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Abstract Purpose:The inductionof apoptotic pathways in cancer cells offers a novel andpotentially useful
approach to improve patient responses to conventional chemotherapy. Tissue factor pathway
inhibitor-2 (TFPI-2) is a protease inhibitor that is abundant in the extracellular matrix and highly
expressed in noninvasive cells but absent or undetectable in highly invasive human glioblastoma
cells.
Experimental Design: Using a recombinant adeno-associated viral vector carrying human
TFPI-2 cDNA, we stably expressed TFPI-2 in U-251cells, a highly invasive human glioblastoma
cell line. Our previous studies showed that restoration ofTFPI-2 in glioblastomas effectively pre-
vents cell proliferation, angiogenesis, and tumor invasion. In this study, we determined whether
TFPI-2 restoration could induce apoptosis through the caspase-mediated signaling pathway.
Results: The results from nuclear chromatin staining, terminal deoxynucleotidyl transferase ^
mediated dUTP nick end labeling assay, and fluorescence-activated cell sorting analysis showed
increased apoptosis in U-251cells after restoration ofTFPI-2. Caspase-9 and caspase-3 activity
assays showed increased activity, indicating enhanced apoptosis. Immunofluorescence for
cleaved caspase-9 and caspase-3 depicted increased expression and colocalization of both
molecules.Western blot analysis showed increased transcriptional activities of Fas ligand, tumor
necrosis factor-a, Bax, Fas-associated death domain, and tumor necrosis factor receptor 1^
associated death domain as well as elevated levels of cleaved caspases and poly(ADP-ribose)
polymerase. Semiquantitative reverse transcription-PCR depicted increased expression of tumor
necrosis factor-a and Fas ligand and the related death domains tumor necrosis factor receptor
1^ associated death domain and Fas-associated death domain.
Conclusions:Taken together, these results show that restoration ofTFPI-2 activates both intrin-
sic and extrinsic caspase-mediated, proapoptotic signaling pathways and induces apoptosis in
U-251cells. Furthermore, our study suggests that recombinant adeno-associated viral vector ^
mediated gene expression offers a novel tool for cancer gene therapy.

Glioblastomas are highly invasive and aggressive primary
brain tumors associated with a dismal prognosis (1). Glioblas-
tomas comprise 23% of primary brain tumors in the United
States and are the most commonly diagnosed brain tumor in
adults (2). The median survival of patients with glioblastoma
treated with surgery, radiotherapy, and chemotherapy is from

10 to 22 months (3). Although the understanding of the
pathophysiology of gliomas has increased significantly over the
past few years, an effective treatment has not been developed
for this type of cancer. Limits in the efficacy of current
treatment modalities call for the development of novel
therapeutic approaches targeting the specific biological features
of glioblastomas.

Human tissue factor pathway inhibitor-2 (TFPI-2) is a
Kunitz-type proteinase inhibitor that acts against a wide range
of serine proteases through their nonproductive interaction
with a P1 residue in its first Kunitz-type domain (4). A wide
variety of cells, including keratinocytes (5), dermal fibroblasts
(5), smooth muscle cells (6), synoviocytes (7), and endothelial
cells (8), synthesize and secrete TFPI-2 primarily into the extra-
cellular matrix (ECM). Three isoforms of TFPI-2 are synthesized
by these cells and migrate with an apparent molecular weight of
33, 31, and 27 kDa due to differential glycosylation (9). TFPI-2
exhibits strong inhibitory activity toward a broad spectrum of
proteinases, including trypsin, plasmin, chymotrypsin, cathep-
sin G, plasma kallikrein, and the factor VIIa-tissue factor com-
plex. In contrast, TFPI-2 exhibits little or no inhibitory activity
toward urokinase-type plasminogen activator, tissue-type
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plasminogen activator, and a-thrombin (10). Recent studies
have shown that TFPI-2 expression plays a significant role in
inhibiting tumor invasion and metastasis by a mechanism that
involves its inhibitory activity (11–13). However, little is
known about the role of TFPI-2 in the induction of apoptotic
pathways in glioblastomas.
Apoptosis, the programmed cell death, is critical for the

development and maintenance of healthy tissues. There are two
alternative pathways that initiate apoptosis: one is mediated by
death receptors on the cell surface and the other is mediated by
mitochondria (14, 15). Fas ligand (FasL) and tumor necrosis
factor (TNF)-a play important roles by rapidly inducing
apoptosis under numerous physiologic and pathologic con-
ditions (16). On ligand activation to their receptors, Fas and
TNF receptor (TNFR) 1 associate with death domain containing
adaptor proteins Fas-associated death domain (FADD) and
TNFR1-associated death domain (TRADD), which contain a
death domain homologous region (17, 18). FADD has a
COOH-terminal death domain interacting with the cytoplasmic
tail of the membrane receptor and an NH2-terminal death
effector domain interacting with the caspase-8 (19). Clustering
of the receptors on stimulation causes FADD to oligomerize
caspase-8 and triggers a caspase-mediated signaling pathway.
Caspase-8 subsequently activates downstream effector caspases,
such as caspase-3, resulting in the cleavage of proteins involved
in the execution of apoptosis. Alternatively, apoptosis driven by
TNFR1 binding to TRADD involves association of TRADD and
FADD, which then leads to activation of caspase-8 (20).
Further, overexpression of TRADD leads to nuclear factor-nB
activation and apoptosis in the absence of TNFR1 (21).
Proapoptotic stimuli, such asDNAdamage and oxidative stress,

require a mitochondrial-dependent step that involves the release
of cytochrome c, which is normally located in the intermembrane
space (22, 23). Liberated cytochrome c then initiates formation of
an apoptosome along with apoptotic protease-activating factor-1
in the presence of adenosine nucleotides (22, 24). The apopto-
some processes procaspase-9 into a large active fragment and a
small fragment by self-cleavage at Asp315 and then initiates a
sequential pathway that ends with DNA fragmentation and
eventual apoptosis (25–27). In contrast, apoptosis-inducing
factor translocates from mitochondria via the cytoplasm to the
nucleus where it interacts with DNA and causes nuclear
condensation and DNA fragmentation (23). Thus, the mitochon-
drial apoptotic pathway involves both caspase-dependent and
caspase-independent processes in apoptotic cell death. The
pathophysiologic roles of the apoptotic signaling pathway have
recently been identified in several human tumors, including
glioblastomas (28–31). In the present investigation, we selected
an established glioblastoma cell line, U-251, where TFPI-2
expression is totally absent due to the aberrant hypermethylation
of TFPI-2 promoter CpG islands.We restored TFPI-2 protein levels
in U-251 cells through an adeno-associated viral vector carrying
TFPI-2 gene and evaluated the effect of restored TFPI-2 on the
signaling of cell surface death receptors as well as mitochondrial-
mediated proapoptotic pathways.

