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The protective genes that mediate endothelial cell
(EC) survival during angiogenesis have not been com-
pletely characterized. Here, we show that an anti-
sense oligonucleotide to the apoptosis inhibitor sur-
vivin suppressed de novo expression of survivin in
ECs by vascular endothelial cell growth factor (VEGF).
In contrast, the survivin antisense oligonucleotide
did not affect anti-apoptotic bcl-2 levels in endothe-
lium. When assessed in cell death assays, antisense
targeting of survivin abolished the anti-apoptotic
function of VEGF against tumor necrosis factor-a- or
ceramide-induced cell death, enhanced caspase-3 ac-
tivity, promoted the generation of a ;17-kd active
caspase-3 subunit, and increased cleavage of the
caspase substrate, polyADP ribose polymerase. In
contrast, the survivin antisense oligonucleotide had
no effect on EC viability in the absence of VEGF.
Antisense oligonucleotides to platelet-endothelial cell
adhesion molecule-1 (PECAM-1, CD31), lymphocyte
function-associated molecule-3 (LFA-3, CD58), or in-
tercellular adhesion molecule-1 (ICAM-1, CD54) did
not reduce the anti-apoptotic function of VEGF in
endothelium. When tested on other angiogenic activ-
ities mediated by VEGF, survivin antisense treatment
induced rapid regression of three-dimensional vascu-
lar capillary networks, but did not affect EC migra-
tion/chemotaxis. These data suggest that the anti-ap-
optotic properties of VEGF during angiogenesis are
primarily mediated by the induced expression of sur-
vivin in ECs. Manipulation of this pathway may in-
crease EC viability in compensatory angiogenesis or
facilitate EC apoptosis and promote vascular regres-
sion during tumor angiogenesis. (Am J Pathol 2001,
158:1757–1765)

The preservation of vascular homeostasis during inflamma-
tion, immune response, and transplant accommodation de-

pends on the ability of endothelial cells (ECs) to continu-
ously counteract a cellular suicide program, ie, apoptosis.1

This process involves a sequential cascade activation of
intracellular cysteine proteases, ie, caspases, initiated by
ligation of cell surface death receptors or by cytoplasmic
assembly of cell death initiators, ie, apoptosome, induced
after mitochondrial damage.2 Inhibition of EC apoptosis is
also an obligatory prerequisite of angiogenesis, in which
multiple receptor-ligand interactions at the EC surface
stimulate proliferation, migration, and remodeling of ECs
to generate new vascular networks.3 In this context, an-
tibody or adenoviral targeting of critical angiogenesis
regulators, including vascular endothelial cell growth fac-
tor (VEGF),4,5 or the angiopoietin-1 (Ang-1) receptor, Tie-
2,6 resulted in rapid involution of vascular networks in vitro
and in vivo, associated with classical morphological and
biochemical hallmarks of EC apoptosis. The mechanisms
that couple preservation of EC survival to angiogenesis
have been the subject of intense investigation. In addition
to survival signals mediated by adhesion molecule, ie,
integrin, engagement,7,8 and activation of the phophoi-
nositide 3/Akt pathways,9,10 angiogenesis has been as-
sociated with de novo expression of an heterogeneous
set of anti-apoptotic protective genes in the endotheli-
um,11 which in some cases is mediated via nuclear fac-
tor-kB signaling.12 Specifically, stimulation of ECs by
VEGF or Ang-1 resulted in up-regulation of anti-apoptotic
bcl-2 and A1 molecules,13,14 and expression of inhibitor
of apoptosis (IAP) proteins,15 survivin, and XIAP.16–18

In this study, we used an antisense targeting strategy
to dissect the relative contribution of survivin to the anti-
apoptotic activities of VEGF in endothelium.

