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Abstract

High-grade gliomas comprise the most malignant type of primary brain tumor and are relatively
frequent in adults. Recent studies have indicated that the loss of p16, an inhibitor of CDK4, promotes
the acquisition of malignant characteristics in gliomas. A correlation between overexpression of
urokinase-type plasminogen activator receptor (UPAR) and glioblastoma invasion has also been
established. Moreover, uPAR/integrin binding has been shown to initiate or potentiate integrin
signaling through focal adhesion kinase and/or src kinases. Our previous studies demonstrated that
downregulation of UPAR expression and restoration of p16 regress glioma growth in nude mice and
downregulate o3 integrin receptor expression. Here, we show the effect of a bicistronic construct
on a,B5 integrin receptor expression, angiogenesis and the biochemical pathway that causes glioma
cell death. The U251 glioblastoma and a glioblastoma xenograft cell line transduced with a
recombinant replication-defective adenovirus vector containing the cDNA of wild-type p16 and
antisense RNA of uPAR significantly inhibited human mammary epithelial cell capillary formation
and vascular endothelial growth factor (VEGF) expression. Inactivation of anti-apoptotic molecules
such as Akt, PARP, activation of caspases and accumulation of heteroduplex chromosomal DNA in
pre-G1 phase of the cell cycle was demonstrated by western blotting, caspase activity assay and
FACS analysis. Nuclear DNA fragmentation upon induction of apoptosis was scored using the
TUNEL assay. Significant downregulation of a5 integrin receptor expression was also confirmed
by FACS analysis, immunoprecipitation and RT-PCR. Taken together, the results demonstrate that
the sense p16 and anti-sense UPAR bicistronic construct significantly inhibits angiogenesis, induces
apoptosis by deregulation of the PI3K/Akt pathway and downregulates a, 5 integrin receptor
expression.
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Introduction

Gliomas account for more than 50% of all brain tumors and are by far the most common primary
brain tumors in adults (1). Genetic analysis suggests that there are at least two different types
of glioblastoma: the first type occurs in elderly patients with de novo glioblastoma. The second
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type is rarer, occurs in younger patients and is usually evolved from low-grade (WHO Grade
I1) or anaplastic astrocytomas (WHO Grade I11) (2,3). Unfortunately, conventional therapies
such as surgery, radiation, and chemotherapy have not shown much progress. Consequently,
there is a necessity to develop new therapeutic strategies such as dual antagonists to eliminate
gliomas completely.

Previous studies on glioblastomas have shown p16/CDKN2A gene deletion in approximately
60% of glioblastomas (4) and 69-87% in glioma cell lines (5-8). The p16!NK4a gene, which
is located on chromosome 9p21, encodes a protein of 156 amino acids comprising 4 ankyrin
repeats. The main biological function of p16'NK42 involves regulation of cell cycle progression
at the G1/S boundary. In addition to the regulation of cell cycle progression, p16/NK4a has been
implicated in other fundamental cellular processes, such as angiogenesis (9), cell senescence
(10), tumor invasion (11), cell spreading (12), and apoptosis (13,14).

UPAR, a glycosylphosphatidylinositol-linked membrane protein, plays a pivotal role in glioma
invasion by binding to uPA and focalizing proteolytic activity to the cell surface matrix (15).
Our earlier findings suggest that the uUPAR enhances glioma cell invasion, growth and
angiogenesis (16). However, recent studies have revealed that the uPAR can form lateral
associations with transmembrane integrins (17-23), and uPAR/integrin binding has been
shown to initiate and/or potentiate integrin signaling through focal adhesion kinase and/or src
kinases.

The formation of new blood vessels is essential for solid tumor growth and metastatic spread.
A family of heterodimeric transmembrane adhesion receptors known as integrin receptors
regulates these processes. The upregulation of integrins on glioma cells and the involvement
of integrin receptors in the process of tumor astrocyte migration have been studied extensively.
Immunohistochemical studies performed on frozen sections of glioblastoma periphery have
revealed increased expression of VEGF and oy fs5 integrin from the periphery to the tumor
center. However, similar studies have demonstrated constant expression of FGF-2 and o33
integrin (24). These findings suggest that FGF2 and VEGF may activate different angiogenic
pathways that require a3 and o, fBs, respectively.

