit die Expression von FIt4 auslosen. Flt4 wiederum blockiert dann zusitzlich den



Notch Signalweg in dieser Zellpopulation. Diese antagonistischen Signalaktivititen und fein
abgestimmte Genregulationsmechanismen sorgen fiir Unterschiede in der Spezifizierung der

Endokardzellen und formen so schlieBlich die Segelklappen im Herz.






Introduction

1. Introduction

During vertebrate embryogenesis, the heart is the first organ to function and blood flow is
established while the cardiovascular system is still developing. Hence, cardiovascular
development of heart and vessels is interconnected with the biomechanical forces exerted by
blood flow. The inner endothelial lining of the heart is comprised of endocardial cells (EAC)
that are sensitive to these stimuli and respond by activating complex signaling, which are
essential for proper heart morphogenesis. In particular, the formation of cardiac valves is
dependent on fine-tuned mechanosensitive signaling and most heart valve malformations
originate during embryogenesis. Currently, we still lack a precise understanding of how these
processes are regulated. In this study, I analyzed the impact of blood flow on valve EdCs in
zebrafish (Danio rerio) embryos. Zebrafish are particularly suitable for studies requiring
manipulation of blood flow, since embryos can survive without a beating heart until 7 days
post fertilization (Sehnert et al., 2002). Well-established genetic and pharmacological tools,
high numbers of offspring, and transparent embryos are additional features that make

zebrafish a powerful model to study embryonic heart development (Bakkers, 2011).

1.1. Mechanical forces in cardiovascular development

During embryonic development, biomechanical forces are important regulators of
morphogenesis. Examples include the epithelial spreading over the yolk during zebrafish
gastrulation, which is driven by circumferential contractions and flow-frictional mechanisms
(Behrndt et al., 2012). Compression and stretching of the apical surface of cells are required
respectively for cell apoptosis and proliferation, necessary for Drosophila wing formation
(Diaz de la Loza and Thompson, 2017). Mechanical forces are especially crucial during
cardiac development, since blood flow and cardiac contractility produce biophysical inputs
while heart formation is ongoing (Haack and Abdelilah-Seyfried, 2016). The embryonic heart
rate increases as development progresses, to accommodate the need of blood supply. At the
same time, this triggers the growth of the endocardium, a specialized endothelial tissue that is
lining the interior of the heart (Lindsey and Butcher, 2011). Hence, fluid forces guide cardiac
morphogenesis, by promoting growth and tissue remodeling through regulation of changes in

gene expression (Groenendijk et al., 2005; Sidhwani and Yelon, 2019). Understanding how
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physical forces influence tissues morphogenesis and remodeling is crucial for human health,
since pathologies such as atherosclerosis, cardiac hypertrophy, and aortic dissection can be
considered as disorders due to defective mechanobiology (Givens and Tzima, 2016). The
endocardium is of particular importance in these pathologies, due to its direct contact with
blood flow. The molecular mechanisms of mechanosensation and of biochemical and
electrical signal transduction are likely to be similar between endocardium and other
endothelial tissues. The cardiovascular system is subjected to two main biomechanical forces
due to blood flow (Figure 1.1). Blood pressure causes a circumferential stretching of
endothelial cells (ECs), which results from a hydrostatic pressure that is caused by the natural
pulsatility of blood flow (Givens and Tzima, 2016). A second force component of blood flow
is fluid shear stress, which is the frictional force due to tangential stress generated by blood
flow. This force induces changes in proliferation, differentiation, cell shape, and permeability
within ECs and EdCs (Haack and Abdelilah-Seyfried, 2016; Hahn and Schwartz, 2009).
Shear stress is directly proportional to velocity and viscosity of the blood and inversely
proportional to the vessel diameter. Typical magnitudes in human blood vessels range (5-50
dyn/cm?) (Lipowsky et al., 1978) and approximately 10 times lower in lymphatic vessels
(Dixon et al., 2006), while circumferential stretch of the vessel wall during the cardiac cycle
can be >1000 Pa (Baeyens and Schwartz, 2016; Haga et al., 2007). In the adult mature
cardiovascular system, most ECs are subjected to laminar blood flow. In a few regions,
including large artery branch points, or within pathological tissues, such as stenotic arteries or
heart valves, and aneurysms, the flow pattern becomes turbulent and disturbed (Baratchi et
al., 2017). Turbulent flow is chaotic and the flow variables (as velocity, pressure, and
temperature) change in a random manner. In regions of disturbed flow, endothelial
morphology can change, without a preferred orientation relative to the direction of flow.
Tension forces generated by cell growth, cell division, and cell and tissue migration (partially
also induced by blood flow) have also an influence on the formation of the cardiovascular
system (Bornhorst et al., 2019; Dietrich et al., 2014; Helker et al., 2013). In addition to these
forces, EACs are exposed to unique forms of mechanical stress, including stretching during
the diastole and contraction during the systole of each cardiac contractile cycle (Mickoleit et
al., 2014). During cardiac development, the highest shear forces occur in the inner curvature
region of the heart tube and in regions with lumen constrictions, corresponding to the
atrioventricular canal (AVC) and the outflow tract (OFT), where endocardial cushions form

and develop into functional valves (Hierck et al., 2008a).
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—=> Endothelial cell
<& Vascular smooth
muscle cell

== Blood flow

Figure 1.1. Schematic representation of an artery wall section. The inner endothelial cells align
longitudinally, while the outer vascular smooth muscle cells align circumferentially. Circumferential
stretching of the vessel wall results from pressure (p), perpendicular to the vessel wall. Blood flow-
induced shear stress (7) is parallel to the vessel wall and is exerted longitudinally. Adapted from Hahn
and Schwartz, 2009.

1.2. Mechanotransduction in the cardiovascular system

In order to shape tissues during morphogenesis and regulate homeostasis, the mechanical
forces impacting ECs and EdCs need to be converted into biochemical signals. This process,
referred to as mechanotransduction, requires that ECs express specific molecular sensors
which enable these cells to detect such stimuli and to initiate the molecular cascades required
to regulate gene expression and cell behavior (Figure 1.2). Laminar shear stress induces an
elongation of ECs (Levesque and Nerem, 1985) due to changes in cytoskeletal organization,
focal adhesions and re-positioning of junctional complexes (Noria et al., 1999; Seebach et al.,
2007). Mechanical forces are transferred to the junctions through the cytoskeleton by
modulating myosin-dependent cytoskeletal remodeling (Conway et al., 2013). Hence, the
cytoskeletal tension within the cell is important for mechanotransduction. Cell-cell tension is

also associated with deformation of the ECM, which is sensed by fibroblasts through the
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YAP signaling pathway (Steed et al., 2016a). On a molecular level, mechanical forces also
promotes the expression of transcription factors, such as Kriippel-like factor 2 (KLF2) and
Nuclear factor-E2-related factor-2 (NRF2/Nrf2), which influence endothelial survival,
proliferation and differentiation by controlling gene expression regulation (Baratchi et al.,
2017). The activation of KLF2 involves signaling via the MEKS/ERKS5/MEF2 signaling
pathway (Dekker et al., 2002; Ohnesorge et al., 2010). KLF2 reduces vessel permeability and
thrombosis by inducing the expression of endothelial nitric oxide synthase (eNOS) and
caveolin. In addition, KLF2 enhances EC metabolism and represses inflammatory responses
that are induced by IL-1b or TNF-a (Novodvorsky and Chico, 2014). ECs experiencing
disturbed flow exhibit activation of nuclear factor kappa B (NF-kB) and expression of
proinflammatory genes, including vascular cell adhesion molecule (VCAM)-1, E-selectin and
interleukin (IL)-8. The Yes-associated protein (YAP) and the transcriptional co-activator with
a PDZ-binding motif (TAZ) mediate the increases in ICAM-1 and VCAM-1 expression.
These complex cellular responses require both mechanosensors and mechanoadaptors to
coordinate rapid changes and physiological adaptations. Mechanosensors are the initial
responders to changes in biomechanical stimuli (Givens and Tzima, 2016). Because flow is in
direct touch with apical surfaces of ECs, structures on the apical side have been studied as
direct mechanosensors. These include primary cilia and ion channels (Goetz et al., 2014;
Heckel et al., 2015; Hierck et al., 2008b; Li et al., 2014). Within the ion channels, Polycystic
kidney disease 2 (Pkd2; also known as Trpp2) and transient receptor potential cation channel,
subfamily V, member 4 (Trpv4) were reported as sensor for oscillatory flows within the AVC
region in the zebrafish endocardium (Heckel et al., 2015). Piezo proteins are another recently
identified class of mechanically activated ion channels, which act as mediators of flow
responses within the endothelium (Li et al., 2014; Ranade et al., 2014). In particular, PIEZO1
is activated by shear stress within ECs and is essential for murine vascular development
(Ranade et al., 2014). In the mouse and zebrafish endocardium, Piezol is expressed with
highest levels in the AVC and OFT regions (Faucherre et al., 2020; Ranade et al., 2014).
Functional studies in zebrafish revealed an involvement of Piezol in OFT valve development
(Duchemin et al., 2019; Faucherre et al., 2020). Primary cilia have been reported as sensors
for low fluid shear forces during vascular morphogenesis (Goetz et al., 2014; Iomini et al.,
2004). In tune with this model, primary cilia progressively disappear from endocardial high
shear stress regions (at the cardiac cushions) in chick embryos, but remain in regions where

flow is low or disturbed (Egorova et al., 2011). This shear stress-mediated differential
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distribution of cilia within the developing endocardium appears to be one of the factors that

biases EAC responses to blood flow (Koefoed et al., 2014).

In addition to cilia and ion channels, other cellular structures have been implicated in
endothelial mechanical force sensing and transmission, including junctional proteins
(Cadherin 5/Vascular endothelial cadherin (CDH5/VE-cadherin), occludin), receptor kinases
(vascular endothelial growth factor (VEGF) receptors, VEGFR2/KDR and VEGFR3/FLT4),
integrins, focal adhesions, G-proteins, G-protein-coupled receptors, caveolae and vimentin
intermediate  filaments (Hahn and Schwartz, 2009). Currently, the best-studied
mechanotransduction complex consists of platelet EC adhesion molecule (PECAM-1), VE-
cadherin, VEGFR2, and VEGFR3 which are components of cell-cell adherens junctions
(Coon et al., 2015; Tzima et al., 2005). The transmembrane domain of VE-cadherin mediates
an essential adapter function by binding directly to the transmembrane domain of VEGFR2
and VEGFR3 (Coon et al., 2015). Fluid shear stress also increases tension on PECAM-1 via
an upstream pathway that triggers association of PECAM-1 with the vimentin cytoskeleton.
In turn, tension increases on PECAM-1 trigger the activation of a SRC-related cytoplasmic
tyrosine kinase, which induces PECAMI1 phosphorylation, followed by VEGFR2
phosphorylation and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) activation
(Conway et al., 2013; Tzima et al., 2005). Hence, VEGFR2/3 are activated in a VEGF-
independent manner by mechanical tension. Subsequently, integrins bind to the extra-cellular
matrix (ECM) and activate GTPases, including Ras, Rho, Racl, and CDC42. This induces the
activation of transcription factors, such as NF-«xB, KLF2 and NRF2/Nrf2 (Xiao et al., 2013).
Rho causes the disassembly of stress fibers, while Racl helps newly formed stress fibers to
align in the direction of flow (Tzima, 2006). eNOS is activated by caveolin (Cav)-1 via
RhoA-B1 integrin signaling, and this induces an increase in VEGFA (Yang et al., 2011). In
addition, there is evidence that fluid shear-stress can activate matrix metalloproteinases which
results in the release of VEGFA from the ECM and this promotes the activation of VEGFR2
(dela Paz et al, 2013). So far, it has not been investigated whether the
PECAM1/VEGFR/VE-cadherin complex has a role within the endocardium.

Recently, plexin D1 was identified as a direct mechanosensor in ECs, that functions in a
complex together with neuropilin-1 and VEGFR2 (Mehta et al., 2020). In adult arteries, the
flow-responsive Notch receptor NOTCHI1 was recently recognized as a mechanosensor that
is highly sensitive to fluid shear stress levels (Mack et al., 2017). This results in differential

levels of Notch signaling in distinct regions of the vessel wall and suppresses the expression
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of inflammatory genes within the endothelium (Briot et al., 2015; Mack et al., 2017,
Theodoris et al., 2015). Another recent study showed that, after shear stress-dependent
release of NOTCHI intracellular domain (NICD), the NOTCHI transmembrane domain
forms a complex with VE-cadherin at the adherens junctions which is essential for vascular
barrier and permeability regulation (Polacheck et al., 2017). Although it is currently not
known whether NOTCH]1 acts as a mechanosensor within the endocardium, fluid shear stress
is essential to activate Notch signaling in zebrafish EACs (Samsa et al., 2015) and many
processes such as cardiac trabeculation and valve formation are dependent on both

mechanical forces and Notch signaling (MacGrogan et al., 2018).

expression
PECAM-1 & NFkB, KLF2,
VE-cadherin gf
VEGFR2/VEGFR3 Cytoskeleton

remodeling

az+

|\l

C
+

Integrin K
activation K2
CaZ+

X

Figure 1.2. Mechanosensory pathways in endothelial cells. Blood flow-induced shear stress is
applied on the plasma membrane and induces the phosphorylation of platelet endothelial cell adhesion
molecule (PECAM)-1. PECAM-1 is present on adherent junctions in a mechanosensory complex with
VE-cadherin and vascular endothelial growth factor receptor (VEGFR)-2/VEGFR3. This first event
leads to the Src-dependent PI3K activation. Integrins are then activated to bind to extracellular matrix
(ECM), and in turn transiently activate GTPases, such as Ras, Rho, Racl, and CDC42. This causes
activation of transcription factors, such as nuclear factor kappa B (NF-kB), Kriippel-like factor 2
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(KLF2) and Nuclear factor-E2-related factor-2 (NRF2/Nrf2), which increase the expression of anti-
inflammatory genes and antioxidant enzymes, and control endothelial barrier function. While Rho
causes the disassembly of stress fibers, Racl helps the alignment of newly formed stress fibers in the
direction of flow. RhoA activation via B1 integrin activates caveolin (Cav)-1, which in turn activates
endothelial nitric oxide synthase (eNOS). Nonselective cation channels, such as transient receptor
potential (TRP)V4, are activated and in turn activate the Ca2 +-sensitive K channels (KCa2+), which
in turn hyperpolarize the membrane. Adapted from Baratchi et al., 2017.

1.2.1. Mechanosensitive signaling in cardiac valvulogenesis

One of the most striking examples of interdependency between mechanical forces and
molecular pathways during organogenesis is the formation of cardiac valves. Surgical
alterations of mechanical forces in the chick heart, obtained by conotruncal banding or left
atrial ligation or clipping, were used to create a model of increased preload in the right
ventricle and decreased preload in the left ventricle, which resulted in an abnormal
morphology of the AV valve (Sedmera et al., 1999). In zebrafish, EdCs of the AVC region
differentiate and acquire their AV EdC identity independently from blood flow, as proven by
their presence in mutants lacking blood flow due to cardiac contractility defects such as
troponin T2a and actin alpha 1 mutants (Bartman et al., 2004; Beis et al., 2005). However, in
these mutants the further development of AV EdCs does not occur and valve leaflets do not
form. Similarly, the physical occlusion of blood flow by placing beads into the inflow or

outflow tract regions of the heart impairs AVC valvulogenesis (Hove et al., 2003).

Abnormal cardiac cushion development was observed in mice lacking primary cilia, which
are particularly prominent on EdCs in regions of low or disturbed flow and absent in areas of
high fluid shear stress (Slough et al., 2008). Indeed, differences in the type and levels of fluid
shear stress result in different responses from EdCs. In chick embryos, high unidirectional
fluid shear stress promotes cushion extension in the direction of flow, while low recirculating
flows are involved in a pre-valvular sculpting process (Yalcin et al., 2011). In zebrafish, the
AVC region at 2 days post fertilization (dpf) is characterized by an oscillatory (retrograde)
flow. This is essential for the endocardial activation of the Ca** channels Pkd2/Trpp2 and
Trpv4, which mediate the restriction of k/f2a expression in this region (Heckel et al., 2015).
In fact, while k/f2a is ubiquitously expressed throughout the endocardium until 36 hpf, its
expression becomes restricted to the AVC and the OFT by 48 hpf (Vermot et al., 2009).

Interestingly, pkd2 and trpv4 mutants develop valves with aberrant morphologies, suggesting
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a role for the two channels in valve morphogenesis rather than endocardial cushions
specification (Haack and Abdelilah-Seyfried, 2016). Defective AV valves results also by the
loss of Klf2a, in both zebrafish (Steed et al., 2016b; Vermot et al., 2009) and mice
(Chiplunkar et al., 2013). In zebrafish, the knockdown of the hematopoietic gene gata?
causes changes in the hematocrit and in a reduction of the retrograde flow fraction. Under this
genetic perturbation, the expression levels of k/f2a mRNA are reduced and the formation of
AV valves is impaired (Vermot et al., 2009). These findings have raised considerable interest
in the target genes of KIf2 activity within the AVC endocardium. Among those, genetic and
molecular studies in zebrafish identified the gene encoding the ECM protein Fibronectinlb,
which serves as the primary ligand for integrin receptor signaling. This was of particular
interest since integrin receptor signaling serves an important function for the organization of
the intracellular cytoskeleton and the ECM (Steed et al., 2016b) (Figure 1.3). Another target
gene of KIf2 signaling within the endocardium is Wnt9b. Loss of murine Wnt9b reduced
canonical WNT signaling within the neighboring mesenchymal cells and caused defective
valve formation (Goddard et al., 2017). Similarly, in zebrafish, inhibition of Wnt signaling
blocks the formation of cardiac cushions (Hurlstone et al., 2003) and wnt9b expression is
dependent on both hemodynamic shear stress and klf2a expression (Goddard et al., 2017).
Another reported Klf2a target gene is notchlb, a key player in valvulogenesis of zebrafish
and mice. Notch signaling is highly active within the AV endocardium and its activation is
flow-dependent (Samsa et al., 2015; Timmerman et al., 2004). The Notch target genes Hey!
and Hey2 are mainly expressed at the AVC, where they restrict the expression of Bmp2 and
Tbx2 to the AV myocardium and thus contribute to patterning the AVC (Rutenberg et al.,
2006). In the E9.5 mouse heart, Delta-like 4 (DLL4) and NOTCHI1 are also present in the AV
endocardium, as well as in the endocardium at the base of newly forming trabeculae in the
ventricle, and in the atrium (MacGrogan et al., 2018). Both in zebrafish and mice, when
Notchlb is blocked pharmacologically or Notch signaling is ectopically activated by the
transgenic overexpression of NICD, cardiac valve leaflet morphogenesis is impaired (Beis et
al., 2005; MacGrogan et al., 2016; Timmerman et al., 2004). In Notchl mutant mice, the
endocardial cushions are acellular as a result of an impaired process of endothelial to
mesenchymal transition (EndoMT), in which cells loose contacts to each other and
delaminate into the cardiac jelly adopting a mesenchymal-like phenotype, to form the
primordia of cardiac valves (Eisenberg and Markwald, 1995). Although the extent to which
EndoMT is mechanically regulated during valvulogenesis is not yet fully understood,

signaling pathways involved in EndoMT, including BMP, Transforming growth factor 3
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(TGFB), Notch, and Wnt pathways, are known to be flow-sensitive, suggesting the potential
for biomechanical regulation (Zhong and Simmons, 2016). Some direct evidences for the role
of shear stress on EndoMT come from an in vitro model, in which porcine aortic valve ECs
were seeded onto 3D collagen I gels and exposed to different magnitudes and type of shear
stress. This revealed that low steady and oscillatory shear stress upregulated EndoMT
markers (including ACTA2, Snail, Tgfp1) and matrix invasion, when compared to static or
high steady stress (Mabhler et al., 2014). Experiments with chick EdCs suggested that the
induction of EndoMT in the AV EdCs depends on the flow-dependent activation of
TgfP/AlkS signaling. This signaling becomes activated in EdCs once they have lost primary
cilia (Ten Dijke et al., 2012; Egorova et al., 2011), whose distribution is also shear stress-
regulated and appears to be one of the factors that biases EdC responses to blood flow
(Koefoed et al., 2014). One study in zebrafish showed that flow-sensitive primary cilia
activate ventricular endocardial nofchlb expression, a process essential for cardiac

trabeculation (Samsa et al., 2015).

Given the importance of klf2a for biomechanical signaling at the AVC, its expression levels
must be strictly controlled. In tune with this notion, the cerebral cavernous malformation
(CCM) proteins Ccml and Cem?2 tightly restrict klf2a expression levels within the heart
(Donat et al., 2018; Renz et al., 2015). Interestingly, the expression of Hegl, the
transmembrane protein of the CCM complex, is dependent on both blood flow and Klf2a,
suggesting that Klf2a acts in a negative feedback loop to control its own expression (Donat et
al., 2018). klf2a and notchib levels are also regulated by the protein kinase D2 (Pdk2), which
phosphorylates and inhibits the suppressive activity of nuclear Histone deacetylase 5 (Hdac5)
activity (Just et al., 2011). In fact, zebrafish pkd2 mutants have impaired AV valves, as a

result of klf2a and Notch target genes severe downregulation.

The development of cardiac valves is also affected by epigenetic regulators including the
microRNAs (miRs) miR-2/ and miR-23. The expression of these miRs is regulated in
response to the strength of blood flow (Banjo et al., 2013). In zebrafish, miR-23 expression at
the AVC regulates the production of the ECM component hyaluronic acid by the enzyme
hyaluronan synthase 2 (Has2), which is necessary for endocardial cushion and valve
formation (Lagendijk et al., 2011). Similarly, mouse embryos deficient for Has2 fail to
undergo EndoMT at cardiac cushions (Camenisch et al., 2000). Zebrafish mutants that lack
an enzyme essential for heparan sulphate, chondroitin sulphate, and hyaluronic acid

production [uridine 5'-diphosphate (UDP)-glucose dehydrogenase] also fail to form



Introduction

endocardial cushions (Walsh and Stainier, 2001). One major component of the cardiac ECM
is fibronectin and zebrafish fibronectinlb mutant develop abnormal cardiac valves. Hence,
the correct composition of the ECM, which also impacts its stiffness, is essential for valve

development.

