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Abstract

Purpose Deletion or mutation of phosphatase and tensin
homolog located on chromosome ten (PTEN) occurs in as
high as 80% glioblastoma. All-trans retinoic acid (ATRA)
induces differentiation in cancer cells. Interferon-gamma
(IFN-y) induces apoptosis in many cancers including glio-
blastoma. We used the combination of ATRA and IFN-y to
control growth of human glioblastoma LN18 (PTEN-profi-
cient) and US7MG (PTEN-deficient) cells and explored any
advantage of having PTEN in the cells.

Methods LNI18 and U87MG cells were treated with
ATRA (1 uM) for 7 days and then IFN-y (5 ng/ml) for
1 day. Methylene blue staining indicated astrocytic differ-
entiation. Wright staining and ApopTag assay showed char-
acteristic features of apoptosis. Western blotting
demonstrated the levels of specific proteins.

Results ATRA and IFN-y alone and in combination could
induce apoptosis in LN18 cells; while ATRA alone induced
differentiation only, IFN-y alone induced apoptosis, and
ATRA plus IFN-y increased apoptosis in U87MG cells. The
variation in induction of apoptosis by ATRA alone might be
attributed to difference in PTEN expression in the two cell
lines. Compared with control cells, IFN-y alone and ATRA
plus IFN-y increased PTEN expression in LN18 cells while
there was no PTEN expression or induction in U87MG cells
after treatments with ATRA alone and ATRA plus IFN-y.
Apoptosis in both cell lines was associated with increases in
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Bax:Bcl-2 ratio, mitochondrial release of cytochrome c into
the cytosol, and calpain and caspase-3 activities. Treatments
elevated p27" %! and decreased CDK2 levels in both cell
lines, indicating cell cycle arrest at G,/S phase.

Conclusions The combination of ATRA and IFN-y could
control the growth of both PTEN-proficient and PTEN-
deficient glioblastoma cells by arresting cell division and
inducing differentiation and apoptosis. Thus, our study indi-
cated that the growth of both PTEN-proficient and PTEN-
deficient glioblastoma cells could effectively be controlled
by treatment with the combination of ATRA and IFN-y.

Keywords Apoptosis - ATRA - Cell cycle arrest -
Glioblastoma - IFN-y - PTEN

Introduction

Glioblastoma is the deadliest and most prevalent brain
tumor in humans [15]. The average survival time of glio-
blastoma patients is less than 12 months even after treat-
ment with the currently available therapeutic regimens [26].
Current treatment strategies include mass-reductive sur-
gery, radiotherapy, and chemotherapy. Because cytotoxic
synthetic agents possess such limitations as inability to
cross the blood-brain-barrier and severe side effects, they
so far showed little promise in extending the patients’ sur-
vival [26, 27, 29]. So, some investigators switched to using
cytostatic medicines for treatment of glioblastoma [11, 19].
The cytostatic medicines, such as retinoids, can cause cell
death through promoting differentiation, inhibiting angio-
genesis, impairing tumor invasion, and blocking growth
factor pathways. Retinoids belong to a class of natural
agents that specifically target the cellular receptors and
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signaling proteins to induce differentiation and inhibit
growth of cancer cells. For example, all-trans retinoic acid
(ATRA) could induce differentiation and suppress growth
of leukemia [2, 8], breast cancer [24], prostate cancer [20],
and ovarian cancer [25] cells. The natural biomolecule IFN-
y is known to induce apoptosis and the combination of
ATRA and IFN-y can result in increase in apoptosis in glio-
blastoma cells [9]. Apoptosis in glioblastoma cells by IFN-
7 has been associated with upregulation of pro-apoptotic
Bax and down regulation of anti-apoptotic Bcl-2 [22] and
increase in caspase-3 activity [9].

