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Abstract: Accumulated evidence supports that the ubiquitin proteasome pathway (UPP) plays a crucial role in pro-
tein metabolism implicated in the regulation of many biological processes such as cell cycle control, DNA damage 
response, apoptosis, and so on. Therefore, alterations for the ubiquitin proteasome signaling or functional impair-
ments for the ubiquitin proteasome components are involved in the etiology of many diseases, particularly in cancer 
development. In this minireview, we first give a brief outline for the ubiquitin proteasome pathway, we then discuss 
with focus for the ubiquitin proteasome pathway in the regulation of cell cycle control and DNA damage response, 
the relevance for the altered regulation of these signaling pathways in tumorigenesis is also reviewed. We finally 
assess and summarize the advancement for targeting the ubiquitin proteasome pathway in cancer therapy. A bet-
ter understanding of the biological functions underlying ubiquitin regulatory mechanisms would provide us a wider 
prospective on cancer treatment.
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Introduction

It is believed that protein biosynthesis and deg-
radation keep a dynamic balance to properly 
sustain normal cell metabolism. The produc-
tion of new functional proteins launches the 
proliferation and differentiation of cells. 
However, these processes are always accom-
panied with protein degradation when they 
accomplish their missions. Thus far, two dis-
tinctive proteolytic mechanisms, the lysosome 
degradation system and the ubiquitin protea-
some pathway (UPP) [1], for the intracellular 
protein degradation have been identified. 
Lysosomes contain a large variety of hydrolytic 
enzymes that degrade proteins and other sub-
stances taken in by endocytosis [2]. 
Nevertheless, a majority of cellular proteins are 
degraded by the proteasome pathway after 

being tagged with ubiquitin [3]. Therefore, UPP 
is a common regulatory modification system 
implicated in the regulation of cell cycle, signal 
transduction, DNA damage response, apopto-
sis, and immune response [4]. 

In this minireview, we will first briefly introduce 
the ubiquitin proteasome pathway, followed by 
the discussion with focus for the role of ubiqui-
tination played in cell cycle control and DNA 
damage response as well as their relevance in 
tumorigenesis. Finally, we intend to assess and 
summarize the feasibility of targeting the ubiq-
uitin proteasome pathway as a cancer thera-
peutic strategy in clinical settings. 

The Ubiquitin Proteasome Pathway (UPP)

Ubiquitin is a small protein composed of 76 
amino acids, and is highly conserved and ubiq-
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uitously expressed in the organisms of eukary-
otic kingdom [5, 6]. The ubiquitin proteasome 
pathway first processes the attachment of 
ubiquitin to a target protein which involves 
three critical enzymes, the ubiquitin activating 
enzyme or E1 enzyme, the ubiquitin conjugat-
ing enzyme or E2 enzyme, and the ubiquitin 
ligase or E3 ligase [7]. In most cases, ubiquitin 
tagged target proteins are subjected to degra-
dation, in which the protein complexes are rec-
ognized by the 26S proteasome, a large multi-
enzyme complex to mediate protein 
degradation. This whole process called ubiqui-
tination which includes following three critical 
steps: firstly, ubiquitin needs to be activated 
from its precursor by adding to E1 through an 
ATP-dependent manner, and activated ubiqui-
tin is then transferred to the ubiquitin-conjugat-
ing enzyme E2; secondly, E2 interacts with E3 
to identify the substrate, and by which ubiquitin 
is attached to the target protein; and thirdly, the 
ubiquitin conjugated protein is recognized by 
the 26S proteasome, and through which, the 
target protein is degraded to small peptides or 
amino acids by the proteasome enzymes 
(Figure 1). Of note, ubiquitin can be released by 

the deubiquitinating enzymes (DUBs), and 
therefore, ubiquitin conjugation to target sub-
strates is a reversible process [8].

