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1. LIST OF ABBREVIATIONS

Fish organs: blood vessels
aISV: arterial intersegmental vessels
CCV: common cardinal vein
CV: caudal vein
DA: dorsal aorta
DLAV: dorsal longitudinal anastomotic vessel
ISV: intersegmental vessel
PCV: posterior cardinal vein
vISV: venous intersegmental vessels
Cell and junction types
AJs: adherens junctions
ECs: endothelial cells
ECM: extracellular matrix
TJs: tight junctions
Proteins
ABP140: actin-binding protein
Arhgap29: Rho GTPase activating protein 29
Cdc42: cell division control protein 42 homolog
Ccm1: cerebral cavernous malformations 1 or also known as KRIT1 (Krev
Interaction Trapped Protein 1)
eGFP: enhanced green fluorescent protein
F-actin: filamentous actin
GEF: guanine-nucleotide-exchange factor
GTPase: enzyme that hydrolyzes guanosine triphosphate
Heg1: heart of glass1
Kdrl: kinase insert domain receptor-like
MLCK: myosin light chain kinase
NMII: non-muscle myosin II (here, NMII-A or NMHCIIA, also myh9; NMII-B,
also myh10)
Rab: ras-related protein (here, Rab5; Rab7; Rab11)
Rac1: ras-related C3 botulinum substrate 1, rho family small GTP binding
protein
Radil: rap associating with DIL domain
Rap1: ras-related protein
Rasip1: ras-interacting protein 1
RhoA: ras homologue gene family member A
1

1. LIST OF ABBREVIATIONS

ROCK: Rho-associated protein kinase
Pecam: platelet endothelial cell adhesion molecule 1
pMLC: phosphorylated myosin light chain
PODXL: podocalyxin
VE-cadherin, VE-cad, VEC: vascular endothelial cadherin (Cdh5)
ESAM: endothelial cell-selective adhesion molecule
ZO1: zonula occludens 1
Etc.
AMIS: apical membrane initiation
Ch: chromosome
CRISPR: clustered regularly interspaced short palindromic repeats
dpf: days post-fertilization
FRAP: fluorescence recovery after photobleaching
FRET: fluorescence resonance energy transfer
gRNA: single-guide RNA
hpf: hours post-fertilization
MO: morpholino oligonucleotides
PAP: pre-apical patch
PCR: Polymerase Chain Reaction
PBS: phosphate buffered saline
PFA: paraformaldehyde
PTU: 1-Phenyl-2-thiourea
RSF: radial stress fibers
SNP: Single nucleotide polymorphisms
UAS: upstream activation sequence
UCHD: utrophin calponin homology domain
UTR: untranslated region
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2. ABSTRACT

The formation of new blood vessels from pre-existing ones, or angiogenesis, is a
critical morphogenetic process during embryo development. Angiogenesis also
happens in the adult body during wound healing and in pathophysiological
conditions such as in cancer growth. Blood vessel morphogenesis heavily relies
on the cell-cell interactions, which enable endothelial cells (ECs) to rearrange
and change their shape in order to extend the nascent sprout and to form a multicellular tube. At the cellular level, the formation of a vascular tube is driven by a
collection of dynamic EC behaviors including cell migration, cell shape changes
and cell rearrangements. Here, I show that such cell interactions require dynamic
VE (vascular endothelial)-cadherin (Cdh5) and an F-actin oscillatory machinery.
Specifically, I show that in zebrafish mutant embryos which lack the VE-cadherin
actin-binding site, elongation of cell-cell junctions and cellular rearrangements
during anastomosis are perturbed. Therefore, this mutant analysis highlights the
collaborative interaction between F-actin and VE-cadherin to generate
mechanical forces between two cells, an important aspect for cell shape changes
that ultimately leads to multicellular vessel formation.
To gain more insight into the in vivo regulation of morphogenetic junctional
dynamics, I analyzed mutants for the zebrafish ras-interacting protein 1 (rasip1), a
putative regulator of EC junctional dynamics via VE-cadherin interactions
and ras-associating and dilute domain-containing protein (radil), a protein closely
related to Rasip1 involving RhoA/ROCK signaling. The analysis of rasip1/
radilb single and double mutants reveals redundant and distinct functions of these
genes during vascular morphogenesis. Whilst both proteins are required for cell
shape regulation and luminal stability, Rasip1 is unique in its role for the
organization of EC junctions at the cell-cell interfaces during angiogenic
sprouting and anastomosis. The aberrant localization of junctional molecules
(such as VE-cadherin, ZO1, PECAM1 and ESAMa) in rasip1 mutants induces
remodeling defects. In particular, this mis-localization leads to loss of junctional
clearance, reduction of junctional elongation and perturbation of actin
localization at the junctions, thereby preventing lumen formation during
development of multicellular vessels. I have also employed loss-of-function
analysis to pinpoint the molecular pathways, which underlie the respective
3

2. ABSTRACT

functions of Rasip1 and Radil. Specifically, Ccm1 and Heg1 are known to
localize the Rasip1 protein at apical sites/membranes as well as to facilitate
interaction between Rasip1 and VE-cadherin. Knockdown of either of them
shows similar mis-localization patterning and destabilization of junctions as
the rasip1 mutant.
Taken together, my observations suggest a mechanism in which Rasip1/Radil act
at the junctional/cortical F-actin interface thereby coupling junctional
remodeling with dynamic cell shape changes. This study demonstrates that the
molecular pathway of the Rasip1-Ccm1-Heg1 regulates the in vivo clearance of
adherens junction proteins, thereby resulting in the formation of the ring-shaped
junction formation and mediating cell elongation and lumen tubulogenesis
during vascular development.
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3. INTRODUCTION

3.1 The cardiovascular system is a great model to investigate the principle of
organ morphogenesis
3.1.1 Universality of the cardiovascular system
All living metazoan animals have evolved to survive and prosper their next
generations, and to do so they developed specific organs to allocate essential
tasks. Different species evolved by different strategies to manage these tasks
depending on body size and complexity of environments. Despite the variety of
morphologies in animals, and circumstances around them, there are universal
common systems through species. A paradigmatic example is the cardiovascular
system, which appeared as early as the ancestor of protostomes and
deuterostome (600 - 700 million years ago). The cardiovascular system shows
developmental and genetical preservation and consists of the heart and the blood
vascular system. Main functions of cardiovascular organs are the distribution of
nutrients, the collection and dispersion of oxygen, and the elimination of
metabolic wastes (Monahan-Earley et al., 2013).
3.1.2 Local adaptation of the cardiovascular system by species during
evolution
Many unicellular and multicellular animals use the principle of diffusion for the
supply of oxygen and nutrients, and the removal of carbon dioxide and wastes.
However, diffusion is a very slow and non-directed physical process and merely
enough to cover the simple and small size living organism such as flatworms and
insects (LaBarbera, 1990). Larger and more complex organisms, like vertebrates,
have developed specialized organs for internal transport and an exchange, the
circulatory system, for effective delivery of gases, nutrients, and wastes to and
from individual cells in the body (Monahan-Earley et al., 2013).
A circulatory system contains moving fluids that reduce the diffusion distance
from cells to the system for efficient exchanges of metabolites. There are two
internal circulatory systems: coelomic and blood vascular (Monahan-Earley et
5
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al., 2013). (1) Coelomic circulatory systems are found in small, flat, and simple
animals like flatworms. The space between their ectoderm and endoderm layers
is filled with mesodermal cells called parenchyma. They acquire oxygen and
nutrients by simple diffusion across the skin and gut and throughout the
intercellular medium. Their cavity consists of fluids that move by cilia on the
surface of mesothelial cells and by contraction of mesothelial cells or body wall
muscle while they lack a pumping system such as the heart (Monahan-Earley et
al., 2013). (2) The blood vascular system is distinguished by blood-filled spaces:
vessels and pumping organs. It is localized between tissue layers of the body. In
invertebrates, these spaces are composed only by extracellular matrix displaying
diverse open to closed-system. The open circulatory system is mainly found in
arthropods. Insects has hemolymph, which is a fluid flowing into the body cavity
and analogous to the blood in vertebrates. However, vertebrates have an
additional cell lining, called endothelium (see chapter 3.2.1), employing a closed
cardiovascular system. Fish including zebrafish have a single circulatory system
with undivided heart with a single atrium and single ventricle, while, mammals
have a double circulatory system which is divided into right and left sides in
separation of oxygenated and deoxygenated blood (van Opbergen et al., 2018).
The introduction of the extra heart chambers is the most important hallmark
because this separation, one for blood circles for pulmonary and the other for
systemic, appears to be connected to the evolution of the lung. This plausible
connection is illustrated by the respiratory system of the African lungfish
(Protopterus aethipicus). It has mechanisms operating under conditions in which
air-breathing alternates with water-breathing. The oxygenated and deoxygenated
blood streams are well separated in this animal and its circulation patterns reflect
of their life habits to adapt not only to water condition, but also to drought
periods, when oxygen is assimilated in the “lung” (Szidon et al., 1969). As one
of the oldest air-breathing vertebrates, they illustrate respiratory and
cardiovascular mechanisms which were adapted during the transition from
aquatic to terrestrial life and bridge out between gill-based fish to lung-based
human.
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Based on the lungfish case, we know that the gas exchange mechanisms have coevolved with the circulatory system. However, invertebrates mainly use simple
diffusion through the skin. Terrestrial invertebrates employ unique invaginated
structures such as the trachea (which is not considered as a circulatory system).
Drosophila melanogaster developed their unique sac-like tracheal structure to have
luminal cavity allowing the passage of air and oxygen uptake (Affolter and
Caussinus, 2008). With the respect to the transport of body liquids, most
arthrophods (including insects) have hemolymph that are pumped through the
body by a heart. However, these hemolymphs are not contained within a tubular
system. More defined tubular organs like blood vessels first appear in crustaceans
such as lobsters. They have an open circulation but with a well-developed singlechambered heart connected with a pericardial sinus in the dorsal thorax by
several pairs of ligaments. These elastic ligaments are stretched and consist of
microfibrils and a medial laminar subjected to mesoderm-derived mesothelial
cells, which is not classified as endothelial cells (ECs) (Monahan-Earley et al.,
2013). However, vertebrates breathe through their lungs or gills having
established tubular systems bordered by ECs and flowing blood cells.
3.2 The morphogenetic principles underlying the organization of endothelial
cells during vasculogenesis and sprouting angiogenesis
3.2.1 ECs as a building block and a self-constructor
During vertebrate development, the vascular system is established by two distinct
mor phogenetic processes termed vasculogenesis and angiogenesis.
Vasculogenesis indicates the primary blood vessel formation that includes the
transformation of aggregated angioblasts into a blood vessel such as the dorsal
aorta (DA) and the cardinal vein (CV). Angiogenesis marks the formation of
blood vessels from already existing ones (Risau, 1995). In both cases, endothelial
cells are the main players, organizing themselves according to the guidance from
several signal transduction pathways into multicellular “higher order” structures
(as described below).
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ECs form a single-cell layered endothelium, which is in direct contact with the
blood vessel lumen. While in larger caliber vessels (in particular arteries), the
endothelium is surrounded by supporting cells including pericytes and smooth
muscle cells, nascent vessels and small capillaries consist of a one-cell layered
endothelium surrounded by a basal lamina consisting of extracellular matrix
proteins such as collagens and laminins (Goody and Henry, 2010). The
endothelium is usually very thin, due to the flat shape of the ECs. An estimated
average thickness of endothelial surface layer from in vivo investigation is 0.3 μm,
which excludes the plasma flow but restricts erythrocytes and some
macromolecular solutes (Pries et al., 2000). Furthermore, they exhibit apicobasal
(luminal-abluminal) polarization. These features permit direct transcellular
transport of solutes and transcellular migration of certain blood cells (e.g.
leucocytes) between the vascular lumen and the interstitium.
Endothelial cells are held in place by intercellular junctions consisting of
adhesive transmembrane proteins, which are connected to the cytoskeleton on
the cytoplasmic side. Endothelial cell junctions consist of generic as well as
endothelial specific adhesion proteins. They are important regulators of vascular
stability and plasticity. For example, the endothelial tight-junction protein,
Claudin-5, is essential for the formation of the blood-brain barrier to control
paracellular transport in the brain. Furthermore, the endothelial specific protein
VE-cadherin (Cdh5) controls EC adhesion and thereby endothelial maintenance,
vascular permeability but also angiogenic sprouting and vascular morphogenesis
(as described later in this thesis).
In order to fulfill their role as morphogenetic building blocks, ECs have to receive
and process multiple signaling inputs to ensure proper activities. Crucial
signaling pathways are involved in activation, migration, and guidance of ECs.
In addition, ECs have to attain proper shapes to generate a lumen and form
vascular tubes. Many signaling pathways are involved in vascular development
and their function is conserved among vertebrates (Adams and Alitalo, 2007).
These signaling pathways interact, and collectively form a regulatory network,
which controls endothelial cell behaviors. However, some of these pathways stick
8
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out by being essential for particular aspects of vascular development. For
example, receptors for the vascular endothelial growth factor (VEGF) family
appear to be main regulators of dynamic (i.e. pro-angiogenic) endothelial cell
behaviors. In turn, VEGF signaling is important to regulate Delta/Notch
signaling, which patterns the angiogenic sprout. In contrast, semaphorin/plexin
signaling has been shown to spatially control angiogenic sprouting by serving as
angiogenic guidance cues (Neufeld and Kessler, 2008).
As mentioned above, two principal morphogenetic pathways of blood vessel
formation can be distinguished. The primary blood vessels, the dorsal aorta and
the (posterior) cardinal vein, are formed by migration and aggregation of
angioblasts, which then coalesce and form a central lumen (for a review, see
Ellertsdóttir et al., 2010). The morphogenetic process and molecular regulation
of vasculogenesis has been described in mouse, Xenopus, and zebrafish.
Especially, time-lapse analysis in zebrafish have shown that the initial wave of
ECs migration contributes to DA and the second wave to the posterior cardinal
vein (PCV) throughout the lateral plate mesoderm aligning to the midline. This
process was uncovered by thorough in vivo live observations using a transgenic
line where EGFP expression is controlled by the zebrafish flk1/vegfr2 promoter
(Herbert et al., 2009; Jin et al., 2005), which is one of the earliest acting
promoters in the endothelial lineage. However, from a recent publication (Helker
et al., 2015), the common knowledge has been challenged: angioblast migration
to the midline is not regulated by Vegf, but rather by the hormonal peptide
Elabela (Ela). Neither Vegf ligand depletion nor a null mutation in the gene
encoding the VEGF2 ortholog (kdrl) interferes with angioblast migration. On the
contrary, knockdown of apelin receptor (aplnr) abolishes the migration of
angioblasts to the midline. Therefore, as a novel mechanism for regulating
vasculogenesis, the Ela/Apelin receptor signaling guides angioblasts to the
midline during the embryonic vasculature formation.
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3.2.2 Sprout outgrowth, tip cell, and stalk cell specification
Sprouting angiogenesis is a distinctive mechanism of microvascular growth and
gained attention due to its significant role in tumor growth and metastasis. A
series of events take place during sprouting angiogenesis: (1) Migration of ECs
upon angiogenic stimuli, (2) lumen formation, and (3) interconnection with
another vessels for circulation, which are discussed in detail in the following
chapters.
VEGF signaling is a key regulator of tip cell specification and behavior. There
are six secreted VEGF ligands: VEGF-A, -B, -C, -D, -E, and placental growth
factor, which interact with three tyrosine kinase receptors (VEGF receptors 1, 2,
3, also known as Flt1, Flk1, and Flt4, respectively) (Olsson et al., 2006). VEGFA plays the most important role for angiogenesis and binds to VEGFR1 and
VEGFR2. Nevertheless, the tyrosine kinase activity of VEGFR2 is the main
mediator of VEGF-A singling during sprouting angiogenesis. It is induced by
hypoxic condition, cytokines, growth factors, hormone, oncogenes, and tumorsuppressor genes (Dvorak 2005). Previous zebrafish studies support the role of
VEGFR1 as a negative regulator of tip cell formation (Krueger et al., 2011).
Gene expression studies indicate that a membrane bound form of VEGFR1 is
expressed in the CV, DA, and sprouting segmental arteries (SeA), while the
soluble form is limited to arterial endothelial cells and SeA (Chappell et al.,
2016; Krueger et al., 2011). Furthermore, the knockdown of VEGFR1 in mouse
leads to reduced blood vessel sprouting from the DA (Kearney et al., 2004). In
mammals, the VEGF ligands are expressed in many cells and tissues, but the
receptors were considered as endothelial-specific. VEGFR1 and 2 are highly
expressed in vascular ECs, whereas VEGFR3 expression is elevated in the
venous lymphatic endothelium. During angiogenesis, cells heterozygous for
VEGF2 are rarely found at the tip, whereas cells heterozygous for VEGF1 or 3
are more often found at the tip cell position. These reports suggest a model in
which VEGF receptor levels fluctuate and ECs are competing for the position at
the tip of the sprouting.
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In contrast to the loss of VEGF signaling, which leads to the inhibition of
sprouting and tip cell formation, lack of Notch signaling results in hypersprouting and an increase in the number of tip cells in vascular beds. In
vertebrates, there are four Notch receptors; Notch1-4, and five ligands; Jagged1,
Jagged2, DII1, DII3 and DII4. Notch directly works at cell-cell contact. Notch1,
Notch4, the ligands Jagged1, and Dll4 are involved in vasculature development.
Notch signaling inhibits angiogenesis by counteracting the initiation and
sprouting of endothelial tip cells (Siekmann et al., 2013). VEGFR2 signaling is
essential for the up-regulation of Dll4, which turns on Notch in neighboring cells
(Fig 1). Taken together, the fine tuning of VEGF/Notch signaling via ligands
and receptor is critical for the proper selection of angiogenic tip cells.

Figure 1. Signaling up and downs during sprouting angiogenesis (adapted from Siekmann et
al., 2013). (I) Tip cell activation: ECs respond to VEGF-A, which activates VEGFR2 and DII4
(in light blue). Lateral inhibition between activated cells mediated by Delta-Notch signaling
drives a single tip cell from a certain group of cells. (II) Sprouting: filopodia from tip cell extends
toward the source of VEGF-A, showing the boosted migratory activity and it is dependent on
VEGFR2 signaling level. (III) Anastomosis: this process will be covered in the next chapter in
3.2.4.
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3.2.3 Tip cell sprouting and stalk cell rearrangement
Angiogenic tip cells were first described in quail embryos in 1996, when Kurz et
al. observed that cells at the tip of angiogenic sprouts, which vascularize the
neural tube, are rich in filopodia (Kurz et al., 1996). Subsequent studies in the
mouse retina led to “the concept of tip cell” largely based on the differential
behaviors of tip and stalk cells during angiogenic sprouting (Gerhardt et al.,
2003). Tip cells have been compared to axonal growth cones during neurite
outgrowth. Indeed, it is now apparent that axonal growth cones and endothelial
tip cells share a number of guidance cues, such as Semaphorin/Plexin, Netrin/
Unc, and Slit/Robo ligand/receptor pairs (for a review, see Larrivée et al., 2009;
Weinstein, 2005). The sprout is initiated by a tip cell, which is followed by one or
two cells from the dorsal aorta. Several molecules essential for axonal guidance
have tissue specific-roles in controlling endothelial tip cell function. For example,
the chemokine receptor CXCR4 is expressed in angiogenic tip cells and
important for the outgrowth of the retinal vasculature (Strasser et al., 2010). Not
only cell proliferation, but also cell elongation is required to complete this
process. It has been investigated in many different experimental in vivo and in
vitro systems. Particularly, the formation of the Intersegmental vessels (ISVs) was
extensively studied in the zebrafish. During ISV formation, the sprout is not yet
lumenized. EC elongation is accomplished by the transition of junctional
morphology from round to elliptical ring shaped. In this morphological changes,
VE-cadherin and actin polymerization are required for stalk cell rearrangements
(Sauteur et al., 2014). In addition, indispensable physical forces that are applied
to the growing edges of the junctions were reported (Paatero et al., 2018) and in
order to provide more details, I discuss this topic in a separate chapter (see chapter
3.4).
Vascular ECs show distinctive morphological adaptations to shear stress that
include planar cell polarity (PCP). Cell elongation in the shear direction is
supported by a reorganization of actin in stress fibers, redistribution of focal
adhesion complexes, and assembly and disassembly of cell-cell junctional
molecules. Establishment of cellular polarity is crucial for tip cell sprouting and
12
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also for stalk cell rearrangement (Pelton et al., 2014). PCP in vertebrates involves
multiple signaling transductions and proteins: RhoGTPase, Cdc42, and glycogen
synthase kinase-3β (GSK-3β). GSK-3β-related regulation of microtubules is
critical to morphological adaptations of endothelium to shear stress (McCue et
al., 2006). The alignment of ECs in the direction of blood flow requires sensing
of mechanical shear stress and the translation of these signals into biochemical
responses that mediate actual cytoskeletal remodeling. There are several
identified mechanosensitive molecules such as G protein-coupled receptors
(GPCR) (Wang et al., 2015). Apeline receptor is one of the GPCRs, involved in
EC and cardiac precursor cell migration. Knock-down of the Aplnr function in
zebrafish embryos leads to disruption of cell polarity and disorganization of
cytoskeletal structures. These sets of experiments demonstrate the requirement
for the Apeline receptor in angiogenic sprouting. During EC migration, Golgi
apparatus shows a leading position ahead nucleus. Thus, Golgi is labelled with a
fluorescent protein and was used as a polarity indicator for this study (Kwon et
al., 2016).
3.2.4 Anastomosis
Angiogenesis completes when the sprouting vessel has made a connection to the
blood circulation. Vascular anastomosis is a fundamental process that describes
the connection between angiogenic sprouts and blood vessels. Therefore,
anastomosis can be considered the closing act of sprouting angiogenesis.
Anastomosis has been well described by in vivo live imaging analysis of
transgenic zebrafish embryos and may occur in a variety of vessel conformations
(Fig 1); by two tip cells from two distinct sprouts, between one tip cell and a
lumenized vessel, or between two sprouts (for a review, see Betz et al., 2016).
Powerful in vivo live imaging enables observation in a timely manner of cell
behaviors from initial filopodial contacts to de novo multicellular connection. A
first step of anastomosis is the formation of a contact between two cells, which is
reinforced by the deposition of adherens junction (AJ) molecules such as Cdh5/
VE-cadherin. From the adhesion sites, cells accumulate apical membrane
proteins, which ultimately lead to the formation of ring-shaped AJs. From the
13
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AJs, a luminal pocket is generated and becomes a further niches for luminal
growth (Lenard et al., 2013). There are two different morphogenetic mechanisms
of lumen formation during anastomosis: transcellular lumen formation (Type 1)
and cord hollowing (Type 2) (Herwig et al., 2011) (Fig 2). Both processes are
initiated by the formation of filopodial contacts. The multiple contacts are
stabilized in one location, an apical membrane initiation site (AMIS), where
novel apical membrane is inserted. In type I anastomosis, apical membrane
invaginates due to blood pressure generating a unicellular tube containing cells
with a transcellular lumen. By a cell rearrangement process, a transition from
unicellular to multicellular tube is completed. In type II anastomosis, cell
rearrangements lead to lumen coalescence and the formation of multicellular
tube.
3.2.5 Pruning process

Once functional vascular systems have been established, they often remodel in
order to optimize flow or adapt to the surrounding tissue needs. There are several
ways to remodel the vessels for optimization: apoptosis in the regression of larger
blood vessels and/or pruning of smaller vessels. This pruning process was first
described in the mouse retina, where retraction of capillaries was observed to
shape the vascular plexus (Ashton, 1966) and VEGF in this process has a role. In
conditions of the high level of oxygen, the production of VEGF in the vessel
surrounding tissues is cut off, resulting in vessel pruning (Alon et al., 1995).
These studies pointed that apoptosis is the main player in the pruning. However,
in a later publication (Chen et al., 2012), it was reported that dynamic cell
rearrangement rather than apoptosis is the leading factor for pruning process.
Pruning events occur at loop-forming segments that display lateral migration of
ECs from the pruning vessel to the maintaining vessels (Kochhan et al., 2013;
Korn et al., 2014; Lenard et al., 2015; Franco et al., 2016). Eventually, this
remodeling is important for the establishment of functional vascular networks
that allow the efficient exchange of nutrients and gas during animal
development.
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3.2.6 Remodeling at the (sub-)cellular level: the transformation of
unicellular vessels to multicellular vessels

Figure 2. A model of vascular fusion and junctional organization during anastomosis (Herwig
et al., 2011). Left, cord hollowing mechanism ends up in a multicellular vessel. Cell
rearrangements merge together two junctional rings and two apical membrane compartments (iiii) that then turn into one membrane compartment (iv-vii). Right, cell membrane invagination
brings to the formation of a unicellular tube. The apical membrane of the green cell penetrates
the green cell (i-ii). It fuses with its own apical membrane (iii-iv) and sequentially the neighboring
cells (purple and blue) (v-vii).
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To manage the important morphological transition from unicellular to
multicellular vessels, two distinct processes of vessel fusions together with lumen
formation have been suggested: (1) cell membrane invagination and (2) cord
hollowing. In the first step, via junctional expansion, a cellular interface of apical
membrane marked by Podocalyxin-2 (Podxl2), is generated. Then during the
cord hollowing, the apical membrane is induced to transform until the lumen
coalescences by cell rearrangement and junctional elongation, eventually
resulting in the formation from a unicellular to a multicellular tube (Herwig et
al., 2011) (Fig 2).
Lumen formation has previously seen investigated using confocal time-lapse
movie analysis of zebrafish embryos (Kamei et al., 2006). This publication
suggested a model in which the vascular lumen is newly generated by the
formation and intracellular and intercellular fusion of endothelial vacuoles.
Vessels formed in this way consist of a seamless tube (like an unicellular tube)
having an intracellular lumen. However, based on a study with the same model
organism (Blum et al., 2008), endothelial cells in the ISV share cell junctions over
the entire vessel length. This demonstrates that the luminal space is in-between
adjacent cells, or extracellularly. It appears likely that the lumen of ISV is formed
by intracellular vacuoles being exported into an apical side (intercellular space) at
cell-cell contact surrounded with junction. At the end, this process leads to the
formation of a common intercellular luminal space for entirely open tubes as
suggested by Kamei et al., 2006. In this way, a multicellular tube can be formed.
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3.3 The morphogenetic principles underlying vascular tube formation during
vasculogenesis and sprouting angiogenesis
3.3.1 Different types of tubes
Many multicellular organisms comprise branched tubular structures such as
lung, kidney, mammary gland, or vasculature. These organs develop through a
process called branching morphogenesis, which results from the remodeling of
epithelial or endothelial cells into multicellular tubular networks. Some branched
systems are prevalent throughout the whole body and interconnect with several
other organs or tissues; for instance, the vasculature system in zebrafish and the
tracheal system in fruit fly. Others are defined more locally such as the lung, the
kidney or glands (Ochoa-Espinosa and Affolter, 2012).
Sprouting and anastomosis are fundamental processes during branching
morphogenesis in the drosophila trachea and the vertebrate vasculature. The
branching process in both systems (invertebrate and vertebrate) are initiated by a
few migratory cells. The migrating cells eventually settle and become a sheath of
outgrowing sprouts, while only selected tip cells and stalk cells contribute for the
establishment of the actual branch as it forms. From those initial branches, later
branch growth and dynamic cell behaviors can be followed by further cell
divisions (in the vasculatures) or by cell growth via polyploidization (in the
tracheal system) (for a review, see Kotini et al., 2019). In contrast to these
relatively simple morphological branching processes, branching in kidney or lung
is known to be more complicated, involving collective behavior of larger group
of cells (Neumann et al., 2018).
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3.3.2 Lumen formation
A lumen can be formed by a pre-existing extracellular space or de novo inbetween cells or within a single cell. There are distinct mechanisms of new
lumen formation observed in vitro and in vivo. The process during lumen
formation has the apical membrane expansion through of vesicle trafficking and
of microtubule/actin cytoskeleton controlling (for a review, see Strilić et al.,
2010).
During the assembly of the first vessels by vasculogenesis, the lumen formation
progresses by the establishment and reorganization of junctions, the specification
of the apical-basal membrane compartments, and cell shape changes (Strilić et al.
2009). Interestingly, clear lumens are formed before the onset of heart pumping,
which suggests that their formation is blood flow-independent. In angiogenesis,
lumen formation is influenced by already existing vessels by generating
hemodynamic forces, employing the important mechanistic distinctions between
two processes (Gebala et al., 2016).
Several mechanisms of de novo lumen formation have been described: (1) cord
hollowing, (2) cell hollowing (for a review, see Ellertsdóttir et al., 2010), (3)
plasma membrane invagination, and (4) cavitation. Cord hollowing results from
lumen formation at the contact surface between cells and vesicles fusing to the
apical membrane. The delivery of vesicles induces an increase at the membrane
surface and eventually leads to the enlargement of the lumen. Slightly differently,
the apical vesicles contribute to the formation of the lumen in cell hollowing.
The major distinctive point is that these vesicles do not travel to the plasma
membrane of the cell, rather they fuse within the cytoplasm, accumulating and
forming an expanded intracellular lumen, that further merges with the plasma
membrane of the cell. In addition, plasma membrane invagination generates a
lumen by adding membrane to a pre-existing apical membrane via vesicular
trafficking and continuously extending the lumen at the inner side of the cell.
Lastly, in cavitation, the cells in the center of a cell mass are cleared away by
apoptosis.
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A recent study by Helker et al., 2013 analyzed common cardinal vein (CCV)
development, which occurs via a novel mechanism of vascular lumen formation
in zebrafish embryos and is named “lumen ensheathment.” The angioblasts that
establish the definitive CCVs, become specified as a separate population distinct
from the angioblasts that form the lateral dorsal aorta. The CCV formation is
happening during the ECs delaminate and align along the inner surface of an
existing luminal space depend on Cadherin 5 function. This has an interesting
point because the CCVs are initially established as open-ended endothelial tubes,
which extend as single EC sheets along the flow of the circulating blood and
eventually enclose the entire lumen in the last part development of the venous
system, ultimately collecting all venous blood and transporting into the sinus
venosus of the heart (Schuermann et al., 2014).
Moreover, nascent sprouts show apical-basal polarity during lumen formation
and growth. This is crucial because knockdown of the apical makers, for
example moesin and podocalyxin, lead to a failure in lumenization (Strilić et al.,
2009; Wang et al., 2010). Moreover, junctions plays an important role in the
strengthening of polarity, because knockdown of VE-cadherin junctional
molecules induces mis-localization of these apical markers (Strilić et al., 2009;
Wang et al., 2010). Cell junctions provide docking sites for the protein molecules
involved in apico-basal polarity. Inversely, the polarity controls the expression
and organization of EC junction components. In the endothelium, in vivo, VEcadherin, aPKC, PTEN, Par3, and Rho GTPases are required for setting up
polarity (Lampugnani et al., 2010). In addition, signaling from the extracellular
matrix might initiates spatial cues for the polarity organization because
endothelial-specific knockout of integral β1 in mouse embryos results in
disorganization of cell contacts, decreased Par3 expression and induced defects
in lumen formation (Zovein et al., 2010). In vitro, VE-cadherin was shown to
directly interact with polarity proteins Par6 and Par3 (Iden et al., 2006; Tyler et
al., 2010). By here, we highlight the strong relationship between lumen formation
and organization of endothelial junctions via the apico-basal polarity setting.
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3.4 Junction-based lamellipodia driven by a VE-cadherin/F-actin based
oscillatory cell-cell interaction
3.4.1 Junction-based lamellipodia (JBL)
A key feature of endothelial cells is there dynamic plasticity which allows them
to control vascular stability, permeability, and vascular remodeling while
maintaining a vascular seal. Many of these endothelial activities require
modulation of junctional dynamics (as discussed below). Previously it was
thought that junctions function to ensure vascular stability, for instance keeping
cells in place. To validate this view, gene knockout experiments should be
performed. When the VE-cadherin is removed from zebrafish, cells do not
arrange (Sauteur et al., 2014). This was the first in vivo evidence for an active
contribution of VE-cahderin to remodeling and is consistent with mouse
allantois culture data (Perryn et al., 2008); blocking of Cdh5 function in vitro
enormously interfered with dynamic cellular rearrangements during sporting
elongation. Vascular sprout formation entails tissue deformations and VEcadherin-dependent cell-autonomous motility. Now we know that VE-cadherin is
important for the formation of multi-cellular vessels. On top of that, to arrange
ECs, proper junctional elongations are a prerequisite (Sauteur et al., 2014).
For a better understanding of the systematically orchestrated cell behaviors
during angiogenesis process, a former postdoc from our lab, Ilkka Paatero made
careful observations on the dynamic VE-cadherin junctional movements during
anastomosis in DLAV region. The rapid cell rearrangements required several
proteins to work together sequentially. The most phenomenal finding in his study
(Paatero et al., 2018) was that at the medial edges of a growing junction,
accumulations and dynamic protrusions of several junctional components and
actin molecules were found. Thus, he named these structures “Junction-Based
Lamellipodia (JBL).” Using high-resolution time-lapse video analyses, he
confirmed that junctions are definitely not static, but rather oscillating flexible
materials, which facilitate the complexed junctional structures to develop the
established vessel formation.
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The thickness of remodeling junctions is polarized. The accumulation of
junctional proteins VE-cadherin (CDH5) and Zonula occludens-1 (ZO1) by
immunostainings is seen on the growing direction of junction, i.e. the medial
side of a junction. By the analyzing of remodeling junctions in vivo using a
reporter line expressing an endogenous VE-cadherin fluorescent fusion, dynamic
oscillations of VE-cadherin and F-actin are observed; protrusions are oriented
along the DLAV axis and show the consistency to the thickening of medial
junctional regions. The protrusion and retraction are periodic with a 6 min time
interval but eventually proceed to form the elongated junction as an outcome of
the oscillation. This polarized junctional elongation reflects active endothelial
cell movements. Rhythmic VE-cadherin and F-actin patterns resemble classical
lamellipodia; remodeling junctions form the junction-based lamellipodia.
Beside of the temporal characteristic of JBLs, there are also spacial aspects.
Thanks to the differently fluorescent-tagged F-actin, VE-cadherin and ZO1, the
spatiotemporal relationship among the molecules were unraveled. Both VEcadherin and ZO1 follow the junctional F-actin front showing different
distribution pattern. VE-cadherin diffuses at the front and mostly overlaps with
the F-actin protrusions. However, ZO1 shows a defined transition pattern.
Initially, it remains at the junction at the proximal end of the protrusion but at
later time, it is observed at the front edge of the JBL, indicating the formation of
a new junction. Taken together, initially, F-actin protrusions precede VEcadherin acting like a ratchet, which becomes a physical anchor point, and then
VE-cadherin junctions set up ahead of ZO1 junctional accumulation. A ratchetlike molecular mechanism of junction remodeling (our working model) is
depicted in Paatero et al., 2018.
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3.4.2 Molecular components and regulatory mechanisms of JBL: VEcadherin and F-actin polymerization
Vascular Endothelial- (VE-) cadherin (CHD5) is the major transmembrane
component of endothelial adherens junctions in between the ECs. It is essential
for de novo vascular network organization during angiogenesis, controlling
permeability of the endothelium, various signaling pathways including betacatenin signal transduction and shear stress sensing (Bravi et al., 2014). In the
extracellular part, VE-cadherin has five cadherin repeats, which carry several
calcium binding sites. On the other side, the intracellular domain binds to
cytoplasmic catenins: beta-catenin, plakoglobin, and p120 (Nelson, 2008). The
important roles of the catenins are (1) tethering VE-cadherin to the cortical
cytoskeleton and managing its cytoskeleton function and (2) making connections
to many different molecules such as alpha-catenin (Lampugnani et al., 1995),
VEGFR2 (Lampugnani et al., 2006), CCM1 (Glading et al., 2007), Rap1
(Glading et al., 2007), and EPAC1 (Rampersad et al., 2010). Binding cadherins
via beta-catenin to alpha-catenin is functionally important for VE-cadherin. Such
interaction enables VE-cadherin to connect to the cortical acto-myosin
cytoskeleton (Pokutta et al., 2008). At the same time, this results in the
stimulation of Rho small GTPase that activates ROCK to phosphorylate myosin
light chain 2 (MLC2). From this process, the pulling forces between the cell-tocell junctions are generated for increased permeability (Lampugnani, 2012). In
contrast, activation of Rac GTPase reinforces endothelial junctions by inhibition
of Rho and stabilizing the actin cytoskeleton (Spindler et al., 2010). This topic is
described in further detail in the chapter 3.5.
In a previous study of the role of VE-cadherin during angiogenesis, a former
PhD student from our lab, Loïc Sauteur, analyzed the VE-cadherin null zebrafish
mutant (Sauteur et al., 2014). He described the cell dynamics driven by actin
polymerization and the following angiogenic stalk cell elongation acquired from
the transformation of VE-cadherin junction from round to elliptic shape. Upon
the removal of the cdh5 gene, failed stalks cell rearrangement is the most
noticeable phenotype compared to the normal tip cell migration during the
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angiogenic sprouting. Two ways of validation (and quantification) of the
junctional elongation were applied to this VE-cadherin null mutant study: (1)
endogenous immunofluorescent assays and (2) in vivo time lapse analyses of the
transgenic lines. Discontinuous junctions in ISVs are frequently observed in
mutants, which are nearly absent in control. From the plotting of circumference
versus area of individual cell-cell interfaces, the level of the deformed junction
was quantified. In addition, using a transgenic fish expressing an EGFP-tagged
ZO1 reporter in ECs, the failures of cell elongation are reported in mutant
compared to the normal longitudinal expansion of cell-cell junction in wild-type.
These observations indicate that the rearrangements of ECs, which are a
prerequisite for multicellular tube formation, require VE-cadherin function.
Based on the common knowledge that the actin cytoskeleton is connected to the
C-terminus of cadherin-based adherens junction proteins, the organization of Factin was observed with a high-resolution confocal microscopy. In contrary to
the complex meshwork of cortical actin fibers in wild-type during intersegmental
vessel development, the pattern of actin cytoskeleton is disturbed in mutants.
Thus, the absence of VE-cadherin and the resulting loss of connection to F-actin
leads to the cell shape changes, which inhibit stalk cell elongation. Taken
together, this publication implicates that the stalk cell elongation during
sprouting outgrowth requires not only VE-cadherin itself, but also proper
docking of the actin cytoskeleton to the VE-cadherin (Sauteur et al., 2014).
Since junctional elongation and cell rearrangement are important for proper
angiogenesis vessel formation, two key elements in the underlying mechanisms
can be identified: VE-cadherin and F-actin. Therefore, during the JBL function,
the oscillations of VE-cadherin and F-actin are observed and the actin
cytoskeleton organization tends to affect the stalk cell elongation based on the
VE-cadherin null mutant analysis. To figure out the molecular mechanism
underlying JBL formation, the F-actin dynamics were challenged by
pharmacological approaches. Upon the application of Latrunculin B (a inhibitor
of F-actin polymerization) (Coué et al., 1987), the formation of JBL is not
present. However, NSC236766 (a Rac inhibitor of lamellipodial F-actin
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remodeling) (Gao et al., 2004) did not lead to obvious implication in JBL
formation but caused the longer lasting JBL dynamics, indicating additional
defects in lamellipodial dynamics. Both compounds inhibited the elongation of
the junction during DLAV formation supporting that proper function of JBL is
necessary for junctional elongation during anastomosis. In addition, the
appropriate application of actin forces to VE-cadherin is required JBL to be
functional.
The direct interaction of VE-cadherin and F-actin is essential for JBL formation
(Paatero et al., 2018). VE-cadherin mutants lacking beta-catenin binding site
(which mediates VE-cadherin and F-actin interaction) show a missing of VEcadherin accumulation in the medial part of JBLs as well as a slower F-actin
oscillation, showing delay in the JBL cycle compared to wild-type. These
observations suggest that VE-cadherin plays an important role in F-actin
dynamics and the VE-cadherin/F-actin interaction is key for the JBL
functionality during junction elongation and ECs rearrangement in vivo.
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3.5 Rasip and Radil – the regulators of vascular morphogenesis
So far, I have been interested how VE-cadherin can be regulated and controls cell
rearrangement during ISV and DLAV formation (anastomosis). Next, I
employed a candidate searching approach to find a potential regulator of
dynamic cell behaviors, which are influenced by VE-cadherin and F-actin.
Hereby, I have investigated the role of Ras-interacting protein 1 (Rasip1) in the
junctional remodeling and the possible relationship between Rasip1 and actin
because Rasip1 might take a part in VE-cadherin junctional dynamics via
controlling actomyosin contractility based on previously published literatures. In
this chapter, I will describe various upstream and downstream effectors of
Rasip1, which broad our understanding of the Rasip1 molecule.
3.5.1 Rap1
The small G-protein Rap1 plays a crucial role in the regulation of the endothelial
cell barrier by manipulating cell-cell adhesions and their connection to the actin
cytoskeleton. Rap1 has two homologous isoforms, Rap1A and Rap1B, that have
95% sequence homology, and is known as a controller of cell adhesion to other
cells or to the extracellular matrix (Kitayama et al., 1989). Multiple downstream
players reported in the field suggest that Rap1’s implication in cell adhesion
dynamics are vital for many processes, including angiogenesis. Rap1 changes its
form between two states: an active, GTP-bound state and an inactive, GDPbound state. This change is depending on guanine nucleotide exchange factors
(GEFs), which bind to Rap1 and stimulate the association with GTP, inducing
the activation of Rap1. In contrast, GTPase-activating proteins (GAPs) bring the
GTP-hydrolyzing activity of Rap1 and inactivate the G-protein (Bos et al., 2007).
The balances between GEFs and GAPs are important to control endothelial
barrier function.
Adjustment of EC permeability is depended on the three different levels of Rap1
activity (for a review Pannekoek et al., 2014) (Fig. 3). (1) Endothelial monolayers
maintain a certain basal barrier function, which can be reduced in cells without
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Rap1. (2) Hyper-permeability can be induced by growth factors i.e. VEGF upon
the necessity of the underlying tissue. Barrier is reverted to the basal level
afterward but, depended on the level of Rap1, the recovery can be prolonged in
reduced Rap1 circumstances. (3) High level of barrier can be accomplished by
cAMP-inducing agents and can be translated into the tightening of endothelial
barrier. This process can be hindered by Rap1 removal. The various effectors
such as PDZ-GEF, RapGEFs C3G, and Epac1, activate or inactivate Rap1 to
control the different levels of permeability. Especially, activation of Epac1 results
in the high level of barrier tightening (Pannekoek et al., 2011). An Epac1dependent cascade controlling the barrier function of HUVEC has been revealed
(Sehrawat et al., 2008). Also, Epac1 deletion in mice is reported to increase
permeability in skin, muscle, and fat tissues (for a review Pannekoek et al., 2014).
Hereby, the basal barrier function relies on an intrinsic level of barrier regulation
of Rap1 and when cAMP levels are low.
Figure 3. Three different
l eve l s o f c o n t r o l l i n g
barrier (Pannekoek et al.,
2014). Basal barrier state is
a default state of
endothelial monolayers
during

