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Growing evidence suggests that survivin, a member of
the inhibitor of apoptosis gene family, is responsible
for drug resistance in cancer cells, yet little is known
about its role in the endothelial cells of the tumor vas-
culature. We have previously reported that tumor-asso-
ciated endothelial cells derived from gliomas (TuBECs)
are resistant to anticancer chemotherapy whereas nor-
mal brain endothelial cells (BECs) are sensitive. The
focus of this study is to investigate the mechanism be-
hind this chemoresistance. Here we show that survivin
is constitutively overexpressed in the glioma vascula-
ture but not in the blood vessels of normal brain. To
determine whether survivin contributes to TuBEC che-
moresistance, we used a lentiviral siRNA system or the
drug roscovitine to down-regulate survivin expression.
Reduced levels of survivin sensitized TuBECs to the che-
motherapeutic agents VP-16, paclitaxel, thapsigargin,
and temozolomide. This cell death was mediated
through caspases 7 and 4. Conversely, forced expres-
sion of survivin in BECs was protective against drug
cytotoxicity. These data suggest that overexpression of
survivin in endothelial cells serves as a protective mech-
anism that defends the vasculature from drug cytotox-
icity. Our studies demonstrate that targeting survivin
may be an effective approach to chemosensitization and
anti-vascular therapy for brain tumors. (4m J Pathol
2008, 173:575-585; DOI: 10.2353/ajpath.2008.071079)

The tumor vasculature is critical for cancer growth.” This
is particularly relevant in the highly vascular primary brain
tumor, glioblastoma multiforme (glioma), a grade IV as-
trocytoma.? The blood vessels within tumors have been

shown to be abnormal in their structure and function as
compared to the normal vasculature.®# Studies from this
laboratory have shown that the tumor-associated endo-
thelial cells derived from gliomas (TUBECs) have different
properties than normal brain endothelial cells (BECs).
TuBECs actively secrete pro-angiogenic factors,® have
increased migration,® undergo G,/G, cell-cycle arrest,”
and are resistant to drugs as compared to BECs.” The
mechanism of this chemoresistance in TUBECs is not
known and is the focus of this study.

Studies have shown that chemoresistance in tumor
cells can be correlated to an overexpression of the inhib-
itor of apoptosis survivin. This bifunctional protein inhibits
apoptosis and promotes cell division.® Survivin is also
localized to various areas of the cell; mitochondrial and
cytosolic survivin suppress apoptosis through blocking
the activity of caspases 9, 3, and 7,°~'" whereas nuclear
survivin is induced at G,/M of the cell cycle to ensure
proper mitosis and cytokinesis.'® Survivin is typically
found at low levels in normal cells but is elevated in many
solid and hematologenous cancers.'® In various tumors,
high survivin levels are correlated with poor prognosis,
decreased apoptosis, increased angiogenesis, and che-
moresistance in cancer cell lines.”*'® However, little is
known of survivin’s function in the endothelial cells of the
tumor vasculature.

In this study we present the novel findings that survivin
is overexpressed in primary cultures of endothelial cells
derived from human glioma tissues and that survivin pro-
tects these cells from chemotherapeutic agents. We de-
creased survivin through genetic and pharmacological
approaches and found that survivin is responsible for the
chemoresistance in TuBECs. Furthermore, forced ex-
pression of survivin protected BECs from cytotoxic drugs.
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Thus survivin is a prosurvival player in tumor-associated
endothelial cells, and reducing survivin in the tumor vas-
culature can be an effective chemosensitizing mecha-
nism and a valuable target for anti-angiogenic therapy.

Materials and Methods

Primary Endothelial Cell Isolation and Culture

Isolation of BECs and TuBECs from human normal brain
and glioma tissues was previously described.® Briefly,
tissues were obtained and handled in agreement with the
Keck School of Medicine, University of Southern Califor-
nia Institutional Review Board guidelines. The tissues
were washed three times with RPMI 1640 medium (Life
Technologies, Inc., Grand Island, NY) containing 2% fetal
calf serum (Omega Scientific, Tarzana, CA), and 1%
penicillin/streptomycin (Life Technologies, Inc.). The tis-
sue was then minced into small pieces, and fresh me-
dium was added. The mixture was transferred to a cen-
trifuge tube, and an equal volume of a 30% dextran
solution (Sigma-Aldrich, St. Louis, MO) was added, bring-
ing the mixture to a final concentration of 15% dextran.
The resulting mixture was then centrifuged for 10 minutes
at 10,000 rpm to pull down the brain microvessels. The
microvessel pellet was resuspended in 1 mg/ml of colla-
genase-dispase in RPMI 1640 medium supplemented
with 2% fetal calf serum (FCS) (RPMI-2% FCS) and incu-
bated in a shaking 37°C water bath for 1 hour. Subse-
quently, 10 ml of RPMI-2% FCS was added to the cells
and centrifuged at 1200 rpm for 5 minutes. The pellet was
resuspended in 20 ml of the RPMI-2% FCS and centri-
fuged again. The final pellet was resuspended in the
endothelial cell culture medium [RPMI 1640 medium sup-
plemented with 100 ng/ml endothelial cell growth supple-
ment (Upstate Biotechnologies, Rochester, NY), 2 mmol/L
L-glutamine (Life Technologies, Inc.), 10 mmol/L HEPES
(Life Technologies, Inc.), 24 mmol/L sodium bicarbonate
(Life Technologies, Inc.), 300 U heparin USP (Sigma-
Aldrich), 1% penicillin/streptomycin, and 10% FCS]. Cells
were plated on precoated gelatin flasks, and the medium
was changed every 3 or 4 days until the cell cultures
became 80% confluent. Endothelial cells were then puri-
fied from the cellular mixture by selecting cells that bind
diacetylated low-density lipoprotein (di-LDL). Subconflu-
ent cells were incubated with 10 ng/ml of fluorescent
di-LDL for 4 hours at 37°C and then analyzed using
fluorescence-activated cell sorting analysis (see Supple-
mental Figure S1 at http://ajp.amjpathol.org).

