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Protein modifications by the covalent linkage of ubiquitin have significant involvement in many cellular processes, including stress
response, oncogenesis, viral infection, transcription, protein turnover, organelle biogenesis, DNA repair, cellular differentiation, and
cell cycle control.We provide a brief overview of the fundamentals of the regulation of protein turnover by the ubiquitin-proteasome
pathway and discuss new therapeutic strategies that aim to mitigate the deleterious effects of its dysregulation in cancer and other
human disease pathophysiology.

1. Introduction

The timely degradation of many transiently induced and/or
oscillatory proteins is fundamental to the maintenance of
diverse biological processes, including receptor trafficking,
cell cycle progression, DNA repair, gene transcription, auto-
phagy, and programmed cell death [1–7]. Dysregulation of
such regulatory mechanisms has been reported to underlie
a growing list of human diseases including cancers, neurode-
generative diseases, and inflammatory and autoimmune dis-
orders. Clearance of intracellular proteins in the cell occurs
primarily in three highly specialized subcellular organelles—
the proteasome, the lysosome, and the autophagosome. A
small protein modifier, ubiquitin, appears to be the common
denominator in the targeting of substrates to these degrada-
tion pathways in mammalian cells. In this review, we discuss
the molecular basis of the ubiquitin-proteasome degradation
pathway, the human diseases commonly associated with its
dysregulation, and the potential for pharmacologic targeting
of the ubiquitin-proteasome pathway as a novel therapeutic
approach.

2. Biological Functions of
the Ubiquitin-Proteasome System (UPS)

2.1.TheCore UPSMachinery. As depicted in Figure 1, ubiqui-
tination of target proteins is achieved through the functional

orchestration of three classes of enzymes: E1 (ubiquitin-
activating enzyme), E2 (ubiquitin-conjugation enzyme),
and E3 (ubiquitin ligase). Ubiquitin, in an initial energy-
dependent step, associates with these enzymatic components
through a labile thioester linkage. This facilitates its covalent
ligation to the target through amore stable isopeptide linkage
to the 𝜀-amino group of acceptor lysine residues or, less
frequently, the amino terminus. The enzymatic cascade of
ubiquitination is characterized by extensive combinatorial
complexity and specificity, as dictated by the diversity of
its constituent enzymes: two known E1s, tens of E2s, and
hundreds of E3s [2].

Ubiquitin ligases may exist as multiprotein complexes or
as single proteins, and they may contain one of a number
of domains that promote ubiquitination, such as the RING
domain or HECT domain [8]. The Cullin RING ligases
(CRLs) represent the largest subclass of E3 enzymes and
function as multiprotein complexes. In their simplest form,
they are decorated with a RING domain-containing protein
(RBX1 or RBX2), a regulatory Cullin, and a substrate-binding
adaptor. In addition, a growing list of linker/adaptor proteins
has been found to be associated with the core components
of ubiquitin ligase to increase their substrate coverage. For
instance, there are 69 mammalian F-box proteins that act as
substrate-binding adaptors to the Skp-Cullin-F-box (SCF) E3
ligase complex [2].
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Figure 1: Targeting theUPS of protein turnover in cancer and other human diseases. Ubiquitination of target proteins is achieved through the
functional orchestration of three classes of enzymes: E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugation enzyme), and E3 (ubiquitin
ligase). Examples of known andnewUPS substrates discussed in this review and their targeting smallmolecules are listed in the accompanying
table. S: substrate; Ub: ubiquitin.

The other key component of the UPS is the barrel-shaped
26S proteasome. It is composed of a core (20S) subunit con-
tainingmultiple proteolytic sites and a 20S regulatory subunit
that controls the access to the core subunit. The 20S core
subunit is made up of an axial stack of four heptameric rings:
two opposing rings stacked between two outer rings. Each
𝛼- or 𝛽-ring contains seven unique subunits (𝛼

1
through 𝛼

7

and 𝛽
1
through 𝛽

7
). The 20S proteasome, whose components

are less defined, recognizes and removes the ubiquitin chains
on target substrates, unfolds the resulting deubiquitinated
proteins, and channels the unfolded polypeptides into the
proteolytic chamber of the 20S core subunit. Proteasome
proteolytic sites are located in the interior face of the 𝛽-
rings of the 20S. The 𝛽

