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IFN-f sensitizes TRAIL-induced apoptosis by upregulation
of death receptor 5 in malignant glioma cells
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Abstract. Tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL), a member of the tumor necrosis factor (TNF)
family, induces apoptosis in cancer cells by binding to its
receptors, death receptor 4 (DR4) and DRS, without affecting
normal cells, and is therefore considered to be a promising
antitumor agent for use in cancer treatment. However, several
studies have indicated that most glioma cell lines display
resistance to TRAIL-induced apoptosis. To overcome such
resistance and to improve the efficacy of TRAIL-based
therapies, identification of ideal agents for combinational
treatment is important for achieving rational clinical treatment
in glioblastoma patients. The main aim of this study was to
investigate whether interferon-f§ (IFN-) (with its pleiotropic
antitumor activities) could sensitize malignant glioma cells
to TRAIL-induced apoptosis using glioma cell lines. TRAIL
exhibited a dose-dependent antitumor effect in all of the 7
types of malignant glioma cell lines, although the intensity of
the effect varied among the cell lines. In addition, combined
treatment with TRAIL (low clinical dose: 1 ng/ml) and
IFN-f (clinically relevant concentration: 10 IU/ml) in A-172,
AM-38, T98G, U-138MG and U-251MG demonstrated a more
marked antitumor effect than TRAIL alone. Furthermore, the
antitumor effect of the combined treatment with TRAIL and
IFN-f may be enhanced via an extrinsic apoptotic system, and
upregulation of DR5 was revealed to play an important role
in this process in U-138MG cells. These findings provide an
experimental basis to suggest that combined treatment with
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TRAIL and IFN- may offer a new therapeutic strategy for
malignant gliomas.

Introduction

Malignant gliomas, especially glioblastomas, are the most
frequent and devastating primary tumors of the central
nervous system (1,2). Despite improvements in multimodality
treatments consisting of combinations of surgical resection,
irradiation, and chemotherapy, the prognosis for glioblastoma
patients remains dismal (3,4). Novel treatment strategies for
patients with glioblastomas are thus urgently required.

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is a member of the tumor necrosis factor (TNF)
family, and induces apoptosis in cancer cells by binding to its
receptors, death receptor 4 (DR4) and DR5 (5-9). Although
DR4 and DRS5 are highly expressed in cancer cells, such
expression is limited in normal cells (10,11). TRAIL has thus
been expected to represent one of the most promising agents for
use in cancer treatment (5-8). In a study employing malignant
glioma specimens, it was demonstrated that the expression
of DR4 was 75% and that of DR5 was 95% (12). However,
several investigations have indicated that most glioma cell
lines display resistance to TRAIL-induced apoptosis (12,13).
Recently, various combination treatments with other drugs as
a sensitizer have been attempted and have yielded promising
results (14-18). To overcome the resistance to TRAIL-induced
apoptosis and to improve the efficacy of TRAIL-based thera-
pies, identification of ideal agents for combination treatment is
important for achieving rational clinical treatment in glioblas-
toma patients.

Human interferon-f§ (IFN-p) is a cytokine which belongs
to the type I IFNs (19). It was originally identified as an
antiviral agent, and has been revealed to exhibit pleiotropic
antitumor activities including an anti-angiogenic activity,
immunomodulatory activity, growth inhibition, and apop-
tosis induction (20,21). In addition to such multiple functions
of IFN-fB against human neoplasias, it can act as a drug
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sensitizer enhancing the antitumor effect when administered
in combination with other agents in the treatment of malignant
gliomas (22-26). IFN-f3 binds to the cell membrane receptor,
interferon-a/f receptor (IFNAR), and acts by enhancing
the expression of IFN-stimulated genes (ISGs) through the
signal induction of the Janus kinase (JAK)/signal transducer
and activator of the transcription (STAT) signaling pathway.
To date, over 300 ISGs have been identified, including genes
such as TRAIL and Fas, suggesting a strong involvement with
exogenous apoptosis. Furthermore, several recent studies have
demonstrated that the apoptotic activity of IFN depends partly
on the TRAIL signaling pathway (27,28).