Rap1

is

continuously activate by
PDZ-GEFs. It is a putative
downstream player of VEcadherin at cell-cell
contacts.

After

hyperpermeability initiated
by for example thrombin,
barrier states are actively
restored to the basal level
via activated Rap1 via Src
signaling C3G. Lastly,
barrier tightening is started
by increased cAMP
together with activated the
RapGEF Epac1.
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When the level of vascular permeability exceeds the needs of the underlying
tissue, enhanced tightening between the ECs are required. Increased intracellular
levels of cAMP, which targets to PKA and Epac1 proteins, initiate the tightening
process of the endothelial barrier. Epac1 is a key element to activate Rap1
signaling when it binds to cAMP. A chemical analog of cAMP, or 007, also
boosts the tightening process of endothelial barrier. Epac1-Rap1 generates a
higher level of barrier function in in vitro cell culture system (Cullere et al., 2005),
in ex vivo isolated rat venules (Adamson et al., 2008) and in in vivo dermal leakage
induced by VEGF (Fukuhara et al., 2005). Epac1 has two isoforms: Epac1 and
Epac2. Only Epac1 is expressed in ECs. In Epac1 null mice, severe vascular
leakage is observed due to the defects in barrier tightening (Pannekoek et al.,
2014). Interestingly, Rap1 knockdown, as removal of the downstream pathway
Rasip1-Radil (Rasip1 homolog)-Arhgap29, cuts off the tightening of barrier
(Post et al., 2013) and this mechanism will be described in the later chapters.
3.5.2 Rasip1
Blood vessels must keep their EC junctions properly tightened up to prevent
leakage of plasma proteins or red blood cells into the underlying tissue.
Therefore, ECs composing the vessels are required to sense their environment
and react to the local changes to mediate the necessary exchange of fluid,
proteins, and cells. The failure to regulate endothelial junctions at cell-cell
contacts results in pathological symptoms such as cerebral cavernous
malformation (CCM) (Maddaluno et al., 2013 and see also chapter 3.5.4) and
hereditary hemorrhagic telangiectasia (HHT) (Govani and Shovlin, 2009). As I
described in the previous chapter 3.4, VE-cadherin is one of the important
junctional molecules, which are involved in endothelial barrier function while it
also controls actin cytoskeleton (Wilson and Ye, 2014). On top of that, Rap1
small GTPases work in the upstream of VE-cadherin junction and influence
various downstream players to eventually lead to the stabilization of cell-cell
junctions (Pannekoek et al., 2009).
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Rap1 stabilizes junction under the control of various effectors, which regulate
actin cytoskeleton (Wilson and Ye, 2014) (Fig. 4). One of the effectors, Rasinteracting protein 1 (RASIP1) was identified by a yeast two-hybrid screening
with Rap1. From the screening, RASIP1 was assumed to be a Ras/Rap effector
and a member of the afadin family based on its domains: N terminal RA,
forkhead-associated, and dilute domain (Mitin et al., 2004). Rasip1 is expressed
exclusively in ECs and its loss causes embryonic lethality in mice due to severe
vascular defects including failed tubulogenesis (Xu et al., 2011). The removal of
rasip1 induces pericardial edema, multi-site hemorrhages, and malformation of
vasculatures with interrupted blood circulation. Knockdown of rasip1 by
morpholino injection in zebrafish embryo causes irregularly shaped vessels with
hemorrhage in cranial brain vessels. Based on those findings, Rasip1 has an
important role during embryonic blood vessel development and maintenance
(Wilson et al., 2013).
Knockdown of RASIP1 in HUVEC causes increased permeability of monolayers
of ECs, suggesting the failure to maintain endothelial barrier function (Wilson et
al., 2013). The same defects have been reported with the removal of Rap1
(Fukuhara et al., 2005). Since RASIP1 is a downstream effector of Rap1, it is
also likely to promotes the barrier function between ECs. From electron
microscopy observation, disrupted cell-cell contacts were observed in RASIP1deficient ECs. This decreased barrier function is an outcome of linear junctions
and related circumferential actin bundling; normally assembled actin moves
away from cell-cell contacts. The morphology of junctions appears like focal
adherens junctions (FAJs), which are an indicator of nascent junction state in
vitro and in embryonic vascular niches in vivo (Post et al., 2013). The mechanism
underlying the role of RASIP1 on FAJ formation has not been fully established.
However, two hypotheses exist in the field: (1) RASIP1 potentially enhances
actin bundling around the circumference at cell-cell contacts, and (2) it may block
FAJ formation or junctional remodeling and break the balance between linear
and FA junctions. RASIP1 knockdown disturbs actin bundling at the growing
edge of cells, and impedes cell spreading, which is highly depend on coordinated
actin remodeling (Wilson et al., 2013). Therefore, RASIP1 is possibly involved in
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the organization of ECs and has implications of junction/actin dynamics
(Wilson and Ye, 2014).

Figure 4. RAP1 signaling focused on the downstream effectors in ECs control (Wilson and Ye,
2014). Most upstream, potentially G-protein coupled receptors (GPCRs) induce activation of
adenylyl cyclase via Gαs, and cause production of cyclic AMP (cAMP). A guanine nucleotide
exchange factor (EPAC1) binds to available cAMPs and triggers the activated form of small
GTPase as GTP-RAP1A/B. This active form possibly works together with RASIP1, RADIL,
AF6, and KRIT1 (or CCM1). RASIP1 putatively together with RADIL boosts bundling and
cross-linking of cortical actin by non-muscle myosin heavy chain II (nmMHCII). As an outcome,
the actin network may prevent the formation of focal adherens junctions (FAJs), which generate
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longitudinal stress fibers and contractions between two cells. AF6 (as also known as afadin)
enhances the accumulation of junctional components and binds directly to beta-catenin and
KRIT1 (or CCM1). The AF6/KRIT1 interaction inhibits RHOA/ROCK pathway, which works
in antagonist way of RASIP1/RADIL, while reducing contraction and FAJ formation.

There are many interesting questions remaining about the RASIP1 function,
downstream of RAP1 and upstream of many other effectors, such as actin and
VE-cadherin. For example, how does Rasip1 interact with VE-cadherin? and If they
interact, is it involved in F-actin dynamics?
Endothelial specific Rasip1, differently from ubiquitous Rap1 proteins across
various tissues, is essential for blood vessel formation. The mice loss of function
mutant is embryonic lethal by E10.5 (Xu et al., 2011). In human, a single
nucleotide polymorphisms (SNP) in the Rasip1 locus causes retinal venular
caliber (Ikram et al., 2010). Based on the interaction between Rasip1 and Radil,
Rasip1 controls the phosphorylation of Myosin Light Chain 2 (MLC2) via
Arhgap29 and plays an important role during lumen formation (See chapter 3.5.3).
In HUVECs, the depletion of either Rasip1 or Arhgap29 impairs lumen
formation in Matrigel (a gelatinous protein mixture) and it can be rescued by
dominant-negative RhoA (Xu et al., 2011). Also, HUVEC monolayers displayed
discontinuous adhesive junctions and increased radial stress fibers (RSF) upon
the loss of Rasip1, supporting a role of Rasip1 in the maintenance of barrier
functions (Wilson et al., 2013). In addition, the double depletion of Rasip1 and
Radil (Post et al., 2013), which can bind to Arhgap29, enhanced the phenotype
(Ahmed et al., 2012). These observations shed light on the Rasip1 function in the
stabilization of junctions to maintain the cell barrier and it works depending on
the Rho activity, which is controlled by Radil-Arhgap29 (Xu et al., 2011).
Interestingly, the junctional localization of Rasip1 protein is conferred by Rap1.
The downstream signaling cascade of Rap1 is the Rasip1/Radil-Arhgap29-Rho,
which results in the huge difference in tension between endothelial cells and
eventually controls endothelial barrier function (Pannekoek et al., 2014).
Recently, Ondine Cleaver’s group from the University of Texas Southwestern
Medical Center, United States, reported two ways of modulation of
tubulogenesis and vessel expansion by Rasip1 during vasculogenesis. After
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angioblasts migrate to the medial line, Podocalyxin (PODXL) is localized in a
polarized manner to the apical region, showing an adverse effects at the cell-cell
contact. (1) By activation of Rasip1 and Cdc42-Pak4 signaling, non-muscle
myosin II (NMII) generates contractile forces on F-actin to reorganize adhesion
molecules away from the central (pre-apical) region to the periphery, thereby
hollowing the luminal space. (2) After lumen is formed, inhibition of the RhoAROCK transduction pathway through Rasip1 and Arhgap29 relaxes the NMII
activity and eventually induces lumen expansion. This time- and spacedependent mechanisms of Rasip1 organize tubulogenesis in a tightly regulated
manner. To validate this hypothesis, the genetic knockdown and pharmacological
inhibition of Cdc42 and RhoA molecules were performed. By various
phenotypical observations, the downstream mechanisms of Rasip1 were
suggested in two ways with a spatiotemporal reference: at apical membrane or
near the junction and before or after the luminal formation (Barry et al., 2016).
3.5.3 Radil
Upstream players, which regulate the activation of RASIP1, could be: GPCRs,
increased cAMP, RAP1, and EPAC1. In parallel of the activated RASIP1, there
are several downstream effectors of RAP1: afadin, KRIT1 (or CCM1), and
RADIL. They are preliminarily involved in the promotion of cortical actin
bundling and upon loss of function, the endothelial cell barrier was negatively
affected (Wilson and Ye, 2014). More recently, the conjunction between Rasip1
and Radil has gained attention because its suppression function of RhoA/ROCK
signaling via RhoGAP, or Arhgap29. Radil was reported first as a novel human
protein by a screening for genes induced by an oncogenic translocation in a
paediatric sarcoma and it encodes 1075 amino acids, including a Ras associating
domain (RA), a Dilute domain (DIL) and a PDZ domain at the C-terminus
(Smolen et al., 2007). The sequence alignment shows a highly conserved
sequence of the RA domain of Rasip1 and Radil with about 31% identity (Kreuk
et al., 2016). Radil is also known to be involved in cell spreading and migration.
The kinesin KIF14 binds to the PDZ domain of Radil and regulates Rap1mediated integrin activation negatively by restricting Radil on microtubules. The
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lack of KIF14 leads to increased cell spreading, alters focal adhesion dynamics,
and reduction in cell migration and invasion. Also, Radil is important for breast
cancer cell proliferation and for metastasis in mice. In several cancers, upregulated Rap1 and KIF14 are required to match the optimal levels of Rap1Radil signaling, activation of integrin, and cell-matrix adhesion which is needed
for tumor progression (Ahmed et al., 2012). In addition, crystal structure analysis
of Radil suggests a dimer structure, which is stabilized by an interface burying
30% of the entire surface area of each monomer and the area is also conserved in
Rasip1 showing two Rap1 per dimer (Kreuk et al., 2016). At cell junctions, the
suppressed ROCK activity driven by Rasip1-Radil-Arhgap29 possibly controls
vascular permeability and diameter.
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Figure 5. CCM1 and HEG1 are the parallel effector partners of Rasip1 (Lampugnani et al.,
2018). Rasip1 is required for the junctional stabilization at cell-cell contact region. There are two
main streams of the Rasip1/Radil working machinery. CCM1 is connected to the Rasip1/Radil
via HEG1, which localized at the membrane. Upon the activation by Rap1-GTP, Cdc42 induces
linear and continuous adherens junction arranged by cortical actin, rather by radial actin. On the
other hand, together with Arhgap29, CCM1 inhibits Rho/ROCK pathway and further radial
actin fiber formulation and stress fibers organization, which drives cell contraction. From the
reduction of Rho/ROCK signaling, focal adheres junctions set up for the stabilization of
junctional molecules.

3.5.4 Ccm1 and Heg1
Beside from binding to Rasip1-Rap1 and Rasip1-Radil, Gingras et al., 2013
raised an important point that Cerebral Cavernous Malformation 1 (CCM1 or
KRIT1) functions at endothelia cell-cell junctions and that its physical/structural
interaction with both Rap1 and Heart-of-glass (HEG1) is required for its
localization at cell-cell contact. This brings an intriguing aspect, suggesting that
Rasip1 might work together with CCM1 and HEG1 upon Rap1 activation.
CCM1 was initially identified in a yeast two-hybrid screening for Rap1
interactors, and carries a FERM domain for interactions with the actin
cytoskeleton (Serebriiskii et al., 1997). In situ analysis of CCM1 mRNA shows
expression in the posterior cardinal vein in zebrafish embryo, which indicates the
endothelial characteristic of CCM1 (Mably et al., 2006). Upon the activation of
Rap1 signaling, it induces the detachment of CCM1 from microtubules and the
relocation to cell-cell junctions, making additional interaction with CCM2,
CCM3, and other junctional molecules, such as afadin, and beta-catenin, to seal
the EC barrier and to set up EC polarity (Glading et al., 2007). CCM1 is known
to suppress RhoA that leads to the phosphorylation of myosin light chain
(MLC), increase of stress fiber formation, and eventually loosening of barrier. In
in vitro assay, the CCM complex has also been involved in limiting actomyosin
cytoskeleton function via the inhibition of the RhoA-ROCK pathway (Borikova
et al., 2010). Mouse ccm1 knockout is embryonic lethal with a massive dilation of
DA and cranial vessels (Whitehead et al., 2004). Inducible knockout of ccm1 in
mice showed cranial vessel dilation with brain hemorrhage and mis-localization
of VE-cadherin. Therefore, the role of CCM1 is crucial to keep vascular barrier
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tight not to lose any blood cell, and protect junctions from becoming leaky
(Wilson and Ye, 2014).
CCM1-3 proteins are scaffold molecules that are found at adherens junction in
between ECs and associated with HEG1 and with beta-catenin bound to VEcadherin (Gingras et al., 2012). They form a ternary complex and the loss-offunction studies validated an inherited and sporadic neurological disease,
Cerebral Cavernous Malformation (CCM) in humans. This vascular
malformation is characterized by dilated micro-vessels in the central nerve
system, which results in leaky vessels and causes serious hemorrhagic stroke. So
far, there is no treatment. CCM molecules localize to junctions at cell-cell
contacts and regulate the organization and functionality of the junctional
molecules via actin bundling (Lampugnani et al., 2018) (Fig. 5). Activated Rap1GTP induces CCM1, which localized adjacent to the VE-cadherin junction, to
generate junctional tension as well as to reduce radial tension (Pannekoek et al.,
2014). In the lack of CCM1, localization of Rap1 to junctions is altered and
Rho/ROCK signaling is abnormally activated (Stockton et al., 2010). In
summary, CCM is a non-rare human disease in which components of adherens
junction are genetically mutated and in which endothelial adherens junction are
disorganized in in vitro assay systems, in model organisms, and in patients
(Lampugnani et al., 2018).
Heart-of-glass (HEG1) is a transmembrane receptor localized in ECs and
involved in vessel formation and stabilization. The absence of heg1 in mice
results in defects in heart, blood and lymphatic vessels (Kleaveland et al., 2009).
Similar to CCM1, HEG1 is also expressed in ECs (Thisse and Thisse, 2004).
HEG1 binds to CCM1 to regulate EC junctions and lead to the stable
formulation of cardiovascular systems (Gingras et al., 2012).
Recently, an unbiased proteomics screen for novel HEG1 interactors identified
Rasip1 and confirmed the direct binding relationship between HEG1 and Rasip1
(Kreuk et al., 2016). The Rasip1 binding site in HEG1 has been wrapped to a 9residue sequence in the C terminal region of HEG1. The deletion of these
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residues causes the disability of HEG1 to recruit Rasip1 near to the membrane
and the inhibition effect on the ROCK activity, which induces collapsed EC
junctional integrity. The binding of HEG1 to Rasip1 mediates Rap1-dependent
recruitment of Rasip1 to the EC contacts and stabilized junctions. This
highlights the importance of HEG1 that provides the physical mean for Rap1
signaling and Rasip1 localization to the junction during the setting up of vascular
integrity. HEG1 binds Rasip1 as well as CCM1 that binds to the 19-residue
sequence in the C terminal region of HEG1 (Gingras et al., 2012). Rap1 is
essential for Rasip1 and CCM1 to work with HEG1. Only when activated Rap1GTP is present, Rasip1 can make a functional complex with CCM1 and HEG1
(Kreuk et al., 2016).
3.5.5 Cdc42 and RhoA/ROCK
The small GTPases of the Rho family have been shown to regulate dynamic cell
behaviors in vitro and in vivo. Among that, the Rho GTPase cell division control
protein 42 (Cdc42) is well characterized as an essential factor for vasculature
formation. Especially, endothelial Cdc42 is required for tubulogenesis and cell
polarity during embryonic development. Rap1 concomitantly activates Cdc42
and its downstream effector, Myotonic dystrophy kinase-related Cdc42-binding
kinase (MRCK), which brings monophosphorylation of MLC2 on S19.
Compared to the diphosphorylation of MLC2 on T18 and S19 by Rho/ROCK
signaling, phospho-S19-MLC2 is detected at cell-cell contacts, explaining that
Cdc42 regulates junctional tension (Ando et al., 2013). Activated Rap1 inhibits
the formation of radial actin stress fibers via Rho-ROCK-NMII and the cell
constriction (Fig. 5). To support this model, endothelial specific Cdc42 KO mice
mutants were generated and they show altered angiogenesis processes, abnormal
vascular remodeling, F-actin mis-organization, and defective cell-cell junctional
composition. Thus, Cdc42 effectors are needed for proper actomyosin activity
and EC actin organization (Barry et al., 2015).
Rap1 controls the actin cytoskeleton as a downstream effector of the Rho
GTPase signaling. As I mentioned before, Rap1-induced inhibition of Rho
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signaling results in increased endothelial barrier function. In contrary, the
activation of Rho causes the leakage at cell-cell contacts (Post et al., 2015). Once
cytoskeletal tension is reduced, the adherens junction transforms to a linear
arrangement and the actin fiber becomes parallel to the cell-cell contact. The
actin tension is regulated by myosin motors laying on the actin cable. The
phosphorylated MLC2 on T18 and S19 residues is induced by the activation of
kinase ROCK. ROCK is a downstream effector of the Rho proteins and the
activated RhoA/ROCK signaling works as a main controller of cytoskeleton
tension (Pannekoek et al., 2014). Abnormally elevated RhoA/ROCK activity is
involved in numerous cardiovascular diseases. In addition, RhoA can activate the
two isoforms of ROCK, ROCK1 and ROCK2. They show 65% overall identity
at the amino acids level with 92% similarity at the level of their kinase domain.
Interestingly, a recent study (Lisowska et al., 2018) revealed that CCM proteins
directly manipulate ROCK1 and ROCK2 on the endothelium. Specifically, the
CCM1–CCM2 complex orchestrates ROCK1 and ROCK2 functions respectively
to regulate the adhesive and contractile endothelial homeostasis by acting as a
scaffold for ROCK2 at AJ and by limiting the kinase activity of ROCK1. CCMs
promote ROCK2 interaction with VE-cadherin and in turn, limits ROCK1
activity. Upregulated ROCK1 upon loss of the CCM1–CCM2 complex enhances
actin stress fibers and focal adhesions formation inducing in higher intercellular
forces and, ultimately, destabilizing intercellular junctions. The single
knockdown of Rock1 restores the cardiovascular defects caused by ccm1
zebrafish mutant. On contrary, silencing of ROCK2 in wild-type zebrafish
embryos bring the same defects of ccm1 mutant. Thus, the controlling ROCK1/2
which maintain EC integrity, can be a meaningful therapeutic solution for the
CCM diseases (Lisowska et al., 2018).
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3.5.6 Summary of the molecular interactors with Rasip1 protein
• Rap1 is a small GTPase and controls the actin cytoskeleton, which eventually
regulates VE-cadherin and endothelial barrier function.
• Rasip1 is an effector of Rap1 and is required for vasculature formation.
Especially, it works as a facilitator in many important Rap1 signaling
pathways, interacting with its partners: Radil-Arhgap29, CCM1-HEG1, and
RhoA/ROCK.
• Radil is a Rasip1 homolog and can bind to Arhgap29, which can inhibit the
RhoA/ROCK pathway.
• CCM1 is a cytoplasmic scaffold protein, which regulates the organization of
F-actin and adherens junction in ECs. HEG1 enables that Rasip1 and CCM1
translocate near to the VE-cadherin junction at cell-cell contacts.
• Cdc42 mediates the phosphorylation of actomyosin and eventually stabilizes
adherens junction. On the contrary, the RhoA/ROCK signal transduction
boosts the formation of focal adherens junction, which is an indicator of the
immatures state of junction.

All these bullet points are depicted in Fig. 6.
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Figure 6. The comprehensive understanding of the signaling cascades of the Rasip1/Radil
interaction based on the currently available publications.

3.6 The aim of this study
During angiogenesis, the coordinated function of VE-cadherin (Cdh5) and the
actomyosin machinery is essential to form multicellular vessels. Our lab has
previously shown that endothelial cell (EC) movements and shape changes
require the junctional adhesion molecule VE-cadherin by controlling the
formation and function of so-called junction-based lamellipodia (JBL). The first
aim of my study is to reveal the relationship between VE-cadherin and junctional
actin and its role in JBL formation and/or JBL function.
My second aim is to decipher how the endothelial-specific proteins Rasip1 and
Radil control EC remodeling via the establishment of cellular junctions. These
molecules have been suggested to have a role in the control of junctions,
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however, both the mechanism of action and in vivo analysis are still lacking. I aim
to determine the function of Rasip1 and Radil during dynamic cell
rearrangements by combining genetic analysis and live imaging of de novo vessel
formation in the zebrafish embryo.
My ultimate goal is to understand how ECs behave during angiogenesis and how
junctions are driving this process in order to form functional vessels.
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4.1 Materials
4.1.1 Fish lines

Name

Allele designation

Reference

ABC

Wild type (WT)

ZIRC, Oregon

TU

Wild type (WT)

(Haffter et al., 1996)

Tg(kdrl:EGFP)

s843

(Jin et al., 2005)

Tg(fli1a:EGFP)

y1

(Lawson and
Weinstein, 2002b)

Tg(kdrl:EGFPnls)

ubs1

(Blum et al., 2008)

Tg(ve-cad:vecadVENUS)
Tg(fliep:gal4ff);
(UAS:mRFP)
Tg(fliep:gal4ff);
(UAS:EGFPpodxl)

ubs3

(Lagendijk et al.,
2017)
(Asakawa et al.,
2008)
Unpublished from
Markus Affolter lab

Tg(gata1a:DsRed)

sd2

(Traver et al., 2003)

ubs3 and ubs18

(Sauteur et al.,
2014)

ubs3, ubs5, and
ubs1

(Sauteur et al.,
2014)
(Kwon et atl., 2015)

Tg(fli1ep:gal4ff);
(UAS:RFP);
(UAS:EGFP-UCHD)
Tg(fli1ep:gal4ff);
(UAS:EGFPhsZo-1,cmlc:EGFP);
(kdrl:NLS-EGFP);
(fli1a:B4GALT1mCherry)
Tg(fli1a:PecamEGFP)
cdh5 (VE-cadherin
-4 bp)
cdh5 (VE-cadherin
-10 bp)
rasip1 (a big
deletion,
> 35,000 bp)

ubs3 and ubs30

Mochizuki lab
(Sauteur et al.,
2014)
(Paatero et al.,
2018)
This study,
generated by
CRISPR/Cas9
system (generated
by Dr. Charles Betz)

ubs8
ubs25

ubs28
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radilb (nonsense
mutation (T→A) in
exon 2)

This study, ENU
mutant from
European Zebrafish
Resource Center
(Karlsruhe Institute
of Technology)

sa20161

4.1.2 Antibodies
4.1.2.1 First antibodies

Name

Host species

Usage

α-VE-cadherin

Guinea Pig

1:200

α-Esam-a

Rabbit

1:200

α-Zo-1

Mouse

1:200

α-Rasip1

Rabbit

1:500

α-GFP

chick

1:200

Reference
(Blum et al.,
2008)
(Sauteur et al.,
2014)
Invitrogen
This study,
unpublished,
provided by
Weilan Ye
(Genetech,
CA)

Abcam

4.1.2.2 Secondary antibodies
Name
α-mouse
Alexa 568
α-mouse
Alexa 633
α-rabbit Alexa
488
α-rabbit Alexa
568
α-rabbit Alexa
633
α-chick Alexa
405
α-guinea pig
Alexa 633

Host species

Usage

Source

Goat

1:1000

Abcam

Goat

1:1000

Abcam

Goat

1:1000

Abcam

Goat

1:1000

Abcam

Goat

1:1000

Abcam

Goat

1:1000

Abcam

Goat

1:1000

Abcam
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4.1.2.3 Immunostaining protocol (credit to Dr. Heinz-Georg
Belting)

Fixation

2% PFA in PBST, 4°C, overnight (for Rasip1 staining,
2% TCA in PBST for 15 mins)

Wash

4x in PBST, RT, 5 mins each

Permeabilize

PBST + 0.5% TritonX-100, RT, 30 mins

Blocking

Blocking Solution, RT, 2 hours or 4°C, overnight

1° antibody
Wash
2° antibody
Wash

anti-VE-Cad 1:500/1:1,000 in Blocking Solution (or
enhancer solution from Thermo Fisher Scientific),
4°C, overnight
6x in PBST over 4 hours (minimum) at room
temperature or overnight at 4°C
Alexa secondary antibodies (Invitrogen) 1:1,000 in
Blocking Solution, 4°C, overnight
6 times over 4 hours (minimum). best is to wash
overnight (4°C)

4.1.3 Buffers, medias and solutions
Name
Alkaline Tris buffer

Blocking solution

E3 (50x)

egg water (blue E3 water)

Composition
100mM Tris-HCl pH9.5
50mM MgCl2
100mM NaCl
0.1% Tween-20
5% normal goat serum
1% BSA
0.1% Triton X-100
0.01% sodium azide
in PBST
250mM NaCl
8.5mM KCl
16.5mM CaCl2
16.5mM MgSO4
adjust pH7.0-7.4 (with Na2CO3)
1:2000 Methylene blue solution
(final 0.0005%)
1x E3

Enhancer solution

Thermo Fisher Scientific

Methylene blue solution

1% Methylene Blue (Sigma)
distilled water
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Morpholino stock solutions

PBS (10x)

PBST
PBSTX

300nmol MO were dissolved in
300μl distilled water
final concentration is 1mM (~8ng/
nl)
1.37M NaCl
27mM KCl
100mM Na2HPO4
18mM KH2PO4
distilled water and autoclave
1x PBS
0.1% Tween-20
0.5% Triton X-100 in PBST

PFA (4%)

PTU (50x; 2mM)

TAE (50x)

Tricaine (25x)

heat 500ml 1xPBS pH7.2 to 60°C
(under the hood)
add 40g Paraformaldehyde
add 2N NaOH drop by drop until
PFA dissolved, cool down, adjust
volume to 1l with 1x PBS filtrate
store at -20°C
0.15% (w/v) 1-Phenyl-2-thiourea
(PTU) (Sigma-Aldrich) in egg
water
2M Tris Base
5.71% (v/v) glacial acetic acid
50mM EDTA
distilled water and autoclave
0.4% (w/v) Tricaine (Sigma)
distilled water
adjust pH7.0 with 1M Tris HCl
store at -20°C

4.1.4 Oligonucleotides
4.1.4.1 Morpholino oligonucleotides (MO)
0.1 mM concentration of MO was used for 2 nl per injection at 1-2 cell stages.
General dissolving and maintaining stock procedures were followed by Gene
Tools instruction (MO provider).

MO

Sequence

Rasip1

CCAGACTCCTCCATCCCACTGTGAT

Ccm1

GCTTTATTTCACCTCACCTCATAGG
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Heg1

GTAATCGTACTTGCAGCAGGTGAC
A

Control

PCO-Standard Control-100

35-29 May18A

4.1.4.2 Primers
The primer stocks (100 μM) was kept at -20 degree.
Primer

Name

Sequence

Cdh5-1

Cdh5-fwd

TTGGTGTAACTGACAATGG
GG

Cdh5-2

Cdh5-rev

Cdh5-3
Cdh5-4
Cdh5Δc1
Cdh5Δc2
Cdh5Δc3
Cdh5Δc4

Rasip1-1

Rasip1-2
Rasip1-3

Cdh5-wtfwd
Cdh5ubs8-rev
Cdh5Δcfwd
Cdh5Δcrev
Cdh5Δcwt-fwd
Cdh5Δcubs25rev

ATCCCCGTTTTCGATTCTG
AC
ATCCCCGTTTTCGATTCTG
AC
CTGATGGATCCAGATTGGA
ATC
GAAACCCATATCAAACAGA
CCTGC
CAGAGCCGTCTACTCCATA
AAGC

Referen
ce
(Sauteur
et al.,
2014)

This
study

GCAGGAGGTTTCTTTACC
GACCTGCACTCTATGGAA

Rasip1co-fwd

TGTTGCCATCAGATCCACC
AC

Rasip1wt-rev
Rasip1ubs28rev

TTGGCCCGGGATTGCTGA
TT

This
study,
credit to
Dr.
Charles
Betz

GTCCGCTGATTAGCAGGA
AGT

Radilb-1

Radilbfwd

CCACAACAACCGGCTAAC
CAC

Radilb-2

Radilbrev

ACAATGAGCCTGGGTTGC
AAATAA
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Radilb-3
Radilb-4

Radilbwt-fwd
Radilbmut-rev

TGGCCAGCACACTCTTTT
GCCAGGGGACCAACTATA

4.1.4.3 CRISPR gRNA
gRNA sequences were selected by CHOPCHOP webpage (representing high
score).
Gene
name

Targeted
exon

Sequences

Rasip1

Exon3

5’-GGCGGGGGAAGGGGATGGAGAGG-3’

Exon16

5’-TGAAGCTCAGGGCTGGGGATTGG-3’

4.1.5 Microscopy and binoculars
Microscope

Company

Information

Leica M205 FA

Leica

Fluorescence
binocular

SP5Matrix

Leica

HyD

SP8BSL2

Leica

HyD

LSM880

Zeiss
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4.2 Methods
4.2.1 Zebrafish protocols
4.2.1.1 Fish maintenance
Zebrafish were raised and maintained at general conditions as described in “The
Zebrafish Book” (Westerfield, 2000). Usually, embryos were staged by hpf or dpf
(hour or day post fertilization) at 28.5 degree (Kimmel et al., 1995).
4.2.1.2 Embryo de-chorionation
Embryos were de-chorionated either by forceps (Dumont #5F) or chemically
with Pronase (Sigma-Aldrich). For chemical de-chorionation Pronase stock
solution (5mg/ml) was added to 1x E3 (usually 100 – 200μl per petri dish
depending on the number of embryos) containing the embryos and incubated
until the first embryo was released from its chorion. Thereafter, the remaining
chorions were removed by gently pipetting the embryos up and down and the
reaction was immediately stopped, by washing the embryos several times in 1x
E3.
4.2.1.3 Inhibition of embryo pigmentation
Before imaging, the embryo pigmentation was inhibited by incubation in 1x E3
together with 1x PTU starting from ~ 26 hpf.
4.2.1.4 MO and gRNA injection
Borosilicate glass needles for injections were pulled from capillaries (outer
diameter 1.0mm, inner diameter 0.5mm, 10cm length; Sutter Instruments) with a
needle generator (Sutter Instruments). Freshly laid eggs (usually 1 cell stage)
were mounted into the furrow of molded agarose (2% in 1x E3) in petri dishes
and covered with egg water. Glass needles were charged with injection mixture
(usually with phenol red dye) using Microloader tips (Eppendorf), broken at the
tip with forceps and finally the needle was connected to FemtoJet Injector®
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(Eppendorf). Drop size was measured by using micrometer and adjusted to 2 nl.
For MO injection, yolk was targeted but for CRISPR, gRNA and Cas protein
were injected into 1-cell stage cell itself.
4.2.1.5 Genotyping and sequencing: adult tail biopsies,
embryonic tail biopsies and whole embryo DNA extraction
Genotype protocol was followed as mentioned here: Wilkinson, R.N., Elworthy,
S., Ingham, P.W., and van Eeden, F.J.M. (2013). A method for high-throughput
PCR-based genotyping of larval zebrafish tail biopsies. Biotech. 55, 314–316.
•

UBS8 genotyping protocol is described here: (Sauteur et al., 2014)

•

UBS25 genotyping protocol is described here: (Paatero et al., 2018)

•

UBS28 and radilb-sa20161 genotyping protocols are mostly based on the
UBS8 protocol. A few different points are mentioned below.