Materials and Methods

EC Culture

Human umbilical vein ECs were maintained in M199 me-
dium containing 20% fetal calf serum (FCS), 50 mg/ml EC
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growth supplement, 100 mg/ml heparin, 100 mg/ml pen-
icillin, and 100 mg/ml streptomycin (all from Life Technol-
ogies, Grand Island, NY) in 5% CO2 at 37°C as described
previously.16 Subconfluent ECs were rendered quiescent
by an 18-hour culture in M199 plus 0.1% FCS. Cells were
detached with 0.05% trypsin/0.02% ethylenediaminetet-
raacetic acid (EDTA), seeded in C6-well plates (Costar
Corp., New Bedford, MA), grown to 70% confluency, and
used between passages 2 and 3.

Gene Targeting by Antisense

Quiescent EC monolayers were incubated with 50 ng/ml
of recombinant VEGF (Collaborative Biomedical Prod-
ucts, Bedford, MA) for 24 hours at 37°C in M199 plus
0.1% FCS. At the end of the incubation, ECs were
washed, harvested by trypsin/EDTA, and lysed in 0.5%
Triton X-100, 0.5% Nonidet P-40, 0.05 mol/L Tris-HCl,
0.15 mol/L NaCl plus protease inhibitors. Protein-normal-
ized aliquots of cell extracts were electrophoresed on
sodium dodecyl sulfate-polyacrylamide gradient gels,
transferred to nylon membranes (Millipore Corp., Bed-
ford, MA) for 1 hour at 1 A, and immunoblotted with 2
mg/ml of a rabbit antibody to survivin19 or a mouse mono-
clonal antibody to bcl-2 (Transduction Laboratories, San
Diego, CA), followed by chemiluminescence (Amersham,
Arlington Heights, IL) and autoradiography. Samples
were sequentially analyzed by Western blotting with a
mouse antibody to b-actin to confirm equal protein load-
ing. To determine the contribution of survivin to EC pro-
tection mediated by VEGF, 29-O-methoxyethyl chimeric
phosphorothioate oligonucleotides were used. A survivin
antisense oligonucleotide with the sequence 59-TGTG-
CTATTCTGTGAATT-39 was characterized previously for
its ability to suppress endogenous survivin mRNA ex-
pression in T24 bladder and HeLa epithelial carcinoma
cells.20 A scrambled oligonucleotide with the sequence
59-TAAGCTGTTCTATGTGTT-39 was used as a control,
and also characterized in previous cell culture assays.20

Oligonucleotides were synthesized with uniform phos-
phorothioate linkages, and underlined nucleosides cor-
respond to 29-O-methoxyethyl nucleosides. Antisense oli-
gonucleotides to platelet-endothelial cell adhesion
molecule-1 (PECAM-1, CD31), lymphocyte function-as-
sociated molecule-3 (LFA-3, CD58), and intercellular ad-
hesion molecule-1 (ICAM-1, CD54) were synthesized as
described above and characterized in previous stud-
ies.21 For transfection experiments, increasing concen-
trations of control or the various antisense oligonucleo-
tides (50 to 500 nmol/L) were mixed with 1 ml of OPTI-
MEM and 6 ml of Lipofectin according to the
manufacturer’s instructions (Life Technologies), and in-
cubated with serum-starved ECs for 8 hours. The trans-
fection medium was replaced with M199 plus 0.1% FCS
for an additional 18 hours followed by VEGF stimulation
for 24 hours. Transfection efficiency monitored by fluo-
rescence microscopy using fluorescein isothiocyanate-
conjugated oligonucleotides was always .85%. To de-
termine the effect of antisense treatment on survivin
mRNA expression, proliferating ECs were transfected

with control or the survivin antisense oligonucleotide, har-
vested after a 24-hour culture at 37°C, and total RNA was
extracted using the Qiagen RNeasy reagent, according
to the manufacturer’s specifications. Samples were sep-
arated on 1% agarose-formaldehyde gels, transferred to
Hybond nylon membranes and hybridized with a 32P-
random-primed labeled survivin cDNA22 with visualiza-
tion of radioactive bands by autoradiography. Northern
blots were reprobed with random primed 32P-labeled
human G3PDH cDNA to confirm equal loading.

