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Deubiquitylating enzymes (DUBs) antagonize ubiquitination by removing ubiquitin from
their substrates. The role of DUBs in controlling various physiological and pathological
processes has been extensively studied, and somemembers of DUBs have been identified
as potential therapeutic targets in diseases ranging from tumors to neurodegeneration.
Ubiquitin-specific protease 21 (USP21) is a member of the ubiquitin-specific protease
family, the largest subfamily of DUBs. Although USP21 was discovered late and early
research progress was slow, numerous studies in the last decade have gradually revealed
the importance of USP21 in a wide variety of biological processes. In particular, the pro-
carcinogenic effect of USP21 has been well elucidated in the last 2 years. In the present
review, we provide a comprehensive overview of the current knowledge on USP21,
including its properties, biological functions, pathophysiological roles, and cellular
regulation. Limited pharmacological interventions for USP21 have also been
introduced, highlighting the importance of developing novel and specific inhibitors
targeting USP21.
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INTRODUCTION

Ubiquitin (Ub) is a 76-amino acid protein modifier that can be covalently conjugated to lysine
residues in target proteins through a cascade known as ubiquitylation or ubiquitination (Komander
and Rape, 2012). Briefly, Ub is initially activated by Ub-activating enzyme E1, followed by
conjugation to Ub-conjugating enzyme E2 and substrate targeting by E3 Ub ligase (Yang et al.,
2009). The consequences of ubiquitylation vary with the patterns of ubiquitylation
(monoubiquitylation versus polyubiquitylation), linkage types and lengths of the Ub chain,
which are essential for the regulation of protein stability, activity, molecular interactions, and
subcellular localization (Komander and Rape, 2012; Kwon and Ciechanover, 2017). Therefore,
ubiquitylation, a pivotal post-translational modification, regulates virtually all cellular processes, and
defects in this process play a major role in distinct diseases (Popovic et al., 2014).

Conversely, ubiquitylation can be reversed by deubiquitylating enzymes (DUBs), which remove
Ub moieties from substrates (Mevissen and Komander, 2017). In humans, there are approximately
100 DUBs, which are classified into seven families depending on their sequence and domain
conservation: ubiquitin-specific proteases (USPs), ubiquitin carboxy-terminal hydrolases (UCHs),
ovarian tumor proteases (OTUs), Machado-Joseph disease proteases (MJDs), MIU-containing novel
DUB family (MINDY) proteases, Jab1/MPN/MOV34 metalloenzymes (JAMMs), and Zn-finger and
UFSP domain proteins (ZUFSPs). All of these are cysteine peptidases, except for JAMMs (Mevissen
and Komander, 2017; Hermanns et al., 2018). Since protein ubiquitylation is controlled by the
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coordinated activity of Ub E3 ligases and DUBs, it is not difficult
to imagine that DUBs are also significant regulators of many
physiological and pathological processes. Dysfunction of
numerous DUBs, such as USP7 and OTUB1, has been
implicated in tumors and other pathologies, including
neurodegenerative, immune, and infectious diseases (Harrigan
et al., 2018; Nininahazwe et al., 2021; Liao et al., 2022).
Accordingly, DUBs have attracted attention as interesting
therapeutic targets, and a large number of DUB inhibitors
have been developed, with some now moving towards or into
clinical assessment (Harrigan et al., 2018).

Ubiquitin-specific protease 21 (USP21), also designated
USP23 by Smith et al., is a cysteine DUB belonging to the
USP family (Smith and Southan, 2000). In 2000, both a
truncated USP21 form with an N-terminal deletion and full-
length USP21 were separately discovered, cloned, and
characterized by two groups (Gong et al., 2000; Smith and
Southan, 2000). Monoubiquitylated histone H2A, as the first
substrate of USP21, was only identified in 2008 (Nakagawa

et al., 2008), and a large body of knowledge about USP21 has
emerged since 2010 (Figure 1). USP21 is now known to
deubiquitinate multiple well-known target proteins related to
crucial processes involved in both cellular homeostasis and
disease, especially cancer, where USP21 is frequently
dysregulated.

In this review, we sought to present a comprehensive
description of current knowledge concerning all aspects of
USP21. First, we summarize the properties of USP21,
including its expression, localization, structure, and catalytic
activity. Second, we discuss the cellular functions of USP21
and its pathological roles in diseases, with a summary of its
protein substrates (Tables 1–3). Third, we document several
mechanisms involved in the cellular regulation of USP21.
Finally, we address the developmental status of
pharmacological interventions of USP21 (Tables 4, 5). Taken
together, the present review aimed to provide fundamental
insights into the potential of USP21 as a therapeutic target in
diverse diseases, including cancer.

FIGURE 1 | Timeline of USP21 research: selected discoveries are listed, and antitumor effects are marked in red. DUB, deubiquitylating enzyme; RIP1, receptor
interacting protein 1; NES, nuclear export sequence.

TABLE 1 | Substrates of USP21 in signaling pathways.

Substrate Type of ubiquitination
removed by USP21

Results References

NF-κB signaling
RIP1 K63-linked polyubiquitination Downregulation of TNFα-induced NF-κB activation Xu et al. (2010)
IL-33 None reported Protein stabilization promoting the transcription of p65 Tao et al. (2014)

Hippo signaling
MARKs None reported Protein stabilization with resultant suppression of YAP/TAZ Nguyen et al. (2017)
FoxM1 None reported FOXM1 stabilization contributed to the nuclear translocation of YAP Li et al. (2022)

MAPK/ERK signaling
MEK2 K48-linked polyubiquitination Protein stabilization activating ERK signaling Li et al. (2018)
GATA3 None reported Protein stabilization stimulating the expression of MAPK1 Guo Q. et al. (2021)

Wnt signaling
TCF7 None reported Protein stabilization leading to activation of Wnt signaling Hou et al. (2019)

Hedgehog signaling
Gli1 None reported Gli1-dependent transcription was suppressed by USP21 depletion or overexpression Heride et al. (2016)
KCTD6 None reported Unclear Heride et al. (2016)
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PROPERTIES OF USP21

Chromosomal Location, Subcellular
Localization, and Isoforms of USP21
The human USP21 gene was initially mapped to chromosome
1q21 and 1q22 and later to 1q23.3 (Gong et al., 2000; Smith and
Southan, 2000; Riester et al., 2014). Northern blot analysis
showed that USP21 mRNA was generally expressed at
moderate levels except in the heart, pancreas, brain, skeletal
muscle, and testes, where higher mRNA levels are detected,
and in the lungs, small intestine, colon (mucosal lining), and
peripheral blood leukocytes, where expression is very low (Gong
et al., 2000; Smith and Southan, 2000). Subcellular localization of
USP21 labeled with fluorescent proteins suggested that USP21
was mainly localized in the cytoplasm and showed a unique
binding pattern with microtubules and centrosomes (Garcia-
Santisteban et al., 2012; Urbe et al., 2012). In contrast, the
discovery of USP21 substrates in the nucleus suggests that

USP21 also exists in this organelle (Nakagawa et al., 2008;
Zhang et al., 2013; Tao et al., 2014; Hou et al., 2019).
Although appended fluorescent protein tags may interfere with
the correct localization (Urbe et al., 2012), this discrepancy could
be predominantly reconciled with the capacity of USP21 to
shuttle between the nucleus and cytoplasm.

Combined with web-based prediction programs and
experimental validation, sequence motif encompassed within
amino acids 134–152 of the N-terminus of USP21 was
revealed to be a physiologically relevant nuclear export
sequence (NES) and mediated CRM1-dependent nuclear
export of this enzyme (Figure 2). However, the nuclear
localization signals (NLSs) of USP21 remain to be elucidated
(Garcia-Santisteban et al., 2012). Consistent with this result, a
mutation (L144H) found in a large intestine carcinoma
inactivated the activity of USP21 NES, leading to its marked
accumulation in the nucleus (Prieto et al., 2016). Whether this
phenomenon is the main cause of this type of tumor deserves

TABLE 2 | Substrates of USP21 in biological processes.

Substrate Type of ubiquitination
removed by USP21

Results References

Epigenetic regulation
H2Aub Monoubiquitylation Decrease in the levels of H2Aub with concomitant

regulation effect on other histone modifications
Nakagawa et al. (2008), Okuda et al. (2013),
Bhattacharya et al. (2016), Jin et al. (2016), Peng et al.
(2016a), Jullien et al. (2017), Xiao et al. (2020)

EZH2 None reported Unknown Chen et al. (2017b), Ma et al. (2021)
Centrosome and microtubule-associated functions
Microtubules and

centrosomes
None reported Promoted the regeneration of microtubule network, the

formation of primary cilium, and neurite outgrowth
Urbe et al. (2012)

Microtubule-associated
proteins other than MARKs

None reported Unknown Urbe et al. (2012)

MARK3 None reported Essential for macropinocytosis Hou et al. (2021)
DNA repair
BRCA2 None reported Protein stabilization elevating homologous

recombination efficiency
Liu et al. (2017)

Antiviral response and immune regulation
RIG-I K63-linked

polyubiquitination
USP21 negatively regulated immune responses to RNA
virus infection

Fan et al. (2014)

STING K27/63 linked
polyubiquitination

USP21 negatively regulated anti–DNA virus immunity Chen et al. (2017a), Wu et al. (2021)

Tat K48/63 linked
polyubiquitination

USP21 inhibited HIV-1 replication Gao et al. (2021)

GATA3 K48-linked
polyubiquitination

Protein stabilization crucial for the physiological function
of Treg cells

Zhang et al. (2013), Guo Q. et al. (2021)

FOXP3 None reported Protein stabilization essential for Treg lineage stability in
vivo

Li et al. (2016)

AIM2 K48-linked
polyubiquitination

Protein stabilization promoting AIM2 inflammasome
activation upon DNA stimulation

Hong et al. (2021)

PD-L1 None reported Protein stabilization contributed to inhibit the function of
effector T cells, and hence allow cancer cells escape
immunity attack

Yang et al. (2021)

Embryonic stem cell maintenance and X chromosome inactivation
Nanog K48-linked

polyubiquitination
USP21 maintains the stemness of mouse embryonic
stem cells and may cause the disruption of XCI in
androgenetic CHM

Liu et al. (2016), Jin et al. (2016), Kwon et al. (2017),
Chen X. et al. (2021)

Other functions
Tip5 None reported Protein stabilization regulating rRNA gene transcription Khan et al. (2015)
Es10 and Us10 Monoubiquitylation Enhanced readthrough of ribosome stalls Garshott et al. (2020)
Goosecoid Monoubiquitylation Craniofacial development Liu et al. (2019)
DSCAM and DSCAML1 None reported None reported Sachse et al. (2019)
MLKL None reported Necroptosis regulation Liu et al. (2021)
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further study. Furthermore, NES and NLS are not determinants
of protein subcellular localization. Protein post-translational
modifications and binding to other proteins also function as
switches that regulate protein subcellular localization (Dostie
et al., 2000; Gabay-Maskit et al., 2020; Aggarwal et al., 2021;
Navarro-Lerida et al., 2021). Taking USP4 as an example: AKT-
mediated phosphorylation relocates nuclear USP4 to the
cytoplasm and membrane (Zhang et al., 2012), while the
binding of USP4 to Sart3 efficiently promotes its nuclear

translocation (Song et al., 2010). As discussed below, USP21 is
also regulated by phosphorylation and various binding partners
have been identified. We speculate that similar mechanisms, such
as post-translational modifications and associations with certain
regulators, may be involved in the regulation of subcellular
localization of USP21.

USP21 is highly conserved among species (Nakagawa et al.,
2008). To date, apart from the full-length USP21 (565 aa for
human USP21 and 566 aa for mouse Usp21), Okuda et al.

TABLE 3 | Multifaceted role of USP21 in diseases.

