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Abstract
Glioblastoma-derived stem cells (GSCs) are responsible for the cancer resistance to therapies. We
show here that GSC-enriched neurospheres are resistant to the treatment of tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) due to the insufficient expression of the death receptor
DR4 and DR5 and the overexpression of cellular Fas-associated death domain-like interleukin-1β-
converting enzyme-inhibitory protein (c-FLIP). However, treatment with cisplatin leads to the
upregulation of DR5 and downregulation of c-FLIP and restores TRAIL apoptotic pathway in the
neurospheres. This study suggests that the combined treatment of TRAIL and cisplatin can induce
apoptosis in GSCs and thus provide an effective treatment of glioblastomas.
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INTRODUCTION
Glioblastoma is the most common and lethal brain tumor and current standard therapies
including surgery, chemotherapy and radiation provide no curative treatments (1). Recent
studies have identified cancer stem cells or tumor-initiating cells in glioblastomas (2–4) and
shown that glioblastoma-derived stem cells (GSCs) are responsible for the tumor resistance
to radiation (5), chemotherapy (6) and chemoradiotherapy (7). Cancer stem cells are defined
as a minority of undifferentiated cell populations that are able to self-renew, differentiate to
multiple cell lineages and initiate tumor xenografts (8). These properties of cancer stem cells
have been demonstrated in neurospheres (9–11) and cell populations positive for the stem
cell surface markers, CD133 (3–5, 12) and CD15 (13). These GSC-enriched neurospheres,
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CD133+ and CD15+ cell populations isolated from glioblastomas have been shown to retain
the genomic properties of the original tumors (11, 14) and they are responsible for the tumor
progression (15). Further studies of these GSC-enriched models have elucidated signal
pathways that are activated in GSC and shown that targeting of the GSC signal pathways
inhibits the cancer growth and progression (16–19). These studies have established
glioblastoma-derived neurospheres and CD133+/CD15+ cell populations as GSC-enriched
models for studying of signal pathways and screening of therapeutic agents in treating the
cancer (20). This has prompted us to examine whether and how GSC responds to tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL).

TRAIL is a member of tumor necrosis factor (TNF) ligand family that is normally expressed
in immune system and plays a role in immunosurveillance against the tumorigenesis and
tumor progression (21). Studies of glioblastoma-derived cell lines have shown that TRAIL
can trigger apoptosis in some of the cell lines (22–24) and thus suggested that targeting
TRAIL apoptotic pathway may provide novel therapeutic approach in treating glioblastomas
(25). TRAIL-induced apoptosis occurs through its binding of the cell surface death receptor
4 and 5 (DR4, DR5), which in turn recruit intracellular Fas-associated death domain
(FADD) and caspase-8 for the assembly of a death-inducing signaling complex (DISC) (26).
In the DISC, caspase-8 is enzymatically activated and thus initiates apoptotic cascade
through cleavage of downstream effector caspase-3 and caspase-7 and activation of the
mitochondrial apoptosis pathway (27). However, the majority of glioblastoma-derived cell
lines are resistant to TRAIL-induced apoptosis in part due to the expression of cellular
FADD-like interleukin-1β-converting enzyme-inhibitory protein (c-FLIP) (28). The c-FLIP
protein exists in two isoforms: a short form (c-FLIPS) consisting of two death effector
domains (DEDs) and a long form (c-FLIPL) composed of two DEDs and a caspase-like
domain that lacks catalytic activity (29, 30). Through DEDs, c-FLIPL and c-FLIPS interact
with FADD and caspase-8 and inhibit caspase-8 activation and TRAIL-induced apoptosis
(26, 28, 31).

