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Abstract Phosphatase and tension homolog located on
chromosome ten (PTEN) is a tumor suppressor as it neg-
atively regulates activation of Akt. Mutation or deletion of
PTEN has been found in as high as 80% of glioblastomas,
which harbor aberrant cell signaling passing through the
phosphatidylinositol-3-kinase (PI3K) and Akt (PI3K/Akt)
survival pathway. Glioblastoma cells without functional
PTEN are not easily amenable to apoptosis. We investi-
gated the possibility of modulation of signal transduction
pathways for induction of apoptosis in human glioblastoma
T98G (PTEN-harboring) and U87MG (PTEN-deficient)
cell lines after treatment with the combination of all-trans
retinoic acid (ATRA) and interferon-gamma (IFN-y).
Treatment with ATRA plus IFN-y stimulated PTEN
expression and suppressed Akt activation in T98G cells,
whereas no PTEN expression but Akt activation in U87MG
cells under the same conditions. Pretreatment of U87TMG
cells with the PI3K inhibitor LY294002 could prevent Akt
activation. Interestingly, ATRA plus IFN-y could signifi-
cantly decrease cell viability and increase morphological
features of apoptosis in both cell lines. Combination of
ATRA and IFN-y showed more efficacy than IFN-y alone
in causing apoptosis that occurred due to increases in
Bax:Bcl-2 ratio, mitochondrial release of cytochrome c,
and caspase-3 activity. Luciferase reporter gene assay
showed that combination of ATRA and IFN-y significantly
down regulated transcriptional activity of the nuclear factor
kappa B (NF-kB), a survival signaling factor, in US7MG
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cells. Thus, combination of ATRA and IFN-y caused sig-
nificant amounts of apoptosis in T98G cells due to sup-
pression of the PI3K/Akt survival pathway while the same
treatment caused apoptosis in US7MG cells due to down
regulation of the NF-kB activity. Therefore, the combina-
tion of ATRA and IFN-y could modulate different survival
signal transduction pathways for induction of apoptosis and
should be considered as an effective therapeutic strategy
for controlling the growth of both PTEN-harboring and
PTEN-deficient glioblastomas.

Keywords Apoptosis - ATRA - Glioblastoma -
IFN-7y - Luciferase reporter gene assay - NF-kB activity -
PI3K/Akt survival pathway

Introduction

Glioblastoma is the most aggressive and malignant brain
tumor in humans [14]. The patients survive less than
12 months after diagnosis of glioblastoma [28]. Due to
inability of the synthetic cytotoxic medicines to cross
the blood-brain-barrier and also their severe side effects,
chemotherapy with the synthetic agents could not yet
dramatically improve the median survival of the glioblas-
toma patients [28, 29, 31]. Nowadays, research is sub-
stantially focused on chemotherapy with the natural
cytostatic medicines [12, 20] such as retinoids that can
control growth of cancer cells through promoting differ-
entiation and inhibiting angiogenesis, tumor invasion, and
growth factor pathways. All-frans retinoic acid (ATRA)
exerts growth suppression in leukemia [2, 9], breast cancer
[26], prostate cancer [21], and ovarian cancer [27]. It alone
or in combination with another natural agent such as
interferon-gamma (IFN-y) controls the growth of cancer
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cells due to upregulation of Bax, down regulation of Bcl-2,
and increase in caspase 3 activity [10, 26].

