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Abstract

Physiological angiogenesis is essential for development, homeostasis and tissue repair but pathological neo-
vascularization is a major feature of tumours, rheumatoid arthritis and ocular complications. Studies over the last
decade have identified y-secretase, a presenilin-dependent protease, as a key regulator of angiogenesis
through: (/) regulated intramembrane proteolysis and transmembrane cleavage of receptors (e.g. VEGFR-1,
Notch, ErbB-4, IGFI-R) followed by translocation of the intracellular domain to the nucleus, (i) translocation of
full length membrane-bound receptors to the nucleus (VEGFR-1), (iii) phosphorylation of membrane bound pro-
teins (VEGFR-1 and ErbB-4), (iv) modulation of adherens junctions (cadherin) and regulation of permeability
and (v) cleavage of amyloid precursor protein to amyloid- which is able to regulate the angiogenic process.
The y-secretase-induced translocation of receptors to the nucleus provides an alternative intracellular signalling
pathway, which acts as a potent regulator of transcription. y-secretase is a complex composed of four different
integral proteins (presenilin, nicastrin, Aph-1 and Pen-2), which determine the stability, substrate binding, sub-
strate specificity and proteolytic activity of y-secretase. This seeming complexity allows numerous possibilities
for the development of targeted y-secretase agonists/antagonists, which can specifically regulate the angiogenic
process. This review will consider the structure and function of y-secretase, the growing evidence for its role in
angiogenesis and the substrates involved, y-secretase as a therapeutic target and future challenges in this area.
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Introduction

Angiogenesis is one of the most crucial biological
processes, which ensures the formation and physio-
logical function of all organs and virtually all tissues
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in the body [1]. However, aberrant angiogenesis is a
major pathological feature of tumours, diabetic
retinopathy, rheumatoid arthritis and age-related
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macular degeneration. Pathology of the vascular sys-
tem involves the endothelium, which comprises the
innermost layer of all blood vessels, cardiac valves
and several other body cavities. The endothelial cells
are responsible for maintaining vessel patency, pre-
venting thrombosis, and relaxation and contraction of
vessels. The migration, proliferation and organization
of endothelial cells and their precursors into tubules
defines the process of angiogenesis, whether it be
during development or during adult reparative or
pathological processes [2]. Furthermore, the classic
perception that adult angiogenesis develops solely
from existing endothelial cells has been challenged
by us and others who have shown that hematopoiet-
ic stem cells (HSCs) can contribute up to 26% of the
endothelial cells in a new vessel [3-5]. It is now quite
evident that there is a plethora of pro- and anti-angio-
genic factors that regulate the vasculature and are
involved in the development and progression of neo-
vascularization [6, 7]. Furthermore, the spatio-tem-
poral balance of these pro- and anti-angiogenic
factors is critical in determining whether vascular home-
ostasis or pathology occurs [8]. The collective evi-
dence suggests that the vascular endothelial growth
factor (VEGF) family is critical for angiogenesis [6, 7,
9]. Increasing VEGF in animal models promotes neo-
vascularization and this can be reversed by neutral-
izing VEGF or its receptors [10-12]. VEGF is hypox-
ia-inducible and thus is dramatically up-regulated by
the hypoxic environment associated with tumours
and diabetic retinopathy [9, 12, 13]. Moreover, treat-
ment of patients with tumours or choroidal neovascu-
larization with VEGF inhibitors such as Avastin or
Lucentis significantly reduces the aberrant angiogen-
esis resulting in the regression of tumours and, in the
case of choroidal neovascularization, vessel regres-
sion and improved vision [11, 14, 15]. However, many
other factors including Delta/Notch, insulin-like
growth factor-1 (IGF-I), fibroblast growth factor (FGF),
angiopoietin and placenta growth factor (PIGF) are
also, given the correct tissue environment, strongly
pro-angiogenic. It is also important to note that these
factors are constitutively expressed in most tissues
under physiological conditions and thus must play an
important role in homeostasis. Their pro-angiogenic
potential is regulated by a fine balance of anti-angio-
genic factors including pigment epithelium-derived
factor (PEDF), IGF-binding protein-3 (IGFBP-3) [16]
and thrombospondin [2]. When we think of receptor
activation by these angiogenic factors we typically
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associate this with tyrosine kinase activation and
downstream intracellular signalling driving a cascade
of protein phosphorylation events [17]. However, it
has long been recognized, and often dismissed, that
full length receptors and receptor fragments are
present within the cytosol and nucleus [18, 19]. It is
now apparent that these translocated receptors pro-
vide an alternative signalling pathway, bind to transcrip-
tion factors and associate with adherens junctions to
regulate intercellular permeability [19]. Furthermore,
despite the presence of nhumerous membrane recep-
tors (e.g. VEGFR-1, VEGFR-2, CXCR4) on HSCs little
is known about their down stream signalling [5].