Diseases Substrates Biological functions References

Cancer
Hepatocellular carcinoma H2Aub H2Aub downregulation, which was associated with increase in the mitotic mark

H3S10p and the expression of oncogenic lipocalin 2
Bhattacharya et al. (2016)

BRCA2 USP21 stabilized BRCA2 to promote DNA repair and tumor growth Liu et al. (2017)
MEK2 USP21-mediated stabilization of MEK2 activated MAPK/ERK signaling and thus

promoted tumor growth
Li et al. (2018)

None reported Upregulated hsa_circ_0039053 in tumor tissues and cells positively regulated
USP21 expression through sponging miR-637

Yang et al. (2020)

None reported One hub gene reflecting the pathological progression from cirrhosis to HCC Lin et al. (2019)
None reported USP21 were significantly upregulated in HCC tissues Yu et al. (2018)

Colorectal cancer Fra-1 USP21 promoted colorectal cancer metastasis by stabilizing Fra-1 Yun et al. (2020)
Cholangiocarcinoma None reported Upregulated USP21 promotes cell proliferation and migration Zhou et al. (2021)
Renal cell carcinoma H2Aub USP21 regulated IL-8 transcription and stem-cell like property Peng et al. (2016a)
Breast cancer p65 USP21 promoted triple negative breast cancer cell proliferation, migration and

invasion
Peng et al. (2016b)

FoxM1 USP21 promoted cell proliferation and paclitaxel resistance in basal-like breast
cancer

Arceci et al. (2019)

MARK-1/-2/-4 USP21 downregulation promoted the anchorage-independent growth of MDA-MB-
231 cells

Nguyen et al. (2017)

Cervical cancer FoxM1 USP21 regulated Hippo signaling to promote radioresistance by deubiquitylating
FoxM1

Li et al. (2022)

Bladder carcinoma EZH2 USP21 promoted cell growth and metastasis by stablizing EZH2 Chen et al. (2017b)
Diffuse large B-cell

lymphoma
EZH2 Upregulation of USP21 promoted diffuse large B-cell lymphoma cell proliferation by

maintaining the EZH2 level
Ma et al. (2021)

Bladder urothelial carcinoma None reported USP21 overexpression associated with poor outcome and related to
chemoresistance in patients with metastatic urothelial carcinoma

Riester et al. (2014), Hsu et al.
(2021)

Pancreatic ductal
adenocarcinoma

TCF7 USP21 deubiquitylated and stabilized TCF7, thus promoting pancreas cancer cell
stemness via Wnt pathway activation

Hou et al. (2019)

MARK3 USP21 promotesd KRAS-independent tumor growth by regulation of MARK3-
induced macropinocytosis

Hou et al. (2021)

Oral squamous cell
carcinoma

None reported FDG5-AS1 induced USP21 overexpression via competitively binding to miR-520b
and advanced oral squamous cell carcinoma development

Liu et al. (2020)

Lung cancer YY1 USP21/YY1/SNHG16/miR-4500 axis promoted non-small-cell lung cancer cell
proliferation, migration, and invasion and in vivo tumor growth

Xu et al. (2020)

PD-L1 USP21 potentially promoted immunosuppression by stabilizing PD-L1 Yang et al. (2021)
MARK-1/-2/-4 USP21 downregulation promoted the anchorage-independent growth of A549 cells Nguyen et al. (2017)

Gastric cancer GATA3 USP21 promoted MAPK1 expression via stabilizing GATA3 to regulate gastric
cancer cell growth and stemness

Guo Q. et al. (2021)

Osteosarcoma None reported Overexpression of a truncated USP21 form lacking its N-terminus inhibited U2OS cell
growth

Gong et al. (2000)

Papillary thyroid carcinoma FOXO3 RBM47-mediated stabilization of SNHG5 recruited USP21 to promote the nuclear
translocation of FOXO3, resulting in activated autophagy and restrained cell
proliferation

Qin et al. (2022)

Immune and Inflammation Disease
Asthma FOXP3 and

GATA3
The imbalance of FOXP3 and GATA3 may cause decrease of Treg cells in asthma
patients

Chen et al. (2018)

Schistosomiasis None reported USP21-deficient Tregs increased the susceptibility of mice to schistosomiasis, but
reduced the degree of egg granuloma formation and liver fibrosis

Zhang et al. (2021)

Viral infection RIG-I and STING USP21 negatively regulated anti-viral immunity through inactivation of RIG-I and
STING

Fan et al. (2014), Chen et al.
(2017a)

Muscle dysfunction and associated metabolic diseases
Obesity and type 2 diabetes DNA-PKcs and

ACLY
USP21 plays a key role in the regulation of myofibre type switch, muscle mass
control, mitochondrial function, and heat generation

Kim et al. (2021)
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identified a Usp21 short variant (Usp21SV) in mice, with
alternative splicing in exon 2 leading to the omission of 87
amino acids in the N-terminus of Usp21 long isoform.
Notably, Usp21SV lacks NES and thus localizes more in the
nucleus than the Usp21 long isoform (Okuda et al., 2013).

Structure and Activities of USP21
Compared with the majority of DUBs, the structure of USP21 is
relatively simple (Komander et al., 2009). The N-terminal region
(1–212 aa) of USP21 is intrinsically disordered, whereas the
C-terminus contains a catalytic domain (Figure 2) (Ye et al.,

TABLE 4 | The sequence of Ub WT and selected Ub variants targeting USP21.

Sequence (54–71)a IC50 (nM) References

WT RTLSDYNIQKESTLHLVL 18,000 Sun et al. (2016)
Ubv21.4 RTLSDYNIQKWSTLFLLL 2.4 and 9.4 Ernst et al. (2013), Sun et al. (2016)
Ubv1 YPLAWYDITKFATLFLTG 13.9 Sun et al. (2016)
Ubv2 WTLAYYDIYRNATLFLSA 9.9 Sun et al. (2016)
Ubv4 YTLEYYNITKHATLFLVL 40.4 Sun et al. (2016)
Ubv10 ATAADYDIGQNATLFLTS 4.4 Sun et al. (2016)

aUb WT, and selected Ub variants consists of 76 aa, we here show aa sequences from 54 to 71.

TABLE 5 | Small molecule inhibitors of USP21.

Structure IC50 (μM) References

Disulfiram 3.7 ± 0.4 Lin et al. (2021)

6-Thioguanine 22.7 ± 0.4 Lin et al. (2021)

Spongiacidin C 16.6 ± 2.8 Yamaguchi et al. (2013)

KYT-36 None reported Nakagawa et al. (2008)

Cryptotanshinone None reported Jin et al. (2016)

SAHA None reported Lee et al. (2021)

MS-275 None reported Lee et al. (2021)
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2011; Urbe et al., 2012). Fewer studies are available on substrate-
binding regions in USP21; however, they revealed that both the
amino terminus and C-terminal catalytic domains were
responsible for substrate recognition (Figure 2). The
N-terminus of USP21 is required for microtubule-affinity
regulating kinase 2 (MARK2), microtubule, and centrosome
association (Urbe et al., 2012), while the C-terminal catalytic
domain mediates its interaction with mitogen-activated protein
kinase kinase 2 (MEK2), potassium channel tetramerization
domain containing 6 (KCTD6), Nanog, stimulator of
interferon (IFN) genes (STING), and absent in melanoma 2
(AIM2) (Heride et al., 2016; Liu et al., 2016; Chen et al.,
2017a; Li et al., 2018; Hong et al., 2021). In addition, Gli1 and
RIG-I bind to multiple regions of USP21 (Heride et al., 2016;
Chen et al., 2017a).

Like most DUBs, USP21 can hydrolyze the isopeptide bond
between Ub and target proteins, and the activity of USP21 is
critically dependent on the conserved catalytic triad consisting of
Cys 221, His 518, and Asp 534 (Figure 2) (Nakagawa et al., 2008).
At least three Ub-binding sites, S1, S1’, and S2, have been found in
USP21 (Ye et al., 2011; Mevissen and Komander, 2017). In
particular, the S2 binding site seems not to be directly
involved in the catalytic efficiency, but it serves to target the
enzyme to polyubiquitin chains (Ye et al., 2011). For Ub, Phe 4,
Thr 12, Thr 14, and Arg 72 are responsible for recognition by
USP21 (Ye et al., 2011; Shin et al., 2017). In vitro, USP21
efficiently cleaves the ubiquitin chains of different linkages and
is employed as research tool to analyze Ub-linkage type and
architecture using Ub chain restriction (Ye et al., 2011;
Hospenthal et al., 2015). In addition, USP21 displays
promiscuous in vivo activity against Ub chain types (Tables 1,
2). USP21 can remove monoubiquitylation and K27-, K48-, and
K63-type ubiquitin chains depending on the cellular context and
the substrate. For instance, USP21 acts as a negative regulator of
RIG-I and receptor-interacting protein 1 (RIP1) by cleaving K63
linkages, whereas it deubiquitylates and stabilizes GATA3 by
removing K48-linked Ub chains (Xu et al., 2010; Zhang et al.,
2013; Fan et al., 2014).

Furthermore, USP21 is not only specific for Ub conjugates, but
also exhibits cross-reactivity toward some Ub-like modifications
(Gong et al., 2000; Ye et al., 2011; Shin et al., 2017). For instance,
USP21 can disassemble interferon-stimulated gene 15 (ISG15)
from physiologically relevant targets due to the presence of the S2

site in USP21 and the same C-terminus of ISG15 compared with
Ub. Nevertheless, kinetic studies, using Ub-AMC and ISG15-
AMC as substrates revealed that the DUB activity of USP21 was
approximately 70 times higher than its deISGylating activity (Ye
et al., 2011). Regrettably, no cellular substrates whose ISGylation
could be reversed by USP21 have been reported, and whether or
not the deISGylation activity is physiologically relevant remains
elusive. In addition, it is noteworthy that the hydrolysis activity of
USP21 against neural precursor cell expressed developmentally
downregulated 8 (NEDD8) conjugates appears to be inconsistent.
Gong et al. reported that USP21 can remove higher-molecular-
weight NEDD8 conjugates in COS cells co-expressing NEDD8
and truncated USP21 (residues 185–565) (Gong et al., 2000).
However, truncated USP21 (residues 196–565 and residues
201–560) cannot hydrolyze the NEDD8-AMC or purified
NEDD8-His, which act as useful substrates for the study of
deNEDDylating activity, nor can it be modified with NEDD8-
based suicide probes, which can react with enzymes with
deNEDDylating activity (Ye et al., 2011; Shin et al., 2017).
Interestingly, USP21 was active on the NEDD8 suicide probe
andNEDD8-His, in which four residues were mutated to their Ub
equivalents (NEDD8 K4F, E12T, E14T, and R72A) (Ye et al.,
2011; Shin et al., 2017). These differences in the deNEDDylating
activity of USP21 may arise from the different USP21 amino acid
sequences used or the biochemical analyses employed with
various forms of substrates.

USP21 AND SIGNALING PATHWAYS

NF-κB Signaling
NF-κB signaling consists primarily of nuclear p65/p50 and is
activated following phosphorylation and subsequent degradation
of the inhibitor of NF-κB (IκB) by IκB kinase (IKK) complexes.
Notably, the mechanisms by which extracellular signals induce
activation of NF-κB signaling vary dramatically upstream of this
signaling (Hoesel and Schmid, 2013). Xu et al. established that
USP21 specifically inhibits tumor necrosis factor α (TNFα)-, but
not interleukin 1 (IL-1)- or TRAF6 overexpression-induced NF-
κB activation (Xu et al., 2010). Investigation of the mechanism
suggested that USP21 interacts with and deubiquitylates K63-
linked polyubiquitylation of RIP1 (Xu et al., 2010), which serves
as a platform to recruit both TGF-β activated kinase 1 (TAK1)

FIGURE 2 | Diagram illustrating the domain organization of USP21 as well as its interaction with substrates whose binding domain in USP21 have been defined.
Among these interacting partners, Gli1 and RIG-I bind to multiple regions of USP21. NES spans residues 134–152; Cys221, His518, and Asp534 indicates the position
of its catalytic residues. NES, nuclear export sequence.
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and IKK complexes, thus facilitating TAK1 phosphorylation and
activation of IKK (Figure 3) (Ea et al., 2006). However, USP21
depletion in vivo does not affect the stimulation of the TNF
receptor, indicating that USP21 is redundant for the regulation of
RIP1 activity (Pannu et al., 2015). Many DUBs, such as USP7,
USP11, USP15, and USP48, are involved in NF-κB signaling at
different levels (Morgan et al., 2020). Among which, A20,
Cezanne, and USP4, have also been reported to remove the
K63-linked polyubiquitination conjugate from RIP1, thereby
downregulating NF-κB signaling as well (Wertz et al., 2004;
Enesa et al., 2008; Hou et al., 2013). In particular, the
carboxy-terminal domain of A20 also functions as a ubiquitin
ligase that polyubiquitinates RIP1 with K48-linked ubiquitin
chains, thus targeting RIP1 for proteasomal degradation
(Wertz et al., 2004). Additionally, it was later found that
Cezanne preferentially cleaves K11-linked polyubiquitin,
suggesting that Cezanne may stabilize negative regulators of
NF-κB signaling, as K11-linkages can act as proteasomal
targeting signals (Bremm et al., 2010). These studies suggest
that USP21 may coordinate with these DUBs to regulate
TNFα-induced RIP1 deubiquitylation, thereby affecting the
NF-κB pathway.