While TRAIL apoptotic pathway has been extensively studied, phase I and II clinical trials
of TRAIL apoptotic pathway-targeted therapies have shown that the vast majority of human
cancers are resistant to the treatments (32). In examining the molecular mechanisms of the
glioblastoma resistance to TRAIL treatment, we show here that GSC-enriched neurospheres
are resistant to TRAIL-induced apoptosis due to the lack of DR4 and DR5 expression and
the overexpression of c-FLIPL and c-FLIPS. In searching of the therapeutic modalities that
can overcome the TRAIL resistance in GSC, we show that chemotherapeutic agent, cisplatin
can up-regulate DR5 but down-regulate c-FLIPL and c-FLIPS, thus release their inhibition of
caspase-8 and thereby restore TRAIL apoptotic pathway in GSC. This study suggests that
the combination therapy of cisplatin and TRAIL can drive GSC into self-destructive process
and therefore provide effective treatment for glioblastomas.

MATERIALS AND METHODS
Glioblastoma-derived Neurospheres, Serum-Grown Cultures and Cell Lines

Glioblastoma tissues were collected in accordance with protocols approved by the Emory
University Institutional Review Boards and enzymatically dissociated based on the
procedure as reported (9). The dissociated cells were submitted for neurosphere and serum-
grown culture according to the protocol as earlier reported (11). For neurosphere culture, the
dissociated cells were plated in uncoated plastic flasks at a clonal density of 3,500 cells/cm2

in neurobasal medium (Invitrogen), B27 (0.5x; Invitrogen), 1 mM L-Glutamine, epidermal
growth factor (EGF; 20 ng/ml; Peprotech Inc, Rocky Hill, NJ) and fibroblast growth factor 2
(FGF2; 20 ng/ml; Peprotech Inc). The cultures were fed every 7 days by changing half of the
medium and, once neurospheres reached approximately 200–300 cells, they were

Ding et al. Page 2

Cancer Invest. Author manuscript; available in PMC 2012 January 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dissociated by repeatedly triturating and grown at the clonal density in the same medium
again for passage. For serum-grown culture, the dissociated cells were plated in coated
plastic dishes at a density of 5x104 cells per cm2 and grown as a monolayer in DMEM/F-12
(Invitrogen) supplemented with 10% fetal bovine serum (FBS). Glioblastoma cell lines
LN18 and U87MG were reported previously and grown in DMEM containing 10% FBS
(22).

Neurosphere formation assay
Dissociated cells from neurospheres and serum-grown cultures were dissociated and plated
at 200 cells per well in 24-well plates, treated or untreated as described in the Results, and
grown in the neurosphere culture conditions as described above for 7 days. The
neurospheres formed were counted and presented as the percentage of the neurosphere
forming cells over the total 200 cells planted.

Flow Cytometry
The cell surface expression of CD133, CD15, DR4 and DR5 was examined by flow
cytometry based on the protocol modified from our report (27). In brief, the neurospheres
were dissociated by repeatedly triturating and serum-grown monolayers were harvested by
trypsin treatment and 2μg/ml of phycoerythrin (PE)-conjugated anti- CD133 and FITC-
conjugated CD15 (Miltenyi, Auburn, CA), and PE-conjugated DR4 and DR5 (mouse IgG1;
eBioscience, San Diego, CA) or mouse IgG1 (BD PharMingen, San Diego, CA), a negative
control was added to 106 cells in 200 μl of immunofluorescence buffer (PBS containing 2%
FBS and 0.02% sodium azide). After 1 hour of incubation in the dark at 4°C, 10,000 cells
were analyzed using a Becton and Dickinson FACScan™ (Mountain View, CA). The results
were processed by using Flowjo software as the percentage of positive cells.

Mouse Intracranial Xenograft
The neurospheres were dissociated and stereotactically injected into the striatum of the right
side of brains of five to six weeks old female NOD-SCID mice (National Cancer Institute).
Mice were anesthetized and immobilized on a stereotactic frame. A small incision was made
in the middle of head skin and 5μl of serum-free culture medium containing 5 x 104

dissociated cells were introduced in the right striatum. The mice were maintained for the
development of orthotopic xenografts. The mice were sacrificed and brains were removed
and submerged in 10% neutrally buffered formalin and paraffinized. Five-micron think
paraffin section were deparaffinized, rehydrated and stained with hematoxylin and eosin
(H&E) according to the standard procedure at the Emory Medical Laboratory. The animal
studies were approved by the Emory University Institutional Animal Care and Use
Committee.

