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The tumor-selective, proapoptotic, death receptor ligand tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) is a mediator of antitumor drug activity and in itself is a promising agent for the treatment
of human malignancies. Like many tumors, however, glioblastoma multiforme (GBM), the most fatal form of
glioma, exhibits a range of TRAIL sensitivity, and only a small percentage of GBM tumors undergo TRAIL-
induced apoptosis. We here show that TRAIL resistance in GBM is a consequence of overexpression of the
short isoform of the caspase-8 inhibitor, c-FLICE inhibitory protein (FLIPg), and that FLIPg expression is in
turn translationally enhanced by activation of the Akt-mammalian target of rapamycin (mTOR)-p70 S6 kinase
1 (S6K1) pathway. Conversely, pharmacologic or genetic inhibition of mTOR, or the mTOR target S6K1,
suppresses polyribosomal accumulation of FLIPg mRNA, FLIPg protein expression, and TRAIL resistance. In
archived material from 12 human GBM tumors, PTEN status was a predictor of activation of the Akt-mTOR-
S6K1 pathway and of FLIPg levels, while in xenografted human GBM, activation status of the PTEN-Akt-
mTOR pathway distinguished the tumors inherently sensitive to TRAIL from those which could be sensitized
by the mTOR inhibitor rapamycin. These results define the mTOR pathway as a key limiter of tumor
elimination by TRAIL-mediated mechanisms, provide a means by which the TRAIL-sensitive subset of GBM
can be identified, and provide rationale for the combined use of TRAIL with mTOR inhibitors in the treatment

of human cancers.

Mammalian target of rapamycin (mTOR) is a phosphatidyl-
inositol 3 kinase (PI3K)-related serine/threonine kinase that
regulates a range of cellular functions. mMTOR-dependent sig-
naling is regulated by a variety of means including the PI3K/
Akt pathway (14, 24), amino acids (26), and ATP (12). In the
simplest sense, PI3K-mediated activation of Akt leads to phos-
phorylation of TSC2, which in turn inhibits the function of the
TSC1/2 complex (31, 54). In the absence of TSC1/2, the small
GTPase Rheb enhances mTOR activity, stimulating activation
of downstream targets of mTOR (7).

The best-characterized downstream effectors of mTOR are
the 70-kDa ribosomal S6 kinase 1 (S6K1) and the eukaryotic
translation initiation factor 4E (eIF4E) binding protein 1 (4E-
BP1) (18-20, 23, 25). S6K1 directly phosphorylates the 40S
ribosomal protein S6, which in turn has been proposed to
increase the translation of mRNAs that possess a 5’ terminal
oligopyrimidine sequence (5’ TOP), most notably ribosomal
proteins and translation elongation factors (18-20, 23). 4E-
BP1, in contrast, binds to and sequesters the rate-limiting
translation initiation factor eIF4E, which is involved in binding
of the 5" mRNA cap structure and the initiation of cap-depen-
dent translation (18-20, 23, 25). mTOR-mediated 4E-BP1
phosphorylation alters the properties of eIF4E, allowing inter-
action of eIF4E with eIF4A, elF4G, and elF4B (23, 25), bind-
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ing of the mRNA 5’ cap structure, unwinding of the cap-
proximal mRNA secondary structure, 40S ribosomal subunit
recruitment to mRNA, and initiation of translation (23). The
net result of mTOR-mediated stimulation of the S6K1 and
4E-BP1/elF4E pathways, therefore, is considered to be en-
hanced translation of mRNAs encoding proteins involved with
cell growth/size and cell cycle progression (17-20, 22, 23, 33).
Other studies, however, suggest that translational control of
TOP mRNAs is independent of S6K1 (66). mTOR has also
been shown to contribute in a non-translation-dependent man-
ner to the regulation of apoptosis and autophagy (5, 15), sug-
gesting that the full range of mTOR function remains to be
defined.

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is a 281-amino-acid proapoptotic ligand of the tumor
necrosis factor superfamily. TRAIL binds to the death recep-
tors DR4/DRS5, which, in their bound form, interact with the
adaptor protein FADD and procaspase-8, forming the death
inducing signaling complex in target cells (1, 40). Procaspase-8
activation in the death inducing signaling complex leads to
cleavage/activation of procaspase-3 and engagement of the
cellular machinery associated with the type I extrinsic apopto-
tic pathway (6, 44). Activation of the intrinsic, mitochondrial-
associated type II apoptotic pathway also appears to play some
role in TRAIL-induced cell death because TRAIL, through
caspase-8, activates Bid and synergizes with agents that induce
apoptosis exclusively through a type II mechanism (11, 52).
The normal function of TRAIL remains unclear, although
studies suggest that TRAIL plays a key role in tumor surveil-
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lance by the immune system (60). Up-regulation of TRAIL
expression has also been noted following cellular exposure to
histone deacetylase inhibitors (2, 47), suggesting that in addi-
tion to endogenous functions, TRAIL plays a role in chemo-
therapy-based tumor elimination. Consistent with this idea,
TRAIL has been shown to induce apoptosis in a wide variety of
tumor cells but not in normal cells (21, 67). Although the
tumor selectivity of TRAIL suggested its use in the treatment
of various malignancies, including glioma (45), early reports
showed that some forms of recombinant TRAIL were hepato-
toxic (36, 42, 48). Separate studies, however, have shown that
intracranial delivery of native human TRAIL suppresses the
growth of human glioma xenografts in mice without host tox-
icity (57, 58). These newer studies suggest that TRAIL, as one
of a very few truly cancer cell-specific inducers of cell death,
has significant potential for glioma therapy.

A limiting factor in the success of TRAIL and TRAIL-
dependent regimens, however, is the suggestion that a signifi-
cant percentage of human tumors may be insensitive to
TRAIL-induced apoptosis. As an example, compiled data sug-
gest that less than 50% of glioma cell lines undergo TRAIL-
induced apoptosis (59, 65, 69). Studies in nonglioma cells have
suggested that mutation of TRAIL receptors, silencing of
TRAIL receptor expression, and/or upregulation of TRAIL
decoy receptors are underlying mechanisms of TRAIL resis-
tance (30, 49, 59). No clear correlation, however, exists be-
tween TRAIL sensitivity and expression of TRAIL receptors
or TRAIL decoy receptors in the glioma cell lines examined
(56). These studies suggest that TRAIL resistance in glioma
cells is not receptor based but, rather, is the result of alter-
ations in the pathway that links TRAIL receptor activation to
the apoptotic machinery.

There are a number of means by which the connection
between TRAIL receptor activation and the apoptotic machin-
ery could be altered in TRAIL-resistant gliomas. The Akt
pathway is of particular interest as it is known to be activated
in a majority of human gliomas as a consequence of loss of
PTEN function (63). Additionally, because Akt is known to
play a role in the control of apoptosis (3), we considered the
possibility that Akt and/or downstream targets of Akt might
contribute to the linkage of TRAIL receptors to the apoptotic
machinery and to the regulation of TRAIL sensitivity in gli-
oma. The results of these studies show that the Akt target,
mTOR, alters ribosomal distribution and translation of the
mRNA encoding FLIPg, a FLIP splice variant that blocks
caspase-8 activation (41), and in doing so confers TRAIL re-
sistance to glioblastoma multiforme (GBM) cells. These re-
sults define a novel means by which mTOR and its downstream
targets regulate apoptosis, define the PTEN-Akt-mTOR path-
way as a key limiter of tumor elimination by TRAIL-mediated
mechanisms, provide a means by which the TRAIL-sensitive
subset of GBM can be identified, and provide a rationale for
the combined use of TRAIL with rapamycin in the treatment
of human cancers.