In zebrafish, another characteristic marker of AV EdCs at 48 hpf is the strong expression of
the cell adhesion protein Alcam and the adherens junction protein Cdh5 (Beis et al., 2005;
Steed et al., 2016b). After the remodeling of the monolayered AVC EdCs into multilayered
valve leaflets, high-resolution live imaging of transgenic zebrafish embryos revealed that the
blood flow-exposed (luminal) EdCs exhibit high levels of Klf2a and Notch signaling and
maintain Cdh5 and Alcam expression, while abluminal EdCs show high Wnt/B-catenin
signaling (Pestel et al., 2016; Steed et al., 2016b). The precise mechanism that regulates the

molecular differences between the distinct layers of valve leaflets is still not well understood.
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Figure 1.3. Mechanosensitive pathways involved in heart and valve development. During heart
morphogenesis, hemodynamic forces control endocardial cell (EdCs) proliferation and morphology,
mainly through KIf2. Through the endocardium, the myocardium is also impacted by blood flow
because endocardial KIf2 signaling has a role in myocardial wall integrity, and endocardial cilia
activate Notchl signaling which regulates trabeculation. During valvulogenesis, flow-responsive miR-
21 regulates proliferation and Klf2a activates myocardial Bmp4 and Fibronectin synthesis which is
deposited into the extracellular matrix (ECM). Another important component of the ECM is
hyaluronic acid, produced by hyaluronan synthase 2 (Has2), which, in turn, is regulated by miR-23.
Klf2a is positively regulated by the mechanosensitive ion channels Trpv4 and Trpp2 and suppressed
by cerebral cavernous malformation (CCM) proteins and the chromatin modifier Hdac5. Adapted
from Jarrell et al., 2019.

1.3. Morphological aspects of cardiac development in mammals

The heart of mammals and birds is comprised of two atrial and two ventricular chambers that
are each composed of cells derived from different embryonic origins. The first cells
committed to a cardiogenic fate are progenitors that are located in bilateral regions of the
anterior lateral plate mesoderm. In humans this occurs at approximately embryonic day (E)
15 while this stage corresponds to E7 in mice (de Boer et al., 2012; Sizarov et al., 2011)
(Figure 1.4A). During embryonic folding, these bilateral regions are brought into close
proximity at the cardiac crescent (the primary heart tube). At this stage, this tissue consists of
an inner endocardial and an outer myocardial layer, both of which are separated by a layer of
ECM, which is referred to as cardiac jelly (DeRuiter et al., 1992). This biomaterial is mainly
composed of proteoglycan glycosaminoglycans, of which hyaluronan and chondroitin

sulfates are the major components (Lockhart et al., 2011).

The tissue involved in the early phases of cardiac development has been termed the first heart
field (FHF) (Moorman and Christoffels, 2003). Upon heart tube formation, primitive
cardiomyocytes stop proliferating and the myocardium further expands by addition of cells
that are derived from the second heart field (SHF) (Cai et al., 2003). While cells from the
FHF will contribute to the definitive left ventricle and the AVC, cells from the SHF will form
the right ventricle, outflow tract (OFT), and atria (Kelly et al., 2001; Zaffran et al., 2004). In
humans between E22-26, corresponding to E8-8.5 in mouse, the linear heart tube loops to the
right (Figure 1.4B-C). The cardiomyocytes at the outer curve initiate proliferation which
results in ballooning of the ventricles and, slightly later, of the atria (Soufan et al., 2006). At

the same time, cells of the AVC, the OFT, and the sinus venosus maintain features of the
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original primary heart tube (Van Den Berg et al., 2009). E26 in humans and E9.5 in mice
mark the beginning of chamber septation, ventricular trabeculation, and growth of the
epicardium (de Boer et al., 2012; Sizarov et al., 2011) (Figure 1.4D-E). After septation events
and myocardial trabeculation, a four-chambered heart has formed by murine E15.5 (Figure

1.4F-G).
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Figure 1.4: Schematic representation of cardiac development in murine embryos. (A) During
gastrulation, cardiac progenitors originate from mesodermal cells and migrate to the splanchnic
mesoderm to form the cardiac crescent. At E7.5, the cardiac crescent can be divided into two heart
field lineages: a first heart field (red) and a second heart field (yellow), located posteriorly and
medially to the first heart field. (B) At E8.0, a linear heart tube is formed. (C) At E8.5, cardiac
chambers grow and undergo looping. The outflow tract forms at the arterial pole, while the inflow
tract and primitive atria are present at the venous pole. (D) By E9.5, the atrioventricular canal is
formed between the superior common atrium and the inferior ventricles. (E) By E10.5, cardiac neural
crest cells from the dorsal neural tube migrate via the pharyngeal arches to the outflow tract. (F, G)
Further cardiac developmental processes involve septation events and myocardial trabeculation,
which result in a four-chambered heart at E15.5 Adapted from Epstein et al., 2015.

12



Introduction

1.3.1. Cardiac valve development in mammals

A mature mammalian heart has four valves and four chambers, septated such that systemic
circulation is separated from pulmonary circulation and blood flow is unidirectional (Figure
1.4F). The cardiac valves are divided into the inlet atrioventricular (AV) valves (mitral and
tricuspid) and the outlet semilunar valves (aortic and pulmonic) (Figure 1.4G). The AV
valves are complex structures, composed of the annulus, the leaflets, and the supporting
tension apparatus and, in the definitive heart, are separated by the septum. The proper
function of cardiac valves is largely dependent on their embryonic development and valve
abnormalities related to developmental defects contribute to a wide range of cardiac diseases
(e.g. arrhythmia, regurgitation, valve prolapse, stenosis, myocardial hypertrophy, heart
failure) (Hinton and Yutzey, 2011). Valve morphogenesis begins with the looping of the
heart tube, which becomes segmented into the atrium, the AVC, the ventricle, and the OFT.
During rightward looping, the myocardium at the AVC and at the OFT upregulates the
secretion of ECM, causing the cardiac jelly to swell towards the lumen of the heart tube.
These tissue swellings between the endocardial and myocardial layer are termed endocardial
cushions (de Vlaming et al., 2012). Stimulated by local signals, a subset of AV and OFT
EdCs loose cell—cell contacts and delaminate into the cardiac jelly adopting a migratory,
mesenchymal-like phenotype (Figure 1.5). This process has been referred to as EndoMT
(Eisenberg and Markwald, 1995). Following their delamination, mesenchymal cells of the
cushions receive cues from the endocardium that promote their proliferation, which ceases as
the cells move towards the myocardium. Important molecular signals for proliferation include
FGF growth factors (Sugi et al., 2003), and the transcription factors Twist, Msx-1, and Tbx20
(Chen et al., 2008; Shelton and Yutzey, 2007, 2008). In spite of the migration of cushion cells
as individual cells, expression of Connexin45 and cell morphology suggest that their
movements are coordinated collectively (Kumai et al., 2000). How the migration and
polarization of cushion cells are regulated is still a major open question of valvulogenesis. It
is well-recognized that moving cells respond to an evolving morphogenetic and
biomechanical environment through sensors, and cell polarity was linked with morphogens,
different concentrations of matrix components, and/or biomechanical signals (Vlaming et al.,
2012). Nevertheless, the molecular changes induced by each of these signals are poorly
understood. Following delamination and proliferation, mesenchymal cells differentiate into
valve interstitial fibroblasts that remodel into mature leaflets with their supporting apparatus.

These cells are characterized by an increased synthesis of collagens and decreased expression

13



Introduction

of the mesenchymal marker genes twist and snail (Chakraborty et al., 2010; Tan et al., 2011).
The superior and inferior cushions at the AV junction fuse in the middle and form the AV
septum. The AV septum eventually merges with both the developing ventricular septum and
the interatrial septum into a valvuloseptal complex to which the mitral and tricuspid valves
will eventually be anchored (de Vlaming et al., 2012). In addition to endocardium-derived
cells, other cell lineages contribute to the building of the AV valves. These are epicardial-
derived cells (Wessels et al., 2012; Zhou et al., 2010), neural crest cells (Nakamura et al.,
2006), and cells of a bone marrow hematopoietic stem cell origin (Hajdu et al., 2011;

Visconti et al., 2006).

E12.5 E14.5

E8.5 EQ.5
EMT Remodeling . §
’ L4 ‘.. ’
- - .’
! v | Sy ’ ]
A oo

I Myocardium | Endocardium = Mesenchymal cells | Cardiac jelly

Elongation

-
N

Figure 1.5. Schematic representation of atrioventricular valve formation in mice. At ES.5,
endocardial cells in the AV cushions undergo endothelial-to-mesenchymal transformation and
generate mesenchymal cells. The cushions then remodel and elongate to form primitive valves, which
mature into valve leaflets. Adapted from Lin et al., 2012.

1.4. Morphological aspects of cardiac development in zebrafish

In zebrafish embryos, heart development initiates at 5 hours post fertilization (hpf), with the
specification of myocardial and endocardial progenitor cells (Figure 1.6). While myocardial
cells already have chamber-specific regional distribution (the atrial cells are located more
ventrally in the lateral marginal zone than ventricular cells) (Keegan et al., 2005; Stainier et
al., 1993), endocardial progenitors are not chamber-specified and are located close to a
marginal region of the embryo (Lin et al., 2012b; Schoenebeck et al., 2007). During
gastrulation and early somitogenesis, endocardial and myocardial progenitor cells migrate
dorsally towards the embryonic midline where they reach the left and right anterior lateral
plate mesoderm. Here, endocardial progenitor cells are located more anteriorly.
Subsequently, endocardial progenitors move medially and posteriorly (Baker et al., 2008;

Veerkamp et al., 2013), while the two lateral myocardial progenitor cell populations migrate
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towards the midline, where they fuse by 19 hpf. This process results in the formation of a flat
disc, which is termed cardiac cone (Stainier et al., 1993). At 24 hpf, the primitive heart tube
has then formed in a series of events termed cardiac cone tilting and cardiac extension and
jogging towards the left. During this later process, both endocardial and myocardial
progenitor cells migrate in a left and anterior direction, causing the cardiac cone to undergo
an asymmetric leftward movement and a three-dimensional conformational change (Rohr et
al., 2008; Stainier et al., 1993; Yelon et al., 1999). At the same time, cardiomyocytes initiate
contractions at the venous pole of the heart tube and blood passes through the heart from the
inflow tract (IFT), through atrium, ventricle, and OFT (Beis et al., 2005). While at 24 hpf the
heart is still incompletely lumenized and the blood flow rate is low, at about 28 hpf the lumen
has opened and the heart has a regular heartbeat. During each cardiac contraction cycle, the
contraction wave starts at the IFT and propagates with uniform speed to the OFT, which
generates a pulsatile flow pattern. At this stage, the heart tube works as a valveless pulsatile
pump and the flow rate is mostly influenced by the lumen diameter rather than the heart rate
(Boselli et al., 2015; Goetz et al., 2014). After 36 hpf, the heart tube undergoes the looping
process with a rightward bending that results in a rightward-placed future ventricle and a
leftward positioned-future atrium (Bakkers, 2011). The two cardiac chambers become
separated by a constriction which is being referred to as the AV canal (AVC). This is the site
of the future AV valves. During cardiac looping morphogenesis, the ventricle and the atrium
expand their volume, during cardiac ballooning. Cardiac ballooning requires functional heart
contractions and blood flow, and results in a bean-shaped smaller ventricle and larger atrium
(Auman et al., 2007; Hove et al., 2003). While the primitive heart tube is formed by cells
derived from the FHF, the further growth and elongation of the myocardium is mostly
supported by cells from the SHF (Zhou et al., 2011). In contrast, the endocardium grows by
proliferation, without a contribution of external cells (Dietrich et al., 2014). The endocardial
proliferation is triggered by blood flow and Bmp signaling, and is interconnected to the
expansion of the myocardium (Bornhorst et al., 2019; Dietrich et al., 2014). In fact, an
increase of the myocardial chamber generates higher junctional forces within endocardial cell
junctions. The increase in mechanical forces is transduced by VE-cadherin and leads to the

activation of Yapl and consequent endocardial proliferation (Bornhorst et al., 2019).

At 72 hpf, cardiomyocytes initiate delamination from the ventricular wall to form cardiac
trabeculae. These are muscular ridges lined by EdCs within the ventricular lumen and

increase myocardial surface area which can be used for improved blood oxygenation (Liu et
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al., 2010). The maturation of the heart involves formation of the coronary vasculature and the
cardiac conduction system development (Burkhard and Bakkers, 2018; Samsa et al., 2013).
Until early adult stages, the ventricle undergoes remodeling from a grossly pyramidal shape
to a more-rectangular morphology and becomes positioned ventrally to the atrium

(Singleman and Holtzman, 2012).
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Figure 1.6. Schematic representation of zebrafish heart development. At 5 hpf, cardiac
progenitors are located at the lateral margin. By 15 hpf, these cells initiate a midline directed
migration and by 22 hpf, cardiac progenitors and developing endocardial cells have fused to form the
cardiac cone. Cardiomyocytes begin to contract between 22 and 24 hpf. From 24 to 28 hpf, the cone
elongates into the linear heart tube, begins leftward migration and then initiates a looping process.
From 28 to 36 hpf, accretion of myocardial cells from the secondary heart field causes a tissue growth
at the arterial and venous poles. By 48 hpf, the heart is composed of two chambers which are
separated by the atrioventricular region (AVC). Between 3 to 5 dpf, the heart generates trabeculae
(located primarily in the outer ventricle wall), cardiac valves at the AVC, the outflow tract, and an
outer epicardial layer. Adapted from Brown et al., 2016.
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1.4.1. Formation of cardiac valves in zebrafish

The mature zebrafish heart consists of a series of several chambers (sinus venosus, atrium,
ventricle, and bulbus arteriosus). The cardiac valves that are positioned at the AVC are
essential to maintain a unidirectional blood flow and to prevent a retrograde flow from the
ventricle to the atrium during the contraction of the ventricular chamber. The formation of
cardiac valves initiates at 36 hpf, concomitant with the cardiac looping process, which results
in a manifest AVC region as a morphological constriction between ventricle and atrium.
During this morphological process, AVC cardiomyocytes expand their basolateral while
constricting their apical membrane compartments, which results in a bottlenecking of these
cells. Within the endocardium, atrial cells move with the direction of flow and ventricular
cells against this direction. This forms an endocardial convergence zone at the AVC (Figure
1.7A). The convergence is dependent on mechanical stimulation, since this process fails in
embryos lacking heart beat and blood flow (Boselli et al., 2017). Once EdCs have converged
at the AVC, signals from the AVC myocardium cause these cells to change their shape from
squamous to cuboidal, and to express the activated leukocyte cell adhesion molecule a
(Alcama) (Figure 1.7B-C). Hence, cells at the AVC region become morphologically and
molecularly distinct from the rest of the cardiac cells. One of the best characterized signaling
within the AVC myocardium is Wnt/b-catenin activity, which is essential for the
communication to the AVC endocardium and to induce in this tissue proliferation and cell
differentiation (Hurlstone et al., 2003). From the myocardium, Wnt/b-catenin signaling
induces the expression of BMP2/4 (Verhoeven et al., 2011). Both in zebrafish and in mice,
Tbx2 represses Nppa expression at the AVC (Christoffels et al., 2004; Ma et al., 2005). This

contributes to the formation of AVC versus chamber cardiac tissues.

As in mammals, myocardial and endocardial layers at the AVC are separated by a thickened
deposition of cardiac jelly. After 50 hpf, some ventricular chamber EdCs generate protrusions
and migrate into the cardiac jelly, in a process that is blood flow-dependent (Beis et al., 2005;
Heckel et al., 2015; Pestel et al., 2016; Steed et al., 2016a; Vermot et al., 2009) (Figure
1.7D). This initiates the formation of a double-layered immature valvular leaflet to which
both ventricular and atrial EdCs contribute. While ventricular EdCs follow the first group of
EdCs that ingressed into the ECM and contribute the abluminal part of the valve leaflet, atrial
EdCs move towards the AVC where they maintain the lumen-facing side of the valve leaflet

(Pestel et al., 2016; Steed et al., 2016b) (Figure 1.7E). Differently from valvulogenesis in
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mammals, zebrafish EdCs that extend protrusions into the cardiac jelly apparently undergo a
collective migration and move as a coherent sheets of cells rather than individual cells
(Gunawan et al., 2019; Scherz et al., 2008). Resulting luminal and abluminal AV EdCs differ
with respect to molecular marker expression. High shear stress induces KIf2 and Notch
among luminal cells and sustains the expression of Alcam and of the adherens junction-
component VE-cadherin. Abluminal EdCs have a strong Wnt/B-catenin activity and
progressively lose the expression of Alcam and VE-Cadherin. The AV superior valve leaflet
has formed by 76 hpf, while the development of the inferior is delayed by some 36 hours.
However, by 96 hpf, valve leaflets are fully functional and prevent retrograde blood flow
(Scherz et al., 2008). By 6 dpf, the superior AV valve leaflet is lined by valve EdCs, while
the cells within the valve leaflet, derived from the abluminal EdCs that started to form by
ECM-ingression from 50 hpf, have completely lost endothelial characteristic (Gunawan et al.,
2020). These fibroblast-like cells are then referred to as valve interstitial cells (VICs).
Between 4 and 6 dpf, VICs contribute to the elongation of the valve leaflets by proliferation
events and ECM deposition. VIC development is promoted by the transcription factor Nfatcl,
which regulates recruitment of EdCs and neural crest—derived cells and promotes
proliferation. After the elongation stage, no significant morphological changes appear in the
AV valve until the maturation stage, starting from 20 dpf. In this phase, VICs become
multilayered and flatten, while providing the secretion and the maintenance of ECM, and
valve leaflet further elongate, flattening of VICs are essential for. The establishment of a

mature valve is completed by 30 dpf (Gunawan et al., 2020; Martin and Bartman, 2009).
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Figure 1.7. Schematic representation of zebrafish atrioventricular valve development. (A) The
clustering of ventricular and atrial endocardial cells (EdCs) towards a convergence zone at the
atrioventricular canal (AVC) is blood flow-dependent. (B) By 48 hpf, this early morphogenetic event
is completed and the expression of the blood flow-responsive genes klf2a and notchib, which at 36
hpf is throughout the entire endocardium, becomes restricted to high shear stress regions such as the
AVC. Grey arrows indicate the direction of EdCs convergence movements. (C-E) Model of superior
AV valve leaflet development. (C) At 48 hpf, AV EdCs adopt a cuboidal shape. (D) At 54 hpf, a few

EdCs start protruding and migrate into the cardiac jelly, (E) where they will form the abluminal side

of the immature valve leaflet. These cells have low expression levels of klf2a, notchlb, and cell

adhesion proteins, while they have high levels of Wnt/B-catenin signaling. Adapted from Paolini and
Abdelilah-Seyfried, 2018.
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1.5. Biology of Vascular endothelial growth factor signaling

Over the past few decades, VEGFs and their receptors VEGFRs have emerged as main
drivers of blood and lymphatic vessels development and maintenance. The field of
VEGF/VEGFR signaling was established by the discoveries of the functional role of VEGFA
as an endothelial growth factor (Leung et al., 1989) and the following identification of the
receptor tyrosine kinases VEGFR1 [Fms-like tyrosine kinase (FLT1)], VEGFR2
(KDR/FLKI1) and VEGFR3 (FLT4) (Alitalo et al., 1992; Matthews et al., 1991; Shibuya et
al., 1990; Terman et al., 1991), which are dedicated to binding of VEGFs. In vertebrates, the
VEGF family includes also VEGFB, VEGFC, VEGFD, and placenta growth factor (PLGF)
(Joukov et al., 1997; Maglione et al., 1991; Olofsson et al., 1996; Park et al., 1994) (Figure
1.8). VEGFRs consist of seven immunoglobulin homology domains containing the ligand-
binding part and a split tyrosine kinase domain, which transduces the association of growth
factors to the receptors. Ligand binding induces VEGFR homodimerization or
heterodimerization of the receptors, which activates the tyrosine kinase and causes the auto-
phosphorylation of several dedicated regulatory tyrosine residues. Upon their
phosphorylation, adapter molecules can bind and initiate various intracellular signaling
pathways that result in immediate changes of vascular permeability, and longer-term
responses that require gene regulation, including endothelial cell survival, migration and
proliferation (Simons et al., 2016). As previously described, the dimerization and activation
of VEGFRs can also occur in a VEGF ligand-independent manner, when triggered by
mechanical forces or binding of non-VEGF ligands (Jin et al., 2003; Tzima et al., 2005).

