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Angiogenesis is the physiological process by which new blood vessels grow and critically
depends on the interplay between the major vascular units: endothelial cells, pericytes and
smooth muscle cells. Dysfunction and mispatterning of blood vessels are associated with the
progression of many vascular complications, and therefore, understanding the causes of vascular
dysmorphia is a central question in vascular biology. CDC42 is a small GTPase known to
regulate a diverse array of cellular functions in endothelial cells, however, its contribution to
vascular development in vivo remains incompletely understood. The overall aim of this thesis
work is to investigate the role of CDC42 during angiogenesis in the central nervous system,
using an inducible endothelial-specific Cdc42 knockout model.
In Paper I, I investigate which CDC42-dependent functions operational in vivo are of
relevance for angiogenic sprouting, and how they contribute to blood vessel morphogenesis.
Analysis of distinct cellular behaviours shows that CDC42 is critically required for proper EC
dispersion in the vasculature and that it regulates sprouting angiogenesis and endothelial axial
polarity.
In Paper II, I explore the in vivo consequences of Cdc42 deletion for vascular morphogenesis,
leading to the appearance of capillary-venous malformations in the brain, resembling the human
disease of cerebral cavernous malformations. I aimed to understand how this type of vascular
malformations arise and was been able to identify the MEKK3-ERK5-KLF2/4 molecular
signalling pathway and other cellular events as the trigger factors that may be responsible for
these malformations.
Paper III redirects focus to the physiological roles of another protein, GPR116, in modulating
blood-brain barrier permeability and pathologic angiogenesis in the central nervous system.
In summary, these findings reveal crucial roles of endothelial CDC42 during angiogenesis
and further uncover its potential relevance in the molecular pathogenesis of cerebrovascular
malformations.
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“Somewhere, something incredible is waiting to be known.”
- Carl Sagan
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A brief history of Vascular Biology

If all blood vessels in the human body were laid end to end, they would
stretch roughly 100,000 kilometres. This would make for an epic voyage of
nearly two and a half times around the Earth! The vast network of blood
vessels is a vital conduit for delivering the stream of life-sustaining oxygen
and nutrients to all parts of our body. A single and continuous sheet of endothelial cells furnishes the inner surface of all blood vessels and provides an
interface between the circulating blood and the vessel wall. We call this endothelial lining the vascular endothelium. This layer accounts for about 1
kilogram of an adult human body, and if it were to be spread out, it would
pave the area of eight tennis courts!! The vascular endothelium is pretty extensive.
The endothelium is relentlessly exposed to a variety of biochemical and
hemodynamic stimuli derived from blood flow and need to perform with an
incredible endurance, either by sustaining vascular tone or by acting as the
safeguard passage for fresh supplies from the bloodstream across the vessel
wall into the surrounding tissues. As the smaller unit for vascular growth,
endothelial cells also play the distinct function of regulating the expansion of
blood vessels at any time during health and disease. Adequate adaptation to
the different contexts requires endothelial cells to be highly plastic and remarkably heterogeneous in their gene expression, morphology and cell behaviour. Endothelial cell dysfunction is linked to a broad spectrum of vascular diseases, therefore, discovering new ways to restore the functional integration of the endothelium is a quest of paramount importance to prevent
vascular complications, and for me, one of the most exciting areas of scientific inquiry.
Ancient Greeks, including Hippocrates and Galen, thought that blood
simply dissipated from disconnected arteries and veins via invisible pores, a
dogma that went largely unquestioned for a staggering 1500 years! It was
left to William Harvey, who in 1628 published his thesis “On the Motion of
the Heart and Blood in Animals”, to accurately describe the paradigm of the
circulatory system that still prevails. Approximately three centuries later, a
brilliant scientist named Judah Folkman identified a family of molecules that
regulate blood vessel growth. The field of angiogenesis was born. He pioneered the concept that tumour growth is blood vessel-dependent and postulated the principle of tumour angiogenesis, in which a tumour recruits microvascular endothelial cells and hijacks pre-existing vasculature in the sur11

roundings. His scientific discoveries led to a paradigm shift in cancer biology and translated into the development of multiple angiostatic drugs for cancer therapy and other angiogenesis-dependent diseases.
Today, we keep striving to find a deeper understanding of the vascular
endothelium. We formulate more and more sophisticated questions and get
more and more intrigued, to an ever-greater extent, with the plethora of biological processes implicating endothelial cells. The intricacy, efficiency, and
subtlety of the vascular endothelium are a wonder to behold…

Angiogenesis
Three distinct physiological processes give rise to blood vessels: vasculogenesis (de novo blood vessel formation during embryogenesis), intussusception (splitting of existing vessels), and angiogenesis (the growth of new
blood vessels from pre-existing vasculature). Angiogenesis is initiated by the
release of growth factors from the surrounding tissue and entails a remarkable degree of coordination between different cell types. During this process,
endothelial cells (ECs) lining the entire vascular system need to orchestrate
multiple cell behaviours such as sprouting, migration, proliferation, polarity,
and cell-cell communication (Adams and Alitalo 2007). The precise interplay between these EC behaviours is required in order for a series of morphogenetic events to occur, including blood vessel sprouting, branching,
anastomosis, tubulogenesis and regression (Figure 1) (Herbert and Stainier
2011; Potente et al. 2011). A delicate balance between these biological
events is essential to form new blood vessels while maintaining the already
formed vasculature. As soon as a primary capillary plexus is assembled,
endothelial cells secrete PDGF-B, a crucial factor to recruit PDGFRβ+ mural
cells such as pericytes to the newly formed vessels. Pericytes nest within the
basement membrane and embrace the abluminal endothelial wall, and play
an important role in vessel maturation (Hellstrom et al. 1999). Later on, under the influence of a number of signalling cues and flow-mediated shear
forces, the vasculature undergoes extensive remodelling and pruning until it
is refined into a functional hierarchical network of arteries, veins and capillaries (Potente and Mäkinen 2017). Finally, besides interacting with perivascular cells, endothelial cells also crosstalk with numerous tissue-specific
parenchymal cell populations residing around blood vessels that instruct the
endothelium to acquire tissue-specific attributes, a process so-called vascular
organotypicity - organ-specific functional specialization and adaptation - to
supply the various demands of blood flow and physiological needs
(Betsholtz 2018). Nowadays, a flurry of research is being conducted to elucidate the molecular programmes that govern organ-specific EC heterogeneity in order to reprogram vascular regeneration (Rafii et al. 2016).
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Figure 1. The angiogenic process is initiated by EC sprouting in response to tissuederived growth factor such as VEGF. Sprouting cells (green and yellow) guide the
new sprout while other EC stay behind and proliferate (purple). At some point
sprouting cells fuse (orange), lumen formation occurs, and a perfused vessel connection is formed. Adapted from Adams, RH & Eichmann, A 2010 Cold Spring Harb
Perspect Biol.

Angiogenesis occurs both in physiological and pathological conditions. An
imbalance in the amount of angiogenesis contributes to aberrant formation
and function of blood vessels that precedes a broad spectrum of vascular
complications such as high blood pressure, diabetes, heart disease, atherosclerosis, chronic kidney failure, tumour growth, and autoimmune diseases.
Likewise, a wide assortment of angiostatic drugs has been developed for the
treatments of such pathologies, but their clinical efficacy is often limited by
acquired drug resistance. Learning from a developmental biology setting the
morphogenetic mechanisms driving blood vessel formation in health may
provide invaluable insights into how to resolve “uncontrolled” angiogenesis.