The aforementioned findings suggest that favorable thera-
peutic interactions could occur between TRAIL and IFN-f.
Therefore, in the present study, the potential sensitizing effects
of IFN-f towards TRAIL-induced apoptosis was investigated
in malignant glioma cells aiming to provide an experimental
basis for rational clinical treatments in glioblastoma patients.

Materials and methods

Cell lines, culture conditions and materials. Human malignant
glioma cell lines A-172 (cell no. JCRB0228; lot no. 021999),
AM-38 (cell no. IFO50492; lot no. 12082003), T98G (cell no.
IFO50303; lot no. 1007), U-251MG (cell no. IFO50288; lot no.
12132002), and YH-13 (cell no. IFO50493; lot no. 1164) were
purchased from Health Science Research Resources Bank
(Sennan, Osaka, Japan). U-87MG (glioblastoma of unknown
origin; cat. no. HTB-14; lot no. 2497162) and U-138MG (cat.
no. HTB-16; lot no. 1104428) were purchased from the American
Type Culture Collection (Manassas, VA, USA). In a previous
study, we confirmed that O%-methylguanine-DNA methyltrans-
ferase (MGMT, a key factor of alkylating agents) is expressed
in T98G, U-138MG and YH-13 cells by real-time RT-PCR and
western blot analysis (29). Consistent with an earlier study (30), it
was also confirmed that T98G (237 Met—lle) and U-251MG (273
Arg—His) have a point mutation in the p53 gene (data not shown).

Cells were cultured in Dulbecco's modified Eagle's
minimum essential medium (DMEM; Nissui Pharmaceutical
Co., Ltd.) supplemented with 10% fetal calf serum (FCS; Life
Technologies; Thermo Fisher Scientific, Inc.) using plastic
culture flasks (Corning, Inc.) in a 37°C-humidified incubator
with 5% CO,. Natural-type IFN-f (Toray Industries, Inc.) and
TRAIL (Wako Pure Chemical Industries, Ltd.) were employed
for the experiments.

Cell viability analysis. Cells were seeded at 1x10* cells/well
in 24-well plates. After 24 h of attachment, the cells were
further incubated with fresh medium containing TRAIL,
and/or IFN-f for 72 h. To determine the cell viability, the
surviving cells in each well were counted using a Coulter
Counter (Coulter Counter Z1; Beckman Coulter, Inc.) after
confirming the presence of living cells with 0.45% trypan
blue solution (Sigma-Aldrich; Merck KGaA). The experiments
were repeated 6 times at each concentration.

Further treatment conditions were set with TRAIL at
1 ng/ml and IFN-f at 10 TU/ml, since the cell growth inhibitory
effect was significant when TRAIL was at 1 ng/ml or more,
and 10 TU/ml of IFN-f represents a clinically relevant concen-
tration (26,31). In phase II RCS for non-small cell carcinoma
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and B cell lymphoma, 8 mg/kg of TRAIL was administered,
and its blood concentration reached about 80 ug/ml (32,33).
The dose of TRAIL (1 ng/ml) employed in the following
experiments was thus considered to be a low clinical dose.

Since U-138MG displayed a marked antitumor effect at a
small amount (0.1 and 1 ng/ml) of TRAIL when used in combi-
nation with 10 IU/ml of IFN-f, these cells were employed in
the following experiments.

Analysis of apoptosis by flow cytometry. Cells were seeded at
1x10° cells/well in 6-well plates (Corning, Inc.) and cultured
for 24 h. Subsequently, the cells were further incubated
with fresh medium (control), medium containing TRAIL
(1 ng/ml) and/or IFN-f (10 IU/ml) for 72 h. The cells were
washed with phosphate-buffered saline (PBS) and collected
using trypsin-EDTA solution. After suspension with 100 ul
binding buffer, 5 ul of Annexin V Alexa Fluor 488 conjugate
(Invitrogen; Thermo Fisher Scientific, Inc.) and 10 u1 of prop-
idium iodide solution (PI; Miltenyi Biotec, Inc.) were added,
and the cells were incubated at room temperature for 15 min.
Stained cells were analyzed with a fluorescence-activated
cell sorter (FACS)-Calibur flow cytometer (BD Biosciences).
The experiments were repeated 3 times to confirm reproduc-
ibility.

