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Introduction

Proteasome inhibitors represent novel anti-cancer drugs
which interact with the proteasome-ubiquitin pathway.
Bortezomib/PS-341 (Velcade) was the first proteasome
inhibitor approved by the Food and Drug Administration
for clinical use.1 The 26S proteasome is a protease com-
plex with three distinct catalytic activities. It is responsi-
ble for intracellular protein turnover in eukaryotic cells,
therefore it plays a crucial role in regulation of various cel-
lular functions.2-5 The role of the proteasome and its inhi-
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The synergistic interaction between proteasome
inhibitors and tumor necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL) is a promising
approach to induce cell death in tumor cells. Howev-
er, the molecular and biochemical mechanisms of
this synergism have been proven to be cell type spe-
cific. We therefore focused our investigation on
TRAIL-resistant colon carcinoma cells in this study.
DNA fragmentation, mitochondrial membrane
depolarization and increased caspase-3-like enzyme
activity was exclusively induced only by combined
treatment with proteasome inhibitors (epoxomicin,
MG132, bortezomib/PS-341) and TRAIL. The expres-
sion level of anti-apoptotic proteins (XIAP, survivin,
Bcl-2, Bcl-XL), regulated by NF-κκB transcription fac-
tor, was not effected by any of these treatments.
TRAIL alone induced only partial activation of cas-

pase-3 (p20), while the combination of TRAIL and
proteasome inhibition led to the full proteolytic acti-
vation of caspase-3 (p17). Only the combination
treatment induced marked membrane depolariza-
tion and the release of cytochrome c, HtrA2/Omi and
Smac/DIABLO. Apoptosis-inducing factor (AIF) was
not released in any of these conditions. These results
are consistent with a model where the full activation
of caspase-3 by caspase-8 is dependent on the release
of Smac/DIABLO in response to the combined treat-
ment. This molecular mechanism, independent of
the inhibition NF-kB activity, may provide rationale
for the combination treatment of colon carcinomas
with proteasome inhibitors and recombinant TRAIL
or agonistic antibody of TRAIL receptors. (Pathology
Oncology Research Vol 12, No 3, 133–142)
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bition in the regulation of apoptosis is an intensively stud-
ied area since most of the pro- and anti-apoptotic proteins
are identified as proteasome substrates. 

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) acts through the pro-apoptotic TRAIL-R1/DR4
and TRAIL-R2/DR5 receptors in tumor cells without
harming normal cells, and is currently being tested in
phase I clinical trial as a novel anti-cancer agent.6-8 How-
ever, not all human cancer cell lines are sensitive to
TRAIL due to intrinsic or acquired TRAIL resistance.9

Previous studies have shown that activation of NF-κB
can inhibit apoptosis induced by a number of stimuli; it is
also known that TRAIL can activate NF-κB through the
death receptors TRAIL-R1/DR4 and TRAIL-R2/DR5, and
decoy receptor TRAIL-R4/DcR2, resulting in the upregu-
lation of anti-apoptotic proteins including Bcl-2, XIAP,
IAP1/2 and c-FLIP.10-13

Proteasome inhibitors can interrupt the activation of NF-
κB, which is considered to be their main mechanism of
anti-tumor action in certain tumor types, in particular
myelomas. Furthermore, inhibition of NF-κB signaling
can lead to significant chemosensitization and synergistic
effects with cytotoxic agents including TRAIL.14-16

Mechanisms for synergistic interaction between
TRAIL and proteasome inhibitors independent of NF-κB
signaling have also been suggested. These include upreg-
ulation of the cell surface TRAIL receptors and the sub-
sequent increased release of pro-apoptotic mitochondrial
proteins via a BAK-dependent mechanism.17 Most
recently two papers have reported upregulation of the
BH3-only protein BIK by proteasome inhibitors.18,19 BIK
was implicated in both the direct cytotoxic activity of
proteasome inhibitors19 and also in the increased sensitiv-
ity to TRAIL-induced apoptosis via activating the mito-
chondrial pathway.20