Tip cell and stalk cell specification
Angiogenesis involves specification of subpopulations of endothelial cells
into tip cells (the leaders) and stalk cells (the followers). Angiogenic sprouting is initiated by the sprouting of tip cells that locally degrade the subendothelial basement membrane and acquire invasive and motile behaviours.
Several angiogenic factors have been identified as drivers of this process, the
13

most famous of which is the vascular endothelial growth factors A (VEGFA), which is under strong transcriptional control of environmental conditions
such as hypoxia. While tip cells take the lead in the vascular sprout, trailing
endothelial cells, stalk cells, proliferate and form the vascular lumens (Gerhardt 2003). Morphologically, endothelial tip cells are characterized by their
location at the distal end of the sprout and ability to extend actin-rich filopodial protrusions, reminiscent of axonal growth cones, that are believed to act
as antennae that sense gradients of attractive and repulsive cues to guide
vascular growth into non-vascularized regions and further establish connectivity with other vascular sprouts.
Functional segregation of the sprouting endothelial cells into tip and stalk
cells is regulated by a lateral inhibition mechanism involving a fine-tuning of
VEGF-A and the Notch receptor signalling by its ligands Delta-like 4 (Dll4)
(Siekmann and Lawson 2007; Hellström et al. 2007; Suchting et al. 2007). In
brief, when blood vessels are exposed to VEGF-A, endothelial cells expressing higher levels of VEGFR2/3 are selected as tip cells in the nascent
sprouts. The activation of VEGR2/3 induces expression of the Notch ligand
Delta-like 4 in tip cells. In turn, activation of Notch1 receptor in adjacent
endothelial cells downregulates the expression of VEGFR2/3 and consequently dampens VEGF-A-induced endothelial sprouting, and thereby arrests these cells in a less motile stalk cell phenotype. Short and sweet, endothelial cells experiencing the highest levels of VEGF signalling are selected
as tip cells, while Notch activation in stalk cells suppresses VEGFR2/3 signalling and proangiogenic fate (Tammela et al. 2008; Benedito et al. 2012;
Nakayama et al. 2013). Delta-like 4 is, therefore, a negative regulator of
vascular sprouting and vessel branching, which is of fundamental importance to select adequate numbers of vessel branches. Tip cell specification is also promoted by another lower-affinity Notch ligand, Jagged 1,
which has an opposite role to Dll4 and acts as a positive regulator of tip cell
formation (Benedito et al. 2009). In this frame, stalk-cell restricted expression of Jagged 1 competes with Dll4 for Notch binding and counteracts
Dll4/Notch interactions between stalk-tip and stalk-stalk cells. As a result,
notch activation levels are attenuated between neighbouring cells while
VEGF signalling is enhanced.
However, unlike many other Notch-dependent cell differentiation phenomena, which lock cell differentiation to a specific fate, the tip and stalk
cell phenotypes are dynamic and reversible, as endothelial cells rapidly shuffle at the lead position (Jakobsson et al. 2010). Thus,
VEGF/Dll4/Jagged/Notch juxtacrine signalling provides an elegant feedback
mechanism that controls the dynamic nature of tip cell and stalk cell conversions and asymmetric cellular response to VEGF stimulus (Figure 2).
Many layers of regulation and refinement of tip/stalk specification have
been decoded. In parallel to Notch pathway, bone morphogenetic protein
(BMP)–activin receptor-like kinase (ALK) signalling limits tip cell for14

mation. BMP9/10 factors circulate in the bloodstream and can bind with
high affinity ALK1 receptor preferentially expressed in stalk and arterial
ECs, leading to downstream activation of SMAD1/5/8 and further stalk cell
gene expression of Notch targets HEY1 and HEY2. This signalling axis underscores cooperation between the Notch and the TGF-β receptor ALK1signalling to induce stalk cell fate (Larrivée et al. 2012; Ricard et al. 2012).
Adding a further dimension of complexity onto this, recent reports have unravelled the functional importance of Neuropilin-1 (NRP1) in tip cell selection. These elegant experiments used chimeric retinas formed by wild-type
and Nrp1-null EC (Aspalter et al. 2015). Loss of Nrp1 renders EC unable to
adopt the tip cell position in a VEGFR2- and Dll4-independent manner. The
ability of Nrp1-null EC to form tip cells was restored by the genetic deletion
of either ALK1 or ALK5, and also by SMAD2/3 depletion, but not by Notch
inhibition. Activation of pSMAD2/3 as consequence of NRP1-depletion was
suggested as a key determinant in the loss of tip cell phenotype. Given the
observation that Notch downregulates Nrp1 expression, the authors suggest
Notch as a modulator of differential responsiveness to BMP9-ALK1SMAD2/3 signalling by suppressing Nrp1 expression in stalk cells, and further propose that stalk cell phenotype is actively suppressed in tip cells by
NRP1-mediated inhibition of BMP-ALK signalling and suppression of
SMAD2/3 activation. The interaction between NRP1 with ALK1 and ALK5
and the contributions of SMAD2/3 and SMAD1/5/8 in establishing tip versus stalk competence during sprouting angiogenesis currently awaits full
characterization.
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Figure 2. Illustration of the many layers of ligand-receptor and cell-cell signalling
involved in the fine-tuning of tip/stalk cell specification during angiogenic sprouting. Adapted from Betsholtz C. 2018 EMBO Mol Med.

Molecular regulation of vascular patterning
Among the growth factors of VEGF family, VEGF-A is the most potent
morphogen acting on the endothelium (Ferrara and Kerbel 2005). As revealed by loss-of-function models, VEGF-VEGFR2 is a paramount signalling regulating blood vessel formation and function (Shalaby et al. 1995;
Carmeliet et al. 1996; Ferrara et al. 1996). During sprouting angiogenesis,
VEGF-A binds and activates VEGFR2/3 on the EC surface of capillaries at
the sprouting front, but the interpretation of these signalling differs in tip and
stalk cells. For instance, while in the tip cell VEGF-A induces filopodia extensions and promotes tip cell directed migration, in stalk cells it rather stimulates proliferation (Gerhardt 2003; Ruhrberg et al. 2002). This divergence
16

in VEGF/VEGFR signalling output is critical for a balanced endothelial
sprouting. Abnormalities in VEGF signalling, i.e. due to disturbance in
VEGF gradients in the extracellular space, has severe consequences in vascular patterning and morphogenesis (Gerhardt 2003; Ruhrberg et al. 2002).
Endothelial sprouting is further modulated by a number of other ligands and
receptors that regulate tip cell guidance mainly by repulsion such as
Slit/Robo4, Semaphorin/Plexin, and Netrin/UNC5B. In addition,
EphrinB2/EphB4 signalling has attracted considerable attention in the field
of vascular biology since its discovery. Other major signalling complexes
playing pivotal roles in angiogenesis, such as the Tie2/angiopoietins signalling system, would be worth mentioning in a broader context, but I refrain
from going into detail about their regulation and repercussions for vascular
patterning in this thesis. Therefore, the following section catches a glimpse
of a few ligand/receptor-signalling complexes and their functional roles in
EC during vascular development.
Robo4 is largely confined to the vasculature system and preferentially expressed in endothelial stalk cells. Its activation by Slit2 inhibits VEGFinduced vascular growth and migration and prevents vascular leakage induced by VEGF (Jones et al. 2008). Endothelial-specific Robo4-deleted mice
are viable and show normal vessel patterning, however, these mutants exhibit a strongly enhanced pathologic angiogenesis in models of oxygen-induced
retinopathy (OIR) and laser-induced choroidal neovascularization. Moreover, Robo4 activation by Slit2 intravitreal injections reduces pathological
angiogenesis (Jones et al. 2008). These observations suggest that Robo4
activation provides a stabilizing signal in the vasculature and highlight a
therapeutic potential in pathological angiogenesis following ischemic insult.
Semaphorin 3E ligand acts as a repulsive cue for Plexin-D1-expressing
EC prominently found in developing blood vessels. Plexin-D1 activation by
Semaphorin 3E restricts blood vessel growth in mice. Conversely, PlexinD1
inactivation leads to severe patterning defects and excessive branching of
ISV in zebrafish (Torres-Vázquez et al. 2004) and congenital heart disease
and vascular patterning defects in mice (Zhang et al. 2009).
UNC5B operates as a receptor for Netrin-1 and its activation triggers EC
repulsion. UNC5B is highly enriched in the vasculature, preferentially in
arterial and tip endothelial cells during development, and participates in vessel patterning by negatively regulating tip cell filopodia extensions and capillary branching. Furthermore, Netrin/UNC5B signalling also inhibits neovascularization in tumour xenografts (Larrivee et al. 2007) and disruption of
Unc5b in mice leads to excessive vessel branching and abnormal vessel navigation (Lu et al. 2004).
Eph receptor tyrosine kinases (RTKs) regulate morphogenesis in different
tissues. Several Eph and ephrin molecules are expressed in the endothelium
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among which ephrin-B2 and its receptor EphB4 are molecular determinants
for the segregation of arterial-venous fates, and therefore of primary importance for vascular development (Adams et al. 1999). The first embryonic
artery and vein arise from a common precursor vessel. The segregation of
the common precursor vessel critically depends on ephrin-B2/ EphB4 signalling, being EphrinB2 expressed in arterial-fated and EphB4 in venous-fated
progenitors. While EphB4 expression confers a better ability to migrate ventrally and contribute to the cardinal vein, Ephrin-B2-expressing cells remain
behind and constitute the dorsal aorta (Herbert et al. 2009). The prominent
arterial Ephrin-B2 and venous Eph4 expression patterns in blood vessels are
conserved throughout development.