The phosphatase and tension homolog located on
chromosome ten (PTEN), which encodes a cytoplasmic
phosphatase with both protein and lipid phosphatase activ-
ity, is frequently mutated or deleted at chromosome 10q23
in glioblastomas [18]. As PTEN serves as a tumor sup-
pressor, deficiency or loss of its function encourages cell
proliferation in many cancers such as breast cancer, prostate
cancer, melanoma, and brain tumors [6]. Mutation or dele-
tion of PTEN may occur in as high as 80% of human
glioblastomas. PTEN dephosphorylates phosphatidylinosi-
tol-3-kinase (PI3K), which otherwise causes phosphoryla-
tion of protein kinase B (PKB), also known as Akt (short for
‘acutely transforming retrovirus Akt-8’), to promote tumor
cell survival and proliferation [15, 16, 19, 24]. Transfection
of wild-type PTEN cDNA into the glioblastoma cell lines
containing mutated or deleted PTEN could induce cell cycle
arrest at the G1 phase and elicit astrocytic differentiation
[1]. The inhibition of the PI3K/Akt survival signaling could
be demonstrated in glioblastoma cells harboring intact and
functional PTEN [30]. The decreased PTEN level and in-
creased Akt activity have been associated with more
aggressive tumor behavior and reduced survival time in
glioblastoma patients [7].

There has not yet been any specific report for the
modulatory effects of ATRA plus IFN-y on survival
signal transduction pathways in PTEN-harboring and
PTEN-deficient glioblastoma cell lines. We designed this
investigation to examine the suppression of the survival
pathways for mediation of apoptosis in glioblastoma T98G
(PTEN-harboring) and US87MG (PTEN-deficient) cells
after treatment with ATRA plus IFN-y. Our data showed
that combination of ATRA and IFN-y induced apoptosis in
these two cell lines due to suppression of two different
survival pathways.

Materials and methods
Materials

Human glioblastoma cell lines T98G and US87MG were
purchased from the American Type Culture Collection
(ATCC, Manasas, MD, USA). ATRA and human
recombinant IFN-y were purchased from Sigma Chemical
(St. Louis, MO, USA). Antibodies against PTEN and
phospho-Akt and the PI3K inhibitor 2-(4-morpholinyl)-
8-phenylchromone (LY294002, an Eli Lilly inhibitor) were
bought from Cell Signaling Technologies (Danvers, MA,
USA). Cytochrome c¢ antibody was obtained from BD
Biosciences (San Jose, CA, USA). Bax and Bcl-2 antibodies

were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Monoclonal o-spectrin antibody was
received from Affiniti (Exeter, UK). The plasmid vector
pNF-xB-luc was bought from Clontech (Mountain View,
CA, USA). Lipofectamine-2000 transfection reagent was
obtained from Invitrogen (Carlsbad, CA, USA). Luciferase
reporter gene assay kit was purchased from Promega
(Madison, WI, USA).

Cell culture

Human glioblastoma cell lines T98G and U887MG were
grown in 1XRPMI 1640 medium containing 10% fetal
bovine serum (FBS) and 1% penicillin and streptomycin.
Cells were seeded in 75-cm” flasks and incubated at 37°C
in a humidified atmosphere with 5% CO,. Cells with about
75% confluency were starved in 1XRPMI 1640 with 0.5%
FBS for 6 h and kept in this low-serum medium during all
the treatments. Then cells were treated with 5 pM ATRA
alone, 5 ng/ml IFN-7y alone, and 5 pM ATRA plus 5 ng/ml
IFEN-y for 18 h. For a time-course, treatments were also
carried out for different time points: 0.5, 1, 2, 3, 5, and
18 h. After all the treatments, the cells were harvested for
assessment of apoptosis and analysis of specific pathways
involved.

Determination of residual cell viability

After treatment with ATRA and IFN-y alone and in com-
bination, the trypan blue dye exclusion test was performed
to evaluate the residual cell viability [23]. Viable cells
maintained membrane integrity and did not take up trypan
blue. Cells with compromised cell membranes took up
trypan blue and were counted as dead. At least 600 cells
were counted in four different fields and the number of
residual viable cells was calculated as percentage of the
total cell population.