5
-, 𝛽
2
-, and 𝛽

1
-subunits are respon-

sible for the chymotrypsin-like, trypsin-like, and caspase-
like (also known as peptidylglutamyl-peptide hydrolase)
activities, respectively.The 𝛼-rings serve as the gate to control
the entry of polypeptides into the proteolytic chamber and
regulate the exit of proteolytic products. To gain entry into the
proteolytic sites of the proteasome, protein substratesmust be
unfolded by a hexamer of ATPases associated with the base of
the regulatory subunit. Other components of the regulatory
subunit have also been implicated in the recruitment of awide

variety of protein substrates [9]. Notably, three deubiquiti-
nating enzymes (DUBs), POH1/PSMD14,USP14, andUCH37
(Ubp6 andRpn11 in budding yeast), are found to be associated
with the mammalian regulatory subunit of the proteasome.
Like their ligase counterparts, these DUBs have distinct spec-
ificities for different ubiquitin chain linkages to recycle
ubiquitin in the cell. The DUBs fall into five major classes:
four cysteine (Cys) protease classes and one metalloprotease
class [10]. The role of reversible ubiquitination in a diverse
range of important biological processes has attracted intense
interest in the identification and characterization of human
diseases in which dysregulation of DUB-mediated pathways
is an underlying defect that may be amenable to therapeutic
targeting.

2.2. Diverse Repertoire of Ubiquitin Signals in the Cell. Ubiq-
uitin, a small 76-residue protein, possesses seven critical
lysine residues (K6, K11, K27, K29, K33, K48, and K63) and an
amino-terminal (N-terminal) methionine residue (M1) that
conjugates with the carboxyl-terminal (C-terminal) glycine
of ubiquitinmoieties in chain assembly and extension to gen-
erate polymers. Although ubiquitin has a relatively rigid glob-
ular structure, it remains one of the most versatile signaling
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Figure 2: Domain organization and conservation of the SERTAD protein family. Sequences were analyzed and aligned using BLAST/
ClustalW algorithms. The GenBank (NCBI) accession numbers used are as follows: human SERTAD1 NP 037508, human SERTAD2 NP
055570, human SERTAD3 AAH50643, human SERTAD4 CAB81635, human SERTAD5 NP 060425, Drosophila TARA 𝛼/𝛽 AAF43019/
AAF43018, andDrosophilaCG2865 AAL13703. Putative ubiquitination sites (CUE domains) are identified in SERTAD1 (aa94–104 and aa160–
166), SERTAD2 (aa132–136, aa159–163, and aa273–280), and SERTAD5 (aa24–34).

molecules in the cell. Despite polar residues dominating the
surface of ubiquitin, its transient and noncovalent interaction
with most ubiquitin-binding domains (UBDs) appears to be
solely mediated by a few hydrophobic patches [7, 11]. Ubiq-
uitin can bind to UBDs as monomers (in a process known as
monoubiquitination) or they can be packed into polymeric
chains that are flexible (as in the case of K63- or M1-linked
chains) or rigid (as in the case of K48- or K11-linked chains)
[8, 12–15]. To bring diversity to the repertoire of ubiquitin
signaling in the cell, these polyubiquitin chains can be con-
jugated via the same linkages (homotypic) or mixed linkages
(heterotypic) and are frequently varied in their lengths.These
polyubiquitin chains serve as a recognition motif that allows
a subset of protein substrates to be escorted to the 26S pro-
teasome via a unique set of proteins, including the chaperone
CDC48/p97 [16].