Phosphatase and tensin homolog located on chromosome
ten (PTEN), which encodes a cytoplasmic enzyme with both
protein and lipid phosphatase activity, is frequently mutated
or deleted from chromosome 1023 in malignant glioblas-
toma [17]. As a tumor suppressor, PTEN is capable of con-
trolling cell proliferation that is abnormally high in many
types of solid tumors such as breast cancer, prostate cancer,
melanoma, and brain tumors due to loss of normal function
of PTEN [6, 7, 17]. Notably, the mutation and deletion of
PTEN accounted for as high as 80% of human glioblasto-
mas [7, 17]. The transfection of wild-type PTEN cDNA into
glioblastoma cell lines harboring mutated or deleted PTEN
could induce cell cycle arrest at G; phase and elicit astro-
cytic differentiation [1]. It has been indicated that ATRA
can play an important role in increasing the PTEN expres-
sion for reducing the cell growth rate and causing the cell
cycle arrest at the G, phase [16]. Other reports show that
PTEN expression causes cell cycle arrest at G,/G; phase,
which is most closely associated with an increase in protein
level of the cyclin-dependent protein kinase (CDK) inhibitor
p275PL (3, 12, 14].

Although previous studies have shown that treatment of
glioblastoma cells with ATRA induce differentiation and
growth arrest [1, 30], there is no specific report yet showing
the differential effects of ATRA in glioblastoma cell lines
having proficient and deficient PTEN expression. We
designed the current investigation to examine the amounts of
apoptosis in two human glioblastoma cell lines, LNI18
(PTEN-proficient) and U87MG (PTEN-deficient), after treat-
ments with ATRA and IFN-y alone and in combination. Our
data show that the most effective treatment option is the com-
bination of ATRA and IFN-y for increasing the amounts of
apoptosis in these two glioblastoma cell lines due to increase
in expression of p27"%! and decrease in expression of CDK2.

Materials and methods
Materials

Human glioblastoma LN18 and U87MG cell lines were
purchased from the American Type Culture Collection
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(ATCC, Rockville, MD, USA). We obtained primary IgG
antibodies against CDK2, p275P!, and PTEN from Cell Sig-
naling Technologies (Danvers, MA, USA); glial fibrillary
acidic protein (GFAP) from Chemicon International
(Temecula, CA, USA); cytochrome ¢ from BD Biosciences
(San Jose, CA, USA); Bax, Bcl-2, inhibitor of casapse-3-
activated DNase (ICAD) from Santa Cruz Biotechnology
(Santa Cruz, CA, USA), and a-spectrin from Affiniti (Exe-
ter, UK). Both ATRA and IFN-y were purchased from
Sigma Chemical (St Louis, MO, USA).

Cell culture

Human glioblastoma LN18 and U87MG cell lines were
separately grown in DMEM and RPMI 1640, respectively,
both supplemented with 10% fetal bovine serum (FBS) and
1% penicillin and streptomycin. Cells were seeded in 75-
cm?® flasks and incubated at 37°C in a fully humidified
atmosphere with 5% CO,. Once the cells were 80% conflu-
ent, they were starved in DMEM or RPMI with 5% FBS for
24 h and maintained in this low FBS condition during all
treatments. Cells were treated with 1 pM ATRA consecu-
tively for 7 days, with change of medium every 2 days.
Then, we added 5 ng/ml IFN-y to the medium for treatment
of cells for the next 24 h. After the treatments, cells were
processed for determinations of differentiation, viability,
apoptosis, and specific proteins by Western blotting.

Methylene blue staining to examine astrocytic
differentiation

Cells were cultured in monolayer in plates of 10-cm diame-
ter in the absence and presence of 1 tM ATRA for 7 days.
At the end of the treatment, the culture medium was aspi-
rated and cells were washed two times with ice-cold phos-
phate-buffered saline (PBS), pH 7.4, in the culture plate.
For in situ methylene blue staining of the cells, each plate
was placed on ice and 5 ml of ice-cold 50% (v/v) ethanol
was added to fix the cells for 5 min; ethanol was aspirated
followed by the addition of 5 ml of ice-cold 0.2% (v/v)
methylene blue solution (prepared in 50% ethanol). Cells
were stained with methylene blue for 30 s and washed
twice with ice-cold water. The plates were dried in air.
Cells were examined under the light microscope at 400x
magnification for identification of astrocytic differentiation.

