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Because Bcl-2 family members inhibit the ability of tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) to
induce apoptosis, we investigated whether ABT-737, a small
molecule Bcl-2 inhibitor, enhances TRAIL killing. We demon-
strate that a combination of ABT-737 and TRAIL induced sig-
nificant cell death in multiple cancer types, including renal,
prostate, and lung cancers, although each agent individually had
little activity in these tumor cells.All of these cell lines expressed
theMcl-1 protein that is known to block the activity of ABT-737
and TRAIL but did not block the synergy between these agents.
However, Bax-deficient cell lines, including DU145 and
HCT116 cells and those cell lines expressing low levels ofTRAIL
receptor,were resistant to apoptosis inducedby these agents. To
understand how ABT-737 functions to markedly increase
TRAIL sensitivity, the levels of specific death-inducing signaling
complex components were evaluated. Treatment with ABT-737
did not change the levels of c-FLIP, FADD, and caspase-8 but
up-regulated the levels of theTRAIL receptorDR5.DR5up-reg-
ulation inducedbyABT-737 treatment occurred through a tran-
scriptional mechanism, and mutagenesis studies demonstrated
that theNF-�Bsite foundintheDR5promoterwasessential for the
ability ofABT-737 to increase the levels of thismRNA.Using lucif-
erase reporter plasmids, ABT-737 was shown to stimulate NF-�B
activity. Together, these results demonstrate that the ability of
ABT-737andTRAIL to induceapoptosis ismediated throughacti-
vation of both the extrinsic and intrinsic pathways. Combinations
of ABT-737 and TRAIL can be exploited therapeutically where
antiapoptotic Bcl-2 family members drive tumor cell resistance to
current anticancer therapies.

The recombinant TRAIL2 and agonist antibodies targeted
against its receptor are capable of inducing the selective apo-

ptotic death of human cancer cells while sparing normal human
cells (1–4). TRAIL binds to two receptors, DR5 (TRAIL-R2)
and DR4 (TRAIL-R1) (5), and when bound to the cell (6, 7)
recruits intracellular FADD and caspase-8 to form a death-in-
ducing signaling complex (DISC) (8). Activation of the DISC
leads to the cleavage of caspase-8 and the BH3 protein BID that
can function to stimulate the intrinsic mitochondrial pathway,
which in turn releases cytochrome c, Smac/DIABLO (mito-
chondria-derived activator of caspase/direct inhibitor of apo-
ptosis binding protein with low pI), and induces the cleavage of
caspase-9 and subsequently caspase-3 (9, 10). Although TRAIL
holds great promise as a potential chemotherapeutic agent,
multiple tumor types grown in culture or implanted in animals
are resistant to this agent (11, 12).
One common mechanism for the resistance to TRAIL-in-

duced apoptosis is the overexpression of Bcl-2 or its family
members that function to block the mitochondrial pathway.
Bcl-2 protein overexpression protects prostate, breast, colon
cancers, andmelanoma fromTRAIL-induced apoptosis (13–
16). Other members of the Bcl-2 family, including Bfi-1/A1,
Mcl-1, and Bcl-xL, can also function in a similar fashion
(17–19). TRAIL treatment activates BH3-containing pro-
teins, including PUMA, Bim, and Bak, that can be seques-
tered by Mcl-1, whereas TRAIL-activated Bax and Bid are
bound to the Bcl-xL proteins (20). Lowering the level of
Mcl-1 by the use of short hairpin RNAs or pharmacologic
maneuvers, such as treatment with sorafenib, releases Bim
from the Mcl-1 protein (21) and sensitizes tumor cells to
TRAIL-induced apoptosis (22, 23).
The central role that Bcl-2 familymembers play in resistance

to chemotherapy in multiple malignancies, including chronic
lymphocytic leukemia, follicular lymphoma, and acute lympho-
cytic leukemia, has led to the development of a small molecule
high affinity (nanomolar) inhibitor of this protein, ABT-737
(24, 25). ABT-737 binds to the hydrophobic groove in Bcl-2,
Bcl-xL, and Bcl-w and prevents them from sequestering pro-
apoptotic BH3-only proteins such as tBid, Bad, and Bim (25–
27). ABT-737 binds with lower affinity to the Bcl-B, Mcl-1, and
Bfi/A1 proteins. ABT-737 can induce concentration-depend-
ent apoptosis when incubated with human leukemic cells (26)
and is synergistic with paclitaxel in killing small cell lung cancer
cells (28). In multiple myeloma, combining ABT-737 with the
proteasome inhibitor, bortezomib, mephalan, or dexametha-
sone induces additive cytotoxic effects (29). Although some
small cell lung carcinoma cell lines are moderately sensitive to
this agent (30), the majority of cell lines of this tumor type and
other solid tumors are resistant toABT-737-induced apoptosis.
An unbiased RNA interference-based screen demonstrated
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that Mcl-1, which does not bind ABT-737 with high affinity, is
the protein causing resistance of small cell lung cancer to this
compound (31). The importance of Mcl-1 to ABT-737 resist-
ance has been demonstrated in multiple cell lines, including
mouse lymphoma and human leukemia (26, 32). Knocking
down the levels of this protein with RNA interference or by the
addition of compounds, including the kinase inhibitor sor-
afenib (BAY 43-9006) and the cyclin-dependent kinase inhibi-
tor roscovitine, sensitizes both solid and liquid tumor cells to
death induced by this agent (27, 31). Additionally, the phospho-
rylation of Bcl-2 can also inhibit the activity of ABT-737 in
leukemic samples and agents that block the mitogen-activated
protein kinase pathway can reverse this resistance (26).
Given the role of the Bcl-2 family members in inhibiting