Ubiquitin-mediated proteolysis functions to regulate the
rapid turnover of many transcription factors and co-regula-
tors. A classic example is the regulation of the expression of
cyclin E during normal cell cycle progression. SCFFBW7 is the
specific E3 ubiquitin ligase that binds cyclin E and escorts
it to the 26S proteasome. Fbw7 is the substrate recognition
subunit of SCFFBW7. During the identification and char-
acterization of the transcriptional co-regulatory/integrator
proteins SERTAD1 and SERTAD2 (Figure 2) as compo-
nents of an active transcription complex with E2F1/DP1, we
observed that antagonism of the integrator function of the
SERTAD proteins led to aberrant cyclin E accumulation,
leading to Geminin deregulation and cell death due to the
loss of genomic stability [17, 18]. Our studies identified

Fbxw7, encoding Fbw7, as a novel E2F-responsive gene that is
co-regulated by the SERTAD proteins. Protein decay analyses
indicated that the accumulation of Geminin was due to
protein stabilization. The latter implicates decreased activity
of anaphase promoting complex/cyclosome (APC/C), the
E3 ubiquitin ligase that mediates its degradation. Thus, a
complex interplay mediated by multiple E3 ubiquitin ligases
serves to couple the SERTAD1 and SERTAD2proteins in their
function as transcriptional integrators and co-regulators on
E2F-responsive gene promoters, with regulation of cyclical
expression and degradation of cyclin E andGeminin levels by
SCFFBW7 andAPC/CE3 ligases, respectively, to ensure proper
replication of DNA and maintenance of genomic stability.

The SERTAD1 and SERTAD2 proteins are themselves
subject to complex regulation in function [19] and degrada-
tion [20], as the domain that signals their ubiquitination—
the “degron”—overlaps closely with a transcriptional activa-
tion domain (TAD), revealing a close correlation between
regulation of transcriptional activity and proteolysis [21].
The VP16 TAD has been shown to signal ubiquitination
through the Met30 substrate recognition component of the
SCF ubiquitin-ligase family, which is required for the VP16
TAD to activate transcription [22], leading to a proposal that
ubiquitination regulates TAD function by serving as a dual
signal for activation and activator destruction. One group has
shown that the SCF (Met30) ubiquitin ligase, which targets
the transcription factorMet4 for inactivation as amechanism
for maintaining normal cell cycle progression in budding
yeast [23], does so through the attachment of a single ubiq-
uitin chain at K163 in Met4 [24]. This ubiquitin linkage alters
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Met4 activity but does not play a role in proteasome-mediated
degradation. The independent attachment of a ubiquitin
chain structure at K48 is required forMet4 substrate targeting
to the 26S proteasome. The same group identified a UBD
in Met4 that restricts the length of the polyubiquitin chain
assembled on Met4 and prevents proteasomal recognition
and degradation of polyubiquitinated Met4 [25]. In addition,
a growing body of literature supports the ability of ubiquitin
to bindnoncovalentlywithUBDand SH3domain-containing
proteins [26–28].

The CUE domain is one of the first ubiquitin-inter-
acting/associating domains to be described and is character-
ized by an invariant proline followed by a highly conserved
di-leucine motif [29]. Notably, putative CUE domains exist
in several SERTAD protein family members [20, 30]. As
shown in Figure 2, CUE domains are identified in SERTAD1
(aa94–104 and aa160–166), SERTAD2 (aa132–136, aa159–163,
and aa273–280), and SERTAD5 (aa24–34). Ongoing studies
will thus shed light on the role of these CUE domains in
the regulation of the SERTAD family of transcriptional co-
regulators and their influence on the outcome of human
diseases like cancer, obesity, and type 2 diabetes [31–33].

2.3. Ubiquitin-Binding Domains (UBDs). Ubiquitin signaling
transduction relies on the noncovalent interaction of UBDs
with mono- or polyubiquitin chains. To date, more than 20
UBDs have been identified among protein sequences in the
mammalian proteome.They are known to possess important
structural folds for protein-protein interactions, including 𝛼-
helical structures, zinc fingers, and pleckstrin homology (PH)
folds [11]. In general, isolated UBDs preferentially interact
with monoubiquitin via a conserved hydrophobic patch
surrounding isoleucine 44. The measured affinity of isolated
UBDs for monoubiquitin frequently falls in the micromolar
range in vitro [7, 11]. However, such affinity of UBD-
containing proteins for monoubiquitin in the cell may likely
differ as a result of influence by a variety of factors, such as the
presence of tandem copies of oneUBD in the same protein, its
oligomerization, and its subcellular localization. In addition,
manyUBDs have been shown to exhibit selectivity for certain
types of polyubiquitin chains [7, 11, 13].The linkage selectivity
may also arise from multivalent binding between tandem
UBD arrays in a given protein and ubiquitin monomers or
linkages in a polyubiquitin chain [34, 35]. The function of
tandem UBD arrays has been recently hypothesized to
increase the affinity for a given ubiquitinated substrate rather
than simultaneously engaging multiple substrates.

