@& MolecularMedicine

Notch Signaling in Ocular Vasculature Development and

Diseases

Guo-Rui Dou,"” Lin Wang,”® Yu-Sheng Wang," and Hua Han’

Departments of 'Ophthalmology and *Hepatic Surgery, Xijing Hospital, Xi’an, China; and *Department of Medical Genetics and
Developmental Biology, Fourth Military Medical University, Xi’an, China

Ocular angiogenesis, characterized by the formation of new blood vessels in the avascular area in eyes, is a highly coordinated
process involved in retfinal vasculature formation and several ocular diseases such as age-related macular degeneration, prolif-
erative diabetic retinopathy and retinopathy of prematurity. This process is orchestrated by complicated cellular inferactions and
vascular growth factors, during which endothelial cells acquire heterogeneous phenotypes and distinct cellular destinations. To
date, while the vascular endothelial growth factor has been identified as the most critical angiogenic agent with a remarkable
therapeutic value, the Notch signaling pathway appears to be a similarly important regulator in several angiogenic steps. Recent
progress has highlighted the involvement, mechanisms and therapeutic potential of Notch signaling in retinal vasculature devel-
opment and pathological angiogenesis-related eye disorders, which may cause irreversible blindness.
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INTRODUCTION

Retinal vasculature and choroidal vas-
culature, two major portions of the ocu-
lar vasculature, constitute a finely or-
dered vascular system that guarantees
blood supply to the highly oxygen-
consuming retina. The primary function
of the choroidal vasculature is to provide
nutrients and oxygen to the outer retina,
whereas the retinal vascular network
supplies the inner retina. The physiologi-
cal functions of the retina are confined by
this normal ocular vasculature, which is
established primarily by ocular angio-
genesis in late embryogenesis (human)
or early postnatal days (mouse) (1).
However, the anatomical and physiologi-
cal properties of posterior ocular seg-

ments make the ocular vasculature vul-
nerable to exogenous and endogenous
insults, leading to pathological ocular an-
giogenesis and vision loss in a number of
eye diseases (2), such as exudative age-
related macular degeneration (AMD)
and proliferative diabetic retinopathy
(PDR). Systemic reasons or local mi-
croenvironmental factors in these dis-
eases stimulate abnormal neovascular
growth from the existing retinal capillar-
ies in and out of the inner surface of the
retina (retinal neovascularization) (1) and
from the choroidal vessels breaking into
Bruch’s membrane beneath the retinal
pigment epithelium (RPE) or neural
retina (choroidal neovascularization
[CNV]) (3). PDR is the leading cause of

Address correspondence to Yu-Sheng Wang, Department of Ophthalmology. Xijing Hospi-
tal, Fourth Military Medical University, Xi’an 710032, China. Phone and Fax: +86-29-847-753-
71; E-mail: wangys@fmmu.edu.cn; or Hua Han, Department of Medical Genetics and De-
velopmental Biology, Fourth Military Medical University, Xi’an 710032, China. Phone and
Fax: +86-29-847-744-87,; E-mail: huahan@fmmu.edu.cn.

Submitted July 20, 2011, Accepted for publication October 4, 2011, Epub
(www.molmed.org) ahead of print October 5, 2011.

The Feinstein Institute ngrgh )
for Medical Research ~ ShorelLlJ

irreversible blindness in working-age
adults (4), with 40,000 new patients per
year in 16 million diabetic Americans (5).
AMD is considered as the major reason
for blindness in elderly populations,
which affects as many as 15 million
Americans with 200,000 new cases each
year. In AMD patients, although exuda-
tive AMD with the common complica-
tion of CNV constitutes only 10% of
AMD, it accounts for nearly 90% of
blindness in AMD patients. Retinopathy
of prematurity (ROP), in contrast, occurs
in premature infants with the disruption
of retinal vascular development due to
exposure to hyperoxic circumstance and
is one of the most common causes of
childhood blindness worldwide (6). An
inadequate supply of angiogenic factors
in the early stages of retinal vasculature
formation in ROP results in vaso-
obliterative changes followed by com-
pensatory new vessels growing between
vascularized and avascularized areas in
the retina. These pathological vessels can
induce fibrotic scarring in the retina, vit-
reous and lens.

