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Notch signalling is an evolutionarily highly conserved signalling mechanism
governing differentiation and regulating homeostasis in many tissues. In this
review, we discuss recent advances in our understanding of the roles
that Notch signalling plays in the vasculature. We describe how Notch sig-
nalling regulates different steps during the genesis and remodelling of blood
vessels (vasculogenesis and angiogenesis), including critical roles in assign-
ing arterial and venous identities to the emerging blood vessels and
regulation of their branching. We then proceed to discuss how experimental
perturbation of Notch signalling in the vasculature later in development
affects vascular homeostasis. In this review, we also describe how dysregu-
lated Notch signalling, as a consequence of direct mutations of genes in the
Notch pathway or aberrant Notch signalling output, contributes to various
types of vascular disease, including CADASIL, Snedden syndrome and pul-
monary arterial hypertension. Finally, we point out some of the current
knowledge gaps and identify remaining challenges in understanding the
role of Notch in the vasculature, which need to be addressed to pave the
way for Notch-based therapies to cure or ameliorate vascular disease.
1. Introduction
The vasculature is composed of blood vessels—ranging in size from the large
aorta to the ultrathin capillaries—that secure the transport of oxygen and nutri-
ents to all parts of the body. From the discoveries by William Harvey in the
1600s of the circulatory vascular system and its two major branches (the sys-
temic and pulmonary circulation), we have been intrigued by the complexity
of the vasculature, and there has been a continuous quest to unravel the mech-
anisms that generate and maintain our blood vessels. Progress was first made at
the anatomical level, leading to a detailed characterization of the vasculature
down to its finest capillary branches [1]. With the advent of more advanced
light microscopy methods, the different cell types that make up the blood
vessels—endothelial and mural cells—could be identified. More recently, in
the molecular era, we have begun to gain insights into the molecular mechan-
isms that govern vascular development, such as cellular proliferation and
differentiation, the molecular portraits of the various cell types and mechanisms
for branching of the vasculature [1]. These insights into the development and
homeostasis of the normal vasculature were accompanied by an increased
understanding of diseases that affect the blood vessels, ranging from stroke,
hypertension and atherosclerosis to genetic diseases perturbing specific aspects
of the vasculature. An important, but possibly unsurprising, lesson from the
molecular endeavours to decode the vasculature is that many of the most
highly conserved signalling mechanisms that are important for cellular differen-
tiation and homeostasis across different organs of the body also are at work in
building and maintaining the vasculature. This cadre of signalling mechanisms
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Figure 1. The Notch signalling pathway. (a) Schematic depiction of the major steps in the Notch processor maturation and routing in the cell. The Notch receptor is
produced in the endoplasmic reticulum (ER) and the first proteolytic cleavage (S1) takes place in the Golgi compartment. After ligand interaction at the cell surface,
S2 cleavage occurs. The Notch receptor subsequently undergoes S3 cleavage, at the cell surface or frequently in the endosome, and the resulting intracellular domain
(ICD) is transported to the nucleus, where it becomes part of the ternary ICD/CSL/MAML transcriptional complex, which regulates downstream gene activation. (b)
Schematic presentation of the proteolytic processing steps for the Notch receptor. The Notch receptor undergoes S1 cleavage in the heterodimerization domain (HD).
S1 cleavage generates the extracellular domain (ECD) and the transmembrane/intracellular fragment (TMIC) moieties. The ECD is liberated into the extracellular space
or taken up by the ligand-presenting cell, while the TMIC moiety is cleaved by S2 cleavage to form the Notch extracellular truncated (NEXT) domain. Finally, S3
cleavage in the membrane liberates the ICD (NICD), which is transported to the nucleus. PM, plasma membrane.
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includes Shh, Wnt, JAK/STAT, YAP/TAZ, BMP/TGFb and,
last but not least, Notch—the main focus of this review.
2. The Notch signalling pathway
The Notch signalling pathway operates in most, if not all,
multicellular species, and controls cell differentiation through
cell–cell communication. The molecular mechanism for trans-
mitting the Notch signal from the cell surface to the nucleus
has been extensively reviewed [2–4] and will, therefore, be
only briefly summarized here. Notch receptors (Notch1–4)
are large transmembrane receptors that undergo a series of
proteolytic cleavages. The first cleavage (S1 cleavage) occurs
in the Golgi compartment by furin-like convertase. The bipar-
tite receptor is next presented at the cell surface, where it can
interact with ligands (Jagged (Jag) 1 and 2 or Deltalike (Dll)
1,3 and 4), which are transmembrane proteins presented at
juxtaposed cells (figure 1). The ligand–receptor interaction
causes a conformational change in the so-called negative
regulatory region (NRR) of the Notch receptor, which exposes
a cleavage site for disintegrin and metalloproteinase 10
(ADAM10). The resulting S2 cleavage splits off the extracellu-
lar domain of the receptor and leaves a Notch extracellular
truncation (NEXT) moiety in the membrane. The NEXT
moiety is subsequently cleaved by the γ-secretase complex
(S3 cleavage), which results in the release of the intracellular
domain (Notch ICD) that via the endosomal route travels to
the cell nucleus (figure 1). In the nucleus, Notch ICD forms
a ternary complex with the DNA-binding protein CSL (also
known as RBP-J or CBF1) and Mastermind-like (Maml).
Notch ICD converts CSL from a repressor and the Notch
ICD/Maml/CSL ternary complex activates expression from
downstream genes in the Notch pathway, including Hes
and Hey genes (figure 1). Notch receptors are also subject
to a variety of post-translational modifications that modify
signalling output, including glycosylation, phosphorylation,
hydroxylation, ubiquitylation and sumoylation [5]. In
addition to the ‘canonical’ form of signalling, there are also
several non-canonical modes of Notch signalling, which,
however, are mechanistically less well understood [6].
While the architecture of the Notch pathway is relatively
simple—there are, for example, no kinase amplification
steps in the core pathway—signalling output is versatile [7].
Notch signalling operates in a large variety of cell and
organ contexts, providing different molecular outputs appro-
priate for each cell type. How this diversity is generated is
still rather enigmatic and an area of active research.
3. The vasculature
The vascular system originates through a process called
vasculogenesis, which is characterized by de novo formation
of blood vessels early in embryogenesis. Derived from meso-
dermal cells, endothelial progenitor cells (angioblasts) form a
primitive vascular network (a plexus) starting around
embryonic day (E) 7.5 in the mouse embryo. The early coa-
lesced endothelial cells (ECs) become coated with mural
cells (see below) and undergo a subsequent remodelling
and differentiation into arteries, veins and capillaries [8]
(figure 2a). In parallel with the initial formation of a vascula-
ture in the embryo proper, extraembryonic vasculogenesis
occurs in the yolk sac, where the vasculature is built from
ECs derived from haemangioblasts, which also give rise to
haematopoietic cells [9]. The haemangioblasts cluster into
blood islands with ECs at the perimeter and primitive
haematopoietic cells in the centre (figure 2a).
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Figure 2. Vasculogenesis and angiogenesis. (a) Vasculogenesis: the embryonic and extraembryonic vasculature originates from mesodermal cells. During the
embryonic vasculogenesis, mesodermal cells differentiate to angioblasts, which form a primary vascular plexus. The blood vessels in the vascular plexus subsequently
acquire arterial (red) and venous (blue) identities along an arterial–capillary–venous axis. During extraembryonic (yolk sac) vasculogenesis blood islands are initially
formed from haemangioblasts, and the blood islands later generate a primary vascular plexus. This extraembryonic vascular plexus subsequently produces the
vasculature in the yolk sac. (b) Angiogenesis: from an initial vascular tree, new blood vessels are generated by sprouting. Sprouting occurs by a leading tip
cell, which responds to vascular endothelial growth factor (VEGF) via VEGF receptors (VEGFRs) and which is followed by stalk cells that form the lumen of the
new sprouting vessel.
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Vasculogenesis is followed by a process called angiogen-
esis, which is defined as the generation of new blood vessels
from the basic vascular network laid down during vasculo-
genesis. An important aspect of angiogenesis is the
sprouting of new vessels from pre-existing ones. In the
early vasculature, sprouting is executed by so-called tip
cells, which take the lead in growing the new vessels and
which are followed by stalk cells that form the lumen of the
new vessel [10] (figure 2b).

A central component of the vascular system is the heart,
which is the first functional organ to form in the embryo
[11]. Cardiogenesis starts at E7.5 when mesodermal cells
from the cardiac crescent coalesce into a primitive heart
tube (figure 3a). The heart is formed from two principal
founding cell populations: the first (primary) heart field,
which gives rise to both atria and the left ventricle, and the
second heart field, which generates the right ventricle and
the outflow tract. The early heart is a three-layered structure,
composed of an inner endocardium, a myocardium in the
middle and an outer epicardium. Branching from the aorta,
the coronary arteries wrap around the heart and provide
the heart with blood circulation (figure 3a).

In addition to the blood-transporting vasculature, the
lymphatic vasculature drains plasma and proteins that are
extravasated from the interstitium (figure 3b). The uptake of
fluid into the lymphatic vessels is conducted via permeable
junctions in the lymphatic ECs [12], and the fluid is later
transported back to the blood circulation. The lymphatic
system plays an important role in immune surveillance, by
importing antigens and exposing them to antigen-presenting
cells in the lymph nodes. Lymphatic vessels are distinct from
blood vessels in several ways, for example by the lack of
pericytes (see below) around lymphatic capillaries.

At the cellular level, the vasculature contains ECs that
form the inner layer, which is surrounded by mural cells: vas-
cular smooth muscle cells (VSMCs) and pericytes. VSMCs
cover larger vessels, i.e. elastic and muscular arteries, arter-
ioles and veins, while pericytes cover the thinnest vessels,
i.e. the capillaries and venules (figure 4). The density of
mural cell coverage varies, with an almost complete VSMC
coverage of elastic and muscular arteries, a more moderate
VSMC coverage of veins and a sparse layer of pericytes cover-
ing the capillaries. Smaller vessels have a single-layer VSMC
coat whereas elastic arteries, such as the aorta, contain a more
complex coating with a tunica intima, a tunica media, har-
bouring up to six layers of VSMCs, and an outer tunica
externa (figure 4).

In addition to serving as a conduit system for nutrients,
oxygen and waste products, the vasculature plays an impor-
tant role in maintaining blood pressure through the
regulation of vascular tone, which is achieved by a balance
between vasoconstrictor and vasodilator signals. The vascu-
lar endothelium is able to sense haemodynamic changes
and to respond via the release of vasoconstrictors and vasodi-
lators [13]. VSMCs regulate vascular tone through expressing
proteins critical for contraction or dilation. Under pathologi-
cal conditions, VSMCs lose their contractility and switch to
a synthetic phenotype, which is characterized by increased
proliferation, migration and extracellular matrix synthesis,
contributing to the occlusion of blood vessels and increased
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Figure 3. Development of the heart and lymphatic system. (a) The heart originates from the first and second heart fields (FHF and SHF, respectively) in the early
embryonic mesoderm. From a linear heart tube containing a primitive ventricle and atrium, a looping heart with an atrium (A), left and right ventricles (LV, RV) and
an outflow tract (OFT) is formed. The mature heart contains a left and right atrium (LA, RA) as well as the left and right ventricles (LV, RV). The locations of the
epicardium, myocardium and endocardium as well as the right and left coronary arteries are depicted in the figure, along with a time axis for mouse and human
heart development. (b) The lymphatic system extends across the human body (left). It is composed of lymphatic vessels with lymphatic valves and zipper-like
junctions, which are coated by smooth muscle cells (SMCs) (upper middle). A lymphatic capillary and a blood vessel capillary are depicted, with macromolecules
and leucocytes traversing from the blood vessel to the lymphatic capillary (lower middle). To the right, a lymph node composed of an inner medulla with germinal
centres and an outer cortex is shown. Lymph enters into the lymph node from afferent lymph vessels and exits via efferent lymph vessels. GC, Golgi compartment.
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vascular resistance [14,15]. The VSMC phenotype switching
is in part regulated by vasoactive substances, such as
endothelin, which are produced by ECs.
4. Notch and vascular development
4.1. Vasculogenesis
Notch signalling is important from the onset of vasculogen-
esis, as witnessed by early embryonic vascular phenotypes
in mice where genes in the Notch pathway have been geneti-
cally ablated. Thus, targeting of Hey1 and Hes1 [16], Notch1
and Notch4 [17] and Jagged1 [18] results in a disorganized
embryonic vascular bed. Similarly, restricting targeting of
Notch1 or CSL to ECs resulted in dramatic vascular pheno-
types [17,19,20], indicating that an endothelium-specific
function of Notch is required for proper organization of the
embryonic vascular plexus. The yolk sac vasculature is also
affected by reduced Notch signalling as ablation of Dll4
resulted in an aberrant vasculature in the yolk sac [19,21,22].

