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Chemotherapeutic genotoxins induce apoptosis in epithelial-cell-derived cancer cells. The death receptor
ligand TRAIL also induces apoptosis in epithelial-cell-derived cancer cells but generally fails to induce
apoptosis in nontransformed cells. We show here that the treatment of four different epithelial cell lines with
the topoisomerase II inhibitor etoposide in combination with TRAIL (tumor necrosis factor [TNF]-related
apoptosis-inducing ligand) induces a synergistic apoptotic response. The mechanism of the synergistic effect
results from the etoposide-mediated increase in the expression of the death receptors 4 (DR4) and 5 (DR5).
Inhibition of NF-kB activation by expression of kinase-inactive MEK kinase 1(MEKK1) or dominant-negative
IkB (DIkB) blocked the increase in DR4 and DR5 expression following etoposide treatment. Addition of a
soluble decoy DR4 fusion protein (DR4:Fc) to cell cultures reduced the amount of etoposide-induced apoptosis
in a dose-dependent manner. The addition of a soluble TNF decoy receptor (TNFR:Fc) was without effect,
demonstrating the specificity of DR4 binding ligands in the etoposide-induced apoptosis response. Thus,
genotoxin treatment in combination with TRAIL is an effective inducer of epithelial-cell-derived tumor cell
apoptosis relative to either treatment alone.

The tumor necrosis factor (TNF) receptor superfamily con-
sists of proteins involved in proliferation, differentiation, and
apoptosis. A subgroup of these receptors collectively called
death receptors, including the TNF receptor, FAS (also Apo1
or CD95), death receptor 3 (DR3; also Apo3, WSL-1,
TRAMP, or LARD), death receptor 4 (DR4; also TRAIL-R1)
and death receptor 5 (DR5; also Apo2, TRAIL-R2, TRICK2,
or KILLER), is defined by their ability to induce apoptosis in
a variety of cell types (27). The ligands for these receptors
belong to a complementary family of structurally related mol-
ecules consisting of TNF-a, FAS ligand (FASL), APO3 ligand,
and TRAIL (TNF-related apoptosis-inducing ligand) (27).
Most of these ligands are primarily expressed as biologically
active type II membrane proteins that are cleaved into soluble
forms. Death receptor cytoplasmic sequences contain a shared
80-amino-acid domain called the death domain that, upon
ligand binding, associates with a similar domain found in
adapter proteins such as FAS-associating protein with death
domain (FADD) and TNF-related associated death domain
(TRADD) (10, 11, 27). The adapter proteins also contain an
effector domain that constitutively binds to cysteine proteases
called caspases that cleave specific proteins. The two caspases
that are predominantly bound to these adapter molecules are
caspase 8 and caspase 10 (2, 27). Once these caspases are
recruited by the association of adapter proteins with death
receptors, the caspases are trans-proteolyzed, resulting in their
activation. Caspase 8 or caspase 10 activation initiates a cas-

cade where other caspases, including caspase 3, are activated,
ultimately resulting in an irreversible commitment of cells to
undergo apoptosis (2, 27).

DR4 and DR5 have been recently identified and induce
apoptosis after binding to their ligand TRAIL (10, 23, 25, 28,
30). Binding of TRAIL to DR4 and DR5 leads to the recruit-
ment of an adaptor protein bound to a caspase. Complexes of
FADD and caspase 8 have been implicated in DR4- and DR5-
induced apoptosis (26); however, there is also evidence sug-
gesting they might not be required for DR4- and DR5-induced
apoptosis. In FADD2/2 mice, cells are still capable of under-
going apoptosis upon ligation of DR4 and DR5, indicating that
another FADD-like adapter protein might be involved (35). In
contrast, FAS signaling is well defined and involves recruit-
ment of the FADD-caspase 8 complex to the activated recep-
tor (27).

Epithelial-cell-derived cancers are often treated with che-
motherapeutic drugs that induce apoptosis. TRAIL also has
been demonstrated to effectively induce apoptosis in trans-
formed epithelial cells but is less effective at inducing apoptosis
in nontransformed epithelial cells (7, 12, 31). In mice, admin-
istration of TRAIL was effective at reducing mammary adeno-
carcinoma growth without any of the toxic effects shown with
administration of FASL or TNF (31). Thus, TRAIL might be
an effective treatment of epithelial-cell-derived cancers.