Our results indicate that although the proteasome
inhibitor epoxomicin upregulates the TRAIL-R2/DR5
receptor, colon carcinoma cells express sufficient
amounts of this receptor to partially activate caspase-3 in
response to TRAIL/APO2L treatment alone without
releasing any pro-apoptotic mitochondrial proteins or
inducing DNA fragmentation. On the other hand, epox-
omicin alone induced the release of cytochrome c without
subsequent activation of caspase-3 or DNA fragmenta-
tion. However, the combined treatment with
TRAIL/APO2L and epoxomicin released Smac/DIA-
BLO, which was accompanied by the full proteolytic
activation of caspase-3 and extensive apoptotic DNA
fragmentation. The current model indicates that not only
can proteasome inhibitors restore sensitivity of tumor
cells to TRAIL/APO2L, but activation of the death-
inducing signaling complex (DISC) can also overcome
resistance to proteasome inhibitors caused by non-func-
tional apoptosomes downstream of the mitochondria. 

These results indicate that the mechanism of molecular
interaction between proteasome inhibitors and TRAIL is
tumor type specific. Our study provides the first detailed
description of synergistic effect of these treatments in
human colon carcinoma cells.

Materials and methods

Cell culture

The RKO colon carcinoma cell line was obtained from
ATCC and was maintained in RPMI-1640 medium
(BioWhittaker) supplemented with 10% FCS (BioWhit-
taker) and L-glutamine (Sigma) at 37oC, in an atmosphere
of 95% air and 5% CO2. For all experiments cells growing
in the exponential phase were used. Plastic materials were
purchased from Sarstedt.

Apoptosis assays 

Cells were plated at a density of 105 cells/ml in 24-well
plates. After overnight attachment cells were incubated in
the presence or absence of various treatments. Stock solu-
tions of all compounds except for TRAIL were made in
DMSO (dimethylsulfoxide, from Sigma) at concentra-
tions that the final dilutions contained less than 0.1%
DMSO. Recombinant TRAIL (aa. 114-281) was pro-
duced as described previously.21 During time course
experiments RKO cells were treated with TRAIL for up
to 13 h in the presence or absence of  pretreatment (30
min) with various proteasome inhibitors [epoxomicin 1
µM, (Boston Biochemicals); MG132 3 µM (Calbiochem)
and bortezomib/PS-341 3 µM (generous gift from Mil-
lennieum Inc., Cambridge, MA, USA)]. Control samples
were exposed to either DMSO (as vehicle) or inhibitors
only. In separate experiments, RKO cells were plated and
pretreated for 30 min with 10 µM z-IETD-fmk (Cal-
biochem) or 50 µM z-VAD-fmk (Calbiochem), then incu-
bated for further 30 min in the presence or absence of the
proteasome inhibitor epoxomicin (1 µM). Following pre-
treatments with the inhibitors cells were incubated for 5
or 9 h in the presence or absence of TRAIL (60 ng/ml).
At the end of incubation times, cells were harvested (both
floating and attached) and fixed in 70% ethanol (-20°C)
for 30 min, and stored at -20°C until analysis. Fragment-
ed DNA was extracted by using alkaline buffer (200 mM
disodiumphosphate, pH 7.8, adjusted with 200 mM Na-
citrate) supplemented with 100 µg/ml DNase-free
RNaseA (Sigma). Samples were left at RT for 20 min fol-
lowed by the addition of 5 ml ethidium bromide (final
concentration 10 µg/ml). After a further 10 min, samples
were measured with a flow cytometer (FACScan, Becton
Dickinson) and cell cycle and proportion of sub-G1
(apoptotic) cells were calculated. Gating was evaluated as
previously described.21
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Caspase activity assays

RKO cells were incubated for 5 h in the presence or absence
of epoxomicin (1 µM) and/or TRAIL (60 ng/ml), and subse-
quently washed twice in PBS then resuspended in 100 ml of
caspase activity puffer (CAP: 50 mM Tris-HCl, 100 mM
NaCl, 5 mM EDTA, 1 mM EGTA, and 0.2% CHAPS [pH
7.3]) supplemented with 10 mM dithiothreitol (DTT). Cas-
pase activity was detected with Ac-DEVD-AMC (25 µM final
concentration) added to the cell suspension in a further 100 ml
CAP containing 1% Triton X-100 (Sigma). Lysates were
incubated for 30 min at 37°C then fluorescence was detected
by a fluorescence plate reader (Fluoroskan Ascent FL, Lab-
systems) at 380 nm excitation and 460 nm emission wave-
length for 20 min. All activity was linear in this time range.
Activity was calculated from the rise of activity curves and
presented as relative caspase activity compared to control.