Wright staining for morphological features of apoptosis

The cells from all treatments were harvested and washed in
PBS, pH 7.4, and sedimented onto the microscopic slides
using the Centra CL2 centrifuge (IEC, Needham Heights,
MA, USA) at 1,000 rpm for 5 min. Cells were fixed and
then stained with Wright stain, as we reported previously
[4]. Cellular morphology was examined by optical
microscopy to assess apoptosis. Cells with the character-
istic of reduction in cell volume, condensation of the
chromatin, and/or the presence of cell membrane blebbing,
were considered apoptotic. At least 600 cells were counted
in each treatment and the percentage of apoptotic cells was
calculated.
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Protein extraction and Western blotting

After the treatments, cells were lyzed in a buffer composed
of 50 mM Tris—HCI, pH 7.4, 0.1 mM phenylmethylsul-
fonyl fluoride (PMSF), and 5 mM EGTA for extraction of
cellular proteins. Concentration of total proteins was
determined colorimetrically using Coomassie-Plus protein
assay reagent (Pierce, Rockford, IL, USA). The samples
were mixed with an equal volume of 2 X loading buffer
[125 mM Tris—HCIl, pH 6.8, 4% SDS, 20% glycerol,
200 mM 1,4-dithio-pL-threitol (DTT), and 0.02% brom-
ophenol blue], boiled for 5 min, and loaded (40 pg/lane)
onto the 4-20% gradient gels for the sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE).
After SDS-PAGE, the gels were blotted to Immunobilon-P
nylon membrane. The blots were blocked in 5% non-fat
milk, 0.1% Tween, Tris—HCI, pH 7.8, for 2 h at room
temperature. Then the blots were incubated with a specific
primary IgG antibody for 2 h at room temperature or
overnight at cold room followed by alkaline horseradish
peroxidase-conjugated secondary IgG antibody for 1 h.
Blots were developed using the enhanced chemilumines-
cence (ECL) or ECL-Plus reagents (Amersham Pharmacia,
Buckinghamshire, UK). The ECL autoradiograms were
scanned on a PowerLook Scanner (Umax Technologies,
Fremont, CA, USA) using Photoshop software (Adobe
Systems, Seattle, WA, USA) and optical density (OD) of
each band was determined using Quantity One software
(Bio-Rad, Hercules, CA, USA).

Western blotting for determination of mitochondrial
release of cytochrome c into cytosol

For determining any mitochondrial release of cytochrome ¢
into cytosol after the treatments, we isolated mitochondrial
and cytosolic fractions. Briefly, cells from each treatment
were harvested, washed once with ice-cold PBS, and gently
lyzed for 1 min in ice-cold lysis buffer (250 mM sucrose,
1 mM EDTA, 0.05% digitonin, 25 mM Tris—HCI, pH 6.8,
1 mM DTT, 1 pg/ml leupeptin, 1 pg/ml pepstatin, 1 pg/ml
aprotinin, 1 mM benzamidine, and 0.1 mM PMSF).
Lysates were centrifuged at 12,000 x g at 4°C for 3 min to
obtain the pellet (fraction containing mitochondria) and the
supernatant (fraction containing cytosolic extract without
mitochondria). Both the mitochondrial and cytosolic frac-
tions were analyzed by Western blotting using an antibody
against cytochrome c.

Transfection of pNF-kB-luc and luciferase reporter
gene assay for NF-«xB activity

We transfected the plasmid vector pNF-xB-luc (Clontech,
Mountain View, CA, USA) into T98G and U87MG cells
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for monitoring the activation or inactivation of NF-xB
survival signal transduction pathway due to treatment with
ATRA plus IFN-y. The plasmid vector pNF-xB-luc
(5.0 kb) contains a region (27-66) of four tandem repeats
of the NF-«xB binding sequence (GGGAATTTCCx4) fused
to a region (73-221) of TATA-like promoter from the
herpes simplex virus-thymidine kinase (HSV-TK) pro-
moter to drive the transcription of the region (223-1912) of
the firefly luciferase (luc) reporter gene from Photinus
pyralis. Binding of intracellular NF-kB to its consensus
DNA sequence on the vector induces transcription of the
luciferase reporter gene. One day prior to transfection of
the vector, the cells were subcultured to 90% confluency.
Cells were transfected with pNF-xB-luc using Lipofecta-
mine-2000 transfection reagent (Invitrogen, Carlsbad, CA,
USA) in 1 x RMPI 1640 containing 0.5% FBS for 24 h.
The transfected cells were treated with ATRA plus IFN-y
for 5 h and lyzed by addition of 100 pl of lysis buffer and
sonication. Then, 20 pl aliquot was mixed with 100 pl of
assay reagent and vortexed just before reading fluorescence
in a luminometer.