TRAIL-induced apoptosis, we combined ABT-737 and TRAIL
to examine their ability to synergize in multiple tumor types,
including lung, prostate, and renal cancers. We find that these
compounds are highly synergistic even in the face of elevated
levels of Mcl-1. Solid tumor cell lines that are resistant to com-
bination therapy prove to have low levels of either Bax protein
or the TRAIL receptor DR5. In resistant cell lines, ABT-737
treatment up-regulates the levels of the TRAIL receptor, DR5,
through a transcriptional mechanism based on activation of
NF-�B. Therefore, our study demonstrates that ABT-737
through modulation of the intrinsic pathway can markedly
enhance the apoptotic activity of the extrinsic pathway acti-
vated by TRAIL.

EXPERIMENTAL PROCEDURES

Cell Lines, Antibodies, and Reagents—Human cancer cell
lines were grown in either Dulbecco’smodified Eagle’s medium
or RPMI 1640 medium (Invitrogen) supplemented with 10%
fetal bovine serum (Invitrogen), 100 units/ml penicillin, and
100 �g/ml streptomycin. Antibodies were obtained from the
following sources: GAPDH, CHOP, �-actin, Bim, Bik, Puma
and Mcl-1 from Santa Cruz Biotechnology (Santa Cruz, CA);
Bcl-2, Bax, cytochrome c, poly(ADP-ribose) polymerase, Itch,
TRAF2, and RIP from BD Biosciences; Bid and caspase-9
from Cell Signaling Technology (Danvers, MA); Bak (NT) from
Upstate Biotechnology (Lake Placid, NY); caspase-3 from
StressGen Bioreagents (Victoria, British Columbia, Canada);
caspase-8 fromMBL International (Nagoya, Japan); FLIP from
Alexis; DR4 and DR5 from ProSci Inc. (Poway, CA); and FLAG
antibody and FLAG-agarose beads from Sigma. HRP-conju-
gated goat anti-rabbit and goat anti-mouse antibodies were
from GE Healthcare. Anti-mouse IgG2b-HRP was obtained
from Southern Biotech (Birmingham, AL). The following
reagents were obtained from the indicated sources: Z-VAD-
fmk from R & D Systems (Minneapolis, MN), human recombi-
nant nontagged TRAIL from PeproTech (Rocky Hill, NJ), and
FLAG-tagged TRAIL from Alexis were used. ABT-737
(A-779024.0) and its enantiomer (A-793844.0) were a gift of
Abbott Laboratories. Both compounds were dissolved in di-
methyl sulfoxide (DMSO; Sigma) at the concentration of 50
mM, and aliquots were stored at �80 °C.
Cytotoxicity Assays—Cells were seeded in 96-well plates or

culture dishes and treated with recombinant TRAIL in the
absence or presence of ABT-737. Cell viability was determined

by an acid phosphatase assay (33, 34), and cellular apoptosiswas
quantitated under phase-contrast microscopy. Percentage of
cell death was evaluated by trypan blue exclusion assay as
described previously (36). The data shown reflect the percent
activity when compared with vehicle-treated control cells.
FACS Analysis—Cell-surface DR5 expression was analyzed

by flow cytometry (35). The procedure for direct antibody
staining and subsequent flow cytometric analysis of this cell-
surface protein was described previously (35). Phycoerythrin-
conjugated mouse monoclonal anti-human DR5 (clone
DJR2–4), anti-human DR4 (clone DJR1), and phycoerythrin-
conjugated mouse IgG1 isotype control (MOPC21/P3) were
purchased from eBioscience (San Diego, CA). Detection of Bax
and Bak conformational change was carried out using cell pel-
lets (1 � 106). Pellets were washed with phosphate-buffered
saline and incubated for 40 min at 4 °C with either mouse IgG1
antibody as a negative control, a mouse monoclonal antibody
against amino acids 1–52 of Bak (AM03, clone TC100; Onco-
gene Research Products), or a mouse monoclonal antibody
against amino acids 12–24 of Bax (clone 6A7; BD Biosciences).
After washing with phosphate-buffered saline, the binding of
antibody was visualized with fluorescein isothiocyanate-conju-
gated anti-mouse IgG (1:200) (Sigma). 10,000 cells were ana-
lyzed using Cell QuestTM software (BD Biosciences).
Cytosolic Fractionation, DISC Immunoprecipitation, and

