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Abstract Tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) has potent antitumor effects in glioma cell
lines but has shown little clinical benefit for patients. We in-
vestigated whether the widely used chemotherapeutic agent
temozolomide (TMZ) can sensitize glioma stem-like cells
(GSCs) from human glioblastoma multiforme (GBM) to
TRAIL-induced apoptosis. GSCs were isolated from GBM,
and stem cell properties were confirmed by immunocyto-
chemistry and in vivo tumorigenicity. Primary GSCs (PGCs)
were produced by serum treatment of GBM-derived cells.
Changes in expression levels of various TRAIL-related sig-
naling factors before and after TRAIL or TRAIL+TMZ treat-
ment were measured by Western blotting. Overexpression
vectors and siRNAs were used to investigate mechanism of
TRAIL sensitivity. GSCs showed greater resistance to TRAIL-
induced apoptosis than PGCs and had lower basal caspase
activity. Caspase knockdown in PGCs reduced TRAIL sensi-
tivity. Expression levels of c-Fas-associated death domain-like
interleukin 1-converting enzyme-like inhibitory protein long
and short isoforms (c-FLIPy, and c-FLIPg) were significantly
higher in GSCs than PGCs, and siRNA-mediated c-FLIP
knockdown in GSCs enhanced TRAIL-induced apoptosis.
TMZ enhanced TRAIL-induced apoptosis in GSCs and
downregulated c-FLIP expression. Add of TMZ also upregu-
lated the expression of the E3 ubiquitin ligase casitas B-lincage

Electronic supplementary material The online version of this article
(doi:10.1007/s13277-015-3720-8) contains supplementary material,
which is available to authorized users.

> Wu Anhua
wuanhua@yahoo.com

Department of Neurosurgery, The First Affiliated Hospital of China
Medical University, Shenyang, Liaoning, China

lymphoma (c-Cbl). Moreover, overexpression of ¢-Cbl alone
reduced c-FLIP expression, and ¢-Cbl knockdown both
enhanced c-FLIP expression and reduced the potentiating
effect of TMZ on TRAIL-induced apoptosis. The result
indicated that TMZ may overcome TRAIL resistance in GSCs
by suppressing c-FLIP expression through c-Cbl-mediated
ubiquitination and degradation.
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Introduction

Gliomas are the most common tumors of the central nervous
system and have poor prognosis. Despite advances in treat-
ment, the recurrence rate for gliomas is still high, with an
average survival time of only 14.6 months [1]. Thus, new
therapeutic approaches are urgently needed. Tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) has great
promise as an anticancer drug because of its potent pro-
apoptotic effects on cancer cell and negligible toxicity on
healthy cells, including human astrocytes [2]. Glioma stem
cells, a self-renewing and tumorigenic subpopulation of glio-
ma cells, have been implicated in the treatment resistance of
glioblastoma (GBM) and could therefore be responsible for
resistance to TRAIL-induced cell death observed in gliomas
[3]. For in vitro studies, cultured glioma spheres are widely
used as a source of glioma stem-like cells [4].

TRAIL resistance is associated with expression of the en-
dogenous cell death signaling pathway inhibitor c-Fas-
associated death domain-like interleukin 1-converting en-
zyme-like inhibitory protein (c-FLIP) in tumor necrosis factor
(TNF)-treated B cell chronic lymphocytic leukemia cells [5].
Recent studies have suggested that ubiquitin ligase is involved
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in ubiquitination and degradation of c-FLIPg, the short iso-
form of ¢-FLIP [6]. Ubiquitin ligase acts as a negative regula-
tor of multiple signal transduction pathways by means of its
E3 ubiquitin ligase activity, thereby modulating the balance
between proliferation and apoptosis through the regulation of
protein degradation [7]. However, whether the insensitivity of
glioma stem-like cells (GSCs) to TRAIL is attributable to lack
of c-FLIP degradation by ubiquitin ligase is not yet clear.

In some cancers, resistance to TRAIL treatment can be
overcome if it is used in combination with other types of
therapeutics, including radiation and chemotherapeutic drugs
[8, 9]. The present study examined whether a similar approach
could be applied to enhance the TRAIL sensitivity of GSCs.
Temozolomide upregulated the E3 ligase casitas B-lineage
lymphoma (c-Cbl) and downregulated both c-FLIPg and the
long isoform c-FLIP;, thereby disinhibiting caspase-8 and
restoring the TRAIL apoptotic pathway in GSCs.