PCR strategy to screen rasip1ubs28 mutant. Wild-type contains 168 bp band,
rasip1ubs28 mutant contains 214 bp band and heterozygous (rasip1ubs28/+) contains
both 168 bp and 214 bp bands. Annealing temperature is 53 degree for 30
seconds. Another PCR strategy to screen radilbsa20161 mutant. Wild-type contains
405 bp band, radilbsa20161 mutant contains 203 bp band and heterozygous
(radilbsa20161/+) contains both 405 bp and 203 bp bands. Annealing temperature is
61 degree for 30 seconds.
4.2.2 CRISPR/Cas9 system employment for this study
Main lab CRISPR protocol was published in here: (Heutschi, 2015 - Master
dissertation). For this study, rasip1 null mutant (rasip1ubs28 mutant) was
generated. Two gRNA sites were selected using a newer tool http://
www.crisprscan.org (doi:10.1038/nmeth.3543) based on a high score. Cris 6
(GGCGGGGGAAGGGGATGGAGAGG, exon 3, score 101) and Cris7
(TGAAGCTCAGGGCTGGGGATTGG, exon 16, score 63). gRNAs were
generated using protocol from (Gagnon et al. 2014). Injection mix: 1 ul Cas9
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protein 6 mg/ml (prepared by Daniel Heutschi); 0.5 ul KCl 2M, 1 ul gRNA
(around 1 ug/ul). Screen for mutation by PCR using a primer pair spanning the
predicted deletion site (c.f. genotyping primers). Siblings were raised and one
germline transmission was detected among 40 G0 fish. Resulting allele is ubs28,
showing a deletion of 35216 bp between the gRNA sites (eliminating all known
Rasip1 domains) and resulting in a frameshift. UBS28 can be genotyped with
three primers (common fo: TGT TGC CAT CAG ATC CAC CAC; wt rev: TTG
GCC CGG GAT TGC TGA TT; KO rev: GTC CGC TGA TTA GCA GGA
AGT; size WT: 168 bp; size Mut: 214 bp).
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4.3 Imaging acquisition and analysis
4.3.1 Agarose mounting and anesthetize procedure
Before mounting, zebrafish embryos were anesthetized in 1x E3 containing 1x
tricaine and screened on a fluorescent binocular (Leica M205 FA). 0.7% low
melting agarose (Sigma-Aldrich) was prepared in 1x E3 and incubated in 55 °C
remaining as liquid. The agarose was applied with 1x tricaine and 1x PTU
(which are not required for fixed samples). The prepared agarose mixture was
seated on a glass bottom dish (MatTek) and cooled down a bit, to preserve
samples in a good shape. Live embryos or tail of fixed specimen were dropped
with a glass pipette into the agarose and aligned with a plastic handle.
4.3.2 Confocal imaging: SP5, SP8 and LSM880 and analyzing
Generally, based on saturated pixels, laser intensity and frequency were adjusted.
For acquisition of optimal 3D images, the step size in z-stack was auto-set by
Leica calculation. Objectives with magnification higher than 20x, for objectives
with magnification with 10x or 20x the section thickness was set between 0.8 μm
and 2.4 μm. For short and over night movie recordings the incubation chamber
of the confocal microscope was tuned to 28.5°C. For fixed sample from
immunostaining, the imaging was done at room temperature. The majority of
imaging was done by confocal microscopes (such as Leica SP5 and SP8). The
speed of point scanner was set to 400 Hz, or 700 Hz. In some cases, the
resonance scanner was applied (8000 Hz). In many cases, 2 line average was set.
For time-lapse movie, the interval time points were decided depended on
experiments (usually 10 mins or 30 mins). If multiple positions were required,
the number of positions was chosen by the Mark and Find option in Leica
software. For the Zeiss LSM880 microscopy, the similar procedure was
performed in the normal confocal setting but with airyscan function, high quality
of imaging was achieved (0.15 μm for z-stack). After all image acquisition, image
analysis was conducted using Fiji (free software) and Imaris (Bitplane).
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5.1 Understanding of the role of Rasip1 during angiogenesis process
Rasip1 proteins are localized along the apical membrane and junction
The angiogenic process in the early zebrafish embryo involves mainly two steps:
sprout outgrowth toward the dorsal part of embryo and anastomosis process to
form the dorsal longitudinal anastomotic vessel (DLAV) (Fig. 1a-f). Sprout
growth has the processes of tip cell sprouting and intersegmental vessel (ISV)
development (Fig. 1a-c). Following that, anastomosis starts by making contact
from two tip cells (Fig. 1c,d). Lastly, lumen is formed to make the ISVs
functional (Fig. 1e,f). These series are accomplished from 24 (Fig. 1a) to 40 hours
post fertilization (hpf) (Fig. 1f). To investigate the mechanisms underlying
multicellular vessel formation, which is not fully understood in the field, I have
been involved in studies of the behaviors of VE-cadherin adherens junctional
molecule and its coupled actomyosin machinery. Based on a few publications,
Ras interacting protein 1 (Rasip1) is selected as a candidate molecule, which
putatively controls the two elements as well as mediates between the two
elements and the Rap1 GTPases when unicellular vessels transform to
multicellular vessel. Rasip1 is known to be specifically expressed in ECs and have
a role in embryonic blood vessel development and maintenance (Wilson et al.,
2013). Given the limited knowledge of Rasip1, I have investigated how Rasip1
facilitates VE-cadherin function and manages the establishment of junction
during the multicellular vessel formation. Firstly, I identified and functionally
characterized the zebrafish homologue of Rasip1. To acquire some details of the
localization of Rasip1 in nascent vasculatures, I conducted immunofluorescence
on the zebrafish embryos in different developmental stages (Fig. 1g-i). The most
interesting observation is that Rasip1 aligns with VE-cadherin junction when all
vessels are firmly connected around 36 hpf (Fig. 1i). In an earlier stage, such as at
30 hpf, when two tip cells meet to form the DLAV, VE-cadherin localizes inbetween the two tip cells but the Rasip1 signal is absent in the contact region
even though Rasip1 molecules exist within the tip cell (Fig. 1g, arrowhead in the
inset). Rasip1 starts to cover the nascent apical membrane of endothelial cells at
32 hpf (Fig. 1h, arrowhead in the inset) and becomes also junctional at 36 hpf
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(Fig. 1i, arrowheads in the inset). In line with on the previous reports about the
localization of Rasip1, in mice aortic ECs, Rasip1 is also enriched at cell to cell
adhesions in the zebrafish vasculature, as well as transiently along the apical
membrane during initial lumen opening. Similarly in vitro, HUVEC transfected
with Rasip1-GFP and plated either in monolayer cultures or in 3D collagen
matrices shows strong transient localization to cell to cell adhesions and to the
apical membrane during lumen opening, respectively (Barry et al., 2016). The
feature of Rasip1 protein in zebrafish embryos localizing along the apical
membrane, is well depicted (Fig. 1j, Image courtesy of Dr. Charles Betz).
Especially, the transverse panel of the dorsal aorta (DA) and caudal vein (CV)
shows the green signals from anti-Rasip1 inner part from the nucleus marked in
blue. To confirm this feature, a transgenic line Tg(fliep:gal4ff)ubs3; (UAS:EGFPpodxl)ubs30 was used. Podocalyxin is a classical apical membrane protein and it is
C-terminally tagged to EGFP. By immunofluorescence staining together with
anti-Rasip1 and ZO1 (a tight junctional protein) antibody, the colocalization of
Podocalyxin and Rasip1 was verified and both are localized within the junction
(i.e. apically along the membrane of ECs) (Fig. 1k). To analyze the transition
pattern of Rasip1 localization during angiogenic vessel development, I compared
the distribution of the Rasip1 with the reference protein, VE-cadherin, at
different stages: 24, 28, 30, 32, and 48 hpf (Supplementary Fig. 1a-e). At 24 hpf,
Rasip1 proteins localize in DA (Supplementary Fig. 1a) and at 28 hpf, the
sprouting tip cells localize Rasip1 proteins together with VE-cadherin molecules.
Interestingly, Rasip1 signals from the root part of tip cells on DA are stronger
than the other resting DA cells (Supplementary Fig. 1b, arrowheads). At 30 hpf,
Rasip1 in DA disappears but the distribution of Rasip1 appears as dots in the tip
cell, together with the VE-cadherin molecules, before the anastomosis process
(Supplementary Fig. 1c, arrowhead), and in the stalk cells Rasip1 localizes along
the apical membrane marked by junctional rings. At 32 hpf, the staining pattern
of Rasip1 is similar to the one at 30 hpf but the junctional ring in DLAV has
Rasip1 signals on the inside, which is in agreement with the Rasip1’s apical
localization during anastomosis (Supplementary Fig. 1d, arrowhead). At 48 hpf,
when the lumen is fully formed, Rasip1 localizes not only along the apical
membrane, but also together with junctional materials in a punctuated way
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(Supplementary Fig. 1e, arrows). Therefore, the transition of Rasip1 localization
from the apical membrane to junction indicates that Rasip1 might be a player for
shaping junction into a certain way (i.e. medially elongated ring contour)
showing a physical vicinity to VE-cadherin proteins.
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Figure 1 Rasip1 proteins are localized along the apical membrane and junction
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Figure 1 Rasip1 proteins are localized along the apical membrane and junction. (a-f) A series
of the morphological events that form ISVs and DLAV in the trunk part of the zebrafish embryo.
Confocal still pictures from an in vivo time-lapse video of a transgenic Tg(kdrl:EGFP)s843 zebrafish
embryo. ECs are represented in inversed contrast. Scale bars, 20 μm. (g-i) Immunofluorescence of
Rasip1 (green) and VE-cadherin (red) in wild-type at 30, 32, and 36 hpf. Lateral views of two
ISVs in wild-type transgenic Tg(kdrl:EGFP)s843 embryos (ECs in blue). Scale bars, 20 μm
(overview) and 5 μm (inset). (j) DA and CV focused immunofluorescence of Rasip1 proteins
(green), nucleus marked by Tg(kdrl:EGFP-nls)ubs1 in blue, and ZO1 (red) fixed at 48 hpf. Left panel
is a transverse section of the lateral view of DA and CV of the trunk region from the zebrafish
embryo (right panel). (k) ISV focused immunofluorescence of Rasip1 (green), apical membrane
represented by Podocalyxin-EGFP expressing transgenic embryo (Tg(fliep:gal4ff)ubs3; (UAS:EGFPpdxl)ubs30 in blue), and ZO1 (red) fixed at 32 hpf. Scale bar, 5 μm. All confocal pictures showing
lateral views (anterior left to posterior right) of angiogenic vessels. DA, dorsal aorta; CV, caudal
vein; ISV, intersegmental vessel; DLAV, dorsal longitudinal anastomotic vessel.
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Supplementary Figure 1 Differential localization of Rasip1 during ISV and DLAV formation.
Lateral views of wild-type zebrafish embryos. Immunofluorescence of Rasip1 (green) and VEcadherin (red). (a) At 24 hpf, Rasip1 proteins present in DA and mostly colocalize (yellow) with
VE-cadherin junctional proteins. (b) At 28 hpf, tip cells start to sprout from DA. Rasip1 and VEcadherin colocalize as dots in the sprouting tip cells. (c,d) At 30 and 32 hpf, Rasip1 proteins
localize together with VE-cadherin molecules in the tip cell (c, arrowheads), and DLAV (d,
arrowheads). In ISVs, Rasip1 is within the junctional contour. It indicates that Rasip1 proteins
behave like an apical membrane protein, which exists in between two cells. Interestingly, Rasip1
proteins disappear in DA even though VE-cadherin junctions are present. (e) At 48 hpf, Rasip1
molecules are highlighted along the apical membrane of angiogenic sprouts and also show
junctional localization (arrows). Scale bars, 20 μm.
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Introduction of rasip1 mutant generated by CRISPR/Cas9 system and its
failure in a ring-shaped VE-cadherin junction formation
To decipher the role of Rasip1 during angiogenesis, a former postdoc, Dr.
Charles Betz, generated rasip1 null mutants using CRISPR/Cas9 technology. Coinjecting two gRNA targets (one target for exon 3 and the other for exon 16), all
three important domains were eliminated (Fig. 2a), which was confirmed by
immunofluorescence using the Rasip1 antibody, which recognizes the C terminal
of the last domain in exon 16 (Supplementary Fig. 2a,b). This line is registered as
rasip1ubs28 in the stock center of our lab and its sequence is revealed by Sanger
sequencing (Supplementary Fig. 2k). The dynamic distribution of Rasip1 protein
suggests a critical role in different aspects of angiogenic blood vessel formation,
namely junctional remodeling and formation of the apical membrane
compartment between cells. Since both processes can be extremely well seen
during blood vessel anastomosis, I first analyzed the anastomosis process by
making observations using time-lapse movies and a junctional transgenic line,
Tg(ve-cad:ve-cadVENUS). Wild-type embryos show the accumulation of VE-cadVenus as a patch between two tip cells, a ring-shaped junctional pattern, which is
indicative of unicellular tubes and finally junctional elongation, which is a
hallmark of multicellular tube formation (Fig. 2b). However, in rasip1ubs28
mutant, VE-cadherin accumulation is observed but the junction fails to remodel
into a ring-shape, instead the junction remains collapsed (Fig. 2c). Similarly,
when I examined junctional dynamics during ISV formation, I found that
junctional rings remain collapsed in rasip1ubs28 mutant (Fig. 2e), compared to the
perfect ring-shaped junction in wild-type (Fig. 2d). To check whether the
collapsed junctions are genuinely malformed, 3D imaging rendering by Imaris
software was carried out. Compared to the two distinct spots from the cross
section of the DLAV junction in wild-type (VE-cadherin in white), rasip1ubs28
mutant shows one collective spot of the accumulated junctional molecules
between two tip cells in DLAV (Fig. 2f,g, and their respective insets from the
close-up). Furthermore, to resolve a concern about a differentiation between a
collapsed junction (a ring but in a collapsed state) and the initially one line
junction (not a ring), I employed high-resolution microscopy in the DLAV region
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and observed the partial ring (with two distinct lines) but mainly collapsed in
rasip1ubs28 mutant (data not shown). For a general overview, overnight movies
were generated with a large time frame and junctional morphological changes
were documented (Fig. 2h). Multiple junctional collapses are observed in
rasip1ubs28 mutant, but not in wild-type. Noticeably, the failure of the formation
of multicellular vessels are reported exclusively in the rasip1ubs28 mutant (Fig. 2i,
asterisks). This mutant analyses show that Rasip1 proteins are important for
proper ring-shaped junction formation and also involved in the junctional
elongation process.
Furthermore, Rasip1 is closely related to Ras-associating and dilute domaincontaining protein (Radil). In zebrafish, there are three radil alleles that we
termed radil-a, -b, and -c, as opposed to mammals, which carry only one radil
(Supplementary Fig. 2c,h). Among those, radil-b is found to be endothelial
specific, in contrast to radil-a and -c, by in situ experiment (Schellinx, 2018, PhD
thesis). Therefore, I decided to analyze radil-b mutants (radilbsa20161). The mutant
sequence is altered in the first RA domain due to a nonsense mutation in exon 2
(Supplementary Fig. 2c,l). radilbsa20161 mutant has milder junctional defects than
rasip1ubs28 mutant but interestingly, it shows patches of diffusive junctional
molecules rather than a sharp linear junction found in wild-type (Supplementary
Fig. 2d,e). Moreover, rasip1ubs28; radilbsa20161 double mutants represents similar or
more severe collapsed junctional phenotype compared to single rasip1ubs28 mutant
(Supplementary Fig. 2f,g). Based on the general overviews from overnight movie
analysis (Supplementary Fig. 2i,j), those defects were confirmed. Together, I
propose that Radil proteins work as a partner of Rasip1 when de novo junctions
are organized into ring-shaped junctions during angiogenesis process.
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Figure 2 Introduction of rasip1 mutant generated by CRISPR/Cas9 system and its failure in
ring-shaped VE-cadherin junction formation. (a) In wild-type, Rasip1 protein contains three
domains: ras association (RA) domain, forkhead-associated (FHA) domain and dilute (DIL)
domain. rasip1ubs28 mutant, which consists of a large deletion in between exon 3 and 16, is lacking
in all three domains. Confocal images showing lateral views of single DLAV, single ISV, two
ISVs, and several angiogenetic vessels of transgenic Tg(ve-cad:ve-cadVENUS) embryos. (b,c) Wildtype embryo in DLAV forms a ring-shaped VE-cadherin junction while such a structure is absent
in rasip1ubs28 mutant. In other words, mutant shows a medially collapsed junction. VENUS
labeled VE-cadherin transgenic embryos are imaged from 30 hpf and VE-cadherin signals are
represented in black. Scale bars, 5 μm. (d,e) Junction in ISV is closely observed by the analysis of
in vivo time-lapse movies from 30 hpf. Compared to the formation of a ring-shaped junction in
wild-type, rasip1ubs28 mutant shows the collapsed junction. Scale bars, 5 μm. (f,g) At 32 hpf, wildtype displays several ring-shaped junctions in DLAV region but not in rasip1ubs28 mutant. Optical
section of the junction in DLAV reveals junctional collapse as one aggregated dot in rasip1ubs28
mutant compared to two separate dots from the ring from wild-type. Scale bars, 20 μm (overview)
and 5 μm (inset). (h,i) In wild-type, all ISVs are developed with proper ring-shaped and elongated
junctions. Eventually, multicellular vessels are formed. In contrary to this, in rasip1ubs28 mutant,
disconnected junctions from DA or arrested ISV growth and several collapsed junctions in ISV
and DLAV are observed (asterisks). Tg(ve-cad:ve-cadVENUS) embryos are imaged from 28 hpf.
Scale bars, 20 μm.
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Supplementary Figure 2 Characterization of rasip1, radilb, and rasip1; radilb double mutants
with regard to their junctional morphology. (a,b) ISV focused immunofluorescence of Rasip1
(green). ECs are represented by Tg(kdrl:EGFP)s843 (blue), and VE-cadherin (red) fixed at 32 hpf:
wild-type shows Rasip1 proteins but rasip1ubs28 does not. Scale bar, 5 μm. (c) There are three radil
homologues in zebrafish. radilbsa20161 mutants do not carry ras association (RA) domain, dilute
(DIL) domain (Rasip1 binding site) and PDZ domain because of a nonsense mutation (T → A)
in exon 2. (d-g) In wild-type and sibling control (rasip1ubs28/+; radilbsa20161/+), ISVs are developed
with proper ring-shaped junctions and eventually, multicellular vessels are formed. radilbsa20161
mutant represents milder defects than rasip1ubs28 mutant in terms of disconnected and collapsed
junction. rasip1ubs28; radilbsa20161 double mutant shows the same phenotype with rasip1ubs28 single
mutant but more severe. Tg(ve-cad:ve-cadVENUS) embryos are imaged from 32 hpf and VEcadherin signals are marked in black. Scale bar, 5 μm. (h) Phylogenetic tree based on the
alignment of the entire protein sequences of human, mouse, and zebrafish rasip1 and radil.
Numbers at branch points represent bootstrap values (the analysis is achieved by the online
program: http://dev.phylo.io/#). (i,j) Overview of junctional morphology with a bigger time
scale. radilbsa20161 mutant shows less severe junctional phenotype but rasip1ubs28; radilbsa20161 double
mutant has similar or severe junctional collapse phenotype than single rasip1ubs28 mutant. Failures
to accomplish the multicellular vessels in mutants are marked in asterisks. (k) Sequencing
chromatogram of wild-type rasip1 gene (exon 3) and a large deletion between exon 3 and exon 16
in rasip1ubs28 mutant. (l) Sequencing chromatogram of wild-type radil-b gene (exon 2) and a single
nucleotide change in Tyrosine 129 (ATA → AAA) in radilbsa20161 mutant.

Mislocalization of different kinds of junctional molecules (VE-cadherin, ZO1
and ESAMa) in rasip1 mutants
As the previous investigation of Rasip1 protein distribution and junctional
dynamic suggest an essential of Rasip1 in the formation of junctional shape and
the establishment of apical membrane compartments during anastomosis, I
wanted to analyze the distribution of junctional and apical proteins in more
detail. To define the junctional defects in vivo as well as in a quantified manner,
immunofluorescence analysis was done in the wild-type and in rasip1ubs28 mutant
(Fig. 3a,b). In the rasip1ubs28 mutant, the mis-localizations of junctional molecules
are detected, in comparison to heterozygous mutants and wild-type (Fig. 3c,d).
With respect to junctional proteins, I analyzed the distribution of VE-cadherin
and the tight junction proteins ZO1 (Zona Occludens-1: a cytoplasmic PDZdomain containing adapter protein) and Esam-a (Endothelial Selective Adhesion
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Molecule - a). Not only the VE-cadherin adherens junctional molecules, but also
the ZO1 tight junctional and the Esama junction adhesion molecules are mislocalized within anastomotic rings (Fig. 3b,f) compared to the apically cleared
junctions in wild-type anastomotic rings (Fig. 3a,e). From these junctional
morphology observation, I conclude that the lack of Rasip1 results in (1) the mislocalization of junctional molecules and (2) collapsed junctions (Supplementary
Fig. 3a-d). In any case, both defects result in the malformation of sprouting
vessels with a high probability. This suggests a role of Rasip1 in junction
organization during ring-shaped junction formation. The mis-localization of
junctional proteins (or ectopic junctional molecules) raised the question whether
the specification of the apical compartment is normal in rasip1 mutant.
Therefore, I examined the distribution of the apical protein Podocalyxin in rasip1
mutant during anastomosis by using a transgenic reporter Tg(UAS:EGFP-podxl)
expressed in endothelial cells. Even though the Podocalyxin molecules are still
found in the apical side along the DA, they localize in a patchy manner within
the ectopic luminal pockets in DLAV regions of rasip1 mutant (data not shown).
Since rasip1ubs28 mutants are homozygous viable, I investigated whether these
junctional defects persist in later stages. Using VE-cadherin-VENUS and
Podocalyxin-EGFP transgenic fish lines, embryos are observed in later
developmental stages in which the lumen has already fully formed. The
junctional defects are still found at 48 hpf (Supplementary Fig. 3f) compared to
the clear linear junctions and complex junctional networks in wild-type
(Supplementary Fig. 3e). Luminal constriction generated by clogged apical
membranes, which putatively block blood flow, is seen in rasip1ubs28, radilbsa20161,
and in double mutants (Supplementary Fig. 3h-j and respective insets), differently
from the smooth apical membranes having hollowed lumens in wild-type
(Supplementary Fig. 3g). To identify the molecular mechanisms underlying the
coordinated movements of junctional molecules in wild-type, fluorescent
reporter for F-actin (Lifeact-EGFP) are expressed in wild-type and rasip1ubs28
embryos. Similarly to the VE-cadherin molecules, Lifeact-EGFP is known to be
enriched at cell-cell contacts. Initially, the localization of actin represents as a
patch. Later, it transforms into a ring-shaped junctional actin configuration and
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subsequently, to elongated junctional actin (Fig. 3g, black arrowheads). However,
in rasip1ubs28 embryo, collapsed junction (00:50) and mis-localized and diffusive
junction (01:30) are observed (Fig. 3h, white arrowheads). The Lifeact
distribution between two cells in the DLAV of rasip1ubs28 mutant is consistent
with collapsed VE-cadherin junctional rings. The mutant analysis gave insights
that Rasip1 has a role in the apical junctional molecule clearance and thus
systematic junctional organization can be considered an essential prerequisite for
lumen formation at a later stage with regards to setting up apical membrane.
Additionally, actin polymerization, properly occurred beneath a junction, could
be a driving mediator for the clearance of junctional molecules into the edges of
a junction.
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ESAMa) in rasip1 mutant
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Figure 3 Mislocalization of different kinds of junctional molecules (VE-cadherin, ZO1 and
ESAMa) in rasip1 mutants. (a,b) Immunofluorescence analysis of Tg(kdrl:EGFP)s843 (blue).
Embryos are stained for VE-cadherin (green) and ZO1 (red) at 32 hpf. rasip1ubs28 mutant shows
reticulated and ectopic junctional molecules between two cells in DLAV while such structures are
absent in wild-type embryo but rather it has a cleared ring-shaped junction. (c) Quantification of
the mislocalized junctions. Junctions in DLAVs are analyzed by color histogram graphs based on
three respective lines per ring. rasip1ubs28 mutant shows significantly uncleared junctional
phenotype compared to the wild-type. A barplot with whiskers of quantification of ectopic
junctional signals. The number of analyzed embryos, and junctions: wt (3, 28), rasip1ubs28/+ (8,
52), and rasip1ubs28 (4, 35). Un-paired two-tailed Mann Whitney test and error bars indicate
standard deviation; significance (****p < 0.0001). (d) Table of the mislocalized junctional
phenotype (count as either exist or non-exist). (e,f) Immunofluorescence analysis of wild-type
and rasip1ubs28 mutant at 32 hpf. Transgenic Tg(kdrl:EGFP)s843 (blue) embryos are stained for
ESAMa (green) and ZO1 (red). ESAMa is a junction adhesion molecule. In rasip1ubs28 mutant, it
behaves similar to other junctional molecules: VE-cadherin (endothelial adherens junctions) and
ZO1 (tight junctional molecule). Scale bars, 20 μm (overview) and 5 μm (inset). (g,h) Embryos
with mosaic expression of Lifeact-EGFP are imaged in vivo from 30 hpf. Arrowheads depict the
reminiscence of F-actin polymerization. Scale bar, 5 μm.
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Supplementary Figure 3 The phenotype of the failed organization of junctional molecules
persists and leads to luminal defect at 48 hpf in rasip1 mutants. (a-c) Close ups from the
immunofluorescence analysis of three different junctional proteins from wild-type and rasip1ubs28
mutant at 32 hpf. Transgenic Tg(kdrl:EGFP)s843 (blue) embryos are stained for Esama (green) and
ZO1 (red). Compared to ring shaped junction in wild-type (a), there are two different failed
junctions in mutants: (b) mis-localized junctional molecules or (c) collapsed junction. Scale bars,
5 μm. (d) Quantification of the collapsed junctions. Junctions in DLAVs are counted at 32 hpf.
rasip1ubs28 mutant shows significantly collapsed junctional phenotype compared to the wild-type.
A barplot with whiskers of quantification of unopened junctional signals. The number of
analyzed embryos, and junctions: wt (4, 21), rasip1ubs28/+ (4, 17), and rasip1ubs28 (21, 68). Unpaired two-tailed Mann Whitney test and error bars indicate standard deviation; significance
(****p < 0.0001). (e,f) Wild-type embryo has multicellular vessels with cleared lumen. In contrary
to this, rasip1ubs28 mutant shows disconnected VE-cadherin junction from DA and collapsed
junction. Lumen seems dysfunctional. Tg(ve-cad:ve-cadVENUS); Tg(fliep:gal4ff)ubs3; (UAS:mRFP)
embryos are imaged at 48 hpf in vivo and VE-cadherin signals are represented in green and ECs
in red. (g) Apical membrane marker, Podocalyxin is tagged by EGFP. Together with EC line in
red, apical membrane is displayed in vivo. At 48 hpf, throughout ISVs, DLAV, and DA,
Podocalyxin proteins are concentrated to the apical region representing blood flow tunnel. (h)
Compared to the smooth apical localization of Podocalyxin in wild-type, rasip1ubs28 mutant shows
the luminal constriction, which makes the vessels dysfunctional. (i,j) radilbsa20161, Double mutant
also represents the similar dysfunctional lumen defects like the single rasip1ubs28 mutant.
Tg(fliep:gal4ff)ubs3; (UAS:EGFP-podxl)ubs30; (UAS:mRFP) and Tg(kdrl:EGFP)s843; (gata1a:DsRed)sd2 line
were used. Scale bars, 20 μm (overview) and 5 μm (inset).
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Junctional detachment from DA and unpaired single cell in ISV in rasip1
mutants
Although I initially focused on the role of Rasip1 during anastomosis, its
function in the regulation of junctional dynamics is probably not restricted to this
process. Therefore, in order to determine whether there is a more widespread
function in blood formation, I performed overnight movies covering a window
between the onset of anastomosis (30hpf) to the completion of venous
intersegmental vessels (vISV) formation (48 hpf). To follow the dynamic
junctional organization over time, overnight movies were generated using again
the transgenic fish expressing a VENUS-tagged VE-cadherin reporter in
endothelial cells. In wild-type embryo from 30 to 48 hpf, junctions are formed
and rearranged to accomplish multicellular tubes, while not losing the junctional
contacts from DA (Fig. 4a). However, in rasip1ubs28 mutant, not only the collapsed
junction (asterisks), but also a contact loss, are found (arrowheads) (Fig. 4b). To
analyze this phenotype from various angles, the detachment events are counted
per embryo in an 18-hour time frame (Fig. 4c). The duration time is measured if
ISVs have been managed to form multicellular vessels (Fig. 4d), and the success
rate of the formation of multicellular vessels is quantified as well (Fig. 4e).
Overall, rasip1ubs28 mutants are less likely to form multicellular tubes due to many
junctional detachments. This suggests that Rasip1 proteins might be crucial for
the maintenance of junctional stability from the basis of the DA cells and
eventually help to maintain intersegmental vessels during the dynamic junctional
rearrangement. This also indicates that Rasip1 is essential to maintain vascular
integrity during sprouting angiogenesis by stabilizing the junctional connection
between the sprouting ECs and the parental vessel (DA). As a consequence, the
junctional detachment leads to an unpairing of ECs, thus preventing
multicellular tube formation. From the immunostaining of rasip1ubs28 mutant, the
absence of the junction in ISV is observed and by the visualization of nucleus
and ECs, a weirdly stretched single cell throughout the ISV was detected (Fig.
4g). In wild-type, elongated multiple junctional structures are observed and at
least two cells form the ISV (Fig. 4f). To judge whether this single cell in ISV
phenotype from rasip1ubs28 embryos is caused by mis-regulated cell proliferation,
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time-lapse movies were made using a transgenic reporter line Tg(kdrl:EGFPnls)ubs1 to visualize EC nuclei (Fig. 4h). Several cell divisions are recorded over
time in wild-type but not in rasip1ubs28 mutant (Fig. 4i). To conclude, the number
of cells per ISV and DLAV is counted in wild-type, rasip1ubs28, radilbsa20161, and
rasip1ubs28; radilbsa20161 double mutant at 30 hpf. The ratio of a single cell in ISV
and DLAV is significantly higher in these three mutants than in the wild-type and
the overall cell numbers are fewer in the mutants than in wild-type (Fig. 4j). As
another readout of this phenotype, we observed on the process of angiogenic
sprouting. Compared to the fully developed and connected ISVs and DLAVs at
30 hpf in wild-type, all three mutants show arrested ISV growth patterns
(Supplementary Fig. 4a-d) and this disrupted ISV development is quantified
(Supplementary Fig. 4e). Hence, the fact of having fewer cells in ISVs (in other
words, a single cell in the ISV) is likely to be driven by a lack of junctional
stabilization as well as decreased cell proliferation and arrested sprouting
outgrowth. These data, therefore, suggest a role of Rasip1 in the formation and
maintenance of junctional architecture during angiogenic multicellular vessel
formation.
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Figure 4 Junctional detachment from DA and unpaired single cell in ISV in rasip1 mutants. (a)
Series of junctional organization in wild-type. Tg(ve-cad:ve-cadVENUS) line is imaged from 30 to
48 hpf. VE-cadherin signals are represented in black. (b) In rasip1ubs28 mutant, the collapsed
junctions (asterisks) and the disconnected VE-cadherin junction from DA (arrowheads) are
observed. (c) Quantification of the detachment ratio in percentage per embryo: wt (the number of
analyzed embryos = 4, the number of analyzed ISVs = 20), rasip1ubs28/+ (5, 23), rasip1ubs28 (5, 31)
and the detachments trigger the segmental vessels to fail to form multicellular ISVs (d,e)
Quantifications of the duration of multicellular tube formation: wt (5, 22), rasip1ubs28/+ (6, 26),
rasip1ubs28 (6, 24), and of finally formed multicellular tubes at 48 hpf: wt (8, 42), rasip1ubs28/+ (9,
46), rasip1ubs28 (6, 36). Compared to the rasip1ubs28 cases, wild-type shows the VE-cadherin
junctional stretch from DA without losing their contacts and eventually forms the multicellular
vessels via dynamic junction remodeling taking around 500 mins per ISV. The barplots with
whiskers of the quantifications of the respective measurements: the junctional detachment events
per embryo, the average duration time to form multicellular intersegmental vessels per embryo,
and the success rate to establish multicellular ISVs per embryo. (f,g) Immunofluorescence of
ESAMa (green) in Tg(kdrl:EGFP)s843 (blue) at 32 hpf. Wild-type usually contains two cells in ISV,
which indicate multicellular tube. However, rasip1ubs28 embryo has only one cell in ISV. Thus, I
call it an unpaired single cell in ISV phenotype. On the right, the cartoons of respective images
and the cross sections to visualize the paired and unpaired cell organization. (h,i) In wild-type,
ISV has a tip cell and a following sprouting cell at 24 hpf and by time, they divide respectively
and become four cells throughout ISV and DLAV. Like the wild-type, ISV in rasip1ubs28 mutant
has a tip cell and a following sprout cell initially. However, they do not divide, so eventually there
is only one cell each in ISV and DLAV. Tg(kdrl:EGFP-nls)ubs1 line is used and nucleus signals are
represented in green while ECs are in red. (j) The number of cells per ISV at 30 hpf is reduced in
rasip1ubs28, radilbsa20161, and rasip1ubs28; radilbsa20161 double mutants compared to wild-type. The
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number of analyzed embryos and ISVs: wt (12, 58), rasip1ubs28/+ (23, 108), rasip1ubs28 (12, 60) and
radilbsa20161 (16, 85). Scale bars, 20 μm for a,b and 5 μm for f-i; Un-paired two-tailed Mann
Whitney test and error bars indicate standard deviation; significance (*p < 0.1, **p < 0.01, ***p
< 0.001, ****p < 0.0001).
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e

Supplementary Figure 4 Arrested sprouting angiogenesis process in rasip1, radilb, and rasip1;
radilb double mutants at 30 hpf. (a-d) Series of the sprouting process in wild-type, rasip1ubs28,
radilbsa20161, and rasip1ubs28; radilbsa20161 double mutants. Tg(kdrl:EGFP)s843 line is imaged from 27 to
30 hpf and endothelial cells are marked in black. Compared to wild-type, which shows the
perfect sprout outgrowth of ISVs and the DLAV formations in a 3 hour time frame, rasip1ubs28,
radilbsa20161, and rasip1ubs28; radilbsa20161 double mutants display unsynchronized and disrupted
angiogenetic vessel growth. (e) Quantification of the arrested sprouting ISVs at 30 hpf in
percentage per embryo: wt (the number of analyzed embryos = 8, the number of analyzed ISVs =
50), rasip1ubs28 (21, 126), radilbsa20161 (19, 113), and rasip1ubs28; radilbsa20161 (6, 38). Scale bars, 20
μm; Un-paired two-tailed Mann Whitney test and error bars indicate standard deviation;
significance (*p < 0.1, ***p < 0.001).