MATERIALS AND METHODS

Cell culture, drug treatment, and tumor material. Human GBM cell lines
were cultured in Dulbecco’s modified Eagle’s medium (H-21) supplemented with
10% fetal bovine serum at 37°C in a 5% CO, atmosphere. Human recombinant
TRAIL was purchased from Sigma and was dissolved in dimethyl sulfoxide
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(DMSO). Rapamycin was purchased from Cell Signaling Technology and dis-
solved in DMSO. Wortmannin and 4-hydroxytamoxifen (4HT) were purchased
from Sigma and were dissolved in DMSO. Cells were exposed to TRAIL (0 to
1,000 ng/ml) for 24 h prior to harvest, except for caspase activation studies in
which cells were harvested 0 to 7 h after TRAIL exposure. In some cases cells
were preincubated with 100 nM rapamycin, 4HT (10 nM), or 4HT plus rapamy-
cin (100 nM) for 30 min, after which TRAIL was added. Protein extracts from
resected primary GBM tissue were obtained from the University of California
San Francisco Brain Tumor Research Center Tissue Bank. Freshly resected
human GBM xenografts were obtained from the Mayo Clinic (Rochester, MN),
dissected into small (<1-mm diameter) pieces, passed through a 100-wm-pore-
size tissue culture sieve (Fisher Scientific, Santa Clara, CA), and grown (48 h) on
reduced matrigel-coated dishes, after which cells were exposed to TRAIL (800
ng/ml; 24 h), rapamycin (100 nM; 24 h), or rapamycin plus TRAIL. The PTEN
status of GBM tissues was determined as previously described (16).

Immunoblot analysis and analysis of apoptosis by flow cytometry. Cells were
washed with ice-cold phosphate-buffered saline, scraped from the culture dish,
and incubated in tissue lysis buffer containing 10 mM KCl, 1 mM sucrose, 2 mM
MgCl,, 0.5% Igepal CA-630, 1 mM EDTA, 1 mM dithiothreitol, 10 mM B-glyc-
erophosphate, 1 mM Na;VO,, 10 mM NaF, 100 pg/ml phenylmethylsulfonyl
fluoride, and 10 pg/ml aprotinin (all reagents were purchased from Sigma) for 30
min on ice. The cell lysate was centrifuged, and the supernatant was stored at
—80°C until use. The protein concentration of extracts was measured using a
Protein Assay reagent (Bio-Rad Laboratories). Protein (30 pg) was subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electroblotted
onto Immobilon-P membrane (Millipore). The membrane was blocked in 5%
nonfat skim milk—20 mM Tris-HCI (pH 7.4)-150 mM NaCl-0.1% Tween 20 at
4°C overnight and incubated for 1 h at room temperature with the following:
rabbit polyclonal antibody against the N terminus of DR4, DRS, DcR1, or DcR2
(Chemicon); mouse polyclonal antibody against alpha tubulin, p70 S6K1, phos-
pho-S6K1 (Thr-389), or 4E-BP1 (Santa Cruz Biotechnology); rabbit antibody
against AU1 tags (Abcam); rabbit polyclonal antibody against eIF4E, phospho-
S6, phospho-Akt (Ser-473), or glycogen sythase kinase 3a/B (GSK-3a/B; Cell
Signaling Technology); goat polyclonal antibody against the N terminus of pro-
caspase-8 or -3 (Chemicon); rabbit polyclonal antibody against the C terminus of
procaspase-8 or -3 (Cell Signaling Technology); or goat monoclonal antibodies
against FLIP; and FLIPg (Santa Cruz Biotechnology). Bound antibody was
detected with mouse anti-goat immunoglobulin G (IgG), goat anti-rabbit IgG, or
goat anti-mouse IgG (Santa Cruz Biotechnology) using enhanced chemilumines-
cence Western blotting detection regents (Amersham Pharmacia Biotech, Inc).
Densitometric measurements of immunoreactive bands were acquired using an
Alphalmager 2200 (Alpha Innotech Corporation, San Leandro, CA). The ex-
pression of a-tubulin was used to verify equal loading in all studies. The extent
of apoptosis in cultures (attached and floating cells) was determined by fluores-
cence-activated cell sorting (FACS) analysis (sub-G; DNA content), with mea-
surements verified by annexin V/propidium iodide staining as previously de-
scribed (9).

Retroviral infection, transfection of plasmids, and siRNA. The pFB retroviral
constructs encoding FLIPg or FLIP; protein were kindly provided by L. Bin
(University of Colorado) (4). The 4HT-inducible Akt construct was a generous
gift from M. McMahon (University of California San Francisco) (28). The
pcDNA3  expression vectors encoding rapamycin resistant (RR) mTOR
(Ser2035Ile) or kinase dead (KD) mTOR (Asp2338Ala) were kindly provided by
Robert Abraham (Burnham Institute, San Diego, CA), as were the pACTAG2/
HA-WT-4E-BP1 expression vector, encoding hemagglutinin (HA)-tagged wild-
type (WT) 4E-BP1, and the related pRK7/HA-S6K1 and pCAN/HA-cIF4E
expression vectors, encoding HA-tagged WT p70 S6K1 and HA-tagged WT
eIF4E, respectively. The retroviral pPBABE/K100R-S6K1 constructs encoding
inactive (K100R) S6K1 or rapamycin-resistant SOK1 (pBABE/F5A-E389) were
kindly provided by J. Blenis (Harvard University, Boston, MA) (10). The pMV7/
W73A-eIF4E retroviral construct encoding an inactive (W73A) eIF4E was kindly
provided by Kathy Borden (University of Montreal) (61). Retroviral vectors were
used to infect cells as previously described, while expression constructs were
transfected into target cells (62). Pools of productively infected cells (obtained by
selection with neomycin [1 mg/ml; 7 days] or puromycin [9 pg/ml; 7 days]) were
used for further analysis. In cells expressing multiple constructs, all retroviral
infections and selections were done serially. The small interfering RNA (siRNA)
sequences targeting FLIP; or FLIPg were previously described (51). For siRNA
studies, 200 nM FLIP-targeted siRNA (Ambion) or 1 uM p70 S6 kinase
SMARTpool siRNAs or scramble siRNA (Dharmacon, Lafayette, CO) was
transfected into cells, and protein levels were analyzed 1 to 4 days later. Four
days after siRNA introduction, cells were incubated with TRAIL (800 ng/ml;
24 h) and assessed for apoptosis by FACS analysis.
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FIG. 1. Identification of TRAIL-sensitive and TRAIL-resistant
GBM cell lines. Human GBM cells were incubated with TRAIL (0 to
1,000 ng/ml; 24 h), stained with propidium iodide, and analyzed by flow
cytometry for the percentage of cells having a <2N DNA content
(apoptotic cells). Data shown are the means =+ standard errors derived
from three independent experiments. *, P < (0.05.

In vitro kinase assay. For Akt-kinase assays, cells were allowed to reach 70%
confluence in Dulbecco’s modified Eagle’s medium. Cells were washed once with
ice-cold phosphate-buffered saline and harvested using 1X ice-cold cell lysis
buffer supplemented with 1 mM phenylmethylsulfonyl fluoride and incubated on
ice for 10 min. Akt was selectively immunoprecipitated from 200 pg of protein
(whole-cell lysates) by combining the cell lysate with 20 pl of Akt monoclonal
antibody (Cell Signaling Technology) conjugated to agarose A/G beads (Santa
Cruz Biotechnology), followed by gentle rotation for 4 h at 4°C. Samples were
then centrifuged briefly (30 sec at 2,000 X g), and pellets were washed twice with
1X lysis buffer and once with 1X kinase buffer. Immunocomplexes (pellets) were
resuspended in 40 pl of 1X kinase buffer (composed of 25 mM Tris [pH 7.5], 5
mM B-glycerolphosphate, 2 mM dithiothreitol, 0.1 mM Na;VO,, and 10 mM
MgCl1, supplemented with 200 uM ATP and 1 ng of the GSK-3 glutathione
transferase fusion protein [GSK-3a/B, a well-characterized Akt/protein kinase B
substrate; Cell Signaling Technology]) and incubated for 30 min at 30°C, allowing
immunoprecipitated Akt (if activated) to phosphorylate GSK-3. The kinase
reaction was terminated by adding 20 pl of 3X sodium dodecyl sulfate sample
buffer. Phosphorylated GSK-3 was then detected by Western blot analysis using
phospho-GSK-3a/B (for Ser-21 of GSK-3« and Ser-9 of GSK-3p) antibody (Cell
Signaling Technology). The total amount of the GSK-3a/B glutathione trans-
ferase fusion protein in each reaction was used to verify equal loading.