Materials and methods
Statement of ethics

We obtained written informed consent from all participating
patients who were informed of, and understood, the purpose
and risks in providing specimens. This study was approved by
the Medical Ethics Committee of the First Hospital of China
Medical University, Liaoning, China. The animal study was
performed in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the
Chinese Institute of Health. The protocol was approved by the
Committee on the Ethics of Animal Experiments of China
Medical University. All surgeries were performed under sodi-
um pentobarbital anesthesia, and every effort was made to
minimize animal suffering.

Glioma sphere culture

The study protocol was approved by the institutional review
board of the First Hospital of China Medical University, and
written informed consent was obtained from each tissue do-
nor. Glioblastoma multiforme (GBM) specimens were obtain-
ed from glioma patients treated at the Department of Neuro-
surgery of the First Affiliated Hospital of China Medical Uni-
versity. Glioma stem-like cells were isolated from two GBM
specimens (referred to as GSC-no. 1 and GSC-no. 2 cells) and
cultured in serum-free medium modified from a previously
published protocol [10]. Cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM)/F12 containing B27
and supplemented with basic fibroblast growth factor (bFGF,
20 ng/ml) and epidermal growth factor (EGF, 20 ng/ml) (all
from Invitrogen, Carlsbad, CA, USA).
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To confirm the stem-like characteristics of glioma sphere
cells, tumor marker expression and in vivo tumorigenicity
were examined. Tumor spheres from the third or fourth gen-
eration were cultured for 4 h until they became adherent,
washed, fixed in [fixative], and incubated overnight at 4 °C
with mouse monoclonal antibodies against the stem cell
markers cluster of differentiation (CD)133, nestin, and SOX-
2 (all at 1:200; Abcam, Cambridge, UK), or rabbit glial fibril-
lary acidic protein (GFAP) antibody (1:200; Abcam).
Immunolabeled cells were then incubated with a Cy3-
labeled goat anti-mouse secondary antibody (1:50; Sigma,
St. Louis, MO, USA) for 30 min at 37 °C and counterstained
for 5 min with 4',6-diamidino-2-phenylindole (DAPI). Cul-
tures were then examined under a BX61 fluorescence micro-
scope (Olympus, Tokyo, Japan). For tumorigenicity analysis,
100 dissociated glioma spheres were injected into the brains of
immunodeficient NOD-SCID mice. After xenografts were de-
tected by magnetic resonance imaging (data not shown), mice
were sacrificed for histological examination.

Cell death assay

Cells isolated from glioma spheres grown in the presence or
absence of serum (GSCs and PGCs) were seeded in 96-well
plates at 5x 10% cells/well. Cells were left untreated or treated
with recombinant human TRAIL (Cytolab/Peprotech Asia,
Rehovot, Isracl), TMZ (Tasly Pharmaceutical Co., Ltd., Tian-
jin, China), or both for 24 h. Cell viability was analyzed using
the CellTiter-Glo Luminescent Cell Viability Assay Kit
(Promega, Madison, WI, USA) according to the manufac-
turer’s protocol. The rate of cell death was calculated by the
following formula: 1—(luminescent density of treated cells/
luminescent density of untreated cells)* 100 %.

Determination of caspase activity by absorption
spectroscopy

Caspase activity was measured using a colorimetric assay kit
(Keygen Biotech. Co. Ltd., Nanjing, China). Cells were incu-
bated with various concentrations of TRAIL, TMZ, or both
for varying lengths of time and then suspended in 50 ml
chilled cell lysis buffer containing 50 mM HEPES (pH 7.4),
5 mM CHAPS, 0.5 mM phenylmethylsulfonyl fluoride
(PMSF), and 5 mM dithiothreitol (DTT). After incubation
on ice for 60 min and centrifugation for 1 min at 10,000g,
supernatants (50 ml) were added to reaction buffer (40 mM
HEPES, pH 7.4; 3 mM CHAPS; 10 mM DTT, and 4 mM
EDTA) with 5 ml caspase substrate (4 mM) and incubated at
37 °C. Optical density was measured at 405 nm using a mi-
croplate reader (Model 550; Bio-Rad Laboratories, Hercules,
CA, USA).
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Cell transfection

