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Abstract
The proteasome is a multicatalytic protease complex that degrades most endogenous proteins
including misfolded or damaged proteins to ensure normal cellular function. The ubiquitin-
proteasome degradation pathway plays an essential role in multiuple cellular processes, including
cell cycle progression, proliferation, apoptosis and angiogenesis. It has been shown that human
cancer cells are more sensitive to proteasome inhibition than normal cells, indicating that a
proteasome inhibitor could be used as a novel anticancer drug. Indeed, this idea has been
supported by the encouraging results of the clinical trials using the proteasome inhibitor
Bortezomib (Velcade, PS-341), a drug approved by the US Food and Drug Administration (FDA).
Several natural compounds, including the microbial metabolite lactacystin, green tea polyphenols,
and traditional medicinal triterpenes, have been shown to be potent proteasome inhibitors. These
findings suggest the potential use of natural proteasome inhibitors as not only chemopreventive
and chemotherapeutic agents, but also tumor sensitizers to conventional radiotherapy and
chemotherapy. In this review, we will summarize the structure and biological activities of the
proteasome and several natural compounds with proteasome inhibitory activity, and will discuss
the potential use of these compounds for the prevention and treatment of human cancers.
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1. THE UBIQUITIN-PROTEASOME PATHWAY
The discovery of the ubiquitin-proteasome pathway opened a new field for cancer therapy.
Accumulating evidence from laboratory studies, preclinical and clinical trails supports the
concept that targeting the proteasome is a promising strategy for cancer treatment. Since the
discovery of first generation of proteasome inhibitor, lactacystin, in the 1990s, more and
more proteasome inhibitors were developed by chemical synthesis and isolated from natural
resources. Now proteasome inhibitors are widely studied for the treatment of a variety of
solid and hematological malignancies as a monotherapy or combination therapy to
potentially overcome chemo- or radio-resistance. Proteasome inhibitors can be divided into
several groups including, peptide aldehyde, peptide boronate, peptide vinyl sulfone, peptide
epoxyketone, and those derived from natural sources [1]. Peptide aldehyde proteasome
inhibitors, including MG132, MG115, and LLnL, are the most studied and best understood.
However, these tripeptidyl proteasome inhibitors could not be used in vivo because of
stability and toxicity issues [2]. Therefore, natural proteasome inhibitors, such as dietary
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polyphenols with the cancer-preventive and anticancer effects, have been increasingly
studied. In this review we will summarize the proteasome inhibitory activities of several
proteasome inhibitors with an emphasis on natural compounds and their potential use as
anti-cancer therapies.

The proteasome is a multicatalytic enzyme complex with a molecular weight of 2.5 MDa.
Usually, the cellular proteasome is referred to as the 26S proteasome in accordance with its
sedimentation coefficient. The 26S proteasome complex contains a catalytic core, the 20S
proteasome, which contains of four stacked rings that form a barrel with a central cavity.
These stacked rings include two non-catalytic α rings (each with seven nonidentical
subunits) outside of two catalytic β rings (each with seven nonidentical subunits), and form
a special αββα arrangement (Fig. 1). The catalytic activity of the β rings are found within
the β1, β2, and β5 subunits, which confer the 20S proteasome with caspase or peptidyl-
glutamyl peptide-hydrolyzing-like (PGPH), trypsin-like, and chmotrypsin-like proteolytic
activities, respectively. In accordance with general enzymes with similar hydrolytic
activities, the β1 subunit cuts peptides after acidic residues, the β2 subunit prefers to cleave
after basic amino acids, and the β5 subunit hydrolyzes after hydrophobic residues. In all the
three β-subunits, a threonine residue at the amino terminal (Thr1) is considered to be the
catalytically active amino acid [3]. Thus the catalytic 20S proteasome itself is capable of
hydrolyzing most cellular proteins. However all the three hydrolysis activities are confined
to the inner cavity of the 20S proteasome [3, 4], which is so narrow that only unfolded
proteins are allowed to get access for degradation [4].

Besides being the central processing unit, the 20S proteasome in eukaryotic cells also serves
as a proteolytic core of 2 larger proteasomal assemblies: the 19S regulator (PA700) and the
11S activator (PA28). These molecules bind to both ends of the proteasome and modify its
proteolytic properties. As a regulatory subcomplex of the 26S proteasome, the 19S particle
(700 kDa) controls the access of substrates into the 20S proteasome (Fig. 1). It serves to
control which proteins will be degraded, in cooperation with the ubiquitin conjugating
system, through recognition, binding, and de-ubiquitination of ubiquitin tagged proteins.
Furthermore, the 19S particle is responsible for the unfolding and feeding of the
ubiquitinated proteins into the catalytic site of the 20S proteasome [5]. These diverse actions
are fulfilled by multiple subcomplex of the 19S regulatory particle. For example, in S.
cerevisae, the base of 19S subcomplex usually contains 8 subunits and 6 of them are
ATPases that provide ATP to unfold protein substrates [4]. At least nine subunits composing
the lid of 19S subcomplex are non ATPases that are important for 19S assembly and
deubiquitination of ubiquitinated proteasome target proteins (Fig. 1) [4, 6].

The 11S activator is a 28 kD proteasome activator, associated with one or both ends of the
20S proteasome alone or in combination with a 19S regulatory complex [7]. It is a
heteroheptamer or homoheptamer that stimulates the peptidase activity of the 20S
proteasome and modulates the proteasome-catalyzed production of antigenic peptides
presented to the immune system on MHC class I molecules [8, 9]. The 11S activator cannot
recognize and degrade ubiquitinated substrates and it has been hypothesized that the 11S
activator acts as an adapter molecule between the 20S proteasome and cytosolic chaperones
[10].