This review will focus on the intracellular translo-
cation of receptors in angiogenesis and will carefully
examine the contribution of +y-secretase and its
active proteolytic component, presenilin, which plays
a critical role in this process.

Regulated intramembrane
proteolysis

Over the last decade regulated intramembrane pro-
teolysis (RIP) has been revealed as a novel, but
highly conserved mechanism in cell signalling
(reviewed in [20-22]). RIP results in the release of
extracellular/luminal and/or cytoplasmic domains
from transmembrane proteins. These cleaved frag-
ments have been shown to act as biological effectors
at other sites within the cell. For example, the intra-
cellular domain of Notch released by RIP translo-
cates to the nucleus where it acts as a transcription-
al activator [23] (Fig. 1). RIP is mediated by at least
three distinct families of evolutionarily conserved
intramembrane proteases, which cleave substrates
usually within their transmembrane domains [22]: (1)
the presenilin-type aspartyl proteases, including the
presenilin-dependent vy-secretase and the signal
peptide peptidase (SPP) that cleave tyrosine kinase
receptors and the HLA-E epitope [24-25]; (2) the
site-2 protease (S2P) family, zinc-metalloproteases
that cleave and activate sterol regulatory element
binding proteins (SREBPs) [26]; (3) the rhomboid
serine proteases that cleave transmembrane ligand
substrates including the main EGF ligand Spitz [27].
Presenilin-dependent +y-secretase and rhomboids
are believed to cleave only type-l membrane
substrates (single pass transmembrane proteins with
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a cytoplasmic C-terminus and an extracellular or
luminal N-terminus), while S2P and SPP cleave type-
Il membrane proteins (the N- and C-termini in type Il
proteins are the reverse orientation of type-1 pro-
teins). Cleavage of multipass proteins is under
debate but there is recent evidence that this might
occur with the CXCR4 receptor [28].

v-Secretase

Structure

v-secretase is a complex composed of four different
integral membrane proteins: presenilin (PS), nicas-
trin, Aph-1, and Pen-2 (Fig. 2) [29, 30]. The most
studied component of the y-secretase complex is
presenilin, which is an integral enzyme in the cleav-
age of amyloid precursor protein and contributes to
the accumulation of amyloid-p peptide in Alzheimer’s
disease. Activation of PS is dependent on its endo-
proteolysis into an N-terminal fragment (NTF) and C-
terminal fragment (CTF) [30, 31]. Nicastrin has
recently been described as ‘the gatekeeper of the -
secretase complex’ [32]. The extracellular orientated
domain of nicastrin is essential for substrate recogni-
tion by the y-secretase complex and nicastrin binding
to the substrate is required before presenilin can

© 2008 The Authors
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Y-secretase

Fig. 1 Role of +y-secretase in
growth factor receptor signalling.
Ligand binding induces ectodomain
shedding of the receptor allowing
for the second intramembrane
cleavage that releases the active
cytoplasmic domain, which in the
case of Notch translocates to the
nucleus. Modified from Landman
and Kim [22].

exert its proteolytic activity. This extracellular domain
of nicastrin usually binds to specific amino terminal
residues of the transmembrane substrate. Thus
nicastrin facilitates presenilin-dependent RIP of the
transmembrane fragment [33]. Of the two other pro-
teins, which constitute y-secretase, Aph-1 is believed
to be a scaffolding protein and Pen-2 appears to reg-
ulate PS activity. Assembly of the y-secretase com-
plex begins in the endoplasmic reticulum and is con-
cluded after translocation of the four proteins to the
cell membrane [30].

Although v-secretase is ubiquitously expressed in
a wide range of cell types which themselves express
multiple substrates ranging from signalling receptors
to junctional complexes there is clear evidence of
substrate specificity. However, exactly how this speci-
ficity is achieved remains unclear [34]. Six variants of
v-secretase exist based upon different combinations
of the two PS and three different Aph-1 proteins.
Furthermore, the complex contains a number of dif-
ferent binding, docking and active enzyme sites that
exhibit varying degrees of substrate specificity (see
Wolfe [30]). There also appears to be allosteric mod-
ulation of vy-secretase activity through binding of
extrinsic factors to protein components in the complex
(see Wolfe [30]). Thus the extrinsic components, in
combination with core complexes, design functional
variants of y-secretase that have substrate specificity.
Even when active vy-secretase is present in the
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A Presenilin

Aph-1 Pen-2

Fig. 2 Components and assembly of the y-secretase complex. (A) y-secretase is composed of four different integral
membrane proteins; presenilin, nicastrin, Aph-1 and Pen-2. Presenilin undergoes endoproteolysis into an N-terminal
fragment (NTF) and C-terminal fragment (CTF) that remain associated. (B) Model for how the components of y-secre-
tase are arranged within the active protease complex. Modified from Wolfe [30].

