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Despite dramatic advances in adjuvant
therapies, patients with malignant glioma
face a bleak prognosis. Since many
adjuvant therapies seek to induce glioma
apoptosis, strategies that lower thresholds
for the induction of apoptosis may
improve patient outcomes. Therefore,
elucidation of the biological mechanisms
that underlie resistance to current
therapies is needed to develop new
therapeutic strategies. Here, we propose a
novel mechanism of pro-apoptotic effect
induced by a pharmacological Peroxisome
Proliferator-activated Receptor-y (PPARY)
agonist, Troglitazone, that facilitates
caspase signaling in human glioma cells.
Troglitazone activates Protein Tyrosine

Phosphatase (PTP)-1B, which
subsequently reduces
phospho-tyrosine-705 STAT3

(pY705-STAT3) via a PPARy-independent
pathway. Reduction of pY705-STAT3 in
glioma cells caused down-regulation of
FLICE-inhibitory protein (FLIP) and
Bcl-2. Furthermore, Troglitazone induced
Serine-392-phosphorylation of p53 via a
PPARy-dependent pathway and
up-regulation of Bax in a p53-wild-type
glioma. When given with TRAIL or
caspase-dependent chemotherapeutic
agents, such as Etoposide and Pacritaxel,
Troglitazone exhibited a synergistic effect
by facilitating caspase-8/9 activities. A
PPARy antagonist, GW9662, did not block
this effect, although a PTP inhibitor
(PTPI) abrogated it. Knockdown of
STAT3 by STAT3-siRNA negated the
inhibitory effect of PTPI on Troglitazone,
indicating that Troglitazone uses a

STAT3-inactivation  mechanism  that
makes caspase-8/9 activities susceptible to
cytotoxic agents in glioma cells, and that
PTP1B plays a critical role in the
down-regulation of activated-STAT3, as
well as FLIP and Bcl-2. When taken with
caspase-dependent anti-neoplastic agents,
Troglitazone may be a promising drug for
use against malignant gliomas because it
facilitates the caspase cascade, thereby
lowering thresholds for the apoptosis
induction of glioma cells.

Malignant gliomas adopt the ability to
bypass or disrupt failsafe mechanisms, such
as programmed cell death and host immune
defense  (1-3), which make current
therapeutic interventions ineffective at
eradicating residual tumor reservoirs. Since
many adjuvant therapies for malignant
tumors seek to induce tumor cell apoptosis,
strategies that lower thresholds for the
induction of apoptosis, which can then make
other treatments more effective, may improve
patient  outcomes.  Therefore,  further
understanding of the biological anti-apoptotic
mechanisms that govern resistance to
conventional glioma therapies is required in
order to develop safer and more effective
treatments.

Tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) is a
promising anti-neoplastic agent because it
induces apoptosis in cancer cells with only
negligible effect on normal cells (4,5). It has
been known that TRAIL triggers caspase
cascade through interaction with
TRAIL-responsive death receptors (DR),
such as DR4 and DR5, which induce

Copyright 2005 by The American Society for Biochemistry and Molecular Biology, Inc.


mailto:yuj@csha.org
www.jbc.org/cgi/doi/10.1074/jbc.M505266200

cleavage of caspace-8 in the Fas-associated
death domain protein (FADD)-dependent
mechanism (6). In this pathway, cleaved
caspase-8 plays a significant role as an
initiator that can process other members in
the caspase cascade. Cleaved caspase-8
induces cleavage of Bid, which up-regulates
mitochondrial cytochrome ¢ (Cyt-c) release
(7). Then the Cyt-c cooperates with Apaf-1 to
activate caspase-9 (8). After these activations,
both caspase-8 and -9 activate caspase-3,
which is the primary activator of apoptotic
DNA fragmentation, and leads to cancer cell
apoptosis (9).

Despite the numerous reports describing
the favorable anti-tumor activities of TRAIL,
malignant gliomas exhibit considerable
heterogeneity in their sensitivity to TRAIL,
even among those expressing DR4 and DR5
(5,20). In this regard, it has recently been
reported that several cancers, including
gliomas, constitutively express FADD-like
IL-1B-converting enzyme (FLICE)-inhibitory
protein  (FLIP) (11-13), which is a
cytoplasmic  protein that inhibits the
recruitment and processing of caspase-8 (12),
and that the overexpression of FLIP induces
cancer’s  resistance to  DR-dependent
apoptosis (14). In addition, it has also been
found that Bcl-2 family proteins modulate
caspase-9 activity by controlling the
permeability of mitochondrial membranes,
and that dysregulation of these proteins in
cancer cells  correlates  with  their
anti-apoptotic potential and progression (15).
Specifically, the anti-apoptotic Bcl-2 family,
including Bcl-2 and Bcl-xL, stabilize the
mitochondrial porin channel (VDAC) and
inhibit Cyt-c release (16), whereas the
pro-apoptotic Bcl-2 family, including Bax
and Bad, antagonize this process by
competitive heterodimerization with
anti-apoptotic Bcl-2 proteins (17). Although
down-regulation of FLIP and/or
anti-apoptotic Bcl-2 family proteins are
therefore a therapeutic target for promotion
of caspase cascade activity, the mechanism
that regulates these proteins in glioma cells is
not fully understood.