Protein degradation by the proteasome is regulated by the ubiquitin system. Ubiquitin is a
highly, evolutionarily conserved, 76-amino acid protein that serves as a tag for destruction
of targeted proteins through covalent binding. Three different enzymes, Ub-activating (E1),
Ub-conjugating (E2), and Ub-ligating (E3), are involved in protein ubiquitination [10].
Initially, the E1 enzyme activates ubiquitin in an ATP-requiring manner by forming a thiol
ester bond at its C-terminus (Fig. 1). Activated ubiquitin is transferred from E1, to one of
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several distinct ubiquitin-conjugating enzymes, E2s, through an additional thiol-ester bond.
With the help of E3, the activated ubiquitin is then transferred to the specific substrate at the
lysine residues of a target protein (Fig. 1) [11]. One common E1, 20-30 E2s, and at least
several hundreds of E3s exist in the cell [3, 7]. Combination of E2 and E3, together with E3s
specificity will provide selective ubiquitination of proteasome target proteins for
degradation [10].

It is well established that the ubiquitin conjugating system is necessary for proteasome
degradation and it acts as a cascade to control the precise degradation of cellular proteins.
On the contrary, several substrates such as ornithine decarboxylase, p21, IκBα,
retinoblastoma protein (RB), and hypoxia-inducible factor-1alpha (HIF-1α) may be
degraded by the proteasome via ubiquitin-tagging or in a ubiquitin-free manner [12, 13]. In
fact, it is well established that HIF-1α is degraded under normoxic conditions by the
ubiquitin-proteasome system. However, very recently, Kong et al reported that under
hypoxic conditions HIF-1α is constitutively degraded by the proteasome, without the
requirement of prior ubiquitylation [12]. These conflicting reports challenge the
conventional concept that ubiquitination is necessary for protein degradation via the
proteasome, but do not diminish the great importance for ubiquitin-dependent proteasome
degradation.

2. BIOLOGICAL EFFECTS OF PROTEASOME INHIBITION
2.1. Cell cycle arrest

The primary, immediate consequence of proteasome inhibition is a decrease of overall rates
of protein breakdown in cells [14, 15]. Various proteins involved in the processes of
carcinogenesis and cancer survival have been identified as targets of the proteasome,
including cyclins A, B, D and E [16-19], tumor suppressor protein p53 [20], pro-apoptotic
protein Bax [21], cyclin-dependent kinase inhibitor (CKI) p27 [22, 23], and the inhibitor of
NF-κB, IκB-α [24].

The cell cycle is driven by the activation/induction of cyclin-dependent kinases (Cdks),
while CKIs lead to growth arrest [25, 26]. Progression through the cell cycle requires tightly
regulated proteolysis of both cyclins and CKIs and numerous studies support the roles for
the CKIs, p16, p21, and p27, as tumor suppressor proteins [27-29]. In fact, cell cycle arrest,
due to an accumulation of the CKIs p21 and p27, occurs following treatment with
proteasome inhibitors [30-33] and their accumulation is furthermore linked to mechanisms
of apoptosis [22].

The CKI p27 is directed to the ubiquitin-proteasome pathway for degradation by the specific
ubiquitin-conjugating enzymes Ubc2 and Ubc3 [23] and SCFSkp2 ubiquitin ligase complex
consisting of Cul1, Rbx1, Skp1 and F-box Skp2 [34]. p27 must be phosphorylated by Cdk2
at threonine 187 (T187) for recognition by the SCFSkp2 complex [35]. Cdk1 acts as an
adaptor that binds to Skp2 and to phosphorylated p27 at phosphorylated T187 [36].
Furthermore, upregulation of p21 has been shown to be induced by the specific proteasome
inhibitors lactacystin and MG132 in p53-deficient colon cancer DLD1 cells [37].
Accumulation of either p27 or p21 stops the cell cycle at G1/S by binding cyclin A or E
[38].

In addition to CKIs, degradation of cyclins is also regulated by the ubiquitin/proteasome
pathway. Cyclin D1 degradation is mediated by phosphorylation-triggered, ubiquitin-
dependent proteolysis and its degradation allows the cell passage out of G1 [19]. Similarly,
cyclin E protein must be degraded to allow the cell entry into S phase [18]. Cyclin A must
be degraded to allow the cell to pass through S into G2, and cyclin B degradation is required
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for mitosis completion and return to G1 phase [17]. Accumulation of these proteins
following proteasome inhibition leads to a halt in cell cycle progression.

2.2. Apoptosis
Apoptosis is an evolutionally conserved cellular suicide program that occurs through the
intrinsic, mitochondria pathway or the extrinsic, death receptor pathway and the ratio of pro-
apoptotic to anti-apoptotic proteins is critically involved in cellular survival. The central
event of intrinsic apoptosis is the release of cytochrome c into the cytosol from mitochondria
which is regulated by members of the pro-apoptotic Bcl-2 family of proteins, such as Bax, a
monomeric protein distributed in the cytosol. Upon apoptosis stimulation by proteasome
inhibitors, for example lactacystin or MG132, Bax undergoes a conformational change to
form a functional Bax-Bax dimer. This dimer translocates to the mitochondria resulting in
the loss of the mitochondrial membrane potential and cytochrome c release [39].
Furthermore, the tripeptidyl proteasome inhibitor N-carbobenzoxy-L-leucyl-L-leucyl-
norvalinal (LLnV) accumulates Bax to mitochondria, where it interacts with the anti-
apoptotic Bcl-2 protein to overcome Bcl-2-mediated protection from apoptosis [21, 40].
Therefore, Bax degradation via the proteasome pathway is critical to maintain cancer cell
survival and its accumulation via proteasome inhibition, is important for reducing the
advancement of some cancers [21]. Conversely, degradation of the anti-apoptotic
counterparts to Bax, such as Bcl-2 and Bcl-XL is essential to limit the growth of various
tumors [41].

Extrinsic apoptosis is triggered by external stimuli through death receptors, members of the
TNF (tumor necrosis factor) receptor gene superfamily [42]. Death receptors contain a
cytoplasmic tail of about 80 amino acids called the death domain, which is crucial for
transmision of the death signal from the cells surface to intracellular signaling pathways.
Death receptors include CD95 (APO-1/Fas), TNF receptor 1 (TNFRI), TNF-related
apoptosis-inducing ligand-receptor 1 (TRAIL-R1) and TRAIL-R2 and their corresponding
ligands include CD95 ligand (CD95L), TNFα, TRAIL (tumor necrosis factor–related
apoptosis-inducing ligand), etc. [42].