After the sorting procedure, the purity of BECs and
TuBECs was confirmed by immunostaining for specific
endothelial cell markers: CD31/PECAM-1 (Santa Cruz
Biotechnology, Santa Cruz, CA), von Willebrand Factor
(DAKO, Carpinteria, CA), VE-cadherin (R&D Systems,
Minneapolis, MN), and CD105/endoglin (Santa Cruz Bio-
technology) and was found to be 100% positive (see
Figure 1). BECs and TuBECs were negative for astrocyte
cell marker glial fibrillary acidic protein (DAKQO), progen-
itor endothelial cell marker CD34 (DAKO), and macro-
phage/microglia marker CD11b (DAKO). BEC and Tu-

BEC cultures were grown onto 1% gelatin-coated
surfaces and were used up to passage 6. Digital images
were taken of the cultured cells using a Sony (Park Ridge,
NJ) DSC-P9 camera and Nikon (Tokyo, Japan) TMS mi-
croscope (objective lens: X 10 magnification, 0.25 nu-
merical aperture) at room temperature. BECs and Tu-
BECs were propagated in medium containing endothelial
cell growth supplement, as described above. In perform-
ing experiments, however, endothelial cell growth sup-
plement was removed from the culture medium.

Cell Death Detection Enzyme-Linked
Immunosorbent Assay (ELISA)

Cells in RPMI with 10% FCS were plated onto 96-well
plates at 5 X 10° cells/well. Cells were treated with VP-16
(Calbiochem, La Jolla, CA), paclitaxel (Sigma-Aldrich),
temozolomide (Schering-Plough, Kenilworth, NJ), or
thapsigargin (Calbiochem), alone or in combination with
roscovitine (Sigma-Aldrich). After treatment, cells were
lysed and immediately analyzed using the Cell Death
Detection ELISAP'US kit (Roche Diagnostics, Indianapolis,
IN). Absorbance was measured at 405 nm, and percent
cell death was calculated based on a 100% positive cell
death control. The groups were treated in duplicate and
the experiments were repeated at least twice.

Immunostaining

Cytocentrifuge cell preparations and cells grown onto
chambered slides were fixed with acetone, blocked with
5% goat serum, and incubated overnight with anti-sur-
vivin polyclonal antibody (1:100) (Santa Cruz Biotechnol-
ogy). Samples were incubated with biotinylated goat anti-
rabbit antibody (1:400) (Vector Laboratories, Burlingame,
CA) for 45 minutes, treated with the avidin-biotin-peroxi-
dase complex (Vector Laboratories) for 30 minutes, and
then treated with aminoethyl carbazol substrate for 15
minutes (Vector Laboratories). Samples were counter-
stained with hematoxylin for 1.5 minutes. A red precipi-
tate denotes positive staining. Specificity of the anti-sur-
vivin polyclonal antibody was tested and confirmed
through the use of monoclonal survivin antibodies and
survivin blocking peptides (see Supplemental Figure S2,
A and B, at http://ajp.amjpathol.org).

Confocal Microscopy

Double staining was performed on glioma and normal
brain tissues fixed with acetone. Tissues were co-incu-
bated with anti-survivin polyclonal (1:100) and anti-
CD105 monoclonal (1:100) antibodies, and subsequently
treated with Texas Red anti-rabbit (1:400) and fluorescein
anti-mouse secondary antibodies (1:200) (Vector Labo-
ratories). Mounting medium containing the fluorescent
blue 4,6-diamidino-2-phenylindole (DAPI) (Vector Labo-
ratories) was used to identify nuclear staining. Rabbit and
mouse IgG isotype-matched controls and the omission of
primary antibody were used as negative controls. The



staining was analyzed using a Zeiss LSM510 confocal
microscope (Zeiss, Thornwood, NY); red color denotes
survivin positivity, green color represents CD105 positiv-
ity, and yellow color signifies positive staining for both
survivin and CD105.