The Ubiquitin Proteasome Pathway (UPP) in 
cell cycle control

The cell cycle, or cell-division cycle, is a neces-
sary process for cell to complete proliferation. A 
normal cell differs from a cancer cell is that nor-
mal cell only proliferates in response to stimu-
latory signals such as the developmental sig-
nals or mitogenic signals generated by tissue 
growth or repair. In contrast, cancer cell prolif-
eration is actually initiated in the absence of 
those signals, indicating an altered cell cycle 
control in cancer cells. Control of cell cycle 
involves three key classes of regulatory mole-
cules, cyclin, cyclin-dependent kinases (CDKs) 
and cyclin-dependent kinase inhibitors (CKIs) 
[9]. Ubiquitin-mediated proteolysis of these 
regulatory molecules is one of the key mecha-
nisms underlying cell cycle control, in which two 
major ubiquitin ligase complexes are involved 
to accomplish irreversible cell cycle transitions, 
one is the Skp1-Cullin-F-box protein (SCF) com-

Figure 1. The ubiquitin proteasome pathway. Ubiquitin is activated by adding to E1, and E1 transfers ubiquitin to E2, 
E2 then interacts with E3, leading to the formation of a polyubiquitin chain. Finally, the targeted protein is degraded 
to small peptides by the 26S proteasome. E1: Ubiquitin activating enzyme; E2: Ubiquitin conjugating enzyme; E3: 
Ubiquitin ligases.
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plex, and the other is the anaphase-promoting 
complex/cyclosome (APC/C) [10, 11].

SCF in cell cycle progression

The SCF complex contains three invariable sub-
units (SKP1, Cullin and RBX1) and one variable 
subunit (F-box protein) [12]. The F-box protein 
recognizes and binds to SKP1, while Cullin acts 
as a scaffold to link SKP1 with the RBX1 
domain. SCF complex functions mainly at the 
G1 phase to S phase transition [13]. It has been 
well established that cyclin D, cyclin E and p27 
are the key regulators during G1 phase [14]. 
Cyclin D interacts with CDK4/6, which then 
inactivates retinoblastoma (Rb) and induces 
expression of some genes essential for G1-S 
phase transition. On the other hand, cyclin E 
binds to CDK2 to promote the expression of 
cyclin A, which allows cell cycle progression 
from G1 phase to S phase. Importantly, SKP2, a 
specific F-box protein within the SCF complex, 
binds to SKP1 for substrate recognition, which 
then initiates the ubiquitination and degrada-
tion of G1/S cyclins (i.e., cyclin D and cyclin E) 
and CKIs (e.g., p27), and through which it regu-
lates cell cycle progression [15]. Other than 
SKP2, FBW7 has also been found to act as an 
F-box protein for the SCF complex. It was found 
that the F-box within the FBW7 protein can 
recruit the SCF complex by directly interacting 
with SKP1 [16]. Furthermore, a stretch of eight 
WD40 repeats has also been found within 
FBW7 with capability for substrate binding [17]. 
Upon binding to its substrate, FBW7 regulates 
a network of proteins (e.g., Cyclin E and MYC) 
with central roles in cell division, cell growth 
and differentiation [10].

APC/C in mitotic exit

The anaphase-promoting complex, also called 
cyclosome (APC/C), is implicated in the control 
of mitotic progression through targeting key 
mitotic regulators for destruction by the 26S 
proteasome, which include the anaphase inhib-
itor securin and the mitotic cyclins A and B [11]. 
Unlike the SCF complex, APC/C is activated by 
phosphorylation and stays in active from mid-M 
phase to the end of G1 phase. APC/C displays 
different functions depending on its associa-
tion with two distinctive ancillary proteins, cell 
division cycle 20 (CDC20) and CDH1 (also 
called HCT1) [18]. It is believed that CDC20 and 
CDH1 are primarily responsible for the recogni-

tion of substrates by APC/C. CDC20 binds to 
and activates APC/C during mitosis, which is 
suppressed until spindle attachment at kineto-
chores is completed in mitosis [19]. Upon acti-
vation, APC/C mediates the degradation of 
securin and mitotic cyclins during anaphase. In 
contrast, the activity for CDH1 is regulated by 
its phosphorylation status. Upon phosphoryla-
tion, CDH1 losses its capability to activate 
APC/C, as conformational changes resulted 
from phosphorylation prevent CDH1 from bind-
ing to the core APC/C subunits. Once activated 
by CDH1, APC/C initiates the proteolysis of 
mitotic cyclins throughout the G1 phase [20] 
(Figure 2).

