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Abstract: The ubiquitin proteasome system (UPS) is considered a crucial degradation machinery in cellular
processes of protein quality control and homeostasis. Dysregulation of the UPS is closely associated with
many diseases. The proteasome is a key core component of the UPS, which can prevent the accumulation of
misfolded proteins and regulate various cellular processes such as cell cycle, apoptosis, and immune
responses. In the past two decades, a total of three proteasome inhibitors have been approved for the
treatment of hematological malignancies, including bortezomib, carfilzomib, and ixazomib. Additionally,
accumulating reports have suggested that some natural product-derived proteasome inhibitors have been
developed as anti-cancer drug candidates. In this review, we summarize the development of proteasome
inhibitors as well as the mechanisms involved, clinical application progress, and drug resistance. The natural
products of proteasome inhibitors and their future perspectives will also be discussed.
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1. Introduction

Proteostasis is a key requirement for cell metabolism, organelle biogenesis, and stress adaptation [1]. A
major challenge in proteostasis is to prevent the deleterious consequences of unfolded, misfolded, or
damaged proteins that severely disrupt cellular function and are associated with aging and age-related
diseases, such as neurodegenerative disorders, cancers, and immunologic and metabolic diseases [2,3]. Two
major quality control systems responsible for the degradation of proteins in all eukaryotic cells are the
ubiquitin proteasome system (UPS) and the autophagy-lysosome pathway (ALP). These systems are highly
regulated and are responsible for maintaining protein homeostasis and adapting to environmental changes
through the degradation of multiple proteins [4,5]. UPS is the main pathway for protein degradation [6],
primarily degrading single unfolded polypeptides that have access to the narrow channel of the proteasome,
which is a major proteolytic pathway for short-lived proteins, misfolded proteins, and damaged proteins [7].

Inhibition of the proteasome has become a vital target for drug development in cancer and other diseases
in recent years [8]. Proteasome inhibitors are currently one of the most important chemotherapeutic drugs for
the treatment of multiple myeloma (MM) and mantle cell lymphoma (MCL) [9]. In 2003, the US Food and
Drug Administration (FDA) approved the first proteasome inhibitor, bortezomib, followed by carfilzomib and
ixazomib in 2012 and 2015, respectively [10]. Additionally, several natural compounds and their derivatives
have recently been identified as proteasome inhibitors. Owing to their unique chemical diversity, natural
products possess a diversity of biological activities and pharmaceutical properties. In the search for new
pharmacologically active substances, natural products from various sources have been shown to play an
important role in the treatment of many diseases. Reports indicate that polyphenols like epigallocatechin
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gallate (EGCG) [11], quercetin [12], terpenoids such as celastrol [13] and petrosapongiolide M [14] have
been proven to be proteasome inhibitors.

In this review, we describe and discuss: 1) the UPS process and related molecular mechanisms; 2) the
clinically used as well as other potential proteasome inhibitors; 3) The molecular mechanism by which they
inhibit the proteasome; 4) natural products for proteasome inhibition and their future perspectives.

2. General Overview of Ubiquitin Proteasome System
2.1. UPS

The proteasome system regulates cellular functions and removes damaged, misfolded, or redundant
proteins from cells in a well-orchestrated manner [15]. This pathway consists of two highly coordinated steps,
including ubiquitination of the substrate proteins and their degradation by the proteasome (Figure 1). To
guarantee that the proteasome accurately recognizes the protein to be degraded, ubiquitin must first be
attached to the target protein. Ubiquitin is a 76 amino acid protein with various functions, especially protein
degradation [15]. Polyubiquitination is mediated by a cascade reaction including a series of enzymes (E1, E2,
and E3) that sequentially transmit ubiquitin molecules to the corresponding cellular targets [16]. The
ubiquitinated protein is recognized by a special regulatory subunit on the proteasome complex to mediate
deubiquitination, and the ubiquitin chain is removed for subsequent recycling. The protein is then unfolded
by the proteasome complex and transferred to the internal cleavage into peptide products [15].
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Figure 1. The overview of UPS and proteasome inhibitors. Ubiquitin (Ub) is activated by the activating enzyme E1,
Ub is then transferred to the conjugating enzyme E2. The ligase E3 enzyme attaches Ub to the target protein (substrate)
and a substrate with at least four Ub moieties is recognized by the proteasome for degradation.

