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Abstract

The involvement of -secretase and <y-secretase in producing the B-amyloid component of senile plaques found in the brain of
Alzheimer’s patients has fueled a major research effort to design selective inhibitors of these proteases. Interestingly, y-secretase cleaves
several proteins including Notch, E-cadherin, CD44 and ErbB-4 (erythroblastic leukemia viral oncogene homolog 4), which are important
modulators of angiogenesis. The B-amyloid precursor protein, which is cleaved by PB-secretase and vy-secretase to produce B-amyloid, is
highly expressed in the endothelium of neoforming vessels suggesting that it might play a role during angiogenesis. These data prompted us
to explore the effects of B and +y-secretase inhibitors of different structures on angiogenesis and tumor growth. Both the y and B-secretase
inhibitors tested reduce endothelial cell proliferation without inducing cellular toxicity, suppress the formation of capillary structures in vitro
and oppose the sprouting of microvessel outgrowths in the rat aortic ring model of angiogenesis. Moreover, they potently inhibit the growth
and vascularization of human glioblastoma and human lung adenocarcinoma tumors xenotransplanted into nude mice. Altogether these data
suggest that the y and B-secretases play an essential role during angiogenesis and that inhibitors of the 3 and -y-secretases may constitute new

classes of anti-angiogenic and anti-tumoral compounds.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The p-amyloid precursor protein is a large glycoprotein
highly expressed in neurons but also in vascular cells
including endothelial cells (Forloni et al., 1992). It is
cleaved by +y-secretase and by P-secretase generating (3-
amyloid and carboxyl terminal intracellular fragments
(Sinha and Lieberburg, 1999). Amyloid plaques (invariantly
associated with Alzheimer’s disease), as well as vascular
amyloid deposits in cerebral amyloid angiopathy contain [3-
amyloid, which is believed to play a key role in Alzheimer’s
disease pathophysiology (Hardy and Selkoe, 2002). There-
fore, selective inhibitors of 3 and <y-secretase have been
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developed as possible therapeutic agents for Alzheimer’s
disease (Vassar, 2002; Roberts, 2002).

The p-amyloid precursor protein is highly expressed very
early during fetal life in the endothelia of neovascularized
tissue and particularly in cerebral endothelia (Ott and
Bullock, 2001), which could suggest a normal role for the
-amyloid precursor protein and/or its metabolites in early
angiogenesis. In addition, mice lacking ~y-secretase activity
display abnormal blood vessel development and exhibit
cerebral hemorrhages and subcutaneous edema (Nakajima et
al., 2003). We therefore explored the effect of various 3 and
v-secretase inhibitors of different molecular structures on
angiogenesis. Additionally, we determined the effect of p
and +y-secretase inhibitors on the growth of human brain
glioblastoma and lung adenocarcinoma xenografts into nude
mice, which are dependent on angiogenesis for their
growths.
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2. Methods

2.1. Isolation and culture of endothelial cells from
microvessel outgrowths

Endothelial cells were isolated from human middle cerebral
arteries as previously described (Paris et al. 2004). Briefly,
segments of human middle cerebral arteries collected following
rapid autopsies (2 to 4 h post-mortem delay) were embedded in 500
ul of Matrigel (Becton-Dickinson, Bedford, MA) in 24 well plates
and covered with endothelial basal medium (EBM, Cambrex Bio
Science, MD) supplemented with 4% fetal bovine serum and 1x
penicillin—streptomycin—fungizone mixture. Following 9 days in
culture with the medium being changed every 3 days, Matrigel
containing microvessel outgrowths from human middle cerebral
arteries were dissected with the aid of an inverted microscope and
dissociated several times in EBM through a sterile pipette tip.
Matrigel fragments were then plated on plastic culture flasks, and
incubated in EBM (supplemented with 4% fetal bovine serum and
1x penicillin—streptomycin—fungizone mixture) at 37 °C, 5%
CO, with medium changed every 3 days. After 5 to 6 days in
culture, cells were subjected to a double immunostaining with an
antibody against factor VIII and an antibody against a-smooth
muscle actin in order to verify their endothelial nature.

2.2. Measurement of human brain endothelial cells viability and
proliferation

Primary cultures of human brain endothelial cells were plated at
a density of 10* cells’200 uL of EBM containing 4% of fetal
bovine serum in 96 wells culture plates and treated with various
doses of R and vy-secretase inhibitors as indicated in the figure
legends. Following 24 h in culture, the EBM covering the cells was
removed and assayed for Lacticodehydrogenase (LDH) activity
using the cytotoxicity detection kit (Roche Diagnostic Corporation,
IN). Cells were covered with 100 pL of EBM supplemented with
4% fetal calf serum and cellular proliferation measured using the
Quick cell proliferation assay kit (Biovision Research Products,
CA).

