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Abstract. Tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL) triggers apoptosis in a variety of tumor cells by 
engaging the death receptors 4 (DR4) and 5 (DR5). We inves-
tigated the effect of chemotherapeutic drugs on DR4-mediated 
apoptosis in human bladder cancer cells, using a human mono-
clonal agonistic antibody specific for DR4, mapatumumab. 
Cytotoxicity was determined by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide assay. Synergy was assessed 
by isobolographic analysis. Treatment of human bladder 
cancer T24 cells with mapatumumab in combination with 
mitomycin C, vinblastine or gemcitabine did not overcome 
resistance to these agents. However, treatment with mapatu-
mumab in combination with epirubicin (EPI) had a synergistic 
cytotoxic effect. Synergy was also obtained in KU7 and RT112 
human bladder cancer cells. A synergistic effect was also 
observed with mapatumumab in combination with pirarubicin. 
The synergy obtained in cytotoxicity with mapatumumab and 
EPI was also achieved in apoptosis. EPI markedly increased 
DR4 expression in the bladder cancer cells at both the mRNA 
and protein levels. Furthermore, the combination-induced 
cytotoxicity was significantly suppressed by the DR4:Fc 
chimeric protein. The combination of EPI and mapatu-
mumab significantly activated the caspase cascade, including 
caspase-8, -9 and -3, which are the downstream molecules of 
death receptors. These findings indicate that EPI sensitizes 
bladder cancer cells to DR4-mediated apoptosis through 

induction of DR4 and activation of caspases, suggesting that 
the combination therapy of EPI and mapatumumab may be 
effective for bladder cancer therapy.

Introduction

Each year more than 350,000 new cases of bladder cancer 
are diagnosed globally (1), making bladder cancer the ninth 
most frequent cancer worldwide  (2). Epirubicin (EPI) and 
pirarubicin (THP) are a new generation of anthracycline 
drugs, widely used as anticancer chemotherapeutic agents 
in various types of cancers including bladder cancer (2,3). 
Furthermore, these anthracycline drugs are less cardiotoxic 
than doxorubicin. However intrinsic and acquired resistance 
to chemotherapeutic drugs are considered as major problems. 
Therefore, it is important to develop new treatment strategies 
for bladder cancer patients to prevent recurrence and reduce 
the risk of tumor progression.

Tumor necrosis factor (TNF)-related apoptosis-inducing 
ligand (TRAIL) is a pro-apoptotic member of the TNF super-
family and a potentially effective anticancer agent. TRAIL has 
been identified as a powerful activator of programmed cell 
death or apoptosis in various tumor cells, yet is considered rela-
tively nontoxic against most normal cells (4-6). TRAIL induces 
apoptosis by interacting with two death-inducing receptors 
TRAIL-R1 (DR4) and TRAIL-R2 (DR5) following activation 
of the caspase cascade that initiates both extrinsic and intrinsic 
apoptotic pathways (4,7-9). In addition, TRAIL binds to two 
other receptors, TRAIL-R3 (DcR1) and TRAIL-R4 (DcR2), 
which lack a functional cytoplasmic death domain  (8-10). 
These receptors have been proposed to inhibit TRAIL-induced 
apoptosis by acting as decoy receptors. Thus, using a specific 
activator of TRAIL-R1 and TRAIL-R2 is preferable to avoid 
interference from competition with decoy receptors.

It has been reported that monoclonal antibodies (mAbs) 
to human TRAIL-R1 or TRAIL-R2 have antitumor activities 
in vitro and in vivo (11,12). These agonistic antibodies work in 
a similar manner to TRAIL by activating TRAIL-mediated 
apoptotic pathways (12,13). Several studies have shown that the 
human TRAIL-R1 mAb induced apoptotic cell death in renal 
cell carcinoma (RCC) (14,15) and bladder cancer cells (16). 
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It has also been reported that mapatumumab which is a fully 
human agonistic mAb specific for TRAIL-R1, reduced the 
viability of multiple types of tumor cells in vitro and inhibited 
tumor growth in vivo (17).

The results of phase I and II studies with mapatumumab 
showed good compatibility and only mild non-specific toxicity 
in patients with solid malignancies (18,19). Although these 
clinical trials are promising, it was recognized that only 29.3% 
of patients had stable disease among the patients who received 
mapatumumab therapy (20). Therefore, developing strategies 
to optimize the effects of mapatumumab, particularly through 
combinations with chemotheraputic drugs, is warranted.