Considering the roles of uPAR and p16 on glioma genesis, tumor invasion, angiogenesis and
the impact of uPAR on integrin signaling, we hypothesized that restoration of p16 expression
and downregulation of uPAR in glioblastoma cells through recombinant adenoviral constructs
may provide better therapeutic strategies to eradicate malignant gliomas. Our previous studies
have shown the anti-tumor and anti-invasion effects of the recombinant adenovirus carrying
sense p16 and antisense uPAR (Ad uPAR-p16) genes (25,26). Here, we report the effects of
the bicistronic construct on glioma angiogenesis, cell death, and o, Bs integrin receptor
expression.

Materials and Methods

Cell culture and adenovirus infection

U251 glioblastoma cancer cell line (U251) and glioblastoma xenograft cells (kindly provided
by Dr. David James, UCSF, San Francisco) were used in this study. U251 and glioblastoma
xenograft cells were grown in RPMI 1640 and DMEM/F12 supplemented with 10% FBS.
During the experimental period, cells were cultured in serum-free conditions on vitronectin-
coated plates and chamber slides as described previously (25,26). Briefly, after 24 h of culturing
on vitronectin-coated 100 mm tissue culture plates and chamber slides in serum-free
conditions, cells were infected with recombinant adenoviral constructs such as Ad-EV (empty
vector), Ad-uPAR (anti-sense UPAR), Ad-p16 (sense p16), and Ad-uPAR-p16 (anti-sense
UPAR and sense p16) in serum-free medium for 72 h.
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Western blotting

1x108 of U251 or glioblastoma xenograft cells, treated with 100 MOI of one of the recombinant
adenoviral constructs mentioned above, were sonicated in lysis buffer containing 50 mM Tris-
Hcl, 150 mM NacCl, 1% sodium deoxycholate, 0.1% SDS, 20 mM EDTA, 1 mM NaF, 1%
Triton X-100 (pH 7.4) as well as 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 ug/mL
aprotinin and 1 mM Nag(VOy). Extraction buffer (0.1 M Tris, pH 7.5, 1% Triton X-114, 10
mM EDTA, 1 mM PMSF and 10 pg/mL aprotinin) was used to prepare lysates for uPAR
immunoblotting. Equivalent amounts of total protein (30-50 ug per lane) were loaded onto 6—
15% acrylamide gels, resolved by electrophoresis and electrotransferred onto nitrocellulose
membranes. Membranes were blocked in Blotto buffer (5% skim milk in Tris-buffered saline-
Tween) for 1 h and subsequently incubated with primary antibodies (mouse anti-uPAR, anti-
phospho-FAK, anti-FAK, anti-phospho-Akt, anti-PI3K, anti-caspase-9, anti-caspase-3, anti-
VEGF and anti-GAPDH and rabbit anti-p16, anti-Akt, anti-Bcl-xL, anti-Bax, anti-pBAD, anti-
BAD, anti Cyt-C, anti-PARP; all at 1:1000) in Blotto for 14-16 h at 4°C. Primary antibodies
were detected with horseradish-peroxidase-conjugated goat 1gG raised against the
corresponding species in Blotto for 1 h at room temperature (goat anti-rabbit and goat anti-
mouse; all at 1:2000). Peroxidase activity was detected using the ECL Detection Kit (GE
Healthcare Bio-Sciences Corp, RPN-2106) and recorded on HyperFilm MP (GE Healthcare
Bio-Sciences Corp, RPN-1678k). Protein content was normalized against GAPDH level, which
was used as a loading control.

RNA isolation and semi-quantitative RT-PCR analysis

Total RNA from 1x10° cells treated with various viral constructs was isolated using the RNeasy
Mini Kit (QIAGEN, Cat #74134) and treated with RNAase-free DNAase to prevent genomic
DNA contamination. 0.5-0.8 g of total RNA were used for first strand cDNA synthesis in a
50 pL of reaction volume. Reaction was performed with the aid of Superscript One-Step RT-
PCR System with Platinum Tagq (Invitrogen Corporation, CA, Cat #10928-042) kit per
manufacturer’s instructions. PCR products on 2% agarose gels were stained with ethidium
bromide and visualized under UV trans-illumination. Primer pairs for cDNA amplification (in
the 5’-3' direction) were as follows: CTGTTCTCGCTTCGGAGGAG (forward) and
CCCAAGACAGCAGAAAGT TCATGGTTT (reverse) for human VEGF;
GTTGGGAGATTAGACAGAGGA (forward) and CAAAACAGCCAGTAGCAACAA
(reverse) for human a,, integrin subunit; ACTATCCATCCCTTGCCTTGCTTG (forward) and
GCAGTCCTTGGCGGT TTTGTAGAA (reverse) for g5 integrin subunit; and
CCACCCATGGCAAATTCC (forward) and CAGGAGGCATTGCTGATGAT (reverse) for
GAPDH. The expected fragment length of VEGF, ay, Bs integrin subunits and GAPDH was
382 bp, 288 bp, 1127 bp and 298 bp, respectively.