Notch gene targeting experiments furthermore revealed a
role for Notch signalling in arterial versus venous fate speci-
fication: loss of Notch signalling led to reduced arterial
endothelial differentiation at the expense of enhanced
venous endothelial differentiation, and considerable progress
has been made in decoding the underpinning molecular prin-
ciples. Arterialization is mediated by Notch signalling acting
epistatically over the Eph/ephrin signalling pathway, which
is an important regulator of vascular cell fate specification
[23]. Specifically, Notch activates ephrinB2 and simul-
taneously represses EphB4 in the early vasculature, leading
to the acquisition of an arterial endothelial fate [20,24–26].
Upstream of Notch, vascular endothelial growth factor
(VEGF) plays a central role by upregulating Notch1 and
Dll4 at the prospective arterial side of the vasculature. At
the venous side, suppression of Notch by COUP-TFII pro-
motes the venous fate in ECs [27], although a direct link
between COUP-TFII and Notch was challenged by a more
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recent study [28]. In zebrafish, it has been demonstrated that
Notch acts early, in seemingly uncommitted progenitors, to
control the arterial versus venous differentiation [29]. More
mechanistic insights into the VEGF–Notch–Eph/ephrin axis
for arterial specification have been gained in recent years. It
has been shown that tetraspanin 18 regulates both Notch
and VEGF signalling during developmental angiogenesis
[30]. Benedito and co-workers [31] demonstrated that elev-
ated VEGF and Notch levels suppress the cell cycle and
promote enrolment of ECs into arteries. Blocking the cell
cycle through ablation of Myc promoted the arterial fate
choice independently of Notch, suggesting that a key role
for Notch in the arterialization process is to dampen cell
cycle activity.

Although the initial steps of arterial versus venous differ-
entiation occur prior to differences in blood flow between
arteries and veins have been established, it has been exten-
sively discussed whether vascular flow (haemodynamics) is
important for Notch signalling and that a higher pressure
at the arterial side may contribute to arterial specification.
Shear stress indeed upregulates vascular Notch signalling
[32,33], suggesting a potential role for flow in modulating
Notch signalling strength. Gerhardt and co-workers [29],
however, demonstrated that Notch acts prior to the onset of
flow in regulating arterial versus venous fates in zebrafish.
It was also recently shown that haemodynamic shear stress
plays a role in endothelial barrier function, and this at least
in part is mediated via Notch signalling [34]. This was, how-
ever, proposed to be executed via the transmembrane portion
of Notch1, which would represent a novel non-canonical
mode of signalling and the mechanistic basis for this requires
further research.

Lymphatic vessels are not formed through vasculogenesis
followed by angiogenesis. Instead, lymphatic ECs are gener-
ated from venous ECs during embryogenesis [12]. This
transition towards a lymphatic endothelial fate is regulated
by transcription factors such as Sox18, Prox1 and COUP-
TFII and is under the influence of VEGF signalling
(VEGFR-3 and VEGF-C). EphrinB2 is important for lym-
phatic sprouting [12], and a recent report unveils a specific
role for Notch4 in the regulation of vessel diameter in the
developing lymphatic plexus [35]. During the postnatal
stages, Notch signalling is also important for the lymphatic
system [36], and Notch serves a role in restricting VEGF-
induced lymphatic endothelial sprouting [37]. The role of
Notch in maintaining lymphatic EC junctional integrity has
also been described [38,39].

4.2. Angiogenesis
During angiogenesis, new blood vessels sprout from the
vessels in the existing initial plexus, a process mediated by
tip and stalk cells in the growing vasculature (figure 2b).
Notch signalling and VEGF are important arbiters of the
tip/stalk specification process. Sprouting is initiated by elev-
ated VEGF levels (figure 2b), which activate the ERK
pathway and upregulate the expression of Dll4 in the pro-
spective tip cells [40]. Integrin signalling, via laminins a2b1
and a6b1, has also been shown to upregulate Dll4 in EC
[41]. The elevated Dll4 levels activate Notch receptors in the
neighbouring prospective stalk cells, leading to downregula-
tion of VEGFR2 and VEGFR3 expression and stabilization of
the stalk cell fate [42,43]. Dll4 furthermore acts cis-inhibitory
for Notch receptors in the tip cells, which reduces Notch sig-
nalling, promoting a higher level of ERK signalling in the tip
cells [44,45]. Jagged1 is expressed in the stalk cells, but is
post-translationally modified by Fringe proteins, and thus
is not a good inducer of Notch receptors in trans, i.e. on the
tip cells [46]; for a review see [47]. A role for YAP/TAZ sig-
nalling in angiogenesis was unveiled that has a bearing on
Notch signalling: when YAP/TAZ signalling was decreased
through targeting of LPA4/LPA6, this led to elevated Dll4
expression and impaired sprouting [48]. The chemokine
receptor CXCR4 has also been invoked in EC sprouting,
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and in zebrafish cxcr4a is regulated by Notch; initially, cxcr4a
is induced by Notch, but is later instead reduced by Notch,
thus preventing blood vessel hypersprouting [49]. In mice,
it was demonstrated that CXCR4, together with VEGF-A,
enhances endothelial sprouting and proliferation in a
Notch-dependent manner [50]. Notch signalling also plays
a role in regulating EC junctions via modulation of vascular
endothelial (VE) cadherin levels [51]. The function of Notch
signalling in biasing tip and stalk cells is a good example of
lateral inhibition, a mode of differentiation frequently
employed in, for example, Drosophila melanogaster or Caenor-
habditis elegans. During lateral inhibition, high levels of
Notch ligand expression in one cell in a relatively homo-
geneous cell population activate Notch signalling in the
neighbouring cells, forcing them to not take on the same
cell fate as the cell with high ligand expression but opt for
an alternative differentiation fate; for a review see [52].

While the role of Notch signalling in the tip/stalk segre-
gation process appears to be general, the consequences of
perturbing endothelial Notch signalling differ between differ-
ent organs (see [9] for a review). Interestingly, targeting of
Notch1 in ECs in a wild-type or a Notch4−/− background
resulted in effects in the vasculature of long bones but not
in the intestine or retina [53]. In the coronary vasculature,
endothelial targeting of Notch1 on a Notch4−/− background
or targeting of ADAM10 (which executes S2 cleavage of the
Notch receptor) led to enlarged subepicardial vessels and
loss of mural cell ensheathment [53–55]. Hypomorphic
Notch2 affected the formation of specific vascular beds
such as the hyaloid vasculature of the eye, the glomerular
capillary tuft and the myocardium [56]. Endothelial inacti-
vation of Notch1 or CSL resulted in enlarged malformed
vessels in the liver [57], and Dll4 haploinsufficiency led to a
dysmorphic microvasculature in the lung [58].

4.3. Mural cell differentiation
The initial endothelial vasculature needs to be coated with
mural cells (VSMCs and pericytes), and both platelet-derived
growth factor (PDGF) and Notch signalling are important for
mural cell coating. The PDGF signalling pathway plays an
important role in the differentiation, proliferation and recruit-
ment of mural cells to the endothelium. The PDGFB ligand is
produced and secreted from the endothelium, promotes
mural cell differentiation from mesenchymal progenitor cells
and serves as an attractant for mural cell investment on the
blood vessels [59,60]. Mural cells express the PDGF receptor
beta (PDGFRB) and perturbation of the PDGF signalling path-
way results in loss of pericytes and VSMCs, manifested, for
example, in a leaky blood–brain barrier [61]. Notch signalling
plays a key role at the earliest stage of pericyte development
from mesenchymal cells in zebrafish [62]. At later stages, the
role of Notch signalling, in particular of Notch3, the predomi-
nant Notch receptor in mural cells, in pericyte function is less
clear. Notably, there are conflicting views on whether pericytes
are affected in Notch3−/− mice and in patients with cerebral
autosomal dominant arteriopathy with subcortical infarcts
and leucoencephalopathy (CADASIL), which is caused by
NOTCH3 mutations (see below) [63–65]. In zebrafish, Notch3
function, however, seems necessary for pericyte generation [66].

Little is known about the role of Notch signalling at the
earliest steps of VSMC differentiation from mesenchymal
progenitor cells, but Notch3 is critically important for
VSMC maintenance, as VSMCs are progressively lost at
later postnatal stages in Notch3−/− mice [63,67]. In an impor-
tant study by Joutel and co-workers [68], a shift from an
arterial towards a more venous VSMC fate was noted in
Notch3−/− mice (see below for details). In subsequent
studies, it was observed that Notch signalling executes a
VSMC function, in part via regulation of PDGF signalling:
Notch3 promotes PDGFRB expression and PDGFRB mRNA
levels were reduced in the Notch3−/− mice [69]. The discov-
ery that Notch3 regulates PDGFRB links two important
signalling pathways in VSMC differentiation and a Notch–
PDGF signalling axis may in fact not be restricted only to
mural cells, as it was recently observed that a NOTCH3 gain-
of-function (NOTCH3L1519P) elevated PDGFRB expression in
infantile myofibromatosis, a non-metastatic cancer formed in
bone, skin and muscle [70]. Progress is also made in under-
standing the mechanistic details of Notch3 function in
VSMCs, and the basement membrane protein Nidogen-2 was
recently found to interact with Jagged1 and stabilize the
Jagged1–Notch3 interaction [71].
5. Notch signalling is important for
vascular homeostasis

In addition to pivotal roles in the development of the vascu-
lature, vascular Notch signalling is important at later stages,
and it is increasingly realized that vascular Notch signalling
plays a role as a regulator of homeostasis in the postnatal vas-
culature. As discussed above, ablation of CSL or Notch1 in
postnatal ECs leads to enlarged vessels, dilated sinusoids
and disorganized vascular architecture in the liver,
accompanied by reduced levels of ephrin B2 [57]. Analysis
of kidneys from mice with an endothelial-specific ablation
of the ADAM10 gene (which regulates S2 cleavage of
Notch receptors; see above) revealed the persistence of dia-
phragms in the fenestrated kidney ECs, enlargement of
vessel diameter in the kidney glomeruli and an increase in
intussusception events in capillary loop formation in the glo-
meruli, collectively suggesting a delay in maturation of the
kidney vasculature [72]. Endothelial targeting of ADAM10
was shown to be important for decidual angiogenesis
during the initiation of pregnancy and leads to reduced
fertility in mice [73].

Perturbed vascular Notch signalling can also have ‘spil-
lover’ consequences for the homeostasis of surrounding
organs and non-vascular cell types. Notably, Dll4 expression
on sinusoidal ECs plays a role in the differentiation of Kupf-
fer cells (resident liver macrophages) [74]. Ablation of Dll1 in
ECs in spleen and bone marrow resulted in abrogation of a
specific monocyte subpopulation (Ly6Clo monocytes) [75].
Postnatal endothelial deletion of CSL not only decreased
the number of vessels and ECs in long bones, but also
caused a shortening of long bones and loss of bone mass
[76]. Fischer and co-workers [77] provided interesting
insights into a role for endothelial Notch signalling in regulat-
ing metabolism in the heart and skeletal muscle. Analysis of
the heart in mice with endothelial CSL targeting or perturbed
Dll4 function showed that fatty acid transport across the ECs
into the heart was inhibited, leading to a switch in metabolic
regulation of cardiomyocytes towards higher glucose uptake
and cardiac hypertrophy [77]. In a subsequent study, mice
with enhanced endothelial Notch signalling in ECs (by
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activating Notch1 ICD specifically in ECs) showed a dam-
pened reduction of blood sugar levels in response to insulin
[78], indicating that insulin transport across the endothelium
to the muscles was impaired in response to elevated Notch
signalling. These examples show that perturbing Notch sig-
nalling in the endothelium not only impacts the vascular
system per se but also has dramatic effects on other cell
types and important physiological processes in various
organs. To molecularly decode such ‘beyond vasculature’
effects of vascular Notch perturbation is important, not
least as a basis for future therapy development, as the effects
relate to processes that are central from a disease perspective,
such as metabolism and immune regulation.