In the present study, we examined whether the cytotoxic 
effect of mapatumumab would be enhanced in combination 
with chemotherapeutic drugs against bladder cancer cells. 
The subtoxic concentrations of the EPI and mapatumumab 
combinations exhibited synergistic cytotoxicity and induction 
of apoptosis through upregulation of DR4.

Materials and methods

Reagents and cell lines. Mapatumumab, the human TRAIL-R1 
mAb, was kindly provided by Human Genome Sciences 
(Rockville, MD, USA). This monoclonal antibody was isolated 
using phage display technology (21). Enzyme-linked immuno-
sorbent assay (ELISA) and/or Biacore analysis determined that 
mapatumumab is highly specific for binding to TRAIL‑R1. 
EPI and THP were obtained from Meiji Pharmaceutical and 
Kyowa Hakkou (Tokyo, Japan), respectively.

The human bladder carcinoma cells T24, KU7, RT112, 
253J and J82 were purchased from the American Type Culture 
Collection (ATCC; Manassas, VA, USA). Cells were cultured 
in RPMI-1640 medium supplemented with 1 mM HEPES 
buffer (both from Sigma, St. Louis, MO, USA), penicillin 
and streptomycin mixture (Nakalai, Kyoto, Japan) and 10% 
heat‑inactivated fetal bovine serum (Sigma).

Cytotoxicity assay. Cytotoxicity was assessed using a 
3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay. A 100  µl suspension of 1.5x104  cells was 
seeded into a 96-well flat-bottom microtiter plate. Cells were 
grown for 24 h at 37˚C in a humidified 5% CO2 atmospheric 
condition, after which cells were exposed to 100 µl of drug 
solution or medium (control) to the plates in triplicate. Each 
plate was incubated for 24 h. Following incubation, 10 µl 
MTT labeling reagent (Roche, Mannheim, Germany) was 
added to each culture well, and the cultures were incubated 
for an additional 4 h. After incubation, 100 µl solubilization 
solution containing 10% SDS in 0.01 M HCl was placed into 
each well and incubated overnight. The absorbance (A) of each 
well was measured by a microculture plate reader at 540 nm. 
Percent cytotoxicity was calculated by the following equa-
tion: Cytotoxicity = [1 - (A of experimental wells/A of control 
wells)] x 100.

Apoptosis assay. Following incubation with mapatumumab 
and/or EPI for 6-24 h, both floating and adherent cells were 
harvested. A cell death detection ELISA kit (Roche) was used 
to assess quantification of DNA fragmentation according to the 
manufacturer's instructions. The harvested cells were mixed 

thoroughly with 200 µl cell lysis buffer and kept in ice for 
30 min. Subsequently, centrifugation at 1,500 rpm for 10 min 
was carried out. Using the Bio-Rad DC protein assay (Bio-
Rad, Hercules, CA, USA), the protein concentration of the 
supernatant was measured, and 20 µl cell lysate corresponding 
to 50 µg protein was transferred into a streptavidin-coated 
microplate, 80 µl immunoreagent was added to each well and 
incubation for 2 h at room temperature was carried out. After 
removing the immunoreagent and washing with incubation 
buffer, 100 µl ABTS solution and ABTS stop solution were 
added accordingly, and the A at 405 nm was measured.

Real-time reverse transcription-PCR. The mRNA expression 
of DR4 was examined by reverse transcriptase-polymerase 
chain reaction (RT-PCR) analysis. Total RNA was extracted 
from the bladder carcinoma cells using TRIzol (Life technolo-
gies, Carlsbad, CA, USA) according to the manufacturer's 
instructions, and complementary DNA (cDNA) was synthe-
sized from 1 µg of the total RNA with the First-Strand cDNA 
Synthesis kit (Applied Biosystems, Foster City, CA, USA). The 
primer set for DR4 (Sigma) was as follows: forward, 5'-CGA 
TGTGGTCAGAGCTGGTACAGC and reverse, 5'-GGACAC 
GGCAGAGCCTGTGCCATC. The real-time RT-PCR was 
carried out using LightCycler FastStart DNA Master SYBR-
Green 1 (Roche). The protocol applied for TRAIL-R1 was 
40 cycles at 95˚C for 10 sec, 63˚C for 1 sec, and 72˚C for 4 sec. 
Quantitative analysis of the data was carried out using 
LightCycler Software version 3.5 (Roche). Standard curves for 
templates of TRAIL-R1 and glyceraldehyde-3-phosphate 
dehydrogenase were generated by serial dilution of the PCR 
products.