Western Blot

Western blots were performed as previously described.”
Membranes were incubated overnight with antibodies to
survivin (1:250) (Santa Cruz Biotechnology), caspase 7
(1:1000) (BD Pharmingen, Franklin Lakes, NJ), caspase 4
(1:500) (BD Pharmingen), CHOP (1:500) (Santa Cruz
Biotechnology), or GAPDH (1:5000) (Santa Cruz Biotech-
nology) and then incubated with horseradish peroxidase-
conjugated (Santa Cruz Biotechnology) or fluorescent-
conjugated (Pierce, Rockford, IL) secondary antibodies
(1:5000 to 1:15,000) for 45 minutes. Protein bands were
detected either by chemiluminescence using the Super-
Signal substrates (Pierce) or by Odyssey infrared imag-
ing (LI-COR Biosciences, Lincoln, NE). Specificity of the
anti-survivin polyclonal antibody was confirmed in com-
parison to a monoclonal survivin antibody (see Supple-
mental Figure S2C at http.//ajp.amjpathol.org).

Generation of Lentiviral siRNA and Expression
Vectors and Viral Infection

The following siRNA sequences (sense) were used: 5'-
GGCTGGCTTCATCCACTGC-3" (survivin) and 5'-GT-
GACCAGCGAATACCTGT-3" (LacZ). The siRNA se-
quences were subcloned into the lentiviral siRNA delivery
vector FG-12 at Xbal and Xhol sites, as previously de-
scribed.’® The human wild-type survivin gene (pEYFP-
N1-survivin) was kindly provided by Dr. Jeroen Pouwels
and Dr. Anu Kukkonen (VTT Medical Biotechnology,
Turku, Finland). Survivin was amplified using the primers
5'-CTAGTCTAGAGCCACCATGGGTGCCCCGACGTT-3'
and 5-CGGGAATTCTCAATCCATGGCAGCCAGCTGCT-
3’, and subcloned into the lentiviral expression vector
pRRLsinCMV at Xbal and EcoR1 sites. Green fluorescent
protein (GFP) was amplified from pEGFP with the primers
5'-CTGTCGGATCCGGAACCGTCAGATCCGCTA-3" and
5'-CTGCAGAATTCGAAGCTTGAGCTCGAG-3', and sub-
cloned into pRRLsINCMV at BamH1 and EcoR1 sites. Cor-
rect orientation and sequence for both FG-12 and pRRLsin-
CMV cloning was confirmed through restriction enzyme
digestion and DNA sequencing. The FG-12 or pRRLsin-
CMV constructs were used to transfect 293T cells along
with packaging vectors pMDG and pCMVAR8.2."” The viral
supernatant was collected and used to infect primary en-
dothelial cell cultures. For the FG-12 system, infection effi-
ciency was monitored through GFP labeling.’® The cells
were then evaluated through Western blot analysis.

Lactate Dehydrogenase (LDH) Release Assay

Cells were plated onto gelatin-coated six-well plates at
5 X 10* cells/well. Cells were treated with VP-16, pacli-
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taxel, or thapsigargin for 96 hours. The culture superna-
tants were collected, centrifuged at 1000 X g for 10
minutes, and the LDH release assay was performed ac-
cording to manufacturer’s protocol (Sigma-Aldrich). Ab-
sorbance was read at 490 nm. The fold increase of LDH
release was based on the OD readings from untreated,
uninfected cells. Groups were treated in triplicate and
experiments were repeated at least twice.

MTT Cell Viability Assay

Cells were seeded in triplicates onto 96-well plates in
RPMI/10%FCS at 3 x 10° cells/well. Cells were treated
with the designated drugs: VP-16, paclitaxel, thapsigar-
gin, and/or roscovitine. After treatment, cells were incu-
bated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) reagent (Sigma-Aldrich) for 4
hours. Medium was removed and dimethyl sulfoxide
(DMSQO) was added. Absorbance was measured at 490
nm, and percentage cell viability was calculated relative
to untreated controls. Experiments were repeated three
times.

Statistical Analysis

Values are presented as the mean = SEM. Statistical
significance was evaluated using the Student’s two-tailed
t-test. P < 0.05 was considered statistically significant.

Results

Endothelial Cells Are Isolated from Human
Glioma and Normal Brain Tissues

Fresh human glioma and normal brain specimens were
processed for the isolation and culture of endothelial
cells, as extensively described in the Materials and
Methods. GBM tissues were received after surgery
from glioma patients, whereas normal brain specimens
were obtained from trauma or epileptic patients. The
characterization of TuUBECs and BECs was validated
through 100% positive immunostaining for the following
endothelial cell markers: CD31, von Willebrand Factor,
CD105, and VE-cadherin (Figure 1). TuBECs and
BECs, however, stained negative for the astrocyte/glial
cell marker GFAP and for the microglia/macrophage
marker CD11b (Figure 1). The glioma cell line U87MG
was 100% positive for GFAP expression, whereas gli-
oma tissues stained positive for CD11b and CD34.
Interestingly, TUBECs and BECs were also negative for
CD34, a marker of precursor endothelial cells, which
suggests that TUBECs and BECs are at their end stage
of differentiation (Figure 1).

Tumor-Associated Endothelial Cells Derived
from Gliomas Are Chemoresistant to Different
Classes of Cytotoxic Drugs

TuBECs and BECs were treated with drugs that induce
cytotoxicity via different mechanisms, particularly VP-16
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Figure 1. Characterization of TuBECs and BECs as endothelial cells. Cytospin preparations of TuBECs, BECs, and US7MG and frozen glioma tissues were fixed
in acetone, blocked in 5% goat or horse serum, and stained with antibodies to the following: CD31, CD105, von Willebrand Factor (vWF), VE-cadherin (VE-Cad),
glial fibrillary acidic protein (GFAP), CD11b, and CD34. The red precipitate denotes positive staining. Scale bars = 10 wm.

