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RGDS peptide induces caspase 8 and caspase 9 activation in human
endothelial cells
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Maurizio C. Capogrossi, and Antonio Facchiano

Peptides containing the Arg-Gly-Asp
(RGD) motif inhibit cell adhesion and ex-
hibit a variety of other biologic effects
including anticoagulant and antimeta-
static activities. The aim of the present
study was to examine the anchorage-
independent effects of an RGD-containing
peptide, Arg-Gly-Asp-Ser (RGDS), on hu-
man umbilical vein endothelial cells
(HUVECs). Assays were performed on
HUVECs seeded onto collagen IV; under
these experimental conditions RGDS did
not exert antiadhesive effects but signifi-
cantly reduced FGF-2–dependent chemo-

taxis after 4 hours of treatment and re-
duced proliferation after 24 hours of
treatment. Experiments carried out with
caspase-specific inhibitors indicated that
the observed antichemotactic effects re-
quired caspase 8 and caspase 9 activa-
tion. RGDS activated both caspase 8 and
caspase 9 after 4 hours of treatment and
caspase 3 after 24 hours of treatment,
and markedly enhanced HUVEC apopto-
sis by transferase-mediated deoxyuridine
triphosphate nick-end labeling (TUNEL)/
Hoechst staining and fluorescence-
activated cell sorting (FACS) analysis.

Finally, confocal microscopy showed that
RGDS localizes in the cytoplasm of live
HUVECs within 4 hours and in vitro experi-
ments showed that RGDS directly inter-
acts with recombinant caspases 8 and 9
in a specific way. In summary, these re-
sults indicate that RGDS directly binds
and activates caspases 8 and 9, inhibits
chemotaxis, and induces apoptosis of
HUVECs with a mechanism independent
from its antiadhesive effect. (Blood. 2004;
103:4180-4187)

© 2004 by The American Society of Hematology

Introduction

Integrins mediate cell-cell and cell-extracellular matrix (ECM)
interactions1,2 and recognize several ECM proteins including
fibronectin, vitronectin, laminin, fibrinogen, von Willebrand factor,
osteopontin, thrombospondin, and collagen. Endothelial cell adhe-
sion to ECM is mediated by �1�1, �2�1, �3�1, �5�1, �6�1, �v�3, and
�v�5 integrins3 and such interaction triggers mechanical as well as
chemical signals,4,5 which promote the assembly of actin stress
fibers6 and modulate adherent cell growth and survival.2,7

One of the major sites mediating integrin action is the Arg-Gly-
Asp (RGD) motif, present in ECM proteins and in other proteins
such as disintegrins.8-9 Integrins interact with ECM in both an
RGD-dependent and RGD-independent manner.10,11 Peptides con-
taining the RGD motif have been shown to inhibit cell adhesion by
competing for integrins/matrix interaction; further, these peptides
exert a variety of biologic effects including anti-inflammatory,
anticoagulant, and antimetastatic activities.12-16 RGD-containing
peptides and disintegrins have an antiangiogenic effect due at least
in part to inhibition of �v�3- and �v�5 -dependent adhesion,8,9 and
prevent vascular lumen formation.17 RGD peptidomimetics have
also been shown to inhibit neointima formation and lumen
restenosis following coronary artery injury.18-19

Previous studies indicated that integrins regulate cell viability in
different cell types; anti-integrins monoclonal antibody or RGD
peptides reduce cell growth by inhibiting integrin ligation, there-

fore detaching cells from ECM and inducing an anchorage-
dependent apoptosis, named anoikis.20-28 Hence, integrin-mediated
apoptosis has been attributed to the onset of an antiadhesive effect;
in fact, anchorage loss of adherent cells is known to trigger
different proapoptotic signals, either by altering integrin expres-
sion,29-31 blocking integrin signaling,32-35 or inducing integrin
degradation.36,37

Recent evidence shows that RGD-containing peptides may
induce an anchorage-independent apoptosis of T cells and cardio-
myocytes, by entering into the cell and directly promoting caspase
3 activation.38-40 We focused our interest on the anchorage-
independent effects of the RGD motif, which are still poorly
investigated. We set experimental conditions to avoid any RGDS
antiadhesive action and examined the effect on HUVEC chemo-
taxis and on the activity of initiator caspases, namely caspases 8
and 9.

Materials and methods

Materials

Arg-Gly-Asp-Ser (RGDS) peptide was obtained from Bachem (Bubendorf,
Switzerland). Trypsin-EDTA (ethylenediaminetetraacetic acid), basic fibro-
blast growth factor (FGF-2), human plasma fibronectin, phosphate-buffered
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saline (PBS), sodium pyruvate, minimum essential medium (MEM) amino
acids without L-glutamine, L-glutamine, penicillin-streptomycin, MEM
nonessential amino acids, HEPES (N-2-hydroxyethylpiperazine-N�-2-
ethanesulfonic acid), and RPMI medium were from Gibco (Paisley,
Scotland). Human plasma vitronectin was obtained from Calbiochem (San
Diego, CA). Mouse collagen IV was from Becton Dickinson (Bedford,
MA). Bovin serum albumin (BSA), Arg-Gly-Glu-Ser (RGES) peptide,
protease inhibitors, and the fluorescein isothiocyanate (FITC)–conjugated
phalloidin were from Sigma (St Louis, MO). General caspase inhibitor
(Z-VAD-FMK), caspase 1 inhibitor (Z-WEHD-FMK), caspase 3 inhibitor
(Z-DEVD-FMK), caspase 8 inhibitor (Z-IEDT-FMK), and caspase 9
inhibitor (Z-LEHD-FMK) were from R&D Systems (Minneapolis, MN)
and Calbiochem. Caspase substrates FITC-VAD-FMK and Z-DEVD-R110
were from Promega (Southampton, United Kingdom). Substrates for
caspases 1, 8, and 9 (DEVD-AFC, AEVD-AFC, and IETD-AFC, respec-
tively) were from Calbiochem. Polyclonal rabbit antihuman caspase 3
antibody was from Santa Cruz Biotechnology (Alexa, CA), antihuman
caspase 8 antibody was from Zymed Laboratories (San Francesco, CA), and
antihuman caspase 9 antibody was from Pharmingen (San Diego, CA).
Amino terminal–biotinylated RGDS was purchased from Sigma-Genosys
(Cambridge, United Kingdom). Anti-�v�3 (clone LM609), anti-�v�5 (clone
P1F6), anti-�2�1 (clone BHA2.1) blocking antibodies and human caspases
8 and 9 active recombinant proteins were purchased from Chemicon
International (Temecula, CA).

Cell culture

Human umbilical vein endothelial cells (HUVECs; Clonetics, Walkersville,
MD) were maintained in EBM-2 medium (Clonetics) supplemented with
endothelial growth medium 2 (EGM-2) kit (Clonetics) containing fetal calf
serum (FCS; 2%), hydrocortisone (0.04%), human fibroblast growth factor
B (hFGF-B; 0.4%), vascular endothelial growth factor (VEGF; 0.1%),
R3-insulin-like growth factor 1 (R3-IGF-1; 0.1%), ascorbic acid (0.1%),
human epidermal growth factor (hEGF; 0.1%), gentamicin sulfate ampho-
tericin-B (GA-1000; 0.1%), heparin (0.1%) (complete medium), according
to manufacturer’s instructions. For all experiments, cells were used up to
the sixth passage and harvested at 80% confluence. For all experiments,
cells were seeded for 24 hours, then starved overnight and used.

Cell adhesion assay

Cell adhesion was quantified as reported.11 Ninety-six–well tissue-culture
plates were coated overnight at 4°C with ECM proteins (fibronectin,
vitronectin, or collagen IV, diluted in PBS, pH 7.4, to the final concentration
of 50 �g/mL). Wells were then blocked for 1 hour at 37°C with 5 mg/mL
BSA in EBM-2 medium and washed 3 times with PBS, pH 7.4, before
cell seeding.