Figure 3. Different ligand-receptor complexes that regulate endothelial tip cell guidance by acting either as attractive or repulsive. Most of these receptors represented
are expressed on both endothelial tip and stalk cells but are—for simplicity—only
displayed on one cell type. The CNS-specific cues for angiogenesis additionally
regulate blood-brain barrier-formation. Wälcjli T. et al. 2015 Neuron reviews.

Cellular mechanisms of vascular patterning
It takes more than endothelial sprouting to grow a functional vascular network. The angiogenic process produces an excessive number of vessel connections and not all successfully integrate the mature vasculature. Remodelling of the vascular tree is needed to prune vessel branches that become superfluous after the angiogenic process. Vessel regression takes place in dif18

ferent vascular beds at different developmental stages and is a prevalent
process for vascular remodelling (Korn and Augustin 2015). In some scenarios in which remodelling is a drastic event, such as the regression of hyaloid
vessels in the retina, pruning involves massive EC apoptosis due to withdrawal of survival factors such as VEGF (Mitchell et al. 1998). In other cases, vessel regression is independent of apoptosis and driven by lateral EC
migration from immature vessel connections into neighbouring vessels
(Chen et al. 2012; Udan et al. 2013; Franco et al. 2015). This type of vessel
regression is more subtle and triggered by differential flow patterns in juxtaposed vessels. Imagine this as an anastomosis process in reverse order. Firstly, poorly perfused capillaries experience vessel constriction due to lack of
blood flow. Secondly, ECs flanking the occlusion site in the low-flow branch
retract and migrate toward opposite sides, leaving behind an empty basement
membrane. And thirdly, ECs fuse with parental branches that experience
higher levels of blood flow. As this EC “recycling” goes on, the diameters of
well-perfused vessels increase while the vascular complexity of the capillary
plexus decreases. It has been postulated that, under the influence of hemodynamic forces, ECs redirect their axial polarity (orientation of EC Golgi in
respect to the nucleus) to align and migrate upstream the blood flow toward
the adjacent high/flow vessel (Franco et al. 2015). Therefore, hemodynamic
forces have been proposed to drive EC rearrangements by inducing EC axial
polarization and by attracting EC migration from low-flow to high-flow vessels
The developing vasculature undergoes constant EC rearrangements.
Groundbreaking work from Xu and colleagues unravelled a dynamic migratory behaviour of ECs that occur during artery development. Applying live
imaging techniques and taking advantage of the regeneration capacity of the
zebrafish fin, they showed that endothelial tip cells are derived from veins
and that these tip cells can later contribute to newly forming arteries during
regeneration (Xu et al. 2014). Moreover, lineage tracing of endothelial tip
cells in the mouse retina further confirmed that some tip cells migrate back
towards the centre of the retina and incorporate pre-existing arteries. This
process is driven by VEGF, but the directional cue that instructs tip cells at
the sprouting front to turn around and move into developing arteries is mediated by the paracrine activation of the chemokine receptor CXCR4 expressed in tip cells and by its ligand CXCL12 present in the environment.
More recent studies have identified Notch activation as the critical trigger
that primes ECs at the sprouting front and redirects them back into the vessel
plexus into developing arteries (Pitulescu et al. 2017; Hasan et al. 2017).
Together, these studies suggest that arteries are formed, at least in part, by
vein-derived migrating cells, that continuously migrate from low-flow
(veins) to high-flow (arteries) areas. This morphogenetic movement of EC is
supplied by a persistent EC proliferation in veins, but not in arteries, during
vascular development, and therefore, veins appear to be the main source of
19

EC for newly forming blood vessels. Altogether, these studies provide a
framework to understand the influence of hemodynamic, tissue-derived biochemical signals, and genetic pathways that drive vascular patterning to establish functional arterial-venous blood flow patterns. The following cartoon
illustrates some of the signals and mechanisms involved in EC pathfinding
during vascular remodelling.

Figure 4. Overview of a vascular network remodelled into artery, vein, capillaries,
and lymphatic capillaries. The vascular tree faces regional differences in terms of
mechanical forces generated by blood flow-driven shear stress. Vein-derived tip
cells migrate against the flow and contribute to developing arteries. First lymphatic
endothelial cells are generated through the differentiation of venous ECs, but also
from haemogenic endothelial origin. Adapted from Potente M. & Mäkinen T. 2017
Nat Rev Mol Cell Biol.

Vascularization of the central nervous system
Amidst neurons and glial cells, in the CNS lies a highly specialized network
of blood vessels that ensures adequate homeostatic and metabolic support of
neuronal tissues. The first landmark of CNS vascularization is the formation
of the peri-neural vascular plexus (PNVP) surrounding the embryonic neural
tube. Early in development, during mouse embryogenesis, the PNVP is
formed by vasculogenesis at E8.5 through the differentiation and assembly
of vascular precursor cells called angioblasts. Subsequently, around E9.5
vascular sprouts from the PNVP start to invade the CNS parenchyma and
form the intra-neural vascular plexus (INVP) (Figure 5). From this devel20

opmental point onwards the vascularization of the CNS relies heavily on
sprouting angiogenesis (Mancuso et al. 2008).

Vascular development in the postnatal retina and brain
The embryonic retina is nourished by a hyaloid vasculature that is transient
and degenerates after birth in most mammalians, including humans and
mice. The mouse retina is therefore avascular at birth and a new vasculature
plexus start to form rapidly through centrifugal sprouting. Feeding vessels
entering from the optic nerve grow from the centre to the retina periphery
along a pre-existing web of astrocytes. Retinal vessels initially sprout in a
planar orientation and establish a two-dimensional primary superficial plexus with distinguishable arteries, veins and intervening capillaries (Figure 5)
(Dorrell et al. 2002; Gerhardt 2003). Subsequently, vessels sprout vertically
and dive to form the deep and intermediate vascular plexus (Stahl et al.
2010). Because this process occurs in an accessible area of the CNS, the
postnatal retina has become a well characterized and one of the most widely
used in vivo models to study the spatio-temporal progression of physiological and pathophysiological angiogenesis in the CNS.

Figure 5. Schematic representations of the time course of blood vessel growth in the
mouse embryo hindbrain (A) and postnatal retina (B). Neural progenitors are shown
in orange, vascular plexus in red, arteries in dark red and veins in blue; astrocyte
networks in green. PNVP, perineural vascular plexus; SVP, subventricular vascular
plexus. Adapted from Tata M. et al. 2015 Mech Dev.

