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A B S T R A C T

Dynamic modulation and posttranslational modification of proteins are tightly controlled biological processes
that occur in response to physiological cues. One such dynamic modulation is ubiquitination, which marks
proteins for degradation via the proteasome, altering their localization, affecting their activity, and promoting or
interfering with protein interactions. Hence, ubiquitination is crucial for a plethora of physiological processes,
including cell survival, differentiation and innate and adaptive immunity. Similar to kinases, components of the
ubiquitination system are often deregulated, leading to a variety of diseases, such as cancer and neurodegen-
erative disorders. In a context-dependent manner, ubiquitination can regulate both tumor-suppressing and
tumor-promoting pathways in cancer. This review outlines how components of the ubiquitination systems (e.g.
E3 ligases and deubiquitinases) act as oncogenes or tumor suppressors according to the nature of their substrates.
Furthermore, I interrogate how the current knowledge of the differential roles of ubiquitination in cancer lead to
technical advances to inhibit or reactivate the components of the ubiquitination system accordingly.

1. Introduction

Ubiquitination is a posttranslational modification of proteins in both
normal homeostasis and disease. This process involves the addition of
an evolutionarily conserved small protein, ubiquitin (Ub) or ubiquitin-
like proteins (UBLs), to target proteins for proteasome degradation or
non-degradative signaling (Hershko, 1983). The Ub signal on modified
proteins is covalently coupled to lysine side-chain residues in a se-
quential manner by a cascade of enzymatic reactions involving colla-
boration between the activating (E1), conjugating (E2) and ligating
(E3) enzymes (Wilkinson, 1987). The C-terminus of Ub is first activated
by an E1 enzyme and is then transferred onto the active site cysteine of
an E2 conjugating enzyme through trans-thioesterification. Subse-
quently, E3 Ub ligases (HECT (Homology to E6AP C Terminus) or RING
(Really Interesting New Gene)) bind simultaneously the E2-Ub inter-
mediate and the target protein to catalyze isopeptide bond formation
between the C-terminal glycine of ubiquitin and the substrate lysine
residue (Wang et al., 2017a) (Fig. 1). The human genome contains
around 50 genes encoding E2 enzymes and 600 genes encoding E3 li-
gases. Also, there are more than 90 deubiquitinating enzymes (DUBs),
which can remove Ub from the Ub-bound proteins. DUBs can be divided

into six classes: ubiquitin C-terminal hydrolases (UCHs), ubiquitin-
specific proteases (USPs), ovarian-tumor proteases (OTUs), JAMM/
MPN domain-associated metallopeptidases (JAMMs), Machado–Joseph
disease protein domain proteases (MJD) and monocyte chemotactic
protein-induced protein (MCPIP) (Schulman and Harper, 2009; D’arcy
et al., 2015).

The mono-Ub proteins undergo multiple ubiquitination reactions to
generate multi mono-Ub proteins or polymeric Ub chains. Both mono-
Ub and multi mono-Ub are involved in several biological processes,
including endocytosis, DNA repair, and protein localization and traf-
ficking (Popovic et al., 2014). Because ubiquitin itself has seven lysine
(K) residues, this modification can be propagated, by transferring ad-
ditional ubiquitin to one of seven lysine residues or the N-terminus
–NH2 group (Ikeda and Dikic, 2008). According to the formed chain
topology, ubiquitination can have different biological outcomes. For
instance, K48 and K11 chains are related to degradation by the pro-
teasome, whereas K63 and linear ubiquitin chains have a scaffolding
role for signaling assemblies and play a prominent role in many bio-
logical pathways, including inflammation. However, K6 and K27 poly-
ubiquitinated proteins are associated with DNA damage responses and
mitochondrial maintenance, respectively. Also, K29 and K33 poly-
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ubiquitinated proteins are related to lysosomal degradation and T cell
receptor (TCR) signaling, respectively (Bennett and Harper, 2008;
Pickart and Eddins, 2004; Chen and Sun, 2009) (Fig. 2).

Ubiquitination regulates a variety of complex cellular processes,
including protein degradation, protein–protein interactions, en-
docytosis, cell cycle progression, and activating or inactivating sub-
strates (Pickart and Eddins, 2004). Therefore, any functional mutation
or aberrant expression of the Ub system components can lead to several

disorders, including cancer, neurodegenerative disorders, and adaptive
and innate immunity–related disorders. The physiological functions of
ubiquitination are not limited to proteolysis. There are also non-
proteolytic roles of ubiquitination such as multi-protein complex as-
sembly, inflammatory signaling, autophagy, DNA repair and regulation
of enzymatic activity (Bhattacharjee and Nandi, 2017; Martín-vicente
et al., 2017; Kattah et al., 2017).

In cancer, ubiquitination may lead to the activation or deactivation

Fig. 1. Schematic representation of the ubiqui-
tination reactions of proteins with components
of the Ub system indicated. Ubiquitin is acti-
vated through a thioester bond with the acti-
vating enzyme E1 in an ATP-dependent me-
chanism. Ub is then transferred by enzymatic
reactions including the activating (E1), con-
jugating (E2) and ligating (E3) enzymes to the
target protein. Mono-Ub proteins undergo
multiple ubiquitination steps, which target the
protein for proteasomal degradation or mod-
ulate its function.

Fig. 2. Schematic representation of the multiple ubiquitination steps of mono-Ub proteins and their functions. Mono-Ub and multi-mono-Ub proteins are implicated
in endocytosis, DNA repair and protein localization and trafficking. Depending on the type of poly-Ub chain, the protein has different fates inside the cell.
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of tumorigenic pathways. Several reports have shown that aberrant
expression of E3 ligases and DUBs are associated with human malig-
nancies by regulating the activity or degradation of tumor-promoting or
-suppressor proteins. Prominent examples include cyclin-dependent
kinase inhibitor 1B (p27), p53 and nuclear factor kappa-B (NF-κB) (Lu
and Hunter, 2010; Love et al., 2013; Paul et al., 2017). Unlike kinases,
most components of the ubiquitin system do not have well-defined
catalytic pockets and require a dynamic rearrangement of multiple
protein–protein interactions, making them very difficult for inhibition
by small molecules. However, with advances in technologies and better
understanding of ubiquitin biology, there have been great develop-
ments in the reactivation of the ubiquitination system using cutting-
edge methodologies. For instance, protein-targeting chimeric molecules
(PROTACs) and hydrophobicity tags (HyT) have been developed to
modulate the ubiquitination system and the fate of modified proteins
(Huang and Dixit, 2016). In this review, I will discuss how genetic
defects in components of the Ub system can mediate progression or
suppression of the tumorigenic pathways in different types of cancer. I
will also shed light on the current and future perspectives of cancer
therapeutics that depend on either activation or deactivation of the
ubiquitination of target proteins (Fig. 3).