The SCF complex and APC/C in tumorigenesis

Given the role of the SCF complex and APC/C 
played in the control of cell cycle, aberrations in 
the ubiquitin proteasome pathway would pre-
dispose to tumor development [21]. Indeed, 
accumulated evidence indicates that SKP2 is a 
proto-oncoprotein. Elevated SKP2 expression 
has been observed in a variety of human can-
cers such as in lymphomas [22], prostate can-
cer [23], melanoma [24], pancreatic cancer 
[25] and breast carcinomas [26]. In many types 
of human malignancies, the expressions for 
SKP2 tend to be higher along with the reduction 
of the tumor suppressor p27 levels [27]. There 
is also feasible evidence suggesting that SKP2 
mediates the degradation of p27 in G1 phase 
[10]. Therefore, targeting of SKP2 protein is a 
booming realm for the treatment of cancer. 
Similarly, FBW7 recognizes oncoproteins such 
as cyclin E, MYC, JUN, Notch1 and Notch4 to 
promote their degradation. A number of cancer 
related mutations in FBW7 and its substrates 
have also been identified in a wide range of 
human cancer tissues [28]. Studies in animals 
revealed that loss of Fbw7 leads to embryonic 
lethality due to impaired vascular development, 
while postnatal studies indicated that targeted 
deletion of Fbw7 causes chromosomal instabil-
ity and tumorigenesis [28]. As a result, FBW7 is 
considered to be a tumor suppressor.

During the mitotic stage of cell division, APC/C 
is activated by the two highly conserved WD40-
repeat proteins, CDC20 and CDH1. CDC20 acts 
as a co-activator to recruit substrate targets 
such as securin and mitotic cyclins for destruc-
tion, and by which it promotes sister-chromatid 
separation. CDC20 also functions as a crucial 
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mediator of the spindle checkpoint implicated 
in the prevention of aneuploidy and genomic 
instability. In line with these results, CDC20 is 
found to be overexpressed in some cancers 
[10], and dysregulation of CDC20-dependent 
proteolysis is likely to preclude precocious seg-
regation of chromosomes, leading to abnormal 
chromosome number. Similarly, CDH1 acts as a 
co-activator to mediate the degradation of 
mitotic cyclins, non-CDK mitotic kinases and 
some regulators essential for the formation of 
pre-replicative complexes. As a result, muta-
tions for CDH1 or its most substrate targets are 
found in human cancers [10]. Inactivation of 
CDH1 leads to the accumulation of SKP2 and 
CDKs associated with the uncontrolled prolif-
eration and genomic instability, leading to 
tumor development. To date, altered APC/C 
activity has been found to be implicated in gas-

tric carcinogenesis, colorectal cancer and many 
other kinds of tumors [29].

The Ubiquitin Proteasome Pathway (UPP) in 
DNA damage response

Given that double strand DNA breaks could 
result in dramatic effects on all DNA transac-
tions, DNA damage response (DDR) is thus vital 
for the maintenance of genomic stability, and 
its deficits in mammals would lead to various 
disorders associated with tumor development 
[30]. Thus far, compelling evidence suggests 
that pathways relevant to DDR rely on a special-
ized signal in which ubiquitin-dependent degra-
dation of certain proteins in a programmed 
manner is essential to ensure the appropriate 
DNA repair and, as a result, the ubiquitin pro-
teasome pathway plays a pivotal role in the 