HUVECs harvested by trypsin-EDTA were suspended in EBM-2
medium plus FCS 10% with serial dilutions of either peptide (RGDS or
RGES) ranging from 500 �g/mL to 62.5 �g/mL, corresponding to 1.1 mM
to 0.1 mM. Cells were incubated with peptides at 37°C for 15 minutes
before seeding, then 15 000 cells per well were added, and the plate was
incubated at 37°C for one hour. Nonadherent cells were discarded by
washing 3 times, then adherent cells were fixed with 4% formaldehyde in
PBS, pH 7.4, for 10 minutes at room temperature (RT) and stained with
0.5% toluidine blue (Merck KgaA, Darmstadt, Germany) in 4% formalde-
hyde for 10 minutes at RT. Plates were then rinsed extensively with water
and stain was extracted by incubation with sodium dodecyl sulfate (SDS)
1% in PBS, pH 7.4, for 30 minutes at RT. Cell adhesion was then quantified
as optical density (OD) at 595 nm.

Immunofluorescence

HUVECs were seeded on coverslips coated with poly-L-lysine (PLL),
vitronectin, or collagen IV (50 �g/mL in PBS, pH 7.4) and incubated at
37°C for 24 hours; then complete medium was replaced with unsupple-
mented medium (EBM-2) overnight at 37°C. After treatment with RGDS in
EBM-2 0.1% BSA for 4 hours, cells were fixed with 3% paraformaldehyde
in PBS, pH 7.4, for 10 minutes, permeabilized with 0.1% Triton X-100 in

PBS, pH 7.4, for 5 minutes at RT, and blocked for 30 minutes with BSA 2%
in PBS, pH 7.4, at RT.41 Cells were stained with FITC-conjugated
phalloidin (1:1000) in PBS, pH 7.4, containing BSA 1% for one hour at RT.
Coverslips were mounted with a fluorescent mounting medium (Dako,
Carpinteria, CA) and cells were visualized using a Zeiss Axioplan
fluorescence microscope (Zeiss, Heidelberg, Germany). Images were
acquired with a Zeiss Axiocam digital camera (Zeiss).

Proliferation assay

HUVEC proliferation was evaluated as previously reported.42 Briefly,
HUVECs (8 � 104 cells/well) in EBM-2 medium supplemented with
EGM-2 kit were allowed to grow onto 6-well plates coated with collagen IV
(50 �g/mL) (Becton Dickinson, Bedford, MA) for 24 hours at 37°C in 5%
CO2. Medium was then replaced with EBM-2 overnight. Subsequently,
cells were treated with serial dilutions of RGDS (from 500 �g/mL to 125
�g/mL) dissolved in EBM-2 medium plus BSA 0.1% containing basic
fibroblast growth factor (FGF-2; 10 ng/mL) for 24 hours at 37°C. Then,
cells were harvested by trypsin-EDTA and counted using a hemacytometer.

Cell migration assay

FGF-2–induced HUVEC migration was measured in modified Boyden
chambers as previously reported.43 Briefly, 8-�m pore-size polycarbonate
filters (Costar, Cambridge, MA) were coated with murine collagen type IV
(10 �g/mL) for one hour. HUVECs were incubated for 48 hours in RPMI
15% FBS, 1% sodium pyruvate, 2% MEM amino acids without L-glutamine,
1% L-glutamine, 1% penicillin-streptomycin, and 1% MEM nonessential
amino acids. Cells were harvested by trypsinization, resuspended in RPMI
25 mM HEPES, 0.1% BSA, and 200 �L was added to the upper portion of
the chambers at 1 � 106 cells/mL with serial dilutions of RGDS (from 500
�g/mL to 125 �g/mL); the lower portion of the Boyden chamber contained
FGF-2 (10 ng/mL) as a chemoattractant. After 4 hours at 37°C in 5% CO2,
cells were fixed in 95% ethanol and stained with 0.5% toluidine blue in
PBS, pH 7.4, for 10 minutes. The number of migrated cells was evaluated
by counting 15 fields at � 400 magnification. In other experiments, cells
were pretreated for 20 minutes at 37°C with caspase inhibitors, namely
Z-VAD-FMK (general caspase inhibitor), Z-DEVD-FMK (caspase 3 inhib-
itor), Z-WEHD-FMK (caspase 1 inhibitor), Z-IEDT-FMK (caspase 8
inhibitor), and Z-LEHD-FMK (caspase 9 inhibitor) (50 �M) before
treatment with RGDS.

In additional experiments, HUVECs were preincubated with RGDS
(500 �g/mL, 20 minutes, 37°C); then cells were washed with 2 M NaCl, 20
mM HEPES, pH 7.4, and twice with 2 M NaCl, 20 mM acetic acid, pH 7.4,
to wash out RGDS free in the medium or bound to the membranes.44 Cells
treated in this way were then used for migration on collagen IV–coated
filters as reported above.

Caspase activity assay

Caspase activity was measured as follows: HUVECs seeded on collagen IV
were incubated at 37°C for 24 hours; then medium was replaced with
EBM-2 overnight before treatment with RGDS (500 �g/mL in EBM-2,
0.1% BSA for 4 hours). Before harvesting by trypsinization, cells were
incubated for 20 minutes at 37°C with the fluorescent generic caspase
substrate (FITC-VAD-FMK; 10 �M). Subsequently, cells were washed
twice with PBS, pH 7.4, and fixed with 2% paraformaldehyde in PBS, pH
7.4, for 30 minutes at 4°C. Cell fluorescence was then measured on a
Coulter Epics XL flow cytometer (Beckman Coulter), with automatic
gating. Data were analyzed with WinMDI software (Scripps Research
Institute, La Jolla, CA).

Caspase 3 and 7 enzymatic activity was measured by monitoring the
fluorescence of the Z-DEVD-R110 substrate according to the manufactur-
er’s instructions. HUVECs seeded on collagen IV were treated as described
above and incubated with RGDS 500 �g/mL in EBM-2 0.1% BSA for 4
hours and 24 hours at 37°C. The substrate was then added and cells were
harvested by trypsinization and resuspended in PBS, pH 7.4. Fluorescence
was then measured (485-nm excitation wavelength and 530-nm emission
wavelength) and expressed as fold increase versus control.
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Caspase 1, caspase 8, and caspase 9 activity was measured as previously
reported.45,46 Briefly, cells seeded on collagen IV were incubated in the
presence or absence of RGDS (as reported in “Cell culture”), cells were
then harvested with trypsin, washed, and resuspended in caspase buffer
(100 �L; 20 mM HEPES pH 7.6, 10 mM KCl, 1.5 mM MgCl2, 0.1 mM
EDTA, 0.1 mM EGTA [ethylene glycol tetraacetic acid], 1 mM dithiothrei-
tol [DTT], 0.1 mM phenylmethylsulfonyl fluoride [PMSF]) containing 50
�M of the fluorogenic substrate for caspases 1, 8, and 9 (DEVD-AFC
[DEVD–7-amino-4trifluoromethylcoumarin], AEVD-AFC, and IETD-
AFC, respectively). The suspension was then passed through a 21.5-gauge
needle, on ice for 15 minutes, and centrifuged at 25 000g for 15 minutes.
The supernatant was collected and centrifuged at 100 000g at 4°C for 75
minutes. Protein concentration in the supernatant was determined by the
micro-bicinchoninic acid method (micro-BCA) method (Pierce, Tattenhall,
Cheshire, United Kingdom). Caspase activity was allowed to proceed for 2
hours at 37°C. Under these conditions, caspase activity is proportional to
the release of AFC from the substrate; fluorescence (emission at 505 nm and
excitation at 400 nm) was then measured with a Perkin-Elmer LS50
fluorometer (Perkin-Elmer Instruments, Beaconsfield, United Kingdom).
Caspase activation was then reported as fold increase versus control.

