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Abstract

Deubiquitinases or DUBs have emerged as pivotal regulators in cellular homeostasis, coordinating
the delicate balance of protein ubiquitination and deubiquitination. Their versatile roles span from
controlling protein turnover to modulating signal transduction pathways, thereby influencing
diverse cellular processes such as DNA damage repair, apoptosis, and immune responses. This
review comprehensively explores the current understanding of DUBs, elucidating their structural
diversity, catalytic mechanisms, physiological functions, and implications in human diseases.
Moreover, we discuss the therapeutic potential of targeting DUBs in various pathological conditions,
highlighting recent advancements and challenges in developing DUB-specific inhibitors.
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1. Introduction

The ubiquitin-proteasome system (UPS) is a finely tuned intracellular mechanism that
orchestrates selective protein degradation and plays a pivotal role in regulating diverse cellular
processes'?(Figure 1). It maintains cellular homeostasis by eliminating unwanted or damaged
proteins?, thereby ensuring proper cell function*. This intricate system is fundamental to numerous
biological pathways, including cell cycle progressiont, signal transduction®¢, and immune
responses’S. At the heart of the UPS lies ubiquitination, a process in which the small, highly conserved
protein ubiquitin is covalently attached to target proteins®. This modification serves as a molecular
tag that marks substrates for destruction by the proteasome, a process known as proteasomal
degradation.

Ubiquitination is a multistep enzymatic cascade involving ubiquitin-activating enzymes (E1),
ubiquitin-conjugating enzymes (E2), and ubiquitin ligases (E3)'-12. E1 enzymes activate ubiquitin in
an ATP-dependent manner and transfer it to E2 enzymes, which subsequently cooperate with E3
ligases to attach ubiquitin to specific substrate proteins. Importantly, E3 ligases confer substrate
specificity by recognizing distinct degradation signals, including protein misfolding, DNA damage,
or regulatory post-translational modifications'®-'5. Polyubiquitinated proteins are then recognized
and degraded by the proteasome, a large barrel-shaped proteolytic complex'¢'”. The proteasome
functions as the cell’s primary protein quality-control machinery, degrading ubiquitin-tagged
substrates into short peptides that can be recycled for new protein synthesis.

The UPS is tightly regulated to ensure balanced protein turnover and cellular homeostasis's.
Regulation occurs at multiple levels, including ubiquitin availability, E3 ligase activity, and substrate
accessibility to the degradation machinery. In addition to protein quality control, the UPS plays a
central role in cellular signaling by selectively degrading key regulatory proteins, thereby
modulating pathways involved in cell growth, differentiation, and apoptosis!®?. Dysregulation of the
UPS has been implicated in numerous diseases, including cancer, neurodegenerative disorders, and
immune-related conditions!-2.
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Figure 1. Schematic illustration of the key components of the Ubiquitin-proteasome system (UPS) and their

respective roles in protein ubiquitination, degradation and deubiquitination.

Protein homeostasis is further regulated by the removal of ubiquitin chains through a process
known as deubiquitination. Deubiquitinases (DUBs) are specialized proteases that catalyze the
cleavage of ubiquitin from substrate proteins, thereby fine-tuning ubiquitin-dependent signaling
pathways and maintaining cellular equilibrium?*?. The discovery and classification of DUB families
have revealed their diverse and essential roles in cellular physiology and disease.

1. Structural Diversity and Catalytic Mechanisms of DUBs

The journey of DUB discovery traces back to early studies exploring the enzymatic machinery
responsible for ubiquitin removal from proteins. Initial investigations revealed the existence of
enzymes capable of cleaving ubiquitin chains, thereby uncovering deubiquitinating activity within
cells?*. Subsequent efforts focused on isolating and characterizing these enzymes, leading to the
identification of the first DUBs. Pioneering studies in the late 20th century unveiled the first members
of the DUB family, such as Ubiquitin C-terminal Hydrolases (UCHs)* and Ubiquitin-specific
Proteases (USPs)%*. These discoveries laid the foundation for further exploration into the diversity
and functional significance of DUBs in cellular processes. The exponential growth of DUB research
has since revealed a vast array of enzymes with distinct structural and functional properties. To
navigate this complexity, DUBs are primarily classified into two major groups based on their catalytic
mechanisms? (Figure 2).
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Figure 2. Overview of the classification of deubiquitinases (DUBs), illustrating the major DUB families defined

by distinct catalytic mechanisms and highlighting representative enzymes within each group.

A. Cysteine Protease DUBs:

Cysteine-based deubiquitinases (DUBs) represent a prominent and well-studied subset of the
DUB family. These enzymes are characterized by the presence of a conserved cysteine residue within
their catalytic domain. The catalytic site typically comprises a cysteine (Cys), a histidine (His), and an
aspartate (Asp) or asparagine (Asn) residue, which act together to mediate the hydrolysis of
ubiquitin-protein bonds?*?. Mechanistically analogous hydrolytic cleavage is also performed by
enzymes such as peptidyl-tRNA hydrolases (Pths), which, although lacking a catalytic cysteine,
facilitate the release of peptides from stalled tRNAs?-3. Cysteine in DUBs functions as the
nucleophile during deubiquitination reaction, forming a transient covalent bond with the C-terminal
glycine of ubiquitin, thereby facilitating hydrolysis of the isopeptide bond and the release of ubiquitin
from substrate proteins®. The catalytic activity of cysteine DUBs is finely regulated, with individual
enzymes exhibiting distinct substrate specificities and regulatory mechanisms?.