2.3. Capillary morphogenesis assay

Two hundred microliters of Matrigel was placed into each well
of a 24-well culture plate at 4 °C and allowed to polymerize by
incubation at 37 °C. Human middle cerebral artery endothelial
cells (5x 10%) were seeded on the Matrigel in 1 ml of EBM
containing 4% fetal calf serum. The cells were incubated at 37 °C
for 20 h in a humidified 5% CO, atmosphere in the presence or
absence of various doses of 3 and +y-secretase inhibitors as
indicated in the figure legends (peptidomimetic (B-secretase
inhibitors OM99-2 (Glu-Val-Asn-Leu-V¥-Ala-Ala-Glu-Phe [V
denotes replacement of CONH by (S)-CH(OH)CH,]) and Pjo—
Py statV that are not cell permeable were treated with the Pro-
ject™ protein transfection reagent kit (Pierce, IL) and control
conditions were established using the same dose of Pro-ject™
protein transfection reagent alone using the manufacturer’s
recommendations). The experiments were performed in quadru-
plicate for each treatment condition. For each culture, 2 randomly
chosen fields were photographed using a 4x objective. An
experimenter unaware of the different treatments measured the
total length of tube structures in each photograph using the Image

Pro Plus software (Media Cybernetic, Inc., MD). Capillary
network lengths for the different treatment conditions were
expressed as the percentage of capillary network lengths obtained
in the control condition.

2.4. o-sAPP immunoprecipitation, sodium dodecyl sulfate—
polyacrylamid gel electrophoresis (SDS—PAGE) and
immunoblotting

Confluent Human brain endothelial cells (grown on 75-cm’
flasks with EBM containing 4% fetal bovine serum) were treated
for 24 h with 5 pM of Z-VLL-CHO (N-Benzyloxycarbonyl-Val-
Leu-leucinal), 5 pM of L-685,458 ({1S-benzyl-4R-[1-(1S-carba-
moyl-2-phenylethylcarbamoyl)-1S-3-methyl-butylcarbamoyl]-2R -
hydroxy-5-phenylpentyl}carbamic acid ferz-butyl ester), 5 uM of
OM99-2 (in presence of Pro-ject™ protein transfection reagent kit
(Pierce, IL)), 5 uM of DAPT (N-[N-(3,5-Difluorophenacetyl-L-
alanyl)]-S-phenylglycine -Butyl Ester) or went untreated (control).
Experiments were done in quadruplicate for each treatment
condition. 6E10 (Signet), a monoclonal antibody (mAb) that
recognizes residues 1—17 of human AP, was used to immunopre-
cipitate the soluble p-amyloid precursor protein (sAPPa) generated
following cleavage by a-secretase from cell culture medium.
Immunoprecipitated material was resolved on a 4—-20% gradient
SDS—PAGE, transferred to Polyvinylidene Fluoride membranes
(PVDF) and immunodetected with mAb 22CI1 (Roche Diag-
nostics) that recognizes the amino acids 66—81 of the N-terminal
portion of the P-amyloid precursor protein. Human brain
endothelial cells were lysed on ice using MPER reagent (Pierce,
IL) supplemented with 1 mM phenyl methyl sulfonyl fluoride
(PMSF) and 1 mM of sodium-orthovanadate. Samples were
sonicated and centrifuged at 10000xg for 30 min at 4 °C. The
protein content of the lysates was determined using the BCA
Protein assay kit (Pierce, IL). Total lysates (50 pg of protein/
sample) were separated on a 4—20% gradient SDS—PAGE and
transferred to PVDF membranes and immunoprobed with mAb
22C11 in order to detect full length R-amyloid precursor protein
and also immunoprobed with an Anti-APP-CT20 (Calbiochem,
CA) antibody which recognizes the amino acid residues 751-770
of the carboxyl terminal region of the P-amyloid precursor
protein (Pinnix et al., 2001).

2.5. Arterial explant assay

Twenty-four well tissue culture grade plates (Nalgene Interna-
tional, NY) were covered with 250 pL of Matrigel (Becton-
Dickinson, Bedford, MA) and allowed to gel for 30 min at 37 °C,
5% CO,. Briefly, thoracic aortae were excised from 9-month-old
Sprague—Dawley rats. After removing the fibroadipose tissue,
arteries were sectioned into 1-mm-long cross-sections, rinsed 5
times with EBM (Clonetics, CA) containing 4% fetal bovine serum
and placed on the Matrigel coated wells. Artery rings were covered
with an additional 250 pL of Matrigel. After polymerization the
Matrigel was covered with 1 ml of EBM (supplemented with 4%
fetal bovine serum) containing various doses of Z-VLL-CHO,
OM99-2, P;o—Py statV (peptidomimetic P-secretase inhibitors
OM99-2 and P(—Py statV that are not cell permeable were treated
with the Pro-ject™ protein transfection reagent kit (Pierce, IL) and
control conditions were established using the same dose of Pro-
ject™ protein transfection reagent alone using the manufacturer’s
recommendations), DAPT, JLK-6 or L-685,458 as indicated in the
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figure legends (the culture medium was changed every 3 days).
Pictures were taken at days 4, 5 and 6 using a 4x objective.
Microvessel outgrowth area was quantified using the Image Pro
Plus software. Briefly, ring cultures were photographed using a
digital video camera linked to an Olympus BX60 microscope. The
outgrowth area was delineated and measured with the Image Pro
Plus software by using a strategy of microvessel outgrowth
detection based on difference in color intensities between the
outgrowths, the Matrigel and the artery ring. The artery rings were
manually selected and excluded from the area of measurement and
the color intensity threshold was adjusted to selectively measure the
area occupied by the microvessel outgrowths. Results were
expressed as a percentage of the area occupied by microvessel
outgrowths at day 4 in control condition.

