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Mechanism of action of bortezomib in multiple myeloma therapy

Masaki RI1

A proteasome inhibitor, bortezomib (BTZ), was initially reported as an inhibitor of the NF-κB pathway, which plays a 

critical role in the pathogenesis of multiple myeloma (MM). The NF-κB activity of MM cells is mediated via two 

distinguishable pathways, canonical and non-canonical, which showed opposing action after BTZ treatment in MM 

cells. Recent studies of proteasome inhibition in MM cells reveal that accumulation of unfolded proteins in the 

endoplasmic reticulum (ER), so called ER stress, triggered several pro-apoptotic factors and cell stress such as 

Reactive Oxygen Species (ROS) accumulation, which is considered to be the main mechanism of action of BTZ-

induced apoptosis. Several factors associated with ER stress and unfolded protein response (UPR), have been identi-

fied with sensitivity of BTZ treatment. Low levels of XBP1, ATF3, and ATF4, which regulate UPR and ER stress-induced 

apoptosis, have been observed in poor responders to BTZ treatment, and three other genes, KLF9, Nampt, and 

CDK5, are associated with response to BTZ-containing therapy. These findings contribute to a better understanding 

of the mechanism of BTZ-induced apoptosis in MM cells, and further study is needed to develop potential predictive 

biomarkers of efficacy of BTZ-containing therapy.
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Introduction

Complete remission (CR) or very good partial remission 

(VGPR) has been observed in multiple myeloma (MM) therapy 

following the clinical use of the proteasome inhibitor, 

 bortezomib (BTZ), which has markedly improved the treat-

ment outcome of MM in Japan 1). Although several adverse 

events, such as peripheral neuropathy and severe constipa-

tion, occurred during the treatment, BTZ is now widely used in 

the treatment of MM as initial therapy or in relapsed/refractory  

cases and in transplant eligible or non-eligible patients. During 

the early stage of clinical use, early discontinuation of this 

agent often occurred owing to adverse events such as severe 

peripheral neuropathy and gastrointestinal disorders. How-

ever, owing to accumulation of clinical experience, appropriate 

methods of administrating this agent have been established, 

such as early-dose reduction, once-weekly administration 2), 

and the change of administration route from intravenous to 

subcutaneous, which enable long-term, steady treatment 

with BTZ.

Although most MM patients receiving continuous BTZ-

containing  therapy do not develop severe adverse events, the 

number of cases with acquired resistance to BTZ therapy has 

increased currently. Several clinical studies of BTZ treatment 

for relapsed or refractory (RR) MM showed that the median 

duration of response ranged from half-year to a year with or 

without dexamethasone, which supports the theory that in 

most of cases of continuous BTZ treatment, MM eventually 

acquired BTZ resistance within a year 3). To explore effective 

treatment strategy for overcoming BTZ resistance, several 

clinical trials using new agents or combination therapy with 

BTZ have been performed on RR MM cases pre-treated with 

BTZ. However, little is currently known about the mechanism 

of acquired resistance to BTZ; therefore, these trials were not 

always planned to target the mechanism of action of BTZ 

resistance in MM cases. To develop an effective treatment 

strategy, it is essential to address the mechanism of action of 

BTZ-induced anti-tumor effect, to determine how tumor cells 

acquire resistance to the agent and to develop an optimal 

therapy targeting the specific pathway attributable to drug 

resistance. In this review, we summarize recent knowledge 

of the mechanism of BTZ-induced cell death and the factors 

associated with sensitivity to BTZ treatment by reviewing 

 previous reports on preclinical and clinical studies of MM.
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Role of Ubiquitin-Proteasome Pathway  
in Malignant Tumor Cells

The ubiquitin-proteasome system plays a crucial role in 

maintaining intracellular homeostasis, regulating substrates 

that control cell cycle, metabolism, survival, and apoptosis, 

and eliminating damaged proteins that are toxic to the cells. 

