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Induction of endoplasmic reticulum stress by bortezomib  
sensitizes myeloma cells to DR5-mediated cell death
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TNF-related apoptosis-including ligand/Apo2 (TRAIL)-mediated immunotherapy is an attractive anti-tumor 

modality with high tumor specificity. In order to improve its therapeutic efficacy, we further need to implement a 

novel maneuver for sensitization of malignant cells to TRAIL. Bortezomib (BTZ), a novel anti-myeloma (MM) agent, 

potently induces endoplasmic reticulum (ER) stress to cause apoptosis. Here, we explored the roles of BTZ in the 

cytotoxicity of anti-TRAIL receptor agonistic antibodies against MM cells with special reference to ER stress. BTZ 

enhanced the expression of death receptor 5 (DR5) but not DR4 in MM cells at surface protein as well as mRNA 

levels. However, the DR5 expression was not affected by BTZ without ER stress induction in MM cells with a point 

mutation in a BTZ-binding proteasome β5 subunit. Tunicamycin, an ER stress inducer, was able to enhance the DR5 

expression even in the BTZ-resistant MM cells, suggesting the role of ER stress in up-regulation of DR5 expression. 

Interestingly, BTZ facilitated extrinsic caspase-mediated apoptosis by anti-DR5 agonistic antibody in MM cells 

along with reducing c-FLICE-like interleukin protein, a caspase 8 inhibitor. These results suggest that BTZ enhances 

DR5 expression and its downstream apoptotic signaling through ER stress to sensitize MM cells to TRAIL-mediated 

immunotherapy.
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Introduction

Multiple myeloma (MM) still remains incurable because of 

its resistance to chemotherapeutic drugs and an escape from 

tumor immune surveillance, although new agents as well as 

high dose chemotherapy followed by stem cell transplantation 

have been introduced into a clinical practice with better 

quality of therapeutic response and outcome. Therefore, 

alternative approaches are needed to overcome drug resistance 

to improve the therapeutic outcome in patients with MM.

Immunotherapies have been getting generally accepted 

as attractive treatment options for yet incurable malignancies 

by conventional chemotherapeutic agents. One such approach 

is a TNF-related apoptosis-including ligand/Apo2 (TRAIL)-

mediated immunotherapy 1–3). TRAIL binds to two different 

proapoptotic receptors, death receptor 4 (DR4) and DR5. 

Unlike Fas ligand and TNF-α, TRAIL is able to induce cell death 

in malignant cells with marginally affecting normal tissues; 

TRAIL-mediated immunotherapy is, therefore, regarded as an 

attractive tumor-specific strategy against various cancers, 

including MM 4–6).
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However, weak expression of the TRAIL receptors as well as 

the suppression of their downstream pro-apoptotic signaling 

often cause malignant cell resistance to TRAIL; and sensitiza-

tion of malignant cells to TRAIL has become a major issue in 

the TRAIL-mediated immunotherapy. To restore the sensitivity 

to TRAIL, we need to develop novel therapeutic maneuvers to 

up-regulate surface TRAIL receptors along with stimulation of 

DR-mediated pro-apoptotic signaling.

The proteasome inhibitor bortezomib (BTZ) is widely used 

in treatment of MM with improved response rates in patients 

with both relapsed/refractory and newly diagnosed MM 7). BTZ 

induces misfolded protein accumulation in MM cells followed 

by endoplasmic reticulum (ER) stress-associated apoptosis 8,9). 

However, the effects of ER stress induced by BTZ on TRAIL-

mediated MM cell death are largely unknown. In the present 

study, we therefore aimed to clarify the role of BTZ on TRAIL 

receptor editing and TRAIL-mediated cell death in MM cells 

with special reference to ER stress. We demonstrated here that 

BTZ enhanced the surface expression of DR5 but not DR4 in 

MM cells and its downstream apoptotic signaling through the 

induction of ER stress to sensitize MM cells to an anti-DR5 

agonistic antibody.