Sucrose density gradient fractionation and RNA isolation/analysis. Fraction-
ation of cells by sucrose density gradient centrifugation was performed as pre-
viously described (37). The gradient was divided into 48 fractions (250 wl each),
each of which was analyzed for absorbance at 260 nm and then pooled into a total
of 12 fractions (4 fractions per group). RNA from each fraction, or from total cell
lysates, was spiked with 0.5 ug of exogenous Drosophila ribosomal protein L3
(RPL3) mRNA (Ambion) (to control for losses of mRNA during purification)
before purification using Trizol reagent (Invitrogen). A total of 100 ng of RNA
sample was then reverse transcribed in triplicate, and quantitative PCR was
performed (TagMan EZ-RT PCR kit; Applied Biosystems, Foster City, CA).
Primers and probes were designed for c-FLIP; and c-FLIPg by Integrated DNA
Technology, Inc. (Coralville, IA). c-FLIP, and c-FLIPg probes were labeled with
the 5’ fluorescent reporter dye 6-carboxy-fluorescin (FAM), while glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) probes were labeled with JOE (2,7-
dimethoxy-4,5-dichloro-6-carboxy-fluorescein). All reporter dyes were quenched
with the 3’ quencher 6-carboxy-tetramethylrhodamine (TAMRA). The following
primer and probe sequences were used. For c-FLIP, the primers were 5'-TTG
GCCAATTTGCCTGTATG-3' and 5-TCGGCTCACCAGGACACA-3’, and
the probe was 6FAM-CGAGCACCGAGACTACGACAGCTTTGT-TAMRA.
For c-FLIPg, the primers were 5'-CAGTCTGTTCAAGGAGCAGGG-3' and
5'-TTTCAGATCAGGACAATGGGC-3', and the probe was 6FAM-CTCCAA
GCAGCAATCCAAAAGAGTCTCAAG-TAMRA (51). GAPDH control
primers and probes were obtained from Applied Biosystems. Thermal cycling
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conditions consisted of an initial uracil N-glycosylase incubation at 50°C for 2
min, AmpliTag Gold activation at 95°C for 10 min, 40 cycles of denaturation at
95°C for 15 s, and annealing and extension at 60°C for 1 min. The amounts of
FLIP; and FLIPg transcripts were divided by the endogenous reference
(GAPDH) amount, after which the ratio was normalized to the ratio in standard
cells (U373 or appropriate control cells) to obtain a normalized target value.

For Northern blot analysis, total or fractionated RNAs were purified (RNeasy;
QIAGEN) following the addition of 0.5 pg of Drosophila RPL3 mRNA (Am-
bion) (to control for losses of mRNA during purification). Northern blots were
carried out as previously described (28) using probes generated by reverse tran-
scription-PCR (RT-PCR).

RESULTS

Characterization of TRAIL-sensitive and TRAIL-resistant
GBM cell lines. To define GBM cell lines in which to examine
the basis for TRAIL sensitivity/resistance, four GBM cell lines
were initially examined for TRAIL sensitivity. The U87 and
U251 cells were previously reported to be susceptible to
TRAIL-induced apoptosis, while the A172 and U373 cells
were previously reported to be TRAIL insensitive (21). A 24-h
exposure of U87 or U251 cells to as little as 200 ng/ml TRAIL
resulted in the appearance of cells with surface expression of
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FIG. 2. TRAIL-resistant GBM cells fail to activate caspase-8 and
caspase-3 in response to TRAIL. TRAIL-sensitive (A) or TRAIL-
resistant (B) GBM cells were incubated with TRAIL (800 ng/ml; 0 to
7 h) and assayed for procaspase-8 and procaspase-3 cleavage by West-
ern blotting. Data presented are representative of three independent
experiments.
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FIG. 3. TRAIL sensitivity correlates with FLIP protein expression
in GBM cells. TRAIL-resistant (U373/A172) or TRAIL-sensitive
(U87/U251) cells were analyzed for FLIP; and FLIPg expression by
Western blotting. Values listed are the means derived from three
independent experiments. *, P < 0.05.

annexin V (not shown) and <2N sub-G; DNA content as
assessed by FACS analysis. The percentage of apoptotic cells
increased in a dose-dependent manner (Fig. 1). In contrast,
neither the A172 or U373 cells displayed the characteristics of
apoptosis after 24-h exposures of up to 1,000 ng/ml TRAIL. No
significant difference, however, existed in expression of either
of the TRAIL receptors or TRAIL decoy receptors among the
glioma cell lines examined, and no correlation existed between
TRAIL receptor expression and TRAIL sensitivity (not
shown).

To more clearly define the point at which the apoptotic
cascade was blocked in the TRAIL-resistant A172/U373 cells,
the ability of GBM cells to initiate TRAIL-induced apoptosis
by cleavage of procaspase-3 and its upstream activator pro-
caspase-8 was measured. Exposure of cells to TRAIL (800
ng/ml for 24 h) resulted in a time-dependent disappearance of
the full-length 55-kDa procaspase-8 and 32-kDa procaspase-3
(top bands) and a time-dependent appearance of intermediate
(41 and 43 kDa) forms of procaspase-8 and active (cleaved)
p18/17 subunits of caspase-8 and -3 in TRAIL-sensitive U87
and U251 cells (Fig. 2A) but not in similarly treated U373 and
A172 cells (Fig. 2B). These results suggest that the TRAIL
resistance noted in the GBM cell lines studied is a result of
alterations in the pathway that connects activated TRAIL re-
ceptors to the apoptotic machinery.

TRAIL resistance is associated with overexpression of FLIP.
A potential modulator of the connection between TRAIL re-
ceptors and downstream caspase activation is FLIP. The FLIP
protein exists in two forms in GBM, a short (28 kDa) FLIPg
protein and a long (55 kDa) FLIP, protein that contains C-
terminal sequences lacking in FLIPg. Both FLIP proteins are
derived from alternate splicing of the same primary c-FLIP
transcript (32). Although both FLIP isoforms are capable of
blocking caspase-8 activation, FLIPg has antiapoptotic func-
tions while FLIP, has been reported to have both pro- and
antiapoptotic actions (8). In order to determine if FLIP ex-
pression was associated with the differential response of GBM
cells to TRAIL, we assessed the expression of both isoforms of
FLIP in TRAIL-sensitive and -resistant cell lines. As shown in
Fig. 3, TRAIL-resistant cell lines exhibited significantly in-
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FIG. 4. Overexpression of FLIPg, but not FLIP,, suppresses
TRAIL-induced apoptosis in GBM cells. TRAIL-sensitive (U87/
U251) GBM cells were sham infected (CTRL) or stably infected with
blank (pFB-Neo), FLIPs- or FLIP, -encoding constructs. Following
selection, cells were either analyzed for FLIPg and FLIP, expression
by Western blot analysis (middle panels) or were exposed to TRAIL
(800 ng/ml; 24 h), incubated with propidium iodide and a fluorescein
isothiocyanate-conjugated annexin V antibody, and analyzed by flow
cytometry for the percentage of propidium iodide (+) (y axis)/annexin
V(+) (x axis) apoptotic cells (bottom panels). Data shown are repre-
sentative of three independent experiments. Top panels are graphic
representations of the data in the bottom panels and from similar
studies in U251 cells (not shown). Values listed are the means =
standard errors. *, P < 0.05.

