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Proteasome-mediated degradation is a commonmechanismbywhich cells renew their intracellular proteins and
maintain protein homeostasis. In this process, the E3 ubiquitin ligases are responsible for targeting specific
substrates (proteins) for ubiquitin-mediated degradation. However, in cancer cells, the stability and the balance
between oncoproteins and tumor suppressor proteins are disturbed in part due to deregulated proteasome-
mediated degradation. This ultimately leads to either stabilization of oncoprotein(s) or increased degradation
of tumor suppressor(s), contributing to tumorigenesis and cancer progression. Therefore, E3 ubiquitin ligases in-
cluding the SCF types of ubiquitin ligases have recently evolved as promising therapeutic targets for the develop-
ment of novel anti-cancer drugs. In this review, we highlighted the critical components along the ubiquitin
pathway including E1, E2, various E3 enzymes and DUBs that could serve as potential drug targets and also
described the available bioactive compounds that target the ubiquitin pathway to control various cancers.
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1. Introduction

1.1. The ubiquitin-proteasome system (UPS) and the E1–E2–E3
ubiquitination enzymatic cascade

The abundance of proteins within a cell should be tightly regulated
according to the cellular needs or physiological demand [1]. A dysregu-
lated pool of proteins may lead to various types of disorders including
human cancers [2]. It is known that both the rate of synthesis and the
speed of destruction determine the intracellular level of a given protein,
and the latter mechanism is commonly referred as proteolysis [3].
Emerging evidence has demonstrated that there are two major
proteolytic pathways, namely proteasome-mediated degradation and
lysosomal-mediated proteolysis, which are conserved from yeast to
human [4]. Studies have also suggested that eukaryotic cells mainly uti-
lize the two regulatory mechanisms to clear the damaged or unwanted
proteins to prevent constant activation of specific molecular signaling
pathways that may cause diseases such as cancer [5].

It is well accepted that proteasome-mediated proteolysis consists of
twomain steps. The first step is protein labeling for destruction, and the
second step is protein degradation by the 26S proteasome [6]. Specifi-
cally, the first step is further divided into three coordinated strides:
activation of the ubiquitin molecule by the ubiquitin-activating enzyme
(E1), transfer of ubiquitin by the ubiquitin-conjugating enzyme (E2)
and subsequently the attachment of ubiquitin moieties to the substrate
protein by the ubiquitin ligase (E3) [7]. It has been well documented that
ubiquitin is a 76-amino-acid protein that is highly conserved among eu-
karyotic organisms and present in all type of cells [8]. Mechanistically,
ubiquitin molecules are activated by the E1 enzyme via associating to
the cysteine residues of the E1 enzyme through a thioester bond in an
ATP-dependent manner. Then, the activated ubiquitin molecule is trans-
ferred to a cysteine residue of the E2 enzyme, which is subsequently re-
cruited into the E3 ligases. Finally, the E3 complex binds substrate
proteins with a recognizable subunit, bridging the ubiquitin-charged, ac-
tive forms of E2 and the substrate protein that is targeted to be degraded
and facilitating the attachment of ubiquitins to targeted proteins [9]
(Fig. 1). Hence, E3 ligases attract more research attention than E1 and
E2 enzymes in part due to the high variability of their components that
play a significant role in determining the substrate specificity [10].

1.2. The classification of E3 ubiquitin ligases

E3 ligases are structurally categorized into threemajor types: U-box
domain, really interesting new gene (RING), and homologous to E6-
Fig. 1.Proteasome-mediatedproteolysis is achieved by a series of enzymatic steps: activation of
ubiquitin-conjugating enzyme (E2) and subsequently the attachment of ubiquitin moieties to
DUB-mediated deubuiquitination. Afterwards, the ubiquitinated proteins are degraded by the
components in the ubiquitin proteasome system including E1, E2, and E3 ligases, DUBs and the
the abundance of certain oncoprotein(s) or tumor suppressor protein(s) to achieve effective an
associated protein C-terminus (HECT) [11]. Interestingly, HECT type E3 li-
gases receive ubiquitin from E2 enzyme, and directly link ubiquitinmole-
cules to the lysine residue of target proteins independent of the E2
enzyme. Unlike HECT type, U-box and RING type E3 ligases largely func-
tion as scaffolding proteins and provide docking sites for the ubiquitin-
charged E2 and substrate proteins. RING type E3 ligase is characterized
as a subunit containing RING domain for recruiting E2 enzyme. Notably,
RING E3 ligases are further classified into single-molecular RING contain-
ing E3 ligases or multi-subunit E3 ligase complexes including various
Cullin-containing E3 ligase complexes such as Skp1/Cul1/F-box protein
complex (SCF), Cullin 2/Elongin B/C/VHL, Cullin 3/BTB, Cullin 4A/DDB1/
DCAF, Cullin 4B/DDB1/DCAF, Cullin 5/SOCS, Cullin 7/FBXW8, as well as
the Cullin-related anaphase-promoting complex/cyclosome complex
(APC/C) [12–17].

