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Abstract
Background—Emerging evidence demonstrates that targeting the tumor proteasome is a
promising strategy for cancer therapy.

Objective—This review summarizes recent results from cancer clinical trials using specific
proteasome inhibitors or some natural compounds that have proteasome-inhibitory effects.

Methods—A literature search was carried out using PubMed. Results about the clinical
application of specific proteasome inhibitors and natural products with proteasome-inhibitory
activity for cancer prevention or therapy were reviewed.

Results/conclusion—Bortezomib, the reversible proteasome inhibitor that first entered clinical
trials, has been studied extensively as a single agent and in combination with glucocorticoids,
cytotoxic agents, immunomodulatory drugs and radiation as treatment for multiple myeloma and
other hematological malignancies. The results in some cases have been impressive. There is less
evidence of bortezomib's efficacy in solid tumors. Novel irreversible proteasome inhibitors,
NPI-0052 and carfilzomib, have also been developed and clinical trials are underway. Natural
products with proteasome-inhibitory effects, such as green tea polyphenol (−)-epigallocatechin-3-
gallate (EGCG), soy isoflavone genistein, and the spice turmeric compound curcumin, have been
studied alone and in combination with traditional chemotherapy and radiotherapy against various
cancers. There is also interest in developing these natural compounds as potential
chemopreventive agents.
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1. Introduction
Protein synthesis and degradation is a tightly regulated process that is essential for normal
cellular homeostasis. Most intracellular proteins are degraded by the proteasome, which is a
multicatalytic enzyme complex containing one catalytic core, the 20S proteasome, and two
19S regulatory complexes (Figure 1). The proteolytic activity of the proteasome resides in
the 20S proteasomal subunits, β1, β2 and β5, which are responsible for caspase-like (or
peptidyl-glutamyl peptide-hydrolyzing-like, PGPH-like), trypsin-like, and chymotrypsin-
like activities, respectively (Figure 2). Many proteasome target proteins, such as cyclins
[1-4], tumor suppressor protein p53 [5], pro-apoptotic protein Bax [6], the cyclin-dependent
kinase inhibitor (CKI) p27 [7], and the inhibitor of NF-κB, IκB-α [8,9], are involved in
important processes of carcinogenesis and cancer survival. Proteasome inhibition in cancer
cells leads to accumulation of pro-apoptotic target proteins and induction of cell death. The
clinical efficacy of bortezomib in multiple myeloma and other hematologic malignancies
lends credence to the concept that targeting the proteasome is a promising strategy for
cancer treatment. In this review, we will discuss the development of bortezomib and other
agents that target the tumor proteasome.

2. Proteasome inhibitor bortezomib in clinical trials
The first proteasome inhibitor approved by the US FDA for clinical use is bortezomib
(Velcade, PS-341; Figure 3), a dipeptide boronic acid analogue developed by Millennium
Pharmaceuticals and Johnson & Johnson Pharmaceutical Research & Development. This
reversible proteasome inhibitor preferentially inhibits the β5-mediated chymotrypsin-like
and β1-mediated PGPH-like activities of the proteasome (Figure 2) through an interaction
of boronic acid at the C-terminus of bortezomib with the active N-terminus threo-nine of β5
or β1 subunit [10,11]. It has been demonstrated that the ratio of β2 subunit to (β1 + β5)-
subunits varies in leukemia cells and influences their inherent sensitivity to the effects of
bortezomib [12].

2.1 Bortezomib clinical trials in multiple myeloma and other hematological malignancies
Patients with multiple myeloma (MM) have elevated circulating proteasome [13]. Clinical
studies have demonstrated that circulating proteasome levels could serve as an independent
prognostic factor for survival of MM, supporting the idea of targeting proteasome therapy in
MM [13]. After a proof-of-concept study demonstrated the correlation of proteasome
inhibition by bortezomib with tumor cell killing [14], clinical trials evaluating bortezomib as
treatment for MM were initiated. Now approved by the FDA for the treatment of MM, the
efficacy of bortezomib as a single agent or in combination with other chemotherapeutic
drugs or radiation has been extensively investigated in MM as well as other hematological
malignancies [15]. The remarkable single-agent efficacy of bortezomib in MM was
demonstrated in Phase I trials that enrolled patients with various hematologic malignancies
[16]. Following this, bortezomib was evaluated further in relapsed/refractory myeloma in
two Phase II trials, the Clinical Response and Efficacy Study of Bortezomib in the
Treatment of Relapsing Multiple Myeloma (CREST) and the larger Study of Uncontrolled
Multiple Myeloma Managed with Proteasome Inhibition Therapy (SUMMIT).