We demonstrate here that the genotoxic agent etoposide
induced the expression of DR4 and DR5, resulting in a syner-
gistic apoptosis response to TRAIL in the epithelial cell lines.
This increase requires the activation of the NF-kB signaling
pathway. Furthermore, blocking DR4 and DR5 binding of
ligand effectively reduced etoposide-induced apoptosis. Our
studies suggest that combined chemotherapy and TRAIL ad-
ministration could be an effective treatment of epithelial-cell-
derived cancers.
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MATERIALS AND METHODS

Materials. Etoposide was purchased from Sigma and dissolved in dimethyl
sulfoxide. Anti-DR4, anti-DR5, anti-FAS, anti-caspase 9, and anti-caspase 10
antisera were purchased from Santa Cruz, and anti-caspase 8 antiserum was
purchased from Upstate Biotechnology. DR4:Fc and TNFR:Fc were purchased
from Alexis Biochemical and soluble TRAIL (sTRAIL) was purchased from
Upstate Biotechnology.

Cell culture. Human embryonic kidney 293 (HEK293) cells and T47D breast
cancer cells were maintained in a humidified 7.0% CO2 environment in Dulbec-
co’s modified Eagle medium supplemented with 100 U of penicillin per ml, 100
mg of streptomycin (Gibco Laboratories, Grand Island, N.Y.) per ml, and 10%
bovine calf serum. MDA-MD-468 and ZR-75-1 breast cancer cell lines were
maintained in minimum essential medium (Gibco) supplemented with 5% fetal
calf serum, 100 U of penicillin per ml, 100 mg of streptomycin per ml, 1%
nonessential amino acids, and 40 ng of insulin per ml. HEK293 cells stably
expressing vector alone (pcDNA3) and kinase-inactive MEK kinase 1 (MEKK1
KM), dominant-negative IkB (DIkB), Bcl2, and FADD dominant-negative (DN)
proteins were under selection with 1.5 mg of G418 (Gibco) per ml. Each cell line
was demonstrated to be positive for expression of the plasmid-encoded protein
by Western blotting.

Treatment of cancer cells. HEK293, T47D, MDA-MD-468, and ZR-75-1 cells
(1 3 106 to 2 3 106) were incubated with or without 100 mM etoposide, 200 ng
of sTRAIL per ml, or in combination where indicated. HEK293 cells were also
incubated with 10 to 100 ng of DR4:Fc per ml or 100 ng of TNFR:Fc per ml, in
addition to 100 mM etoposide, for 24 h. Lower concentrations of etoposide and
TRAIL showed reduced apoptosis in a dose-response curve (data not shown).
DR4:Fc is a fusion protein of the extracellular domain of DR4 and the immu-
noglobulin Fc region, while TNFR:Fc is a fusion protein of the tumor necrosis
factor receptor (TNFR) and the immunoglobulin Fc region.

RNase protection assay. A RiboQuant Multi-Probe RNase Protection Assay
System (PharMingen) was used per the manufacturer’s instructions. An hAPO3c
probe set containing DNA templates for caspase 8, FASL, FAS, DR3, decoy
receptor 1 (DcR1), DR4, DR5, TRAIL, TNFR p55, TRADD, receptor interacting
protein (RIP), L32, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or
an hSTRESS probe set containing DNA templates for Bcl-x, Bcl2, Bax, p21,
GADD45, p53, Mcl1, L32, and GAPDH (PharMingen) was used for T7 RNA-
polymerase direct synthesis of [a32-P]UTP-labeled antisense RNA probes. The
probes were hybridized with 20 mg of RNA isolated from HEK293, T47D,
MDA-MD-468, and ZR-75-1 cells by using RNAzol B (Tel-Test, Inc.). Samples
were then digested with RNase to remove single-stranded (nonhybridized) RNA.
Remaining probes were resolved on denaturing 5% polyacrylamide gels. Quan-
titation was done by using a PhosphorImager (Molecular Dynamics).

Immunoblots. HEK293 cells were lysed in NP-40 lysis buffer (50 mM HEPES,
pH 7.25; 150 mM NaCl; 50 mM ZnCl2; 50 mM NaF; 2 mM EDTA; 1 mM sodium
vanadate; 1.0% NP-40; 2 mM phenylmethylsulfonyl fluoride). Cell debris was
removed by centrifugation at 8,000 3 g for 5 min, and the protein concentration
was determined by the Bradford assay. Four hundred micrograms of cell lysate

protein was subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to nitrocellulose membranes. The mem-
branes were blocked in Tris-buffered saline–Tween 20 solution containing 5%
milk. Blots were performed as described previously (6). The amount of cell lysate
in Western blotting was used to visualize specific proteins because of the low
expression of the proteins of interest.