Western Blotting—Cytosolic S100 fraction was prepared from
cells according to a method described previously (36). TRAIL-
inducedDISCwas immunoprecipitated and subjected toWest-
ern blot analysis according to a previously reported protocol
(35). To examine protein expression, the cells were lysed in
ice-cold lysis buffer (20 mmol/liter Tris-HCl (pH 7.4), 150
mmol/liter NaCl, 2 mmol/liter EDTA, 10% glycerol, 1% Triton
X-100, 1% protease inhibitor mixture, and 1 mmol/liter phen-
ylmethylsulfonyl fluoride). Equal amounts of proteins were
subjected to SDS-PAGE and transferred onto nitrocellulose
membranes. Themembranes were incubated with the antibod-
ies as indicated overnight at 4 °C. Themembranes were washed
and incubated for 1 h at room temperature with the anti-mouse
IgG2b-HRP, anti-mouse IgG-HRP, or anti-rabbit IgG-HRP.The
blots were again washed and developed by enhanced chemilu-
minescence reagents (GE Healthcare).
Silencing of Gene Expression with Small Interfering RNA

(siRNA) and Gene Transfection—Gene silencing was achieved
by transfecting cells with siRNA duplexes using the Lipo-
fectamine 2000 transfection reagent (Invitrogen) following the
manufacturer’s instructions and siRNAs duplexes targeting
humanDR5 (5�-AACTACCAGAAAGGTATACCT-3�),Mcl-1
(5�-AAAAGTATCACAGACGTTCTC-3�), Bcl-2 (5�-AAC-
CGGGAGATAGTGATGAAG-3�), Bcl-xl (5�-TAGGGTGGC-
CCTTGCAGTTCA-3�), Bax (5�-AACATGGAGCTGCA-
GAGGATGA-3�) or siRNA duplexes targeting human Bak
5�-AAGCGAAGTCTTTGCCTTCTC-3�.
Scrambled sequence of nonsilencing control siRNA oligonu-

cleotides, which does not match any human genome sequence,
that target the sequence 5�-AATTCTCCGAACGTGT-
CACGT-3� were purchased fromQiagen (Valencia, CA). Gene
transfection of human FLAG-tagged Bax cDNA in pcDNA3
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were described previously (37). The pRC/CMV-Bak vector was
identical to one described previously (38).
Luciferase Activity Assay—Luciferase activities were meas-

ured with the dual-luciferase assay kits (Promega, Madison,
WI). To examine the effects of ABT-737 on DR5 promoter
activity, 6 � 105 cells were cotransfected with 4 �g of pGVB2-
DR5 reporter plasmids (a gift of Dr. Toshyuki Sakai) (39) and as
an internal control 0.01 �g of pEF-Renilla-luc using Lipo-
fectamine 2000 reagent. Twenty hours later, cells were treated
with ABT-737. Luciferase activities were determined by nor-

malization of firefly luciferase to
Renilla luciferase activity. The
reporter constructs containing a
552-bp 5�-flanking region of the
DR5 gene with a wild-type or
mutated CHOP-binding site, NF-�B-
binding site, or Elk-binding sitewere
generously provided by Dr. H. G.
Wang (University of South Florida
College of Medicine, Tampa, FL)
(40). The pNF-�B-luc (4 �g) plas-
mids and control vector plasmid
were a gift of Drs. Kurtz and Niemi-
nen (Medical University of South
Carolina, Charleston, SC).
Quantitative Real Time-PCR—

For quantitative real time-PCR,
total RNA isolated from the cells
using RNeasy kit (Qiagen, Valencia,
CA) was reverse-transcribed using
oligo(dT) and Superscript II RT
(Invitrogen), and the resulting
cDNA was used for PCR amplifica-
tion using gene-specific primer
pairs. PCR conditions for these
reactions were as follows: 95 °C,
10 s; 58 °C, 30 s; 72 °C 10 s for 40
cycles. A Bio-Rad iQ5 multicolor
PCR detection system and iQ5 opti-
cal system software analysis were
used for quantifying gene expres-
sion (Bio-Rad, version 2.0). The
expression level ofDR5was normal-
ized to GAPDH. The primers used
for real time PCR were as follows:
DR5 forward ATCACCCAACAAG-
ACCTAGCand reverse TTCTGAG-
ATATGGTGTCCAGG; GAPDH
forward CAGCCTCAAGATCATC-
AGCAandreverseGTCTTCTGGG-
TGGCAGTGAT.

RESULTS

Synergy of TRAIL and ABT-737 to
Induce Apoptosis—Adding TRAIL
or ABT-737 alone to PV10 and
KRC/Y renal cancer cells failed to
induce cell death, but combinations

ofABT-737 andTRAIL resulted in rapid apoptotic death begin-
ning within 3 h (Fig. 1, A and B). A dose-response analysis
showed increasing ABT-737-sensitized TRAIL-resistant renal
carcinoma PV10 and KRC/Y cells to TRAIL (Fig. 1A). The cell
death was easily visualized by phase-contrast microscopy (Fig.
1B). The dose-dependent induction of cleavage of caspase-8, -9,
and -3 and PARP in both renal cancer cell lines PV10 and
KRC/Y (Fig. 1,C andD) demonstrates that cell deathwas driven
by both the intrinsic and extrinsic apoptotic pathways. The syn-
ergistic ability to induce cell death is not limited to these two