There is growing evidence that SCF ubiquitin ligases play a crucial role
in the development andprogressionof human cancer, suggesting that SCF
ubiquitin ligases could be promising therapeutic targets for designing
anti-tumor drugs. Therefore, in this review, we mainly focused on the
mechanisms of protein degradation, and the specific ligases involved in
the ubiquitin-mediated degradation, as well as how dysfunction of E3
ligases including SCF ubiquitin ligases leads to cancer development, and
finally pharmacological intervention of proteasome in cancer treatment.

2. Small molecules target the ubiquitin–proteasome system

A growing body of literature implicates that some compounds target
general components in the ubiquitin proteasome system including E1,
E2, E3 and proteasome, which influence proteasome-mediated degra-
dation system [7]. It is noteworthy that although numerous efforts
have beenmade to develop potent inhibitors for E1, E2 and proteasome,
lack of specificity impeded the use of these types of compounds in their
clinical applications. Generally, these inhibitors target various compo-
nents of the ubiquitin proteasome system, thereby affecting the pool
of virtually all physiologically essential proteins alongwith the targeted
protein substrates. This leads to the elevation of essential as well as
non-essential proteins in cells that could cause severe side-effect due
to the off-target effects. In contrast, E3 ligases possess relatively high se-
lectivity to substrate proteins, and are believed to be a more promising
therapeutic target for cancer treatment with less off-target effects.

2.1. Targeting the E1 enzyme

E1 enzyme is indispensable for proteasome-based degradation pro-
cess by activating ubiquitin molecules, demonstrating that E1 enzyme
the ubiquitinmolecule by theubiquitin-activating enzyme (E1), transfer of ubiquitin by the
the substrate protein by the ubiquitin ligase (E3), a process that could be antagonized by
26S proteasome. Many compounds or inhibitors have been developed to target essential
proteasome, which influence proteasome-mediated degradation system, therefore affects
ti-cancer effects.
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could be a highly effective pharmacological target for inhibition of the
ubiquitin–proteasome pathway. Several compounds have been report-
ed to target the E1 enzyme (Table 1). The first E1-targeting compound,
panepophenanthrin, was discovered in the fermented broth of a mush-
room strain in 2002 [18]. Although panepophenanthrin inhibited the
binding of ubiquitin to E1, this compound did not inhibit cell growth,
suggesting that further investigation is required to explore its cellular
effects [18]. Subsequently, panepophenanthrin was synthesized in its
racemic form [19–21] and new cell-permeable E1 inhibitors, RKTS-80,
-81, and -82were developed [22]. Furthermore, Himeic acid A, ametab-
olite isolated from a marine fungus, also exhibited an inhibitory effect
on E1 catalytic activity [23]. In addition, Largazole, known as a putative
histone deacetylase (HDAC) inhibitor, has also been reported to disrupt
the formation of ubiquitin-adenylate intermediate, indicating that
largazole could be an E1-targeting agent as well [24]. In line with this
notion, it has been reported that Largazole inhibited the proliferation
and clonogenic activity in lung cancer cells [25]. Notably, the most po-
tent E1 inhibitor, hyrtioreticulins A, was recently identified from sponge
alongwith hyrtioreticulins B, which also possessed inhibitory effect [26]
. Interestingly, both largazole and hyrtioreticulins are derived fromma-
rine organisms. It is to be noted that an adenosine sulfamate analog is
known to inhibit the activity of human E1 protein. In this process, this
compound forms an adduct with ubiquitin molecules, which strongly
binds at the active site of the E1 enzyme, and eventually blocks the com-
pletion of the ubiquitin activation process [27].

Recently, Yang et al. reported a new cell permeable inhibitor of E1,
PYR-41 [28]. This group found that PYR-41 blocked the ubiquitination
of TRAF6 and prevented the proteasomal degradation of IκBα and
p53 [28]. More importantly, PYR-41 killed transformed p53-
expressing cells, demonstrating that PYR-41 is an effective E1 inhib-
itor for treatments of human cancers [28]. More recently, Chen et al.
reported several additional E1 inhibitors [27]. Specifically, these E1
inhibitors blocked E1-dependent ATP–PP exchange activity, leading
to the loss of E1 thioester and subsequent inhibition of the E1–E2
transthiolation [27]. However, further in-depth investigations are re-
quired to fully validate their biological effects in treating human cancer
cells, andwhether these identified E1 inhibitors could specifically target
a subset of cancer cells, but sparing normal somatic cells, for induced
cell death.

In addition, it has been known that Cullins are indispensable compo-
nents functioning as scaffold molecules in a multi-subunit E3 ligase
Table 1
The list of compounds targeting E1 enzymes.

Compound Target and function Reference

Panepophenanthrin From fermented broth of a mushroom strain;
inhibits the binding of ubiquitin to E1; does
not inhibit cell growth

[18]
[19–21]

RKTS-80, -81,
and -82

Cell-permeable E1 inhibitors [22]

Himeic acid A From a marine fungus; an inhibitory effect on
E1 catalytic activity

[23]

Largazole Histone deacetylase inhibitor; disrupts the
formation of ubiquitin-adenylate intermediate

[24]

Hyrtioreticulins A, From the marine sponge Hyrtios reticulates;
inhibits E1 activity

[26]

Adenosine sulfamate
analog

Forms an adduct with ubiquitin molecules,
binds at the active site of the E1 enzyme,
and blocks the completion of the ubiquitin
activation process

[27]