2.2. Composition of the Proteasome

The proteasome complex is not static but varies in many ways due to compositional changes in
structural subunits, catalytic subunits, post-translational modifications, and regulatory subunits [17].
Generally, different forms of proteasome could be regulated according to the conditions in the cells, and the
proteasome forms can also differ among cell types and tissues with different functions [17].

The proteasome mainly refers to the 26S proteasome, which catalyzes the degradation of the vast
majority (at least 80%) of proteins in growing mammalian cells, operating in a ubiquitin- and ATP-dependent
manner [9]. The 26S proteasome is a multiprotein complex consisting of a catalytic core 20S in the middle
catalytic position and one or two 19S regulatory subunits at either end (Figure 1) [18]. The 20S proteasome is
the most important component of the ubiquitin-dependent protein degradation pathway [19]. In some cases,
the 20S core can also act alone, leading to the degradation of ubiquitin-independent proteins [16]. The 20S
core particle is a barrel-shaped structure composed of four heptameric rings formed by 14 o and 14 f
subunits, and the two outer and inner rings are seven a subunits (al-7) and B subunits (B1-7), respectively.
The outer o subunits are configured to form a barrier by its N-terminal to prevent proteins from entering and
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leaving the core. The protease activity of the proteasome is attributed to three catalytic sites with distinct
cleavage specificities, including caspase-like (1), trypsin-like ($2), and chymotrypsin-like (B5) activities.
Among them, the chymotrypsin-like site on B5 is the primary target of proteasome inhibitors as it is the main
rate-limiting factor in the process of protein degradation [20]. In addition, the immunoproteasome versions of
the catalytic sites are Bli, f2i, and B5i subunits. “i” stands for immunoproteasome, the predominant form of
proteasome in corresponding antigen-presenting cells of the body’s immune system [21]. The remaining four
inactive [ -protease subunits are homologues of the three active subunits mentioned above [21]. In most
occasions, 20S core particles coexist with three kinds of regulatory complexes, 19S, 11S and PA200 [22].

2.3. Mechanism of Proteasome Inhibitors-Mediated Cytotoxicity

The UPS is involved in a wide range of processes, participating in various mechanisms of cell death,
and affecting many pathways in tumor cells. Tumor cells undergo abnormal changes in intracellular
metabolism due to unlimited proliferation, leading to a higher occurrence of misfolded proteins during the
process of massive protein synthesis compared to normal cells [23]. Under excessively high metabolic levels,
the quantity of proteins that require degradation within cells also rises significantly. Therefore, proteasome
activity is maintained at a high level in numerous tumor cells. Inhibition of proteasome activity with
proteasome inhibitors often leads to the inability of tumor cells to metabolize intracellular proteins in time,
causing an imbalance in intracellular metabolism, and ultimately leading to the demise of tumor cells [24].
Proteasome inhibitors have been shown to induce apoptosis through multiple pathways. The main
mechanisms by which proteasome inhibition induces apoptosis and cell death are discussed below.

2.3.1. Endoplasmic Reticulum (ER) Stress and Oxidative Stress

Malignant tumors are characterized by alterations in the mTOR signaling and growth signaling
pathways, which generally reflect significant increases in the rate of protein synthesis. Excessive protein
synthesis in tumor cells overloads the ER’s ability to fold proteins, leading to acute proteotoxic stress and
ultimate ER stress. Under the ER stress, misfolded proteins in cells are primarily degraded by the UPS to
maintain their stability. Tumor cells are more susceptible to proteasome inhibitors than healthy cells because
of the higher rates of translation-induced protein misfolding in tumor cells. Numerous studies have
demonstrated that in vitro administering different proteasome inhibitors to tumor cells can produce acute ER
stress and lead to apoptosis [25-28]. Notably, oxidative stress makes proteins vulnerable to oxidative changes
when they are folded in the ER. Although the connection between oxidative stress and proteasome inhibitors
is unclear, some studies have demonstrated that inhibition of ROS generation by antioxidants can
significantly reduce proteasome inhibitor-induced apoptosis. This suggests that oxidative stress plays a key
role in triggering apoptosis through UPS inhibition [29,30].

