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Pharmacoproteomic Analysis of a Novel
Cell-permeable Peptide Inhibitor of
Tumor-induced Angiogenesis*

Ji-Young Bangt, Eung-Yoon Kimzt, Dong-Ku Kang|, Soo-lk Chang**, Moon-Hi Hantt,
Kwang-Hyun Baek§§, and In-Cheol Kang1§1 11

P11, a novel peptide ligand containing a PDZ-binding mo-
tif (Ser-Asp-Val) with high affinity to integrin «, B; was
identified from a hexapeptide library (PS-SPCL) using a
protein microarray chip-based screening system. Here,
we investigated the inhibitory mechanism of P11 (HSD-
VHK) on tumor-induced angiogenesis via a pharmacopro-
teomic approach. P11 was rapidly internalized by , human
umbilical vein endothelial cells (HUVECS) via an integrin
«,B;-mediated event. Caveolin and clathrin appeared to
be involved in the P11 uptake process. The cell-penetrat-
ing P11 resulted in suppression of bFGF-induced HUVEC
proliferation in a dose-dependent manner. Phosphoryla-
tion of extracellular-signal regulated kinase (ERK1/2) and
mitogen-activated protein kinase kinase (MEK) in bFGF-
stimulated HUVECs was inhibited by cell-permeable P11.
Proteomic analysis via antibody microarray showed up-
regulation of p53 in P11-treated HUVECSs, resulting in in-
duction of apoptosis via activation of caspases-3, -8, and
-9. Several lines of experimental evidence strongly sug-
gest that the molecular mechanism of P11, a novel anti-
angiogenic agent, inhibits bFGF-induced HUVEC prolifer-
ation via mitogen-activated protein kinase kinase and
extracellular-signal regulated kinase inhibition as well
as p53-mediated apoptosis related with activation of
caspases. Molecular & Cellular Proteomics 10: 10.1074/
mcp.M110.005264, 1-11, 2011.

Angiogenesis occurs through the outgrowth of new capil-
laries from pre-existing blood vessels and involves degrada-
tion of the extracellular matrix (ECM)' as well as migration,
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proliferation and differentiation of endothelial cells into tubular
networks (1). Angiogenesis can be stimulated by various pos-
itive factors such as fibroblast growth factors (FGFs), trans-
forming growth factor B, tumor necrosis factor-«, vascular
endothelial growth factor, and angiogenin (2, 3), among oth-
ers. The expression of integrin «,8; on vascular endothelial
cells in human tumors is markedly up-regulated by several
growth factors in vitro. Therefore, antibodies or peptides ca-
pable of blocking the activity of integrin o, 35 are classified as
anti-angiogenic (4-8). In this vein, several reports suggest
that integrin «,B5 is a target for anti-angiogenic therapy (7-
10). Several growth factors including FGF2 and tumor necro-
sis factor-a increase «, 5 expression in the developing blood
vessels of chick embryo (11) and rabbit cornea (5). «,B5
expression is also stimulated by human tumors cultured on
chick chorioallantoic membrane, rabbit cornea, and SCID
mice (12). Antagonists of «, 5, including Arg-Gly-Asp(RGD)-
containing disintegrins, cyclic RGD peptides, and monoclonal
antibodies, significantly suppress cytokine- and solid tumor
fragment-stimulated angiogenesis in proliferating vascular en-
dothelial cells by inducing apoptosis (11, 6). Thus, «,B5 is a
suitable target for the prevention of angiogenesis induced by
tumors. Cell-permeable peptides such as RGD peptide pro-
mote apoptosis of T lymphocytes and, human umbilical vein
endothelial cells (HUVECs) by causing conformational
changes that lead to the activation of caspases-3, -8 and -9
(13, 14). RGD peptides perform pro-apoptotic functions in
angiogenesis, inflammation, and metastasis (15-18).
Pharmacoproteomic analysis allows us to investigate the
modes of action of new drug molecules in biological samples.
The present study demonstrates via a proteomic approach
based on antibody microarray that P11, a hexapeptide (HS-
DVHK) containing a novel integrin-binding motif, SDV (a Type
| PDZ-binding motif), prevented tumor-induced new blood
vessel formation and growth of subcutaneous solid tumors.
We found that the anti-angiogenic properties of P11 were due
to its ability to specifically target «, 85 and penetrate HUVECs,
resulting in the suppression of bFGF-induced HUVEC prolif-
eration in endothelial cells via perturbation of mitogen-acti-

PBS, phosphate-buffered saline; TUNEL, transferase-mediated dUTP
nick end labeling.
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vated protein kinase kinase (MEK) and extracellular signal-
regulated kinase (ERK)1/2 signaling and p53-mediated
induction of apoptosis.