Determination of EC Apoptosis

ECs were transfected with increasing concentrations of
control or the various antisense oligonucleotides, stimu-
lated with 50 ng/ml VEGF for 16 hours at 37°C, and
incubated in the presence of 25 mmol/L of C-6 ceramide
or the combination of tumor necrosis factor (TNF)-a (10
ng/ml; Endogen, Woburn, MA) plus cycloheximide (10
mg/ml, Sigma Chemical Co., St. Louis, MO) for an addi-
tional 12 hours at 37°C. At the end of the incubation, ECs
(floaters plus attached cells) were harvested, fixed in
70% ethanol, stained with 10 mg/ml propidium iodide plus
100 mg/ml RNase A and 0.05% Triton X-100 in phos-
phate-buffered saline (PBS), pH 7.4, and analyzed for
DNA content by flow cytometry as described previous-
ly.16 In other experiments, transfected ECs stimulated
with VEGF and incubated with C-6 ceramide for 12 hours
at 37°C were harvested, washed in PBS, pH 7.4, and
fixed in 4% paraformaldehyde containing 0.25% Triton
X-100 for 10 minutes at 22°C. Cell nuclei were stained
with 6.5 mg/ml 4,6-diamidino-2-phenylindole (DAPI, Sig-
ma), 16% polyvinyl alcohol (Air Products and Chemicals,
Allentown, PA), and 40% glycerol. The percentage of
apoptotic cells was calculated by counting the average
cells with nuclear morphology of apoptosis (chromatin
condensation, DNA fragmentation) in three independent
high-power fields (3400), each containing ;150 cells
using a Zeiss fluorescent microscope.

Caspase Activation

ECs transfected with the various oligonucleotides were
stimulated with 50 ng/ml VEGF, incubated with C-6 cer-
amide as described above, and detergent-solubilized
cell extracts were assayed for caspase-3-dependent hy-
drolysis of the fluorogenic substrate Ac-DEVD-AMC (N-
acetyl-Asp-Glu-Val-Asp-aldehyde; Pharmingen, San Di-
ego, CA). Fluorescence emissions were quantitated on a
spectrofluorometer with excitation wavelength of 360 nm
and emission of 460 nm. For biochemical markers of
caspase activation, transfected ECs treated with VEGF
plus ceramide were lysed in 0.25% Triton X-100, 10
mmol/L KCl, 1.5 mmol/L MgCl2, 1 mmol/L EDTA, 1
mmol/L dithiothreitol, 20 mmol/L HEPES, plus protease
inhibitors. Protein-normalized aliquots of the various cell
extracts were separated by sodium dodecyl sulfate-gel
electrophoresis, transferred to nylon membranes (Milli-
pore Corp.), and immunoblotted with a 1:5000 dilution of
a rabbit antibody to caspase 3 (Transduction Laborato-
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ries), or a 1:1000 dilution of a mouse antibody to PolyADP
ribose polymerase (Pharmingen, San Diego, CA), fol-
lowed by chemiluminescence and autoradiography.

EC Migration

Migration assays were performed using a Boyden cham-
ber (Neuroprobe) as described.23 Briefly, quiescent ECs
were transfected with control or the survivin antisense
oligonucleotide, stimulated with VEGF, and detached us-
ing 0.05% trypsin and 0.53 mmol/L EDTA. Twenty thou-
sand cells were suspended in M199 medium containing
0.1% bovine serum albumin and added to the lower
chamber. Polycarbonate filters (8-mm diameter) were
coated with 100 mg/ml type I collagen. The top half of the
chamber was attached and the chamber was incubated
in an inverted position for 2 hours at 37°C. Increasing
concentrations (1 to 500 ng/ml) of VEGF or D-erythro-
sphyngosine-1-phosphate (SPP-1; Calbiochem, La Jolla,
CA) were separately added to the upper chamber and
incubated for an additional 5 hours at 37°C. At the end of
the incubation, cells were fixed in 70% ethanol and non-
migrating ECs on the upper surface of the filter were
removed. Migrated cells were stained with Giemsa and
counted at 3400 magnification in three random fields per
well.23 Each experiment was performed in triplicate and
migration was expressed as the total number of cells
counted per well.

