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Since the discovery of the ubiquitin proteasome system (UPS), the roles of ubiquitinating and deubiquitinating enzymes

(DUBs) have been widely elucidated. The ubiquitination of proteins regulates many aspects of cellular functions such as

protein degradation and localization, and also modifies protein-protein interactions. DUBs cleave the attached ubiquitin

moieties from substrates and thereby reverse the process of ubiquitination. The dysregulation of these two paramount

pathways has been implicated in numerous diseases, including cancer. Attempts are being made to identify inhibitors of

ubiquitin E3 ligases and DUBs that potentially have clinical implications in cancer, making them an important target in the

pharmaceutical industry. Therefore, studies in medicine are currently focused on the pharmacological disruption of DUB

activity as a rationale to specifically target cancer-causing protein aberrations. Here, we briefly discuss the

pathophysiological and physiological roles of DUBs in key cancer-related pathways. We also discuss the clinical

applications of promising DUB inhibitors that may contribute to the development of DUBs as key therapeutic targets in the

future.
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1. Introduction

Cancer is fundamentally a genetic disorder that has been well characterized over the past decade. The genetic basis of

different cancers has been investigated thoroughly with the application of high-throughput genome-wide association

studies (GWAS), which have identified over 450 genetic variations associated with cancer risk . These mutations cause

cancer susceptibility, not cancer per se, providing a “head start” to the neoplastic process . Germline or somatic

mutations in three major classes of genes, oncogenes, tumor suppressor genes, and DNA stability genes, initiate the

neoplastic process, resulting in rounds of clonal expansion and subsequent somatic mutations associated with tumor

formation .

Proto-oncogenes are required for normal cellular homeostasis and functions. Mutations in proto-oncogenes resulting from

chromosomal translocations or gene fusions spark constitutive expression under conditions where wild-type genes would

be inactive . Cancer cells, therefore, gain competitive advantages over their non-neoplastic counterparts, while

mutations in tumor suppressor genes confer neoplastic cells with competitive advantages in an opposite way. Tumor

suppressor genes function to control tumor formation by the stimulation of cell death and restrain inappropriate cell

division. The inactivation of tumor suppressor genes arises from missense mutations or indels at active site residues,

resulting in truncated proteins or epigenetic silencing . A subset of tumor suppressor genes, called caretaker genes or

DNA stability genes, maintain genetic integrity through nucleotide-excision repair, mismatch repair, base-excision repair,

chromosomal segregation, and mitotic recombination . Because they encode molecules that stabilize the genome,

mutations in caretaker genes can contribute to the neoplastic process. Although the accumulation of several gene

mutations contributes to fully fledged cancer, a few targeted pathways are involved. Examples of these, such as receptor

tyrosine kinase (RTKs) signaling and the p53 pathway, will be discussed in this review .

Other important regulators of cancer progression are cellular proteases, which play indispensable roles in various

biological and pathological processes . Proteases are highly specific enzymes that selectively carry out proteolytic

processing, targeting a wide range of substrates, thereby regulating processes essential for cell survival . A deficiency

of proteases or misdirected spatio-temporal expression patterns can cause diverse pathologies, such as

neurodegenerative diseases, arthritis, cardiovascular diseases, and cancers, making them an important focus as drug

targets or diagnostic markers . The entire repertoire of cellular proteases, called the “degradome,” comprise about 588

proteases divided among five catalytic classes known as the aspartyl, cysteine, metallo-, serine, and threonine proteases

. Most of these proteolytic enzymes catalyze the hydrolysis of peptides by targeting the α-peptide bonds between

naturally occurring amino acids, while others undertake slightly different reactions. Among them lie a growing group of
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peptidases known as deubiquitinating enzymes (DUBs) that hydrolyze isopeptide bonds in ubiquitin and ubiquitin-like

protein conjugates and, thus, have emerged as crucial regulators of ubiquitin-mediated signaling pathways and are

potential drug targets in various diseases, including cancer .

2. Ubiquitin Proteasomal Pathways and DUBs

Ubiquitination is a very important post-translational modification that plays multifaceted roles in cancer-related pathways.

The ubiquitination process is also involved in protein metabolism, apoptosis, cell-cycle progression, and transcription. It

involves the covalent attachment of a 76-amino acid protein called ubiquitin (Ub) to the ε-amino groups of lysine residues

in the target proteins. This conjugation reaction is catalyzed by the successive action of three enzymes: E1 or Ub-

activating enzyme, E2 or Ub-conjugating enzyme, and E3 or Ub-ligase enzyme . The first step of this process is the

ATP-dependent activation of the Ub molecule by E1, forming a thioester bond with the C-terminal of Ub. The activated Ub

is then transferred to E2, forming a thioester-linked E2-Ub intermediate, which is then positioned and transferred to the

target substrate protein with the help of E3. Ub can be conjugated as monomers or multiple mono-ubiquitin adducts to

either the same or different residues of the target protein that directs their fate. Lysine 48 (K48), along with K11- and K29-

linked poly-ubiquitin chains, targets protein destruction via the 26S proteasome. However, K63-linked poly-ubiquitination

and multiple mono-ubiquitin conjugations are mainly involved in proteasome-independent events such as DNA repair and

signal transduction , although their involvement in proteasomal targeting has also been reported .

Interestingly, protein ubiquitination is a dynamic and reversible process. DUBs are responsible for the removal of ubiquitin

from their target proteins, rescuing them from the degradative pathway. They are also involved in the editing, maturation,

and recycling of the ubiquitin molecule post degradation . Some DUBs can edit the Ub signal harbored by target

proteins by trimming Ub chains. For example, A20 causes K48-linked proteasomal degradation instead of K63-linked

polyubiquitination of receptor-interacting serine-threonine kinase 1 (RIPK1) . DUBs are highly versatile and capable of

preventing lysosomal as well as proteasomal degradative pathways, thus enhancing protein stability. The deubiquitination

process maintains the pool of free mono-Ub that is recycled for the ubiquitination of misfolded proteins and is therefore

important in maintaining the normal rates of proteolysis within cells. Moreover, DUBs prevent the attachment of inhibitory

ubiquitin chains that compete with ubiquitinated protein substrates at the binding sites of the 26S proteasome. In a

nutshell, DUBs maintain the stability of protein substrates and regulate various cellular processes, such as epistasis, gene

expression, chromosome segregation, DNA repair, spermatogenesis, signaling events, and cell cycle regulation .

More than 100 functional DUBs have been identified across the human genome and are categorized into eight families:

ubiquitin-specific proteases (USPs), ubiquitin C-terminal hydrolases (UCHs), ovarian tumor proteases (OTUs), Jab1/MPN

domain-associated metallopeptidase (JAMM) domain proteins, Josephin or Machado–Joseph disease protein domain

proteases (MJDs), the monocyte chemotactic protein-induced protein (MCPIP) family, the motif interacting with Ub-

containing novel DUB family (MINDY), and Zn-finger and UFSP domain proteins (ZUFSPs) . Figure 1 presents

the phylogeny, role in cancer and other diseases, and inhibitors of fourteen USPs, the largest subfamily of DUBs.
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Figure 1. USP phylogenetic tree. Ubiquitin-specific proteases (USPs) and their association with different diseases are

indicated in the histogram. The branches arising from one node represent a clade. The distance between the USPs in the

phylogenetic tree describes the relationship among the individuals in this family. DUBs with high expression in different

cancers are highlighted in red in the phylogenetic tree. Tumors expressing medium levels of USPs in different cancer

types are indicated with purple circles. Blue boxes indicate USPs with identified drugs. This figure is a representation of

data obtained from at least 1% of cancer patients .

DUBs control several aspects of cell physiology, and defects in these processes have many clinical implications.

Examples of these deregulations include the BRCA1-associated protein 1 (BAP1) of the UCH family of DUBs, which is

commonly mutated in mesotheliomas, melanomas, and renal cell carcinomas ; USP6 translocation in aneurysmal bone

cysts ; USP9X mutations that cause developmental disorders and deregulated expression in cancer ; USP15

overexpression in certain glioblastomas, ovarian cancer, and breast cancer ; and cylindromatosis (CYLD) mutations in

familial cylindromatosis . Due to the involvement of the components of ubiquitin machinery in different cancer types,

inhibitors targeting DUBs are attracting much attention from pharmaceutical industries, and several candidates have

already been identified as potentially rewarding drug targets. This review focuses on the production of chemical libraries

consisting of inhibitors that specifically target DUBs involved in cancer.

3. DUBs in Cancer

The functions of DUBs are not just limited to the reversal of ubiquitination but encompass multi-dimensional aspects like

protein trafficking, apoptosis, chromatin remodeling, DNA damage repair, cell cycle regulation, and signaling pathway

modulations that are frequently linked to the development of neoplastic diseases . DUBs have been implicated in

tumorigenesis at multiple levels, and, after the clinical success of the broadly acting proteasome inhibitor bortezomib,

used to treat refractory multiple myelomas (MM) and myeloid cell leukemia (MCL), DUBs have become attractive targets

for the development of targeted novel therapies in cancer . DUB modifications and their implications in different

cancers are described briefly here to gain insight into their role as potential drug targets.

3.1. Genetically Altered DUBs in Cancer

Genetically altered DUBs have been identified in cancers, corroborating their roles as true oncogenes and tumor

suppressors. Several studies implicate USP4, USP7, USP6, USP15, USP16, USP42, and USP28 as oncogenes, whereas

CYLD, A20, and BAP1 act as tumor suppressors . There are reports that DUBs such as USP7, CYLD, and A20

play dual roles in cancer, acting as both anti- and pro-tumorigenic enzymes according to the affected targets .

USP6, or Tre2, acts as an oncogene due to chromosomal rearrangements of the osteoblast cadherin11 gene (CDH11)
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promoter, which cause an overexpression of USP6 linked to neoplastic aneurismal bone cysts . USP6 also regulates

expression of the proto-oncogene c-Jun and promotes cell invasion . Somatic mutations in the USP28 gene have been

identified in lobular breast cancer cases .

CYLD mutations have been described in familial cylindromatosis, familial trichoepithelioma, and Brooke–Spiegler

syndrome, in which patients have a predisposition to develop multiple skin tumors of the neck and head . Nuclear

factor (NF)-κB signaling has well-established roles in cancer promotion and CYLD has been reported to negatively

regulate this pathway through its deubiquitinating activity . Several lymphoma subtypes show chromosomal

deletions and inactivating mutations in the A20 gene loci. Inactivating A20 mutations have been reported in marginal zone

lymphomas  and A20 mRNA expression loss has been found in non-Hodgkin’s lymphoma, Burkitt’s lymphoma, and T-

cell lymphoma . A20, also called tumor necrosis factor alpha-induced protein 3 (TNFAIP3), is a negative NF-κB

signaling regulator . Innate immune signals, including the tumor necrosis factors and toll-like receptors, trigger A20-

mediated termination of NF-κB signaling.

BAP1, or BRCA1-associated protein, is a nuclear-localized DUB and may be the most commonly mutated DUB in

cancers. Originally identified as an interacting partner of the BRCA1 tumor suppressor, BAP1 augments tumor suppressor

functions but has not been identified as a DUB for BRCA1 . Germline mutations in BAP1 are associated with tumor

predisposition syndrome for mesotheliomas and melanocytic tumors , whereas deletions and point mutations have

been identified in lung and breast cancers . BAP1-inactivating mutations are also identified in metastasizing uveal

melanomas and malignant pleural mesotheliomas . BAP1 also controls cell cycle progression by the regulation of host

cell factor-1 (HCF-1) and other G1-S-transition-related genes .

3.2. DUBs Regulating Signaling Pathways in Cancer

Signaling pathways are receiving more attention than the individual genes that are altered in cancers . DUBs have a

profound influence over commonly mutated cancer pathways such as p53, NF-κB, RTKs, Wnt, and transforming growth

factor (TGF)-β, which are briefly described below.