Beyond the catalytic domain, cysteine DUBs often contain additional domains or motifs that
contribute to substrate recognition, enzyme regulation, or protein-protein interactions, expanding
their functional repertoire within the cellular context®-%. By cleaving ubiquitin chains of various
lengths and linkages, cysteine DUBs exert precise control over ubiquitination dynamics, thereby
influencing protein stability, localization, and function. This class of DUBs can also be modulated by
reactive oxygen species (ROS) during oxidative stress due to the reactivity of the catalytic
cysteine32%738,

Cysteine DUBs participate in a wide range of cellular processes, including protein quality
control, signal transduction, DNA repair, and immune responses??. By reversing protein
ubiquitination, they regulate the turnover of key signaling molecules, modulate transcription factor
activation, and fine-tune cellular responses to environmental stimuli**. This family is further
subdivided into six subfamilies— UCH, USP, OTU, MJD, MINDY, and ZUFSP —based on amino acid
sequence and domain architecture®.
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a. Ubiquitin C-terminal hydrolase (UCH) family: The UCH family represents one of the most
well-characterized and largest subsets of cysteine-based DUBs, defined by a conserved catalytic
domain known as the UCH domain, typically comprising approximately 230 amino acids®. This
domain adopts a 3-grasp fold, with a central 3-sheet flanked by a-helices, forming a compact globular
structure. Structural studies have revealed remarkable flexibility within the UCH domain, which
facilitates substrate recognition and catalysis*. UCH enzymes generally exhibit high specificity for
cleaving ubiquitin from small peptide adducts or the C-terminus of proteins rather than processing
long polyubiquitin chains, which limits their linkage specificity compared to other DUB families*>*.

Some UCH enzymes also possess auxiliary domains or motifs that contribute to substrate
specificity or subcellular localization, expanding their functional repertoire. Representative members
of this family include UCH-L1 (Ubiquitin C-Terminal Hydrolase L1), UCH-L3, and UCH37. UCH-L1
and UCH-L3 feature an additional C-terminal ubiquitin-like (UBL) domain that mediates protein—
protein interactions*. UCH-L1 is predominantly expressed in neurons and has been implicated in
neurodegenerative disorders, including Parkinson’s and Alzheimer’s disease, whereas UCH-L3 is
ubiquitously expressed and participates in DNA repair, protein turnover, and cell cycle regulation*-
¥_In contrast, UCH37 is a component of the 26S proteasome regulatory complex and contains an N-
terminal extension that facilitates interactions with other proteasome components, enabling its
incorporation into the regulatory machinery*-.

b. Ubiquitin-specific protease (USP) family: The hallmark feature of USP family members is
the presence of a conserved catalytic domain known as the USP domain, typically spanning
approximately 350—400 amino acids’!. Structurally, the USP domain adopts a characteristic right-
hand fold comprising a palm domain that harbors the catalytic triad, along with flanking fingers and
thumb regions that contribute to substrate recognition and binding5-%*. Beyond the catalytic core,
USP enzymes often contain accessory domains or motifs that confer substrate specificity, regulate
enzymatic activity, or facilitate protein—protein interactions, thereby expanding their functional
repertoire within the cellular context’-57.

Notable examples of USP family members include USP7, USPS, and USP14. USP7 features a
catalytic USP domain flanked by auxiliary domains such as the TRAF domain and a ubiquitin-like
(UBL) domain®, which aid in substrate recognition and interaction with binding partners. USP7
regulates a broad spectrum of substrates, including tumor suppressors such as p53 and PTEN, and
oncogenic proteins such as Mdm?2 and 3-catenin, thereby modulating cellular homeostasis, DNA
damage response, chromatin remodeling, and protein stability>. USP8 is involved in controlling
the turnover and trafficking of cell surface receptors, including receptor tyrosine kinases (RTKs) such
as EGFR¢!. Structurally, USP8 comprises a catalytic USP domain and a C-terminal MIT (Microtubule
Interacting and Trafficking) domain that mediates interactions with endosomal proteins and
subcellular localization®2. Through deubiquitination of key endocytic machinery components, USP8
fine-tunes receptor signaling, impacting cellular processes such as proliferation and differentiation.

USP14 is associated with the proteasome regulatory complex and regulates the efficiency and
fidelity of protein degradation by modulating the ubiquitin landscape of proteasomal substrates. It
features a catalytic USP domain coupled with an N-terminal UBL domain that facilitates proteasome
association. By trimming ubiquitin chains from substrates prior to their degradation, USP14 prevents
premature proteolysis and ensures selective degradation of protein targets, thereby maintaining
proteostasis within the cell®364,

c. Ovarian Tumor (OTU) family: Members of the Ovarian Tumor (OTU) deubiquitinase family
are defined by a conserved OTU catalytic domain, originally identified in ovarian tumor antigens.
This domain adopts a characteristic fold comprising a central twisted -sheet flanked by a-helices,
which facilitates the cleavage of ubiquitin moieties from protein substrates”. Among OTU family
members, OTUD1 and OTUD5 have emerged as important regulators of immune signaling and
genomic maintenance.

OTUD1 modulates innate immune pathways by targeting components of the NF-«B signaling
axis and cytokine regulatory networks. It contains an N-terminal domain that mediates interactions
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with signaling partners, along with a central OTU catalytic core that fine-tunes the ubiquitination
status of key intermediates, thereby adjusting the intensity and duration of immune responses®.

OTUDS5, also known as Deubiquitinase A (DUBA), plays a dual role in genomic stability and
transcriptional regulation. Phosphorylation of OTUDS5 at multiple serine residues within its C-
terminal region—mediated by kinases such as CK2 and ATM—enhances enzymatic activity and
substrate selectivity in response to genotoxic stress, supporting DNA damage repair and cell
survival®®’. Structural and mechanistic studies indicate that OTUDS5 exhibits conformational
flexibility that is important for substrate recognition and catalytic function. Phosphorylation shifts
the conformational equilibrium toward an active state, promoting efficient substrate processing®-71.
Together, these findings highlight OTUD5 as a dynamic, context-dependent deubiquitinase
operating at the intersection of ubiquitin signaling, genome stability, and transcriptional regulation.
Its activity, shaped by post-translational modifications and conformational adaptability, underscores
its potential as a therapeutic target in diseases associated with dysregulated ubiquitin-dependent
signaling pathways.