Three-Dimensional Capillary Formation

Monolayers of quiescent ECs (80% confluency) in C6-
well plates were transfected with 500 nmol/L of control or
the survivin antisense oligonucleotide. After an 8-hour
incubation, the transfection medium was replaced with
M199 medium containing 0.1% FCS for an additional 18
hours at 37°C. Rat-tail type I collagen (3 mg/ml; Becton
Dickinson, Bedford, MA) in 1/10 volume of 103 Dulbec-
co’s modified Eagle’s medium was neutralized with sterile
1 mol/L NaOH and kept on ice. Suspended ECs were
added to the collagen suspension to a final concentration
of 1 3 106 cells/ml of collagen. Ten drops (0.1 ml each)
of the EC-collagen mixture were added to a 35-mm plate.
Plates were placed in a humidified incubator at 37°C, and
the EC-collagen mixtures were allowed to gel for 10 min-
utes, after which 3 ml of M199 medium containing 20%
FCS, 50 mg/ml EC growth supplement, 100 mg/ml hepa-
rin, 100 mg/ml penicillin, and 100 mg/ml streptomycin
were added to each plate. ECs were allowed to form
capillary-like vascular tubes throughout a 24-hour incu-
bation in the presence of 16 nmol/L phorbol myristate
acetate (PMA, Sigma). Addition of PMA in this experimen-
tal protocol results in a potent morphogenic effect pro-
moting the formation of endothelial tube-like structures,
which closely mimics capillary formation in vivo via a
PKC-, MAPK-, and PI3-kinase-dependent pathway.24 As
determined in previous studies, PMA withdrawal under
these conditions is associated with rapid regression of
capillary structures and EC apoptosis, in vitro.24 After an
additional 24-hour incubation, ECs were washed three

times in PBS, pH 7.4, and supplemented with fresh M199
growth medium in the presence or in the absence of 50
ng/ml VEGF. The cultures were examined by phase-con-
trast microscopy for the presence of capillary-like vascu-
lar tubes during an additional 48-hour incubation at 37°C
as described.25

Results

Antisense Inhibition of VEGF-Induced
Expression of Survivin in EC

Previous studies demonstrated that a survivin 29-O-me-
thoxyethyl chimeric phosphorothioate antisense oligonu-
cleotide (59-TGTGCTATTCTGTGAATT-39) inhibited sur-
vivin mRNA and protein expression in HeLa and T24
cancer cell lines.20 Consistent with these observations,
increasing concentrations of the survivin antisense oligo-
nucleotide suppressed survivin mRNA expression in pro-
liferating ECs in a dose-dependent manner, by Northern
blotting (Figure 1A). In contrast, comparable concentra-
tions of a control scrambled oligonucleotide (59-TAAGCT-
GTTCTATGTGTT-39), did not decrease survivin mRNA
levels in ECs (Figure 1A). In parallel experiments, VEGF
stimulation resulted in an approximate fourfold increased
survivin expression in quiescent endothelium (Figure 1B),
and in agreement with previous observations.16–18 Pre-
treatment of ECs with the survivin antisense, but not
control oligonucleotide, suppressed VEGF induction of
survivin in a concentration-dependent manner by West-
ern blotting (Figure 1B). In contrast, transfection with
control or the survivin antisense oligonucleotide did not
reduce antiapoptotic bcl-2 expression in endothelium by
Western blotting13,14 (Figure 1C).

Antisense Targeting of Survivin Suppresses the
Anti-Apoptotic Activities of VEGF in ECs