Materials andMethods

Cloning of human TFPI-2 cDNA

The procedures for the cloning and purification of the recombinant
adeno-associated viral vector carrying human TFPI-2 cDNA (rAAV-TFPI-

2) used in the present study have been described previously (13).
Briefly, the entire coding region (a 0.8-kb fragment) of the human
TFPI-2 gene was cloned into the adeno-associated viral vector (pCMV-
MCS) at the BamH1 site. The plasmids were propagated in JM109-
competent (Promega Corp.) Escherichia coli strain. The viral vector
particles were propagated in the AAV-293 cell line (Stratagene), which
produces higher viral titers. The viral preparation was purified by
ultracentrifugation using an iodixanol density gradient system.

Cell culture conditions

The highly invasive human glioblastoma cell line U-251 was

procured from the National Cancer Institute. The cells were propagated

in RPMI 1640 (Mediatech) supplemented with 10% fetal bovine serum

in a humidified atmosphere containing 5% CO2 at 37jC. rAAV-TFPI-2
was suitably diluted in serum-free medium at concentrations of 25, 50,

and 100 multiplicities of infection (MOI). The virus particles were

reconstituted in a minimum volume of serum-free medium and added

to the cell monolayers. Cells were then incubated at 37jC for 1 to 2 h to

complete the transduction of virus particles into the cells. The serum-

free medium was replaced with serum-containing medium and cells

were incubated for desired times.

Western blot analysis for TFPI-2

ECM proteins were extracted from U-251 parental cells—cells

transfected with an empty viral vector or with 25, 50, and 100 MOI

of rAAV-TFPI-2. ECM proteins were also extracted from Hs 683 cells, a

low-grade, noninvasive astrocytoma (procured from the American Type

Culture Collection); the Hs 683 cells were used as a standard for TFPI-2,

as these cells highly express TFPI-2. All the cell cultures were treated

with 200 nmol of phorbol 12-myristate 13-acetate (Cell Signaling

Technology) per milliliter of the culture medium overnight. The

cultures were washed with PBS thrice and then lysed with PBS

containing 0.5% Triton X-100 (v/v) for 20 min at room temperature.

After aspirating the Triton X-100 along with the lysed cells, the

remaining ECM was washed thrice with PBS and then twice with

20 mmol/L Tris-HCl (pH 7.4) containing 100 mmol/L NaCl and 0.1%

(v/v) Tween 20. The culture dishes were then examined under a light

microscope and ensured that no visible cells were present in the dishes.

To collect ECM proteins, 200 AL of 1� SDS-PAGE sample buffer were

added to each dish and agitated for 20 min at room temperature. About

30 AL of these extracts were resolved on 12% SDS-PAGE and the

proteins were subsequently transferred to a nitrocellulose membrane

(Bio-Rad Laboratories). The membranes were blocked with 10% nonfat

dry milk and incubated overnight at 4jC with anti-TFPI-2 antibody

diluted at 1:3,000 (kindly provided by Dr. Walter Kisiel, University of

New Mexico, Albuquerque, NM). After three washes, the membranes

were incubated with a 1:5,000 diluted peroxidase-conjugated secondary

antibody (Biomeda). TFPI-2 proteins were developed using an

enhanced chemiluminescence method according to the manufacturer’s

instructions (Amersham Biosciences). The Western blots were quanti-

fied using Image-Pro Discovery software (Media Cybernetics) to

evaluate the percentage restoration of TFPI-2 protein levels in U-251

cells.

Nuclear chromatin staining for apoptosis

Double nuclear staining was carried out to study the induction of
apoptosis in U-251 cells after restoration of TFPI-2. U-251 parental cells
were cultured on 12-well culture dishes at a density of 2 � 104 per well.
After 24 h, the cells were transfected with rAAV-TFPI-2 at concentrations
of 25, 50, and 100 MOI in serum-free medium for 2 h. We used an
empty vector transfected at 100 MOI for the vector control. The serum-
free medium was replaced with serum-containing medium and the
cultures were incubated for 48 h. The cells were removed from the
incubator and 2 AL (2 Ag) of Hoechst 33342 (Invitrogen) were added
per milliliter of culture medium. The cells were mixed gently and
incubated for 15 min. Afterwards, 10 AL (concentration, 100 mg/mL)
of membrane-impermeable propidium iodide (Calbiochem, EMD
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Biosciences) were added per milliliter of culture medium, mixed gently,
and allowed to stand for 1 min. The cells were then observed under a
fluorescent microscope (Olympus BX61) using the RGB filter and
photographed.

Terminal deoxynucleotidyl transferase–mediated dUTP nick

end labeling assay

The terminal deoxynucleotidyl transferase–mediated dUTP nick end

labeling (TUNEL) assay was done to detect apoptotic cells after

transfection with rAAV-TFPI-2. U-251 parental cells were cultured on

eight-well chamber slides at a density of 2 � 103 per well. Twenty-four

hours later, the cells were transfected with rAAV-TFPI-2 at concen-

trations of 50 and 100 MOI in serum-free medium. We used an empty

vector transfected at 100 MOI for the vector control. The cultures were

terminated at 48 h after transfection, and the cells were fixed in 10%

phosphate-buffered formalin for 15 min. TUNEL staining for detection

of apoptotic cells was done using the TUNEL Apoptotic Detection kit

(Upstate Cell Signaling Solutions) as per the manufacturer’s instruc-

tions. Briefly, the fixed cells were washed in PBS thrice (5 min/wash).