Statistical analysis

Results were analyzed using StatView software (Abacus
Concepts, Berkeley, CA, USA) and compared using
one-way analysis of variance (ANOVA) with Fisher’s post
hoc test. Data were presented as mean =+ standard error of
mean (SEM) of separate experiments (n = 3). Significant
difference from control value was indicated by * (p < 0.05)
or ** (p < 0.001).

Results

Changes in expression of PTEN in glioblastoma cells
after the treatments

We used Western blotting to detect the changes in
expression of the tumor suppressor PTEN in both T98G
and U87MG cell lines following the treatments. The
expression of 55 kD PTEN was detected in T98G cells
(Fig. 1) but not in U87MG cells (data not shown). The
uniform expression of 42 kD f-actin was used as a
loading control on the Western blots (Fig. 1). Compared
with control T98G cells, treatment (18 h) with ATRA
alone did not change the level of PTEN expression while
treatment (18 h) with IFN-y alone significantly
(p < 0.001) induced PTEN expression (Fig. 1a). The sig-
nificant induction of PTEN expression remained unaf-
fected when the cells were treated ATRA plus IFN-y for
18 h (Fig. 1a). Pretreatment (1 h) of the cells with the
PI3K inhibitor LY294002 did not affect the significant
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Fig. 1 Western blotting to examine the levels of PTEN in
glioblastoma cells. (a) Levels of 55 kD PTEN expression in T98G
cells. Treatments (18 h): control, 5 uM ATRA, 5 ng/ml IFN-y, 5 uM
ATRA + 5 ng/ml IFN-y, and 20 uM LY294002 (1-h pre-
treat) + 5 UM ATRA + 5 ng/ml IFN-y. Western blots were devel-
oped using the ECL reagent. (b) Time-dependent increase in levels of
55 kD PTEN expression in T98G cells following treatment with
ATRA plus IFN-y. Western blots were developed using the ECL-Plus
reagent

induction of PTEN expression by combination of ATRA
and IFN-y. Further, we investigated the time-course of
induction of PTEN in T98G cells after treatment with the
combination of ATRA and IFN-y for seven different
time points (Fig. 1b). Results indicated that treatment of
T98G cells with combination of ATRA and IFN-y induced
PTEN expression time-dependently and significant
(p < 0.05) induction occurred in 2 h, reached peak level at

5 h, and maintained peak level even at 18 h (Fig. 1b). So,
we decided to treat the cells for 18 h in subsequent
experiments for assessment of apoptosis. Induction of
PTEN expression could suppress the PI3K mediated
activation of the oncoprotein Akt so as to facilitate the
occurrence of apoptosis in glioblastoma cells after treat-
ment with combination of ATRA and IFN-y.

Time-course for changes in activation of Akt in
glioblastoma cells after treatment with combination
of ATRA and IFN-y

Activation of Akt occurs due to its phosphorylation by
PI3K activity. We performed Western blotting to examine
the changes in levels of activation of Akt (i.e., phosphor-
ylation of Akt or phospho-Akt) and total Akt in glioblas-
toma cells after treatment with combination of ATRA and
IFN-y for different time-points (Fig. 2). Almost uniform
levels of expression of 42 kD f-actin in both T98G and
U87MG cell lines were used as loading controls on the
Western blots (Fig. 2). Western blotting with an antibody
capable of specifically detecting phosphorylation of Akt at
Ser-473 showed no phosphorylation of Akt in T98G cells
(Fig. 2a). Thus, activation of PI3K/Akt survival pathway
did not occur in T98G cells and total Akt level remained
almost unaltered after the treatment of cells with combi-
nation of ATRA and IFN-y (Fig. 2a). In contrast, treatment
with combination of ATRA and IFN-y continued to in-
crease 60 kD phospho-Akt level in U87MG cells during
early time-points (0.5-5 h) but tended to decrease its level
at 18 h (Fig. 2b). Pretreatment of U887MG cells with the
PI3K inhibitor LY294002 could prevent activation of Akt,
indicating the involvement of PI3K activity in this process.
The total Akt level was not affected in US7MG cells after
the treatments.

