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Notch signaling in the vasculature
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Abstract

Notch signaling is an evolutionarily-conserved, intercellular signaling mechanism that plays
myriad roles during vascular development and physiology in vertebrates. These roles include the
regulation of arteriovenous specification and differentiation in both endothelial cells and vascular
smooth muscle cells, regulation of blood vessel sprouting and branching during normal and
pathological angiogenesis, and the physiological responses of vascular smooth muscle cells.
Defects in Notch signaling also cause inherited vascular diseases, such as the degenerative
vascular disorder Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy (CADASIL). This review summarizes recent studies that highlight the
multiple roles the Notch signaling pathway plays during vascular development and physiology.

1. Introduction

The Notch signaling pathway plays myriad roles during vascular development and
physiology in vertebrates. This review will summarize recent work highlighting the multiple
roles the Notch pathway plays during vascular development, physiology and disease,
emphasizing its role in mammals. Additional views on the role of Notch signaling during
these processes can be found in a number of previously published reviews (Gridley, 2007;
Hofmann and Iruela-Arispe, 2007; Kume, 2009; Phng and Gerhardt, 2009; Roca and
Adams, 2007). Notch signaling also plays an important role in development of the vertebrate
heart, which is not addressed here. Details on the roles of Notch signaling in heart
development can be found in several recent reviews (High and Epstein, 2008; Nemir and
Pedrazzini, 2008; Niessen and Karsan, 2008).

Notch family receptors are large single-pass Type | transmembrane proteins (Figure 1). In
mammals, four Notch family receptors have been described: NOTCH1 through NOTCHA4.
The extracellular domain of Notch family proteins contains up to 36 tandemly-repeated
copies of an epidermal growth factor (EGF)-like motif. A Notch family receptor exists at the
cell surface as a proteolytically-cleaved heterodimer consisting of a large ectodomain and a
membrane-tethered intracellular domain. Notch receptors interact with ligands that are also
single-pass Type | transmembrane proteins. This restricts the Notch pathway to regulating
signaling interactions between physically adjacent cells (which has been termed juxtacrine
signaling). In mammals, the Notch ligands are encoded by the Jagged (JAGI and JAG2) and
Delta-like (DLL1, DLL3, and DLL4) gene families.

The signal induced by ligand binding is transmitted intracellularly by a process involving
proteolytic cleavage of the receptor and nuclear translocation of the intracellular domain of
the Notch family protein. The receptor/ligand interaction induces two additional proteolytic
cleavages in the membrane-tethered fragment of the Notch heterodimer. The final cleavage,
catalyzed by the y-secretase complex, frees the intracellular domain of the Notch receptor
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from the cell membrane. The cleaved fragment translocates to the nucleus due to the
presence of nuclear localization signals located in the Notch intracellular domain (NICD).
Once in the nucleus, NICD forms a complex with the RBPJ protein, a sequence-specific
DNA binding protein (also known in mammals as CSL and CBF1). In the absence of NICD,
the RBPJ protein binds to specific DNA sequences in the regulatory elements of various
target genes and represses transcription by recruiting histone deacetylases and other
components of a corepressor complex. Nuclear translocation of the Notch intracellular
domain displaces the histone deacetylase/corepressor complex from the RBPJ protein. The
NICD/RBPJ complex recruits other proteins, such as MAML1 and histone
acetyltransferases, leading to the transcriptional activation of Notch target genes. Among the
most commonly induced Notch target genes are basic helix-loop-helix (bHLH)
transcriptional repressors of the Hes/Hey family (Borggrefe and Oswald, 2009). For
additional details on the biochemistry of the Notch signaling pathway and references to the
primary literature, please refer to a number of excellent review articles (Bray, 2006;
Ehebauer et al., 2006a; Ehebauer et al., 2006b; Fortini, 2009; Ilagan and Kopan, 2007;
Kageyama et al., 2007; Kopan and llagan, 2009; Le Borgne, 2006).

2. Arteriovenous differentiation

2.1. Notch signaling is downstream of the Vegf pathway during vascular development

A role for the Notch pathway in regulating vascular development was demonstrated initially
from analysis of targeted mouse mutants in Notch pathway components. Mouse mutants for
which targeted mutagenesis and transgenic studies have demonstrated a role in embryonic
vascular development include the receptors Notchl (Huppert et al., 2000; Krebs et al., 2000;
Limbourg et al., 2005) and Notch4 (Carlson et al., 2005; Krebs et al., 2000; Uyttendaele et
al., 2001), the ligands Jagl (Xue et al., 1999) and DIl4 (Duarte et al., 2004; Gale et al., 2004;
Krebs et al., 2004), the Notch transcriptional regulator Rpbj (Krebs et al., 2004), the E3
ubiquitin ligase Mib1 (Barsi et al., 2005; Koo et al., 2005), components of the y-secretase
complex such as nicastrin (Li et al., 2003) and presenilin 1 and 2 (Herreman et al., 1999),
and the Notch pathway downstream effector bHLH proteins Heyl1 and Hey?2 (Fischer et al.,
2004; Kokubo et al., 2005). Most of these mutants exhibit a similar phenotype characterized
by the absence of angiogenic vascular remodeling in the extraembryonic yolk sac, placenta,
and embryo proper.

However, analysis of zebrafish embryos with reduced Notch signaling gave the first clues
that a primary function of the Notch pathway during vascular development was to regulate
the specification of arterial fate in endothelial cells. It had long been believed that the
primary factor regulating differentiation of arteries and veins was blood flow. Endothelial
cells lining arteries experience higher blood pressures, higher rates of hemodynamic flow,
and higher oxygen tensions than endothelial cells lining veins. However, it has recently
become clear that genetic prepatterning, mediated in large part by the Notch pathway, plays
a primary role in regulating arteriovenous differentiation. The role of the Notch pathway in
regulating early embryonic vascular development is intertwined with that of another major
regulator of vascular development and physiology, the vascular endothelial growth factor-A
(VEGF-A) pathway (Figure 2). VEGF-A is a secreted glycoprotein that is a potent inducer
of angiogenesis, that also regulates multiple other aspects of blood vessel homeostasis
(Byrne et al., 2005; Coultas et al., 2005; Shibuya and Claesson-Welsh, 2006). The roles and
interdependence of the Notch and VEGF-A pathways in regulating formation of the large
axial blood vessels of the trunk, the dorsal aorta and the posterior cardinal vein, was studied
first in zebrafish (Lawson et al., 2001; Lawson et al., 2002). Notch signaling-deficient
embryos exhibited a poorly formed dorsal aorta and posterior cardinal vein with
accompanying arteriovenous malformations (the fusion of arteries and veins without an
intervening capillary bed). These embryos exhibited loss of expression of arterial markers
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such as ephrinB2 from arterial vessels with an accompanying expansion of venous markers
into normally arterial domains. Embryos in which Notch signaling had been ectopically
activated exhibited the reverse phenotype: suppression of vein-specific markers with ectopic
expression of arterial markers in venous vessels (Lawson et al., 2001). A similar phenotype
was observed in embryos mutant for some Notch target genes, such as the bHLH
transcriptional repressor Hey2 (referred to in zebrafish as the gridlock gene) (Zhong et al.,
2001; Zhong et al., 2000).