In contrast to the proposition that USP21 is a negative
regulator of NF-κB signaling, Tao et al. indicated the possible
role of USP21 in enhancing the activity of NF-κB signaling (Tao

et al., 2014). Their results demonstrated that USP21 promotes the
transcription of p65 via deubiquitylation and stabilization of IL-
33, which functions as a transcriptional regulator of p65 and
induces the expression of intercellular adhesion molecule-1 and
vascular cell adhesion molecule-1 through its regulatory effect on
the NF-κB pathway in endothelial cells (Choi et al., 2012; Tao
et al., 2014). Intriguingly, the interaction between USP21 and p65
was confirmed by co-immunoprecipitation in MDA-MB-231
cells, although the regulatory effect of USP21 on p65 was not
investigated (Figure 3) (Peng et al., 2016b). Thus, the modulatory
effect of USP21 on NF-κB signaling may depend on the exact
cellular context.

Hippo Signaling
The Hippo signaling pathway, activated by intrinsic or extrinsic
stimuli, plays a significant role in modulating cell fate and
maintaining organ size (Gaspar and Tapon, 2014; Yu et al.,
2015; Santinon et al., 2016). MST1/2 kinases phosphorylate
and activate LATS1/2 kinases, which subsequently
phosphorylate the transcriptional co-activators YAP and TAZ,
leading to cytoplasmic sequestration or degradation by the E3
ligase SCFβ-TrCP (Liu et al., 2010; Zhao et al., 2010; Wang et al.,
2011). Accordingly, the activation state of the Hippo signaling
pathway is inversely related to the activity of the transcriptional
co-activators YAP and TAZ. In addition, the LKB1-MARKs

FIGURE 3 | Role of USP21 in multiple signaling pathways. The figure depicts the key components and signal transduction cascade reactions in MAPK/ERK
signaling, NF-κB signaling, Wnt/β-catenin signaling, Hippo signaling, and Hh signaling. The nodes regulated by USP21 are labeled.
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cascade was identified to function upstream of MST/LATS
kinases and enhance their enzyme activity (Mohseni et al.,
2014). Several DUBs can regulate Hippo signaling in a
different manner. USP1, USP26, and MINDY1 have been
reported to regulate the stability of YAP or TAZ, while whose
nuclear localization is regulated by USP9X and OTUD1 through
modulating the stability of LATS kinases or their non-proteolytic
ubiquitylation (Toloczko et al., 2017; Yao et al., 2018; Luo et al.,
2021; Tang et al., 2022; Yuan et al., 2022).

Overexpression of USP21 suppresses the transcriptional
activity of YAP by regulating the stability of MARK-1, -2 and
-4 (Nguyen et al., 2017), which indicated that MARKs are
interacting partners of USP21 (Figure 3) (Sowa et al., 2009;
Urbe et al., 2012). Moreover, a recent study provides other
contradictory evidence that USP21 enhances the nuclear
translocation and transcriptional activity of YAP by interacting
with and stabilizing Forkhead box protein M1 (FoxM1), a
transcription factor (Li et al., 2022). As previously described
by Sun et al., FoxM1 promoted nuclear translocation and
transcriptional activity of YAP by inhibiting its
phosphorylation; however, the underlying mechanism
remaines elusive (Figure 3) (Sun et al., 2020). Taken together,
the discrepancies in USP21 modulation of the Hippo signaling
pathway may be explained by differences in cell context-specific
regulation.

Wnt/β-Catenin Signaling
The canonical Wnt/β-catenin signaling pathway is transduced by
Wnt receptors of the Frizzled family and stabilizes β-catenin,
which then translocates to the nucleus as a transcriptional
coactivator of T-cell factor/lymphoid enhancer-binding factor
(TCF/LEF) transcription factors (MacDonald et al., 2009). As
summarized by Park et al., deubiquitylation induced by various
DUBs, such as USP2a, USP4, and USP6, is a major mechanism for
regulating the stability of Wnt signaling components (Park et al.,
2020). USP21 has been shown to enhance Wnt signaling through
deubiquitylation and stabilization of the long isoform of
transcription factor TCF7, which belongs to the TCF/LEF
family and mediates oncogenic activation of Wnt signaling
(Figure 3) (Shiokawa et al., 2017; Hou et al., 2019).
Additionally, two other studies demonstrated that
deubiquitylation and stabilization of FoxM1 by USP5 and
USP28 contribute to its nuclear accumulation, which facilitates
the recruitment of β-catenin to theWnt target gene promoter and
activates the Wnt signaling pathway (Chen et al., 2016; Chen L.
et al., 2021). Given that FoxM1 has also been identified as a
substrate of USP21 (Arceci et al., 2019; Li et al., 2022), it is
reasonable to presume that the USP21-FoxM1 axis is involved in
the regulation of the Wnt/β-catenin pathway.

Mitogen-Activated Protein Kinase (MAPK)/
Extracellular-Signal-Regulated Kinase
(ERK) Signaling
The MAPK signaling cascades represent a set of membrane-to-
nucleus signaling pathways that lead to the phosphorylation and
activation of transcription factors and are organized into a three-

tiered hierarchy. In this hierarchy, MAPK kinase kinase
(MAPKKK) is activated to phosphorylate and activate MAPK
kinase (MAPKK), which in turn phosphorylates and activates
MAPK. Three major MAPK cascades have been identified in
mammals: MAPK/ERK, MAPK/c-Jun N-terminal or stress-
activated protein kinases (JNK), and MAPK/p38 (Pearson
et al., 2001; Asomugha et al., 2010). Recently, DUBs and E3
ligases targeting the MAPK signaling pathway are well discussed
(Park and Baek, 2022). In hepatocellular carcinoma cells, USP21
directly interacts with and stabilizes MEK2 by decreasing its K48-
linked polyubiquitination, thus activating the MAPK/ERK
branch, where MAPKKK is Raf, MAPKK is MEK, and MAPK
is ERK (Figure 3) (Rushworth et al., 2006; Li et al., 2018). In
addition, Guo et al. demonstrated that USP21 also promotes the
expression of MAPK1 (also known as ERK2) by binding to
transcription factor GATA3 (Figure 3) (Guo Q. et al., 2021).
These studies indicate that USP21 functions as a positive
regulator for the MAPK/ERK signaling.

Hedgehog (Hh) Signaling
Hh signal transduction is modulated by DUBs at multiple steps
along the pathway (Zhang and Jiang, 2021). Current studies
indicate that the regulatory effects of USP21 on Hh signaling
are intricate. USP21 is required for effective microtubule
regrowth from centrosomes, and its depletion restrains the
generation of primary cilia (Urbe et al., 2012), a specialized
microtubule-based organelle templated by the centrosome and
involved in the initiation of Hh signaling in vertebrates
(Heride et al., 2016; Stoufflet et al., 2020). Briefly, the
binding of Hh ligands to Patched (PTCH) triggers their
endocytosis and results in de-repression of Smoothened
(SMO), thus favoring the activation of downstream
transcription factors Gli1, Gli2, and Gli3, which
consequently modulate the expression of Hh target genes
involved in key cellular processes such as cell cycle,
migration, and metabolism (Ryan and Chiang, 2012).
Another mechanism by which USP21 modulates Hh
signaling focuses on its regulation of Gli1. On the one
hand, USP21 can regulate the stability of Gli1 like USP7
and USP48 (Zhou et al., 2015; Heride et al., 2016; Zhou
et al., 2017). USP21 binds to and stabilizes Gli1, and
knockdown of USP21 decreases the transcriptional activity
of Gli1 (Figure 3). On the other hand, USP21 overexpression
similarly represses Gli1 transcriptional activity, which is at
odds with increased Gli1 protein levels. Further investigations
indicated that this is a consequence of USP21 overexpression
simultaneously promotes Gli1 localization and
phosphorylation by protein kinase A (PKA) at the
centrosome (Figure 3) (Heride et al., 2016). As previously
deciphered, phosphorylation of Gli1 at Thr 374 by PKA retains
Gli1 in the cytoplasm, thereby regulating its transcriptional
activity (Sheng et al., 2006).

USP21 is also associated with KCTD6, a negative regulator of
Hh signaling, by targeting HDAC1 for proteasomal degradation
(Figure 3) (De Smaele et al., 2011; Heride et al., 2016). Although
USP21 does not affect KCTD6 protein levels, co-expression of
KCTD6 with USP21 counteracts its capacity to stabilize Gli1
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because KCTD6 and Gli1 competitively bind to the catalytic
domain of USP21 (Heride et al., 2016). Collectively, these studies
suggest that appropriate protein levels of USP21 may be crucial
for maintaining optimal Hh signaling.

ROLE OF USP21 IN DIVERSE BIOLOGICAL
PROCESSES

Epigenetic Regulation
Diverse post-translational modifications of histones such as
ubiquitylation, methylation, acetylation, and phosphorylation,
are well-established molecular carriers of epigenetic
information (Barbour et al., 2020). Furthermore, interplay and
crosstalk between distinct histone modifications form a
complicated web of gene regulation, termed the histone code
(Wong et al., 2015). Histone H2A monoubiquitylation at lysine
119 (H2Aub) is one such modification generally associated with
gene repression; its hydrolysis by several DUBs, including USP16,
USP21, and BAP1, is an important pattern to regulate myriad
gene transcription (Cao and Yan, 2012; Barbour et al., 2020).
Based on microarray expression data from the regenerating liver,
Nakagawa et al. first identified that USP21 was upregulated after
partial hepatectomy and then catalyzed the hydrolysis of
nucleosomal H2Aub, which facilitates di- and trimethylation
of H3K4 and the transcriptional initiation of various genes
closely associated with liver regeneration (Nakagawa et al.,
2008). USP21 binds to the promoter of IL-8 and promotes its
transcription by decreasing H2Aub with concomitant H3K4me3
elevation (Peng et al., 2016a). Similarly, USP21 was recruited to
gene promoters by Nanog to deubiquitinate H2Aub, followed by
increased enrichment of H3K4me3, thus promoting Nanog-
mediated gene expression in mouse embryonic stem cells (Jin
et al., 2016). In a nitrosodiethylamine (NDEA)-induced liver
cancer model and hepatocellular carcinoma CL38 cells, USP21
markedly increased and downregulated H2Aub. Along with
decrease in H2Aub levels, a decrease in H4ac and an increase
in mitotic mark H3S10p levels were observed (Bhattacharya et al.,
2016). USP21 also improves the reprogramming of gene
expression through its deubiquitylation activity against
H2Aub, thus reducing resistance to transcriptional
reprogramming in mouse nuclear transfer embryos (Jullien
et al., 2017). Consistent with these results, a recent study
implied that USP21 is likely crucial for somatic cell nuclear
transfer reprogramming (Deng et al., 2021). Furthermore, both
recombinant mouse Usp21 variants activated transcription by
deubiquitylating H2Aub in vitro (Okuda et al., 2013). In addition,
USP21 mitigated the stabilization effect of H2Aub on the
nucleosome, which may favor the passage of RNA or DNA
polymerases through the nucleosome barrier during gene
transcription or replication (Xiao et al., 2020).

Although two studies found that USP21 maintained the
protein level of EZH2, the enzymatic catalytic subunit of the
polycomb repressive complex 2 that can modulate gene
expression by trimethylating K27 on histone 3 (H3K27), in
which the impacts of USP21 on H3K27me3 level were not
tested (Chen et al., 2017b; Ma et al., 2021). Reciprocally,

USP21 expression dramatically elevated H3K9 methylation
without affecting H3K4 methylation or H3K27 acetylation on
the promoter of cyclin T1, which resulted in decreased cyclin T1
expression (Gao et al., 2021). Whether this correlates with the
hydrolysis of H2Aub remaines unclear. Thus, USP21 plays a dual
role in controlling gene expression through epigenetic regulation.
However, little is known about the mechanism underlying how
USP21 regulates epigenetic modulation that controls specific gene
expression associated with chromatin contexts.

Centrosome and Microtubule-Associated
Functions
USP21 has been characterized as a unique DUB that is directly
associated with both microtubules and centrosomes. It therefore
plays a significant role in the governance of microtubule- and
centrosome-related physiological processes, including the
regeneration of the microtubule network after cold-induced
depolymerization, the formation of primary cilia, and neurite
outgrowth induced by nerve growth factor (Urbe et al., 2012).
Although several microtubule-associated proteins, such as
MARKs and CKAP5, were also identified as interacting
partners of USP21, USP21 knockdown did not affect the
expression and ubiquitylation levels of these proteins (Urbe
et al., 2012). However, later studies demonstrated that USP21
could regulate YAP transcriptional activity and cytoskeleton-
based cellular process macropinocytosis by regulating the
stability and ubiquitylation of MARKs (Nguyen et al., 2017;
Hou et al., 2021). To our knowledge, sever other DUBs,
including CYLD, UCHL1, and BRCC36, have also been
identified to be associated with microtubules, establishing the
links between deubiquitylation modification and microtubule cell
biology (Stegmeier et al., 2007; Gao et al., 2008; Bheda et al., 2010;
Yan et al., 2015).