EXPERIMENTAL PROCEDURES

Reagents—Integrin «,B; and vitronectin were purchased from
Chemicon International Inc. (Temecula, CA). HUVECs and M199 (In-
vitrogen), Penicillin-Streptomycin (10,000 1U/ml; Invitrogen), 25 mm
HEPES, 10 units/ml of Heparin, 2.2 g/L of sodium bicarbonate, 20%
fetal bovine serum (FBS) and 20 ng/ml of bFGF were from Innophar-
mascreen Inc. (Asan, Korea). Protease inhibitor mixture was from
Roche Applied Science (Indianapolis, IN) and DC protein assay kit Il
was from Bio-Rad (Hercules, CA). Mouse anti-human/mouse -actin
(A5316) was from Sigma Chemical. Goat anti-mouse IgG HRP con-
jugated secondary antibody was from Zymed Laboratories (San Fran-
cisco, CA) and goat anti-rabbit IgG HRP conjugated secondary anti-
body was from Pierce (Rockford, IL). FITC or TRITC-conjugated
secondary antibody and DAPI were purchased from Sigma. Antibod-
ies against o5, «, integrin, and clathrin were from Chemicon (Te-
mecula, CA); antibody against caveolin was from Upstake (NY, USA).
Casapase colorimetric assay kit and in situ cell death detection kit
were from R&D (Minneapolis, MN) and Roche, respectively. RGD,
RGE peptides, and FITC-labeled P11 were from Peptron (Daejeon,
KOREA). 4x NuPAGE LDS sample buffer, 4-12% NuPAGE Bis-Tris
gels and NUPAGE MES SDS running buffer were from Invitrogen
(Carlsbad, CA). Hybond ECL transfer membrane and ECL Western
blotting detection kit were from Amercham Pharmacia (Arlington
Heights, IL). X-ray films were from Agfa-Gevaert (CP-BU, N. V., Bel-
gium). ProteoChip was from Proteogen Inc. (Seoul, Korea). All pep-
tides used in this study were synthesized by Peptron Inc. (Taejeon,
Korea).

Cell Culture—HUVECs were maintained in a mixture of M199 (In-
vitrogen), Penicillin-Streptomycin (10,000 1U/ml; Invitrogen), 25 mm
HEPES, 10 units/ml of Heparin, 2.2g/L of sodium bicarbonate, 20%
FBS, and 20 ng/ml of bFGF were from Innopharmascreen Inc. (Asan,
Korea). Cells at passages 3 to 6 were used. HUVEC cultures were
kept at 37 °C in a humidified atmosphere of 5% CO, in air.

Protein Expression Profiles in P11-Treated HUVECs Using an An-
tibody Microarray Chip—Forty-eight individual antibodies against
proteins involved in the cell cycle were spotted onto a ProteoChip
(Proteogen Inc. Korea) in duplicate. Capture proteins (antibodies)
were diluted to a working concentration of 100 ug/ml in phosphate-
buffered saline (PBS) containing 20% PEG, and microspots of cap-
ture proteins were developed at 37 °C for 3 h. The chip was then
washed, blocked (blocking buffer: 3% bovine serum albumin, 0.5%
Tween-20 in PBS) for 1 h on a shaker at room temperature, washed
again with PBST (PBS containing 0.2% Tween 20) to remove excess
BSA and then dried under a stream of N, gas. The fluorescence-
labeled cell lysates (1 mg/ml) were applied to the spots of capture
proteins, followed by incubation for 1 h at 37 °C. The slides were
washed three times with PBST, N,-dried and analyzed using a fluo-
rescence microarray scanner (Axon Instruments, Foster City, CA). The
ratios of Cy5 to Cy3 for each spot were calculated using the manu-
facturer’s software package (Genepix 6.0, Axon Instruments), and all
experiments were repeated at least three times.

The microarray analysis was conducted using the Genepix soft-
ware package. The slides were first scanned at the optimal conditions
for each individual slide, and data were reviewed as a scatter plot of
Cy5 versus Cy3 intensities. The replicate values within each slide
were signal intensities. Cy5 to Cy3 ratios were calculated by Internally
Normalized Ratios method using Microsoft® Excel. The average me-
dian ratio values for the spots were normalized to 1.0, which repre-
sents unchanged protein expression. Each data point presented in
this report represents the average of at least three experiments.

Average values (normalized Cy5/Cy3 ratios) were sorted by differ-
ences in expression.

Internalization of P11 into HUVECs—HUVEGCs (6 X 10%) were plated
on coverslips coated with denatured collagen, and left for 16 h in a
CO, incubator. The cells were treated with FITC-labeled P11 (10
ng/ml) at 4 °C or 37 °C for various times. NIH3T3 cells were plated on
coverglass slides in Dulbecco’s modified Eagle’s medium at a density
of 70,000 cells/well, with each slide laying separately at the base of
each well in a 6-well plate. After overnight attachment, the cells were
incubated for 1 min, 5 min, 20 min, or 1 h, at 37 °C with 1 pug/ml of
FITC-conjugated P11. HUVECs and NIH 3T3 cells were then viewed
and photographed by a Leica confocal microscope using a FITC filter.

In Vitro bFGF-Induced HUVEC Proliferation—HUVECs (8000 cells
per well) in M199 containing Penicillin-Streptomycin (10,000 [U/ml),
25 mm HEPES, 10 units/ml of Heparin, 2.2g/L of sodium bicarbonate,
20% fetal bovine serum, and 20 ng/ml of bFGF were plated onto
24-well tissue culture plates coated with denatured collagen. NIH 3T3
cells and U87 glioma cells (70,000 cells per well) were plated on
24-well plates in DMEM containing 10% fetal calf serum. After 24 h,
the media were replaced with a serum-depleted medium containing
2% fetal calf serum for 2 h, after which each sample was added to the
cells in triplicate. After 48 h, adherent cells were dispersed in trypsin
and counted. Data presented are from triplicate.

Determination of Activity of Caspase-3, Caspase-8, and Caspase-
9 —The enzyme activities of caspases-3, -8, and -9 were measured in
cells using kits purchased from R&D. P11-treated and -untreated cells
were homogenized in cell lysis buffer, and the homogenates were
centrifuged at 10,000 X g for 5 min at 4 °C in a microcentrifuge. Using
the 96-well plate microassay method, the activity levels of
caspases-3, -8, and -9 were analyzed in the supernatants. Superna-
tants (50 ug) from each test sample were incubated in a final volume
of 100 wl for 60 min at 37 °C in a working solution containing DEVD-
pNA (a synthetic caspase-3 substrate), IETD-pNA(a synthetic
caspase-8 substrate), or LEHD-pNA (a synthetic caspase-9 sub-
strate). The absorbance was read at 405 nm by an ELISA plate reader
after 60 min. Caspase activity was calculated as micromoles per gram
of cells using a p-nitroaniline calibration curve. The data were plotted
as A405 versus time for each sample, and activity was calculated
versus control cells. The experiments were repeated three times.