The CREST trial compared two doses of bortezomib (1.3 mg/m2 and 1.0 mg/m2) and
permitted the addition of dexamethasone in cases of inadequate response after two to four
cycles of therapy. The response rate was slightly higher in the 1.3 mg/m2 group (50 vs 37%)
[17]. Prominent side effects of bortezomib included myelosuppression, particularly
thrombocytopenia, gastrointestinal symptoms, and peripheral sensory neuropathy. Recently,
an extended follow-up report of the CREST trial reported a 5-year overall survival of 45% in
the 1.3 mg/m2 group and 32% in the 1.0 mg/m2 group [18]. In the SUMMIT trial, 202
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patients with relapsed, refractory myeloma were treated with bortezomib at a dose of 1.3
mg/m2, with dexamethasone added if needed, as in the CREST trial. The response rate in
this trial was 35%, remarkable in this heavily pretreated patient population [19].
Subsequently, the APEX (Assessment of Proteasome Inhibition for Extending Remissions)
trial, a large Phase III study comparing bortezomib with high-dose dexamethasone in
previously treated myeloma, demonstrated bortezomib's superior activity compared with
dexamethasone [20]. A study update confirmed that after a median 22 months’ follow-up,
there was a 6-month overall survival benefit for the patients initially randomized to the
bortezomib arm, despite substantial subsequent crossover from dexamethasone to
bortezomib. It also demonstrated that both the overall response rate and complete response
rate continued to improve compared with what was reported in the initial analysis with
ongoing treatment [21]. Although the overall incidence of infections was similar in the
bortezomib and dexamethasone arms of the APEX trial, the incidence of varicella zoster
virus (VZV) reactivation was higher in the bortezomib arm (13 vs 5%, p = 0.0002) [22],
prompting the recommendation that VZV prophylaxis be considered in all patients receiving
bortezomib-based therapy.

Bortezomib-containing combination regimens have been explored extensively in MM. The
most important of these is the combination of bortezomib with melphalan and prednisone
(MP). This Phase III VISTA trial (Velcade as Initial Standard Therapy in Multiple
Myeloma: Assessment with Melphalan and Prednisone) compared bortezomib-MP with MP
in 682 patients with newly diagnosed myeloma. The trial was stopped early after it was
found that bortezomib-MP was statistically superior to MP in terms of overall response rate
(71 vs 35%), complete response rate (30 vs 4%), time to progression (24 vs 16.6 months),
and overall survival [23]. Patients treated with bortezomib-MP had more treatment-related
side effects, including neuropathy; but the incidence of the most severe complications,
including treatment-related deaths, was similar in both arms. The combination of bortezomib
plus pegylated liposomal doxorubicin has been shown to be more active than bortezomib
alone in relapsed refractory myeloma [24], a finding of particular significance because both
drugs can be used safely in patients with renal insufficiency, a frequent complication of
myeloma [25]. In the up-front setting, the combination of bortezomib, doxorubicin, and
dexamethasone induces responses in > 90% of myeloma patients [26].

Another highly effective bortezomib-containing combination is bortezomib-thalidomide-
dexamethasone, with reported response rates in the range of 53 – 65% in patients with
relapsed-refractory myeloma [27,28]. A Phase I/II trial of a triple drug regimen
incorporating bortezomib with cyclophosphamide and prednisone in relapsed/refractory
patients with MM produced an unprecedented effectiveness with 95% overall response,
including complete responses (in > 50% of patients) plus partial and minimal response and
encouraging 1-year survival [29]. Perhaps the most eagerly anticipated bortezomib-
containing combination regimen is bortezomib plus the immunomodulatory drug,
lenalidomide. The overall response rate to this combination in a large Phase I/II study in
newly diagnosed myeloma was reported to be almost 100% [30]. Other investigators have
begun exploring more complex bortezomib-containing regimens as up-front myeloma
therapy – including prior to autologous stem cell transplant – and it is expected that the
therapeutic landscape in myeloma with respect to bortezomib will continue to evolve rapidly
[31,32].

Although preclinical studies demonstrated that bortezomib enhanced radiosensitivity in MM
[33], responses of MM patients to the combinational treatment of bortezomib and radiation
were different. While a woman with MM receiving spinal radiation with concurrent
bortezomib developed severe, acute enteritis [34], concurrent bortezomib and radiation in a
male MM patient showed an acceptable GI tolerance [35]. Now a Phase I study
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(NCT00398762; The University of Michigan Comprehensive Cancer Center) to test the
combination of bortezomib and radioimmunotherapy, a targeted form of radiation in treating
patients with relapsed mantle cell or aggressive lymphoma, is recruiting patients.

The adherence of abnormal myeloma cells in the bone marrow leads to increased osteoclast
function and decreased osteoblast activity, resulting in a microenvironment for MM cells
thriving but osteolytic bone lesions for MM patients [36]. Treatment with bortezomib could
significantly increase serum levels osteoblast markers, osteocalcin and bone-specific
alkaline phosphatase (BAP) in MM patients [37]. In addition, bortezomib inhibited receptor
activator of nuclear factor kappa B ligand (RANKL)-mediated activation of NF-κB and
AP-1, and therefore in turn inhibited NF-κB and AP-1-related osteoclast [38]. Recently,
detailed dissection of the interactions of MM cells and host microenvironment suggested
that combined therapy targeting both MM cells and the host microenvironment might be
possible to achieve complete eradication of MM [39].