Antiangiogenic therapies have already
been successfully used in treating these
ocular diseases (5). The currently repre-
sentative therapy is the neutralization of
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vascular endothelial growth factor
(VEGEF) activity (6). VEGF is not only re-
quired for retinal and choroidal vessel
formation during developmental stages,
but also for the maintenance of these
capillaries after birth (7,8). More impor-
tantly, distorted expression of VEGF in
pathological settings is the key stimulus
to abnormal vessel growth (6). Blocking
VEGEF signaling by using VEGF aptamer,
neutralizing anti-VEGF antibody or solu-
ble VEGEF receptor (VEGFR)-1 (sVEGFR1
or VEGEF trap) has been shown not only
to stop the pathological angiogenic pro-
cess, but also to improve vision in a great
proportion of AMD patients during a
2-year follow-up (6). However, this field
is now facing the challenge of drug re-
sistance and recurring cases while using
these agents. Further investigation of al-
ternative signals regulating ocular angio-
genesis might elicit potentially new ther-
apeutic targets. Recent intensive studies,
mainly on the basis of models of ocular
angiogenesis and gene-modified mice,
have revealed the significance of Notch
signaling in angiogenesis-associated ocu-
lar diseases.

CELLULAR AND MOLECULAR ASPECTS
OF OCULAR ANGIOGENESIS

The retinal vasculature in mice devel-
ops as angiogenic sprouts protruding
from the optic disc immediately after
birth. During the first postnatal week,
sprouts from retinal vessels constantly
extend over the superficial retinal layer
to form a two-dimensional vascular net-
work. Then the retinal vessels continue
to sprout and penetrate into deeper reti-
nal layers, finally leading to the forma-
tion of a three-layered vascular system
by the end of the third postnatal week
(9). Sharing the common steps and mo-
lecular mechanisms with angiogenesis in
the whole body, the postnatal retinal de-
velopment in mice provides an ideal
platform to angiogenesis studies on im-
aging and intervention without the diffi-
culties associated with investigating em-
bryonic development.

The primary signal initiating retinal
angiogenesis is VEGF, which is secreted

by retinal astrocytes and forms a radial
gradient of concentration to guide the di-
rection of vessel sprouts (12). In response
to VEGE, quiescent endothelial cells
(ECs) differentiate into subpopulations
with coordinating cellular behaviors to
fulfill the angiogenic process. Tip cells
are specialized ECs located at the tips of
angiogenic sprouts and respond to the
VEGF gradients by migration to guide
the sprout extending through the extra-
cellular matrix. Stalk cells are located be-
hind tip cells in a sprout and respond to
VEGEF by proliferation, while being re-
sponsible for extracellular matrix pro-
duction and lumen formation. A third
type of EC in angiogenesis is phalanx
cells, which do not proliferate but align
and form a smooth monolayer of cells.
Thus, during angiogenesis, in each new
vascular sprout, a single tip cell pioneers
an angiogenic pathway by using filopo-
dia to guide a sprouting vessel to follow
the VEGF gradient. This pioneering tip
cell is highly motile but proliferates mini-
mally or not at all. Trailing behind it are
stalk cells, which react to the lower levels
of VEGF and proliferate to elongate the
new vascular tube. Therefore, the tip-
stalk paradigm formed by the endothe-
lial specification, together with VEGE,
guides retinal angiogenesis in the physi-
ological and pathological angiogenic pro-
cess (10-12).

Recent advances have shown that ocu-
lar vascularization requires not only
sprouting angiogenesis from preexisting
vasculature, but also postnatal vasculo-
genesis involving bone marrow (BM)-de-
rived endothelial precursor cells (EPCs)
(13-15). The specific molecular markers
of EPCs are currently controversial; how-
ever, the hallmarks include the progeni-
tor cell phenotype and a partially EC-
specific phenotype with a strong
proangiogenic activity. EPCs are mobi-
lized from BM in response to tissue-
derived signals and are homed to sites of
neovascularization, contributing to vas-
cular growth either directly via incorpo-
ration into newly formed vascular struc-
tures or indirectly via the secretion of
proangiogenic factors.
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THE NOTCH SIGNALING PATHWAY AND
ITS ROLE IN OCULAR VASCULATURE
AND VASCULAR DISEASES

The Notch Signaling Pathway

Notch signaling is an evolutionarily
highly conserved pathway mediating di-
rect signaling between neighboring cells
in metazoans (16). In mammals, five
canonical Notch ligands [jagged 1 (Jag1)
and Jag2 and delta-like 1 (DII1), DII3 and
DIl4] and four Notch receptors (Notchl—4)
have been described (17). The single-pass
transmembrane Notch receptors are acti-
vated by binding to the ligands, which are
expressed also as single-pass transmem-
brane proteins. This ligand-receptor inter-
action triggers sequential receptor cleav-
ages within the transmembrane domain,
resulting in the release of the Notch intra-
cellular domain (NICD). Disintegrin,
metalloproteinase family members and
the y-secretase complex (disintegrin and
metalloproteinase domain-containing
protein 10 [ADAM-10], ADAM-17 and
presenilin) have been identified to medi-
ate the receptor cleavages. NICD moves
into the nucleus and binds to transcrip-
tional factor CSL (C promoter-binding fac-
tor 1 [CBF-1]/suppressor of hairless [Su(H)]/
Lin-12 and Glp-1 [LAG-1], also known as
] kappa-recombination signal-binding protein
[RBP-]] in rodents), which is normally re-
pressed by a corepressor complex. Associ-
ation of NICD and CSL replaces the core-
pressors with a coactivating complex
containing Mastermind-like (MAML) pro-
tein and activates the transcription of
downstream genes (Figure 1).