(A)

2.6. Tumor xenograft models

The human glioblastoma U-87 MG and human lung adenocarci-
noma A-549 cell lines were obtained from American Tissue Culture
Type Collection (Manassas, VA) and were grown in Dulbecco’s
Modified Eagle Medium (DMEM) containing 1x penicillin—
streptomycin—fungizone and 10% fetal bovine serum at 37 °C in a
humidified atmosphere of 5% CO,. Tumor cells (6 x 10°) in 100 pl
of PBS (Phosphate Buffered Saline) were inoculated subcutaneously
into both flanks of 8—10-week-old female nude mice (Harland
Teklad, WI). Tumor volume (in mm®) was determined using the
formula (length x width?)/2, where length was the longest axis and
width the measurement at right angles to the length (Clarke et al.,
2000). When the tumor volumes reached approximately 150 mm®,
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Fig. 1. (A) Representative pictures showing the effect of L-685,458 and Z-VLL-CHO (R-secretase inhibitor II) on capillary morphogenesis induced by plating
human brain endothelial cells on Matrigel reconstituted basement membrane. (B) Quantification of network length by Image analysis. The numbers in
parenthesis on the x-axis represent the number of 4x fields analyzed. ANOVA revealed significant main effects of Z-VLL-CHO ( P<0.001) and L-685458.
Post-hoc testing showed significant difference between control and Z-VLL-CHO for all the doses tested ( £ <0.001) and between control and L-685458 for all

the doses tested (P <0.001).
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Fig. 2. Representative pictures showing the effect of (A) various DAPT doses, of (B) various OM99-2 doses and (D) various JLK6 doses on capillary
morphogenesis induced by plating human brain endothelial cells on Matrigel reconstituted basement membrane. (C) Quantification of network length by Image
analysis following DAPT and OM99-2 treatments. The numbers in parenthesis on the x-axis represent the number of 4x fields analyzed. ANOVA revealed
significant main effects of DAPT dose and OM99-2 dose (P <0.001). Post-hoc testing showed significant difference between control and DAPT 1 pM
(P<0.005), control and OM99-2 1 pM (P <0.005), control and DAPT 5 uM (P <0.001), control and OM99-2 2 uM (P <0.001) and between control and
OM99-2 5 uM (P<0.001). (E) Quantification of network length by Image analysis following JLK6 treatment. The numbers in parenthesis on the x-axis
represent the number of 4x fields analyzed. ANOVA revealed significant main effect of JLK6 dose (P2 <0.001) and post-hoc comparison showed significant
difference between control and JLK6 1 uM (P<0.001), control and JLK6 5 uM ( P<0.001) and between control and JLK6 10 pM (P <0.001).

animals were treated intraperitoneally everyday with 100 ul of 50%
Dimethyl Sulfoxide/H,O (vehicle group), 5 mg/kg of body weight of
Z-VLL-CHO (p-secretase inhibitor), 5 mg/kg of JLK-6 ('y-secretase
inhibitor) or with 10 mg/kg of body weight of DAPT. Data were
expressed as mean tumor volume+ S.E for each treatment group. At
the completion of the study, animals were humanely euthanatized
and tumors were harvested and fixed in paraformaldehyde 4%
overnight at 4 °C. After paraftfin embedding in an automated tissue
processing Sakura Tissue-Tek (E150) (Torrence, CA), samples were
cut into 5-um sections, deparafinized, and rehydrated through a
graded series of alcohol. Sections were treated with 0.02 mg/ml
Proteinase K (Gentra Systems, MN) for 15 min at 37 °C to allow for
proper antigen retrieval, washed several times in PBS and incubated
for 15 min in a 0.3% solution of hydrogen peroxide. Sections were
blocked and then immunostained with a 1:40 dilution of a PECAM-1

(Platelet Endothelial Cell Adhesion Molecule) antibody (BD-
Pharmingen, CA) overnight at 4 °C in a humidification chamber.
Vector ABC Kits (Vector Laboratories Inc., CA) were used
following the manufacturer’s instruction for the immunostaining.
Quantification of tumor vascularization was performed using the
stereological dissector method (Artacho-Perula and Roldan-Villa-
lobos, 1995; Braendgaard and Gundersen., 1986). Briefly, 40
consecutive sections were taken from a randomly chosen starting
point in each tumor. Five sections for each tumor were selected for
stereology by taking one section every eight sections. A dissector
counting frame was used with inclusion and exclusion lines
throughout the reference area made of 12 squares of 0.0012 mm?>.
Vessel count was performed at X400 magnification with the use of
an Olympus BX60 microscope connected to a digital video camera.
Microvessels were counted in the dissector frame by an experi-
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menter unaware of the different treatment conditions. For each
tumor the length of vessels in the dissector frame (Lv) was estimated
using the following formulae: Lv=(2 x average vessel count)/
reference area. The total length of vessels for each tumor was
estimated by multiplying Lv by the tumor volume. A vascular index
was calculated by expressing the vessel length as a percentage of the
vessel length in the vehicle treatment condition.