The tight regulation of VEGFR signaling takes place by spatial and temporal changes in the
expression levels of receptors, ligands, and VEGF-binding co-receptors (neuropilins and
heparan sulfate proteoglycans). Non-VEGF-binding auxiliary proteins (such as integrins and
ephrin B2) and inactivating tyrosine phosphatases, as well as the rate of receptor cellular
uptake and extent of degradation and speed of recycling (Simons et al., 2016) also contribute
to VEGFR signaling regulation. Therefore, it is important to study the localization of the
VEGF signaling components within the different endothelial tissues. While the three
receptors are all expressed within ECs during development, VEGFR2 has the broadest
expression domain and, upon binding of its ligand VEGFA, is the main signaling receptor for
angiogenesis, i.e. the process of forming new blood vessels from pre-existing ones (Simons et

al., 2016). VEGFRI is expressed also in monocytes and macrophages, vascular smooth
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muscle cells and neuronal cells (Selvaraj et al., 2015). The other receptor VEGFR1 has a
high-affinity to VEGFB, PLGF and VEGFA, but serves as a negative regulator of
VEGFA/VEGFR?2 signaling by limiting the availability of VEGFA for binding to VEGFR2
homodimers (Karaman et al., 2018). In fact, Vegfr/—/— mouse embryos die at E8.5-9 from
excessive endothelial cell proliferation and disorganized vasculature, due to increased
VEGFR2 signaling and enhanced angiogenesis (Fong et al., 1995). Expression of a splice
variant encoding a soluble VEGFR1 (sVEGFR1) also reduces VEGFR2 signaling, by acting
as a VEGF trap (Shibuya, 2013; Wild et al., 2017). Thus, both full-length membrane
VEGFRI1 and sVEGFRI1 are viewed as anti-angiogenic decoy receptors. The third VEGF
receptor, VEGFR3, plays an essential role in lymphangiogenesis upon binding of its ligand
VEGFC (Karkkainen et al., 2004) and, to a minor extent, VEGFD. In Vegfc-deficient murine
embryos, lymphatic endothelial cell (LEC) fail to detach from the cardinal vein to form the
dorsal peripheral longitudinal lymphatic vessel and the ventral primordial thoracic duct which
causes embryonic lethality between E15.5 and E17.5 (Hagerling et al., 2013; Karkkainen et
al., 2004). However, a complete knockout of VEGFR3 in mice causes embryonic lethality at
around E9.5, prior to lymphangiogenesis, due to vascular remodeling defects and pericardial
fluid accumulation (Dumont et al., 1998). This suggests a further involvement of VEGFR3 in
early cardiovascular development. Conversely, Vegfc/Vegfd double knockout mice, which
display abnormal lymphangiogenesis, have normal blood vasculature development,
suggesting a VEGFR3 ligand-independent mechanism in early cardiovascular development
(Haiko et al., 2008). Together with the emergence of the lymphatic vessels, VEGFR-3
expression increases in these vessels and decreases in the blood endothelial cells (Kaipainen
et al., 1995). Similar to mammalian embryos, zebrafish lymphatic cells are derived as sprouts
from the posterior cardinal vein (PCV), migrate dorsally and congregate as parachordal
lymphangioblasts along the trunk horizontal myoseptum between 48—60 hpf. Parachordal
lymphangioblasts then continue migrating along arterial intersegmental vessels both ventrally
and dorsally, to coalesce and form the thoracic duct (Kiichler et al., 2006; Yaniv et al., 2006).
The formation of parachordal lymphangioblasts and the thoracic duct formation is impacted
in both vegfc and vegfr3 zebrafish mutants (Hogan et al., 2009a). Despite its similarity to
VEGFC and its high affinity for VEGFR3, VEGFD is dispensable for developmental
lymphangiogenesis in mammals (Baldwin et al., 2005), although its absence leads to
decreased lymphatic vessel caliber in the skin (Paquet-Fifield et al., 2013) and inhibition of
facial lymphangiogenesis in zebrafish (Bower et al., 2017). After proteolytic processing by
furin or the proprotein convertases PC5 and PC7 (McColl et al., 2003, 2007; Siegfried et al.,
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2003), human VEGFC and VEGFD can also bind to VEGFR2 in human (Achen et al., 1998;
Joukov et al., 1996, 1997; Stacker et al., 1999), but not in mouse (Baldwin et al., 2001).

Within the ECs, VEGFR3 has an important role in the regulation of Notch signaling.
Endothelial-specific deletion of VEGFR3 causes a decrease in Notch levels, which leads to
excessive angiogenic sprouting and branching (Tammela et al., 2011). Notch, in turn,
controls VEGF signaling, mainly acting via DII4 as a negative feedback regulator to control
the expression of VEGFRs and the co-receptor Nrpl and regulate angiogenesis (see also 1.6
and 3.6). VEGFR3 has also a role in the modulation of VEGFA/VEGFR?2 signaling, which
impacts vascular permeability (Heinolainen et al., 2017). Despite its predominant expression
in venous and lymphatic cells, VEGFR3 is expressed at lower levels in arterial ECs of
zebrafish and mouse (Baeyens et al.,, 2015; Tammela et al., 2008). Interestingly, the
expression of VEGFR3 within the murine thoracic aorta is not uniform. Regions of the aorta
that experience higher fluid shear stress have lower levels of VEGFR3 expression (such as
the outer curvature or some portions of the carotid artery), while inner curvature regions that
are associated with lower fluid shear stress have stronger expression levels (Baeyens et al.,
2015). Thus, expression of VEGFR3 in lymphatic and blood endothelial vessels suggests a
negative correlation with shear stress. This finding led to the hypothesis that tissue-specific
differences in VEGFR3 expression levels could explain why ECs have different levels of
sensitivity in their responses to blood flow (Baeyens et al., 2015). Within the endocardium,
VEGFR3 is expressed in at least a subset of murine cells at E13.5 (VanDusen et al., 2014).
Recently, human mutations in VEGFR3 have been correlated with Tetralogy of Fallot, a
congenital cardiac disease with abnormal cardiac valvulogenesis (Jin et al., 2017; Reuter et
al., 2018). Nevertheless, the functional role of VEGFR3 in the endocardium has not been
studied further.
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Figure 1.8. Vegf receptors and ligands in endothelial cells. Vascular endothelial growth factors
(VEGFs) bind to the three VEGF receptor (VEGFR) tyrosine kinases, leading to the formation of
VEGFR homodimers and heterodimers. Proteolytic processing of VEGFC and D allows for binding to
VEGFR2. Adapted from Olsson et al., 2006.

1.6. Biology of Notch signaling

Notch signaling is a highly conserved intercellular signaling pathway with key roles in
cardiovascular development and homeostasis (MacGrogan et al., 2018; Mack and Iruela-
Arispe, 2018). In mammals, the Notch receptor family includes four transmembrane receptors
(Notch1-4). Each receptor harbors a large amino-terminal Notch extracellular domain
(NECD), a single-pass transmembrane domain and a short intracellular domain (NICD)
which is required for the transcriptional activation of Notch target genes. The NICD contains
a RAM (recombination signal-binding protein for immunoglobulin kappa J (RBPJ)
Association Module) domain, seven ankyrin repeats (ANK), a transcription activation domain
(TAD) and a PEST domain, involved in NICD degradation by proteolysis. During canonical
Notch signaling, its activation is ligand-mediated and involves Notch ligands of the Delta-
like (DII) family (DIl1, DII3, DI1l4) as well as Jagged 1 and Jagged 2. Similar to their Notch
receptors, the ligands are all type I transmembrane proteins with an extracellular domain
(Pompa et al., 2016). Receptor—ligand interactions lead to proteolytic events that require

ADAM metalloproteases and y-secretase. The processing of the Notch receptor releases the
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NICD from the membrane, which translocates into the nucleus where it functions as a
transcriptional coactivator through cooperation with RBPJ (Mack and Iruela-Arispe, 2018).
Among the key target genes and effectors of Notch are HES (hairy enhancer of split) and Hey
(hairy/enhancer of split-related with YRPW motif) (Davis and Turner, 2001).

During development, Notch signaling is implicated in the differentiation of cells and tissues
by promoting distinct fates within an initially homogenous group of cells. This is achieved
through transactivation when a ligand-expressing cell (signaling cell) sends an inhibitory
signal to a neighboring receptor- expressing cell (receiving cell), which prevents other cells
within the group of cells from adopting the same fate. In turn, Notch pathway activation
works through a positive feedback loop, reinforcing expression of the ligand in the signaling
cell and the receptor in the receiving cell (Niessen and Karsan, 2008). Hence, transactivation
leads to the process of lateral inhibition, where ligand- and receptor-expressing cells adopt
unique cell fates and become segregated, resulting in a “salt and pepper” distribution (Lewis,
1998). An example of this mechanism was identified in the establishment of tip/stalk cell
identity during sprouting angiogenesis. In this context, VEGF induces D114 expression within
the cell at the end of the sprout (tip cell), which activates Notchl in neighboring cells that
adopt a stalk cell fate. In turn, Notch activation suppresses DLL4 expression (Hellstrom et al.,

2007; Lobov et al., 2007; Suchting et al., 2007).

Notch signaling is essential for proper development of the vasculature (Hofmann and Iruela-
Arispe, 2007). Cardiovascular defects were observed in murine embryos lacking Notchl,
Notch3, Notch4, Notch ligands Jaggedl, DLL1 or DLL4 (Niessen and Karsan, 2007). Notch
signaling plays a critical role in arterial specification, by repressing venous fate, both in

zebrafish and mouse (Lawson et al., 2001; Roca and Adams, 2007).

Within the heart, Notch signaling is involved in many processes. Besides its already
mentioned role in the AV valve development, Notch acts in the outflow tract formation,
where it regulates WNT and BMP in SHF progenitors to arrest proliferation and promote
differentiation (Kwon et al., 2009) and, later on, EndoMT (High et al., 2009). NOTCHI
mutations cause bicuspid aortic valve and predispose to calcific aortic valve disease (Garg et
al., 2005). Notch pathway plays an essential role also during cardiac trabeculation, promoting
an endocardial signaling to the myocardium (Grego-Bessa et al., 2007). During zebrafish
heart regeneration, endocardial Notch signaling mediates fibrotic tissue deposition and

cardiomyocyte proliferation (Miinch et al., 2017; Raya et al., 2003; Zhao et al., 2014).
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1.7. The flow-regulatd transcription factor Kif2

KIf2 is the best characterized flow-regulated transcription factor. A study on ECs exposed to
flow reported that 46% of the most highly flow-regulated genes depended on KLF2
upregulation (Parmar et al., 2006). KLF2 is a member of the zinc finger family of DNA-
binding transcription factors. In murine ECs, KI/f2 expression is detectable from ES8.5 and,
with the onset of pulsatile blood flow, rises within ECs and EdCs exposed to high shear
stress. At E14.5, its expression is detectable within the developing heart valves but only
among those cells that are positioned on the flow-exposed sides of the valve leaflets. By
E18.5, KIf2 becomes activated within the endocardium lining the intraventricular papillary
muscles (Lee et al., 2006). Loss of KIf2 in mouse causes embryonic lethality by E14.5
because of intraembryonic and intraamniotic hemorrhages (Lee et al., 2006; Wani et al.,
1998).

In zebrafish, two KIlf2 orthologues are present, encoded by klf2a and kiIf2b (Oates et al.,
2001). This reflects the fact that teleosts underwent a partial genome duplication of their
genome during evolution (Taylor et al., 2003). Both genes are expressed in a flow-dependent
manner within the developing vasculature and the endocardium (Novodvorsky et al., 2015;
Renz et al., 2015; Vermot et al., 2009). In klf2a/b double mutant zebrafish, the diameter of
axial blood vessels is reduced and flow-induced endothelial cell polarization is affected. This
indicates a conserved role of KLF2 in the regulation of vascular tone (Kwon et al., 2016).
Klf2a is important for flow-stimulated angiogenesis during aortic arch development, by
inducing the expression of an endothelial-specific microRNA, miR-126, to activate
VEGFA/VEGFR?2 signaling (Nicoli et al., 2010). Other studies showed that Kif2a negatively
regulates endothelial proliferation by inhibiting Vegf receptor expression (Atkins and Jane et
al., 2007; Dekker et al., 2006). Klf2a plays a role also in another flow-regulated process,
which is the maintenance of hematopoietic stem cells (Wang et al., 2011). Klf2a and blood
flow also contributes to the regulation of EdCs sizes. In klf2a morphant hearts, which have
normal contractility, ventricular EdCs are enlarged, whereas overexpression of k/f2a leads to
smaller EdCs (Dietrich et al., 2014). Interestingly, KIf2 is activated also in a manner that is
independent of blood flow. For instance, a group of zebrafish mutants that lack proteins of
the CCM complex and that fail to form a functional heart (thus, lack blood flow) have an
increased expression of klf2a mRNA levels. This activation of klf2a expression is triggered in
a process mediated by Bl-integrin signaling and cellular tension (Donat et al., 2018; Renz et

al., 2015). In mice, the loss of CCM proteins activates the mitogen-activated protein kinase
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kinase kinase 3 (Map3k3/Mekk3) signaling pathway. This results in an increase of ADAM
metallopeptidase expression, which degrade cardiac jelly, and increased levels of KIf2 (Zhou

et al., 2015).

26



Introduction

1.8. Aims of this study

The development of the heart and the vasculature is intrinsically interconnected with
biomechanical stimuli caused by blood flow. While many studies focused on
mechanosensitive transduction pathways within endothelial cells, less is known about
molecular mechanisms of flow-sensitivity within the endocardium. In particular, the
formation of cardiac valves is strictly dependent on fine-tuned mechanosensitive signaling
and involves the remodeling of the endocardium into subpopulations that are differently

exposed to flow-induced forces.

In this study, I will analyze new players involved in flow-mediated valvulogenesis, with a

focus on the following questions:

1. Which are flow-regulated genes within endocardial cells?

2. What are the molecular mechanisms involved in the formation of endocardial

subpopulations during cardiac valve development?

3. What is the role of the flow-regulated receptor Flt4 during cardiac valve formation?

4. How does Flt4 interact with known mechanosensitive signaling pathways?
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2. Results

2.1. FIt4 is negatively regulated by blood flow within the endocardium

Biomechanical stimulation induced by blood flow is essential for cardiac valve leaflet
formation (Beis et al., 2005; Pestel et al., 2016; Steed et al., 2016b; Vermot et al., 2009). In
order to identify molecular players involved in zebrafish cardiac mechanosensitive signaling
during valvulogenesis, my colleague Dr. Timm Haack (Hannover Medical School) performed
a comparative RNA-sequencing (RNA-seq) analysis (in collaboration with the Research Core
Unit “Transcriptomics” of Hannover Medical School) of isolated cardiac tissue (Lombardo et
al., 2015) from wild-type (WT) versus embryos injected with an antisense oligonucleotide
morpholino (MO) against troponin T type 2a (tnnt2a). tnnt2a encodes a sarcomeric protein
essential for cardiac contraction, thus fnnt2a morphant embryos lack blood flow (Sehnert et
al., 2002). Cardiac tissue was collected at 54 hpf, the developmental stage at which EdCs at
the AVC initiate the morphogenetic processes leading to valve leaflets. Previous studies had
shown that shear stress-responsive genes are downregulated in ¢tnnf2a morphants, including
notchlb (Samsa et al., 2015) and heart development protein with EGF-like domains (hegl)
(Donat et al., 2018). In tune with this finding, notchib and hegl were downregulated in our
tnnt2a RNA-seq sample as well (Figure 2.1A). Interestingly, one of the most strongly
upregulated genes was fms-related tyrosine kinase 4 (flt4). flt4 encodes Vegfr3/Flt4, a
receptor which is part of the family of VEGFRs. Within the endothelium, Flt4 has been
described as co-receptor of the junctional mechanosensitive Pecam/VE-cadherin/Vegfi2
complex (Coon et al., 2015) and as a mediator of cell responses to shear stress (Baeyens et al.,
2015). Among the other genes encoding VEGF receptors, kinase insert domain receptor like
(kdrl, also known as vegfi2) and kinase insert domain receptor (kdr) mRNA levels did not
change in response to a lack of blood flow and fins-related tyrosine kinase 1 (flt1, also known
as vegfrl) expression was downregulated (Figure 2.1A). I confirmed these data by replicating
the experimental set up and by analyzing mRNA levels on 54 hpf WT versus tnnt2a morphant
hearts by quantitative real-time PCR (RT-qPCR) analysis (Figure 2.1B).

The physiological expression of flt4 in the zebrafish heart has not been investigated so far. In
mice, Vegfr3 is expressed in at least a subset of EdCs (VanDusen et al., 2014), but its
biological function within this tissue has not been clarified. To analyze flt4 expression within
the zebrafish heart, [ took advantage of the transgenic reporter line
Tg(flt4BAC:mCitrine)"”!3° which reveals endogenous gene expression from the fI4 locus
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(van Impel et al., 2014). Enhancement of mCitrine expression with an antibody against green
fluorescent protein, which also detects mCitrine, revealed flt4:mCitrine expression in the 54
hpf endocardium, albeit at low levels (Figure 2.1C). In 54 hpf tnnt2a morphants, flt4.:mCitrine
expression was visibly upregulated within the endocardium, especially within the ventricular
chamber. Compared to WT, the fluorescence intensity increased by 83% in tnnt2a morphant
ventricular and AVC EdCs and by 61% in atrial EdCs (Figure 2.1D). In WT zebrafish
embryos at the same stage, hegl (Donat et al., 2018), notchib and Notch signaling (Samsa et
al., 2015; Vermot et al., 2009) (Figure 2.1F) are expressed mainly in the ventricular
endocardium and particularly high in the AV endocardium. Taking advantage of the
transgenic reporter line TgBAC(fltl:YFP)"#?? (Hogan et al., 2009b), 1 analyzed the
expression of fI¢/ in the endocardium. fI¢/:YFP was mainly expressed in the ventricular and
AVC EdCs in a pattern that is similar of flow responsive genes (Figure 2.1G). Expression
from the Notch activity reporter transgene Tg(TPI:VenusPEST)***° (Ninov et al., 2012) and
TgBAC(flt] : YFP)"4*4 was abolished or strongly decreased in tmnt2a morphant hearts (Figure
2.1G, I). Together, these data confirmed RNA-seq and qPCR data.
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Figure 2.1: Lack of blood flow increases flt4 mRNA and decreases notchlb and flt]l mRNA
expression levels. (A) Comparative mRNA expression levels from #mnf2a morphant compared with
wild-type (WT) cardiac transcriptomes at 54 hpf. Unlike expression levels of other blood flow-
sensitive genes, flt4 mRNA is elevated upon loss of blood flow. Mean values are shown (n=3
replicates). Differential expression analysis was performed by use of Cuffdiff (*q<0.05; ***q<0.005;
ns, not significant; see Materials and methods section). (B) Validation of RNA-sequencing results by
RT-qPCR quantifications of flt4 mRNAs, notchlb mRNAs, flt] mRNAs, kdr mRNAs and kdr/
mRNAs from tmnt2a morphant hearts at 54 hpf, normalized to WT siblings (n=5 independent
replicates). Min to max box and whisker plots are shown. Data were analyzed by ratio paired student’s
t-test (**p<0.01; ***p<0.005; ns, not significant). (C, D, F-I) Maximum intensity projections based
on confocal z-stack images of 54 hpf hearts. (C) Expression from the FIlt4 reporter
Tg(flt4BAC:mCitrine)™”'* is weaker in WT when compared with (D) tmnt2a morphants, (E) as
quantified by analysing fluorescence intensity levels of mid-sagittal section planes of confocal z-scan
images throughout the endocardium (control embryos, n=6; tnnt2a morphants, n=6). Mean values +
SD are shown and data were analyzed by unpaired student’s #-test (*p<0.05). (F) Expressions of the
Notch activity reporter Tg(TP1:VenusPEST)**" and (H) the Flt1 reporter TgBAC(flt1:YFP)"**** are
higher in the ventricle and AVC region in WT, while there is (G) no or (I) weak expression in tnnt2a
morphants. V, ventricle; A, atrium; AVC, atrioventricular canal. Scale bars: (C, D, F-I) 20 um.
Adapted from (Fontana et al., 2020).
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2.2. F1t4 is expressed in atrioventricular abluminal endocardial cells

During zebrafish AV valvulogenesis, AV EdCs rearrange whereby ventricular EACs move
into the abluminal region of the developing valve leaflet, where they are not in direct contact
with blood flow. At the same time, atrial EdCs remain on the luminal side where they are
exposed to blood flow (Pestel et al., 2016; Steed et al., 2016b). To visualize the spatio-
temporal distribution of flr4 mRNA expression within developing AV valve leaflets, I
analyzed the Tg(flt4BAC:mCitrine)"’!33 transgenic reporter line, and counterstained the tissue
with the junctional marker Alcam. Within the developing zebrafish heart, Alcam is expressed
in the myocardium (especially in ventricular cardiomyocytes), and within the AV
endocardium (Beis et al., 2005). At 56 hpf, prior to the formation of a multilayered valve
leaflet, flt4:mCitrine expression was generally low and Alcam was expressed in luminal
EdCs, decorating the basolateral cell membrane compartments between neighboring cells
(Figure 2.2A). In comparison, Alcam expression levels were lower and less continuous at the
cell membranes of ingressed EdCs. By 78 hpf, AV EdCs had acquired a multilayered S-
shaped structure. At this stage, the expression of Alcam within abluminal EdCs was strongly
diminished while fI#4:mCitrine expression was higher in abluminal EdCs of the developing
superior AV valve leaflet (Figure 2.2B-B’’). At the same stage, expression from the Notch
activity reporter transgene Tg(TPI:VenusPEST)***’ was restricted entirely to the opposing
luminal side (Figure 2.2C) (Pestel et al., 2016). Similarly, the TgBAC(flt1: YFP)"4524 reporter
line was expressed mainly within luminal EdCs (Figure 2.2D). Thus, luminal and abluminal
regions of the developing atrioventricular valve leaflets have complementary expression
patterns with luminal EdCs exhibiting Notch activity and fI¢/ expression and abluminal EdCs
expressing flt4 mRNA.

In order to check whether more mature valve tissue remained responsive to blood flow, I next
carried out a short-term pharmacological inhibition of blood flow. For this experiment I used
the calcium channel blocker felodipine (8uM), that prevents cardiomyocyte contraction
(Kokkas 1993; Otten et al., 2018), in a narrow time window between 72-78 hpf. This resulted
in an upregulation of cardiac flr4 mRNA expression levels and in a downregulation of
notchlb (Figure 2.2E). This is in tune with higher expression levels of flt4 mRNA in cells not
exposed to blood flow. Together, these results showed that a lack of blood flow results in
increased expression levels of flr4 mRNA while diminishing Notch activity within the

endocardium.
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Figure 2.2: Luminal EdCs exhibit Notch and FIt1 activity, while abluminal EdCs express fit4.
(A-D) Single confocal z-section images of the AVC region, immunolabeled with Alcam. (A)
Immunohistochemical labeling of green fluorescent protein in Tg(flt4BAC:mCitrine)"™”’*’ embryos
reveals expression in cardiac cushion EdCs at 56 hpf, (B) and higher expression levels in abluminal
EdCs cells (arrowheads) at 78 hpf. (B’, B’”) Atrial view of transverse section from 3D reconstructed
wild-type (WT) heart shown in (B), using Imaris software. Dotted line indicates AVC lumen. In (B’),
endocardial cells are marked by Tg(flil:NLS-mCherry)"**'’. (C) In contrast, Tg(TPI:VenusPEST)***
and (D) TgBAC(flt]:YFP)"™*** have high expression in luminal EdCs of the endocardial AVC region
(arrows). (E) RT-qPCR quantifications of cardiac flt4 and notchib mRNAs of embryos with a
pharmacological inhibition of blood flow between 72-78 hpf (8 uM felodipine) normalized to
dimethylsulfoxide (DMSO)-treated control embryos. Min to max box and whisker plots are shown
(n=4 independent experiments). Data were analyzed by ratio paired student’s #-test (*p<0.05;
**p<0.01). Scale bars: (A-D) 20 um, (B’, B*’) 10 um. Adapted from (Fontana et al., 2020).