Knockdown A caspase-8-targeting siRNA and scrambled
control siRNA were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). An siRNA against
c-Cbl (CUG CCG AUG UGA AAU UAA ATT) and a
sequence targeting nucleotides 535-555 of the c-FLIP
transcript (Gene Bank accession number U97074) were
synthesized by Genechem Co. (Shanghai, China). For
siRNA knockdown, GSCs were transfected with 300
nM siRNA using the Amaxa Cell Line Nucleofector
Kit V and Nucleofector II electroporator (Lonza Co-
logne GmbH, Cologne, Germany) according to the sup-
plier’s instructions. After transfection, cells were cul-
tured in serum-free medium for 18 h before additional
experiments were performed.

Overexpression Human c-Cbl and c-FLIP; cDNAs were pur-
chased from GenePharma (Shanghai, China) and cloned into
the pcDNA3.1 plasmid (Invitrogen). GSC-no. 1 and -no. 2
and primary glioma cell lines PGC-no. 1 and PGC-no. 2 were
seeded in six-well plates and grown to 90-95 % confluence,
washed twice with phosphate-buffered saline, and incubated
in 2 ml DMEM/F12 medium without antibiotics. GSC-no. 1
and -no. 2 cells were transfected with c-Cbl plasmid (2 pg)
and PGC-no. 1 and -no. 2 with c-FLIP;, plasmid (2 pg) using
Lipofectamine 2000 reagent (Invitrogen). Cells transfected
with the empty pcDNA3.1 vector served as the negative
control.

Western blotting

GSCs treated with TRAIL, TMZ, or both were lysed in cell
lysis buffer (50 mM Tris, 150 mM NaCl, 2 mM EDTA, 10 %
glycerol, 1 % Triton X-100, 1 % protease inhibitor cocktail,
and 1 mM PMSF). Total protein from each lysate (50 pg per
sample) was separated by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis and transferred to nitrocellulose
membranes. After blocking with 5 % skim milk in Tris-
buffered saline with 1 % Triton X-100, membranes were in-
cubated with appropriate primary and secondary antibodies.
Immunolabeled bands were detected using the SuperSignal
Western Pico Chemiluminescent Substrate (Pierce, Rockford,
IL, USA).

c-FLIP expression in human glioma tissue specimens

The mRNA expression profiles of c-FLIP in human glioma
tissues, including whole genome mRNA expression microar-
ray data and corresponding clinical information, were obtain-
ed from the Chinese Glioma Genome Atlas (CGGA) database.
A total of 295 samples were examined in this study to
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Fig. 1 Generation of human glioma spheres from GBM tumors and
demonstration of stem cell properties and in vivo tumorigenicity. a
Glioma spheres and matched serum-grown cultures from primary
glioma cell (PGC) lines no. 1 and no. 2 were cultured after 7 days
under neurosphere culture conditions. Data are expressed as mean+
SEM (n=6). b Expression of the stem cell markers CD133, nestin, and
SOX-2 and differentiated glial marker GFAP in glioma spheres as
detected by immunocytochemistry. ¢ Xenograft formation by injection
of GSC-no. 1 in the brains of NOD-SCID mice. GSC-no. 1-derived
xenografts were observed in tissue sections stained with hematoxylin
and eosin (x10). Three mitotic bodies can be seen in the xenograft (x400)

determine the relationship between c-FLIP mRNA expression
and glioma grade (Supplementary Fig. 3).
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Fig. 2 Resistance of glioma stem-like cells (GSC) to TRAIL-induced
apoptosis and TRAIL sensitive of primary glioma cells (PGC)
associated with high caspase-8 expression. a Substantial apoptosis was
induced by TRAIL (100 ng/ml, 24 h) in PGCs but not in GSCs. b Basal
caspase activity was higher in PGCs than GSCs. ¢ Knockdown of

Statistical analysis

SigmaPlot v. 13.0 software (Systat Software Inc., Chi-
cago, IL, USA) was used for statistical analyses. Differ-
ences in c-FLIP expression across tumor grades were
compared with the Student’s t test. For in vitro studies,
statistical analyses were performed on data from tripli-
cate experiments. A P value<0.05 was considered sta-
tistically significant.