2.3.2. NF-«kB Signal Pathway

NF-«B is an anti-apoptotic factor closely related to tumor growth and an anti-tumor pathway associated
with proteasome inhibitors [31]. The IkB kinase inactivates NF-«xB by inhibiting the p65-p50 heterodimer.
After stimulating cells with antigens, cytokines, viruses, etc., IkB is modified by phosphorylation and
ubiquitination, and then degraded by the proteasome to release NF-kB. The released NF-kB is subsequently
translocated into the nucleus. NF- kB binds to genes encoding anti-apoptotic factors and promotes the
transcription and expression of anti-apoptotic proteins. Proteasome inhibitors can prevent the degradation of
IxB by inhibiting the activity of the UPS, thereby inhibiting the activation of the anti-apoptotic factor NF-«xB
and exerting an anti-tumor effect [32].

2.3.3. Cell Cycle Regulation

Through the detection, interaction, and ubiquitination or deubiquitination of important proteins, the UPS
guarantees a unidirectional way throughout the cell cycle and coordinates movement between each phase of
the cell cycle. Therefore, the UPS is crucial for controlling cell cycle progression. The activity of cyclin-
dependent kinases (CDKs) is controlled by ubiquitin-mediated proteolysis of important regulators such as
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cyclins, the CDK inhibitors, or other kinases and phosphatases, and is responsible for cell cycle changes.
Since most cell cycle regulators are the UPS substrates, proteasome inhibition results in uncontrolled cell
cycle progression and growth arrest in the G1 and G2 stages of the cell cycle [33]. The p53 gene is a human
tumor suppressor gene, which encodes the p53 protein with a strong tumor suppressor effect and has also
attracted considerable research and interest for its role in cell cycle control. The ability of p53 protein to
arrest the cell cycle is due to its indirect downregulation of the numerous gene expressions required for cell
division cycle progression. The p53 protein has the physiological function of activating DNA repair proteins
and preventing cell growth. Sequence variants or deletion of p53 gene are found in most cancer patients.
Under normal circumstances, the half-life of the p53 protein is very short, and blocking proteasome activity is
beneficial to reduce the degradation of p53 protein and increase its level rapidly [34].

3. Small Molecule Proteasome Inhibitors for Cancer Therapy

Owing to the role of the UPS in protein degradation, proteasome inhibitors were initially developed as
agents with potential benefit in preventing cancer-related cachexia. Numerous preclinical studies have
subsequently shown that small-molecule proteasome inhibitors have the potential to be used as chemotherapy
drugs because they could induce apoptosis in cultured cell lines and mouse cancer models. Research on
proteasome inhibitors is mainly aimed at the inhibition of the proteasome 20S proteolytic core, and the
proteasome inhibitors function by forming reversible or irreversible covalent compounds with the threonine
active site of the proteasome [35]. According to their different chemical structures, proteasome inhibitors can
be categorized into peptides and non-peptides. Peptides include peptide boronates, peptide epoxyketones,
peptide aldehydes, peptide heterocycles, peptide vinyl sulfones and cyclopeptides, while non-peptides include
B-lactones and others. To date, the proteasome inhibitors approved by the FDA are bortezomib, carfilzomib,
and ixazomib for the treatment of MM or MCL [36]. Other novel proteasome inhibitors, such as marizomib
and oprozomib, are currently under preclinical trials (Table 1).

Table 1. Proteasome inhibitors approved or in clinical trials.

Proteasome Tvpe Target of Binding Current Route of
Inhibitor yp Interaction  Kinetics Clinical Stage Administration
Bortezomib
. Dipeptide boronic g5 51~ 5> Reversible Approved by FDA in 2003  Lniravenous/
EJ)L nw acid subcutaneous
Carfilzomib
P e J Epoxy-peptide B5>p2/p1  Irreversible Approved by FDA in 2012 Intravenous/
O s, :;l ~ subcutaneous
: _\]/ # ”E:w
Ixazomib Dinentide b .
/@(\)L:};/J\ 'Pep lacei d oronie B5>p1>p2 Reversible Approved by FDA in 2015 Oral
Marizomib
B-lactone-y-lactam 5> P2 > 1 Irreversible Phase 111 Intravenous
Oprozomib
) . .
I ‘ Tripeptide epoxy .
_{.ﬂ;\n )‘7(1\_‘ ﬁ P ketone p5 Irreversible Phase I/11 Oral
b o :\F‘ :