Decrease in residual cell viability and increase in
apoptosis in glioblastoma cells after the treatments

We determined the amounts of residual cell viability and
apoptosis in both T98G and U87MG cell lines after the
treatment with ATRA and IFN-y alone and in combination
(Fig. 3). Treatment with ATRA alone did not significantly
alter residual cell viability, IFN-y alone significantly de-
creased (p < 0.05) residual cell viability, and the combi-
nation of ATRA and IFN-y caused the highest decrease
(» < 0.001) in residual cell viability in both cell lines
(Fig. 3a). The results suggested that combination of ATRA
and IFN-y could work synergistically to cause cell death in
both T98G and US7MG cells.

Wright staining was used to evaluate the morphologic
features of apoptosis in T98G and U87MG cells after the
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Fig. 2 Western blotting to examine the activation of Akt (formation o

of phospho-Akt) in glioblastoma cells. Treatments (18 h): 5 uM
ATRA + 5 ng/ml IFN-y, and 20 pM LY294002 (1-h pre-
treat) + 5 uM ATRA + 5 ng/ml IFN-y. Western blots were devel-
oped using the ECL reagent. (a) Time-course of formation of any
phospho-Akt and also level of total Akt in T98G cells. Activation of
Akt was not detected in T98G cells. (b) Time-course of formation of
phospho-Akt and also level of total Akt in US7MG cells. Activation
of Akt occurred increasingly to some extent up to 5 h and tended to
decrease at 18 h. Pretreatment of cells with the PI3K inhibitor
LY294002 prevented activation of Akt, indicating a role for PI3K in
this process

treatments  (Fig. 3b). Apoptosis with characteristic
morphologic changes such as cell shrinkage, membrane
blebbing, chromatin condensation, and/or formation of
membrane-bound apoptotic bodies occurred to some extent
after treatment with IFN-y alone but mostly after treatment
with the combination of ATRA and IFN-y in both cell lines

(Fig. 3b). The apoptotic cells were counted to determine
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Fig. 3 Decrease in cell viability and increase in apoptosis in
glioblastoma cells following different treatments. Treatments
(18 h): control, 5 pM ATRA, 5 ng/ml IFN-y, and 5 uM
ATRA + 5 ng/ml IFN-y. (a) Determination of amounts of residual
cell viability based on trypan blue dye exclusion test. (b) Wright
staining to examine morphological features of apoptosis. (c)
Determination of amounts of apoptosis based on morphological
features

the percentage of apoptosis (Fig. 3c). Compared with the
control cells, treatment with combination of ATRA and
IFN-y caused apoptosis most effectively (p < 0.001) in
both cell lines, regardless of their different PTEN contents.
In subsequent experiments, we examined the molecular
basis of occurrence of apoptosis in T98G and U8S87TMG
cells.
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Apoptosis occurred with increase in Bax:Bcl-2 ratio

Western blotting was performed to examine the changes in
levels of expression of pro-apoptotic Bax and anti-apop-
totic Bcl-2 proteins in course of apoptosis in both T98G
and US7MG cell lines after the treatments (Fig. 4). Treat-
ment with IFN-y alone and combination of ATRA and IFN-
y increased the levels of Bax expression and decreased the
levels of Bcl-2 expression in both glioblastoma cell lines
(Fig. 4a). We performed densitometric analysis to quanti-
tate the levels of expression of Bax and Bcl-2 to determine
the alterations in Bax:Bcl-2 ratio (Fig. 4b). Compared with
control cells, treatment with IFN-y alone and combination
of ATRA and IFN-y caused significant (p < 0.001) increase
in the Bax:Bcl-2 ratio in both cell lines (Fig. 4b), sug-
gesting a commitment of the cells to apoptosis via mito-
chondria-dependent pathway.