Caspase activation by Western blotting

Activation of caspases 3, 8, and 9 was also followed as function of
procaspase cleaveage.38 HUVECs were incubated at 37°C for 24 hours,
then medium was replaced with EBM-2 overnight at 37°C, cells were then
treated with RGDS 500 �g/mL in EBM-2 0.1% BSA for 4 hours (caspase 3
activation was analyzed at 4, 16, and 24 hours) at 37°C. Cells were washed
in PBS, pH 7.4, and lysed in buffer containing 150 mM NaCl, 25 mM
HEPES, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EGTA,
EDTA, and PMSF, 10 �g/mL aprotinin, leupeptin, and pepstatin. Samples
were separated by sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to nitrocellulose membrane. Membranes
were then blocked with 5% milk (Bio-Rad Laboratories, Hercules, CA) in
TPBS (0.1% Tween 20 in PBS, pH 7.4). After washing 3 times with TPBS,
membranes were incubated with antibody to caspase 3 (1:200), caspase 8
(1:250), and caspase 9 (1:1000) for one hour to visualize both pro-caspase
and cleaved-caspase bands. For detection, secondary antibody goat antirab-
bit conjugate to horseradish peroxidase (Pierce) was used, 1:5000 in 2%
BSA in TPBS, followed by chemiluminescence (ECL; Amersham, Bucking-
hamshire, United Kingdom) and autoradiography. Bands were quantified
using a calibrated imaging densitometer (GS 710; Bio-Rad) and analyzed
using “Quantity one” software (Bio-Rad).

Apoptosis assays

HUVECs (5 � 104) in EBM-2 medium supplemented with EGM-2 kit were
seeded onto coverslips coated with collagen IV as reported above. After 24
hours at 37°C, medium was replaced with EBM-2 overnight and then cells
were incubated with RGDS 500 �g/mL diluted in EBM-2, 0.1% BSA for 24
hours. Then cells were fixed with 3% paraformaldehyde for 10 minutes at
RT, permeabilized with 0.1% Triton X-100, 0.1% sodium citrate for 2
minutes on ice, washed twice with PBS, pH 7.4, and incubated for one hour
at 37°C in the dark with a TUNEL reaction mixture (Boehringer Mannheim,
Indianapolis, IN), for in situ detection of cell death. After washing twice
with PBS, pH 7.4, cells were incubated at RT with the Hoechst solution for
5 minutes. All Hoechst-positive nuclei as well as TUNEL-positive nuclei
were visualized using a Zeiss Axioplan fluorescence microscope. Then,
apoptosis was expressed as a percent of fragmented Hoechst-positive nuclei
versus total Hoechst-positive nuclei, and as a percent of TUNEL-positive
nuclei versus total Hoechst-positive nuclei and was reported as fold
increase versus control.

To further analyze the cell death–inducing effect of RGDS, FACS
analysis was carried out on HUVECs grown as reported in the previous
paragraph and treated with FGF-2 (10 ng/mL) or BSA alone in the presence
or absence of RGDS (500 �g/mL). In additional experiments, RGDS-
treated HUVECs were pretreated for 20 minutes with blocking antibodies
anti-�v�3 (10 �g/mL), anti-�v�5 (0.1 �g/mL), or anti-�2�1 (10 �g/mL)
according to manufacturer’s instructions. Then, propidium iodide (PI)

staining (1 �g/mL; Sigma Chemical) was performed according to standard
protocols on ethanol-fixed cells. Cell cycle analysis was performed within
72 hours of the staining, on a Coulter Epics XL flow cytometer (Beckman
Coulter). Data were then analyzed with WinMDI software.

Confocal microscopy

HUVECs seeded on coverslips and grown as described in “Proliferation
assay” were treated for 4 hours with biotinylated RGDS (500 �g/mL) at
4°C and 37°C. Then, cells were fixed and permeabilized as described in the
immunofluorescence paragraph, and blocked for 30 minutes with 10% goat
serum in PBS, followed by incubation with fluorescein avidin (1:40; Vector
Laboratories, Peterborough, United Kingdom) in PBS, pH 7.4, for one hour
at RT. After washing in 0.3% Triton X-100 in PBS, HUVECs were
incubated with PI at a final concentration of 5 �g/mL to visualize nuclei.
Cells were then analyzed using a Zeiss LSM 510 meta confocal microscope
(Zeiss). Laser power, beam splitters, filter settings, pinhole diameters, and
scan mode were the same for all examined samples. Fields reported in
Figure 7A are representative of all examined fields.

RGDS direct interaction with membranes, cytoplasm,
and caspases

A partial subfractionation to obtain membrane and nonmembrane (here
referred to as “cytoplasmic”) extracts was carried out as reported38,47 with
some modification. Briefly, HUVEC pellet was resuspended in lysis buffer
(4 mM HEPES, pH 7.4, 10 mM KCl, 2 mM MgCl2, 1 mM dithiothreitol
[DTT], 5 mM EGTA, 25 �g/mL leupeptin, 5 �g/mL pepstatin, 40 mM
�-glycerophosphate, 1 mM phenylmethylsulphonyl fluoride [PMSF]) and
kept for 25 minutes at 4°C. After freezing and thawing 3 times, membranes
were separated by centrifugation at 15 493g (13 000 rpm) at 4°C for 20
minutes. Membranes and the corresponding cytoplasmic extracts were
spotted onto nitrocellulose, as previously reported.48 In other experiments,
human caspases 8 and 9 active recombinant proteins (0 to 10 units) or
control proteins (BSA, fibronectin; 10 �g) were spotted onto nitrocellulose
and blocked with 5% milk in TPBS. After washing 3 times with TPBS,
nitrocellulose membranes were incubated for 4 hours at RT with 1 mg/mL
amino terminal–biotinylated RGDS (Sigma-Genosys). Some experiments
were carried out with 1 mg/mL biotinylated RGDS in the presence of 10
mg/mL not-biotinylated RGDS diluted in TPBS, as a specific competitor.
After extensive washing with TPBS, nitrocellulose was incubated for 1 hour
at RT with an avidin/biotinylated horseradish peroxidase kit (Vecstatin
ABC; Vector) followed by chemiluminescence reaction and exposure to
Kodak film (Eastman Kodak, Rochester, NY). Binding in the presence of
labeled RGDS was considered “total” binding, while binding in the
presence of an excess of unlabeled RGDS was considered “nonspecific”
binding. Interaction was measured by densitometry (GS 710; Bio-Rad),
analyzed using “Quantity one” software (Bio-Rad), and expressed as a
percent of total binding.

Results

HUVEC adhesion

Preliminary experiments showed that HUVEC adhesion to vitronec-
tin, fibronectin, and collagen IV (50 �g/mL) is proportional to the
number of seeded cells with the midpoint set to 15 000 cells/well.
Therefore, this number of cells was seeded either in the presence or
absence of increasing concentrations of RGDS. In these experi-
ments, RGDS exhibited a dose-dependent inhibitory effect on
HUVEC adhesion to fibronectin and vitronectin (61% � 4.3% and
84% � 6.8% inhibition; P � .001, respectively, at 500 �g/mL)
while it had no effect on HUVEC adhesion to collagen IV (Figure
1A). The control peptide (RGES) had no effect on HUVEC
adhesion to ECM glycoproteins at any tested doses, as expected
(Figure 1B).
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Additional studies were carried out to investigate the antiadhe-
sive effect of RGDS peptide on collagen IV. HUVECs were seeded
on PLL glass, on vitronectin, and on collagen IV, and treated with
RGDS (500 �g/mL) for 4 hours. RGDS induced retraction of cells
seeded on vitronectin, while it had no effect on HUVECs seeded on
PLL glass or on collagen IV (Figure 2). These results confirmed
that, under such experimental conditions, RGDS did not exert any
evident antiadhesive effect on HUVECs seeded on collagen IV.
Therefore, the following studies were all carried out on cells seeded
on collagen IV and on migration filters coated with collagen IV, in
order to minimize the contribution of an antiadhesive action to the
biologic effects observed.