Vascularization of the brain persists after birth at an astonishing pace. Within the brain, invading blood vessels, spearheaded by endothelial tip cells
projecting filopodial extensions, continue to dive from the pial surface to21

wards the sub-ventricular regions and further expand into vast networks by
progressive branching (Figure 6). The early postnatal brain also provides an
interesting model to study sprouting angiogenesis, however, the molecular
cues driving vascular expansion and remodelling are less understood here
compared to the well-studied postnatal retina.
CNS vascularization has been the target of intense research and sophisticated genetic manipulations have yielded significant progress in the understanding of key signalling pathways that regulate angiogenesis in the developing CNS (Tata et al. 2015). These include pathways regulated by the different isoforms of VEGF-A (Haigh et al. 2003; Stalmans et al. 2002), the
VEGF receptors (VEGFR) 1-3 and the co-receptor Neuropilin-1 (Fantin et
al. 2014; Gerhardt et al. 2004), Wnt signalling (Daneman et al. 2009; Stenman et al. 2008), the G-protein coupled receptors GPR124 (Anderson et al.
2011; Kuhnert et al. 2010), and integrins (Hirota et al. 2015; Yamamoto et
al. 2015).

Figure 6. Representation of a postnatal P8 mouse brain coronal section showing
blood vessel (red) diving from the pial surface towards the sub-ventricular regions
(A). Postnatal angiogenesis is highly dynamic with tip cell abundance in all cortical
layers promoting extensive branching and arborization as capillary sprouts (B).
Adapted from Wälcjli T. et al. 2015 Neuron reviews.
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Blood-brain barrier formation
One essential step during neurovascular development is the formation of a
blood-retina barrier (BRB) and a blood-brain barrier (BBB) at the level of
the microvascular endothelium. As the CNS vasculature expands, ECs establish intimate relationships with pericytes embedded in the endothelial basement membrane, and perivascular astrocyte end-feet, neurons and microglia
(Figure 7). These different cell types establish a permanent alliance known
as the neurovascular unit (NVU), a critical interface between the nervous
and vascular systems. Anatomically, ECs from the BBB feature unique characteristics distinguishing them from those in the periphery. The brain endothelium is interconnected by sealed contacts consisting of tight junctions
(TJs), such as Occludins and Claudins (Wolburg and Lippoldt 2002). These
protein complexes constitute a primary impediment for paracellular diffusion
of neurotoxic substances from the bloodstream to brain parenchyma. Additionally, brain ECs express a set of selective influx and efflux transmembranar transporters (i.e. Glut1, Pgp1), which provides a sophisticated system
for polarized transcellular transport and facilitates active nutrient uptake and
expels potential harmful molecules. These intrinsic properties of brain ECs
regulate the selective permeability of the BBB, which is of fundamental importance for brain function. Besides the endothelial compartment, pericytes
have also emerged as a major player in establishing and maintaining the
microvascular permeability in the brain (Armulik et al. 2010), while neurons
and astrocytes have the ability to innervate blood vessels and regulate cerebral blood flow via vasodilation or constriction. Together, each constituent
cell type of the NVU is tightly regulated in a spatial and temporal manner to
establish a fully functional BBB (Zlokovic 2008). The complex role of the
BBB in vascular homeostasis of the CNS is gaining ever-increasing attention
towards understanding the aetiology of many brain vascular diseases.
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Figure 7. Schematic representation (A) and electron micrograph (B) of a capillary
cross-section of the neurovascular unit (NVU). Adapted from McConnel HL et al.
2017 J Biol Chem.

Vascular malformations in the CNS
There is now clear evidence that endothelial dysfunction is a hallmark of
vascular complications in the CNS such as retinopathies, glioblastomas,
autoimmune diseases, stroke and several cerebrovascular disorders. Some
genetic mutations in connection with human diseases have been shown to
severely disrupt neurovascular integrity leading to vascular malformations of
the brain. Cerebral vascular malformations are diverse in both aetiology and
manifestation, being pathologically classified into 4 categories: Arteriovenous malformations (AVM), venous angiomas, capillary telangiectasias,
and cavernous malformations (Leblanc et al. 2009). This chapter focuses on
the genes and pathways implicated in AVM and CCM pathogenesis.

Hereditary hemorrhagic telangiectasia (HHT)
Some of the underlying genes playing a central role in the pathophysiology
of hereditary hemorrhagic telangiectasia (HHT), characterized by the presence of multiple AVM, comprise the Activin-like kinase receptor 1 (Alk-1)
and Endoglin (Eng) (Johnson et al. 1996; Pawlikowska et al. 2005), which
are receptors involved in TGF-β/BMP pathway mediating downstream activation of a collection of SMADs (Lebrin et al. 2004; Jin et al. 2014; Gallione
et al. 2006). In mice, the endothelium-specific deletion of Alk-1 and Eng
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severely interfere with vessel patterning causing direct shunts between arteries and veins (Park et al. 2009; Tual-Chalot et al. 2014; Mahmoud et al.
2010). In addition, gain- and loss-of-function of Notch1 and Notch4 have
been proposed to play causative roles in the development of AVM (Krebs et
al. 2004; Carlson et al. 2005; ZhuGe et al. 2009; Murphy et al. 2014; Krebs
et al. 2010). Pharmacological attempts to revert established AVM in the
mouse brain have shown that inhibition of VEGFR2 and AKT relieves the
phenotype, and recent exciting data have suggested PI3K pathway as a more
promising approach to treat HHT patients (Ola et al. 2016; Jin et al. 2017).
AVM formation is thought to be due to a combination of a defective arteriovenous specification, defective fluid shear stress mechanotransduction rendering EC insensitive to flow-dependent polarized migration, plus a clonal
expansion resulting in the enlargement of capillary connection between arteries and veins (Baeyens et al. 2016; Ola et al. 2016; Jin et al. 2017). However, how Alk-1, Eng, and Smad4 deletions elicit altered cellular behaviour
resulting in AVM at their typical location has just begun to be appreciated.

