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  Pref ace   

 A balance of protein synthesis and degradation is tightly regulated in our bodies in 
order to keep us healthy. Most intracellular proteins are degraded via the ubiquitin- 
proteasome pathway (UPP), and dysfunction of the UPP has been linked to the 
occurrence of many human diseases, including cancers. The clinical introduction 
of the fi rst US Food and Drug Administration (FDA)-approved proteasome inhibi-
tor bortezomib for the treatment of multiple myeloma (MM) and mantle cell lym-
phoma is an example of using the UPP as an anticancer target which has been met 
with success. Now, bortezomib-based therapies have become a staple for the MM 
treatment, contributing to a two- to threefold increase in the survival rate of the 
MM patients. 

 However, not all patients respond to bortezomib treatment and relapse occurs in 
many patients who initially responded. Also, bortezomib-based therapies had mini-
mal effects in treating most of hematologic malignancies and almost all of the solid 
tumors. Furthermore, some neurotoxicities (such as peripheral neuropathy) were 
found to be associated with bortezomib treatment. Therefore, bortezomib resistance 
(both intrinsic and acquired) is a critical barrier to progress in bortezomib therapy 
for MM and other cancers. 

 This book,  Resistance to Proteasome Inhibitors in Cancer: Molecular mecha-
nisms and strategies to overcome resistance, focuses on  the mechanisms of action 
and resistance of the proteasome inhibitor bortezomib in human cancers (including 
MM, mantle cell lymphoma, acute leukemia, and various solid tumors) and on cut-
ting-edge strategies to overcome bortezomib clinical resistance. The second-gener-
ation 20S proteasome inhibitors carfi lzomib, ixazomib, delanzomib, oprozomib, 
and marizomib, with different pharmacological properties and broader anticancer 
activities, have shown great promise in this respect; carfi lzomib, the second FDA-
approved proteasome inhibitor drug, induces responses in a minority of MM patients 
relapsed from or refractory to bortezomib. The potential reversal strategies for bort-
ezomib resistance also include developing novel combinational therapies and iden-
tifying new targets in the UPP, such as ubiquitin E3 ligases, deubiquitinases, 26S 
proteasomal ATPases, histone deacetylases, oxidative stress and proteotoxic stress 
pathways, and pharmacogenomic signature profi ling in resistant cancer cells. While 
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 bortezomib resistance could be reversed by several aforementioned strategies in 
several preclinical models, the confi rmation under clinical settings is needed. There 
are high hopes in the fi eld that the discovery of the mechanisms of proteasome 
inhibitor resistance will help illuminate the future of cancer treatment. 

 Due to the timely nature and keen interest in the subject matter of this book, it is 
my wish that this book will serve as an important resource for physicians, clinician 
scientists, translational researchers, basic researchers, graduate and medical stu-
dents, patients, consumers, and pharmaceutical companies. 

 I would like to thank the authors, who are among the top leaders in their areas of 
research, for their exceptional contributions. This volume represents one in a new 
book series entitled  Resistance of Targeted Anti-Cancer Therapeutics  of which 
Professor Benjamin Bonavida of the University of California, Los Angeles, serves 
as the Series Editor (published by Springer Publishing Company). I wish to thank 
Professor Bonavida for his encouragement. I am also indebted to Ms. Fiona Sarne, 
the Editor of Cancer Research for Springer Science + Business Media, for her great 
effort and assistance.  

  Detroit, MI , USA    Q.     Ping     Dou, Ph.D.     

Preface
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Chapter 1
Proteasome Inhibitors and Lessons  
Learned from Their Mechanisms of Action 
and Resistance in Human Cancer

Sara M. Schmitt, Rahul R. Deshmukh, and Q. Ping Dou

Abstract Selective protein degradation by the ubiquitin–proteasome pathway 
(UPP) is critical to cellular homeostasis, and dysregulation of the UPP has been 
associated with human diseases including cancer. Proteasome inhibition as a strat-
egy for cancer treatment was validated by the US Food and Drug Administration 
approval of the proteasome inhibitor bortezomib for the treatment of multiple 
myeloma in 2003. After 10 years of success, bortezomib and its combinational ther-
apies have become a staple for treating relapsed/refractory multiple myeloma. 
Unfortunately, bortezomib has several limitations, including, most notably, the 
emergence of resistance. To overcome bortezomib resistance, several approaches 
have been taken, including the development of novel second-generation proteasome 
inhibitors, application of rationalized bortezomib-based combinational therapies, 
and targeting sites outside the proteasomal core as well as factors involved in resis-
tance mechanisms. Further understanding the mechanisms of resistance to protea-
some inhibitors in human cancers will significantly improve current proteasome 
inhibitor therapies and patient care.
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Keywords Ubiquitin–proteasome pathway • Cancer • Bortezomib • Carfilzomib •
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Abbreviations

BMSC Bone marrow stromal cell
CQ Clioquinol
CT Chymotrypsin
DSF Disulfiram
DUB Deubiquitinating enzyme
(-)-EGCG (-)-Epigallocatechin-3-gallate
ER Endoplasmic reticulum
FDA Food and Drug Administration
HDAC Histone deacetylase
HSP Heat shock protein
IGF-1 Insulin-like growth factor 1
IL-6 Interleukin-6
IPSI Immunoproteasome-specific inhibitor
MAPK Mitogen-activated protein kinase
MHC Major histocompatibility complex
NSCLC Non-small cell lung cancer
PBMC Peripheral blood mononuclear cell
PGPH Peptidyl-glutamyl peptide-hydrolyzing
RIP-1 Regulatory particle inhibitor peptoid-1
ROS Reactive oxygen species
SAR Structure–activity relationship
TNF-α Tumor necrosis factor-α
UIM Ubiquitin-interacting motif
UPP Ubiquitin–proteasome pathway

1.1  Introduction

The ubiquitin–proteasome pathway (UPP) has gained considerable attention as a 
potential target for cancer therapeutics, owing to its extreme importance to normal 
cellular function and dysregulation in malignant cells. In fact, critical proteasomal 
target proteins are involved in processes important for carcinogenesis, including cell 
cycle progression, proliferation, and differentiation. The past decade has witnessed 
the emergence of proteasome inhibition as an effective therapeutic strategy for treat-
ing multiple myeloma. Bortezomib was the first proteasome inhibitor approved by 
the US Food and Drug Administration (FDA) in 2003, and the use of bortezomib 

S.M. Schmitt et al.
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and bortezomib-based combinational therapies has become a staple for the treatment 
of relapsed/refractory multiple myeloma. Unfortunately, further success of bortezo-
mib has been hampered by tumor resistance (both intrinsic and acquired), severe 
toxicities, and low efficacy in solid tumors. To overcome these limitations, espe-
cially resistance, scientists have investigated the molecular mechanisms involved 
and developed novel strategies to improve proteasome inhibitor-based therapies and 
patient care. By improving chemical and biochemical properties, binding affinity 
and reversibility, potency and selectivity, several second-generation proteasome 
inhibitors have been developed, among them carfilzomib, which is more specific 
and less toxic than bortezomib, and has become the second FDA- approved protea-
some inhibitor for multiple myeloma treatment. Other cutting-edge strategies to 
overcome bortezomib resistance include selectively targeting immunoproteasomes 
or sites outside the catalytic core (such as 19S deubiquitinases or ubiquitin E3 
ligases) and developing novel combinational therapies. Definitively elucidating the 
mechanisms responsible for proteasome inhibitor resistance is key in designing new 
compounds to fully overcome this resistance.

1.2  Ubiquitin–Proteasome Pathway

The UPP is the major pathway responsible for regulating protein turnover in cells. 
The UPP is so critical to normal cellular function that its discoverers, Aaron 
Ciechanover and Avram Hershko, were awarded the 2004 Nobel Prize in Chemistry
[1, 2]. Proteins degraded by the UPP are involved in many biological processes, 
including development, differentiation, proliferation, signal transduction, and apop-
tosis [3]. In addition to its critical role in protein homeostasis, the proteasome also 
functions in several non-proteolytic processes, such as transcription initiation and 
elongation [4], regulation of gene expression [5], and transcription-coupled nucleo-
tide excision repair [6].

Protein degradation is carried out via two distinct steps: (1) conjugation of mul-
tiple ubiquitin molecules to the protein substrate and (2) degradation of the ubiquitin- 
tagged substrate by the 26S proteasome (Fig. 1.1) [7]. The 26S proteasome is a large 
(2.5 MDa), multi-subunit complex that is localized both in the cytosol and nucleus 
of cells [8–10]. The 26S proteasome is made up of the catalytic 20S core and one or 
two 19S regulatory caps (Fig. 1.2) [11, 12]. The 20S core is comprised of 28 sub-
units that form a barrel-like structure of four alternately stacked rings: two α-rings 
surrounding two β-rings, each with seven subunits [13–15]. The role of the 
α-subunits is to allow only unfolded proteins to enter the 20S core, while the 
β-subunits are responsible for the proteolytic activities of the proteasome, which are 
dependent on an amino-terminal nucleophilic Thr1 residue [15]: caspase or peptidyl- 
glutamyl peptide-hydrolyzing (PGPH)-like activity, carried out by β1, trypsin-like 
by β2 and chymotrypsin (CT)-like by β5 (Fig. 1.2) [15–17]. The 19S regulatory 
caps (700 kDa) can be divided into a base and a lid (Fig. 1.2); the base is responsible 
for the recognition and unfolding of ubiquitinated protein substrates, as well as 

1 Proteasome Inhibitors and Lessons Learned from Their Mechanisms of Action…
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Fig. 1.1 The ubiquitin–proteasome pathway. There are two steps in the UPP: ubiquitination and 
target degradation. The ubiquitination step is carried out by three distinct types of enzymes, E1 
(ubiquitin activating), E2s (ubiquitin conjugating), and E3s (ubiquitin ligating). First, ubiquitin is 
activated by E1, the activated ubiquitin is transferred to an E2 for conjugation, and finally, an E3 
ubiquitin-ligating enzyme aids in the transfer of active ubiquitin to lysine residues within the tar-
get protein. The target protein is then recognized, deubiquitinated, and translocated to the 26S 
proteasome by components of the 19S regulatory cap, followed by degradation into small peptide 
fragments, and the ubiquitin molecules are recycled

Fig. 1.2 Proteasome structure. The 26S constitutive proteasome is comprised of a 20S catalytic 
core and one or two 19S regulatory caps. The 20S core contains four stacked rings—two α-rings 
surrounding two β-rings, each consisting of seven subunits. The catalytic activity is carried out by 
three β-subunits: β1, β2, and β5 responsible for caspase or peptidyl-glutamyl peptide-hydrolyzing 
(PGPH)-like, trypsin-like, and chymotrypsin (CT)-like, respectively

S.M. Schmitt et al.
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opening the 20S pore and transport of protein substrates into the core, while the 
major responsibility of the lid component is deubiquitination of substrates before 
degradation. The base contains six ATPase subunits, Rpt1–6, which form a hexa-
meric ring [18–20], as well as two non-ATPase subunits Rpn-1 and Rpn-2 [21, 22], 
and the lid consists of at least six non-ATPases, including Rpn-10/S5a and  Rpn-13/
Adrm1, which contain ubiquitin-interacting motifs (UIMs) [23]. Rpn-10/S5a has 
two UIMs that preferentially binds poly-ubiquitinated substrates [24], and Rpn-13/
Adrm1 binds to the non-ATPase Rpn-2 to recruit deubiquitinating enzymes (DUBs) 
to the proteasome [25–27]. Deubiquitination is very highly regulated and is impor-
tant for recycling ubiquitin molecules and controlling the rate of ubiquitin- dependent 
proteasomal degradation [27].

The ubiquitination step of the UPP is carried out by three distinct types of 
enzymes, E1 (ubiquitin activating), E2s (ubiquitin conjugating), and E3s (ubiquitin 
ligating). The first step in the pathway is ATP-dependent E1-mediated activation of 
ubiquitin, a small 76-amino-acid protein that is expressed ubiquitously and serves 
as a tag for protein substrates destined for various fates, including membrane traf-
ficking, protein kinase activation, DNA repair and chromatin remodeling, as well as
degradation by the UPP (Fig. 1.1) [28]. Activated ubiquitin is then transferred from 
E1 to an E2 enzyme, a group of enzymes responsible for ubiquitin conjugation, and 
then to an E3 ubiquitin-ligating enzyme, which aids in the transfer of active ubiqui-
tin to lysine residues within the target protein (Fig. 1.1) [29, 30]. Following the 
conjugation of a sufficiently sized ubiquitin chain, which is four in most cases, 
except in rare cases such as mODC and HIF-1α, which require no ubiquitination for 
proteasomal degradation [31–33], the protein substrate is recognized, deubiquiti-
nated, and translocated to the 26S proteasome by components of the 19S regulatory 
cap [34, 35]. Finally, the substrate is degraded into small peptide fragments and the 
ubiquitin molecules are recycled (Fig. 1.1) [36]. This process is tightly controlled 
and extremely crucial in the regulation of many cellular processes, including those 
involved in tumorigenesis [37], which makes it a promising target for anticancer 
therapeutic agents.

Because the UPP plays such a crucial role in normal cellular function, it is no 
surprise that it has also been implicated in the development, growth, and survival of 
various malignancies [38]. Thus, targeting factors involved in the synthesis and deg-
radation of proteins, including the UPP, has been explored as a potential anticancer 
strategy [39]. Several studies have reported increased proteasome activity in various 
cancers, including colon, prostate, and leukemia [40–42], indicating that cancer 
cells may be more dependent on the UPP than normal cells and that targeting this 
pathway in the treatment of human cancer is a promising strategy. Specifically, inhi-
bition of chymotrypsin (CT)-like activity has been associated with cell cycle arrest 
and apoptosis [43, 44], indicating that proteasome inhibition may effectively cause 
selective cell death in cancer cells, as well as sensitizing them to chemotherapeutics 
[45], with little toxicity in normal cells. Importantly, the use of proteasome inhibi-
tors was validated by the US Food and Drug Administration (FDA) approval of 
bortezomib for the treatment of relapsed and refractory multiple myeloma and 
 mantle cell lymphoma.

1 Proteasome Inhibitors and Lessons Learned from Their Mechanisms of Action…



6

1.3  Proteasome Inhibitors

1.3.1  Early Inhibitors

Prior to the development and approval of bortezomib, numerous preclinical 
 studies were carried out to validate the UPP as a valid druggable target. The most 
widely investigated early inhibitors include the peptide aldehydes, which are ana-
logs of proteasome substrates that inhibit the CT-like activity of the proteasome 
and include MG-132 (Cbz-leu-leu-leucinal), MG-115 (Cbz-leu-leu-norvalinal), 
and ALLN (acetyl-leu-leu-norleucinal) [46, 47]. Importantly, in-depth studies 
using these complexes aided in elucidating the active site for compounds in this 
class, X-ray diffraction revealed that ALLN forms a hemiacetal complex with the
N-terminal threonine hydroxyl groups of the catalytic β-subunits [14, 48]. Another 
peptide aldehyde inhibitor, PSI (Cbz-ile-glu(O-t-Bu)-alaleucinal), has been 
shown to suppress 26S proteasome-mediated proteolysis without affecting iso-
peptidase or ATPase activities [49]. These inhibitors are extremely potent (MG-
132 Ki = low nanomolar in purified proteasome; IC50 = low micromolar in cultured 
cells) and their inhibitory activities are reversible by their removal from the sys-
tem [46, 47]. Interestingly, because peptide aldehydes are also able to inhibit 
calpains and some lysosomal cysteine proteases, certain degradative processes 
that were originally believed to be carried out by calpains were shown to actually 
be proteasomal processes.

Vinyl sulfone peptides have also been reported to be potent inhibitors of the 
 proteasome in cell models [50]. These peptides exert their proteasome-inhibitory 
activity through covalent binding to the hydroxyl groups of the active site threonine 
within the β-subunits, and their use in human lymphoma cells resulted in protea-
some inhibition followed by the appearance of distinct cell variants expressing a 
compensatory proteolytic system, which has not been clearly identified [51].

Other early inhibitors of the proteasome include lactacystin and its derivative 
clasto-lactacystin β-lactone, the active form to which it is converted in aqueous 
solution [52]. These are naturally occurring products that differ structurally from 
the peptide aldehydes and are much more specific. Lactacystin was first isolated 
from actinomycetes because of its ability to promote neurite outgrowth and block 
cell division in cultured neurons [53]. These compounds have a mode of action 
similar to that of the vinyl sulfones [54, 55].

Other naturally occurring metabolites that have been used in the preclinical set-
ting as inhibitors of the proteasome include TMC-95A and argyrin A. TMC-95A is 
a cyclic tripeptide that was isolated from Apiospora montagnei. TMC-95A specifi-
cally binds via hydrogen bonds to all three catalytic β-subunits and causes inhibition 
in the low nanomolar range [56, 57]. The tumor growth suppression caused by 
argyrin A, a cyclic octapeptide derived from Archangium gephyra, has been attrib-
uted to the inhibition of proteasomal degradation of p27kip1 CDK inhibitor [58, 59]. 
Following the identification of these inhibitors, many other compounds were identi-
fied and designed to specifically target the tumor proteasome, ultimately resulting in 
the USFDA approval of bortezomib in 2003.

S.M. Schmitt et al.
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1.3.2  Bortezomib, the First Clinically Approved Proteasome 
Inhibitor in Preclinical Studies

Bortezomib (Velcade®) is a dipeptide boronic acid derivative that was first synthe-
sized in 1995 by Myogenics Company and contains pyrazinoic acid, phenylalanine, 
and leucine in its structure. Bortezomib showed considerable apoptosis-inducing 
activity in a variety of tumor cell lines and animal models [60–62], and in 2003, 
seven years after its initial synthesis, bortezomib was approved by the USFDA for the 
treatment of relapsed multiple myeloma, and in 2006, it was approved for the treat-
ment of mantle cell lymphoma. Bortezomib is able to enter nearly all tissues except 
brain and adipose, and is able to distribute to the plasma within 10 min of IV injection 
[63–66]. Furthermore, bortezomib is metabolized through intracellular cytochrome 
p450-mediated oxidative deboronation [67] and its half-life is more than 40 h [65].

Bortezomib is a reversible inhibitor of the 26S proteasome, with proteasome 
activity generally recovering within 72 h of administration [68]. Binding of the 
boronic acid group in bortezomib to the threonine hydroxyl group in the active site of 
the β5 subunit results in proteasome inhibition and, ultimately, cell death [69]. 
Bortezomib has been successful in hematological malignancies, but less than encour-
aging results have been observed in solid tumors [70, 71], limiting its use in the clinic.

Several preclinical studies demonstrated the potency of bortezomib against 
human tumor cells in vitro and in in vivo xenograft animal models. A standard NCI-
60 screen revealed that bortezomib could potently inhibit cell proliferation [60] and 
induce apoptosis in many malignant cell lines, including multiple myeloma, pros-
tate, pancreatic, renal and squamous cell carcinomas [72–77]. Importantly, the anti-
tumor activity of bortezomib was observed in both chemoresistant and chemosensitive 
myeloma cells, and the sensitivity of resistant cells to chemotherapy was increased 
significantly when combined with a sublethal dose of bortezomib with no effect on 
normal hematopoietic cells [78, 79]. Additionally, in an in vitro study of four ovarian 
and three prostate cancer cell lines, bortezomib had comparable effects on cells 
derived from solid tumors and hematological malignancies [61]. Bortezomib was 
also able to potently inhibit the growth of multiple myeloma xenografts in mice [80].

Multiple targets of bortezomib have been identified in malignant cells, including 
the NF-κB signaling pathway. NF-κB is a p50/p65 heterodimer that usually exists in 
an inactive form in the cytoplasm bound to its inhibitory protein, IκB, and upon 
degradation of IκB, the NF-κB complex is activated and can translocate into the 
nucleus where it stimulates transcription of various genes including cytokines (IL-6, 
TNF-α), survival factors (IAPs, Bcl-XL), and insulin-like growth factor 1 (IGF-1), 
ultimately resulting in proliferation, resistance to apoptosis, and drug resistance in 
cancer cells [81]. Bortezomib is able to prevent degradation of IκB, blocking activa-
tion of NF-κB and suppressing expression of related cytokines and survival factors 
in drug-resistant multiple myeloma cells expressing increased NF-κB activity  
[78, 82]. In contrast, other studies have shown that the NF-κB pathway may not be 
important in bortezomib-mediated tumor cell death. Specifically, in a study of mice 
bearing human multiple myeloma cells, treatment with bortezomib was associated 
with NF-κB activation, rather than inhibition [83].

1 Proteasome Inhibitors and Lessons Learned from Their Mechanisms of Action…
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Another possible target of bortezomib is NOXA (Latin for damage) [84], a 
 p ro- apoptotic member of the Bcl-2 family [85] that is involved in p53-mediated 
apoptosis, gene expression of which is associated with direct activation of its 
 promoter by p53 [85]. Thus, upregulation of p53 and subsequent Noxa gene expres-
sion may be one mechanism of chemo- or radiotherapy-induced apoptosis. Studies 
have shown that NOXA upregulation induces apoptosis through interaction with,
and inhibition of anti-apoptotic Bcl-xL and Bcl-2 proteins, or through stimulation 
of other pro- apoptotic factors [86, 87]. Importantly, bortezomib treatment in 
myeloma and melanoma cell lines resulted in p53-independent induction of NOXA
and blockade of NOXA with an antisense oligonucleotide caused only 30 % to 50 %
reduction in bortezomib-induced apoptosis [84]. Bortezomib induces NOXA in
various p53-defective tumor cell lines [88], and clinical studies indicate that bort-
ezomib suppresses tumor growth in a p53-independent manner [11, 89]. Importantly, 
NOXA induction by bortezomib is selective to cancer cells over normal cells, with
levels unaffected in normal melanocytes [84, 90, 91].

Still other mechanisms of bortezomib-mediated apoptosis include inhibition of 
angiogenesis in human myeloma, pancreatic and squamous cell cancer xenografts 
[77, 92]; induction of endoplasmic reticulum (ER) stress and generation of reactive 
oxygen species (ROS) [93, 94]; induction of extrinsic and intrinsic apoptotic path-
ways via activation of caspase-8 and caspase-9 [95, 96]; activation of the p38 
mitogen- activated protein kinase (MAPK) pathway [97]; and disruption of the inter-
action between tumor cells and dendritic cells [98]. Multiple targets generally play 
important roles in bortezomib-mediated apoptosis in some cancer cells, while dif-
ferent targets may be critical in other cells.

1.3.3  Bortezomib in Clinical Trials

1.3.3.1  Phase I/II Trials

The promising preclinical data involving bortezomib resulted in a series of clinical 
trials that ultimately led to the USFDA approval of bortezomib as a treatment for 
multiple myeloma. One phase I trial of 27 patients with relapsed multiple myeloma 
investigated bortezomib as a single agent, and found that bortezomib induced a 
dose-dependent inhibition of 20S proteasome activity [99], confirming preclinical 
findings that bortezomib could inhibit proteasome activity in a dose- and time- 
dependent manner. Two other phase I studies evaluated bortezomib in combination 
with doxorubicin. In the first, 42 patients with advanced hematologic malignancies 
were enrolled to obtain preliminary response data and to determine the maximum 
tolerated dose (1.30 mg/m2) and dose-limiting toxicities (fatigue, thrombocytope-
nia, lymphopenia, nausea, constipation, peripheral neuropathy, and anemia) [100]. 
The other enrolled 22 patients with multiple myeloma, with eight patients achieving 
complete response (36 %) or near-complete response, and another eight partial
responses (36 %) [100].
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Additional phase I trials have investigated the effects of bortezomib either 
alone or in combination in solid tumors. Single-agent bortezomib showed antitu-
mor activity in patients with advanced androgen-independent prostate cancer 
[101], but no significant responses were observed in patients with advanced meta-
static breast cancer or neuroendocrine tumors [102, 103]. In combination with 
carboplatin, an overall response rate of 47 % was observed in recurrent ovarian or
primary peritoneal cancer patients, but in combination with either docetaxel [104] 
or prednisone [105], hormone refractory and castrate-resistant metastatic prostate 
cancer patients achieved no significant responses. Therefore, while bortezomib 
has shown promise in hematological malignancies, it has proven quite ineffective 
against solid tumors.

The general success of phase I trials led to several phase II trials. In the 
SUMMIT (Study of Uncontrolled Multiple Myeloma Managed with Proteasome 
Inhibition Therapy) trial, 202 patients with relapsed or refractory myeloma with 
prior treatment were treated with 1.3 mg/m2 bortezomib on days 1, 4, 8, and 11 of 
a 3-week cycle for as many as eight cycles, and an overall response rate of 35 %
was observed [106]. In the CREST (Clinical Response and Efficacy Study of 
Bortezomib in the Treatment of Relapsing Multiple Myeloma) trial, 67 patients 
with relapsed/refractory multiple myeloma were randomly divided to receive 
either 1.0 or 1.3 mg/m2 of bortezomib. The study ultimately showed that bortezo-
mib was effective in relapsed multiple myeloma patients at a lower dose of 
1.0 mg/m2 [107].

Two other phase II trials examined bortezomib in combination with other agents. 
One study reported a 95 % response rate in relapsed multiple myeloma patients
treated with a combination of bortezomib, dexamethasone, and doxorubicin [108]. 
Another study in patients with symptomatic multiple myeloma with no prior treat-
ment compared single-agent bortezomib to bortezomib in combination with dexa-
methasone. Of the 32 patients, 22 were treated with the combination, and an 
increased response was seen in 15 of 22 patients (68 %) [45].

Additionally, the effects of bortezomib against mantle cell lymphoma and non- 
Hodgkin’s lymphoma have also been investigated in clinical trials. A trial of patients 
with indolent non-Hodgkin’s lymphoma and mantle cell lymphoma showed a 58 %
overall response rate as a result of bortezomib treatment [109]. Another study con-
ducted in patients with pretreated and untreated mantle cell lymphoma revealed 
response rates of 46.2 % and 46.7 %, respectively, following treatment with 1.3 mg/
m2 bortezomib, suggesting that bortezomib is an effective treatment for mantle cell 
lymphoma [110]. Finally, no significant response or survival advantage was 
observed in another phase II study evaluating the use of bortezomib and pemetrexed 
alone or in combination in advanced NSCLC with prior treatment, but bortezomib
was better tolerated when given in combination with pemetrexed [111]. More clini-
cal trials are being conducted to further explore the use of bortezomib in 
NSCLC. Unfortunately, phase II trials investigating the efficacy of bortezomib in
solid tumors have yielded disappointing results.
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1.3.3.2  Phase III Clinical Trials

Based on phase II trial results, a large international phase III trial in relapsed 
 multiple myeloma patients with 1–3 prior therapies compared the effects of bortezo-
mib to high-dose dexamethasone [75]. Patients (n = 669) received either 1.3 mg/m2 
bortezomib (twice weekly for 2 weeks followed by a 1-week rest, intravenously) or 
high-dose dexamethasone (40 mg orally). Patients receiving bortezomib had a com-
bined complete and partial response rate of 38 % compared to 18 % for the
dexamethasone- treated patients, with median times to progression of 6.22 months 
in the bortezomib group versus 3.29 months in the dexamethasone group. Among 
patients taking bortezomib, the median time to progression was 6.22 months and 
1-year survival rate was 80 %, while that for patients taking dexamethasone
was 3.29 months and 66 % [75], demonstrating the advantage of bortezomib over 
dexamethasone in terms of response rate, time to progression, and survival.

Another study included 638 relapsed/refractory multiple myeloma patients who 
received 1.3 mg/m2 bortezomib and achieved an overall response rate of 67 % [112]. 
After completion of at least two cycles for progressive and four cycles for stable 
disease, 20 mg/day dexamethasone was added on the day of and after each bortezo-
mib dose. Of the patients receiving dexamethasone, enhanced response was 
observed in 34 %, suggesting that bortezomib, alone or in combination with dexa-
methasone, is both safe and effective for the treatment of relapsed/refractory mul-
tiple myeloma in patients with prior treatment [112]. The APEX (Assessment of 
Proteasome Inhibition for Extending Remissions) trial assessed the impact of dose 
modification on the severity and reversibility of peripheral neuropathy associated 
with bortezomib treatment in patients with relapsed multiple myeloma [113]. 
Peripheral neuropathy could be improved by dose modification without adverse 
effects on the outcome in 37 % of patients (124/331) following several cycles of
bortezomib treatment [113], indicating that bortezomib-induced peripheral neurop-
athy is not only manageable, but also reversible in most relapsed myeloma patients.

The efficacy of bortezomib in combination with conventional chemotherapeutics 
was conducted at 151 centers in 22 countries. Patients with untreated multiple 
myeloma (n = 682) were randomized to receive either a combination of bortezomib 
plus melphalan–prednisone or melphalan–prednisone alone [114]. Results revealed 
that bortezomib plus melphalan–prednisone may be a valuable frontline treatment 
option for myeloma patients [114]. Most recently, in the VISTA trial, bortezomib 
plus melphalan and prednisone was compared to melphalan and prednisone alone in 
multiple myeloma patients with no previous treatment. A prolonged follow-up 
(median = 36.7 months) indicated that bortezomib-based drugs as first-line treat-
ments afford greater survival advantage than treatment with conventional drugs fol-
lowed by salvage with bortezomib-based treatments [115]. Additionally, initial 
treatment with bortezomib, compared to initial treatment with traditional chemo-
therapeutics, resulted in less resistance to later therapies [115]. Overall, preclinical 
and clinical data evaluating the efficacy and safety of bortezomib have shown that 
the use of proteasome inhibitors as anticancer agents is a promising strategy that 
should be further investigated.
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However, while bortezomib is successful in the clinic, toxicities and resistance 
have been reported, suggesting that further development of drugs like bortezomib is 
necessary. In fact, some second-generation proteasome inhibitors [116, 117] with 
different properties have been developed, with one, carfilzomib, being FDA approved. 
Additionally, inhibitors that specifically target the immunoproteasome (immunopro-
teasome-specific inhibitors, IPSIs) [117], as well as natural compounds that are able 
to inhibit the proteasome, may be sufficiently potent with significantly less adverse 
effects than currently approved drugs [118]. The use of these novel inhibitors may 
aid in overcoming bortezomib resistance or sensitizing resistant cells to bortezomib 
treatment, which could potentially result in increased clinical success.

1.3.4  The Second Clinically Approved Proteasome Inhibitor, 
Carfilzomib

Following the clinical success of bortezomib, the second-in-class proteasome inhib-
itor carfilzomib (Kyprolis®) was granted accelerated approval by the USFDA in July 
2012 for the treatment of patients with MM progressing on or after treatment with 
bortezomib and an immunomodulatory agent. Carfilzomib is a peptide epoxyketone 
related to epoxomicin [119] that irreversibly inhibits the CT-like activity of the pro-
teasome with high selectivity [120]. Preclinical studies revealed that carfilzomib 
inhibits CT-like activity in both the constitutive proteasome and the inducible 
immunoproteasome with IC50 values of 6 and 33 nM, respectively [121]. Carfilzomib 
was also extremely effective at suppressing tumor growth in cultured cell and tumor 
xenograft models, with prolonged proteasome inhibition for longer than one week 
in mice [121]. Importantly, carfilzomib was active against bortezomib-resistant 
 cultured myeloma and patient plasma cells [119].

1.3.4.1  Phase I/II Trials

The data observed in cultured cell and xenograft models led to a series of clinical 
trials investigating the properties and efficacy of carfilzomib. In one phase I study, 
carfilzomib was administered on consecutive days twice weekly in patients with 
relapsed and refractory multiple myeloma or lymphoma. One hour following IV 
administration of 27 mg/m2 carfilzomib, CT-like activity in whole blood and periph-
eral blood mononuclear cells (PBMCs) was inhibited by approximately 85 % and
90 % on average, respectively, and this inhibition was sustained throughout the trial
[122]. Another small phase I dose-escalation study evaluated the safety and efficacy 
of carfilzomib in relapsed or refractory myeloma and lymphoma, with patients 
(n = 29) receiving carfilzomib for five consecutive days within 14-day cycles [123]. 
One unconfirmed complete response, one partial response, and two minimal 
responses were observed with observable antitumor activity at or above 11 mg/m2 
and a maximum tolerated dose of 15 mg/m2. Grade 1–2 toxicities included nausea, 
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diarrhea, and fatigue in more than one-third of patients. At the highest dose 
 administered (20 mg/m2), grade 3 febrile neutropenia and grade 4 thrombocytope-
nia were reported, and no grade 3 or 4 peripheral neuropathies were reported [123]. 
An additional phase I/II study investigated the tolerability, efficacy, and pharmaco-
kinetic and pharmacodynamic profiles of carfilzomib in advanced solid tumors [124]. 
Carfilzomib was administered IV twice weekly on consecutive days within 28-day 
cycles. A small group of patients (n = 14) received carfilzomib during the phase I 
dose escalation, and the single dose-limiting toxicity was determined to be grade 3 
fatigue at the highest administered dose (36 mg/m2). The maximum planned dose 
was determined based on the phase I cohort, and 65 additional patients then 
received carfilzomib at the maximum planned dose in a phase II study. The most 
common side effects were fatigue, nausea, anorexia, and dyspnea. No hepatotoxic-
ity or ≥grade 2 peripheral neuropathy was reported. The half-life was determined 
to be <1 h, and one hour post treatment on day one of cycle two, proteasome 
CT-like activity in whole blood and PBMCs was inhibited by ≥80 %. Importantly,
partial responses were reported in two patients (14 %) in the phase I study, with
21.5 % stable disease after four cycles in evaluable patients (n = 51) in the phase II 
cohort [124].

Another phase I/II trial included patients with newly diagnosed multiple myeloma 
(n = 53) and evaluated the efficacy and tolerability of the CRd combination treat-
ment (carfilzomib + lenalidomide + dexamethasone) [125]. Carfilzomib was admin-
istered at 20, 27, or 36 mg/m2 twice weekly on consecutive days, lenalidomide was 
given at a dose of 25 mg/day daily for the first 21 days, and weekly dexamethasone 
was given at 40 mg during cycles 1–4 and 20 mg during any additional cycles. The 
maximum planned dose (carfilzomib 36 mg/m2) was expanded in the phase II study. 
Toxicities (grade 3–4) included anemia, thrombocytopenia, and neutropenia, hypo-
phosphatemia, and hyperglycemia; no grade 3–4 peripheral neuropathy was 
observed and dose modification was not required in a majority of patients. A near- 
complete response was reported in 62 %, and complete response occurred in 42 %
of patients (n = 53) after an average of 12 cycles. After a median follow-up of 13 
months, the 24-month progression-free survival estimate was 92 % [125]. Thus, the 
combination of carfilzomib, lenalidomide, and dexamethasone is highly effective 
and well tolerated in treatment-naïve multiple myeloma patients.

Finally, a single-arm multicenter phase II was completed in relapsed/refractory 
multiple myeloma patients (n = 46) with at least two prior therapies [126]. Patients 
were given 20 mg/m2 carfilzomib IV on consecutive days twice weekly every 28 
days for up to 12 cycles. The overall response and clinical benefit response rates 
were 16.7 % and 23.8 %, respectively, in the 42 evaluable patients, with seven par-
tial responses. Median durations of response were 7.2 months and 13.8 months, 
respectively. Anemia, fatigue, and thrombocytopenia were the most common 
treatment- related adverse effects, and events of neuropathy were rare [126]. The 
promising results of this pilot study resulted in an amendment to test a higher dose 
in additional patients (PX-171-003-A1). During the PX-171-003-A1 study [127], 
patients (n = 266) received single-agent carfilzomib 20 mg/m2 IV twice weekly for 3 
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of 4 weeks in cycle one, followed by 27 mg/m2 for the remaining cycles 
(maximum=12). The overall response rate (at least partial response) was 23.7 %
with median duration of response of 7.8 months and median overall survival of 
15.6 months. Manageable toxicities included anemia, nausea, fatigue, and thrombo-
cytopenia, with grade 1–2 peripheral neuropathy in 12.4 % of evaluable patients
[127]. Patients in this study had an average of five prior treatments, but the responses 
observed in this trial were quite durable and indicated that carfilzomib may be clini-
cally beneficial in patients who fail on other chemotherapeutics, and based on this 
study, carfilzomib was approved by the FDA in July 2012 for relapsed and refrac-
tory multiple myeloma and mantle cell lymphoma.

1.3.4.2  Phase III Trials

Based on the promising phase I/II results, a randomized phase III study, FOCUS 
(Carfilzomib for Advanced Refractory Multiple Myeloma European Study), is 
being conducted to compare overall survival following single-agent carfilzomib 
treatment with best supportive care treatments in relapsed and refractory multiple 
myeloma patients who have received at least three previous treatments [128]. 
Enrolled patients (n ≈ 300) have responded to at least one prior therapy and are 
refractory to their most recent therapy. Patients were randomized to receive either 
IV carfilzomib, 20 mg/m2 on days 1–2 of cycle one, escalating to 27 mg/m2 on days 
8, 9, 15, and 16 for the remaining cycles (up to 16), or an active BSC regimen con-
sisting of corticosteroid treatment of prednisolone 30 mg, dexamethasone 6 mg, or 
equivalent every other day with optional oral cyclophosphamide 50 mg once daily. 
Treatment will continue until disease progression or unacceptable adverse events 
occur. The primary endpoint will be overall survival with secondary endpoints of 
progression- free survival, overall response rate, and safety [128]. Enrollment has 
been completed and the study has begun with anticipated completion in 2015 
[NCT01302392; Onyx Therapeutics, Inc.].

Another randomized phase III, open-label, multicenter study is comparing CRd 
(carfilzomib + lenalidomide + dexamethasone) and Rd (lenalidomide + dexametha-
sone) regimens in patients with relapsed multiple myeloma [NCT01080391; Onyx
Therapeutics, Inc.]. Approximately 750 patients have been randomized to receive 
either Rd (40 mg oral dexamethasone on days 1, 8, 15, and 22 + 25 mg oral lenalid-
omide on days 1–21 in 28-day cycles) or CRd (20 mg/m2 or 27 mg/m2 IV carfilzo-
mib + 40 mg oral dexamethasone on days 1, 8, 15, and 22 + 25 mg oral lenalidomide 
on days 1–21 in 28-day cycles; carfilzomib will be discontinued after completion 
of 18 cycles). Progression-free survival is the primary endpoint of this study, 
and overall survival, overall response rate, response duration, disease control, 
safety, time to progression, and quality of life are secondary endpoints. Severity 
and incidence of adverse effects will also be compared between the two treatment 
regimens. This study is expected to be completed in early 2014 [NCT01080391;
Onyx Therapeutics, Inc.].
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1.4  Resistance to Proteasome Inhibitors

Unfortunately, although clinical success has been achieved with proteasome inhibi-
tors, resistance has emerged as a limiting factor in their continued clinical use. 
Resistance to proteasome inhibitors, as well as other drugs, can be either inherent or 
acquired. Inherent resistance is resistance which exists within cells without any 
exposure to a drug. This type of resistance is fairly uncommon in cancer, but has been 
reported in regard to antibiotics. Acquired resistance occurs following exposure to a 
drug, generally by genetic mutations and overexpression of target proteins. The exact 
mechanisms by which cells become resistant to proteasome inhibitors have yet to be 
fully elucidated, but several studies have explored potential mechanisms (Fig. 1.3).

1.4.1  Inherent Resistance

In a study of relapsed/refractory acute leukemia patients who had progressed on 
prior treatments, bortezomib treatment resulted in minimal responses [129], sug-
gesting the potential for inherent resistance to proteasome inhibitors due to prior 
treatments. The ECOG E2A02 trial conducted with newly diagnosed high-risk 

Fig. 1.3 Potential mechanisms of proteasome inhibitor resistance. Several factors have been 
implicated in resistance to proteasome inhibitors. These include overexpression or mutation of β5 
subunits, overexpression of heat shock proteins (HSPs), AKT pathway activation, altered expres-
sion of apoptosis- and growth-related proteins, altered autophagy pathways, and increased 
antioxidants
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multiple myeloma patients showed no clinical response following single-agent 
 bortezomib treatment [130]. Bortezomib also failed to show clinical benefit in sev-
eral other hematological and solid tumors [129]. The lack of benefit from bortezo-
mib as an initial treatment suggests that some tumors may simply be inherently 
resistant to treatment with proteasome inhibitors.

1.4.2  Acquired Resistance

While little is known about inherent resistance to proteasome inhibitors like bort-
ezomib, a number of cell-based studies have elucidated putative mechanisms of 
acquired resistance either at the proteasome level or its downstream effectors. These 
include overexpression or mutation of the proteasomal β5 subunit, upregulation of 
heat shock proteins (HSPs), altered expression of apoptosis-related proteins, AKT 
pathway activation, overexpression of other growth-related proteins, altered autoph-
agy pathways, and increased antioxidant levels (Fig. 1.3).

1.4.2.1  β5 Subunit Overexpression/Mutation

When human monocytic/macrophage THP1 cells were treated with increasing con-
centrations of bortezomib, up to 60-fold overexpression of proteasomal β5 subunit 
(PSMB5) protein was observed. Additionally, the overexpressed β5 contained an 
alanine–threonine mutation at position 49 in the highly conserved bortezomib- 
binding pocket [131]. Together the overexpression and mutation resulted in resis-
tance to bortezomib as well as cross-resistance to β5-targeted cytotoxic peptides 
4A6, MG132, MG262, and ALLN [131]. Interestingly, there were no marked 
changes in the baseline CT-like activity, and when the PSMB5 gene was silenced by 
siRNA, its sensitivity to bortezomib was restored [131]. A different set of mutations 
in the PSMB5 protein at positions 49 and 50, including Ala49Val, Ala49Thr, and 
Ala50Val, as well as the Ala49Thr mutation, were reported in T lymphoblastic lym-
phoma/leukemia cells developed from the Jurkat cell line when treated with increas-
ing concentrations of bortezomib [132]. Similarly, human leukemia K562 cells have 
been shown to be more resistant to bortezomib compared to other leukemia and 
myeloma cell lines due to inherent overexpression of proteasomal β5. However, 
there is no direct evidence that these phenomena, i.e., mutations or β5 overexpres-
sion, are responsible for bortezomib resistance in vivo [133]. In fact, a multiple 
myeloma patient who rapidly developed resistance to bortezomib (evident by sud-
den and accelerated disease progression and death) had no mutations in the PSMB5 
coding region, indicating that there may not be a correlation between bortezomib 
resistance and β5 mutation [134]. Further in-depth, large-scale studies are war-
ranted to determine the role of β5 mutations and overexpression in in vivo resistance 
to proteasome inhibitors.
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1.4.2.2  Upregulation of HSPs

The heat shock proteins are important in mediating resistance to apoptosis  
[135, 136], and many HSPs, especially HSP-72, are upregulated following protea-
some inhibition. Several studies have reported dramatic HSP-72 upregulation 
resulting from treatment with a variety of proteasome inhibitors, including tripeptidyl 
aldehyde proteasome inhibitors, lactacystin and MG-132 [137–139]. Some studies 
demonstrated that proteasome inhibitor-mediated upregulation of HSP-72 was pro-
apoptotic [138, 139], while others showed that MG-132 treatment caused an 
increase in HSP-72 expression and suppressed JNK activation, preventing JNK-
mediated apoptosis by subsequent heat stress [139]. HSP-72 upregulation as a 
mechanism of proteasome inhibitor resistance was validated by a report showing 
that blocking HSP-72 by the introduction of an antisense oligonucleotide potenti-
ated the apoptosis-inducing ability of MG-132 [140]. More recently, HSP-72 
knockdown via siRNA was also shown to potentiate MG-132-induced cell death in
prostate cancer cells [141].

Other HSP family members may also be involved in acquired resistance to pro-
teasome inhibitors. Gene profiling of myeloma cells following bortezomib treat-
ment revealed that several other HSPs are also induced by proteasome inhibition, 
including HSP-27, HSP-70, and HSP-90 [95, 142, 143]. One group demonstrated 
that bortezomib promotes increased phosphorylation of HSP-27 through activation 
of p38 and used p38 inhibitors and antisense-mediated downregulation of HSP-27 
to reverse proteasome inhibitor resistance [142, 144]. HSP-70 has also been impli-
cated in bortezomib resistance [143], and the flavonoid quercetin has been shown 
to inhibit HSP-70 mRNA and protein expression [145], suggesting that knockdown 
or inhibition of HSP-70 may also reverse acquired bortezomib resistance. 
Importantly, HSP-70 expression is high in pancreatic cancer cells, and inhibition of 
HSP-70 via quercetin treatment and siRNA knockdown both induced apoptosis
in vitro [146].

Finally, HSP-90, which mediates the correct folding of various signal transduc-
tion intermediates, has also been implicated in proteasome inhibitor resistance [95]. 
In fact, synergistic cell death was observed in breast cancer cells treated with the 
combination of bortezomib and an HSP-90 inhibitor [147]. Additionally, in several 
preclinical multiple myeloma cell models, the combination resulted in increased 
apoptosis [147–149], but in pancreatic cancer the cell death resulting from combi-
nation treatment appears to be necrotic rather than apoptotic [150], indicating that 
the combination of HSP-90 antagonists with proteasome inhibitors must be further 
evaluated to more clearly understand their interactions with one another.

1.4.2.3  Altered Expression of Apoptosis-Related Proteins

As discussed previously, the Bcl-2 family members Bim [151] and Noxa [88] have 
been implicated in proteasome inhibitor-induced cell death in some cell types. While 
mutations causing inactivation of these proteins are rare in tumors [152, 153], cells 
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may acquire resistance to proteasome inhibitors via epigenetic mechanisms. In fact, 
miR-17-92 and NFB2/p52 have recently been reported to repress Bim expression
[154, 155], and Bmi-1-dependent methylation has been linked to Noxa expression
[156]. The effects of Noxa and Bim could also be abrogated by overexpression of
anti-apoptotic Bcl-2 proteins [157]. Small molecule inhibitors targeting Bcl-2, 
Bcl-xL (ABT-737), and MCL-1 (obatoclax) have been shown to significantly enhance 
bortezomib-induced cell death in various human cancer cell lines [158–160].

Other proteins that contribute to cell death, like p27, have also been reported to 
increase following proteasome inhibition [59, 161], and although inactivation of 
p27 through mutations is uncommon, its expression is often decreased due to 
increased Skp2 activity and proteasome-mediated degradation [162]. Methylation 
of p27 gene promoter occurs in almost 10 % of cancers [163], and proteasome 
inhibitor-resistant tumors may display increased methylation patterns that could 
contribute to the resistant phenotype. Additionally, p27 can be phosphorylated by 
AKT [164], which causes changes in its subcellular localization [164, 165], also 
potentially contributing to acquired proteasome inhibitor resistance.

1.4.2.4  Akt Pathway Activation

The pro-survival PI3K/Akt pathway is constitutively active in many cancers, and 
several pathways have been implicated in Akt activation, including amplification of 
PI3K [166] or Akt [167], growth factor receptor signaling [168], PTEN deletion
[169], or mutation of Ras family members [170]. Akt activation, both constitutive 
and induced, can impair the activity of bortezomib [95, 171, 172]. Bortezomib can 
also directly activate Akt in some cell lines [173], and Akt inhibitors (both direct 
and indirect), including the PKC antagonist enzastaurin [174], PI3K inhibitors like 
perifosine, and the Raf inhibitor sorafenib [172] have been shown to enhance 
bortezomib- induced apoptosis. Additionally, Akt activation is regulated by receptor 
tyrosine kinase growth factor receptors like EGFR, and Akt activation can be 
reversed with selective RTK inhibitors in these cells [175], leading to increased 
bortezomib sensitivity [176, 177].

1.4.2.5  Overexpression of Other Growth-Related Proteins

Resistance to bortezomib has also been attributed to the overexpression of some 
proteins that are involved in cell growth, including interleukin-6 (IL-6) and insulin- 
like growth factor 1 (IGF-1), which are thought to confer resistance via activation of 
NF-κB through the PI3K/Akt and Raf/MEKKl pathways [178, 179]. IL-6 has been 
shown to play an important role in regulating drug sensitivity in multiple myeloma 
cells through inhibition of miRNA expression in bone marrow stromal cells
(BMSCs) [180, 181]. In addition, IGF-1 receptor levels have also been shown to be 
high in multiple myeloma, and this overexpression, as well as increased IGF-1 lev-
els, are associated with disease progression and poor patient prognosis [182, 183]. 
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Increased IGF-1 signaling has been directly implicated in the resistance phenotype 
of bortezomib-resistant multiple myeloma cells with no β5 mutations. The role 
of IGF-1 signaling was further validated by gene expression profiling which 
showed that genes activated by IGF-1 were constitutively expressed in these 
bortezomib- resistant multiple myeloma cells. Importantly, blocking PI3K 
and mTOR downstream of IGF-1 partially overcame the bortezomib resistance. 
Direct inhibition of IGF-1R (insulin-like growth factor 1 receptor) was also able to 
sensitize cultured cells, in vivo models, and patient samples to bortezomib treatment 
[184], suggesting that combining  bortezomib with IGF-1R inhibitors may be a 
promising strategy to prevent or  overcome proteasome inhibitor resistance.

The receptor tyrosine kinase c-Met is also overexpressed in human myeloma cell 
lines and has been shown to promote drug resistance. One study showed that knock-
down of c-Met in U266 human multiple myeloma cells enhanced their sensitivity to 
bortezomib via inhibition of the Akt/mTOR pathway [185]. Increased Akt/mTOR 
phosphorylation was also reported in bortezomib-resistant mantle cell lymphoma 
cells, and dual inhibition of PI3K and mTOR overcame acquired bortezomib resis-
tance by suppressing the activated Akt/mTOR pathway [186]. Microarray analysis 
has also identified Rad (Ras associated with diabetes) as a potential factor in protea-
some inhibitor resistance. Rad levels were increased in bortezomib-resistant 
Jurkat-R cells compared to parental controls, and knockdown resulted in induction 
of the mitochondrial apoptotic pathway via Noxa/Bcl-2, thus overcoming bortezo-
mib resistance in these cells [187].

1.4.2.6  Altered Autophagy Pathways

Proteasome inhibitors are known to activate autophagy, but the exact role of autoph-
agy in cancer cell death is a controversial one [188]. Studies have reported that 
inhibition of autophagy can both inhibit [189] and promote [190] proteasome 
inhibitor- mediated cell death depending on cell type. This may be due to the vari-
able effects of these autophagy inhibitors, whereby they block macroautophagy but 
are unable to inhibit chaperone-mediated autophagy, which may play a critical role 
in clearing protein aggregates in some cells. These protein aggregates may be trans-
ferred to the lysosome via aggresomes during chaperone-mediated autophagy. 
HDAC6 is necessary for aggresome formation following proteasome inhibition, and 
HDAC inhibition has been shown to enhance proteasome inhibitor-induced cell 
death in proteasome inhibitor-sensitive cells and to reverse resistance in resistant 
cells [191, 192]. The combination of HDAC inhibition with proteasome inhibition 
has been extensively studied, and results suggest that this is the most promising 
combination. In fact, one phase I clinical trial investigating the combination of bort-
ezomib and the pan-HDAC inhibitor SAHA was completed in patients with relapsed/
refractory multiple myeloma [193], and another was completed in patients with 
solid tumors [NCT00310024; National Cancer Institute]. A phase II trial also inves-
tigated the combination in patients with progressive, recurrent glioblastoma 
[NCT00641706; National Cancer Institute], and results are forthcoming.
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1.4.2.7  Increased Antioxidants

The production of ROS appears to play a role in cell death induced by some protea-
some inhibitors, which suggests that antioxidant protection mechanisms may also 
contribute to proteasome inhibitor resistance. Sensitivity of multiple myeloma cells 
has been shown to increase following depletion of intracellular reduced glutathione 
by buthionine sulfoximine treatment [194]. Glutathione may promote resistance by 
acting as a cofactor for GSH-dependent enzymes; protein disulfide isomerase, glu-
tathione peroxidase, and vitamin C, for example, inhibit toxicity induced by 
 proteasome inhibitors, among other factors [195–199]. Thus, antioxidant levels may 
impact proteasome inhibitor sensitivity, so regulating these levels may be a strategy 
to overcome resistance.

1.5  Measures to Overcome Proteasome Inhibitor Resistance

1.5.1  Design of Novel Proteasome Inhibitors

Determination of exact molecular mechanisms of proteasome inhibitor resistance 
would help in the design of effective therapeutic strategies to overcome proteasome 
inhibitor resistance. Resistance at the proteasome level could be addressed by design-
ing better, more potent inhibitors than bortezomib and carfilzomib. A new generation of 
irreversible proteasome inhibitors might be helpful in partially overcoming bortezomib 
resistance due to β5 overexpression. Targeting sites different than those targeted by 
bortezomib could also be explored for the design and development of next-generation 
proteasome inhibitors. Unfortunately, however, these next-generation inhibitors may 
not be effective in overcoming resistance due to downstream factors [133].

Bortezomib is administered intravenously and modification of its pharmacoki-
netic parameters affecting stability, metabolism, and tissue bioavailability may be a 
useful strategy for overcoming resistance [133]. Some orally bioavailable reversible 
second-generation inhibitors, like MLN9708 and CEP 18770, that can be hydro-
lyzed to an active form have been developed, and encouraging results in cultured 
cells and animal models have advanced these compounds to phase I clinical trials 
[200–202]. However, their similarities to bortezomib in terms of mode of action 
might hinder their ability to overcome bortezomib/carfilzomib resistance, but they 
may offer advantages in terms of pharmacokinetics and patient compliance due to 
their oral route of administration, dosing flexibility and convenience [133].

Structure–activity relationship (SAR) studies were conducted to develop orally 
bioavailable carfilzomib-like agents, and led to the discovery and development of 
ONX0912, a truncated carfilzomib analog with comparable potency, selectivity,
and anticancer activities to its parent compound in vitro and in vivo in animal 
models [203, 204]. Carfilzomib and ONX0912 can be degraded by proteases and
peptidases in the plasma due to their peptide-like structures, which decreases 
their half-life and efficacy [133]. Therefore, nonpeptidic, irreversible proteasome 
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inhibitors like NPI0052 (salinosporamide/marizomib) with better bioavailability
have been developed [205]. NPI0052 is a β-lactone-γ-lactam isolated from the 
marine bacterium Salinispora tropica that shows potent irreversible inhibition of 
all three proteolytic activities of the proteasome through the formation of very 
stable acyl-ester bonds. Due to its anticancer activities in cell culture and animal 
models, NPI0052 has advanced into clinical trials for hematological and solid
tumor malignancies (Fig. 1.4) [116, 206]. Larger in vitro studies should be con-
ducted to further enhance the understanding of mechanisms associated with resis-
tance to proteasome inhibitors. These studies could lead to the development of 
personalized therapeutic approaches by identifying subgroups of patients who are 
more likely to respond well or fail to respond to particular proteasome inhibitors.

1.5.2  Combination Strategies

In addition to designing new compounds to target the proteasome, combining cur-
rent proteasome inhibitors with distinct modes of action could be an effective strat-
egy to overcome resistance to particular proteasome inhibitors. For instance, 
NPI0052 in combination with bortezomib has been shown to induce synergistic

Fig. 1.4 Potential strategies to overcome proteasome inhibitor resistance. Many strategies have 
been suggested for overcoming proteasome inhibitor resistance. These include designing novel 
proteasome inhibitors, targeting sites outside the catalytic center (such as the 19S regulatory cap, 
E1, E2s, or E3s), targeting the immunoproteasome, combination strategies (like proteasome inhib-
itors + HSP or HDAC inhibitors), and using metal-based or natural compounds as inhibitors
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cytotoxicity in vitro in cultured multiple myeloma cells as well as in multiple 
myeloma cells isolated from patients, and in multiple myeloma mouse models 
(Fig. 1.4) [207]. Alternatively, proteasome inhibitors could be combined with other 
chemotherapeutic agents targeting factors downstream of the proteasome to enhance 
efficacy. In fact, lenalidomide and NPI0052 in combination display synergistic anti-
multiple myeloma activities in cultured and patient multiple myeloma cells, as well 
as in tumor xenografts in mice [208].

Because HSP overexpression has been suggested as a potential mechanism by 
which cells become resistant to proteasome inhibitors, combining HSP inhibitors 
with proteasome inhibitors may sensitize resistant cells to proteasome inhibition 
(Fig. 1.4). In fact, the combination of the HSP-90 inhibitor tanespimycin 
(17-allylamino- 17-demethoxy-geldanamycin [17-AAG]; geldanamycin analog) 
with bortezomib resulted in bortezomib-mediated cell death and tumor regression in 
multiple myeloma cell and xenograft models, respectively [148]. A phase I trial 
combining these drugs has also been completed in relapsed/refractory multiple 
myeloma patients, some of whom had progressed to bortezomib resistance [209]. 
An overall response rate of 27 % was achieved, suggesting that this combination is
effective at reversing bortezomib resistance in multiple myeloma.

As discussed previously, some HDACs have also been implicated in proteasome 
inhibitor resistance, indicating that combining HDAC inhibitors with proteasome 
inhibitors may be a promising strategy to overcome proteasome inhibitor resistance 
(Fig. 1.4). Several preclinical studies have reported synergism between these types of 
drugs. For example, knockdown of HDAC1 enhanced bortezomib-mediated apopto-
sis, while overexpression of HDAC1 resulted in bortezomib resistance in multiple 
myeloma cells and treatment with the HDAC inhibitor romidepsin restored bortezo-
mib sensitivity in HDAC1 overexpressing cells and tumor xenografts [210]. 
Additionally, the combination of bortezomib and tubacin (HDAC6-specific inhibitor) 
inhibited proliferation in cultured multiple myeloma cells [211]. Selective inhibition 
of HDAC6 by ACY-1215, both alone and in combination with bortezomib, has also 
been shown to suppress multiple myeloma cell growth in a xenograft mouse model, 
again suggesting a synergistic relationship [212]. Finally, the combination of bortezo-
mib and the HDAC inhibitor SAHA (vorinostat) has also been evaluated in a phase I 
clinical trial in patients with advanced multiple myeloma, the results of which reported 
an overall response rate of 30 % in bortezomib-resistant patients [193]. Another phase 
I trial investigating the efficacy of SAHA in combination with bortezomib resulted in 
one partial remission and one minimal response among three bortezomib-resistant 
patients [213]. Another trial in multiple myeloma patients combined the natural 
HDAC inhibitor romidepsin with bortezomib, and 60 % partial and 8 % complete
responses were achieved [214]. The Vantage 095 phase IIb trial reported an overall 
response rate of 18 % with a median duration of response of 6.3 months in patients
with bortezomib-refractory relapsed multiple myeloma [215]. A randomized, double-
blind phase III trial, Vantage 088, compared SAHA or placebo in combination with 
bortezomib in 637 myeloma patients and reported an overall response rate of 54 % in
the group treated with the SAHA–bortezomib combination, compared with 41 % in
the placebo group [216]. Thus, HDAC inhibition may also be a promising strategy for 
overcoming proteasome inhibitor resistance in refractory cancers.
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1.5.3  Immunoproteasome-Specific Inhibitors

The immunoproteasome is an inducible proteasome variant primarily expressed in 
lymphocytes and monocytes, as well as in cells exposed to inflammatory cytokines 
such as interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α). The immunopro-
teasome is involved in the production of peptides for major histocompatibility com-
plex- 1 (MHC-1). During assembly of the immunoproteasome, the constitutive β1, 
β2, and β5 subunits are replaced by β1i (PSMB9/LMP2), β2i (PSMB10/LMP-10/
MECL1), and β5i (PSMB8/LMP7), respectively. These are associated with the 11S 
peptidase regulator and the remaining subunits of the constitutive proteasome, 
which leads to alterations in substrate specificity [217, 218]. Although there may be 
some functional redundancy between the two proteasome isoforms [219–221], 
CT-like (β5i) and trypsin-like (β2i) proteolytic activities are upregulated, and 
PGPH-like activity (β1i) is decreased in the immuno-20S compared to the constitu-
tive 20S [222]. Many conventional proteasome inhibitors (e.g., bortezomib, carfil-
zomib, NPI0052) designed to target the constitutive proteasome are also able to
inhibit the immunoproteasome and thus offer broader activity at the cost of specific-
ity, which may contribute to adverse effects [223].

Therefore, specifically targeting the immunoproteasome in hematological malig-
nancies might be a novel approach toward increasing effectiveness and reducing 
negative off-target effects (Fig. 1.4) [223, 224], which ultimately led to the develop-
ment of IPSIs. One such agent, IPSI-001, has shown selectivity for the immunopro-
teasome over the constitutive proteasome in binding assays and has been shown to 
induce apoptosis in a dose-dependent manner in patient derived cells of hemato-
logic malignancies. IPSI-001 was also able to overcome resistance to conventional 
chemotherapeutic agents like doxorubicin, melphalan and, most importantly, bort-
ezomib in vitro [224]. Other agents like the β5i selective tripeptide epoxyketone- 
based immunoproteasome inhibitors PR-924 [225] and PR-957 [226] have also 
shown promising results in preclinical cell culture and animal studies. Synthetic 
analogs of the epoxyketone dihydroeponemycin were also developed as molecular 
probes to study the effects of β1i (LMP2) inhibition. The combination of β1i inhibi-
tors with the β5i inhibitor lactacystin resulted in enhanced inhibition of total CT-like 
activity compared to each agent alone. These inhibitors have also shown growth 
inhibitory effects in PC-3 prostate cancer cells overexpressing β1i [227]. Taken 
together, these results indicate that targeting the immunoproteasome may be an 
effective strategy for overcoming resistance to conventional proteasome inhibitors.

1.5.4  Targeting Sites Other than the Catalytic Center

1.5.4.1  E1, E2s, and E3s

Targeting other factors in the UPP may also prove effective in overcoming resistance 
associated with inhibitors of the 20S catalytic core (Fig. 1.4). Although inhibiting 
the ubiquitin E1 enzyme was initially disregarded due to potential lethality, the 
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identification of two natural E1 inhibitors, panepophenanthrin and himeic acid, has 
suggested that this may indeed be a viable strategy. Both inhibitors specifically 
inhibit the formation of E1 ubiquitin thioester intermediates [228, 229]. Additionally, 
PYR-41, a synthetic pyrazone derivative, with E1 inhibitory activity that prevents 
protein degradation and cytokine-mediated activation of NF-κB has also been devel-
oped [230]. Another compound, PYZD-4409 induced cell death in malignant cells 
as well as in a leukemia mouse model, potentially by a mechanism similar to ER 
stress induced by proteasome inhibitors [231]. Similarly, cell-based screening iden-
tified NSC624206 as an E1 inhibitor, though more studies are necessary to deter-
mine its molecular effects [232]. Following the observation that functional 
knockdown of the E2 Ubc13 results in increased p53 activity [233], inhibition of 
the E2 enzymes has also been explored. In fact, leucettamol A, a natural compound, 
has been reported to inhibit the interaction between the E2 Ubc13 and the inactive 
conjugating enzyme variant Uev1A, which is required for efficient poly-ubiquitin 
chain formation [234].

Perhaps one of the most widely researched strategies for targeting factors 
upstream of the proteasomal catalytic core is inhibition of ubiquitin E3 ligases 
(Fig. 1.4), likely due to their role in identifying target proteins for ubiquitination. E3 
ligases are divided into one of three classes, RING, HECT, and U-box, based on
domain structure and mechanisms of target recognition. The p53-specific RING-
type E3 MDM2/HDM2 is a popular target for inhibition, due to its high frequency of 
overexpression in human cancers [235]. Indeed, nutlin-3, a MDM2 small molecule 
inhibitor, has been shown to suppress tumor progression in mouse xenograft models 
[236], suggesting that MDM2 is a promising target. Additionally, in bortezomib- 
sensitive multiple myeloma and epithelial carcinoma cells, nutlin-3 in combination 
with bortezomib resulted in additive and synergistic cytotoxic effects, respectively 
[237]. Some natural products, including chlorofusin and (-)-hexylitaconic acid, that 
inhibit the interaction between MDM2 and p53 have also been identified [238–241]. 
Interestingly, disulfiram and its derivatives have also been investigated for their abil-
ity to inhibit zinc finger- and RING-finger-containing ubiquitin E3 ligases [242]. 
Thus, inhibition of upstream UPP factors should be further investigated as this may 
be a viable strategy for overcoming resistance to 20S inhibitors.

1.5.4.2  19S Regulatory Subunit

Inhibition of proteasomal regulators may also be effective in overcoming resistance 
to conventional proteasome inhibitors, as this inhibition should only hinder some 
proteasomal functions (Fig. 1.4). Indeed, screening of a library of purine analog- 
capped peptoids identified RIP-1 (regulatory particle inhibitor peptoid-1) as an 
inhibitor of protein unfolding through targeting of the ATPase Rpt4 [243, 244]. 
Reports have indicated that ubistatin A is capable of blocking recruitment of ubiq-
uitinated proteins to the 26S proteasome by binding ubiquitin chains, ultimately 
suppressing proteasome-mediated proteolysis [245], indicating that ubiquitin chain 
receptors may also be good drug targets. Inhibition of deubiquitinase activity of the 
regulatory particle could be another useful strategy, and b-AP15, a small molecular 
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weight compound that inhibits deubiquitinating enzymes like USP14 and UCHL5, 
but not POH1, has shown anticancer activity in solid tumor models [246]. Thus, it 
is clear that factors regulating the 20S catalytic core are good drug targets, and fur-
ther investigation into this strategy as a way to overcome inhibitors of the 20S core 
would be very worthwhile.

1.6  Nontraditional Options Targeting the 20S Core

1.6.1  Metals in Cancer Development and Therapy

Just as proteasome activity levels have been shown to be altered in cancer, so have 
levels of various metals like copper [247–252] and zinc [253–256], a discovery 
which has led to extensive research regarding the roles of these metals in the devel-
opment of human cancers as well as their potential as anticancer therapeutics.

The discovery that some metal-based compounds, like cisplatin, possess potent 
anticancer properties, coupled with the importance of copper and zinc to essential 
biological processes like tumorigenesis, has led to the investigation into copper and 
zinc as metal centers in anticancer drugs. Since its discovery over four decades ago, 
cisplatin has cured over 90 % of testicular cancer cases, and it has also played a
critical role in the treatment of various other cancers, including lymphoma, mela-
noma, bladder, cervical, and ovarian [257]. Unfortunately, although cisplatin use 
has proven effective, it has also been associated with toxicity and resistance, which 
has limited its use [258, 259] and prompted the search for less toxic metal-based 
drugs, including second-generation platinum drugs, as well as complexes contain-
ing metals like cobalt, copper, gallium, gold, tin, and zinc, among others.

1.6.2  Metal-Based Complexes as Proteasome Inhibitors

1.6.2.1 Gold-Containing Complexes

Because of the successful use of gold compounds in other diseases [260, 261], gold 
compounds have also been investigated for their potential anticancer activity 
(Fig. 1.4). Gold (I) complexes, including auranofin analogs, exhibited potent 
 cytotoxic activity against B16 melanoma and P388 leukemia cells [262], but 
phosphine- gold(I) thiosugars were the most potent, and while active against leuke-
mia in vivo, these analogs were completely inactive in solid tumor models [263]. 
Gold(III)  complexes have also been investigated, in spite of initial trepidation due to 
their high redox activity and poor stability. Au(III) is expected to be reduced to 
Au(I) and metallic Au in the reducing tumor microenvironment, potentially making 
Au(III) complexes less effective [264]. Various Au(III) compounds with ligand 
 platforms containing nitrogen atoms as donor groups [265], exhibiting a superior 
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chemotherapeutic index, increased cytotoxicity, and fewer toxic side effects than 
cisplatin [264], were investigated for their antitumor abilities. One example is Au 
(DMDT) Br2, which significantly inhibited CT-like activity in purified 20S protea-
some (IC50 = 7.4 μM) and 26S proteasome in intact MDA-MB-231 breast cancer 
cells (10–20 μM) and breast tumor xenografts [266]. Another gold(III) compound, 
AUL12, was also shown to exhibit potent proteasome-inhibitory and cell death- 
inducing activities in MDA-MB-231 breast cancer cells (IC50 = 4.5 μM, 70 % inhibi-
tion). Interestingly, treatment with this Au(III) compound was associated with redox 
processes, indicating that induction of oxidative stress may be partially responsible 
for the cytotoxicity of gold(III) compounds [267].

1.6.2.2 Metal Chelators as Proteasome Inhibitors

The success of metal-containing drugs, along with the functional importance of 
metals like copper and zinc to normal cellular function, has resulted in studies 
exploring chelation of these essential metals with chelators like dithiocarbamate 
and hydroxyquinolone compounds, several of which have been previously approved 
for the treatment of myriad diseases, such as AIDS, alcoholism, and bacterial and 
fungal infections [268–270].

Dithiocarbamates

Dithiocarbamate compounds, including disulfiram, are known to form metal com-
plexes, a property that has been applied as a potential strategy to target the UPP in 
cancer. Disulfiram (tetraethylthiuram disulfide, DSF) is an irreversible aldehyde 
dehydrogenase inhibitor that is one of two drugs approved by the USFDA for the 
treatment of alcoholism [271–273]. When complexed with copper, disulfiram can 
potently inhibit both purified 20S (IC50 = 7.5 μM) and intact 26S proteasome in 
MDA-MB-231 breast cancer cell lysates (20 μM; >95 % inhibition), as well as induc-
ing apoptosis in the cultured cells [274]. DSF alone, however, had no effect, which is 
unsurprising, since cultured cells do not express high levels of copper. Significant 
inhibition (74 %) of tumor growth was also observed in female athymic nude mice
bearing MDA-MB-231 tumor xenografts, associated with an 87 % decrease in
CT-like activity [274]. Together, the results indicate that the increased copper levels 
observed in human tumors may be exploited as an anticancer mechanism (Fig. 1.4).

The results of these and other preclinical studies of DSF have also led to a 
 number of clinical trials investigating the use of DSF in humans. One phase I/II 
clinical trial evaluated the efficacy of DSF in stage IV metastatic melanoma 
patients [NCT00256230; UC-Irvine] and another examined the effects of DSF on
PSA levels in recurrent prostate cancer patients [NCT01118741; Johns Hopkins
University]. Two other trials investigated the effects of DSF in combination 
 treatments. The first evaluated the toxicity profile and safety of coadministration of 
DSF and copper gluconate in refractory malignancies with liver metastases 
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[NCT00742911; Huntsman Cancer Institute], and the other determined the effects
of addition of DSF to current chemotherapeutic treatments in patients with non-
small cell lung cancer [NCT00312819; Hadassah Medical Organization]. All of
these trials have been completed, but results are as yet unavailable.

Hydroxyquinolones

Hydroxyquinolones are another class of metal-chelating compounds that have been 
investigated for their anticancer properties. One example is clioquinol (5-chloro- 7-
iodo-8-hydroxyuinoline, CQ), a lipophilic compound that can form stable com-
plexes with copper (II) [275]. CQ has been shown to reduce and prevent the 
formation of amyloid plaques in Alzheimer’s disease transgenic mice [276], a dis-
covery that led to two clinical trials that validated the efficacy of CQ in Alzheimer’s 
disease with no visible toxicity [277, 278]. Consequently, CQ is currently used for 
the treatment of Alzheimer’s and Huntington’s diseases [279, 280]. A CQ–Cu com-
plex (1:1 molar ratio) inhibited both purified 20S (IC50 = 2.5 μM) and intact protea-
some (20 μM) in LNCaP and C4-2B prostate cancer cells (82 % and 83 %,
respectively). Additionally, mice bearing C4-2B xenografts treated with CQ exhib-
ited significant tumor growth inhibition (66 %), as well as inhibition of angiogene-
sis and the proteasome and induction of apoptosis [281]. These data clearly indicate 
that compounds like DSF and CQ require copper to be transported into cancer cells 
in order to exert their proteasome-inhibitory and apoptosis-inducing abilities [282], 
but that when copper is present, they are quite potent proteasome inhibitors that are 
minimally toxic toward normal cells (Fig. 1.4) and therefore, they may be exploited 
as potential novel strategies for overcoming resistance to traditional proteasome 
inhibitors like bortezomib.

1.6.3  Natural Compounds as Proteasome Inhibitors

While much emphasis has been placed on the development of synthetic proteasome 
inhibitors to overcome resistance to proteasome inhibitors, the use of natural com-
pounds and their analogs or derivatives might be a better strategy as many phyto-
chemicals and marine products have shown proteasome-inhibitory and subsequent 
anticancer activities (Fig. 1.4) [283]. Some examples of natural products investi-
gated for their potential as proteasome inhibitors include Withaferin A, celastrol, 
agosterols, green tea polyphenols, and apigenin. Withaferins are isolated from the 
medicinal plant “Indian winter cherry” or “Indian ginseng” (Withania somnifera), 
and have been widely used in traditional Indian “Ayurveda” medicine. Specifically, 
Withaferin A has been reported to possess anticancer abilities, which may be partly 
attributed to inhibition of CT-like activity [284]. Celastrol, a triterpene isolated from 
the Chinese “Thunder of God Vine” (Tripterygium wilfordii) has also shown 
proteasome- inhibitory activity leading to the accumulation of ubiquitinated proteins 
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and proteasomal target proteins in both androgen receptor positive and negative 
prostate cancer cell lines [285]. Agosterols, isolated from the marine sponge 
Acanthodendrilla sp., have shown inhibition of CT-like activity in rat proteasome in 
the low micromolar range and also induced cytotoxicity in HeLa cervical cancer 
cells [286]. The proteasome-inhibitory, apoptosis-inducing activities of green tea 
polyphenols and apigenin have been more extensively studied, with both advancing 
to clinical trials.

1.6.3.1 Green Tea Polyphenols

Tea, derived from the Camellia sinensis plant, is the most popular beverage in the 
world after water. Tea comes in many varieties, including green, black, and oolong, 
all of which contain many beneficial compounds. The most potent of these are poly-
phenols, which are characterized by the presence of more than one phenol group per 
molecule and are believed to provide the coloring in many plants [287].

The most active polyphenol in tea is (-)-epigallocatechin-3-gallate, or (-)-EGCG, 
which has been shown to possess anticancer activity in several cancer types, includ-
ing bladder, breast, and B-cell malignancies (Fig. 1.4) [288–290]. The proteasome- 
inhibitory activity of (-)-EGCG has been explored in vitro and in vivo. (-)-EGCG 
inhibited CT-like activity in both purified 20S (IC50 = 86–194 nM) and intact 26S 
(from Jurkat leukemia, LNCaP and PC-3 prostate cancer, and MCF-7 breast cancer
cell extracts) proteasome, and increased ubiquitinated proteins, p27, and IκB-α 
were also observed [291]. Unfortunately, however, a recent study using experimen-
tal multiple myeloma models has revealed a direct interaction between (-)-EGCG 
and bortezomib that inhibits the efficacy of bortezomib [292], but whether green tea 
consumption affects the efficacy of bortezomib therapy in multiple myeloma 
patients needs to be confirmed.

The interesting preclinical data, coupled with the popularity of tea, have led to 
clinical trials using (-)-EGCG and other green tea polyphenols. One phase I trial 
evaluated the optimal dose and tolerability of (-)-EGCG in previously untreated, 
asymptomatic chronic lymphocytic leukemia patients, and results indicated that  
(-)-EGCG is tolerable and does result in some clinical benefit [293]. Another phase 
I study investigated the effects of (-)-EGCG supplementation on serum levels of 
prostate cancer biomarkers [294], with all prostate cancer-associated biomarkers, 
including hepatocyte growth factor (HGF), vascular endothelial growth factor 
(VEGF), insulin-like growth factor (IGF)-1, IGF-binding protein-3 (IGFBP-3), and 
prostate-specific antigen (PSA) decreasing significantly after treatment with no 
elevation of liver function enzymes. Therefore, even short-term (-)-EGCG treatment 
may be clinically beneficial to prostate cancer patients [294].

In addition, a number of phase I and II trials examining the effects of (-)-EGCG 
treatment in various types of cancer, including nonmetastatic bladder, breast, cervi-
cal, colorectal, prostate, non-small cell lung, and uterine carcinomas as well as mul-
tiple myeloma, are currently recruiting patients or are ongoing. Other studies are 
investigating the potential preventive effects of (-)-EGCG in patients at risk for 
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cervical, esophageal, and lung cancers. Finally, still others are evaluating (-)-EGCG 
in combination with the EGFR inhibitor erlotinib in non-small cell lung cancer and 
premalignant lesions of the head and neck. The preclinical and clinical data, as well 
as the numerous recruiting/ongoing clinical trials, clearly support the use of  
(-)-EGCG as a chemopreventive or therapeutic agent, and its potential use following 
progression to resistance to other proteasome inhibitors should be explored.

1.6.3.2 Apigenin

Apigenin (5,7,4-trihydroxyflavone) has also been shown to possess antioxidant, 
antimutagenic, and chemopreventive properties (Fig. 1.4). Apigenin is a dietary fla-
vonoid found in various natural products including celery seed, chamomile flowers, 
grapes, and parsley [295–298], and although the mechanism is not fully understood, 
chemoprevention by apigenin has been reported in several cancers including cervi-
cal [299], lung [300], prostate [301], and skin [302].

Studies have shown that the carbonyl carbon in the C4 position of apigenin binds 
to the β5 subunit in a suitable orientation for nucleophilic attack by the N-terminal
Thr1 [303]. Apigenin potently inhibits CT-like activity of purified 20S (IC50 = 1.8–
2.3 μM) and intact proteasome in Jurkat leukemia cell lysates (1–10 μM), with little 
to no toxicity in immortalized, non-transformed natural killer cells [303]. Proteasome 
inhibition-associated accumulation of ubiquitinated proteins and apoptosis- 
associated morphological changes, activation of caspase-3/-7, and cleavage of 
PARP were also observed, and similar proteasome inhibition and apoptosis induc-
tion were observed in breast cancer MBA-MD-231 cells and tumors, with no sig-
nificant changes in body weight following apigenin treatment, indicating low 
toxicity in vivo [304]. The promising preclinical data have led to examination of the 
efficacy of apigenin in human patients. In one prospective study in patients with 
resected colon cancer or who had undergone polypectomy, one group received a 
flavonoid mixture and the other served as a matched control. The results suggested 
that dietary consumption of flavonoids like apigenin may reduce the risk of colorec-
tal cancer [305]. This preventive effect has not been fully validated, however, and 
further studies are necessary to determine if apigenin could be used to overcome 
resistance to other proteasome inhibitors.

1.7  Conclusion

The clinical approval of the proteasome inhibitors bortezomib and carfilzomib was 
validation of the importance of the UPP as a critical anticancer therapeutic target. 
Unfortunately, intrinsic and acquired resistance in tumor cells is associated with the 
use of clinical proteasome inhibitors, so it is important to find novel strategies to 
overcome this resistance. Resistance may be due to a variety of factors including 
overexpression or mutation of the β5 subunit, overexpression of HSPs, altered 
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expression of apoptosis- and growth-related proteins, Akt pathway activation, 
altered autophagy, and increased antioxidant levels. Toward the goal of overcoming 
this resistance, novel small molecules have been tested for their ability to selectively 
target and inhibit components of the UPP other than the catalytic 20S core. These 
novel targets include the 19S regulatory cap(s), deubiquitinating enzymes, and the 
enzymes involved in the ubiquitination cascade (E1, E2s, and E3s). Inhibitors con-
taining metal centers and those derived from natural products may also be viable 
options for overcoming resistance associated with clinical proteasome inhibitors. 
Finally, targeting the specialized immunoproteasome also has potential as a valu-
able new strategy that may be more specific and could overcome resistance to con-
stitutive 20S proteasome inhibitors. Therefore, the UPP is a promising target for 
cancer therapy, but further studies are necessary to develop inhibitors that can avoid 
the resistance associated with clinical proteasome inhibitors.
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Chapter 2
Resistance to Proteasome Inhibitors 
in Multiple Myeloma

Francesca Cottini, Anna Guidetti, Claudia Paba Prada, Teru Hideshima, 
Michelle Maglio, Cindy Varga, Dharminder Chauhan, Jacob Laubach, 
Kenneth C. Anderson, and Paul G. Richardson

Abstract Multiple myeloma (MM) is a clonal proliferation of malignant plasma 
cells in the bone marrow associated with a spectrum of clinical symptoms including 
bone destruction, anemia, hypercalcemia, and renal failure. Although MM remains 
incurable, a dramatic paradigm shift in the treatment of MM has occurred over the 
past decade through the introduction of novel agents, including the development of 
small molecule inhibitors targeting the proteasome. Among the proteasome inhibi-
tors (PIs), bortezomib (BTZ) and carfilzomib (CFZ) have been approved by the FDA 
for treatment of relapsed/refractory MM in 2003 and 2012, respectively. Recently, 
other PIs, such as ixazomib (MLN-9708), oprozomib (ONX0912), and marizomib 
(NPI-0052), have been under evaluation in preclinical and clinical studies. Indeed, it 
is now well known that malignant plasma cells are exquisitely sensitive to protea-
some inhibitors due to protein overload and ER stress. Unfortunately, relapse of 
myeloma develops due to acquisition of resistance to proteasome inhibitors. 
Specifically, mutations in overexpression of proteins belonging to the proteasome 
complex, upregulation of transporter channels or cytochrome components, induction 
of alternative compensative mechanisms such as the aggresome pathway, and modu-
lation of downstream pathways have been all reported as possible mechanisms of 
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proteasome inhibitor resistance. In this chapter, we will first briefly describe the 
structure and function of the proteasome in normal and malignant plasma cells, and 
then define the major mechanisms of resistance to proteasome inhibition, and clinical 
approaches to overcoming these pathways in the context of both clinical application 
of PIs and rational combinations of them with other agents in the treatment of MM.

Keywords Proteasome inhibitor • Carfilzomib • Bortezomib • Drug resistance •
Multiple myeloma

Abbreviations

BTZ Bortezomib
CFZ Carfilzomib
C-L Caspase-like
CT-L Chymotrypsin-like
CR Complete response
HDAC Histone deacetylase
HDACIs HDAC inhibitors
Ig Immunoglobulin
MM Multiple myeloma
MTD Maximum-tolerated dose
OS Overall survival
PI Proteasome inhibitor
T-L Trypsin-like
TTP Time to progression

2.1  Introduction

Multiple myeloma (MM) is characterized by clonal expansion of malignant plasma 
cells with several genomic alterations. Plasma cells differentiate from B cells, which 
have limited immunoglobulin (Ig) synthesis and secretory capacity. Conversely, 
plasma cells have increased endoplasmic reticulum (ER) content, components for 
protein synthesis and quality control, and secretory pathways to synthesize and 
secrete Ig. Malignant plasma cells secrete even higher quantities of Ig, and are 
hence particularly sensitive to the detrimental effects associated with accumulation 
of incompletely or improperly folded proteins in the ER, relying on proteasome 
complexes to avoid protein overload [1–4].

Proteasomes (proteasome 26S), their protein structures conserved in both pro-
karyotic and eukaryotic organisms, are composed of a 20S core which binds one or 
two 19S regulatory particles [5]. The 20S core is a barrel-like structure composed 
of stacked heptameric rings, each of which consists of seven related, yet distinct, 
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subunits (α1–α7 and β1–β7) organized in a fixed topological arrangement within 
each ring. Only a subset of β-subunits is catalytically active, and each of them 
 preferentially cuts specific residues, such as basic, acidic, or hydrophobic amino 
acids. In particular, the chymotrypsin-like (CT-L), caspase-like (C-L), and trypsin-
like (T-L) catalytic activities of the 20S proteasome are encoded by β5-, β1-, and 
β2-subunits, respectively. The 19S particles represent the lid or gate of the barrel and 
are important for substrate recognition, deubiquitination, unfolding, and transloca-
tion into the core particle. Indeed, protein degradation can occur only if the selected 
protein is recognized by the regulatory proteins, traverses the regulatory gate (19S 
structures, which bind to a ring and cause gate opening), and interacts with the cata-
lytically active proteolytic enzymes of the core (Fig. 2.1). Additionally, in response 
to different biological stimuli such as interferon gamma and tumor necrosis factor-
alpha, specific β-subunits can associate with a particular 11S regulatory particle, 
forming the so-called immunoproteasome (i20S). In the immunoproteasome, 
LMP7, LMP2, and MECL1, proteins represent the catalytically active subunits. 26S 
and i20S proteasomes are both present in MM cells: i20S is predominant in MM at 
diagnosis, while lower levels of i20S and increased levels of 26S proteasome are 
present in relapsed myelomas. Drugs targeting proteasomes are both reversible 
(BTZ, MLN9074, and CEP-18770) and irreversible competitive (CFZ, ONX 0912, 
and NPI-0052) inhibitors which differentially bind to proteasome catalytic subunits. 
Specifically, BTZ, MLN9074, and CEP-18770 are potent inhibitors of the C-L β5 
subunits (PSMB5), NPI-0052 is a potent inhibitor of the T-L β1-subunits, whereas 
CFZ selectively inhibits both CT-L active sites and LMP7 subunits.

Fig. 2.1 Representative scheme of proteasome structure. 20S catalytic core and 19S regulatory 
complex are shown. Bortezomib (BTZ) and other proteasome inhibitors (PIs) bind to specific cata-
lytic subunits
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2.2  Preclinical Studies on Mechanisms of Resistance to BTZ

2.2.1  Genetic Abnormalities in Proteasome Subunits

PIs induce cytotoxicity in MM cells by multiple mechanisms including: induction of 
terminal ER stress and unfolded protein response (UPR), activation of c-Jun NH2
terminal kinase (JNK), inhibition of nuclear factor kappa B pathway, and induction of
reactive oxygen species (ROS). One of the first mechanisms of proteasome resistance 
is the presence of mutations or altered and/or aberrant expression of proteasome sub-
units, which disrupt the ability of BTZ to bind and inhibit proteasomes. The first dem-
onstration of this mechanism of BTZ resistance was in leukemia cells [6], and the 
results were later applied and confirmed in MM cells. Specifically, Oerlemans and 
colleagues generated BTZ-resistant human myelomonocytic THP1 cells by continu -
ous culture with stepwise increasing concentrations (2.5–200 nM) of BTZ [6]. In this 
study, analysis of mRNA and protein expression of various proteasome subunits 
showed markedly increased (up to 60-fold) protein levels of β5-subunit (also known as 
PSMB5) and only modest (<2-fold) upregulation of β1- and β2-subunits. No increased 
mRNA was observed in PSMB5, indicating that posttranscriptional mechanisms were 
responsible for increased protein expression. Of note, upregulation of PSMB5 protein 
expression induced by BTZ treatment was reversible. Importantly, no additional alter-
ations in expression of genes encoding ubiquitin-conjugating enzymes, ubiquitin-spe-
cific proteases, or ubiquitin C-terminal hydrolases were recognized.

In addition to PSMB5 overexpression, a point mutation in the β-subunit of BTZ- 
binding pocket (G322A mutant), introducing an Ala to Thr substitution at amino
acid 49, was also reported [6]. This mutation has also been described in other cel-
lular systems, such as BTZ-resistant Jurkat human lymphoblastic T cells by Lu and 
colleagues [7, 8]. Lu and colleagues also identified mutations in C323T (Ala49Val)
alone or C326T in combination with G322A (Ala49Thr and Ala50Val) [ 8]. Ri and 
colleagues were the first to evaluate the mechanisms of BTZ resistance in myeloma 
by creating two BTZ-resistant cell lines (KMS-11 and OPM-2 cells). These BTZ-
resistant cells were less prone to activate apoptotic pathways than the parental sensi-
tive cells. Moreover, the BTZ-resistant cells have reduced amounts of 
polyubiquitinated proteins, thereby failing to trigger the UPR and induce CHOP and
NOXA expression upon BTZ treatment [9]. These resistant-clones have a point 
mutation (G322A) in the PSMB5 gene as well. Balsas and colleagues generated
another BTZ-resistant MM cell line (RPMI-8226/7B) [10]. Interestingly, these cells 
were morphologically larger than the parental cells, with about twofold DNA con-
tent per cell and overexpressed PSMB5 at both mRNA and protein levels; however, 
no mutation was recognized. Franke and colleagues also generated BTZ resistance 
in RPMI-8226 (MM) and CEM (acute lymphoblastic leukemia) cell lines. 
As expected, these cells show resistance to different types of PIs [11]. Consistent 
with previous studies, these cell lines upregulate PSMB5 gene together with 
other constitutive catalytic β-subunits, as well as the non-catalytic α7 subunit. 
Moreover, BTZ-resistant RPMI-8226 cells have a near-complete shift from the β5i 
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(immunoproteasome) subunit to the constitutive β5-subunit. To define the biologic 
relevance of PSMB5 mutations, they utilized a crystal structure and computer mod-
eling system to characterize the physiological interactions between BTZ and the 
proteasome, showing that mutations involving PSMB5 create a functional protein. 
However, these mutations cluster together around the BTZ-binding pocket of pro -
teasome, specifically around S1-specific pocket of the β5-subunit which recognizes 
the peptide bond of the substrate to be degraded [12, 13] (Fig. 2.2). In the S1 pocket, 
Ala49 and Ala50 residues are key positions for efficient binding of BTZ to the 
β5-subunit, and Ala49Val substitution in β5-subunit therefore hinders BTZ acces-
sibility to the S1 pocket. They also identified additional mutations: G332T leading
to Cys52Phe substitution, A247G to create Thr21Ala substitution, and G311T/
A310G which changes Met45 residue. Thr21Ala substitution also decreases affinity
of BTZ binding to the β5-subunit due to a loss of protein-ligand hydrogen bond. 
Met45 and Cys52 are not directly involved in BTZ-binding; however, Cys52Phe 
mutation leads to a slight repulsion of BTZ from the S1 pocket. Met45 also confers 
S1 pocket specificity and conformational change after BTZ binding [14]. Thus, all 
these mutations can alter the binding pocket’s specificity and flexibility. Altogether, 
these studies in different cell types demonstrate two important findings that associ-
ate with PI resistance: first, the discovery of acquired mutations which decrease the 
affinity of the β5-binding pocket to proteasome inhibitors and second, compensa-
tory  upregulation of other proteasome subunits.

Fig. 2.2 Scheme of PSMB5 mutations identified in BTZ-resistant MM cell lines. Exons 1–3 cre-
ate the S1-specific pocket of the β5-subunit and are the site of the most relevant mutations, which 
confer resistance to BTZ treatment. Both nucleotide- and amino acid-affected residues are shown
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Although a number of in vitro studies of PI resistance have shown PSMB5 over-
expression or mutations, no clinical data has identified these mechanisms in the 
subset of BTZ-resistant and/or refractory patients MM cells. Indeed, mutations in 
PBMS5 have not yet been identified by whole-genome sequencing of samples from 
patients with either newly diagnosed patients or relapsed MM [15]. Recently, 
another study tried to define more specifically the frequency and clinical relevance 
of PMSB5. In this study, DNA samples were isolated from MM patients (n = 16) 
before and after BTZ treatment [16]. Ten patients were relatively resistant (minimal 
response, stable disease, or progressive disease) to BTZ monotherapy; six patients 
achieved PR and then subsequently relapsed. PSMB5 mutant variants were not 
detected in any case. Although the number of patients enrolled was small, these 
results suggest that clinical resistance to BTZ in patients with relapsed MM may not 
solely be due to PSMB5 mutations, which to date are shown only in cell lines.

Several single nucleotide polymorphisms (SNP) in the PSMB5 gene have also 
been reported; however, they do not alter activity, but modulate transcription, of the 
proteasome [17]. Licther and colleagues identified three significant associations 
between SNP allelic frequencies (SNPs PSMB6 rs2304975, PSMB6 rs3169950, 
and PSMB9 rs241419) and overall survival (OS) or time to progression (TTP) of 
disease in patients treated with BTZ [16]. However, two of these variants were pres-
ent only in 3–5 % patients, suggesting limited clinical relevance. In another small 
study, Shuqing and colleagues evaluated PSMB5 mRNA levels and DNA PSMB5 
point mutations in MM cells from three patients whose MM was refractory to treat-
ment with BADT regimen (BTZ, epirubicin, dexamethasone, and thalidomide) and 
normal bone marrow mononuclear cells from a healthy volunteer [18]. No muta-
tions were present. Another single-case report from Politou and colleagues also 
failed to show PSMB5 mutations in one resistant patient [19].

The ubiquitin-proteasome pathway for protein degradation requires several 
enzymes, which could be altered and thereby mediate BTZ resistance. For example, 
upregulation of POMP (proteasome maturation protein) can promote BTZ resis-
tance [20]. POMP plays a role in adding catalytically active β-subunits to the hemi-
proteasome ring, which is initially composed of α-subunits. Li and colleagues 
identified higher mRNA level of POMP and nuclear factor erythroid-derived-2-like 
2, its transcriptional regulator, in BTZ-resistant cells than in parental cells, thereby 
inducing higher chymotrypsin-like activity.

2.2.2  Alternative Pathways to Modulate Proteasome Activity

Another possible mechanism for acquired BTZ resistance is activation of alternative 
protein lysis/degradation systems, including the aggresome pathway, to degrade 
excessive or misfolded proteins [21]. Aggresomes or aggresomal particles form 
when nascent peptides do not fold correctly and create small protein aggregates in 
response to the presence of misfolded proteins. These structures are then trans-
ported towards the microtubule (MT) organizing center (MTOC), where they are 
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sequestered into a bin-like structure called the aggresome. Acetylation of α-tubulin, 
which is reversed by histone deacetylase 6 (HDAC6), a class IIb HDAC, modulates
the structure and function of MT, thereby playing a crucial role in autophagic (or 
lysosomal) lysis of protein aggregates [22]. Hideshima and colleagues showed that
combination strategies directed against HDAC6 and proteasome activities, using
tubacin and BTZ, respectively, significantly augment accumulation of polyubiquiti-
nated proteins, followed by cell stress and cytotoxicity [23]. Catley et al. showed 
that BTZ strongly induces aggresome formation. A synergistic cytotoxic effect can 
be achieved when BTZ is combined with LBH589, a nonselective deacetylase
inhibitor [24]. Interestingly, some cell lines were more responsive to LBH589 than
BTZ or vice versa, suggesting that cell lines and perhaps patients can predominantly 
activate one of the two pathways.
Heat shock proteins (HSPs) are molecular chaperones presented which are rap -

idly upregulated when cells are exposed to a stress condition, such as treatments 
with chemotherapeutic agents. They play significant roles in accommodation of 
cells to stress conditions, including endoplasmic reticulum (ER) stress that is trig-
gered by accumulation of unfolded proteins. Shringarpure and colleagues compared 
gene expression profiling in BTZ-resistant (SUDHL-4) and BTZ-sensitive
(SUDHL-6) diffuse large B cell lymphoma cell lines, and identified overexpression
of HSPs (i.e., Hsp27, Hsp70, Hsp90) in BTZ-resistant cells [ 25]. Subsequently, 
Chauhan and colleagues showed that silencing Hsp27 in BTZ-resistant SUDHL4
cells restores sensitivity to BTZ; conversely, overexpression of Hsp27 induces BTZ
resistance in BTZ-sensitive SUDHL6 cells [26]. Although the mechanism of action 
of Hsp27 mediating BTZ resistance has not yet been fully delineated, one possible
explanation is its antiapoptotic activity due to inhibition of mitochondrial apoptotic 
signaling. Specifically, Hsp27 can inhibit release of cytochrome-c/Smac by modu -
lating the integrity of the actin network responsible for controlling translocation of 
proapoptotic factors from the actin cytoskeleton to mitochondria. Moreover, Hsp27
can also modulate autophagic cell death through ER stress [27]. Taken together, 
Hsp27 can modulate autophagy and ER stress triggered by BTZ [28], thereby, pro-
moting survival in BTZ-treated cells. Most recently, it has been shown that nicotin-
amide phosphoribosyltransferase (Nampt) regulates NAD, and that its inhibition 
depletes intracellular NAD+ level leading to autophagic cell death [29]. Moreover, 
higher Nampt mRNA levels are correlated with BTZ resistance in patient MM cells. 
Importantly, combining the NAD+-depleting agent FK866 with BTZ induces syner-
gistic MM cell death and overcomes BTZ resistance [30].