FACS analysis

Toanalyze the impact of p16 expression and uPAR downregulation on glioma cell death, U251
or glioblastoma xenograft cells were treated with various recombinant adenoviral constructs
as described previously. After 72 h of infection, cells were harvested, stained with propidium
iodide and sorted for sub-diploid DNA (apoptotic cell) content on Becton-Dickinson FACS
Calibur flow cytometer. To determine a, 5 integrin receptor expression, U251 or glioblastoma
xenograft (1x106) cells treated with recombinant adenoviral constructs were harvested, fixed
with 3% phosphate buffered formalin at room temperature for 20 min. These cells were
resuspended in PBS buffer containing 1% BSA and incubated with anti-o, 5 antibody (R&D
Systems, MAB2528) or control (mouse 1gG) antibody (Santa Cruz, sc-2025) at room
temperature for 1.5 h with gentle agitation. After three washes in PBS buffer containing 1%
BSA, cells were incubated with FITC-conjugated secondary antibody (Biomeda, SJ24065) at
room temperature for 1 h in the dark with gentle rotation. Later, cells were washed twice,
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resuspended in PBS Buffer and relative fluorescence was detected with an excitation
wavelength of 488 nm and emission wavelengths of 525 nm for Becton-Dickinson FACS
Calibur flow cytometer (Becton-Dickinson Immunocytochemistry Systems, CA).

Caspase 3 activity assay

Cell lysates were treated using a caspase 3 activity assay kit (EMD Biosciences, Catalog
#235418) according to the manufacturer’s instructions. The assays are based on the
spectrophotometric detection of chromophore p-nitroanilide (pNA) after cleavage from the
labeled substrate DEVD-pNA. Comparison of the absorbance of pNA allows the determination
of fold increase in caspase activity. 25 pg of lysates were added to the microtiter wells, and
reaction was initiated by adding 200 uM DEVD-pNA substrate. Protease activity was detected
in a microplate reader at 405 nm after every 15 min of incubation at 30°C. In parallel, 50 units
of purified caspase 3 incubated with 200 uM DEVD-pNA substrate were used as a positive
control and lysates incubated without DEVD-pNA substrate were used as a negative control.
Assay buffer consisting of 200 uM DEVD-pNA substrate was considered as a blank. Each
reaction was performed in quadruplicate and linear regression analysis was used to obtain the
slope. Average A4g5 0f 50 uM p-nitroaniline (pNA) in assay buffer was subtracted with average
Ayps of the blank and divided by the concentration of pNA (50 uM) and the product was
considered as a conversion factor. Graphs were constructed with caspase activities calculated
as follows: activity (pmol/min) = slope of sample reaction x conversion factor x assay volume
(100 pL).

TUNEL assay

To evaluate the apoptotic response of the UPAR-p16 bicistronic construct, we applied terminal
deoxynucleotidyl transferase (TdT)-mediated biotin-dUTP nick-end labeling (TUNEL)
technique using the commercially available TUNEL Apoptosis Detection Kit (Upstate USA,
Catalog #17-141). Briefly, 1.0x106 cells were seeded on vitronectin-coated chamber slides
and infected with Ad-EV, Ad-uPAR, Ad-p16 and Ad-uPAR-p16 constructs as mentioned
previously. After 72 h, cells were washed with PBS and fixed with 3% phosphate buffered
formalin. These cells were washed in PBS and incubated with 0.05% Tween-20, 0.2% BSA
in PBS for 15 min at room temperature. After washing in PBS, cells were incubated with TdT
end-labeling cocktail for 1 h and then the reaction was stopped with TB Buffer. Incorporated
biotin-dUTP was detected under a fluorescence microscope after probing with FITC-
conjugated avidin antibody.