Western blot analysis. Proteins were isolated from 1x107 cells
using RIPA buffer (Wako Pure Chemical Industries, Ltd.)
supplemented with protease inhibitor complex mix (Roche
Diagnostics). The protein concentrations were determined
using a Pierce BCA protein assay kit (Thermo Fisher Scientific,
Inc.). A total of 50 ug of protein was separated by 12% sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(TEFCO, Inc.) and transferred onto nitrocellulose membranes
(GE Healthcare) for 30 min at 15 V employing Bio-Rad Trans
Blot (Bio-Rad Laboratories, Inc.). The membranes were
blocked with 1% skimmed milk dissolved in washing buffer
(PBS + 0.1% Tween-20) for 60 min at room temperature. The
membranes were incubated with primary antibodies diluted
according to the manufacturer's instructions at 4°C overnight
(anti-caspase-3 rabbit mAb, cat. no. 9665; 1:1,000 dilution;
anti-caspase-8 mouse mAb cat. no. 9746; 1:1,000 dilution;
and anti-caspase-9 mouse mAb, cat. no. 9508; 1:1,000 dilu-
tion) (Cell Signaling Technology, Inc.). Anti-B-actin mouse
mADb (cat. no. 013-24553; 1:2,000 dilution; Wako Pure
Chemical Industries, Ltd.) was utilized as a loading control.
Anti-mouse or anti-rabbit IgG (cat. no. A4416; 1:5,000 dilution;
Sigma-Aldrich; Merck KGaA, cat. no. 7074; 1:5,000 dilution;
Cell Signaling Technology, Inc., respectively) was employed as
the secondary antibody for 60 min at room temperature. The
band patterns were analyzed using ImageQuant LAS-4000
after treatment with ECL Prime Western Blotting Detection
Reagent (both from GE Healthcare). The same experiments
were repeated 3 times to confirm reproducibility.

Real-time reverse transcription-PCR analysis. RNA extrac-
tion was performed using an RNeasy Mini kit (Qiagen, Inc.).
Relative mRNA expression was evaluated by real-time reverse
transcription-PCR (QRT-PCR) employing a StepOne Real-time
PCR System (Applied Biosystems; Thermo Fisher Scientific,
Inc.) and a One-Step qPCR kit (SYBR® Green Real-time
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Figure 1. Antitumor effects of TRAIL (0-1,000 ng/ml) or IFN-f (0-1,000 IU/ml) against 7 types of malignant glioma cell lines (A-172, AM-38, T98G,
U-87MG, U-138MG, U-251MG and YH-13). Both TRAIL (left) and IFN-f (right) exhibited a cell growth inhibitory effect in a dose-dependent manner in all
cell lines at 72 h. Data are expressed as a percentage of the control. Compared to the no treatment group and the treatment groups, "P<0.05. TRAIL, tumor

necrosis factor-related apoptosis-inducing ligand; IFN-f, interferon-f3.

PCR Master Mix (Toyobo Life Science) according to the
manufacturers' instructions. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA was utilized as an internal
control.

The following primers were used in this experiment
(17,34-36): GAPDH forward, 5'-CAGAACATCATCCCTGCC
TCT-3' and reverse, 5-GCTTGACAAAGTGGTCGTTGAG-3";
DR4 forward, 5"TGTACGCCTGGAGTGACAT-3' and reverse,
5-CACCAACAGCAACGGAACAA-3"; DRS forward, 5-CAG
GTGTCAACATGTTGTCC-3' and reverse, 5'-ATCGAA
GCACTGTCTGAGAG-3'; cellular FLICE inhibitory protein
(c-FLIP) forward, 5-CGGACTATAGAGTGCTGATGG-3' and
reverse, 5'-“GATTATCAGGCAGATTCCTAG-3"; p53 forward,
5'-GGCCCACTTCACCGTACTAA-3' and reverse, 5'-CTG
GTTTCAAGGCCAGAT GT-3"; and B-cell lymphoma 2-asso-
ciated x protein (Bax) forward, 5“TTTGCTTCAGGGTTTCAT
CC-3" and reverse, 5S'-CAGTTGAAGTTGCCGTCAGA-3'". The
thermocycling conditions were 90°C for 30 sec, 61°C for 20 min,
and 95°C for 1 min, followed by 40 cycles at 95°C for 15 sec,
55°C for 15 sec and 74°C for 45 sec. The expression levels were
calculated employing the following equations by comparing the
threshold cycle (CT): ACq=CT of DR4,DRS5, FAS, p53, Bax, or
c-FLIP-CT of GAPDH, AACq (target cell line)-ACq (reference
cell line), and ratio = 2244 (37). The experiments were repeated
3 times under each condition.