2.3. F1t4 is required for atrioventricular valvulogenesis

After discovering that flr4 mRNA expression levels change dynamically within EdCs in
reponse to alterations in their exposure to blood flow during cardiac AV valvulogenesis, |
investigated the possible role of this receptor protein in sculpting the AV valve. In order to do
that, I analyzed fIt4"4692 mutants (Hogan et al., 2009b). Although considered a hypomorphic
allele, in flt4"#592 mutants VEGFR3 signaling is impaired and mutant embryos exhibit a fully
penetrant phenotype with the expected defects in the formation of facial lymphatic vessels,
parachordal lymphatics, and the thoracic duct (Astin et al., 2014; Hogan et al., 2009b). After
confirming that fI¢4"462 mutants showed parachordal lymphatics defects at 56 hpf (Figure
2.3A,B), I analyzed their heart beat rate, since an increase or a reduction in the heart rate have

been shown to induce valvulogenesis defects (Vermot et al., 2009). The number of heart
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beats/minute were similar between WT and fI14"“4¢?? embryos at 78 hpf (WT, n=10 embryos:
156 + 5 heart beats/min; fIt4"45%2 n=10 embryos: 154 + 5 heart beats/min). At this stage,
developing AV valve leaflets were disorganized and abnormally multilayered, compared to
WT (Figure 2.3C-D). Strikingly, the expression of the cell adhesion marker Alcam, which in
the WT endocardium is mostly restricted to luminal EdCs (Beis et al., 2005; Donat et al.,
2018), was present also within abluminal EdCs in 70% of fIt4"4592 mutant embryos (Figure
2.3C-E). This observation was further quantified based on Alcam intensity levels in luminal
versus abluminal EdCs (Figure 2.3F). Since these findings suggested that gene expression and
cellular properties at the developing valve leaflet were affected in f7¢4"“#*"? mutants, I further
investigated whether molecular signaling involved in valvulogenesis was influenced by the
loss of Flt4. To this end, I analyzed the expression from Notch and Wnt transgenic reporter
lines at 78 hpf. During atrioventricular valvulogenesis, EdCs on the luminal side show Notch
activity, while those on the abluminal side exhibit strong Wnt/B-catenin signaling as
visualized with the stable transgenic reporter strain 7g(7xTCF-Xla.Siam:nls-mCherry)™>
(Figure 2.3G) (Moro et al., 2012; Pestel et al., 2016). Among luminal EdCs, I found that
Notch activity was strongest within those cells of the two juxtaposed valve leaflets that are the
first to come into contact with each other during every cardiac contractile cycle (I refer to
these cells as “heel cells®) (arrows in Figure 2.3G). Strikingly, the loss of Flt4 caused an
ectopic presence of Notch reporter-expressing cells within abluminal positions of the
atrioventricular valve leaflets, which in some cells was overlapping with Wnt/B-catenin
signaling (arrowheads in Figure 2.3H). Conversely, Wnt/B-catenin signaling was expressed
also ectopically at the luminal side of the AV valve leaflet (Figure 2.3H). Altogether, these
observations point at an abnormal morphology of the developing AV valve leaflet upon loss

of Flt4.
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Figure 2.3: FIt4 is required for proper atrioventricular valvulogenesis. (A-B) Maximum intensity
projections of confocal z-section images of trunk regions. (A) At 56 hpf, Tg(flila:EGFP)" expression
marks the presence of parachordal lymphangioblast segments at the horizontal myoseptum in wild-
type (WT) (arrowheads), while they are absent (B) in fIz4"“**? mutants (asterisks). (C, D) Single
confocal z-section images of the AVC region at 78 hpf. (C) EdCs cells are marked by
Tg(flila:EGFP)"' expression and Alcam staining labels cell junctions mostly of luminal EdCs (arrows)
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in WT. (D) In fIt4"**”> mutants, expression of Alcam is present also in abluminal positions (asterisks)
and the morphogenesis of the superior valve leaflet is impaired. (E) Quantification of the ratio of
embryos with an expression of Alcam in luminal EdCs versus embryos with Alcam expression also in
abluminal EdCs (WT, n=9 embryos; flt4"*"?, n=20 embryos). (F) Quantifications of Alcam
fluorescence intensity in luminal/abluminal EdCs at mid-sagittal section planes of confocal z-scan
images (WT, n=7 embryos; fIt4"***?, n=10 embryos). Mean values = SD are shown and data were
analyzed by unpaired student’s #-test (***p<0.005). (G, H) Single confocal z-section images of the
AVC region at 78 hpf. (G, G’) In WT, Iluminal EdCs express the Notch reporter
Tg(TP1:VenusPEST)*" (particularly strong in “heel EdCs”; arrows), while expression of the Wnt

ia5 4hu4602

signaling reporter Tg(7xTCF-Xla.Siam:nls-mCherry)'® is in abluminal positions. (H, H’) In f¢
mutants, EdCs expressing Tg(TPI:VenusPEST)** are present also in abluminal positions
(arrowheads). (G*’-H”’) Atrial view of transverse section from 3D reconstructed WT hearts shown in
(G) and (H), using Imaris software. Dotted line indicates AVC lumen. (I) Quantification of the ratio of
embryos with an expression of 7P/:Venus in only luminal AV EdCs versus embryos expressing one
or two TPI:Venus-positive AV EdCs within abluminal positions (WT, n=9; fIt4"™*"? n=21). Abl,
Abluminal. Scale bars: (A, B) 100 um; (C, D, G-H*) 20 um; (G’-H’*’) 5 um. Adapted from (Fontana
et al., 2020).

The AV valve phenotype in fIt4"4%9> mutant was only lowly penetrant (Figure 2.3E,I). This
may be due to the hypormorphic nature of this allele, which still results in the full-length Flt4
protein, but affected in its kinase domain function (Hogan et al., 2009b). To verify the
flt4"4692 cardiac phenotype with an independent knockdown tool, I injected a well-
characterized Flt4-specific morpholino (MO) (Covassin et al., 2006; Kok et al., 2014). This
MO has been reported to cause similar lymphatic defects as the fI¢4"45%2 mutation and in my
study resulted in a reduction of lymphatic precursors at 56 hpf (Figure 2.4A,B). Consistent
with the endocardial defects observed in fIt4"4692 mutants, mophants had a dysmorphic AV
valve leaflet phenotype at 78 hpf, with a more persistent Alcam and Notch expression at the
abluminal side (Figure 2.4C-G). This phenotype was similar to flz4"46%2_ but with a higher
penetrance (Figure 2.4E,H). The expression of the adherens junction protein VE-Cadherin,
which in WT is restricted to luminal EdCs (Steed ef al., 2016), was persistent in f/t4 morphant
abluminal EdCs (Figure 2.4LJ). Dr. Timm Haack measured the surface area of Notch-
expressing cells at the AVC at 78 hpf, and found that fl#4 morphant cells were larger
compared to WT (WT, n=12 cells, 19.12 + 1.11 um?; fIr4 morphant, n=20 cells, 29.23 + 1.47
um?, p<0.001). Shear stress reduces surface area sizes and contributes to the elongation of
zebrafish EdCs (Dietrich et al., 2014). Their enlargement in fI/#4 morphants suggested an

impaired mechanosensitivity of AV EdCs under these conditions.
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Figure 2.4: Morpholino-induced loss of Flt4 causes AV valve defects. (A-B) Maximum intensity
projections of confocal z-section images of trunk regions. At 58 hpf, parachordal lymphangioblast
segments are present (A) in wild-type (WT), while being absent (B) in fIt4 morphants. (C, D) Single
confocal z-section images of the AVC at 78 hpf. (C) In control embryos, Tg(flila:EGFP)" marks
EdCs cells and Alcam staining is present mainly at cell junctions of luminal EdCs. (D) In flt4
morphants, Alcam is expressed also in abluminal positions. (E) Quantification of the ratio of embryos
with an expression of Alcam in luminal EdCs versus embryos with Alcam expression also in
abluminal EdCs (ctrl n=18, fIt+4 MO n=23). (F-G) Single confocal z-section images of the AVC region
at 78 hpf. (F) In control embryos, luminal EdCs express the Notch reporter Tg(TP1.:VenusPEST)**,
while expression of the Wnt signaling reporter Tg(7xTCF-Xla.Siam:nls-mCherry)® is in abluminal
positions. (G) In fIt4 morphants, Tg(TP1:VenusPEST)***’-positive EdCs are present also in abluminal
positions (arrowheads). (H) Quantification of the ratio of embryos with an expression of 7P/:Venus in
only luminal AV EdCs versus embryos expressing one, two or three 7P/:Venus also within abluminal
AV EdCs (ctrl n=17, flt4 MO n=21). Abl, Abluminal. (I, J) Single confocal z-section images of the
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AVC region at 78 hpf. (I) The adherens junction protein VE-Cadherin is present in luminal EdCs in
control embryos, (J) while its present also in abluminal positions in f/#4 morphants. Scale bars: (A, B)
100 pm; (C, D, F, G, I, J) 20 um. Adapted from (Fontana et al., 2020).

As a second independent tool to impact Flt4 signaling activity, I treated embryos between 24-
78 hpf with 25 uM of the Vegfr inhibitor MAZ51, which has a high affinity for Flt4 (Benedito
et al., 2012). MAZ51 is an indolinone that was reported to inhibit the phosphorylation of
VEGFR3 and therefore block its signaling, both in a ligand-dependent and independent
manner (Benedito et al., 2012). This treatment also resulted in a dysmorphic AV valve leaflet,
with a persistent expression of Alcam and the occurrence of Notch activity within abluminal
AV cells (Figure 2.5A-F). Taken together, these three independent lines of evidence strongly

suggest that signaling via Flt4 plays a role in AV valvulogenesis.
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Figure 2.5: Flt4 signaling- inhibitor MAZ51 causes AV valve defects. (A-B) Single confocal z-
section images of the AVC at 78 hpf. (A) In DMSO-treated embryos, Tg(flila:nEGFP)’” marks EdCs
cells and Alcam staining is present mainly at cell junctions of luminal EdCs. (B) In embryos treated
with MAZ51 between 24-78 hpf to inhibit Flt4 signaling, Alcam is expressed also in abluminal
positions. (C) Quantification of the ratio of embryos with an expression of Alcam in luminal EdCs
versus embryos with Alcam expression also in abluminal EACs (DMSO n=7, MAZ51 n=16). (D-E)
Single confocal z-section images of the AVC region at 78 hpf. (D) In DMSO-treated embryos, luminal
EdCs express the Notch reporter Tg(TP1:VenusPEST)**, while expression of the Wnt signaling
reporter Tg(7xTCF-Xla.Siam:nls-mCherry)™ is in abluminal positions. (E) In embryos treated with the
Flt4 signaling- inhibitor MAZ51, Tg(TP1:VenusPEST)***’-positive EdCs are present also in abluminal
positions (arrowheads). (F) Quantification of the ratio of embryos with an expression of 7P/:Venus in
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only luminal AV EdCs versus embryos expressing one 7P/:Venus also within abluminal AV EdCs
(DMSO n=5, MAZ51 n=10). Abl, Abluminal. Scale bars: (A, B, D, E) 20 pm. Adapted from (Fontana
et al., 2020).

2.4. F1t4 acts within the AVC EdCs in a Vegfc-independent manner

During the formation of the lymphatic vessels, Flt4 plays an essential role mainly acting
through its ligand Vascular endothelial growth factor C (Vegfc) (Jeltsch et al., 1997,
Karkkainen et al., 2004; Kiichler et al., 2006; Yaniv et al., 2006). Conversely, endothelial cell
mechanotransduction has been associated with Vegfc-independent Flt4 activity (Baeyens et
al., 2015). In order to verify whether Flt4 signaling at the AVC involves Vegfc-dependent
signaling, I used a well-characterized vegfc MO (Ober et al., 2004) which produced the
characteristic lymphatic defects at 54 hpf (Figure 2.6A,B). However, in contrast to the loss of
Flt4, vegfc morphants did not exhibit any significant perturbations of Alcam expression or of
Notch or Wnt/B-catenin signaling at the developing AV valve leaflets at 78 hpf. (Figure 2.6C-
H). Thus, Vegfc is these dispensable for AV EAdC mechanosensation. This finding suggests
that Flt4 controls important signaling events during AV valve leaflet morphogenesis in a

Vegfc-independent manner.
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Figure 2.6: The FIt4 ligand Vegfc is dispensable for AV valve development. (A-B) Maximum
intensity projections of confocal z-section images of trunk regions. At 58 hpf, parachordal
lymphangioblast segments are present (A) in WT, while being absent (B) in vegfc morphant embryos.
(C-D) Single confocal z-section images of the AVC at 78 hpf. (C) In control embryos,
Tg(flila:EGFP)’' marks EdCs cells and Alcam staining is present mainly at cell junctions of luminal
EdCs. (D) In vegfc morphants, developing valve leaflets have a normal morphology and Alcam
expression is present mostly within luminal EdCs. (E) Quantification of the ratio of embryos with an
expression of Alcam in luminal EdCs versus embryos with Alcam expression also in abluminal EdCs
(ctrl n=18, vegfc MO n=22). (F-G) Single confocal z-section images of the AVC region at 78 hpf. (F)
In control embryos, luminal EdCs express the Notch reporter Tg(TPI:VenusPEST)**, while
expression of the Wnt signaling reporter Tg(7xTCF-Xla.Siam:nls-mCherry)® is in abluminal
positions. (G) In vegfc morphants, expression of Tg(TP1:VenusPEST)*** and Tg(7xTCF-Xla.Siam:nls-
mCherry)™ is similar to WT. (H) Quantification of the ratio of embryos with an expression of
TPI:Venus in only luminal AV EdCs versus embryos expressing 7P/:Venus also within abluminal
AV EdCs (ctrl n=17, vegfc MO n=14). Abl, Abluminal. Scale bars: (A-B) 100 um; (C, D, F, G) 20
um. Adapted from (Fontana et al., 2020).

39



Results

2.5. FIt4 impacts mechanosensitive signaling within the endocardium

In order to better understand the molecular players implicated in Flt4 signaling at the AV
endocardium, I extracted total RNA from purified 54 hpf cardiac tissue using a well-
established protocol (Lombardo et al., 2015) of WT or fIlt4 morphants. This was used for a
comparative RNA-sequencing analysis that was performed at the Research Core Unit
“Transcriptomics” of Hannover Medical School. After comparing the number of reads
obtained for each gene and setting the adjusted P-value threshold to <0.05, 1187 genes were
found downregulated and 1414 upregulated in fIr4 morphant hearts compared to WT. For
biological pathway annotation of those differentially expressed genes, I used the Database for
Annotation, Visualization and Integrated Discovery (DAVID) bioinformatics tool (Huang et
al., 2009). The Kyoto Encyclopaedia of Genes and Genomes (KEGG), a biological pathways
resource, identified 16 significantly downregulated pathways (including the p53 signaling
pathway, glycolysis, cell cycle) and 16 significantly upregulated pathways (including p53
signaling pathway, tight junctions, focal adhesions, ECM-receptor interactions) (Table 2.1).

These findings indicate that proliferation and apoptosis events could be misregulated in fI#4
morphant hearts. Increase in endocardial cell number is dependent on blood flow-induced
shear stress (Renz et al., 2015). Hence, misregulation of cell cycle-related genes suggests
impairment in mechanosensitivity upon loss of Flt4. Within the endothelium, it has been
reported that blood flow mediates cytoskeletal remodeling (le Noble et al., 2008).
Mechanosensory integrins connect the endothelial cell to the ECM and induce cell
proliferation by activation of the Focal Adhesion Kinase in response to shear stress (Renshaw
et al., 1999; Zhao et al., 1998). An upregulation of adhesion-, junction- and ECM-related
genes (including actininal, occludin a and b, claudin-, laminin-, collagen-, integrin- family
member genes) in flt4 morphant hearts may be another indication for affected

mechanotransduction processes.
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Downregulated KEGG logFC | PValue Upregulated KEGG logFC | PValue
pathways pathways

p53 signaling pathway 3.585 | <0.001 Ribosome biogenesis 2.895 | <0.001

Carbon metabolism 2581 | <0.001 | | AAminoacyl-tRNA 2.997 | <0.001
biosynthesis

Ribosome 2.408 | <0.001 Cytosolic DNA-sensing 3.516 | <0.001

Oocyte meiosis 2.002 | 0.010 p53 signaling 2.381 | 0.003

Scli";gmhem of amino 2333 | 0.012 | | Tight junction 1.992 | 0.006

Glycolysis / ' 2431 | 0.014 Protein processing in 1705 | 0.007

Gluconeogenesis endoplasmic reticulum

Phagosome 1.886 | 0.014 Salmonella infection 2.024 | 0.008

Glyoxylate and

dicarboxylate metabolism 3422 | 0.014 RNA polymerase 3.152 | 0.011

Butanoate metabolism 3.872 | 0.017 Focal adhesion 1.521 | 0.015

Cell cycle 1.871 | 0.022 | | NOD-like receptor 2381 | 0.021
signaling

Biosynthesis of antibiotics 1.593 | 0.029 ECM-receptor interaction | 1.975 | 0.022

Cardiac muscle contraction | 2.017 | 0.034 | | Sbycosphingolipid 2.963 | 0.026
biosynthesis

Spliceosome 1.820 | 0.034 Apoptosis 1.981 | 0.028

Alanine, aspartate and 2.824 | 0.034 | | RNA transport 1.601 | 0.031

glutamate metabolism

Pentose phosphate 3.123 | 0.039 Insulin resistance 1.632 | 0.040

Pyruvate metabolism 2627 | 0047 | | Glycosaminoglycan 3.571 | 0.045
biosynthesis

Table 2.1: KEGG pathway analyses of RNA-sequencing results. Ranking of (left side)
downregulated and (right side) upregulated pathways by P values, from cardiac flt4 MO mRNAs
compared to WT.