2.4. Specificity of Ubiquitin Signaling. Distinct ubiquitin sig-
nals have long thought to play unique roles in specific cellular
functions. For instance, K48-linked polyubiquitin chains
(also known as the “classical” ubiquitin chains) were origi-
nally described as the signal that earmarks substrates for pro-
teasomal degradation. The nonclassical K11-, K63-, or M1-
linked ubiquitin chains, on the other hand, have been shown
to be involved in many other biological processes such
as cell cycle regulation, DNA repair, and inflammatory
responses [6, 13–15]. However, several reports challenged this

paradigm by demonstrating that these ubiquitin signals may
play nonmutually exclusive roles. For example, the APC/C
generates the nonclassical K11-linked ubiquitin chains to
target selected substrates for proteasomal degradation [36].
Furthermore, the posttranslational modification of cyclin
B1 by a heterogenous pool of K48-, K11- and K63-linked
ubiquitin chains triggers its proteasomal degradation in yeast
[37].

Given the sheer diversity of ubiquitin signals that exist in
the cell, it remains a daunting task to delineate the functional
specificity of each ubiquitin signal in vivo. How do the
ubiquitin signals select the correct binding partner at the
right place and time to cascade precise signaling within
the cellular environment? We envisage that the specificity
of ubiquitin signaling in the regulation of a particular
molecular or cellular process may be achieved by subcellular
compartmentalization of factors important for ubiquitination
and differential kinetics of the UBD-ubiquitin recognition
(to monoubiquitin and polyubiquitin chains with different
linkage and length). For instance, key protein regulators of
a particular process may possess UBDs that do not show
absolute selectivity toward monoubiquitin or polyubiquitin
chains to allow some degree of plasticity in ubiquitin signal-
ing. The fate of these proteins may be critically dependent
on the localization and assembly of UBD-containing factors
and the availability of enzymes catalyzing the ubiquitination
reactions.

3. Ubiquitin-Proteasome Dysfunction in
Disease Pathophysiology
and Therapeutic Targeting

Dysregulation or inactivation of ubiquitin-modifying
enzymes may lead to human diseases. For instance, the tera-
togenic nature of thalidomide, a sedative widely prescribed to
pregnant women half a century ago, was recently attributed
to its targeting of a component of the CRL that is critical
for limb outgrowth and the expression of a fibroblast
growth factor (FGF8) during embryonic development [38].
Furthermore, alterations to the physiologic function of
ubiquitin-modifying enzymes may enhance or attenuate the
responsiveness of patients to therapeutic agents. We herein
summarize some of the recent findings in this area.

3.1. Restoration of p53 Function in Cancer. The functional
inactivation of p53, through mutations or abrogation of
signaling pathways that regulate its activity, is an almost
universal feature of all cancers. Perhaps not surprisingly,
much effort has been focused on the restoration of p53 tumor
suppressor activity in tumors. This is clearly reflected in the
number of ongoing clinical trials and different approaches
undertaken to achieve this goal [39–42]. The approaches
to reinstate p53 function are broadly categorized into three
major groups. While the first group focuses on reestablishing
the transcriptional activity of wild-type p53, the second group
targets the viability of cancer cells that are highly dependent
on their p53 status. Lastly, the third group aims to increase the
abundance of wild-type p53 proteins. For instance, a number
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of small molecules, such as JNJ-26854165, MI-219 (also
known as AT-219) and the nutlins, bind MDM2 to block its
binding to p53. Likewise, RITA (RBPJ interacting and tubulin
associated) binds p53 to prevent the latter from binding to
MDM2. These small molecules and regulatory proteins yield
a similar outcome, one inwhich p53 is protected fromMDM2
ubiquitination and degradation [40, 41, 43, 44]. In addition,
the development of antisense MDM2 oligonucleotides and
small molecules that inhibit USP7 DUB activity have both
shown promising results in enhancing MDM2 degradation
and stabilizing p53 [39–42, 45, 46].