As discussed in the previous section, under pathological
or stress situations, VSMCs may switch from a contractile
to a synthetic phenotype, and several lines of evidence sup-
port the notion that Notch signalling is an important
regulator of the balance between the contractile and synthetic
phenotypes (see [79] for a review). Notch2, although not pre-
sent in arterial VSMCs during vascular homeostasis, was
reported to be expressed in non-proliferating regions of
injured vessels, and mediate proliferation of medial VSMCs
through cell cycle arrest [80]. Overexpression of Notch1 or
Notch3 ICD in VSMCs resulted in downregulation of contrac-
tile markers such as myosin, actin and smoothelin [81],
induced VSMC proliferation [82] and abrogated apoptosis
[83]. A number of in vitro studies corroborate that Notch sig-
nalling promotes the synthetic phenotype [84,85], although
with the potential caveat that some of these studies were con-
ducted in C3H10T1/2 cells rather than in VSMCs. The
current view is thus that high levels of Notch activation
may tilt VSMCs towards the synthetic phenotype, but a
deeper analysis of how Notch regulates VSMC homeostasis
and phenotypic plasticity, especially in vivo, is warranted, in
particular as one report identified a VSMC switch towards
a synthetic phenotype in coronary vessels from Notch3−/−

mice [86]. In addition to serving as a regulator of VSMC phe-
notype switching, Notch signalling regulates vascular tone.
Notch3−/− mice showed aberrant vascular tone regulation
in distal resistance arteries (such as the brain and tail arteries),
but not in large arteries (such as carotid arteries) [87]. Simi-
larly, Notch3−/− mice were largely insensitive to
vasoconstrictors and vasodilators, suggesting that Notch3 is
critically required for the adaptive vasoactive response [88].

The role of Notch for pericyte maintenance during vascu-
lar homeostasis is currently more enigmatic. One report
observed that pericyte numbers were relatively unaffected
in the Notch3−/− mouse, while there was a considerable
loss of VSMCs [63]. By contrast, another report described
pericyte loss in the retina of diabetic Notch3−/− mice [64].
Similarly, in CADASIL, which is caused by NOTCH3
mutations (see below), there are conflicting views on whether
pericytes are affected or not [89,90]. More research is thus
required to precisely pin down the role of Notch signalling
in pericyte maintenance and homeostasis.
6. Notch and vascular disease
Considering the important role of Notch signalling in vascular
development and homeostasis, it is logical that dysfunctional
Notch signalling has been observed in a number of vascular dis-
eases (figure 5). Mutations causing vascular disease have been
observed in genes encoding various NOTCH receptors and
ligands as well as the gene encoding CSL (RBPJ). An important
Notch vascular disease is CADASIL, which is caused by
NOTCH3mutations [91]. Interestingly, the NOTCH3 mutations
almost exclusively affect the number of cysteine residues in the
34 epidermal growth factor (EGF)-like repeats of the NOTCH3
extracellular domain (NOTCH3 ECD) [92]. CADASILmanifests
with migraine, white matter lesions, lacunar ischaemic infarcts
and, importantly, degeneration of VSMCs, the primary cell
type expressing NOTCH3 (for a review see [93]). CADASIL-
mutated NOTCH3 ECDs accumulate outside the VSMCs in
aggregates called granular osmiophilic material (GOM), which
are visible by electron microscopy. The prevalence of CADASIL
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is 2–5 : 100 000, but it is likely to be considerablyunderdiagnosed
[94]. An important question is whether CADASIL should be
considered an aggregation disease or whether dysregulated
Notch signalling is the critical pathomechanism. The prevalent
view is that CADASIL, because of theNOTCH3ECDaggregates
andGOM, is an aggregationdisease, similar to, for example, Par-
kinson’s disease and Alzheimer’s disease. In line with this
reasoning, NOTCH3 mutations cause the formation and reten-
tion of aggregates in the endoplasmic reticulum (ER), leading
to impaired VSMC proliferation [95]. Misfolding of NOTCH3
can also lead to ER stress in CADASIL VSMCs [96], and induc-
tion ofNox5 viaNOTCH3 andROCK [97]. In support of protein
aggregation rather than signalling defects as a cause for CADA-
SIL, several of the cysteine-altering NOTCH3 mutations in
CADASIL are considered to be signalling neutral, i.e. not affect-
ing the magnitude of the Notch downstream signalling output
[93]. There may, however, be exceptions to this norm, as Arbo-
leda-Velasquez and co-workers [98] identified a CADASIL
mutation with hypomorphic signalling, and where the CADA-
SIL-like phenotype in a mouse model could be partly restored
by treating the mice with a NOTCH3-activating antibody (see
also the Notch therapy section). Interestingly, accumulation of
GOM in Notch3-deficient mice on a heterozygous Notch1 back-
ground was recently observed [99], suggesting that cysteine-
altering NOTCH3 mutations may not be compulsory to
induce GOM. Furthermore, the cysteine-sparing mutation
NOTCH3N3G73A promoted aggregation [100], but, in both
these cases, themolecularunderpinnings for the observed effects
need to be explored. Recently, some aspects of CADASIL have
been recapitulated in patient-specific induced pluripotent stem
cell (iPSC)-derived VSMCs, which fail to stabilize endothelium
in vitro [101].

One may also ask whether cysteine-sparing NOTCH3
mutations, irrespective of their ability to generate GOM or
not, can give rise to neurological or vascular problems
simply by altering the signalling output. Two cysteine-spar-
ing NOTCH3 missense mutations with aberrant signalling
output (NOTCH3A1604T and NOTCH3L1515P) have been
identified in patients with cerebral small vessel disease and
white matter lesions [102,103] (figure 5). The NOTCH3A1604T
mutation correlated with migraine and white matter lesions
in a family, although of a different kind from that which
is typical for CADASIL, and was hypomorphic with regard
to signalling [103]. The NOTCH3L1515P mutation, in contrast,
resulted in hyperactive Notch signalling and correlated with
white matter hyperintensities and headache [102]. The
prevalence of cysteine-sparing NOTCH3 mutations is not
known, and it would be interesting to explore their frequency
in larger patient cohorts with broader indications of
headache and vascular and neurological problems. A conun-
drum is that not all cysteine-sparing NOTCH3 mutations
appear to give rise to vascular disease; a family carrying a
NOTCH3L1519P mutation (located four amino acid residues
away from the NOTCH3L1515P mutation) instead presented
with infantile myofibromatosis (see above), although the
NOTCH3L1519P receptor, like the NOTCH3L1515P receptor,
produced hyperactive Notch signalling [70,104].

In addition to cysteine-sparing and -altering NOTCH3
mutations, patients with homozygous nonsense mutations
have recently been identified. Homozygous NOTCH3
deficiency was first described in a patient with childhood-
onset arteriopathy with white matter abnormalities and micro-
bleeds [105]. Recently, homozygous nonsense NOTCH3
mutations were identified in two patients with Snedden syn-
drome, a very rare disease that causes ischaemic strokes
[106]. Snedden syndrome is, however, also characterized by
livedo reticularis (mottled discoloration of the skin), which is
not observed in CADASIL, and this underscores that the con-
sequences of complete loss of NOTCH3 function versus
missense mutations in the NOTCH3 receptor may be different.
It will also be interesting to further explore whether an earlier
onset of the ischaemic strokes in the three NOTCH3 null
patients identified thus far, as compared with CADASIL
patients, is a consistent feature and may reflect more dramatic
vascular aberrations.

Pulmonary arterial hypertension (PAH) has been linked
to dysfunctional Notch signalling (for a recent review see
[79]. PAH is a life-threatening disease, characterized by a per-
sistent elevation of pulmonary arterial pressure caused by
pulmonary artery remodelling, thickening of vascular
media and luminal occlusion. In PAH, excessive proliferation,
anti-apoptosis and dedifferentiation of VSMCs (also known
as pulmonary artery smooth muscle cells) are observed. In
an important study, Thistlethwaite and colleagues demon-
strated that NOTCH3 was upregulated in patients with
PAH and that Notch3−/− mice were resistant to developing
pulmonary hypertension when exposed to low oxygen
levels [107]. The involvement of NOTCH3 in PAH has been
substantiated by subsequent studies revealing an upregula-
tion of Notch3 in various PAH animal models [108–111].
Furthermore, the NOTCH3–PAH link has recently been cor-
roborated by the identification of NOTCH3 missense
mutations (NOTCH3G840E and NOTCH3T900P) in patients
with childhood PAH [112] and a NOTCH3 single nucleotide
polymorphism (SNP) segregating with childhood PAH [113].
At the endothelial side, NOTCH1 may also play a role in
PAH, as NOTCH1 was upregulated in patients with PAH
as well as in an experimental PAH rat model, and elevated
NOTCH1 levels induced proliferation in lung ECs [114].
There are, however, also observations that loss of Notch1
may aggravate PAH in animal models [115], suggesting
that further analyses of the role of Notch1 need to be
undertaken.

Aberrant Notch signalling has also been associated with
diseases affecting the vasculature of the heart. Patent
ductus arteriosus (PDA) is a disease in which the ductus
arteriosus fails to close after birth. The VSMC-specific elimin-
ation of Jagged1 [116] or the combined loss of Notch3 and
specific ablation of Notch2 in VSMCs [117] results in a
PDA-like phenotype in mice. Furthermore, NOTCH1 gene
variants were observed in patients with aortic coarctation
and aortic aneurysm (for a review see [118]), and aberrant
expression of Notch pathway genes was noted in patients
with thoracic aortic aneurysm [119,120].