The cells were then incubated with 0.05% Tween 20 in PBS containing

0.2% bovine serum albumin for 15 min at room temperature. The cells

were washed twice in PBS and incubated with 50 AL of terminal

deoxynucleotidyl transferase end-labeling cocktail for 60 min at room

temperature. The reaction was terminated, and slides were washed

thrice in PBS and blocked with blocking buffer for 20 min at room

temperature. Then, the slides were incubated with 50 AL of avidin-FITC

in the dark for 30 min at room temperature, washed thrice in PBS, and

mounted with antifading gel mount (Biomeda). Slides were allowed to

dry in the dark, observed under a fluorescent microscope (Olympus

BX61), and photographed. Fluorescent apoptotic cells were quantita-

tively evaluated (10 randomly selected microscopic fields per sample)

using Image-Pro Plus software (Media Cybernetics).

Fluorescence-activated cell sorting analysis

Fluorescence-activated cell sorting (FACS) based on DNA fragmen-
tation was done to determine the percentage of apoptotic cells after

TFPI-2 restoration. U-251 parental cells were cultured on six-well plates
(Corning Life Sciences) at a density of 1 � 105 per well. After 24 h, the
cells were transfected with rAAV-TFPI-2 at concentrations of 50 and 100
MOI in serum-free medium. An empty viral vector transfected at a

concentration of 100 MOI was used as a vector control. The cells were
harvested at 48 h after transfection using TrypLE Express (Invitrogen)
and washed once with PBS. The cells were then dispersed in 1 mL of
membrane-permeable propidium iodide (50 Ag/mL; BioSure) and

incubated for 20 to 30 min in the dark at 4jC. The cells were sorted on
a FACS machine (FACSCalibur, Becton Dickinson), and the DNA
content was analyzed based on the red fluorescence of propidium
iodide at 488 nm. Data are represented in a dot plot graph and FACS

histogram.

Fluorometric protease activity assay

Protease activity assay was carried out to measure the increased
enzymatic activity of caspase-9 after TFPI-2 restoration in U-251 cells.
The assay is based on detection of cleavage of the fluorescent-tagged
peptide Leu-Glu-His-Asp-7-amino-4-trifluoromethylcoumarin by cas-
pase-9. U-251 parental cells were cultured in 100-mm plates (Corning
Life Sciences) at a density of 1 � 106 per plate. After 24 h, the cells were
transfected with rAAV-TFPI-2 at concentrations of 50 and 100 MOI in
serum-free medium. A simultaneous transfection was carried out with
an empty viral vector at a concentration of 100 MOI to use as a vector
control. The cells were harvested at 48 h after transfection and counted.
The caspase-9 activity assay was done using a fluorometric protease
activity assay kit (BioVision Research Products) as per the manufac-
turer’s instructions. Briefly, approximately 2 � 106 cells were suspended
in chilled lysis buffer and incubated with 5 AL of 1 mmol/L Leu-Glu-
His-Asp-7-amino-4-trifluoromethylcoumarin and incubated at 37jC for
2 h. The final fluorescent product was measured on a fluorometer

(Fluoroskan Ascent FL, Thermo Labsystems) with a 390 nm excitation
filter and 510 nm emission filter. The assay was carried out in four
independent samples in duplicate, and the data were quantitatively
represented as percentage activity of caspase-9.

Activity assay for caspase-3

The activity assay for caspase-3 (colorimetric) was done using a kit

(Sigma) as per the manufacturer’s instructions. The cells were cultured

and transfected with rAAV-TFPI-2 as described above. The harvested

cells were transferred to 96-well plates and treated with the caspase-3

peptide substrate conjugated with p-nitroaniline (Ac-DEVD-pNA), and

the release of the p-nitroaniline by caspase-3 was measured on a

microplate reader at 405 nm. The assay was carried out in four

independent samples in triplicate. Data are quantitatively represented

as percentage activity of caspase-3.

Double immunofluorescent staining

U-251 parental cells were cultured on eight-well chamber slides at a

density of 2 � 103 per well. After 24 h, the cells were transfected with

rAAV-TFPI-2 at concentrations of 50 and 100 MOI in serum-free

medium. We used an empty viral vector transfected at a concentration

of 100 MOI for the vector control. The cultures were terminated at 48 h

after transfection, and cells were fixed in cold acetone for 10 min. Cells

were then washed twice in PBS and blocked with 1% bovine serum

albumin in PBS for 30 min. The cells were then treated with 1:50

diluted (1% bovine serum albumin in PBS) goat polyclonal human-

specific cleaved caspase-9 (Santa Cruz Biotechnology) and 1:200

diluted rabbit monoclonal anti-human cleaved caspase-3 (Cell Signal-

ing Technology) primary antibodies simultaneously and incubated

overnight at 4jC. The cells were then washed thrice in PBS and

incubated with Texas red–conjugated anti-goat (Biomeda) and FITC-

conjugated anti-rabbit (Biomeda) secondary antibodies at room

temperature for 1 h. The cells were further washed and treated with

1:100 diluted Hoechst 33342 for 5 min at room temperature for nuclear

counterstaining. Cells were mounted with antifading gel mount and

examined under a fluorescent microscope (Olympus BX61) using both

dsRed and green fluorescent protein filters for the expression of cleaved

caspase-9 and cleaved caspase-3, respectively. The pictures were then

merged electronically with Hoechst 33342 staining using Spot

Advanced software (Meyer Instruments).