Mitochondrial release of cytochrome c into the cytosol
and activation of caspase-3

An increase in Bax:Bcl-2 ratio is known to promote
mitochondrial release of cytochrome ¢ into the cytosol for
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Fig. 4 Western blotting to examine alterations in levels of Bax and
Bcl-2 proteins in glioblastoma cells. Treatments (18 h): control, 5 tM
ATRA, 5ng/ml IFN-y, and 5 pM ATRA + 5 ng/ml IFN-y. (a)
Representative Western blots show levels of Bax, Bcl-2, and f-actin
in T98G and US7MG cells following treatments. Western blots were
developed using the ECL-Plus reagent. (b) Determination of Bax:Bcl-
2 ratio in T98G and U87MG cells. An increase in Bax:Bcl-2
following a treatment indicated a commitment of cells to apoptosis

activation of cysteine proteases for apoptosis. We separated
the mitochondrial and cytosolic fractions for Western
blotting to assess mitochondrial release of cytochrome ¢
into the cytosol (Fig. 5). Treatment of T98G and US7MG
with IFN-y alone or combination of ATRA and IFN-y
triggered mitochondrial release of cytochrome c into the
cytosol (Fig. 5a). Compared with control cells, significant
(p < 0.001) decrease in cytochrome c level in mitochondria
occurred in T98G cells after treatment with IFN-y alone or
combination of ATRA and IFN-y but in U§7MG cells only
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Fig. 5 Western blotting to examine mitochondrial release of
cytochrome ¢ into the cytosol in glioblastoma T98G and U87MG
cells. Treatments (18 h): control, 5 pM ATRA, 5 ng/ml IFN-y, and
5 uM ATRA + 5 ng/ml IFN-y. (a) Representative Western blots
show levels of mitochondrial cytochrome ¢ and cytosolic cytochrome
¢ and f-actin following treatments. Western blots were developed
using the ECL-Plus reagent. (b) Determination of percent decrease in
mitochondrial cytochrome c¢ level. (¢) Determination of percent
increase in cytosolic cytochrome c level. Treatment of cells with IFN-
y alone or ATRA + IFN-y caused mitochondrial release of cyto-
chrome c into the cytosol
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after treatment with combination of ATRA and IFN-y
(Fig. 5b). Analysis of cytosolic fractions showed concur-
rent significant (p < 0.001) increase in cytochrome c level
in the cytosol in both T98G and U8S87MG cells after treat-
ment with IFN-y alone or combination of ATRA and IFN-y
(Fig. 5¢), indicating that mitochondrial release of cyto-
chrome c into the cytosol could promote apoptotic process.
Notably, the mitochondrial release of cytochrome c into the
cytosol was more after treatment with the combination of
ATRA and IFN-y than after treatment with IFN-y alone.
Cytosolic cytochrome ¢ helps activation of caspase-9 that
in turn activates caspase-3. Further, we performed Western
blotting to assess caspase-3 activity in the cleavage of
45 kD inhibitor of caspase-3-activated DNase (ICAD) to
40 kD ICAD fragment (Fig. 6). Treatment of T98G and
USTMG cells with the therapeutic agents caused ICAD
cleavage (Fig. 6a). Compared with control cells, treatment
with ATRA and IFN-y alone or in combination signifi-
cantly generated 40 kD ICAD fragment in both T98G and
U87MG cells (Fig. 6b). Since ICAD is a molecular chap-
erone of CAD, the fragmentation of ICAD may release and

a T98G cells UB7MG cells
Ly Y
L £
Es y 5 & *
2 3 E 5 3
3 & & & d & & &
40 kD ICAD - — - = m —
(fragment)