Measurement of apoptosis. Cells (1 3 106 to 2 3 106) were resuspended in 100
ml of medium by gentle vortexing, and 2 ml of acridine orange (100 mg/ml) and
ethidium bromide (100 mg/ml) in phosphate-buffered saline was added. Then, 10
ml was removed and placed on a microscope slide, and a coverslip was applied
over the 10 ml. The slide was viewed on a fluorescence microscope by using a
fluorescein filter set for the detection of condensed DNA in apoptotic cells. The
condensed DNA was determined by intense local staining of DNA in the nucleus
compared to the diffuse staining of the DNA in normal cells. The percentage of
apoptotic cells was determined from cells containing normal DNA staining
compared to cells with condensed DNA. Apoptosis was verified by propidium
iodide staining for DNA fragmentation and morphological changes consistent
with apoptotic cells.

MEKK1 in vitro kinase assay. MEK kinase 1 (MEKK1) was immunoprecipi-
tated from cell lysates (500 mg) with antibodies raised against specific sequences
of MEKK1. The immunoprecipitates were used in an in vitro kinase assay with
recombinant kinase-inactive SEK1 (SEK1 KM) as previously described (6). The
samples were analyzed by SDS-PAGE, after which the gel was fixed in methanol.
The extent of MEKK1 autophosphorylation and SEK1 KM phosphorylation was
determined on a PhosphorImager (Molecular Dynamics).

NF-kB luciferase assay. HEK293 cells (5 3 105) were transfected with the
reporter plasmids NF-kB–luciferase (prLUC) and CMV–b-GAL (CH110) by
using Lipofectamine (Gibco) according to the manufacturer’s instructions. The
cells were then treated with 100 mM etoposide and lysed according to the
Beta-Galactosidase Enzyme Assay System with lysis buffer protocol (Promega,
Madison, Wis.). The lysate was measured for 10 s as relative light units by a
luminometer (Monolight 2010; Analytical Luminescence Laboratory, San Diego,
Calif.). Luciferase activity was normalized to b-galactosidase activity measured at
420 nm and presented as luciferase units.

RESULTS

Etoposide and TRAIL act synergistically in inducing apo-
ptosis. Exposure of HEK293 epithelial cells to etoposide or

FIG. 1. Synergistic apoptotic response following combined treatment with
etoposide and TRAIL. (A) HEK293 cells were treated with 100 mM etoposide,
200 ng of sTRAIL per ml, or both for 16 h. Untreated cells were designated the
control. Cells were visualized by digital confocal microscopy by using a 340 water
objective for each treatment tested. (B) HEK293, T47D, ZR-75-1, and MDA-
MD-468 cells were treated with 100 mM etoposide, 200 ng of sTRAIL per ml, or
both for 16 h, and the percentage of apoptotic cells was determined. The cells
were stained with acridine orange and counted by using a fluorescence micro-
scope to quantitate condensed DNA. Cells having condensed DNA were scored
as apoptotic (a total of 250 cells for each treatment were scored). All experiments
were repeated three times. Error bars represent the standard deviations for three
independent experiments.
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TRAIL failed to induce significant apoptosis as determined by
both morphological changes and DNA condensation (Fig. 1).
In addition to HEK293 cells, the T47D, MDA-MD-468, and
ZR-75-1 breast epithelial cancer cell lines were exposed to
etoposide, TRAIL, or a combination of etoposide and TRAIL
for 16 h. The apoptotic index for treatment with etoposide or
TRAIL was not significantly greater than that for untreated con-

trol cells (7 to 15%). The combination of etoposide and TRAIL
increased the number of apoptotic cells in cultures of the four
cell lines to 32 to 71% (Fig. 1B). TRAIL in combination with
etoposide, therefore, induced apoptosis to a much greater ex-
tent than either did alone. This result indicates that etoposide
and TRAIL acted synergistically to induce apoptosis.