DNA Repair
Liu et al. suggested that USP21 participates in homologous
recombination (HR) repair upon DNA double-strand breaks
(DSBs). By deubiquitinating and stabilizing BRCA2, USP21
promotes efficient RAD51 accumulation at DSBs. The
formation of RAD51-single-stranded DNA filaments initiates
homology search and strand invasion to complete HR.
Consequently, USP21 depletion reduced the efficiency of HR,
leading to increased DNA damage load and concomitant
impairment of hepatocellular carcinoma (HCC) cell survival
(Liu et al., 2017). Current studies demonstrate that other
DUBs are also involved in BRCA2-RAD51 axis, as well as the
rest of core factors in DNA repair pathways (Li and Yuan, 2021).
For example, UCHL3 is phosphorylated and activated by ATM
following DNA damage, which in turn deubiquitinates RAD51
and promotes the interaction between RAD51 and BRCA2 (Luo
et al., 2016). Together, these studies indicate the important role of
DUBs in repairing DNA DSBs (Li and Yuan, 2021).

Antiviral Response and Immune Regulation
USP21 functions as a negative regulator of the innate immune
response to RNA or DNA virus infection by suppressing the
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expression and production of type I IFNs by cleaving K63-
linked polyubiquitin chains from RIG-I or K27/63-linked
polyubiquitin chains from STING (Fan et al., 2014; Chen
et al., 2017a; Wu et al., 2021). In addition to USP21,
multiple DUBs targeting RIG-I, STING, and other
components of type I IFN signaling have been recently
reviewed. For instance, at least 9 DUBs, including USP21,
have been identified to counteract the K63-linked
polyubiquitylation of RIG-I (Qian et al., 2021). Moreover,
p38 activated by DNA virus induces phosphorylation of
USP21 at Ser538 (Ser539 in mouse Usp21) and further
enhances the binding of USP21 to STING, but not RIG-I,
indicating that phosphorylation of USP21 by p38 differentially
regulates host defense against DNA and RNA virus infection
(Chen et al., 2017a). Previous studies have suggested that
USP21 depletion enhances the immune defense against a set
of viruses, thus reducing their replication in vitro and in vivo
(Fan et al., 2014; Chen et al., 2017a; Wu et al., 2021). The recent
identification of USP21 as the DUB responsible for the
stabilization of AIM2 and immediate AIM2 inflammasome
activation upon DNA stimulation further complicates the role
of USP21 in regulating DNA-mediated innate immunity
(Hong et al., 2021). Moreover, another study indicated that
USP21 inhibits human immunodeficiency virus 1 (HIV-1)
replication in vitro by downregulating the expression of
transactivator of transcription (Tat), which is essential for
transcriptional elongation in HIV-1 (Gao et al., 2021).
Collectively, these studies suggested a dual role for USP21
in anti-viral infections.

USP21 also plays a significant role in immune tolerance by
maintaining the physiological function of regulatory T (Treg)
cells, which negatively regulate immune and inflammatory
responses. For instance, mice lacking Usp21, specifically in
Treg cells, exhibited immune disorders characterized by
spontaneous T-cell activation and excessive T-helper type 1
(Th1) skewing of Treg cells into Th1-like Treg cells (Li et al.,
2016). However, there is a discrepancy between human and
mice in the precise mechanism by which USP21 controls the
stability of the Treg lineage (Zhang et al., 2013; Li et al., 2016).
In humans, USP21 forms a positive feedback loop with FOXP3
and GATA3, which are two transcription factors required for
maintaining the function of Treg cells in both humans and
mice (Zhang et al., 2013; Li et al., 2016). GATA3 was not
regulated by Usp21 in murine Treg cells (Li et al., 2016), which
was in accordance with a previous study showing that Usp21 is
redundant for the regulation of GATA3 during murine
lymphocyte differentiation (Pannu et al., 2015).
Programmed death ligand-1 (PD-L1) is a crucial immune
checkpoint molecule and downregulates T-cell immune
responses by binding to programmed death protein-1 (PD-
1). Emerging evidence indicates that the protein stabilization
of PD-L1 is regulated by several DUBs, such as USP5, USP22,
and USP9X (Hu et al., 2021; Pan et al., 2021). Notably, a recent
study found that USP21 could also deubiquitylate and stabilize
PD-L1, suggesting a potential role of USP21 in
immunosuppression (Yang et al., 2021).

Embryonic Stem Cell Maintenance and X
Chromosome Inactivation
Various DUBs play a critical role in embryonic stem cell
maintenance and differentiation (Suresh et al., 2016).
Employing different screening methods, three groups
individually identified USP21 as a specific DUB that
deubiquitylates and stabilizes Nanog, a key pluripotency factor
(Jin et al., 2016; Liu et al., 2016; Kwon et al., 2017; Pei, 2017).
Moreover, two of these studies further demonstrated thatUsp21 is
required for maintaining the self-renewal of mouse embryonic
stem cells (mESCs) and decreases upon differentiation cues;
Usp21 depletion in mESCs in vitro resulted in degradation of
Nanog and differentiation of mESCs (Jin et al., 2016; Liu et al.,
2016). However, two additional studies indicated that Usp21
knockout mice were viable and fertile and did not show
abnormalities in hematopoietic stem cell maintenance or
lymphocyte differentiation, suggesting that additional DUBs
may participate in the regulation of Nanog stability during
early embryonic development (Fan et al., 2014; Pannu et al.,
2015). A later study indicated that Bach1 facilitated the
deubiquitylation and stabilization of Nanog, as well as two
other major pluripotent factors, Sox2 and Oct4, through the
recruitment of USP7 (Wei et al., 2019). Moreover, emerging
evidence suggests that Nanog has oncogenic features such as
cancer stem cell maintenance (Fatma et al., 2021; Vasefifar et al.,
2022), indicating a possible role of USP21/Nanog axis in
carcinogenesis.

In addition, Nanog can regulate X chromosome inactivation
(XCI), a very important process in the development of normal
female mammals (Navarro et al., 2008). Higher expression of
USP21 and Nanog was detected in androgenetic complete
hydatidiform moles (CHMs) with a 46, XX karyotype than in
normal villi, suggesting that the USP21-Nanog pathway may
participate in the disruption of XCI in androgenetic CHM (Chen
X. et al., 2021).

Other Biological Functions of USP21
Khan et al. provided insights into the cooperative role of USP21 in
BANP, E5R, and Nac1 domain 3 (BEND3)-mediated rDNA
silencing by stabilizing Tip5, a component of the nucleolar-
remodeling complex (NoRC) essential for the repression of
rRNA gene transcription (Khan et al., 2015). In addition to
OTUD3, USP21 antagonizes the ubiquitylation of 40S
ribosomal proteins and, in turn, limits the activation of the
ribosome-associated quality control pathway, which recognizes
stalled nascent polypeptides and targets them for degradation
(Sitron and Brandman, 2019; Garshott et al., 2020). It would thus
be interesting to investigate whether the expression of these two
DUBs correlates with the production of aberrant proteins.
Moreover, preliminary studies have suggested that USP21
might be involved in craniofacial development by regulating
monoubiquitylation of the transcription factor Goosecoid (Liu
et al., 2019). Despite the identification of USP21 as a potential
cytoplasmic signaling effector of Down syndrome cell adhesion
molecule (DSCAM) and DSCAM-Like-1 (DSCAML1), which
serve significant neurodevelopmental functions, the
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physiological role of USP21 in signal transduction mediated by
DSCAM/DSCAML1 remains to be elucidated (Sachse et al.,
2019). More recently, Liu et al. showed that USP21 can
remove necroptosis-induced ubiquitylation of MLKL, the key
executioner in necroptosis. Wide-type USP21 fused to MLKL
prevented ubiquitylation of MLKL, and this fusion could induce
cell death in the absence of a necroptotic stimulus, suggesting that
constitutive removal of ubiquitin from MLKL may license MLKL
autoactivation (Liu et al., 2021).

DYSREGULATION OF USP21 IN DISEASES

Role of USP21 in Cancer
As summarized in Table 3, many studies have validated that
USP21 plays an essential role in the occurrence and
progression of various cancers including HCC, colorectal
cancer, and urothelial cancer. Concurrently, it is notable
that conflicting functions have been reported where
USP21 can act as an oncoprotein or a tumor repressor of
cancer.

USP21 is highly expressed in HCC cells and correlates with
poor survival in HCCs (Liu et al., 2017; Li et al., 2018; Yang et al.,
2020). Several molecular mechanisms involving USP21 have been
reported to be closely associated with HCC occurrence and
progression. As mentioned previously, elevated Usp21 levels in
HCC CL38 cells and the NDEA-induced HCC model decreased
the level of H2Aub, which accounted for the increase in the
mitotic marker H3S10p and the expression of lipocalin 2 with an
oncogenic effect (Bhattacharya et al., 2016). Examination of
whether NEDA can induce HCC in Usp21-deficient mice may
further deepen our understanding of the oncogenic role of Usp21
at the tumor initiation stage. Liu et al. showed that USP21
interacts with and stabilizes BRCA2, a pivotal mediator of
DNA repair by homologous recombination, thereby promoting
DNA repair in HCC, as well as cell survival in vitro and in vivo.
Notably, BRCA2 overexpression failed to fully restore HCC
tumor cell growth following USP21 depletion, suggesting that
USP21 may have other targets in HCC (Liu et al., 2017). A later
study found that UPS21 overexpression activated ERK signaling
through deubiquitylation and stabilization of MEK2, whose
expression partially rescued decreased p-ERK1/2 levels,
impaired cell proliferation and anchorage-independent growth,
and cell cycle arrest due to USP21 knockdown in HCC cell lines
(Li et al., 2018). Hsa_circ_0039053, a circular RNA, is increased
in HCC tissues and cell lines, and it promotes HCC cell
proliferation and invasion by positively regulating USP21
expression by sponging miR-637 (Yang et al., 2020). In line
with the significant role of USP21 in HCC, the variation score
of a 20 gene-based gene set including USP21 may reflect the
pathological progression from cirrhosis to HCC and serve as an
independent prognostic factor for recurrence-free and overall
survival (Lin et al., 2019). Therefore, elucidating the synergistic
effect between USP21 and other genes will help us further
understand the pathogenesis of HCC. Additionally, the role of
USP21 in HCC did not appear to depend on its deneddylating
activity as discussed by the authors themselves (Yu et al., 2018).

Taken together, these studies suggest that USP21 plays an
important role in the development of HCC.

Moreover, USP21 promotes the migration and invasion of
colorectal cancer by acting as a DUB for Fos-related-antigen-1
(Fra-1), a transcription factor essential for cancer progression
and metastasis (Yun et al., 2020). USP21 is also critically linked
to cholangiocarcinoma tumorigenesis, although the
underlying mechanisms remain unclear thus far (Zhou
et al., 2021). This pro-cancer effect is also seen in USP21-
induced expression of IL-8 via epigenetic modulation, which
promotes tumorigenic properties in renal cell carcinomas
(RCC), including cell proliferation, invasion, and cancer
stem cells percentage (Peng et al., 2016a). Peng et al. found
that the expression of USP21 in triple-negative breast cancer
(TNBC) cell lines was higher than that in other subtypes of
breast cancer, which further confirmed that USP21 facilitated
TNBC cell proliferation, migration, and invasion (Peng et al.,
2016b). Although co-immunoprecipitation demonstrated that
USP21 was associated with the NF-κB factor p65 (also known
as RelA) (Peng et al., 2016b), the role of this interaction in
tumorigenesis was not determined and deserves in-depth
study. Subsequently, Arceci et al. revealed that USP21
amplification was related to proliferation and paclitaxel
resistance in basal-like breast cancer (BLBC) by
deubiquitylating and stabilizing the cell cycle transcription
factor FoxM1 (Arceci et al., 2019). Notably, BLBC has a
significant overlap with the TNBC subtype at the molecular
level (Foulkes et al., 2010). Likewise, FoxM1 deubiquitylation
by USP21 contributes to both cell growth and radioresistance
in cervical cancer (Li et al., 2022). As the major cellular H3K27
trimethyltransferase, EZH2 amplification has been found in a
wide range of human cancers (Kim and Roberts, 2016). By
maintaining EZH2 protein levels, USP21 promotes cell
proliferation and metastasis in bladder carcinoma and cell
proliferation in diffuse large B-cell lymphoma (Chen et al.,
2017b; Ma et al., 2021). Furthermore, high USP21 expression
was associated with aggressiveness and resistance to
chemotherapy in patients with bladder urothelial carcinoma
(Riester et al., 2014; Hsu et al., 2021). These studies imply that
USP21 not only accelerates tumor progression but also
mediates resistance to some chemotherapeutic drugs or
radiotherapy.