In this report, we demonstrate that a

Peroxisome Proliferator-activated Receptor-y
(PPARY) agonist, Troglitazone, facilitates
caspase-8 and -9 actions by down-regulating
FLIP and Bcl-2 in human glioma cells.
Troglitazone induces inactivation of Signal
Transducer and Activator of Transcription-3
(STAT3), and synergistically enhances the
cytotoxic effects of TRAIL and other
caspase-dependent chemotherapeutic drugs.
This effect is exhibited through a
PPARy-independent mechanism, in which
Protein Tyrosine Phosphatase 1B (PTP1B)
plays a critical role in the down-regulation of
activated-STAT3, as well as FLIP and Bcl-2.
Here we propose a novel mechanism to
explain the pro-apoptotic effect induced by
Troglitazone in human glioma cells.

Experimental procedure

Tumor cells. A human primary cultured
glioma (MG-328) was established from the
surgical specimen of a patient with newly
diagnosed glioblastoma at Cedars-Sinai
Medical Center after IRB-approved consent
was obtained. MG-328 and human glioma cell
lines, U-87MG (American Type Culture
Collection, Rockville, MD) and LN-18
(provided by Dr. Erwin Van Meier, Emory
University, GA) were maintained at 37°C and
5% CO, in DMEM/F-12 with 10%
heat-inactivated FBS, 2 mM glutamate, 10
mM HEPES, 100 U/ml penicillin, and 100
pg/ml streptomycin.

Reagents. Recombinant ~ human
TNF-related  apoptosis  inducing  ligand
(rTRAIL) was obtained from Pepro Tech
(Rocky Hill, NJ). A PPARy agonist,
Troglitazone (TG), was obtained from
BIOMOL International (Plymouth Meeting,
PA). A PPARy antagonist, GW9662 (GW),
was obtained from Cyman Chemical (Ann
Arbor, MI). Protein tyrosine phosphatase
(PTP)-inhibitor (PTPI),
a-Bromo-4-hydroxyacetophenone, and Src
homology 2 (SH2) containing PTP
(SHP)-inhibitor (SHPI),
a-Bromo-4-carboxymethoxyacetophenone,
were obtained from CALBIOCHEM (San
Diego, CA). Etoposide (VP16) and Paclitaxel



(Taxol) were obtained from Sigma-Aldrich (St.

Louis, MO). TG, GW, PTPI, SHPI, VP16, and
Taxol were dissolved in 100% DMSO as
1000x stock solution and then diluted further
in culture medium. Cells were treated with
rTRAIL (17.5~300 ng/ml), TG (30 uM), GW
(20 uM), PTPI (50 uM), SHPI (200 uM),
VP16 (0.01~10 uM), and/or Taxol (0.005~5
uM).

siRNA design and transfection. A
double-stranded  siRNA  oligonucleotide
against STAT3 was designed as follows and as
previously described (18): 5’-AAC AUC UGC
CUA GAU CGG CUA dTdT-3’; 3’-dTdT
GUA GAC GGA UCU AGG CGA
U-5(STAT3-siRNA; Dharmacon RNA
Technologies, Lafayette, CO). siRNA for
non-silencing control (hon-silencing siRNA)
is an irrelevant SiRNA with random
nucleotides and no known specificity.
Sequences were synthesized and annealed by
the manufacturer (Qiagen, Valencia, CA) as
previously described (19). STAT3-siRNA
(50-600 pmol) or non-silencing siRNA (600
pmol) was transfected to glioma cells (1x10°
cells)  with  Oligofectamine  Reagent
(Invitrogen Life Technologies, Carlsbad, CA)
according to the manufacturer’s protocol, and
the cells were used for experiments 24h after
transfection.

RNA isolation and cDNA synthesis. Total
RNA was extracted from glioma cells
(1x10° cells) using the RNA4PCR kit
(Amibion, Austin, TX) according to the

manufacturer’s protocol. For cDNA
synthesis, 1 pug total RNA was
reverse-transcribed into c¢DNA using

Oligo dT primer and iScript™ cDNA
Synthesis Kit reverse transcriptase.
c¢DNA was stored at —20 °C for PCR.
Real-time  Quantitative RT-PCR.
Gene expression was quantified by
real-time quantitative RT-PCR using
QuantiTect SYRB Green dye (Qiagen,
Valencia, CA). DNA amplification was
performed using an Icycler (BIO-RAD,
Hercules, CA), and the binding of the
fluorescence dye SYBR Green 1 to
double-stranded DNA was measured. The