Figure 2. The ubiquitin ligase complexes SCF and APC/C in ubiquitin-mediated proteolysis of regulatory molecules 
essential for cell cycle control. Two major ubiquitin ligase complexes, SCF and APC/C, are responsible for the specific 
ubiquitination of cell cycle regulators through the proteasome targeted degradation. SCF ligase complexes control 
the G1 to S transition, while APC/C ligases mediate the onset and exit of mitosis.
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regulation of DNA repair [31] . In this section, 
we discuss with focus for the impact of p53 
ubiquitination and BRCA1 ubiquitin E3 ligase 
activity on DNA repair response and their rele-
vance in tumorigenesis.

MDM2 mediated p53 ubiquitination in DNA 
repair and tumorigenesis

Given the role of p53 played in preventing 
genome mutation, it has been considered as 
“the guardian of the genome” [32]. Although 
p53 is subject to a variety of post-translational 
modifications, ubiquitination of p53 has 
emerged as a fundamental regulatory mecha-
nism [33]. Studies revealed that p53 can be 
modified by a number of E3 ubiquitin ligases 
such as Pirh2, COP1, ARF binding protein and 
E6AP, while the murine double minute 2 
(MDM2) oncoprotein, however, is the most criti-
cal negative regulator for p53 activity and the 
most extensively studied p53 E3 ligase [34].

Under physiological condition, the cells only 
maintain low levels of p53, which is controlled 
by the rapid degradation of p53 via poly-ubiqui-
tination, primarily mediated by the high basal 
levels of MDM2 [35]. MDM2 acts as the major 
E3 ubiquitin-protein ligase to interact with p53, 
and by which it represses p53 transcriptional 
activity by mediating its ubiquitination and pro-
teasomal degradation [36]. In contrast, p53 
undergoes a significant increase in protein sta-
bility upon exposing to the DNA damage induc-
ing factors such as stressful insults [35]. It is 
believed that DNA damage stabilizes p53 in 
part via the DNA damage signaling pathway 
that implicates the sensor kinases such as the 
ataxia telangiectasia mutated (ATM) and ataxia 
telangiectasia and Rad3-related protein (ATR) 
kinase, and the effector kinases [37]. The sig-
nals generated by these kinases lead to the 
dissociation of the p53/MDM2 complex along 
with the activation of p53. Once activated, p53 
induces the transcriptional regulation of a vari-
ety of genes to arrest cell cycle, a process nec-
essary for DNA damage repair. Nevertheless, 
when DNA damage is beyond the extent of cel-
lular repair capacity, p53 would then induce 
apoptosis to prevent the malignant transforma-
tion of cells. 

In line with its critical role in DNA damage 
response, mutations in p53 are found in around 
50% of human tumors, highlighting the impor-

tance of p53 activity in tumor suppression [38]. 
Particularly, MDM2-mediated p53 ubiquitina-
tion has been demonstrated as a classical 
tumorigenesis pathway [38]. Not surprisingly, 
overexpression of MDM2 results in the deacti-
vation of p53, which occurs in many types of 
tumors [39]. Studies in animals further revealed 
that mouse squamous-cell carcinomas (SCCs) 
resistant to UV light are related to the p53 
defective response caused by MDM2 overex-
pression along with p53 ubiquitination [40]. 
Therefore, prevention of MDM2-mediated p53 
ubiquitination could be a promising strategy for 
cancer treatment in many clinical settings. 