Interestingly, blood-flow responsive genes including notchlb or kif2a were misregulated. The
expression of klf2a is induced by blood flow within EdCs and is important for cardiac valve
formation (Steed et al., 2016b; Vermot et al., 2009) and the control of EdC size (Dietrich et
al., 2014). Within the heart, KIf2a was reported to regulate notchlb expression (Vermot et al.,
2009). Strikingly, from flt4 MO cardiac transcriptome analysis kl/f2a was significantly
downregulated (log2= -1.695), while notchib was upregulated (log2= 0.584). Hence, these
data implied for the first time that the endocardial regulation of notchlb can be independent
from Klf2a. To validate the RNA-seq analysis, I performed RT-qPCR analyses on cardiac
tissue extracted from fIz4"4692 mutants versus WT at 54 hpf. Also in the fI¢4"45?? mutants,
klf2a mRNA levels were downregulated and notchlb mRNA levels were upregulated (Figure
2.7A). This suggests that the regulation of kl/f2a and notchib mRNA expression levels is
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independent within the endocardium. It also implies that the misregulation of notchlb
expression upon loss of Flt4 is not simply induced by a possible alteration in the shear stress
levels, since that would be expected to have a similar impact on klf2a levels as well. Also,
heart rate analyses of fI¢4"#92 mutants at 54 hpf indicated normal values (WT, n=10: 147 + 4
heart beats/min; fIt4"492 mutants, n=10: 146 + 4 heart beats/min), suggesting that the
misregulation of klf2a and notchlb is directly caused by the loss of Flt4. To assess the AVC-
specific temporal expression pattern of klf2a upon loss of Flt4, I took advantage of the
transgenic reporter line TgBAC(klf2a:YFP)"*!%” which permits visualizing expression from
the klf2a genomic locus (Sugden et al., 2017), and analyzed its expression in f/#4 morphants.
In tune with the klf2a downregulation detected by RT-qPCR, klf2a:YFP expression at the
superior AVC was generally lower upon loss of Flt4 (Figure 2.7B,C). At 78 hpf, kif2a:YFP
expression was particularly high within “heel cells” at the luminal side of the developing WT

valve leaflets (Figure 2.7D), while this expression was lower in fI#4 morphants (Figure 2.7E).
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Figure 2.7: Loss of FIt4 impacts mechanosensitive notchlb and klf2a within the heart. (A) RT-
gPCR quantifications of cardiac notchlb and klf2a mRNAs in fIt4"***? mutants normalized to WT
embryos. Min to max box and whisker plots are shown (n=4 independent experiments). Data were
analyzed by ratio paired student’s t-test (*p<0.05). (B-E) Single confocal z-section images of the
superior AVC region. The klf2a:YFP signal is shown as FireLUT (ImageJ application) to highlight
differences in fluorescence intensities (white=highest; black=no signal) (B) At 54 hpf,
Tg(klf2a:YFP)™!" is expressed within control EdCs at the AVC, (C) while expression is weaker in
f1t4 morphants. (D) At 78 hpf, Tg(klf2a: YFP)"™!"” expression is particularly high within “heel cells” at
the luminal side of the developing valve leaflets in WT. (E) This expression is lower in the fIt4
morphant AVC region. Scale bars: (B-E) 10 pm. Adapted from (Fontana et al., 2020).
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2.6. KIf2 suppresses flt4 mRNA expression in a Notch-independent manner

My discovery that flt4 mRNA levels are regulated by blood flow led me to investigate
whether the shear stress-activated KIf2 has a role in this regulation. The loss of Klf2a induced
by a genetic mutation has been associated with cardiac valve defects, although only with
incomplete penetrance (Steed et al., 2016b). In zebrafish, the human KLF?2 gene has a second
ki2b paralog. To overcome potential issues with genetic redundancy, I generated mutant
alleles of klf2b using CRISPR/Cas9-mediated genome editing. In order to do that, a guide
RNA was designed to target a sequence within the klf2b gene that transcribes for the
transrepression domain. The injection of the klf2b gRNA together with cas9 mRNA in one-
cell stage embryos led to the identification, in the following generation, of three stable alleles.
Two of these klf2b alleles resulted in nucleotide deletions (A1, pbb42 and A7, pbb43) and one
in a one nucleotide insertion (pbb44). All of these alleles are frame shift mutations encoding
predicted premature protein deletions and truncated proteins containing only a small part of
the transrepression domain and missing the zinc finger domains (Figure 2.8A). Nevertheless,
homozygous klf2b mutants for each allele did not reveal any obvious morphological defects
and reached adulthood. Next, I combined each of the three k/f2b mutant alleles with the
klf2a*"3"7 allele, which has been reported to have a normal vasculature and normal heart rate
with expected blood flow velocities (Novodvorsky et al., 2015). Phenotypic analyses revealed
similar phenotypes of all three klf2a*"*!”;kif2b double mutant combinations and their overall
embryonic morphologies appeared normal until 54 hpf when compared to WT (Figure 2.8B-
G). Pericardial edema developed in k/f2 mutants by 78 hpf (Figure 2.8H-K). Given these
findings, all further analyses were performed with the klf2a*"3!7; kif2b***#? allele combination

(hereafter referred to as k/f2 mutants).
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kif2b Klf2b
| E1| E2 | E3| [TA|,TR |ZnF|ZnF|ZnF|
/ 1 i 363
wild-type AAGTGGAGCCGCCGATGGATGGCTACGG Wild-type protein: 363 aa
kifzb***#2 - AAGTGGAGCCGCCG--TGGATGGCTACGG Predicted protein: 154 aa
kifopere+: AAGTGGAGCCGCCG----—--—-—-GCTACGG Predicted protein: 152 aa
kif2bP*r# AAGTGGAGCCGCCGGATGGATGGCTACG  Predicted protein: 199 aa

B WT sibling C kif2ash317:kIf2bPobe2
5&1’? : = , I ;?‘ :
54 hpf 54 hpf
D 7 WT sibling E kif2a"317  kIf2bPoo43
54 hpf ‘Q——/ 54 hpf

F WTsibling G kif2ash3'7: kif2brbbe4

54 hpf

H WT | Kif2as"37;kif2bPeb42
78 hpf 78 hpf

J kIf2ash17 kIf2bP0% K Kif2ash77:kif 2bpob4
78 hpf 78 hpf

Figure 2.8: CRISPR/Cas9 mutagenesis-derived alleles of klf2b and kif2 double mutants. (A)
Shown is the nucleotide sequence (left side) and predicted protein structure (right side) encoded by the
klf2b alleles generated by CRISPR/Cas9 mutagenesis. Two kIf2b alleles carry nucleotide deletions
(klf2b°""* with a one base pair deletion and klf2b""** with seven-base pair deletion), while one kif2b
allele carries a one nucleotide insertion (in red, k[f2b"""**). All three alleles result in a frameshift and
premature stop codons within the region encoding the transrepression domain (TR, the star indicating
mutation sites). Therefore, all predicted truncated proteins contain only a small part of the
transrepression domain and lack the zinc finger domains (ZnF). (B-K) Lateral views of zebrafish
embryos. (B, D, F) Wild-type (WT), (C) klf2a*": kif2b""*% | (E) kif2a"""; kIf2b"*"% or (G) kif2a™™";
kIf2b°""** embryos at 54 hpf present a similar morphology. (H) WT embryos at 78 hpf appear normal,
while (I-K) all £/f2 mutant combinations present pericardial edema (arrow). (A-C) Adapted from
(Fontana et al., 2020).
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At 54 hpf, kIf2 mutants showed normal blood flow and EdCs at the AVC expressed Alcam in
a WT pattern. However, the tissue was mono-layered and EdCs apparently failed to ingress
into the cardiac jelly (Figure 2.9A, B). By 78 hpf, k/f2 mutants had impaired atrioventricular
valve leaflets due to a mono-layered organization of EdCs (n=14/25 embryos) or due to a
partial infolding of AVC endocardium (n=11/25) (Figure 2.9C, D). This finding was in tune

with previous observations (Rasouli et al., 2018).

Figure 2.9: Loss of KIf2 impacts AV valve development. (A-D) Single confocal z-section images of
the AVC region. (A) In 54 hpf wild-type (WT) embryos, Tg(kdrl:nlsEGFP)"*" expression marks
EdCs, a few AV EdCs have migrated into the cardiac jelly (arrow) and Alcam staining labels AVC
EdC junctions. (B) k/f2 mutants properly express Alcam in AVC EdCs, but cells fail to invade the
cardiac jelly (asterisk). (C) At 78 hpf, the WT AVC region has developed into an S-shaped multi-
layered structure and junctional Alcam is present only within EdCs in luminal positions. (D) In kif2
mutants, the AV valvular region is abnormally altered and Alcam is expressed also in abluminal
positions. Scale bars: 20 um. Adapted from (Fontana et al., 2020).

To investigate whether a loss of KIf2 affects the cardiac expression of flt4 mRNA, I extracted
klf2 mutant or WT hearts at 54 hpf and compared flr+4 mRNA levels by RT-qPCRs. Although
klf2 mutants are exposed to normal blood flow at 54 hpf, the expression of fI¢4 mRNA was
upregulated in k/f2 mutant hearts (Figure 2.10A). To check how flt4 expression was altered at
the AVC, 1 crossed the Tg(flt4BAC:mCitrine)’'3 reporter line into the klf2 mutant
background. At 56 hpf, flt4BAC:mCitrine fluorescence intensity, enhanced by anti-GFP
immunohistochemistry, was increased at the superior AVC in klf2 mutants compared to WT
(Figure 2.10B-D). This suggests a possible role of Klf2a/b in mediating the blood flow-

dependent downregulation of flr+4 mRNA expression.
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Figure 2.10: Loss of KIf2 increases fIt4 mRNA cardiac expression. (A) RT-qPCR quantifications of
fIt4 and notch1b mRNA levels in 54 hpf k/f2 mutant cardiac tissue normalized to WT. Min to max box
and whisker plots are shown (n=3 independent experiments). Data were analyzed by ratio paired
student’s #-test (**p<0.01). (F-G) Single confocal z-section images of the AVC region. (B, C) Single
confocal z-section images of the AVC region. (B) Immunohistochemical labeling of green fluorescent
protein in Tg(flt4BAC:mCitrine)™”'*> embryos reveals lower expression in the superior AVC region of
WT embryos at 56 hpf, (C) compared to £/f2 mutants. (D) Quantification of the ratio intensities of
flt4:Citrine expressing EdCs within the superior AVC relative to background levels (WT, n=7
embryos, klf2, n=11 embryos). Mean values £ SD are shown and data were analyzed by unpaired
student’s #-test (**p<0.01). Scale bars: 20 um. Adapted from (Fontana et al., 2020).

To further investigate the link between KIf2 and Notchl in the endocardium, I tested the
expression of notchlb in kif2 mutant hearts at 54 hpf. RT-qPCRs revealed that notchlb
mRNA levels were not statistically changed in A/f2 mutant compared to WT hearts (Figure
2.10A). This finding was also in support with my observation that k/f2 mutants had normal
blood flow, which induces the expression of notchlb. To investigate whether the spatial
distribution of Notch activity was affected in k/f2 mutant hearts, 1 introduced the Notch
reporter transgene Tg(TPI:VenusPEST)*** into the klf2 mutant background. In tune with my
previous observations, between 58-74 hpf, EdCs exhibited an abnormal mono-layered
arrangement (Figure 2.11A-D). Nevertheless, Notch activity persisted at the AVC of klf2
mutants (Figure 2.11B, D). These findings suggest that Notch activity at the AVC is
independent of KIf2 but that the ingression of AVC EdCs is dependent on KIf2.
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TP1:VenusPEST

Figure 2.11: Notch activity at the AVC is independent of KIf2. (A-D) Single confocal z-section
images of the AVC region. (A) At 58 hpf, some WT AVC EdCs have formed the abluminal side of the

5940

developing superior valve leaflet. The Notch reporter 7g(TPI:VenusPEST)™" is strongly expressed
within luminal EdCs. (B) In k/f2 mutants, AVC EdCs express Tg(TPI:VenusPEST)**’ and EdCs do
not protrude towards the cardiac jelly. (C) At 74 hpf, Tg(TP1:VenusPEST)*** expression in WT is
particularly strong within “heel cells” at the luminal side. (D) In k/f2 mutants, Tg(TP1:VenusPEST)***’
is expressed but EdCs in the AVC region are in a mono-layered arrangement. Scale bars: 20 pm.
Adapted from (Fontana et al., 2020).

2.7. Notch signaling suppresses flt4 mRNA expression in a Kif2 -independent

manner

The above findings suggested that KIf2 regulates the endocardial expression of fIt4, in a
Notch-independent manner. Since both klf2a and notchlb are flow-sensitive genes and have a
similar endocardial expression, next I addressed whether also Notch played a role in
regulating the expression of cardiac flr+4 mRNA. To test this, I inhibited the processing and
activity of Notch, by incubation with the y-secretase inhibitor RO4929097 (RO) between 52-
78 hpf (Huynh et al., 2011; Munch et al., 2013). RO-treated fish had blood flow at 78 hpf,
although the hearts were not properly ballooned (Figure 2.12A, B). As previously reported
(Timmerman et al., 2004), Notch inhibition prevented a normal AV valve development and
AV EdCs appeared in a monolayer or the AVC endocardium was only partially folded, when
compared to the multilayered valve structure in WT embryos (Figure 2.12A°, B’). At 78 hpf, I
extracted cardiac mRNA from RO treated- versus DMSO-treated embryos and performed RT-
qPCRs analyses. This analysis revealed that levels of flr4 mRNA were upregulated in Notch-
inhibited hearts. Conversely, RO treatment did not significantly affect klf2a mRNA levels
(Figure 2.12C). The efficiency of RO-mediated Notch inhibition was validated by the
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abolishment of the TP1 signal in Tg(TP1:VenusPEST)***" embryos treated between 52-78 hpf
(Figure 2.12D, E).

In a complementary approach, I tested the impact of an endothelial and endocardial-specific
overactivation of Notch signaling on fIr+4 mRNA levels. To do that, I crossed the transgenic
lines Tg(flila:Gal4dFF)*$3; Tg(5xUAS-E1b:6xMYC-notchla-intra)**  obtaining embryos
expressing NICD under the endothelial flila promoter. The efficiency of the Notch
overexpression was assessed based on the upregulation of the Tg(TPI1:VenusPEST)***
reporter line expression (Figure 2.12D, F). These embryos were used for cardiac RNA
extractions at 78 hpf. Next, I performed RT-qPCR analyses to assess the levels of fl#4 mRNA
expression in these hearts, and found that its levels were significantly downregulated in
NICD-overexpressing hearts compared to WT siblings (Figure 2.12C). Interestingly, the same
analysis on kl/f2a mRNA levels indicated a downregulation in NICD-overexpressing hearts.
While blood flow circulation was visible in these fish by visual inspection, I cannot rule out
that a change in the heart shape had influenced the blood flow rate and, consequently, k/f2a
levels. Further experiments would be required to verify whether k/f2a downregulation in
NICD-overexpressing hearts is directly mediated by Notch signaling. Regarding the
regulation of fIr4, 1 can rule out that the downregulation of flt4 mRNA in NICD-
overexpressing hearts is mediated by the downregulation of k/f2a, since I had found that fit4
levels are increased in k/f2 mutants. Hence, the suppressive effects of Notch signaling on Flt4

are Klf2a-independent.
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Figure 2.12: Notch levels impact flt4 expression within the heart. (A-B) Single confocal z-section
images of 78 hpf hearts. (A) While wild-type (WT) heart is ballooned and (A’) AV superior valve is
multi-layered structured, (B) RO-treated heart is less ballooned and (B’) AV superior valve is only
partially folded. (C) RT-qPCR quantifications of cardiac fl#4 and klf2a mRNA levels from embryos
treated with the Notch signaling inhibitor RO (between 52-78 hpf,), embryos with an endothelial-
specific overactivation of Notch signaling (NICD) [Tg(flila:Gal4FF)"">; Tg(5xUAS-E1b:6xMYC-
notchla intra)’**’], embryos treated with felodipine to stop the heart beat (between 72-78 hpf), or
Tg(flila:Gal4FF)"""; Tg(5xUAS-E1b:6xMYC-notchla intra)*** embryos treated with felodipine
between 72-78 hpf (NICD+felodipine), each normalized to DMSO-treated sibling fish (n=4
independent replicates). Min to max box and whisker plots are shown. Data were analyzed by ratio
paired student’s #-test (*p<0.05; **p<0.01; **p<0.005; ns, not significant). Adapted from (Fontana et
al., 2020). (D-F) Maximum intensity projections based on confocal z-stack images of 78 hpf hearts.
(D) In WT heart, the Notch reporter Tg(TP1:VenusPEST)** is expressed mainly at the AVC region
and weakly in the ventricle. (E) In RO-treated heart, TP1:VenusPEST expression is abolished. (F) In
endocardially NICD-overexpressing heart, 7P1:VenusPEST signal is increased and present in both
endocardial chambers. V, ventricle; A, atrium; AVC, atrioventricular canal. Scale bars: 20 um.
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2.8. Notch signaling mediates the blood flow impact on flr4 mRNA expression

My observations indicated that f/t4 mRNA levels are negatively regulated by blood flow and
by Notch activity. Also, levels of Notch activity are contingent to the strength of blood flow.
Therefore, I next tested whether Notch activity mediates the effect of blood flow on fI#4
expression. To assess this possibility, I analyzed how flt4 mRNA levels change in conditions
of overexpressing Notch signaling in the absence of blood flow. When treating
Te(flila:Gal4FF)"s3; Tg(5xUAS-E1b:6xMYC-notchla intra)*** embryos with felodipine
between 72-78 hpf, to also block cardiac contraction, cardiac fIr+4 mRNA levels decreased in
NICD-overexpressing embryos, when compared to DMSO-treated control embryos and to
embryos lacking blood flow (Figure 2.12C). These data suggest that the upregulation of fit4

mRNA levels under no-blood flow conditions can be suppressed by Notch activity.

In comparison, klf2a mRNA expression levels were reduced upon both loss of blood flow and
Notch signaling overexpression (Figure 2.12C). Since my previous findings indicated an
upregulation of fI¢#4 levels upon loss of KIf2, the concurrent downregulating effects of Notch
activity on flt4 and klf2a mRNA expression indicate that suppressive role of Notch signaling

on Flt4 does not involve Klf2a in the same pathway.

2.9. Notch activity is dependent on mechanical forces, in a Flt4-independent manner

My data suggest that Flt4 has a repressive effect on Notch activity and notchlb mRNA levels.
Thus, I next wondered whether the downregulation of Notch activity which occurs in the
absence of blood flow was mediated by an upregulation of FIt4 levels. This led me to test
whether Notch activity would be restored in no- blood flow conditions when Flt4 signaling
was also knocked out. To this end, 1 injected tmnt2a MO into fIt4"4¢"> mutant embryos,
obtaining embryos that lack Flt4 signaling and have no cardiac contractility, and found that
those embryos exhibited no expression from the Tg(TPI:VenusPEST)***" Notch activity
reporter (Figure 2.13C, D). This suggests that blood flow is necessary for Notch activation in

a manner that is independent of Flt4.
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Figure 2.13: Notch activation requires blood flow in a FIt4 independent-manner. (A-D)
Maximum intensity projections of confocal z-stack images of 54 hpf hearts. (A) The Notch reporter
Tg(TPI:VenusPEST)*" is expressed in wild-type (WT) and (B) in fIt4"***? ventricular and AVC
endocardium. (C) Notch activity is abolished in fnnf2a morphant hearts lacking blood flow. (D) The
loss of Flt4 in fIt4"**”* does not restore Tg(TPI:VenusPEST)*** expression in embryos lacking blood
flow due to injection of fmnt2a MO. N=3 embryos/condition. V, ventricle; A, atrium; AVC,
atrioventricular canal. Scale bars: 20 um. Adapted from (Fontana et al., 2020).

This finding raised the question of how Flt4 expressing cells and Notch activated cells interact
within AV valve leaflets. I had observed that in fIt4"“4¢Y> mutants, Notch activity occurred in
abluminal positions where EdCs are not exposed to blood flow (Figure 2.14B, 2.3H). To
directly test with a high temporal resolution the effects of blood flow on the Notch reporter in
SfIt4"4602 mutant abluminal AV EdCs, 1 treated fI4"#?2 mutants between 72-78 hpf with
felodipine and stopped cardiac contraction. This short temporal inhibition of blood flow
caused a decreased Notch activity, both in fIf4"#5?2 mutant and WT background (Figure
2.14C, D). Strikingly, Notch activity was not observed in felodipine-treated fI¢4"#692 mutant
abluminal AV EdCs (Figure 2.14D). This suggests that Notch activity within abluminal
fIt4"492 mutant AV EdCs is dependent on blood flow between 72-78 hpf (period of
felodipine treatment). In tune with this finding, the cardiac notchib mRNA upregulation
mediated by the lack of Flt4 signaling was suppressed in fIt4"“4¢92 mutants lacking blood flow.
Expression of klf2a mRNA, which was found downregulated in flz4"45%2 mutants, was
similarly downregulated in fish lacking both Flt4 and blood flow (Figure 2.14E). In summary,
these data showed that while blood flow activates both KIf2 and Notchlb expression, they
respond to the stimulus independently of each other and negatively affect flr4 mRNA

expression within the heart.
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Figure 2.14: Abluminal Notch activity upon loss of Flt4 is blood flow dependent. (A-D) Single
confocal z-section images of the superior AV valve leaflet at 78 hpf, expressing the Notch reporter
Tg(TPI1:VenusPEST)* and the Wnt reporter Tg(7xTCF-Xla.Siam:nls-mCherry)®, counter-stained
against Alcam. (A) In WT, Notch signaling is active in luminal EAC “heel cells”, while Wnt signaling
marks abluminal EdCs (n=4/4 embryos). (B) In fIt4"“**”> mutants, Notch-expressing EdCs are also
present in abluminal positions (arrowhead, n=3/10 embryos). (C) Treatment with felodipine to stop the
heart beat between 72-78 hpf in the WT decreases the expression of Notch reporter in luminal EdCs
(n=7/7 embryos). (D) fit4"*""? mutants treated with felodipine have a decreased expression of Notch
signaling in luminal EdCs and Notch activity is absent from abluminal EdCs (n=10/10 embryos). (E)
RT-qPCR quantifications of cardiac notchlb and klf2a mRNA levels at 78 hpf from fIt4"*%* mutants,
from embryos treated with felodipine to stop the heart beat (between 72-78 hpf) or from flt4"#?
mutants treated with felodipine between 72-78 hpf, each normalized against DMSO-treated embryos
(n=4 independent replicates). Min to max box and whisker plots are shown. Data were analyzed by
ratio paired student’s z-test (*p<0.05; **p<0.01). Scale bars: 20 um. Adapted from (Fontana et al.,
2020).

52



Discussion

3. Discussion

The morphogenesis of cardiac valve leaflets in the zebrafish embryo involves the remodeling
of EdCs at the AVC from a single layer of cells into a multi-layered structure. This process
leads to the formation of two subpopulations of EdCs that are on luminal and abluminal sides
of the valve leaflet. EACs on the abluminal side of the valve leaflet are not exposed to fluid
shear stress. This remodeling is sensitive and dependent on biomechanical stimuli by blood
flow. Several molecular pathways become activated by fluid shear stress. However, much less
is known about molecular signaling within EdCs that lack the exposure to shear stress. It has
been suggested that during mammalian valvulogenesis, these cells undergo a process of
EndoMT and start to express genes related to a mesenchymal cell fate. In tune with this
notion, during zebrafish valvulogenesis, EdCs downregulate the expression of junctional
proteins, including Alcam and VE-Cadherin. However, in contrasts to mammalian
valvulogenesis, these cells remain connected and form a coherent sheet-like structure
(Gunawan et al., 2019; Scherz et al., 2008). These observations have raised great interest in
the molecular events that occur within abluminal EdCs. In my work, I discovered that valve
leaflet morphogenesis requires not only the activation of high-shear stress programs in EdCs
on the luminal side, but also the downregulation of programs characteristic of no-shear stress
regions, and that both effects are dependent on blood flow. The expression of the
angiogenesis receptor Flt4 is suppressed by blood flow in a manner that is dependent on
Notch and Klf2a. Consequently, Flt4 is mainly expressed among AV abluminal EdCs, which
are not exposed to shear stress. The lack of shear stress within these EdCs is apparent also by
the lack of known flow-induced proteins, including Notch1b and Klf2a. In functional studies,
I found that Flt4 plays an important role in shaping of the abluminal region of the developing
zebrafish AV valve leaflet. Flt4 also antagonizes the presence of Notch activity within

abluminal AV EdCs and of Wnt activity within luminal AV EdCs (Figure 3.1).
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Figure 3.1: Model of molecular pathways involved in zebrafish atrioventricular valve
development. At 78 hpf, wild-type (WT) AV EdCs are organized in an S-shaped multi-layered
structure. Biomechanical stimuli induced by blood flow activate two independent pathways, which
activate Notch signaling and Klf2a activity within luminal cells. Both pathways negatively regulate
Flt4, which is expressed only within abluminal EdCs. Upon loss of Flt4, valve morphogenesis is
disrupted and the AV luminal EdC junctional marker Alcam and Notch signaling are present also
within EdCs in abluminal positions, while Wnt/B-catenin is ectopically active within luminal EdCs.
Their ectopic expression patterns contribute to disrupted valve morphogenesis.