3.2.1. p53 Signaling

The tumor suppressor p53 is lost or mutated across most tumor types . p53 has evolved an exquisite regulatory

mechanism enabling rapid stress responses and preventing errant activation, mainly due to the pivotal role that it plays in

cellular activities . The p53 inhibitors ARF-BP1, MDM2, Pirh2, COP1, and MDM4 of the E3 ubiquitin ligase family are

central to this regulation . Several DUBs have been identified as important p53 regulators. Thus far, USP2a, USP4,

USP5, USP7, USP9X, USP10, USP11, USP15, USP24, USP29, and USP49 have been associated with p53 regulation

. USP2 and its isoforms have previously been shown to have oncogenic properties and have been extensively

investigated by cancer biologists. USP2a has high expression levels in human prostate adenocarcinomas, and treatment

with chemotherapeutic agents prevents the apoptosis of cancerous cells . USP2 has been reported to

deubiquitinate proteins involved in different pathways, such as MDM2, MDMX, apoptosis inducing factor (AIF), Cyclin D,

fatty acid synthase (FASN), Aurora-A kinase, and epidermal growth factor receptor (EGFR) . USP2a

does not directly deubiquitinate p53 but acts on MDM2 without reducing p53 ubiquitination. MDM2 is an E3 ligase for p53

and promotes its ubiquitination and degradation; therefore, suppression of USP2a leads to the activation of p53 in vivo.

However, in glioma cells, USP2a binds to MDM4, enhancing the localization of p53 to the mitochondria and promoting

apoptosis . Stabilization of ARF-BP1 via USP4 deubiquitination has been reported to reduce p53 levels. Enhanced

apoptosis in thymus and spleen has been observed in USP4 knockout mice in response to ionizing radiation. USP4

mouse epithelial fibroblasts (MEFs) exhibit premature cellular senescence, retarded growth, resistance to oncogenic

transformation, and hyperactive DNA damage checkpoints compared to wild-type MEFs. These observations indicate

higher p53 levels and activity due to the absence of USP4. USP4 has been suggested as a potential oncogene and is

observed to be highly upregulated in several cancers.

USP5 negatively regulates the level and transcriptional activity of p53. USP5 disassembles unanchored poly-ubiquitin

chains from its substrate to recycle free mono-ubiquitin and contributes to K48-linked poly-ubiquitin disassembly .

Suppression of USP5 inhibits p53 proteasomal degradation without affecting MDM2, ultimately resulting in p53 activation.

USP5 is, therefore, a potential p53-activating therapeutic drug target in cancer therapy . USP7 dynamically regulates

p53 as well as MDM2 . Inhibition of USP7 triggers MDM2 degradation and p53 stabilization, ultimately leading to

apoptotic pathway activation in tumor cells . USP7 inhibitors can have alternative therapeutic mechanisms of action, as

USP7 has several other targets including forkhead box protein O4 (FOXO4), FOXP3, phosphatase and tensin homolog

(PTEN), and UBL SUMO . USP10 is identified as a cytoplasmic DUB that regulates p53 levels and localization

by reversing Mdm2-induced p53 nuclear export and degradation. It regulates the stability of p53 without interacting with

MDM2, unlike USP2 and USP7, and has been shown to stabilize the wild type as well as the mutated form of p53, playing

[46]

[47]

[48]

[49]

[50][51][52][53]

[54]

[55]

[56]

[57]

[58][59]

[60][61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69][70][71]

[72][73][74][75][76][77][78]

[79]

-/-

[80]

[80]

[81]

[82]

[83][84][85][86]



a dual role in tumorigenesis, which depends upon the status of p53 . USP28 is highly expressed in many cancer types,

such as in breast cancer , non-small-cell lung cancer (NSCLC) , gastric cancer , bladder cancer , and

colorectal cancer . USP28 is an indirect regulator of the proto-oncogene c-Myc via E3 ligase Fbw7a as well as JUN and

Notch . USP28 is also found to regulate lysine-specific demethylase 1 (LSD1) protein levels in gastric cancer cells and

has also been connected to p53 via TP53-binding protein 1 (TP53BP1) . Due to the role played by USP28 in various

malignancies, it is identified as a potential drug target for cancer treatments. In response to oxidative stress, USP29

deubiquitinates and stabilizes p53 by reversing MDM2-directed p53 ubiquitination .

USP42 was identified as a p53 DUB by siRNA library screening and deubiquitinates p53 by removing Mdm2-conjugated

Ub . It stabilizes p53 and helps recruit p53-interacting factors contributing to p53 functions . USP9X attenuates the

degradation of p53 and controls several cellular functions, including proliferation, apoptosis, and chemo-resistance.

Studies have shown that USP9X mediates apoptosis and/or survival in p53-deficient cells . USP24 regulates p53 and

the apoptosis pathway related to p53 function in the DNA damage response . USP15 upregulates transcriptional

activation and the stability of p53 in response to TGF-β signaling, thereby affecting the stability of both Mdm2 and p53

. USP11 stabilizes and activates p53 following DNA damage by targeting ubiquitinated p53. Post DNA damage,

USP11 activates p53 and its target genes such as Puma, Bax, and p21 . USP49 has also been reported as a novel

positive regulator of p53 transcriptional activity and stability. It has been shown to render HCT119 cells more sensitive to

DNA damage induced by etoposide and is upregulated in response to DNA damage and other cell stresses, thus acting as

a potential tumor suppressor and forming a positive feedback loop with p53 .

3.2.2. Nuclear Factor-κB Signaling

The NF-κB transcription factor family members have been recognized as crucial players in cancer initiation and

progression while also playing roles in inflammation and innate immunity . A20 and CYLD act on several components

of the pathway, downregulating NF-κB signaling and thereby acting as tumor suppressors . Several intermediates of

the NF-κB signaling pathway, NEMO, TRAF-2, and TRAF-6, undergo K63 poly-ubiquitination post-receptor activation and

activate the IκB kinase (IKK). IKK, in turn, phosphorylates NF-κB inhibitor IκB, leading to its dissociation from NF-κB, K48-

linked poly-ubiquitination by the phospho-specific E3 ligase β-TrCP, and finally its proteasomal degradation . CYLD

potentially dampens NF-κB signaling following the removal of K63 poly-ubiquitin chains from TRAF-2, TRAF-6, and

NEMO. The generation of mutant CYLD  mice has confirmed the role of this DUB as a tumor suppressor. The ability of

CYLD to prevent cell proliferation was observed by the effect on skin tumor formation. A single 12-O-

tetradecanoylphorbol-13 acetate (TPA) application resulted in an increase in Ki-67 and cyclin D1 in skin sections of

CYLD  animals . Colon tumor induction in CYLD  mice has been linked to inflammation associated with enhanced

NF-κB activity . These studies collectively strengthen the role of CYLD as an important tumor suppressor in humans.

A20 regulates NF-κB pathways through its ovarian tumor deubiquitinase (OTU) domain and zinc-finger domain .

The OTU domain is responsible for deubiquitinating NF-κB intermediates such as IKKg, RIP1, RIP2, TRAF2, and TRAF6,

and shows a stronger preference for K63-linked Ub chains. The zinc-finger domain is responsible for the Ub ligase activity

of A20, replacing the K63-linked chains with proteasome-targeting K48 chains . USP21 is another DUB identified

as an inhibitor of the NF-κB pathway, which interacts and deubiquitinates RIP1 in a DUB-dependent manner . USP4

has an important role in the downregulation of TNFα-induced activation of NF-κB via TGF-β-activated kinase 1

deubiquitination . Cezanne interacts with DJ-1 and targets RIPK1 signaling intermediates, thereby suppressing NF-κB

nuclear translocation and its activity . USP31 deubiquitinates K63-linked poly-ubiquitinated proteins of the TNF-

induced NF-κB pathway . USP7 deubiquitinates TRAF6 and NEMO, thus negatively regulating NF-κB in the TLR

pathway while USP2 acts as a positive regulator of TNF-induced NF-κB activation . USP2 is required for IκB

phosphorylation and the nuclear translocation of NF-κB . OTUD5 targets TRAF3 for deubiquitination, resulting in

diminished IL-10 and type I interferon responses . USP15 stabilizes IκBa, whereas USP11 interacts with the inhibitor

IKKa upon TNFα induction . MCP-induced protein 1 (MCPIP1) is a novel DUB that targets TRAF2 and TRAF6,

which are essential for termination of NF-κB and JNK signaling .

3.2.3. Receptor Tyrosine Kinase Signaling

Growth factor receptors are composed mainly of transmembrane, extracellular, and cytoplasmic tyrosine kinase (TK)

domains. RTK activation is required for the regulation of key processes, such as cell growth, survival, tissue repair, and

regeneration; therefore, dysregulation of this pathway has been reported in numerous cancers. The significance of the

RTK pathway makes it an attractive therapeutic target . The mechanism responsible for the delivery of membrane

receptors from the cell surface to lysosomes has been intensively studied for EGFR, and ubiquitination serves as a key

signal for this pathway. The trafficking of RTKs such as Met, ErbB2, and EGFR is regulated by DUBs . USP8 stabilizes

RTKs by deubiquitinating EGFR on early endosomes, thus allowing their recycling to the plasma membrane . USP8
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has also been reported to promote RTK degradation . RNA interference screens have identified USP18 as an EGFR

synthesis regulator and POH1 as an ErbB2 regulator . USP18 regulates the expression of EGFR and is

responsible for cancer cell survival through mRNA stabilization and transcriptional activation of miR-7 host genes .

USP9X is a DUB for Eps15, which is essential for EGFR internalization, thereby acting as an EGFR regulator .

Cezanne-1 was identified as an EGFR-regulating DUB using RNA interference screening and is reported to be

overexpressed in breast cancer and in approximately one-third of mammary tumors. In conclusion, oncogenic growth

signals are promoted following deubiquitination by Cezanne-1, which curtails the degradation of growth factor receptors

.

3.2.4. Wnt Signaling

Another frequently altered pathway in cancer is the Wnt signaling pathway, which essentially controls embryonic

development . Malignant transformation, tumor progression, and resistance to conventional cancer therapy are

favored by dysregulation of canonical and non-canonical Wnt-planar cell polarity (PCP) signaling . Aberrant Wnt

signaling is also suggested to subvert cancer immune surveillance, promoting immune evasion and resistance to

immunotherapies and immune checkpoint blockers . Regulation by ubiquitination and deubiquitination play key

roles in canonical Wnt signaling and in non-canonical Wnt-PCP signaling pathways. The ubiquitin-mediated system

regulates cytoplasmic β-catenin as well as other proteins upstream of the Wnt pathway . USP9X has been

reported as a DUB for DVL2, which is required for the activation of canonical Wnt. Increased DVL2 ubiquitination activates

the PCP pathway via localization to actin-rich projections, making USP9X an important therapeutic target for cancers .

A strong correlation has been found between the levels of β-catenin and USP14 by tissue microarray analysis of colon

cancers, suggesting an oncogenic role of USP14 by the enhancement of Wnt/β-catenin signaling . USP6 was

identified by genome-wide siRNA screening as a potent activator of Wnt signaling by deubiquitinating Fzds, thereby

increasing their cell surface abundance [141]. USP4 is a potential cancer therapy target as it deubiquitinates and

facilitates the nuclear localization of β-catenin, acting as a positive regulator of the Wnt/β-catenin pathway .

USP34 hinders β-catenin-dependent transcription, acting as a positive Wnt signaling regulator .

3.2.5. Transforming Growth Factor-β Signaling

The multifunctional protein TGF-β plays a dual role in oncogenesis, acting as an anti-proliferative factor during the early

stages and as an epithelial-to-mesenchymal transition (EMT)-promoting factor in the later stages . So far, only a few

DUBs have been reported to regulate this pathway. USP9X acts as a DUB for SMAD4, promoting its association with

SMAD2 and positively regulating TGF-β . USP9X also deubiquitinates NAUK1 and MARK4, AMPK-related kinases

important for the regulation of cell proliferation and polarity, by modulating their phosphorylation and activation by LKB1

. USP15, thought to be important for the proliferation of glioblastoma cells, deubiquitinates the type I TGFβ receptor

via binding to the SMAD7-SMAD-specific E3 ubiquitin ligase 2 (SMURF2) complex. Overexpression of USP15, which

correlates with higher TGF-β activity, is mostly found in ovarian cancer, breast cancer, and glioblastomas. Reducing TGF-

β signaling by depleting USP15 reduces the oncogenicity of patient-derived glioma-initiating cells, indicating the

therapeutic capabilities of USP15 inhibition . USP15 has also been reported to deubiquitinate other TGF-β signaling

components and receptor-regulated SMADs (R-SMAD), whereas UCHL5 and AMSH-LP potentiate TGF-β responses

through I-SMADs interactions .