BRCA1 ubiquitin E3 ligase activity in DNA 
repair and tumorigenesis

BRCA1 is considered to be a human caretaker 
gene expressed in the cells of breast and other 
tissues [41]. It is believed that BRCA1 protects 
the genome through facilitating the repair of 
damaged DNA and, in case that the extent of 
damaged DNA is beyond the cellular capacity to 
repair, it then shuttles to other cellular com-
partments to activate cell death pathways to 
eliminate those cells with persistent DNA 
lesions. BRCA1 contains several protein-pro-
tein interacting domains, including an 
N-terminal RING domain that possesses E3 
ubiquitin ligase activity, and a C-terminal tan-
dem BRCT domain that facilitates phospho-
protein binding (Figure 3A). In response to DNA 
damage, the original signaling cascade is initi-
ated by the ATM-dependent phosphorylation of 
BRCA1 [42]. However, BRCA1 needs to form a 
heterodimer with the BRCA1 associated RING 
domain protein (BARD1) to display its E3 ubiq-
uitin ligase function [43]. Upon phosphoryla-
tion, receptor-associated protein 80 (RAP80) is 
then acted as a BRCA1-interacting protein to 
mediate the binding of BRCA1 with ubiquitin 
[38]. BRCA1 is also required for double strand 
break recruitment of additional partner pro-
teins, such as BRAC2 and Rad51 [44]. Upon 
the assembly of a complex with these partners, 
BRCA1 catalyzes the formation of polyubiquitin 
chains which is a prerequisite for the recruit-
ment of BRCA1 to the DNA damage site [45] 
(Figure 3B). At the DNA damaged site, BRCA1 
serves to promote high fidelity repair processes 
including both homologous recombination (HR) 
and classical nonhomologous DNA end-joining 
(C-NHEJ), but to suppress mutagenic and error-
prone pathways [46].

http://en.wikipedia.org/wiki/Genome
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As mentioned above, BRCA1 is a nuclearcyto-
plasmic shuttling protein. It contains two nucle-
ar localization signals (NLS), while two nuclear 
export sequences (NES) are also found at the 
N-terminus of the RING finger domain (Figure 
3A). NLS imports BRCA1 into the nucleus, 
where it promotes high fidelity repair of dam-

aged DNA. In contrast, NES exports BRCA1 
from the nucleus into the cytoplasm through 
the chromosome region maintenance 1 
(CRM1)/exportin pathway, where it mediates 
cell apoptosis [47]. It is believed that this sub-
cellular redistribution of BRCA1 plays an impor-
tant regulatory mechanism in the cellular 

Figure 3. A. A diagram shows the sequence domains and motifs in BRCA1. BRCA1 contains an N-terminal RING 
domain that possesses E3 ubiquitin ligase activity, and a C-terminal tandem BRCT domain that facilitates phospho-
protein binding. BRCA1 possesses 3 phosphorylation sites that initiate the signaling cascade by the ATM-dependent 
phosphorylation. BRCA1 has two nuclear localization signals (NLS) which import BRCA1 into the nucleus, while two 
nuclear export sequences (NES) within the RING domain are responsible for the export of BRCA1 from the nucleus 
into the cytoplasm. B. Signaling cascade for BRCA1-mediated DNA damage repair. In response to DNA damage, 
ATM phosphorylates BRCA1. Upon phosphorylation BRCA1 forms a heterodimer with BRAD1, which then recruits 
additional partners such as BRCA2 and Rad5. Upon the assembly of a complex with these partners, BRCA1 is then 
relocated into the DNA damage site, where it serves to promote high fidelity repair processes.
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response to DNA damage [48]. Based on that 
persistent irradiation dose-dependently induc-
es BRAC-1 nuclear export [49], it is plausible to 
assume that cytoplasmic BRCA1 shuttling 
serves as a preventive mechanism for tumori-
genesis by eliminating those cells with unre-
pairable DNA damage. 