Western blot analysis for molecules involved in the caspase-

mediated apoptotic pathway

Preparation of cell lysate. U-251 parental cells were cultured in
100-mm plates at a density of 1 � 106 per plate. After 24 h, the cells
were transfected with rAAV-TFPI-2 at concentrations of 50 and 100
MOI in serum-free medium as described above. An empty vector was
transfected at a concentration of 100 MOI and used as a vector
control. All the cultures were terminated after 48 h. The cells were
washed twice with ice-cold PBS and scraped with 1 mL PBS. Cells
were centrifuged at 12,000 rpm for 10 min at 4jC in an Eppendorf
centrifuge. The supernatant was discarded and the cell pellet was
suspended in freshly prepared radioimmunoprecipitation assay buffer
with protease inhibitors [50 mmol/L Tris-HCl (pH 7.4) containing
1% NP40, 150 mmol/L NaCl, 1 mmol/L activated sodium orthova-
nadate, 1 mmol/L sodium fluoride, 1 mmol/L phenylmethylsulfonyl
fluoride, 1 mmol/L EDTA, 5 Ag/mL aprotinin, and 5 Ag/mL pepstatin]
and sonicated gently in an ultracell disruptor (Sonic Dismembrator,
Fisher Scientific). Cells were centrifuged at 14,000 rpm for 10 min at
4jC and the supernatants were collected. The protein concentration
in the supernatant was determined using bicinchoninic acid (Pierce
Biotechnology) protein assay as described by Smith et al. (32). The
samples were stored at -20jC until assayed. To measure released
cytochrome c levels, mitochondria were isolated from the total cell
lysate using the mitochondria isolation kit for cultured cells (Pierce
Biotechnology) and the cytosol fraction was used to determine
cytochrome c levels.
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Western blot analysis. Protein concentrations ranging from 5 to

100 Ag were used for analysis of various molecules involved in the

caspase-mediated apoptotic pathway after prior standardization of each

molecule. The protein samples were mixed with 6� loading buffer

containing 600 mmol/L DTT. The samples were kept in a boiling water

bath for 3 min and instantly loaded on SDS-polyacrylamide gel ranging

from 7% to 12% depending on the molecular weight of the protein. The

separated proteins were electrophoretically transferred to a nitrocellu-

lose membrane. The membranes were treated with 10% nonfat dry milk

for 30 min at room temperature to block the nonspecific sites. The

membranes were then incubated overnight at 4jCwith either polyclonal

or monoclonal human-specific antibodies for various protein mole-

cules. All antibodies were diluted at either 1:1,000 or per manufacturer’s

instructions in 5% nonfat dry milk. The antibodies for caspase-9,

caspase-8, caspase-7, caspase-6, caspase-3, lamin A, Bcl-2, apoptotic

protease-activating factor-1, Bax, and FasL were purchased from Cell

Signaling Technology; antibodies for TRADD and FADDwere purchased

from Santa Cruz Biotechnology; antibodies for caspase-10 and TNF-a
were purchased from Abcam; the DFF40 antibody was purchased from

Chemicon International; the poly(ADP-ribose) polymerase (PARP)

antibody was purchased from Oncogene-Calbiochem (EMD Bioscien-

ces); and the cytochrome c antibody was from BD PharMingen. After an

overnight incubation, the membranes were washed thrice in 0.05%

Tween 20 and treated with 1:2,000 diluted anti-rabbit or anti-mouse

horseradish peroxidase–conjugated secondary antibodies (Biomeda) at

room temperature for 1 h. The membranes were then washed thrice in

0.05% Tween 20 and treated with enhanced chemiluminescence

reagent. Finally, the membranes were exposed to autoradiography

hyperfilm (Amersham Biosciences). The thickness of the band on the

film was adjusted appropriately with different exposure times. The

membranes were reprobed using Western reprobe buffer (GBiosciences)

and analyzed for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

content to show that similar amounts of protein were loaded in each

lane. Mouse monoclonal GAPDH antibody (Novus Biologicals) was

used.

Semiquantitative reverse transcription-PCR

U-251 parental cells were cultured in six-well chambers (Corning Life
Sciences) up to 80% confluence and transfected with rAAV-TFPI-2 at
concentrations of 50 and 100 MOI. We used an empty viral vector
transfected at a concentration of 100 MOI for the vector control. Total
cellular RNA was isolated using RNeasy kit (Qiagen) according to the
manufacturer’s instructions. Gene-specific primers were designed using
Beacon Designer software (Premier Biosoft International). We used
the following primer sequences: TNF-a, 5¶-CACCACGCTCTT-
CTGCCTGCTG-3¶ (forward) and 5¶ TCTGGTAGGAGACGGCGATGCG-
3¶ (reverse); FasL, 5¶-AGCAAATAGGCCACCCCAGTCC-3¶ (forward) and
5¶-TGGCTCAGGGGCAGGTTGTTG-3¶ (reverse); TRADD, 5¶-CGCT-
CTGTGGGTCTCAAATGGC-3¶ (forward) and 5¶-AGTCCTCTGCCAGG-
CTGGTGAG-3¶ (reverse); FADD, 5¶-TTGGAGAAGGCTGGCTCGTCAG-3¶
(forward) and 5¶-ACATGGCCCCACTCCTGTTCTG-3¶ (reverse); and
GAPDH, 5¶-AAGGCTGTGGGCAAGGTCATCC-3¶ (forward) and
5¶-GGAGGAGTGGGTGTCGCTGTTG-3¶ (reverse). All the primers were
transcribed withf100 ng of isolated total RNA using a one-step reverse
transcription-PCR (RT-PCR) kit (Invitrogen) in a thermocycler
(GeneAmp PCR Systems 9700, Applied Biosystems) under the
following reaction conditions: cDNA synthesis, 50jC for 30 min;
inactivation, 94jC for 2 min; PCR amplification of 35 cycles, denature
at 94jC for 20 s, annealing at 58jC for 30 s, chain extension at 72jC for
45 s, and a final chain extension at 72jC for 10 min. The amplified
products were separated on 1% agarose gels with ethidium bromide
and visualized using a transilluminating UV (Alpha Innotech Corp.).
GAPDH was used as a housekeeping gene.

We used the same primer sequences for quantitative real-time RT-
PCR analysis of TNF-a, FasL, TRADD, and FADD mRNA expression.
Real-time RT-PCR was carried out using a one step RT-PCR kit with
SYBR Green (Bio-Rad Laboratories) on a real-time PCR machine

(iCycler, Bio-Rad Laboratories) under the following reaction condi-
tions: cDNA synthesis at 10 min at 50jC, reverse transcriptase
inactivation at 95jC for 5 min, thermal cycling and detection (up to
35 cycles) at 95jC for 10 s, and data collection at 56jC for 30 s.
Approximately 100 ng of total isolated RNA were transcribed. GAPDH
was used as a housekeeping gene.