In vitro angiogenesis assay

2x10% (U251 or glioblastoma xenograft cells) cells were seeded per well of eight-well chamber
slides and infected with the indicated MOI of Ad-EV, Ad-uPAR, Ad-p16 and Ad-uPAR-p16.
Infected cells were incubated for 24 h, medium was removed, and 4x10% human dermal
endothelial cells (HMEC) suspended in endothelial cell growth medium were seeded. After 72
h of incubation, cells were fixed in 3% phosphate buffered formalin, blocked in 3% BSA in
PBS and stained for factor VIII antibody (DAKO Corporation, Carpinteria, CA). Factor VIII-
stained cells were washed with PBS and incubated with FITC-conjugated secondary antibody
in the dark for 1 h. These cells were then washed and endothelial cell tube formation was
examined under a laser scanning confocal microscope. For H & E staining, conditioned
medium was collected from cells infected with the above recombinant viral constructs for 48
h. This medium was added to the HMEC (4x10%) cell monolayer and cultured for 72 h.
Thereafter, cells were stained with hematoxylin and eosin and endothelial cell network
formation was monitored under a laser scanning confocal microscope.
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Immunoprecipitation

Results

Surface-expressed proteins on U251 and glioblastoma xenograft cells were labeled as described
by Milner et al. (27,28). Briefly, 1x10° cells (infected with 100 MOI of Ad-EV, Ad-UPAR,
Ad- uPAR-p16 and Ad-p16 constructs for 72 h) were washed and labeled with 0.1 mg/mL
NHS-LC-Biotin (Pierce) in PBS at 37°C in a 5% CO, atmosphere for 1 h. Labeled cells were
washed and lysed in extraction buffer for 1 h on ice, followed by trituration and centrifugation
at 14,000 rpm at 4°C. Supernatants were pre-cleared by incubation with Protein A/G PLUS-
Agarose (Santa Cruz Biotechnology, #sc-2003) followed by mouse 1gG. Immunoprecipitations
were carried out overnight at 4°C on a rotating platform using 1 pL anti-integrin o5
monoclonal antibody/100 uL cell lysate (R&D Systems, MAB2528). The immune complexes
were allowed to bind to the protein A/G PLUS-Agarose (20 pL slurry) for 1 h at 4°C.
Immunoprecipitates were collected by centrifugation at 2,500 rpm for 5 min at 4°C. Pellets
were washed in PBS four times, each time repeating the centrifugation step described above.
After the final wash, the pellet was resuspended in 40 pL of 1X sample buffer, boiled for 3
min and 20 pL of the sample was analyzed by SDS-PAGE, electroblotting and biotin-labeled
proteins were detected with streptavidin-HRP on Hyper Film MP using ECL Detection Kit
(Amersham).

UPAR-p16 bicistronic construct restores p16 expression and specifically knocks down uPAR

expression

To express pl16 exogenously and inhibit UPAR expression, we used recombinant adenovirus
carrying p16 cDNA and uPAR anti-sense RNA made by Adachi et al. (26). Transfection of
cells with Ad-p16, Ad-uPAR and Ad-uPAR-p16 resulted in the overexpression of p16, a
reproducible decrease in UPAR expression in U251 and glioblastoma xenograft cell lines as
demonstrated by western blotting (Fig. 1A & 1B). Empty vector (EV) carrying neither p16
cDNA nor uPAR anti-sense RNA failed to show any impact on either p16 expression or UPAR
downregulation. The effect of recombinant adenoviral constructs used was highly specific in
that none of them showed affected unrelated protein GAPDH.

Apoptosis in bicistronic construct-treated glioma cells

Chromosomal DNA breakage and accumulation of damaged DNA in the pre-G1 phase of the
cell cycle is a hallmark of apoptotic cells. Thus, we quantitated DNA damage using Biotin-
dUTP labeling (TUNEL Assay) and the population of cells containing semi-diploid DNA
(FACS analysis). As shown in Figure 2 (A & B), a remarkably high number of cells treated
with the Ad-uPAR-p16 bicistronic construct were TUNEL-positive. Some of the cells treated
with Ad-uPAR and Ad-p16 were TUNEL-positive, but the number was considerably less than
that of the bicistronic construct-treated cells. In contrast, untreated cells and cells treated with
Ad-EV (empty vector) were completely TUNEL-negative. Propidium iodide-stained cells
analyzed on FACS (Fig. 2C & 2D) demonstrated that in the presence of a bicistronic construct,
the number of apoptotic cells was almost three times more than untreated or cells treated with
the empty vector (Ad-EV). The bicistronic construct has demonstrated more apoptotic potential
than either of the Ad-uPAR or Ad-p16 constructs. These results suggest that the glioma cells
are prone to apoptosis in the presence of p16 and in the absence of uPAR.

uPAR-p16 bicistronic constructinduces glioma cell death by inhibiting the PI3K/Akt pathway

Because glioma tumor cells survive by activating the PI3K-Akt cell survival pathway
constitutively, we chose to analyze this pathway in recombinant adenovirus-treated U251 and
glioblastoma xenograft cells following culture on vitronectin-coated plates. Inactivation of
PI13K-Akt pathway and induction of caspase-mediated intrinsic cell death were determined by

Int J Oncol. Author manuscript; available in PMC 2008 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nalabothula et al.