endothelial cell membrane, transmembrane receptors
are not cleaved until they bind to their respective lig-
and which presumably results in a change in receptor
conformation that makes either a docking or cleavage
site available on the receptor for y-secretase.
Although a great deal of progress has been made
in identifying the components of the +y-secretase
complex, the endogenous regulatory mechanism of
y-secretase expression/activity is only now being
elucidated. We have recently demonstrated that the
potent anti-angiogenic inhibitor pigment epithelial-
derived factor (PEDF) promotes translocation of PS
and nicastrin from the cell membrane and up-regu-
lates y-secretase activity [31]. It is conceivable that
this involves kinase-dependent pathways since Kim
and colleagues [35] have shown that y-secretase is
endogenously regulated via the extracellular signal
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regulated MAP kinase (ERK) MAPK pathway.
Information on the transcriptional regulation of the
proteins of the ~y-secretase complex is limited but
there is evidence that the PS-1 promoter has Ets
binding domains [36], that both PS and Pen-2 are
transcriptionally regulated by cyclic AMP-response
element binding protein (CREB) [37] and ubiquilin
can regulate the post-transcriptional modification of
PS, Pen-2 and nicastrin [38].

Substrate cleavage

Presenilin-dependent regulated intramembrane pro-
teolysis has been extensively studied in the context of
Notch signalling. Cleavage of transmembrane proteins
by presenilin leads to the generation of biologically

© 2008 The Authors

Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



active protein fragments that signal at various loca-
tions within the cell including the nucleus and the
adherens junctions (reviewed in [22]). RIP of mem-
brane receptors usually requires two sequential pro-
teolytic cleavages, carried out by different proteases.
The first cleavage occurs at the cell surface, and usu-
ally leads to the shedding of the protein’s extracellular
or luminal domain. The initiation of this first cleavage
is normally in response to ligand binding to the recep-
tor presumably causing a conformational change and
exposing a cleavage site [26, 39, 40]. This cleavage of
the ectodomain is typically carried out by proteases of
the disintegrin and metalloprotease (ADAM) families,
whose active site domain is located in the extracellu-
lar/luminal space [22, 41]. This primary cleavage
shortens the ectodomain (usually to less than 30
amino acids), which allows the transmembrane cleav-
age to occur via the action of y-secretase. The active
cytoplasmic domain, which is released subsequently,
translocates within the cell where it can either (1)
locate to the nucleus where it serves to regulate gene
expression through an association with DNA bound
cofactors, as reported for Notch and ErbB-4
(reviewed in [42, 43]) or (2) bind to cytsolic proteins
and regulate their action (e.g. p75NTR [44] and E-cad-
herin [45]). Thus, y-secretase-dependent proteolysis
can regulate intracellular signalling pathways via two
major mechanisms: elimination of critical domains of
the membrane receptors or generation of bioactive
intracellular domains. y-secretase-dependent proteol-
ysis can cleave a number of membrane receptors
(see Parks and Curtis) [46]) including ErbB4 [41] to
modulate proliferation and differentiation, CD44 that
regulates transcriptional activity [47], p75 neu-
rotrophin receptor to regulate cell survival and tran-
scription [48], E-cadherin to change permeability [45],
LDL-receptor to regulate transcription [49], VEGFR-1
to regulate angiogenesis [31] and IGF-IR with as yet
undetermined functions and Tie 1 [50, 51].

Is there more to y-secretase
than regulated
intramembrane proteolysis?

Receptor translocation

Growth factor receptors localized to the plasma mem-
brane are not restricted to the cell surface. Tyrosine
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kinase receptors can, usually following binding of
their concomitant ligand, be rapidly internalized
through clathrin-coated pits and enter the endocytic
pathway from which they are degraded in lysosomes
or be recycled back to the cell surface [19]. However,
there is accumulating evidence that membrane bound
receptors have an alternative signalling pathway,
which involves either the intact full length receptor or
a cleaved cytoplasmic domain fragment being
translocated to the nucleus. Full length EGFR, FGFR,
VEGFR-1 and VEGFR2 appear to accumulate in the
nucleus as an intact receptor [18, 31, 52, 53].
Cytosolic fragments of Notch, ErbB-4 and VEGFR-1
have all been localized to the nucleus. y-secretase
appears critical for the transmembrane cleavage of
receptors since y-secretase inhibitors prevent cleav-
age and subsequent accumulation of receptors in the
nucleus. However, we have recently demonstrated
that y-secretase can also regulate the nuclear
translocation of intact receptors [31]. Although, the
mechanism by which this occurs has yet to be eluci-
dated. The nuclear localization of membrane bound
receptors appears to regulate gene expression either
by (i) acting directly as a transcription factor (FGFR-1
acts as a transcription factor at the FGF-2 promoter)
[54], (ii) binding to and regulating the activity of tran-
scription factors, (iii) induction of early response and
cell cycle genes [55] or (iv) co-transport of other mol-
ecules into the nucleus (ErbB-1 has been reported to
transport the tyrosine phosphorylated transcription
factor STAT-3 from the cytosol into the nucleus) [56].

