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Abstract
Targeting the ubiquitin-proteasome pathway has emerged as a rational approach in the treatment
of human cancer. Based on positive preclinical and clinical studies, bortezomib was subsequently
approved for the clinical use as a front-line treatment for newly diagnosed multiple myeloma
patients and for the treatment of relapsed/refractory multiple myeloma and mantle cell lymphoma,
for which this drug has become the staple of treatment. The approval of bortezomib by the US
Food and Drug Administration (FDA) represented a significant milestone as the first proteasome
inhibitor to be implemented in the treatment of malignant disease. Bortezomib has shown a
positive clinical benefit either alone or as a part of combination therapy to induce chemo-/radio-
sensitization or overcome drug resistance. One of the major mechanisms of bortezomib associated
with its anticancer activity is through upregulation of NOXA, which is a proapoptotic protein, and
NOXA may interact with the anti-apoptotic proteins of Bcl-2 subfamily Bcl-XL and Bcl-2, and
result in apoptotic cell death in malignant cells. Another important mechanism of bortezomib is
through suppression of the NF-κB signaling pathway resulting in the down-regulation of its anti-
apoptotic target genes. Although the majority of success achieved with bortezomib has been in
hematological malignancies, its effect toward solid tumors has been less than encouraging.
Additionally, the widespread clinical use of bortezomib continues to be hampered by the
appearance of dose-limiting toxicities, drug-resistance and interference by some natural
compounds. These findings could help guide physicians in refining the clinical use of bortezomib,
and encourage basic scientists to generate next generation proteasome inhibitors that broaden the
spectrum of efficacy and produce a more durable clinical response in cancer patients. Other
desirable applications for the use of proteasome inhibitors include the development of inhibitors
against specific E3 ligases, which act at an early step in the ubiquitin-proteasome pathway, and the
discovery of less toxic and novel proteasome inhibitors from natural products and traditional
medicines, which may provide more viable drug candidates for cancer chemoprevention and the
treatment of cancer patients in the future.
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INTRODUCTION
The ubiquitin-proteasome pathway plays an essential role in regulating homeostatic and
various cellular events including those involved in tumorigenesis [1–4]. Since aberrant
proteasome-dependent proteolysis appears to be associated with the pathophysiology of
some malignancies, it was suggested that pharmacological inhibition of proteasome function
may prove useful as a novel class of anticancer drugs. Thus targeting key features of protein
function responsible for the growth and progression of cancer has been the subject of intense
investigation by many groups for drug discovery purposes. Proteasome inhibition leads to
the accumulation of pro-apoptotic proteins in tumorigenic cells but not normal tissue [5–6].

Bortezomib (Velcade, Millennium Pharmaceuticals, Inc., Cambridge, MA, and Johnson &
Johnson Pharmaceutical Research & Development, L.L.C., Raritan, NJ) is the first
proteasome inhibitor approved by the US FDA for the treatment of newly diagnosed
multiple myeloma and relapsed/refractory multiple myeloma and mantle cell lymphoma [7–
8]. Although the mechanisms of its anticancer activity by proteasome inhibition are not fully
elucidated, it is clear that multiple mechanisms are involved. Proteasome inhibition could
promote degradation of anti-apoptotic proteins and prevent degradation of pro-apoptotic
proteins, resulting in programmed cell death in malignant cells.

The possibility of targeting the proteasome was initially doubted due to the essential role the
ubiquitin-proteasome pathway plays in critical biological processes. However, preclinical
results showed proteasome inhibitors to be well tolerated with activity against in vivo
models bearing human malignancies [9]. These outstanding results paved the way for the
introduction of bortezomib into phase I clinical trials to test for safety based on different
dose schedules [10]. The data from these trials showed an acceptable level of toxicity
coupled with significant clinical benefit toward hematological malignancies [11]. The FDA
approval of bortezomib for the treatment of multiple myeloma provided “proof of concept”
that targeting the ubiquitin-proteasome pathway is a viable route for the treatment of human
cancer [6, 12]. Bortezomib has emerged as not only important in the treatment of multiple
myeloma, but is also being investigated in the treatment of other hematological malignancies
and solid tumors as a single agent or as a part of combination therapy [5, 13–14]. However,
some toxic side effects associated with bortezomib treatment were observed. Furthermore,
bortezomib alone showed minimal effects for the treatment of solid tumors and bortezomib
combination could not improve patients’ responses to currently used chemotherapy or
radiation in solid tumors [6, 12]. Bortezomib resistance in solid tumors further encouraged
researchers to develop novel proteasome inhibitors, which act differently from bortezomib,
as well as novel natural compounds with proteasome-inhibitory activity as chemo-/radio-
sensitizers. Recently, marizomib (NPI-0052) [15–17] and carfilzomib [18–19], the two
representatives of a new generation of proteasome inhibitors have been developed, and are
currently being evaluated in clinical trials. In this review we attempted to summarize the
discovery and development of bortezomib and the impact it has made in cancer therapy, in
addition to highlighting persistent problems encountered with using this proteasome
inhibitor drug in the clinical setting.

STRUCTURAL AND FUNCTIONAL CHARACTERISTICS OF THE UBIQUITIN-
PROTEASOME PATHWAY

The ubiquitin-proteasome pathway is responsible for the degradation of misfolded and
mutated proteins as well as many proteins involved in the regulation of development,
differentiation, cell proliferation, signal transduction, and apoptosis [2–3, 20]. By governing
these important functions, the ubiquitin-proteasome pathway plays a vital role in regulating
protein stability and thus normal cellular function. The majority of intracellular protein
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degradation is facilitated through the ubiquitin-proteasome pathway, which is the
predominant means of proteolysis in eukaryotic cells [21–22]. The ubiquitin-proteasome
pathway involves two distinct, critical steps: covalent attachment of multiple ubiquitin
molecules to a protein substrate, and degradation of the tagged substrate protein by the 26S
proteasome [23] (Fig. 1).

