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Inhibition of the ubiquitin-proteasome system sensitizes TRAIL-
resistant prostate cancer cells by up-regulation of death receptor 5
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Abstract. Tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) is a type II transmembrane cytokine
and a potent inducer of apoptosis in cancer cells. However,
some cancer cells, particularly prostate cancer cells, such as
LNCaP cells, were found to be resistant to TRAIL. In the
present study, we demonstrate that the proteasome inhibitor
ALLN significantly enhanced TRAIL-induced apoptosis by
up-regulating TRAIL/Apo2L death receptor 5 expression in
LNCaP cells. LNCaP cells were exposed to ALLN for 3 h
and treated with recombinant TRAIL protein. ALLN alone
induced a 20% cell death after a 3-h treatment; however,
pretreatment with ALLN induced death to more than 80% of
cells after 3 h of TRAIL treatment. ALLN also enhanced the
cell death of TRAIL-sensitive/resistant prostate cancer and
other cancer cell lines. Western blotting results showed that the
combination of ALLN and TRAIL increased the levels of acti-
vated caspase-8, -3 and DR-5 in LNCaP cells. Furthermore,
we observed an increase in DR-5 expression following 3 h
of treatment of ALLN alone. Taken together, our findings
indicate that ALLN enhances TRAIL-induced apoptosis
in LNCaP cells by up-regulating DR-5 expression. Thus, our
results suggest that the combination of ALLN and TRAIL is a
novel therapeutic strategy in TRAIL-resistant tumors.

Introduction

Prostate cancer is the most frequently diagnosed male cancer
and the second leading cause of cancer mortality in men (1).
Chemotherapy and androgen withdrawal are used for slowing
down the spread of the disease. However, no effective treat-
ments are currently available for advanced prostate cancer.
Therefore, a better understanding of cancer cell survival
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mechanisms and more efficient therapy methods are required
for the treatment of prostate cancer.

Tumor necrosis factor-related apoptosis inducing ligand
(TRAIL),amember of the TNF superfamily, selectively induces
apoptosis in cancer cells with no toxicity against normal tissues
(2,3). TRAIL induces apoptosis by first binding to its membrane
death receptors, including death receptor 4 (DR-4) and DR-5,
causing the formation of a death-inducing signaling complex
(DISC), which includes the receptors, the adaptor protein
FADD and caspase-8. However, some tumor cells are resistant
to TRAIL-mediated cytotoxicity (4,5). A decreased expression
of DR-4 and DR-5 or an increased expression of antiapoptotic
proteins in cancer cells is involved in TRAIL-resistance.
Prostate cancer often expresses TRAIL receptors on the cell
surface. However. these receptors are often not capable of trig-
gering TRAIL-induced apoptosis due to increased pro-survival
signaling (6). Research is focused on identifying combination
therapies with agents that reduce TRAIL resistance without
harming normal tissues.

Ubiquitin-proteasome mediated protein degradation
pathway plays an important role in regulating cell proliferation
and cell death (7). This process suggests that degradation of
specific cell proteins is involved in determining cell prolifera-
tion or cell death. Inhibition of the ubiquitin-proteasome system
by proteasome inhibitors blocks the process of programmed
cell death in thymocytes and neurons, but induces apoptosis
in various human cancer cell lines (8-10). Moreover, to sensi-
tize TRAIL-resistant cancer cells, proteasome inhibitors are
combined with TRAIL in a variety of different cancer models.
For example, the proteasome inhibitors PS-341 and MG-341
were shown to help overcome TR AIL-resistant cancer cells to
the proapoptotic effect of TRAIL (11-13).

In the present study, we investigated the enhancing effect
of N-acetyl-leucinyl-leucinyl-norleucinal (ALLN), known
as calpain inhibitor 1, as a proteasome inhibitor on TRAIL-
resistant prostate cancer cells.

Materials and methods

Cell culture and reagents. LNCaP, HPC-36, PC-3 and DU 145
(prostate cancer), MCF7 (breast cancer), A549 (lung cancer),
HCT116 (colon cancer) and SNU638 (gastric cancer) cell lines
were obtained from the American Type Culture Collection
(ATCC) and maintained in RPMI-1640 and DMEM (Gibco
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Figure 1. Cell viability after treatment with TRAIL and/or proteasome inhibitors in prostate cancer cells. Prostate cancer cells were plated in 96-well plates and
incubated overnight. (A) DU145, (B) HPC-36, (C) PC-3 and (D) LNCaP cells were exposed to ALLN (10 zM), MG-132 (10 uM) and lactacystin (5 #uM) for 3 h and
then treated with recombinant TRAIL (100 ng/ml) protein for an additional 3 h. Cell viability was determined by crystal violet staining. Viability of the control
cells was set at 100%; viability relative to the control is shown. The experiments were performed in triplicate, at least twice. Bar, standard deviation.