3.1. Bortezomib

Bortezomib is the first proteasome inhibitor, approved by the FDA in 2003 [37]. The structure of
bortezomib consists of a peptide-like backbone and a boronic easter part. This boronic ester part binds tightly
to the threonine catalytic site in the 20S proteasome, resulting in a slow and reversible inhibition of its
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activity. Specifically, bortezomib mainly inhibits the B5 activity of the proteasome, while the inhibition of B1
and B2 activities is weaker. By inhibiting the proteasome, bortezomib disrupts the degradation of proteins
within cells and can induce cell cycle arrest and cell death in cancer cells. It is typically utilized in the first-
line treatment of patients with MM or MCL [19].

It is reported that bortezomib can effectively inhibit the 20S proteasome by targeting threonine residues
(Ki= 0.6 nM) [23]. The IC,, value of bortezomib against U266 MM cells is 30 nM [38]. Bortezomib can also
induce apoptosis in MCL cell lines [39]. In addition, studies have reported the effect of bortezomib on
different lymphoma cell lines, with EC,, values ranging from 6 nM (DHL-7 cells) to 25 nM (DHL-4 cells)
[40]. It is worth noting that bortezomib has been shown to induce apoptosis and inhibit the growth of human
myeloma cells. Bortezomib possesses the IC,, value of 30 nM in human MM RPMI 8226 MM cells [41]. In
subsequent animal experiments, tumor growth was significantly inhibited and even completely regressed in
bortezomib-treated myeloma mice. In addition, bortezomib has also demonstrated potent anti-tumor efficacy
in many preclinical solid tumor mouse models, such as lung, head and neck, breast, and melanoma xenograft
mouse models [23,42].

Of note, clinical trials have utilized bortezomib alongside other anti-cancer medications to address MM
and MCL [43]. Most patients receive a clinical regimen consisting of immunomodulators and proteasome
inhibitors, typically lenalidomide and bortezomib combined with dexamethasone. Phase I-III trials have
demonstrated that this combination is associated with favorable response rates, manageable toxicity, and
clinical benefit. The Southwest Oncology Group S0777 phase III research shows that adding bortezomib to
lenalidomide and dexamethasone dramatically improves the prognosis of patients with previously untreated
MM. Survival rates were improved with an increase of 11 months in overall survival and 13 months in
progression-free survival (PFS) [44]. In addition, the VcR-CVAD regimen (a combination of bortezomib,
rituximab, cyclophosphamide, vincristine, doxorubicin, and dexamethasone) is effective and well tolerated in
patients with primary MCL. The complete response rate, overall response rate (ORR), and 3-year PFS were
68%, 95%, and 72%, respectively [45,46]. Clinically representative treatment options include VD (bortezomib
plus dexamethasone) [47] and VR-CAP (bortezomib, rituximab, cyclophosphamide, doxorubicin, and
prednisone) [48].

3.2. Carfilzomib

Bortezomib has a limited range of applications due to its severe toxicity and drug resistance. The natural
substance epoxomicin underwent structural alteration to create the next generation of proteasome inhibitor
carfilzomib. The FDA subsequently authorized carfilzomib in 2012. Carfilzomib is an irreversible
proteasome inhibitor, and its epoxy ketone can interact with the threonine active site of the proteasome to
establish a covalent link, which makes it different from bortezomib. Epoxyketones can interact with the N-
terminal threonine of the proteasome active site, which is similar to the mode of action of borates (such as
bortezomib and ixazomib). However, unlike reversibly bound borates, the irreversible covalent bonding of
epoxyketones with an N-terminal threonine can inhibit proteasome longer. Studies have demonstrated that
carfilzomib is superior to bortezomib in preclinical and clinical contexts [49,50]. Carfilzomib outperforms
bortezomib in enhancing Janus kinase phosphorylation and/or caspase activity in acute lymphoblastic
leukemia and MM cell lines [50]. Carfilzomib also shows a promising effect on inducing apoptosis in
bortezomib-resistant MM cells [50].