The 26S proteasome is a multisubunit protease (2.5 MDa) that is localized in the nucleus
and cytosol of eukaryotic cells and selectively degrades unnecessary intracellular proteins.
The 26S proteasome contains the 20S proteasome that serves as the catalytic core and two
19S regulatory subunits, which act as a recognition and entry site for proteins destined for
proteolysis [1, 24]. The 20S core resembles a barrel-like structure with a central cavity
consisting of 4 heptameric rings composed of a total of 28 subunits [25–27]. These stacked
rings include two identical non-catalytic α rings (14 α subunits) outside of two identical
catalytic β rings (14 β subunits), and together form a cylindrical structure (Fig. 1). The α
subunits guard the entrance to the active site of the complex by allowing access to only
unfolded proteins. The proteolytic activities are confined to the β subunits that are
responsible for mediating the enzymatic activity of the proteasome complex [27]. These
unique features are best represented by the β1, β2, and β5 subunits which are responsible for
the caspase- or peptidyl-glutamyl peptide-hydrolyzing-like (PGPH) (cleavage after acidic
residues), trypsin-like (cleavage after basic residues), and chymotrypsin-like (cleavage after
hydrophobic residues) proteolytic activities of the 20S proteasome, respectively [27–28]. In
all three β-subunit, Thr1 at the amino terminal is responsible for catalysis, which is
achievable through nucleophilic attack [26, 29].

In addition, the 19S proteasome (700 kDa) serves as the regulatory subunits of the 26S
proteasome and consists of six ATPase and at least eight non-ATPase subunits which are
required for recognition, deubiquitination, unfolding and translocation of marked proteins
before granting access to the 20S core [30–31].

Prior to degradation, proteins are first recognized and tagged with multiple ubiquitin
molecules. Ubiquitin is a highly conserved 76 amino acid protein that serves as a tag for
substrate proteins that are destined for degradation through the proteasome. The ubiquitin
(Ub) system is characterized by three distinct enzymes, Ub-activating (E1), Ubconjugating
(E2), and Ub-ligating (E3) which links to protein substrates through covalent modification in
a multistep process [32] (Fig. 1). E1 activates ubiquitin in an ATP-requiring step by forming
a high energy thiol-ester bond at its C-terminus. Activated ubiquitin is then transferred from
E1 to one of several distinct E2 enzymes through an additional thiol-ester intermediate.
From the E2- to the E3-bound substrate, the activated ubiquitin can then be transferred
directly or via a third high energy thiol-ester intermediate [22, 33]. Therefore, the target
proteins tagged with polyubiquitins will be recognized by the 19S proteasome, transferred
into the 20S proteasome core and digested into peptides (Fig. 1). It has been well recognized
that the ubiquitin conjugating system plays a critical role in the regulation of protein
turnover by controlling the precise degradation of intracellular proteins. However, it has also
been found that several proteasome target proteins, including ornithine decarboxylase
(ODC), p21, IκB-β, retinoblastoma protein (pRB) and hypoxia-inducible factor, may be
degraded by the proteasome without the requirement of ubiquitin [34–35].

The proteasome is an important cellular contributor to many pathological disorders
including cancer, in which some regulatory proteins are either stabilized or degraded [23].
Many important proteasome target proteins have also been identified as important mediators
in tumorigenesis, including, but not limited to, cyclins [36–38], tumor suppressor protein
p53 [39], pRB [40], pro-apoptotic protein Bax [41], cyclin-dependent kinase inhibitor (CKI)
p27 [42], and the NF-κB inhibitor, IκB-α [43].
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Accumulating evidence highlights the potential use of targeting the proteasome as a
favorable target in cancer therapy. This revelation was supported by experimental results
demonstrating that increased proteasome activity is associated with malignant disease,
including those of the colon [44], prostate [41], and leukemia [45]. Empirical findings
indicate that many types of actively proliferating tumor cells are more sensitive to
proteasome inhibitors than benign or pre-malignant cells [46–47]. Various studies have
demonstrated that pharmacological inhibition of the proteasome results in increased levels of
pro-apoptotic proteins, coupled with decreased levels of anti-apoptotic proteins, leading to
cell cycle arrest and apoptosis [41, 48–49]. Importantly, it has been shown that proteasome
inhibitors exhibit more effective apoptosis-inducing capability compared to standard
cytotoxic agents when tested in various human tumor cells [50–51]. It has even been shown
that proteasome inhibition is an effective strategy for chemo-/radio-sensitization and
overcoming resistance by selectively targeting cancer cells with minimal collateral damage
to normal tissue [21]. Thus, these observations provide compelling evidence that targeting
the ubiquitin-proteasome pathway with bortezomib and other pharmacological inhibitors
represents a potent arsenal in the treatment of human malignancy.

PROPERTIES, PHARMACOKINETICS, BIOLOGICAL EFFECTS AND
POSIBLE MECHANISMS OF BORTEZOMIB

Bortezomib is a dipeptide boronic acid derivative which contains pyrazinoic acid,
phenylalanine and leucine with boronic acid in its structure (Fig. 2). Bortezomib has
demonstrated considerable apoptotic inducing activity in a range of tumor cell lines and
animal models [10, 52–53]. Originally, bortezomib was synthesized in 1995 by Myogenics
Company and termed MG-341. After promising results from in vitro and in vivo studies, it
was tested in a small Phase I clinical trial on patients with multiple myeloma cancer and
then named PS-341. In 1999, Millennium Pharmaceuticals bought this potential anticancer
drug from the previous company and performed extensive clinical trials. In 2003, seven
years after the initial synthesis, it was finally approved in the USA by the FDA with the
name of bortezomib (brand name Velcade®) for the treatment of multiple myeloma patients.