Presenilin-binding proteins

Presenilin/y-secretase has been shown to date to
interact with over 30 proteins but the significance of
this association remains unclear (reviewed in [46].
The functions of the diverse range of binding proteins
include vesicle trafficking [57], apoptotic regulation
and proteosomal degradation [58], ubiquitination [59],
endosome recycling [58] and calcium regulation [60].
It is highly likely that many of these proteins will reg-
ulate presenilin levels/activity or the stability of the -
secretase complex. For example, the calcium-binding
protein calsenelin can promote y-secretase-mediat-
ed cleavage of Notch and APP [60]. However, it is
possible that presenilin binding can lead to a func-
tional change in the bound protein, possibly through
phosphorylation.
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Phosphorylation

There is some suggestion in the literature that PS
regulates the phosphorylation state of a variety of
proteins including retinoblastoma protein [61], Src
[62], ErbB-4 [63, 64] and VEGFR-1 [31]. Whether this
is a direct or indirect phosphorylation is unclear but
PS1 is known to be able to activate PI3K leading to
downstream phosphorylation/dephosphorylation [65,
66]. There is also evidence that presenilin can bind
and phosphorylate proteins both alone and as part of
the y-secretase complex. PS-1 is able to promote cell
survival by activating the PI3K/Akt pathway [5, 40],
phosphorylating glycogen synthase kinase-3 (GSK-
3) and suppressing GSK-3-dependent phosphoryla-
tion of tau [65]. The function of PS-1 was not affect-
ed by vy-secretase inhibition. However, Cai and col-
leagues [31] observed that y-secretase is able to
regulate phosphorylation of VEGFR-1. y-secretase
induction greatly reduced VEGFR-1 phosphorylation
and phosphorylation was least when +y-secretase
was induced in combination with VEGF. This could be
blocked by inhibition of vy-secretase. It would thus
appear that presenilin can mediate protein function
either alone or as part of the y-secretase complex.

Role of y-secretase in angiogenesis

We and others have identified a potential role for -
secretase in vasculogenesis and angiogenesis
[31, 67-72]. Abnormal blood vessel development
occurs in mice lacking presenilin-1 [68]. Presenilin-1
controls the growth and differentiation of endothelial
progenitor cells [73]. An Ets domain is located on the
PS promoter and Ets is known to be a key transcrip-
tional regulator of vasculogenesis and angiogenesis
[74]. Furthermore, the transcriptional elements Ets
and CREB are known to regulate expression of PS
and these elements are themselves regulated by a
variety of growth factors including VEGF [74, 75].
Aph1A (one of the three Aph1 isoforms that con-
tribute to the stability of the y-secretase complex)
knockout mice failed to develop an organized vascu-
lar system [70]. We have shown that y-secretase is
able to regulate VEGFR-2-induced vascular perme-
ability and angiogenesis in retinal microvascular
endothelial cells via VEGFR-1 cleavage and translo-
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cation of the C-terminal domain and full length
VEGFR-1 [31]. A role for y-secretase in retinal neo-
vascularization is further supported by the observa-
tion that PS expression is up-regulated in the OIR
model of retinopathy of prematurity [67]. Notch, a -
secretase regulated receptor, is an important modu-
lator of endothelial behavior. Furthermore, there
is crosstalk between Notch and VEGF receptors
and Notch is known to regulate both VEGF and
VEGFR expression in a variety of vascular and non-
vascular cells.

Notch

Notch receptor signalling, unlike many other trans-
membrane signalling receptors that use protein
phosphorylation cascades to transmit intracellular
signals, relies on cleavage of its intracellular domain
and subsequent translocation to bind directly with
downstream transcriptional regulators [20]. Notch
undergoes a typical regulated intramembrane prote-
olysis. Upon ligand binding to Delta or Jagged, the
ectodomain is cleaved by TACE/ADAM metallopro-
teinases. The resultant membrane-anchored c-termi-
nal fragment is subsequently further cleaved by ~-
secretase to liberate the Notch intracellular domain,
which translocates to the nucleus. The best charac-
terized Notch targets are transcriptional repressors
of the Hes and Hey families that act by negatively
regulating expression of target genes such as tissue-
specific transcriptional activators [71, 76, 77].
Although Notch is classically considered to be a
regulator of cell differentiation and pattern formation
there is considerable evidence in the literature to
support its role in developmental, adult and patholog-
ical angiogenesis [71]. Of the Notch receptors, only
Notch 1 and Notch 4 are expressed in vascular
endothelial cells [78]. There is a close association
between Notch and VEGF. Treatment of endothelial
cells with VEGF increases y-secretase activity, Notch
1 cleavage and Hes-1 expression while inhibition of
v-secretase leads to decreased angiogenesis and
blocks VEGF-induced endothelial cell proliferation,
migration and survival. For example, both Notch and
its ligand Delta-like 4 (DIll4) are induced in vascular
endothelial cells by VEGF [79], Notch activation
down-regulates VEGFR-2 expression on vascular
endothelial cells [77] and Notch activation can regu-
late VEGF expression [80]. y-secretase is also critical
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for cell-autonomous notch signalling and regulates
endothelial cell branching and proliferation during
vascular tubulogenesis [69].