2.7. Statistical analysis

Multiple comparisons were evaluated by analysis of variance and
post hoc comparisons performed with Bonferroni’s method using

(A)
l Control

SPSS V12.0.1 for Windows. Probability values less than 5% were
considered statistically significant.

3. Results

3.1. Effect of  and ~y-secretase inhibitors on capillary
morphogenesis

Angiogenesis, the growth of new capillaries from preexisting
vessels, is a tightly regulated process which requires specific steps
including: (a) the release of proteases from “activated” endothelial
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Fig. 3. Effects of 3 and ~y-secretase inhibitors on the metabolism of APP in human brain endothelial cells. (A) Culture media were analyzed by immunoblotting
to measure the secretion of a-secretase cleaved amyloid precursor protein (a-sAPP) molecules. (B) Carboxyl-terminal amyloid precursor protein fragments and
full length amyloid precursor protein (APP) from human brain endothelial cell lysates. (C) Quantification of a-sAPP molecules secreted in the culture media of
human brain endothelial cells. ANOVA revealed a significant main effect for Z-VLL-CHO ( P <0.003) but not for L-685458 ( P=0.13) and post-hoc analysis
showed significant differences between control and Z-VLL-CHO (P <0.006) showing that Z-VLL-CHO significantly increased the secretion of a-sAPP.
Quantification of carboxyl-terminal amyloid precursor protein fragments generated by human brain endothelial cells. ANOVA revealed significant main effects
of OM99-2 (P<0.002), L-685458 (P<0.001) and DAPT (P <0.001). Post-hoc testing showed significant differences between control and OM99-2
(P<0.009), control and DAPT (P <0.001) and between control and L-685458 ( P<0.001) showing that DAPT and L-685458 stimulates whereas OM99-2
significantly reduces the accumulation of carboxyl-terminal amyloid precursor protein fragments.
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cells resulting in degradation of the basement membrane surround-
ing the existing vessel; (b) migration of endothelial cells into the
interstitial space; (c) endothelial cell proliferation, and (d) differ-
entiation into mature blood vessels (Carmeliet, 2000). In order to
determine the possible contribution of 3 and +y-secretase to the
angiogenic process, we used several selective B and vy-secretase
inhibitors of unrelated structures in in vitro and ex vivo models of
angiogenesis. We first investigated the effect of L-685,458 ({1S-
benzyl-4R-[1-(1S-carbamoyl-2-phenylethylcarbamoyl)-15-3-
methyl-butylcarbamoyl]-2R-hydroxy-5-phenylpentyl}carbamic
acid fert-butyl ester) an aspartyl protease transition-state inhibitor of
y-secretase (Shearman et al., 2000) on the proliferation of primary
cultures of human brain endothelial cells. We observed that L-
685,458 dose dependently (1 to 5 pM) inhibits the proliferation of
human brain endothelial cells without inducing cellular toxicity
(data not shown). We next investigated the effect of L-685,458 on
the formation of capillary networks. When plated on a reconstituted
basement membrane (Matrigel), endothelial cells differentiate into a
network of capillary structures. The Matrigel matrix, like the in vivo
basement membrane, furnishes a rich environment to promote

(A)

angiogenesis. Electron microscopy has demonstrated that the
tubular structures formed by endothelial cells in this model are
vascular-like structures containing lumens (Kubota et al., 1988). L-
685,485 dose dependently inhibited capillary morphogenesis (Fig.
1). We next tested the effects of the previously described functional
y-secretase inhibitor DAPT (N-[N-(3,5-Difluorophenacetyl-L-
alanyl)]-S-phenylglycine #-Butyl Ester) (Dovey et al., 2001; Sastre
et al.,, 2001). Similarly to L-685,485, DAPT dose dependently
inhibited the proliferation (data not shown) and the differentiation
of primary cultures of human brain endothelial cells into capillaries
(Fig. 2). In addition, similar data were obtained with the y-secretase
inhibitor DAPM (data not shown). The different +y-secretase
inhibitors that we used are also known to affect Notch cleavage
therefore we also tested JLK6 (7-Amino-4-chloro-3-methoxyiso-
coumarin), a compound which has been shown to inhibit the
cleavage of APP by v-secretase without affecting the Notch
pathway (Petit et al., 2001). Interestingly, JLK6 also inhibited
capillary morphogenesis in a dose-dependent manner (Fig. 2).