2.2.3  Cell Dedifferentiation

One of the major steps in plasma cell differentiation from B lymphocytes is linked 
to the activation of control mechanisms for protein folding which permit immuno-
globulin synthesis and secretion. This response is mainly orchestrated by the activa-
tion of BLIMP1 transcription factor and the blockade of PAX5 (also known as 
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BSAP, B cell-specific activator protein), thereby leading to X-box-binding protein 
(XBP1) transcription factor splicing and increased protein quality control (Fig. 2.3). 
Ling and colleagues observed that cell lines and primary MM cells which expressed 
low levels of XBP1 were more resistant to BTZ treatment, associated with lower 
levels of immunoglobulin secretion [31]. This effect was partially overcome by fur-
ther inducing an UPR using alkylating agents or tunicamycin, a drug which creates 
ER stress by inhibiting the glycosylation of nascent proteins. Therefore, XBP1 lev-
els can be used as a possible biomarker of response to BTZ treatment. In other 
study, Leung-Hagesteijn and colleagues hypothesized that BTZ resistance relies on
the capabilities of MM cells to become less dependent to ER-stress control and 
dedifferentiate from plasma cells back to B lymphocytes [32]. In particular, they 
demonstrated that silencing Ire1or XBP1, but not Atf6 or Perk (other two ER stress 
sensor proteins), affects response to BTZ treatment. They confirmed that XBP1 
levels correlate with clinical BTZ response: patients with progressive disease 
express lower levels of XBP1 target genes compared to patients with complete 
response. Moreover, they also suggested the importance of XBP1 mutations in BTZ 
resistance. Indeed, whole-genome sequencing has identified two mutations in sam-
ples from patients with relapsed MM. These mutations are considered to be inacti-
vating mutations, which inhibit correct splicing and/or transcriptional activity of 
XBP1 [15]. Indeed, when plasmids containing mutant XBP1 were reintroduced into 
MM cells with silenced XBP1, these cells were not capable of overcoming the BTZ- 
resistant phenotypes. Even though the most intuitive role of Xpb1 in BTZ resistance 

Fig. 2.3 Transition from B cell lymphocytes and plasma cells. MITF (microphthalmia-associated 
transcription factor) and PAX5 (paired box protein 5) transcription factors normally block plasma cell 
differentiation by repressing BLIMP1 (B lymphocyte-induced maturation protein 1). When PAX5 
expression is downregulated, BLIMP1 represses B cell gene-expression programs and BLIMP1, 
XBP1 (X-box-binding protein 1), and IRF4 (interferon-regulatory factor 4) induce the expression of 
genes that are required for plasma cells. Specifically, there is an increase in immunoglobulin secretion 
and also in the control, folding, and degradation of misfolded proteins in plasma cells
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was hyperactivation of PERK/ATF6 signaling as a compensatory mechanism, they
observed that malignant plasma cells acquired a less-differentiated phenotype, char-
acterized by decreased expression of CD138, CD38, and IL6R; upregulation of 
PAX5; and downregulation of heavy and light chains of Ig. These alterations lessen 
the high ER front loading of Ig, and so the attendant risk of harmful ER stress 
response. These data were shown in cell lines and confirmed in patients, since BTZ- 
sensitive tumors have a high proportion of mature plasma cells, while BTZ-resistant 
tumors contain subpopulations of plasma cell progenitor cells expressing low or 
absent levels of CD138, CD38, and XBP1. Moreover, when minimal residual dis-
ease was evaluated in bone marrow biopsies, patients in complete response (CR) 
still harbored a small subpopulation of less mature plasma cells, which might repre-
sent the principal source of relapse in responsive patients. Of note, they did not 
observe PSMB5 mutations or any correlation of PI resistance with expression levels 
of proteasome subunits. This is in contrast to in vitro models of PI resistance, where 
the majority of proteasome subunits including PSMB5 were upregulated. Therefore, 
they concluded that Ire1-XBP1 pathway is crucial to induce BTZ cytotoxicity. The 
Xbp-1 pathway can be shut down in malignant plasma cells without strongly affect-
ing their survival, but reducing their dependency on protein control. A similar phe-
notypic change was also observed by Stessman et al. [33]. Comparing BTZ-sensitive 
and BTZ-resistant cells derived from tumors of the Bcl-XL/Myc mouse model of 
plasma cell malignancy, they identified a reduction of the levels of CD93 (a plasma 
cell maturation marker) and CD69 (a plasma cell activation marker) in cells with 
acquired PI resistance, as well as in subclones after 48 h BTZ treatment. They then 
evaluated CD93 mRNA expression in patient samples based on CD93 high or low 
expression and showed that CD93 levels correlate with better overall survival after 
BTZ treatment in the APEX trial. CD93, a marker of mature plasma cells in humans, 
also positively associates with BLIMP1 expression in MM patient samples. Thus, 
they proposed CD93 as a biomarker for BTZ sensitivity, together with XBP1. 
Hence, the loss of maturation markers is a strategy used by myeloma cells to escape
BTZ-mediated apoptosis via reducing the UPR.

2.2.4  Metabolism and Drug Efflux

Another common mechanism involved in drug resistance consists in either upregu-
lation of channel proteins/transporters which mediate expulsion of drug from the 
cells, or overexpression of catabolic proteins leading to rapid drug degradation. For 
example, overexpression of MDR-1 represents a critical mechanism of drug resis-
tance in cancer. Rumpold and colleagues showed that both BTZ and MLN273 can 
be substrates of MDR-1, evidenced by sensitization of MDR-1-overexpressed 
K562/Dox cells to BTZ by knockdown of MDR-1 [ 34]. Other groups have also 
showed the association of activity of proteasome inhibitor with ATP-binding cas-
sette transporter-mediated efflux expression [35]. Moreover, lymphoid CEM/VLB
cells with Pgp-1 overexpression were more resistant than parental cells to 
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carfilzomib (114-fold), ONX-0912 (23-fold), and ONX0914 (162-fold), as well as 
to BTZ; conversely, a Pgp transport inhibitor P121 (reversin 121) was able to restore 
proteasome activity. These results therefore confirm that expression of MDR-1 can 
also modulate sensitivity to BTZ treatment. In addition, differential expression of 
genes regulating multidrug resistance and drug metabolism in BTZ-sensitive versus 
BTZ- resistant DLBCL cell lines was also evaluated [25]. Specifically, two genes 
were overexpressed in BTZ-resistant SUDHL-4 cells: ATP-binding cassette (ABC)
subfamily A member 1 (ABCA1) and cytochrome P450. However, their mechanism
of actions and relevance in cellular entry or metabolism of BTZ have not yet been 
fully elucidated [25].

Another group identified a correlation between the active Notch pathway via 
Dll1/Notch2 receptors and BTZ resistance [36]. Indeed, Notch upregulates 
CYP1A1, a cytochrome P450 enzyme involved in drug metabolism; conversely, 
downregulation and inhibition of CYP1A1 restore sensitivity to BTZ treatment 
[36]. A gamma secretase inhibitor DAPT sensitizes the cells to BTZ treatment both 
in vitro and in vivo in murine human MM cell xenograft models.

2.2.5  Signaling Pathways Mediating MM Cell Survival 
and Drug Resistance

Constitutive activation or hyperactivation due to genetic abnormalities in signaling 
cascades, including NF-κB, β-catenin, IGFR, c-MET, MAF, and AKT, can also
modulate sensitivity to BTZ (Fig. 2.4). Indeed, NF-κB is constitutively activated in 
primary patient MM cells and in MM cell lines, and its activity is further increased 
in response to soluble factors including IL-6, IGF-1, TNF-α, IL-1β, BAFF, SDF-1α, 
and APRIL in the bone marrow microenvironment. Although, the NF-κB pathway is 
involved in MM pathogenesis, its role in the context of sensitivity to BTZ is still 
controversial. Several molecules including IκB kinase (IKK) complex trigger phos-
phorylation of inhibitor protein IκBα, followed by its ubiquitination and subsequent 
degradation via the 26S proteasome. Degradation of IκBα allows the NF-κB com-
plex to translocate to the nucleus. Importantly, IκBα can also be degraded in a prote-
asome-independent manner (PIR, proteasome inhibitor resistant), relying on 
calcium, calmodulin, and l-type calcium channels [37]. Interestingly, BTZ triggers 
NF-κB activation in MM cell lines and primary MM cells by proteasome- independent 
downregulation of IκBα associated with IKK β activation, which enhances BTZ-
induced cytotoxicity [38]. Two studies pointed out that primary tumor cells from 
MM and mantle cell lymphoma patients have relatively high constitutive NF-κB 
activation due to genetic abnormalities or microenvironment modulation, and that 
these cells are largely resistant to BTZ [39, 40]. Indeed, as also reported by 
Hideshima and colleagues, they observed that a significant fraction of patient MM
cells treated with BTZ do not downregulate constitutive NF-κB activity, although 
BTZ effectively blocks proteasome activity. Even though the Markovina study suggests 
that BTZ resistance is mediated by NF-κB activation, data from our group showed 
that BTZ-treated MM cells with further induction of NF-κB activity nonetheless 
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remained responsive to BTZ treatment [38]. Hence, it remains controversial as to
whether NF-κB activation represents a resistance mechanism or a compensatory 
strategy which only minimally affects cytotoxicity.

Myeloma cell lines with higher β-catenin levels are also resistant to BTZ treat-
ment [41]. These cells have higher expression of TCF-4 transcription factor, which 
is a central player in Wnt signaling, regulating MM-relevant target genes including 
cyclin D1 and c-Myc, among others. IGF-1 pathway could also play a role on BTZ
resistance. Kuhn and colleagues generated BTZ-resistant cells using RPMI8226,
OPM-2,ANBL-6, and KAS-6/1 cell lines [42]. They showed that the IGF-1/IGF-1R
signaling axis was the most deregulated in all BTZ-resistant cell lines, according to 
gene set enrichment analyses. Specifically, both the levels of soluble IGF-1 in cell
culture supernatants, the levels of intracellular and membrane-bound IGF-1, as well
as IGF-1R activity were increased in BTZ-resistant cells. Interestingly, AKT mRNA
level was also higher in resistant than parental cells. Similar findings on the role of 
AKT in BTZ resistance was reported by Que and colleagues [ 43]. Moreover, they 
discovered that MET silencing was capable of increasing BTZ sensitivity, even 
though the mechanism was not defined. Indeed, c-MET has been implicated in pro-
liferation, migration, and invasion of MM cells, and its overexpression correlates 
with short overall survival in MM patients. Additionally, the proto-oncogene MAF 
has also been associated with BTZ resistance, since both MM cell lines and patients 
with high MAF levels have lower response rates to BTZ treatment [44].

Fig. 2.4 Summary showing the state of the art in proteasome inhibitor resistance
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2.2.6  Extrinsic Factors

Drugs and vitamin supplements can potentially modulate BTZ metabolism and 
activity, hence reducing treatment responses. Specifically, vitamins having antioxi-
dative effects, including vitamin C and E, are often taken by cancer patients. 
Previous reports show that BTZ induces production of ROS, which contributes to 
BTZ-induced cytotoxicity [45–48]. Interestingly, vitamin C (ascorbic acid) is capa-
ble of inhibiting BTZ-mediated cytotoxicity, while N-acetylcysteine and vitamin E 
are not [49]. Indeed given its chemical structure, a boronic acid class proteasome 
inhibitor BTZ can bind molecules with diol functional groups, including vitamin 
C. This binding causes the formation of an inactive form, thus reducing BTZ activ-
ity in MM cell lines [49]. Vitamin C effects on BTZ activity were also evaluated
in vivo. Perrone and colleagues showed that plasma isolated from healthy volun-
teers taking increasing doses of vitamin C supplements, when added in cultured 
MM cells, can reduce BTZ cytotoxicity [50]. Moreover, when combination treat-
ment of vitamin C with BTZ was evaluated in a murine xenograft model of human 
MM, antitumor activity of BTZ was significantly reduced [50]. Based on these 
results, vitamin C supplements should be avoided in patients who are receiving 
BTZ, or at least should be taken at low doses at least 12 h before BTZ treatment. 
A similar phenotype was observed in chronic lymphocytic leukemia cells treated 
with BTZ in the presence of quercetin or other dietary flavonoids (myricetin, 
kaempferol, and apigenin), which are commonly included in vegetables, fruits, and 
green tea. [51] Kim and colleagues screened a group of polyphenol compounds
(catechin, epicatechin, gallic acid) which are present in cocoa, red wine, vegetables, 
and black/green tea, and showed that these agents block BTZ activity as well. 
Another group also showed inhibition of BTZ activity by green tea polyphenols 
[52]. Taken together, these results strongly recommend avoiding the intake of herbal 
supplements or foods containing polyphenols in large quantities during drug peaks 
or before clearance of BTZ.

2.2.7  Mechanisms to Sensitize Cells to BTZ Cytotoxicity

BTZ works predominantly by blocking degradation of excessive or misfolded pro-
teins, leading to lethal ER stress. A similar phenotype can be observed by inhibition 
of deubiquitinating enzymes (DUBs) or ubiquitinating enzymes (E1, E2, and E3). 
DUBs are a family of proteins which are often dysregulated in cancers, promoting 
stabilization of oncogenic proteins. Specifically, ubiquitin-specific protease 7 
(USP7) regulates important biological signaling pathways in tumorigenesis, includ-
ing FOXO4 and PTEN [53] as well as HDM2 and HDMX, resulting in the destabi-
lization of p53 and its transactivation activity [54]. Of note, USP7 is markedly 
elevated in MM cells, and its expression levels inversely correlate with overall sur-
vival in MM patients. A small molecule USP7 inhibitor P5091 triggers MM cell 
toxicity both in vitro and in vivo in a murine human MM cell xenograft model. 
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Importantly, P5091 induces cytotoxicity even in BTZ-resistant ANBL-6.BR cells. 
USP9X is another DUB highly expressed in MM, follicular lymphoma, and diffuse 
large B cell lymphoma cells, which regulates Mcl-1 stabilization. Mcl-1 is a well- 
known antiapoptotic protein, and small molecule inhibitors against Mcl-1, includ-
ing WP1130 and PR-619, can enhance BTZ-induced cytotoxicity. E1/E2/E3 
ubiquitin-modifying enzymes represent a diverse group of proteins with significant 
roles in ubiquitin conjugation [55]. The E1 ubiquitin-activating enzyme is generally 
not target-specific and therefore can broadly affect protein degradation, in a similar 
fashion to the proteasome. E3 ligases are more selective and identify recognition 
signals on target proteins; for example, HMDM2 is crucial to control p53 levels, and
is often overexpressed or amplified in cancers, including myeloma. Nutlin-3a is a 
potent non-peptide HDM2 antagonist which blocks the interaction of p53 with
HDM2 and stabilizes p53 and p21. In preclinical studies, Nutlin-3a induces additive
cytotoxicity with BTZ [56]. Analogues of Nutlin-3a, such as R7112, RITA, or 
HLI98, are currently under evaluation in preclinical models and clinical trials in
patients. Silencing of E1 enzyme also results in increased cell death in MM cells. 
Compounds such as PYR-41 and PYZD-4409 can behave as E1 inhibitors, reducing 
protein ubiquitylation and sumoylation, inducing signs of ER stress, and enhancing 
BTZ-mediated apoptosis [57]. Finally, cereblon (CRBN) is another protein which 
forms an E3 ligase complex with damaged DNA-binding protein 1 (DDB1) and 
Cul4A and is considered a target of thalidomide and lenalidomide, suggesting one 
possible explanation for the synergistic MM cytotoxicity observed when immuno-
modulatory drugs are combined with BTZ treatment.

Other strategies can also be applied to sensitize cells to BTZ. In particular, recent 
studies identified a relationship between drug activity and mitochondrial or iron 
homeostasis. Specifically, Song et al. evaluated the role of mitochondria in BTZ 
resistance. Specifically, they compared indices of mitochondrial function including 
oxygen consumption rates and ATP and Ca2+ concentrations, membrane potentials 
(Ψm), and depolarization of ΔΨm, which trigger mitochondrial pore opening and 
apoptosis, in three MM cell lines, one with intrinsic resistance to BTZ treatment 
(KMS-20) and two which are sensitive (KMS-26 and KMS-28BM) to BTZ treat -
ment [58]. They identified a higher stability of mitochondrial membrane potential 
(ΔΨm) and a more modest increase in mitochondrial calcium response in BTZ- 
resistant cells (KMS-20) in comparison to sensitive cells. These studies, indicating
that BTZ-resistant cells can better control the mitochondrial Ca2+ pool and hence 
minimize BTZ-induced Ca2+, overload and related induction of apoptosis. Moreover, 
the levels of superoxide anion or ROS were lower in KMS-20 cells, suggesting that
ROS induction can represent another modality through which BTZ triggers cell 
death. To explain this difference, several mitochondrial genes related to mainte-
nance of ΔΨm, elimination of ROS, and Ca2+ influx into mitochondria were evalu-
ated. For example, SOD2 (an antioxidant protein that nullifies ROS toxicity) and 
pyruvate dehydrogenase (PDH)-E1 α protein levels were decreased and MCU 
expression was increased in BTZ-sensitive cells, while CYPD, a regulator of mito-
chondrial permeability transition, was decreased in BTZ-resistant cells. The expres-
sion levels of the proteins mentioned above, apart from MCU (further induced by 
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BTZ), were not changed by BTZ, suggesting an intrinsic mechanism of resistance. 
Therefore, the resistance of KMS20 cells can be related to a reduced expression of
CYPD, causing modifications in mitochondrial membrane potentials and a higher 
capacity of ROS elimination via SOD2, compared with sensitive cells. Indeed, 
SOD2 depletion induced cell death in KMS20 cells; and the combination of BTZ
with 2-methoxyestradiol, a known SOD inhibitor, was capable of overcoming BTZ 
resistance in KMS-20 [59]. A similar phenotype was also observed when BTZ was 
combined with FCCP, which induces dissipation of ΔΨm. Additionally, combining 
BTZ with PK-1195, an antagonist to mitochondrial peripheral benzodiazepine
receptors which causes loss of ΔΨm, generates superoxides and favors release of 
cytochrome-c and Smac, thereby prompting cytotoxicity even in resistant cells [60]. 
These data indicate that mitochondrial activity and differential expression of mito-
chondrial genes can be responsible for intrinsic resistance to BTZ, suggesting that 
some of these genes can be used to identify chemotherapeutic regimens capable of 
sensitizing BTZ activity.

Another mechanism to induce sensitivity to BTZ relies on the modulation of 
ROS by iron [61]. Indeed, the proteasome is crucial for iron homeostasis, since it 
mediates the degradation of iron regulatory proteins (IRP1 and IRP2) and ferritin 
[62–64]. Campanella and colleagues showed that BTZ abolishes the coordinated 
upregulation of FtH ferritin subunits and the reduction of transferrin receptor by
decreasing its turnover. Interestingly, ferritin levels also positively correlated with 
BTZ resistance. Specifically, BTZ-resistant cells have higher levels of iron stored 
with ferritin to limit Fenton reaction and oxidative damage. Indeed, silencing of FtH
increases sensitivity to BTZ, in comparison with control cells. Hence, interfering
with iron homeostasis emerges as a potential novel synthetic lethality strategy to 
enhance proteasomal inhibitory effects specific for MM cells, since iron itself has 
no cytotoxic effects in the absence of BTZ. Approaches to overcome BTZ resis-
tance by modulating iron in patients should focus mainly on finding strategies to 
selectively reduce ferritin levels in malignant plasma cells, or to specifically deliver 
iron supplements to cancer cells, using hepcidin antagonists or other inflammatory 
modulators, to relieve iron sequestration from macrophages.

2.3  Clinical Applications with a Focus on Proteasome 
Inhibitor-Based Combination Therapies

The introduction of proteasome inhibitors (PIs) and immunomodulatory drugs in 
clinical practice has revolutionized the treatment outcomes of patients with MM 
[65]. Bortezomib was the first proteasome inhibitor approved by the FDA for 
relapsed and refractory patients in 2003. Since then, this class of drug has emerged 
as a cornerstone of therapy for MM patients. Specifically, the use of bortezomib as 
part of induction, consolidation, and maintenance therapies after stem cell trans-
plant, and then as part of salvage regimens for relapsed disease, has significantly 
improved the prognosis and overall survival of patients with MM.
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Nevertheless, MM remains incurable, and the vast majority of patients ultimately 
die from their disease. In particular patients who are relapsed and/or refractory to 
bortezomib and immunomodulatory drugs (IMiDs) have a very poor prognosis with 
a median progression-free survival and overall survival of only 5 and 9 months, 
respectively [66].

Encouragingly, new PIs with activity to different catalytic sites within the protea-
some have recently been introduced into the clinic in order to overcome resistance 
acquired during bortezomib and other treatments, and to so potentially improve 
outcome.

Carfilzomib is a selective proteasome inhibitor that has demonstrated potent anti- 
myeloma activity and a favorable tolerability profile with manageable toxicity as a 
single agent in heavily pretreated relapsed and refractory MM patients [67]. 
Carfilzomib has recently been approved by FDA for the treatment of MM patients 
who have received at least two prior lines of therapy, including bortezomib and an 
IMiD, and who have experienced disease progression during or within 60 days of 
completing their last therapy.

The family of second-generation PIs also includes marizomib (NPI-0052), opro-
zomib (ONX0912), and ixazomib citrate (MLN9708), each of which has demon-
strated clinical activity in relapsed and refractory MM patients in phase I/II studies.

Thus, the availability of new drugs with greater efficacy than bortezomib may 
improve the outlook for MM patients, but nevertheless resistance to PIs remains a 
challenge that requires new strategies in order to obtain deeper and longer remis-
sions in these patients, irrespective of the agents used, and typically requires a com-
binatorial approach, informed by preclinical studies.

The antitumor activity of PIs is a sum of various mechanisms including inhibi-
tion of the 26S subunit of the proteasome, induction of apoptosis and inhibition of 
NF-κB activity that result in disruption of cell-cycle progression and control, and 
inhibition of proliferation and angiogenesis. Caspase-mediated apoptosis is induced 
by bortezomib through three different pathways: the intrinsic mitochondrial apop-
totic pathway involving caspase-9, the extrinsic death receptor pathway involving 
caspase-8, and the endoplasmic reticulum stress response pathway involving cas-
pase- 2, caspase-4, and caspase-12 [68]. Targeting different pathways using a com-
bination of PIs with conventional therapies as well as new drugs may therefore 
result in synergistic activity, so overcoming resistance, as evidenced both preclini-
cally and now clinically.

The hypothesis that a combination of drugs could overcome resistance of bort-
ezomib was first tested in a study adding dexamethasone to bortezomib therapy in 
relapsed and refractory MM patients. In this study, the addition of dexamethasone 
to bortezomib resulted in clinical response in patients not responding to bortezomib 
alone [69]. With the aim of overcoming resistance, bortezomib has since been 
widely tested in combination with new and old drugs as summarized in Table 2.1, 
and as detailed below. Preliminary results of clinical trials of carfilzomib-based 
combination therapies have also been published, whereas studies investigating 
other new PIs are still ongoing, and only relatively limited preliminary results are 
therefore available.
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2.3.1  Proteasome Inhibitors and Conventional Drugs

2.3.1.1  Bortezomib and Melphalan

Melphalan and prednisone (MP) were the standard of care for patients ineligible for 
transplant for many years. The addition of bortezomib to this regimen was the first 
step done to improve the response rate of this combination. A study evaluating the 
combination of bortezomib (also known as Velcade) and MP (VMP) showed a very
encouraging overall response rate of 89 % [70]. A subsequent randomized study 
(the so-called VISTA Trial) compared MP versus VMP in untreated patients and
confirmed the superiority of the bortezomib-containing regimen in terms of both 
survival and response rate [71]. The major toxicities of VMP included neuropathy
and gastrointestinal symptoms. A subsequent study investigating a new schedule of 
VMP with weekly bortezomib in association with melphalan and prednisone or in
association with thalidomide and prednisone (VTP) followed. Both arms of the
study were then subject to a second randomization to maintenance with VT versus
VP. No major differences between the two arms were observed, except for a lower
rate of neurotoxicity in the VP arm. [72] An Italian study investigating combination 
of VMP plus thalidomide (VMPT) followed by bortezomib and thalidomide (VT)
maintenance compared with VMP alone showed an advantage in terms of progres -
sion-free survival, overall survival, and response rate for the VMPT-VT arm. With
the addition of thalidomide, a higher incidence of neuropathies was observed. This 
study was also amended after inclusion of the first 139 patients, and the schedule 
was changed to a weekly administration of bortezomib with a remarkable improve-
ment in the incidence of grade 3–4 neuropathy. In aggregate, synergistic activity of 
bortezomib and melphalan results in a higher response rate in comparison with 
single-agent bortezomib, and this combination continues to have a role in the treat-
ment of newly diagnosed patients not eligible to stem cell transplant.

2.3.2  Proteasome Inhibitors and Immunomodulatory Drugs

2.3.2.1  Bortezomib and Lenalidomide

Lenalidomide is an IMiD that exerts its anti-myeloma activity through activation of 
the caspase-8-mediated apoptosis pathway and inhibition of NF-κB activity through 
a different mechanism than bortezomib. On this basis, the hypothesis of combining 
these two drugs to overcome resistance occurring with single bortezomib treatment 
was investigated. Synergistic activity of the combination of the two drugs was ini-
tially tested in relapsed and refractory MM, including patients who were refractory 
to bortezomib. [73] The MTD was lenalidomide 15 mg daily on days 1–14; bortezo-
mib 1 mg/m2 on days 1, 4, 8, and 11 of a 21-day cycle; and dexamethasone 40 or 
20 mg on days 1–2, 4–5, 8–9, and 11–12. Promising activity and limited toxicity 
observed in this phase I and subsequent phase II studies prompted this combination 
to be treated in association with dexamethasone in newly diagnosed MM patients 
[74]. In this study, 66 patients were treated with lenalidomide, bortezomib, and 
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dexamethasone (RVD) for at least eight cycles. Patients achieving at least a partial
response (PR) after four cycles were allowed to proceed to transplant. The percent-
age of patients achieving PR or better was 100 %, with more than VGPR seen in
74 %, including nCR and CR in 52 %. Main side effects observed included pre-
dominantly grade 1–2 sensory neuropathy, rare motor neuropathy, and some neuro-
pathic pain, with grade 3–4 neutropenia and thrombocytopenia observed in 5–10 % 
of patients, and an overall rate of thrombosis (including pulmonary embolism) of 
6 %. Toxicities proved generally manageable, however, and the regimen was well 
tolerated overall with a low rate of discontinuation.

The very high response rate observed with the combination of lenalidomide and 
bortezomib led to the incorporation of this regimen in the posttransplant setting in 
patients with high-risk MM. New studies using this combination therapy as consoli-
dation or as long-term maintenance after autologous stem cell transplant in order to 
obtain deeper and longer responses are underway. A recent published paper by 
Nooka AK et al. evaluated the impact of a consolidation/maintenance program with
lenalidomide, bortezomib, and dexamethasone (RVD) after transplant in patients
with high-risk MM and showed a benefit in terms of both progression-free survival 
and overall survival in this poor prognosis population [75].

2.3.2.2  Bortezomib and Dexamethasone in Combination 
with Cyclophosphamide and Lenalidomide

Bortezomib and dexamethasone in combination with cyclophosphamide (VCD) has
shown significant efficacy in patients with MM. In the randomized, phase 2, 
EVOLUTION study, VCD was compared to bortezomib, lenalidomide, and dexa -
methasone (VDR) and to the quadruple regimen of cyclophosphamide combined
with VDR (VDCR). One hundred and forty patients received eight 3-week cycles of
induction therapy with standard bortezomib dose with dexamethasone 40 mg on 
days 1, 8, and 15, with either cyclophosphamide at 500 mg/m2 on days 1, 8 and 
lenalidomide 25mg from days 1 to 14 (VDCR) or cyclophosphamide 500mg/m2 on 
days 1, 8 (VCD) and lenalidomide 15 mg days 1–14 (VDR). All groups received
maintenance therapy with weekly bortezomib. Following the interim analysis, the 
VCD arm was modified to add an additional dose of cyclophosphamide on day 15
(VDC-mod). Very good partial response (VGPR) or better was seen in 58%, 51 %,
41 %, and 53 % of patients in the VDCR, VDR, VDC, and VDC-mod arms respec-
tively with a 1-year progression-free survival of 86 %, 83 %, 93 %, and 100 %, 
respectively. No advantage was noted with VDCR over the 3-drug combinations.
Although the numbers are relatively small, this trial suggests both VCD and VRD
are excellent choices for newly diagnosed patients [76].

2.3.2.3  Carfilzomib and Lenalidomide

Carfilzomib is a second-generation selective proteasome inhibitor that irreversibly 
binds the chymotrypsin-like activity of the proteasome. Combination therapy with 
carfilzomib and lenalidomide in association with low dose of dexamethasone was 
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initially tested in relapsed or progressive MM patients. The phase Ib escalation part 
of the study defined the maximum planned dose of carfilzomib at 20 mg/m2 on days 
1 and 2 and 27 mg/mq on days 8, 9, 15, 16 thereafter, lenalidomide 25 mg on days 
1 to 21, and dexamethasone 40 mg weekly on a 28-day cycle. Results of the phase 
2 dose expansion in 52 patients showed an overall response rate of 77 % and dura-
tion of response of 22.1 months. Among bortezomib-refractory patients, 69 % 
responded, and among lenalidomide refractory patients, 70 % responded. Grade
3–4 toxicities included lymphopenia (8 %), neutropenia (33 %), thrombocytopenia 
(19 %), and anemia (19.2 %) [77].

More information about efficacy of this very active drug combination is expected 
from results of a large phase III trial comparing the activity of carfilzomib plus 
lenalidomide and dexamethasone versus lenalidomide and dexamethasone alone in 
relapsed patients (the so-called ASPIRE Trial) which was recently completed, with 
data on outcome anticipated soon.

2.3.2.4  Ixazomib Citrate and Lenalidomide

Ixazomib citrate (MLN9708) is an oral proteasome inhibitor that rapidly hydrolyzes 
to the biologically active dipeptide boronic acid MLN2238. MLN2238 preferentially 
binds the β5-site of the 20S proteasome; at higher concentrations, it also inhibits the 
activity of the β1- and β2-sites. In preclinical studies, MLN2238 demonstrates a faster 
dissociation rate from the proteasome that may result in enhanced tumor penetration, 
and antitumor activity, and has more prolonged tissue penetration than bortezomib. 
Phase I studies of MLN9708 have shown promising activity and durable responses in 
heavily pretreated MM patients. Ixazomib citrate in combination with lenalidomide 
and dexamethasone has been investigated in a phase 1/2 study in newly diagnosed 
patients. Sixty four patients received MLN9708 3.0 or 3.7 mg on days 1, 4, 8, 11, 
lenalidomide 25 mg on days 1–14, and dexamethasone 20/10 mg (cycles 1–8/9–16; 
days 1, 2, 4, 5, 8, 9, 11, 12) for up to 16 on a 21-day cycle, followed by MLN9708 
maintenance until progression. Transplant-eligible pts could undergo stem cell col-
lection after four cycles of therapy. In 62 response- evaluable patients, 94 % achieved 
greater than a PR including 76% VGPR.Most common grade 3 adverse events were
rash (16 %), hyperglycemia (8 %), pneumonia (6 %), and PN (5 %), with the regimen 
otherwise generally well tolerated with manageable toxicity [78].

2.3.3  Proteasome Inhibitors and Pomalidomide

2.3.3.1  Bortezomib and Pomalidomide

Pomalidomide is a new generation immunomodulatory agent that exerts its anti- 
myeloma activity through different ways including modulation of cytokine produc-
tion, immunomodulation, and interaction with the bone marrow microenvironment. 
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Pomalidomide has been demonstrated to be more effective and less toxic than 
lenalidomide. This new IMiD has been approved by the Food and Drug 
Administration (FDA) for patients with relapsed/refractory MM who have received 
more than two prior therapies, including lenalidomide and bortezomib, and have 
progressive disease on or within 60 days of completion of their last line of treat-
ment. The marked anti-myeloma activity observed in clinical trials investigating the 
effect of the combination of pomalidomide with dexamethasone and the known 
synergism between immunomodulatory drugs and bortezomib suggested a potential 
activity of the combination with pomalidomide and bortezomib. Preliminary data of 
the phase I trial testing pomalidomide in combination with bortezomib and dexa-
methasone in myeloma patients refractory to lenalidomide and relapsed after bort-
ezomib have been recently published. Twenty-two out of twenty-eight planned 
patients were evaluable for response. Patients received escalating doses of pomalid-
omide (1–4 mg, days 1–14), bortezomib (1 or 1.3 mg/mq, days 1, 4, 8, 11), and 
dexamethasone 20 mg on days 1–2, 4–8, 8–9, 10–11. Overall response rate was 
75 % (15 of 20 evaluable patients) with 30 % of VGPR or better. Most common
grade 3 and 4 toxicities were neutropenia (29 %) and thrombocytopenia (19 %). No 
grade 3–4 peripheral neuropathy was observed [79]. The combination of pomalido-
mide and bortezomib seems to have a strong anti-MM activity in patients already 
treated with bortezomib, thus suggesting that the addition of pomalidomide may 
have the ability to overcome resistance acquired during treatment with PIs, and 
phase III studies are now underway to validate this concept.

2.3.3.2  Carfilzomib and Pomalidomide

Carfilzomib has been evaluated with pomalidomide and dexamethasone in a phase 
I/II study in relapsed and refractory MM patients. Dosages of the combination 
included carfilzomib at 20/27 mg/m2, pomalidomide 4 mg, and dexamethasone 
40 mg. The effect of the addition of pomalidomide to carfilzomib was evaluated in 
67 patients enrolled in the phase I and II of the study. Preliminary data showed an 
overall response rate (PR or better) in a population of heavily pretreated patients of 
64 %, and 81 % of patients achieved minimal response or better. Responses were 
observed also among patients with intermediate and high-risk cytogenetics. Common 
>grade 3 side effects included fatigue, neutropenia, anemia, thrombocytopenia, and 
diarrhea [80].

2.3.4  Proteasome Inhibitors and Histone Deacetylase Inhibitors

Deacetylases are a family of enzymes that exerts their activity on histone proteins 
and on a large number of proteins involved in intracellular functions that are dys-
regulated in cancer: gene expression, DNA replication and repair, cell-cycle pro-
gression, and cytoskeletal reorganization. Histone deacetylases (HDAC) remove

2 Resistance to Proteasome Inhibitors in Multiple Myeloma



68

acetyl groups from protein and have been recognized as a target for the treatment of 
hematological malignancies. Although several HDAC inhibitors (HDACIs) have
been investigated and are in clinical development, only two of them to date have 
been approved for treatment of hematological malignancies. Specifically, both vori-
nostat and romidepsin have been approved for treatment of T cell cutaneous 
lymphoma.
The first HDACI that demonstrated to have anti-myeloma activity was SAHA

(vorinostat). Exposure of myeloma cells to SAHA resulted in antiproliferative and
proapoptotic effect involving downregulation of transcripts for member of the 
insulin-like growth factor (IGF)/IGF1 receptor and IL-6 receptor signaling cas -
cades, antiapoptotic molecules, oncogenic kinases, DNA synthesis/repair enzymes, 
and transcription factors. Preclinical studies of other HDACIs demonstrate that the
anti-myeloma activity of this class of drugs is due to a various numbers of effect on 
myeloma cells and on their interactions with the microenvironment. HDACIs can
induce direct cell-cycle arrest and apoptosis and also disrupt the signaling between 
MM cells and bone marrow stem cells. Vorinostat is able to induce expression of
p21, leading to cell-cycle arrest and apoptosis. Romidepsin induces downregulation 
of antiapoptotic proteins BCL-2 and BCL-XL. Vorinostat suppresses the stimula -
tion of IL-6 secretion in bone marrow stem cells by myeloma cells adhesion and 
also suppresses autocrine IGF production interrupting the IGF-I/IGF-IR/Akt signal-
ing pathway. HDACIs are also involved in myeloma cell inhibition, and specifically
the prevention of aggresome formation in MM cells treated with PIs. The aggresomes 
are an alternative way that the cell can use for catabolism of misfolded proteins 
when the production of misfolded protein exceeds the capacity of proteasomes, as 
detailed previously. Drugs like tubacin targeting HDAC6 or panHDAC inhibitors
like panobinostat lead to increase ubiquitinated proteins through impairment of the 
transport of aggresome to lysosome [23].
Based on the important activities of HDACIs, the hypothesis of combining

HDACI with bortezomib to induce synergistic activity and to overcome resistance
has been investigated. As mentioned, the dual inhibition of the proteasome and 
aggresome pathways induces accumulation of ubiquitinated proteins, resulting in 
cell stress and apoptosis. In addition to this synergistic effect, the combination of the 
two classes of drugs also exerts an anti-myeloma activity through multiple other 
pathways including inhibition of NF-κB, suppression of production of IL-6 and 
IGF-1, and inhibition of angiogenesis resulting in growth inhibition, apoptosis, and
reduction of survival of myeloma cell.

2.3.4.1  Bortezomib and Panobinostat

The efficacy of the combination of HDACI and bortezomib has been evaluated in
various clinical trials in relapsed and refractory myeloma patients and subsequently 
in randomized trials. The combination of panobinostat with bortezomib in refractory 
and relapsed myeloma patients was comprehensively tested in the multicenter phase 
II PANORAMA-2 study. In this study, 55 patients with relapsed and refractory MM, 
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all of whom were required to be refractory to bortezomib, received bortezomib with 
the usual biweekly schedule, panobinostat 20 mg three times per week, and dexa-
methasone. The overall response rate was 35 % and clinical benefit as reflected by 
minimal response or better was evident in 53 % of patients. Of note 40 out of the 55 
patients enrolled in the study were progressing while on their last treatment with 
bortezomib and all of the patients being refractory to bortezomib at some point. [81] 
Common observed grade 3 and 4 adverse events included thrombocytopenia, fatigue, 
and diarrhea. Results of this study confirmed that the addition of panobinostat is able 
to overcome the resistance to proteasome inhibitor as demonstrated by the responses 
observed among patients progressing on bortezomib-based therapy. Additional 
information about this combination will be available from the recently completed 
phase III PANORAMA-1 study investigating the direct comparison between the 
combination of the proteasome inhibitor, dexamethasone, and panobinostat versus 
bortezomib, dexamethasone, and placebo in relapsed MM patients. Importantly, 
preliminary results of the PANORAMA-1 trial appear to strongly favor an advan-
tage to adding panobinostat to bortezomib and dexamethasone [82].

2.3.4.2  Bortezomib and SAHA (Vorinostat)

The combination of bortezomib and vorinostat in relapsed and refractory myeloma 
patients was evaluated in the VANTAGE 095 study. In this study, the overall
response rate was 42 %, with objective response also seen among patients refractory 
to bortezomib. Most common grade 3 and 4 toxicities were myelosuppression, 
fatigue, and diarrhea. Despite the encouraging results observed in this phase II 
study, the phase III VANTAGE 088 study investigating the efficacy of bortezomib
plus vorinostat versus bortezomib and placebo failed to show a clinically significant 
difference in terms of PFS between the two groups [83]. Patients receiving the com-
bination therapy with vorinostat and bortezomib had more objective responses, but 
this advantage did not result in a meaningfully longer PFS. Explanation for this 
unexpected result was probably related to higher toxicity observed in the vorinostat 
arm that required frequent dose reductions and/or treatment interruptions. In fact, in 
the vorinostat group the side effects were significantly higher than in the placebo 
group; specifically myelosuppression, fatigue, nausea, vomiting, and diarrhea were 
the most common drug-related toxicities. Although the evidence of synergism 
between HDACI and bortezomib in overcoming resistance to PIs has been demon-
strated, it is also therefore clear that new less toxic HDACIs are needed in order to
obtain a more efficacious combination therapy.

2.3.4.3  Bortezomib and Romidepsin

Romidepsin has been approved by the FDA in the United States for relapsed cutane-
ous T cell lymphoma. Preclinical studies have demonstrated its anti-MM activity 
through upregulation of p21, downregulation of antiapoptotic molecules, and 
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induction of apoptosis. Single-agent romidepsin in MM patients showed modest 
activity, but the synergistic effects between HDACI and bortezomib observed in
preclinical studies justified a clinical trial testing the combination. Twenty-five 
patients were enrolled in the combination study of romidepsin dose on day 1, 8, and 
15 of a 28-day cycle and bortezomib on days 1, 4, 8, and 11 with dexamethasone. 
The MTD for romidepsin was fixed at 10 mg/mq. At least a minimal response was 
seen in 72 % of patients with a median time to progression of 7.2 months. Most 
common adverse events included grade 3 and 4 thrombocytopenia in 64 % of 
patients and grade 3 and 4 peripheral neuropathy in 8 % [84].

2.3.4.4  Bortezomib and ACY1215

In order to increase activity of the combination therapy with HDACI and PIs and to
reduce the toxicity related to the association of the two drugs, new more specific 
HDACIs have been investigated both preclinically and in clinical trials. As men -
tioned above, HDAC6 plays a key role in the aggresome pathway and is involved in
formation and transportation of aggresome to lysosomes, thus suggesting a poten-
tial strong synergism with inhibitors of the proteasome pathway. ACY-1215 is a 
first-in-class selective and potent oral HDAC6 inhibitor with an anti-myeloma activ-
ity demonstrated both in vitro and in vivo animal models [85]. It has been tested in 
phase I/II clinical trials in combination with bortezomib and also with lenalidomide. 
Preliminary data presented at the ASH Meeting in 2013 reported 4 responding
patients among 16 patients receiving the combination of bortezomib at 1–1.3 mg/m2 
and ACY-1215 at different doses with very manageable and limited toxicity [86]. 
More information about the feasibility and the efficacy of this combination will be 
available over time, but these preliminary results appear very promising.

2.3.5  Proteasome Inhibitors and Plerixafor

Interactions of MM cells with extracellular matrix proteins and bone marrow cells 
play a key role for survival and proliferation of malignant cells. Chemokines regu-
late the adhesion of the myeloma cells to their microenvironment, and cells and 
cytokines of the bone marrow environment activate proliferative and antiapoptotic 
signals. In particular the chemokine stromal-derived factor-1 (SDF-1) and its recep-
tor CXCR4 play a central role in trafficking of myeloma cells.

The hypothesis that inhibiting CXCR4 could increase the sensitivity of myeloma 
cells to anti-myeloma drugs by disrupting the interaction with bone marrow has 
been tested in preclinical studies. Azab et al. [87] have demonstrated that AMD3100 
is able to disrupt the adhesion of myeloma cells and microenvironment and induce 
mobilization of cells leading to increase sensitivity to bortezomib. The use of anti- 
CXCR4 in combination with bortezomib has been investigated in a phase I/II in 
relapsed and refractory MM patients with the aim to evaluate the chemosensitization 
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effect of AMD3100. Preliminary results of this study have been recently published. 
In the first part of the study, 25 relapsed/refractory MM patients were treated with 
AMD3100 and bortezomib in two different schedules of administration, and in the 
second part of the study, 11 patients received AMD3100 at the MTD dose (320 μg/
m2) on days 1, 2, 3, 6, 10, and 13 and bortezomib 1.3 mg/m2 on days 3, 6, 10, and 13 
every 21 days. Ten patients were evaluable for response, and more than partial 
remission was observed in 40 % of patients. Grade 4 toxicities included lymphope-
nia (10 %) and thrombocytopenia (20 %); grade 3 toxicities included anemia (10 %), 
thrombocytopenia (10 %), lymphopenia (20 %), hyperglycemia (10 %), and hypo-
phosphatemia (10 %) [88]. The preliminary results of this study are hopeful, with 
40 % of patients achieved a clinical benefit from the combination therapy, including 
a subgroup of patients refractory to bortezomib.

2.3.6  Proteasome Inhibitors and Perifosine

Perifosine is a synthetic novel alkylphospholipid (ALP) that targets cell membrane 
and inhibits Akt activation. In myeloma cells, perifosine is able to inhibit Akt acti-
vation triggered by IL-6 and IGF-1. Moreover, perifosine exerts a potent cytotoxic-
ity against myeloma cells adherent to bone marrow stromal cells and induces 
apoptosis by recruitment of death receptors such as tumor necrosis factor (TNF)-
related apoptosis-inducing ligand (TRAIL)-R1/DR4 and TRAIL-R2/DR5. Myeloma 
cell apoptosis induced by bortezomib is associated with activation of Akt, and pre-
clinical studies have demonstrated that perifosine enhances the cytotoxicity of bort-
ezomib and dexamethasone [89].

Based on promising preclinical data, a phase I/II study was conducted in relapsed/
refractory MM population; patients preexposed to bortezomib were treated with 
perifosine and bortezomib + dexamethasone. The dose selected for the part II of the 
study was perifosine 50 mg every day and bortezomib 1.3 mg/mq on days 1, 4, 8, 
and 11 in a 21-day cycle; addition of 20 mg of dexamethasone was permitted if 
progression occurred in perifosine plus bortezomib alone.

The new combination was tested in 84 patients with relapsed or relapsed/refrac-
tory MM; all have been already treated with bortezomib and majority of them were 
refractory to bortezomib (73 %). A minimal response or better was observed in 
41 % of patients, including an overall response rate of 65 % in bortezomib-relapsed 
patients and of 32 % in bortezomib-refractory patients. Observed toxicities were 
mild and manageable; grade 3 and 4 adverse events included thrombocytopenia 
(23 %), neutropenia (15 %), anemia (14 %), and pneumonia (12 %). Thirty-one 
percent of patients had polyneuropathy of any grade. No patients experienced poly-
neuropathy of grade 4 [90]. Based on the results of the phase II study, a placebo 
randomized controlled study was conducted in relapsed/refractory MM patients 
previously treated with bortezomib. The study enrolled 135 patients that were ran-
domized to receive perifosine 50 mg every day; bortezomib 1.3 mg/m2 on days 1, 4, 
8, and 11; and dexamethasone 20 mg, or placebo, bortezomib, and dexamethasone. 
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The study was discontinued after the first planned interim analysis because although 
well tolerated, no major benefit was observed in overall response rate and 
progression- free survival by adding perifosine to bortezomib and dexamethasone, 
as well as the emergence of major resource constraints and slow enrollment prompt-
ing a recommendation for closure [91]. Despite disappointing results of the phase 
III study, inhibition of Akt pathway seems to be a promising target for the treatment 
of relapsed/refractory MM patients, and the development of new more potent inhib-
itors warrants additional studies.

2.3.7  Proteasome Inhibitors and Monoclonal  
Antibodies, Specifically Elotuzumab

Elotuzumab is a humanized immunoglobulin G1 mAb directed against the cell sur -
face glycoprotein CS1, expressed on normal plasma cells and myeloma cells. 
Elotuzumab exerts its anti-myeloma activity by blocking the adhesion of myeloma 
cells to bone marrow stromal cells and activating the natural killer (NK) cell-
mediated antibody-dependent cellular cytotoxicity (ADCC). Preclinical studies have 
demonstrated a synergism between elotuzumab and bortezomib. Bortezomib 
enhances ADCC-mediated myeloma cell death induced by elotuzumab via down-
regulation of the cell surface expression of MHC class I, an inhibitor of NK activity.
In vitro and in vivo studies have demonstrated that bortezomib enhanced the anti- 
myeloma activity of elotuzumab rendering myeloma cells more sensitive to NK cell-
mediated lysis [92]. In a phase I clinical trial, 28 patients with relapsed/refractory 
myeloma patients were treated with escalation dosages of elotuzumab and bortezo-
mib. The maximum-tolerated dose was not reached up to the maximum planned dose 
of elotuzumab of 20 mg/kg; the most frequent grade 3 and 4 adverse events were 
lymphopenia (25 %) and fatigue (14 %). The phase I study demonstrated clinical 
activity of the combination with favorable toxicity; a partial response or better was 
observed in 48 % of patients and a minimal response or better was observed in 63 % 
of patients, with the median time to progression being more than 9 months [93].

Phase III studies aimed to evaluate the anti-myeloma activity of the combination 
are ongoing and hopefully will confirm the synergism or at least additive effects 
between bortezomib and elotuzumab.

2.4  Conclusion

The introduction of PIs in the spectrum of chemotherapeutic agents used in MM 
patients has remarkably impacted on patient treatment and improved overall sur-
vival. BTZ as a first-in-class PI and subsequently other novel PIs (such as carfilzo-
mib) are already and will remain a standard treatment for both newly diagnosed and 
relapsed/refractory MM patients, most often in combination regimens based upon 
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results to date. Unfortunately, BTZ and other PI resistance can be acquired in 
patients and so reduce treatment efficacy. Several mechanisms have been proposed 
for resistance including mutations and overexpression of proteasome subunits, 
decommitment to less-differentiated B cell stages to reduce ER overload and stress, 
activation of compensatory pathways such as autophagy and aggresome formation; 
and increase support by survival pathways, including MAF, c-MET, IGFR-1, and
AKT or bone marrow stromal cells (Fig. 2.4). Hence, strategies to overcome BTZ
and other PI resistance consist of combining agents capable of blocking these com-
pensatory mechanisms, such as AKT inhibitors or IGFR inhibitors, or compounds
targeting aggresome formation (HDAC6 inhibitors) or autophagy (FK866). Several
biomarkers have been proposed to predict BTZ activity, such as XBP1 levels and 
inactivating various mutations including CD93/CD69, CYPD or SOD2, NAMPT, 
USP7, and MAF, but none of them has yet been validated in the clinical setting.

More broadly, synergistic combinations with IMiDs, chemotherapeutics, gluco-
corticoids, and more recently MoAbs have already been broadly validated with mul-
tiple clinical studies confirming the benefit of these approaches, validating that PIs 
are a backbone in MM therapy [97, 98]. Strategies with PIs to further improve the 
therapeutic index remain an area of urgent unmet medical need and hold the real 
promise of further improving patient outcome in this otherwise incurable disease 
[99, 100].
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Chapter 3
Overcoming Bortezomib Resistance:  
A Review of the Second-Generation 
Proteasome Inhibitor Carfilzomib 
in the Treatment of Multiple Myeloma

Hans C. Lee and Robert Z. Orlowski

Abstract Proteasome inhibitors now form the backbone of many myeloma 
 therapeutic regimens in either the upfront or relapsed settings, but both innate 
and acquired drug resistance have emerged as significant clinical challenges. 
The second- generation proteasome inhibitor carfilzomib recently received regula-
tory approval after showing promising activity in bortezomib-resistant preclinical 
models and human studies. Although similar to its predecessor in targeting the 
chymotrypsin- like activity of both the constitutive proteasome and the immunopro-
teasome, carfilzomib has distinct mechanistic and structural properties. These allow 
it to bind irreversibly and provide a more sustained target inhibition than bortezo-
mib, which is characterized by slowly reversible binding kinetics, and may in part 
contribute to its ability to overcome proteasome inhibitor resistance. Numerous 
clinical studies with carfilzomib are now underway investigating its use in various 
clinical settings and in combination with other novel agents that will provide valu-
able insight on its optimal use. However, despite the important advance in myeloma 
therapeutics that carfilzomib represents, cross-resistance between proteasome 
inhibitors remains a significant problem. This highlights the need for a better 
 understanding of proteasome inhibitor resistance biology to inform the design 
of next- generation proteasome inhibitors and the development of rational drug 
 combinations to overcome such resistance.
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Abbreviations

AE Adverse event
ChT-L Chymotrypsin-like activity
C-L Caspase-like
DLTs Dose-limiting toxicities
FDA Food and Drug Administration
IMiD Immunomodulatory drug
JNK c-Jun NH2-terminal kinase
MM Multiple myeloma
MRs Minor responses
MTD Maximum tolerated dose
nCR Near-complete responses
NDA New Drug Application
NF-κB Nuclear factor kappa B
NHL Non-Hodgkin lymphoma
ODAC Oncologic Drugs Advisory Committee
ORR Overall response rate
PFS Progression-free survival
PR Partial response
PSMB Proteasome subunit β type
SD Stable disease
T-L Trypsin-like
TTP Time to progression
uCR Unconfirmed complete response
VGPRs Very good partial responses
WM Waldenström’s macroglobulinemia

3.1  Introduction

The regulatory approval of the first-in-class proteasome inhibitor bortezomib has 
contributed to substantial improvements in outcomes in multiple myeloma (MM) 
patients over the last decade [1] and validated the ubiquitin-proteasome pathway as 
a viable target in MM and other hematologic malignancies [2, 3]. However, primary, 
or de novo, and secondary, or acquired, bortezomib resistance [4, 5], and its dose- 
limiting toxicities (DLTs) such as peripheral neuropathy and thrombocytopenia [6, 
7], have driven the development of new classes of proteasome inhibitors aimed to 
overcome these limitations. Carfilzomib, a novel second-generation proteasome 
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inhibitor, recently received accelerated United States Food and Drug Administration 
(FDA) approval in 2012 for use in patients who have been exposed to bortezomib 
and an immunomodulatory drug (IMiD) and whose disease was refractory to their 
last therapy. Like bortezomib, carfilzomib also inhibits the chymotrypsin-like activ-
ity (ChT-L) of the constitutive proteasome and immunoproteasome, although its 
irreversible binding to its target leads to prolonged proteasome inhibition compared 
to bortezomib. This may explain its ability to overcome bortezomib resistance in 
certain subsets of patients and provides a proof of concept that rationally designed, 
next-generation proteasome inhibitors based on insights in proteasome resistance 
mechanisms may be one strategy to overcome drug resistance. In this chapter, the 
preclinical and clinical development of carfilzomib and its current role in myeloma 
therapy will be reviewed.

3.2  Discovery and Chemistry

The epoxyketone class of proteasome inhibitors was first discovered in the early 
1990s, when the α′,β′-epoxyketone-containing natural products eponemycin and 
epoxomicin were isolated from different Actinobacteria, and demonstrated potent 
in vitro and in vivo antitumor activity against B16 murine melanoma [8, 9]. However, 
their precise mechanism of action was unclear at the time, and subsequent studies 
by Meng et al. [10] showed that epoxomicin covalently bound to the catalytic sub-
units of the 20S proteasome. This produced a highly selective inhibition of the 
ChT-L activity of the β5 subunit at low nanomolar concentrations. There was less 
selectivity for the trypsin-like (T-L) activity of the β2 subunit, and the post-glutamyl 
peptide hydrolyzing, or caspase-like (C-L) activity of the β1 subunit, requiring 100- 
fold and 1,000-fold higher epoxomicin concentrations, respectively, for enzymatic 
inhibition. Importantly, it also did not display any inhibitory activity of non- 
proteasomal intracellular proteases, such as calpain, papain, chymotrypsin, trypsin, 
and cathepsin, as seen with the peptide aldehyde, peptide vinyl sulfone, and  boronate 
classes of proteasome inhibitors [10]. Cocrystallization studies with epoxomicin 
and the S. cerevisiae 20S proteasome indeed confirmed epoxomicin’s covalent 
interaction with the β5 proteasomal subunit, and the formation of an irreversible 
morpholino adduct between the epoxyketone pharmacophore and the N-terminal 
nucleophilic threonine residue on the β5 subunit active site. Because other non- 
proteasomal proteases do not contain an N-terminal nucleophilic residue required 
for epoxomicin binding, this also explained the unique specificity of epoxomicin for 
its target [11]. Shortly thereafter, the first synthesis of epoxomicin was reported 
[12], and additional α′, β′-epoxyketone peptides were synthesized and screened 
with varying lengths and amino acid combinations to identify analogues with 
greater potency and selectivity toward the β5 subunit ChT-L activity [13]. This ulti-
mately yielded the compound YU-101, and with the addition of an N-terminal mor-
pholine ring for greater solubility, carfilzomib was created under the development 
of Proteolix, Inc., which was later acquired by Onyx Pharmaceuticals (Fig. 3.1).
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3.3  Preclinical Activity

Early studies with carfilzomib in myeloma in vitro models demonstrated its potent 
and selective inhibition of the ChT-L activity of both the constitutive β5 proteasome 
subunit and the β5i (LMP-7) immunoproteasome subunit more commonly expressed 
in cells of hematopoietic origin [14, 15]. While near-complete inhibition of the 
ChT-L activity was achieved at doses of 10 nM, there was minimal effect on the β1 
C-L activity, and the β2 T-L activity at drug concentrations up to 100 nM. Carfilzomib 
treatment also induced a dose- and time-dependent decrease in cell proliferation and 
a corresponding increase in apoptosis. This was also observed when cells were 
treated with a 1-h pulse of carfilzomib followed by recovery in drug-free media, to 
mimic the in vivo pharmacokinetics of proteasome inhibitor treatment and the rapid 
clearance of carfilzomib from the plasma. As with bortezomib, both the intrinsic 
and extrinsic apoptotic pathways were implicated as contributing to cell death, as 
there was an increase in caspase-8, caspase-9, and caspase-3 activity after a 1-h 
carfilzomib pulse. In addition, there was also increased c-Jun NH2-terminal kinase 
(JNK) activation, a key player in stress-induced release of mitochondrial cyto-
chrome c, and a well-described mechanism of proteasome-mediated apoptosis [16, 
17]. Several other mechanisms of apoptosis common to proteasome inhibitors have 
also similarly been ascribed to carfilzomib. These include prevention of nuclear fac-
tor kappa B (NF-κB) activation through stabilization of its functional inhibitor, 
IκBα, stabilization of proapoptotic proteins such as p53, and induction of the 
unfolded protein response (UPR) due to excessive accumulation of polyubiquinated 
proteins [5, 10, 18–20].

In comparison to bortezomib, pulse doses of carfilzomib produced a statistically 
significant greater decrease in cell proliferation across a panel of MM cell lines. 
In addition, carfilzomib was more potent in inducing JNK phosphorylation and 

Fig. 3.1 Structure of 20S proteasome and sites of action of carfilzomib and bortezomib
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caspase- 3, caspase-9, and caspase-8 activation [14]. The kinetics of proteasome 
 recovery were also assessed, given the reversible nature of bortezomib-proteasome 
adducts compared to the irreversible inhibitor-enzyme complexes formed by carfil-
zomib. Interestingly, recovery of ChT-L activity was only modestly slower in lysates 
prepared from HT-29 adenocarcinoma and RPMI 8226 MM cells after pulse doses 
of bortezomib compared with carfilzomib [19]. In contrast, when proteasome recov-
ery was tested in mice and rat tissue in vivo, there was a rapid recovery of ChT-L 
activity within 24 h with both bortezomib and carfilzomib. In anucleate whole red 
blood cells, where new proteasome synthesis cannot occur, complete recovery of 
proteasome activity after bortezomib pulse treatment eventually occurred after 72 h, 
which was attributable to the slow dissociation of bortezomib adducts with the β5 
subunit. However, in the same model, there was still less than 50 % recovery of 
ChT-L activity after 7 days of the initial pulse dose of carfilzomib, consistent with 
its irreversible inhibition. In addition, whereas pulse treatments of carfilzomib dem-
onstrated greater cytotoxicity than bortezomib, these differences were eliminated 
when drug exposure time was extended to 72 h [19]. Together, these observations 
suggested that, in tissue other than blood, transcriptional upregulation of protea-
some subunit genes and synthesis of new proteasomes is the primary mechanism of 
proteasome recovery after treatment with proteasome inhibitors [21].

The potent antitumor activity of carfilzomib and its irreversible proteasome inhi-
bition raised hope that it could potentially overcome innate and secondary resis-
tance to bortezomib, an unfortunate and frequent observation seen in patients since 
the advent of its clinical use. Overexpression of proteasome subunit genes such as 
proteasome subunit β type 4 (PSMB4) and proteasome subunit β type 5 (PSMB5) 
has been identified as one possible mechanism of bortezomib resistance [22–24]. 
Therefore, while recovery of proteasome activity after bortezomib treatment would 
be aided by its slow dissociation from its binding target, irreversible proteasome 
inhibition with carfilzomib would force cells to assemble new proteasomes to 
recover their proteolytic activity resulting in more sustained drug activity. Consistent 
with this hypothesis, bortezomib-resistant ANBL-6, RPMI 8226, and OMP-2 MM 
cell lines generated in the laboratory did indeed demonstrate 2.0-, 1.5-, and 2.1-fold 
increased sensitivity, respectively, to carfilzomib compared with bortezomib. 
Enhanced cytotoxic effect was also observed with carfilzomib in two primary tumor 
samples of patients who had progressed on bortezomib therapy. However, some 
cross-resistance was observed, as bortezomib-resistant cell lines were notably less 
sensitive to carfilzomib compared with bortezomib-naïve cells [14].

Further evidence of carfilzomib’s ability to overcome bortezomib resistance was 
demonstrated in HT-29 colorectal adenocarcinoma cells. Basal rates of proteasome 
subunit expression and activity level were increased 7–11-fold in the bortezomib- 
resistant cells compared to their parental clones. Faster proteasome recovery after 
brief bortezomib exposure was also observed in bortezomib-resistant cells relative 
to bortezomib-naïve cells. However, this effect was also retained in cells that were 
co-treated with cycloheximide, a protein translation inhibitor, suggesting that bort-
ezomib resistance was not due to an increase in proteasome turnover and de novo 
proteasome synthesis. Instead, sequence analysis of the proteasomal subunits 
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revealed a novel Cys63Phe mutation in the β5 subunit in the resistant cell lines, 
resulting in a conformational shift and altered binding kinetics with bortezomib.  
In contrast, brief exposure to carfilzomib in bortezomib-resistant cells resulted in 
prolonged proteasome inhibition and a tenfold lower IC50 compared with bortezo-
mib. These results suggested that carfilzomib binding kinetics were unaffected by 
the Cys63Phe mutation, and hence, carfilzomib was able to overcome bortezomib 
resistance caused by mutations in the β5 subunit binding domain [25]. However, 
while such mutations in the β5 subunit have been described in acquired in vitro 
proteasome inhibitor resistance models [26, 23], they have not been detected yet to 
date in any primary samples from patients whose disease was bortezomib refractory, 
and hence, the true significance of these mutations is uncertain [27–29].

3.4  Pharmacodynamics and Pharmacokinetics

Pharmacodynamic studies in rats and monkeys demonstrated widespread distribu-
tion of radiolabeled carfilzomib and a corresponding dose-dependent reduction in 
ChT-L activity in all tissue except the brain 1 h after intravenous drug administra-
tion. The increased selectivity of carfilzomib for the ChT-L activity was also seen 
in vivo, as suggested by earlier in vitro studies [10]. Mice treated with intravenous 
carfilzomib and bortezomib with doses that induced >80 % inhibition of the ChT-L 
activity also showed significant inhibition (>60 %) of the β1 C-L activity in 
bortezomib- treated cells, but <25 % inhibition with carfilzomib. Neither drug dis-
played significant inhibition of the β2 T-L activity [19].

Like bortezomib [30, 31], carfilzomib was also rapidly cleared from the plasma 
after a single intravenous bolus administration of 2–8 mg/kg in rats, with a T1/2 rang-
ing from 5 to 20 min. Pretreatment with another irreversible proteasome inhibitor, 
ONX 0912, did not affect carfilzomib clearance, suggesting that carfilzomib clear-
ance was not due to irreversible binding to the proteasome. Moreover, carfilzomib 
plasma clearance was faster at all dose levels than the reported hepatic blood flow for 
rats, suggesting that, unlike bortezomib, a substantial portion of carfilzomib clear-
ance was mediated by extrahepatic metabolism. Indeed, major carfilzomib metabo-
lites were recovered in both bile and urine and accounted for 26 % and 31 %, 
respectively, of the total carfilzomib dose at 24 h. These metabolites were primarily 
derived from peptidase cleavage or epoxide hydrolysis, and they lacked the epoxyk-
etone pharmacophore, suggesting that they lacked any residual activity as proteasome 
inhibitors. Metabolites of carfilzomib were detected within 10 s of drug administra-
tion and peaked at 5 min, consistent with its rapid clearance from the plasma [32].

Pharmacokinetic data from a phase I/II study for patients with advanced solid 
tumors [33] who received intravenous carfilzomib at a dose of 20 mg/m2 also 
revealed rapid plasma clearance and significant extrahepatic drug metabolism. 
In human liver microsomes, carfilzomib did exhibit an inhibitory effect on the 
 cytochrome P450 CYP3A enzyme activity and midazolam metabolism, although 
there was no clinically relevant drug-drug interaction when tested in humans. 
This  discrepancy may be explained by carfilzomib’s short half-life, which would 
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limit the actual exposure of cytochrome P450 enzymes to intact drug. In addition, 
carfilzomib was extensively plasma protein bound, further limiting hepatocyte 
exposure to free circulating drug [34].

While biweekly dosing on days 1 and 4 has been established as the standard for 
bortezomib, more intense and frequent carfilzomib dosing schedules were explored 
in animal models to maintain proteasome suppression between doses. Daily dosing 
up to 2 mg/kg for five consecutive days resulted in peak inhibition of the ChT-L 
activity of >80 % and was well tolerated in rodents. Antitumor activity and various 
dosing schedules of carfilzomib were also evaluated in HT-29 colorectal adenocar-
cinoma, RL B cell lymphoma, and HS-Sultan Burkitt’s lymphoma murine xenograft 
models. Notably, efficacy was most pronounced when carfilzomib at 5 mg/kg was 
given on days 1 and 2 of each week compared with a biweekly, day 1 and 4 sched-
ule, or a weekly, 10 mg/kg schedule. It was also more effective than bortezomib 
given at 1 mg/kg on days 1 and 4, considered the maximum tolerated dose (MTD) 
for mice. These results suggested that carfilzomib efficacy is schedule dependent 
and may be attributed to suppression of proteasome recovery between doses when 
the drug is given on consecutive days [19].

3.5  Clinical Studies

3.5.1  Phase I Monotherapy Studies in Hematologic 
Malignancies

Based on its encouraging in vitro and in vivo preclinical efficacy, the first-in-human 
PX-171-001 phase I clinical trial with carfilzomib was initiated in 2005 to evaluate 
the safety and tolerability of the drug [35]. Patients with relapsed and refractory 
MM, non-Hodgkin lymphoma (NHL), Hodgkin lymphoma (HL), or Waldenström’s 
macroglobulinemia (WM) were enrolled in this study. Carfilzomib was administered 
on days 1–5 every 14 days starting at 1.2 mg/m2 per day and progressively dose-
escalated up to 20 mg/m2. DLTs were only observed at the highest dosing level of 
20 mg/m2, with one patient experiencing grade 3 febrile neutropenia and one patient 
experiencing grade 4 thrombocytopenia. Hence, the preceding dose level of 15 mg/
m2 was deemed to be the MTD. Overall, carfilzomib was well tolerated, with the 
most common side effects being nausea and fatigue. Of 29 total patients enrolled in 
the study across all dose cohorts, 14 (48 %) patients experienced a grade 3/4 adverse 
event (AE), although only 4 (14 %) patients discontinued treatment due to an 
AE. Notably, there was no grade 3/4 peripheral neuropathy reported, despite having 
patients with preexisting neuropathy enrolled in the study. Among the patients who 
received at least six cycles of therapy, the most common reason for treatment discon-
tinuation was the inability to maintain compliance with the intensive daily dosing 
schedule. There was one unconfirmed complete response (uCR) in a mantle cell 
lymphoma patient, one partial response (PR) in a bortezomib-refractory MM patient, 
and two minor responses in one MM patient and one WM patient. Nine patients had 
stable disease, and 15 patients ultimately had progression of disease while on study.
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An alternative dosing schedule was explored in the PX-171-002 phase I study, in 
which carfilzomib was given on days 1, 2, 8, 9, 15, and 16 of an every 28-day cycle 
[36]. A total of 37 patients with relapsed and refractory MM, NHL, or HL were 
enrolled in the dose-escalation portion of the study, and 11 additional patients were 
enrolled in the dose-expansion arm, in which patients received carfilzomib, 20 mg/
m2, on days 1 and 2, followed by a dose-escalation to 27 mg/m2 for subsequent 
doses. The most common carfilzomib-related grade 3/4 toxicities were anemia 
(36 %) and thrombocytopenia (27 %) in the dose-expansion cohort, and no grade 
3/4 peripheral neuropathy was reported. Pharmacodynamic studies demonstrated 
>90 % inhibition of the ChT-L activity after day 2 with the 27 mg/m2 dose, similar 
to what was seen after completion of five consecutive 15 mg/m2 doses in the 
PX-171-001 study [35], and greater than the 65–70 % inhibition that was seen with 
biweekly bortezomib dosing in a previous study [37]. Of the 45 response-evaluable 
patients, 17 (38 %) had objective responses, and all but one had MM. Responses 
were generally seen at doses of 15 mg/m2 or greater, at which inhibition of ChT-L 
activity exceeded 70 %. Overall tolerability was similar between the two dosing 
schedules in the PX-171-001 and PX-171-002 studies, although the less frequent 
twice-weekly regimen led to fewer treatment discontinuations and was therefore 
chosen as the preferred dosing schedule in subsequent trials (Table 3.1).

3.5.2  Phase II Monotherapy Studies in MM

The safety and tolerability of carfilzomib, and early evidence of its efficacy, prompted 
further investigation in phase II studies. The PX-171-003-A0 pilot phase II study 
began in 2007 and enrolled 46 patients with relapsed and refractory MM who had 
received at last two prior therapies, including bortezomib and an IMiD [38]. Patients 
received carfilzomib, 20 mg/m2, on days 1, 2, 8, 9, 15, and 16 on a 28-day cycle for 
up to 12 cycles. Overall response rate (ORR, ≥PR) was 17 %, with 7 (17 %) PRs, 

Table 3.1 Phase 1 trials reported to date with single-agent carfilzomib in MM

Study Disease Dosing regimen N MTD

PX-171-001 Hematologic 
malignancies

1.2–20 mg/m2 D1–5  
(14-day cycle)

29 Total 15 mg/m2

O’Connor et al. [35] 10 MM
PX-171-002 Hematologic 

malignancies
Dose escalation: 1.2–27 mg/m2 
D1–2, 8–9, 15–16 (28-day cycle)

37 Total Not reached

Alsina et al. [36] Dose expansion: 20/27 mg/m2 
D1–2, 8–9, 15–16 (28-day cycle)

21 MM
11 Total
7 MM

PX-171-007 R/R MM 20 mg/m2 C1D1–2, then  
dose-escalated to 36–70 mg/m2 
D8–9, 15–16 (28-day cycle)a

20 56 mg/m2

Papadopoulos  
et al. [65]

D day, N number, C cycle, R/R relapsed/refractory, MM multiple myeloma, MTD maximum 
 tolerated dose
a30-min carfilzomib infusion
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3 (7 %) minor responses (MRs), and 17 (40 %) patients with stable disease (SD) as 
defined by the International Myeloma Working Group Uniform Response criteria 
[39] with MR assessed by the European Group for Blood and Marrow Transplantation 
criteria [40]. Median duration of response was 7.2 months among PR patients, and 
median time to progression (TTP) for all patients was 3.5 months. As seen in the 
phase I trials, the most common grade 3/4 AEs were hematologic in nature, includ-
ing anemia (37 %), thrombocytopenia (26 %), and lymphopenia (13 %). Grade 3/4 
nonhematologic AEs were rare although, notably, 6 (13 %) patients did experience 
grade 3/4 renal failure, among which four of these events were thought to be unre-
lated to carfilzomib. Only 7 (15 %) patients experienced treatment-emergent periph-
eral neuropathy, despite 40 (87 %) patients having preexisting neuropathy at the 
time of study entry. Overall, carfilzomib was well tolerated, with disease progres-
sion being the most common reason for treatment discontinuation.

Shortly after the initiation of the PX-171-003-A0 study, accrual began for a sig-
nificantly larger phase IIB expansion cohort (PX-171-003-A1) in 2008 [41]. A total 
of 266 patients with relapsed MM after at least two therapies, and with disease that 
was refractory to their most recent treatment, were enrolled in the study. Every 
patient had received prior IMiD therapy, and all but one patient had received prior 
bortezomib therapy. Patients initially received twice-weekly carfilzomib, 20 mg/m2, 
and were dose-escalated to 27 mg/m2 for all subsequent doses if cycle 1 was well 
tolerated. Among these patients, 73 % were refractory to bortezomib in any line of 
therapy, and 45 % were refractory to bortezomib during their most recent therapy. 
Of 257 response-evaluable patients, the ORR was 24 %, with 47 (18.3 %) PRs, 13 
(5.1 %) very good partial responses (VGPRs), and 1 (0.4 %) CR. In 61 patients who 
achieved a PR or better, the median duration of response was 7.8 months. Median 
progression-free survival (PFS) was 3.7 months, and median overall survival (OS) 
was 15.6 months for the entire study population. While these results were certainly 
encouraging considering the heavily pretreated study cohort, evidence of protea-
some inhibitor cross-resistance to carfilzomib was seen in a subset of patients, as 
response rates were notably lower in patients with ≥2 lines of bortezomib therapy 
(18.5 %) compared to those with <2 lines (29.5 %). Response rates were also lower 
in patients who were refractory to bortezomib in their last line of therapy (18.6 %) 
versus patients who did not receive bortezomib in their most recent therapy (28.3 %). 
Notably, the ORR was comparable in patients with high-risk (26 %) and standard- 
risk cytogenetic profiles (25 %), with a trend toward shorter duration of response in 
high-risk patients [42]. Overall, carfilzomib was well tolerated, with the most com-
mon grade 3/4 AEs being thrombocytopenia (29 %) and anemia (24 %).

Similar to the phase I results, only 33 (12 %) patients reported any degree of 
treatment-emergent peripheral neuropathy, with the majority of cases (91 %) being 
of grade 1/2 severity. This was a significant improvement from the 38 % rate of 
treatment-emergent peripheral neuropathy reported with subcutaneous bortezomib, 
and 53 % reported with intravenous bortezomib [43]. The basis for this difference in 
side effect profiles was further investigated in vitro on neuronal cell lines treated with 
either bortezomib or carfilzomib. Only bortezomib induced shortening of neurite 
length, despite equivalent inhibition of proteasome activity with both drugs [44]. 
Using an activity-based probe approach, bortezomib was found to inhibit multiple 
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non-proteasomal serine proteases, such as cathepsin G, cathepsin A, chymase, 
dipeptidyl peptidase II, and HtrA2/Omi with similar potencies compared to its 
activity against the ChT-L activity of the proteasome. Bortezomib-induced inhibi-
tion of mitochondrial HtrA2/Omi was thought to be of particular consequence, 
given its known protective role against neurodegeneration, although additional con-
firmatory studies characterizing the precise mechanisms of bortezomib-induced 
neuropathy are still needed. Nevertheless, as suggested in earlier studies, these 
experiments highlighted the specificity of carfilzomib’s epoxyketone pharmaco-
phore due to its interaction with the N-terminal nucleophilic threonine residue 
found exclusively on the β5 proteasome subunit, in contrast with the more promis-
cuous boronate pharmacophore [11].

The positive results from the PX-171-003-A1 phase IIB expansion cohort 
prompted the filing of a New Drug Application (NDA) for carfilzomib in late 2011. 
Data from the trial and earlier phase I and preclinical studies were presented to the 
Oncologic Drugs Advisory Committee (ODAC) of the FDA in June 2012. Despite 
initial concerns for drug safety and efficacy outlined in the FDA briefing document 
[45], ODAC strongly voted in favor of recommending carfilzomib’s regulatory 
approval. One month later, the FDA granted accelerated approval of carfilzomib 
20 mg/m2 for cycle 1 and 27 mg/m2 for cycle 2 and thereafter in patients who had 
received at least two prior therapies, including bortezomib and an IMiD, and who 
had progressed during or within 60 days of their most recent therapy.

Following its initial NDA filing, additional single-agent carfilzomib phase II 
studies were reported looking at its efficacy in various patient populations. The 
PX-171-004 trial, a parallel study to the PX-171-003-A1 study, evaluated the effi-
cacy of carfilzomib in a less heavily pretreated patient population including a large 
cohort of relapsed and refractory bortezomib-naïve MM patients [46]. Among 59 
bortezomib-naïve patients who received twice-weekly carfilzomib at 20 mg/m2, the 
ORR was 42 %, including 2 (3.4 %) CRs, 8 (13.6 %) VGPRs, and 15 (25.4 %) PRs. 
A second cohort of 70 bortezomib-naïve patients who were dose-escalated to twice- 
weekly carfilzomib at 27 mg/m2 after cycle 1 had a higher ORR of 52 %, including 
1 (1.5 %) CR, 18 (26.9 %) VGPRs, and 16 (23.9 %) PRs. Reponses were durable, 
with a median PFS of 54 % at 9 months follow-up between the two cohorts. While 
the high ORR in the dose-escalation cohort was very promising, the lower limit of 
its 95 % confidence interval did not exceed the 40 % chosen for the study based on 
historical response rates of single-agent bortezomib in a similar patient population 
[47, 48]. Given the limitations and pitfalls of inter-study comparisons, the results of 
the ongoing phase III ENDEAVOR (Randomized, Open-label, Phase III Study of 
Carfilzomib Plus Dexamethasone vs Bortezomib Plus Dexamethasone in Patients 
With Relapsed Multiple Myeloma) trial will provide important insight as to any 
added benefit of the use of carfilzomib in this setting.

The increase in the ORR from 42 to 52 % between the 20 and 27 mg/m2 dosing 
groups, respectively, also raised the question of whether a greater dose-dependent 
proteasome inhibition is correlated with improved efficacy. Although phase I studies 
established the MTD of carfilzomib at 27 mg/m2 given over a 2–10 min intravenous 
bolus, preclinical studies in rats suggested that higher doses could be administered 
at slower infusion rates with greater tolerability and equivalent levels of proteasome 
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inhibition compared with bolus administration [32]. This was the rationale of the 
phase Ib/II PX-171-007 study, in which relapsed/refractory MM patients were given 
carfilzomib, 20 mg/m2, on days 1 and 2 over 30 min and were then dose-escalated to 
levels up to 70 mg/m2 in subsequent weeks. The MTD was determined to be 56 mg/
m2, and of 24 patients in the 20/56 mg/m2 cohort, the ORR was 60 % with a median 
duration of response of 8.0 months at the interim analysis [49]. Pharmacodynamic 
studies demonstrated a >95 % inhibition of the ChT-L activity in peripheral blood 
mononuclear cells at the 56 mg/m2 dose versus >80 % inhibition at 20 mg/m2. The 
most common grade 3/4 AEs in the 20/56 mg/m2 cohort were thrombocytopenia 
(38 %) and anemia (21 %), and only one case of peripheral neuropathy (grade 1) 
was reported. Based on these results, infusional carfilzomib at 20/56 mg/m2 was 
chosen as the dose for the ongoing phase III ENDEAVOR trial in its direct head-to-
head comparison with bortezomib in relapsed MM patients. This also provided the 
rationale of the recently activated SWOG S1304 randomized phase II study in its 
comparison of high-dose carfilzomib 20/56 mg/m2 versus low-dose carfilzomib 
20/27 mg/m2 combined with dexamethasone in both arms.

Finally, the PX-171-005 phase II study evaluated the efficacy of carfilzomib in 
patients with varying degrees of renal insufficiency [50]. Patients were divided into 
four cohorts depending on their creatinine clearance (>80 ml/min, 50–80 ml/min, 
30–49 ml/min, or <30 ml/min and on chronic hemodialysis) and were progressively 
dose-escalated from twice-weekly carfilzomib at 15 mg/m2 for cycle 1, 20 mg/m2 
for cycle 2, and 27 mg/m2 for cycle 3 and beyond. The ORR was 26 % for the entire 
study population with a median duration of response of 7.9 months. Importantly, 
there was no difference in carfilzomib clearance, degree of proteasome inhibition, 
or incidence of grade 3/4 AEs between the patient cohorts, thus confirming the 
safety and efficacy of carfilzomib in patients with renal impairment (Table 3.2).

Table 3.2 Phase 2 trials reported to date with single-agent carfilzomib in MM

Study Disease
Dosing regimen  
(28-day cycle) N

ORR, PR,  
VGPR, CR

PX-171-003-A0 R/R MM 20 mg/m2 D1–2,  
8–9, 15–16

46 16.7 %, 16.7 %,  
0 %, 0 %Jagannath et al. [38]

PX-171-003-A1 R/R MM 20/27 mg/m2 D1–2,  
8–9, 15–16

266 23.5 %,18.3 %,  
5.1 %, 0.4 %Siegel et al. [41]

PX-171-004 R/R MM,  
bortezomib naïve

Cohort 1: 20 mg/m2  
D1–2, 8–9, 15-16

59 42.4 % 25.4 %, 
13.6 %, 3.4 %

Vij et al. [46] Cohort 2: 20/27 mg/m2  
D1–2, 8–9, 15–16

70 52.2 %, 23.9 %, 
26.9 %, 1.5 %

PX-171-005 R/R MM with  
renal impairment

15/20/27 mg/m2  
D1–2, 8–9, 15–16

50 25.5 %, 25.5 %
Badros et al. [50] 0 %, 0 %
PX-171-007 Newly  

diagnosed MM
20/56 mg/m2 D1–2,  
8–9, 15–16a

20 60 %, 35 %
Papadopoulos et al. [49] 20 %, 5 %b

D day, N number, MM multiple myeloma, R/R relapsed/refractory, ORR overall response rate,  
PR partial response, VGPR very good partial response, CR complete response
a30-min carfilzomib infusion
bStringent CR

3 Overcoming Bortezomib Resistance…



92

3.5.3  Carfilzomib Combination Studies

With the demonstration of the efficacy of single-agent carfilzomib in relapsed MM 
patients, many trials are now underway investigating its safety, tolerability, and effi-
cacy in combination with other novel agents. In the phase Ib/II PX-171-006 trial, 
patients with relapsed and/or refractory MM were dose-escalated to the MTD of 
carfilzomib 20 mg/m2 on days 1 and 2, and 27 mg/m2 thereafter, along with lenalido-
mide at 25 mg on days 1–21, and low-dose dexamethasone at 40 mg once weekly on 
a 28-day cycle [51]. Of 52 patients who received the MTD, 42 (81 %) had received 
prior bortezomib therapy, of which 14 (27 %) had disease that was refractory to such 
treatment. The ORR was 77 % in the MTD study population, and 71 % in the subset 
of bortezomib-refractory patients, an improvement on the historical ORR of 60 % 
with lenalidomide and dexamethasone [52, 53], and 68 % with the combination of 
bortezomib, lenalidomide, and dexamethasone [54] in the relapsed setting. Overall, 
the combination was well tolerated, with one-third of study patients completing 12 
or more cycles of therapy. The ongoing phase III ASPIRE (Carfilzomib, 
Lenalidomide, and Dexamethasone versus Lenalidomide and Dexamethasone for 
the treatment of Patients with Relapsed Multiple Myeloma) trial has finished accrual 
and is awaiting data maturation, and its results will provide additional insight as to 
the potential added benefit of carfilzomib use in this setting.

Several phase I and II trials looking at carfilzomib combinations in newly 
 diagnosed MM patients have also been reported. An impressive 98 % ORR, includ-
ing 81 % VGPR and 62 % near-complete responses (nCR), were recently reported 
in 53 patients enrolled in a phase I/II study who received carfilzomib in combination 
with lenalidomide and low-dose dexamethasone in the frontline setting [55]. While 
the ORR in a phase II study with bortezomib, lenalidomide, and dexamethasone in 
newly diagnosed patients was 100 %, the depth of response was slightly lower in the 
bortezomib combination, with 57 % of patients achieving ≥nCR, and 74 % of 
patients achieving ≥VGPR [56]. Again, given the limitations and pitfalls of inter- 
study comparisons, ongoing randomized studies such as the Eastern Cooperative 
Group E1A11 phase III trial comparing carfilzomib or bortezomib with lenalido-
mide and dexamethasone in newly diagnosed MM patients will be important in 
determining if these incremental improvements with carfilzomib hold true.

A number of other phase I/II studies with carfilzomib in combination with other 
novel agents are currently ongoing, with early interim results reporting favorable 
safety profiles and encouraging efficacy data. In the relapsed and refractory setting, 
these have included carfilzomib in combination with the novel kinesin spindle pro-
tein inhibitor ARRY-520 [57], histone deacetylase inhibitors such as panobinostat 
[58, 59], and the third-generation IMiD pomalidomide [60]. In newly diagnosed 
patients, carfilzomib is being tested in combination with thalidomide and dexameth-
asone [61]; thalidomide, cyclophosphamide, and dexamethasone [62]; or cyclo-
phosphamide and dexamethasone [63]. Lastly, the safety and efficacy of carfilzomib 
is also being explored in the transplant-ineligible population in combination with 
melphalan and prednisone [64]. Final results from these studies and other ongoing 
trials are eagerly anticipated as rational drug combinations with carfilzomib con-
tinue to be developed in both the upfront and relapsed/refractory settings.
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3.6  Conclusions

While the introduction of the first-in-class proteasome inhibitor bortezomib and the 
second-generation IMiD lenalidomide to the MM therapeutic armamentarium has 
led to substantial improvements in patient outcomes, eventual drug resistance to 
such novel agents remains an emerging problem of great significance and an area of 
intense research focus. The second-generation proteasome inhibitor carfilzomib has 
shown promise as having potent activity in bortezomib-resistant MM in both pre-
clinical models and human clinical studies. This may be explained in part due to its 
distinct mechanistic and structural properties allowing for irreversible binding of 
the β5 proteasome subunit, leading to more sustained proteasome inhibition. 
Moreover, its greater selectivity for the ChT-L activity of the β5 subunit and lack of 
inhibition of non-proteasomal proteases may explain the significant decrease in 
treatment-emergent peripheral neuropathy seen with carfilzomib compared with 
bortezomib, although additional studies are needed to further characterize these dif-
ferences in side effect profile between the two drugs.

Despite these advances, response rates to single-agent carfilzomib remain only 
20 % in bortezomib-refractory patients. While upregulation of proteasomal subunit 
genes may explain carfilzomib’s efficacy in certain subsets of bortezomib-refractory 
patients, cross-resistance through other mechanisms that have been implicated in 
models of primary or secondary proteasome inhibitor resistance is also likely 
involved as described in detail in Chap. 1. An improved understanding and valida-
tion of emerging mechanisms of resistance will be critical in the development of 
next-generation proteasome inhibitors and rational drug combinations to overcome 
resistance and to establish predictive biomarkers to help individualize therapy in 
patients with MM.
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Chapter 4
Proteasome Inhibitors in the Treatment 
of Multiple Myeloma and AL Amyloidosis

Jeffrey A. Zonder

Abstract Therapeutic advances in the last decade have led to improved outcomes 
for people diagnosed with multiple myeloma (MM) and primary systemic (AL) 
amyloidosis. Foremost among these advances is the incorporation of proteasome 
inhibitors (PIs) and immunomodulatory drugs (IMiDs) into treatment regimens. 
Induction regimens for MM which incorporate one or both of these drug classes are 
associated with response rates ranging from 80 to 100 % in various studies. Myeloma 
remains a generally incurable disease with most patients relapsing within 5 years of 
initial therapy. Specific “high-risk” cytogenetic abnormalities in the malignant 
clone predict particularly short disease control. Results of therapy for relapsed 
 disease are typically inferior to initial treatment, both in terms of likelihood and 
duration of response. Thus, resistance to proteasome inhibitor-based therapies, both 
inherent and acquired, remains a problem in the therapy of clonal plasma cell disor-
ders. This chapter will provide a general overview of the use of PIs in myeloma and 
AL amyloidosis, with particular emphasis on the limitations of such therapy.
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IMiDs Immunomodulatory drugs
IV Intravenously
IXZ Ixazomib, MLN-9708
LEN Lenalidomide
MEL Melphalan
MM Multiple myeloma
MRZ Marizomib, NPI-0052, salinosporamide A
OPZ Oprozomib, ONX-0912, PR-047
PAD BTZ+doxorubicin+DEX
PIs Proteasome inhibitors
PN Peripheral neuropathy
PR Partial response
SC Subcutaneously
UPS Ubiquitin-proteasome system
VAD Vincristine-adriamycin [doxorubicin]-dexamethasone
VGPR Very good partial response
VMP BTZ + MEL + PRED
VRD BTZ+LEN+DEX
VTD BTZ + THAL + DEX

4.1  Introduction

Multiple myeloma (MM) is a malignant plasma cell disorder associated with renal 
insufficiency, anemia, and altered bone metabolism with destructive bone lesions 
and increased risk for pathologic fractures. Most patients with MM have a measur-
able monoclonal immunoglobulin and/or free light chain in the serum or urine. 
Primary systemic (AL) amyloidosis is a related clonal plasma cell disorder in which 
abnormally folded monoclonal light chains aggregate into extracellular fibrillar pro-
tein deposits, resulting in organ dysfunction. There is some overlap between these 
two conditions, with approximately 10–15 % (perhaps higher) of MM cases com-
plicated by coexisting AL [1]. Therapy for MM has evolved significantly over the
last two decades, notably with the widespread use of high-dose chemotherapy with 
autologous stem cell transplant (ASCT) and also the development of two important
classes of drugs, proteasome inhibitors (PIs), and immunomodulatory drugs 
(IMiDs). Therapy for AL has largely paralleled that of MM, albeit with some lag, as 
the condition is significantly less common and survival is often shorter.

The ubiquitin-proteasome system (UPS) is primarily responsible for the degra-
dation of the majority of intracellular proteins, thereby playing a key role in protein 
homeostasis. The proteasome itself is a multiunit protease complex with a cylindri-
cal catalytic core comprised of subunits which possess varying proteolytic functions 
[2]. Three specific subunits—β1, β2, and β5, which possess caspase-like, trypsin- 
like, and chymotrypsin-like function, respectively—account for the bulk of the pro-
teolytic function of the organelle. Proteasome inhibition leads to intracellular 
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accumulation of ubiquitinated proteins, ultimately triggering cell death [3].
Malignant cells are particularly susceptible to the effects of targeted proteasomal 
inhibition, largely through the resultant effects on NF-κB signaling [4, 5].

Bortezomib (BTZ) was the first FDA-approved proteasome inhibitor. The drug is 
currently approved for treatment of MM and also mantle cell lymphoma. This 
dipeptide boronic acid derivative preferentially inhibits the β5 subunit, and to a 
lesser degree the β1 subunit, in a reversible fashion [6]. BTZ may be administered
either intravenously (IV) or subcutaneously (SC). Carfilzomib (CFZ) is an intrave-
nous second-generation irreversible epoxyketone PI with increased binding speci-
ficity for the β5 subunit [7]. The pharmacodynamic properties of BTZ and CFZ
likely account for much of the observed differences in efficacy and toxicity, although
“off-target” effects may also play a role [8]. In 2012, CFZ was approved in the
United States as treatment for myeloma relapsing after prior BTZ and IMiD ther-
apy. Newer PIs are currently in clinical development, including the oral agents ixa-
zomib (IXZ) and oprozomib (OPZ). Currently none of these drugs are FDA-approved
for treatment of AL, but as will be discussed below, BTZ has emerged as one of the 
most widely used agents.

Herein, the use of BTZ and CFZ, as well as newer PIs, as treatment for all stages
of MM and AL will be discussed.

4.2  Frontline Therapy of Multiple Myeloma 
with Bortezomib-Containing Regimens

Up until the 1980s therapy for MM generally consisted of combinations of cortico-
steroids (e.g., prednisone or dexamethasone), alkylating agents (e.g., melphalan or
cyclophosphamide), vinca alkaloids (e.g., vincristine), and/or anthracyclines (e.g., 
doxorubicin) administered in repeating cycles until disease progression [9]. Such
regimens typically induced responses (usually partial) 55–70 % of the time.
Responses generally lasted 1–2 years, after which time salvage options were lim-
ited. Thus, median survival after a diagnosis of MM was generally accepted to be 
2–3 years at that time [10]. The advent and widespread adoption of high-dose mel-
phalan (MEL) therapy with ASCT changed expectations somewhat for younger,
fitter patients. Some patients who failed to respond to induction regimens of the era 
would respond to subsequent therapy with high-dose MEL/ASCT. This modality
resulted in higher overall response rates, higher complete response rates, longer 
time until disease progression, and—in some studies—improved survival. A com-
mon strategy for transplant-eligible patients throughout the 1990s involved three or 
four 28-day cycles of induction therapy with a regimen like VAD (vincristine-
adriamycin [doxorubicin]-dexamethasone) followed by high-dose MEL and then
ASCT. Within a few years of the first report describing the use of thalidomide as
treatment for MM [11], this IMiD became one of the most widely used frontline
drugs [12]. It was in this setting that proteasome inhibitors began to be explored as
initial therapy for MM.

4 Proteasome Inhibitors in the Treatment of Multiple Myeloma and AL Amyloidosis
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There is relatively little published experience with single-agent BTZ as initial
therapy of MM. In a phase II study involving 49 previously untreated, symptomatic
MM patients treated with BTZ (with or without DEX) for a maximum of six 3-week
cycles, 90 % of patients ultimately achieved at least a partial response to therapy 
[13, 14]. All patients were initially treated with BTZ monotherapy, with DEX only
added after cycle 2 (if less than a partial response [PR]) or cycle 4 (if less than a
complete response [CR]). DEX was eventually added in 36 of the patients, with
subsequent improvement in response in 28 cases. More than half of the patients in
this small study went on to receive MEL/ASCT, hampering assessment of response
duration, but in the patients who did not get MEL/ASCT, the median time until
subsequent therapy was approximately 22 months. In the IFM 2005-01 phase III
trial, the overall response rate among 240 MM patients randomized to initial therapy
comprised of four cycles of BTZ+DEX was 78.5 % [15]. Although this is slightly
lower than the rate reported by Jagannath et al. [14], it was superior to
VAD. Additionally, subsequent MEL/ASCT increased the overall response rate to
just over 90 %, with 61 % of patients achieving at least a 90 % reduction in their 
myeloma m-protein. It should be noted that over half of the patients treated with 
BTZ+DEX induction on the IFM 2005-001 study developed treatment-emergent
peripheral neuropathy (PN), including functionally significant in a third of cases.
This high incidence was likely due in large part to the twice-weekly IV BTZ sched-
ule. It has since been shown that weekly dosing and/or SC administration attenuates
the risk of severe PN [16–19].