Detection of mitochondrial membrane depolarization

RKO cells were plated at a density of 105 cells/ml in 24-
well plates and treated as described in the caspase activity
assay above. 10 nM DiOC6 was added to unfixed cells and
incubated for 15 min at 37°C, 5% CO2. The positively
charged DiOC6 accumulates in the intact mitochondria and
mitochondria with depolarized membrane accumulate less
DiOC6. Fluorescence intensity was detected by flow
cytometry (FACScan, Becton-Dickinson) and analyzed
with the CellQuest software (Becton Dickinson). Percent-
age of cells with decreased fluorescence was determined. 

Western blot analysis

A T75 culture flask with RKO cells of 70% confluence
(about 2x107 cells/flask) was treated with epoxomicin and
TRAIL as described above for 3 and 5 h. At the end of
incubation times, cells were washed twice in PBS and cen-
trifuged (300 g, 5 min). The pellet was resuspended in 250
µl lysis buffer [3 mM TRIS, 150 mM NaCl, 1% Triton-X
100, 10% glycerol, 1 mM PMSF and protease inhibitor
cocktail (Sigma)].  Each sample was boiled for 3 min, and
the protein content was determined by the Bradford
method. Total protein (10-20 µg) was electrophorated in a
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Figure 1. Proteasome inhibitors sensitize TRAIL-resistant
RKO colon carcinoma cells to TRAIL-induced cell death. Cells
were left untreated or pre-treated with (a) epoxomicin (Epo; 1
µM), (b) bortezomib/PS-341 (3 µM), or (c) MG132 (3 µM) for
30 min and subsequently treated with TRAIL (60 ng/ml) for
increasing incubation times. Fragmented DNA of apoptotic
cells was extracted in alkaline buffer and percentage of cells
with decreased DNA content (sub-G1) was determined by flow
cytometry after ethidium bromide staining. Values indicate the
mean ± SD of three determinations.



4-20% polyacrylamide gel (ready gels, Bio-Rad). Antibod-
ies were purchased from the following sources: caspase-3,
caspase-8 and XIAP, MBL; Bcl-2, Bcl-XL, Translab; sur-
vivin, R&D Systems; actin, Sigma. Detection (including
secondary antibodies) was performed by using the Vectas-
tain ABC Kit (Vector Laboratories) with ECL Plus (Amer-
sham) as the chemiluminescent substrate.

Examining the release of mitochondrial pro-apoptotic 
proteins into the cytosol

A T75 culture flask with RKO cells of 80-90% conflu-
ence was treated with epoxomicin and TRAIL as
described above. At the end of the incubation cells were
washed twice in PBS and centrifuged (600 g, 5 min, 4°C).
For separation of the cytosolic fraction from the mito-
chondrial fraction we used ApoAlert Cell Fractionation
Kit (Clontech) as described in the user manual. Samples
were used for Western blot analysis as described above.
Anti-cytochrome c polyclonal antibody was a component
of the cell fractionation kit, anti-Smac/DIABLO poly-
clonal antibody was purchased from MBL, anti-AIF
monoclonal antibody from SantaCruz and anti-
HtrA2/Omi polyclonal antibody was a kind gift of Dr.
Alnemri, ES (Philadelphia, PA, USA). Detection was per-
formed as described above.

Statistical analysis

All experiments were repeated at least three times and
results are presented as mean±SD. Statistical analysis was
performed by unpaired, two-tailed Student’s t-test, and p
values <0.05 were considered significant. 