creased levels of both FLIP, and FLIPq relative to TRAIL-
sensitive U87 and U251 cells. Because of the potential impor-
tance of both forms of FLIP in TRAIL resistance, TRAIL-
sensitive U87 and U251 cells were infected with a blank
retrovirus or with blank retroviral constructs encoding FLIPg
or FLIP, . Following selection for stable expression, cells were
assessed for effects of FLIPg or FLIP, expression on TRAIL
sensitivity. Infection of TRAIL-sensitive U87 and U251 cells
with a FLIPg-encoding construct significantly increased levels
of FLIPg but did not affect levels of FLIP, , while infection with
a FLIP, -encoding construct significantly increased levels of
FLIP; but did not affect levels of FLIPg (Fig. 4, middle panels,
and not shown). Only introduction of the FLIPg-encoding con-
struct, however, significantly reduced the sensitivity of these
cells to TRAIL-induced apoptosis and resulted in a decreased
appearance of cells with surface expression of annexin V (rel-
ative to cells receiving an empty construct) (Fig. 4, top and
bottom panels). These results show that overexpression of
FLIPg as is noted in TRAIL-resistant GBM cells can confer
TRAIL resistance to otherwise TRAIL-sensitive GBM cells
and that FLIPg has the potential to modulate TRAIL sensitiv-
ity in GBM.

Translational regulation of FLIPg. To address the basis for
FLIPg overexpression in TRAIL-resistant GBM, we first ex-
amined FLIPg and FLIP; mRNA levels in GBM cell lines.
Despite differing in FLIPg and FLIP; protein expression, all
GBM cell lines had comparable levels of FLIP, and FLIPg
mRNA (as determined by Northern blot analysis and quanti-
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FIG. 5. Translational regulation of FLIPg expression. TRAIL-sensitive (U87/U251) or TRAIL-resistant (U373/A172) cells were lysed, spiked
with Drosophila RPL3 RNA (to normalize for equal isolation/loading), and analyzed by RT-PCR (A, top) or Northern blotting (A, bottom) for
levels of FLIPg, FLIP, , GAPDH, and RPL3 mRNA. Lysed cells were also subjected to sucrose density gradient (5 to 70%) centrifugation, with
subsequent RNA from fractions containing unassembled ribosomal subunits (fractions 1 to 6) or assembled polyribosomes (fractions 7 to 12) (B),
spiked with RPL3 RNA and analyzed for FLIPg, FLIP, , and RPL3 content by Northern blotting (C). (D) Graphic representation of the percentage
of total FLIPg or FLIP; mRNA found in the combined monosomal or polysomal fractions. Data shown are representative of three independent
experiments. Values listed are the means * standard errors. *, P < 0.05.

tative RT-PCR) (Fig. 5A). We therefore employed sucrose
gradient density centrifugation in combination with Northern
blot analysis to assess the contribution of ribosomal distribu-
tion of the FLIPg and FLIP;, mRNA to TRAIL resistance. As
shown in Fig. 5B, unassembled ribosome subunits (mono-
somes) existed in the slowest sedimenting fractions of the gra-
dient derived from centrifugation of U87 cells (fractions 1 to
6), while assembled translating polysomes existed in the fastest
sedimenting fractions of the gradient (fractions 7 to 12).
Northern blot analysis of FLIPg and FLIP; RNA content
showed that FLIP¢ mRNA was preferentially associated with
the nontranslating monosomes in cells with low-level expres-
sion of FLIPy (TRAIL-sensitive U87 and U251) and with the
translating polysomes in cells with high-level expression of
FLIPg (TRAIL-resistant U373 and A172) (Fig. 5C and D). In
contrast, FLIP;, mRNA was associated with the polysomal
fractions in all GBM cell lines, regardless of FLIP, protein

expression (Fig. 5C and D). These results show that the ex-
pression of FLIPg, a key regulator of TRAIL sensitivity, is
associated with changes in ribosomal distribution and transla-
tion efficiency of the FLIP¢ mRNA in GBM cells.

FLIPg levels are translationally regulated by the Akt-mTOR
pathway. Because Akt activity is elevated in gliomas and can
control translation via its downstream target mTOR, we as-
sessed the possible role of the Akt-mTOR pathway in FLIPg
expression and TRAIL sensitivity in GBM. For initial studies,
TRAIL-sensitive U87 cells stably infected with a 4HT-induc-
ible, Akt-encoding construct were exposed to vehicle or to
4HT concentrations previously shown to induce Akt expression
in these cells (29), after which the effects of Akt activation on
FLIPg mRNA levels and distribution, FLIPg protein levels,
and TRAIL sensitivity were measured. As shown in Fig. 6A,
incubation of U87 cells containing an inducible Akt construct
with 4HT resulted in a 2.5-fold increase in Akt kinase activity



8814 PANNER ET AL.

A £
d =
¢ + E

g 3 . -

W o = T :‘.:2

8232 , . T 52

Pt 2B Epop 5 L2
—

> ¥ 2 B 5 3 T 88383 83

12 12 65 42 50 142 10 i
— -— p— p-GSES a'f

W — — T W — GER3 et
c
B. 5 £
+ > + E“
1
T EE§ B EEGS
F TITao - I I g
O o 8 O = = <
26 67 10 | 14 10 10
FLIP | o ao e FLIP,
ot Tubulin -

MoL. CELL. BIOL.

c. 4 EE E. L &30 .
E T %o g
A %r_ St
O+ 3 F J = 20
ez
FL|F5 - - - L-l_u 7 1.5+
] E 1.0
GAPDH e wee e Ezon- . s
S
T o= -
RPLI —— — ax9® CTRL +d-HT + &HT
+ mpamycn
D. Meonosomal KMA Fractons  Polysomal RNA Fraclions
CTRL - — W W —— e
+d4-HT i e
-— - - FLIP
+4-HT+eap P——— —
CTRL - — -— —
+4-HT J— > N = sl GAPDH
+AHT+Pp e — -—— - -
RPL3 — e ——— - —
F- 80, .
70
60
@ ]
@ 50
o 40
a
2 304
R 201
10 *
- — _— -@~ o
N ® LI L
@ 3 & £ a
& b‘,é‘ & By RS S
A & {19«'3’?

FIG. 6. The Akt-mTOR pathway plays a role in the translational regulation of FLIPg expression and TRAIL sensitivity. (A) U87 cells
retrovirally infected with a 4HT-inducible Akt-encoding construct were incubated with 4HT (0 or 10 nM; 24 h), lysed, and subjected to an Akt in
vitro kinase assay using GSK-3a/B as the substrate and endogenous GSK-3a/B protein to normalize for equal protein loading. (B to E) U87 cells
infected with a 4HT-inducible Akt-encoding construct were incubated with 4HT (0 or 10 nM) or 4HT plus rapamycin (100 nM) for 30 min, after
which TRAIL was added (800 ng/ml; 24 h). Cells were then lysed, spiked with Drosophila RPL3 RNA, and either analyzed by Western blotting
for FLIP; and FLIPg expression (B); analyzed by Northern blotting for levels of FLIPs, GAPDH, and RPL3 mRNA (C); or separated into
monosomal and polysomal fractions, after which levels of FLIPg, FLIP,, GAPDH, and RPL3 mRNA in each fraction were assessed by Northern
blot analysis (D). (E) A graphic representation of data derived in panel D, with FLIPg values normalized to GAPDH RNA levels and compared
to the FLIPs/GAPDH RNA ratio in control cells. (F) The percentage of cells having a <2N DNA content (apoptotic cells) following TRAIL
exposure (800 ng/ml; 24 h). Data shown are representative of three independent experiments. Values listed are the means =+ standard errors (where

shown). *, P < 0.05.