(10, 50 wmol/L), paclitaxel (3, 10 ng/ml), thapsigargin (10,
30 nmol/L), and temozolomide (100, 300 uwmol/L). VP-16
inhibits topoisomerase Il, whereas paclitaxel affects mi-
crotubule stability.’®2° Thapsigargin targets calcium
pumps in the endoplasmic reticulum (ER),2" and temo-
zolomide is a DNA alkylating agent.?® After drug treat-
ment, cell death was analyzed using the Cell Death De-
tection ELISA assay. TUBECs were relatively resistant to
VP-16, paclitaxel, and thapsigargin, whereas the BECs
were sensitive. After 72 hours TUBECs exhibited much
lesser cell death than BECs; BECs underwent 72% cell
death with 50 umol/L VP-16 (Figure 2A). TuBECs and
BECs were also treated with paclitaxel, and a similar
trend was observed. Paclitaxel at both doses had no
significant effect on TuBEC viability as compared to un-
treated cells (P = 0.116 and P = 0.189), but BECs
exhibited four times more cell death at the higher con-
centration (Figure 2B). This chemoresistance in TUBECs
was again observed with thapsigargin treatment. TUBECs
treated with 30 nmol/L thapsigargin showed 18% cell
death whereas treatment of BECs showed 65% cell
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death, respectively (Figure 2C). Similar findings for VP-
16, paclitaxel, and thapsigargin treatments were also
detected in the MTT cell viability assay (data not shown).
Interestingly, both TUBECs and BECs were not affected
by 7-day temozolomide treatment as compared to un-
treated cells, even at 300 wmol/L (P = 0.136, TuBECs;
and P = 0.227, BECs) (Figure 2D). These studies indicate
that TUBECs are resistant to different classes of cytotoxic
drugs.

TuBECs Express High Levels of Survivin in Vitro
and in Situ in Glioma Tissue

Because survivin is overexpressed in a variety of tumors
including gliomas,'® we wanted to explore whether sur-
vivin is also overexpressed in the tumor vasculature. To
accomplish this, we immunostained cell preparations of
TuBECs and BECs with an antibody to survivin. The re-
sults showed that TUBECs stained intensely positive for
survivin compared to BECs (Figure 3A). Survivin staining

O Untreated
@3 ng/mL Tax

B 10 ng/mL Tax Figure 2. TuBECs and BECs respond differently

to various cytotoxic agents. TuBECs and BECs
were treated with VP-16 (A; 10, 50 uwmol/L),
paclitaxel (Tax) (B; 3, 10 ng/ml), thapsigargin
(Thap) (C; 10, 30 nmol/L), or temozolomide
(Tmz) (D; 100, 300 pmol/L). Untreated cells
were incubated in medium containing vehicle
(0.1% DMSO). After 72 hours of VP-16, pacli-
taxel, and thapsigargin treatment and after 7
days of temozolomide treatment, cell lysates
were analyzed using the Cell Death Detection
ELISA assay. Percent cell death was calculated
based on 100% cell death positive control. *P <
0.05, comparisons are made between the un-
treated controls and the drug-treated cells.
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Figure 3. TuBECs and the glioma vasculature overexpress survivin. A: Cytocentrifuge preparations (cytoprep) or glass chambered slides (coverslip) of TuBECs
and BECs were immunostained with anti-survivin antibody. The red precipitate represents positive staining; hematoxylin (blue) staining denotes nuclei. B: Lysates
of TuBECs and BECs from three different glioma patient specimens and three different normal brain tissues were analyzed for survivin expression using Western
blot analysis. C and D: Glioma tissues were immunostained with anti-survivin antibody (red) and anti-CD105 antibody (green), and mounted in DAPI-containing
medium (blue) to identify nuclei. Confocal microscopy was used to analyze the staining. In the merged image, survivin was localized to the CD105-positive blood
vessels of the glioma tissue (arrow). Lower (C) and higher (D) magnification confocal images are presented. E and F: Normal human brain tissues were stained
is at low (E) and high (F) magnification

with antibodies to survivin (red) and CD105 (green), and mounted in DAPI-containing medium (blue). Confocal analysi:
show that the merged image exhibited CD105-positive cells only; survivin was not visible in normal brain tissues. Scale bars: 10 um (A); 100 um (C-F).

was also performed on cells grown on glass chambered of survivin staining, a survivin blocking peptide was
slides; again, survivin expression was greater in TUBECs added along with the antibody and shown to have re-
compared to BECs (Figure 3A). To confirm the specificity duced the survivin staining (see Supplemental Figure
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S2B at http.//ajp.amjpathol.org). Western blot analysis
was also performed on TuBECs and BECs (Figure 3B).
This is representative of 10 TuUBEC and 11 BEC speci-
mens from different patients. The data demonstrate that
survivin is highly expressed in TuUBECs and minimally
expressed in BECs.