One important area of research is to identify molecular mechanisms of bortezomib
resistance in myeloma and other malignancies. Perifosine, an Akt inhibitor that prevents
bortezomib-induced upregulation of survivin, has been shown to have synergistic
antimyeloma activity with bortezomib [40], and is one of several new agents currently under
clinical investigation. Bortezomib has also been shown to have activity in other hematologic
malignancies. In the same Phase I trial mentioned previously [16], one patient with
refractory mantle cell lymphoma (MCL) and another with follicular center cell lymphoma
(FCCL) responded to treatment with single-agent bortezomib. In a Phase II clinical trial of
patients with relapsed refractory B-cell non-Hodgkin's lymphoma (NHL) using bortezomib
at a dose of 1.5 mg/m2 on days 1, 4, 8, and 11 of repeating 21-day cycles, 41% of 33 patients
with MCL responded to therapy. The response rate in the other NHL patients in this trial,
most of whom had diffuse large B-cell lymphoma, was less impressive [41].

Another Phase II study involving MCL patients and other patients with indolent NHL
showed responses in patients with FCCL [42]. Two additional Phase II studies have since
reconfirmed the activity of bortezomib in MCL [43,44], leading to its FDA approval for
treatment of this condition. The experience using bortezomib as treatment of Hodgkin's
lymphoma is much more limited, but the drug appears to have minimal activity in this
setting [45]. The response rate observed when bortezomib was combined with gemcitabine
for the treatment of relapsed Hodgkin's lymphoma was not higher than that which might be
expected from gemcitabine alone, and this combination was associated with significant liver
toxicity [46].

2.2 Bortezomib clinical trials in solid tumors
Although clinical studies with bortezomib have demonstrated marked efficacy in the
treatment of hematological malignancies, its efficacy in solid tumors appears limited.
Bortezomib was tolerated, but no responses were observed in patients with aggressive
metastatic breast cancers when bortezomib was used as a single agent [47,48]. A Phase I
trial of bortezomib combined with weekly paclitaxel was conducted in patients with
advanced breast, ovarian and prostate cancers. The lack of a clear clinical advantage in
terms of efficacy of bortezomib with weekly paclitaxel over single-agent taxanes, and the
cumulative neurological toxicity of this regimen, preclude its further clinical development
[49]. In another trial, the combination of bortezomib and capecitabine was better tolerated,
but the moderate antitumor activity in heavily pretreated metastatic breast cancer patients
compared with that which might be expected from capecitabine alone was disappointing
[50]. Likewise, when the combination of bortezomib plus docetaxel was explored in
anthracycline-pretreated advanced/metastatic breast cancer patients, the 29% overall
response rate and 5.4-month median time to progression [51] was similar to what has been
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previously reported for single-agent docetaxel in this setting (response rate: 32%; median
time to progression: 5.7 months) [52].

Single-agent bortezomib exhibited only modest efficacy against advanced androgen-
independent prostate cancer [53]. A Phase I/II dose escalation study show that bortezomib/
docetaxel combination therapy demonstrated antitumor activity in patients with androgen-
independent prostate cancer; however, its efficacy was similar to that of docetaxel treatment
alone [54]. Similarly, treatment with combination of weekly bortezomib and docetaxel did
not show improved efficacy versus previous results with docetaxel alone in the first-line
treatment of patients with hormone-refractory prostate cancer [55]. Bortezomib single
treatment or combination treatment with prednisone did not show significant antitumor
effects in patients with castration-resistant metastatic prostate cancer [56].

Various studies in which bortezomib was added to standard therapies as treatment of
advanced solid tumors have proven disappointing. It does not appear that bortezomib
improves the efficacy of permetrexed in non-small cell lung cancer [57], gemcitabine in
pancreatic cancer [58], irinotecan in various advanced solid tumors [59], or carboplatin in
ovarian cancer [60,61]. Additionally, bortezomib as a single agent did not induce any
objective responses in patients with metastatic neuroendocrine tumors [62].

Bortezomib in combination with radiotherapy in various solid tumors is being tested in
trials. Bortezomib was given concurrently with re-irradiation to patients with recurrent head
and neck squamous cell carcinoma (HNSCC). Inhibition of the proteasome activity along
with inhibition of NF-κB activation and induction of cell death after treatment were
observed compared with pretreatment [63]. In addition, two Phase I trials studying the
effectiveness, side effects and best dose of bortezomib combining with radiation therapy
(NCT00016003) or when given together with cetuximab and radiation therapy with or
without cisplatin (NCT00629226) in treating patients with advanced head and neck cancer
are recruiting patients at multiple cancer centers.

A further three trials are also recruiting patients: a Phase I study of bortezomib in
combination with 5-fluorouracil and radiotherapy in treating patients with locally advanced
and metastatic rectal cancer (NCT00280176, Lineberger Comprehensive Cancer Center and
Vanderbilt-Ingram Cancer Center); a Phase I/II trial studying the side effects and best dose
of bortezomib, paclitaxel, and carboplatin when given with radiation therapy for treatment in
patients with advanced non-small cell lung cancer (NCT00093756); and a Phase I open-
label, dose-escalation, safety study of the combination of bortezomib and chemoradiation for
the treatment of patients with malignancies of the brain, head and neck, and cervix
(NCT00329589, Thomas Jefferson University).

