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Human glioblastoma multiforme cells demonstrate varying
levels of sensitivity to tumor necrosis factor-related apopto-
sis-inducing ligand (TRAIL)-induced apoptosis. Endoplas-
mic reticulum (ER) stress has been shown to trigger cell death
through apoptosis. We therefore pursued a strategy of inte-
grating clinically relevant investigational agents that cooper-
ate mechanistically through the regulation of ER stress and
apoptosis pathways. Nelfinavir belongs to the protease inhib-
itor class of drugs currently used to treat patients with HIV
and is in clinical trials as an anti-tumor agent. We found that
Nelfinavir treatment led to ER stress-induced up-regulation of
the DR5 receptor. This transactivation was mediated by the
transcription factor CCAAT/enhancer binding protein homol-
ogous protein (CHOP). We also determined that ER stress-in-
duced ATF4 up-regulation was responsible for modulation of
CHOP. In contrast, DR4 receptor expression was unchanged by
Nelfinavir treatment. Combining Nelfinavir with TRAILled to a
significantly enhanced level of apoptosis that was abrogated by
siRNA silencing of DR5. We provide evidence that Nelfinavir-
induced ER stress modulates DR5 expression in human glioblas-
toma multiforme cells and can enhance TRAIL efficacy. These
studies provide a potential mechanistic rationale for the use of
the Food and Drug Administration-approved agent Nelfinavir
in combination with DR5 agonists to induce apoptosis in human
malignancies.

Malignant gliomas account for ~70% of the 22,500 new cases
of malignant primary brain tumors that are diagnosed in adults
in the United States each year (1). Glioblastoma multiforme is a
high-grade, highly lethal, and frequent brain tumor in adults.
Traditional treatments such as DNA damaging agents and
radiotherapy have demonstrated modest effects on patient sur-
vival, likely because in part of an inherent high-level expression
of anti-apoptotic proteins such as Bcl-2, Bcl-X;, and sFLIP (2,
3). Frequent gene amplification and overexpression of the
death decoy receptor DcR3 have also been reported in glioblas-
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toma (4). Therefore, new strategies to induce apoptosis may
help to overcome therapeutic resistance and improve efficacy.

Nelfinavir is an HIV protease inhibitor and has been used to
treat HIV/AIDS patients for over a decade. Recently, several
groups reported the anticancer activity of Nelfinavir in a wide
range of human cancer cell lines and tumor xenografts. Nelfi-
navir induces ER? stress, the unfolded protein response,
autophagy, apoptosis, and caspase-independent cell death in
various cancer cells (5-9). Multiple mechanisms have been pro-
posed to explain the anticancer activities of the drug, such as
inhibition of AKT/protein kinase B (PKB) activation (10), the
proteasome (9), or signal transducer and activator of transcrip-
tion (STAT) 3 (11), and down-regulation of hypoxia-inducible
factor 1o (HIF-1a)/VEGF expression (8). However, the exact
molecular mechanisms of Nelfinavir efficacy in human cancer
cells remains unclear and may be cell type-specific. We cur-
rently have an ongoing Phase I trial of Nelfinavir in high-grade
brain tumor patients receiving concomitant temozolomide and
radiation therapy (clinicaltrials.gov identifier NCT01020292)
and sought to study whether Nelfinavir could enhance the anti-
cancer effects of TRAIL.

TRAIL is a member of the tumor necrosis factor superfamily.
TRAIL binds to its receptors DR4/TRAIL-R1 and DR5/
TRAIL-R2 and activates the extrinsic pathway of apoptosis (12,
13). Cell killing from these receptors occurs because of recruit-
ment to the receptor of the adaptor protein Fas-associated pro-
tein with death domain (FADD), which then recruits the pro-
form of caspase 8 with subsequent aggregation and
autoactivation of procaspase 8, ultimately leading to activation
of effector caspases such as caspase 3 (14). TRAIL selectively
and potently induces apoptosis in a wide spectrum of cancer
cells but not in normal cells. Importantly, TRAIL also shows
selective toxicity to human tumor xenografts in vivo compared
with normal tissue (15, 16). These findings have spurred the
incorporation of TRAIL into anticancer regimens. Currently,
recombinant human TRAIL (rhTRAIL), and several agonistic
monoclonal antibodies are in Phase II clinical trials, including
mapatumumab, which targets DR4, as well as lexatumumab,
Apomab, AMG655, CS-1008, and LBY-135, all of which target