This analysis of formation of the major trunk vessels of the zebrafish embryo revealed a
signaling cascade responsible for determining arterial and venous cell fates in these vessels
(Lawson et al., 2002). Reduction of Vegfactivity resulted in loss of expression of arterial
markers from the dorsal aorta and ectopic arterial expression of vein markers. Injection of
VegfmRNA induced ectopic expression of the arterial marker ep/rinB2in the posterior
cardinal vein. Vegfexpression was regulated by expression of the secreted morphogen Sonic
hedgehog (Sh#) along the axial midline. Similar to what was observed in Vegf-deficient
embryos, Shhmutant zebrafish embryos also exhibited loss of arterial differentiation, while
injection of SAh mMRNA caused ectopic expression of arterial markers. Sh/h acted upstream
of Vegf, since injection of VegfmRNA into the Sh/ mutant embryos rescued arterial
differentiation. This work also demonstrated that the Notch pathway acted downstream of
the Vegf pathway. While injection of VegfmRNA into Notch signaling-deficient zebrafish
embryos could not rescue arterial marker gene expression, expression of an activated Nofchl
transgene in Vegf-deficient embryos could rescue expression of arterial markers (Lawson et
al., 2002). A new study has demonstrated by high resolution in vivo imaging analysis that
formation of the major trunk vessels of the zebrafish embryo takes place by a novel
mechanism (Herbert et al., 2009). Angioblasts coalesced along the embryonic midline to
form a single vascular cord in the position of the future dorsal aorta, which then lumenized.
A subset of angioblasts then sprouted ventrally from this progenitor vessel to form the
cardinal vein. Sprouting behaviors were regulated in the embryos by coordinated Vegf,
Notch and ephrinB2-EphB4 signaling.

Studies in mammalian cells in culture have also placed the Notch pathway downstream of
the Vegf pathway. VEGF-A administration induced expression of mMRNA for the Notchl
receptor and the DII4 ligand in human arterial endothelial cells, but not in venous endothelial
cells (Liu et al., 2003). Targeted mutagenesis studies have demonstrated that VEGF-A is
essential for vascular development in mice. Embryos heterozygous for a Vegfatargeted
mutation exhibited lethal haploinsufficiency (Carmeliet et al., 1996; Ferrara et al., 1996).
Blood vessels formed in these embryos, but were severely constricted or atretic. It is not
known whether artery-vein differentiation is affected in Vegfa+/-embryos. However, gain
of function transgenic experiments have demonstrated a role for Vegfain regulating arterial
endothelial cell differentiation in mice. Alternative splicing of the Vegfa gene results in
production of several different protein isoforms (VEGF-A 120, VEGF-A 164 and VEGF-A
188). Genetically-engineered mice expressing only the VEGF-A 164 isoform exhibited
normal retinal vascular development. However, mice expressing only VEGF-A 120
exhibited severe defects in vascular outgrowth, while mice expressing only VEGF-A 188
exhibited impaired retinal arterial development, but normal venous development (Stalmans
et al., 2002). Overexpression of the VEGF-A 164 isoform in cardiac muscle increased the
number of ephrinB2-positive capillaries in the heart while reducing the number of EphB4-
positive venules (Visconti et al., 2002). VEGF-A could induce ep/rinB2 expression in
mouse primary embryonic endothelial cells, and VEGF-A derived from sensory neurons,
motor neurons and Schwann cells was required for arterial differentiation of small diameter
nerve-associated vessels in mice (Mukouyama et al., 2005; Mukouyama et al., 2002).
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2.2.DLLA4 is a key regulator of early embryonic vascular development

In mice, DLL4 is the key Notch ligand required for vascular development. Similarly to
Vegrfa+/-heterozygous embryos, D//4+/- heterozygous embryos exhibited embryonic lethal
haploinsufficiency due to vascular defects on inbred genetic backgrounds (Duarte et al.,
2004; Gale et al., 2004; Krebs et al., 2004). However, some D//4+/—mice were viable on an
outbred background, permitting the examination of D//4-/ - embryos. The phenotype of the
DIl4—/ —homozygotes was similar, although more severe, than that of the D//4+/-
heterozygous embryos (Duarte et al., 2004; Gale et al., 2004). Similar to what was observed
in Notch signaling-deficient zebrafish embryos, both D//4-deficient embryos and other types
of Notch signaling-deficient mouse embryos such as Rbpj mutant and HeyZ/Hey2 double
mutant embryos did not express arterial markers (Duarte et al., 2004; Fischer et al., 2004;
Gale et al., 2004; Kokubo et al., 2005; Krebs et al., 2004). Supporting a direct role for Notch
signaling in regulating expression of important arterially-expressed genes, DIl4-mediated
Notch signaling induced ep/irinB2 expression in cultured endothelial cells (Iso et al., 2006),
and the ephrinB2 gene was demonstrated to be a direct Notch target (Grego-Bessa et al.,
2007).

Little is known of the transcriptional regulation of genes that exhibit arterially-restricted
expression in early embryos. The winged helix/forkhead (Fox) proteins are a large family of
evolutionarily conserved transcription factors (Kaestner et al., 2000). Mouse embryos with
compound mutations of the FoxcI and Foxc2 genes, two related Fox family transcription
factors, exhibited defects in vascular remodeling in the yolk sac and embryo (Kume et al.,
2001), accompanied by reduced or absent expression of arterial markers and arteriovenous
malformations (Hayashi and Kume, 2008; Seo et al., 2006). The mechanism for this failure
of arterial specification was likely through disrupted regulation of D//4 transcription (Figure
2). The Foxcl and Foxc2 proteins directly activate D//4 transcription through a Foxc-
binding element in the upstream region of the D//4 gene (Hayashi and Kume, 2008; Seo et
al., 2006). The Foxcl and Foxc2 proteins also bind directly to two Foxc-binding elements to
activate transcription of the Notch target gene Hey2, and the Foxc2 protein can form a
complex with the RBPJ and NICD proteins (Hayashi and Kume, 2008). In bovine aortic
endothelial cells, VEGF-A treatment augmented Foxc-induced activity D//4and Hey?2
luciferase reporter constructs. These results demonstrate that the Foxc proteins are key
transcriptional regulators that act upstream of the Notch pathway during arteriovenous
differentiation (Hayashi and Kume, 2008; Seo et al., 2006).

2.3.DLL1 is required for both fetal and postnatal arterial development

During embryogenesis in mice, D//1 expression in the vasculature is detected at
approximately 13 days of gestation in arterial, but not venous, endothelial cells (Sorensen et
al., 2009). In DI//1 loss of function mutant embryos (D//1 hypomorphs, or embryos with
endothelial cell-specific D//Z gene deletion), generation of the Notch1 intracellular domain
and expression of arterial markers such as neuropilinl, VEGF receptor 2, and ephrinB2 were
lost, despite the fact that DLL4 and JAG1 continued to be expressed in the arterial
endothelium. These results established DLL1 as a critical Notch ligand required for
maintaining arterial identity of endothelial cells during mouse fetal development, and
suggested context-dependent cross-regulation of the VEGF-A and Notch signaling pathways
(Sorensen et al., 2009).