*
*

1000

@ IFN-y
W ATRA + IFN-y

500

O 4

% Change in ICAD fragment 4

us7MG

Fig. 6 Western blotting to examine caspase-3 activity in the
formation of ICAD fragment in glioblastoma T98G and U87MG
cells. Treatments (18 h): control, 5 pM ATRA, 5 ng/ml IFN-y, and
5 uM ATRA + 5 ng/ml IFN-y. (a) Representative Western blots
show levels of 40 kD ICAD fragment following treatments. Western
blots were developed using the ECL-Plus reagent. (b) Determination
of percent increase in ICAD fragment. Treatment of cells with ATRA
and IFN-y alone or in combination caused formation of ICAD
fragment. Combination of ATRA and IFN-y was the most effective in
increasing ICAD fragment, indicating the highest increase in caspase-
3 activity
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translocate CAD to the nucleus for apoptotic DNA
fragmentation.

Luciferase reporter gene assay to determine activity
of NF-xB after combination therapy

The activation of the pro-survival transcription factor
NF-xB could lead to inhibition of apoptosis. We used
luciferase reporter gene assay to measure any changes in
transcriptional activity of NF-xB in both T98G and US7TMG
cells after treatment with the combination of ATRA and
IFN-y (Fig. 7). The glioblastoma cells were transfected with
the NF-xB plasmid containing an insertion of luciferase
reporter gene and also with the control plasmid. Then cells
were treated with the combination of ATRA and IFN-y.
Luciferase reporter gene activities were measured to assess
any activity of NF-xB. The results showed that activity of
NF-xB was very low in T98G cells and treatment with
combination of ATRA and IFN-y did not significantly
decrease activity of NF-«xB in T98G cells. However, treat-
ment with combination of ATRA and IFN-y very signifi-
cantly (p < 0.001) decreased activity of NF-xB in U87MG
cells, so as to allow them to succumb to apoptosis.

Discussion

The mutation or deletion of the tumor suppressor PTEN
has been found in many tumors including glioblastoma.
The inactivation of PTEN plays a critical role in the pro-
gression of glioblastoma. Transfection of cancer cells with
a plasmid expressing wild-type PTEN could result in cell
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Fig. 7 Luciferase reporter gene assay for determination of transcrip-
tional activity of NF-xB in glioblastoma T98G and U87MG cells.
Glioblastoma cells were transfected with the plasmid vector pNF-xB-
luc prior to treatments. Treatments (18 h): control, and 5 pM
ATRA + 5 ng/ml IFN-y. A decrease in luciferase reporter gene
activity following treatment indicated a decrease in NF-«B activity in
glioblastoma cells



Neurochem Res (2007) 32:2194-2202

2201

cycle arrest in vitro and reduced tumorigenicity in vivo
[8, 11]. Because human glioblastoma T98G is a PTEN-
harboring cell line, it is amenable to many chemothera-
peutic agents. In contrast, human glioblastoma U887MG is a
PTEN-deficient cell line and thus remains highly resistant
to chemotherapy. Our recent study showed that combina-
tion of ATRA and IFN-y effectively could control malig-
nant growth of these two cell lines [10]. In the current
study, we examined any changes in PTEN/PI3K/Akt and
NF-kB signaling mechanisms in these two glioblastoma
cell lines after treatment with combination of ATRA and
IFN-y. This is the first report demonstrating that combi-
nation of ATRA and IFN-y enhanced apoptosis in T98G
cells due to upregulation of PTEN for suppression of the
PI3K/Akt survival pathway while in U87MG cells due to
suppression of the NF-xB survival signaling.