Ectopic luminal pockets are often observed in rasip1 mutants
Vascular lumen formation is a complex process, which can be achieved by
different cellular mechanisms and is influenced by several conditional factors
including cellular configuration of the angiogenic sprout and blood pressure
exposure in the sprout (reviewed by Betz et al., 2016). In the zebrafish, three
principle mechanisms of lumen formation have been proposed: (1) cell
hollowing, (2) chord hollowing, and (3) transcellular lumen formation (see
Chapter 3.3.2). To test whether and how loss of Rasip1 function impacts lumen
formation and to find a link between junctional organization and lumen
development, I investigated on the process of lumen formation using in vivo live
imaging. Normally, invaginating lumen from DA is observed in the established
intersegmental vessel in wild-type embryo (Supplementary Fig. 5a, black
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arrows). However, in rasip1ubs28 mutants, the progressing lumen is not observed
and rather, the formation of a local lumen in DLAV is detected (Supplementary
Fig. 5b, white arrows). Ectopic local lumens are often found and these luminal
pockets are neither reminiscent of growing lumen nor an imaging artifact since
we investigated them by microangiography. Invaginating lumen in ISV from DA
is marked as red due to the injection of quantum dots into the heart of the
embryo, but the ectopic luminal pocket in DLAV of rasip1 mutants is not stained
(Fig. 5a, Image courtesy of Dr. Charles Betz). Thus, we conclude that this local
lumen is generated independently from growing lumen. To check whether this
pocket is surrounded by junction or not, I used the VE-cadherin transgenic line
together with Tg(fliep:gal4ff)ubs3; (UAS:mRFP) line showing ECs in red. In wildtype, the lumen progresses continuously with not obvious luminal pockets (Fig.
5b). However, in rasip1ubs28 mutant, several luminal pockets within the junctions
(Fig. 5c, white arrowheads) as well as outside of the junctions are observed (Fig.
5c, black arrowheads), which indicates the intracellular localization of the
luminal pockets. The intracellular pockets can be interpreted in several ways. For
one, this could be a defect in trafficking vesicles to the apical membrane
compartment. More investigations are needed to clarify this issue. I further
quantified the luminal phenotype based on the still pictures of wild-type,
rasip1ubs28, radilbsa20161, and double mutants at 32 hpf (Fig. 5e-h). From the
quantification analysis of ectopic lumens at 32 hpf, embryos display a clear
difference in the mutants compared to wild-type (Fig. 5d). To examine the
dependence of lumen upon the presence of Rasip1 proteins, I tracked blood flow
in wild-type and rasip1ubs28 mutant at 72 hpf (Supplementary Fig. 5c,d). At 72
hpf, all ISVs of the normal wild-type zebrafish embryo carry vigorous blood
flow. However, rasip1ubs28 mutants display a reduced ISV diameters as well as
disrupted blood flow in some ISVs compared to fully functional blood vessels
with healthy blood streams in wild-type (Supplementary Fig. 5e,f). Since
rasip1ubs28 mutants show comparable heart morphology and heart beating rate to
wild-type (data not shown), I next set to investigate their DA, the morphology of
which is influenced the most by haemodynamic parameters such as speed of
blood flow and amount. In addition to the dysfunctional ISVs with collapsed
junctions, the DA from rasip1ubs28 mutants is more narrow than wild-type but
74

5. RESULTS

seems functional, based on its EC structure. The cell shapes are medially less
elongated than the DA cells from wild-type (Supplementary Fig. 5g,h and insets).
To validate this less elongated cell from rasip1ubs28 mutant, the ratio of width and
length for each DA cells is calculated and the collective data are summarized as a
graph, which informs us how much the width of a junction is medially expanded
in wild-type compared to the mutants (Supplementary Fig. 5i).
It is not clear how and to what extent local lumens cause or reflect defects in
lumen formation in rasip1 mutant. The fact that we see local lumens
intracellularly points to the possibility that Rasip1 may be required for apical
targeting of proteins and/or membranes and that this function may be important
for the formation of intercellular lumens, such as seen during anastomosis.
Taken together, our results show that local luminal pockets somewhat deter the
proper lumen formation process and interrupt blood flow, possibly inducing the
transformation of cell shape. We do not understand how the failure of junctional
organization and the dysfunctionality of lumen are related: defective blood flow
either leads to the cell shape changes or the other way around. However, we
know that before lumen formation, messed up junctional organization bats out
the ectopic luminal pockets intra- and extra-cellularly and after the phase of
luminal progression, many of the ISVs become dysfunctional and DA cellular
structures present a rounded EC morphology in rasip1ubs28 mutants. These
findings suggest that ECs require Rasip1 function for organizing cell-cell
junctions, which determines cell shape, and eventually controlling the degree of
functionality of the vessels.
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Tg(kdrl:EGFP)s843 microangiography using quantum dots
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Figure 5 Ectopic luminal pockets are often observed in rasip1 mutants. (a) ISVs and DLAV in a
rasip1ubs28 embryo at 36 hpf are visualized by reporter gene analysis of Tg(kdrl:EGFP)s843 in green
(right upper panel in white) and open lumen is indicated by microangiography using quantum
dots in red (right bottom panel in black). (b,c) Series of lumen formation from time-lapse movies
using Tg(ve-cad:ve-cadVENUS); Tg(fliep:gal4ff)ubs3; (UAS:mRFP) line are described from around 32
hpf, anterior to the left. Upper panels reveals the merged signals from two transgenic lines and the
bottom panels show only the ECs to highlight the ectopic luminal pockets in white. VENUStagged-VE-cadherin reporter is expressed in endothelial cells (in red). Arrowheads indicate the
ectopic luminal pockets (white arrowheads are the luminal pockets, which are inside of junctions
and black arrowheads are the luminal pockets, which localize outside of junctions). Scale bar, 5
μm. (d-h) Overall quantification of luminal pockets from the still images of wild-type, rasip1ubs28,
radilbsa20161, and double mutants at 32 hpf. The number of ISVs, which contain ectopic lumens, is
divided by the total number of ISVs per embryo: wt (the number of analyzed embryos = 5, the
number of analyzed ISVs =50), rasip1ubs28 (6, 209), radilbsa20161 (14, 108), and rasip1ubs28;
radilbsa20161 (8, 47). Arrowhead indicates the valid ectopic luminal pockets. Tg(kdrl:EGFP)s843 is
used in inversed contrast. Scale bar, 20 μm.
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Supplementary Figure 5 Collapsed ISVs and dysfunctional lumen in rasip1 mutants. (a,b)
Sequential lumen formation from 34 hpf is visualized by using Tg(fliep:gal4ff)ubs3; (UAS:mRFP)
embryos. Images are taken by every 6 mins. Black arrows indicate invaginating lumen and white
arrows demonstrate ectopic lumens. (c,d) At 72 hpf, wild-type has blood flow in DA, ISVs and
DLAVs but rasip1ubs28 mutant shows less blood flow in DA showing irregular diameter and no
blood flow in some ISVs and DLAVs. (e) Collective measurement of ISV diameters at 72 hpf.
rasip1ubs28 mutants show the collapsed or narrow ISVs (< 10 μm). Whereas wild-type has 12 μm in
average of their ISV diameters. The number of analyzed embryos, and ISVs: wt (2, 8),
rasip1ubs28/+ (6, 24), and rasip1ubs28 (6, 21). (f) In rasip1ubs28 mutants, many of ISVs do not carry
blood stream different from wild-type. The number of analyzed embryos and ISVs: wt (5, 71),
rasip1ubs28/+ (12, 164), and rasip1ubs28 (8, 119). (g,h) Maximum intensity projection of a confocal zstack of the ISVs and DA at 72 hpf. Junctional structures together with endothelial cells are
visualized by Tg(ve-cad:ve-cadVENUS); Tg(fliep:gal4ff)ubs3; (UAS:mRFP) embryos. Cells from DA are
zoomed-in respectively to the genotypes. (i) Quantification of the shape of DA endothelial cells.
Width of a DA cell is divided to the length of the cell. The ratio from each DA cells is
represented as a dot for wild-type and rasip1ubs28 mutants. The ratio of the width/length tends to
be longer in wild-type than rasip1ubs28 mutants. The schematic of how the ratio calculation is
depicted as well. Scale bar, 20 μm (overview), 5 μm (inset). Unpaired, two-tailed Mann Whitney
test and error bars indicate standard deviation; significance (*p < 0.1, **p < 0.01, ***p < 0.001,
****p < 0.0001).

Brain hemorrhage in rasip1ubs28 mutant and its related partner proteins: CCM1
and HEG1
Since we observed severe brain hemorrhage throughout rasip1ubs28, radilbsa20161,
and rasip1ubs28; radilbsa20161 double mutants, but not in wild-type (Fig. 6a-e), we
explored some classically known genes, which cause a similar phenotype when
the gene was eliminated. Beside Radil as a binding partner, Rasip1 has been
reported to make a ternary complex together with cerebral cavernous
malformation 1, CCM1 (as known as KRIT1, Krev interaction trapped 1) and
heart of glass, HEG1 (Gingras et al., 2013). CCM is a prevalent disease
characterized by enlarged thin-walled capillary clusters in the brain showing
brain hemorrhage. CCM1 proteins are scaffold molecules that can be found at
endothelial adhesion junction in association with HEG1 (Gingras et al., 2012).
Loss of function mutations in the gene, CCM1, have been demonstrated to be
responsible for familial CCM pathology in human. Loss of ccm1 in zebrafish
embryos leads to severe and progressive dilation of major vessels, despite normal
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endothelial cell fate and number. Vascular dilation in ccm1 mutant is
accompanied by progressive spreading of endothelial cells and thinning of vessel
walls despite ultrastructural normal junctional morphology at cell–cell contacts
(Hogan et al., 2008). CCM not only localizes to junctions, but it also regulates
the organization and function of endothelial cell-cell contacts (Lampugnani et
al., 2016). Heart-of-glass (HEG1) is an orphan-receptor expressed in ECs that
supports vessel formation and stability. HEG1 tethers CCM1 protein to regulate
endothelial cell-cell junctions including VE-cadherin junction and the formation
and maintenance of many cardiovascular organs (Gingras et al. 2012). Zebrafish
embryos lacking heg1 or ccm1 have a similar dilated heart phenotype (Mably et
al., 2003, 2006). Based on the previous studies, which show that the Rasip1CCM1-HEG1 complex is possibly involved in the regulation of junction
formation during angiogenesis, we integrated morpholino research to our study.
Morpholino (MO) is an antisense oligonucleotide and generates an effect of gene
knockdown. We injected Ccm1 and Heg1 MOs, respectively, in the 1-2 cell
embryo, and checked CV dilation upon Ccm1 MO injection and heart edema
driven by Heg1 MO injection to validate that the MOs worked like indicated in
the literature (Hogan et al., 2008 and Donat et al., 2018). After the selection of
embryos, the general architectures of ECs are described: Ccm1 MO injected
embryos display single cell ISVs like rasip1ubs28 mutants and Heg1 MO injected
embryos show the disrupted ISV development similar to rasip1ubs28 mutants (Fig.
6f-h). Fur ther more, I checked junctional phenotypes either by
immunofluorescence (Fig. 6i) or by in vivo junction observations, using two
transgenic reporter lines, which label VE-cadherin junction (Fig. 6j) and Platelet
endothelial cell adhesion junction (PECAM-1) in ECs (Fig. 6k). Both MOs
showed junctional defects, similar to what I could find from the rasip1ubs28 mutant
analysis. The collapsed junctions and ectopic junctional molecules at cell-cell
contacts at 32 hpf as well as the dysfunctional vessels having the destabilization
of junctions from DA and following the failure of multicellular tube formation at
48 hpf are all observed (Supplementary Fig. 6a-h) and are comparable to the
rasip1ubs28 mutants. Taken together, these observations suggest that the formation
of a ring-shaped junction and further multicellular tube establishment require not
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only Rasip1 and Radil proteins, but also, the collaborative CCM1 and HEG1
participation.
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Figure 6 Brain hemorrhage in rasip1 mutants and the analysis of its related partner proteins:
CCM1 and HEG1
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Figure 6 Brain hemorrhage in rasip1 mutants and the analysis of its related partner proteins:
CCM1 and HEG1. (a-d) At 72 hpf, cranial brain hemorrhage is observed in rasip1ubs28,
radilbsa20161, and rasip1ubs28; radilbsa20161 mutants but not in wild-type. Images of Tg(kdrl:EGFP)s843;
(gata1a:DsRed)sd2 embryos at 72 hpf, anterior to the left. Red blood cells in red and ECs in green.
Scale bar, 50 μm. (e) Table of the quantification of the brain hemorrhage phenotype. (f)
Quantification of the arrested sprouting ISVs at 30 hpf in percentage. The number of arrested
ISVs is divided by the total number of ISVs per embryo: Control MO injected embryos (the
number of analyzed embryos = 6, the number of analyzed ISVs =77), Ccm1 MO injected
embryos (6, 81), and Heg1 MO injected embryos (7, 90). Un-paired two-tailed Mann Whitney test
and error bars indicate standard deviation; significance (*p < 0.1, **p < 0.01). (g) The number of
cells per ISVs and DLAVs at 30 hpf. Control MO injected embryos (the number of analyzed
embryos = 8, the number of analyzed ISVs =43), Ccm1 MO injected embryos (9, 51), and Heg1
MO injected embryos (5, 26). Un-paired two-tailed Mann Whitney test and error bars indicate
standard deviation; significance (**p < 0.01). (h) At 32 hpf, the architecture of ECs is visualized
by the transgenic Tg(kdrl:EGFP)s843 line in black. Compared to the control MO injected embryo,
Ccm1 and Heg1 MO injected embryos show more narrow DA diameters. Scale bar, 20 μm. (i)
Immunofluorescence analysis of the control, Ccm1 and Heg1 MO injected embryos at 32 hpf.
Transgenic Tg(kdrl:EGFP)s843 (blue) embryos are stained for VE-cadherin (red). Scale bars, 5 μm.
(j,k) In vivo still images at 32 hpf using Tg(ve-cad:ve-cadVENUS); Tg(fliep:gal4ff)ubs3; (UAS:mRFP)
and Tg(fli1a:pecam1-eGFP) line, anterior to the left. Scale bars, 20 μm.
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Supplementary Figure 6 Downregulated ccm1 and heg1 induce junctional defects, which are
comparable to the junctional phenotypes in rasip1 mutants.
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Supplementary Figure 6 Downregulated ccm1 and heg1 induce junctional defects, which are
comparable to the junctional phenotypes in rasip1 mutants. (a,b) In vivo still images of the
control, Ccm1 and Heg1 MO injected embryos at 48 hpf using Tg(ve-cad:ve-cadVENUS);
Tg(fliep:gal4ff)ubs3; (UAS:mRFP) and Tg(fli1a:pecam1-eGFP) line. Scale bars, 5 μm. (c-e) Still images
from movies of the three different MO injected embryos, from 36 to 48 hpf, anterior to the left.
Single channels are shown of the PECAM junction in the upper panel and in inversed contrast.
The merges are displayed in the bottom (green is EGFP-PECAM1 and red is mRFP-ECs on
above and bottom, respectively). Scale bars, 20 μm. (f) Quantification of the detachment ratio in
percentage per embryo: Control MO injected embryos (the number of analyzed embryos = 6, the
number of analyzed ISVs = 32), Ccm1 MO (4, 27), Heg1 MO (11, 55) and the detachments
triggered the segmental vessels to fail to form multicellular ISVs (g) Quantifications of the
duration of multicellular tube formation: Control MO injected embryos (6, 25), Ccm1 MO (6,
13), Heg1 MO (5, 17), and (h) of finally formed multicellular tubes at 48 hpf: Control MO
injected embryos (5, 24), Ccm1 MO (4, 26), Heg1 MO (5, 23). The barplots with whiskers of the
quantifications of the respective measurements: the junctional detachment events per embryo, the
average duration time to form multicellular intersegmental vessels per embryo, and the success
rate to establish multicellular ISVs per embryo. Un-paired two-tailed Mann Whitney test and
error bars indicate standard deviation; significance (**p < 0.01).

General overview of the embryos; wild-type, rasip1, radilb, and double mutants
Despite the multitude and severity of vascular defects in rasip1 mutants, it is
surprising that homozygous individuals are viable and fertile. This begs the
question, whether the observed vascular defects are somehow compensated or
corrected during later stages of development. Therefore, I made the phenotypic
observation of the late embryos (Fig. 7a). At 120 hpf, compared to wild-type, the
rasip1ubs28 and double mutant show endocardial edema and smaller body size
although the double mutant displays more severe phenotype than the single
rasip1ubs28 mutant. Meanwhile, radilbsa20161 mutant is comparable to wild-type.
After the phenotypic analysis, I verified the genotype of the embryos, which I
had used for all experiments (Fig. 7b,c). As another approach of the mutant
analysis, I measured the DA and ISV diameters on each genotype by the
developmental time. Generally, in wild-type embryos, DA diameters increase
between 32 hpf (start of blood flow) and 48 hpf. This increase in vessel diameters
is consistent with an increase in cardiac output and blood flow. At 72 hpf,
however, diameters of the DA decrease (Sugden et al., 2017). rasip1ubs28,
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radilbsa20161, and double mutants keep this tendency. However, the overall DA
diameters of the mutants are smaller than wild-type from 32 to 72 hpf although
the difference becomes negligible at 120 hpf (Supplementary Fig. 7a). On the
other hands, to validate the collapsed ISVs in mutants in a quantified manner, I
measured the diameters of ISVs from 48 to 120 hpf. rasip1ubs28, radilbsa20161, and
double mutants have many collapsed ISVs showing decreased ISV diameters at
48, and 72 hpf. However, since the ISV diameters from wild-type are extremely
narrow at 120 hpf, the differences between wild-type and the mutants are not
quantifiable (Supplementary Fig. 7b). Furthermore, to analyze the functionality
of the blood vessel, I counted the functional ISVs, which carry red blood cells at
different time points. Wild-type shows blood flow in most their ISVs throughout
the developmental time at 48, 72, and 120 hpf. However, rasip1ubs28 and double
mutants have dysfunctional ISVs with a high frequency within the same time
scale (Supplementary Fig. 7c-e). Interestingly, in the early developmental stage
such as 48 hpf, radilbsa20161 mutants display many dysfunctional ISVs
(Supplementary Fig. 7c) but they seem to recover their functionality from 72 to
120 hpf (Supplementary Fig. 7d,e). Therefore, at 120 hpf, the general embryo
morphology of the radilbsa20161 mutant looks normal (Fig. 7a).
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Figure 7. General overview of the embryos at 120 hpf on each genotype; wild-type, rasip1,
radilb, and double mutants and the genotyping PCR procedures. (a) 120 hpf old zebrafish
embryos of wild-type, rasip1ubs28, radilbsa20161, and double mutant, sequentially. rasip1ubs28 and
double mutant are showing endocardial edema and the body length of rasip1ubs28, radilbsa20161, and
double mutant are small than wild-type. Scale bar, 2 mm. (b) PCR strategy to screen rasip1ubs28
mutant. Wild-type contains 168 bp band, rasip1ubs28 mutant has 214 bp band and heterozygous
(rasip1ubs28/+) contains both 168 bp and 214 bp bands. (c) Another PCR strategy to screen
radilbsa20161 mutant (protocol credit to Dr. Niels Schellinx). Wild-type contains 405 bp band,
radilbsa20161 mutant has 203 bp band and heterozygous (radilbsa20161/+) contains both 405 bp and
203 bp bands.
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Supplementary Figure 7 Progressive follow up of the vasculature development in the respects
of the diameter of DA, ISVs, and the functionality of the blood vessels. (a) DA diameters from
32 to 72 hpf are decreased withholding a general tendency in all three mutants compared to wildtype. However, at 120 hpf, DA diameters among the two mutants (rasip1ubs28, and radilbsa20161) and
wild-types do not show obvious different. Noticeably, DA diameters of double mutant from 32 to
120 hpf are decreased greatly compared to wild-type. The number of analyzed embryos at 32, 48,
72 and 120 hpf: wt (10, 9, 9, 13), rasip1ubs28 (10, 11, 9, 10), radilbsa20161 (27, 22, 19, 12) and double
mutant (12, 7, 19, 6). (b) ISV diameters from 48 to 72 hpf are significantly reduced in rasip1ubs28,
radilbsa20161 and double mutants compared to wild-type. On the other hand, at 120 hpf, ISV
diameters among mutants and wild-types show no difference. The number of analyzed embryos,
and ISVs at 48, 72 and 120 hpf: wt (4, 37, 4, 45, 8, 45), rasip1ubs28 (10, 67, 10, 38, 8, 65),
radilbsa20161 (11, 120, 11, 90, 6, 49) and double mutant (7, 68, 19, 174, 6, 24). (c-e) Higher chance
to find the lack of blood flow in ISVs at 48, 72, and 120 hpf in rasip1ubs28 and double mutants but
radilbsa20161 mutants show dysfunctional ISVs only at 48 hpf since many of radilbsa20161 mutants
seem to be recovered to normal blood flow between 72 and 120 hpf. The number of analyzed
embryos, and ISVs at 48, 72 and 120 hpf: wt (4, 44, 5, 71, 6, 87), rasip1ubs28 (12, 176, 8, 119, 10,
118), radilbsa20161 (9, 105, 8, 78, 5, 41) and double mutant (5, 56, 10, 102, 6, 55). Circle indicates
wild-type, upright triangle indicates rasip1ubs28, downright triangle indicates radilbsa20161, diamond
indicates double mutant; Un-paired two-tailed Mann Whitney test and error bars indicate
standard deviation; significance (ns = no significance, *p < 0.1, **p < 0.01, ***p < 0.001, ****p <
0.0001).
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General overview of the junctional and luminal morphology in wild-type,
rasip1, radilb, and double mutants

During the early embryogenesis such as from 32 to 48 hpf of zebrafish embryos,
rasip1, radilb, and double mutants have dysfunctional ISVs and DLAVs, which
are not carrying any blood flow and show overall narrower vessel diameters. To
examine, whether the junctional morphology is affected and related to this
malformation or dysfunctionality of the vasculatures upon the removal of the
genes, I observed junctional architecture of single rasip1, radilb, and double
mutants side by side at 32 and 48 hpf. Similar to the rasip1 mutant, radilb mutant
shows the mis-localization of junctional molecules in the junctional rings, which
are located in ISVs and DLAVs and show narrower DA diameters having smaller
DA cells at 32 hpf (Fig. 8a, asterisks). However, at 48 hpf, radilb mutants display
relatively normal ISV architecture apart from some uni-cellularly organized ISVs,
which are not observed in control (Fig. 8b, asterisks). To make an overview of
junctional structures, I made in vivo still pictures showing several ISVs and DLAV
together with DA and PCV at 32 and 48 hpf. The double mutant displays the
most severe junctional defects and the single rasip1 mutant is the next in terms of
the ectopic junctional defects and collapsed ring shaped junctions. The radilb
mutant is relatively normal but still has a couple of the collapsed ISVs, which are
absent in wild-type (Fig. 8c). Furthermore, to check the lumen of vessels, the
endothelial cells tagged with mRFP were observed together with respective
junctional structures. Wild-type has multicellular vessels and patent lumen.
However, in all three combinations of mutants, when there is a junctional
malformation, I could observe the blockage of the lumen, which eventually
renders the vessels dysfunctional (Fig. 8d). To investigate whether the lumen is
well established, I employed the transgenic line, which marks apical membrane
(EGFP-podxl). By observation of wild-type embryos of this line, I could validate
this line and decided to use for the further application in the lumen analysis. At
32 hpf, apical membrane is set only along the inner membrane of the DA. In
contrast, in tip cells and stalk cells, Podocalyxin is not apically polarized yet.
However, at 48 hpf, once the tube hollowing is achieved, I could see the apically
polarized Podocalyxin molecules well aligning the vessels (Supplementary Fig.
90

5. RESULTS

8a). To analyze the collapsed ISV phenotype in rasip1 mutant in detail, I traced
two ISVs with a large time frame from 32 to 96 hpf. Compared to the steady flow
of blood cells in ISVs, DLAV, and DA in wild-type embryos, rasip1ubs28 mutant
shows partial blood flowing vessels. It has DA blood flow and one ISV carried
blood flow but the other not. It persists till 56 hpf. However, from 72 hpf, both
ISVs lack blood flow even though one ISV seems to have an established lumen.
At 96 hpf, both intersegmental vessels do not contain any red blood cells and
become dysfunctional vessels (Supplementary Fig. 8b). For double mutant, I
could observe even more severe disruption of the angiogenic vessel structure and
functional lumen formation at 5 dpf (Supplementary Fig. 8c). By these
sequential observations on junction and lumen development, I concluded that
during the dynamic angiogenic process, the disrupted junctional structures can
induce the failure of the blood flowing tube formation in the mutants. Thus, in
normal condition, Rasip1 and Radil are essential for multicellular vessel
formation with apically polarized membranes and the further maintenance of the
vessels to carry blood cells throughout the body of embryos.

a

Ctrl

radilbsa20161

*

b

Ctrl

radilbsa20161

*
*

*
*

48 hpf

Tg(ve-cad:ve-cadVENUS)

72 hpf

Figure 8 General overview of the junctional morphology in wild-type, rasip1, radilb, and
double mutants.
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Figure 8 General overview of the junctional morphology in wild-type, rasip1, radilb, and
double mutants. (a) At 48 hpf, ectopic junctional molecules are found in radilbsa20161 mutant
(asterisks), which are absent in radilbsa20161/+ control. (b) At 72 hpf, some ISVs show unicelluar
vessels (asterisks), which is different from wild-type having all multicellular vessels. (c) Sequential
comparison of wild-type, rasip1ubs28 single mutant, radilbsa20161 single mutant, and rasip1ubs28;
radilbsa20161 double mutant at 32 hpf and 48 hpf. In wild-type, VE-cadherin junction shows
junctional elongation being attached from DA and ring-shaped junctions at 32 hpf and all ISVs
become multicellular vessels at 48 hpf. In rasip1ubs28 mutant, ectopic junctional phenotype is
observed and disconnections of junction from DA are found. Cells in DA look torturous, which
make DA uneven. At later stage, many ISVs are collapsed showing collapsed junctions. In
radilbsa20161 mutant, at 32 hpf, junctions look normal in a broad view but at 48 hpf, even though
many vessels are multicellular vessels, collapsed ISVs are found. In rasip1ubs28; radilbsa20161 double
mutant, severe defective junctions are observed and these defects are persisted to 48 hpf. DA is
also like rasip1ubs28 mutant but severer. Tg(ve-cad:ve-cadVENUS) embryos are imaged in vivo and
VE-cadherin signals are represented in black. (d) Junctional phenotypes in wild-type, rasip1ubs28
single mutant, radilbsa20161 single mutant, and rasip1ubs28; radilbsa20161 double mutant with
endothelial cell indication. Compared to the properly formed lumen in wild-type, other three
mutants represent dysfunctional vessels without lumen or blocked lumen in different degree.
Tg(ve-cad:ve-cadVENUS); Tg(fliep:gal4ff)ubs3; (UAS:mRFP) line is imaged at 48 hpf and VE-cadherin
signals are represented in green and ECs in red (upper panel) or black (bottom panel).
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Supplementary Figure 8 Introduction of the new apical membrane line and the analysis of
collapsed apical membrane from the failed junctional organization in rasip1 mutant;
sequential observation of the failures in the angiogenetic vessel development and a severe case
of the failed vessel development and its functionality at 120 hpf. (a) Apical membrane marker
called podocalyxin is tagged by eGFP. Together with EC line in red, apical membrane formation
could be observed in vivo. At 32 hpf, apical membrane signals exist as a patchy in tip cells and
stalk cells throughout ISVs but align DA apically. Later stage, at 48 hpf, throughout ISVs,
DLAVs, and DA, podocalyxin is concentrated to apical region implicating the blood flow tunnel.
(b) Following up of the developmental growth of two ISVs by large scope developmental time
from 32 hpf to 96 hpf. (c) At 120 hpf, wild-type has blood flow in DA, ISVs and DLAVs.
However, the double mutant has no blood flow throughout all vasculatures showing a severe case
without having any functional lumen formation. Tg(fliep:gal4ff)ubs3; (UAS:EGFPpodxl)ubs30;
(UAS:mRFP) and Tg(kdrl:EGFP)s843; (gata1a:DsRed)sd2 lines are used. Scale bars, 20 μm.

95

5. RESULTS

5.2 Contribution for the JBL publication
Paatero et al., 2018, Nature Communication (DOI: 10.1038/
s41467-018-05851-9)
• Title
Junction-based lamellipodia drive endothelial cell rearrangements in vivo via a
VE-cadherin-F-actin based oscillatory cell-cell interaction
• Abstract
Angiogenesis and vascular remodeling are driven by extensive endothelial cell
movements. Here, we present in vivo evidence that endothelial cell movements
are associated with oscillating lamellipodia-like structures, which emerge from
cell junctions in the direction of cell movements. High-resolution time-lapse
imaging of these junction-based lamellipodia (JBL) shows dynamic and distinct
deployment of junctional proteins, such as F-actin, VE-cadherin and ZO1,
during JBL oscillations. Upon initiation, F-actin and VE-cadherin are broadly
distributed within JBL, whereas ZO1 remains at cell junctions. Subsequently, a
new junction is formed at the front of the JBL, which then merges with the
proximal junction. Rac1 inhibition interferes with JBL oscillations and disrupts
cell elongation—similar to a truncation in ve-cadherin preventing VE-cad/F-actin
interaction. Taken together, our observations suggest an oscillating ratchet-like
mechanism, which is used by endothelial cells to move over each other and thus
provides the physical means for cell rearrangements.
• My contribution
I was involved in this project for one and a half year (including revision) and
specifically analyzed cdh5ubs25 mutant (C-terminal truncated mutant) to verify the
role of CDH5 (VE-cadherin) and its cooperative work with F-actin in junctionbased lamellipodia (JBL) formation. As a second co-author, I generated Figure 7,
and the Supplementary Figures 4 and 5.
The actual publication is appended in 9.1.
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5.3 Additional unpublished data
5.3.1 Junction-based lamellipodia (JBL) part
During the first one and a half years of PhD, I mainly focused on cdh5ubs25
mutant analysis to understand the effect of actin binding forces, which are
supposed to be applied to the VE-cadherin junctions and eventually control cellcell interactions. From Daniel Heutschi (a former master student), I received the
cdh5ubs25 mutant, which lacks the beta-catenin binding site and F-actin binding
(Supplementary Fig. 1b). As an outcome, the F-actin force application to VEcadherin in this mutant, is missing. Overall, this mutant was generated by
CRISPR/CAS9 system and is homozygous lethal (Heutschi et al., 2015, Master
thesis). General phenotype description of cdh5ubs25 mutant is included in the
publication (Paatero et al., 2018, Supplementary Fig. 4,5). In detail, I conducted
most of the experiments in regards of the cdh5ubs25 mutants and generated the
figures for the publication and did the statistical analysis; Ilkka Paatero (1st
author of this paper) assisted me to make graphs.
The most interesting observation I made is that I couldn’t observe Junction-based
lamellipodia (JBL) in cdh5ubs25 mutants. JBL are described by Ilkka Paatero in his
paper (Paatero et al., 2018). Briefly, JBL are represented as the oscillating of
immature junctions, which form in medial parts of junctional rings during
anastomosis. Accumulated VE-cadherin, ZO1, and actin molecules are observed
in the medial parts of junction and they are oscillating toward to the same
direction, where junctions elongate. In cdh5ubs25 mutants, this thickening of
junctions in the medial part is missing (Paatero et al., 2018, Fig. 7a,b) compared
to wild-type or heterozygous cdh5ubs25/+. By analyzing transgenic actin line in vivo
(Tg(fli1ep:gal4ff)ubs3; (UAS:RFP); (UAS:EGFP-UCHD)ubs18), F-actin protrusion is
affected in the mutants showing rather slowly oscillating actin when compared to
wild-type (Paatero et al., 2018, Fig. 7c). We propose that this slower oscillation is
due to the elimination of VE-cadherin/F-actin interaction. As an outcome of the
missing out the JBL, I could observe junctional gap in-between tip cell and stalk
cell, which can be interpreted as a failure of multicellular formation and
junctional elongation (Paatero et al., 2018, Fig. 7d-l). Furthermore, to inspect the
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stalk cell rearrangement in detail, I used the Tg(kdrl:EGFPnls)ubs1 line to visualize
nuclei in vivo (Paatero et al., 2018, Fig. 7m). Compared to relatively normal tip
cell behavior, stalk cells in ISV show less active reorganizing patterns and their
rearrangement speed is decreased in cdh5ubs25 mutants (Paatero et al., 2018, Fig.
7n). To conclude, these studies highlight the role of actin connected to VEcadherin junctions as a driving force for the rearrangement the endothelial cells
during early angiogenetic development. Taken together, VE-cadherin/F-actin
interactions are important to form JBLs and make them functional. Eventually,
this interaction generates junctional elongation and endothelial cell
rearrangement to establish multicellular blood vessels.
Some unpublished data are also included in this thesis. Figure 1 is a repetitive
data, which is equivalent with Fig. 7d-k from Paatero et al., 2018, but more in
details. At the anterior part of yolk extension, DA and PCV are seen. cdh5-delta-C
(cdh5ubs25) mutant shows several disconnected junctions in between tip cells and
sprouting cells (white asterisk) while such structures are nearly absent in wildtype embryo, which shows well stretched junctions that can be considered as
multicellular vessels. Noticeably, the DA of cdh5ubs25 mutant is narrower and the
PCV of cdh5ubs25 mutant has severe dilations, which

is possibly due to the

accumulation of non-circulating RBCs (Fig. 1a). The phenotypes are nearly
identical to cdh5ubs8 but milder (lumen forms in the DA and there occasionally is
a bit of blood flow). From the further posterior part of yolk extension of embryo,
DA and CV are observed. cdh5ubs25 mutant has less prominent junctions showing
weaker and fuzzier signals (white asterisk). However, wild-type embryo
represents growing ISV junctions having dominant junctional structures.
Interestingly, the CV of cdh5ubs25 mutant shows dysmorphic cell junctions (white
arrow), which are not shown in wild-type (Fig. 1b). To observe the more global
developmental process during sprouting and anastomosis, I made overnight
movies (Supplementary Fig. 1a). Development of intersegmental vessels is
slower but relatively normal in cdh5ubs25 mutant compared to wild-type and
heterozygous cdh5ubs25/+. The most distinctive phenotype of the cdh5ubs25 mutant
is a narrower DA at the beginning of sprout outgrowth around 28 hpf (black
asterisks at 00:00 and 02:00). In addition, the anastomosis process is delayed
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(black asterisks at 07:00) at 35 hpf in cdh5ubs25 mutant. In contrast, DLAVs in
wild-type embryo are all connected. Around 40 hpf, wild-type embryo has well
established ISVs and DLAVs with a presumably functional DA. However,
cdh5ubs25 mutant shows several non-lumenized ISVs and DLAVs (black asterisks
at 12:12) with narrow DA. Based on this observation, I could draw a conclusion;
the interaction between VE-cadherin and F-actin is an important factor for the
secondary vessel formation and proper blood flowing tube establishment.
Another noticeable phenotype of cdh5ubs25 mutants is the cell distribution pattern
at 48 hpf. The distribution of nucleus in cdh5ubs25 mutant is quite different from
wild-type and heterozygous cdh5ubs25/+. I show a representative picture of the
failure of stalk cell migration seen in cdh5ubs25 mutants, which show a closer
distance between stalk cell 1 (S1) and stalk cell 2 (S2) and a bigger distance
between tip cell (T) and stalk cell 1 (S1) compared to evenly distributed T1, S1,
and S2 in wild-type and heterozygous cdh5ubs25/+ (Fig. 2a). This delayed stalk cell
movement found in cdh5ubs25 mutants suggests a slower rearrangement of ECs
driven by the removal of VE-cadherin/F-actin. Furthermore, from the overview
of angiogenetic sprouting and anastomosis by the large time scale video analysis,
I could observe the suppressed cell proliferation in cdh5ubs25 mutants. Compared
to multicellular and fully lumenized ISVs and DLAV in wild-type and
heterozygous cdh5ubs25/+, cdh5ubs25 mutant displays less cells and non-lumenized
vasculatures (Supplementary Fig. 2a, black asterisks). Eventually, less cells are
counted throughout the ISVs and DLAV at 48 hpf (Fig. 2b). This quantification
is done by in vivo still image analysis and the dysfunctional vessels are exclusively
observed in cdh5ubs25 mutants (Supplementary Fig. 2b). Consistent with the
defects in junctional rearrangement at 32 hpf, mis-regulated distribution of ECs
as well as less cells at 48 hpf reveal a role of F-actin dynamics. The interaction
between VE-cadherin and F-actin is a key for JBL formation, which underlies
endothelial cell rearrangements and junctional elongation.
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Figure 1 General overview of the junctional morphology in wild-type, and cdh5-delta-C
mutant. Immunofluorescent analysis. Embryos are stained for VE-cadherin (green) and ZO1
(magenta) at 32 hpf. (a) DA and PCV region and (b) DA and CV region. Scale bars, 20 μm.
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07:00