Taken together, although bortezomib plays a significant role in the treatment of
hematological malignancies, unfortunately it has not demonstrated a similar clinical benefit
in patients with solid tumors. Preclinical studies have indicated that proteasome inhibitors
such as bortezomib activate antiapoptotic and mitogenic signaling pathways, including
EGFR, extracellular signal-regulated kinase (ERK) and PI3K/Akt in pancreatic cancer,
which might contribute to its lack of efficacy against solid organ malignancies [64].
Similarly, it has been shown that bortezomib activated the Akt pathway in prostate cancer
cells (as has been demonstrated in myeloma), thus there has been some interest in targeting
this pathway to overcome inherent bortezomib resistance in prostate cancer [65].

2.3 Toxicity of bortezomib
The most frequent toxic side effects associated with bortezomib treatment are nausea,
fatigue, and diarrhea [17,19]; more serious adverse events include thrombocytopenia,
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peripheral neuropathy, neutropenia, and lymphopenia. Patients who started bortezomib
treatment with low baseline platelet counts were at the greatest risk of developing clinically
significant thrombocytopenia [19]. Similarly, the risk of developing neuropathy was highest
in those patients with baseline neuropathy at the start of bortezomib therapy. In myeloma
patients, neuropathy improved or resolved in the majority of patients with prompt dose
reduction or discontinuation of bortezomib [19].

3. New proteasome inhibitors NPI-0052 and carfilzomib in clinical trials
3.1 NPI-0052

NPI-0052 (Figure 3), also known as salinosporamide A, is developed by Nereus
Pharmaceuticals, Inc. (San Diego, CA, USA) [66]. Its structure is similar to clasto-
lactacystin β-lactone (Figure 3), the active form of the first identified proteasome inhibitor
lactacystin [67]. Different from bortezomib, NPI-0052 inhibits all the three activities of the
proteasome in an irreversible manner with preference to inhibit chymotryptic activity and
trypsin-like activity (Figure 2) [68,69]. Phase I dose-finding studies of NPI-0052 against
advanced solid tumors or refractory lymphomas [70] and MM [71] have been conducted.
Preclinical evidence of synergistic activity with lenalidomide provides a rationale for
exploring this combination clinically in patients with MM [72]. Other combination studies,
such as a Phase Ib open-label study to evaluate NPI-0052 in combination with vorinostat in
patients with advanced non-small cell lung cancer, have also been initiated (NCT00667082,
Nereus Pharmaceuticals).

3.2 Carfilzomib
Another novel proteasome inhibitor that has entered the clinic is carfilzomib (PR-171)
(Figure 3), developed by Proteolix, Inc. (South San Francisco, CA, USA). Structurally it is
related to epoxomicin (Figure 3). Carfilzomib is an irreversible proteasome inhibitor, with
increased specificity for the chymotryptic activity of the proteasome over caspase-like or
trypsin-like activities (Figure 2) [73]. Carfilzomib is more specific to target the
chymotryptic site of the proteasome than bortezomib and NPI-0052. Furthermore,
carfilzomib is more potent than bortezomib and could overcome bortezomib resistance [73].
Two Phase II trials demonstrate response rates in the range of 25 – 54% in patients with
previously treated myeloma [74,75]. A clinical trial evaluating carfilzomib with
lenalidomide and dexamethasone for safety and activity in relapsed MM is currently
underway (NCT00603447, Proteolix).

4. Natural compounds with proteasome-inhibitory effects in clinical trials
4.1 Green tea polyphenols

Tea is widely consumed throughout the world, especially in Asian countries; (−)-
epigallocatechin-3-gallate (EGCG) (Figure 3) is the most abundant and most active
constituent of green tea. We previously reported that EGCG was a potent inhibitor of
purified proteasome (Figure 2) [76]. The carbon of the ester bond of EGCG is essential for
targeting, thereby inhibiting the proteasome in cancer cells. EGCG could also inhibit tumor
cellular proteasome in vitro and in vivo [76,77]. EGCG or a green tea extract can be
administrated orally, which provides some advantages in clinical trials. The efficacy of
green tea on chemoprevention and chemotherapy has been widely investigated.

It has been reported that green tea consumption produced promising effects against
development of various types of cancers without inducing major toxicities. In a pilot study
to investigate the effects of green tea on premalignant lesions before prostate cancer
development, 1-year daily treatment with 600 mg green tea capsules in 60 patients with
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high-grade prostate intraepithelial neoplasia significantly reduced the incidence of prostate
cancer, showing 3% incidence among the 30 green tea-treated subjects compared with 30%
incidence among the 30 placebo-treated subjects. No significant side effects or adverse
effects were documented [78]. Similarly, risk of prostate cancer declined with increasing
frequency, duration, and quantity of green tea consumption in a case-control study
conducted in southeast China [79]. The effect of green tea against development of colon
cancer was also observed. After the ingestion of a single dose of green tea, basal levels of
prostaglandin E2 (PGE2), a biomarker of colorectal carcinogenesis, was reduced, suggesting
green tea as a colorectal chemopreventive agent [80]. However, a large Phase II trial was set
up to investigate the chemopreventive effects of decaffeinated green tea (DGT) on
esophageal squamous carcinogenesis in China. Symptom-free patients with varying severity
of esophageal precancerous lesions were enrolled in this study. An 11-year follow-up
suggested that 1-year DGT intervention was not sufficient to alleviate the esophageal
precancerous lesions [81].