Exposure of quiescent ECs to C-6 ceramide resulted in
induction of apoptosis as determined by chromatin con-
densation and DNA fragmentation, by DAPI nuclear
staining (Figure 2, A and B). Addition of VEGF attenuated
ceramide-induced EC apoptosis and restored normal nu-
clear morphology (Figure 2, A and B). Under these ex-
perimental conditions, transfection of ECs with the sur-
vivin antisense oligonucleotide completely reversed the
anti-apoptotic function of VEGF against ceramide-in-
duced apoptosis, whereas the control oligonucleotide
was without effect (Figure 2, A and B). Similarly, treatment
with ceramide or the combination of TNF-a plus cyclo-
heximide resulted in an approximate sevenfold increase
in EC apoptosis, as determined by the appearance of a
cell fraction with hypodiploid, ie, sub-G1, DNA content,
by propidium iodide staining and flow cytometry (Figure
2, C and D). Addition of VEGF counteracted both cer-
amide- and TNF-a-induced apoptosis in ECs by ;45%
(Figure 2, C and D). However, and consistent with the
data presented above, EC transfection with the survivin
antisense, but not control oligonucleotide, suppressed
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VEGF cytoprotection against both cell death-inducing
stimuli, and restored EC apoptosis to levels observed in
the absence of VEGF (Figure 2, C and D).

Next, we asked if suppression of VEGF cytoprotection
by survivin targeting was associated with biochemical
hallmarks of apoptosis in ECs. Treatment of quiescent
ECs with ceramide resulted in increased caspase-3 cat-
alytic activity, as determined by hydrolysis of the fluoro-
genic substrate DEVD-AMC, and in a reaction entirely
suppressed by the caspase-3 inhibitor, DEVD-CHO (Fig-

ure 3A). This was associated with proteolytic cleavage of
;32-kd proform caspase-3 and generation of active sub-
units of ;19 and ;17 kd (Figure 3B),26 and cleavage of
the ;115-kd caspase substrate polyADP ribose polymer-
ase (PARP) to an ;85-kd apoptotic fragment (Figure 3C).
Consistent with its survival properties in EC, addition of
VEGF reduced ceramide-induced caspase-3 activity,
nearly completely inhibited the generation of ;17-kd ac-
tive caspase-3 subunit, and of ;85-kd PARP fragment
(Figure 3; A, B, and C). Under these experimental con-
ditions, EC transfection with the survivin antisense, but
not control oligonucleotide, restored caspase-3 catalytic
activity, which was associated with proteolytic generation
of a ;17-kd active caspase-3 subunit and apoptotic
fragmentation of PolyADP ribose polymerase (Figure 3,
A, B, and C).

Specificity of Antisense Targeting of Survivin

Next, we wished to determine whether antisense treat-
ment affected a constitutive versus VEGF-inducible pop-
ulation of survivin molecules in ECs. Incubation of ECs in
0% serum for 24 hours resulted in increased caspase-3
activity by DEVD hydrolysis as compared with continu-
ously growing cultures (Figure 4A), and appearance of
an apoptotic cell fraction with hypodiploid DNA content
by propidium iodide staining and flow cytometry (Figure
4B). Addition of ceramide to these cells further increased
caspase-3 activity and generation of ECs with hypodip-
loid DNA content (Figure 4, A and B). However, in the
absence of VEGF, and at variance with the data pre-
sented above, transfection of ECs with control or the
survivin antisense oligonucleotide did not further en-
hance caspase-3 activity, or the generation of apoptotic
cells in the presence or absence of ceramide (Figure 4, A
and B). These data suggest that antisense targeting of
survivin affects EC viability only in the presence of VEGF
stimulation.

In other experiments, EC transfection with antisense
oligonucleotides to PECAM-1 (CD31), LFA-3 (CD58), or
ICAM-1 (CD54) characterized in previous studies21 did
not significantly reduce the anti-apoptotic effect of VEGF
against ceramide-induced EC apoptosis (Figure 5), thus
confirming the specificity of the survivin antisense ap-
proach. In contrast, EC transfection with the survivin an-
tisense, but not control oligonucleotide, completely
blocked the cytoprotective effect of VEGF in ceramide-
treated cultures (Figure 5), in agreement with the data
presented above.