FIGURE 1. ABT-737 synergizes with TRAIL to induce apoptosis. A, PV10 cells and KRC/Y cells were treated
with ABT-737 at the indicated doses in the absence or presence of TRAIL (100 ng/ml) for 24 h. Cell viability was
determined by an acid phosphatase assay (see “Experimental Procedures”) (mean � S.D., n � 4). B, phase-
contrast microscopy of PV10 cells and KRC/Y cells after combined treatment with ABT-737 (10 �M) and TRAIL
(100 ng/ml) for 3 h. C, Western blot of extracts of PV10 cells treated with ABT-737 at the indicated doses in the
absence or presence of TRAIL (100 ng/ml) for 3 h. Arrows indicate caspase (Casp) or PARP cleavage products.
D, Western blot analysis of KRC/Y cells treated with DMSO, 100 ng/ml TRAIL, 10 �M ABT-737, or the combina-
tion. Arrows indicate caspase and PARP cleavage products.
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renal cancer cell lines but is found inmultiple kidney cancer cell
lines, A498, ACHN, and prostate cancer cell lines PC3R and
LNCaP (Fig. 2A) and is correlated with cleavage of caspase-8,
-9, -3, and Bid (Fig. 2B). The slight differences in the extent of
caspase cleavage between Fig. 1 and Fig. 2B are a result of the 3-

versus 24-h incubation with TRAIL
and ABT-737, as well as the
increased overexposure of Fig. 2A to
demonstrate all caspase cleavage
products. The differences caused by
different lengths of incubation are
highlighted for a single cell line,
A498 cells, in supplemental Fig. S1A
and S1B. This loss of cell viability
occurs with an increase in apoptosis
in 12 different renal, prostate, and
lung cancer cell lines (Fig. 2C). A
number of cell lines were found to
be resistant to combination treat-
ment, including DU145 prostate
cancer cells, 786-O renal cancer
cells, human embryonic kidney 293
(HEK293) cells, and normal renal
epithelial cell line HK-2 cells. All
of the cell lines that were sensitive
to the combination treatment
demonstrated increased cleavage
of caspase-8, Bid, caspase-9, and
caspase-3, whereas resistant cell
lines, including HK-2 and HEK293,
did not demonstrate these changes.
Regulation of Tumor Cell Sensi-

tivity to Combined or Single Agent
Treatment—To explore to the rea-
son for differences in drug sensitiv-
ity between these cell lines, we
examined the expression of compo-
nents of the apoptotic cascade by
Western blotting, including DISC
proteins and Bcl-2 family members
(Fig. 3A). Both the renal cancer cell
line 786-Oand the normal renal epi-
thelial cells HK-2 display signifi-
cantly lower levels of the TRAIL
receptor DR5 expression than other
cell lines. Because the other TRAIL
receptor DR4 is not expressed in
these cell lines or themajority of cell
lines examined, an inability to bind
TRAIL to the DR5 receptor could
make these cells resistant to the
combination therapy. Western blot
analysis demonstrated that DU145
and a subset of colon cancer
HCT116 cells (Fig. 3A), which did
not contain Bax protein, were resist-
ant to combination therapy. In com-
parison, the parental HCT116 cells

that contained Bax were sensitive to the combination therapy
(supplemental Fig. S2A and S2B). Bax has been shown to be
essential for TRAIL killing (41, 42), and the addition of ABT-
737 does not overcome this blockade. ABT-737 occupies a
hydrophobic pocket at one end of the BH3 binding groove that

FIGURE 2. ABT-737 enhances TRAIL-induced apoptosis in renal, prostate, and lung cancer cells but not in
normal kidney cells. A, renal cancer (A498, ACHN, and 786-0), prostate cancer (PC3R and LNCaP), and human
embryonic kidney cells 293 (HEK293) were treated with DMSO, 100 ng/ml TRAIL, 10 �M ABT-737, or a combi-
nation of the two agents for 24 h. Cell viability was determined by an acid phosphatase assay (mean � S.D., n �
4). B, cleavage of caspase (Casp)-8, -9, and -3 and Bid was examined on the Western blots. Arrows denote
procaspase-8 (p55 and p53), first cleavage fragments (p47 and p43), and the active p18 form of caspase-8;
procaspase-9 (p47) processed to produce the active p37 and p35 forms; procaspase-3 (p32) processed to
produce active p21 and p17 products; and full-length Bid (p22) and p15 truncated Bid. C, percentages of cell
death in response to ABT-737, TRAIL, and ABT-737 plus TRAILs were assessed by the trypan blue exclusion
assay. Each cell line was treated with either DMSO, 100 ng/ml TRAIL, 10 �M ABT-737, or the combination for 24 h
(mean � S.D., n � 4).
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interferes with Bcl-2 family protein-protein interactions (25).
However, because of the difference in groove structure, Mcl-1
does not bind ABT-737 and thus functions to inhibit the activ-
ity of this agent. The Western blots shown in Fig. 3A demon-
strate that all cell lines express the Bcl-2 family memberMcl-1.
To examinewhetherMcl-1 functions similarly in the renal can-
cer cell line PV10, specific siRNA duplexes targeting Bcl-2, Bcl-
xL, and Mcl-1 were transfected into ABT-737-resistant cells
(Fig. 3B). siRNA-mediated inhibition of each of these three
Bcl-2 family members increased TRAIL killing, supporting the
notion that TRAIL-induced apoptosis can be blocked by Bcl-2
family proteins (Fig. 3C). However, only knockdown of Mcl-1
protein rendered PV10 cells susceptible to ABT-737 when