OTULIN (OTU Deubiquitinase with Linear Linkage Specificity) is another member in this family
and is notable for its specificity towards linear ubiquitin chains, a unique modification involved in
immune signaling and inflammation, making it a promising therapeutic target for inflammatory
diseases”273.

d. Machado-Josephin domain (M]JD) family: Members of the MJD family are defined by a
conserved catalytic domain of ~180 amino acids known as the Josephin domain, named after its
identification in the MJD1 protein associated with Machado-Joseph Disease’#?. Structurally, the
Josephin domain adopts a distinctive fold featuring a mixed a/ topology with a central (3-sheet
flanked by a-helices, which supports its catalytic function’6”7. Ataxin-3 (ATXN3) serves as the
prototypical member of the MJD family and provides critical insights into the molecular mechanisms
underlying neurodegeneration”. Expansion of a polyglutamine (polyQ) tract within Ataxin-3 leads
to protein misfolding and aggregation, ultimately causing neuronal dysfunction and degeneration
characteristic of Machado-Joseph Disease’. Another member, Josephin-1 (JOSD1), regulates cell
motility, membrane dynamics, and endocytosis™.

e. Motif-Interacting with Ubiquitin Domains (MINDY) domain family: This family of
deubiquitinating enzymes (DUBs) represents a fascinating group of proteins with unique structural
features and diverse functional roles in cellular regulation. Members of the MINDY family are
characterized by the presence of one or more ubiquitin-binding domains, often referred to as MIND
domains, which mediate specific interactions with ubiquitin or ubiquitin-like proteins®os!.
Structurally, MIND domains adopt a compact fold comprising a series of a-helices and p-strands
arranged in a characteristic topology, with key residues forming complementary interactions with
the hydrophobic surface of ubiquitin to facilitate high-affinity binding®'. The integration of ubiquitin-
binding and catalytic domains enables MINDY enzymes to recognize ubiquitinated substrates and
modulate their ubiquitin modifications.

The first two members of this family, MINDY-1 and MINDY-2, regulate diverse cellular
processes, including protein degradation, DNA repair, and signal transduction, and exert broad
effects on cellular physiology through their deubiquitinating activity toward multiple ubiquitin chain
typessl.

f. Zinc finger-containing Ubiquitin-Specific Protease (ZUFSP) family: The ZUFSP family
represents a distinct and recently characterized class of cysteine deubiquitinating enzymes (DUBs)
with specialized roles in ubiquitin signaling and genome maintenance®-#. Members of this family
are defined by a ZUFSP catalytic domain, which adopts a papain-like fold and operates via a
cysteine-histidine—aspartate catalytic triad®. Structurally, ZUFSP proteins are unique in that they
combine the catalytic domain with multiple ubiquitin-binding modules, including zinc finger motifs
and ubiquitin-interacting elements, which together confer high specificity toward K63-linked
polyubiquitin chains®?%. These auxiliary domains engage ubiquitin through complementary
interactions with its hydrophobic surface, enabling precise recognition of ubiquitinated substrates.
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Functionally, the sole human member ZUP1 (also known as ZUFSP) plays a critical role in the
DNA damage response by regulating ubiquitin-dependent signaling at sites of DNA lesions. By
selectively removing K63-linked ubiquitin chains, ZUFSP modulates the recruitment and turnover of
DNA repair factors, thereby maintaining genome stability®2. The unique structural organization and
linkage selectivity of ZUFSP distinguish this family from other cysteine DUBs and underscore its
importance in fine-tuning ubiquitin-mediated signaling pathways.

B. Metalloprotease DUBs: Metalloprotease deubiquitinases (DUBs) utilize a metal ion, typically
zing, for catalysis rather than the cysteine-dependent mechanism observed in cysteine protease
DUBs®. These enzymes belong to the JAB1/MPN/Mov34 metalloenzyme (JAMM) family and play
critical roles in protein homeostasis, cell cycle regulation, and signal transduction by cleaving
ubiquitin chains from target proteins®.

JAMM DUBs employ a zinc-dependent hydrolysis mechanism in which a zincion is coordinated
by essential histidine and aspartate residues within the JAMM domain. The zinc ion activates a water
molecule, enabling it to act as a nucleophile that attacks the isopeptide bond linking ubiquitin to its
substrate. This catalytic process releases ubiquitin and facilitates subsequent substrate processing®”.
The JAMM family includes several key members involved in diverse cellular processes:

RPN11: RPN11 (Regulatory particle subunit number 11) or POH1 (Pad-One- Homologuel) or
PSMD14 (Proteasome 26S subunit, non-ATPase 14) is a component of the regulatory subunit (19S) of
26S proteasome that located in the outer part or lid region. RPN11 is the only deubiquitinase that is
structurally linked to proteasome. It cleaves ubiquitin chains to facilitate substrate degradation and
hence essential for proteasome-mediated protein turnover®,

JAB1: JAB1 (c-Jun activation domain-binding protein-1) is the fifth member of the COP9
(constitutive photomorphogenic-9) signalosome (CSN) complex that regulates Cullin-RING
ubiquitin ligases (CRLs) by removing NEDDS8 (Neural cell expressed developmentally down-
regulated protein 8) modifications. It controls protein stability in signaling pathways?%2

AMSH: AMSH (Associated Molecule with the SH3 Domain of STAM) regulates endosomal
trafficking by deubiquitinating proteins such as EGFR (epidermal growth factor receptor) and
prevents lysosomal degradation of membrane receptors?94.