To determine whether B-secretase activity was required during
angiogenesis, we investigated the effect of different R-secretase
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Fig. 4. The p-secretase inhibitor Z-VLL-CHO dose-dependently inhibits the formation of microvessel outgrowths by explants of rat aortae. (A) Representative
pictures of rat aortic rings embedded in Matrigel showing the progressive sprouting of capillaries with time in function of the dose of Z-VLL-CHO used. (B)
Quantification by image analysis of the area covered by microvessel outgrowths. ANOVA revealed a significant main effect of Z-VLL-CHO dose (£ <0.001)
and time (P <0.001) as well as an interactive term between them (P <0.001). Post-hoc testing showed significant differences between control and 100 nM
Z-VLL-CHO (P<0.001), control and 1 uM Z-VLL-CHO (P <0.001) and between control and 5 pM Z-VLL-CHO (P <0.001).
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inhibitors on endothelial cell proliferation and capillary morpho-
genesis. We first used the B-secretase inhibitor II (Z-VLL-CHO; N-
Benzyloxycarbonyl-Val-Leu-leucinal), a simple tripeptide alde-
hyde designed from the (-secretase cleavage site (VNL-DA)
which shows inhibition of P-secretase activity at low uM
concentrations (Abbenante et al., 2000). Z-VLL-CHO dose
dependently inhibited the proliferation of human brain endothelial
cells without affecting their viability (data not shown). In addition,
this compound potently and dose dependently inhibited the
formation of capillary structures in the capillary morphogenesis
assay (Fig. 1). To further confirm the involvement of B-secretase in
angiogenesis, we tested the effect of OM99-2 (Glu-Val-Asn-Leu-
W-Ala-Ala-Glu-Phe [¥ denotes replacement of CONH by (S)-
CH(OH)CH,]), a peptidomimetic tight binding transition-state
analog inhibitor of B-secretase (Hong et al., 2000). OM99-2 dose
dependently inhibited endothelial cell proliferation (data not
shown) and angiogenesis in the capillary morphogenesis assay
(Fig. 2). Similar data were also obtained with the PB-secretase
inhibitor GL189 (data not shown).

(A)

Day 4

Day 5

Day 6

In order to verify the functionality of the B and ~y-secretase in-
hibitors used on endothelial cells, we determined the effects of these
compounds on the processing of APP by human brain endothelial
cells. We observed that the R-secretase inhibitor II (Z-VLL-CHO)
stimulated the secretion of the «-secretase cleaved amyloid
precursor protein fragment (a-sAPP) suggesting inhibition of B-
secretase activity. The y secretase inhibitors DAPT and L-685,485
promoted the accumulation of the amyloid precursor protein
intracellular terminal fragments (CTF) in human brain endothelial
cells modeling the accumulation of APP CTF habitually observed
in PS1 knockout cells deficient in y-secretase activity (Fig. 3).

3.2. Effect of  and ~y-secretase inhibitors on the sprouting of
microvessels from explants of rat aortae

To further study the effect of the B-secretase and +y-secretase
inhibitors on angiogenesis, we used the rat aortae model of
angiogenesis, which has been shown to correlate well with in vivo
events of neovascularization. In this assay, angiogenesis is a self-
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Fig. 5. Effect of the B-secretase inhibitors OM99-2 and P;,—Py statV on the sprouting of microvessels by explants of rat aortac. (A) Representative pictures
showing the formation of microvessel outgrowths in function of time for control aortic rings, for aortic rings treated with 20 pM of P,o—P, statV and aortic
rings treated with 20 uM of OM99-2. (B) Quantification by image analysis of the area covered by microvessel outgrowths. ANOVA revealed significant main
effects for Pyy—Py statV (P <0.001) and for OM99-2 dose (P <0.001) as well as an interactive term between time and P,,— Py statV (P <0.002) and between
time and OM99-2 dose (P <0.002). Post-hoc testing across day 5 and day 6 showed significant differences between control and P,,—Py statV (P <0.001),
control and 1 pM OM99-2 ( P<0.003), control and 5 uM OM99-2 ( P<0.001) and between control and 20 pM OM99-2 ( P<0.001).
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limited process, triggered by injury and regulated by well-defined
autocrine/paracrine mechanisms (Nicosia et al., 1997). In this
model, the rat aortic endothelium exposed to a three-dimensional
matrix switches to a microvascular phenotype generating branch-
ing networks of microvessels (Nicosia et al., 1992). We observed
that the B-secretase inhibitor Z-VLL-CHO dose dependently and
potently inhibited the sprouting of microvessels from explants of

(A)

Day 4

~~
5y}
N—r

rat aortae (Fig. 4). The B-secretase inhibitors OM99-2 and Pjo—Py
statV (a substrate analogue peptide inhibitor of B-secretase which
has been used to purify p-secretase from human brain (Sinha and
Lieberburg, 1999) also suppressed the formation of microvessel
outgrowths from explants of rat aortae (Fig. 5). The functional y-
secretase inhibitor DAPT was also tested in this rat aortic ring
model of angiogenesis and appeared to dose dependently inhibit
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Fig. 6. Effects of y-secretase inhibitors on the formation of microvessel outgrowths by explants of rat aortae. (A) Representative pictures depicting the effect
of DAPT on microvessel outgrowths. (B) Quantification by image analysis of the area covered by microvessel outgrowths following DAPT treatment.
ANOVA revealed significant main effects of DAPT dose (P <0.001) and time (2<0.001) as well as an interactive term between them (P <0.001). Post-
hoc testing showed significant differences between control and DAPT 5 uM (P <0.001), between control and DAPT 20 uM (P <0.02) but no significant
difference between control and DAPT 10 uM (P=0.999). (C) Quantification by image analysis of the area covered by microvessel outgrowths following
L-685,458 treatment. ANOVA revealed significant main effects of L-685,458 (P <0.001) and time ( £<0.001) as well as an interactive term between them
(P<0.005). Post-hoc testing showed significant differences between control and 1 uM L-685,458 ( P<0.002) and between control and 5 uM L-685,458

(P<0.001).
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the sprouting of new capillaries (Fig. 6). Similar data were also
obtained with the y-secretase inhibitor L-685,458 (Fig. 6).