administered as a single agent (Fig.
3C) supporting the hypothesis that
these renal and prostate cell lines
are in part resistant to ABT-737
based on Mcl-1 expression. Chemi-
cal inhibitors of caspase-8 (Z-IETD)
and caspase-9 (Z-LEHD) individu-
ally block the apoptotic activity of
combination therapy with ABT-737
and TRAIL (supplemental Fig. S2C
and S2D), suggesting that both the
intrinsic and extrinsic pathways are
needed for cell death induced by
these agents.
ABT-737 treatment of multiple

cell lines did not change the level of
Bax and Bak proteins (data not
shown). Activation of the mito-
chondrial pathway occurs through
induction of a conformational
change in Bax or Bak, resulting in
the exposure of theNH2 terminus of
each molecule (43–45). Flow cyto-
metric analysis with an antibody
against the activated form of these
proteins revealed that treatment
with ABT-737 induced a conforma-
tional change in both the Bax and
Bak proteins in PV10 renal carci-
noma cells (Fig. 4A). In contrast,
DU145 cells treated with ABT-737
did not demonstrate a change in
either protein (Fig. 4A). The inactive
enantiomer of ABT-737 (25) did not
show cytotoxicity and was not syn-
ergistic with TRAIL (supplemental
Fig. S3) Bax and Bak were not acti-
vated by treatment of tumor cells
with this compound (data not
shown) (25). As demonstrated in
Fig. 4A, conformational changes in
both Bax and Bak were significantly
increased with combined ABT-737
and TRAIL treatment, and this
increase was inhibited by the pan-

caspase inhibitor Z-VAD-fmk (Fig. 4A). In contrast, treatment
with this caspase inhibitor had no effect on the small changes
induced by ABT-737 alone (Fig. 4A). These results suggest that
caspase activation was essential for the enhanced activation of
Bax and Bak seen in combination treatment. To determine
whether the changes in Bax and Bak induced by ABT-737
and/orTRAILwere associatedwith activation of themitochon-
drial apoptotic pathway, we measured the release of the mito-
chondrial enzyme cytochrome c and the protein Smac/DIA-
BLO into the cytosol of PV10 andDU145 cells after exposure to
ABT-737, TRAIL, and the combination (Fig. 4B). In PV10 cells,
ABT-737 treatment alone did not release these proteins nor
induce PARP cleavage, a marker of apoptosis, suggesting that

FIGURE 3. BH3 proteins play a role in controlling resistance to ABT-737 and TRAIL. A, expression patterns
determined by Western blot analysis of Bcl-2 family and apoptosis pathway proteins in 14 cell lines. B, PV10
cells were treated individually with siRNAs to either Bcl-2, Bcl-xl, or Mcl-1, and extracts of these cells were
examined by Western blotting for the levels of these proteins. C, PV10 cells transfected with either control,
Bcl-2, Bcl-xl, or Mcl-1, and siRNA duplexes were then treated with DMSO, 100 ng/ml TRAIL, ABT-737 10 �M, or
the combination for 24 h. Cell viability was measured by the acid phosphatase assay (mean � S.D., n � 4).
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although there were low level of Bax activation, changes in Bax
alone were not sufficient to activate apoptosis. In contrast,
combination therapy when administered to PV10 cells induced
markers of activation of the mitochondrial pathway, as well as
apoptosis.

As demonstrated in Fig. 2C, DU145 cells proved resistant to
this therapy (Fig. 4C). To further confirm the importance of Bax
in mediating sensitization, PV10 cells were transfected with
siRNA duplexes targeting Bax. The knockdown of this protein
rendered the PV-10 cells resistant to the combination treat-
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ment (Fig. 4D, left panel). In comparison, enforced expression
of Bax inDU145 cells increased cell sensitivity toTRAIL, aswell
asABT-737 (Fig. 4D, right panel), and restored synergy between
ABT-737 and TRAIL. To further investigate the role of Bak in
this sensitization process, PV10 cells were transfected with
siRNA directed at Bak. Results demonstrate that the knock-
down of Bak protein was not sufficient to inhibit apoptosis
induced by treatment with TRAIL andABT-737 (supplemental
Fig. S4A and S4B). However, Bax negative cell lines, DU145 and
HCT116 Bax�/� cells, became sensitive to this therapy when
Bak is overexpressed (supplemental Fig. S4C and S4D). It is
possible that Bak is binding Mcl-1 in these cells and allowing
the induction of cell death.
Together, these results confirm that Bax is a critical protein

for the ABT-737-mediated sensitization to TRAIL-induced
apoptosis. The importance of Bax in these solid tumor cell lines
may arise, in part, becauseMcl-1 binds and inhibits the proapo-
ptotic activity of Bak. Overexpression of Bak may saturate
Mcl-1 binding and allow this protein to enhance TRAIL-medi-
ated apoptosis. However, it does not appear to be sufficient to
regulate cell death in PV10 cells.
ABT-737-mediated Up-regulation of TRAIL Receptor DR5—