2. Molecular mechanisms of tumor-promoting roles of Ub system
components

2.1. Tumor-promoting E3 ligases

2.1.1. E3 ligases as degraders of tumor suppressing proteins
2.1.1.1. MDM2/p53 interaction. One of the well-known functions of
ubiquitination is the modulation of protein stability through the
ubiquitin–proteasome system (UPS) in normal and pathological states.
Proteins that are marked by Ub are trafficked to the proteasome or
lysosome for degradation (Fig. 1). Mutations or deregulation of the
expression of key players in this process, E3 ligases, are found in
different carcinomas and usually correlate clinically with poor survival
and prognosis (Hoeller and Dikic, 2009; Lipkowitz and Weissman,
2011; Kirkin and Dikic, 2011). For instance, the guardian of the
genome, p53, controls the regulation and expression of cell cycle
arrest, DNA repair and apoptosis genes in normal homeostasis
(Momand et al., 1992). However, in cancer cells, p53 undergoes
ubiquitination upon the binding of the RING finger E3 ubiquitin-
protein ligase MDM2. MDM2 interacts with the p53 N-terminus
transactivation domain (TAC), leading to ubiquitination and
subsequent degradation by the ubiquitin–proteasome system (Kussie
et al., 1996; Haupt et al., 1997) (Fig. 4). Hence, MDM2 is overexpressed
in different types of cancer and negatively correlates with p53 protein
levels, resulting in poor survival and prognosis (Quesnel et al., 1994;
Mccann et al., 1995). Analysis of MDM2 genetic aberrations in cancers
by The Cancer Genome Atlas (TCGA) cBioportal revealed multiple
genetic alterations. Mutation and amplification are the two most
predominant alterations found in several carcinomas, including
sarcoma, urogenital, breast and brain malignancies (Fig. 5). Gain-of-
function mutations in, and amplification of, MDM2 in several
malignancies are suggested to increase MDM2 activity levels and
subsequent degradation of p53. Moreover, a recently identified E3
ligase targeting p53 for degradation in cancer is the E3 ligase RING1
(Shen et al., 2018). RING1 directly interacts with and ubiquitinates
p53, resulting in its proteasomal degradation. The RING domain of
RING1 is required for its Ub ligase activity. Consequently, knocking
RING1 down inhibits cancer cell proliferation and survival, and induces
cell cycle arrest, apoptosis and senescence. Clinically, RING1 expression
is upregulated in cancer cells and associates with poor prognosis (Shen
et al., 2018; Xiong et al., 2015).

2.1.1.2. SCFSKP2 complex. Another exciting example is the
ubiquitination protein complex SCFSKP2. This complex consists of the

F-box proteins SKP2, CUL1 and SKP1 and the RING finger protein
RBX1. SKP2 from this complex has shown an oncogenic potential
clinically by its overexpression in several malignancies and its inverse
correlation with critical cyclin-dependent kinase (CDK) inhibitors,
including p27KIP1 (Carrano et al., 1999; Sutterlüty et al., 1999; Yu
ZK and Zhang, 1998). Analysis by TCGA showed several types of
mutations and amplifications of SKP2 in different types of cancers,
including cervical, endometrial, adrenocortical, ovarian, breast and
non-small cell lung cancers (Fig. 6). These gain-of-function mutations
and amplifications of SKP2 are thought to cause upregulation of SKP2
expression to promote its oncogenic functions. Mechanistically, SKP2
has an oncogenic function via ubiquitination of CDK inhibitors
(p27KIP1 and p21CIP1), p57 (Kamura et al., 2003), p130 (Tedesco
et al., 2002) and FOXO1 (Huang et al., 2005). Also, SKP2 plays a crucial
role in AKT ubiquitination and membrane recruitment (Chan et al.,
2012). Hence, due to the clinical relevance of SKP2, several attempts
have been made to inhibit this complex and most importantly its
interaction with either p27 or SKP1 (Souers et al., 2013; Wu et al.,
2012; Chan et al., 2013).

Upstream regulators of SKP2 have been extensively studied to target
SKP2 oncogenic function in different cancers. For example, the se-
questosome 1 (SQSTM1/p62) stabilizes SKP2 in esophageal squamous
cell carcinoma (ESCC) and enhances cell apoptosis resistance and tumor
growth (Shi et al., 2018). Consistently, immunohistochemical analysis
of primary ESCC tissues revealed a positive correlation between p62
and SKP2. These findings propose that p62 is an early biomarker and a
therapeutic target in ESCC (Shi et al., 2018). Recently, Su et al. (2016)
suggest that miR-3163 and the maternally expressed gene 3 (Meg3)
may coordinate suppression of translation of Skp2 mRNA in non-small-
cell lung carcinoma (NSCLC) cells to inhibit cancer cell growth. More-
over, in neuroblastoma cells, a positive correlation was identified be-
tween MYCN activity and SKP2 mRNA levels. MYCN was found to bind
directly to E-boxes within the SKP2 promoter since SKP2 transcriptional
activity was decreased by either the removal of MYCN or E-box muta-
tion (Evans et al., 2015).

Downstream targets of SKP2 have also been investigated to find
potential candidates as therapeutic targets. Recently, Wang et al.
(2017b) reported that MutT homolog 1 (MTH1) is regulated by poly-
ubiquitination mediated by the E3 ligase Skp2 in melanoma cells. It has
been suggested that MTH1 is upregulated commonly mainly due to its
improved stability caused by K63-linked polyubiquitination. MTH1
helps prevent misincorporation of damaged dNTPs into genomic DNA
to help cancer cells evade apoptosis or DNA damage (Dai et al., 2017a).
A positive correlation of Skp2 and MTH1 expression was observed in
melanoma cell lines and patient specimens (Wang et al., 2017b). These
findings identify Skp2-mediated K63-linked polyubiquitination of
MTH1 as a potential candidate therapeutic target to improve melanoma
treatment. In addition Lu et al. (2017) found that depletion of SKP2
decreases the enhancer of zeste homolog 2 (EZH2) levels in prostate
cancer cells through upregulation of TRAF6-mediated and K63-linked
ubiquitination of EZH2 for proteasomal degradation. EZH2 is highly
associated with aggressive features and activation of progenitor genes
and androgen receptor (AR)-target genes in prostate cancer (Jiang
et al., 2017). Skp2, EZH2 and histone H3 lysine 27 trimethylation
(H3K27me3) are upregulated in both Pten null mouse embryonic fi-
broblasts (MEFs) and Pten null mouse prostate tissues (Lu et al. (2017)).
These findings present an important signaling network of SKP2–TRA-
F6–EZH2/H3K27me3 as a therapeutic target in prostate cancer.