In the last few years, it has become apparent that
the activation of Notch by DIl4 regulates the forma-
tion of appropriate numbers of tip cells to control ves-
sel sprouting and branching [81]. Inhibition of Notch
signalling using -y-secretase inhibitors, inactivation of
one allele of Dll4 or genetic deletion of Notch 1 all
promoted increased numbers of tip cells. VEGF is
essential for the induction of endothelial tip cells and
appears to be able to up-regulate DIl4 which is also
increased under hypoxia [72]. Furthermore, DIl4 is
able to reduce VEGFR-2 expression in endothelial
cells thus providing a negative feedback loop for
VEGF-induced angiogenesis. DIl4 overexpressing
cells show significant induction of Hey-2, which is
one of the transcription factors that mediates the DIl4
induced Notch activation [72]. y-secretase inhibition
blocked DIl4 activation of Notch and reconstituted
VEGFR-2 expression. It also appears that DIl4/Notch
4 interactions lead to an up-regulation of ephrin B2 (a
regulator of cell segregation) and down-regulation of
its receptor EphB4, which was blocked by y-secre-
tase inhibition [82]. Presenilin processing of ephrinB
itself regulates EphB-induced Src phosphorylation
and signalling [62]. It now appears that DIl4 and
Notch can regulate multiple angiogenic pathways in
HUVEC including VEGF, PIGF, FGF and HGF as well
as facilitating up-regulation of VEGFR-1 allowing a
continued response to PIGF [83]. Thurston et al.
report a paradox for DII4 activation of Notch, which
leads to more tumour vessels but less tumour growth
[84]. Thus DIl4, Notch and vy-secretase all appear to
play a critical role in VEGF-induced angiogenesis.

Vascular endothelial growth factor
receptor-1 (VEGFR-1)

Although VEGFR-2 has long been considered the
major effector in VEGF-induced angiogenesis, there
is a growing body of evidence that VEGFR-1 is a
potent negative regulator of VEGFR-2 [12]. Mice
expressing the VEGFR-1 extracellular and trans-
membrane domains but lacking the tyrosine kinase
domain (VEGFR-1 TK(-) mice) develop an essential-
ly normal vasculature [85], which suggests that the
VEGFR-1 tyrosine kinase domain appears to be dis-
pensable and that VEGFR-1 may signal via an alter-
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native pathway or pathways. This process may also
in part be dependent on the extracellular matrix since
Nozaki and colleagues [86] observed that choroidal
neovascularization induced by injury was increased
by excess VEGF-A before injury but was suppressed
by VEGF-A after injury. This antiangiogenic effect
was mediated via VEGFR-1 activation that was
silenced by secreted protein, acidic and rich in cys-
teine (SPARC). Thus, the mechanism by which
VEGFR-1 supports angiogenesis is complex and
likely involves several different mechanisms with dif-
ferent levels of specificity and controls.

We have recently reported that y-secretase is
expressed in retinal microvascular endothelial cells
and is able to elicit regulated intramembrane proteol-
ysis of VEGFR-1 as well as translocation and phos-
phorylation of the full length receptor [31]. The
translocation of the cleaved intracellular domain of
VEGFR-1 as well as full length VEGFR-1 acts as a
potent negative regulator of VEGFR-2 driven neovas-
cularization. Pigment epithelial-derived factor
(PEDF), a potent anti-angiogenic factor, induces a
greater than 8-fold increase in y-secretase activity in
microvascular endothelial cells. This increase was
not due to up-regulated gene expression but reflect-
ed mobilization of endogenous +y-secretase con-
stituents to the plasma membrane and an increase in
the ratio of the active PS-1 C-terminal fragment
(CTF) to inactive full length within 30 min. Once com-
plex formation was complete, both PS-1 and nicas-
trin co-localized to membrane-bound VEGFR-1 but
not VEGFR-2. From studies in other signalling sys-
tems, we believe that PS-1 is bound to nicastrin,
which in turn binds to VEGFR1. We conclude from
these observations that VEGFR-1 will have
sequence domains for both nicastrin binding and PS-
1 cleavage. Computational modelling studies show
that the VEGFR-1 transmembrane domain is highly
conserved and contains a valine site (‘cvaatlfwllitif’),
which could serve as a substrate for PS-1.

v-secretase induction in the presence of VEGF
resulted in the appearance of an intracellular cleaved
80 kD C-terminal domain of VEGFR-1 within 1 hr
after induction. Interestingly, even though we could
induce the formation of an active y-secretase com-
plex in the plasma membrane, VEGF binding to
VEGFR-1 was essential before cleavage occured
leading us to hypothesize that a change in VEGFR-1
conformation occurs which in turn exposes the con-
served valine residue to PS-1. A challenging thought
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is that the 80 kD C-terminal fragments of VEGFR-1
released into the cytosol could act to inhibit VEGFR-
2 phosphorylation and that some remnant 100 kD N-
terminal domains are released extracellularly to
involve sequestration of the VEGF similar to the sol-
uble form of VEGFR-1.