DII1 function also is required for arteriogenesis postnatally. Arterial growth is required for
restoration of blood flow following ischemia. During neovascularization induced by a
mouse hindlimb ischemia model, DLL1 expression was strongly induced in arterial
endothelial cells, and neovascularization was impaired in D//1+/-heterozygous mutant mice
(Limbourg et al., 2007). Blood flow recovery and postnatal neovascularization in response
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to hindlimb ischemia also were impaired in NMotch1+/-heterozygous mice, and in mice
heterozygous for an endothelial cell-specific deletion of the NMofch1 gene (Takeshita et al.,
2007). However, postnatal arteriogenesis and recovery from hindlimb ischemia were normal
in Notch4-/—mice, indicating that expression of the NOTCH1 protein in endothelial cells
was critical for these processes (Takeshita et al., 2007).

2.4. Formation of arteriovenous malformations in Notch pathway mutants

Avrteries normally connect to veins only through an intervening capillary bed. An aberrant
direct communication between an artery and vein is termed an arteriovenous malformation.
One model for the formation of arteriovenous malformations is an inability to establish or
maintain distinct arterial and venous vascular beds. Both zebrafish (Lawson et al., 2001) and
mouse (Duarte et al., 2004; Gale et al., 2004; Krebs et al., 2004) embryos deficient in Notch
signaling formed arteriovenous malformations. Notch pathway gain of function mutations
can also cause formation of arteriovenous malformations. Ectopic Nofch4 (Uyttendaele et
al., 2001; Carlson et al., 2005; Kim et al., 2008) or Notchl (Krebs et al., 2010) activation in
endothelial cells, as well as conditional D//4 overexpression (Trindade et al., 2008) all
resulted in formation of arteriovenous malformations and embryonic vascular remodeling
defects. Arteriovenous malformations that formed in Notch pathway gain of function
mutants were distinct from those exhibited by Notch pathway loss of function mutants
(Krebs et al., 2010). Formation of arteriovenous malformations in both Notch pathway gain
and loss of function mutants is likely due to an inability of the vascular beds to maintain
distinct arterial and venous identities in these mutants.

EphrinB2 and EphB4 loss of function mutants also formed arteriovenous malformations
(Kim et al., 2008; Krebs et al., 2010). EphrinB2is a direct Notch target gene whose
expression is induced by Notch signal reception (Grego-Bessa et al., 2007). Surprisingly,
arteriovenous malformations in the ephrinB2 and EphB4 loss of function mutants
phenocopied the arteriovenous malformations present in embryos with conditional Notchi
activation in endothelial cells, rather than the arteriovenous malformations exhibited by
Notch pathway loss of function mutants. This result is contrary to the phenotype expected if
the ephrinB2/EphB4 pathway was simply acting downstream of the Notch pathway, and
suggests independent mechanisms for formation of arteriovenous malformations in Notch
pathway gain of function mutant embryos and in epfrinB2 and EphB4 loss of function
mutant embryos. This idea is supported by the finding that ep/irinB2and EphB4 loss of
function mutant embryos contain venous endothelial cells mislocalized to the aorta, whereas
the aortas of embryos with Notch4 gain of function mutations do not contain these venous
endothelial cells (Kim et al., 2008). These data suggest that ephrinB2/EphB4 signaling
functions distinctly from Notch signaling, by sorting arterial and venous endothelial cells
into their respective vessels.

Inducible expression of an activated Aotch4 transgene in adult mice resulted in vessel
arterialization, such as induction of venous expression of ephrinB2, and caused
arteriovenous malformations in several organs, including liver, uterus and skin (Carlson et
al., 2005). Surprisingly, these malformations were reversible if activated NMofch4 transgene
expression was repressed. These studies demonstrate that the ability of Notch signaling to
arterialize blood vessels is not confined to the embryonic period. This inducible Notch4
transgenic line has been utilized to model arteriovenous shunts and malformations in the
lung (Miniati et al., 2010) and brain (Murphy et al., 2008). These mouse models have direct
clinical relevance, as recent studies have established that NOTCH1 signaling is activated in
brain arteriovenous malformations in humans (Murphy et al., 2009; ZhuGe et al., 2009).
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2.5. Arterial specification of vascular smooth muscle cells

In addition to regulating arterial specification of endothelial cells, Notch signaling also
regulates arterial specification of vascular smooth muscle cells. The Notch3gene is
expressed in vascular smooth muscle cells of arteries, but not veins. Notch3-/—mice
exhibited marked arterial defects, including enlarged arteries with a thinner vascular smooth
muscle cell coat than wildtype arteries (Domenga et al., 2004). These defects arose
postnatally as a consequence of defects in arterial vessel maturation. Morphologically,
vascular smooth muscle cells in arteries of Notch3-/—mice resembled the vascular smooth
muscle cells surrounding veins in wildtype mice. Only a few markers are expressed
predominantly in arterial vascular smooth muscle cells, rather than venous cells. These
include smoothelin (van der Loop et al., 1997) and a transgenic line expressing the p—
galactosidase protein from arterial-specific regulatory elements of the SM22a. promoter
(Moessler et al., 1996). Expression of both these markers was markedly downregulated in
arteries of Mofch3-/ - mice. Combined with the morphological data, this indicates that
vascular smooth muscle cells surrounding arteries in Mofch3-/—mice have acquired a
venous fate. Notably, arteries in NMofch3—/ —mice, which did not express arterial markers for
vascular smooth muscle cells, exhibited normal expression of several endothelial cell arterial
markers (Domenga et al., 2004). These results demonstrate that arterial identity of
endothelial cells and the vascular smooth muscle cells surrounding them is specified
independently.

3. Endothelial tip cell differentiation

3.1. Notch signaling is a key regulator of endothelial tip cell formation and function

During angiogenesis, new capillaries sprout from previously existing blood vessels. Tip cells
are specialized endothelial cells situated at the tips of vascular sprouts (Figure 3). These
cells extend filopodia that sense the local extracellular environment and guide growth of
these sprouts along VEGF-A gradients (Gerhardt et al., 2003; Gerhardt et al., 2004). The
Notch pathway has a primary role in regulating formation and function of endothelial tip
cells. Such a role was initially described by Hughes and colleagues (Sainson et al., 2005). In
an in vitro angiogenesis culture system utilizing human umbilical vein endothelial cells
(HUVECS), Notch signaling suppressed branching at the tip of developing angiogenic
sprouts. Suppression of Notch signaling led to tip cell division, with both daughter cells
being specified as tip cells. This led to increased branching through vessel bifurcation.

More recent work has confirmed and extended our understanding of the role that Notch
signaling plays in tip cell formation. DIl4/Notch signaling regulates tip cell numbers,
filopodia extension and branching of angiogenic sprouts in several model systems in
addition to HUVECs: the mouse retina and hindbrain (Hellstrom et al., 2007; Lobov et al.,
2007; Ridgway et al., 2006; Suchting et al., 2007), the zebrafish embryo (Leslie et al., 2007;
Siekmann and Lawson, 2007), and xenograft tumor models (Noguera-Troise et al., 2006;
Ridgway et al., 2006; Scehnet et al., 2007). In all of these studies, Notch signal inhibition
led to increased sprouting and branching of blood vessels. The Notch pathway regulates
sprouting and branching behaviors by influencing the differentiation, migration and
proliferation of vascular tip cells. The Notch ligand DLL4 is most highly expressed in
endothelial tip cells, where it signals to adjacent Notch receptor-expressing endothelial cells,
causing them to adopt the stalk cell fate. Reduced Notch signaling leads to increases in tip
cell numbers, filopodia extension and vessel branching. Suppression of tip cell formation
and angiogenic sprouting by Notch signaling was downstream of the VEGF-A signal, since
pharmacological or genetic manipulations that blocked VEGF-A function reduced both DIl4
expression and blood vessel sprouting.
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Several studies have assessed the effects of modulating Notch signaling on differentiation of
the postnatal retinal vasculature in mice (Hellstrom et al., 2007; Lobov et al., 2007; Ridgway
et al., 2006; Suchting et al., 2007). The mouse retina possesses distinct advantages for
analysis of developmental angiogenesis (Dorrell and Friedlander, 2006; Gariano and
Gardner, 2005; Uemura et al., 2006). Development of the vascular system of the mouse
retina occurs postnatally in a highly reproducible spatial and temporal pattern. The retinal
vascular system emerges first in the region of the optic nerve head, then grows radially
towards the periphery. The primitive vascular plexus that forms initially is remodeled into
large and small arterial and venous vessels. During these stages, the retinal vasculature is
accessible both for observation and for experimental administration of exogenous agents.