2.1.1.3. Inhibitors of apoptosis-related proteins (IAPs). Inhibitors of
apoptosis-related proteins (IAPs) constitute a class of ubiquitination
proteins responsible for binding and degradation of apoptotic caspases
(Deveraux and Reed, 1999). Most IAPs contain a RING domain at the C-
terminus required for ubiquitination of their substrates and auto-
ubiquitination of other IAPs, including c-IAP1, c-IAP2 and X-linked
inhibitor of apoptosis (XIAP) (Vaux and IAPs, 2005; Silke and Vucic,
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2014). IAPs are clinically associated with evasion of apoptosis in
multiple myelomas. c-IAP1 and c-IAP2 are also linked to
noncanonical NF-κB signaling since they promote ubiquitination and
proteasomal degradation of NF-κB–inducing kinase (NIK) (Varfolomeev
et al., 2007). BIRC2 and BIRC3 (encoding c-IAP1 and c-IAP2,
respectively) are amplified and linked to the transcription factor and
oncogene YAP in several malignancies, including hepatocarcinoma,
melanoma, medulloblastoma, as well as in pancreatic, lung, oral
squamous cell and oesophageal cancers (Zender et al., 2006). Future
efforts are needed to target these proteins using small molecule
inhibitors or antisense oligonucleotides.

2.1.2. E3 ligases as regulators of oncogenic activity
The effects of ubiquitination on proteins are diverse, including

proteasomal degradation, localization and activity modulation (Fig. 2).

Regarding activity modulation, ubiquitination is known to regulate the
activity of both oncogenes and tumor suppressors in cancer. For ex-
ample, the oncogenic GTPase K-RAS was previously shown to be ubi-
quitinated by Rabex-5 to promote its endosomal localization by beta-
TrCP (TrCP), a key member of the SkpI–Cdc53–F-box E3, to mediate its
proteasomal degradation (Xu et al., 2010). However, ubiquitination
also impairs K-Ras response to GTPase-activating proteins (GAPs).
Therefore, the amount of active K-Ras (GTP-bound) and its binding to
downstream effectors are enhanced even in the absence of receptor
stimuli (Hobbs et al., 2013). Moreover, the K-Ras G12V mutation is
found in colorectal, lung and pancreatic carcinomas (Bournet et al.,
2016). This mutation allows K-Ras ubiquitination to enhance its
binding to phosphatidylinositol 3-kinase (PI3K), thus activating
PI3K–protein kinase B (AKT) signaling (Popovic et al., 2014). The
PI3K–AKT pathway is a signal transduction pathway that promotes

Fig. 3. Flow diagram of the current review contents.
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cancer cell survival and growth in response to extracellular signals,
hence, K-Ras ubiquitination is a potential target to block AKT signaling
in cancer (Farhan et al., 2017).

2.1.3. Metastasis-promoting E3 ligases
Cancer cells leave the primary sites and metastasize at distant sites

by disruption of cell-to-cell adhesion and promotion of epithelial–me-
senchymal transition (EMT). EMT is promoted by several transcription
factors and membrane proteins deregulated in cancer cells (Mansour
et al., 2015a, b; Akter et al., 2016a; Mansour et al., 2016; Akter et al.,
2016b; Kurita et al., 2016; Mansour and Senga, 2017). TIAM1 is a
guanine nucleotide exchange factor, at cell-to-cell junctions, which is
critical for maintaining cell-to-cell contact. TIAM1 expression is
modulated by HECT UBA and WWE domain–containing protein 1
(HUWE1) E3 ubiquitin ligase (Gallo et al., 2017). An inverse correlation
between HUWE1 and TIAM1 protein levels is observed in squamous cell
lung carcinoma tissue samples. Therefore, knockdown or depletion of

HUWE1 would be of great importance to stabilize TIAM1-mediated cell-
to-cell junctions and stop metastasis (Vaughan et al., 2015). Another
interesting example is the E3 ligase activity of GP78, which modulates
the expression of KAI1 in sarcoma metastasis. Downregulation of GP78
by inhibitors accumulates KAI1 and results in apoptosis and reduction
of the metastatic potential of sarcoma cells (Tsai et al., 2007).

2.1.4. Tumor-promoting activators of E3 ligases
Activators of E3 ligases can also confer the tumor-promoting func-

tions of E3 ligases. For instance, the RNA helicase, DHX15, regulates
androgen receptor (AR) activity in prostate cancer cells by modulating
E3 ligase Siah2-mediated AR ubiquitination (Jing et al., 2018). Con-
sequently, DHX15-mediated AR activation is critical for prostate cancer
progression, including castration-resistant prostate cancer. In addition,
DHX15 expression is upregulated in prostate cancer specimens and
correlates with Gleason scores and prostate-specific antigen (PSA) re-
currence (Jing et al., 2018). Another example is the RING

Fig. 4. Schematic representation of the MDM2–p53 interaction. P53 is ubiquitinated by MDM2 and undergoes degradation via the proteasome. Non-ubiquitinated
p53 forms a tetramer able to bind to DNA to mediate its tumor suppressor effect.

Fig. 5. Analysis of data in The Cancer Genome Atlas (TCGA) cBioportal shows genetic alterations ofMDM2 in several types of cancer. Mutation, fusion, amplification,
deep deletion and multiple alterations are represented in the graph with different colors.
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domain–containing ubiquitin E3 ligase MARCH7. As described pre-
viously, p53 activity is mainly regulated by the ubiquitin E3 ligase
Mdm2, which targets p53 for ubiquitin-dependent degradation. Inter-
estingly, it has recently been reported that MDM2 is regulated by
MARCH7. MARCH7 activates K63-linked polyubiquitination of MDM2,
which impedes its autoubiquitination and proteasomal degradation.
Hence, MARCH7 regulates cancer cell proliferation and apoptosis in a
p53-dependent manner (Zhao et al., 2018).

2.2. Tumor-promoting E2 enzymes

The E2 conjugating enzymes are also mediating critical functions in
cancer cells. For example, the ubiquitin-conjugating enzyme E2 L3
(UBE2L3) is overexpressed in NSCLC tissues as compared to normal
tissue. Overexpression of UBE2L3 correlates with advanced tumor stage
and poor prognosis (Ma et al., 2017). Mechanistically Ma et al., (2017)
demonstrated that UBE2L3 interacts with Skp2, thereby promoting the
ubiquitination and proteasomal degradation of p27kip1. Consequently,
depletion of UBE2L3 expression inhibits NSCLC progression, while
exogenous expression of UBE2L3 promotes NSCLC cell growth in a cell
cycle–dependent manner (Ma et al., 2017). Therefore, UBE2L3 is pro-
posed as a novel biomarker for prognosis and a potential therapeutic
target for NSCLC patients.