12:12

cdh5ubs25

cdh5ubs25/+
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*
Tg(kdrl:EGFP)s843

b

Supplementary Figure 1 General overview of the sprouting process during angiogenesis on
each genotype; wild-type, cdh5-delta-C heterozygous, and cdh5-delta-C mutant and a schematic
cartoon of VE-cadherin (Cdh5) structure. (a) Confocal still pictures from over night movies
(starting around from 28 hpf) showing lateral views (anterior to posterior) of intersegmental
sprouting and anastomosis in Tg(kdrl:EGFP)s843 embryos in inversed contrast. Scale bars, 20 μm.
(b) Schematic VE-cadherin structure of wild-type and cdh5ubs25 mutant. cdh5ubs25 mutant has lack
of beta-catenin binding site. Therefore, F-actin cannot bind to the cytoplasmic part of VEcadherin.
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cdh5ubs25/+
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Figure 2 Decreased movement of the stalk cells and reduced the number of cells in ISV at 48
hpf in cdh5-delta-C mutants. (a) Maximum intensity projection of a confocal z-stack of a
zebrafish trunk at 48 hpf. Tg(kdrl:EGFP-nls)ubs1 exhibits nucleus-specific EGFP expression along
the vasculature. There are two types of indications: Tip cell (T) - Stalk cell 1 (S1): a distance
between tip cell and the first stalk cell and Stalk cell 1 (S1) - Stalk cell 2 (S2): a distance between
the first stalk cell and the second stalk cell. (b) Quantification of the cell numbers in ISVs at 48
hpf in percentage per embryo: wt (the number of analyzed embryos = 4, the number of analyzed
ISVs = 20), cdh5ubs25/+ (4, 20), cdh5ubs25 (4, 20). Unpaired, two-tailed Mann Whitney test and error
bars indicate standard deviation; significance (*p < 0.1)

102

*

5. RESULTS

a

WT

cdh5ubs25/+

cdh5ubs25

Tip cell

Stalk cell 1

Stalk cell 2

T - S1: mut shows the longest distance
S1 - S2: mut shows the shortest distance

b

*

Supplementary Figure 2 Sequential follow up of the cell division and the cell distribution at 48
hpf. (a) Confocal still pictures from over night movies (starting around from 28 hpf) showing
lateral views (anterior to posterior) of intersegmental sprouting and anastomosis in Tg(kdrl:EGFPnls)ubs1 embryos in inversed contrast. Scale bars, 20 μm. (b) Maximum intensity projection of a
confocal z-stack of a zebrafish trunk at 48 hpf using Tg(kdrl:EGFP-nls)ubs1 embryos.
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5.3.2 Preliminary cell polarity data focused on three phases: tip cell
sprouting, cell rearrangements, and anastomosis
From the JBL project and cdh5ubs25 mutant analysis, we have learned that JBL
provide the mechanical means for junctional elongation. Especially the VEcadherin/F-actin interaction is essential to form the JBL and eventually to
accomplish multicellular vessel formation mediated by dynamic cell
rearrangement. Furthermore, I would like to know how the stalk cells are
organizing themselves during EC sprouting by looking at cell polarity and
junctional behaviors. Initially, stalk cells consist of a row of cells in the ISV,
which is composed of round ECs (unicellular vessel). With time, ISVs become
multicellular vessels by rearranged ECs and elongated their junction. From
Sauteur et al., 2014, we learned that VE-cadherin is important for stalk cell
rearrangement and junctional elongation. However, omitting the VE-cadherin
does not affect tip cell sprouting. In this case, how are cells arranged during
angiogenesis? First of all, like Kwon et al., 2016, I could observe that tip cell
polarity is toward upward in wild-type by visualizing Golgi and nucleus. The
stalk cell, which is derived from tip cell, moves toward downward together, and
the Golgi also heads downwards (Fig. 1a). In this way, certain space between tip
cell and stalk cell could be estabilished and maintained. Positioning the cells and
managing the distance between two cells are possibly important for further cell
rearrangements but still poorly understood. Furthermore, using a junctional
marker Tg(fli1ep:gal4ff)ubs3; (UAS:EGFP-hsZo-1,cmlc:EGFP)ubs5, I also observed
similar cell behaviors (Fig. 1b). Two cells move toward two opposite directions:
one goes up and the other goes down. At the same time, ZO1 junction elongates
in these two directions. It implicates that Golgi-driven polarity affects nucleus
movement and putatively links with junctional stretch in certain way. In Figure
1c, I found that missing VE-cadherin doesn’t affect the polarity of tip cell, which
I could predict based on the publication (Sauteur et al., 2014). Polarity in the
stalk cells was difficult to analyze because in the mutant, stalk cells are not
arranged, rather present as a stack of cells. However, presumably, stalk cells are
missing polarity and, which is eventually related to the failure of cell
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rearrangement and junctional elongation. Still this Figure 1 is preliminary data
and further work is required to draw firm conclusion.
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Figure 1 General overview of the polarity in tip cell and stalk cells in wild-type, and cdh5delta-C mutant. (a) Confocal still pictures from a short movie (starting around 30 hpf) show a tip
cell and a stalk cell in the intersegmental vessel and the transgenic Tg(kdrl:NLS-EGFP)ubs1;
(fli1a:B4GALT1-mCherry) line is used to observe Golgi apertures’ behaviors. Confirming the first
observation done by Kwon et al., 2016, I could also observe the leading position of Golgi ahead
the nucleus during EC migration. White arrows indicate the movement of Golgi (red) and
nucleus (green). (b) To see the junctional elongation together with Golgi’ behaviors, the line
Tg(fli1ep:gal4ff)ubs3; (UAS:EGFP-hsZo-1,cmlc:EGFP)ubs5; (kdrl:NLS-EGFP)ubs1; (fli1a:B4GALT1mCherry) is used. During two ECs arrange themselves in ISV, I could observe junctional
elongation and coordinated Golgi migration in two opposite directions. (c) To figure out the
involvement of VE-cadherin in this Golgi guiding role in tip cell, cdh5ubs8 mutant, which is null
mutant of cdh5, is applied. Like wild-type, the tip cell in cdh5ubs8 mutant is introduced of the
correct Golgi guidance during tip cell sprouting (white asterisk). However, like Sauteur at al.,
2014 reported, we could observe the interruption of stalk cell movement with ambiguous Golgi
polarity in cdh5ubs8 mutant (white arrow, stayed still over 40 mins). Scale bars, 5 μm.
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6.1 Rasip1 is involved in multiple processes during sprouting angiogenesis and
blood vessel morphogenesis
My main focus for my PhD was to better understand complex cell behaviors and
underlining molecular players during angiogenic sprouting and anastomosis in
the early zebrafish embryo. A key finding was that formation of a ring-shaped
cellular interface and lumen development are linked and occur concomitantly to
accomplish the formation of multicellular vessels and allow the establishment of
functional tubes allowing for blood flow. During this process, Rasip1 and its
cooperation with VE-cadherin/F-actin appear to play a crucial role.
I have investigated the role of Rasip1 (an effector protein downstream of the
small GTPase Rap1) and VE-cadherin (an adherens junction molecule), both
specifically expressed in ECs. These proteins are thought to interact and
cooperate to promote morphogenetic cell behaviors during angiogenesis. In
particular, I propose that Rasip1 is essential to regulate junctional dynamics
during specific morphogenetic processes. During angiogenic stalk cell elongation
and anastomotic cell rearrangement, proper localization of junctional molecules
as well as continuous lumen formation are essential and are in part controlled by
Rasip1. In addition, I tried to understand the involvement of the actomyosin
machinery together with the Rasip1-Ccm1-Heg1 complex in the regulation of the
apical/basal polarity of ECs and in generating the elongated shape of ECs
during the formation of multicellular tubes with functional lumen.
6.1.1 Rasip1’s role in vasculogenesis
The dorsal aorta (DA) and posterior cardinal vein (PCV) are the first vessels to
form in the zebrafish trunk. They form by a process called vasculogenesis. From
my analyses, it appears that Rasip1 does not play a critical role in this process;
nevertheless, was the DA diameter reduced showing irregular appearances nor
was there reduced amount of flowing blood in rasip1 mutants (see chapter 5.1;
supplementary Figure 7). A former postdoc (Dr. Charles Betz) investigated heart
rate and heart morphology in rasip1 mutants using a light-sheet microscope and
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both appeared rather normal (data not shown). To see whether the mild defects
observed could be due to altered cell number or cell arrangements, I inspected
EC shapes by assessing their junctional shapes. In the DA of rasip1 mutants, ECs
appeared more rounded compared to wild-type DA, which show long or
stretched cells. Based on this observation, I assume that Rasip1 is to some extend
required for cell elongation in the DA. However, at this point, I cannot exclude
that this defect in cell elongation is due to reduced rates in blood flow, since it
has been shown that flow-induced shear forces play an important role in EC
elongation (Lagendijk et al., 2017; Sugden et al., 2017). Interestingly, the cell
shape defect in the DA is opposite to the over-elongated ECs I observed during
ISV sprouting. Thus, in different contexts, the lack of Rasip1 has different
consequences for EC shape, suggesting that different molecular mechanisms are
responsible for dynamic EC shape changes in different situations, such as in the
presence or absence of blood flow.
Previously, Barry et al., 2016 investigated the role of Rasip1 during blood vessel
tubulogenesis focused on mouse dorsal aorta development. Based on their
observations of the vasculogenesis process using the tight junctional adhesion
molecule ZO1 and the apical membrane protein PODXL as markers, they
showed that at the initial stage, scattered adhesion complex foci (marked by
ZO1) co-localize with pre-apical surface (represented by PODXL). Subsequently,
and accompanied by the remodeling of junctions, the cord center starts to open
while showing ribbon-like pattern (visualized by clustered junctions) in cross
section and its shortening/restriction to basolateral/peripheral region of the
cord. However, during DA formation in the zebrafish, I could not find such
ribbon-like structures. Possibly, the shrinking might be happening earlier than at
the time point when I started imaging (24 hpf). Alternatively, there may be
species-specific differences in DA formation between mouse and zebrafish. It
should be noted, however, that mislocalization and ribbon-like/reticulated
junctions can be readily observed in rasip1 mutants during SeA anastomosis,
suggesting that the same molecular principles are at work during DA formation
in the mouse and DLAV formation in the zebrafish. I will discuss the role of
Rasip1 during anastomosis below in more detail.
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6.1.2 Rasip1’s role in sprout outgrowth and anastomosis
While previous studies have concentrated on the function of Rasip1 during
vasculogenesis, during my PhD studies I have focused on its role during
sprouting angiogenesis and anastomosis. By performing live-imaging of
fluorescent junctional reporters (e.g. VE-cadherin-Venus), I have gained new
insights of Rasip1 function in these processes.
During DA formation in the mouse, Rasip1 is essential for the clearance of
junctional proteins from the apical compartment (Fig. 1). Interestingly, I could
observe ectopic reticulated junctions during anastomosis within the junctional
ring, which forms between contacting tip cells. It thus appears that formation of
a new apical compartment between tip cells follows the similar molecular
principles as lumen formation in the DA.
rasip1-/-

WT

Anastomosis

WT

rasip1-/-

side view
junction/actin

junction

Cdc42

Rasip1-Heg1-Ccm1
WT: Rasip1/Cdc42-mediated junction/actin organization

NMII
actin

Cdc42

Mut: Dis-orgnization of junction/actin
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Figure 1. A patch to a ring. During anastomosis (30 ~ 32 hpf in zebrafish embryo), WT has a
ring-shaped junction at cell-cell contact but rasip1ubs28 mutant shows mis-localized junctional
molecules between two anastomotic cells. Upper panel represents apical-clearance defect of
junctional molecules in rasip1 mutant and bottom panel suggests a possible model to explain the
failure in the organization of junction and cortical actin upon the mis-regulated Cdc42, which is
supposed to work with Rasip1 to control actomyosin contractility.

The formation of reticulated junctions within the newly forming apical
compartment could have different causes. On the one hand, it could be caused by
the miss-specification of the apical compartment. However, based on the
localization of PODXL-EGFP, this seems unlikely. Despite the miss-localization
of junctional material, PODXL localization in rasip1 mutants appears normal.
More likely, the mislocalization of junctional proteins is directly caused by a
change of their dynamic redistribution during junctional ring formation, i.e. the
transformation from a junctional patch to a junctional ring. Importantly, apical
clearance defects are seen not only with VE-cadherin, but also Esama, ZO1 and
Pecam1. As all these proteins are associated with the F-actin cytoskeleton, it is
reasonable to speculate that defects in F-actin dynamics are responsible for the
formation of the ectopic, reticulated junctions. In a first attempt to analyze the Factin distribution, I have analyzed the localization of Lifeact-EGFP in junctional
rings of rasip1 mutants. However, expression levels and resolution were not
sufficient for a precise analysis to determine whether reticulated junctions are
associated with ectopic F-actin cables. However, eventually we want to know…
How could Rasip1 regulate F-actin and eventually control VE-cadherin localization?
Studies on mouse rasip1 mutants, complemented by in vitro studies in human
umbilical venous endothelial cells (HUVECs), are pointing to a possible
interaction between Rasip1 and the small GTPase Cdc42 during formation of
the apical compartment in the dorsal aorta (Barry et al., 2016).
Previous in vitro studies in MDCK cells showed that a Par3/aPKC/Cdc42
complex is important to form the nascent apical surface, from early cell
aggregates to apical membrane initiation (AMIS), formation of a pre-apical
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patch (PAP), and subsequently formation of cysts with open lumen (Bryant et
al., 2010). Cdc42 is well known as a cytoskeletal regulator for EC adhesion
during blood vessel formation. In vivo, endothelial specific deletion of Cdc42 in
mice (Cdc42Tie2KO) results in lumen formation blockage (which I also observed in
the zebrafish rasip1 mutants) as well as endothelial tearing (Barry et al., 2015).
According to Laviña et al., 2018, Cdc42 is also required for endothelial tip cell
selection, directed cell migration and filopodia formation, which require
cytoskeletal rearrangement. In particular, Cdc42 is important for the proper
organization of EC adhesion, as its loss induces disorganized junctions and
decreased focal adhesions. EC polarity is also lost upon Cdc42 deletion, as
reported by a failure to properly localize podocalyxin at the apical side (which is
not the case in the zebrafish rasip1 mutants). There is a link between a defective
F-actin organization and impaired EC adhesion and polarity (Barry et al., 2015).
From a study of the Cleaver laboratory (Barry et al., 2016), we know that
Rasip1/Cdc42/Pak4 activity is necessary for the clearance of apical junctions
during tubulogenesis. In mice, deletion of Cdc42 causes ectopic EC apical cell to
cell junctions and leads to a failure in lumen development. In addition, Pak4 (a
Cdc42 downstream effector) as well as myosin light chain kinase (MLCK) are
known to regulate actomyosin contractility by activating NMII via
phosphorylation of pMLC. Rasip1 has also been demonstrated to promote
NMIIB to strengthen EC cell-cell adhesion.
To dissect the possible interactions between Rasip1, Cdc42 in the regulation of Factin dynamics during junctional ring formation, it will be important to compare
F-actin reporters under different experimental conditions - in different mutants or
under specific pharmacological inhibitors. However, because of the widespread
distribution of the reporters (e.g. Lifeact-EGFP, UCHD-EGFP), such analyses
are much more difficult than those with a junctional reporter, which is much
more defined. Alternatively, it may be possible to assess F-actin dynamics by
performing FRAP-experiments.
Although Barry et al., have proposed that the role of Rasip1 in junctional
clearance is mediated by Cdc42, one has to keep in mind that this proposed
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interrelationship is based on the phenotypic correlation of their respective
mutant phenotypes. As discussed below, I have also compared rasip1 zebrafish
mutants to knockdowns of ccm1 and heg1. Also, the knockdown of these genes
consistently leads to defects in the removal of junctional proteins from the apical
compartment. Thus, establishment of a junctional ring from a junctional patch
appears to involve many regulatory factors, which may act in parallel or interact
with each other. However, at this point, it seems that all the pathways converge
on F-actin dynamics.
6.1.3 Rasip1’s role in lumen formation and maintenance
Lumen formation is essential for the formation of a patent vasculature. Over the
last twenty years or so, several mechanisms of vascular lumen formation have
been proposed and it seems obvious that under different conditions, ECs can
adopt different modes of lumen formation. In the zebrafish, four different
morphogenetic mechanisms of lumen formation have been proposed, namely
chord hollowing (Herwig et al., 2011), intracellular cell hollowing by vacuole
formation (Kamei et al., 2006), transcellular cell hollowing by membrane
invagination (Herwig et al., 2011; Lenard et al., 2013) and lumen ensheathment
(Helker et al., (2013).
Lumenization of ISVs and the DLAV occurs predominantly by chord hollowing
and transcellular lumen formation. The parameters which determine which of
the two mechanisms is used are not completely understood. Circumstantial
evidence suggests that cellular arrangements and exposure to blood pressure from
the dorsal are key determinants: while multi-cellular EC arrangement and the
lack of exposure to blood pressure favor chord hollowing, transcellular lumen
formation requires uni-cellular EC arrangements and blood pressure.
The contribution of vacuoles in vascular lumen formation remains controversial.
For one, Kamei and colleagues did show membrane-enclose vesicles or vacuolelike structures, however, due to a lack of cellular resolution, it might be difficult
to differentiate between intra- and extracellular structures. In rasip1 mutants, we
113

6. DISCUSSION

observed lumen defects in the ISV at low penetrance and non-lumenized ISVs
remained unperfused for several days. These analyses were not done at the
single-cell level (e.g. using junctional markers). However, based on my analyses
on cellular arrangements using VE-cadherin antibodies or the VE-cadherin-Venus
reporter, it seems likely that these non-lumenized vessels are in a single cell
configuration, which in wild-type embryos would lead to a unicellular tube by
transcellular lumen formation. Together, these observations suggest that Rasip1
may play a role in membrane invagination. Consistent with this possibility,
Rasip1 protein is localized at the apical membrane, which is the invaginating
membrane compartment (see chapter 5, Fig. 1k). Membrane invagination entails a
massive expansion of the apical membrane compartment and involves
concomitant integration of apical proteins and membrane, which are thought to
be delivered by specific endosomal or exocytotic vesicles, which are often coated
with a specific subset of Rab GTPases. In HUVECs, Rasip1 has been shown to
colocalize with Rab5a and Rab8 positive vesicles (but not with Rab7) (Barry et
al., 2016). Rab5a and Rab8 label early endosomes and the trans-Golgi network
(Mitin et al., 2004). Interestingly, Rab8 has been shown to modulate polarized
membrane transport and to be important for directed membrane transport to cell
surfaces (Furuhjelm and Peränen, 2003; Peränen et al., 1996). More recently,
Rab8a has been shown to localize to transcytosing podocalyxin vesicles in
MDCK cells and knockdown of Rab8a caused a reduction in lumenogenesis
(Bryant et al., 2010). Therefore, Rab8 is a potential candidate to interact with
Rasip1 in apical membrane growth.
A role for Rasip1 in membrane trafficking is further supported by the occasional
appearance of enlarged vesicle-like structures in rasip1 mutants. Besides failure in
lumen formation, I could occasionally see such vesicles and by simultaneous
imaging of EC junctions I could show that these vesicles are indeed intracellular.
The nature of these enlarged vesicles is not clear at this point. The rare
appearance of the vesicles and the lack of good Rab-specific antibodies will
make it difficult to distinguish, which type of vesicle such structures represent.
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Taken together, the lack of Rasip1 causes mainly two defects as I described in my
result part (see chapter 5): (1) the mis-localization of junctional molecules, and (2)
lumen formation defects (cytosolic ectopic luminal pockets and apical lumens).
Perhaps, the mis-regulated Rasip1/Cdc42/Pak4 mechanism controls actomyosin
in a disordered way and puts the ectopic junctional molecules at cell-cell
contacts. Thus, the mis-localized junctional molecules seal ECs by non-concerted
way and it causes the local lumens in between the cells, which are much less
prominent in wild-type. On the other hand, rasip1 mutants show occasional
intracellular luminal pockets, which I could never detect in wild-type embryos.
They could represent defects by mis-trafficking of Rab proteins and their
associated vesicles.
6.2 Unique and redundant function of Rasip1 and Radil
Genomic analysis revealed three Radil paralogues in zebrafish (radila, -b, and -c)
based on the zebrafish genome data base. By in situ hybridization with each Radil
paralogue, only Radilb transcript appeared to be enriched in endothelial cells
(Schellinx, 2018, PhD thesis). From in vitro and structure studies (Gingras et al.,
2016; Post et al., 2015), we assume the Radil works together with Rasip1 as it
shares three of its four protein domain with Rasip1 showing closely-related
functions and interactions. However, Radil has its own function as it can regulate
RhoA/ROCK activity, differently from Rasip1.
rasip1 mutants and radilb mutants are both homozygous viable. In the embryo,
radilb mutants show less efficient cellular rearrangement than the rasip1 mutants
and defects in lumen expansion and stability. Although, overall, the defects in
radilb mutants appear milder. However, radilb mutants display a junctional
phenotype which rasip1 mutant did not show: in vivo imaging of the transgenic
line Tg(VE-cad:VE-cad-venus) revealed that radilb mutants have a less defined
junctional pattern compared to wild-type and to rasip1 mutants. Furthermore,
homozygous double mutants for the two genes showed stronger defects than each
mutant by itself. However, and most strikingly, radilb mutants do not show
reticulated junctions during ISV anastomosis, indicating that the process of
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junctional ring formation specifically requires Rasip1 and not Radilb. Taken
together, these observations indicate that the roles of the two proteins are not
completely overlapping or redundant.
The relationships between Rasip1 and Radilb needs to be further investigated at
the functional (phenotypic) and the molecular levels. The role of Radil in
mammalian vascular development has not been investigated. Biochemical
structure-function analyses suggest that only Radil can bind to Arhgap29 via its
PDZ domain, which subsequently inhibits RhoA (Post et al., 2015). To test this
interaction genetically, it would be interesting to delete the PDZ domainencoding portion in the radilb gene and to generate an arhgap29 mutant in
zebrafish to compare their phenotypes. I have tried to generate an arhgap29a
mutant by CRISPR/Cas9-mediated mutagenesis but was not able to recover a
mutant allele. As Radil, Rasip also has been proposed to negatively regulated
RhoA (Barry et al., 2016). However, since Rasip lacks the C-terminal PDZ
domain, it is not clear how Rasip1 and RhoA may interact at the molecular level.
One possibility is that both proteins, Rasip1 and Radil, are binding to the
transmembrane protein Heg1 via their forkhead-associated domain and that this
interaction is required for RhoA downregulation.
6.3 Comparative phenotype analyses suggests functional interaction of Rasip1
with Ccm1 and Heg1
Small G proteins of the Rap family are classical regulators of cell proliferation
and a variety of cell adhesion processes. Their effector proteins, such as Rasip1,
have two RA domains, where two Rap can be dimerized at an opposite site,
respectively (Gingras et al., 2016). Rasip1 and Radil can function in the Rap1
pathway, since both have RA domains. Homodimerization of Rasip1 enhances
signaling. Rap is brought to the plasma membrane and, upon the Rasip1
recruitment, the initial signaling cascade can be activated. At low Rap-GTP
levels, a single Rap protein binds two molecules of Rasip1. At high levels of local
Rap-GTP, the Rasip1 dimer will be involved in the interaction with two Rap
molecules, which boosts plasma membrane localization of Rasip1. In addition,
116

6. DISCUSSION

Rasip1 and Radil may also form heterodimers via their RA domains. Since they
are related and have both an RA domain and a Dil domain, while Radil has an
additional PDZ domain,, both are found in immuno co-precipitation
experiments (Post et al., 2015). Rap1 brings together Rasip1, Radil, and
RhoGAP Arhgap29, which regulates the Rho-mediate actin cytoskeleton at the
membrane. Interestingly, the dimerization interface of Rasip1 is involved in other
molecular interactions as well. For example, CCM1 has a UBQ fold, with which
Rap interacts and the UBQ fold also works together with the cytosolic tail of
Heg1 (Gingras et al., 2013).
From structural analyses of the CCM1 complex, we know that the Rap1 small
GTPase and the HEG1 cytoplasmic tail can bind to each other (Gingras et al.,
2013). The CCM1 FERM domain, which is a protein module for localizing to
the plasma membrane, can bind both Rap1 and HEG1 and generate a CCM1Rap1-HEG1 ternary complex. Additionally, through unbiased proteomic
screening, Rasip1-HEG1 binding was identified (Kreuk et al., 2016). This
suggests the complex of CCM1-Rap1-Rasip1-HEG1 could work together for
controlling the blood vessel development. Especially, HEG1 is essential for bring
Rasip1 to the junctions between ECs and helps to stabilize the cell junctions.
Based on these cooperative working molecules along the Rasip1, I have analyzed
the effects of downregulating CCM1 and HEG1 function using anti-sense
morpholino knockdown.

As shown in chapter 5 (Fig. 6), I observe similar

defects as in rasip1 mutant, in particular with respect to junctional ring formation
during anastomosis As in rasip1 mutants, loss of Ccm1 or Heg1 function leads to
the formation of ectopic reticulated junctions within the newly established apical
compartment. The role of Ccm1 and Heg1 in the establishment of junctional
ring and de novo apical compartments has not previously been described. Both
proteins have been linked to the regulation of cortical actin via RhoA (Glading et
al., 2007; Kreuk et al., 2016), which is in agreement with the proposed function
of Rasip1. However, the analysis of Barry and colleagues (2016), suggests that
the de novo establishment of apical compartments during vasculogenesis
downstream of Rasip1 is dependent on Cdc42 rather than on RhoA. Thus, we
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observe similar junctional defects in different genetic conditions, namely loss of
function of Rasip1, Cdc42, Ccm1 and Heg1. Whether these proteins interact
within a common molecular pathway remains to be determined.
6.4 Summary of the role of VE-cadherin and Rasip1 during angiogenesis
6.4.1 The role of VE-cadherin for JBL function during longitudinal ring
elongation
During my PhD thesis, I was interested in how junctional proteins promote
dynamic cell behaviors underlying blood vessel morphogenesis. Besides my
analyses of the rasip mutant, I also worked on the role of VE-cadherin in
junction elongation, which is driven by so-called junction-based lamellipodia
(JBL). In particular, I analyzed a VE-cadherin-delta-C mutant, which lacks the ßcatenin binding site, thereby preventing VE-cadherin/F-actin interaction. I did a
number of mutant studies to monitor how ECs are arranged and shaped and
whether those morphological processes are depending on the F-actin forces,
which is supposed to be applied to the VE-cadherin at cell-cell contacts. In
conclusion, JBL is highly influenced by the VE-cadherin/F-actin interaction
because the omission of this interaction causes a lack of functional JBLs and
eventually leads to a failure of junctional elongation and EC remodeling (Fig 2).
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Figure 2. JBL is essential for junctional remodeling. JBL mediates elongation of an endothelial
cell junction during anastomosis. (Left) In wild-type, VE-cadherin/F-actin interaction between
two cells facilitates EC rearrangement and induces multicellular tube formation. (Right)
However, in VE-cadherinubs25 mutant, due to the missing of the beta-catenin binding site, which
enables F-actin anchors to VE-cadherin, JBL is nonexistent. As an outcome, there is no
junctional elongation as well as EC rearrangement.

6.4.2 A working model for Rasip1 function during lumen formation
In my thesis, I have characterized the consequences of the loss of Rasip1
function during blood vessel formation in zebrafish. Previously, the Cleaver
group reported that this protein is important for blood vessel tubulogenesis of the
murine dorsal aorta. Mice lacking Rasip1 showed lethality at E10.5 and a failure
in lumen formation (Xu et al., 2011). Furthermore, the Cleaver hypothesized that
Rasip1 is controlled in a spatiotemporal way. During the early phase, Rasip1 is
involved in the clearance of apical membrane junctions, collaborating with
Cdc42 and Pak4, which activate Non-Muscle Myosin II (NMII). At a later stage,
Rasip1 suppresses actomyosin contractility via the inhibition of RhoA by
Arhgap29, and this suppression subsequently leads to the expansion of the
lumen during vasculogenesis (Barry et al., 2016).
In my study, I highlighted novel roles of Rasip1 during the angiogenesis process,
using zebrafish and in vivo imaging. (1) The localization of Rasip1 protein, which
is physically adjacent to junction, suggests that Rasip1 works closely together
with the junctional molecules such as VE-cadherin. (2) Rasip1 stabilizes VEcadherin junctions and by doing so, intracellular cell tensions are balanced. In 32
hpf zebrafish embryos, stalk cells are elongated simultaneously with junctional
elongation during sprout outgrowth in wild-type embryos. However, in rasip1
mutant, I found abnormally elongated cells in ISV, which could be due to the
imbalanced cell tensions caused by the loss of junctional anchors. (3) Rasip1 is
critical for proper junctional molecule localization. The ectopic localization of
junctional molecules in rasip1 homozygous mutant might reflect that two cells
during anastomosis are subjected to imbalanced intracellular actin tensions.
From our observation, we propose a working model: cortical actins are supposed
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to make apical region open at cell-cell contacts and ultimately put the junctional
molecules a side (Fig 3). Since VE-cadherin and F-actin are connected via betacatenin, Rasip1/Radil might mediate between those two elements to induce
intracellular tension difference between apical and basal side of a cell. Especially,
Radil-Arhgap29 inhibits RhoA/ROCK signaling which leads to vessel expansion
and applies only to the apical side of a cell via Rasip1. Therefore, losing tension
in the apical region provides a space for the junctional opening (a ring-shaped
junction) while tightening of tension at the basal side actually facilitates cell
shape changes from round to flat. In extreme cases, and probably also due to the
space limitation, a liner junction (or a collapsed junction) was observed in rasip1
mutant. This collapsed junction might also be due to the mis-localized and misregulated junctional actin behavior, which provides imbalanced mechanical
tensions to the junction. (4) Rasip1 might be involved in the inhibition of ectopic
luminal pocket formation. Failure of apical membrane clearance between two
cells might lead to the formation of intracellular luminal pockets in rasip1
mutants, along with enlarged apical lumens within junctions. Generally, rasip1
mutants show delayed growth speed and narrow blood vessels. Some of the nonlumenized vessels persist until 5 days, and might induce embryonic death with a
high possibility. On top of that, our study proposes that Radil-b collaborates with
Rasip1 in vasculature development although we did not confirm the localization
of Radil-b by immunofluorescence. Radil-b has less significant impact in terms
of junctional localization and stabilization but since the double mutant analysis
shows a more severe phenotype than single rasip1 mutant, collaboration of two
proteins (Rasip1 and Radilb) likely occurs during junction organization and later
lumen formation. Moreover, I have collected evidence that two partner proteins
of Rasip1, which establish ternary complex (Gingras et al., 2016) work in
concert with Radil.. Ccm1 (or Krit1) is a scaffold molecule and is known for its
role in the regulation of endothelial cell junction. Another protein is Heg1,
which is an orphan receptor and supports vessel formation and stability
(Lampugnani et al., 2018). Via Heg1, Rasip1 and Ccm1 can be associated
together and possibly recruit Rasip1 to cell-cell junctions (Kreuk et al., 2016). By
knocking down the function of these two proteins, I observed similar junctional
defects, defects that I also found in rasip1 and rasip1/radil-b double mutants,
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which suggest that this complex play a key role for junctional morphological
transition, the transformation of an initial junctional patch into a ring-shaped
structure at cell-cell contacts. By forming a ring-shaped junction, properly
regulated cell tensions allow apical membrane clearance for later lumen
formation.
Further remarks: Recently, we received ccm1 mutant from Dr. Bettina Kirchmaier
(the Lab of Prof. Acker-Palmer). Therefore, I will do immunofluorescence test
on this mutant using anti-Rasip1 and check is its localization to answer these
remaining key questions: whether does the VE-cadherin morphology show defects in the
ccm1 mutant compared to wild-type or rasip1 mutant and can we say CCM1 is important
for the proper Rasip1 function and do they work together for junction formation?
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Figure 3. A luminal pocket to an enlarged lumen. During apical lumen formation (32 ~ 34 hpf
in zebrafish embryo), WT has an open lumen and luminal expansion induced by cell shape
changes. This transition might due to a tension difference between apical and baso-lateral
actomyosin contractility at cell-cell contact. On the contrary, rasip1ubs28 mutant shows closed
junctional organization between two anastomotic cells. Upper panel represents collapsed junction
in rasip1 mutant and bottom panel suggests a possible model to explain the failure in de novo
lumen formation upon the mis-regulated RhoA signaling transduction, which is supposed to be
controlled by Rasip1-Radil-Arhgap29 to reduce tension of cortical actin in apical region of the
cells.
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RESEARCH ARTICLE

Control of dynamic cell behaviors during angiogenesis and
anastomosis by Rasip1

ABSTRACT
Organ morphogenesis is driven by a wealth of tightly orchestrated
cellular behaviors, which ensure proper organ assembly and
function. Many of these cell activities involve cell-cell interactions
and remodeling of the F-actin cytoskeleton. Here, we analyze the
requirement for Rasip1 (Ras-interacting protein 1), an endothelialspecific regulator of junctional dynamics, during blood vessel
formation. Phenotype analysis of rasip1 mutants in zebrafish
embryos reveals distinct functions of Rasip1 during sprouting
angiogenesis, anastomosis and lumen formation. During angiogenic
sprouting, loss of Rasip1 causes cell pairing defects due to a
destabilization of tricellular junctions, indicating that stable tricellular
junctions are essential to maintain multicellular organization within
the sprout. During anastomosis, Rasip1 is required to establish a
stable apical membrane compartment; rasip1 mutants display ectopic,
reticulated junctions and the apical compartment is frequently
collapsed. Loss of Ccm1 and Heg1 function mimics the junctional
defects of rasip1 mutants. Furthermore, downregulation of ccm1 and
heg1 leads to a delocalization of Rasip1 at cell junctions, indicating that
junctional tethering of Rasip1 is required for its function in junction
formation and stabilization during sprouting angiogenesis.
KEY WORDS: Zebrafish, Endothelial cells, Angiogenesis,
Anastomosis, VE-cadherin, Rasip1