Cerebral cavernous malformation (CCM)
Cerebrovascular defects can also manifest themselves as cerebral cavernous
malformation (CCM), a human disease caused by loss-of-function mutations
in either of the CCM genes (Krit1, Ccm2, and Pdcd10) (Bergametti et al.
2005; Craig et al. 1998; Laberge-le Couteulx et al. 1999). CCM are vascular
malformations of capillary-venous origin characterized by enlarged mulberry-shaped caverns prone to bleeding, causing haemorrhagic strokes, seizures
and neurological deficits. Depending on their location, neurosurgical removal of the lesion may be hazardous and no other safe and effective medical
therapy yet exists (Mouchtouris et al. 2015). CCM lesions occurs in both
familial (20% of the cases) or sporadic (80% of the cases) forms (Riant et al.
2010), however, about 22% of the sporadic cases occur with no detectable
mutation in these genes.
The proteins encoded by CCM genes can bind into a trimeric complex
that associates with the cytoskeleton at the endothelial cell junctions (Voss et
al. 2007). Underlying molecular mechanisms contributing to CCM have
been linked to Rho kinase (Whitehead et al. 2009), TGF-β/BMP (Maddaluno
et al. 2014), Wnt/β-catenin (Bravi et al. 2015), and the MEKK3-KLF signalling pathways (Cuttano et al. 2016; Zhou et al. 2016). At the cellular level,
altered endothelial cell-cell junctions and increased expression of genes related to endothelial-to-mesenchyme transition (EndMT) have been proposed
but the morphogenesis of early lesion formation is not completely understood. Despite recent advances in understanding the molecular principles
governing CCM complex signalling, an on-going question in the filed has
been how CCM deficiency alters EC behaviour to triggers these malformations.
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CDC42 signalling and functions
Cell Division Cycle 42, Cdc42, encodes for a small Ras-like GTPase of the
Rho family that is highly conserved amongst almost all eukaryotes. CDC42
has evolved as major intracellular signalling node implicated in multiple
signalling pathways that regulate a diverse array of cellular functions in a
variety of tissues and cell types. CDC42 signalling depends on its intrinsic
GTPase activity, which allows the molecule switch between a GTP-bound
active state and a GDP-bound inactive state on its interaction with 3 protein
families: Guanine exchange factors (GEFs), guanine dissociation inhibitors
(GDIs) and GTPase activating proteins (GAPs) (Bishop and Alann 2000).
CDC42 has first been identified as an essential gene for the polarized cell
growth and cytokinesis in the budding yeast Saccharomyces cerevisiae (Adams 1990). Henceforth, CDC42 has been in the focus for the cell biology
community and its activity has been mapped in different cell types showing
a role in filopodia formation (Heasman and Ridley 2008), directed cell migration (Nobes and Hall 1999), chemotaxis (Allen et al. 1998), phagocytosis
(Cox et al. 1997), axon guidance (Luo et al. 1997), and cell fate determination (Wu et al. 2006). CDC42 is known to have yet another important role in
regulating cell polarity, which it mediates in part through its effects on the
actin cytoskeleton, in part through microtubule re-organization and in part
through regulation of the Par-complex (Par6, Par3 and aPKC) (EtienneManneville 2004). While its role as a key regulator of actin-based morphogenesis appears to be conserved (Hall 1998), other cellular processes regulated by CDC42 are tissue and cell type specific (Melendez et al. 2011), and
given its role in myriad cellular processes, CDC42 regulation often results in
different functional outcomes depending on the unique physiologies of distinct tissues.
Much of our knowledge of CDC42 functions comes from overexpression
studies in cell lines using constitutive-active or dominant-negative CDC42
constructs. Those studies were groundbreaking at this time but the experimental approach had intrinsic problems. Dominant-negative CDC42 for
example can titrate out GEFs that are shared between CDC42 and other Rho
GTPases and thus prevent their activation (Feig 1999). In turn, constitutively-active Cdc42 cannot hydrolyse GTP and signals constitutively through its
effectors leading to their sequestration. This can inhibit signalling by other
Rho GTPases that share those effectors (Tcherkezian and Lamarche-Vane
2007). Thus, an independent genetic approach, using knock out models, is
most suitable in order to clarify which cellular functions CDC42 controls in
vivo. In mice, global knockout of Cdc42 is lethal at embryonic day (E) 6.5
before the formation of the vascular system, and thus not very informative
(Chen et al. 2000). To circumvent the early lethality, a number of tissue specific knock-outs have been generated which revealed new insights into cell
type specific functions of CDC42 in vivo (Melendez et al. 2011)
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CDC42 in the endothelium
First insights into CDC42 functions in the vascular system came from in
vitro studies using cultured endothelial cells. Those studies suggest that
CDC42 regulates the actin cytoskeleton (Wojciak-Stothard et al. 1998; Moreau et al. 2003; Tatin et al. 2006), adherence junction stability (Broman
2005), the formation of membrane protrusions (Kouklis et al. 2003) as well
as polarization and migration (Dormond et al. 2001; Wojciak-Stothard
2003). In addition, a number of studies point towards an important role for
CDC42 in maintaining endothelial barrier function (Broman et al. 2007) and
regulating macropinocytosis (Tkachenko et al. 2004). Experiments using 3D
collagen matrices further suggest a critical role for CDC42 in apical-basal
polarity and endothelial lumen formation (Koh et al. 2008; Davis et al.
2011). CDC42 activity is dynamically controlled in time and space. Active
CDC42 is recruited to endothelial cell-cell junctions in a Rap1-dependent
manner (Ando et al. 2013). During migration, CDC42 is targeted to the leading edge of endothelial cells in the vicinity of small protrusions (Qi et al.
2011). Fluid shear stress induces translocation and activation of CDC42
preferentially at the downstream side relative to flow to convey spatial information to reorientate the microtubule organizing centre (MTOC) and
Golgi apparatus in endothelial cells (Tzima et al. 2003).
These functions reported in vitro would all be expected to profoundly influence the architecture and function of blood vessels. Accordingly, constitutive endothelial-specific deletion of Cdc42 in mice (Tie2-Cre mediated) results in a dysfunctional circulatory system associated with vasculogenic and
angiogenic defects leading to embryonic lethality at E10.5 (Jin et al. 2013),
which complicates the investigations of primary defects in CDC42-deficient
blood vessel in vivo. Given the rapid demise of mouse embryos with abrogated vascular function, and the many secondary and systemic consequences
thereof (Jeansson et al. 2011), it has not been possible to establish more precisely which cellular functions are directly and cell autonomously regulated
by CDC42 in vivo. Follow up studies using an inducible EC-specific knockout approach (Cdh5-Cre mediated) have shown that CDC42 is required to
open vascular tubes in developing capillaries in the embryos and filopodia
formation mouse in the postnatal retina (Barry et al. 2015). More recently, a
crosstalk between Hippo signalling pathway and CDC42 was gleaned by
observations that YAP/TAZ positively regulates CDC42 activity to promote
endothelial cell migration (Sakabe et al. 2017; Kim et al. 2017). Furthermore, in the embryonic zebrafish vasculature, CDC42 has been suggested to
act downstream of Robo4 (Kaur et al. 2006) and Neuropilin-1 (NRP1) (Fantin et al. 2015) in EC guidance mechanisms, and upstream of Formin-like-3
(FMNL3) (Wakayama et al. 2015) during BMP-dependent formation of the
caudal vein plexus (CVP). Although these studies have demonstrated the
profound importance of CDC42 during vascular development, it remains
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unclear which CDC42-dependent functions are operational in endothelial
cells during angiogenesis, and hence, the in vivo consequences of ECspecific Cdc42 deletion for vascular morphogenesis remained incompletely
understood.

Cdc42 missense mutations in developmental disorders
Exome sequencing revealed a number of missense variants in human Cdc42
that perturbs CDC42 function by altering its activation status and/or affecting its interaction with effectors (Martinelli et al. 2018). These mutations
have a variable impact on cell function and body development, leading to a
clinically heterogeneous group of phenotypes characterized by growth
dysregulation, facial dysmorphisms, neurodevelopmental anomalies, and
growth dysregulation. Functional characterization of these mutations revealed a different impact on different cell behaviours at the level of polarized migration and cell proliferation. Whether any of these mutations associates with vascular dysmorphias remains elusive, but the search continues.

Figure 8. Scheme summarizing the functional dysregulation of disease-associated
Cdc42 mutations on downstream signalling pathways and cellular processes. Blue
and magenta arrows indicate the hyperactive or defective behaviour, respectively.
Adapted from Martinelli, S. 2018 Am J Hum Genet.
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Krüppel-like transcription factor in vascular development
KLFs are members of the zinc finger family of transcription factors and have
broad roles in cell biology by activating or repressing the transcription of
target genes. There are two members of particular interest in endothelial
biology, KLF2 and KLF4. Both show enriched expression in the vascular
endothelium, being KLF2 almost exclusive. These two factors are evolutionarily closely related and their zinc finger domains are ~90% similar, suggesting they could have common target sequences. Accordingly, in the endothelium, KLF2 and KLF4 are induced by fluid shear stress and transcriptional
studies have suggested ~60% overlap in their target genes (Villarreal et al.
2010). Both genes regulate similar endothelial targets to confer atheroprotective effects by inducing the expression of nitric oxide synthase (Nos3) and
thrombomodulin (Thbd) while inhibiting adhesion molecules such as
VCAM-1 and procoagulant factors (e.g., TF) (Dekker et al. 2002; Parmar
2005; Hamik et al. 2007; McCormick et al. 2001). Because of the breadth of
the endothelial transcriptome under the control of KLF2 and KLF4, recent in
vivo studies have suggested KLF2 and KLF4 as master regulators of endothelial biology and vascular integrity (Sangwung et al. 2017). Although there
is mechanistic and functional conservation between KLF2 and KLF4 in vascular endothelial cells, they can also have divergent roles in different physiological contexts.