In addition to CADASIL, PAH and cardiovascular dis-
eases, the list of diseases with a vascular component and
potential links to Notch dysregulation keeps growing
(figure 5). Gene fusions between NOTCH1, 2 or 3 with the
MIR143 locus were identified in almost 50% of glomus
tumours, which constitute a subset of pericytic tumours
[121,122]. There is also a potential link between aberrant
Notch signalling and arteriovenous malformations (AVMs),
a condition in which there is a direct coupling between the
arterial and venous vasculature bypassing the capillaries.
There are, however, still somewhat conflicting views as to
the nature of Notch dysfunction in AVMs. NOTCH1 and
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NOTCH4 receptor levels are elevated in patients with brain
AVMs [123], while in a mouse model reduction of Notch sig-
nalling by pericyte-specific targeting of CSL led to AVMs
[124]. Specific SNPs for the NOTCH4 gene appear to be
associated with AVMs [125], but further research is required
to settle whether Notch signalling is hyper- or hypoactivated
in this disease. Cerebral cavernous malformation (CCM),
which leads to thin-walled vascular cavities and haemor-
rhages in the brain, is caused by loss-of-function mutations
in the CCM1–3 genes [126], and the loss of CCM function
is accompanied by reduced Notch signalling and a disruption
of Notch signalling between ECs and pericytes [127,128].
Neural tissue haemangioblastoma is characterized by patho-
logical vessel remodelling and can be caused by a mutation in
the von Hippel–Lindau (VHL) gene, which encodes an E3
ubiquitin ligase regulating the cellular hypoxic response. It
was recently observed in experimental mouse models that
VHL mutations impact on Notch signalling, and, impor-
tantly, that experimental inhibition of Notch signalling
restored some of the effects caused by VHL mutations
[129]. A recent study provided evidence that acute blood
vessel regeneration following experimental stroke in zebrafish
was mediated by transdifferentiation of lymphatic vessels in
a Notch-dependent manner [130]. While these examples illus-
trate several recently discovered links between Notch
dysregulation and diseases affecting the vasculature in differ-
ent organs, there may also be other diseases worth exploring
from a Notch vascular perspective. Alagille syndrome is a
multi-organ disease presenting with severe liver and heart
defects, but also with problems in other organs, such as the
eyes and the inner ear. Alagille syndrome is in more than
90% of cases caused by JAGGED1 mutations [131,132], lead-
ing to hypomorphic Notch signalling [133]. A significant
fraction of patients with Alagille syndrome (up to 10%), how-
ever, also experience vascular problems and bleeding [134]. It
would be of interest to explore this aspect of the disease and
its relation to reduced Notch signalling further, as bleeding in
patients with Alagille syndrome remains a major cause of
death. Adams–Oliver syndrome is another multi-organ dis-
ease with a vascular component; it is caused by loss-of-
function mutations in several genes, including NOTCH1,
DLL4 and CSL (RBPJ) [135–137]. In addition, mutations are
observed in the EGF domain-specific O-linked N-acetylgluco-
samine transferase gene (EOGT), which encodes an enzyme
that post-translationally modifies Notch receptors [138].
Patients with Adams–Oliver syndrome show limb malfor-
mations and partial absence of skin and skull bones.
Furthermore, some patients exhibit vascular problems,
including dilated vessels at the surface of the body and pul-
monary or portal hypertension. Potential links between
aberrant Notch signalling and Alzheimer’s disease similarly
largely remain to be explored. A recent study proposes that
the non-productive angiogenesis observed near Abeta pep-
tide-containing plaques (see below) in Alzheimer’s brains
may be related to reduced Notch activity [139].
7. Notch therapy considerations
With the increasing number of diseases linked to aberrant
Notch signalling, there is an obvious need to develop
Notch-based therapies, to activate or dampen Notch signal-
ling, depending on the disease situation at hand. Notch
therapy development has been vigorously pursued for
many years, and although interesting and promising preclini-
cal data are mounting, there are still no Notch-specific
therapies in regular clinical use [140,141]. In the category of
pan-Notch inhibitors, γ-secretase inhibitors (GSIs), which
block the Notch receptor S3 cleavage, have the longest
research track record. GSIs were originally developed to
block amyloid precursor protein cleavage to generate the
Abeta peptide, which aggregates in Alzheimer’s disease,
but Notch toxicity (including diarrhoea from goblet cell meta-
plasia and immunological problems) was a severe side effect
observed after long-term use in Alzheimer’s research clinical
trials [140,141]. While this has discouraged interest in GSIs
for clinical use in the Alzheimer’s field, there is continued
interest in exploring their potential use as Notch inhibitors,
for example as therapies to Notch-driven cancers. This may
potentially be achieved by defining ‘drug holiday’ schemes
for GSIs such as AL101 and nirogacestat in clinical trials, or
in using GSIs in combinatorial therapies with other proven
chemotherapy agents [141]. Although all GSIs by definition
affect S3 cleavage, it has, however, been proposed that they
differ both in efficacy on different Notch receptors and in
how they modulate cancer stem cell activity [142]. The differ-
ential effect on Notch receptor paralogues is intriguing in
light of the fact that their mode of action may be assumed
to be quite ‘stereotypical’, i.e. affecting S3 cleavage, and it
will be interesting to further explore the basis for the potential
receptor paralogue specificity for different GSIs. Recently,
small-molecule inhibitors that perturb Notch signalling at
the level of the ternary transcriptional Notch ICD–MAML–
CSL complex [143,144] or at the level of receptor maturation
[145] have been developed and it will be interesting to
explore their efficacy in modulating Notch signalling in the
vasculature. Notch receptor- or ligand-specific blocking anti-
bodies constitute another interesting Notch modulation
avenue. Antibodies that block ligand–receptor interaction or
lock the NRR in a non-S2-cleavable state have been devel-
oped [146,147]. Targeted therapies against Dll4 may be
particularly interesting from a tumour vasculature perspec-
tive [148], as blockade of Dll4 causes hypersprouting in the
vasculature by altering the tip/stalk cell balance, which
leads to a poorer blood supply for the tumours.

In addition to Notch inhibitors, there will also be a need
for agents that can enhance Notch signalling, for use in situ-
ations where endogenous Notch signalling is hypoactive. As
discussed above, some CADASIL mutations may fall in this
category, and an activating Notch3 antibody was indeed
used in a CADASIL mouse model to restore some of the
observed phenotypes [98]. It should, however, be kept in
mind that some Notch mutations may be refractory to anti-
body-based strategies aiming at blocking Notch receptor–
ligand interaction or the NRR in the extracellular milieu. It
was recently shown that the NOTCH3L1515P and
NOTCH3L1519P mutations, which cause cerebral small vessel
disease and infantile myofibromatosis, respectively, generate
mutated hyperactive receptors, which, however, do not
reach the cell surface [70,102]; thus, they would not be inhib-
ited by antibody-based approaches. Immunization strategies
aiming at targeting NOTCH3-containing aggregates have
also been considered for CADASIL therapy [149], and one
could envisage active as well as passive immunization strat-
egies for this disease, as the aggregates are extracellular. If
immunization were to work, it will be interesting to see if
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the immunization approach can be generalized using only
one form of the mutated NOTCH3 receptor as an antigen,
as there are more than 200 different CADASIL mutations in
NOTCH3, and it would be impractical and very expensive
to tailor immunization to all the different mutations. Finally,
Notch receptors, owing to their modular structure and pro-
teolytic processing, can also be used as platforms for novel
therapeutics, and synthetic Notch receptors have been devel-
oped [150] and used to treat tumours [151].
/journal/rsob
Open
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8. Conclusion and future directions
Notch signalling plays a central role in both the development
and homeostasis of the vasculature and regulates ECs as well
as mural cells. The effects of Notch signalling range from bal-
ancing sprouting and branching of the vasculature via
regulation of the tip/stalk balance in ECs to control arterial
versus venous differentiation of mural cells and the balance
between contractile and synthetic phenotypes in homeostasis,
stress and disease. The number of vascular diseases that are
caused or influenced by dysregulated Notch signalling is
increasing and warrants efforts of developing Notch-based
therapies. Despite recent progress, there are, however, several
outstanding questions that remain to be answered, including
how Notch produces appropriate downstream molecular
outputs in the different cell types, given the relatively
simple architecture of the pathway. Progress in this area is
anticipated, not least because of rapid technological improve-
ments and scalability of single-cell transcriptomics combined
with increasingly precise transgenic models in both mouse
and zebrafish. Detailed transcriptomic maps are beginning
to be produced of the vasculature in different organs
[28,152–154], and will be complemented with analyses from
corresponding maps from various disease conditions. We
also expect progress in understanding how the Notch signal-
ling is modulated by auxiliary proteins in the pathway,
including glycosylation enzymes, kinases and phosphatases,
which in various ways modulate the signalling output.
Such endeavours will also be important for the
development of novel concepts for Notch-based therapeutics.
Data accessibility. This article has no additional data.

Authors’ contributions. F.DG.: conceptualization, writing—original draft,
writing—review and editing; D.L.: conceptualization, writing—orig-
inal draft, writing—review and editing; U.L.: conceptualization,
funding acquisition, supervision, writing—original draft, writing—
review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed herein.

Conflict of interest declaration. We declare we have no competing interests.

Funding. Work in the authors’ laboratory is supported by project grants
from the Swedish Research Council, the Erling-Persson Family
Foundation and Hjärnfonden.

Acknowledgements. We thank Mattias Karlén for the illustrations in this
article.
References
1. Bikfalvi A. 2017 A brief history of blood and
lymphatic vessels. Berlin, Germany: Springer.

2. Bray SJ. 2016 Notch signalling in context. Nat. Rev.
Mol. Cell Biol. 9, 722–735. (doi:10.1038/nrm.
2016.94)

3. Siebel C, Lendahl U. 2017 Notch signaling in
development, tissue homeostasis, and disease.
Physiol. Rev. 97, 1235–1294. (doi:10.1152/physrev.
00005.2017)

4. Kopan R, Ilagan MXG. 2009 The canonical Notch
signaling pathway: unfolding the activation
mechanism. Cell 137, 216–233. (doi:10.1016/j.cell.
2009.03.045)

5. Antfolk D, Antila C, Kemppainen K, Landor SK. 2019
Decoding the PTM-switchboard of Notch. Biochim.
Biophys. Acta Mol. Cell Res. 1866, 118507. (doi:10.
1016/j.bbamcr.2019.07.002)

6. Ayaz F, Osborne BA. 2014 Non-canonical Notch
signaling in cancer and immunity. Front. Oncol. 4,
1–6. (doi:10.3389/fonc.2014.00345)

7. Andersson ER, Sandberg R, Lendahl U. 2011 Notch
signaling: simplicity in design, versatility in
function. Development (Cambridge, England) 138,
3593–3612. (doi:10.1242/dev.063610)

8. Risau W, Flamme I. 1995 Vasculogenesis. Annu. Rev.
Cell Dev. Biol. 11, 73–91. (doi:10.1146/annurev.cb.
11.110195.000445)

9. Alabi RO, Farber G, Blobel CP. 2018 Intriguing roles
for endothelial ADAM10/notch signaling in the
development of organ-specific vascular beds.
Physiol. Rev. 98, 2025–2061. (doi:10.1152/physrev.
00029.2017)

10. Gerhardt H et al. 2003 VEGF guides angiogenic
sprouting utilizing endothelial tip cell filopodia.
J. Cell Biol. 161, 1163–1177. (doi:10.1083/jcb.
200302047)

11. Meilhac SM, Buckingham ME. 2018 The deployment
of cell lineages that form the mammalian heart.
Nat. Rev. Cardiol. 15, 705–724. (doi:10.1038/
s41569-018-0086-9)

12. Alitalo K. 2011 The lymphatic vasculature in disease.
Nat. Med. 17, 1371–1380. (doi:10.1038/nm.2545)

13. Krüger-Genge A, Blocki A, Franke RP, Jung F. 2019
Vascular endothelial cell biology: an update.
Int. J. Mol. Sci. 20, 4411. (doi:10.3390/
ijms20184411)

14. Frismantiene A, Philippova M, Erne P, Resink TJ. 2018
Smooth muscle cell-driven vascular diseases
and molecular mechanisms of VSMC plasticity.
Cell. Signal. 52, 48–64. (doi:10.1016/j.cellsig.2018.08.
019)

15. Basatemur GL, Jørgensen HF, Clarke MCH, Bennett
MR, Mallat Z. 2019 Vascular smooth muscle cells in
atherosclerosis. Nat. Rev. Cardiol. 16, 727–744.
(doi:10.1038/s41569-019-0227-9)

16. Fischer A, Schumacher N, Maier M, Sendtner M,
Gessler M. 2004 The Notch target genes Hey1 and
Hey2 are required for embryonic vascular
development. Genes Dev. 18, 901–911. (doi:10.
1101/gad.291004)
17. Krebs LT et al. 2000 Notch signaling is essential for
vascular morphogenesis in mice. Genes Dev. 14,
1343–1352. (doi:10.1101/gad.14.11.1343)

18. Xue Y et al. 1999 Embryonic lethality and vascular
defects in mice lacking the Notch ligand Jagged1. Hum.
Mol. Genet. 8, 723–730. (doi:10.1093/hmg/8.5.723)

19. Krebs LT, Shutter JR, Tanigaki K, Krebs LT, Shutter
JR, Tanigaki K, Honjo T, Stark KL, Gridley T. 2004
Haploinsufficient lethality and formation of
arteriovenous malformations in Notch pathway
mutants. Genes Dev. 18, 2469–2473. (doi:10.1101/
gad.1239204)

20. Limbourg A, Ploom M, Elligsen D, Sörensen I,
Ziegelhoeffer T, Gossler A, Drexler H, Limbourg FP.
2007 Notch ligand delta-like 1 is essential for
postnatal arteriogenesis. Circ. Res. 100,
363–371. (doi:10.1161/01.RES.0000258174.
77370.2c)

21. Duarte A, Hirashima M, Benedito R, Trindade A,
Diniz P, Bekman E, Costa L, Henrique D, Rossant J.
2004 Dosage-sensitive requirement for mouse Dll4
in artery development. Genes Dev. 18, 2474–2478.
(doi:10.1101/gad.1239004)

22. Gale NW et al. 2004 Haploinsufficiency of delta-like
4 ligand results in embryonic lethality due to major
defects in arterial and vascular development. Proc.
Natl Acad. Sci. USA 101, 15 949–15 954. (doi:10.
1073/pnas.0407290101)