BRL, Carlsbad, CA, USA) culture medium supplemented
with 10% (v/v) fetal bovine serum and antibiotics (100 pg/
ml gentamycin and 100 xg/ml penicillin-streptomycin).
Proteasome inhibitors such as lactacystin (AG Scientific, Inc.,
San Diego, CA, USA), MG-132 and ALLN (Sigma, St.Louis,
MO, USA) was dissolved in dimethylsulphoxide (DMSO).

Cell viability. Whole cells were plated at 1.0x10* cells in a
12-well plate, and incubated at 37°C for 24 h. The cells were
pretreated with ALLN, lactacystin and MG-132 (0-40 uM) for
0-3 h and further incubated with recombinant TRAIL protein
(14) for an additional 3 h. Cell morphology images were
captured under a microscope (inverted Microscope, NIKON,
Japan), and cell viability was determined by the crystal violet
staining method as previously described (15). Briefly, cells
were stained for 10 min at room temperature with a staining
solution (0.5% crystal violet in 30% ethanol and 3% formalde-
hyde), washed 4 times with water, and dried. Cells were then
lysed with 1% SDS solution, and measured at 550 nm. Cell
viability was calculated from the relative dye intensity and
compared to the controls.

Western blot analysis. To prepare whole cell lysates, cells
were harvested, resuspended in lysis buffer (25 mM HEPES
(pH 7.4), 100 mM NaCl, 1 mM EDTA, 5 mM MgCl,, 0.1 mM
DTT and protease inhibitor mixture) and sonicated. Proteins
were separated on an 8-15% SDS gel and subjected to Western
blot analyses as previously described (16,17). The proteins
(40 pg/ml) were separated on a 12-15% SDS gel and transferred
to a nitrocellulose membrane. After incubation for 1-24 h with
a 1:1000 primary antibody dilution buffer (1% milk with
PBS-Tween), the membranes were developed by enhanced
chemiluminescence using a secondary antibody dilution. The
antibodies used for the Western blot analyses were DR-4 (A AP-
420), DR-5 (AAP-430), caspase-8 (AAP-118) and caspase-3
(AAP-103),0btained from Stressgen (Victoria, Canada).

Statistical analysis. Data are expressed as the mean + standard
SD. The data were compared using the Student's t-test and the
ANOVA Duncan test with the SAS statistical package. The
results were considered significant at values of "P<0.05 or
“P<0.01.

Results

Proteasome inhibition sensitizes various TRAIL-sensitive/
resistant cancer cells. We investigated the interactions
between TRAIL and proteasome inhibitors on various prostate
cancer cell lines. Whole cells were exposed to ALLN (10 xM),
MG-132 (10 uM) and lactacystin (5 M) for 3 h and then treated
with recombinant TRAIL (100 ng/ml) protein for an additional
3 h. TRAIL treatment induced approximately 25% cell death in
DU145 (Fig. 1A), but TRAIL alone had no cytotoxic effect on
HPC-36, PC-3 and LNCaP cells (Fig. 1B-D). However, when a
combination therapy of proteasome inhibitors and TRAIL was
used, whole prostate cancer cells significantly decreased cell
viability as compared to TRAIL alone.

We then examined the combination effect of TRAIL with
proteasome inhibitor, particularly ALLN, in various cancer
cells. These cells were exposed to ALLN for 3 h and treated
with recombinant TRAIL (100 ng/ml) protein for an additional
3 h. ALLN alone induced an approximately 10-30% apoptosis
in prostate (Fig. 2A) as well as other cancer cells (Fig. 2B).
However, the combined treatment of ALLN and TRAIL
increased cell death in whole cancer cells, although TRAIL
alone exhibited a reduced effect on cancer cell death. Notably, the
combined treatment induced almost 70-80% cell death in PC-3
and LNCaP cells. The cell morphology images also confirmed
this enhanced cell death activity by the combined treatment of
ALLN and TRAIL in various cancer cells (Fig. 2C).