In Situ Terminal Deoxynucleotidyl Transferase-mediated dUTP Nick
End Labeling (TUNEL) Assay—A TUNEL apoptosis detection kit
(Roche) was used for DNA fragmentation fluorescence staining ac-
cording to the manufacturer’s protocol. Briefly, HUVECs were cocul-
tured with FITC-labeled P11. Cells were fixed for 24 h with 4%
paraformaldehyde in 0.1 m phosphate buffer (pH 7.4) and then incu-
bated with a reaction mix containing biotin-dUTP and terminal de-
oxynucleotidyl transferase for 60 min. Positively stained fluorescein-
labeled cells were visualized and photographed using fluorescence
microscopy.

Transcription Factor Assay—Transcription factor assay was per-
formed using a BD™ TransFactor profiling kit (BD Science) according
to the manufacturer’s instructions. In brief, Transfactor/blocking
buffer was added to the wells (150 wl/well) and incubated for 15 min
at room temperature. HUVECs were pretreated with P11 for 30 min,
after which bFGF (3 ng/ml) was added to the cell medium. After 30
min, 30 ul of HUVEC lysates with Transfactor/blocking buffer were
prepared. Buffer present in the wells was removed, and then cell
lysates (50 pl) diluted with buffer were added to the wells. The plates
were then incubated for 60 min at room temperature and washed
three times with buffer. Primary antibodies against ATF-2, CREB-1,
c-Fos, NF-kB (p65), NF-kB (p50), and c-Rel diluted with transfactor/
blocking buffer were added to each well and then incubated for 60
min at room temperature. The plates were washed three times, after
which secondary antibodies diluted with buffer were added to the
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wells and incubated for 30 min at room temperature. The plates were
again washed four times with Transfactor buffer (no blocking reagent)
for 4 min. TMB substrate was then added to each well, followed by
incubation for 10 min at room temperature. After a blue color had
developed, the enzyme reaction was stopped by the addition of 100
ml of stop solution per well. The absorbance of the material in each
plate was measured at 655 nm.

Immunostaining—HUVECs were fixed with 4% paraformaldehyde
in PBS for 20 min, permeabilized with 0.25% Triton X-100 in PBS for
10 min, and then blocked with 1% bovine serum albumin in PBS for
30 min. Cells were stained with appropriate primary antibodies fol-
lowed by FITC- or TRITC-conjugated secondary antibodies. To quan-
tify intracellular fluorescence intensity, z-series confocal images and
differential interference contrast images of cells were collected at the
same time. The fluorescence intensity within individual cells was
normalized by cell area. Immunofluorescence images of HUVECs
were taken using a confocal laser scanning microscope (CLSM; Carl
ZEISS, LSM 510 Meta, Jena, Germany).

Western Blot Analysis—HUVECs were cultured in M199 until 70%
confluency and then grown in M199 supplemented with 1% fetal
bovine serum for 16 h. The medium was replaced with fresh low
serum medium with or without P11. After 30 min, bFGF (3 ng/ml) was
added to the medium. At various time points, the cells were washed
with PBS (HyClone, Logan, Utah), and cell lysates were prepared in
lysis buffer (50 mm Tris-Cl, pH 7.5, 3.0 mm EGTA, 0.5% Triton X-100,
12 mm B-glycerophosphate, 150 mm sodium chloride, 50 mm sodium
fluoride, 1.0 mm sodium vanadate, 2.0 mm dithiothreitol, 1.0 mm
phenylmethylsulfonyl fluoride, 0.5 ng/ml of aprotinin, 0.1% B-mer-
captoethanol and 1X protease inhibitor mixture). Cell lysates were
clarified by centrifugation, and protein concentrations were deter-
mined using a DC protein assay kit. Lysates containing 50 pug of
protein were loaded into each well and separated through NuPAGE™
4~12% Bis-Tris gel (Invitrogen, Carlsbad, CA) electrophoresis. Gels
were soaked in transfer buffer (25 mm Tris-HCI, 250 mwm glycine, and
20% methanol), and proteins were then transferred to polyvinylidene
difluoride membranes. Nonspecific binding sites were blocked by
incubation with 5% nonfat dry milk in TBS-T (25 mm Tris-HCI, 137 mm
NaCl, 137 mm KCI, 0.1% Tween 20, pH 7.4). The polyvinylidene
difluoride membranes were then incubated with primary antibodies
against MEK(1:1000), p-MEK(1:500), ERK1/2 (1:1000), pERK1/2 (1:
500), p53(1:1,000), PCNA (1:1000), DMC1(1:500), or GAPDH (1:
20,000) in TBS-T containing 3% nonfat dry milk at 4 °C overnight.
Membranes were washed with TBS-T and incubated with secondary
antibodies (1:3000). Signals were then developed using an ECL West-
ern blotting detection kit and exposed to x-ray films.