HUVEC proliferation and migration in the presence of RGDS

The effect of RGDS on proliferation of HUVECs seeded on
collagen IV was examined in the presence of FGF-2 (Figure 3).
RGDS significantly reduced in a concentration-dependent way
FGF-2–induced proliferation (50% � 4% inhibition; P � .05) at
500 �g/mL, indicating that RGDS exerts a potent antiproliferative
effect independently of its antiadhesive properties.

RGDS effect on cell migration was investigated in FGF-2–
induced chemotaxis through collagen IV–coated polycarbonate
filters (Figure 4). The peptide inhibited FGF-2–induced chemotaxis
achieving 65% � 11% (P � .05) and 81% � 8.9% (P � .01) inhi-
bition at 250 �g/mL and 500 �g/mL, respectively (Figure 4A).
This antichemotactic effect was maintained when RGDS was
preincubated for 20 minutes and then washed away (67% � 8.4%
inhibition, P � .01 at 500 �g/mL; Figure 4B), showing that a short
pretreatment followed by an extensive washing out is sufficient to
achieve the inhibitory action observed. It should be noted that all
these effects were anchorage independent, since under these
experimental conditions RGDS does not induce cell detachment
(Figure 2) nor does it affect cell adhesion (Figure 1).

It is known that RGD-containing peptides have a direct
caspase-activating effect,44 thus we investigated the role caspases
may play in such antichemotactic effect. As a first approach, it was
investigated whether caspase inhibitors reverted the RGDS anti-
chemotactic effect. RGDS inhibitory effect was completely blocked
when endothelial cells were pretreated with the pan-caspase
inhibitor Z-VAD-FMK (Figure 4C). Further experiments showed
that specific caspase 8 and caspase 9 inhibitors Z-IEDT-FMK and
Z-LEHD-FMK abolished RGDS inhibitory effect, while caspase 1
and caspase 3 inhibitors Z-WEHD-FMK and Z-DEVD-FMK had
no effect (Figure 4D). These results indicated that caspase 8 and
caspase 9 activity may account, at least in part, for the antichemo-
tactic effect of RGDS.

Caspase activity and apoptosis induction

Additional studies were carried out to further investigate the
caspases’ role. HUVECs seeded onto collagen IV were preincu-
bated with RGDS for 4 hours, then treated with the fluorescent
pan-caspase substrate FITC-VAD-FMK. Under these conditions,
cells remained adherent and a 30% fluorescence increase was
revealed as compared with untreated cells, indicating that RGDS
short treatment leads to an anchorage-independent caspase activa-
tion (data not shown). Caspase activation was then investigated,
under similar experimental conditions, by specific enzymatic
assays. It was found that RGDS treatment induced caspase 8 and
caspase 9 activation (1.8 � 0.02 fold versus control, P � .01; and
2.2 � 0.2 fold versus control, P � .05, respectively), while it had
no effect on caspase 1 and caspase 3/7 activity (Figure 5A).
Conversely, it induced caspase 3 and caspase 7 activation only after
24 hours (1.8 � 0.3 fold versus control, P � .05; Figure 5B).

An additional approach allowed us to follow cleavage of
pro-caspases 8, 9, and 3, which leads to their activation. RGDS
treatment reduced expression of caspase 3 inactive precursor
(molecular weight [MW] 32 kDa) by 70% � 5.5% (P � .01) after

Figure 2. HUVEC spreading on matrix glycoproteins. Cell morphology on
coverslips coated with PLL, vitronectin, or collagen IV (50 �g/mL) was examined.
Cells were treated for 4 hours with RGDS (500 �g/mL) and stained with FITC-
conjugated phalloidin (original magnification, � 40). In all cases cells showed a
similar spreading and actin stress fibers morphology, indicating that while RGDS had
no antiadhesive effect on collagen IV and poly-L-lysine, it had an antiadhesive effect
on vitronectin, as expected. Experiments were carried out in triplicate. The images
shown refer to a representative experiment.

Figure 1. HUVEC adhesion to different matrix glycoproteins. HUVEC adhesion
to fibronectin (u), vitronectin (�), and collagen IV (50 �g/mL diluted in PBS; f) was
measured. Cells were seeded in the presence of 10% FCS and treated for one hour
at 37°C with serial dilutions of RGDS or RGES. Cell adhesion was then quantified as
optical density (OD) at 595 nm and expressed as OD percent versus control. (A)
RGDS reduced in a dose-dependent manner HUVEC adhesion to fibronectin and
vitronectin, but it did not inhibit adhesion to collagen IV (*P � .001). (B) Control
peptide RGES had no effect on HUVEC adhesion to extracellular matrix glycopro-
teins. Data are expressed as mean � SE of 3 experiments carried out in triplicate.

Figure 3. FGF-2–induced HUVEC proliferation. FGF-2 (10 ng/mL)–induced HUVEC
proliferation on collagen IV (50 �g/mL) was evaluated. Cells were treated for 24 hours
at 37°C with increasing RGDS concentrations. RGDS significantly reduced endothe-
lial cell proliferation (*P � .05 at 500 �g/mL RGDS). Data are expressed as mean �
SE of 3 experiments carried out in duplicate.
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24 hours while it was ineffective at shorter time points (Figure 5C).
The inactive precursor was proteolytically cleaved, generating a
20-kDa subunit (Figure 5D). On the other hand, at a shorter
incubation time (namely, 4 hours of RGDS treatment), the pro-
caspases 8 and 9 (55 kDa and 47 kDa, respectively) were cleaved to
the corresponding active forms (20 kDa and 37 kDa, respectively;
Figure 5D).

These results indicated that RGDS treatment induces an early
activation of caspases 8 and 9 (4-hour treatment) and a later
activation of caspase 3 (24-hour treatment). Therefore, RGDS-
induced HUVEC apoptosis was examined. Cells, seeded on
collagen IV, were treated with RGDS for 24 hours and apoptosis
was measured by TUNEL and Hoechst staining. Both tests showed
that RGDS induced a significant increase of apoptosis as compared
with control (3.3 � 0.6 fold versus control, P � .05, at 500 �g/mL;
Figure 6A-B).

To further analyze the RGDS effect, FACS analysis was carried
out on HUVECs treated for 24 hours with RGDS (500 �g/mL).
Quantification of sub–G1-phase cells was considered an apoptosis
marker. Data reported in Figure 6C show that RGDS treatment
significantly increased percentage of cells in sub–G1 phase either in

the presence of BSA only, or in the presence of FGF-2. Apoptosis
of 26.1% under BSA treatment was expected, due to the 24-hour–
long serum deprivation, and was significantly increased to 47.7%
by RGDS treatment. Similarly, 10% apoptosis under FGF-2
treatment was significantly increased to 19.3% by RGDS treat-
ment. Pretreatment with antibodies blocking �2�1, �v�3, or �v�5

did not significantly change RGDS proapoptotic activity in the
presence of BSA (44.6%, 43.5%, and 42.4% respectively, versus
47.7% RGDS alone; not shown).