PCR reactions were set up in microtubes
in a volume of 25 ul. Oligonucleotide
primers were designed as follows: STAT3
forward, 5-GCC AGA GAG CCA GGA
GCA-3’, STATS reverse, 5-ACA CAG ATA
AAC TTG GTC TTC AGG TAT G-3’, and
B-actin forward, 5-TTC TAC AAT GAG
CTG CGT GTG-3, practin reverse,
5-GGG GTG TTG AAG GTC TCA AA-3.
The reaction components were 2.0 pug of
cDNA synthesized as above, 12.5 ul of 2x
QuantiTect SYRB Green PCR Master Mix
(Qiagen, Valencia, CA), and 0.4 uM of
each pair of oligonucleotide primers. The
program was as follows: initial activation
for 15 min at 95°C, 50 cycles consisting of
melting for 30 sec at 95°C, annealing for
25 sec at 60°C, and extension for 30 sec at
72°C. After cycling, relative
quantification of target gene mRNA
against an internal control, beta-actin,
was possible by the following a A Cr
method and an amplification plot of
fluorescence signal vs. cycle number was
drawn. The difference (£ACt) between the
mean values in duplicated samples of the
target gene and those of beta-actin was
calculated using Microsoft Excel and the
relative quantification value (RQV) was
expressed as 2 & Cp. The relative
expression of each sample in the figure

was normalized by “No treatment”
expression.
Abs.  Rabbit polyclonal Abs against

DR4, DR5 and PPARy were obtained from
Cyman Chemical. Mouse monoclonal Abs
against ~ STAT3,  phospho-tyrosine-705
STAT3 (pY705-STAT3), which is an
activated form of STAT3, Bax and Bcl-2
were obtained from BD Pharmingen (San
Diego, CA). Rabbit polyclonal Abs against
p53 and phosphor-Ser392-p53 (pS392-p53)
were obtained from Cell Signaling
Technology  (Beverly, MA). Mouse
monoclonal Abs against PTP1B (PTPaselB;
AE4-2]) and SH2-containing PTP-1 (SHP1;
1SHO01), and rabbit polyclonal Ab against
FLIP were obtained from CALBIOCHEM.
Mouse monoclonal Ab of pB-tublin was



obtained from Sigma-Aldrich. HRP-linked
Abs of sheep anti-mouse IgG and donkey
anti-rabbit 1gG  were obtained from
Amersham Biosciences (Piscataway, NJ).

Western blot. Samples were extracted
with buffer containing 1% Triton X-100,
150 mM NacCl, 50 mM Tris (pH 7.5) and 1
mM PMSF (Roche, Indianapolis, IN), and
were subjected to SDS-PAGE with 30ug
general protein loading into each lane on a
10% polyacrylamide gel. Electrophoretic
transfer to nitrocellulose  membranes
(Amersham Bioscience) was followed by
immunoblotting. The signal was detected
using an ECL detection system (Amersham
Bioscience).

Apoptosis assay and cell viability
assay. Treatment of cells with TG GW,
PTPI and/or SHPI for 24h was followed by
treatment with rTRAIL (VP16 or Taxol),
and all the cells, including cells that had not
adhered, were harvested after 24h (48h). An
Annexin V-FITC apoptosis detection kit |
(BD Pharmingen) was used for viability
assay of the cells. Cells were stained with
Annexin V-FITC (Ann) and Propidium
lodide (PI) according to the manufacturer’s
protocol, and were analyzed by FACS (BD
pharmingen). Cells that stained negative for
both Ann and PI were defined as viable cells
for viability assay.

Caspase activity assay. Activity of
caspase-3, -8 and -9 were measured using
Caspase-3/CPP32, FLICE/Caspase-8, and
APOPCYTO/Caspase-9 Colorimetric Assay
Kits, respectively, from Medical and

Biological Laboratories Co. (Nagoya, Japan).

Briefly, the treatment of cells with TG, GW
and/or PTPI for 24h was followed by
treatment with rTRAIL (VP16 or Taxol).
After 2h (24h) of treatment, all the cells
were harvested and samples were extracted
with Cell Lysis Buffer. Concurrently, a
sample for a negative control was extracted
from the cells without apoptosis induction. A
standard curve using the absorbance of
p-nitroanilide standards was constructed,
and then the specific activities on each
sample were calculated according to the
manufacturer’s protocol.

Statistics.  Student’s T test was
used for statistical comparison of results.

Results

The role of STAT3 in resistance to
TRAIL-induced apoptosis. To examine the
mechanism that causes resistance to TRAIL,
we used glioma cell lines that are partially
resistant to TRAIL despite their expression of
DR4 and/or DR5. Western blot was used to
detect the expression levels of DR4 and DR5
in LN-18, U-87MG and MG-328 (Figure 1A).
The cytotoxic activity of TRAIL (18.75-300
ng/ml) was examined in each glioma (Figure
1B, C). As shown in Figure 1B, which is a
representative result of FACS analysis using
an Annexin-V apoptosis detection kit on
LN-18, treatment with TRAIL (300 ng/ml)
increased the percentage of Ann(+)PI(-) cells,
which indicates early stage of apoptosis, after
2h-treatment (33.7%) and 24h-treatment
(60.1%) compared with no treatment control
(2.2%). Treatment with 300 ng/ml of TRAIL
induced  40-60%  cell death after
24h-treatment (Figure 1C), although the
viable cells maintained a proliferative ability
after 72h cell-culture with 300 ng/ml TRAIL
(not shown). These findings indicate that
these gliomas can acquire a resistance to
TRAIL  despite  their expression of
functionally intact DR4/5.