RESULTS

Antiproliferation in P11-treated HUVECs—We identified P11
(HSDVHK), a novel peptide inhibitor of integrin «, B3, via protein
microarray of a hexapeptide library. P11 has been shown to
inhibit the integrin o, B5-vitronectin interaction in a dose-de-
pendent manner (21). The SDV sequence of P11 is able to
recognize the vitronectin-binding site (RGD-binding site) of in-
tegrin « B in a site-specific manner (22). To determine the
antiangiogenic mechanism of P11 as an antagonist of integrin
a,Bs, we first examined the effect of P11 on endothelial cell
proliferation. Using an in vitro cell proliferation assay system, we
found that P11 significantly inhibited HUVEC proliferation on
denatured collagen-coated plates in a dose-dependent man-
ner, whereas GRGDSP and HGLLHK inhibited cell proliferation
poorly or not at all (Fig. 1A). The proliferation of NIH 3T3 cells

and U87 leukemia cells was not affected by P11 treatment (Figs.
1B and 1C). The inhibitory efficacy of P11 was much higher than
that of synthetic RGD peptide (GRGDSP). Half-maximal inhibi-
tion of cell proliferation was observed on denatured collagen-
coated plates with ~12 uM P11, which corresponds to a con-
centration of 8 ug/ml. These data suggest that specific blocking
of integrin «,B;-mediated cellular signaling in response to
HUVEC proliferation by P11 may result in the dose-dependent
inhibition of cell proliferation.

Proteomic Analysis of Antiangiogenic Effect of P11 by An-
tibody Microarray—To investigate the possible mechanisms
by which P11 mediates its antiangiogenic effect, we analyzed
cell signaling protein expression profiles in P11-treated
HUVECs by antibody microarray. To perform the protein pro-
file analysis, cell lysates obtained from P11 and bFGF-treated
HUVECs or bFGF-treated HUVECs were labeled with Cy3 or
Cyb5, respectively. The lysates were mixed and spotted on a
prefabricated antibody microarray. The fluorescence intensi-
ties of the spots were measured using a fluorescence scan-
ner, and the differential protein expression pattern between
the two samples was then determined A (Fig. 2). To identify
proteins that showed altered expression levels in response to
P11, the distribution of fluorescence intensities (Cy3 and Cy5)
for all of the spots was normalized with the mean values of the
Cy5:Cy3 ratios of the protein spots. Using graded virtual
images showing the Cy5:Cy3 ratios of the tested spots as well
as normalized median values of the calculated Cy5:Cy3 ratios
of the proteins, we could identify and select the changed
protein spots (Figs. 2A and 2B). The normalized median of the
ratio was used to represent the expression level of each
protein. Protein expression measurements from the antibody
microarrays were treated as independent observations. The
normalized median of the Cy5:Cy3 ratio was calculated for
each protein and graphically represented (Fig. 2C). Based on
the data from three independent experiments, p53 was de-
fined as up-regulated in P11-treated HUVECSs, and there was
no observation of down regulated proteins in cells after three
independent experiments. The levels of all other proteins were
unchanged according to the antibody microarray analysis
(Fig. 2). We then performed an assay involving immunoblot
analysis to validate the antibody microarray data. p53 was the
only protein up-regulated with P11, as determined by Western
blotting (Fig. 2D). This observation confirms that the Western
blotting data are consistent with those obtained from the
antibody microarray. It was reported that cyclic peptide inhib-
itors of integrin «, 85 suppressed retinal angiogenesis in p53
wild-type mice, yet had no antiangiogenic activity in p53-
deficient mice (23). These results strongly suggest that the
specific up-regulation of p53 in response to HUVEC prolifer-
ation by P11 may result in the dose-dependent inhibition of
the cell proliferation. In addition, the expression of MDM2, the
principal cellular antagonist of p53, was decreased in P11-
treated HUVECs compared with bFGF-induced control group
(Fig. 2E). MDM2 is an E3 ubiquitin ligase and enhances p53
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Fig. 1. Inhibition of HUVEC proliferation by P11. A, HUVECs were incubated with different concentrations (0.1, 1, 10, and 100 n.g/ml) of
P11 for 72 h. The adherent cells were then trypsinized and counted. B, and C, NIH 3T3 cells and U87 glioma cells were incubated with different
concentrations (0.1, 1, 10, and 100 ug/ml) of P11, RGD peptide (500 ug/ml) or RGE peptide (500 wg/ml) for 48 h. The adherent cells were then

trypsinized and counted.

degradation via an ubiquitin dependent pathway on nuclear
and cytoplasmic 26S proteasomes in unstressed cells (24—
28). The interaction between p53 and MDM2 is conformation-
based and is tightly regulated on multiple levels. Disruption of
the p53-MDM2 complex by multiple routes is the pivotal event
for p53 activation, leading to p53 induction and its biological
response (29). Thus, this finding indicates that the p53 up-
regulation in HUVECs by treatment of P11 is closely related
with down-regulation of MDM2 in terms of p53 stability.

Induction of Apoptosis in P11-treated HUVECs Via Activa-
tion of Caspases—It has been reported that several endoge-
nous anti-angiogenic proteins such as endostatin, tumstatin
and canstatin induce apoptosis in proliferating endothelial
cells (18, 30-39).

Synthetic RGD peptide, a cell-permeable peptide, shows
induction of apoptosis via activation of caspase 3, 8, and 9 in
human endothelial cells (13, 14). Casepase-8, which plays a
role in p53-induced apoptosis, was activated by unligated
integrin «,B; followed by apoptosis (40). Inhibition of the
caspase-9 death pathway could be important in pathologi-
cal forms of angiogenesis, and correlations have been made
between endothelial cell survival and expression or activity
of p53 (23). To test whether or not the antiproliferative effect
of P11 on bFGF-stimulated HUVECs is due to p53-induced

apoptosis, we used a caspase activity assay and TUNEL
assay. P11 remarkably increased the enzyme activities of
caspases-3, -8, and -9 compared with bFGF-induced
HUVECs (Fig. 3A). Apoptosis was observed in P11-treated
HUVECs stimulated with bFGF through in situ apoptosis
TUNEL assay (Fig. 3B). These findings suggest that the
inhibition of HUVEC proliferation by P11 was due to the
induction of HUVEC cell death through caspases activations
and its mechanism was related with increased p53
expression.