BTZ-containing combination regimens incorporating IMiDs and/or older anti- 
myeloma drugs have been studied extensively. The HOVON-65/GMMG-HD4 Trial
[20] evaluated BTZ +doxorubicin+ DEX [PAD] induction, and the IFM2007-02
[21], GIMEMA MM-BO2005 [22], and GEM05-MENOS65 [23] Trials evaluated
BTZ+THAL+DEX (VTD) induction in patients eligible for MEL/ASCT. As dem-
onstrated in Table 4.1, the overall response rates after induction with such regimens 
is in excess of 90 %. As was seen following BTZ +DEX induction, subsequent
MEL/ASCT improved the quality of responses, with half or more of the patients
achieving a CR. The median time to progression after BTZ-based induction and
subsequent MEL/ASCT was just over 3 years in a meta-analysis of these studies,
slightly superior to the pooled results observed in the non-BTZ-containing com-
parator arms [24]. In the United States, the most commonly used induction combi-
nation regimen for transplantable MM patients is BTZ +LEN +DEX (VRD), despite
only phase II data being available thus far [25]. Overall response rates with the
combination approach are 100 %, with a large percentage of patients achieving at 
least a 90 % reduction in the m-protein. As both BTZ and LEN are associated with
peripheral neuropathy, it is not surprising that the incidence of PN reported for this
combination is >50 % [25, 26]. MEL/ASCT is readily feasible following limited
VRD induction [25]. Currently there are several ongoing phase III studies utilizing
VRD (e.g., S-0777 comparing VRD to RD and the DFCI/IFM Trial utilizing VRD
as induction followed by immediate or delayed MEL/ASCT). Another regimen that
has become widely used based on the results of phase II data is CyBorD [27, 28],
particularly in patients with impaired renal function.

J.A. Zonder



103

Ta
bl

e 
4.

1
K

ey
bo

rt
ez

om
ib

tr
ia

ls
in

ne
w

ly
di

ag
no

se
d

m
ye

lo
m

a
pa

tie
nt

s

Pa
tie

nt
 p

op
ul

at
io

n
St

ud
y

R
eg

im
en

N
R

es
po

ns
e 

ra
te

 (
%

)a
R

es
po

ns
e 

du
ra

tio
n

Su
rv

iv
al

R
ef

er
en

ce

N
on

-A
SC

T
V

IS
TA

V
M

P
34

4
71

(C
R

30
)

24
.0

m
on

th
s

56
.4

m
on

th
s

[2
7]

M
P

33
8

35
(C

R
4)

16
.6

 m
on

th
s

43
.1

m
on

th
s

N
on

-A
SC

T
G

IM
E

M
A

- 
M

M
-0

3-
05

V
M

PT
-V

T
25

4
89

(C
R

38
)

56
 %

 3
 y

ea
r 

PF
S

89
%

3
ye

ar
s

O
S

[1
6]

V
M

P
25

7
81

(C
R

24
)

41
%

3
ye

ar
s

PF
S

87
%

3
ye

ar
s

O
S

N
on

-A
SC

T
G

E
M

05
M

A
S6

5
V

M
P

13
0

80
 (

≥
nC

R
32

)
34

m
on

th
s

74
%

3
ye

ar
s

O
S

[2
9]

In
du

ct
io

n
V

T
P

13
0

81
 (

≥
nC

R
36

)
25

m
on

th
s

65
%

3
ye

ar
s

O
S

M
ai

nt
en

an
ce

V
T

91
95

 (
≥

nC
R

56
)

39
 m

on
th

s
69

%
5

ye
ar

s
O

S
V

P
87

97
(≥

nC
R

50
)

32
m

on
th

s
60

%
5

ye
ar

s
O

S
N

on
-A

SC
T

U
PF

R
O

N
T

V
D

-V
16

8
73

(≥
nC

R
30

)
14

.3
m

on
th

s
73

.7
%

2
ye

ar
s

O
S

[3
0]

V
T

D
-V

16
7

80
 (

≥
nC

R
40

)
14

.9
m

on
th

s
73

.6
%

2
ye

ar
s

O
S

V
M

P-
V

16
7

69
 (

≥
nC

R
33

)
17

.3
m

on
th

s
77

.6
%

2
ye

ar
s

O
S

A
SC

T
H

O
V

O
N

65
-

G
M

M
G

-H
D

4
PA

D
-V

 m
ai

nt
en

an
ce

37
1

91
 (

≥
nC

R
49

)
36

 m
on

th
s

78
%

3
ye

ar
s

O
S

[2
0]

V
A

D
-T

 m
ai

nt
en

an
ce

37
3

83
 (

≥
nC

R
34

)
27

m
on

th
s

70
%

3
ye

ar
s

O
S

A
SC

T
IF

M
20

05
-0

1
V

D
-A

SC
T

24
0

90
.9

 (
≥

nC
R

39
.6

)
36

 m
on

th
s

81
.4

%
3

ye
ar

s
O

S
[1

5]
V

A
D

-A
SC

T
24

2
91

.3
 (

≥
nC

R
21

.7
)

20
.7

m
on

th
s

77
.4

%
3

ye
ar

s
O

S
A

SC
T

G
E

M
05

-  
M

E
N

05
65

V
T

D
-A

SC
T

13
0

85
 (

≥
nC

R
35

)
N

R
N

R
[2

3]
T

D
-A

SC
T

12
7

64
(≥

nC
R

14
)

C
he

m
o/

B
tz

-A
SC

T
12

9
75

(≥
nC

R
21

)
A

SC
T

G
IM

E
M

A
V

T
D

-A
SC

T
24

1
93

 (
≥

nC
R

73
)

68
 %

 3
 y

ea
rs

 P
FS

86
%

3
ye

ar
s

O
S

[2
2]

T
D

-A
SC

T
23

9
99

 (
≥

nC
R

61
)

56
 %

 3
 y

ea
rs

 P
FS

84
%

3
ye

ar
s

O
S

A
SC

T
IF

M
20

07
-0

2
V

T
D

-A
SC

T
10

0
89

(C
R

29
)

26
m

on
th

s
N

R
(“

N
o

di
ff

er
en

ce
”)

[2
1]

V
D

-A
SC

T
99

86
(C

R
31

)
30

 m
on

th
s

M
ix

ed
Ph

as
e 

II
R

V
D

66
10

0
(C

R
29

)
75

%
18

m
on

th
s

 
PF

S
(9

7
%

w
A

SC
T

)
N

R
[2

5]

M
ix

ed
Ph

as
e 

II
C

yB
or

D
63

90
 (

≥
nC

R
41

)
2.

7
ye

ar
s

88
%

3
ye

ar
s

O
S

[2
7]

a R
es

po
ns

e
ra

te
s

in
A

SC
T

tr
ia

ls
ar

e
th

e
po

st
tr

an
sp

la
nt

re
su

lts

4 Proteasome Inhibitors in the Treatment of Multiple Myeloma and AL Amyloidosis



104

BTZ-containing combination regimens have also been developed in older,  
non- transplantable MM patients. Studies in this patient population provide more 
insight regarding the emergence of resistance to BTZ-containing therapy without 
the confounding influence of subsequent high-dose therapy. The VISTA trial, in 
which nine 6-week cycles of BTZ + MEL + PRED (VMP) was compared to MP, 
established the former as a widely used standard in older patients, due to the higher 
overall response rate (71 % vs. 35 %), CR rate (30 % vs. 4 %), time to disease pro-
gression (19.9 months vs. 13.1 months), and overall survival [29]. As in other stud-
ies, PN was observed in the VMP arm. Herpes zoster reactivation (“shingles”) was
common in the VMP arm, as well, though the incidence was reduced with the addi-
tion of antiviral prophylaxis [29, 30]. Other trials have largely confirmed the clinical
efficacy of VMP [16, 31, 32].

4.3  Bortezomib-Based Regimens for Previously  
Treated Multiple Myeloma

BTZ, with or without dexamethasone, is an FDA-approved therapy for patients with
myeloma progressing after prior treatment. The CREST and SUMMIT trials were
phase II studies in which a total of 256 patients with previously treated myeloma
received intravenous BTZ on days 1, 4, 8, and 11 of repeating 21-day cycles [33, 34].
DEX could be added if necessary for suboptimal response to initial monotherapy. 
The response rates reported for CREST and SUMMIT were in the 30–40 % range
with BTZ monotherapy; adding DEX increased the likelihood of response some-
what. The duration of responses was short, with a median of just over a year for 
patients in the SUMMIT trial. The APEX trial was a subsequent randomized trial 
comparing BTZ monotherapy to DEX alone as treatment for relapsed multiple 
myeloma [35]. The response rate among patients randomized to BTZ was 38 %,
with responses lasting a median of 8 months. Response rate and duration were 
slightly improved in the subset of patients who had had only prior line of therapy 
before enrollment in the APEX trial. As none of the patients in APEX, SUMMIT, or 
CREST had had prior BTZ, one can conclude that relapsing myeloma has a higher
degree of inherent PI resistance than does myeloma that has not been previously 
treated. This is not surprising, as resistance to other drug classes, including cortico-
steroids, alkylating agents, and IMiDs, also increases after prior therapy. Combination
regimens may partially overcome drug resistance. Reported response rates to com-
binations like VRD [36], PAD [37], and CyBorD are generally higher than those
reported for BTZ alone in patients with relapsed myeloma, though not as high the 
response rates observed for the same regimens when used as initial therapy.

Retreatment with BTZ after prior use of the drug has been studied. A fairly large 
prospective study evaluated the efficacy of BTZ (with DEX in most cases) in 
myeloma patients who had previously responded to BTZ-based therapy [38]. The
response rate (40 %) and duration (6.5 months) are similar to that seen after treat-
ment with other classes of drugs. This confirmed previously reported retrospective 
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analyses of BTZ retreatment [39, 40]. One retrospective analysis reported patients
who achieved a partial response or better with BTZ retreatment after having failed 
to do so during initial therapy, albeit in a small minority of such cases. This provides 
indirect clinical evidence supporting the concept that subclones with varying sensi-
tivity to particular classes of drugs may emerge, regress, and reemerge at different 
time points in the course of the disease [41].

Preclinical studies exploring mechanisms of PI resistance and pharmacologic
interventions designed to circumvent it have led to clinical trials combining other 
agents with BTZ. These have been variably successful. For example, preclinical
work showed that aggresomal inhibition by histone deacetylase inhibitors enhanced 
myeloma cell line sensitivity to BTZ. Despite this, the VANTAGE 088 study, which
compared BTZ + the histone deacetylase inhibitor vorinostat to BTZ alone as treat-
ment for patients with myeloma progressing after one to three prior lines of therapy, 
showed essentially no clinically meaningful improvement in outcomes in the com-
bination arm [42]. A phase II study of the more potent pan-deacetylase inhibitor
panobinostat, on the other hand, reported an overall response rate of 35 % among a 
group of patients who were relapsed and refractory to prior BTZ therapy [43]. Little
benefit was gained by adding the Akt inhibitor perifosine to BTZ, despite a strong 
preclinical rationale and promising phase II data [44]. These experiences suggest
that development of resistance to proteasome inhibitors may derive from redundant 
intracellular alterations or transition to a proteasome-independent homeostasis.

4.4  Bortezomib Consolidation and Maintenance  
Therapy for Multiple Myeloma

BTZ has been studied as post-ASCT consolidation therapy. In a randomized trial
involving 370 patients, 20 doses of BTZ given over 21 weeks (starting 3 months
post-ASCT) improved progression-free survival and also increased the likelihood of
achieving a very good partial response (VGPR) [45]. The GIMEMA Italian
Myeloma Network conducted another phase 3 study in which two 35-day cycles of
VTD was compared to TD as post-ASCT consolidation therapy. PFS was longer in
the BTZ-containing arm, and also more patients in that arm had upgrading of their 
posttransplant response [46]. The potential importance of upgrading response, par-
ticularly to CR, is hinted at in another report in which the likelihood of both CR and
molecular CR (often prolonged) improved after four cycles of post-ASCT consoli-
dation [47]. Taken together, these reports suggest that a relatively brief period of
post-ASCT BTZ-based therapy may be able to improve clinical outcomes.

There is also data supporting the use of prolonged BTZ-based therapy after non- 
ASCT induction therapy. Palumbo et al. compared VMP as given in the VISTA study
to a four-drug combination (VMP + THAL) followed by BTZ + THAL maintenance 
and found that VMPT + VT therapy was associated with prolonged disease control 
compared to VMP [16]. Subsequent trials utilizing BTZ alone [20] or in combination
with either THAL or PRED [48] have confirmed the feasibility and efficacy of this
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approach. Sonneveld et al. suggest that BTZ maintenance partially overcomes the 
adverse impact of certain high-risk cytogenetic features, namely del17p, though the
noted median progression-free survival of only 22 months in this group remains
short compared to published results for standard risk patients. Based largely on this, 
some experts have recommended that at least 1 year of BTZ-based maintenance
therapy be considered for all patients with intermediate- or high-risk myeloma [49].

4.5  Carfilzomib (CFZ) as Treatment for Multiple Myeloma

CFZ is currently used as therapy for patients with myeloma progressing on or imme-
diately after at least two prior lines of therapy that include an IMiD and BTZ.  
As might be predicted based on the previous discussion on BTZ, sensitivity to CFZ
varies according to the amount of prior therapy and also prior sensitivity to BTZ-
containing regimens. In BTZ-naïve patients, an overall response rate of 52 % was
reported [50], essentially double the response rate seen in a study in which most
patients were resistant to BTZ [51]. Responses to CFZ can be seen even in patients
refractory to BTZ as the last prior therapy, suggesting that residual BTZ-resistant 
cells may still be sensitive to CFZ. The median duration of responses to CFZ is gener-
ally less than a year in patients with relapsed myeloma, but a minority of patients can 
enjoy extended disease control. CFZ-containing combinations are being developed as
treatment for previously treated and newly diagnosed myeloma [52–56] (Table 4.2).

As stated above, the toxicity profile of CFZ differs somewhat from that of BTZ. Both
drugs are associated with fatigue, myelosuppression (particularly thrombocytopenia), 
and gastrointestinal side effects. The incidence of treatment-emergent peripheral sen-
sory neuropathy is significantly lower with CFZ compared to intravenous BTZ [57].
The frequency of treatment-emergent toxicity does not seem to worsen over time
with prolonged CFZ therapy, but the twice-weekly schedule presents a formidable
challenge in terms of developing the drug as prolonged (maintenance) therapy.

4.6  Ixazomib (MLN-9708/2238)

Ixazomib (MLN-9708; IXZ) is the first orally bioavailable reversible proteasome
inhibitor to enter clinical investigation in MM patients. In preclinical studies, the 
anti-myeloma activity of the drug compared favorably to BTZ [58, 59]. Phase I and

Table 4.2 Carfilzomib combination trials in multiple myeloma patients

Patient population Regimen N Response rate (%) Response duration Survival Reference

Newly diagnosed CRd 53 98 (≥nCR 62)) 2 years PFS 92 % NR [53]
Newly diagnosed CCyD 54 91 (CR 18) 1 year PFS 90 % 1 year  

OS 98 %
[56]

Relapsed CRd 52 77 PFS 15.4 months NR [55]
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II trials suggest that single-agent IXZ has clinical activity in heavily pretreated 
relapsed and/or refractory MM patients, with infrequent peripheral neuropathy.  
It is currently being tested in many clinical trials in a wide range of clinical indica-
tions, including previously untreated MM, relapsed MM, advanced stage solid 
tumors, lymphoblastic leukemia, non-Hodgkin’s lymphoma, and AL amyloidosis. 
There is interest in developing the drug as maintenance therapy in MM.

4.7  Delanzomib (CEP-18770)

Delanzomib (DLZ) is another reversibly binding boronate-based, second- generation 
proteasome inhibitor with both oral and IV bioavailability. DLZ has been shown to 
have proteasome-inhibitory activity similar to that of BTZ in hematologic and solid 
tumor cell lines, as well as in primary cells from multiple myeloma patients. DLZ is 
currently in phase I/II clinical investigations for myeloma, lymphoma, and solid 
tumors still using intravenous administration [60]. The initial clinical report sug-
gests a favorable safety profile with minimal neurotoxicity. Preclinical work evaluat-
ing the drug in combination with other anti-myeloma drugs has been reported [61].

4.8  Oprozomib (ONX-0912, PR-047)

OPZ is an orally bioavailable peptide epoxyketone-based, irreversible proteasome
inhibitor that showed similar potency to CFZ in cytotoxicity assays [62]. Orally
administered OPZ showed equivalent antitumor activity to intravenously adminis-
tered CFZ in human tumor xenograft and mouse syngeneic models. Early studies
were hampered by significant gastrointestinal toxicity, prompting the manufacturer
to develop a modified formulation. The formulation currently being investigated in 
phase I and II trials for patients with hematological cancers (including multiple 
myeloma) or solid tumors appears more tolerable. The optimal dosing schedule of 
the drug is still being worked out. A phase I/II trial combining OPZ with lenalido-
mide and DEX in newly diagnosed MM patients is being planned.

4.9  Marizomib (NPI-0052, Salinosporamide A)

Marizomib (MRZ) is an irreversible proteasome inhibitor with a β-lactone back-
bone. Compared to other proteasome inhibitors, MRZ produces rapid, broad, and
prolonged inhibition of all three 20S proteasome catalytic subunits [63]. MRZ is the
only non-peptide-based inhibitor in clinical trials. It is administrated intravenously 
twice weekly and is being investigated for phase Ib for recurrent MM, solid tumors, 
lymphoma, and leukemia. MRZ exhibits an extremely short half-life (<5 min) wide
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tissue distribution [64]. Responses to MRZ were found in patients with BTZ-
refractory MM. The safety profile of MRZ differs from BTZ, with no significant 
treatment-emergent peripheral neuropathy, myelosuppression, or thrombocytopenia 
reported. The dose limiting toxicities include transient hallucinations, cognitive
changes, and loss of balance, perhaps reflecting CNS penetration.

4.10  Proteasome Inhibitor Therapy for AL Amyloidosis

Based on the efficacy of BTZ and other proteasome inhibitors vs. myeloma, this 
class of drugs has also been studied as therapy for another clonal plasma cell dys-
crasia, AL amyloidosis. In the first reported use of BTZ for AL, 18 patients (seven 
previously treated) were treated with BTZ+DEX, resulting in a 94 % hematologic
response rate—including CR in 44 % [65]. Improvement in organ function was
observed in a minority of patients, in some cases quite quickly. This has been pos-
tulated to be due to rapid reduction in cytotoxic soluble light chains [66, 67] and
mitigating effects of proteasome inhibition on the inflammatory cascade in affected 
organs, notably the kidney [68].

A larger subsequent analysis of 94 AL patients treated with BTZ at three major
European amyloid centers described somewhat more modest results, with an overall 
hematologic response rate of 71 %, with 25 % of patients achieving CR [69].
Patients in this analysis were not treated in a uniform fashion: DEX use was vari-
able, and the BTZ schedule ranged from once to twice each week. The twice-weekly 
schedule was associated with a somewhat faster time to response, a finding recon-
firmed in another trial, the CAN2007 study [70, 71]. In this phase I/II trial, once-
and twice-weekly BTZ dosing schedules were explored. Hematologic responses
were seen in approximately two-thirds of patients regardless of schedule. Time to
response was shorter for the patients getting twice-weekly dosing. Importantly, the 
majority of patients who had hematologic responses remained free from hemato-
logic relapse 1 year after completion of therapy. Renal and cardiac improvement 
was observed in 29 % and 13 % of patients, respectively.

BTZ-containing combinations have been explored in AL amyloidosis. The
“CyBorD” regimen, in which BTZ was co-administered with cyclophosphamide
and dexamethasone on a weekly basis, induced responses in 16 of 17 patients
(including hematologic CRs in 12 patients) [72]. Therapy was relatively brief, with
patients receiving between two and six cycles of therapy. A few patients who started
their treatment non-transplant eligible became eligible after responding to 
CyBorD. BTZ has also been added to standard MEL-DEX (“VMD” regimen) [73].
As seen with CyBorD, the overall hematologic response rate was quite high, with
hematologic CRs and some organ function improvement noted. Currently, a
 multicenter study combining BTZ, DEX, and the IMiD pomalidomide as first-line 
therapy for AL is ongoing.

BTZ has been evaluated as part of ASCT conditioning and post-ASCT consolida-
tion therapy in AL patients. Ten patients received four doses of BTZ along with 

J.A. Zonder



109

standard high-dose melphalan conditioning. One patient was removed from protocol
prior to receiving study therapy, but eight of the remaining nine treated patients did 
exhibit hematologic responses (including six CRs) [74]. Toxicity was manageable.
In another study, of 40 patients with AL amyloidosis undergoing ASCT, more than
half (23) failed to achieve a CR and were then treated with BTZ+DEX. Most of
these patients had improved responses after that, including 40 % still in CR after 1
year of follow-up [75].

Clinical studies inAL amyloidosis utilizing other proteasome inhibitors—ixazomib
and CFZ—are currently ongoing.

4.11  Conclusions

The advent of proteasome inhibitors and their incorporation into treatment regimens 
have dramatically improved clinical outcomes of patients with multiple myeloma 
and AL amyloidosis. Almost all patients with these conditions respond to initial 
therapy, sometimes for prolonged periods. Despite this, as described in this review, 
the effectiveness of this class of drugs is diminished when used in a second-line 
therapy or beyond. Resistance to PIs and strategies for overcoming it will be 
explored in other chapters of this book.
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    Chapter 5   
 Profi ling Bortezomib Resistance in Multiple 
Myeloma: Implications in Personalized 
Pharmacotherapy 

             Amit Kumar     Mitra    ,     Holly     Stessman    ,     John     Shaughnessy    , and     Brian     Van Ness    

    Abstract     Treatment regimens for MM patients have undergone considerable 
 modifi cations from the 1960s in an attempt to achieve that elusive “complete cure.” 
Proteasome inhibitors such as bortezomib (Bz) have recently become effective che-
motherapeutic agents in the treatment of MM, used alone or in combination with 
other anticancer agents like alkylating agents, immunomodulators (IMiDs), topoi-
somerase inhibitors, corticosteroids, and histone deacetylase inhibitors (HDACis). 
However, wide interindividual variation in response to treatment with Bz is a major 
limitation in achieving consistent therapeutic effect in MM. In addition, patients 
who respond commonly develop resistance to proteasome inhibitors, with subse-
quent aggressive relapses. Drug resistance may be categorized into innate resistance 
with nonspecifi c resistance already present in Bz-refractory drug-naive patients 
who never respond to Bz treatment or emerging (acquired) resistance where a 
patient’s tumor cells “acquire” the ability to resist therapy in the course of treatment 
leading to eventual Bz-resistant relapse. We discuss molecular profi ling approaches 
to characterize bortezomib resistance, including analysis of genomic variations, 
gene expression patterns, epigenetic patterns, and protein patterns. We conclude 
that robust approaches using multiple data types are of primary importance in profi l-
ing drug resistance in MM. The ultimate purpose of such an effort will be to create 
a pharmacogenomic profi ling-guided therapeutic response score that can be cross- 
validated using clinical trials on MM patients undergoing Bz-based therapy or any 
chemotherapy, so that it can be routinely applied in clinical settings to improve 
selective response to available drugs, predict effective combinations, and identify 
secondary therapies to circumvent the challenges in the relapsed patient.  
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  Abbreviations 

   alloSCT    Allogeneic stem cell transplantation   
  autoSCT    Autologous stem cell transplantation   
  BMSCs    Bone marrow stromal cells   
  Bz    Bortezomib/Velcade    ®    
  ChIP    Chromatin immunoprecipitation   
  CMAP    Connectivity map   
  COBRA    Combined bisulfi te restriction analysis   
  CR    Complete response   
  CRD    Complete response duration   
  Cz    Carfi lzomib/Kyprolis ®    
  Dex    Dexamethasone   
  EMD    Extramedullary disease   
  ERK    Extracellular signal-regulated kinase   
  FDA    Food and Drug Administration   
  FGF    Fibroblast growth factor   
  GEP    Gene expression profi ling   
  GSEA    Gene set enrichment analysis   
  HDACis    Histone deacetylase inhibitors   
  HPLC    High-performance liquid chromatography   
  IGF-1    Insulin-like growth factor 1   
  IL-6    Interleukin 6   
  IM    Intermediate metabolizers   
  IMiDs    Immunomodulatory drugs   
  JAK    Janus kinase   
  KMT    Lysine methyltransferases   
  LPS    Lipopolysaccharide   
  5-mC    5-Methylcytosine   
  MDR1    Multidrug resistance 1 or P-glycoprotein   
  MEK    RAS/RAF/MAPK kinase   
  MGUS    Monoclonal gammopathy of undetermined signifi cance   
  MM    Multiple myeloma   
  MM-BMSCs    MM cells and bone marrow stromal cells   
  MR    Minimal response   
  MSDA    Multiple linear discriminant analysis   
  Ms-SNuPE    Methylation-sensitive single-nucleotide primer extension   
  NC    No change   
  NGS    Next-generation sequencing   
  OS    Overall survival   
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  PD    Progressive disease   
  PI3K    Phosphatidylinositol-3 kinase   
  PLD    Pegylated liposomal doxorubicin   
  PM    Poor metabolizers   
  PN    Peripheral neuropathy   
  PR    Partial response   
  PSGL-1    P-selectin glycoprotein ligand-1   
  SDF-1α    SC-derived factor 1α   
  SMM    Smoldering multiple myeloma   
  SNPs    Single-nucleotide polymorphisms (or “snips”)   
  STAT3    Signal transducers and activators of transcription 3   
  TNF    Tumor necrosis factor   
  TNT    Time-to-next treatment   
  TT3    Total therapy 3   
  UPR    Unfolded protein response   
  VEGF    Vascular endothelial growth factor   
  VRC2    Velcade resensitizing compound 2   

5.1           Introduction 

5.1.1     Multiple Myeloma (MM) 

 Multiple myeloma (MM) is an incurable age-dependent plasma cell neoplasm char-
acterized by clonal expansion of malignant antibody producing post-germinal- 
center B-cell-derived plasma cells within the bone marrow with signifi cant 
complexity and heterogeneity at the molecular level [ 1 ,  2 ]. It is the second most 
common hematopoietic malignancy in the United States after non-Hodgkin’s lym-
phoma accounting for 1 % of all cancers and 10 % of all hematologic malignancies 
with around 20,000 new cases per year and an annual age-adjusted incidence of 
about 4 per 100,000 [ 3 ,  4 ]. The median age at diagnosis is around 62 years with 
90 % and 98 % of patients being older than 50 years and 40 years, respectively [ 5 ]. 
The major clinical manifestations associated with MM include presence of mono-
clonal immunoglobulin in the serum and/or urine, osteocytic bone lesions, anemia, 
hypercalcemia, renal failure, increase risk of infections, and extramedullary disease 
(EMD) [ 4 ]. MM is considered a continuum disorder which is preceded by a precon-
dition called monoclonal gammopathy of undetermined signifi cance (MGUS) that 
progresses to the earliest stage of MM called smoldering multiple myeloma (SMM) 
[ 6 ,  7 ]. MGUS is characterized by low disease burden and an absence of organ 
involvement which means that many patients likely go undiagnosed until progres-
sion to MM. MGUS is present in 1 % of adults over the age of 25 years and pro-
gresses to MM at a rate of 0.5–3 % per year [ 8 – 10 ]. SMM is accompanied by 
increased serum paraprotein and/or increased clonal plasma cells in the bone mar-
row but not accompanied by organ dysfunction [ 7 ]. The rate of progression from 
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SMM to intramedullary MM is 10 % in the fi rst 5 years following diagnosis [ 9 ]. 
Diagnosis of intramedullary MM is followed by EMD that fi nally culminates in 
plasma cell leukemia at end stages. 

 Despite recent improvements in treatment strategies, MM still remains mostly an 
incurable disease with median survival rate of around 7 years [ 1 ,  11 ].  

5.1.2     Bortezomib (Bz) 

 Treatment regimens for MM patients have undergone considerable modifi cations 
since the 1960s in an attempt to achieve that elusive “complete cure.” Although the 
standard of care for MM continues to include a cocktail of classical agents (cortico-
steroids, alkylating agents, anthracyclines, mitotic inhibitors), over the years, this 
cocktail regimen has incorporated additional treatment options including next- 
generation drugs (IMiDs and proteasome inhibitors) and autologous (autoSCT) or 
allogeneic stem cell transplantation (alloSCT) from a sibling or close relative and 
high-dose treatment (HDT) with stem cell support [ 12 – 20 ]. 

 Proteasome inhibitors are effective chemotherapeutic agents in the treatment of 
MM, used alone or in combination with other anticancer agents like alkylating 
agents, topoisomerase inhibitors, corticosteroids, and histone deacetylase inhibitors 
(HDACis) [ 4 ,  21 ]. Bortezomib/Velcade ®  (Bz) was the fi rst proteasome inhibitor to 
be approved by the US Food and Drug Administration (FDA) for clinical applica-
tion in 2003 for the treatment of relapsed and refractory MM [ 4 ,  11 ,  22 ]. Recently, 
a second-generation proteasome inhibitor carfi lzomib/Kyprolis ®  (Cz) that irrevers-
ibly inhibits the proteasome has been approved by the FDA for treating MM. Other 
examples of second-generation proteasome inhibitors include marizomib and 
MLN9708 (ixazomib) [ 11 ,  22 – 24 ]. Key to the newer proteasome inhibitors is the 
formulations that can be orally administered, rather than intravenous 
administration. 

 Bz is a peptidyl boronic acid that specifi cally inhibits the ATP-independent 
chymotrypsin- like activity of the of 26S proteasome through reversible binding to 
the PSMB5 subunit of the central 20S multi-catalytic protease core. Bz has been 
shown to interfere with tumor metastasis and angiogenesis by accelerating unfolded 
protein response (UPR) or the ubiquitin-dependent proteolysis of important regula-
tory proteins involved in key physiological and pathophysiological cellular pro-
cesses in cancer cells, by interfering with the NF-κB-enabled regulation of cell 
adhesion-mediated drug resistance, by disrupting IL-6-induced signaling pathways, 
and by cleaving DNA repair enzymes [ 25 – 28 ]. It has been shown to be effective 
against MM in drug trials with mouse models [ 29 ] and relapsed and refractory MM 
patients [ 30 ]. Currently, Bz has proven very successful when used in drug cocktails 
for treating newly diagnosed MM. However, Bz resistance and potential side effects 
including peripheral neuropathy, thrombocytopenia, and shingles can negatively 
impact patient’s quality of life and hinder the use of this drug in a large section of 
MM patients [ 31 – 34 ].  
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5.1.3     Bortezomib Resistance 

 Wide interindividual variation in response to treatment with Bz is a major limitation 
in achieving consistent therapeutic effect in MM [ 35 – 37 ]. Drug resistance may be 
categorized into innate resistance with nonspecifi c resistance already present in 
Bz-refractory drug-naive patients who never respond to Bz treatment or emerging 
(acquired) resistance where a patient’s tumor cells “acquire” the ability to resist 
therapy in the course of treatment leading to eventual Bz-resistant relapse [ 38 – 40 ]. 
As will be discussed below, this becomes an important consideration in effective 
patient management. 

5.1.3.1     Mechanisms of Bortezomib Resistance 

 Heterogeneity in Bz response is governed by the underlying molecular characteris-
tics of the tumor and its microenvironment. Although the exact mechanisms of Bz 
resistance in the treatment of MM is not well understood, decades of research using 
multiple model systems have provided evidence to the potential mechanisms for the 
occurrence of innate or acquired resistance to Bz (Fig.  5.1 ). Among these, infl uence 
of cell–cell interactions with the bone marrow microenvironment on the Bz sensitiv-
ity of MM cells seems to be the most well-studied and widely accepted mechanism 
of Bz resistance [ 41 – 44 ]. Extracellular matrix proteins like fi bronectin, collagen, 
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laminin, and osteopontin and supporting cell types HSCs, progenitor and precursor 
cells, immune cells, erythroid cells, bone marrow stromal cells (BMSCs), endothe-
lial cells, adipocytes, osteoclasts, and osteoblasts in the bone marrow compartment 
produce and secrete an incessant supply of growth cytokines like interleukin 6 (IL- 
6), insulin-like growth factor 1 (IGF-1), B cell-activating factor, fi broblast growth 
factor (FGF), SC-derived factor 1α (SDF-1α), tumor necrosis factor α (TNF-α), 
transformation growth factor β (TGF-β), and vascular endothelial growth factor 
(VEGF) [ 45 ] that support the survival of MM cells. Furthermore, physical interac-
tions between MM and BMSCs through cell-surface molecules like CD40, CXCR4, 
and P-selectin glycoprotein ligand-1 (PSGL-1) escalate the secretion of these cyto-
kines by BMSCs which subsequently stimulate the phosphatidylinositol-3 kinase 
(PI3K)/AKT, RAS/RAF/MAPK kinase (MEK)/extracellular signal-regulated 
kinase (ERK), and Janus kinase 2 (JAK)/signal transducers and activators of tran-
scription 3 (STAT3) downstream survival by decreasing drug sensitivity, enhancing 
cell migration and antibody secretion, upregulating cell cycle regulatory proteins, 
and increasing telomerase activity [ 45 – 49 ]. Furthermore, interactions between MM 
cells and bone marrow stromal cells (MM-BMSCs) lead to the production of much 
higher levels of growth cytokines IL-6 and VEGF which alter drug sensitivity 
through enhanced survival of MM cells and may also control the expression of 
microRNA within MM cells [ 50 – 54 ]. Constitutively activating mutations within 
genes involved in growth cytokine signaling pathways (IL-6) and mutations result-
ing in the loss of adhesion proteins CD40 [ 55 ] and CXCR4 [ 56 ] result in the disrup-
tion of interaction between MMs and BMSCs which increases migratory capabilities 
of MM cells which can now survive away from the bone marrow compartment 
giving rise to EMD in end-stage patients with considerable Bz resistance [ 42 ].

   Mutations at the drug active site within the protein PSMB5, a β subunit of the 20S 
catalytic core responsible for chymotrypsin-like proteasome activity, are considered 
to be the most common mechanism for acquired Bz resistance in in vitro model sys-
tems following dose escalation over time [ 57 ]. These mutations include Met56Ile, 
Cys63Phe, Ala49Thr, Met45Val and Cys52Phe, or Ala49Val changes within the 
PSMB5 binding pocket, an Arg24Cys change in the propeptide region that results in 
the increase of PSMB5 transcript and protein as well as proteasome chymotrypsin-
like activity and in some cases increase in immunoproteasome activity [ 58 – 70 ]. 
Interestingly, however, none of the non-synonymous coding PSMB5 variants found 
in Bz-refractory MM patients were associated with survival or differences in protea-
some activity. Moreover, none of the mutations identifi ed in Bz-resistant cells in vitro 
were found in drug-naïve Bz-refractory MM patient samples [ 58 ,  71 – 73 ]. Additionally, 
reduction of Bz sensitivity has also been attributed to changes that increase cell via-
bility like inhibition of the pro-apoptotic gene NOXA upregulation, loss of wild-type 
TP53 activity, and overexpression of anti- apoptotic genes like BCL-2, MCL-1, and 
BAG3 [ 74 – 82 ]. Furthermore, constitutive activation of the oncogene NOTCH, PI3K/
AKT/mTOR, Hedgehog, NF-κB, MEK/ERK, and/or JAK/STAT3 signaling path-
ways has been observed in several model systems of MM cells to avoid 
Bz-induced cell death [ 83 – 92 ]. Other mechanisms of Bz resistance include over-
expression of the receptor tyrosine kinase c-MET [ 93 – 95 ]; reduction of cellular 
oxidative stress through the increase of baseline expression of the stress response 
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proteins HSPA2, GRP78/BiP, NRF2, HSP27, HSP70, and HSP90 [ 96 – 102 ]; and 
activation of  autophagy as alternative pathways in Bz-resistant cells that may help 
shunt unfolded and/or misfolded proteins towards degradation [ 103 – 106 ]. Increased 
expression of drug effl ux pumps like the P-glycoprotein/multidrug resistance 1 
(MDR1) may also contribute towards reduction of Bz sensitivity by keeping intra-
cellular levels of Bz low [ 60 ]. Furthermore, proteasome inhibition by Bz results in 
the formation of aggregates of misfolded ubiquitin-conjugated proteins (called 
aggresomes) which activate an alternative protein catabolism pathway through lys-
osome-mediated protein degradation in the autophagosomes that may lead to Bz 
resistance [ 107 ].    

5.2     Profi ling of Bortezomib Resistance 

 Multiple complex genetic and epigenetic alterations underline the basis of the wide 
interindividual variations in response to proteasome inhibitors. A number of efforts 
have been undertaken to profi le resistance to the proteasome inhibitor Bz from 
genomic, transcriptome, and epigenetic standpoints, to generate signature profi les 
of Bz response/resistance that can be translated into predictive scores for clinical 
application (Table  5.1 ).

   Table 5.1    Studies pertaining to profi ling bortezomib resistance and discussed in this chapter   

 Study type  Major contribution  Reference 

 Gene expression 
profi ling 

 Generated gene-based survival and response classifi ers 
in humans 

 [ 108 ] 

 Created GEP-derived 70-gene and 17-gene risk-
stratifi cation models 

 [ 109 ] 

 Reconstructed and refi ned the 17-gene-based 
stratifi cation model 

 [ 110 ] 

 Used the GEP-derived 70-gene-based risk score 
in Bz-containing clinical trials 

 [ 111 ] 

 Developed a post-Bz GEP80 using gene expression 
analysis before and after 48 h of Bz treatment 

 [ 112 ] 

 Identifi ed GEP signatures associated with Bz response 
using time-course-based analysis of kinetic gene 
expression profi les in mouse and human models 

 [ 113 ] 

 Epigenetic profi ling  Global and gene-specifi c DNA methylation analysis 
following Bz treatment 

 [ 114 ] 

 SNP-based profi ling  Association of candidate gene polymorphisms with 
Bz resistance 

 [ 36 , 
 115 – 118 ] 

 Association of candidate gene polymorphisms with 
peripheral neuropathy (PN) following Bz treatment 

 [ 119 , 
 120 ] 

 RNAi-based screening  Large-scale RNAi screen to fi nd genes that synergistically 
potentiate the growth inhibitory effects of Bz 

 [ 121 ] 

 Immunophenotyping  Loss of plasma cell maturation markers results in Bz 
resistance 

 [ 122 , 
 123 ] 
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5.2.1       Gene Expression Profi ling 

 Gene expression-based profi ling or the measurement of relative expression of genes at 
a global scale to obtain a gene expression signature that distinguishes between cells or 
patients based on Bz response has so far been the most common method of choice to 
generate gene-based predictive signatures of Bz resistance and treatment outcome. 

 The fi rst such effort aimed at the creation and subsequent validation of a genomic 
predictive signature of clinical response to Bz in MM patients dates back to 2007 
[ 108 ]. In this study by Mulligan et al., a DNA microarray-based gene expression 
profi ling (GEP) study was used to develop predictive signatures of survival and 
response to Bz in pretreatment samples from patients with relapsed myeloma 
enrolled in phase 2 (SUMMIT 025 [ 124 ] and CREST 024 [ 125 ]) and phase 3 (APEX 
039 and 040) [ 30 ] multicenter international clinical trials of Bz in MM. Clinical 
response was categorized into complete response (CR), partial response (PR), mini-
mal response (MR), no change (NC), or progressive disease (PD) based on the 
European Group for Bone Marrow Transplantation criteria [ 126 ], while overall sur-
vival (OS) was used as a measure for survival. A 100 probe set response classifi er 
was developed from the 025 and 040 trials that were validated on data from the 039 
trial. Genes most signifi cantly associated with response included ribosomal (RPS7, 
RPS13), mitochondrial (COX7C, UQCRH), ER stress (SERP1), DNA repair 
(APEX1, REC14), and cancer-associated (NRAS, NPM1) genes, components of the 
PI3 kinase pathway (PIK3R1, DAPP1), and other signaling molecules (TYROBP, 
RRAGC, LYK5). As identifi ed by gene set enrichment analysis (GSEA) [ 127 ], 
major pathways (gene sets) most relatively highly expressed in patients with higher 
response include adhesion, cytokines, NF-κB activity, and hypoxia gene sets, ele-
vated protein synthesis, mitochondrial function and RNA transcription/splicing and 
the NF-κB targets IL8, IL15, CXCL5, CFLAR, ICAM, and NFKB2. Gene expres-
sion data from 025 to 040 trials were used then to develop a survival classifi er that 
was validated on data from the 039 trial. When tested on independent data, the 
response and survival classifi ers generated could successfully stratify the Bz-treated 
039 patients into high-risk and low-risk groups and were signifi cantly associated 
with clinical outcome of Bz treatment having very high overall accuracy. Although 
the survival classifi er could also stratify patients in the dexamethasone (Dex)-treated 
arm of the 039 trial, the authors opined that there could still be Bz sensitivity in the 
prognostic signifi cance of the probe sets since Bz was also eventually used in most 
of the patients in the Dex arm. Furthermore, the predictive gene signatures for sur-
vival showed great complementarity with clinical variables-based International 
Staging System [ 128 ] since it could further enable the risk stratifi cation in patients 
demarcated as low and high risk. The probe sets included in the survival classifi er 
did not overlap with those in the response classifi er. 

 In another study, Shaughnessy et al. [ 109 ] performed GEP analysis on purifi ed 
plasma cells obtained prior to initiation of therapy from 532 newly diagnosed 
patients with MM treated on two separate protocols (351 samples in training set/
UARK 98-026 and 181 samples in the validation set/UARK03-033) to molecularly 
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defi ne high-risk disease. Affymetrix U133 Plus 2.0 microarray-based analysis of 
tumor gene expression was used to identify a 70-gene signature (51 upregulated and 
19 downregulated) in the training cohort that was found associated with shorter 
survival parameters in the training set and was also found associated with survival 
and hazard ratio in the independent validation test cohort (Fig.  5.2 ). The 70-gene 
risk-stratifi cation model was also found predictive of post-relapse risk and survival 
in the 51 relapse samples of the training set. Furthermore, applying a stepwise mul-
tiple linear discriminant analysis (MSDA) on the 70 high-risk-associated genes to 
identify a minimum set of genes that could discriminate between low- and high-risk 
myeloma, a 17-gene model was obtained that could effectively substitute the 
70-gene stratifi cation model in predicting survival in both the training and valida-
tion sets with accuracy of over 95 %.
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  Fig. 5.2    70-gene signature risk model (GEP70) identifi ed by Shaughnessy et al. [ 109 ]. ( a ) Heat map 
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   Zhan et al. [ 110 ] reconstructed this 17-gene-based stratifi cation model of high- 
risk MM using U133AB data on 144 newly diagnosed relapsed myeloma patients 
enrolled in the APEX phase 3 clinical trial that compared single-agent Bz (B) to 
high-dose dexamethasone (HD) and then used it to evaluate its utility as a prediction 
model for treatment outcome. Results showed that the 17-gene model was success-
ful in identifying a high-risk group within the APEX trial having signifi cantly 
shorter survival and most importantly, could predict high risk among patients under-
going Bz monotherapy (Fig.  5.3 ). It is quite intriguing to note that the gene expres-
sion patterns of the 17 genes related to outcome were similar in relapsed and newly 
diagnosed MM patients, independent of the platform used for GEP studies and most 
importantly was independent of specifi c therapeutic modality which raised a num-
ber of interesting unanswered questions.

   Subsequently, Nair et al. [ 111 ] generated a GEP-derived 70-gene-based risk score 
from the patients enrolled in phase 3 Total Therapy 3 (TT3) clinical trial protocols 
2003-33 (TT3A) and 2006-66 (TT3B) which incorporated Bz upfront to validate the 
fi nding that the use of a GEP-defi ned low-risk score in MM showed superior outcomes 
in the Bz-containing TT3 trials compared to its predecessor protocol Total Therapy 2 
(TT2) trial [ 129 – 131 ]. Results showed that the eight GEP-defi ned molecular sub-
groups/entities could effectively present the prognostic impact on clinical outcomes of 
patients in the 2003-033 and 2006-066 trials when combined together. Multivariate 
analysis comparing adverse variables with clinical outcomes showed GEP-defi ned risk 
score affected OS, EFS, and complete response duration (CRD) adversely (Fig.  5.4 ). 

  Fig. 5.3    Kaplan Meier survival plot of OS in APEX phase 3 clinical trial dataset stratifi ed by a 
16-gene signature-based model into high-risk ( red ) and low-risk ( blue ) disease [ 110 ]       
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The data from this study showed the superior results for GEP-defi ned low-risk 
myeloma in the Bz-containing TT3 study compared to the TT2 trial which further 
exemplifi ed the importance of using a GEP-based signature to defi ne low-risk myeloma 
that could help in predicting outcome and improving survival in clinical trials of MM.

   However, most of these studies used only pretreatment patient samples. No GEP 
was performed on patient samples post-drug treatment, particularly those that 
relapsed with Bz-resistant disease. This is an important clinical consideration. 

 To further the fi ndings of the earlier studies using the GEP-derived gene-based 
stratifi cation model, Shaughnessy et al. [ 112 ] performed pharmacogenomic investi-
gations of Bz in purifi ed plasma cells from patients in the TT3 trials (TT3A and its 
successor trial TT3B) using Affymetrix U233 Plus 2.0 microarray-based gene 
expression analysis before and after 48-h intravenous test dosing with Bz (1 mg/m 2 ). 
GEP analysis of 142 patients from the TT3A trial identifi ed a set of 80 differentially 
expressed genes (post-Bz GEP80) which could effectively discriminate between 
high-risk and low-risk disease. Multivariate analysis of the survival measures pro-
gression-free survival (PFS) and OS performed using the post-Bz GEP80 as one of 
the prognostic factors showed that GEP80-based risk score could be used as an 
independent prognostic parameter. Subsequently, the risk score for the validation 
set comprising gene expression data from 128 patients of the TT3B trial at baseline 
at 48 h after Bz treatment was calculated based on the GEP80 score obtained from 
the training set (Fig.  5.5 ).

   Results demonstrated that the GEP80 model to baseline data [GEP80(BL)] 
showed signifi cant discriminatory capability in terms of differences in survival 
(2-year PFS and OS) upon stratifi cation among the GEP-based stratifi ed high-risk 

  Fig. 5.5    GEP80 gene signature in training set ( a ) (TT3A trial) and ( b ) validation set (TT3B trial) 
48 h after Bz treatment ( top ) and at baseline ( bottom ) [ 112 ]. Samples are represented in  columns  
(each  column  represents one patient) and genes in  rows  (each  row  represents one gene). The favor-
able genes are separated from the unfavorable genes by the  horizontal yellow line. Vertical yellow 
lines  separate the low-risk and high-risk patients       
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and low-risk subgroups in both TT3 trials, training set TT3A and test set TT3B 
(Fig.  5.6 ). Furthermore, when the GEP80 model was applied to the TT2 trial, where 
the GEP70 risk-stratifi cation model was used earlier, the GEP80 risk model 
increased and further refi ned the discriminatory power when applied to the GEP70- 
defi ned risk model in distinguishing survival outcomes between low- and high-risk 
disease. The TT2 trial randomly assigned thalidomide treatment in 668 patients 
between control and experimental arms with no Bz treatment. Similar refi nement in 
the discriminatory power was also observed when the GEP80 model was applied to 
baseline samples. However, when applied to the GEP70-defi ned subgroups of the 
TT2 trial, the GEP80-defi ned model did not show such a signifi cant discriminatory 
power. Comparison of the gene lists constituting the GEP70 and GEP80 gene 
 models found three genes common to both models, including the PSM gene on 
chromosome 1q21. Upon successful use of the GEP signatures of Bz treatment from 
this study, GEP-defi ned risk-based assignments were performed for subsequent 
therapies in the TT4 and TT5 clinical trials.

   In a recently published study, Stessman et al. [ 113 ] performed time-course-based 
analysis of kinetic gene expression profi les in a mouse model system to identify 
GEP signatures associated with response to Bz treatment in vitro. For the purpose 
of the study, clonally derived Bz-resistant mouse cell lines were created from 
Bz-sensitive cell lines. A 51-gene expression signature statistically distinguished 
sensitive and resistant responsiveness to Bz in the in vitro mouse model.

   Subsequently, the GEP data on the genes that had human homologs was validated 
using GEP data on 210 patients from the University of Arkansas’ TT3 trial described 
above. Finally, a 23-gene GEP signature was identifi ed that was successful in 

  Fig. 5.6    Discriminatory power of post-Bz-GEP80 predictive model in training set ( a ) and test set 
( b ) [ 112 ].  Top  and  bottom panels  represent PFS and OS, respectively       
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 predicting/stratifying good versus poor outcomes (progression-free and overall 
 survival) in human in vivo (patient) data from the MM TT3 trial (Fig.  5.7 ). 
Furthermore, combined analysis of the gene expression profi les of Bz-sensitive and 
Bz-resistant cell lines identifi ed 219 genes that changed signifi cantly in both groups 
in response to Bz treatment while 29 genes showed signifi cant differential response 
to Bz between Bz-sensitive and Bz-resistant cell lines. The gene list of this 29-gene 
signature included components of the proteasome ubiquitination and the upregula-
tion of downstream targets of the transcription factor NFE2L2 (NRF2), a transcrip-
tion factor involved in oxidative stress response to proteasome inhibition, Hspb1, 
Dnajb1, Hspa1a, Hspa1b, and Ddit3 (CCAAT/enhancer-binding protein homologous 
protein (CHOP)) (Fig.  5.8 ). GSEA of the mouse Bz treatment-derived GEP signature 
showed signifi cant enrichment for the GEP80 gene model defi ned by Shaughnessy 
et al. These results suggest that the in vitro mouse model of Bz resistance had predic-
tive value in human MM drug trials which include Bz-based treatment regimen.

5.2.1.1       Analysis of GEP Signatures of Bz Resistance 
to Predict Potential Secondary Therapies 

 The differential gene expression signatures generated following Bz treatment of 
Bz-sensitive and Bz-resistant cell lines were queried against the connectivity map 
(CMAP) database to obtain connectivity scores to discover possible mechanisms of 
resistance and to predict novel secondary combination therapy approaches to evade 
Bz resistance based on common GEP signatures [ 113 ]. 

 The CMAP database, based at The Broad Institute of MIT and Harvard in 
Cambridge, Massachusetts, is comprised of drug-induced gene expression signa-
tures for 1,309 bioactive compounds from four (4) cultured human cell lines that 
help in the in silico discovery of drugs that have been previously used to identify 
cancer salvage therapies generating similar or dissimilar response compared to the 

  Fig. 5.7    Kaplan Meier curves for EFS ( left ) and OS ( right ) patients from MMTT3 clinical trial 
[ 113 ]. Patient samples were clustered based on mouse baseline GEP signature that most signifi -
cantly distinguished between Bz-sensitive and Bz-resistant mouse cell lines       
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drug of interest based on correlated gene expression changes [ 132 ,  133 ]. Gene 
expression signature of the drug of interest is used as input signature to query the 
database for correlated expression signature. A positive connectivity score indicates 
pathways that are likely targeted by the drug of interest used to create the input 
signature, while a negative connectivity score signifi es either the pathway is 
inversely regulated by the drug of interest or the fact that there is a difference in 
pathway regulation between two disease states if a paired transcriptional analysis 
was used to create the input signature. 

 When the predicted compounds from Stessman et al.’s CMAP query [ 113 ] were 
ranked in ascending order of  p -value, a number of compounds with signatures were 
predicted as signifi cantly correlated (positive) or anticorrelated (negative) with the 
input signature for Bz-sensitive/Bz-resistant differential response. Several HDAC 
inhibitors (HDACis) were found signifi cantly positively correlated, while topoi-
somerase inhibitors were signifi cantly negatively correlated which might provide 
clues to design potential secondary therapies to overcome Bz resistance by either 
resensitizing resistant cells to Bz or effectively killing Bz-resistant cells. 

 As an alternative approach, a cell-based high-throughput drug screening was 
undertaken to screen for drugs that could overcome Bz resistance in Bz-resistant 
cell lines. Several chemical agents were identifi ed with selective activity against 
Bz-resistant cells including topoisomerase inhibitors that were in concurrence with 
the CMAP fi ndings. Additionally, a novel compound VRC2 (Velcade resensitizing 
compound 2) showed effective Bz resensitizing activity in combination with 
Bz which was further confi rmed in multiple human and mouse cell lines. Further 
experimentation is ongoing to validate these initial in vitro fi ndings within in vivo 
mouse models [ 134 ].   

  Fig. 5.8    Kinetic gene expression profi ling to identify GEP signatures associated with Bz response 
[ 113 ]. ( a ) Heat map of Bz-responsive genes across the three Bz-sensitive mouse lines and clonally 
derived Bz-resistant counterparts (595 in duplicate) at 2, 8, 16, and 24 h following Bz (66 nmol/L) 
treatment compared to the 0-h time point. ( b ) Most signifi cantly differentially responsive genes 
between Bz-sensitive and Bz-resistant mouse cell lines.  Columns , ordered by sensitivity followed 
by sample, represent time points and  rows  represent genes ordered by hierarchical cluster analysis       
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5.2.2     Epigenetic Profi ling 

 Epigenetics, a term coined by Conrad Waddington, refers to chromatin-based modifi -
cations pertaining to histone and DNA modifi cations that regulate DNA-templated 
processes like transcription, DNA repair, and replication independent of the alterations 
in the nucleotide sequence. 

 Abnormal expression patterns or genomic alterations in chromatin may lead to 
the induction and maintenance of various cancers [ 135 ,  136 ] .  Among the four dif-
ferent classes of DNA modifi cations [ 137 ,  138 ] and 16 classes of histone modifi ca-
tions [ 139 ,  140 ], histone methylation and DNA methylation are the best studied and 
most well characterized. Histone modifi cations pertaining to methylation of  histones 
on the side chains of lysine, arginine, and histidine residues have a major infl uence, 
not just on transcription but in all DNA-templated processes [ 139 ]. The best-char-
acterized sites on histones include the methylated lysine residues H3K4, H3K36, 
and H3K79 associated with active genes in euchromatin and H3K9, H3K27, and 
H4K20 associated with heterochromatic regions of the genome [ 141 ]. Enzymes 
involved in lysine methylation mostly contain a conserved SET domain, which per-
forms histone lysine methyltransferases (KMT) activity. Cancer genomes have been 
shown to have recurrent translocations and/or coding mutations in a number of 
KMTs, including  MMSET ,  EZH2 , and  MLL  family members. 

 DNA methylation of 5-carbon on cytosine residues (5mC) of CpG dinucleotides 
is the most common heritable epigenetic modifi cation present in around 70 % of all 
mammalian promoters that transcriptionally regulate the expression of both protein- 
coding genes and noncoding RNAs including microRNAs [ 137 ,  142 ]. Abnormal 
CpG promoter island methylation has been implicated in many cancers and is also 
the most commonly studied among epigenetic alterations [ 135 ,  137 ,  143 ]. DNA 
methylation analysis techniques have undergone a sea of evolution over the past 
decade with respect to both fashion (from qualitative to quantitative) and scale 
(locus specifi c to genome wide) [ 144 – 146 ]. Beginning from methods high- 
performance liquid chromatography (HPLC) and methylation-sensitive restriction 
enzyme-based analysis, DNA methylation analysis has come a long way [ 147 ,  148 ] 
with the most revolutionary change being the introduction of bisulfi te conversion 
into DNA methylation research [ 149 – 151 ]. In bisulfi te DNA conversion, DNA is 
chemically deaminated that modifi es the unmethylated cytosine(C) to uracil (U). 
Thus, an epigenetic variation of methylated or unmethylated DNA is translated into 
a genetic difference of C to U change, a principle that is the fundamental basis of 
most of the subsequent methods beginning with the qualitative method locus- specifi c 
methylation-specifi c PCR (MSP) [ 152 ] and bisulfi te genomic sequencing (BGS). 
Consequently, a number of quantitative epigenetic methods incorporated bisulfi te 
conversion as the basic guiding procedure behind candidate gene-based DNA meth-
ylation analysis, including combined bisulfi te restriction analysis (COBRA), meth-
ylation-sensitive single-nucleotide primer extension (Ms-SNuPE), MethyLight, 
pyrosequencing, and Sequenom’s (Sequenom, San Diego, CA) MassARRAY-based 
EpiTYPER assay [ 143 ,  153 – 161 ]. More recently, the emergence of high-throughput 
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genome-wide analysis technologies including DNA microarrays and deep sequenc-
ing technologies like the next-generation sequencing (NGS) platforms Infi nium 
Methylation Assay (Illumina), Affymetrix, Agilent, and NimbleGen has led to the 
advent of modern sophisticated epigenetic profi ling techniques like MeDIP-chip 
and MeDIP-seq which combines high-throughput genome- wide approaches with 
established chromatin techniques such as chromatin immunoprecipitation (ChIP-
Seq) to map chromatin modifi cations [ 162 – 170 ]. This has brought about path-break-
ing improvements in understanding the complexity and plasticity of epigenetic 
regulation and its impact on the transcriptome. 

 DNA methylation analysis has been used in profi ling MM to understand the epi-
genetic changes contributing towards the pathogenesis and disease progression both 
on a gene-by-gene basis and on a global genome scale [ 162 ,  171 ]. MSP identifi ed 
hypermethylation of a number of genes including VHL ,  XAF1, IRF8, TP53, 
CDKN2A, CDKN2B, DAPK, SOCS1, CDH1, PTGS2, CCND2, DCC,  CDH1 , p16, 
INK4a, p15 INK4b, SHP1, ER and BNIP3, RARβ, DAPK, MGMT, and FHIT in 
MM [ 162 ,  171 – 183 ]. High methylation of the genes FHIT1, E-cadherin, DAPK, and 
TGFBR2 has been shown to be associated with lower overall survival, while the 
genes DKN2A and CDKN2B, TNF, and retinoblastoma pathways were found com-
mon in relapsed MM patients compared to untreated newly diagnosed patients [ 184 ]. 

 However, research on the association of DNA methylation signature profi le with 
Bz resistance is still at a very nascent stage with only one study so far analyzing the 
prognostic value of global and gene-specifi c DNA methylation patterns following 
Bz treatment. In this study by de Larrea et al. [ 114 ], global methylation was deter-
mined in total DNA from 75 patients with relapsed MM by the ELISA assay 
MethylFlash™ Methylated DNA Quantifi cation Kit (Epigentek, Farmingdale, NY), 
which is based on recognition and quantifi cation of the DNA methylated fraction by 
a 5-methylcytosine (5-mC) antibody. Thirty genes in pathways like cytokine net-
work, apoptosis, tumor suppression, transcription factors, and cellular cycle were 
selected on the basis of association with hematological malignancies and treatment 
and availability of gene-specifi c commercial assays for CpG islands in each gene. 
Gene-specifi c CpG island DNA methylation profi le of the 30 genes was then deter-
mined in 42 MM patients by a DNA methylation PCR system called Methyl- 
Profi ler™ DNA Methylation PCR Array System (Qiagen, Germany) that is based 
on DNA digestion with methylation-sensitive and/or methylation-dependent restric-
tion enzymes and investigated for association with PFS and overall survival (OS). 
Results showed that the patients with more than 3.95 % of globally methylated 
DNA had longer overall survival while gene-specifi c CpG island methylation analy-
sis showed low methylation percentage of NF-KB1 and was associated with better 
response and higher overall survival following Bz treatment [ 114 ]. Unfortunately, 
no study so far focused on the comprehensive epigenetic profi ling pertaining to dif-
ferential modifi cation in the DNA methylation status of promoter-associated CpG 
islands in response to treatment with Bz which may help to generate a predictive 
epigenetic signature-based stratifi cation model to characterize the phenomenon 
interindividual variations in response to Bz treatment.  
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5.2.3     Genotypic Profi ling 

 Single-nucleotide polymorphisms (SNPs or “snips”) or point mutations in nuclear 
and mitochondrial DNA, whereby individuals differ in only a single base position, 
represent the most common types of variations in the human genome occurring in 
genes present within the regulatory regions, drug responding elements, drug metab-
olizing enzymes, drug transporters, drug receptors, proton pumps, and noncoding 
regions linked to disease susceptibility. SNPs can be distinguished from rare varia-
tions by a requirement for the least abundant allele to have a frequency of 1 % or 
more [ 185 ]. SNPs are considered best markers for association studies inhabiting the 
genome due to their wide prevalence, highly polymorphic and biallelic nature, 
codominance, low mutation rate, accessibility to high-throughput genotyping, eas-
ier automation for scoring, easy reproducibility, and their presence in both exonic as 
well as intronic regions of genes [ 186 ]. SNPs may serve as causative variations 
(causative SNPs) for simple and complex genetic diseases and drug resistance or 
can be indirectly associated to a diseased state by serving as markers genetically 
linked with the locus of interest on the human genome map associated with disease 
and/or drug response phenotypes. 

 Pharmacogenomics is the fi eld of research that attempts to unravel the relationship 
between genetic variation affecting drug metabolism (pharmacokinetic level) or drug 
targets (pharmacodynamic level) and interindividual differences in pharmacore-
sponse. Therefore, generation of an SNP-based signature profi le through high- 
throughput genome-wide SNP association studies and next-generation deep 
sequencing approaches may improve the biological understanding of the basis of Bz 
resistance and help in predicting response to Bz treatment and the development of 
more appropriate therapeutic measures. Studies on SNPs and treatment effect of Bz in 
MM have so far mostly undertaken candidate gene-based approaches focusing on 
pathway genes involved in Bz metabolism, drug action, and DNA repair. One such 
study involved the analysis of the loss-of-function variations CYP2C19*2, CYP2D6*3, 
CYP2D6*4, CYP2D6*5, and CYP2D6*6 and the gain-of-function polymorphism 
CYP2D6dup in the genes encoding the drug metabolizing enzymes CYP2C19 and 
CYP2D6 involved in the metabolism of cyclophosphamide, thalidomide, and Bz with 
treatment response in MM. Three hundred forty-eight (348) patients receiving high-
dose cyclophosphamide and thalidomide or Bz at recurrence of disease were included 
in the study. One hundred seventy-seven (177) patients were treated with thalidomide 
at relapse, while 74 patients were treated with Bz. Results showed a trend ( p  = 0.07) 
towards a better time-to-next treatment (TNT) for Bz-treated patients having one or 
two mutant  CYP2D6  alleles, which means that this SNP could stratify the patients as 
intermediate metabolizers (IM) and poor metabolizers (PM). However, the data avail-
able for patients treated with Bz were very low [ 36 ,  117 ]. Another candidate gene-
based study investigated the association of ABCB1/MDR1/P-glycoprotein 1 SNPs 
rs1045642 (3435C > T), rs2032582 (2677G > T or A), and rs1128503 (1236C > T) and 
the functional SNP in ABCC1/MRP1 gene rs4148356 (R723Q) with measures of 
treatment effect such as overall response rate, time to progression (TTP), PFS, and OS 
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of pegylated liposomal doxorubicin (PLD) and Bz in a retrospective phase 3 clinical 
trial (DOXIL-MMY- 3001) that compared PLD plus Bz with Bz alone in 646 Bz-naïve 
patients with MM. Results showed the MRP1/(PLZ + Bz) R723Q polymorphism was 
associated with a better TTP, progression-free survival, and overall survival, while the 
MDR1/3435 SNP (C > T) exhibited a trend (0.05 <  p  < 0.1) towards association with 
PFS, response rate, and TTP in the PLD + Bz arm, though no correlation was found in 
the Bz arm. The MDR1/3435 T allele was signifi cantly associated with longer TTP 
and PFS in PLD + Bz patients when a recessive genetic model was considered [ 115 ]. 
Vangsted et al. [ 118 ] conducted a study on the association of promoter  polymorphisms 
rs4848306, rs1143623, rs16944, and rs1143627 and functional haplotypes in IL-1B 
gene encoding the pro-infl ammatory cytokine interleukin 1β (IL-1β) with TTF and 
OS in 243 patients who experienced relapse after HDT and were treated with thalido-
mide and Bz. However, no association was observed between IL-1B genotypes and 
outcome measures among relapse patients treated with thalidomide or Bz. Du et al. 
[ 116 ] analyzed 26 SNPs in the genes IKBα, NFKB2, and TRAF3 that regulate the 
NF-κB pathway using Sequenom’s MassARRAY that uses matrix-assisted laser 
desorption ionization time-of-fl ight (MALDI-TOF) mass spectrometry for genotyp-
ing in 527 unrelated Chinese Han subjects comprising of 252 patients with MM and 
275 age- and sex-matched controls following association studies with outcome in 83 
patients treated with a Bz-containing regimen. Results showed that the SNPs 
rs11160707 (TRAF3), rs1056890, and rs12769316 (NFKB2) were signifi cantly asso-
ciated with outcome. Furthermore, a number of studies have also investigated the 
association of SNPs in candidate genes with the adverse effect of peripheral neuropa-
thy (PN) in patients treated with Bz [ 119 ,  120 ]. However, no study has so far been 
performed that uses genome-wide SNP analysis for the purpose of genomic profi ling 
and characterization of Bz resistance in MM.  

5.2.4     Immunophenotypic Profi ling 

 Recently, two notable studies used immunophenotyping involving antibody-based 
profi ling of proteins expressed by cells to identify and validate predictive immunophe-
notypic signatures associated with Bz resistance in MM. Stessman et al. [ 122 ] identi-
fi ed the reduced expression of plasma cell maturation markers CD93, CD69, and 
CXCR4 associated with both acquired (Bz selected) and innate Bz resistance in cells 
derived from tumors of Bcl-X L /Myc mouse model of plasma cell malignancy and with 
poorer survival in Bz-treated MM patients. This provided strong evidence that Bz 
resistance in MM could be due to Bz-induced and/or Bz-selected loss of plasma cell 
maturation markers resulting in reduced plasma cell commitment and less-differenti-
ated phenotype. In a very elegant study, Leung-Hagesteijn et al. [ 123 ] demonstrated 
the presence of tumor progenitor subpopulations within primary MM which are 
responsible for Bz resistance, cytokine independence, and extramedullary growth 
resulting from decommitment to terminal plasma cell differentiation/maturation. 
The key factor demonstrated is a unique spliced form of XBP1 that was shown to 
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induce the decommitment to plasma cell maturation and immunoglobulin production, 
which in turn reduces the endoplasmic reticulum loading of potential unfolded 
 proteins. This then leads to decreased susceptibility to proteasome inhibitors. Stessman 
et al. [ 122 ] further showed that stimulation of plasma cell differentiation using 
 lipopolysaccharide (LPS), a known inducer of B-cell differentiation, could reestablish 
the maturation markers and resensitize Bz-resistant cells to Bz treatment. These stud-
ies have potentially shepherded a paradigm shift in the understanding of the basis of 
resistance to proteasome inhibitors in MM and offered cues towards novel therapeutic 
approaches to treat Bz resistance (Fig.  5.9 ).

5.3         Perspectives and the Future 

 Tumor tissue and the bone marrow microenvironment encompass a wealth of genetic 
and epigenetic mysteries waiting to be unearthed. These complex genomic, tran-
scriptomic, and epigenetic alterations associated with interindividual variations in 

  Fig. 5.9    Schema elucidating the potential mechanisms of resistance to Bz therapy. ( a ) Innate 
resistance: tumor cells never respond to Bz treatment (refractory disease). ( b ) Emerging resistance: 
presence and proliferation of tumor progenitor cells within primary MM tumors into Bz-resistant 
tumor cell subpopulation. ( c ) Acquired resistance: genetic reprogramming of plasma cells follow-
ing Bz treatment leading to Bz resistance       
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Bz response can be used for in-depth simultaneous large-scale transcriptomic 
 (RNA-seq based gene expression analysis), genomic (genome wide association stud-
ies), and epigenomic (array-based DNA methylation analysis) signature profi ling of 
innate (refractory) or acquired (relapsed) resistance to the proteasome inhibitor Bz in 
MM to generate an integrated pharmacogenomic signature profi le qualitatively and 
quantitatively associated with resistance that can be further expanded to research on 
other drugs. Despite the considerable amount of interest in unraveling the signature 
profi le of drug resistance in MM, strikingly few studies have been conducted so far 
that focus on generating a unique gene-based score to predict therapeutic response 
and particularly its use in guiding clinicians to more effective therapies. 

 Relapse and emerging drug resistance are unfortunately a common event, even in 
patients that may respond well to initial therapies like Bz. While profi ling the fi rst 
available sample from newly diagnosed patients has provided prognostic signatures 
that are particularly useful in identifying aggressive disease, the clinical utility in 
terms of designing individualized therapy has not been effectively demonstrated. 
There have been some recent approaches to develop predictive scoring systems, 
working fi rst with cell lines representing some of the heterogeneity in tumor 
response. Using GEP, Moreaux et al. have developed sensitivity scores to histone 
deacetylases and methylase inhibitors [ 187 ,  188 ]. This may serve to guide clinical 
choices in the near future, although clinical trials will be needed to validate their 
effectiveness. Profi ling tumors from refractory patients or relapse patients have 
demonstrated signatures that can distinguish response and resistance, but how to 
treat the refractory or resistant tumors once they occur had not been addressed. 
A large-scale RNAi screen-based study by Zhu et al. [ 121 ] identifi ed a number of 
genes including  CDK5 , a regulator of the proteasome subunit PSMB5, which were 
found to be involved in the synergistic potentiation of the growth inhibitory effects 
of Bz and Cz in MM cells. Recently, Stessman et al. used the resistant GEP profi les 
to look for common elements in NCI available in CMAPs of drug response to iden-
tify potential secondary therapies [ 113 ]. Alternatively, efforts have been made to 
identify approaches that may resensitize emerging Bz resistance back to Bz response 
[ 122 ,  123 ]. These efforts represent potential applications of profi ling to direct effec-
tive individualized therapies. Similar approaches to use profi les in identifying effec-
tive combinations will add to the personalization of therapies. 

 In recent studies, it has become very apparent that the initial diagnostic tumor 
sample likely contains a heterogeneous mix of tumor cells, which, while showing 
markers of common clonality, nevertheless show evidence of genetic heterogeneity 
[ 189 ]. Indeed, there is evidence in modeling systems that tumors may harbor sub-
populations that are refractory to the therapy [ 190 ]. The consequence is an apparent 
initial response of the bulk population but with the selective outgrowth of a preexist-
ing resistant population (Fig.  5.9 ). New technologies have been developed that 
allow profi ling at the single cell level [ 191 ]; and one could imagine that signatures 
of response and resistance may be identifi ed in such mixed tumor populations. 
If profi les are useful in predicting effective drug choices, combination therapies 
may serve two complementary purposes: (1) synergistic killing of tumor cells and 
(2) selective killing of mixed populations. 
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 As described above, molecular profi ling may include analysis of genomic variations, 
gene expression patterns, epigenetic patterns, protein patterns, or likely a combination 
of all to characterize each individual and their tumors. We conclude that robust 
approaches using multiple data types are of primary importance in profi ling drug 
 resistance in MM. The ultimate purpose of such an effort will be to create a pharma-
cogenomic profi ling-guided therapeutic response score that can be cross- validated 
using clinical trials on MM patients undergoing Bz-based therapy or any chemotherapy, 
so that it can be routinely applied in clinical settings to improve selective response to 
available drugs, predict effective combinations, and identify secondary therapies to 
 circumvent the challenges in the relapsed patient. This represents the future of pharma-
cogenomic profi ling, which will result in more personalized treatments.     
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Chapter 6
Targeting Mantle Cell Lymphoma 
with a Strategy of Combined Proteasome 
and Histone Deacetylase Inhibition

Michael Batalo*, Prithviraj Bose*, Beata Holkova, and Steven Grant

Abstract Although approved for over a decade, the clinical utility of proteasome 
inhibitors (PIs) remains largely restricted to the treatment of patients with multiple 
myeloma (MM) and mantle cell lymphoma (MCL). This has fueled interest in 
understanding mechanisms of resistance to their antineoplastic actions, leading to 
the development of new and improved PIs (e.g., carfilzomib, ixazomib, marizomib) 
and rational combinations with other novel classes of targeted agents. With respect 
to the latter, histone deacetylase inhibitors (HDACIs) represent one of the most 
extensively studied classes of agents. PIs and HDACIs interact at multiple levels to 
trigger synergistic cell killing in a variety of tumor types through multiple mecha-
nisms, including induction of oxidative stress and DNA damage, PI-mediated inhi-
bition of the cytoprotective NF-κB pathway activated by HDACIs, and promotion of 
proteotoxic stress through simultaneous proteasome inhibition and disruption 
of aggresome formation and chaperone proteins, leading to the accumulation of 
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misfolded proteins. Clinically, this combination may be closest to regulatory 
approval in MM, but represents a promising avenue of investigation in MCL, a rela-
tively uncommon but challenging disease that has been the focus of much recent 
attention given Food and Drug Administration approvals in 2013 for the immuno-
modulatory drug lenalidomide and the first-in-class Bruton’s tyrosine kinase inhibi-
tor, ibrutinib. In this chapter, we discuss the mechanisms of action of and interactions 
between PIs and HDACIs with an MCL focus and review the relevant preclinical 
and clinical data.

Keywords Mantle cell lymphoma • Proteasome inhibitor • Histone deacetylase
inhibitor • Apoptosis • NF-κB • Aggresome • ER stress • Unfolded protein response
• Hsp90 • Rational combinations • Targeted therapies • Clinical trials

Abbreviations

ABC Activated B-cell
AML Acute myeloid leukemia
ATM Ataxia telangiectasia mutated
ATR ATM and Rad3 related
BCR B-cell receptor
BTK Bruton’s tyrosine kinase
CDK Cyclin-dependent kinases
CDT1 Chromatin licensing and DNA replication factor-1
c-FLIP Cellular FLICE-like inhibitory protein
CHOP CAAT-/enhancer-binding protein homologous protein
CTCL Cutaneous T-cell lymphoma
DDR DNA damage response
DLBCL Diffuse large B-cell lymphoma
DNMT1 DNA methyltransferase 1
DSB Double-strand breaks
ER Endoplasmic reticulum
ERK Extracellular signal-regulated kinase
FL Follicular lymphoma
FLICE FADD-like IL-1β-converting enzyme
GC Germinal center
GEP Gene expression profiling
GSK3β Glycogen synthase kinase-3-beta
HAT Histone acetyl transferases
HDAC Histone deacetylase
HDACI Histone deacetylase inhibitor
HDM4 Human homolog of MDM4
Hsp90 Heat shock protein 90
IgVH Immunoglobulin heavy chain variable region

M. Batalo et al.



151

IKK IκB kinase
IκB I kappa B
JAK Janus kinase
JNK Jun N-terminal kinase
MAPK Mitogen-activated protein kinase
MCL Mantle cell lymphoma
Mcl-1 Myeloid cell leukemia 1
MDM2 Murine double minute homolog 2
MIPI Mantle cell lymphoma international prognostic index
MM Multiple myeloma
mTOR Mammalian target of rapamycin
NF-κB Nuclear factor kappa B
NHEJ Nonhomologous end joining
NHL Non-Hodgkin lymphomas
ORR Overall response rate
PERK Protein kinase RNA-like ER kinase
PI Proteasome inhibitor
PRDM1 PR domain zinc finger protein 1, Blimp1
Rb Retinoblastoma protein
R-CHOP Rituximab, cyclophosphamide, doxorubicin, vincristine prednisone
ROS Reactive oxygen species
STAT Signal transducer and activator of transcription
TTP Time to progression
UPR Unfolded protein response
UPS Ubiquitin proteasome system
VEGF Vascular endothelial growth factor
XIAP X-linked inhibitor of apoptosis

6.1  Introduction

Comprising approximately 6 % of non-Hodgkin lymphomas (NHL), mantle cell 
lymphoma (MCL) represents a unique and difficult-to-treat mature B-cell neoplasm 
that shares features with both indolent and aggressive B-NHL [1]. Most patients 
present with advanced stages of disease, and extra-nodal, particularly bone marrow 
and gastrointestinal, involvement is common [2]. MCL is presently considered 
incurable and is generally characterized by aggressive behavior and high relapse 
rates that result in relatively short survival (median 5–7 years) despite initial respon-
siveness to conventional chemo-immunotherapy [1]. However, a subset of MCL, 
often associated with a low proliferative index, predominantly leukemic (non-nodal) 
presentation, low karyotypic complexity, hyper-mutated immunoglobulin heavy 
chain variable region (IgVH) genes, and absence of SOX11 expression [1–4], fre-
quently behaves in an indolent fashion. In these circumstances, observation may 
initially be appropriate for some patients [5]. MCL cells express CD20, surface 
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IgM/IgD, and the T-cell antigen CD5, and are usually negative for CD10, CD23 and 
Bcl-6 [2, 3]. The t(11;14)(q13;q32) translocation, leading to aberrant expression of 
cyclin D1, is the genetic hallmark of MCL [1, 2]. Treatment choices in MCL vary 
widely, and the mantle cell lymphoma international prognostic index (MIPI), with 
or without the Ki-67 proliferation index, may help inform therapeutic choices 
through improved risk stratification [2]. Recent advances in chemo-immunotherapy 
for this disease have included a role for rituximab maintenance in elderly patients, 
particularly following R-CHOP (rituximab, cyclophosphamide, doxorubicin, vin-
cristine prednisone) [6], and the establishment of bendamustine plus rituximab as a 
preferred regimen over R-CHOP [7]. The US Food and Drug Administration (FDA) 
approval in 2006 of the first-in-class proteasome inhibitor (PI) bortezomib (Velcade®, 
Millennium) for relapsed MCL ushered in the era of molecularly targeted therapy 
for this disease [8]. More recently, the immunomodulatory drug lenalidomide 
(Revlimid®, Celgene) [9] and the first-in-class Bruton’s tyrosine kinase (BTK) 
inhibitor ibrutinib (Imbruvica™, Janssen) [10] have received regulatory approval in 
the United States for relapsed/refractory MCL. Additionally, temsirolimus (Torisel®, 
Pfizer), a small-molecule inhibitor of mammalian target of rapamycin (mTOR), is 
approved in Europe [11]. Considering the central role of cyclin D1 in MCL patho-
genesis, it is not surprising that PD0332991, a selective inhibitor of cyclin- dependent 
kinases (CDKs) 4 and 6, has shown promising activity in MCL [12]. Although his-
tone deacetylase inhibitors (HDACIs) are not currently registered for the treatment 
of B-cell neoplasms and have limited single-agent activity, this class of agents inter-
acts at multiple levels with PIs, and the mechanistic rationale for synergy, as well as 
the preclinical and clinical data supporting this combination of targeted agents, with 
a focus on MCL, will be reviewed in this chapter.

6.2  Pathogenesis of MCL

In addition to constitutive dysregulation of the cell cycle as a consequence of cyclin 
D1 overexpression resulting from the signature translocation event (t(11;14)
(q13;q32)), a high degree of genetic instability, alterations in the DNA damage 
response (DDR) network, and activation of key survival pathways are integral to the 
pathogenesis of MCL [1, 3]. Cyclin D1 binds to CDKs 4 and 6 to phosphorylate the 
retinoblastoma protein (Rb), thus activating the E2F transcription factor and pro -
moting S-phase entry through cyclin E/CDK2 activation [1, 3]. Additionally, cyclin 
D1/CDK4 complexes further promote cell cycle progression by binding the endog-
enous CDK inhibitor p27, thus removing its inhibitory influence on cyclin E/CDK2,
and inhibiting the degradation of CDT1 (chromatin-licensing and DNA replication 
factor-1), the rate-limiting factor in DNA replication [1]. The latter phenomenon 
leads to increased numbers of DNA double-strand breaks (DSB) and activation of 
DDR checkpoints [1]. In S-phase, cyclin D1 is phosphorylated in a glycogen syn-
thase kinase-3-beta (GSK3β)-dependent manner and undergoes proteasomal degra-
dation [1]. Importantly, GSK3β is phosphorylated and inactivated by Akt and Wnt 
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signaling, both key pathways in MCL pathogenesis [1, 3]. Cyclin D1 may also 
promote MCL cell survival by sequestering the proapoptotic protein Bax (itself a 
proteasomal substrate [13]) in the cytoplasm, potentiating the antiapoptotic function 
of Bcl-2 (B-cell lymphoma 2) [14]. Aside from cyclin D1 dysregulation, secondary 
genetic alterations in MCL frequently target the p16/CDK4/Rb, BMI1/ARF/MDM2 
(murine double minute homolog 2), and ataxia telangiectasia mutated (ATM)/Chk1/
Chk2 pathways, inactivating p53 and disrupting the DDR network [1, 3]. The 
phosphatidylinositol- 3-kinase (PI3K)/Akt/mTOR, B-cell receptor (BCR), JAK/
STAT (Janus kinase/signal transducer and activator of transcription), Wnt/β-catenin, 
and hedgehog pathways are activated in MCL [1, 3], and pharmacologic targeting 
of some of these pathways has been shown to be successful therapeutically [10, 11]. 
Constitutive nuclear factor kappa B (NF-κB) activation is a feature of MCL, with 
resultant overexpression of several target genes, such as those encoding the anti-
apoptotic proteins Bcl-2, Bcl-xL, XIAP (X-linked inhibitor of apoptosis), and 
c-FLIP (cellular FLICE (FADD-like IL-1β-converting enzyme)-like inhibitory pro-
tein) [15–17]. The human homolog of MDM4 (HDM4) is overexpressed in MCL 
and, in addition to promoting proteasomal degradation of p21 and p53 in concert 
with HDM2, also inhibits p53-mediated transcriptional activation of p21 [18]. 
Interactions with the microenvironment are critical to the survival of MCL cells 
[19]. In the case of MM, expression of interleukin-6 (IL-6) in bone marrow stromal 
cells (BMSCs) induced by myeloma cell adhesion is an NF-κB-dependent process 
[20]. Finally, epigenetic silencing (through hypermethylation) as well as upregula-
tion (via hypomethylation) of a number of genes is likely to play a pathogenetic role 
in MCL [21]. Oncogenic c-myc recruits histone deacetylases (HDACs) to repress 
key microRNAs in MCL and other B-NHLs, providing a target for histone modifi-
cation in these diseases [22, 23].

6.3  The Proteasome and Proteasome Inhibitors

The intact 26S proteasome is the major site (~80 %) of protein degradation in
eukaryotic cells, responsible primarily for degrading intracellular proteins [13, 24]. 
Present in both the nucleus and in the cytoplasm, it consists of a 20S cylindrical 
structure with a 19S regulatory “cap” at each end [24]. The β-subunits (β1, β2, and 
β5) of the 20S proteasome carry out the proteolytic activities of the organelle, which 
have been classified as “chymotrypsin-like,” “trypsin-like,” and “caspase-like” [13, 24]. 
Proteins marked for degradation are recognized by the proteasome by their polyu-
biquitin “tag,” after which the tag is removed and the protein unfolded and linearized 
by an ATP-dependent mechanism, followed by entry into the catalytic central cham-
ber (formed by the two inner rings of the cylinder composed of β-subunits; the α 
subunits form the top and bottom rings) of the 20S proteasome [24]. Proteins des-
tined for proteasomal degradation become polyubiquitinated through the sequential 
action of ubiquitin-activating (E1), ubiquitin-conjugating (E2), and ubiquitin-ligating
(E3) enzymes [ 24]. Among the multitude of proteasomal substrates are key cell 
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cycle regulatory proteins, e.g., cyclins, the endogenous CDK inhibitors p21 and p27, 
and the CDC25 family of phosphatases; the tumor suppressor p53 (the negative reg-
ulator of p53, MDM2, is itself an E3 ubiquitin ligase that targets p53 for proteasomal
degradation); several pro- and antiapoptotic proteins of the Bcl-2 family; oncopro-
teins such as c-fos, c-jun, and N-myc; and I kappa B (IκB), the inhibitor protein that 
maintains the transcription factor NF-κB in an inactivated state in the cytoplasm 
under normal conditions [13, 24]. In addition, cell adhesion molecules, stress 
response enzymes, proinflammatory cytokines, proangiogenic factors, and the 
unfolded protein response (UPR, reviewed in [25]) are some of the many cellular 
processes affected by proteasomal activity [13, 24].

Proteasome inhibition induces apoptosis in a wide range of tumor types, both 
hematologic [16, 26–31] and solid tumor malignancies [32–38]. While some studies 
have demonstrated marked apoptosis induction in proliferating but not in quiescent 
cells [28, 39], others have shown considerable activity against tumor types with low 
proliferative indices [30, 33]. In fact, in preclinical studies, the combination of the 
proteasome inhibitor MG-132 and idarubicin was shown to preferentially target 
acute myeloid leukemia (AML) stem cells while sparing normal stem cells [40], 
findings that served as the basis of a clinical trial of bortezomib and “7 + 3” in newly 
diagnosed patients with AML [41].

Mechanisms of PI lethality include stabilization of p21, p27, and p53 [35, 37, 
38, 42]; of c-jun N-terminal kinase (JNK) [43–46], reactive oxygen species (ROS) 
generation [46–48], and inhibition of NF-κB activation [29, 49–51]; and of extracel-
lular signal-regulated kinase (ERK) signaling [ 46, 52] and disruption of the UPR, 
thereby leading to endoplasmic reticulum (ER) stress [ 53–55], interference with 
tumor-microenvironment interactions [29], inhibition of DNA repair [56], upregula-
tion/activation of proapoptotic Bcl-2 family proteins [44, 48, 57], downregulation of 
several antiapoptotic proteins [44], and antiangiogenic effects [36, 58–60], among 
others (Fig. 6.1). The complex regulation of apoptosis proteins in cancer cells by the 
ubiquitin proteasome system (UPS) has been reviewed [61]. Although long regarded 
as a central mechanism of PI lethality, the notion that PIs inhibit NF-κB activation 
in cancer cells has recently been called into question, at least in multiple myeloma 
(MM) [62] and to some extent also in MCL [63, 64]. In MM cells, it has been appre-
ciated for some time that the effects of PIs cannot solely be ascribed to suppression 
of NF-κB activity, as inhibitors of IκB kinase (IKK) produce apoptosis to a signifi-
cantly lesser degree [50]. However, it is clear that in certain tumor types character-
ized by constitutive activation of NF-κB, such as the activated B-cell (ABC) subtype 
of diffuse large B-cell lymphoma (DLBCL), bortezomib can significantly reverse 
resistance to chemotherapy [65]. The lethal effects of proteasome inhibition appear 
to be primarily confined to transformed cells [30, 42, 66], a somewhat unexpected 
finding that has been attributed to diminished tolerance of the accumulation of mis-
folded or damaged proteins in rapidly proliferating tumors, leading to elicitation of 
the UPR which, though initially cytoprotective, subsequently becomes proapoptotic 
[53, 67]; increased susceptibility to the stress imposed by proteasome inhibition in 
cancer cells with defective cell cycle checkpoints; and dependence of some tumors 
on proteasome-dependent NF-κB activation for survival [13, 24].
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Bortezomib (formerly PS-341) is a dipeptidyl boronic acid PI that was selected 
for further study after it demonstrated promising cytotoxic activity in an in vitro 
screen against a standard National Cancer Institute (NCI) panel of 60 human tumor 
cell lines [68]. It received first accelerated (in 2003) and then regular approval (in 
2005) from the FDA for the treatment of relapsed/refractory MM based on substan-
tial clinical efficacy in phase II and III trials [69, 70], providing proof of principle 
and validating the proteasome as a rational therapeutic target in cancer. The studies 
that led to FDA approval for bortezomib in 2006 for MCL [8] are summarized 
below. Importantly, PIs, and in particular bortezomib, sensitize cells from a variety 
of tumor types to the lethal effects of chemotherapy [29, 32, 45, 49, 71–74], mono-
clonal antibodies [31], glucocorticoids [75], and radiation [74, 76], in large part by 
blocking the effects of NF-κB activation, a physiologic response to cellular stress 
(reviewed in [77]) that leads to activation of transcription of genes for growth fac-
tors, stress response enzymes, cell adhesion molecules, and apoptosis inhibitors 
[78–80], although other mechanisms exist [45, 81]. In particular, the ability of PIs 
to phosphorylate and cleave the antiapoptotic protein Bcl-2 into proapoptotic frag-
ments [34] and to inhibit the maturation of P-glycoprotein (multidrug resistance 
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Fig. 6.1 Mechanisms of proteasome inhibitor lethality. Bad Bcl-2-associated death promoter, Bim 
Bcl-2-interacting mediator of cell death, DNMT1 DNA methyltransferase 1, ER endoplasmic retic-
ulum, FLIP FLICE-like inhibitory protein, IAP inhibitor of apoptosis, JNK c-Jun N-terminal 
kinase, NF-κB nuclear factor kappa B, ROS reactive oxygen species, TRAIL TNF-related apoptosis- 
inducing ligand, UPR unfolded protein response. Modified, with permission, from: Holkova B, 
Grant S. Proteasome inhibitors in mantle cell lymphoma. Best Pract Res Clin Haematol. 2012 
Jun;25 (2):133-141. Epub 2012 May 16
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(MDR) protein) [82, 83], an NF-κB-dependent process [84], exemplify the  important 
role these agents can play in circumventing common mechanisms employed by 
tumors to acquire resistance to chemotherapy. In MM, these findings have been suc-
cessfully translated to the clinic, and combination regimens involving bortezomib 
and conventional chemotherapeutic agents such as melphalan and pegylated liposo-
mal doxorubicin are widely used in patients today [85, 86].

In 2012, the FDA granted accelerated approval to carfilzomib (Kyprolis™, Onyx, 
formerly PR-171), a cell-permeable tetrapeptide epoxyketone that irreversibly and 
selectively inhibits the chymotrypsin-like site of the proteasome, for the treatment 
of patients with relapsed/refractory MM [87]. Their large protein load makes MM 
cells particularly sensitive to proteasome inhibition [88]. Carfilzomib retains effi-
cacy in patients with relapsed and/or refractory MM who have previously been 
treated with bortezomib [89]. A number of other PIs, some reversible and others 
irreversible, administered via oral or intravenous (IV) routes, are currently in vari-
ous phases of development in an effort to overcome mechanisms of resistance to 
bortezomib inherent to the proteasome itself (reviewed in [90]).

6.4  Proteasome Inhibitors in MCL

Proteasome inhibition induces cell cycle arrest and apoptosis in MCL cells [26]. 
Increased proteasomal degradation of p27 is associated with decreased overall sur-
vival (OS) in MCL [91]. As noted above, MCL is characterized by constitutive acti-
vation of the NF-κB pathway [1, 3]. The ability of IKK inhibitors to induce apoptosis 
in MCL cells in vitro validated NF-κB as a therapeutic target in this disease [16, 17]. 
However, although initially believed to be the major mechanism of bortezomib-
induced apoptosis in MCL, inhibition of the NF-κB pathway may not represent the 
predominant mechanism of PI lethality in this disease [63, 64]. Indeed, it has been 
demonstrated that bortezomib induces apoptosis in MCL cells through ROS genera-
tion and upregulation of the BH3-only proapoptotic protein Noxa, which displaces 
the apoptosis effector Bak from the antiapoptotic protein myeloid cell leukemia 1 
(Mcl-1) [48, 92], potentially counteracting bortezomib-induced accumulation of the 
latter [93, 94]. In accordance with the E3 ligase function of HDM2, sequence-
dependent synergistic, antiproliferative effects of inhibitors of the p53/HDM2 inter-
action and bortezomib in MCL cells have been observed [95]. Bortezomib also 
exhibits sequence-dependent synergism with cytarabine in MCL [96]. Constitutive 
activation of Akt and mTOR has distinct functional consequences in MCL cells, and 
their inhibition downregulates cyclin D1 via GSK3-mediated proteasomal degrada-
tion and causes nuclear accumulation of p27 [97]; additionally, proteasome inhibi-
tion leads to dephosphorylation and downregulation of protein expression of 
members of the Akt/mTOR pathway in MCL [98], arguing for the combination of 
PIs with inhibitors of the PI3K/Akt/mTOR pathway as a therapeutic strategy in 
MCL [99]. The transcriptional repressor PRDM1 (PR domain zinc finger protein 1, 
Blimp1) appears to be a key mediator of bortezomib activity in MCL [100]. 
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Finally, constitutive and BCR-induced activation of STAT3 are important signaling 
pathways targeted by bortezomib in leukemic MCL [101].

In a phase II study of bortezomib in 26 patients with previously treated indolent 
B-NHL and MCL that included 11 patients with MCL, one patient with MCL 
achieved an unconfirmed complete response (CRu), four partial response (PR), and 
four stable disease (SD) [102]. Another phase II study reported a 41 % overall 
response rate (ORR) in 29 evaluable patients with relapsed or refractory MCL 
[103]. In the pivotal multicenter phase II PINNACLE trial, bortezomib produced a
33 % ORR in 141 assessable patients (out of 155 treated) with MCL and one to 
three prior therapies and exhibited a safety profile similar to that seen in patients 
with MM [104]. Median time to progression (TTP) was 6.7 months in the overall 
study population and 12.4 months in responding patients. Median OS was 
23.5 months in the study population as a whole and 35.4 months in responders, with 
1-year OS rates of 69 % and 91 %, respectively [105]. A smaller study conducted in 
Canada enrolled 29 patients with MCL, 13 of whom had not received prior chemo-
therapy [106]. There were 13 responders (46.4 %) to bortezomib, including one 
CRu, and the median duration of response (DOR) was 10 months [106]. Response 
rates were similar in previously untreated (46.2 %) and treated (46.7 %) patients 
[106]. In contrast, among 11 patients with MCL treated on two phase I trials of 
carfilzomib, only 1 responded (with a CRu) [107, 108]. The combination of bort-
ezomib, bendamustine, and rituximab was investigated in a multicenter phase II 
study in 30 patients with relapsed or refractory indolent NHL and MCL (n = 7) 
[109]. Of 29 patients evaluable for efficacy, the ORR was 83 %, with 51.7 % achiev-
ing a complete response (CR) [109]. With median follow-up of 24 months, 2-year 
progression-free survival (PFS) was 47 % [109].

6.5  HDACs and HDACIs

DNA (chromatin) is wrapped around histone octamers to form nucleosomes, and 
these histones can be reversibly modified in various ways in order to render DNA 
accessible to transcription factors, the best characterized of which is acetylation 
[110, 111]. Acetylation of histones is reciprocally regulated by histone acetyl trans-
ferases (HATs) and HDACs [110, 111]. Acetylation of positively charged 
N-terminal lysine residues in the histone tails interferes with their binding to nega-
tively charged DNA, allowing a more open or relaxed chromatin configuration that 
favors gene transcription [110]. Conversely, deacetylation of histones favors com-
paction of chromatin, which is generally associated with gene silencing [110], 
although some genes can be downregulated by histone acetylation, depending on 
the cellular context [112]. HDACs, which are frequently dysregulated in cancer, 
represent the products of 18 genes, which can be subdivided into 4 classes [111]. 
Classes I (HDACs 1, 2, 3, and 8), II (HDACs 4, 5, 6, 7, 9, and 10), and IV (HDAC 
11) are zinc- dependent enzymes, whereas the class III enzymes (sirtuins) are zinc 
independent but nicotinamide adenine dinucleotide (NAD) dependent [110].  
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The class IIb HDAC, HDAC6, is distinguished by its ability to deacetylate tubulin, 
which has important mechanistic implications related to disruption of aggresome 
formation and downregulation of chaperone proteins by HDAC6 inhibitors 
[110, 111]. Clinically relevant HDACIs represent different chemical classes, e.g., 
hydroxamic acids (vorinostat, dacinostat, panobinostat, belinostat), benzamides 
(entinostat, mocetinostat), and cyclic tetrapeptides (romidepsin) [110, 111]. Some 
of these (the hydroxamic acids) act as pan-HDACIs, whereas others predomi-
nantly target the class I (entinostat, mocetinostat) or class IIb (e.g., ACY-1215) 
enzymes [110, 111].