3.2. TargetingWnt Signaling in Cancer. TheWnt signal trans-
duction cascade controls a wide variety of biological pro-
cesses throughout development and adult life of all animals.
Since the first reported observation that overexpression of
Int-1 (orWnt1) leads to mammary tumors in mice [47], many
labs around the world have shown that the activation of
Wnt signaling pathways is intimately associated with cancer
stem cell maintenance and cancer progression [48, 49]. Wnt
ligands are secreted, cysteine-rich proteins that interact with
Frizzled receptors (Fzd) and the Wnt co-receptors low-
density lipoprotein receptor-related proteins 5/6 (LPR5/6)
to induce the canonical Wnt/𝛽-catenin signaling pathway.
Furthermore, the binding of Wnt to Fzd alone may initiate
noncanonical Wnt signaling, such as the planar cell polarity
pathway (PCP).

TheseWnt signaling pathways are regulated by a plethora
of mechanisms, including the classical regulation of 𝛽-
catenin turnover by the UPS machinery. In the absence of
Wnt ligands, adenomatous polyposis coli (APC) associates
with Axin and the kinases GSK3 and CK1𝛼 (also known as
the 𝛽-catenin destruction complex) to foster the phosphory-
lation of free cytosolic 𝛽-catenin at specific serine/threonine
residues creating a phosphodegronmotif. Recognition of this
phosphodegron by the SCF-𝛽-TrCP ubiquitin ligase complex
leads to the modification of 𝛽-catenin with degradative
polyubiquitin, culminating in its proteasomal destruction
[50–55]. Notably, the Axin-bound APC appears to be mod-
ified predominantly with K63-linked ubiquitin chains in
unstimulated HEK293 cells. Wnt3a stimulation results in
a loss of K63-polyubiquitin adducts from APC in a time-
dependent manner, resulting in the dissociation of Axin
from APC and the stabilization of cytosolic 𝛽-catenin [56].
During Wnt-driven cancer progression, the stability of Axin
appears to be regulated by tankyrase-dependent ubiquiti-
nation. In a high throughput screen to identify a small
molecule that interfered with Wnt-stimulated transcription,
XAV939 exhibited specific inhibition of tankyrases 1 and 2
(TNKS1/2) to stabilize Axin. Importantly, XAV939 showed
significant growth inhibition of the APC-defective human
colorectal carcinoma cell lines [57]. As ubiquitinated Axin
is directly processed by the USP34 ubiquitin protease [58],
the development of USP34 inhibitors may offer a novel
therapeutic opportunity for Wnt-driven cancers.

ZNRF3 was identified in a genetic screen for 𝛽-catenin
gene targets that are potentially involved in the suppression
of Wnt signaling. ZNRF3 encodes an E3 ubiquitin lig-
ase with a transmembrane domain and a cytoplasmic RING

finger domain. Overexpression of ZNRF3 suppressed 𝛽-
catenin-dependent transcription, while silencing of ZNRF3
or overexpression of a dominant negative form of ZNRF3
that lacked the RING finger domain increased LRP6 and
Frizzled levels at the membrane and enhanced 𝛽-catenin
activation. Importantly, ZNRF3 was found to form a complex
with Fzd and LRP6 for ubiquitinating and earmarking Fzd for
degradation. Thus, ZNRF3-mediated inhibition of Wnt sig-
naling involves the degradation of Wnt receptors [59]. Given
the central role of Wnt signaling in embryonic development
and cancer, ZNRF3 is an attractive cancer therapeutic target
worth pursuing further.

More recently, the c-Cbl ubiquitin E3 ligase has been
shown to target nuclear active 𝛽-catenin to achieve suppres-
sion ofWnt signaling in endothelial cells [60].Thus, enhance-
ment of c-Cbl E3 ligase activity by small molecules may pro-
vide an alternative route to perturb the growth ofWnt/𝛽-cate-
nin-driven cancers of endothelial origin, although one should
remain cautious of any unexpected side effects brought about
by the accumulation of other c-Cbl-regulated proteins.