Cell viability assay

After treatment with ATRA and IFN-y alone and in combi-
nation, Trypan Blue dye exclusion test [5, 22] was per-
formed to evaluate the cell viability. Viable cells
maintained membrane integrity and did not take up Trypan
Blue. Cells with compromised cell membranes took up
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Trypan Blue, and were counted as dead. At least 600 cells
were counted in four different fields and the number of via-
ble cells was calculated as percentage of the total cell popu-
lation.

Wright staining for morphological features of apoptosis

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 for
Wright staining, as we reported previously [5]. Cellular
morphology was examined under light microscopy to
assess amount of apoptosis. Cells were considered apopto-
tic with the characteristic reduction in cell volume and con-
densation of the chromatin and/or the presence of cell
membrane blebbing. About 600 cells were counted in each
treatment and the percentage of apoptotic cells was calcu-
lated.

ApopTag peroxidase assay for detection
of apoptotic DNA fragmentation

For detection of DNA fragmentation as a biochemical
marker of apoptosis, glioblastoma cells on the microscopic
slides were subjected to the TdT-mediated dUTP nick-end
labeling (TUNEL) using the ApopTag peroxidase assay kit
(Intergen, Purchase, NY, USA). In this TUNEL staining, we
used 3,3’-diaminobenzidine (DAB) as a peroxidase sub-
strate. Cells with DNA fragmentation produced a brown
product from oxidative polymerization and cyclization of
DAB in the course of the ApopTag peroxidase assay. Apop-
Tag-positive cells were brown in a pale green background
and were considered as apoptotic cells. Experiments were
conducted in triplicate and percentage of ApopTag-positive
cells was determined by counting the brown cells from ran-
domly selected fields under the light microscope [4, 5].

Protein extraction and Western blotting

After the treatments, cells were lysed in a buffer composed
of 50 mM Tris—HCI, pH 7.4, 0.1 mM phenylmethylsulfonyl
fluoride (PMSF), and 5 mM EGTA for extraction of cellu-
lar 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 2x loading buffer [125 mM
Tris—HCl, pH 6.8, 4% SDS, 20% glycerol, 200 mM 1,4-
dithio-pL-threitol (DTT), and 0.02% bromophenol blue],
boiled for 5 min, and loaded (40 pg/lane) onto the 4-20%
gradient gels for sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). After SDS-PAGE, the
gels were blotted to Immunobilon-P nylon membrane. The

blots were blocked with 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 fol-
lowed by alkaline horseradish peroxidase-conjugated sec-
ondary IgG antibody for 1 h. Blots were developed using
the enhanced chemiluminescence (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).

Analysis of mitochondrial release of cytochrome
c into the cytosol

Cells from each treatment were harvested, washed once
with ice-cold PBS, and gently lysed for 1 min in 50 pl 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 ben-
zamidine, and 0.1 mM PMSF) [21]. Lysates were centri-
fuged at 12,000g in cold (4°C) for 3 min to obtain pellet
(the mitochondrial fraction) and supernatant (the cytosolic
fraction without mitochondria). Pellet and supernatant were
analyzed by Western blotting using cytochrome c¢ antibody.

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 deviation
(SD) of separate experiments (n > 3). Significant difference
from control value was indicated by * (P < 0.05) or **
(P <0.001).