Results
Glioma sphere culture and characterization

In our previous report, primary glioma cell (PGC)-derived
glioma spheres were shown to retain the properties of
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caspase-8 in PGCs by 72 h of transfection with caspase-8 siRNA
(confirmed by Western blotting) significantly reduced apoptosis
induced by TRAIL (100 ng/ml for 24 h). Data are expressed as mean=+
SEM (n=4). *P<0.05

cancer stem cells and the genomic signature of parental
tumors [10]. In this study, two GSC cultures derived from
separate human GBM tumors (GSC-no. 1 and -no. 2) and
matched serum-grown primary cultures (PGC-no. 1 and -
no. 2) were generated from surgically resected GBM tis-
sues. Approximately 15 % of cells in GSC-no. 1 and 10 %
in GSC-no. 2 were capable of forming glioma spheres; in
contrast, few spheres were generated from PGC-no. 1 and
PGC-no. 2 under the same culture conditions (Fig. 1a).
These results indicate that cells from tumor spheres but
not serum-grown PGC cultures retain the self-renewal ca-
pacity of cancer stem cells. Cells from glioma spheres
expressed the stem cell markers CD133, nestin, and
SOX-2, but not the differentiated glial marker GFAP
(Fig. 1b), confirming their stem cell identity. These
markers were not expressed by PGC-no. 1 or -no. 2 (data
not shown).
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Fig.3 Reciprocal relationship between expression levels of c-Fas-
associated death domain-like interleukin 1-converting enzyme-like
inhibitory protein (c¢-FLIP) and sensitivity to TRAIL-induced
apoptosis. a Expression levels of both the long (c-FLIP;) and
short (¢-FLIPs) isoforms of the protein were higher in GSC-no.
1 and -no. 2 compared to TRAIL-sensitive PGC-no. 1 and -no. 2

To investigate the tumor-forming capacity of GSCs,
100 cells were injected into the brains of immunodefi-
cient NOD-SCID mice. Tumors were visible on the
injected side of the brain (Fig. 1c). Microscopic exam-
ination of brain sections revealed that the tumors pos-
sessed the histological features of GBM, such as diffuse
infiltration throughout the cerebral tissue. These results
confirm that GBM-derived GSCs have the characteris-
tics of stem-like cells with glioma properties.
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as determined by Western blotting. b Knockdown of c¢-FLIPy and
c-FLIPg protein expression in GSC-no. 1 by siRNA transfection
for 72 h (as detected by Western blotting) significantly increased
TRAIL-induced apoptosis in GSCs (100 ng/ml TRAIL for 24 h).
Data are expressed as mean+SEM (n=4). *P<0.05

Stem-like cells from glioma spheres are resistant
to TRAIL-induced apoptosis

Apoptosis of GSCs and PGCs in response to TRAIL treatment
was then assessed. Dissociated GSC-no. 1, GSC-no. 2, PGC-
no. 1, and PSC-no. 2 cells were cultured in the presence of
100 ng/ml TRAIL for 24 h (Fig. 2). TRAIL treatment induced
substantial apoptosis in PGC cultures, but not in GSC-no. 1
and GSC-no. 2 cultures (Fig. 2a). Moreover, caspase activity,
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which is necessary for TRAIL-induced apoptosis [11], was
detected in PGCs but not in GSCs (Fig. 2b) by colorimetric
assay. Knockdown of caspase-8 expression by a targeted
siRNA inhibited TRAIL-induced apoptosis in PGCs
(Fig. 2¢), indicating that TRAIL-induced cell death in PGCs
occurs via activation of caspase-8.