INTRODUCTION

The cardiovascular system is the first organ to become functional
during embryonic development. The generation of vascular networks
is essential for developmental patterning, growth and survival of the
vertebrate embryo. As the embryo grows, the vasculature adjusts
to the increasing demand of nutrients and oxygen by an expansion of
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the vasculature tree via sprouting angiogenesis, vascular remodeling
and adaptation of blood vessel diameter. Vascular morphogenesis is
driven by a wealth of dynamic cellular behaviors, which are regulated
by molecular as well as physical cues, and are characterized by
an extraordinary plasticity (Adams and Alitalo, 2007; Baeyens et al.,
2016; Duran et al., 2017). At the cellular level, blood vessel
morphogenesis and remodeling are accomplished by endothelial cell
behaviors, including cell migration, cell rearrangement and cell shape
changes (Betz et al., 2016). This repertoire of dynamic behaviors
allows endothelial cells to respond rapidly to different contextual
cues, for example during angiogenic sprouting, anastomosis, pruning,
diapedesis or regeneration.
Previous studies have shown that vascular tube formation
requires extensive and diverse cell shape changes and that these
changes can be driven by junctional remodeling as well as dynamic
regulation of the cortical actin cytoskeleton (Gebala et al., 2016;
Paatero et al., 2018; Phng et al., 2015; Sauteur et al., 2014).
Junctional remodeling is essential for cell rearrangements, which
drive multicellular tube formation. Enlargement of the luminal
space, by contrast, requires apical membrane invagination (Barry
et al., 2016; Strilić et al., 2009). During anastomosis, the apical
membrane can invaginate through the entire cell leading to the
formation of a unicellular tube (Lenard et al., 2013).
Junctional remodeling and membrane invagination rely on
dynamic regulation of the F-actin cytoskeleton at the endothelial
cell junction and apical cortex, respectively. Small GTPases of the
Rho family, including Cdc42, Rac1 and RhoA are essential
regulators of F-actin dynamics and have been shown to play
crucial roles during blood vessel formation in vitro and in vivo
(reviewed by Barlow and Cleaver, 2019). In the vasculature, these
GTPases are partially regulated by the adaptor protein Rasip1.
Rasip1 has been shown to promote Rac1 and Cdc42 activity,
whereas it inhibits RhoA activity by binding to the GTPaseactivating protein Arhgap29 (Barry et al., 2016; Xu et al., 2011).
Ablation of Rasip1 in mice and knockdown of rasip1 in zebrafish
cause severe vascular defects (Wilson et al., 2013; Xu et al., 2011).
During vasculogenesis, Rasip1 is required for the lumenization of
the dorsal aorta, in particular for clearing of apical membrane
compartments from junctional proteins and for opening of the
vascular lumen between endothelial cells (Barry et al., 2016).
However, the role of Rasip1 during sprouting angiogenesis and
anastomosis has not been studied in detail.
To gain more insight into the cellular and molecular mechanisms
of vascular tube formation during angiogenesis, we have generated
loss-of-function alleles in the zebrafish rasip1 gene and performed
high-resolution time-lapse imaging to observe junctional dynamics
during sprouting angiogenesis and anastomosis. Loss of rasip1
causes multiple vascular defects, with respect to angiogenic
sprouting, including defects in cell proliferation, junctional
stability and lumen formation. Furthermore, analyses of radil-b
1
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and rasip1;radil-b double mutants reveal partly redundant roles for
the two proteins. Lastly, knockdown of ccm1 and heg1 phenocopies
the apical junctional defects seen in rasip1 mutants, suggesting a
functional interaction between these proteins during blood vessel
formation.
RESULTS
Loss of Rasip1 function causes broad vascular defects

To investigate the role of Rasip1 in vascular morphogenesis, we
employed CRISPR/Cas9 technology to generate several mutant
alleles, namely rasip1ubs23, rasip1ubs24 and rasip1ubs28, respectively
(Fig. S1). The rasip1ubs28 allele comprises a deletion of about 35 kb,
including the rasip1 coding region from exon 3 to 16, resulting in a
severely truncated protein lacking the Ras-association, Forkheadassociation and Dilute domains (Fig. S1A). Because the truncated
protein lacks all the conserved domains and cannot be detected by
anti-Rasip immunostaining (Fig. S1F), we consider rasip1ubs28 to be
a null allele and focused our studies on the analysis of this mutant.
Homozygous rasip1 mutants displayed hemorrhages and vascular
instability in the cranial vasculature at 3 days of development
(Fig. S1D). Furthermore, we observed transient pericardial edema
between 3 and 5 days post-fertilization (dpf) (Fig. S1E), which usually
disappeared during larval development. In the trunk, rasip1 mutants
showed reduced blood flow, which correlated with irregular and
generally reduced diameter of the dorsal aorta (DA) and
intersegmental vessels (ISVs) (Fig. S2A-C). These differences were
transient; by 5 dpf, the average vessel diameter had recovered to
normal size. Despite these severe defects, homozygous rasip1 mutants
recovered and ∼30% of them developed to become fertile adults.
Reduced motility and proliferation during angiogenic
sprouting in rasip1 mutants

To find out whether the loss of rasip1 affects dynamic cell
behaviors, we performed time-lapse analyses, concentrating on the
developing ISVs. ISV sprouts emerge from the DA at about 2224 hours post-fertilization (hpf ) and extend towards the dorsal side
of the embryo. In wild-type embryos, they reach the dorsal part of
the neural tube by 28 hpf and initiate formation of the dorsal
longitudinal anastomotic vessel (DLAV) (Lawson and Weinstein,
2002). In our time-lapse movies, we observed that by 30 hpf almost
all sprouts in the trunk region had completed dorsal sprouting and
engaged in contact with neighboring sprouts (Fig. S3A,B;
Movie 15). In contrast, ISV sprouting in rasip1 mutants appeared
sluggish and 25% of sprouts were incomplete by 30 hpf (Fig. S3A,
B; Movie 16). To determine whether stunted outgrowth was
reflected by a difference in the number of endothelial cells
contributing to ISV sprouts, we counted nuclei within each sprout
at 30 hpf (Fig. S3C). In wild-type and rasip1 mutant embryos, the
number of ISV nuclei was variable, ranging between one and five.
However, we observed a clear enrichment of ISVs containing one or
two nuclei in mutants compared with wild type, which contained
three to four nuclei. Quantification of 5-ethynyl-2′-deoxyuridine
incorporation in endothelial cells did reveal mild albeit nonsignificant proliferation defect in ISV and the DA (see peer review
history file associated with this article). To determine whether the
diminished cell number in ISV sprouts was caused either by reduced
recruitment or by proliferation defects of endothelial cells, we
tracked endothelial cell nuclei during ISV formation (Fig. S3D-G).
In wild-type siblings, we observed that two cells migrated from the
DA into the sprout, undergoing one round of division, each thus
giving rise to an ISV consisting of four cells (Fig. S3E; Movie 17);
ISVs comprising three cells were usually formed by two migrating
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cells and a single cell division (Fig. S3F; Movie 19). In rasip1
mutants, we rarely observed cell divisions within the sprouts (Fig.
S3D,G; Movies 18 and 20). Instead, most cells in the sprout
originated from the DA, and occasionally we observed three cells
migrating into the sprout (Fig. S3F; Movie 20). Hence, these results
show that proliferation in sprouting endothelial cells is reduced in
rasip1 mutants and suggest that paucity of cell number may be
compensated for partially by the recruitment of additional cells into
the sprout.
Instability of tricellular junctions inhibits formation of
multicellular tubes

We next examined whether loss of rasip1 affects angiogenic tube
formation. In wild-type embryos, the multicellular architecture of
ISVs tubes is established by concerted migratory and proliferative
activities of endothelial cells. More specifically, the multicellular
configuration is driven by junctional rearrangements along the
vessel axis, which leads to effective cell pairing and, thus,
multicellularity.
As multicellular tubes have been characterized and can be
recognized by continuous junctions along the blood vessel axis
(Blum et al., 2008), we used a VE-cad-Venus reporter [Tg(cdh5:
cdh5-TFP-TENS-Venus)uq11bh; Lagendijk et al., 2017] to follow the
dynamics of endothelial junctions during ISV formation. In wildtype siblings, cell junctions elongated and spanned the entire extent
of the ISV giving rise to multicellular tubes by 48 hpf (Fig. 1A).
Notably, adherens junctions maintained the continuity of ISVs with
the DA, where they formed vertices or tricellular junctions (Fig. 1A,
white arrowheads; Movie 1). rasip1 mutants showed a clear delay in
multicellular tube formation (Fig. 1C) and at 48 hpf, on average,
∼40% of ISVs had not achieved a multicellular configuration
(Fig. 1B). Moreover, time-lapse analysis of VE-cad-Venus showed
defects in junctional development (Fig. 1A; Movie 2). Specifically,
at the ventral base of the sprout, junctions that were normally
tethered to the DA in wild-type embryos, lost this attachment and
the junctional ring was ‘released’ in mutant embryos (Fig. 1A,
yellow arrowheads,1D; Movie 2). This detachment resulted in one
of the stalk cells moving up into the DLAV leaving a single cell
spanning the distance between the DA and the DLAV (Fig. 1A,E,F).
These results indicate that junctional interconnections at the base of
the sprout are essential for cell intercalation to occur during
multicellular tube formation. Thus, the loss of these connections in
rasip1 mutant prevents cell pairing and results in unicellular ISVs
and, consequently, a defect in the cord-hollowing process
underlying multicellular tube formation.
Defects in junctional dynamics during blood vessel
anastomosis

The growth and interconnection of vascular networks requires
angiogenic sprouting as well as the interconnection of all sprouts by
the process of anastomosis. At the cellular level, anastomosis occurs
in a stereotyped fashion (reviewed by Betz et al., 2016).
Neighboring sprouts initiate contact via tip cell filopodia and
form a junctional ring, which surrounds apically polarized
membrane. Junctional ring and apical membrane formation in
both of the contacting cells leads to the formation of a luminal
pocket, which is later connected to the lumen of the nascent vessel.
The process of anastomosis in zebrafish serves as a paradigm to
study the cell biology of blood vessel formation and includes
processes such as apical polarization, junctional rearrangements and
lumen formation, which occur within a 4-6 h window (Herwig et al.,
2011). To assess the role of Rasip1 during anastomosis, we
2
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Fig. 1. Formation of multicellular vessels is impaired in rasip1 mutants. (A) Still images of time-lapse movies showing endothelial cell junctions
(Cdh5-Venus) in wild-type (WT) and rasip1ubs28 embryos (Movies 1 and 2). White arrowheads show maintained junctional contacts in wild-type ISV sprouts.
Yellow arrowheads indicate junction detachment in mutant embryos. Bottom row shows close-ups (a1-a3: wild type; a4-a6: mutant) showing junctional
detachment in a4 and a5. Scale bars: 20 μm. (B-E) Quantification of junctional and cellular configuration during ISV formation in wild-type and rasip1ubs28 mutant
embryos. (B) Percentage multicellular tubes at 48 hpf (WT n=8, mutant n=6). (C) Speed of multicellular tube formation (WT n=5, mutant n=6). (D) Percentage of
ISVs per embryo showing junctional detachment (WT n=4, mutant n=5). (E) Percentage of single-cell ISVs at 32 hpf (WT n=8, mutant n=8). Quantifications were
performed by counting ISVs showing the respective phenotypes, averaged by total ISVs analyzed per embryo. (F) Immunofluorescence staining of ZO-1 and
Esama in Tg(kdrl:EGFP)s843 at 32 hpf. Schematics on the right show the different cellular configurations of multicellular (WT) and unicellular (rasip1 mutant) ISVs.
Scale bars: 5 μm. The data were analyzed by unpaired two-tailed Mann–Whitney test (*P<0.1, **P<0.01); error bars indicate s.d.
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compared the junctional dynamics in wild type and rasip1 mutants
using VE-cad-Venus (Fig. 2A-C; Movies 3-5) and PecamEGFP (Fig. S4; Movies 21 and 22) as junctional reporters. Timelapse analyses revealed two different defects in rasip1 mutants
during junctional ring formation. In ∼53% of anastomosis events
(Fig. 2A,D,F), we observed ectopic accumulation of VE-cadherinVenus or Pecam-EGFP (Fig. S4) within the junctional ring,
revealing a defect in relocating these junctional proteins from the
apical compartment to cell junctions. Alternatively, in ∼34% of

cases, the anastomotic ring (Fig. 2C,E,F) elongated along the blood
vessel axis but failed to maintain a lateral axis, leading to a collapsed
junctional ring.
The described defects were confirmed by immunofluorescent
analysis of the junctional proteins VE-cadherin (VE-cad; Cdh5), ZO1 (tight junction protein 1, Tjp1) and Esama (endothelial-selective
adhesion molecule a) (Fig. 2D,E). In rasip1 mutants, VE-cad, ZO-1
and Esama colocalized and formed reticulated junctions within the
apical compartment. Together, these observations indicate that
4
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Fig. 2. Requirement of Rasip1 for dynamic re-localization of junctional proteins and junctional ring formation during anastomosis. (A-C) Still images
of time-lapse movies showing normal junctional patch-to-ring transformation in wild type (WT) (A; Movie 3) and aberrant ring formation in rasip1ubs28
mutants (B,C; Movies 4 and 5). Transgenic embryos expressing a VE-cadherin-Venus fusion protein were imaged, starting at 30 hpf. Scale bar: 5 μm.
(D) Immunofluorescence analysis of ZO-1 and VE-cadherin in Tg(kdrl:EGFP)s843 at 32 hpf. rasip1ubs28 mutant shows reticulated junctions between two cells in
the DLAV; wild-type embryo forms a cleared apical compartment and a ring-shaped junction. Boxed areas indicate the regions shown at higher magnification to
the right. Scale bars: 20 μm (main panels); 5 μm (insets). (E) Immunofluorescence analysis of ZO-1 and Esama in Tg(kdrl:EGFP)s843 at 32 hpf showing a
collapsed junction in the rasip 1ubs28 mutant. Scale bars: 5 μm. (F) Quantification of observed junctional phenotypes at 32 hpf. rasip1ubs28 mutants show a
significant number of reticulated junctions and collapsed anastomotic rings compared with wild type (WT n=6 embryos, 53 analyzed rings; mutant n=8 embryos,
68 analyzed rings). P<0.0001 (χ2 test).
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The diverse vascular defects in rasip1 mutants prompt the question
of whether mutant phenotypes may arise as secondary defects. To
address this question, we performed transplantation experiments
to generate genetic mosaic embryos and tested whether single
or small groups of wild-type endothelial cells behave normally in
a rasip1 mutant background (Fig. 3). We performed two types
of experiments. First, we used Tg(fli1a:pecam1-EGFP)ncv27 and
transplanted TMR-labeled wild-type donor cells into rasip1 mutant
hosts (Fig. 3A). Time-lapse analysis showed that transplanted wildtype endothelial cells maintained junctional contacts with the DA,
and were able to elongate their junctions within the sprouts and form
a multicellular tube in the rasip1 mutant background (Fig. 3A;
Movie 6). For a quantitative analysis of ISV morphology, we
transplanted wild-type [Tg(fli1a:EGFP)y1] donor cells into rasip1
mutant hosts expressing mRuby-UCHD [Tg(fli1a:Gff )ubs3;(UAS:
mRuby-UCHD)ubs20] and analyzed junctional patterns by anti-VEcadherin immunofluorescent staining (Fig. 3B). In ISVs made up by
host cells, we found discontinuous junctional patterns consistent
with the cell-pairing defects observed in rasip1 mutants. In contrast,
donor-derived wild-type cells were able to rearrange and form a
multicellular tube.
To test, whether expression of rasip1 in endothelial cells is
sufficient to rescue the rasip1 mutant phenotype, we performed
rescue experiments by transient rasip1 expression and assayed for
junctional coverage as in the previous experiments (Fig. 3C).
Injection of the fli1a:Rasip1-p2a-tdTomato-CAAX rescue construct
into rasip1 mutant embryos led to mosaic expression of tdTomato in
endothelial cells. In contrast to control embryos, which expressed
only the fluorescent reporter, expression of rasip1 resulted in
efficient rescue of cell rearrangement in forming ISV, illustrated by
increased junctional coverage along the vessel. In summary, these
transplantation and overexpression studies indicate an autonomous
requirement for Rasip1 in the control of junctional dynamics during
angiogenesis.

(Fig. 5A, yellow arrowheads; Movie 10; Fig. S6D). We surmised
that luminal pockets could arise in three different ways (Fig. 5B): (1)
by a collapse of a previously patent tube, (2) by a local cord
hollowing event, which failed to interconnect with other luminal
pockets, or (3) by the formation of large intracellular vacuolar
structures, which failed to fuse with luminal membrane.
To differentiate between these scenarios, we performed a series of
experiments. To test whether luminal pockets arise by lumen
collapse, we performed microangiography using a fluorescent tracer
dye in 28-30 hpf embryos (Fig. 5C). Upon intravascular injection,
the entire patent vasculature was labeled by quantum dots. In rasip1
mutants, however, we observed that, although the base of the ISV
was positive for quantum dots, local luminal pockets in the DLAV
were negative (Fig. 5C, yellow arrowheads). This strongly argues
that luminal pockets in rasip1 mutants arise locally and do not
represent luminal remainders formed by lumen collapse.
We next wanted to check whether luminal pockets
represented intra- or extracellular compartments. Extracellular
luminal compartments arise between cells in a process called cord
hollowing, whereas intracellular lumens are thought to form by
vacuolation (Davis et al., 2011). During anastomosis in zebrafish
embryos, cord hollowing generates luminal pockets, which form as
transient structures at the interface between contacting tip cells (Blum
et al., 2008). This interface is formed by a ring-shaped junction,
which surrounds an apical compartment of both tip cells (Herwig
et al., 2011). Thus, these extracellular pockets are demarcated by
junctional rings, whereas intracellular pockets should be outside of
these rings. To test these possibilities, we examined lumen formation
in rasip1 mutants expressing VE-cad-Venus and found that they
were, in contrast to wild type, located outside the junctional ring
(Fig. 5D, 00:12; Movies 11-14), appearing as vesicular structures
within the endothelial cytoplasm. Later on (Fig. 5D, 01:32), these
intracellular lumens were incorporated into the area covered by the
junctional ring, therefore representing transient structures. Taken
together, these findings show that loss of Rasip1 function leads to a
transient accumulation of intracellular vesicles, which subsequently
merge into the anastomotic compartment, suggesting that Rasip1 may
be required for normal vesicle transport or vesicle fusion during the
cord-hollowing process, which occurs during anastomosis.

rasip1 mutants display transient intracellular luminal
pockets

Rasip1 localizes to apical membranes and endothelial cell
junctions

Rasip1 plays a crucial role in the dynamic re-localization of junctional
components during de novo junction and lumen formation.
Autonomous requirement of rasip1 during sprouting
angiogenesis and anastomosis

As shown above, rasip1 mutant embryos display reduced vessel
diameter and luminal defects (Fig. S2A-C). These luminal defects
affect the onset of blood flow in the ISVs (Fig. 4A, yellow
arrowhead; Movies 7 and 8). We observed that initially
unlumenized ISVs remained unlumenized at least until day 4 of
development (96 hpf ) (Fig. 4B). Moreover, in some instances we
observed that initially lumenized blood-carrying ISVs collapsed in
subsequent stages (up to 96 hpf ), indicating a role for Rasip1 in
lumen maintenance (Fig. 4B,C). Thus, although luminal defects can
be attributed to the inability of endothelial cells to rearrange into a
multicellular configuration (Figs 2 and 3), the above observations
suggest an additional defect in the formation or maintenance of a
continuous luminal compartment. This notion is supported by timelapse analysis of ISV and DLAV formation during lumen formation
(Fig. 5A). The timing of lumen formation in the ISV is variable but
usually starts between 30 and 32 hpf. In wild-type embryos, we
observed that, upon initiation, continuous lumens were formed
within 30 min (Fig. 5A; Movies 9 and 10). In rasip1 mutants, lumen
formation was delayed and discontinuous. Instead, we often
observed luminal pockets in the dorsal aspects of the ISV

Our mutant analyses indicate a requirement for Rasip1 in junction
formation and remodeling, as well as in lumen formation and
maintenance. To gain a better understanding of how Rasip1 may be
involved in these processes, we generated an antibody against
zebrafish Rasip1 to discern the subcellular localization of the protein
during angiogenesis. Immunofluorescence analysis confirmed
endothelial expression of Rasip1 in zebrafish embryos (Fig. S5).
Notably, Rasip1 protein levels appeared to be dynamically regulated.
During vasculogenesis, until the emergence of intersegmental
sprouts, Rasip1 was detected at high levels in the dorsal aorta
(Fig. S5A,B, yellow arrowheads). In contrast, Rasip1 protein was
highly expressed in sprouting ISVs whereas it became downregulated
in the dorsal aorta (Fig. S5C,D, yellow bars), supporting the notion
that Rasip1 primarily functions during blood vessel morphogenesis
rather than during vessel maintenance. High-resolution imaging
revealed specific subcellular localization during blood vessel
formation. In the context of anastomosis, three different phases
could be discerned. First, during contact formation (30 hpf), we
found that Rasip1 is absent from newly formed contacts (Fig. 6A,
yellow arrowheads). However, Rasip1 was observed colocalizing
5
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Fig. 3. Autonomous requirement of Rasip1 during ISV formation. (A) Schematic showing transplantation of TMR-labeled donor wild-type (WT)
cells into rasip1ubs28 mutant hosts with both donor and host cells expressing Pecam1-EGFP in endothelial cells. Time-lapse images of wild-type cells (red)
in rasip1ubs28 mutant hosts showing that wild-type cells elongate and maintain junctional contacts (Movie 6). Double-headed arrows indicate the extent
of the ISV between DA and DLAV. (B) Schematic showing transplantation of EGFP-labeled wild-type donor cells [Tg(flia:EGFP)y1] into rasip1 mutant host
embryos [Tg(flia:Galff )ubs3; (UAS:UCHD-mRuby2)ubs20]. Immunofluorescence analysis of VE-cadherin in embryos at 32 hpf. Transplanted wild-type cells
elongate and form multicellular tubes. Graph shows quantification of junctional coverage along the dorsal-ventral axis (ratio between the accumulated
length of junctions to the length of the ISV) (analyzed WT donor segment n=20, host cell segment n=23). (C) Rescue by transient endothelial-specific
rasip1 expression. Endothelial expression was achieved by DNA microinjection using a fli1a:Rasip1-p2a-tdTomato-CAAX construct or fli1a:
tdTomato-CAAX as a control. Graph shows quantification of junctional coverage along the dorsal-ventral axis (analyzed ISVs in rasip1ubs28
mutant background n=17, rasip1 over-expression n=13). Scale bars: 20 μm. Analyzed by unpaired two-tailed Mann–Whitney test (***P<0.0001 in B,
***P<0.001 in C); error bars indicate s.d.
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with large junctional patches prior to discernable formation of apical
compartments. During later stages of anastomosis, when the
anastomotic ring had formed, Rasip1 was restricted to the apical
compartment within the junctional ring with no detectable Rasip1 at
the junction (Fig. 6B, yellow arrowheads). However, shortly later –
during the establishment of the DLAV (36 hpf) and subsequently
after full development of angiogenic vessels (48 hpf) – we found that
Rasip1 also localized to endothelial cell junctions (Fig. 6C; Fig. S5E,
white arrowheads). Taken together, these studies show that Rasip1 is
dynamically distributed during different phases of blood vessel
formation. In particular, the dynamic subcellular distribution to apical
membrane compartments and endothelial cell junctions suggests a
sequential requirement for Rasip1 during apical compartment
formation and junctional remodeling, respectively.
Because of the early localization of Rasip1 to the
apical membrane, we wanted to test whether loss of Rasip1

function affects apical polarization during blood vessel formation.
To this end, we generated a transgenic reporter [Tg(EGFPpodxl)ubs29], which labels the apical membrane compartment
(Fig. S6E). At 48 hpf, we observed normal luminal localization
of EGFP-Podxl in rasip1 mutants (Fig. S6E). In ISVs
that displayed luminal defects, we observed slightly irregular
distribution of EGFP-Podxl in affected areas (insets in
Fig. S6E). These observations suggest that, in spite of its apical
localization, Rasip1 is not required for apical polarization in
endothelial cells.
Overlapping requirement of Rasip1 and Radil-b in blood
vessel formation

Rasip1 protein has been shown to be an effector protein of the small
GTPase Rap1 (Gingras et al., 2016). Protein-binding studies have
shown that Rasip1 can form multimeric complexes consisting of
7
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Fig. 4. Protracted delays in lumen formation in rasip1 mutants. (A,B) Live images of Tg(kdrl:EGFP)s843; (gata1a:DsRed)sd2 embryos. (A) Still images of timelapse movies starting at 30 hpf (Movies 7 and 8). (B) Tracking of individual unlumenized ISV during embryonic development (32 to 96 hpf ). Scale bars: 20 μm.
(C) Percentage of blood-carrying ISVs at 96 hpf (WT n=3 embryos, 28 analyzed ISVs, mutant n=5, 46). Analyzed by unpaired two-tailed Mann–Whitney test
(*P<0.1); error bars indicate s.d.
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Fig. 5. See next page for legend.
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Fig. 5. Analysis of ectopic luminal pockets during DLAV formation in
rasip1 mutants. (A) Still images of time-lapse movies showing the emergence
of ectopic luminal pockets (yellow arrowheads) in rasip1 mutants (Movies 9
and 10). (B) Schematic of possible cellular localizations of ectopic lumens. To
differentiate between these possibilities, two types of experiments were
performed: microangiography (C) and colocalization of luminal pockets with
junctional marker (D). (C) Visualization of ectopic lumens and patent lumens in
a rasip1ubs28 embryo (36 hpf ). Ectopic luminal pockets are indirectly visualized
by the absence of cytoplasmic EGFP (yellow arrowheads) [Tg(kdrl:
EGFP)s843]. The patent lumen is marked by microangiography using quantum
dots in red (black in bottom panel). Ectopic lumens are not part of the patent
vasculature. (D) Still images of time-lapse movies during lumen formation in
the DLAV from around 32 hpf onward in wild-type (WT; top) and rasip1ubs28
(bottom) embryos (Movies 11-14). Endothelial cells are labeled with mRFP
(grayscale images) and junctions are labeled by VE-cad-Venus (merged
images). Yellow arrowheads indicate the ectopic luminal pockets in the rasip1
mutant. Scale bars: 5 μm.

Rap1, Rasip1, Radil (Ras-associating-dilute-domain) and the
GTPase-activating protein Arhgap29 (Post et al., 2013).
Furthermore, it has been shown that the core of these complexes
can be formed by a Rasip1 homodimer or a Rasip1/Radil
heterodimer (de Kreuk et al., 2016), indicating partly overlapping
functions of these proteins in endothelial cells. Rasip1 and Radil are
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closely related proteins (Fig. S6A) sharing several protein
interaction domains, such as a Ras association (RA) domain
conferring binding to Rap1, and a forkhead association (FHA)
domain binding the transmembrane receptor Heg1. An additional
PDZ domain is unique to Radil and is thought to interact with the
GTPase-activating protein Arhgap29 (Post et al., 2013). Radil
function in endothelial cells has, so far, only been addressed in cell
culture experiments, which established its above-mentioned protein
interactions and indicated a role of Radil in endothelial barrier
maintenance and the regulation of endothelial cell adhesion
(de Kreuk et al., 2016; Pannekoek et al., 2014). Thus, we wanted
to determine the role of Radil during blood vessel morphogenesis in
vivo and compare its requirement with that of Rasip1. The zebrafish
genome contains three radil paralogs: radil-a, -b and -c (Fig. S6A).
We analyzed blood vessel formation in radil-bsa20161 mutants,
which carry a nonsense mutation (Tyr129→STOP) near the N
terminus of the protein (Fig. S6B).
radil-b mutants were homozygous viable and could be raised to
fertile adulthood. Nevertheless, they exhibited several vascular
defects similar to rasip1 mutants, including cerebral hemorrhages
(Fig. S6C), isolated luminal pockets (Fig. S6D) and a reduction of
blood flow (Fig. 7C), supporting the notion that both proteins are

Fig. 6. Apical-to-junctional re-localization of Rasip1 during blood vessel fusion. (A-C) Immunofluorescence labeling of Rasip1 and VE-cadherin during
different stages of DLAV formation (30-36 hpf ). At 30 and 32 hpf Rasip1 does not localize to endothelial junctions (yellow arrowheads). At 32 hpf, Rasip1 is
restricted to the apical surface of the anastomotic ring (yellow arrowheads). At 36 hpf, Rasip1 localizes to endothelial junctions (VE-cadherin, white arrowheads).
Boxed areas indicate the regions shown at higher magnification below. Scale bars: 20 μm (top panels); 5 μm (insets).
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Fig. 7. Phenotypic comparison of radil-b single and of rasip1/radil-b double mutants suggests partially overlapping functions during vascular
morphogenesis. (A) Immunofluorescence analysis of ZO-1 and VE-cadherin distribution in Tg(kdrl:EGFP)s843 at 32 hpf. The graph shows the percentage
of DLAVs exhibiting a clear ring at 32 hpf. Number of embryos and junctions analyzed at 32 hpf: WT (5, 15), rasip1ubs28 (3, 11), radil-bsa20161 (3, 6) and double
mutant (2, 3). (B) Live images at 48 hpf using Tg(ve-cad:ve-cadVENUS); Tg(fliep:gal4ff )ubs3; (UAS:mRFP) reporter lines. Scale bars: 20 µm. (C) Quantification of
blood flow defects in ISVs at 48, 72 and 120 hpf in rasip1ubs28, radil-bsa20161 and in double mutants. radil-bsa20161 mutants show only transient defects in blood flow
at 48 hpf. rasip1ubs28; radil-bsa20161 double mutants show a strongly enhanced phenotype. Number of embryos and ISVs analyzed at 48, 72 and 120 hpf,
respectively: WT (4, 44; 5, 71; 6, 87), rasip1ubs28 (12, 176; 8, 119; 10, 118), radil-bsa20161 (9, 105; 8, 78; 5, 41) and double mutant (5, 56; 10, 102; 6, 55). Analyzed
by unpaired two-tailed Mann–Whitney test (A,C) (NS, no significance; *P<0.1, **P<0.01, ***P<0.001, ****P<0.0001); error bars indicate s.d.

involved in the same molecular pathways. In contrast, radil-b
mutants did not phenocopy the junctional re-localization defect
observed in rasip1 mutants during anastomosis (Fig. 7A),
suggesting that the proteins may also have unique functions.
radil-b mutants generally exhibited milder defects, in particular
with respect to cellular architecture compared with single

rasip1 mutants and rasip1;radil-b double mutants (Fig. 7B).
Furthermore, rasip1;radil-b double mutants showed stronger
sprouting and lumen formation defects than either single mutant
(Fig. 7; Fig. S6E), suggesting that, although both proteins are
required in this process, they likely act in a partially redundant
manner.
10
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Knockdown of ccm1 and heg1 phenocopies aspects of the
rasip1 mutant

The Rasip1/Radil/Rap1 complex can bind via the FHA domain
to the orphan transmembrane receptor Heg1 (Gingras et al.,
2016). This interaction has been shown to tether Rasip1 to
endothelial cell junctions (Post et al., 2013). To address the
relevance of this interaction during ISV morphogenesis, we
analyzed heg1 morphants in order to test whether loss of Heg1
function showed any rasip1-like vascular phenotypes. We also
examined the phenotypes of ccm1 morphants. Ccm1 binds to Heg1
independently of Rasip1 (Gingras et al., 2012), and thus might
indirectly influence Rasip1 function.
Consistent with previous studies, ccm1 and heg1 morphants
lacked blood flow and exhibited blood vessel and heart dilations
(Hogan et al., 2008; Kleaveland et al., 2009; Stainier et al., 1996).
We consistently observed hemorrhages, which were less
pronounced than in rasip1 mutants (Fig. S7A). However, similar
to rasip1 mutants, ISV sprouting and development appeared
to be delayed (Fig. S7B-D). To assess the role of Heg1 and
Ccm1 in junctional rearrangements, we imaged the dynamics of
Pecam1-EGFP fusion proteins during ISV formation (Fig. 8A,B).
Here, we observed detachment of junctions and an inhibition of
cell rearrangements (Fig. 8A), which resulted in a failure in the
formation of multicellular tubes (Fig. 8B). In addition, it appeared
that Pecam-EGFP was not entirely cleared from apical
compartments during the formation of the DLAV. To verify these
observations, we performed immunofluorescence analyses to
determine whether endogenous VE-cadherin protein was cleared
from the apical membrane compartment in heg1 and ccm1
morphants. In both conditions, VE-cadherin accumulated in the
apical compartment embedded within the junctional rings, similar
to observations in rasip1 mutants (Fig. 8C).
The above findings show that ccm1 and heg1 loss of function
phenocopy specific defects of rasip1 mutants during crucial
processes of blood vessel formation. Because of the established
Rasip1/Heg1 interaction, we investigated whether these defects may
be caused by Rasip1 delocalization. To this end, we performed
immunofluorescence analyses and compared the relative Rasip1
levels in endothelial cell junctions (marked by VE-cadherin) and the
neighboring apical membrane (Fig. 8D,E). Whereas control
embryos showed an average junction-to-apical membrane ratio of
about 1.5, this ratio was significantly reduced in both ccm1 and heg1
morphants, indicating impaired recruitment of Rasip1 to the
junction (Fig. 8E). Together, these findings support the notion
that junctional localization of Rasip1 is essential for junctional
remodeling during angiogenic sprouting and anastomosis and that
this Rasip1 localization requires Heg1 as well as Ccm1.
DISCUSSION

Small GTPases of the Rho family play a key role in the regulation of
cellular activities during blood vessel formation. For example, they
serve as molecular switches to control cytoskeletal dynamics, cell
adhesion and junction assembly during angiogenic sprouting and
lumen formation (Barlow and Cleaver, 2019). Rasip1 has been
described as an effector protein of small GTPase signaling during
blood vessel formation and maintenance (Koo et al., 2016; Wilson
et al., 2013; Xu et al., 2011). Rasip1 protein contains multiple
protein-binding domains and has been shown to interact directly with
its paralog Radil, the small GTPase Rap1 and the transmembrane
protein Heg1 (de Kreuk et al., 2016; Gingras et al., 2016; Wilson
et al., 2013). By further association with proteins such as Arhgap29
and Ccm1, these proteins control cortical actomyosin tension and
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endothelial junction formation and dynamics (Post et al., 2015;
reviewed by Lampugnani et al., 2017; Wilson and Ye, 2014).
Analyses of mutant mouse embryos have shown that Rasip1 is
required for proper lumen formation and maintenance in blood and
lymphatic vessels (Koo et al., 2016; Liu et al., 2018; Wilson et al.,
2013). During vasculogenesis, Rasip1 is required for the
establishment of the nascent apical compartment and subsequently
for lumen expansion, presumably mediated by regulation of Cdc42
and RhoA, respectively (Barry et al., 2016).
Multiple vascular defects in zebrafish rasip1 mutants

In order to gain a better understanding of how morphogenetic cell
behaviors are controlled by Rasip1, we generated loss-of-function
mutants in the zebrafish rasip1 gene and analyzed these mutants
focusing on cellular and junctional dynamics during angiogenic
sprouting and anastomosis. Overall, our findings are in agreement
with previously published vascular defects in mouse development,
but also provide insights into the regulation of junctional dynamics
during angiogenic sprouting and lumen formation.
rasip1 mutants display numerous vascular defects, including
cranial hemorrhage, reduced blood circulation and reduced diameter
of the dorsal aorta, consistent with previously published rasip1
knockdown experiments in zebrafish (Wilson et al., 2013).
Furthermore, we observe delayed angiogenic sprouting, as well as
abnormalities in lumen formation and impaired cell rearrangements,
junctional dynamics and stability. Whereas the wide range of mutant
phenotypes may suggest that some defects may arise secondarily,
our transplantation and rescue experiments show that endothelial
expression of rasip1 is sufficient to regulate junctional dynamics
cell-autonomously during angiogenic sprouting and anastomosis.
The phenotypes of rasip1 mutants are consistent with defects in the
control of F-actin and junctional dynamics. These phenotypes are,
however, distinct from those seen in ve-cad (cdh5) mutants (Sauteur
et al., 2014), indicating that Rasip1 regulates endothelial activities
beyond cell junctions.
Dynamic regulation of Rasip1 expression and
subcellular localization

Endothelial-specific expression of Rasip1 has been reported in
several vertebrate species, including mouse, Xenopus and zebrafish,
and Rasip1 appears to be expressed in the entire embryonic
vasculature (Wilson et al., 2013; Xu et al., 2009). In contrast to its
broad endothelial transcription, the distribution of Rasip1 protein
appears to highly regulated, with respect to the overall level and its
subcellular localization. During vasculogenesis, Rasip1 is readily
detected at high levels in the dorsal aorta, whereas expression is
somewhat reduced at later stages. This downregulation of Rasip1 in
the dorsal aorta coincides with the commencement of blood flow,
suggesting that Rasip1 protein levels and localization may be
controlled by shear stress. The downregulation of Rasip1 protein in
more mature vessels suggests an essential role during blood vessel
morphogenesis. In agreement with this, Rasip1 does not appear to
be required in established blood or lymphatic vessels (Koo et al.,
2016; Liu et al., 2018).
During ISV sprouting, we observe a shift in Rasip1 distribution
from the apical membrane compartment during the early stages to
higher levels at cell junctions during the later stages of vascular tube
formation. The early apical localization of Rasip1 is in agreement
with a previously proposed role in early apical-basal polarization,
likely upstream of Cdc42 (Barry et al., 2016). It will be important to
determine how this differential localization is accomplished or to
what extent it reflects different functions of Rasip1 during
11