Although TNFα is a potent mediator of apoptosis, activation of the transcription factor NF-
κB can block the cell death in response to TNFα and other signals and ultimately prevent
apoptosis [43]. NF-κB plays an important role in tumorigenesis via transactivation of genes
involved in cell proliferation, apoptosis, tumor cell invasion and metastasis, and
angiogenesis [44]. NF-κB is normally sequestered in the cytoplasm through association with
its endogenous inhibitor IκB-α. SCFβ-TrCP ubiquitin ligase recognizes phosphorylated 19-
amino-acid destruction motif of IκB-α at the residues 21-41 and makes it ubiquitinated for
proteasome degradation [45], while NF-κB is allowed to be translocated to the nucleus and
mediate transcription of anti-apoptotic genes. However, accumulation of the IκB-α protein
via proteasome inhibition prevents the activation of anti-apoptotic NF-κB [46], resulting in
tumor cell apoptosis.

3. DIFFERENTIAL EFFECTS OF PROTEASOME INHIBITION IN NORMAL
CELLS VS. TUMOR CELLS

Accumulating evidence indicates that tumor and normal cells behave differently in response
to proteasome inhibition although a well-defined mechanism to elucidate tumor cell
susceptibility and normal cell resistance to proteasome inhibitors has not been established.
The greater sensitivity of proliferating cells to apoptosis following proteasome inhibition is
likely a consequence of the accumulation of the proteins described in Section 2 and their
effects on cellular activities.
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Several studies have demonstrated that proliferating tumor cells are more sensitive to
proteasome inhibition than non-proliferating cells [40, 47-50] and upon proteasome
inhibition, these tumor cells undergo apoptosis at early time points, in as early as 15 min
[51-54]. In fact, we have shown that SV40-transformed fibroblasts treated with the
proteasome inhibitor CEP1612 exhibited an accumulation of the proteasome target protein
p27, but this was not the case in the parent, normal fibroblast cell line [40]. Furthermore,
IκBα, p27, and Bax are accumulated by a variety of proteasome inhibitors in numerous
tumor cell lines but not in non-transformed or normal cell lines [51, 55-57].

Recently, we also reported that a newly-developed proteasome inhibitor, a disulfiram-copper
complex, potently inhibits the proteasomal activity in cultured breast cancer MDA-MB-231
and MCF10DCIS.com cells before induction of apoptotic cell death [58]. In sharp contrast,
the disulfiram-copper complex neither inhibited the proteasome nor induced apoptosis in
normal, immortalized MCF-10A cells [58]. Furthermore, MDA-MB-231 cells, containing
copper concentrations similar to those found in patients, treated with disulfiram,
demonstrated proteasome-inhibitory and apoptosis inducing effects. Likewise, in mice
bearing MDA-MB-231 tumor xenografts, disulfiram significantly inhibited the tumor
growth associated with in vivo proteasome inhibition and apoptosis induction. In this
system, it appears that inhibition of the proteasomal activity can be achieved by targeting
tumor cellular copper with disulfiram to selectively induce apoptosis in tumor cells [58].

Others have found similar, potent proteasomal inhibitory effects in cancer cells while normal
cells appear unaffected. Accumulation of NOXA (a pro-apoptotic member of the Bcl-2
family of proteins) can negate the multiple Bcl-2 pro-survival family members and facilitate
mitochondrial cytochrome c, SMAC, and apoptosis-inducing factor (AIF) release with
subsequent DNA degradation and apoptosis. It has been shown that melanoma and myeloma
cells accumulate NOXA upon treatment with MG-132, lactacystin, and bortezomib while
NOXA induction was not triggered in untransformed melanocytes [59]. Furthermore, the
proteasome inhibitor Z-Ile-Glu(OtBu)-Ala-Leucinal (PSI) has been found to induce
apoptosis in multiple human myeloid leukemia cell lines at low doses (IC50 ranging from 5
to 25 nmol/l) indicated by nuclear DNA fragmentation, cleavage of poly (ADP-ribose)
polymerase (PARP) and of beta-catenin. Importantly, PSI was found to be cytotoxic to
leukemia, but not normal hematopoietic progenitor cells [50]. These studies indicate that the
untransformed cell line is much less sensitive to proteasome inhibitor-induced apoptosis.

Finally, B-cell chronic lymphocytic leukemia (B-CLL) cells have been shown to exhibit a
hypersensitivity to apoptotic cell death via proteasome inhibition when treated with
lactacystin [60]. Furthermore, these leukemia cells were found to have a 3-fold increased
level of the chymotrypsin-like activity than normal lymphocytes [61]. These findings
suggest that one possible explanation for the difference of tumor vs. normal cells in response
to proteasome inhibition is the basal proteasome activity level. At least in the case of B-
CLL, these tumor cells may require higher proteasomal chymotrypsin-like activity for rapid
proliferation compared to normal cells.

4. BORTEZOMIB
Bortezomib (PS-341, Velcade), the most-described and best known proteasome inhibitor, is
a dipeptide boronic acid analogue (Fig. 2) with cell death-inducing activity found in several
tumor cell lines and animal models [62-65]. Its inhibitory activity is directed mostly against
the β5-(chymotrypsin-like) and β1-(PGPH-like) subunits, with the β5-subunit being the
predominant cell-death inducing target [65]. A major mode of action of bortezomib is its
ability to block nuclear translocation of NF-κB through the stabilization of its inhibitor, IκB.
This leads to decreased expression of myeloma cell adherence factors, and interference with
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adherence-mediated induction of interleukin-6 production by bone marrow stromal cells.
Bortezomib was also shown to suppress p44/42 mitogen-activated protein kinase (MAPK)
signaling and to induce accumulation of CDKs p21 and p27 [66].