In eukaryotic cell, substrates to be degraded are conjugated 

by polyubiquitination via E2 and E3 ligase, subsequently lead-

ing to their degradation by 20S proteasome. In general, tumor 

cells have a more developed proteasome pathway than nor-

mal cells 4), because tumor cells have an abundant capability 

for synthesis, movement, and modification of proteins, owing 

to their advanced cell proliferation and highly activated inva-

sion into other organs. To compensate for the stress generated 

by marked synthesis and modification of proteins, tumor cells 

depend on the proteasome pathway, where misfolded proteins 

and functional proteins are uniformly degraded and remolded 

effectively 5). Of the several tumor cell types, MM cells and 

pancreatic  tumor cells, which contain many secreted proteins, 

are more dependent on the ubiquitin-proteasome pathway. In 

the case of MM cells, unfolded proteins, including monoclonal 

immunoglobulin and various cytokines critical for maintaining 

the interaction of stroma cells, easily accumulate during syn-

thesis, adequate folding, glycosylation, and transport of newly 

generated proteins. To regenerate the misfolded proteins, MM 

cells have highly developed Endoplasmic-reticulum-associated 

protein degradation (ERAD) systems, by which misfolded 

 proteins are excluded from the ER, conjugated by polyubiq-

uitination, and subjected to proteolysis at the proteasome. 

Therefore, the inhibition of proteasomes would contribute 

to a disruption in the balance of the ERAD system, followed 

by an over-stress of the ER and sequential progression of 

apoptosis in MM cells.

Main Mechanism of Action of Proteasome  
Inhibition in MM Cells

BTZ is a boronic acid dipeptide that inhibits activations of 

β5 and β1 subunits of the 20S proteasome core in the 26S pro-

teasome complex, and is characterized as a reversible inhibitor 

of the above activities 6). Misfolded proteins and functional 

proteins to be degraded by the proteasome accumulate in the 

ER lumen and cytosol via this mechanism. This accumulation 

facilitates several stresses, including ER overload, the genera-

tion of excess oxygen, and a functional disorder of intracellular 

proteins, eventually leading to ER stress-related apoptosis 7,8) 

and cell death due to the DNA damage 9,10) (Fig. 1).

Figure 1. Effects of proteasome inhibition on multiple myeloma cells. Inhibition of proteasome action by bortezomib (BTZ) treatment results in 
accumulation of misfolded proteins and functional proteins to be degraded by the proteasome in the endoplasmic reticulum (ER) lumen and 
cytosol, which facilitates several stresses, including ER overload, generation of excess oxygen, and functional disorder of intracellular 
proteins, eventually leading to ER stress-related apoptosis and cell death due to DNA damage. BTZ also disrupts the paracrine growth of 
multiple myeloma (MM) cells in the bone marrow (BM) milieu by inhibiting MM cell interaction with BM stroma cells (BMSC) through the 
suppression of cell adhesion molecules, such as VLA-4, in the MM cells and the secretion of IL-6 and IGF-1 in the BMSC cells.
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Newly synthesized proteins, secretory proteins, such as 

cytokines, chemokines, and immunoglobulin, are transported 

to the ER, folded with adequate conformation by ER chaper-

ones, and modified as mature proteins by the addition of a 

complicated structure of glycoproteins at the ER and Golgi 

body. However, when the misfolding is too severe, the proteins 

are removed from the ER, added to the cytosol via polyubiqui-

tination by E2 and E3 ligase, degraded by proteasomes, and 

subjected to ERAD. Therefore, inhibition of proteasomes 

represses the degradation and recycling of proteins and amino 

acids from the misfolded proteins, causing the accumulation 

of these misfolded proteins in the ER 11). The excess production 

of immunoglobulin and several cytokines allows MM cells to 

maintain contact with stroma cells in the bone marrow (BM) 

milieu. Therefore, MM cells can tolerate the excess ER stress 

because they have a well-developed ER compared with other 

hematological malignant tumor cells. When proteasome 

action is inhibited, MM cells are easily exposed to uncompen-

sated ER stress 11), which facilitates the progression of cell 

death rather than amelioration of cell stress by restoring 

 damaged proteins. ER stress-induced apoptosis is mainly 

caused by an elevation in the levels of proapoptotic transcrip-

tional factor, C/EBP-homologous protein (CHOP), activation of 

two caspase cascades, caspase 4 and 12, and phosphorylation 

of c-Jun N-terminal protein kinases, which in turn advance the 

caspase-dependent apoptosis of MM cells 11,12).