3.1. Fluid shear stress positively regulates the endocardial expression of notchlb and

SfIt1, while downregulating flt4

The development of cardiac valve leaflets initiates when a single layer of EdCs at the AVC
remodels into a multilayered structure composed by a luminal and an abluminal cell
population. Previous studies demonstrated that this process is influenced by biomechanical
stimuli triggered by blood flow (Beis et al., 2005; Hove et al., 2003; Vermot et al., 2009). In
spite of the great importance of fluid shear stress for the maturation of endocardium, we are
far from a comprehensive understanding of the molecular signaling events involved in
mechanotransduction in this tissue. During my work, I analyzed transcriptome data that my

colleague Dr. Timm Haack had generated, to compare which genes are highly expressed in
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beating versus non-beating zebrafish hearts. As a model system, zebrafish embryos are
particularly well-suited for blood flow-manipulation studies, since they can survive without a
functional heart up to 7 days post fertilization (Sehnert et al., 2002). For this analysis, heart
contractility was impaired by knocking down the sarcomeric protein Tnnt2a which is essential
for cardiac contractility and blood flow. Hence, the endocardium in ¢nnt2a morphants lacked
exposure to fluid shear stress and was used to screen for flow-regulated genes. We found that
Notch signaling, and in particular the receptor Notchlb, are downregulated under no-flow
conditions, which was in tune with previous studies (Samsa et al., 2015). This analysis also
revealed that some members of the angiogenesis VEGF receptor family are regulated by
blood flow. Similar with notchlib, fit1/vegfr] was downregulated in the absence of blood flow
whereas flt4/vegfr3 was upregulated. The levels of the other genes encoding VEGFRs
(kdrl/vegfr2 and kdr) did not change in response to a lack of blood flow. The roles of
VEGFRs have been well-characterized for their roles in angiogenesis and vasculogenesis
within ECs (reviewed in (Simons et al., 2016)). In human umbilical vein endothelial cells
(HUVECs), VEGFR2 expression increased when exposed to arterial shear stress (Paz et al.,
2012), indicating a role in mediating fluid shear stress response. More importantly, the
junctional mechanosensitive Pecam-1/VE-cadherin/Vegfr2/Vegfr3 complex is essential for
sensing and transducing fluid shear stress in vitro and in vivo within ECs (Coon et al., 2015;
Tzima et al., 2005). In particular, it has been reported that the different levels of Flt4 in
different endothelial tissues are crucial to set the level of fluid shear stress to which the cells
will respond (Baeyens et al., 2015). This concept, known as fluid shear stress set point, is
based on the observation that, while relative changes in fluid shear stress levels induce a
similar response in arterial, venous or lymphatic cells, the absolute value of shear stress to
which cells respond is different for each type of EC. The higher the levels of Flt4, the lower
the levels of shear stress needed to induce cell remodeling. In tune with it, lymphatic cells
upregulate Flt4 expression and respond to low levels of fluid shear stress. Instead, arterial
cells are exposed to high levels of shear stress and express low levels of Flt4. Hence, Flt4

appear to control the sensitivity to shear stress within the different vascular beds (Baeyens et

al., 2015).

Currently, there is no evidence for a mechanosensitive role of Fltl or Kdr within ECs or the
endocardium, nor it is clear whether they are integrated in pathways downstream the flow-
responsive KIf2 or Notch signaling. While ECs and EdCs share fundamental characteristics,
they differ in developmental origin, molecular expression profile, cell shape, cytoskeletal

organization, and permeability (Brutsaert and Andries, 1992). Thus, specific studies on
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mechanosensitive signal transduction pathways within EdCs are of great importance. The no-
flow transcriptome analysis was based on 54 hpf cardiac tissue in which the lack of blood
flow prevented the initiation of AV EdC remodeling. At 54 hpf, flow-responsive genes
including notchlib or klf2a are expressed strongly at the AVC. Hence, the misregulated genes
from this RNA-seq analysis were good candidates with a potential role during valvulogenesis.
When I performed a control experiment, by pharmacologically inhibiting blood flow between
72 and 78 hpf, I found that notchlb was downregulated and that flr4 was upregulated which
suggested that the mechanisms involved in the endocardial response to blood flow are fine-
tuned with high temporal resolution. One limitation of these RNA-seq analyses is that
mRNAs were extracted from whole hearts, therefore comprising both myocardium and
endocardium. Also, this approach did not separate different regions of the endocardium,
leading to a lack of spatial resolution and to a lower detectability of changes in the levels of
genes expressed in small regions. Nevertheless, I focused on genes known to have an
endocardial expression and with a strong expression at the AVC under WT conditions. Also, I
analyzed promoter-specific transgenic reporter lines, to be able to visualize gene expression
changes within the heart. Another limitation of our approach is that, in order to block fluid
shear stress, cardiac contractility was inhibited. The contraction of cardiomyocytes induces a
mechanical stress within EdCs and, therefore, changes in endocardial genes expression levels
may derive also from a lack of stretching forces. Uncoupling cardiac contractility and blood
flow has been difficult to achieve in functional studies. Different strategies have been adopted
to address this question. Hove and colleagues surgically positioned beads in the zebrafish
heart to obstruct blood flow but not contractility, and found that valve development was
impaired (Hove et al., 2003). However, this invasive approach resulted in other disturbed
aspects of cardiogenesis, including a reduced bulbus formation, a lack of heart looping, a
collapse of the lateral walls of the sinus and outflow tract and the formation of pericardial
edema. All these defects made it difficult to distinguish primary from secondary effects.
Bartman and colleagues performed a series of dose-increasing pharmacological inhibition
experiments to reduce cardiac contractility, showing that embryos with an impaired heart beat
but a blood flow circulation develop affected valves (Bartman et al., 2004). However,
lowering myocardial contractility intrinsically also alters blood flow dynamics, which can
lead to valve defects. Vermot and colleagues used the sodium channel blocker lidocaine to
decrease the heart rate of zebrafish embryos by 30%. This resulted in a range of valve defects
(Vermot et al., 2009). Similar defects were observed in fish exposed to higher temperature (by

2-4°C), which increases the heart rate. The authors also studied the impact of blood viscosity

56



Discussion

on valvulogenesis. They found that a reduction of blood viscosity by gatal/2 knockdown
(while maintaining a normal heart rate) affected valve morphogenesis. Altogether, these data
argued in favor of a critical role of fluid shear stress for valve development independently of
myocardial contractility. Similarly, Kalogirou and colleagues showed that mutants with long-
term disturbances in intracardiac flow dynamics, but not heart rate, have defective AV valves
(Kalogirou et al., 2014). Hence, most of the studies indicate a direct effect of blood flow on
valvulogenesis. To further prove a direct role of fluid shear stress, in vitro experiments with
controlled alterations of shear stress can be useful to assess whether gene expression is
regulated by it. During my work, I collaborated with Dr. Maria Reichenbach (Freie
Universitit Berlin) to assess levels of FL7T4 mRNA expression in HUVECs under cell culture
conditions with variable shear stress conditions. Exposure to high (30 dyn/cm?), but not to
low shear stress conditions (1 dyn/cm?), decreased FLT4 mRNA levels when compared with
static conditions. Hence, shear stress regulates FLT74 expression and this mechanism is
conserved between zebrafish EdCs and human ECs. While NOTCH1 has already been
reported to be a mechanosensor in arterial cells (Mack et al., 2017) and flow-responsive in the
zebrafish endocardium (Samsa et al., 2015), it is currently not known how FLT1 is influenced
by shear stress. Since our data pointed out a downregulation of flt/ expression levels in the
absence of blood flow, it would be interesting to further analyze the contribution of Fltl to

mechanosensitive signal transduction.

3.2. F1t4 expression increases in atrioventricular mesenchymal- like endocardial cells

While sharing similarities in the general process of AV valvulogenesis, cardiac valve
development in zebrafish and mammals differs in some aspects. At the zebrafish AVC, a
mono-layered endocardium rearranges in a way that AV EdCs at the ventricular side move
into the cardiac jelly, forming an abluminal population which is not in direct contact with
blood flow. At the same time, AV EdCs from the atrial side remain luminally exposed and in
contact with blood flow (Pestel et al., 2016; Steed et al., 2016b). Zebrafish AV EdCs that
extend protrusions into the cardiac jelly migrate as sheets of cells, and not individually after
delaminating (Gunawan et al., 2019; Scherz et al., 2008). Instead, in mammals, individual
EdC at the AVC delaminate into the extra cellular matrix (ECM), while undergoing EndoMT
(Cai et al., 2012; Wang et al., 2013). This morphological difference between zebrafish and

mammalian AV abluminal EdCs is revealed also by differences in the expression of cell
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adhesion markers. Mammalian delaminating AV EdCs loose cell membrane adhesion and
acquire a mesenchymal cell identity as they protrude into the ECM. In the zebrafish embryo,
expressions of Alcam and of the adherens junction-component VE-cadherin at the membranes
of AV EdCs are not entirely and directly downregulated once AV ventricular EdCs have
migrated and lost contact with the cardiac lumen. Similarly, the expression of the endothelial
marker flila and kdrl remain longer expressed in these cells (Beis et al., 2005; Gunawan et al.,
2020; Steed et al., 2016b). One limitation in the usage of transgenic reporter lines to assess the
temporal expression of proteins is the persistence of the fluorescence proteins. To overcome
this issue, it is possible to generate reporter lines that transcribe, under the desired promoters,
destabilized fluorescence proteins. This is the case of the Notch reporter line I used in this
study, Tg(TP1:VenusPEST)***". PEST degradation dramatically reduces the half-life of fusion
proteins (from 23 to 2 hours for GFP-PEST in mammalian cells) (Li et al., 1998; Ninov et al.,
2012). Another way to validate at higher temporal resolution the expression from reporter
lines is the wuse of specific antibody for the analyzed protein. In my study,
immunohistochemistry was performed to analyze the localization of the cell adhesion proteins
Alcam and VE-cadherin. Another study found a similar gradual degradation within abluminal
EdCs of the tight junction—associated protein ZO-1 (Gunawan et al., 2019). Hence, the
transformation from AV endocardial to mesenchymal cells is more gradual and less defined in
zebrafish compared to mammals. Also, in mammals the mesenchymal identity of these cells
becomes defined by the well-known mesenchymal cell markers TWIST and SNAIL
(Chakraborty et al., 2010; Tao et al., 2011). In particular, Snail is induced by Notch signaling
in AVC and OFT endocardium, where directly represses VE-cadherin and thus allows these
cells to break contact with neighboring cells and to migrate into the cardiac jelly (Saad et al.,
2010; Timmerman et al., 2004). Whether this process is fully conserved and whether Snaill
plays a similar role in zebrafish is still under debate. After a collective AV EdC migration, by
78 hpf AV EdCs have acquired a multilayered S-shaped structure. While previous studies
have characterized some of the molecular markers of the luminal cell population, which
include Notch signaling and expression of KlIf2, my work revealed that flt4:mCitrine
expression was higher in abluminal EdCs, which also exhibit Wnt/B-catenin signaling (Moro
et al., 2012; Pestel et al., 2016). Also, I showed that fIt/ expression is flow-responsive and
localizes to the luminal side. In order to analyze the gene expression of flt4 and fIt1, I made
use of transgenic reporter lines carrying specific promoters that drive expression of
fluorescent proteins. This allowed me to continuously observe the gene expression in vivo.

However, the visualization of fluorescent proteins, such as Citrine or YFP, rather than the
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native Flt4 or Flt1 proteins sets limitations. In fact, while it reveals the endogenous activation
of the promoter gene, it does not allow tracking the in vivo behavior of Flt4 or Fltl. For
instance, as already mentioned, the physiological turnover and degradation speed may be
different between the native and the fluorescent proteins. Also, flt4:Citrine expression in the
heart is weak, and an immunolabeling against GFP was necessary to enhance the signal.
Hence, for further studies it may be of advantage to obtain specific antibodies against Flt4 and
Flt1. This would allow a validation of the transgenic reporter lines and to study the spatial and
temporal localization of the native proteins more precisely. The spatial subcellular
localization of Flt4 and Fltl is especially relevant due to the complexity of receptor protein
signaling, which needs to better characterized in order to understand the signaling events. For
instance, receptor proteins may not be active or signal differently if expressed but localized in
the cytoplasm. Also, as previously mentioned, differences in the levels of Flt4 account for the
difference in the response to fluid shear stress within different EC types (Baeyens et al.,
2015). Arterial cells are physiologically exposed to a higher shear stress level than venous
cells, which in turn are subject to more shear stress than lymphatic cells. The ability to
respond and adapt to different levels of shear stress has been correlated with the expression
levels of Flt4. Therefore, in the zebrafish dorsal aorta fit4:Citrine signal is lowly detectable,
but these low expression levels are functional to maintain the correct homeostasis of the
vessel. In fact, upon lack of Flt4, the dorsal aorta narrowed, in a remodeling process that
suggests an impairment of shear stress sensitivity (Baeyens et al., 2015). Similarly, the
zebrafish endocardium is exposed to high shear stress. fIt4:Citrine expression becomes higher
within ECM-ingressed AV cells, but the levels are still lower than within the lymphatics that
are constantly under low shear stress. However, a lack of Flt4 caused a phenotype within the
cardiac valves. Hence, this suggests that Flt4 plays a similar role within ECs and EdCs in
setting the shear stress point and may explain why low levels of expression are crucial for

cardiac valve development.

Juvenile and adult AV valves are composed of an outer luminal layer of EdCs and an inner
abluminal layer of valve interstitial cells (VICs). VICs are mesenchymal cells that derived in
part from abluminal EdCs, and in part from neural crest cells (Gunawan et al., 2020). Since
my work showed a gradual increase between 54-78 hpf in Flt4 expression levels in AV
abluminal EdCs, it would be interesting to analyze its expression in more mature valve
leaflets. A hypothesis may be that Flt4 becomes higher expressed within no flow-exposed
VICs. Functional studies would then be required to study whether Flt4 is required for the
identity of those cells.
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In mice, AV EdCs acquire a mesenchymal cell identity as they protrude into the ECM
(reviewed in (Macgrogan et al., 2014). Currently, F/¢t4 was reported to be expressed within at
least a subset of the endocardium and the epicardium at E13.5 (VanDusen et al., 2014). This
expression is maintained at low levels by a negative regulation from the endocardial
transcription factor Hand2. In turn, Hand2 is induced by Notch signaling. Endocardial
ablation of Hand2 resulted in a failure to develop a patent tricuspid valve, and in other
malformations that include intraventricular septum defects, hypotrabeculated ventricles and a
higher density of the coronary lumen. While this correlates with increased levels of Flt4, a
role of this protein was not further characterized and whether the expression was also within
developing valves was not reported. To characterize Flt4 expression within the murine AVC,
I collaborated with Dr. Michel Puceat (MMG, Marseille), who performed single-cell RNA-
seq analyses of purified mouse EdCs derived from E9.5 AVC tissue. At this stage, EACs
delaminate from the endocardium, undergo EndoMT, and invade the cardiac jelly of the
cushions. Bioinformatics analyses revealed that Fl¢4-positive EdCs distributed primarily into
three clusters. In one cluster, cells expressed the genes Twist, Prrx2, and LoxI2, marking a
‘transition to mesenchymal’ cell fate. In another, cells expressed endothelial markers
including Egfl7 and Claudin-5. The third cluster comprised cells expressing mesenchymal
markers, such as Snaill and Tgfb2. Within those clusters, Flt4 expression levels were highest
in the ‘transition-to-mesenchymal’ cell fate cluster and lowest among mesenchymal cells.
This suggests that the murine process is similar to the one that takes place in zebrafish in the
sense that the expression of Flt4 defines subpopulations of EdCs delaminating from luminal
regions of the murine embryonic AVC cushions. Functional studies with a murine AV EdCs-
specific Flt4-knockout would be instrumental to test the hypothesis of a conserved role of Flt4

between zebrafish and mammals during valvulogenesis.

3.3. Flt4 is required for atrioventricular valvulogenesis

With my work, I showed that Flt4 localization within AV abluminal EdCs is necessary for
proper valve development. In fact, a lack of Flt4 caused the formation of dysmorphic valves,
in which EdCs did not elongate as in WT. The abluminal side of the valve leaflet was affected
by the ectopic expression of the cell adhesions markers Alcam and VE-cadherin and Notch
activity. Within the luminal side, Notch-active cells had a larger surface area and exhibited

ectopic Wnt/B-catenin signaling. To induce a lack of Flt4, I made use of three independent
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tools. I used a stable loss-of-function mutant line, a morpholino-induced knockdown and an
inhibitor-driven block of signaling. fIt4"#%"> embryos were reported to have lymphatics
defects (Astin et al., 2014; Bower et al., 2017; Le Guen et al., 2014; Hogan et al., 2009b). The
f1t4"4692 allele has a point mutation predicted to change a conserved isoleucine residue into a
serine at position 1042 in the split kinase domain and should represent a strong loss-of-
function allele (Hogan et al., 2009b), but has been described as a hypomorphic allele (Astin et
al., 2014; Vogrin et al., 2019). In my analysis, the fIt4"4%%? heart phenotype was indeed lowly
penetrant (33.3% had ectopic Notch expression, 70% had persistent abluminal Alcam
expression) which may be due to the fact that this mutation does not cause a complete lack of
Flt4 but only a predicted lack of its kinase activity. While Flt4 kinase activity is necessary for
lymphangiogenesis, mutant mice with a missense mutation in the tyrosine kinase catalytic
domain develop a blood vascular network (Zhang et al., 2010). In comparison, mice null for
Flt4 display abnormal angiogenesis and die before the formation of lymphatic vessels
(Dumont et al., 1998). These findings indicate that signaling mediated via the activation of
Flt4 kinase is not required for blood vessel growth. Zhang and colleagues suggest that during
angiogenesis, Flt4 forms heterodimers with VEGFR2 and modulate its phosphorylation and
thus its signaling (Zhang et al., 2010). Similarly, it can be that within the endocardium, FIt4

may also have a kinase-independent role.

Another explanation for the incomplete penetrance of the flt4 mutant phenotype may be that
in homozygously mutant embryos a compensatory gene network is activated, which buffers
an otherwise deleterious mutation (Rossi et al., 2015). One way of overcoming this
phenomenon would be the generation of RNA-less flt4 allele, which does not trigger a
transcriptional compensation by other genes (El-Brolosy et al., 2019). This could be achieved
by a mutation within the flt4 promoter. Since such an allele was not available in the course of
these studies, I used as a second independent tool to analyze FIt4 cardiac contribution, a
specific morpholino which targets the ATG site of flt4 and therefore blocks protein translation
(Hogan et al., 2009b). Although recent studies showed that morpholinos can induce unspecific
effects (Kok et al., 2014), both fIt4 morphants and mutants presented the expected lymphatic
defects and the flt4 MO has been recognized as a valid tool to specifically knockout Flt4. My
analyses showed that a MO-induced Flt4 knockdown had a higher phenotypical penetrance
than the flt4 mutation (66.7% of fIt4 morphants had ectopic Notch expression, 78.3% of flt4
morphants had persistent abluminal Alcam expression). The higher penetrance of the MO-
induced phenotype is in support of a mutation-induced compensatory pathway (Rossi et al.,

2015) that becomes activated in the fIt4"#®"> mutant allele. The specificity of the cardiac
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phenotype was further supported by a third tool, which was the use of MAZ51, an inhibitor
for Vegfr with a high affinity for FIt4 that has been shown to inhibit its phosphorylation
(Benedito et al., 2012). The use of this inhibitor enhanced the penetrance of the cardiac valve
phenotype. However, the penetrance was still not complete, and this may be in tune with a
kinase-independent Flt4 signaling. An additional advantage of using a pharmacological
inhibition is the temporal control that this approach provides and which allows a precise
staging of protein function. I used MAZS51 inhibition by treating embryos from 24 hpf, which
excluded an earlier requirement of Flt4 in cardiac progenitors. Although at 24 hpf the
development of valve leaflets has not yet started, the inhibitor treatment was needed that early
which may relate to the efficacy of drug uptake into tissues. Further analyses will be
necessary to assess the drug efficacy in blocking FIt4 signaling upon incubation.
Alternatively, Flt4 may have an earlier role than anticipated. A genetic tool that can block Flt4
in a temporal-specific manner can be instrumental to verify these hypotheses. For instance,
that could be obtained using the Cre-loxP system. Using that genetic tool, a transgenic line
bearing a floxed fIt4 allele can be crossed to a line carrying Cre recombinase under a heat
shock inducible promoter. In a similar approach, it would be possible to generate a tissue-
specific lack of Flt4, by having an endothelial/endocardial promoter to drive Cre recombinase
expression. This could be useful, since fI#4 is expressed not only within endocardium, but also
in the other tissues including blood and lymphatic vessels. Although at the observed stages
embryos did not present any obvious other severe morphological defects that could induce
secondary effects on the heart, an endocardial-specific Flt4 mutant line would be helpful for
this experiment. Complementary, cell transplantation assays could be performed to introduce
flt4 mutant cells into a WT background. If Flt4 function were cell-autonomous, I would
expect flt4 mutant clones to have a high expression of Notch signaling and become part of the

luminal side of the AV valve leaflets.