2 The abbreviations used are: ER, endoplasmic reticulum; TRAIL, tumor necro-
sis factor-related apoptosis-inducing ligand; DR5, death receptor 5; elF2q,
eukaryotic initiation factor 2¢; PI, propidium iodide.
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DR5 (12). However, increasing evidence indicates that death
receptor agonists alone may not be sufficient to effectively acti-
vate apoptosis in many types of cancers, including gliomas (17,
18). One therapeutic approach being tested is to induce expres-
sion of death receptors, including DR4 and especially DR5, by
small molecules resulting in TRAIL-induced tumor cell death
or sensitization of TRAIL-resistant cells. Furthermore, DR5
expression levels have been highly correlated with sensitivity to
TRAIL in some cell lines (19). Structurally diverse sets of mol-
ecules can act through various molecular mechanisms to per-
turb normal cellular function and induce death receptor
expression (17, 18). As DR5 is a target for p53 transcriptional
activation, considerable interest has focused on inducing DR5
expression by increasing chemotherapy-induced p53 signaling.
One major drawback to this approach is that the majority of
tumors do not express wild-type p53. Alternative approaches
and pathways to enhance DR5 signaling are therefore needed.

In this study, we show that Nelfinavir sensitizes human glio-
blastoma cells to TRAIL treatment by up-regulation of the DR5
receptor and thus enhances the extrinsic pathway of apoptosis
in U251 cells that harbor mutations in p53. Our data suggest
that up-regulation of DR5 is mediated by Nelfinavir-induced
ER stress. We also establish CHOP as a critical mediator of
the protein kinase RNA-like endoplasmic reticulum kinase
(PERK)/elF2a/ATF4 pathway after Nelfinavir treatment,
which ultimately results in up-regulation of DR5 in glioblas-
toma multiforme cells and sensitization to TRAIL.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—U251, A172, and U373 glioma cell
lines were cultured in DMEM (4.5g/L, glucose, Mediatech,
Manassas, VA) supplemented with 10% fetal bovine serum, 100
units/ml penicillin, and 100 wg/ml streptomycin in a humidi-
fied incubator at 37 °C and 5% CO,. DLD1*"N" and DLD1*"AT#4
human colorectal adenocarcinoma cells were cultured in
DMEM as above with addition of 1% non-essential amino acids
(Invitrogen) and 1% ES cell qualified 2-mercaptoethanol (Mil-
lipore, Billerica, MA). Nelfinavir (Toronto Research Chemicals,
Inc., Canada), tunicamycin (Sigma-Aldrich), JNK inhibitor
SP600125 (EMD Chemicals, Inc., Gibbstown, NJ), and pan-
caspase inhibitor z-VAD-fmk (Biomol Research Laboratories,
Inc., Plymouth Meeting, PA) were dissolved in dimethyl sulfox-
ide and stored at —20 °C. Human recombinant TRAIL (Pepro-
Tech, Inc., Rocky Hill, NJ) and TRAIL-R2/Fc chimera (R&D
Systems, Minneapolis, MN).

Immunoblots and Antibodies—Cells were lysed in 2X Laem-
mli sample buffer, and an equal amount of cell lysate was pro-
cessed by immunoblot analysis according to established proto-
col. Primary antibodies to caspase 3, caspase 8, caspase 9, death
receptor 5 (DR5), phosphorylated-elF2« (Ser-51), poly (ADP-
ribose) polymerase were from Cell Signaling Technology, Inc.
at 1:1000 dilution. CHOP/GADD153, ATF4, glucose-regulated
protein/BiP (GRP78), eukaryotic initiation factor 2« (elF2a),
and Ras-related nuclear protein (Ran) were from Santa Cruz
Biotechnology, Inc. and used at a 1:1000 dilution. The horse-
radish peroxidase-conjugated secondary antibodies were from
Sigma Aldrich. Antibody binding was detected by chemilumi-
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nescence using ECL Western blotting detection reagents (GE
Healthcare).

Cell Viability Assay—A cell viability assay (ATP level assay)
was performed using a CellTiter-Glo® luminescent assay kit
(Promega). Briefly, cells were seeded at 5 X 103-1 X 10%*cells/
well in black 96-well plates and incubated at 37 °C overnight.
Cells were treated with 20 uM Nelfinavir for 24 and 48 h. The
viability assays were performed according to manufacturer’s
protocol, and luminescence of the plates was recorded on a
microplate luminometer (Luminoskan Ascent) from Thermo
Scientific (Waltham, MA).

Caspase-3/7 Activity Assay—Caspase 3/7 activity was meas-
ured by using the Caspase-Glo® 3/7 Assay kit (Promega)
according to the manufacturer’s protocol. In brief, cells were
seeded at 1 X 10%cells/well in black 96-well plates and incu-
bated at 37 °C overnight. Cells were treated with 20 um Nelfi-
navir for 24 h. Caspase activity was measured on a microplate
luminometer (Luminoskan Ascent) from Thermo Scientific
(Waltham, MA).