Cell Death Assay
The dissociated cells from neurospheres and serum-grown cultures were plated in 96-well
plates at 5 x 103 cells per well. The cells were untreated or treated with TRAIL and cisplatin,
alone or in combination for 24 hours, in the doses as indicated in the RESULTS. The treated
or untreated cells were then analyzed using Cell Titer-glo Luminescent Cell Viability Assay
kit according to the manufacture’s protocol (Promega, Madison, WI). Cell death was
calculated based on the formula: 1 − (luminescent density of cells treated/luminescent
density of cells untreated) x 100.

Caspase Enzymatic Activity assay
Caspase-8, -3 and -7 activities were examined using the Caspase-Glo®8 and Caspase-
Glo®3/7 kits according to the manufacturer’s protocol (Promega,). In brief, dissociated cells
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from neurospheres and serum-grown cultures were plated and grown overnight in 96-well
plates (5 x 103 cells/well) and untreated or treated with with TRAIL and cisplatin for 24
hours in the doses as indicated in the RESULTS. The cells were then incubated with 100μl
of Caspase-Glo®8 or Caspase-Glo®3/7 reagent per well at room temperature for one hour.
The caspase activity was determined by caspase substrate luminescence as recorded by a
Dynex MLX® luminometer.

c-FLIP siRNA
Small interfering RNA (siRNA) duplexes specific to nucleotides 535–555 of the c-FLIP
gene (Gene Bank accession number U97074) were synthesized through QIAGEN service
(Valencia, CA). The synthetic siRNA and scramble siRNA (QIAGEN) were transfected
using HiPerfect transfection reagent (QIAGEN) based on the manufacturer’s protocol.
Transfected cells were allowed to grow for 72 h and then experimentally treated as outlined
in the RESULTS.

Western Blotting
For protein expression, neurosphere and serum-grown culture, treated or untreated as
outlined in the RESULTS, were lysed in a cell lysis buffer (50 mM Tris, 150 mM NaCl,
2mM EDTA, 10% glycerol, 1% Triton X-100, 1% protease inhibitor mixture and 1mM
PMSF). Fifty micrograms of total protein from each lysate were separated through SDS–
PAGE and transferred to nitrocellulose membranes. The membranes were incubated with
the primary antibodies against FADD and caspase-8 (Medical & Biological Laboratories,
Nagoya, Japan), and c-FLIP (NF6 clone from Alexis). After wash, the membranes were
incubated for 1 hour with HRP-conjugated goat anti-mouse and anti-rabbit antibody
(Jackson ImmunoResearch Laboratories, West Grove, PA) and developed by
chemiluminescence (Thermo Scientific).

RESULTS
Glioblastoma-derived neurospheres maintain the GSC properties

Glioblastoma-derived neurospheres have been shown to maintain the properties of cancer
stem cells (9–11) and retain the genomic properties of the parental tumors (11, 14). In
contrast, however, glioblastoma cells under traditional serum-grown culture condition do not
recapitulate the genomic properties of the tumors (11). To examine how glioblastoma stem
cells respond to TRAIL, we generated neurosphere culture GSC091106 and GSC091112
and matched serum-grown culture SC091106 and SC091112 from the same glioblastoma
tissues surgically removed from patients (Fig. 1A). Neurosphere formation assay showed
that approximately 10% cells in each of the neurospheres were able to form neurospheres; in
contrast, few if any neurospheres were found in SC091106 and SC091112 under the same
neurosphere culture condition (Fig. 1B). These results indicate the neurospheres but not
serum-grown cultures retain the self-renewal capacity of cancer stem cells, keeping in line
with earlier reports (10, 11). To further examine the stemness of neurospheres, we analyzed
the expression of the stem cell surface markers in these cultures. Flow cytometry identified
approximately 18% CD133+ cells in GSC091106, 51% CD133+ cells in GSC091112 (Fig.
1C), 12% CD15+ cells in GSC091106 and 14% CD15+ cells in GSC091112 (Fig. 1D). In
contrast, approximately 1–2% CD133+ and CD15+ cells were detected in the matched
serum grown SC091106 and SC091112.