The molecular formula of bortezomib is C19H25BN4O4 and its chemical IUPAC name is [3-
methyl-1-(3-phenyl-2-pyrazin-2-ylcarbonylamino-propanoyl) amino-butyl] boronic acid.
The pharmacokinetics of bortezomib were investigated in two phase I trials in cancer
patients who received combination therapy of bortezomib and other anticancer agents [14,
54–55]. After intravenous (IV) injection, bortezomib quickly distributes into tissues from the
plasma within 10 minutes [54], where its half life is more than 40 hours [54]. Bortezomib is
able to distribute into nearly all tissues except adipose and brain tissue [56, 57]. Bortezomib
is metabolized primarily through intracellular oxidative deboronation mediated by multiple
cytochrome p450 enzymes [7]. Pharmacodynamic studies showed that when patients
received bortezomib in doses ranging from 0.13 to 2.0 mg/m2 (mg per square meter of body-
surface area), a dose-dependent inhibition of proteasome activity was observed. A peak of
≥75% of proteasome inhibition in whole blood samples was observed within one hour after
dosing [14, 58]. According to another Phase I clinical trial, proteasomal activity in blood
samples was inhibited 70% in patients with solid tumors or lymphomas who were treated
with bortezomib at 0.25 to 1.9 mg/m2 every two weeks [59].

Bortezomib operates as a reversible inhibitor of the 26S proteasome. Usually it becomes
undetectable 72 hours after administration and the inhibited proteasome activity recovers
[54]. The boronic acid group in bortezomib can bind and form a complex with the active site
of threonine hydroxyl group in the β5-subunit and block the chymotrypsin-like activity of
the proteasome (Fig. 2), which is responsible for its cell-death inducing capabilities [60–61].
After the major success achieved with bortezomib in hematological malignancies, its effect
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toward solid tumors was also investigated, giving less than encouraging results [62–63].
Besides being tested as a single agent, the antitumor effects of bortezomib have been
evaluated in a combination with other conventional therapeutic drugs or radiation as a means
to induce chemo-/radio-sensitization or overcome the resistance in various malignancies [5,
64–69]. Promising results were observed from these experiments (see below sections).

Preclinical data have proved useful in the identification of the involved mechanisms of
bortezomib. One of the possible mechanisms of bortezomib associated with its anticancer
activity is suppression of the NF-κB signaling pathway resulting in the down-regulation of
its anti-apoptotic target genes [1] (Fig. 3). NF-κB is a p50/p65 heterodimeric transcription
factor and in the majority of cells NF-κB exists in an inactive form in the cytoplasm bound
to the inhibitory protein IκB. Activation of NF-κB is initiated by degradation of IκB proteins
(Fig. 3). This occurs primarily via activation of IκB kinase (IKK) and activated IKK
phosphorylates IκB. The phosphorylation of IκB leads to IκB ubiquitination and degradation
by the proteasome [70]. With the degradation of IκB, the NF-κB complex then translocates
into the nucleus where it can stimulate the expression of specific genes including cytokines
(IL-6, TNF-α), survival factors (IAPs, Bcl-XL), and insulin-like growth factor-I (IGF-I),
resulting in cell proliferation, resistance to induction of apoptosis and drug-resistance in
cancer cells [71] (Fig. 3). It has been demonstrated that IL-6 and IGF promote the survival
of multiple myeloma cells by blocking apoptosis triggered by the conventional anticancer
agent Dexamethasone [71]. The drug-sensitive multiple myeloma cells show lower NF-κB
activity than drug-resistant multiple myeloma cells [72]. The multiple myeloma cells
derived from relapsed patients have elevated NF-κB levels [73]. All of these findings
indicate that NF-κB is a key regulator of growth and survival of multiple myeloma cells.
Importantly, treatment of multiple myeloma with bortezomib can prevent degradation of
IκB, and in turn block not only NF-κB activation but also suppress related cytokine and
survival factor productions in multiple myeloma cells under some experimental conditions.

However increasingly more studies have shown that NF-κB may not be a key mechanism of
bortezomib’s anticancer activity. Hideshima et al. reported that treatment with bortezomib
could not inhibit NF-κB p65 nuclear translocation in a murine xenograft model bearing
human MM cells, but instead was associated with NF-κB activation [74]. They found that
bortezomib significantly down-regulated IκB-α expression and triggered NF-κB activation
in MM cell lines and primary tumor cells from MM patients. The involved mechanism was
possibly the result of bortezomib-mediated phosphorylation of IKK-β and its upstream
receptor-interacting protein 2. This hypothesis was confirmed by the finding that IKK-β
inhibitor MLN120B could block bortezomib-induced IkB-α down-regulation and NF-κB
activation. This finding indicates that receptor-interacting protein 2/ IKK-β signaling could
play a critical role in bortezomib-induced NF-κB activation [74].

It has also been reported that NOXA appears to be another key mechanism of bortezomib
associated with its anti-cancer activity [75]. NOXA (Latin for damage) is a pro-apoptotic
member of the Bcl-2 protein family [76]. NOXA has been shown to be involved in p53-
mediated apoptosis and expression of the Noxa gene is associated with direct activation of
its promoter by tumor suppressor p53 [76]. The involved apoptotic pathway mediated by
chemotherapeutic drugs or x-ray irradiation is through upregulation of p53 expression and
subsequent Noxa gene expression. Upregulation of NOXA is known to induce apoptosis by
selectively interacting with the anti-apoptotic proteins of the Bcl-2 subfamily Bcl-XL and
Bcl-2 or by stimulating other apoptosis-promoting factors [76–78]. Qin et al. found that
bortezomib induced-apoptotic cell death in myeloma and melanoma cell lines was
associated with p53-independent induction of the BH3-only protein NOXA [75]. Blocking
NOXA induction using an antisense oligonucleotide could reduce the apoptotic response by
30% to 50% [75].
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Nikiforov et al. identified that the oncogene c-MYC was a direct modulator of NOXA
mRNA, but not p53, HIF-1α, or E2F-1 [79]. The human NOXA promoter contains a p53
binding site. However NOXA can be induced by bortezomib in a variety of tumor cell lines
with defective p53 signaling [79], and a variety of clinical studies indicate that bortezomib
can block tumor growth in a p53-independent manner [80–81]. Although p53 is not strictly
required for transcription of NOXA mRNA, it can still contribute as a cofactor to the
accumulation of NOXA protein in bortezomib-treated cells. There are MYC-binding sites
identified at the NOXA promoter [79]. NOXA protein is a proapoptotic factor induced by
bortezomib preferentially in cancer cells but not in normal cells [75, 82]. Bortezomib could
selectively promote a 20- to 60-fold induction of NOXA in a variety of melanoma cells,
whereas levels in normal melanocytes remained unchanged [75, 82–83]. Proteasome
inhibitors have the property of promoting a dramatic induction of the proapoptotic protein
NOXA in a tumor cell-restricted manner and the induction of NOXA by bortezomib is
directly dependent on the oncogene c-MYC. Depletion of c-MYC by RNA interference
blocks the tumor cell-selective induction of NOXA by bortezomib [79].