3.3. DUBs in Cell Cycle Regulation

The regulation of proteins such as cyclins, cyclin-dependent kinases (CDKs), and other checkpoint molecules that

mediate the cell cycle is highly important to ensure proper division of cells. Inappropriate expression or deregulation of

these proteins can result in different types of tumors. Several studies have reported the role of DUBs in regulating cell

cycle proteins. DUBs such as CYLD, USP5, USP13, USP15, USP17, USP37, USP39, and USP44 are key regulators of

events that occur during mitosis. CYLD, USP15, and USP44 modulate spindle formation. USP44 deubiquitinates

anaphase-promoting complex (APC) coactivator Cdc20 and prevents chromosomal segregation errors . Mutations in

USP44 result in the formation of tumors, especially in lung cancer . USP37 promotes entry into the S phase of the cell

cycle by anaphase-promoting complex (APC) coactivator Cdh1 . USP15 regulates the cell cycle by stabilizing and

rescuing the expression of newly synthesized REST at mitotic exit . USP17 is tightly controlled in the cell cycle and its

knockdown attenuates GTPase signaling and proliferation of tumor-derived cell lines . USP39 is important for the

integrity of the mitotic spindle checkpoint, and depleting USP39 during mRNA processing reduces mRNA levels of Aurora

B . CYLD regulates polo-like kinase 1 (Plk1) and regulates mitotic entry . USP3 is required for chromatin

modification and S phase progression . USP2 prevents ubiquitin-mediated degradation of cyclin-D1. USP2a

deubiquitinates and stabilizes the cell cycle regulator Cyclin A1, controlling cell proliferation.
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4. Nuclear Functions of DUBs

DUBs regulate signaling pathways that culminate in changes to gene transcription via specific transcription factors altering

stability, activity, and subcellular localizations. Besides these paramount functions, DUBs also influence chromatin

structures and co-ordinate DNA repair pathways. The entire cellular genome is tightly packaged in nucleosomes, the basic

units of chromatin, which undergo remodeling to accommodate DNA transcription, replication, and cell division. Two major

histone proteins, H2A and H2B, commonly undergo post-translational modifications via the deubiquitinating pathways that

regulate chromatin structure dynamics and gene transcription. These processes are frequently altered in different types of

cancers . DUBs such as USP3, USP22, and USP46 have been reported to act on both H2A and H2B,

while MYSM1, USP16, USP21, and BAP1 act on the mono-ubiquitinated H2A, and the K63-specific DUB BRCC3 shows

specificity for di-ubiquitinated H2A . USP10 has been reported to specifically act on the H2A.Z variant .

USP7 is associated with several factors linked to transcription, and, along with USP11, forms a part of the E3 ligase

protein regulator of cytokinesis 1 (PRC1) complex, where they function to stabilize PRC1 components by their DUB

activities promoting H2A ubiquitination . DUBs also influence RNA-associated proteins; for example, USP4 has been

reported in mRNA splicing .

The DNA damage response (DDR) is a vital aspect of physiological processes such as homeostasis and cancer

prevention and is responsible for cell cycle checkpoint activation, ensuring effective DNA damage repair . Cancer

development has been linked to genetic damage repair, as observed in Fanconi anemia, where increased tumor rates

occur in diseases with deficient DNA repair mechanisms. USP1 has been reported as a major DUB that regulates multiple

aspects of the DDR pathways, including FANCD2, CHEK1, PCNA, and DDB1 . DDRs coordinated by ATM-

and ATR-CHEK are also regulated by DUBs including USP15, USP19, USP28, and USP34, of which USP28 is reported

to act on CHEK2 in response to double-strand breaks (DSBs) . Several other DUBs, such as USP3, USP16,

BRCC36, and OTUB1, have been implicated in the regulation of DNA repair via the RNF8/168 pathway for DSB repair

. USP9X is another potentially important therapeutic DUB that functions to maintain DNA replication fork stability and

mediate responses at DNA damage checkpoints via claspin regulation . It also affects radio-sensitivity in glioblastoma

cells through MCL1-dependent as well as independent mechanisms .

5. Drugs Targeting DUBs in Cancer

As discussed above, the significance of DUBs as key regulators in multiple biological pathways, especially their roles in

cancer, has made them attractive targets for the development of new anti-cancer strategies. The DUB inhibitors that have

been developed are discussed in the upcoming section in brief and summarized in Table 1.

Table 1. Summary of DUB inhibitors in oncology.

Inhibitor DUB Target Mechanism of Action Reference

b-AP15 USP14, UCHL5 19S RP inhibitor [177,178]

VLX1570 USP14, UCHL5 Induction of apoptosis [179,180]

Curcumin UPS dysregulation CSN5 mediated PD-L1 inhibition [181,182]

AC17 USP14, UCHL5, and POH1 19S RP inhibitor [183]

Δ12-PGJ2 UCHL1, UCHL3 Oxidative stress [184]

15Δ-PGJ2 UCHL1 Inhibition of hydrolase activity [185–187]

F6 (NSC 632839)
USP2, USP7, and SENP2

deSUMOylase
Induction of apoptosis [188,189]
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G5 compounds
Broad-spectrum DUB

inhibition
Induction of apoptosis [190]

RA-9, RA-14, AM146
UCHL1, UCHL3, USP2,

USP5, and USP8
DUB active site targeting [191,192]

WP1130
USP9X, USP5, USP14, and

UCHL5
DUB active site targeting [193–196]

P022077 USP7, USP47, USP10 Induction of p53-mediated apoptosis [197,198]

Compound14 USP7, USP47 Induction of p53-mediated apoptosis [199]

HBX41108
USP7, Non-specific DUB

inhibitor

Uncompetitive reversible p53-mediated

inhibition
[196,200]

HBX19818 USP7, USP10
DUB active-site-targeted nucleophilic

attacks
[201,202]

HBX28258 USP7
DUB active-site-targeted nucleophilic

attacks
[201]

P5091 USP7
Cytotoxicity via HDM2-p21 signaling and

p53
[203,204]

XL177A USP7
Upregulation of p53 transcriptional

targets
[205]

ADC-01, ADC-03 USP7 Unknown [206]

GNE-6640, GNE- 6776 USP7 Attenuate Ub binding at catalytic cysteine [207]

FT671, FT827 USP7 Target dynamic pocket at catalytic site [208]

ML364 USP2, USP8 Reversible active site inhibition [209]

5-(2-thienyl)-3-isoxazoles USP2a Inhibit catalytic binding site [210]

Vialinin A
USP5/isopeptidase T (isoT)

and UCH-L1
Competitive active site inhibition [211,212]

9-Ethyloxyimino-9H-

indeno[1,2-b]pyrazine-2,3-

dicarbonitrile

USP8 Unknown [213,214]

9-oxo-9 H-indeno[1,2-

b]pyrazine-2,3-

dicarbonitrile

USP8
O-alkyloxime moieties at position 9 of the

tricyclic scaffold
[213,214]

IU1 USP14 Suppression of Ub chain trimming [215,216]



[1,2,3] Triazolo [4,5-d]

pyrimidine
USP28

Benzyl group attached to triazole ring

required for its activity
[217]

3-Amino-2-keto-7H-

thieno[2,3-b]pyridin-6- one

derivative

UCHL1
Carboxylate group at 5-position and 6-

pyridone ring responsible for inhibition
[218]

LDN57444, LDN91946 UCHL1 Reversible, active-site-directed inhibitors [219,220]

Pimozide
USP1, Non-specific DUB

inhibitor
Reversible, non-competitive inhibition [196,221]

ML323 USP1/UAF1
Reversible, non-active-site-targeting

inhibitor
[222,223]

Mitoxantrone USP11
USP11 inhibition via unknown

mechanism
[224]

Eeyarestatin-1 Ataxin-3 Unknown [225]

GSK2643943A USP20 Unknown [226]

PR-619
Broad-spectrum DUB

inhibitor

Accumulation of 26S proteasomal

complexes
[227]

Betulinic acid
Broad-spectrum DUB

inhibitor

Enhanced degradation of proliferation

and pro-survival proteins
[228]

TCID UCHL3 Unknown [229]

EOAI3402143 (G9) USP9X/USP24,USP5 Oxidative-stress-mediated apoptosis [230,231]

Spautin-1 USP10, USP13
Inhibits autophagy via Beclin1 in Vps34

complexes
[232]

C527 USP1/UAF1
Degradation of ID1 causing p21

upregulation and cell cycle arrest
[233]

15-oxospiramilactone (S3) USP30
Promotes mitochondrial fusion via Mfn1/2

ubiquitination
[234]

5.1. DUB Inhibition by Compounds Containing Michael Acceptors

Michael-acceptor-containing compounds have inhibitory effects on cysteine DUBs, as they can potentially form covalent

adducts with free thiols in active sites  . Chalcone compounds and cyclopentenone prostaglandins (PGs) of the PGJ2

class are examples of Michael-acceptor-containing compounds that are discussed below.

b-AP15: USP14 and UCHL5 are highly expressed in MM cells when compared to normal plasma cells. b-AP15 has been

identified as a 19S regulatory particle (RP) inhibitor that can selectively block USP14 and UCHL5 activities without

proteasomal activity inhibition . b-AP15 has been shown to decrease the viability of patient MM cells as well as

[191]

[177][178]



MM cell lines and, even in the presence of bone marrow stromal cells, inhibits MM cell proliferation and overcomes

bortezomib resistance . b-AP15 was also found to induce apoptosis in ovarian cancer cell lines by inhibiting UCHL5

and suppressing TP53-mutants, thereby regulating TGF-β signaling .

VLX1570: VLX1570 is an analog of b-AP15 that specifically inhibits USP14 and UCHL5 with improved solubility and

potency . It acts via the disruption of the ubiquitin proteasome degradation pathway, leading to an increase in poly-

ubiquitinated proteins, inducible forms of chaperone Hsp70 and other markers characteristic of proteotoxic stress, ER

stress, and oxidative stress leading to apoptosis .

Curcumin (diferuloylmethane): Curcumin is a natural polyphenolic compound extracted from the spice turmeric and

reported to lead to ubiquitin proteasomal system dysregulation . NF-κB p65 induces COP9 signalosome 5 (CSN5),

required for PD-L1 stabilization via TNF-α in cancer cells. Curcumin also inhibits CSN5, diminishing PD-L1 expression in

cancer cells and sensitizing cancer cells to anti-CTLA4 therapy . In addition, curcumin exhibits anti-inflammatory, anti-

oxidative, and anti-proliferative properties via the modulation of multiple cellular machineries .

AC17: AC17 is a 4-arylidene curcumin analog, developed as a 19S RP inhibitor, that acts as an irreversible USP14,

UCHL5, and POH1 inhibitor, resulting in NF-κB pathway inhibition and reactivation of p53 . AC17 causes a rapid and

marked accumulation of poly-ubiquitinated proteins in A549 and NCl-H1299 cells, but the exact mechanism by which it

induces the accumulation of ubiquitinated proteins is not known .

Δ12-PGJ2 and 15Δ-PGJ2: Δ12-PGJ2 and 15Δ-PGJ2 are inhibitors of the UCH family DUBs. Δ12-PGJ2 inhibits UCHL1

and UCHL3 with approximately 3.5 and 8.1 µM Ki, respectively, while 15Δ-PGJ2 only targets UCHL1 . Δ12-

PGJ2 has been reported to induce oxidative stress by causing a decrease in mitochondrial membrane potential,

glutathione and glutathione peroxidases, and production of protein-bound lipid peroxidation products such as acrolein

. 15Δ-PGJ2 inhibits the activity of UCHL1 by affecting its structure and was the first protein reported to be oxidized in

cells exposed to 15Δ-PGJ2 .

F6 (NSC 632839) and G5 compounds: These compounds were developed as broad-spectrum DUB inhibitors holding the

same pharmacophore as Δ12-PGJ2 and induce apoptosis via accumulation of poly-ubiquitinated proteins . G5

compounds induce apoptosis at low concentrations (~1 μM) and necrosis at higher concentrations (~10 μM) , whereas

F6 inhibits the activity of USP2, USP7, and SENP2 deSUMOylase .

RA-9, RA-14, and AM146: These chalcone-based derivatives exhibit anti-cancer activities via DUB targeting without

affecting the 20S proteasome catalytic core . These inhibitors act on UCHL1, UCHL3, USP5, USP8, and USP2, which

are known regulators of important cell survival and proliferation factors .

WP1130: WP1130 is the best-known USP9X inhibitor and has been reported to affect other DUBs (USP5, USP14, and

UCHL5) . WP1130 was identified in a screen for Janus kinase 2 (JAK2), and mass spectrometry shows a

reversible covalent mechanism of action . Inhibition of tumor-activated DUBs by WP1130 results in the downregulation

of anti-apoptotic and upregulation of pro-apoptotic proteins such as MCL-1 and p53 and has also been reported to block

the autophagic flux by ULK1 activity inhibition .