The D//4 gene is highly expressed in the developing retinal vasculature. Reduced DLL4/
Notch signaling leads to striking defects in the early postnatal retinal vasculature. The
observed defects are concordant whether DLL4/Notch signaling is reduced genetically, by
assessing D//4+/- heterozygous mice (Hellstrom et al., 2007; Lobov et al., 2007; Suchting et
al., 2007) or mice with temporally-regulated Nofch1 deletion in the retinal vasculature
(Hellstrom et al., 2007), or by administering anti-DLL4 blocking reagents (Lobov et al.,
2007; Ridgway et al., 2006) or y-secretase inhibitors (Hellstrom et al., 2007; Suchting et al.,
2007). The retinal vasculature in these mice exhibited severe patterning defects. The
vascular plexus had increased capillary density and diameter, with increased filopodial
extensions both at the growing vascular front, and in the interior of the plexus. Portions of
the vascular plexus fused to form syncytial sinuses. Markers specific for tip cells, such as
pdgfb and unc5b, were also upregulated in mice with reduced DLL4/Notch signaling. These
data indicate that DLL4/Notch signaling restricts acquisition of endothelial tip cell fate in
angiogenic sprouts, causing adjacent Notch receptor-expressing endothelial cells to acquire
the stalk cell fate.

Mathematical and computational modeling of angiogenesis has a long history, and many
types of computational approaches have been utilized to model different aspects of
angiogenesis (Peirce, 2008). Recently, agent-based modeling of angiogenesis has been
utilized to more accurately model endothelial tip cell selection and capillary sprouting, and
the roles of VEGF-A and DLL4/Notch signaling in these processes (Bentley et al., 2008;
Bentley et al., 2009; Qutub and Popel, 2009). Agent-based modeling, utilized initially in
fields such as ecology and the social sciences, has been employed to study a variety of
multicellular morphogenic processes occurring during embryonic development (Thorne et
al., 2007). The new models (Bentley et al., 2008; Bentley et al., 2009; Qutub and Popel,
2009) specifically incorporate features such as VEGF-A concentration gradients and DLL4/
Notch signaling during endothelial tip cell selection, and are leading to novel insights
amenable to experimental verification.

3.2. Antagonistic roles of the Notch ligands DLL4 and JAG1 during tip cell formation and

function

Recent studies of the postnatal retinal vasculature have demonstrated that the Notch ligands
DLL4 and JAGL play antagonistic roles during tip cell selection and sprouting angiogenesis
(Benedito et al., 2009). Contrary to the phenotypes observed by modulation of DLL4-
mediated Notch signaling, JAGL1 loss of function mutants in the retina reduced sprouting
angiogenesis, while JAG1 overexpression enhanced angiogenesis and resulted in increased
number of tip cells. JAG1 expression therefore acted as a proangiogenic signal during
postnatal retinal angiogenesis. JAG1 expression antagonized DLL4-mediated Notch
signaling, and required expression of Fringe family glycosyltransferases to do so.
Glycosylation of Notch family receptors by the three mammalian Fringe proteins (Lfng,
Lunatic fringe; Mfng, Manic fringe; Rfng, Radical fringe) potentiates Notch signal
transmission by DLL family ligands, but suppresses signaling by JAG family ligands
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(Figure 3). During retinal angiogenesis, Fringe-mediated glycosylation of Notch receptors
enhanced DLL4-Notch signaling, while simultaneously diminishing JAG1 signaling ability
(Benedito et al., 2009). This work demonstrated that the equilibrium between two Notch
ligands with distinct spatial expression patterns and opposing functional roles regulates
postnatal angiogenesis in the retina.

3.3. Tip cell function in zebrafish

Additional insights into endothelial tip cell formation, migration and behavior have been
obtained from analysis of zebrafish embryos (Leslie et al., 2007; Siekmann and Lawson,
2007). The optical clarity of these embryos and the availability of transgenic lines
expressing fluorescent proteins in endothelial cells makes this model system ideal for high
resolution fluorescent microscopy, including time-lapse confocal microscopy on living
embryos. Mosaic analysis revealed that transplanted cells lacking Rbpj did not contribute to
the dorsal aorta, but were preferentially located in the posterior cardinal vein or the most
dorsal position of the segmental arteries. Conversely, transplanted cells expressing activated
Notchl preferentially located in the dorsal aorta or the base of developing sprouts
(Siekmann and Lawson, 2007). These results indicate that Notch signaling is required cell-
autonomously for determination of endothelial cell fate in segmental artery sprouts.
Utilization of time-lapse confocal microscopy on living embryos revealed that in both D//4
morphant and Rbpj morphant embryos, segmental artery sprouts contained more cells than
controls. These additional cells were incorporated via both increased migration of
endothelial cells into the initial sprout, and by proliferation of normally quiescent stalk cells.
Interestingly, vascular defects in Rbpj morphant embryos were more severe than those in
DIl4 morphant embryos, suggesting that additional Notch ligands play important roles
during early vascular development (Leslie et al., 2007; Siekmann and Lawson, 2007).
Blocking Vegf signaling with a small molecule inhibitor blocked both normal endothelial
sprouting, as well as the ectopic sprouting observed in D//4 morphant embryos (Leslie et al.,
2007). In addition, reducing levels of VVegf receptor 3 in Rbpj morphant embryos partially
rescued the Rbpyknockdown phenotype, suggesting that Notch activation might normally
repress Vegf receptor 3 to limit angiogenic cell behavior in developing segmental artery
sprouts (Siekmann and Lawson, 2007). Taken together, the studies in both the mouse retina
and the zebrafish embryo indicate that Notch signaling acts as a negative regulator of
VEGF-A induced angiogenesis, and is essential for proper vascular morphogenesis.