RGDS cell internalization and molecular interaction

It has already been reported that RGD-containing peptides enter the
cells (lymphocytes, cardiomyocytes, melanoma cells) leading to
apoptosis by direct interaction with—and activation of—caspase
3.44,45 We observed that RGDS is able to specifically penetrate live
HUVECs under our experimental set-up (Figure 7A). Immunofluo-
rescent confocal microscopy showed that RGDS entered the cells
within 4 hours at 37°C incubation, while it was not able to pene-
trate at 4°C incubation, strongly suggesting a specific internaliza-
tion event.

Figure 4. HUVEC migration in the presence of RGDS. FGF-2–induced
HUVEC migration across collagen IV (10 �g/mL) was examined in the
presence of increasing doses of RGDS. Data are expressed as mean �
SE of 3 experiments carried out in duplicate. (A) RGDS reduced in a
dose-dependent manner cell migration (*P � .05 and **P � .01 at 250
�g/mL or 500 �g/mL, respectively). (B) The antichemotactic effect was
maintained on HUVECs pretreated with the peptide (500 �g/mL) for 20
minutes at 37°C and then washed with high ionic strength (*P � .01). (C)
HUVEC migration across collagen IV (10 �g/mL) in the presence of RGDS
(500 �g/mL) was examined. Migration was induced by FGF-2 (10 ng/mL)
and cells were pretreated for 20 minutes at 37°C with caspase inhibitors. A
pan-caspase inhibitor (Z-VAD-FMK, 50 �M) treatment abolished the
RGDS inhibitory effect (*P � .01). (D) Specific caspase 8 and 9 inhibitors
(named “8” and “9,” respectively) reverted the inhibitory effect of RGDS,
whereas caspase 1 and 3 inhibitors (named “1” and “3”) had no effect
(*P � .05).

Figure 5. Caspase activity. Effect of RGDS treatment on caspase activity. (A) HUVECs seeded on collagen IV (50 �g/mL) were treated with RGDS (500 �g/mL) for 4 hours at
37°C. Caspase 3/7 enzymatic activity was evaluated by measuring the fluorescence of the Z-DEVD-R110 substrate. Caspase 1, caspase 8, and caspase 9 activity were
quantified by the release of AFC from the substrates (DEVD-AFC, AEVD-AFC, and IETD-AFC, respectively). RGDS significantly activated caspase 8 (Cas-8; *P � .01) and
caspase 9 (Cas-9; *P � .05), whereas it had no effect on caspase 3/7 (Cas-3/7) and caspase 1 (Cas-1) activation. Results represent the average � SD of 3 experiments
performed in duplicate. (B) Caspase 3/7 enzymatic activity was measured as reported for panel A. RGDS increased caspase 3 activity after 24 hours (P � .05). These
experiments were carried out in triplicate. (C) Cells were incubated at 37°C with RGDS for 4, 16, and 24 hours. Caspase 3 activation was followed as function of pro-caspase
cleavage by Western blotting, incubating with a polyclonal rabbit antihuman caspase 3 antibody. RGDS reduced the inactive form of caspase 3 (pro-caspase 3 MW 32 kDa)
after 24 hours of treatment (*P � .01), whereas at 4 hours and 16 hours it was ineffective. (D) Pro-caspases 8 and 9 (55 kDa and 47 kDa, respectively) were cleaved to the
active forms (20 kDa and 37 kDa, respectively) after 4 hours of treatment, whereas the 20-kDa active subunit of caspase 3 was generated after 24 hours of treatment; the
increase of the cleaved active forms was always paralleled by a corresponding decrease of the pro-caspase inactive forms. The equal loading was confirmed by Ponceau S
solution staining. The figure refers to one representative experiment, whereas the quantification refers to 4 experiments.
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We also observed that RGDS specifically interacts with HUVEC
membranes as well as cytoplasmic extracts immobilized onto
nitrocellulose. In both cases the interaction was inhibited in the
presence of an excess of unlabeled RGDS (Figure 7B-C), indicating
that such interaction is a specific event. The specific binding
corresponded to at least 50% of the total binding. Since RGDS
short-treatment of HUVECs led to RGDS internalization (Figure
7A) and caspase 8 and caspase 9 activation (Figure 5), we
hypothesized that such activation may be due, at least in part, to a
direct interaction of RGDS with caspase 8 or caspase 9. Thus,
different quantities of human active recombinant caspases 8 and 9
were immobilized and were incubated with biotinylated RGDS
(1 mg/mL) in the presence or absence of unlabeled RGDS
(10 mg/mL). Labeled RGDS directly interacted with caspases 8
and 9 and this binding was specifically inhibited, at least in part, in
the presence of an excess of unlabeled RGDS. Under similar
experimental conditions RGDS did not interact with BSA or with

fibronectin (Figure 7D). The interaction with caspase 9 became
evident at one immobilized unit while interaction with caspase 8
was evident at 10 immobilized units. These data indicated for the
first time a direct and specific interaction of RGDS with human
recombinant active caspases 8 and 9.

Discussion

Cell adhesion to ECM is a requisite for endothelial cells to grow
and survive. The RGD motif in the ECM proteins (namely,
fibronectin, laminin, vitronectin, collagen, osteopontin, trom-
bospondin, bone sialoproteins, entactin, tenascin) is known to play
a crucial role in integrin-mediated cell adhesion. However, inte-
grins also interact in an RGD-independent way with collagens.
Namely, this has been shown for �2�1, �v�3, and �1�1 inte-
grins.49-53 �v�3 integrin has been shown to bind noncollagenous

Figure 6. Apoptosis induction. Apoptosis of HUVECs seeded
on collagen IV (50 �g/mL) was evaluated after 24 hours of RGDS
(500 �g/mL) treatment at 37°C. (A) The apoptosis was visualized
by TUNEL staining and by nuclear fragmentation (Hoechst stain-
ing). Nuclei stained with Hoechst as well as TUNEL-positive nuclei
were identified by means of a Zeiss Axioplan fluorescence
microscope (original magnification, � 40). The images shown
refer to representative experiments. (B) Apoptosis was expressed
as a percent of fragmented Hoechst-positive nuclei versus total
Hoechst-positive nuclei, and as a percent of TUNEL-positive
nuclei versus total Hoechst-positive nuclei and was reported as
fold increase versus control. Quantification performed with the 2
staining methods gave similar results. (*P � .05). Experiments
were carried out in triplicate. (C) Apoptosis was quantified by
FACS analysis according to the PI staining in sub–G1-phase cells.
Three independent experiments were performed with similar
results; one representative experiment is shown.

Figure 7. RGDS cell internalization and molecular interaction. (A) Biotinylated RGDS (500 �g/mL) penetration in live HUVECs was examined after 4 hours of incubation at
4°C and 37°C. Biotinylated RGDS internalized is shown as green stain (fluorescein-avidin staining), and nuclei are shown as red stain (PI staining, 5 �g/mL), by confocal
microscopy (original magnification � 110). A short incubation (4 hours) was sufficient for RGDS to enter cells at 37°C incubation, whereas it did not penetrate at 4°C incubation.
(B) Overlay assays were carried out with HUVEC membranes and cytoplasmic extracts immobilized onto nitrocellulose and incubated with biotinylated RGDS. Total binding
was shown in the presence of labeled RGDS, whereas nonspecific binding was shown in the presence of an excess of unlabeled RGDS. This experiment was performed 3
times with similar results. A representative experiment is shown. (C) The binding was quantified by densitometry; the nonspecific binding was subtracted from the total binding,
giving the values reported as specific binding. Data are expressed as mean � SE of 3 experiments. (D) Overlay assays were carried out with biotinylated RGDS spotted onto
immobilized proteins. Labeled RGDS specifically interacted with human recombinant active caspase 9 immobilized onto nitrocellulose (0.1 to 5 units/spot) and with human
recombinant active caspase 8 (1 to 10 units/spot), after 4 hours of incubation at RT, whereas no interaction was observed with immobilized control proteins (BSA and
fibronectin, 10 �g/spot). Total binding (ie, binding observed in the presence of labeled RGDS only) and nonspecific binding (ie, binding observed in the presence of labeled
RGDS and an excess of unlabeled RGDS) are reported. This experiment was performed 2 times with similar results. A representative experiment is shown.
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(NC1) domains of the alpha2(IV), alpha3(IV), and alpha6(IV)
chains of human collagen type IV in an RGD-independent manner
and such domains have shown antiangiogenic and antitumoral
properties.10,54-55