DEVELOPMENT

RESEARCH ARTICLE

RESEARCH ARTICLE

Development (2021) 148, dev197509. doi:10.1242/dev.197509

tubulogenesis. In Drosophila, it has been shown that apical
localization of Canoe (the ortholog of vertebrate afadin and a
homolog of rasip1) is dependent on Rap1 (Bonello et al., 2018).
Therefore, Rap1 is a putative candidate for localization of Rasip1 to
the apical membrane during vertebrate angiogenesis.
A role for Rasip1 in angiogenic sprouting and blood vessel
assembly

Sprouting angiogenesis is accomplished by concerted endothelial cell
dynamics, including cell migration, rearrangement, elongation and
proliferation, all of which are affected by the loss Rasip1 function.
rasip1 mutant ISVs contain fewer cells than do wild-type ISVs,
which reflects a reduced rate of cell proliferation during sprouting.
Furthermore, we observe a frequent failure of rasip1 mutant ISVs
to form multicellular tubes. Formation of multicellular ISVs does
not depend of the number of cells present in the sprout (AnguloUrarte et al., 2018), but rather relies on cell rearrangements driven
by junctional remodeling (Sauteur et al., 2014). For example, loss of
VE-cad prevents junction elongation and renders endothelial cells
unable to move over each other and effectively pair to form a

multicellular tube (Paatero et al., 2018; Sauteur et al., 2014). In
rasip1 mutants, however, the defect in cell pairing is caused by
junctional detachments. When we imaged VE-cad dynamics during
ISV sprouting in wild-type embryos, we found that, in many cases,
two stalk cells maintain contact with the dorsal aorta. In rasip1
mutant sprouts, we observed that one of these cells detached
from the dorsal aorta and ‘retracted’ to the dorsal part of the ISV,
leaving the remaining cell unpaired. Stalk cell detachment appears
to occur at tricellular junctions, indicating that these junctions
may be important as an anchor point to resist the mechanical forces
that occur during cell rearrangements. Hence, these tricellular
contacts appear to be essential for generation and maintenance of
multicellular configuration during vascular tube formation. A study
performed in MDCK cells has shown that Afadin accumulates at
tricellular junctions in response to tension (Choi et al., 2016). This
finding supports the interesting notion that Rasip1 may play a
specific role in reinforcing tricellular junctions during sprouting
angiogenesis. Interestingly, heg1 and ccm1 knockdown mimics the
junctional defects of rasip1 mutants during sprouting angiogenesis
and anastomosis. In vitro experiments have shown that Rasip1
12
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Fig. 8. Loss of Ccm1 and Heg1 phenocopies
aspects of rasip1 mutants. (A) Defects in cell
rearrangements induced by loss of rasip1, ccm1 and
heg1 function. Live images at 48 hpf using the
Tg(fli1a:Pecam-EGFP)ncv27 reporter line. White and
yellow arrows show the gaps between junctions.
Scale bar: 20 µm. (B) Quantification of multicellular
ISVs at 48 hpf [control (Ctrl) morpholino (MO)injected embryos n=5, 24 analyzed ISVs; ccm1 MO
n=4, 26; heg1 MO n=5, 23]. (C) Immunofluorescence
analysis of control, ccm1 and heg1 morphants at
32 hpf. Transgenic Tg(kdrl:EGFP)s843 embryos were
stained for VE-cadherin. Boxed areas indicate the
regions shown at higher magnification below. Scale
bars: 5 μm. (D) Immunofluorescence analysis of
control, ccm1 and heg1 morphants using anti-VEcadherin and anti-Rasip1 antibodies at 48 hpf. Scale
bars: 2 µm. White arrowheads indicate colocalization
of VE-cadherin and Rasip1. Yellow arrowheads
indicate absence of Rasip1 from endothelial cell
junctions. (E) Quantification of the relative intensity of
Rasip1 localized at junctions compared with that on
the apical membrane. Ratio=junctional Rasip1/
apical Rasip1 referenced by VE-Cadherin ( junction).
Control-MO injected embryos display elevated
junctional Rasip1 compared with the ccm1 and heg1
morphants (analyzed regions in control MO n=37;
ccm1 MO n=54; heg1 MO n=62). Analyzed by
unpaired two-tailed Mann–Whitney test (**P<0.01,
***P<0.001, ****P<0.0001); error bars indicate s.d.

localization at cell junctions requires its interaction with the orphan
receptor Heg1 (de Kreuk et al., 2016), and it has been suggested that
Rasip1 acts in concert with Heg1, Rap1 and Ccm1 and other
proteins in junction stabilization (reviewed by Lampugnani et al.,
2017). Our phenotypic analyses are in agreement with this concept.
In particular, in ISV sprouts we observed cell-pairing defects similar
to those of rasip1 mutants. During anastomosis, heg1 and ccm1
morphants displayed junctional-clearance defects (discussed
below). Moreover, loss of Heg1 and Ccm1 function causes a
partial delocalization of Rasip1 from cell junctions, suggesting that
junctional localization is essential for Rasip1 to exert its function
during formation and remodeling of endothelial cell junctions.
Rasip1 is required for lumen patency

Lumen formation in rasip1 mutants is delayed and ISVs as well as
the dorsal aorta show reduced vessel diameters during early
embryonic development. At 48 hpf, we observed that about 50%
of the ISVs were not patent and this defect was maintained at least
until day 4 of development. Defects in luminal patency may have
multiple causes. First, as described above, junctional detachment
can prevent endothelial cell pairing and thus multicellular tube
formation. Second, our examinations of the apical membrane using
Podxl-EGFP and Cherry-CAAX transgenic markers revealed an
irregular shape of the apical membrane, suggesting luminal
collapse. This observation agrees with earlier findings that Rasip1
regulates cortical actin tension during lumen opening of the dorsal
aorta in mouse (Barry et al., 2016).
During DLAV formation, we also observed luminal pockets,
which were not labeled by microangiography and appeared outside
of cell junctions, indicating that these lumens are intracellular and
consist of large vesicles or vacuolar structures. Rasip1 has been
shown to associate with early Rab5-positive and recycling Rab8positive endosomes (Barry et al., 2016) and Rab8 has been
implicated in the transport of Podocalyxin to the apical membrane in
a Cdc42-dependent manner (Bryant et al., 2010). Further analyses
will have to be undertaken to determine whether these intracellular
lumens are endosomal compartments and whether Rasip1 plays a
role in targeting recycling endosomes to the apical compartment.
Rasip1 during anastomosis

Vascular anastomosis is the process by which blood vessels connect
and form a network. Formation of the DLAV in the zebrafish is
initiated by the interaction of two neighboring tip cells, which
establish contact and form a localized de novo lumen at their interface
(Herwig et al., 2011; reviewed by Betz et al., 2016). Formation of this
luminal pocket follows a relatively stereotyped sequence: upon initial
interfilopodial contact, a junctional spot is formed, which is
transformed into a ring surrounding apical membrane. This spot-toring transformation entails the formation and expansion of a stable
junctional ring and the removal of junctional proteins from the center
to permit formation of an apical membrane compartment. Loss of
Rasip1 prevents apical clearance, leading to ectopic junctions within
newly formed apical compartments. A similar phenotype has been
observed in Rasip1 mouse mutants during lumen formation of the DA
and it was shown that this requirement is upstream of Cdc42 (Barry
et al., 2016). Thus, the molecular mechanisms driving apical clearance
during vasculogenesis and anastomosis appear to be conserved.
Rasip1, Radil and Arghap29 have been shown to form a complex
and are thought to regulate RhoA. Our analysis of radil-b and
rasip1/radil-b double mutants has shown that both proteins have
similar functions during angiogenic sprouting and lumen formation
and maintenance. However, Radil-b appears to be dispensable for
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apical junctional re-localization during anastomosis. In agreement
with this interpretation, studies in the mouse DA have shown that
clearance of apical junctions requires Cdc42 and is independent of
RhoA (Barry et al., 2016).
In the developing mouse DA, loss of Rasip1 leads to an
overactivation of Rock and an increase of cortical actomyosin
tension in the apical compartment (Barry et al., 2016). As a
consequence, the luminal surface of the endothelium cannot expand
and the lumen is constricted. In relation to this, we observe a
collapse of the junctional ring during anastomosis whereas the
junctions are still maintained and elongate along the vascular axis,
resulting in a narrower apical compartment within the collapsed
ring, eventually leading to a close alignment of the junctions along
the extending axis. We speculate that this collapse of the junctional
ring may be caused by an imbalance of the cortical actin between the
apical and basolateral compartments, caused by an overactivation of
Rock at the apical side. Further studies on local actomyosin
regulation will be required to understand better the formation of a
luminal surface during vasculogenesis and vascular anastomosis.
MATERIALS AND METHODS

Zebrafish strains and morpholinos

Zebrafish were maintained according to FELASA guidelines (Aleström
et al., 2019). All experiments were performed in accordance with federal
guidelines and were approved by the Kantonales Veterinäramt of Kanton
Basel-Stadt (1027H, 1014HE2, 1014G). Zebrafish lines used were Tg(fli1a:
EGFP) y1 (Lawson and Weinstein, 2002), Tg(gata1a:DsRed) sd2 (Traver
et al., 2003), Tg(kdrl:EGFP)s843 (Jin et al., 2005), Tg(kdrl:EGFPnls)ubs1
(Blum et al., 2008), Tg(5xUAS:RFP) (Asakawa and Kawakami, 2008),
Tg(fli1ep:gal4ff )ubs3 (Herwig et al., 2011), Tg(fli1a:Pecam-EGFP)ncv27
(Ando et al., 2016), Tg(cdh5:cdh5-TFP-TENS-Venus)uq11bh (Lagendijk
et al., 2017), Tg(UAS:mRuby2-UCHD)ubs20 (Paatero et al., 2018), Tg(UAS:
EGFPpodxl)ubs29 (this study) and rasip1ubs28 (this study) and radil-bsa20161
(European Zebrafish Resource Center, Karlsruhe, Germany). Morpholinos
(Gene-Tools) used were as follows: ccm1 5′-GCTTTATTTCACCTCACCTCATAGG-3′ (Mably et al., 2006), heg1 5′-GTAATCGTACTTGCAGCAGGTGACA-3′ (Mably et al., 2003), standard control
5′-CCTCTTACCTCAGTTACAATTTATA-3′.
Generation of rasip1 mutant alleles

For this study, three rasip1 mutants was generated. Two gRNA sites were
selected for a null mutant (rasip1ubs28 mutant) using an online tool http://
www.crisprscan.org (Moreno-Mateos et al., 2015) based on a high score:
Cris6 (GGCGGGGGAAGGGGATGGAGAGG, exon3, score 101) and
Cris7 (TGAAGCTCAGGGCTGGGGATTGG, exon16, score 63).
For rasip1ubs23 and rasip1ubs24 mutant, target sites were chosen:
Cris1 (GGAATGTCCCTTACAGCTGGTGG, exon3); Cris2 (GGCGGGGGAAGGGGATGGAGAGG, exon 2); Cris3 (GGACAAGACAGGTAGCGGAGGGG, exon12); Cris4 (GGTGGAGTGAGAGAGGGAGG, exon2);
Cris5 (GGCGGGACGGGAGTCACACGCGG, exon7).
gRNAs/Cas9 injections were performed according to Gagnon et al.
(2014). gRNAs were cloned into vector DR274. The injection mixture
consisted of (final concentration): Cas9 protein (1 μg/μl); KCl (0.2 M),
sgRNA (0.2 μg/μl). One to two nanoliters of injection mixture were injected
into 1- to 2-cell-stage embryos. Mutants were identified by sequencing the
genomic target region.
Genotyping of rasip1 and radil-b mutant alleles

rasip1and radil mutants were identified by multiplex-PCR using
combinations of non-specific and allele-specific primers. Primer
sequences are listed in Table S1.
Generation of Tg(UAS:EGFP-podxl)ubs29

The p5E-4xnrUAS promoter, pME-EGFP-podocalyxin (Navis et al., 2013)
and p3E-polyA (Kwan et al., 2007) were cloned into a Tol2 vector
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pDestTol2CG2 carrying cmcl2:GFP to drive expression of GFP in the heart.
The final plasmid was co-injected with tol2 mRNA into the Tg(fli1ep:
gal4ff )ubs3;(UAS:mRFP) embryos. These mosaic embryos were raised to
adulthood and outcrossed with the parental fish line to generate stable fish
lines. The resulting Tg(UAS:EGFP-podxl) embryos were identified on the
basis of GFP expression in the heart; proper apical localization of EGFPPodocalyxin was confirmed using confocal microscopy. Two transgenic
lines, ubs29 and ubs30, were isolated, and the ubs29 line showing more
homogenous expression levels in endothelium was used in experiments.

donors and placed at margin of mutant hosts. In the case of Pecam-EGFP
donors and rasip1ubs28 mutant hosts, cells were placed at two separate
locations along the margin to increase the probability of donor cells
developing into intersegmental vessels. Upon completion of
transplantations, host embryos were promptly returned to 1× E3
medium+10−4% (w/v) Methylene Blue, pH 7.0, on 2% agarose-coated
plastic dishes at 28.5°C until fixation or mounting for imaging. In
experiments in which rasip1ubs28 mutant hosts expressed UCHDmRuby2, Tg( fli1a:EGFP)y1 embryos were used as wild-type donors.

Transient expression of Rasip1-p2a-tdTomato-CAAX in
zebrafish embryos

Phylogenetic comparison of Rasip1 and Radil homologs

Immunofluorescence

Immunofluorescence was performed as previously described (Herwig et al.,
2011). The following antibodies were used: rabbit anti-zf-Cdh5 (1:200;
Blum et al., 2008), rabbit anti-Esama (1:200; Sauteur et al., 2017), mouse
anti-human-Zo-1 (1:100; Thermo Fisher Scientific, 33-9100), rabbit antiRasip1 (1:500; this paper), chicken anti-GFP (1:200; Abcam, ab13970),
Alexa 405 goat anti-chicken immunoglobulin Y (IgY H&L) (1:1000;
Abcam, ab175674), Alexa 568 goat anti-rabbit immunoglobulin G (IgG)
(1:1000; Thermo Fisher Scientific, A-11011) and Alexa 633 goat antimouse IgG (1:1000; Thermo Fisher Scientific, A-21053). The anti-zfRasip1 antibodies were raised in rabbits against a synthetic peptide
(CRTFLWGLDQDELPANQRTRL-COOH) comprising the terminal
amino acid residues (aa 970-989) of the protein (YenZym Antibodies)
Live imaging

Time-lapse imaging was performed as previously described (Paatero et al.,
2018). All movies were taken with Leica SP5 or SP8 confocal microscopes
using a 40× water immersion objective (NA=1.1) with a frame size of
1024×512 or 1024×1024 pixels. Routinely, z-stacks consisted of 80-100
slices with a step size of 0.8-1 μm. Stacks were taken every 8 or 10 min.
High-resolution imaging was performed on a Zeiss LSM880 microscope
using a 40× water immersion objective (NA=1.2) using a vertical step size of
0.25 µm.
Cell transplantation

Embryos were collected at the 1-cell stage in 1× E3 medium and
immediately enzymatically dechorionated using 1 mg/ml pronase
(Millipore-Sigma) in 1× E3 medium+1×10−4% (w/v) Methylene Blue,
pH 7.0. Pecam-eGFP wild-type donors were injected at the 1-cell stage with
0.2 ng of 10 kDa tetramethylrhodamine-dextran conjugate (Thermo Fisher
Scientific) in a volume of 1 nl. All embryos were kept in 1× E3
medium+1×10−4% (w/v) Methylene Blue, pH 7.0, on 2% agarose-coated
plastic dishes at 28.5°C unless stated otherwise.
Transplantations were conducted at sphere stage in 1× Ringer’s solution
(116 mM NaCl, 2.8 mM KCl, 1 mM CaCl2, 5 mM HEPES), pH 7.0, using a
custom-made apparatus. Briefly, a 3 ml syringe with Luer-Lok tip (BD) was
connected to a PicoNozzle v2 tip assembly (World Precision Instruments)
using 1/16-inch inner-diameter polyurethane tubing and a corresponding
female Luer hose barb adapter (Cole-Parmer). The PicoNozzle was mounted
on a Narishige M-152 manipulator and used to hold a filament-less
borosilicate glass needle. The syringe plunger was gently retracted to draw
cells into the needle and depressed to discharge cells into host embryos.
Approximately 50 cells were removed from the animal-pole of wild-type

The analysis was carried out using the online program phylo.io (http://
dev.phylo.io/) (Robinson et al., 2016). The following peptide sequences
were used: Mus musculus (mouse) Rasip1: ENSMUSG00000044562;
Homo sapiens (human) Rasip1: ENSG00000105538; Danio rerio
(zebrafish) Rasip1: ENSDART00000155407.3; Mus musculus (mouse)
Radil: ENSMUSG00000029576; Homo sapiens (human) Radil:
ENSG00000157927;
Danio
rerio
(zebrafish)
radil-a:
ENSDARP00000101722; radil-b: ZDB-GENE-130530-682 si:ch73281f12.4; radil-c: ZDB-GENE-121214-224 si:ch211-176g6.2.
Statistics

Unless explicitly stated, all results shown were obtained from at least three
independent experiments, sample sizes were not predetermined, the
experiments were not randomized and investigators were not blinded to
allocation during experiments and outcome assessment. Experiments
performed on genetic mutants were blinded by post-experimental
determination of genotypes. Statistical analyses were performed using
Prism software (GraphPad) and ordinary unpaired two-tailed Mann–
Whitney test.
Acknowledgements
We would like to thank the Biozentrum Imaging Core Facility for ceaseless support;
Dr Li-Kun Phng and Gustavo Aguilar for critically reading the manuscript; Dr Anne
Karine Lagendijk and Dr Benjamin M. Hogan for providing the transgenic VE-cadVenus reporter; Dr David Dylus for help on phylotypic analysis; and Kumuthini
Kulendra and Mattias Thimm for fish husbandry.

Competing interests
The authors declare no competing or financial interests.

Author contributions
Conceptualization: M.A., H.-G.B.; Methodology: M.L., C.B., J.Y., I.P., A.N.C., H.G.B.; Validation: M.L., C.B., J.Y., I.P.; Formal analysis: M.L., I.P.; Investigation: M.L.,
C.B., J.Y., N.S., A.N.C.; Resources: C.B., I.P., N.S., C.W.W., W.Y.; Writing - original
draft: H.-G.B.; Writing - review & editing: M.L., C.B., J.Y., M.A., H.-G.B.;
Visualization: M.L.; Supervision: M.A., H.-G.B.; Project administration: M.A., H.G.B.; Funding acquisition: M.A.

Funding
M.L. was supported by a fellowship from the Werner Siemens-Stiftung. This work
was supported by the Kantons Basel-Stadt and Basel-Land and by a grant from the
Swiss National Science Foundation (Schweizerischer Nationalfonds zur Fö rderung
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Bryant, D. M., Datta, A., Rodrı́guez-Fraticelli, A. E., Perä nen, J., Martı́nBelmonte, F. and Mostov, K. E. (2010). A molecular network for de novo
generation of the apical surface and lumen. Nat. Cell Biol. 12, 1035-1045. doi:10.
1038/ncb2106
Choi, W., Acharya, B. R., Peyret, G., Fardin, M.-A., Mège, R.-M., Ladoux, B., Yap,
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Junction-based lamellipodia drive endothelial cell
rearrangements in vivo via a VE-cadherin-F-actin
based oscillatory cell-cell interaction
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Angiogenesis and vascular remodeling are driven by extensive endothelial cell movements.
Here, we present in vivo evidence that endothelial cell movements are associated with
oscillating lamellipodia-like structures, which emerge from cell junctions in the direction of
cell movements. High-resolution time-lapse imaging of these junction-based lamellipodia
(JBL) shows dynamic and distinct deployment of junctional proteins, such as F-actin, VEcadherin and ZO1, during JBL oscillations. Upon initiation, F-actin and VE-cadherin are broadly
distributed within JBL, whereas ZO1 remains at cell junctions. Subsequently, a new junction is
formed at the front of the JBL, which then merges with the proximal junction. Rac1 inhibition
interferes with JBL oscillations and disrupts cell elongation—similar to a truncation in vecadherin preventing VE-cad/F-actin interaction. Taken together, our observations suggest an
oscillating ratchet-like mechanism, which is used by endothelial cells to move over each other
and thus provides the physical means for cell rearrangements.
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rgan morphogenesis is driven by a wealth of tightly
orchestrated cellular behaviors, which ensure proper
organ assembly and function. The cardiovascular system
is one of the most ramiﬁed vertebrate organs and is characterized
by an extraordinary plasticity. It forms during early embryonic
development, and it expands and remodels to adapt to the needs
of the growing embryo. In adult life, this plasticity allows ﬂexible
responses, for example, during inﬂammation and wound
healing1,2.
At the cellular level, blood vessel morphogenesis and remodeling are accomplished by endothelial cell behaviors including
cell migration, cell rearrangement and cell shape changes3–5. This
repertoire of dynamic behaviors allows endothelial cells to rapidly
respond to different contextual cues, for example during angiogenic sprouting, anastomosis, diapedesis or regeneration. In
particular, it has been shown that endothelial cells are very motile,
not only during sprouting, but also within established vessels,
where they migrate against the blood ﬂow6,7.
Endothelial cell migration has been extensively studied in different in vivo and in vitro systems mainly focusing on angiogenic
tip cell behavior and the interaction of endothelial cells with the
extracellular matrix (ECM)8,9. However, endothelial cells can also
shufﬂe positions within an angiogenic sprout10, and these cellular
rearrangements require the junctional adhesion protein VE-cadherin/CDH511–13. Moreover, in vivo analyses in avian and ﬁsh
embryos have shown that endothelial cells can migrate within
patent blood vessels emphasizing that regulation of endothelial
cell adhesion and motility is critical during vascular remodeling
processes6,7,14,15.
Although many aspects of sprouting angiogenesis and vascular
remodeling rely on endothelial cell interactions3, the exact role of
endothelial cell junctions (and in particular that of VE-cad) in these
processes is not well understood. Indeed, rather than supporting an
active function for VE-cad in dynamic cell behaviors, most studies
point to a restrictive or permissive role, consistent with the maintenance of endothelial integrity16–18. On the other hand, the
observation that loss of VE-cad function can inhibit cell rearrangements suggests an active contribution to this process12,13.
To decipher the cellular and molecular mechanisms, which
enable cells to move within the endothelium, we have focused on
the process of anastomosis during the formation of the dorsal
longitudinal anastomotic vessel (DLAV) in the zebraﬁsh embryo
by high-resolution time-lapse microscopy. This process occurs in a
relatively stereotypical manner and involves a convergence
movement of endothelial cells, which is illustrated by extensive cell
junction elongation19. Ultimately, this process alters tube architecture and converts unicellular vessels to multicellular vessels20.
By in vivo time-lapse imaging of several junctional components
and pharmacological interference with F-actin dynamics, we are
able to describe a actin-based mechanism, which allows endothelial cells to move along each other while maintaining junctional
integrity. In particular, we describe a rearrangement mechanism,
which is initiated by junction-based lamellipodia (JBL) leading to
the formation of distal, VE-cad based attachment sites, which in
turn serve as an anchor point for junction elongation. We propose
that the oscillating behavior of JBL, which depends on F-actin
polymerization as well as contractility, provides a general
mechanism of endothelial cell movement during blood vessel
formation and vascular remodeling.
Results
Changes of vessel architecture during blood vessel formation.
Blood vessel formation is associated with prominent cell shape
changes and cell rearrangements. The DLAV presents a welldeﬁned in vivo model to analyze how a wide repertoire of
2

endothelial cell activities leads to the formation of a new blood
vessel, starting with establishment of an interendothelial contact
point, followed by the formation of a continuous luminal surface
and the transformation from a unicellular to a multicellular
tubular architecture. Unicellular and multicellular tubes are easily
discerned by junctional patterns, whereas unicellular tubes display isolated rings separated by segments without any junction,
multicellular tubes have a continuous network of multiple junctions along their longitudinal axis (Fig. 1a). To gain more insight
into this transformation process, we used a reporter line
expressing a full-length VE-cadherin ﬂuorescent protein fusion
(VE-cad-Venus)21 (Fig. 1b–e, Supplementary Movie 1) and performed in vivo time-lapse experiments between 27 and 40 h post
fertilization (hpf). These experiments showed that most DLAVs
were initially unicellular tubes, and that the majority (69%, n = 26
(8 embryos)) of DLAV segments were transformed to a multicellular conﬁguration before 40 hpf (Fig. 1b–e, Supplementary
Fig. 1a). The transformation from the initial tip cell contact to a
multicellular vessel, with a continuous cell–cell junction network,
took several hours (median 190 min, segments n = 14
(8 embryos), Supplementary Fig.1b), with high variability
between individual segments. During this time window, the
endothelial cell–cell junctions expanded extensively from initial
spot-like structures to elongated junctions covering the entire
DLAV segment. However, movement of the junctions was also
seen in perfused vessels (Supplementary Fig. 1c). The cellular
rearrangements are thus occurring both in nascent nonlumenized vessels and also in inﬂated, perfused vessels.
The thickness of remodeling junctions is polarized. When we
analyzed ring-shaped junctions in the DLAV of VE-cad-Venus
embryos in more detail, we observed that the junctions were not
uniform in thickness along their circumference in unicellular
vessels. In medial regions, the junctions formed signiﬁcantly
thicker, and more diffuse, pattern than on the lateral sides
(Fig. 1f, j), coinciding with the general direction of endothelial cell
movements during anastomosis. In contrast, we did not observe
such junctional polarity in multicellular vessels (Fig. 1j). We
conﬁrmed these observations by immunostainings for the junctional proteins VE-cadherin and ZO1, which showed that in the
newly formed junctions in unicellular conﬁguration, the medial
junctional domains were consistently thicker than the lateral
domains (Fig. 1g–i, k). Again, this polarity of junctional thickness
was not seen in vessel areas of more mature multicellular architecture (Fig. 1k).
Remodeling junctions form junction-based lamellipodia. To
gain insight into the nature of this junctional polarity, we performed live-imaging experiments on Cdh5-Venus expressing
transgenic embryos at high temporal resolution. Here, we
observed that the polarized junctional thickenings are formed by
dynamic lamellipodia-like protrusions (Fig. 2a, b, Supplementary
Movie 2). In addition, we used a F-actin visualizing EGFP-UCHD
transgenic ﬁsh line in a similar setup (Fig. 2c, d, Supplementary
Movie 3). Remarkably, F-actin and VE-cadherin, both showed
similar oscillatory dynamics with a median duration of 6 min
(Fig. 2e). Moreover, the protrusions were oriented along the
vessel axis (Fig. 2f), which is consistent with the increased junctional thickness of medial junctional domains.
To test whether this dynamic junctional behavior is restricted
to the process of anastomosis or is a more general behavior, we
further analyzed the F-actin ﬂuctuations during junctional
remodeling in the dorsal aorta. Here, we found that the relative
intensity of EGFP-UCHD was increased at the site of forming
protrusions (Fig. 3a, b, Supplementary Movie 4), indicating
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recruitment of additional F-actin. We further analyzed the
dynamic behavior of junctional F-actin using kymographs
(Fig. 3c, d) and found that the ﬂuctuations in intensity occurred
in rather rhythmic patterns, and at the same junctional site,
protrusions were generated repeatedly within regular intervals,
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indicative for oscillations in F-actin intensity in the remodeling
junction.
The polarized occurrence and directionality of protrusions
along the direction of vessel growth suggests that they are
involved in endothelial cell movements. To address this, we
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Fig. 1 Polarized thickness in remodeling junctions. a Schematic model of cellular rearrangements during formation and maturation of dorsal longitudinal
anastomosing vessel (DLAV) in zebraﬁsh. At ﬁrst, the tip cells (Cell A and B) of two anastomosing endothelial sprouts contact and form a de novo junction.
Next, a vessel with unicellular architecture is formed, where junctions are not interconnected but are visible as separate rings. Then, through cellular
rearrangement and elongation, the junctions elongate along vessel axis until junctions are interconnected and vessel reaches the ﬁnal multicellular
architecture. The edges of the junctional gaps in the unicellular vessels are marked with green and yellow triangles. b–e Still pictures of a time-lapse movie
(Supplementary Movie 1) showing EC junctions of Tg(BAC(cdh5:cdh5-ts)) embryo, which expresses VE-cad-Venus fusion protein, during transition from
unicellular to multicellular vessel during DLAV formation, in inversed contrast starting around 28 hpf. The edges of the junctional gaps in the unicellular
vessels are marked with green and yellow triangles. f Close-up image of VE-cad-Venus embryos. The diffuse thickening of medial domain of the junction is
marked with a yellow arrow. g–i Whole-mount immunoﬂuorescence staining of the DLAV using anti-ZO1, anti-VE-cad (rat) of 28–30 hpf (Tg(kdrl:
EGFPs843)) embryos. h The yellow arrow points to the medial junctional domain and the green arrow to the lateral junctional domain. j Quantiﬁcation of
junctional thickness measurements. n = 44 unicellular junctions and 48 multicellular junctions from 5 VE-cad-Venus Tg(BAC(cdh5:cdh5-ts)) embryos.
Non-parametric Kruskal–Wallis test was used. k Quantiﬁcation of the junctional thickness measurements from immunostainings of Tg(kdrl:EGFPs843)
embryos. n = 58 unicellular junctions and 17 multicellular junctions from 8 embryos. Non-parametric Kruskal–Wallis test was used. Scale bars 10 µm
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Fig. 2 Active VE-cad and F-actin behavior of junction-based lamellipodia. a, b Still images from a movie (Supplementary Movie 2) of a VE-cad-Venus
expressing embryo Tg(BAC(cdh5:cdh5-ts)), showing the DLAV at 30 hpf in inversed contrast. b A magniﬁcation of the inset in a. Arrows point to JBL.
c, d Still images from a movie (Supplementary Movie 3) of a EGFP-UCHD expressing embryo (Tg(ﬂi:Gal4ffubs3, UAS:EGFP-UCHDubs18)) showing the DLAV
at 30 hpf in inversed contrast. d A magniﬁcation of the inset in c. Arrows point to JBL. e Scatter plot of quantitation of the duration of the JBL with the
VE-cad-Venus transgene (n = 48 in 6 embryos) and EGFP-UCHD movies (n = 74 in 6 embryos), red line represents the median. f Quantitation of JBL angle
in the DLAV in respect to the blood vessel axis (0°) using the EGFP-UCHD transgene (n = 103 from 6 embryos) or Cdh5-Venus transgene (n = 41 from
5 embryos). Scale bars 5 µm
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Fig. 3 Oscillatory F-actin dynamics during remodeling of cell–cell junctions. a, b Still images from a movie (Supplementary Movie 4) showing JBL formation
in the dorsal aorta of an EGFP-UCHD expressing 2dpf embryo (Tg(ﬂi:Gal4ffubs3; UAS:EGFP-UCHDubs18)), shown in inversed contrast. b A magniﬁcation of
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analyzed the potential association between local junctional
movements and the occurrence of F-actin protrusions in the
dorsal aorta (Fig. 3c, d). Analysis of F-actin intensities showed
that higher intensities were associated with local forward
movement of junctions than with reverse movement (Fig. 3e).
Taken together, we observe an F-actin-based protrusive
endothelial behavior, which occurs during junctional remodeling
in vivo. Because of their similarity to ‘classical’ lamellipodia, their
oscillating behavior and structural connection with endothelial
cell junctions, we call these protrusions junction-based lamellipodia or JBL.
JBL form at the front end of elongating junctions. Blood vessel
anastomosis is driven by the convergence movement of two tip
cells and is associated with an elongation of their mutual cell
junction. The formation of JBL at the junctional poles suggested
that these dynamic structures may generate tractive forces, which
contribute to junction elongation. However, cell junctions
demarcate the interface between two cells and our above analyses
did not differentiate, whether cells form JBL at their respective
junctional front or rear ends or both. To analyze the contributions of individual cells to F-actin protrusions, we generated a
transgenic zebraﬁsh line expressing a photoconvertible mCLAVUCHD fusion protein in endothelial cells. For mosaic analysis, we
photoconverted mCLAV-UCHD in single SeA sprouts 2–3 h
prior to contact initiation between tip cells from neighboring
segments and recorded the behavior of the junctional F-actin later
during anastomosis and formation of the DLAV (Fig. 4a). In vivo
photoconversion resulted in efﬁcient green-to-red conversion