TRAIL-induced apoptosis in GSCs is inhibited by c-FLIP

TRAIL-resistant tumor lines such as U87MG express high
levels of c-FLIP and c-FLIPg relative to TRAIL-sensitive
lines such as LN18 [12], and c-FLIP overexpression inhibits
caspase cleavage and suppresses TRAIL-induced apoptosis in
resistant cells [13]. Both c-FLIP; and c-FLIPg were expressed
at higher levels in GSCs (no. 1 and no. 2) than in PGC-no. 1 or
PGC-no. 2 (Fig. 3a). To test if this higher c-FLIP expression
contributes to TRAIL resistance, expression was knocked
down prior to TRAIL exposure and apoptosis assays. GS-
no. 1 cells were transfected with siRNA against nucleotides
535-555 common to both isoforms of the c-FLIP transcript,
and transfected cells were grown under glioma sphere culture
conditions. Knockdown of both c¢-FLIP proteins was con-
firmed 72 h after siRNA transfection by Western blotting
(Fig. 3b). Cultures of GSC-no. 1 transfected with the siRNA
exhibited a markedly higher percentage of apoptotic cells after
24 h in 100 ng/ml TRAIL compared to GC-no. 1 cells
transfected with a scrambled control siRNA. Thus, under re-
duced c-FLIP expression, GSC phenotype was transformed
from TRAIL-resistant to TRAIL-sensitive (Fig. 3b), strongly
suggesting that endogenous c-FLIP inhibits TRAIL-induced
apoptosis in GSCs. Furthermore, c-FLIP; overexpression in-
duced TRAIL resistance in PGCs (S1 Fig).

TMZ stimulates c-Cbl and suppresses c-FLIP expression
in GSCs

To determine whether TRAIL resistance in GSCs can be over-
come by treatment with a chemotherapeutic agent, GSC-no. 1
and -no. 2 cultures were incubated with serial dilutions of
TMZ with or without TRAIL. While GSCCs were resistant
to the pro-apoptotic effects of TMZ alone, the combination of
TMZ and TRAIL induced substantial apoptosis in both GSC-
no. 1 and -no. 2 (Fig. 4a). Moreover, the combination of
100 ng/ml TRAIL and 20 pmol/l TMZ increased caspase
activity in GSCs (Fig. 4b). These findings indicate that TMZ
and TRAIL synergistically promote apoptosis of stem-like
cells from glioma spheres. We then tested if the toxicity of
TMZ plus TRAIL was mediated by changes in c-FLIP expres-
sion. Increased c-Cbl expression and decrease in c-FLIP; and
c-FLIPg expression levels were detected in GSC-no. 1 and -
no. 2 following TMZ drug treatment (Fig. 4c). Ubiquitination
is a post-translational modification that targets cellular pro-
teins for degradation; c-Cbl is a member of the Cbl E3
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ubiquitin ligase family. Recent studies have implicated c-Cbl
in the ubiquitination and degradation of c-FLIPg in TNF-
treated mouse macrophage cells [6]. Overexpression of the
E3 ubiquitin ligase c-Cbl downregulated both c-FLIP; and
c-FLIPg expression in GSCs (S2 Fig.). To determine whether
c-Cbl-mediated ubiquitination and degradation of c-FLIPg
mediate the effects of TMZ on TRAIL sensitivity, GSC-no.
1 and-no. 2 were also pretreated for 30 min with the protea-
some inhibitor PS341 prior to combined application of
100 ng/ml TRAIL and 20 pmol/l TMZ for 24 h. Upregulation
of c-FLIPy and c-FLIPg expression relative to control cells
was observed under these conditions (Fig. 4d). In addition,
siRNA knockdown of ¢c-Cbl in GSC cells resulted in upregu-
lation of c-FLIP; and c-FLIPg protein levels (Fig. 4e) and
abolished the toxic effect of TMZ and TRAIL (Fig. 4f, g).

c-FLIP expression is correlated with glioma grade

Expression data in the CGGA database showed that c-FLIP
expression was significantly higher in grade IV tumors
(GBM) than in grades II and III (P<0.0001 versus both),
indicating a strong correlation between high c-FLIP expres-
sion and glioma malignancy (S3 Fig.).

Discussion

Gliomas are the most common intracranial malignancies in
adults, and the prognosis remains poor despite advances in
chemotherapeutic, surgery, and radiation treatments. Mul-
tiple studies have demonstrated the existence of cancer
stem cells in tumors, including brain [14, 15], colon [16,
17], and breast [18, 19] cancers, that likely have important
roles in tumor proliferation, invasion, recurrence, and