Internalization of P11 into HUVECs—We next tried to de-
termine how P11 inhibits angiogenesis in HUVECs by per-
forming biochemical and cell-based assays. As it was re-
ported that apoptosis of HUVECs is induced by internalization
of RGD peptide (13, 14), we first tested if and how P11 can
penetrate into HUVECs. We found that when P11 was admin-
istered into the culture media, HUVECs rapidly internalized
the peptide in a time- and temperature-dependent manner.
When the culture temperature was 37 °C, P11 rapidly pene-
trated into the cells, whereas at 4 °C, P11 was retained on the
cell surface (Fig. 4A). In contrast, NIH 3T3 fibroblast cells did
not internalize P11 regardless of temperature or time (data not
shown). To assess whether or not P11 internalization is me-
diated by integrin «, 85 present on the cell surface, we tested
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FiG. 2. Profiling of protein expression in P11-treated HUVECs using antibody microarray. A, Schematic diagram of cell signaling protein
expression profiling in P11-treated HUVECs using antibody microarray chip. The labeled samples were concentrated and incubated on
antibody array for 1 h at 37 °C. The slides were analyzed using a fluorescence microarray scanner. The tested spots were normalized with the
mean values of the Cy5:Cy3 signal ratios of the protein spots using Internally Normalized Ratios (INRs) method. The Cy5/Cy3 values are
required to calculate Internally Normalized Ratios (INRs). Proteins were categorized as up-regulated, down-regulated, or unchanged in the test
sample compared with the reference sample. B, Graded virtual image of Cy5:Cy3 ratios at spots within slides and the antibody map of the
antibody array chip. C, Graphical representation of Cy5:Cy3 ratios on antibody arrays. Proteins having a normal median ratio in the range of
1.0 were considered as unchanged in expression. Red arrows show up-regulated proteins. D, The antibody microarray-based protein
expression profile was confirmed by immunoblot analysis. Protein extracts (10-30 mg) were separated on a NUPAGE 4-12% Bis-Tris gel and
transferred onto PVDF membranes. After blocking, the membrane was incubated with the indicated primary antibody, washed and then further
incubated with HRP-conjugated anti-IgG antibody. Western blots were developed using an ECL system (Santa Cruz Biotechnology) for the

detection of signals. E, Western blot analysis of MDM2 expression in P11-treated HUVECs.

the colocalization of P11 and the integrin «, subunit in
HUVECs using confocal microscopy. P11-FITC overlapped
with integrin a, on the membrane surface of HUVECs (Fig.
4B). We found that P11 uptake by HUVECs was mediated by
caveolin and clathrin (Figs. 4C and 4D). Integrin trafficking
also becomes internalization through various coat proteins.
Particularly, integrins such as «, 84, o B3, &,Bs, @,Bs, and agb,
endocytosis are mediated through clathrin-coated membrane
domains in the most part (73). Caveolin is involved in uptake
of cholesterol-enriched membrane microdomains which is
caused by inhibition of cell adhesion on ECM. A novel path-
way in which integrins prevent down-regulation of ERK, PI3K,
and Rac-dependent pathways is mediated by inhibiting
caveolin-1-dependent endocytosis (77). Therefore, our find-

ings strongly suggest integrin «,B5;-dependent penetration of
P11 into bFGF-stimulated HUVECs mediated by the actions
of caveolin may be closely related with P11-induced weaken-
ing of the cell adhesion, resulting p53-induced apoptosis of
P11-treated HUVECSs. Further attempts were made to exam-
ine the mechanism of endocytosis.

Suppression of MAPK (MEK and ERK1/2) Activation and
Regulation of Transcription Factors in bFGF-Stimulated
HUVECs by P11—Further studies on cellular signaling path-
ways will be necessary to fully understand the inhibitory
mechanism of cell-penetrating P11 on bFGF-induced HUVEC
proliferation. To further elucidate the mode of action by which
P11 exhibits its antiproliferative effect after internalization into
HUVECs, we examined which transcription factors and sig-
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Fic. 3. Induction of apoptosis in HUVECs treated with P11. A, Activities of caspases-3, -8, and caspase-9 in P11-treated HUVECs. The
caspase activities were measured by determining the ability of cell extracts to cleave the colorimetric substrates DEVD-pNA (for caspase-3
activity), IETD-pNA (for caspase-8 activity), and LEHD-pNA (for caspase-9 activity). Comparison of the absorbance of pNA from a P11-treated
sample with an untreated control allows determination of the fold increase in caspase activity. Results are mean = S.D. (from four separate
experiments). B, In situ apoptosis TUNEL assay detection of apoptosis in HUVECs treated with P11. We treated bFGF (10 ng/ml) in the
presence or absence of P11 (50 ug/ml) in HUEVCs. After overnight incubation, we performed the TUNEL assay as described in Materials and
Methods. We used the label solution as a negative control and DNase | (50 unit/ml) as a positive control, respectively.