Page 6

comparing the amount of phospho proteins with the total amount of protein present and cleaved
fragments with the amount of full-length protein. As shown in Figures 3A & 3B, the Ad-uPAR-
p16 bicistronic construct significantly dephosphorylated FAK, Akt, and BAD proteins. In
contrast, the extent of dephosphorylation of FAK, Akt, and BAD proteins in Ad-uPAR and
Ad-pl6-treated cells was comparatively less than in bicistronic construct-treated cells.
Furthermore, untreated cells and cells treated with Ad-EV (empty vector) showed no effect on
the phosphorylation status of these proteins. A bicistronic construct treated cells have shown
slight increase in Bax protein expression, whereas no detectable change in BcL-xL protein
expression was observed in cells treated with any of the above constructs. In subsequent
experiments, significant increase in cytoplasmic cytochrome C, processing of caspase 9 and 3
into active forms, and cleavage of PARP were observed in Ad-uPAR-p16 treated cells as
compared to untreated cells. However, cells treated with either Ad-p16 or Ad-uPAR showed
a similar effect but the effect was considerably less than in cells treated with the Ad-uPAR-
p16 bicistronic construct. The Ad-EV (empty vector) had no effect on the activity of any of
the above proteins. This implies that glioblastoma cells under study (U251 and glioblastoma
xenograft cells) undergo apoptosis upon restoration of p16 and downregulation of uPAR by
inactivating the PI13K-Akt cell survival pathway and inducing the mitochondrial-dependent
intrinsic apoptotic pathway.

Restoration of p16 and downregulation of uPAR inhibits angiogenesis

Neovascularization is needed for oxygenation and growth of solid tumors. Moreover, gliomas
have been reported to be angiogenic. Thus, we have explored the impact of the bicistronic
construct on glioma angiogenesis. Endothelial cells, grown in the presence of U251 or
glioblastoma xenograft cells, exhibited extensive capillary-like structure formation (Fig. 4A-
D). In comparison, capillary-like structure formation by endothelial cells was progressively
decreased in bicistronic construct-treated U251 or glioblastoma xenograft cells in a dose-
dependent manner. 100 MOI of Ad-uPAR-p16 inhibited capillary formation by 100%; 100
MOI of Ad-uPAR and Ad-p16 could repress capillary formation by ~ 65% and 75% of control
subsequently. However, Ad-EV (empty vector) had no effect on endothelial cell capillary
formation.

VEGF is a widely studied growth factor for neovascularization. As such, we tested VEGF
expression in the presence of the Ad constructs. RT-PCR analysis have revealed
downregulation of VEGF mRNA expression in both cell lines treated with the bicistronic
construct (Fig. 4E & 4F). Cells treated with 100 MOI of the bicistronic construct have expressed
significantly lower levels of VEGF mRNA than cells treated with 100 MOI of either anti-sense
UPAR or sense p16 constructs. Besides, western blots have indicated decreased amounts of
VEGF protein (Fig. 4G & 4H) expression in a dose-dependent manner in both U251 cells and
glioma xenograft cells infected with the bicistronic construct. Thus, the effect of the bicistronic
construct on angiogenesis was more prominent than either Ad-p16 or Ad-uPAR. These results
further support the anti-angiogenic effect of Ad-uPAR-p16.

UPAR-p16 bicistronic construct downregulates a,Bs integrin expression

In the present study, the expression profile of o, s integrin was characterized by FACS, RT-
PCR and immunoprecipitation analyses. Untreated or Ad-EV infected cells (U251 or
glioblastoma xenograft cells) have emitted significantly higher amount of fluorescence than
background fluorescence. On the other hand, cells treated with the bicistronic construct have
emitted almost equal amount to the background fluorescence. These obsevations have
demonstrated significantly less o, pBs positive cells in Ad-uPAR, Ad-p16 and Ad-uPAR-p16
treated cells as compared to uninfected or Ad-EV-infected controls (Fig. 5A & 5B). Both cell
lines (U251 and glioblastoma xenograft cells) have shown considerable down regulation of
ayPs protein expression (Fig. 5C & 5D) as well as mRNA expression (Fig. 5E & 5F) in the
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presence of the bicistronic construct. The a, 5 integrin protein and mRNA expression profiles
further support the proposition that the bicistronic construct downregulated a5 integrin
receptor expression in glioma cells.