(as measured by the ability of cellular extracts to phosphorylate
the Akt substrate GSK-3o/B) relative to uninduced US87 cells
and to PTEN mutant U373/A172 cells. While 4HT-mediated
induction of Akt activity in U87 cells did not change FLIP;
protein levels (Fig. 6B), expression of FLIPg protein was sig-
nificantly increased relative to uninduced cells. Akt-mediated
increases in FLIPg protein expression were not associated with
changes in total FLIPg mRNA levels (Fig. 6C, Northern blot)
but, rather, were accompanied by a pronounced shift in FLIPg
mRNA distribution from the unassembled ribosomal subunits
to the assembled ribosomes found in the polysomal fractions
(Fig. 6D and E). Distribution of GAPDH and FLIP; mRNAs,
however, was not altered by Akt activation (Fig. 6E and data
not shown), suggesting that Akt-mediated effects on FLIPg

mRNA distribution were not a consequence of global effects of
Akt activation. Consistent with its ability to increase FLIPg
expression, 4HT-mediated activation of Akt also significantly
increased TRAIL resistance (Fig. 6F). Furthermore, as shown
in Fig. 7A, siRNA targeting FLIPg blocked Akt-induced up-
regulation of FLIPg protein expression, while siRNA targeting
FLIP, or a scramble siRNA had no effect. The siRNA-medi-
ated suppression of FLIPg levels conferred TRAIL sensitivity
to otherwise TRAIL-resistant Akt overexpressing cells, in-
creasing the percentage of cells expressing annexin V on their
surface following TRAIL exposure to levels comparable to
TRAIL-exposed parental U87 cells not induced to express Akt
(Fig. 7B and C). In contrast, siRNA targeting FLIP, selectively
reduced expression of the FLIP, protein in Akt-overexpressing
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FIG. 7. Overexpression of FLIPg, but not FLIP,, sensitizes Akt-
overexpressing U87 cells to TRAIL-induced apoptosis. U87 cells in-
fected with a 4HT-inducible Akt-encoding construct were incubated
with 4HT (0 or 10 nM) for 30 min, after which either a scramble
siRNA or an siRNA targeting FLIPg or FLIP, was added for 96 h.
Cells were then either analyzed by Western blotting for FLIP; and
FLIPg expression (A) or exposed to TRAIL (800 ng/ml; 24 h), incu-
bated with propidium iodide, and a fluorescein isothiocyanage-conju-
gated annexin V antibody and analyzed by flow cytometry for the
percentage of propidium iodide (+)/annexin V (+) apoptotic cells (B).
(C) A graphic representation of the data derived in panel B. Data
shown are representative of three independent experiments. Values
listed are the means *+ standard errors (where shown). *, P < 0.05.

U87 cells but had no effect on TRAIL sensitivity (Fig. 7B and
C, compare the siRNA FLIP,; data to that of the TRAIL plus
4HT, scramble, and siRNA FLIPg groups). These combined
results show that Akt activation suppresses TRAIL sensitivity
in GBM cells by redistributing FLIPg mRNA to polyribosomes
and increasing translation of the FLIPg mRNA, thereby in-
creasing expression of the antiapoptotic FLIPg protein.

Because Akt overexpression increased TRAIL resistance in
U87 GBM cells in association with translational up-regulation
of FLIPg, we considered the possible involvement of the trans-
lational regulator and target of Akt, mTOR. U87 cells induced
to overexpress Akt were simultaneously exposed to the mTOR
inhibitor rapamycin, after which effects of mTOR inhibition on
FLIPg expression and TRAIL sensitivity were monitored. As
shown in Fig. 6B, exposure of cells to a concentration of rapa-
mycin that suppressed phosphorylation of the downstream tar-
gets S6K1 and 4E-BP1 (not shown) blocked Akt-mediated
upregulation of FLIPg, but not FLIP, , expression in Akt-over-
expressing cells. Furthermore, rapamycin exposure, while not
altering total FLIPg or FLIP;, mRNA levels (Fig. 6C) and
while not altering the monosomal/polysomal distribution of an
unrelated mRNA (GAPDH), blocked the 4HT-induced shift
of FLIP¢ mRNA to polysomes (Fig. 6D and E). Although
rapamycin exposure itself had no effect on TRAIL sensitivity in
U87 cells induced to overexpress Akt (Fig. 6F), it conferred
TRAIL sensitivity to otherwise TRAIL-resistant Akt-overex-
pressing U87 cells, making them as sensitive as the parental
U87 cells to TRAIL-induced apoptosis.

To expand these observation, cells that constitutively express
high levels of pAkt and FLIPg (A172 and U373) were also
exposed to rapamycin, after which FLIPg protein levels, FLIPg

mTOR REGULATES FLIP¢ EXPRESSION AND TRAIL SENSITIVITY 8815

mRNA distribution, and TRAIL sensitivity were assessed. As
in U87 cells induced to overexpress Akt, rapamycin exposure
significantly reduced protein levels of FLIPg, but not FLIP,, in
U373 and A172 cells without altering total FLIPg or FLIP,
mRNA levels (Fig. 8A and B). Rapamycin exposure also sig-
nificantly decreased the amount of FLIPg (but not GAPDH or
FLIP, ) mRNA associated with the translating polyribosomal
fraction (Fig. 8C and D) and sensitized both cell lines to
TRAIL-induced apoptosis (Fig. 8E). As shown in Fig. 9, rapa-
mycin-induced sensitization could not be reversed by expres-
sion of AUl-tagged KD-mTOR in U373 or A172 cells but
could be completely reversed by expression of AUl-tagged
RR-mTOR. These results suggest that the effects of rapamycin
on TRAIL sensitivity are the result of mTOR inhibition, and
not inhibition of other targets, and that the Akt-mTOR path-
way controls TRAIL sensitivity in GBM via translational con-
trol of FLIPg expression.

Downstream targets of mTOR contribute to effects on FLIPg
translation and TRAIL sensitivity. Because inhibition of
mTOR blocks Akt-induced increases in FLIPg translation and
TRAIL resistance and because mTOR-mediated effects on
translation are thought to be mediated through effects on S6K1
and 4E-BP1/eIF4E, we compared the expression of pAkt and
the downstream targets of mTOR in TRAIL-sensitive cells to
that in TRAIL-resistant cells. As shown in the Western blot
shown in Fig. 10, there was no significant difference in levels of
pAkt, 4E-BP1, or eIF4E among the TRAIL-sensitive and -re-
sistant cell lines. TRAIL-sensitive U87/U251 cells, however,
had decreased activation of both S6K1 and its downstream
effector S6 ribosomal protein relative to the TRAIL-resistant
cells, suggesting a potential role for this pathway in FLIPg
regulation. In order to determine how activation of the down-
stream targets of mTOR related to expression of the FLIPg
protein, we generated constructs designed to enhance or sup-
press mTOR target activation, expressed these constructs in
cells with low or high levels of FLIPg, respectively, and mon-
itored their effects on FLIPg translation and TRAIL sensitivity.
To inhibit pathways downstream of mTOR in cells with high
levels of FLIPg, A172 and U373 cells were transfected with
siRNA targeting S6K1 or were stably transfected with an ex-
pression construct encoding the eIF4E inhibitor 4E-BP1. In-
troduction of siRNA targeting S6K1 reduced levels of pS6K1
and the S6K1 target pS6 to levels comparable to those in
TRAIL-sensitive U87/U251 cells, while not altering the expres-
sion or phosphorylation status of 4E-BP1 (Fig. 11A and B and
data not shown). Exogenous expression of 4E-BP1 increased
4E-BP1 levels in U373 and A172 cells, while not altering levels
of pS6K1. 4E-BP1 overexpression did, however, also reduce
levels of pS6, suggesting cross talk between the S6K1 and
4E-BP1 pathways at the levels of S6 phosphorylation. Expres-
sion of either S6K1 siRNA or 4E-BP1 reduced expression of
FLIPg in both A172 and U373 cells to levels comparable to
those in TRAIL-sensitive U87 and U251 cells (Fig. 11A and
B), shifted FLIP¢ mRNA from the translating polysomal frac-
tion to the nontranslating monosomal fraction (Fig. 11C), and
significantly sensitized U373 and A172 cells to TRAIL-induced
apoptosis (Fig. 11D), with the extent of sensitization mediated
by S6K1 siRNA no different from that mediated by overex-
pression of 4E-BP1, or by rapamycin (Fig. 9).