4. Tumor angiogenesis

4.1. Use of DLL4 blocking reagents to disrupt tumor angiogenesis

The maintenance, growth and metastasis of solid tumors require the recruitment of host
blood vessels into the tumor. Many solid tumors express VEGF-A, and therapies utilizing
anti-VEGF-A antibodies or other blocking reagents are effective in inhibiting solid tumor
growth in preclinical rodent models (Ferrara and Kerbel, 2005; Jain et al., 2006). Given the
prominent role of the Notch pathway in regulating vascular development, components of the
Notch pathway may provide novel drug targets during tumor angiogenesis (Dufraine et al.,
2008; Li and Harris, 2009). The Notch ligand DLL4 is expressed at high levels in tumor
vasculature (Gale et al., 2004; Hainaud et al., 2006; Mailhos et al., 2001; Patel et al., 2005),
and recent studies have identified the DLL4 protein as a potential drug target (Noguera-
Troise et al., 2006; Ridgway et al., 2006; Scehnet et al., 2007). Systemic administration of
neutralizing anti-DLL4 antibodies (Noguera-Troise et al., 2006; Ridgway et al., 2006), and
systemic (Noguera-Troise et al., 2006) or localized (Scehnet et al., 2007) administration of
recombinant forms of the DLL4 protein that had been modified to block DLL4/Notch
signaling, inhibited growth of several different solid tumors in mice. Similar to the findings
in zebrafish embryos and mouse retinas, anti-DLL4 treatment (also termed DLL4 blockade)
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increased blood vessel sprouting and branching, and led to a marked increase in tumor blood
vessel density in the treated tumors. Paradoxically, tumor growth was inhibited despite the
increased blood vessel density. Testing of the vascular network in the anti-DLL4-treated
tumors by perfusion assays with fluorescent lectins or assessment of hypoxic regions in the
tumors revealed that the newly-induced vessels functioned inefficiently. Many of these
vessels were not connected to the vascular network in the tumors, leading to poor perfusion,
increased hypoxia and an overall inhibition of tumor growth. This mechanism of inhibition
of tumor growth has been termed nonproductive angiogenesis (Dufraine et al., 2008;
Sainson and Harris, 2007; Thurston et al., 2007; Yan and Plowman, 2007). One
complication of anti-VEGF-A therapies is acquired resistance of tumors that initially
respond to the anti-VEGF-A treatments (Azam et al., 2010). Importantly, anti-DLL4
therapies were effective against tumors that were resistant to anti-VEGF-A treatments, and
could provide synergistic effects against certain tumors when combined with anti-VEGF-A
therapies (Noguera-Troise et al., 2006; Ridgway et al., 2006).

An important new study has dissected mechanisms involved in inhibition of tumor growth
by DLL4 blockade in xenograft mouse models (Hoey et al., 2009). Specific and selective
anti-human DLL4 and anti-mouse DLL4 antibodies were generated, enabling the selective
targeting of DLL4 expression in the tumor, in the host vasculature and stromal cells, or both.
These studies demonstrated that blocking DLL4 signaling inhibited tumor growth through
multiple mechanisms. Administration of anti-mouse DLL4 antibodies inhibited tumor
growth in a similar fashion to the studies described above (through nonproductive
angiogenesis resulting in increased density of poorly-perfusing vessels). However,
administration of anti-human DLL4 antibodies also inhibited tumor growth, but by different
mechanisms. Anti-human DLL4 administration inhibited tumor growth and the expression
of Notch pathway target genes, and reduced proliferation of tumor cells. Significantly, anti-
human DLL4 administration reduced the frequency of tumor-initiating cancer stem cells.
Combined anti-human and anti-mouse DLL4 antibody treatment had an additive effect on
inhibiting tumor growth, as did combined treatment with the chemotherapeutic agent
irinotecan (Hoey et al., 2009).

4.2. Safety concerns regarding anti-DLL4 therapies

While the studies described above are quite promising, a number of issues remain before
anti-DLL4 therapies reach the clinic. For example, despite the efficacy of anti-VEGF-A
therapies in treatment of xenograft tumor models in rodents, in clinical trials anti-VEGF-A
antibody treatment of several types of cancer only provided an overall survival benefit for
patients when it was combined with conventional chemotherapy treatment (Ferrara and
Kerbel, 2005; Jain et al., 2006). Similar issues may arise as anti-DLL4 treatments progress
from preclinical models into clinical trials. Phase one clinical trials of the use of two
different anti-DLL4 human monoclonal antibodies in treatment of solid tumors are currently
in progress (A multiple-ascending-dose study of the safety and tolerability of REGN421 in
patients with advanced solid malignancies, http://clinicaltrials.gov/ct2/show/NCT00871559;
A Phase 1 dose escalation study of OMP-21M18 in subjects with solid tumors, http://
clinicaltrials.gov/ct2/show/NCT00744562).

A potentially much more serious problem was revealed in a recent study that demonstrated
chronic DLL4 blockade caused pathological activation of endothelial cells, resulted in
histopathological changes in several organs, and induced the formation of vascular
neoplasms (Yan et al., 2010). Affected organs included liver and thymus, and deleterious
effects of chronic DLL4 blockade were observed in mouse, rat and cynomolgus monkey
models. Chronic DLL4 blockade in male rats resulted in a dose-dependent increase in
ulcerating subcutaneous tumors that exhibited histopathological features characteristic of
vascular neoplasms, although the tumors did not appear to be malignant. These studies raise
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concerns about the safety of chronic DLL4 blockade, and suggest that refined strategies and
treatment regimens may be required to safely utilize anti-DLL4 reagents. Despite these
issues, anti-DLL4 treatments remain a novel therapeutic approach for cancer treatment and
retain much promise, particularly for treatment of tumors unresponsive to anti-VEGF-A
therapies.

5. Notch signaling and vascular smooth muscle cells

5.1 Notch signaling is a key regulator of vascular smooth muscle cell differentiation and
response to vascular injury

Notch signaling plays an important role in the differentiation, physiology and function of
vascular smooth muscle cells (Morrow et al., 2008). However, contradictory results suggest
that its role may be context, temporally, or cell line dependent. Several groups have
published studies indicating that Notch signaling represses smooth muscle cell
differentiation during in vitro culture (Doi et al., 2005; Morrow et al., 2005a; Proweller et
al., 2005), and that this repressive effect is likely mediated through induction of the Hey?2
protein (a demonstrated Notch target gene). More recent studies, however, have indicated
that Notch signaling induces smooth muscle cell differentiation (Doi et al., 2006; High et al.,
2007). Jagl-mediated Notch signaling promoted smooth muscle cell differentiation in both
human aortic smooth muscle cells and a murine embryonic fibroblast cell line (Doi et al.,
2006). Both smooth muscle myosin heavy chain (Doi et al., 2006) and smooth muscle a-
actin (Noseda et al., 2006; Tang et al., 2008) have been demonstrated to be direct Notch
target genes. In vivo studies in which Notch signaling was inactivated specifically in mouse
neural crest cells demonstrated that Notch signaling plays an essential role in differentiation
of cardiac neural crest cells into smooth muscle cells (High et al., 2007).

Analysis of an in vitro angiogenesis model involving coculture of human vascular
endothelial cells and mural cells (progenitors for vascular smooth muscle cells) revealed that
expression of the NOTCH3 gene was strongly induced in mural cells by coculture (Lilly and
Kennard, 2009; Liu et al., 2009). Knockdown by small interfering RNA revealed that
NOTCHS3 expression was required for endothelial-dependent mural cell differentiation,
whereas NOTCH3 overexpression promoted smooth muscle gene expression. NOTCH3
promoted its own expression, as well as that of the ligand JAG1 in mural cells. These
findings suggested that NOTCH3 has the capacity to establish and maintain a differentiated
phenotype in vascular mural cells through a positive-feedback loop that includes both
NOTCHS3 autoregulation and induction of JAGI expression (Liu et al., 2009). Such a model
is consistent with the finding that endothelial cell-specific JagI gene deletion in mice leads
to a deficiency of vascular smooth muscle cell recruitment and differentiation, causing
hemorrhages and early embryonic lethality (High et al., 2008).