Although my work is the first one to point out a role of Flt4 in the heart, FL74 mutations in
humans have recently been correlated with Tetralogy of Fallot, a congenital cardiac disease
with abnormal cardiac valvulogenesis (Jin et al., 2017; Reuter et al., 2018). The molecular
mechanisms uncovered in my study will contribute to a better understanding of defects in
valve formation which is a common feature of many congenital heart defects (Combs and
Yutzey, 2009). Since the majority of f1t4"45%2 mutants reach adulthood, it would be interesting
to verify the condition of the cardiac valves in juvenile and adult fish and, pending the

outcome, use them as a model to study the impact of congenital valve defects.
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Besides the cardiac valves, mammals regulate the unidirectional flow of fluids throughout the
vasculature with lymphatic valves (LV), venous valves (VV) and lymphovenous valves
(LVV, which are at the sites where lymph is returned to blood circulation). The development
of VVs and LVs is very similar. In both venous and lymphatic vessels, the establishment of
valve territory starts with the clustering of ECs, which then undergo circumferential
reorientation along the rim of the vessel and form a ring-like constriction. This structure then
elongates into the vessel lumen and matures into V-shaped leaflets, with an extracellular
matrix core assembly (Bazigou and Makinen, 2013). It was reported that the formation of LV
in mice also depends both on shear stress (Sabine et al., 2012) and Flt4 (Liu et al., 2014),
whose expression is initially high in collecting lymphatic trunks and becomes restricted to the
valves once they have formed (Norrmén et al., 2009). LVVs develop in mice at the two sites
of contact between the lymph sacs and the veins. LVV-forming endothelial cells (LVV-ECs)
differentiate and delaminate from the vein walls with a luminal orientation, similar to LVs and
VVs (Geng et al., 2016). Hence, while this process is reminiscent of an EndoMT that occurs
during cardiac valve formation, in other valve types it differs with respect to the direction of
the delaminating cells. While AV EdCs delaminate abluminally, away from the blood flow,
LVV-ECs protrude into the lumen of the vein (Geng et al., 2016) and can withstand the force
of blood flow, likely due to their association with the ECM (Geng et al., 2017). While the
LVV-ECs represent the cover of the LVVs, the internal part is sustained by lymphatic
endothelial cells (LECs). These cells are not in contact with blood flow and upregulate the
expression of Flt4 (Geng et al., 2016). In spite of its expression in venous and lymphatic
valves, the function of Flt4 in the formation of these valve types is not yet characterized. In
light of the results from my work, it would be interesting to verify a possible conserved role
of FIt4 within no-shear stress regions of lymphatic valves, similar to the one in the formation

of cardiac valves.

3.4. At the atrioventricular valves, FIt4 acts in a Vegfc-independent manner

During lymphangiogenesis, Flt4 plays an essential role through the binding of its ligand,
Vegfc (Karkkainen et al., 2004; Yaniv et al., 2006). In mechanosensitive signaling, several
lines of evidence suggested that Flt4 functions in a Vegfc-independent manner (Baeyens et
al., 2015; Park et al., 2017; Planas-Paz et al., 2012). As already mentioned, Baeyens and
colleagues (2015) suggested that a loss of Flt4, but not of Vegfc, shrinks the caliber of the
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zebrafish dorsal aorta. This phenotype could be explained by a reduction in endothelial cell
mechanosensitivity and a consequent inward remodeling of the vessel, which would restore
normal signaling levels. Park and colleagues (2017) reported that in the uterine endometrium,
during pregnancy, shear stress regulates FLT4 independently of VEGFC. Planas-Paz and
colleagues (2012) proposed that a stretching of LECs induced by high interstitial fluid volume
causes activation of VEGFR3 through B1 integrins, independently of changes in VEGFC. The
interactions between B1 integrin and VEGFR3 are regulated by integrin-linked kinase (ILK),
which assembles with Bl integrin in quiescent LECs. Mechanical stimulation releases Bl
integrin from ILK, enabling 1 integrin-VEGFR3 interaction (Urner et al., 2019). Similarly,
my data show that Vegfc is dispensable for zebrafish valve morphogenesis. When I knocked
down vegfc using MOs, the morphant heart appeared normal, although morphants exhibited
fully penetrant lymphatic defects similar to a flt4 knockdown, which demonstrated the
efficacy of the vegfc MO mediated knockdown. From the RNA-seq data on non-beating
versus beating hearts, vegfc mRNA levels were statistically not different between the two
conditions. However, while my data support a Vegfc-independent cardiac role of Flt4, it is not
possible to rule out a Flt4 signaling through a different ligand. In fact, Vegfd has as a high
affinity for Flt4 and acts redundantly with Vegfc during lymphangiogenesis (Astin et al.,
2014; Bower et al., 2017). Nevertheless, double Vegfc—/—/Vegfd—/— mutant mice survive until
E16.5 and do not recapitulate the blood vasculature phenotype of F/t4—/— mutants, suggesting
VEGF-C/VEGF-D-independent activation of FLT4 in mice (Haiko et al., 2008). It was also
reported that FLT4 on human dermal blood ECs can be phosphorylated by collagen-I
stimulation in the absence of VEGF-C/VEGF-D, and even in the presence of blocking
antibodies against FLT4 (Kasey et al., 2013). A previous report also showed that endothelial
cell migration requires cooperative interactions between Bl-integrin and FLT4 (Wang et al.,
2001). Endothelial cell adhesion to the extracellular matrix does not require the activation of
receptor kinase activity. Instead, this interaction induces integrin-mediated FLT4
phosphorylation and activation of the CRKI/II-SHC (Src homology and collagen homology
protein)-JNK cascade (Galvagni et al., 2010). Therefore, FLT4 mediates both ligand-
dependent and extra-cellular matrix-dependent effects. In our transcriptome analysis from
extracted hearts, vegfd mRNAs were not detected, indicating an absence or low expression
levels of vegfd mRNA within cardiac tissue at 54 hpf. Altogether, my findings provide new
insights into the modes of Flt4 regulation and the fine-tuning of mechanosensitity during

cardiac valvulogenesis, which occurs in a Vegfc ligand-independent manner.
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3.5. Flt4 impacts mechanosensitive signaling within the atrioventricular

endocardium

My studies revealed that a lack of Flt4 leads to the formation of dysmorphic valve leaflets.
Taking advantage of transgenic reporter lines, I showed that Notch activity and Wnt/B-catenin
signaling are ectopically expressed within AV EdCs upon loss of Flt4. In WT, the remodeling
of the AV endocardium into AV valves involves the formation of a luminal AV endocardial
cell population which has an atrial origin and another abluminal cell population which is
derived from the ventricular endocardium. Blood flow impacts the luminal EdC population in
a way that it triggers and sustains the expression of the flow-responsive Notch and KIf2
pathways. Abluminal cells are characterized by Wnt/B-catenin activity and some will
differentiate into valve interstitial cell precursors (Gunawan et al., 2020). My data revealed
that at 78 hpf, AV abluminal cells lacking Flt4 have a persistent expression of cell adhesion
proteins and of Notch activity. The short felodipine treatment effect suggests that the loss of
Flt4 impacts the behavior of Notch positive luminal cells in way that they delaminate
ectopically and enter the luminal or VIC region of the developing valves. It also suggests that
Dll4-positive cells (responsive to Wnt ligands) remain at the luminal side. Together, these
findings suggest that the mesenchymal transformation in these cells is defective. Recent
studies indicated that the EndoMT is negatively influenced by shear stress in endothelial cells,
and therefore regulated by mechanosensitive pathways (Kovacic et al., 2019; Mahmoud et al.,
2017). Flt4 may have a role in mediating mechanosensation and promote EndoMT in AV
EdCs. My observations also revealed that the loss of Flt4 causes an ectopic expression of Wnt
signaling within luminal AV EdCs. In some cases, I observed a co-expression of Notch and
Wnt signaling in AV EdCs at 78 hpf. At the beginning of AV valve formation, the mono-
layered lumen-facing AV endocardium expresses both Wnt- and Notch-positive cells. Then,
cell migration and resulting no-shear stress versus shear stress environments reinforce precise
cell fates in the two AV endocardial subpopulations (Pestel et al., 2016). Hence, my findings
that upon lack of Flt4 both luminal and abluminal cells ectopically express Wnt/B-catenin and
Notch activities are in tune with affected cell fate transitions during valve remodeling. The
blood flow dependency of both endocardial Wnt/B-catenin and Notch signaling (Pestel et al.,
2016) strengthens the hypothesis of an impaired mechanosensitivity upon the loss of Flt4.
Further studies will be needed to clarify the molecular relationship between Wnt/B-catenin
and FIt4/Notch signaling pathways and whether the ectopic expression of luminal and

abluminal markers is due to misregulated gene expression or abnormal cell rearrangements.
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In order to get insights on other cardiac molecular players misregulated upon loss of Flt4, I
performed an RNA-seq on fI#4 morphant versus WT hearts. Interestingly, tight junctions,
focal adhesion and ECM-receptor interaction were among upregulated pathways. This
supports the data on the ectopic persistent expression of cell adhesion molecules in abluminal
positions. Among the most misregulated pathways were p53 signaling, cell cycle, and
apoptosis signaling. Disturbed flow or misregulation of mechanotransduction genes have been
shown to promote endothelial senescence via a p53-dependent pathway (Warboys et al.,
2014). Hence, these data may be in support of an incorrect sensitivity and transduction of
shear stress in fIt4 morphant cells. However, a recent study also pointed at an induction of
interferon-stimulated genes and cellular stress pathways as common signatures that
characterize morpholino-injected (Lai et al., 2019). Further analyses, including the use of a
control MO or the analysis of the f/#4 mutant transcriptome profile, are necessary to rule out a
morpholino-induced rather than a fI#4 knockdown-induced gene misregulation in fI#4

morphant hearts.

Interestingly, transcriptionally, the flow responsive genes notchlb and kif2a are differently
misregulated. Whereas notchlb mRNA levels are upregulated in Flt4-depleted hearts, klf2a
mRNA levels are downregulated. These data from the cardiac flt4 morphant transcriptome
were confirmed by qRT-PCR on flt4 mutant hearts. While these results refer to whole-hearts,
the use of the klf2a:YFP reporter line allowed me to verify that klf2a expression is
downregulated within the AV endocardium. In addition to supporting a mechanoregulative
role for Flt4, the different behavior of klf2a and notchib mRNA expression levels in the Flt4-
depleted endocardium implies that the misregulation of these flow-sensitive genes is not
simply induced by a possible alteration of shear stress levels, since that would have a similar

impact on notchlb and kif2a expressions.

3.6. Notch and FIlt4 have antagonistic activities within the atrioventricular

endocardium

In addition to showing that Flt4 limits the expression of Notch activity at the luminal AV side,
my findings indicate that fIt4 is in turn negatively regulated by blood flow and that this
suppression is mediated by Notch during cardiac valve leaflet formation. Notch signaling is
involved in cell fate control, stem cell self-renewal and postnatal tissue differentiation.

Genetic inactivation of either endothelial Notchl or of the Notch ligand DLL4 results in loss
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of arterial-venous specification and deregulated angiogenesis due to a failure of tip cell versus
stalk cell specification (Simons et al., 2016). In the tip cell, at the vascular front of the
growing vessel, VEGF stimulation of both VEGFR2 and VEGFR3 promotes the expression
of DLL4, which induces Notch signaling and the Notch ligand Jagged! in adjacent stalk cells.
Jaggedl antagonizes DLL4—Notch signaling and allows stalk cells to revert to tip cells in
response to VEGF. Notch activity creates a feedback loop with VEGF-VEGFR signaling, as
inhibition of the DLL4—Notch pathway results in increased expression of VEGFR2 and
VEGFR3 (Benedito et al., 2009). Thus, VEGF-VEGFR signaling both lies upstream of Notch
and provides feedback signaling (Jakobsson et al., 2010). A similar repression has been
observed in zebrafish during arterial tip cell formation, where fIt4 is ectopically expressed in
the absence of Notch (Lawson et al., 2001; Sieckmann and Lawson, 2007). In the mouse retina,
the inhibition of Notch caused ectopic endothelial cell sprouting and proliferation mediated by
FLT4 during angiogenic tip cell formation (Benedito et al., 2012). Genetic or pharmacological
disruption of Notch signaling led to widespread endothelial FLT4 expression, which caused
excessive sprouting (Tammela et al., 2008). However, FLT4 was also reported to act in a
bimodal role in regulating angiogenesis, since endothelial-specific deletion of Flt4 led to
excessive angiogenic sprouting and branching, associated with a decreased level of Notch

(Tammela et al., 2011).

Our findings imply that tip cell formation and cardiac valvulogenesis bear molecular
similarities. Tip cells are thought to undergo a process of partial EMT (Welch-Reardon et al.,
2015), which is another molecular resemblance between tip cell biology and valvulogenesis.
The process of valve development in zebrafish, however, exhibit major differences to murine
retinal tip cell sprouting. Among those, my work is in tune with previous studies (Timmerman
et al., 2004) in showing that the pharmacological inhibition of Notch prevents the formation
of a multi-layered AV valve structure. This means that high levels of Flt4, triggered by the
pharmacological suppression of Notch, are apparently not sufficient to activate EAC sprouting
and multi-layering. Rather, other Notch-dependent processes are essential for the formation of
abluminal valve structures. In addition, my findings indicate that blood flow is required for

Notch activation in a Flt4-independent manner.
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3.7. KIf2 and Notch act independently in suppressing flt4 mRNA expression

Previous studies reported that the expression of notchib mRNA at the AVC is regulated by
klf2a (Vermot et al., 2009). Surprisingly, I found that, upon loss of Flt4, klf2a and notchlb
expression levels are regulated independently of each other. Although both require
stimulation by shear stress (Samsa et al., 2015; Vermot et al., 2009), my findings indicate that
the pharmacological inhibition of Notch activity does not abolish klf2a expression and,
similarly, Notch activity at the AVC is not affected in klf2a; kif2b double mutants. Since blood
flow is present in these conditions, shear stress may be necessary and sufficient to induce K12
or Notch expression. Currently, I cannot rule out the possibility that the Notchlb and Klf2a/b
pathways converge at least upon a subset of common target genes and cooperate in activating
the morphological processes necessary to generate multi-layered cardiac AV valve leaflets. In
support of this model, my findings show that both Notch inhibition and loss of KIf2 activity
caused a loss of abluminal EdCs in zebrafish. Consistent with this finding, in the mouse, the
lack of Notch activity impairs the EndoMT process in the AV endocardium (Timmerman et
al., 2004). Intriguingly, my work identified flt4 as a negative target gene upon which the
activities of Notch and KIf2 converge and that plays a role within the abluminal portion of the
valve leaflet. Whether the regulation from Notch or KlIf2a/b on fI#4 is direct or not is still an
open question. To clarify this hypothesis, bioinformatics analyses would be helpful to predict
potential Klf2a or KIf2b binding sites on the fI#4 promoter and a chromatin
immunoprecipitation assay would be instrumental to verify the binding of these transcription
factors to the fIlt4 promoter DNA sequence. To clarify whether KIf2 and Notch act
independently or within one signaling pathway, it would be essential to block both signaling
factors at the same time, and test Flt4 expression. A more severe phenotype than the block of
one of the two pathways would suggest that additional effects were caused by distinct
pathways. Instead, a similar phenotype to the one induced by a single signaling knockdown
would indicate that the pathways converge. In order to manipulate Notch signaling, I either
inhibited or overexpressed the Notch intracellular domain. Hence, one open question is at
which level of the Notch signaling pathway the interaction with Flt4 occurs. Additional
genetic and biochemistry experiments, including the analysis of Flt4 levels in mutant lines for
the single components of the Notch pathway, will be helpful to answer more precisely which
Notch ligands and receptors are involved in the regulation of Flt4 during cardiac valve

development.
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3.8. Conclusions

The embryonic development of cardiac valves is a complex and precisely regulated process.
Molecular pathways and physical forces are interconnected and essential for the tight
regulation of the required morphological events. In my work, I investigated at cellular
resolution the remodeling of the zebrafish atrioventricular endocardium into a developing
valve leaflet, composed of two different subpopulations of EACs, one on the luminal and the
other on the abluminal side of the valve leaflet. I found that blood flow-driven shear stress is
essential not only to directly activate molecular pathways within the luminal EdCs, but also to
shape the abluminal ECM-ingressed EdC side. In particular, the lack of blood flow
experienced by the ECM-ingressed EdCs causes a downregulation of Notch signaling and
upregulation of Flt4. Independently of Notch, another crucial mechanosensitive protein,
Klf2a, contributes to the suppression of Flt4 in EACs that are exposed to blood flow. In turn,
Flt4 prevents the expression of Notch and induces the degradation of the cell adhesion
proteins Alcam and VE-cadherin within no-flow abluminal EdCs. Hence, my study introduces
Flt4 as a previously uncharacterized player in the formation of the abluminal, mesenchymal-
like side of the developing atrioventricular valve and identifies antagonistic signaling
activities of Flt4 and Notch in fine-tuning the process that shapes cardiac valve leaflets. This
is achieved by inducing unique differences in the fates of EdCs. These results are relevant not
only to understanding the mechanisms of mechanotransduction during valve development, but

also to identifying potential target genes connected to congenital valve malformations.
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4. Materials and Methods

4.1. Consumables and equipment

Cell Strainer (100 um Nylon) Falcon
Centrifuge Eppendorf
Confocal microscope LSM 710, 780, 880 Zeiss
Coverslips Roth
Disposable Pasteur pipettes Elkay
Dumont forceps n.4 neolLab
EOS 5 D Mark III camera Canon

Flaming/Brown Micropipette Puller

Sutter Instrument

Gel electrophoresis apparatus

Life Technologies

Glass bottom dishes

MatTek

Glass injection needles

Brummond Scientific

Injection machine Eppendorf
Micro tubes Eppendorf
Microinjection 20 pL tips Eppendorf
Micropipettes Gilson
Microscope Glass Slides Roth

MM33 Micromanipulator Maerzhaeuser

MPPI-2 Pressur Injector/BP15 Back Pressure Unit

Applied Scientific Instrumentation

NanoDrop Thermo Scientific
Parafilm Bemis

PCR thermocycler Biozym diagnostic GmbH
PCR tubes Sigma-Aldrich

Petri dishes Roth

Phase lock gel heavy (1.5 ml) VWR

PikoReal 96 Real-Time PCR System

Thermo Scientific

Pre-separation Filters (30 pm) Miltenyi Biotec
Stereo microscope Leica M165 FC Leica

Stereo microscope Zeiss Discovery. V8 Zeiss

Thermomixer Eppendorf,

Tubes Sarstedt

Vortex Genie Scientific Industries
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4.2. Chemicals and Solutions

Agarose, Low Melting Point

Materials and Methods

Lonza

1-phenyl-2-thiourea (PTU)

Sigma-Aldrich

4’, 6-diamidino-2-phenylindole (DAPI)

Sigma-Aldrich

Bovin Serum Albumin (BSA)

Sigma-Aldrich

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich

Ethanol Sigma-Aldrich
Felodipine Cayman Chemical
Gel Loading Dye Purple (6x, no SDS) NEB

Luna Universal qPCR Master Mix New England Biolabs

MAZ51 Santa Cruz Biotechnology
Methanol Roth

Midori Green Advance Nippon Genetics

NaCl Sigma

Normal goat serum (NGS) Sigma-Aldrich
Paraformaldehyd (PFA) Sigma-Aldrich

Quick Load purple 2 Log DNA Ladder NEB

Restriction enzymes and buffers NEB

R0O4929097 Selleckchem

SlowFade Gold Thermo Fisher Scientific

Sodium azide (2% solution)

Santa Cruz

Tricaine (3-amino benzoic acidethylester)

Sigma-Aldrich

Triton X-100

Serva

TRIzol Thermo Fisher Scientific
TrypLE Thermo Fisher Scientific
Tween 20 Sigma-Aldrich

4.3. Kits

Quick RNA micro-prep

Zymo Research

KAPA Sybr Fast gPCR kit

Peqlab

MegaScript T3 Transcription Kit

Thermo Fisher Scientific

MegaShortScript T7 Transcription Kit

Thermo Fisher Scientific

RevertAid H Minus First Strand cDNA Synthesis kit

ThermoFisher Scientific

TruSeq Stranded Total RNA Sample Preparation Kit
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4.4. Buffers and Media

Danieau’s buffer 1x, pH 7.2

58 mM NaCl

0.7 mM KCl

0.4 mM MgS0O4
0.6 mM Ca(NO3)
5 mM HEPES

E3 medium

5 mM NaCl

0.17 mM KCI
0.33 mM CaClI2
0.33 mM MgSO4

Fish egg water

60 pg/ml Instant Ocean Sea Salts
in ddH20

PBS 1x, pH 7.4

137 mM NaCl
2.7mM KCl

80.9 mM NaHPO4
1.5 mM KH2PO4
in ddH20

PBST

0.1% Tween
in 1x PBS

PBDT

1% DMSO
in 1x PBST

Permeabilization solution

0.5% Triton X-100
in 1x PBST

PFA 4%

4% paraformaldehyde
in 1x PBS

TE-Buffer, pH 8.0

4.5. Software

10 mM Tris-HC1
1 mM EDTA
in ddH20

Fiji ImageJ (Schindelin et al., 2012)
A plasmid editor (ApE) UT

Adobe Illustrator CS6 Adobe Systems Inc
Adobe Photoshop CS6 Adobe Systems Inc

Cufflinks suite

(Trapnell et al., 2012)

Imaris 8
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LSM Image browser 8.1 Zeiss

Office 2010 Microsoft

PikoReal software 2.2 Thermo Fisher Scientific
Prism 6 GraphPad

4.6. Zebrafish Strains and Maintenance

Handling of zebrafish was done in compliance with German and Brandenburg state law,
carefully monitored by the local authority for animal protection (LUVG, Brandenburg,
Germany; Animal protocol #2347-18-2015). Zebrafish were maintained under standard
conditions as previously described (Westerfield et al., 1997). Zebrafish embryos were kept in
egg water (60 pg/ml Instant Ocean Sea Salts (Aquarium Systems Inc., USA) supplied with 1
pug/ml Methylene blue) at 28.5°C. To inhibit pigmentation, embryos were kept in egg water
with an additional supply of 0.003% (w/v) 1-Phenyl-2-thiourea (PTU) from 24 hpf. Zebrafish
embryos were staged according to morphological criteria previously described (Kimmel et al.,
1995) and their genotype was determined either by fluorescent protein expression, by
phenotype inspection or by genetic analysis of isolated genomic DNA. Adult fish were
maintained at 26.5°C in the fish facility and mutant carriers were identified by incrosses and
phenotypical analysis of the offspring or by genetic analysis of genomic DNA isolated from
tissue obtained by fin-clipping. The following strains of zebrafish were used: fI#4"#52 (Hogan,
Bos, et al., 2009), kIf2a’3"7 (Novodvorsky et al., 2015), Tg(EPV.Tpl-Mmu.Hbb:Venus-
Mmu.Odcl)***° [here referred to as Tg(TPI:VenusPEST)**’] (Ninov et al., 2012),
Tg(kdrl:EGFP)***  (Jin et al., 2005), Tg(flila:EGFP)! (Roman et al., 2002),
Te(flila:nEGFP)” (Roman et al., 2002), Tg(kdrl:nlsEGFP)"»! (Blum et al., 2008),
Tg(flt4BAC:mCitrine)"™”!3° (van Impel et al., 2014), Tg(fltl:YFP)"45?* (Hogan, Bos, et al.,
2009), Tg(7xTCF-Xla.Siam:nls-mCherry)®> (Moro et al., 2012), Tg(klf2a:YFP)"!%7 (Sugden
etal., 2017), Tg(flila:Gal4FF)">? (Herwig et al., 2011),

Tg(5xUAS-E1b:6xMYC-notchla intra)** (Scheer and Campos-Ortega, 1999), Tg(flil:nls-

mCherry)*>!? (Heckel et al., 2015). Double transgenic lines were generated via out-crossing.
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4.7. Isolation of genomic DNA from zebrafish tissue and genotyping

For genetic analysis of embryos, genomic DNA was extracted from a part of the tail or from
entire embryos. For genotyping of adult fish, genomic DNA was extracted from fin tissue
after fin-clipping. Samples were digested in 50 mM NaOH, at 95°C for 20 minutes. After
cooling down (at 4°C, 5 minutes), Tris pH 7.5 were added 1:10 in each sample. Samples were
stored at 4°C.