Discussion

Glioblastomas are highly malignant tumors of the central nervous system that are resistant to
radiation and chemotherapy. Initial efforts, focused on the use of single agents, directed at
specific molecular targets have been disappointing. Moreover, it is clear that the complexity
and cross-talk between signal transduction pathways limits the potential efficacy of targeting
a single receptor or molecule. Therefore, the development of a combination of molecularly
based therapies with multiple inhibitors or a combination of these pathway-specific treatments
for gliomas holds the promise for an effective means of combating the disease. Two fields that
are particularly important in this regard are angiogenesis, where the hope is that interfering in
the tumor’s blood supply will not only remove existing lesions but also prevent their recurrence,
and apoptosis, which would produce particularly potent therapies if one could selectively turn
on the machinery of cellular self-destruction in the cancer. p16 has been known to regulate the
G1-S phase transition of the cell cycle, angiogenesis and UPAR is needed for glioma tumor
metastasis. Hence, we designed an adenoviral bicistronic construct (Ad-uPAR-p16), which
expresses p16 and downregulates uPAR, to induce glioma cell death and inhibit angiogenesis.
We have already shown that the Ad-uPAR-p16 bicistronic construct regresses glioma tumors
and inhibits tumor invasion (25,26). In the present study, we report the effect of the bicistronic
construct on glioma angiogenesis, integrin receptor expression and the molecular mechanism
that turns off the glioma self-defense mechanism.

A number of recent studies demonstrated that PI3K-Akt pathway prevents glioma cell
apoptosis. As such, we presumed that the Ad-uPAR-p16 bicistronic construct may cause
glioma cell death through inhibition of the PI3K-Akt cell survival pathway. In the present
study, we observed significant dephosphorylation of FAK, Akt, BAD, and activation of the
caspase pathway (i.e., release of cytochrome C, activation of caspases 9 and 3, and inactivation
of PARP) in Ad-uPAR-p16-treated cells. We also observed increased accumulation of sub-
diploid DNA in pre-G1 phase of the cell, elevated active caspase 3 levels and TUNEL-positive
cells after treatment with Ad-uPAR-p16. A central control point for the induction of apoptosis
is the permeabilization of the mitochondrial outer membrane potential (MOMP), leading to
the release of cytochrome C and other proteins residing in the mitochondrial intermembrane
space. Within ashorttime, MOMP is followed by apoptosome formation and caspase activation
resulting in apoptosis (29). BAD is one member of a group of “BH3 domain only” proteins
that appears to transduce death signals via heterodimerization to the Bcl-XL (anti-apoptotic)
family of death regulators (30-33). However, Akt (a cell survival factor) has been reported to
prevent permeabilization of MOMP by phosphorylation and inhibition of the pro-apoptotic
effect of BAD (34-36). Recent studies have shown FAK/PI3K complex formation and
suggested that FAK is the upstream signal protein of the PI3K-Akt pathway in glioblastoma
cells (37-39). Based on the above available information and our present observations, we
conclude that the Ad-uPAR-p16 bicistronic induces glioblastoma cell apoptosis through
dephosphorylation of FAK, Akt, BAD and induction of the mitochondrial-dependent intrinsic
caspase pathway (Fig. 6).

A variety of factors including vascular endothelial growth factor (VEGF), platelet derived
growth factor (PDGF), fibroblast growth factor (FGF), and angiopoietins have been suggested
to play a role in angiogenesis in solid tumors. Among all of these factors, VEGF has been
identified as a potential tumor angiogenesis factor in human gliomas (40). Since angiogenesis
is needed for the survival of solid tumors, targeting angiogenesis would certainly provide a
better answer for glioma therapy. Here, we studied the effect of Ad-uPAR-p16 on glioma
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angiogenesis in addition to its ability to induce glioma cell death. To ascertain the effect of
Ad-uPAR-p16 on angiogenesis, we performed a tube assay and tested expression levels of
VEGF, which induces neovascularization, at the mRNA and protein levels. Earlier studies have
shown partial inhibition of glioma tumor angiogenesis upon restoration of p16 (9). In the
present study, endothelial cells grown in the presence of conditioned medium collected from
Ad-uPAR-pl6-treated glioblastoma cells did not form capillary-like structures. Moreover, we
observed complete downregulation of VEGF mRNA as well as VEGF protein in the presence
of Ad-uPAR-p16. Based on these results, we report that Ad-uPAR-p16 completely inhibits
glioma tumor angiogenesis.