23. Wang HU, Chen ZF, Anderson DJ. 1998 Molecular
distinction and angiogenic interaction between

http://dx.doi.org/10.1038/nrm.2016.94
http://dx.doi.org/10.1038/nrm.2016.94
http://dx.doi.org/10.1152/physrev.00005.2017
http://dx.doi.org/10.1152/physrev.00005.2017
http://dx.doi.org/10.1016/j.cell.2009.03.045
http://dx.doi.org/10.1016/j.cell.2009.03.045
http://dx.doi.org/10.1016/j.bbamcr.2019.07.002
http://dx.doi.org/10.1016/j.bbamcr.2019.07.002
http://dx.doi.org/10.3389/fonc.2014.00345
http://dx.doi.org/10.1242/dev.063610
http://dx.doi.org/10.1146/annurev.cb.11.110195.000445
http://dx.doi.org/10.1146/annurev.cb.11.110195.000445
http://dx.doi.org/10.1152/physrev.00029.2017
http://dx.doi.org/10.1152/physrev.00029.2017
http://dx.doi.org/10.1083/jcb.200302047
http://dx.doi.org/10.1083/jcb.200302047
http://dx.doi.org/10.1038/s41569-018-0086-9
http://dx.doi.org/10.1038/s41569-018-0086-9
http://dx.doi.org/10.1038/nm.2545
http://dx.doi.org/10.3390/ijms20184411
http://dx.doi.org/10.3390/ijms20184411
http://dx.doi.org/10.1016/j.cellsig.2018.08.019
http://dx.doi.org/10.1016/j.cellsig.2018.08.019
http://dx.doi.org/10.1038/s41569-019-0227-9
https://doi.org/10.1101/gad.291004
https://doi.org/10.1101/gad.291004
http://dx.doi.org/10.1101/gad.14.11.1343
http://dx.doi.org/10.1093/hmg/8.5.723
http://dx.doi.org/10.1101/gad.1239204
http://dx.doi.org/10.1101/gad.1239204
http://dx.doi.org/10.1161/01.RES.0000258174.77370.2c
http://dx.doi.org/10.1161/01.RES.0000258174.77370.2c
http://dx.doi.org/10.1101/gad.1239004
http://dx.doi.org/10.1073/pnas.0407290101
http://dx.doi.org/10.1073/pnas.0407290101


royalsocietypublishing.org/journal/rsob
Open

Biol.12:220004

11
embryonic arteries and veins revealed by ephrin-B2
and its receptor Eph-B4. Cell 93, 741–753. (doi:10.
1016/S0092-8674(00)81436-1)

24. Zhong TP, Childs S, Leu JP, Fishman MC. 2001
Gridlock signalling pathway fashions the first
embryonic artery. Nature 414, 216–220. (doi:10.
1038/35102599)

25. Carlson TR et al. 2005 Endothelial expression of
constitutively active Notch4 elicits reversible
arteriovenous malformations in adult mice. Proc.
Natl Acad. Sci. USA 102, 9884–9889. (doi:10.1073/
pnas.0504391102)

26. Krebs LT, Starling C, Chervonsky AV, Gridley T. 2010
Notch1 activation in mice causes arteriovenous
malformations phenocopied by EphrinB2 and EphB4
mutants. Genesis 48, 146–150. (doi:10.1002/dvg.20599)

27. You L-R, Lin F-J, Lee C, DeMayo F, Tsai M-J, Tsai S.
2005 Suppression of Notch signalling by the COUP-
TFII transcription factor regulates vein identity.
Nature 435, 98–104. (doi:10.1038/nature03480.1)

28. Su T et al. 2018 Single-cell analysis of early
progenitor cells that build coronary arteries. Nature
559, 356–362. (doi:10.1038/s41586-018-0288-7)

29. Geudens I, Coxam B, Alt S, Gebala V, Vion AC, Meier
K, Rosa A, Gerhardt H. 2019 Artery-vein specification
in the zebrafish trunk is pre-patterned by
heterogeneous Notch activity and balanced by flow-
mediated fine-tuning. Development 146,
dev181024. (doi:10.1242/dev.181024)

30. Li GX, Zhang S, Liu R, Singh B, Singh S, Quinn DI,
Crump G, Gill PS. 2021 Tetraspanin18 regulates
angiogenesis through VEGFR2 and Notch pathways.
Biol. Open 10, bio050096. (doi:10.1242/bio.050096)

31. Luo W et al. 2021 Arterialization requires the timely
suppression of cell growth. Nature 589, 437–441.
(doi:10.1038/s41586-020-3018-x)

32. van Engeland NCA et al. 2019 Vimentin regulates
Notch signaling strength and arterial remodeling in
response to hemodynamic stress. Sci. Rep. 9, 12415.
(doi:10.1038/s41598-019-48218-w)

33. Loerakker S, Stassen OMJA, ter Huurne FM, Boareto
M, Bouten CVC, Sahlgren CM. 2018
Mechanosensitivity of Jagged-Notch signaling can
induce a switch-type behavior in vascular
homeostasis. Proc. Natl Acad. Sci. USA 115,
E3682–E3691. (doi:10.1073/pnas.2025032118)

34. Polacheck WJ, Kutys ML, Yang J, Eyckmans J, Wu Y,
Vasavada H, Hirschi KK, Chen CS. 2017 A non-
canonical Notch complex regulates adherens
junctions and vascular barrier function. Nature 552,
258–262. (doi:10.1038/nature24998)

35. Muley A et al. 2021 Unique functions for Notch4 in
murine embryonic lymphangiogenesis.
Angiogenesis. (doi:10.1007/s10456-021-09822-5)

36. Niessen K, Zhang G, Ridgway JB, Chen H, Kolumam
G, Siebel CW, Yan M. 2011 The notch1-Dll4
signaling pathway regulates mouse postnatal
lymphatic development. Blood 118, 1989–1997.
(doi:10.1182/blood-2010-11-319129)

37. Zheng W et al. 2011 Notch restricts lymphatic vessel
sprouting induced by vascular endothelial growth
factor. Blood 118, 1154–1162. (doi:10.1182/blood-
2010-11-317800)
38. Davis RB, Kechele DO, Blakeney ES, Pawlak JB,
Caron KM. 2017 Lymphatic deletion of calcitonin
receptor-like receptor exacerbates intestinal
inflammation. JCI Insight 2, e92465. (doi:10.1172/
jci.insight.92465)

39. Norden PR, Kume T. 2021 Molecular mechanisms
controlling lymphatic endothelial junction integrity.
Front. Cell Dev. Biol. 8, 627647. (doi:10.3389/fcell.
2020.627647)

40. Siekmann AF, Lawson ND. 2007 Notch signalling
limits angiogenic cell behaviour in developing
zebrafish arteries. Nature 445, 781–784. (doi:10.
1038/nature05577)

41. Estrach S, Cailleteau L, Franco CA, Gerhardt H,
Stefani C, Lemichez E, Gagnoux-Palacios L,
Meneguzzi G, Mettouchi A. 2011 Laminin-binding
integrins induce Dll4 expression and notch signaling
in endothelial cells. Circ. Res. 109, 172–182.
(doi:10.1161/CIRCRESAHA.111.240622)

42. Hellström M et al. 2007 Dll4 signalling through
Notch1 regulates formation of tip cells during
angiogenesis. Nature 445, 776–780. (doi:10.1038/
nature05571)

43. Lobov IB, Renard RA, Papadopoulos N, Gale NW,
Thurston G, Yancopoulos GD, Wiegand SJ. 2007
Delta-like ligand 4 (Dll4) is induced by VEGF as a
negative regulator of angiogenic sprouting. Proc.
Natl Acad. Sci. USA 104, 3219–3224. (doi:10.1073/
pnas.0611206104)

44. Shin M, Beane TJ, Quillien A, Male I, Zhu LJ, Lawson
ND. 2016 Vegfa signals through ERK to promote
angiogenesis, but not artery differentiation. Development
143, 3796–3805. (doi:10.1242/dev.137919)

45. Pontes-Quero S et al. 2019 High mitogenic
stimulation arrests angiogenesis. Nat. Commun. 10,
2016. (doi:10.1038/s41467-019-09875-7)

46. Benedito R, Roca C, Sörensen I, Adams S, Gossler A,
Fruttiger M, Adams RH. 2009 The notch ligands Dll4
and Jagged1 have opposing effects on
angiogenesis. Cell 137, 1124–1135. (doi:10.1016/j.
cell.2009.03.025)

47. Fernández-Chacón M, García-González I, Mühleder
S, Benedito R. 2021 Role of Notch in endothelial
biology. Angiogenesis 24, 237–250. (doi:10.1007/
s10456-021-09793-7)

48. Yasuda D, Kobayashi D, Akahoshi N, Ohto-Nakanishi
T, Yoshioka K, Takuwa Y, Mizuno S, Takahashi S,
Ishii S. 2019 Lysophosphatidic acid-induced YAP/TAZ
activation promotes developmental angiogenesis by
repressing Notch ligand Dll4. J. Clin. Investig. 129,
4332–4349. (doi:10.1172/JCI121955)

49. Hasan SS, Tsaryk R, Lange M, Wisniewski L, Moore
JC, Lawson ND, Wojciechowska K, Schnittler H,
Siekmann AF. 2017 Endothelial Notch signalling
limits angiogenesis via control of artery
formation. Nat. Cell Biol. 19, 928–940. (doi:10.
1038/ncb3574)

50. Pitulescu ME et al. 2017 Dll4 and Notch signalling
couples sprouting angiogenesis and artery
formation. Nat. Cell Biol. 19, 915–927. (doi:10.
1038/ncb3555)

51. Bentley K et al. 2014 The role of differential VE-
cadherin dynamics in cell rearrangement during
angiogenesis. Nat. Cell Biol. 16, 309–321. (doi:10.
1038/ncb2926)

52. Bocci F, Onuchic JN, Jolly MK. 2020 Understanding
the principles of pattern formation driven by Notch
signaling by integrating experiments and theoretical
models. Front. Physiol. 11, 929. (doi:10.3389/fphys.
2020.00929)

53. Alabi RO, Glomski K, Haxaire C, Weskamp G,
Monette S, Blobel CP. 2016 ADAM10-dependent
signaling through Notch1 and Notch4 controls
development of organ-specific vascular beds. Circ.
Res. 119, 519–531. (doi:10.1161/CIRCRESAHA.115.
307738)

54. Glomski K, Monette S, Manova K, de Strooper B,
Saftig P, Blobel CP. 2011 Deletion of Adam10 in
endothelial cells leads to defects in organ-specific
vascular structures. Blood 118, 1163–1174. (doi:10.
1182/blood-2011-04-348557)

55. Farber G, Parks MM, Lustgarten Guahmich N, Zhang
Y, Monette S, Blanchard SC, di Lorenzo A, Blobel CP.
2019 ADAM10 controls the differentiation of the
coronary arterial endothelium. Angiogenesis 22,
237–250. (doi:10.1007/s10456-018-9653-2)

56. McCright B et al. 2001 Defects in development of
the kidney, heart and eye vasculature in mice
homozygous for a hypomorphic Notch2 mutation.
Development 128, 491–502. (doi:10.1242/dev.128.
4.491)

57. Cuervo H, Nielsen CM, Simonetto DA, Ferrell L, Shah
VH, Wang RA. 2016 Endothelial notch signaling is
essential to prevent hepatic vascular malformations
in mice. Hepatology 64, 1302–1316. (doi:10.1002/
hep.28713)

58. Xia S, Menden HL, Townley N, Mabry SM, Johnston
J, Nyp MF, Heruth DP, Korfhagen T, Sampath V.
2021 Delta-like 4 is required for pulmonary vascular
arborization and alveolarization in the developing
lung. JCI Insight 6, e134170. (doi:10.1172/jci.
insight.134170)

59. Gaengel K, Genové G, Armulik A, Betsholtz C. 2009
Endothelial-mural cell signaling in vascular
development and angiogenesis. Arterioscler.
Thromb. Vasc. Biol. 29, 630–638. (doi:10.1161/
ATVBAHA.107.161521)

60. Armulik A, Genové G, Betsholtz C. 2011 Pericytes:
developmental, physiological, and pathological
perspectives, problems, and promises. Dev. Cell 21,
193–215. (doi:10.1016/j.devcel.2011.07.001)