After this observation, we sought to
determine whether STAT3 contributes to the
gliomas’ resistance to TRAIL using
STAT3-specific small interference  RNA
(STAT3-siRNA) (18). The specificity of
STAT3-inhibition in LN-18 after transfection
with STAT3-siRNA was investigated by
real-time quantitative PCR and Western blot
analysis (Figure 2A, B). Although neither
non-silencing control or vehicle control had
any significant change in expressions of
STAT3-mRNA or STAT3-protein compared
with the no treatment control, STAT3-siRNA
transfection in glioma cells decreased both
STAT3-mRNA (Figure 2A) and
STAT3-protein (Figure 2B) expressions in a
dose-dependent manner. These findings
indicate that the STAT3-siRNA used in this
study exhibited a STAT3-specific silencing



effect. As shown in Figure 2B and 2C,
Western blot analysis detected high levels of
STAT3, pY705-STAT3, FLIP and Bcl-2 in the
no treatment control, non-silencing control,
and vehicle control. The pY705-STAT3 was
down-regulated  concomitant  with  the
decrease in STAT3 in
STAT3-siRNA-transfected  glioma  cells
(Figure 2B, C). In addition, FLIP and Bcl-2
expression  levels decreased in  the
STAT3-siRNA groups (Figure 2B, C),
suggesting that knockdown of STAT3
induces down-regulation of FLIP and Bcl-2
in glioma cells by inhibiting the
transcriptional activity of STAT3. Bax
expression levels, which is a pro-apoptotic
protein induced by p53, were not altered by
knockdown of STAT3 (Figure 2B, C). To
further confirm the regulatory function of
STAT3 on the DR-signaling pathway, the
non-silencing control, vehicle control and
STAT3-siRNA-transfected cells were treated
with 100 ng/ml TRAIL, and then cell
viability (Figure 2D) and caspase activity
assays (Figure 2E) were performed.
Transfection of STAT3-siRNA to glioma cells
did not induce their apoptotic death, but it
significantly enhanced TRAIL’s cytotoxic
effect (Figure 2D). The specific activities of
caspases-3, -8 and -9 were also significantly
increased in the siRNA-transfected group
(Figure 2E). In the assessment of the 72h
cell-culture, TRAIL (100 ng/ml) killed more
than 95% of the cells in the
siRNA-transfected group of each glioma (not
shown). These results indicate that STAT3
plays a critical role in these gliomas’
resistance to TRAIL. Down-regulation of
FLIP and Bcl-2 in the
STAT3-siRNA-transfected group may have a
particular relevance to the facilitation of the
activity of caspase-3, -8 and -9.

Troglitazone activities via
PPAR ~dependent and -independent
pathways. We sought to determine whether
a PPARy agonist would enhance
TRAIL-induced apoptosis. Using a Western
blot analysis, PPARy expression was
observed in LN-18 and U-87, but not in

MG-328 (Figure 3A). Treatment over 48h
with  Troglitazone (TG), which is a
pharmacological PPARy agonist, did not
induce apoptotic death on glioma cells but
did significantly enhance the cytotoxic
activity of TRAIL not only in LN-18 and
U-87MG but also in MG-328 (Figure 3B).
These results suggest the possibility that the
synergistic effect of TG on TRAIL is
controlled by a  PPARy-independent
mechanism. Although TG had no effect on
STAT3 expression levels, it induced
down-regulation of pY705-STAT3 (Figure
3C). In addition, TG diminished FLIP and
Bcl-2 protein expression in these cells
(Figure 3C), which was probably caused by
down-regulation of pY705-STATS3.
TG-treatment in U-87MG, of which p53 is a
wild type (20), increased Bax expression
levels, although Bax levels were not altered
in LN-18, which is a p53 mutant cell line
(20), or in MG-328 (Figure 3C). Although we
did not confirm the sequence of p53 in
MG-328, this result may indicate that TG
up-regulates a transcriptional activity of p53
via a PPARy-dependent pathway, in which
wild-type-p53 should induce up-regulation of
Bax.

Next, we used a PPARy antagonist,
GW9662 (GW), to clarify the role of PPARYy
in TG’s effect on these glioma cells. Similar
to the effect of TG alone, down-regulation of
pY705-STAT3 was observed on the cells
treated with TG and GW (Figure 4A),
indicating that the inhibitory effect of TG on
pY705-STAT3 is caused via a
PPARy-independent pathway.

In a previous report, it was demonstrated
that phosphorylation of p53 at Serine-392
(pS392-p53)  influenced  the  growth
suppressor  function and transcriptional
activation of p53 (21). Based on this report,
we confirmed the expression levels of
pS392-p53 as an index of the transcriptional
activity of p53. As shown in Figure 4A, GW
abrogated the up-regulation of pS392-p53
induced by TG in LN-18 and U-87MG. GW
also inhibited the up-regulation of Bax found
in TG-treated U-87MG. There was no



significant change in the expression levels of
pS392-p53 or Bax in MG-328 in either
setting (Figure 4A). These results indicate
that TG induces phosphorylation of p53 at
Serine-392 via a PPARy-dependent pathway,
and causes up-regulation of Bax in gliomas
that have a wild-type-p53. Although these
results suggest that TG may have the
potential to control caspase cascade signaling
via both PPARy-dependent and -independent
pathways, the synergistic activity of TG in
TRAIL-treated glioma cells was not blocked
by a PPARy antagonist even in U-87MG, as
assessed by a cell viability assay (Figure 4B).
In addition, treatment with GW did not
reduce the specific activities in any caspases
that we observed (Figure 4C), indicating that
the synergism of TG in TRAIL-treated

glioma cells occurs through a
PPARy-independent  mechanism.  Taken
together, these results indicate that

inactivation of STAT3 and the subsequent
down-regulation of the downstream proteins,
such as FLIP and Bcl-2, by TG may have a
particular relevance to the mechanism by
which TG synergistically enhances TRAIL’s
pro-apoptotic effect.