PRECLINICAL STUDIES OF BORTEZOMIB
Preclinical studies demonstrate that bortezomib is very potent against a broad range of
cancer cell lines in vitro and in various animal xenograft models. Bortezomib was found to
potently inhibit cell proliferation in a standard National Cancer Institute screen of 60 cell
lines derived from human tumors [10]. Bortezomib-induced cell growth inhibition and
apoptosis induction were observed in vitro in many different kinds of malignant cells
including multiple myeloma, prostate cancer, pancreatic cancer, renal cell carcinoma, and
squamous cell carcinoma [84–89]. Hideshima et al. reported that bortezomib could potently
inhibit cell proliferation in different multiple myeloma cell lines with IC50 values of 3–20
nanomolar (nM) [53]. Moreover, through in vitro testing of bortezomib in doxorubicin
(Dox)-, mitoxantrone (Mit)-, and melphalan (Mel)-sensitive and -resistant RPMI-8226
human multiple myeloma cells, the IC50 values of bortezomib were 40, 20, 20 and 30 nM,
respectively [53]. These results indicate that bortezomib possesses potent growth inhibitory
effects on both drug-sensitive and -resistant human multiple myeloma cells [53].

Bortezomib showed its antitumor and sensitization activities against chemoresistant and
chemosensitive myeloma cells through blocking NF-κB activity [72]. The sensitivity of
chemoresistant myeloma cells to chemotherapeutic agents was markedly increased
(100,000–1,000,000-fold) when combined with a noncytotoxic dose of bortezomib without
affecting normal hematopoietic cells [72]. At nontoxic doses, bortezomib could also
sensitize the chemoresistant multiple myeloma cell lines to the conventional therapeutic
drugs melphalan, doxorubicin, and mitoxantrone, three of which became cytotoxic to
chemoresistant cells at concentrations 10,000- to 100,000-fold lower than the dose of regular
usage [90].

Results from an in vitro study of four different human ovarian carcinoma cell lines and three
prostate carcinoma cell lines treated with bortezomib demonstrate that bortezomib could
have equal cell killing effect on cells derived from solid tumors and hematological
malignancies [52]. Bortezomib was also shown to significantly inhibit the growth of human
multiple myeloma xenografts in mice [91]. The treatment of dexamethasone-resistant
multiple myeloma-xenografted mice with bortezomib resulted in significant tumor growth
inhibition after as early as five days of treatment. Complete tumor regression was seen in
some mice receiving 0.5 or 1.0 mg/kg of bortezomib. Importantly, prolonged median
survival (>40%) of mice tumor inhibition was observed as well [91].
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Preclinical studies have demonstrated that bortezomib has multiple targets in malignant
cells, besides NOXA and NF-κB signaling pathways, including (i) inhibition of angiogenesis
in human squamous cell carcinoma, myeloma, and pancreatic tumor xenografts [89, 92]; (ii)
disruption of the interaction between tumor cells and dendritic cells since this interaction
promotes clonogenic growth of tumors [93]; (iii) activating both caspase-8 and caspase-9 in
malignant cells leading to induction of extrinsic and intrinsic apoptotic pathways [94–95];
(iv) induction of endoplasmic reticulum (ER) stress and generation of reactive oxygen
species (ROS) [96–97]; and (vi) activation of the p38 mitogen-activated protein kinase
(MAPK) pathway [98]. Generally, one or more molecular targets may play major roles in
inducing apoptosis by bortezomib in certain kinds of cancer cells while different targets may
be critical in other malignant cells. Thus, bortezomib is able to target multiple cancer
survival pathways and networks, tipping the balance toward the direction of cell growth
inhibition and pro-apoptosis in malignant cells.

BORTEZOMIB IN CLINICAL TRIALS
Phase I Clinical Trials

Following preclinical findings that have demonstrated the correlation of proteasome
inhibition by bortezomib with malignant cell death, clinical trials evaluating bortezomib for
the treatment of multiple myeloma patients were initiated. A tolerable and efficacious dose-
defining Phase I trial enrolled 27 patients with refractory multiple myeloma. Bortezomib
was used as a single agent and the results showed that bortezomib induced a dose-dependent
inhibition of 20S proteasome activity from 36%, 60%, 65%, to 74%, after 1 hour treatment
of bortezomib at 0.40-, 1.04-, 1.20-, and 1.38-mg/m2 doses, respectively [11]. The clinical
result confirmed the preclinical finding that the proteasome activity could be inhibited by
bortezomib in a dose- and time-dependent manner. The dose at 1.04 mg/m2 of bortezomib
was well tolerated. Regarding the antitumor activity of bortezomib in this clinical trial,
twelve patients with plasma cell dyscrasias were treated with bortezomib as a single agent,
nine of whom completed at least one full cycle and were assessable for response. One of the
patients had complete response and eight patients showed improvement in paraprotein levels
and marrow plasmacytosis [11].