DR4 and DR5 are increased after etoposide treatment in an
NF-kB-dependent manner. RNase protection assays were used
to monitor death receptor mRNA expression in HEK293 cells
treated with etoposide. DR4 and DR5 mRNA levels were
increased in response to etoposide, while caspase 8, FAS,
TNFR p55, TRADD, and RIP mRNA levels increased to a
lesser extent. FASL, TRAIL, DcR1, and DR3 mRNA expres-
sion was weak or was not detected after 8 h (Fig. 2A). In
addition to HEK293 cells, T47D, MDA-MD-468, and ZR-75-1
cells treated with etoposide also showed two- to threefold
increases in DR4 and DR5 mRNA expression at 8 h (data not
shown) and at 24 h (Fig. 2B). At 24 h, TRAIL expression was
detectable in HEK293, T47D, MDA-MD-468, and ZR-75-1
cells. The breast cancer cell lines ZR-75-1 and MDA-MD-468
showed a 5- to 10-fold increase in TRAIL mRNA expression,
whereas T47D and HEK293 cells showed 2- to 3-fold-in-
creased expression of TRAIL. This higher expression of
TRAIL in ZR-75-1 and MDA-MD-468 cells was accompanied
by an eightfold increase in DcR1 mRNA expression (Fig. 2B).
This increase in DcR1 expression likely results in the binding
of endogenously expressed TRAIL, preventing significant in-
duction of apoptosis and allowing for higher expression levels
of TRAIL.

MEKK1 can activate IkB kinase (IKK), leading to the phos-
phorylation of IkB and subsequent activation of NF-kB tran-
scriptional activity (21). Exposure of HEK293 cells to etopo-
side activates both NF-kB and MEKK1 (Fig. 3A) (4, 9). To test
the role of MEKK1 and NF-kB in the apoptotic response of
death receptor upregulation, cells stably overexpressing
MEKK1 KM or DIkB in which the amino-terminal end of IkB
is deleted were treated with etoposide. Overexpression of ei-
ther DIkB (Fig. 3A) or MEKK1 KM (data not shown) effec-
tively inhibited etoposide-induced activation of NF-kB. DR4
and DR5 mRNA expression was increased threefold, on aver-
age, over basal levels following 8 h of etoposide treatment in
control cells expressing vector alone (Fig. 3B). Caspase 8 and
FAS mRNA levels were measurably increased, on average,
twofold in these same cells. In cells expressing MEKK1 KM,
DR4 and DR5 mRNA levels were not measurably changed in
response to etoposide (Fig. 3B). This corresponds with
MEKK1 KM expression blocking etoposide-induced apopto-
sis. As in cells expressing MEKK1 KM, DR4 and DR5 mRNA
expression was not significantly induced in etoposide-treated
cells that overexpressed DIkB after 8 h. In addition to DR4 and
DR5, upregulation of both caspase 8 and FAS was blocked in
cells expressing either MEKK1 KM or DIkB (Fig. 3B). Since
DIkB-expressing cells fail to upregulate DR4 and DR5 follow-
ing etoposide treatment, the synergistic apoptotic response to
combined treatment with etoposide and TRAIL should be
diminished. Importantly, the synergy between etoposide and
TRAIL in inducing apoptosis was lost in DIkB cells during a
16-h treatment with the two agents (data not shown). This
result confirms the observation that etoposide and TRAIL
synergy is regulated by an NF-kB-dependent increase in DR4
and DR5 expression. Cumulatively, the data demonstrate that
an increase in DR4 and DR5 expression was significantly in-
hibited in MEKK1 KM- and DIkB-expressing cells (Fig. 4).
FAS protein levels were increased in cells with vector alone but
were not increased in MEKK1 KM and DIkB cells in response
to etoposide (Fig. 4). In vector-alone cells, both TRAIL and

FIG. 2. RNase protection assay for death receptor family members. (A)
HEK293 cells were treated with 100 mM etoposide for 8 h. Cells were lysed, and
RNA was extracted. RNase protection assay was performed by using the hAPO3
probe set (PharMingen) as described in Materials and Methods. The probe lane
represents antisense RNA probes before hybridization with RNA. Housekeeping
genes, L32, and GAPDH serve as normalized controls. (B) HEK293, T47D,
ZR-75-1, and MDA-MD-468 cells were treated with 100 mM etoposide for 24 h
and then lysed. An RNase protection assay was performed as described in Fig.
2A. The control represents untreated cells normalized to a value of 1 for mRNA
expression of DR4, DR5, TRAIL, and DcR1. Error bars represent the standard
deviation for three independent experiments.
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FASL protein levels were increased after etoposide treatment,
but to a much lower extent than DR4 and DR5. However, in
MEKK1 KM and DIkB cells the TRAIL and FASL protein
levels were not increased following etoposide treatment (data
not shown). It should be noted that the Western blots are
representative of several independent experiments. The quality
of the antibodies and the level of expression of the proapo-
ptotic proteins made analysis difficult. Nonetheless, the protein
expression results confirm and substantiate the RNase protec-
tion assay results.