Cell Cycle Analysis—Propidium iodide (PI) staining and flow
cytometry were used to determine the degree of cellular apo-
ptosis. Cells were seeded at 3 X 10°cells/well in six-well plates
and incubated overnight before the experiment. Cells were
treated with 20 uM Nelfinavir for 24 h. Floating and adherent
cells were collected and resuspended in PBS with 1% FBS. Cold
ethanol was added in a dropwise manner while vortexing. Cells
were fixed over 20 min at 4 °C, washed with 1 ml PBS, resus-
pended in 300 ml PBS with 1% FBS, 5 mg RNase A, and 15 mg
PIL. Then, cells were stored for 30 min at room temperature in
the dark. Flow cytometry was done using a Beckman Coulter
Elite Epics sorter. The percentage of hypodiploid cells (sub-G;)
was used to quantify dead cells in apoptosis assays.

siRNA—Cells were seeded at 3 X 10°cells/well in six-well
plates and incubated at 37 °C to reach ~60% confluence on the
day of transfection. The following annealed double-stranded
siRNAs were obtained from Ambion, Inc. (Applied Biosystems,
Inc./Ambion, Inc., Austin, TX): CHOP Silencer® Selected IDs
225792, DR5 Silencer® Selected IDs16757. Negative control
siRNA Silencer® Selected, catalog no. 4390844, from Ambion,
Inc. was used as a negative control. Cells were transfected with
10-20 nm siRNA diluted in Opti-MEM medium (Invitrogen)
using Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer’s transfection protocol. Efficiency of siRNA was
measured by Western blot analysis 24 h after transfection.

RT-PCR—Total RNA was isolated with an RNeasy Mini Kit
(Qiagen). Reverse transcription PCR was carried out using the
Titan one-tube PCR system (Roche). Primer sequences were as
follows: DR5, 5'-CAG AGG GAT TGT GTC CAC CT-3’
(sense) and 5'-TAC GGC TGC AAC TGT GAC TC-3' (anti-
sense); GAPDH, 5'-CCT GAC CTG CCG TCT AGA AA-3’
(sense) and 5'-TTA CTC CTT GGA GGC CAT GT-3' (anti-
sense) (Integrated DNA Technologies, Coralville, IA). The
samples were placed in a thermocycler, 100 ng RNA for
GADPH (25 cycles), 500 ng RNA for DR5 (25 cycles), equili-
brated at 50 °C, and incubated for 30 min for reverse transcrip-
tion. The templates were denatured at 94 °C for 2 min. The PCR
cycle was as follows: Denaturation at 94 °C for 30 s, annealing at
52 °C for 30 s, and elongation at 68 °C (1 min).
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FIGURE 1. Nelfinavir treatment induces DR5 up-regulation and reduces proliferation in human glioblastoma multiforme cells. A, human glioblastoma
multiforme cells A172 (left panel), U373 (center panel), and U251 (right panel) were treated with Nelfinavir (20 um) for 24 h, and then whole cell lysates were
immunoblotted for expression of DR5 (upper panels) or Ran (lower panels) to confirm equal loading of protein. B, A172, U373, and U251 cells were either
mock-treated or treated with Nelfinavir (NFV) (20 um) for 24 h, and then viable cell numbers were determined by the CellTiter-Glo luminescent cell viability
assay. G, U251 cells were mock-treated or treated with Nelfinavir (20 um) in the presence or absence of z-VAD-fmk for 24 or 48 h, and then viable cell numbers
were determined by the CellTiter-Glo luminescent cell viability assay. D, U251 cells were mock-treated or treated with Nelfinavir (20 um) in the presence or
absence of z-VAD-fmk for 24 h, and then caspase 3/7 activity was determined by the Caspase-Glo 3/7 assay. All bar graphs and error bars represent means and

S.D., respectively. Luminescence assays were conducted in triplicate in two independent experiments.

Luciferase Promoter Assay—Plasmid pDR5 contains human
DR5 promoter that has a CHOP binding site. The construct
pDR5-mCHOP has a mutation in the CHOP binding site at
—272/-269. pGL3-Base is an empty vector. The plasmids were
constructed as described previously (20). Cells were cultured in
24-well plates and co-transfected with 20 ng of the Renilla lucif-
erase plasmid pRL-SV40 as a normalization control and 200 ng
of firefly luciferase constructs containing the DR5 promoter
region using Lipofectamine 2000. After 12 h, the cells were
transferred into 96-well plates and further cultured for 12 h.
Transfected cells were then treated with 20 um NFV or DMSO
for an additional 24 h. Luciferase activity was measured by
using the Dual-Glo™" luciferase assay system (Promega)
according to the manufacturer’s instructions. Firefly luciferase
activity was normalized by Renilla luciferase activity.