Several studies have investigated the role of integrins in glioma tumor metastasis, angiogenesis
and signal transduction. A recent study by Bello et al. (16,24) has shown a correlation between
ayBs integrin and VEGF, a pro-angiogenic molecule expression. In the present study, using
FACS, RT-PCR and immunoprecipitation analyses, we also observed the downregulation of
ayPs integrin receptor expression in the presence of Ad-uPAR-p16. The inhibition of
endothelial capillary-like structure formation, the downregulation of VEGF and a5 integrin
receptor expression upon restoration p16, and the antisense-mediated downregulation of uPAR
suggest that the Ad-uPAR-p16 bicistronic construct inhibits glioma tumor angiogenesis
through downregulation of a5 integrin receptor expression.

Based on all of these results, we conclude that Ad-uPAR-p16-mediated downregulation of
UPAR and restoration of p16 expression in gliomas induces glioma cell apoptosis through
inhibition of PI3K-Akt self defense mechanism and induction of caspase-mediated
mitochondrial intrinsic apoptotic pathway. Moreover, these results also suggest that Ad-uPAR-
p16 inhibits angiogenesis and downregulates a, 5 integrin receptor expression in glioblastoma
cells.
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Figure 1. Western blot analysis of p16 expression and uPAR downregulation

U251 and glioblastoma xenograft cells were treated with 100 MOI of each indicated
recombinant virus and lysates were analyzed on western blots for p16 expression and uPAR
downregulation. (A) U251 cell lysates, treated with Ad-EV, Ad-uPAR, Ad-p16 and Ad-uPAR-
p16, were probed with human anti-uPAR and anti p16 antibodies as described in Materials &
Methods. (B) Ad-EV, Ad-uPAR, Ad-p16 and Ad-uPAR-p16-treated glioblastoma xenograft
cell lysates were probed with human anti uPAR and anti-p16 antibodies as described above.

Int J Oncol. Author manuscript; available in PMC 2008 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nalabothula et al. Page 13

U251 Cells Glioblastoma Xenograft Cells
E B F

I

w0

Control

Counts _

o

'i=L2-Rrea'c - ==
FL2-Area

@ 1o
-

Counts _

g

FLz-Area “FlzAres”

Ad-uPAR

Counts

i

) [ W
5 ;; S0

»' w w
FL2-Area

" FL2-Area

Ad-uPAR-p16

. Counts _

.

o
1[

satiiscnl
KZ-Area " FL2-Area

Ad-p16

Counts

FL2-Area " FL2-Area

D

.. Counts
:ﬁ[-—

0. . . . .>

4004
3504
3004
250+
200+
1504
=~ 1004
504

Apoptotic Cells

(% of Cantrol)
N TS
w Do mB & o
o O O O O © O O
T T T T S N -]

o

Control }-1
Ad-EV H

Ad-uPAR ]-I

Ad-uPAR-p16 |-I
Apoptotic Cells
% of Control)
o
Control I-I

Ad-EV |'|
Ad-uPAR H
Ad-uPAR-p16 |~|

Ad-p16
Ad-p16

Figure 2. Ad-uPAR-p16 bicistronic construct induces U251 and glioblastoma xenograft cell death
In situ DNA end-labeling. U251 and glioblastoma xenograft cells were infected with the
indicated viruses. Later, fixed cells were washed and incubated with TdT end-labeling cocktail
for 1 h and then the reaction was stopped with TB buffer. Fluorescein-stained DNA strand
breaks were detected using fluorescence microscopy after probing with FITC-conjugated
avidin antibody. (A) and (B) are fluorescence images of untreated and treated U251 and
glioblastoma xenograft cells subjected to TUNEL assay, respectively. FACS analysis. U251
and glioblastoma xenograft cells were treated with the indicated viruses. These cells, harvested
by trypsinization, were then stained with Pl and apoptosis was determined by FACS analysis.
(C) and (D) are histograms generated by plotting the sub-G1 population of untreated cells
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versus the sub-G1 population of treated cells. Data are expressed as the means + S.D. of three
independent experiments. (E) and (F) are representative flow cytometry histograms.
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Figure 3. Effect of uPAR-p16 bicistronic construct on PI3K/Akt signal transduction pathway
Cell lysates of serum-starved U251 and glioblastoma xenograft cells infected with Ad-EV, Ad-
UPAR, Ad-uPAR-p16 and Ad-p16 were prepared. Active and inactive forms of molecules
involved in the PI3K/Akt cell survival pathway molecules were detected on western blots as
described in Materials & Methods. Western blot analyses of molecules involved in the PI3K/
Akt pathway in (A) U251 cells and (B) glioblastoma xenograft cells. Quantitative estimation
of caspase 3 activity. Cell lysates prepared from various recombinant virus-treated cells were
quantitated for active caspase 3 levels using spectrophotometric detection of chromophore p-
nitroanilide (pNA) at 405 nm as described in Materials & Methods. Caspase 3 activity (pmol/
min) was plotted against cell lysates treated with indicated virus. Data represent = S.D. from
three independent experiments performed in quadruplicate. Histograms represent quantitative
estimation of active caspase 3 levels in treated and untreated (C) U251 cells and (D)
glioblastoma xenograft cells. Reaction consisting of 200 uM DEVD-pNA substrate and 50
units of purified caspase 3 was used as a positive control and lysates containing no DEVD-
pNA was used a negative control.
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Figure 4. In vitro angiogenesis