BRCC36: BRCC36 or BRCA1/BRCA2-containing Complex Subunit 36, enhances DNA repair
through the BRCA1-A complex. It functions in DNA damage response by removing ubiquitin from
H2A and H2AX histones?®%.

MYSM1: MYSM1 (Myb-Like, SWIRM, and MPN Domains 1) involved in epigenetic regulation
by deubiquitinating histone H2A. It plays a very crucial role in immune system development®%.

In brief, Metalloprotease DUBs are critical regulators of cellular homeostasis. Their functions
extend beyond ubiquitin removal by affecting protein degradation and recycling®, cell signaling
regulation (CSN5 in the COP9 complex)?, DNA repair and chromatin remodeling (BRCC36 and
MYSM1)%%, and endosomal trafficking and receptor fate (AMSH in EGER signaling)®. Given their
roles in fundamental biological processes, dysregulation of metalloprotease DUBs has been linked to
cancer, neurodegenerative diseases, and immune disorders.

2. Physiological Functions of Deubiquitinating Enzymes (DUBs)

Deubiquitinating enzymes (DUBs) are crucial regulators of cellular homeostasis, playing key
roles in multiple physiological processes by reversing protein ubiquitination. This process is essential
for maintaining protein stability, controlling signaling pathways, and modulating immune
responses?»?2. The major physiological functions of DUBs include protein quality control, DNA
damage repair, cellular signaling, immune regulation, autophagy, and development (Table 1)234%,

Table 1. Physiological Functions of DUBs: A table listing various cellular processes regulated by DUBs (e.g.,
protein quality control, DNA damage repair, immune responses) along with specific DUBs implicated in each

process and their known substrates.

Cellular Process Specific DUBs Known Substrates/Targets
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USP7, USP14, UCH-L1, Misfolded proteins, proteasome components,
USP9X, ZUFSP Chaperones
DNA repair factors (e.g.,, FANCD2, PCNA),
chromatin-associated proteins, replication stress

Protein Quality Control

DNA Damage Repair OTUBI, Ataxin-3

(ATXN3), USP28
regulators
o i AMSH, USP18, USP30, Imm;;e}j;gni:ng rfn:tte)ms ief-;lTI:AFi S;FING,
une Responses CYLD, OTULIN ‘ components), cytokine fecep ors,
interferon pathway proteins
Transcriptional USP22, USP7, USP9X, Transcription factors (e.g., c-Myc, p53), histones,
Regulation USP21 RNA Pol II, chromatin modifiers

Endocytic vesicles, membrane receptors (e.g.,
Membrane Traffic AMSH, USP8, USP30 EGFR), mitophagy regulators, vesicle trafficking

proteins
Cell Cycle & Apoptosis UsP7, USP9X, CYLD, Cyclins, CheckP01nt proteins (e.g., p53', MDM2),
USP28 apoptotic regulators (Bcl-2 family)
. . USP7, USP21, CYLD, Kinases, ubiquitin ligases, NF-kB, Wnt/-catenin
Signal Transduction . . .
OTULIN pathway proteins, MAPK signaling components
Autobhaey & Mitonha USP30, USP10, USP15, Parkin substrates, mitochondrial proteins,
phagy phagy USP13 autophagy regulators (LC3, Beclinl)

A. Protein Quality Control: DUBs maintain protein homeostasis by rescuing misfolded or
essential proteins from proteasomal degradation. The ubiquitin—proteasome system (UPS) targets
misfolded or damaged proteins for degradation, and DUBs counterbalance this by removing
ubiquitin chains, thereby stabilizing specific proteins. For example, USP14 interacts with the
proteasome and regulates the degradation rate of ubiquitinated USP14 proteins by trimming
ubiquitin chains before substrate degradation, allowing proper protein folding and function®.
Another important DUB, UCHLI, is highly expressed in neurons and regulates the degradation of
synaptic proteins, supporting neuronal health?.

B. DNA Damage Repair: DUBs modulate the DNA damage response (DDR) by regulating the
ubiquitination status of repair proteins, ensuring efficient repair and genome stability. USP1 regulates
the Fanconi anemia pathway by deubiquitinating FANCD?2, a critical factor in interstrand crosslink
repair®. BRCC36 (BRCC3), part of the BRCA1-A complex, contributes to homologous recombination
repair by deubiquitinating histones at sites of DNA damage®?. Proper DDR regulation by DUBs
prevents mutations that could lead to cancer.

C. Cellular Signaling: DUBs influence multiple signaling pathways by controlling the
ubiquitination status of key proteins. In the NF-kB pathway, CYLD removes K63-linked ubiquitin
chains from TRAF2 and NEMO, acting as a negative regulator to inhibit inflammatory responses!0101,
A20 functions as a dual-activity enzyme with both DUB and E3 ligase activity, terminating
inflammatory signals to prevent chronic inflammation'2. USP7 regulates the tumor suppressor p53
by deubiquitinating MDM?2, stabilizing p53, and promoting cell cycle arrest in response to stress?.

D. Immune Responses: DUBs regulate both innate and adaptive immunity by modulating
receptor signaling, cytokine production, and antigen presentation. USP18 negatively regulates
interferon signaling by deubiquitinating and stabilizing ISG15, a ubiquitin-like protein involved in
antiviral responses'®. OTULIN hydrolyzes linear ubiquitin chains on immune signaling proteins
such as LUBAC (Linear UBiquitin chain Assembly Complex), preventing excessive inflammation and
autoimmune disorders!'®. USP21 has been shown to modulate T-cell activation by deubiquitinating
STATS, a transcription factor critical for immune cell differentiation'®.