2.3. Tumor-promoting deubiquitinating enzymes

Deubiquitinases function as tumor-promoting proteins if their sub-
strates act as promoters of cancer progression. For example, USP1 and
DUB3 preserve the characteristics of mesenchymal stem cells by deu-
biquitinating inhibitors of DNA-binding proteins in osteosarcoma
(Williams et al., 2011). They can also stabilize CDC25 to activate cell
cycle progression (Pereg et al., 2010). USP1 is also implicated in Fan-
coni leukemia, in which it deubiquitinates two critical DNA repair
proteins, FANCD2 and PCNA (Nijman et al., 2005). Moreover, USP4
enhances the oncogenic transforming growth factor-β (TGF-β) signaling
and is overexpressed in invasive breast cancer. USP4 deubiquitinates
activated ALK5 leading to stabilization of downstream activation of
SMAD2 and SMAD2/SMAD4 complex formation (Zhang et al., 2012).
Importantly, activation of TGF-β signaling induces expression of me-
tastasis-related genes, such as IL-11, CXCR4 and MMPs, in breast cancer

(Matsuura et al., 2010). Unlike previous USPs, USP7 modulates the
localization and conformational structure editing of the well-known
tumor suppressors p53 and PTEN. Deubiquitination of PTEN by USP7
inactivates PTEN by nuclear exclusion, leading to impairment of tumor
growth (Song et al., 2008). Consequently, USP7 is frequently over-
expressed in prostate and non-small cell lung carcinomas, as well as
acute promyelocytic leukemia (Gallo et al., 2017).

3. Therapeutic inhibition of tumor-promoting ubiquitination in
cancer

3.1. Targeting the proteasome

There are currently two proteasome inhibitors approved by the
FDA: bortezomib (Velcade) and carfilzomib (Kyprolis) (Hideshima
et al., 2001; Chauhan et al., 2005; Hideshima et al., 2003). As a peptide
boronate, bortezomib showed great efficacy in multiple myelomas ra-
ther than in solid cancers (Hideshima et al., 2001). Bortezomib stabi-
lizes I-κB, an important suppressor of NF-κB signaling (Chauhan et al.,
2005). Also, bortezomib causes accumulation of the tumor suppressors
p27KIP1 and p53 (Hideshima et al., 2003). Furthermore, bortezomib
can accumulate the pro-apoptotic protein BAX and induce endoplasmic
reticulum stress and oxidative stress, which ultimately activate apop-
tosis of cancer cells (Chauhan et al., 2005). The major challenges for
proteasome inhibitors are acquired resistance and fewer efficacies in
solid tumors. Nevertheless, it may be worthwhile testing several com-
binations of proteasome inhibitors and also targeting the im-
munoproteasome, which causes inflammation in cancer and other dis-
eases.

3.2. MDM2 as an attractive drug target

As shown previously, MDM2 is a negative regulator of p53 and
therefore has oncogenic potential. Nutlins are a family of cis-imidazo-
line drugs that have been tested in clinical trials as inhibitors of MDM2.
Some nutlins demonstrated promising tumor-suppressor effects on
cancer cells, but this is dependent on their p53 mutational status (Sosin
et al., 2012). Other inhibitors of the MDM2–p53 interaction have also
been tested. For instance, MI-219 and RITA (reactivation of p53 and
induction of tumor cell apoptosis), can block the interaction, leading to

Fig. 6. Analysis of data in The Cancer Genome Atlas (TCGA) cBioportal shows genetic alterations of SKP2 in several types of cancer. Mutation, amplification, deep
deletion and multiple alterations are represented in the graph with different colors.
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reactivation of cell cycle arrest and apoptosis. Mechanistically, MI-219
binds to MDM2, whereas RITA binds to p53 but not MDM2, hence it
might interfere with other interactions of p53 regardless of p53 ubi-
quitination status (Issaeva et al., 2004). Despite the great efficacy of
these inhibitors, one drawback is their dependence on p53 wild-type
state, since mutant p53 protein is no longer ubiquitinated by MDM2 or
stabilized further.

3.3. IAP antagonists

In normal homeostasis, SMAC/DIABLO is a mitochondrial protein
released to bind and inactivate IAPs, thereby activating apoptosis
events (Verhagen et al., 2000). To generate IAPs antagonists, initial
efforts have been made to mimic the four NH2-terminus residues of
active SMAC that bind and inactivate the Baculovirus IAP Repeat (BIR)
domains of IAPs (Varfolomeev et al., 2007). Importantly, antagonists of
IAPs induce a conformational change and formation of IAP dimers,
which lead to auto-ligase activity, auto-ubiquitination and finally de-
gradation (Dueber et al., 2011). For example, IAP antagonists (GDC-
0152, LCL161, HGS1029 and TL32711) have entered clinical trials due
to their efficient ubiquitination of IAPs, causing stimulation of TNFR1-
mediated signaling and cancer cell death (Fulda and Vucic, 2012).

3.4. Outputs from preclinical and clinical trials

The UPS degrades numerous tumor suppressor proteins. Hence, it is
now obvious that inhibition of proteasome activity reactivates apop-
tosis by sparing proteins like P53 (Hideshima et al., 2001; Chauhan
et al., 2005; Hideshima et al., 2003). Inhibitors of the UPS may also
induce apoptosis indirectly by inhibiting NF-κB activation (Hideshima
et al., 2002), hence preventing various anti-apoptotic proteins. Borte-
zomib, the proteasome inhibitor, is the only effector of the ubiquitin
pathway amongst current anticancer therapeutics (Mattern et al.,
2012). VELCADE® is the commercial name of bortezomib and is used to
treat hematological malignancies (multiple myeloma and mantle cell
lymphomas). This molecule has been studied extensively during pre-
clinical and clinical development to assess its cytotoxicity and its pre-
ference for tumor cells (Adams, 2004). It is suggested that bortezomib
inhibits angiogenesis (Williams et al., 2003), is effective in various
combination therapies, and can increase sensitivity to traditional cy-
totoxic therapies (Mitsiades et al., 2003). Despite these efficacies, bor-
tezomib’s therapeutic window is still narrow, since dose-limiting toxi-
cities are just above the treatment dose. Moreover, since mutations in
the β5 chymotrypsin-like catalytic subunit of the proteasome are fre-
quent, resistance to bortezomib is becoming evident (Suzuki et al.,
2011).