Western blot analysis. The protein expression of DR4 was 
examined by western blot analysis. Cells were plated in 
100-mm dishes for 24 h and then treated with the combination 
of mapatumumab (100 ng/ml) and EPI (1 µg/ml) for 3-12 h 
in a cell culture incubator at 37˚C. After the indicated treat-
ment, the cells were lysed for 30 min on ice in lysis buffer with 
protease inhibitor cocktail (Sigma). The protein concentra-
tion of the extracts was determined by Bio-Rad colorimetric 
assay. Then 50 µg of protein was separated on an SDS-PAGE 
and transferred to a PVDF membrane (GE Healthcare Life 
Sciences, Buckinghamshire, UK). After blocking the nonspe-
cific binding sites for 1 h at room temperature with 5% skim 
milk in TBST (TBS with 0.1% Tween-20), the membranes 
were incubated overnight at 4˚C with primary antibodies: 
DR4 mouse monoclonal antibody (Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA) and β-actin rabbit polyclonal antibody 
(Cell Signaling Technology, USA). The membranes were then 
washed 3  times with TBST and incubated further at room 
temperature for 1 h with the respective secondary antibodies. 
Membranes were washed 3  times with TBST and signals 
were detected using West Pico Chemiluminescent Substrate 
kit (Thermo Scientific).

Caspase activity assay. The activities of caspase-3, -8 and -9 
were measured using a quantitative colorimetric assay with 
caspase-3, -8 and -9 colorimetric protease assay kits (MBL, 
Nagoya, Japan). Control and treated cells (6-12  h) were 
homogenized in 400 µl cell lysis buffer, incubated on ice for 
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10 min and centrifuged at 10,000 rpm for 5 min at 4˚C. The 
supernatant was recovered and the protein concentration was 
measured with the Bio-Rad DC protein assay. Then 50 µl cell 
lysate corresponding to 100 µg of total protein, 50 µl of 2X 
reaction buffer containing 10 nM DTT and 5 µl substrate were 
added to each well of a 96-well plate. The plate was incubated 
for 24 h at 37˚C. The A value of each well was measured with 
a microculture plate reader at 405 nm.

Statistical analysis. All measurements were conducted 3 times. 
The results are expressed as the means ± SD of 3 experiments. 
Statistical significance was determined by the Student's t-test 
with P-value. A P-value of <0.05 was considered to indicate a 
statistically significant result.

Calculations of synergistic cytotoxicity were determined 
by isobolograpic analysis as described by Berenbaum (22,23). 
Whether any particular dose combination is synergistic, addi-

tive or antagonistic is shown by whether the point representing 
that combination lies below, on or above, respectively, the 
straight line joining the doses of two drugs that, when given 
alone, produce the same effect as that combination in the 
isobolographic analysis.

Results

Cytotoxicity of a combination of mapatumumab and EPI on 
bladder cancer cells. We examined whether the cytotoxic effect 
of mapatumumab on bladder cancer cells would be enhanced 
by a combination with EPI, mitomycin  C, vinblastine or 
gemcitabine. When T24 cells were treated with a combination 
of mapatumumab (1-100 ng/ml) and subtoxic concentrations of 
EPI (0.1-10 µg/ml) for 24 h, a significant potentiation of cytotox-
icity and synergy was achieved (Fig. 1A and F), although there 
was no synergistic effect of mapatumumab in combination 

Figure 1. Combined cytotoxicity of MAPA and EPI on bladder cancer (A) T24, (B) KU7, (C) 253J, (D) RT112 and (E) J82 cells. Cells were treated for 24 h with 
MAPA (1-100 ng/ml) alone, EPI (0.1-10 µg/ml) alone or the combination of the two agents. Cytotoxicity was measured using the MTT assay. (F) Combined 
effects on the 5 types of bladder cells were assessed by isobolograpic analysis. MAPA, mapatumumab; EPI, epirubicin.
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with mitomycin C, vinblastine or gemcitabine (0.1-10 µg/ml; 
data not shown). A similar synergistic effect was also achieved 
in the KU7 (Fig. 1B and F) and 253J cells (Fig. 1C and F). The 
synergistic effect was also observed with mapatumumab in 
combination with THP (data not shown). In addition, an addi-
tive effect was observed in the RT112 cells (Fig. 1D and F). 
On the other hand, an antagonize effect was achieved in the 
J82 cells (Fig. 1E and F). These studies showed that treatment 
of most human bladder cancer cells with a combination of 
mapatumumab and EPI/THP resulted in the potentiation of 
cytotoxicity.