naling proteins involved in cell proliferation are regulated by
the internalized peptide. It was reported that bFGF-induced
ERK activation was required for vascular angiogenesis (41).
Integrin «,B5 antagonist inhibited the ERK signaling lead to
endothelial cell apoptosis and blockade of angiogenesis (42).
Antagonists of integrin «, 35 disrupt bFGF-induced neovascu-
larization via suppressing c-Raf-ERK activation (43). Thus, we
investigated the effect of P11 on the MAPK signaling pathway
in bFGF-stimulated HUVECs. Exogenous bFGF induced rapid
phosphorylation of ERK1/2 and MEK in HUVECs (Fig. 5A).
Activation of ERK1/2 was observed as early as 2 min after
bFGF treatment, and maximal activation was reached at 5
min. P11 (10 ug/ml) significantly inhibited bFGF-induced
phosphorylation of ERK1/2 as early as 5 min and MEK at 5
min. These inhibitory effects were accompanied by suppres-
sion of HUVEC migration and proliferation induced by bFGF.
U0126, a MEK inhibitor, also prevented the phosphorylation
of ERK1/2 and MEK (Fig. 5A), indicating that P11 is blocking
the MAPK pathway in HUVECs. Because activation of MAPK
(ERK1/2) is reported to induce up-regulation of the c-Fos
gene (44, 45), we then tested the activities of several tran-
scription factors such as NF-kB, CREB-1, c-Rel, c-Fos and
ATF-2 using lysates of bFGF-induced HUVECs in the pres-
ence or absence of P11. A 96-well plate coated with oligo-
meric probes corresponding to the five transcription factors
was incubated with HUVEC lysates, and activities of the tran-
scription factors were determined by sandwich immunoassay.
P11 significantly prevented activation of c-Fos and CREB-1 in
HUVECs within 1 h after stimulation with bFGF. On the other
hand, ATF-2 activity was increased by P11 (Fig. 5B). These

findings suggest that P11 regulates the activities of transcrip-
tion factors for the inhibition of HUVEC proliferation. Previous
report reveals that sustained activation of ERK by «, 35 liga-
tion during angiogenesis may suppress p53 activity, thereby
enhancing endothelial cell survival and maturation of newly
sprouting blood vessels (46). Several lines of experimental
data demonstrate that MEK and ERK1/2 activation is critical
for the stimulation of HUVEC proliferation and that P11-medi-
ated inhibition of endothelial cell proliferation is achieved by
regulation of transcription factors including c-Fos via perturba-
tion of ERK1/2 activation related with p53-induced apoptosis.

DISCUSSION

The main purpose of this study was to identify intracellular
proteins that are involved in anti-proliferative mechanism of
P11 in bFGF-stimulated HUVECs by a pharmacoproteomic
analysis such as ProteoChip-based antibody array.

We have demonstrated a wide range of biological applica-
tions for antibody-arrayed protein chip technology (47, 48).
We performed global analysis of protein expression profiles
using high density antibody microarrays, which were con-
structed on a ProteoChip to analyze the expression patterns
of endogenous cell signaling proteins in angiogenin-treated
HUVECs (47). Antibody-arrayed protein chip analysis was
used to identify the molecular components involved in the
reprogramming process of Oct4 and/or Nanog overexpres-
sion in NIH 3T3 cells (48). In these reports, a proteomic
approach using antibody-based protein array could provide
insights into the cellular mechanism of new lead molecules in
terms of pharmacoproteomic approach. We used antibody
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Fic. 4. Internalization of P11 into HUVEC membranes. Confocal microscopy of HUVECs (A) incubated with P11-FITC was performed to
demonstrate internalization of the peptide. The cells were treated with FITC-labeled P11 (1.0 ug/ml) at 4 °C or 37 °C. B, HUVECs were treated
with FITC-labeled P11(1.0 png/ml) for 10 min and followed by anti-integrin «, mAb (10 ng/ml) for 30 min. Secondary antibody labeled with
TRITC-phalloidin. The cells were then viewed and photographed by a confocal microscope using a FITC filter. (C and D) HUVECs were treated
with P11 (10 ng/ml) for 10 min, followed by anti-caveolin mAb (10 ug/ml) (C) or anti-clathrin mAb (10 wg/ml) (D). And then the cells were treated
with anti-integrin «, mAb (10 ng/ml) for 30 min, respectively. Secondary antibodies labeled with FITC or TRITC-phalloidin. The cells were then
viewed and photographed by a confocal microscope using a FITC filter.

microarrays fabricated by immobilizing 48 distinct antibodies
against cell cycle-related proteins on ProteoChip base plates
to examine anti-proliferative effect of P11 through the analysis
of the expression pattern of cell signaling proteins in P11-
treated HUVECs. And we found that the apoptotic protein
expression level of p53 was increased in P11-treated samples
(Fig. 2). Our data also show that the expression of MDM2 was
down-regulated in P11-treated HUVECs (Fig. 2E). MDM2 is
known to be a negative regulator of p53 (24). This result
indicates that p53 stability in P11-treated cells is promoted by
decreasing MDM2 expression. Further work on how p53 ex-
pression was increased by treatment of P11 in bFGF-stimu-
lated HUVECs via integrin avB3-mediated internalization will
be remained. Previous findings suggest that integrin «, 85 can
promote cell death when unligated, or “ligated” by soluble
ligands, both in vitro and in vivo (51, 52).

Integrin «,B5 is selectively expressed only on angiogenic
endothelial cells explains to a large degree the important role
in angiogenesis attributed to integrin «,B; function. Integrin
antagonism by endogeneous soluble ligands enhances the
activation of caspase 8 (and apoptosis) among ECM-attached

endothelial cells in a PKA-dependent manner (40, 51). Antag-
onists of integrins «, 85 and a3, appear to function principally
by triggering apoptosis, because pharmacological agents that
block apoptosis rescue neovascularization in the presence of
integrin antagonists. Considering these results, it becomes
clear that mice lacking «,B; behave as one might expect,
given that the endothelial cells in these mice are unresponsive