Bortezomib is the first proteasome inhibitor to enter clinical trials and to receive regular
approval from the US Food and Drug Administration for the treatment of relapsed and
refractory multiple myeloma [67]. After it exhibited considerable success against multiple
myeloma and non-Hodgkin lymphoma [66], bortezomib was also tested against other
hematological aberrations and solid tumors [68, 69], both as a single agent and in
combination with conventional therapies [70, 71].

4.1. Phase I Bortezomib Clinical Trials
The efficacy of bortezomib in combination with melphalan, doxorubicin, and
dexamethasone was investigated in phase I clinical trials with relapsed or refractory
hematological malignancies. A phase I/II trial showed that the combination of bortezomib
and melphalan was significantly superior to melphalan treatment alone in patients not
eligible for autologous stem cell transplantation and in those with poor prognostic features
[72]. Favorable responses were observed in non-Hodgkin lymphoma, acute myeloid
leukemia, and multiple myeloma patients with a combination of bortezomib and doxorubicin
[73]. Finally, the improved response without prohibitive toxicity was found in patients with
relapsed and/or refractory myeloma after combination treatment with bortezomib and
dexamethasone [70].

Phase I clinical studies with solid tumors also showed some 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 [69], and the combination of bortezomib and carboplatin
elicited an overall response rate of 47% in recurrent ovarian or primary peritoneal cancer,
including one complete response in a patient with platinum-resistant disease [74].

4.2. Phase II
Recently, phase II clinical trials indicated beneficial activity of bortezomib against
refractory multiple myeloma [75] and relapsed or refractory mantle cell lymphoma [76].
Moreover, bortezomib in combination with dexamethasone was shown to be an effective
therapy in untreated symptomatic multiple myeloma patients [70]. In phase II trials with
relapsed non-Hodgkin's lymphoma, results with bortezomib treatment were also
encouraging, with several partial and complete responses [77, 78].

4.3. Phase III
The APEX (Assessment of Proteasome Inhibition for Extending Remissions), a phase III
trial, was a large international study which compared bortezomib with high-dose
dexamethasone in patients with multiple myeloma who had relapsed after 1–3 prior
therapies [79]. This critical trial exemplified that bortezomib had superior clinical efficacy
over dexamethasone in terms of response rate, time to progression, and survival.

4.4. Toxicity of bortezomib
The most frequent toxic side effects associated with bortezomib treatment are nausea,
fatigue, and diarrhea [75, 80], and more adverse events include thrombocytopenia,
peripheral neuropathy, neutropenia, lymphopenia, and hyponatremia. Patients who started
bortezomib treatment with low baseline platelet counts were at the greatest risk of
developing clinically significant thrombocytopenia [75]. While baseline symptoms of
peripheral neuropathy were often present and were attributed to prior treatment with
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neurotoxic agents, neuropathy was improved or was resolved in the majority of patients
upon discontinuation of bortezomib [75].

5. NATURAL COMPOUNDS WITH PROTEASOME INHIBITORY ACTIVITY
To reduce the recovery period and potentially promote the efficaciousness of
chemotherapeutics, it is critical to eliminate noxious substances in the treatment of cancer.
The cancer-preventive and anticancer effects of natural products are widely supported by
results from epidemiological, cell culture, and animal studies and a number of microbial
metabolites and plant polyphenols have been implicated as natural proteasome inhibitors
(reviewed in [81] and [82]). We reviewed several natural compounds here based on their
common structure, the carbonyl group. The carbonyl carbons such as the ester carbon in
lactacystin and EGCG or the ketone carbon in other natural mentioned compounds are
electrophilic since the oxygen pulls electron density away from it. Electrophilic functional
groups of inhibitors are susceptible to be attacked by the proteolytically active Thr 1 Oγ that
is nucleophilic [83], which might be responsible for the observed proteasome inhibition.

5.1. Lactacystin
Lactacystin is a microbial natural product found in Streptomyces metabolites that inhibits
cell proliferation and induces neurite outgrowth in the murine neuroblastoma cell line Neuro
2A [84, 85]. Additionally, lactacystin inhibits cell cycle progression in human osteosarcoma
MG-63 cells [86]. Structure-activity relationship studies revealed that the proteasome was
the cellular target of lactacystin. The highly conserved amino-terminal threonine of the
mammalian proteasome was found to be covalently modified by lactacystin's electrophilic
carbonyl carbon (Fig. 3), a critical site for nucleophilic attack and its biological activity [87].
Lactacystin inhibits all three proteolytic activities of the proteasome: trypsin-like,
chymotrypsin-like and peptidylglutamyl-peptide hydrolyzing activities, but prefers to inhibit
chymotrypsin-like activity [87]. Under pH 8.0, it gets hydrolyzed to a potent intermediate
clasto-lactacystin β-lactone (Fig. 3) [88].

Specific inhibition of chymotrypsin-like activity is an efficient biological effect for the
induction of neurite outgrowth [89], and apoptosis in cancer cells. This property entitles the
use of lactacystin as a monotherapy in a variety of cancers [90-92]. However high doses of
lactacystin are required to overcome the blood/brain barrier to reach to brain tumors and the
accompanied cytotoxicity limits its use in these cancers [93]. However, very recently, one
report proposed the use of lactacystin in the treatment of malignant gliomas using a local
drug-delivery system for administration. It can be efficiently incorporated into controlled-
release polymers that are, at the proposed concentration, safe for CNS delivery, yet effective
against the tumor in rat 9L gliosarcoma model [93].

In addition to monotherapy, synergistic effects of lactacystin for cancer treatment have also
been extensively investigated in a number of cancer cell lines. A combination of lactacystin
with the peptide aldehyde proteasome inhibitor MG132 induced additive apoptosis in
prostate cancer cells [94]. In ovarian carcinoma, treatment with 20 μM lactacystin was
found to overcome the acquired resistance of cisplatin by preventing the loss of copper
transporters that modulate the cellular accumulation of cisplatin [95]. Additionally,
lactacystin significantly decreased repair of cisplatin-DNA adducts and reduced expression
of the DNA repair gene ERCC-1 (excision repair cross complementation group 1) in
cisplatin-resistant ovarian cancer cells, ultimately enhancing tumor cell sensitivity [96].
Furthermore, lactacystin sensitizes refractory colon cancer HT-29 cells to etoposide and
doxorubicin through restoration of topo IIα expression in vitro and in vivo [97].
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Lactacystin may not only act as sensitizer, but may also enhance the effects of
chemotherapeutic agents. One report showed that although lactacystin alone triggered a
moderate level of apoptosis in lymphoma Raji B cells, its apoptosis effect was potentiated
when combined with cell-permeable, N-terminal Smac peptides [98].