Results

Levels of PTEN expression in human glioblastoma
LN18 and US7MG cell lines

Because PTEN is an acclaimed tumor suppressor, induction
of PTEN expression by a therapeutic agent helps suppress
survival signaling in malignant cells leading to cell death.
We examined any changes in levels of PTEN expression in
LN18 and U87MG cells after treatments with 1 uM ATRA,
5ng/ml IFN-y, and 1 puM ATRA plus 5ng/ml IFN-y
(Fig. 1). Treatments with IFN-y alone and ATRA plus IFN-y
induced PTEN expression in LN18 cells (Fig. 1a). Almost
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Fig.1 Western blotting to examine the levels of PTEN in human glio-
blastoma LN18 and U87MG cells. Treatments: control, 1 ptM ATRA
(7 days), 5 ng/ml IFN-y (1 day), and 1 pM ATRA (6 days) + 5 ng/ml
IFN-y (1 day). a Representative Western blots showed the levels of
PTEN and f-actin following treatments. b Densitometric analysis of
the levels of PTEN in LN18 cells following treatments

uniform levels of f-actin expression in both cell lines
served as loading controls on the Western blots (Fig. 1a).
Quantification showed that treatment with ATRA alone did
not alter the level of PTEN expression, while treatment
with IFN-y alone induced PTEN expression and the combi-
nation of ATRA and IFN-y significantly (P <0.001)
increased the level of PTEN expression, compared with
control LN18 cells (Fig. 1b). We could not detect PTEN
expression in control U87MG cells or its induction after the
treatments. So, our results confirm that LN18 is a PTEN-
proficient cell line while U87MG is a PTEN-deficient cell
line.

ATRA treatment induced astrocytic differentiation
and increased GFAP expression

Because of its ability for induction of differentiation, ATRA
has been widely used as a differentiating agent for the treat-
ment of cancers. We examined the morphological and bio-
chemical markers of astrocytic differentiation (Fig. 2).
Methylene blue staining showed the morphological features
of astrocytic differentiation in glioblastoma LN18 and
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US87MG cells after the treatments (Fig. 2a). There were dis-
tinct indications of astrocytic differentiation in both LN18
and U87MG cells after treatment with 1 pM ATRA for
7 days. The cells were changed morphologically to long
and star-like shapes, which were close enough to normal
astrocytes. Astrocytic differentiation produced many well-
developed and extended and radially thin processes. Inter-
estingly, 5 ng/ml IFN-y alone induced astrocytic differenti-
ation to some extent in LN 18 cells but not in US87MG cells.
However, treatment with ATRA plus IFN-y induced differ-
entiation and death in both LN18 and U§7MG cells. West-
ern blotting showed the overexpression of GFAP in both
LN18 and U87MG cells after the treatments with ATRA
alone and ATRA plus IFN-y (Fig. 2b). We used uniform
expression of f-actin as the loading control on the Western
blots. Overexpression of GFAP is a well-known biochemi-
cal marker of astrocytic differentiation because increase in
GFAP expression is associated with astrocytic cell shape.
Densitometric analysis of the Western blots indicated that
compared with control cells, GFAP expression was signifi-
cantly increased (P < 0.05) in both LN18 and US7MG cells
following the treatments with ATRA alone and ATRA plus
IFN-y (Fig. 2c¢).

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

We determined the amounts of residual cell viability and
also apoptosis in LN18 and U887MG cells after the treat-
ments (Fig. 3).

Trypan Blue dye exclusion test was used to examine the
residual cell viability in both LN18 and U87MG cells after
the treatments with ATRA and IFN-y alone and in combi-
nation (Fig. 3a). Treatments with ATRA, IFN-y, and ATRA
plus IFN-y significantly decreased (P < 0.001) residual cell
viability to 61, 62, and 53%, respectively, in LN18 cells. In
U87MG cells, ATRA alone non-significantly reduced the
residual cell viability to 76%, while IFN-y alone and ATRA
plus IFN-y significantly reduced (P < 0.05) the residual cell
viability to 64 and 60%, respectively. Comparison between
treatments with ATRA alone and ATRA plus IFN-y
showed significant difference (P < 0.05) in residual cell via-
bility in US87MG cells. The results indicated that ATRA
alone effectively decreased residual cell viability in LN18
cells but not so effectively in U87MG cells, while the com-
bination of ATRA and IFN-y could effectively decrease the
residual cell viability in both cell lines.