The Notch pathway is critically in-
volved in vasculature development (18).
Notch1, Notch4, DlI1, D114, Jagl and Jag2
are expressed by ECs during physiologi-
cal and pathological angiogenesis
(19-24). Key components of Notch sig-
naling including RBP-]J (25), MAML1
(26), Numb (22) and downstream target
hairy /enhancer-of-split related with
YRPW motif 1 (Heyl), Hey2 and hairy
and enhancer of split 1 (Hes1) (26-28) are
also detected in vessels. In mouse retinal
vasculature, active Notchl, Jagl, DII1
and D114 with distinct distribution pat-
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Figure 1. Canonical Notch signaling and crosstalk with VEGF signaling. VEGF signaling up-
regulates the expression of Notch ligands and receptors on ECs. Notch ligands on the
signal-sending cell tfrigger Notch receptors on the adjacent signal-receiving cell, leading
to receptor cleavage by ADAM and y-secretase and the release of NICD. NICD translo-
cates info the nucleus, where it associates with RBP-J, and converts RBP-J from a tran-
scriptional repressor intfo an activator by recruiting franscriptional coactivators (CoA) to
replace coreppressors (CoR). The transcription of target genes such as Hes are furned on.
The p21 expression is also regulated by Nofch activation. Notch signaling downregulates
VEGFR2 and upregulates VEGFR1, leading to differentiation of tip and stalk cells, among

other changes of ECs during angiogenesis.

terns have been described (29, see
below). Cellular analysis and genetic in-
activation or mutation in mice or ze-
brafish retina, in combination with ocu-
lar disease models, have demonstrated
that Notch signaling plays a fundamen-
tal role during embryonic and postnatal
ocular angiogenesis and participates in
angiogenic ocular diseases.

Roles of Notch Signaling in Ocular
Vasculature

Notch signal in retinal angiogenic
sprouting. Notch receptor-ligand distri-
bution follows a distinct pattern during
angiogenesis (29). In the developing reti-
nal vasculature of mice, D114 is expressed
in tip cells leading the growing vascular
sprouts. In addition, the Notch1 receptor
keeps active but is periodically expressed
during the whole process of retinal vas-
cular formation. This expression pattern
is in accordance with Notch signaling
controlling angiogenic sprouting via tip

cell selection (29). Indeed, several stud-
ies, using D114 haploinsufficient mice
(DI14*77), VecadCre™-Notch11*/1 mice,
TielCre-Jag1"™/" mice and PdgfbCre™ -
Jag1™™/1°* mice or molecules including
DIll4-Fc, y-secretase inhibitors and Jagl
peptide, have demonstrated that Notch
signaling regulates retinal angiogenesis
by restricting tip cell specification and
sprouting (30-33). Insufficient Notch sig-
naling increases the number of tip cells
and promotes EC proliferation in the
postnatal mouse retina (30,31) and devel-
oping zebrafish vasculature (34). A tran-
scriptome analysis of tip cell-enriched
genes in the retina suggests that
Dll4/Notch signaling possibly functions
on matrix remodeling, basement mem-
brane formation and release of secreted
molecules (35). D111, another critical
Notch ligand in vascular development, is
expressed in both arteries and veins of
the developing vascular network, but is
absent in the mature arterial branch
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points. Though DII1 and D114 share simi-
lar protein structure, the involvement of
DII1 in retinal angiogenic sprouting re-
mains unclear. Future investigations may
illustrate whether DII1 participates in
this angiogenic step and deduce its ther-
apeutic value.

It is notable that the spatial expression
pattern of DII4 is not fully compatible
with a simple tip—stalk signaling interac-
tion. Jagl is detected in stalk cells in the
developing vasculature front and at arte-
rial branch points, a site where D114 is
clearly absent (29). A recent study identi-
fied Jagl as an additional critical compo-
nent in the process of tip cell selection.
Jagl enriched in the stalk cells could an-
tagonize D114 /Notch signaling in cells
via Fringe family glycosyltransferases
(32). Consequently, stalk cells should
have little ability to activate D114/Notch
signaling in adjacent tip cells, thus allow-
ing the latter with high VEGFR2 expres-
sion to respond to external VEGF. Jagl
may also counteract DIl4/Notch signal-
ing interactions between stalk ECs,
which helps to sustain elevated VEGFR2
expression in the freshly formed and
therefore immature vascular plexus at
the angiogenic front (Figure 2).