Results

Proteasome inhibitors sensitize colon carcinoma cells 
to TRAIL-induced cell death

RKO colon cancer cells were pre-incubated in the pres-
ence or absence of proteasome inhibitors (epoxomicin: 
1 µM; MG132: 3 µM; PS-341: 3 µM ) for 30 min and then
TRAIL (60 ng/ml) was added for further incubation up to
13 h (Figure 1). Cells with apoptotic DNA fragmentation
were detected as a sub-G1 population by FACS analysis.
TRAIL, MG132 or bortezomib/PS-341 alone did not
induce apoptosis. Epoxomicin did not induce apoptosis up
to 10 h, but after 13 h the ratio of cells with DNA frag-
mentation increased to 37%±4%. Combined treatment
with TRAIL and epoxomicin induced 40%±3% apoptosis
already at 6 h which further increased gradually to 83% at
10 h when it reached a plateau. Similarly, bortezomib/PS-
341 in combination with TRAIL induced 41%±5% apop-
tosis at 6 h and reached 82%±3% at 13 h. The induction of
apoptosis by the combined treatment of TRAIL and
MG132 was more gradual, but still reaching 63%±5% at
13 h. These results indicate that RKO cells are complete-
ly resistant to apoptosis induced by TRAIL or proteasome
inhibitors for at least 10 h, while very sensitive to the com-
bined treatment of TRAIL and proteasome inhibitors.
Similar results were obtained with HT29 colon carcinoma
cells and SKOV3 ovarian carcinoma cells (data not
shown). 
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Figure 2. Apoptotic DNA fragmentation induced by the com-
bined treatment of TRAIL and epoxomicin is dependent on cas-
pase activity. RKO cells were treated with TRAIL (60 ng/ml)
and/or epoxomicin (Epo, 1 µM)  in the presence or absence of
the general caspase inhibitor z-VAD-fmk (50 µM) (a) or the
caspase-8 inhibitor z-IETD-fmk (10 µM) (b) and incubated for
9 h. Fragmented DNA of apoptotic cells was extracted and per-
centage of sub-G1 cells was determined by flow cytometry. Val-
ues indicate the mean ± SD of three determinations.



Apoptotic DNA fragmentation induced by TRAIL 
and proteasome inhibitors depends on caspase activity

z-VAD-fmk is a cell-permeable general inhibitor of cas-
pases, while z-IETD-fmk is a less selective inhibitor of
caspase-8, especially at relatively low concentrations (up
to 10 µM). Following 30 min pre-incubation with 50 µM
z-VAD-fmk or 10 µM z-IETD-fmk and another 30-min
pre-treatment with 1 µM epoxomicin, RKO cells were
incubated in the presence of 60 ng/ml TRAIL for 9 h.
Apoptotic DNA fragmentation was detected by FACS
analysis. After combination treatment 78% apoptotic DNA
fragmentation was observed, which was completely inhib-
ited by z-VAD-fmk (Figure 2a) (p<0.0001) and was sig-
nificantly inhibited by caspase-8 inhibitor z-IETD-fmk
(p<0.01) (Figure 2b). However, the percent of sub-G1
cells remained significantly higher than the control values
(p<0.001). 

Co-treatment of RKO cells with TRAIL and epoxomicin
results in mitochondrial membrane depolarization and
enhanced release of Smac/DIABLO protein into the cytosol