In addition to primary tumor growth inhibition, lactacystin is also capable of inhibiting
tumor invasion. One group reported that treatment with 10 μM lactacystin inhibited
Matrigel invasion of highly invasive PC-3 cells by 25% via reducing NF-κB activity [99].
Likewise, lactacystin appears to inhibit cell migration and tumor metastasis by reducing
expression of L-isoaspartyl methyltransferase (PIMT), the enzyme responsible for repairing
damaged proteins that have accumulated abnormal aspartyl residues during cell aging [100].

5.2. Green tea polyphenols
Tea (Camellia sinensis) is the most popular beverage, besides water, in the world. Tea
consumption is suggested to bring about cancer-preventive and anti-oxidant effects from tea
polyphenols including (–)-epicatechin (EC), (–)-epigallocatechin (EGC), (–)-epicatechin-3-
gallate (ECG), and (–)-epigallocatechin-3-gallate (EGCG) [101]. Among them, EGCG is the
most abundant and potent constituent that has been shown to be a potent and specific
proteasome inhibitor (Fig. 3) [57]. It inhibits the chymotrypsin-like activity of the
proteasome in vitro with an IC50 value around 86 to194 nM and in vivo at 1-10 μM. These
in vivo EGCG concentrations are comparable with the concentrations found in the serum of
green tea drinkers [57].

Green tea polyphenols could activate or stabilize tumor suppressor genes and affect several
signal transduction and ubiquitin/proteasome degradation pathways. In a human liver cancer
cell system, (-)-EGCG could inhibit cell proliferation, block cell cycle progression in the G1
phase and induce apoptosis in hepatoma (HepG2) cells [102]. Regarding the molecular
targets, the results showed that EGCG significantly increased the expression of p53 and p21
protein and an enhancement in Fas/APO-1 and Bax protein was observed as well [102].
Similar results were observed in human prostate cancer cells.

Hastak et al [103] used human prostate carcinoma LNCaP cells with wild-type p53 as a
model to study the role of p53 and NF-κB in EGCG-induced growth arrest and apoptosis.
They found that EGCG could stabilize p53 protein via phosphorylation of critical serine
residues on p53 and modulation of MDM2-p14ARF pathway. Furthermore the results
demonstrated that activation of p53-dependent downstream targets p21 and Bax and down-
regulation of NF-κB-dependent Bcl-2 resulted in growth arrest and apoptosis [103].

EGCG also exhibits antiangiogenic activities in various experimental studies [104, 105].
Zhang et al tested the effects of EGCG and green tea extracts on HIF-1α and its downstream
target, vascular endothelial growth factor (VEGF), which play a critical role in tumor
angiogenesis. Contrary to the normal consequences of proteasome inhibition, EGCG
significantly inhibited the protein level of transcription factor HIF-1α in human cervical
carcinoma (HeLa) and HepG2 cells. Treatment of EGCG also resulted in a drastic decrease
in VEGF expression at both mRNA and protein levels in HeLa cells [105]. Similar effects
have been found in other proteasome inhibitors. Inoue et al reported that proteasome
inhibitor MG115 downregulated X-linked inhibitor of apoptosis protein (XIAP) and MG132
downregulated AKT in human hepatocellular carcinoma cells [106]. We also reported that
proteasome inhibitor celastrol downregulated androgen receptor while it upregulated Bax,
IkB-a and p27 [53]. HIF-1α is a transcription factor of oxygen-regulated genes that are
involved in cell proliferation, cell survival and angiogenesis such as VEGF [107]. It seems
that proteasome inhibitors induce apoptosis by selectively upregulating pro-apoptotic
proteins and/or downregulating anti-apoptotic proteins. Further study by Zhang et al showed
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that EGCG inhibited the translational machine of HIF-1α [105], suggesting that EGCG
downregulated HIF-1α at a step before protein synthesis. It has been reported that
administration of EGCG and green tea extract could inhibit matrix metalloprotease-2
(MMP-2) in human umbilical vein endothelial cells (HUVECs), inhibit angiogenesis in
tumors and restrain tumor growth in mice bearing highly vascular Kaposi's sarcoma tumor
model xenografts [108]. It was also found that EGCG inhibited the MMP9 or MMP2
upstream regulator, membrane-type 1 matrix metalloproteinase (MT1-MMP), and
suppressed ephrin-A1-induced vascular endothelial migration [109-111].

EGCG remains to be the most potent natural polyphenol in green tea. However it is unstable
in neutral or alkaline conditions. In order to discover more stable and more potent tea
polyphenol as proteasome inhibitors, we synthesized several novel EGCG analogs with -OH
groups eliminated from the B- and/or D-rings [51]. In addition, we also synthesized their
putative prodrugs with -OH groups protected by acetate, named Pro-EGCG [51]. We found
that, compared to EGCG, protected analogs exhibited greater potency to inhibit proliferation
and induce apoptosis in human leukemic, prostate and breast cancer cells [56]. Most
recently, we compared Pro-EGCG with natural EGCG for their anti-tumor activity in vivo.
The results showed that treatment with EGCG for 31 days in human breast MDA-MB-231
tumors induced in nude mice resulted in an inhibition of tumor growth (23%). Interestingly,
Pro-EGCG significantly inhibited tumor growth by 56% [112].