PYR-41 Blocks the ubiquitination of TRAF6 and prevents
the proteasomal degradation of IκBα and p53

[28]

E1 inhibitors Block E1-dependent ATP–PP exchange activity,
leading to the loss of E1 thioester and inhibition
of the E1–E2 transthiolation

[27]

MLN4924 A blocking agent for Cullin neddylation via
suppressing the Nedd8-activating E1 enzyme

[32,33]

Deoxyvasicinone
derivative

Inhibit NAE activity through blocking the
ATP-binding domain

[34]
complex mentioned above [29]. More importantly, the attachment of
an ubiquitin-like molecule Nedd8 to Cullins, a process also referred as
neddylation, is a prerequisite for achieving robust catalytic activity of
an E3 ligase [30,31]. This unique modification provides an alternative
strategy to target proteasome-mediated degradation. To this end,
MLN4924, a potent and selective inhibitor, was identified as a blocking
agent for Cullin neddylation via suppression of the Nedd8-activating
E1 enzyme (NAE), which eventually attenuates the function of the var-
ious Culllin-containing E3 ligases to exert its anti-tumor activities [32,
33]. Furthermore, natural compounds also were reported to inhibit the
function of NAE. For example, a dipeptide-conjugated deoxyvasicinone
derivative was recently found to inhibit NAE activity through blocking
the ATP-binding domain [34], while its biological effects in anti-cancer
treatments require additional studies.

2.2. Targeting the E2 enzyme

Studies have identified nearly forty E2 enzymes, indicating that
inhibiting E2 enzymes could lead to blocking of the degradation of
many substrates. A line of evidence has shown that E2 inhibitors
suppress E2 catalytic activity (Table 2). For example, inhibition of the
E2 enzyme Cdc34 by its inhibitor, CC0651, suppressed cell proliferation
and led to accumulation of Skp2 substrate p27 in human cancer cell
lines [35,36]. Leucettamol A, a cyclic peptide isolated from a marine
sponge, has been shown to inhibit the function of a heterodimeric E2
enzyme, UBC13–UEV1A complex, by interrupting the interaction be-
tween UBC13 and UEV1A [37]. In addition, Manadosterols A and B,
which are derived from another species of sponge, are recently identi-
fied as the UBC13–UEV1A complex inhibitors [38]. It is worth noting
that the UBC13–UEV1A E2 protein is responsible for the attachment of
additional ubiquitin molecules to the K63, instead of the K48 residue
of ubiquitin, to form a K63-linkage poly-ubiquitination chain on a sub-
strate protein [39]. This specific linkage of poly-ubiquitinationmodifica-
tion is known to regulate the NF-κB signaling, rather than acting as a
destruction mark, such as the well-studied K48-linkage or K11-linkage
poly-ubiquitination that are largely targeting the modified proteins for
degradation [40].

2.3. Targeting E3 ligases

Since E3 ligases determine the target specificity for ubiquitination,
inhibiting a single E3 ligase could be a better approach to treat human
cancers with less side effects. Several E3 ligases have been extensively
studied, including Fbw7 (F-box and WD repeat domain-containing 7),
Skp2, MDM2, and β-TRCP [6]. It is worth mentioning that Skp2 and
MDM2 are largely functioning as oncoproteins, whereas Fbw7 is a
bona fide tumor suppressor. Interestingly, β-TRCP could exert its onco-
genic or anti-tumor activity in a cellular- or context- dependentmanner
[6]. Therefore, targeting these E3 ligases is believed to specifically stabi-
lize a subset of tumor suppressors or promote the degradation of a
subset of oncoproteins without affecting the function of other proteins
that are important for normal cellular physiology. In the following
paragraphs, we will discuss the function of these important E3 ligases
Table 2
The list of compounds targeting E2 enzymes.

Compound Target and function Reference

CC0651 E2 enzyme Cdc34 inhibitor, suppresses cell
proliferation and leads to accumulation of
Skp2 substrate p27

[35,36]

Leucettamol A A cyclic peptide isolated from a marine sponge;
inhibits the function of a heterodimeric E2 enzyme,
UBC13–UEV1A complex, by interrupting the
interaction between UBC13 and UEV1A

[37]

Manadosterols
A and B

Derived from sponge, the UBC13–UEV1A
complex inhibitors

[38]
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and the potential usage of their potential inhibitors in cancer treatments
(Table 3).

2.3.1. Fbw7
Fbw7, a well known tumor suppressor, recognizes and ubiquitinates

multiple important oncoproteins including c-Myc [41–43], c-Jun [44,
45], Cyclin E [46–48], mTOR (mammalian target of rapamycin) [49],
Mcl-1 (Myeloid cell leukemia-1) [50,51], HIF-1α (Hypoxia inducible
factor-1α) [52,53], KLF5 (Kruppel-like factor 5) [54,55], MED13 (Medi-
ator 13) [56], KLF2 [57], NF-κB2 (Nuclear factor-κB2) [58,59], G-CSFR
(Granulocyte colony stimulating factor receptor) [60] and Notch-1
[61–63]. Given its critical role in tumor suppression, Fbw7 expression
and activities are tightly controlled. To this end, many Fbw7 upstream
genes including p53, Pin1 (Peptidyl-prolyl cis–trans isomerase NIMA-
interacting 1), C/EBP-δ (CCAAT/enhancer-binding protein-δ), and
Hes-5 (Hairy and Enhancer-of-split homologues 5) have been identified
to govern the expression or the cellular activities of Fbw7 [64–66].
Increasing evidence has also revealed that microRNAs (miRNAs) in-
cluding miR-27a, miR-25 and miR-223 could also control Fbw7
expression [67–70]. More importantly, there is ample evidence to sup-
port the notion that Fbw7 is frequently depleted ormutated in a variety
of human cancers. Therefore, restoring Fbw7 function via regulating its
upstream factors could be a promising approach for treating cancers.