RESULTS

Nelfinavir Treatment Induces DRS Expression but Not Signif-
icant Apoptosis in Glioblastoma Multiforme Cells—To assess
the sensitivity of glioblastoma multiforme to Nelfinavir alone,
three glioma cell lines, A172 (p53 wild-type), U373 (p53
mutant), and U251 (p53 mutant), were treated with Nelfinavir.
We observed a marked induction of DR5 receptor expression
independent of p53 status (Fig. 14). Flow cytometry and immu-
nofluorescence studies of DR5 demonstrated this expression to
be localized to the cell surface (data not shown). Conversely, we
did not detect any appreciable increase in the DR4 receptor
after Nelfinavir treatment in all cell lines tested (data not
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shown). We next assessed cellular proliferation and viability in
response to Nelfinavir treatment by measuring ATP levels (Fig.
1B). Nelfinavir treatment reduced the viable cell numbers in all
cell lines tested, with U251 being the most sensitive (Fig. 1B).
To determine whether the Nelfinavir-induced reduction in via-
ble cell number was due to DR5-mediated apoptosis, we
assessed U251 viable cell numbers after Nelfinavir treatment in
the presence or absence of the pan-caspase inhibitor z-VAD-
fmk. As shown in Fig. 1C, inhibition of caspase activation (by
z-VAD-fmk pretreatment) did not significantly affect the num-
ber of viable cells after exposure to Nelfinavir compared with
mock pretreatment, suggesting that the treatment effect on
U251 was not directly linked to apoptosis. Furthermore, we also
assessed caspase 3/7 activity and found that Nelfinavir led to
only a modest increase in caspase activity in U251 cells, which
was abrogated by z-VAD-fmk (Fig. 1D). Taken together, these
results indicate that Nelfinavir treatment alone inhibits the
proliferation of human glioblastoma cells and up-regulates
expression of the DR5 receptor but that this increased DR5
expression alone is insufficient for the initiation of apoptosis.
Nelfinavir Enhances TRAIL-mediated Apoptosis—Because
Nelfinavir treatment alone was unable to initiate apoptosis, we
sought to determine whether Nelfinavir-induced DR5 expres-
sion would result in enhanced sensitivity of U251 cells to
TRAIL treatment. To assess this, we pretreated U251 cells with
Nelfinavir before addition of TRAIL. Analysis of sub-G; popu-
lations demonstrated that Nelfinavir alone did not significantly
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FIGURE 2. Nelfinavir and TRAIL cotreatment lead to a significant increase in caspase activation and apoptotic cell death in human glioblastoma
multiforme cells. A, U251 cells were either mock-treated or treated with Nelfinavir (NFV) (20 um) alone for 20 h, TRAIL (25 ng/ml) alone for 3 h, or Nelfinavir (20
um) for 17 h followed by addition of TRAIL (25 ng/ml) for 3 h, and then the percentage of sub-G, cells was determined by propidium iodide staining and flow
cytometry. Sub-G, analysis was conducted in triplicate in two independent experiments. The bottom panel shows representative flow cytometry results. The
bar graph and error bars represent means and S.D., respectively. *, p < 0.05. B, U251 cells were either-mock treated or treated with Nelfinavir (20 um) alone for
20 h, TRAIL (25 ng/ml) alone for 3 h, or Nelfinavir (20 um) for 17 h followed by addition of TRAIL (25 ng/ml) for 3 h, and then whole cell lysates were
immunoblotted for caspase 8, caspase 9, caspase 3, poly (ADP-ribose) polymerase (PARP), and Ran, as indicated. C, U251 cells in the presence of the TRAIL-R2/Fc
chimera (2 ng/ml) were either treated with Nelfinavir (20 um) alone for 20 h, TRAIL (25 ng/ml) alone for 3 h, or Nelfinavir (20 um) for 17 h followed by addition
of TRAIL (25 ng/ml) for 3 h, and then the percentage of sub-G, cells was determined by flow cytometry.