In the process of remodeling proteins, Reactive Oxygen Spe-

cies (ROS) have played a critical role in the adequate folding of 

the protein complex 13). However, by proteasome inhibition, 

unfolded proteins accumulate in the ER, which promotes the 

overproduction of ROS in the ER, resulting in fatal cell stress. 

Toxicity from overproduction of ROS is also known as a main 

downstream result of ER stress caused by proteasome in-

hibition and is known as a main mechanism of BTZ-induced 

apoptosis of MM cells 14,15).

Inhibition or Activation of the NF-κB Pathway  
in Proteasome Inhibition

The mechanism of action expected in the clinical use of BTZ 

is an inhibitory effect on NF-κB activity in MM cells. NF-κB is a 

complex with a dimer of different Rel families, including RelA 

(p65), RelB, c-Rel, p50 (NF-κB1), and p52 (NF-κB2), and has an 

important role in the biology of several tumors. NF-κB activity 

is composed of two different pathways, canonical and non-

canonical. In the canonical pathway, a heterodimer of RelA and 

p50 translocates into the nucleus and upregulates several sur-

vival genes (usually regulated by IκBα family proteins) through 

transcription. Following several stimulations by various cyto-

kines such as IL-6, IGF-1, and TNF-α, the IκBα protein is phos-

phorylated by IκB kinase (IKK) and subsequently polyubiquiti-

nated and degraded by the 26S proteasome, which promotes 

the translocation of RelA and the p50 complex. When inhibi-

tion of proteasome occurs owing to BTZ administration, phos-

phorylated IκB accumulates in the cytosol and prevents the 

translocation of RelA and the p50 complex, thereby suppress-

ing canonical NF-κB activity. However, unlike earlier reported 

studies, recent study shows that BTZ activates constitutive 

NF-κB activity in various tumor cell lines 16), suggesting the 

need for precise re-evaluation of BTZ activity on NF-κB activity 

in MM cells. Recently, Hideshima et al have shown that BTZ 

triggered an expected increase in the expression levels of 

phosphorylated IκBα and an unexpected downregulation of 

IκBα, followed by constitutive NF-κB activation mediated by 

nuclear translocation of the p65 complex in MM cell lines 16). 

Although BTZ activates constitutive NF-κB activity, it is also 

possible that BTZ blocks non-canonical NF-κB activity, because 

inhibition of the proteasome-dependent conversion of p100 

to p53 is observed in BTZ-treated MM cell lines. Non-canonical 

NF-κB activation is also involved in the main pathogenesis of 

MM cells. A previous report demonstrated that non-canonical 

NF-κB activity was markedly elevated in primary MM cells 

derived from patients 17), and elevation of this activity was 

 confirmed in BTZ-resistant primary MM cells from patients. 

Therefore, it should be considered that the alteration of NF-κB 

activity by BTZ depends on the cell type and dominant type 

of NF-κB activity, canonical or non-canonical, in MM cells.

Inhibition of the Interaction of MM Cells  
with Bone Marrow Stroma Cells

With the interaction of bone marrow stroma cells (BMSC) 

via cell-to-cell contact or cytokine release, MM cells usually 

acquire survival benefits from BMSC cells, such as cell prolif-

eration and resistance to therapeutic agents, so called cell 

adhesion-mediated drug resistance (CAM-DR) (Fig. 1). BTZ 

treatment inhibited the expression of IL-6 receptor in MM 

cells 18), which decreased the activation of IL-6-induced ERK, 

STAT3, and Akt pathways, and non-canonical NF-κB activity. 