Mitochondrial membrane depolarization and release 
of pro-apoptotic proteins (including cytochrome c, Smac/
DIABLO, AIF and HtrA2/Omi) have been implicated in
both TRAIL22 and proteasome inhibitor-induced apopto-
sis.23 Since mitochondrial membrane depolarization occurs
upstream of DNA fragmentation we chose an earlier time
point (5 h) to investigate the percentage of cells with depo-
larized mitochondrial membranes. Both TRAIL (60 ng/ml)
and epoxomicin (1 µM) induced some depolarization
(11%±2% and 12%±3%, respectively) (Figure 3a). How-
ever, combination of these two drugs induced strong
increase in mitochondrial membrane depolarization
(44%±3%) (Figure 3a). These results indicated that the
synergistic interaction between the two stimuli is apparent
at the level of mitochondrial membrane depolarization. We
studied next whether the increased membrane depolariza-
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Figure 3. Mitochondrial membrane depolarization and release
of Smac/DIABLO into the cytosol is dependent on combined
treatment with TRAIL and epoxomicin. (a) Mitochondrial
membrane potential was analyzed by flow cytometry after
DiOC6 staining in RKO cells incubated for 5 h in the presence
or absence of TRAIL (60 ng/ml) and/or epoxomicin (1 µM).
Values represent the mean ± SD of three determinations. Den-
sitometry values of the cytoplasmic fractions of each protein are
represented. (c) In the same experiment mitochondrial (M) and
cytosolic (C) fractions were separated and analyzed by Western
blot for the presence of cytochrome c (cyto-c), HtrA2/Omi,
Smac/DIABLO and AIF. (c) In the same experiment the expres-
sion of Smac/DIABLO and β-actin was determined by Western
blot in whole-cell lysates of RKO cells.



tion was accompanied by the release of pro-apoptotic
mitochondrial factors into the cytosol under the same con-
ditions. Cells were treated alone or in combination with
TRAIL (60 ng/ml) and epoxomicin (1 µM) for 5 h, har-
vested and the mitochondrial and cytosolic fractions were
isolated. Expression levels of Smac/DIABLO, HtrA2/Omi,
cytochrome c (cyto-c) and AIF were analyzed by Western
blot in both cytosolic and mitochondrial fractions. After 5
h the release of HtrA2/Omi and cyto-c was observed in
epoxomicin- and TRAIL-treated samples. This release was
further increased by TRAIL/epoxomicin co-treatment.
Smac/DIABLO release occurred only in the co-treated
samples (Figure 3b). To determine whether the increase in
Smac/DIABLO in the cytosol was not a consequence of
increased stability due to  inhibition of proteasomal degra-
dation, the amount of Smac/DIABLO in total cell lysates
was examined in cells treated  under the same conditions.
No significant change in Smac/DIABLO (cellular) levels
was observed in the co-treated samples in comparison to
control, TRAIL or epoxomicin treated samples (Figure
3c). AIF was not released in these experiments. Results
indicate that only co-treatment of RKO cells with TRAIL
and epoxomicin results in the release of Smac/DIABLO
protein into the cytosol.

TRAIL treatment leads to partial activation while
TRAIL/epoxomicin co-treatment leads to full activation 
of caspase-3

Death receptors can directly activate caspase-3 via cas-
pase-8, independently of mitochondrial membrane depo-
larization.24 In contrast, proteasome inhibitors activate
the intrinsic mitochondrial pathway by releasing
cytochrome c which leads to activation of the apopto-
some, caspase-9 and subsequent activation of caspase-3.
Therefore, the activation of caspase-3 was next deter-
mined in lysates from RKO cells treated with TRAIL
and/or epoxomicin at the same time point (5 h) with the
concentrations used in the previous experiment. Caspase
activity was determined (DEVDase activity) by using an
artificial substrate, Ac-DEVD-AMC. Significant enzyme
activity was detected only in TRAIL-epoxomicin co-
treated samples after 5 h (Figure 4a). Caspase-3 activa-
tion was also analyzed by Western blotting using an anti-
body detecting pro-caspase-3 and fragments of caspase-3
generated during proteolytic activation. In control and
epoxomicin-treated samples, no proteolytic caspase-3
activity was detected. TRAIL treatment alone induced
partial caspase-3 activation indicated by the presence of
the p20 fragment, while co-treatment with epoxomicin
and TRAIL for 5 h induced full activation of caspase-3 to
the p17 fragment (Figure 4b). These data indicate that
TRAIL treatment led to only partial activation of caspase-
3 in the absence of release of the mitochondrial protein

Smac/DIABLO. Epoxomicin induced release of
cytochrome c and HtrA2/Omi in the absence of release of
Smac/DIABLO, which were insufficient to activate the
intrinsic apoptotic pathway via caspase-9-mediated cas-
pase-3 activation, since no significant caspase-3-like
DEVDase activity was detected at the same conditions. 