increase the number of cells with hypodiploid DNA, indicating
a lack of apoptotic cell death (Fig. 2A4) in agreement with our
previous results (Fig. 1). A longer period of drug treatment (48
h) also failed to show a significant increase in cell death when
compared with 24 h of treatment (data not shown). As shown in
Fig. 24, Nelfinavir (10.4% sub-G;) or TRAIL (8.9% sub-G,)
alone did not induce significant cell death compared with the
mock-treated control (6.5% sub-G,), whereas pretreatment
with Nelfinavir potently and significantly enhanced TRAIL-in-
duced apoptosis (39.2% sub-G,). Consistent with these find-
ings, pretreatment with Nelfinavir followed by TRAIL treat-
ment markedly increased activation of caspase 8, caspase 9,
caspase 3, and cleavage of poly (ADP-ribose) polymerase, as
demonstrated in the immunoblot analysis (Fig. 2B). Combined
treatment with Nelfinavir and TRAIL augmented the activation
of caspase 9, suggesting that Nelfinavir also modulates the
intrinsic pathway of apoptosis. In contrast to our findings in
U251, normal human astrocytes did not demonstrate signifi-
cant apoptosis after the combination treatment of Nelfinavir
and TRAIL under similar conditions, suggesting a therapeutic
window (data not shown). To further establish that TRAIL-
mediated apoptosis was primarily due to an increase in DR5
expression, we utilized a human TRAIL-R2/Fc chimera to neu-
tralize TRAIL-induced cell death. The TRAIL-R2/Fc chimera
protein has an extracellular domain of DR5 that can bind to
TRAIL but does not have a death domain. As shown in Fig. 2C,
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pretreatment with the TRAIL-R2/Fc chimera effectively abro-
gated the combined effect of Nelfinavir and TRAIL. These
results indicate that Nelfinavir efficiently sensitizes U251 cells
to TRAIL-induced apoptosis.

Nelfinavir Up-regulates DR5 mRNA Levels and DRS Expres-
sion Is Required for Nelfinavir-mediated Enhancement of
TRAIL-induced Apoptosis—W e hypothesized that DR5 up-reg-
ulation was required for Nelfinavir-induced enhancement of
TRAIL-induced apoptosis. To determine whether Nelfinavir
was inducing DR5 on the transcriptional level in glioblastoma
cells, we first performed RT-PCR of DR5 mRNA. As shown in
Fig. 34, treatment of U251 cells with Nelfinavir resulted in a
dose-dependent increase in the level of DR5 mRNA. To further
confirm transcriptional regulation we knocked down DR5
expression utilizing siRNA against DR5. In U251 cells, DR5
siRNA successfully achieved complete knockdown of the min-
imal baseline DR5 expression as well as that induced by Nelfi-
navir treatment (Fig. 3B). As expected, cells with silenced DR5
expression (siDR5) showed much lower sub-G; DNA fragmen-
tation (15.6% sub-G;) compared with those transfected with
control siRNA (siCon) (36.6% sub-G,) (Fig. 3C) when treated
with both Nelfinavir and TRAIL. This indicates that DR5
knockdown directly results in resistance to Nelfinavir-medi-
ated TRAIL-induced apoptosis. No difference was seen in per-
centage of sub-G; cells after treatment with Nelfinavir or
TRAIL alone after DR5 silencing (Fig. 3C). We therefore con-
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FIGURE 3. Nelfinavir induces transactivation of DR5, and silencing of DR5 receptor expression rescues U251 cells from apoptosis induced by Nelfinavir
and TRAIL cotreatment. A, U251 cells were mock-treated (0) or treated with 10 or 20 um of Nelfinavir for 24 h, and then cells were harvested for RT-PCR
evaluation of DR5 mRNA (top panel). RT-PCR of GAPDH mRNA was also performed as indicated to confirm equal loading (bottom panel). B, U251 cells were either
transfected with control siRNA (siCon) or DR5-specific siRNA (siDR5), and complete knockdown of Nelfinavir-induced DR5 protein expression was confirmed by
immunoblotting of whole cell lysates for DR5. C, following transfection with control siRNA or DR5-specific siRNA, as indicated, U251 cells were either mock-
treated or treated with Nelfinavir (20 um) alone for 20 h, TRAIL (25 ng/ml) alone for 3 h, or Nelfinavir (20 um) for 17 h followed by addition of TRAIL (25 ng/ml)
for 3 h, and then the percentage of sub-G, cells was determined by flow cytometry. Sub-G, analysis was conducted in triplicate in two independent experi-
ments. The bar graph and error bars represent means and S.D., respectively. ¥, p < 0.05. The inset shows representative flow cytometry results after indicated

siRNA transfection and treatment.

clude that transcriptionally up-regulated DR5 expression is
required for the enhancement of TRAIL-induced apoptosis by
Nelfinavir.