3.3. Effect of 3-secretase inhibitor and of the ~y-secretase inhibitors
on the growth of tumor xenografis in nude mice

Tumor growth is generally dependent on angiogenesis. This is

particularly true for brain tumors such as glioblastoma, which are
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highly vascularized tumors. We therefore investigated the effect of
the y-secretase inhibitor DAPT and of the B-secretase inhibitor Z-
VLL-CHO on the growth of human glioblastoma and human lung
adenocarcinoma xenografted under the skin of nude mice. We
observed that both the p and vy-secretase inhibitors used potently
inhibited the growth of U87MG brain tumors (Fig. 7). Vasculari-
zation of the tumors was evaluated by PECAM-1 immunostaining.
A decreased vascularization was observed in US7MG tumors

180
160

=
S
(=]

120 4

—@—Vehicle (n=9)

—8—7-VLL-CHO (n=8)
—&—DAPT (n=8)

Tumor Volume (mm?%)
3
o

0 T T T T r

4 5 6 7 8 9 10 11 12 13 14 15
Time Post Inoculation (Days)

e o
{ !é-“'_.:-v"c.‘.\
BF =N

o o
PR A A
=

= .
o

W

o

w—
o

g
P
el

0

!

——

g

- '1‘3 Qs
%\‘t;'e b
:'h::#“:' "
s VRN
SRR B T A A

Vehicle
(€)

140

°

c 120

=

2 100

=

(=]

2 80

»

3 60

£

& 40

=1

& 20

©

>

0 T

Vehicle

DAPT Z-VLL-CHO

Fig. 7. (A) Anti-tumoral effect of the y-secretase inhibitor DAPT and of the R-secretase inhibitor Z-VLL-CHO on human glioblastoma (U-87 MG) xenografts
growth rates. U-87 MG cells (6x 10°) were injected subcutaneously into both flanks of 8—10-week-old nude mice. Mice were injected intraperitoneally with
either the vehicle (@), 5 mg/kg of body weight of the B-secretase inhibitor Z-VLL-CHO (M) or 10 mg/kg of body weight of the y-secretase inhibitor DAPT (A)
starting when tumors had reached a mean tumor volume of approximately 140 mm® (day 8 post-implantation). Injections were given everyday for 9 days. Data
are expressed as mean tumor volume+S.E. ANOVA reveals significant main effect of DAPT ( £<0.001) and Z-VLL-CHO (P <0.001) and time (P <0.001).
Post-hoc analysis shows significant differences between the tumor volumes from vehicle treated mice and DAPT treated animals (2 <0.001), from vehicle
treated mice and Z-VLL-CHO treated mice ( 2<0.001) but no difference between Z-VLL-CHO and DAPT treatments ( P=0.12) showing that Z-VLL-CHO
and DAPT inhibit the growth of human glioblastoma xenografts with a similar potency. (B) Representative pictures of sections of glioblastoma tumors
immunostained with CD31 antibodies. (C) Histogram depicting the estimation of glioblastoma tumor vascularization. ANOVA reveals significant main effects
of DAPT (P<0.001) and Z-VLL-CHO (P <0.02). Post-hoc analysis shows significant differences between the vascular index of vehicle treated mice and
DAPT treated mice ( P <0.002) and between the vascular index of vehicle treated mice and Z-VLL-CHO treated animals ( P <0.03) showing that Z-VLL-CHO
and DAPT significantly reduce the vascularization of human glioblastoma xenografts.
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treated with DAPT and Z-VLL-CHO compared with the vehicle the +vy-secretase inhibitor DAPT dose dependently inhibit the
treatment group suggesting that both DAPT and Z-VLL-CHO are proliferation of these tumor cells without inducing tumor cell
able to inhibit tumor angiogenesis in vivo. We also tested the effect death (data not shown). Similar data were also obtained with the
of DAPT and Z-VLL-CHO on the proliferation of U§7MG tumor human lung adenocarcinoma cell line A549 (data not shown). We
cells and observed that the B-secretase inhibitor Z-VLL-CHO and next tested the effect of DAPT and Z-VLL-CHO on the growth of
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Fig. 8. (A) Anti-tumoral effect of the y-secretase inhibitor DAPT and of the B-secretase inhibitor Z-VLL-CHO on human lung adenocarcinoma (A-549)
xenografts growth rates. A-549 cells (8.5x 10°) were injected subcutaneously into both flanks of 8—10-week-old nude mice. Mice were injected
intraperitoneally with either the vehicle (@), 5 mg/kg of body weight of the B-secretase inhibitor Z-VLL-CHO (M) or 10 mg/kg of body weight of the
~-secretase inhibitor DAPT (A) starting when tumors had reached a mean tumor volume of approximately 200 mm® (day 21 post-implantation). Injections were
given everyday for 12 days. Data are expressed as mean tumor volume+S.E. ANOVA reveals significant main effects of DAPT (P <0.001), Z-VLL-CHO
(P<0.001) and time ( P<0.001). Post-hoc analysis shows significant differences between the tumor volumes from vehicle treated mice and DAPT treated
animals (P <0.001), from vehicle treated mice and Z-VLL-CHO treated mice (2<0.001) but no difference between Z-VLL-CHO and DAPT treatments
(P=0.519) showing that DAPT and Z-VLL-CHO significantly inhibit the growth of human lung adenocarcinoma xenografts. (B) Representative pictures of
sections of lung adenocarcinoma tumors immunostained with CD31 antibodies. (C) Histogram depicting the quantification of the vascularization of lung
adenocarcinoma tumors. ANOVA reveals significant main effects of DAPT (P <0.01) and Z-VLL-CHO (P <0.01). Post-hoc analysis shows significant
differences between the vascular index of vehicle treated mice and DAPT treated mice ( P <0.03) and between the vascular index of vehicle treated mice and
Z-VLL-CHO treated animals (P <0.03) showing that Z-VLL-CHO and DAPT significantly reduce the vascularization of human lung adenocarcinoma
xenografts.
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human lung adenocarcinoma tumors. Both compounds appear to
potently suppress the growth of A549 lung adenocarcinoma tumors
in nude mice (Fig. 8). In addition, the vascularization of A549
tumors appears to be decreased following DAPT or Z-VLL-CHO
treatment suggesting in vivo inhibition of angiogenesis by DAPT
and Z-VLL-CHO. We also tested the effect of JLK-6, a compound
that has been shown to inhibit AR production without affecting
Notch cleavage and observed that JLK-6 potently inhibits the
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Fig. 9. (A) Anti-tumoral effect of the y-secretase inhibitor JLK-6 on human
lung adenocarcinoma (A-549) xenografts growth rates. A-549 cells
(8.5x10°) were injected subcutancously into both flanks of 8—10-weeks-
old nude mice. Mice were injected intraperitoneally everyday from Day 16
(when the tumors reached a volume of approximately 150 mm?®) with either
the vehicle (@) or 5 mg/Kg of body weight of the y-secretase inhibitor JLK-
6 (V). Data are expressed as mean tumor volume (mm®)+S.E. ANOVA
reveals significant main effects of JLK-6 (P <0.001) and time (£ <0.001)
showing inhibition of tumor growth in the JLK-6 treated group of animals
compared to animals treated with the vehicle showing that JLK-6
significantly inhibits the growth of human lung adenocarcinoma xenografts.
(B) Representative pictures of sections of lung adenocarcinoma tumors
immunostained with CD31 antibodies. (C) Histogram depicting the
quantification of the vascularization of lung adenocarcinoma tumors treated
with the vehicle and with JLK-6. Significant mean differences were
observed by z-test between vehicle treated and JLK-6 treated tumors
(P<0.04) showing that JLK-6 significantly reduces the vascularization of
human lung adenocarcinoma tumors.