Currently, 2nd generation molecules are undergoing clinical as-
sessment to widen the therapeutic avenue. Inhibitors, or in some in-
stances activators, of UPS enzymes should be developable as specific
antitumor agents with toxicity profiles superior to that of proteasome
inhibitors. For instance, MLN4924, an adenosine sulfamate analogue,
inhibits the E1 activating enzyme responsible for NEDDylation, the
covalent addition of a ubiquitin-like protein (NEDD8) to specific target
proteins including SCFSkp2 (Chen et al., 2008). Because NEDDylation
of Skp2 results in pro-growth activity inhibition of this process by
MLN4924 is an effective therapeutic strategy. MLN4924 is currently in
Phase II clinical trials for hematologic malignancies (Mattern et al.,
2012). Additionally, the E2 conjugating enzyme Cdc34 drives ubiqui-
tination of p27, and inhibition of p27 ubiquitination and subsequent
degradation is suggested to prevent tumor cell cycle progression. A
small molecule inhibitor of Cdc34, named CC0651, is in preclinical
development as a potential anticancer agent (Ceccarelli et al., 2011).

The first in-human, phase I clinical trial of p28 (NSC745104) was
conducted to inhibit p53 ubiquitination in patients with p53(+) me-
tastatic solid tumors (Warso et al., 2013). p28 (NSC745104) is a 28-
amino-acid fragment of the cupredoxin azurin and acts as a non-HDM2-

mediated peptide inhibitor of p53 ubiquitination. Safety, tolerability,
pharmacokinetics and preliminary activity of p28 were tested. p28 was
tolerated with no significant adverse effects. The anti-tumor activity
indicates a highly favorable therapeutic index and demonstrates high
efficiency of this novel class of non-HDM2-mediated peptide inhibitors
(Warso et al., 2013). Nevertheless, selective inhibition of a given E3
ligase affects a limited number of cellular events because E3 ligases are
more specific in terms of target proteins. Most E3 enzymes do not
possess a classic catalytic active site; instead they mediate protein–-
protein interactions between the charged E2 enzyme and the protein
substrate. Consequently, the most prominent ligase-based drug dis-
covery strategy to date has been the development of antagonists of
E3–substrate binding. For instance, the two E3 ligase antagonists cur-
rently in clinical trials for cancer, RO5045337 (nutlin-3) and JNJ-
26854165, target MDM2, which ubiquitinates p53 in cancer cells for
degradation (Yuan et al., 2011). The fact that there are two MDM2–p53
binding inhibitors and seven IAP antagonists in Phase I/II clinical trials
suggests that E3 ligases constitute a viable drug discovery area (Mattern
et al., 2012).

4. Molecular mechanisms of tumor-suppressing roles of UPS
components

4.1. E3 ligases as tumor suppressor proteins

4.1.1. The von Hippel-Lindau tumor suppressor
The von Hippel-Lindau tumor suppressor (pVHL; encoded by VHL)

is named after hereditary cancers characterized by highly vascularized
tumors such as renal cell cancer, pancreatic tumors and tumors of the
retinal and central nervous system (Gnarra et al., 1994; Kanno et al.,
1994). pVHL is a part of the VCB–Cul2–VHL Ub ligase complex, which
mediates the ubiquitination of hypoxia-inducible factor-1α (HIF-1α).
Once HIF-1α is hydroxylated on proline residues, it undergoes ubiqui-
tination by pVHL and subsequent degradation by the UPS (Maxwell
et al., 1999). Loss-of-function mutations and deep deletions of VHL
have been observed in various cancers, including, renal, brain, pan-
creatic and cervical tumors (Fig. 7). Consequently, these mutations
cause low VHL expression in different cancer tissues. Also, due to these
mutations, HIF-1α is no longer ubiquitinated and stabilized and is not
degraded by the proteasome system, leading to stimulation of rapid
vascularization and tumor growth progression (Maxwell et al., 1999).
In hypoxia, HIF-1α induces expression of vascular endothelial growth
factor (VEGF), glucose transporter 1, matrix metalloproteases (MMPs),
SNAIL, TWIST and PDGF, thereby promoting angiogenesis, migration
and metastasis (Singh et al., 2017). As an upstream regulator, UBE2S
(Ub-conjugating enzyme E2S, also known as E2–EPF ubiquitin carrier
protein (UCP)), is involved in ubiquitination of the VHL protein,
leading to its proteasomal degradation (Jung et al., 2006). Conse-
quently, overexpression of UBE2S contributes to increased degradation
of VHL and increased HIF-1α expression and VEGF transcription,
leading to increased proliferation and metastasis (Rankin and Giaccia,
2016). Upregulation of UBE2S and HIF-1α, with low VHL expression, is
detected in several carcinomas, including liver, colorectal, breast,
pancreatic and prostate cancers (Witkiewicz et al., 2015; Beltran et al.,
2016; Ayesha et al., 2016).

4.1.2. STUB1 E3 ligase
STIP1 Homology and U-Box Containing Protein 1 (STUB1) is an E3

ubiquitin ligase downregulated in various carcinomas as it ubiquiti-
nates cell cycle regulators, such as c-Myc and SRC-3 (Kajiro et al.,
2009). Analysis of TCGA data showed that STUB1 is altered in several
cancers with several genetic aberrations including mutations, amplifi-
cations and deep deletions (Fig. 8). Loss-of-function mutations and deep
deletions of STUB1 are thought to cause downregulation of STUB1
expression levels in different cancers. Depletion of STUB1, a molecular
chaperone for protein quality, augments NF-κB signaling, anti-apoptotic

M.A. Mansour International Journal of Biochemistry and Cell Biology 101 (2018) 80–93

86



proteins (Bcl-2) and AKT. Hence, STUB1 downregulation associates
with survival, invasiveness and metastasis of breast and colorectal
cancers (Wang et al., 2014a; Hiyoshi et al., 2014). However, in pan-
creatic cancer, STUB1 modulates the stability of EGFR through pro-
teasomal degradation of the receptor tyrosine kinase (RTK). Also,
STUB1 regulates the phosphorylation of Tyr845 and Tyr1068 of EGFR,
to modulate downstream PI3K/AKT and Src/FAK/paxillin signaling.
Therefore, downregulation of STUB1 increases EGFR signaling and
sensitization of pancreatic cancer cells to RTK inhibitors like erlotinib,
leading to apoptosis and tumor suppression (Wang et al., 2014b).
Clinical targeting of STUB1 is indispensable in tumors harboring NF-κB
signaling. However, due to the discrepancy of STUB1 expression levels
in different tumors, further investigations are required to reveal the

context-dependent functions of STUB1 in cancers.