Our observation in Fig. 2 that ABT-737 treatment of renal and
prostate cell lines increases TRAIL-mediated cleavage of
caspase-8 and Bid suggested that the DISC assembly could be
modulated by ABT-737 treatment. Western blot analysis of
PV10 cells did not show any significant changes in the levels of
caspase-8, FADD, c-FLIP, RIP, Itch, and TRAF2 (Fig. 5A) after
ABT-737 treatment. In contrast, incubation with ABT-737 in a
dose-dependent fashion up-regulated DR5 protein expression
(Fig. 5A). FACS analysis using a phycoerythrin-conjugated
anti-DR4 or DR5 antibody confirmed cell surface increases in
DR5 but not DR4 expression after ABT-737 treatment of the
PV10 renal cancer, LNCaP prostate cancer, A549 and HOP-62
lung cancer cell lines (Fig. 5B) but not inDU145 prostate cancer
cells. Treatment ofABT-737 also increasedDR5protein inCaki
cells that are sensitized by ABT-737 but not in 786-O cells that
are resistant to this drug (supplemental Fig. S5A). In contrast to
ABT-737, the inactive enantiomer of ABT-737 even at high
concentrations did not affect the levels of DR4 or DR5 (supple-
mental Fig. S5B). Lowering the levels of DR5 protein by siRNA
transfection abolished ABT-737-mediated sensitization to
TRAIL (Fig. 5, C and D), demonstrating the importance of this
receptor to the enhancement of ABT-737 killing, although
enforced expression of DR5 in 786-O cells increased the cell
sensitivity to TRAIL, supporting role of DR5 (supplemental Fig.
S5C and S5D).

To determine howABT-737 regulates DR5 levels, we carried
out quantitative real time PCR on RNA samples from tumor
cells treated with varying doses of ABT-737. Shown in Fig. 5E is
our observation that both PV10 and LNCaP cells demonstrated
a dose-dependent increase in the level of DR5 mRNA after
ABT-737 treatment, and in contrast the unresponsive DU145
cells showed little change in mRNA levels. Treatment with
ABT-737 did not cause any change in the half-life of the DR5
mRNA (data not shown), but treatment with this agent was
capable of inducing the luciferase activity of a reporter plasmid
containing 1188 bp of the upstream portion of DR5 promoter,
pGVB2-DR5 (�1188) (Fig. 5F) (39). Together these results sug-
gest that ABT-737 treatment of tumor cells regulates the tran-
scription of the DR5 gene.
ABT-737 Activation of NF-�B to Stimulate DR5 Trans-

cription—When PV10 cells were transfected with the
reporter constructs with different lengths of the 5�-flanking
region of the DR5 gene, ABT-737 failed to increase the lucif-
erase activity of pGVB2-DR5(�605) and pGVB2-
DR5(�115) while significantly increasing the luciferase
activity of pGVB2-DR5(�605) and pGL3-DR5(�1188) (sup-
plemental Fig. S6A). To examine the specific sequences reg-
ulated in the DR5 promoter by ABT-737, we focused on the
NF-�B, CHOP, and Elk-1-binding sites within this region
(40). Previous results have suggested that DR5 gene tran-
scription is regulated by the transcription factors that bind
to NF-�B and CHOP sites (40, 46). We compared the effects
of ABT-737 on the transactivation of reporter constructs
carrying all wild-type-binding sites or singly mutated sites.
ABT-737 treatment increased the luciferase activity of the
wild type and those promoter constructs carrying the
mutated CHOP- or Elk-binding sites (Fig. 6A) but did not
increase the luciferase activity of the transfected construct
carrying the mutated NF-�B-binding site. Using reporter
plasmids that contain either a single copy or five copies of the
NF-�B-binding site and empty vector as a control, we dem-
onstrated that ABT-737 treatment is capable of inducing up
to a 3-fold increase in the activity of this promoter (Fig. 6B),
suggesting that this compound can activate the NF-�B path-
way. Transfection into PV10 cells of a dominant-negative
mutant I-�B� (I-�Bm S32/36A) abrogated the ability of
ABT-737 to induce DR5 luciferase activity (Fig. 6C). In con-
trast, siRNA directed at the CHOP transcription factor did
not change ABT-737-mediated DR5 promoter activity but
did block the ability of tunicamycin to stimulate this pro-
moter (supplemental Fig. S6B). We next examined whether
modulation of NF-�B activity inhibited the ability of ABT-