Materials and Methods

Reagents

Bortezomib was purchased from Millenium Pharmaceuticals, 

Inc. (Cambrigde, MA, USA). Rabbit monoclonal antibodies 

against caspase 9, caspase 3, cleaved caspase 3, poly (ADP-

ribose) polymerase (PARP), and mouse monoclonal antibodies 

against activating transcription factor 4 (ATF4) and C/EBP-

homologous protein (CHOP) were purchased from Cell Sig-

naling Technology Japan (Tokyo, Japan). Mouse monoclonal 

antibodies against caspase 8, c-FLICE-like interleukin protein 

(c-FLIP) and β-actin were obtained from Medical and Biotech-

nological Laboratories (Nagoya, Japan), Santa Cruz Biotechnol-

ogy (Santa Cruz, CA), Abcam (Cambridge, UK) and Sigma (Saint 

Louis, MO), respectively. FITC-conjugated mouse monoclonal 

antibodies against human DR4 and DR5 were from Biolegend 

(San Diego, CA). Horseradish peroxidase-conjugated goat 

anti-mouse antibody was from Invitrogen Life Technologies 

(Carlsbad, CA). The human monoclonal anti-DR5 agonistic 

antibody R2-E11 was a kind gift from from Kyowa Hakko Kirin 

Co. Ltd. (Tokyo, Japan).

Cells and cultures

The use of human samples was approved by the Institu-

tional Review Board at University of Tokushima (Tokushima, 

Japan), and informed consent was obtained according to the 

Declaration of Helsinki. Peripheral blood mononuclear cells 

(PBMCs) were isolated from fresh peripheral blood from 

healthy donors 10). Primary MM cells were purified from bone 

marrow mononuclear cells (BMMCs) using CD138 microbeads 

and a magnetic cell sorting system (Miltenyi Biotec, Auburn, 

CA). Human MM cell lines, RPMI 8226, KMS-11 and U266, were 

obtained from the American Type Culture Collection (ATCC, 

Manassas, VA). The human MM cell line OPC was established 

in our laboratory 11). The human MM cell line INA-6 was kindly 

provided by Dr. Renate Burger (University of Kiel, Kiel, Ger-

many). The human MM cell lines OPM-2 was purchased from 

the German Collection of Microorganisms and Cell Cultures 

(Braunschweig, Germany). BTZ-resistant MM cell lines with a 

point mutation in the β5 subunit of a 26S proteasome, KMS-11/

BTZ and OPM-2/BTZ, were kindly provided from Kyowa Hakko 

Kirin Co. Ltd. (Tokyo, Japan) 12). Cells were cultured in RPMI1640 

(Sigma) supplemented with 5% FCS (Life Technologies, Grand 

island, NY), penicillin (100 units/mL), and streptomycin (100 

μg/mL) at 37°C in a humidified atmosphere with 5% CO2.

Flow cytometry

Cell preparation and staining for flow cytometry were 

performed as described previously 13). Briefly, cells were incu-

bated in 100 μl PBS with 2% human γ-globulin with saturating 

concentrations of different FITC-conjugated monoclonal 

antibodies on ice for 40 minutes. They were then washed 

and analyzed by flow cytometry using EPICS-Profile (Coulter 

Elecronics, Hialeah, FL).

Cell viability and apoptosis assay

MM cells were incubated with various concentrations of BTZ 

with or without TRAIL agonistic antibody at 37°C for 48 hours. 

Viable cell numbers were measured by a cell proliferation 

assay using 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5- 

(2,4-disulfophenyl)-2H-tetrazolium (WST-8; Kishida Chemical, 

Osaka, Japan). Apoptosis in MM cells was evaluated by stain-

ing the cells with an annexinV-FITC and propidium iodide 

labeling kit (MEBCYTO Apoptosis Kit; MBL, Nagano, Japan) 

according to the manufacturer’s instruction.

Western blot analysis

Cells were collected and lysed in a lysis buffer (Cell Signal-

ing, Beverly, MA) supplemented with 1 mM phenylmethylsul-

fonyl fluoride and protease inhibitor cocktail solution (Sigma). 