Expression levels of anti-apoptotic proteins in RKO cell

Results obtained were consistent with the inhibition of
caspase-3 and caspase-9 activity by IAP proteins such as
XIAP inhibiting the final auto-proteolytic activation of
these caspases.25 XIAP was found to be expressed in RKO
cells by Western blot (Figure 5). Smac/DIABLO counter-
acts this inhibition and induces the complete activation of
caspase-3 and caspase-9.26 TRAIL can also induce NF-κB
signaling which can lead to the upregulation of anti-apop-
totic proteins including XIAP, survivin, Bcl-2, and Bcl-XL.
Proteasome inhibitors can  prevent NF-κB activation by
stabilizing IkB (inhibitor of κB), and this mechanism is
thought to be responsible for the anti-tumor activity of pro-
teasome inhibitors in myeloma.27-29 Therefore, the expres-
sion levels of these proteins were determined in the pres-
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ence and absence of TRAIL and proteasome inhibitors
after 3-h and 5-h incubation. No change in expression lev-
els of these proteins was detected under any of these con-
ditions (Figure 5). Results indicate that although NF-κB
regulated anti-apoptotic genes such as XIAP are expressed
in RKO cells, inhibition of NF-κB signaling by protea-
some inhibition does not contribute to the enhanced induc-
tion of apoptosis in these cells treated with TRAIL and
epoxomicin.

Discussion

In this paper we have provided data for a new mecha-
nism to describe how proteasome inhibitors and TRAIL
induce synergistic cell death in colon carcinoma cells. We
also presented new data about the regulation of the release
of pro-apoptotic proteins from the mitochondria. 

Previously, we determined that most colon carcinoma
cell lines are resistant to TRAIL-induced apoptosis despite
the expression of TRAIL receptor DR5.29 The ability of
proteasome inhibitors to increase TRAIL-induced apopto-
sis has been reported in other cell types.15,30-34 We have
found that proteasome inhibitors at sub-cytotoxic concen-
trations effectively sensitize resistant colon carcinoma cell
lines to TRAIL, and also other cell lines of various origin
(rhabdomyosarcoma, ovarian carcinoma; unpublished
data). RKO cells utilized in the current study were com-
pletely resistant to TRAIL or the proteasome inhibitors
(MG132, PS-341 and epoxomicin) administered alone,
however, the combination treatment of TRAIL with an

individual proteasome inhibitor significantly induced
apoptosis as determined by an increase in the sub-G1 pop-
ulation after 6-h incubation reaching a plateau at 10 h. The
general caspase inhibitor z-VAD-fmk completely abol-
ished the increase in sub-G1 cells, consistent with a mech-
anism dependent on the caspase-3-dependent activation of
CAD DNAse.35,36 z-IETD-fmk, a relatively selective
inhibitor of caspase-8, significantly but not completely
inhibited DNA fragmentation. Caspase-8 is believed to
play a central role in death receptor-induced apoptosis,37

however, evidence of a caspase-8-independent component
in TRAIL-induced activation of Bax and cell death has
been reported. 6

Previously, we and others have found that overexpres-
sion of Bcl-2 or Bcl-XL inhibits TRAIL-induced apoptosis
(as well as activation of Bax) implicating a role of the
mitochondrial pathway in TRAIL-induced apoptosis.6,38,39

Proteasome inhibitors can induce apoptosis dependent on
functional Bak and Bik or Bim.18-20 Furthermore, Borte-
zomib/PS-341-induced cell death is impaired in the
absence of Apaf-1.20 We found that the combination of
TRAIL and epoxomicin induced significant mitochondrial
membrane depolarization while these treatments individu-
ally induced only a very small increase in the percentage
of cells with decreased mitochondrial membrane potential. 