FIGURE 4. Bax is required for apoptosis induced by ABT-737 and TRAIL. A, activation of Bax or Bak was determined by FACS analysis using monoclonal N-Bax
or N-Bak antibodies. PV10 or DU145 cells were treated with DMSO, 100 ng/ml TRAIL, 10 �M ABT-737, or the combination of TRAIL and ABT-737 for 24 h followed
by FACS analysis. Isotype mouse IgG1 antibody was used as a negative control. PV10 cells were treated with 20 �M Z-VAD-fmk prior to the addition of ABT-737,
TRAIL, or the combination as described in the first part of this panel. B, S100 cytosol fractions from PV10 and DU145 cells were isolated and examined by
Western blot analysis for the release of cytochrome c (Cyt c) and Smac, levels of cleaved caspase-8 (Casp-8) and PARP, and �-actin. C, Bax-deficient (Bax�/�)
HCT116 cells and DU145 cells were treated with TRAIL in combination of various doses of ABT-737 for 24 h. Compared with nontreated control, cell viability was
assessed by an acid phosphatase assay (mean � S.D., n � 4). D, left panel, PV10 cells were transfected with either siRNA control (siCtrl) or siRNA Bax (siBax) for
36 h and then treated with DMSO, ABT-737 (10 �M), TRAIL (100 ng/ml), or the combination of ABT-737 and TRAIL for 24 h (mean � S.D., n � 4). Changes in cell
viability were determined by acid phosphatase assay. The level of Bax was examined in extracts of these cells by Western blot. Right panel, DU145 cells were
transiently transfected with pcDNA3-Bax for 36 h and then treated with DMSO, ABT-737 (10 �M), TRAIL (100 ng/ml), or the combination of ABT-737 and TRAIL
for 24 h (mean � S.D., n � 4). Changes in cell viability were determined by the acid phosphatase assay and the level of Bax examined by Western blot.
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737 to increase the levels of DR5 protein expression. PV10
cells were transfected with dominant-negative I�B or empty
vector as a control, and then the cells were treated overnight
with ABT-737. The addition of ABT-737 increased DR5
expression levels, and this increase in protein as well as cell-
surface DR5 expression was blocked by the dominant-nega-
tive I�B expression (Fig. 6, D and E). These results further
support the notion that NF-�B is directly involved in DR5
protein up-regulation in ABT-737-treated cells.

DISCUSSION

We find that resistance to TRAIL treatment of renal, pros-
tate, and lung cancer cells in culture can be overcome by the
addition of ABT-737. These two agents are highly synergistic
in inducing apoptosis within hours. This remarkable killing
is dependent on the activity of TRAIL, because knocking
down the receptor with RNA interference completely inhib-
ited the apoptosis induced by this combination treatment,

and three cell lines with low levels of the DR5 receptor,
786-O renal cancer cells, HEK293 cells, and the normal kid-
ney cell line HK-2 were resistant to this combination ther-
apy. However, Caki cells that also had a low level of DR5
demonstrated an increased level of DR5 protein after ABT-
737 treatment and were sensitive to the combination. Other
resistant cell lines included two Bax negative cell lines DU145
and HCT116 Bax�/� cells. Bax has been noted previously to be
essential for TRAIL-mediated cell death (41, 42), as suggested
by the observation that colon cancer and leukemic T cells defi-
cient in this protein are TRAIL-resistant (42, 47). DU145 cells
become sensitive to the combination therapy when Bax is re-
expressed. Similarly, it has been shown that chemotherapeutic
agents, including etoposide and bortezomib, that elevate the
levels of Bak or increase DR5 protein levels can also overcome
TRAIL resistance (36, 41, 48).
Recently, similar results have been obtained in pancreatic

cancer cells in which ABT-737 and TRAIL were found to be

FIGURE 5. DR5 protein levels are up-regulated by ABT-737 treatment. A, effects of ABT-737 treatment of PV10 cells on the protein levels of key DISC
proteins. Cells were treated with ABT-737 at the indicated dose for 24 h followed by Western blotting of cell extracts with specific antibodies. B, PV10,
DU145, A549, HOP-62, and LNCaP cells were treated with DMSO or ABT-737 (5 or 10 �M) for 24 h, and the expression of cell surface DR4 and DR5 was
determined by FACS analysis. Isotype-matched IgG1 monoclonal antibody was used as a negative control. C, PV10 cells were transfected with siRNA
duplexes targeting DR5 for 36 h and then were treated with DMSO, 100 ng/ml TRAIL, 10 �M ABT-737, or the combination, and extracts were subjected
to Western blotting with multiple antibodies. D, cells treated as in C and then were assessed for cell viability by an acid phosphatase assay (mean � S.D.,
n � 4). E, RNA was extracted from PV10 cells treated with DMSO (0) or ABT-737 (5 or 10 �M) for 24 h. The level of DR5 mRNA was then determined by
quantitative real time-PCR. F, PV10 cells were transfected with the vector PGVB2-DR5 (�1188)-luc encoding the upstream region of the DR5 promoter
cloned in front of a luciferase reporter and then treated with DMSO or ABT-737 for 24 h (mean � S.D., n � 3). DR5 luciferase activity was determined by
dual luciferase assay (see “Experimental Procedures”).
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highly synergistic (49). These experiments described the ability
of these two compounds to work synergistically because ABT-
737 is able to displace theBimprotein from its binding partners.
However, these researchers also demonstrate that this combi-
nation induced increased caspase-8 cleavage in the two pancre-
atic cancer cell lines studied. This result supports the possibility
that in pancreatic cancer cells like renal, prostate, and lung
cancer cells that DR5 induction by ABT-737 enhances TRAIL-
induced caspase-8 cleavage. We further showed that the com-
bination of TRAIL and ABT-737 kills TRAIL-resistant cells
despite varied levels of Mcl-1. Decreasing the level of Mcl-1
sensitizes PV10 renal carcinoma cells to both TRAIL and ABT-
737 consistent with the ability of this protein to inhibit cell
death induced by both agents. These inhibitory findings with
Mcl-1 are consistent with what has been demonstrated by sev-
eral other investigators (22–24, 26, 32), including results
obtained with pancreatic cancer cells (48). Decreasing Bcl-2
and Bcl-xL by siRNA treatment sensitizes the resistant cell line
to TRAIL killing alone but not ABT-737. It has been suggested
that the ability of ABT-737 to induce apoptosis is dependent on