Data obtained from chemotherapeutic application of green tea extracts as treatment of
established solid tumors are not impressive, with limited activity observed in prostate cancer
trials. In a Phase II clinical trial in patients without symptoms of prostate cancer but with
biopsy-proven malignancy and clinical evidence of androgen-independent disease, green tea
showed minimal antineoplastic activity [82]. One out of 42 patients showed tumor response
as defined by the decline of serum prostate specific antigen (PSA) after administration of
green tea powder 6 g/day for 6 months. Radiographic or physical examination indicated no
biochemical tumor response [82].

The effect of green tea consumption on progressive hormone refractory prostate cancer has
also been evaluated in a clinical trial [83]. The end point of the study was disease
progression measured by either a relative PSA rise > 25% or radiological progression within
a 2-month period. Only one out of 15 patients demonstrated a modest decrease of PSA, but
this patient developed progressive nodal disease. Apparent slowing of disease progression
was observed in six out of 15 patients in the first 1 – 4 months of the therapy, but the disease
progressed within 3 – 5 months in these patients. The authors concluded that green tea
produced minimal effects against hormone-refractory prostate cancers [83]. Similarly, no
response was observed in patients with advanced lung cancer in a Phase I trial of green tea
extract. All the enrolled 17 patients developed progressive disease within 4 months [84]. In
contrast, clinicians at the Mayo Clinic reported clinical regression of chronic low-grade B-
cell malignancies in four patients who had started taking green tea supplements without any
other antineoplastic therapy [85], prompting interest in exploring the potential of green tea
polyphenols in chronic lymphocytic leukemia and other hematologic malignancies.

One side effect of radiotherapy is the development of secondary tumors that depend on
neovascularization. Annabi and colleagues reported that pretreatment of the human
umbilical vein endothelial cell (HUVEC) with EGCG prevented ionizing radiation-
stimulated cell migration, in vitro tubulogenesis and cell adhesion [86]. It is therefore
important to test whether tea polyphenols consumption could sensitize human cancer cells to
radiation.

In summary, data from available trials indicate that green tea polyphenols provide a
rationale for exploring these compounds further in hematologic malignancies and as
chemoprevention in prostate cancer, but not as therapy for established solid tumors. In vitro
studies demonstrated that green tea polyphenol EGCG could sensitize tumor cells to
chemotherapy and radiotherapy. For example, EGCG increased the sensitivity of prostate
cancer cells to TRAIL (tumor necrosis factor related apoptosis-inducing ligand) [87] and
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enhanced the susceptibility of ovarian cancer cells to cisplatin [88]. To further investigate
whether these bench results could be translated to bedside effects will be interesting.

It should be noted that very recently, Golden and co-workers reported that (−)-EGCG
reacted directly with bortezomib, thus antagonizing the cell-killing efficacy of bortezomib in
MM. The authors suggest that consumption of green tea products may be contraindicated
during therapy with bortezomib [89]. While investigations on the combinational therapies
with natural compounds are important, potential nutrition–drug interactions should also be
kept in mind.

4.2 Genistein
Genistein (Figure 3) is the most active isoflavone present in soy. Antitumor effects of
genistein may lie in its inhibition of cell proliferation, activation of apoptosis and inhibition
of angiogenesis. Multiple molecular targets of genistein have been explored that are
involved in these processes [90]. In silico computational docking predicted the possibility
that genistein acts as a proteasome inhibitor (Figure 2) [91]. Consistently, around 30% of
the chymotrypsin-like activity of a purified 20S proteasome could be inhibited by 1 μM of
genistein [91]. It should be noted that plasma levels of genistein are in the range of 0.5 – 2.5
μM, and the concentrations of genistein vary in different tissues and organs [92,93].
Additionally, numerous studies have observed downregulation of NF-κB activity, a
downstream event of proteasome inhibition in tumor cells in the presence of genistein [94].
These findings indicate the possibility that a partial inhibition of proteasome activity by
genistein at physiological concentrations might contribute to its reported cancer-preventive
and anticancer effects.

Genistein is regarded as a phytoestrogen because it is structurally similar to hormone and
capable of binding to hormone receptors [95]. Therefore, genistein is proposed to be
beneficial for hormone-related cancers, such as prostate and breast cancers. Epidemiological
studies demonstrate that a soy-rich diet is associated with low risk of breast and prostate
cancer, which is consistent with estradiol and androgen regulation [96]. The relationship
between plasma isoflavones and fibrocystic breast cancer has been investigated in a large
number of the Chinese population, showing that isoflavone exposure was inversely
associated with fibrocystic breast conditions and breast cancer [97].