We then performed double staining on human glioma
tissues to determine whether survivin expression can be
detected in the glioma vasculature in situ (Figure 3, C and
D). Tissues were co-stained for CD105/endoglin, a
marker for endothelial cells, and survivin; DAPI blue stain-
ing identified nuclei. Normal brain tissues were stained
using the same procedure (Figure 3, E and F). The stain-
ing of the tissues was analyzed through confocal micros-
copy. Merging CD105 and survivin staining revealed that
the tumor-associated vasculature within the glioma tissue
exhibited positive survivin expression, as denoted by the
yellow color (Figure 3, C and D; arrows). Normal brain
tissues were negative for survivin (Figure 3D). Two rep-
resentative fields are shown for both the glioma and
normal brain tissues, one at a lower magnification (Figure
3, C and E) and another at a higher magnification (Figure
3, D and F). These studies demonstrate that blood ves-
sels of glioma tissues express elevated levels of the
survivin protein.

Reduction of Survivin Levels Using siRNA
Chemosensitizes TUBECs

To test whether survivin protects TUBECs from chemo-
therapeutic agents, a lentiviral vector carrying the siRNA
targeted against survivin (siSurv) was constructed. A
siRNA against the nonmammalian gene LacZ was also
used (siLacZ) as a control. Five days after infection,
TuBECs with siSurv or siLacZ were evaluated for survivin
expression using Western blot analysis (Figure 4A). Sur-
vivin protein was reduced in TUBECs infected with siSurv.
This down-regulation of survivin was sustained for at least
3 weeks, as indicated by immunostaining of TuBEC si-
Surv and TuBEC siLacZ performed 21 days after infection
(Figure 4B). These data also emphasize the specificity of
the reagents used in these studies.

Figure 4. Survivin knockdown with siRNA sensitizes TuBECs to chemother-
apeutic agents. TuBECs were infected with either lentivirus expressing siRNA
to survivin (siSurv) or LacZ (siLacZ). A: Cell lysates of lentiviral-infected cells,
prepared 5 days after infection, were analyzed using Western blot analysis. B:
The stable knockdown of survivin in TuBECs was confirmed with immuno-
staining for survivin of cells 21 days after infection. C: TuBEC siSurv and
TuBEC siLacZ cultures were incubated with VP-16 (50 umol/L) or vehicle
(0.1% DMSO) for 96 hours and examined with an inverted microscope. Dz
TuBEC siSurv or control cells, uninfected or infected with lenti-silacZ, were
incubated with VP-16 (50 wmol/L), paclitaxel (Tax) (10 ng/mb), or thapsigar-
gin (Thap) (30 nmol/L); untreated cells were exposed to vehicle (0.1%
DMSO). After 96 hours, cell death was quantified using the Cell Death
Detection ELISA. E: TuBEC siSurv and control cells were treated with temo-
zolomide (Tmz) (300 umol/L), and after 7 days, cytotoxicity was measured
using the Cell Death Detection ELISA. F: TuBEC siSurv, TuBEC siLacZ, and
uninfected TuBECs were treated with VP-16, paclitaxel, thapsigargin, or
vehicle for 96 hours. Supernatants were then analyzed using the LDH release
assay; optical density (OD) was read at 490 nm. Data are expressed as fold
change in LDH release using uninfected, untreated TuBECs as the baseline
value (*P < 0.05, comparisons were made for drug-treated TuBEC siSurv to
drug-treated TuBEC silacZ). Scale bars = 10 um.
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OBEC
@ BEC-GFP Figure 5.Forced overexpression of survivin
W BEC-Surv protects BECs from cytotoxic drugs. A: BECs

were infected with lentivirus-expressing green
fluorescent protein (GFP) or wild-type survivin
(Surv) and examined using Western blot analy-
sis. Uninfected BECs, BEC-GFP, and BEC-Surv
were treated with VP-16 (B; 50 wmol/L) and
thapsigargin (Thap) (C; 30 nmol/L) for 72 hours,
or paclitaxel (Tax) (D; 3 ng/mD for 72 or 144
hours; untreated cells were incubated with ve-
hicle (0.1% DMSO). Cell death was quantified

OBEC with the Cell Death Detection ELISA; percent

BEC-GFP cell death was determined based on 100% pos-

WBEC-Surv itive cell death control (*P < 0.05, comparisons
were made between drug-treated BEC-Surv and
drug-treated uninfected BECs).