The Fbw7's selectivity and specificity towards degradation of
oncoprotein ensures it as a promising target for anti-cancer thera-
pies. Oridonin, a diterpenoid compound extracted from medicinal
plants, induces cell cycle arrest and apoptosis in K562myeloid leukemia
cells by decreasing the intracellular level of c-Myc protein [71]. Studies
showed that the reduction in c-Myc abundance by oridonin is in part
due to its effects on the elevation of Fbw7 abundance. In addition,
other Fbw7 substrates including Cyclin E and mTOR are downregulated
as a result of oridonin treatment indicating its possible direct effects on
Fbw7 [71]. In addition, genistein was reported to upregulate Fbw7 ex-
pression due to down-regulation of miR-223, leading to the inhibition
of cell growth and invasion in pancreatic cancer cells [72]. The homo-
logue of Fbw7 in yeast, Cdc4, has also been recently reported to be a
druggable target. SCF-12, a biplanar dicarboxylic acid compound, has
been shown to distort its substrate binding pocket and impedes recog-
nition of phosphodegron on substrates [73]. However, it should be
borne in mind that these Fbw7-inducing agents should be only given
to patients with WT-Fbw7 genetic status but not those with deleted or
mutated Fbw7 genetic backgrounds.
Table 3
The list of compounds targeting E3 ligases.

Target Compound Target and function

Fbw7 Oridonin A diterpenoid compound extra
myeloid leukemia cells

Fbw7 Genistein From soybean, upregulates Fbw
Fbw7 SCF-12 A biplanar dicarboxylic acid co

phosphodegron on substrates
Skp2 Compound CpdA Increasing p27 levels in cancer
Skp2 SMIP0004 Developed through a high-thro
Skp2 Compound 25 (SZL-P1–41) Inhibits Skp2 E3 ligase activity
Skp2 Curcumin, quercetin, lycopene, silibinin,

epigallocatechin-3-gallate, Vitamin D3
Natural agents, inhibit the expr

β-TrCP Erioflorin From Eriophyllum lanatum, inh
Fbxl3 KL001 Binds to pocket in CRY substrat
Fbxo3 BC-1215 Competitively inhibits the subs
Cdc20 Pro-TAME Binds to the APC and prevents
Cdc20 Apcin Binds to Cdc20 and subsequent
Cdc20 Tosyl-L-arginine methyl ester Blocks the APC/C-Cdc20 and AP
Cdc20 NAHA A novel hydroxamic acid-deriv
Cdc20 Medicinal mushroom blend Suppresses Cdc20 expression in
Cdc20 Ganodermanontriol (GDNT) A ganoderma alcohol from med
Mdm2 Nutlin The first selective small molecu
Mdm2 RITA, HLI98, MITA, NSC 333003, a nutlin analog

L2, MBNA, tenovin-6, MI-63, MI-219, and others
These compounds target Mdm
2.3.2. Skp2
Skp2 (S-phase kinase associated protein 2) plays a pivotal role in the

development and progression of human cancers [74]. It has been found
that Skp2 targets and degrades its ubiquitination targets such as p21
[75], p27 [76], p57 [77], E-cadherin [78], and FOXO1 [79], many of
which are well characterized tumor suppressors, to exert its oncogenic
functions. For example, Skp2 E3 ligase binds and ubiquitinates cell cycle
negative regulator p27, contributing to the uncontrolled proliferation of
cancer cells [80]. Some studies have demonstrated that Skp2was critical-
ly involved in cell proliferation, apoptosis, migration, invasion, angiogen-
esis andmetastasis in a variety of humanmalignancies [81]. Consistently,
overexpression of Skp2was observed in a rangeof human cancers includ-
ing primary breast tumors [82,83], nasopharyngeal carcinoma [84] and
prostate cancer [74]. Moreover, overexpression of Skp2 is associated
with poor prognosis in various human cancers, advocating a strong
clinical association of Skp2 elevation with cancer progression [85].