The cell lysates were subjected to SDS-PAGE on a 10% poly-

acrylamide gel, and then transferred to polyvinylidene difluo-

ride membranes (Millpore, Billerica, MA). The membranes were 

blocked with 5% non-fat dry milk in TBS with 0.01% Tween 20 

for 1 hour at room temperature and incubated for 16 hours at 

4°C with the primary antibodies. After washing, a secondary 

horseradish peroxidase-conjugated antibody was added 
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and the membranes were developed using the enhanced 

chemiluminescence plus Western blotting detection system 

(American Biosciences, Piscataway, NJ).

Quantitative real-time PCR

Cells were harvested and total RNA was extracted from cells 

using TRIZOL reagent (Invitrogen). Equal amounts of total RNA 

were subjected to reverse transcription using Superscript II 

(Invitrogen). Real-time PCR was performed using Platinium 

SYBR Green qPCR SuperMix UDG with Rox (Invitrogen) with 

the following amplification program: one cycle of 50°C for 

2 minutes and 95°C for 2 minutes and 40 cycles of 95°C for 

15 seconds and 60°C for 30 seconds. The reaction was followed 

by a melting curve protocol according to the specifications 

of the ABI 7300 (Applied Biosystems, Foster City, CA, USA). 

Primers used were as follows: DR4 sense 5’-AAGTTTGTCGTC 

GTCGGGGTCCT-3’ and antisense 5’-GGTGGACACACTCTCCCA  

AAGGGC-3’, DR5 sense 5’-TCTCCTGAGATGTGCCGGAAGTGCC-3’ 

and antisense 5’-GCTGGGACTTCCCCACTGTGCTTT-3’, GAPDH 

sense 5’-AATCCCATCACCATCTTCCA-3’ and antisense 5’-TGGAC  

TCCACGACGTACTCA-3’. Products were run on 2% agarose gels 

containing ethidium bromide.

Statistical analysis

Comparisons between experimental data were performed 

by one-way analysis of variance (ANOVA) or one-sided, paired 

t-test. P below .05 was considered statistically significant.

Figure 1. Up-regulation of DR5 expression in MM cells by BTZ. (A) MM cell lines, primary MM cells, and peripheral blood mononuclear cells 
(PBMCs) were incubated with BTZ at 10 nM for 24 hours, and the surface expression of DR5 was analyzed by flow cytometry. (B) RPMI 8226, 
INA-6 and OPM-2 cells were incubated with BTZ at 10 nM for different periods as indicated. DR4 and DR5 mRNA expression was determined 
by real time RT-PCR. GAPDH was used as an internal control. *P < 0.05.
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Results and Discussion

BTZ up-regulates DR5 expression in MM cells

We first examined whether BTZ affects the surface expres-

sion of TRAIL receptors, DR4 and DR5, on MM cells. BTZ at 10 

nM up-regulated the surface level of DR5 on primary MM cells 

as well as all MM cell lines tested (Fig. 1A). However, BTZ did 

not up-regulate the surface level of DR4 on MM cells (data not 

shown). Real time RT-PCR demonstrated BTZ increased the 

DR5 mRNA expression by BTZ in RPMI 8226, INA-6 and OPM-2 

MM cells (Fig. 1B), suggesting the up-regulation of DR5 at 

transcriptional levels.

BTZ enhances anti-DR5 agonistic antibody-mediated 

activation of the extrinsic apoptotic pathway and death in 

MM cells

Because BTZ up-regulates DR5 expression in MM cells, we 

next looked at the effects of BTZ on anti-DR5 agonistic 

antibody-mediated activation of the extrinsic apoptotic 

pathway and death in MM cells. BTZ at 10 nM induced the 

activation of caspase 8 and caspase 3, and the cleavage of 

caspase 3 and PARP along with decreasing c-FLIP protein 

levels in RPMI 8226 and KMS-11 cells (Fig. 2A). Treatment 

with the anti-DR5 agonistic antibody R2-E11 at 100 ng/mL in 

combination with BTZ at 10 nM markedly reduced c-FLIP 

protein levels and enhanced the activation of caspase 8 and 

the cleavage of caspase 3 and PARP, although the anti-DR5 

Figure 2. Induction of caspase activation and cell death in MM cells. (A) RPMI 8226 and KMS-11 cells were treated with BTZ at the indicated 
concentrations or the anti-DR5 agonistic antibody R2-E11 at 100 ng/mL alone or both in combination for 24 hours. The protein levels of 
c-FLIP, caspase 8, caspase 3, and PARP were analyzed by Western blotting. β-actin was used as a protein loading control. (B) RPMI 8226, INA6 
and OPC cells were treated with BTZ or the anti-DR5 agonistic antibody R2-E11 at 100 ng/mL alone or both in combination for 48 hours. Cell 
viability was analyzed by WST-8 assay. *P < 0.05.
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agonistic antibody R2-E11 alone showed only marginal effects 