Johnson et al. have found that bortezomib/PS-341
increased the expression of DR5.17 According to their
model, increased expression of DR5 led to increased acti-
vation of caspase-8 and increased cleavage and activation
of Bid in response to TRAIL treatment.40 Truncated Bid is
known to activate Bax or Bak, which leads to the release
of cytochrome c, Smac/DIABLO, HtrA2/Omi and AIF.
Apoptosis induced by the combined treatment of TRAIL
and bortezomib/PS-341 was dependent on the expression
of Bak in MEF cells.17

We have determined that the expression of DR5 in
RKO cells increased after epoxomicin treatment as mea-
sured by flow cytometry (data not shown). However, a
more complex interaction between proteasome inhibitors
and TRAIL is demonstrated in our experiments. In RKO
cells TRAIL alone induced partial activation of caspase-
3 in the absence of mitochondrial membrane depolariza-
tion. However, caspase-3 was not cleaved into its most
active form, as indicated by the absence of the p17 cleav-
age product. This observation is also supported by the
low DEVDase (caspase-3-like) activity and the absence
of DNA fragmentation. The proteasome inhibitor epox-
omicin administered alone induced the release of
cytochrome c and HtrA2/Omi without subsequent activa-
tion of caspase-3 or induction of DNA fragmentation.
TRAIL alone did not induce the release of any of these
mitochondrial proteins. However, combination treatment
of TRAIL and epoxomicin induced the release of
Smac/DIABLO from the mitochondria, while release of
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Figure 5. Expression of anti-apoptotic proteins. Expression of
XIAP, survivin, Bcl-XL, Bcl-2, and β-actin were analyzed by
Western blot in RKO cells incubated for 5 h in the presence or
absence of TRAIL (60 ng/ml) and/or epoxomicin (1 µM).
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cytochrome c or HtrA2/Omi was unchanged compared to
epoxomicin treatment alone. Total expression of
Smac/DIABLO in the whole cell lysate remained
unchanged and AIF was not released under any treatment
conditions, supporting the selective regulation of the
release of individual pro-apoptotic proteins from the
mitochondria. The release of Smac/DIABLO was paral-
leled by the full activation of caspase-3 from the p20 to
the p17 fragment, increased DEVDase (caspase-3-like)
activity and subsequent DNA fragmentation. These
results are consistent with a model where IAP proteins,
e.g. XIAP or c-IAP1/2, which are constitutively
expressed in this cell line, bind to procaspase-3 and pro-
caspase-9 and inhibit their full proteolytic activation.6 In
this case, both the extrinsic pathways and the protea-
some-induced mitochondrial intrinsic pathway are
blocked. Smac/DIABLO can dissociate IAP proteins
from caspases thereby opening possibility for full caspase
activation.26 It is important to note that the model
explains why cells with caspase-9 deficiency17 or Apaf-1
null cells20 are sensitive to the combined treatment of
TRAIL and proteasome inhibitors. Furthermore, protea-
some inhibitors not only sensitize TRAIL-resistant cells
to TRAIL-induced cell death,  but the direct activation of
caspase-3 combined with release of Smac/DIABLO via
death receptors sensitize cells to proteasome inhibitors,
which are otherwise resistant due to the absence of cas-
pase-9, Apaf-1 or inhibition by Akt kinase. 

The molecular mechanism that leads to the enhanced,
almost selective release of Smac/DIABLO from the mito-
chondria is not fully understood. Recently, two indepen-
dent groups reported that PS-341 and other proteasome
inhibitors (MG132 and ALLN) can upregulate the level of
the BH3-only proteins Bik and Bim.18-20 Accumulation of
these pro-apoptotic proteins was due to decreased protea-
somal degradation in the presence of proteasome
inhibitors. Downregulation of Bik with siRNA identified
this mechanism as the primary cytotoxic action of PS-341
in cancer cell lines including colorectal cancer cells.18 Bik
tanslocates to the mitochondria and induces permeability
transition, leading to the release of cytochrome c.41 This in
turn activates the formation of the apoptosome and activa-
tion of caspase-9 and downstream effector caspases such
as caspase-3.42 These results established the model where
PS-341 mainly acts via the mitochondrial pathway. The
same model was applied when PS-341 mediated sensitiza-
tion to TRAIL was analyzed. It was suggested that incre-
ased level of Bik can “titrate out” anti-apoptotic Bcl-2
family members leading to increased mitochondrial mem-
brane depolarization and release of the pro-apoptotic pro-
teins cytochrome c and Smac/DIABLO in response to
TRAIL treatment.18,20 This model, however, is not fully
consistent with our results. We cannot rule out the possi-
bility that a special interaction between Bid and Bik, or

between the partially activated caspase-3 and Bik leads to
mitochondrial membrane depolarization and release of
Smac/DIABLO via a Bax- or Bak-dependent mechanism
(Figure 6).