Since Skp2 could be a dream target for cancer therapy, targeting
Skp2 could bring benefits for the treatment of various human cancers
with aberrant activation or overexpression of Skp2 [86]. To this end, se-
lective small molecule inhibitors for Skp2 have already been developed
which promote the accumulation of p27 by targeting their binding in-
terface, thereby exerting anti-cancer activity [87]. Specifically, the com-
pound CpdA, is capable of increasing p27 levels in cancer cells through
its prevention from recruitment to Skp2 ligase complex [88]. Moreover,
Skp2 inhibitors, namely, SMIP0004, and Compound 25 (also known as
SZL-P1-41) have been developed through a high-throughput screening
[89,90]. Consistently, SMIP0004was reported to induceG1delay, inhibit
colony formation and cell proliferation in prostate cancer cells in part
due to its ability to downregulate Skp2 abundance [90]. Notably,
compound 25 selectively inhibited Skp2 E3 ligase activity and subse-
quently exhibited its anti-tumor activities and cooperated with various
chemotherapeutic drugs to suppress tumor growth [89]. Furthermore,
multiple natural compounds such as curcumin, quercetin, lycopene,
silibinin, epigallocatechin-3-gallate, and Vitamin D3 have also been re-
ported to inhibit the expression of Skp2 and subsequently exert their
anti-tumor activities [91–94]. However, further in vitro cell culture as
well as in vivomousemodeling studies should be further pursued to val-
idate the anti-tumor effects of these above mentioned Skp2 inhibitors.

2.3.3. β-TRCP
A number of evidence has demonstrated that β-TRCP could exert its

oncogenic or tumor suppressor activities, which is a tissue- or cellular
Reference

cted from medicinal plants, induces cell cycle arrest and apoptosis in [71]

7 expression, inhibits cell growth and invasion in pancreatic cancer cells [72]
mpound, distorts its substrate binding pocket and impede recognition of [73]

cells via preventing it from recruitment to Skp2 ligase complex [88]
ughput screening to inhibit Skp2 [90]

[89]
ession of Skp2 in human cancers [91–94]

ibits the interaction between β-TrCP and its substrates. [114]
es and blocks Fbxl3 binding [115]
trate binding to Fbxo3 [116]
its activation by Cdc20 and Cdh1 [126,127]
ly inhibits the ubiquitylation of D-box-containing substrates [128]
C/C-Cdh1 interaction [128]
ative, down-regulates the expression of Cdc20 in breast cancer cells [129]
breast cancer cells [130]
icinal mushroom, inhibits Cdc20 expression in breast cancer cells [131]
le that specifically targets MDM2–p53 interaction [135]
2. [137–169]
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context-dependent manner. The possible reason of β-TRCP's dual roles
could be its multiple specific substrates such as Cdc25a [95,96], β-
catenin [97], caspase-3 [98], Emi1 [99,100], Mdm2 [101], IκB [102],
PDCD4 [103], Snail [104], MTSS1 [105] and Wee1 [106]. In line with
this concept, loss of β-TRCP and overexpression of β-TRCP have been
observed in a variety of human cancers [107]. For example, aberrant up-
regulation of β-TRCP has been found in pancreatic cancer [108], gastric
cancer [109], colon cancer [110] and breast cancer [111,112]. Therefore,
targeting β-TRCP may be a therapeutic strategy in a defined subset of
human tumors. Erioflorin, a small molecule isolated from Eriophyllum
lanatum, has been recently demonstrated to stabilize the tumor
suppressor PDCD4, a well-characterized β-TRCP substrate [113], via
disrupting its proteasome-mediated degradation [114]. Intriguingly,
the target of Erioflorin is not the general components of the ubiquitin-
proteasome system, but the specific E3 ligase SCFβ-TRCP,which is respon-
sible for PDCD4 ploy-ubiquitination. Specifically, Erioflorin inhibits the
interaction between β-TRCP and its substrates including PDCD4. Inter-
estingly, Erioflorin had no influence on other E3 ligase activity, such as
Skp2 and von Hippel Lindau (VHL). This is the first reported compound
that specifically suppresses the function of β-TRCP E3 ligase, while its
effects on other β-TRCP substrates remain largely undefined. However,
β-TRCPmay not serve as an effective anti-cancer drug target largely be-
cause β-TRCP regulates the degradation of both tumor suppressors and
oncoproteins in a cellular or context dependentmanner [80,107], there-
fore its anti-tumor clinical effects should be interpreted with caution.

2.3.4. Other SCF type of E3 ligases
There are some critical emerging evidence demonstrating that mul-

tiple compounds target other E3 ligases such as Fbxl3 [115] and Fbxo3
[116]. It has been shown that Fbxl3 ubiquitin ligase targets and pro-
motes cryptochrome (CRY) ubiquitination and degradation to regulate
themammalian circadian clock [117]. To this end, KL001was developed
to bind to pocket in CRY substrates and block Fbxl3 binding, which
could have a therapeutic potential in the future [115]. Additionally,
BC-1215 was reported to competitively inhibit the substrate binding
to Fbxo3 [116], while its cellular effects require further validation.

2.3.5. Anaphase promoting complex
The APC governs the cell cycle progression by forming two E3 ubiq-

uitin ligase sub-complexes, APCCdc20 and APCCdh1. It has been accepted
that Cdh1 is a tumor suppressor, while Cdc20 is an oncoprotein [118].
Studies have shown that Cdc20 targetsmultiple substrates with the De-
struction Box (D-box) motif including Securin [119], Cyclin B1 [120,
121], Cyclin A [122,123], p21 [124], and Mcl-1 [125] for degradation to
regulate cell cycle progression. In support of the oncogenic role of
Cdc20, overexpression of Cdc20 has been observed in a variety of
human cancers, suggesting that targeting Cdc20 could be useful for
the treatment of human malignancies [118]. To this end, multiple
groups have reported several inhibitors that inhibit the Cdc20 expres-
sion. Unfortunately, specific Cdc20 inhibitors have not been discovered
so far.