3.3. Targeting Other Oncoproteins in Cancer. Oncoproteins,
such as the inhibitor of apoptosis (IAP) proteins, have been
shown to be frequently upregulated in tumors for themainte-
nance of cancer cell survival. WhileML-IAP exhibits a strong
cancer-expression bias, the expression of XIAP and c-IAP1
and c-IAP2 is associated with poor prognosis in a number
of tumor types [61, 62]. The c-IAP1 and c-IAP2 genes are
amplified in several human andmurine tumor types, suggest-
ing that c-IAP proteins may be good targets of cancer ther-
apeutics [63, 64]. In a significant proportion of extranodal
non-Hodgkinmucosa-associated lymphoid tissue lymphoma
translocation (MALT) lymphomas, the t(11;18) (q21;q21)
chromosomal translocation that fuses the N-terminal region
of c-IAP2 with the central and C-terminal portion of MALT1
(also known as paracaspase) has been described [63, 65].
The c-IAP2-MALT1 fusion protein constitutively activates the
NF-𝜅Bpathway to enhance prosurvival and proinflammatory
signaling, to promote cancer progression, and to induce resis-
tance to anticancer therapies [66]. Among several innovative
strategies to target the IAP proteins thus far, the use of low-
molecular-weight IAP antagonists has attracted the most
attention [67].

Low-molecular-weight IAP antagonists mimic the N-
terminal end of active SMAC protein and bind select BIR
domains of IAP proteins with relatively high affinities to
promote cell death and inhibit tumor growth in vivo [67].
Notably, IAP antagonists appear to trigger conformational
changes in c-IAP proteins to increase their ubiquitin E3 ligase
activity [67–69]. This burst of ubiquitin E3 ligase activity
induces rapid autoubiquitination and proteasomal degrada-
tion of c-IAP proteins [69–71].The absence of c-IAP proteins,
in turn, triggers NF-𝜅B-inducing kinase (NIK) accumulation
and the consequent activation of the noncanonical NF-𝜅B
pathway. TNF𝛼, a by-product of the activation of these
signaling events, induces TNFR1-mediated signaling to kill
cancer cells [69, 71, 72].

The emerging role of the UPS as a key component of the
angiogenic switch in cancer and other types of pathologic
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angiogenesis also highlights the importance of investigating
this pathway in the context of angiogenesis. Activation of
phospholipase C𝛾 1 (PLC𝛾1) in endothelial cells is considered
to be one of the main mediators of the angiogenic signaling
of VEGFR-2 and tumorigenesis. PLC𝛾1 is a multidomain
protein that consists of two SH2 domains and an SH3 domain
between the catalytic domains. The SH2 domains recognize
phosphotyrosine 1173 (p-Y1173) on mouse VEGFR-2 (cor-
responding to Y1175 on human VEGFR-2) [73], whereas
the SH3 domain recognizes proline-rich sequences (PXXP
motifs). The presence of both N- and C-terminal SH2
domains is required for optimal binding of PLC𝛾1 to VEGFR-
2 [73]. PLC𝛾1 also interacts with c-Cbl via its proline-rich
motif [74]. c-Cbl negatively regulates PLC𝛾1 activation in a
proteolysis-independent manner. Instead of targeting PLC𝛾1
for proteasomal degradation, c-Cbl ubiquitinates PLC𝛾1 and
suppresses its phosphorylation on Y783 to inactivate PLC𝛾1
[75].

The genetic evidence linking PLC𝛾1 to endothelial cell
function and angiogenesis was shown by ablation of PLC𝛾1,
which resulted in early embryonic lethality between embry-
onic days 9.5 and 10.5 due to significantly impaired vasculoge-
nesis and erythrogenesis [76]. Importantly, pharmacological
inhibition of PLC𝛾1 by a small molecule, U73122, inhibits
endothelial cell tube formation in vitro [73] and angiogenesis
in vivo via a chorioallantoic membrane assay [77]. We spec-
ulate that the pharmacological enhancement of c-Cbl E3
ligase activity may provide an additional route to inactivate
PLC𝛾1 in pathologic angiogenesis.