The RGD motif is involved in a number of key biologic
activities related to cell adhesion. More specifically, it is known to
mediate proteins and virus entry into target cells and appears to
play a key role in cell targeting35,56-59 and membrane receptors
clustering in T lymphocytes.60 Besides the antiadhesive-dependent
apoptotic effect, RGD-containing peptides have also shown an
anchorage-independent apoptotic effect in lymphocytes and cardio-
myocyte cells.38-39 In these cells, caspase 3 activation followed
direct interaction with RGD-containing peptides, indicating the
ability of the RGD motif to penetrate cells and act intracellularly.
To further investigate this field, we explored the RGDS effect on
HUVECs, under experimental conditions set to minimize its
antiadhesive activity. Cell adhesion to collagen IV is known to be
RGD independent.53-55 In fact, RGDS did not inhibit the ability of
HUVECs to adhere to the matrix (Figure 1) and, on the other hand,
did not induce detachment of adherent cells from collagen IV
(Figure 2). Under such experimental conditions, RGDS strongly
inhibited HUVEC migration and proliferation induced by FGF-2.
This antichemotactic effect is related to the activity of initiator
caspases (namely caspases 8 and 9) rather than to effector caspase
3. In fact, caspase 8 and caspase 9 inhibitors abolished the
antichemotactic effect, while caspase 3 and caspase 1 inhibitors
were ineffective. Furthermore, caspase 8 and caspase 9 activation
was observed as soon as after 4 hours of RGDS treatment,
suggesting that caspase 3 activation, apoptosis, and reduced
proliferation, all observed at 24 hours, may be late cascade effects.
The early activation of caspases 8 and 9 may account at least in part

for the observed antichemotactic effect since known cell-migration
modulators, namely cytoskeletal proteins, focal adhesion kinase,
and focal adhesion components, are caspase substrates.61-63 RGD-
dependent activation of caspases 8, 9, and 3 will be further
investigated; at this stage it is possible to speculate on different
mechanisms and signaling pathways potentially involved, such as
phosphatidylinositol 3-kinase (PI3-kinase)64 and mitogen-activated
protein kinase (MAPK).65-69 For instance, the MAPK pathway may
play a role, based on previously published data.65-69 In fact, ERK
has been recently shown to directly induce Thr-125 phosphoryla-
tion on caspase 9, leading to its inactivation,65 as well as to directly
control caspase 8 activation state66 or to phosphorylate myosin
light chain kinase (MLCK) and therefore regulate migration.67

Furthermore, the role of MAPK pathway in controlling caspase 3
activity has been also reported.68-69 We hypothesized that RGDS
may either act onto the membrane surface, through an integrin-
mediated mechanism,70 or it may enter HUVECs and trigger
caspase activation through an intracellular mechanism, according
to other evidence.38-39 At this stage we cannot exclude either
hypothesis; however, we observed that RGDS penetrates live
HUVECs within 4 hours at 37°C and directly interacts with the
cytoplasmic extract and with caspases 8 and 9. Moreover, we
observed that the proapoptotic activity of RGDS was not affected
when �2�1, �v�3, or �v�5 integrins were neutralized by the specific
antibodies, excluding an integrin-mediated effect, according to a
previous report.40 All together, these findings support the hypoth-
esis that RGDS may directly trigger the caspase cascade at an early
level. Therefore, the RGDS direct interaction with caspases and
their activation at different levels may represent a novel mechanism
of apoptosis induction, in addition to the known death receptor–
and mithocondria-mediated pathways.

References

1. Chen CS, Hawiger J. Reactivity of synthetic pep-
tide analogs of adhesive proteins in regard to the
interaction of human endothelial cells with extra-
cellular matrix. Blood. 1991;77:2200-2206.

2. Giancotti FG, Ruoslahti E. Integrin signaling. Sci-
ence. 1999;285:1028-1032.

3. Rupp PA, Little CD. Integrins in vascular develop-
ment. Circ Res. 2001;89:566-572.

4. Chen HC, Appeddu PA, Parsons JT, Hildebrand
JD, Schaller MD, Guan JL. Interaction of focal
adhesion kinase with cytoskeletal protein talin.
J Biol Chem. 1995;270:16995-16999.

5. Borges E, Jan Y, Ruoslahti E. Platelet-derived
growth factor receptor beta and vascular endo-
thelial growth factor receptor 2 bind to the beta 3
integrin through its extra-cellular domain. J Biol
Chem. 2000;275:39867-39873.

6. Burridge K, Chrzanowska-Wodnicka M. Focal
adhesions, contractility, and signaling. Annu Rev
Cell Dev Biol. 1996; 12:463-518.

7. Stromblad S, Cheresh DA. Integrins, angiogen-
esis and vascular cell survival. Chem Biol. 1996;
3:881-885.

8. Yeh CH, Peng H, Huang T. Accutin, a new disinte-
grin, inhibits angiogenesis in vitro and in vivo by
acting as integrin antagonist and inducing apo-
ptosis. Blood. 1998;92:3268-3276.

9. Sheu JR, Yen MH, Kan YC, Hung WC, Chang PT,
Luk HN. Inhibition of angiogenesis in vitro and in
vivo: comparison of the relative activities of trifla-
vin, an Arg-Gly-Asp-containing peptide and an
anti-alpha(v)beta(3) integrin monoclonal antibody.
Biochim Biophys Acta. 1997;1336:445-454.

10. Maeshima Y, Yerramalla UL, Dhanabal M, et al.
Extra-cellular matrix-derived peptide binds to al-
pha(v)beta(3) integrin and inhibits angiogenesis.
J Biol Chem. 2001;276:31959-31968.

11. Bilato C, Curto KA, Monticone RE, Pauly RR,
White AJ, Crow MT. The inhibition of vascular
smooth muscle cell migration by peptide and anti-
body antagonists of the alphavbeta3 integrin
complex is reversed by activated calcium/cal-
modulin-dependent protein kinase II. J Clin In-
vest. 1997;100:693-704.

12. Vassilev TL, Kazatchkine MD, Van Huyen JD, et
al. Inhibition of cell adhesion by antibodies to Arg-
Gly-Asp (RGD) in normal immunoglobulin for
therapeutic use (intravenous imunoglobulin,
IVIg). Blood. 1999;93:3624-3631.

13. Peter K, Schwarz M, Ylänne J, et al. Induction of
fibrinogen binding and platelet aggregation as a
potential intrinsic property of various glycoprotein
IIb/IIIa (alphaIIb beta3) inhibitors. Blood. 1998;92:
3240-3249.

14. Schick PK, Wojenski CM, He X, Walker J, Mar-
cinkiewicz C, Niewiarowski S. Integrins involved
in the adhesion of megakaryocytes to fibronectin
and fibrinogen. Blood. 1998;92:2650-2656.

15. Marcinkiewicz C, Vijay-Kumar S, McLane MA,
Niewiarowski S. Significance of RGD loop and
C-terminal domain of echistatin for recognition of
alphaIIb beta3 and alpha(v) beta3 integrins and
expression of ligand-induced binding site. Blood.
1997;90:1565-1575.