E. Autophagy Regulation: DUBs also influence autophagy, a process essential for cellular
homeostasis and stress adaptation. USP36 regulates nucleolar autophagy by deubiquitinating
autophagy-related proteins and maintaining nucleolar integrity'%. ATXN3 modulates autophagic
flux by interacting with regulators such as Beclin-1, ensuring proper clearance of protein aggregates;
disruptions in autophagy-related DUBs contribute to neurodegeneration and cancer!?’.
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F. Development and Differentiation: DUBs regulate embryonic development and cellular
differentiation by modulating key developmental signaling pathways. USP9X is critical for brain
development, stabilizing proteins involved in neuronal differentiation'®®. OTUB1 influences TGF-3
signaling, which is essential for embryogenesis and stem cell differentiation!®. Precise regulation of
these pathways by DUBs ensures proper tissue formation and function.

3. Dysregulation of DUBs in Human Diseases

Deubiquitinases (DUBs) are crucial enzymes within the ubiquitin-proteasome system that
remove ubiquitin moieties from substrate proteins, thereby regulating essential cellular processes
such as protein degradation, DNA repair, immune signaling, and apoptosis. Any disruption in DUB
activity —caused by genetic mutations, aberrant expression, or post-translational modifications—can
compromise cellular homeostasis and contribute to the onset and progression of a variety of human
diseases, including cancer, neurodegenerative disorders, inflammatory conditions, and viral
infections (Table 2) 242635,

Table 2. Dysregulation of DUBs in Human Diseases: A table highlighting examples of human diseases where
dysregulation of specific DUBs has been implicated, including cancer, neurodegenerative disorders,

inflammatory diseases, and viral infections, along with the associated mechanisms and consequences.

Disease Dysregulated DUBs Mechanisms and Consequences

Altered protein stability, cell proliferation,
impaired apoptosis, Oncogene stabilization,
modulation of NF-«B and p53 pathway

usp7, USP14, USP22, UCH-

Cancer L1, USP9X, CYLD, OTUD7B

Neurodegenerative  Ataxin-3 (ATXN3), USP14,  * B8regation of misfolded proteins, impaired
proteostasis. Defective mitophagy, neuronal

Disorders USP7, USP30, USP9X
death
Dysregulation of immune signaling pathways,
Inflammatory AMSH, USP18, USP30, abnormal cvtokine production. chroni
Diseases CYLD, OTULIN ormat cy’okne production, cronic

inflammation

Promoting Viral replication, immune evasion,
Viral Infections ~ USP7, USP14, USP30, USP21 inhibition of host antiviral response, modulation
of interferon signaling

Regulation of cardiac hypertrophy, endothelial
USP10, USP2, USP20 dysfunction, inflammation, and atherosclerosis
via modulation of NF-kB and MAPK pathways
Dysregulation of lipid metabolism, glucose
Metabolic Disorders USsP2, USP14, USP19 homeostasis, insulin signaling, contributing to
obesity, diabetes, and metabolic syndrome
Enhanced TGF-f signaling, fibroblast activation,
Fibrotic Diseases USP4, USP15, CYLD extracellular matrix accumulation, promoting
organ fibrosis (liver, lung, kidney)

Cardiovascular
Diseases

In cancer, dysregulated DUB activity frequently promotes tumor development by either
stabilizing oncoproteins or enhancing the degradation of tumor suppressors®1°. For example, USP7
(also known as HAUSP) deubiquitinates and stabilizes MDM2 and MDMX, both of which are
inhibitors of the tumor suppressor protein p53. Overexpression of USP7, therefore, reduces p53
levels, impairing its tumor-suppressive functions and contributing to the progression of leukemia,
prostate, and colorectal cancers. Similarly, USP28 enhances tumor progression by stabilizing
oncogenic transcription factors such as c¢-Myc and c-Jun, particularly in lung and colorectal
malignancies'’. In contrast, certain DUBs like CYLD function as tumor suppressors by negatively
regulating the NF-«B signaling pathway through the removal of K63-linked ubiquitin chains from
TRAF2 and NEMO"!. Loss-of-function mutations in CYLD have been implicated in various skin

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://www.jbc.org/article/S0021-9258%2821%2900880-2/pdf
https://www.jbc.org/article/S0021-9258%2821%2900880-2/pdf
https://www.jbc.org/article/S0021-9258%2821%2900880-2/pdf
https://www.jbc.org/article/S0021-9258%2821%2900880-2/pdf
https://discovery.dundee.ac.uk/en/publications/deubiquitinases-from-mechanisms-to-their-inhibition-by-small-mole
https://discovery.dundee.ac.uk/en/publications/deubiquitinases-from-mechanisms-to-their-inhibition-by-small-mole
https://www.jbc.org/article/S0021-9258%2821%2900880-2/pdf
https://www.jbc.org/article/S0021-9258%2821%2900880-2/pdf
https://doi.org/10.20944/preprints202603.0222.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 March 2026 d0i:10.20944/preprints202603.0222.v1

9 of 20

tumors and hematological malignancies, due to increased inflammatory and proliferative signaling
(Dutffy et al.,, 2019). Another important DUB, RPN11 (PSMD14), is a subunit of the 19S regulatory
particle of the proteasome and plays a pivotal role in substrate deubiquitination during proteasomal
degradation®. Overexpression of RPN11 has been identified in breast cancer and is considered a
potential target for proteasome-based therapies!!2.