Fig. 4 The chemotherapeutic agent temozolomide (7MZ) sensitizes P>
GSCs to TRAIL-induced apoptosis through upregulation of the E3
ubiquitin ligase casitas B-lineage lymphoma (c-Cbh/) and concomitant c-
FLIPg downregulation. a Analysis of cell death in GSC-no. 1 and -no. 2
after 24 h of treatment with the indicated doses of TMZ alone or TMZ
plus 100 ng/ml TRAIL. b Caspase activity as evaluated by absorption
spectroscopy was markedly enhanced by addition of TMZ. ¢ Protein
expression levels of c-Cbl were enhanced, while c-FLIP and c-FLIPg
levels were reduced by TMZ treatment (24 h) as measured by Western
blotting. d Expression levels of c-Cbl, c-FLIP, and c-FLIPg were
measured in the presence or absence of the protease inhibitor PS341
(10 nM) after combined treatment with 100 ng/ml TRAIL and
20 umol/l TMZ for 24 h. e Knockdown of ¢-Cbl in GS-No. 1 was
detected by Western blotting after transfection with c-Cbl siRNA for
72 h. f Cell death was examined by the apoptosis assay in c-Cbl-
siRNA-transfected GSC-No. 1 cells after 24 h of treatment with the
indicated doses of TMZ alone or in combination with 100 ng/ml TRAI
L. g GSC-No. 1-transfected glioma spheres were treated with 100 ng/ml
TRAIL for 24 h, and cell death was assessed by the apoptosis assay. Data
are expressed as mean+SEM (n=4). *P<0.05
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resistance to conventional treatments. In the last decade,
extensive research has been conducted on GBM-derived
cell lines in order to establish novel therapeutic approaches

-50

T —— -

- - + + + = - + o+ *
< & o + + S + - + + TRAIL
- - - - + - - - - + PS341

—e— c-Cbl siRNA (TMZ+TRAIL)

—a&— scramble siRNA (TMZ+TRAIL)
_ —o— c-Cbl siRNA (TM2)

—{1— scramble siRNA (TMZ)

1 n L 1 1 I

100 150 200 250 300
TMZ (pmoliL)

to GBM treatment, including targeting of the TRAIL apo-
ptotic pathway [20]. Indeed TRAIL has proven cytotoxicity
in GBM-derived cell lines and their derivative xenografts
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[21, 22]. However, there are many disadvantages of cell
lines that have been cultured for many generations for treat-
ment evaluation, so many recent studies have used tumor
stem cells as a model to test the efficacy of new drugs. The
present study demonstrates for the first time that TMZ en-
hances TRAIL-induced apoptosis of human GSCs by pro-
moting c-Cbl-mediated proteasomal degradation of the
anti-apoptotic c-FLIP proteins.

Glioma spheres were used to evaluate the efficacy of TRAI
L treatment. Glioma spheres propagated from human malig-
nant glioma tissue consist mainly of brain tumor stem cells
[23] as confirmed by genetic analysis [16, 24, 25] and CD133-
positive status [15, 23]. Based on these reports, CD133 as well
as nestin and SOX-2 were used to identify GSCs in this study;
indeed all three markers, but not the differentiated glial marker
GFAP, were expressed by glioma spheres. Significantly, only
a small number of these GSCs were required to form brain
tumors in NOD-SCID mice, confirming that they possess
stem cell properties.

Chemotherapy is the predominant maintenance treatment
for delaying the recurrence of glioma. Extensive research has
been conducted on TRAIL therapy in GBM cell lines [20],
with potent TRAIL-induced apoptosis through death receptors
4 and 5 widely reported [26, 27]. In a previous study, TRAIL-
sensitive and -resistant glioma cell lines expressed c-FLIP at
similar levels [12]. However, in this study, the expression
levels of c-FLIP; and c-FLIPg were significantly higher in
GSCs than (TRAIL-sensitive) PGCs, and GSCs acquired sen-
sitivity to TRAIL-induced apoptosis after siRNA-mediated
knockdown of c-FLIP proteins. These findings suggest that
high levels of c-FLIP can suppress TRAIL-induced apoptosis,
thereby conferring TRAIL tolerance in GSC-derived cells. We
further showed that the apoptosis induced by TRAIL in glio-
ma cells was dependent on the expression and enzymatic ac-
tivity of caspase, consistent with the results of other studies.