In another Phase I clinical trial, bortezomib was investigated in combination with
doxorubicin to treat 42 patients with advanced hematologic malignancies. The purpose of
this Phase I trial was to obtain preliminary response data, and to determine the maximum
tolerated dose (MTD) and dose-limiting toxicities (DLTs) of bortezomib when combined
with doxorubicin. The most frequent adverse effects in the patients included fatigue (88%),
thrombocytopenia (69%), lymphopenia (64%), nausea (64%), constipation (60%), peripheral
neuropathy (55%), and anemia (52%) [67]. The maximum tolerated dose of bortezomib was
suggested as 1.30 mg/m2. The results from a clinical trial to test 22 evaluable multiple
myeloma patients with the combinational treatment of bortezomib and doxorubicin showed
that 8 of 22 patients had a complete response (CR, 36%) or near-CR, and another 8 of 22
had partial responses (PRs, 36%) [67].

Some phase I clinical studies on solid tumors also showed promising data when bortezomib
was used either as a single agent or as a part of combination therapy. Bortezomib alone
showed anti-tumor activity in patients with advanced androgen-independent prostate cancer
[14], and the combination of bortezomib and carboplatin elicited an overall response rate of
47% in recurrent ovarian or primary peritoneal cancer [58].

The clinical trials related to aggressive metastatic breast cancer and neuroendocrine tumor
patients demonstrated no significant response rates with bortezomib alone [63, 99–100].
Similarly, combinational treatment of bortezomib with docetaxel [101] or prednisone [102]
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did not show any significant antitumor effects in patients with hormone refractory prostate
cancer and with castration-resistant metastatic prostate cancer [103]. Multiple clinical trials
in patients with non-small cell lung carcinoma (NSCLC) were conducted based on
preclinical and phase I data.

Phase II Clinical Trials
Based on the results of phase I trials, a large Phase II trial, SUMMIT (Study of Uncontrolled
Multiple Myeloma Managed with Proteasome Inhibition Therapy), was performed [104].
202 pretreated patients with relapsed and refractory myeloma were enrolled and treated with
bortezomib 1.3 mg/m2 on days 1, 4, 8, and 11 of a 3-week cycle for up to eight cycles. The
overall response rate (complete response + partial response + minimal response) was 35%
for bortezomib treatment alone, including 4% patients with complete response (negative by
measurement of immunofixation), 6% patients with a near-complete response (positive by
measurement of immunofixation) and 18% patients with partial response [104].

Sixty-seven patients with relapsed or refractory myeloma were tested in the CREST
(Clinical Response and Efficacy Study of Bortezomib in the Treatment of Relapsing
Multiple Myeloma) Phase II trial [105]. The patients were randomly divided into two groups
and received 1.0 or 1.3 mg/m2 of bortezomib. The anticancer activity was observed in
patients treated with either dose. The results confirmed that the efficacious dose of
bortezomib could be reduced to 1.0 mg/m2 for relapsing multiple myeloma patients with
attenuating dose-associated toxicity [105].

The combination of bortezomib with other conventional anticancer drugs was tested in two
Phase II clinical trials. Oakervee and colleagues treated relapsed multiple myeloma with the
combination therapy of bortezomib, doxorubicin and dexamethasone [106]. The results
showed that 20 of 21 patients (95%) achieved at least a partial response (PR), including CR
in 43%, near CR in 14%, very good PR in 24%, and PR in 14% [106]. In another Phase II
trial, Jagannath et al. tested bortezomib as a single agent and in combination with
dexamethasone in 32 consecutive patients with untreated symptomatic multiple myeloma
[85]. The response rate (CR + PR) was 88%, with CR in 6%, and 19% patients with near
CR. All 32 patients completed the first two cycles of bortezomib alone, and 3% patients
achieved CR, 9% near CR, and 28% patients with PR. Among 32 patients, 22 patients
received combinational therapy with dexamethasone, leading to improved responses in 15
patients [85].

Clinical studies have demonstrated that bortezomib also presents promising treatment effects
on patients with mantle cell lymphoma and non-Hodgkin’s lymphoma. The results from a
Phase II study of bortezomib in mantle cell lymphoma showed that treatment with
bortezomib (1.3 mg/m2 given on days 1, 4, 8 and 11 every 21 days) resulted in 46.2% and
46.7% response rate in mantle cell lymphoma patients with prior chemotherapeutic
treatment and no prior treatment, respectively, indicating that bortezomib is pretty effective
in treating patients with mantle cell lymphoma [107]. Another phase II clinical trial showed
that 58% overall response rate to treatment with bortezomib was observed in patients with
indolent non-Hodgkin's lymphoma and mantle cell lymphoma [108].

A phase II clinical study was conducted to evaluate the efficacy and safety of bortezomib
and pemetrexed alone or in combination, in patients with previously treated advanced
NSCLC. Results showed no statistically significant response or survival advantage, but
when given in combination with pemetrexed as compared to alone, bortezomib was well
tolerated [109]. Various studies with bortezomib for treatment of advanced solid tumors
have proven disappointing while numerous other clinical trials are currently being conducted
to investigate the potential treatment for NSCLC.
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Phase III Clinical Trials
A large international Phase III trial was performed to compare efficacy of bortezomib with
high-dose dexamethasone in patients with multiple myeloma who had relapsed after 1–3
prior therapies [87]. The 669 patients received either an intravenous administration of 1.3
mg/m2 bortezomib (twice weekly for 2 weeks followed by a 1 week rest), or high-dose
dexamethasone (40 mg orally). The results showed that the combined complete and partial
response rates were 38% for bortezomib and 18% for dexamethasone (P<0.001). Median
times to progression in the bortezomib and dexamethasone groups were 6.22 months and
3.49 months, respectively. The one-year survival rate was 80% among patients taking
bortezomib and 66% among patients taking dexamethasone (P=0.003) [87]. In this Phase III
trial, bortezomib demonstrated superiority over dexamethasone in terms of response rate,
time to progression, and survival [87].