Given the role BRCA1 played in the regulation 
of DNA repair and apoptosis, its importance in 
cancer development has been highly appreci-
ated. Therefore, BRCA1 and BRCA2 are consid-
ered and hereditary breast and ovarian cancer 
associated genes. Indeed, genetic studies have 
consistently demonstrated that BRCA1 is impli-
cated in familial breast cancer as manifested 
by the observation of an increased risk in those 
subjects carrying certain polymorphisms of this 
gene [50]. Once BRCA1 itself is mutated or 
functionally impaired, damaged DNA cannot be 
repaired properly, which then predisposes to 
the development of breast cancer [51]. To date, 
hundreds of variations in the BRCA1 gene have 
been identified, and studies revealed that 
abnormalities in the BRCA1 and BRCA2 genes 
may account for up to 10% of all breast can-
cers. Although BRCA1 participates in multiple 
cellular supercomplexes to execute its tasks, 
but in most of the complexes, however, BRCA1 
exists as the RING heterodimer with BRAD1 to 
provide ubiquitin E3 ligase activity that is 
required for its tumor suppressor function. 
Therefore, BRCA1-dependent ubiquitin path-
way is closely related to not only familial breast 
cancers, but also sporadic breast cancers [45]. 
Nevertheless, a recent study in mice chal-
lenged this concept, in which an enzymatically 
defective Brca1 was introduced into the mouse 
genome. Unexpectedly, the mutant Brca1 pre-
vented tumor formation to the same degree as 
that of the wild-type Brca1 [52], suggesting 
that the E3 ligase activity of BRCA1 is dispens-
able for tumor suppression. Therefore, addi-
tional work is necessary to fully address the 
impact of BRCA1 E3 ubiquitin ligase activity on 
tumor development. 

Targeting the Ubiquitin-Proteasome Pathway 
(UUP) in cancer therapy

Along with the significant progress in under-
standing of the molecular basis for the ubiqui-
tin proteasome pathway in cancer-relevant pro-
cesses, a substantial of effort has recently 

been devoted to explore the feasibility by tar-
geting the ubiquitin system for anticancer ther-
apy [53]. In this section, we intend to assess 
and summarize the studies conducted for the 
development of therapeutic approaches by tar-
geting several key components of the ubiquitin 
proteasome pathway. 

Inhibition of proteasome in cancer therapy

Proteasome is a multicatalytic enzyme complex 
(2.5MDa) containing a 20S catalytic core and 
two 19S regulatory complexes [54]. Given that 
many proteins targeted by proteasome are 
involved in the regulation of important process-
es of carcinogenesis and cancer cell survival, 
such as cell cycle progression, cell proliferation, 
differentiation and apoptosis, inhibition of pro-
teasome would lead to cell death or apoptosis 
[55]. Therefore, a great deal of effort in the past 
has been devoted for searching proteasome 
inhibitors for the treatment of cancer [55, 56]. 
Bortezomib was the first inhibitor for the 26S 
proteasome employed for this purpose [57]. 
Studies in cells have shown that bortezomib 
represses NF-κB signaling by blocking IκB deg-
radation [58]. Reduced NF-κB activity is associ-
ated with the suppression of pro-inflammatory 
response genes along with the upregulation of 
cyclin-dependent kinase inhibitors p21Cip1 and 
p27Kip1, which then lead to tumor cells undergo-
ing apoptosis [59]. In line with these results, a 
phase III trial revealed that inclusion of bortezo-
mib to melphalan–prednisone is associated 
with significant improvement in outcomes in 
patients with newly diagnosed myeloma who 
were ineligible for high-dose therapy [60]. 
These preclinical and clinical studies rendered 
the approval of bortezomib by FDA for the clini-
cal use, and now bortezomib is considered to 
be a front-line treatment for newly diagnosed 
multiple myeloma patients and for patients 
with relapsed/refractory multiple myeloma and 
mantle cell lymphoma [53]. Recent studies fur-
ther demonstrated that other than suppression 
of NF-κB activity, bortezomib also upregulates 
NOXA, a proapoptotic protein that promotes 
tumor cell apoptosis by interacting with the 
anti-apoptotic proteins of Bcl-2 subfamily Bcl-
X(L) and Bcl-2 [61]. Obviously, the clinical suc-
cess of bortezomib as an anticancer therapy 
has prompted the development of a new gen-
eration of proteasome inhibitors, such as 
PR-171 (carfilzomib) and NPI-0052 (sali-

http://en.wikipedia.org/wiki/Mutation
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nosporamide A) [53]. More recently, two new 
proteasome inhibitors, CEP-18770 and 
MLN9708, are underway for clinical trails. More 
excitingly, significant progress has been made 
for the development of natural products with 
potent proteasome-inhibitory activity [55]. 
Once this type of inhibitors is ready for clinical 
use, the toxicity to normal cells during the 
course of anticancer therapy would be signifi-
cantly minimized. 