H & E staining. Endothelial cells were grown in conditioned medium, collected from U251
and glioblastoma xenograft cells infected with indicated adenoviral constructs as described in
Materials & Methods, for 72 h. Then, the cells were stained with hematoxylin and eosin and
capillary network formation was observed under a laser scanning confocal microscope. (A)
Endothelial cell network formation in the presence of conditioned medium collected from
indicated recombinant virus-treated U251 cells. (B) Endothelial cell network formation in the
presence of conditioned medium collected from indicated recombinant virus-treated
glioblastoma xenograft cells. Factor VIII staining. U251 and glioblastoma xenograft cells,
seeded in eight-well chamber slides, were incubated overnight and infected with the indicated
MOI of Ad-EV, Ad-uPAR, Ad-uPAR-p16 or Ad-p16 virus. After a 24 h infection period, the
cells were co-cultured with HMEC cells in endothelial cell growth medium for 72 h. Then, the
HMEC cells were stained for endothelial cell marker (Factor V111) and network formation was
examined under a confocal scanning laser microscope. (C) U251 cells treated with indicated
recombinant virus were co-cultured with HMEC cells and stained for Factor VIII. (D)
Glioblastoma xenograft cells treated with indicated recombinant virus were co-cultured with
HMEC cells and stained for Factor VIII. RT-PCR analysis of VEGF mRNA expression in the
presence of indicated recombinant virus in U251 (E) and glioblastoma xenograft cells (F),
respectively. Western blot analyses of VEGF protein expression in U251 (G) and glioblastoma
xenograft cells (H) treated with the indicated recombinant adenovirus, respectively.
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Figure 5. uPAR-p16 bicistronic construct downregulates a5 integrin receptor expression

(A) U251 and glioblastoma xenograft cells were infected with the indicated virus and the
surface-localized a5 integrin receptor was probed with anti a5 integrin monoclonal
antibody incubation. After incubation with FITC-conjugated goat anti-mouse secondary
antibody, cell surface expression levels of ayfs integrin receptor were analyzed by measuring
relative fluorescence intensity on Becton-Dickinson FACS Calibur flow cytometer. (A) and
(B) are representative flow cytometric histograms for a5 integrin receptor in U251 and
glioblastoma xenograft cells, respectively. Immunoprecipitation analysis of a, 5 integrin
expression. Cell lysates, prepared from the indicated recombinant adenovirus-infected cells,
were immunoprecipitated with anti-integrin a5 antibody. Above biotin-labeled immune
complexes purified from protein A/G PLUS-Agarose were detected with streptavidin-HRP on
Hyper Film MP with the aid of ECL Detection Kit. ayf5 integrin receptor protein expression
in U251 (C) and glioblastoma xenograft cella (D), respectively. RT-PCR analysis of o5
mRNA expression. Total RNA of cells treated with various recombinant viral constructs were
subjected to RT-PCR using Superscript One-Step RT-PCR System with Platinum Taq kit. See
Materials & Methods for details. (E) RT-PCR analysis of a,5 integrin mRNA expression in
U251 cells. (F) RT-PCR analysis of o, 5 integrin mMRNA expression in glioblastoma xenograft
cells. Housekeeping gene (GAPDH) mRNA expression levels were used as controls.
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Figure 6. Schematic representation of Ad-uPAR-p16 mediated apoptotic pathway in glioma cells
(A) Tumor cell survival mechanism by Akt-mediated BAD phosphorylation followed by
14-3-3 chaperon-mediated pBAD degradation. (B) Tumor cell death mechanism in the
presence of sense-p16 and antisense-uPAR bicistronic construct via inhibition of pAkt-
mediated BAD phosphorylation followed by activation of caspase-mediated cell death.
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