The significance of PTP1B activity in
TG’ effect. PTP1B negatively regulates
tyrosine phosphorylation of JAK2 and
STAT3 (22,23). In addition, SHP-1
negatively regulates STAT3 activity by
facilitating tyrosine dephosphorylation of the
upstream JAK2 (24). Based on these findings,
we hypothesized that the inhibitory effect of
TG on pY705-STAT3 may be caused by
activation of these PTP proteins. To confirm
the relationship between pY705-STAT3 and
PTPs, protein samples extracted at different
time points after treatment with TG were
subjected to Western blot in  which
pY705-STATS3, PTP1B and SHP-1
expression levels were analyzed (Figure 5).
In this assay, up-regulation of the activated
form of PTP1B (42 kDa), which is induced
by a proteolysis of 50 kDa PTP1B (25,26),
was thought to start within 4h after TG
treatment, and its expression reached
maximum levels in 16-32h in all of these

gliomas. On the other hand, down-regulation
of pY705-STAT3 was noticeable at 8h, and
its expression continued to decrease after 8h
until 32h. SHP-1 was constitutively and
highly expressed in all of these gliomas, and
TG had only a negligible effect on SHP-1
expression.

To confirm the role of PTP activity in the
mechanism controlling TG’s synergistic
effect on TRAIL-treated glioma cells, we

used a-Bromo-4-hydroxyacetophenone
(PTPI), which is an inhibitor for both PTP1B
and SHP-1, and

a-Bromo-4-carboxymethoxyacetophenone
(SHPI), which is a specific inhibitor for
SHP-1 (27). Specifically, TG-treated glioma
cells were co-treated with PTPI or SHPI, and
then were assessed by Western blot, and by
cell viability and caspase activity assays. In
the Western blot analysis, PTPI abrogated the
inhibitory effect of TG on pY705-STAT3
(Figure 6A), whereas SHPI did not inhibit the
down-regulation of pY705-STAT3 induced
by TG (Figure 6B). These findings indicate
that activation of PTP1B, but not SHP-1, is
involved in the inhibitory effect of TG on
pY705-STAT3. PTPI did not inhibit the
up-regulation of pS392-p53 in LN-18 and
U-87MG caused by TG. Neither STAT3 nor
p53 expression levels were altered in either
setting (Figure 6A). In the cell viability (not
shown) and caspase activity assays (Figure
6C), PTPI abrogated the synergistic effect of
TG on TRAIL, although SHPI did not
abrogate it (not shown). Thus, these results
indicate that PTP1B plays a critical role in
TG’s effect that enhances the cytotoxic
activity of TRAIL in glioma cells.
Furthermore, we sought to determine
whether STAT3-inactivation is a key target
for PTP1B in this mechanism. To confirm
this, STAT3-siRNA transfected glioma cells
were treated with TG, PTPI and TRAIL, and
were then subjected to caspase activity assay.
In this assessment, the inhibitory effect of
PTPI on TG was negated in the
STAT3-siRNA transfected glioma cells
(Figure 6D). These results indicate that
activation of PTP1B by means of proteolysis
of 50 kDa PTP1B and the subsequent



tyrosine dephosphorylation of pY705-STAT3
is a key mechanism in this effect.

The synergism of TG with
chemotherapeutic drugs. Given the already
described ability of TG to facilitate caspase
cascade in glioma cells by attenuating FLIP
and Bcl-2 expression levels, TG may also
exhibit a  synergistic  effect  with
chemotherapeutic ~ drugs that activate
caspase-8 and -9. Based on this hypothesis,
we sought to determine whether TG enhances
the cytotoxic activities of Etoposide (VP16)
and Paclitaxel (Taxol), which are known to
involve activation of caspase-2,-8,-9 and -10
during their apoptosis induction (28-30). To
confirm this, treatment of U-87MG with TG
and/or PTPI was followed by treatment with
VP16 (0.01-10 uM) or Taxol (0.005-5 uM).
The cells were then subjected to cell viability
(Figure 7A, B) and caspase activity assays
(Figure 7C, D). The synergistic activities of
TG for both VP16 (Figure 7A, C) and Taxol
(Figure 7B, D) were observed in all of the
assays. Although PTPI had only a limited
effect in inhibiting cytotoxic (Figure 7A, B)
and caspase-3 activity (Figure 7C, D) in these
assessments, PTPI completely abrogated the
effect of TG on the activity of caspase-8 and
-9 (Figure 7C, D). These results indicate that
TG uses a specific mechanism that makes
caspase-8 and -9 activities susceptible to
cytotoxic agents in glioma cells, and that
PTP1B plays a critical role in the
down-regulation of constitutively activated
STATS3, as well as the downstream FLIP and
Bcl-2 in this mechanism. Although the exact
reason for the limited inhibitory effect of
PTPI on cytotoxic or caspase-3 activity was
not determined, these results suggest that TG
may have other pro-apoptotic activities that
are exhibited through a caspase-3-dependent
and PTP1B-independent mechanism.