To further confirm that the neurospheres maintain the properties of cancer stem cells, we
examined the tumorigenic capacity of GSC091106 and GSC091112. The neurospheres were
dissociated by repeatedly triturating and 5 x 104 cells were injected in NOD-SCID mouse
brains at the right side. The mice were observed and sacrificed once the xenografts were
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detected by MRI (data not shown). Histological examination of the whole mounted brains
identified the xenografts on the right side of the brains injected with GSC091106 and
GSC091112 (Fig. 2A), as compared to normal SCID mouse brain (Fig. 2B). Further
microscopic examination of the H&E sections revealed the histological features of
glioblastoma such as diffuse infiltration through the cerebral tissues (Fig. 2C) and mitotic
activities in the xenograft (Fig. 2D). These results demonstrate that glioblastoma-derived
neurospheres maintain the properties of cancer stem cells and provide GSC models for
studying glioblastoma signal pathways and screening cancer therapeutic agents.

GSC-enriched neurospheres are resistant to TRAIL-induced apoptosis
To determine whether and how the neurosphere and matched serum-grown cultures respond
to TRAIL treatment, we examined these cultures for TRAIL-induced apoptosis. GSC091106
and GSC091112 and matched SC091106 and SC091112 were dissociated, plated in 96-well
plates, grown under the neurosphere culture condition in the presence of 300 ng/ml TRAIL
for 16 hrs. The TRAIL treated cells were then examined for TRAIL-induced apoptosis in the
following three assays. First, cell death analysis revealed that TRAIL treatment results in the
significant cell death in the serum-grown SC091106 and SC091112 but not the matched
neurosphere GSC091106 and GSC091112 (Fig. 3A). This suggests that neurospheres but not
matched serum grown cells are resistant to TRAIL. Then, we examined the activation of the
apoptosis initiating caspase-8 and showed the enzymatic activity of caspase-8 in the TRAIL
treated serum-grown but not neurosphere cultures (Fig. 3B). Last, we examined the
activation of caspase-8 downstream effectors and showed the enzymatic activities of
caspase-3/-7 in the TRAIL-treated SC091106 and SC091112 but not GSC091106 and
GSC091112 (Fig. 3C). These results indicate TRAIL-induced cell death occurs through
caspase-8-initiated caspase cascade in serum-grown cultures. In contrast, however, GSC-
enriched neurospheres are resistant to TRAIL-induced apoptosis.

Death receptors are less but c-FLIP is highly expressed in GSC-enriched neurospheres
TRAIL-induced apoptosis occurs through its binding of the surface DR4 and DR5 for the
recruitment of intracellular FADD and caspase-8 in the formation of a DISC (32). To
examine the molecular basis of TRAIL resistance in GSC, we analyzed the expression of the
key DISC proteins in the neurospheres. Flow cytometry analysis showed the lack of the cell
surface expression of DR4 and DR5 as approximately 1% DR4+ and 2% DR5+ cells were
detected in GSC091106 and 0% DR4+ and 1% DR5+ cells were seen in GSC091112; in
contrast, 66% and 51% DR5+ cells were observed in SC091106 and SC091112 (Fig. 4A).
This suggests that the lack of DR4 and DR5 expression may result in the GSC resistance to
TRAIL treatment.