Ligation of DR4 and DR5 is involved in etoposide-induced
apoptosis. To determine if ligation of DR4 and DR5 plays a
role in etoposide-induced apoptosis, a fusion protein having
the DR4 extracellular domain fused to the immunoglobulin Fc

region (DR4:Fc) was added to the cell culture. DR4:Fc binds
ligand(s), including TRAIL for DR4 and DR5, and is thus
capable of inhibiting the activation of endogenous DR4 and
DR5. DR4:Fc reduced, in a concentration-dependent manner,
the amount of etoposide-induced apoptosis from 38% to near-
control cell levels (19%) and blocked morphological changes
associated with apoptosis (Fig. 5). As a negative control, 100 ng
of TNFR:Fc per ml, which binds TNF but not TRAIL, was
added to the cells. This fusion protein failed to block etopo-
side-induced apoptosis (42% with TNF:Fc compared to 38%
without TNF:Fc) (Fig. 5B). This demonstrates that etoposide
induces apoptosis largely through DR4 and DR5 by a mecha-
nism that involves a ligand that binds to DR4. This ligand is
most likely TRAIL.

FIG. 3. Activation of NF-kB and MEKK1 in response to etoposide. (Ai) NF-kB transcriptional activity was analyzed in HEK293 cells following etoposide treatment.
Cells were transfected with NF-kB luciferase reporter plasmid and a b-GAL reporter plasmid as a control. The cells were then stimulated with 100 mM etoposide for
the times indicated. The cells were lysed, and a luciferase assay was performed. NF-kB activity is represented by luciferase units. (Aii) MEKK1 kinase activity was
determined in HEK293 cells following etoposide (100 mM) treatment. The increase in MEKK1 kinase activity is presented as a fold increase in SEK1 KM
phosphorylation over basal levels. (B) HEK293 cells expressing vector alone, MEKK1 KM, or DIkB were treated with 100 mM etoposide for 8 h. An RNase protection
assay was performed, and the mRNA levels for DR4, DR5, FAS, and caspase 8 were determined by phosphorimager analysis. The mRNA levels were then normalized
to GAPDH mRNA expression. Differences following exposure to etoposide are represented as the fold increase over basal mRNA levels. (C) mRNA expression was
also determined by RNase protection assay for p53-regulated genes p21 and GADD45 and the antiapoptotic Bcl-x gene by using the hSTRESS probe set as described
in Materials and Methods. The fold increase was determined by the increase in normalized mRNA levels over basal levels. Standard deviations were determined based
on the data from three separate experiments.
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DIkB-, FADD DN-, and Bcl2-expressing cell lines show di-
minished etoposide-induced apoptosis. We have demonstrated
that MEKK1 KM blocks etoposide-induced apoptosis (9, 34).
Since MEKK1 KM- and DIkB-expressing cells failed to up-
regulate DR4 and DR5 expression, we investigated the apo-
ptotic response of DIkB cells following etoposide treatment.
DIkB-expressing cells showed no change in the basal apoptotic
index (23%) relative to that of control cells but showed signif-
icantly reduced apoptosis in response to etoposide (35% com-
pared to 48%) (Fig. 6). Expression of a dominant-negative
form of the adapter protein FADD (FADD DN) that lacks the
ability to bind to death receptors but retains the ability to bind
to caspases, including caspase 8, also effectively reduced eto-
poside-induced apoptosis (34% compared to 48% in vector-
alone cells) (Fig. 6). When the antiapoptotic Bcl2 protein was
expressed in HEK293 cells, the amount of basal and etoposide-
induced apoptosis was markedly decreased (by 15 and 10%,
respectively) reconfirming Bcl2’s ability to block not only eto-
poside-induced apoptosis but also the other inputs contribut-
ing to apoptosis in rapidly growing cells in culture (Fig. 6).
These results clearly show that NF-kB and FADD-like mole-
cules contribute to the regulatory pathways involved in etopo-
side-induced apoptosis. NF-kB is required for upregulation of
DR4 and DR5 expression following etoposide treatment. Even