Subcellular fractionation detected full length 180
kD VEGFR-1 in the membrane, cytoskeletal and the
nuclear fractions plus an additional 80 kD (cleaved)
C-terminal domain of VEGFR-1 was observed in the
cytosol fraction of +v-secretase-induced cells. The
cleavage and translocation of the 80 kD (cleaved) C-
terminal domain of VEGFR-1 was blocked by vy-sec-
retase inhibition. The presence of the N-terminal (extra-
cellular) domain of VEGFR-1 confirmed the presence
of full length VEGFR-1 in membrane, cytoskeletal, and
nuclear fractions, but not in the cytosolic fraction.

y-secretase induction also regulated the phospho-
rylation state of VEGFR-1 and its translocated
domains. Immunoprecipitated phosphorylated pro-
teins and Western blotting for VEGFR-1 demonstrat-
ed that VEGF induced an increase in autophospho-
rylation of VEGFR-1 compared to control with bands
at 250 and 180 kD in whole cell lysates. y-secretase
induction greatly reduced VEGFR-1 phosphorylation
in both the 250 and 180 kD bands and dephosphory-
lation was greatest'when +y-secretase was induced
by PEDF in combination with VEGF. Analysis of the
subcellular fractions demonstrated that VEGF
induced an increase in auto-phosphorylation of full
length VEGFR-1 in membrane, cytoskeleton and
nuclear fractions. Interestingly, y-secretase induction
almost completely blocked the tyrosine phosphoryla-
tion of full length VEGFR-1 in all fractions regardless
of whether the endothelial cells were cultured in the
presence or absence of VEGF. Phosphorylation of
the cleaved 80 kD VEGFR-1 C-terminal domain was
not observed. +y-secretase inhibition prevented
dephosphorylation confirming a critical role for y-sec-
retase induction in VEGFR-1 cell signalling. Significant
dephosphorylation of both 180 and 250 kD bands
occured after 1 hr of y-secretase induction by PEDF
addition. Thus up-regulation of y-secretase plays a key
role in VEGFR-1 negative regulation of VEGFR-2.

Insulin-like growth factor-l receptor
(IGF-1R)

IGF-I is a potent pro-angiogenic factor which plays
an important role in aberrant neovascularization
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associated with diabetic retinopathy [6, 9]. Its sig-
nalling is primarily via IGF-IR. McElroy and col-
leagues have recently reported that IGF-IR under-
goes regulated intramembrane proteolysis in the
human embryonic kidney cell line (HEK 293T) [50]. A
metalloproteinase-dependant ectodomain-shedding
event generates a ~52 kD IGF-IR C-terminal domain
which is sequentially cleaved by y-secretase, liberat-
ing a ~50 kD intracellular domain. Inhibition of y-sec-
retase using Compound E prevented cleavage of the
C-terminal domain. Sequence alignments of the
transmembrane domains of known y-secretase sub-
strates and IGF-IR demonstrated conservation of a
valine residue at a corresponding position. Although
the authors did not undertake functional studies it is
reasonable to conclude that this may represent a sig-
nalling pathway independent of tyrosine kinase acti-
vation and that such a pathway is likely to operate in
vascular endothelial cells.

ErbB4

The Erb, or epidermal growth factor receptor, family of
transmembrane tyrosine kinase receptors are impli-
cated in a range of cellular responses including the
regulation of angiogenesis both in vitro and in vivo
[87]. One member of the EGF receptor family, ErbB-4
is known to undergo intramembrane proteolysis to
generate an 80 kD intracellular domain which relo-
cates to the nuclear compartment where it regulates
gene transcription [88]. It has been elegantly demon-
strated that, similar to the Notch system, upon bind-
ing to its ligand (heregulin, neuregulin, betacellulin)
that the ErbB-4 ectodomain is cleaved by a metallo-
protease and that vy-secretase elicits a transmem-
brane cleavage thus releasing an intracellular domain
[42, 89]. This regulated intramembrane proteolysis
and the appearance of a cleaved fragment was
blocked by inhibition of y-secretase or a dominant
negative presenilin mutant [42]. The nuclear binding
partners for the intracellular domain of ErbB-4 have
yet to be fully elucidated. Arasada and Carpenter
reported that the cleaved intracellular domain associ-
ates with and tyrosine phosphorylates MdM2, a pro-
tein that is predominantly localized to the nucleus and
regulates p53 levels [63]. Omerovic and colleagues
have identified the transcriptional transactivator
YAPG5 (yes-associated protein) as a binding partner
for ErbB-4 using a yeast two hybrid screen [88].
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Interestingly, it appears that y-secretase-dependent
processing of B-amyloid precursor protein (see APP
section below) can itself regulate EGF receptor
expression [90] suggesting a highly context-depend-
ent regulation of the EGF receptor signalling system.