Influence of DR5 blocking antibody on the antitumor effect
of combined treatment with TRAIL and IFN-{. In order to
evaluate the involvement of DRS5 in the antitumor effect of
TRAIL in combination with IFN-f, the anti-apoptotic effect
of administering DRS5 blocking antibody was examined.
U-138MG cells were seeded at 5x10* cells/well in 24-well
plates. After 24 h of attachment, the cells were further incu-
bated with fresh medium containing 10 ng/ml DRS5 blocking
antibody (Recombinant Human TRAIL R2/TNFRSF10B Fc
Chimera Protein; R&D Systems, Inc.), or 1 ng/ml TRAIL and
10 TU/ml IFN-B without/with DR5 blocking antibody (2.5,
5 and 10 ng/ml) for 72 h. The surviving cells in each well
were then counted using a Coulter Counter (Coulter Counter
Z1; Beckman Coulter, Inc.) after confirming the presence of
living cells with 0.45% trypan blue solution (Sigma-Aldrich;
Merck KGaA). The experiments were repeated 6 times at each
concentration.

Statistical analysis. The experiments were repeated at least 3
times under each condition. Where the same experiment was
performed more than 6 times, the mean value and standard
error (SE) were calculated and utilized. Mann-Whitney's U
test was carried out to compare data between pairs of groups.
The Tukey-Kramer test was conducted to perform compari-
sons of three or more groups, and when there was a significant
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Figure 2. Cell growth inhibitory effect of a combination of TRAIL and IFN-$ on malignant glioma cell lines. Seven malignant glioma cell lines (A-172,
AM-38, T98G, U-87MG, U-138MG, U-251MG and YH-13) were exposed to medium containing various concentrations of TRAIL (0-1,000 ng/ml) without
IFN-B (o) or with 10 IU/ml IFN-f (*) for 72 h. The combined treatment with TRAIL and IFN-f revealed an additive cell growth inhibitory effect in A-172,
AM-38, T98G, U-138MG, and U-251MG, whereas it did not do so in U-87MG and YH-13. Data are presented as the means + SE (standard error). "P<0.05.
TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; IFN-f, interferon-f.

difference, Student's t-test was employed as a subsequent test.
For the data analyses, the statistical software SPSS (version
21.0: IBM Corp.) was used.

Results

Antitumor effect of TRAIL and IFN-{3 in malignant glioma
cells. To evaluate the antitumor effect of TRAIL and IFN-f,
the 7 malignant glioma cell lines (A-172, AM-38, T98G,
U-87MG, U-138MG, U-251MG and YH-13) were treated with
0-1,000 ng/ml of TRAIL or 0-1,000 IU/ml of IFN-@ for 72 h,
and then assessed by counting the viable cells in the media.
In all cell lines, both TRAIL and IFN-f caused a decrease in
cell viability in a dose-dependent manner as revealed in Fig. 1.

Antitumor effect of a combination of TRAIL and IFN-p. To
assess whether or not combined treatment with TRAIL and
IFN-f could exert a synergistic effect in the 7 malignant
glioma cell lines, cells were treated with various concentra-
tions of TRAIL (0-1,000 ng/ml) or TRAIL with 10 IU/ml of
IFN-f for 72 h. As revealed in Fig. 2, combined treatment with
TRAIL and IFN-f revealed an additive cell growth inhibitory
effect in the A-172, AM-38, T98G, U-138MG, and U-251MG
cell lines, whereas no significant additive effect was observed
in the U-87MG and YH-13 cell lines.