We employed Wright staining to detect the morphologi-
cal characteristics of apoptosis such as cell shrinkage,
membrane blebbing, and chromatin condensation, forma-
tion of membrane-bound apoptotic bodies in LN18 and
U87MG cells after the treatments (Fig. 3b). The percent-
ages of apoptotic characteristics were calculated in both
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cell lines following the treatments (Fig. 3c). Compared with
control, ATRA alone and IFN-y alone induced significant
(P < 0.05) amounts of apoptosis while the combination of
ATRA and IFN-y greatly increased (P < 0.001) apoptosis in
LN18 cells. Compared with control, IFN-y alone induced
significant amount (P < 0.05) and ATRA plus IFN-y very
significant amount (P < 0.001) of apoptosis in US7TMG
cells. Thus, both cell lines were highly amenable to apopto-
sis when treated with ATRA plus IFN-y.

Moreover, we performed TUNEL staining using Apop-
Tag assay kit to identify the DNA fragmentation (brown
color) in apoptotic cells (Fig. 3d). Control cells showed lit-
tle or no brown color, indicating almost absence of apopto-
tic cells. Compared with control, ATRA alone and IFN-y

us7MG

alone induced significant amounts (P < 0.05) of apoptosis
and combination of ATRA and IFN-y further (P < 0.001)
increased the amount of apoptosis in LN18 cells (Fig. 3e).
Compared with control, ATRA alone could not produce
significant amount of apoptosis, IFN-y alone induced sig-
nificant amount (P < 0.05) of apoptosis and combination of
ATRA and IFN-y caused the most significant amount
(P <0.001) of apoptosis in US7TMG cells.

It should be noted that treatment with combination of
ATRA and IFN-y produced no added effect on viability loss
(or induced cell death), which was assessed considering cell
membrane integrity loss. The process of apoptosis that is
triggered requires cell membrane integrity at early stages.
Combination therapy triggered apoptosis maintaining cell
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membrane integrity at early stages and actually showed some
synergy in the amount of apoptosis, which was assayed con-
sidering even some cells with membrane integrity.
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<« Fig. 3 Decrease in cell viability and increase in apoptosis in LN18 and
U87MG cells following different treatments. Treatments: control,
1 uM ATRA (7 days), 5 ng/ml IFN-y (1day), and 1 uM ATRA
(6 days) + 5 ng/ml IFN-y (1 day). a Determination of amounts of resid-
ual cell viability based on Trypan Blue dye exclusion test. b Wright
staining to examine morphological features of apoptosis. ¢ Determina-
tion of amounts of apoptosis based on Wright staining. d TUNEL
staining with the use of ApopTag assay kit detected DNA fragmenta-
tion in apoptotic cells. e Determination of amounts of apoptosis based
on TUNEL staining

An increase in Bax:Bcl-2 ratio triggered apoptosis

We employed Western blotting to examine the expression
of pro-apoptotic Bax and anti-apoptotic Bcl-2 in LN18 and
US8TMG cells after the treatments (Fig. 4). We revealed that
ATRA plus IFN-y most effectively increased expression of
Bax and but decreased expression of Bcl-2 in both LN18
and U87MG cells (Fig. 4a). Densitometric analysis of the
Western blots and calculation were performed for an
assessment of any increase in Bax:Bcl-2 ratio after the
treatments (Fig. 4b). Compared with control, ATRA alone
and IFN-y alone caused significant increase (P < 0.05) in
Bax:Bcl-2 ratio while ATRA plus IFN-y caused the most
significant increase (P < 0.001) in Bax:Bcl-2 ratio in LN18
cells. Compared with control, ATRA alone did not alter the
Bax:Bcl-2 ratio but IFN-y alone and combination of ATRA
and IFN-y very significantly increased (P < 0.001) the
Bax:Bcl-2 ratio in US7TMG cells. A significant increase in
the Bax:Bcl-2 ratio after treatment indicated that cells made
a full commitment to trigger apoptotic process via mito-
chondrial pathway.