DUB dysfunction is also intimately connected with neurodegenerative disorders. These diseases
are often marked by the accumulation of misfolded or aggregated proteins. DUBs such as USP14 and
UCHL1 are essential for the proteasomal degradation of these proteins, and their impairment leads
to pathological aggregation, contributing to diseases like Alzheimer’s and Parkinson’s#%3. Ataxin-3
(ATXNB3), which belongs to the Josephin family of DUBs, is mutated in Spinocerebellar Ataxia Type
3 (SCA3). This mutation leads to the expansion of a polyglutamine (polyQ) tract, resulting in toxic
protein aggregation and neuronal dysfunction’8113, USP8 is known to regulate the E3 ubiquitin ligase
Parkin, which is critical for mitochondrial quality control via mitophagy. Mutations in USP8 disrupt
this pathway, contributing to Parkinson’s disease pathogenesis'*. As protein aggregation is central
to many neurodegenerative diseases, pharmacological modulation of DUB activity —either to
enhance proteasomal degradation or autophagy —has emerged as a viable therapeutic strategy.

In the immune system, DUBs regulate key signaling pathways, especially those involving NF-
kB and type I interferons. Dysregulation of these enzymes can trigger chronic inflammatory
responses, playing a role in diseases such as rheumatoid arthritis, inflammatory bowel disease (IBD),
and psoriasis!’>117. CYLD, as noted, serves as a negative regulator of NF-kB, and its deficiency has
been observed in several inflammatory conditions'?'. Another critical regulator, A20 (TNFAIP3),
deubiquitinates and inactivates TRAF6 and RIPK1, thereby attenuating NF-«B signaling. Deficiencies
or mutations in A20 have been associated with autoimmune disorders including systemic lupus
erythematosus (SLE) and Crohn’s disease!®1. USP18 is instrumental in downregulating type I
interferon signaling, and its dysfunction is linked to autoimmune encephalopathies and chronic
inflammation'®. Thus, therapeutic targeting of DUBs implicated in these pathways holds significant
promise for treating chronic inflammatory and autoimmune diseases.

Viruses have evolved mechanisms to exploit host DUBs to evade immune detection and enhance
replication. SARS-CoV-2, the virus responsible for COVID-19, encodes a papain-like protease (PLpro)
with deubiquitinating and delSGylating activity, which helps suppress type I interferon responses
and facilitates immune evasion'?12!. Herpes Simplex Virus (HSV) encodes VP1/2, a viral DUB that
impairs STING-mediated innate immune signaling through deubiquitination, thereby diminishing
antiviral responses’?2. HIV-1 employs its accessory protein Vpr to recruit USP7, leading to the
stabilization of viral proteins and further promoting immune evasion'?. Targeting these viral DUBs
or their interactions with host enzymes offers a novel approach to antiviral therapy, especially for
emerging pathogens like coronaviruses and flaviviruses.

Beyond cancer, neurodegeneration, inflammation, and viral infections, DUB dysregulation is
increasingly recognized in metabolic and cardiovascular diseases. USP2 and USP10 are involved in
the regulation of insulin receptor signaling and glucose homeostasis. Their impairment has been
linked to metabolic disorders including type 2 diabetes and metabolic syndrome!2+125. USP9X plays a
vital role in cardiac muscle function, and its dysregulation is associated with cardiac fibrosis and
heart failure'?. Moreover, mutations in OTULIN, a linear deubiquitinase, are associated with severe
autoinflammatory syndromes due to unrestrained NF-«B signaling in immune cells”.

In summary, DUBs play indispensable roles in maintaining cellular function and immune
balance. Their dysregulation underpins a wide array of pathological states, from oncogenesis to
neurodegeneration and autoimmunity. Ongoing research into the molecular mechanisms of specific
DUBs and their disease associations continues to reveal new avenues for therapeutic development.

4. Therapeutic Targeting of DUBs

Deubiquitinases (DUBs) have emerged as promising therapeutic targets due to their critical roles
in cancer, neurodegenerative diseases, and inflammatory disorders. Aberrant DUB activity
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contributes to disease progression, making them attractive drug targets. Small-molecule inhibitors
and other strategies to modulate DUB function are actively being explored for clinical applications
(Table 3).

Table 3. DUB Inhibitors: A table summarizing small-molecule inhibitors targeting DUBs, targeted DUBs, and

therapeutic potential.

Inhibitor Target DUBs Therapeutic potential
1U1 USP14 Neurogenerative diseases
Capzimin RPN11 Cancer therapy
VLX1570 USP14 Multiple myeloma
G9 USP7 Cancer therapy
P22077 USP7 Cancer therapy
WP1130 USP5, USP14, USP9x, UCH37 Multiple Myeloma
b-AP15 USP14, UCHL5 Cancer therapy
FT671 USP7 Cancer therapy
PR-619 Multiple DUB.S (B‘r o.ad spectrum DUB Neurogenerative diseases
inhibitor)
GSK2643943A USP30 Neurogenerative diseases
USP7-1 USP7 Cancer therapy
USP30-2 USP30 Mitochorildrial di'sorders &
Parkinsons disease
USP8i USP8 Cushing’s disease, cancer
DUB-IN-1 Multiple DUB§ (B‘ro‘ad spectrum DUB Cancer therapy
inhibitor)
USP9x-1 USP9X Cancer therapy

A. Small-molecule inhibitors: Small-molecule inhibitors represent the most extensively
explored strategy for targeting deubiquitinating enzymes (DUBs). These compounds suppress DUB
activity, resulting in the accumulation of ubiquitinated proteins and disruption of disease-associated
signaling pathways?®. Early efforts largely focused on inhibitors that interfere directly with catalytic
function, leading to the development of agents with therapeutic potential across multiple disease
contexts. For example, USP7 inhibitors such as FT671 and XL177A destabilize the MDM2-p53
interaction, restoring p53-mediated tumor suppressor activity and producing robust anti-cancer
effects'?128, USP30 inhibitors (USP30i-37 and USP30i-3) have been explored for modulating
mitochondrial quality control and mitophagy, with therapeutic relevance for mitochondrial disorders
and neurodegenerative diseases such as Parkinson’s disease'®. Inhibitors targeting CYLD
(Subquinocin, PR-619) have been explored for modulation of NF-kB signaling in inflammatory
diseases and cancers by altering K63-linked ubiquitin signaling!#®-132, while RPN11 inhibitors disrupt
proteasome-associated deubiquitination, impair protein degradation, and induce apoptosis in cancer
Ce115133’134.