16. Romanov VI, Goligorsky MS. RGD-recognizing
integrins mediate interactions of human prostate
carcinoma cells with endothelial cells in vitro. The
Prostate. 1999;39:108-118.

17. Bayless KJ, Salazar R, Davis GE. RGD-depen-
dent vacuolation and lumen formation observed
during endothelial cell morphogenesis in three-
dimensional fibrin matrices involves �v�3 and
�5�1 integrins. Am J Path. 2000;156:1673-1683.

18. Srivatsa SS, Fitzpatrick LA, Tsao PW, et al. Se-

lective alpha v beta 3 integrin blockade potently
limits neointimal hyperplasia and lumen stenosis
following deep coronary arterial stent injury: evi-
dence for the functional importance of integrin
alpha v beta 3 and osteopontin expression during
neointima formation. Cardiovasc Res. 1997;36:
408-428.

19. Kanda S, Kuzuya M, Ramos MA, et al. Matrix
metalloproteinase and alphavbeta3 integrin-de-
pendent vascular smooth muscle cell invasion
through a type I collagen lattice. Arterioscler
Thromb Vasc Biol. 2000;20:998-1005.

20. Chen X, Wang J, Fu B, Yu L. RGD-containing
peptides trigger apoptosis in glomerular mesan-
gial of adult human kidneys. Biochem Biophys
Res Commun. 1997;234:594-599.

21. Chatterjee S, Brite KH, Matsumura A. Induction of
apoptosis of integrin-expressing human prostate
cancer cells by cyclic Arg-Gly-Asp peptides. Clin
Cancer Res. 2001;7:3006-3011.

22. Anhuranda CD, Kanno S, Hirano S. RGD pep-
tide-induced apoptosis in human leukemia HL-60
cells requires caspase-3 activation. Cell Biol Toxi-
col. 2000;16:275-283.

23. Hadden HL, Henke CA. Induction of lung fibro-
blast apoptosis by soluble fibronectin peptides.
Am J Respir Crit Care Med. 2000;162:1553-1560.

24. Taga T, Suzuki A, Gonzales-Gomez I, et al. Alpha
v-integrin antagonist EMD 121974 induces apo-
ptosis in brain tumor cells growing on vitronectin
and tenascin. Int J Cancer. 2002;98:690-697.

25. Perks CM, Newcomb PV, Norman MR, Holly JM.
Effect of insulin-like growth factor binding pro-
tein-1 on integrin signalling and the induction
apoptosis in human breast cancer cells. J Mol
Endocrinol. 1999;22:141-150.

26. Erdreich-Epstein A, Shimada H, Groshen S, et al.

4186 AGUZZI et al BLOOD, 1 JUNE 2004 � VOLUME 103, NUMBER 11

For personal use only.on July 23, 2018. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


Integrins alpha(v)beta3 and alpha(v)beta5 are
expressed by endothelium of high-risk neuroblas-
toma and their inhibition is associated with in-
creased endogenous ceramide. Cancer Res.
2000;60:712-721.

27. Brooks PC, Montgomery AM, Rosenfeld M, et al.
Integrin alpha v beta 3 antagonists promote tu-
mor regression by inducing apoptosis of angio-
genic blood vessels. Cell. 1994;79:1157-1164.

28. Montgomery AM, Reisfeld RA, Cheresh DA. Inte-
grin alpha v beta 3 rescues melanoma cells from
apoptosis in three-dimensional dermal collagen.
Proc Natl Acad Sci U S A. 1994;91:8856-8860.

29. Van Golen CM, Soules ME, Grauman AR, Feld-
man EL. N-Myc overexpression leads to de-
creased beta1 integrin expression and increased
apoptosis in human neuroblastoma cells. Onco-
gene. 2003;22:2664-2673.

30. Urbich C, Walter DH, Zeiher AM, Dimmeler S.
Laminar shear stress upregulates integrin ex-
pression: role in endothelial cell adhesion and
apoptosis. Circ Res. 2000;87:683-689.

31. Smida Rezgui S, Honore S, Rognoni JB, Martin
PM, Penel C. Up-regulation of alpha 2 beta 1 in-
tegrin cell-surface expression protects A431 cells
from epidermal growth factor-induced apoptosis.
Int J Cancer. 2000;87:360-367.

32. Wang WJ, Kuo JC, Yao CC, Chen RH. DAP-ki-
nase induces apoptosis by suppressing integrin
activity and disrupting matrix survival signals.
J Cell Biol. 2002;159:169-179.

33. Tanaka Y, Nakayamada S, Fujimoto H, et al. H-
Ras/mitogen-activated protein kinase pathway
inhibits integrin-mediated adhesion and induces
apoptosis in osteoblasts. J Biol Chem. 2002;277:
21446-21452.

34. Aoudjit F, Vuori K. Integrin signaling inhibits pacli-
taxel-induced apoptosis in breast cancer cells.
Oncogene. 2001;20:4995-5004.

35. Chen Y, Xu X, Hong S, et al. RGD-tachyplesin
inhibits tumor growth. Cancer Res. 2001;61:
2434-2438.

36. Hsu SL, Cheng CC, Shi YR, Chiang CW. Proteol-
ysis of integrin alpha5 and beta1 subunits in-
volved in retinoic acid-induced apoptosis in hu-
man hepatoma Hep3B cells. Cancer Lett. 2001;
167:193-204.

37. Meredith J Jr, Mu Z, Saido T, Du X. Cleavage of
the cytoplasmic domain of the integrin beta3 sub-
unit during endothelial cell apoptosis. J Biol
Chem. 1998;273:19525-19531.

38. Buckley CD, Pilling D, Henriquez NV, et al. RGD
peptides induce apoptosis by direct caspase-3
activation. Nature. 1999;397:534-539.

39. Adderley SR, Fitzgerard DJ. Glycoprotein IIb/IIIa
antagonists induce apoptosis in rat cardiomyo-
cytes by caspase-3 activation. J Biol Chem.
2000;275:5760-5766.

40. Castel S, Pagan R, Mitjans F, et al. RGD peptides
and monoclonal antibodies, antagonists of al-
pha(v)-integrin, enter the cells by independent
endocytic pathways. Lab Invest. 2001;81:1615-
1626.

41. Yuan Y, Dopheide SM, Ivanidis C, Salem HH,
Jackson SP. Calpain regulation of cytoskeletal
signaling complexes in von Willebrand factor-

stimulated platelets: distinct roles for glycoprotein
Ib-V-IX and glycoprotein IIb-IIIa (integrin alphaIIb-
beta3) in von Willebrand factor-induced signal
transduction. J Biol Chem. 1997;272:21847-
21854.

42. Wajih N, Sane DC. Angiostatin selectively inhibits
signaling by hepatocyte growth factor in endothe-
lial and smooth muscle cells. Blood. 2003;101:
1857-1863.

43. Bernardini G, Spinetti G, Ribatti D, et al. I-309
binds to and activates endothelial cell functions
and acts as an angiogenic molecule in vivo.
Blood. 2000;96:4039-4045.

44. Hagedorn M, Zilberberg L, Lozano RM, et al. A
short peptide domain of platelet factor 4 blocks
angiogenic key events induced by FGF-2. FASEB
J. 2001;15:550-552.

45. Deveraux QL, Roy N, Stennicke HR, et al. IAPs
block apoptotic events induced by caspase-8 and
cytochrome c by direct inhibition of distinct
caspases. EMBO J. 1998;17:2215-2223.

46. Giampietri C, Petrungaro S, Coluccia P, et al.
FLIP is expressed in mouse testis and protects
germ cells from apoptosis. Cell Death Differ.
2003;10:175-184.