Statistical analysis

Arithmetic mean and SD were calculated for all quantitative data.
The results were statistically evaluated using one-way ANOVA. Mean
control values were compared with empty vector and rAAV-TFPI-2–
treated cultures at 50 and 100 MOI using least significant difference
method. A P value of <0.05 was considered as statistically significant.

Results

Restoration of TFPI-2 in U-251 cells. Previous studies from
our laboratory have shown that TFPI-2 plays an important role
in the regulation of cell migration, invasion, and angiogenesis
(12, 13). The results of the present study proved that TFPI-2
restoration in U-251 cells triggers caspase-mediated signaling
pathway and apoptosis. Western blot analysis (Fig. 1) shows
that U-251 cells transfected with rAAV-TFPI-2 successfully
restored TFPI-2 protein levels in U-251 cells in a dose-
dependent manner. The three characteristic bands of TFPI-2
at 33, 31, and 27 kDa were distinctly present in the protein
extracts of the U-251 cells transfected with rAAV-TFPI-2. In
contrast, TFPI-2 protein was completely absent in U-251
parental cells and cells transfected with the empty vector.
Figure 1B shows the percentage restoration of TFPI-2 expression
in U-251 cells when correlated with TFPI-2 expression in the
nonmalignant tumor cell line Hs 683.

Fig. 1. A,Western blot analysis for the expression ofTFPI-2 in the ECMof U-251
glioblastoma cells. U-251cells were transfected with rAAVs engineered to express
humanTFPI-2 at concentrations of 25, 50, and100 MOI, and the levels ofTFPI-2
in the ECMof U-251cells were determined byWestern blotting. A 0.8-kb fragment
of humanTFPI-2 was cloned into a human adeno-associated viral vector
(pCMV-MCS) at the BamH1site.TFPI-2 protein from the ECM extracts of Hs 683
cells was used as a positive control. B, quantitative evaluation of the percentage
restoration ofTFPI-2 protein levels in U-251cells.TheWestern blots were quantified
using Image-Pro Discovery software to assess the percentage restoration of
TFPI-2 protein levels in U-251cells. Columns, mean (n = 6); bars, SD.
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Increased apoptosis in nuclear chromatin staining. We
examined the rate of apoptosis, necrosis, and senescence in
U-251 cells after restoration of TFPI-2 using a double nuclear
staining technique using Hoechst 33342 (bis-benzimidazole)
and membrane-impermeable propidium iodide. Hoechst
33342 is capable of penetrating the nuclear membrane and
stains the chromatin blue, thereby allowing for the visual
differentiation of the apoptotic nuclei. In contrast, membrane-
impermeable propidium iodide is unable to penetrate the cells
undergoing apoptosis and can stain only the necrotic cells. The
results of double nuclear staining are shown in Fig. 2A. As
evident from the figure, the staining indicates a dose-dependent
increase of apoptosis and necrosis as well as senescent cells at

48 h after TFPI-2 restoration. We observed a marked increase in
the number of apoptotic cells (where the nuclei are shrunk and
stained in a zigzag manner) at 100 MOI.
Increased apoptosis as indicated by TUNEL assay after TFPI-2

restoration. To confirm the apoptosis observed in the results
from the nuclear chromatin staining, we next did the TUNEL
assay, which is a highly specific technique that shows the
apoptotic cells both in cell cultures and paraffin sections. The
TUNEL assay indicated a large number of apoptotic cells in
the U-251 cell cultures transfected with rAAV-TFPI-2 both at
50 and 100 MOI (Fig. 2B). However, staining was almost
absent or insignificant in both U-251 parental cells and cells
transfected with the empty vector. Quantitative evaluation of

Fig. 2. A, nuclear chromatin staining of U-251cells with Hoechst 33342 (bis-benzimidazole) and membrane-impermeable propidium iodide. U-251cells were transfected
with rAAV-TFPI-2 at concentrations of 25, 50, and100MOI in serum-free medium. An empty vector transfected at a concentration of100 MOI was used as a vector control.
B, fluorescentTUNEL assay of rAAV-TFPI-2^ transfected U-251cells. Cells were transfected with 50 and100 MOI of rAAV-TFPI-2 in serum-free medium. An empty vector
transfected at100 MOI was used as a vector control. C, quantitative evaluation ofTUNEL assay. We used Image-Pro Discovery software to quantify the results of theTUNEL
assay. Data are representative of four independent experiments done in duplicate. *, P < 0.001.
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the TUNEL assays using computer-assisted Image-Pro Plus
software revealed 43% and 48% apoptotic cells after
treatment with rAAV-TFPI-2 at 50 and 100 MOI, respectively
(Fig. 2C).
Increased apoptosis as indicated by flow cytometry and DNA

fragmentation analyses. Flow cytometry is an excellent tool for
accurate detection of apoptotic cells. We did flow cytometry for
DNA fragmentation in U-251 cells after TFPI-2 restoration via
transfection of rAAV-TFPI-2. Figure 3A represents the dot plot of
U-251 cells after transfection with rAAV-TFPI-2 at 50 and 100
MOI. A marked increase in cell population was observed in the
column R1 area, which represents apoptotic cells. However,
there was no significant difference in the cell population in the
column R1 area between U-251 parental cells and cells
transfected with the empty vector. Figure 3B denotes the FACS
histogram of DNA fragmentation analysis after restoration of
TFPI-2 in U-251 cells. As indicated in the figure, the R1 area
represents the apoptotic cell population. It is clearly evident
that the apoptotic cell population is remarkably increased after
transfection of U-251 cells with rAAV-TFPI-2. The data also