Recently, USP21 has been authenticated as a frequently
amplified gene in pancreatic ductal adenocarcinoma (PDAC)
with the capacity to enhance PDAC cell stemness by stabilizing
TCF7 (Hou et al., 2019). Using the inducible KrasG12D/Trp53−/−

PDACmouse model, the same group subsequently identified that
USP21 supported the growth of oncogenic KRAS-independent
PDAC by elevating MARK3-mediated macropinocytosis (Hou
et al., 2021). Together, these two studies prompted the evaluation
of USP21 as a novel therapeutic target, as well as a potential
genetic factor that may affect responsiveness to emerging KRAS
inhibitors in patients with PDAC (Crawford, 2021). Liu et al.
showed that long non-coding RNA (lncRNA) FDG5-AS1 could
be regarded as a competing endogenous RNA to upregulate
USP21 expression combined with miR-520b, which advanced
the development of oral squamous cell carcinoma (Liu et al.,
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2020). Furthermore, the USP21/YY1/SNHG16/miR-4500 axis
has been found to assist in the development of non-small-cell
lung cancer (NSCLC). USP21 deubiquitylates and stabilizes YY1,
and YY1 then transcriptionally activates lncRNA SNHG16,
which in turn elevates USP21 expression by targeting and
suppressing miR-4500 (Xu et al., 2020). Additionally, Yang
et al. uncovered the potential role of USP21 in immune escape
due to the mechanism of USP21-mediated PD-L1 stabilization,
and suggested the positive correlation between USP21 and PD-L1
in lung cancer, especially in lung squamous cell carcinoma, a
main subtype of NSCLC (Yang et al., 2021). A previous study also
suggested that USP21 depletion results in the activation of STING
and protein instability of FOXP3, leading to enhanced antiviral
immunity and impaired suppressive activity of Treg cells (Li et al.,
2016; Chen et al., 2017a). Considering the capacity of STING to
sense cytosolic tumor-derived DNA in tumor-associated immune
cells, as well as the ability of Treg cells to limit anticancer
immunity and promote angiogenesis (Facciabene et al., 2012;
Woo et al., 2015), these results together reinforce that targeting
USP21 may offer promise for antitumor immunotherapies. As
mentioned above, GATA3 is a substrate of USP21 involved in
immune tolerance, and this interaction was also found in gastric
cancer, which further facilitated the malignant progression of
gastric cancer by promoting MAPK1 (also known as ERK2)
expression (Guo Q. et al., 2021). Collectively, these studies
indicate that USP21 plays a critical role in the initiation and
progression of various cancers, involving a set of key factors and
regulatory networks, indicating that USP21 holds great promise
as a potential target for the development of antitumor drugs.

However, we should remain vigilant with this conclusion,
especially since the anticancer effects of USP21 have rarely
been reported. The first study on the cloning of USP21
reported that a truncated USP21 lacking its N-terminus
displayed a profound inhibitory effect on U2OS cell growth
(Gong et al., 2000). A later study discovered that USP21
generates antitumor activity by mediating MARKs protein
turnover, resulting in the suppression of YAP/TAZ (Nguyen
et al., 2017). Notably, the results of this study showed that
USP21 knockdown promoted anchorage-independent growth
of cancer cells, including A549 and MDA-MB-231, which
seemed to be inconsistent with several studies indicating the
positive role of USP21 in cell proliferation, migration, and
invasion of A549 and MDA-MB-231 (Urbe et al., 2012; Peng
et al., 2016b; Arceci et al., 2019; Xu et al., 2020). A recent study
showed that RBM47 inhibited proliferation in papillary thyroid
carcinoma by stabilizing the lncRNA SNHG5, which in turn acted
as a scaffold, binding with USP21 to regulate the expression of
FOXO3, implying that USP21 is required for the tumor-
suppressive role of RBM47 (Qin et al., 2022). Therefore, the
tumor-suppressive effects of USP21 need to be confirmed in
further studies.

Immune-Related Diseases
Increased expression of USP21 has been found in Treg cells of
asthma patients (Zhang et al., 2013; Chen et al., 2018); the
imbalance of FOXP3 and GATA3 is an important cause of
pathogenic alteration of Treg cells in asthma patients (Chen

et al., 2018). Given that USP21 has been confirmed to regulate
the stability of both FOXP3 and GATA3 (Zhang et al., 2013; Li
et al., 2016), the mechanism by which USP21 imbalances
GATA3 and FOXP3 remains obscure (Chen et al., 2018).
This may be clarified by investigating whether GATA3 and
FOXP3 compete in the same domain of USP21 and the affinity
of USP21 toward these two substrates. An additional study
uncovered the multifaceted effects of USP21 in Treg cell-
mediated regulation of immune interactions between
Schistosoma and its host, suggesting the potential role of
USP21 in regulating liver fibrosis in patients with
schistosomiasis (Zhang et al., 2021). In addition, USP21
depletion contributed to the significant production of IFNs
by activating the RIG-I or STING pathway, raising the
possibility that USP21 inhibitors may enhance immune
responses against virus infection (Fan et al., 2014; Chen
et al., 2017a).

Muscle Dysfunction and Associated
Metabolic Diseases
USP21 was initially found to be highly expressed in several tissues
including skeletal muscle (Gong et al., 2000; Smith and Southan,
2000). Kim et al. recently identified the regulatory role of USP21
in balancing fuel storage and energy expenditure in skeletal
muscle. Their results demonstrated that DNA-dependent
protein kinase catalytic subunit (DNA-PKcs) and ATP citrate
lyase (ACLY) are specific substrates of USP21 that regulate the
activity of AMPK, an important energy sensor. Notably, USP21
expression is upregulated in the skeletal muscle of a diabetic
patient and high-fat diet-induced obese mice. Collectively, this
study provides evidence that USP21 and its downstream substrate
network are potential targets for the treatment of muscle
dysfunction and associated metabolic diseases, such as obesity
and type 2 diabetes (Kim et al., 2021).

CELLULAR REGULATION OF USP21

Currently, our understanding of the regulatory mechanisms of
USP21 expression, stability, and function is limited (Figure 4). At
the transcriptional level, HNF4α was first reported to suppress
USP21 transcription by directly recruiting SMRT to its promoter
region, leading to reduced acetylation of histone H3 K9 and K14
(Ungaro et al., 2010). A potential FOXP3 binding site within the
-352 and -346 regions, as well as two potential STAT3-binding
sites within the −836 to −828 and −3,054 to −3,033 regions, were
subsequently identified in the USP21 promoter (Zhang et al.,
2013; Jin et al., 2016). FOXP3 can specifically bind to the USP21
promoter and activate its transcription after T-cell receptor (TcR)
stimulation (Zhang et al., 2013). Notably, phosphorylation of
STAT3 at Tyr 705, activated by LIF/JAK signaling, is required for
the positive regulation of USP21 inmESCs (Huang et al., 2014; Jin
et al., 2016). Moreover, circular RNA hsa_circ_0039053 and
lncRNAs, including FDG5-AS1 and SNHG16, can upregulate
USP21 by downregulating specific miRNAs (Liu et al., 2020; Xu
et al., 2020; Yang et al., 2020). Specifically, USP21 was negatively
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regulated by miR-637 in HCC, and this inhibition could be
reversed by hsa_circ_0039053, which acts as a sponge to
prevent miR-637 from associating with USP21 mRNA (Yang
et al., 2020). In contrast, FDG5-AS1 and SNHG16 function as
miRNA sponges for miR-520b and miR-4500, leading to
increased expression of USP21 in oral squamous cell
carcinoma and NSCLC, respectively, (Liu et al., 2020; Xu
et al., 2020).

To date, the sole post-translational modification linked with
USP21 regulation is phosphorylation, which in turn affects its
affinity for substrate proteins. Phosphorylation of mouse
Usp21 at Ser539 by ERK1 in mESCs in response to
differentiation stimuli blocked the interaction between
Usp21 and Nanog, which consequently resulted in Nanog
degradation and mESC differentiation (Jin et al., 2016). In
contrast, p38-mediated phosphorylation of USP21 at Ser538
(Ser539 in mouse Usp21) in response to DNA virus infection
promotes the binding of USP21 to STING, thus leading to the
inactivation of STING and decreased efficiency of antiviral
immunity (Chen et al., 2017a).

On a final note, Khan et al. found that SUMOylated BEND3
could stabilize USP21. However, the underlying mechanism is
not fully understood and warrants further study (Khan et al.,
2015). These findings indicate that the expression, substrate-
binding affinity, and stability of USP21 are tightly controlled
by different mechanisms under different physiological and
pathological conditions. Thus, more studies are urgently
needed to establish a clear regulatory network for USP21.

INHIBITORS OF USP21

Studies carried out in the past few decades have revealed the
critical roles of DUBs in various diseases, especially cancer,
providing sufficient evidence for the development of these
molecules as potential pharmaceutical targets, and considerable
progress has been made in the development of inhibitors against
several DUBs such as USP1 and USP7 (Harrigan et al., 2018;
Chen S. et al., 2021; Nininahazwe et al., 2021). Nevertheless,
progress in the development of USP21 inhibitors remains limited.
By integrating multiple strategies and technologies, several
studies have isolated multiple Ub variants, such as Ubv.21.4
and Ubv10, which selectively bind and potently inhibit USP21
with low nanomolar IC50 in in vitro proteolysis assays (Table 4)
(Ernst et al., 2013; Leung et al., 2016; Sun et al., 2016; Sun and
Kim, 2017). Moreover, overexpression of Ubv.21.4CΔ2, the
truncated Ubv.21.4 form lacking the last two glycines, also
efficiently inhibited cellular USP21 activity, blocking the
deubiquitylation of RIP1 and STING by USP21 (Ernst et al.,
2013; Chen et al., 2017a). Furthermore, Ub variant inhibitors
targeting other DUBs, such as USP8, USP2a, OTUB1, STAMBP,
STAMBPL1, and USP28, have been identified, implying that Ub
variants are suitable to serve as conducive genetic probes for
investigating and modulating ubiquitin system function (Ernst
et al., 2013; Guo Y. et al., 2021; Veggiani et al., 2022).

Disulfiram, an anti-alcohol abuse drug actively being
repurposed for cancer, and 6-Thioguanine (6 TG), a clinical
drug for acute myeloid leukemia, were recently identified as

FIGURE 4 |Regulation of USP21 expression. HNF4α, STAT3, and FOXP3 can directly bind to the USP21 promoter tomodulate the transcription of USP21. Several
lncRNAs regulate USP21 expression by sponging miRNAs. ERK and p38 phosphorylated USP21 to regulate its substrate binding affinity, and SUMOylated BEND3
stabilize USP21 in an indistinct manner.
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competitive inhibitors of USP21 (Table 5). Co-treatment with
disulfiram and 6 TG exhibited a synergistic effect of USP21
inhibition, indicating that these two drugs may modify
cysteine residues in different regions of USP21 (Lin et al.,
2021). This encourages the evaluation of combination
treatment with disulfiram and 6 TG for USP21 dysregulated
diseases including cancer. Furthermore, disulfiram and 6 TG
synergistically inhibited the enzymatic activity of USP2 (Lin
et al., 2021), but whether these two compounds suppress the
activity of other DUBs remains to be studied further. Moreover,
two other non-selective small-molecule inhibitors of USP21,
spongiacidin C and KYT-36, have been reported (Table 5).
However, they do not have the expected biological functions,
such as cytotoxicity and transcriptional inhibition (Kadowaki
et al., 2004; Nakagawa et al., 2008; Yamaguchi et al., 2013).

In addition, the STAT3 inhibitor cryptotanshinone and
HDAC inhibitors (SAHA and MS-275) have been reported to
downregulate the expression of USP21 (Table 5) (Jin et al., 2016;
Lee et al., 2021). Although the antitumor activity of
cryptotanshinone and HDAC inhibitors has been studied
extensively, the role of USP21 in antitumor activity remains
unclear (Ashrafizadeh et al., 2021; Ruzic et al., 2022). In
summary, highly potent and specific inhibitors targeting
USP21 urgently need to be discovered and developed, which
may serve as promising agents for the treatment of multiple forms
of cancer and other diseases.

CONCLUSION AND FUTURE
PERSPECTIVES

Numerous efforts over the last decade have greatly enriched our
understanding of USP21. The identification of a wide range of
USP21 substrates revealed the momentous and multifaceted role
of USP21 in physiological and pathological states, especially in
tumorigenesis, highlighting that USP21 is emerging as an
appealing target for the therapy of many correlative diseases.
Nonetheless, the finding that USP21 appears to play a dual role in
several biological processes and pathological conditions
emphasizes the need to evaluate the role of USP21 in different
environments and diseases. For example, a majority of studies
indicated that USP21 supported proliferation and progression, as
well as potential immunosuppression in distinct cancer types,

whereas the suppressive roles of USP21 have also been reported.
Thus, future studies should focus on deciphering which cancers
and other diseases are likely to benefit from USP21 inhibition.
Meanwhile, we should be alert to the adverse effects of immune
system activation that may be caused by USP21 inhibition. This is
because USP21 maintains the suppressive activity of Treg cells
and decreases the production of IFNs (Fan et al., 2014; Li et al.,
2016; Chen et al., 2017a). Several other critical issues remain to be
resolved. For instance, key factors regulate the shuttling of USP21
from the cytoplasm to the nucleus. It is not known how USP21
specifically regulates its diverse downstream signaling substrates
in different contexts. In addition, the upstream regulators of
USP21 are not completely understood.