Chemotherapeutically applied genistein is usually given in a soy isoflavone formula
containing genistein, daidzein, and glycitin at various ratios. The clinical characteristics and
pharmacokinetic parameters of soy isoflavones have been extensively examined in healthy
people as well as in prostate cancer patients. Genistein doses of 1, 2, 4, 8, or 16 mg/kg body
weight were tested in 30 healthy men in a Phase I clinical trial. No clinical toxicities were
observed, although lipoprotein lipase and hypophosphate were elevated, which may have
been related to the treatment [98]. A double-blind clinical trial was conducted to evaluate the
effects of 900 mg/day oral administration of soy isoflavones for 84 days to healthy post-
menopausal women. Very few adverse events occurred, and the only drug-related adverse
events were mild or grade I in severity [99]. Soy isoflavones (delivering approximately 300
or 600 mg/day genistein and half this much daidzein for > 3 months) were well tolerated in
patients with stage B, C, or D adenocarcinoma of the prostate [100]. In an effort to
determine the DNA-damaging effects of genistein, it was given daily to 20 prostate cancer
patients at around 4 mg/kg body weight for 28 days and 8 mg/kg for additional 56 days. No
significant genotoxicity was observed in these patients [101]. All these results indicate that
soy isoflavones are safe in humans highly exceeding normal dietary intake. Using urinary
concentrations of phytoestrogens as indicators, association of phytoestrogens with the rate of
disease progression in men with untreated, localized prostate cancer was investigated in 191
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British patients. However, the results indicate that phytoestrogen intake could not prevent
disease progression [102].

A Phase II randomized, double-blinded, placebo-controlled trial was conducted to evaluate
modulation of purified isoflavones on steroid hormones in men diagnosed with localized
prostate cancer. Isoflavones were increased in serum, but failed to produce a corresponding,
significant modulation of steroid hormone levels [103]. In an open-label Phase II
nonrandomized trial, patients with relapse clinically localized prostate cancer after prior
local therapy were treated with 141 mg/day isoflavone 12 months. Compared to that before
study, the slope of PSA after study entry was found significant lower in 6 out of 20 patients,
demonstrating some intervention effect on recurrent prostate cancer in a fraction of patients
[104].

The dietary cancer-preventive agent genistein is expected to potentiate antitumor activities
of common chemotherapeutics. In a Phase II clinical trial, the efficacy of lycopene alone or
in combination with soy isoflavones on serum PSA levels in men with prostate cancer was
investigated at Karmanos Cancer Institute. The activity of soy isoflavones against prostate
cancer progression was observed; there may not be an additive effect between the two
compounds when taken together [105]. Two other Phase II clinical trials are also underway,
including a Phase II clinical trial to investigate combined therapy of genistein and
gemcitabine hydrochloride for the treatment of patients with stage IV breast cancer
(NCT00244933; Karmanos Cancer Institute) and a Phase II study to evaluate the use of
genistein together with gemcitabine and erlotinib to treat patients with locally advanced or
metastatic pancreatic cancer (NCT00376948; Karmanos Cacner Institute and MD Anderson
Cancer Center at University of Texas).

Soy isoflavone was reported to sensitize non-small cell lung cancer (NSCLC) cells with
nonfunctional p53 against radiation [106]. A treatment with genistein made both
radiosensitive MO54 and radioresistant T98 human malignant glioma cells more sensitive to
ionizing radiation [107]. Soy isoflavone was also found to inhibit prostate cancer cell growth
and potentiates radiation-induced cell killing in vitro and in an ortho-topic model by
downregulation of radiation induced APE1/Ref-1 and NF-κB expression [108]. Soy
isoflavone was also used in patients with a rising PSA after radiotherapy treatment, and
shown to delay PSA progression [104,109]. A randomized Phase II trial studying the effects
of isoflavone together with radiotherapy in patients with localized prostate cancer
(NCT00243048; Barbara Ann Karmanos Cancer Institute) has been completed; no
publication is yet available. Another randomized study to evaluate the effectiveness and
direct effect of a commercial soy supplement on prostate cancer prior to radiation or other
treatment is currently recruiting patients (NCT00255125, VA Medical Center, Kansas City
MO).

4.3 Curcumin
Curcumin (diferuloylmethane) (Figure 3) is derived from the spice turmeric. Curcumin
inhibits cell proliferation, invasion, angiogenesis, metastasis, and osteoclastogenesis, which
are involved in multiple cellular targets, such as NF-κB and COX-2 [110,111]. Curcumin
possesses the ability to inhibit all three proteasomal activities, but with the highest potency
to the chymotrypsin-like activity (Figure 2) [112]. Inhibition of the proteasome activity by
curcumin was tightly associated with cell death induction in human colon cancer cultures
and tumors grown in nude mice [112].

Pharmacological studies revealed that curcumin was poorly available after oral
administration with low nanomolar levels of the parent compound and large amount of its
glucuronide and sulfate conjugates found in the peripheral or portal circulation [113,114].
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Despite its poor availability, the chemopreventive effects of curcumin have been reported.
Daily administration of 8 g curcumin for 3 months demonstrated histological improvement
of various precancerous lesions [115]. Inhibition of COX-2 activity and PGE2 production is
associated with the chemopreventive efficacy of curcumin [116].

Chemotherapeutic effects of curcumin in colon cancer have been reported. A dose-
escalation study of curcuma extract containing 36 – 180 mg curcumin was performed in 15
patients with advanced colorectal cancer refractory to standard chemotherapies. Oral
curcuma extract was well tolerated, and dose-limiting toxicity was not observed. Neither
curcumin nor its metabolites were detected in blood or urine, but curcumin was recovered
from feces. Radiologically stable disease was demonstrated in five patients over 2 – 4
months of treatment [117]. A daily dose of 3.6 g curcumin could significantly decrease
levels of inducible PGE2 production and DNA adduct (M(1)G) formed by malondialdehyde,
confirming that curcumin could be achieved at pharmacologically active levels in the
colorectum of humans [118,119].