In the Phase III APEX (Assessment of Proteasome Inhibition for Extending Remissions)
study of patients with relapsed myeloma, the impact of a dose-modification guideline on
peripheral neuropathy severity and reversibility was assessed [110]. After receiving
bortezomib 1.3 mg/m2 for eight 21-day cycles and then three 35-d cycles, 37% patients
(124/331) had peripheral neuropathy. However dose modification using a specific guideline
in this trial could improve peripheral neuropathy management without adversely affecting
outcome [110]. Therefore bortezomib-associated peripheral neuropathy is manageable and
reversible in most patients with relapsed myeloma.

A Phase IIIb study of 638 patients with relapsed or refractory multiple myeloma (≥2 prior
lines of treatment) has been completed. In this study, patients received 1.3 mg/m2

bortezomib on days 1, 4, 8, and 11 of a maximum of eight 3-week cycles, with median
completion of five cycles [111]. A 67% overall response rate was observed, with CR in
11%, near CR in 22%, PR in 18%, and minimal response in 16%. After ≥2 cycles for
progressive disease or ≥4 cycles for stable disease, on the day of and day after each
bortezomib dose, 20 mg/d dexamethasone was added. A total of 208 patients (33%) received
dexamethasone and 34% (70 patients) showed enhanced response. The most common
adverse effects were thrombocytopenia (39%), neutropenia (16%), anemia (12%), diarrhea
(7%), and peripheral neuropathy (5%). Overall, this study demonstrated that bortezomib is
safe and effective, alone or in combination with dexamethasone, for the treatment of
relapsed or refractory multiple myeloma in patients with ≥2 prior lines of treatment [111].
The efficacy of combination of bortezomib with other conventional chemotherapeutic drugs
was investigated in another Phase III trial [112]. This study was investigating the use of
bortezomib in combination with dexamethasone (VD) or with dexamethasone and
lenalidomide (VRD) as primary first-line treatment for multiple myeloma. Patients who
have received previous dexamethasone-based treatments have been enrolled to test whether
switching to a proteasome inhibitor (VD arm) or adding a proteasome inhibitor (VRD arm)
results in better prolonged disease control. Complete results have not yet been published
[112].

Another large Phase III trial was conducted at 151 centers in 22 countries with recruitment
of 682 previously untreated patients with multiple myeloma. Of the patients, 30% were age
75 or older. The patients randomly received either the combination of bortezomib plus
melphalan–prednisone or melphalan–prednisone alone as the control group [113]. The
results of this trial showed that the proportions of patients with a partial response or better
were 71% in the bortezomib group and 35% in the control group. Complete-response rates
were 30% and 4%, respectively (P<0.001). The median duration of the response was 19.9
months in the bortezomib group and 13.1 months for the controls. At a median follow-up of
16.3 months, 45 patients in the bortezomib group and 76 of the controls had died (P=0.008)
[113]. The findings of this study suggest that bortezomib plus melphalan-prednisone is a
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valuable front-line treatment for myeloma patients age 65 or older and melphalan
prednisone alone can no longer be considered the standard of care for multiple myeloma
patients age 65 or older [113].

In the most recent phase III VISTA trial, bortezomib plus melphalan and prednisone
compared with melphalan and prednisone were tested in previously untreated multiple
myeloma. Analyses of the data from this trial following prolonged follow-up (median 36.7
months) were conducted. This follow-up validated the original findings of the study, as well
as indicating that the use of bortezomib-based drugs as first-line treatments affords a greater
survival advantage than treatment with conventional drugs followed by bortezomib-based
treatments for salvage [114]. It also showed that patients initially treated with bortezomib
are not more resistant to subsequent therapies as compared to patients initially treated with
traditional chemotherapeutics. Additionally, after prolonged follow-up, the rate of
improvement of peripheral neuropathy in patients treated with bortezomib plus melphalan-
prednisone was 79%, indicating that this is a generally reversible adverse side effect [114].

ADVANTAGES AND DISADVANTAGES OF BORTEZOMIB AS AN
ANTICANCER AGENT
Advantages of Bortezomib

Bortezomib is the first therapeutic proteasome inhibitor drug tested in human patients for the
treatment of relapsed and refractory multiple myeloma [6–7]. Bortezomib has also been
tested in clinical trials against other hematological malignancy, such as non-Hodgkins
lymphoma [115], and solid tumors [14], both as a single agent and in combination with other
conventional anticancer drugs [85]. Proteasome inhibitors including bortezomib possess the
following advantages in cancer therapy.

The Proteasome, a Novel Molecular Target in Cancer Cells for Chemotherapy
—It has been demonstrated that malignant cells harbor elevated proteasome activity
compared with normal cells [116–117]. Besides solid tumor cells, it has been reported that
expression of proteasome and the mRNA levels are consistently increased to much higher
levels in a variety of malignant human hematopoietic cell lines compared with peripheral
lymphocytes and monocytes from healthy adults [45]. Cancer cells are more dependent on
proteasome activity for their survival and drug resistance; therefore, malignant cells should
be more sensitive to treatment with proteasome inhibitors such as bortezomib than normal
cells, a hypothesis which has been supported by many studies [118–122].

Effectiveness of Bortezomib—The results from clinical trials demonstrate that
bortezomib is very efficacious in treatment of multiple myeloma patients. Multiple myeloma
is a hematologic malignancy characterized by the accumulation of clonal plasma cells at
multiple sites in the bone marrow. The majority of the patients respond to initial
chemotherapy but most of them eventually become refractory and relapse due to the
proliferation of resistant malignant cells [123]. Clinical trials have shown that the response
rate to bortezomib was, surprisingly, up to 35% in the enrolled multiple myeloma patients,
who in majority had been treated with three or more cytotoxic drugs against myeloma and
were refractory to these agents [124].

Selectivity of Bortezomib—The preferential induction of apoptosis by bortezomib has
been well established in myeloma cell lines. Multiple myeloma cell lines are more sensitive
to treatment with bortezomib compared with bone marrow cells or peripheral blood
mononuclear cells from healthy individuals. Hideshima et al. reported that myeloma cell
lines or patient-derived myeloma cells were at least 170-fold more sensitive to bortezomib
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compared with peripheral blood mononuclear cells (PBMCs) from normal volunteers [53]. It
indicates that by inhibition of proteasome activity, bortezomib causes cancer cells to die.
Normal cells are affected too, but to a lesser extent.