Therefore, the regulation and function of USP21 in normal
and pathological states still require further investigation, which
will provide deep insights into its activity and specificity,
strengthening the foundation for the development of selective
USP21 inhibitors as a viable strategy to treat cancer and other
diseases. Moreover, there is only a limited exploration of the
inhibition of USP21, mainly represented by the small numbers,
low activity and selectivity of inhibitors, and undefined or
negligible pharmacological effects. Thus, more effective
inhibitors targeting USP21 are required. This will advance the
understanding of USP21 function andmanipulation of USP21 for
therapeutic benefit, paving the way for the development of USP21
as a potential therapeutic target.

AUTHOR CONTRIBUTIONS

TA: Conceptualization andmanuscript draft writing. YL, and XY:
Preparation for the tables and figures. JH: Conceptualization,
supervision, and proofreading. All authors agree to the final
submission of this manuscript.

FUNDING

This work is supported by the PhD Start-up Fund for TA from
Qilu University of Technology (No. 81110573), the Young
Scientists Fund of National Science Foundation of China (No.
81803587), and Foundation of Xiamen Municipal Bureau of
Science and Technology (No. 3502Z20214ZD1034).

REFERENCES

Aggarwal, S., Tolani, P., Gupta, S., and Yadav, A. K. (2021). Posttranslational
Modifications in Systems Biology. Adv. Protein Chem. Struct. Biol. 127, 93–126.
doi:10.1016/bs.apcsb.2021.03.005

Arceci, A., Bonacci, T., Wang, X., Stewart, K., Damrauer, J. S., Hoadley, K. A., et al.
(2019). FOXM1 Deubiquitination by USP21 Regulates Cell Cycle Progression
and Paclitaxel Sensitivity in Basal-like Breast Cancer. Cell Rep. 26, 3076–e6.
doi:10.1016/j.celrep.2019.02.054

Ashrafizadeh, M., Zarrabi, A., Orouei, S., Saberifar, S., Salami, S., Hushmandi, K.,
et al. (2021). Recent Advances and Future Directions in Anti-tumor Activity of
Cryptotanshinone: A Mechanistic Review. Phytother. Res. 35, 155–179. doi:10.
1002/ptr.6815

Asomugha, C. O., Linn, D. M., and Linn, C. L. (2010). ACh Receptors Link Two
Signaling Pathways to Neuroprotection against Glutamate-Induced
Excitotoxicity in Isolated RGCs. J. Neurochem. 112, 214–226. doi:10.1111/j.
1471-4159.2009.06447.x

Barbour, H., Daou, S., Hendzel, M., and Affar, E. B. (2020). Polycomb Group-
Mediated Histone H2A Monoubiquitination in Epigenome Regulation and
Nuclear Processes. Nat. Commun. 11, 5947. doi:10.1038/s41467-020-19722-9

Bhattacharya, S., Reddy, D., Ingle, A., Khade, B., and Gupta, S. (2016). Brief
Communication: Featured Article: Histone H2A Mono-Ubiquitination and
Cellular Transformation Are Inversely Related in N-Nitrosodiethylamine-Induced
Hepatocellular Carcinoma. Exp. Biol. Med. (Maywood) 241, 1739–1744. doi:10.1177/
1535370216649262

Bheda, A., Gullapalli, A., Caplow, M., Pagano, J. S., and Shackelford, J.
(2010). Ubiquitin Editing Enzyme UCH L1 and Microtubule

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 94408914

An et al. Focus on USP21

https://doi.org/10.1016/bs.apcsb.2021.03.005
https://doi.org/10.1016/j.celrep.2019.02.054
https://doi.org/10.1002/ptr.6815
https://doi.org/10.1002/ptr.6815
https://doi.org/10.1111/j.1471-4159.2009.06447.x
https://doi.org/10.1111/j.1471-4159.2009.06447.x
https://doi.org/10.1038/s41467-020-19722-9
https://doi.org/10.1177/1535370216649262
https://doi.org/10.1177/1535370216649262
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Dynamics: Implication in Mitosis. Cell Cycle 9, 980–994. doi:10.4161/
cc.9.5.10934

Bremm, A., Freund, S. M., and Komander, D. (2010). Lys11-linked Ubiquitin
Chains Adopt Compact Conformations and Are Preferentially Hydrolyzed by
the Deubiquitinase Cezanne. Nat. Struct. Mol. Biol. 17, 939–947. doi:10.1038/
nsmb.1873

Cao, J., and Yan, Q. (2012). Histone Ubiquitination and Deubiquitination in
Transcription, DNA Damage Response, and Cancer. Front. Oncol. 2, 26. doi:10.
3389/fonc.2012.00026

Chen, L., Xu, Z., Li, Q., Feng, Q., Zheng, C., Du, Y., et al. (2021). USP28 Facilitates
Pancreatic Cancer Progression through Activation of Wnt/β-Catenin Pathway
via Stabilising FOXM1. Cell Death Dis. 12, 887. doi:10.1038/s41419-021-
04163-z

Chen, S., Liu, Y., and Zhou, H. (2021). Advances in the Development Ubiquitin-
specific Peptidase (USP) Inhibitors. Int. J. Mol. Sci. 22. doi:10.3390/
ijms22094546

Chen, T., Hou, X., Ni, Y., Du, W., Han, H., Yu, Y., et al. (2018). The Imbalance of
FOXP3/GATA3 in Regulatory T Cells from the Peripheral Blood of Asthmatic
Patients. J. Immunol. Res. 2018, 3096183. doi:10.1155/2018/3096183

Chen, X., Ma, Y., Wang, L., Zhang, X., Yu, Y., Lü, W., et al. (2021). Loss of X
Chromosome Inactivation in Androgenetic Complete Hydatidiform Moles
with 46, XX Karyotype. Int. J. Gynecol. Pathol. 40, 333–341. doi:10.1097/
PGP.0000000000000697

Chen, Y., Li, Y., Xue, J., Gong, A., Yu, G., Zhou, A., et al. (2016). Wnt-induced
Deubiquitination FoxM1 Ensures Nucleus β-catenin Transactivation. EMBO J.
35, 668–684. doi:10.15252/embj.201592810

Chen, Y., Wang, L., Jin, J., Luan, Y., Chen, C., Li, Y., et al. (2017a). p38 Inhibition
Provides Anti-DNA Virus Immunity by Regulation of USP21 Phosphorylation
and STING Activation. J. Exp. Med. 214, 991–1010. doi:10.1084/jem.20161387

Chen, Y., Zhou, B., and Chen, D. (2017b). USP21 Promotes Cell Proliferation and
Metastasis through Suppressing EZH2 Ubiquitination in Bladder Carcinoma.
Onco Targets Ther. 10, 681–689. doi:10.2147/OTT.S124795

Choi, Y. S., Park, J. A., Kim, J., Rho, S. S., Park, H., Kim, Y. M., et al. (2012). Nuclear
IL-33 Is a Transcriptional Regulator of NF-Κb P65 and Induces Endothelial Cell
Activation. Biochem. Biophys. Res. Commun. 421, 305–311. doi:10.1016/j.bbrc.
2012.04.005

Crawford, H. C. (2021). Anticipating Resistance to KRAS Inhibition: a Novel Role
for USP21 in Macropinocytosis Regulation. Genes Dev. 35, 1325–1326. doi:10.
1101/gad.348971.121

De Smaele, E., Di Marcotullio, L., Moretti, M., Pelloni, M., Occhione, M. A.,
Infante, P., et al. (2011). Identification and Characterization of KCASH2 and
KCASH3, 2 Novel Cullin3 Adaptors Suppressing Histone Deacetylase and
Hedgehog Activity in Medulloblastoma. Neoplasia 13, 374–385. doi:10.1593/
neo.101630

Deng, M., Chen, B., Yang, Y., Wan, Y., Liu, Z., Fu, J., et al. (2021). Characterization
of Transcriptional Activity during ZGA in Mammalian SCNT Embryo†. Biol.
Reprod. 105, 905–917. doi:10.1093/biolre/ioab127

Dostie, J., Ferraiuolo, M., Pause, A., Adam, S. A., and Sonenberg, N. (2000). A
Novel Shuttling Protein, 4E-T, Mediates the Nuclear Import of the mRNA 5’
Cap-Binding Protein, eIF4E. EMBO J. 19, 3142–3156. doi:10.1093/emboj/19.12.
3142

Ea, C. K., Deng, L., Xia, Z. P., Pineda, G., and Chen, Z. J. (2006). Activation of
IKK by TNFalpha Requires Site-specific Ubiquitination of RIP1 and
Polyubiquitin Binding by NEMO. Mol. Cell 22, 245–257. doi:10.1016/j.
molcel.2006.03.026

Enesa, K., Zakkar, M., Chaudhury, H., Luong le, A., Rawlinson, L., Mason, J. C.,
et al. (2008). NF-kappaB Suppression by the Deubiquitinating Enzyme
Cezanne: a Novel Negative Feedback Loop in Pro-inflammatory Signaling.
J. Biol. Chem. 283, 7036–7045. doi:10.1074/jbc.M708690200

Ernst, A., Avvakumov, G., Tong, J., Fan, Y., Zhao, Y., Alberts, P., et al. (2013). A
Strategy for Modulation of Enzymes in the Ubiquitin System. Science 339,
590–595. doi:10.1126/science.1230161

Facciabene, A., Motz, G. T., and Coukos, G. (2012). T-Regulatory Cells: Key Players
in Tumor Immune Escape and Angiogenesis. Cancer Res. 72, 2162–2171.
doi:10.1158/0008-5472.CAN-11-3687

Fan, Y., Mao, R., Yu, Y., Liu, S., Shi, Z., Cheng, J., et al. (2014). USP21 Negatively
Regulates Antiviral Response by Acting as a RIG-I Deubiquitinase. J. Exp. Med.
211, 313–328. doi:10.1084/jem.20122844

Fatma, H., Siddique, H. R., and Maurya, S. K. (2021). The Multiple Faces of
NANOG in Cancer: a Therapeutic Target to Chemosensitize Therapy-Resistant
Cancers. Epigenomics 13, 1885–1900. doi:10.2217/epi-2021-0228

Foulkes, W. D., Smith, I. E., and Reis-Filho, J. S. (2010). Triple-negative Breast
Cancer. N. Engl. J. Med. 363, 1938–1948. doi:10.1056/NEJMra1001389

Gabay-Maskit, S., Cruz-Zaragoza, L. D., Shai, N., Eisenstein, M., Bibi, C., Cohen,
N., et al. (2020). A Piggybacking Mechanism Enables Peroxisomal Localization
of the Glyoxylate Cycle Enzyme Mdh2 in Yeast. J. Cell Sci. 133, jcs244376.
doi:10.1242/jcs.244376

Gao, J., Huo, L., Sun, X., Liu, M., Li, D., Dong, J. T., et al. (2008). The Tumor
Suppressor CYLD Regulates Microtubule Dynamics and Plays a Role in Cell
Migration. J. Biol. Chem. 283, 8802–8809. doi:10.1074/jbc.M708470200

Gao, W., Li, G., Zhao, S., Wang, H., Huan, C., Zheng, B., et al. (2021).
Deubiquitinating Enzyme USP21 Inhibits HIV-1 Replication by
Downregulating Tat Expression. J. Virol. 95, e0046021. doi:10.1128/JVI.
00460-21

García-Santisteban, I., Bañuelos, S., and Rodríguez, J. A. (2012). A Global Survey of
CRM1-dependent Nuclear Export Sequences in the Human Deubiquitinase
Family. Biochem. J. 441, 209–217. doi:10.1042/BJ20111300

Garshott, D. M., Sundaramoorthy, E., Leonard, M., and Bennett, E. J. (2020).
Distinct Regulatory Ribosomal Ubiquitylation Events Are Reversible and
Hierarchically Organized. Elife 9, e54023. doi:10.7554/eLife.54023

Gaspar, P., and Tapon, N. (2014). Sensing the Local Environment: Actin
Architecture and Hippo Signalling. Curr. Opin. Cell Biol. 31, 74–83. doi:10.
1016/j.ceb.2014.09.003

Gong, L., Kamitani, T., Millas, S., and Yeh, E. T. (2000). Identification of a Novel
Isopeptidase with Dual Specificity for Ubiquitin- and NEDD8-Conjugated
Proteins. J. Biol. Chem. 275, 14212–14216. doi:10.1074/jbc.275.19.14212