Garcea and colleagues conducted a pilot trial to investigate whether oral administration of
curcumin could reach concentrations that are sufficient to elicit pharmacological activity of
the agent in liver tissue. Patients with hepatic metastasis from colon cancer were treated with
450 – 3600 mg/day curcumin for 1 week prior to surgery. Results indicated that curcumin at
these doses could not be detected in liver tissues. The authors concluded that clinical trials
of curcumin should focus on the prevention of colorectal tumors, but not tumors distant from
the locus of absorption such as the liver [113]. In a Phase II clinical trial of curcumin in
advanced pancreatic cancer, one patient had stable disease for > 18 months. No toxicities
were observed for curcumin administration at 8 g/day. Downregulation of NF-κB and
COX-2 was detected after post-treatment with curcumin [114].

Trials currently underway include an evaluation of colon cancer patients treated with
gemcitabine in combination with curcumin and celecoxib (NCT00295035; Tel-Aviv
Sourasky Medical Center) and pancreatic cancer patients treated with curcumin combined
with gemcitabine (NCT00192842; Rambam Health Care Campus).

As a radiosensitizer, curcumin pretreatment enhanced radiotherapy in various cancers,
including cervical, prostate and squamous cell carcinoma, in preclinical studies [120-123]. A
clinical trial to evaluate the efficacy combining a curcumin preparation with standard
radiation therapy and chemotherapy (capecitabine) in locally advanced rectal cancer is
underway (NCT00745134; MD Anderson Cancer Center).

4.4 Shikonin
Shikonin (Figure 3) is an active naphthoquinone that is mainly isolated from the traditional
Chinese medicine Zi Cao (gromwell). Several molecular targets have been explored related
to cell-killing effect of shikonin. The proteasome was identified as one of its targets [124].
Shikonin inhibited the purified proteasome as well as cellular proteasome in cultured tumor
cells and tumor tissues [124]. So far, only one clinical trial using shikonin-containing
mixture is available. In 19 cases of late-stage lung cancer that were not suitable for surgery
and irradiation, a shikonin-containing mixture reduced tumor diameter radiographically in
63.3% of patients, with a reported remission rate of 36.9%, and 1-year survival rate of
47.3% [125]. Furthermore, administration of the shikonin-containing mixture increased the
body weight and appetite of patients. No harmful effects on the peripheral system, heart,
kidney and liver were observed after shikonin treatment [125].
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4.5 Disulfiram
Disulfiram (Figure 3) has been approved by the FDA for the treatment of alcoholism for
over five decades. Disulfiram is a member of the dithiocarbamate family with metal-binding
properties [126]. One of the potential targets of disulfiram is superoxide dismutase,
inhibition of which could lead to inhibition of the angiogenic potential [127]. Disulfiram
alone had little effect, but in the presence of Cu(II), it was converted back to the two-
electron oxidized form of diethyldithiocarbamate, which is the active form in inducing
apoptosis [128]. We have reported that disulfiram could bind to cellular copper to form a
complex that has a proteasome-inhibitory effect, which might contribute to its apoptosis-
inducing effect [129]. In addition to copper, disulfiram could complex with zinc. Brar and
colleagues reported that a combination of oral zinc gluconate and disulfiram at currently
approved doses for alcoholism could induce > 50% reduction in hepatic metastases, and
produced clinical remission in a patient with stage IV metastatic ocular melanoma. The
patient has continued on oral zinc gluconate and disulfiram therapy for 53 continuous
months, with negligible side effects [126].

A Phase I/II trial to evaluate disulfiram in metastatic melanoma has been completed
(NCT00256230; Chao Family Comprehensive Cancer Center); however, the results are not
yet available. Also, a Phase I study to determine the safety and toxicity profile of disulfiram
and copper gluconate co-treatment in refractory malignancies with liver metastasis is
currently recruiting patients (NCT00742911; Huntsman Cancer Institute).

4.6 Other natural proteasome inhibitors
In addition to the above-mentioned natural products, several other natural proteasome
inhibitors have been identified and tested for cancer therapy in vitro or in vivo in animal
models. Some of them are identified from microorganism, including lactacystin and
epoxomicin found in Streptomyces, and belactosin, gliotoxin and TMC-95A found in the
culture broth of microorganism. Lactacystin inhibits all three enzymatic activities [67] and
the other compounds primarily inhibit the chymotryptic activity of the proteasome
[130,131]. Among them, lactacystin, epoxomicin and gliotoxin have been investigated for
antitumor property in vivo, showing effectiveness against gliosarcoma, melanoma and breast
cancer. In addition to monotherapy, lactacystin was found to sensitize refractory colon
cancer HT-29 cells to etoposide and doxorubicin through restoration of topo IIα expression.
We apologize for not being able to refer all the original publications on this topic because of
the limited space.