Carfilzomib exhibits a preferential inhibitory effect on B5 activity, effectively reducing it by more than
80% at concentrations of 10 nM [50]. The carfilzomib effectively inhibits the viability of RPMI 8226 cells
with the IC,, value of 5 nM. Additionally, carfilzomib can overcome dexamethasone resistance in MM1.R
cells with the IC;; of 15.2 nM, which is lower than the value of 29.3 nM in parental MML1.S cells [50].

During the clinical phase I trial, carfilzomib was given intravenously for patients with MM, Hodgkin’s
disease and non-Hodgkin’s lymphoma every 14 days on day 1-5 and the dose ranged from 1.2 to 20 mg/m’
over 1-2 min. The ORR for MM patients was 7.1% and the clinical benefit response rate (CBR) was 14.3%
[51]. The dose of carfilzomib was increased to 20 mg/m’ in the first cycle and 27 mg/m’ in the succeeding
cycles of Phase II studies PX-171-003 and PX-171-004, in which patients with MM received extensive
pretreatment with bortezomib. Higher ORR and CBR were seen in both trials compared to the PX-171-001
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trial, with ORRs of 17.1% and 23.7%, and CBRs of 31.4% and 37%, respectively [52,53]. Furthermore, the
findings of its phase III clinical study demonstrated that carfilzomib is effective in patients who have had a
relapse and are resistant to bortezomib [54, 55]. Clinical evidence from phase I and II trials evaluating
individuals with advanced MM suggests that combining carfilzomib and dexamethasone may be a beneficial
therapy option for those with relapsed/refractory MM (RRMM) [56, 57]. Although carfilzomib has been
demonstrated to be superior to first-generation proteasome inhibitor bortezomib, there are still limitations in
terms of its poor efficacy in patients with solid tumors [58].

3.3. Ixazomib

Ixazomib is the first oral reversible proteasome inhibitor, approved by the FDA in 2015. Its active form
consists of a borate moiety [59]. Ixazomib citrate is a prodrug that is rapidly hydrolyzed to bioactive
ixazomib under physiological conditions. Carfilzomib or ixazomib often shows excellent efficacy when
patients are resistant to bortezomib. Compared with bortezomib, ixazomib has better pharmacokinetic and
pharmacodynamic properties and exhibits more potent anti-tumor activity in hematologic xenograft and solid
tumor mouse models [60].

Preclinical studies have shown that ixazomib selectively inhibits B5 activity of 20S proteasome with an
IC,, value of 3.4 nM and suppresses Pl activity at a higher concentration (IC;, value of 31 nM) [60]. This
experiment also conducted cell viability studies in a variety of mammalian cell lines to detect the anti-
proliferative effect of ixazomib in vitro. In addition, ixazomib citrate prevents all three proteolytic sites (35,
B2, B1) in MM cells [61]. It is reported that ixazomib efficiently inhibits the growth of MG-63 and Saos-2
cells in a time- and dose-dependent manner with IC,; values of 0.4 pM and 0.8 puM, respectively [61].
Ixazomib (11 mg/kg) effectively reduces the proliferation of the MM cells in vivo and increases the survival
of the human plasmacytoma MM. 1S xenograft mice model [62]. Clinically, ixazomib combined with
dexamethasone and lenalidomide can increase PFS in patients with RRMM [63]. In addition, in vitro studies
have shown that ixazomib can induce apoptosis in both bortezomib- and lenalidomide-resistant cell lines
[62]. Notably, the main side effects of ixazomib are skin rash and gastrointestinal adverse events [60].

3.4. Marizomib

Salinosporamide A, also known as marizomib, is a natural substance isolated from the bacteria
Salinispora in marine sediments and acts as an irreversible proteasome inhibitor [10]. Studies have shown
that marizomib can inhibit the activities of 5, f1, and B2 of the 20S proteasome, with IC,, values of 3.5,
28, and 430 nM, respectively [64]. Furthermore, marizomib significantly inhibits the proteasome activity
on U-251 and D-54 cells [65]. The immunostaining analysis of MM tumors treated with the combination of
marizomib and bortezomib demonstrates significant growth inhibition, induction of apoptosis, and
concurrent angiogenesis [38]. Marizomib also significantly slows tumor development in a human MM
xenograft murine model when administered intravenously twice a week at a dose of 0.15 mg/kg for three
weeks [66].