Although initially viewed as acting primarily as epigenetic agents, it has become 
increasingly apparent in recent years that HDACIs exert diverse cytotoxic actions, 
in large part owing to acetylation of a plethora of nonhistone proteins; indeed, deter-
mining which of their multiple mechanisms of lethality are primarily responsible 
for their antitumor activity and relative selectivity for transformed cells remains a 
formidable challenge [110, 111]. Key determinants of HDACI lethality (Fig. 6.2) 
include downregulation of antiapoptotic proteins such as caspase inhibitors (e.g., 
XIAP, survivin, and c-FLIP) [113–117], Bcl-w [117], and Mcl-1 (through reversal of 
microRNA silencing) [118]; upregulation of proapoptotic proteins such as Bim, 
Bmf, and Noxa (through acetylation of p53) [119–126]; activation of the death 
receptor pathway [127–129]; induction of Bid cleavage and activation [130–132]; 
induction of the endogenous CDK inhibitors p21 [117, 131, 133–136] and p16 [110]; 
ROS generation [117] and induction of DNA damage [132, 137–147]; and disrup-
tion of chaperone protein (in particular, heat shock protein 90 (Hsp90)) function 
(via acetylation) [148], an effect that has been attributed to HDAC6 inhibition [149]. 
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This inhibition leads to Hsp70-mediated proteasomal degradation of Hsp90 “client” 
oncoproteins [150] and inhibition of DNA repair through acetylation of Ku70 [142, 
151, 152]; downregulation of the DNA repair proteins Ku86, BRCA1, CHEK1,
RAD50, RAD51, and MRE11 [142, 153]; interference with the S-phase checkpoint 
through loss of HDAC3 function [154]; disruption of both the homologous [155] 
and nonhomologous end-joining (NHEJ) [156] processes of DNA repair; and inter-
ference with HDAC-mediated coordination of ATR (ATM and Rad3- related) check-
point function, DSB processing, and autophagy [157, 158]. The pleiotropic actions 
of HDACIs (Fig. 6.2) also include interference with the function of corepressors 
(e.g., Bcl-6 in DLBCL [159]) and cofactors (e.g., the NCOR1/SMRT axis, critical 
for maintaining chromatin structure and genomic stability [154, 160]); promotion of 
proteotoxic (UPR) and endoplasmic reticulum (ER) stress via disruption of
aggresome formation via HDAC6 inhibition and acetylation of glucose- regulated 
protein 78 kDa (GRP78), a critical sensor of the ER stress response [134, 161–165], 
as well as through inhibition of class I HDACs [166]; disruption of cell cycle (espe-
cially mitotic spindle assembly) checkpoints [167–170], dysregulation of which is 
frequent in neoplastic cells; JNK activation [146, 147, 171, 172]; STAT5 and STAT3 
inhibition [173–175]; interference with proteasome function [114, 176]; antiangio-
genic effects [177, 178]; generation of the proapoptotic lipid second messenger 
ceramide [179]; and induction of autophagy, possibly through acetylation of the 
autophagy signaling component Atg3 [180]; however, autophagy induced by 
HDACIs can be cytoprotective [181, 182], as can induction of p21 by these agents 
[183], providing a basis for synergism with agents that block these phenomena 
[181–183]. The selective toxicity of HDACIs toward transformed cells may be 
explained in part by the ability of normal but not neoplastic cells to escape HDACI- 
induced oxidative injury by upregulating thioredoxin [ 139] and to repair HDACI- 
induced DNA damage [153] and by the activation of death receptor pathways in 
transformed cells [128, 129].

6.6  HDACIs in MCL

At present, the only two FDA-approved HDACIs, vorinostat (Zolinza®, Merck) and 
romidepsin (Istodax®, Celgene), are indicated for the treatment of patients with 
cutaneous or peripheral T-cell lymphoma (romidepsin) who have received one 
(romidepsin) or two (vorinostat) prior therapies [184]. However, several preclinical 
studies support investigation of this class of agents in MCL. Vorinostat suppresses 
the translation of cyclin D1 in MCL cells by inhibiting the PI3K/Akt/mTOR/eIF4E-
 BP pathway [185]. HDACIs upregulate p21 and p27, reduce vascular endothelial 
growth factor (VEGF) production, and induce growth suppression and apoptosis in
human MCL cells [186]. In MCL cell lines and patient-derived cells, vorinostat 
caused caspase-dependent cell death by activating the mitochondrial pathway of 
apoptosis, as evidenced by Bax and Bak conformational changes, mitochondrial 
depolarization, and ROS generation, accompanied by histone H4 hyperacetylation 
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on promoter regions and consequent transcriptional activation of genes for the 
 proapoptotic BH3-only proteins Bim, Bmf, and Noxa [126]. Adhesion of MCL and 
other NHL cells to stromal cells triggers a c-Myc/miR-548m feed-forward loop, 
linking sustained c-Myc activation, miR-548m downregulation, and subsequent 
HDAC6 upregulation and stroma-mediated cell survival and lymphoma progression 
[187]. Furthermore, treatment with an HDAC6-selective inhibitor, both alone and in 
combination with a c-Myc inhibitor, enhanced cell death, abolished cell adhesion- 
mediated drug resistance, and suppressed clonogenicity and lymphoma growth 
in vitro and in vivo [187]. A phase I trial of vorinostat in Japanese patients with 
NHL provided a signal of activity in MCL and follicular lymphoma (FL) [188]. 
There were, however, no formal responders among nine patients with MCL in a 
phase II trial of vorinostat, although one patient maintained SD for 26 months [189]. 
Similarly, tumor shrinkage of between 43 and 49 % was reported after two cycles 
in two MCL patients participating in a phase I clinical trial of oral belinostat  
(J Clin Oncol 27:15 s, 2009 (suppl; abstr 8580).

6.7  Rationale for the Combination of PIs and HDACIs 
as a Therapeutic Strategy

In many respects, PIs and HDACIs have overlapping actions in malignant cells. 
These include stabilization/induction of endogenous CDK inhibitors, ROS genera-
tion, JNK activation, inhibition of DNA repair mechanisms, upregulation of pro-
apoptotic proteins and downregulation of antiapoptotic proteins (the upregulation 
by PIs of the antiapoptotic protein, Mcl-1 is a notable exception), interference with 
tumor–microenvironment interactions, and antiangiogenic effects (see above sec-
tions). Given their pleiotropic actions and selectivity for transformed cells, it is not 
surprising that both these classes of agents lend themselves particularly well to 
rational combinatorial strategies with a large number of cytotoxic and targeted 
agents [111, 190]. However, for a number of reasons aside from the overlapping 
actions mentioned above, the combination of PIs and HDACIs has inherent appeal 
as in several instances, one of these classes of agents can counteract compensatory 
cellular survival mechanisms activated by the other. For example, it is well- 
established that HDACIs activate NF-κB, which diminishes the lethality of this 
class of agents [191, 192]. In human leukemia cells, this has been shown to stem 
from oxidative injury and induction of NF- κB by the atypical, inside-out ATM/
NEMO (NF-κB essential modulator)/SUMOylation DNA damage pathway [143].  
It had previously been shown that in leukemia cells, HDACI-induced NF-κB activa-
tion is associated with hyperacetylation and nuclear translocation of RelA/p65 [138]. 
Blockade of the latter events and of the inhibitory association of RelA/p65 with 
IκBα by an inhibitor of IκBα phosphorylation markedly potentiated HDACI- 
induced apoptosis through enhanced oxidative damage, JNK activation, and down-
regulation of NF-κB-dependent antiapoptotic proteins [138]. Similar observations 
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have been made in MM cells, where it has been demonstrated that IKKβ-mediated 
RelA phosphorylation promotes RelA acetylation, inducing NF-κB activation and 
limiting HDACI lethality [193]. These events could be blocked by either pan-IKK 
or IKKβ-selective inhibitors, resulting in marked apoptosis [193]. In AML cells, 
NF-κB inhibition can convert HDACI-induced cell cycle arrest and maturation into 
apoptosis [172, 194]. As PIs such as bortezomib, carfilzomib, and marizomib block 
IκBα degradation, inhibiting NF-κB activation and diminishing the expression of 
NF-κB target genes, they are expected to synergize with HDACIs in triggering 
apoptosis, and this has indeed proved to be the case in preclinical studies in MM 
[195, 196], CLL [122], MCL [147, 197, 198], DLBCL [146], cutaneous T-cell lym-
phoma (CTCL) [199], T-cell leukemia/lymphoma [200], AML/ALL [123, 201], and 
Bcr-Abl+ [202] cells. In general, synergistic enhancement of apoptosis in these stud-
ies has been accompanied by abrogation of HDACI-mediated NF-κB activation; 
accumulation of phosphorylated IκBα; diminished hyperacetylation of RelA/p65; 
downregulation of antiapoptotic proteins (i.e., Bcl-2, Bcl-xL, Mcl-1, and XIAP); 
upregulation of the proapoptotic proteins Bim and Noxa; JNK and p38 mitogen- 
activated protein kinase (MAPK) activation; ERK1/2 and Akt inactivation; induc -
tion of p53, p21, and p27; cyclin D1 downregulation; ROS generation; and induction 
of DNA damage [122, 123, 146, 147, 195, 197–202]. Several of these observations 
have resulted in early-phase clinical trials [203–207]. The studies in MCL, both 
preclinical and clinical, are discussed in detail below.
Another major mechanism of synergy between PIs and HDACIs relates to simul-

taneous inhibition of proteasome function and disruption of aggresome formation, 
which leads to massive accumulation of polyubiquitinated proteins within the cell, 
and resultant increased cellular and ER stress and induction of apoptosis [29, 190, 208]. 
Aggresome formation is dependent on the interaction of HDAC6 with tubulin and 
dynein and is induced as a cytoprotective response to the increasing burden of mis-
folded proteins created by proteasome inhibition in cancer cells [190, 208]. Targeting 
HDAC6 with tubacin or panobinostat hyperacetylates α-tubulin and inhibits this 
interaction, inducing marked accumulation of ubiquitinated proteins and synergisti-
cally augmenting bortezomib-induced cytotoxicity through JNK and caspase acti-
vation in MM cells, including those adherent to BMSCs [162, 209]. These findings 
have been recapitulated in pancreatic cancer cells in vitro and in vivo but not in 
immortalized normal human pancreatic epithelial cells in vitro or in murine pancre-
atic epithelial cells in vivo, suggesting selectivity of this phenomenon for tumor 
cells [163]. Induction of ER stress and a terminal UPR in cancer cells is a well-
established consequence of proteasome inhibition [45, 53, 55]. Acetylation of 
GRP78, a critical sensor of the ER stress response, by HDAC6 inhibitors diminishes
its binding to the ER stress mediator PERK (protein kinase RNA-like ER kinase)
and activates a lethal UPR in human breast cancer cells [165]. With respect to clini-
cal development, the PI-HDACI concept has advanced furthest in MM [210]. 
In addition, a selective HDAC6 inhibitor, ACY-1215, has demonstrated promising 
anti-myeloma activity in combination with bortezomib at the preclinical level both 
in vitro and in vivo [211].
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The chaperone protein Hsp90 is also deacetylated by the class IIB HDAC, 
HDAC6, and targeted inhibition of HDAC6 leads to acetylation of HSP90 and dis-
ruption of its chaperone function, resulting in polyubiquitination and depletion of 
pro-growth and pro-survival HSP90 client proteins such as Akt and c-Raf [149]. 
Depletion of HDAC6 sensitized human leukemia cells to proteasome inhibitors 
[149]. Interestingly, there is some evidence that similar downregulation of Hsp90 
client proteins can be achieved by the class I selective HDACI entinostat [212]. Hsp 
inhibition may directly lead to induction of ER stress and the UPR and cell death
[213]. However, the Hsp90 inhibitor IPI-504 has been reported to overcome resis-
tance to bortezomib and synergistically induce apoptosis in MCL cells, both in vitro 
and in vivo, by provoking the dissociation of Hsp90/BiP complexes, leading to 
depletion of the pro-survival ER chaperone BiP/Grp78, inhibition of the UPR, and
promotion of NOXA-mediated mitochondrial depolarization [214]. In MCL cells, 
panobinostat acetylates Hsp90 and depletes the levels of Hsp90 client proteins such 
as CDK4, c-Raf, and Akt and abrogates bortezomib-induced aggresome formation 
[164]. Panobinostat also induces a lethal UPR, associated with induction of CAAT-/
enhancer-binding protein homologous protein (CHOP) [164]. Co-treatment with 
panobinostat increased bortezomib-induced expression of CHOP and Noxa, as well 
as increased bortezomib-induced UPR and apoptosis of cultured and primary MCL 
cells [164]. Blockade of Hsp27 has also been shown to overcome bortezomib resis-
tance in lymphoma cells [215].

Preclinical studies in AML have demonstrated that abrogation of the Sp1/NF-κB 
complex by bortezomib causes transcriptional repression of the DNMT1 (DNA 
methyltransferase 1) gene and downregulation of DNMT1 protein, which in turn 
induces global DNA hypomethylation in vitro and in vivo and re-expression of epi-
genetically silenced genes, adding epigenetic modification to the long list of possi-
ble mechanisms of action of this agent [216]. Dual epigenetic targeting using 
HDACIs and DNMT inhibitors has been a popular rational combination strategy in 
the targeted therapy of cancer [217, 218]. In human hepatoma cells but not in pri-
mary human hepatocytes, vorinostat induced the extrinsic apoptotic pathway and 
Bid cleavage, upregulation of Bim, and dephosphorylation and inactivation of Akt, 
and stimulated alternative splicing of the Bcl-X transcript with expression of the 
proapoptotic Bcl-Xs isoform, resulting in apoptosis induction via both the intrinsic 
and extrinsic pathways, and synergized with bortezomib [219]. Finally, in MM 
cells, it has been shown that bortezomib specifically downregulates the expression 
of class I HDACs [220], while the pan-HDACI dacinostat inhibits proteasome func-
tion [221], suggesting that at least in MM, PIs might themselves serve as HDACIs 
and vice versa [114]. Dysregulated proteasome activity has been identified as a 
contributor to the anticancer activity of HDACIs in a genome-wide loss-of-function 
screen [176] and HDACI-induced downregulation of genes encoding proteasome 
components specifically demonstrated by gene expression profiling (GEP) in NHL
cell lines [222]. Figure 6.3 schematically depicts the many levels at which PIs and 
HDACIs interact to enhance each other’s toxicity toward malignant cells.

M. Batalo et al.



163

6.8  PI-HDACI Combinations in MCL:  
Preclinical and Clinical Studies

Synergistic induction of apoptosis in MCL cells by the combination of vorinostat and 
bortezomib was first reported by Heider et al. [197]. In these studies, ROS generation 
was a major determinant of lethality, and marked reduction of proteasome activity,
inhibition of NF-κB, and caspase [3, 8, 9] activation were documented, suggesting 
activation of both the intrinsic and extrinsic pathways of apoptosis [197]. Subsequently, 
both romidepsin and belinostat were demonstrated to synergize with bortezomib in 
MCL cell lines, whereas no significant apoptosis was observed in peripheral blood 
mononuclear cells (PBMCs) from healthy donors with the combination [198]. These 
events were associated with a decrease in cyclin D1 and Bcl-xL and accumulation of 
acetylated histone H3, acetylated α-tubulin, and Noxa in the MCL cell lines [198]. 
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Fig. 6.3 Synergistic interactions between HDAC and proteasome inhibitors. HDAC inhibitors 
(HDACIs) and proteasome inhibitors (PIs) represent a rational drug combination in which syner-
gism is mediated by multiple overlapping actions (not shown), as well as complementary, dis-
abling activities that disable cellular safeguards and compensatory protective responses resulting 
from each drug’s direct activities. HDACIs disrupt the compensatory effects of aggresome forma-
tion and Hsp90 chaperone function that guard against PI-induced misfolded protein accumulation. 
The latter event leads to increased ER stress and activation of the unfolded protein response (UPR),
an adaptive cellular response to proteotoxic stress that beyond a certain point may promote cell 
death. PI and HDACI synergism could reflect potentiating the UPR past a critical point, culminat-
ing in apoptosis. PIs also block NF-κB, which can be activated by HDACIs and which limits 
HDACI lethality. PIs can inhibit DNMT, possibly recapitulating the established synergism between 
hypomethylating agents and HDACIs. Finally, PIs and HDACI can exert reciprocal actions, e.g., 
PIs may inhibit HDACs and HDACI inhibition may disrupt proteasome function. DNMT DNA 
methyltransferase, ER endoplasmic reticulum, HDAC histone deacetylase, HDACI histone deacet-
ylase inhibitor, Hsp90 heat shock protein 90, NF-κB nuclear factor kappa B, PI proteasome inhibi-
tor, UPR unfolded protein response
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Similar effects were observed using the antihistamine cyproheptadine, which acts as 
an HDACI in this context [223]. As discussed above, panobinostat induced Hsp90 
acetylation and downregulation of Hsp90 client proteins CDK4, c-Raf, and Akt in 
human, cultured, and primary MCL cells, as well as disruption of bortezomib-
induced aggresome formation, triggering a lethal UPR in these cells [164]. 
Panobinostat potentiated bortezomib-induced expression of Noxa and CHOP, as well 
as the UPR and apoptosis in this setting [164]. Most recently, the second generation, 
irreversible PI carfilzomib has also been shown to interact synergistically with both 
vorinostat and entinostat in MCL cells in vitro and in vivo [147]. Striking synergism 
was observed, even at marginally toxic concentrations of both carfilzomib and the 
HDACIs, and activity was observed in bortezomib- resistant MCL cells [147]. 
Enhanced lethality was associated with JNK activation, increased DNA damage,
ERK1/2 and Akt inactivation, and a marked increase in ROS generation [147]. Very 
similar findings were reported with these regimens in both germinal center (GC)- and 
ABC-subtype DLBCL cells and in a murine xenograft model [146]. The combination 
of carfilzomib and vorinostat only minimally affected normal CD34+ hematopoietic 
cells, while retaining dramatic efficacy against bortezomib- resistant GC- and ABC-
subtype DLBCL cells [146]. Strongly synergistic induction of ROS- and caspase-
dependent apoptosis was observed in all NHL cell lines tested in preclinical studies 
of the combination of bortezomib and the broad spectrum HDACI PCI-24781 [222]. 
The PCI-24781-bortezomib combination resulted in increased caspase cleavage, 
mitochondrial depolarization, and histone acetylation compared with either agent 
alone [222]. GEP showed that PCI-24781 alone significantly downregulated several
antioxidant genes, proteasome components, and NF-κB pathway genes, effects that 
were enhanced further by bortezomib [222].

A phase I clinical trial (NCT01276717) of carfilzomib and vorinostat in patients 
with relapsed/refractory B-NHLs has recently completed accrual, and preliminary 
results were presented at the 2013 annual meeting of the American Society of 
Hematology [207]. Of 20 treated patients, 10 had MCL. The combination was found 
to be reasonably tolerable in a heavily pretreated patient population, and the recom-
mended phase II doses of vorinostat were 100 or 200 mg twice daily, depending on 
whether or not carfilzomib dosing was escalated from 20 to 27 mg/m2 in cycle 2 (as 
currently FDA-approved) [207]. NCT00703664 is an ongoing phase II clinical trial 
of bortezomib and vorinostat in treatment-naïve or previously treated patients with 
MCL and patients with DLBCL who have received at least one prior systemic ther-
apy. Currently, prior exposure to bortezomib is not allowed in either cohort in this 
trial, which uses a Simon 2-stage design. Preliminary results from this trial were 
presented at the 2011 annual meeting of the American Society of Hematology 
[205]. The cohort of bortezomib-exposed MCL patients was closed early, owing to 
limited accrual [205]. At the time of presentation, the ORR in the MCL cohort was 
47 % and that in the DLBCL cohort was 12 %, allowing both cohorts to proceed to 
stage 2 of enrollment [205].
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6.9  Conclusion

The number of possible rational combinations of targeted agents involving PIs or 
HDACIs is extremely large. As reviewed in this chapter, the combination of PIs with 
HDACIs is based on a sound theoretical foundation and appears particularly promis-
ing in MM and in MCL. However, of the many other rational combinations possible, 
a few deserve mention. For example, the CDK inhibitors, particularly pan- CDK 
inhibitors such as flavopiridol (alvocidib), interact synergistically with both PIs (e.g., 
bortezomib) [224] and HDACIs (e.g., vorinostat) [115, 183], including in MCL 
[225]. These findings have led to several clinical trials in a number of hematologic 
malignancies, including MCL [226–228]. Combinatorial drug screening has identi-
fied synergistic co-targeting of BTK and the proteasome in MCL [229]. Indeed, the 
BTK inhibitor ibrutinib was recently shown to synergistically increase bortezomib 
lethality in DLBCL and MCL cells sensitive or resistant to bortezomib [230]. Finally, 
a particularly promising combination in MCL is that of PIs with BH3 mimetics 
[231, 232], although thus far, evidence of clinical efficacy is limited to obatoclax 
[233] and navitoclax [234], neither of which is currently in development. Additionally, 
this class of agents also synergizes with HDACIs [121, 235]. These topics are out-
side the scope of the present chapter and are therefore not discussed here.
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    Chapter 7   
 Preclinical Studies on the Molecular Basis 
of Bortezomib Resistance and Modalities 
to Overcome Resistance in Hematological 
Malignancies 

             Jacqueline     Cloos      ,     Denise     Niewerth      , and     Gerrit     Jansen     

    Abstract     The success of the proteasome inhibitor bortezomib for the treatment 
of multiple myeloma has encouraged its broader use for other hematological 
 malignancies such as lymphomas and acute leukemia. An important feature for the 
successful implementation of bortezomib in the treatment of acute leukemia would 
rely on the selection of patients that will benefi t. In order to achieve this goal, pre-
clinical studies can help to establish the mechanism(s) of action underlying protea-
some inhibition in leukemic cells and recognize possible mechanisms of acquired 
resistance. This chapter presents an overview about the current knowledge of these 
mechanisms based on in vitro and ex vivo studies. Moreover, strategies are  discussed 
that have been set up to overcome resistance, e.g., by novel proteasome inhibitors 
and combinations of bortezomib with other chemotherapeutic drugs. Finally, an 
update is provided of the ongoing clinical trials investigating the potential benefi ts 
of proteasome inhibitors in acute leukemia.  
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  Abbreviations 

   5AHQ    5-Amino-8-hydroxyquinole   
  ABC    ATP-binding cassette   
  ALL    Acute lymphoblastic leukemia   
  AML    Acute myeloid leukemia   
  BCRP    Breast cancer resistance protein   
  BTZ    Bortezomib   
  CFZ    Carfi lzomib   
  C-L    Caspase-like   
  cP    Constitutive proteasome   
  CR    Complete remission   
  CT-L    Chymotrypsin-like   
  ER    Endoplasmic reticulum   
  IGFR    Insulin-like growth factor receptor   
  iP    Immunoproteasome   
  IRF4    Interferon regulating factor 4   
  MDR    Multidrug resistance   
  MHC    Major histocompatibility complex   
  MM    Multiple myeloma   
  MRP    Multidrug resistance-associated protein   
  MTT-assay    MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

tetrazolium reduction assay   
  Pgp    P-glycoprotein   
  SEM    Standard error of the mean   
  T-L    Trypsin-like   
  TRAF    TNF activating factor   
  WT    Wild type   

7.1           Introduction 

 In the last decades, considerable improvements have been accomplished in the 
prognosis of patients suffering from acute leukemia. This can be attributed to better 
supportive care and risk group tailored-treatment strategies. In particular for child-
hood acute lymphoblastic leukemia (ALL), the prognosis is very good with 5-year 
survival rates of about 85 %. For adult ALL patients, however, the survival is cur-
rently still unsatisfactorily low with 5-year survival ranging from 50 % for younger 
adults and only 20 % for patients older than 45 years of age [ 1 ]. These survival 
rates are achieved by intensive chemotherapy (combination treatment including 
 glucocorticoids, vincristine, and asparaginase for remission induction) and risk 
stratifi cation among others based on minimal residual disease measurements. 
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Especially patients with a poor initial response to glucocorticoids are classifi ed as 
belonging to an unfavorable risk group, and novel treatment strategies are warranted 
for these treatment-refractory patients. 

 In comparison to ALL patients, those suffering from acute myeloid leukemia 
(AML) have a dismal prognosis. Children with AML treated with cytarabine and 
anthracycline-based regimens currently experience a probability of long-term sur-
vival of about 70 %, while again adult patients experience an even worse outcome 
with 5-year survival rates of around 40 %, which further decline with age to approx-
imately 4 % for patients >75 years [ 2 ,  3 ]. The main reason why survival rates lack 
further improvement is largely due to recurrence of the disease. Although the major-
ity of AML patients achieve initial complete remission (CR), 30–40 % of these 
patients will experience a relapse. Recent studies revealed that leukemic cells from 
relapsed patients differ from the initial AML cells with regard to the mutational 
status and the immunophenotype [ 4 ,  5 ]. Beyond these, there is evidence that clonal 
selection of a small subpopulation within the heterogeneous stem cell population at 
diagnosis is responsible for the development of relapse [ 6 ]. Overall, resistance to 
conventional chemotherapeutics is a critical factor in the poor outcome from patients 
with relapsed acute leukemia [ 7 ]. Thus, new treatment strategies are required which 
may include new-generation antileukemic drugs with novel mechanisms of action 
or those that can (re)sensitize leukemia cells for conventional chemotherapeutics. 
From this perspective, proteasome inhibitors are attractive candidates given their 
proven track record in the treatment of several hematological malignancies, includ-
ing multiple myeloma (MM) and mantle cell lymphoma [ 8 ]. 

 In this chapter, we will discuss preclinical data addressing the composition and 
function of proteasomes in leukemic cells and the impact of proteasome inhibition 
to elicit antileukemic effects. Another important issue relates to the acquisition of 
resistance to proteasome inhibitors in leukemic cells, delineation of the molecular 
mechanisms of resistance, and referring to modalities to overcome resistance to 
proteasome inhibition. Lastly, an overview is presented of ongoing and completed 
clinical trials using proteasome inhibitors in acute leukemia.  

7.2     Role of the Proteasome in the Leukemic Cell 

 In order to retain cellular homeostasis, proteins marked for degradation are ubiqui-
tin tagged and proteolyzed by the proteasome. Peptides generated by this process 
can be further hydrolyzed by aminopeptidases to generate amino acids which can be 
reutilized for new protein synthesis or processed for antigen presentation by major 
histocompatibility complex (MHC) class I molecules [ 9 ]. 

 Proteasomal protein degradation is facilitated by at least two types of proteasome 
harboring different catalytic activities. The constitutive 26S proteasome represents a 
commonly expressed proteasome subtype that consists of two outer 19S regulatory 
particles and an inner 20S core particle with two identical rings of seven α-subunits 
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and two identical rings of seven β-subunits. The α-subunits are responsible for 
 recognizing and unfolding the ubiquitin-bound proteins and the three catalytically 
active β-subunits; β1 ( PSMB6 , caspase-like (C-L) activity), β2 ( PSMB7 , trypsin-like 
(T-L) activity), and β5 ( PSMB5 , chymotrypsin-like (CT-L) activity) facilitate prote-
olysis of peptide bonds after acidic, basic, and hydrophobic amino acids, respec-
tively (Fig.  7.1a ). In hematological cells, another subtype, i.e., the immunoproteasome, 
is most abundantly expressed. This subtype has 11S regulatory particles and is 
assembled by other catalytically active β-subunits: β1i ( PSMB9 ), β2i ( PSMB10 ), and 
β5i ( PSMB8 ) (Fig.  7.1b ). Recently, an additional complexity was indicated by the 
identifi cation of hybrid proteasomes consisting of both constitutive and immune 
subunits [ 10 ,  11 ]. Therefore, proteasome assembly may also be of importance for 
the regulation of protein degradation by the proteasome [ 12 ] (Fig.  7.1 ).

   Immunoproteasome expression is markedly induced in response to infl ammatory 
cytokines such as IFNγ and to a lesser extent TNF-α [ 13 – 15 ]. For a long time, the 
dominant function of immunoproteasomes was assigned for the provision of anti-
genic peptides for presentation on MHC class I molecules. Recently, Seifert et al. 
described an alternative function of the immunoproteasome in facilitating effi cient 
clearance of protein aggregates that arise upon IFN-induced oxidative stress, thereby 
preventing cell death [ 16 ]. However, this function was disputed by Nathan et al. 
who reported that immunoproteasomes did not degrade ubiquitinated proteins 
more effi ciently than constitutive proteasomes [ 17 ]. Nonetheless, the notion that in 

  Fig. 7.1    Assembly of constitutive- and immunoproteasome. ( a ) The commonly expressed protea-
some subtype is the constitutive proteasome, which is composed of an 20S core with 2α- and 
2β-rings and a 19S regulatory cap on each site and β1, β2, and β5 as dominant catalytic subunits. 
( b ) The immunoproteasome is predominantly expressed in hematopoietic cells and can be mark-
edly induced upon stimulation of infl ammatory cytokines such as IFNγ and to a lesser extent TNF- 
α. It consists of 11S regulatory caps and the catalytically active β-subunits β1i, β2i, and β5i       
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leukemic cells, immunoproteasome expression outweighs constitutive proteasome 
expression may have implications for proteasome inhibitor targeting. Recently, we 
showed that in ALL cells, the immunoproteasome subunits are relatively highly 
expressed compared to AML cells, but still the expression of the immunoprotea-
somes is most pronounced in both leukemic cell types and their expression dictate 
the total amount of proteasomes [ 18 ].  

7.3     Effect of Proteasome Inhibition 

 Since proteasomal degradation of ubiquitinated proteins is pivotal for cellular 
homeostasis, it is recognized as an attractive therapeutic target. It is obvious that this 
is in particular important for MM cells since these antibody-producing cells are 
highly dependent on their protein turnover and rely on a tight balance between pro-
teasome workload and catalytic capacity [ 19 ]. However, it is conceivable that cells 
of other hematological malignancies also critically rely on proteasome-dependent 
protein turnover and antigen presentation via MHC class I to elicit immune 
responses. These considerations support further investigations into the clinical 
application of proteasome inhibitors in other hematological malignancies, including 
acute leukemias [ 20 ]. Bortezomib (BTZ) is the fi rst proteasome inhibitor that 
entered clinical practice and is now routinely used for the treatment of relapsed/
refractory MM and mantle cell lymphoma [ 21 ,  22 ]. BTZ is a reversible proteasome 
inhibitor which mainly targets the CT-L activity (of both constitutive- and immuno-
proteasome) and to lesser extent the C-L proteasomal activity. Several mechanisms 
have been identifi ed that are involved in the apoptosis induction and targeting of 
leukemic cells by proteasome inhibition [ 23 ]. The most prototypical mechanism is 
the accumulation of ubiquitinated proteins, which can be regulatory proteins that 
should be broken down for appropriate signal transduction and cell cycle regulation. 
An important example in this respect is the transcription and pro-survival factor 
NF-κB, whose natural inhibitory protein IκB regulates NF-κB nuclear translocation 
and activation following phosphorylation, ubiquitination, and degradation of 
IκB. Proteasome inhibition impairs IκB degradation and, thus, obstructs activation 
of NF-κB. It is well accepted that particularly AML cells rely on the activation of 
the NF-κB pathway for cell survival and this may underlie a relevant mechanism for 
their sensitivity to BTZ [ 24 ]. Other regulatory proteins that have been shown to be 
stabilized by proteasome inhibition are cell cycle regulation proteins (p21 and p27) 
and p53 [ 25 ,  26 ]. The accumulation of ubiquitinated proteins, irrespective of the 
type of proteins, results in the formation of aggresomes, which induce endoplasmic 
reticulum stress leading to apoptosis induction [ 27 ]. It has been suggested that the 
overload of proteins can also be relieved by autophagy [ 28 ]. In BTZ-resistant leuke-
mic cell lines, however, no obvious changes were observed in the expression of 
proteins related to autophagy. Proteasome inhibition does introduce an impaired 
antigen presentation by MHC class I molecules [ 29 ,  30 ], an effect that is also 
observed in BTZ-resistant leukemic cell lines [ 18 ].  
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7.4     Mechanisms of Resistance to Bortezomib 

 Although the fi rst results of the antileukemic effects of proteasome inhibition are very 
encouraging, clinical studies in MM patients indicate that there are patients refractory 
to BTZ and that some patients acquire BTZ resistance [ 8 ]. Therefore, in order to 
optimally implement proteasome inhibitors as treatment modality for acute leukemia, 
it would be of importance to select patients that will benefi t to proteasome inhibitor-
based therapy and also recognize onset of resistance upon prolonged treatment. 
To this end, we and others performed preclinical in vitro studies to explore possible 
resistance modalities to BTZ. As an experimental approach, we followed a classical 
procedure of culturing leukemic cells in stepwise increasing dosages of BTZ as a 
mimic for repeated administration in the clinical setting. This procedure provoked 
acquired resistance to BTZ in 3 hematological cell lines of various backgrounds: one 
ALL (CEM-C7), one AML (   THP-1), and one MM cell line (8226) [ 31 ,  32 ] (Fig.  7.2 ). 
Remarkably, however, there were considerable differences between these 3 cell lines 
in the time period to acquire an appreciable level of BTZ resistance. As shown in 
Fig.  7.2a , for CEM high levels of BTZ could be achieved within 2 months, whereas 
for 8226 cells, this took much longer (>6 months). In addition, the highest level of 
resistance obtained for 8226 cells was reached when culturing the cells at 100 nM 
BTZ, whereas CEM cells could be cultured to withstand up to 500 nM BTZ. This is 
also illustrated by the resistance factors calculated from IC50 values for BTZ growth 
inhibition in BTZ-resistant sublines compared to parental cells (Table insert in 
Fig.  7.2 ). Notably, BTZ-resistant lines were cross-resistant to other proteasome 
inhibitors which also primarily target the β5 subunit (e.g., carfi lzomib (CFZ) and to a 
lesser extent MG132) (Table  7.1 ).

    Interestingly, BTZ-resistant cells were still sensitive to proteasome inhibitors tar-
geting the α7 subunits of the proteasome such as 5-amino-8-hydroxyquinole 
(5AHQ) [ 32 ,  33 ]. These results underscore the importance of alterations in the β5 
proteasome subunit in relation to BTZ resistance. Further detailed characterization 
of the molecular defects underlying BTZ resistance in hematological cells, as inves-
tigated by our laboratory and others, is discussed below. 

7.4.1     Impact of the β5 Subunit Expression 

 Drug resistance mechanisms often reveal the Achilles heel of targeted therapies. 
With respect to BTZ, characterization of multiple BTZ-adapted or BTZ-resistant 
hematological cell lines exposed to relatively low concentrations of BTZ (up to 
50 nM) revealed upregulated expression of proteasome subunits and in particular 
β5 subunits as primary target of BTZ [ 34 – 37 ]. Conceivably, β5 induction puts up a 
fi rst line of defense to compensate for the inhibition of catalytic activity imposed 
by BTZ and to retain profi cient residual catalytic activity to process polyubiqui-
nated proteins and maintain cellular homeostasis. In a clinical setting, Lu et al. 
[ 38 ] reported that β5 induction was also observed in a small-sized study in MM 
patients and could be a contributing factor in diminished BTZ effi cacy return. 
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  Fig. 7.2    Dynamics of bortezomib resistance induction in human leukemic cell lines. ( a ) Timeline 
of the generation of BTZ-resistant human monocytic/macrophage THP-1 cells, human T-acute 
lymphoblastic leukemia CEM cells, and human multiple myeloma 8226 cells. The timeline depicts 
dose increments of BTZ during the acquisition of resistance. For CEM and THP-1, cells were chal-
lenged to withstand 200 nM BTZ, for 8226; 100 nM. ( b ) Dose–response curve for BTZ-induced 
growth inhibition of wild-type (WT) and BTZ-resistant variants of CEM, THP-1, and 8226. 
Results depicted are the mean of 3–6 separate experiments, measured after 96 h drug exposure by 
MTT cytotoxicity assay. The table insert presents the resistance factors to proteasome inhibitors in 
a series of BTZ-resistant hematological cell lines as determined on the basis of the IC50 ratio 
compared to the parental (WT) cells. For comparison, resistance factors are shown for CEM cells 
overexpressing the multidrug resistance drug effl ux transporter P-glycoprotein (Pgp) in the absence 
or presence of an agent blocking Pgp activity       
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Rather than absolute levels of β5 expression, Niewerth et al. [ 18 ] showed that the 
increased ratio of immunoproteasome β5i over constitutive β5 could serve as an 
indicator of ex vivo proteasome inhibitor sensitivity of BTZ and other proteasome 
inhibitors in primary pediatric ALL and AML clinical samples.  

     Table 7.1    Overview of mutations in exon 2 of the  PSMB5  gene in hematological bortezomib- 
resistant cell lines   

 Cell type  Cell line 
 Selective 
concentration 

 Sequence 
change  Protein change  Reference 

 T-ALL  CEM: fi rst 
selection 

 7 nM  G332T  Cys52Phe  [ 32 ] 

 second 
selection 

 200 nM  G332T 
and C323T 

 Cys52Phe 
and Ala49Val 

 7–100 nM  G322A  Ala49Thr 
 Jurkat: B2  1,000 nM  G322A  Ala49Thr  [ 40 ] 
 B3  1,000 nM  C323T  Ala49Val 
 B5  1,000 nM  G322A 

and C326T 
 Ala49Thr 
and Ala50Val 

 EBV-transformed 
B lymphocytes 

 JY  35–100 nM  G311T  Met45Ile  [ 47 ] 

 AML (monocytic)  THP-1: fi rst 
selection 

 7 nM  G322A  Ala49Thr  [ 31 ] 

 second 
selection 

 500 nM  G322A 
and G311T 

 Ala49Thr 
and Met45Iso 

 7–100 nM  A310G  Met45Val 
 Multiple myeloma  8226  7 nM  A247G  Thr21Ala  [ 32 ] 

 100 nM  G322A  Ala49Thr 
 KSM-11  NA (24.7)  Ala49Thr  [ 41 ] 
 OPM-2  NA (16.6)  Ala49Thr  [ 41 ] 

Cell line

Directed to b
subunits

Directed to a
subunits

BTZ CFZ MG132 5AHQ

CEM BTZ200 170 38.8 122 1.1

THP-1 BTZ200 73.6 22.3 15.8
1.2

8226 BTZ100 14.9 9.7 12.6
1.3

JY BTZ100 10.4 1.3 2.2

CEM PgP 4.5 114

+ Pgp blocker 1.5 4.8

Resistance factors compared to parental (WT) cells

Fig. 7.2 (continued)
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7.4.2     Impact of PSMB5/Beta 5 Subunit Mutations 

 Beyond β5 subunit induction, a growing body of studies has identifi ed point muta-
tions in the  PSMB5  gene as an underlying cause of acquired resistance to BTZ in 
hematological cell lines [ 31 ,  32 ,  39 – 43 ] as well as solid tumor cells [ 44 ,  45 ]. 
A common feature for all these BTZ-resistant cell lines is that the mutations reside 
in exon 2 encoding for the highly conserved S1 binding pocket region for BTZ 
within the β5 protein [ 46 ,  47 ] (Fig.  7.3 ).

   In the functional β5 subunit protein, these mutations introduce substitutions at 
amino acid positions in the conserved substrate/inhibitor pocket binding domain of 
the β5 subunit. Computational biology analysis revealed that these mutations lead to 
impaired BTZ-binding effi ciency but probably did not affect catalytic activity [ 32 ]. 
An overview of these mutations and amino acid substitutions in various BTZ- resistant 
hematological cell lines is presented in Table  7.1 . Strikingly, these mutations cluster 
around nucleotide position 310/311 and critical amino acid position Ala49 and Met 
45 in the β5 protein (Fig.  7.3 ). Interestingly, Table  7.1  illustrates that when the same 
parental cells were exposed for a second independent round of BTZ resistance devel-
opment, again mutations were found in the indicated hot spots, even though amino 

  Fig. 7.3    Clustering of mutations in the  PSMB5  gene (β5 subunit) in bortezomib-resistant hemato-
logical cell lines. ( a ) Mutations cluster together in DNA of exon 2 of  PSMB5  and ( b ) in protein 
sequence. Represented mutations are described in: ( fi lled diamond ) Franke et al. [ 32 ], ( fi lled 
inverted triangle ) Oerlemans et al. [ 31 ], ( open diamond ) Lu et al. [ 41 ], ( inverted triangle ) Lu et al. 
[ 40 ], ( open circle ) Ri et al. [ 42 ], and ( fi lled circle ) Verbrugge et al. [ 43 ]. ( c ) Graphic representation 
of the 3D protein-backbone structure of the β5 subunit. Mutations are depicted in  green . P1, sub-
strate side chain 1; S1, specifi city binding pocket 1. Figure adapted from Franke et al. [ 32 ]       
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acid substitutions were not necessarily the same. This indicates that the mutations did 
not emerge from a preexisting clone harboring growth advantage during drug selec-
tion but that the de novo mutations were acquired. It should be emphasized that muta-
tions in  PSMB5  were not (yet) observed in clinical specimens of patients, either from 
therapy-naïve patients or those receiving BTZ-containing therapies. It remains to be 
investigated whether  PSMB5  mutations may emerge in leukemic cells from patients 
who received multiple rounds of BTZ therapy and became therapy refractory. 
It should be mentioned that  PSMB5  mutations similar to those in leukemia cells were 
observed in human BTZ-resistant EBV-transformed JY lymphoblastoid cells [ 43 ], 
suggesting that also nonmalignant cells may acquire these mutations. Moreover, it is 
of interest to note that  PSMB5  mutations were also observed in the marine bacterium 
 Salinispora tropica  as a self-protective mechanism against the proteasome inhibitor 
salinosporamide A (NPI-0052/marizomib); it produces as defense modus against 
other microbes [ 48 ,  49 ]. Lastly, in hematological malignancies, polymorphic vari-
ations in the  PSMB5  gene have been described, but these were not implicated in 
variations in drug response or BTZ effi cacy [ 50 ]. 

 Together,  PSMB5  mutations can contribute to BTZ resistance but may not be 
accountable for the complete resistance phenotype. Currently, BTZ-resistant CEM, 
THP-1, and 8226 cells are subjected to genome-wide studies aimed to investigate 
additional mechanisms of resistance. As a preliminary account, it was remarkable to 
note that with respect to differential expression of genes, miRNA and/or proteins 
between the parental and BTZ-resistant cells, there were little overlap features 
between the three different types of hematological cell lines. Hence, this warrants 
further analyses in each cell type separately.  

7.4.3     Role of Immunoproteasome in Bortezomib Resistance 

 Where BTZ resistance can be due to upregulation of constitutive β5 proteasome 
subunits expression and acquisition of mutations in the  PSMB5  gene, it is of inter-
est to note that the immunoproteasome counterpart β5i was not subject to upregula-
tion and/or acquisition of mutations during chronic BTZ exposure. In fact, in 
BTZ- resistant CEM, THP-1 and 8226 cells displayed a marked downregulation of 
immunoproteasome levels, including β5i, as compared to BTZ-sensitive parental 
cells [ 18 ,  31 ,  32 ]. Such a response may serve as an escape mechanism to undergo 
apoptosis by targeting of (non-mutated) β5i by BTZ. In this context, it is of interest 
to note that other than malignant BTZ-resistant cells, BTZ-resistant JY lympho-
blastoid cells did not display a downregulation of β5i, which supports observations 
that JY/BTZ cells largely retain drug sensitivity to CFZ and immunoproteasome 
inhibitors [ 43 ].  
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7.4.4     Role of Drug Effl ux Transporters 

 Drug effl ux transporters belonging to the superfamily of ATP-binding cassette 
(ABC) proteins have an established role in conferring a multidrug-resistant (MDR) 
phenotype by facilitating drug extrusion from cancer cells [ 51 ]. Several studies have 
examined whether or not BTZ and other proteasome inhibitors may serve as poten-
tial substrates for MDR-related drug effl ux transporters. Initial studies by Minderman 
et al. [ 52 ] showed that BTZ can be exported by the drug effl ux transporter 
P-glycoprotein (Pgp), but this was not accompanied by conferring high levels of 
BTZ resistance. These observations were confi rmed by Verbrugge et al. [ 53 ], who 
showed that BTZ was a modest Pgp substrate, whose activity could be enhanced by 
blocking of Pgp function (see Table in Fig.  7.2 ). Recent studies by O’Connor et al. 
[ 54 ] demonstrated that BTZ exposure suppressed Pgp expression, which may con-
tribute to self-potentiation of BTZ activity. Other than BTZ, studies by Verbrugge 
et al. [ 53 ] showed that epoxyketone peptide-based proteasome inhibitors such as 
CFZ, ONX0912, and ONX0914 were bona fi de substrates for Pgp, conferring high 
levels of resistance in Pgp overexpression cells, being reversible by blocking of Pgp 
function. Consistent with a role for Pgp in resistance to epoxyketone-based protea-
some inhibitors, acquired resistance to CFZ [ 55 ] and epoxomicin [ 56 ] was found to 
be mediated by upregulation of Pgp. Medicinal chemistry of epoxyketone-based 
drugs showed that modifi cations of the N-cap of the peptide epoxyketone backbone, 
in particular introducing (5-Me)-3-isoxazole or 2-(S)-tetrahydrofuran, retained 
CT-L proteasome inhibitory activity while the Pgp substrate activity was abolished 
[ 57 ]. Lastly, Verbrugge et al. [ 53 ] showed that BTZ and epoxyketone-based protea-
some inhibitors lacked substrate affi nity for ABC transporters other than Pgp, e.g., 
multidrug resistance-associated protein 1–5 (MRP1–5) or breast cancer resistance 
protein (BCRP), suggesting that these drug effl ux transporters are no major con-
tributors to proteasome inhibitor resistance.  

7.4.5     Other Mechanisms of Bortezomib Resistance 

 At least three other mechanisms were recently identifi ed to contribute to BTZ 
resistance. In multiple myeloma, increased activation of insulin-like growth fac-
tor-1 receptor signaling served as a pro-survival modality to overcome cytotoxic 
effects of BTZ [ 58 ]. In mantle cell lymphoma, BTZ resistance could be induced by 
plasmacytic differentiation associated with upregulation of interferon regulatory 
factor 4 (IRF4) and increased expression of CD38 and CD138 [ 59 ]. High tumor 
necrosis factor activating factor (TRAF6) is related to MM cell survival via activa-
tion of the pro-survival NF-κB pathway. In this respect, TRAF6 inhibition is an 
interesting novel treatment strategy [ 60 ] which also can resensitize BTZ-resistant 
AML cells [ 61 ]. 

 Together, multifactorial mechanisms may contribute in conferring acquired 
resistance to BTZ in in vitro model systems of leukemic cells (summarized in 
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Fig.  7.4 ). Which mechanism would appear dominant in clinical specimen of therapy 
refractory patients warrants further investigations but may depend on cell types, 
type of the proteasome inhibitor, and duration of drug administration (Fig.  7.4 ).

7.5         New Strategies to Overcome Bortezomib Resistance 

 Despite the encouraging results of BTZ in several hematological malignancies, 
emergence of BTZ resistance as well as side effects are factors that limit its long- 
term effi cacy [ 8 ]. Several reviews discussed the rationale and design of new genera-
tion of proteasome inhibitors that may help to overcome BTZ resistance in minimize 
toxic side effects [ 20 ,  62 – 66 ]. 

  Fig. 7.4    Overview of molecular mechanisms contributing to acquired resistance to bortezomib in 
in vitro model systems of hematological malignancies. Resistance mechanisms depicted include 
(1) upregulation of constitutive proteasome (cP) subunit expression, in particular β5, requiring 
increased concentrations of BTZ to achieve suffi cient inhibition of chymotrypsin-like proteasome 
catalytic activity; (2) point mutations in the  PSMB5  gene introducing amino acid substitutions in 
critical positions of the BTZ-binding pocket of the β5 subunit; (3) downregulation of immunopro-
teasome (iP) subunit β5i to escape inhibitory activity of BTZ; (4) cellular extrusion of BTZ facili-
tated by the drug effl ux transporter P-glycoprotein (this mechanism may be more relevant for 
epoxyketone-based proteasome inhibitors); and (5) activation of PI3K/Akt pro-survival pathways, 
through insulin-like growth factor-1 receptor (IGFR) signaling. * denotes β5 subunit mutation       
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7.5.1     Next-Generation Proteasome Inhibitors 

 Late July 2012, the FDA approved the proteasome inhibitor CFZ, which is a potent, 
more selective, and irreversible inhibitor of the CT-L activity (both constitutive- and 
immunoproteasome). A benefi cial property over BTZ is that CFZ has minimal off- 
target effects on other proteases, which may underlie the fewer side effects [ 55 ,  67 , 
 68 ]. In a recent study including primary human AML and ALL patient samples, we 
established their ex vivo sensitivity for BTZ and CFZ, revealing both IC50s in the 
nanomolar range, but CFZ being slightly more potent [ 18 ,  69 ]. 

 Another active site irreversible proteasome inhibitor is marizomib (sali-
nosporamide A/NPI-0052), a potent proteasome inhibitor with a natural β-lactone 
active group. Marizomib differs from the other proteasome inhibitors in that it pre-
dominantly inhibits the CT-L and T-L activities of the proteasome and to some 
extent also the C-L activity [ 70 ,  71 ]. 

 The abovementioned proteasome inhibitors exhibit their most potent inhibitory 
activity towards constitutive proteasome subunits, but recently also inhibitors with 
greater specifi city to immunoproteasome subunits have been developed. ONX 0914 
is a prototypical β5i-specifi c irreversible proteasome inhibitor with 40-fold greater 
specifi city for β5i over β5 [ 72 ,  73 ] based on effi ciency of immunoproteasome inhi-
bition in rats. ONX 0914 activity has been evaluated in a T-ALL cell line where it 
shows immunoproteasome inhibitory capacity in the nanomolar concentration 
range, although its cell growth inhibitory potency was 30-fold and 55-fold less than 
BTZ and CFZ, respectively. Despite the different specifi city for β5 and β5i subunits, 
it remains to be established whether ONX 0914 may be useful in a clinical setting 
of BTZ-resistant patients, since cross-resistance to ONX 0914 was observed in 
BTZ-resistant ALL cell lines [ 32 ]. 

 The epoxyketone-based tripeptide PR924 is a novel proteasome inhibitor 
designed to be more selective for human immunoproteasome targeting. PR-924 is 
130-fold more selective for β5i than β5 [ 74 ]. Remarkably, despite complete β5i 
inhibition, the antileukemic effects of the immunoproteasome inhibitors ONX 0914 
and PR924 only arise at concentrations that also inhibit the constitutive β5 subunit. 

 5AHQ [ 33 ] represents a novel class of noncompetitive proteasome inhibitors that 
primarily targets the α7 subunits of the (immune)proteasome rather than the 
β-subunits targeted by BTZ. 5AHQ displays antileukemic activity at low micromo-
lar drug  concentrations and displays full sensitivity towards BTZ-resistant leukemia 
cells [ 32 ].  

7.5.2     Oral Availability 

 Clinically relevant disadvantages of BTZ relate to its inability of oral administration 
and its toxicity profi le, let alone the emergence of resistance discussed above. One 
other drawback of BTZ includes its binding to red blood cells and slow dissociation 
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rate thereof. To overcome these limitations, the orally available boronate MLN9708 
(ixazomib) was designed, which is a reversible inhibitor of the proteasomal CT-L 
activity and at higher concentrations also C-L and T-L catalytic activities. MLN9708 
is featured by a faster proteasome dissociation rate from red blood cells, which 
should improve tissue distribution compared to BTZ [ 75 ]. MLN9708 is the fi rst 
orally available inhibitor to enter clinical trials in MM [ 76 ]. In addition, ONX 0912 
(oprozomib) has been developed as an orally available analog of CFZ. This drug is 
currently tested in hematological malignancies [ 77 ].  

7.5.3     Protein Degradation Inhibition More Upstream 
from the Proteasome 

 Proteins prone for degradation by the proteasome require tagging with multiple 
ubiquitin moieties. This ubiquitination process upstream of the proteasome is 
accomplished by the chronological action of four enzyme families (E1, E2, E3, and 
E4). Currently, several compounds have been developed that inhibit key steps in this 
process leading to disruption of the cellular protein homeostasis [ 78 ]. In particular 
in normal hematopoiesis, this pathway is crucial for control of quiescence, self- 
renewal, and differentiation of normal hematopoietic stem cells. This implies that 
disruption of this control may lead to leukemogenesis and knowledge of this pro-
cess will lead to novel targeted therapies [ 79 ,  80 ]. An example of a recently devel-
oped inhibitor is MLN 4924, directed against the NEDD8 activating enzyme. This 
enzyme is important for the activation of cullin-RING-dependent ubiquitin E3 
ligases, which are crucial for the protein cascade responsible for the poly- 
ubiquitination of proteins marked for degradation by the proteasome. In preclinical 
studies, MLN4924 showed promising results as antileukemic drug [ 81 ,  82 ].  

7.5.4     Combinations of Bortezomib with Conventional 
Chemotherapeutics 

 Knowledge about the shortcomings in BTZ effi cacy and mechanisms of BTZ resis-
tance can set the stage for exploring drug combinations that may (re)sensitize leu-
kemic cells for BTZ-induced cytotoxicity. In leukemic cell lines, BTZ was shown to 
interact in an additive or synergistic way when combined with traditional antileuke-
mic drugs, including glucocorticoids [ 83 ]. Furthermore, BTZ and CFZ combined 
with idarubicin or cytarabine showed additive antiproliferative and proapoptotic 
effects on primary AML blasts [ 69 ]. Together, these results demonstrate the poten-
tial of incorporating proteasome inhibitors in conventional chemotherapeutic regi-
mens for hematological malignancies, thereby paving the way to limit off-target 
effects and limit toxicity.  
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7.5.5     Combinations of Bortezomib with Other Proteasome 
Inhibitors 

 Since changes in the β5 subunit are implicated with BTZ resistance, combinations 
with other proteasome inhibitors that display inhibitory activities to other subunits 
serve as a plausible rationalized option. In MM cells, combinations of CEP-18770 
with BTZ [ 84 ] and ONX 0912 combined with BTZ showed synergistic effects [ 77 ]. 
Combinations of BTZ and marizomib below their individual IC50 concentrations 
showed synergistic effects in MM, leukemia, and lymphoma cell lines [ 85 ].  

7.5.6     Combinations of Bortezomib with HDAC Inhibitors 

 Another approach is to combine BTZ with histone deacetylase inhibitors (HDACi), 
which can be highly benefi cial given that HDACs, in particular HDAC6, are rele-
vant for the formation of protein aggregates [ 86 ]. Several preclinical studies have 
been performed to explore the added value of HDACi in BTZ combination therapy. 
Combining BTZ with the HDACi trichostatin A displayed synergistic or additive 
effects in both ALL and AML cell lines [ 83 ]. Furthermore, combining BTZ and 
valproic acid showed additivity in an AML cell line and synergism in a therapy- 
resistant AML subline [ 87 ]. Consistently, greater inhibition of proliferation of AML 
blasts was noted when BTZ was combined with vorinostat compared to each drug 
alone [ 69 ]. Also marizomib was found to synergistically induce apoptosis with 
HDACi MS-275, even with greater potency than for BTZ combined with MS-275 
[ 71 ]. In the CEM, THP-1, and 8226 cells and their BTZ-resistant counterparts, vori-
nostat was combined with BTZ in a viability (MTT) assay in a wide dose range 
(0.09–1 μM vorinostat and 0.005–0.5 μM BTZ). Interestingly, BTZ-resistant 8226 
cells were twofold more sensitive for vorinostat compared to the parental cells. All 
cells, in particular the resistant cells, could be sensitized for BTZ by co-incubation 
with vorinostat. The combination indexes ranged from 0.05 in the higher concentra-
tions to 0.7 in the lower concentration range (Calcusyn analysis) indicating synergy 
between these two drugs (unpublished observations).   

7.6     Translational Implications 

 One novel feature emerging from characterization of BTZ-resistant leukemia cell line 
models, i.e., upregulation of the constitutive and concomitant downregulation of the 
immunoproteasome, was examined in further detail in relation to diminished 
proteasome inhibitor sensitivity of primary pediatric ALL and AML cells. Ex vivo 
data showed that pediatric ALL patient samples were signifi cantly more sensitive 
than AML samples for BTZ, CFZ, ONX 0912, ONX 0914, and dexamethasone [ 18 ]. 
For proteasome inhibitors, this may be explained by the fact that although total 
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proteasome levels in ALL and AML cells did not differ signifi cantly, the ratio of 
immunoproteasome over constitutive proteasome was markedly higher in the relative 
BTZ-sensitive ALL cells compared to AML cells. Additionally, both in ALL and 
AML, increased ratios of β5i/β5, β1i/β1, and β2i/β2 correlated with increased sensitiv-
ity to BTZ as measured with a cell viability (MTT) assay [ 18 ]. Hence, this ratio 
deserves further exploration as potential biomarker to select patients that will benefi t 
from BTZ treatment and may facilitate the monitoring of acquired resistance during 
BTZ treatment. Currently, patient samples from cohorts of children treated with BTZ 
in recent Children’s Oncology Group protocols for refractory and relapsed ALL and 
AML are collected for further validation. Proteasome subunit expression of these sam-
ples will be related to response to BTZ treatment in order to confi rm the relevance of 
the proteasome β5i/β5 ratio to predict which patients are eligible for BTZ treatment. 

 The relative resistance to BTZ in ex vivo leukemia patient samples with relative 
low immunoproteasome suggests that upregulation of the immunoproteasome is a 
promising option to sensitize leukemic cells for proteasome inhibitors. Indeed, as a 
proof of concept, we noted that upregulation of immunoproteasomes in BTZ- resistant 
hematological cell lines by IFNγ pretreatment partially resensitized cells to BTZ [ 88 ]. 
Since clinical application of IFNγ administration may face safety limitations, other 
approaches to upregulate immunoproteasomes levels deserve further exploration.  

7.7     Current Clinical Trials in Acute Leukemia 

 Based on the promising results in MM, BTZ also has been subject of clinical evalu-
ation in patients with leukemia, with currently 16 studies recruiting patients (as 
assessed from   http://www.clinicaltrials.gov     and   http://www.trialregister.nl    ). A sum-
mary of ongoing clinical trials of proteasome inhibitors in acute leukemia is pre-
sented in Table  7.2 .

   Studies published so far showed modest single-agent activity in children [ 89 ] 
and adults [ 90 – 92 ]. However, phase I studies in which BTZ was combined with 
conventional chemotherapeutics showed promising clinical activity in both adult 
AML patients [ 93 – 95 ] and pediatric ALL patients [ 96 ,  97 ]. Conversely, a phase II 
study of BTZ combined with reinduction chemotherapy in relapsed pediatric AML 
patients did not show improved CR rates or overall survival [ 98 ]. Szczepanek et al. 
[ 99 ] showed that BTZ was even more potent in T-ALL patient samples compared to 
common/pre-B ALL. This notion that BTZ appeared to be a potent drug for this 
relatively therapy-resistant subgroup of ALL should not be overinterpreted as the 
two T-ALL patients included in the phase II clinical trial did not reach a CR [ 97 ]. 
In this context, it should also be taken into account that the recent clinical trials 
include heavily pretreated patients. 

 One of the main challenges in chemotherapeutic interventions is to fi nd optimal 
conditions for single drugs or drug combinations that selectively target malignant 
cells while sparing normal cells to limit drug-induced toxicities. For BTZ, modest 
clinical activity was noted as single agent in hematological malignancies, whereas 
combination therapies were clearly superior [ 100 ]. In fact, for the treatment of leu-
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kemia, there is growing consensus that BTZ should be tested only in combination 
with the standard use of intensive combined chemotherapeutic agents. 

 Currently, 13 clinical trials are combining BTZ and HDACi (mostly vorinostat) 
in hematological malignancies, of which 2 in leukemia. The fi rst phase II trial 
(NCT01312818) examines BTZ, vorinostat, and DEX in patients with relapsed or 
refractory ALL from 2 to 30 years of age. The second phase I/II study (NCT01534260) 
evaluates BTZ, vorinostat, and sorafenib in a subgroup of adult patients with AML 
[ 27 ]. Despite all encouraging preclinical data, a recent study (NCT00818649) com-
bining vorinostat (400 mg daily on days 1–14) and BTZ (1.3 mg/m 2  IV on days 1, 
4, 8, and 11 of a 21-day cycle) in relapsed/refractory acute myeloid leukemia (AML) 
and high-risk myelodysplastic syndrome was aborted prematurely due to toxicity 
[ 101 ]. Other ongoing combination clinical trials of BTZ include those with HDACi, 
tyrosine kinase inhibitors, farnesyltransferase inhibitors, Bcl-2 family inhibitors, 
and heat shock protein inhibitors [ 102 ]. Accumulating data indicated that most 
combinations were tolerable and supported interest for studying combinations with 
next-generation proteasome inhibitors (e.g., CFZ), both for MM and leukemia. 

 Together, the known toxicity profi le of BTZ invites for further optimization of 
combination therapies to achieve a broader proteasome inhibition at lower and 
probably safer doses. The majority of the combinations involving BTZ in MM 
and lymphoma patients showed synergistic antitumor effi cacy in preclinical 
studies and therefore provide the rationale for future design of new clinical trials.  

7.8     Concluding Remarks 

 In vitro studies were useful in identifying multifactorial mechanisms of acquired 
resistance to BTZ. While some of these mechanisms are unique for BTZ, others 
may also apply to new-generation proteasome inhibitors. By no means this list of 
mechanisms is considered complete. Future challenges will be to integrate the 
expanding knowledge of clinical, molecular, and biochemical data into the design 
of new clinical studies to aid hematologists/oncologists in identifying patients who 
will or will not respond to proteasome inhibitor-based therapies or those who are 
prone to develop resistance to these drugs. The reported laboratory studies set the 
fi rst steps into this direction but defi nitely require further follow-up studies.     
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    Chapter 8   
 Overcoming Inherent Resistance 
to Proteasome Inhibitors in Head and Neck 
Cancer: Challenges and New Approaches 

             Jason     I.     Kass     ,     Jennifer     R.     Grandis     , and     Daniel     E.     Johnson    

    Abstract     Advanced stage head and neck squamous cell carcinoma (HNSCC) is a 
relatively common human malignancy that generally carries a poor prognosis. 
Despite the in vitro sensitivity of HNSCC cells to proteasome inhibitors, clinical 
testing of bortezomib in HNSCC patients has encountered obstacles of inherent 
resistance and adverse toxicities. To combat these diffi culties, current efforts are 
focused on developing strategies that co-target the proteasome and other key signal-
ing pathways. In addition, new proteasome inhibitors are being developed which 
exhibit reduced side effects in patients. This chapter will review our current under-
standing of the pathology and biology of HNSCC, fi ndings from preclinical studies 
of proteasome inhibitors in HNSCC models, results from early-stage clinical testing 
of proteasome inhibitors in HNSCC patients, and the unique opportunities for pro-
teasome targeting in human papillomavirus-positive HNSCC.  
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  Abbreviations 

   HNSCC    Head and neck squamous cell carcinoma   
  HPV    Human papillomavirus   
  BMI    Body mass index   
  RT    Radiation therapy   
  CRT    Chemoradiation   
  FDA    Food and Drug Administration   
  EGFR    Epidermal growth factor receptor   
  PARP    Poly(ADP-ribose) polymerase   
  MTD    Maximum tolerated dose   
  ROS    Reactive oxygen species   
  HDAC    Histone deacetylase   
  PR    Partial response   
  SD    Stable disease   
  PD    Progressive disease   

8.1           Introduction 

 Head and neck cancer is a major disease burden in humans. Although there are over 
100 specifi c cancer subtypes than can occur in the head and neck, squamous cell can-
cer (HNSCC) comprises the vast majority, with estimates of 90 %. HNSCC is cur-
rently the seventh leading cause for cancer-related mortality worldwide with recent 
estimates of 600,000 new cases each year and 300,000 annual deaths [ 1 ]. Traditionally, 
men with heavy smoking and alcohol use have been largely affected; however, the 
demographics are now changing as risk factors and human behaviors are shifting [ 2 ,  3 ]. 
Unique to HNSCC is the morbidity this disease can cause because of its destruction of 
normal head and neck anatomy. Patients surviving HNSCC are often cosmetically dis-
fi gured, either as a result of the primary disease process or following surgical and 
chemoradioactive therapies. Extirpation of disease can require sacrifi ce of portions of 
the oral cavity, pharynx and larynx. This results in signifi cant impairment in overall 
quality of life with respect to speaking, swallowing, taste, and smell.  

8.2     Scope of the Problem 

 Of the estimated 600,000 new cases of HNSCC worldwide, about 10 % will originate 
in the USA [ 4 ]. A high rate of disease is observed in South East Asia, Western Pacifi c 
(including Australia), and Europe, with South East Asia accounting for over 40 % of 
new cancers. Overall mortality of head and neck cancer is also very high with rates 
that vary from 60 % in North America to 80 % in South East Asia [ 1 ]. Men are at a 
greater risk than women with ratios varying from 2:1 to 15:1 based on site of disease.  
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8.3      Risk Factors for HNSCC (Tobacco, Alcohol, 
HPV, and Others) 

 HNSCC occurs in the wide variety of anatomical subsites of the head and neck, 
including the oral cavity, oropharynx, larynx, and nasal and paranasal sinuses. 
While these are all mucosal-lined surfaces, they have unique incidence, response 
rates to treatment, mechanisms of spread, and susceptibility to carcinogens. 
Approximately 65 % of HNSCC occurs in the oral cavity, 25 % is laryngeal, 10 % 
is pharyngeal, and the remaining 5 % from the nasal and paranasal sinuses [ 1 ]. 
Traditional risk factors include tobacco and alcohol. Genetics play a role with 
increased prevalence if a fi rst-degree relative has had HNSCC. More recently, it has 
been recognized that certain subtypes of the human papillomavirus, HPV, cause 
HNSCC, particularly in the oropharynx, and accounts for the changing demograph-
ics of the disease. Additional risk factors such as dental hygiene, body mass index 
(BMI), and diet have also been identifi ed. 

8.3.1     Tobacco and Alcohol as Risk Factors for HNSCC 

 Tobacco and alcohol are the major risk factors for disease in all subsites, except the 
nasal and paranasal sinuses. They alone are estimated to be responsible for approxi-
mately 75 % of oral cavity and oropharyngeal cases [ 5 ]. Both are independent risk 
factors and together their risk is multiplicative. For tobacco, smoking and smokeless 
products are associated with HNSCC. In a study of nearly 10,000 cases of HNSCC, 
cigarette smokers who never drank alcohol were twice as likely to have HNSCC than 
nonsmokers [ 6 ]. The number of daily cigarettes, duration, and number of pack- years 
of cigarette smoking all demonstrated a dose-response relationship. There was also 
variability based on site with laryngeal cancers having upwards of sevenfold increase 
in risk. In addition, smoking methods do not appear to make a difference as both cigar 
and pipe smoking also carry a twofold increased risk [ 7 ]. Smokeless tobacco products 
including betel quid, a combination of the betel leaf and tobacco widely used in South 
and Southeast Asia, are also major risk factors for oral cavity HNSCC [ 8 ]. 

 Alcohol consumption of three or more drinks per day in never smokers carries 
twice the risk of cancer when compared to nondrinkers [ 6 ]. This increases to approxi-
mately fi vefold with consumption of over thirty drinks per week regardless of whether 
the alcohol is either beer or liquor [ 9 ]. When alcohol and tobacco use are combined, 
there is a multiplicative increase in risk upwards of 15-fold depending on site.  

8.3.2     Human Papillomavirus and HNSCC 

 The remaining 25 % of HNSCC not caused by smoking and alcohol is largely 
 attributable to HPV-related disease. This has caused a dramatic change in patient 
demographics with a shifting burden from the more traditional risk factors of 
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smoking and alcohol [ 2 ,  3 ]. HPV prevalence in oropharyngeal cancers has 
increased nearly 50 % in the USA over the last 30 years (16 % in the 1980s to over 
70 % in cases from 2000 to 2004) [ 3 ]. This rise in oropharyngeal cancer has also 
been documented in Sweden and has been associated with increased HPV exposure 
[ 10 ]. If the trends in the USA continue, HPV-positive oropharyngeal cancers are 
estimated to exceed the incidence of cervical cancer in 2020 [ 3 ]. In the USA, 
younger people, aged 20–44, are exhibiting the largest annual increase in tonsil 
cancer [ 11 ]. 

 Many consider HPV-associated HNSCC to be a distinct entity, and HPV- 
associated oropharyngeal cancer has unique biology with early metastasis to the 
neck and improved responsiveness to chemoradiation. HPV is a DNA virus with 
over 100 subtypes. Certain high-risk subtypes, including HPV-16 and HPV-18, 
cause cervical cancer, while lower-risk subtypes cause papillomas and genital 
warts. HPV has a relatively small genome; however, two of its genes, E6 and 
E7, have wide-ranging effects on cell growth, death, and immortalization [ 12 ]. 
Two of the best-characterized mechanisms for driving cellular replication are 
through tight binding and inactivation of the tumor-suppressor genes p53 and pRb 
(see Sect.  8.9 ).  

8.3.3     Dental Hygiene, BMI, Diet, and Other 
Risk Factors for HNSCC 

 A number of additional risk factors have been associated with HNSCC including 
dental hygiene, gender, BMI, and diet. With regard to poor dental hygiene, a study 
of never smokers and never or former drinkers in Japan showed an increased risk of 
oral cavity HNSCC in edentulous individuals [ 13 ]. This has been supported by a 
recent meta-analysis of eight studies showing an odds ratio between 1.3 and 3 of 
tooth loss and HNSCC [ 14 ]. Periodontal disease with chronic bacterial infections 
and chronic infl ammation has been posited as a potential mechanism for disease. 
Diet and BMI have both been associated with risks for HNSCC albeit in opposing 
directions. People with a healthier diet of increased fruits and vegetables have a 
lower risk of cancer [ 15 ]. This would suggest that thinner people may be at a lower 
risk. However, pooled data from 17 case-controlled studies recently showed that 
low BMI (18–25) is associated with an increased risk when compared to overweight 
individuals (BMI >25) [ 16 ]. The mechanism that underlies this increased risk is 
currently unknown and proposed theories relate to thinner people having increased 
cellular metabolism and higher levels of oxidative stress. 

 As mentioned above, squamous cell cancer of the nose and paranasal sinuses 
are not caused by the traditional risk factors. Most causes are unknown; however, 
risk factors that have been identifi ed include industrial exposure to heavy metals 
(nickel, radium, chromium), softwood dust, and leather tanning [ 17 ].   
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8.4     Current Treatment Paradigms 

 State-of-the-art treatment for HNSCC involves a multidisciplinary collaborative 
decision-making process with head and neck surgeons and medical and radiation 
oncologists. Treatment decisions are typically based on stage and site of disease. 
In general, single modality therapy, whether radiation or surgery, is reserved for 
early- stage disease (stages I/II). Currently there is no chemotherapy approved as a 
single modality therapy. Advanced disease (stages III/IV) involves multimodality 
therapy with a combination of surgery, radiation, and chemotherapy. 

8.4.1     Surgical Treatment as Single Modality Therapy 

 Surgical excision as a primary modality is used for early-stage cancers in the oral 
cavity and larynx. In the mouth, small lesions on the tongue, fl oor of mouth, buccal 
mucosa, and palate can be entirely excised with adequate margins, and the patient is 
disease-free. The same is true with small, early-stage laryngeal cancers either on the 
true vocal folds or supraglottis. Direct visualization and surgical excision, often 
using a laser, is all that is required for treatment. In many early laryngeal cancers, 
radiation is also a well-accepted alternative for treatment. However, in the oral cav-
ity, surgery is generally preferred because of the proximity of the mandible. 
Treatment doses greater than 50 Gy place the mandible at risk for late radiation side 
effects including osteoradionecrosis [ 18 ].  

8.4.2     Radiation Treatment as a Single Modality Therapy 

 Radiation as a single treatment option is largely restricted to small early laryngeal 
lesions. Here the balance between surgery and radiation as treatment options centers 
around voice preservation. If the cancer is superfi cial and located on only one true 
vocal fold (away from the anterior commissure), radiation and surgery are equally 
good options with equivalent local control and overall survival [ 19 ]. In these cancers, 
voice outcomes have also been shown to be equivalent [ 20 ]. If the mass, however, 
extends deeper into the true vocal fold or extends to the contralateral side across the 
commissure, then surgical excision is likely to have poorer voice outcomes and radia-
tion is often the preferred option. Although there are consequences to radiation expo-
sure including mucositis, destruction of mucous secreting glands, fi brosis, and scarring, 
voice outcomes are better without sacrifi cing local control or overall survival. Radiation 
therapy (RT) alone is also used as palliative therapy for unresectable HNSCC [ 21 ] or 
as adjunctive therapy following surgical excision of advanced disease.  
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8.4.3     Treatment of HNSCC with Chemoradiation 

 Chemotherapy alone is currently an ineffective treatment strategy for curative 
intent. Combined chemoradiation (CRT), however, is the current treatment strategy 
of choice with respect to many oropharyngeal and advanced laryngeal cancers. 
Tumors of the oropharynx including the tonsils and base of tongue can be excised 
surgically, but traditional surgical approaches have been quite morbid, often requir-
ing a mandibulotomy and lip splitting incision. These approaches have not proven 
to provide better outcomes over CRT with respect to either local control or overall 
survival. With newer robotic-assisted techniques, a role for surgery in HPV- 
associated oropharyngeal cancers is an active area of discussion [ 22 ]. 

 Similarly, surgical laryngectomy is an option for advanced laryngeal cancers, 
but this carries signifi cant morbidity, eliminating normal speech and diverting the 
trachea to the neck as a stoma. The Veteran Affairs prospective study of advanced 
laryngeal cancer demonstrated that patients with advanced laryngeal cancer treated 
with CRT had similar overall survival as those with an upfront laryngectomy [ 23 ]. 
This ushered in an era of nonsurgical “voice preservation” treatment. Treatment of 
advanced laryngeal cancer continues to be actively debated because the conse-
quences of CRT on the larynx must be weighed against the morbidity of a total 
laryngectomy. Patients may ultimately undergo salvage laryngectomy after CRT 
for a cancer-free but nonfunctional larynx secondary to aspiration and chondrora-
dionecrosis [ 24 ]. 

 Chemotherapeutics can be generally separated into two categories: nontargeted 
and targeted drugs. Nontargeting drugs approved by the FDA include platinum- 
based compounds (cisplatinum, carboplatinum), taxane-derived drugs (paclitaxel, 
docetaxel), and the antimetabolite 5-fl uorouracil. The only targeted drug approved 
by the FDA is cetuximab, an epidermal growth factor receptor (EGFR) inhibitor. 
Clinical trials have established that CRT, incorporation of either platinum or plati-
num plus a taxane, is better than radiotherapy (RT) alone [ 25 ,  26 ]. Additionally, 
timing of chemotherapy is important, with concurrent chemotherapy during RT 
having better outcomes than induction chemotherapy [ 27 ,  28 ]. 

 Cetuximab, a chimeric monoclonal mouse/human antibody, has been approved 
for the treatment of HSNCC since 2006. Four phase III trials have evaluated its 
effectiveness with either radiation- or platinum-based treatment in advanced dis-
ease [ 29 – 32 ]. In the Bonner trial, which led to the FDA approval, the addition of 
cetuximab to radiation led to a prolonged survival of nearly 20 months [ 30 ]. 
Interestingly, one of the side effects of cetuximab use, a prominent acneiform rash, 
also predicts its effectiveness. In the 5-year follow-up to the Bonner study, sub-
group analysis of the patients who displayed the rash determined that the severity 
of the rash was associated with prolonged survival. Unfortunately, cetuximab as 
monotherapy has a modest response, and many patients develop resistance to the 
therapy [ 33 ].   
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8.5     Proteasome Inhibition in Preclinical In Vitro 
and In Vivo Models of HNSCC 

 The application of proteasome inhibitors to solid tumor malignancies, including 
HNSCC, follows impressive clinical results using bortezomib (Velcade/PS-341) in 
certain hematologic malignancies. Bortezomib is a potent and reversible inhibitor of 
the chymotrypsin-like and caspase-like activities of the proteasome and has been 
approved by the United States Food and Drug Administration (FDA) for the treat-
ment of multiple myeloma and mantle cell lymphoma [ 34 – 36 ]. In general, preclini-
cal and clinical testing of bortezomib against solid tumor malignancies has produced 
less promising results than those obtained in multiple myeloma and mantle cell 
lymphoma. However, apoptosis-inducing activity of bortezomib has been observed 
in a number of different solid tumor models, including those representing mela-
noma, non-small cell lung cancer, renal cell carcinoma, prostate cancer, and colon 
cancer [ 37 – 45 ]. Moreover, as discussed later, the activity of bortezomib can be 
markedly enhanced by co-targeting additional key regulatory proteins in the cell. 
Thus, the full potential of proteasome inhibition as a therapeutic approach in solid 
tumors has yet to be fully explored. 

 Preclinical evaluation of bortezomib against HNSCC was fi rst reported by 
Sunwoo et al. in 2001 [ 46 ]. Cytotoxicity of bortezomib was observed at concentra-
tions of roughly 100 nM in 4 murine SCC cell lines and 2 human HNSCC cell lines 
[ 46 ]. Subsequently, several different investigators have demonstrated potent induc-
tion of cell death by bortezomib in multiple HNSCC cell lines, with IC 50  values as 
low as 1 nM [ 47 – 51 ]. The ability of bortezomib to kill HNSCC cell lines is associ-
ated with induction of hallmark features of apoptosis. In particular, bortezomib 
treatment of HNSCC cells leads to activation of the intrinsic apoptosis pathway, 
characterized by the release of mitochondrial cytochrome c into the cytosol, activa-
tion of caspase-9 and caspase-3, and cleavage of the caspase-3 substrate protein 
poly(ADP-ribose) polymerase (PARP) [ 46 ,  47 ,  49 ]. In addition, bortezomib treat-
ment also has the capacity to induce cell cycle arrest when used at nontoxic concen-
trations. As has been seen in other cancer cell types, bortezomib treatment of 
HNSCC cells can activate either the G1/S or the G2/M cell cycle checkpoints [ 52 –
 55 ]. Thus, an important aspect of the therapeutic potential of bortezomib lies in its 
ability to either kill HNSCC cells via apoptosis or slow the growth of the cells by 
promoting cell cycle arrest. 

 Lorch et al. have shown that bortezomib also acts to inhibit cell-cell adhesion and 
cell migration [ 56 ]. Treatment of two oral squamous cell carcinoma cell lines with 
bortezomib led to reduction in the levels of desmoglein 2 and accompanying reduc-
tion in the strength of mechanical cell-cell adhesion [ 56 ]. Further, bortezomib stimu-
lated recruitment of phospho(Tyr397)-focal adhesion kinase to the cell periphery and 
concurrent inhibition of cell migration [ 56 ]. While inhibition of HNSCC migration 
would have clear therapeutic benefi t, it is unknown whether bortezomib inhibition of 
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cell-cell contact would be benefi cial. Disruption of HNSCC cell–cell contact would 
be useful therapeutically if it were to lead to activation of anoikis. On the other hand, 
this disruption could be detrimental if it promoted metastasis or development of 
anchorage independence. 

 The impact of bortezomib treatment on HNSCC tumor growth has been evalu-
ated in subcutaneous xenograft models. Intraperitoneal bortezomib doses of 1.0 or 
2.0 mg/kg, thrice weekly, demonstrated signifi cant growth inhibition of tumors 
derived from UM-SCC-11B HNSCC cells [ 46 ]. The inhibition of tumor growth was 
accompanied by dramatic reduction in tumor blood vessel densities [ 46 ]. The maxi-
mum tolerated dose (MTD) of bortezomib appeared to be reached using the 2.0 mg/
kg dose in these experiments [ 46 ,  48 ]. In a different study, twice-weekly doses of 
1 mg/kg were found to inhibit the growth of tumors derived from SAS HNSCC cells 
[ 50 ]. Together, these studies have demonstrated in vivo activity of bortezomib 
against HNSCC tumors. 

 A serious drawback to the use of bortezomib in patients is the high frequency and 
severity of side effects. In particular is the development of peripheral neuropathy, a 
painful condition that affects the mobility of patients. Roughly 35–52 % of multiple 
myeloma patients treated with bortezomib have been reported to develop peripheral 
neuropathy [ 57 – 60 ]. Careful examination of the specifi city of bortezomib has 
revealed that side effects such as peripheral neuropathy may be due to inhibition of 
serine proteases, including chymase, HtrA2/Omi, dipeptidyl peptidase II, and 
cathepsins A and G [ 61 ]. For this, and other reasons, a considerable amount of effort 
has been invested in the development of next-generation proteasome inhibitors with 
heightened potencies and fewer off-target activities. Among the new compounds 
that have been developed, only two, carfi lzomib and oprozomib, have been evalu-
ated against HNSCC [ 62 ,  63 ]. 

 Carfi lzomib is a well-tolerated, irreversible inhibitor of the proteasome that dem-
onstrates greater specifi city than bortezomib for the chymotrypsin-like activity of 
the proteasome [ 64 – 66 ]. The heightened specifi city of carfi lzomib is likely respon-
sible for the reduced rates of peripheral neuropathy that have been observed in early 
clinical testing [ 61 ]. Moreover, because carfi lzomib acts as an irreversible inhibitor, 
its effects may be more lasting, perhaps requiring less frequent administration. 
However, neither carfi lzomib nor bortezomib are orally bioavailable. Oprozomib is 
a derivative of carfi lzomib and offers the distinct advantage of being orally bioavail-
able [ 67 ]. Importantly, both carfi lzomib and oprozomib have been shown to pro-
mote apoptosis in multiple myeloma cells that have become resistant to bortezomib 
[ 66 ,  68 ]. Thus, treatment with these next-generation proteasome inhibitors may 
offer a valuable means for overcoming bortezomib resistance in other cancers as 
well. In HNSCC subcutaneous xenograft models (tumors from Cal33 cells), twice- 
weekly intraperitoneal administration of 3 or 5 mg/kg led to dose-dependent inhibi-
tion of tumor growth [ 62 ]. Similarly, twice-weekly oral administration of 30 mg/kg 
oprozomib led to highly signifi cant inhibition of HNSCC tumor growth [ 62 ]. The 
antitumor effects of oprozomib were shown to be accompanied by inhibition of 
chymotrypsin-like proteasome activity in blood, liver, and tumor tissues [ 62 ]. These 
studies raise hope that more selective proteasome inhibitors, with reduced cytotoxic 
side effects, can be applied in the treatment of patients with HNSCC.  
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8.6     Molecular Mechanisms of Proteasome 
Inhibitor-Induced HNSCC Cell Death 

 The proteasome is responsible for the degradation of a wide variety of cellular pro-
teins. This is true whether the cell is operating under basal conditions or is respond-
ing to some extracellular stimulus [ 69 ]. Because of this, inhibition of the proteasome 
impacts multiple different signaling pathways that are important for cellular sur-
vival, proliferation, or differentiation (Fig.  8.1 ).

   One key pathway that is altered upon proteasome inhibition is the NF-ΚB signaling 
pathway (Fig.  8.1 ). NF-ΚB is a transcription which, following activation,  translocates 
to the nucleus and induces the expression of genes that promote cellular proliferation 
and survival, as well as genes encoding pro-infl ammatory cytokines and angiogenesis-
inducing chemokines/growth factors [ 70 ]. The activity of NF-ΚB is negatively regu-
lated by an endogenous inhibitor, IΚB, that acts to sequester the NF-ΚB protein in the 
cytoplasm [ 71 ]. However, IΚB is routinely subjected to ubiquitination and protea-
somal degradation, allowing NF-ΚB activation and migration to the nucleus [ 71 ,  72 ]. 
Moreover, in a large number of hematologic and solid tumor malignancies, negative 
regulation of NF-ΚB appears defi cient and the NF-ΚB protein is constitutively acti-
vated [ 73 ,  74 ]. Such is the case in HNSCC, where constitutive activation of NF-ΚB is 
seen in a large percentage of tumor specimens and correlates with poor prognosis 
[ 75 – 80 ]. Importantly, because IΚB is routinely degraded by the proteasome, inhibi-
tion of the proteasome results in marked elevation of IΚB levels and resultant seques-
tration/inhibition of NF-ΚB [ 81 ]. The ability of proteasome inhibitors, including 
bortezomib, to inhibit signaling by NF-ΚB is well established in numerous cell types. 
Bortezomib inhibition of NF-ΚB has been demonstrated in HNSCC cell lines in vitro, 
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  Fig. 8.1    Proteasome inhibitors promote both cell death and cell survival pathways in HNSCC cells. 
Treatment of HNSCC cells with proteasome inhibitors leads to inhibition of cell survival pathways 
and induction of proapoptotic proteins, resulting in cell death. At the same time, proteasome inhibi-
tion also induces the expression or activation of pathways and processes that promote HNSCC cell 
survival. A key to overcoming inherent resistance to proteasome inhibitors in HNSCC will involve 
co-targeting of cell survival pathways and processes that are activated by proteasome inhibition       
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as well as in specimens from HNSCC patients administered with bortezomib in 
 clinical testing [ 46 ,  48 ,  82 ,  83 ]. The administration of bortezomib to HNSCC patients 
also resulted in tumor downregulation of several NF-ΚB target genes that encode 
proteins regulating the cell cycle, apoptosis, and angiogenesis, including cyclin A, 
cyclin B, cyclin D1, IAP-1, Bcl- X L   , IL-6, and VEGF [ 82 ]. Thus, proteasome inhibi-
tion represents a viable means for inhibiting NF-ΚB and the growth-promoting effects 
of this transcription factor, in HNSCC tumors. 

 In addition to promoting cancer cell death via inhibition of NF-ΚB signaling, 
proteasome inhibitors also impact apoptosis by modulating the expression of key 
members of the Bcl-2 protein family. Several members of the Bcl-2 protein family 
have been shown to be actively degraded via the proteasome, including proapoptotic 
Bik, Bim, Puma, and Noxa, and antiapoptotic Mcl-1 (Fig.  8.1 ). Treatment of SCC 
cells with bortezomib has been shown to modestly induce Puma and dramatically 
induce Noxa [ 84 ]. Suppression of Noxa using siRNAs markedly attenuated 
bortezomib- induced apoptosis, while suppression of Puma expression had little 
effect. Importantly, bortezomib induction of Noxa was found to occur in cisplatin- 
resistant SCC cells and was suffi cient to induce apoptosis in these resistant cells 
[ 84 ]. In other studies, treatment of HNSCC cell lines with bortezomib was found to 
induce both Bik and Bim [ 49 ], while treatment with carfi lzomib or oprozomib led 
to potent Bik induction [ 62 ,  63 ]. Suppression of either Bik or Bim attenuated apop-
tosis induction by these agents [ 62 ]. Collectively, these experiments have revealed 
the importance of Noxa, Bik, and Bim induction for driving apoptotic cell death 
caused by proteasome inhibitors. On the other hand, bortezomib, carfi lzomib, and 
oprozomib have each been shown to induce expression of a key inhibitor of apopto-
sis, the Mcl-1 protein [ 49 ,  62 ]. Furthermore, siRNA-mediated suppression of Mcl-1 
expression enhances the killing activity of proteasome inhibitors [ 49 ,  62 ]. This 
demonstrates that proteasome inhibitors not only induce the expression of proteins 
that drive cell death but also induce the expression of proteins (e.g., Mcl-1) that 
blunt their proapoptotic activities (Fig.  8.1 ). Selective co-targeting of molecules 
such as Mcl-1 with small molecule inhibitors may represent an important avenue for 
enhancing the therapeutic effi cacies of proteasome inhibitors. 

 The induction of reactive oxygen species (ROS) and endoplasmic reticulum 
(ER) stress also appears to play a role in proteasome inhibitor-induced HNSCC cell 
death (Fig.  8.1 ). Treatment of HNSCC cell lines with bortezomib results in elevated 
levels of ROS [ 47 ,  51 ]. Moreover, the cell-permeable ROS scavengers Tiron or 
 N -acetyl- L -cysteine diminish cell death resulting from proteasome inhibition, dem-
onstrating the signifi cance ROS elevation [ 47 ,  51 ]. As might be expected, bortezo-
mib treatment leads to the accumulation of unfolded proteins in HNSCC cells and 
concomitant activation of ER stress. Specifi cally, bortezomib induces the phosphor-
ylation of PERK and upregulation of ATF-4, GRP-78, and GADD-34 associated 
with the ER stress response [ 47 ]. 

 Other mechanisms of cell death induction by proteasome inhibitors are likely to 
be discovered in the future. For example, in other model systems, proteasome inhibi-
tors have been shown to activate JNK enzymes [ 85 ,  86 ], which have the potential to 
drive apoptosis (Fig.  8.1 ). Also, recent studies have shown that bortezomib treatment 
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of HNSCC cells leads to inhibition of cancerous inhibitor of protein phosphatase 2A 
(CIP2A) (Fig.  8.1 ), leading to activation of PP2A phosphatase, and dephosphoryla-
tion and inactivation of the pro-survival kinase Akt [ 50 ]. In view of the diverse num-
ber of substrates that are routinely and rapidly subjected to degradation by the 
proteasome, it is not surprising that multiple different mechanisms contribute to the 
proapoptotic action of proteasome inhibitors.  

8.7     Enhancing Sensitivity to Proteasome Inhibitors 
in HNSCC by Co-targeting Key Signaling Proteins 
and Pathways 

 Proteasome inhibitors have been combined with a wide variety of agents, including 
both nonselective and selective targeting agents, in preclinical studies with HNSCC 
models (Table  8.1 ; clinical studies involving co-targeting are described in Sect.  8.8 ). 
Some of these studies have been purely empirical, aiming to identify synergistic 
drug combinations that may have therapeutic value. Other co-targeting efforts have 
been driven by an understanding of the signaling pathways regulated by the protea-
some and have sought to use this information to develop rationale strategies for 
improving the anticancer effi cacies of proteasome inhibitors. Successes have been 
achieved using both approaches and hold promise for more effective treatment of 
patients with HNSCC.

   Table 8.1    Preclinical combination of proteasome inhibitors (PIs) and other agents (bortezomib, 
BTZ; carfi lzomib, CFZ; oprozomib, OPZ; MG, MG132)   

 PI  Other agent  In vitro  In vivo  Ref. 

 BTZ  Cisplatin  +  [ 49 ,  87 ] 
 BTZ  Docetaxel  +  [ 87 ] 
 BTZ  Radiation  +  +  [ 88 ,  89 ] 
 BTZ, CFZ, OPZ  Mcl-1 siRNA  +  [ 49 ,  62 ] 
 BTZ  STAT3 decoy  +  [ 90 ] 
 BTZ  Guggulsterone  +  [ 90 ] 
 CFZ, OPZ  Chloroquine  +  [ 62 ,  63 ] 
 BTZ  Cetuximab  +  [ 91 ,  92 ] 
 MG  TRAIL  +  [ 93 ] 
 BTZ  TRAIL  +  [ 94 ] 
 BTZ  Trichostatin A  +  +  [ 95 ,  96 ] 
 BTZ  PXD101  +  +  [ 96 ] 
 BTZ  Dexamethasone  +  [ 97 ] 
 BTZ  PLK-1 inhibitor (BI2536)  +  [ 31 ] 
 BTZ  JNK inhibitor (SP600125)  +  [ 48 ] 
 BTZ  p38 inhibitor (SB203580)  +  [ 48 ] 
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   Information gleaned from co-targeting experiments also may assist in identifying 
strategies for overcoming resistance to proteasome inhibitors. In the case of HNSCC, 
models of acquired proteasome inhibitor resistance have not yet been developed. 
Thus, all preclinical studies done to date in HNSCC models are relevant primarily 
to inherent resistance mechanisms. Nonetheless, the opportunity to counter inherent 
resistance to proteasome inhibitors (via co-targeting strategies) is particularly valu-
able, as this may allow the development of therapeutic regimens incorporating lower 
doses of the cytotoxic drugs, thereby limiting undesirable side effects. 

 As discussed earlier, the primary chemotherapy drugs used in the treatment of 
HNSCC are platinum-based or taxane compounds. Wagenblast et al. showed that 
bortezomib alone demonstrates signifi cant antiproliferative activity against eight 
different SCC cell lines and that this activity was enhanced by the addition of either 
cisplatin or docetaxel [ 87 ]. Using rigorous algorithms for determination of syner-
gism, Li et al. showed that bortezomib potently synergizes with cisplatin in the kill-
ing of two HNSCC cell lines [ 49 ]. This synergistic cell killing was associated with 
synergistic induction of apoptosis signaling, as assessed by caspase-3 activation and 
cleavage of PARP [ 49 ]. Radiation therapy also represents a mainstay of therapy for 
HNSCC patients. In vitro and in vivo studies have shown that bortezomib substan-
tially enhances the sensitivity of HNSCC cells and tumors to radiation therapy [ 88 , 
 89 ]. This enhancement was found to be associated with suppression of NF-ΚB, 
enhanced PARP cleavage, decreased production of angiogenic factors, and reduced 
numbers of tumor blood vessels [ 89 ]. 

 Although proteasome inhibitors are relatively potent (nM range) at inducing cell 
death in HNSCC cells, the effectiveness of these agents is limited by the fact that 
proteasome inhibition leads to the upregulation of certain proteins and processes 
that support HNSCC cell survival. In particular, proteasome inhibition has been 
shown to upregulate expression of Mcl-1, STAT3, and pro-survival autophagy in 
HNSCC cells [ 49 ,  62 ,  90 ,  91 ] (Fig.  8.1 ). Thus, studies have been performed to 
determine whether specifi c targeting of these proteins, or the process of autophagy, 
can be used to further diminish inherent resistance to proteasome inhibitors. 
As mentioned earlier, targeting of Mcl-1 using siRNAs has been found to enhance 
the abilities of bortezomib, carfi lzomib, and oprozomib to promote cell death in 
HNSCC cell lines [ 49 ,  62 ]. In the case of STAT3, bortezomib treatment of three 
HNSCC cell lines was shown to induce expression levels of the phosphorylated/
activated form of STAT3, which was accompanied by induced expression from a 
luciferase-based STAT3 reporter construct [ 90 ]. In further experiments, selective 
targeting of the active form of STAT3 was achieved via expression of a dominant-
negative STAT3 mutant or treatment with a STAT3 decoy oligonucleotide or the 
naturally occurring inhibitor guggulsterone [ 90 ]. Co-targeting of STAT3 dramati-
cally improved the potency of bortezomib against HNSCC cells, as assessed by 
enhanced apoptosis signaling and loss of cell viability and by decreased clonogenic 
survival. Targeting of autophagy has been accomplished using the relatively non-
specifi c agent chloroquine. Induction of HNSCC cell autophagy has been demon-
strated following treatment with bortezomib, carfi lzomib, or oprozomib and is 
partially dependent on activation of JNK enzymes as well as activation of the 
unfolded protein response pathway [ 62 ,  91 ]. Co-treatment with chloroquine 
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enhanced the sensitivities of HNSCC cells to proteasome inhibitors, indicating that 
the autophagy induced by proteasome inhibitors is acting to promote HNSCC cell 
survival [ 62 ]. Since chloroquine is a well-tolerated agent in humans, co-treatment 
with chloroquine and a proteasome inhibitor may be therapeutically benefi cial. 