Primers used to perform polymerase chain reactions (PCRs) to genotype were the following:

Name Sequence 5°-3’
S1t4"4%? genotyping Fw AGCTCTTGATTTGGCTTTAG
SIt4"#%? genotyping Rv GGAAAGTATCCTTGCTCTGC

kI KIf26°""% | and kIf2b7""* genotyping Fw | AGAAGCACCTCCACCATACG
kIR KIf20°7"% | and kIf2b7""* genotyping Rv. | GCGGAGGAGTCATATTCCCG
kif2a™'” TAL Fw CAGGCGACTACAGAATGCAA
kif2a'” TAL Rv GCCCTCTTGTTTGACTTTGG

Amplified DNA products for flt4 and kif2b were cleaned by adding Exol (ThermoFisher
Scientific, Cat. No. EN0582) and FastAP (ThermoFisher Scientific, Cat. No. EF0651) and
incubating for 30 min at 37°C and 15 min at 85°C. Then, 2 ul of 5 uM specific Fw primers
were added to each sample, which was then sequenced (Sanger sequencing, LGC Genomics,
Berlin, Germany). klf2a amplicons were incubated (3 hours, 37°C) with BstXI (NEB)

restriction enzyme, which digests the WT PCR product but not the mutant klf2a*3!7.

4.8. Embryo injection

One-cell stage embryos were injected using a stereomicroscope and glass injection needles
(Drummond Scientific, USA) pulled in a P-97 Flaming/Brown Micropipette puller (Sutten
Instruments), fixed onto a micromanipulator (MM33 Micromanipulator, Maerzhaeuser,
Germany) and connected to a microinjector (MPPI-2 Pressure Injector, BP15 Back Pressure
Unit, Applied Scientific Instrumentation, USA). Injection needles were loaded with 3 pl of
the working solution and the embryos were positioned in one row at the edge of a glass slide.
The volume of the drop to inject was adjusted to 1 nl, volume measured with a graticule

(Pyser-SGI Limited, UK). The injected embryos were transferred into Petri dishes (Greiner
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bio-one, Cat. No. 633180, Germany) with egg water and maintained at 28.5°C for further

development.

4.9. Antisense oligonucleotide Morpholino injections

Morpholinos (MOs) (Gene Tools, LLC, USA) were diluted in ddH>O to 1 mM stock solution
and stored at -20 °C. The following morpholinos were injected into the yolk at the one-cell
stage in 1 nl total volume: tmnt2a MO (5’-CATGTTTGCTCTGATCTGACACGCA-3’) (1
ng/embryo) (Sehnert et al., 2002), flt4 ATG MO (5°-
CTCTTCATTTCCAGGTTTCAAGTCC-3’) (2 ng/embryo) (Hogan, Bos, et al., 2009), vegfc
MO (5’-GAAAATCCAAATAAGTGCATTTTAG-3’) (3 ng/embryo) (Hogan, Bos, et al.,
2009). Morpholino working solutions were diluited in 0.3x Danieau’s buffer. Control siblings

were injected with 1 nl of 1X Danieau’s solution.

4.10. Generation of klf2b mutant lines

klf2b mutants were generated using CRISPR/Cas9-mediated mutagenesis. The guide RNA
(gRNA) target sequence was 5’-CCGATGGATGGCTACGGT-3" and the DNA sequence
used for transcription contained a T7 promoter sequence (Gagnon et al., 2014). gRNA was
transcribed in vitro using MegaShortScript T7 Transcription Kit (Thermo Fisher Scientific)
and cas9 mRNA was transcribed in vitro from pT3TS-nCas9n DNA using MegaScript T3
Transcription Kit (Thermo Fisher Scientific). klf2b gRNA (~150 pg/embryo) and cas9
mRNA (~250 pg/embryo) were co-injected into the cell of one-cell stage. Primers used to
genotype are listed in Table 1. Morphological analyses of kIf2b""*%?, kIf2b*"*#3, and kif2brP44

mutants revealed no obvious defects.

4.11. Chemical treatments

To prevent cardiac contractility, embryos were treated with 8 pM felodipine (Cayman
Chemical) from 72 to 78 hpf. To block Vegfr3 signaling, embryos were treated with 25 uM
MAZS51 (Santa Cruz Biotechnology) a Vegfr inhibitor with a high affinity for Vegfr3/Flt4
between 24-78 hpf. To inhibit Notch signaling, embryos were treated with 10 uM R0O4929097
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(Selleckchem) between 52-78 hpf. The stock solutions were solved in DMSO and control
embryos were treated with 0.2% DMSO.

4.12. Heart isolation, RNA extraction, and qRT-PCR

For cardiac extractions, ~50 hearts/replicate were extracted from 54 hpf WT or flz4"402
mutant embryos, from 54 hpf WT or tnnt2a morphant embryos, and from 78 hpf DMSO-
treated or felodipine-treated embryos or RO-treated embryos, as described (Lombardo et al.,
2015). For 54 hpf WT and klf2 mutant embryos, and for 78 hpf WT and
Te(flila:Gal4FF)"s3; Tg(5xUAS-E1b:6xMYC-notchla intra)** embryos (both, DMSO- or
felodipine-treated), ~25 hearts/replicate were manually extracted. Hearts were pooled for
each condition (at least three biological replicates) and transferred into 100 pL. of RNA lysis
buffer from Quick RNA micro-prep (Zymo kit). RNA was isolated according to
manufacturer's instructions and the corresponding cDNA was synthesized from total RNA
with the RevertAid H Minus First Strand cDNA Synthesis kit (ThermoFisher Scientific). RT-
qPCR experiments were performed as described (Renz et al.,, 2015) using 2 ng
cDNA/technical replicate and the KAPA Sybr Fast qPCR kit (Peqlab) on a PikoReal 96 Real-
Time PCR System (ThermoFisher Scientific). Cycle threshold (Ct) values were determined by
PikoReal software 2.2 (ThermoFisher Scientific). eif/b was used as a housekeeping gene for
normalization. Control sample values were normalized to 1, using the comparative threshold
cycle method (2— AACT) (Livak and Schmittgen, 2001). As each single biological replicate
represents an independent experiment from an independent clutch of embryos, ratio paired t-
tests were performed, using Prism 6 (GraphPad).

Plotted results are listed below [stg: developmental stage (hpf, hours post fertilization) of
zebrafish embryos at RNA extraction; n: number of independent biological replicates
analyzed per condition; p: p Value; Mean (Geometric Mean of ratios)>1 corresponds with

target upregulation; Mean<1 represents target downregulation; SEM: standard error mean].
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Slqhut02 Slequte02 6h'f;21;‘2i§6i£e on 6h-felodipine on ctrl
stg (hpf): 54 stg (hpf): 78
n: 4 n: 4
Mean | SEM p Mean | SEM p Mean | SEM p Mean | SEM p
notchib | 1.349 | 0.034 | 0.033 | 1.400 | 0.038 | 0.032 | 0.557 | 0.056 | 0.020 | 0.560 | 0.044 | 0.011
kif2a 0.594 | 0.065 | 0.040 | 0.462 | 0.072 | 0.019 | 0.318 | 0.078 | 0.008 | 0.319 | 0.057 | 0.003
RO-treatment 6h-felodipine ‘ NICD 6h-felodipine+NICD
stg (hpf): 78
n: 4
Mean | SEM p Mean | SEM p Mean | SEM p Mean | SEM p
flt4 1.841 | 0.042 | 0.008 | 2.674 | 0.063 | 0.007 | 0.556 | 0.065 | 0.029 | 0.693 | 0.020 | 0.004
kif2a 1.548 | 0.074 | 0.083 | 0.751 | 0.021 | 0.009 | 0.678 | 0.033 | 0.015 | 0.683 | 0.012 | 0.001
tnnt2a MO 6h-felodipine klf2a*"3"7  kif2br0b#
stg (hpf): 54 stg (hpf): 78 stg (hpf): 54
n:5 n: 4 n: 3
Mean | SEM p Mean | SEM p Mean | SEM p
Sflt4 5.983 | 0.059 | 0.0002 | 2.205 | 0.078 | 0.022 | 1.415 | 0.011 | 0.005
notchlb | 0.477 | 0.036 | 0.001 | 0.510 | 0.048 | 0.009 | 0.865 | 0.068 | 0.450
Sl 0.368 | 0.063 | 0.002
kdr 0.842 | 0.046 | 0.179
kdrl 0.810 | 0.077 | 0.302

The following primers were used for RT-qPCR:

Name Sequence 5°-3’

flt4 qPCR Fw CTCTCTTCTCGTTAGTGCCG
flt4 gPCR Rv ATGATGTGTGCTGGCTGTTT
notchlb qPCR Fw AATGTCCACCGGGTTTTACG
notchlb qPCR Rv AGGCATTTGGGACTCTTGTG
klf2a qPCR Fw CTGGGAGAACAGGTGGAAGGA
klf2a qPCR Fw CCAGTATAAACTCCAGATCCAGG
flt] gPCR Fw AACTCACAGACCAGTGAACAA
flt1 gPCR Rv ATGCGTTTGCTGATAATGGC
kdr qPCR Fw TGGAGTTCCAGCACCCTTTA
kdr qPCR Rv CGTCCTTCTTCACCCTTTCA
kdrl qPCR Fw CAGATCACGGTGGATACAT
kdrl qPCR Rv AAGAGGAGGAAGAGCAAGAG
eiflb qPCR Fw CAGAACCTCCAGTCCTTTGATC
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eiflb gPCR Rv GCAGGCAAATTTCTTTTTGAAGGC

4.13. RNA-sequencing

For RNA sequencing, ~100 hearts/replicate were extracted from 54 hpf WT siblings and
tnnt2a morphant embryos (siZMO RNAseq experiment), or from 54 hpf WT siblings and f7t4
morphant embryos (fIt4MO RNAseq experiment), as previously described (Lombardo et al.,
2015). Hearts were pooled for each condition (siZMO RNAseq: n=3 biological
replicates/condition; f/t4MO RNAseq: n=3 biological replicates/WT condition, n=6 biological
replicates/fIt4MO condition). For sitMO RNAseq experiment, total RNA was extracted with
Trizol (Sigma-Aldrich) using Phase Lock Gel Heavy tubes (1.5 mL, Prime 5). For flt4MO
RNAseq experiment, hearts were put in 100 pL of RNA lysis buffer from Quick RNA micro-
prep (Zymo kit) and RNA was isolated according to manufacturer's instructions. cDNA
libraries for both RNAseq experiments were prepared starting from 100 ng of RNA/replicate,
using “TruSeq Stranded Total RNA Sample Preparation Kit” (Low Sample Protocol)
(Ilumina). The fragment length distribution of generated libraries was monitored and the
quantification was performed using the D1000 ScreenTape System (Agilent Technologies).
Equal molar amounts of individual libraries were pooled, denatured with NaOH and diluted to
1.5pM. 1.3 ml of denatured pool sample were run on an Illumina NextSeq 500 sequencer
using a High Output Flow cell for 75bp single reads (#FC-404-2005; Illumina) and reads were
aligned to the Danio rerio reference genome (GRCz10) using STAR (Dobin et al., 2013).
Differential expression analysis was finally performed by use of Cuffdiff as part of Cufflinks
suite (Trapnell et al., 2012). For this, the library type was set to “fr-firststrand” (--library-
type=fr-firststrand). The master transcriptome provided by Cuffmerge was provided as input.
All other settings were left as default. For biological pathway annotation of differentially
expressed genes, gene ontology and KEGG pathway enrichment analysis were performed
using the Database for Annotation, Visualization and Integrated Discovery (DAVID)
bioinformatics tool (Huang et al., 2009).

4.14. Whole-mount immunohistochemistry

Embryos were fixed at the desired developmental stage and fixed with 4% paraformaldehyde

overnight at 4°C or for 2 hours at RT. Embryos were washed 3 times for 5 min in PBT and
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then blocked for 2 hours at room temperature in PBT with 5% NGS and incubated at 4°C
overnight with the primary antibody in PBT with 5% NGS. For anti-GFP labeling of hearts
from Tg(flt4BAC:mCitrine)"’'3> embryos at 78 hpf, hearts were first dissected from fixed
embryos and then immuno-labeled. After washing 6 times for 30 min in PBT, embryos were
incubated with fluorescently conjugated secondary antibodies (1:200) overnight at 4°C. The
following day, the embryos were washed 6 times for 30 min in PBT. For the Cdh5 antibody
staining, embryos were fixed with 2% PFA overnight and permeabilized with PBST with
0.5% Triton X-100 for 1 hr and subsequently incubated with primary antibody diluted in
PBST with 0.2% Triton X-100, 1% BSA, and 5% NGS. In Figure 2.13, nuclei were visualized
by DAPI (4,6-diamidino-2-phenylindole; Sigma) staining.

The following primary antibodies were used:

Rabbit anti-VE-Cadherin (1:200) Donation from Markus Affolter (Blum et al., 2008)
Mouse anti-Zn-8/Alcam (1:100) Developmental Studies Hybridoma Bank

Chicken anti-GFP (1:200) Aves labs

Rabbit anti-VEGFR3 (1:200) Abcam

The following secondary antibodies were used (1:200):

Alexa Fluor 488 Goat anti-rabbit [gG (H+L) Thermo Fisher Scientific

Alexa Fluor 633 Goat anti-rabbit [gG (H+L) Thermo Fisher Scientific

Alexa Fluor 546 Goat anti-mouse IgG (H+L) Thermo Fisher Scientific

Alexa Fluor 633 Goat anti-mouse IgG (H+L) | Thermo Fisher Scientific

Fluorescein-conjugated goat anti-chicken IgY | Aves labs

4.15. Imaging acquisition and processing

Hearts were manually extracted and mounted in SlowFade Gold (Life Technologies, Cat. No.
S36936) on a slide (Menzel-Gléser Superfrost, ThermoFisher Scientific, 76x26 mm) with a
coverslip (High Precision No. 1.5H, 170£5 pm, 18x18 mm; Roth, Germany). To image whole
embryos, specimens were embedded in 1% low melting agarose on a glass-bottom dish
(Lonza). Images were acquired using the following Zeiss confocal microscopes: LSM 710
with 10x/dry, 25x/water, 40x/oil or multi-immersion; LSM 780 40x/oil; 40x/oil or multi-
immersion objectives. Images were processed with Imaris (Bitplane, Version 8.1) or Fiji

software (Schindelin et al., 2012). Overview brightfield images of the embryos were recorded
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with 10x or 20x objectives on an Axioskop (Zeiss, Jena, Germany) with an EOS 5 D Mark III
(Canon) camera and processed using Photoshop (CS6, Version 13.0.1, Adobe Systems).

4.16. Quantifications of the heart rate

Heart beats of 10 mutant or morphant embryos and of WT or their respective sibling embryos

were counted over a 1-minute period under a dissecting microscope.

4.17. Measurements of cells size

Measurements were performed by Dr. Timm Haack on confocal z-section images of AVC
regions in Tg(TP1:VenusPEST)***’ control (n=12 cells) or fIt4 morphant embryos (n=20 cells)
at 78 hpf. The tissue was counter-stained with an antibody against VE-cadherin to highlight
cell borders between AVC EdCs. Measurements were performed using the free draw tool

implemented in the Fiji software.

4.18. Measurements of fluorescence intensity

In figure 2.1E, measurements of f/t4:Citrine intensity were performed at 54 hpf on control
injected embryos or tnnt2a morphants. After anti-GFP immunochemistry to increase the
signal, hearts were imaged on the same microscope using the same settings. To measure
fluorescence intensity levels, the mid-sagittal heart plane of a confocal z-stack was chosen
and the ventriculartAVC endocardium (V) or the atrial endocardium (A) were selected as
region of interest. ImageJ was used to calculate average pixel intensities of the signal area,
which was normalized to the background intensity levels (control embryos, n=6; tnnt2a

morphants, n=6).

Mean+SD Average Pixel intensities
tnnt2 ventricle: 1.836+0.201 | Ctrl ventricle: 3.356+0.408
tnnt2atrium: 1.495+0.304 Ctrl atrium: 2.407+0.373
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In figure 2.3F, measurements of Alcam intensity were performed on WT embryos or fl¢4"4602
mutants at 78 hpf. The mid-sagittal heart plane of a confocal z-stack was chosen and Imagel
was used to calculate average pixel intensities in luminal cells and abluminal cells. The values
represent the ratio between the intensity averages in luminal and abluminal cells (WT, n=7

embryos; flt4"**" n=10 embryos).

Mean+SD Luminal/ Abluminal intensities
ﬂt4’”‘4602: 1.274+0.225 | Ctrl: 1.971+0.280

In figure 2.10D, measurements of f/t4:Citrine intensity were performed on WT embryos or
klf2 mutants at 56 hpf. After anti-GFP immunochemistry to increase the signal, hearts were
extracted and imaged on the same microscope using the same settings. Image] was used to
calculate average pixel intensities of maximum intensity projections of the superior AVC,

which was normalized to background intensity levels (WT, n=7 embryos, klf2, n=11 embryos).

Mean+SD Signal/ Background
klf2 mutants: 2.128+0.364 | Ctrl: 1.575+0.131

4.19. Statistical analysis

All statistical analyses were performed with GraphPad Prism (version 6). Data representations
and P values calculations are indicated in the figure legends. All indicated P values are two-

tailed and significance was defined as P <0.05.
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A atrium

Alcam activated leukocyte cell adhesion molecule
ALPM anterior lateral plate mesoderm

AV atrio-ventricular

AVC atrio-ventricular canal

BAC Bacterial artificial chromosome

Bmp Bone morphogenetic protein

bp base pair

BSA Bovine Serum Albumin

Cas CRISPR-associated system

CCM cerebral cavernous malformation

Cdh5 Cadherin-5 /Vascular endothelial Cadherin
cDNA complementary DNA

CRISPR Clustered regularly interspaced short palindromic repeat
Ct Cycle threshold

ctrl control

DAPI 4',6-diamidino-2-phenylindole

ddH20 double destilled water

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

dpf Days post fertilization

E embryonic day (mice)

e.g. exempli gratia

EC Endothelial cell

ECM extra-cellular matrix

EdC Endocardial cell

EGFP Enhanced Green Fluorescent Protein
endoMT Endothelial-to-mesenchymal transition
eNOS endothelial nitric oxide synthase

EtOH ethanol

FA Focal adhesion

FAK focal adhesion kinase

FHF first heart field

Flila Fli-1 proto oncogene

Flt Fms-related tyrosine kinase

Fw forward

HEGI Heart development protein with EGF-like domains 1
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hpf hours post-fertilization

HUVEC Human umbilical vein endothelial cell
1. e. id est

IFT inflow tract

[HC immunohistochemistry

ISV intersegmental vessel

kDa kilodalton

Kdr kinase insert domain receptor

Kdrl kinase insert domain receptor like
KIf Kriippel-like factor

LPM lateral plate mesoderm

LSM laser scanning microscope

miRNA microRNA

ml milliliter

mM millimolar

MO morpolino antisense oligonucleotide/morphant
mRNA messenger RNA

NaCl natrium chloride

NFATcl nuclear factor of activated T-cells 1
NGS normal goat serum

NICD Notch intracellular domain

NO nitric oxide

O/N overnight

OFT outflow tract

PBDT PBS + DMSO + Tween-20

PBS phosphate buffered saline

PBT PBS + Tween-20

PCR polymerase chain reaction
PECAM-1 platelet endothelial cell adhesion molecule-1
PFA paraformaldehyde

pH potential of hydrogen

PTU N-phenylthiourea

qRT-PCR quantitative real-time polymerase chain reaction
RNA ribonucleic acid

RNAseq RNA sequencing

RT room temperature

Rv reverse

s somite

SD standard deviation

SEM standard error mean

SHF second heart field

Src Sarcoma protein kinase

TCF T-cell factor
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Tg transgene

TefP Transformaing growth factor 3

Tnnt2a troponin 2a

TP1 Epstein Barr Virus terminal protein 1
Trpv4 Transient receptor potential cation channel 4
UAS Upstream activator sequence

UV ultra violet

\Y ventricle

Vegf vascular endothelial growth factor

Vegfr vascular endothelial growth factor receptor
Wnt Wingless-related integration site molecule
WT wild type

Yapl Yes-associated protein 1

ul microliter

pm micrometer

uM micromolar
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