5.2. Other Small Molecule DUB Inhibitors

Numerous small molecules capable of inhibiting the activities of deubiquitinating enzymes have been investigated over

the years. For example, USP7, or HAUSP, has been shown to have multifaceted roles in the cell cycle, DNA repair,

chromatin remodeling, and epigenetic regulation. Many inhibitors have been developed to target USP7, such as P22077,

HBX41108, HBX19818, HBX28258, P5091, and compound 14 .

Compound 14 and P22077: These compounds also inhibit USP47 along with USP7 . Treatment of cells with

Compound 14 leads to cell penetration and modulation of p53 and p21 as well as modestly accelerating polβ protein

degradation in HeLa cells, confirming their role as dual USP7/USP47 inhibitors . P22077 predominately inhibits USP7,

showing an initial decrease in MDM2 levels followed by increased p53 and p21 levels, thereby regulating the p53

apoptotic pathway . Orthotropic neuroblastoma mouse models showed an inhibition of xenograft growth in studies

using P22077 . P22077 also inhibits USP10 while playing a role in the degradation of oncogenic fms-related TK 3

(FLT3) kinase .

HBX family compounds: HBX41108 was the first sub-micromolar USP7 inhibitor reported but was later shown to be a non-

specific DUB inhibitor [196,200]. HBX19818 and HBX28258 have been subsequently developed as more selective

amidotetrahydroacridine derivatives, however, with lower potency . HBX19818 shows preferential binding to the
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catalytic Cys residue of USP7 over other cysteinyl groups, stabilizing p53 and promoting G1 arrest and apoptosis in cells

. HBX19818 was recently reported to be a USP10 inhibitor that degrades spleen TKs and FLT3, resulting in the death

of acute myeloid leukemia cells .

P5091: P5091, as with P22077, is another non-specific USP7 inhibitor from the Progenra’s thiophene chemical series 

. P5091 stabilizes p53 and inhibits tumor growth in multiple myeloma cells and was found to be well tolerated in

animal models while prolonging survival . P5091 suppresses ovarian cancers harboring wild-type or mutant p53 genes

and can effectively inhibit cell growth and induce both necrosis and apoptosis .

XL177A: XL177A is a selective (proteome-wide), highly potent (sub-nanomolar), and irreversible USP7 inhibitor.

Transcriptome-wide analysis shows the specific upregulation of p53 transcriptional targets by XL177A . Two pediatric

cancers, malignant rhabdoid tumor (MRT) and Ewing sarcoma, that show sensitivity to other p53-dependent cytotoxic

drugs, displayed more sensitivity to XL177A .

Other USP7 inhibitors: Almac Discovery and Genentech have reported fragment-based screening techniques that provide

hits as starting points for USP7 discovery programs, and ADC-01 is one such hit. Utilizing X-ray crystallography

techniques, they have produced a highly selective USP7 inhibitor called ADC-03 . GNE-6640 and GNE-6776 are

USP7 inhibitors discovered using nuclear magnetic resonance (NMR)-based screening. They enhance cytotoxicity and

induce tumor cell death along with chemotherapeutic agents and targeted compounds such as PIM kinase inhibitors .

Simultaneously, another group has also identified two compounds, FT671 and FT827, as high-affinity USP7 inhibitors that

target a dynamic pocket near the catalytic center of the auto-inhibited apo form of USP7 .

ML364, 5-(2-thienyl)-3-isoxazoles derivatives: USP2a is an important target for inhibition that could aid cancer therapy.

ML364 has been identified as a potential small molecule inhibitor of USP2 with an IC  of 1.1 µM, which induces cellular

cyclin D1 degradation leading to cell-cycle arrest in HCT116 cancer cell lines and also has a lower affinity to USP8 .

ML364 selectively inhibits USP2 and thereby increases mitochondrial ROS levels, modulating the morphology and

membrane potential of the mitochondria . Two other small molecule inhibitors of USP2a, derivatives of 5-(2-thienyl)-3-

isoxazoles, have been identified using NMR-based fragment screening and biophysical binding assays .

Vialinin A: Vialinin A, a non-specific USP4 inhibitor with an IC value of 1.5 µM, also targets the catalytic activity of

USP5/isopeptidase T (isoT) and UCH-L1 . Vialinin A plays a role in the prevention of VEGF-induced

neovascularization, and research suggests that its natural anti-oxidative properties could be developed as anti-angiogenic

agents in cancer therapy .

9-Oxo-9H-indeno[1,2-b]pyrazine-2,3-dicarbonitrile and analogs: 9-Oxo-9H-indeno[1,2-b]pyrazine-2,3-dicarbonitrile and its

analogs have been identified by high-throughput screens as selective USP8 inhibitors that show anti-proliferative and pro-

apoptotic activities in various cancer cell lines . 9-Ethyloxyimino-9H-indeno [1,2-b]pyrazine-2,3-dicarbonitrile has

been identified as an USP8 inhibitor that is structurally similar to USP7 inhibitors, and derivatives of these compounds

have shown to be efficacious in mouse lung cancer models .

IU1 (1-[1-(4-fluorophenyl)-2,5-dimethylpyrrol-3-yl]-2-pyrrolidin-1-ylethanone): IU1 is an active-site-directed thiol protease

small molecule inhibitor that selectively inhibits Usp14 . It has been recently reported that IU1-mediated inhibition of

USP14 results in the increased ubiquitination of constitutive photo-morphogenesis 9 (COP9) signalosome subunit 5

(COPS5), a key negative p53 regulator, resulting in tumor regression of autochthonous T-lymphomas and sarcomas in

p53-deficient mice without affecting normal tissues .

[1,2,3] Triazolo [4,5-d] pyrimidine and derivatives: [1,2,3] Triazolo [4,5-d] pyrimidine and derivatives have been identified

as inhibitors of USP28, especially compound 19, which has an IC value of 1.1 µM/L and a K  value of 40 nM/L . This

novel inhibitor directly inhibits USP28 and induces the inhibition and degradation of the cell cycle, cell proliferation, and

EMT progress in gastric cell lines .

3-Amino-2-keto-7H-thieno[2,3-b]pyridin-6-one derivative: 3-Amino-2-keto-7H-thieno[2,3-b]pyridin-6-one derivative is a

UCHL1-targeting small molecule, discovered as a moderately potent non-competitive inhibitor that works by binding only

to the Michaelis complex and not to free enzyme .

Isatin O-acyl oximes: Isatin O-acyl oximes are UCHL1-targeting inhibitors that can selectively inhibit UCHL1 in preference

to its systemic isoform UCHL3 . LDN57444 and LDN91946 are examples of UCHL1-inhibiting isatin O-acyl oximes

. Inhibition of UCHL1 activity using LDN5744 or its nanoparticle formulation LDN-POx in vitro shows inhibition of

exosome secretions and reduced levels of pro-metastatic factors in exosomal fractions while suppressing the motility of
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metastatic squamous carcinoma cells and nasopharyngeal cells expressing EBV pro-metastatic latent membrane protein

1 (LMP1) . LDN and LDN-POx treatment also showed decreased carcinoma cell adhesion, reduced pro-metastatic

markers, and inhibition of extracellular vesicle-mediated transfer of invasive factor LMP1 .

Pimozide: Pimozide was initially developed as a selective USP1 inhibitor with sub-micromolar potency, shown to sensitize

platinum-resistant NSCLC cells and promote PCNA and FANCD2 mono-ubiquitination . Although pimozide studies

show intended results, DUB selectivity profiling suggests non-specific behavior of the drug .

ML323: ML323 is another notable USP1/UAF1 complex inhibitor containing a selective pyrimidine core compound and

has been shown to allosterically block UAF1 and USP1 complex formation, potentiate cisplatin cytotoxicity, and increase

PCNA and FANCD2 mono-ubiquitination in cells . However, not much progress has been made in advancing

USP1 inhibitors to clinical settings.

Mitoxantrone: Mitoxantrone was previously used for the treatment of acute myeloid leukemia, hormone-refractory prostate

cancer, and multiple sclerosis and is the only reported topoisomerase inhibitor of USP11 that functions via an unknown

mechanism .

Eeyarestatin-1 and GSK2643943A: Eeyarestatin-1 (Eer1) has been reported to specifically target DUBs associated with

p97/VCP, such as Ataxin-3 . A potent USP20 inhibitor identified by GSK, GSK2643943A, showed an IC  of 160 nM

.

6. Drug Development Challenges and Ongoing Clinical Trials

Dramatic advancements in the field of UPS have greatly enhanced our understanding of the functions and mechanisms of

this system. Previously, researchers focused on identifying compounds that disrupt E3 ligase and its substrate

interactions, which can be intrinsically more difficult to achieve than searching for small molecule catalytic blockers. The

challenges faced by researchers include identifying potent compounds that could selectively target DUBs at their catalytic

pockets. The second challenge faced is due to Ub transfer via reactive thiol groups by DUBs, which interferes with the

screening of DUB inhibitors. This is because the standard assays that have been used to identify inhibitors are limited by

non-selective redox or alkylating false positives . The complex mechanisms of DUBs as they alternate between active

and non-active conformations also present a challenge when designing predictive biochemical assays and developing

drug-like compounds . Finally, the Ub specificity between the DUBs and the target proteins poses a challenge to

optimizing the likelihood of identifying genuine inhibitors.

Table 2. Inhibitors of the UPS.

Inhibitor Target Reference

PYR-41 E1 enzyme [248,249]

MLN7243 E1 enzyme [250]

MLN4924 E1 enzyme [251]

Compound 4b E1 enzyme [252]

PYZD-4409 E1 enzyme [253]

Leucettamol A E2 enzyme [254]

Manadosterols A and B E2 enzyme [255]

CC0651 E2 enzyme [256]
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Nutlins and derivatives, RITA, MI-219, Syl-155, MI-63, PRIMA-1,

HLI98, HLI373, MEL23 and MEL24, ATSP-7041, NSC207895

Mdm2/Mdmx/p53-mediated E3

ligase enzyme
[257–267]

Oridonin, SCF-12, ZL25, Compound A, Erioflorin, GS143, SMER3,

TAME, Apcin
SCF E3 ligase [268–276]

Bortezomib, CEP-18770, Carfilzomib (PR-171), ONX-0912, PR-047,

MLN9708 and MLN2238 (Ixazomib), Marizomib (NPI-0052)
Proteasomal inhibitors [277–283]

Targeting upstream regulators of the UPS, such as the E1, E2, and E3 enzymes, provides another level of control over the

ubiquitination–deubiquitination system. Even targeting the proteasome has proven a successful clinical therapy,

highlighted by the success of some FDA-approved inhibitors such as bortezomib , carfilzomib , oprozomib

(ONX0912) , and ixazomib . Inhibitors that have been identified to target the UPS and are under pre-clinical trials

are summarized in Table 2.

However, these drugs have shortcomings, such as fatigue, asthenia, drug resistance (bortezomib), and cardiovascular

complications (carfilzomib), and need further optimization. Understanding the mechanism of E3 ligase specificity toward

E2 enzymes and substrates and the trigger of the proteasomal degradation pathway due to lysine specificity could help

explain the underlying mechanisms via structure–function studies. These avenues could open new targeting strategies for

the development of highly specific and potent inhibitors. Despite the growing attractiveness of DUBs as therapeutic

targets and the advancements in the field of DUB discovery and target identification, only a handful of DUB inhibitors,

such as VLX1570, have advanced through clinical trials for cancer therapy. However, these phase I trials had to be

prematurely terminated due to severe toxicity . Complete information regarding clinical trials can be

accessed using the clinical trial ID  and the promising DUB inhibitors undergoing clinical trials are reviewed in this

section.

The naturally occurring compound curcumin, which has been reported to have UPS dysregulation properties, has been

extensively studied in clinical settings, especially in cancers . Samsung Medical Center completed a placebo-

controlled, double-blind, randomized trial in 107 male participants using curcumin in 2017 (NCT03211104). They aimed at

establishing whether curcumin influenced the duration of treatment interruption and rate of prostatic specific antigen (PSA)

progression, compared with placebo, among men with prostate cancer receiving intermittent androgen deprivation

therapy. A phase II trial initiated by Emory University (NCT02944578) in 2016 is attempting to evaluate the biomolecular

effects of curcumin capsules in high-grade squamous intraepithelial lesion (HSIL) cervical neoplasia. This drug is being

tested in 40 women and has been postulated to affect cancerous cells by modulating various cellular pathways and

altering the effect of HPV on tissue cells. This study aims at exploring the effect of curcumin as a potential medical

treatment in HIV-infected women with HSIL lesions of the cervix. A recent study proposed by the Medical University of

South Carolina (NCT03980509) in 2019 is recruiting to determine the effect of oral administration of curcumin in primary

breast cancer tumors in 20 participants. This phase I trial will use oral administration of curcumin to check DNA-

fragmentation-related apoptosis and cell proliferation (Ki67) in primary tumors of breast cancer patients.