4.1.3. FBXW7 E3 ligase
Similarly, F-Box and WD Repeat Domain Containing 7 (FBXW7) is

downregulated in several malignancies (e.g. colorectal, breast and
gastric cancers, as well as cholangiocarcinoma) and is correlated with
poor prognosis and survival, and enhanced invasiveness and metastasis
(Ibusuki et al., 2011; Iwatsuki et al., 2010; Yang et al., 2015). Several
loss-of-function mutations and deep deletions of FBXW7 are found in
several types of cancers, including colorectal and cervical malignancies
(Fig. 9). These loss-of-function mutations and deletions cause the
downregulation of FBXW7 expression and loss of its tumor-suppressing
functions in several malignancies. FBXW7 is an E3 ligase and a

Fig. 7. Analysis of data in The Cancer Genome Atlas (TCGA) cBioportal shows genetic alterations of VHL in several types of cancer. Mutation, amplification and deep
deletion are represented in the graph with different colors.

Fig. 8. Analysis of data in The Cancer Genome Atlas (TCGA) cBioportal shows genetic alterations of STUB1 in several types of cancer. Mutation, amplification and
deep deletion are represented in the graph with different colors.
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component of the SCF complex (SKP1, CUL-1, F-box protein), which
regulates the stability of oncogenic regulators such as c-Myc, cyclin E
and Notch (Welcker and Clurman, 2008). In cholangiocarcinoma,
FBXW7 regulates the stability of the mTOR protein; hence FBXW7
downregulation increases mTOR levels and enhances the metastasis of
cholangiocarcinoma cells to distant organs like the liver and lung.
Moreover, downregulation of FBXW7 sensitizes these tumors to mTOR
inhibitors like rapamycin, which impairs tumor progression and acti-
vates apoptosis (Yang et al., 2015).

The upstream regulators of FBXW7 have also been investigated. Xu
et al. (2017) reported that FBXW2 is a substrate of β-TrCP1 and an E3
ligase for SKP2. Whereas β-TrCP1 promotes the ubiquitination of
FBXW2 for proteasomal degradation, FBXW2 does the same to SKP2.
Therefore, FBXW2 exerts a tumor-suppressing function by blocking the
oncogenic functions of β-TrCP1 and SKP2. β-transducin repeat-con-
taining protein 1 (β-TrCP1) is one of the prototypical and best-char-
acterized mammalian F-box proteins. β-TrCP1 has an oncogenic func-
tion by targeting many tumor suppressor proteins like P53 (Xia et al.,
2009), IκB (Winston et al., 1999), programmed cell death protein 4
(PDCD4) (Dorrello et al., 2006) and DEPTOR (Gao et al., 2011). Hence,
β-TrCP1 is overexpressed and associated with poor prognosis in dif-
ferent types of cancer, including colorectal cancer, pancreatic cancer,
hepatoblastomas and breast cancer (Ougolkov et al., 2004; Müerköster
et al., 2005; Koch et al., 2005). Collectively, these findings reveal an
important interplay among F-box proteins that causes the versatile
nature of the components of Ub system.

Downstream targets of FBXW7 include several oncoproteins such as
Notch, c-Myc, cyclin E and c-Jun, all of which have oncoprotein activity
and are overexpressed in several human malignancies (Cao et al.,
2016). Several cancer-associated mutations in FBXW7 and its substrates
have been frequently detected in various types of human cancer, in-
cluding breast cancer, colon cancer and T-cell acute lymphoblastic
leukaemia (T-ALL) (Welcker and Clurman, 2008). Knockout of FBXW7
in mice leads to chromosomal instability, tumorigenesis and gain of
stemness properties. Emerging evidence reveals that FBXW7 regulates
stem cell self-renewal, differentiation, survival and multipotency in
several types of stem cells with different origins (Wang et al., 2011).
Furthermore, FBXW7 governs cellular apoptosis (programmed cell
death) by targeting MCL1, a pro-survival BCL2 family member, for
ubiquitination-mediated degradation. Loss of FBXW7 and over-
expression of MCL1 are observed in leukemia cells. FBXW7-deficient
cells are particularly sensitive to the multi-kinase inhibitor sorafenib
but are resistant to the BCL2 antagonist ABT-737 (Inuzuka et al., 2011).

These findings establish MCL1 as a therapeutically relevant bypass
survival mechanism that enables FBXW7-deficient cells to evade
apoptosis. Hence, MCL1-targeted treatment is a promising strategy for
leukemia patients with FBXW7-deficiency.

4.1.4. ZNRF3 E3 ligase
The E3 ubiquitin ligase, zinc and ring finger 3 (ZNRF3), is another

member of the E3 ligase family with a tumor suppressing function in
different types of human cancer (Qiu et al., 2016). ZNRF3 is a trans-
membrane E3 ubiquitin ligase that functions as an important regulator
of cancer development. Downregulation of ZNRF3 protein is often ob-
served in cancerous tissues vs normal counterparts, with poor tissue
differentiation. In gastric adenocarcinoma cells, overexpression of
ZNRF3 induces apoptosis, suppresses proliferation and downregulates
the Wnt/β-catenin/TCF signaling pathway (Zhou et al., 2013). Simi-
larly, in colorectal, gastric and papillary thyroid carcinomas, over-
expression of ZNRF3 indicates a favorable prognosis by suppressing
cancer cell growth and facilitating apoptosis (Zhou et al., 2013; Yu
et al., 2016). Furthermore, ZNRF3’s tumor-suppressing function is at-
tributed to inactivation of both the Wnt and Hedgehog proliferative
pathways (Qin et al., 2015; Wang et al., 2017c). In a recent study, Dong
et al. (2017) showed that R-spondin 2 (RSPO2) has an inhibitory effect
on colorectal cancer cell migration, invasion and metastasis. RSPO2
interacts with Wnt receptor Frizzled 7 (Fzd7) to increase the degrada-
tion of Fzd7 via ZNRF3-mediated ubiquitination. These events lead to
the suppression of the downstream PKC/ERK signaling in colorectal
cancer (Dong et al. (2017)). Therefore, reactivation of the ubiquitina-
tion potential of E3 ligases with tumor-suppressing functions (e.g.
ZNRF3) would be of great importance clinically to destabilize aberrant
oncogenic stability and signaling pathways involved in cancer cell
proliferation and metastasis.