growth and vascularization of human lung adenocarcinoma tumors
xenotransplanted into nude mice (Fig. 9).

4. Discussion

The involvement of B-secretase and <-secretase in
producing the P-amyloid component of plaques found in
the brains of Alzheimer’s patients has led to the design of
selective inhibitors of these proteases that might be of
therapeutic interest for Alzheimer’s disease. The use of
selective P and v-secretase inhibitors might also be
important to reveal cryptic functions of these proteases
during other physiological processes opening the possibility
of new applications for these drugs.

B-Secretase (also called BACE-1 for pB-site amyloid
precursor protein-cleaving enzyme) was identified as a type
1 transmembrane protein containing aspartyl protease
activity (Vassar et al., 1999). BACE-1 mediates the primary
amyloidogenic cleavage of the B-amyloid precursor protein
and generates a membrane-bound amyloid precursor protein
C-terminal fragment (APP CTFp), which is the immediate
precursor for the intramembranous +y-secretase cleavage.
The +y-secretase which is a multiprotein high-molecular-
weight complex formed by the association of presenilin 1,
presenilin 2, APH-1 (anterior pharynx-defective phenotype),
nicastrin and PEN-2 (presenilin-enhancer), ensures the
cleavage of the P-amyloid precursor protein and also
mediates the cleavage of several type-I integral membrane
proteins, including the Notch receptor (De Strooper et al.,
1999), E-cadherin, N-cadherin (Marambaud et al., 2002),
CD44 (Murakami et al., 2003; Lammich et al., 2002), ErbB-
4 (Ni et al., 2001), Nectin-1-alpha (Kim et al., 2002), the
Notch ligands Delta and Jagged (Lavoie and Selkoe, 2003)
and the low density lipoprotein (LDL) receptor-related
protein (LRP) (May et al., 2002). Notch is a signaling
molecule that regulates cell-fate determination during
development (Pourquie, 2003). Signaling through Notch is
triggered by the binding of ligands such as Delta and
Jagged, which induces cleavage of Notch by TACE (Brou et
al., 2000). Subsequent cleavage by +y-secretase releases the
Notch intracellular domain, which binds to transcription
factors and regulates transcription of Enhancer of Split
complex genes (Greenwald., 1998). The processing of
Notch and p-amyloid precursor protein shares striking
similarities suggesting that they may have common func-
tions: the cleavage of R-amyloid precursor protein by v-
secretase liberates a fragment analogous to the Notch
intracellular domain, the amyloid precursor protein intra-
cellular domain (AICD), which could regulate gene
expression (Cao and Sudhof, 2001). Recently, AICD has
been shown to regulate phosphoinositide-mediated calcium
signaling through a +y-secretase dependent signaling path-
way, suggesting that the intramembranous proteolysis of (-
amyloid precursor protein may play a signaling role similar
to that of Notch (Leissring et al., 2002). Notch signaling has
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been implicated as a regulatory feature of the angiogenic
process (Zhong et al., 2001; Mailhos et al., 2001; Zimrin et
al., 1996). Other substrates of y-secretase including Notch,
CD44, E-cadherin, Delta, Jagged and ErbB-4 are also
known to play a role during angiogenesis (Savani et al.,
2001; Corada et al., 2002; Yen et al., 2002).