In addition to its more general role in regulating cell
proliferation and differentiation it appears that ErbB-4
can play an important role in tumour angiogenesis
[87, 91-96]. Activation of ErbB-4 induces its phospho-
rylation and promotes HUVEC proliferation and
migration. Signalling appears to involve the MAPK
and PI3K/Akt pathways [93]. Interestingly, ErbB-4
colocalizes with ErbB-1 in HUVEC and aortic
endothelial cells which opens the possibility that
ErbB-4 may facilitate the entry of ErbB-1 into the
nucleus [92]. However, once in the nucleus ErbB-4
locates to the extra-nucleolar region while ErbB-1 is
localized to the nucleoli. It is also clear that tumour
angiogenesis is likely to be dependent on the differen-
tial regulation of distinct ErbB homo- and hetero-
dimers. EGFR/ErbB-4, ErbB-2/ErbB-4 and ErbB-
3/ErbB-4 can all induce VEGF expression although
this induction is not as great as for EGFR/ErbB-2 and
ErbB-2/ErbB-3 [87]. Stimulation of HUVEC with
recombinant neuregulin-g (an ErbB-3/ErbB-4 ligand)
induces marked in vitro and in vivo angiogenic
responses which are independent of VEGF [95]. It
has also been shown that ligand binding induces
ErbB-3 and ErbB-4 heterdimerization with ErbB-2
which increases secretion of VEGF from breast can-
cer cells via a p38 MAPK [96]. However, neuregulin-
2, a ligand for EGF receptors including ErbB-4, has
an inhibitory activity on angiogenesis [94]. While it is
clear that ErbB-4 activation can contribute to angio-
genesis the contribution of the cleaved intracellular
domain versus the classic tyrosine kinase signalling
pathway has yet to be elucidated.

Cadherins

Cadherins mediate cell adhesion and participate in
the maintenance of cell-cell junctions. In the context
of angiogenesis VE-cadherin in vascular endothelial
cells plays a critical role in regulating vessel perme-
ability [97-99]. VEGF-induced vascular permeability
leads to disassociation of VE-cadherins junctions
and vessel leakage. Furthermore, pathologic new
vessels are usually fragile and ‘leaky’ suggesting that
the cadherin junctional complexes are not fully
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formed. Studies to date have concentrated on the
effect of y-secretase on epithelial (E)- and neuronal
(N)-cadherin [100]. Presenilin activation can result in
transmembrane cleavage of E-cadherin which disso-
ciates E-cadherin, p-catenin and a-catenin from the
cytoskeleton. This leads to dissociation of the E-cad-
herin-catenin adhesion complex and increases the
cytosolic pool of B-catenin, a key regulator of the Wnt
signalling pathway [45, 100]. y-secretase cleavage of
N-cadherin is involved in CREB mediated gene
expression. While to date there are no reports of y-
secretase cleavage of VE-cadherin it is highly likely
that this will occur and will serve as an alternative
signalling pathway in endothelial cells undergoing
angiogenesis. To support this, Georgakopoulos and
colleagues have reported that presenilin-1 is a com-
ponent of endothelial cell junctions [101].

Amyloid precursor protein (APP)

v-secretase is traditionally recognized for its contribu-
tion to the proteolytic cleavage of amyloid precursor
protein (APP) to the amyloid-B8 peptide which is pres-
ent in senile plaques in the brain [29]. However, it is
now becoming evident that amyloid may be associated
with pathological angiogenesis, especially that associ-
ated with diabetic retinopathy and age-related macular
degeneration (AMD) in the eye. Amyloid is present in
Drusen which are a hallmark of AMD [102, 103] and
amyloid-B induces a marked increase in VEGF as well
as a marked decrease in PEDF production by retinal
pigment epithelial (RPE) cells [103] and thus it is likely
to affect the balance between pro- and anti-angiogenic
factors in the retina. Taken together with our recent
observation that y-secretase is expressed in the RPE
this would suggest that the RPE may be the site of
cleavage of APP [104] and may be important in the
pathogenesis of AMD. There also appears to be a
strong link between amyloid-B and proliferative diabet-
ic retinopathy in which new blood vessels grow on the
retinal surface. Vitreous fluid from patients showed a
significant decrease in amyloid and an increase in lev-
els of the microtubule-associated proteins compared to
controls without vascular complications [105]. It is pos-
sible that this may be associated with levels of
neprilysin (a rate-limiting peptidase involved in the
physiological degradation of amyloid-@) [106]. There is
a significant increase in neprilysin activity in patients
with diabetic retinopathy compared to controls which is
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consistent with a decrease in amyloid in the vitreous of
patients with diabetic retinopathy. This may also corre-
late with y-secretase activity since presenilin is signifi-
cantly up-regulated in oxygen-induced retinopathy in
rats [67]. It is likely that APP/amyloid also contributes to
angiogenesis outside of the eye since amyloid-g is
associated with vasculogenesis in the brain [107], amy-
loid-B is highly expressed in the endothelium of newly
forming vessels and +y-secretase-dependent process-
ing of APP can regulate tyrosine kinase receptor
expression [90].