Our earlier studies clarified glioblastoma-derived cell lines into TRAIL-sensitive and
resistant phenotype (22) and showed that both c-FLIPL and c-FLIPS are highly expressed in
the resistant such as U87MG as compare to the sensitive lines such as LN18 and the
overexpression of c-FLIP proteins inhibit caspase-8 cleavage and thereby TRAIL-induced
apoptosis in the resistant cell lines (28). To test this in the stem cells, we first examined the
expression of intracellular FADD and caspase-8 protein by western blot in the neurospheres,
together with TRAIL sensitive LN18 and resistant U87MG as controls. The results showed
that FADD was expressed consistently in the neurospheres and cell lines, whereas caspase-8
was expressed more in GSC091112 and U87MG but less in GSC091106 and LN18, without
the correlation to the TRAIL sensitivity of these cultures (Fig. 4B). Finally, we analyzed the
expression of c-FLIPL and c-FLIPS, caspase-8 inhibitors (28) and showed that c-FLIPL
protein was highly expressed in GSC091106 and both c-FLIPL and c-FLIPS were highly
expressed in GSC091112 and U87MG as compared to TRAIL sensitive line LN18 (Fig. 4B).
These results demonstrate that there is a much less expression of TRAIL death receptors on
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the cell surface but a much more expression of the intracellular caspase-8 inhibitors, c-
FLIPL and c-FLIPS in GSC-enriched neurospheres.

c-FLIP inhibits TRAIL-induced apoptosis in GSC-enriched neurosphere
To define the role of c-FLIPL and c-FLIPS in TRAIL resistance, we transfected siRNA
specific to c-FLIP nucleotides 535–555 nucleotides shared by c-FLIPL and c-FLIPS to
inhibit the expression of both c-FLIPL and c-FLIPS (28). GSC091112 was disassociated,
transfected with c-FLIP siRNA for 48 or 72 hrs and grown under the neurosphere culture
condition. Western blot detected the knockdown of both c-FLIPL and c-FLIPS after 72 hrs of
transfection (Fig. 5A). The transfected or untransfected GSC091112 was treated or untreated
with 300 ng/ml TRAIL for 16 hrs. Cell death analysis showed that the knockdown of c-FLIP
proteins converted the neurosphere from TRAIL resistant to sensitive phenotype (Fig. 5B).
This study defines the role of c-FLIP in the inhibition of TRAIL-induced apoptosis in GSC-
enriched neurospheres.

Cisplatin upregulates DR5, downregulate c-FLIP in eliminating TRAIL resistance in GSC
Chemotherapy has been shown to enhance TRAIL-induced apoptosis in various cancer cell
lines through upregulation of DR5 (33, 34) and inhibition of c-FLIP (35, 36); thus, we
sought first to determine whether chemotherapy can overcome TRAIL resistance and then
examine these molecular mechanisms of chemotherapy action on GSC-enriched
neurospheres. GSC091106 and GSC091112 were dissociated and treated with a series of
dilutions of cisplatin. Cell death assay revealed that GSC091106 was resistant but
GSC091112 was partially sensitive to cisplatin (Fig. 6A). The experiment was repeated in
the presence of 300 ng/ml TRAIL and the results revealed a synergistic effect of cisplatin on
TRAIL killing of both GSC091106 and GSC091112 (Fig. 6A). GSC091106 and
GSC091112 were then treated with 300 ng/ml TRAIL in the combination of 5 μg/ml
cisplatin for 16 hrs; caspase activity assay detected the enzymatic activities of caspase-8 and
caspase-3/-7 in both the treated neurospheres (Fig. 6B). These results indicate that cisplatin
synergistically enhances TRAIL-induced apoptosis in GSC-enriched neurospheres.