Role of Survivin in VEGF-Induced EC Migration
and Remodeling

The potential role of survivin targeting on other angio-
genic responses induced by VEGF3 was next investi-
gated. First, stimulation with VEGF or SPP-1 resulted in
EC chemotaxis and migration in a specific and concen-
tration-dependent manner (Figure 6), in agreement with
previous observations.23 However, transfection of VEGF-

Figure 1. Antisense inhibition of survivin expression in ECs. A: ECs were
transfected with the indicated increasing concentrations of control-scrambled
(control) or the survivin antisense oligonucleotide (survivin AS) followed by
hybridization with cDNAs for survivin or GAPDH. Densitometric quantitation
of hybridizing bands under the various conditions tested is shown at the
bottom. B: Quiescent ECs were stimulated with VEGF (50 ng/ml) in the
presence of the indicated oligonucleotide concentrations and protein-nor-
malized cell extracts were immunoblotted with an antibody to survivin or
b-actin followed by chemiluminescence. C: The experimental conditions are
the same as in B, except that EC extracts treated with control or the survivin
antisense oligonucleotide were analyzed with an antibody to bcl-2 by West-
ern blotting. For panels B and C, molecular weight markers in kd are
indicated on the left. WB, Western blot.
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stimulated ECs with inhibitory concentrations of control or
the survivin antisense oligonucleotide failed to decrease
EC migration in response to VEGF or SPP-1 (Figure 6).

Secondly, we used a morphogenic model of PMA-
induced capillary tube formation in vitro to determine the
effect of survivin targeting on the remodeling phase of
VEGF-induced angiogenesis.24 In this system, with-
drawal of PMA after capillary formation results in rapid EC
apoptosis and involution of vascular tube structures in a
reaction prevented by VEGF, which stabilizes three-di-
mensional capillary networks.24 Accordingly, addition of
VEGF to EC-collagen gels after PMA withdrawal resulted
in the persistence of viable three-dimensional capillary-

like structures throughout a 3-day culture at 37°C (Figure
7).24 In contrast, no viable capillaries were formed in the
absence of PMA (not shown), and withdrawal of VEGF
resulted in rapid involution of three-dimensional vascular
networks (Figure 7).24 Under these experimental condi-
tions, transfection of ECs with control oligonucleotide did
not affect the ability of VEGF to maintain EC viability and
stabilize vascular capillaries after PMA withdrawal in vitro
(Figure 7). In contrast, transfection of EC with the survivin
antisenseoligonucleotidecompletelysuppressed theanti-
apoptotic function of VEGF in preserving EC viability, and
resulted in complete involution of three-dimensional vas-
cular networks throughout a 3-day culture (Figure 7).

Figure 2. Inhibition of VEGF cytoprotection by survivin targeting. A: Quiescent ECs were transfected with control or the survivin antisense oligonucleotide, treated
with VEGF (50 ng/ml), and exposed to C-6 ceramide (25 mmol/L). Cell nuclei were stained with 6.5 mg/ml of DAPI (Sigma), 16% polyvinyl alcohol, and 40%
glycerol and scored morphologically for apoptosis (chromatin condensation, DNA fragmentation) using a Zeiss fluorescent microscope. Photographs of phase
contrast or DAPI staining of each field are from a representative experiment out of at least three independent determinations. B: The experimental conditions are
the same as in A. Data are expressed as percentage of apoptosis as determined by nuclear morphology by DAPI staining, and represent the mean 6 SEM of three
independent experiments. C and D: ECs transfected with control or the survivin antisense oligonucleotide were incubated with C-6 ceramide (25 mmol/L) (C),
or the combination of TNF-a (10 ng/ml) plus cycloheximide (10 mg/ml) (D), for 12 hours at 37°C. Cells were analyzed for DNA content by propidium iodide
staining and flow cytometry. The percentage of apoptotic cells with hypodiploid, ie, sub-G1, DNA content is indicated per each condition tested. Data are
representative of an experiment of at least two independent determinations. Comparable transfection efficiencies were demonstrated by fluorescence microscopy
of ECs transfected with fluorescein isothiocyanate-conjugated oligonucleotides.
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Discussion

In this study, we have shown that antisense targeting of IAP
family protein,15 survivin,22 selectively abrogated the anti-
apoptotic properties of VEGF in endothelium. This resulted
in ablation of VEGF cytoprotection against ceramide- or
TNF-a-induced apoptosis, enhanced caspase-3 activity,
generation of ;17-kd active caspase-3 subunit, and invo-
lution of three-dimensional capillary-like networks in vitro. In

contrast, other angiogenic functions of VEGF, including EC
migration and chemotaxis were not affected by the survivin
antisense, and, survivin targeting had no effect on cell via-
bility of quiescent endothelium in the absence of VEGF.