It is known that upregulation of PTEN plays an impor-
tant role in signal transduction pathway because it then
inhibits activation of PI3K and thus prohibits further acti-
vation of Akt in cancers including glioblastoma [1, 16, 30].
Our current data showed that treatment of T98G cells with
combination of ATRA and IFN-y increased PTEN
expression in a time-dependent manner (Fig. 1). The
presence of PTEN and its upregulation following treatment
with combination of ATRA and IFN-y could abolish acti-
vation of Akt (i.e., formation of phospho-Akt) in T98G
cells (Figs. 1, 2) to make them prone to apoptosis. On the
other hand, deficiency of PTEN provided an advantage to
PI3K for formation of phospho-Akt in US7MG cells even
after treatment of the cells with combination of ATRA and
IFN-y; however, this process could partially be prevented
by pretreatment of the cells with the PI3K inhibitor
LY294002 (Fig. 2). In fact, the activation of PI3K/Akt
survival pathway reflected the deficiency or absence of
PTEN in U87MG cells. Because treatment with combina-
tion of ATRA and IFN-y significantly decreased cell via-
bility and increased morphologic features of apoptosis not
only in T98G cells but also in US7MG cells though to a
lesser extent (Fig. 3), we realized that another important
survival signaling mechanism was severely impaired in
USTMG cells after the combination therapy.

We observed that treatment with IFN-y alone or com-
bination of ATRA and IFN-y caused apoptosis in both
T98G and U87MG cells due to significant increases in
Bax:Bcl-2 ratio (Fig. 4). These results are similar to the
previous studies in leukemia [9], glioblastoma [32], and
also in prostate cancer [22] cells. Because Bax overex-
pression is associated with mitochondrial release of cyto-
chrome ¢ [3, 25], we also examined the mitochondrial
release of cytochrome ¢ (Fig. 5). Apoptotic stimuli with
IFN-y alone and combination of ATRA and IFN-y
triggered mitochondrial release of cytochrome c into the
cytosol in both T98G and U87MG cells (Fig. 5). Cytosolic

cytochrome ¢ eventually signals to increase the caspase-3
activity in the final phase of apoptosis [5]. We examined
any increase in caspase-3 activity in the generation of
ICAD fragment (Fig. 6). Treatment with combination of
ATRA and IFN-y produced more ICAD fragment than
treatment with IFN-y alone (Fig. 6), indicating the greater
efficacy of the combination therapy for apoptotic execution
of both T98G and U87MG cells.

The specific inhibitor of PI3K prevents growth of glio-
blastoma [25] and also PTEN suppresses the PI3K/Akt
survival pathway in tumors [3]. Because PTEN was
upregulated in T98G cells following treatment with the
combination of ATRA and IFN-y, induction of apoptosis
occurred in T98G cells due to suppression of the PI3K/Akt
survival pathway. However, we also wanted to explore the
suppression of any other survival signaling mechanism by
combination of ATRA and IFN-y in PTEN-deficient
USTMG cells for induction of apoptosis. It has been
reported previously that NF-xB plays an important role as
an anti-apoptotic transcription factor [13, 17]. Therefore,
any decrease in transcriptional activity of NF-«B following
a therapeutic treatment would make the cells prone to
apoptosis. Our current data from the luciferase reporter
gene assay indicated significant decrease in the transcrip-
tional activity of NF-xkB in U887MG cells following treat-
ment with combination of ATRA and IFN-y (Fig. 7). This
finding suggested that combination of ATRA and IFN-y
activated apoptotic process in U§7MG through down reg-
ulation of NF-«xB survival signaling.

In conclusion, this investigation for the first time dem-
onstrated that combination of ATRA and IFN-y could
suppress the PI3K/Akt survival pathway in PTEN-harbor-
ing T98G cells whereas the NF-xkB survival signaling in
PTEN-deficient U87MG cells for induction of significant
amounts of apoptosis in both human glioblastoma cell
lines. Therefore, this combination therapy can further be
explored as an effective therapeutic strategy for controlling
the malignant growth of not only PTEN-harboring but also
PTEN-deficient glioblastoma in preclinical animal models
as well as in clinical settings.
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