61. Armulik A et al. 2010 Pericytes regulate the blood-
brain barrier. Nature 468, 557–561. (doi:10.1038/
nature09522)

62. Ando K et al. 2019 Peri-arterial specification of
vascular mural cells from naïve mesenchyme
requires Notch signaling. Development 146,
dev165589. (doi:10.1242/dev.165589)

63. Henshall TL et al. 2014 Notch3 is necessary for
blood vessel integrity in the central nervous system.
Arterioscler. Thromb. Vasc. Biol. 35, 409–420.
(doi:10.1161/ATVBAHA.114.304849)

64. Liu H, Zhang W, Lilly B. 2018 Evaluation of Notch3
deficiency in diabetes-induced pericyte loss in the
retina. J. Vasc. Res. 55, 308–318. (doi:10.1159/
000493151)

http://dx.doi.org/10.1016/S0092-8674(00)81436-1
http://dx.doi.org/10.1016/S0092-8674(00)81436-1
http://dx.doi.org/10.1038/35102599
http://dx.doi.org/10.1038/35102599
http://dx.doi.org/10.1073/pnas.0504391102
http://dx.doi.org/10.1073/pnas.0504391102
http://dx.doi.org/10.1002/dvg.20599
http://dx.doi.org/10.1038/nature03480.1
http://dx.doi.org/10.1038/s41586-018-0288-7
http://dx.doi.org/10.1242/dev.181024
https://doi.org/10.1242/bio.050096
http://dx.doi.org/10.1038/s41586-020-3018-x
http://dx.doi.org/10.1038/s41598-019-48218-w
http://dx.doi.org/10.1073/pnas.2025032118
http://dx.doi.org/10.1038/nature24998
https://doi.org/10.1007/s10456-021-09822-5
http://dx.doi.org/10.1182/blood-2010-11-319129
http://dx.doi.org/10.1182/blood-2010-11-317800
http://dx.doi.org/10.1182/blood-2010-11-317800
http://dx.doi.org/10.1172/jci.insight.92465
http://dx.doi.org/10.1172/jci.insight.92465
http://dx.doi.org/10.3389/fcell.2020.627647
http://dx.doi.org/10.3389/fcell.2020.627647
http://dx.doi.org/10.1038/nature05577
http://dx.doi.org/10.1038/nature05577
http://dx.doi.org/10.1161/CIRCRESAHA.111.240622
http://dx.doi.org/10.1038/nature05571
http://dx.doi.org/10.1038/nature05571
http://dx.doi.org/10.1073/pnas.0611206104
http://dx.doi.org/10.1073/pnas.0611206104
http://dx.doi.org/10.1242/dev.137919
http://dx.doi.org/10.1038/s41467-019-09875-7
http://dx.doi.org/10.1016/j.cell.2009.03.025
http://dx.doi.org/10.1016/j.cell.2009.03.025
http://dx.doi.org/10.1007/s10456-021-09793-7
http://dx.doi.org/10.1007/s10456-021-09793-7
http://dx.doi.org/10.1172/JCI121955
http://dx.doi.org/10.1038/ncb3574
http://dx.doi.org/10.1038/ncb3574
http://dx.doi.org/10.1038/ncb3555
http://dx.doi.org/10.1038/ncb3555
http://dx.doi.org/10.1038/ncb2926
http://dx.doi.org/10.1038/ncb2926
http://dx.doi.org/10.3389/fphys.2020.00929
http://dx.doi.org/10.3389/fphys.2020.00929
http://dx.doi.org/10.1161/CIRCRESAHA.115.307738
http://dx.doi.org/10.1161/CIRCRESAHA.115.307738
http://dx.doi.org/10.1182/blood-2011-04-348557
http://dx.doi.org/10.1182/blood-2011-04-348557
http://dx.doi.org/10.1007/s10456-018-9653-2
http://dx.doi.org/10.1242/dev.128.4.491
http://dx.doi.org/10.1242/dev.128.4.491
http://dx.doi.org/10.1002/hep.28713
http://dx.doi.org/10.1002/hep.28713
http://dx.doi.org/10.1172/jci.insight.134170
http://dx.doi.org/10.1172/jci.insight.134170
http://dx.doi.org/10.1161/ATVBAHA.107.161521
http://dx.doi.org/10.1161/ATVBAHA.107.161521
http://dx.doi.org/10.1016/j.devcel.2011.07.001
http://dx.doi.org/10.1038/nature09522
http://dx.doi.org/10.1038/nature09522
http://dx.doi.org/10.1242/dev.165589
http://dx.doi.org/10.1161/ATVBAHA.114.304849
https://doi.org/10.1159/000493151
https://doi.org/10.1159/000493151


royalsocietypublishing.org/journal/rsob
Open

Biol.12:220004

12
65. Dziewulska D, Lewandowska E. 2012 Pericytes as a
new target for pathological processes in CADASIL.
Neuropathology 32, 515–521. (doi:10.1111/j.1440-
1789.2011.01290.x)

66. Wang Y, Pan L, Moens CB, Appel B. 2014 Notch3
establishes brain vascular integrity by regulating
pericyte number. Development 141, 307–317.
(doi:10.1242/dev.096107)

67. Liu H, Zhang W, Kennard S, Caldwell RB, Lilly B.
2010 Notch3 is critical for proper angiogenesis and
mural cell investment. Circ. Res. 107, 860–870.
(doi:10.1161/CIRCRESAHA.110.218271)

68. Domenga V et al. 2004 Notch3 is required for
arterial identity and maturation of vascular smooth
muscle cells. Genes Dev. 18, 2730–2735. (doi:10.
1101/gad.308904)

69. Jin S, Hansson EM, Tikka S, Lanner F, Sahlgren C,
Farnebo F, Baumann M, Kalimo H, Lendahl U. 2008
Notch signaling regulates platelet-derived growth
factor receptor-β expression in vascular smooth
muscle cells. Circ. Res. 102, 1483–1491. (doi:10.
1161/CIRCRESAHA.107.167965)

70. Wu D et al. 2021 The infantile myofibromatosis
NOTCH3 L1519P mutation leads to hyperactivated
ligand-independent Notch signaling and increased
PDGFRB expression. Dis. Models Mech. 14,
dmm046300. (doi:10.1242/dmm.046300)

71. Mao C et al. 2021 Nidogen-2 maintains the contractile
phenotype of vascular smooth muscle cells and
prevents neointima formation via bridging Jagged1-
Notch3 signaling. Circulation 144, 1244–1261. (doi:10.
1161/CIRCULATIONAHA.120.053361)

72. Farber G et al. 2018 Glomerular endothelial cell
maturation depends on ADAM10, a key regulator of
Notch signaling. Angiogenesis 21, 335–347. (doi:10.
1007/s10456-018-9599-4)

73. Lustgarten GN et al. 2020 Endothelial deletion of
ADAM10, a key regulator of Notch signaling, causes
impaired decidualization and reduced fertility in
female mice. Angiogenesis 23, 443–458. (doi:10.
1007/s10456-020-09723-z)

74. Sakai M et al. 2019 Liver-derived signals
sequentially reprogram myeloid enhancers to
initiate and maintain Kupffer cell identity. Immunity
51, 655–670. (doi:10.1016/j.immuni.2019.09.002)

75. Gamrekelashvili J et al. 2016 Regulation of
monocyte cell fate by blood vessels mediated by
Notch signalling. Nat. Commun. 7, 12597. (doi:10.
1038/ncomms12597)

76. Ramasamy SK, Kusumbe AP, Wang L, Adams RH.
2014 Endothelial Notch activity promotes
angiogenesis and osteogenesis in bone. Nature 507,
376–380. (doi:10.1038/nature13146)

77. Jabs M et al. 2018 Inhibition of endothelial notch
signaling impairs fatty acid transport and leads to
metabolic and vascular remodeling of the adult
heart. Circulation 137, 2592–2608. (doi:10.1161/
CIRCULATIONAHA.117.029733)

78. Hasan SS et al. 2020 Endothelial Notch signaling
controls insulin transport in muscle. EMBO Mol.
Med. 12, e09271. (doi:10.15252/emmm.201809271)

79. Morris HE, Neves KB, Montezano AC, MacLean MR,
Touyz RM. 2019 Notch3 signalling and vascular
remodelling in pulmonary arterial hypertension.
Clin. Sci. 133, 2481–2498. (doi:10.1042/
CS20190835)

80. Boucher JM, Harrington A, Rostama B, Lindner V,
Liaw L. 2013 A receptor-specific function for Notch2
in mediating vascular smooth muscle cell growth
arrest through cyclin-dependent kinase inhibitor 1B.
Circ. Res. 113, 975–985. (doi:10.1161/CIRCRESAHA.
113.301272)

81. Morrow D et al. 2005 Notch-mediated CBF-1/RBP-
Jκ-dependent regulation of human vascular smooth
muscle cell phenotype in vitro. Am. J. Physiol. Cell
Physiol. 289, C1188–C1196. (doi:10.1152/ajpcell.
00198.2005)

82. Sweeney C et al. 2004 Notch 1 and 3 receptors
modulate vascular smooth muscle cell growth,
apoptosis and migration via a CBF-1/RBP-Jk
dependent pathway. FASEB J. 18, 1421–1423.
(doi:10.1096/fj.04-1700fje)

83. Wang W, Campos AH, Prince CZ, Mou Y, Pollman
MJ. 2002 Coordinate Notch3-hairy-related
transcription factor pathway regulation in response
to arterial injury: mediator role of platelet-derived
growth factor and ERK. J. Biol. Chem. 277, 23
165–23 171. (doi:10.1074/jbc.M201409200)

84. Kennard S, Liu H, Lilly B. 2008 Transforming growth
factor-beta (TGF-1) down-regulates Notch3 in
fibroblasts to promote smooth muscle gene
expression. J. Biol. Chem. 283, 1324–1333. (doi:10.
1074/jbc.M706651200)

85. Proweller A, Pear WS, Parmacek MS. 2005 Notch
signaling represses myocardin-induced smooth
muscle cell differentiation. J. Biol. Chem. 280,
8994–9004. (doi:10.1074/jbc.M413316200)

86. Ragot H et al. 2016 Loss of Notch3 signaling in
vascular smooth muscle cells promotes severe heart
failure upon hypertension. Hypertension 68, 392–400.
(doi:10.1161/HYPERTENSIONAHA.116.07694)

87. Belin de Chantemèle EJ et al. 2008 Notch3 is a
major regulator of vascular tone in cerebral and tail
resistance arteries. Arterioscler. Thromb. Vasc. Biol.
28, 2216–2224. (doi:10.1161/ATVBAHA.108.171751)

88. Boulos N et al. 2011 Notch3 is essential for
regulation of the renal vascular tone. Hypertension
57, 1176–1182. (doi:10.1161/HYPERTENSIONAHA.
111.170746)

89. Lewandowska E, Dziewulska D, Parys M, Pasennik E.
2011 Ultrastructure of granular osmiophilic material
deposits (GOM) in arterioles of CADASIL patients.
Folia Neuropathol. 49, 174–180.