 Another co-targeting approach attracting interest involves targeting of the 
EGFR. Overexpression of EGFR is found in a majority of HNSCC patient tumors and 
in preclinical models correlates with resistance to radiation and chemotherapy [ 92 , 
 93 ]. HNSCC tumors also commonly overexpress the EGFR ligand TGFα, leading to 
autocrine activation of EGFR [ 92 ,  94 ,  95 ]. Overexpression of either EGFR or TGFα 
has been shown to correlate with poor survival in HNSCC patients [ 92 ,  96 ]. 
In clinical trials, addition of the EGFR-neutralizing antibody cetuximab has been 
shown to modestly enhance the responsiveness of HNSCC tumors to radiation therapy 
or conventional chemotherapies, leading to FDA approval of cetuximab in this disease 
[ 30 ,  31 ,  97 ,  98 ]. Preclinical studies in HNSCC have shown that cetuximab enhances 
the antiproliferative and cell death-inducing activities of bortezomib [ 99 ,  100 ]. 
However, it should be noted (as discussed in Sect.  8.8 ) that a recent clinical trial raises 
concerns about combining bortezomib with cetuximab and radiation therapy [ 101 ]. 

 Co-treatment with proteasome inhibitor and activators of the death receptor- 
mediated extrinsic apoptosis pathway represents another possible therapeutic strat-
egy. Most HNSCC cell lines, as well as esophageal SCC cell lines, are relatively 
resistant to death receptor-mediated apoptosis, including apoptosis activated by 
TRAIL or agonistic anti-Fas antibody. Low levels of death receptor expression, or 
high levels of the extrinsic pathway inhibitor c-FLIP, may partly account for the low 
sensitivities of these cells. However, treatment of HNSCC or esophageal SCC cells 
lines with proteasome inhibitor has been shown to upregulate expression of DR4 and 
DR5, the cell surface receptors for TRAIL [ 102 ,  103 ] (Fig.  8.1 ). Downregulation of 
the apoptosis inhibitors cIAP-1, XIAP, and survivin was also noted [ 102 ]. Importantly, 
treatment with proteasome inhibitor markedly enhances TRAIL- induced cell death 
in both HNSCC and esophageal SCC cells [ 102 ,  103 ]. Thus, inhibition of the protea-
some may prove effective for restoring tumor cell sensitivity to death ligands. 

 Synergistic induction of HNSCC cell apoptosis has been reported using the com-
bination of bortezomib and the histone deacetylase (HDAC) inhibitor trichostatin A 
(TSA) [ 104 ]. This in vitro synergism was found to be partially dependent on the 
upregulation of proapoptotic Noxa protein [ 104 ]. In vivo, the addition of TSA sig-
nifi cantly enhanced bortezomib inhibition of HNSCC xenograft tumor growth 
[ 104 ]. In a separate in vivo study, a combination of bortezomib with the HDAC 
inhibitor PXD101 resulted in growth inhibition of xenograft tumors derived from 
bortezomib-resistant UMSCC-11A HNSCC cells [ 105 ]. However, enhanced gastro-
intestinal side effects and weight loss were also observed using the combination. 
Nonetheless, targeting of HDACs may present an opportunity for overcoming 
 proteasome inhibitor resistance in HNSCC tumors. 

 Additional studies have shown that the ability of bortezomib to kill HNSCC cells 
in vitro can be enhanced by co-treatment with dexamethasone [ 106 ], or inhibitors of 
polo-like-kinase-1 [ 107 ], JNKs [ 48 ], or p38 [ 48 ]. It remains unclear whether in vivo 
studies will confi rm these fi ndings or whether enhanced cytotoxic side effects may 
be observed using these combinations.  
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8.8       Clinical Trials in HNSCC Incorporating 
Proteasome Inhibitors 

 The impact of proteasome inhibition has been evaluated in several early-stage clini-
cal trials of HNSCC patients (see Table  8.2 ). In each case, bortezomib has been used 
as the proteasome inhibitor, and patients have had either advanced stage, recurrent, or 
metastatic disease. These trials have examined bortezomib alone, or bortezomib in 
combination with radiation therapy (RT), conventional chemotherapy, or cetuximab.

   Allen et al. examined tumor biopsies from patients with recurrent HNSCC who 
received low-dose bortezomib (0.6 mg/m 2 ) prior to reirradiation [ 83 ]. They observed 
inhibition of canonical NF-ΚB signaling and induction of apoptosis in three of four 
evaluable tumors. Gilbert et al. treated a total of 48 recurrent or metastatic HNSCC 
patients with bortezomib alone and observed a partial response (PR) in 1 patient, 
stable disease (SD) in 10 patients, and progressive disease (PD) in 27 patients; 10 
patients were unevaluable [ 108 ]. Thus, in these clinical trials, bortezomib was capa-
ble of inducing a pharmacodynamic effect in HNSCC patient tumors, but did not 
appreciably improve clinical outcomes. 

 The combination of bortezomib with RT (50–70 Gy) in nine HNSCC patients 
was found to exceed the MTD of bortezomib at 0.6 mg/m 2  [ 82 ]. However, analysis 
of blood and serum from these patients demonstrated differences in proteasome 
activity, NF-ΚB localization, expression of NF-ΚB target genes, and induction of 
apoptosis. Two of the nine patients exhibited minor reductions in tumor size [ 82 ]. 
By contrast, in another study, concurrent RT and weekly bortezomib at 1.6 mg/m 2  
was well tolerated in patients with metastatic solid tumors, including three patients 
with HNSCC [ 109 ]. A phase I trial of bortezomib and concurrent chemoradiother-
apy (cisplatin) by Kubicek et al. enrolled a total of 27 HNSCC patients and con-
cluded that the combination therapy was safe, with a bortezomib MTD of 1.0 mg/m 2  
in previously treated patients and 1.3 mg/m 2  in radiation-naïve patients [ 110 ]. 

 In a phase II trial of recurrent or metastatic HNSCC patients, Gilbert et al. com-
bined bortezomib with irinotecan [ 108 ]. Of 23 patients, 3 exhibited a PR, 5 achieved 
SD, 11 showed PD, and 4 were unevaluable. These results suggested only minimal 

   Table 8.2    Clinical trials in HNSCC incorporating bortezomib   

 Patient population  Treatment  Ref. 

 Recurrent HNSCC (phase I)  BTZ alone  [ 83 ] 
 Recurrent or metastatic HNSCC (phase II)  BTZ alone  [ 108 ] 
 Advanced HNSCC (phase I)  BTZ + RT  [ 109 ] 
 Recurrent HNSCC (phase I)  BTZ + RT  [ 82 ] 
 Recurrent HNSCC (phase I)  BTZ + RT + cisplatin  [ 110 ] 
 Recurrent or metastatic HNSCC (phase II)  BTZ + irinotecan  [ 108 ] 
 Recurrent or metastatic HNSCC (phase II)  BTZ + docetaxel  [ 111 ] 
 Advanced HNSCC expressing EGFR (phase I)  BTZ + cetuximab  [ 112 ] 
 RT-naïve stage IV or recurrent HNSCC (phase I)  BTZ + RT + cetuximab  [ 107 ] 
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benefi t of adding bortezomib to irinotecan. In a different phase II trial, bortezomib 
(1.6 mg/m 2 ) was combined with docetaxel (40 mg/m 2 ) on days 1 and 8 of a 21-day 
cycle. This regimen was found to be well tolerated [ 111 ]. Of 21 evaluable patients, 
1 had a PR, 10 had SD, and 10 exhibited PD. Correlative studies revealed that 
patients with PD had higher expression levels of NF-ΚB and EGFR-associated 
genes, indicating that these may provide molecular markers for resistance to this 
drug combination [ 111 ]. 

 In vitro studies with HNSCC and renal cell lines have indicated that inhibition of 
EGFR enhances the cell killing activity of bortezomib [ 99 ,  100 ,  112 ]. Thus, two 
phase I trials have added bortezomib to cetuximab-containing regimens in 
HNSCC. Dudek et al. combined bortezomib and cetuximab in patients with solid 
tumors expressing EGFR [ 113 ]. The regimen was well tolerated and MTD was not 
reached at the bortezomib dose of 2.0 mg/m 2 . The study concluded that bortezomib 
plus cetuximab was moderately effective at inducing SD in patients with HNSCC or 
non-small cell lung cancer [ 113 ]. Argiris et al. set out to evaluate bortezomib in 
combination with cetuximab and RT in patients with radiation-naïve stage IV or 
recurrent HNSCC [ 101 ]. Seven patients were enrolled; however, the trial was termi-
nated early when fi ve of six patients with favorable prognosis oropharyngeal cancer 
underwent early progression (within 1 year). The authors concluded that bortezo-
mib antagonized the effects of the cetuximab/RT combination and cautioned against 
the use of this triple combination [ 101 ]. 

 Although modest glimmers of bortezomib activity in HNSCC clinical trials have 
been observed, in general, the impact of bortezomib has been only minimal. These 
results underscore the importance of identifying mechanisms that contribute to the 
inherent resistance of HNSCC tumors to proteasome inhibitors. The testing of novel 
combinations of targeting agents will also be important. Furthermore, in view of the 
toxicities associated with bortezomib use, the evaluation of proteasome inhibitors 
with reduced adverse toxicities (e.g., carfi lzomib/oprozomib) will be important.  

8.9      The Potential Utility of Proteasome Inhibitors 
in HPV- Positive HNSCC 

 As discussed in Sect.  8.3 , infection with HPV represents a major risk factor for 
development of HNSCC [ 114 – 116 ]. The incidence of HPV-positive HNSCC is 
steadily increasing, particularly among younger adults [ 3 ,  11 ,  117 ,  118 ]. HPV- 
positive HNSCC represents a distinct disease entity from HPV-negative HNSCC 
[ 119 ] and generally exhibits better prognosis [ 120 – 126 ]. Importantly, the unique 
molecular nature of HPV-positive HNSCC offers potential opportunities for thera-
peutic intervention with proteasome inhibitors. In contrast to HPV-negative 
HNSCCs, which are primarily p53 mutant or defi cient, HPV-positive HNSCCs 
almost always harbor wild-type p53 [ 127 – 129 ]. However, as is the case in HPV- 
positive cervical cancer, the HPV E6 protein promotes the continuous ubiquitina-
tion and proteasomal degradation of the wild-type p53 protein (Fig.  8.2 ) [ 130 ,  131 ]. 
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Thus, the expression of the wild-type p53 protein is maintained at very low levels in 
HPV-positive disease, and there is very little selective pressure to mutate or delete 
the  p53  gene. Since p53 is degraded via the proteasome in HPV-positive HNSCC, 
the use of proteasome inhibitors has the potential to upregulate p53 expression in 
these cells (Fig.  8.2 ). The upregulation of wild-type p53 would likely be benefi cial 
from a therapeutic perspective. The p53 protein can promote cell cycle arrest 
through the induction of the cell cycle regulator p21 (Fig.  8.2 ). Alternatively, p53 
can induce the expression of proapoptotic Puma and Noxa proteins, leading to Bax- 
and Bak-dependent activation of the intrinsic apoptosis pathway (Fig.  8.3 ). In either 
scenario, the induction of wild-type p53 in HPV-positive HNSCC is likely to pro-
mote antitumor effects.

    Studies by Ferris et al. and Rampias et al. have shown that siRNA or shRNA 
directed against HPV E6/E7 bicistronic mRNA results in the upregulation of p53 
protein in HPV-positive HNSCC cell lines [ 132 ,  133 ]. Coincident with the upregu-
lation of wild-type p53, suppression of E6/E7 expression also led to induction of 
p53 target genes and activation of apoptotic cell death. These studies supported the 
idea that expression of wild-type p53 by HPV-positive HNSCC tumor cells may, in 
part, explain the better prognosis of HPV-positive HNSCC patients. In further sup-
port, Kimple et al. have recently shown that HPV-positive HNSCC cell lines 
exhibit enhanced sensitivity to radiation [ 134 ]. The impact of the proteasome 
inhibitor bortezomib on HPV-positive HNSCC has also been recently evaluated. 
Bortezomib treatment led to the upregulation of functional p53 and p53 target 
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  Fig. 8.2    Proteasome inhibition results in elevated expression of wild-type p53 in HPV-positive 
HNSCC cells. ( a ) In HPV-positive HNSCC cells, the HPV E6 protein continuously promotes 
ubiquitination and proteasomal degradation of wild-type p53. ( b ) Inhibition of the proteasome 
in HPV-positive HNSCC cells prevents p53 degradation, resulting in marked induction of the 
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genes in HPV- positive, but not HPV-negative, HNSCC cell lines [ 52 ]. Morevoer, 
subtoxic doses of bortezomib promoted p21-dependent cell cycle arrest in HPV-
positive HNSCC cells [ 52 ]. These experiments directly demonstrate the potential 
value of treating HPV-positive disease with proteasome inhibitors. However, a 
cautionary note must be added. As mentioned earlier, a phase I clinical trial of 
bortezomib in combination with cetuximab and radiation was prematurely termi-
nated due to early progression in patients with favorable prognosis HPV-positive 
HNSCC [ 101 ]. The reasons for this early progression are unclear but may be due 
to bortezomib stabilization of the EGFR [ 101 ]. Therefore, the application of 
 proteasome inhibitors to HPV-positive HNSCC should be closely monitored.  

8.10     Conclusions 

 HNSCC remains a prevalent and diffi cult to treat cancer. Conventional chemoradia-
tion regimens carry considerable adverse toxicities and are often ineffective. 
Targeted therapy using FDA-approved cetuximab benefi ts only a minority of 
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  Fig. 8.3    Wild-type p53 in HPV-positive HNSCC cells promotes activation of the intrinsic apoptosis 
pathway. Wild-type p53 protein activates apoptosis signaling by directly inducing the expression of 
proapoptotic Puma and Noxa proteins. Puma and Noxa migrate to the mitochondria where they induce 
oligomerization of Bax and Bak, allowing cytochrome c to be released from the mitochondria into the 
cytosol. The cytosolic cytochrome c binds to Apaf-1 and procaspase-9 protein forming a complex 
referred to as the apoptosome. Formation of the apoptosome results in processing/activation of cas-
pase-9, followed by caspase-9-mediated processing/activation of the executioner caspase, caspase-3       
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HNSCC patients. The proteasome inhibitor bortezomib has demonstrated consider-
able therapeutic effi cacy in certain hematologic malignancies, and application of 
proteasome inhibitors to the treatment of HNSCC holds promise. However, early 
clinical testing of bortezomib in HNSCC, as well as other solid tumor malignancies, 
has revealed only modest, or minimal, benefi t to adding this agent to current con-
ventional regimens. Despite the relative sensitivity of HNSCC cell line models to 
proteasome inhibitors, more work is needed to develop strategies for further lower-
ing the inherent resistance of HNSCC tumor cells. In this regard, multiple preclini-
cal studies have now demonstrated the value of co-targeting the proteasome and 
other signaling pathways. Indeed, synergy of proteasome inhibitors with other 
molecular targeting agents has been demonstrated in vitro. Further development of 
these co-targeting strategies will be essential for improving the success of protea-
some inhibitors in HNSCC patients. Moreover, these co-targeting studies have the 
potential to reveal key mechanisms that contribute to inherent, and acquired, resis-
tance to proteasome inhibitors. Continued efforts are also needed to develop next- 
generation proteasome inhibitors with reduced side effects. Already, highly selective 
proteasome inhibitors such as carfi lzomib and oprozomib are showing reduced rates 
of peripheral neuropathy relative to those seen with bortezomib. Further refi nement 
and the identifi cation of new inhibitors will allow higher doses to be applied, along 
with improved methods of delivery (e.g., orally bioavailable drugs). Collectively, 
the development of novel co-targeting strategies, the identifi cation of molecular 
mechanisms contributing to proteasome inhibitor resistance, and the generation of 
orally available proteasome inhibitors with reduced adverse toxicities, is likely to 
lead to useful application of these agents in the treatment of patients with HNSCC.     
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    Chapter 9   
 Targeting the Proteasome Pathway 
for the Treatment of Solid Tumors 

                Nisar     Ahmad    ,     Elias     Anaissie    ,     Mohamed     A.    Y.     Abdel     Malek    , 
and     James     J.     Driscoll    

    Abstract     The ubiquitin-proteasome system (UPS) is a highly complex protein 
 network that maintains proteostasis and cell viability through the targeted and 
timely turnover of selected substrates. The proteasome serves as the catalytic core 
of the UPS to precisely recognize and effi ciently execute the rapid ATP-dependent 
removal of ubiquitinated proteins. Small-molecule pharmacologic inhibitors exploit 
the pivotal role of the proteasome in cellular metabolism as a molecular vulnerabil-
ity in cancer cells to promote the selective cytotoxicity of tumor cells. Proteasome 
inhibitors (PIs) have yielded durable clinically responses that dramatically improve 
the survival of patients diagnosed with the invariably fatal hematologic malignancy 
multiple myeloma (MM). Success of the PI bortezomib in the treatment of the 
hematologic malignancy MM has emerged as the standard of care and catapulted 
the UPS into a position of prominence as a model system in cancer biology and drug 
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development. However, advancement of PIs to improve the treatment of patients 
with solid tumors has been far more challenging and less successful. Clinical assess-
ment of second-generation PIs progresses as well as pharmacologics to intervene at 
other points within the UPS is being explored for both hematologic and solid 
tumors. Agents to target non-proteolytic activities associated with the proteasome 
are emerging as are agents to inhibit Ub-binding proteins. New approaches to 
unravel the UPS should advance its utilization as a drug development platform in 
mechanism-based anticancer strategies that include PIs as monotherapy or in syner-
gistic combinations that improve the outcome of patients with solid tumors.  

  Keywords     Proteasome   •   Ubiquitin   •   Bortezomib   •   Carfi lzomib  

  Abbreviations 

   ATP    Adenosine triphosphate   
  CP    Catalytic particle   
  CR    Complete response   
  Ct-L    Chymotryptic-like   
  DLT    Dose limiting toxicities   
  EGFR    Epidermal growth factor receptor   
  ER    Endoplasmic reticulum   
  FDA    Federal Drug Administration   
  γ-IFN    Gamma-interferon   
  IL    Interleukin   
  IV    Intravenous   
  GTP    Guanosine triphosphate   
  kDA    Kilodalton   
  MM    Multiple myeloma   
  MTD    Maximally tolerated dose   
  NCI    National Cancer Institute   
  NF-κB    Nuclear factor kappa B   
  NSCLC    Non-small cell lung cancer   
  ORR    Overall response rate   
  PI    Proteasome inhibitor   
  RP    Regulatory particle   
  RCC    Renal cell carcinoma   
  TNF-α    Tumor necrosis factor-α   
  Ub    Ubiquitin   
  UPS    Ubiquitin-proteasome system   
  UPR    Unfolded protein response   
  US    United States   
  VEGFR    Vascular endothelial growth factor receptor   
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9.1           The Ubiquitin-Proteasome System 

 Living organisms contain thousands of protein-encoding genes and a far greater 
number of proteins are encoded by these genes. Innumerable studies over the past 
century have been devoted to analyzing protein synthesis, but the reverse process of 
protein degradation for many decades long remained outside the scope of focused 
attention. In the 1930s, pioneering studies by Schoenheimer described the dynamic 
turnover of cellular proteins [ 1 ]. In the 1950s   , it was then shown that protein half- 
lives required energy utilization and that different enzymes in eukaryotic cells have 
widely varying half-lives which made it evident that protein degradation was a 
highly selective process [ 2 ]. Up until that time, the lysosome was considered to be 
the sole site of protein degradation, but it was clear that the activity of lysosomal 
proteases was not selective [ 3 ]. A biochemical reductionist approach led to the dis-
covery of a small (8.5 kDa) protein (Ub) that exists ubiquitously in eukaryotes [ 4 ]. 
Ub performs its myriad functions through conjugation to a large range of targets 
through a sequential process in three steps: E1-mediated Ub activation, transfer of 
Ub from the E1 to an E2 Ub-conjugating enzyme (mammalian genomes contain 
~40 E2s) and formation of an isopeptide bond between a lysine residue of the target 
and the C-terminal glycine of the Ub moiety. E3 Ub-protein ligases function as the 
substrate recognition modules of the UPS to promote interaction with the E2 [ 5 ]. 
The structure responsible for the destruction of Ub-protein conjugates was identi-
fi ed as a labile 26S ATP-dependent complex that utilizes the 20S proteasome as its 
catalytic core particle (CP) [ 6 ,  7 ] capped at either end by 19S regulatory particles 
(RP) that provide substrate recognition, deubiquitinating, and ATP-hydrolyzing 
functions. Subsequently, the immunoproteasome was described and it was demon-
strated that gamma-interferon (γ-IFN) replacement of constitutive proteasome sub-
units modulated individual catalytic activities [ 8 ,  9 ]. Protein degradation is a highly 
complex, temporally controlled, tightly regulated process that plays a critical role in 
numerous cellular pathways in both normal and transformed cells [ 10 ]. It is now 
realized that in eukaryotic cells, the degradation of most intracellular proteins is 
fulfi lled by proteasomes. In 2004, the importance of the UPS resulted in awarding 
of the Nobel Prize in Chemistry jointly to Aaron Ciechanover, Avram Hershko, and 
Irwin Rose “for the discovery of Ub-mediated protein degradation” [ 10 ].  

9.2     Proteasome Inhibitors for the Treatment of Solid Tumors 

 The fi eld of oncology and cancer drug discovery has placed a signifi cant emphasis on 
the identifi cation and validation of novel molecular targets specifi c to tumor cells. 
The UPS consists of separate, linked reactions, e.g., substrate ubiquitination, protea-
somal assembly, substrate cleavage, and deubiquitination, to provide a multitude of 
such targets for therapeutic intervention. The fi rst component in the UPS to be 
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targeted therapeutically is the proteasome itself. In the United States, Federal Drug 
Administration (FDA) approval of the PI bortezomib (Velcade, Millennium- Takeda 
Oncology Co., Cambridge, MA) represented a signifi cant milestone as the fi rst PI 
investigated in human clinical trials and eventually implemented for the treatment of 
a human malignancy [ 11 ,  12 ]. Bortezomib is a highly selective, reversible PI, which 
has demonstrated substantial benefi t alone or as part of combinations that induce 
chemo- or radiosensitization [ 11 ]. While bortezomib is the fi rst PI to change the 
natural history of a specifi c hematologic malignancy, preclinical studies and clinical 
effi cacy in the treatment of the majority solid tumors have been less effective. 
Bortezomib is a synthetic, dipeptidyl boronate that induces apoptosis in tumor cells 
quite possibly through inhibiting the degradation of key regulatory and pro-apoptotic 
proteins. As a potent small molecule that binds the proteasome β5 subunit and hence 
predominantly inhibits the chymotryptic-like (Ct-L) activity of both the constitutive 
and immunoproteasome. The antiproliferative effect of bortezomib has been demon-
strated in numerous cell lines and xenograft models of lung, breast, prostate, pancre-
atic, head and neck, and colon cancers and melanoma [ 11 – 15 ]. Numerous mechanisms 
of action have been proposed to explain the mechanism of selective cytotoxicity. 

 Newer PIs offer several potential advantages such as increased target specifi city, 
improved safety, better tolerability, and the capacity to overcome bortezomib resis-
tance (Table  9.1 ). Next generation PIs in clinical development include carfi lzomib 
[ 16 ], ONX-0912 [ 17 ] (Onyx Pharmaceuticals, San Francisco, CA), MLN9708 [ 18 ] 
(Millennium-Takeda Oncology), Marizomib [ 19 ] (NPI-0052, salinosporamide 
A, Nereus Pharmaceuticals, San Diego, CA), and CEP-18870 [ 20 ] (Cephalon, 
Frazer, PA). Next to carfi lzomib, the second most advanced of these PIs is 
MLN9708 which is a reversible, peptide boronic analog of bortezomib. MLN9708 
is an orally  bioavailable and is immediately hydrolyzed to its active form, 
MLN2238, when exposed to aqueous solutions to bind preferentially to the β5 

   Table 9.1    Agents to target the proteolytic activities within the proteasome complex   

 Inhibitor 
 Structural 
class 

 Type of 
inhibitor 

 Activity 
inhibited 

 Development 
stage  Administration 

 Bortezomib 
(Millennium) 

 Peptide-
boronic acid 

 R  Ct-L Immuno  FDA- approved   IV 

 Carfi lzomib 
(Onyx) 

 Tetrapeptide 
epoxyketone 

 I  Ct-L  FDA- approved   IV 

 MLN9708 
(Millennium 

 Peptide 
boronic acid 

 R  Ct-L  Phase I  IV/ po 

 Marizomib 
(Nereus) 

 β-lactone-γ- 
lactam  

 I  Ct-L, tryptic, 
caspase- like  

 Phase Ib  IV 

 ONX-0912 
(Onyx) 

 Peptide 
epoxyketone 

 R  Ct-L  Phase I  IV/ po 

 Cep-18870 
(Cephalon) 

 Peptide-
boronic acid 

 R  Ct-L  Phase I–III  IV/po 

   R  reversible,  I   irreversible,  Ct-L  chymotryptic-like,  Immuno  immunoproteasome,  IV  intravenous,  po  oral  
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active site. The dissociation half-life of MLN9708 binding to the proteasome is 
approximately six times shorter than that of bortezomib. Inhibition of proteasome 
activity and the pharmacodynamic response of the active form (MLN2238) were 
superior to that of bortezomib in mice bearing human lymphoma (WSU-DLCL2) 
or human prostate (CWR22) tumor xenografts [ 21 ]. The differences improved anti-
tumor activity, particularly in the CWR22 xenografts where MLN2238 demon-
strated greater effi cacy.

   The boronic acid PIs MLN9708 and CEP-18770 are reversible inhibitors of the 
proteasome ChT-L activity that exhibit inhibitory activity comparable to bortezo-
mib [ 20 ]. Carfi lzomib is a tetrapeptide that bears an epoxyketone moiety and irre-
versibly inhibits the Ct-L activity to generate sustained proteasome inhibition 
[ 21 – 28 ]. Carfi lzomib inhibits proliferation and induces apoptosis in bortezomib- 
resistant MM cell lines and in primary MM cells from patients with clinically 
established resistance to bortezomib and other conventional agents. ONX-0912 
(formerly PR-047, Onyx) is an orally bioavailable analog of carfi lzomib investi-
gated in phase I clinical trials with advanced refractory or recurrent solid tumors. 
Similar to carfi lzomib, ONX 0912 is an irreversible inhibitor of the proteasome β5 
subunit and induces apoptosis in cells resistant to bortezomib in vitro. In xenograft 
models, ONX-0912 reduced tumor growth and prolonged survival and elicited a 
response comparable to that seen with carfi lzomib and in rodents and dogs repeated 
dosing was well tolerated. Although ONX-0912 is based on the same chemistry as 
carfi lzomib, it is designed to provide prolonged proteasome inhibition and the con-
venience of an oral therapy. ONX-0912 is currently in phase I clinical develop-
ment in a solid tumor study in the United States. Early data have shown that 
two-thirds of patients at the 90 mg dose or above achieved a level of proteasome 
inhibition comparable to what has been observed with carfi lzomib. ONX-0914 is 
an immunoproteasome inhibitor with potential applications in oncology and in 
autoimmune disease therapy. An immunoproteasome-specifi c inhibitor may have 
the potential to selectively target proteasome function in immune cells while 
exhibiting minimal effects on the proteasome in other tissues and with minimal 
cross-reactivity for the constitutive proteasome [ 29 ]. Recent evidence suggests 
that the immunoproteasome regulates the production of several infl ammatory 
cytokines, including tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), IL-17, 
and IL-23. In models of rheumatoid arthritis and lupus, ONX-0914 blocked pro-
gression of disease at well-tolerated doses. 

 Marizomib (NPI-0052) is a natural β-lactone compound derived from the marine 
bacterium  Salinospora tropica  [ 31 ,  32 ] and similar to carfi lzomib, it is an irrevers-
ible inhibitor of the β5 subunit. However, unlike carfi lzomib, which preferentially 
inhibits the Ct-L, and bortezomib, which inhibits the Ct-L and caspase-like activi-
ties, Marizomib inhibits the three predominant catalytic activities (Ct-L, tryptic-like 
and caspase-like) which may yield a long-term benefi t to preclude resistance. 
Preclinical research suggests an improved therapeutic ratio and signifi cant activity 
in hematologic and solid tumor models through either oral or intravenous (IV) 
administration. Toxicities of Marizomib are comparable to those of bortezomib 
except for lack of peripheral neuropathy.  
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9.3     Preclinical Studies to Demonstrate the Effi cacy 
of Proteasome Inhibitors in Solid Tumor Cells 

 A number of exploratory preclinical and translational studies have investigated the 
potential benefi t of PI for treatment of solid tumors. These studies have provided a 
sound rationale to advance bortezomib into trials as monotherapy or in combination 
with chemotherapy, radiation, immunotherapy, or other novel agents [ 30 – 38 ]. 
As monotherapy, bortezomib has demonstrated poor responses in both phase I and II 
trials as assessed in a broad number of solid tumors. Phase I studies of bortezomib- 
based combination regimens provided only a slight improvement in responses, par-
ticularly in combination with traditional chemotherapeutic agents such as CPT-11, 
gemcitabine, docetaxel, and 5-FU. However, they provided the basis for more refi ned 
phase II studies. At the maximal tolerated doses observed, toxicities were mild and 
easily manageable. Phase II clinical trials were performed in focused solid tumor 
types, e.g., colon, breast, neuroendocrine, renal, melanoma, gastric, and prostate 
 cancers and sarcomas. 

 In hepatocellular carcinoma cells, phospho-AKT downregulation was a determi-
nant of PI sensitivity and AKT signaling was targeted to overcome resistance. 
In medullary and anaplastic thyroid carcinoma cells, drug sensitivity was partially 
decreased by Bcl-2 overexpression or IGF-I treatment. The PI-induced activation of 
essential cellular pathways, e.g., AKT, MAPK, p53, c-Jun, and destabilization of 
NF-κB, has been implicated in dictating response in solid tumors. Bortezomib- 
induced G 2 M arrest mediated through inhibition of cell-cycle regulators turnover 
has been demonstrated as well, mediated by the induction of p21/cip/waf-1 in either 
p53-dependent or independent mechanisms. PI induction of a terminal unfolded 
protein response (UPR) and endoplasmic reticulum (ER) stress was shown to cor-
relate with the accumulation of misfolded proteins and apoptosis while combination 
of PIs and ER-stress-inducing agents increased cytotoxicity in glioblastoma and 
metastatic melanoma [ 39 – 41 ]. Importantly, bortezomib was generally well tolerated 
and did not appear to produce additive toxicities when combined with other thera-
pies in the dosing regimens used in these preclinical in vivo studies. Marizomib has 
also been found to inhibit brain proteasome activity in a mouse model, to suggest 
use in the treatment of central nervous system tumors. CEP-18770 is an orally active 
peptide boronic acid PI that reversibly inhibits the CT-L activity of the proteasome. 
Antitumor activity, survival benefi t, and complete tumor regressions have been dem-
onstrated in myeloma xenograft models using CEP-18770. CEP-18770 also has 
shown a more favorable cytotoxicity profi le toward human bone marrow progenitors 
and bone marrow-derived stromal cells when compared with bortezomib [ 28 ].  

9.4     Clinical Trials of Proteasome Inhibitors for Solid Tumors 

 There is tremendous interest in expanding the use of PI for cancer treatment beyond 
hematological malignancies (Tables  9.2 , and  9.3 ) [ 42 – 45 ]. Successful application 
of PIs for certain types of B-cell lymphomas has shown improved response rates. 
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For example, the phase II VERTICAL trial studied a combination of bortezomib, 
bendamustine, and rituximab in patients with relapsed or refractory follicular lym-
phoma and proved to be highly active (ORR of 88 % and complete response (CR) 
of 53 %) [ 46 ]. A rapidly expanding number of clinical trials have evaluated bortezo-
mib and other PIs either as monotherapy or in combinations to treat patients with 
solid tumors. Bortezomib was used as monotherapy to treat chemotherapy-naïve 
patients diagnosed with advanced stage non-small cell lung cancer (NSCLC). The 
trial was terminated in the fi rst stage due to lack of response in all patients [ 47 ]. 
Separately, bortezomib as monotherapy was also inactive in patients with unresect-
able or metastatic gastric and gastroesophageal junction adenocarcinoma [ 48 ].

    Bortezomib was combined with paclitaxel and carboplatin as a fi rst-line regimen 
in the treatment of patients with metastatic esophageal, gastric, and gastroesophageal 
cancer and was a disappointment [ 49 ]. A phase I/II trial combined Vandetanib 
(Caprelsa, AstraZeneca USA, Wilmington, DE) with bortezomib in adult patients 
diagnosed with solid tumors with a focus on hereditary or sporadic, locally advanced, 
or metastatic medullary thyroid cancers [ 50 ]. Vandetanib potently inhibits vascular 
endothelial growth factor receptor-2 (VEGFR-2), and shows additional inhibitory 
activity against the rearranged during transfection receptor, Flt-4, and EGF receptor 
tyrosine kinases [ 51 ]. Bortezomib in combination with celecoxib in patients with 
advanced solid tumors was also studied in a phase I trial and was well tolerated, with-
out dose limiting toxicities (DLT) observed [ 52 ]. In patients with metastatic renal cell 
carcinoma (RCC), the results suggested that bortezomib has an antitumor effect in 
individual patients with metastatic RCC but the small proportion of patients who did 
achieve a partial response did not support routine use in metastatic RCC [ 53 ,  54 ]. 

 Lung cancer continues to be the leading cause of cancer-related deaths in 
the United States, with approximately 160,000 estimated deaths per year [ 55 ]. 
More effective drugs such as bortezomib have been used and based upon some 

   Table 9.3    Ongoing trials to assess the effi cacy of proteasome inhibitors as monotherapy or in 
combination to treat solid tumors   

 Proteasome 
Inhibitor 

 Treatment 
regimen  Tumor type  Phase  Objective 

 MLN9708  Monotherapy  Advanced non-
hematological 
malignancies 

 1  To determine safety, 
MTD and inform phase 
2 dose 

 Oprozomib  Monotherapy  Recurrent or refractory 
solid tumors 

 1 

 MLN9708  Monotherapy  Advanced solid and 
hematological 
malignancies 

 1, 2-part  Pharmacokinetics of 
MLN9708 in varying 
degree of liver dysfunction 

 Bortezomib  Lapatinib  Advanced solid tumors  1  To test the safety and 
effi cacy of the combination 
of lapatinib and bortezomib 

 Bortezomib  Monotherapy  Refractory solid 
tumors in pediatric 
patients 

 1  To determine MTD, 20S 
proteasome inhibition and 
progression free survival 
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encouraging single-agent activity, bortezomib was combined with other agents in 
phase I studies to demonstrate signifi cant activity in pretreated patients as a single 
agent and greater activity in combination with docetaxel [ 56 – 58 ]. Given that the 
duration of proteasome inhibition is 48–72 h, all clinical studies have used a regi-
men of bortezomib administered on days 1, 4, 8, and 11. A phase I trial tested a 
schedule of twice-weekly drug administration for 4 weeks followed by 2 weeks of 
rest [ 59 ]. Toxicities included thrombocytopenia and nonmyeloid toxicities, such as 
anorexia, fatigue, electrolyte disturbances, and nausea. Another phase I study, con-
ducted in a variety of solid tumors, administered bortezomib on days 1, 4, 8, and 11 
of a 21-day cycle [ 60 ]. Forty-three patients were treated on this schedule. The DLTs 
were diarrhea and sensory neuropathy. No hematologic toxicities were observed. 
One major response was seen in an NSCLC patient.    In phase II studies, minimally 
pretreated (≤1 prior chemotherapy regimens) 23 NSCLC patients were treated with 
single- agent bortezomib at doses of 1.3–1.5 mg/m 2  in thrice-weekly cycles [ 61 ]. 
One patient experienced a partial response and nine others had stable disease. The 
duration of response was >4 cycles in 5 patients. Grade 3 toxicities included nausea 
(3 patients), sensory neuropathy (1 patient), constipation (2 patients), rash 
(1 patient), and thrombocytopenia (2 patients). Effects on NF-κΒ reached a maxi-
mum 4 h after drug administration, with recovery beginning in 24 h to demonstrate 
a measurable effect on the biologic target. A recently completed randomized phase 
II study compared a 1.5-mg/m 2  bortezomib dose with the combination of 1.3 mg/m 2  
of bortezomib and 75 mg/m 2  of docetaxel in pretreated patients with NSCLC [ 62 ]. 
Docetaxel was administered on day 1 of a 21-day cycle. Preliminary results indicate 
that adverse events, including nausea (59 % versus 35 %), fatigue (38 % versus 
48 %), diarrhea (38 % versus 29 %), and neutropenia (55 % versus 3 %), respec-
tively, were more common in the combination arm than in the single-agent bortezo-
mib arm. An interim analysis revealed partial response rates of 10.3 % in the 
bortezomib arm and 16 % in the combination arm. 

 The clinical observation of intrinsic or acquired resistance to bortezomib; the 
occurrence of severe and cumulative toxicities, namely painful peripheral neuropa-
thy and fatigue; its IV administration; and the lack of effi cacy for solid tumors all 
prompted the development of second-generation PIs. Phase I studies with MLN9708, 
alone or in combination, are ongoing in patients with newly diagnosed and refrac-
tory MM, lymphomas, and non-hematologic malignancies. In phase I studies, 
 carfi lzomib was well tolerated when administered in highly intensive daily dosage 
regimens to suggest that proteasome inhibition sustained for extended periods was 
tolerable [ 63 – 66 ]. The safety, pharmacokinetics, and pharmacodynamics of CEP- 
18770 were investigated after IV administration on days 1, 4, 8, and 11 of every 
21-day cycle in patients with MM and solid tumors [ 67 ]. CEP-18770 exhibited a 
favorable safety profi le with a lack of toxicity and linear plasma PK to indicate 
future potential. A phase Ib trial evaluated safety and tolerability of single-agent 
carfi lzomib in relapsed solid tumors, relapsed and/or refractory MM, and refractory 
lymphoma, while the phase II evaluated the overall response rate after four cycles of 
carfi lzomib in relapsed solid tumors in heavily pretreated patients. The incidence of 
newly emergent peripheral neuropathy was low despite high rates at baseline in 
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heavily pretreated patients. Worsening neuropathy during treatment with carfi lzomib 
is uncommon to suggest that carfi lzomib may be effective for those who have 
 neuropathy due to prior treatment. 

 A recent phase I study undertaken to defi ne toxicity and the maximum tolerated 
doses (MTD) of the combination of sorafenib and bortezomib in patients with 
advanced solid tumors has demonstrated the combination was tolerated well [ 68 ]. 
The combination shows preliminary signs of effi cacy, supporting phase 2 studies. 
A phase I study of the HER1, HER2 dual kinase inhibitor, and lapatinib in combina-
tion with bortezomib in patients with advanced malignancies is ongoing [ 69 ]. 
Preclinical cell line and animal studies indicate that combination of these agents was 
much more effective than administration of either drug alone. Jones et al. demon-
strated in their study using mice that bortezomib effectively suppresses breast cancer 
tumor growth within bone and stimulates new bone formation in the presence of 
metastatic disease. Antitumor growth effects by bortezomib also occurs in the bone 
microenvironment where the cycle of tumor growth and osteolytic disease is activated 
in response to breast cancer cells [ 69 ]. Another phase 1 study is being conducted by 
the National Cancer Institute (NCI) to demonstrate MTD and 20S proteasome inhibi-
tion. Patients receive bortezomib IV on days 1, 4, 8, and 11. It is apparent that more 
effort is required, both in preclinical and clinic studies, to better defi ne the role of PI 
in the treatment of solid tumors. The NCI clinical trials database includes ~200 cur-
rently active trials listed studying bortezomib’s potential in the treatment of these 
various cancer types, although delineating the mechanism by which bortezomib fails 
in these cases may be the fi rst critical step in improving its effi cacy.  

9.5     Targeting Non-proteolytic Activities Associated 
with Proteasome Complex 

 The clinical development of PIs suggests that targeting other components within the 
UPS is a useful strategy for the treatment of malignancies (Table  9.4 ). Substrate 
recognition by the proteasome is mediated through the multi-Ub chain followed by 
ATP-dependent unfolding and translocation of the substrate from the RP into the 
proteolytic chamber of the CP to facilitate degradation [ 70 ]. Substrate-bound Ub 
chains are not delivered directly to the proteolytic active sites but rather recycled as 

   Table 9.4    Non-proteolytic targets associated with the proteasome complex   

 Rpn11  19S component that contains an essential JAMM metal-binding motif 
 Blm10  Proposed role in proteasome maturation 
 Ecm29  Tethers the 19S RP and 20S CP to unite the 26S proteasome complex 
 Hul5  Ub-protein ligase 
 Ubp6  Deubiquitinating enzyme 
 Rpt2  19S component regulates access to the 20S proteasome core and proteolytic chamber 
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intact free Ub or Ub chains [ 71 ]. Substrate deubiquitination is mediated by three 
distinct enzymes associated with the RP: RPN11, UCH37, and USP14 [ 72 – 74 ]. 
RPN11 cleaves at the base of the Ub chain where it is linked to the substrate, 
whereas UCH37 and USP14 mediate stepwise removal of Ub from the substrate by 
disassembling the chain from its distal tip. USP14 can inhibit the degradation of 
Ub-protein conjugates both in vitro and in vivo   . A catalytically inactive variant of 
USP14 was shown to reduce inhibitory activity and to indicate such inhibition was 
mediated by trimming of the Ub chain on the substrate. A high-throughput screen 
identifi ed a selective small-molecule inhibitor of human USP14 deubiquitinating 
activity and treatment of cultured cells with this compound enhanced degradation of 
several proteasome substrates. Another small molecule, b-AP15, is a newly identi-
fi ed PI that abrogates the deubiquitinating activity of the 19S RP [ 74 ]. b-AP15 
inhibited the activity of two 19S RP deubiquitinases, UCHL5 and USP14, to result 
in the accumulation of polyubiquitin and was shown to inhibit tumor progression in 
in vivo solid tumor models. Other novel activities associated with the proteasome 
but not directly involved in substrate hydrolysis are Blm10 which functions in matu-
ration of the multi-subunit 26S proteasome and Ecm29 which tethers the RP to the 
CP [ 75 – 78 ]. The protein ligase Hul5 and Rad23 each deliver Ub conjugates to the 
proteasome to suggest that substrate delivery may be targeted as well.

9.6        Concluding Remarks 

 The precise molecular events that underlie the cellular response to proteasome 
inhibitors remain to be clearly elucidated in solid tumor models. Evidence suggests 
that the ability of a cell to manage the amount of proteotoxic stress following pro-
teasome inhibition dictates or contributes to survival. Mammalian cells initiate and 
retain tight control of protein synthesis during stress conditions. Biologically, it is 
reasonable to reduce protein synthesis during cell stress to prevent the accumulation 
of translational mistakes. The primary mechanism used to control translation rates 
involves inhibitory phosphorylation of the eIF2 translation initiation factor at the 
Ser51 residue of its α subunit [ 79 ]. In its active, unphosphorylated form, eIF2 bound 
with GTP and the Met-tRNAi assembles with eIF1, eIF1A, eIF3, eIF4F, and eIF5 to 
form the 43S pre-initiation complex. The complex scans the 5′ cap of the mRNA 
being translated, and once the start codon is recognized, the eIF2-bound GTP is 
hydrolyzed to GDP and the initiator Met-tRNA binds to the 40S ribosome to pro-
vide the initial amino acid for the polypeptide [ 79 ,  80 ]. Inactivated eIF2-GDP is 
recycled back to its active GTP-bound form by eIF2B, a guanine nucleotide 
exchange factor. Upon proteotoxic stress, the α subunit of eIF2 is phosphorylated 
and directly binds to and inhibits the nucleotide exchange capacity eIF2B, thus 
signifi cantly reducing decreasing eIF2-GTP levels and reducing translation rates. 
   Recent studies have suggested that the ability of cancer cells to induce eIF2α phos-
phorylation upon stress promotes survival. A lack of inducible eIF2α-P led to the 
excessive accumulation of aggregated proteins, reactive oxygen species, and ulti-
mately cell death [ 81 – 83 ]. 
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 Remarkable progress has been made in understanding the basic biology of 
 cellular mechanisms to target and degrade intracellular proteins. However, much of 
the complexity within the Ub system remains to be unraveled, especially defi ning 
the alterations in the pathway that play a primary role in many pathological states, 
such as solid tumors. Similar to the UPS, cancer is likewise, a complex system that 
has acquired the ability to maintain stable functioning despite perturbations and 
poses a formidable hurdle in cancer therapeutics. Since complex systems are main-
tained through invulnerability to both internal and external stresses and tumor 
robustness is achieved through functional redundancy and multilayered feedback 
control systems, targeting the unique effectors within the UPS may eventually yield 
the most specifi c and effective agents that provide a durable survival benefi t in the 
treatment of solid tumors.     
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    Chapter 10   
 Oxidative Stress and the Proteasome: 
Mechanisms and Therapeutic Relevance    

             Christa     Manton     and     Joya     Chandra     

    Abstract     The proteasome is a key mediator of the oxidative environment in cells. 
Reactive oxygen species (ROS) are produced by normal cellular metabolic pro-
cesses, and the proteasome can mediate ROS levels by degrading proteins that gen-
erate ROS and by controlling antioxidant turnover, as well as by clearing oxidatively 
damaged proteins from cells. The proteasome itself is also regulated by ROS, with 
certain subunits being susceptible to oxidative modifi cation and damage, while 
other subunits are transcriptionally up-regulated as part of the antioxidant response. 
Proteasome inhibition has been shown to increase ROS in many cellular contexts, 
and this increase in ROS is often integral to cell death induction. Cells that have 
elevated basal levels of antioxidants, or that can mount a quick antioxidant response 
that often includes increasing proteasome subunit levels, can neutralize ROS and 
escape proteasome inhibitor-induced death. Many current studies are focused on 
overcoming this resistance by combining proteasome inhibitors with other ROS- 
generating agents, such as histone deacetylase inhibitors and certain kinase inhibi-
tors, which can cause synergistic ROS induction and death.  

  Keywords     Oxidative stress   •   Antioxidant   •   Proteasome   •   Bortezomib resistance   • 
  Nrf2   •   Combination therapy  

  Abbreviations 

   AML    Acute myeloid leukemia   
  ARE    Antioxidant responsive element   
  ASK1    Apoptosis signal-related kinase 1   
  (-)-EGCG    (-)-Epigallocatechin gallate   
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  GSSG    Glutathione disulfi de   
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  F1    Ferritin   
  H2O2    Hydrogen peroxide   
  HDACi    Histone deacetylase inhibitor   
  HO–    Hydroxyl radical   
  HO-1    Heme oxygenase-1   
  IκBα    NF-κB inhibitor α   
  IRE    Iron responsive element   
  IRP2    Iron regulatory protein 2   
  MEFs    Mouse embryonic fi broblasts   
  mTOR    Mammalian target of rapamycin   
  mTORC1    Mammalian target of rapamycin complex 1   
  NAC     N -acetyl cysteine   
  NF-κB    Nuclear factor-κB   
  Nox    NADPH oxidase   
  Nrf2    Nuclear factor-like 2   
  O2

–    Superoxide   
  ROS    Reactive oxygen species   
  SOD    Superoxide dismutase   
  SOD2    Superoxide dismutase 2   
  TNF-α    Tumor necrosis factor-α   
  Trx    Thioredoxin   

10.1           Introduction 

 Regulation of the cellular redox environment is one of the many functions of the 
proteasome. As the major guardian of cellular protein quality control, the protea-
some plays a signifi cant role in the cellular response to oxidative stress. In fact, the 
proteasome is key to multiple aspects of how cells are affected by and cope with 
increased oxidative stress. Turnover of proteins that contribute to generation of free 
radicals and turnover of antioxidant proteins are amongst the tasks conducted by the 
proteasome; therefore, degradation of these specifi c substrates can infl uence oxida-
tive stress. In addition to regulating the redox environment, a primary function of 
the proteasome is dealing with the consequences of oxidative stress since oxida-
tively damaged proteins constitute a large portion of proteasomal substrates. 
Furthermore, the proteasome itself is susceptible to oxidative modifi cations and 
regulation since some proteasome components can be oxidized, while others are 
transcriptionally up-regulated in response to oxidative stress. 

 Given how integral the proteasome is in oxidative processes, it is logical that 
proteasome inhibition by bortezomib would alter the cellular oxidative environ-
ment in key ways that could be important for drug activity. For example, inhibition 
of the proteasome causes accumulation of reactive oxygen species (ROS)-generating 
proteins as well as the antioxidants that are classical proteasome substrates. This 
disrupts the redox balance in cells. At the same time, proteasome inhibition can 

C. Manton and J. Chandra



251

prevent degradation of oxidized proteins, causing their toxic accumulation within 
cells. Also, inhibition of proteasome catalytic activity by bortezomib may combine 
with ROS-induced damage to proteasome subunits to cause a further decrease in 
proteasome function. Additionally, ROS-induced transcriptional increases in pro-
teasome subunits may be countered by the presence of bortezomib, which can pre-
vent these newly produced subunits from functioning. 

 In a broad picture of cellular redox regulation, the proteasome appears at pivotal 
points as it functions to degrade oxidized proteins and key substrates that affect 
oxidative balance, and as it is modifi ed and transcriptionally altered in response to 
ROS (Fig.  10.1 ). All of these roles can contribute to sensitivity to proteasome inhibi-
tors by tipping the oxidative balance toward increased ROS and cellular damage 
that leads to cell death. Alternatively, some cells can circumvent the toxic effects of 
proteasome inhibitor-induced oxidative stress, leading to resistance to inhibitors 
such as bortezomib. This chapter will give examples of how the proteasome is a key 
regulator of the oxidative environment, and explore how alterations in cellular redox 
components can contribute to bortezomib resistance.

10.2        Proteasomal Regulation of Reactive 
Oxygen Species Formation 

 Oxidative stress refers to an imbalance in the ratio of pro- and antioxidants. 
 Pro-oxidants arise from endogenous sources and include breakdown products of 
molecular oxygen that are natural by-products of respiration. The term ROS col-
lectively describes derivatives of molecular oxygen that interact with biomolecules. 

  Fig. 10.1    The proteasome is involved in oxidative balance at multiple points. ( 1 ) The proteasome 
degrades many targets involved in redox balance, including antioxidants and ROS generating pro-
teins. ( 2 ) The proteasome clears oxidized proteins from cells, preventing their toxic accumulation. 
( 3 ) The proteasome is itself modifi ed by oxidative stress, with cap components being oxidized, 
while other components are transcriptionally up-regulated (in  red )       
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Types of ROS include superoxides (O 2  − ), hydrogen peroxide (H 2 O 2 ), and the 
hydroxyl radical (HO − ). ROS are produced as a natural part of cellular processes. 
Mitochondrial respiration is the root source of an estimated 90 % of intracellular 
ROS [ 1 ]. Molecular oxygen takes on electrons produced by complexes I and II in 
the mitochondrial electron transport chain, producing superoxide. Other ROS are 
then produced as superoxide is converted to hydrogen peroxide by superoxide dis-
mutase (SOD). Hydrogen peroxide can be inactivated by several cellular antioxi-
dants including thioredoxin-dependent peroxidases (peroxiredoxins) or glutathione 
peroxidases. Notably, if transition metals are present, they are capable of transfer-
ring electrons to hydrogen peroxide (the Fenton reaction) to produce the highly 
reactive hydroxyl radical. Despite its very short half-life, the hydroxyl radical is 
extremely toxic to cells. While all ROS are capable of causing cellular damage to 
DNA, lipids, and proteins, the hydroxyl radical is particularly damaging because it 
is the most reactive form of ROS. 

 The proteasome is a gatekeeper for this initial ROS formation through its ability 
to regulate the enzymes that inactivate ROS as well as proteins that regulate the 
intracellular iron pool. Several antioxidant proteins are elevated following protea-
some inhibition, including SOD and catalase [ 2 ,  3 ]. More detailed studies have 
determined that several ROS eliminating enzymes, such as catalase and peroxire-
doxin III, undergo ubiquitin-dependent proteasomal degradation [ 4 ,  5 ]. 

 The proteasome also controls levels of ferritin, an intracellular iron storage pro-
tein that stores iron in an inactive state, preventing it from participating in reactions 
such as the Fenton reaction to form the damaging hydroxyl radical. Ferritin is a 
proteasome substrate, and has been shown to be degraded if oxidatively damaged 
[ 6 ]. Ferritin was also degraded by the proteasome after tumor necrosis factor treat-
ment in a prostate cancer cell line. This degradation of ferritin increased the amount 
of reactive iron in cells, which could facilitate ROS formation [ 7 ]. 

 Another element of proteasome control of the iron pool involves iron regulatory 
protein 2 (IRP2), an iron-sensing protein that binds to iron responsive elements 
(IREs) in RNA to regulate iron metabolism. IRP2 is oxidized and ubiquitinated, 
followed by proteasomal degradation, in iron replete cells [ 8 – 10 ]. Mice lacking 
IRP2 were found to accumulate iron in neurons and oligodendrocytes, and showed 
characteristics of neurodegenerative disease [ 11 ]. Control of ferritin and IRP2 pro-
tein levels makes the proteasome a key player in the regulation of cellular free iron 
levels and, by extension, ROS formation by the Fenton reaction. 

 An additional layer of control of the iron pool is through up-regulation of the 
ferritin heavy chain by nuclear factor-κB (NF-κB) [ 12 ]. NF-κB suppresses tumor 
necrosis factor-α (TNF-α)-induced ROS accumulation, abrogating TNF-α initiated 
cell death [ 13 ]. This occurs through transcriptional up-regulation of the ferritin 
heavy chain by NF-κB, which then sequesters iron and prevents ROS production 
(Fig.  10.2 ) [ 12 ]. This pathway is also controlled by the proteasome, because NF-κB 
inhibitor alpha (IκBα) is a key proteasome substrate that must be degraded to allow 
for NF-κB stabilization and ROS suppression [ 14 ]. Proteasome inhibition leads to 
IκBα stabilization and NF-κB inhibition, which can lead to increased ROS after 
certain stimuli due to failure to induce the ferritin heavy chain [ 12 ,  14 ,  15 ]. NF-κB 
also increases transcription of other target genes that attenuate oxidative stress, such 
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as Cu/Zn SOD [ 12 ,  16 ]. NF-κB is up-regulated in response to oxidative stress, 
though this regulation appears to be dependent on the cell type [ 17 – 19 ]. The ability 
of proteasome inhibitors to stabilize IκBα, and thereby cause NF-κB suppression, 
has been listed as a key way these inhibitors cause cell death [ 20 ,  21 ]. This pathway 
is of additional interest due to the fact that several types of chemotherapy and radia-
tion cause an increase in NF-κB, which is suppressed by the addition of a protea-
some inhibitor, leading to sensitization of cancer cells to these treatments [ 21 – 23 ]. 
Suppression of NF-κB activity by proteasome inhibitors is one way in which these 
drugs may prevent an antioxidant response by reducing levels of genes such as fer-
ritin and Cu/Zn SOD.

   Other cellular sources of ROS besides the mitochondria include dehydrogenases 
located in the mitochondrial membrane as well as cellular oxidases such as NADPH 
oxidase (Nox) complexes [ 24 ,  25 ]. Rac1, a small G protein that induces Nox activa-
tion, is a proteasome substrate, as is the Nox component p22phox. Degradation of 
either of these proteins reduces Nox activity and, therefore, lowers superoxide pro-
duction [ 26 ,  27 ]. Though these are minor sources of ROS compared to the mito-
chondria, they are notable because even a small increase in cellular ROS can lead to 
formation of highly reactive hydroxyl radicals and therefore damage.  

10.3     Proteasome Degradation of Oxidized Proteins 

 ROS can oxidatively damage proteins, which must then be turned over within cells; 
this is a major housekeeping function of the proteasome. Tracking of protein car-
bonyl groups, which indicate oxidative damage, in fi broblasts exposed to hydrogen 
peroxide revealed that cells were able to turn over these damaged proteins. 

  Fig. 10.2    Proteasome regulation of NF-κB lowers free iron, and therefore ROS generation. 
Degradation of the IκBα by the proteasome leads to NF-κB activation. NF-κB transcriptionally 
up-regulates ferritin heavy chain, which sequesters iron in cells [ 12 ,  14 ]. Lower levels of available 
iron can lead to less hydroxyl radical generation by the Fenton reaction. The proteasome also regu-
lates iron levels by degrading its substrates ferritin and IRP2 [ 6 ,  8 – 10 ]       
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However, this ability was blocked by the proteasome inhibitor lactacystin, 
 indicating that the proteasome is key to degradation of oxidized proteins [ 28 ]. 
Further studies showed that low levels of oxidation can increase susceptibility of 
proteins to proteasome degradation [ 29 ,  30 ]. Oxidation likely does this through an 
increase in surface hydrophobicity of the proteins, as well as a loss of secondary 
protein structure [ 29 ,  31 – 33 ]. Specifi c examination of calmodulin that was oxi-
dized by exposure to hydrogen peroxide showed that there was a clear correlation 
between a loss of secondary protein structure caused by oxidation and increased 
proteasome degradation [ 29 ]. 

 Oxidation status of a protein substrate can infl uence the specifi c recognition and 
degradation process by the proteasome. The proteasome consists of a barrel-shaped, 
20S core component that contains the catalytic activities involved in protein break-
down. This core can be attached to several different regulatory subunits that are 
interchangeable, with the standard regulatory component being the 19S cap. 
Alteration of protein properties by oxidation may make them more susceptible to 
degradation by the 20S catalytic core of the proteasome without a need for the 19S 
cap subunits. 19S caps are important for recognizing ubiquitinated proteins and 
unwinding them so they can be fed into the 20S core. However, proteins that have a 
loss of secondary structure and a gain of surface hydrophobic regions would not 
need to be unwound further to be degraded by the 20S core. Indeed, studies indicate 
that the proteasome can often degrade oxidized proteins in a ubiquitin and ATP- 
independent manner, indicating a large role for the 20S core, but not the 19S caps, 
in degradation of oxidized proteins [ 31 ,  33 – 35 ]. Cells that have impaired ubiquitin 
conjugating ability and, therefore, a decrease in protein ubiquitination were still 
able to degrade oxidized proteins at nearly normal rates [ 33 ]. 

 Regardless of the pathway for how proteins are oxidized, if these damaged pro-
teins are allowed to accumulate, they can form aggresomes; large structures of 
cross-linked proteins. The proteasome is largely responsible for clearing oxidized 
proteins, preventing aggregate formation (Fig.  10.3 ) [ 36 ,  37 ]. There is evidence that 
aggresomes can be degraded by either the proteasome or autophagy. It seems likely 
that, in some circumstances, autophagy can be up-regulated as a cytoprotective 
response following proteasome inhibition to clear the resulting protein aggregates. 
While inhibition of either the proteasome or autophagy alone does not cause a 
strong increase in aggresomes, dual inhibition of both pathways leads to aggresome 
formation [ 38 ]. Aggresome formation can be toxic to cells, and is associated with 
several neurodegenerative diseases as well as aging [ 30 ]. Dual inhibition of the 
proteasome and autophagy not only led to a visible increase in aggregates but also 
caused a signifi cant increase in cell death [ 38 ].

   Failure of proteasomes to clear these aggresomes may lead to a positive feed-
back loop whereby aggresomes cause further inhibition of the ubiquitin protea-
some system. A study was conducted of two proteins prone to aggregation, a 
fragment of the huntingtin protein and the cystic fi brosis transmembrane conduc-
tance regulator. When these proteins were expressed, they formed aggregates and 
also caused accumulation of a GFP-tagged degron that was normally degraded by 
the proteasome. This suggests that the aggregates themselves somehow decrease 
proteasome- mediated protein degradation [ 39 ].  
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10.4     Regulation of the Proteasome by Antioxidant Status 

 In addition to participating in the generation of ROS, the proteasome itself can be 
modifi ed by redox status. The proteasome consists of a barrel-shaped 20S catalytic 
core that includes four heptameric rings. Beta subunits make up the two inner rings 
and contain the catalytic sites of the proteasome, while the alpha subunits that form 
the two outer rings have a role in regulating access to the catalytic sites. Multiple 
regulator complexes can bind to the 20S core. The standard proteasome, or 26S 
proteasome, occurs when the 19S cap complexes bind to the 20S core. These com-
plexes recognize ubiquitinated substrates and begin unfolding them so they can be 
fed into the core of the proteasome. The 19S complex is just one type of cap, how-
ever, and other regulators such as PA28α/β or PA28γ can also bind to the 20S core. 
In addition to alternative cap complexes, there is also a different set of catalytic 
subunits, known as immunoproteasome (i-proteasome) subunits, that are inducible 
and can replace the standard catalytic subunits. The ways in which these various 
proteasome components are affected by changes in the oxidative environment 
reveals important information about how proteasome function is impacted by oxida-
tive stress. 

 An oxidative cellular environment can directly impact proteasome function via 
posttranslational modifi cations of subunits. Also, specifi c oxidative stimuli have 
been found to transcriptionally up-regulate expression of other subunits through 
stimulation of specifi c transcription factors.  

  Fig. 10.3    Degradation of oxidized proteins by the proteasome. Oxidized proteins can be degraded 
by the proteasome, perhaps more by 20S cores than by intact 26S complexes, as subunits in 19S 
caps tend to be sensitive to oxidation themselves [ 31 ,  33 – 35 ]. If the proteasome is inhibited, as by 
bortezomib, oxidized proteins accumulate and form cross-linked structures termed aggresomes 
that can be toxic to cells [ 36 ,  37 ]. In some cases, up-regulation of autophagy may facilitate degra-
dation of oxidized proteins and lead to cell survival. However, in some cases autophagy is not 
induced, or autophagy is unable to cope with the increased protein load and is overwhelmed, lead-
ing to cell death       
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10.5     Oxidative Modifi cation of Proteasome Subunits 

 Supporting the importance of the 20S core over the 19S caps in the degradation of 
oxidized proteins, studies show that ATPase subunits within the 19S caps are vul-
nerable to oxidative damage [ 34 ,  35 ]. ROS-induced decreases in the catalytic activ-
ity of the proteasome have also been noted [ 35 ,  40 – 42 ]. A comparison of the 26S 
and 20S proteasomes found that 26S complexes were more sensitive to oxidative 
inactivation than 20S complexes, further supporting a role for the 20S  proteasome 
or alternative proteasome forms in degradation of oxidized proteins 
[ 35 ,  43 ]. Heat shock proteins, specifi cally hsp90 and HDJ40 (an hsp40 family 
m ember), were found to protect the proteasome from oxidative damage [ 40 – 42 ]. 

 Alternative forms of the proteasome may also contribute to degradation of oxi-
dized proteins. In particular, the immunoproteasome, which consists of the alterna-
tive catalytic subunits LMP2, LMP7, and MECL-1, has been postulated to help in 
this capacity. LMP2 and LMP7 protein levels increase following hydrogen peroxide 
treatment [ 43 ]. Also, interferon-γ induces expression of immunoproteasome sub-
units, and also increases oxidative stress by an increase in nitric oxide synthase [ 44 ]. 
The immunoproteasome was found to be key to degrading the oxidized proteins that 
resulted from this increased stress [ 45 ].  

10.6     Regulation of the Proteasome by the Antioxidant 
Response 

 The need to quickly neutralize ROS and repair oxidative damage is evidenced by the 
robust antioxidant defense system in cells. Central to the antioxidant system is 
 glutathione (GSH), which acts as a reducing agent to maintain a proper redox envi-
ronment. The balance between reduced GSH and its oxidized form, glutathione 
disulfi de (GSSG), is tightly controlled by the enzyme glutathione reductase, which 
functions to ensure the majority of glutathione is in the reduced form [ 46 ,  47 ]. 
In addition to the GSH regulatory network of enzymes, the antioxidant thioredoxin 
(Trx), its isoforms, and reductase family members complement the function of GSH 
in maintaining a reduced cellular environment. 

 Pools of proteins such as GSH and Trx are maintained in a reduced state, allow-
ing for quick neutralization of ROS and repair of oxidative damage in cells. However, 
in some cases this defense system can be overwhelmed. This usually occurs due to 
a toxic insult to cells, which includes certain chemotherapy drugs and radiation. 
When the production of ROS and resulting damage outweighs the ability of the 
antioxidants to protect cells, this is called oxidative stress. The result of oxidative 
stress in cells is complex and highly dependent on the levels of pro- and antioxi-
dants in various cell types. Furthermore, cell fates as diverse as life versus death are 
promoted by ROS, the molecular details of which are only now being fully 
understood. 
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 Cells must quickly up-regulate antioxidant genes in response to oxidative stress. 
One of the main mechanisms by which this is accomplished is through translocation 
of the transcription factor nuclear factor-like 2 (Nrf2) to the nucleus, where it binds 
to antioxidant responsive elements (AREs) in the promoters of genes that are 
involved in helping cells combat increased ROS levels (Fig.  10.4 ). When ROS levels 
are low, Nrf2 is sequestered in the cytoplasm bound to Keap1, which also interacts 
with the E3 ligase Cullin3 to send Nrf2 for proteasomal degradation [ 48 – 51 ]. 
Elevated ROS levels cause dissociation of Nrf2 from Keap1, allowing it to enter the 
nucleus and bind its target genes [ 46 ,  52 ].

   A key target of Nrf2 is the proteasome catalytic subunit PSMB5, which has 2 
tandem AREs in its promoter [ 48 ,  52 ]. This confi rms the importance of the protea-
some in the antioxidant response system as a key line of defense in protecting cells 
from oxidative damage. AREs have also been identifi ed in the promoters of several 
other 20S catalytic core components, as well as in one of the immunoproteasome 
catalytic subunits (Fig.  10.5 ) [ 52 ]. Additionally, the proteasome regulator PA28α/β 
is induced by oxidative stress in an Nrf2-dependent manner [ 52 ].

   In mouse embryonic fi broblasts (MEFs), hydrogen peroxide induced an increase 
in proteasome activity, which was blocked by silencing of Nrf2. The importance of 
the proteasome in adaptation to oxidative stress was also shown in a system in 
which MEFs were pretreated with a low dose (1 μM) of hydrogen peroxide, which 

  Fig. 10.4    Proteasome modulation of the antioxidant response through Nrf2 and NF-κB. In the 
absence of oxidative stress, Nrf2 is bound to Keap1, and is sent to the proteasome to be degraded. 
The proteasome also degrades IκBα, an inhibitor of NF-κB. Under conditions of oxidative stress, 
both NF-κB and Nrf2 activity is increased, leading to translocation of these transcription factors to 
the nucleus. Nrf2 binds to antioxidant response elements (AREs) to transcriptionally up-regulate 
genes to attenuate oxidative damage, while NF-κB also up-regulates genes involved in the antioxi-
dant response [ 12 ,  16 ,  46 ,  52 ]       

 

10 Oxidative Stress and the Proteasome: Mechanisms and Therapeutic Relevance



258

causes gene expression changes that allow cells to adapt to survive a higher dose 
(1 mM). However, when either the 20S proteasome subunit PSMB1 or the immuno-
proteasome subunit LMP2 were silenced, it prevented this adaptation from occur-
ring, as evidenced by lower cell counts after the higher dose, thereby tying expression 
of these two subunits (one from the classical proteasome and one from the immuno-
proteasome) to protection from ROS-induced cell death [ 52 ]. 

 Other immunoproteasome subunits are also up-regulated after oxidative stress in 
a manner that appears to be independent of Nrf2, indicating that there are yet other 
mechanisms at play in proteasome regulation in response to oxidative stress [ 52 ]. 
When put together, current evidence strongly supports a key role for the proteasome 
as a regulator of the antioxidant response system.  

10.7     Effect of Proteasome Inhibition on ROS 

 Proteasome inhibition by bortezomib has been shown to increase levels of cellular ROS 
in many cancer types, including the two cancers for which bortezomib is FDA- approved: 
multiple myeloma [ 53 ] and mantle cell lymphoma [ 54 ]. Proteasome inhibitors also 
induce ROS in some solid tumors, including lung cancer [ 55 ], colon cancer [ 56 ], endo-
metrial cancer [ 57 ], and head and neck squamous cell carcinoma [ 58 ]. These ROS 
increases have two main functions: induction of cell death, primarily apoptosis, in 
response to higher levels and changes in cellular growth signaling upon exposure to 
lower levels of ROS.  

10.8     ROS and Cell Death 

 The role of ROS in proteasome inhibitor-induced cell death is well documented. 
Key studies show that ROS generation occurs upstream of apoptosis activation. 
In  mantle cell lymphoma, a pan-caspase inhibitor was capable of blocking 

  Fig. 10.5    Proteasome subunits regulated by oxidative stress. Many proteasome subunits, such as α3, 
α4, β1, β2, β5, β1i, β2i, β5i, and the PA28α/β regulatory subunits, have been shown to be up-regu-
lated in response to various oxidative stress stimuli. These subunits are shown in  red . The  starred  
subunits, α1, α3, β2, β3, β5, β6, and β5i, have been reported to contain AREs in their promoters 
[ 48 ,  52 ]       
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apoptosis, but not ROS generation. However, treatment with the antioxidants 
glutathione- reduced ethyl ester or  N -acetyl cysteine (NAC) prevented both ROS 
formation and apoptosis in cells treated with bortezomib [ 54 ]. 

 Other studies have questioned these fi ndings, with one report showing that NAC 
and glutathione did not protect two lung cancer cell lines from bortezomib-induced 
death [ 59 ]. One explanation for this is a cell specifi c effect, where some cells are 
more susceptible to ROS increases than others, perhaps due to intrinsic differences 
in antioxidant systems or relative levels of pro- versus anti-apoptotic Bcl-2 family 
members that regulate mitochondrial membrane permeability. 

 In systems where proteasome inhibitors do induce ROS, there is evidence that it 
is integral to the mechanism of cell death. Multiple studies show that treatment with 
antioxidants blunts the effect of bortezomib, while combinations that lead to further 
increases in ROS cause synergistic cell death with bortezomib [ 53 ,  56 ,  57 ]. In lung 
cancer cells, the superoxide scavenger Tiron protected against bortezomib- induced 
increases in ROS and ultimately PARP cleavage and cell death [ 55 ]. 

 Mitochondrial dysfunction is key to the production of ROS after bortezomib 
treatment. Inhibitors of the mitochondrial electron transport chain complexes I and 
II prevented ROS increases after bortezomib treatment as well as the loss of mito-
chondrial membrane potential and cytochrome C release that usually follows bort-
ezomib treatment [ 55 ]. This brings to light an important mechanism by which 
bortezomib induces ROS-dependent apoptosis through mitochondrial dysfunction 
leading to activation of the intrinsic pathway of apoptosis. 

 This happens in two main steps. First, cardiolipin, which binds cytochrome C 
inside the mitochondria, can be oxidized facilitating cytochrome C release from 
mitochondria [ 60 ]. Secondly, oxidative stress triggers the mitochondrial  permeability 
transition, which allows release of multiple pro-apoptotic mitochondrial proteins, 
including cytochrome C, into the cytoplasm [ 61 ]. Cytochrome C then goes on to 
form the apoptosome together with Apaf-1, leading to caspase 9 activation and 
apoptosis [ 62 ]. 

 Other forms of cell death that are regulated by ROS likely play roles in protea-
some inhibitor-mediated cell death. Proteasome inhibition can induce autophagy 
as a cytoprotective mechanism to degrade proteins and rescue cells from nutrient 
starvation [ 38 ]. However, autophagy can pass a tipping point and also lead to cell 
death. A primary regulator of autophagy, mammalian target of rapamycin (mTOR), 
which inhibits autophagy induction, can be inhibited by oxidative modifi cation, 
likely leading to autophagy induction in the presence of oxidative stress [ 63 ,  64 ]. 
Supporting this, inhibition of mitochondrial electron transport chain complexes I 
or II in transformed cells induces ROS and also induces autophagy and cell death. 
Mitigation of ROS levels by the ROS scavenger Tiron or by overexpression of 
superoxide dismutase 2 (SOD2) blunts autophagy induction and also reduces cell 
death [ 65 ]. This indicates an important ROS-regulated role of autophagy, though 
the exact balance of factors that lead to cytoprotective autophagy versus lethal 
autophagy is likely cell context specifi c. 

 Another cell death pathway with implicated ROS involvement is programmed 
necrosis, referred to as necroptosis. The necroptosis pathway involves death depen-
dent on RIP1 kinase and is characterized by rapid loss of mitochondrial membrane 
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potential and ROS accumulation [ 66 ,  67 ]. Interestingly, NF-κB protects cells from 
necroptosis, possibly in a role that involves ROS attenuation as described earlier in 
this chapter [ 68 ]. Since proteasome inhibitors prevent NF-κB activation, it is likely 
that they also facilitate necroptosis in response to stress that activates RIP1 kinase.  

10.9     ROS Effects on Cell Signaling 

 While the role of ROS in apoptosis is more clearly defi ned, recent research is pointing 
to an important role of ROS in promoting cellular signaling. A key difference between 
these two outcomes appears to be dose, with higher levels of ROS leading to cell 
death and lower levels of ROS effecting signaling pathways. In particular, oxidative 
modifi cation of several key proteins has been shown to regulate their function. Since 
the proteasome is a key mediator of the oxidative environment, the function of the 
proteasome is likely linked to the regulation of these pathways. Several of the targets 
identifi ed so far are part of pathways that are frequently deregulated in cancer. 

 For example, multiple protein tyrosine phosphatases are inactivated by oxidation 
[ 69 – 72 ]. This corresponds with the observation of increased receptor tyrosine 
kinase phosphorylation after ROS exposure [ 73 ]. This inactivation of phosphatases 
could allow for unchecked activity of many kinases that signal for cell growth and 
proliferation. 

 One notable phosphatase that is inactive after oxidation is the tumor suppressor 
PTEN [ 74 – 77 ]. PTEN mutations are frequently reported in cancer, and oxidation 
provides a mutation-independent way for cells to gain sustained activation of PI3K/
Akt growth signaling. 

 Other proteins are regulated by their interaction with redox-sensitive proteins. 
The reduced form of the antioxidant Trx interacts with apoptosis signal-related 
kinase 1 (ASK1), a member of the mitogen-activated protein kinase signaling 
 pathway, preventing its activation [ 78 ]. When Trx becomes oxidized, it dissociates 
from ASK1, allowing it to activate downstream pathways including JNK/p38 and 
apoptosis [ 79 ]. ASK1 has also been shown to have a role in other cellular processes 
such as differentiation [ 80 ]. The ASK1 model demonstrates that effects on signaling 
by proteasome inhibitor-induced ROS can converge with cell death pathways, but 
other nontoxic cellular end points can also be achieved.  

10.10     Bortezomib Resistance and Oxidative Stress 

 Despite initial success of bortezomib for cancer therapy, a few mechanisms of 
 resistance have come to light. Some cell types may be intrinsically resistant to pro-
teasome inhibition due to factors such as increased basal levels of antioxidant 
response factors [ 81 ]. Cells may also acquire resistance to bortezomib treatment. 
The proteasome itself is often changed in response to proteasome inhibitor  treatment, 
with increased proteasome subunit expression and point mutations to the catalytic 
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subunit β5 being associated with resistance [ 82 – 85 ]. Sometimes this resistance is 
bortezomib- specifi c, which is apparent when some bortezomib resistant cells are 
still sensitive to other unique proteasome inhibitors, such as the second-generation 
proteasome inhibitors marizomib and carfi lzomib [ 86 ,  87 ]. Targeting different pro-
teasome components, such as the immunoproteasome (which is now possible 
through compounds poised for clinical trials), can also overcome resistance in some 
cell types [ 88 ]. 

 Proteasome inhibition also up-regulates many genes that have the potential to 
lead to resistance. For example, REDD1, a negative regulator of the mammalian 
target of rapamycin complex 1 (mTORC1), is up-regulated following bortezomib 
and dexamethasone combination treatment in myeloma cells. Knockdown of 
REDD1 increases bortezomib sensitivity [ 89 ]. Since mTOR has an important role in 
autophagy suppression, this could be a mechanism by which proteasome inhibition 
triggers a protective autophagy response. Knockdown of REDD1 would then abro-
gate that response. 

 The dependence of proteasome inhibitors on ROS for cell death may also meet 
resistance in cells. This can occur by up-regulation of antioxidants, an intrinsically 
higher level of antioxidant response, or up-regulation of the proteasome itself by 
oxidative stress (Fig.  10.6 ).

  Fig. 10.6    Mechanisms of bortezomib resistance mediated by the antioxidant response. When 
treated with bortezomib, increased ROS levels in many cancer cells cause death. However, some 
cells are resistant to bortezomib through (1) higher basal antioxidant capacity, (2) their ability to 
up-regulate antioxidants, or (3) their capacity to up-regulate the proteasome itself       
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10.11        Resistance to Proteasome Inhibitors Through 
Antioxidant Up-regulation 

 Proteasome inhibition prevents degradation of Nrf2, which can then induce an 
 antioxidant response may suffi ciently neutralize ROS to prevent cell death [ 51 ]. 
In a study that examined gene expression changes following treatment of HUVEC 
cells with toxic versus nontoxic doses of the proteasome inhibitor MG132, research-
ers found that the nontoxic doses specifi cally up-regulated a range of antioxidant 
genes including SOD,  heme oxygenase - 1  ( HO - 1 ),  glutathione peroxidase - 3 ,  and 
multiple glutathione S - transferases  [ 90 ]. The implication of this study is that the up-
regulation of these antioxidants following lower levels of proteasome inhibition may 
have prevented the proteasome inhibitor from achieving a toxic effect. Due to the 
complexity of clinical situations, it is logical that this same situation may occur in 
patients where some cancer cells do not reach the threshold dose needed for toxicity, 
and instead manage to escape death due to an increased antioxidant response. 

 Another study showed up-regulation of antioxidant proteins such as SOD and 
HO-1 after treatment with the proteasome inhibitor MG132. Following this up- 
regulation, cardiomyocytes were protected from hydrogen peroxide-induced death. 
Cardiomyocytes lacking Nrf2 were unable to induce these antioxidants, and MG132 
pretreatment no longer protected the cells from hydrogen peroxide [ 91 ]. This indi-
cates that a certain, sublethal degree of proteasome inhibition can trigger an antioxi-
dant response, making the cells more capable of dealing with future ROS increases, 
such as that induced by a second dose of proteasome inhibitor.    This study empha-
sizes the impact that an Nrf2-dependent antioxidant response may have, both in 
protection of normal cells from proteasome inhibitor treatment and possibly in pro-
tection of cancer cells. Proteasome inhibitor-induced ROS increases may be a main 
cause of resulting cell death, but at the same time cells can counter this increased 
ROS with an antioxidant response. If the proteasome inhibitor is unable to cause a 
strong enough increase in ROS, or if cells are capable of a robust antioxidant 
response, cellular antioxidant defenses can protect the cells from death.  

10.12     Antioxidant Capacity and Resistance to Bortezomib 

 As was briefl y mentioned earlier, it appears that bortezomib-induced ROS increases 
may be cell specifi c. One factor that can make a certain cell line sensitive while 
another is more resistant to bortezomib is the cellular capacity to quickly neutralize 
ROS produced by the treatment. In fact, Nrf2 (previously mentioned as a key tran-
scriptional inducer of the antioxidant response) has been found to be basally ele-
vated in some types of cancer [ 81 ,  92 ]. In one study, acute myeloid leukemia (AML) 
cell lines were found to be more resistant to bortezomib than normal myeloid cells. 
Investigation of this difference led to the revelation that the resistant cells had higher 
basal levels of nuclear Nrf2. After bortezomib treatment, the AML cells quickly 
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translocated the antioxidant transcriptional repressor Bach1 to the cytoplasm, and 
the already-present levels of Nrf2 were able to lead to a quick antioxidant response 
and detoxify the ROS in cells [ 81 ]. Knockdown of Nrf2 sensitized the AML cells to 
bortezomib treatment. This suggests that a high basal level of antioxidant response 
pathway components can, in some cases, predict resistance to bortezomib. 

 Another study in mantle cell lymphoma described the somewhat counterintuitive 
result that cell lines that had a great increase in oxidative stress responsive genes 
after bortezomib treatment were actually the most sensitive lines when cell death 
was measured. Further investigation of this phenomenon revealed that though 
bortezomib- resistant cells did not have large increases in these oxidant responsive 
genes, they did have higher baseline levels of antioxidant gene expression prior to 
treatment [ 93 ]. All together, these fi ndings suggest that cells can induce an antioxi-
dant response to bortezomib, but that it may be a case of “too little too late” unless 
elevated basal levels of proteins such as Nrf2 are already in place to allow for an 
extraordinarily quick antioxidant response. 

 Increased Nrf2 is just one of several ways the antioxidant system can be deregu-
lated in cancer. Many cancers also overexpress Bcl-2, which has been shown to 
increase cellular GSH levels [ 94 ,  95 ]. High Bcl-2 levels are associated with resis-
tance to radiation-induced apoptosis, and depletion of cellular thiols (including 
GSH) sensitized cells to the radiation [ 96 ]. This demonstrates another way in which 
elevation of antioxidants can cause resistance to therapy that induces ROS as part of 
its mechanism.  

10.13     Resistance by Antioxidant Response Up-regulation 
of the Proteasome 

 Increased proteasome subunit expression following proteasome inhibitor treatment 
is a frequently cited mechanism of resistance [ 85 ,  93 ]. The level of proteasome 
expression has been tightly correlated with sensitivity to proteasome inhibitors. One 
study found an inverse correlation between proteasome activity and proteasome 
inhibitor sensitivity in multiple myeloma cells. In other words, cells with the lowest 
level of proteasome activity were generally most sensitive to proteasome inhibitors 
[ 97 ]. This supports the idea that any increase in proteasome protein levels could 
make cells more resistant to proteasome inhibitors. 

 In another model of bortezomib resistance, THP1 monocytic/macrophage cells 
were grown in the presence of increasing concentrations of bortezomib to develop a 
resistant line. The study found that levels of the proteasome subunit β5 were 
increased up to 60-fold in resistant cells versus the normal cells [ 85 ]. 

 As briefl y outlined previously, several proteasome subunits, such as the β5 cata-
lytic subunit, contain AREs in their promoters. This allows them to be up-regulated 
as part of the antioxidant response by Nrf2 binding to their promoters. Abrogating 
this increased expression, perhaps by inhibiting Nrf2 function, could prove benefi -
cial to proteasome inhibitor therapy.  
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10.14     Overcoming Resistance: Combinations 
That Amplify ROS 

 Bortezomib-induced increases in ROS have been shown to be capable of causing 
cell death. In some cases, however, an antioxidant response can attenuate the abil-
ity of bortezomib to achieve the level of ROS necessary to push cancer cells over 
the edge into cell death. Several other therapeutic agents, many of which are 
already utilized clinically, have also been shown to increase ROS. Studies are now 
fi nding that combining bortezomib with another agent that also amplifi es ROS can 
lead to a synergistic effect on cell death and more promising clinical outcomes 
(Fig.  10.7 ). Specifi cally, combinations with histone deacetylase inhibitors (HDACi) 
and kinase inhibitors such as adaphostin have been successful and are now being 
tested in the clinic.

  Fig. 10.7    Combination therapy overcomes resistance due to the antioxidant response. ( 1 ) 
Bortezomib increases ROS in cancer cells, pushing them toward the “cliff” of cell death. ( 2 ) 
Up-regulation of antioxidants can eliminate ROS, reducing the ability of bortezomib to cause 
death. ( 3 ) Combination treatments amplify ROS too much for an antioxidant response, pushing 
cells off the “cliff” of death. Modes of cell death induced by combinations include apoptosis, 
autophagy, and potentially necroptosis       
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10.15        Overcoming Resistance: Combination 
with Histone Deacetylase Inhibitors 

 HDACi are a class of agents that have been developed to impact epigenetic altera-
tions that occur in cancer cells. HDACi cause an overall increase in acetylation of 
both histone and nonhistone proteins. Several HDACi have been developed and are 
in differing stages of clinical development, with the HDACi vorinostat being FDA- 
approved for the treatment of cutaneous T-cell lymphoma [ 98 ]. 

 Several in vitro studies have shown a synergistic effect of the combination of 
proteasome inhibitors plus HDACi on both ROS production and cell death in sev-
eral cancer cell types including multiple myeloma [ 53 ,  99 ], acute lymphoblastic 
leukemia [ 100 ], Bcr/Abl+ leukemia [ 101 ], and mantle cell lymphoma [ 102 ]. 
In these studies, the synergistic effect was blocked by treatment with NAC 
[ 99 – 102 ]. The combination of bortezomib and vorinostat also reduced tumor size in 
a mouse xenograft model of multiple myeloma [ 103 ]. The cell death in these studies 
was marked by increased cleavage of multiple caspases and PARP cleavage, as well 
as mitochondrial dysfunction [ 53 ,  99 – 102 ]. 

 Because of these promising results, the combination of bortezomib plus vorino-
stat has been utilized in multiple clinical trials. Completed trials of this combination 
in multiple myeloma have been especially promising, and are now in a phase III 
investigation [ 104 ]. The combination also entered into phase II clinical trials for the 
treatment of several other types of cancer, including AML, mantle cell lymphoma, 
diffuse large B-cell lymphoma, soft tissue sarcoma, glioblastoma, non-small cell 
lung cancer, and acute lymphoblastic leukemia (clinicaltrials.gov). Panobinostat, 
another HDACi that has been shown to be more potent than vorinostat in many 
cases, is also in clinical trials in combination with bortezomib for multiple myeloma 
treatment [ 105 ,  106 ] (clinicaltrials.gov).  

10.16     Overcoming Resistance: Combination 
with Kinase Inhibitors 

 The combination of proteasome inhibitors with kinase inhibitors that are already in 
clinical development has been quite promising. Sorafenib, a multikinase inhibitor 
that mainly targets the Raf family, causes synergistic cell death in combination with 
bortezomib in a broad variety of cancer cell types [ 107 ]. ROS may play a role, as 
other studies have indicated that sorafenib acts in a ROS-dependent manner to cause 
cell death in hepatocellular carcinoma [ 108 ]. 

 Another combination under study is bortezomib with herceptin, an inhibitor of 
the Her2 receptor tyrosine kinase that has been quite effective in Her2+ breast can-
cer. Low doses of bortezomib augment the effect of herceptin in Her2+ breast can-
cer cells, allowing lower doses to be used to achieve a potent anticancer effect in cell 
lines [ 109 ]. Notably, herceptin has also been shown to increase levels of ROS in 
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some cell types [ 110 ]. Though the increased ROS effects caused by herceptin can 
cause cardiotoxicity, refi nement of dosing and combination therapy may allow cli-
nicians to maximize the antitumor effect while minimizing negative side effects. 

 ROS also plays a role in the combination of proteasome inhibition plus the tyro-
sine kinase inhibitor adaphostin. Though it was originally developed as a Bcr/Abl 
inhibitor, adaphostin has been shown to have antitumor effects in lines that are not 
Bcr/Abl+, indicating that it has broader activity [ 111 ]. In fact, adaphostin has been 
shown to increase levels of ROS in leukemia cells and cause cell death. The ROS 
were tightly linked to the cell death as NAC attenuated the death, while buthionine 
sulfoximine, which inhibits GSH synthesis, increased the effect [ 112 ]. 

 A preliminary study of the combination of adaphostin with the proteasome 
inhibitor MG-132 in leukemia cell lines and patient samples showed promising 
increased effects on ROS levels, cytochrome C release from the mitochondria, cas-
pase activation, and ultimately cell death [ 113 ].  

10.17     Conclusions 

 The balance of oxidants and antioxidants in cells helps to determine what protea-
some subunits are produced and active within cells through both transcriptional and 
posttranslational controls. The proteasome is then able to regulate redox balance in 
cells through degradation of oxidized proteins as well as key substrates such as 
antioxidants, iron regulatory proteins, and autophagy regulators. 

 This complex relationship leads to a disruption of balance following proteasome 
inhibition, and increased levels of ROS are seen in many types of cells treated with 
bortezomib. This increase in ROS has been implicated in the ability of proteasome 
inhibitors to cause cell death, and attenuation of ROS with agents such as NAC 
often protects cancer cells from bortezomib-induced cell death. 

 There are also dietary antioxidants that have been shown to antagonize bortezo-
mib. Vitamin C and (-)-epigallocatechin gallate (EGCG), a component of green tea, 
have both been shown to impede boronic acid inhibitors, including bortezomib, 
through a direct interaction that diminishes the proteasome inhibitor’s ability to 
cause reduced proteasome activity [ 59 ,  114 – 116 ]. Though these agents act by directly 
inactivating bortezomib, not necessarily through their antioxidant functions, this 
does highlight an important consideration when developing a strategy that optimizes 
the effi cacy of bortezomib. In one mouse study, researchers showed that normal 
dietary consumption of Vitamin C and EGCG was not suffi cient to blunt the antipros-
tate cancer effect of bortezomib [ 117 ]. There is an additional layer to this story, as 
EGCG is one of several plant polyphenols, including such compounds as genistein, 
curcumin, and tannic acid, that can actually cause proteasome inhibition [ 118 ]. The 
proteasome inhibitory activity of these agents has been shown to act as a sensitizer to 
overcome resistance to chemotherapy in a variety of tumor types. Additional careful 
studies that examine the effect of these agents on bortezomib and proteasome activity 
in human patients are necessary to determine the clinically relevant effects of these 
interactions between dietary antioxidants, the proteasome, and therapeutics. 
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 Cancer cells can also combat proteasome inhibitor-mediated cell death through 
several mechanisms, including having increased basal antioxidant levels, as well as 
inducing an antioxidant response, including production of more proteasome 
 subunits, upon oxidative stress stimulation. This may be one explanation for why 
bortezomib is sometimes not very effective as a single agent, particularly in solid 
tumors [ 119 – 121 ]. In particular, a study of advanced renal cell carcinoma found that 
a subset of patients did seem to have a response, and highlighted the need for 
 molecular profi ling to preselect a patient population most likely to respond [ 121 ]. 
Future studies will likely determine whether examination of components of oxida-
tive stress pathways could be part of the solution for predicting patient response. In 
addition to aiding in the selection of patient populations, the realization that cancer 
cells can avoid cell death by regulating the redox state has led to several new strate-
gies that involve drug combinations that further amplify ROS levels, leading to a 
synergistic increase in cell death. 

 This is the fi rst step toward utilizing our knowledge of oxidative stress for the 
more effective treatment of cancer. This information could be put to other uses as 
well. For example, patient sensitivity to an agent such as bortezomib could be pre-
dicted by screening patient basal antioxidant capacity by looking at levels of Nrf2. 
This would allow for selection of patients who would most benefi t from bortezomib 
treatment. 

 There are other applications for this information, as well. For instance, drugs that 
more specifi cally target antioxidant response components could be used to amplify 
the effects of bortezomib. Additionally, information about how the antioxidant 
response can lead to up-regulation of specifi c proteasome subunits gives informa-
tion about how repeated doses with bortezomib, or perhaps co-treatment with inhib-
itors that target up-regulated i-proteasome subunits, can lead to a more sustained 
inhibition of the proteasome and more effective therapy. Current efforts to alter the 
redox status of cells through combination therapies have been quite promising, war-
ranting further examination into how the oxidative environment can amplify or 
blunt bortezomib therapeutic effectiveness.     
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    Chapter 11   
 Proteotoxic Stress and Proteasome Inhibitor 
Effi cacy and Resistance 

             David     McConkey    

    Abstract     Proteasome inhibitors have established themselves as the frontline 
 therapy for multiple myeloma (MM) and they are displaying strong clinical activity 
in a variety of other hematological cancers. However, as is observed with other tar-
geted agents, resistance to proteasome inhibitor therapy is emerging as a major 
clinical challenge. Accumulating evidence has implicated proteotoxicity in the 
cytotoxic mechanisms of proteasome inhibitors in cancer cells, and it is therefore 
not surprising that key resistance mechanisms involve inducible, physiological 
cytoprotective responses to proteotoxicity. Here I will discuss our current under-
standing of the role of proteotoxicity in the antitumor activities of proteasome inhib-
itors and the evidence that induced cytoprotective mechanisms could play important 
roles in mediating resistance.  

  Keywords     Proteotoxicity   •   Integrated stress response   •   Translation   •   eIF2-alpha  
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  ISR    Integrated stress response   
  IκBα    Inhibitor of nuclear factor kappa B, alpha isoform   
  LC3    Microtubule-associated protein light chain 3   
  MEF    Mouse embryonic fi broblast   
  MM    Multiple myeloma   
  NF-κB    Nuclear factor kappa B   
  PERK    Pancreatic ER kinase   
  PKR    Protein kinase R   
  ROS    Reactive oxygen species   
  UPR    Unfolded protein response   
  XBP-1    X-box binding protein-1   

11.1           Introduction 

 Julian Adams and his colleagues at ProScript, Inc. developed the peptide boronate 
inhibitor of the proteasome known as PS-341 as a fi rst-in-class cancer therapeutic in 
the late 1990s [ 1 ]. The drug attracted immediate attention because of its uniquely 
strong activity in the NCI’s panel of 60 cell lines (the “NCI-60”), where it produced 
broad tumor cell growth inhibition at low nanomolar concentrations [ 1 ]. These 
effects were initially attributed to PS-341’s ability to cause stabilization of specifi c 
proteins involved in the control of tumor cell proliferation and survival, including 
NF-κB’s physiological inhibitor (IκBα) [ 2 ] and cell cycle inhibitors like p21 and 
p53 [ 3 ]. Investigators also noted that PS-341 blocked tumor production of vascular 
endothelial growth factor (VEGF) in vitro and strongly inhibited angiogenesis 
in vivo [ 4 – 7 ], suggesting that its indirect effects on the tumor-associated stroma 
might also contribute to growth inhibition. 