More recent advances have expanded DUB drug discovery beyond direct catalytic inhibition to
include allosteric modulation, in which small molecules bind regulatory regions outside the active
site and alter enzymatic activity through conformational effects. This strategy can offer enhanced
selectivity and reduced off-target toxicity, as allosteric sites are often less conserved than catalytic
cores. USP14 allosteric inhibitors, such as IU1 and its optimized analog IU1-248, inhibit proteasome-
associated USP14 by sterically hindering ubiquitin access and altering substrate processing without
directly modifying the catalytic cysteine’1%. In addition, USP7 allosteric modulator MS-8 bind
regulatory sites distal to the active site, resulting in activation through long-range conformational
control of the catalytic domain'¥. Complementary computational and molecular dynamics studies
have further identified cryptic allosteric pockets in USP7, expanding opportunities for selective
pharmacological modulation of DUB activity?%
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B. PROTACs (Proteolysis-Targeting Chimeras): PROTACs have emerged as an innovative
strategy for targeting DUBs by inducing their degradation rather than merely inhibiting catalytic
activity. These bifunctional molecules recruit DUBs to E3 ubiquitin ligases, thereby harnessing the
cell’s endogenous ubiquitin-proteasome system to promote selective polyubiquitination and
proteasomal degradation of the target protein. Compared with conventional small-molecule
inhibitors, PROTACs can achieve more sustained and complete target suppression, including
elimination of non-catalytic scaffolding functions!®.

USP7-directed PROTACs have demonstrated robust anti-cancer activity in preclinical models
by inducing efficient degradation of USP7, leading to destabilization of MDM2 and reactivation of
p53-dependent tumor suppressor pathways!#014l. Similarly, PROTACs targeting USP28 have been
developed to suppress oncogenic signaling by degrading USP28 and destabilizing transcription
factors such as ¢-MYC, thereby inhibiting tumor progression in colorectal and breast cancer
models'#214. Collectively, these studies highlight PROTAC-mediated DUB degradation as a
promising therapeutic paradigm with the potential to overcome limitations associated with
reversible DUB inhibition.

C. DUBTACs (Deubiquitinase-targeting chimeras): This class of molecules stabilize DUBs
rather than inhibiting or degrading them. DUBTAC:sS are heterobifunctional molecules that recruit a
deubiquitinase (DUB) to a protein of interest, facilitating deubiquitination and protecting the protein
from proteasomal degradation'. The first-generation DUBTACsS utilized covalent recruitment of
OTUBL to stabilize AF508-CFTR, demonstrating robust rescue of mutant CFTR levels and function in
cellular models, as well as stabilization of the tumor suppressor kinase WEE1'4. Subsequent studies
have expanded the DUBTAC toolbox to include non-covalent USP7 recruiters, which effectively
stabilize AF508-CFTR and AMPK isoforms, illustrating the versatility of DUBTACs in modulating
multiple cellular pathways'. Additional DUBTACs employing USP1 and USP28 have been
developed to stabilize tumor suppressors and immune regulators, highlighting their potential
applications in cancer therapy and innate immunity'¥. Moreover, PRO-DUBTACs, which combine
E3 ligase and DUB recruitment, have been reported to stabilize tumor-suppressive E3 ligases such as
VHL and KEAP1, further extending the therapeutic utility of targeted protein stabilization.
Collectively, these studies position DUBTACs as a promising and rapidly evolving modality for
rescuing disease-associated proteins that are otherwise challenging to target with conventional
inhibition or degradation strategies'.

D. RNA-Based Therapies: RNA interference (RNAi) and antisense oligonucleotides (ASOs) are
being explored as strategies to selectively suppress deubiquitinating enzyme (DUB) expression at the
mRNA level, offering an alternative to small-molecule inhibition by reducing protein abundance
directly. This approach is particularly attractive for targeting DUBs that are considered
“undruggable,” where conventional inhibitors show limited selectivity or efficacy. For example,
RNAi-mediated silencing of USP9X has demonstrated anti-tumor activity in breast and lung cancer
models by impairing tumor cell survival and proliferation'®15!. Similarly, knockdown of OTULIN
has been investigated for modulating dysregulated linear ubiquitin signaling in autoimmune and
autoinflammatory diseases, including rheumatoid arthritis and systemic lupus erythematosus, where
aberrant immune activation is driven by excessive NF-«B signaling?2.

E. Covalent Inhibitors: Covalent inhibitors form irreversible bonds with the catalytic cysteine
residues of cysteine protease DUBs, resulting in sustained and potent inhibition. This strategy is
particularly advantageous for disease-associated DUBs or for targets with shallow, highly conserved
active sites, where non-covalent inhibitors often suffer from limited potency or selectivity.
Representative examples include VLX1570, a covalent inhibitor of USP14, which induces the
accumulation of polyubiquitinated proteins and promotes apoptosis in multiple myeloma cells, and
b-AP15, which targets both USP14 and UCHLS5 within the proteasome to disrupt protein degradation
and induce cancer cell death's21%. Notably, some clinically approved drugs, such as Vismodegib,
although developed primarily to inhibit the Smoothened (SMO) receptor in basal cell carcinoma, have
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been shown to influence ubiquitin-dependent and proteostasis-related pathways, underscoring the
broader relevance of covalent mechanisms in disease modulation'.