In addition, the neddylation of the Cullin proteins with
NEDD8 regulates the activity of CRLs [78, 79]. Like ubiquitin
modifications, NEDD8 conjugation relies on an enzymatic
cascade involving initial ATP-dependent activation prior to
covalent NEDD8 transfer onto substrates [80, 81]. NEDD8-
activating enzyme (NAE) consists of NAE1 (ULA1, APPBP1)
and UBA3 (UBE1C), with the latter containing the ATP bind-
ing pocket and catalytic cysteine [82, 83]. Given that neddy-
lation of CRLs triggers structural rearrangements associated
with enhanced ubiquitinmodification of CRL-bound protein
substrates [84, 85], the inhibition of NAE has thus emerged
as a promising approach to treat cancers via the adenosine
sulfamate analog MLN4924. MLN4924 rapidly eliminates
CRL neddylation, leading to CRL substrate accumulation
and DNA re-replication prior to cancer cell apoptosis [86].
Importantly, MLN4924 regresses tumor growth in mouse
xenograft studies and appears to be well tolerated at dif-
ferent doses and treatment regimens. However, the recent
work of Toth and coworkers revealed a potential pitfall of
this therapeutic strategy [87]. They identified that a single-
nucleotide transition of alanine 171 to threonine (A171T) of
the NAE subunit UBA3 reduces the enzyme’s affinity for
MLN4924 and ATP while increasing NEDD8 activation at
physiological ATP concentrations. Notably, expression of
UBA3A171T is sufficient to decrease MLN4924 sensitivity of
naive HCT116 cells. These data suggest that the on-target
potency ofMLN4924 selects for a pointmutation inNAE that
overcomes the molecule’s inhibitory effects, allowing cancer
cell survival.

3.4. UPS-Dependent Regulation ofUnfolded Proteins in Cancer
andNeurodegenerativeDiseases. Targeting theUPS as a novel
anticancer strategy has been validated by the rapid approval
of the US Food and Drug Administration (FDA) of borte-
zomib (Velcade; Millennium Pharmaceuticals) for the treat-
ment of multiple myeloma and mantle cell lymphoma [88].
Bortezomib and other protease inhibitors, such as carfilzomib
or NPI-0052, induce the death of cancer cells through a
multitude of cellular pathways. These include stabilization of
proapoptotic BCL-2 family members, inhibition of canonical
and noncanonical NF-𝜅B pathways, disruption of tumor-
stromal interactions, and the accumulation of misfolded
proteins [89]. In addition, perturbation of proteasomal activ-
ity may overwhelm the quality-control machinery of these
malignant cells to induce cell death [90]. While proteasome
inhibition is desirable in cancer therapy, the enhancement of
proteasome activity appears to be favorable in neurodegen-
erative diseases. Notably, cells of the neuromuscular origin
are particularly sensitive to the aberrant accumulation of
oxidized and/or misfolded proteins [88]. Given that the UPS
is one of themain routes used to degrade aggregated andmis-
folded proteins in these neuromuscular cells, enhanced pro-
teasomal activity via inhibition of the proteasome-associated
DUB USP14 with the small-molecule inhibitor IU1 may turn
out to be a promising therapeutic strategy for a growing list
of neurodegenerative diseases induced by proteotoxicity [91].

Apart from targeting USP14, others have also focused on
the modulation of the chaperone function of CDC48/p97.
Thehighly conservedCDC48/p97ATPase plays an important
role in the endoplasmic reticulum-associated degradation
(ERAD) pathway by hydrolyzing ATP required for the export
of ubiquitinated substrates to the cytosol for proteasome-
dependent degradation. Inhibition of CDC48/p97 has been
shown to induce unfolded protein accumulation and, ulti-
mately, cell death. CDC48/p97 missense mutations are
found in a genetic form of human dementia. Furthermore,
CDC48/p97was found in ubiquitinated inclusions in affected
neurons of amyotrophic lateral sclerosis and Parkinson’s
disease. Importantly, CDC48/p97 is also overexpressed in
multiple cancers, suggesting that this chaperone protein plays
diverse and essential cellular roles. Thus, the identification
of compounds that selectively target CDC48/p97 function
would serve to mitigate human diseases associated with the
dysregulation of CDC48p97. To date, DBeQ and ML080
(CID-25110544) have been recently reported to be cell active
and reversible inhibitors of CDC48/p97 [92, 93]. Besides
impairing both ubiquitin-dependent and autophagic protein
clearance pathways in the cell, DBeQ potently inhibits cancer
cell growth, and it exhibits the property ofmore rapidlymobi-
lizing the executioner caspases-3 and -7 than a proteasome
inhibitor.