Inhibitors for MDM2 and E1 enzyme in cancer 
therapy

Based on the fact that E3 ubiquitin ligases not 
only catalyze the ubiquitination of a variety of 
protein substrates, but also determine the 
specificity of protein substrates, they therefore 
represent a class of “drugable” targets for phar-
maceutical intervention [62]. In line with this 
assumption, it is believed that a specific E3 
ligase inhibitor would manifest higher level 
selectivity but lower toxicity as compared with 
that of a particular general proteasome inhibi-
tor [63]. Given that E3 ubiquitin ligases are a 
large family of proteins, we would limit our focus 
in this section only to the inhibitors that target 
MDM2 to stabilize p53 and to reactivate p53 
signaling [64].

As aforementioned, p53 has the capability to 
induce cell cycle arrest and apoptosis. 
Therefore, approaches aimed to retain the 
functionality of p53 would be a viable strategy 
for cancer therapy. A large body of evidence 
has established that MDM2 acts as a major 
negative regulator to attenuate p53 activity 
either by ubiquitination through the protea-
some pathway or by masking of its transactiva-
tion domain through directly binding to p53, 
and therefore, librating p53 from MDM2 by 
antagonizing MDM2 activity would offer a novel 
approach to stabilize and reactivate p53 path-
way [63]. Initially, due to the lack of MDM2 E3 
ligase specific inhibitors, the most common 
approaches employed for this purpose were 
either to block MDM2 expression, or to disrupt 
the MDM2-p53 interactions rather than directly 
targeting its E3 ubiquitin ligase activity [64]. 
Indeed, studies with MDM2 antisense oligonu-
cleotides have consistently demonstrated that 
inhibition of MDM2 expression has resulted in 
p53 stabilization and activation of the p53 
pathway in cancer cells and tumor xenografts 

in nude mice [65-67]. Based on the observa-
tion that three residues (i.e., Phe19, Trp23 and 
Leu26) within the p53 are inserted into a deep 
hydrophobic pocket on the surface of the 
MDM2 that are essential for the binding 
between p53 and MDM2 [68], a substantial of 
efforts have been invested to screen small mol-
ecules that might successfully mimic this inter-
action. The first group of potent and selective 
small-molecule MDM2 antagonists were identi-
fied from a class of cis-imidazoline compounds 
and named as nutlins. They bind to the p53 
pocket of MDM2 in a manner remarkably simi-
lar to the molecular interactions of the crucial 
amino acid residues from p53 and, as such, 
nutkines stabilize p53 and activate the p53 
pathway, and by which effectively block prolifer-
ating cancer cells in G1 and G2 phases [69]. As 
the research evolves, additional small-mole-
cule MDM2 antagonists have been developed, 
and the studies for their clinical relevance are 
underway [70-72].

Along with the development of high throughput 
technologies, small-molecule inhibitors that 
specifically target the MDM2 E3 ligase activity 
have also been developed [64]. For example, a 
class of compounds named HLI98 was found 
with potential to inhibit p53 ubiquitination, 
which then activate p53 signaling and induce 
cancer cells undergoing apoptosis in a 
p53-dependent manner [64]. Nevertheless, 
current assessment revealed that the potency 
and selectivity of this class of compounds are 
relatively low, additional modifications for these 
inhibitors aimed at to increase their potency, 
E3 ligase specificity and to eliminate p53-inde-
pendent off-target activities would be essential 
before their application in clinical settings.