on these caspase and PARP cleavage. Consistently, BTZ and 

R2-E11 in combination cooperatively enhanced cell death in 

RPMI 8226, INA6 and OPC cells, whereas BTZ or R2-E11 alone 

at this experimental condition only partially induced MM cell 

death (Fig. 2B). These results suggest that BTZ potentiates 

DR5-mediated activation of the extrinsic apoptotic pathway 

and cell death in MM cells.

BTZ does not up-regulate DR5 expression in MM cells with 

a β5 subunit mutation

To further clarify the role of ER stress induced by BTZ on DR5 

expression and DR5-mediated cytotoxicity, we examined the 

effects of BTZ, using KMS-11 and OPM-2 cells with a point 

mutation in the β5 subunit of a 26S proteasome, KMS-11/

BTZ and OPM-2/BTZ, respectively, which are resistant to 

BTZ-induced cell death. Although BTZ up-regulated DR5 

expression on parental KMS-11 and OPM-2 cells, the DR5 

up-regulation by BTZ was completely absent in the BTZ-

Figure 3. Up-regulation of DR5 as well as ER stress by BTZ was absent in BTZ-resistant MM cells. (A) KMS-11 and OPM-2 cells, and their derived 
BTZ-resistant cell lines with a point mutation in a β5 subunit (KMS-11/BTZ and OPM-2/BTZ cells, respectively) were treated with BTZ at 10 nM 
for 24 hours. The surface expression of DR5 was analyzed by flow cytometry. (B) KMS-11 and KMS-11/BTZ cells were treated with BTZ at the 
indicated concentrations for 24 hours. The protein levels of c-FLIP, ATF4, CHOP, caspase 8, caspase 9, caspase 3, and PARP were analyzed by 
Western blotting. β-actin was used as a protein loading control. (C) OPM-2 and OPM-2/BTZ cells were treated with BTZ or the anti-DR5 
agonistic antibody R2-E11 at 500 ng/mL alone or both in combination for 48 hours, and stained with annexin V-FITC and propidium iodide 
(PI). Cells were then analyzed by flow cytometry to determine the percentage distribution of cells displaying annexin V staining (early 
apoptosis) or both annexin V and PI staining (late apoptosis).
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resistant KMS-11/BTZ and OPM-2/BTZ cells (Fig. 3A). Treat-

ment with BTZ at 10 nM or more increased ATF4 and CHOP 

protein levels along with the activation of caspase 8, caspase 

9 and caspase 3, and the cleavage of PARP in KMS-11 cells 

(Fig. 3B). However, these effects of BTZ were not observed in 

the BTZ-resistant KMS-11/BTZ cells. Consistently, BTZ did 

not induce apoptosis in the OPM-2/BTZ cells (Fig. 3C). The 

cytotoxic effects of the anti-DR5 agonistic antibody R2-E11 

were equally observed in the parental and mutated OPM-2 

cells. However, the enhancement of cell death by R2-E11 in 

combination with BTZ was only observed in the parental 

OPM-2 cells but not in the mutated ones. Therefore, the induc-

tion of ER stress and thereby DR5 up-regulation appears to 

be responsible for the enhancement of anti-MM effects of the 

combinatory treatment with an anti-DR5 agonistic antibody 

and BTZ.