Mitoxantrone is an FDA-approved drug that reportedly inhibits USP11. Numerous phase I/II clinical trials are currently

being conducted using mitoxantrone to target various diseases, including neoplasms, relapsed/refractory acute myeloid

leukemia, multiple sclerosis, advanced recurrent or metastatic breast cancer, neuromyelitis optica, and more . The

interventional study NCT02043756, completed in 2014, tested the pharmacokinetics, toxicity, and maximum tolerated

dose of mitoxantrone hydrochloride (plm60-s) liposome injections in 20 participants with solid tumors. This study reported

that a dose of up to 18 mg/m(2) of plm60-s had potential efficacy and was well tolerated . A currently active phase II

trial, initiated in December, 2018 is being conducted by CSPC ZhongQi Pharmaceutical Technology Co., Ltd.

(NCT03776279). This trial aims to evaluate the safety and efficiency of mitoxantrone hydrochloride liposome injections in

106 participants with relapsed/refractory peripheral T-cell and NK/T-cell lymphoma. Michael Boyiadzis’ group, from the

University of Pittsburgh (NCT03839446), initiated a phase II study in 2019 to examine the efficiency and toxicity of

mitoxantrone in combination with etoposide and gemtuzumab ozogamicin (MEGO) in acute myeloid leukemia patients.

This study is aimed towards patients who did not respond to first-line induction therapy to examine the efficacy and toxicity

of this combinational therapy.

Another important DUB inhibitor that has advanced to clinical trials is pimozide, which is currently in a phase II trial in

patients with amyotrophic lateral sclerosis (ALS). The University of Calgary is actively conducting two clinical trials using

pimozide (NCT02463825, NCT03272503). The first study, initiated in 2015, is a phase II trial that evaluates the effect of
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pimozide in 25 patients with neuromuscular junction transmission dysfunction due to amyotrophic lateral sclerosis (ALS)

(NCT02463825). The second study, initiated in 2017, is a phase II placebo-controlled randomized trial using 100 ALS

patients (NCT03272503). This study aims to test the effect of pimozide in slowing the progression of ALS. Successful

clinical trials were also conducted in 2019 using betulinic acid, hypothesized to demonstrate anxiolytic and/or stress-

reducing properties (NCT03904511). A betulinic-acid-containing plant extract called the Souroubea-Platanus preparation

was administered to 45 healthy participants to study its safety, tolerability, and behavioral effects in healthy volunteers

(NCT03904511). A complete list of inhibitors targeting DUBs and UPS enzyme components, along with their associated

diseases, which are in different stages of clinical trials, is summarized in Table 3.

Table 3. Clinical status and disease association of UPS system inhibitors.

Inhibitor Target Clinical Status Cancer Type and Disease
Reference/ Clinical

Trial ID

b-AP15 USP14, UCHL5
Patent (ID:

W0201305869)Preclinical

Acute myeloid leukemia,

Multiple myeloma,

Mantle cell lymphoma,

Neuroblastoma,

Prostate cancer, Colon

cancer,

Ovarian cancer, Breast

cancer,

Large B cell lymphoma

[177,249,288–292]

VLX1570 USP14, UCHL5
Phase I/II, prematurely

ended

Acute myeloid leukemia,

Multiple myeloma,

Mantle cell lymphoma,

Neuroblastoma,

Prostate cancer, Colon

cancer,

Ovarian cancer, Breast

cancer,

Large B cell lymphoma

[293,294]
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Curcumin
UPS

dysregulation
Phase I/II, trials going

Prostate cancer,

Lung cancer,

Crohn’s disease,

Colorectal cancer,

Head and neck cancer,

Breast cancer,

Colonic cancer,

Metastasis,

Advanced cancers,

Chronic obstructive

pulmonary disease,

Metabolic syndrome

[295,296]

WP1130

USP9X, USP5,

USP14 and

UCHL5

Patent (ID: W02012204527

A2)

Preclinical

Acute myeloid leukemia,

Prostate cancer, Colon

cancer, Lung cancer,

Hepatocellular carcinoma,

Mesothelioma,

Chronic myelogenous

leukemia

[193,297–299]

Pimozide USP1

Phase I/IV trials in

schizophrenia

Phase II trials in Amyotrophic

Lateral Sclerosis (ALS)

Schizophrenia,

Psychotic Disorders,

Tourette Syndrome,

Amyotrophic lateral sclerosis

(ALS)

NCT02463825,

NCT03272503,

NCT00374244

Mitoxantrone USP11 FDA approved

Acute myeloid leukemia,

Neoplasms,

Breast cancer,

Acute myelogenous

leukemia, Lymphoblastic

lymphoma, Diffuse large B-

cell lymphoma,

Burkitt lymphoma/Leukemia

[287,300,301]

Betulinic

acid

Broad spectrum

DUB inhibitor
Phase I

Anxiety,

Stress,

Psychological disorders

NCT03904511



MLN7243 E1 enzyme Phase I

Advanced malignant solid

tumors,

Myelodysplastic syndrome,

Recurrent/refractory acute

myeloid leukemia,

Refractory chronic

myelomonocytic leukemia,

Refractory high-risk

myelodysplastic syndrome

NCT03816319

MLN4924 E1 enzyme Phase I, completed
Acute myelogenous leukemia

 

[302,303]

 

Compound

4b
E1 enzyme Phase I, completed

Neoplasms,

Epilepsy,

HIV infections

 

[304]

Bortezomib
Proteasomal

inhibitor
FDA approved

Multiple myeloma,

Mantle cell lymphoma,

Leukemia,

Neuroblastoma,

Head and neck cancer,

Thyroid carcinoma,

Hepatocellular carcinoma,

Amyloidosis,

Cold agglutinin disease,

Hemolytic anemia

[305–310]

Carfilzomib
Proteasomal

inhibitor
FDA approved

Multiple myeloma,

Relapsed and/or refractory

multiple myeloma,

Lymphoma, Leukemia

Lung cancer,

Thyroid carcinoma,

Refractory renal cell

carcinoma,

Pulmonary hypertension

[311–314]



Ixazomib
Proteasomal

inhibitor
FDA approved

Multiple myeloma,

Relapsed and/or refractory

multiple myeloma,

Lymphoma, Leukemia,

Breast cancer,

Glioblastoma,

Renal cell carcinoma,

Bladder cancer,

Hodgkin and T cell

lymphoma,

HIV,

Lupus,

Kidney diseases

[315–318]

Marizomib
Proteasomal

inhibitor
Phase I/II/III  ongoing

Multiple myeloma,

Relapsed and/or refractory

multiple myeloma,

Lymphoma,

Glioblastoma,

Pancreatic cancer,

Melanoma,

[319–321]

 

ONX-0912
Proteasomal

inhibitor
Phase I/II, completed

Multiple myeloma,

Relapsed and/or refractory

multiple myeloma,

Hepatocellular carcinoma,

Non-central-nervous-system

malignancies

[322–324]

7. Conclusion

The regulation of many critical proteins and cellular signaling events by DUBs modulates homeostasis and cell fate.

Dramatic advancements in understanding of the ubiquitin system and identification of the crystal structures of various

DUBs have paved the way for new possibilities in drug discovery and treatment of proteopathies, neurological disorders,

and cancer. Parallel to the research focused on discovering different facets of DUB activity, the increasing number of

inhibitors identified against this system have proved to be efficacious and selective in treating several disorders, including

cancer. These inhibitors targeting the UPS system components are summarized in Table 3.

Despite our growing understanding of DUB biology, considerable work needs to be done to apply DUBs in clinical

research. In-depth studies are therefore required to understand their natural regulatory mechanisms. In addition,

identification of candidate pathways and targets in a cell that may assist DUB pharmacology also requires attention.

Furthermore, pharmacodynamic effects of DUBs can be explored for possible avenues in clinical research. Besides DUB

inhibitors, drugs enhancing DUB activities or expression should also be considered for further research. Another gray area

in the field of DUBs is the number of targets regulated by a single DUB and vice versa. This raises a new challenge in



itself as the inhibitors developed could have severe adverse effects by affecting non-target pathways. A combination of

technologies, such as genomics, proteomics and structural analysis of DUBs, and an examination of their interactions with

specific targets, combined with drug delivery strategies, could help advance the field of DUB inhibitors and accelerate

them into the clinical setting. Combination therapies consisting of already approved proteasomal inhibitors along with

novel DUB inhibitors could help abate the side effects of these drugs and also provide an interesting line of investigation

in current research.

Abbreviations:

DUBs Deubiquitinating enzymes

UPS Ubiquitin proteasome system

UCHs Ubiquitin C-terminal hydrolases

OTUs Ovarian tumor proteases

MJDs Josephin or Machado–Joseph disease protein domain proteases

JAMM Jab1/MPN domain-associated metalloisopeptidase domain proteins

MCPIP Monocyte chemotactic protein-induced protein family

MINDY Motif interacting with Ub-containing novel DUB family

ZUFSPs Zn-finger and UFSP domain proteins

GWAS Genome-wide association studies

RTKs Receptor tyrosine kinases

Ub Ubiquitin

BAP1 BRCA1-associated protein 1

MM Multiple myelomas

MCL Myeloid cell leukemia

CDH11 Cadherin11 gene

NF-κB Nuclear factor-κB

IKK IκB kinase

TPA 12-O-tetradecanoylphorbol-13 acetate

TNFAIP3 tumor necrosis factor, alpha-induced protein 3

HCF-1 Host cell factor-1



TGF-β Transforming growth factor-β

AIF Apoptosis-inducing factor

FASN Fatty acid synthase

EGFR Epidermal growth factor receptor

MEFs Mouse epithelial fibroblasts

FOXO4 Forkhead box protein O4

PTEN Phosphatase and tensin homolog

NSCLC Non-small-cell lung cancer

LSD1 Lysine-specific demethylase1

TP53BP1 TP53-binding protein 1

MCPIP1 MCP-induced protein 1

TK tyrosine kinase

PCP Planar cell polarity

EMT epithelial-to-mesenchymal transition

R-SMAD Receptor-regulated SMADs

DDR DNA damage response

19S RP 19S regulatory particle

CSN5 COP9 signalosome 5

JAK2 Janus kinase 2

FLT3 Fms-related tyrosine kinase 3

CYLD Cylindromatosis

APC Anaphase-promoting complex

Plk1 polo-like kinase 1



References

1. Stadler, Z.K.; Thom, P.; Robson, M.; Weitzel, J.N.; Kauff, N.; Hurley, K.E.; Devlin, V.; Gold, B.; Klein, R.J.; Offit, K.
Genome-Wide Association Studies of Cancer. J. Clin. Oncol. 2010, 28, 4255–4267, doi:10.1200/jco.2009.25.7816.

2. Sud, A.; Kinnersley, B.; Houlston, R. Genome-wide association studies of cancer: current insights and future
perspectives. Nat. Rev. Cancer 2017, 17, 692–704, doi:10.1038/nrc.2017.82.

3. Vogelstein, B.; Kinzler, K.W. Cancer genes and the pathways they control. Nat. Med. 2004, 10, 789–799,
doi:10.1038/nm1087.

4. Shortt, J.; Johnstone, R.W. Oncogenes in Cell Survival and Cell Death. Cold Spring Harb. Perspect. Biol. 2012, 4,
a009829, doi:10.1101/cshperspect.a009829.

5. Küppers, R.; Dalla-Favera, R. Mechanisms of chromosomal translocations in B cell lymphomas. Oncogene 2001, 20,
5580–5594, doi:10.1038/sj.onc.1204640.

6. Chial, H. Tumor suppressor (TS) genes and the two-hit hypothesis. Nat. Educ. 2008, 1, 177.

7. A Jeggo, P.; Pearl, L.; Carr, A.M. DNA repair, genome stability and cancer: a historical perspective. Nat. Rev. Cancer
2015, 16, 35–42, doi:10.1038/nrc.2015.4.