FIG. 4. Western blot analysis of the expression of DR4, DR5, and FAS
following etoposide treatment. HEK293 cells expressing vector alone, MEKK1
KM, or DIkB were treated or not treated (control) with 100 mM etoposide for
24 h. Cells were lysed in NP-40 lysis buffer and Western blotted by using aDR4,
aDR5, and aFAS antibodies (1:100) as described in Materials and Methods.
Proteins were detected by enhanced chemiluminescence. Western blot analysis
was performed with anti-MKP-1 antibodies to determine and normalize for
equal amounts of protein loaded under each condition tested. The apparent
higher basal expression levels of FAS compared to DR4 and DR5 were due to
differences in the length of exposure of the X-ray films. Experiments were
repeated three times.

FIG. 5. Blockage of TRAIL ligation to DR4 and DR5 decreased etoposide-
induced apoptosis. Cells were treated with or without (control) 100 mM etopo-
side in the presence or absence of extracellular domain of DR4 fused to the
immunoglobulin Fc region (200 ng/ml) for 24 h. This fusion protein binds to
TRAIL, blocking its interaction with cellular DR4 and DR5. (A) To observe
morphological changes associated with apoptosis, the cells were visualized on a
digital confocal microscope by using a 340 water objective for each treatment
condition. (B) HEK293 cells were treated with 100 mM etoposide and increasing
concentrations (10 to 100 ng/ml) of DR4:Fc protein. Cells treated with etoposide
and TNFR:Fc (100 ng/ml) were used as a negative control. The percentage of
apoptotic cells was determined by acridine orange staining as described in Fig.
1B. Standard deviations were determined based on three separate experiments.
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though the FADD-like proteins associated with DR4 and DR5
signaling are not defined, it is obvious that disruption of death
receptor signaling in response to etoposide is interfered with
by expression of a FADD dominant-negative mutant.

Both Bcl2 and FADD act downstream of DR4 and DR5
upregulation. Bcl2- and FADD DN-expressing cells have a
reduced level of etoposide-induced apoptosis compared to
control cells (Fig. 6). By using RNase protection assays, treat-
ment with etoposide was shown to increase DR4 and DR5
mRNA expression in both Bcl2 and FADD DN cells (data not
shown). This indicates that Bcl2 and FADD-like proteins act
downstream of the changes in DR4 and DR5 expression. Ex-
pression of FADD DN blocked the activation of caspase 8
following treatment with etoposide (Fig. 7A). Indeed, 24 h
after the exposure to etoposide, FADD DN cells failed to
cleave caspase 8, whereas vector-alone cells cleaved caspase 8
(Fig. 7A). In contrast, Bcl2 cells showed cleavage of full-length
caspase 8 (Fig. 7A). Cleavage of caspase 8 following etoposide
treatment was not detected at 8 h in cells expressing DIkB or
MEKK1 KM; however, cleavage was detected in cells express-
ing MEKK1 KM at 24 h (Fig. 7B). This result correlates with
increased expression of DR4 and DR5 24 h after etoposide
treatment in MEKK1 KM cells (data not shown). In contrast,
vector-alone cells show cleavage of caspase 8 at 8 h after
etoposide treatment (Fig. 7B). These results indicate that
caspase 8 cleavage is functionally upstream of Bcl2 but down-
stream of MEKK1 and NF-kB signaling. Several reports have
suggested that caspase 10 is also involved in DR4 and DR5
activation (2, 27). Western blotting for caspase 10 failed to
show cleavage in vector alone and FADD DN cells (Fig. 7D) or
in MEKK1 KM and DIkB cells (data not shown). Since Bcl2
fails to block caspase 8 cleavage but effectively blocked caspase
activity and apoptosis induced by etoposide, Bcl2 must block
the activation of other caspases. By Western blotting for
caspase 9 in which its activity is regulated by Bcl2 family mem-
bers it was demonstrated that overexpression of Bcl2 pre-
vented the cleavage of caspase 9 compared to that seen in
vector control cells treated with etoposide (Fig. 7C). Taken
together, these findings illustrate that FADD-like adapter pro-

teins lead to the activation of caspase 8 following etoposide
treatment and that Bcl2 inhibits etoposide-induced apoptosis
by blocking the activation of caspase 9 downstream of DR4
and DR5 upregulation.