KLF2
KLF2 is probably the most widely studied and published KLF in endothelial
cells and vascular function. KLF2 appears to be specific to the endothelium
and its expression levels positively correlate with local shear stress patterns.
Under fluid shear stress, KLF2 transcription is enhanced via the extracellular
signal-regulated kinase 5 (MEK5) - myocyte enhancing factor 2 (MEF2)
signalling axis, MEK5-ERK5-MEF2, and regulates key endothelial transcriptional programs in response to inflammation, thrombosis and vessel
tone in mice and humans (Parmar 2005). It has been suggested that flowmediated induction of KLF2 in EC is modulated by epigenetic modification
in MEF2. Under low flow conditions, histone deacytylase 5 (HDAC5) binds
to MEF2 and inhibits its transcriptional activity. Under high laminar sheer
stress, HDAC5 is phosphorylated in a Ca2+/calmodulin-dependent manner
resulting in its dissociation from MEF2 and subsequent transcription of
KLF2 (Wang et al. 2010). Moreover, under disturbed flow conditions, the
endothelial thioredoxin-interacting protein (TXNIP) is up-regulated and
binds as a part of a transcriptional repressor complex to Klf2 promoter inhibiting its expression (Wang et al. 2010). Furthermore, a contribution of microRNAs in flow-mediated regulation of Klf2 has been suggested, in which,
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under laminar flow conditions, mir-92a is down-regulated leading to Klf2
up-regulation (Bonauer et al. 2009).
Endothelium-specific Klf2 knockout mice die in utero due to high-output
heart failure associated with a profound loss of peripheral vascular resistance, suggesting KLF2 as an essential regulator of vascular hemodynamic forces and vessel maturation (Lee et al. 2006). In most pathological settings, KLF2 has vascular protective effects, such as in ischemic strokeinduced BBB permeability and in ApoE models of atherosclerosis (Lin et al.
2010; Shi et al. 2013; Atkins et al. 2008). However, KLF2, when overexpressed by endothelial cells, can lead to detrimental consequences for vascular developmental as it is the case of cerebral cavernous malformations
(CCM) (Zhou et al. 2016).
It is puzzling, but perhaps not surprising given the complexation of transcription factors, that KLF2 plays inconsistent roles in the endothelium depending on the physiological context. Of note, KLF2 counterintuitive roles
at a mechanistic levels are observed by its potent antiangiogenic effect by
inhibiting VEGF-A mediated angiogenesis, which is achieved by competing
with SP1 for the binding of VEGFR2 promoter and subsequent downregulation of VEGFR2 expression (Bhattacharya et al. 2005). While other
studies have shown that KLF2 can associate with the ETS-related gene
(ERG) to bind the Flk1 enhancer region and synergistically activate its transcription during embryonic development (Meadows et al. 2009). Thus,
KLF2 effects on angiogenesis are complex and differential outcomes may be
observed based on developmental- and cellular-dependent contexts.

KLF4
While most of the attention has been drawn to KLF2, there is now an increasing momentum in the field pointing out the role of additional members
of this gene family in regulating EC biology. KLF4 is expressed in mesenchymal tissue, endothelium and epithelium and is probably most known for
its critical role in stem cell biology as a gatekeeper of pluripotency
(Takahashi and Yamanaka 2006). Although vascular abnormalities have not
been reported during the early embryonic development, Klf4 full knockout
mice die shortly after birth due to loss of skin barrier function (Segre et al.
1999). In the endothelium, KLF4 potently inhibits TNFα-induces expression
of VCAM-1 and E-selectin suggesting that KLF4 could modulate inflammatory states in many diseases (Hamik et al. 2007). Endothelium-specific Klf4
knockout mice are viable but showed enhanced injury-induced neointimal
formation, and KLF4 determinant role in inflammation and atherosclerosis
was further confirmed by EC-specific gain- and loss-of-function approaches
(Yoshida et al. 2014; Zhou et al. 2012). Moreover, like KLF2, KLF4 is also
determinant in CCM (Zhou et al. 2016)
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A peek on the G-protein-couple receptor GPR116
In this chapter, I turn my attention to the G-protein coupled receptor signalling in angiogenesis. GPCRs are the largest family of transmembrane proteins in the vertebrates, exhibit the common signature of 7-transmembrane
domain topology, and mediate cellular responses to a variety of extracellular
signals. The human genome contains approximately 800 GPCRs. and they
are the molecular target of more than one-third of the therapeutic drugs in
modern medicine, and consequently a subject of research interest. GPCRs
undoubtedly have their word to say on the subject of angiogenesis. Perhaps
the first study bridging GPCR signalling and angiogenesis was shown by the
deficiency of the subunit Gα13, which led to deleterious consequences in the
vascular system (Offermanns et al. 1997). Since then, a number of studies
have been underscored the importance of several GPCRs for vascular development including the Calcitonin receptor-like receptor (Clr) (Fritz-Six et al.
2008), Eltd1 (Masiero et al. 2013), Gpr124 (Kuhnert et al. 2010; Anderson et
al. 2011), S1PR1 (Gaengel et al. 2012), among others.

Figure 9. In the classical view, GPCR activation induces conformational changes in
the intracellular domains of the receptor, which interacts with the heteromeric G
proteins. Activated αGTP subunits can be GαS (stimulatory), Gαi (inhibitory),
Gα12/13 or Gαq, can regulate the activity of downstream effectors. Adapted from
Stefanie, L. 2009 Nature Reviews.2

The assemblage of several sources of transcriptional profiling data has identified a core set of 58 transcripts with highly specific expression in endothelial cells, in which about half had no prior functional annotation at the time
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with respect to vascular biology (Wallgard et al. 2008). Besides classical
endothelial markers, this cluster contained a handful of new and poorly characterized members of a class of orphan receptors referred to as adhesion-type
GPCRs, one of which as Gpr116. Gpr116 is highly expressed the lung endothelium and in some epithelial cells lining the alveoli. The functional role of
Gpr116 remained elusive until recent studies showed that it regulates pulmonary surfactant homeostasis, and surprisingly a lung phenotype that was
expected to be vascular was indeed due to loss of Gpr116 expression in
pneumocytes (Yang et al. 2013; Bridges et al. 2013).
So what remains on the role of Gpr116 in blood vessels? My contributions to the investigations in Paper III aimed to uncover additional Gpr116
functions in the vascular endothelium.
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Present investigations

In this section, I summarize the main findings of each one of the studies
attached at the end of this thesis. I also provide extended discussions that
focus beyond the discussions included in the papers.