Further observation of the 5-day
cell-cultures in these assessments found that
more than 95% of the cells in the TG- and
TG/PTPI-treatment groups were Killed by
VP16 (10 uM) or Taxol (5 uM), whereas the
cells in the control group maintained an
ability to proliferate (nhot shown). Therefore,
TG may be a promising drug that can

abrogate the mechanism that makes
malignant gliomas resistant to cytotoxic
agents.

Based on these results, we schematized
the synergistic activities of TG in the caspase
cascade (Figure 8). Specifically, TG induces
activation of PTP1B and the subsequent
tyrosine dephosphorylation of constitutively
activated STAT3 in glioma cells via a
PPARy-independent pathway. This event
causes down-regulation of FLIP and Bcl-2,
and facilitates the activities of caspase-8 and
-9 when taken with caspase-dependent
anti-neoplastic agents. TG also has the ability
to induce transcriptional activation of p53 via
a PPARy-dependent pathway. In the cells
with  wild-type-p53, this event causes
up-regulation of Bax, which can facilitate
caspase-9 activity, although this may be only
a minor effect of the synergism with TG.
Thus, TG enhances the cytotoxic effect of
caspase-dependent anti-neoplastic agents,
such as TRAIL, VP16 and Taxol, by
facilitating caspase cascade signaling in
glioma cells. PTP1B plays a critical role in
this mechanism.

Discussion
PPARYy is a member of the nuclear hormone
receptor superfamily of ligand-activated
transcription factors. Interaction of PPARy
with its agonists, such as
15-deoxy-delta'?**-Prostaglandin J
(15dPGJ,) and Thiazolidenediones (TZD),
exerts anti-tumor effects in a variety of
cancers, indicating anti-proliferative,
anti-angiogenic  and  pro-differentiation
effects (31). Apart from these anti-tumor
activities, contradictory evidence in support
of the tumor-promoting activity of PPARy
has been observed in Min mice, with a
genetic  predisposition to adenomatous
polyposis coli (32,33). Thus, the question of
whether PPARY is a tumor suppressor gene
remains controversial. Despite the oncogenic
activities of PPARY, it is now recognized that
PPARY agonists have pro-apoptotic activities,
and many of them are induced through
PPARy-independent pathways (31).



Therefore, PPARy-independent mechanisms
triggered by PPARy agonists may have
particular relevance to the paradoxical
findings on the effect of PPARy in cancer
cells, although the mechanisms are not fully
understood. Among the PPARy- independent
effects, PPARY agonists mediate
pro-apoptotic and anti-inflammatory
activities by inhibiting the transcriptional
activities of the STAT family, including
STAT1, 3 and 5 (34-36). Furthermore, it has
been recently reported that the pro-apoptotic
activity of a PPARy agonist acting via a
PPARy-independent mechanism correlates
with the inhibitory effect on FLIP and
Bcl-xL/Bcl-2 functions (37,38).

It has been shown that activated STAT3
contributes to the inhibition of Fas-mediated
apoptosis  signaling by affecting the
expression levels of FLIP and Bcl-2 (39).
Activation (i.e. tyrosine phosphorylation) of
STAT3 is induced by signaling through
JAK/STAT-associated receptors such as
gp130, growth hormone receptors, interferon
receptors, and Receptor Tyrosine Kinases
(RTK), of which gp130, exemplified by the
IL-6 receptor, and RTKs, exemplified by
EGFR and VEGFR, have been reported as
key mediators in the inappropriate activation
of STAT3 in glioma cells (40-42). In our
studies, STAT3 in glioma cells was
constitutively activated, and FLIP and Bcl-2
were highly expressed. Knockdown of
STAT3 by its specific siRNA facilitated
caspase cascade signaling by attenuating
FLIP and Bcl-2 expression. Furthermore, this
effect was faithfully reproduced by a PPARy
agonist,  Troglitazone, which  induced
down-regulation of pY705-STAT3, FLIP and
Bcl-2 in glioma cells via a
PPARYy-independent pathway.

It is well established that tyrosine
phosphorylation is negatively regulated by
PTPs, which represent a large and
structurally diverse family of enzymes that
rivals the protein tyrosine kinases (PTK)
family, including RTKSs, in structural
diversity and complexity (43,44). PTKs,
PTPs and their corresponding substrates are

integrated within elaborate signal transducing
networks, in which PTPs can either
antagonize or potentiate PTK-induced
signaling events in vivo. Defective or
inappropriate operation of these networks
leads to aberrant tyrosine phosphorylation,
which contributes to the development of
many human diseases including cancers (45).
So far, RTK activity and the effect of RTK
inhibitors on malignant glioma have been
noted (46,47), but the role of PTPs in gliomas
is largely unknown.