Notch signal in retinal vasculature
maturation. Vessel maturation is marked
by pericyte coverage, although the extent
varies depending on the type and location
of vessels (36). Capillaries in the retina and
central nervous system possess a high
density of pericytes (37), implying the crit-
ical significance of vascular maturity in
these tissues. The Notch signal functions
in pericyte recruitment via communica-
tions between ECs and pericytes. Notch3
is highly expressed in pericytes, and dis-
ruption of Notch3 signaling results in en-
larged vessels due to the lack of pericyte
coverage (38). In Notch3-deficient mice,
retinal vascularization is reduced with di-
minished sprouting and vascular branch-
ing (39), as a result of progressive loss of
vessel coverage due to impaired mural cell
recruitment. In a mouse ROP model, loss
of vessel coverage caused by Notch3 defi-
ciency decreases pathological neovascular-
ization, implying that proper modulation
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Figure 2. Diverse roles of Notch signaling in regulating angiogenic ocular angiogenesis.
Ocular vasculature formation is a finely ordered vascular system that relies on physiologi-
cal angiogenesis. Pathological angiogenesis, on the other hand, results in a various angio-
genesis related ocular diseases such as retinal neovascularization (RNV) and CNV. Notch
signaling participates in vasculature formation and angiogenic ocular diseases by regu-
lating vascular quiescence through p21 and Wnt signaling (1), angiogenic sprouting
through fip formation and guidance (2), vessels maturation through EC-pericyte commu-
nication (3), EPC mobilization and function (4) and EC functions (5). Therefore, intervention
of Notch signaling in each step of angiogenesis might have therapeutic potentials.

on pericytes by Notch activity could be an
alternative treatment of pathological an-
giogenesis. The proangiogenic function of
Notch3 requires EC-expressed Jagl, indi-
cating that heterotypic Notch signaling be-
tween ECs and pericytes is critical in vas-
cular maturation (40). In addition,
modulation of D14 also results in altered
EC and pericyte phenotypes in tumor an-
giogenesis (41,42). Thus, since the expres-
sions of Jagl and D114 exhibit distinct tem-
poral and spatial pattern in retinal
vasculature, Notch signaling seems to be
involved in retinal vasculature maturation
in multiple stages and regions.

Notch signal in retinal vascular stabil-
ity. In the physiological condition, ECs in
vessels remain quiescent to prevent ex-
cessive vessel sprouting in the existing
vascular architecture. Sainson et al. (43),
by using a three-dimensional in vitro sys-
tem, first reported that cell-autonomous
Notch signaling in ECs regulates vessel
diameter, limits branching at the tip of
sprouts and thereby establishes a mature,
quiescent vascular phenotype. In retinal
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ECs, the Notch signal downstream gene
basic helix—loop—helix transcription factor
(HESR1) also participates in maintaining
retinal vasculature stability (44). By using
Cre-LoxP-mediated conditional gene
deletion of RBP-], Dou et al. (45) first con-
firmed in vivo that a lack of Notch signal-
ing disrupted vascular homeostasis. Dis-
ruption of RBP-J induces spontaneous
angiogenesis in the retina and cornea, as
well as in internal organs such as the
liver and lung, demonstrating that Notch
signaling is critical in maintaining EC
quiescence (45). A potential interpretation
is that Notch activation induces EC cycle
arrest through repression of p21 (cyclin-
dependent kinase inhibitor-1) expression
and participates in contact inhibition (46).
Moreover, increased Notch activity due
to a lack of Nrarp, an inhibitor of Notch
signaling, has been reported to stabilize
nascent blood vessels during retinal an-
giogenesis in mice and intersegmental
vessel formation in zebrafish (47). This
stabilization of nascent vessels requires
Nrarp-mediated crosstalk between Notch

55, 2012

and Wnt signaling to control stalk cell
proliferation. More recently, Liu et al. (48)
reported that loss of Notchl caused
cornea neovascularization, widespread
vascular tumors and organism lethality
secondary to massive hemorrhage, fur-
ther supporting a cell-autonomous role of
Notch signaling in maintaining the vas-
cular stability.