Proteasome inhibitor ALLN sensitizes TRAIL-resistant
LNCaP prostate cancer cells. To examine the functional role
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Figure 2. Cell viability after treatment with TRAIL and/or ALLN in various cancer cells. Prostate and other cancer cells were plated in the 96-well plates and
incubated overnight. (A) Prostate (B) other cancer cells were exposed to ALLN (10 M) for 3 h and then treated with recombinant TRAIL (100 ng/ml) protein for
an additional 3 h. Cell viability was determined by crystal violet staining. Viability of control cells was set at 100%; viability relative to the control is shown. The
experiments were performed in triplicate, at least twice. Bar, standard deviation. (C) Cell morphology images under the conditions described in (B) were captured.
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Figure 3. Effect of ALLN on TRAIL-resistant LNCaP prostate cancer cells. (A) LNCaP cells cultured in 12-well plates were pre-treated with ALLN (10 M)
for 3 h and then further co-incubated with recombinant TRAIL protein (100 ng/ml) for an additional 3 h. Cell viability was determined by crystal violet
staining. The experiments were performed in triplicate, at least twice. Bar, standard error. “P<0.01, "P<0.05 vs. normal samples were calculated using the
Student's t-test. (B) Cell morphology under the conditions described in (A) was captured. (C) LNCaP cells cultured in 12-well plates were pre-treated with
ALLN (0-40 uM) for 3 h, and then further co-incubated with or without recombinant TRAIL protein (100 ng/ml) for an additional 3 h. Cell viability was
determined as described (A). (D) A set of 12-well plates showing cell viability of the conditions described in (C) is shown.

of ALLN in apoptotic cell death, LNCaP cells, which are
resistant to apoptotic induction by TRAIL alone, were exposed
to ALLN (10 gM) for 3 h and then treated with recombinant
TRAIL protein for an additional 3 h. ALLN alone induced
approximately 20% apoptosis in the LNCaP cells, whereas
pretreatment with ALLN increased TRAIL-induced apoptosis
to 80%, although TRAIL alone exhibited a reduced effect on
tumor cell viability (Fig. 3A). Examination of cell morphology
also verified this enhanced activity of ALLN on TRAIL-
induced apoptosis (Fig. 3B). Furthermore, LNCaP cells were
pretreated with ALLN in a dose-dependent manner for 3 h
and then coincubated with and without TRAIL protein for
an additional 3 h. As shown in Fig. 3C, ALLN enhanced the
TRAIL effect in a concentration-dependent manner. Moreover,

a marked increase was found in TRAIL-induced apoptosis at
a high concentration (20 and 40 xM). Following treatment, the
12-well plate was stained with a crystal violet staining method
in which purple staining was evident when cells were viable.
After staining, the 12-well plates were scanned. The scanning
results clearly indicated that the cell viability for ALLN and
TRAIL was markedly depressed (Fig. 3D).

Proteasome inhibitor ALLN increases DR-5 proteinsin LNCaP
prostate cancer cells. To address the mechanism by which
ALLN enhances TRAIL-induced apoptosis, we first examined
caspase-8 and -3 activation after treating the cells with ALLN
and/or TRAIL (Fig. 4 A and B). Under normal growth condi-
tions and treatment of ALLN cells, Western blotting did not
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Figure 4. ALLN enhanced TRAIL-induced apoptosis by DR-5 upregulation and caspase-8 and -3 activation. (A and B) LNCaP cells were pre-treated with ALLN
for 3 h, and then further co-incubated with or without recombinant TRAIL protein (100 ng/ml) for an additional 1 h. Whole cell lysates were prepared and protein
samples were separated on SDS-PAGE, analyzed for apoptotic proteins such as caspase-8 and -3 by Western blotting analysis. (C) LNCaP cells were pre-treated
with ALLN (10 #M) for 0-3 h and the prepared samples were separated on SDS-PAGE and analyzed for DR-4 and DR-5 protein expression. (D) ALLN was
treated with 0-20 M and Western blotting analysis was performed to analyze the FADD and DR-5 expression. [3-actin was used as the control for protein loading.

efficiently detect an active form of caspase-8 and -3. However,
treatment with TRAIL protein alone and the combined treat-
ment of ALLN and TRAIL protein induced caspase-8 and -3
activation. More importantly, cells co-treated with ALLN and
TRAIL protein showed higher activation levels of caspase-8
and -3 than cells treated with TRAIL alone. Although the cells
treated with TRAIL alone exhibited an activation of caspase-8
and-3, the cells were resistant to TRAIL-induced apoptosis,
indicating that the caspase-8 and -3 activation by TRAIL alone
was not sufficient to induce apoptosis. However, pretreatment
with ALLN enhanced the activation of the two proteins,
thereby enhancing TRAIL-induced apoptosis. As previously
described, TRAIL-induced apoptotic signaling occurs via
DR-4/DR-5 receptors, which ultimately leads to apoptosis
through caspase activation. Since ALLN enhanced the TRAIL
effect in LNCaP cells by an increased activation of caspase-8
and -3, it may be combined with DR-4/DR-5 up-regulation by
ALLN. Therefore, to elucidate the effect of ALLN on DR-4/
DR-5 up-regulation, we further investigated the DR-4/DR-5
protein levels by Western blotting. We first exposed LNCaP
cells to ALLN for different time periods (Fig. 4C). ALLN was
found to enhance DR-5 protein expression after 3 h of treat-
ment. However, no significant increase was observed in DR-4
protein expression even after the 3 h treatment. Furthermore,
the cells were treated with different ALLN concentrations and
the DR-5 protein expression was examined. Fig. 4D shows that
ALLN also increased DR-5 expression in a concentration-
dependent manner. By up-regulating DR-5 protein expression,
we showed that ALLN markedly enhanced anti-tumorigenic
effects in TRAIL-resistant prostate cancer cells.