DR5 expression is up-regulated in the BTZ-resistant MM 

cells under ER stress by tunicamycin

In order to further clarify the relationship between ER stress 

and the up-regulation of DR5, we looked at the effects of ER 

stress induced by the ER stress inducer tunucamycin on DR5 

expression and death in the parental and β5 subunit-mutated 

MM cells. Tunicamycin at 1 μM was able to increase ATF4 and 

Figure 4. Induction of ER stress and DR5 in BTZ-resistant MM cells by tunicamycin. (A) KMS-11 and KMS-11/BTZ cells were incubated with 
tunicamycin at 1 μM for 24 hours. Cell lysates were then extracted, and the protein levels of ATF4 and CHOP were analyzed by Western 
blotting. (B) KMS-11 and OPM-2 cells, and their derived BTZ-resistant cell lines (KMS-11/BTZ and OPM-2/BTZ cells, respectively) were treated 
with tunicamycin at 1 μM for 24 hours. The surface expression of DR5 was analyzed by flow cytometry. (C) KMS-11 and KMS-11/BTZ cells 
were treated with tunicamycin at 1 μM or the anti-DR5 agonistic antibody R2-E11 at 100 ng/mL alone or both in combination for 48 hours. 
Cell viability was analyzed by WST-8 assay.*P < 0.05.
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CHOP protein levels in BTZ-resistant β5 subunit-mutated 

KMS-11/BTZ cells as well as their parental cells (Fig. 4A), and 

up-regulate the DR5 expression on the surface of both the 

parental and mutated KMS-11 and OPM-2 cells (Fig. 4B). Con-

sistent with the up-regulation of the surface DR5 expression, 

tunicamycin at 1 μM was able to induce significant cytotoxic 

effects equally on both KMS-11 cells and bortezomib-resistant 

KMS-11/BTZ cells in combination with R2-E11 at 100 ng/mL, 

although tunicamycin or R2-E11 alone only minimally affected 

the viability of these cells in this experimental condition (Fig. 

4C). These results further corroborated the critical role of ER 

stress in the up-regulation of DR5 in MM cells and anti-DR5 

agonistic antibody-mediated MM cell death.

Because DR5 has been demonstrated to be one of the target 

genes of CHOP 14,15) and ATF3 16) induced downstream of ATF4, 

the up-regulation of DR5 in MM cells by BTZ is suggested at 

least in part due to the induction of ATF4 through ER stress. 

Collectively, BTZ enhances DR5 expression and its downstream 

apoptotic signaling through ER stress to sensitize MM cells 

to TRAIL-mediated immunotherapy. Furthermore, BTZ also 

induces death receptor-independent apoptosis as a result of 

excessive ER stress, which may cooperatively enhance MM cell 

death in combination with anti-DR5 agonistic antibody.

We have previously reported that MM cells post-translation-

ally down-modulate the cell surface expression of DR4 but not 

DR5 through ectodomain shedding by endogenous TNF-α 

converting enzyme (TACE), and that TACE inhibition is able 

to restore cell surface DR4 levels and the susceptibility of MM 

cells to TRAIL or an agonistic antibody against DR4 17). TACE-

mediated shedding appears to be an important mechanism 

for the reduction of surface DR4 levels on MM cells, which may 

blunt TRAIL-mediated apoptosis by surrounding immune cells 

expressing TRAIL to protect MM cells. Thus, DR4 and DR5 

editing and expression on the surface of MM cells appear to 

be differentially regulated. BTZ and TACE inhibitors seem good 

options to revitalize TRAIL-mediated immunotherapy whose 

therapeutic efficacy has been limited as a single treatment 

modality. The combination of TRAIL-mediated immunotherapy 

with BTZ and/or TACE inhibitors is warranted for further study 

in patients with MM.

Acknowledgments

This work was supported in part by JSPS KAKENHI grant 

numbers 23591390, 25860789 and 26461422. The funders had 

no role in the study design, data collection and analysis, deci-

sion to publish, or preparation of the manuscript. The authors 

thank Kyowa Hakko Kirin Co. Ltd. (Tokyo, Japan) for providing 

the human monoclonal anti-DR5 agonistic antibody R2-E11 

and BTZ-resistant MM cell lines, KMS-11/BTZ and OPM-2/BTZ.

Conflicts of Interest Disclosures

The authors declare no competing financial interests related 

to this work.