47. Facchiano F, Benfenati F, Valtorta F, Luini A. Co-
valent modification of synapsin I by a tetanus
toxin-activated transglutaminase. J Biol Chem.
1993;268:4588-4591.

48. Russo K, Ragone R, Facchiano AM, Capogrossi
MC, Facchiano A. Platelet-derived growth fac-
tor-BB and basic fibroblast growth factor directly
interact in vitro with high affinity. J Biol Chem.
2002;277:1284-1291.

49. Mooney A, Jackson K, Bacon R, et al. Type IV
collagen and laminin regulate glomerular mesan-
gial cell susceptibility to apoptosis via beta(1) in-
tegrin-mediated survival signals. Am J Pathol.
1999;155:599-606.

50. Chen M, O’Toole EA, Li YY, Woodley DT. Alpha 2
beta 1 integrin mediates dermal fibroblast attach-
ment to type VII collagen via a 158-amino-acid
segment of the NC1 domain. Exp Cell Res. 1999;
249:231-239.

51. Hou G, Mulholland D, Gronska MA, Bendeck MP.
Type VIII collagen stimulates smooth muscle cell
migration and matrix metalloproteinase synthesis
after arterial injury. Am J Pathol. 2000;156:467-
476.

52. Carlson TR, Feng Y, Maisonpierre PC, Mrksich
M, Morla AO. Direct cell adhesion to the angiopoi-
etins mediated by integrins. J Biol Chem. 2001;
276:26516-26525.

53. Eble JA, Beermann B, Hinz HJ, Schmidt-Hed-
erich A. Alpha 2 beta 1 integrin is not recognized
by rhodocetin but is the specific, high affinity tar-
get of rhodocetin, an RGD-independent disinte-
grin and potent inhibitor of cell adhesion to colla-
gen. J Biol Chem 2001;276:12274-12284.

54. Petitclerc E, Boutaud A, Prestayko A, et al. New
functions for noncollagenous domains of human
collagen type IV: novel integrin ligands inhibiting
angiogenesis and tumor growth in vivo. J Biol
Chem. 2000;275:8051-8061.

55. Maeshima Y, Colorado PC, Kalluri R. Two RGD-
independent alpha vbeta 3 integrin binding sites

on tumstatin regulate distinct anti-tumor proper-
ties. J Biol Chem. 2000;275:23745-23750.

56. Hippenmeyer PJ, Ruminski PG, Rico JG, Lu HS,
Griggs DW. Adenovirus inhibition by peptidomi-
metic integrin antagonists. Antiviral Res. 2002;55:
169-178.

57. Okada N, Saito T, Masunaga Y, et al. Efficient an-
tigen gene transduction using Arg-Gly-Asp fiber-
mutant adenovirus vectors can potentiate antitu-
mor vaccine efficacy and maturation of murine
dendritic cells. Cancer Res 2001;61:7913-7919.

58. Suh W, Han SO, Yu L, Kim SW. An angiogenic,
endothelial-cell-targeted polymeric gene carrier.
Moll Ther. 2002;6:664-672.

59. Schraa AJ, Kok RJ, Berendsen AD, et al. Endo-
thelial cells internalize and degrade RGD-modi-
fied proteins developed for tumor vasculature tar-
geting. J Control Release. 2002;83:241-251.

60. Yarovinsky TO, Monick MM, Hunninghake GW.
Integrin receptors are crucial for the restimulation
of activated T lymphocytes. Am J Respir Cell Mol
Biol. 2003;28:607-615.

61. Carragher NO, Fincham VJ, Riley D, Frame MC.
Cleavage of focal adhesion kinase by different
proteases during SRC-regulated transformation
and apoptosis: distinct roles for calpain and
caspases. J Biol Chem. 2001;276:4270-4275.

62. Huang J, Kontos CD. Inhibition of vascular
smooth muscle cell proliferation, migration, and
survival by the tumor suppressor protein PTEN.
Arterioscler Thromb Vasc Biol. 2002;22:745-751.

63. Chen F, Chang R, Trivedi M, Capetanaki Y, Cryns
VL. Caspase proteolysis of desmin produces a
dominant-negative inhibitor of intermediate fila-
ments and promotes apoptosis. J Biol Chem.
2003;278:6848-6853.

64. Bruyninckx WJ, Comerford KM, Lawrence DW,
Colgan SP. Phosphoinositide 3-kinase modula-
tion of beta(3)-integrin represents an endogenous
“braking” mechanism during neutrophil transma-
trix migration. Blood. 2001;97:3251-3258.

65. Allan LA, Morrice N, Brady S, Magee G, Pathak
S, Clarke PR. Inhibition of caspase-9 through
phosphorylation at Thr 125 by ERK MAPK. Nat
Cell Biol. 2003;5:647-654.

66. Zhang B, Hirahashi J, Cullere X, Mayadas TN.
Elucidation of molecular events leading to neutro-
phil apoptosis following phagocytosis: cross-talk
between caspase 8, reactive oxygen species,
and MAPK/ERK activation. J Biol Chem. 2003;
278:28443-28454.

67. Brakebusch C, Bouvard D, Stanchi F, Sakai T,
Fassler R. Integrins in invasive growth. J Clin In-
vest. 2002;109:999-1006.

68. Xia Z, Dickens M, Raingeaud J, Davis RJ, Green-
berg ME. Opposing effects of ERK and JNK-p38
MAP kinases on apoptosis. Science. 1995;270:
1326-1331.

69. Le Gall M, Chambard JC, Breittmayer JP, Grall D,
Pouyssegur J, Van Obberghen-Schilling E. The
p42/p44 MAP kinase pathway prevents apoptosis
induced by anchorage and serum removal. Mol
Biol Cell. 2000;11:1103-1112.

70. Stupack DG, Puente XS, Boutsaboualoy S, Stor-
gard CM, Cheresh DA. Apoptosis of adherent
cells by recruitment of caspase-8 to unligated in-
tegrins. J Cell Biol. 2001;155:459-470.

RGDS PEPTIDE AND ACTIVATION OF CASPASES 8 AND 9 4187BLOOD, 1 JUNE 2004 � VOLUME 103, NUMBER 11

For personal use only.on July 23, 2018. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


February 24, 2004
 originally published onlinedoi:10.1182/blood-2003-06-2144

2004 103: 4180-4187
 
 

Gianluca Ragone, Maurizio C. Capogrossi and Antonio Facchiano
Maria Simona Aguzzi, Claudia Giampietri, Francesco De Marchis, Fabrizio Padula, Roberto Gaeta,
 
endothelial cells
RGDS peptide induces caspase 8 and caspase 9 activation in human
 

http://www.bloodjournal.org/content/103/11/4180.full.html
Updated information and services can be found at:

 (2485 articles)Hemostasis, Thrombosis, and Vascular Biology    
 (790 articles)Cell Adhesion and Motility    

 (747 articles)Apoptosis    
Articles on similar topics can be found in the following Blood collections

http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
Information about reproducing this article in parts or in its entirety may be found online at:

http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
Information about ordering reprints may be found online at:

http://www.bloodjournal.org/site/subscriptions/index.xhtml
Information about subscriptions and ASH membership may be found online at:

  
Copyright 2011 by The American Society of Hematology; all rights reserved.
of Hematology, 2021 L St, NW, Suite 900, Washington DC 20036.
Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society

For personal use only.on July 23, 2018. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/content/103/11/4180.full.html
http://www.bloodjournal.org/cgi/collection/apoptosis
http://www.bloodjournal.org/cgi/collection/cell_adhesion_and_motility
http://www.bloodjournal.org/cgi/collection/hemostasis_thrombosis_and_vascular_biology
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
http://www.bloodjournal.org/site/subscriptions/index.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