Notch signal in adult vasculogenesis.
The Notch signaling pathway, known to
be important for the maintenance and
differentiation of various stem and pro-
genitor cell populations, is also involved
in EPC regulation (49-51). A study from
Kwon et al. (52) identified that the per-
turbation of Jagl function leads to a re-
duction in the number of EPCs and an
impaired biological activity and regenera-
tive capacity of these cells (52). We have
observed that Notch signaling partici-
pates in the development of CNV by reg-
ulating the proliferation, migration and
differentiation of EPCs (45). The exact
molecular mechanisms of Notch signal-
ing on EPCs still remain elusive. D14 ex-
pression by BM-derived EPCs may affect
their communication with tumor vessel
ECs, thereby modulating tumor angio-
genesis by affecting vascular stability
(53). It has been identified that stromal-
derived factor 1 (SDF1) and its receptor
CXCR4 play an important role in angio-
genesis by recruiting EPCs from BM to
angiogenic sites (54). We have shown that
Notch signaling dynamically regulates
the expression of CXCR4 on EPCs in BM
and peripheral blood, which might ex-
plain in part how the Notch signal influ-
ences EPCs in tissue regeneration (55).
More studies are necessary to elucidate
the involvement and mechanisms of BM-
derived EPCs in ocular angiogenesis and
diseases, as well as the regulatory role of
Notch signaling, before reaching novel
diagnostic and therapeutic strategies.

Notch signal in EC function. ECs func-
tion not only as building blocks of vessel
walls, but also respond to microenviron-
ments by producing bioactive molecules
such as cytokines, growth factors and so
on (56). During partial hepatectomy-—
induced liver regeneration, for example,



liver sinusoidal ECs are triggered at the
early stage to produce interleukin (IL)-6,
which is critical in the upregulation of he-
patocyte growth factor receptor in hepato-
cytes and consequent hepatocyte prolifer-
ation (57). We have shown that Notch
signaling may regulate the function of
liver sinusoidal ECs in liver regeneration
through the expression of VEGFR1 and
VEGEFR2 (58). In addition, Notch signaling
can modulate the secretion of matrix met-
alloproteases by ECs and influence cell
matrix refolding (59). The role of ECs in
stem /progenitor cell differentiation in
vascular niches also involves Notch sig-
naling (60), at least partly through regu-
lating the secretion of the trophic factors
such as hepatocyte growth factor (58).
Whether Notch signaling participates in
ocular vascular angiogenesis and related
diseases through the regulation of EC
function is an open question. Also, it will
be interesting to investigate if Notch sig-
naling modulates the secretion of
paracrine factors such as platelet-derived
growth factor (PDGF) (61) by EPCs in oc-
ular angiogenesis.

Notch signaling in nonvascular cells
during retinal angiogenesis. Apart from
ECs, nonvascular cells such as astrocytes,
microglia and macrophages are closely as-
sociated with sprouting ECs in retinal an-
giogenesis (62-64). Roles of Notch signal-
ing in regulating astrocyte activation,
microgial response and macrophage re-
cruitment in retinal angiogenesis and neu-
rodegenerative diseases have emerged re-
cently. It is reported that Notch1 controls
macrophage recruitment to influence EC
anastomosis during retinal angiogenesis
(65). Notch1 could also modulate the in-
nate responses of microglia and astrocytes
to microenvironmental insults (66). In
solid tumors, Notch activation favors
classic (M1) macrophage polarization
while skewing down alternative (M2)
macrophage polarization, which is a pro-
moting factor for tumor angiogenesis (67).
Modulating Notch signaling might there-
fore be a potential therapeutic approach
in ischemic-related retinal degenerative
disorders and inflammation-induced ocu-
lar angiogenesis.

Notch Signaling in Ocular Vascular
Diseases

Since Notch signaling plays a funda-
mental role in the vascular system,
deregulated Notch signaling has been
identified in human cardiovascular- and
neurovascular-related diseases such as
CADASIL (cerebral autosomal dominant
arteriopathy with subcortical infarcts and
leukoencephalopathy) syndrome caused
by mutations in Notch3 (68). Similarly,
haploinsufficiency in Jagl causes cardiac
malformation, a complication observed
in 60-70% of patients suffering from
Alagille syndrome (69). Notably, >90% of
children with Alagille syndrome have an
unusual abnormality of the eyes, includ-
ing posterior embryotoxon, optic disc
drusen, angulated retinal vessels and a
pigmentary retinopathy (70).