CHOP Mediates Up-regulation of DRS in Response to
Nelfinavir—Previous studies have identified CHOP as an
upstream regulator of DR5 (20), so we speculated that this
member of the CCAAT/enhancer-binding protein family
might be responsible for the p53-independent up-regulation of
DR5 expression in response to Nelfinavir treatment. We first
conducted a dose-response experiment to assess induction of
CHOP and DR5 with increasing concentrations of Nelfinavir.
As shown in Fig. 44, expression levels of DR5 correlated closely
with increased protein levels of CHOP, suggesting that CHOP
was likely responsible for transactivation of DR5. To verify the
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role of CHOP in the up-regulation of DR5 by Nelfinavir, we
silenced CHOP expression with siRNA in U251 cells. As shown
in Fig. 4B, immunoblot analysis indicated that siRNA knock-
down of CHOP mRNAs significantly inhibited CHOP expres-
sion and its subsequent up-regulation of DR5. To confirm that
CHOP was responsible for DR5 transcriptional activation, we
utilized luciferase reporters driven by a portion of the DR5 pro-
moter containing the CHOP binding site (5’ flanking region of
DR5 between —552 and —7). The pDR5 reporter contains the
CHOP binding site, whereas the pDR5-mCHOP reporter con-
tains a mutation in the CHOP binding site (20). As shown in Fig.
4C, a significant increase in DR5 promoter activity over the
empty luciferase reporter plasmid in transfected U251 cells was
seen after Nelfinavir treatment. Mutation of the CHOP binding
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FIGURE 4. Nelfinavir treatment leads to CHOP-mediated up-regulation of DR5 in U251 cells. A, U251 cells were mock-treated (0) or treated with increasing
concentrations (5, 10, 15, 20, 30 um) of Nelfinavir as indicated for 24 h, and then whole cell lysates were immunoblotted for dose-dependent expression of
CHOP (upper panel). Immunoblotting for the DR5 receptor (center panel) and Ran (lower panel) protein expression was also performed. B, following transfection
with 0 (=), 10, or 20 nm of control siRNA (siCon) or CHOP-specific siRNA (siCHOP) as indicated, U251 cells were either mock-treated (—) or treated (+) with
Nelfinavir (NFV) (20 um) for 24 h, and then whole cell lysates were immunoblotted for CHOP (upper panel), DR5 (center panel), or Ran (lower panel). C, U251 cells
were transfected with a Renilla luciferase internal control plasmid along with pGL3-Base, pDR5, or pDR5-mCHOP luciferase reporters, as indicated, and then
either mock-treated or treated with Nelfinavir (20 um) for 24 h. The fold change in luminescence of Nelfinavir treatment over mock treatment was calculated
for each reporter plasmid after normalizing for transfection efficiency using a Renilla luciferase signal. The bar graph and error bars represent means and S.D.,

respectively. *, p < 0.05. Luminescence assays were conducted in triplicate in two independent experiments.

site led to a pronounced and significant reduction in luciferase
reporter activity after Nelfinavir treatment. These results dem-
onstrate that CHOP transactivation is largely responsible for
the induction of DR5 after exposure to Nelfinavir.

Nelfinavir Induces ER Stress and Activates ATF4—CHOP is a
major transcription factor induced by ER stress that has been
linked to expression of DR5 in a p53-independent manner.
Therefore, we hypothesized that Nelfinavir induces ER stress in
glioblastoma cells. To confirm activation of ER stress by Nelfi-
navir, we probed for three additional markers of ER stress:
Ser-51 phosphorylation of e[F2a (P-elF2«), induction of ATF4
transcription factor and ER chaperone protein GRP78/Bip. As
shown in Fig. 5, exposure to Nelfinavir resulted in increased
phosphorylation of elF2a (Ser51) and induction of ATF4,
CHOP and GRP78 in U251 (Fig. 54), A172 and U373 cells (Fig.
5B). The increase in P-eIF2«, ATF4, and CHOP was evident at
4 h post-treatment and sustained at 24 h in U251 cells (Fig. 54).
Expression of DR5 lagged behind phosphorylation of elF2a and
induction of ATF4 and CHOP but was evident at 24 h (Fig. 5, A
and D). Because ATF4 is the primary regulator of CHOP tran-
scription during ER stress, we hypothesized that knockdown of
ATF4 would result in diminished induction of CHOP and DR5
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after Nelfinavir treatment. To test this, we used DLD1 human
colorectal cancer cells stably transfected with shRNA against
ATF4 (DLD1°M7TF) (21). As expected, CHOP induction was
attenuated in DLD1""%* cells compared with stable DLD1
cells expressing nonspecific shRNA (Fig. 5C). Furthermore,
DLD1*M7T# cells demonstrated decreased caspase 8 activation
after Nelfinavir + TRAIL treatment compared with their
scrambled shRNA-expressing counterparts, suggesting an
attenuation of apoptosis (data not shown). Together, these
observations support the hypothesis that Nelfinavir treatment
leads to an induction of ER stress and up-regulation of DR5,
which is mediated by ATF4 and CHOP.