With BTZ treatment, MM cells lost their expression of the IL-6 

receptor 18), which resulted in non-canonical NF-κB activity and 

in the decreased activation of the IL-6-induced ERK, STAT3, 

and Akt pathways. BTZ treatment decreased the expression of 

several cell adhesion molecules, such as VLA-4 19), on the MM 

cell surface, disrupted the paracrine growth of MM cells in the 

BM milieu, and decreased the secretion of IL-6 and IGF-1 in 

BMSC cells, resulting in the suppression of the MM cell’s 

adherence to BMSC, thereby enhancing MM cell susceptibility 

to therapeutic agents.
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Factors Associated with Bortezomib Sensitivity  
in Myeloma Cells

Several studies have tried to determine the factors associ-

ated with BTZ sensitivity in MM cells to establish new clinical 

biomarkers, which will contribute to identifying patients who 

will benefit maximally from BTZ-containing therapy, or who 

will experience severe side effects, such as peripheral neuropa-

thy and interstitial pneumonia when BTZ is administrated. 

In the APEX study 20), Mannava et al. have reported that the 

expression level of Kruppel-like factor 9 (KLF9) is involved in 

the response of BTZ-containing therapy for RR MM. In this 

study, most patients with MM who showed a high level of KLF9 

expression in primary MM cells showed good response to BTZ 

treatment compared to patients with low KLF9 expression. 

KLF9 is upregulated by Histone Deacetylase inhibition induced 

by BTZ treatment, and is associated with the transcriptional 

factor attributable to Noxa gene expression; Noxa is a BH3-only 

protein that serves as a proapoptotic factor. In other reports, 

analysis of plasma cells of patients with MM collected in the 

APEX study showed that a high expression level of nicotin-

amide phosphoribosyltransferase (Nampt) is associated with a 

poor outcome of BTZ treatment, poor response to the treat-

ment, and short duration of survival after the treatment 21). 

Silencing of Nampt by the shRNA or HDAC inhibitor FK228, 

which suppresses Nampt expression by decreasing intracellu-

lar NAD+ levels in MM cell lines, increased the sensitivity of 

MM cells to BTZ treatment compared to control cells. Using 

siRNA screening analysis, Zhu et al investigated the specific 

factor that influences the sensitivity to BTZ treatment, and 

identified CDK5, cyclin-dependent kinase 5 22). Since CDK5 

upregulates the expression of the PSMB5 gene at a transcrip-

tional level, MM cell lines with high expression of CDK5 

showed low sensitivity to BTZ treatment compared to cell lines 

with low expression. Furthermore, two reagents, Roscovitine 

and SCH727965, which have inhibitory effects on CDK5, 

enhanced BTZ-induced apoptosis in MM cell lines. Recently, 

miR-27a-5p, suppressing the expression of CDK5 by inhibiting 

the translation of CDK5 and mRNA 23), has been reported to be 

downregulated during BTZ treatment, which result in the acti-

vation of CDK5 following upregulation of PSMB5, considered 

as the compensatory effect of stress in MM cells; therefore, 

CDK5 inhibition enhances BTZ activity and has potential as a 

therapeutic option.

Proteasome inhibition causes the accumulation of misfolded 

proteins; hence, it initiates ER stress followed by an unfolded 

protein response (UPR), which has crucial roles in the cytotoxic 

effect of PI. Thus, the magnitude of dependence on the protea-

some and the UPR may affect MM cells’ sensitivity to PI. Ling et 

al. and Gambella et al. have reported that XBP1, a downstream 

of activated IRE1 involved in UPR, is associated with the clini-

cal outcome of MM patients who received BTZ-containing 

therapy. In their reports, low expression of the XBP1 gene is 

observed in primary MM samples from patients who respond 

poorly to bortezomib and dexamethasone (BD) treatment 24), 

and high expression of XBP1 is defined as a good prognosis 

marker of survival among patients receiving BTZ-containing 

regimen 25). In our study, we investigated 57 patients with RR 

MM treated with BD in Nagoya City University Hospital (Fig. 