Several studies have characterized expression of Notch pathway genes during the response
to vascular injury (Campos et al., 2002; Doi et al., 2005; Lindner et al., 2001; Wang et al.,
2002). After vascular injury such as carotid artery ligation, smooth muscle cells in the
vascular wall of the injured area proliferate and form a thickened layer of smooth muscle
cells termed the neointima. Expression of several Notch pathway components, including
Notchl, Notch3, Jagl, Jag2, Heyl and Hey2, is modulated after experimentally-induced
vascular injury. Expression of these genes is downregulated within the first two days
following vascular injury, but is upregulated compared to uninjured contralateral control
vessels by 7 to 14 days after injury. Supporting a functional role for the modulation of Notch
pathway components during the response to vascular injury, neointima formation after
vascular injury was significantly decreased in Hey2—/—mice (Sakata et al., 2004). Culture
of primary aortic vascular smooth muscle cells from Hey2-/ - mice revealed that the mutant
cells exhibited a reduced proliferation rate compared to wildtype cells. Overexpression of
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Heyl (Wang et al., 2003) or Hey2 (Havrda et al., 2006) in vascular smooth muscle cells led
to increased vascular smooth muscle cell proliferation associated with reduced levels of the
cyclin-dependent kinase inhibitors p21Wafl/cipl (Wang et al., 2003) or p27XiP! (Havrda et al.,
2006). The Hey? protein interacted directly with the p27KiP promoter to repress
transcription (Havrda et al., 2006). The Hey1 and Hey2 proteins suppress NICD/RBPJ
binding to the smooth muscle a-actin promoter, providing further evidence that temporally
regulated induction of Hey1/Hey?2 expression by Notch signaling may constitute a negative
feedback mechanism involved in the regulation of vascular smooth muscle cell
differentiation (Tang et al., 2008).

Neointima formation after carotid artery ligation also was decreased in heterozygous
Notch1+/-mice, as well as in mice heterozygous for a conditional deletion of the Notchl
gene in smooth muscle cells (Li et al., 2009). Smooth muscle cells explanted from the aortas
of these mice exhibited decreased migration and proliferation, and increased apoptosis
compared to control littermate mice. Surprisingly, neointima formation after carotid artery
ligation in Mofch3-/ - mice was unaffected. These data indicate that NMofchI function in
smooth muscle cells of the vascular wall, rather than Nofch3 function, mediates smooth
muscle cell proliferation and neointima formation subsequent to vascular injury.

5.2. Notch signaling and mechanical stress

Mechanical forces are one of a number of factors implicated in regulating vascular smooth
muscle cell differentiation and physiology. Adult vascular smooth muscle cells are not
terminally differentiated, and can exhibit substantial plasticity in their phenotype in response
to changes in the local environment (Owens et al., 2004). Exposure of primary human or rat
vascular smooth muscle cells to cyclic strain during in vitro culture led to significant
reductions in Notchl and Notch3 receptor expression, concomitant with an increase in
expression of vascular smooth muscle cell differentiation markers (Morrow et al., 2005a;
Morrow et al., 2005b). Strain-exposed vascular smooth muscle cells also exhibited reduced
proliferation and increased apoptosis. These changes could be reversed by overexpression of
the Notchl or Notch3 intracellular domains. These results indicate that cyclic strain inhibits
vascular smooth muscle cell growth while increasing apoptosis, and that these effects are
mediated at least in part by modulation of Notch signaling. Interestingly, cyclic strain led to
an upregulation of Notch receptor expression in endothelial cells (Morrow et al., 2007).
Cyclic strain also caused increased endothelial cell vascular network formation in Matrigel,
indicating that effects of mechanical forces on Notch signaling in the vasculature are not
restricted to vascular smooth muscle cells.

6. Medical consequences of aberrant NOCH3 signaling in vascular smooth
muscle cells: CADASIL

6.1 Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy (CADASIL)

Mutations in the NOTCH3 gene cause an inherited degenerative vascular disease that affects
vascular smooth muscle cells. CADASIL (Cerebral Autosomal Dominant Arteriopathy with
Subcortical Infarcts and Leukoencephalopathy) is the most common genetic form of stroke
and vascular dementia (Chabriat et al., 2009; Kalaria et al., 2004). Affected individuals
exhibit a variety of symptoms, including migraines, mood disorders, recurrent subcortical
ischemic strokes, progressive cognitive decline, dementia and premature death. CADASIL is
characterized by progressive degeneration of vascular smooth muscle cells with
accumulation of granular osmiophilic material (GOM) within the smooth muscle cell
basement membrane (Chabriat et al., 2009; Kalaria et al., 2004). GOM accumulation in
vascular smooth muscle cells is one of the hallmark features of this disease.
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CADASIL is caused by mutations in the NOTCH3gene (Joutel et al., 1996). All mutations
associated with CADASIL result in a gain or loss of a cysteine residue in one of the 34
EGF-like repeats in the extracellular domain of the NOTCH3 protein. The characteristic
nature of these mutations, in addition to the absence of any examples of obviously
inactivating mutations or deletions of the NOTCH3 gene of CADASIL patients, strongly
suggests that mutations causing CADASIL do not create NOTCH3null alleles. In
CADASIL patients, the ectodomain of the NOTCH3 protein accumulates in the cerebral
microvasculature (Joutel et al., 2000). The NOTCH3 ectodomain accumulates at the
cytoplasmic membrane of vascular smooth muscle cells, although it is controversial whether
the NOTCH3 ectodomain is a constituent of the GOM deposits (Ishiko et al., 2006; Joutel et
al., 2000).

6.2. Mouse models of CADASIL

Mice homozygous for a targeted null mutation of the AMotch3 gene are viable and fertile
(Krebs et al., 2003). Notch3-/—mice exhibited marked arterial defects, including enlarged
arteries with a thinner vascular smooth muscle cell coat than wildtype arteries (Domenga et
al., 2004) (Table 1). These defects arose postnatally as a consequence of defects in arterial
vessel maturation. However, Nofch3—/ - mice did not exhibit age-dependent accumulation
of the NOTCH3 ectodomain and GOM deposits in vascular smooth muscle cells, or any
CADASIL-related brain pathology. The Nofch3-/ - mice did, however, exhibit a reduction
in pressure-induced myogenic tone that was associated with a higher flow-mediated dilation
of tail and cerebral resistance arteries (Belin de Chantemele et al., 2008). Another group
analyzed an independently generated Noich3 gene trap null allele (Mitchell et al., 2001).
Mice homozygous for this Motch3 null allele exhibited enhanced susceptibility in a proximal
middle cerebral artery ischemia model (Arboleda-Velasquez et al., 2008). Nofch3-/ - mice
developed ischemic lesions approximately twice as large as those observed in heterozygous
or wildtype littermates, and developed a 60% larger area of severe cerebral blood flow
deficit than wildtype mice. The results of these studies indicate that while Motch3 null mice
exhibit altered vascular maturation and function in at least some arteries, they do not
develop CADASIL-related pathologies.