(Fig. 4b), allowing the analysis of differentially labeled F-actin
pools during DLAV formation (Fig. 4c). Photoconverted and
non-converted mCLAV-UCHD-labeled endothelial cell junctions
and showed matching patterns within the anastomotic junctional
ring—except for the poles of the anastomotic ring where F-actin
based protrusions were forming. Here, the colocalization of the
two markers was suspended and we found elevated levels of either
of the two F-actin pools at the front end of the junction with
respect to cell movement (green JBL over red cell, or vice versa,
24 out of 28 events, p < 0.001). This oriented localization is
consistent with an involvement of JBL in the forward movement
of tip cells during anastomotic convergence movements.
F-actin protrusions precede junctional movements. Since the
above observations suggest a step-wise mechanism of cell–cell
interaction during JBL function, we set out to explore the spatiotemporal relationship between F-actin dynamics and the
dynamics of other junctional components. To this end we generated transgenic ﬁsh lines expressing red F-actin (mRuby2UCHD), which allows a direct comparison with other ﬂuorescently labeled junctional components (e.g., EGFP-ZO1 and VEcad-Venus) (Fig. 5a, b and c, d, respectively; Supplementary
movies 5 and 6). Both VE-cad-Venus and EGFP-ZO1 followed
the junctional F-actin front (11 and 9 movies analyzed, respectively); however, a different distribution pattern was observed
during JBL formation. VE-cadherin localized diffusely at the
front, largely overlapping with the F-actin protrusions (Fig. 5b,
60–120 s.). In contrast, EGFP-ZO1 showed a more deﬁned localization and initially remained associated with the junction at the
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Fig. 4 JBL formation at the distal tip of the junction during DLAV anastomosis. a Schematic representation of the mClav2-UCHD photoconversion
experiment. b Image of photoconverted and unconverted mClav2-UCHD cells in the DLAV of an Tg(ﬂi:Gal4ffubs3;UAS:mClav2-UCHDubs27) embryo, at
32 hpf. c A close up of the inset in b. Arrows point to differentially labeled JBL and asterisk (*) marks the junction outside JBL. Scale bar 5 µm

proximal end of the protrusion (Fig. 5d, 0–36 s.). However, at
later time points (Fig. 5d, 72 s.), we observed EGFP-ZO1 accumulation also at the front edge of the JBL, indicating the formation of a new junction at this site (Fig. 5d). To directly
differentiate the distribution of VE-cadherin and ZO1, we injected a mCherry-ZO1 encoding plasmid into VE-cad-Venus recipients. The differential localization of both proteins conﬁrmed
our previous observations and showed that ZO1 distribution is
largely restricted to cell junctions. In contrast, VE-cad was also
found within areas outside of these junctions (Fig. 5e, f, Supplementary Movie 7).
Therefore, the respective distribution of ZO1 and VE-cad
represent different aspects of JBL formation and illustrates a
stepwise mechanism of JBL function. First, F-actin based JBL
emanate from EC junctions, which are maintained. The JBL
contains diffusely distributed VE-cad. This population of VE-cad
precedes formation of the new junction in front of the JBL and
may therefore provide adhesive properties for the JBL prior to
formation of the new junction. Interestingly, a gradual movement
of the old junction towards the new junction was observed in the
EGFP-ZO1 movies (Fig. 5d). This indicates that the proximal
junction is not resolved in situ, but is actually pulled forward and
eventually merges with the distal junction.
F-actin is required for JBL formation and junction elongation.
To elucidate the molecular mechanism underlying JBL function
during endothelial cell movements, we examined the requirement
of F-actin dynamics by pharmacological interference. Latrunculin
B and NSC23766 (a Rac1 inhibitor) are potent inhibitors of
F-actin polymerization and lamellipodial F-actin remodeling,
respectively22,23. We used acute treatments to avoid secondary
effects and performed live-imaging on rearranging endothelial
cell junctions. Inhibition of F-actin polymerization led to pronounced defects in JBL formation. In 5 movies, we observed only
13 JBL, compared to 50 JBL in control embryos (Fig. 6a, b,
Supplementary Movies 8 and 9). Moreover, those JBL, which did
6

form in the presence of Latrunculin B, lasted longer, indicating
additional defects in lamellipodial dynamics. Inhibition of Rac1
did not interfere as strongly with JBL formation as inhibition of
F-actin polymerization. Here, we observed 49 JBL in 10 movies.
However, these JBL displayed prolonged duration indicating
defects in JBL dynamics (Fig. 6a, b, Supplementary Movie 10).
To test whether interfering with F-actin and JBL dynamics
has consequences for endothelial cell rearrangements, we
analyzed the effect of Latrunculin B and NSC23766 on junction
elongation. Both compounds inhibited the elongation of the
junction during DLAV formation (Fig. 6c, d) indicating that
proper function of JBL is necessary for junctional elongation
during anastomosis.
Although the gross morphology of JBL—based on VE-cadVenus—looked relatively normal upon Rac1 inhibition, we
wondered whether localization of other junctional proteins was
affected. During the late phase of JBL oscillation, ZO1 is often
localized in two lines outlining the distal (new) and proximal
(old) junctions (Fig. 5d). When we compared EGFP-ZO1
distribution in control and NSC23766 treated embryos, we found
that distal junctions were forming, showing that Rac1 inhibition
did not abrogate de novo junction formation (Fig. 6e). Furthermore, despite the appearance of double junctions, we still did not
observe any junction elongation in these instances.
As the above results suggested that Rac1 is primarily involved
in the regulation of JBL dynamics rather than their structural
properties, we analyzed the dynamics of junctional F-actin
intensity oscillations (Supplementary Fig. 3b-d). In control
embryos we observed a periodic pattern of JBL dynamics, but
in NSC23766-treated embryos the periodicity was reduced
(Supplementary Fig. 3e), indicating that junctional F-actin
oscillations become less coordinated upon Rac1 inhibition.
VE-cadherin/F-actin interaction is required for JBL function.
Next, we wanted to explore the role of VE-cad in JBL function,
because several lines of evidence suggested that VE-cad may play
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an important role in this process. In ve-cadherin zebraﬁsh null
mutants (ve-cad/cdh5ubs8), blood vessel architecture is generally
disrupted and discontinuous lumens prohibit blood ﬂow13,24.
These defects are caused by an inability of mutant ECs to perform
coordinated cell junction elongation, which is required for multicellular tube formation during angiogenesis. Furthermore, the

ve-cad mutant defects in junction elongation can be copied by the
inhibition of F-actin polymerization13.
Our ﬁnding that VE-cad accumulates in JBL prior to junction
formation is consistent with the above observations, and
collectively, they indicate a functional interaction between
VE-cad and F-acting during junction elongation. To address this
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Fig. 5 Distinct dynamics of VE-cadherin, F-actin and ZO1 during JBL formation. a, b Still images (Supplementary Movie 5) of an embryo showing the
DLAV around 32 hpf in an embryo expressing both mRuby2-UCHD and VE-cad-Venus Tg(ﬂi:Gal4ffubs3;UAS:mRuby2-UCHDubs20;BAC(cdh5:cdh5-Venus)).
b A time series magniﬁcation of the inset in a. Individual channels are shown in inversed contrast. Similar observations were made in 11 movies. Open arrow
head points to established junctions and black arrowhead to pioneering junction. c and d) Still images of an embryo showing DLAV around 32 hpf
(Supplementary Movie 5) in an embryo expressing EGFP-ZO1 and mRuby2-UCHD (Tg(ﬂi:Gal4ffubs3;UAS:mRuby2-UCHDubs20;UAS:EGFP-hZO1ubs5)). Imaged
at rate of 12 s/stack. Similar observations were made in 9 movies. Open arrow head points to established junctions and black arrowhead to pioneering
junction. e Images of endothelial cells in a VE-cad-Venus expressing embryo injected with mCherry-ZO1 encoding plasmid Tg(BAC(cdh5:cdh5-ts)); ﬂi1ep:
mCherry-ZO1)) (n = 7 embryos). f Close-up from panel e. Both channels are shown in inverted contrast. Scale bars 1 µm (b–d) and 10 µm (a, e)

possibility, we generated a targeted mutation in ve-cad
(cdh5ubs25), which results in a “tailless” protein, lacking a portion
of the cytoplasmic domain of VE-cad including the ß-catenin
binding site, essential for VE-cad/F-actin interaction (Supplementary Fig. 4).
Despite the deletion, the VE-cadherin protein correctly
localizes in the endothelial cell–cell junctions (Fig. 7h, k and
Supplementary Fig. 4e). Homozygous ve-cadubs25 mutants are
embryonic lethal and display phenotypes similar to those of null
mutants, including tip cell/stalk cell dissociation and defective
blood circulation (Supplementary Fig. 5a-e)13. However, some of
the defects are less pronounced and we observed blood ﬂow in the
DA and—in rare cases—in the DLAV (Supplementary Fig. 5a,
Supplementary Movie 11). This shows that the extracellular
domain of VE-cad mediates some inter-endothelial adhesion,
which leads to a hypomorphic phenotype.
To assess the requirement for VE-cadherin/F-actin interaction
for JBL formation, we ﬁrst examined whether the junctional rings
of VE-cad truncation (cdh5ubs25) mutants displayed polarized
thickness during anastomosis. Immunoﬂuorescent staining for
ZO1 revealed that medial junctions of mutants were narrower
compared to heterozygotes, while the thickness of the lateral sides
was not affected (Fig. 7a, b). We then tested whether the
dynamics of F-actin protrusions were affected in VE-cad
truncation (cdh5ubs25) mutants. Time-lapse analyses in embryos
expressing EGFP-UCHD indicated that F-actin protrusions
oscillated more slowly in cdh5ubs25 mutants compared to wildtypes in a manner similar to how protrusions behaved in the
presence of the Rac1 inhibitor (Fig. 7c). Furthermore, by
measuring the time-intervals between the end and the beginning
of a JBL cycle, we found that this “lag phase” is more than
doubled (Supplementary Fig. 4f) suggesting that full-length VEcad is required for the initiation of JBL formation.
To test whether these defects in JBL have consequences for
vascular morphogenesis, we examined the junctional architecture
of forming SeA. In cdh5ubs25 mutants, we observed increased
interjunctional gaps, which indicate a defect in multicellular tube
formation due to a failure in junction elongation (Fig. 7d–l). We
also compared relative nuclear movements, which are associated
with stalk cell elongation. Consistent with the observed defects in
junctional rearrangement, cdh5ubs25 mutants displayed signiﬁcantly slower rearrangement of EC cell nuclei compared to wildtypes (Fig. 7m, n). Taken together, these ﬁndings show that VEcadherin plays an important role in F-actin dynamics and that the
VE-cadherin/F-actin interaction is essential for JBL function,
junction elongation and endothelial cell rearrangements in vivo.
Discussion
In this study, we have investigated the mechanisms by which
junctional dynamics contribute to endothelial cell movements
during blood vessel formation in vivo.
By time-lapse imaging of different structural components of
endothelial cell junctions, we observe a dynamic and differential
deployment of these proteins during junctional remodeling,
which leads to the formation of transient lamellipodia-like
8

protrusions, that we call JBL. Together with our analyses of
F-actin dynamics and VE-cad function, our ﬁndings suggest a
mechanism of cellular and molecular interactions, which allows
endothelial cells to use each other as adhesive substrates and for
force transmission during cell migration and elongation (Fig. 8).
In essence, JBL act by a ratchet-like mechanism, which consists of
F-actin-based protrusions and VE-cad based interendothelial cell
adhesion. While F-actin protrusions provide the motive force,
VE-cad based adhesion serves as an intercellular clutch.
Our time-lapse experiments show that junction elongation is
associated with oscillating JBL, which occur at a frequency of
about one every 6 min. This oscillatory behavior, their polarized
localization at the leading edge of the junction, their role in cell
movements together with their dependency on F-actin polymerization as well as Rac1 GTPase activity indicates that these
protrusions share a functional basis with “classical” lamellipodia25. However, and in contrast with “classical” lamellipodia, the
protrusions, which we are describing, emanate from interendothelial cell junctions and require VE-cad for adhesion and
force transmission.
Here, we describe the role of JBL during angiogenesis in the
zebraﬁsh, where they promote endothelial cell elongation and
rearrangements. It remains to be seen, whether JBL are unique to
endothelial cells or employed more widely during morphogenetic
processes of different cell types. Cadherin-based cell interactions
have been shown to be essential for dynamic cell movements in
several morphogenetic processes (reviewed by refs. 26,27). In some
aspects, the mechanism of JBL function appears to be similar to
the one described for border cell migration during Drosophila
oogenesis28. Here, actin-based cell protrusions and E-cadherin
interactions between border and nurse cells are thought to be
important to form an anchor point at the leading edge of border
cells.
Oscillatory junctional protrusions of endothelial cells have also
been described in cultured HUVECs29,30. Here, so-called junction-associated intermittent lamellipodia (JAIL) form in similar
intervals as JBL. However, several characteristic differences suggest that JAIL and JBL represent different cellular activities. As
the name indicates, JAIL formation is preceded by the local dissolution of the existing junction, which is thought to trigger the
formation of an actin-based protrusion followed by the formation
and stabilization of a new junction. In contrast, JBL formation is
not associated with the dissolution of an existing junction. This
leads to the formation of a characteristic double junction (proximal and distal) at the pole of the junctional ring (Fig. 8). Conceptually, maintenance of cell junctions should be a prerequisite
for endothelial cell rearrangements in a perfused vessel in order to
maintain the vascular seal and to prevent hemorrhage. We
therefore predict that in the in vivo situation (i.e. developmental
angiogenesis), JBL may be more prevalent than JAIL.
The distinct temporal and spatial distribution of VE-cad,
F-actin and ZO1 during JBL oscillation suggested that these
proteins also partake in JBL function. In agreement with this
view, interference with VE-cadherin function, as well as F-actin
dynamics inhibited JBL dynamics and junction elongation.
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Fig. 6 Junction elongation and JBL formation are functionally linked. a Still images from a movie of an VE-cad-Venus expressing embryo Tg(BAC(cdh5:cdh5ts)) during anastomosis in the DLAV (around 32 hpf), in the presence of DMSO (1%), Latrunculin B (150 ng ml−1) or NSC23766 (900 µM). b Scatter plot
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NSC23766. Scale bar 10 µm

Previous studies have emphasized the importance for VEcadherin in dynamic endothelial cell interactions including cell
rearrangements11,12 and cell elongation13. We generated a ve-cad
mutation, which disrupts VE-cad/F-actin interaction. The phenotype observed in these mutants is slightly milder than in the
null mutant suggesting that the mutant protein still allows
interendothelial adhesion. Nevertheless, the increase of discontinuous junctions in SeAs illustrates an inability of mutant
endothelial cells to generate multicellular tubes, which in turn
suggests defects in cell rearrangements. Consistent with this view,
ve-cadubs25 show reduced spatial distribution of cell nuclei in the
SeA. Furthermore, analysis of JBL showed that polarity and
oscillatory behavior are disturbed in ve-cadubs25 mutants. Taken

together, these results show that VE-cadherin actively contributes
to morphogenetic cell movements via its interaction with the
F-actin cytoskeleton.
The connection between VE-cad and F-actin in JBL function is
also supported by F-actin interference experiments. Blocking
F-actin polymerization by latrunculin-B effectively inhibits JBL
formation and those JBL, which do form, show decreased oscillation. Furthermore, junctional rings do not elongate during this
treatment. Inhibition of Rac1 by NSC23766 treatment did not
lead to obvious defects in JBL formation, but in a reduction in
their oscillation frequency as well as a defect in junction elongation. During NSC23766 treatment JBL looked relatively normal. When using a EGFP-ZO1 reporter, we also observed “double
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junctions”, indicating that JBL are able to form a distal junction
and that Rac1 may be required during later stages of JBL function.
A recent study has shown that JAIL formation requires
polarized Rac1 at endothelial cell junctions in HUVECs30. It is
therefore surprising that Rac1 inhibition does not block formation of JBL in zebraﬁsh embryos. It is possible that even at high
doses, we do not achieve full Rac1 inhibition in vivo.
10

Alternatively, Rac1 may have a different function in JBL than in
JAIL and formation of either protrusion may require different
regulators.
Taken together, we have uncovered a hitherto non-described
junction-based mechanism of active cell movements, which can
be used by endothelial cell (and possibly other cell types) to
rearrange and adapt their shape as needed. Inhibition of JBL
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Fig. 7 Truncation of Ve-cadherin inhibits both JBL and endothelial cell remodeling. a Images of anti-ZO1 immunostained junctions in cdh5ubs25/+ and
cdh5ubs25/ubs25 embryos. Arrows point to medial site of the junction. b Quantitation of the medial and lateral junctional thickness, based on immunostaining
for ZO1; cdh5ubs25/+, n = 44 junctions (17 embryos); cdh5ubs25/ubs25, n = 40 (11 embryos); wild-type n = 28 (9 embryos). Black lines are medians. Nonparametric Kruskal–Wallis statistical test was used. c Quantitation of the duration of JBL based on EGFP-UCHD signal; cdh5ubs25/+, n = 122 (8 embryos),
cdh5ubs25/ubs25 n = 103 (8 embryos) and wild-type n = 43 (3 embryos). All embryos carry the UAS:EGFP-UCHD transgene Tg(ﬂi:GFFubs3;UAS:EGFPUCHDubs18). d–l Tg(kdrl:EGFPs843);cdh5ubs25/+ (d–g) and Tg(kdrl:EGFPs843);cdh5ubs25/ubs25 (h–k) embryos stained for VE-cadherin (rabbit antibody, green)
and ZO1 (red). Individual channels are shown in inversed contrast. Both wild-type and mutant VE-cad show junctional localization (solid arrow in panels
d, f, h, and j). The junctional gap in the VE-cadherin staining of a SeA in a mutant embryo (cdh5ubs25/ubs25) is marked with dashed double arrow in panel h. l
Quantiﬁcation of the length of junctional gaps in control (cdh5 ubs25/+, n = 72 gaps, 23 embryos) and mutant (cdh5ubs25/ubs25, n = 139 gaps, 33 embryos)
embryos. Black lines are medians. Non-parametric Mann–Whitney statistical test was used. m Still images from a confocal time-lapse of endothelial nuclei
(Tg; kdrl:nlsEGFPubs1) in wild-type or cdh5ubs25/ubs25 embryos during SeA formation. T tip cell, S1 stalk cell 1, S2 stalk cell 2; double-headed arrow indicates
the distance of S1 and S2 nuclei. n Quantiﬁcation of movement of stalk cell 1 (S1) nuclei in relation to stalk cell 2 (S2) nuclei during cell rearrangements in
SeA; cdh5ubs25/+, n = 22 SeA (4 embryos); cdh5ubs25/ubs25, n = 17 SeA (4 embryos); wild-type n = 20 SeA (4 embryos). Black lines are medians. Nonparametric Kruskal–Wallis statistical test was used. Scale bars 5 µm (a), 10 µm (d, h, m)
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Fig. 8 A Ratchet-like molecular mechanism of junction remodeling.
a Stepwise elongation of an endothelial cell junction during anastomosis. As
two endothelial cells move over each other (bottom), the junction becomes
elongated. The three proteins investigated in this study are indicated in
different colors. b Proposed oscillatory mechanism of JBL function. A single
cycle is depicted. F-actin protrusions emanate distally from a stable
junction. These protrusions also contain diffuse VE-cadherin, but not ZO1.
At the distal end of the protrusion, F-actin, ZO1 and VE-cadherin are
components of a newly formed junction with VE-cadherin-mediated
contact to the underlying cell. Eventually, dynamic F-actin remodeling pulls
the proximal junction towards the new junction

function blocks these processes and results in a failure to form
multi-cellular tubes and prevents formation of a patent vasculature. The salient feature of our proposed JBL model is that
endothelial cells use each other as migratory substrates via VEcadherin. Our model suggests that VE-cadherin provides an
extracellular clutch, by generating an intercellular adhesion patch,

which serves as an anchor for intracellular actomyosin contractions. This cell–cell interaction may be analogous to integrinECM-based adhesion patches of classical lamellipodia. Furthermore, these VE-cadherin adhesion complexes give rise to a distal
junction with an underlying F-actin arc. Similar F-actin arcs have
been described to be essential for the function of lamellipodia
during migration of human endothelial cells (HUVECs)
in vitro31. Future studies will aim to uncover the exact mechanisms of traction force generation and transmission during JBLdriven junction elongation. While F-actin dynamics are essential
for junction elongation, we have never observed prominent stress
ﬁbers in this process, suggesting that F-actin-based traction forces
are acting locally rather than over the longitudinal extent of the
endothelial cells.
Although we have focused our studies on JBL formation and
function in the process of blood vessel anastomosis, we observed
JBL also within larger caliber vessels such as the dorsal aorta at
stages, when endothelial cells are extensively rearranging and
undergoing cell shape changes21. Our studies therefore indicate
that endothelial cells employ JBL as a general means for rearrangements and shape changes during blood vessel assembly and
vascular remodeling. Using interendothelial adhesion for force
transmission allows dynamic endothelial activities while maintaining the vascular seal. We therefore envision that JBL may
underlie many morphogenetic endothelial cell behaviors during
blood vessel expansion, normalization, regression and endothelial
shear stress response. Remodeling and reorganization of adherens
junctions is essential for developmental morphogenesis32,33.
Whether similar JBL occur also in different tissues, besides vasculature and endothelial cells, remains to be elucidated.
Methods
Fish strains and maintenance. Maintenance of ﬁsh and experimental procedures
involving zebraﬁsh embryos were carried out at the Biozentrum/Universität Basel
according to Swiss national guidelines of animal experimentation (TSchV). Zebraﬁsh lines were generated and maintained under licenses 1014H and 1014G1
issued by the Veterinäramt-Basel-Stadt. Fish strains carrying following transgenes
and mutations were used in this study: kdrl:EGFPs843 34, VE-cad-Venus (BAC(cdh5:
cdh5-TS), ﬂi:GFFubs3 19, UAS:EGFP-hZO1ubs5 19, UAS:EGFP-UCHDPubs18 13, UAS:
mRuby2-UCHDubs20 (this study), UAS:mCLAV2-UCHDubs27 (this study), UAS:
mRFP35, cdh5ubs25 (this study), and Tg(kdrl:EGFPnls)ubs1 36. The ﬁsh were maintained using standard procedures and embryos obtained via natural spawning37.
Generation of transgenic ﬁsh lines. The EGFP sequence of pT24xnrUAS:EGFPUCHD was replaced by the sequence of mRuby2 (ampliﬁed from pcDNA3mRuby2 was a gift from Michael Lin; Addgene plasmid #40260)38 or by the
sequence of mClav2 (ampliﬁed from pmClavGR2-NT; Allele Biotechnology) to
generate the ﬁnal plasmids pT24xnrUAS:mRuby2-UCHD and pT24xnrUAS:
mClav2-UCHD respectively. These ﬁnal plasmids were injected individually,
together with tol2 RNA into Tg(ﬂi1:Gal4ff)ubs3 embryos and that were raised to
adulthood and eventually stable transgenic ﬁsh lines Tg(UAS:mRuby2-UCHD)ubs20
and Tg(UAS:mClav2-UCHD)ubs27 were isolated and maintained.
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Transient expression of mCherry-ZO1 in zebraﬁsh embryos. To transiently
express mCherry-ZO1 in endothelial cells of zebraﬁsh embryo, ~50 pg of plasmid
ﬂi1ep:mCherry-ZO139 was injected together with Tol2-transposase mRNA into
1–4 cell stage embryos (Tg(BAC(cdh5:cdh5-ts))). Twenty-four hours after injection
healthy embryos expressing mCherry were selected, mounted in low-melting point
agarose and imaged using Leica SP5 confocal microscope.

Junction elongation experiment. Junctional elongation was analyzed by observing
anastomosis and elongation of isolated junctional rings during DLAV formation.
Inhibitor treatments Latrunculin B (150 ng ml−1), NSC23766 (300–900 μM) or
DMSO (1%) were applied 1 h before mounting of embryos into 0.7% low-melting
point agarose and imaging the junctions for 1–2 h on a Leica SP5 (×40 NA 1.1
water immersion objective).

Generation of ve-cadherin mutants. The ve-cadherin truncation allele (cdh5ubs25)
was generated using CRISPR/CAS technology40. We sequenced exon 12 of cdh5
(encoding the cytoplasmic domain) of ABC, Tubingen (TU) and tupfel;long-ﬁn
(TL) strains and found a potential target sequence in ABC (5′-GGGACCTGCA
CTCTATGCCATGG-3′). Target guide RNA and Cas9 protein were synthetized by
standard procedures40 and co-injected into ABC/TU embryos. Offspring of G0 ﬁsh
containing germline mutations were screened by PCR analysis for the loss of a NcoI
restriction site, which is present on the wild-type allele. For subsequent genotyping,
multiplex PCR was performed using allele-speciﬁc primers:
VE-cad-fwd: 5′-GAAACCCATATCAAACAGACCTGC-3′,
VE-cad-rev: 5′-CAGAGCCGTCTACTCCATAAAGC-3′,
VE-cad-ubs25-fwd: 5′-GACCTGCACTCTATGGAA-3′,
VE-cad-wild-type-rev: 5′-GCAGGAGGTTTCTTTACC-3′.
The genotyping protocol of cdh5ubs8 has been described earlier13. Following
primers were used:
cdh5-FWD: 5′-TTGGTGTAACTGACAATGGGG-3′
cdh5-REV: 5′-ACAGTCTTGGTGTTACCATTGGG-3′
cdh5-WT-FWD: 5′-ATCCCCGTTTTCGATTCTGAC-3′
cdh5-ubs8-REV: 5′-CTGATGGATCCAGATTGGAATC-3′

Cell rearrangement experiment. Embryos carrying nuclear GFP (Tg(kdrl:
EGFPnlsubs1)) were used. Confocal Z-stacks were obtained as described above in
12–14 min intervals. To control small variations in the developmental phases of the
individual SeA, t = 0 min was the time point when tip cell had reached the dorsal
side and started to sprout in anteroposterior directions. The endpoint for analysis
was 10 time points later (t = 10; 120–140 min). At t = 0 and t = 10 the distance (d)
of stalk cell S1 and S2 was measured using FIJI. Speed of movement of S1 and S2 in
relative to each other was calculated using equation:

Live imaging of zebraﬁsh embryos. Embryos were anesthesized using Tricaine
(MS-222, 160 mg l−1, #E10521 Sigma-Aldrich) and embedded in 0.7% low-melting
point agarose (Sigma-Aldrich) supplemented with Tricaine in glass-bottom dish.
After the agarose solidiﬁed, it was overlaid with E3-medium supplemented with
Tricaine. All the imaging was performed at 28.5 °C. The imaging was performed
using Leica SP5 Matrix confocal microscope equipped with resonance scanner
using ×63 NA 1.2 or ×40 NA 1.1 water immersion objectives. For imaging of
JBL, the time points were 60–120 s intervals and in case of double-color imaging,
12–60 s.
For the pharmacological experiments, the treatment of embryos with inhibitors
(DMSO 1%, Latrunculin B (150 ng ml−1), NSC23766 (300–900 μM)) begun 1 h
prior to embedding into low-melting point-agarose and confocal imaging. The
inhibitors were present throughout the whole experiment.
Generation of polyclonal rat anti-zf-VE-CAD antibodies. A cDNA fragment
encoding a polypeptide comprising the extracellular domain of zebraﬁsh VE-cad
(Ala22 to Lys464) was expressed in E. coli using the T7 expression system. The
protein was puriﬁed on Ni-charged IMAC resin (BioRad) under denaturing conditions. Antiserum was raised in rats by ThermoFisher Scientiﬁc using standard
immunization procedures.
Immunoﬂuorescence analysis. Embryos were ﬁxed with 2% paraformaldehyde
(Electron Microscopy Sciences) in PBST (PBS + 0.1% Tween-20) at room temperature for 90 min, and immunostained using following protocol: Fixation with
2% PFA/PBST (PBS + 0.1% Tween-20) for 90 min at room temperature followed
by washes with PBST. After permeabilization (PBST + 0.5% Triton X-100, 30 min),
the samples were blocked (PBST + 0.1% Triton X100 + 10% normal goat serum +
1%BSA + 0.01% Sodium Azide, overnight, 4 °C). Subsequently, primary antibodies
were added (diluted in Pierce Immunostain enhancer, #46644, Thermoﬁsher Scientiﬁc) and incubated overnight at 4 °C. After several washes with PBST at room
temperature, the secondary antibodies were added (1:2000 dilution in Pierce
staining Enhancer) and incubated overnight at 4 °C. After several washes with
PBST at room temperature, the embryos were mounted onto glass-bottom dishes
using low-melting point agarose.
Mouse anti-hZO1 (dilution 1:400, Invitrogen #33–9100; use in zebraﬁsh in
ref. 36, rat anti-VE-cad (dilution 1:500) and rabbit anti-VE-cad (dilution 1:500)
primary antibodies were used. Rat anti-VE-cad was validated by
immunoﬂuorescence by using ve-cad null mutant (cdh5ubs8, Tg(kdlr:EGFPs843))
embryos13 as control for speciﬁcity (Supplementary Fig. 2). Rabbit anti-VE-cad has
been described and validated previously36 and also validated with ve-cad null
mutants13. Fluorescent secondary antibodies Alexa-568 goat anti-mouse IgG,
Alexa-633 goat anti-rat IgG, and Alexa-633 goat anti-rabbit IgG (all from
Invitrogen) were used.
Photoconversion experiment. Twenty-four hours post fertilization zebraﬁsh
embryos (Tg(Fli:GFFubs3;UAS:mClav2-UCHDubs27) were embedded in 0.7% lowmelting point agarose onto 35 mm glass bottom dishes. Tip cells of vascular sprouts
of segmental arteries were photoconverted on a Leica SP5 confocal microscope
using a ×40 NA 1.1 water immersion objective. Photoconversion was performed
with a 405 nm laser (20% power) until no further increase in converted UCHDmClav2 signal was observed (conversion time 10–30 s). After this the embryos were
allowed to develop for ~4 h before imaging of anastomosis events in DLAV.
12

speed ¼

jdt0 " dt10 j
Δt

ð1Þ

Image analysis and preparation. Image analysis and measurements were performed using FIJI. Deconvolution was performed using Huygens Remote Manager
software41. Maximum Z-projections were used. Noise was reduced using Gaussian
ﬁltering (radius 1.0) and background subtracted (rolling ball radius 50) using FIJI.
Contrast and brightness of images were linearly adjusted. Kymographs were generated from the sum Z-projections of time-lapse series using FIJI. Perpendicular
straight line across the junction was drawn and kymograph generated using reslice
tool. Colocalization analysis was performed using FIJI. First, background was
subtracted (rolling ball radius 25), regions of interests (ROIs) of separate cell–cell
junctions were selected and then colocalization analysis was done on these ROIs
using Colocalization Test plugin with Fay image randomization ((written by Tony
Collins, McMaster University, Hamilton, Canada). Publication ﬁgures were prepared using FIJI, OMERO Fig. and Adobe Illustrator.
Statistical analyses. Statistical analyses were performed using Microsoft Excel,
IBM SPSS statistics 22 and GraphPad Prism version 6.05 for Windows software.
Non-parametric two-sided Kruskal–Wallis H-test, Mann–Whitney U-test and
binomial probability (photoconversion experiments, test probability 0.5) were used.
The data reasonably met the assumptions of the tests. In Fig. 1e, f, where the data
was non-normal and heteroscedastic similar p-values were obtained with
Kruskal–Wallis H-test, Welch’s t-test and median test.
No statistical power analysis was used to determine samples size. Systematic
randomization was not used. Experiments with cdh5ubs25 (Fig. 7) were performed
essentially blinded as the genotype was determined after data capture and analysis.
In all other experiments blinding was not used. Samples of low technical quality
were excluded from the subsequent analyses. In all ﬁgures (exception Fig. 2f
and Supplementary Fig. 3d) the individual data points are plotted and median
indicated with horizontal line as has been recommended42. In Fig. 2f,
Supplementary Fig. 1a and c, the data are binned and the number of events in
the given bin is plotted.
To formally analyze periodicity of F-actin intensity ﬂuctuations, we calculated
the autocorrelation function (ACF) using IBM SPSS statistics 22 software. Next, we
analyzed the level of noise in the ﬂuctuations (phase diffusion) that gradually
reduces the oscillation of the ACF. To quantify this effect, we ﬁtted each of the
ACFs using a sinusoidal function enveloped by an exponential decay using Igor Pro
6.37 (WaveMetrics Inc, Lake Oswego, OR, USA). The function used was:
ACFðt Þ ¼ A ´ sinðf ´ t þ θÞ ´ eð"τÞ
t

ð2Þ

where t is the lagtime of the ACF, A is amplitude, f the frequency, θ is the phase,
and τ is the characteristic lifetime of the decay.

Data availability
The data that support the ﬁndings of this study are available from the corresponding
authors upon reasonable request.
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Supplementary Information
Paa ero e al. Junction-based lamellipodia drive endothelial cell rearrangements in
vivo via a VE-cadherin-F-actin based oscillatory cell-cell interactions

1

Supplementary Figure 1. Description of the transition of dorsal longitudinal anastomosing
vessel (DLAV) from unicellular to multicellular architecture.
a) Quantification of the fraction of multicellular DLAV segments using Tg(BAC(cdh5:cdh5ts)) embryos during development. n=26 DLAV segments (8 embryos). b) Quantification of
the duration from anastomosis until final conversion into a multicellular tube. Black line is
median. n=14 segments (8 embryos). c) Quantification of DLAV segments carrying blood
flow during development. n=26 segments (8 embryos). hpf, hours post-fertilization.

2

Supplementary Figure 2. Validation of the rat Ve-cadherin antibody in zebrafish embryo
whole-mount immunofluorescence analysis.
a-h) Confocal images of a Tg(kdrl:EGFPs843) wild-type sibling (a-d) or a VE-cad null mutant
embryo (Tg(kdrl:EGFPs843);cdh5ubs8/ubs8) (e-h), stained for VE-cadherin (rat anti-Cdh5) and
ZO1. a and e shows the merged channels, b-d and e-h the individual channels. Arrow points
to an endothelial cell-cell junction. Scale bar 20 µm.

3

Supplementary Figure 3. Analysis of F-actin oscillations of the remodeling junctions.
a) Kymograph across the junction in dorsal aorta in EGFP-UCHD fish (data generated as in
Fig. 3). Solid arrow denotes forward movement. b) Intensity plotting of EGFP-UCHD
kymographs. c) Averaged autocorrelation functions of EGFP-UCHD intensity. DMSO, n=14
kymographs; Latrunculin B, n=16 kymographs; NSC23766, n=16 kymographs. d)
Comparison of autocorrelation lifetime (tau parameter). Means and standard deviations are
plotted. ANOVA and Dunnet´s post-hoc test was used.

4

Supplementary Figure 4. Generation and validation of VE-cad truncation mutant allele.
a) Sequencing chromatogram of wild-type ve-cadherin (encoded by cdh5 gene) sequence
(exon 12) and respective truncation mutant cdh5ubs25 sequence. b) The wild-type and mutant
DNA sequences and their respective translations. The cdh5ubs25 mutation leads to a premature
stop. c) Schematic illustration of the domains in both full-length wild-type VE-cad and in
truncated VE-cad (Cdh5ubs25). d) Example of genotyping PCR and different cdh5ubs25 allelic
combinations. e) Plot showing colocalization of ZO1 and truncated Cdh5 at endothelial cell
junctions. Pearson correlation coefficients of colocalization analysis of anti-VEC and antiZO1 in heterozygote (cdh5ubs25+/- ) and homozygote (cdh5ubs25/ubs25) VE-cad mutants.
cdh5ubs25/+ , n=30 cell-cell junctions (2 embryos) ; cdh5ubs25/ubs25 , n=20 cell-cell junctions (1
embryo).n.s., non-significant (p=0.75, non-parametric Mann-Whitney test). f) Quantitation of
the interval of subsequently occuring JBLs based on EGFP-UCHD signal. Time from end of
the first JBL to emergence of new JBL in the same spot was measured ; wild-type n=15 (2
embryos) and cdh5ubs25/ubs25 n=36 (4 embryos). All embryos carried EGFP-UCHD transgene
Tg(fli:GFF ; UAS:EGFP-UCHD). Non-parametric Mann-Whitney statistical test was used.

5

Supplementary Figure 5. Phenotypic analysis of the ve-cad truncation mutant zebrafish.
a) Table of blood flow phenotype of 56hpf VE-cadherin null mutant (cdh5ubs8/ubs8) and the
truncation mutant (cdh5ubs8/ubs8) embryos. b) Stereomicroscope images of the embryos.
Arrows point to pericardiac area, pronounced oedema is observed in mutant embryos. Scale
bar, 400µm. c) Fluorescence images of Tg(kdrl:EGFPs843) embryos at 48hpf. Arrow points of
enlarged cardinal vein in cdh5ubs25 homozygote embryo. Scale bar, 200 µm. d) Confocal
images illustrating the tip cell /stalk cell disconnection (arrow) in the cdh5ubs25 homozygote
embryo. In normal SeA the connection between tip cell and stalk cell is intact. Scale bar, 20
µm. e) Quantification of tip cell stalk cell disconnection; cdh5ubs25/+, n=7 SeA; cdh5ubs25/ubs25,
n=36 SeA; wild-type n=22 SeA.
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9.3 Image courtesy in the review (Hogan and Schulte-Merker., 2017 – Dev Cell)
Review – 8 out of 17 pages
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Figure 3. The Visually Accessible Zebrafish Vasculature
(A) Double fluorescent in situ hybridization showing Notch signaling (tp1:egfp transgenic reporter) in angioblasts as they depart the lateral plate mesoderm during
vasculogenesis. Co-expression of etv2 and tp1 labels Notch signaling-positive angioblasts. White arrowheads indicate etv2-positive/egfp-negative cells; yellow
arrows denote egfp/etv2 coexpression. Images courtesy of N. Lawson, reproduced/adapted from Quillien et al. (2014) with permission from Development.
(B) An intersegmental sprout during angiogenesis labeled with membranous mCherry and lifeAct-GFP highlighting the extensive exploratory filopodia. Images
courtesy of H. Gerhardt.
(C) Immunofluorescent stain of intersegmental vessels after completion of primary sprouting labeled with ESAMa and nuclear localized EGFP. Image courtesy
of M. Lee, H. Belting, and M. Affolter, see Sauteur et al. (2017).
(D) Images from a time-lapse movie showing dynamic Ca2+ signaling in an angiogenic sprout emerging from the dorsal aorta. Visualization with GCaMP7 and
nuclear localized mCherry. Images courtesy of N. Mochizuki, adapted in part from Yokota et al. (2015), with permission from Elife.
(E) Brain vasculature of a chimeric embryo produced by embryonic transplantation. The donor cells labeled with Egfp are specifically contributing sprouting CtA’s
as they emerge from the PHBC, recipient vasculature is labeled with kdrl:mCherry. Images courtesy of D. Stainier and B. Vanhollebeke, reproduced/adapted from
Vanhollebeke et al. (2015) with permission from Elife.
(F) Blood vessels (kdrl:egfp), veins and lymphatic vessels (lyve1:dsRedII) in a zebrafish larvae at 7 dpf. Image courtesy of K. Okuda, J. Astin, and P. Crosier.

tip cells, receive active Vegfr signaling as they emerge from the
DA (Yokota et al., 2015). These studies all highlight the power
of obtaining insights into cell signaling and cell behavioral outputs by direct live imaging, an approach that will expand in the
future (see Figure 3).
574 Developmental Cell 42, September 25, 2017

Cerebral Vascular Angiogenesis and Integrity
The vasculature of the brain forms in a complex manner during
development and the establishment of a functional blood-brain
barrier is essential for later tissue homeostasis. The major
vessels permeating the zebrafish CNS during development are
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Figure 11. Aberrant junctional shapes in RadilB mutants. (A) In wild type, Rasip1 was localised in
ECs in continuous lines, overlapping but not restricted to Cdh5 (white arrows indicate Cdh5-less Rasip1
localisation. (B) Antibody stainings against Rasip1 (red) and Cdh5 (green) on at 32hpf fixed embryos.
Blue is endogenous expressed kdrl:gfp. Localisation of Rasip1 was normal in both hetero- and
homozygous mutants, however, Cdh5 showed a less linearized accumulation at the adherens junctions
in homozygous mutants (white arrows). Consequently, adherens junctions did not look like continuous
lines. (C) Localisation of Cdh5 at 48hpf visualised by a venus-tagged Cdh5 marker line. Cdh5 in
homozygous mutant ISVs showed sometimes a detached localisation in which parts of ISV had a
unicellular configuration (arrow in the middle). In addition, unaligned patches of Cdh5 were visible
within homozygous mutants as well (arrow upper left). Figure 11C was provided by Minkyoung Lee.
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