 However, these preclinical studies did not really predict the strong and unique 
clinical activity of PS-341 (now known as bortezomib or Velcade) in patients with 
multiple myeloma (MM). ProScript initiated a number of Phase I clinical trials in 
patients with solid and hematologic tumors, using a novel pharmacodynamic bioas-
say [ 1 ] to closely monitor 20S proteasome inhibition in the peripheral blood during 
dose escalation because preclinical studies in rodents and primates indicated that 
doses that produced greater than 80 % inhibition produced acute toxicity [ 8 ]. The 
early Phase I results indicated that PS-341 had modest single-agent activity in mul-
tiple solid and hematologic tumors, but it produced striking clinical responses in 
refractory MM [ 9 ], results that were confi rmed in a subsequent Phase II clinical trial 
[ 10 ]. Bortezomib received FDA approval for the treatment of MM in 2003 [ 11 ,  12 ], 
and its success prompted other companies to enter the fi eld [ 13 ,  14 ]. The next- 
generation proteasome inhibitor carfi lzomib also recently received FDA approval 
for the treatment of MM [ 15 ,  16 ], and the development of several other, structurally 
distinct inhibitors is well underway. 

 What is it about the biology of MM that makes it so uniquely sensitive to protea-
some inhibitors? Early work established that NF-κB inhibition did not account for 
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PS-341’s cytotoxic effects [ 2 ]. Rather, the potent effects of proteasome inhibitors in 
MM cells appear to be related to proteotoxicity, and more specifi cally to the impor-
tance of proteasome-mediated degradation of misfolded and/or aggregated proteins 
that can accumulate rapidly within the endoplasmic reticulum (ER) of highly active 
secretory cells [ 17 ]. Therefore, the extremely high production of monoclonal immu-
noglobulin in MM cells causes them to be exquisitely sensitive to proteasome 
inhibitor- induced ER stress [ 18 ]—proteasome inhibitor sensitivity correlates with 
cellular immunoglobulin production [ 18 ,  19 ], and enforced immunoglobulin expres-
sion also promoted proteasome inhibitor-induced cell death [ 20 ].  

11.2     Proteasome Inhibitors and the Integrated Stress 
Response 

 The integrated stress response (ISR) is an adaptive response that enables normal 
cells to survive ER stress and other examples of proteotoxicity. Exposure to a vari-
ety of endogenous stimuli, including oxidative stress, heat shock, heavy metals, and 
viruses, can cause protein denaturation and exposure of normally buried hydropho-
bic regions that are prone to aggregation [ 21 – 25 ]. These aggregation-prone proteins 
rapidly attract members of the HSP70 family of protein chaperones away from their 
constitutive binding partners, which result simultaneously in chaperone-mediated 
aggregate recognition by ubiquitin ligases and activation of a family of four related 
serine/threonine protein kinases (PERK, GCN2, HRI, and PKR) that activate a cyto-
protective pathway known as the ISR (Fig.  11.1 ) [ 26 ]. The best-studied downstream 
consequence of ISR kinase activation is phosphorylation of the translation initiation 
factor, eIF2α, on serine 51 (S52 in mice) [ 27 – 30 ]. Phosphorylation of eIF2α inhibits 
the translation of most mRNAs (including the essential cell cycle regulator cyclin 
D) while enhancing the expression of a discrete set of proteins that attenuate proteo-
toxic stress [ 26 ]. Central to these effects are the transcription factors, ATF-4 and 
GADD153/CHOP, which induce the expression of cytoprotective factors and a pro-
tein phosphatase (GADD34) that dephosphorylates eIF2α and restores translation 
once proteotoxic protein aggregates have been cleared. The rapid downregulation of 
protein synthesis that is caused by eIF2α phosphorylation provides immediate cyto-
protective benefi t by preventing new misfolded proteins from being formed. Because 
proliferating cells tend to be intrinsically more sensitive to apoptosis than are quies-
cent cells [ 31 ,  32 ], the cell cycle arrest that is caused by eIF2α phosphorylation also 
produces cytoprotective effects.

   Phosphorylation of eIF2α also enhances cell survival by stimulating autophagy 
[ 33 ,  34 ]. Although the precise molecular mechanisms involved in this coupling are 
still not completely clear, eIF2α phosphorylation causes increased expression of the 
central autophagy genes  LC3 ,  ATG5 , and  ATG7  via  ATF4  and  CHOP  [ 33 ,  35 ]. 
Autophagy provides another route for protein aggregate disposal. Because the pro-
teasome cannot degrade large protein aggregates without unwinding them fi rst, 
autophagy complements the proteasome within the ISR.  
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11.3     Proteasome Inhibitor-Induced Cell Death 

11.3.1     Role of the ISR: Cytoprotective or Cytotoxic? 

 Although the cytotoxic effects of proteasome inhibition clearly involve misfolded 
protein accumulation, the precise mechanisms that mediate cell killing are still 
being elucidated. One possibility is that cell death is caused by some of the same 
ISR-dependent mechanisms that mediate the early cytoprotective response. Early 
work established that proteasome inhibitors cause changes consistent with ER 
stress in MM cells and some other cancer cell lines, including activation of the 
ER-localized ISR kinase, PERK, eIF2α phosphorylation, and activation of ATF4 
and CHOP, leading to induction of the ER chaperone and HSP70 family member, 
Grp78/BIP in MM cells, and mechanistic studies demonstrated that eIF2α phos-
phorylation and CHOP induction promoted cell death, consistent with the conclu-
sion that bortezomib causes a “terminal unfolded protein response” (UPR) [ 18 , 
 19 ,  36 ,  37 ]. However, RNAi-mediated knockdown of the eIF2α kinases or CHOP 
greatly potentiated cell death in human pancreatic cancer cells (M. White et al., 
manuscript under revision), which is more consistent with their known cytoprotec-
tive effects within the context of the ISR that were discussed above. Although the 
molecular mechanisms that dictate whether the UPR promotes cell death or survival 

Amino acid pool depletion
Proteasome inhibition Viral infection

ER stress 
Proteasome inhibition

Heat shock
Heavy metal exposure
Proteasome inhibition

GCN2 PKR PERK HRI

p-eIF2α

translation

autophagy

ATF4
CHOP

GADD34

  Fig. 11.1    Kinase control of the integrated stress response (ISR). Upstream signals leading to activa-
tion of one or more of the 4 eIF2α kinases coordinate multiple cytoprotective responses in cells 
experiencing proteotoxic stress. Phosphorylation of eIF2α results in suppression of translation, 
upregulation of autophagy, and downregulation of cyclin D, leading to cell cycle arrest. Persistent 
activation of the ISR subsequently leads to CHOP-mediated upregulation of GADD34, which 
dephosphorylates eIF2α and terminates the response. Therefore, if GADD34 is strongly induced 
before proteotoxic stress is resolved, it exacerbates the stress and promotes cell death. This probably 
explains how the ISR can be sequentially involved in inhibiting or promoting cell death       
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are likely to be highly complex and cell type dependent, exposing cancer cells to 
cycloheximide (a chemical protein synthesis inhibitor) consistently mimics the 
effects of eIF2α phosphorylation to block protein synthesis and protect cancer cells 
from proteasome inhibitor-induced cell death [ 38 ]. Therefore, the CHOP-mediated 
induction of GADD34 that occurs after ISR kinase-induced eIF2α phosphorylation 
has produced its cytoprotective effects could provide an explanation [ 39 ]. GADD34 
dephosphorylates eIF2α, resulting in restoration of protein translation and cell cycle 
progression. In the face of ongoing proteasome inhibition, these effects will greatly 
exacerbate proteotoxic stress and intrinsic apoptosis susceptibility.  

11.3.2     Role of ER Versus Cytosolic Stress 

 The precise nature of the stress induced by proteasome inhibition also appears to be 
cell type dependent. In highly secretory cells like MM, it makes sense that ER stress 
would play a major role, but in many other cancers derived from endocrine (pros-
tate) or exocrine (pancreatic) tissues, the secretory machinery may be drastically 
downregulated as a consequence of cancer-associated dedifferentiation. On the 
other hand, global rates of translation are markedly elevated in cancer cells to offset 
the need for protein synthesis in proliferation and tumor cell metabolism. We 
directly compared the effects of bortezomib on activation of each of the eIF2α 
kinases in human pancreatic cancer cells and discovered that HRI (not PERK) was 
most strongly activated (M. White et al., manuscript under revision). Consistent 
with these observations, proteasome inhibitors caused much stronger induction of 
the cytosolic chaperone, HSP72 (the inducible HSP70 isoform), than they did 
induction of the ER chaperone Grp78, and knockdown of HRI (not PERK) had the 
strongest effects on proteasome inhibitor-induced cell death. Therefore, in pancre-
atic cancer cells the effects of proteasome inhibitors may more closely resemble the 
changes induced by heat shock or heavy metals that are primarily localized to the 
cytosol rather than the ER, and similar results were obtained by another group using 
mouse embryonic fi broblasts (MEFS) [ 40 ]. Nevertheless, still other studies have 
implicated the amino acid pool-controlled ISR kinase, GCN2, in proteasome 
inhibitor- induced eIF2α phosphorylation in MEFs and several other cell types [ 36 , 
 37 ]. The authors concluded that GCN2 activation was caused by amino acid pool 
depletion and was rescued by exogenous amino acids [ 37 ]. It is not clear why two 
groups working with the same cells (MEFs) advanced two different conclusions 
about which ISR kinase was most relevant to the effects of proteasome inhibitors.  

11.3.3     Role of Protein Aggregates: Cytoprotective or Cytotoxic? 

 There is a close correlation between the sensitivity of cancer cells to proteasome inhib-
itors and their tendency to form protein aggregates [ 41 – 43 ]. These aggregates tend to 
coalesce into discrete perinuclear structures that are termed “aggresomes” [ 44 ]. 
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Aggresome formation is dependent on the activities of histone deacetylases, and in 
particular HDAC6 [ 45 ]. Aggresomes may represent an intermediate step in the shut-
tling of protein aggregates to lysosomes during autophagy-mediated degradation. 
Therefore, chemical HDAC inhibitors or HDAC6 knockdown prevents proteasome 
inhibitor-induced aggresome formation and promotes cell death [ 42 ,  43 ,  45 ]. These 
data suggest that it is not the presence of protein aggregates per se that causes cyto-
toxicity, but rather the nature of the protein aggregates and whether or not they are 
bound by chaperones and/or compartmentalized to aggresomes.  

11.3.4     Role of Reactive Oxygen Species 

 If misfolded proteins are toxic, what are the biochemical mechanisms underlying 
their cytotoxicity? The most consistent downstream mechanism is reactive oxygen 
species (ROS) production [ 46 – 50 ]. All of the chemical proteasome inhibitors ana-
lyzed to date cause early increases in ROS production, and radical scavenging 
agents (particularly the thiol antioxidant  N -acetylcysteine) block proteasome 
inhibitor- induced cell death [ 46 – 50 ]. The origin of these free radicals appears to be 
the mitochondria, but precisely how protein aggregates trigger mitochondrial ROS 
production is not yet known.  

11.3.5     Downstream Caspase Activation 

 Proteasome inhibitors can trigger either apoptosis or necrosis in human cancer cells 
[ 33 ,  51 ], and caspase activation is required only for the former [ 33 ]. In addition, 
precisely which caspase(s) initiates proteasome inhibitor-induced apoptosis appears 
to vary among cell lines and proteasome inhibitors. One study concluded that the 
ER-localized caspase-4 was required for bortezomib-induced apoptosis in human 
pancreatic cancer cells [ 38 ], but another study concluded that caspase-4 was not 
necessary for proteasome inhibitor-induced apoptosis in MM cells [ 18 ], and other 
studies implicated caspases-2 [ 52 ,  53 ], -8 [ 14 ], and -9 [ 14 ] as the relevant initiator 
caspases in different cell lines exposed to different inhibitors. Because a distinct 
adaptor protein controls the activation of each initiator caspase, the upstream sig-
nals that lead to their activation are also distinct. Identifying the nature of these 
signals will require further investigation.  

11.3.6     Amino Acid Pool Depletion 

 Exciting recent results indicate that the constitutive protein “recycling” that is medi-
ated by the proteasome is important for maintaining intracellular amino acid pool 
levels. According to this model, proteasome inhibition depletes intracellular amino 
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acid pool levels, resulting in GCN2 activation, eIF2α phosphorylation, ATF4 and 
CHOP induction, and autophagy [ 37 ]. Although translational arrest mitigated pro-
teotoxicity and autophagy staved off complete amino acid pool depletion, ultimately 
cells succumbed via CHOP-mediated cell death [ 37 ]. Again, we failed to observe a 
signifi cant role for GCN2 in proteasome inhibitor-induced cell death in human pan-
creatic cancer cells (M. White, manuscript under revision). Therefore, the metabolic 
and molecular determinants of susceptibility to this mechanism await further 
characterization.   

11.4     Determinants of Proteasome Inhibitor Sensitivity 

 If proteasome inhibitors kill cancer cells via proteotoxicity, then molecular features 
that enhance proteotoxicity should be associated with drug sensitivity. The argument 
that high-level immunoglobulin secretion underlies the relative sensitivity of MM cells 
has been outlined above, but there are other cancer-specifi c features that also appear to 
be involved. Overall, these mechanisms tend to be associated with increased transla-
tion and/or resistance to eIF2α-mediated translational arrest. These mechanisms could 
determine the “therapeutic window” that allows proteasome inhibitors to kill certain 
cancer cells at doses that do not cause excessive toxicity to normal tissues. 

11.4.1     Abnormal Control of Translation 

 Mutations and DNA copy number alterations that cause abnormal activation of the 
PI-3 kinase/AKT/mTOR pathway are among the most common molecular abnor-
malities in human cancer. The increased translation caused by these alterations 
probably increases cellular dependence on protein quality control mechanisms and 
therefore renders cancer cells vulnerable to proteasome inhibition. Similarly, Myc 
overexpression dramatically increases baseline rates of translation and intrinsic 
apoptosis [ 32 ] and proteasome inhibitor sensitivity [ 41 ]. Normal cells tend to be 
resistant to proteasome inhibitor-induced aggresome formation, a phenotype that is 
linked to lower baseline translation [ 42 ]. Therefore, proliferation markers and muta-
tions that upregulate protein synthesis may prove to be informative predictive bio-
markers of proteasome inhibitor clinical activity.  

11.4.2     Defective Chaperone Induction 

 Members of the HSP70 family of protein chaperones play central roles in the response 
to proteotoxic stress. We recently uncovered a potential contribution of defective 
HSP72 induction in the responses of human bladder cancer cells to proteasome 
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inhibitor-induced apoptosis [ 51 ]. We used whole genome mRNA expression profi ling 
to compare the proteasome inhibitor-induced changes in gene expression in cells that 
were sensitive or resistant to bortezomib. The results revealed that HSP72 induction 
was defective in the sensitive cells due to hypermethylation of the HSP72 promoter, 
and analysis of additional cell lines and primary human tumors identifi ed HSP72 
methylation in 40–50 % of cases. HSP72 knockdown increased bortezomib sensitiv-
ity in the drug-resistant cells that were linked to lysosomal destabilization [ 51 ]. 
Therefore, HSP72 methylation could serve as a predictive biomarker for bortezomib 
sensitivity in bladder cancers and other cancers that display this phenotype.  

11.4.3     Constitutive eIF2α Phosphorylation 

 We have found that many solid tumor cell lines display high eIF2α phosphorylation at 
baseline [ 26 ,  33 ]. In these cells, diverse stimuli that activate the eIF2α protein kinases 
(including proteasome inhibitors) fail to cause further increases in eIF2α phosphory-
lation. As a consequence, protein synthesis continues unabated and the cells rapidly 
accumulate protein aggregates and die. The precise mechanisms leading to this ele-
vated basal eIF2α phosphorylation are still under investigation, but it appears that 
GCN2 is involved (M. White, manuscript under revision), suggesting the involvement 
of metabolic stress. It is possible that this basal stress involves some of the same 
mechanisms (AKT pathway, Myc) that cause deregulated protein synthesis overall.  

11.4.4     High Basal ROS Production 

 Recent studies have demonstrated that cancers have elevated baseline ROS levels, 
rendering them vulnerable to oxidative stress. As introduced above, oxidative stress 
also damages proteins and can lead to the accumulation of damaged and misfolded 
proteins. Elevated ROS levels have also been implicated in mitochondrial injury, 
which causes pressure on mitochondrial quality control mechanisms involving 
autophagy (termed “mitophagy”). Therefore, the high basal ROS levels observed in 
cancer cells place pressures on protein quality control mechanisms and probably con-
tribute to cancer cell susceptibility to proteasome inhibitors. Whether basal ROS lev-
els can be used as a predictive biomarker (e.g., in MM) remains to be determined.   

11.5     Determinants of Proteasome Inhibitor Resistance 

 The recent insights into the cytotoxic mechanisms underlying the tumor growth 
inhibitory effects of proteasome inhibitors allow for predictions to be made about 
relevant mechanisms of resistance (Fig.  11.2 ). Unfortunately, most of the direct 
evidence that is available comes from studies in human cell lines and other 
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preclinical models rather than refractory tumors from patients. However, the limited 
data that are available from refractory MM patients support the involvement of the 
pathways as introduced in Fig.  11.2 .

11.5.1       Quiescence 

 As introduced earlier, bortezomib fi rst attracted attention because of its unique 
potency in the NCI-60 panel of cell lines [ 1 ]. Subsequent studies have confi rmed 
that proteasome inhibitors produce strong growth inhibitory effects in MTT assays 
and other high throughput screens, but the bulk of this activity (especially in solid 
tumor cell lines) involves cell cycle arrest rather than cell death. This growth arrest 
is mediated via multiple mechanisms including direct stabilization and accumula-
tion of cell cycle inhibitors (p21, p27) [ 54 – 56 ] as well as phosphorylation of eIF2α 
and subsequent downregulation of cyclin D [ 57 ]. Therefore, most cells are sensitive 
to these effects, and cell cycle arrest probably generally limits the cytotoxic effects 
of proteasome inhibitors, and it can lead to interference with conventional chemo-
therapy if proper scheduling is not employed [ 54 ]. One means of bypassing this 
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Cell cycle arrest
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protein secretion

Aggresome formation
Autophagy
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activation

  Fig. 11.2    Proteasome inhibitor resistance mechanisms. The cytoprotective effects of the ISR and 
selection processes probably contribute to de novo and acquired resistance to proteasome inhibi-
tors in cancer. Among the induced mechanisms, growth arrest, translational suppression, and 
aggresome-mediated protein aggregate clearance via autophagy appear to play particularly impor-
tant roles. In addition, recent work indicates that proteasome inhibitors select for drug-resistant 
progenitors characterized by reduced immunoglobulin production. Clinically available HDAC and 
autophagy inhibitors may represent immediate strategies to overcome some of these resistance 
mechanisms to enhance therapeutic effi cacy       
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resistance is to combine proteasome inhibitors with agents like TNF-related 
apoptosis- inducing ligand (TRAIL) whose effects are not as sensitive to cancer cell 
proliferation status [ 58 ].  

11.5.2     Aggresome Formation 

 As introduced above, the misfolded proteins that accumulate in response to protea-
some inhibition are directed to aggresomes for disposal in lysosomes, and this pro-
cess appears to protect cells from death. Therefore, agents that disrupt aggresome 
formation will promote proteasome inhibitor-induced cell death. Pan-specifi c HDAC 
inhibitors are potent inhibitors of aggresome formation, and they synergize with 
proteasome inhibitors to induce cancer cell death [ 42 ,  43 ,  47 ,  48 ,  59 – 61 ]. Several 
academic groups and companies have developed HDAC6-selective inhibitors, and 
they also prevent aggresome formation and promote cell death. Early data from 
clinical trials employing combinations of proteasome and pan HDAC inhibitors 
have yielded some encouraging results [ 62 ]. Likewise, promising clinical activity 
has been observed in a clinical trial employing the HDAC6-selective inhibitor ACY-
1215 (Acetylon, Inc) plus bortezomib in patients with refractory MM (ASH, 2013   ).  

11.5.3     Autophagy 

 The protein aggregates that are formed in response to proteasome inhibition are 
redirected to lysosomes for degradation [ 63 ]. As discussed above, this process is 
coordinated by eIF2α phosphorylation and results in a reduction of cytotoxic stress 
[ 26 ,  63 ]. Therefore, combined inhibition of the proteasome and autophagy results in 
additive or synergistic cell killing [ 33 ,  64 ]. Importantly, although combinations of 
proteasome and autophagy inhibitors induce apoptosis, apoptosis is not required for 
cell death [ 33 ]. Combination therapy with bortezomib plus hydroxychloroquine (an 
antimalarial autophagy inhibitor) was well tolerated and led to growth inhibition in 
xenografts in vivo [ 65 ]. Given that HDAC inhibitors are also thought to disrupt 
autophagy-mediated aggregate clearance, it will be interesting to determine whether 
HDAC or autophagy inhibitors produce stronger tumor growth inhibitory effects in 
head-to-head evaluations.  

11.5.4     Decreased ER Stress 

 As discussed above, proteasome inhibitor sensitivity correlated with baseline 
 immunoglobulin production in MM cell lines, whereas enforced overexpression 
of immunoglobulin promoted cell death [ 18 ,  19 ]. An elegant recent study illus-
trated the importance of reduced immunoglobulin production in MM resistance to 
 proteasome inhibitors and identifi ed a novel molecular mechanism that mediated 
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these effects [ 66 ]. Knockdown of Xbp-1s, a transcription factor that serves as a 
central component of one of the 3 arms of the unfolded protein response, produced 
proteasome inhibitor resistance in MM cells. The effects were not associated with 
effects of Xbp-1s on ER stress but rather to its role in promoting immunoglobu-
lin production during B cell differentiation. Importantly, proteasome inhibitor-
resistant Xbp-1s-B cell progenitors in MM patients who developed resistance to 
proteasome inhibitors. The authors failed to observe a variety of other candidate 
resistance mechanisms that had been identifi ed in preclinical studies, underscor-
ing the importance of studying acquired resistance within the context of carefully 
designed clinical trials.   

11.6     Summary and Future Directions 

 Proteasome inhibitors rank among the most successful targeted agents developed to 
date, and they have completely changed the natural history of disease progression in 
patients with multiple myeloma. The molecular mechanisms underlying their 
actions are becoming clearer, and with this information new predictions can be 
made about strategies that could synergize with proteasome inhibitors to promote 
cell death. Although strategies to target HDACs and autophagy are already clini-
cally available, it will be much more challenging to develop strategies to target 
proteasome inhibitor-induced cell cycle arrest, which may be the most common de 
novo and acquired proteasome inhibitor resistance mechanism in cancer. Likewise, 
it may be necessary to develop a completely different approach to target the Xbp-
1s- progenitor population that emerges in proteasome inhibitor-refractory MM and 
possibly mantle cell lymphomas. 

 Another challenge for the future will be to develop active proteasome 
 inhibitor- based combinations for solid tumor therapy. This effort will hopefully be 
informed by the large-scale genomic efforts that are being led by The Cancer Genome 
Atlas and other private groups. We recently completed a clinical trial with bortezo-
mib plus gemcitabine and doxorubicin in patients with refractory, metastatic bladder 
cancer and observed objective clinical responses in over half of the patients. To our 
knowledge, this is the fi rst active proteasome inhibitor-based clinical trial in any solid 
tumor, and we are initiating genomic studies to characterize the molecular profi les of 
drug sensitivity and resistance in depth. We are also planning a follow-up to this trial, 
this time employing the next-generation proteasome inhibitor ixazomib [ 67 ].     
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    Abstract     Molecular oncology has the potential to revolutionize cancer treatment 
owing to its focus on discrete, cancer-selective targets, as evident in the recent suc-
cess of kinase inhibitors and antibody-based therapies. Because of the heteroge-
neous nature of cancer, however, not every tumor type can be addressed with an 
appropriately selective therapy and some respond best to drug combinations that 
include classical “toxic” agents. The ubiquitin-proteasome pathway, recently har-
nessed for cancer treatment with the clinical use of “toxic” proteasome inhibitors 
bortezomib and carfi lzomib, affords targets that intuitively are highly selective, 
exemplifi ed by inhibitors of E3 ligases, the ubiquitin-conjugating enzymes, as well 
as those that are intuitively nonselective, exemplifi ed by the proteasomal proteases. 
In the last two decades, anticancer drug development based on these two target 
classes has proceeded in parallel, with the early results suggesting that the nonselec-
tive proteasome is the better target. Lately, however, it has become clear that (1) the 
“nonselective” proteasome target may be addressed in selective ways and (2) a 
clearer understanding of the E3 ligase reaction can lead to the design or discovery 
of effi cacious inhibitors. Evidence supporting these notions and implications for 
cancer treatment going forward will be discussed.  
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  Abbreviations 

   ADME    Absorption distribution, metabolism, excretion   
  DUB    Deubiquitylating enzyme   
  ERAD    Endoplasmic reticulum-associated degradation   
  HDM2    Human variant of MDM2 = murine double minute 2 homologue (an E3 

ligase)   
  IAP    Inhibitor of apoptosis   
  RING    Really interesting new gene   
  USP    Ubiquitin-specifi c protease   

12.1           Introduction 

 Molecularly targeted therapy, according to the National Cancer Institute (National 
Institutes of Health) dictionary of cancer terms, is a type of medication that blocks 
the growth of cancer cells by interfering with specifi c targeted molecules needed for 
carcinogenesis and tumor growth. In the last two or three decades, this class of 
therapy has been heralded as the successor to traditional toxicity-based cancer che-
motherapy and radiation, directed at all rapidly dividing cells, and it arguably has 
the potential to deliver anticancer activity with greatly reduced toxicity to the 
patient. Despite successes with certain kinase inhibitors used against genetically 
receptive tumors, and with the use of highly specifi c antibody-based therapies, how-
ever, the fact remains that cancer is a heterogeneous collection of hyperproliferative 
diseases, and oncologists treating patients with available chemical and biological 
agents have not yet uniformly replaced “toxic” therapies with highly targeted tumor- 
selective interventions. The lack of a rapid and complete changeover to exclusive 
use of molecularly targeted therapy is exemplifi ed by the signifi cant component of 
anticancer drug development currently focused on the ubiquitin-proteasome path-
way for cellular protein regulation (Fig.  12.1 ).

   This pathway is now recognized as a useful source of new medicines, following 
on the success of the proteasome inhibitors bortezomib/Velcade by Takeda/
Millennium Pharmaceuticals and more recently, carfi lzomib/Kyprolis by Onyx 
Pharmaceuticals. Inhibition of the proteasome is, in one sense, molecularly targeted 
therapy, as proteasome inhibitors act on at most three proteolytic enzymes    (and 
perhaps a few additional ancillary enzymes) in the catalytic core of the proteasome. 
On the other hand, nearly 90 % of the cell’s soluble proteins are degraded by the 
proteasome, suggesting that inhibiting proteasome activity should result in a global 
(and, perhaps intuitively, devastating) effect on cells. It was diffi cult early on, in 
fact, to envision any sort of therapeutic window achievable by administering protea-
some inhibitors to patients. Clinical trials with bortezomib (known originally as 
PS-341), however, would later show that proteasome inhibition was tolerated far 
better than anticipated ([ 1 ]; summarized in [ 2 ]). On the other hand, an alternative 
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target class in the pathway, ubiquitin E3 ligases, each of which marks a limited 
number of substrate proteins for degradation in the proteasome by conjugating them 
with (poly)ubiquitin chains, were believed to be more promising than the protea-
some, as they would spare a small subset of proteins, rather than (at least theoreti-
cally) most or all proteins, from degradation (Fig.  12.2 ). If the proteins spared from 
degradation by E3 ligase inhibitors happened to be tumor suppressors (e.g., p53), a 
selective anticancer effect upon treating with appropriate ligase inhibitors was intui-
tive. Because there are approximately 600 ubiquitin E3 ligases in humans, each with 
a limited number of substrates and several with biochemical or genetic links to vari-
ous cancers, it seemed reasonable that at least a few ligases would be ideal antican-
cer targets. Since these early days of limited expectations for proteasome inhibitors 
and great hopes for E3 ligase inhibitors, the relatively “unselective” proteasome 
inhibitors have undergone extensive clinical evaluation, resulting in two approvals 
so far by the USFDA [ 3 ,  4 ], while their more “selective” counterparts, inhibitors of 
ubiquitin E3 ligases, have struggled in development by comparison (although several 

  Fig. 12.1    The ubiquitin-proteasome pathway. Targeting of protein substrates by ubiquitin requires 
the sequential action of three enzymes: ubiquitin is activated by a specifi c activating enzyme (E1) 
to yield a ubiquitin-E1-thiolester. Activated ubiquitin is transferred to a carrier protein or “conju-
gase,” E2. Ubiquitin is subsequently transferred by a ligase (E3) and linked by an isopeptide bond 
to a lysine residue on the substrate protein. After linkage of ubiquitin to the substrate, a polyubiq-
uitin chain is usually formed. Ubiquitinated proteins can be deubiquitinated by specifi c isopepti-
dases (DUBs) or can be recognized and processed to short peptide fragments by the 26S 
proteasome. Proteasomes also contain ubiquitin isopeptidase activity which allows recycling of 
ubiquitin. Also shown above are the α and β subunits of the 20S proteasome core. β1, β2, and β5 
subunits possess trypsin-, chymotrypsin-, and caspase (postglutamyl)-like protease activities, 
respectively, and are targeted by various clinical and experimental proteasome inhibitors       
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new inhibitors are currently in preclinical development or Phase I clinical trials). 
While FDA approval had been granted to one ligase-targeting drug class (thalidomide 
and analogues lenalidomide and pomalidomide) as of 2013, its link to the E3 ligase 
target was established subsequent to the initiation of clinical development of the 
class [ 5 ].

   The foregoing describes the current situation, if perhaps in a somewhat simplifi ed 
manner. In the following, potential reasons for this apparent paradox will be exam-
ined and the current state of proteasome inhibitor and ligase-based anticancer drug 

  Fig. 12.2    Basis for purported selectivity of inhibition of E3 ligase inhibitors as compared to 
protease inhibitors.  Top : Inhibition of proteasome activity and removal of polyubiquitin tags by 
DUBs regenerates all three ligase-targeted protein substrates, essentially prolonging their cellular 
half- lives.  Bottom : Inhibition of one of the three ligases shown spares its substrate from ubiquitina-
tion and proteasomal degradation. Degradation of the other substrates is unaffected       
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discovery will be reviewed, leading to projections based on recent developments in 
these two paths to ubiquitin-based cancer treatment. The developmental strategy for 
proteasome inhibitors is proceeding in a rather conventional manner, addressing 
issues of side effects and resistance [ 3 ]. On the ligase side, it is  acknowledged that 
the really interesting new gene (RING) E3 ligases (a majority of the identifi ed ligase 
anticancer targets) are really not enzymes in the classical sense, perhaps precluding 
the identifi cation of pharmacologically useful molecules in high-throughput screen-
ing (or rational design) efforts to discover “catalytic inhibitors” of ubiquitylation, 
and supporting the continued development of non-catalytic discovery strategies, 
which has been initiated and has actually led to some promising results.  

12.2     Proteasome Inhibitors 

12.2.1     The Proteasome 

 Cellular proteins are degraded by two major types of endoprotease activity, which 
take place in lysosomes or proteasomes. Proteasomal degradation, occurring in both 
the cytoplasm and the nucleus of cells, is the major route for hydrolysis of most 
soluble short-lived regulatory proteins and serves as a mechanism for controlling 
protein half-lives as well as a means of quality control, the latter by eliminating 
misfolded proteins [ 6 – 8 ]. The proteasome is a huge cylindrical intracellular struc-
ture consisting of a catalytic 20S core (cylinder) and regulatory units (19S) at each 
end appearing as bases with lids. The 20S core is made from precise structural 
arrangements of four rings containing seven subunits each (Fig.  12.1 ). The two 
outer rings are composed of regulatory subunits called α, which are related to gate 
opening, and the inner two of β, or catalytic subunits, which include caspase-like 
(β1 subunit), trypsin-like (β2 subunit), and chymotrypsin-like (β5 subunit) proteo-
lytic activities [ 9 ]. The regulatory “lids” detect polyubiquitylated proteins and, in a 
series of further molecular recognition, deubiquitylation, and unfolding events per-
formed by various constituent proteins facilitate the entry of the “prepared” protein 
into the 20S core for degradation [ 6 ]. A second type of proteasome—the immuno-
proteasome—has been identifi ed in cells that are exposed to infl ammatory cyto-
kines (e.g., TNFα, interferon), are of hematopoietic lineage, or are neoplastic [ 10 ]. 
The immunoproteasome differs from the classical (“constitutive”) proteasome in its 
β catalytic subunits responsible for caspase-, trypsin-, and chymotrypsin-like prote-
ase activities, respectively; the corresponding immunoproteasome subunits are 
named β1i, β2i, and β5i or, alternatively, LMP2, MECL1, and LMP7 [ 11 – 13 ]. 
Regulatory ends of immunoproteasomes are 11S rather than 19S structures. While 
both proteasome classes receive polyubiquitylated proteins and degrade these 
tagged substrates by endoprotease activity, the immunoproteasome is enabled by 
virtue of its altered β subunit structures to catalyze proteolysis in a specifi c manner 
leading to the production of antigenic peptides [ 12 ] and perhaps to perform addi-
tional directed proteolysis functions [ 14 ].  
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12.2.2     Success and Limitations of Proteasome Inhibitors 

12.2.2.1     Bortezomib 

 The fi rst (and until 2012 the only) clinically approved proteasome inhibitor, 
bortezomib (VELCADE ® ), a synthetic peptidyl boronate developed by Millennium 
Pharmaceuticals (Takeda) (Fig.  12.3 ) [ 15 ,  16 ], was initially approved as an inject-
able treatment for refractory relapsed multiple myeloma and, shortly afterward, for 
fi rst-line treatment of multiple myeloma and treatment of relapsed mantle cell lym-
phoma [ 4 ,  17 ,  18 ]. Bortezomib binds reversibly to the β5 subunit of the 20S core 
(Fig.  12.1 ) and inhibits the threonine protease activity of the chymotrypsin-like sub-
unit, the rate-limiting step of proteolysis, by forming a complex between its boronic 
acid group and the threonine hydroxyl group at the catalytic site [ 6 ,  19 ]. Bortezomib 
is active as a single agent or as a component of combination therapy protocols; 
impressive progression-free survival has been achieved, but despite these therapeu-
tic gains, enabled in part by the use of proteasome inhibitors such as bortezomib and 
the recently approved carfi lzomib (KYPROLIS ® ) (for relapsed multiple myeloma), 
multiple myeloma remains incurable [ 3 ,  17 ].

   The cellular response to proteasome inhibition, resulting in accumulation of 
numerous proteins normally destined for removal by degradation in the proteasome, 
is characterized by both antitumor effi cacy and toxicity. Proteasome inhibitors are 
thus toxic chemotherapy agents, as are most anticancer drugs, including those that 
are generally considered to be targeted therapeutics. Bortezomib has produced side 
effects, which differ in nature and intensity among patients. Its two major toxicities 
are peripheral neuropathy and fatigue, and other toxicities common to anticancer 

  Fig. 12.3    Structures of selected proteasome inhibitors (see text)       
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chemotherapeutic agents have been reported, in addition to bone and muscle pain 
[ 17 ]. The therapeutic window for the fi rst proteasome inhibitors is not huge, as 
dose-limiting toxicities are evident just above the treatment dose, and therapeutic 
strategies for second-generation proteasome inhibitors are aimed at increasing it.  

12.2.2.2     Proteasome Inhibitors Kill Cancer Cells Selectively 

 The anticancer mechanism of proteasome inhibitors is multifactorial, since the cel-
lular levels of a considerable number of proteins are altered by blocking protea-
somal degradation (reviewed in [ 20 ]). Some, but likely not all, of the relevant 
molecular mechanisms have been described. Many currently used anticancer drugs 
attack oncogenic targets that either stimulate growth/cell cycling or block apoptosis. 
It was established early on that proteasomal activity is necessary for both processing 
of the precursor of the pro-survival (antiapoptotic) protein NFκB and activation of 
NFκB [ 21 ]. Thus, treatment with proteasome inhibitors should induce or augment 
apoptosis. Results similar to those of Hideshima et al., who found an approximately 
three log difference between tumor-derived cells and normal plasma cells in their 
sensitivity to bortezomib-induced apoptosis [ 22 ], made proteasome inhibitors clini-
cally attractive. Several elements of the antitumor mechanism of proteasome inhibi-
tors have been studied, and many of these are related to either extrinsic (mediated 
by death receptors) or intrinsic (mitochondria-dependent) apoptotic pathways. 

 As an example of extrinsic pathways, bortezomib, in appropriate experimental 
therapeutic combinations, has been shown to facilitate FADD-induced activation of 
caspase 8, thereby sensitizing tumor cells to extrinsic apoptosis [ 23 ,  24 ]. Some of 
the earliest in vitro experiments performed with bortezomib demonstrated that the 
proteasome inhibitor also affects the intrinsic mitochondrial Bcl-2 pathway in a 
manner that results in the activation of caspase 9 [ 25 ,  26 ]. More recently, additional 
molecular mechanisms have been identifi ed whereby proteasome inhibitor treat-
ment augments apoptosis, e.g., via the apoptosis-inducing tumor suppressor p53 
and its activated gene products such as p21; as is usual in cancer biology, however, 
there are still areas of uncertainty regarding mechanism and some contradictory 
literature reports [ 2 ,  6 ,  27 ]. Nevertheless, with respect to p53 wild-type tumors it is 
clear that sparing p53 from degradation in the proteasome would be expected to 
contribute to the net increase in apoptosis seen after bortezomib treatment. Because 
of the multiple proapoptotic (or anti-antiapoptotic) effects demonstrated by protea-
some inhibitors, bortezomib has been used clinically in combination with agents 
that induce apoptosis [ 3 ].  

12.2.2.3     Proteasome Inhibitors and Autophagy 

 Cells undergoing stress are also subject to autophagy, an alternative to the ubiquitin- 
proteasome pathway for effecting degradation, wherein they sequester large parts 
of their cytoplasm in vacuoles (autophagosomes) prior to lysosomal degradation of 
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the confi ned proteins. It seems logical that the two major pathways for removal of 
abnormal proteins and protein aggregates would share common features or be coor-
dinated in some fashion, and in vitro evidence links the two pathways [ 28 ]. In addi-
tion, there are reports that lysine 29 and lysine 63 ubiquitin linkages may target 
substrates for autophagic, rather than proteasomal degradation [ 29 ,  30 ]. In animal 
models with impaired autophagy, protein inclusions are enriched in ubiquitin, but it 
is not yet known whether their presence signifi es that under normal circumstances, 
(1) the ubiquitin tag facilitates degradation of the protein aggregates, (2) ubiquitylated 
proteins are trapped in inclusions in which they are then degraded by autophagy, and/
or (3) the ubiquitin tag plays a non-degradative role in autophagy [ 31 ]. It is known 
that ubiquitin has a recruiting function in autophagosome formation and may inter-
act with proteins that recognize cargo molecules or have other roles in autophagy, 
but whether this function of ubiquitin is suffi cient is unclear at present [ 31 ]. In stress 
conditions autophagy can be regarded as a cellular defense mechanism. In addition 
to its multiple proapoptotic effects, bortezomib has been reported to increase 
autophagy [ 32 ], so treatment with a combination of bortezomib and an inhibitor of 
autophagy may be benefi cial. Clinical studies should answer this question in the 
near future.  

12.2.2.4     Resistance to Proteasome Inhibitors 

 A principal limitation to the ability of antitumor agents to be generally curative is 
the development of resistance. Because the complex cellular response to protea-
some inhibition involves numerous molecular pathways, resistance could arise 
through the alteration of a variety of proteins that are critical to these pathways. 
Resistance is being studied using resistant cultured cell lines as well as gene profi l-
ing of patients. In the case of bortezomib, clinical experience shows evidence of 
primary resistance (refractory disease in naïve patients) as well as secondary resis-
tance (developing during the course of treatment) [ 6 ,  13 ]. 

 Resistance must be considered in the context of the demonstrated cytotoxic 
effects of bortezomib. Initially, proteins left un-degraded owing to proteasome inhi-
bition accumulate in the ER, where they generate a stress response [ 2 ]. The unfolded 
protein response (UPR) is activated initially to help the cell survive the stress gen-
erated by ER unfolded/misfolded protein overload; this complex series of molecu-
lar events is coordinated by activated transcription of specifi c genes, general 
reduction in the initiation of translation, and altered translation patterns [ 33 ]. 
Expression of chaperone proteins is increased to increase the folding capacity of 
the ER, and ER-associated protein degradation (ERAD) is activated to relieve pro-
teotoxic stress [ 34 ]. While the molecular mechanism has not yet been completely 
elucidated, it is clear that the initial stress response to treatment with proteasome 
inhibitors is subverted to an apoptotic response that is responsible for the antitumor 
effect and various side effects. 

 Several potential mechanisms of bortezomib resistance have been identifi ed, 
based on both its inhibition of the catalytic activity of the proteasome and the extensive, 
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multicomponent signal transduction network through which it exerts its cellular, 
antitumor effects. Since the inhibitor binds the β5 proteasomal subunit, mutations at 
the binding site of β5 would be expected to impart resistance; this type of mutation 
has been found in cultured cell lines made resistant to bortezomib [ 13 ,  35 – 37 ]. 
Resistance can also originate downstream of the proteasome from a multitude of 
proteasome-dependent growth inhibitory pathways. Because bortezomib induces 
apoptosis, modulation of proteins that control the induced apoptotic events (either 
genetically [ 38 ] or epigenetically [ 39 ]) can desensitize cells to treatment with the 
proteasome inhibitor ([ 40 ]; reviewed in [ 2 ,  35 ]). Another common mechanism of 
resistance to anticancer agents of various chemotypes is their binding to transporter 
proteins for effl ux from the cell. Numerous in vitro studies of expression of 
P-glycoprotein and other transporters in bortezomib-resistant cell lines, cross resis-
tance of these resistant cell lines to known MDR drugs, and binding of bortezomib 
to multidrug transporters suggest, with the exception of one report [ 41 ], that MDR 
is at best a minor mechanism of resistance to this proteasome inhibitor ([ 42 – 45 ], 
reviewed in [ 35 ]). It is interesting to note, in addition, that a clinical retrospective 
study of multiple myeloma patient polymorphisms in P-glycoprotein-1 and MRP1 
demonstrated that selected drug transporter SNPs were associated with extended 
progression-free survival in patients given bortezomib plus pegylated liposomal 
doxorubicin (but not in those given bortezomib alone); the authors speculate that 
these polymorphisms may be useful for patient selection strategies [ 46 ]. 

 Prospective clinical studies with bortezomib and the newer proteasome inhibitors 
will determine the relative signifi cance of MDR in proteasome inhibitor resistance. 
In fact, a clear picture of all of the bortezomib (and other proteasome inhibitor) 
resistance mechanisms actually encountered in the clinical setting is necessary to 
address resistance successfully.   

12.2.3     Next-Generation Proteasome Inhibitors 

12.2.3.1     Proteasome Inhibitors in Clinical Trial 

 The clinical standard of treatment for proteasome inhibitors was established by 
bortezomib, a  reversible  inhibitor of the  constitutive  proteasome. Several properties 
of the mechanism of action of bortezomib against proteasome activity have been 
employed as starting points in the development of second-generation inhibitors 
(Table  12.1 ). In addition to carfi lzomib [ 47 ], which was approved in 2012, several 
small molecules are currently undergoing clinical evaluation for cancer or are in 
preclinical development (Table  12.1 ; Fig  12.3 ). MLN-9708 [ 48 ] and CEP-18770 
[ 49 ], which are reversible inhibitors like bortezomib, have been developed for the 
oral route of administration, which may improve patient experience even though 
they may not be superior to bortezomib in therapeutic index or susceptibility to resis-
tance. Other next-generation proteasome inhibitors currently undergoing clinical 
evaluation (Table  12.1 ) may have improved therapeutic indices and/or the potential 
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to be active in bortezomib-resistant patients. To address these clinical challenges, 
various strategies have emerged, represented by molecules currently in cancer trials. 
The fi rst strategy addresses the binding mode. The recently approved epoxyketone 
carfi lzomib binds irreversibly to the chymotrypsin-like β5 site, in contrast to bort-
ezomib, which binds this site reversibly. Carfi lzomib is a more potent inhibitor than 
bortezomib, which may translate to an improved therapeutic index [ 47 ,  50 ]. A sec-
ond strategy takes advantage of proteasome heterogeneity. In addition to the classical 
(“constitutive”) proteasome, which is present in all cells, some cells contain a second 
proteasome (the immunoproteasome) that differs from the constitutive proteasome 
in the β1, β2, and β5 catalytic subunits (denoted as β1i, β2i, and β5i for the immuno-
proteasome) and contains an 11S regulatory particle [ 19 ]. An orally bioavailable 
truncated version of carfi lzomib, ONX 0912/oprozomib, is in Phase I clinical trial 
and should work similarly to carfi lzomib [ 51 ]. Another example of the potential 
capacity to overcome resistance to bortezomib is the irreversible Phase I proteasome 
inhibitor NPI-0052, which inhibits trypsin-like  as well as  chymotrypsin- like 

      Table 12.1    Proteasome inhibitors currently approved by the FDA or in development   

 Compound  Mechanism  Preferred site  Route  Phase 

 Bortezomib/VELCADE ® /
(PS-341) 

 Reversible 
catalytic 

 Chymotrypsin-like 
β5 subunit 

  iv   Approved by 
FDA 2003 

 Carfi lzomib/Kyprolis ®  
(PR-171) 

 Irreversible 
catalytic 

 Chymotrypsin-like 
β5 subunit 

  iv   Approved by 
FDA 2012 

 MLN-9708  Reversible 
catalytic 

 Chymotrypsin-like 
β5 subunit 

  iv ,  po   Phase I/II 

 CEP-18770/delanzomib  Reversible 
catalytic 

 Chymotrypsin-like 
β5 subunit 

  iv, po   Phase I/II 

 NPI0052/marizomib  Irreversible 
catalytic 

 Chymotrypsin-like, 
trypsin-like β5, β2 
subunits 

  iv   Phase I 

 ONX 0912/oprozomib  Irreversible 
catalytic 

 Chymotrypsin-like 
β5 subunit 

  po   Phase I 

 Clioquinol  Binds metals 
(Cu) 

 Unknown; may be 
several 

  po   Phase I 

 Inhibitors 4, 5  Irreversible 
catalytic 

 Caspase-like (β1, 
β1i); selective for β1i 

 Preclinical 

 NC-002, NC-012, NC-022  Irreversible 
catalytic 

 Trypsin-like; 
equipotent vs. β2, β2i 

 Preclinical 

 IPSI-001  Catalytic  Specifi cally targets 
immunoproteasome 
β1i subunit 

 Preclinical 

 Chloroquine, 5AHQ  Allosteric; α 
and β subunits 

 noncompetitive  Preclinical 

 b-AP15  Proteasome 
associated 
DUBs UCH-L5, 
USP14 

 Inhibits 19S 
regulatory protein 
DUB activity 

 Preclinical 
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protease activity [ 40 ]. Recently, a third strategy for overcoming resistance, the use of 
mechanisms that are distinct from those involving inhibition of proteasomal protease 
activity, is represented by a class of inhibitor that may work by binding metals that 
are essential to the proteasome; clioquinol, which works by this mechanism, 
advanced to a Phase I clinical trial [ 52 ,  53 ]. Additional properties of bortezomib that 
could be addressed in developing improved proteasome inhibitors include its inabil-
ity to cross the blood–brain barrier and its rapid metabolism [ 54 ].

12.2.3.2        Experimental (Preclinical) Proteasome Inhibitors 

 Proteasome inhibitors are currently in preclinical development to improve upon the 
therapeutic index and tumor effi cacy spectrum of bortezomib as well as its suscep-
tibility to resistance. A recently described preclinical immunoproteasome inhibitor, 
IPSI-001, targets the β1i subunit of the immunoproteasome with a high degree of 
selectivity and, like carfi lzomib, overcomes resistance to bortezomib [ 55 ]. As one 
would expect, novel mechanisms are also being explored in preclinical studies of 
new proteasome inhibitors. Secondary to an observation in the Goldberg laboratory 
suggesting that allosteric interactions among the proteasome subunits may afford 
new therapeutic strategies [ 56 ], Kisselev et al. developed inhibitors that selectively 
bind β1 ([ 57 ]) or β2 ([ 58 ]) subunits and exert allosteric effects. β2 subunit selective 
inhibitors have been shown to sensitize myeloma cells to β5 subunit site inhibitors 
such as bortezomib; in combination with β1 subunit inhibitors, they inhibit cell 
growth in the absence of β5 subunit inhibitors [ 58 ]. Chloroquine weakly inhibits 
proteasome activity by a novel allosteric mechanism and more potent substituted 
chloroquines such as 5AHQ may offer clinical potential (Table  12.1  [ 19 ,  59 ]). 
Allosteric proteasome inhibitors similar to these will likely enter clinical trials 
within the next few years. Another novel proteasome inhibitor target, deubiquitylat-
ing activity contained in the 19S regulatory cap of the proteasome, has recently been 
identifi ed using the small-molecule b-AP15, found in a functional screen [ 60 ]. 
b-AP15 inhibits the deubiquitylating activity of the 19S-associated deubiquitylating 
enzymes (DUBs) UCH-L5 and USP14, blocking proteasome activity. 

 These studies with new classes of proteasome inhibitor show that the global 
effect of proteasome inhibition, found clinically to be tolerated in patients and to be 
therapeutic, can be replicated via novel targets in hopes of improving upon the 
 profi le of bortezomib and other fi rst-generation inhibitors.    

12.3     E3 Ligase Inhibitors 

 While a considerable compendium of clinical data on response, resistance, and 
other factors permits an assessment of the effectiveness of proteasome inhibitors in 
patients with multiple myeloma and other cancers, E3 ligase inhibitors, with the 
possible exception of the immunomodulatory drugs (IMiDs) such as lenalidomide, 
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cannot be evaluated in this fashion (and, in fact, the IMiDs were not developed as 
ligase inhibitors). In this sense, proteasome inhibitors and ligase inhibitors cannot 
be compared side by side. Instead, in this section, the preclinical profi les of inhibi-
tors of various E3 ligases associated with cancer will be examined for indications of 
how they might perform in the clinic. 

12.3.1     E3 Ligases Are Complicated Drug Targets 

 E3 ligase enzymes comprise a superfamily which can be divided by mechanistic 
criteria into enzymes which (1) bind the ubiquitylation substrate and facilitate trans-
fer of ubiquitin from the E2 to the substrate (RING ligases) or (2) receive ubiquitin 
from E2 and transfer it to the substrate (HECT ligases) (Fig.  12.1  [ 61 ]). 
Therapeutically interesting E3 ligases contain binding domains that interact with E2 
enzymes and substrate proteins as well as ubiquitin; they catalyze ubiquitylation of 
limited subsets of target proteins that can include the ligases themselves (autoubiq-
uitylation) [ 62 ,  63 ]. Despite the availability of crystal structures, however, details of 
the relevant molecular mechanisms of E3 enzymes are incompletely understood. 
Some progress has been made in the search for E3 ligase inhibitors with anticancer 
potential (summarized below), but the traditional approaches for identifying inhibi-
tors of ubiquitylation mediated by E3s relevant to cancer have not yet been success-
ful. Because each of the several hundred E3 ligases determines which limited subset 
of proteins are ubiquitylated in concert with E1 and E2 (Fig.  12.1 ), selective inhibi-
tion of a given E3 ligase should result in a selective pharmacological action with 
relatively few side effects (Fig.  12.2 ).  

12.3.2     New Paradigms for Discovering and Developing E3 
Ligase Inhibitors 

 Results of early attempts by various pharmaceutical companies to identify novel, 
selective E3 inhibitors were disappointing; it was noted in 2005 that the early his-
tory of E3 ligase-based drug discovery had not been a chronicle of unparalleled 
success, and possible reasons for this failure were elaborated [ 64 ]. One of these, a 
pleiotropic effect argument—i.e., that treatment with a ligase inhibitor which can 
in theory affect several targets (albeit a limited number) would lead to undesired 
cellular consequences compromising therapeutic utility—is perhaps less compel-
ling today than at that time, given the demonstrated success of multi-specifi c 
kinase inhibitors and the increased ability, with the use of in vivo biomarkers, to 
determine the actual physiological effect, out of numerous hypothetical ones, of a 
small- molecule effector [ 65 ,  66 ]. Perhaps more relevant than complex cellular 
effects is the notion that it is not clear how to target the E3 enzyme, which is linked 
with E2, a substrate, and ancillary or scaffold proteins in the physiological setting. 
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Before reviewing the E3 ligase-acting compounds that have fi nally been put into 
clinical development for cancer treatment, it is perhaps useful to consider alterna-
tive approaches to “drugging” the E3 ligase target, which have led, or promise to 
lead to clinically viable therapeutic molecules. Two such approaches, one at early 
stages and the other somewhat more mature, will be discussed. The fi rst approach 
entails the use of biophysical assays that identify, in a high-throughput fashion, 
compounds which bind to E3 ligases (or fragments thereof) [ 67 ,  68 ]. The second 
approach, which has generated actual clinical candidates in the past several years, 
is the identifi cation of molecules that inhibit binding of E3 ligases to their protein 
substrates (protein–protein interactions) [ 69 ]. 

12.3.2.1    Assessment of Ligand-Protein Binding in Biophysical Assays 

 The endpoint of the catalytic reaction assay, ubiquitylation, refl ects the complex 
transfer of ubiquitin from E1 to E2 to a substrate selected by E3, and obliteration of 
this endpoint by a small molecule may or may not be due to its effect on E3. 
Alternative approaches to a biochemical endpoint (ubiquitylation) assay model 
include biophysical assays (Fig.  12.4 ). As one example, thermal shift (thermofl uor) 

  Fig. 12.4    Alternative strategies for developing compounds that act on ubiquitin E3 ligases.  Top : 
Traditional strategy for discovering inhibitors of the catalytic activity of E3 ligase complexes. 
Purifi ed components of the ligase reaction—E1, E2, E3, substrate, and, in the case of multisubunit 
E3 ligases, scaffold proteins, in addition to ubiquitin and ATP—are incubated together, and the 
endpoint, polyubiquitination of the substrate (or, in some cases, autoubiquitination of E3), is 
assayed by various means.  Bottom : Alternative assay types that do not utilize ubiquitination as the 
endpoint.  Left : Binding of E3 to an important reaction component, in this case, the substrate (e.g., 
MDM2 to p53 (see text)), compounds being tested for their ability to disrupt this binding. This type 
of assay has resulted in several compounds now in Phase I trials (   Table  12.2 ).  Right : Thermal shift 
assay measures binding of test compounds to purifi ed E3 (or a fragment thereof). Binding generally 
stabilizes the structure of the E3 enzyme, shifting the melting temperature to a higher value than 
that of the unbound E3. High-throughput confi gurations of this assay have been used in primary 
screening and hit compound validation       
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technology [ 68 ] is used to monitor the change in protein conformational stabilization 
of an E3 ligase or ligase fragment upon binding a high affi nity ligand. Compounds 
identifi ed in such an assay have intrinsic functional relevance to E3, and isolated 
domains of the E3 molecule can be tested such that highly conserved, nonselective 
“catalytic site” binders will not be identifi ed. The method employs differential scan-
ning fl uorometry to examine how a small molecule that binds to a given protein 
affects that protein’s melting curve. Thermal shift methodology is amenable to rea-
sonably high-throughput screening with proteins or protein fragments that can be 
produced in high quality and yield, having been used to screen >100,000 com-
pounds in primary screens [ 70 ]. It has been used successfully for early drug discov-
ery in the pharmaceutical industry [ 68 ], including efforts to fi nd antagonists of the 
ubiquitin ligase HDM2 [ 71 ]. More recently, thermal shift screening has identifi ed 
compounds that bind to the E3 ligase Idol, which is responsible for degradation of 
the LDL receptor [ 72 ]. These compounds demonstrate reduced ubiquitylation of the 
LDLR, increased presence of the receptor at the cell surface, and increased LDL 
(cholesterol) association with the cells [ 73 ].

   An additional biophysical method that has been employed to identify E3 ligase 
binders is Surface Plasmon Resonance (SPR) [ 67 ]. SPR can be utilized to monitor 
protein–ligand interactions by the change in refractive index of a solvent at a sensor 
surface, identifying protein binders [ 74 ]. This method is not typically amenable to 
primary high-throughput screening, although recent advances in instrumentation 
are changing this picture. SPR technology, at present, can accommodate moderate 
throughput operations, e.g., fragment-based screening approaches (~5,000 frag-
ments). The technique was used to identify compounds that bind the E3 ligase par-
kin; new scaffolds and leads were identifi ed that differed from compounds 
discovered in enzyme inhibitor screening and abandoned because chemical optimi-
zation failed to improve potency [ 67 ]. Thus, data emerging from the use of thermal 
shift and SPR screening suggest that high-quality, drug-like small molecules acting 
on E3 ligases can be discovered [ 67 ,  73 ]. High-throughput biophysical screening 
methods such as thermal shift and SPR, having achieved cellular proof of concept, 
likely will fi nd increasing utility in the search for novel, physiologically relevant E3 
ligase inhibitors.  

12.3.2.2    Protein–Protein Interactions 

 The mode of action of classical receptor agonists and antagonists and of active site 
inhibitors of enzymatic activity entails interaction of pharmacophores of small mol-
ecules with limited numbers of amino acids that comprise 3-dimensional binding 
pockets of the active site (or an important regulatory site) on the target molecule. 
Because the active site/module of HECT or RING E3 ligases is highly conserved 
[ 62 ,  75 ,  76 ], even though it may be possible to discover or design tight binding 
inhibitors, the potential for developing them as selective ligase inhibitors may be 
small. Nonenzymatic interactions between proteins have important biological roles, 
and small-molecule disruptors of such interactions have been sought for various 
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therapeutic uses. Efforts to fi nd inhibitors of protein–protein interactions have been 
relatively unsuccessful until structural biology methods were employed to develop 
E3 ligase-acting experimental anticancer drugs such as the nutlins and other small 
molecules that disrupt the binding of the tumor suppressor p53 to its corresponding 
E3 ligase HDM2/MDM2 (see below) [ 77 – 79 ].   

12.3.3     E3 Ligase-Acting Anticancer Compounds 

12.3.3.1    E1, E2, and E3 Enzymes Are Anticancer Targets 

 It should be noted that all three enzymes involved in the ubiquitylation reaction—
E1, E2, and E3 (Fig.  12.1 )—are active targets in anticancer drug discovery [ 80 ]. 
There are eight known human E1s, the enzyme which activates ubiquitin or 
ubiquitin- like proteins in an ATP-dependent step [ 80 ,  81 ], in addition to approxi-
mately 40 human E2s and ~600 E3s. An inhibitor of E1, E2, or E3 could presum-
ably have the same general impact on cell physiology (allowing for differences in 
selectivity), and part of the complexity of screening for E3 ligase inhibitors employ-
ing ubiquitylation assays is the need to eliminate E1 and E2 as the actual target. 
Before considering E3 ligase-acting anticancer compounds, therefore, it is useful to 
review E1 and E2 inhibitors under development for cancer treatment. An adenosine 
sulfamate analogue, MLN4924, inhibits the E1 enzyme responsible for 
NEDDylation, the covalent addition of an ubiquitin-like protein, NEDD8, to acti-
vate specifi c target proteins including SCF Skp2 , a pro-growth E3 ligase linked to cell 
cycle regulation [ 82 ]. MLN4924 is currently in Phase II clinical trial for hemato-
logic cancers [ 83 ]. The experimental E1 inhibitor PYR-41, an irreversible ubiquitin 
E1 active site binder, is able to enter cells and, while possibly too reactive to be a 
clinical candidate, is being used as a translational tool compound [ 84 ]. Recently, a 
selective allosteric site inhibitor of the human E2 enzyme hCdc34 (CC0651) was 
described [ 85 ]. One target of this E2 (complexed with the appropriate E3) is p27, 
which blocks tumor cell cycle progression. Thus, compounds such as CC0651 are 
in preclinical development for cancer treatment.  

12.3.3.2    The “Classical” E3 Ligase Anticancer Targets: 
MDM2/HDM2 and IAP Ligases 

 Among the more successful ligase-based drug discovery strategies undertaken have 
been the development of antagonists of the binding of E3 ligases to their substrates 
(protein–protein interactions). The E3 ligase MDM2/HDM2 (HDM2 is the human 
orthologue, and these names are used interchangeably in the cancer literature) was 
one of the pioneer anticancer targets among non-proteasomal ubiquitin pathway 
proteins [ 86 ,  87 ]; it is responsible for ubiquitylating the tumor suppressor proapop-
totic protein p53. The nearly 50 % of tumors that have a functional p53 represented 
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a huge patient population that would benefi t from therapy directed against MDM2. 
Targeted disruption of MDM2 has been one of many molecular oncology strategies 
employed in the last 10–15 years to maximize p53 presence and activity in tumors 
(reviewed in [ 88 ]); the seven E3 ligase antagonists currently in Phase I clinical trial 
for cancer all are directed at MDM2 to regulate its substrate p53 [ 89 – 92 ] (Table  12.2 ; 
one completed a lone Phase I trial in 2010 with no additional trials reported and six 
have only recently been entered).

   Nutlin-3 (RO5045337) is a structurally designed small-molecule inhibitor of the 
MDM2/p53 interaction; it was engineered to bind to the N-terminal hydrophobic 
pocket domain of MDM2 [ 69 ]. Inhibition of the ligase by nutlin-3 afforded non- 
genotoxic p53 stabilization, activation of cell cycle arrest and apoptosis pathways, 
and preclinical antitumor effi cacy and proof of concept [ 79 ]. RO5045337 is being 
evaluated in Phase I clinical trial as an oral formulation against a spectrum of can-
cers including refractory solid malignancies and hematologic cancers [ 93 ]. Two 
recent observations on nutlin-3 provide a strong indication of the likely utility of E3 
ligase inhibitors, if any, in cancer treatment in the near term. First, the experimental 
selection and analysis of a broad spectrum of mutant HDM2s resistant to inhibition 
by nutlin-3 suggests that mutation of the target enzyme will be a factor in clinical 
resistance and, moreover, that any clinical utility of the nutlins (or, in fact, of E3 
ligase inhibitors as a class) will likely reside in combination therapy [ 94 ]. Secondly, 
this prediction fi nds support in a recent report that nutlin-3 enhances the effi cacy of 
the multi-specifi c kinase inhibitor sorafenib in the highly refractory disease renal 
cell carcinoma [ 95 ]. 

 Several other small molecules that block HDM2/p53 interaction are currently in 
Phase I clinical trial (Table  12.2 ). JNJ-26854165 (serdemetan) is a novel tryptamine 
derivative which inhibits the interaction of MDM2-p53 complex with the protea-
some and increases p53 levels by binding to the RING domain of MDM2 [ 89 ]    
(Fig.  12.5 ). The compound has undergone extensive preclinical [ 96 ,  97 ] evaluation 
and has completed one Phase I trial (2006–2010) in Europe as an oral formulation 
(safety, determination of maximally tolerated dose). Grade 3 prolongation of QTc 
(cardiotoxicity) was the most prominent dose-limiting toxicity; one patient had a 
partial response and 22 manifested stable disease [ 98 ]. No subsequent Phase I trials 
have been reported. Additional small-molecule inhibitors having strong affi nities 
for MDM2 and suitable absorption distribution, metabolism, excretion (ADME) 
properties have entered Phase I trials [ 98 ]; most of these trials are in the patient 
recruitment stage (Table  12.2 ). As in the case of nutlin-3, these HDM2/MDM2 
inhibitors are being evaluated as both single agents and components of combination 
therapy protocols.

   Use of the MDM2/nutlin paradigm has spread to other E3 RING proteins. 
MDMX, like its homologue MDM2, regulates p53 activity; MDM2 and MDMX act 
individually or in concert to affect transcription in a variety of ways [ 99 ]. For this 
reason and owing to the success of efforts targeting MDM2/HDM2, considerable 
efforts are underway to design and develop small-molecule inhibitors of the 
MDMX-p53 interaction, and potent binders of MDMX (affi nities in the nanomolar 
range) have been synthesized [ 92 ,  100 ]. Inhibitors of a second cancer-associated E3 
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       Table 12.2    E3 inhibitors currently approved or in development   

 Compound  Mechanism  Pharma  Status 

 Thalidomide/
THALOMID ®  

 Oral binder of E3 ligase 
component CRBN, exerting 
pleiotropic 
immunomodulatory and 
anti-tumorigenic effects 

 Celgene  Approved by 
FDA 2006 

 Lenalidomide/
REVLIMID ®  

 Oral binder of E3 ligase 
component CRBN, exerting 
pleiotropic 
immunomodulatory and 
anti-tumorigenic effects 

 Celgene  Approved by 
FDA 2006 

 Pomalidomide/
POMALYST ®  

 Oral binder of E3 ligase 
component CRBN, exerting 
pleiotropic 
immunomodulatory and 
anti-tumorigenic effects 

 Celgene  Approved by 
FDA 2013 

 RO5045337 (RG7112, 
Nutlin-3) 

 Oral antagonist of 
MDM2-p53 interaction by 
binding in the MDM2 pocket 
(protein–protein) 

 Roche  Phase I 

 RO5503781  Oral MDM2 inhibitor 
(protein–protein) 

 Roche  Phase I 

 JNJ-26854165 
(serdemetan) 

 Oral E3 inhibitor: binds to 
RING domain of MDM2, 
antagonizes regulation of 
p53 by MDM2 

 Johnson & 
Johnson 

 Phase I 

 DS-3032b  Oral MDM2 inhibitor 
(protein–protein) 

 Daiichi 
Sankyo 

 Phase I 

 CGM097  Oral MDM2 inhibitor 
(protein–protein) 

 Novartis  Phase I 

 MK-8242 (SCH 
900242) 

 Oral MDM2 inhibitor 
(protein–protein) 

 Merck  Phase I 

 SAR405838  Oral MDM2 inhibitor 
(protein–protein) 

 Sanofi   Phase I 

 GDC-0152  iv IAP (Smac mimetic; binds 
to and inhibits IAP activity) 

 Genentech  Phase I 

 LCL161  Oral IAP (Smac mimetic; 
binds to and inhibits IAP 
activity) 

 Novartis  Phase I, II 

 AT-406/Debio 1143  IAP (Smac mimetic; binds to 
and inhibits IAP activity) 

 Ascenta  Phase I 

 AEG 35156  IAP (antisense)  Aegera  Phase I,II 
 AEG 40826 (HGS1029)  IAP (Smac mimetic; binds to 

and inhibits IAP activity) 
 Aegera/GSK  Phase I 

 TL 32711/birinapant  IAP (Smac mimetic; binds to 
and inhibits IAP activity) 

 Tetralogics  Phase I,II 

 YM155  IAP (suppresses expression 
of IAP family member, 
survivin) 

 Astellas  Phase I, II 

(continued)
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ligase-substrate pair—the E3 ligase pVHL binding to its substrate Hif-1α—are 
described in recent reports [ 78 ,  101 ]; such inhibitors, which would favor Hif-1α 
accumulation, may be useful as tool compounds or as therapeutic agents for hema-
tologic toxicities associated with certain cancer chemotherapies (in a supportive 
care setting carrying the same secondary cancer risks as erythropoietin replacement 
therapy). 

 The ligase binding theme is also utilized in the development and testing of Smac 
mimetics, compounds designed to bind to members of a family of E3 ligases known 
as inhibitors of apoptosis (IAPs). Proteins that are essential to apoptosis are the 
ubiquitylation/degradation targets of IAPs (see Table  12.3 ); tumor cells, which tend 
to overexpress IAPs, are equipped to combat apoptosis. Smac (the abbreviation for 

  Fig. 12.5    Chemical structures of selected E3 ligase inhibitors (see text)       

Table 12.2 (continued)

 Compound  Mechanism  Pharma  Status 

 RITA (NSC652287)  Binds to MDM2 binding 
domain of p53 

 NCI; 
Karolinska 
Inst 

 Preclinical 

 AM-8553  Binds MDM2, disrupts 
MDM2-p53 binding 

 Univ of 
Michigan; 
Amgen 

 Preclinical 

 Various small molecules 
related to MI-219 

 Bind to MDM2, disrupting 
MDM2-p53 binding 

 Univ of 
Mich., 
Ascenta, 
Sanofi  

 Preclinical 
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“second mitochondria-derived activator of caspases”) is a naturally occurring protein 
that binds to the IAP and triggers its autoubiquitylation and destruction, thereby 
favoring apoptosis. In tumors, overexpressed IAPs easily overwhelm the ability of 
endogenous Smac to defend against their antiapoptotic activity. Small-molecule 
mimics of Smac are able to supplement the function of endogenous Smac and 
restore apoptosis, translating to antitumor effect. Several Smac mimetics and an 
antisense compound targeting IAPs have recently entered clinical trial [ 102 – 108 ]. 
IAPs comprise a family of E3 ligases, and therapeutic strategies can entail the devel-
opment of compounds that inhibit one or more IAPs (Table  12.2 ).

   In addition to HDM2/MDM2 and the IAPs, at least ten E3 ligases have been 
linked to cancer; most of them, like MDM2, act as oncoproteins with antiapoptotic 
or pro-cycling mechanisms, and one is associated with muscle wasting/cachexia 
[ 109 ]. Inhibitors of these ligase activities would be potential anticancer or support-
ive care (anti-cachexia) drugs [ 86 ,  87 ,  90 ,  109 – 118 ] (Table  12.3 ). Although efforts 
have been made to fi nd inhibitors of the catalytic activity of E3s (ubiquitylation 
endpoint), the search is complicated by the participation of three enzymes in the 
conjugation reaction [ 80 ], and to date no other E3 inhibitors have entered the 
clinic, although several such inhibitors have been reported and are useful as tool 

    Table 12.3    E3 ligases with therapeutic relevance to cancer   

 E3 ligase  Physiological role(s) 

 Cbl-b  Simple RING E3 ligase that ubiquitylates ZAP70 and p85 promoting 
T cell anergy 

 CRBN  Substrate targeting component of DDB1, Cul4A ligase, a molecular target 
of the IMiDs 

 E6-AP  E3 ubiquitin HECT-domain ligase that ubiquitylates the tumor suppressor 
p53 in oncogenic HPV-infected cells; associated with HPV protein E6, 
which regulates substrate recognition 

 Hrd1/synoviolin  Endoplasmic reticulum (ER) resident E3 ligase that is involved in 
ER-associated protein degradation (ERAD) of a number of substrates 
including the tumor suppressor p53 

 cIAP1 and 2  RING E3 ligases that ubiquitylate RIP1 preventing activation of caspase 8 
 MDM2/HDM2  RING-fi nger-dependent E3 ligase for tumor suppressor p53 
 MuRF-1  RING-fi nger E3 ligase associated with muscle wasting, cachexia 
 Ring1B  Simple RING E3, epigenetic modifi er as a component of polycomb 

repressive complex 1, monoubiquitinates histone H2A, suppresses p16 Ink4a  
 SCF Atrogin-1/(MFBx1)   SCF complex E3 ligase associated with muscle wasting, cachexia 
 SCF βTrCP   Multisubunit E3 RING-fi nger ligase for various targets associated with 

cellular control mechanisms, including β-catenin and IκBα 
 SCF Skp2   Multisubunit E3 RING-fi nger ligase for p27 tumor suppressor 

(cell-cycle inhibitor) 
 TRAF6  RING-fi nger E3 ligase that ubiquitinates and activates IκB kinase (IKK) 

resulting in activation of NF-κB 
 pVHL  Tumor suppressor, mutated in various cancers, multisubunit E3 RING-fi nger 

complex (pVHL-ElonginC-ElonginB), ubiquitinates and degrades HIF1α 
 XIAP  E3 RING-fi nger ligase for various caspases (apoptosis execution phase) 
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compounds (for a comprehensive list of potential E3 anticancer targets, see [ 119 ]). 
A recent report describes a selective inhibitor of SCF Skp2  ubiquitin ligase, which has 
long been associated with cancer and was one of the earliest ligase anticancer targets. 
The compound, discovered by in silico screening [ 120 ], demonstrates ligase 
selectivity and in vivo effi cacy, and is being studied as an effector of cancer stem 
cell progression. It has the potential to be the fi rst acknowledged SCF ligase inhibi-
tor to survive preclinical development.  

12.3.3.3    Ex Post Facto E3 Ligase Inhibitors 

 There is one example of a class of related molecules (thalidomide and its analogues 
lenalidomide and pomalidomide; collectively known as the IMiDs) approved for 
anticancer therapy and found, subsequent to their clinical evaluation, to act on an 
ubiquitin E3 ligase [ 5 ]. Pomalidomide (POMALYST ® ) was approved in 2013 for 
use in patients with multiple myeloma who received at least two prior therapies 
including REVLIMID ®  (lenalidomide) and VELCADE ®  (bortezomib) and whose 
disease progressed after the last treatment. All three drugs are currently used against 
multiple myeloma in triplet combinations, with impressive results [ 3 ], and all inhibit 
the multi-subunit E3 ligase protein substrate targeting component Cereblon 
(CRBN), the latter observation supported by clinical correlates [ 5 ]. CRBN forms a 
complex with damaged DNA binding protein 1 (DDB1) and Cul4A; the complex is 
important for limb outgrowth and expression of the fi broblast growth factor Fgf8 in 
zebrafi sh and chicks. Thalidomide initiates its teratogenic effects by binding to 
CRBN and inhibiting the associated ubiquitin ligase activity [ 121 ]. 

 Since 2005 or so, views on the potential for turning E3 ligase modulators into 
anticancer drugs have been moderated. Predictions [ 64 ] that (1) the nutlin com-
pounds might not progress to clinical trial owing to poor animal effi cacy and (2) E3s 
in general are perhaps too complex for drug discovery have not been borne out. The 
fact that today there are seven MDM2-p53 binding inhibitors (including two nut-
lins) and seven IAP antagonists in Phase I/II clinical trials refutes the notion that E3 
ligases are not druggable. The target remains diffi cult, however, and progress has 
been made outside the traditional approaches of recapitulating the ubiquitylation 
reaction and screening for inhibitors of this activity [ 122 ,  123 ]. Protein interaction 
(with other proteins or with small molecules) has been harnessed in various ways to 
fi nd new inhibitors of E3 ligases [ 124 ,  125 ]. The approval for marketing of immu-
nomodulatory thalidomide derivatives demonstrates, moreover, that some E3 inhib-
itors can sustain clinical development and become effi cacious therapies.    

12.4     Conclusions 

 Consideration of the current states of proteasome inhibitors and E3 ligase inhibitors 
in cancer treatment reveals some commonalities, despite the fact that proteasome 
inhibitors are farther ahead of ligase inhibitors in development and patient use. 
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Firstly, while details are sometimes sketchy, there is evidence of cancer selectivity 
in the inhibition of both targets, which is a good starting point for the design or 
improvement of treatment protocols. Secondly, progress in translational research 
and assay development has led to proteasome inhibitors that may be even more 
cancer selective than the original clinical compounds, owing to the type of protea-
some or the type of proteasomal protease that they attack, and to ligase inhibitors 
that disrupt ligase-substrate binding or bind to non-conserved elements of the ligase, 
thereby inhibiting their target enzymes with vastly improved selectivity. These 
advances may facilitate ongoing efforts to expand the spectrum of tumor types treat-
able by both types of anticancer drug. In addition, the development of clinical resis-
tance against proteasome inhibitors and ligase inhibitors suggests that these drugs 
will perform optimally in combination trials, which is likely to broaden their utility. 
A fi nal as yet an incompletely answered question concerns the surprising effi cacy of 
proteasome inhibitors, given that they exert numerous effects. Part of the answer 
may derive from the need to inhibit multiple targets to ensure anti-growth, proapop-
totic activity that is minimally impacted by either mechanistic compensation by 
parallel pathways or development of resistance, both of which are most likely if 
there is only one target. The fi rst half of the year 2013 witnessed numerous reports 
of dual or multiple kinase inhibitors with promising antitumor effi cacy [ 126 – 128 ], 
and this model may also be appropriate for therapies derived from the ubiquitin- 
proteasome pathway.     
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    Chapter 13   
 Novel Ubiquitin E3 Ligases as Targets 
for Cancer Therapy: Focus on Breast 
Cancer- Associated Gene 2 (BCA2) 

             Yutaka     Amemiya      ,     Stephanie     Bacopulos     , and     Arun     Seth     

    Abstract     The struggle to fi nd new cancer targets continues unabated. With this in 
mind, E3 ligases (also called E3 ubiquitin ligases) constitute a large and diverse 
family of genes that play a role in the ubiquitination of proteins as well as in a 
myriad of other important activities in cells including, but not limited to, DNA 
repair and proliferation. Breast cancer-associated protein 2 (BCA2) is an E3 ligase 
that is expressed in a large number of invasive breast cancers and is involved in 
several important cellular functions. In this chapter we describe the mechanisms 
that control the expression and half-life of BCA2 and the association between high 
expression of BCA2 and breast cancer tumor grade. Furthermore, we explore the 
role that this E3 ligase may play in cancer progression. Finally, we examine the 
potential effects of E3 ligases, including BCA2, a novel class of wide-ranging thera-
peutic cancer targets.  
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  Abbreviations 

   ALDH    Aldehyde dehydrogenase   
  APC    Anaphase-promoting complex   
  BARD1    BRCA1-associated RING domain 1   
  BCA2    Breast cancer-associated gene 2   
  BER    Base excision repair   
  BZF    BCA2 zinc-fi nger   
  C-CBL    Casitas B-lineage lymphoma   
  Cdc4    Cell division cycle 4   
  CDK    Cyclin-dependent kinase   
  CGH    Comparative genomic hybridization   
  CHX    Cycloheximide   
  DUBs    Deubiquitinating enzymes   
  E1    Ubiquitin-activating enzyme   
  E2s    Ubiquitin-conjugating enzymes   
  E3s    Ubiquitin ligases   
  E6-AP    E6-associated protein   
  EFP    Estrogen-responsive fi nger protein   
  EGFR    Epidermal growth factor receptor   
  ER    Estrogen receptor   
  FBW7    F-box and WD repeat domain-containing 7   
  FR    Folate receptor   
  HER2    Epidermal growth factor receptor 2   
  hHR23a    Human homolog of Rad23 variant A   
  HOS    Homolog of Slimb   
  HPV    Human papillomavirus   
  HSV-1    Herpes simplex virus-1   
  K    Lysine   
  LMP-1    Latent membrane protein 1   
  MetAP-2    Methionine aminopeptidase-2   
  NER    Nucleotide excision repair   
  PDGFRα    Platelet-derived growth factor receptor alpha   
  PR    Progesterone receptor   
  Protac    Proteolysis targeting chimeric molecule   
  RNAi    RNA interference   
  RTK    Receptor tyrosine kinases   
  SCF    Skp-Cullin-F-box   
  TOR    Target of rapamycin   
  UBL    Ubiquitin-like   
  UPS    Ubiquitin-proteasome system   
  VHL    von Hippel-Lindau   
  XP    Xeroderma pigmentosum   
  XPC    XP group C protein   
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13.1           The Ubiquitin-Proteasome System 

 Ubiquitin is a highly conserved small (8.5 kDa) protein modifi er, which is posttransla-
tionally covalently conjugated to target proteins through a number of well- coordinated 
steps, a process referred to as ubiquitylation (or ubiquitination). The attachment of 
ubiquitin to substrate proteins can occur as a single moiety or in the form of polymeric 
chains in which successive ubiquitin molecules are connected through specifi c isopep-
tide bonds. The outcomes of this ubiquitination process on target proteins are diverse 
and depend on the nature of the ubiquitin chain formed, which is reminiscent of a 
code. The specifi c linkages of lysine residues within the ubiquitin molecule itself and 
to subsequent ubiquitin moieties defi ne this “ubiquitin code.” The various ubiquitin 
modifi cations adopt distinct conformations and lead to different outcomes in cells. 

 There are seven lysine (K) residues within ubiquitin that can be used to create a 
chain. Although the ubiquitin code still largely remains a mystery, trends of protein 
fates following ubiquitination are as follows. K48-linked chains, the most common 
variation, and K11-linked chains target proteins for degradation via the 26S protea-
some [ 1 ,  2 ]. K63-linked chains have been implicated in DNA repair and targeting of 
proteins to the lysosome [ 3 ]. Linear N-terminal-linked ubiquitin chains on target 
proteins are necessary for NF-κB activation [ 4 ,  5 ]. Chains whose functions are still 
unknown include K6-, K27-, and K29-linked chains. Moreover, because ubiquitin 
chains are not always solely composed of one linkage type, branched or forked 
ubiquitin chains are also generated (reviewed in [ 6 ]). These branched chains, as 
with polyubiquitin chains and monoubiquitination, are signals for various protein 
functions and fates. Monoubiquitination plays a role in various cellular functions 
such as internalization of cell surface proteins and receptors and DNA damage 
responses [ 6 – 9 ]. Furthermore, monoubiquitination is used as a “jumping-off point” 
for building polyubiquitin chains, as multiple ubiquitin-conjugating enzymes (E2s) 
and E3 ligases (E3s) can be involved in the modifi cation of a single target [ 6 – 9 ]. 

 Additionally, it has also been recognized that similar to phosphorylation-directed 
signaling pathways, which can be “turned-off” by phosphatase activity that causes 
the removal of phosphate groups, ubiquitin signaling is also capable of dynamic reg-
ulation of pathways via ubiquitination reversal by deubiquitinating enzymes (DUBs) 
[ 6 ]. These proteases function in the activation of ubiquitin monomers following 
translation of polyubiquitin precursor proteins, as well as in the selective removal of 
ubiquitins from growing chains. This provides a mechanism for regulating the pro-
cessivity of E3s and their substrates [reviewed in [ 10 ,  11 ]. The existence of DUBs 
adds an important new dimension to the ubiquitin-proteasome system (UPS), by add-
ing another layer of control and specifi city to protein degradation and regulation. 

 There are    three specifi c types of enzymes, involved in the ubiquitin conjugation of 
target proteins, as shown in Fig.  13.1 . (1) Ubiquitin-activating enzyme, or E1, is the 
fi rst enzyme that activates the ubiquitin moiety through adenylation with ATP, causing 
a covalent thiol-ester bond to form between ubiquitin and E1 [ 12 ]. This step is carried 
out by only two E1s that function in the ubiquitin pathway, UBA1 and UBA6 [ 13 ]; 
other E1s exist, but they are involved in various ubiquitin-like modifi er pathways. (2) 
The second enzyme is the ubiquitin-conjugating enzyme (E2). Following activation, 
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the ubiquitin moiety gets transferred from the donor cysteine residue on E1 to the 
acceptor cysteine  residue on E2 [ 12 ]. (3) The third enzyme, the E3 ligase (E3), is 
involved in linkage, which is a cooperative effort between E3-mediated changes in 
conformation and proximity, and E2 specifi city for a particular linkage type. For 
example, the E2 UBE2S is specifi c for the elongation of K11-linked chains, while 
UBC1, UBC3, and UBC7 E2s elongate and catalyze K48-linked chains, and UBC13 
is specifi c for K63-linked chains. However, not all E2s share this linkage specifi city, 
especially those that associate with HECT-type E3 ligases [ 13 – 17 ].

13.2        The Role of E3 Ligases 

 E3 (also called an E3 ubiquitin ligase) plays an important role in the UPS. It is a ligase 
enzyme that associates with a ubiquitin-bound E2, which enables the recognition of 
the target protein that is to be ubiquitinated and triggers the attachment of ubiquitin to 

  Fig. 13.1    Representation of the ubiquitin-proteasome system (UPS). Ubiquitin (UB) is activated 
in step 1 by adenylation, which links the UB to the E1 via a thiol-ester bond. UB is then transferred 
from the E1 to E2, which creates a second thiol-ester bond with the ubiquitin moiety. The RING 
E3 ligase binds with specifi city to the substrate and positions the ubiquitin-loaded E2 in close 
proximity for transfer of ubiquitin to the substrate. Substrates, on which poly-K-48-linked ubiqui-
tin chains are conjugated, are then typically targeted for degradation by the 26S proteasome       
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a lysine on the target protein via an isopeptide bond. In this way, E3 can target specifi c 
protein substrates for degradation by the proteasome. When proteins are polyubiqui-
tinated by E3, this basically marks the protein for degradation by the proteasome. 

 In certain circumstances, however, some ubiquitination events are limited to 
monoubiquitination, whereby only a single ubiquitin is added by E3 to a substrate 
molecule. These monoubiquitinated proteins are not targeted to the proteasome for 
degradation, but rather can be altered with respect to their cellular location or func-
tion by binding to other proteins that have domains capable of binding ubiquitin. 

 E3 subclassifi cation is based on the protein structure, which is highly diverse 
among the subclasses. These include HECT-type, RING-type, U-box, F-box, and 
PHD domains. E3s function as monomeric units as in the case of CBL, or as a part 
of a complex, such as the Skp-Cullin-F-box (SCF) protein complex. There are two 
different approaches used by E3 to transfer ubiquitin to the substrate: (1) Direct 
transfer of the ubiquitin moiety fi rst to E3 and then, subsequently, from E3 to the 
substrate. Such an approach is primarily utilized by HECT-type ligases such as 
E6-AP [ 18 ]. (2) Indirect transfer is the preferred route used by other E3 subtypes 
including RING-type E3s, where E3 acts as a scaffold for both the substrate and E2. 
The target protein to be ubiquitinated is specifi ed by E3 [ 12 ]. The two approaches 
used by E3 are the most well-characterized methods of substrate ubiquitination; 
however, it is now becoming more evident that E3s can function in other modes as 
well. For example, it has been shown that E3s can act cooperatively to perform 
multi-site ubiquitinations on target proteins, as well as initiate ubiquitin chains to be 
elongated by a secondary E3. In this case, the second E3 is considered to be func-
tioning in the capacity of an E4 (recently reviewed by Metzger and Weissman [ 19 ]).  

13.3     Mechanisms of Regulation and Stabilization 
of E3 Ligases 

 The mechanisms through which E3 ligases are regulated are virtually unknown. 
Both proteolytic and non-proteolytic mechanisms are involved in controlling stabil-
ity, turnover, substrate affi nity, and ubiquitination of E3 ligases [ 20 ]. Stability can be 
altered by modifi cations including phosphorylation, dynamic monoubiquitination, 
or non-K48-linked multi-ubiquitination and branched multi-ubiquitination, which 
can also either increase the stability of the E3 ligase or alter its ability to bind sub-
strate, as has been shown to be the case with E3 ligase RING1B and its substrate 
histone H2A [ 21 ,  22 ]. By and large, the most common method of E3 ligase regula-
tion is through autoubiquitination, resulting in proteasome-mediated degradation. 
However, it is precisely this ability of E3 ligases to self-degrade that is problematic 
in terms of investigating ligase functions and consequences. Thus, studies have been 
conducted in which a novel E3 ligase, BCA2 (breast cancer-associated gene 2, also 
designated RNF115, ZNF364, and T3A12; see below), has been overexpressed, 
hence allowing for investigations of both BCA2 and its stability. Additionally, theses 
studies aim to characterize its interactions with partner protein modifi cations that 
result in modifi cations to BCA2 itself and the effects this has on protein function. 
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 The presence of substrate or other interacting partners has been found to  diminish 
the self-destructive behavior of E3 ligases [ 23 ]. This stabilization through binding 
inhibits the autoubiquitination of the E3 ligases, since the binding of ubiquitin and 
substrate is a mutually exclusive event. E3 ligases that have been demonstrated to be 
stabilized through substrate binding, to date, include homolog of Slimb (HOS), 
whose protein turnover is stabilized by the presence of the substrate IκBα [ 24 ]. This 
is also the case for cell division cycle 4 (Cdc4), which in the absence of substrate 
binds ubiquitin, thereby promoting its own degradation. Conversely, in the presence 
of an increasing concentration of substrate, Cdc4 is stabilized [ 25 ]. 

 In general, E3 ligases usually interact with other components of the UPS, includ-
ing proteins that have seemingly antagonistic roles. An example of this is the RING- 
type E3 ligase, ICP0, which has been shown to stimulate the lytic infection of herpes 
simplex virus-1 (HSV-1). When ICP0 binds to the deubiquitinase, USP7, it is unable 
to self-ubiquitinate, and therefore, fails to target itself for degradation. Another 
mechanism used in the stabilization of E3 ligases is dimerization. This has been 
seen with E3 ligases such as TRAF3, BRCA1/BARD1, and LMP-1. When TRAF3 
heterodimerizes with the Epstein-Barr virus-encoded latent membrane protein 1 
(LMP-1), this interaction may have functional consequences as well as results in the 
stabilization of TRAF3 by preventing its autoubiquitination [ 26 ].  

13.4     E3 Link to Cancer 

 Each of the over 600 E3 ligase genes plays a specifi c role in the UPS, and given their 
potential link to cancer, this opens the door to prospective novel treatments for 
breast and other cancers that involve targeting E3 ligases. There are a number of E3 
ligases that are potential targets for various therapeutic approaches, which are being 
developed to either prevent a specifi c protein from being degraded or promote its 
degradation (see Sect.  13.10 ). Given the combination of differential tumor expres-
sion and substrate specifi city, this family of over 600 genes becomes a potentially 
rich source of novel and promising cancer targets.  

13.5     Discovery and Expression of Breast 
Cancer-Associated Gene 2 

 Subtractive hybridization is a powerful technique that has been used successfully to 
discover novel differentially expressed genes in specifi c normal or cancerous tis-
sues or cell types [ 27 ]. This technique was used to identify changes in expressed 
genes in the breast carcinoma cell line Hs578Bst (HTB 126) compared with an 
immortalized control cell line, which were derived from tumor and adjacent normal 
tissues, respectively. There were a total of 950 cDNAs that were found to be 
enriched in the breast cancer cell line compared to the control, and 28 of these were 
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identifi ed as novel genes [ 28 ]. One of these cDNA clones encoded a novel 304 
amino acid with a RING H2-domain [ 29 ] and was named BCA2. The gene for 
BCA2 is found on chromosome 1q21.1. Interestingly, this region on chromosome 1 
has been found to be a “hot spot” for upregulated genes in breast cancer as well as 
a region of genomic instability and driver genes in other cancers [ 30 ]. 

 The BCA2 protein contains three domains, depicted in Fig.  13.2 , an amino- 
terminal BCA2 zinc-fi nger (BZF) domain, an AKT-phosphorylation domain, and a 
carboxy-terminal RING H2 domain [ 31 ,  32 ]. The RING domain confers autoubiq-
uitination activity, which is similar to other E3 ubiquitin ligases such as RING 
 proteins MDM2 and SIAH1 [ 29 ,  33 ,  34 ]. Another E3 ligase, RNF126, recently 
shown to promote cancer cell proliferation by targeting p21 for ubiquitin-mediated 
degradation [ 35 ], has been shown to be structurally homologous to BCA2 in the 
similarity of protein domains.

     1.     RING-H2 domain : This domain coordinates two zinc ions using the following 
consensus sequence, Cys-X2-Cys-X(9-39)-Cys-X(1-3)-His-X(2-3)-Cys-X2- 
Cys-X(4-48)-Cys-X2-Cys, where X may be any amino acid [ 36 ]. This domain is 
critically involved in ubiquitination of substrates and self, and is the binding site 

  Fig. 13.2    Schematic representing the domains of BCA2. The  bolded black  amino acids represent 
key residues which are imperative to the structural integrity of the BZF and RING domains. The 
 bolded yellow  residues indicate amino acids that have been modifi ed to alanine by site-directed 
mutagenesis. The  blue  domain, BZF, is responsible for non-covalent ubiquitin binding, which is 
also the site of BCA2 autoubiquitination. Lysine residues to which ubiquitins are conjugated are 
shown in  red . The AKT domain, depicted in  green , is determined to be the most likely site of AKT- 
mediated phosphorylation of BCA2 and predicted by in silico analysis. Amino acids shown in 
 yellow  are the serine residues most likely to be phosphorylated and have been mutated to alanine, 
the BCA2 S132, 133A mutant. The RING domain, depicted in  orange , is responsible for BCA2- 
mediated ubiquitination. The  yellow  cysteine residues have been mutated to create a ligase-dead 
variation, the BCA2 RING mutant       
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for ubiquitin transfer enzymes (E2s). Disruption or mutation of these domains 
results in the inactivation of the ligase. This has been shown to be the case for 
BCA2, whereby the RING domain is involved in autoubiquitination and this E3 
ligase activity is completely eliminated by mutations of C228 and C231 to ala-
nines [ 31 ,  29 ] (Table  13.1 ).

       2.     AKT domain : This domain was initially identifi ed following in silico analysis of 
the BCA2 sequence. It is found in the mid-protein region and it was initially 
proposed that AKT could bind to either of two AKT consensus sequences. 
Phosphorylation assays in vitro were used to confi rm that this consensus sequence 
was indeed sites for AKT phosphorylation of BCA2, most likely on serine resi-
dues 132 and 133 [ 31 ,  32 ]. When BCA2 is mutated to alanine at S132 and S133, 
ligase activity is unaffected in vitro; however, these mutations indicate that phos-
phorylation may be important with regard to conformational changes in the pro-
tein that concern partner binding [ 31 ].   

   3.     BZF domain : This last novel domain, which is unique to BCA2 and RNF126, is 
the principle location involved in autoubiquitination, in particular at lysines 26 
and 32 [ 31 ]. These residues are both highly ubiquitinated, as shown by time- 
course in vitro ubiquitination assays [ 31 ]. Furthermore, these two lysines play 
functionally redundant roles in that mutation in one is rescued by the other non- 
mutated lysine; however, mutations in both positions lead to the elimination of 
autoubiquitination in vitro [ 31 ]. This strongly suggests that these two lysines are 
an important regulatory feature of BCA2. Of note, non-covalent ubiquitin bind-
ing also occurs through the BZF domain, which displays a particular affi nity for 
polyubiquitin chains [ 31 ]. The affi nity of ubiquitin chains for BCA2 depends on 
their length; monoubiquitin has less affi nity than two ubiquitin moieties, with 
BCA2 having the highest affi nity for ubiquitin chains of six molecules. The BZF 
domain of BCA2 displays a high affi nity for ubiquitin binding that is second 
only to the A20 domain of Rabex-5 [ 31 ].    

  BCA2 mRNA expression occurred at a moderate level in a number of normal 
tissues including heart, skeletal muscle, and testis. Basal expression was also 
detected in normal breast, prostate, lung, and colon. In breast cancer cell lines and 
tissues, however, BCA2 was overexpressed. For example, BCA2 mRNA was very 
highly expressed in the estrogen receptor (ER)-positive MCF7 breast cancer cell 
line as well as in invasive breast carcinomas [ 29 ]. This potential link between BCA2, 
binding partners, and breast cancer is explored later in the chapter.  

   Table 13.1    Effects of mutations on function and stability of BCA2 protein   

 Mutation  Ligase positive/negative  Stability 

 BCA2 (wild type)  Normal  Normal 
 C22A, C25A (BZF mutant)  Increased ligase activity  Unstable 
 K26R, K32R  No ligase activity  Very stable 
 S132A, S133A (AKT mutant)  Normal  Normal 
 C228A, C231A (RING mutant)  No ligase activity  Very stable 
 K260R  Very high ligase activity  Very unstable 
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13.6     BCA2-Binding Partners 

 Autoubiquitination activity of the wild-type BCA2 protein renders it unstable, 
which is mediated by its RING domain. This results in substantial protein degrada-
tion as has been shown in vivo and in vitro for the wild-type protein; however, of 
note, ligase-dead BCA2 variants do not show signs of degradation [ 29 ,  31 ]. 
Interaction with a binding partner can play an important role in stabilizing BCA2. 