a, B3 antagonists. Moreover, observations in these mice
suggest that the action of endogenous integrin antagonists
may play a particularly important role during pathological
forms of angiogenesis (52). Cell penetrating peptides such as
RGD and endostatin cause apoptosis in endothelial cells
through activation of caspases (13, 14). The caspase-9 path-
way (the intrinsic pathway of apoptosis) induced by growth
factor withdrawal or stresses, is perturbed by integrin ligation,
possibly by suppression of p53 activation (53). Antagonists of
integrin «,B; suppress retinal neovascularization in p53wt
animals, yet have no antiangiogenic activity in p53™~ animals
(23). As p53 is generally assumed to be involved selectively in
the regulation of the intrinsic apoptosis pathway, these data
implicate caspase 9, rather than caspase 8, in EC apoptosis in
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Fic. 5. Effects of P11 on activities of MAP kinases and transcription factors in bFGF-induced HUVECs. A, HUVECs were preincubated
with or without P11 (10 png/ml, 15 um) for 30 min and then stimulated with bFGF (3 ng/ml). At the indicated time after bFGF stimulation, the
cell lysates were analyzed by Western blotting for the phosphorylation of MEK and ERK1/2. B, Activity assay of various transcription factors
in bFGF-induced HUVECSs treated with or without P11. HUVECs were preincubated with P11 (10 wg/ml) for 30 min, followed by stimulation with
bFGF for 30 min. Activation of transcription factors was analyzed using a BD™ TransFactor profiling Kit (Becton Dickinson Science). The
histograms represent the relative intensities of the transcription factors activities as determined by colorimetric analyses. The data show the

means of three independent experiments (mean = S.E.).

the retina (42). On the other hand, casepase-8, which plays a
role in p53-induced apoptosis, was activated by unligated
integrin «, 35 followed by apoptosis (40). Caspase 8 activation
can also trigger mitochondrial release of effectors, leading to
caspase 9 activation and apoptosis via the “type II” extrinsic
pathway. Our data appear that caspaseActivation of
caspases-3, -8, and -9 was observed in P11-treated HUVECs
induced by bFGF, compared with only bFGF-stimulated HU-
VECs. In addition, nuclear condensation in P11-treated cells
was revealed by TUNEL assay (Fig. 3). These data indicate
that caspase-9 and -8 activities are promoted in P11-treated
HUVECs and subsequently resulted in downstream activation
of caspase-3 via up-regulation of p53. Furthermore, we found
that P11 was a potent inhibitor of MEK, ERK1/2 and c-Fos in
bFGF-induced HUVECSs, resulting in the inhibition of HUVEC
proliferation, migration and capillary-like structure formation.
These results demonstrate that internalized P11 inhibited the
cell proliferation by blocking the MAPK pathway and thus
triggering cell apoptosis via increased p53 expression (Figs.
1, 2, 3, and 5). MAP kinases regulate a variety of biological
functions by phosphorylating specific target molecules such
as transcription factors. Exogenous bFGF stimulates only
ERK1/2 activation among the MAPK signaling pathways (Fig.
5A). The activation of the ERK1/2 signaling pathway presum-
ably plays a pivotal role in the stimulation of endothelial cell
proliferation (41, 54). However, it also protects cells from
many forms of apoptosis (55, 56). Activated ERKs regulate a
variety of cellular functions that are critical to angiogenesis,
including stimulation of migration (57) and formation of tube-
like structures (58). In this regard, we found that P11-medi-
ated antiangiogenesis is linked to the deactivation of ERK1/2

signaling in HUVECSs. In fact, it was reported that migration of
endothelial cells following wounding of the endothelium re-
quires ERK1/2 phosphorylation, because blocking of ERK1/2
activation by the specific MEK inhibitor U0126 prevents
bFGF-stimulated ERK activation and subsequently inhibits
neovascularization (58, 59). The inhibition of angiogenesis by
P11 may be, at least in part, achieved through interference of
ERK1/2 activation. Sustained activation of ERK by «, 5 liga-
tion during angiogenesis may suppress p53 activity, thereby
enhancing endothelial cell survival and maturation of newly
sprouting blood vessels (46). Our experimental data strongly
suggest that P11-mediated prevention of HUVEC prolifera-
tion is achieved by regulation of transcription factors includ-
ing c-Fos via perturbation of ERK1/2 activation obtained
from P11-induced integrin «, 35 unligation and thereby pro-
moting p53-induced apoptosis. Integrin ligation also leads
to the activation of FAK (60). FAK activation occurs up-
stream of ERK and PI3K, and is likely to account for at least
a portion of the ability of integrins to suppress p53-medi-
ated apoptosis. FAK deficient mouse embryos die early (61)
and cells derived from FAK ™/~ mice can only be cultured in a
p53-deficient background, despite the fact that these cells
still activate ERK and PI3K pathways (60). Interestingly, dom-
inant-negative forms of FAK, such as FRNK, can also either
induce apoptosis or predispose cells to apoptosis initiated by
other means.