Furthermore, the OH groups of EGCG can be modified through major biotransformation
reactions including methylation, glucuronidation, and sulfonation, resulting in reduced
biological activities of EGCG in vivo [113-115]. A recent report found that women who
carried at least one low activity catechol-O-methyltransferase (COMT) allele and were tea
drinkers had a significantly reduced risk of breast cancer compared with non-tea drinkers
[116]. In contrast, risk of breast cancer did not differ between tea drinkers and non-tea
drinkers among those who were homozygous for the high activity COMT allele [116]. Using
synthesized methylated tea polyphenols, we found that they were poor proteasome inhibitors
and therefore less cancer-protective. These results suggested that high COMT activity could
methylate and inactivate EGCG, resulting non-benefit of tea drinking in high COMT
patients [117].

5.3. Grape Polyphenols
Grape extracts contain several flavonoids including resveratrol, apigenin and quercetin, all
of which have been shown to possess anti-proliferative activities in tumor cells [118-121] in
vitro. Resveratrol (trans-3, 4, 5-trihydroxystilbene, Fig. 3), found in wine, grape skins, and
other nuts, fruits, and vegetables, is a potential chemopreventive and antitumor compound,
which inhibits multiple steps of carcinogenesis in a variety of cancers [122]. Although
resveratrol has been shown to have promising activities as a sensitizer for chemotherapeutic
combination strategies [81], it is unclear whether resveratrol has direct proteasome-
inhibitory effects. However, inhibition of NF-κB [123] suggests proteasome inhibition as a
potential mechanism of action of resveratrol.

Apigenin (5,7,4-trihydroxyflavone, Fig. 3) present in grapes, parsley, chamomile tea, etc.
[124-126], is a nontoxic, antimutagen, with antioxidant potential [124, 127, 128]. As a
proteasome inhibitor, apigenin potently inhibits chymotrypsin-like activity of the
proteasome [55]. In fact, an in silico docking method, revealed that the carbonyl carbon of
apigenin (Fig. 3) was a site of nucleophilic susceptibility and could bind to the chymotrypsin
site in an orientation and conformation that is suitable for a nucleophilic attack by Thr 1
[55]. Furthermore, biological analysis of apigenin indicates strong inhibitory activity against
a purified 20S proteasome (IC50 = 1.8-2.3 μM), and 26S proteasome in intact leukemia
Jurkat cells (1-10 μM). Accumulation of the proteasome substrates Bax and IκB-α as well
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as caspase-3 activation and apoptotic PARP cleavage were validated in leukemia Jurkat cells
treated with apigenin. A final indicator of apigenin's potential value as a therapeutic
proteasome inhibitor was the lack of toxicity in normal, non-transformed cells [55].

Quercetin (3,3',4',5,7-Pentahydroxyflavone, Fig. 3) is one of the most abundant flavonoids
found in fruits and vegetables with the highest concentrations found in onions, apples, and
red wine [129]. The potential for quercetin to act as a proteasome inhibitor is strongly
suggested by its inhibitory activity against a purified 20S proteasome (IC50 = 3.5 μM) and
26S proteasome in intact tumor cells (2 μM) [55]. Again, in silico docking analysis,
demonstrated that the carbonyl carbon acted as a site of nucleophilic susceptibility and could
bind to the chymotrypsin site in an orientation and conformation suitable for a nucleophilic
attack by Thr 1 [55]. The proteasome substrates Bax and IκB-α were found to be
accumulated and apoptotic PARP cleavage and caspase-3 activation in a dose- and time-
dependent manner were observed. While leukemia Jurkat cells were subject to proteasome
inhibition and apoptosis induction, normal, non-transformed cells appeared to be unaffected
[55].

5.4. Soy (Genistein)
The soybean is a natural product that is uniquely rich in polyphenols called isoflavones, and
numerous studies have evaluated its anticancer activities. As a result, epidemiological
studies associate soy consumption with reduced cancer occurrence and genistein (Fig. 3),
one of the predominant soy isoflavones, inhibits the growth of numerous human tumor cell
lines [130-132].

To examine the possibility that genistein acts as a proteasome inhibitor, we have utilized in
silico computational docking studies using genistein as the ligand and the proteasome as the
molecular target to show that genistein interacts with the proteasomal β5 subunit in a
manner that suggests proteasome inhibition [133]. Consistently, ~30% of the chymotrypsin-
like activity of a purified 20S proteasome is inhibited by 1 μM of genistein [133]. It should
be noted that plasma levels of genistein are in a range of 0.5–2.5 μM and the concentrations
of genistein vary in different tissues and organs [134, 135]. Additionally, numerous studies
have observed down-regulation of NF-κB activity, a downstream event of proteasome
inhibition, in tumor cells in the presence of genistein (reviewed in [136]). These findings
indicate the possibility that a partial inhibition of proteasome activity by genistein at
physiological concentrations might contribute to its reported cancer-preventative and
anticancer effects.

To fully inhibit cellular proteasome chymotrypsin-like activity in intact prostate and breast
cancer (but not normal, untransformed) cells, higher concentrations (as much as 50 μM) of
genistein may be required [133], indicating that either genistein is unstable in vivo or other
targets may exist. In fact, it has been reported that genistein at 10-50 μM concentrations
could inhibit tyrosine kinase activities in hepatic [137] and prostate cells [138]. Therefore,
genistein could have multiple cellular targets and simultaneous inhibition of these cancer-
specific targets by genistein may be responsible for its cancer-preventive properties.

A phase II clinical trial investigating combined therapy of genistein (optimal dosing to be
determined) and gemcitabine hydrochloride for the treatment of patients with stage IV breast
cancer (NCI identification: NCT00244933; Karmanos Cancer Institute) is underway to
determine if multiple pathways could be targeted using multiple agents against drug resistant
cells. Similarly, a phase II study will evaluate the use of genistein (optimal dosing to be
determined) together with gemcitabine and erlotinib to treat patients with locally advanced
or metastatic pancreatic cancer (NCI identification: NCT00376948; Karmanos Cancer
Institute). The dietary cancer-preventive agent genistein is expected to potentiate antitumor
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activities of common chemotherapeutics in these studies. However, the effective dose of
genistein remains to be determined in these in-progress trials.