3.5. Oprozomib

Oprozomib, a tripeptide analog of carfilzomib, is an orally bioavailable proteasome inhibitor in clinical
trials for the treatment of newly diagnosed and RRMM with severe gastrointestinal reactions [67].
Oprozomib shows anti-cancer efficacy equivalent to carfilzomib in preclinical studies [68]. The IC,, value of
oprozomib is 36 nM [59]. It is worth noting that the oral oprozomib-pomalidomide-dexamethasone
combination has also shown promise in clinical studies for treating individuals with RRMM [69].

Currently, several other compounds are being studied in clinical trials. Zetomipzomib and M-3258 are
immunoproteasome inhibitors that have entered clinical trials with higher solubility [70,71]. ACU-D1 is a
novel proteasome inhibitor for the treatment of moderate to severe rosacea, which can reduce inflammatory
lesions and erythema in affected patients. These ongoing clinical trials and investigations hold promise for
expanding the use of proteasome inhibitors beyond their current indications, offering new treatment options
and hope for patients across various disease areas.
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4. Natural Products as Proteasome Inhibitors

The use of natural products in preventing and treating diseases has a long history. Recent research
indicates that various natural products play a role in engaging the UPS through their pharmacological actions
[72]. Several natural compounds and their derivatives have been identified as proteasome inhibitors in recent
years (Figure 2). The discovery and identification of these molecules have the potential to pave the way for
the development of powerful anti-cancer drugs. These medications can effectively combat the negative
effects and resistance mechanisms that are commonly observed with currently approved proteasome
inhibitors. This breakthrough could significantly enhance clinical advancements in the field and offer more
effective treatment options for cancer patients.
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Figure 2. Natural products as proteasome inhibitors. (1)—(7), polyphenols; (8)—(12), terpenoids and steroid; (13)—(15),
alkaloids; (16) ajoene.

4.1. Polyphenols

Natural polyphenols are widely found in cocoa beans, tea, vegetables, fruits, as well as some Chinese
medicinal herbs. They are a class of plant compounds containing a variety of phenolic structural units with
potent anti-oxidative and anti-inflammatory properties. Polyphenols are composed of flavonoids (such as
flavanols, anthocyanidins, anthocyanins, isoflavones, etc.) and non-flavonoids (such as phenolic acids,
stilbenes, and lignans). The anti-cancer effects of naturally occurring polyphenols have become a hot topic in
many studies over the past two decades [73].

The EGCG, an active ingredient of green tea, is one of the prominent phenolic proteasome inhibitors
[73]. The EGCG has an inhibitory effect on the 5 activity of the 20S proteasome [11,74—75]. The IC;, value
of the EGCG is 86 nM [76]. Studies have shown that anthocyanins and their aglycons have inhibitory effects
on the proteasome [12]. Apigenin, a flavonoid found in a variety of fruits and vegetables, has been shown to
suppress the activity of the proteasome and cause apoptosis in leukemia Jurkat T cells [12,77-78]. The IC,,
value of apigenin is 1.8 uM [12] In addition to apigenin, other dietary flavonoids such as quercetin,
myricetin, and kaempferol can effectively inhibit the B5 activity [12,80]. Studies have shown that kaempferol
is six times less potent than apigenin, with the IC, value of 10.5 uM. It is speculated that hydroxyl groups at
specific positions contribute to the ability of these flavonoids to inhibit the proteasome [12]. However,
although having the same C3 hydroxyl group, quercetin exhibits superior proteasome inhibitory activity to
myricetin, with the IC,, values of 3.5 uM and 10 uM, respectively [12]. Isoginkgetin is a natural biflavonoid
proteasome inhibitor that reduces the 20S proteasome by greater than 50% at a dose of 30 uM [80].
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4.2. Terpenoids and steroid

A class of natural chemicals with a four-ring structure often found in plants are called terpenoids and
steroids. Triterpenoids are a powerful group of phytochemicals derived from plant foods and herbs, which have
been shown in several reports to exhibit chemotherapeutic effects in cell lines and animal models [81-83].