RKO cells express Bcl-2, which can also explain resis-
tance to both TRAIL and proteasome inhibitors. Similarly
to previous reports,6 the overexpression of Bcl-2 or Bcl-XL

in colon carcinoma or TRAIL-sensitive rhabdomyosarco-
ma (RMS) cell lines inhibited TRAIL- or proteasome
inhibitor-induced cell death, however, the combined treat-
ment was still very effective (not published). It is difficult
to explain this phenomena with our current model since it
is unlikely that Bik alone can “titrate out” artificially high
transgene expressions. Furthermore, although Bik -/-, Bim
-/- double knock-out MEF cells were resistant to borte-
zomib/PS-341 or TRAIL alone, they were equally sensi-
tive to the combination treatment in comparison to wild-
type cells.20 Recently, the degradation of overexpressed
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Figure 6. Model for the molecular interaction between TRAIL
and proteasome inhibitors in colon carcinoma cells. TRAIL
directly activate caspase-3 via caspase-8, however, IAP proteins
prevent the full proteolytic activation of caspase-3. Epoxomicin
upregulates Bik and induces the release of cytochrome c in the
absence of mitochondrial membrane depolarization and the
release of Smac/DIABLO. In the absence of Smac/DIABLO cas-
pase-9 activation is inhibited by XIAP. Combined treatment
cooperates by a Bik- and Bak-dependent mechanism to induce
mitochondrial membrane depolarization and release of
Smac/DIABLO which leads to the full activation of caspase-3.
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Bcl-2 and Mcl-1 was reported in Jurkat cells in response to
the combination treatment with bortezomib/PS-341 and
TRAIL.43 However, no degradation of Bcl-2 was observed
in colon carcinoma cells, and Mcl-1 is known to be a spe-
cific survival factor in lymphoid cells.44 Previously, we
suggested the presence of a caspase-8/Bid-independent,
but FADD-dependent signaling mechanism in TRAIL-
induced apoptosis in human RMS cells.6 It is possible that
such a mechanism could lead to increased sensitivity to
mitochondrial membrane depolarization without activating
the Bax-dependent caspase-8-Bid pathway.

Zhu et al did not find changes in IkBá levels after
PS431 treatment, which downplays the significance of
inhibition of NF-κB signaling in proteasome activity in
colon carcinoma cells. However, TRAIL can activate the
NF-κB pathway in some cell types and this induced sig-
naling can be inhibited by proteasome inhibitors.15 In
RKO cells the level of anti-apoptotic proteins XIAP, sur-
vivin, Bcl-XL or Bcl-2 regulated by NF-κB did not
change after TRAIL or proteasome inhibitor treatment,
which makes unlikely a significant role for NF-κB inhi-
bition as a mechanism for the synergistic interaction
between the proteasome inhibitors and TRAIL in these
colon carcinoma cell lines. 

The current model suggests that the death receptor-
induced signaling mechanisms involving activation of Bid
and partial activation of caspase-3 synergize with PS-341-
induced Bak and possibly Bik pathways in the enhanced
release of Smac/DIABLO from the mitochondria. The
model also suggests that proteasome inhibitors can trigger
cell death by the “type II/b” signaling pathway,45 where
mitochondrial release of Smac/DIABLO opens the way for
the direct activation of pro-caspase-3 (type-I) by death
receptors leading to cell death as an alternative mechanism
of the activation by a functional apoptosome. 

The detailed, tumor type-specific understanding of mole-
cular mechanisms responsible for the synergism between
TRAIL or agonistic antibodies of TRAIL receptors and
proteasome inhibitors may help better design clinical trials
and develop diagnostic methods for individualized therapy.
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