Ubiquitin-activating enzyme E1, which is sitting 
on the top of the ubiquitination cascade, has 
also been an attractive target for cancer thera-
py. Indeed, genetic and chemical inhibition of 
the E1 enzyme preferentially induced tumor 
cell death over normal cells along with delayed 
tumor growth in a mouse model of leukemia 
[73]. It was noticed that E1 inhibition caused 
cell death by eliciting endoplasmic reticulum 
(ER) stress and an unfolded protein response. 
By screening a commercial library purchased 
from ChemBridge, Inc., Yang and colleagues 
characterized the first cell permeable inhibitor 
of the ubiquitin E1, 4[4-(5-nitro-furan-2-ylmeth-
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ylene) -3,5-dioxo-pyrazolidin-1-yl]-benzoic acid 
ethyl ester, which was then named PYR-41 [74]. 
A subsequent study conducted by 
Ungermannova and colleagues further charac-
terized another E1 inhibitor, named 
NSC624206, which prevents p27 ubiquitina-
tion by specifically blocking ubiquitin-thioester 
formation [75]. Together, these data suggest 
that inhibitors specific for the ubiquitin E1 
enzyme could also be an effective alterative 
approach for the treatment of hematologic 
malignancies.

Deubiquitination in cancer therapy

Deubiquitination is an important ubiquitination-
related metabolic pathway that reverses the 
ubiquitination of target proteins. There is grow-
ing research finding suggesting that the aberra-
tion of DUBs could result in neoplastic diseases 
and it also happens frequently [76]. Thus far, 
around 79 functional DUBs have been charac-
terized in the human proteome, indicating that 
selective intervention is a reasonable thera-
peutic objective by either suppression or abla-
tion of oncogene products, or by upregulation 
of tumor suppressors [77]. For example, deu-
biquitinating enzyme USP2a is a negative regu-
lator in the MDM2-p53 pathway, and suppres-
sion of its activity results in the destabilization 
of MDM2 and reactivation of wild-type p53 in 
tumors [78]. Although DUB inhibitors or activa-
tors are currently not yet ready for clinical trial, 
the discovery that CYLD encoded by the cylin-
dromatosis gene is a DUB that removes lysine 
63-linked ubiquitin chains from TRAF2, and 
suppression of its activity blocks NF-κB activa-
tion paved the way toward this direction [79]. 
Indeed, the first proof-of-concept study in 
humans was actually conducted by Oosterkamp 
and colleagues based on these results [80]. 
Therefore, modulation of deubiquitinase activi-
ties by either inhibitors or activators could rep-
resent a viable therapeutic strategy for cancer 
treatment [81-83]. 

Summary and perspectives

Studies in the past several decades conducted 
both in culture cells and animal models provid-
ed convincing evidence supporting that the 
ubiquitin proteasome pathway regulates 
diverse signals essential for life processes. As 
such, its alterations or deficits are predisposed 
to tumorigenesis. These achievements prompt-

ed the development of strategies to target the 
ubiquitin proteasome pathway for cancer pre-
vention, intervention, and treatment. Given 
ubiquitination involves a large body of regula-
tory proteins, intensive research is required for 
these molecules in which a better understand-
ing of their biological functions would provide 
us a wider prospective on the treatment of can-
cer. As the research evolves, it has become 
clear now that some molecules such as those 
described in this review, are promising “druga-
ble” targets for cancer therapy. For example, 
the proteasome inhibitor bortezomib has been 
successfully employed for the treatment of 
multiple myeloma and other hemotological 
malignancies. While these advancements are 
exciting, unexpected toxicity in bortezomib tri-
als and lack of sustained clinical response 
toward solid tumors have also been noted. The 
challenge for future studies would be the devel-
opment of inhibitors with higher therapeutic 
potency but minimized toxicity to normal cells, 
such as those small molecules characterized 
from natural products. 
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