5.5. Turmeric (Curcumin)
Curcumin (diferuloylmethane, Fig. 3) is a main component of the spice turmeric, commonly
used in Indian and Southeast Asian foods. Curcumin suppresses all three stages of
carcinogenesis, initiation, promotion and progression, probably due to inhibition of NF-κB,
which is controlled by the proteasome-mediated proteolytic degradation pathway [139], and
subsequent inhibition of pro-inflammatory pathways [140].

A recent report showed that curcumin enhanced the antitumor activity of celecoxib,
indicating their synergistic inhibition of the growth of colorectal cancer cells [141].
Furthermore, curcumin has been shown to enhance the antitumor activities of cisplatin,
doxorubicin, and taxol in HA22T/VGH hepatic cancer cells, HeLa cells, CAOV3 and
SKOV3 ovarian cancer cells [142-145]. In addition, the combined treatment of malignant
glioma cells with curcumin and TRAIL induced enhanced cytotoxicity, as measured by
hypo-diploid cells in sub-G1 phase, cleavage of procaspases-3, -8, and -9, and release of
cytochrome c from mitochondria [146]. Furthermore, curcumin also acts as a radio-
sensitizing agent. Pretreatment of a squamous cell carcinoma cell line with curcumin before
exposure to 2.5 Gy of radiation caused a significant decrease in cell counts and colonies,
compared to either treatment alone [147]

To determine if the potent in vitro anti-proliferative effects of curcumin could improve
current standard chemotherapeutics, human phase I and II trials were conducted and
curcumin was found to be safe with no dose-limiting toxicity when taken by mouth at doses
up to 10 g/day [148]. 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).
Observations indicate that chemotherapeutics in combination with curcumin may provide a
superior therapeutic index and advantage in the clinical setting for treatment of refractory
tumors.

5.6. Traditional medicinal triterpenes
5.6.1. Celastrol—Celastrol (quione methide tripterene, Fig. 4) is a natural compound
extracted from Chinese medicinal plant Tripterygium wilfordii Hook F. Due to its
antioxidant and anti-inflammatory effects, celastrol has been effectively used in the
treatment of autoimmune diseases (rheumatoid arthritis, systemic lupus erythematosus),
asthma, chronic inflammation, and neurodegenerative disease [149, 150]. Within
physiological conditions, celastrol inhibits cancer cell proliferation and induces cell death in
a broad range of cancer cell lines including A549 lung, MCF-7 breast, HCT-8 ileocecal KB
epidermoid nasopharyngeal, U-87 glioblastoma, PC-3 prostate, and PTX10 ovarian cell lines
[151]. In fact, the antitumor activity of celastrol was shown in MDA-MB-435 breast cancer-
bearing nude mice, in which celastrol inhibited ~60% tumor growth [152]. In androgen
receptor (AR)-positive LNCaP cells, proteasome inhibition was accompanied by
suppression of the AR protein, an event that is likely associated with Hsp90 inhibition since
the ATP-binding activity of Hsp90 responsible for AR folding was inhibited [153].

We reported, for the first time, that celastrol induced apoptosis in human prostate cancer in
vivo by targeting the tumor proteasome [53]. Celastrol was found to be a potent inhibitor of
the proteasomal chymotrypsin-like activity in vitro, in cultured prostate tumor cells, and in
animals. Consistent with previous reports [40, 154], inhibition of the proteasomal
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chymotrypsin-like activity by celastrol in prostate cancer cells and xenografts was associated
with its apoptosis-inducing and/or antitumor activities.

Our recent studies suggested that a ketone carbon in dietary flavonoids is responsible for
interacting in and inhibiting the proteasome [55] and the conjugated ketone carbons of
celastrol (Fig. 4) most likely contribute to its proteasome-inhibitory potency. To provide
direct evidence for proteasome inhibition by celastrol, we performed a cell-free proteasome
activity assay using a purified rabbit 20S proteasome in the presence of celastrol at various
concentrations. Celastrol potently and preferentially inhibited the chymotrypsin-like activity
of a purified 20S proteasome with an IC50 value of 2.5 μM.

In intact human prostate cancer cells, the cellular 26S proteasome was inhibited by celastrol
at 1-5 μΜ. The inhibition of proteasome activity by celastrol resulted in accumulation of
ubiquitinated proteins and three natural proteasome substrates (IκB-α, Bax, and p27), and
induction of apoptosis in AR-negative PC-3 cells. Additionally, treatment of PC-3 tumor-
bearing nude mice with celastrol (1-3 mg/kg/day, i.p., for 1 to 31 days) resulted in
significant inhibition (65-93%) of tumor growth. Multiple assays using the animal tumor
tissue samples from both early and end time-points demonstrated in vivo inhibition of the
proteasomal chymotrypsin-like activity and induction of apoptosis after celastrol treatment
[53].

To determine if the conjugated ketone carbons found in celastrol were required for
proteasome inhibition, the proteasome inhibitory activities of celastrol were compared with
its reduced form, dihydrocelastrol. The IC50 value of dihydrocelastrol in the presence of a
purified proteasome was determined to be 10 μΜ, suggesting that the reduced ketone
decreased the proteasome-inhibitory activity by 4-fold compared to celastrol (IC50 value of
2.5 μM). Similarly, LNCaP cells treated with 5 μΜ of celastrol for 16 hours resulted in
greater proteasome inhibition than did treatment with dihydrocelastrol under the same
conditions (48% vs 4%) and kinetic experiments revealed that celastrol, but not
dihydrocelastrol, caused a significant reduction of AR protein expression. Additionally,
celastrol was found to have greater apoptosis-inducing ability than dihydrocelastrol, as
shown by caspase activation and PARP cleavage at both earlier time points and higher
levels. Thus the comparison of the highly oxidized celastrol with a reduced form supports
that the conjugated ketone structure is critical for proteasome inhibition and apoptosis
induction [155].