The specific role of Notch signaling in
modulating pathologic ocular angiogene-
sis was first identified in the pathologic
angiogenic models of ROP, also called
oxygen-induced retinopathy (33). The ex-
posure of mouse pups to hyperoxia results
in a rapid obliteration of capillaries in the
central retina. The avascular retinal area
initiates extensive abnormal neovascular-
ization upon return to normoxia, exhibit-
ing ectopic growth of epiretinal vascular
tufts into the vitreous and subsequent re-
growth of the lost superficial retinal ves-
sels. According to a series of studies by
Lobov and colleagues (33,71), D114 /Notch
signaling acts in at least two ways to par-
ticipate in oxygen-induced retinopathy.
These authors have demonstrated that ge-
netic deletion of D14 or administration of
DIl14-Fc, which inhibits D114 /Notch signal-
ing, caused enhanced angiogenic sprout-
ing and regrowth of lost retinal vessels
while suppressing ectopic pathologic neo-
vascularization in the oxygen-induced ret-
inopathy model. The administration of
Dll4-Fc to oxygen-induced retinopathy
mice stimulates more extensive angiogenic
sprouting from capillaries and veins bor-
dering the avascular zone, resulting in a
more rapid regrowth of blood vessels into
the avascular central retina. This could be
because the lack of D114 /Notch signaling
leads to increased number and activity of
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filopodia-bearing tip cells and enhanced
EC proliferation, which, when combined,
induce more sproutings and vessel growth.
On the other hand, DIl4-Fc dramatically
suppressed the ectopic growth of patho-
logic neovascular tufts into the vitreous, as
well as the formation of abnormal arteri-
ovenous shunts. As shown by the same
group recently, this might be due to the
Dl14/Notch regulating vessel remodeling
and regression through rapidly fine-
tuning the expression of a distinct subset
of vasoactive genes (71). Dll4/Notch inhi-
bition upregulates the expression of va-
sodilators and suppresses the expression
of vasoconstrictors, therefore reducing
vessel occlusion and maintaining blood
flow that is essential for survival of mi-
crovessels. Thus, pharmacologic inhibition
of DIl4 might have therapeutic applica-
tions to treat eye disorders characterized
by pathologic angiogenesis. However,
some evidence has suggested that Notch
inhibition might also aggravate pathologic
angiogenesis after ischemia (72-75). A dis-
tinct microenvironment possibly directs
Notch signal to play diverse roles under
ischemic context. For instance, hypoxia
could skew the expression pattern of
Notch targets, thereby influencing patho-
logic angiogenesis in retinopathy (76).

Recent studies have also indicated the
involvement of Notch signaling in CNV.
We have investigated the role of Notch
signaling in laser-induced CNV in mice by
using the Cre-LoxP-mediated conditional
deletion of RBP-] (45). Lack of the Notch
signal enhances the angiogenic responses
to injury in a laser-induced CNV model,
accompanied by the upregulation of
VEGFR?2 and downregulation of VEGFR1
that might lead to enhanced EC prolifera-
tion. Meanwhile, excessive tip cells are in-
duced in the angiogenic responses in this
context (unpublished data). A recent study
further supports the role of Notch signal-
ing in CNV by activating or inhibiting
Notch signaling with a Jagl peptide or a
y-secretase inhibitor, respectively (77).
These authors demonstrated that the acti-
vation of the Notch pathway reduced the
volume of CNV lesions, whereas inhibition
of the Notch pathway promoted CNV
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growth, as shown by the development of
hyperdense retinal vasculature. Groups
of proangiogenic (VEGFR2, Ccr3 and
PDGF-B) and antiangiogenic (VEGFR1
and Unc5b) genes are associated with the
Notch-mediated CNV alterations in this
study. In vitro, enhanced Notch signal by
ectopic D14 overexpression in the reti-
nal-choroidal EC line RF/6A reduces cell
proliferation, migration and transmigra-
tion across a monolayer of RPE cells (78).
In addition to ECs, RPE cells may be an-
other target of the Notch signal in CNV,
because the Notch signal is of importance
in RPE development, and constitutive
Notch activity leads to RPE hyperprolifer-
ation (79). Altogether, these data suggest
that Notch signaling is a key regulator of
CNV and may be an alternative target for
therapeutic intervention in wet AMD.

In PDR, diabetic microangiopathy is
characterized by abnormal interactions
between ECs and pericytes (80). Al-
though to date no direct evidence of the
Notch signal in PDR has been shown, the
Notch signal in mediating EC—pericyte
communication has been firmly estab-
lished (39). In the retinal microvascula-
ture, the Notch signal is also involved in
EC and pericyte apoptosis, a process re-
quiring interaction with the Hedgehog
pathway and modulation by aberrant
blood flow (81). In addition, modulation
of the Notch signal has been reported to
enhance neovascularization and reperfu-
sion in diabetic mice by regulating the re-
sponsiveness of ECs to VEGF (82), which
is pathologically high in diabetic retinop-
athy (83,84). Thus, the Notch signal might
interact with the VEGF signal at multiple
levels to modulate EC proliferation and
differentiation, as well as vessel structure,
which are frequently abnormal in PDR.