One of the cornerstone requirements for new blood
vessel formation, ie, angiogenesis, is the continuous
preservation of endothelium viability, a multifaceted pro-
cess that involves activation of pro-survival signaling
pathways,9,10 optimal cell adhesion mechanisms,7,8 and
de novo expression of specialized anti-apoptotic
genes.11 In this context, previous studies identified sur-
vivin as one of the target genes induced by VEGF in
endothelium, which was associated with prominent up-
regulation of survivin in newly formed blood vessels dur-
ing angiogenesis in vivo.16 Using selective antisense tar-

Figure 3. Modulation of caspase activity by survivin targeting. A: The con-
ditions are as described in Figure 2. Ceramide-treated ECs stimulated with
VEGF and transfected with control or the survivin antisense oligonucleotide
were analyzed for caspase-3 activity by hydrolysis of the fluorogenic sub-
strate DEVD-AMC in the presence or absence of the caspase inhibitor DEVD-
CHO. Data are the mean 6 SD of two independent determinations. B: EC
extracts under the various indicated conditions were analyzed for caspase-3
proteolytic cleavage with an antibody to caspase-3 by Western blotting. The
positions of ;32-kd proform caspase-3, of the intermediate product of ;24
kd, and of active subunits of ;17 and ;19 kd are indicated. C: The exper-
imental conditions are as in B, except that EC extracts were analyzed for
proteolytic cleavage of the caspase-3 substrate, PolyADP ribose polymerase,
by Western blotting. Densitometric quantitation under the various conditions
tested was performed on the 17-kd active caspase-3 subunit (B) or the
apoptotic ;85-kd PARP fragment (C).

Figure 4. Effect of survivin targeting on quiescent ECs. ECs grown in 0% FCS
for 24 hours were transfected with the indicated oligonucleotides and incu-
bated in the absence (2 ceramide) or presence (1 ceramide) of C-6 cer-
amide. Cell extracts were analyzed for caspase-3 activity by hydrolysis of the
fluorogenic substrate DEVD-AMC, in the presence or absence of DEVD-CHO
(A), or by DNA content by propidium iodide staining and flow cytometry
(B). Data are expressed as the mean 6 SD of three independent experiments.
In B, the percentage of apoptotic cells with hypodiploid, subG1, DNA
content is indicated.
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geting, the data presented here suggest that most of the
anti-apoptotic properties of VEGF are mediated via the de
novo induction of survivin in endothelium. Several lines of
evidence corroborate the specificity of the antisense ap-
proach used here. First, transfection with the survivin
antisense had no effect on EC viability in the absence of
VEGF, in agreement with the undetectable levels of sur-
vivin in quiescent endothelium in vitro and in vivo.16 Sec-
ondly, a panel of antisense oligonucleotides targeting
critical adhesion molecules expressed on ECs and in-
cluding ICAM-1 (CD54), PECAM-1 (CD31), or LFA-3
(CD58) did not decrease the anti-apoptotic function of
VEGF in endothelium. Thirdly, survivin targeting did not
modify the levels of anti-apoptotic bcl-2, which has also
been potentially implicated in VEGF cytoprotection.13,14

Moreover, a similar antisense targeting strategy has been
recently used to further dissect cell death pathways in
endothelium and identify differential roles of bcl-XL or A1
in mediating EC cytoprotection.27