To examine the molecular mechanisms of the synergistic effect of cisplatin on TRAIL-
induced apoptosis, we examined cisplatin action on GSC-enriched neurospheres.
GSC091106 and GSC091112 were treated with 5 μg/ml cisplatin for 16 hrs. Flow cytometry
analysis detected a dramatic increase of the cell surface expression of DR5 from 2% in
untreated (Fig. 4A) to 55% in treated GSC091106 (Fig. 6C) and 1% in untreated (Fig. 4A) to
50% in treated GSC091112 (Fig. 6C). In contrast, the increase in the DR4 expression in the
cisplatin treated neurospheres was insignificant at 1–2% (Fig. 6C). Western blot
demonstrated an increase of DR5 protein in both GSC091106 and GSC091112 following the
cisplatin treatment (Fig. 6D). In addition, western blot further showed a significant decrease
of c-FLIPL in GSC091106 and a reduced c-FLIPL and c-FLIPS expression in GSC091112
(Fig. 6D). Taken together, these results indicate that cisplatin treatment leads to the up-
regulation of TRAIL receptor, DR5 and down-regulation of caspase-8 inhibitor, c-FLIP and
thus overcome the resistance of GSC-enriched neurospheres to TRAIL treatment.

The combination treatment of cisplatin and TRAIL eliminates neurosphere formation
GSCs are defined as undifferentiated cells that have the self-renewal capability for
regeneration of cancers (8) and the GSC self-renewal ability can be tested by neurosphere
formation assay (9–12). We therefore performed a neurosphere formation assay to determine
the effect of the combination treatment of cisplatin and TRAIL on the GSC self-renewal.
GSC091106 and GSC-01112 were plated at 200 cells per well in 24-well plates and grown
in the neurosphere culture conditions for 7 days in the presence of cisplatin (5 μg/ml) and
TRAIL (300 ng/ml), alone or in combination. Cisplatin treatment alone reduced the number
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of neurospheres in GSC091112 but not GSC091106 (Fig. 7A), consistent with cell death
analysis that showed GSC091112 was sensitive to cisplatin (Fig. 6A,B). TRAIL treatment
alone did not reduce the number (Fig. 7A) and size (Fig. 7B) of either GSC091112 or
GSC091106 neurospheres. In contrast, however, the combination treatment of cisplatin and
TRAIL completely eliminated the formation of GSC091112 and GSC091106 neurospheres.
Taken together, these studies have demonstrated that the combination treatment of cisplatin
and TRAIL induces apoptosis (Fig. 6) and thus eliminates the self-renewal ability of
glioblastoma derived stem cells (Fig. 7).

DISCUSSION
In the last decade, extensive studies of glioblastoma-derived cell lines have established a
novel therapeutic approach in treating glioblastomas by targeting TRAIL apoptotic pathway
(25). The cytotoxicity of TRAIL to glioblastoma cell lines and cell lines-derived xenografts
was first reported by Ashkenazi and Weller’s groups (37, 38) and then identified as an
apoptotic cell death by Ashkenazi’s (24), Hawkins’ (23) and Hao’s groups (22), while
Zhou’s group reported that this apoptotic pathway can be therapeutically targeted by an
agonistic DR5 antibody (39). Further studies have resulted in the generation of this apoptotic
pathway targeted therapeutic agents such as recombinant human TRAIL (rhTRAIL) and
agonistic DR4/5 antibodies (32). While clinical trails have proved that these TRAIL
pathway-targeted therapeutic agents are safe in patients, only a limited antitumor activity has
been observed (32). This raises the question whether traditional serum-grown cell lines
provide proper models for screening therapeutic agents. Here, we show for the first time the
different responses of GSC-enriched neurospheres and matched serum-grown cell cultures
generated from the same glioblastoma tissues to TRAIL treatment in that serum-grown cells
undergo apoptosis under TRAIL treatment whereas GSC-enriched neurospheres are resistant
to the treatment.