 Various groups, including our own, have investigated binding partners for BCA2 
[ 37 – 39 ]. Recently, one of the targets for BCA2-mediated substrate ubiquitination 
has been identifi ed as the cyclin-dependent kinase (CDK) inhibitor p21 Waf/Cip1  [ 40 ]. 
To date, several binding partners of BCA2 that have been confi rmed include ubiqui-
tin, Rab7, tetherin, and UBC9 [ 31 ,  37 ,  38 ,  41 ]. A yeast-II-hybrid screen with murine 
cell lines was used to identify Rab7, which was further confi rmed using a GST pull- 
down assay on a human homolog of Rab7 [ 38 ,  41 ]. 

 We have recently identifi ed 16 new BCA2 interacting proteins (Table  13.2 ), two of 
which were human homolog of Rad23 variant A (hHR23a) and 14-3-3σ. HHR23a is 
a known chaperone in the UPS [ 42 ] and 14-3-3σ is a multifunctional adaptor protein 
that has been found to play a role in various cancers including breast. [ 43 ] The effects 
of hHR23a and 14-3-3σ on the stability and autoubiquitination activity of BCA2, as 
well as co-expression with BCA2 in breast cancer, are discussed in turn below.

13.6.1       HHR23a: A Multifunctional Ubiquitin Receptor 

 It was shown that HHR23a is a component of the DNA nucleotide excision repair 
(NER) pathway and to a lesser extent the base excision repair (BER) pathway, 
where, like its homolog hHR23b, it was found to regulate and stabilize the XP group 
C protein (XPC) [ 44 ,  45 ]. Mutations in hHR23a, resulting in protein deletion or 
malfunction, contribute to known rare genetic disorders, including xeroderma pig-
mentosum (XP), Cockayne syndrome, and trichothiodystrophy [ 45 ]. In the case of 
XP patients, they are unable to properly correct DNA damage resulting from the 
formation of UV-induced dimers; thus, they display an increased sensitivity to sun-
light and therefore, have a greatly increased risk for developing skin cancer [ 45 ]. 

 In addition to the role hHR23a plays in NER/BER pathways, it also functions as 
a ubiquitin receptor, which has widespread and far-reaching roles throughout the 
cell. This relatively recent classifi cation of hHR23a as a member of the ubiquitin 
receptor family is due to its affi nity for binding ubiquitin moieties. In particular, 
hHR23a regulates the longevity of its binding partners. This is accomplished in one 
of two ways: (1) through proteasomal shuttling, where hHR23a simultaneously 
binds to the target protein and the 26S proteasomal subunit, or (2) by stabilizing the 
target protein through sequestration of ubiquitin moieties in the emerging polyubiq-
uitin chain, thereby preventing chain elongation and deubiquitinase activity [ 46 ]. 
Two domains of hHR23a, the N-terminal ubiquitin-like domain (UBL) and two 
C-terminal ubiquitin-associating domains, are largely responsible for the dichoto-
mous and dual nature of this protein [ 46 ]. 
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 One of the known critical functions of hHR23a acting as a ubiquitin receptor is 
in the regulation of p53 protein levels through its interaction with p53. Binding of 
hHR23a to p53 inhibits the ability of MDM2 to polyubiquitinate p53, targeting it 
for degradation [ 44 ]. With its dual role in mutation repair at the DNA level and in 
modulation of proteins involved in mutation checkpoints, hHR23A may play a big-
ger role in cancer formation/progression.  

13.6.2     Implications of the BCA2 and hHR23a Interaction 

 Binding experiments with GST-tagged BCA2 proteins were used to validate the 
interaction between BCA2 and hHR23a [ 36 ]. Through recombinant expression 
studies in HEK293T cells, the binding affi nity of wild-type and the S132, 133A 

   Table 13.2    Putative binding partners of BCA2 identifi ed through two hybrid screening   

 Gene 
 Offi cial 
symbol 

 Accession 
number  Function 

  14-3-3σ    SFN    NP_006133.1    Proliferation, signal 
transduction and apoptosis  

 Atrophin-1  ATN1  NP_001007027.1  Transcription factor 
 CDC2-related protein kinase 10  CDK10  NP_001092003.2  Cell proliferation 
 Cystatin C  CST3  NP_000090.1  Inhibitor of cysteine proteases 
 Microfi bril-associated 
glycoprotein 4 

 MFAP4  NP_001185624.1  Cell adhesion and cell-cell 
interactions 

 Immunoglobulin heavy 
constant alpha 1 (SNC73) 

 IGHA1  AF067420  Colorectal cancer marker 

  Human homolog of Rad23 
variant A  

  RAD23A    NP_005044.1    DNA repair, chaperone  

 DOCK4 dedicator of 
cytokinesis 4 

 DOCK4  NP_055520.3  Regulates cell-cell adhesion 

 Folate receptor 3  FOLR3  NP_000795.2  Internalization of folic acid 
 UBE2I ubiquitin- conjugating 
enzyme E2I (UBC9) 

 UBE2I  NP_003336.1  SUMO E2-conjugating 
enzyme 

 RAB7A, member RAS 
oncogene family 

 RAB7A  NP_004628.4  Vesicle traffi c in endosomes 

 Ubiquitin C  UBC  NP_066289  Precursor of ubiquitin 
 Ubiquitin A-52 residue 
ribosomal protein fusion 
product 1 

 UBA52  NP_001029102.1  Precursor of ubiquitin 

 Ribosomal protein L18a  RPL18A  NP_000971.1  Component of the 60S 
ribosome subunit 

 Bone marrow stromal cell 
antigen 2, tetherin 

 BST2  NP_004326.1  Bone marrow stromal 
cell antigen 

 Cyclin-dependent kinase 
inhibitor 1A 

 CDKN1A  NP_000380.1  Cyclin-dependent kinase 
inhibitor 
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BCA2 mutant with hHR23a appeared to be much greater than with BCA2 BZF and 
RING mutants, implying that the RING and BZF domains may both be necessary 
for interaction between hHR23a and BCA2. Interestingly, because the S132, 133A 
mutant, which is AKT-phosphorylation defi cient, interacts with hHR23a with a high 
binding affi nity, this suggests that hHR23a may interact with BCA2 when BCA2 is 
in a dephosphorylated state. Furthermore, BCA2 has been shown to interact non- 
covalently with polyubiquitin chains [ 31 ], a trait shared with hHR23a; specifi cally 
hHR23a preferentially interacts with tetra-ubiquitin chains [ 46 ,  47 ]. This further 
suggests that this shared affi nity for polyubiquitin chains is what forms the basis for 
the interaction between BCA2 and hHR23a. 

 While hHR23a interacts with BCA2, it is not a substrate for BCA2-mediated deg-
radation. When increasing amounts of BCA2 were co-transfected with stable amounts 
of hHR23a, there was no decrease in the concentration of hHR23a; on the contrary, 
the interaction with BCA2 appeared to increase the level of hHR23a expression [ 37 ]. 

 In yeast, Rad23, the ortholog of hHR23a, may be monoubiquitinated and/or 
multi-ubiquitinated in vivo [ 48 ]; however this does not lead to its degradation. It has 
recently come to light that degradation of Rad23 does not occur due to the lack of 
an effective initiation region at which the proteasome can engage the protein and 
unfold it [ 49 ]. Furthermore, the authors showed that the unstructured loops found in 
Rad23 were too short to support degradation, which is not specifi c to Rad23 but 
rather appears to be a common property of the UPS. An ancestral relative of BCA2 
exists as Znf364 in yeast, which may be involved in the ubiquitination of Rad23; 
however, since it cannot be degraded by the proteasome, ubiquitin signaling fate 
may determine protein localization. Similarly, BCA2 may be involved in the ubiq-
uitination of hHR23a in mammalian cells, which may play a role in the intracellular 
localization of hHR23a. 

 Co-expression of BCA2 and hHR23a was fi rst validated in breast cancer cell 
lines and co-expression of BCA2 and hHR23a, using immunofl uorescence, revealed 
that co-localization of BCA2 and hHR23a occurred over large areas in both the 
nucleus and cytoplasm [ 50 ]. The characteristic punctate staining observed for BCA2 
likely indicates localization at the endosome given its association with Rab7, an 
important regulator of vesicular transport. [ 41 ,  38 ,  39 ] Co-localization of BCA2 and 
hHR23a was also found to occur in breast cancer cases with intense staining seen in 
both the cytoplasm and nucleus (see below). 

 What is most critical concerning the interaction between BCA2 and hHR23a 
may not be the effect that BCA2 exerts on hHR23a, but rather the impact that 
hHR23a has on the stability of BCA2. Degradation of BCA2 occurs via autoubiqui-
tination through its interaction with E2s of the UbcH5 family, but not by other 
degradation-specifi c E2 ubiquitin-conjugating enzymes, such as UBC3 [ 41 ]. 
Furthermore, it has been clearly demonstrated that these E2 enzymes are responsi-
ble for the rapid and complete degradation of wild-type BCA2 protein in vitro and 
in vivo [ 31 ,  29 ]. 

 Expression of increasing amounts of hHR23a protein correlated with an increase 
in the amount of BCA2 protein in a recombinant expression system [ 50 ]. Stabilization 
of BCA2 is thought to occur through interaction with hHR23a, which prevents the 
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autoubiquitination of BCA2 from taking place. This is consistent with hHR23a 
 acting as a ubiquitin receptor, which binds to polyubiquitin chains [ 46 ,  51 ]. In the 
recombinant system, when BCA2 is expressed alone or with E2, intense ubiquitin 
laddering is observed, indicative of highly degraded BCA2. In sharp contrast, ubiq-
uitin smears are absent from cells co-expressing hHR23a, as hHR23a binding 
sequesters the growing ubiquitin chains [ 50 ]. 

 Previous experiments in our lab regarding protein turnover of BCA2 have clearly 
shown that the wild-type BCA2    is rapidly degraded in cells but not the RING mutant, 
which does not undergo autoubiquitination [ 29 ]. Furthermore, when half-life deter-
minations were conducted in the presence of the protein synthesis inhibitor cyclo-
heximide (CHX), BCA2 was found to be present substantially longer when 
co-expressed with hHR23a. Thus, by stabilizing BCA2, hHR23a also contributes to 
lengthening its half-life in cells [ 50 ], which may be quite important regarding func-
tion given its relatively short half-life in the absence of any stabilization.  

13.6.3     Interaction of BCA2 with 14-3-3σ 

 14-3-3σ is a member of the ubiquitously expressed 14-3-3 family of seven highly 
conserved adaptor proteins, which are integral to a number of important cellular 
activities and have far-reaching implications in cancer [ 52 ]. They characteristically 
bind as either homo- or heterodimers to specifi c phosphopeptide consensus 
sequences [ 52 ]. One of the main roles for 14-3-3σ is as a prominent regulator of cell 
cycle checkpoints, while also being involved in multiple and diverse cellular path-
ways through its interaction with numerous known ligands [ 43 ,  53 – 55 ]. In addition, 
14-3-3σ is the only member of its family that is induced by DNA damage [ 53 ]. 

 Because of its important role in mediating cell cycle progression, it is not unex-
pected that 14-3-3σ regulation is also associated with carcinogenesis pathways; in 
particular, it has been found to be downregulated in breast cancer [ 56 ]. Expression 
of 14-3-3σ is often regulated by epigenetic silencing through hypermethylation of 
CpG islands in the promoter region [ 57 ]. 

 14-3-3σ was isolated from a bacteria-II-hybrid partner-screening assay with 
wild-type BCA2. The association between BCA2 and 14-3-3σ was established 
using recombinant pull-down assays [ 50 ] for both the wild-type protein and the 
RING mutant, but not for the BZF or S132, 133A BCA2 mutants, signifying that the 
interaction may rely on sequences in these domains. Importantly, surrounding S132 
and S133 are two 14-3-3σ binding motifs. The principal site is likely to correspond 
to the motif R(S/X)XpSXP (as reviewed by Manning and Cantley [ 58 ],), which is 
highly similar to the BCA2 sequence 130-RG SS RP-135. 

 Evidence for an interaction between BCA2 and 14-3-3σ was obtained from 
expression analysis of these two proteins in breast cancer cell lines, which 
were found to co-localize in the cytoplasm of the breast cancer cell line MCF7 
using immunofl uorescent staining of endogenous proteins [ 50 ] (see below). 
Phosphorylation was also found to be an essential component in the binding of 
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14-3-3σ to BCA2, because samples exposed to the AKT inhibitor, LY294002, were 
less apt to co-immunoprecipitate [ 50 ]. 

 It was also noted that although the BCA2 S132, 133A mutant was less effi cient 
at binding 14-3-3σ, it was not entirely eliminated, suggesting the likelihood of a 
second functional AKT-phosphorylation site and 14-3-3σ binding site, predicted to 
be located in the adjacent sequence 133- S RPDR S PS-140 [ 50 ]. 

 Interestingly, tandem 14-3-3σ sites (see above) have been detected in other pro-
teins, such as Cbl and c-Raf-1. These tandem 14-3-3σ sites present in BCA2 can 
have one of two potential consequences. Firstly, it may impart a tight bidentate 
binding with a single 14-3-3σ dimer, which may result in sequestering of the bound 
protein [ 59 ]. Secondly, both sites may be necessary to promote binding with 14-3- 
3σ, as has been shown to be the case with Cbl [ 59 ]. In addition, results of experi-
ments conducted with the BCA2 S132, 133A mutant highlight the potential 
importance of AKT phosphorylation of BCA2 in mediating binding with partner 
proteins and substrate interactions. 

 Interaction of BCA2 with 14-3-3σ has an apparent impact on the degradation of 
14-3-3σ as shown by the dose-dependent effect that increased expression of BCA2 
had on 14-3-3σ protein levels [ 50 ]. Conversely, 14-3-3σ appears to stabilize BCA2 
through substrate interactions. Co-expression of 14-3-3σ and BCA2 in HEK cells in 
the presence of the proteasomal inhibitor MG-132 resulted in greater stabilization 
of BCA2 than when BCA2 was expressed alone [ 50 ]. 14-3-3σ presumably stabi-
lizes BCA2 by sterically or conformationally precluding access of the RING fi nger 
domain to the target lysines (K26 and K32) in the BZF domain [ 31 ]. 

 Degradation of BCA2 still occurred in the presence of a proteasome inhibitor 
alone, which gives credence to the argument that the UPS is not solely involved in 
the degradation of BCA2. Rab7, a binding partner of BCA2, plays an important role 
in the traffi cking of proteins between late endosomes and lysosomes and subsequent 
degradation [ 60 ]. In a comparable manner, BCA2 may be subjected to lysosomal 
degradation as a potential transferred cargo [ 61 ,  20 ]. This is similar to the E3 ligase 
Cbl-b, which has been shown to be involved in the coordinated degradation of the 
EGFR signaling complex in the lysosome [ 62 ].   

13.7     Mechanisms of BCA2 Stabilization: The Role of AKT 

 The role of the highly dynamic process of phosphorylation is to regulate proteins 
through modifi cation, including changes to conformation and thus substrate affi nity 
and specifi city for many enzyme types, including E3 ligases [ 63 ,  64 ]. Phosphorylation 
of E3 ligases can also result in protein activation and turnover. The RING-type E3 
ligase, c-Cbl, is activated by phosphorylation to its ubiquitination-ready state, where 
it is responsible for the internalization and degradation of EGFR [ 65 ]. Once c-Cbl 
is activated by phosphorylation, however, it also becomes targeted for degradation 
by other ligases. Through the involvement of CD28, Cbl-b is phosphorylated by 
PKC-θ, which targets it for degradation by the NEDD4 E3 ligase [ 66 ]. 
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 With respect to BCA2, in addition to stabilization by hHR23a, AKT phosphory-
lation can also enhance the stability of BCA2. Phosphorylation of BCA2 has been 
shown to occur in the presence of AKT [ 32 ]. When wild-type BCA2 is co-expressed 
with constitutively active AKT, it is more stable, but not when co-expressed with 
inactive AKT mutants [ 50 ]. Conversely, the BCA2 mutant variant, S132, S133A, 
which does not contain the predicted AKT-phosphorylation site, displayed no 
noticeable change in stability, strongly supporting the role of these serine residues 
as the primary site of AKT-mediated BCA2 phosphorylation.  

13.8     The Role of BCA2 in Cell Internalization Pathways 

 To date, all evidence points to BCA2 functioning in the traffi cking and internaliza-
tion of membrane-bound proteins/complexes, either directly or indirectly. As we 
have seen, UPS is not the only pathway responsible for BCA2 degradation, but 
BCA2 may also be degraded in the lysosome. Rabring7, the mouse homolog of 
BCA2, was shown to be a Rab7 target protein that was recruited to the late endo-
some/lysosome by the GTP-bound form of Rab7 [ 38 ] and that Rabring7 ubiquiti-
nates itself but not Rab7 [ 39 ]. BCA2 also binds Rab7 and similarly, is not involved 
in its degradation [ 41 ]. Rabring7 through its interaction with Rab7 has also been 
shown to play a role in EGFR internalization and degradation [ 38 ,  39 ]. 

 Rab7 is principally involved in lysosomal biogenesis and receptor degradation 
[ 60 ]. According to the one study, Rabring7 in conjunction with c-Cbl was found to 
accelerate EGFR degradation [ 39 ]. C-Cbl has emerged as a key regulator of EGFR 
downregulation by playing an important role in receptor ubiquitination [ 67 ], which 
is required for traffi cking of the receptor towards the lysosome for degradation. In a 
recent report, RNF126 and Rabring7 were found to associate with EGFR through a 
ubiquitin-binding zinc-fi nger domain and both murine E3 ubiquitin ligases stimu-
lated ubiquitination of EGFR. In the absence of c-Cbl, the binding of RNF126 and 
Rabring7 to EGFR decreased, suggesting that the two E3 ligases function down-
stream of c-Cbl [ 68 ]. They also showed that in HeLa cells, depletion of either 
RNF126 or Rabring7 resulted in EGFR being retained in a late endocytic compart-
ment where it was ineffi ciently degraded. Furthermore, depletion of Rabring7 or 
RNF126 could also attenuate the degradation of other receptors including MET and 
CXCR4. Therefore, the authors suggested that these two ligases may play a role in 
ubiquitin-dependent sorting and downregulation of membrane receptors [ 68 ]. 

 Additionally, BCA2 has been found to be associated with the host response to 
nascent virus particles in HIV-1-infected individuals. Newly formed virus particles 
that have not been released from the cell bind to tetherin, a cell-membrane protein. 
Internalization and degradation of both tetherin and tetherin-bound bodies is then 
mediated by BCA2 [ 37 ]. Taken together, these studies implicate BCA2/Rabring7 as 
playing an important role in the internalization of cell surface proteins and lyso-
somal degradation pathways.  
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13.9     The BCA2 Cancer Connection 

13.9.1     Co-expression of BCA2 and Binding Partners in Breast 
Cancer Cell Lines 

 Previous studies have implicated BCA2 as playing a role in breast cancer progression 
and metastasis. Overexpression of BCA2 in breast cancer cell lines, such as MCF7, 
has been shown to correlate with an increase in the proliferative capacity and motility 
of cells [ 29 ]. These effects were decreased in breast cancer cells in which RNA inter-
ference (RNAi) was used to knock down endogenous BCA2 [ 29 ]. Additionally, 
exogenous expression of wild-type BCA2 in MCF7 cells rendered them more sus-
ceptible to wound closure than cells transfected with BCA2 with impaired ligase 
activity [ 31 ]. In the same study, cells transfected with the BZF mutant of BCA2, 
which is defective in ubiquitin binding, were slightly more motile than cells express-
ing the wild-type protein; however, what is underlying this observation has yet to be 
explored [ 31 ]. BCA2 functions in breast cancer cells are depicted in Fig.  13.3 .

  Fig. 13.3    Functions of BCA2 and how they relate to cellular behavior in breast cancer. BCA2 has 
been shown to be estrogen responsive; transcription of BCA2 is upregulated in the presence of 
estrogen [ 69 ]. BCA2 is unstable in vivo and in vitro in the presence of E2 enzyme as show in 
Amemiya et al. [ 31 ]. Increased BCA2 expression is correlated with increased proliferation and 
increased cellular motility [ 29 ,  31 ]       
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   BCA2, as well as its binding partners hHR23a and 14-3-3σ, were assessed in a 
number of breast cancer cell lines using Western blotting and TMAs. Transcriptional 
upregulation of BCA2 was previously shown to occur in ER-positive mammary 
epithelial cell lines [ 29 ,  69 ]. Similarly, BCA2 protein expression, determined using 
whole cell extracts on Western blots, was greater in ER-positive cell lines, BT474 
and MCF7, compared with ER-negative cell lines, MDA MB 231, MDA MB 435, 
MDA MB 436, and MDA MB 45 [ 41 ]. HHR23a protein was shown to co-localize 
with BCA2 in MCF7 cells (Fig.  13.4a ), and hHR23a levels correlated positively 
with BCA2 levels in the various other breast cancer cell lines, both ER-positive and 
ER-negative.

   On the other hand, while 14-3-3σ protein expression was only found in cell lines 
that expressed BCA2, there was an inverse relationship in expression levels. This 
was also seen in breast cancer tissues such that cells with high BCA2 tended to 
express low amounts of 14-3-3σ, implying that BCA2 may be negatively regulating 
14-3-3σ, although this inverse correlation was not shown to be statistically signifi -
cant [ 50 ]. Co-localization of BCA2 and 14-3-3σ occurred in the cytoplasm in MCF7 
cells (Fig.  13.4b ) as well as in breast cancer tissues using immunofl uorescence [ 50 ]. 

 Cellular localization of BCA2 and hHR23a in MCF7 was shown to occur in both 
the cytoplasm and nucleus using immunofl uorescent staining, albeit with more 
intense staining in the nucleus. The nuclear staining pattern was different between 

  Fig. 13.4    Co-localization of 
BCA2 with hHR23 and 
14-3-3σ in MCF7 cells. ( a ) 
Endogenous BCA2 and 
hHR23a tagged with either a 
secondary antibody 
conjugated to FITC dye or 
Texas Red in MCF7 cells. 
The  bottom panel  shows the 
co-localization of the 
proteins. ( b ) Endogenous 
BCA2 and 14-3-3σ tagged 
with either a secondary 
antibody conjugated to FITC 
dye or Texas Red in MCF7 
cells. The  bottom panel  
shows the co-localization of 
the proteins       
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the two proteins in that BCA2 showed a more punctate pattern while staining of 
hHR23a was more diffuse [ 50 ]. In contrast to BCA2, which was found throughout 
MCF7 cells, 14-3-3σ was found exclusively in the cytoplasm. Thus, BCA2 is 
co- expressed and co-localized with hHR23a and 14-3-3σ in MCF7 cells [ 50 ].  

13.9.2     BCA2 and Partner Proteins Are Co-expressed 
in Breast Cancer 

 Evaluation of co-expression of BCA2, hHR23a, and 14-3-3σ proteins in both the 
cytoplasmic and nuclear compartments was conducted in multiple breast cancer 
cases using TMAs and was analyzed in the context of potential diagnostic and prog-
nostic value. BCA2 staining in the cytoplasm was found in nearly all 105 tumors 
(97 %), and although nuclear staining was detected in a lower percentage of cases, 
it was still detected in the majority of them (60 %). A similar picture emerged for 
hHR23a with 93 % of the tumors showing positive staining in the cytoplasm and 
54 % in the nucleus. On the other hand, 14-3-3σ staining was only detected in the 
cytoplasm of tumor cells, albeit in the majority of cases (62 %). The staining pattern 
in tumor cells was consistent with that found in MCF7 cells [ 50 ]. 

 A statistically signifi cant positive correlation ( p  = 0.0113) was observed for the 
cytoplasmic expression of BCA2 with hHR23a. This was also seen for nuclear co- 
expression, where there was an even greater statistical signifi cance for the positive 
correlation between BCA2 and hHR23a in the nucleus ( p  ≤ 0.0001). In contrast, 
while there was a nonsignifi cant statistical trend ( p  = 0.0804) related to the negative 
correlation between low levels of 14-3-3σ expression in the face of high BCA2 
expression, this was only found in 42 % of the 105 tumor samples [ 50 ]. 

 There was also a correlation between hHR23a expression, ER-positive status, and 
negative nodal status, although the latter did not reach statistical signifi cance, pos-
sibly due to the small sample size. Increased expression of BCA2, especially in the 
nucleus, may be regulated through interaction with hHR23a and possibly 14-3- 3σ. 
Furthermore, given    that BCA2 levels in the nucleus correlated with tumor grade, 
ER-positive status, negative nodal status, and increased >5-year survival, suggested 
that BCA2 may play a role, albeit an indirect one, in the physiology of breast carci-
nogenesis, growth, and metastasis, as well as in the predictability of tumor response 
to treatment [ 29 ].  

13.9.3     BCA2 Is Associated with ER-Positive Breast Cancer 

 Historically, classifi cation of breast tumors and treatment strategies have relied on 
immunohistochemical techniques in order to characterize biomarkers such as the 
estrogen receptor (ER), progesterone receptor (PR), and epidermal growth factor 
receptor 2 (HER2). However, these markers have been found to be somewhat lack-
ing in fully predicting a patient’s response to a given breast cancer treatment such as 
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endocrine therapy. A thorough understanding of the key molecular drivers and the 
appropriate molecular signals should then provide a comprehensive list of therapeu-
tic targets and predictive biomarkers. 

 Given the potential role that BCA2 plays in breast cancer and towards investigat-
ing its potential as a biomarker in breast cancer, positive staining of BCA2 has been 
detected in both the nucleus and cytoplasm in 56 % of tumor samples on a TMA 
[ 29 ]. When the TMA was analyzed with respect to hormone status, there was a 
signifi cant co-localization and co-expression of BCA2 with ER, with 634 (67.1 %) 
and 526 (83 %) of the 945 samples staining positively for ER and BCA2 overex-
pression, respectively [ 29 ]. 

 Co-expression of ER and BCA2 suggested a potential involvement of estrogen in 
the hormone-induced transcriptional regulation of BCA2 in ER-positive cells. This 
was supported by evidence obtained with the ER/PR/HER2-negative cell line MDA 
MB 231. When exogenous ER was overexpressed in this cell line, addition of estro-
gen caused an increase in the expression of BCA2 mRNA compared with mock 
transfected cells [ 69 ]. 

 BCA2 expression was also associated with more positive prognostic factors and 
ER status. A RING E3 ligase, MDM2, has been shown to be prognostic of both poor 
and favorable outcomes in various cancers. Overexpression of MDM2 was a marker 
of poor outcome in sarcomas, gliomas, and acute lymphocytic leukemia; however, 
it was a marker of favorable prognosis in melanoma, non-small cell lung cancers, 
and ER-positive breast cancers [ 70 – 73 ]. 

 The chromosomal location of BCA2, 1q21.1, is intriguing in that the chromosomal 
region, 1q21-31, has been shown to have a high frequency of allelic loss in breast 
carcinomas [ 74 ]. Conversely, a common fi nding in breast tumors using comparative 
genomic hybridization (CGH) was an increased 1q copy number, which in one study, 
was shown to occur in 55 % of primary invasive breast cancers [ 74 ,  75 ]. This chromo-
somal aberration has been shown to correlate with positive ER and PR status and 
higher survival rates compared with patients with other aberrations [ 75 ]. Given that 
BCA2 expression has been detected to occur in a majority of invasive breast tumors 
that are ER-positive [ 29 ], this chromosomal amplifi cation may play a role in this. 

 In summary, BCA2 expression was shown to correlate with positive estrogen 
receptor status, negative lymph node status, and an increase in disease-free survival 
for regional recurrence [ 29 ]. Further studies will be required to understand the 
nature of the link between BCA2 and ER, whether BCA2 and ER expressions are 
co-regulated and whether a causal connection between ER status and BCA2 expres-
sion can be established. For breast cancer patients with hormone-refractory tumors, 
targeting BCA2 may provide an alternative treatment strategy to pursue.  

13.9.4     BCA2 Expression in Other Cancers 

 BCA2 is not solely a characteristic of invasive breast cancers, but has also been impli-
cated in other pathologies, including lymphoma and HIV host mechanisms. [ 37 ,  30 ] 
Furthermore, BCA2 is being investigated as a potential biomarker in renal cancer. 
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In a recent pilot study using TMAs, BCA2 was found to be highly expressed in onco-
cytoma, a typically benign tumor that is thought to arise from the intercalated epithe-
lial cells of collecting ducts of the kidney, but was not detectable in any of the 114 
cases of renal cell carcinoma examined that included cases of the rare chromophobe 
renal cell carcinoma [ 76 ]. This study highlights the potential of using BCA2 as a 
marker in the differential diagnosis of kidney tumors distinguishing between renal 
oncocytoma from both chromophobe and renal cell carcinoma.   

13.10      Implications for E3 Ligases in Cancer Therapeutics 

 There are many new targeted therapies that are currently being evaluated in clinical 
trials. With respect to UPS-related therapies, initial efforts have been aimed at non-
specifi c targeting of components of the proteasome. One of the most promising is 
bortezomib (Velcade), a reversible proteasome inhibitor that blocks the chymotryp-
tic activity of the proteasome [ 77 ,  78 ]. Bortezomib has been approved for the treat-
ment of relapsed multiple myeloma and mantle cell lymphoma and has shown 
limited toxicity [ 18 ]. 

 In terms of specifi cally targeting components of the UPS, E3 ligases make for a 
large and diverse family of interesting proteins to study. There are over 600 E3 
ligases [ 79 ], an astounding number of proteins not including the 70 deubiquitinating 
enzymes and hundreds of ubiquitin-like proteins. It will be a huge and daunting, but 
also a potentially very rewarding, process to sort out their individual functions and 
further our knowledge of diseases in general and cancer in particular. 

 Thus, targeting E3 ligases will open up new potential avenues of treatment in 
breast and other cancers. A summary of E3 ligases of different types, their substrates, 
links to cancer, and the potential therapies currently being developed to either pre-
vent substrate degradation or promote substrate degradation is shown in Table  13.3 . 
E3 ligases that have already emerged as tempting anticancer targets include:

     1.    E6-AP (E6-associated protein), a HECT-type E3 ligase that binds to the human 
papillomavirus (HPV) type 16 oncoprotein E6 and is involved in E6-mediated 
cellular transformation. This binding can be interfered with using zinc-ejecting 
compounds such as 4,4′-dithiodimorpholine that can potentially be used to inhibit 
the pathology of HPV and therefore, in the treatment of cervical cancer [ 80 ].   

   2.    Mdm2, a RING-type ubiquitin ligase that is involved in the degradation of p53, a 
major tumor suppressor. Inhibiting Mdm2 should elevate p53 levels, driving dam-
aged cancer cells into apoptosis. For example, there are a number of tactics that 
are being attempted to block the activity of the E3 ligase, Mdm2. These include 
the Nutlins [ 81 ], cis-imidazoline analogs that inhibit the interaction between 
Mdm2 and p53 resulting in the stabilization of p53, which leads to senescence of 
cancer cells [ 82 ]. Additional strategies being investigated include MDM2 gene 
silencing using antisense and p53-GAr domain chimeras (gene therapy) [ 83 ,  81 , 
 84 ]; both are designed to prevent p53 degradation mediated by Mdm2.   

   3.    C-CBL (casitas B-lineage lymphoma), a RING-type E3 [ 85 ], behaved as a bone 
tumor suppressor when overexpressed in osteosarcoma cells mainly through the 

13 Novel Ubiquitin E3 Ligases as Targets for Cancer Therapy: Focus on Breast…



336

increased degradation of the epidermal growth factor receptor (EGFR) and plate-
let-derived growth factor receptor alpha (PDGFRα). Elevating c-CBL levels in 
tumors may be an approach for targeting tumors in which receptor tyrosine 
kinases play an important role in tumorigenesis.   

   4.    Given the potential role that BCA2 plays in breast cancer progression, targeting 
BCA2 in the treatment of breast cancer may be an interesting approach. A zinc- 
ejecting aldehyde dehydrogenase (ALDH) inhibitor, disulfi ram, inhibits BCA2 
and displays potent antitumor activity. A new series of BCA2-selective 
dithio(peroxo)thioate compounds were synthesized and found to display potent 
antiproliferative activity (0.1–0.3 μM IC 50 ) against breast cancer cell lines that 

    Table 13.3    Ubiquitin ligase as potential targets for specifi c cancer therapies   

 Ligase  Substrate(s)  Contribution to cancer  Therapies  References 

 E6-AP (H)  p53  Degradation of p53  Zinc ejectors (C16), 
Nutlins 

 [ 80 ] 

 Mdm2 (R)  p53  Degradation of p53  Mdm2 antisense 
(silencing), p53-GAr 
domain chimeras 
(gene therapy) 

 [ 81 – 84 ] 

 c-CBL (R)  EGFR  Mutation in c-CBL leads 
to upregulation of EGFR 

 [ 85 ] 

 BCA2 (R)  14-3-3, p21  Degradation of cell cycle 
checkpoint 14-3-3 

 Disulfi ram  [ 86 ] 

 Degradation of CDK 
inhibitor p21 

 EFP (R)  14-3-3  Degradation of cell cycle 
checkpoint 14-3-3 

 Antisense therapy  [ 71 ] 

 TRAF6 (R)  IKK  Upregulation of NF-κB 
pathway 

 Benzoxadiazole 
derivatives 

 [ 87 ] 

 BRCA1/
BCAD1 (C) 

 p53  Degradation of p53  [ 89 ] 

 VHL (C)  HIF  Increased HIF levels—
tumor vascularization 

 Gene therapy  [ 90 ] 

 SCF SKP2  (F)  p27  Degradation of p27  [ 92 ] 
 SCF β-TRCP  (F)  IkB  Upregulation of NF-κB 

pathway 
 Protac-1, methionine 
aminopeptidase-2 
chimera with ovalicin 

 [ 93 – 95 ] 

 FBW7 (F)  MYC  Inhibition leads to 
upregulation of 
oncoproteins 

 Small-molecule 
inhibitors 

 [ 96 ] 

 SCF Met30  (F)  Met4  Cell cycle progression  Small-molecule 
inhibitors 

 [ 97 ,  98 ] 

 CHIP (U)  Abnormal 
proteins 

 Geldanamycins  [ 99 ,  100 ] 

   Note : E3 ligase types are bracketed beside E3 name, where (H), HECT-type; (R), RING-type; (C), 
E3 ligase complex; (F), F-box; and (U), U-box  
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express endogenous BCA2 (MCF-7 and T47D), but not those that do not 
(MDA-MB-231 or MCF10A) [ 86 ]. These are interesting candidates to explore 
further, given their potency and selectivity.   

   5.    EFP (estrogen-responsive fi nger protein), a RING-type E3, is an ER target gene 
that was cloned using a genomic binding site approach [ 71 ]. The resistance to 
endocrine therapy that occurs frequently in breast cancer patients may be over-
come by targeting estrogen-responsive genes that regulate tumor proliferation. 
EFP was shown to be involved in proliferation using MCF7 cells in a xenograft 
model of breast cancer. Inhibiting EFP using antisense targeting reduced tumor 
growth, while EFP overexpression resulted in tumor formation even in an 
estrogen- deprived environment. Furthermore, EFP interacted with and caused 
the ubiquitin-dependent degradation of 14-3-3σ, which is involved in cell cycle 
arrest in G2 [ 71 ]. Therefore, inhibiting EFP may be an interesting protein to 
target in estrogen-resistant breast cancer.   

   6.    The development of drugs such as benzoxadiazole derivatives inhibits the E3 
RING-type ligase TRAF6, which prevents upregulation of the NF-κB pathway 
[ 87 ]. New evidence regarding copy number variations indicated that TRAF6 
acted as an oncogene in lung cancer. Overexpression of TRAF6 resulted in tumor 
formation and malignant transformation of fi broblasts, and RNAi- mediated 
knockdown of TRAF6 decreased adenocarcinoma in two lung cell lines that had 
TRAF6 amplifi cation [ 88 ]. Inhibition of TRAF6 in human lung cancer cell lines 
suppressed NF-κB activation, anchorage-independent growth, and tumor forma-
tion. In these two lung cell lines, RAS required TRAF6 for its oncogenic activi-
ties. This fi nding provides an explanation for the constitutive NF-κB activation 
observed in RAS-driven lung cancers.   

   7.    BRCA1-BARD1 (BRCA1-associated RING domain 1) are part of an E3 ligase 
complex. Within the nucleus of cells, BARD1 interacts with BRCA1 and together 
these two proteins act as tumor suppressors. The BRCA1-BARD1 heterodimer is 
essential for BRCA1 stability and specifi cally mediates the formation of Lys-6-
linked polyubiquitin chains and coordinates the activities of a diverse range of 
cellular pathways such as DNA damage repair, ubiquitination, and transcrip-
tional regulation to maintain genomic stability. It also interacts with p53 [ 89 ] as 
well as a number of other proteins. Activation of BRCA1- BARD1 could poten-
tially be used therapeutically to suppress tumor formation.   

   8.    VHL (von Hippel-Lindau) is also part of an E3 ligase complex, and is another 
tumor suppressor implicated in cancer [ 90 ]. Mutations in the VHL gene result in 
von Hippel-Lindau disease, in which individuals develop a variety of tumors as 
the result of an attenuation of the ubiquitination and degradation of HIF-1α, lead-
ing to the accumulation and overexpression of HIF-1α and its target genes. 
Inhibitors that target USP20 (VDU2) and/or USP33 (VDU1) could enhance the 
polyubiquitination of HIF-1α and, therefore, may be used as novel cancer agents. 
Recently, small-molecule inhibitors of the VHL/HIF-1α protein– protein interac-
tion have been developed and can be used to probe the hypoxic response and the 
role of HIF-1α in cancer [ 91 ].   
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   9.    Skp2 (SCF SKP2 ) is an F-box ubiquitin ligase, which has been implicated in the 
degradation of the key tumor suppressor gene p27kip1. It is expected that Skp2 
inhibitors would have antitumor effects. A compound that has been identifi ed 
can prevent the incorporation of Skp2 into the SCFskp2 complex, resulting in 
cell death (i.e., autophagy) by stabilizing p27kip1 and inducing G1/S cell cycle 
arrest. The compound was also shown to synergize with bortezomib and could 
also overcome resistance to bortezomib in models of multiple myeloma. 
Furthermore, the compound was shown to be active against aggressive leuke-
mia blasts as well as plasma cells derived from patients [ 92 ].   

   10.    SCF ß-TrCP1  (Skp1-Cullin-F-box), an F-box or Cullin RING E3 ligase, can trigger 
the degradation of IκBα, the inhibitory component of the proinfl ammatory tran-
scription factor NF-κB. Therefore, drugs that target SCF ß-TrCP1  may have poten-
tial as anti-infl ammatory and anticancer agents. To this end, Nakajima et al. 
have identifi ed an inhibitor of SCF ß-TrCP1 , which prevents the polyubiquitination 
and degradation of IκBα [ 93 ]. Using a very different approach, Sakamoto et al. 
employed the SCF ubiquitin ligase complex and artifi cially targeted a normally 
stable protein, methionine aminopeptidase-2 (MetAP-2), to this complex for 
ubiquitination and degradation through a chimeric bridging molecule or Protac 
(proteolysis targeting chimeric molecule) [ 94 ]. They then went on to show that 
an estradiol-based Protac could cause the ubiquitination and degradation of 
ERα in vitro, and a dihydroxytestosterone-based Protac introduced into cells 
could promote the rapid disappearance of the androgen receptor in a proteasome- 
dependent manner [ 95 ]. This very interesting technology could potentially be 
used to target cancer as well as many other diseases.   

   11.    FBW7 (F-box and WD repeat domain-containing 7) is a mammalian F-box or 
Cullin RING E3 ligase and Cdc4 is the yeast ortholog for which one of the fi rst 
small-molecule allosteric inhibitors of an E3 ligase has been identifi ed [ 96 ].   

   12.    More recently, a small-molecule inhibitor of the SCF Met30  ligase was identifi ed in 
a screen for small-molecule enhancers of the drug rapamycin, which inhibits the 
target of rapamycin (TOR) [ 97 ]. TOR has been found to play a predominant role 
in mammalian cell growth and has been implicated in many different cancers [ 98 ].   

   13.    It has also been shown that CHIP, a U-box E3 involved in the degradation of 
mutated proteins in tumor cells as well as in the degradation of overexpressed 
receptor tyrosine kinases (RTK) such as HER2, can be interfered with the ben-
zoquinone ansamycin antibiotic geldanamycin [ 99 ,  100 ]. Two of the above, 
Skp2 and Mdm2, have also been shown to be overexpressed in various tumors.    

  Additional E3 ligase targets include the anaphase-promoting complex (APC), an 
E3 that causes the degradation of key cell cycle proteins and is responsible for com-
pleting the fi nal steps of mitosis. Blocking APC, in theory, could halt cell division. 
Therefore, drugs that target individual ligases should be more effective than those 
that target the proteasome, and given the specifi city of substrates for E3 ligases, 
drugs that target these proteins are ripe for personalized therapy. 

 The path forward, however, is fraught with obstacles. While there is more speci-
fi city by targeting specifi c E3 ligases, each ligase degrades multiple proteins, so 
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inhibition may have unexpected off-target effects. For example, Skp2 degrades p27 
but can also degrade the Myc oncogene; therefore, selective inhibition of Skp2 may 
cause tumors to become more aggressive, not less. Developing drugs that target E3 
ligases will be diffi cult given the uncertainty that such perturbations will have on the 
host, but it may also lead to very effective cancer therapies.  

13.11     Conclusion and Future Directions for BCA2 in Cancer 

 The role of E3 ligases in cancer is far from clear. They can play the role of both a 
tumor suppressor and oncogene, depending on their substrates in the context of can-
cer therapeutics. Investigations that lead to uncovering the mechanisms in which this 
family of proteins are deregulated and/or stabilized are paramount to understanding 
their functions. Given our current knowledge of how E3 ligases are stabilized, the 
following models have been put forth to account for what is known regarding the 
likely behavior of BCA2 and its interaction with hHR23a and 14-3- 3σ, as depicted 
in Figs.  13.5  and  13.6 , respectively. BCA2, in the absence of any binding partner or 
substrate, catalyzes its own ubiquitination, whereby the addition and elongation of a 
ubiquitin chain to the known accepting lysines in the BZF domain [ 31 ] is facilitated 

  Fig. 13.5    Model for BCA2 interaction with hHR23a. When BCA2 is alone ( top ), it is ubiquitinated 
upon binding of E2 and targeted for proteasomal degradation. When hHR23a is present ( bottom ), 
hHR23a binds BCA2 preventing Ub-chain elongation, which stabilizes BCA2. Furthermore, 
hHR23a is possibly mono-/multi-ubiquitinated by BCA2, which does not lead to degradation       
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by the RING domain. Target or interacting proteins such as hHR23a or 14-3-3σ can 
bind to the BZF domain resulting in the inhibition of autoubiquitination activity. 
This in turn can stabilize BCA2. Through this interaction, the half-life of BCA2 is 
prolonged, allowing it to more readily take part in the ubiquitination of a substrate 
or incorporation into a complex. The BZF domain of BCA2 has a high affi nity for 
ubiquitin and also for UBA52 [ 31 ], a ubiquitin fusion protein; therefore, the sub-
strate for BCA2 may be previously monoubiquitinated or contain a ubiquitin-like 
domain. When BCA2 is phosphorylated, the interaction with 14-3-3σ prevents self-
ubiquitin conjugation by BCA2, which is then followed by the catalysis of polyubiq-
uitin chain formation and elongation on 14-3-3σ, and subsequent degradation.

    The folate receptor (FR) was also identifi ed as a possible BCA2 partner protein 
through yeast screening. Expression of FR has been linked to several cancers includ-
ing breast and renal cancers among others, where overexpression of FR is correlated 
with poor prognosis [ 101 ,  102 ]. BCA2 may play an important role in FR internal-
ization and regulation, which is worthy of further investigation. The role of other 
putative BCA2 interactants (Table  13.3 ) remains to be elucidated. 

 The precise role that BCA2 plays in breast cancer in particular and cancer in 
general is fertile ground for future research. Many questions still remain regarding 
protein modifi cations, substrates, and binding partners. It will be important to deter-
mine the impact that differential regulation and stability have on BCA2 in the con-
text of breast cancer and other tumor types. With the recent interest of the 
pharmaceutical industry in developing drugs that target E3 ligases, BCA2 may 
evolve into a promising target to pursue in the clinic in the area of tumor biology; 
only time will tell.     
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    Chapter 14   
 The 26S Proteasomal ATPases: Structure, 
Function, Regulation, and Potential 
for Cancer Therapies 

             Young-Chan     Kim     and     David     M.     Smith    

    Abstract     The 26S proteasome is the only protein degradation machine in the cell 
that selectively degrades proteins, and as such it regulates the vast majority of cel-
lular processes (e.g., cell proliferation, differentiation, transcription, and signal 
transduction), and it is essential for cell survival. The multistep process of protein 
degradation by the 26S proteasome begins with the recognition of substrates by the 
19S regulatory particle and ends with their degradation inside the 20S core particle. 
Inhibitors of the 20S proteolytic sites (e.g., by bortezomib and carfi lzomib) have 
proven useful for the treatment of hematological cancers, especially multiple 
myeloma, where bortezomib is used as a fi rst-line treatment. However, relapse typi-
cally occurs in these patients and drug resistance is observed. Alternative therapeu-
tic targets within the 26S proteasome—especially in 19S regulatory complex—are 
highly attractive due to the proven requirement for ubiquitin-dependent protein deg-
radation in multiple myeloma. Because the 19S regulatory particle must catalyze a 
complex multiple step processes to stimulate the degradation of proteins, there are 
many attractive sites that could be targeted for new cancer therapies. We summarize 
recent developments in our understanding of the structure, function, and regulation 
of the 19S ATPases complex and the potential for pharmacological manipulation of 
the 19S and its ATPases to develop new classes of compounds that inhibit protea-
somal regulation rather than global protein degradation, which we expect will have 
therapeutic advantages.  
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  Abbreviations 

   AAA + ATPases    ATPases associated with diverse cellular activities   
  CaMKII    Ca2+/calmodulin-dependent kinase II   
  CC    Coiled coil   
  CP    Core particle   
  DUB    Deubiquitinating enzyme   
  EM    Electron microscopy   
  HbYX    Hydrophobic (Hb), tyrosine (Y), and any residue (X)   
  OB    Oligonucleotide/oligosaccharide binding   
  OGT    O-GlcNAc transferase   
  PA28    Proteasome activator 28 kDa   
  PAN    Proteasome-activating nucleotidase   
  PI31    Proteasome inhibitor 31 kDa   
  PKA    Protein kinase A   
  PTMs    Posttranslational modifi cations   
  RP    Regulatory particle   
  RPN    Regulatory particle non-ATPase   
  RPT    Regulatory particle ATPase   
  UBA-UBL domain    Ubiquitin-associated-ubiquitin-like domain   

14.1           Introduction 

 The 26S proteasome catalyzes the degradation of misfolded, damaged, and short- 
lived regulatory proteins in the cell, and as such it is a key player in maintaining 
protein homeostasis. It does so by selectively degrading proteins that have been 
“tagged” for degradation by the conjugation of a ubiquitin chain to the substrate. 
This is the fi rst step of selectivity in protein degradation. The 26S is a multisubunit 
proteolytic machine and it requires ATP to drive a multistep process that proces-
sively degrades its protein substrates. This 2.5 MDa complex is made up of ~33 
different types of subunits and consists of two subcomplexes: a core protease (20S 
proteasome or CP) and a regulatory particle (19S, RP, or PA700) that caps one or 
both ends of the 20S. Two subcomplexes make up the 19S, the lid and the base. The 
lid contains mostly scaffolding subunits and also some ubiquitin processing sub-
units, while the base contains a ring of ATPases and other ancillary subunits dis-
cussed below. This 19S binds to and regulates the 20S core particle. The 20S is a 
barrel-shaped compartmentalized protease that is composed of four stacked rings. 
The outer α-rings are heteroheptameric and their subunits are labeled α1–α7. The 
two inner β-rings are also heteroheptameric and are labeled β1–β7. The proteolytic 
sites are located on the central pore area of the beta subunits. To form the functional 
26S proteasome complex, the base of the 19S associates with the α-ring of the 20S, 
but this interaction requires the binding of ATP to the 19S ATPases [ 1 ,  2 ]. 

 Most of the steps in the multistep process of substrate degradation are regulated by 
the 19S. The 19S must: (1) recognize polyubiquitylated substrates, (2) open a gate 
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that occludes the 20S central chamber, (3) unfold the proteins so they can pass through 
the narrow channel leading to the degradation chamber, (4) remove any conjugated 
ubiquitin chains, and (5) inject the unfolded and deubiquitylated polypeptide into the 
20S catalytic chamber where it can be degraded to small peptides (Fig.  14.1 ) [ 3 ]. The 
ATPase ring in the 19S can be thought of as the control center of the 26S proteasome, 
regulating and catalyzing all of these critical steps. The fi eld has sought for many 
years to understand this multistep process, but diffi culties in obtaining high-resolu-
tion structures of this highly dynamic 26S complex have slowed progress. Recently, 
however, several subnanometer cryo-EM structures of eukaryotic 26S proteasome 
were elucidated and the subunit arrangement of the 19S was fi nally solved. These 
recent structural advancements have provided signifi cant insights into the mecha-
nisms and function of the 26S proteasome [ 4 – 7 ]. The following sections summarize 
the current knowledge of structure, function, and regulation of the 19S ATPases com-
plex and the therapeutic potential for cancer treatment by targeting this complex.

14.2        Structural Organization of 19S Proteasomal 
ATPases Complex 

14.2.1     Overall Architecture and Function 

 The 19S is an ATP-dependent activator of the 20S proteasome and is composed of 
19 stoichiometric subunits each belonging to either the base or lid subcomplex. The 
base is a central and pivotal part of RP that consists of six different but homologous 
AAA + ATPase, called Rpt1–6 as well as three non-ATPase subunits: Rpn1, Rpn2, 

  Fig. 14.1    The ATP-dependent multistep process of protein degradation by the 26S proteasome. 
Ubiquitination of a protein allows it to be recognized by the 19S regulatory particle. The hexa-
meric complex of ATPases opens a gate in the 20S proteasome and translocates the protein through 
its central pore causing unfolding of upstream regions. Deubiquitinating enzymes (DUBs) on the 
19S remove the ubiquitin chain, and the ATPases complete the injection of the substrate into the 
20S where it is degraded to small peptides. The 19S can bind to one or both ends of the 20S to form 
the 26S proteasome. This cartoon was altered and adapted from Maupuin-Furlow 2012       
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and Rpn13. The lid is composed of the non-ATPase subunits (Rpn3, Rpn5–9, 
Rpn11, Rpn12, and Rpn15). Rpn10 was previously proposed to connect the base 
and lid and stabilize them because deletion of this subunit caused dissociation of 
base and lid. This traditional structural organization of the 19S complex has been 
revised in many aspects due to the recent generation of cryo-EM reconstruction 
studies which revealed complete subunit architectures of the 19S particle (Fig.  14.2 ) 
[ 4 – 11 ]. In addition, these studies revealed several new structural features of the 26S, 
which we discuss in brief here: (1) the ubiquitin receptors Rpn10 and Rpn13 are 
fl exibly attached to the periphery of the RP well above the ATPase ring and the 
distance between these two Ub receptors approximately matches the length of tetra- 
ubiquitin chains. It was a surprise to fi nd that Rpn10 primarily binds to lid subunits 
Rpn11 and Rpn9; however, in some conformational states it also binds to the ATPase 
subunits Rpt4 and Rpt5, which may explain Rpn10’s presumed role in joining the 
base and the lid subcomplexes. (2) The deubiquitinating enzyme (or DUB), Rpn11, 
is located above but in close proximity to the substrate entrance pore of the ATPase 
ring. Further, Rpn11 shows signifi cant conformational changes upon lid integration 
into holoenzyme, and again after substrate engagement which is driven by confor-
mational changes in the ATPase ring [ 4 ,  11 ]. These conformational changes help 
explain how allosteric changes in Rpn11’s position link deubiquitination to the deg-
radation of proteins degradation. (3) Several lid subunits, Rpn5 and Rpn6, are shown 
to interact with the 20S subunits, α1 and α2, respectively, and appear to act as 
important regulatory points for the 19S–20S interaction. (4) Surprisingly, the 
base subunits Rpn2 and Rpn13 are found distant from the 20S at the top of the 
19S complex above the lid (Fig.  14.2 ), and thus, the traditional “base” and “lid” 

  Fig. 14.2    Schematic structural organization of the 19S regulatory particle. The subunit organiza-
tions of the 19S subunits are shown and only the subunits (and key domains) that are discussed are 
labeled. The substrate ( red ) and the conjugated ubiquitin chain ( purple ) are also depicted. The 
N-ring contains two domains, the OB domain and the CC domain; see the text for more details. 
This cartoon was adapted with permission from [ 4 ]       
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terminology could benefi t from revision. (5) The DUB Ubp6 (Usp14) is associated 
with Rpn1 at the periphery of the 19S complex and Uch37 (UchL5) is shown to bind 
to Rpn13 via indirect linkage to Rpn2. (6) A big surprise was that the pore loops of 
the large AAA + domains of the six Rpts show a helical staircase or lockwasher-like 
conformation, except for one subunit (Rpt6) that is intermediate in height and 
bridges the highest (Rpt3) and lowest (Rpt2) subunits in the presence of saturating 
amount of ATP. Oddly, in the structure with ATP present, the pore of the ATPase 
ring is not in alignment with the pore of the 20S and that the ATPase pore was found 
to be in a fairly closed state [ 4 ,  6 ]. (7) However, the ATPases undergo conforma-
tional switching in the presence of ubiquitinated substrate: the ATPase ring is shown 
to rearrange so that the interface between each of the ATPase subunits becomes 
more uniform and its central pore widens. In addition, the ATPase pore now aligns 
with the 20S substrate translocation pore. This suggests that a rapid progression of 
ATP hydrolysis is induced upon substrate engagement that generates this conforma-
tion, which appears to be translocation-competent. Interestingly, the pore loops of 
the Rpt ring are also rearranged but they still exhibit a spiral staircase although with 
a lower pitch. In addition, the lockwasher-like conformation appears to have rotated 
through the ring after substrate binding, so that the highest subunit now becomes 
Rpt1, the lowest Rpt4, and the bridging one Rpt5 [ 11 ]. Similar translocation-com-
petent topology and subunits rearrangement are also observed upon binding of the 
non- hydrolyzable analog ATPγS, even without substrate present [ 10 ]. (8) These 
large conformational changes in the ATPase ring also cause a large rotation of the 
19S around the long axis of the 26S. One obvious function of this rotation is to bring 
Rpn11 into proximity directly above the ATPase pore, where it is positioned to 
remove ubiquitin chains before they enter the ATPase ring. This is important since 
ubiquitin chains could slow or even halt the translocation of proteins into the 
20S. Therefore, multiple EM reconstruction studies clearly show that both ATP 
binding (ATPγS) and substrate binding induce large, and similar conformational 
changes, which affect all of the 19S subunits to some extent.

14.2.2        The Ring of ATPases 

 The eukaryotic heterohexameric 26S ATPases (Rpts) are thought to have evolved 
from a simpler AAA + proteasomal ATPase in archaea. This archaeal proteasomal 
ATPase is called PAN (proteasome-activating nucleotidase), which forms a homo-
hexameric ring complex and shows remarkable similarities to the 26S ATPases in 
many aspects of structure and function. Both the eukaryotic and archaeal protea-
somal ATPases consist of four structural domains and a key C-terminal tail motif: (1) 
N-terminal coiled-coil (CC) domain, (2) OB (oligonucleotide/oligosaccharide bind-
ing) domain, (3) AAA + ATPase domain, (4) C-terminal helical domain, and (5) the 
C-terminal HbYX motif. Crystal structures of PAN and related bacterial ARC show 
that the ATPases complex forms a hexameric ring structure, the N-ring (CC- OB hex-
amer), which makes a small ring that sits on top of the larger AAA + ring [ 12 – 15 ].  
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14.2.3     The CC Domain 

 The CC domain is shown to form a trimer of α-helical dimers. At the base of the CC 
domain adjacent to the OB domain, there is a highly conserved proline residue 
which is in a  cis  conformation in one subunit and a  trans  conformation in its neigh-
bor, which alternates around the ring. The  cis -proline containing subunits allow the 
CC domain to bend back toward its neighbor, allowing for coiled coiling to occur. 
This  cis – trans  subunit pairing is also conserved in the eukaryotic Rpt ring, where 
the  cis -proline-containing subunits are Rpt2, Rpt3, and Rpt5 and the expected  trans  
subunits are Rpt1, Rpt6, and Rpt4, respectively, demonstrating a conserved struc-
tural asymmetry in N-terminal ring. In agreement with this assumption, previous 
studies have also demonstrated that the N-terminal domains of proteasomal ATPases 
have a chaperone activity and are capable of preventing the aggregation of mis-
folded proteins [ 14 – 17 ]. One hypothesis for this chaperone activity is that as sub-
strates are translocated, they become unfolded at the mouth of the ATPase ring, and 
to prevent aggregation of the unfolded domains with other cytosolic proteins, the 
CC domains bind to and chaperone these newly unfolded domains.  

14.2.4     The OB Domain 

 The OB domain is a fi ve-stranded β sandwich fold with surface loops. Based on 
conservation with other OB fold proteins, it’s suggested that these loops may bind 
substrates. In addition, based on the contact surface area of neighboring OB 
domains, it has been suggested that conformational changes in one domain would 
be recapitulated to others in the ring in an allosteric fashion [ 14 ]. Interestingly, 
many point mutations made in these domains drastically affect the activity of the 
ATPase domains, which are somewhat distant and connected by a fl exible linker, 
which is also sensitive to point mutations [ 14 ]. This suggests these domains may be 
critical regulatory points. Therefore, the OB domain together with the CC domain 
is thought to play an important role in initial substrate binding, substrate handling, 
and threading through the central pore.  

14.2.5     The C-Terminal HbYX Motif and 20S Gating 

 The crystal structure of the 20S CP complex shows that the entrance route for sub-
strates into the proteolytic chamber is closed-off by interactions between the 
N-termini of certain α-subunits [ 18 ,  19 ]. These N-termini thus form a gate, which 
prevents unwanted protein degradation. How is this gate opened to allow substrate 
entry? The C-termini of 19S ATPases, as well as PAN, have the autonomous ability 
to induce opening of this 20S gate. Studies of PAN’s ability to activate degradation 
by the 20S proteasome fi rst identifi ed a three-residue motif, the HbYX motif that 
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had the ability to induce gate opening (HbYX—Hb, hydrophobic; Y, Tyrosine; X, 
variable but ultimate residue). Biochemical, cryo-EM, and crystal structural studies 
have shown in detail how the HbYX motif opens the archaeal 20S gate and defi nes 
the associated conformational changes in the α-ring. Because the HbYX motif is 
autonomous in its ability to induce gate opening, peptides that correspond to the 
C-terminus of PAN (or Rpt2, Rpt3, or Rpt5) can bind to the 20S by themselves and 
stimulate gate opening. However, ATP binding to PAN (or the 19S) is essential to 
cause a conformational change in its C-termini to allow for the HbYX to bind to the 
20S proteasome and to induce gate opening (Fig.  14.3 ) [ 20 ], though these 

  Fig. 14.3    Model depicting the association of 19S with the α-ring of the 20S proteasome. The 
C-termini ( yellow ) of 19S ( orange ) dock into the intersubunit pockets on the top of the 20S upon 
the binding of ATP. Schematic model showing that peptides that contain the HbYX motif from the 
19S proteasomal ATPase C-termini (e.g., Rpt2, Rpt3, and Rpt5) can be functional by themselves 
to induce gate opening. To do this, they bind to the intersubunit pockets of the 20S and induce rota-
tion of the α-subunits to cause stabilization of the open-gate conformation       
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conformational changes are not yet understood. The HbYX motif binds to pockets 
located between the α-subunits in the 20S and this binding induces a rotation in the 
α-subunits, which displaces a reverse-turn loop destabilizing the closed-gated con-
formation and stabilizing the open-gate conformation [ 21 ]. These closed- and open- 
gate conformations involving the reverse-turn loop were previously described by 
Hill and colleagues in their studies of how PA26 activates gate opening [ 22 ,  23 ], 
which apparently works by a different mechanism that does not utilize α-subunit 
rotations. The archaeal 20S gate is also shown to be highly dynamic by an NMR 
study, which shows that the N-terminal tails of the α-subunit interchanges between 
open and closed states on the second time scale [ 24 ]. This may suggest why the 20S 
always shows a basal level of peptide hydrolysis activity that is accelerated upon 
stabilization of the open-gate structure by proteasome activators. The HbYX motif 
is also highly conserved in the ATPases of the eukaryotic 26S complex, where it 
plays the same role in triggering gate opening in the 20S [ 20 ,  25 ]. However, only 
three of the six different ATPase subunits have a conserved HbYX motif, and recent 
EM structural studies show that the C-terminal HbYX tails of Rpt2, Rpt3, and Rpt5 
are shown to be docked into their specifi c 20S α-subunit binding pockets at the 
interfaces of the α3 and α4, α1 and α2, and α5 and α6, respectively, whereas densi-
ties for the non-HbYX tails of Rpt1, Rpt4, and Rpt6 were not observed [ 4 ]. Besides 
their role in gate opening, the HbYX tails of Rpt3 and Rpt5 are also shown to be 
essential for the 26S proteasome assembly [ 26 ]. Furthermore, the Rpt6 C-terminal 
tail is demonstrated to play an important role in maintaining 26S stability and base-
20S complex formation and subsequent reconfi guration of the 26S complex [ 26 , 
 27 ], which is not yet fully understood. Suffi cient to say, the 19S–20S assembly 
process appears to be dynamic and complicated and further work is necessary to 
understand it, but what is known is that the C-termini of the ATPases play an essen-
tial and critical role in the 26S assembly.

14.3         Function 

14.3.1     ATP Binding Regulates 26S Assembly 
and Gate Opening 

 While the role of the C-terminal HbYX motif in the Rpt subunits is certainly critical, 
an important regulatory factor is the binding of ATP to the ATPase subunits. ATP 
binding is essential to allow the ATPase C-termini to bind to the 20S and stimulate 
gate opening. It’s assumed that binding of ATP induces some conformational change 
in the ATPase subunits that allows the HbYX motif to become available for binding 
to the 20S proteasome (Fig.  14.3 ). Interestingly, the non-hydrolyzable analog of 
ATP (ATPγS) induces complex formation and 20S gate opening in vitro better than 
ATP does [ 12 ,  28 ], presumably because ATP is cleaved to ADP, which cannot sup-
port ATPase-20S association and gate opening. Mutational analyses of the Walker A 
motif (required for ATP binding) in various Rpt subunits revealed that ATP binding 
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to Rpt1, Rpt2, Rpt3, and Rpt4 is indispensable in forming the 26S, but presumed 
ATP binding defects in Rpt5 and Rpt6 are tolerable, suggesting ATP binding to 
some of the Rpt subunits is more critical for the 26S assembly than other subunits 
[ 29 ]. This also suggests that different α-subunit pockets are utilized for 19S–20S 
association to different extents.  

14.3.2     Substrate Binding, Unfolding, and Translocation 

 The AAA + ATPases are involved in protein degradation and protein remodeling in 
archaea, bacteria, and eukaryotic cells. To catalyze ATP-dependent protein sub-
strate remodeling, all of these AAA + ATPases utilize six key functional motifs (i.e., 
Walker A, Walker B, Sensor 1, arginine fi nger, Sensor 2, and pore loop) [ 30 – 32 ]. 
The proteasomal ATPases and other bacterial AAA + unfoldases, ClpX, ClpA, FtsH, 
ClpB, and HslU, belong to the AAA + protein superfamily. Because the 26S protea-
some is an ATP-dependent molecular machine, it’s obvious that understanding how 
ATP binding and hydrolysis are coordinated to drive function will be important for 
targeting the regulatory aspects of the proteasome. ATP binding and hydrolysis are 
known to be required for several of the proteasome’s functions including: (1) sub-
strate binding, (2) gate opening, (3) 26S assembly (or ATPase-20S association), (4) 
initial substrate threading (engagement) [ 29 ,  33 ,  34 ], and (5) substrate unfolding 
[ 35 ]. Moreover, the binding of ubiquitinated conjugates to the 19S complex is 
known to stimulate ATPase activity and gate opening in the 26S proteasome, which 
presumably aids their own degradation [ 29 ,  36 – 39 ]. Therefore, based on these 
observations and known functions, a complex network of interactions and allosteric 
pathways, mediated by the ATPase ring, must exist in the 26S proteasome, which is 
essential for its ability to degrade proteins. 

 Unfolding of structured substrates requires ATP hydrolysis by the proteasomal 
ATPases, although the exact ATP costs and time for processing substrates vary 
depending on the stability of the tertiary structure of the substrates [ 28 ,  35 ,  40 ,  41 ]. 
Substrate translocation by the proteasome per se is known not to require ATP hydro-
lysis, given that unfolded proteins are rapidly degraded in the ATPγS state or by the 
open-gated 20S [ 12 ,  28 ]. However, it is widely accepted that unfolding and translo-
cation are a coupled process (translocation through a narrow pore is what causes 
unfolding). Nevertheless, this mechanism has not been directly shown for the 26S 
or PAN-20S complex [ 2 ], though several studies corroborate it [ 42 ].  

14.3.3     ATP Binding Pattern, Stoichiometry, and ATPase Cycle 

 The cycle of ATP hydrolysis lays the basis for all the ATP-dependent functions of 
the proteasome as this event drives the conformational changes in the ATPase ring 
that do work. This ATP binding and hydrolysis mechanism has been directly 
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examined using the PAN-20S and eukaryotic 26S complex. Surprisingly, it was 
found that though the proteasomal ATPase is a hexamer, it could only bind to two 
ATPs and two ADPs at a time [ 34 ]. These studies suggested a cooperative and coor-
dinated cyclic ATP binding and hydrolysis model. This “paired” ATP binding model 
explains the presence of three different types of nucleotide binding sites on the 
hexameric ATPase ring, two high-affi nity (ATP), two low-affi nity (ADP), and two 
non-binding (empty) subunits per hexamer. Further evidence, using Walker A 
mutants, suggests a sequential progression of these different subunit conformations 
around the ring driven by ATP hydrolysis [ 29 ,  41 ]. Given that the two ATP-bound 
state maximally regulates 20S binding and gating, this model also explains that the 
symmetric fi xed-order arrangement of alternating HbYX and non-HbYX Rpt sub-
units (-Rpt1- Rpt2 -Rpt6- Rpt3 -Rpt4- Rpt5- ) ensures simultaneous interactions of at 
least one HbYX- and one non-HbYX-containing Rpt subunits with the 20S protea-
some at all times during ATP-dependent hydrolysis of substrates. Since the two-
ATP- bound state is the active one, the elucidation of the allosteric pathways that 
control these ATP binding effects will be important to understanding how to target 
these critical functions.   

14.4     Regulation 

 Selective degradation of proteins by the proteasome is crucial for proper proteosta-
sis (protein homeostasis) and cell physiology. Above we discussed several layers of 
regulation in the 26S proteasome that maintain proper proteasome function and 
protein degradation capacity. Below we discuss mechanisms by which the 26S pro-
teasome can be regulated by ancillary factors. 

14.4.1     Proteasome-Interacting Proteins (PIPs) 

 Several proteasome-interacting proteins (PIPs) are known to regulate proteasome 
activity. In addition to intrinsic Ub receptors (Rpn10 and Rpn13), the shuttling fac-
tors (UBA-UBL proteins which can bind to both ubiquitin and ubiquitin recep-
tors)—Rad23 (hHR23b), Dsk1 (PLIC2), Ddi1, and p62 (SQSTM1)—have been 
known to bind ubiquitinated proteins and transport them to the proteasome (Rpn1 or 
Rpn10/Rpn13) [ 2 ]. This substrate targeting to the proteasome is the fi rst regulatory 
point in controlling proteasome activity. Some Rpt interacting proteins (called base 
assembly chaperones) have been shown to infl uence ATPase ring assembly. 
Overexpression of the base assembly chaperones (p27, PAAF1, and S5b) and in vitro 
binding characterizations showed negative effect on proteasome assembly and activ-
ity by these Rpt assembly chaperones [ 43 – 46 ]. PI31, which is also sometimes con-
sidered a PIP, has been shown to modulate proteasome activity by inhibiting 20S 
activity and stimulating 26S activity [ 47 – 49 ]. Interestingly, recent fi ndings 
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demonstrated that ADP-ribosylation of drosophila-dPI31 promotes 26S assembly by 
sequestering dp27 and dS5b. Inhibition of the PI31 ADP-ribosylation process shows 
reduction of 26S assembly, resulting in partial inhibition of cancer cell growth [ 50 ].  

14.4.2     Deubiquitinating Enzymes (DUBs) 

 While ubiquitination of substrates is important for their recognition by the 26S pro-
teasome, the regulated and timely removal of ubiquitin from substrates by proteasome- 
associated DUBs is also important for proper substrate processing. Three DUBs have 
been known to be associated with the 26S proteasome. Rpn11 is a proteasomal lid 
subunit and it cleaves the entire ubiquitin chain from the substrate (en bloc) near the 
mouth of ATPase ring. Moreover, it is known to require ATP hydrolysis to promote 
substrate degradation, suggesting the coupling of Rpn11 activity and translocation of 
the substrate through the ATPase ring [ 28 ,  51 – 53 ]. In addition, two DUBs, Ubp6 
(Usp14) and Uch37 (UchL5), trim the polyubiquitin chains from the distal side of the 
chain, in essence shortening it. Ubp6’s chain trimming activity has been known to 
inhibit the effi ciency of the proteasome’s ability to degrade proteins, presumably 
because the ubiquitin chain shortening decreases the substrates affi nity for the pro-
teasome, which may act as a timing mechanism [ 54 ]. Moreover, an inhibitor of 
Ubp6/Usp14 has been shown to activate degradation of certain ubiquitinated sub-
strates [ 55 ]. In addition, Usp14 is overexpressed in colorectal cancer and appears to 
play a role in Wnt signaling [ 56 ]. Uch37’s chain editing activity is also known to 
suppress the breakdown of lightly ubiquitinated proteins in vitro [ 57 ]. RNAi deple-
tion study of Uch37 or Usp14 in HeLa cells showed stimulation of model substrate 
(i.e., Ub-R-GFP) degradation [ 58 ], further supporting the notion that these DUBs 
play a negative role in regulating substrate degradation. Though their physiological 
functions are not fully understood, it appears that proteasome- bound DUBs are an 
important control point in regulating proteasome activity.  

14.4.3     Posttranslational Modifi cations (PTMs) 
of the Proteasome Subunits 

 Like other regulatory proteins, several proteasome subunits are also regulated by 
various posttranslational modifi cations (PTMs). These PTMs have a wide range of 
effects including: modulation of biochemical activity, intracellular localization, sta-
bility, and protein–protein interactions. Several different types of PTMs have been 
observed, usually by mass-spectrometry-based proteomic approaches (and some 
biochemical studies) including: phosphorylation, dephosphorylation, acetylation, 
glycosylation (O-GlcNAc), ADP-ribosylation, monoubiquitination, proteolytic pro-
cessing, oxidation, nitration, and myristoylation [ 59 ,  60 ]. A few examples include 
phosphorylation of Rpt6 by PKA, and CaMKII was known to activate proteasome 
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activity, most probably by facilitating the 26S assembly [ 61 ,  62 ]. In contrast, 
 phosphorylation of Rpt5 by ASK1 was shown to inhibit Rpt5 ATPase activity and 
resulting in 26S proteasome activity [ 63 ]. Additionally, O-GlcNAcylation of Rpt2 
by O-GlcNAc transferase (OGT) was known to inhibit the proteasome’s ATPase 
activity and resulting in protein degradation activity [ 64 ]. As expected, these various 
PTMs of the proteasome and their downstream effects on controlling function, 
assembly, and localization are important for maintaining overall protein degradation 
capacity. These above discussed structures, functions, and PTMs highlight inherent 
points of regulation in the proteasome that provide mechanisms for fi ne-tuning the 
proteasome function for specifi c cellular needs and indicate potential targets for 
pharmacological modulation.   

14.5     Potential for Cancer Therapies 

 As described above, the 26S proteasome has a complex structural organization, 
whose function is driven primarily by ATP-dependent allosteric networks with 
many layers of regulatory elements. While the core functions of the 19S are essen-
tial for most ubiquitin-dependent protein degradation, the additional layers of ancil-
lary regulatory points are presumed to be necessary for regulating the degradation 
of different types of substrates depending on the different cellular states or types. 
Since the 26S proteasome regulates the degradation of the majority of proteins in 
the cell, a detailed understanding of its many regulatory points will be highly useful 
for drug development of agents that can selectively modulate these proteasome reg-
ulatory features. While current proteasome inhibitors in the clinic are useful to treat 
hematological cancers, these inhibitors target protein degradation globally since 
they target the function of the 20S protease sites. Presumably, the inhibition of pro-
teasome regulatory factors, which are discussed above, that may be specifi c to cer-
tain cell types (e.g., cancer) could prove to be more useful to treat other cancers 
(e.g., solid tumors) and would, at a minimum, be expected to be less toxic, since 
only subsets of the proteasome substrates would be affected. 

14.5.1     26S Assembly Modulator 

 Although the 26S assembly process is complex involving multiple 20S and 19S 
assembly chaperones [ 1 ], it has critical regulatory points involving specifi c interac-
tions (e.g., HbYX motif and 20S pocket), and ATP binding to certain subunits con-
trols this assembly process. Therefore, these crucial protein–protein interactions and 
the allosteric pathways that mediate selective ATP binding effects are expected to be 
important therapeutic targets. The HTS and follow-up characterizations of 26S 
assembly modulator candidates are under way, which promises to identify new 26S 
assembly inhibitors and which could affect a variety of mechanisms discussed above. 
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Such agents would be expected to block ubiquitin-dependent protein degradation 
while leaving the assembled 20S intact and free to degrade proteins by itself or with 
other proteasome-activating complexes.  

14.5.2     Gating Modulators 

 The substrate gate in the isolated 20S proteasomes typically remains in a closed 
state and is said to be latent. But several proteasome activators can bind the protea-
some and stimulate gate opening. One example we discussed above is the 19S regu-
latory particle, whose HbYX motif binds to specifi c pockets in the 20S α-subunits. 
However, several other regulators also bind to a set of these seven different 20S 
intersubunit pockets, including PA200, PA28αβ, PA28γ, and potentially PI31. 
Presumably these different regulators regulate the degradation of different subsets 
of proteins in the cell. Because the intersubunit pockets are well defi ned, it’s likely 
that competitive agents could be found that bind to these seven different pockets on 
top of the 20S. In addition, it is expected that such agents could differentially affect 
the binding of these different proteasome activators, in which case each agent could 
have different physiological effects. Essentially, such agents would be expected to 
inhibit degradation of proteins that require the specifi c proteasome activator for 
their degradation. If any one of the HbYX binding sites could be targeted, it would 
be expected that such agents would block 19S-dependent gate opening, and thus, 
ubiquitin-dependent protein degradation should be perturbed due to inhibition of 
gate opening. In addition, since the HbYX motif induces gate opening in these sites, 
it could also be expected that some compounds could bind and stabilize the closed 
state of the gate, perhaps even in the latent 20S, which still has a capacity to degrade 
unstructured proteins due to gate fl uctuations. Agents that block the HbYX mecha-
nism without affecting the degradation of unstructured proteins by the 20S protea-
some alone would add a new layer of specifi city. Similarly, such agents would not 
be expected to inhibit gate opening due to PA28αβ or PA28γ, since these activators 
do not use an HbYX-dependent mechanism for gate opening. Such gating modula-
tors could be a new generation of proteasome inhibitors and would be expected to 
have anticancer activities due to their ability to specifi cally inhibit ubiquitin- 
dependent protein degradation. Such agents are expected to have remarkably differ-
ent physiological effects compared to traditional proteasome inhibitors.  

14.5.3     Modulating PTM Enzymes 

 Developing agents that modulate PTMs that occur on the 19S proteasomal Rpt sub-
units (i.e., Rpt6 phosphorylation) or the PTMs of proteasome regulators (i.e., PI31 
ADP-ribosylation) by pharmacological methods also have merit. In addition, such 
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approaches could be more readily developed, since the target (the posttranslational 
modifying enzyme) will be a simpler enzyme, which has advantages in drug develop-
ment, unlike with the proteasome complex. Validation of target choice would be easier 
experimentally, as siRNA approaches could be used to downregulate the proteasome 
modifying enzyme. Similar approaches (i.e., using siRNA) for the 26S subunits are 
less attractive, since knockdown of their constitutive subunits halt proteasome assem-
bly, which causes a different type of functional defect than pharmacological inhibition 
of regulatory subunits that are part of a functionally assembled proteasome.  

14.5.4     DUB Modulator 

 Proteasomal DUBs have already been identifi ed and targeted as novel targets for 
therapeutic intervention. To date, the compound named b-AP-15 has been identifi ed 
as a dual inhibitor of Usp14 and Uch37 (UchL5). The treatment of cancer cells by 
b-AP-15 elicits biological effects which are similar to those of the 20S inhibitors 
including accumulation of polyubiquitylated proteins, induction of apoptosis, and 
inhibition of tumor cell proliferation [ 65 ]. As mentioned above, Rpn11 (Poh1) has 
shown an ATP-dependent stimulatory role in substrate degradation [ 51 ,  52 ] and has 
been shown to be important for proteasome activity and cell proliferation [ 58 ]. 
Thus, targeting Rpn11 looks promising and screening is under way to fi nd new 
Rpn11 modulators, which hold promise as new cancer therapeutic reagents.  

14.5.5     Inhibiting the Unfolding and Translocation Process 

 Targeting the proteasomal ATPases has been attempted previously without resound-
ing success thus far. Only one known peptoid inhibitor (RIP-1) which was shown to 
bind to the Rpt4 subunit has demonstrated some effi cacy for inhibiting the 19Ss 
unfoldase activity in vitro and possibly also substrate degradation (p53) in cells [ 38 , 
 66 ,  67 ]. However, off-target effects of this compound have not been rigorously 
tested in cells, and further validation as a specifi c 19S ATPase inhibitor is needed. 
Although the development of ATP mimics is challenging, especially considering the 
issue of selectivity in AAA + ATPases, specifi c agents for the ATP hydrolysis sites 
could make for very interesting proteasomal modulators. Compounds that mimic 
the ATP-bound state but inhibit ATP hydrolysis could theoretically allow for the 
degradation of unfolded substrates, perhaps even in a ubiquitin-dependent manner, 
since translocation of unfolded substrates into the open-gated proteasome does not 
require ATP hydrolysis [ 12 ]. However, the degradation of folded substrates should 
be inhibited since they do require ATP hydrolysis. While it’s diffi cult to predict the 
physiological outcome of using such inhibitors, such agents would allow for the 
inhibition of a unique subset of cellular proteasome substrates. ADP mimics that 
specifi cally bind the proteasomal ATPases would be expected to block substrate 
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binding, gating, unfolding, and translocation, which would also have differential 
effects on the cells’ physiology. Targeting the proteasomal ATPases is still an oppor-
tunity and remains as an important drug target; we expect that such agents will be 
identifi ed in the future.   

14.6     Conclusion 

 The proteasome is an interesting target for the development of drugs that can regu-
late the levels of different subsets of proteins in the cell. Due to the importance of 
the proteasome to cellular physiology, its function is strictly and highly regulated, 
not only in the context of ubiquitin-dependent protein degradation by the 26S, but 
also by other types of proteasome regulatory complexes and proteins, which are 
discussed here. That being said, our above discussion of possible therapeutic targets 
in the proteasome is in no way exhaustive, and many other interesting sites for regu-
lation are also available that are not discussed here. This extensive regulatory sys-
tem for controlling the degradation of individual proteins provides a rich ground for 
drug development, especially in diseases where general proteasome inhibitors have 
already proven useful to treat disease, such as hematological cancers. We imagine 
the new generation of proteasome modulators may also prove to be useful in solid 
tumors as well and perhaps even other diseases not specifi cally related to cancer.     
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    Chapter 15   
 Deubiquitinating Enzymes as Novel Targets 
for Cancer Therapies 

             Kwang-Hyun     Baek     ,     Key-Hwan     Lim     , and     Jang-Joon     Park    

    Abstract     Most ubiquitinated proteins can be recognized and degraded by the 26S 
proteasome. In the meantime, protein deubiquitination by various deubiquitinating 
enzymes (DUBs) regulates protein stability within cells, and it can counterbalance 
intracellular homeostasis mediated by ubiquitination. Numerous reports have dem-
onstrated that an aberrant process of the ubiquitin-proteasome pathway (UPP) regu-
lated by the ubiquitination and deubiquitination systems results in failure of balancing 
between protein stability and degradation, and this failure can lead to tumorigenesis 
in various organs and tissues of mammals. The identifi cation of molecular properties 
for various DUBs is very critical to understand cancer development and tumorigen-
esis. Therefore, knowledge of DUBs and their association with cancer and diseases 
is indispensible for developing effective inhibitors for DUBs. This chapter describes 
various features and functions of cancer-related DUBs. In addition, we summarize 
several inhibitors that specifi cally target certain DUBs in cancer and suggest that 
DUBs may be one of the most ideal and attractive therapeutic targets.  

  Keywords     Anticancer drug   •   Bortezomib   •   Deubiquitination   •   Oncogene   • 
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  MFT    Multiple familiar trichoepithelioma   
  MJD    Machado-Joseph disease   
  MM    Multiple myeloma   
  OTU    Ovarian-tumor protease   
  PDA    Pancreatic ductal adenocarcinoma   
  TLS    Translesion DNA synthesis   
  UCH    Ubiquitin carboxy-terminal hydrolase   
  UPP    Ubiquitin-proteasome pathway   
  USP    Ubiquitin-specifi c protease   

15.1           Introduction 

 As a reverse process against ubiquitination, deubiquitination accomplished by deu-
biquitinating enzymes (DUBs) acts as counterbalancing regulation for the fate of 
proteins. The requirement of catalytic activity for DUBs in cellular processes has 
been shown in numerous studies. In terms of cellular homeostasis, controlled 
expression levels of proteins are essential, and abnormal expression of certain pro-
teins can be directly linked to cancer and other diseases causing breakdown of the 
coordinated cellular system. A number of unregulated proteins are mediated by 
ubiquitination and deubiquitination. Therefore, it is necessary to understand and 
investigate in detail the cellular and molecular mechanisms underlining deubiquiti-
nating activity. In addition, the targeting of DUBs as anticancer therapies is becom-
ing an important fi eld in cancer therapeutics. Knowledge of DUBs, their association 
with cancer and diseases, and use of DUB inhibitors in clinical and preclinical stud-
ies will be presented in this chapter.  

15.2     Overview of DUBs 

15.2.1     Classifi cation of Proteases in Mammals 

 Proteases are essential enzymes that catalyze protein-peptide bonds in all species, 
and they have various cellular functions such as in food digestion, ovulation, fertil-
ization, and infl ammatory responses. Many studies have analyzed and revealed the 
roles of proteases, and the research results have been applied to the medical treat-
ment of cancer and diverse diseases. Recent studies have suggested that the human 
genome encodes a total of 600 proteases [ 1 ]. Human proteases can be divided into 
fi ve classes according to their catalytic characteristics: serine proteases, threonine 
proteases, cysteine proteases, aspartate proteases, and metalloproteases. The glu-
tamic proteases are limited to fungal species. Of the 600 proteases, 176 are serine 
proteases (32 %), 74 are threonine proteases (4 %), 143 are cysteine proteases 
(26 %), 21 are aspartate proteases (4 %), and 186 are metalloproteases (34 %) 
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according to genomics and bioinformatics research on proteasomes (Fig.  15.1 ). To 
the cysteine proteases family, this chapter will focus on cysteine proteases to under-
stand the biological functions of DUBs.

15.2.2        DUB and Its Family 

 DUBs are a subfamily of cysteine proteases and have reversible abilities against E3 
ligases, in which they detach ubiquitin molecules from ubiquitinated substrates via 
their enzymatic activities (Fig.  15.2 ). This DUB-mediated process, which is the 
opposite of ubiquitination, is called deubiquitination. Like ubiquitination, deubiqui-
tination can give signals to functional proteins to modulate their activities. Therefore, 
DUBs are involved in numerous cellular functions including cell cycle regulation, 
signal transduction, membrane traffi cking, DNA damage response, immune 
response, and apoptosis or programmed cell death. The major known signal of ubiq-
uitination guides ubiquitinated proteins heading to the 26S proteasome for protein 
degradation (the ubiquitin-proteasome pathway, UPP), while DUB-mediated deu-
biquitination can prevent the proteasomal degradation of the substrates. Thus, the 
orchestration of reversible posttranslational regulations by ubiquitination and deu-
biquitination affects cellular homeostasis and cell viability, based on not only pro-
tein levels, but also on protein functions. It is critical to systemically maintain 
expression levels and functions of cellular proteins for the healthy cells, tissues, 
organs, and individuals. Indeed, as we will discuss later in this chapter, the break-
down of coordinated regulation of functional proteins caused by altered activities or 
abnormal expression level of DUBs can induce severe diseases including cancer.

   To date, almost 100 human genes encoding DUB enzymes have been identifi ed; 
these can be grouped into the following fi ve classes according to their properties: 
ubiquitin-specifi c proteases (USPs), ubiquitin carboxy-terminal hydrolases (UCHs), 
ovarian-tumor proteases (OTUs), Machado-Joseph diseases (MJDs), and JAB1/
MPN/MOV34 metalloenzymes (JAMMs). This classifi cation can be expanded to 
six categories, in order to include the recently identifi ed monocyte chemotactic 
protein-induced protein (MCPIP) [ 2 ]. The DUBs which have been identifi ed so far 
are listed in Table  15.1 . Except for JAMMs, which are zinc metalloproteases, all 
DUBs have conserved domains including Cys, Asp/Asn, and His domains, which 
are associated with their catalytic activity [ 3 ].

  Fig. 15.1    Pie chart of 
mammalian protease 
classifi cation. A pie chart 
representing the percentage 
of mammalian proteases 
classifi ed by the expression 
pattern based on a genome 
encoding database       
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15.2.3        Structure of DUBs 

 Structural analysis has been performed for diverse DUBs [ 4 ]. This is the most reli-
able way of gaining information about target protein activity, functions, and interac-
tion motifs. The generalization of several 3D structures has emerged from diverse 
studies in which the molecular key features of DUBs as ubiquitin moieties have 
been established [ 4 ]. Each DUB subfamily shares similar sequences and structures. 

  Fig. 15.2    Ubiquitination and deubiquitination. The proteasomal degradation of ubiquitinated 
 proteins occurs via the ubiquitin-proteasome pathway (UPP). The coordinated ubiquitination and 
deubiquitination of target proteins are mediated by specifi c enzymes. For ubiquitination, succes-
sive action of several enzymes is required. For the fi rst step, ubiquitin (Ub), which consists of 76 
amino acids, is activated by a ubiquitin-activating enzyme (E1) in an ATP-dependent manner. This 
is followed by interaction with the ubiquitin-conjugating enzyme (E2). Lastly, the E2-bound ubiq-
uitin is transferred to the E3 ubiquitin ligase. In some cases, E4 enzymes are needed for effi cient 
ubiquitination. In addition to mono-ubiquitination, additional ubiquitins can be conjugated to the 
attached ubiquitin to form polyubiquitin chains. In a reversible process, deubiquitinating enzymes 
(DUBs) detach ubiquitin molecules from ubiquitinated substrates via their enzymatic activities. In 
this process, ubiquitin chains from proteasome-targeted proteins should be removed, thereby pro-
moting protein degradation and recycling free ubiquitins. Deconjugating ubiquitin in proteasomal 
processing is mediated by certain DUBs including UCHL5, USP14, and POH1. Through these 
processes, DUBs generate free ubiquitin molecules, prevent proteasomal degradation of target 
proteins, and stabilize target proteins       
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In general, most USP family members have six homologue-conserved USP domains 
and consist of three domains organizing as a palm, a thumb, and fi ngers [ 4 ]. Among 
them, the fi nger domains interact with ubiquitin. In addition, a number of diverse 
motifs exist through USPs, and these specifi c domains and structures give unique 
functions to USPs. USP3, USP5, USP39, USP44, USP45, USP49, and USP51 have 
the zinc-fi nger USP domain, while the domain present in USP (DUSP) is located in 
USP4, USP11, USP15, USP20, USP33, and USP48. Moreover, other functional 
domains are present through different USPs [ 5 ]. It is known that UCHs are small in 
size and target only small peptides because of their structures, which include a con-
fi ned loop [ 5 ]. The OTU family can be subdivided into three classes depending on 
their characteristics—otubains (OTUB1 and OTUB2), A20-like OTUs (A20/TNFα- 
induced protein 3 {TNFAIP3}; Cezanne, Cezanne2, TRABID, and VCPIP1), and 
OTUDs (OTUD1, OTUD2/YOD1, OTUD3, OTUD4, OTUD5, OTUD6A, 
OTUD6B, and ALG13). The Josephin family of DUBs also consists of four differ-
ent subfamilies, including ataxin-3 (ATXN3), ATXN3L, JOSD1, and JOSD2. 
Unlike other DUBs, the JAMMs have zinc metalloprotease activity and contain an 
AMSH-LP structure and two conserved motifs that are related to the capacity for 
cleaving K63-linked polyubiquitin chains [ 5 ].   

15.3     Various Roles of DUBs in Cancer 

 Most vertebrates have a balance that maintains cell birth and cell death through 
intracellular signaling from various stimuli. Cells disproportionated by abnormal 
protein expression or oncogene transcription from several stimuli can be trans-
formed into cancer cells. For example, treatment of normal cells with viruses, carci-
nogenic compounds, UV, or IR can transform cell characterization, leading to a 

   Table 15.1    Subfamily types of deubiquitinating enzymes classifi ed into six categories   

 Subfamily types  DUB names 

 USP family  USP1, USP2, USP3, USP4, USP5, USP6, USP7, USP8, USP9X, USP9Y, 
USP10, USP11, USP12, USP13, USP14, USP15, USP16, DUB3, USP18, 
USP19, USP20, USP21, USP22, USP24, USP25, USP26, USP27X, USP28, 
USP29, USP30, USP31, USP31, USP32, USP33, USP34, USP35, USP36, 
USP37, USP38, USP39, USP40, USP41, USP42, USP43, USP44, USP45, 
USP46, USP47, USP48, USP49, USP50, USP51, USP52, USP53, USP54, 
CYLD, USPL1 

 UCH family  UCH-L1, UCH-L3, UCH-L5, BAP1 
 JAMM family  BRCC36, CSN5, POH1, AMSH, AMSH-LP, MPND, MYSM1, PRPF8, EIF3 
 OTU family  OTUB1, OTUB2, OTUD1, OTUD3, OTUD4, OTUD5, OTUD6A, OTUD6B, 

OTU1, HIN1L, A20, Cezanne, Cezanne2, VCPIP, TRABID 
 MJD family  ATXN3, ATXN3L, JOSD1, JOSD2 
 MCPIP family a   MCPIP1, MCPIP2, MCPIP3, MCPIP4, MCPIP5, MCPIP6, MCPIP7 

   a MCPIP family, which is newly discovered, can be grouped as a subfamily of DUBs  
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cancerous state by deregulating gene or protein expression. DUBs widely participate 
in biological functions such as DNA repair, chromatin remodeling, transcription, the 
signal transduction cascade, protein localization, cell cycle progression, and apopto-
sis in cancer cells [ 6 ]. 

15.3.1     Oncogenic Functions of DUBs 

 The functions of USP2a (also known as USP2-69) were fi rst found in prostate can-
cer. It exhibits oncogenic behavior and depletion of USP2a induces cancer cell 
apoptosis [ 7 ,  8 ]. USP2a mainly regulates and stabilizes the fatty acid synthase 
(FAS) which is frequently overexpressed in malignant tumors [ 7 ]. The deubiquiti-
nating activity of USP2a in FAS regulation may lead to tumorigenesis. In addition, 
USP2a is associated with Mdm2 and MdmX [ 9 ]. Both Mdm2 and MdmX, known 
as oncogenic proteins, are negative regulators of p53. Depletion of USP2a enhances 
both Mdm2 and MdmX protein degradation [ 8 ,  9 ]. USP2a overexpression increases 
the c-MYC level and is able to inactivate p53 in prostate cancer cells [ 10 ]. With these 
fi ndings, one might expect that USP2a would be strongly associated with tumori-
genesis through the regulation of Mdm2 and MdmX and collaboration with c-Myc. 
A recent study has added the function of USP2a expression to cell death by targeting 
RIP and tumor necrosis factor receptor-associated factor 2 (TRAF2) degradation 
during tumor necrosis factor (TNF) response, and USP2a consequently promotes 
the activation of NF-κB [ 11 ]. 

 Although USP4/UNP is associated with the TNF response and activates NF-κB 
as shown with USP2a, it has a different role, wherein USP4 regulates TAK-1 stabil-
ity upon TNF response. Interestingly, USP4 deubiquitinates not only TRAF2 but 
also TRAF6 and leads to the regulation of cell migration [ 12 ]. Further, a genome- 
wide gain-of-function study revealed that AKT acts as a kinase for USP4 phos-
phorylation and phosphorylated USP4 moves into the cytoplasm from the nucleus. 
Molecular mechanism studies have shown that USP4 is strongly associated with the 
transforming growth factor-β (TGF-β) type I receptor (TβRI) and deubiquitinates 
and stabilizes TβRI at the plasma membrane. In addition, USP4 depletion inhibits 
breast cancer cell migration, which is induced by AKT [ 13 ]. ARF-BP1 is a 
 p53- specifi c E3 ligase that binds to USP4. Through USP4 overexpression, stabi-
lized ARF-BP1 reduces the stability of p53. The in vivo molecular mechanism 
study by which depleted USP4 in MEF cells showed resistance to tumorigenic 
transformation [ 14 ]. 

 USP6 (also known as Tre17, Tre-2) was isolated as an oncogene in Ewing’s sar-
coma, and a further study revealed that the  Usp6  gene encodes a deubiquitinating 
enzyme and regulates mammalian cell growth [ 15 ,  16 ]. Moreover, the domain stud-
ies showed that  Usp6  is homologous to  Bub2  and  cdc16 , mitosis-regulating genes 
[ 17 ]. Aneurysmal bone cyst (ABC) can generate malignant bone tumor, and  Usp6  
transcription is deregulated in ABCs [ 18 ]. The intracellular function of USP6 has 
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been identifi ed in the regulation of Arf6 as a GTPase. USP6 interacts with Arf6 
through its N-terminus Tre2/Bub2/Csc16 (TBC) domain, and depletion of USP6 
decreases Arf6 activity [ 19 ]. 