show a strong positive correlation with the results of the
fluorescent TUNEL assay for the detection of apoptotic cells.
Figure 3C represents the quantitative evaluation of FACS data
for DNA fragmentation analysis using Image-Pro Plus software.
Quantitative analysis showed 41% and 46% apoptotic cells
after treatment with rAAV-TFPI-2 at 50 and 100 MOI,
respectively.
TFPI-2 restoration enhances activity of caspase-9 and

caspase-3. We have measured the activity of mature caspase-9
using a specific and sensitive fluorometric assay after TFPI-2
restoration in U-251 cells. Figure 4A shows caspase-9 activity in
U-251 parental cells—cells transfected with the empty vector or
rAAV-TFPI-2 at 50 and 100 MOI. A significant increase (P <
0.001) was observed in the activity of mature caspase-9 after
transfection of U-251 parental cells with rAAV-TFPI-2 at both 50
and 100 MOI. The increase was >2.5-fold at 100 MOI when
compared with the caspase-9 activity in U-251 parental cells. We
did not detect a significant difference in the activity of caspase-9
between U-251 parental cells and cells transfected with the
empty vector.

Fig. 3. A, flow cytometry dot plot of rAAV-TFPI-2^ transfected
U-251cells. Cells were transfected with 50 and100 MOI of
rAAV-TFPI-2 in serum-free medium. An empty vector transfected
at a concentration of100 MOI was used as a vector control.
The cells were treated with 50 Ag/mL propidium iodide for
30 min at 4jC in the dark. Column R1, apoptotic cell population.
B, FACS histogram of rAAV-TFPI-2^ transfected U-251cells.
C, quantitative representation of FACS data for live and apoptotic
cells. Data are representative of four independent experiments.
*, P < 0.001.
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Caspase-3 is partially or totally responsible for the proteolytic
cleavage of many key proteins, including the nuclear enzyme
PARP and DFF45. In the current study, we observed a significant
increase (P < 0.001) in caspase-3 activity after transfection of
U-251 cells with rAAV-TFPI-2 at both 50 and 100 MOI (Fig. 4B).
A 2-fold increase was observed in the activity of mature caspase-
3 in U-251 cells transfected with rAAV-TFPI-2 at 100 MOI.
Similar to the caspase-9 results, we detected no significant
difference in caspase-3 activity between U-251 parental cells and
cells transfected with the empty vector.
Double immunofluorescent staining reveals increased activity of

caspase-9 and caspase-3. To confirm the increased activity of
cleaved caspase-9 and cleaved caspase-3, we used double
immunofluorescent staining and an electronic merging tech-
nique. We used cleaved caspase-9 and cleaved caspase-3
antibodies to avoid any cross-reaction with procaspase-9 and
procaspase-3. The staining results clearly showed marked
increases in the activity of both caspases after TFPI-2 restoration
(Fig. 5B and C). In contrast, we detected no significant
difference in the staining pattern between U-251 parental cells
and the cells transfected with the empty vector; staining for

both caspases was absent or insignificant. The double
immunofluorescent staining for the active fragments of
caspase-9 and caspase-3 illustrates the activity of both caspases
in rAAV-TFPI-2–transfected cells. Further, nuclear counter-
staining with Hoechst 33342 reveals several apoptotic cells
after transfection with rAAV-TFPI-2 at both 50 and 100 MOI
(Fig. 5A). The apoptotic cells were very prominent at concen-
trations of 50 and 100 MOI (Fig. 5D) after electronic merging
of the Hoechst 33342 with caspase-9 and caspase-3 staining
using Spot Advanced software.
TFPI-2 restoration increased the expression of death factors and

death domains. Because TNF-a, FasL, and their respective
death domains TRADD and FADD play key roles in apoptosis,
we analyzed the protein levels of these important molecules
after TFPI-2 restoration in U-251 cells. Apoptosis mediated by
death factors, such as FasL and TNF-a, involves the formation of
death-inducing signaling compound to their respective recep-
tors (33). Western blot analysis revealed a significant increase in
the protein levels of TNF-a, FasL, TRADD, and FADD after
restoration of TFPI-2 in U-251 cells (Fig. 6A). There was no
significant difference in the levels of all these molecules in the
samples treated with the empty vector when compared with the
parental cells. Reprobing and analysis of the nitrocellulose
membrane for GAPDH clearly showed equal loading of protein
in all the samples analyzed.
Increased mRNA expression of death factors and death

domains. To study the expression of TNF-a, FasL, and related
death domains at the transcriptional level, we analyzed the
mRNA level of TNF-a, FasL, TRADD, and FADD using
semiquantitative RT-PCR after TFPI-2 restoration. The results
in Fig. 6B indicate significant increases in the mRNA levels of
TNF-a, FasL, TRADD, and FADD after transfection of U-251
cells with rAAV-TFPI-2. In contrast, we detected no significant
difference in the mRNA levels of any molecules studied cells
transfected with the empty vector and parental cells. The
increase in TNF-a mRNA was the most remarkable in
comparison with the three other molecules measured. These
results clearly indicate that TFPI-2 restoration plays a prominent
role in the increased expression of TNF-a, FasL, and related
death domains in U-251 cells. Again, GAPDH was used to
ensure equal loading. Quantitative real-time RT-PCR analysis
for the expression of TNF-a, FasL, TRADD, and FADD mRNA
showed a similar pattern as of semiquantitative RT-PCR
(Fig. 6C). The expression of all the genes screened was
significantly elevated at 100 MOI with a maximum increase
up to 330% for TRADD. At 50 MOI, the increase was significant
only with TNF-a and TRADD.
Increased activity of caspases and executioners. In the present

study, we observed increased levels of Bax and released
cytochrome c (cytosolic fraction) after TFPI-2 restoration
(Fig. 7A). Bcl-2, a major antiapoptotic molecule that inhibits
mitochondrial cytochrome c release, was decreased significantly
in TFPI-2–restored U-251 cells (Fig. 7A). We also observed
significant increases in the expression of the cleaved fraction of
lamin A, PARP, and the activated DNase (DFF40)—the three
major apoptotic executioner molecules (Fig. 7B). Western blot
analysis of major procaspases and cleaved caspase molecules
involved in the apoptotic pathways is shown in Fig. 7C. The
activities of all cleaved forms of caspase-10, caspase-9, caspase-8,
caspase-7, caspase-6, and caspase-3 were increased after
transfection of U-251 cells with rAAV-TFPI-2. The increased