Induction of apoptosis. We assessed whether the enhanced 
cytotoxicity of mapatumumab and EPI combination was 
mediated through apoptosis. When mapatumumab and EPI 
were used alone neither mapatumumab nor EPI caused DNA 
fragmentation. However, obvious DNA fragmentation was 

observed (Fig. 2A), when T24 cells were incubated with these 
two agents simultaneously. A similar effect was also observed 
in the 253J cells (Fig. 2B), yet the effect was not significant in 
the case of J82 cells (Fig. 2C). These results indicate that the 

Figure 2. Induction of apoptosis by the combination of MAPA and EPI in 
bladder cancer cells. (A) T24, (B) 253J and (C) J82 cells were treated for 
12 h with MAPA (100 ng/ml) alone, EPI (1 µg/ml) alone or a combination 
of the two agents. Quantification of DNA fragmentation was assessed using 
the apoptosis‑specific ELISA assay. MAPA, mapatumumab; EPI, epirubicin.

Figure 3. DR4-dependent synergistic cytotoxic effect of MAPA and EPI in 
bladder cancer cells. T24 cells were treated with 1 µg/ml EPI for variable 
times. Total RNA was extracted with TRIzol reagent and used for cDNA 
synthesis. (A) mRNA levels of DR4 were determined by real-time RT-PCR. 
(B) DR4 expression was monitored by western blot analysis after 1 µg/ml 
EPI treatment for 3-12 h. β-actin was used as the loading control. Cells were 
treated with 100 ng/ml MAPA plus 1 µg/ml EPI in the absence or presence of 
1 µg/ml DR4:Fc chimeric protein. (C) Cytotoxicity was measured using the 
MTT assay. DR4, death receptor 4; MAPA, mapatumumab; EPI, epirubicin.
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combined cytotoxicity and the level of apoptosis were consis-
tent in the bladder cancer cells.

Synergistic cytotoxicity of mapatumumab and EPI is 
DR4-dependent. It has been reported that cytotoxic drugs 
increase the expression of the TRAIL receptor in cancer 
cells  (24,25). To ascertain the mechanism underlying the 
interaction between mapatumumab and EPI, we examined 
whether EPI regulates the mRNA and protein levels of DR4 
in bladder cancer cells by quantitative real-time RT-PCR and 
western blot analysis, respectively. The examination revealed 
that EPI significantly increased the DR4 expression in the T24 
cells at the mRNA (Fig. 3A) and protein levels (Fig. 3B) in a 
time-dependent manner.

We further analyzed the molecular mechanism of the 
synergistic cytotoxicity of mapatumab and EPI using a human 
recombinant DR4:Fc chimeric protein which has a dominant-
negative function against DR4. Cells were incubated with 

100 ng/ml mapatumumab plus 1 µg/ml EPI in the absence 
or presence of 1 µg/ml DR4:Fc chimeric protein. As shown 
in Fig. 3C, the synergistic cytotoxicity was blocked significantly 
by DR4:Fc chimeric protein in the T24 cells. These results 
indicate that the synergistic cytotoxicity and levels of apoptosis 
of mapatumumab and EPI were DR4-dependent.

Functional activation of caspase-8, -9 and -3 following treat-
ment with mapatumumab and EPI. In most biological systems, 
caspase activation plays an important role in executing apop-
tosis (26). Activation of caspase-8 is initially led by the TNF 
receptor family including TRAIL-R1, resulting in the initiation 
of a cascade in which other caspases such as caspase-3 and -9 
are activated. This ultimately causes the irreversible commit-
ment of cells to undergo apoptosis (11,13). Treatment of T24 
with the combination of mapatumumab and EPI resulted in 
significant activation of caspase-8, -9 and -3, although EPI 
alone slightly activated caspase-8 and -3 (Fig. 4A). In contrast, 

Figure 4. Caspase activation by MAPA and EPI in bladder cancer cells. T24 cells were treated for (A) 6-24 h or (B) 12 h with MAPA (100 ng/ml) alone, EPI 
(1 µg/ml) alone or a combination of the two agents. (A) Time course of caspase activation in T24 cells. (B) Comparison of caspase activities in T24, 253J and 
J82 cells. Activities of caspase-8, -9 and -3 were measured by a quantitative colorimetric assay. MAPA, mapatumumab; EPI, epirubicin.
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mapatumumab alone did not activate casapse-8,  -9  or  -3. 
Caspase activation was observed when the treatment time of 
T24 cells with mapatumumab and EPI was shortened from 
24  to 6 h  (Fig. 4A). We also examined caspase activation 
using 253J and J82 cells, and observed that the 253J cells 
exhibited a similar effect, whereas the J82 cells showed a poor 
effect (Fig. 4B).