Treatments induced mitochondrial release
of cytochrome c into the cytosol

We analyzed the mitochondrial and cytosolic fractions for
assessment of mitochondrial release of cytochrome c into
the cytosol by Western blotting (Fig.5). Mitochondrial
release of cytochrome c into the cytosol occurred in LN18
cells after all treatments whereas in U§7MG cells, only after
treatment with IFN-y alone or ATRA plus IFN-y (Fig. 5a).
Compared with control, significant disappearance of cyto-
chrome c¢ from mitochondria (Fig. 5b) and significant
appearance of cytochrome c into the cytosol (Fig. 5¢) hap-
pened in LN18 cells after all treatments but in U§7MG cells,
only after treatments with IFN-y alone and ATRA plus IFN-
7. The results showed the synergistic effects of the combina-
tion of ATRA and IFN-y in causing almost complete mito-
chondrial release of cytochrome c into cytosol in both LN18
and US7MG cells. After treatment with combination of
ATRA and IFN-y, very significant increase (P <0.001) in
cytosolic cytochrome c in both cell lines indicated activation
of proteolytic pathways for mediation of apoptosis.
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Fig. 4 Western blotting to examine alterations in levels of Bax and
Bcl-2 proteins in LN18 and U87MG cells. Treatments: control, 1 pM
ATRA (7 days), 5ng/ml IFN-y (lday), and 1pM ATRA
(6 days) + 5 ng/ml IFN-y (1 day). a Representative Western blots
show levels of Bax, Bcl-2, and f-actin in LN18 and U87MG cells fol-
lowing treatments. b Determination of Bax:Bcl-2 ratio in LN18 and
U87MG cells. An increase in Bax:Bcl-2 ratio following a treatment
indicated the commitment of cells to apoptosis

Increases in proteolytic activities of calpain and caspase-3

We performed Western blotting to monitor the increases in
proteolytic activities of calpain and caspase-3 in both
LN18 and US7MG cells after the treatments (Fig. 6). We
detected increases in calpain and caspase-3 activities in the
cleavage of a-spectrin to calpain-specific 145 kDa spectrin
breakdown product (SBDP) and caspase-3-specific
120 kDa SBDP, and also increase in caspase-3 activity in
the cleavage of 45 kDa ICAD to 40 kDa ICAD fragment in
both LN18 and U87MG cells (Fig. 6a). Densitometric
analysis of the Western blots clearly showed significant
increases in 145 kDa SBDP (Fig. 6b), 120 kDa SBDP
(Fig. 6¢), and 40 kDa ICAD (Fig. 6d) in both cell lines
after treatment with the combination ATRA and IFN-y.
Our results suggested that increases in proteolytic activi-
ties of calpain and caspase-3 played major roles in media-
tion of apoptosis in both LN18 and U§7MG cells after the
combination therapy.

Changes in p27?! and CDK2 levels to cause
cell cycle arrest

We performed Western blotting to examine changes in
levels of p27kipl (an inhibitor of CDK2) and CDK2 (an
important kinase for cell cycle transition from G, to S
phase) in LN18 and U8S87MG cells after the treatments
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Fig. 5 Western blotting to examine mitochondrial release of cyto-
chrome c into the cytosol in LN18 and US7MG cells. Treatments: con-
trol, 1 pM ATRA (7 days), 5 ng/ml IFN-y (1 day), and 1 uM ATRA
(6 days) + 5 ng/ml IFN-y (1 day). a Representative Western blots
show levels of mitochondrial cytochrome ¢ and cytosolic cytochrome
c following treatments. b Densitometric analysis of the Western blots
shows the amounts of disappearance of cytochrome ¢ from the mito-
chondria. ¢ Densitometric analysis of the Western blots showed the
amounts of mitochondrial release of cytochrome c into the cytosol