In addition, our study shows that the activity of c-Fos de-
creased whereas that of ATF-2 slightly increased in P11-
treated HUVECs stimulated with bFGF due mainly to the
blockade of ERK1/2 activation and subsequent suppression
of cell proliferation. It was reported that endothelial cells in
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developing vessels exposed to increased VEGF and FGF
signaling resulted in excess centrosomes and increased ane-
uploid via either MEK/ERK or AKT to cyclin E/Cdk2 (62).
Therefore, we postulate that MEK and ERK signaling is
blocked by P11, and that the resulting disturbance of down-
stream signaling, i.e. deactivation of several transcription fac-
tors including c-Fos and CREB in bFGF-stimulated HUVECs,
may result in the inhibition of cell proliferation. Clearly, more
information is required to understand the full context of an-
giogenic signaling networks. Because tumor growth requires
angiogenesis and P11 inhibits angiogenesis both in vitro and
in vivo, we evaluated the efficacy of P11 as an inhibitor of
angiogenesis-dependent tumor growth in a mouse tumor
model. It was noteworthy that B16F10 melanoma-induced
neovascularization was remarkably prevented by P11 (data
not shown). Based on these data, we propose that P11 should
be considered as a new angiogenesis inhibitor and novel
target for correcting abnormal vasculature. Recently, integrin
a,B; was used as a target for gene therapy of tumors. Hood
and colleagues demonstrated that the administration of nano-
particles containing a dominant-negative Raf-1 gene as a
vector caused inhibition of tumor progression in tumor-bear-
ing mice (9). Nanoparticles containing an anti-«, 85 antibody
(10), and bacteriophage displaying RGD peptide that binds
to inetgrin «,B; (8), were concentrated in the tumor vascu-
lature. Thus, endothelial «,B; integrin can be used as a
target for delivering therapeutic agents such as antibodies,
peptide inhibitors and therapeutic genes to tumor blood
vessels to increase the effectiveness of tumor treatment and
reduce side effects without the complications encountered
in chemotherapy. P11 shows selective targeting to integrin
a, B3, Which has been shown to inhibit cell proliferation by
penetrating cells, and thus may have potential in antiangio-
genic therapy.

In our previous study, P11, a novel peptide sequence con-
taining Ser-Asp-Val (SDV), was shown to specifically bind to
integrin «, B5 instead of the RGD sequence, a common bind-
ing motif of the integrin receptor (22). The SDV sequence is a
type | PDZ-binding domain (S/T-X-V) that can recognize
PSD-95 (63). Further, it was found that the type | PDZ recog-
nition sequence of a cytoplasmic domain of a6a/a5 integrin
and a novel sequence in a6B integrin can bind to TIP2/GIPC
(64). Our finding was the first demonstration that the type |
PDZ-recognition motif can bind to the ligand binding site of
integrin «,B5. The PDZ-binding motif-containing P11 peptide
was rapidly internalized into HUVECs at 37 °C as early as 5
min (Fig. 4A). This internalization process was not a nonspe-
cific penetration as in simple diffusion but was specifically
mediated by integrin «,3; and regulated by temperature (Fig.
4B). The role of integrin endocytic cycle is increase in cell
adhesion, spreading and regulation of motility. Integrin endo/
exocytic cycle has at least 3 types of pathways such as (1)
clathrin-mediated endocytosis (2) caveolae-mediated endo-
cytosis, and (3) clathrin-caveolae-independent endocytosis

(73). Endostatin is rapidly taken up in murine brain endothelial
cells where it undergoes degradation (31). However, the cell
entry mechanisms of endostatin and RGD have not yet been
elucidated. There are several reports that fibrinogen bound to
the surfaces of A549 cells is internalized by endocytosis via
RGD-dependent binding to integrin «, 35 (65). Additionally, the
internalization and degradation of matrix-bound vitronectin
are mediated by integrin «,B85 and involve protein kinase C
(66). Integrin o Bs is internalized in its active, vitronectin-
bound form (67, 68) through clathrin-coated pits (69). Adeno-
viral entry via «, integrin is dependent on Rab5 and mediated
by clathrin (70). Human cytomegalovirus enters cells via clath-
rin-dependent endocytosis in an integrin «, 8;-mediated event
(71). The entry of human parechovirus 1 (HPEV-1) into host
cells is mediated by a clathrin-dependent pathway (72). Im-
portantly, integrin-mediated endocytic machinery combine
with different integrin receptors such as «,8;, o,Bs «,Bs,
a,Bs, and asB, and invade into cells by using the route of
clathrin (73). P11 peptide is also internalized with clustering
through clathrin-mediated endocytosis such as RGD petide.
Interestingly, our data using double-labeling experiments
show that P11 internalization mediated by integrin «,8; oc-
curred via both caveolin- and clathrin-dependent endocytotic
pathway (Figs. 4C and 4D). Clathrin-independent and cave-
olae-mediated internalization of integrins has been described
for certain integrins including integrin a,B,. Caveolin-1 is as-
sociated with some integrins including «,8; and asf3;, and
integrin a3, redistributes to caveolae after integrin clustering
(76). B 1 integrins play an important role in the process of
endocytosis of fibronectin and fibronectin matrix fibrils by
caveolin-mediated event (75). Recent report demonstrated
that caveolin plays critical role in rapid internalization of cho-
lesterol-enriched membrane microdomains, when cells are
detached from ECM. In this process, integrin-mediated regula-
tion of ERK, phosphatidylinositol-3-OH kinase (PI3K) and Rac
pathways is dependent on caveolin-1. Inhibition of caveolin-1-
dependent endocytosis results in preventing down-regulation of
ERK, PI3K, and Rac-dependent pathways induced by cell de-
tachment (77). These reports strongly support our finding that
cell penetration by P11 can occur through integrin «,85-medi-
ated endocytosis dependent on caveolin and this event might
be caused by perturbing the cell attachment.

In summary, using a comparative pharmacoproteomic anal-
ysis of cellular signaling proteins in P11-treated HUVECs, we
have investigated the antiproliferative mechanism of P11, a
novel cell-permeable antiangiogenic peptide containing type |
PDZ-binding motif, which specifically recognizes integrin «, 35
on the cell surface via up-regulation of p53 in the cells. Addi-
tional analyses were supported to demonstrate the proteomic
result of P11-induced up-regulation of p53. Further works are
required to elucidate how p53 expression was increased by
treatment of P11 in bFGF-stimulated HUVECs. Taken to-
gether, these data strongly suggest that the pharmacopro-
teomic approach using antibody-arrayed ProteoChip may be
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a valuable tool for understanding of selective molecular mech-
anism of new drugs.
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