 USP7 (known as herpesvirus-associated ubiquitin-specifi c protease, HAUSP) is 
the most studied deubiquitinating enzyme in the USP family. Herpes simplex virus 
(HSV) protein ICP0 was initially identifi ed as a USP7/HAUSP-associated protein, 
and interaction between these two proteins facilitates viral replication [ 20 ]. In addi-
tion, as a herpes virus regulatory protein, Vmw110 is also bound to and stabilized 
by USP7/HAUSP, and their interaction leads to the regulation of ND10 as a PML 
nuclear body [ 21 ]. Further, USP7/HAUSP interacts with EBNA1 as an Epstein-Barr 
virus (EBV) protein and regulates EBNA1 replication [ 22 ]. EBV infection is closely 
associated with nasopharyngeal carcinoma (NPC), and the EBNA1 protein disrupts 
ND10 [ 23 ]. Study of the mechanisms of cellular EBNA1 function showed that 
EBNA1 is required for binding of USP7/HAUSP to disrupt ND10 [ 23 ]. The tumor 
suppressor phosphatase and tensin homologue (PTEN) has been studied with cancer 
progression, and a recent study showed that USP7/HAUSP and PTEN interaction 
leads to the regulation of PTEN localization [ 24 ]. PTEN ubiquitinated by E3 ligase 
is translocated and accumulated in the nucleus. However, PTEN is deubiquitinated 
by USP7/HAUSP and released to the cytoplasm on the PML-RARα signaling net-
work [ 24 ]. The tumor suppressor p53 has been identifi ed as a USP7/HAUSP binding 
substrate in the nuclear extract of human lung carcinoma H1299 cells (known as p53 
null cells) [ 25 ]. The expression of USP7/HAUSP prevents p53 ubiquitination from 
Mdm2 as a p53-specifi c E3 ligase and increases the p53 protein stability [ 25 ]. The 
overexpression of USP7/HAUSP induces cancer cell apoptosis, and this phenotype 
depends on p53 existence in the cells [ 25 ]. Further, USP7/HAUSP can make a com-
plex with p53-Mdm2 and regulates the balancing of p53 expression between normal 
and stressed cell states [ 26 ]. USP7/HAUSP can elongate p53; however, depletion of 
USP7/HAUSP also induces upregulation of p53 protein expression [ 27 ]. USP7/
HAUSP stability is regulated by phosphorylation and dephosphorylation via the 
ataxia-telangiectasia-mutated (ATM)-dependent pathway, and dephosphorylated 
USP7/HAUSP undergoes the proteasomal degradation [ 28 ]. For example, USP7/
HAUSP is phosphorylated by CK2 as a serine/threonine kinase and leads to stabili-
zation of USP7/HAUSP in a normal state [ 28 ]. The stabilized USP7/HAUSP can 
enhance Mdm2 and decrease p53 protein expression. In the DNA- damaged state, 
however, USP7/HAUSP is dephosphorylated by PPM1G as a phosphatase and then 
degraded, and it decreases the Mdm2 protein and accumulates the p53 protein [ 28 ]. 
In addition, approximately 60–80 % of phosphorylated USP7/HAUSP exists in 
human cells [ 28 ]. Thus, USP7/HAUSP expression is reduced to 45 % in adenocar-
cinoma [ 27 ]. Recently, one study identifi ed a novel gene that is associated with 
oncogenesis in the breast, called  TSPYL5  [ 29 ]. TSPYL5 is frequently overexpressed 
in breast cancer, and the study showed that an increasing level of TSPYL5 decreased 
USP7/HAUSP expression and led to the accumulation of p53 ubiquitination [ 29 ]. 

 USP9X/FAM is known as an X-linked deubiquitinating enzyme and the homo-
logue of the  Drosophila fat facets  gene [ 30 ]. An oncogenic function of USP9X was 
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found in human lymphomas [ 31 ]. MCL1 is a substrate of USP9X that is abundantly 
expressed in mantle cell lymphoma (MCL), chronic myeloid leukemia (CML), and 
multiple myeloma (MM) [ 31 ]. The overexpression of USP9X stabilizes the MCL1 
protein in human lymphomas, and the depletion of USP9X increases MCL1 ubiqui-
tination, which leads to MM cell apoptosis [ 31 ]. A feature of this USP9X in cancer 
was confi rmed by a further study on pancreatic ductal adenocarcinoma (PDA) [ 32 ]. 
More than 50 % of tumors exhibit inactive USP9X protein, and the deletion of 
 Usp9x  increases pancreatic tumorigenesis in mice [ 32 ]. 

  Usp15  has sequence similarity with  Usp4 / Unp  as a proto-oncogene [ 33 ]. The 
COP9 signalosome (CSN), as a conserved protein complex, is involved in the trans-
formation of eukaryotic cells and is associated with the UPP [ 34 ]. USP15 is bound 
to the CSN complex, and a recent study showed that the Cullin-RING ubiquitin 
ligase (CRL), as a CSN-binding partner, is associated with USP15 [ 34 ,  35 ]. Under 
NF-κB degradation by CRL, USP15 is involved in Iκ-Bα as an NF-κB-inhibiting 
protein in the process of deubiquitination [ 35 ]. However, USP15 does not have deu-
biquitinating activity for other CSN-binding proteins, such as the microtubule end- 
binding protein 1 (EB1) [ 36 ]. This indicates that the enzyme activity of USP15 may 
work differently and selectively in CSN-mediated protein regulation. 

 Previously, the cancer cell marker was not fully defi ned, and several studies sug-
gested that  Polycomb  genes could be markers for the identifi cation of cancer stem 
cells [ 37 ]. An initial study of USP22 showed that USP22 is overexpressed in malig-
nant tumors linked to the Polycomb group [ 38 ]. Furthermore, USP22 acts as an 
enzymatic component of the SAGA transcriptional cofactor complex and is acti-
vated by Myc as an oncogene [ 38 ]. Thus, it is considered that USP22 itself can be a 
positive marker of cancer stem cells [ 38 ,  39 ]. Further, several studies have shown 
that the level of USP22 in colorectal cancer tissues is highly expressed compared 
with that in noncancerous mucosa tissues, and colorectal cancer growth is signifi -
cantly decreased by depletion of USP22 [ 40 – 42 ]. In addition, recent studies have 
demonstrated that USP22 is also increased in several cancer tissues such as breast 
cancer and oral squamous cell carcinoma [ 43 ,  44 ]. 

 The function of USP44 was found in the duration of the mitotic spindle check-
point. Anaphase-promoting complex (APC) as an E3 ubiquitin ligase is activated by 
Cdc20 to promote the progression of anaphase, and these two proteins’ interaction 
regulates sister chromatin separation [ 45 ]. Several studies have indicated that the 
overexpression of Cdc20 and dysfunction of APC lead to genomic instability in 
various cancers [ 46 ]. USP44 does not affect the spindle checkpoint, but it exhibits 
deubiquitinating activity for Cdc20 regulation [ 46 ]. A further study has supported 
this result, in which non-transformed murine embryonic fi broblasts showed aneu-
ploidy with the overexpression of USP44 [ 47 ]. In addition, the level of USP44 was 
increased in T-cell leukemia [ 47 ]. However, a recent study showed that USP44 
expression is decreased in lung cancer [ 48 ]. 

 Several studies have also shown the involvement of oncogenic functions of 
DUBs in various tumors. For instance, USP33 contributes to Slit-mediated breast 
cancer cell migration [ 49 ]. Tumor biopsy results have indicated that USP17 was 
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overexpressed in the lung, colon, esophagus, and cervix, and USP36 was overex-
pressed in ovarian cancer [ 50 ,  51 ].  

15.3.2     DUBs Involved in Tumor Suppression 

 The tumor-suppressive functions of DUBs are mainly derived from their association 
with p53. Since p53, as a transcription factor, is a fi nal gatekeeper between DNA 
damage repair and cell death in the case of untouchable DNA damage, stabilization 
and activation of p53 are essential requirements in tumor suppression. Therefore, 
the failure in defending p53 can be linked to cell survival signaling, and partially, to 
cancer development. Several DUBs are identifi ed as p53 regulating and stabilizing 
DUBs including USP10, USP29, USP42, and Ub aldehyde-binding protein (Otub1, 
Otubain 1) [ 52 ]. In normal conditions (unstressed conditions), p53 is located in the 
cytosol and regulated by Mdm2 E3 ligase for its proteasomal degradation and 
nuclear export. However, under stress conditions, p53 is stabilized and translocated 
to the nucleus. USP10 is involved in the stress response of p53. USP10, upon ATM- 
dependent phosphorylation at threonine 42 and serine 337 residues, is stabilized and 
translocated to the nucleus to activate p53 through deubiquitinating activity, induc-
ing tumor cell suppression [ 53 ]. USP29 is expressed by JTV1 and FBP transcrip-
tional factors. Because these factors are activated by stressed condition or 
physiological signaling, USP29 can also be mediated through external stress sig-
nals. USP29, in turn, protects and upregulates p53 by directly deubiquitinating it 
[ 54 ]. USP42 has also been found to have deubiquitinating activity for p53. During 
the early phase of response to a stress signal, USP42 preferentially makes up a com-
plex with and deubiquitinates p53, leading to the rapid activation of p53 for cell 
cycle arrest and p53-dependent transcription [ 55 ]. Otub1 has a somewhat different 
capacity from other DUBs toward p53. Unlike the catalytic activities of DUBs, the 
deubiquitinating activity of Otub1 for p53 rescue is weak. Instead, Otub1 has the 
ability to block the ubiquitin-conjugating activity of Mdm2. The Asp88 residue of 
Otub1 turns out to be essential for Mdm2 inhibition. Thus, Otub1-mediated stabili-
zation and activation of p53 result from downregulated Mdm2 functions inducing 
p53-mediated apoptosis and inhibition of cell proliferation [ 56 ]. 

 Another important pathway related to DUB-associated tumor suppression is 
NF-κB signaling. NF-κB is a transcription factor that induces several downstream 
genes for cell survival and infl ammation. However, several oncogenic mutations 
lead to the abnormal activation of NF-κB in cases of many solid tumors as well as 
lymphoid malignancies [ 57 ]. In many cases, these affected factors are regulated by 
ubiquitination. Thus, as opposite processes, deubiquitination of NF-κB signaling 
factors has been considered as a vital mechanism for balancing systemic regulation 
and potential therapeutic targets. Many works to identify DUBs and substrates for 
these DUBs, involved in NF-κB signaling, have shown the relevance of several 
DUBs in NF-κB-associated tumor progression (described in a previous section) or 
suppression. A classic example of tumor-suppressive DUB is cylindromatosis 
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(CYLD). After the fi rst identifi cation of CYLD as a tumor suppressor, mutations in 
certain types of cancers, including familial cylindromatosis (FC) and multiple 
familiar trichoepithelioma (MFT), were found, and a number of studies underlining 
the molecular mechanisms of CYLD-mediated tumor-suppressive function have 
delineated the importance and pivotal roles of CYLD in the regulation of the NF-κB 
signaling pathway [ 58 ]. In addition, various studies using yeast two-hybrid, 
co- immunoprecipitation, and RNAi-based screening were performed to identify 
CYLD-regulated substrates of NF-κB signaling components. As a result, it was 
confi rmed that the deubiquitinating activity of CYLD can regulate several factors of 
the NF-κB signaling pathway such as TRAF2, TRAF6, and NF-κB essential modu-
lator (NEMO), resulting in negative regulation of NF-κB signaling and tumor- 
suppressive function [ 59 ,  60 ]. In contrast, defi ciency in CYLD leads to increased 
ubiquitination of target proteins. Further studies using CYLD knockout mice have 
also supported critical functions of CYLD in tumor suppression, by showing 
enhanced susceptibility to tumor development [ 61 ,  62 ]. Indeed, recent studies 
involving clinical patients have revealed that the downregulation of CYLD is cor-
related with human colon and hepatocellular carcinoma and chronic lymphoid leu-
kemia (CLL) [ 63 ,  64 ]. 

 In addition to CYLD, A20 is another DUB that negatively regulates NF-κB sig-
naling. Diverse components of the NF-κB signaling pathway are regulated by the 
deubiquitinating capacity of A20 [ 65 ]. RNAi and knockout model-based validation 
of A20-mediated deubiquitination has uncovered that receptor-interacting serine/
threonine protein kinase 1 (RIPK1), RIPK2, TRAF2, TRAF6, and NEMO are sub-
strates for A20 [ 66 – 71 ]. Overall, CYLD and A20 negatively regulate NF-κB 
pathway- mediated tumor progression by deubiquitinating and modulating upstream 
signal mediators. 

 USP46 is known to have a tumor-suppressive characteristic due to its activity for 
PH domain leucine-rich repeat protein phosphatase (PHLPP). PHLPP is a serine/
threonine protein phosphatase and has a role in the negative regulation of AKT, a 
mediator of cell survival signaling. Li et al. showed that PHLPP is downregulated by 
UPP, and USP46 can protect PHLPP through deubiquitination and stabilization of 
PHLPP. Indeed, reduced expression of USP46 and PHLPP is often found in colon 
cancer patients. Thus, USP46 is possibly an important regulator that has antiprolifera-
tive roles via the stabilization of PHLLP and inhibition of Akt in colon cancer [ 72 ].   

15.4     DUB Inhibitors for Cancer Therapy: 
Clinical and Preclinical Studies 

 In the previous section, we categorized DUBs as oncogenic or tumor suppressors 
depending on their major involvement in cellular functions such as cell proliferation 
or apoptosis. In accordance with the relevance of DUBs to cancer, it has been pro-
posed that selective inhibition of the catalytic activity of DUBs can be effi cient as 
anticancer therapeutics. Although there are many inhibitors of cysteine proteases, 
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the effi cacy of these inhibitors is poor due to the diffi culty of targeting these 
enzymes. The hardship of generating inhibitors specifi c for enzymes is derived from 
limited specifi city and metabolic instability. Further, in the case of the USP family, 
only small numbers of inhibitors are reported. To date, however, there have been 
much effort in overcoming these diffi culties, and several biological assays using 
high-throughput screening technology and fl uorescence polarization assays have led 
to the development of small inhibitors for specifi c DUBs. Numerous endeavors have 
provided the possibility of using DUBs as therapeutic targets. It is considered as one 
of the leading therapeutic approaches to deal with such severe diseases including 
cancer [ 73 ,  74 ]. Here, we will describe specifi c DUB inhibitors, which have been 
generated and/or tested as effective drugs for cancer and neural disorders. 

15.4.1     Targeting the 26S Proteasome 

 Bortezomib (Velcade ® ) is well known and is the most successful anticancer drug, 
which inhibits the 26S proteasome. After FDA approval, the use of bortezomib for 
the treatment of multiple myeloma and MCL patients showed remarkable therapeu-
tic effi cacy. The consequences of proteasome blockade are increased apoptosis and 
reduced cancer cell survival. Toward the goal of developing proteasome-targeting 
anticancer drugs and applying to subsequent preclinical and clinical studies, 

  Fig. 15.3    The 26S proteasome. The 26S proteasome is a huge complex of 20,000 kDa in mass. 
This structure consists of two different large subunits. In the center of the 26S structure, there is a 
hollow with the 20S core particle, and each end of the core subunit is covered with the 19S regula-
tory subunits existing “cap”-like shape. The 19S regulatory subunit has ubiquitin-binding sites and 
ATPase active sites that allow entry of substrates into the catalytic core. The 20S core particle 
provides a chamber for protein degradation       
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numerous biochemical studies have been performed and newly developed protea-
some inhibitors have been tested [ 75 ]. The 26S proteasome is composed of a 20S 
catalytic “core” particle forming pore inside and two 19S regulatory “cap” subunits 
located at each end of the core particle (Fig.  15.3 ). The 19S subunit recognizes ubiq-
uitinated target proteins destined for proteasomal degradation through its ATPase 
active sites and ubiquitin-binding sites. For the next step, deubiquitinated targets are 
transferred to the catalytic core particle for degradation [ 76 ]. Besides direct block-
ade of proteasome function, there are also further efforts to target components of the 
26S proteasome thereby preventing the transfer or degradation process. One exam-
ple of this effort is b-AP15. This small molecule selectively blocks UCH-L5 and 
USP14 [ 77 ]. Both UCH-L5 and USP14 are DUBs, components of the 19S subunit 
of the 26S proteasome; they detach ubiquitin molecules from ubiquitinated proteins 
targeted to the 26S proteasome. Currently, b-AP15 is being used in preclinical trials; 
its effective inhibition of proteasomal activity gives a hope that it will be a strong 
proteasome inhibitory anticancer drug. IU1 is a newly developed USP14 inhibitor. 
Lee and his colleagues showed that IU1 specifi cally inhibits USP14 activity of the 
proteasome and thereby enhances proteasomal degradation of the substrates [ 78 ]. 
Another DUB associated with the 26S proteasome is POH1 (Rpn11). POH1 is 
localized in the “lid” region of the 19S regulatory subunit. Several studies have 
revealed that POH1 is pivotal for cell survival in certain cancers [ 76 ,  79 ,  80 ]. In 
addition, it affects drug resistance to the anticancer drugs in clinical use. There are 
some debates over whether b-AP15 can block not only UCH-L5 and USP14 but also 
inhibit POH1. Although the effect of b-AP15 on POH1 is uncertain, inhibitors tar-
geting POH1 are also expected to be suitable anticancer drugs in certain types of 
cancers.

15.4.2         Specifi c DUB Inhibitors 

 One of the important proteins during cancer development is the p53 tumor suppres-
sor; thus, p53 is often called a “guardian gene.” More than 50 % of cancers are 
derived from p53 mutation or alteration in its function. In addition to the modulation 
of p53 function, the expression level of p53 also affects cellular viability and cancer 
progression. The p53 protein level is regulated by the ubiquitination system medi-
ated by diverse enzymes, including E3 ligases and DUBs [ 52 ]. Mdm2 is an E3 
ligase targeting p53. In its normal state, Mdm2 ubiquitinates p53 and leads to the 
proteasomal degradation. However, upon DNA damage, Mdm2 undergoes protea-
somal degradation and, subsequently, p53 can be prevented from Mdm2-mediated 
degradation. The key regulating protein between p53 and Mdm2 is USP7/HAUSP 
[ 25 ]. USP7/HAUSP can deubiquitinate and stabilize both Mdm2 and p53 depend-
ing on cellular stress. Accordingly, targeting p53-regulating proteins including 
Mdm2 and USP7/HAUSP is attractive for cancer therapy. 

 In addition to the development of numerous inhibitors for Mdm2-p53 interaction 
[ 81 ], leading studies for the development of inhibitors targeting USP7/HAUSP have 
recently been conducted. HBX 19,818, P005091 and analogues such as P045204 
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and P022077, HBX 41,108, and others are found to be USP7/HAUSP inhibitors 
showing effective anticancer effects. HBX 19,818 has the ability to covalently bind 
with USP7/HAUSP, and thereby blocks USP7/HAUSP activity, leading to the pos-
sible activation of p53-mediated apoptosis in cancer cells [ 82 ]. P005091 has a great 
effect on reducing multiple myeloma growth and overcoming bortezomib resistance 
when combined with other drugs such as dexamethasone, lenalidomide, and/or 
suberoylanilide hydroxamic acid (SAHA). However, these treatments are currently 
under preclinical stage, and clinical trials are required to confi rm their effi cacy for 
cancer patients [ 83 ]. 

 UCH-L1 is a well-known DUB due to its association with Parkinson’s disease. 
The E3 ligase enzyme activity of UCH-L1 is linked to occurring of Parkinson’s 
disease. UCH-L1 can be dimerized, and the UCH-L1 dimer has the ability to ligate 
ubiquitin molecules. In addition, UCH-L1 has shown different expression patterns 
in certain cancers including lung cancer. Based on a recent study on whether several 
lung cancers and lung cancer cell lines express more UCH-L1 than normal lung tis-
sue, continual efforts to develop UCH-L1-specifi c inhibitors using high-throughput 
screening have been made. Isatin O-acyl oximes effi ciently inhibit UCH-L1 and 
tumor growth in lung cancer cells. The importance of the enzymatic activity of 
UCH-L1 regarding association with diseases has also brought about the develop-
ment of other specifi c inhibitors for UCH-L1. For instance, 3-amino-2-keto-7 H - 
thieno[2,3- b ]pyridin-6-one derivatives and other compounds discovered through in 
silico drug screening have been tested for inhibitory effects against UCH-L1 [ 84 , 
 85 ]. UCH-L1 inhibitors showed a potential therapeutic activity for targeting neural 
disorders and cancers. HBX 90,397, another DUB-specifi c inhibitor, blocks USP8 
activity. Small-molecule inhibitors targeting USP8 can prevent cell growth in sev-
eral cancer cell lines including HCT116, colon cancer cells, and PC3, prostate can-
cer cells. USP1 is one of the well-characterized DUBs, and it plays an important role 
in the DNA repair processes [ 86 ]. USP1 combined with USP1-associated factor 1 
(UAF1) deubiquitinates PCNA or FANCD2 during DNA repair process such as 
interstrand cross-link (ICL) repair, homologous recombination (HR) repair, and 
translesion DNA synthesis (TLS) [ 87 ]. Importantly, USP1 expression is deregulated 
in certain types of cancers, suggesting that USP1 may be an attractive target for 
cancer therapy. Indeed, treatment with pimozide, a USP1-specifi c inhibitor, showed 
synergistic effect in non-small cell lung cancer (NSCLC) when treated with the 
anticancer drug cisplatin [ 88 ].  

15.4.3     DUB Inhibitors Targeting Multiple DUBs 

 The most important and unique feature of DUBs, as mentioned above, is its cata-
lytic activity, whereby it can specifi cally recognize and target ubiquitinated sub-
strates. Therefore, in many cases, DUBs share similar domains for their ability. This 
has brought about two advancements in developing inhibitors for DUBs. In general, 
it is thought to be diffi cult to generate inhibitors targeting the “hot spot” of a specifi c 
DUB, whereas it usefully generates inhibitors that block multiple DUBs at the same 
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time. Indeed, in addition to the specifi c DUB inhibitors described in Sect.  4.2 , there 
are several inhibitors that could target two or more DUBs. Examples of such inhibi-
tors will be introduced in this section. 

 WP1130 (degrasyn) was originally used to inhibit Janus-activated kinase2 
(JAK2), thereby blocking the JAK-STAT pathway. This small molecule is also 
known to have an inhibitory effect toward the Bcr-Abl fusion protein, which is a 
major cause of several types of leukemias. However, many recent studies have dem-
onstrated that the WP1130 treatment induces polyubiquitinated proteins, followed 
by the inhibition of several DUBs including USP5, USP9x, USP14, and UCH-L5. 
The effects of WP1130 have been further investigated, and it has been demonstrated 
that WP1130 can induce apoptosis by affecting anti- and proapoptotic factors, 
including MCL-1 and p53 [ 89 ,  90 ]. In addition, the effectiveness of WP1130 as a 
therapeutic drug is supported by the study of Bartholomeusz et al., which showed 
that WP1130 treatment combined with bortezomib had a synergistic effect as anti-
cancer therapy concomitant with the inhibition of tumor cell growth, modulation of 
apoptosis, and prolonged survival period of animals [ 90 ]. 

 PR619 is a well-known small molecule that inhibits a broad range of DUBs and 
other cysteine proteases. Activity-based chemical proteomics revealed that treat-
ment with PR619 results in the accumulation of ubiquitinated proteins, suggesting 
it as an anticancer chemotherapeutic agent [ 91 ]. Chalcone-based derivatives such as 
AM114 and RA-1 were originally known to have an inhibitory effect on the 26S 
proteasome. However, further investigation of chalcone derivatives showed that 
AM146, RA-9, and RA-14 act as inhibitors for DUBs. These molecules induce a 
remarkable accumulation of polyubiquitinated proteins leading to an altered expres-
sion level of cell cycle regulating proteins, cell cycle arrest, and tumor cell death via 
apoptosis. In particular, they are able to block UCH-L1, UCH-L3, USP2, USP5, and 
USP8, which are known to have important functions in cell survival and prolifera-
tion [ 92 ]. These experimental results provide the rationale for and support the pos-
sibility of chalcone derivatives as anticancer drugs. 

 HBX 41,108 was originally identifi ed as an USP7/HAUSP-specifi c inhibitor. 
Colland et al. showed that HBX 41,108 has a great effect in blocking USP7/HAUSP 
enzyme activity. The inactivity of USP7/HAUSP causes stabilization of p53 and an 
increase in p53-mediated apoptosis in cancer cells [ 93 ]. However, it was recently 
found that HBX 41,108 has an inhibitory effect on not only USP7/HAUSP but also 
other DUBs. 

 Cyclopentenone prostaglandins (cyPGs) are a type of prostaglandin (PG); they 
are biological metabolites found in animal bodies, and certain cyPGs are thought to 
increase apoptosis and ubiquitinated proteins. For example, PGD 2,  a D series PG, 
can be modifi ed to take a biologically active form, specifi cally as cyPGs of the J 2  
series such as PGJ 2 , Δ 12 -PGJ 2 , and 15-deoxy- Δ 12,14 -PGJ 2  (15d-PGJ 2 ). 15d-PGJ 2  has 
the ability to covalently modify and subsequently inhibit the hydrolase activity of 
UCH-L1 [ 94 ]. Treatment with Δ 12 -PGJ 2  in cells also inhibited UCH-L1 and UCH- 
L3 without alteration of proteasomal activity, indicating that prostaglandins can be 
suitable for neural disorder therapy [ 95 ].   

K.-H. Baek et al.



379

15.5     Therapeutic Prediction of DUB Inhibitors 

 Although there are only a few DUBs inhibitors, all the results discussed here raise 
the line of evidence for their possibility and importance as potential anticancer 
agents. Indeed, blocking DUBs, which are involved in abnormal regulation and 
cause cancer development, is one emerging anticancer therapeutic strategy. 
Moreover, the inhibition of DUBs is not limited to treating cancer, as shown in the 
case of targeting UCH-L1 and UCH-L3. There are also other classes of DUB inhibi-
tors. Papain-like protease (PLpro) of coronavirus is a viral deubiquitinating enzyme 
that has a pivotal role in evading the immune system of human host cells inducing 
severe acute respiratory syndrome (SARS-CoV); it also has the ability to cleave 
viral polyprotein into functional derivatives. Thus, targeting PLpro can be consid-
ered as a primary target for antiviral drugs. Ratia et al. investigated effi cient inhibi-
tors specifi c for PLpro by screening around 50,000 library compounds. Among 
them, GRL0617 showed the most effective inhibition of PLpro and replication of 
the virus without cytotoxicity. More importantly, they uncovered a 3D binding 
structure between GRL0617 and PLpro. GRL0617 can dock with the catalytic 
active site of PLpro [ 96 ]. Their study suggests that GRL0617 can be developed as a 
promising antiviral drug with specifi city that targets viral DUB but not host DUBs. 

 The functions and turnover of proteins are some of the most pivotal regulating 
mechanisms in a cellular process. These are followed by posttranslational modifi ca-
tion by protein phosphorylation, methylation, or ubiquitination. In particular, for 
cellular homeostasis, proteins need to be degraded and newly synthesized. Proteins 
undergo two different degradation pathways through either the lysosome or the 26S 
proteasome. Over 80 % of cellular proteins are tagged with ubiquitin, followed by 
proteasomal degradation. For the well-organized UPP, several hundreds of E3 
ligases help proteins to be conjugated with ubiquitin, whereas far fewer numbers of 
DUBs are responsible for reversely removing ubiquitin from ubiquitinated proteins. 
In this regard, each DUB has numerous substrates, and deregulation of a certain 
DUB can alter cellular processes via substrate-related functions, indicating that 
DUB is an important regulator in cells. Here, we have described the relevance of 
DUBs with cancer caused by deregulation of DUB expression, altered enzymatic 
activity, and complex effect on substrates’ functions. In many cases, DUB inhibitors 
have shown anticancer effect mainly in preclinical levels. Their applications as anti-
cancer drugs should be validated in clinical settings. Bortezomib is now used as an 
anticancer drug, but there are some problems associated with its use, including bort-
ezomib resistance, severe toxicities, or a lower therapeutic effect in some individu-
als with solid tumors. Thus, treatments involving a combination of agents are 
recommended in current cancer therapy. As a result, we need more effective drugs 
to target not only cancer, but also other diseases. Through numerous studies and 
hypotheses that have been validated so far, DUBs may be one of the most ideal and 
attractive targets.     

15 Deubiquitinating Enzymes as Novel Targets for Cancer Therapies



380

   References 

    1.    Puente XS, Sanchez LM, Overall CM, Lopez-Otin C (2003) Human and mouse proteases: a 
comparative genomic approach. Nat Rev Genet 4(7):544–558. doi:  10.1038/nrg1111      

    2.    Fraile JM, Quesada V, Rodriguez D, Freije JM, Lopez-Otin C (2012) Deubiquitinases in can-
cer: new functions and therapeutic options. Oncogene 31(19):2373–2388. doi:  10.1038/
onc.2011.443      

    3.    Lim KH, Ramakrishna S, Baek KH (2013) Molecular mechanisms and functions of cytokine- 
inducible deubiquitinating enzymes. Cytokine Growth Factor Rev 24:427–431. doi:  10.1016/j.
cytogfr.2013.05.007      

      4.    Lim KH, Baek KH (2013) Deubiquitinating enzymes as therapeutic targets in cancer. Curr 
Pharm Des 19(22):4039–4052  

      5.    Komander D, Clague MJ, Urbe S (2009) Breaking the chains: structure and function of the 
deubiquitinases. Nat Rev Mol Cell Biol 10(8):550–563. doi:  10.1038/nrm2731      

    6.    Hussain S, Zhang Y, Galardy PJ (2009) DUBs and cancer: the role of deubiquitinating enzymes 
as oncogenes, non-oncogenes and tumor suppressors. Cell Cycle 8(11):1688–1697  

     7.    Graner E, Tang D, Rossi S, Baron A, Migita T, Weinstein LJ, Lechpammer M, Huesken D, 
Zimmermann J, Signoretti S, Loda M (2004) The isopeptidase USP2a regulates the stability of 
fatty acid synthase in prostate cancer. Cancer Cell 5(3):253–261  

     8.    Mahul-Mellier AL, Datler C, Pazarentzos E, Lin B, Chaisaklert W, Abuali G, Grimm S (2012) 
De-ubiquitinating proteases USP2a and USP2c cause apoptosis by stabilising RIP1. Biochim 
Biophys Acta 1823(8):1353–1365. doi:  10.1016/j.bbamcr.2012.05.022      

     9.    Allende-Vega N, Sparks A, Lane DP, Saville MK (2010) MdmX is a substrate for the deubiq-
uitinating enzyme USP2a. Oncogene 29(3):432–441. doi:  10.1038/onc.2009.330      

    10.    Benassi B, Flavin R, Marchionni L, Zanata S, Pan Y, Chowdhury D, Marani M, Strano S, Muti 
P, Blandino G, Loda M (2012) MYC is activated by USP2a-mediated modulation of microR-
NAs in prostate cancer. Cancer Discov 2(3):236–247. doi:  10.1158/2159-8290.CD-11-0219      

    11.    Mahul-Mellier AL, Pazarentzos E, Datler C, Iwasawa R, AbuAli G, Lin B, Grimm S (2012) 
De-ubiquitinating protease USP2a targets RIP1 and TRAF2 to mediate cell death by TNF. Cell 
Death Differ 19(5):891–899. doi:  10.1038/cdd.2011.185      

    12.    Xiao N, Li H, Luo J, Wang R, Chen H, Chen J, Wang P (2012) Ubiquitin-specifi c protease 4 
(USP4) targets TRAF2 and TRAF6 for deubiquitination and inhibits TNFalpha-induced can-
cer cell migration. Biochem J 441(3):979–986. doi:  10.1042/BJ20111358      

    13.    Zhang L, Zhou F, Drabsch Y, Gao R, Snaar-Jagalska BE, Mickanin C, Huang H, Sheppard KA, 
Porter JA, Lu CX, ten Dijke P (2012) USP4 is regulated by AKT phosphorylation and directly 
deubiquitylates TGF-beta type I receptor. Nat Cell Biol 14(7):717–726. doi:  10.1038/ncb2522      

    14.    Zhang X, Berger FG, Yang J, Lu X (2011) USP4 inhibits p53 through deubiquitinating and 
stabilizing ARF-BP1. EMBO J 30(11):2177–2189. doi:  10.1038/emboj.2011.125      

    15.    Onno M, Nakamura T, Mariage-Samson R, Hillova J, Hill M (1993) Human TRE17 oncogene 
is generated from a family of homologous polymorphic sequences by single-base changes. 
DNA Cell Biol 12(2):107–118  

    16.    Papa FR, Hochstrasser M (1993) The yeast DOA4 gene encodes a deubiquitinating enzyme 
related to a product of the human tre-2 oncogene. Nature 366(6453):313–319. doi:  10.1038/
366313a0      

    17.    Richardson PM, Zon LI (1995) Molecular cloning of a cDNA with a novel domain present in 
the tre-2 oncogene and the yeast cell cycle regulators BUB2 and cdc16. Oncogene 11(6):
1139–1148  

    18.    Oliveira AM, Perez-Atayde AR, Dal Cin P, Gebhardt MC, Chen CJ, Neff JR, Demetri GD, 
Rosenberg AE, Bridge JA, Fletcher JA (2005) Aneurysmal bone cyst variant translocations 
upregulate USP6 transcription by promoter swapping with the ZNF9, COL1A1, TRAP150, 
and OMD genes. Oncogene 24(21):3419–3426. doi:  10.1038/sj.onc.1208506      

    19.    Martinu L, Masuda-Robens JM, Robertson SE, Santy LC, Casanova JE, Chou MM (2004) The 
TBC (Tre-2/Bub2/Cdc16) domain protein TRE17 regulates plasma membrane-endosomal 

K.-H. Baek et al.

http://dx.doi.org/10.1038/nrg1111
http://dx.doi.org/10.1038/onc.2011.443
http://dx.doi.org/10.1038/onc.2011.443
http://dx.doi.org/10.1016/j.cytogfr.2013.05.007
http://dx.doi.org/10.1016/j.cytogfr.2013.05.007
http://dx.doi.org/10.1038/nrm2731
http://dx.doi.org/10.1016/j.bbamcr.2012.05.022
http://dx.doi.org/10.1038/onc.2009.330
http://dx.doi.org/10.1158/2159-8290.CD-11-0219
http://dx.doi.org/10.1038/cdd.2011.185
http://dx.doi.org/10.1042/BJ20111358
http://dx.doi.org/10.1038/ncb2522
http://dx.doi.org/10.1038/emboj.2011.125
http://dx.doi.org/10.1038/366313a0
http://dx.doi.org/10.1038/366313a0
http://dx.doi.org/10.1038/sj.onc.1208506


381

traffi cking through activation of Arf6. Mol Cell Biol 24(22):9752–9762. doi:  10.1128/
MCB.24.22.9752-9762.2004      

    20.    Everett RD, Meredith M, Orr A, Cross A, Kathoria M, Parkinson J (1997) A novel ubiquitin- 
specifi c protease is dynamically associated with the PML nuclear domain and binds to a her-
pesvirus regulatory protein. EMBO J 16(7):1519–1530. doi:  10.1093/emboj/16.7.1519      

    21.    Everett RD, Freemont P, Saitoh H, Dasso M, Orr A, Kathoria M, Parkinson J (1998) The dis-
ruption of ND10 during herpes simplex virus infection correlates with the Vmw110- and 
proteasome- dependent loss of several PML isoforms. J Virol 72(8):6581–6591  

    22.    Holowaty MN, Zeghouf M, Wu H, Tellam J, Athanasopoulos V, Greenblatt J, Frappier L 
(2003) Protein profi ling with Epstein-Barr nuclear antigen-1 reveals an interaction with 
the herpesvirus-associated ubiquitin-specifi c protease HAUSP/USP7. J Biol Chem 278(32):
29987–29994. doi:  10.1074/jbc.M303977200      

     23.    Sivachandran N, Sarkari F, Frappier L (2008) Epstein-Barr nuclear antigen 1 contributes to 
nasopharyngeal carcinoma through disruption of PML nuclear bodies. PLoS Pathog 
4(10):e1000170. doi:  10.1371/journal.ppat.1000170      

     24.    Song MS, Salmena L, Carracedo A, Egia A, Lo-Coco F, Teruya-Feldstein J, Pandolfi  PP (2008) 
The deubiquitinylation and localization of PTEN are regulated by a HAUSP-PML network. 
Nature 455(7214):813–817. doi:  10.1038/nature07290      

       25.    Li M, Chen D, Shiloh A, Luo J, Nikolaev AY, Qin J, Gu W (2002) Deubiquitination of p53 by 
HAUSP is an important pathway for p53 stabilization. Nature 416(6881):648–653. doi:  10.1038/
nature737      

    26.    Li M, Brooks CL, Kon N, Gu W (2004) A dynamic role of HAUSP in the p53-Mdm2 pathway. 
Mol Cell 13(6):879–886  

     27.    Becker K, Marchenko ND, Palacios G, Moll UM (2008) A role of HAUSP in tumor suppres-
sion in a human colon carcinoma xenograft model. Cell Cycle 7(9):1205–1213  

       28.    Khoronenkova SV, Dianova II, Ternette N, Kessler BM, Parsons JL, Dianov GL (2012) ATM- 
dependent downregulation of USP7/HAUSP by PPM1G activates p53 response to DNA dam-
age. Mol Cell 45(6):801–813. doi:  10.1016/j.molcel.2012.01.021      

     29.    Epping MT, Meijer LA, Krijgsman O, Bos JL, Pandolfi  PP, Bernards R (2011) TSPYL5 
 suppresses p53 levels and function by physical interaction with USP7. Nat Cell Biol 13(1):
102–108. doi:  10.1038/ncb2142      

    30.    Wood SA, Pascoe WS, Ru K, Yamada T, Hirchenhain J, Kemler R, Mattick JS (1997) Cloning 
and expression analysis of a novel mouse gene with sequence similarity to the Drosophila fat 
facets gene. Mech Dev 63(1):29–38  

      31.    Schwickart M, Huang X, Lill JR, Liu J, Ferrando R, French DM, Maecker H, O’Rourke K, 
Bazan F, Eastham-Anderson J, Yue P, Dornan D, Huang DC, Dixit VM (2010) Deubiquitinase 
USP9X stabilizes MCL1 and promotes tumour cell survival. Nature 463(7277):103–107. 
doi:  10.1038/nature08646      

     32.    Perez-Mancera PA, Rust AG, van der Weyden L, Kristiansen G, Li A, Sarver AL, Silverstein 
KA, Grutzmann R, Aust D, Rummele P, Knosel T, Herd C, Stemple DL, Kettleborough R, 
Brosnan JA, Li A, Morgan R, Knight S, Yu J, Stegeman S, Collier LS, ten Hoeve JJ, de Ridder 
J, Klein AP, Goggins M, Hruban RH, Chang DK, Biankin AV, Grimmond SM, Wessels LF, 
Wood SA, Iacobuzio-Donahue CA, Pilarsky C, Largaespada DA, Adams DJ, Tuveson DA 
(2012) The deubiquitinase USP9X suppresses pancreatic ductal adenocarcinoma. Nature 
486(7402):266–270. doi:  10.1038/nature11114      

    33.    Baker RT, Wang XW, Woollatt E, White JA, Sutherland GR (1999) Identifi cation, functional 
characterization, and chromosomal localization of USP15, a novel human ubiquitin-specifi c 
protease related to the UNP oncoprotein, and a systematic nomenclature for human ubiquitin- 
specifi c proteases. Genomics 59(3):264–274. doi:  10.1006/geno.1999.5879      

     34.    Hetfeld BK, Helfrich A, Kapelari B, Scheel H, Hofmann K, Guterman A, Glickman M, Schade 
R, Kloetzel PM, Dubiel W (2005) The zinc fi nger of the CSN-associated deubiquitinating 
enzyme USP15 is essential to rescue the E3 ligase Rbx1. Curr Biol 15(13):1217–1221. 
doi:  10.1016/j.cub.2005.05.059      

15 Deubiquitinating Enzymes as Novel Targets for Cancer Therapies

http://dx.doi.org/10.1128/MCB.24.22.9752-9762.2004
http://dx.doi.org/10.1128/MCB.24.22.9752-9762.2004
http://dx.doi.org/10.1093/emboj/16.7.1519
http://dx.doi.org/10.1074/jbc.M303977200
http://dx.doi.org/10.1371/journal.ppat.1000170
http://dx.doi.org/10.1038/nature07290
http://dx.doi.org/10.1038/nature737
http://dx.doi.org/10.1038/nature737
http://dx.doi.org/10.1016/j.molcel.2012.01.021
http://dx.doi.org/10.1038/ncb2142
http://dx.doi.org/10.1038/nature08646
http://dx.doi.org/10.1038/nature11114
http://dx.doi.org/10.1006/geno.1999.5879
http://dx.doi.org/10.1016/j.cub.2005.05.059


382

     35.    Schweitzer K, Bozko PM, Dubiel W, Naumann M (2007) CSN controls NF-kappaB by 
deubiquitinylation of IkappaBalpha. EMBO J 26(6):1532–1541. doi:  10.1038/sj.emboj.7601600      

    36.    Peth A, Boettcher JP, Dubiel W (2007) Ubiquitin-dependent proteolysis of the microtubule 
end-binding protein 1, EB1, is controlled by the COP9 signalosome: possible consequences 
for microtubule fi lament stability. J Mol Biol 368(2):550–563. doi:  10.1016/j.jmb.2007.02.052      

    37.    Valk-Lingbeek ME, Bruggeman SW, van Lohuizen M (2004) Stem cells and cancer; the poly-
comb connection. Cell 118(4):409–418. doi:  10.1016/j.cell.2004.08.005      

      38.    Zhang XY, Varthi M, Sykes SM, Phillips C, Warzecha C, Zhu W, Wyce A, Thorne AW, Berger 
SL, McMahon SB (2008) The putative cancer stem cell marker USP22 is a subunit of the 
human SAGA complex required for activated transcription and cell-cycle progression. Mol 
Cell 29(1):102–111. doi:  10.1016/j.molcel.2007.12.015      

    39.    Goodliffe JM, Wieschaus E, Cole MD (2005) Polycomb mediates Myc autorepression and its 
transcriptional control of many loci in Drosophila. Genes Dev 19(24):2941–2946. doi:  10.1101/
gad.1352305      

    40.    Liu YL, Yang YM, Xu H, Dong XS (2010) Increased expression of ubiquitin-specifi c protease 
22 can promote cancer progression and predict therapy failure in human colorectal cancer. J 
Gastroenterol Hepatol 25(11):1800–1805. doi:  10.1111/j.1440-1746.2010.06352.x      

   41.    Liu Y, Yang Y, Xu H, Dong X (2010) Implication of USP22 in the regulation of BMI-1, c-Myc, 
p16INK4a, p14ARF, and cyclin D2 expression in primary colorectal carcinomas. Diagn Mol 
Pathol 19(4):194–200. doi:  10.1097/PDM.0b013e3181e202f2      

    42.    Xu H, Liu YL, Yang YM, Dong XS (2012) Knock-down of ubiquitin-specifi c protease 22 by 
micro-RNA interference inhibits colorectal cancer growth. Int J Colorectal Dis 27(1):21–30. 
doi:  10.1007/s00384-011-1275-8      

    43.    Zhang Y, Yao L, Zhang X, Ji H, Wang L, Sun S, Pang D (2011) Elevated expression of USP22 in 
correlation with poor prognosis in patients with invasive breast cancer. J Cancer Res Clin 
Oncol 137(8):1245–1253. doi:  10.1007/s00432-011-0998-9      

    44.    Piao S, Liu Y, Hu J, Guo F, Ma J, Sun Y, Zhang B (2012) USP22 is useful as a novel molecular 
marker for predicting disease progression and patient prognosis of oral squamous cell carci-
noma. PLoS One 7(8):e42540. doi:  10.1371/journal.pone.0042540      

    45.    Wang Z, Wan L, Zhong J, Inuzuka H, Liu P, Sarkar FH, Wei W (2013) Cdc20: a potential novel 
therapeutic target for cancer treatment. Curr Pharm Des 19(18):3210–3214  

     46.    Wasch R, Engelbert D (2005) Anaphase-promoting complex-dependent proteolysis of cell 
cycle regulators and genomic instability of cancer cells. Oncogene 24(1):1–10.  doi:  10.1038/
sj.onc.1208017              

     47.    Zhang Y, van Deursen J, Galardy PJ (2011) Overexpression of ubiquitin specifi c protease 44 
(USP44) induces chromosomal instability and is frequently observed in human T-cell leuke-
mia. PLoS One 6(8):e23389. doi:  10.1371/journal.pone.0023389      

    48.    Zhang Y, Foreman O, Wigle DA, Kosari F, Vasmatzis G, Salisbury JL, van Deursen J, Galardy 
PJ (2012) USP44 regulates centrosome positioning to prevent aneuploidy and suppress tumor-
igenesis. J Clin Invest 122(12):4362–4374. doi:  10.1172/JCI63084      

    49.    Yuasa-Kawada J, Kinoshita-Kawada M, Rao Y, Wu JY (2009) Deubiquitinating enzyme 
USP33/VDU1 is required for Slit signaling in inhibiting breast cancer cell migration. Proc Natl 
Acad Sci U S A 106(34):14530–14535. doi:  10.1073/pnas.0801262106      

    50.    Li J, Olson LM, Zhang Z, Li L, Bidder M, Nguyen L, Pfeifer J, Rader JS (2008) Differential 
display identifi es overexpression of the USP36 gene, encoding a deubiquitinating enzyme, in 
ovarian cancer. Int J Med Sci 5(3):133–142  

    51.    McFarlane C, Kelvin AA, de la Vega M, Govender U, Scott CJ, Burrows JF, Johnston JA 
(2010) The deubiquitinating enzyme USP17 is highly expressed in tumor biopsies, is cell cycle 
regulated, and is required for G1-S progression. Cancer Res 70(8):3329–3339. 
doi:  10.1158/0008-5472.CAN-09-4152      

     52.    Hock AK, Vousden KH (2014) The role of ubiquitin modifi cation in the regulation of p53. 
Biochim Biophys Acta 1843:137–149. doi:  10.1016/j.bbamcr.2013.05.022      

    53.    Yuan J, Luo K, Zhang L, Cheville JC, Lou Z (2010) USP10 regulates p53 localization and 
stability by deubiquitinating p53. Cell 140(3):384–396. doi:  10.1016/j.cell.2009.12.032      

K.-H. Baek et al.

http://dx.doi.org/10.1038/sj.emboj.7601600
http://dx.doi.org/10.1016/j.jmb.2007.02.052
http://dx.doi.org/10.1016/j.cell.2004.08.005
http://dx.doi.org/10.1016/j.molcel.2007.12.015
http://dx.doi.org/10.1101/gad.1352305
http://dx.doi.org/10.1101/gad.1352305
http://dx.doi.org/10.1111/j.1440-1746.2010.06352.x
http://dx.doi.org/10.1097/PDM.0b013e3181e202f2
http://dx.doi.org/10.1007/s00384-011-1275-8
http://dx.doi.org/10.1007/s00432-011-0998-9
http://dx.doi.org/10.1371/journal.pone.0042540
http://dx.doi.org/10.1038/sj.onc.1208017
http://dx.doi.org/10.1371/journal.pone.0023389
http://dx.doi.org/10.1172/JCI63084
http://dx.doi.org/10.1073/pnas.0801262106
http://dx.doi.org/10.1158/0008-5472.CAN-09-4152
http://dx.doi.org/10.1016/j.bbamcr.2013.05.022
http://dx.doi.org/10.1016/j.cell.2009.12.032


383

    54.    Liu J, Chung HJ, Vogt M, Jin Y, Malide D, He L, Dundr M, Levens D (2011) JTV1 co-activates 
FBP to induce USP29 transcription and stabilize p53 in response to oxidative stress. EMBO J 
30(5):846–858. doi:  10.1038/emboj.2011.11      

    55.    Hock AK, Vigneron AM, Carter S, Ludwig RL, Vousden KH (2011) Regulation of p53 stabil-
ity and function by the deubiquitinating enzyme USP42. EMBO J 30(24):4921–4930. 
doi:  10.1038/emboj.2011.419      

    56.    Sun XX, Challagundla KB, Dai MS (2012) Positive regulation of p53 stability and activity 
by the deubiquitinating enzyme Otubain 1. EMBO J 31(3):576–592. doi:  10.1038/emboj.
2011.434      

    57.    Karin M (2009) NF-kappaB as a critical link between infl ammation and cancer. Cold Spring 
Harb Perspect Biol 1(5):a000141. doi:  10.1101/cshperspect.a000141      

    58.    Sun SC (2010) CYLD: a tumor suppressor deubiquitinase regulating NF-kappaB activation 
and diverse biological processes. Cell Death Differ 17(1):25–34. doi:  10.1038/cdd.2009.43      

    59.    Kovalenko A, Chable-Bessia C, Cantarella G, Israel A, Wallach D, Courtois G (2003) The 
tumour suppressor CYLD negatively regulates NF-kappaB signalling by deubiquitination. 
Nature 424(6950):801–805. doi:  10.1038/nature01802      

    60.    Brummelkamp TR, Nijman SM, Dirac AM, Bernards R (2003) Loss of the cylindromatosis 
tumour suppressor inhibits apoptosis by activating NF-kappaB. Nature 424(6950):797–801. 
doi:  10.1038/nature01811      

    61.    Massoumi R, Chmielarska K, Hennecke K, Pfeifer A, Fassler R (2006) Cyld inhibits tumor 
cell proliferation by blocking Bcl-3-dependent NF-kappaB signaling. Cell 125(4):665–677. 
doi:  10.1016/j.cell.2006.03.041      

    62.    Zhang J, Stirling B, Temmerman ST, Ma CA, Fuss IJ, Derry JM, Jain A (2006) Impaired regu-
lation of NF-kappaB and increased susceptibility to colitis-associated tumorigenesis in CYLD- 
defi cient mice. J Clin Invest 116(11):3042–3049. doi:  10.1172/JCI28746      

    63.    Wu W, Zhu H, Fu Y, Shen W, Xu J, Miao K, Hong M, Xu W, Liu P, Li J (2014) Clinical signifi -
cance of down-regulated cylindromatosis gene in chronic lymphocytic leukemia. Leuk 
Lymphoma 55:588–594. doi:  10.3109/10428194.2013.809077      

    64.    Hellerbrand C, Bumes E, Bataille F, Dietmaier W, Massoumi R, Bosserhoff AK (2007) 
Reduced expression of CYLD in human colon and hepatocellular carcinomas. Carcinogenesis 
28(1):21–27. doi:  10.1093/carcin/bgl081      

    65.    Hymowitz SG, Wertz IE (2010) A20: from ubiquitin editing to tumour suppression. Nat Rev 
Cancer 10(5):332–341. doi:  10.1038/nrc2775      

    66.    Lee EG, Boone DL, Chai S, Libby SL, Chien M, Lodolce JP, Ma A (2000) Failure to regulate 
TNF-induced NF-kappaB and cell death responses in A20-defi cient mice. Science 
289(5488):2350–2354  

   67.    Wertz IE, O’Rourke KM, Zhou H, Eby M, Aravind L, Seshagiri S, Wu P, Wiesmann C, Baker 
R, Boone DL, Ma A, Koonin EV, Dixit VM (2004) De-ubiquitination and ubiquitin ligase 
domains of A20 downregulate NF-kappaB signalling. Nature 430(7000):694–699. doi:  10.1038/
nature02794      

   68.    Hitotsumatsu O, Ahmad RC, Tavares R, Wang M, Philpott D, Turer EE, Lee BL, Shiffi n N, 
Advincula R, Malynn BA, Werts C, Ma A (2008) The ubiquitin-editing enzyme A20 restricts 
nucleotide-binding oligomerization domain containing 2-triggered signals. Immunity 
28(3):381–390. doi:  10.1016/j.immuni.2008.02.002      

   69.    Turer EE, Tavares RM, Mortier E, Hitotsumatsu O, Advincula R, Lee B, Shifrin N, Malynn 
BA, Ma A (2008) Homeostatic MyD88-dependent signals cause lethal infl amMation in the 
absence of A20. J Exp Med 205(2):451–464. doi:  10.1084/jem.20071108      

   70.    Boone DL, Turer EE, Lee EG, Ahmad RC, Wheeler MT, Tsui C, Hurley P, Chien M, Chai S, 
Hitotsumatsu O, McNally E, Pickart C, Ma A (2004) The ubiquitin-modifying enzyme A20 is 
required for termination of Toll-like receptor responses. Nat Immunol 5(10):1052–1060. 
doi:  10.1038/ni1110      

    71.    Mauro C, Pacifi co F, Lavorgna A, Mellone S, Iannetti A, Acquaviva R, Formisano S, Vito P, 
Leonardi A (2006) ABIN-1 binds to NEMO/IKKgamma and co-operates with A20 in inhibit-
ing NF-kappaB. J Biol Chem 281(27):18482–18488. doi:  10.1074/jbc.M601502200      

15 Deubiquitinating Enzymes as Novel Targets for Cancer Therapies

http://dx.doi.org/10.1038/emboj.2011.11
http://dx.doi.org/10.1038/emboj.2011.419
http://dx.doi.org/10.1038/emboj.2011.434
http://dx.doi.org/10.1038/emboj.2011.434
http://dx.doi.org/10.1101/cshperspect.a000141
http://dx.doi.org/10.1038/cdd.2009.43
http://dx.doi.org/10.1038/nature01802
http://dx.doi.org/10.1038/nature01811
http://dx.doi.org/10.1016/j.cell.2006.03.041
http://dx.doi.org/10.1172/JCI28746
http://dx.doi.org/10.3109/10428194.2013.809077
http://dx.doi.org/10.1093/carcin/bgl081
http://dx.doi.org/10.1038/nrc2775
http://dx.doi.org/10.1038/nature02794
http://dx.doi.org/10.1038/nature02794
http://dx.doi.org/10.1016/j.immuni.2008.02.002
http://dx.doi.org/10.1084/jem.20071108
http://dx.doi.org/10.1038/ni1110
http://dx.doi.org/10.1074/jbc.M601502200


384

    72.    Li X, Stevens PD, Yang H, Gulhati P, Wang W, Evers BM, Gao T (2013) The deubiquitination 
enzyme USP46 functions as a tumor suppressor by controlling PHLPP-dependent attenuation 
of Akt signaling in colon cancer. Oncogene 32(4):471–478. doi:  10.1038/onc.2012.66      

    73.    Eldridge AG, O’Brien T (2010) Therapeutic strategies within the ubiquitin proteasome system. 
Cell Death Differ 17(1):4–13. doi:  10.1038/cdd.2009.82      

    74.    Ernst A, Avvakumov G, Tong J, Fan Y, Zhao Y, Alberts P, Persaud A, Walker JR, Neculai AM, 
Neculai D, Vorobyov A, Garg P, Beatty L, Chan PK, Juang YC, Landry MC, Yeh C, Zeqiraj E, 
Karamboulas K, Allali-Hassani A, Vedadi M, Tyers M, Moffat J, Sicheri F, Pelletier L, 
Durocher D, Raught B, Rotin D, Yang J, Moran MF, Dhe-Paganon S, Sidhu SS (2013) A strat-
egy for modulation of enzymes in the ubiquitin system. Science 339(6119):590–595. 
doi:  10.1126/science.1230161      

    75.    Mattern MR, Wu J, Nicholson B (2012) Ubiquitin-based anticancer therapy: carpet bombing 
with proteasome inhibitors vs surgical strikes with E1, E2, E3, or DUB inhibitors. Biochim 
Biophys Acta 1823(11):2014–2021. doi:  10.1016/j.bbamcr.2012.05.005      

     76.    D’Arcy P, Linder S (2012) Proteasome deubiquitinases as novel targets for cancer therapy. 
Int J Biochem Cell Biol 44(11):1729–1738. doi:  10.1016/j.biocel.2012.07.011      

    77.    D’Arcy P, Brnjic S, Olofsson MH, Fryknas M, Lindsten K, De Cesare M, Perego P, Sadeghi B, 
Hassan M, Larsson R, Linder S (2011) Inhibition of proteasome deubiquitinating activity as a 
new cancer therapy. Nat Med 17(12):1636–1640. doi:  10.1038/nm.2536      

    78.    Lee BH, Lee MJ, Park S, Oh DC, Elsasser S, Chen PC, Gartner C, Dimova N, Hanna J, Gygi 
SP, Wilson SM, King RW, Finley D (2010) Enhancement of proteasome activity by a small- 
molecule inhibitor of USP14. Nature 467(7312):179–184. doi:  10.1038/nature09299      

    79.    Gallery M, Blank JL, Lin Y, Gutierrez JA, Pulido JC, Rappoli D, Badola S, Rolfe M, Macbeth 
KJ (2007) The JAMM motif of human deubiquitinase Poh1 is essential for cell viability. Mol 
Cancer Ther 6(1):262–268. doi:  10.1158/1535-7163.MCT-06-0542      

    80.    Liu H, Buus R, Clague MJ, Urbe S (2009) Regulation of ErbB2 receptor status by the protea-
somal DUB POH1. PLoS One 4(5):e5544. doi:  10.1371/journal.pone.0005544      

    81.    Guedat P, Colland F (2007) Patented small molecule inhibitors in the ubiquitin proteasome 
system. BMC Biochem 8(Suppl 1):S14. doi:  10.1186/1471-2091-8-S1-S14      

    82.    Reverdy C, Conrath S, Lopez R, Planquette C, Atmanene C, Collura V, Harpon J, Battaglia V, 
Vivat V, Sippl W, Colland F (2012) Discovery of specifi c inhibitors of human USP7/HAUSP 
deubiquitinating enzyme. Chem Biol 19(4):467–477. doi:  10.1016/j.chembiol.2012.02.007      

    83.    Nicholson B, Suresh Kumar KG (2011) The multifaceted roles of USP7: new therapeutic 
opportunities. Cell Biochem Biophys 60(1–2):61–68. doi:  10.1007/s12013-011-9185-5      

    84.    Mitsui T, Hirayama K, Aoki S, Nishikawa K, Uchida K, Matsumoto T, Kabuta T, Wada K 
(2010) Identifi cation of a novel chemical potentiator and inhibitors of UCH-L1 by in silico 
drug screening. Neurochem Int 56(5):679–686. doi:  10.1016/j.neuint.2010.01.016      

    85.    Mermerian AH, Case A, Stein RL, Cuny GD (2007) Structure-activity relationship, kinetic 
mechanism, and selectivity for a new class of ubiquitin C-terminal hydrolase-L1 (UCH-L1) 
inhibitors. Bioorg Med Chem Lett 17(13):3729–3732. doi:  10.1016/j.bmcl.2007.04.027      

    86.    Colland F (2010) The therapeutic potential of deubiquitinating enzyme inhibitors. Biochem 
Soc Trans 38(Pt 1):137–143. doi:  10.1042/BST0380137      

    87.    Murai J, Yang K, Dejsuphong D, Hirota K, Takeda S, D’Andrea AD (2011) The USP1/UAF1 
complex promotes double-strand break repair through homologous recombination. Mol Cell 
Biol 31(12):2462–2469. doi:  10.1128/MCB.05058-11      

    88.    Garcia-Santisteban I, Peters GJ, Giovannetti E, Rodriguez JA (2013) USP1 deubiquitinase: 
cellular functions, regulatory mechanisms and emerging potential as target in cancer therapy. 
Mol Cancer 12:91. doi:  10.1186/1476-4598-12-91      

    89.    Kapuria V, Peterson LF, Fang D, Bornmann WG, Talpaz M, Donato NJ (2010) Deubiquitinase 
inhibition by small-molecule WP1130 triggers aggresome formation and tumor cell apoptosis. 
Cancer Res 70(22):9265–9276. doi:  10.1158/0008-5472.CAN-10-1530      

     90.    Bartholomeusz GA, Talpaz M, Kapuria V, Kong LY, Wang S, Estrov Z, Priebe W, Wu J, Donato 
NJ (2007) Activation of a novel Bcr/Abl destruction pathway by WP1130 induces apoptosis of 
chronic myelogenous leukemia cells. Blood 109(8):3470–3478. doi:  10.1182/
blood-2006-02-005579      

K.-H. Baek et al.

http://dx.doi.org/10.1038/onc.2012.66
http://dx.doi.org/10.1038/cdd.2009.82
http://dx.doi.org/10.1126/science.1230161
http://dx.doi.org/10.1016/j.bbamcr.2012.05.005
http://dx.doi.org/10.1016/j.biocel.2012.07.011
http://dx.doi.org/10.1038/nm.2536
http://dx.doi.org/10.1038/nature09299
http://dx.doi.org/10.1158/1535-7163.MCT-06-0542
http://dx.doi.org/10.1371/journal.pone.0005544
http://dx.doi.org/10.1186/1471-2091-8-S1-S14
http://dx.doi.org/10.1016/j.chembiol.2012.02.007
http://dx.doi.org/10.1007/s12013-011-9185-5
http://dx.doi.org/10.1016/j.neuint.2010.01.016
http://dx.doi.org/10.1016/j.bmcl.2007.04.027
http://dx.doi.org/10.1042/BST0380137
http://dx.doi.org/10.1128/MCB.05058-11
http://dx.doi.org/10.1186/1476-4598-12-91
http://dx.doi.org/10.1158/0008-5472.CAN-10-1530
http://dx.doi.org/10.1182/blood-2006-02-005579
http://dx.doi.org/10.1182/blood-2006-02-005579


385

    91.    Altun M, Kramer HB, Willems LI, McDermott JL, Leach CA, Goldenberg SJ, Kumar KG, 
Konietzny R, Fischer R, Kogan E, Mackeen MM, McGouran J, Khoronenkova SV, Parsons JL, 
Dianov GL, Nicholson B, Kessler BM (2011) Activity-based chemical proteomics accelerates 
inhibitor development for deubiquitylating enzymes. Chem Biol 18(11):1401–1412. 
doi:  10.1016/j.chembiol.2011.08.018      

    92.    Issaenko OA, Amerik AY (2012) Chalcone-based small-molecule inhibitors attenuate malig-
nant phenotype via targeting deubiquitinating enzymes. Cell Cycle 11(9):1804–1817. 
doi:  10.4161/cc.20174      

    93.    Colland F, Formstecher E, Jacq X, Reverdy C, Planquette C, Conrath S, Trouplin V, Bianchi J, 
Aushev VN, Camonis J, Calabrese A, Borg-Capra C, Sippl W, Collura V, Boissy G, Rain JC, 
Guedat P, Delansorne R, Daviet L (2009) Small-molecule inhibitor of USP7/HAUSP ubiquitin 
protease stabilizes and activates p53 in cells. Mol Cancer Ther 8(8):2286–2295. 
doi:  10.1158/1535-7163.MCT-09-0097      

    94.    Liu H, Li W, Ahmad M, Miller TM, Rose ME, Poloyac SM, Uechi G, Balasubramani M, 
Hickey RW, Graham SH (2011) Modifi cation of ubiquitin-C-terminal hydrolase-L1 by cyclo-
pentenone prostaglandins exacerbates hypoxic injury. Neurobiol Dis 41(2):318–328. 
doi:  10.1016/j.nbd.2010.09.020      

    95.    Li Z, Melandri F, Berdo I, Jansen M, Hunter L, Wright S, Valbrun D, Figueiredo-Pereira ME 
(2004) Delta12-Prostaglandin J2 inhibits the ubiquitin hydrolase UCH-L1 and elicits ubiquitin- 
protein aggregation without proteasome inhibition. Biochem Biophys Res Commun 
319(4):1171–1180. doi:  10.1016/j.bbrc.2004.05.098      

    96.    Ratia K, Pegan S, Takayama J, Sleeman K, Coughlin M, Baliji S, Chaudhuri R, Fu W, 
Prabhakar BS, Johnson ME, Baker SC, Ghosh AK, Mesecar AD (2008) A noncovalent class 
of papain-like protease/deubiquitinase inhibitors blocks SARS virus replication. Proc Natl 
Acad Sci U S A 105(42):16119–16124. doi:  10.1073/pnas.0805240105        

15 Deubiquitinating Enzymes as Novel Targets for Cancer Therapies

http://dx.doi.org/10.1016/j.chembiol.2011.08.018
http://dx.doi.org/10.4161/cc.20174
http://dx.doi.org/10.1158/1535-7163.MCT-09-0097
http://dx.doi.org/10.1016/j.nbd.2010.09.020
http://dx.doi.org/10.1016/j.bbrc.2004.05.098
http://dx.doi.org/10.1073/pnas.0805240105


387© Springer International Publishing Switzerland 2014
Q.P. Dou (ed.), Resistance to Proteasome Inhibitors in Cancer, Resistance 
to Targeted Anti-Cancer Therapeutics, DOI 10.1007/978-3-319-06752-0

  A 
  AAA , 347, 349, 353, 358  
   Acute leukemia , 14, 182, 183, 185, 186, 

196–199  
   Adams, J. , 274  
   Agarwal, S. , 289–309  
   Aggresome , 18, 52, 53, 68, 70, 73, 123, 158, 

159, 161–164, 185, 252–253, 277–279, 
281, 282  

   Ahmad, N. , 231–242  
   Allosteric , 298, 299, 303, 336, 348, 350, 353, 

354, 356  
   Alsina, M. , 88  
   Amemiya, Y. , 315–338  
   Amyloidosis , 99–109  
   Anaissie, E. , 231–242  
   Anderson, K.C. , 47–73  
   Anticancer drug , 24, 290, 292, 294, 295, 303, 

308, 309, 373–377  
   Antioxidants , 14, 15, 19, 28, 29, 59, 

164, 248–251, 253–262, 264, 
265, 278  

      Apoptosis , 3, 55, 84, 133, 153, 185, 
211, 234, 256, 275, 295, 324, 
358, 365  

   Argiris, A. , 219  
   ATPases , 5, 6, 23, 345–359, 373, 374  
   ATP binding and hydrolysis , 

349, 353–355, 358  
   Autophagy , 14, 15, 18–19, 29, 53, 

73, 123, 159, 185, 216, 217, 
252, 253, 257, 259, 262, 264, 
275, 276, 278–283, 
295–296, 336  

   Azab, A.K. , 70  

    B 
  Bacopulos, S. , 315–338  
   Badros, A. , 91  
   Baek, K.-H. , 363–377  
   Bartholomeusz, G.A. , 376  
   Batalo, M. , 149–165  
   Binding pocket , 51, 122, 189, 302, 352  
      Bortezomib (BTZ) , 2, 49, 82, 101, 120, 152, 

185, 211, 234, 248, 274, 290, 333, 373  
 resistance , 3, 11, 15, 16, 18, 19, 21, 81–93, 

117–138, 162, 181–199, 212, 234, 249, 
258–259, 261, 296, 375, 377  

   Bose, P. , 149–165  
   Breast cancer , 9, 16, 25, 27, 28, 161, 191, 237, 

240, 263, 320–323, 325, 326, 329–332, 
334, 335, 338, 368–370  

   Breast cancer-associated gene 2 (BCA2) , 
315–338  

    C 
  Campanella, A. , 60  
      Cancer , 2, 55, 107, 119, 154, 191, 206, 233, 

250, 274, 290, 319, 347, 364  
 pharmacology , 290, 292, 294, 295, 

303–308  
   Cantley, L.C. , 326  
   Carfi lzomib (CFZ) , 3, 11–13, 19, 22, 28, 49, 

56, 61, 62, 65–67, 72, 81–93, 101, 106, 
107, 109, 156, 157, 161, 164, 186, 188, 
191, 198, 212, 214, 215, 216, 219, 222, 
234, 235, 239, 240, 259, 274, 290, 294, 
297–299  

   Catley, L. , 53  
   Chandra, J. , 247–265  

                        Index 



388

   Chauhan, D. , 47–73  
   Clinical trials , 8–11, 18–21, 25–28, 59, 61, 67, 

68, 70, 72, 87, 105, 107, 123, 124, 126, 
128–130, 135, 137, 138, 154, 160, 161, 
164, 165, 183, 194, 196–199, 210, 
217–219, 221, 234–240, 259, 263, 274, 
282, 283, 290, 292, 297–299, 303, 304, 
307, 308, 333, 375  

   Cloos, J. , 181–199  
   Combination therapy , 3, 8–10, 12, 16, 20–21, 

25, 53, 58, 60–72, 92, 102, 104, 106, 
130, 160–164, 182, 194–196, 199, 
218, 237–240, 259, 262–265, 282, 
294, 295, 304  

   Cottini, F. , 47–73  

    D 
  de Larrea, C.F. , 133  
   Deshmukh, R.R. , 1–29  
   Deubiquitination , 5, 49, 233, 241, 348, 

364–366, 370, 371, 372  
   Deubiquitylation , 293, 299, 347  
   Dou, Q.P. , 1–29  
   Driscoll, J.J. , 231–242  
   Drug resistance , 7, 18, 55–57, 83, 93, 104, 

120, 121, 123, 134, 137, 138, 155, 
160, 186, 374  

    E 
  Eddins, M.J. , 289–309  
   eIF2-alpha , 241, 275–277, 279–282  
   E3 ligase , 3, 23, 59, 156, 194, 255, 289–309, 

315–338, 365, 368, 369, 371, 374, 
375, 377  

   Endoplasmic reticulum (ER) stress , 8, 23, 50, 
53–55, 58, 59, 73, 124, 154, 159, 
161–163, 214, 236, 275–277, 282–283  

   E3 ubiquitin ligase , 4, 5, 154, 318, 321, 327, 
328, 366, 370  

    F 
  Ferris, R.L. , 220  
   Franke, D. , 189  

    G 
  Gating , 350–352, 354, 357, 359  
   Genomic profi le , 16, 123, 129, 130, 137  
   Gilbert, J. , 218  
   Grandis, J.R. , 205–222  
   Grant, S. , 149–165  

    H 
  Head and neck cancer , 205–222  
   Head and neck squamous cell carcinoma 

(HNSCC) , 206–222, 256  
   Heat shock protein 90 (Hsp90) , 16, 21, 53, 

123, 158, 159, 162–164, 254  
   Heider, U. , 163  
   Hideshima, T. , 47–73, 295  
   Hill, C.P. , 352  
   Histone deacetylase inhibitors (HDACIs) , 

20, 21, 63, 67–70, 92, 105, 120, 131, 
152, 157–165, 195, 217, 262, 263, 
278, 281, 282  

   Holkova, B. , 149–165  
   Human homolog of Rad23 variant A 

(hHR23a) , 323–326, 328, 330, 331, 
337, 338  

   Human papillomavirus (HPV) , 207–208, 210, 
219–221, 307, 333  

    I 
  Immunoproteasomes (iP) , 3, 11, 20, 22, 29, 

49, 51, 83, 84, 122, 184, 185, 188, 190, 
192, 193, 195, 196, 233–235, 253–256, 
259, 293, 298, 299  

   Integrated stress response (ISR) , 275–277, 281  
   Ixazomib (IXZ) , 101, 106–107, 109, 120, 

194, 283  

    J 
  Jagannath, S. , 91, 102  
   Johnson, D.E. , 205–222  
   Jones, M.D. , 240  

    K 
  Kass, J.I. , 205–222  
   Kimple, R.J. , 220  
   Kim, Y.-C. , 345–359  
   Kisselev, A.F. , 299  
   Kodrasov, M.P. , 289–309  
   Kubicek, G.J. , 218  

    L 
  Laubach, J. , 47–73  
   Lee, E.G. , 374  
   Lee, H.C. , 81–93  
   Li, C. , 216  
   Lim, K.-H. , 363–377  
   Lorch, J.H. , 211  
   Lu, S. , 186, 189  

Index



389

    M 
  Maglio, M. , 47–73  
   Malek, M.A.Y.A. , 231–242  
   Manning, B.D. , 326  
   Mantle cell lymphoma (MCL) , 5, 7, 9, 13, 56, 

87, 101, 149–165, 183, 185, 191, 211, 
256, 261, 263, 283, 294, 333, 370, 373  

   Manton, C. , 247–265  
   Marizomib (MRZ) , 20, 61, 107–108, 120, 161, 

190, 193, 195, 198, 234–236, 259, 298  
   Mattern, M.R. , 289–309  
   McConkey, D. , 273–283  
   Meng, L. , 83  
   Metals , 24–26, 29, 208, 250, 275, 277, 298, 299  
   Metzger, M.B. , 319  
   Minderman, H. , 191  
   Mitra, A.K , 117–138  
   Mulligan, G. , 124  
   Multiple myeloma (MM) , 2, 3, 5, 7–13, 15–19, 

21, 23, 27, 47–73, 81–93, 99–109, 
117–138, 154, 183, 187, 188, 191, 211, 
212, 256, 261, 263, 274, 283, 294, 297, 
299, 308, 333, 336, 370, 373, 375  

   Myeloma , 8–11, 15, 16, 18, 21, 49, 55, 57, 59, 
67–72, 83, 84, 101, 103–108, 124–126, 
128, 153, 236, 259, 299  

    N 
  Nakajima, H. , 336  
   Nathan, J. , 184  
   Natural compounds , 11, 20, 23, 26–28  
   Nicholson, B. , 289–309  
   Niewerth, D. , 181–199  
   Nuclear factor kappa B (NF-κB) , 7, 17, 23, 56, 

57, 61, 64, 68, 84, 101, 120, 122, 124, 
133, 135, 153–156, 160–164, 185, 191, 
213, 214, 216, 218, 219, 236, 239, 250, 
251, 254, 255, 258, 274, 307, 317, 334, 
335, 336, 368, 370–372  

   Nuclear factor-like 2 (Nrf2) , 123, 130, 255, 
256, 260, 261, 265  

    O 
  O’Connor, O.A. , 88  
   O’Connor, R. , 191  
   Oerlemans, R. , 189  
   Oncogene , 122, 324, 335, 337, 367, 368, 370  
   Oprozomib (OPZ) , 61, 101, 107, 194, 212, 

214, 215, 216, 219, 222, 238, 298  
   Orlowski, R.Z. , 81–93  
   Oxidative stress , 25, 122, 130, 184, 208, 

247–265, 275, 280  

    P 
  Papadopoulos, K. , 88, 91  
   Park, J.-J. , 363–377  
   Perrone, G. , 58  
   Pharmacogenomics , 128, 134, 137, 138  
   Prada, C.P. , 47–73  
   19S Proteasomal ATPases , 347–352  
      Proteasome , 2, 48, 82, 100, 120, 153, 

183, 211, 233, 248, 274, 290, 
317, 346, 365  

 26S proteasome , 3–7, 23, 25, 49, 56, 
120, 153, 183, 240, 241, 253, 291, 
317, 318, 346, 347, 352–356, 365, 
373–374, 376, 377  

   Proteasome inhibitors (PI) , 1–29, 47–73, 
81–93, 99–109, 120, 123, 136, 137, 
153–157, 162, 163, 183, 185–188, 
190–197, 199, 205–222, 233–240, 251, 
256–261, 263, 273–283, 289–309, 356, 
357, 359  

   Protein degradation , 3, 23, 49, 52, 59, 123, 
153, 183, 184, 194, 233, 252, 317, 323, 
346, 347, 350, 353, 354, 356, 357, 359, 
365, 366, 368, 373  

   Proteotoxicity , 275, 279  

    R 
  Rampias, T. , 220  
   Rational combinations , 92, 93, 

160–163, 165  
   Regulatory particle ATPase (RPT) , 349, 350, 

352–354, 357  
   Resistance , 1–29, 47–73, 81–93, 104, 105, 

109, 117–138, 154–156, 160, 162, 
181–199, 205–222, 234–236, 239, 
249, 258–264  

   Richardson, P.G. , 47–73  
   Ri, M. , 189  
   Rumpold, H. , 55  

    S 
  14-3-3σ , 323, 324, 326–327, 330, 331, 335, 

337, 338  
   Sakamoto, K.M. , 336  
   Schmitt, S.M. , 1–29  
   Schoenheimer, R. , 233  
   Seifert, U. , 184  
   Seth, A. , 315–338  
   Shaughnessy, J. , 117–138  
   Siegel, D. , 91  
   Smith, D.M. , 345–359  
   Song, X. , 59  

Index



390

   Sterner, D.E. , 289–309  
   Stessman, H.A. , 55, 117–138  
   Substrate binding , 320, 349, 350, 353  
   Sunwoo, J.B. , 211  
   Suresh Kumar, K.G. , 289–309  
   Szczepanek, J , 196  

    T 
  Targeted therapies , 152, 162, 186, 194, 221, 

290, 294, 333  
   Translation , 85, 159, 241, 275–277, 279, 

296, 317  
   Tumor suppressor , 154, 208, 258, 291, 

295, 303, 307, 333, 335–337, 
369, 372, 374  

    U 
     Ubiquitin (Ub) , 3, 50, 154, 194, 252, 275, 291, 

317, 346, 365  
   Ubiquitination , 4, 5, 23, 29, 49, 56, 130, 185, 

194, 213, 219, 220, 233, 252, 292, 301, 
317, 319, 321, 322, 323, 325, 327, 328, 
335–338, 347, 355, 364–366, 369–372, 
374, 377  

   Ubiquitin–proteasome pathway (UPP) , 
2–6, 22, 23, 25, 28, 29, 52, 82, 
290, 291, 295, 309, 365, 366, 
370, 372, 377  

   Ubiquitin–proteasome system (UPS) , 100, 
154, 233, 240, 242, 317–318, 320, 323, 
325, 327, 328, 333  

   Ubiquitin-specifi c protease (USP) , 50, 58, 365, 
367, 373  

   Unfolded protein response (UPR) , 50, 54, 55, 
84, 120, 154, 155, 158, 159, 161–164, 
216, 236, 276, 283, 296  

   Unfolding and translocation , 49, 240, 353, 
358–359  

    V 
  Van Ness, B. , 117–138  
   Varga, C. , 47–73  
   Verbrugge, S.E. , 189, 191  
   Vij, R. , 91  

    W 
  Wagenblast, J. , 216  
   Weissman, A.M. , 319  
   White, M. , 276, 277, 279, 280  
   Wu, J. , 289–309  

    Z 
  Zhan, F. , 126  
   Zhu, Y.X. , 137  
   Zonder, J.A. , 99–109          

Index


	Preface
	Contents
	About the Editor
	Chapter 1: Proteasome Inhibitors and Lessons Learned from Their Mechanisms of Action and Resistance in Human Cancer
	1.1 Introduction
	1.2 Ubiquitin–Proteasome Pathway
	1.3 Proteasome Inhibitors
	1.3.1 Early Inhibitors
	1.3.2 Bortezomib, the First Clinically Approved Proteasome Inhibitor in Preclinical Studies
	1.3.3 Bortezomib in Clinical Trials
	1.3.3.1 Phase I/II Trials
	1.3.3.2 Phase III Clinical Trials

	1.3.4 The Second Clinically Approved Proteasome Inhibitor, Carfilzomib
	1.3.4.1 Phase I/II Trials
	1.3.4.2 Phase III Trials


	1.4 Resistance to Proteasome Inhibitors
	1.4.1 Inherent Resistance
	1.4.2 Acquired Resistance
	1.4.2.1 β5 Subunit Overexpression/Mutation
	1.4.2.2 Upregulation of HSPs
	1.4.2.3 Altered Expression of Apoptosis-Related Proteins
	1.4.2.4 Akt Pathway Activation
	1.4.2.5 Overexpression of Other Growth-Related Proteins
	1.4.2.6 Altered Autophagy Pathways
	1.4.2.7 Increased Antioxidants


	1.5 Measures to Overcome Proteasome Inhibitor Resistance
	1.5.1 Design of Novel Proteasome Inhibitors
	1.5.2 Combination Strategies
	1.5.3 Immunoproteasome-Specific Inhibitors
	1.5.4 Targeting Sites Other than the Catalytic Center
	1.5.4.1 E1, E2s, and E3s
	1.5.4.2 19S Regulatory Subunit


	1.6 Nontraditional Options Targeting the 20S Core
	1.6.1 Metals in Cancer Development and Therapy
	1.6.2 Metal-Based Complexes as Proteasome Inhibitors
	1.6.2.1 Gold-Containing Complexes
	1.6.2.2 Metal Chelators as Proteasome Inhibitors
	Dithiocarbamates
	Hydroxyquinolones


	1.6.3 Natural Compounds as Proteasome Inhibitors
	1.6.3.1 Green Tea Polyphenols
	1.6.3.2 Apigenin


	1.7 Conclusion
	References

	Chapter 2: Resistance to Proteasome Inhibitors in Multiple Myeloma
	2.1 Introduction
	2.2 Preclinical Studies on Mechanisms of Resistance to BTZ
	2.2.1 Genetic Abnormalities in Proteasome Subunits
	2.2.2 Alternative Pathways to Modulate Proteasome Activity
	2.2.3 Cell Dedifferentiation
	2.2.4 Metabolism and Drug Efflux
	2.2.5 Signaling Pathways Mediating MM Cell Survival and Drug Resistance
	2.2.6 Extrinsic Factors
	2.2.7 Mechanisms to Sensitize Cells to BTZ Cytotoxicity

	2.3 Clinical Applications with a Focus on Proteasome Inhibitor-Based Combination Therapies
	2.3.1 Proteasome Inhibitors and Conventional Drugs
	2.3.1.1 Bortezomib and Melphalan

	2.3.2 Proteasome Inhibitors and Immunomodulatory Drugs
	2.3.2.1 Bortezomib and Lenalidomide
	2.3.2.2 Bortezomib and Dexamethasone in Combination with Cyclophosphamide and Lenalidomide
	2.3.2.3 Carfilzomib and Lenalidomide
	2.3.2.4 Ixazomib Citrate and Lenalidomide

	2.3.3 Proteasome Inhibitors and Pomalidomide
	2.3.3.1 Bortezomib and Pomalidomide
	2.3.3.2 Carfilzomib and Pomalidomide

	2.3.4 Proteasome Inhibitors and Histone Deacetylase Inhibitors
	2.3.4.1 Bortezomib and Panobinostat
	2.3.4.2 Bortezomib and SAHA (Vorinostat)
	2.3.4.3 Bortezomib and Romidepsin
	2.3.4.4 Bortezomib and ACY1215

	2.3.5 Proteasome Inhibitors and Plerixafor
	2.3.6 Proteasome Inhibitors and Perifosine
	2.3.7 Proteasome Inhibitors and Monoclonal Antibodies, Specifically Elotuzumab

	2.4 Conclusion
	References

	Chapter 3: Overcoming Bortezomib Resistance: A Review of the Second-Generation Proteasome Inhibitor Carfilzomib in the Treatment of Multiple Myeloma
	3.1 Introduction
	3.2 Discovery and Chemistry
	3.3 Preclinical Activity
	3.4 Pharmacodynamics and Pharmacokinetics
	3.5 Clinical Studies
	3.5.1 Phase I Monotherapy Studies in Hematologic Malignancies
	3.5.2 Phase II Monotherapy Studies in MM
	3.5.3 Carfilzomib Combination Studies

	3.6 Conclusions
	References

	Chapter 4: Proteasome Inhibitors in the Treatment of Multiple Myeloma and AL Amyloidosis
	4.1 Introduction
	4.2 Frontline Therapy of Multiple Myeloma with Bortezomib-Containing Regimens
	4.3 Bortezomib-Based Regimens for Previously Treated Multiple Myeloma
	4.4 Bortezomib Consolidation and Maintenance Therapy for Multiple Myeloma
	4.5 Carfilzomib (CFZ) as Treatment for Multiple Myeloma
	4.6 Ixazomib (MLN-9708/2238)
	4.7 Delanzomib (CEP-18770)
	4.8 Oprozomib (ONX-0912, PR-047)
	4.9 Marizomib (NPI-0052, Salinosporamide A)
	4.10 Proteasome Inhibitor Therapy for AL Amyloidosis
	4.11 Conclusions
	References

	Chapter 5: Profiling Bortezomib Resistance in Multiple Myeloma: Implications in Personalized Pharmacotherapy
	5.1 Introduction
	5.1.1 Multiple Myeloma (MM)
	5.1.2 Bortezomib (Bz)
	5.1.3 Bortezomib Resistance
	5.1.3.1 Mechanisms of Bortezomib Resistance


	5.2 Profiling of Bortezomib Resistance
	5.2.1 Gene Expression Profiling
	5.2.1.1 Analysis of GEP Signatures of Bz Resistance to Predict Potential Secondary Therapies

	5.2.2 Epigenetic Profiling
	5.2.3 Genotypic Profiling
	5.2.4 Immunophenotypic Profiling

	5.3 Perspectives and the Future
	References

	Chapter 6: Targeting Mantle Cell Lymphoma with a Strategy of Combined Proteasome and Histone Deacetylase Inhibition
	6.1 Introduction
	6.2 Pathogenesis of MCL
	6.3 The Proteasome and Proteasome Inhibitors
	6.4 Proteasome Inhibitors in MCL
	6.5 HDACs and HDACIs
	6.6 HDACIs in MCL
	6.7 Rationale for the Combination of PIs and HDACIs as a Therapeutic Strategy
	6.8 PI-HDACI Combinations in MCL: Preclinical and Clinical Studies
	6.9 Conclusion
	References

	Chapter 7: Preclinical Studies on the Molecular Basis of Bortezomib Resistance and Modalities to Overcome Resistance in Hematological Malignancies
	7.1 Introduction
	7.2 Role of the Proteasome in the Leukemic Cell
	7.3 Effect of Proteasome Inhibition
	7.4 Mechanisms of Resistance to Bortezomib
	7.4.1 Impact of the β5 Subunit Expression
	7.4.2 Impact of PSMB5/Beta 5 Subunit Mutations
	7.4.3 Role of Immunoproteasome in Bortezomib Resistance
	7.4.4 Role of Drug Efflux Transporters
	7.4.5 Other Mechanisms of Bortezomib Resistance

	7.5 New Strategies to Overcome Bortezomib Resistance
	7.5.1 Next-Generation Proteasome Inhibitors
	7.5.2 Oral Availability
	7.5.3 Protein Degradation Inhibition More Upstream from the Proteasome
	7.5.4 Combinations of Bortezomib with Conventional Chemotherapeutics
	7.5.5 Combinations of Bortezomib with Other Proteasome Inhibitors
	7.5.6 Combinations of Bortezomib with HDAC Inhibitors

	7.6 Translational Implications
	7.7 Current Clinical Trials in Acute Leukemia
	7.8 Concluding Remarks
	References

	Chapter 8: Overcoming Inherent Resistance to Proteasome Inhibitors in Head and Neck Cancer: Challenges and New Approaches
	8.1 Introduction
	8.2 Scope of the Problem
	8.3 Risk Factors for HNSCC (Tobacco, Alcohol, HPV, and Others)
	8.3.1 Tobacco and Alcohol as Risk Factors for HNSCC
	8.3.2 Human Papillomavirus and HNSCC
	8.3.3 Dental Hygiene, BMI, Diet, and Other Risk Factors for HNSCC

	8.4 Current Treatment Paradigms
	8.4.1 Surgical Treatment as Single Modality Therapy
	8.4.2 Radiation Treatment as a Single Modality Therapy
	8.4.3 Treatment of HNSCC with Chemoradiation

	8.5 Proteasome Inhibition in Preclinical In Vitro and In Vivo Models of HNSCC
	8.6 Molecular Mechanisms of Proteasome Inhibitor-Induced HNSCC Cell Death
	8.7 Enhancing Sensitivity to Proteasome Inhibitors in HNSCC by Co-targeting Key Signaling Proteins and Pathways
	8.8 Clinical Trials in HNSCC Incorporating Proteasome Inhibitors
	8.9 The Potential Utility of Proteasome Inhibitors in HPV-Positive HNSCC
	8.10 Conclusions
	References

	Chapter 9: Targeting the Proteasome Pathway for the Treatment of Solid Tumors
	9.1 The Ubiquitin-Proteasome System
	9.2 Proteasome Inhibitors for the Treatment of Solid Tumors
	9.3 Preclinical Studies to Demonstrate the Efficacy of Proteasome Inhibitors in Solid Tumor Cells
	9.4 Clinical Trials of Proteasome Inhibitors for Solid Tumors
	9.5 Targeting Non-proteolytic Activities Associated with Proteasome Complex
	9.6 Concluding Remarks
	References

	Chapter 10: Oxidative Stress and the Proteasome: Mechanisms and Therapeutic Relevance
	10.1 Introduction
	10.2 Proteasomal Regulation of Reactive Oxygen Species Formation
	10.3 Proteasome Degradation of Oxidized Proteins
	10.4 Regulation of the Proteasome by Antioxidant Status
	10.5 Oxidative Modification of Proteasome Subunits
	10.6 Regulation of the Proteasome by the Antioxidant Response
	10.7 Effect of Proteasome Inhibition on ROS
	10.8 ROS and Cell Death
	10.9 ROS Effects on Cell Signaling
	10.10 Bortezomib Resistance and Oxidative Stress
	10.11 Resistance to Proteasome Inhibitors Through Antioxidant Up-regulation
	10.12 Antioxidant Capacity and Resistance to Bortezomib
	10.13 Resistance by Antioxidant Response Up-regulation of the Proteasome
	10.14 Overcoming Resistance: Combinations That Amplify ROS
	10.15 Overcoming Resistance: Combination with Histone Deacetylase Inhibitors
	10.16 Overcoming Resistance: Combination with Kinase Inhibitors
	10.17 Conclusions
	References

	Chapter 11: Proteotoxic Stress and Proteasome Inhibitor Efficacy and Resistance
	11.1 Introduction
	11.2 Proteasome Inhibitors and the Integrated Stress Response
	11.3 Proteasome Inhibitor-Induced Cell Death
	11.3.1 Role of the ISR: Cytoprotective or Cytotoxic?
	11.3.2 Role of ER Versus Cytosolic Stress
	11.3.3 Role of Protein Aggregates: Cytoprotective or Cytotoxic?
	11.3.4 Role of Reactive Oxygen Species
	11.3.5 Downstream Caspase Activation
	11.3.6 Amino Acid Pool Depletion

	11.4 Determinants of Proteasome Inhibitor Sensitivity
	11.4.1 Abnormal Control of Translation
	11.4.2 Defective Chaperone Induction
	11.4.3 Constitutive eIF2α Phosphorylation
	11.4.4 High Basal ROS Production

	11.5 Determinants of Proteasome Inhibitor Resistance
	11.5.1 Quiescence
	11.5.2 Aggresome Formation
	11.5.3 Autophagy
	11.5.4 Decreased ER Stress

	11.6 Summary and Future Directions
	References

	Chapter 12: Proteasome Inhibitors Versus E3 Ligase Inhibitors for Cancer Therapy
	12.1 Introduction
	12.2 Proteasome Inhibitors
	12.2.1 The Proteasome
	12.2.2 Success and Limitations of Proteasome Inhibitors
	12.2.2.1 Bortezomib
	12.2.2.2 Proteasome Inhibitors Kill Cancer Cells Selectively
	12.2.2.3 Proteasome Inhibitors and Autophagy
	12.2.2.4 Resistance to Proteasome Inhibitors

	12.2.3 Next-Generation Proteasome Inhibitors
	12.2.3.1 Proteasome Inhibitors in Clinical Trial
	12.2.3.2 Experimental (Preclinical) Proteasome Inhibitors


	12.3 E3 Ligase Inhibitors
	12.3.1 E3 Ligases Are Complicated Drug Targets
	12.3.2 New Paradigms for Discovering and Developing E3 Ligase Inhibitors
	12.3.2.1 Assessment of Ligand-Protein Binding in Biophysical Assays
	12.3.2.2 Protein–Protein Interactions

	12.3.3 E3 Ligase-Acting Anticancer Compounds
	12.3.3.1 E1, E2, and E3 Enzymes Are Anticancer Targets
	12.3.3.2 The “Classical” E3 Ligase Anticancer Targets: MDM2/HDM2 and IAP Ligases
	12.3.3.3 Ex Post Facto E3 Ligase Inhibitors


	12.4 Conclusions
	References

	Chapter 13: Novel Ubiquitin E3 Ligases as Targets for Cancer Therapy: Focus on Breast Cancer-Associated Gene 2 (BCA2)
	13.1 The Ubiquitin-Proteasome System
	13.2 The Role of E3 Ligases
	13.3 Mechanisms of Regulation and Stabilization of E3 Ligases
	13.4 E3 Link to Cancer
	13.5 Discovery and Expression of Breast Cancer-Associated Gene 2
	13.6 BCA2-Binding Partners
	13.6.1 HHR23a: A Multifunctional Ubiquitin Receptor
	13.6.2 Implications of the BCA2 and hHR23a Interaction
	13.6.3 Interaction of BCA2 with 14-3-3σ

	13.7 Mechanisms of BCA2 Stabilization: The Role of AKT
	13.8 The Role of BCA2 in Cell Internalization Pathways
	13.9 The BCA2 Cancer Connection
	13.9.1 Co-expression of BCA2 and Binding Partners in Breast Cancer Cell Lines
	13.9.2 BCA2 and Partner Proteins Are Co-expressed in Breast Cancer
	13.9.3 BCA2 Is Associated with ER-Positive Breast Cancer
	13.9.4 BCA2 Expression in Other Cancers

	13.10 Implications for E3 Ligases in Cancer Therapeutics
	13.11 Conclusion and Future Directions for BCA2 in Cancer
	References

	Chapter 14: The 26S Proteasomal ATPases: Structure, Function, Regulation, and Potential for Cancer Therapies
	14.1 Introduction
	14.2 Structural Organization of 19S Proteasomal ATPases Complex
	14.2.1 Overall Architecture and Function
	14.2.2 The Ring of ATPases
	14.2.3 The CC Domain
	14.2.4 The OB Domain
	14.2.5 The C-Terminal HbYX Motif and 20S Gating

	14.3 Function
	14.3.1 ATP Binding Regulates 26S Assembly and Gate Opening
	14.3.2 Substrate Binding, Unfolding, and Translocation
	14.3.3 ATP Binding Pattern, Stoichiometry, and ATPase Cycle

	14.4 Regulation
	14.4.1 Proteasome-Interacting Proteins (PIPs)
	14.4.2 Deubiquitinating Enzymes (DUBs)
	14.4.3 Posttranslational Modifications (PTMs) of the Proteasome Subunits

	14.5 Potential for Cancer Therapies
	14.5.1 26S Assembly Modulator
	14.5.2 Gating Modulators
	14.5.3 Modulating PTM Enzymes
	14.5.4 DUB Modulator
	14.5.5 Inhibiting the Unfolding and Translocation Process

	14.6 Conclusion
	References

	Chapter 15: Deubiquitinating Enzymes as Novel Targets for Cancer Therapies
	15.1 Introduction
	15.2 Overview of DUBs
	15.2.1 Classification of Proteases in Mammals
	15.2.2 DUB and Its Family
	15.2.3 Structure of DUBs

	15.3 Various Roles of DUBs in Cancer
	15.3.1 Oncogenic Functions of DUBs
	15.3.2 DUBs Involved in Tumor Suppression

	15.4 DUB Inhibitors for Cancer Therapy: Clinical and Preclinical Studies
	15.4.1 Targeting the 26S Proteasome
	15.4.2 Specific DUB Inhibitors
	15.4.3 DUB Inhibitors Targeting Multiple DUBs

	15.5 Therapeutic Prediction of DUB Inhibitors
	References

	Index