(Fig. 7). All treatments altered the levels of expression of
p27"P! and CDK2 in both cell lines (Fig. 7a). Compared
with control, all treatments significantly increased the
expression of p27"P! (Fig. 7b) but significantly decreased
the expression of CDK2 (Fig.7c). Combination of
ATRA and IFN-y was the most effective treatment in
upregulating p27"! and down regulating CDK?2 in both
LN18 and U87MG cells. After the combination therapy,
the increased expression of p27%P! very effectively
inhibited CDK2 for cell cycle arrest at G,/S transition
leading to induction of apoptosis in both LN18 and
U87MG cells.
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Fig. 6 Western blotting to examine proteolytic activities of calpain
and caspase-3 in LN18 and US7MG cells. Treatments: control, 1 pM
ATRA (7 days), 5ng/ml IFN-y (1day), and 1puM ATRA
(6 days) + 5 ng/ml IFN-y (1 day). a Representative Western blots
show levels of 145 kDa SBDP and 120 kDa SBDP and also 40 kDa
ICAD fragment following treatments. b Determination of the levels of
calpain-specific 145 kDa SBDP after the treatments. ¢ Determination
of the levels of caspase-3-specific 120 kDa SBDP after the treatments.
d Determination of the caspase-3 activity in the formation of 40 kDa
ICAD fragment after the treatments

Discussion

A decrease or deficiency in PTEN expression in cancer
cells can affect the therapeutic outcome. Many solid tumors
such as breast cancer, thyroid cancer, melanoma, and glio-
blastoma harbor mutation or deletion of PTEN [7, 17], pos-
ing a real challenge to therapeutic designs for controlling
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Fig. 7 Western blotting to examine the cell cycle regulatory proteins
p279P! and CDK2 in LN18 and U87MG cells. Treatments: control,
1 pM ATRA (7 days), 5ng/ml IFN-y (1 day), and 1 uM ATRA
(6 days) + 5 ng/ml IFN-y (1 day). a Representative Western blots
show levels of p27%P! and CDK2. b Densitometric analysis of the
Western blots showed upregulation of the G,/S transition inhibitor
p27%P! ¢ Densitometric analysis of the Western blots showed down-
regulation of the G,/S transition key player CDK2

the malignant growth of these tumors. Inactivation of
PTEN gene plays a critical role in progression of many
glioblastomas, which are not quite easily amenable to apop-
tosis after single agent treatment. Therapeutic agents that
induce PTEN expression are quite helpful in controlling
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malignant growth. However, a successful therapeutic strat-
egy should control malignant growth of both PTEN-profi-
cient and PTEN-deficient glioblastoma cells. In this
investigation, we used human glioblastoma LN18 (PTEN-
proficient) and U87MG (PTEN-deficient) cells and
demonstrated that combination of ATRA and IFN-y very
effectively induced differentiation and apoptosis in these
cell lines due to increase in expression of p27'%P! and
decrease in expression of CDK2 (Figs. 1-7).