These results did not appear to be related to the MGMT
or the p53 status in the case of TRAIL or TRAIL and IFN-3

sensitivity. Because the additive cell growth inhibitory effect
of combined treatment with TRAIL and IFN- was observed
with T98G and U-138MG, but not with YH-13, although these
three cell lines are MGMT positive. In addition, the additive
cell growth inhibitory effect of combined treatment with
TRAIL and IFN-f was observed with the A-172, AM-38,
T98G, U-138MG and U-251MG cell lines, although A-172,
AM-38, U-87TMG, U-138MG and YH-13 are wild-types of p53
status, in contrast T98G and U-251MG are mutant types of
p53 status.

Detection of apoptosis by flow cytometry and western
blotting. To assess the apoptosis induced by TRAIL and
IFN-p, flow cytometry with Annexin V/PI double staining
was performed (Annexin V-positive, early-stage apoptosis;
Annexin V/PI-positive, late-stage apoptosis). As revealed
in Fig. 3, combined treatment with TRAIL (1 ng/ml) and
IFN-B (10 TU/ml) induced significant apoptosis after 72 h
in U-138MG cells. The proportion of Annexin V/PI positive
cells following combined treatment with TRAIL and IFN-
(mean = 7.99%) was higher than that for each single agent
(means: Untreated, 2.71%; TRAIL, 3.77%; and IFN-f3, 4.13%,
respectively).

Furthermore, to evaluate the underlying mechanisms of
the apoptotic effect of TRAIL and IFN-, the protein expres-
sion of caspase-3 (an effector caspase), caspase-8 (extrinsic
apoptotic pathway), and caspase-9 (intrinsic mitochondrial
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Figure 3. Induction of apoptosis by TRAIL (1 ng/ml) and/or IFN-f3 (10 IU/ml) in U-138MG cells as determined with FACS. The proportion of apoptotic cells
(Annexin V-positive, early-stage apoptosis; Annexin V/PI-positive, late-stage apoptosis) was increased after 72 h of combined treatment with TRAIL and
IFN-B in U-138MG cells. TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; IFN-f, interferon-f3.

pathway) were evaluated by western blot analysis. As revealed
in Fig. 4, following 24 h of combined treatment with TRAIL
and IFN-p, the protein expression levels of cleaved caspase-8
and cleaved caspase-3 were revealed to be more marked when
compared to those following treatment with TRAIL or IFN-3
alone. However, as regards the protein expression of caspase-9
and cleaved caspase-9, no difference was noted among the
treatments. The effect of combined treatment with TRAIL and
IFN-f in U-138MG may thus be due to promotion of apoptosis
through the exogenous apoptotic pathway.

Expression of apoptosis-related genes. To further elucidate
the role of IFN-f in combined treatment with TRAIL and
IFN-B, the mRNA expression levels of apoptosis-related
genes were evaluated by real-time qRT-PCR. The mRNA
expression levels of DR4, DRS5, Fas, p53, Bax and c-FLIP
were determined following 4 h of IFN-f treatment in

U-138MG cells. Significant upregulation of DR5 (mean:
2.97+0.23-fold), Fas (mean: 1.65+0.11-fold), and p53 (mean:
1.50+0.11-fold) was detected; however, no significant changes
in DR4 (mean: 1.07+0.01-fold), Bax (mean: 1.17+0.11-fold),
and c-FLIP (mean: 0.89+0.23-fold) were revealed (Fig. 5).