In converse experiments, cells with low levels of FLIPg pro-



8816 PANNER ET AL.

MoL. CELL. BIOL.

A = ~ - = B Monosemal RMA Fractons  Polysomal RIA Fractians c. = Total FLIP, RNA
=] =] ‘G 'S uar Z2 18 I Total FLIP_ RNA
= g = = £ 1= U373 ATTE
g E E £ CTRL —— - e | GAPDH o 1.41

[ @ -
i + — — - = 1.2 [ :
e 2 g R g8 rapamycin - m-—- sEial 1 M
RN - - By sz E8on
da B» 352 Bl = mc—eemeea, 2200 |
+rapamycin - e = - g%g; |
25 10% 23107 | 14 10 11 12 At £E50! |
FLIP FLIP T R A £5 CTRL +mpamycn CTRL -+ mpamycin
D — e, W P E CTRL —— S
+rapamycin FLIPg - W e
oTR - —-— FUPL e - - —
(f Tubulin === S S | - — CTRL - P,
+rapamycin — - - —— GAPDH p— -—
RPL3 - e S S S PR WS e == -_— -_—
RPL3 —— — —
D. N Vonosomal Fractions . CTRL
&0 Polysomal Fractions 60 T TRALL
= 777] rapanmycin
g 1 LBl g 504 25 TRAIL + rapamyain
g 60 | . *
el | » 401 T
o | 7]
a o
< 404 | * B 30
2 * x N =]
o 304 = ‘:(ﬂ_
E 20
a® 0+ =
= 104 10
g 1w
# o ' 0

80+ I Monosomal Fractions
[ Polysomal Fractions

o-

% GAPDH mRNA Per Fraction
.E ] .3 s 8

\gﬁ‘ﬁ‘p o ,4-"\ N )
& ¥ & T e

FIG. 8. Rapamycin reduces FLIPg protein levels and sensitizes GBM cells to TRAIL-induced cell death. TRAIL-resistant (U373 and A172)
GBM cells were incubated with rapamycin (0 or 100 nM; 30 min), after which the cells were exposed to TRAIL (0 or 800 ng/ml; 24 h). Cells were
then either analyzed by Western blotting for FLIP; and FLIPg expression in the absence of TRAIL (A) or lysed, spiked with Drosophila RPL3
RNA, and analyzed for the effects of rapamycin (in the absence of TRAIL) on total levels of FLIPg, FLIP,, GAPDH, and RPL3 mRNA by
Northern blot analysis (B, bottom panel) and quantitative RT-PCR (B, top panel). Cellular lysates were also separated into monosomal and
polysomal fractions and spiked with Drosophila RPL3 RNA, after which RNA was isolated and levels of FLIPg, FLIP; , GAPDH, and RPL3 mRNA
in each ribosomal fraction of control or rapamycin-treated U373 and A172 cells was assessed by Northern blot analysis (C). (D) A graphic
representation of the data derived in panel C, with values expressed as the percentage of GAPDH, FLIPg, or FLIP; mRNA detected in the pooled
monosomal or polysomal fractions. (E) Cells were stained with propidium iodide and analyzed by flow cytometry for the percentage of cells having
<2N DNA content (apoptotic cells) following TRAIL exposure (800 ng/ml; 24 h). Data shown are representative of three independent
experiments. All values listed are the means * standard errors (where shown). *, P < 0.05.

tein (U87 and U251) were stably transfected with constructs
encoding either S6K1, eIF4E, or both in a serial fashion, and
the effects on FLIPg expression, TRAIL sensitivity, and FLIPg
mRNA distribution were then monitored. While transfection
of cells with a construct encoding S6K1 (pRK7-S6K1) had no
effect on eIF4E levels, it increased levels of pS6K1 and pS6
protein approximately 10-fold relative to cells receiving an
empty construct and to uninfected controls and approximately
twofold relative to TRAIL-resistant U373 and A172 cells (Fig.
12A and B and data not shown). Transfection of cells with a
construct encoding eIFAE (pCAN-eIF4E) increased levels of
eIF4E and of pS6 (a presumed consequence of pathway cross
talk) to levels that were approximately three times that in
uninfected cells, in cells receiving empty construct controls, or
in TRAIL-resistant U373 and A172 cells (Fig. 12A and B and

data not shown). Overexpression of S6K1, eIF4E, or the com-
bination also increased FLIPg expression to levels comparable
to those in TRAIL-resistant U373 and A172 cells (12A and B
and data not shown). Levels of pS6 and FLIPg (but not FLIP, )
could be similarly increased by introduction of retroviral con-
structs encoding WT or RR (F5A E389) S6K1, but not a KD
S6K1 (K100R) (Fig. 12C). Similarly, FLIPg but not FLIP
levels could be increased by introduction of a retroviral con-
struct encoding WT eIF4E but not a KD eIF4E (W73A) (Fig.
12D). As expected, overexpression of S6K1 or eIF4E signifi-
cantly shifted FLIPg mRNA from the monosomal to the poly-
somal fractions (Fig. 12E) and protected both U87 and U251
cells from TRAIL-induced apoptosis, with the extent of pro-
tection mediated by S6K1 no different from that mediated by
expression of eIF4E or by the combined expression of S6K1
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FIG. 9. Rapamycin sensitizes GBM cells to TRAIL-induced apo-
ptosis through an mTOR-dependent mechanism. TRAIL-resistant
(U373 and A172) GBM cells were infected with a blank retroviral
construct or a construct encoding either an AUl-tagged KD or RR
mTOR. Following selection, cells were lysed and expression of the
AUI-tagged proteins of interest were verified by Western blotting
(bottom panels). Cells were then incubated with 100 nM rapamycin
and 800 ng/ml TRAIL for 24 h, after which the cells were stained with
propidium iodide and analyzed by flow cytometry for the percentage of
cells having <2N DNA content (apoptotic cells). The data shown are
the means * standard errors derived from three independent experi-
ments. *, P < 0.05 in comparison to control cells; **, P < 0.05 in
comparison to cells expressing either KD or RR mTOR constructs.