4.1.5. FBXO31 and RNF144A E3 ligases
The F-box protein FBXO31 is a component of the SCF E3 ubiquitin

ligase complex and is downregulated in gastric cancer (Zou et al.,
2018). Zou et al. (2018) reported that FBXO31 suppresses cell cycle
progression and EMT in gastric cancer cells by targeting Snail1 for
proteasomal degradation. The study showed that FBXO31 interacts
with Snail1 and mediates the ubiquitin-dependent proteasomal de-
gradation of Snail1 in gastric cancer. Consistently, the study revealed a
highly significant negative correlation between FBXO31 and Snail1
expression in human gastric cancer clinical specimens (Zou et al.,
2018). In addition, ring finger protein 144A (RNF144A), a RING-

Fig. 9. Analysis of data in The Cancer Genome Atlas (TCGA) cBioportal shows genetic alterations of FBXW7 in several types of cancer. Mutation, fusion, amplifi-
cation, deep deletion and multiple alterations are represented in the graph with different colors.
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between-RING (RBR)-type E3 ubiquitin ligase, has recently been re-
ported to target poly (ADP-ribose) polymerase 1 (PARP1). PARP1
proteins are critical DNA repair proteins, which are upregulated in
breast cancers. Zhang et al. (2017a) showed that RNF144A interacts
with PARP1 through its carboxy-terminal region containing the trans-
membrane domain, and targets PARP1 for ubiquitination and sub-
sequent proteasomal degradation. Collectively, these studies suggest
activators of tumor suppressor E3 ligases as a valid strategy in cancer
therapy.

4.1.6. Ubiquitination facilitator proteins
(Xiao et al. (2018)) identified YAP1 as an interactor protein with

two members of the α-arrestin family (ARRDC1/3) in RCC cells through
the WW domains of YAP1 and the PPXY motifs of ARRDC1/3. The study
revealed that ARRDC1/3 mRNA levels are significantly downregulated
in ccRCC specimens. Also, expression of ARRDC1/3 suppresses cancer
cell growth, migration, invasion and EMT. Moreover, the study de-
monstrated that these effects are mediated, at least in part, through
YAP1 degradation via ubiquitination. ARRDC1/3 negatively regulates
YAP1 protein stability by facilitating E3 ubiquitin ligase Itch-mediated
ubiquitination and degradation of YAP1. This study explains the re-
lationship between ARRDC1/3 downregulation and aberrant Hip-
po–YAP1 pathway activation in ccRCC (Xiao et al. (2018)).

4.2. E3 ligases with both tumor promoting and suppressing functions

Cullin 3–RING ligases (CRL3s) are the largest E3 ligase family in
eukaryotes and are multi-protein complexes. CRL3s exert pivotal roles
in the regulation of various physiological and pathological processes,
including cancer (Cheng et al., 2018). CRL3s contain a BTB/POZ do-
main that triggers the interaction between Cullin 3 and target substrates
to promote their ubiquitination and subsequent degradation (Bulatov
and Ciulli, 2015). The biological implications of CRL3s are diverse in-
sofar as they can function as either oncogenes or tumor suppressors or
can mediate either of these effects in a context-dependent manner
(Bulatov and Ciulli, 2015). For example, Keap1 likely serves as a tumor
suppressor in different types of cancer, mainly due to its function to
target its downstream oncogenic substrate, NRF2 (nuclear factor ery-
throid 2–related factor 2) (Best et al., 2018). However, the role of the
adaptor protein SPOP (speckle type BTB/POZ protein) in tumorigenesis
appears to be tissue- and context-dependent. SPOP acts as a tumor
suppressor via destabilizing downstream targets with oncogenic func-
tions in several cancers, especially in prostate cancer (Shoag et al.,
2018). The downstream substrates of SPOP in prostate cancer include
several oncoproteins such as c-MYC, EglN prolyl hydroxylases (Geng
et al., 2017), Cdc20 (Zhang et al., 2017b), ERG oncoprotein (Gan et al.,
2015) and SENP7 deSUMOylase (Zhu et al., 2015). Moreover, Cullin 3/
SPOP promotes the poly-ubiquitination and degradation of HDAC6;
therefore, SPOP loss-of-function mutations might lead to metastasis in
various human cancers (Tan et al., 2017). On the other hand, SPOP
exerts an oncogenic function in kidney cancer by acting as a key reg-
ulatory hub (Li et al., 2014) for the activation of the β–catenin/TCF4
complex (Zhao et al., 2016). Several studies have reported that somatic
mutations of SPOP are detected in gastric, colorectal and prostate
cancers. Mutations of SPOP involved the SPOP substrate-binding cleft,
thereby impeding the Cul3-based ubiquitination of the substrate
(Barbieri et al., 2012). Analysis of TCGA data showed that SPOP is al-
tered in several malignancies via several genetic aberrations, including
loss-of-function mutations and deep deletions (Fig. 10). Loss-of-function
mutations of SPOP are thought to cause downregulation of SPOP ex-
pression levels in different cancers, especially prostate cancer. More-
over, it has recently been reported that prostate cancer–associated
SPOP mutations confer resistance to BET inhibitors through stabiliza-
tion of bromodomain 4 (BRD4) (Dai et al., 2017b) and AKT–mTORC1
activation (Zhang et al., 2017c).

4.3. Tumor-suppressor deubiquitinating enzymes

DUBs remove Ub moieties from substrate proteins to prevent their
degradation by the proteasome system. When the targeted substrate is
acting as a tumor suppressor, DUBs function to stabilize these substrates
and hence act as tumor suppressors. For instance, A20, CYLD and BAP1
are DUBs mutated in several types of cancer, especially immunological
malignancies (Hymowitz and Wertz, 2010; Dey et al., 2012). A20 in-
teracts with proteins mediating the proinflammatory signaling path-
ways, such as tumor necrosis factor receptor (TNFR)-associated factor 2
(TRAF2), TRAF6 and NF-κB-essential modulator (NEMO). Conse-
quently, A20 attenuates NF-κB signaling pathways by not only deubi-
quitination but also by Ub-editing through removal of Ub and genera-
tion of new Ub adducts. Therefore, A20 inactivation contributes to
malignancy by promoting NF-κB signaling (Hymowitz and Wertz,
2010). A similar example is BAP1, which shows a similar activity by
modulating the stability of epigenetic regulators. Aberrant expression
and mutation of the BAP1-regulated polycomb protein ASXL1 are found
in chronic myelomonocytic leukemia (Dey et al., 2012). Another ex-
citing example is CYLD, which is mutated in multiple myelomas, lym-
phoblastic leukemias and melanomas. CYLD mutation leads to CYLD
inactivation or downregulation, thereby increasing B-cell lymphoma 3
(Bcl-3) ubiquitination and nuclear localization and NF-κB activation
(Bonnet and Courtois, 2011). These effects ultimately lead to heigh-
tened invasion and proliferation.