Previously, ATRA has been shown to cause differentia-
tion in many cancers including glioblastoma [9]. Moreover,
combination of ATRA and IFN-y controlled growth and
induced immune response in glioblastoma cells [9]. Sup-
pression of cell survival and signaling could be responsible
for induction of apoptotic changes in glioblastoma cells fol-
lowing treatment with the combination of ATRA and IFN-y
[31]. In this investigation, we demonstrated that combina-
tion of ATRA and IFN-y induced a level of PTEN expres-
sion in LN18 cells (Fig. 1) so as to make the cells rapidly
succumb to apoptosis. We found that ATRA alone induced
morphological features of astrocytic differentiation with
overexpression of GFAP in both LN18 and U887MG cells
(Fig. 2). The fact that low-dose ATRA induced apoptosis in
LN18 cells but not in US7MG cells (Fig. 3) again rein-
forced the importance of PTEN expression to therapeutic
advantage. Because ATRA alone could only induce differ-
entiation without apoptosis in U87MG cells, this indicated
that single agent chemotherapeutic approach might face
similar difficulty in inducing death in PTEN-deficient glio-
blastoma cells. It is encouraging enough that combination
of ATRA and IFN-y very effectively induce apoptosis not
only in PTEN-proficient but also in PTEN-deficient glio-
blastoma cells (Fig. 3).

Then, we examined the molecular mechanisms that
could be accounted for induction of significant amounts of
apoptosis in LN18 and U87MG cells following treatment
with the combination of ATRA and IFN-y. The levels of
expression of pro-apoptotic Bax and anti-apoptotic Bcl-2
were altered so as to significantly increase the Bax:Bcl-2
ratio making the LN18 and U87MG commit apoptosis after
treatment with the combination of ATRA and IFN-y
(Fig. 4). There has been a previous report that ATRA can
work synergistically to cause an increase in Bax expression
in glioblastoma cells [30]. Our current data indicated that
the treatments with ATRA and IFN-y alone and in combi-
nation could significantly increase the Bax:Bcl-2 ratio in
LN18 cells (Fig.4). On the other hand, treatments with
IFN-y alone and ATRA plus INF-y caused significant
increases in Bax:Bcl-2 ratio in US87TMG cells (Fig. 4).
Increase in Bax:Bcl-2 ratio provides an indication that
mitochondrial release of cytochrome c into the cytosol can
lead to apoptosis [5, 32]. Our results clearly showed that
treatment with the combination of ATRA and IFN-y most

effectively induced mitochondrial release of cytochrome ¢
into the cytosol in both LN18 and US7MG cells (Fig. 5).
Treatment with ATRA alone did induce significant amount
of mitochondrial release of cytochrome c into the cytosol
only in LN18 cells but not in U§7MG cells, indicating that
ATRA alone was capable of inducing apoptosis in PTEN-
proficient but not in PTEN-deficient glioblastoma cells.
Cytosolic cytochrome c leads to activation of proteolytic
cascades [5]. Increases in proteolytic activities of calpain
and caspase-3 could be demonstrated in the cleavage of a-
spectrin and formation of ICAD fragment [13, 18, 28]. We
confirmed that combination of ATRA and IFN-y could pro-
duce significant amounts of calpain-specific 145 kDa SBDP
and also caspase-3-specific 120 kDa SBDP as well as
40 kDa ICAD fragment in LN18 and U87MG cells (Fig. 6).
These results demonstrated that apoptosis occurred in both
LN18 and U87MG cells due to increases in proteolytic
activities of calpain and caspase-3.

It is well-known that CDK?2 plays an important role for
the G, to S transition in cell cycle, whereas p27"P! is an
endogenous inhibitor of cell cycle as it binds to CDK/
cyclin complexes for preventing the G, to S transition [3,
12]. We evaluated the expression of p27'P! and CDK2
after the treatments and discovered that all treatments
increased the expression of p275P! and decreased expres-
sion of CDK2 in both LN18 and U87MG cells (Fig. 7).
Notably, other investigators also reported that PTEN had
similar effects for arresting the cell cycle in glioblastoma
cells [3, 10, 23].

In conclusion, this study demonstrated that the combina-
tion of ATRA and IFN-y could work synergistically to
cause cell cycle arrest and thereby induce differentiation
and apoptosis in both PTEN-proficient and PTEN-deficient
glioblastoma cells. Therefore, the synergistic effect of this
combination therapy per se could be further explored for
growth inhibition of heterogeneous populations of human
glioblastoma cells.
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