DRS5 Up-regulation by Nelfinavir Is Not Dependent on JNK in
Human Glioblastoma Cells—ER stress can also trigger the
IRE1/ASK1/JNK signaling pathway, and JNK-dependent up-
regulation of DR5 has been reported in human non-small cell
lung cancer cell lines (22). JNK activates the AP-1 transcription
factor, which has binding sites in both the DR5 and CHOP
promoters. Additionally, the proteasome inhibitor MG132 can
induce ER stress-dependent up-regulation of DR5 through acti-
vating the JNK/AP-1 signaling pathway (23). To test if Nelfina-
vir may also be up-regulating DR5 through activation of the
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FIGURE 5. ATF4 mediates Nelfinavir-induced transactivation of CHOP and DR5 that is independent of JNK activation. A, U251 cells were mock-treated
(0) or treated with Nelfinavir (NFV) (20 wm) for 4 or 24 h then whole cell lysates were immunoblotted for P-elF2q, elF2«, ATF4, GRP78, CHOP, and Ran, as
indicated. B, A172 and U373 cells were mock-treated or treated with Nelfinavir (20 um) for 24 h, and then whole cell lysates were immunoblotted for P-elF2«,
elF2 o, ATF4, GRP78, CHOP, and Ran, as indicated. C, stable DLD1 cells (shNT or shATF4) were mock-treated (0) or treated with Nelfinavir (20 um) for 4 or 24 h,
and then whole cell lysates were immunoblotted for DR5, ATF4, CHOP, and Ran, as indicated. D, U251 cells were mock-treated (0) or treated with Nelfinavir (20
um) or tunicamycin (1 wg/ml) for 4 or 24 hin the presence (+ SP) or absence of JNK inhibitor SP600125 (20 um), and then whole cell lysates were immunoblotted

for DR5, CHOP, P-c-jun, c-jun, or Ran, as indicated.

JNK/AP-1 pathway, we studied the effects of Nelfinavir on DR5
and CHOP up-regulation in the presence of JNK inhibitor
SP600125. The JNK-specific inhibitor SP600125 abrogates JNK
activation and up-regulation of DR5 after C-28 methyl ester of
2-cyano-3,12-dioxoolen-1,9-dien-28-oic acid (CDDO-Me)
treatment (22, 24). We also exposed U251 cells to the known ER
stress inducer tunicamycin (a glycosylation inhibitor) as a pos-
itive control. As shown in Fig. 5D, inhibition of JNK signaling
had no apparent effect on Nelfinavir- or tunicamycin-triggered
induction of CHOP or DR5. JNK was effectively inhibited by
SP600125, as evidenced by the reduced levels of phosphory-
lated c-Jun (Fig. 5D). Interestingly, Nelfinavir also appeared to
inhibit phosphorylation of c-Jun. Together, these findings sup-
port the notion that Nelfinavir-induced, CHOP-directed DR5
up-regulation occurs in a JNK-independent manner in human
glioblastoma cells.

DISCUSSION

Accumulating evidence supports the notion that ER stress-
inducing agents induce up-regulation of DR5 in a wide spec-
trum of human cancers through various mechanisms (20, 23,
25-28). DR5 modulation may have potential therapeutic value
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if combined with TRAIL in a clinically relevant manner. Tuni-
camycin is an antibiotic that blocks the reaction in the first step
of N-glycoprotein synthesis, resulting in accumulation of
immature proteins that trigger ER stress (29). Thapsigargin
induces ER stress by depletion of Ca®" within the ER lumen
through inhibition of the ER Ca®>* pump (30), and MG132
induces ER stress by inhibition of the proteasome, which results
in accumulation of unwanted proteins in the cytosol. One
major drawback to the utilization of these drugs is that none are
Food and Drug Administration-approved or as yet demon-
strated to be safe in humans. Recently, it was reported that the
Food and Drug Administration-approved drug Nelfinavir
could induce up-regulation of DR5 in ovarian cancer cells.
However, the mechanism and whether this resulted in TRAIL-
sensitization was not addressed (31). We currently have an
ongoing clinical trial of Nelfinavir in patients with glioblastoma
multiforme (clinicaltrials.gov identifier: NCT01020292) and
therefore sought to characterize the mechanism of Nelfinavir-
induced DR5 up-regulation.