Several mouse models expressing NOTCHS3 proteins with CADASIL mutations have been
developed (Table 1). An Arg142Cys knock-in mutation was introduced into the endogenous
mouse Notch3gene (Lundkvist et al., 2005). These mice did not exhibit any CADASIL-like
morphological or behavioral phenotypes, even when homozygous for the Notch3
Arg142Cys mutant allele. Another model more successfully recapitulated the early,
preclinical phase of CADASIL. In this model, transgenic mice were generated that
expressed the human NOTCH3 cDNA containing a different CADASIL mutation, the
Arg90Cys mutation, in vascular smooth muscle cells (Ruchoux et al., 2003). These mice
demonstrated age-dependent accumulation of the NOTCH3 ectodomain and of GOM
deposits in vascular smooth muscle cells of both cerebral and peripheral arterioles.

However, despite GOM accumulation, these mice did not exhibit any evidence of damage to
the brain parenchyma. Physiological studies of these NOTCH3 Arg90Cys transgenic mice
revealed impaired cerebral vasoreactivity that suggested either decreased relaxation or
increased resistance of cerebral blood vessels (Lacombe et al., 2005), and increased
pressure-induced contraction and decreased flow-induced dilation of tail arteries (Dubroca et
al., 2005). Transgenic mice expressing either the wildtype NOTCH3 protein or the
NOTCH3 Arg90Cys mutation were equally effective in rescuing arterial defects of Notch3—/
—mice, and the mutant NOTCH3 Arg90Cys protein exhibited normal activity in regulating
in vivo expression of a Notch signaling reporter (Monet et al., 2007). These data suggested a
novel pathogenic role for the NOTCH3 Arg90Cys protein, rather than compromised
NOTCHS3 signaling activity, as the primary defect leading to the CADASIL phenotype.
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However, it was not clear whether all CADASIL mutations retained normal NOTCH3
signaling activity, or whether genotype-phenotype correlations were observable in
CADASIL patients with different NOTCH3 mutations. In particular, CADASIL mutations
in the ligand binding domain, located in EGF-like repeats 10 and 11 of the NOTCH3
protein, abrogated Notch signal transduction in cell-based assays (Joutel et al., 2004; Peters
et al., 2004). To assess the characteristics of NOTCH3 mutations in the ligand binding
domain in vivo, transgenic mice expressing a human NOTCH3 protein with the Cys428Ser
CADASIL mutation were constructed and analyzed (Monet-Lepretre et al., 2009). The
NOTCH3 Cys428Ser mice, like those with the more common NOTCH3 Arg90Cys
mutation, developed characteristic arterial accumulation of the NOTCH3 extracellular
domain and GOM deposits upon aging. However, introducing the mutant Cys428Ser
NOTCHS3 transgene into a Mofch3-/ —null background revealed that, in contrast to the
Arg90Cys mutant protein, the Cys428Ser mutant protein had lost wildtype NOTCH3
activity, and exhibited mild dominant-negative activity. This study also revealed genotype-
phenotype correlations in patients with EGF repeat 10-11 mutations. From a prospectively
recruited cohort of 176 CADASIL patients, ten patients from five distinct pedigrees were
identified that carried a NOTCH3 mutation in EGF repeat 10 or 11 (including six patients
with the Cys428Ser mutation). These patients had higher cognitive function than patients
with mutations in EGF repeats 2-5. The patients with EGF repeat 10-11 mutations also had
a distinctive presentation on magnetic resonance imaging analyses. These results revealed
distinctive functional and phenotypic features of EGF repeat 10-11 mutations, relative to the
common CADASIL mutations (Monet-Lepretre et al., 2009).

In the most recently described mouse CADASIL model (Joutel et al., 2010), bacterial
recombineering was used to introduce the Arg169Cys CADASIL mutation into Notch3
coding sequences of a rat P1-derived artificial chromosome (PAC) clone. Transgenic mice
containing the wildtype rat Motch3PAC construct and two independent lines containing the
Arg169Cys CADASIL mutation were analyzed. Expression of high levels of the mutant
Arg169Cys NOTCH3 transgene reproduced the endogenous NOTCH3 expression pattern
and the main pathological features of CADASIL, including NOTCH3 extracellular domain
aggregates and GOM deposits in brain vessels, progressive degeneration of the white matter,
and reduced cerebral blood flow. The mutant mice exhibited a number of neuropathological
changes that occurred in the absence of either histologically detectable alterations in cerebral
artery structure or blood-brain barrier breakdown. These finding provide evidence for
cerebrovascular dysfunction and microcirculatory failure as the earliest detectable
consequences of the expression of the Arg169Cys NOTCH3 mutant protein. The continued
development and improvement of these mouse CADASIL models are leading to valuable
new insights into the onset and progression of CADASIL.

6.3. Mechanistic insights into the pathogenesis of CADASIL mutations

Recent work has yielded insights into the cellular and molecular mechanisms involved in
processing and clearance of the wildtype NOTCH3 protein and NOTCHS3 proteins
containing CADASIL mutations. Human embryonic kidney (HEK) 293 cell lines with
inducible expression of either the wildtype NOTCH3 protein or NOTCH3 proteins
containing Arg133Cys and Cys185Arg mutations were analyzed (Takahashi et al., 2010).
Both NOTCH3 mutant proteins were prone to aggregation and were retained within the
endoplasmic reticulum. The turnover rates of the NOTCHS3 proteins containing CADASIL
mutations were strikingly slow, with half lives greater than 6 days, whereas the wildtype
NOTCHS3 protein was rapidly degraded, with a half-life of 0.7 days. Expression of the
mutant NOTCH3 proteins also impaired cell proliferation compared with expression of
wildtype NOTCHa3. Cell lines expressing mutant NOTCH3 proteins also were more
sensitive than cell lines expressing wildtype NOTCH3 to proteasome inhibition, resulting in
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cell death. These findings suggest that prolonged retention of mutant NOTCH3 aggregates
in the endoplasmic reticulum can decrease cell growth and increase sensitivity to other
cellular stresses. The finding that cell lines expressing mutant NOTCH3 proteins exhibited
increased sensitivity to proteosome inhibitors (Takahashi et al., 2010) stands in contrast to
another recent study, which concluded that the NOTCH3 protein in transfected HEK293
cells was degraded primarily in lysosomes (Jia et al., 2009).

Another study demonstrated that the extracellular domains of both wildtype NOTCH3
protein and NOTCH3 proteins containing CADASIL mutations spontaneously formed
oligomers and higher order multimers in vitro, and that multimerization was mediated by
disulfide bonds (Opherk et al., 2009). Three CADASIL mutant proteins (Arg133Cys,
Cys183Arg and Cys455Arg) were tested in these studies, with concordant results. Using
single-molecule analysis techniques, it was shown that CADASIL-associated mutations
significantly enhanced multimerization compared to the wildtype NOTCH3 extracellular
domain. These results provide experimental evidence for spontaneous NOTCH3 self-
association, and are consistent with a neomorphic effect of CADASIL mutations in disease
pathogenesis.

One caveat to the studies described in this section is that they all utilized HEK293 cells,
rather than vascular smooth muscle cells. One of the studies reported that expression of
either wildtype or mutant NOTCH3 proteins in cultured human aortic smooth muscle cells
resulted in cell death as early as two days after transfection (Takahashi et al., 2010). Further
studies will be required to assess whether these mechanisms also operate in more
physiologically relevant situations, such as the in vivo mouse models.