and elF4e (Fig. 12F). Taken as a whole, these results show that
activation of the S6K1 arm of the Akt-mTOR pathway, either
directly or by eIF4E-mediated phosphorylation of S6, causes
redistribution of FLIPg¢ mRNA to the polyribosomal fractions,
increasing FLIPg protein levels and TRAIL resistance.
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FIG. 10. Differences in the activation of the S6K1 arm of the
mTOR signaling pathway in TRAIL-sensitive versus TRAIL-resistant
GBM cells. TRAIL-sensitive (U87 and U251) or TRAIL-resistant
(U373 and A172) cells were analyzed for expression of phosphorylated
(activated) Akt, phospho-S6K1, phospho-S6, 4E-BP1, eIF4E, and
FLIPg by Western blotting. Values listed are the means derived from
three independent experiments. *, P < 0.05.
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Conservation of the linkage between PTEN, Akt, pS6K1,
and FLIPg in primary human GBM cells. Because the data
presented suggest that Akt, mMTOR, and FLIPg may be linked
to each other, and perhaps to PTEN (an upstream regulator of
Akt activity) in a manner that controls TRAIL resistance in
GBM, we addressed this potential linkage, first in archived
primary GBM samples and then in human GBM xenografts. In
archived primary GBM tissue, FLIP, levels exhibited little
variability across all tumors and showed no association with
other variables (Fig. 13A). Levels of pAkt, pS6K1, and FLIPg,
however, were consistently elevated in tumors with compro-
mised PTEN relative to tumors with WT PTEN. In these
tumors, PTEN status was therefore closely linked to levels of
pAkt, pS6K1, and FLIPg. Although GBM with WT PTEN
function (and low levels of pAkt) would, therefore, be pre-
dicted to represent a TRAIL-sensitive subpopulation, TRAIL
sensitivity could not be directly examined in this archived ma-
terial. We therefore examined the integrity of the PTEN-Akt-
mTOR-FLIPg pathway, and its linkage to TRAIL sensitivity, in
human GBM xenografts. As in archived GBM material, PTEN
status in these human tumors grown exclusively in vivo was
closely linked to levels of pAkt, pS6K1, and FLIPg (Fig. 13B).
Additionally, as predicted from cell line data, only PTEN-WT
GBM xenografts with corresponding low levels of FLIPg un-
derwent apoptosis in response to TRAIL exposure in short-
term culture (Fig. 13C). Consistent with the involvement of
mTOR in the pathway controlling FLIPg expression in GBM,
all four PTEN mutant GBM xenografts that displayed TRAIL
resistance could also be made TRAIL sensitive by preincuba-
tion with the mTOR inhibitor rapamycin (Fig. 13C). These
results show that in GBM, a pathway exists linking PTEN
status to Akt, mTOR, S6K1, FLIPg, and TRAIL sensitivity and
that this pathway provides a means to both identify TRAIL-
sensitive GBM and to sensitize otherwise TRAIL-resistant tu-
mors to TRAIL-induced apoptosis.

DISCUSSION

The mammalian target of rapamycin is a key controller of
translation and gene expression. While mTOR’s ability to alter
gene expression in response to nutrient and growth factor
status is thought to play a key role in its integration of these
signals with cell growth and cell cycle progression, accumulat-
ing evidence suggests that mTOR may also contribute to a
variety of other cellular processes. The present study provides
evidence that mTOR, via S6K1-mediated effects on FLIPg
translation, controls the sensitivity of human glioma cells to
apoptosis induced by the death ligand TRAIL. This observa-
tion has implications for the identification of tumors poten-
tially sensitive to TRAIL and TRAIL-dependent therapies, for
strategies to sensitize tumors to TRAIL-mediated cell death,
and for the larger role of mTOR in controlling cellular re-
sponse to death ligands.

The basis for TRAIL sensitivity or resistance in human gli-
omas has been examined previously, and in most cases the
defect conferring TRAIL resistance has been localized to an
inability to activate the apoptotic cascade (21, 70, 71). The data
presented here are consistent with the idea that TRAIL resis-
tance in GBM is not a result of altered TRAIL receptor ex-
pression (DR4/5 or TRAIL decoy receptors) but, rather, is the
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FIG. 11. Genetic suppression of the S6K1 pathway reduces expression of FLIPg protein and sensitizes GBM cells to TRAIL-induced apoptosis.
TRAIL-resistant (U373 and A172) GBM cells were sham transfected, transiently transfected with either siRNA targeting S6K1 or a nonspecific
scrambled siRNA (96 h), or stably transfected with an empty vector control (pcDNA3-Neo) or a construct encoding the eIF4E inhibitor 4E-BP1.
Cells were then analyzed by Western blotting for levels of phospho-S6K1, phospho-S6 protein, 4E-BP1, and FLIPg (A and B) or lysed, separated
into monosomal and polysomal fractions, and spiked with Drosophila RPL3 RNA, after which RNA was isolated and analyzed for FLIPg¢ mRNA
levels by quantitative RT-PCR (C, top) and Northern blot analysis (C, bottom). (D) Cells were stained with propidium iodide and analyzed by flow
cytometry for the percentage of cells having <2N DNA content (apoptotic cells) after exposure to TRAIL (800 ng/ml; 24 h). Data shown are
representative of three independent experiments. All values listed are the means = standard errors (where shown). In panel D, polysomal FLIPg
mRNA levels were normalized to GAPDH mRNA levels and then to FLIP/GAPDH mRNA ratios in control (CTRL) cells for each cell line to

generate the mean = standard error values presented. *, P < 0.05.

result of lack of caspase activation. While we cannot formally
rule out mutations of TRAIL receptors as a basis for TRAIL
resistance, the localization of the defect in TRAIL-resistant
cells in the present study to the level of caspase-8 activation is
consistent with a block in the activation process. Both FLIP;
and FLIPg were overexpressed in TRAIL-resistant cells, and
both proteins can interact with caspase-8 and block its activa-
tion. Although both FLIP; and FLIPg have been reported to
regulate TRAIL sensitivity in various tumor cell lines (32, 70,
71), data presented show that only FLIPg overexpression
blocked TRAIL-induced apoptosis, only FLIPg suppression
enhanced TRAIL-induced apoptosis, and only FLIPg levels
were affected by various genetic manipulations of the Akt-
mTOR pathway that also altered TRAIL sensitivity. These
observations suggest that FLIPg, by blocking activation of the
apoptotic cascade, plays a unique and key role in controlling

TRAIL-induced apoptosis in glioma. Previous studies have
suggested that FLIPg levels can be regulated at the level of
transcription initiation by c-myc or Akt (46, 55) and at the level
of protein phosphorylation by calcium/calmodulin-dependent
protein kinase II (71). The present study, however, clearly
defines translational control as a new mechanism by which
FLIPg expression is regulated and defines a new role for
mTOR, namely, control of death ligand-induced apoptosis.
Because mTOR translationally regulates FLIPg levels and
TRAIL sensitivity, we further addressed the contribution of
known downstream targets of mTOR to FLIPg regulation and
TRAIL sensitivity. Although mTOR has many downstream
targets, two, S6K1 and 4E-BP1, are recognized to play key
roles in translational regulation. S6K1 and 4E-BP1 (via its
partner eIF4E) are both thought to be critical in mTOR-
mediated enhanced translation of mRNAs with 5" TOP or
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FIG. 12. Overexpression of S6K1 enhances FLIPg expression and confers resistance to TRAIL-induced apoptosis. TRAIL-sensitive (U87 and
U251) cells were either sham transfected or stably transfected with an empty vector (pCAN-neo or pRK7-neo) or constructs encoding either
wild-type S6K1, wild-type eIF4E, or both. Following selection, cells were analyzed by Western blotting for levels of phospho-S6K1, phospho-S6
protein, eIF4E, and FLIPg (A and B), stained with propidium iodide, and analyzed by flow cytometry for the percentage of cells having <2N DNA
content (apoptotic cells) 24 h after exposure to 800 ng/ml TRAIL (F); or lysed, separated into monosomal and polysomal fractions, and spiked
with Drosophila RPL3 RNA, after which RNA was isolated and analyzed for FLIPg¢ mRNA levels by quantitative RT-PCR (E, top) and Northern
blot analysis (E, bottom). TRAIL-sensitive U87 and U251 cells were also sham infected with empty control vectors (pBabe-puro or pMV7-neo)
or a construct encoding wild-type S6K1, an inactive S6K1 (K100R), a rapamycin-resistant S6K1, a wild-type eIF4E, or an inactive eIF4E (W73A).
Following selection, cells were analyzed for levels of S6K1 protein, phospho-S6 protein, eIF4E, and FLIPg/FLIP; expression by Western blot
analysis (C and D). All values are the means * standard errors (where shown) derived from three independent experiments. *, P < 0.05.
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FIG. 13. Analysis of the linkage between PTEN, Akt, pS6K, FLIPg, and TRAIL sensitivity in primary human GBM and GBM cell lines. Cellular
lysates from surgically resected primary GBM (A) or xenografted human GBM (B) of known PTEN status were assessed for levels of pAkt, pS6K1,
FLIPg, and FLIP; by Western blot analysis. (C) Cells from GBM xenografts were incubated with 0 or 100 nM rapamycin and 0 or 800 ng/ml TRAIL
for 24 h, after which the cells were stained with propidium iodide and analyzed by flow cytometry for the percentage of apoptotic cells. The data
shown are the means * standard errors derived from three independent experiments. Values listed are the means derived from three independent
experiments.