Neurospheres were first generated from human glioblastoma tissues in Steindler’s group in
2002 (2) in following the experimental approach first reported by Weiss’ group in the
generation of neural stem cells (40). Vescovi’s (9) and Yu’s groups (10) identified the
properties of cancer stem cells in glioblastoma-derived neurospheres and Fine’s group
showed that neurospheres retain the genomic properties of the original tumors (11). Dirks’
group first isolated CD133− cells through cell sorting from glioblastoma tissues and
identified the stem cell properties of these CD133+ cells (3, 4). Recently, Fine’s group
established the cancer stem cell properties in CD15+ cell populations isolated from
glioblastoma tissues (13). Consistent with these reports, we show here that a subset
population of neurospheres but not matched serum-grown cells generated from the same
glioblastoma tissues express CD133 and CD15 on the cell surface and generate xenografts in
mouse brains. The GSC-enriched neurospheres but not serum-grown cultures are resistant to
TRAIL treatment, keeping in line with clinical study that has correlated neurosphere
formation with chemoresistance (41).

While traditional serum-grown cell lines may not be the proper models for screening cancer
drugs, studies of glioblastoma cell lines have shed light on TRAIL signal pathways (25).
TRAIL-induced apoptosis occurs through its binding of DR4 and DR5 and the recruitment
of intracellular FADD and apoptosis-initiating protease caspase-8, leading to the caspase-8-
initiated caspase cascade (42). These studies suggest that the caspase-8 activation in the
DISC is a critical step in TRAIL-induced apoptosis. The data presented here show that
FADD and caspase-8 are expressed in GSC-enriched neurospheres, but the expression of
DR4 and DR5 is not sufficient enough for TRAIL-induced apoptosis in GSC-enriched
neurospheres.
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Studies of cell lines have also shown that TRAIL apoptotic pathway can be inhibited by the
adaptor proteins that can inhibit caspase-8 in the DISC (42). These adaptor proteins include
the proteins that contain death domain (DD) such as receptor-interacting protein (RIP) (28)
and that have DED such as phosphorprotein enriched in astrocytes-15 kDa/diabetes
(PEA-15/PED) (26) and c-FLIP (26, 31, 43). These DD and DED-containing proteins can be
recruited through DD and DED interaction with DR4/DR5 and FADD to the DISC where
they interact with caspase-8 and interrupt caspase-8 dimerization, cleavage and activation
(25). In examining the molecular mechanisms of TRAIL resistance in GSC, we show here
for the first time that c-FLIPL and c- FLIPS are highly expressed in GSC-enriched
neurospheres and responsible for the resistance of GSC to TRAIL treatment

Chemotherapy is a major clinical treatment of glioblastomas. Chemotherapeutic agent can
interact with DNA and form intra-strand cross-links that activate intracellular signaling
pathways for cancer treatment (44). However, the majority of glioblastomas are resistant to
chemotherapy (45). In the meantime, chemotherapeutic agents have been shown to sensitize
glioblastoma cell lines to TRAIL-induced apoptosis through regulation of the key proteins in
TRAIL signal pathways (25). Cisplatin and etoposide were first reported for this synergetic
effect on TRAIL through up-regulation of DR5 (46). 1-(2-chloroethyl)-3-cyclohexyl-1-
nitrosourea (CCNU), temozolomide and topotecan were then shown to have the synergistic
cytotoxicity with TRAIL on glioblastoma cell lines (47). Cisplatin and camptothecin were
further shown to inhibit the expression of c-FLIPS in glioblastoma cell lines and sensitize
the cell lines to TRAIL-induced apoptosis (27). Systemic injection of TRAIL and
temozolomide increases the survival of the xenograft mice (48). In this study, we show for
the first time that cisplatin treatment results in up-regulation of DR5 and down-regulation of
c-FLIP and leads to TRAIL-induced apoptosis in GSC-enriched neurospheres. DR5 was
initially reported as a DNA damage-inducible p53-regulated death receptor gene (49) and
our subsequent study of glioblastoma cell lines has indeed shown that cisplatin upregulates
DR5 expression through p53 transcriptional pathway (27).