90. Rajani RM, Ratelade J, Domenga-Denier V, Hase Y,
Kalimo H, Kalaria RN, Joutel A. 2019 Blood brain
barrier leakage is not a consistent feature of
white matter lesions in CADASIL. Acta
Neuropathol. Commun. 7, 187. (doi:10.1186/s40478-
019-0844-x)

91. Joutel A et al. 1996 Notch3 mutations in CADASIL, a
hereditary adult-onset condition causing stroke and
dementia. Nature 383, 707–710. (doi:10.1038/
383707a0)

92. Lardelli M, Dahlstrand J, Lendahl U. 1994 The novel
Notch homologue mouse Notch 3 lacks specific
epidermal growth factor-repeats and is expressed in
proliferating neuroepithelium. Mech. Dev. 46,
123–136. (doi:10.1016/0925-4773(94)90081-7)

93. Coupland K, Lendahl U, Karlström H. 2018 Role of
NOTCH3 mutations in the cerebral small vessel
disease cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy.
Stroke 49, 2793–2800. (doi:10.1161/STROKEAHA.
118.021560)

94. Rutten JW, Dauwerse HG, Gravesteijn G, van Belzen
MJ, van der Grond J, Polke JM, Bernal-Quiros M,
Lesnik Oberstein SAJ. 2016 Archetypal NOTCH3
mutations frequent in public exome: implications
for CADASIL. Ann. Clin. Transl. Neurol. 3, 844–853.
(doi:10.1002/acn3.344)

95. Takahashi K, Adachi K, Yoshizaki K, Kunimoto S,
Kalaria RN, Watanabe A. 2010 Mutations in NOTCH3
cause the formation and retention of aggregates in
the endoplasmic reticulum, leading to impaired cell
proliferation. Hum. Mol. Genet. 19, 79–89. (doi:10.
1093/hmg/ddp468)

96. Ihalainen S et al. 2007 Proteome analysis of
cultivated vascular smooth muscle cells from a
CADASIL patient. Mol. Med. 13, 305–314. (doi:10.
2119/2006–00069.Ihalainen)

97. Neves KB et al. 2019 ER stress and Rho kinase
activation underlie the vasculopathy of CADASIL. JCI
Insight 4, e131344. (doi:10.1172/jci.insight.131344)

98. Machuca-Parra AI et al. 2017 Therapeutic antibody
targeting of Notch3 signaling prevents mural cell
loss in CADASIL. J. Exp. Med. 214, 2271–2282.
(doi:10.1084/jem.20161715)

99. Kofler NM, Cuervo H, Uh MK, Murtomäki A,
Kitajewski J. 2015 Combined deficiency of Notch1
and Notch3 causes pericyte dysfunction, models
CADASIL, and results in arteriovenous
malformations. Sci. Rep. 5, 16449. (doi:10.1038/
srep16449)

100. Huang L, Li W, Li Y, Song C, Wang P, Wang H, Sun
X. 2020 A novel cysteine-sparing G73A mutation of
NOTCH3 in a Chinese CADASIL family. Neurogenetics
21, 39–49. (doi:10.1007/s10048-019-00592-3)

101. Kelleher J et al. 2019 Patient-specific iPSC model of
a genetic vascular dementia syndrome reveals
failure of mural cells to stabilize capillary structures.
Stem Cell Rep. 13, 817–831. (doi:10.1016/j.stemcr.
2019.10.004)

102. Fouillade C, Chabriat H, Riant F, Mine M, Arnoud M,
Magy L, Bousser MG, Tournier-Lasserve E, Joutel A.
2008 Activating NOTCH3 mutation in a patient with
small-vessel-disease of the brain. Hum. Mutat. 29,
452. (doi:10.1002/humu.9527)

103. Arnardottir S et al. 2021 Novel cysteine-sparing
hypomorphic NOTCH3 A1604T mutation observed in
a family with migraine and white matter lesions.
Neurol. Genet. 7, e584. (doi:10.1212/NXG.
0000000000000584)

104. Xu X et al. 2015 Insights into autoregulation of
Notch3 from structural and functional studies of its
negative regulatory region. Structure 23,
1227–1235. (doi:10.1016/j.str.2015.05.001)

105. Pippucci T et al. 2015 Homozygous NOTCH 3 null
mutation and impaired NOTCH 3 signaling in
recessive early-onset arteriopathy and cavitating

http://dx.doi.org/10.1111/j.1440-1789.2011.01290.x
http://dx.doi.org/10.1111/j.1440-1789.2011.01290.x
http://dx.doi.org/10.1242/dev.096107
http://dx.doi.org/10.1161/CIRCRESAHA.110.218271
http://dx.doi.org/10.1101/gad.308904
http://dx.doi.org/10.1101/gad.308904
http://dx.doi.org/10.1161/CIRCRESAHA.107.167965
http://dx.doi.org/10.1161/CIRCRESAHA.107.167965
http://dx.doi.org/10.1242/dmm.046300
http://dx.doi.org/10.1161/CIRCULATIONAHA.120.053361
http://dx.doi.org/10.1161/CIRCULATIONAHA.120.053361
http://dx.doi.org/10.1007/s10456-018-9599-4
http://dx.doi.org/10.1007/s10456-018-9599-4
http://dx.doi.org/10.1007/s10456-020-09723-z
http://dx.doi.org/10.1007/s10456-020-09723-z
http://dx.doi.org/10.1016/j.immuni.2019.09.002
http://dx.doi.org/10.1038/ncomms12597
http://dx.doi.org/10.1038/ncomms12597
http://dx.doi.org/10.1038/nature13146
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.029733
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.029733
http://dx.doi.org/10.15252/emmm.201809271
http://dx.doi.org/10.1042/CS20190835
http://dx.doi.org/10.1042/CS20190835
http://dx.doi.org/10.1161/CIRCRESAHA.113.301272
http://dx.doi.org/10.1161/CIRCRESAHA.113.301272
http://dx.doi.org/10.1152/ajpcell.00198.2005
http://dx.doi.org/10.1152/ajpcell.00198.2005
http://dx.doi.org/10.1096/fj.04-1700fje
http://dx.doi.org/10.1074/jbc.M201409200
https://doi.org/10.1074/jbc.M706651200
https://doi.org/10.1074/jbc.M706651200
http://dx.doi.org/10.1074/jbc.M413316200
http://dx.doi.org/10.1161/HYPERTENSIONAHA.116.07694
http://dx.doi.org/10.1161/ATVBAHA.108.171751
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.170746
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.170746
http://dx.doi.org/10.1186/s40478-019-0844-x
http://dx.doi.org/10.1186/s40478-019-0844-x
http://dx.doi.org/10.1038/383707a0
http://dx.doi.org/10.1038/383707a0
http://dx.doi.org/10.1016/0925-4773(94)90081-7
http://dx.doi.org/10.1161/STROKEAHA.118.021560
http://dx.doi.org/10.1161/STROKEAHA.118.021560
http://dx.doi.org/10.1002/acn3.344
https://doi.org/10.1093/hmg/ddp468
https://doi.org/10.1093/hmg/ddp468
http://dx.doi.org/10.2119/2006&ndash;00069.Ihalainen
http://dx.doi.org/10.2119/2006&ndash;00069.Ihalainen
http://dx.doi.org/10.1172/jci.insight.131344
http://dx.doi.org/10.1084/jem.20161715
http://dx.doi.org/10.1038/srep16449
http://dx.doi.org/10.1038/srep16449
http://dx.doi.org/10.1007/s10048-019-00592-3
http://dx.doi.org/10.1016/j.stemcr.2019.10.004
http://dx.doi.org/10.1016/j.stemcr.2019.10.004
http://dx.doi.org/10.1002/humu.9527
http://dx.doi.org/10.1212/NXG.0000000000000584
http://dx.doi.org/10.1212/NXG.0000000000000584
http://dx.doi.org/10.1016/j.str.2015.05.001


royalsocietypublishing.org/journal/rsob
Open

Biol.12:220004

13
leukoencephalopathy. EMBO Mol. Med. 7, 848–858.
(doi:10.15252/emmm.201404399)

106. Greisenegger EK et al. 2021 A NOTCH3 homozygous
nonsense mutation in familial Sneddon syndrome
with pediatric stroke. J. Neurol. 268, 810–816.
(doi:10.1007/s00415-020-10081-5)

107. Li X et al. 2009 Notch3 signaling promotes the
development of pulmonary arterial hypertension.
Nat. Med. 15, 1289–1297. (doi:10.1038/nm.2021)

108. Wang Y et al. 2019 Notch3 signaling activation in
smooth muscle cells promotes extrauterine growth
restriction-induced pulmonary hypertension. Nutr.
Metab. Cardiovasc. Dis. 29, 639–651. (doi:10.1016/j.
numecd.2019.03.004)

109. Chen X, Zhou W, Hu Q, Huang L. 2019 Exploration
of the Notch3-HES5 signal pathway in
monocrotaline-induced pulmonary hypertension
using rat model. Congenit. Heart Dis. 14, 396–402.
(doi:10.1111/chd.12733)

110. Zhang Y et al. 2015 Inhibition of Notch3 prevents
monocrotaline-induced pulmonary arterial
hypertension. Exp. Lung Res. 41, 435–443. (doi:10.
3109/01902148.2015.1060545)

111. Xiao Y, Gong D, Wang W. 2013 Soluble jagged1
inhibits pulmonary hypertension by attenuating
notch signaling. Arterioscler. Thromb. Vasc. Biol. 33,
2733–2739. (doi:10.1161/ATVBAHA.113.302062)

112. Chida A et al. 2014 Mutations of notch3 in
childhood pulmonary arterial hypertension. Mol.
Genet. Genom. Med. 2, 229–239. (doi:10.1002/
mgg3.58)

113. Liu X et al. 2019 Identification of genetic factors
underlying persistent pulmonary hypertension of
newborns in a cohort of Chinese neonates. Respir.
Res. 20, 174. (doi:10.1186/s12931-019-1148-1)

114. Dabral S et al. 2016 Notch1 signalling regulates
endothelial proliferation and apoptosis in
pulmonary arterial hypertension. Eur. Respir. J. 48,
1137–1149. (doi:10.1183/13993003.00773-2015)

115. Miyagawa K et al. 2019 Smooth muscle contact
drives endothelial regeneration by BMPR2-Notch1-
mediated metabolic and epigenetic changes. Circ.
Res. 124, 211–224. (doi:10.1161/CIRCRESAHA.118.
313374)

116. Feng X, Krebs LT, Gridley T. 2010 Patent ductus
arteriosus in mice with smooth muscle-specific Jag1
deletion. Development (Cambridge, England) 137,
4191–4199. (doi:10.1242/dev.052043)

117. Baeten JT, Jackson AR, McHugh KM, Lilly B. 2015
Loss of Notch2 and Notch3 in vascular smooth
muscle causes patent ductus arteriosus. Genesis 53,
738–748. (doi:10.1002/dvg.22904)

118. Malashicheva A, Kostina A, Kostareva A, Irtyuga O,
Gordeev M, Uspensky V. 2020 Notch signaling in
the pathogenesis of thoracic aortic aneurysms: a
bridge between embryonic and adult states.
Biochim. Biophys. Acta - Mol. Basis Dis. 1866,
165631. (doi:10.1016/j.bbadis.2019.165631)

119. Zou S, Ren P, Nguyen M, Coselli JS, Shen YH,
LeMaire SA. 2012 Notch signaling in
descending thoracic aortic aneurysm and dissection.
PLoS ONE 7, e0052833. (doi:10.1371/journal.pone.
0052833)
120. Chiarini A et al. 2018 Studies on sporadic non-
syndromic thoracic aortic aneurysms: 1. Deregulation
of Jagged/Notch 1 homeostasis and selection of
synthetic/secretor phenotype smooth muscle cells.
Eur. J. Prev. Cardiol. 25, 42–50. (doi:10.1177/
2047487318759119)

121. Mosquera J-M et al. 2013 Novel MIR143-NOTCH
fusions in benign and malignant glomus tumors.
Genes Chromosomes Cancer 52, 1075–1087. (doi:10.
1002/gcc.22102)

122. Agaram NP, Zhang L, Jungbluth AA, Dickson BC,
Antonescu CR. 2020 A molecular reappraisal of
glomus tumors and related pericytic neoplasms
with emphasis on NOTCH-gene fusions. Am. J. Surg.
Pathol. 44, 1556–1562. (doi:10.1097/PAS.
0000000000001531)

123. Li S, Wang R, Wang Y, Li H, Zheng J, Duan R, Zhao
J. 2014 Receptors of the Notch signaling pathway
are associated with hemorrhage of brain
arteriovenous malformations. Mol. Med. Rep. 9,
2233–2238. (doi:10.3892/mmr.2014.2061)

124. Nadeem T, Bogue W, Bigit B, Cuervo H. 2020
Deficiency of Notch signaling in pericytes results in
arteriovenous malformations. JCI Insight 5, e125940.
(doi:10.1172/jci.insight.125940)

125. Delev D, Pavlova A, Grote A, Boström A, Höllig A,
Schramm J, Fimmers R, Oldenburg J, Simon M.
2017 NOTCH4 gene polymorphisms as potential risk
factors for brain arteriovenous malformation
development and hemorrhagic presentation.
J. Neurosurg. 126, 1552–1559. (doi:10.3171/2016.3.
JNS151731)