7. Perspectives and conclusions

I last reviewed the field of Notch signaling in vascular biology three years ago (Gridley,
2007), and in the intervening period great advances have been made. We know substantially
more about the roles and requirements for Notch ligands during both embryonic and
postnatal arterial development, and during endothelial tip cell selection. Great progress has
been made in developing mouse models that have important clinical implications (e.g.,
models for lung and brain arteriovenous malformations, tumor angiogenesis, and CADASIL
models that more accurately reproduce the pathology of the human disease), and in
developing computational models that accurately predict novel cellular behaviors that can
then be tested experimentally.

However, much remains to be learned. We need to learn much more of the role of Notch
signaling during vascular physiology in adults. Areas in which there will continue to be
advances in upcoming years include the development and evaluation of anti-DLL4 therapies
(as well as other types of “anti-Notch” therapies) for tumor angiogenesis and other vascular
diseases, such as macular degeneration. We will also see the continued development and
characterization of improved animal models for CADASIL, and the utilization of these
models to gain insights into the poorly understood mechanisms underlying the pathogenesis
of these NOTCH3 mutations. Another area that will see significant advances will be
determining the mechanisms for cross-talk between the Notch pathway and other signaling
pathways such as the TGFB, Wnt, ephrin/Eph receptor and PI3K/Akt pathways, and the
developmental and physiological decisions in which such cross-talk is operative.
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Figure 1. Core components of the canonical Notch signaling pathway
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Ligands of the Jagged (JAG1, JAG2) and Delta-like (DLL1, DLL3, DLL4) families (upper
cell) interact with Notch family receptors (NOTCH1 through NOTCH4) on an adjacent cell.

The Notch receptor exists at the cell surface as a proteolytically-cleaved heterodimer

consisting of a large ectodomain and a membrane-tethered intracellular domain. The Fringe
proteins (Lfng, Mfng and Rfng) glycosylate Notch family receptors, potentiating signaling
from DLL family ligands and suppressing signaling from JAG family ligands. The receptor/

ligand interaction induces additional proteolytic cleavages in the membrane-tethered

intracellular domain. The final cleavage, catalyzed by the -y—secretase complex, frees the

Notch intracellular domain (NICD) from the cell membrane. NICD translocates to the

nucleus, where it forms a complex with the RBPJ protein, displacing a histone deacetylase
(HDACc)/corepressor (CoR) complex from the RBPJ protein. Components of an activation
complex, such as MAML1 and histone acetyltransferases (HAc) are recruited to the NICD/

RBPJ complex, leading to the transcriptional activation of Notch target genes.
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Figure2. Model for genetic regulation of artery-vein differentiation by the Notch and PLCy/
MAPK pathways

An arterial endothelial cell is shown on the left, while a venous endothelial cell is depicted
on the right. Two main signaling pathways operate downstream of VEGF-A to induce
arterial differentiation: the Notch pathway and the Phospholipase Cy (PLCy) / Mitogen-
activated protein kinase (MAPK) pathway. The transcription factors Foxcl and Foxc2
directly induce D//4and HeyZ2transcription. VEGF-A signaling, by an unknown
mechanism, augments Foxc1/Foxc2 induction of D//4and HeyZ2 gene expression. During
venous differentiation, two different mechanisms inhibit artery differentiation. The orphan
nuclear receptor COUP-TFII suppresses neuropilinl expression, thereby suppressing
reception of the VEGF-A signal and activation of Notch signaling. In addition, activation of
P13K/Akt signaling antagonizes promotion of arterial cell differentiation by blocking ERK
activation.
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Figure 3. Antagonistic roles of the DLL4 and JAG1 proteinsin tip cell selection during sprouting
angiogenesis

An endothelial tip cell (white) at the leading edge of a vascular sprout extends filopodia and
migrates towards a VEGF-A gradient. Signal reception by VEGF receptors (VEGFRS) in the
tip cell leads to upregulation of DLL4 expression (Inc DLL4). The tip cell signals via DLL4
to the adjacent Notch receptor-expressing cell, downregulating VEGF receptor expression.
This suppresses the tip cell fate and promotes differentiation of the adjacent endothelial cell
as a stalk cell (gray). Glycosylation of Notch receptors (likely NOTCH1) by Fringe proteins
enhances DLL4-Notch signaling and suppresses JAG1-Notch signaling. The DLL4 and
JAGL1 ligands act in an antagonistic fashion during endothelial tip cell selection and
angiogenic sprouting. DLL4, expressed more highly on tip cells, suppresses adoption of the
tip cell fate and angiogenic sprouting. JAG1, which is expressed more highly on stalk cells,
promotes tip cell differentiation and sprouting behavior by antagonizing DLL4-Notch
signaling between stalk cells.

Curr Top Dev Biol. Author manuscript; available in PMC 2013 May 21.



Page 26

Gridley

BWOSOWIOIYD [RIDIILE PALIBP-Td ‘OVd ‘8lqealjdde 10u ‘N :suoneinsIgay

aJep 03 payodal
Jopow ISYAWD 81e4NdJe 1SOW ‘MOJJ PoO|q [2gaIa0 paonpal ‘ialel 31YM 3y} Jo Uonelauabisp

0T0Z “'I® 18 |8Inor anIssalboud ‘s|assan urelq ui susodap INOD pue salebaibbe urewop Jenjjadesxs EHO1ON 1ol | oiusbsuen Jvd sAD69THIV
AuAnoe anlzefau-juBUILIOP PIIW ‘S8 Bjasnw
6002 “"[e 18 anada-18uolN | yloows JejnaseA ui sisodap INOO 4O pue urewopolds EHD1ON JO uolenwinade juspuadap-aby uewny a1uabsue.y 13S82Z17SAD
500z “Ie 10 204gNQ ‘5002 uonodNpsUeIIoURYIBW JBINISeA paitedwi ‘ANAIORIOSEA [RI0a18d palredul ‘s]99 ajosnw
““[e 18 aquiodeT ‘€00z “'[e 18 Xnoyany | yloows JejnaseA ui sisodap INOO JO pue urewopolds EHD1ON JO uofienwnade Juspuadap-aby uewny a1uabsuel sAD060IY
3J3][e un{o0u3 3y}
5002 “Ie 18 1s1ApUN 10} snobAzowoy Jo snofAzolslay ao1w ui ABojoyred urelq parejai-11SYAvD Jo adAlousyd oN asnow ujoouy sADzZyThIV
8002 ‘"[e 18 zanbse[a\-epajogly |apouw eiwayds! Alalie [eigalad a|ppiw ul Ajiqidsasns paoueyug VN desy auah 1INN
8002 “'[e 18 3jawauey) AbBojoyred urelq parejas -TISYAVYD OU ‘SalIalIe 8OUBISISaI [BIGaIad puUe |Ie) Ul
ap ulag ‘¥00z “Je 12 ebuswoq@ | auol o1uahoAw pasealdsp ‘ales SNOUSA aiinbae saale BuIpuNOLINS S[18d 8]9S YIOOWS Je[ndseA VN 1N0Xo0UX 1INN
saouanbes
Buipoo gyoloN
S30UB BJRY sadAjoueyd Josa10ads adf1ap|lv | uolreInw SYo1oN

NIH-PA Author Manuscript

S|apow asnow ISYAVD Pue Wemnw 4210 Jo sadAlousyd

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Curr Top Dev Biol. Author manuscript; available in PMC 2013 May 21.