Molecular Mechanisms of Notch
Signaling in Regulating Ocular
Vasculature Formation and Diseases
Interaction with VEGF signaling.
VEGEF signaling is the master regulator in
ocular angiogenesis (85). The three VEGF
receptors, VEGFR1, VEGFR2 and
VEGEFR3, are expressed by ECs and are re-
ceptor tyrosine kinases activated upon

VEGEF triggering. Numerous studies have
highlighted the crosstalk between Notch
signaling and VEGF signaling, which has
been reviewed elsewhere by different au-
thors (86,87). Notably, because both Notch
ligands and receptors are transmembrane
proteins and mediate cell-cell contact sig-
naling, they most likely play a fine-tuning
function in physiological and pathological
angiogenesis, which are initiated prima-
rily by VEGEF signaling. The current un-
derstanding is that VEGF initiates angio-
geneic sprouting through different
mechanisms and signal transduction
pathways and also induces Notch signal-
ing in ECs simultaneously. The conse-
quent activated Notch signaling promotes
differentiation of the tip versus stalk cells
and inhibits VEGF-induced EC prolifera-
tion through p21 (88-90). Therefore,
Notch signaling guarantees proper EC
differentiation, on one hand, and acts in a
feedback fashion as a “brake” or negative
regulator of VEGF-induced angiogenesis,
on the other, to control overexuberant
vascular sprouting and EC proliferation
and thereby promote the timely formation
of a productive and well-differentiated
vascular network (Figure 1).

Vascular sprouting in the postnatal
mouse retina has been extensively ex-
ploited to illustrate how Notch signaling
coordinates with VEGF signaling (12).
VEGEF gradients established by microenvi-
ronmental cells such as astrocytes induce
the initial migratory sprouting response,
whereas the tip-stalk cell paradigm is pat-
terned out via distinct Notch ligand ex-
pression leading to unequivalent re-
sponses to VEGF. The leading tip cells
express D14 and activate the Notch signal
in the adjacent stalk cells that express Jag1l
and attenuate the effects of VEGF on stalk
cells. This result is achieved primarily
through differential regulation of VEGFRs,
namely downregulating VEGFR2 and up-
regulating VEGFR1 (87,91). VEGFR1 can
be expressed as a truncated version, re-
sulting in the formation of soluble
VEGFR1 (sVEGFR1), which is a potent
paracrine inhibitor of VEGF signaling and
plays an essential role in keeping the
cornea transparent (56). It is of note that
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the DI14/Notch signal upregulates the ex-
pression of VEGFR1, providing a novel
mechanism for the Notch signal to inhibit
VEGEF responses in distant ECs, not just in
adjacent ECs. Moreover, VEGFR1 medi-
ates the upregulation of IL-6 production
by liver sinusoidal ECs in partial
hepatectomy—induced liver regeneration
(92), suggesting a potential role of Notch
signaling in regulating EC function, such
as in cytokine secretion. In addition,
VEGFR1-specific ligand placenta growth
factor is reduced by Notch activation (56),
although the precise regulation remains
poorly understood. On the other hand, re-
duced expression of VEGFR2 in stalk cells
by Notch activation leads to a discrepancy
of VEGFR?2 between tip cells and stalk
cells. The integrated output of these ef-
fects is that stalk cells acquire the pheno-
type of lower migration and higher prolif-
eration in response to VEGE. Furthermore,
differential VEGEFR levels in turn modu-
late D114 expression for ECs to compete
for tip selection (93). The Notch signal
downstream gene HESR1 is assumed to
mediate the transcriptional regulation of
VEGEFRSs (94). The regulation of Notch sig-
naling on VEGFR3 is currently controver-
sial. The NICD complex has been demon-
strated to bind directly to the VEGFR3
promoter to initiate its transcription (95).
Paradoxically, induced expression of
VEGER3 is observed in DI14*/~ and
y-secretase inhibitor-treated retinas (96).
Interaction with EphrinB2/EphB4 sig-
naling. EphrinB2 and EphB4 are mem-
brane-bound receptor tyrosine kinases
that play essential roles in vasculogenesis
and angiogenesis by mediating cell-to-
cell communication (97). EphrinB2 is spe-
cifically expressed in arterial angioblasts,
ECs and perivascular mesenchymal cells,
whereas EphB4 is expressed only in ECs
of venous lineage. In artery—vein en-
dothelium specification during vasculo-
genesis, EphrinB2 is identified as a direct
Notch target for which expression is in-
duced by D114 /Notch signaling (98), ren-
dering ECs an arterial identity (99). In
postnatal angiogenesis, such as tumor an-
giogenesis, VEGF-induced D114 /Notch
signaling upregulates EphrinB2 expres-



sion to coordinately regulate abnormal
remodeling of tumor vessels (100).
Djokovic et al. (101) recently reported that
combined intervention of DI14/Notch
and EphrinB2/EphB4 targeting tumor
neovascularization could provide in-
creased efficacy and increased safety over
DIl4 /Notch inhibition alone. This finding
implies that the functions of EphrinB2
and Notch signaling in angiogenesis are
not redundant even though EphrinB is
downstream from the Notch signal. No-
tably, a recent study by Sawamiphak et al.
(102) offers a possible underlying mecha-
nism for the crosstalk between Notch and
EphrinB2 in tip cell guidance. Whereas
Notch signaling regulates the expression
of VEGFR2, EphrinB2 could control the
internalizations of VEGFR?2 to direct
filopodial extension on tip cells.