Suppression of Target Genes and Cell-Cell Interactions—Bortezomib appears to
not only have activity against multiple myeloma cells, but also to inhibit blood vessel
development and suppress interactions of multiple myeloma cells with bone marrow stem
cells in the bone marrow microenvironment, which may contribute to multiple myeloma cell
drug resistance [124].

Sensitization of Resistant Cancer Cells to Chemotherapy and Radiotherapy—
Bortezomib is capable of enhancing the sensitivity of cancer cells to conventional
chemotherapeutic agents, and appears to overcome drug resistance [53, 125]. Bortezomib
also increases radiation sensitivity in cancer cells in vitro and in vivo. Consistently,
combination of bortezomib and radiotherapy can also result in significantly reduced tumor
growth in animal models [64–65, 126–127].

Disadvantages of Bortezomib
Significant challenges remain for bortezomib as an anticancer drug, as observed especially
in clinical trials.

Severe Side Effects—Although bortezomib has achieved significant benefit for multiple
myeloma patients in clinical trials, its effectiveness and administration have been limited by
toxic side effects. The most frequent side effects (incidence >30%) associated with
bortezomib in clinical trials include asthenic conditions (such as fatigue, generalized
weakness), gastrointestinal events (nausea, diarrhea, vomiting, poor appetite, etc.),
hematological toxicity (low platelet and erythrocytes counts), peripheral neuropathy
characterized by decreased sensation, paresthesia (numbness and tingling of the hands and
feet), and a high rate of shingles [87, 106]. The less common side effects (occurring in about
10–29%) of bortezomib include headache, insomnia, joint pain, arthralgia, myalgias, edema
of the face, hands, feet or legs, as well as low white blood cell count (which can increase
risk of infection, shortness of breath, dizziness, rash, etc.) [128]. The mechanisms of
bortezomib induced-side effects are still not clear. Bortezomib is able to activate the
mitochondrial-based apoptotic pathway [129] and therefore mitochondrial and endoplasmic
reticulum damage may play a key role in bortezomib-induced side effects. This is supported
by an in vitro study in which the mitochondrial-mediated dysregulation of calcium
homeostasis is a critical regulator of bortezomib cytotoxicity [130].

Drug Resistance—Bortezomib is particularly effective in multiple myeloma and mantle
cell lymphoma compared with other cancers. However, only about 40 – 50% of mantle cell
lymphoma patients and 35% of multiple myeloma patients are sensitive to bortezomib,
indicating that up to, or more than half, of patients possess intrinsic resistance to proteasome
inhibition, which is a critical limitation of bortezomib therapy [13, 104, 108, 131]. A clinical
usage of bortezomib is also hampered by acquired resistance to this drug, which appears to
be associated with proteasome subunit β5 mutation and overexpression [132–135].

Reduction of Bortezomib’s Efficacy due to its Interactions with Some Natural
Compounds—Some natural compounds can interfere, rather than synergize the anticancer
effect of bortezomib. Most recently, it has been reported that the proteasome-inhibitory and
anticancer activity of bortezomib and other boronic acid-based proteasome inhibitors can be
blocked by green tea polyphenols (GTPs) [136–137]. This is due to the interaction between
the boronic acid structure of bortezomib and GTPs' catechol structure to form a borate ester.
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Similarly, it has been found that dietary flavonoids and ascorbic acid (Vitamin C) also
inhibit the anticancer effects of the proteasome inhibitor bortezomib via similar drug-drug
interaction mechanism [68, 138]. The involved mechanism is probably due to that
polyphenols or other compounds containing 1,2-benzenediol moieties, such as EGCG,
quercetin, myricetin and ascorbic acid, could interact with the structure of a boronic acid in
boronic acid-based proteasome inhibitors (bortezomib, MG262, PS-IX, etc.), to form
boronic ester complexes. Since the boronic acid is an active site in bortezomib (Fig. 2), as
long as the site is blocked, bortezomib is not able to fit and bind with the active site in the S1
pocket of the β5 subunit of the proteasome. This hypothesis has been supported by pre-
clinical evidence in which polyphenols containing 1,2-benzenediol moieties were unable to
inhibit the apoptotic effects induced by non-boronic acid-based proteasome inhibitors [136–
138]. Moreover, a direct chemical interaction of bortezomib with polyphenols containing
1,2-benzenediol moieties was confirmed by nuclear magnetic resonance (NMR)
spectroscopy [137].

Unsatisfied Efficacy in Treatment of Solid Tumors—From their clinical trials on 12
enrolled metastatic breast cancer patients, Yang et al. [63] found no objective responses.
One patient had stable disease, but 11 other patients experienced disease progression. The
median survival time was only 4.3 months. The results of this trial suggested that
bortezomib was well tolerated but showed limited clinical activity against metastatic breast
cancer when used as a single agent [63]. Results from a Phase II study of bortezomib in
patients with metastatic neuroendocrine tumors showed that of 16 patients, not one achieved
a partial or complete remission and single-agent bortezomib did not induce any objective
responses [139]. Kondagunta et al. [86] reported, according to a Phase II clinical trial using
bortezomib in 37 patients with advanced renal cell carcinoma, that a partial response was
observed in 4 patients (11%) and stable disease in 14 patients (38%). They concluded that
the small proportion of patients who achieved a partial response does not support routine use
in patients with advanced renal cell carcinoma [86].