5. Reactivation of ubiquitination as a therapeutic approach in
cancer

5.1. Targeting tumor-promoting deubiquitinases

As shown previously, several DUBs are deregulated in cancer,
leading to abnormal functions of their substrates. Therefore, inhibitors
of USPs and other DUBs provide an excellent approach to restore the
functions of tumor suppressors (e.g. PTEN and p53) by inducing their
stability or modulating their activity in cancer cells. For instance, small
molecule inhibitors of USP7 (e.g. HBX41&108) reverse EMT and induce
apoptosis in cancer cells (Colland et al., 2009). Importantly, these in-
hibitors reactivate ubiquitination-mediated nuclear inclusion of PTEN
and restore the wild-type form of p53 (Rivlin et al., 2014). Some USP7
inhibitors are in preclinical development, but no compound has entered
clinical trial. This interesting gain-of-function approach provides the
basis for indispensable potential future studies for mutant p53–targeted
therapies.

5.2. Chemical reactivation of ubiquitination

Several oncoproteins that are compromised in cancer, such as MYC,
β-catenin and MCL1, are subject to ubiquitination and proteasomal
degradation (Dreas et al., 2017). Due to their robust activity, they are
dubbed ‘undruggable targets’ in cancer. Hence, a promising therapeutic
strategy is to reactivate the ubiquitination and subsequent degradation
of these proteins to block tumorigenesis. These strategies include pro-
tein-targeting chimeric molecules (PROTACs) and hydrophobic tagging
(HyT) (Huang and Dixit, 2016). PROTACs are based on the concept of
generating artificial molecules able to recruit a specific ubiquitin ligase
and another molecule able to bind to the target protein itself (Fig. 11A).
Therefore, PROTACs consist of a ligase-recruiting moiety linked
through a short linker to a target protein–binding ligand. For example,
PROTAC-1 acts to inhibit angiogenesis by harboring an angiogenesis
inhibitor, ovalicin, a covalent binder for the methionine aminopepti-
dase-2 (MetAP-2), and an IκB phospho-peptide that is recognized by the
E3 ligase, SCFβ-TRCP. Therefore, MetAP-2 is recruited to SCFβ-TRCP,
ubiquitinated and degraded in a PROTAC-1-dependent manner
(Sakamoto et al., 2001).

On the other hand, hydrophobic tagging is based on the concept of
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misfolding of targeted proteins. A major driving force for correct pro-
tein folding is to minimize the number of hydrophobic moieties exposed
to water. When protein misfolding occurs, cellular quality control ma-
chinery is engaged to induce protein degradation (Mcclellan et al.,
2005). This machinery can be deployed in cancer to remove unwanted
oncoproteins by tagging them with a synthetic hydrophobic tag,
thereby recruiting quality control machinery to initiate their protea-
somal degradation (Neklesa et al., 2011) (Fig. 11B). For example, the
hydrophobic group adamantine is linked to a target protein–binding
moiety; adamantine thereby mimics or induces a misfolded state, re-
sulting in ubiquitin–proteasome mediated degradation (Neklesa et al.,
2011). These emerging degrader technologies offer new vistas to target
the ‘undruggable’ oncoproteins. Moreover, the activated degradation of
oncoproteins by this strategy might also increase peptide presentation
by the major histocompatibility complex (MHC) molecules, thereby
synergizing with cancer immunotherapy. These technical advances
would be of great clinical importance in combatting the drug resistance
often seen in cancer.

6. Conclusions and future perspectives

The process of ubiquitination has a broad spectrum and diverse
functions in both normal homeostasis and disease. Aberrant expression
and mutations in components of the Ub network have been implicated
in several types of cancer. Additionally, cancer cells may take ad-
vantage of a combinatorial deregulated expression of these components
in order to support oncogenic signaling pathways. The function and
ultimate effect of ubiquitination depends mainly on the nature of the
effector substrate and type of ubiquitination-mediated effect. More
specifically for cancer, the functions of ubiquitination include either
tumor-promoting or tumor-suppressing effects. In efforts to tackle this
deregulation, several strategies have been employed, ranging from in-
hibition to reactivation and enhancement of ubiquitination, depending
on its nature as either friend or foe in cancer. Nevertheless, extra dis-
ease-causing mutations within the Ub system components doubtlessly
await discovery, depending on the technical advances in the detection
of ubiquitination substrates and receptors.

Interestingly, dissection of the atypical Ub chains in the ubiquiti-
nated proteins holds great promise. In particular, linear and branched

Fig. 10. Analysis of data in The Cancer Genome Atlas (TCGA) cBioportal shows genetic alterations of SPOP in several types of cancer. Mutation, amplification and
deep deletion are represented in the graph with different colors.

Fig. 11. Schematic representation of the advanced tech-
niques to reactivate ubiquitination of target proteins. (A)
protein-targeting chimeric molecules (PROTACs) are bi-
functional molecules comprised of a targeting ligand
tethered to an E3 ligase–recruiting moiety through a short
linker. (B) Hydrophobic tagging (HyT) molecules are bi-
functional molecules that are comprised of a substrate-re-
cruiting ligand connected with a hydrophobic moiety (e.g.
adamantine) through a short linker. Hydrophobic tagging
of proteins mimics the partially unfolded state, triggering
the recruitment of the chaperone machinery to drive pro-
tein degradation directly via the proteasome or indirectly
through initiating ubiquitination of the target protein.
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chains of Ub mediate differential functions (Fig. 2). A great effort to
decipher the signaling cascade and physiological roles of these chains is
needed to unravel mechanistic insights in inflammation, cancer, auto-
immunity and immune disorders. Future advances in targeting and
inhibiting the protein–protein interactions could also permit the inter-
ference with binding of Ub to conjugation enzymes or Ub receptors.
This could allow editing of ubiquitination chains and redirecting
functional consequences. Moreover, by using phage display methods,
researchers have generated Ub variants able to block actions of Ub li-
gases, DUBs and several Ub receptors (Iconomou and Saunders, 2016).
The same approach could be used to destabilize oncoproteins by dis-
sociating them from DUBs or to stabilize tumor suppressor proteins by
inhibiting degradation-promoting components of the Ub system. Cou-
pled with the emerging degrader technologies (PROTACs & HyT) de-
scribed previously, these approaches could generate novel therapeutics
for the treatment of human diseases, including cancer.
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