Apoptosis inhibition by DR5 blocking antibody. To confirm
that the antitumor effect of combined treatment with TRAIL
and IFN-f in malignant glioma cells is dependent on DRS,
the number of surviving cells was counted after treatment for
72 h with DRS5 blocking antibody (2.5, 5 or 10 ng/ml). The
DRS5 blocking antibody alone displayed no significant effect
on U-138MG cells, and combined treatment with TRAIL
(1 ng/ml) and IFN-B (10 TU/ml) exhibited a significant cell
growth inhibitory effect (mean: 39.3+10.4% when compared
to no treatment). The DRS blocking antibody caused a signifi-
cant attenuation of the inhibitory effect on cell proliferation
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Figure 4. Apoptotic pathway induction by TRAIL and/or IFN-f. Western
blot analysis revealed that the protein expression levels of cleaved caspase-8
and caspase-3 were more marked following combined treatment with TRAIL
(1 ng/ml) and IFN- (10 IU/ml) for 24 h as compared to treatment with
TRAIL or IFN-f alone in U-138MG cells. However, concerning the protein
expression of cleaved caspase-9, no difference was observed between the
treatment groups. TRAIL, tumor necrosis factor-related apoptosis-inducing
ligand; IFN-p, interferon-f3.

in a concentration-dependent manner in U-138MG; the viable
cells when 2.5, 5, or 10 ng/ml of DR5 blocking antibody was
added to TRAIL and IFN-f combined treatment amounted to
54.8+9.0, 77.4+8.5 and 82.8+5.1%, respectively, as compared
to the untreated case (Fig. 6).

Discussion

TRAIL has been considered to represent a promising agent for
malignant glioma treatment, due to its ability to induce apop-
tosis of cancer cells without affecting normal cells (10,11).
However, several studies have suggested that most glioma
cells display resistance to TRAIL-induced apoptosis (12,13),
and to overcome this resistance is a critical issue. Among
various investigations conducted, it has been reported that
TRAIL-induced apoptosis can be enhanced by combina-
tion with other drugs or by irradiation (14-18,38). Combined
treatment with TRAIL sensitizers is regarded as a promising
strategy to overcome TRAIL resistance, and several attempts
have been made to identify such TRAIL sensitizers (14-18).
In the present study, TRAIL exhibited a dose-dependent
antitumor effect in all of 7 types of malignant glioma cell
lines, although the intensity of the effect varied among the cell
lines. This finding is consistent with those obtained in previous
studies and suggests that sensitivity/resistance to TR AIL differs
among malignant gliomas (39-41). Furthermore, the combina-
tion treatment with TRAIL and IFN-f in 5 of the 7 malignant
glioma cell lines demonstrated a more significant antitumor
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effect than TRAIL alone. To the best of our knowledge, this
is the first time that IFN-f3 enhancement of TRAIL-induced
apoptosis has been observed in particular malignant glioma
cells. In the future, one important issue requiring examina-
tion will be the antitumor effect occurring after application
of TRAIL and IFN-f in combination with TMZ, which is the
current standard therapeutic agent for malignant gliomas. In
addition, once sufficient data have been gathered, the morpho-
logical changes of the cells associated with TRAIL, IFN-f,
and combined treatment will require investigation.

Higuchi and Hashida (31) reported that the plasma
concentration levels of IFN-f were 40 and 96 IU/ml following
intravenous administration of 3x10° and 6x10° IU IFN-B,
respectively, when administered in 60 min. On this basis,
10 TU/ml is considered a clinically relevant concentration
of IFN-B. Furthermore, in phase II RCS for non-small
cell lung cancer and B cell lymphoma, 8 mg/kg of TRAIL
was administered, and its plasma concentration reached
~80 mg/ml (32,33). The concentration of TRAIL used in the
present study is therefore considered to be clinically low. In
particular, in A-172, AM-38, T98G, and U-138MG cells, a cell
growth inhibitory effect was also significantly observed even
at a small amount (0.1 and 1 ng/ml) of TRAIL with 10 IU/ml
of IFN-p, suggesting that IFN-f represents a good candidate
for use in combination with TRAIL-based treatment regimens
for malignant gliomas. However, based on the present study,
we do not have sufficient data to elucidate the exact differences
in sensitivity to each drug between each cell line. Furthermore,
the detailed mechanisms underlying such differences remain
unidentified in literature, and this presents our next topic of
research. In the present study, the focus was on evaluating in
more detail how the combined treatment with TRAIL and
IFN-f can provide a more marked antitumor effect.