Paper I: Summary and discussion
A major aim of this study was to define which of the cellular functions regulated by CDC42 are of in vivo relevance for angiogenic sprouting and how
they contribute to blood vessel morphogenesis. For this purpose, and in order
to avoid the secondary systemic consequences of embryonic vascular disruption following constitutive gene knockout, we induced EC-specific Cdc42
deletion in newborn mice using Cdh5-Cre driver in combination with the
genetic reporter Rosa26-EYFP to track recombinant EC. Our main approach
was to analyze individual Cdc42-null cells in mosaic blood vessels at different degrees of mosaicism in the postnatal P7 retina.
Chimerism, at variable proportions, is an inherent but often neglected
outcome of inducible gene deletion. A partial knockout is often more complicated to interpret, as the phenotypic penetrance is likely to be lower compared to a full knockout. In our hands, inducible gene deletion often produced Cdc42iΔEC chimeric retinas composed of mosaic blood vessels with
mixed proportions of Wt and CDC42-null EC. However, such a mosaic situation is not per se always a disadvantage, as it allows the comparison of
phenotypes on a cellular level if the knockout population and the wt neighbouring cells can be unambiguously identified. The reliability of such experimental approach critically depends on the competence of the genetic reporter to faithfully monitor the recombination events of the gene of interest. The
choice of reporter becomes even more important in the absence of trustworthy immunostaining to confirm the deletion of the protein of interest, i.e. due
to lack of efficient antibodies, and such is the case of CDC42. For instance,
an endothelial cell that switches on the reporter is not necessarily a knockout
for Cdc42 if the Cre-mediated recombination is more efficient in the reporter
allele than in the Cdc42 floxed allele. It is, therefore, crucial to choose, when
possible, a reporter that elicits recombination with the same efficiency as the
floxed allele of the gene of interest. Having said that, we believe that in the
case of the Rosa26-EYFP and Cdc42 flox alleles the recombination rates are
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fairly close because we are able to correlate cell autonomous defects, such as
lack of filopodia, with YFP expression. We base this conclusion on the loss
of filopodia on almost all if not all YFP+ cells that reach the tip cell position
in highly recombined retinas (Figure 3A). In addition, we are able to detect
migration and distribution defects using this reporter when comparing Creactivated Rosa26-EYFP control with Cdc42iΔEC retinas, telling that by large
the expression of the YFP correlates with the loss of Cdc42 expression and
the consequent migration defects (Figure 2).
When analyzing the distribution of wt and Cdc42-null ECs in mosaic retinas we found that Cdc42-null were misrepresented at the sprouting front,
which was rather occupied by non-recombined wt cells. Even at higher recombination rates, Cdc42-null ECs were excluded from leading positions
demonstrating their competitive disadvantage to obtain the tip cell position
and characteristics (Figure 2). Thus, loss of Cdc42 impairs the ability of ECs
to act as tip cells. Our live imaging of 2D aortic ring explants and EC culture
further demonstrated that Cdc42-null ECs have sprouting and migratory
defects characterized by reduced speed and directionality (Figure 6). These
migration defects were associated with an impaired ability of Cdc42-null EC
to polarize the Golgi apparatus and attain planar cell polarity (PCP) (also
referred to as endothelial axial polarity) in a scratch-assay in vitro and in
retinal veins and capillaries in vivo (Figure 5) (EC axial polarity is discussed
in more depth in extended discussion of Paper II). Moreover, in agreement
with its role as a key regulator of the actin cytoskeleton and junction dynamics, we found that primary cultures of brain Cdc42-null ECs showed severe
defects in the formation of actin protrusions and stress fibres (Figure 6) as
well as altered organization of adherens and tight junctions (Figure 4). In
addition, paxillin, a member of the integrin-base focal adhesion, as well as
Par3 and aPKC ζ (members of the PAR polarity complex) (Supplemental
Figure 5), were all mislocalized in Cdc42-null ECs. Together, these results
suggest that CDC42 regulates EC migration and planar cell polarity in parts
through the actin cytoskeleton, in parts through adherens and focal adhesions, and in parts through the PAR complex. In an attempt to estimate the
relative contribution of each of these CDC42-dependent processes (filopodia, adhesion, PCP, and junctional actin) to the horizontal segregation of wt
and Cdc42-null EC in angiogenic sprouts, we applied in silico modelling
methods and predicted that filopodia formation and endothelial PCP exert
major influences on angiogenic sprouting (Figure 7).
Our mosaic analysis also showed that Cdc42-null ECs failed to spread into the arterial network, and consequently accumulated in veins and surrounding capillaries (Figure 8). Bearing in mind that Cdc42-null ECs are unable to
sprout and migrate, the accumulation of Cdc42-null ECs in veins resonates
with the idea that during normal development ECs continuously migrate
from veins and sprouting front towards arteries. This concept is explained in
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more depth in a previous chapter of this thesis “cellular mechanisms of vascular patterning”.
Vascular malformations in Cdc42iΔEC retinas only rise above a certain recombination threshold (about 60%). These malformations were restricted to
veins and capillaries, and characterized by a dense accumulation of EC at
these sites. Importantly, these vascular dilations were not a result of increased EC proliferation neither an increased number of the total amount of
ECs in Cdc42iΔEC retinas (Figure 8). Though, and in agreement with previously published data, we confirmed that EC proliferation during retinal development is higher in veins and capillaries and much lower in arteries, indicating that malformations correlated closely with the sites where EC proliferation is naturally prominent. It is plausible to assume that higher levels of
proliferation in veins and capillaries could make these vessels particularly
vulnerable to develop malformations. Based on our analysis on the abnormal
distribution pattern of Cdc42-null ECs in the developing retina, we are able
to suggest a plausible model for how capillary-venous malformations arise
through a combination of on-going endothelial proliferation with abnormal
EC migration. We propose defective intercalative EC migration as the
causative cellular mechanism that leads to the accumulation of ECs in veins
and capillaries. The inability of Cdc42-null ECs to migrate during development prevents their dispersion from the sites where they are predominantly
born (veins-capillaries), and in combination with the naturally high proliferation rate in these vessels, ECs proliferate “on spot” and consequently pile up,
leading to a progressive dilation and malformation of veins and capillaries.
Migration needs to sort out the distribution and hierarchy of ECs within
the vascular tree, and our work shows that a balance between EC migration
and proliferation is crucial for normal vascular morphogenesis and that a
disturbance of this balance can provoke vascular malformations.