Fig. 4. A, caspase-9 fluorometric protease activity assay of rAAV-TFPI-2^
transfected U-251cells. Cells were transfected with 50 and100 MOI of
rAAV-TFPI-2. An empty vector transfected at a concentration of100MOI was used
as a vector control. Data represent four independent experiments. *, P < 0.001.
B, caspase-3 colorimetric protease activity assay of rAAV-TFPI-2^ transfected
U-251cells. Cells were transfected with 50 and100MOI of rAAV-TFPI-2. An empty
vector at a concentration of 100 MOI was used as a vector control. A standard
curve was prepared with100 AL of10 to 200 Amol/L p-nitroaniline solution.
Data are representative of four independent experiments. *, P < 0.001.
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levels of Bax, released cytochrome c, activated caspases, cleaved
lamin, cleaved PARP, and DFF40 along with other results clearly
indicate enhanced apoptosis after TFPI-2 restoration in U-251
glioblastoma cells. Stripping and reprobing of the nitrocellulose
membrane for GAPDH indicated equal loading of proteins in all
the samples analyzed.

Discussion

Apoptosis is the process of programmed cell death that
occurs under numerous physiologic and pathologic condi-
tions. It plays an important role in regulating cell growth,
development, immune response, and the clearing of redun-
dant or abnormal cells in organisms. The induction and
execution of apoptosis require the coordination of a series of
molecules, including signaling molecules, receptors, death
domains, enzymes, and gene-regulating proteins. Resistance to
apoptosis is a hallmark of cancer, and failure to execute
apoptosis due to mutations of several genes provides cancer

cells with an ability to survive and proliferate. Activation of
apoptosis in cancer cells offers a novel and potentially useful
approach to improve patient responses to conventional
chemotherapy.
The imbalance between matrix-degrading proteases and their

inhibitors, such as TFPI-2, plays a crucial role in tumor invasion
and metastasis. The aberrant hypermethylation of TFPI-2 may
be a common mechanism that contributes to the aggressive
phenotype of brain tumor cells. It has been reported that the
apoptosis of LSCC cells after restoration of TFPI-2 gene may be
connected with matrix metalloproteinase down-regulation
(34). In addition to their role in ECM degradation, the
proteinases also play an important role in regulating a wide
variety of cellular functions, such as release of growth factors
(35), which in turn promote the proliferation of the developing
tumors. Thus, restoration TFPI-2 can inhibit tumor progression
in a variety of ways through regulating the activity of
proteinases, such as matrix metalloproteinases and plasmin.
Furthermore, we have observed a total absence of matrix

Fig. 5. Double immunofluorescent staining for caspase-9 and caspase-3 expression. U-251parental cells were cultured on eight-well chamber slides at 2� 103 per well and
transfected with rAAV-TFPI-2 at concentrations of 50 and100 MOI. An empty vector transfected at a concentration of100 MOI was used as a vector control. Cells were
blocked with1% bovine serum albumin in PBS and incubated overnight at 4jC with mouse monoclonal caspase-9 and rabbit polyclonal caspase-3 primary antibodies
simultaneously. Cells were washed and incubated withTexas red ^ conjugated anti-mouse and FITC-conjugated anti-rabbit secondary antibodies at room temperature for
1h.The cells were then washed and treated with1:100 diluted Hoechst 33342 for nuclear staining. A, Hoechst 33342. B, caspase-9. C, caspase-3. D, A+B+Cmerged.
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metalloproteinase-9 activity in cultured Hs 683 cells, where
TFPI-2 is highly expressed. These observations clearly indicate
the significant role of TFPI-2 in the arrest of tumor cell invasion
and metastasis.
In the present study, we successfully restored TFPI-2 protein in

U-251 cells, in which the protein is totally absent due to lack of
gene expression, through the use of highly efficient, replication-
deficient adenoviral vectors expressing TFPI-2 cDNA. Various
experiments, including the TUNEL assay for apoptosis and FACS

analysis for DNA fragmentation, showed increased apoptosis
after TFPI-2 restoration. Activity assay, double immunofluores-
cence, and Western blot analyses for various caspases showed
increased expression of the cleaved active subunits of the
caspases involved in the caspase cascade leading to apoptosis.
Furthermore, Western blots and semiquantitative RT-PCR
analyses showed increased expression of the death factors and
death domains after restoration of TFPI-2 in U-251 cells. The
study further depicted increased activity of apoptosis execution-
er molecules, such as cleaved PARP, cleaved lamin A, and
DFF40. Our study is the first study with results that clearly show
the mechanism of enhanced apoptosis in U-251 cells after
restoration of TFPI-2 protein levels.

TNF-a is an important cytokine that plays a critical role in
inflammatory responses and apoptosis (36). Other studies have
reported that TNF-a is directly toxic to vascular endothelial cells
that play a major role in angiogenesis during tumor invasion
and metastasis (37). TNF-a induces apoptosis in cultured
cerebral endothelial cells through the cleavage of caspase-3
(37). The function of TNF-a is mediated through two distinct
cell surface receptors (TNFR1 and TNFR2). On ligand activation
to the receptor, TNFR1 associates with death domain contain-
ing adaptor protein TRADD. TRADD, in turn, associates with
FADD, which contains an NH2-terminal death effector domain
and binds to initiator caspase-8 (20). In the present study, we
observed increased expression of both TNF-a and TRADD at
both the mRNA and protein levels.

We have previously shown that restoration of TFPI-2 through
adeno-associated viral vectors could prevent angiogenesis and
tumorigenesis both in vitro and in vivo in SNB19 glioblastoma
cells (13). Further, we observed the down-regulation of matrix
metalloproteinase-9 and vascular endothelial growth factor as
well as decreased angiogenesis and reduced cell invasion both
in vitro and in vivo after restoration of TFPI-2 in U-251 cells.4

These data suggest exertion of death stimulus after restoration
of TFPI-2 through Bax, which in turn increases mitochondrial
membrane permeability and leads to the release of cytochrome
c from mitochondria. Bcl-2 exerts a survival function in
response to apoptotic stimuli through inhibition of mitochon-
drial cytochrome c release (38). Here, we noted increased
protein levels of Bax and released cytochrome c. These data
suggest enhanced apoptotic stimuli after restoration of TFPI-2
in U-251 glioblastoma cells.

