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The Notch signaling pathway is a major regulator of vascular morphogenesis, managing endothelial response to
vascular growth factors, endothelial specialization, establishment and maintenance of vascular identity as venous

or arterial and vascular maturation.
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| 1. Angiogenesis

The first description of the process of angiogenesis was made in 1794 by a British surgeon and anatomist, John
Hunter . Angiogenesis refers to the formation of new blood vessels from pre-existing ones & and requires a
series of complex remodeling processes such as: vasodilation, cellular permeability, peri-endothelial support,
proliferation, migration, lumenization, survival, differentiation and remodeling . Triggering angiogenesis requires a
disruption between the fine balance of pro-angiogenic and anti-angiogenic molecules . The angiogenic process
occurs during embryonic development B!, and, in the adult, it can occur in physiological situations, like the oestrus
cycle in the females &, or in wound healing situations (8], whereas in adult pathological scenarios it occurs in tumor
growth [, among others [&l,

| 2. Notch Signaling Pathway in Angiogenesis

The angiogenic process is regulated by many signaling pathways. Among them is the Notch signaling pathway, an
evolutionarily conserved signaling system that regulates proliferation, differentiation, cell-fate determination,
progenitor and stem-cell self-renewal, in both embryonic and adult tissues RI19. The Notch signaling pathway was
first discovered about 100 years ago when John Dexter, in 1904, described Drosophila melanogaster variants
displaying wing phenotypes now associated with Notch pathway mutations 11, Three years later, Thomas Morgan
was able to identify the mutant alleles 22, but it was only after the molecular biology revolution, that Spyros
Artavanis-Tsakonas and Michael Young were able to clone the Notch receptor and thus attribute the wing-notching
phenotype to gene haplo-insufficiency 1314 These initial studies created the basic foundation for a new era in
various fields, including developmental and stem cell biology, neuroscience, and cancer biology 12, Since then, the
Notch signaling pathway has been extensively characterized in its role in cell-fate determination, differentiation,

proliferation, progenitor and stem-cell self-renewal, in a diversity of embryonic and adult tissues [29l[16],

The Notch pathway is composed of five ligands (Jaggedl, Jagged2, and Delta-like 1, 3, and 4) and four receptors

(Notch 1-4). Notch protein receptors reside on the cell surface as non-covalently linked heterodimers that are
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comprised of the extracellular and transmembrane (intracellular) Notch polypeptides. Extracellular portions are
characterized by numerous epidermal growth factor (EGF)-like repeats. Transmembrane portions include the
membrane-proximal RBP-J-associated molecule (RAM) domain, which mediates interaction with several cytosolic
and nuclear proteins; the Ankyrin (ANK) domain, which is also important for protein—protein interactions; two
nuclear-localization sequences (NLSs); a carboxy-terminal transactivation domain (TAD), which is important for
activating transcription; and a PEST (proline-, glutamate-, serine- and threonine-rich) domain, which is important
for regulating Notch degradation. Transmembrane Notch3 and Notch4 are shorter and lack the TAD. The
heterodimerization domain (HD) spans the region of interaction between the extracellular and transmembrane
portions. The Notch ligands contain an EGF-like repeat region and a conserved sequence also known as
Delta/Serrate/Lag (DSL). Jagged1 and Jagged?2 each have a conserved cysteine-rich (CR) domain 19,

The functional Notch receptors are translocated to the cell surface as processed heterodimers. The final
heterodimeric form of the receptors is preceded by a series of transformations which include: a Furin-dependent
cleavage (S1 cleavage) in the Notch extracellular domain (NECD), that occurs during trafficking through the Golgi
complex &7: and a glycosylation by O-fucosyltransferase and Fringe family N-acetylglucosaminidyl transferases
that is crucial for proper folding of the Notch receptor and the interaction with ligand-specific DSL domains (Delta,
Serrate, Lag-2) 18],

Distinct ligand affinities exist for the various receptors, altered by glycosylation, which influences downstream
transcriptional activation 9. Classical Notch pathway activation requires ligand-receptor in adjacent cells because
the ligands remain immobilized as transmembrane proteins. After Notch receptor binding, the ligand undergoes
endocytosis into the ligand-presenting cell, which causes a mechanical disruption of the Notch receptor by
changing the conformation of the negative regulatory region of the receptor. This conformational change in the
Notch receptors allows for a second cleavage (S2) of the ectodomain by an Adaml17 metalloprotease/Tnf-a
converting enzyme (TACE) 29, followed by a third cleavage (S3) mediated by the presenilin-y-secretase complex
(21, This sequence of cleavages leads to the release of the intracellular portion of the Notch receptor (NICD). The
NICD contains nuclear localization signals (NLSs) within the RAM domain, which allows for the the translocation to
the nucleus where it forms a complex with the inactive DNA-binding factor CSL/RBPjk (CBF1/Suppressor of
Hairless/Lagl) and recruits other co-activator proteins from the Mastermind-like family of proteins such as MAML1
(22123] |n the absence of NICD, RBP-Jk associates with a corepressor complex and acts as a transcriptional
repressor of Notch target genes [24. In turn, the NICD/RBP-Jk complex leads to the transcription of Notch
downstream target genes, such as several helix—loop—helix transcription factors (Hey and Hes gene families
among others) [0,