TRAIL resistance in other types of cancer can be overcome
by combined radio- and chemotherapy [28—30]. TMZ is wide-
ly used to treat glioma patients, and we therefore attempted to
determine whether the concurrent application of TMZ could
overcome TRAIL resistance in GSCs. Upregulation of cas-
pase 8 expression has been linked to TRAIL plus TMZ ther-
apeutic efficiency in glioblastoma [31, 32]. The present study
found that TMZ enhanced TRAIL-induced apoptosis in
GSCs, consistent with the results of other studies [33, 34].
Following TMZ application, the expression of the E3 ligase
c-Cbl was upregulated, while c-FLIP; and c-FLIPg were
downregulated, suggesting that potentiation of TRAIL toxic-
ity by TMZ is due to c-Cbl-mediated degradation of c-FLIP
proteins, which normally inhibit receptor-activated cell death
pathways. The role of c-Cbl protein as a mediator of TMZ-
induced apoptosis in TRAIL-treated GSCs was confirmed by
application of the protease inhibitor PS341 and siRNA knock-
down of ¢-Cbl, both of which restored TRAIL insensitivity of
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Fig. 5 Proposed model of increased glioma stem-like cell (GSC)
sensitivity to TRAIL-induced apoptosis in the presence of TMZ. TMZ
promotes c-Cbl-mediated ubiquitination and degradation of cell death
pathway inhibitor c-FLIP in GSCs, thereby allowing TRAIL to activate
death receptors (DR4 and DRS) and downstream apoptotic pathways

GSCs. Taken together, these results strongly suggest that TMZ
enables GSCs to overcome TRAIL resistance by suppressing
c-FLIP protein expression, possibly by promoting c-Cbl-
mediated ubiquitination and protein degradation (Fig. 5).
Most interestingly, when treated with TMZ alone, knocking
down of Cbl protein would enhance the cell death rate of
glioma stem cells. However, as showed in Fig. 4f, when treat-
ed with TMZ combined with TRAIL, knocking down of Cbl
protein decreased the cell death rate, which is consistent with
the result of Fig. 4g. This is an interesting phenomena, which
indicated that Cbl my play different role when treated with
TMZ alone or treated with TMZ combined with TRAIL, fur-
ther experiments are needed to clarify this phenomena.

Recently, It is demonstrated that Bak and Mcl-1 are essen-
tial for Temozolomide induced cell death in human glioma
[35] and TMZ treatment could downreguate Bcl2 protein in
glima [36, 37]. We have tested the expression of Bcl2 family
proteins in glioma stem-like cells after treatment with TMZ,
but the expression level of Bel-2 family proteins did not show
any difference compared with the control group (data not
shown), which is different with the result in non-stem-like
glioma cells [35-37]. This result may indicate the difference
between glioma stem-like cells and non-stem-like cells. Re-
cently, targeting and/or co-targeting Bcl-2 and Bax were pro-
posed as promising strategies for cancer therapy [38—40].
Combination therapy with TMZ and TRAIL and Bcl-2 inhib-
itor and/or Bax activator for the treatment of the GSCs may be
worthy of further investigation.

Experiments using cell lines established from various can-
cers have tended to overestimate the clinical efficacy of TRAI
L for several reasons. First, the blood—brain barrier may limit
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the anti-glioma activity of TRAIL as well as antibodies in
patients. Second, certain molecules that are highly expressed
in GSCs may disrupt the TRAIL-mediated apoptotic pathway.
Using cells that more accurately reflect the in vivo behavior of
glioma cells should provide a better indication of drug effica-
cy. Microarray data from the GCCG database indicate that c-
FLIP expression is higher in grade IV than in grades II or III
gliomas, suggesting that the grade IV type (GBM) is resistant
to TRAIL treatment, a resistance that may potentially be over-
come by concurrent treatment with TMZ. This study provides
experimental basis for the combined treatment of glioma stem
cells with TRAIL and TMZ. The effectiveness of this treat-
ment strategy needs to be evaluated in animal models or clin-
ically. We did not perform in vivo study in this experiment
since this is not the focus of this study. A future in vivo study
is thus needed.

Conclusion

The results of this study demonstrate that TMZ treatment sen-
sitizes GSCs to TRAIL-induced apoptosis by negatively reg-
ulating c-FLIP and c-FLIPg expression via the ubiquitin li-
gase activity of c-Cbl. These findings indicate that combining
TMZ with TRAIL may be an effective treatment for glioma,
warranting future studies in a glioma animal model.
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