Our data suggest that the clinically relevant drug Nelfinavir
potently induces the expression of DR5 in glioblastoma cells in
a CHOP-dependent manner. It has been reported that DR5 is
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also a target gene of tumor suppressor p53 (32). However, the
mutant p53-expressing cell lines U251 and U375 showed simi-
lar increases in DR5 up-regulation as the wild-type p53-ex-
pressing cell line A172 after exposure to Nelfinavir (Fig. 14). On
the other hand, the p53 wild-type SE767 cell line, after treat-
ment with Nelfinavir, did not show significant induction of
CHOP or DR5 (data not shown). Taken together, these data
indicated that the observed DR5 induction by Nelfinavir is p53-
independent. We also show that the clinically relevant com-
pound Nelfinavir induces ER stress in an ATF4-CHOP-depen-
dent, JNK-independent manner. ER stress can serve dual
functions as either cytoprotective or cytotoxic, depending on
the length and amplitude of the response (33). It is unclear
at this time if Nelfinavir-induced ER stress serves one or both of
these functions in glioblastoma multiforme cells. CHOP has
traditionally been viewed as a proapoptotic player (34) in
response to ER stress but in certain contexts may play an adapt-
ive role (35). In our studies, CHOP induction was primarily
responsible for DR5 up-regulation but did not contribute to
increased cell death in response to Nelfinavir in the absence of
TRAIL. We and others have shown that ATF4 is overexpressed
in many human tumors (including gliomas) compared with
normal tissues (36), and recently, several groups (37, 38)
reported that as part of the unfolded protein response during
hypoxia, ATF4 and CHOP up-regulation induce cytoprotective
autophagy. It is tempting to speculate that TRAIL treatment
may represent a potential therapy to overcome this adaptive
survival mechanism in cancer cells.

It is common that human glioma cell lines express low levels
of DR5 and are resistant to TRAIL (23, 39 —41). In our studies,
DR5 up-regulation alone was insufficient for induction of apo-
ptosis in human glioblastoma cells. However, the increased
expression of DR5 did lead to enhanced sensitivity to TRAIL, a
therapeutic agent currently in late-stage clinical trials. We
demonstrated that siRNA directed against DR5 abrogated this
increased sensitivity. The fact that Nelfinavir-induced DR5 up-
regulation alone was insufficient to induce apoptosis but pro-
foundly sensitized cells to TRAIL strongly suggests that func-
tional DR5 is expressed in response to ER stress. Moreover, flow
cytometry studies confirmed localization of DR5 to the cell sur-
face after Nelfinavir treatment. We also found that Nelfinavir
treatment led to a decrease in the levels of Bcl-2 expression and
increases in both phospho-Bcl-2 and Bim (data not shown). We
speculate that Bcl-2 down-regulation could also be a CHOP-de-
pendent process, as reported previously (42). This modulation
of Bcl-2 family members likely also contributes to the strong
apoptotic response to TRAIL in the setting of ER stress, with
DR5 up-regulation being the primary driver.

As mentioned previously, it was reported that the protea-
some inhibitor MG132-induced DR5 up-regulation was JNK-
dependent and CHOP-independent in U251 and U373 cells
(23). Our findings show that in contrast, Nelfinavir-induced
DR5 up-regulation is CHOP-dependent and JNK-independent
in U251 cells. In addition, a recent publication demonstrated
that Nelfinavir promotes proteasome-dependent degradation
of Cdc25A phosphatase, which is incompatible with the protea-
some inhibition hypothesis (7). Our data and other investiga-
tors’ work suggest that the mechanism of induction of ER stress
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by Nelfinavir is likely not generated through inhibition of the
proteasome in our experiments in glioblastoma multiforme
cells.

In search of coordinated therapies that sensitize glioma cells
to TRAIL treatment, Nelfinavir becomes an intriguing candi-
date. Nelfinavir not only induces ER stress but also has multiple
effects of apoptosis, autophagy, caspase-independent cell death
in cancer cells (6), and increased oxygenation in the tumor
microenvironment (8). Importantly, in contrast to other ER
stress inducers mentioned above, Nelfinavir is a Food and Drug
Administration-approved drug and has been used to treat AIDS
patients safely for more than a decade. Our data clearly show
that treatment with Nelfinavir potently increases DR5 expres-
sion at both mRNA and protein levels through an ER stress-
ATF4-CHOP-DR5 pathway. Furthermore, this death receptor
up-regulation potentiated TRAIL-induced apoptosis in human
glioblastoma multiforme cells at Nelfinavir concentrations that
are likely within the achievable plasma concentration range in
humans (6). Resistance to TRAIL is currently one of the hurdles
in the development of this agent for cancer therapy. Thus, Nel-
finavir or similar Food and Drug Administration-approved
agents may potentially represent drugs that are capable of over-
coming this resistance by driving ER stress-induced DR5
expression and TRAIL sensitization. Further studies are needed
to test this hypothesis and are ongoing.
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