DISCUSSION

Chemotherapeutic drugs are used in the treatment of most
cancers; however, these drugs are only partially effective in the
treatment of epithelial-cell-derived cancer. Thus, new ways of
treating cancer must be developed (24). Ligation of death
receptors to induce apoptosis in tumor cells has been proposed
as an effective way of treating epithelial-cell-derived cancers;
unfortunately, the administration of death receptor ligands
FASL and TNF has toxic effects (7, 31). The discovery of DR4
and DR5, along with their ligand TRAIL, provided new death
receptor family members that may offer less-toxic effects on
noncancerous cells.

We have demonstrated that treatment of different epithelial
cells with the genotoxic agent etoposide in combination with
TRAIL synergistically induced apoptosis. The mechanism of
this synergy involves the etoposide-induced expression of DR4
and DR5 that is mediated in part by activation of the NF-kB
signaling pathway. The expression of DIkB has been demon-
strated to inhibit apoptosis in response to a variety of extra-
cellular stimuli (3, 4). For example, virus-induced apoptosis

FIG. 6. Percentage of apoptotic cells in HEK293 cells expressing DIkB,
FADD DN, and Bcl2. Cells expressing DIkB, FADD DN, or Bcl2 were left
untreated (control) or were exposed to 100 mM etoposide for 48 h. The per-
centage of apoptotic cells was determined by staining the cells with acridine
orange. Apoptotic cells were scored for a total of 250 cells counted for each
condition. Standard deviations were determined based on three separate exper-
iments.

FIG. 7. Western blot analysis of caspase 8, caspase 9, and caspase 10 follow-
ing etoposide treatment. (A) Cells expressing either vector alone, Bcl2, or FADD
DN were left untreated (control) or were treated with 100 mM etoposide for 8 or
24 h. The cells were then lysed and Western blotted by using anti-caspase 8
antibodies (1:1,000). (B) Cells expressing vector alone, MEKK1 KM or DIkB
were left untreated (control) or were treated with 100 mM etoposide for 8 or
24 h. The cells were lysed and then Western blotted with anti-caspase 8 anti-
bodies (1:1,000). (C) Cells expressing vector alone and Bcl2 were left untreated
(control) or were treated with 100 mM etoposide for 8 or 24 h and then Western
blotted with anti-caspase 9 antibodies (1:100). (D) Cells expressing vector alone
or FADD DN were left untreated (control) or were treated with 100 mM
etoposide for 8 or 24 h and then Western blotted with anti-caspase 10 antibodies
(1:100). Proteins were visualized by enhanced chemiluminescence. The data
shown are representative of three separate experiments.
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with Sindbis virus is blocked by inhibiting NF-kB activation
(18). NF-kB activation has been shown to be required for the
upregulation of the proapoptotic genes FAS and FASL (1, 14,
20). In contrast, NF-kB can also contribute to antiapoptotic
survival responses. For example, mice deficient in NF-kB
showed an increased apoptotic response after TNF-a and T-
cell antigen receptor activation (3, 13). The expression of the
dominant-negative DIkB mutant in tumor cells also resulted in
an enhanced apoptosis in response to TNF-a treatment (32).
TNF-a has been shown to stimulate the expression of inhibitor
of apoptosis protein 1 (cIAP1) and cIAP2 in an NF-kB-depen-
dent manner (33). These findings demonstrate that NF-kB is
involved in the regulation of several proteins that contribute to
the apoptotic potential of different stimuli. However, NF-kB
activation is only one signaling component of many that are
activated by different cytokines and cellular stresses. It seems
to be the integration of these additional signals in combination
with NF-kB activation that ultimately determines the role of
NF-kB in pro- or antiapoptotic responses to extracellular stim-
uli.

Our data indicate that neither JNK nor p53 signaling path-
ways are involved in the upregulation of DR4 and DR5 ex-
pression. The JNK pathway, however, mediates regulation of
FASL in Jurkat T cells and neuroblastoma cells following che-
motherapeutic drug treatment (14, 16). This suggests that JNK
is important in FASL expression but not essential for DR4 and
DR5 expression. In some cell types, DR5 expression is regu-
lated in a p53-dependent manner, while in other cells in-
creased DR5 expression seems p53 independent (29). This is
reminiscent of p53 involvement in the apoptosis of some cells
but not of others (5).