Additional mechanisms of celastrol action have also been described. It has been reported
that dietary celastrol administration to G93A SOD1 transgenic mice, a mouse model of
amyotrophic lateral sclerosis (ALS), significantly improved weight loss, motor performance
and delayed the onset of ALS. It potently increased expression of heat shock proteins
including HSP70, while reducing TNF-α and iNOS expression in G93A mice tissues
compared to the control [156]. As an inhibitor of the NF-κB pathway, celastrol inhibits IκB-
α kinase activation, IκB-α phosphorylation, IκB-α degradation, p65 nuclear translocation
and phosphorylation, DNA-binding activity and NF-κB-mediated reporter gene expression
induced by TNF-α or phorbol myristyl acetate (PMA) [152, 157]. Furthermore, is has been
shown that celastrol combined with other chemotherapeutic agents inhibits tumor invasion
in human lung adenocarcinoma H1299 cells [157]. Celastrol has been shown to be active as
a topoisomerase II inhibitor, exhibiting ~5-fold greater apoptosis inducing potency than
etoposide in HL-60 leukemia cells [158]. All these reports demonstrate that celastrol has a
great potential to be used for cancer treatment.

As a potential therapy in the clinical setting, celastrol may be useful in the treatement of
prostate cancer. Since 2004, docetaxel-based chemotherapy has become the standard
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chemotherapy used to treat advanced hormone-resistant prostate cancer [159]. However,
docetaxel can't overcome two disadvantages that preclude its use as a monotherapy for
cancer treatment, one is the constitutive activation of NF-κB in prostate cancer cells and
another is that the high-dose required for treatment is accompanied with significant toxicity
such as neurotoxicity. Celastrol is capable of compensating these two points, suggesting it
might be a good candidate for prostate cancer treatment as a monotherapy or in combination
with a current standard chemotherapy.

5.6.2. Pristimerin—Pristimerin is a natural methyl ester of celastrol (Fig. 4) found in the
plant sources of Celastraceae or Hippocrateaceae families [151, 160, 161]. It has been
known that pristimerin possesses anti-inflammatory, antioxidant, antimalarial, and
insecticidal activities [162-165]. Most recently, it has been shown that pristimerin induces
apoptosis in breast cancer MDA-MB-231 cells in a caspase-dependent manner [167]. The
proteasome was suggested as a potential target of pristimerin after computational modeling
was applied. A possible interaction between the conjugated ketone carbon of pristimerin
(Fig. 4) and Thr1 of the proteasome β5 subunit was observed. More importantly, pristimerin
inhibited the chymotrypsin-like activity of a purified 20S proteasome with an IC50 value of
2.2 μM [168]. Accumulation of proteasome target proteins Bax, p27 and IκB-α
demonstrated that the proteasome inhibition by pristimerin is functional. The events of
caspase-3 activation and PARP cleavage further supports that proteasome inhibition is
responsible for apoptosis induction by pristimerin [166].

CONCLUSIONS
The proteasome inhibitors have attracted an increasingly attention in cancer prevention and
treatment. As a single agent for multiple myeloma treatment, the antitumor activity of the
proteasome inhibitor bortezomib is well established. Furthermore, the chemo-sensitizing
properties of bortezomib have been demonstrated in tumor types other than myeloma.
However, bortezomib causes some toxicity, generating attention for the identification of
non-toxic natural proteasome inhibitors such as natural products and plant polyphenols.

Natural products such as green tea polyphenols, grape polyphenols, soy isoflavones, etc., are
potent bioactive molecules that possess anti-carcinogenic activities. They interfere with the
initiation, development and progression of cancer by the modulation of various mechanisms
including cellular proliferation, differentiation, apoptosis, angiogenesis, and metastasis.
Moreover, cancer cell lines and tumors appear to be more susceptible to the bioactivities of
these natural compounds than normal cells. Although the natural compounds examined in
this review exhibit various cellular effects, they all share a common carbonyl group and
have the ability to inhibit cellular proteasomal activity which is associated with tumor
growth suppression. Furthermore, examples of natural compounds combined with
conventional synthetic drugs used in cancer treatment have been described, providing an
interesting potential for combination therapy.
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ABBREVIATIONS

PGPH peptidyl-glutamyl peptide-hydrolyzing-like

Thr1 threonine residue at the amino terminal of β5 subunit of the proteasome
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HIF-1α hypoxia-inducible factor-1alpha

CKI cyclin-dependent kinase inhibitor

Cdks cyclin-dependent kinases

LLnV N-carbobenzoxy-L-leucyl-L-leucyl-norvalinal

PSI Z-Ile-Glu(OtBu)-Ala-Leucinal

B-CLL B-cell chronic lymphocytic leukemia

PARP poly(ADP-ribose) polymerase

MAPK mitogen-activated protein kinase

APEX Assessment of Proteasome Inhibition for Extending Remissions

PIMT -isoaspartyl methyltransferase

EGCG epigallocatechin-3-gallate

MT1-MMP membrane-type 1 matrix metalloproteinase

HUVECs human umbilical vein endothelial cells

COMT catechol-O-methyltransferase

TRAIL tumor necrosis factor–related apoptosis-inducing ligand

AIF apoptosis-inducing factor

PMA phorbol myristyl acetate

ERCC-1 excision repair cross complementation group 1

VEGF vascular endothelial growth factor

TNF tumor necrosis factor

XIAP X-linked inhibitor of apoptosis protein
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Fig. (1). The Ubiquitin-Proteasome Pathway
Ubiquitin (Ub) is activated by Ub-activating (E1) enzymes through adenylation and
formation of high-energy thiol ester bond and then transferred to Ub-conjugating (E2)
enzymes. With the help of Ub-ligating (E3) enzymes, Ub is finally tranferred to a reactive
lysine residue of a target protein. Ubiquitinated proteins are recognized by the 19S cap of
the 26S proteasome and fed into its 20S catalytic core for degradation into oligopeptides.
The Ub is then released and recycled.
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Fig. (2).
Chemical structure of Bortezomib.
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Fig. (3).
Chemical structures of lactacystin, clasto-lactacystin β-lactone and several natural
polyphenols.
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Fig. (4).
Chemical structures of natural triterpenes.
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