126. Stahl S et al. 2008 Novel CCM1, CCM2, and CCM3
mutations in patients with cerebral cavernous
malformations: in-frame deletion in CCM2 prevents
formation of a CCM1/CCM2/CCM3 protein complex.
Hum. Mutat. 29, 709–717. (doi:10.1002/humu.
20712)

127. Whitehead KJ, Plummer NW, Adams JA, Marchuk
DA, Li DY. 2004 Ccm1 is required for arterial
morphogenesis: implications for the etiology of
human cavernous malformations. Development 131,
1437–1448. (doi:10.1242/dev.01036)

128. Schulz GB, Wieland E, Wüstehube-Lausch J, Boulday
G, Moll I, Tournier-Lasserve E, Fischer A. 2015
Cerebral cavernous malformation-1 protein controls
DLL4-Notch3 signaling between the endothelium
and pericytes. Stroke 46, 1337–1343. (doi:10.1161/
STROKEAHA.114.007512)

129. Arreola A et al. 2018 Von Hippel-Lindau mutations
disrupt vascular patterning and maturation via
Notch. JCI Insight 3, e92193. (doi:10.1172/jci.
insight.92193)

130. Chen J, Li X, Ni R, Chen Q, Yang Q, He J, Luo L.
2021 Acute brain vascular regeneration occurs via
lymphatic transdifferentiation. Dev. Cell 56, 1–13.
(doi:10.1016/j.devcel.2021.09.005)

131. Oda T et al. 1997 Mutations in the human
Jagged1 gene are responsible for Alagille
syndrome. Nat. Genet. 16, 235–242. (doi:10.1038/
ng0797-235)

132. Li L et al. 1997 Alagille syndrome is caused by
mutations in human Jagged1, which encodes a
ligand for Notch1. Nat. Genet. 16, 243–251. (doi:10.
1038/ng0797-243)

133. Andersson ER et al. 2018 Mouse model of Alagille
syndrome and mechanisms of Jagged1 missense
mutations. Gastroenterology 154, 1080–1095.
(doi:10.1053/j.gastro.2017.11.002)

134. Lykavieris P, Crosnier C, Trichet C, Meunier-Rotival
M, Hadchouel M. 2003 Bleeding tendency in
children with Alagille syndrome. Pediatrics 111,
167–170. (doi:10.1542/peds.111.1.167)

135. Hassed SJ et al. 2012 RBPJ mutations identified in
two families affected by Adams-Oliver syndrome.
Am. J. Hum. Genet. 91, 391–395. (doi:10.1016/j.
ajhg.2012.07.005)

136. Southgate L et al. 2015 Haploinsufficiency of the
NOTCH1 receptor as a cause of Adams-Oliver
syndrome with variable cardiac anomalies. Circ.
Cardiovasc. Genet. 8, 572–581. (doi:10.1161/
CIRCGENETICS.115.001086)

137. Meester J et al. 2015 Heterozygous loss-of-function
mutations in DLL4 cause Adams-Oliver syndrome.
Am. J. Hum. Genet. 97, 475–482. (doi:10.1016/j.
ajhg.2015.07.015)

138. Cohen I et al. 2014 Autosomal recessive Adams-
Oliver syndrome caused by homozygous mutation in
EOGT, encoding an EGF domain-specific O-GlcNAc
transferase. Eur. J. Hum. Genet. 22, 374–378.
(doi:10.1038/ejhg.2013.159)

139. Alvarez-Vergara M et al. 2021 Non-productive
angiogenesis disassembles Aβ plaque-associated
blood vessels. Nat. Commun. 12, 3098. (doi:10.
1038/s41467-021-23337-z)

140. Andersson ER, Lendahl U. 2014 Therapeutic
modulation of Notch signalling–are we there yet?
Nat. Rev. Drug. Discov. 13, 357–378. (doi:10.1038/
nrd4252)

141. Majumder S, Crabtree JS, Golde TE, Minter LM,
Osborne BA, Miele L. 2021 Targeting Notch in
oncology: the path forward. Nat. Rev. Drug
Discov. 20, 125–144. (doi:10.1038/s41573-020-
00091-3)

142. Ran Y et al. 2017 γ-Secretase inhibitors in cancer
clinical trials are pharmacologically and functionally
distinct. EMBO Mol. Med. 9, 950–966. (doi:10.
15252/emmm.201607265)

143. Lehal R et al. 2020 Pharmacological disruption of
the Notch transcription factor complex. Proc. Natl
Acad. Sci USA 117, 16 292–16 301. (doi:10.1073/
pnas.1922606117)

144. Alvarez-Trotta A et al. 2021 Pharmacological
disruption of the notch1 transcriptional
complex inhibits tumor growth by
selectively targeting cancer stem cells. Cancer Res.
81, 3347–3357. (doi:10.1158/0008-5472.CAN-20-
3611)

145. Marchesini M et al. 2020 Blockade of oncogenic
NOTCH1 with the SERCA inhibitor CAD204520
in T cell acute lymphoblastic leukemia. Cell Chem.
Biol. 27, 678–697. (doi:10.1016/j.chembiol.
2020.04.002)

146. Wu Y et al. 2010 Therapeutic antibody targeting of
individual Notch receptors. Nature 464, 1052–1057.
(doi:10.1038/nature08878)

http://dx.doi.org/10.15252/emmm.201404399
http://dx.doi.org/10.1007/s00415-020-10081-5
http://dx.doi.org/10.1038/nm.2021
http://dx.doi.org/10.1016/j.numecd.2019.03.004
http://dx.doi.org/10.1016/j.numecd.2019.03.004
http://dx.doi.org/10.1111/chd.12733
http://dx.doi.org/10.3109/01902148.2015.1060545
http://dx.doi.org/10.3109/01902148.2015.1060545
http://dx.doi.org/10.1161/ATVBAHA.113.302062
http://dx.doi.org/10.1002/mgg3.58
http://dx.doi.org/10.1002/mgg3.58
http://dx.doi.org/10.1186/s12931-019-1148-1
http://dx.doi.org/10.1183/13993003.00773-2015
http://dx.doi.org/10.1161/CIRCRESAHA.118.313374
http://dx.doi.org/10.1161/CIRCRESAHA.118.313374
http://dx.doi.org/10.1242/dev.052043
http://dx.doi.org/10.1002/dvg.22904
http://dx.doi.org/10.1016/j.bbadis.2019.165631
http://dx.doi.org/10.1371/journal.pone.0052833
http://dx.doi.org/10.1371/journal.pone.0052833
http://dx.doi.org/10.1177/2047487318759119
http://dx.doi.org/10.1177/2047487318759119
http://dx.doi.org/10.1002/gcc.22102
http://dx.doi.org/10.1002/gcc.22102
https://doi.org/10.1097/PAS.0000000000001531
https://doi.org/10.1097/PAS.0000000000001531
http://dx.doi.org/10.3892/mmr.2014.2061
http://dx.doi.org/10.1172/jci.insight.125940
http://dx.doi.org/10.3171/2016.3.JNS151731
http://dx.doi.org/10.3171/2016.3.JNS151731
http://dx.doi.org/10.1002/humu.20712
http://dx.doi.org/10.1002/humu.20712
http://dx.doi.org/10.1242/dev.01036
http://dx.doi.org/10.1161/STROKEAHA.114.007512
http://dx.doi.org/10.1161/STROKEAHA.114.007512
http://dx.doi.org/10.1172/jci.insight.92193
http://dx.doi.org/10.1172/jci.insight.92193
http://dx.doi.org/10.1016/j.devcel.2021.09.005
http://dx.doi.org/10.1038/ng0797-235
http://dx.doi.org/10.1038/ng0797-235
http://dx.doi.org/10.1038/ng0797-243
http://dx.doi.org/10.1038/ng0797-243
http://dx.doi.org/10.1053/j.gastro.2017.11.002
http://dx.doi.org/10.1542/peds.111.1.167
http://dx.doi.org/10.1016/j.ajhg.2012.07.005
http://dx.doi.org/10.1016/j.ajhg.2012.07.005
http://dx.doi.org/10.1161/CIRCGENETICS.115.001086
http://dx.doi.org/10.1161/CIRCGENETICS.115.001086
http://dx.doi.org/10.1016/j.ajhg.2015.07.015
http://dx.doi.org/10.1016/j.ajhg.2015.07.015
http://dx.doi.org/10.1038/ejhg.2013.159
https://doi.org/10.1038/s41467-021-23337-z
https://doi.org/10.1038/s41467-021-23337-z
http://dx.doi.org/10.1038/nrd4252
http://dx.doi.org/10.1038/nrd4252
http://dx.doi.org/10.1038/s41573-020-00091-3
http://dx.doi.org/10.1038/s41573-020-00091-3
http://dx.doi.org/10.15252/emmm.201607265
http://dx.doi.org/10.15252/emmm.201607265
http://dx.doi.org/10.1073/pnas.1922606117
http://dx.doi.org/10.1073/pnas.1922606117
http://dx.doi.org/10.1158/0008-5472.CAN-20-3611
http://dx.doi.org/10.1158/0008-5472.CAN-20-3611
http://dx.doi.org/10.1016/j.chembiol.2020.04.002
http://dx.doi.org/10.1016/j.chembiol.2020.04.002
http://dx.doi.org/10.1038/nature08878


royalsocietypublishing.org/journal/rs

14
147. Aste-Amazaga M et al. 2010 Characterization of
notch1 antibodies that inhibit signaling of
both normal and mutated notch1 receptors.
PLoS ONE 5, e9094. (doi:10.1371/journal.pone.
0009094)

148. Ridgway J et al. 2006 Inhibition of Dll4 signalling
inhibits tumour growth by deregulating
angiogenesis. Nature 444, 1083–1087. (doi:10.1038/
nature05313)

149. Ghezali L, Capone C, Baron-Menguy C, Ratelade J,
Christensen S, Østergaard Pedersen L, Domenga-
Denier V, Pedersen JT, Joutel A. 2018 Notch3ECD
immunotherapy improves cerebrovascular responses
in CADASIL mice. Ann. Neurol. 84, 246–259.
(doi:10.1002/ana.25284)

150. Morsut L, Roybal KT, Gordley RM, Coyle SM,
Thomson M, Lim WA. 2016 Engineering customized
cell sensing and response behaviors using synthetic
Notch receptors. Cell 164, 780–791. (doi:10.1016/j.
cell.2016.01.012)

151. Wang Z et al. 2020 Using apelin-based synthetic
Notch receptors to detect angiogenesis and treat
solid tumors. Nat. Commun. 11, 2163. (doi:10.1038/
s41467-020-15729-4)
152. Vanlandewijck M et al. 2018 A molecular
atlas of cell types and zonation in the brain
vasculature. Nature 554, 475–480. (doi:10.1038/
nature25739)

153. Muhl L et al. 2020 Single-cell analysis uncovers
fibroblast heterogeneity and criteria for fibroblast
and mural cell identification and discrimination.
Nat. Commun. 11, 3953. (doi:10.1038/s41467-020-
17740-1)

154. Kalucka J et al. 2020 Single-cell transcriptome atlas
of murine endothelial cells. Cell 180, 764–779.
(doi:10.1016/j.cell.2020.01.015)
 o
b
Open
Biol.12:220004

http://dx.doi.org/10.1371/journal.pone.0009094
http://dx.doi.org/10.1371/journal.pone.0009094
http://dx.doi.org/10.1038/nature05313
http://dx.doi.org/10.1038/nature05313
http://dx.doi.org/10.1002/ana.25284
http://dx.doi.org/10.1016/j.cell.2016.01.012
http://dx.doi.org/10.1016/j.cell.2016.01.012
http://dx.doi.org/10.1038/s41467-020-15729-4
http://dx.doi.org/10.1038/s41467-020-15729-4
http://dx.doi.org/10.1038/nature25739
http://dx.doi.org/10.1038/nature25739
http://dx.doi.org/10.1038/s41467-020-17740-1
http://dx.doi.org/10.1038/s41467-020-17740-1
http://dx.doi.org/10.1016/j.cell.2020.01.015

	Notch signalling in healthy and diseased vasculature
	Introduction
	The Notch signalling pathway
	The vasculature
	Notch and vascular development
	Vasculogenesis
	Angiogenesis
	Mural cell differentiation

	Notch signalling is important for vascular homeostasis
	Notch and vascular disease
	Notch therapy considerations
	Conclusion and future directions
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