Dietary flavonoids such as apigenin and quercetin are also shown to inhibit the proteasome
activity [132]. Some studies demonstrated that dietary intake of flavonoids including
apigenin and quercetin reduced the risk of cancer, while others did not support such an
association. Apigenin alone was shown to inhibit tumor growth and metastasis in human
breast and ovarian cancer, as well as melanoma cells, in vivo. Apigenin in combination with
gemcitabine or cisplatin was shown to enhance tumor growth inhibition in human pancreatic
cancer and melanoma in vivo. Quercetin was also effective against various cancers in single
or combination treatment.

Finally, medicinal compounds such as celastrol and withaferin A isolated from medicinal
plants has been reported to inhibit purified and cellular proteasome, as well as proteasome in
tumor tissue [133,134]. Significant antitumor effect and antiangiogenic activity of using
celastrol or withaferin A were observed in human prostate and breast cancer as well as
melanoma. The radiosensitizing effect of withaferin A was reported in various mouse
tumors.

Yang et al. Page 11

Expert Opin Investig Drugs. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To our best knowledge, except for one Phase I trial to test dose escalation, toxicity and
efficacy of quercetin [135], there is no other available publication in relation with the
clinical application using these natural compounds for cancer treatment. However, the
efficacy in preclinical studies suggests their potential clinical use for cancer therapy. Again,
because of the limited space, we could not review these proteasome inhibitors in detail.

5. Conclusion
Proteasome inhibitors represent a novel class of anticancer drugs that have a proven track
record in conferring significant clinical benefit. So far bortezomib is the most widely
investigated proteasome inhibitor in clinical trials. It has demonstrated remarkable efficacy
against hematological malignancies, in both single and combination regimens, and is FDA-
approved for treatment of MM and MCL. However, bortezomib has failed to show
significant efficacy for the treatment of solid tumors. The toxicity of bortezomib is
predictable and manageable, requiring the clinician to be familiar with managing the drug's
side-effects. Researchers continue to investigate new proteasome inhibitors with increased
potency and decreased side effects. The new proteasome inhibitors, NPI-0052 and
carfilzomib, have been developed and studies are ongoing to evaluate their clinical
characteristics. Furthermore, several natural compounds such as EGCG, genistein, curcumin
and shikonin have been proven to inhibit the tumor proteasomal activity in vitro and in
animal models. However, whether these compounds could also inhibit the tumor proteasome
activity in a clinical setting should be investigated. Clinical studies using the natural
products with proteasome-inhibitory activity were performed. Most of them suggest
chemopreventive, but not chemotherapeutic, efficacy. Furthermore several trials suggest
their chemo- or radiosensitizing activity, although this should be confirmed by more clinical
studies.

6. Expert opinion
The association of proteasome inhibition with induction of apoptosis led to the clinical
translation of proteasome inhibitors. Since being approved by the FDA for treatment of
patients with MM and MCL, the proteasome inhibitor bortezomib has been well investigated
in clinical trials. It demonstrates promising efficacy against hematological malignancies as a
single treatment, or synergistic effects in combination with other chemotherapeutics or
radiation. However, bortezomib alone showed minimal effects in the treatment of solid
tumors, and bortezomib in combination could not improve patients’ response to currently
used chemotherapy or radiation in solid tumors. Bortezomib resistance in solid tumors
further encouraged researchers to develop novel proteasome inhibitors that act differently
from bortezomib and novel natural compounds with proteasome-inhibitory activity as
chemo/radiosensitizers. Recently, NPI-0052 and carfilzomib, the two representatives of a
new generation of proteasome inhibitors, have been developed; they are currently being
evaluated in clinical trials.

In addition to the above proteasome inhibitors, several natural compounds isolated from
dietary products, medicinal plants and microorganisms have been shown to inhibit tumor
proteasome activity, both in vitro and in animal models. However, whether these compounds
could also inhibit tumor proteasome activity in a clinical setting should be investigated.
Furthermore, natural compounds with a proteasome-inhibitory effect were also investigated
in various clinical trials, showing some promising effect on chemo-/radiosensitization and
chemoprevention, but limited efficacy on chemotherapy. Few of the clinical results
supported application of natural products as a single treatment for established tumors,
because of their lack of efficacy. Future clinical trials should further confirm natural
proteasome inhibitors’ effect of sensitizing cancer cells to chemotherapy and radiotherapy.
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Figure 1. The ubiquitin-proteasome pathway
Prior to proteasome degradation, target proteins are flagged with polyubiquitin chain
transferred by ubiquitination system through interaction of the ubiquitin-activating enzyme
E1, the ubiquitin-conjugating enzyme E2, and the ubiquitin ligase E3. Target proteins with
polyubiquitin tag could be recognized by the 19S regulatory complex of the proteasome and
fed into the 20S catalytic core, which has four stacked rings in αββα order. Each of the
inner β rings contains seven β subunits with catalytic site facing the central cavity. Each of
the outer α rings contains seven α subunits that serve as a gate for protein entry into the
inner catalytic site.
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Figure 2. Proteasome inhibition by several compounds used in clinical trials
β subunits of the proteasome have three catalytic sites: β1 (associated with caspase-like
activity), β2 (associated with trypsin-like activity), and β5 (associated with chymotrypsin-
like activity). Compounds in clinical trials could preferentially inhibit β5 chymotryptic site
of the proteasome.
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Figure 3.
Chemical structures of proteasome inhibitors and some natural products with proteasome-
inhibitory effects.
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