Discussion

Proteasome inhibitors are attractive cancer therapeutic agents
as they are capable of regulating apoptotis-related proteins.
Various proteasome inhibitors such as Bortezomib, MG132,
PS-341 and ALLN have been reported to induce apoptotic cell

death in various cell lines (10,18-21). When used in combination
with TRAIL, some proteasome inhibitors enhanced TRAIL-
induced cell death (9,11,21-25). For example, by up-regulating
DR-5, MG132 cooperates with TRAIL to overcome the Bax
deficiency-induced resistance to TRAIL in HCT-116 cells (26).
Studies have also demonstrated that ALLN regulates apoptotic
cell death with marked increases in a large number of cellular
proteins, including cyclin-dependent protein kinase inhibitor
P21WAF1 (8,27). However, little is known about the effect of
ALLN on TRAIL-induced apoptosis. In the present study,
we investigated the interactions between TRAIL and protea-
some inhibitors on various prostate cancer cell lines. Our
results showed that when proteasome inhibitors and TRAIL
were used in combination, whole prostate cancer cells signifi-
cantly decreased cell viability compared to TRAIL alone. In
particular, the combination of TRAIL with the proteasome
inhibitor, ALLN, increased cell death in various cancer cell
lines although a decreased effect on cancer cell death was
observed with tRAIL alone. These data suggest that the
proteasome inhibitors ALLN, sensitizes on TRAIL-sensitive/
resistant prostate cancer and other cancer cells.

Apoptosis induced by TRAIL is characterized by binding
with its death receptors, such as DR-4 and DR-5, and forming
of the death-inducing signaling complex (DISC) (28,29).
DISC includes receptors, the adaptor FADD protein and the
caspase-8. Therefore, caspase-8 and -3 activation was first
examined after treating the cells with ALLN and/or TRAIL
in order to address the mechanism by which ALLN enhances
TRAIL-induced apoptosis. The cells treated with both
ALLN and TRAIL showed an increase in the activation of
the caspase-8 and -3 protein compared to cells treated with
TRAIL alone. These results suggest that although the cells
treated with TRAIL alone showed caspase-8 and -3 activation,
pretreatment with ALLN enhanced the activation of the
two proteins, which, in turn, enhanced the TRAIL-induced
apoptosis. In addition, these results indicate that ALLN can
be combined with DR4/DRS5 up-regulation in enhancing the
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mechanism of ALLN on TRAIL-induced LNCaP cell death as
a result of the increased caspase-8 and-3 activation.

Other proteasome inhibitors such as MG-132, Bortezomib
and PS-341 have been reported to up-regulate DR-5 protein
expression thereby enhancing TRAIL-induced apoptosis in
different cell lines (7,11,30,31). MG-132 induced DR-5 protein
expression in prostate cancer cells in a dose-dependent manner
and thus enhanced TRAIL-induced apoptosis (30). It has been
shown that MG-132 elevated the levels of TRAIL receptors
such as DR-4 and DR-5 in HeLa cells (32). Furthermore,
Bortezomib and MG-132, in combination, induced only DR-5,
but not DR-4, expression in human colon cancer cell lines (31).
Similarly, we present data for ALLN in LNCaP cells whereby
ALLN alone induced DR-5 expression, without any effect on
DR-4. We also showed that DR-5 expression was induced by
the combined treatment of ALLN and TRAIL. Our results
showed that ALLN enhanced TRAIL-induced apoptosis in
LNCaP cells by up-regulating DR-5 expression and subse-
quently by caspase-8 and -3 activation.

In conclusion, the proteasome inhibitor ALLN enhanced
the TRAIL effect in TRAIL-resistant LNCaP cells by
up-regulating TRAIL receptor DR-5. Therefore, ALLN may
be used in synergy with TRAIL and can be proved a successful
chemotherapeutic combination for tumor cells, particularly
those resistant to TRAIL-induced apoptosis.
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