Vascular cells including smooth muscle cells and
endothelial cells express the R-amyloid precursor protein
as well as B and ry-secretase activities leading to the
production of AP peptides (Simons et al., 1998). Interest-
ingly, the p-amyloid precursor protein is expressed very
early during fetal life in the endothelia of neovascularized
tissue and particularly in cerebral endothelia (Ott and
Bullock, 2001), which could suggest a normal role for the
p-amyloid precursor protein and/or its metabolites in early
angiogenesis. Mice lacking y-secretase activity suffer from
abnormal vessel formation (Nakajima et al., 2003; Herre-
man et al., 1999; Shen et al., 1997). In addition, y-secretase
is required for the processing of several proteins, which are
known to play a role in angiogenesis. We therefore
investigated the effect of various P and v-secretase
inhibitors of different molecular structures on angiogenesis
using in vitro, ex vivo and in vivo models. We show that
and +y-secretase inhibitors are able to dose dependently
affect the proliferation and the differentiation of human
brain endothelial cells into capillaries as well as the
formation of microvessel outgrowths in the rat aortic ring
model of angiogenesis suggesting that 3 and vy-secretase
activities are required during the angiogenic process. In
addition, we observed that 3 and v-secretase inhibitors
suppress the growth of human brain and human lung
adenocarcinoma tumors xenografted into nude mice, which
are dependent on angiogenesis for their growth. Among the
vy-secretase inhibitors tested, JLK-6 (a y-secretase inhibitor
which does not affect Notch processing (Petit et al., 2001))
also appears to reduce angiogenesis in vitro and to inhibit
the growth and vascularization of human lung tumor
xenografts suggesting the inhibition of angiogenesis
observed following <-secretase inhibition by JLK-6 is
Notch independent.

At that point, we do not know the mechanisms
responsible for the anti-angiogenic and anti-tumoral proper-
ties of B and +y-secretase. The fact that both B and +y-
secretase inhibitors are able to inhibit angiogenesis suggests
that B and v-secretase or substrates/products of both
enzymes may play a critical role during angiogenesis. y-
Secretase is known to process several proteins including
Notch, LDL receptor-related protein, CD44, E-cadherin, and
ErbB-4, which are all known to play some important
regulatory functions during angiogenesis. One possibility is
that some vy-secretase inhibitors, by affecting the Notch/p-
catenin pathway, may disrupt the angiogenic process. CD44,
another substrate for y-secretase (Lammich et al., 2002) has
also been shown to play a role in angiogenesis (Blaschuk
and Rowlands, 2000). Additionally, ErbB-4 another sub-
strate of vy-secretase is known to play a role in tumor

angiogenesis by controlling VEGF expression (Yen et al.,
2002). E-cadherin, an important regulator of angiogenesis
(Blaschuk and Rowlands, 2000; Liao et al., 2000), is also
cleaved by +y-secretase (Marambaud et al., 2002). It is
therefore conceivable that y-secretase inhibitors by altering
the processing of many proteins involved in angiogenesis
may oppose angiogenesis and tumor growth. The anti-
angiogenic activity of P-secretase inhibitors is more
surprising and suggests that an alteration of the B-amyloid
precursor protein processing may impair angiogenesis. It
has been hypothesized that the 3-amyloid precursor protein
and/or secreted forms of amyloid precursor protein may
have a fundamental function in tumor cells, perhaps being
involved in cellular growth, differentiation and tumori-
genesis since tumor cells generally express APP mRNA and
also secrete fragments of the p-amyloid precursor protein
with a Kunitz-type serine proteinase inhibitor domain as
their main cellular serine proteinase inhibitor (Kataoka et
al., 1995; Seguchi et al., 1999; Meng et al., 2001; Nakagawa
et al.,, 1999). Therefore, modulating p-amyloid precursor
protein processing by using P-secretase or <y-secretase
inhibitors may also have an impact on tumor growth.
Interactions between endothelial cells and their surrounding
extracellular matrix also play a crucial role during angio-
genesis. It is possible that 3 and -y-secretase inhibitors may
also inhibit other proteases responsible for matrix remodel-
ing, hence inhibiting the angiogenic process and halting
tumor growth. Altogether, our data reveal for the first time
that both P and +vy-secretase inhibitors can inhibit angio-
genesis and tumor growth suggesting that B and -
secretases play a key role in angiogenesis. 3 and y-secretase
inhibitors may therefore constitute an attractive class of
compounds for the treatment of disorders associated with
excessive angiogenesis such as cancer, psoriasis and
diabetic retinopathy.
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