In our report, expression levels of the
cytoplasmic non-transmembrane PTP family,
PTP1B and SHP-1, were analyzed after
treatment with Troglitazone. Expression
levels of 42 kDa PTP1B, which is an
activated form of PTP1B implicated as a
negative regulator in multiple RTK signaling
pathways (43), were extremely low in glioma
cells, and Troglitazone induced proteolysis of
50 kDa PTP1B to 42 kDa proteins. On the
other hand, SHP-1, which negatively
regulates STAT3 activity by facilitating
tyrosine dephosphorylation of the upstream
JAK2 on the gpl30 receptor (24), was
constitutively and highly expressed in all
these gliomas, and Troglitazone had only a
negligible effect on SHP-1 expression. In the
experiment using covalent inhibitors for PTP
and SHP, a PTP inhibitor abrogated the effect
of Troglitazone on glioma cells. Furthermore,
knockdown of STAT3 by STAT3-siRNA
negated the inhibitory effect of a PTP
inhibitor on Troglitazone, indicating that
Troglitazone uses a STAT3-inactivation
mechanism that makes caspase-8 and -9
activities susceptible to cytotoxic agents in
glioma cells, and that PTP1B plays a critical
role in the inhibitory effect on the signaling
pathway through inappropriately activated
JAK/STAT3 receptors in glioma cells

The pharmacological mechanism by
which Troglitazone activates PTP1B remains
unknown. PTP1B was initially described as a
37 kDa protein with tyrosine-specific protein
phosphatase activity. Subsequent studies
demonstrated that this purified protein
represented a truncated form of a 50 kDa
enzyme that is associated with the



endoplasmic reticulum through interaction of
its C-terminus with the cytoplasmic face (25).
Cleavage of the C-terminus of PTP1B by
intracellular Ca®* influx and subsequent
calpain activation correlates with the
appearance of a 42 kDa protein, increased
PTP1B enzymatic activity and release from
the endoplasmic reticulum (26,48). A more
recent  study  suggests that  Ca*
release-activated Ca®* influx is inhibited by
tyrosine dephosphorylation and that PTP1B
plays a critical role in this dephosphorylation
process (49). Palakurthi and colleagues
demonstrated that TZD induces intracellular
Ca®* release via a PPARy-independent
mechanism (50). Based on these findings, it
is likely that depletion of intracellular Ca*"
stores by TZD treatment triggers activation
of an intracellular Ca?* influx in the cells
exhibiting low PTP1B enzymatic activity.
Therefore, Ca?* release-activated Ca®* influx
and subsequent calpain activation may be a
critical mechanism by which Troglitazone
activates PTP1B in glioma cells via a

PPARy-independent pathway.

Here, we demonstrated that inactivation
of constitutively activated STAT3
concomitant with PTP1B activation plays a
critical role in the synergistic effect of
Troglitazone on the cytotoxic activities of
anti-neoplastic agents in glioma cells.
Although Troglitazone may have the ability
to facilitate caspase-3 activity and other
pro-apoptotic signals through a
PTP1B-independent pathway, we note that
Troglitazone is a promising anti-neoplastic
agent due to its synergistic ability to facilitate
caspase-8 and -9 signaling in a
PTP1B-dependent manner. These findings
support the possibly enhanced effectiveness
of using PPARy agonists in clinical
chemotherapy protocols that also use
caspase-dependent  anti-neoplastic  agents
such as TRAIL, Etoposide and Pacritaxel for
patients with malignant tumors as a means of
facilitating the caspase cascade.
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Figure Legends

Figure 1 DR4/5 expression and TRAIL sensitivity in malignant gliomas. (A) Expression
levels of DR4 and DR5 in LN-18, U-87MG and MG-328 cells were analyzed by Western blot.
(B) Cells were treated with human rTRAIL (300 ng/ml), and then stained with Annexin V-FITC
(Ann) and Propidium lodide (PI) after 2h-treatment and 24h-treatment. Cells were analyzed by
FACS. Presented data is a representative result of LN-18. (C) Cells were treated with human
rTRAIL (17.5~300 ng/ml) for 24h, and then stained with Ann and PI. Cells that stained negative
for both Ann and Pl were defined as viable cells. Data are mean+SD of three independent
experiments.

Figure 2 The role of STAT3 in causing resistance to TRAIL in glioma cells. (A, B)
STAT3-siRNA (50-600 pmol) or non-silencing siRNA (600 pmol) was transfected to glioma
cells (LN-18) with Oligofectamine Reagent. Cells that transfected with Oligofectamine alone
were referred to Vehicle. Cells were used for experiments 24h after transfection. (A) Total
RNA samples extracted from cells were subjected to real-time quantitative PCR. (B)
Protein samples extracted from cells were subjected to Western blot. (C-E) STAT3-siRNA (600
pmol) or non-silencing siRNA (600 pmol) was transfected to glioma cells. Cells that transfected
with Oligofectamine alone were referred to Vehicle. (C) Protein samples extracted from cells
were subjected to Western blot. (D) Cells were treated with rTRAIL (100 ng/ml) for 24h, and
then were stained with Ann and Pl. Several groups were cultured for 24h without
rTRAIL-treatment. Cells that stained negative for both Ann and Pl were defined as viable cells.
Data are meantSD of three independent experiments; ** refers to statistical significance
(p<0.01). (E) The activities of caspase-3, -8, and -9 were measured by enzyme activity assay
after 2h of the TRAIL treatment. Non-silencing controls were used for control. The specific
activities on each sample were calculated according to the manufacturer’s protocol. Data are
meanzSD of three independent experiments; ** refers to statistical significance (p<0.01)
compared with each control.