One elegant study by the King group has demonstrated that a small
molecule inhibitor of APC, TAME (tosyl-L-arginine methyl ester), binds
to the APC core complex and prevents its activation by either Cdc20 or
Cdh1 [126]. Moreover, this group synthesized a pro-TAME, which
empowered the otherwise non-penetrating TAME to enter cells and in-
duced mitotic arrest [126,127]. Recently, they further developed a new
inhibitor apcin (in short for APC inhibitor), which binds to Cdc20 rela-
tively stronger than Cdh1, and subsequently inhibits the ubiquitination
of D-box-containing substrates such as cyclin B [128]. Importantly, com-
bination of tosyl-L-argininemethyl esterwith apcin treatment amplified
their effects in blocking mitotic exit [128]. In addition, NAHA, a novel
hydroxamic acid-derivative, has also been reported to down-regulate
the expression of Cdc20 in breast cancer cells [129]. Notably, a novel
medicinal mushroom blend was found to suppress the expression of
Cdc20 in breast cancer cells but its effective compound and underlying
molecular mechanisms remain largely undefined [130]. Furthermore,
ganodermanontriol (GDNT), a ganoderma alcohol from medicinal
mushroom, was identified to inhibit Cdc20 expression in breast cancer
cells [131]. Since Cdc20 plays an important role in tumorigenesis, specif-
ic Cdc20 inhibitors, rather than pan-APC inhibitors, could be potentially
effective anti-cancer agents.

2.3.6. MDM2
Unlike β-TRCP, murine double minute 2 (MDM2) is well established

as the principal negative regulator for p53 stability, and hence acts as an
oncoprotein to promote cancer development [132]. Its relatively high
selectivity to p53 allows MDM2 to be considered as an ideal target for
drug screening and designing specific drugs that affect MDM2 levels
through proteasome-mediated degradation pathway in cancer cells
[133]. In fact, a number of MDM2-targeting compounds have been
identified or designed, which account for the majority of the current
E3-liagse-targeting molecules [134]. Nutlin is the first selective small
molecule that specifically targets MDM2-p53 interaction [135]. Crystal
structure analysis revealed that Nutlin interacts with a region in p53,
which MDM2 also utilizes to bind with the p53 protein [136]. Other
MDM2-specific compounds include RITA [137,138], HLI98 [139], pyrrol-
idone derivatives [140], Isoindolinone-based compound [141–143],
MITA [144], NSC 333003 [145], a nutlin analog L2 [146], methylbenzo-
naphthyridin-5-amine (MBNA) [147], tenovin-6 [148], MI-63 [149],
MI-219 [150], pyrrolopyrimidine-based α-helix mimetic [151],
etoposide [152], 1,4-diazepines [153], Helical beta-peptide inhibitor
[154], thio-benzodiazepines [155], imidazoline derivatives [156,157],
pyrrolidone derivatives, dehydroaltenusin [158], Lissoclinidine B [159],
Gambogic acid [160,161], Chlorofusin [162,163], Hexylitaconic acid [164,
165], sempervirine [161], Parthenolide [166], berberine [167], Hoiamide
D [168] and 25-OCH(3)-PPD [169].

Furthermore, other p53-recognizing E3 ligases, such as Ubiquitin–pro-
tein ligase E3A (UBE3A) and MDM4, also serve as promising targets for
anti-cancer therapies. For instance, aloe–emodin elicits apoptosis in
Huh-7 hepatoma cells, at least partially by downregulating UBE3A [170].
Natural product-like macrocyclic N-methyl-peptides are also identified
as UBE3A-specific inhibitors by screening on a ribosome-expressed de
novo library [171]. A small molecule SJ-172550 is reported to inhibit
the interaction between MDM4 and p53 [172], while its anti-cancer
effects warrant further in-depth studies.

2.3.7. NEDD4
The neuronally expressed developmentally downregulated 4

(NEDD4) belongs to HECT-type E3s [173]. As an E3 ligase, NEDD4
has been demonstrated to play an oncogenic role in facilitating human
cancer progression [174]. Physiologically, NEDD4 has been found to tar-
get numerous substrates including ENaC (epithelial sodium channel)
[175], Notch [176,177], pAKT [178], IGF-1R (insulin-like growth factor-1
receptor) [179], VEGF-R2 (vascular endothelial growth factor receptor-
2) [180], PTEN (phosphatase and tensin homologue) [181] and MDM2
[182] to exert its biological functions. Amounting evidence has revealed
that NEDD4 is frequently overexpressed in a range of human cancers in-
cluding colorectal cancer [183], breast cancer [184], NSCLC [185], gastric
cancer [186], prostate and bladder cancers [187]. These findings suggest
that NEDD4 is a legitimate target for designing new drugs to treat
human malignancies. Surprisingly, NEDD4 inhibitors have not been dis-
covered so far. Therefore, it is required to develop NEDD4 inhibitors to
suppress the expression of NEDD4 and achieve the better treatment for
cancer patients.