8. Pearl, L.; Schierz, A.C.; Ward, S.E.; Al-Lazikani, B.; Pearl, F.M. Therapeutic opportunities within the DNA damage
response. Nat. Rev. Cancer 2015, 15, 166–180, doi:10.1038/nrc3891.

9. Kandoth, C.; McLellan, M.D.; Vandin, F.; Ye, K.; Niu, B.; Lu, C.; Xie, M.; Zhang, Q.; McMichael, J.F.; Wyczalkowski, M.;
et al. Mutational landscape and significance across 12 major cancer types. Nature 2013, 502, 333–339,
doi:10.1038/nature12634.

10. Kan, Z.; Jaiswal, B.S.; Stinson, J.; Janakiraman, V.; Bhatt, D.; Stern, H.M.; Yue, P.; Haverty, P.M.; Bourgon, R.; Zheng,
J.; et al. Diverse somatic mutation patterns and pathway alterations in human cancers. Nature 2010, 466, 869–873,
doi:10.1038/nature09208.

11. Lopez-Otin, C.; Bond, J.S. Proteases: Multifunctional enzymes in life and disease. J. Biol. Chem. 2008, 283, 30433–
30437, doi:10.1074/jbc.R800035200.

12. Mason, S.D.; Joyce, J.A. Proteolytic networks in cancer. Trends Cell Biol. 2011, 21, 228–237,
doi:10.1016/j.tcb.2010.12.002.

13. Turk, B. Targeting proteases: Successes, failures and future prospects. Nat. Rev. Drug Discov. 2006, 5, 785–799,
doi:10.1038/nrd2092.

14. Drag, M.; Salvesen, G.S. Emerging principles in protease-based drug discovery. Nat. Rev. Drug Discov. 2010, 9, 690–
701, doi:10.1038/nrd3053.

15. Pérez-Silva, J.G.; Español, Y.; Velasco, G.; Quesada, V. The Degradome database: expanding roles of mammalian
proteases in life and disease. Nucleic Acids Res. 2015, 44, D351–D355, doi:10.1093/nar/gkv1201.

16. Reyes-Turcu, F.E.; Ventii, K.H.; Wilkinson, K.D. Regulation and cellular roles of ubiquitin-specific deubiquitinating
enzymes. Annu. Rev. Biochem. 2009, 78, 363–397, doi:10.1146/annurev.biochem.78.082307.091526.

17. Komander, D.; Clague, M.J.; Urbe, S. Breaking the chains: structure and function of the deubiquitinases. Nat. Rev. Mol.
Cell Biol. 2009, 10, 550–563, doi:10.1038/nrm2731.

18. Kaushal, K.; Antao, A.M.; Kim, K.-S.; Ramakrishna, S. Deubiquitinating enzymes in cancer stem cells: functions and
targeted inhibition for cancer therapy. Drug Discov. Today 2018, 23, 1974–1982, doi:10.1016/j.drudis.2018.05.035.

19. Hershko, A.; Heller, H.; Elias, S.; Ciechanover, A. Components of ubiquitin-protein ligase system. Resolution, affinity
purification, and role in protein breakdown. J. Biol. Chem. 1983, 258, 8206–8214.

20. Chen, Z.J.; Sun, L.J. Nonproteolytic Functions of Ubiquitin in Cell Signaling. Mol. Cell 2009, 33, 275–286,
doi:10.1016/j.molcel.2009.01.014.

21. Ikeda, F.; Dikic, I. Atypical ubiquitin chains: new molecular signals. EMBO Rep. 2008, 9, 536–542,
doi:10.1038/embor.2008.93.

22. Dammer, E.B.; Na, C.H.; Xu, P.; Seyfried, N.T.; Duong, D.M.; Cheng, N.; Gearing, M.; Rees, H.; Lah, J.J.; Levey, A.I.; et
al. Polyubiquitin linkage profiles in three models of proteolytic stress suggest the etiology of alzheimer disease. J. Biol.
Chem. 2011, 286, 10457–10465, doi:10.1074/jbc.M110.149633.

23. Ohtake, F.; Tsuchiya, H.; Saeki, Y.; Tanaka, K. K63 ubiquitylation triggers proteasomal degradation by seeding
branched ubiquitin chains. Proc. Natl. Acad. Sci. USA 2018, 115, E1401–E1408, doi:10.1073/pnas.1716673115.



24. Wilkinson, K.D. Regulation of ubiquitin‐dependent processes by deubiquitinating enzymes. FASEB J. 1997, 11, 1245–
1256, doi:10.1096/fasebj.11.14.9409543.

25. Hymowitz, S.G.; Wertz, I.E. A20: from ubiquitin editing to tumour suppression. Nat. Rev. Cancer 2010, 10, 332–341,
doi:10.1038/nrc2775.

26. Amerik, A.; Hochstrasser, M. Mechanism and function of deubiquitinating enzymes. Biochim. Biophys. Acta Bioenerg.
2004, 1695, 189–207, doi:10.1016/j.bbamcr.2004.10.003.

27. Rehman, S.A.A.; Kristariyanto, Y.A.; Choi, S.-Y.; Nkosi, P.J.; Weidlich, S.; Labib, K.; Hofmann, K.; Kulathu, Y. MINDY-1
is a member of an evolutionarily conserved and structurally distinct new family of deubiquitinating enzymes. Mol. Cell
2016, 63, 146–155, doi:10.1016/j.molcel.2016.05.009.

28. Hermanns, T.; Pichlo, C.; Woiwode, I.; Klopffleisch, K.; Witting, K.; Ovaa, H.; Baumann, U.; Hofmann, K. A family of
unconventional deubiquitinases with modular chain specificity determinants. Nat. Commun. 2018, 9, 799,
doi:10.1038/s41467-018-03148-5.

29. Liang, J.; Saad, Y.; Lei, T.; Wang, J.; Qi, D.; Yang, Q.; Kolattukudy, P.E.; Fu, M. MCP-induced protein 1 deubiquitinates
TRAF proteins and negatively regulates JNK and NF-κB signaling. J. Exp. Med. 2010, 207, 2959–2973,
doi:10.1084/jem.20092641.

30. Liu, L.; Damerell, D.R.; Koukouflis, L.; Tong, Y.; Marsden, B.D.; Schapira, M. UbiHub: a data hub for the explorers of
ubiquitination pathways. Bioinformatics 2019, 35, 2882–2884, doi:10.1093/bioinformatics/bty1067.

31. Murali, R.; Wiesner, T.; Scolyer, R.A. Tumours associated with BAP1 mutations. Pathology 2013, 45, 116–126,
doi:10.1097/pat.0b013e32835d0efb.

32. Oliveira, J.L.; Chou, M.M. USP6-induced neoplasms: the biologic spectrum of aneurysmal bone cyst and nodular
fasciitis. Hum. Pathol. 2014, 45, 1–11, doi:10.1016/j.humpath.2013.03.005.

33. Homan, C.C.; Kumar, R.; Nguyen, L.S.; Haan, E.; Raymond, F.L.; Abidi, F.; Raynaud, M.; Schwartz, C.E.; Wood, S.A.;
Gécz, J.; et al. Mutations in USP9X Are Associated with X-Linked Intellectual Disability and Disrupt Neuronal Cell
Migration and Growth. Am. J. Hum. Genet. 2014, 94, 470–478, doi:10.1016/j.ajhg.2014.02.004.

34. Murtaza, M.; Jolly, L.A.; Gécz, J.; Wood, S.A. La FAM fatale: USP9X in development and disease. Cell. Mol. Life Sci.
2015, 72, 2075–89, doi:10.1007/s00018-015-1851-0.

35. Eichhorn, P.J.A.; Rodón, L.; Gonzàlez-Juncà, A.; Dirac, A.; Gili, M.; Martinez-Saez, E.; Aura, C.; Barba, I.; Peg, V.; Prat,
A.; et al. USP15 stabilizes TGF-β receptor I and promotes oncogenesis through the activation of TGF-β signaling in
glioblastoma. Nat. Med. 2012, 18, 429–435, doi:10.1038/nm.2619.

36. Bignell, G.R.; Warren, W.; Seal, S.; Takahashi, M.; Rapley, E.; Barfoot, R.; Green, H.; Brown, C.; Biggs, P.J.; Lakhani,
S.; et al. Identification of the familial cylindromatosis tumour-suppressor gene. Nat. Genet. 2000, 25, 160–165,
doi:10.1038/76006.

37. Fraile, J.M.; Quesada, V.; Rodríguez, D.; Freije, J.M.P.; Lopez-Otin, C. Deubiquitinases in cancer: New functions and
therapeutic options. Oncogene 2011, 31, 2373–2388, doi:10.1038/onc.2011.443.

38. Richardson, P.G.; Hideshima, T.; Anderson, K.C. Bortezomib (PS-341): A Novel, First-in-Class Proteasome Inhibitor for
the Treatment of Multiple Myeloma and Other Cancers. Cancer Control. 2003, 10, 361–369,
doi:10.1177/107327480301000502.

39. Chen, D.; Frezza, M.; Schmitt, S.; Kanwar, J.; Dou, Q.P. Bortezomib as the first proteasome inhibitor anticancer drug:
current status and future perspectives. Curr. Cancer Drug Targets 2011, 11, 239–253,
doi:10.2174/156800911794519752.

40. D’Arcy, P.; Wang, X.; Linder, S. Deubiquitinase inhibition as a cancer therapeutic strategy. Pharmacol. Ther. 2015, 147,
32–54, doi:10.1016/j.pharmthera.2014.11.002.

41. Wei, R.; Liu, X.; Yu, W.; Yang, T.; Cai, W.; Liu, J.; Huang, X.; Xu, G.-T.; Zhao, S.; Yang, J.; et al. Deubiquitinases in
cancer. Oncotarget 2015, 6, 12872–12889, doi:10.18632/oncotarget.3671.

42. Hussain, S.; Zhang, Y.; Galardy, P.J. DUBs and cancer: The role of deubiquitinating enzymes as oncogenes, non-
oncogenes and tumor suppressors. Cell Cycle 2009, 8, 1688–1697, doi:10.4161/cc.8.11.8739.

43. A Vendrell, J.; Ghayad, S.; Ben-Larbi, S.; Dumontet, C.; Mechti, N.; A Cohen, P. A20/TNFAIP3, a new estrogen-
regulated gene that confers tamoxifen resistance in breast cancer cells. Oncogene 2007, 26, 4656–4667,
doi:10.1038/sj.onc.1210269.

44. Sun, S.C. CYLD: a tumor suppressor deubiquitinase regulating NF-κB activation and diverse biological processes. Cell
Death Differ. 2010, 17, 25–34, doi: 10.1038/cdd.2009.43.



45. Kon, N.; Kobayashi, Y.; Li, M.; Brooks, C.L.; Ludwig, T.; Gu, W. Inactivation of HAUSP in vivo modulates p53 function.
Oncogene 2009, 29, 1270–1279, doi:10.1038/onc.2009.427.

46. Oliveira, A.M.; Perez-Atayde, A.R.; Inwards, C.Y.; Medeiros, F.; Derr, V.; Hsi, B.-L.; Gebhardt, M.C.; Rosenberg, A.E.;
Fletcher, J.A. USP6 and CDH11 Oncogenes Identify the Neoplastic Cell in Primary Aneurysmal Bone Cysts and Are
Absent in So-Called Secondary Aneurysmal Bone Cysts. Am. J. Pathol. 2004, 165, 1773–1780, doi:10.1016/s0002-
9440(10)63432-3.

47. Li, L.; Yang, H.; He, Y.; Li, T.; Feng, J.; Chen, W.; Ao, L.; Shi, X.; Lin, Y.; Liu, H.; et al. Ubiquitin-Specific Protease USP6
Regulates the Stability of the c-Jun Protein. Mol. Cell. Biol. 2017, 38, e00317–e00320, doi:10.1128/mcb.00320-17.

48. Shah, S.P.; Morin, R.D.; Khattra, J.; Prentice, L.; Pugh, T.J.; Burleigh, A.; Delaney, A.; Gelmon, K.; Guliany, R.; Senz, J.;
et al. Mutational evolution in a lobular breast tumour profiled at single nucleotide resolution. Nature 2009, 461, 809–
813, doi:10.1038/nature08489.

49. Dubois, A.; Wilson, V.; Bourn, D.; Rajan, N. CYLD Genetic Testing for Brooke-Spiegler Syndrome, Familial
Cylindromatosis and Multiple Familial Trichoepitheliomas. PLoS Curr. 2015, 7,
doi:10.1371/currents.eogt.45c4e63dd43d62e12228cc5264d6a0db.