Figure 3 The synergistic effect of Troglitazone (TG) on TRAIL. (A) Expression of PPARYy in
LN-18, U-87MG and MG-328 cells were analyzed by Western blot. (B) Treatment of cells with
TG (30 uM) for 24h was followed by rTRAIL (100 ng/ml) for 24h. Several groups were
cultured for 48h without rTRAIL-treatment. Cells were stained with Ann and PI. Cells that
stained negative for both Ann and PI were defined as viable cells. Data are mean+SD of three
independent experiments; ** refers to statistical significance (p<0.01). (C) Protein samples
extracted from cells with and without TG-treatment were subjected to Western blot.

Figure 4 TG activity via PPARy-dependent and -independent pathways. (A-C) Cells were
treated with GW9662 (GW: 20uM) and/or TG (30 uM) for 24h. (A) Protein samples extracted
from the cells were subjected to Western blot. (B) Treatment of cells with TG and/or GW was
followed by rTRAIL (100 ng/ml) treatment for 24h. Cells not treated with TG or GW were used
for control. Cells were stained with Ann and PI. Cells that stained negative for both Ann and Pl
were defined as viable cells. Data are mean+SD of three independent experiments; ** refers to
statistical significance (p<0.01) compared with each control. (C) Treatment of cells with TG
and/or GW was followed by rTRAIL (100 ng/ml) treatment for 2h. Cells not treated with TG or
GW were used for control. The activities of caspase-3, -8 and -9 were measured by enzyme
activity assay. The specific activities on each sample were calculated according to the
manufacturer’s protocol. Data are meantSD of three independent experiments; * refers to
statistical significance (p<0.05), ** refers to statistical significance (p<0.01) compared with
each control.

Figure 5 Expression of PTP1B and SHP-1 after treatment with TG in glioma cells. Protein
samples extracted at different time points after treatment with TG (30 uM) were subjected to
Western blot in which the expressions of pY705-STAT3, PTP1B, and SHP-1 were analyzed.

Figure 6 The significance of PTP1B in the effect of TG. (A) Cells were treated with TG
(30uM) and/or PTP inhibitor (PTPI: 50 uM) for 24h. Protein samples extracted from the cells
were subjected to Western blot. (B) Cells were treated with TG (30uM) and/or SHP-1 inhibitor
(SHPI: 200 uM) for 24h. Protein samples extracted from the cells were subjected to Western
blot. (C) Treatment of cells with TG and/or PTPI was followed by rTRAIL (100 ng/ml) for 2h.
Cells non-treated with TG or PTPI were used for control. The activities of caspase-3, -8, and -9
were measured by enzyme activity assay. The specific activities on each sample were calculated
according to the manufacturer’s protocol. Data are mean£SD of three independent experiments;
** refers to statistical significance (p<0.01) compared with each control. (D) STAT3-siRNA
(600 pmol) or non-silencing siRNA (600 pmol) was transfected to glioma cells. Cells that
transfected with Oligofectamine alone were referred to Vehicle. Cells were used for experiments
24h after transfection. The activities of caspase-3, -8 and -9 were measured similar to Figure 6C
Data are meanzSD of three independent experiments; * refers to statistical significance (p<0.05),
** refers to statistical significance (p<0.01) compared with each non-silencing control.

Figure 7 Synergistic effect of TG on chemotherapeutic drugs. (A-D) U-87MG cells were
treated with TG (30uM) and/or a PTP inhibitor (PTPI: 50 uM) for 24h. (A, B) Treatment of
cells with TG and/or PTPI was followed by treatment with VP16 (A: 0.01-10 uM) or Taxol (B:
0.005-5 uM) for 48h. Cells not treated with TG or PTPI were used for control. Cells were
stained with Ann and PI. Cells that stained negative for both Ann and P1 were defined as viable
cells. Data are mean+SD of three independent experiments; * refers to statistical significance
(p<0.05), ** refers to statistical significance (p<0.01) compared with each control. (C, D)
Treatment of cells with TG and/or PTPI was followed by treatment with VP16 (C: 10 uM) or
Taxol (D: 5 uM) for 24h. Cells not treated with TG or PTPI were used for control. The activities
of caspase-3, -8 and -9 were measured by enzyme activity assay. The specific activities on each



sample were calculated according to the manufacturer’s protocol. Data are mean=SD of three
independent experiments; * refers to statistical significance (p<0.05), ** refers to statistical
significance (p<0.01) compared with each control.

Figure 8 Schema of TG’s synergistic activities on TRAIL, VP16, and Taxol for facilitation of
caspase cascade signaling.
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Figure 4
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Figure 5
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Figure 6
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