5. Challenges in Targeting DUBs

Despite the promising potential of deubiquitinase (DUB) inhibition as a therapeutic strategy,
several challenges remain in effectively targeting these enzymes. DUBs are highly conserved and
structurally diverse enzymes, often functioning within multi-protein complexes, which complicates
drug design. Off-target inhibition can result in unintended toxicity, disruption of normal cellular
processes, and compensatory pathway activation, all of which limit the clinical utility of DUB-
targeted therapies!515,

A. Catalytic Domain Conservation and Selectivity Challenges

The catalytic domains of DUBs are highly conserved, particularly among cysteine protease DUB
families such as USP and UCH, which complicates the development of selective inhibitors. Structural
similarity between family members increases the risk of off-target inhibition, which can perturb
normal cellular protein homeostasis and lead to cytotoxicity. For example, inhibitors designed
against USP14 or USP7 must avoid unintended activity against closely related USPs, as non-specific
inhibition can disrupt critical processes such as proteasomal degradation, DNA repair, and immune
signaling. Achieving specificity often requires detailed structural knowledge of DUB active sites and
adjacent regulatory motifs to exploit subtle differences between homologous enzymes?.

B. Structural Complexity and Conformational Flexibility

DUBs exhibit significant structural complexity and flexibility, which poses challenges for
inhibitor design. Many DUBs, such as OTU-family members and USPs, can adopt multiple
conformations depending on substrate binding, post-translational modifications, or interactions with
other proteins?#. This dynamic behavior can reduce the affinity and efficacy of small-molecule
inhibitors, particularly those designed to bind a single conformational state. Computational studies
and NMR analyses have highlighted the need for inhibitors capable of accommodating
conformational plasticity, or for strategies that stabilize specific conformations to enhance
potency68,70,71 .

C. Multi-Protein Complexes and Binding Complexity

Many DUBs function as components of larger multi-protein complexes, such as RPN11 within
the 26S proteasome or JAB1/CSNS in the COP9 signalosome?®9!. In these contexts, the DUB catalytic
site may be partially occluded or stabilized by protein-protein interactions, making inhibitor access
more challenging. Designing drugs that can effectively inhibit DUBs in their native complex requires
consideration of both protein interfaces and potential allosteric effects. Failure to account for
complex-mediated conformational constraints can result in poor inhibitor efficacy in cellular or in
vivo models, even if biochemical inhibition is observed in vitro.

D. Reversible Binding and Transient Inhibition

Many small-molecule DUB inhibitors are reversible, leading to transient suppression of
enzymatic activity. In diseases such as cancer, continuous inhibition of DUBs may be necessary to
maintain therapeutic efficacy, as transient inhibition may allow compensatory cellular pathways to
restore protein homeostasis. Covalent inhibitors and PROTAC-based degraders have been explored
to overcome this limitation, providing sustained suppression of DUB function and prolonged cellular
effects.

E. Resistance to DUB Inhibitors and Compensatory Pathways

Resistance is another critical challenge in DUB-targeted therapy. Cancer cells, for example, can
activate compensatory signaling networks or upregulate alternative DUBs to bypass the inhibited
pathway, reducing therapeutic efficacy over time. This has been observed in preclinical models with
USP7 and USP14 inhibitors, where prolonged exposure triggered adaptive responses in proteostasis
and DNA repair pathways'”. Combination therapies targeting multiple DUBs or intersecting
pathways, such as combining USP1-UAF1 inhibition with DNA-damaging agents, have been
proposed to overcome resistance!%.
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F. Pharmacokinetic Challenges

Finally, many DUB inhibitors face pharmacokinetic limitations, including poor solubility, low
metabolic stability, and rapid clearance in vivo, which hinder their clinical translation. Strategies to
improve bioavailability include chemical modifications to enhance solubility and stability,
encapsulation in nanoparticle carriers, and the development of PROTACsS or covalent inhibitors that
increase target residence time. Such approaches aim to maximize inhibitor exposure while
maintaining selectivity and minimizing off-target toxicity.

Future Perspectives and Concluding Remarks

As our understanding of DUB biology advances, the potential for targeting these enzymes
therapeutically continues to grow. Research in this field is rapidly expanding, uncovering novel
molecular mechanisms governing protein homeostasis and disease progression. Given the critical
involvement of DUBs in cancer, neurodegenerative disorders, and immune dysregulation, there is
increasing interest in designing selective inhibitors and activators for clinical applications. Advances
in structural biology, high-throughput screening, and chemical biology are accelerating the
identification of precise modulators tailored to specific DUBs.

Furthermore, the integration of omics technologies, including proteomics and transcriptomics,
is enhancing our ability to map DUB substrates and interaction networks, leading to a more detailed
understanding of their physiological functions. Future research should focus on unraveling the
context-dependent roles of DUBs and their interplay with other post-translational modifications,
such as phosphorylation and SUMOylation.

In summary, DUBs play indispensable roles in cellular regulation and offer significant
therapeutic potential. Continued exploration of their molecular mechanisms and the development of
pharmacological modulators will open new avenues for targeted therapies against diseases linked to
ubiquitin system dysfunction. The future of DUB-targeted therapies is promising, with implications
for precision medicine and novel drug development. Overcoming current challenges, including
substrate specificity and inhibitor selectivity, will be critical for translating these discoveries into
effective treatments. Ultimately, further investigations into DUB biology will provide deeper insights
into cellular homeostasis and pave the way for groundbreaking therapeutic innovations.
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Figure 3. Structures of representative members from each deubiquitinase family. Residues forming the catalytic
center are labeled and circled. UCH-L3, OTUDS5, USP7, MJD1, MINDY-1, and ZUFSP are cysteine proteases,
whereas BRCC36 is a metalloprotease in which a Zn?* ion mediates catalytic activity. The Zn?* ion is coordinated

by one water molecule, two histidine residues, and one aspartate residue.
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