144hr

Paclitaxel Treatment

We then examined whether reduced survivin levels
would affect TUBEC sensitivity to drugs. TUBECs, TuBEC
siSurv, and TuBEC siLacZ were treated with VP-16 for 96
hours. In observing the cells in culture, it was apparent
that VP-16 was effective in killing the cells infected with
siSurv (Figure 4C). These cultures exhibited floating and
rounded cells, typical of cell death. The TUBECs infected
with siLacZ, however, had little response to VP-16 and
exhibited morphology of healthy cells. To quantify the
results observed in culture, the Cell Death Detection
ELISA was used. Results show that the drugs had rela-
tively little effect on uninfected TuBECs and TuBECs in-
fected with siLacZ; in contrast, TUBECs infected with
siSurv demonstrated significantly increased sensitivity to
these agents (Figure 4D). TuBECs infected with siSurv
and treated with VP-16 or thapsigargin for 96 hours dem-
onstrated nearly a twofold increase in cell death (72%)
(P =0.007)and (55%) (P = 0.005), respectively. TUBECs
infected with siSurv and treated with paclitaxel for 96
hours, exhibited a ninefold increase in cell death to 45%
(P = 0.009). Incubation of TuUBECs for 4 days with temo-
zolomide, the principle drug used for glioma therapy, had
no effect on cell death, in the absence or presence of
siSurv (data not shown). However, after 7 days of temo-
zolomide treatment, siSurv-infected TUBECs exhibited in-
creased cell death (25%) compared to untreated or con-
trol infected TuBECs (P = 0.001) (Figure 4E). Similar
results for VP-16, paclitaxel, and thapsigargin treatments
were obtained using the LDH release assay (Figure 4F).
These data indicate that decreasing survivin protein lev-
els in TUBECs will chemosensitize these vascular cells to
anti-tumor agents.

Forced Overexpression of Survivin in BECs
Protects These Cells from Cytotoxic Drugs

To determine whether survivin overexpression will be
sufficient to confer chemoresistance on normal BECs, we
infected BECs with a lentiviral expression vector contain-
ing the human wild-type survivin gene (BEC-Surv); to
serve as a control, BECs were infected with a lentivirus

containing GFP (BEC-GFP). Western blot analysis de-
tected the increased survivin expression in BEC-Surv
(Figure 5A). Once again the specificity of the antibody to
survivin was confirmed. Survivin levels of BEC-GFP re-
mained similar to those of uninfected BECs, suggesting
the lentivirus had no secondary effects on survivin
expression.

Uninfected BECs, BEC-Surv, and BEC-GFP were then
treated with drugs (VP-16, thapsigargin, and paclitaxel),
and cytotoxicity was measured. The results show that
overexpression of survivin resulted in reduced cytotoxic-
ity. In Figure 5B, BEC-Surv were more resistant to VP-16
after 72 hours of treatment as compared to BECs (P =
0.019). A similar trend was also seen with thapsigargin,
with significantly less death observed with BEC-Surv
(43%) than with BECs (82%) (P = 0.010) (Figure 5C). This
protective effect of survivin was also exhibited with pac-
litaxel treatment after 72 and 144 hours (P = 0.002 and
P = 0.008, respectively) (Figure 5D). These data demon-
strate that the overexpression of survivin in normal endo-
thelial cells is protective and causes these sensitive cells
to become resistant to cytotoxic drugs.

Reduced Survivin Levels Potentiate Caspase
Activation in TUBECs

We next examined the activation of different caspases
involved in apoptosis to better understand the mecha-
nism by which reduced expression of survivin enhances
cell death in TUBECs. Cells were treated with VP-16 and
tested for caspase 7 cleavage, an effector caspase
shown to interact with survivin.®'" Treatment of BECs
with VP-16 caused cleavage of caspase 7 (Figure 6A),
whereas VP-16 had no effect on treated TuUBECs. How-
ever, TUBECs with reduced survivin demonstrated acti-
vation of procaspase 7 when treated with the drug. Sim-
ilar results were obtained with thapsigargin (Figure 6B)
and paclitaxel treatments (Figure 6C). We also detected
an intermediate product of procaspase 7 (32 kDa); this
intermediate product naturally occurs in cells and was
not indicative of caspase 7 activity. We then investigated
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Figure 6. Reduced survivin expression in TuBECs permits caspase activation. Uninfected BECs, uninfected TuBECs, TuBECs infected with a lentivirus-expressing
siRNA to LacZ (TuBEC silacZ), or TuBECs infected with lentivirus-expressing siRNA to survivin (TuBEC siSurv) were treated with VP-16 (A; 50 umol/L),
thapsigargin (Thap) (B; 30 nmol/L), or paclitaxel (Tax) (C; 10 ng/mD for 72 hours. Untreated cells were exposed to vehicle (0.1% DMSO). Western blot analysis
was used to determine the presence of procaspase 7 (35 kDa) and cleaved caspase 7 (20 kDa). D: BECs, TuBECs, TuBEC siLacZ, and TuBEC siSurv were treated
with thapsigargin for 48 hours and analyzed for procaspase 4 (45 kDa), cleaved caspase 4 (30 kDa), and CHOP (30 kDa).

the initiator caspase 4, a marker of ER stress-induced
apoptosis (caspase 12 in mice).?® The results show that
TuBEC siSurv treated with thapsigargin exhibited
caspase 4 cleavage (Figure 6D), whereas untreated or
control-infected TuBECs demonstrated negligible reac-
tivity. We then analyzed thapsigargin-treated TuBECs
and BECs for the induction of CHOP, a pro-apoptotic
mediator of the ER stress pathway.?® The results were
similar to those observed with caspase 4 cleavage; thap-
sigargin-treated TUuBEC siSurv demonstrated remarkable
CHOP induction (Figure 6D). These data indicate that
survivin is actively blocking the apoptotic pathway in
TuBECs. However, the primary site or sites of this inhibi-
tion in the apoptotic cascade are not known.