The study of Notch pathway components, specifically loss-of-function mouse mutants, has provided detailed
information regarding the importance of these genes in the regulation of embryonic angiogenesis. Notch 1 is the
most broadly studied Notch receptor and the main receptor responsible for Notch signaling associated phenotypes.
Genetic deletion of Notch1 in mice results in embryonic lethality by severe vascular and cardiovascular defects 22,
The Notch2 gene was the second of the mammalian Notch family receptors to be cloned 28, Later, mice

homozygous for a hypomorphic Notch2 mutation were reported to present defects in development of the kidney,
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heart and eye vasculature 24, Notch2 was also shown to be expressed in vascular smooth muscle cells and to
play a critical role in vascular maturation [28l2930] Notch3 loss-of-function in mice resulted in profound structural
and functional defects in arteries, due to impaired vascular maturation indicating a potential role in smooth muscle
cell differentiation B, Notch4 is primarily expressed on the endothelium and the endocardium B2 and genetic
deletion of Notch4 exacerbated the embryonic lethal vascular defects associated with Notchl, even though it did
not produce a detectable phenotype on its own (33134 suggestive of an important role in vascular development.
DII1 was shown to be essential for post-natal arteriogenesis 22 and established as a critical endothelial Notch
ligand required for maintaining arterial identity during mouse fetal development 28, Jaggedl is expressed in
endothelial and vascular smooth muscle cells B4, Jagl-null mouse mutants die at 11.5 dpc because of heart
defects and abnormal development of the yolk sac and head vasculature 38, DIl4 is the most broadly studied
Notch ligand in vascular biology. The DIl4 ligand was first described as a vascular endothelium specific ligand 22!,
In the developing embryo, expression of DIl4 is initially restricted to large arteries, whereas in adult mice its
expression is limited to small arteries and capillaries 4%, Haplo-insufficiency of DI/4 in mice resulted in embryonic
lethality at approximately 10.5 dpc due to defective vascular development, including abnormal stenosis and atresia
of the aorta, defective arterial branching from the aorta, arterial regression, gross enlargement of the pericardial
sac and failure to remodel the yolk sac vasculature. These studies revealed Dll4 to be essential for arterial

patterning and vascular remodeling during embryonic development [4241]42],

Sprouting angiogenesis (Figure 1) is strictly regulated by the interplay between VEGF and DIl4/Notch signaling.
This interplay is the basis for the lateral induction model, currently accepted as the prevailing mechanistic model
explaining sprouting angiogenesis, and tip- and stalk cell selection. The supporting evidence for this was
established in the post-natal retina developing vascular plexus. In response to spatial gradients of Vegfa, secreted
by neuroglia cells migrating radially ahead of the vascular front, tip-cells sprout filopodia towards this gradient. This
effect is mediated by the interaction of Vegfa with Vegfr2 receptor, the concentration of which is especially high in
tip-cells. Once tip-cells are selected and begin to move forward, formation of new capillaries begins because of the
proliferation and migration of adjacent stalk ECs. When Vegfa gradients activate endothelial cells, they induce
expression of DIl4 and Notchl 8. The tip-cell specific characteristics are preferably acquired by endothelial cells
devoid of Notchl and with high DIl4 expression. Dll4/Notch-associated transduction causes inhibition of sprouting
by lowering ECs sensitivity to Vegfa. It was shown that in DIll4-hyperexpressing endothelial cells, expression of
Vegfr2 was significantly inhibited 4], Therefore, endothelial cells expressing Notch1 receptor, which was activated
by adjacent DIl4 ligand, are prevented from transitioning to an active state, by lowering Vegfr2 levels, and thus
DIl4/Notch signaling restricts the emergence of an excessive number of tip-cells, restricting excessive sprouting 42!
46471 gpecification of the tip/stalk cell phenotype by Notch is complex. In fact, even though DIl4 is the only ligand
expressed in tip cells, Jaggedl and DII1 are present in stalk cells 48], Soluble Jaggedl was shown to reduce tip
cell number, filopodia, and vessel density 4749 Moreover, Jaggedl was shown to have an opposite effect of DII4
on branching morphogenesis, promoting endothelial cell proliferation and sprouting 9. By using conditional Jag1
loss- and gain-of-function mouse mutants, it was demonstrated that in contrast to Dll4, Jaggedl is proangiogenic
and functions by downregulating DIl4—Notch signaling. In this study, it was shown that Jaggedl function is of

particular importance in stalk cells, where Jaggedl levels are high and therefore efficiently antagonize the potent
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DIll4 ligand. Consequently, it confers upon stalk cells little ability to activate Notch in adjacent tip cells. Jaggedl was
also demonstrated to counteract DIl4—Notch signaling interactions between stalk ECs, which helped to sustain
elevated VEGF receptor expression at the angiogenic front. Therefore, in this region, ECs were still able to respond
to VEGF, which, in turn, promoted proliferation and the emergence of new tip cells. These authors have additionally
proposed that Fringe-mediated modification of Notch is of critical importance in regulating tip cell selection. These
results were later confirmed in wound healing angiogenesis, also revealing that Jaggedl is expressed downstream
of DIl4—Notch1 in stalk cells, creating a negative feedback loop that blocks tip-cell Notchl from being activated B4,
The authors also found that stalk EC Jaggedl could activate both Notch4 in other stalk ECs as well as Notch3 in
neighboring smooth muscle cells, positively driving differentiation of vSMCs and maturation of the nascent vascular

network 211,
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Figure 1. Notch signaling regulation of angiogenesis. Endothelial DIl4, mainly expressed in tip cells, activates
Notchl in adjacent stalk cells leading to the up-regulation of endothelial Jaggedl. Jaggedl antagonizes DIl4 ability
to bind to activate Notchl in tip cells, creating a negative feedback loop in the regulation of endothelial branching.
Endothelial Jaggedl positively regulates vascular maturation by two possible mechanisms: by activating

endothelial Notch4 in stalk cells and Notch3 in vascular smooth muscle cells (vSMC).
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