Celastrol is an active compound isolated from the root of the “Thunder of God Vine” (Tripterygium
wilfordii) used in traditional Chinese medicine. Some results indicate that celastrol is a natural proteasome
inhibitor with great potential for cancer prevention and treatment. Celastrol can inhibit B5 activity of purified
208 proteasome with the ICs, value of 2.5 uM in vitro [13,84—87]. Petrosapongiolide M is a natural terpene
with anti-inflammatory properties. A pharmacological investigation reveals that Petrosapongiolide M has a
significant inhibition of the B1 and B5 activities with the IC,, values of 0.85 + 0.15 uM and 0.64 + 0.15 pM,
respectively [14].

Oxygenated steroids represent a class of proteasome inhibitors, among which withaferins are the most
prominent anti-tumor compounds found in a steroidal lactone purified from the medicinal plant “Indian
Winter Cherry” (Withania somnifera) [88—90]. Withanolides are a group of naturally occurring C28-steroidal
lactones. Steroids have a particular configuration of four linked cycloalkane ring structures, three
cyclohexane rings, and one cyclopentane ring. Withaferin A potently inhibits the 5 activity of the purified
rabbit 20S proteasome with the IC, value of 4.5 uM, which highlights the potential use of this natural
product for cancer treatment or prevention [88—90]. The agosterols are a large group of natural products
consisting of more than a dozen high-oxygen steroids [91]. Agosterol C has the IC;, value of 10 pg/mL for
proteasome inhibition, making the substance more desirable in preventing tumor cells from developing
multidrug resistance [92].

4.3. Alkaloids

Studies have shown that aaptamine, isoaaptamine, and demethylaaptamine isolated from the marine
sponge Aaptos suberitoides collected in Indonesia can act as proteasome inhibitors. These substances inhibit
the B5 and B1 activities of the proteasome with IC, values of 1.6—-4.6 png/mL, but the inhibitory effect on 2
activity is not obvious [93]. Steroidal alkaloids are a class of natural products that occur in several species of
the Solanaceae family. In the case of the tomato plant (Lycopersicon esculentum Mill.), tomatine and its
aglycone, tomatidine, are the most representative molecules. Tomatine has been reported to promote the
upregulation of nuclear apoptosis inducing factors in neuroblastoma cells, as well as inhibit 20S proteasome
activity with the IC,; value of 2 uM [94].

4.4. Others

In addition to the ones summarized above, numerous other natural products have inhibitory effects on
the proteasome. Ajoene has been reported to affect proteasome function and activity both in vitro and in vivo,
its role in the prevention and treatment of cancer is receiving increasing attention. Furthermore,
epoxyphomalins A and B, a new family of natural products that are from a marine-derived fungus, are also a
class of proteasome inhibitors. They are found to be cytotoxic, particularly against prostate PC3M cells and
bladder BXF 1218 L cells with the IC; value of 0.72 uM and 1.43 pM, respectively [95].

5. Conclusion and Perspective

The UPS plays an important role in the onset and progression of cancer and in the development of
chemotherapy resistance. Clinically proteasome inhibitors are mainly used in the treatment of MM and MCL
with ideal therapeutic effects [96]. It should be noted that the success of proteasome inhibitors in treating
hematologic malignancies has not yet been reached in the therapy of solid tumors [58]. Despite of the
encouraging results about suppressing the growth of solid tumors in animal studies, the proteasome inhibitors
show limited efficacy in several reported clinical trials [97]. This may be related to the low estimated
abundance of immunoproteasome in solid tumors [98]. Moreover, the clinical applications of proteasome
inhibitors still have some challenges including drug resistance and severe side effects.

To address these issues, there is an urgent need to develop novel proteasome inhibitors with different
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targets. Small molecule proteasome inhibitors are still in development. Natural products as the source of drug
discovery also show great potential as the next generation of proteasome inhibitors. On the other side,
inspired by the function of UPS, targeted protein degradation induced by proteolysis-targeting chimeras
(PROTAC:S) have attracted more and more attentions, as it may provide new possibilities for drug discovery
and provide tangible therapeutic benefits [99].
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