Roscovitine Reduces Survivin Expression and
Enhances TuBEC Chemosensitivity

Targeting survivin expression has clinical relevance be-
cause it enhances the response of tumor-associated endo-
thelial cells to different classes of drugs. However, lentiviral
vectors are not currently available for use in the clinic.
Therefore, we examined the effects of pharmacological in-
hibitors of survivin. The drug roscovitine, a Cdk1 inhibitor
that is used in vitro and in vivo, was shown to reduce survivin
levels®* by decreasing the stability of the survivin protein in
tumor cell lines. To determine whether this agent could alter
survivin expression in TUBECs, the cells were treated with
roscovitine for 24 hours and analyzed for survivin protein
using Western blot analysis (Figure 7A). Maximal down-

regulation of survivin was observed with 10 umol/L treat-
ment, and therefore this dose was used for all subsequent
experiments.

We then tested whether roscovitine would alter the sen-
sitivity of TUBECs to cytotoxic drugs. TUBECs were treated
with roscovitine alone or in combination with VP-16, pacli-
taxel, or thapsigargin. TUBEC cultures incubated with pac-
litaxel or roscovitine alone for 72 hours appeared to be
morphologically normal (Figure 7B). However, cells treated
with both agents caused cell detachment and death. The
MTT cell viability assay (Figure 7C) was used to quantitate
these culture results and showed that roscovitine alone had
negligible effects on TuBECs, whereas the combination of
roscovitine with VP-16 (P = 0.011), paclitaxel (P = 0.001),
or thapsigargin (P = 0.003) produced a significant de-
crease in endothelial cell viability as compared to the indi-
vidual drugs alone. Similar results were obtained with the
Cell Death Detection ELISA assay (Figure 7D). TuBECs
treated with paclitaxel or roscovitine alone exhibited little
cell death, but the combination treatment resulted in 82%
cell death (P = 0.011 to roscovitine, P = 0.005 to pacli-
taxel). The cells treated with this drug combination under-
went apoptosis, as determined by the TUNEL assay (see
Supplemental Figure S3 at http.//ajp.amjpathol.org). We also
examined the effects of this combined treatment on
caspase 7 cleavage and survivin expression. The results
show that treatment with paclitaxel and roscovitine was
effective in inducing caspase 7 activation, and that rosco-
vitine decreased survivin alone and in combination with
paclitaxel (Figure 7E). Thus, roscovitine sensitizes TUBECs
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Figure 7. Down-regulation of survivin with roscovitine chemosensitizes TuUBECs. A: TuBECs were treated with 1, 5, 10, and 20 wmol/L roscovitine or vehicle (0.1%
DMSO) for 24 hours and analyzed for survivin expression using Western blot analysis. B: TuBEC cultures were treated for 72 hours with roscovitine (Rosc) (10
umol/L) or paclitaxel (Tax) (10 ng/ml) alone or in combination. C: TuBECs were treated for 72 hours with roscovitine alone or in combination with VP-16 (50
pmol/L), paclitaxel, or thapsigargin (Thap) (30 nmol/L); untreated cells were exposed to vehicle. The data represent the MTT cell viability assay, and untreated
TuBECs represented 100% cell viability (* 2 < 0.05, comparisons were made between the combination treatments and the drug alone treatments). D: TuBECs were
treated for 72 hours with roscovitine or paclitaxel alone or in combination. The Cell Death Detection ELISA was performed, and percentage cell death was based
on 100% positive cell death control (*P < 0.05, comparisons were made for Tax + Rosc treatment to Tax treatment alone and also for Tax + Rosc treatment to
Rosc treatment alone). TuBECs were also treated with roscovitine or paclitaxel alone, or in combination for 48 hours. E: Western blot was performed to detect
procaspase 7, cleaved caspase 7, and survivin expression. Scale bars = 10 um.

to chemotherapeutic drugs in a similar manner to that seen
with the lenti-siSurv approach.

Discussion

The present study provides compelling evidence that
survivin is responsible for the chemoresistance observed
in tumor-associated brain endothelial cells. We previ-
ously reported that TUBECs do not respond to celecoxib
or CPT-11 treatments.” Here, we extend these observa-
tions and show that TUBECs are resistant to different
classes of drugs, particularly VP-16 (topoisomerase |l
inhibitor),"® paclitaxel (microtubule stabilizer),?° thapsi-
gargin (Ca®" pump inhibitor),?' and temozolomide (DNA
alkylator).?? The mechanism of resistance in TUBECs was
not known. In this study, we established that survivin,
which is overexpressed in TuBECs, is responsible, at
least in part, for the chemoresistance observed in these
cells.