CONCLUSION
This study has shown that GSC is resistant to TRAIL-induced apoptosis due to the lack of
the cell surface expression of DR4 and DR5 and the overexpression of intracellular c-FLIP
proteins. Chemotherapeutic agent cisplatin can up-regulate DR5 and down-regulate c-FLIP
in GSC and eliminate the resistance of GSC to TRAIL treatment. This study suggests that
the combination therapy of cisplatin and TRAIL may provide a novel and effective
treatment for glioblastomas.
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Fig. 1.
Generation of GSC-enriched neurospheres. (A) Phase contrast imagings of GSC-enriched
neurosphere GSC091106 and GSC091112 and matched serum-grown culture SC091106 and
SC091112. (B) Neurosphere formation assay of the neurospheres and serum-grown cultures
after seven days under the neurosphere culture conditions. Data are mean ± SEM (n=6). (C)
Flow cytometry analysis of the cells surface expression of CD133 in the neurospheres and
serum-grown cultures. CD133+ cells were presented as percentage of total cells. (D) Flow
cytometry detection of the CD15 on the surface of the neurospheres and serum-grown
cultures.
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Fig. 2.
Xenograft formation of GSC091112 in SCID mouse brain. (A) GSC091112-derived
xenograft was observed on this H&E section in the right side of the mouse brain (10 X). (B)
Normal H&E section of SCID mouse brain (10 X). (C) The xenograft tumor cells diffusely
infiltrate through the brain (100 X). (D) The high magnification H&E section identifies three
mitotic features (400 X).
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Fig. 3.
TRAIL-induced apoptosis in the serum-grown cultures but not neurospheres. (A) Cell death
analysis detected the cytotoxicity of TRAIL to the serum-grown cultures but not matched
neurospheres after 16 hrs treatment with 300 ng/ml TRAIL. (B) Caspase-8 enzymatic
activity and (C) caspase-3 and -7 activities were detected in the TRAIL-treated serum-grown
cultures but not the neurospheres. Data are mean ± SEM (n+6).
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Fig. 4.
Expression of the key DISC proteins. (A) Flow cytometry analyzed of the cell surface
expression of DR4 and DR5 in GSC091106 and GSC091112 (top panel) and matched
SC091106 and SC091112 (bottom panel). (B) Western blots detected the expression of
caspase-8 (Casp-8), FADD, c-FLIPL and c-FLIPS with actin included as loading control.
The proteins were indicated to the left and the molecular weights were indicated to the right
of the panel.
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Fig. 5.
Transfection of c-FLIP siRNA in GSC091112 neurospheres. (A) Western blots detected the
knockdown of both c-FLIPL and c-FLIPS in the neurospheres after transfected with c-FLIP
siRNA for 72 hrs. (B). The c-FLIP siRNA transfected GSC09112 neurospheres were treated
with 300 ng/ml TRAIL for 16 hrs and examined by cell death assay. Data are mean ± SEM
(n+6).
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Fig. 6.
Cisplatin synergistic effects on TRAIL-induced apoptosis. (A) Cell death analysis of
GSC091106 and GSC091112 after treated for 16 hrs with cisplatin in the doses as indicated
in the bottom of the panels. Data are mean + SEM (n=6). (B) The enzymatic activities of
caspase-8 (left) and caspase-3/-7 (right) were detected in the TRAIL treated GSC091106
and GSC091112. Data are mean + SEM (n=6). (C) Flow cytometry analysis of the cell
surface expression of DR4 and DR5 in GSC091106 and GSC091112 after treated with
cisplatin for 16 hrs. (D) Western blot analysis of the intracellular expression of DR5 and c-
FLIP isoforms in the neurospheres after treated with cisplatin for 8 and 16 hrs. Actin was
included as protein loading control.
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Fig. 7.
Effects of the combination treatment of cisplatin and TRAIL on neurosphere formation. (A)
Neurosphere formation assay and (B) phase contrast imagings of GSC-enriched neurosphere
GSC091106 and GSC091112 after 7 days in neurosphere culture condition in the presence
of cisplatin and TRAIL. Data are mean ± SEM (n=6).
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