2.4. Targeting proteasome activity

In 1993, peptidyl aldehydes were found to inhibit proteasome activ-
ity [188]. Similar to E1 and E2 enzyme inhibitors, a number of natural
products have also been found that possessed the inhibitory activities
on the proteasome (Table 4). Among these compounds, Bortezomib is



Table 4
The list of compounds targeting the proteasome activity.

Compound Target and function Reference

Bortezomib The first drug approved by FDA to
treat multiple myeloma and mantle
cell lymphoma

[189,190]

Ester bond-containing
tea polyphenols

In the serum of green tea drinker,
inhibits the function of the proteasome

[195]

Synthetic polyphenol
analogs

Improve its suppressive efficacy on
proteasome

[196–198]

Tannic acids Inhibit proteasome activity [199,200]
Belactosin A new Streptomyces metabolite,

effective proteasome inhibitor
[201]

AM114 A boronic chalcone derivative,
inhibits proteasome

[202]

Arecoline oxide tripeptide
derivatives

Inhibitors of mammalian 20S
proteasome

[203]

Tyropeptins A/B Selective inhibitors of mammalian
20S proteasome

[204,205]

Oprozomib, Delanzomib,
Marizomib

Inhibit the activity of proteasome [206,207]

Table 5
The list of compounds targeting deubiquitinases.

Compound Target and function Reference

WP1130 Inhibits the activities of USP9x, USP5, USP14 and
UCH37 that regulate the survival proteins stability

[218]

Pimozide and
GW7647

Selectively inhibit USP1/UAF1, also inhibit other
DUBs, deSUMOlyase and cysteine proteases

[220]

ML323 Inhibitor of the USP1–UAF1 deubiquitinase
complex, selectively inhibits human DUBs,
deneddylase and deSUMOylase

[221]

HBX 41,108 A inhibitor of USP7, stabilizes and activate p53,
inhibits cancer cell growth and induces of
p53-dependent apoptosis

[222]

P5091 A USP7 inhibitor, induces apoptosis in multiple
myeloma cells that are resistant to conventional
anti-cancer therapies

[223]

Compound 1 Selective dual inhibitor of USP7 and USP47,
induces accumulation of p53 and apoptosis in
human cancer cell lines

[224]

IU1 The USP14 inhibitor, enhances the degradation
of oxidized proteins and causes resistance to
oxidative stress

[225,226]

b-AP15 Selectively blocks deubiquitylating activity of
USP14 and UCHL5, inhibits cell growth and
overcomes bortezomib resistance in MM cells

[227]
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the first drug approved by the Food and Drug Administration (FDA) to
treat multiple myeloma (MM) and mantle cell lymphoma [189,190].
In spite of anti-tumor activity, Bortezomib was found to be toxic to
normal cells due to its inhibitory effect on overall protein degradation
[191]. Another proteasome inhibitor Carfizomib, which is different
from bortezomib in terms of their structures and mechanisms of
inhibiting proteasome, has been used for the treating of MM patients
[192]. However, it has been found that both Bortezomib and Carfilzomib
cannot bemanaged orally that limits their clinical application [193,194].
Interestingly, ester bond-containing tea polyphenols, whichwere found
in the serum of green tea drinkers are able to inhibit the function of
the proteasome and cause G1 arrest in cancer cells [195]. Some syn-
thetic polyphenol analogs have been synthesized to improve their
suppressive efficacy on proteasome and enhance their anti-cancer
activities [196–198]. Later, the same group identified other natural
compounds targeting proteasome from plants, such as tannic acids,
which induce G1 arrest and apoptosis in tumor cells [199,200]. A new
Streptomyces metabolite, belactosin, and AM114, a boronic chalcone
derivative were also identified as effective proteasome inhibitors to in-
duce G2/M arrest and cell growth inhibition in cancer cells [201,202].
Besides these compounds, several other peptides were also reported
to inhibit the activity of proteasome [203–205]. Recently, multiple pro-
teasome inhibitors such as Oprozomib, Delanzomib, and Marizomib
have been developed, and are used for clinical trials [206,207]. Strik-
ingly, Carfilzomib has been used for the treatment of multiple mye-
loma [192]. However, as proteasome is the major site to govern the
degradation of the ubiquitinated proteins, off-target effects would be ex-
pected in further pursuing the anti-clinical effects of these proteasomal
inhibitors.

2.5. Targeting deubiquitinases (DUBs)

The deubiquitinating enzymes, also known as DUBs, cleave and
remove ubiquitins from proteins and other molecules [208]. In
humans, there are almost 100 DUB genes that have been identified,
and these are mainly classified into two categories: cysteine prote-
ases and metalloproteases [209]. The ubiquitin-specific proteases
(USPs), ubiquitin C-terminal hydrolases (UCHs), Machado–Josephin
domain proteases (MJDs) and ovarian tumor proteases (OUT) belong
to the cysteine protease group, whereas the Jab1/Mov34/Mpr1 Pad1
N-terminal + (MPN+) (JAMM) domain proteases belong to the
metalloprotease group [210]. It has been documented that DUBs play
a crucial role in cancer development and progression. For instance, it
has been demonstrated that USP1 levels are significantly elevated in
osteosarcoma [211], and USP7 overexpression is critically involved in
aggressive prostate cancers [212]. USP1 deubiquitinates and thereby
stabilized ID (inhibitor of DNA binding protein) 1, ID2, and ID3, which
promotes stem cell characteristics in osteosarcoma cells [211]. USP7
has been shown to inactivate several tumor suppressors including
p53, FOXO4 (Forkhead box O4) and PTEN (phosphatase and tensin ho-
mologue deleted on chromosome ten) through different mechanisms,
which lead to tumorigenesis [213–215].