Following combined treatment with TRAIL (1 ng/ml) and
IFN-f (10 IU/ml), FACS analysis indicated that late-phase
apoptosis or necrosis was increased (42), when compared
to that with TRAIL or IFN-p alone in U-138MG cells.
Furthermore, it was revealed by western blotting that caspase-8
and caspase-3, which are involved in the extrinsic apoptotic
pathways (17,34-46), were cleaved by combined treatment
with TRAIL and IFN-f3, whereas caspase-9 which is involved
in the intrinsic apoptotic pathway exhibited no cleavage. The
antitumor effect of combined treatment with TRAIL and
IFN-3 may thus be enhanced via an extrinsic apoptotic system
in U-138MG cells.

TRAIL induces apoptosis of cancer cells by binding to its
receptors DR4 and DRS5 (9). In malignant glioma cells, there
have been indications that cisplatin and irradiation may upreg-
ulate the expression of DR5 (38,47). Conversely, in malignant
glioma cells, IFN-3 has been revealed to upregulate the
expression of p53 (24). Furthermore, it has been suggested that
p53 promotes the expression of DR5 (48). In the present study,
it was demonstrated and confirmed that the quantitative p53
and DR5 mRNA levels were upregulated by IFN-3 (10 I[U/ml),
however, no significant upregulation was observed for DR4 in
U-138MG cells. In the future, it is surmised that it will also be
necessary to investigate the protein levels produced by such
apoptosis-related genes following IFN-f} treatment. In addi-
tion, as revealed in Fig. 6, the antitumor effect elicited by the
combined treatment with TRAIL and IFN-f was significantly
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(Student's t-test). DR4, death receptor 4; DRS, death receptor 5; c-FLIP, cellular FLICE inhibitory protein; Bax, B-cell lymphoma 2-associated x protein;

IFN-B, interferon-f.
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Figure 6. Cell growth after treatment with DRS blocking antibody. The
DRS5 blocking antibody (10 ng/ml) alone displayed no significant effect
on U-138MG cells after 72 h. The antibody significantly attenuated the
antitumor effect of combined treatment with TRAIL (1 ng/ml) and IFN-f3
(10 TU/ml) in a dose-dependent manner after 72 h in U-138MG cells. Data
are presented as the means + SE (standard error). The Tukey-Kramer test was
used to identify which group differences were significant. ‘P<0.05. TRAIL,
tumor necrosis factor-related apoptosis-inducing ligand; IFN-f, interferon-f3;
DRS, death receptor 5.

attenuated depending on the concentration of DRS5 blocking
antibody. These findings indicated that upregulation of DRS5
via p53 by IFN-f3 may play an important role in the enhanced
antitumor effect of combined treatment with TRAIL and
IFN-f in U-138MG, although the investigation of the effect of
DRS5 blocking antibody with TRAIL or INF-f3 treatment alone
is required. Moreover, Fas, which is a receptor that induces
apoptosis (extrinsic apoptotic pathway) (46), was also associ-
ated with increased expression levels of quantitative mRNA by
IFN-f in the present study. These circumstances were consid-
ered to represent part of the mechanism whereby the antitumor
effect was enhanced by employing IFN-f3 in combination with
TRAIL.

Finally, c-FLIP is expressed in tumor cells to a certain level,
and competes with caspase-8 to inhibit apoptosis by binding
to Fas-associated death domain (49,50). It has been reported
that various drugs lower the expression of c-FLIP, and the
induction of apoptosis by TRAIL could be enhanced (49-53).
It was therefore investigated whether the expression of c-FLIP
was decreased by the administration of IFN-f. However, in the
present study, no significant decrease in quantitative c-FLIP
mRNA level by IFN-f3 was observed in U-138MG cells.

In conclusion, in the present study, it was demonstrated
that combined treatment with a clinically relevant concentra-
tion of TRAIL and IFN-f3 produced a significantly enhanced
antitumor effect in malignant glioma cells as compared to that
achieved when either agent was used alone, and this may be
partially dependent on DRS through the extrinsic pathway of
apoptosis. Although the present findings were not sufficient



2642

to yield a conclusive theory of the mechanism of action, and
in vivo experiments will also need to be undertaken in the
future, the data did provide an experimental basis to suggest
that combined treatment with TRAIL and IFN-f could offer a
new therapeutic strategy for malignant gliomas.
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