Guo, Q., Shi, D., Lin, L., Li, H., Wei, Y., Li, B., et al. (2021). De-Ubiquitinating
Enzymes USP21 Regulate MAPK1 Expression by Binding to Transcription
Factor GATA3 to Regulate Tumor Growth and Cell Stemness of Gastric
Cancer. Front. Cell Dev. Biol. 9, 641981. doi:10.3389/fcell.2021.641981

Guo, Y., Liu, Q., Mallette, E., Caba, C., Hou, F., Fux, J., et al. (2021). Structural and
Functional Characterization of Ubiquitin Variant Inhibitors for the JAMM-
Family Deubiquitinases STAMBP and STAMBPL1. J. Biol. Chem. 297, 101107.
doi:10.1016/j.jbc.2021.101107

Harrigan, J. A., Jacq, X., Martin, N. M., and Jackson, S. P. (2018). Deubiquitylating
Enzymes and Drug Discovery: Emerging Opportunities. Nat. Rev. Drug Discov.
17, 57–78. doi:10.1038/nrd.2017.152

Heride, C., Rigden, D. J., Bertsoulaki, E., Cucchi, D., De Smaele, E., Clague, M. J.,
et al. (2016). The Centrosomal Deubiquitylase USP21 Regulates Gli1
Transcriptional Activity and Stability. J. Cell Sci. 129, 4001–4013. doi:10.
1242/jcs.188516

Hermanns, T., Pichlo, C., Woiwode, I., Klopffleisch, K., Witting, K. F., Ovaa, H.,
et al. (2018). A Family of Unconventional Deubiquitinases with Modular Chain
Specificity Determinants. Nat. Commun. 9, 799. doi:10.1038/s41467-018-
03148-5

Hoesel, B., and Schmid, J. A. (2013). The Complexity of NF-Κb Signaling in
Inflammation and Cancer. Mol. Cancer 12, 86. doi:10.1186/1476-4598-12-86

Hong, Y., Lee, S. O., Oh, C., Kang, K., Ryoo, J., Kim, D., et al. (2021). USP21
Deubiquitinase Regulates AIM2 Inflammasome Activation. J. Immunol. 207,
1926–1936. doi:10.4049/jimmunol.2100449

Hospenthal, M. K., Mevissen, T. E. T., and Komander, D. (2015). Deubiquitinase-
based Analysis of Ubiquitin Chain Architecture Using Ubiquitin Chain
Restriction (UbiCRest). Nat. Protoc. 10, 349–361. doi:10.1038/nprot.2015.018

Hou, P., Ma, X., Yang, Z., Zhang, Q., Wu, C. J., Li, J., et al. (2021). USP21
Deubiquitinase Elevates Macropinocytosis to Enable Oncogenic KRAS Bypass
in Pancreatic Cancer. Genes Dev. 35, 1327–1332. doi:10.1101/gad.348787.121

Hou, P., Ma, X., Zhang, Q., Wu, C. J., Liao, W., Li, J., et al. (2019). USP21
Deubiquitinase Promotes Pancreas Cancer Cell Stemness via Wnt Pathway
Activation. Genes Dev. 33, 1361–1366. doi:10.1101/gad.326314.119

Hou, X., Wang, L., Zhang, L., Pan, X., and Zhao, W. (2013). Ubiquitin-specific
Protease 4 Promotes TNF-α-Induced Apoptosis by Deubiquitination of RIP1 in
Head and Neck Squamous Cell Carcinoma. FEBS Lett. 587, 311–316. doi:10.
1016/j.febslet.2012.12.016

Hsu, F. S., Lin, W. C., Kuo, K. L., Chiu, Y. L., Hsu, C. H., Liao, S. M., et al. (2021).
PR-619, a General Inhibitor of Deubiquitylating Enzymes, Diminishes
Cisplatin Resistance in Urothelial Carcinoma Cells through the Suppression

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 94408915

An et al. Focus on USP21

https://doi.org/10.4161/cc.9.5.10934
https://doi.org/10.4161/cc.9.5.10934
https://doi.org/10.1038/nsmb.1873
https://doi.org/10.1038/nsmb.1873
https://doi.org/10.3389/fonc.2012.00026
https://doi.org/10.3389/fonc.2012.00026
https://doi.org/10.1038/s41419-021-04163-z
https://doi.org/10.1038/s41419-021-04163-z
https://doi.org/10.3390/ijms22094546
https://doi.org/10.3390/ijms22094546
https://doi.org/10.1155/2018/3096183
https://doi.org/10.1097/PGP.0000000000000697
https://doi.org/10.1097/PGP.0000000000000697
https://doi.org/10.15252/embj.201592810
https://doi.org/10.1084/jem.20161387
https://doi.org/10.2147/OTT.S124795
https://doi.org/10.1016/j.bbrc.2012.04.005
https://doi.org/10.1016/j.bbrc.2012.04.005
https://doi.org/10.1101/gad.348971.121
https://doi.org/10.1101/gad.348971.121
https://doi.org/10.1593/neo.101630
https://doi.org/10.1593/neo.101630
https://doi.org/10.1093/biolre/ioab127
https://doi.org/10.1093/emboj/19.12.3142
https://doi.org/10.1093/emboj/19.12.3142
https://doi.org/10.1016/j.molcel.2006.03.026
https://doi.org/10.1016/j.molcel.2006.03.026
https://doi.org/10.1074/jbc.M708690200
https://doi.org/10.1126/science.1230161
https://doi.org/10.1158/0008-5472.CAN-11-3687
https://doi.org/10.1084/jem.20122844
https://doi.org/10.2217/epi-2021-0228
https://doi.org/10.1056/NEJMra1001389
https://doi.org/10.1242/jcs.244376
https://doi.org/10.1074/jbc.M708470200
https://doi.org/10.1128/JVI.00460-21
https://doi.org/10.1128/JVI.00460-21
https://doi.org/10.1042/BJ20111300
https://doi.org/10.7554/eLife.54023
https://doi.org/10.1016/j.ceb.2014.09.003
https://doi.org/10.1016/j.ceb.2014.09.003
https://doi.org/10.1074/jbc.275.19.14212
https://doi.org/10.3389/fcell.2021.641981
https://doi.org/10.1016/j.jbc.2021.101107
https://doi.org/10.1038/nrd.2017.152
https://doi.org/10.1242/jcs.188516
https://doi.org/10.1242/jcs.188516
https://doi.org/10.1038/s41467-018-03148-5
https://doi.org/10.1038/s41467-018-03148-5
https://doi.org/10.1186/1476-4598-12-86
https://doi.org/10.4049/jimmunol.2100449
https://doi.org/10.1038/nprot.2015.018
https://doi.org/10.1101/gad.348787.121
https://doi.org/10.1101/gad.326314.119
https://doi.org/10.1016/j.febslet.2012.12.016
https://doi.org/10.1016/j.febslet.2012.12.016
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


of C-Myc: An In Vitro and In Vivo Study. Int. J. Mol. Sci. 22, 11706. doi:10.3390/
ijms222111706

Hu, X., Wang, J., Chu, M., Liu, Y., Wang, Z. W., and Zhu, X. (2021). Emerging Role
of Ubiquitination in the Regulation of PD-1/pd-L1 in Cancer Immunotherapy.
Mol. Ther. 29, 908–919. doi:10.1016/j.ymthe.2020.12.032

Huang, G., Yan, H., Ye, S., Tong, C., and Ying, Q. L. (2014). STAT3
Phosphorylation at Tyrosine 705 and Serine 727 Differentially Regulates
Mouse ESC Fates. Stem Cells 32, 1149–1160. doi:10.1002/stem.1609

Jin, J., Liu, J., Chen, C., Liu, Z., Jiang, C., Chu, H., et al. (2016). The Deubiquitinase
USP21 Maintains the Stemness of Mouse Embryonic Stem Cells via
Stabilization of Nanog. Nat. Commun. 7, 13594. doi:10.1038/ncomms13594

Jullien, J., Vodnala, M., Pasque, V., Oikawa, M., Miyamoto, K., Allen, G., et al.
(2017). Gene Resistance to Transcriptional Reprogramming Following Nuclear
Transfer Is Directly Mediated by Multiple Chromatin-Repressive Pathways.
Mol. Cell 65, 873–e8. doi:10.1016/j.molcel.2017.01.030

Kadowaki, T., Baba, A., Abe, N., Takii, R., Hashimoto, M., Tsukuba, T., et al.
(2004). Suppression of Pathogenicity of Porphyromonas Gingivalis by Newly
Developed Gingipain Inhibitors. Mol. Pharmacol. 66, 1599–1606. doi:10.1124/
mol.104.004366

Khan, A., Giri, S., Wang, Y., Chakraborty, A., Ghosh, A. K., Anantharaman, A.,
et al. (2015). BEND3 Represses rDNA Transcription by Stabilizing a NoRC
Component via USP21 Deubiquitinase. Proc. Natl. Acad. Sci. U. S. A. 112,
8338–8343. doi:10.1073/pnas.1424705112

Kim, A., Koo, J. H., Jin, X., Kim, W., Park, S. Y., Park, S., et al. (2021). Ablation of
USP21 in Skeletal Muscle Promotes Oxidative Fibre Phenotype, Inhibiting
Obesity and Type 2 Diabetes. J. Cachexia Sarcopenia Muscle 12, 1669–1689.
doi:10.1002/jcsm.12777

Kim, K. H., and Roberts, C. W. (2016). Targeting EZH2 in Cancer. Nat. Med. 22,
128–134. doi:10.1038/nm.4036

Komander, D., Clague, M. J., and Urbé, S. (2009). Breaking the Chains: Structure
and Function of the Deubiquitinases. Nat. Rev. Mol. Cell Biol. 10, 550–563.
doi:10.1038/nrm2731

Komander, D., and Rape, M. (2012). The Ubiquitin Code. Annu. Rev. Biochem. 81,
203–229. doi:10.1146/annurev-biochem-060310-170328

Kwon, S. K., Lee, D. H., Kim, S. Y., Park, J. H., Choi, J., and Baek, K. H. (2017).
Ubiquitin-specific Protease 21 Regulating the K48-Linked Polyubiquitination
of NANOG. Biochem. Biophys. Res. Commun. 482, 1443–1448. doi:10.1016/j.
bbrc.2016.12.055

Kwon, Y. T., and Ciechanover, A. (2017). The Ubiquitin Code in the Ubiquitin-
Proteasome System and Autophagy. Trends Biochem. Sci. 42, 873–886. doi:10.
1016/j.tibs.2017.09.002

Lee, H. A., Chu, K. B., Moon, E. K., and Quan, F. S. (2021). Histone Deacetylase
Inhibitor-Induced CDKN2B and CDKN2D Contribute to G2/M Cell Cycle
Arrest Incurred by Oxidative Stress in Hepatocellular Carcinoma Cells via
Forkhead Box M1 Suppression. J. Cancer 12, 5086–5098. doi:10.7150/jca.60027

Leung, I., Dekel, A., Shifman, J. M., and Sidhu, S. S. (2016). Saturation Scanning of
Ubiquitin Variants Reveals a Common Hot Spot for Binding to USP2 and
USP21. Proc. Natl. Acad. Sci. U. S. A. 113, 8705–8710. doi:10.1073/pnas.
1524648113

Li, W., Cui, K., Prochownik, E. V., and Li, Y. (2018). The Deubiquitinase USP21
Stabilizes MEK2 to Promote Tumor Growth. Cell Death Dis. 9, 482. doi:10.
1038/s41419-018-0523-z

Li, Y., Lu, Y., Wang, S., Han, Z., Zhu, F., Ni, Y., et al. (2016). USP21 Prevents the
Generation of T-helper-1-like Treg Cells. Nat. Commun. 7, 13559. doi:10.1038/
ncomms13559

Li, Y., and Yuan, J. (2021). Role of Deubiquitinating Enzymes in DNA Double-
Strand Break Repair. J. Zhejiang Univ. Sci. B 22, 63–72. doi:10.1631/jzus.
B2000309

Li, Z., Liu, X., Yu, H., Wang, S., Zhao, S., and Jiang, G. (2022). USP21 Regulates
Hippo Signaling to Promote Radioresistance by Deubiquitinating FOXM1 in
Cervical Cancer. Hum. Cell 35, 333–347. doi:10.1007/s13577-021-00650-9

Liao, Y., Yang, M., Wang, K., Wang, Y., Zhong, B., and Jiang, N. (2022).
Deubiquitinating Enzyme OTUB1 in Immunity and Cancer: Good Player or
Bad Actor? Cancer Lett. 526, 248–258. doi:10.1016/j.canlet.2021.12.002