the levels of Bcl-2 and the amount of Bim bound to Bcl-2 (50),
whereas others have suggested that low levels ofMcl-1 and high
Bcl-2 predict ABT-737 sensitivity (27). Although these levels
might be predicative ofABT-737 sensitivity alone, combination
therapy was equally active in conditions of low and high Bim,
Mcl-1, and Bcl-2, suggesting that another mechanism was at
work.
The addition of ABT-737 to all tumor cells examined

enhanced the function of the TRAIL-DISC and led to increased
cleavage of caspase-8 upon the addition of TRAIL. This result is
consistent with the induction by ABT-737 of the DR5 receptor
protein in PV10 renal cancer, LNCaP prostate cancer, and two
lung cancer cell lines, A549 and HOP-62. Interestingly, we find
thatABT-737 transcriptionally activates theDR5 promoter and
stimulates an increase in DR5 mRNA. DR5 transcription has
been shown to be regulated by stress stimuli that through the
unfolded protein response increase the levels of the transcrip-
tion factor CHOP, which in turn binds to the DR5 promoter
(40). ABT-737 treatment of tumor cells did not induce an
increase in CHOP protein nor did an siRNA directed at CHOP
decrease the ability of ABT-737 to stimulate an increase in DR5
mRNA (data not shown). Instead, we find that mutation of the
NF-�B site in the DR5 promoter (51) decreased the ability of
ABT-737 to activate the transcription of this gene. Using
reporter constructs that contain multiple NF-�B-binding sites,
we further demonstrate thatABT-737 is able to activateNF-�B.
One possibility to explain these results might be that ABT-737
induces the production of reactive oxygen species (ROS). ROS
have been shown to up-regulate the expression ofDR5,whereas
pretreatment with N-acetylcysteine causes a significant inhibi-
tion of ROS-induced up-regulation of DR5 gene and protein
expression (52, 53). Although some recent reports (52, 54) have
suggested that ROS increased DR5 is dependent on CHOP
expression, we did not find any changes in the levels of this
protein.
Activation of NF-�B has complex effects on the TRAIL-in-

duced apoptotic cascade. Blocking NF-�B activation in cell
lines with constitutive activation, for example multiple
myeloma, pancreatic, and renal cancer (55–57), enhances the
ability of TRAIL to induce apoptotic cell death. One explana-
tion for these results might be that NF-�B activation increases
the expression of Bcl-xL protein, and this protein is known to
inhibit TRAIL-induced mitochondrial activation (58). Inhibi-
tion of NF-�B activity by preventing the degradation of I�B has
also been shown to down-regulate the level of c-FLIP, a DISC-
inhibitory protein, thus sensitizing to TRAIL (59). However,
this combination therapy may be successful because ABT-737
may function to inhibit the activity of Bcl-2 family proteins
induced by NF-�B activation and to increase TRAIL receptor
DR5 overcoming endogenous levels of c-FLIP.
Thus, we find that combinations of ABT-737 and TRAIL can

be exploited therapeutically in a diverse set of solid tumors
where antiapoptotic Bcl-2 family members drive tumor cell
resistance to proapoptotic therapy. The ability of ABT-737 to
regulate the transcription of specific genes in cell lines where it
does not activate cell death suggests a novel mechanism where
it could enhance the effects of a diverse set of chemotherapeutic
agents.

FIGURE 6. NF-�B activation by ABT-737 is required for DR5 up-regula-
tion. A, PV10 cells were transfected with wild-type pGL3-DR5(�552)-luc
(WT), pGL3-DR5(�552)-CHOPm, pGL3-DR5(�552)-NF-�Bm, or pGL3-
DR5(�552)-Elk-1m-luc. Luciferase activity was normalized to Renilla-lucif-
erase activity (mean � S.D., n � 3). B, PV10 cells were transfected with
luciferase plasmids containing no insert empty vector (E.V.) (control), 1
(1�), or 5 (5�) copies of an NF-�B reporter plasmid pEF-Renilla-luc (RLuc),
and firefly luciferase was normalized to RLuc. After 36 h, these cells were
treated with DMSO or ABT-737 (10 �M) for 24 h prior to assay. C, PV10 cells
were cotransfected with I-�Bm (S/A) and PGVB2-DR5(�1188)-luc, and
after 36 h were treated with DMSO or ABT-737 (10 �M) for an additional
24 h. Luciferase assays were carried out as described under “Experimental
Procedures.” D, PV10 cells were transfected with empty vector (E.V.) con-
trol or pcDNA3-I-�Bm, and after 36 h were treated with DMSO or ABT-737
(10 �M) for an additional 24 h. The expression of DR5, I-�B�, and GAPDH
was determined by Western blotting. These Western blots were scanned,
and the ratio of DR5 to GAPDH was determined by densitometry. E, again,
cell surface DR5 expression was determined by FACS analysis. Isotype-
matched IgG1 monoclonal antibody was used as a negative control.
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