Differently from other members of the IAP gene fami-
ly,15 survivin has recently attracted attention for its cell
cycle-regulated expression in G2/M and localization to
the mitotic apparatus, which suggested a potential role at
the interface between apoptosis and cell division con-
trol.28 Although an evolutionary conserved role of survivin
in the regulation of mitosis and cytokinesis has been
recognized,20,29,30 the mechanisms by which survivin
may control apoptosis are far from elucidated. However,
physical proximity/association between survivin and initi-
ator/effector caspases has been reported by several

groups in vitro and in vivo.31–33 Moreover, interference
with expression/function of survivin by antisense (see
below) or dominant-negative mutant was sufficient to
cause increased caspase-3 activity and apoptosis at the
G2/M transition.20,28 This suggests that survivin, alone or
in combination with as yet unidentified regulatory mole-
cules, may influence the assembly/function of the cell
death machinery and affect downstream caspase pro-
cessing/topography2 in a cell cycle-dependent manner.
Consistent with this view, interference with mitotic phos-
phorylation of survivin on Thr34 by p34cdc2-cyclin B1 re-
sulted in mislocalization of initiator caspase-9 and apo-
ptosis of cells traversing mitosis.33 Although this pathway
is clearly operative in proliferating cells and thus consis-

Figure 5. Effect of antisense oligonucleotides to EC adhesion molecules on
VEGF cytoprotection. The experimental conditions are as in Figure 2, except
that quiescent ECs were transfected with the indicated antisense oligonucle-
otides, stimulated with VEGF, and exposed to 25 mmol/L of C-6 ceramide.
Cells were analyzed for nuclear morphology by DAPI staining after a 12-hour
culture at 37°C. Data are the mean 6 SEM of at least four independent
experiments. **, P , 0.005; ***, P , 0.0009. ns, not significant.

Figure 6. Effect of survivin targeting on VEGF-induced EC migration/che-
motaxis. ECs were transfected with control or the survivin antisense oligo-
nucleotide, stimulated with VEGF, and exposed to the indicated increasing
concentrations of VEGF or control SPP-1 in a Boyden chamber. After a 5-hour
incubation at 37°C, migrated cells were counted microscopically by Giemsa.
Data are the mean 6 SEM of triplicates of a representative experiment out of
two independent determinations.
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tent with the mitogenic effect of VEGF on endothelium,
the data presented here suggest that survivin may also
mediate EC protection independently of cell cycle pro-
gression. In this context, antisense suppression of sur-
vivin abrogated the anti-apoptotic function of VEGF in a
morphogenic, nonproliferative model of three-dimen-
sional capillary formation in vitro.24 Although the molecu-
lar requirements of survivin-dependent cytoprotection in
nonproliferating endothelium remain to be elucidated,
previous studies demonstrated that EC stimulation with
Ang-1, which provides a nonproliferative, stabilizing sig-
nal in angiogenesis also resulted in increased survivin
expression and apoptosis inhibition via an Akt-depen-
dent pathway.18

Differently from other apoptosis regulators of the bcl-
234 or IAP15 gene families, survivin is undetectable in
normal adult tissues but becomes abundantly expressed
in most human cancers in vivo.22 Identified in genome-
wide searches as the top fourth “transcriptome” found in
common neoplasms,35 expression of survivin has been
associated with abbreviated survival rates, unfavorable
prognosis, and accelerated recurrences.36 This is con-
sistent with the general view that dysregulation of apo-
ptosis constitutes a critical pathogenic factor in cancer,
aberrantly extending cell viability and facilitating the in-
surgence of transforming mutations and resistance to
therapy.37 Using an antisense approach similar to that
described here, targeting survivin in cancer cell lines was
sufficient, alone, to induce a profound dysregulation of
mitosis,20 associated with spontaneous apoptosis and
sensitization of cancer cells to chemotherapy-induced
cell death.38,39 The data presented here extend these
observations and suggest that manipulation of the sur-
vivin pathway may be also beneficial to promote EC

apoptosis during tumor angiogenesis, thus potentially
accelerating regression of newly formed blood vessels
and reducing the incidence of metastatic disease.40 The
selected expression of survivin in tumor cells and angio-
genically stimulated ECs may provide a high degree of
specificity for potential survivin antagonists to enhance
both anti-angiogenic and anti-neoplastic therapeutic
strategies.
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