50. Baud, V.; Karin, M. Is NF-κB a good target for cancer therapy? Hopes and pitfalls. Nat. Rev. Drug Discov. 2009, 8, 33–
40, doi:10.1038/nrd2781.

51. Trompouki, E.; Hatzivassiliou, E.; Tsichritzis, T.; Farmer, H.; Ashworth, A.; Mosialos, G. CYLD is a deubiquitinating
enzyme that negatively regulates NF-κB activation by TNFR family members. Nature 2003, 424, 793–796,
doi:10.1038/nature01803.

52. Kovalenko, A.; Chable-Bessia, C.; Cantarella, G.; Israël, A.; Wallach, D.; Courtois, G. The tumour suppressor CYLD
negatively regulates NF-κB signalling by deubiquitination. Nature 2003, 424, 801–805, doi:10.1038/nature01802.

53. Brummelkamp, T.R.; Nijman, S.M.B.; Dirac, A.M.G.; Bernards, R. Loss of the cylindromatosis tumour suppressor
inhibits apoptosis by activating NF-κB. Nature 2003, 424, 797–801, doi:10.1038/nature01811.

54. Novak, U.; Rinaldi, A.; Kwee, I.; Nandula, S.V.; Rancoita, P.M.V.; Compagno, M.; Cerri, M.; Rossi, D.; Murty, V.V.;
Zucca, E.; et al. The NF-κB negative regulator TNFAIP3 (A20) is inactivated by somatic mutations and genomic
deletions in marginal zone lymphomas. Blood 2009, 113, 4918–4921, doi:10.1182/blood-2008-08-174110.

55. Dürkop, H.; Hirsch, B.; Hahn, C.; Foss, H.-D.; Stein, H. Differential expression and function of A20 and TRAF1 in
Hodgkin lymphoma and anaplastic large cell lymphoma and their induction by CD30 stimulation. J. Pathol. 2003, 200,
214–221, doi:10.1002/path.1351.

56. Song, H.Y.; Rothe, M.; Goeddel, D.V. The tumor necrosis factor-inducible zinc finger protein A20 interacts with
TRAF1/TRAF2 and inhibits NF-kappaB activation. Proc. Natl. Acad. Sci. USA 1996, 93, 6721–6725,
doi:10.1073/pnas.93.13.6721.

57. E Jensen, D.; Proctor, M.; Marquis, S.T.; Gardner, H.P.; I Ha, S.; A Chodosh, L.; Ishov, A.M.; Tommerup, N.; Vissing, H.;
Sekido, Y.; et al. BAP1: a novel ubiquitin hydrolase which binds to the BRCA1 RING finger and enhances BRCA1-
mediated cell growth suppression. Oncogene 1998, 16, 1097–1112, doi:10.1038/sj.onc.1201861.

58. Testa, J.R.; Cheung, M.; Pei, J.; Below, J.E.; Tan, Y.; Sementino, E.; Cox, N.J.; Dogan, A.U.; Pass, H.I.; Trusa, S.; et al.
Germline BAP1 mutations predispose to malignant mesothelioma. Nat. Genet. 2011, 43, 1022–1025,
doi:10.1038/ng.912.

59. Wiesner, T.; Obenauf, A.C.; Murali, R.; Fried, I.; Griewank, K.; Ulz, P.; Windpassinger, C.; Wackernagel, W.; Loy, S.;
Wolf, I.; et al. Germline mutations in BAP1 predispose to melanocytic tumors. Nat. Genet. 2011, 43, 1018–1021,
doi:10.1038/ng.910.

60. Harbour, J.W.; Onken, M.D.; Roberson, E.D.; Duan, S.; Cao, L.; Worley, L.A.; Council, M.L.; Matatall, K.A.; Helms, C.;
Bowcock, A.M. Frequent Mutation of BAP1 in Metastasizing Uveal Melanomas. Science 2010, 330, 1410–1413,
doi:10.1126/science.1194472.

61. Guénard, F.; Brcas, I.; Labrie, Y.; Ouellette, G.; Beauparlant, C.J.; Durocher, F. Genetic sequence variations of BRCA1-
interacting genes AURKA, BAP1, BARD1 and DHX9 in French Canadian Families with high risk of breast cancer. J.
Hum. Genet. 2009, 54, 152–161, doi:10.1038/jhg.2009.6.

62. Bott, M.; Brevet, M.; Taylor, B.S.; Shimizu, S.; Ito, T.; Wang, L.; Creaney, J.; A Lake, R.; Zakowski, M.F.; Reva, B.; et al.
The nuclear deubiquitinase BAP1 is commonly inactivated by somatic mutations and 3p21.1 losses in malignant
pleural mesothelioma. Nat. Genet. 2011, 43, 668–672, doi:10.1038/ng.855.

63. Misaghi, S.; Ottosen, S.; Izrael-Tomasevic, A.; Arnott, D.; Lamkanfi, M.; Lee, J.; Liu, J.; O’Rourke, K.; Dixit, V.M.;
Wilson, A.C. Association of C-Terminal Ubiquitin Hydrolase BRCA1-Associated Protein 1 with Cell Cycle Regulator
Host Cell Factor 1. Mol. Cell. Biol. 2009, 29, 2181–2192, doi:10.1128/mcb.01517-08.



64. Forbes, S.A.; Bindal, N.; Bamford, S.; Cole, C.; Kok, C.Y.; Beare, D.; Jia, M.; Shepherd, R.; Leung, K.; Menzies, A.; et
al. COSMIC: mining complete cancer genomes in the Catalogue of Somatic Mutations in Cancer. Nucleic Acids Res.
2010, 39, D945–D950, doi:10.1093/nar/gkq929.

65. Harris, S.L.; Levine, A.J. The p53 pathway: Positive and negative feedback loops. Oncogene 2005, 24, 2899–2908,
doi:10.1038/sj.onc.1208615.

66. Zhang, X.; Berger, F.G.; Yang, J.; Lu, X. USP4 inhibits p53 through deubiquitinating and stabilizing ARF-BP1. EMBO J.
2011, 30, 2177–2189, doi:10.1038/emboj.2011.125.

67. Kruse, J.-P.; Gu, W. Modes of p53 regulation. Cell 2009, 137, 609–622, doi:10.1016/j.cell.2009.04.050.

68. Kwon, S.-K.; Saindane, M.; Baek, K.-H. p53 stability is regulated by diverse deubiquitinating enzymes. Biochim.
Biophys. Acta Rev. Cancer 2017, 1868, 404–411, doi:10.1016/j.bbcan.2017.08.001.

69. Benassi, B.; Marani, M.; Loda, M.; Blandino, G. USP2a alters chemotherapeutic response by modulating redox. Cell
Death Dis. 2013, 4, e812, doi:10.1038/cddis.2013.289.

70. Kim, J.; Kim, W.-J.; Liu, Z.; Loda, M.F.; Freeman, M.R. The ubiquitin-specific protease USP2a enhances tumor
progression by targeting cyclin A1 in bladder cancer. Cell Cycle 2012, 11, 1123–1130, doi:10.4161/cc.11.6.19550.

71. Priolo, C.; Tang, D.; Brahamandan, M.; Benassi, B.; Sicinska, E.; Ogino, S.; Farsetti, A.; Porrello, A.; Finn, S.P.;
Zimmermann, J.; et al. The Isopeptidase USP2a Protects Human Prostate Cancer from Apoptosis. Cancer Res. 2006,
66, 8625–8632, doi:10.1158/0008-5472.can-06-1374.

72. Graner, E.; Tang, D.; Rossi, S.; Baron, A.; Migita, T.; Weinstein, L.J.; Lechpammer, M.; Huesken, D.; Zimmermann, J.;
Signoretti, S.; et al. The isopeptidase USP2a regulates the stability of fatty acid synthase in prostate cancer. Cancer
Cell 2004, 5, 253–261, doi:10.1016/s1535-6108(04)00055-8.

73. Stevenson, L.F.; Sparks, A.; Allende-Vega, N.; Xirodimas, D.P.; Lane, D.P.; Saville, M.K. The deubiquitinating enzyme
USP2a regulates the p53 pathway by targeting Mdm2. EMBO J. 2007, 26, 976–986, doi:10.1038/sj.emboj.7601567.

74. Allende-Vega, N.; Sparks, A.; Lane, D.P.; Saville, M.K. MdmX is a substrate for the deubiquitinating enzyme USP2a.
Oncogene 2009, 29, 432–441, doi:10.1038/onc.2009.330.

75. Liu, Z.; Zanata, S.; Kim, J.; A Peterson, M.; Di Vizio, L.; Chirieac, L.R.; Pyne, S.; Agostini, M.; Freeman, M.R.; Loda, M.
The ubiquitin-specific protease USP2a prevents endocytosis-mediated EGFR degradation. Oncogene 2012, 32, 1660–
1669, doi:10.1038/onc.2012.188.

76. Oh, K.H.; Yang, S.W.; Park, J.M.; Seol, J.H.; Iemura, S.; Natsume, T.; Murata, S.; Tanaka, K.; Jeon, Y.J.; Chung, C.H.
Control of AIF-mediated cell death by antagonistic functions of CHIP ubiquitin E3 ligase and USP2 deubiquitinating
enzyme. Cell Death Differ. 2011, 18, 1326–1336, doi:10.1038/cdd.2011.3.

77. Shan, J.; Zhao, W.; Gu, W. Suppression of Cancer Cell Growth by Promoting Cyclin D1 Degradation. Mol. Cell 2009,
36, 469–476, doi:10.1016/j.molcel.2009.10.018.

78. Shi, Y.; Solomon, L.R.; Pereda-Lopez, A.; Giranda, V.L.; Luo, Y.; Johnson, E.F.; Shoemaker, A.R.; Leverson, J.; Liu, X.
Ubiquitin-specific Cysteine Protease 2a (USP2a) Regulates the Stability of Aurora-A. J. Biol. Chem. 2011, 286, 38960–
38968, doi:10.1074/jbc.M111.231498.

79. Wang, C.-L.; Wang, J.-Y.; Liu, Z.-Y.; Ma, X.-M.; Wang, X.-W.; Jin, H.; Zhang, X.-P.; Fu, D.; Hou, L.-J.; Lu, Y.-C.
Ubiquitin-specific protease 2a stabilizes MDM4 and facilitates the p53-mediated intrinsic apoptotic pathway in
glioblastoma. Carcinogenesis 2014, 35, 1500–1509, doi:10.1093/carcin/bgu015.

80. Dayal, S.; Sparks, A.; Jacob, J.; Allende-Vega, N.; Lane, D.P.; Saville, M.K. Suppression of the deubiquitinating enzyme
USP5 causes the accumulation of unanchored polyubiquitin and the activation of p53. J. Biol. Chem. 2008, 284, 5030–
5041, doi:10.1074/jbc.M805871200.

81. Brooks, C.L.; Li, M.; Hu, M.; Shi, Y.; Gu, W. The p53–Mdm2–HAUSP complex is involved in p53 stabilization by
HAUSP. Oncogene 2007, 26, 7262–7266, doi:10.1038/sj.onc.1210531.

82. Cummins, J.M.; Vogelstein, B. HAUSP is required for p53 destabilization. Cell Cycle 2004, 3, 687–690,
doi:10.4161/cc.3.6.924.

83. Van Loosdregt, J.; Fleskens, V.; Fu, J.; Brenkman, A.B.; Bekker, C.P.; Pals, C.E.; Meerding, J.; Berkers, C.R.; Barbi, J.;
Grone, A.; et al. Stabilization of the transcription factor Foxp3 by the deubiquitinase USP7 increases Treg-cell-
suppressive capacity. Immunity 2013, 39, 259–271, doi:10.1016/j.immuni.2013.05.018.

84. Van Der Horst, A.; De Vries-Smits, A.M.; Brenkman, A.B.; Van Triest, M.H.; Van Den Broek, N.; Colland, F.; Maurice,
M.M.; Burgering, B.M. FOXO4 transcriptional activity is regulated by monoubiquitination and USP7/HAUSP. Nat. Cell
Biol. 2006, 8, 1064–1073.



85. Song, M.S.; Salmena, L.; Carracedo, A.; Egia, A.; Coco, F.L.; Teruya-Feldstein, J.; Pandolfi, P.P. The deubiquitinylation
and localization of PTEN are regulated by a HAUSP–PML network. Nature 2008, 455, 813–817,
doi:10.1038/nature07290.