2A, B). The expression levels of proteasome- and ER stress-

Figure 2. Two ATF genes are involved in the clinical outcome of patients with multiple myeloma receiving the bortezomib plus dexamethasone 
therapy. A: Higher expression levels of ATF3 and ATF4 correlate with longer duration of response in 57 patients with relapsed/refractory 
multiple myeloma (MM) treated with bortezomib and dexamethasone in Nagoya City University Hospital. Each bar represents the median 
value of progression-free survival (PFS). Comparison of gene expression between two groups with longer and shorter PFS after bortezomib 
plus dexamethasone therapy was made using the Mann–Whitney U test. In this study, P < 0.05 was considered significant. B: Higher 
expression levels of both ATF3 and ATF4 are associated with longer PFS in patients with relapsed/refractory MM treated with bortezomib 
plus dexamethasone. Survival analysis used the Kaplan-Meier estimate. In this study, P < 0.05 was considered significant.
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related genes in primary tumor samples obtained prior to BD 

treatment were evaluated in association with clinical out-

comes. Among those, a couple of genes encoding for the ATF 

family seemed to correlate with sensitivity to BTZ. We identi-

fied that the expression level of two ATF genes, ATF3 and ATF4, 

was lower in the shorter PFS group (PFS < 6 months) than in 

the longer PFS group (Fig. 2A). In addition, cut-off values of the 

ATF3 and ATF4 expression level adjusted by the β-actin expres-

sion level were defined as 1.0 and 0.135, respectively, which 

showed that MM patients with high expression levels of both 

ATF genes showed longer PFS than the other group harboring 

low expression level of either gene, (median PFS: 9.0 vs 3.2 

months) (Fig. 2B) 26). We speculate that MM cells with a high 

expression of ATF genes pose the conventional ER stress, thus 

proteasome inhibition by BTZ exposure could trigger further 

ER overloads followed by an uncompensated ER cell stress 

even with UPR activation and rapid apoptosis progression in 

these cells. Previous reports and our recent study showed that 

suppression of ATF3 and ATF4 by an RNA-interfering method 

has inhibited death receptor DR5 expression and the upregu-

lation of Noxa, a proapoptotic BH3-only protein, by BTZ treat-

ment in MM cells. Using chip analysis from MM cell lines and 

primary MM samples from patients, we also confirmed that 

the complex of ATF3 and ATF4 works as a transcriptional factor 

of the Noxa gene. In summary, from the analysis of primary 

tumor samples from patients received BTZ-containing therapy, 

KLF9, Nampt, CDK5, and 3 ER stress- and UPR- associated 

markers (XBP1, ATF3, and AFT4), were identified as a predictive 

markers of sensitivity of BTZ treatment. However, these factors 

have not been fully evaluated, and it seems to be difficult to 

clearly predict the efficacy of BTZ treatment using a single 

factor, owing to the heterogeneity and complexity of bioac-

tivity in MM cells and the mechanism of action of BTZ-induced 

cell death.

Conclusion

By the accumulation of studies of BTZ, the mechanism of 

action of the BTZ-induced effect on MM cells has emerged 

gradually, with better understanding of not only NF-κB signal-

ing but also ER stress and subsequently the URR system in MM 

cells. In addition, several factors associated with BTZ sensitivity 

have also been identified, which contribute to understanding 

the differences in the biological activity of MM cells with 

respect to their dependence on proteasome activity and UPR. 

Further study of the mechanism of BTZ-induced activity is 

needed to establish a well-characterized predictive marker of 

BTZ response and to develop a potent treatment strategy for 

this incurable disease.
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