Discussion

Although human agonistic antibodies to TRAIL receptors 
are currently in clinical trials for the treatment of cancer 
patients, resistance of cancer cells to apoptosis is one of the 
major hurdles in the effective application of these molecular 
target therapeutic drugs. Thus, agents that can overcome 
resistance are urgently needed (18-20,27). In the present study, 
we demonstrated that the anthracycline EPI, in combination 
with mapatumumab, enhanced apoptosis-inducing activity 
in human bladder cancer cells T24, KU7, 253J and RT112. 
The observed activation of caspase-8, -9 and -3 in our experi-
ments suggests that the combination of mapatumumab and 
EPI potentiates both the extrinsic and intrinsic pathways of 
apoptosis. A relatively low concentration of each agent was 
required, thus minimizing drug toxicity and maximizing the 
therapeutic potential in vivo. In addition, a synergistic effect 
was also observed with mapatumumab in combination with 
other anthracyline derivatives such as THP. These data suggest 
that combination treatment using mapatumumab and anthra-
cyclines is promising from a clinical perspective.

Cell surface expression of DR4 or DR5 is essential for 
TRAIL-induced apoptosis, although tumor cells expressing 
these death receptors are not always sensitive to TRAIL due to 
intracellular mechanisms (28). It was reported that the efficacy 
of TRAIL correlates with the cell surface levels of DR4 and/or 
DR5 in leukemia cells (29). However, some studies showed 
that TRAIL receptor expression does not correspond to the 
synergy of TRAIL and chemotherapeutic drugs in certain cell 
lines (30-33). The present study showed that EPI significantly 
upregulated DR4 expression in bladder cancer cells at both the 
mRNA and protein levels. Furthermore, the synergistic cyto-
toxicity of mapatumumab and EPI was significantly inhibited 
by DR4:Fc chimeric protein that had a dominant-negative func-
tion against DR4. These findings imply that mapatumumab 
and EPI synergistically induce cytotoxicity and apoptosis in 
bladder cancer cells through upregulation of DR4.

Caspases are critical protease mediators of apoptosis 
triggered by different stimuli including TRAIL (9,34,35). In 
the present study, we found that in T24 and 253J cells treated 
with the combination of mapatumumab and EPI, the initiative 
caspases such as caspase-8, -9 and effective caspases including 
caspase-3 were significantly activated. The strong activation 
of caspase-8 in bladder cancer cells treated with the combina-
tion of mapatumamab and EPI may be the result of increased 
death-inducing signaling complex activity or secondary to 
activation by downstream caspases. These findings revealed 
that the activation of the extrinsic and intrinsic apoptotic 
pathways has an important role in synergistic cytotoxicity of 
mapatumumab and EPI in bladder cancer cells.

It was noted that the J82 cells exhibited no significant 
enhanced cytotoxicity and apoptosis after treatment using 

mapatumumab in combination with EPI, although the 
synergistic effect was achieved in most bladder cancer cells. 
In addition, neither caspase-8, -9 nor -3 was activated in the 
J82 cells treated with mapatumumab and EPI. These findings 
further indicate that caspases are critical in the enhancement 
of DR4-mediated apoptosis in most bladder cancer cells 
following treatment with EPI.

The chemotherapeutic drug resistance of bladder cancer 
cells remains a major obstacle to successful treatment, and 
thus more effective therapy is needed. The present study 
clearly demonstrated that mapatumumab and EPI had a 
synergistic cytotoxic effect in most bladder cancer cells at 
a relatively low concentration of EPI compared to a regular 
dose. The synergistic cytotoxicity of mapatumumab and EPI 
was realized through induction of apoptosis upon upregulating 
DR4 expression and activating the caspase cascade. These 
findings suggest that the treatment of bladder cancer using 
mapatumumab combined with EPI is promising in a potential 
clinical setting.
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