86. Lecona, E.; Rodriguez-Acebes, S.; Specks, J.; Lopez-Contreras, A.J.; Ruppen, I.; Murga, M.; Munoz, J.; Mendez, J.;
Fernandez-Capetillo, O. USP7 is a SUMO deubiquitinase essential for DNA replication. Nat. Struct. Mol. Biol. 2016, 23,
270–277, doi:10.1038/nsmb.3185.

87. Yuan, J.; Luo, K.; Zhang, L.; Cheville, J.C.; Lou, Z. USP10 Regulates p53 Localization and Stability by Deubiquitinating
p53. Cell 2010, 140, 384–396, doi:10.1016/j.cell.2009.12.032.

88. Wu, Y.; Wang, Y.; Yang, X.H.; Kang, T.; Zhao, Y.; Wang, C.; Evers, B.M.; Zhou, B.P. The Deubiquitinase USP28
Stabilizes LSD1 and Confers Stem-Cell-like Traits to Breast Cancer Cells. Cell Rep. 2013, 5, 224–236,
doi:10.1016/j.celrep.2013.08.030.

89. Zhang, L.; Xu, B.; Qiang, Y.; Huang, H.; Wang, C.; Li, D.; Qian, J. Overexpression of deubiquitinating enzyme USP28
promoted non-small cell lung cancer growth. J. Cell. Mol. Med. 2015, 19, 799–805, doi:10.1111/jcmm.12426.

90. Zhao, L.-J.; Zhang, T.; Feng, X.-J.; Chang, J.; Suo, F.-Z.; Ma, J.-L.; Liu, Y.-J.; Zheng, Y.-C.; Liu, H.-M. USP28
contributes to the proliferation and metastasis of gastric cancer. J. Cell. Biochem. 2018, 120, 7657–7666,
doi:10.1002/jcb.28040.

91. Guo, G.; Xu, Y.; Gong, M.; Cao, Y.; An, R. USP28 is a potential prognostic marker for bladder cancer. Tumor Biol. 2013,
35, 4017–4022, doi:10.1007/s13277-013-1525-1.

92. Diefenbacher, M.E.; Popov, N.; Blake, S.M.; Schülein-Völk, C.; Nye, E.; Spencer-Dene, B.; Jaenicke, L.A.; Eilers, M.;
Behrens, A. The deubiquitinase USP28 controls intestinal homeostasis and promotes colorectal cancer. J. Clin.
Investig. 2014, 124, 3407–3418, doi:10.1172/JCI73733.

93. Popov, N.; Wanzel, M.; Madiredjo, M.; Zhang, D.; Beijersbergen, R.; Bernards, R.; Moll, R.; Elledge, S.J.; Eilers, M. The
ubiquitin-specific protease USP28 is required for MYC stability. Nature 2007, 9, 765–774, doi:10.1038/ncb1601.

94. Cuella-Martin, R.; Oliveira, C.; Lockstone, H.E.; Snellenberg, S.; Grolmusova, N.; Chapman, J.R. 53BP1 Integrates
DNA Repair and p53-Dependent Cell Fate Decisions via Distinct Mechanisms. Mol. Cell 2016, 64, 51–64,
doi:10.1016/j.molcel.2016.08.002.

95. Liu, J.; Chung, H.-J.; Vogt, M.; Jin, Y.; Malide, D.; He, L.; Dundr, M.; Levens, D. JTV1 co-activates FBP to induce
USP29 transcription and stabilize p53 in response to oxidative stress. EMBO J. 2011, 30, 846–858,
doi:10.1038/emboj.2011.11.

96. Hock, A.K.; Vigneron, A.M.; Carter, S.; Ludwig, R.L.; Vousden, K.H. Regulation of p53 stability and function by the
deubiquitinating enzyme USP42. EMBO J. 2011, 30, 4921–4930, doi:10.1038/emboj.2011.419.

97. Hock, A.K.; Vigneron, A.M.; Vousden, K.H. Ubiquitin-specific peptidase 42 (USP42) functions to deubiquitylate histones
and regulate transcriptional activity. J. Biol. Chem. 2014, 289, 34862–34870, doi:10.1074/jbc.M114.589267.

98. Liu, H.; Chen, W.; Liang, C.; Chen, B.W.; Zhi, X.; Zhang, S.; Zheng, X.; Bai, X.; Liang, T.-B. WP1130 increases
doxorubicin sensitivity in hepatocellular carcinoma cells through usp9x-dependent p53 degradation. Cancer Lett. 2015,
361, 218–225, doi:10.1016/j.canlet.2015.03.001.

99. Zhang, L.; Gong, F. Involvement of USP24 in the DNA damage response. Mol. Cell. Oncol. 2015, 3, e1011888,
doi:10.1080/23723556.2015.1011888.

100. Liu, W.-T.; Huang, K.-Y.; Lu, M.-C.; Huang, H.-L.; Chen, C.-Y.; Cheng, Y.-L.; Yu, H.-C.; Liu, S.-Q.; Lai, N.-S.; Huang, H.-
B. TGF-β upregulates the translation of USP15 via the PI3K/AKT pathway to promote p53 stability. Oncogene 2016,
36, 2715–2723, doi:10.1038/onc.2016.424.

101. Ke, J.-Y.; Dai, C.-J.; Wu, W.-L.; Gao, J.-H.; Xia, A.-J.; Liu, G.-P.; Lv, K.-S.; Wu, C.-L. USP11 regulates p53 stability by
deubiquitinating p53. J. Zhejiang Univ. Sci. B 2014, 15, 1032–1038, doi:10.1631/jzus.B1400180.

102. Tu, R.; Kang, W.; Yang, X.; Zhang, Q.; Xie, X.; Liu, W.; Zhang, J.; Zhang, X.-D.; Wang, H.; Du, R.-L. USP49 participates
in the DNA damage response by forming a positive feedback loop with p53. Cell Death Dis. 2018, 9, 553,
doi:10.1038/s41419-018-0475-3.

103. Hoesel, B.; Schmid, J.A. The complexity of NF-κB signaling in inflammation and cancer. Mol. Cancer 2013, 12, 86,
doi:10.1186/1476-4598-12-86.

104. Harhaj, E.W.; Dixit, V.M. Regulation of NF-κB by deubiquitinases. Immunol. Rev. 2012, 246, 107–124,
doi:10.1111/j.1600-065X.2012.01100.x.

105. Hayden, M.S.; Ghosh, S. Shared principles in NF-κB signaling. Cell 2008, 132, 344–362.



106. Massoumi, R.; Chmielarska, K.; Hennecke, K.; Pfeifer, A.; Fässler, R. Cyld inhibits tumor cell proliferation by blocking
Bcl-3-dependent NF-κB signaling. Cell 2006, 125, 665–677.

107. Zhang, J.; Stirling, B.; Temmerman, S.T.; Ma, C.A.; Fuss, I.J.; Derry, J.M.; Jain, A. Impaired regulation of NF-kappaB
and increased susceptibility to colitis-associated tumorigenesis in CYLD-deficient mice. J. Clin. Invest. 2006, 116,
3042–3049, doi:10.1172/jci28746.

108. Evans, P.C.; Ovaa, H.; Hamon, M.; Kilshaw, P.J.; Hamm, S.; Bauer, S.; Ploegh, H.L.; Smith, T.S. Zinc-finger protein
A20, a regulator of inflammation and cell survival, has de-ubiquitinating activity. Biochem. J. 2004, 378, 727–734,
doi:10.1042/bj20031377.

109. Opipari, A.W.; Boguski, M.S.; Dixit, V.M. The A20 cDNA induced by tumor necrosis factor alpha encodes a novel type of
zinc finger protein. J. Biol. Chem. 1990, 265, 14705–14708.

110. Wertz, I.E.; O’Rourke, K.M.; Zhou, H.; Eby, M.; Aravind, L.; Seshagiri, S.; Wu, P.; Wiesmann, C.; Baker, R.; Boone,
D.L.; et al. De-ubiquitination and ubiquitin ligase domains of A20 downregulate NF-κB signalling. Nature 2004, 430,
694–699, doi:10.1038/nature02794.

111. Li, L.-Y.; Soetandyo, N.; Wang, Q.; Ye, Y. The zinc finger protein A20 targets TRAF2 to the lysosomes for degradation.
Biochim. Biophys. Acta Bioenerg. 2009, 1793, 346–353, doi:10.1016/j.bbamcr.2008.09.013.

112. Xu, G.; Tan, X.; Wang, H.; Sun, W.; Shi, Y.; Burlingame, S.; Gu, X.; Cao, G.; Zhang, T.; Qin, J.; et al. Ubiquitin-specific
Peptidase 21 Inhibits Tumor Necrosis Factor α-induced Nuclear Factor κB Activation via Binding to and
Deubiquitinating Receptor-interacting Protein 1. J. Biol. Chem. 2009, 285, 969–978, doi:10.1074/jbc.M109.042689.

113. Hou, X.; Wang, L.; Zhang, L.; Pan, X.; Zhao, W. Ubiquitin-specific protease 4 promotes TNF-α-induced apoptosis by
deubiquitination of RIP1 in head and neck squamous cell carcinoma. FEBS Lett. 2013, 587, 311–316,
doi:10.1016/j.febslet.2012.12.016.

114. Enesa, K.; Zakkar, M.; Chaudhury, H.; Luong, L.A.; Rawlinson, L.; Mason, J.C.; Haskard, D.O.; Dean, J.L.; Evans, P.C.
NF-κB suppression by the deubiquitinating enzyme cezanne a novel negative feedback loop in pro-inflammatory
signaling. J. Biol. Chem. 2008, 283, 7036–7045.

115. McNally, R.S.; Davis, B.K.; Clements, C.; Accavitti-Loper, M.A.; Mak, T.W.; Ting, J.P.-Y. DJ-1 Enhances Cell Survival
through the Binding of Cezanne, a Negative Regulator of NF-κB. J. Biol. Chem. 2010, 286, 4098–4106,
doi:10.1074/jbc.M110.147371.

116. Tzimas, C.; Michailidou, G.; Arsenakis, M.; Kieff, E.; Mosialos, G.; Hatzivassiliou, E.G. Human ubiquitin specific
protease 31 is a deubiquitinating enzyme implicated in activation of nuclear factor-κB. Cell. Signal. 2006, 18, 83–92,
doi:10.1016/j.cellsig.2005.03.017.

117. Daubeuf, S.; Singh, D.; Tan, Y.; Liu, H.; Federoff, H.J.; Bowers, W.J.; Tolba, K. HSV ICP0 recruits USP7 to modulate
TLR-mediated innate response. Blood 2009, 113, 3264–3275, doi:10.1182/blood-2008-07-168203.

118. Metzig, M.; Nickles, D.; Falschlehner, C.; Lehmann-Koch, J.; Straub, B.; Roth, W.; Boutros, M. An RNAi screen
identifies USP2 as a factor required for TNF-α-induced NF-κB signaling. Int. J. Cancer 2011, 129, 607–618,
doi:10.1002/ijc.26124.

119. González-Navajas, J.; Law, J.; Nguyen, K.P.; Bhargava, M.; Corr, M.P.; Varki, N.; Eckmann, L.; Hoffman, H.M.; Lee, J.;
Raz, E. Interleukin 1 receptor signaling regulates DUBA expression and facilitates Toll-like receptor 9–driven
antiinflammatory cytokine production. J. Exp. Med. 2010, 207, 2799–2807, doi:10.1084/jem.20101326.

120. Schweitzer, K.; Bozko, P.M.; Dubiel, W.; Naumann, M. CSN controls NF-κB by deubiquitinylation of IκBα. EMBO J.
2007, 26, 1532–1541, doi:10.1038/sj.emboj.7601600.

121. Yamaguchi, T.; Kimura, J.; Miki, Y.; Yoshida, K. The deubiquitinating enzyme USP11 controls an IκB kinase α (IKKα)-
p53 signaling pathway in response to tumor necrosis factor α (TNFα). J. Biol. Chem. 2007, 282, 33943–33948.

122. Takeuchi, K.; Ito, F. Receptor tyrosine kinases and targeted cancer therapeutics. Biol. Pharm. Bull. 2011, 34, 1774–
1780, doi:10.1248/bpb.34.1774.

123. Critchley, W.; Pellet-Many, C.; Ringham-Terry, B.; Harrison, M.; Zachary, I.C.; Ponnambalam, S. Receptor Tyrosine
Kinase Ubiquitination and De-Ubiquitination in Signal Transduction and Receptor Trafficking. Cells 2018, 7, 22,
doi:10.3390/cells7030022.
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