3.5. Proteasome Dysfunction in Cardiac Diseases. Proteinop-
athies are a family of diseases caused by the deficiency in
misfolded protein clearance in the cell.Themost widely stud-
ied cardiac proteinopathy is desmin-related cardiomyopathy
(DRC), which is characterized by the inability to deliver
ubiquitinated proteins to the 20S proteasome as a result
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of reduced protein abundance of critical 20S proteasome
subunits, like Rpt3 and Rpt5 [94, 95]. Importantly, a growing
list of reports suggests that a large subset of common heart
diseases likely share pathogenic mechanisms with cardiac
proteinopathy. For instance, aberrant protein aggregates have
been frequently observed in the pressure-overloaded mouse
heart [96]. Furthermore, recent studies on human hearts with
end-stage heart failure of common etiologies have unveiled
a high prevalence of aberrant protein aggregates that exist
as preamyloid oligomers in the diseased hearts [96, 97].
We envisage that strategies to enhance or re-establish UPS
function may improve the outcome of many human heart
diseases.

3.6. Proteolysis Targeting Chimeric Molecules (PROTACs). To
target proteins, at will, to the ubiquitin-proteasome pathway,
Sakamoto and coworkers pioneered the development of
chimeric molecules (referred to as PROTACs) that link a
desired target protein to a ubiquitin ligase [98]. PROTACs are
structurally comprised of two recognition motifs separated
by a linker. One recognition motif is a small-molecule ligand
for the target protein of interest, and the other recognizes a
specific E3 ligase. Interaction of these motifs with their
binding partners results in polyubiquitination of the target
protein, which is subsequently subjected to proteasomal
degradation. The same E3 ligase recognition motif can be
attached to a variety of small-molecule ligands, thereby
generalizing this approach to a broad spectrum of proteins.

PROTACs serve as useful tools for the elucidation of
protein function and therapeutic applications by inducing
proteolytic degradation of their target proteins [99]. For
instance, PROTAC-induced degradation of a particular pro-
tein followed by determination of the associated phenotypic
changes can provide valuable information about the func-
tion of the protein of interest. While the first-generation
PROTACs were successfully developed using an E3 ubiqui-
tin ligase-recognizing motif derived from I𝜅B𝛼, they were
relatively impermeable to the cell [98]. Its cell permeability
property was significantly improved by adopting an HIF-1𝛼
peptide fragment as an E3 ubiquitin ligase recognition motif
in the design of the second-generation PROTACs [100–102].
Thus far, androgen receptor (AR) [103] and estrogen receptor
(ER) targeting PROTACs [104–106] have been developed,
demonstrating their therapeutic potential in the treatment
of AR-responsive prostate and ER-positive breast cancers
[103, 107, 108]. In addition, PROTACs targeting methionine
aminopeptidase-2 (MetAP-2) [98], the aryl hydrocarbon
receptor [109, 110], and cellular retinoic acid-binding proteins
(CRABPs) [111] have also been developed.

4. Concluding Remarks

A tight regulation of protein turnover by ubiquitination
influences many signaling events and the survival of normal
and diseased cells. Our understanding of these processes is far
from complete, and a number of important questions remain
to be answered. These include the identification of new
ubiquitin ligases and DUBs that regulate protein stability,

the spatial and temporal nature of ubiquitination in various
biological processes, and its relationship with other post-
translational modifications. With a better understanding of
the ubiquitin networks and their functions, we can develop
novel targeted approaches to treat human diseases that are
exquisitely dependent on the dysregulation of these ubiquitin
pathways. In general, these should be increasingly specific
and personalized and therefore more clinically effective and
associated with minimal side effects from off-target effects.
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