Ligation of FAS can also play a role in chemotherapeutic
drug-induced apoptosis in epithelial cells, since both FAS and
FASL are upregulated following exposure of cells to etoposide
(14). Both FADD and caspase 8 are involved in FAS-induced
apoptosis (27). The reduction in etoposide-induced apoptosis
after expression of dominant-negative FADD correlates with
an inhibition of FAS-mediated caspase 8 cleavage. However,

expression of DR4 and DR5 is more highly regulated than
FAS. Blockage of DR4 and DR5 activation by DR4:Fc strongly
inhibited etoposide-induced apoptosis. Furthermore, combined
treatment with etoposide and TRAIL gave a synergistic apo-
ptotic response. Thus, activation of DR4 and DR5 plays a
prominent role in etoposide-induced apoptosis in epithelial
cells.

Activation of DR4 and DR5 is also regulated by the level of
expression of decoy receptors such as DcR1 that bind the
ligand(s) of DR4 and DR5 but do not induce apoptosis (19,
22). In HEK293 cells, DcR1 mRNA and protein levels (data
not shown) were not increased following etoposide treatment.
In the T47D, MDA-MD-468, and ZR-75-1 breast cancer cell
lines, DcR1 expression was increased. Most importantly, how-
ever, the addition of TRAIL to the cultures of etoposide-
treated cells caused a synergistic apoptotic response. Thus, an
increase in DR4 and DR5 levels is capable of enhancing apo-
ptosis in response to added TRAIL even with increased DcR1
expression in these cells.

Etoposide treatment of cells activates caspases (9, 14).
Caspase 8 is cleaved after ligation of DR4 and DR5. Upon
etoposide treatment, caspase 8 is also cleaved and FADD
dominant-negative expression blocks etoposide-mediated
caspase 8 activation. In contrast, caspase 10 is not cleaved by
etoposide treatment, suggesting that caspase 10 is not involved
in DR4 and DR5 signaling in HEK293 cells. Overexpression of
Bcl2 effectively blocked etoposide-induced apoptosis but failed
to block DR4 and DR5 upregulation and cleavage of caspase
8 in response to etoposide. Bcl2 overexpression blocked
caspase 9 cleavage to its active form in etoposide-treated cells.
It is probable that overexpression of Bcl2 is sequestering
Apaf1, a regulator of caspase 9 activation, preventing the ac-
tivation of caspase 9 (17, 36). Taken together, ligation of DR4
and DR5 activates pathways leading to caspase 8 and caspase
9 that commits the cell to apoptosis. The blocking of either
caspase 8 or caspase 9 inhibits etoposide-induced apoptosis.

We propose a model (Fig. 8) in which etoposide treatment
of cells leads to DNA damage and activation of MEKK1.

FIG. 8. Proposed model for increased expression and activation of DR4 and DR5 following etoposide treatment. Exposure of cells to etoposide causes DNA
damage, leading to activation of MEKK1. This activation leads to the phosphorylation and activation of IKKa/b that subsequently phosphorylates and degrades IkB.
The degradation of IkB leads to NF-kB-dependent transcription of DR4 and DR5. Increased DR4 and DR5 expression increases TRAIL binding to its receptors. This
leads to activation of caspase 8 by its recruitment to the receptor via FADD-like proteins and the subsequent downstream activation of caspase 9. Caspase 8 and caspase
9 activation causes further caspase activation, leading to apoptosis. The antiapoptotic Bcl2 protein inhibits the activation of caspase 9 and prevents etoposide-induced
apoptosis.
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MEKK1 activation could lead to phosphorylation and activa-
tion of IKKa/b. Subsequent phosphorylation of IkB by IKKa/b
leads to the degradation of IkB. This allows NF-kB to migrate
to the nucleus, where it is required for the transcription of
DR4 and DR5 genes. Upregulation of DR4 and DR5 enhances
the responsiveness of cells to TRAIL. TRAIL-activated DR4
and/or DR5 requires FADD-like adapter proteins that regu-
late the activation of caspase 8. Ultimately, DR4 and DR5
activation of caspases results in the commitment to apoptosis.
The sensitivity of cells to TRAIL or related ligands is regulated
by etoposide-induced upregulation of DR4 and DR5.

By defining the mechanism of genotoxin-induced upregula-
tion of DR4 and DR5 in different tumors, strategies could be
developed for effective combined treatment regimes that
would enhance the apoptotic response to TRAIL. Indeed, the
combination of the antimetabolite doxorubicin and death re-
ceptor ligands can synergistically induce apoptosis in certain
breast cancer lines (15). Optimizing the drug-induced expres-
sion of DR4 and DR5 in tumors should allow TRAIL to be an
effective tumorigenic agent in treating cancer.
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