The protective function of survivin in endothelial cells,
particularly those of the tumor vasculature, remains to be
fully understood. Correlative studies have shown that
elevated survivin expression coincides with increased
microvessel density in brain,'® colorectal,?® and gastric®
cancers. To our knowledge, however, the role of survivin
in endothelial cells isolated from tumors has not been
established. Previous reports demonstrate that survivin
protects endothelial cells from serum starvation,?” radia-
tion,?® and chemotherapy.?® These studies, however,
were performed on normal endothelial cells (eg, human
umbilical vein endothelial cells or human dermal micro-
vascular endothelial cells/dermal microvascular endothe-
lial cells). Human umbilical vein endothelial cells and
human dermal microvascular endothelial cells/dermal mi-
crovascular endothelial cells intrinsically have low levels
of survivin and have been manipulated through cytokine
stimulation or viral transduction to express sur-
vivin.27-30-33 Furthermore, in contrast to survivin in Tu-
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BECs, growth factor-induced survivin expression in nor-
mal endothelial cells is transitory, peaking at 12 hours
and decreasing by 24 hours.®® Our studies use low pas-
sage, primary cultures of endothelial cells isolated from
human brain tumor specimens of patients,® not cell lines.
In TUBECs, survivin levels remain constitutively high with-
out treatment with any exogenous growth factor or ge-
netic manipulation. The mechanism of this overexpres-
sion is currently under investigation and may likely be a
response to the tumor microenvironment. Blanc-Brude
and colleagues®” demonstrated that targeting survivin
reduced tumor growth and angiogenesis in a breast can-
cer xenograft model; they did not, however, directly dem-
onstrate that the tumor vasculature was a target of sur-
vivin modulation. Our present study extends their work,
by showing conclusively that the tumor vasculature is the
direct target for anti-survivin activity, and TuBECs do
indeed express survivin. To support this, we analyzed the
tumor vasculature in primary cultures and in vivo and
showed that tumor-associated endothelial cells constitu-
tively overexpress survivin and that survivin reduction
sensitizes the tumor vasculature to drugs. Furthermore,
our data agree with their concept that survivin provides a
protective mechanism for the tumor microenvironment.

The function and mechanism of survivin has been
widely studied in various types of tumors.'#34738 Ele-
vated survivin levels correlate with poor patient prognosis
and likelihood of recurrence in many cancers, such as
hepatocellular,®® non-small cell lung,*® and breast*' car-
cinomas. Survivin has bi-functional roles; it drives cell
division and inhibits apoptosis, as reported in renal can-
cer carcinoma®? and lung cancer cells.®® Furthermore, in
vivo studies have suggested the role of survivin in the
tumorigenesis of melanomas.®* Survivin has been re-
ported to inhibit mitochondrial apoptosis, prevent the
incorporation of caspase-9 into the apoptosome, block
cytochrome ¢ release,?” and inhibit the effector caspases
3 and 7."" How survivin functions to protect endothelial
cells is still unclear. We show here that survivin protects
against cytotoxicity induced by VP-16, paclitaxel, and
thapsigargin by blocking the activation of caspase 7.
Caspase 4 cleavage and CHOP induction were also
clearly detected in TUBEC siSurv treated with thapsigar-
gin, a drug that directly triggers ER stress.?’ Caspase 4
and CHOP are specific mediators of ER stress-induced
apoptosis.?® This suggests that survivin may also protect
endothelial cells from the apoptotic pathway mediated
through the ER stress mechanism. Survivin protection
may therefore be dependent on the drug used to induce
cytotoxicity, because caspase 4 cleavage was detected
only with thapsigargin, and not with VP-16 or paclitaxel. In
contrast to the other drugs tested, reduction of survivin
protein slightly sensitized TuBECs to temozolomide. The
effect of temozolomide on the tumor vasculature is of
critical importance because this is the standard of care
for glioma therapy. These data suggest that optimal gli-
oma treatment using temozolomide alone may not be
sufficient, and may require the combination with an anti-
vascular agent. Thus, the function of survivin as a pro-
tective protein may differ depending on cell type and
drug action.

Survivin is an attractive target for cancer therapy be-
cause it is highly expressed in both cancer cells and the
tumor vasculature. We used both a genetic and pharma-
cological approach to reduce survivin in TUBECs. How-
ever, because lentiviral agents are not currently used in
the clinic, we tested a pharmacological agent, roscovi-
tine, a Cdk1 inhibitor®* that prevents the phosphorylation
of survivin and thereby decreases its stability. Co-treat-
ment with roscovitine enhanced the response of TUBECs
to VP-16, paclitaxel, and thapsigargin. VP-16 is used for
treating gliomas,*® and so combined administration of
this drug with roscovitine may be more efficient in treating
brain tumors because of the additional anti-angiogenic
effects. Our data are consistent with previous reports
using other Cdk1 inhibitors, such as Purvalanol A and
NU6140, which enhanced apoptosis in paclitaxel-treated
Hela cells.**“® Similar findings were obtained showing
that roscovitine enhanced cell death of glioma cells re-
sistant to TRAIL by reducing survivin.*¢ We show here
that decreased survivin can also enhance cytotoxicity of
the tumor-associated vasculature, thereby making this an
effective anti-vascular therapy.

Survivin had originally gained attention because it was
widely and specifically overexpressed in tumor cells and
promoted chemoresistance. Our studies reveal that sur-
vivin is also elevated in tumor-associated endothelial
cells and is a powerful anti-apoptosis agent for the tumor
vasculature. Thus anti-survivin therapy in combination
with conventional chemotherapy would target the tumor
vasculature as well as malignant cells, making this an
appealing approach for cancer treatment.
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