Caspases are interleukin-1h converting enzyme family
proteases that initiate apoptosis in mammalian cells. Caspases
are divided into initiator and effector (executioner) caspases
depending on their site of action. Initiator caspases cleave
inactive proforms of effector caspases, thereby activating them.
Effector caspases, in turn, cleave other apoptotic executioner
molecules, such as lamin A, DFF45, and PARP, resulting in
cellular disassembly and DNA fragmentation. In the present
study, we observed increased protein levels of cleaved (active)
caspase-10, caspase-9, caspase-8, caspase-7, caspase-6, and
caspase-3, which include both effector and executioner caspases
after stable transfection of TFPI-2 in U-251 cells, where TFPI-2
protein is usually absent. Increased levels of executioner
caspases, which are directly responsible for the cleavage of

Fig. 6. A,Western blot analysis for the expression ofTNF-a, FasL, FADD, and
TRADD in rAAV-TFPI-2^ transfected U-251cells. Cells were transfected with
50 and100 MOI of rAAV-TFPI-2. An empty vector (E.Vector) was transfected at a
concentration of100 MOI and used as a vector control.The membranes were
reprobed for GAPDH content to show that similar amounts of protein were loaded
in each lane.B, semiquantitative RT-PCRanalysis for the expressionofTNF-a, FasL,
TRADD, and FADDmRNA in rAAV-TFPI-2^ transfected U-251cells using
gene-specific primers. U-251cells were transfected with rAAV-TFPI-2 at
concentrations of 50 and100 MOI. An empty vector transfected at a concentration
of 100 MOI was used as a vector control.Total cellular RNAwas isolated using
RNeasy kit andf100 Ag were amplified on a PCR machine.GAPDH mRNAwas
used as a housekeeping gene. C, real-time RT-PCR analysis using SYBRGreen
and gene-specific primers for the quantitative evaluation ofTNF-a, FasL,TRADD,
and FADDmRNA expression. U-251cells were transfected with rAAV-TFPI-2
at concentrations of 50 and100 MOI. AAV-CMV transfected at a concentration
of 100 MOI was used as an empty vector control. Columns, mean of six samples;
bars, SD. *, P < 0.001.

4 Unpublished data.
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apoptotic executioner molecules, clearly show enhanced
apoptosis in U-251 cells after TFPI-2 restoration.
Lamins are intermediate filament proteins that form a

matrix on the inner surface of the nuclear envelope. Lamin A
is cleaved by caspase-6 and serves as a marker for caspase-6
activation. During apoptosis, the 70-kDa lamin A is
specifically cleaved to a large 45-kDa fragment and a small
28-kDa fragment. Human DDF45 and its mouse homologue
ICAD serve as chaperones for caspase-activated DNase during
its synthesis (39). Caspase-3 is the primary enzyme respon-
sible for processing DFF45 and release of its COOH-terminal
fragment (40). On cleavage of DFF45/ICAD by activated
caspase-3, DFF40/CAD is released and eventually causes DNA
fragmentation, which is the hallmark of apoptotic cell death.
Reports are not available about the role of TFPI-2 on either
lamin A or DFF40/CAD. In the present study, we observed
increased protein levels of both lamin A and DFF40,
indicating enhanced nuclear disassembly and induction of
apoptosis after TFPI-2 restoration.
PARP is a highly conserved nuclear enzyme present in higher

eukaryotes. PARP is a DNA-binding protein that recognizes

DNA strand breaks and is implicated in the DNA repair that
occurs during apoptotic response. PARP cleavage has been
shown to occur early in the apoptotic response as a result of
caspase-3 activity (41). PARP cleavage correlates well with
chromatin condensation, is associated with condensed chro-
matin in apoptotic cells, and precedes the ability to detect
actual DNA fragmentation (42). Here, we observed a signifi-
cant increase of cleaved PARP accompanied by chromatin
condensation and DNA fragmentation—the hallmarks of
apoptosis.
In conclusion, the results of the present study show that

TFPI-2 restoration in a highly invasive glioblastoma cell line
induces both intrinsic and extrinsic caspase-mediated pathway
leading to apoptosis. Our study suggests that rAAV-mediated
gene expression offers a novel and potential tool for cancer
gene therapy.
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Fig. 7. A,Western blot analysis for cytochrome c (Cyto. c), Bcl-2, apoptotic protease-activating factor, and Bax in rAAV-TFPI-2^ transfected U-251cells. Cells were
transfected with 50 and100MOI of rAAV-TFPI-2. An empty vector transfected at a concentration of100 MOI was used as a vector control. Mitochondria were isolated from
the total cell lysates, and the cytosol fraction was used to measure released cytochrome c. The nitrocellulose membranes were reprobed and analyzed for GAPDH content
to show that similar amounts of protein were loaded in each lane. B,Western blot analysis for cleaved lamin A, DFF40, and cleaved PARP in rAAV-TFPI-2^ transfected U-251
cells. Cells were transfectedwith 50 and100MOI of rAAV-TFPI-2. An empty vector transfected at a concentration of100MOI was used as a vector control.The nitrocellulose
membranes were reprobed and analyzed for GAPDH content to show that similar amounts of protein were loaded in each lane. C,Western blot analysis for caspase-10,
caspase-9, caspase-8, caspase-6, and caspase-3 in the cell lysates of rAAV-TFPI-2^ transfected U-251cells. Cells were transfected with 50 and100 MOI of rAAV-TFPI-2.
An empty vector transfected at a concentrationof100MOIwasusedas a control.Thenitrocellulosemembraneswere reprobed and analyzed for GAPDH content to show that
similar amounts of protein were loaded in each lane.
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