The observations from laboratory studies and clinical trials suggest that the anticancer
potency for the treatment of solid tumors might be increased if bortezomib is combined with
some conventional anticancer agents [140]. Clinical trials have indicated that combination of
bortezomib with pegylated liposomal doxorubicin [141], melphalan [5], dexamethasone
[142], cyclophosphamide [143], thalidomide [144], or arsenic trioxide [145] was
significantly more effective than bortezomib alone. However, conclusions from another
Phase II study of 155 patients with advanced non–small cell lung cancer (NSCLC) treated
with bortezomib alone or in combination with docetaxel showed that bortezomib has modest
single-agent activity in patients with relapsed or refractory advanced NSCLC, with minor
enhancement in combination with docetaxel [146].

CONCLUSION AND FUTURE PERSPECTIVES
Promising preclinical and clinical studies suggest the ubiquitin-proteasome pathway as a
unique target for the treatment of human cancer, and these validate the clinical use of
proteasome inhibition as a promising anticancer strategy. Bortezomib is the first approved
proteasome inhibitor drug for the clinical treatment of cancer, and acts by reversibly
inhibiting the proteasomal activity in addition to multiple oncogenic pathways in tumor
cells. The antitumor activity of bortezomib has been thoroughly investigated in Phase I, II
and III clinical trials. From these clinical studies, it was revealed that bortezomib possesses
chemo-/radio-sensitizing activities as a means for overcoming resistance when combined
with conventional therapeutic agents or radiation. However, many disadvantages of
bortezomib exist owing to its severe side effects, decreased efficacy toward solid tumors,
interactions with numerous natural products and the acquisition of drug-resistance in a large
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portion of cancer patients. These findings could help guide physicians in refining its clinical
use, and encourage basic scientists to generate next generation proteasome inhibitors that
broaden the spectrum of activity and produce a more durable clinical response. The next
generation of proteasome inhibitors are currently undergoing evaluation in clinical trials,
and include marizomib (NPI-0052) [15–17, 147–148], carfilzomib (PR171, Proteolix) [18–
19], and ONX 0912 (PR-047, http://www.onyx-pharm.com).

The discovery of novel, less toxic proteasome inhibitors from natural products and
traditional medicines could provide more effective anticancer drug candidates for the
treatment of cancer. It has been reported that many natural compounds have proteasome-
inhibitory and anti-tumor activity, which include tea polyphenol EGCG [149–150], soy
isoflavone genistein [151], turmeric polyphenol curcumin [152–153] and dietary flavone
apigenin [120, 154]. Scientists have modified and synthesized various analogs based on the
structures of natural compounds and these synthetic compounds have shown greater potency
of anticancer activity and better bioavailability than their natural counterparts [155–159].

Another desirable direction may lie in the development of inhibitors against specific E3
ligases. These ligases act on an early step in the ubiquitin-proteasome system (Fig. 1) and
could be specifically targeted in many cancer related proteins. E3 inhibitors have been found
to selectively suppress tumor related E3 ligases, including the cell cycle regulatory E3
ubiquitin ligases [160], apoptosis related E3 ubiquitin ligases [161] and the murine double
minute (mdm2) E3 ubiquitin ligases [162]. Pre-clinical studies of an E3 inhibitor MLN4924
have shown interesting positive results [163]. The first Phase I clinical trial of E3 inhibitor
MLN4924 for treatment of acute myelogenous leukemia and high-grade myelodysplastic
syndrome is ongoing and will be completed in October 2011
(http://clinicaltrialsfeeds.org/clinical-trials/show/NCT00911066). Thus, it is conceivable that
inhibitors of E3 ubiquitin ligases may represent a rational approach in cancer treatment.
Therefore, targeting the tumor ubiquitin-proteasome degradation pathway continues to be a
promising strategy for human cancer therapies.
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ABBREVIATIONS

CKI Cyclin-dependent kinase inhibitor

CR Complete response

DLTs Dose-limiting toxicities

ER Endoplasmic reticulum

FDA Food and Drug Administration

HIF-1α Hypoxia-inducible factor 1 alpha

IAP Inhibitor of Apoptosis

IGF-I Insulin-like growth factor-I

IKK IκB kinase

IL-6 Interleukin-6

IUPAC International Union of Pure and Applied Chemistry
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IκB Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor

MAPK Mitogen-activated protein kinase

MTD Maximum tolerated dose

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells

NMR Nuclear magnetic resonance

NOXA Phorbol-12-myristate-13-acetate-induced protein 1

NSCLC Non-small cell lung carcinoma

ODC Ornithine decarboxylase

PBMCs Peripheral blood mononuclear cells

PGPH Peptidyl-glutamyl peptide-hydrolyzing

pRB Retinoblastoma protein

PRs Partial responses

ROS Reactive oxygen species

TNF-α Tumor necrosis factor-alpha
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Fig. (1).
The ubiquitin-proteasome pathway. The ubiquitination of target proteins is mediated by Ub-
activating (E1), Ub-conjugating (E2), and Ub-ligating (E3) enzymes. Substrate proteins
tagged with a multiple-ubiquitin chain are then degraded by the 26S proteasome which is
composed of a 20S catalytic core and two 19S subunits.
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Fig. (2).
Chemical structure, nucleophilic susceptibility of bortezomib and its computational docking
in the β5 subunit of the proteasome. A, The chemical structure of bortezomib. B,
Nucleophilic susceptibility of bortezomib analyzed using CAChe software. Higher
susceptibility was shown mainly at the boron in bortezomib. This highly susceptible atom
for nucleophilic attack was shown by a red “bull’s-eye”. C, Bortezomib was docked into the
β5 subunit of the proteasome by using AutoDock 3.0 and visualized by using PyMol v 0.99.
The resultant image showed that bortezomib fits into and blocks the S1 pocket of β5 subunit
of the proteasome.
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Fig. (3).
Inactivation of NF-κB pathway by bortezomib. In response to external stress, the IκB
becomes phosphorylated by IKK and degraded by the proteasome. With the degradation of
IκB, the NF-κB complex then translocates into the nucleus and promotes transcription of a
series of pro-survival genes. Proteasome inhibition prevents the activation of NF-κB and
increases the susceptibility of malignant cells to chemotherapeutic drugs.
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