Other substrates

As elegantly highlighted in a recent review by Parks
and Curtis at least 25 y-secretase substrates have
been identified to date [46]. These show tremendous
diversity and include growth hormone receptor [108],
syndecan-3 [109], tyrosinase [110], CD44 [111] and
HLA-A2 [112]. The cleaved intracellular domain can
regulate transcriptional activity (CD44), protein local-
ization (tyrosinase, syndecan-3), represent degrada-
tion (HLA-A2) or function remains unclear (growth
hormone receptor). It is almost a certainty that addi-
tional y-secretase substrates will be discovered in
the future and that new intracellular pathways for reg-
ulation of cellular function will be identified.

v-Secretase as a therapeutic target

Targetting y-secretase in the prevention of aberrant
angiogenesis is now a real possibility. However, given
the ubiquitous expression and diverse substrates for
v-secretase it will be important to develop y-secre-
tase substrate-specific compounds. Furthermore, in
some situations vy-secretase inhibition can prevent
angiogenesis while in the case of VEGFR-1 for
example it is y-secretase up-regulation which blocks
angiogenesis [31].

Exogenous negative regulation of +y-secretase
activity has been extensively studied within the
Alzheimers field with a view to therapeutic interven-
tion in the formation of senile plaque [29, 30, 113].
Potent v -secretase inhibitors have been identified by
screening drug libraries or by designing aspartyl pro-
tease transition-state analogues based largely on the
amyloid precursor protein (APP) substrate cleavage
site. Several classes of y-secretase inhibitors have
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been developed including small peptidic aldehydes
(e.g. MG-132, MDL-28170) that inhibit protease
activity, y-secretase substrate specific inhibitor (e.g.
DFK-167) which inhibits aspartyl protease action at
the v-42 cleavage site of APP, transition-state ana-
logues (e.g. L685458, DAPT and compound E) with
the benzodiazepine compound LY411575 being the
most potent y-secretase inhibitor to date.

Most of these inhibitors are not specific for y-sec-
retase cleavage of APP, and equally inhibit the pro-
cessing of other vy-secretase substrates (see Evin
et al. [113]). However, some inhibitors show some
selectivity for cleavage of amyloid precursor protein
relative to Notch. For example, isocoumarin (JLK-6)
inhibits amyloid beta degradation but has no effect
on Notch. However, selectivity may be cell type
dependent since we have shown that in retinal vas-
cular endothelial cells the reportedly non-selective
inhibitor L685458 inhibits angiogenesis by blocking
vy-secretase modification of VEGFR-1 but does not
act via Notch, which is also expressed in these cells.
It is clear that as we develop a greater understanding
of y-secretase complex formation, substrate-specific
binding and cleavage sites, and transcriptional bind-
ing partners we will be able to more accurately target
y-secretase in the prevention of aberrant angiogene-
sis. An interesting thought is to develop a mimetic,
which will, for example, block the binding of nicastrin
to tyrosine kinase receptors and thus prevent sub-
strate-specific cleavage. While many of these
inhibitors is relatively well tolerated in vivo there is
evidence that the benzodiazepine derivatives can in
some situations lead to cell metaplasia [114].

Although, the concept of y-secretase inhibitors is
attractive, it appears that in some facets of angiogen-
esis an increase in +y-secretase activity acts as a
negative regulator of angiogenesis [31]. We have
recently shown that PEDF, a non-classic serpin, is a
potent up-regulator of y-secretase activity and acts
by promoting translocation of the components of the
constituents of the y-secretase complex to the cell
membrane. In addition, an increase in y-secretase
activity has also been reported following activation of
the p2-adrenergic receptor [115] and following
application of TO-901317, a liver X receptor agonist
[116]. Given the potential importance of increasing
v-secretase activity as a therapeutic intervention in
pathological angiogenesis, it is likely that the next
5 years will see an explosion of pharmacological
y-secretase activators.
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v-Secretase, what next?

The last decade has seen an explosion in the litera-
ture on y-secretase and its ability to cleave and mod-
ulate a wide range of substrates in addition to APP.
There is clear evidence to support y-secretase as a
potent regulator of angiogenesis and that this is in
part regulated by the VEGF signalling system.
Further studies are required to dissect the role of v-
secretase and its substrates in the regulation of
angiogenesis and to determination the functional rel-
evance of substrate-dependent and cell-dependent
modifications. Emphasis will need to be placed not
just on transmembrane cleavage but also on sub-
strate phosphorylation and intracellular translocation
to identify potential therapeutic targets. The chal-
lenge ahead is to characterize the vy-secretase sig-
nalling pathways in angiogenesis and elucidate how
these can influence angiogenic outcome.
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