capped mRNAs with complex 5" untranslated regions, respec- FLIPg¢ mRNA levels and are sufficient in themselves to com-
tively. Furthermore, S6K1, by blocking BAD phosphorylation, pletely block TRAIL-induced apoptosis. The apparent involve-
blocks apoptosis induced by growth factor withdrawal (27), ment of 4E-BP1/eIF4E in FLIPg regulation is also somewhat
while eIF4E, by transcriptionally and translationally upregu- misleading as the effects of eIF4E overexpression on FLIPg
lating Bcel-X;, blocks myc-induced apoptosis (43, 53). Addi- expression appear at least in part to involve cross talk between
tionally, both arms of the mTOR pathway have been shown to the eIF4E/4E-BP1 and S6K1 pathways. Overexpression of
contribute to the effects of mTOR on cell cycle progression elF4E increased pS6 levels (but not pS6K1 levels) while over-
(18). Many questions remain, however, as to how S6K1 and expression of the eIF4E inhibitor 4E-BP1 suppressed pS6 lev-
elF4E/4E-BP1 regulate translation, and recent studies showing els (but not pS6K1) as effectively as siRNA targeting pS6K1.
that translational activation of TOP mRNAs is independent of Because overexpression of neither eIF4E nor 4E-BP1 altered
S6K1 have cast doubt on previously accepted explanations. pS6K1 levels, cross talk between the pathways appears to occur
The relative contributions of the two arms of the mTOR path- at the level of S6 phosphorylation. The suspected cross talk
way to translational control of apoptosis have also not been between the pathways is further supported by the observation
examined. The present data show that TRAIL-induced apo- that activation of the S6K1 pathway is no more effective at
ptosis can be suppressed by activation of either arm of the increasing FLIPg levels than activation of eIF4E or activation
mTOR pathway and that inhibition of either arm sensitizes of both pathways combined, while suppression of either the
cells to TRAIL-induced apoptosis as effectively as mTOR in- S6K1 or 4E-BP1/eIF4E pathways in TRAIL-resistant cells sup-
hibition by rapamycin. The ability of eIF4E expression to trans- presses FLIPg levels and increases TRAIL sensitivity to an
lationally upregulate FLIPg and protect cells from TRAIL- extent comparable to that mediated by rapamycin (compare
induced apoptosis is similar to its ability to translationally Fig. 9 and 12F). Cross talk between the eIF4E/4E-BP1 and
upregulate another inhibitor of apoptosis (Bcl-X, ) following S6K1 pathways has been reported (39), although in these stud-
different apoptotic stimuli (43). The effects of eIF4E on Bcl- ies in NIH 3T3 cells, overexpression of eIF4E led to suppres-
Xy, however, are only partially mediated at the translational sion of pS6K1 levels (and presumably also pS6 levels) rather
level and only partially able to block apoptosis, while the effects than enhancement, as noted in the present study. While the
of eIF4E on FLIPg expression do not involve alterations in basis for this difference is not clear and may represent cell
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type-specific differences in pathway connections, it is clear that
the eIF4E/4E-BP1 pathway contributes indirectly via the
S6K1/S6 pathway to control FLIPg expression.

In contrast to the apparent indirect actions of eIF4E on
FLIPg translation and TRAIL sensitivity, genetic manipula-
tions of S6K1 levels altered FLIPg translation and TRAIL
sensitivity without apparent effects on eIF4E or 4E-BP1 ex-
pression/phosphorylation. The direct effects of S6K1 on FLIPg
translation and TRAIL-induced apoptosis are novel and differ
from previous studies which focused on the ability of S6K1 to
suppress growth factor withdrawal-induced apoptosis via ef-
fects on Bad phosphorylation (27). Although the S6K1 path-
way has been suggested to play a key role in the translation
regulation of TOP mRNAs (34, 38), the basis for its effects on
FLIPg, but not FLIP;, mRNA translation, are less apparent.
While both the FLIPg and FLIP; mRNAs are derived from the
same primary transcript (32), the FLIP mRNAs differ in their
5’ untranslated regions, and these differences might account
for the differential regulation of the FLIP¢ mRNA. Neither the
FLIP; nor FLIPg mRNA, however, has 5’ TOP sequences, and
coupled with the recent observation that TOP mRNAs are
appropriately translationally regulated in S6K1 knockout cells
(64), it seems likely that undefined, non-TOP-dependent
mechanisms control FLIPg translation. Such regulation might
involve the previously identified regulation of elongation factor
phosphorylation by S6K1 (68), although this remains to be
examined.

In addition to clearly defining the role of mTOR in regulat-
ing the response of glioma cells to TRAIL-induced apoptosis,
the present studies also have larger clinical implications. Only
a percentage of human gliomas are likely to respond to TRAIL
or to chemotherapeutic regimens dependent on endogenous
TRAIL activation (35), and to date there has been no way of
identifying these vulnerable tumors. Our data suggest that
FLIPg levels are a reliable indicator of TRAIL sensitivity in
GBM, and that because FLIP levels are controlled by mTOR,
Akt, and the Akt regulator PTEN, a number of variables might
be suitable for stratification of GBM into inherently sensitive
tumors suitable for TRAIL-based therapy and tumors which,
by virtue of activation of the Akt-mTOR-FLIPg pathway,
might be more effectively treated by TRAIL-based combina-
tion regimens that also suppress TRAIL resistance pathways.
A logical combination therapy based on these ideas could
employ the mTOR inhibitor CCI-779, which is already widely
used clinically and has activity against PTEN-deficient tumors
(including GBM) (63), in combination with TRAIL or other
TRAIL-inducing agents. The knowledge that mTOR and the
downstream targets of mTOR play a role in TRAIL sensitivity
in gliomas should allow the design of clinical studies to test
these ideas. Finally, it is worth noting that Akt/mTOR activa-
tion contributes to the ability of tumors to evade immune
surveillance by enhancing tumor-specific expression of B7-H1,
a member of the B7 family of costimulatory molecules that
promotes interleukin-10/Fas ligand-mediated apoptotic death
of activated tumor antigen-specific human T cells (13, 50).
Because various members of the tumor necrosis family, includ-
ing perhaps TRAIL, are contributors to the immune response
(60), the actions of mTOR in suppressing TRAIL-induced
apoptosis may be part of a broader function of mTOR in
suppressing cellular elimination. If this is true, the use of
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mTOR inhibitors could sensitize tumors to a broad range of
apoptosis-inducing death ligands secreted by responding cells
of the immune system. The identification of mTOR as a reg-
ulator of TRAIL sensitivity, therefore, may also be an indicator
of a larger and potentially exploitable function of this increas-
ingly important molecule.
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