Other signaling pathways and down-
stream targets. Notch signaling also
crosstalks with transforming growth fac-
tor (TGF)-p signaling to regulate vascula-
ture formation. During mouse retinal vas-
culature development, the tip cell-stalk
cell duality is plastic and tip cells can be
“reabsorbed” into the parental vessel. It is
believed that tip and stalk cells physically
alternate along the leading edge of the
retinal plexus, which involves a number
of coupled feedback loops associated
with VEGE, Notch and TGF-f (102).
TGEF-f suppresses cell cycle entry of tip
and stalk cells through p21**" (103). In
addition, TGF-p also promotes migration
of the tip cells directly through induction
of inhibitor of DNA binding 1 (Id1) (104). Li
et al. (105) recently demonstrated that the
TGF-p signaling molecule Smad4 in asso-
ciation with RBP-J stabilizes cerebrovas-
cular EC—pericyte interactions by regulat-
ing the transcription of N-cadherin,
suggesting a role of these two pathways
in maintaining cerebrovascular integrity.

The Wnt pathway is also critically in-
volved in ocular physiological and
pathological vasculature (106). Recently,
coordination of Notch and Wnt signaling
was investigated in retinal vasculature
formation (47). Nrarp counteracts Notch
signaling in stalk cells by inducing the
degradation of NICD and by inducing

Wnt signaling, which together promote
vessel stability by tightening intercellular
junctions and elongating vessels by over-
coming cell-cycle arrest induced by
Notch signaling.

CONCLUSION

In conclusion, the Notch signal plays a
pivotal role in retinal vascular morpho-
genesis during development and in
pathological angiogenesis associated with
ocular diseases. Although the precise
mechanisms of Notch signaling are far
from being fully illustrated at each stage
of angiogenesis, the identification of the
Notch signal in tip cell selection, endothe-
lial quiescence, vessel maturation and
EPC mobilization and function makes it a
prospective candidate for angiogenic ther-
apies (Figure 2). A number of approaches
are available or potentially possible to
modulate Notch signaling at different lev-
els of the angiogenic cascade, including
antibody antagonists (33,71), antisense or
interfering RNA (107), soluble ligands and
receptor decoys (33,71) and inhibitors of
the enzymes involved in glycosylation or
cleavage of receptors, such as y-secretase
or ADAM inhibitors (108).

Inhibition of D114 /Notch signaling pro-
motes the reconstruction of retinal vascu-
lature in oxygen-induced retinopathy, the
mouse model of ROP (33,71). Preclinical
studies targeting tumor angiogenesis
through blockade of D114 /Notch signaling
showed an inhibitory effect on tumor
growth (109,110), but this strategy also
showed adverse effects of disrupting nor-
mal vessel homeostasis and producing
significant pathologic changes in multiple
organs (111). However, D114 /Notch block-
ade might still be used in the treatment of
ocular angiogenic diseases by local ad-
ministration such as intravitreal injection
or subretinal injection. Subsequent con-
cerns about this strategy might be the ef-
fects of chronic Notch blockade on the
structure and /or function of neuroretina,
since the role of Notch signaling is indis-
pensable in adult brain involving synaptic
plasticity, neural stem cell maintenance
and neuron survival (112-114). Moreover,
most, if not all, angiogenic ocular diseases

REVIEW ARTICLE

are complicated by multiple cell types,
such as inflammatory cells. The effects of
Notch blockade on these cells must also
be determined beforehand.

Artificial activation or enhancement of
the Notch signal is also presumed to in-
hibit angiogenesis. Expression of D114 in
tumor cells can block sprouting from
tumor blood vessels, possibly by sup-
pressing the emergence of tip cells to re-
duce the tumor growth (115). In the
mouse model of CNV, enhancement of
Notch signaling by Jagl peptide greatly
reduces angiogenesis in CNV, indicating
that Notch signaling enhancement may
be a candidate therapy for CNV-related
diseases (77). Thus, future investigations
are anticipated to explore how to target
abnormal angiogenesis by Notch activa-
tion, but maintaining the remaining vas-
culature that gives good access to oxygen,
and how to promote the normalization of
pathological angiogenesis.
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