Paper II: Summary and discussion
In this study, we extended the research to the brain endothelium and show
that postnatal endothelial-specific Cdc42 deletion causes a type of brain vascular malformations reminiscent of those observed in mice models of cerebral cavernous malformations (CCM), and anatomically resemble human
CCM lesions. The similarities include brain region (cerebellar dominance),
type of vessel engaged (vein/venule), the cellular anatomy of the lesions
(vascular cavernomas) and the overexpression of the transcription factors
Klf2 and Klf4. We demonstrate mechanistically that CDC42 depletion in EC
induces downstream Klf2/4 overexpression through the MEEK3-MEK5ERK5 signalling pathway, recapitulating the hallmark molecular mechanism
of CCM. Importantly, the genetic inactivation of Klf4 significantly reduces
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the severity of the vascular phenotype observed in the cerebellum of Cdc42
mutant mice.
A major aim of our study was to understand which CDC42-dependent
molecular and cellular mechanisms were responsible for the onset of these
brain vascular malformations. As reported in the retina, the endothelial loss
of Cdc42 also impaired endothelial sprouting and vascular patterning
throughout the CNS, in the cerebellum and also in the cortex (Figure 1E and
data not shown). EC sprouting defects in the absence of Cdc42 reflected a
cell-autonomous defect with broad repercussions in different vascular beds
undergoing angiogenesis. Yet, the predominant locality of vascular malformations in the cerebellum at P7, and not in other cerebral regions, implies
that this phenotype is not solely driven by endothelial sprouting defects.
Moreover, the striking effect of Cdc42 deletion on the cerebellar versus cortical vasculatures was not due to differences in Cdc42 expression in EC or
higher gene deletion ratio in the cerebellum (Figure 1F). One notable feature
of the postnatal cerebellum is that it upholds higher proliferation levels compared to other cerebral compartments (both global cell and EC proliferation)
(Figure 4 A, B and D), implying that the cerebellum is the fastest developing
tissue within the brain at this stage. The spatial correlation between the highly proliferative cerebellum and the development of cavernous malformations
at this site suggests that proliferation might provide a permissive environment that elicits the vascular phenotype. However, and importantly, vascular
malformations in Cdc42 mutant cerebella occurred without any significant
increase in EC proliferation compared to controls (Figure 4D), which argues
against proliferation as an early event driving the phenotype. Therefore, other cellular functions implicated in the spatial rearrangement and distribution
of EC might be critical for the onset of these vascular malformations. As
explained in the extended discussion of Paper I, the loss of endothelial
Cdc42 compromises several cellular processes that collectively impair EC
migration, a functional output critically important for cellular patterning.
Also mirroring our observations in retinal veins and capillaries, Cdc42 deletion led to abnormally enlarged lumens that retain A-B polarity (Figure 3)
but disrupted EC axial polarity specifically in regions of vascular malformations (Figure 5). Together, these defects are likely to compromise the
ability of EC to sprout, branch, and orient within the vascular tree, which
ultimately affected the equidistant-distribution of EC (Figure 4 E and F). It is
tempting to speculate that perturbations in EC axial polarity contribute to
vascular dysmorphia but it remains to be determined to what degree. Our
scratch-assay in primary brain EC cultures (Paper I) provides evidence that
CDC42 directly impinges on endothelial axial polarity, but this assay was
performed in the absence of flow, i.e. it was a scratch-induced polarized EC
migration driven by growth factors. The mechanisms governing flowinduced shear stress-mediated axial polarization in blood vessels are currently under investigation but are still largely unexplained (Franco et al. 2016;
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Kwon et al. 2016), and thus, the consequences of disrupted axial polarity for
vascular patterning in vivo are still poorly understood, perhaps due to the
lack of a malfunctioning axial polarity-related mutant. Our in vivo observations showing that disrupted EC axial polarity spatially correlated with vascular malformations are intriguing but inconclusive, and the question that
remains elusive is whether the disrupted EC axial polarity is a key morphogenetic event leading to vascular malformations, or a secondary systemic
event of a disturbed blood flow or an inability of EC to sense blood flow.
Further studies are required to address the mechanistic role of CDC42 in EC
axial polarity under flow conditions.
Prompt by the morphological similarities between Cdc42iΔEC and KritiΔEC
vascular phenotypes (Figure 1), we found that vascular malformations in the
cerebellum of Cdc42 mutant mice recapitulated the molecular mechanism
and transcriptional changes determinant for CCM lesion formation (Figure
6). Pursuing the latter observation, we genetically inactivated Klf4 in EC in
Cdc42 mutant mice and found that this significantly relieved the severity of
the vascular phenotype (Figure 7). This result demonstrated that elevated
Klf4 expression is a causal factor in the development of vascular malformations, and somehow, restoring normal Klf4 levels rescued these malformations, however, the cellular basis of this rescue is not yet totally clear for
us and further research is underway to elucidate this aspect. It is also worth
pointing out that immunofluorescence analysis revealed that increase KLF4
protein expression in Cdc42 mutant endotheium was not restricted to vascular malformations, as “pseudo-normal” Cdc42-deficient blood vessels in
other brain regions also showed an increased amount of KLF4 compared to
controls (data not shown). This is all the more difficult to interpret because it
suggests that, despite its causal role evidenced by the genetic rescue, Klf4
overexpression by itself does not explain the focal nature of these malformations in the cerebellum. Therefore, there are good reasons to be careful in
assuming that vascular malformations arise from an endothelial gain of Klf4.
An ideal experiment to prove this would be to analyze Klf4 gain-of-function
mice in the search for vascular malformations. This mouse model exists in
the scientific community but it is unclear whether such phenotype was carefully scrutinized. Without further evidence, it is not possible to determine
whether Klf4 overexpression is a bona fide driver of vascular malformations,
or if it is a detrimental secondary effect that exacerbates the phenotype progression.
The molecular mechanism delineated in this study suggests that both
CDC42 and CCM complex operated as upstream negative regulators of the
MEKK3-MEK5-ERK5-KLF2/4 pathway, and raises the possibility that
CDC42 is implicated in the molecular pathogenesis of CCM. However, a
more conclusive link between CCM formation and the loss of endothelial
Cdc42 awaits experimental confirmation. Biochemistry assays to address a
potential physical interaction between CDC42 and CCM protein complexes,
37

as well as mouse genetics approaches to address a possible genetic synergy
between Cdc42 and Ccm genes are currently underway and commented in
more detail in the “Outlook” section.

Paper III: Summary and discussion
The interest on Gpr116 brings us up back to 2008 when it was identified as
an enriched and presumably highly specific endothelial transcript (Wallgard). Despite its enriched, but not exclusive, expression in endothelial cells,
Gpr116 had no functional roles linked to vascular endothelium prior to this
study. Thus, one of the main aims of this work was to uncover new physiological roles that Gpr116 may exert in blood vessels. To investigate this, we
generated an inducible and endothelium-specific Gpr116 knockout mouse
and focused part of this analysis in the CNS vasculature.
Endothelium-specific Gpr116 deleted mice did not display any vascular
abnormalities at physiological conditions suggesting that it is dispensable for
retinal and brain development (Figure 3). However, tracer experiments performed in adult mice suggested that Gpr116 might influence blood-brainbarrier (BBB) properties, which showed a modest leakage to low molecular
weight tracer in EC-specific Gpr116 mutant mice (Figure 4). The increased
permeability was not attributed to defects in pericyte coverage or alterations
in EC junctions, and therefore the causes of BBB leakage remain undetermined.
When subjected to an oxygen-induced retinopathy (OIR), revascularization occur much faster in Gpr116 deficient retinas than controls, and remarkably, the revascularization took place without the formation of pathological vascular tufts, suggesting that Gpr116 might engage in mechanisms
of pathological angiogenesis (Figure 5). This result, however, should be
interpreted with caution. OIR experiments were performed in global Gpr116
knockout mice, which exhibit a severe lung phenotype and could therefore
have different vascular responses to ischemia-induced hypoxia or different
susceptibility to the re-established normoxia. In order to exclude potential
secondary peripheral effects, the experiment should be revisited using the
endothelium-specific deletion of Gpr116, which might either reinforce or
modify the conclusion.
At present, virtually nothing is known about GPR116 mode of action or
its ligands. It is not even clear if GPR116 necessarily requires an endogenous
ligand to signal. Elucidation of GPR116 X-ray crystal structure and highthroughput screening, or other experimental approaches such as the βarrestin Tango assay, might provide valuable insight on this quest.
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Outlook

Although this thesis presents important findings contributing to the understanding of how vascular malformations arise, further studies are needed to
clarify several aspects of this work and to answer newly exposed questions.
Future research is necessary to address if the phenotypes observed in Cdc42
mutants (EC migration, tip cell phenotype and EC axial polarity) also exist
in Ccm mutant mice. A direct comparison of Cdc42 and Ccm mutant mice
would determine if these phenotypes are common to both or specific to
Cdc42 phenotype. Additionally, assays to determine if Cdc42 expression
and/or activation is reduced in Ccm mutants, and to determine whether normal CCM complex is disrupted in the absence of CDC42, would reveal, or
not, a causal link between the loss of Cdc42 and CCM pathology.
Since the disruption of EC axial polarity is a common hallmark of other
types of blood vessel dysmorphias, such as AVMs, it would be interesting to
follow up in more depth if CDC42 impinges on the mechanosensor ability of
EC to transduce mechanical stimuli from blood flow into the cell and further
induce EC axial-polarity.
While Cdc42 loss induces cavernous malformations during active stages of
angiogenesis, it remains elusive whether the developmental timing would
influence the appearance of the vascular phenotype. Longitudinal time
course studies inactivating Cdc42 at later stages of development would provide insights on Cdc42 requirement for the maintenance of the vasculature
morphology during adulthood.
To significantly improve our understanding of the signalling pathways misregulated in Cdc42 deficiency, single-cell sequencing data of FACS-sorted
brain ECs is underway. This data might offer a potential discovery of new
potential molecular players and related morphogenetic events underlying
brain vascular malformations, and in the long run might provide better insights to conduct new clinical research for these vascular disorders.
Whole exome and whole genome sequencing data of CCM patients is becoming more substantial. It would be of great interest to direct efforts to
capture any genetic variation in Cdc42 and/or its direct effectors in these
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patients, particularly for seemingly Ccm mutation negative families, which
represent 22% of the cases.
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