References

1) Johnstone RW, Frew AJ, Smyth MJ. The TRAIL apoptotic pathway 
in cancer onset, progression and therapy. Nat Rev Cancer. 2008; 8: 
782–98.

2) Gonzalvez F, Ashkenazi A. New insights into apoptosis signaling 
by Apo2L/TRAIL. Oncogene. 2010; 29: 4752–65.

3) Wiezorek J, Holland P, Graves J. Death receptor agonists as a 
targeted therapy for cancer. Clin Cancer Res. 2010; 16: 1701–8.

4) Moretto P, Hotte SJ. Targeting apoptosis: preclinical and early 
clinical experience with mapatumumab, an agonist monoclonal 
antibody targeting TRAIL-R1. Expert Opin Investig Drugs. 2009; 
18: 311–25.

5) Bellail AC, Qi L, Mulligan P, Chhabra V, Hao C. TRAIL agonists on 
clinical trials for cancer therapy: the promises and the challenges. 
Rev Recent Clin Trials. 2009; 4: 34–41.

6) Buchsbaum DJ, Forero-Torres A, LoBuglio AF. TRAIL-receptor anti-
bodies as a potential cancer treatment. Future Oncol. 2007; 3: 
405–9.

7) Richardson PG, Sonneveld P, Schuster MW, Irwin D, Stadtmauer 
EA, Facon T, et al. Bortezomib or high-dose dexamethasone for 
relapsed multiple myeloma. N Engl J Med. 2005; 352: 2487–98.

8) Nawrocki ST, Carew JS, Pino MS, Highshaw RA, Dunner K, Jr., 
Huang P, et al. Bortezomib sensitizes pancreatic cancer cells to 
endoplasmic reticulum stress-mediated apoptosis. Cancer Res. 
2005; 65: 11658–66.

9) Obeng EA, Carlson LM, Gutman DM, Harrington WJ, Jr., Lee KP, 
Boise LH. Proteasome inhibitors induce a terminal unfolded 
protein response in multiple myeloma cells. Blood. 2006; 107: 
4907–16.

10) Asano J, Nakano A, Oda A, Amou H, Hiasa M, Takeuchi K, et al. The 
serine/threonine kinase Pim-2 is a novel anti-apoptotic mediator 
in myeloma cells. Leukemia. 2011; 25: 1182–8.

11) Abe M, Hiura K, Wilde J, Moriyama K, Hashimoto T, Ozaki S, et al. 
Role for macrophage inflammatory protein (MIP)-1alpha and 
MIP-1beta in the development of osteolytic lesions in multiple 
myeloma. Blood. 2002; 100: 2195–202.

12) Ri M, Iida S, Nakashima T, Miyazaki H, Mori F, Ito A, et al. Bortezomib-
resistant myeloma cell lines: a role for mutated PSMB5 in prevent-
ing the accumulation of unfolded proteins and fatal ER stress. 
Leukemia. 2010; 24: 1506–12.

13) Abe M, Hiura K, Wilde J, Shioyasono A, Moriyama K, Hashimoto T, 
et al. Osteoclasts enhance myeloma cell growth and survival via 
cell-cell contact: a vicious cycle between bone destruction and 
myeloma expansion. Blood. 2004; 104: 2484–91.

14) Tabas I, Ron D. Integrating the mechanisms of apoptosis induced 
by endoplasmic reticulum stress. Nat Cell Biol. 2011; 13: 184–90.

15) Tiwary R, Yu W, Li J, Park SK, Sanders BG, Kline K. Role of endo-
plasmic reticulum stress in alpha-TEA mediated TRAIL/DR5 death 
receptor dependent apoptosis. PLoS One. 2010; 5: e11865.

16) Xu L, Su L, Liu X. PKCdelta regulates death receptor 5 expression 
induced by PS-341 through ATF4-ATF3/CHOP axis in human lung 
cancer cells. Mol Cancer Ther. 2012; 11: 2174–82.

17) Kagawa K, Nakano A, Miki H, Oda A, Amou H, Takeuchi K, et al. 
Inhibition of TACE activity enhances the susceptibility of myeloma 
cells to TRAIL. PLoS One. 2012; 7: e31594.