As DUBs have been found to actively participate in governing tumor-
igenesis [216], DUB inhibitors evolved as potential anti-cancer agents
[217]. To this end, several DUB inhibitors have been discovered that
have profound effects in inhibiting tumorigenesis (Table 5). For exam-
ple, a general DUB inhibitor WP1130 has been known to inhibit the
activities of USP9x, USP5, USP14 and UCH37 that regulate the stability
of survival proteins [218]. WP1130-mediated inhibition of DUB activity
resulted in a downregulation of anti-apoptotic protein MCL-1 and an
upregulation of pro-apoptotic protein p53, leading to anti-tumor activ-
ity [218]. Further study has shown that WP1130 treatment led to ERG
(E-twenty-six related gene) degradation, resulting in an inhibition of
growth in ERG-positive tumors in xenograft models [219]. Although
two inhibitors namely pimozide and GW7647 were reported to selec-
tively inhibit USP1/UAF1, they also inhibited other DUBs, deSUMOlyase
and cysteine proteases [220]. Importantly, these USP1 inhibitors
synergistically prevented proliferation of cisplatin-resistant cancer
cells, when combined with cisplatin [220]. Remarkably, this group also
reported that another inhibitor of the USP1–UAF1 deubiquitinase
complex, ML323, selectively inhibited human DUBs, deneddylase, and
deSUMOylase [221]. As such, ML323 enhanced cisplatin cytotoxicity in
osteosarcoma cells and non-small cell lung cancer cells [221].

A small-molecule inhibitor of USP7, HBX 41,108, was recently re-
ported to stabilize and activate p53, leading to inhibiting cancer cell
growth and induction of p53-dependent apoptosis [222]. Furthermore,
a selective USP7 inhibitor, P5091,was found to induce apoptosis inmul-
tiple myeloma cells that are resistant to conventional anti-cancer thera-
pies [223]. Notably, selective dual inhibitors of USP7 and USP47 have
been synthesized and induced accumulation of p53 and apoptosis in
human cancer cell lines [224].Moreover, these compounds demonstrat-
ed their anti-tumor activity in xenograft multiple myeloma and B-cell
leukemia in vivo models [224]. Furthermore, several groups have
discovered that the USP14 inhibitors could enhance the degradation of
oxidized proteins and cause resistance to oxidative stress [225,226]. In
line with this, Tian et al. reported that b-AP15 selectively blocks the
deubiquitylating activity of USP14 and UCHL5, leading to the inhibition
of cell growth and overcoming bortezomib resistance inMM cells [227].
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Moreover, b-AP15 treatment inhibited the expression of Cdc25c, Cdc2,
and cyclin B1 and subsequently induced cellular apoptosis. Further-
more, b-AP15 retarded tumor growth and prolonged survival in
human MM xenograft mouse models [227]. These studies together
suggest that inhibiting specific oncogenic DUBs could be an effective
anti-cancer approach.

3. Discussion and perspective

Numerous natural and synthetic compounds have been shown to
target various components of the UPS to regulate protein homeostasis
through proteasome-mediated degradation in cells [228] (Fig. 1).
Recent discoveries in ubiquitin proteasome field and identification of
specific sub-set of molecules in E3 ligase complexes further provided
new opportunities to develop novel synthetic drugmolecules thatmod-
ify the UPS function to prevent cancer development [229]. These prom-
ising molecules evolved as new anti-cancer compounds in the drug
developing industry. This protein degradation-based anti-cancer strate-
gy should drawmore attentions in near future, due to its unique advan-
tages to timely and specifically regulate either tumor suppressors or
oncoproteins [230]. For instance, some E3 ligases such as β-TRCP have
multiple oncogene or tumor suppressor substrates, and thus, targeting
themmay produce higher anti-cancer effects than targeting a single on-
cogene or tumor suppressor [80]. However, targeting the Fbw7 E3 ligase
has its own advantage due to its unique function as a tumor suppressor
[231]. To this end, compounds that increase endogenous Fbw7 levels or
its activity will serve as better anti-cancer therapeutics due to its
capability of degrading multiple oncoproteins including c-Myc, c-Jun,
Cyclin E and Notch-1 [232].

Furthermore, compounds that target deubiquitinating enzymes also
have unique added advantages in preventing various cancers by
inhibiting protein degradation especially the tumor suppressors. Addi-
tionally, marine organisms, such as Sponges, Tunicates and Mollusks,
are promising sources for bioactive compounds that target UPS to pre-
vent cancer [228]. In fact, some UPS targeting drugs, such as Himeic
acid A, Largazole and Leucettamol A were derived from marine crea-
tures. Therefore, we believe that E3 ligase complex-specific compounds
and DUB inhibitors, which target ubiquitin proteasome system, will
attract more attention in future research due to their profound effects
on regulating cancer causing proteins as well as tumor suppressors in
cancer cells.
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