Lin, H. C., Kuan, Y., Chu, H. F., Cheng, S. C., Pan, H. C., Chen, W. Y., et al. (2021).
Disulfiram and 6-Thioguanine Synergistically Inhibit the Enzymatic Activities
of USP2 and USP21. Int. J. Biol. Macromol. 176, 490–497. doi:10.1016/j.
ijbiomac.2021.02.072

Lin, Y., Liang, R., Ye, J., Li, Q., Liu, Z., Gao, X., et al. (2019). A Twenty Gene-Based
Gene Set Variation Score Reflects the Pathological Progression from Cirrhosis
to Hepatocellular Carcinoma. Aging (Albany NY) 11, 11157–11169. doi:10.
18632/aging.102518

Liu, C. Y., Zha, Z. Y., Zhou, X., Zhang, H., Huang, W., Zhao, D., et al. (2010). The
Hippo Tumor Pathway Promotes TAZ Degradation by Phosphorylating a
Phosphodegron and Recruiting the SCF{beta}-TrCP E3 Ligase. J. Biol. Chem.
285, 37159–37169. doi:10.1074/jbc.M110.152942

Liu, F., Fu, Q., Li, Y., Zhang, K., Tang, M., Jiang, W., et al. (2019). USP21Modulates
Goosecoid Function through Deubiquitination. Biosci. Rep. 39, BSR20182148.
doi:10.1042/BSR20182148

Liu, J., Kruswick, A., Dang, H., Tran, A. D., Kwon, S. M., Wang, X. W., et al. (2017).
Ubiquitin-specific Protease 21 Stabilizes BRCA2 to Control DNA Repair and
Tumor Growth. Nat. Commun. 8, 137. doi:10.1038/s41467-017-00206-2

Liu, L., Zhan, Y., Huang, Y., and Huang, L. (2020). LncRNA FGD5-AS1 Can Be
Predicted as Therapeutic Target in Oral Cancer. J. Oral Pathol. Med. 49,
243–252. doi:10.1111/jop.12989

Liu, X., Yao, Y., Ding, H., Han, C., Chen, Y., Zhang, Y., et al. (2016). USP21
Deubiquitylates Nanog to Regulate Protein Stability and Stem Cell
Pluripotency. Signal Transduct. Target Ther. 1, 16024. doi:10.1038/sigtrans.
2016.24

Liu, Z., Dagley, L. F., Shield-Artin, K., Young, S. N., Bankovacki, A., Wang, X., et al.
(2021). Oligomerization-driven MLKL Ubiquitylation Antagonizes
Necroptosis. EMBO J. 40, e103718. doi:10.15252/embj.2019103718

Luo, K., Li, L., Li, Y., Wu, C., Yin, Y., Chen, Y., et al. (2016). A Phosphorylation-
Deubiquitination Cascade Regulates the BRCA2-RAD51 axis in Homologous
Recombination. Genes Dev. 30, 2581–2595. doi:10.1101/gad.289439.116

Luo, Y., Zhou, J., Tang, J., Zhou, F., He, Z., Liu, T., et al. (2021). MINDY1 Promotes
Bladder Cancer Progression by Stabilizing YAP. Cancer Cell Int. 21, 395. doi:10.
1186/s12935-021-02095-4

Ma, H., Luo, X., Zhou, P., He, N., Zhou, J., Liu, M., et al. (2021). USP21 Promotes
Cell Proliferation by Maintaining the EZH2 Level in Diffuse Large B-Cell
Lymphoma. J. Clin. Lab. Anal. 35, e23693. doi:10.1002/jcla.23693

MacDonald, B. T., Tamai, K., and He, X. (2009). Wnt/beta-catenin Signaling:
Components, Mechanisms, and Diseases. Dev. Cell 17, 9–26. doi:10.1016/j.
devcel.2009.06.016

Mevissen, T. E. T., and Komander, D. (2017). Mechanisms of Deubiquitinase
Specificity and Regulation. Annu. Rev. Biochem. 86, 159–192. doi:10.1146/
annurev-biochem-061516-044916

Mohseni, M., Sun, J., Lau, A., Curtis, S., Goldsmith, J., Fox, V. L., et al. (2014). A
Genetic Screen Identifies an LKB1-MARK Signalling axis Controlling the
Hippo-YAP Pathway. Nat. Cell Biol. 16, 108–117. doi:10.1038/ncb2884

Morgan, E. L., Chen, Z., and Van Waes, C. (2020). Regulation of NFkappaB
Signalling by Ubiquitination: A Potential Therapeutic Target in Head and Neck
Squamous Cell Carcinoma? Cancers (Basel) 12, 2877. doi:10.3390/
cancers12102877

Nakagawa, T., Kajitani, T., Togo, S., Masuko, N., Ohdan, H., Hishikawa, Y., et al.
(2008). Deubiquitylation of Histone H2A Activates Transcriptional Initiation
via Trans-histone Cross-Talk with H3K4 Di- and Trimethylation. Genes Dev.
22, 37–49. doi:10.1101/gad.1609708

Navarro, P., Chambers, I., Karwacki-Neisius, V., Chureau, C., Morey, C.,
Rougeulle, C., et al. (2008). Molecular Coupling of Xist Regulation and
Pluripotency. Science 321, 1693–1695. doi:10.1126/science.1160952

Navarro-Lerida, I., Sanchez-Alvarez, M., and Del Pozo, M. A. (2021). Post-
translational Modification and Subcellular Compartmentalization: Emerging
Concepts on the Regulation and Physiopathological Relevance of RhoGTPases.
Cells 10, 1990. doi:10.3390/cells10081990

Nguyen, H. T., Kugler, J. M., Loya, A. C., and Cohen, S. M. (2017). USP21 Regulates
Hippo Pathway Activity by Mediating MARK Protein Turnover. Oncotarget 8,
64095–64105. doi:10.18632/oncotarget.19322

Nininahazwe, L., Liu, B., He, C., Zhang, H., and Chen, Z. S. (2021). The
Emerging Nature of Ubiquitin-specific Protease 7 (USP7): a New Target in
Cancer Therapy. Drug Discov. Today 26, 490–502. doi:10.1016/j.drudis.
2020.10.028

Okuda, H., Ohdan, H., Nakayama, M., Koseki, H., Nakagawa, T., and Ito, T. (2013).
The USP21 Short Variant (USP21SV) Lacking NES, Located Mostly in the
Nucleus In Vivo, Activates Transcription by Deubiquitylating ubH2A In Vitro.
PLoS One 8, e79813. doi:10.1371/journal.pone.0079813

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 94408916

An et al. Focus on USP21

https://doi.org/10.3390/ijms222111706
https://doi.org/10.3390/ijms222111706
https://doi.org/10.1016/j.ymthe.2020.12.032
https://doi.org/10.1002/stem.1609
https://doi.org/10.1038/ncomms13594
https://doi.org/10.1016/j.molcel.2017.01.030
https://doi.org/10.1124/mol.104.004366
https://doi.org/10.1124/mol.104.004366
https://doi.org/10.1073/pnas.1424705112
https://doi.org/10.1002/jcsm.12777
https://doi.org/10.1038/nm.4036
https://doi.org/10.1038/nrm2731
https://doi.org/10.1146/annurev-biochem-060310-170328
https://doi.org/10.1016/j.bbrc.2016.12.055
https://doi.org/10.1016/j.bbrc.2016.12.055
https://doi.org/10.1016/j.tibs.2017.09.002
https://doi.org/10.1016/j.tibs.2017.09.002
https://doi.org/10.7150/jca.60027
https://doi.org/10.1073/pnas.1524648113
https://doi.org/10.1073/pnas.1524648113
https://doi.org/10.1038/s41419-018-0523-z
https://doi.org/10.1038/s41419-018-0523-z
https://doi.org/10.1038/ncomms13559
https://doi.org/10.1038/ncomms13559
https://doi.org/10.1631/jzus.B2000309
https://doi.org/10.1631/jzus.B2000309
https://doi.org/10.1007/s13577-021-00650-9
https://doi.org/10.1016/j.canlet.2021.12.002
https://doi.org/10.1016/j.ijbiomac.2021.02.072
https://doi.org/10.1016/j.ijbiomac.2021.02.072
https://doi.org/10.18632/aging.102518
https://doi.org/10.18632/aging.102518
https://doi.org/10.1074/jbc.M110.152942
https://doi.org/10.1042/BSR20182148
https://doi.org/10.1038/s41467-017-00206-2
https://doi.org/10.1111/jop.12989
https://doi.org/10.1038/sigtrans.2016.24
https://doi.org/10.1038/sigtrans.2016.24
https://doi.org/10.15252/embj.2019103718
https://doi.org/10.1101/gad.289439.116
https://doi.org/10.1186/s12935-021-02095-4
https://doi.org/10.1186/s12935-021-02095-4
https://doi.org/10.1002/jcla.23693
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1146/annurev-biochem-061516-044916
https://doi.org/10.1146/annurev-biochem-061516-044916
https://doi.org/10.1038/ncb2884
https://doi.org/10.3390/cancers12102877
https://doi.org/10.3390/cancers12102877
https://doi.org/10.1101/gad.1609708
https://doi.org/10.1126/science.1160952
https://doi.org/10.3390/cells10081990
https://doi.org/10.18632/oncotarget.19322
https://doi.org/10.1016/j.drudis.2020.10.028
https://doi.org/10.1016/j.drudis.2020.10.028
https://doi.org/10.1371/journal.pone.0079813
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Pan, J., Qiao, Y., Chen, C., Zang, H., Zhang, X., Qi, F., et al. (2021). USP5 Facilitates
Non-small Cell Lung Cancer Progression through Stabilization of PD-L1. Cell
Death Dis. 12, 1051. doi:10.1038/s41419-021-04356-6

Pannu, J., Belle, J. I., Förster, M., Duerr, C. U., Shen, S., Kane, L., et al. (2015).
Ubiquitin Specific Protease 21 Is Dispensable for Normal Development,
Hematopoiesis and Lymphocyte Differentiation. PLoS One 10, e0117304.
doi:10.1371/journal.pone.0117304

Park, H. B., and Baek, K. H. (2022). E3 Ligases and Deubiquitinating Enzymes
Regulating the MAPK Signaling Pathway in Cancers. Biochim. Biophys. Acta
Rev. Cancer 1877, 188736. doi:10.1016/j.bbcan.2022.188736

Park, H. B., Kim, J. W., and Baek, K. H. (2020). Regulation of Wnt Signaling
through Ubiquitination and Deubiquitination in Cancers. Int. J. Mol. Sci. 21,
3904. doi:10.3390/ijms21113904

Pearson, G., Robinson, F., Beers Gibson, T., Xu, B. E., Karandikar, M., Berman, K.,
et al. (2001). Mitogen-activated Protein (MAP) Kinase Pathways: Regulation
and Physiological Functions. Endocr. Rev. 22, 153–183. doi:10.1210/edrv.22.2.
0428

Pei, D. (2017). Deubiquitylating Nanog: Novel Role of USP21 in Embryonic Stem
Cell Maintenance. Signal Transduct. Target Ther. 2, 17014. doi:10.1038/
sigtrans.2017.14

Peng, L., Hu, Y., Chen, D., Jiao, S., and Sun, S. (2016a). Ubiquitin Specific Peptidase
21 Regulates Interleukin-8 Expression, Stem-Cell like Property of Human Renal
Cell Carcinoma. Oncotarget 7, 42007–42016. doi:10.18632/oncotarget.9751

Peng, L., Hu, Y., Chen, D., Linghu, R., Wang, Y., Kou, X., et al. (2016b). Ubiquitin
Specific Protease 21 Upregulation in Breast Cancer Promotes Cell Tumorigenic
Capability and Is Associated with the NOD-like Receptor Signaling Pathway.
Oncol. Lett. 12, 4531–4537. doi:10.3892/ol.2016.5263

Popovic, D., Vucic, D., and Dikic, I. (2014). Ubiquitination in Disease Pathogenesis
and Treatment. Nat. Med. 20, 1242–1253. doi:10.1038/nm.3739

Prieto, G., Fullaondo, A., and Rodríguez, J. A. (2016). Proteome-wide Search for
Functional Motifs Altered in Tumors: Prediction of Nuclear Export Signals
Inactivated by Cancer-Related Mutations. Sci. Rep. 6, 25869. doi:10.1038/
srep25869

Qian, G., Zhu, L., Li, G., Liu, Y., Zhang, Z., Pan, J., et al. (2021). An Integrated View
of Deubiquitinating Enzymes Involved in Type I Interferon Signaling, Host
Defense and Antiviral Activities. Front. Immunol. 12, 742542. doi:10.3389/
fimmu.2021.742542

Qin, Y., Sun, W., Wang, Z., Dong, W., He, L., Zhang, T., et al. (2022). RBM47/
SNHG5/FOXO3 axis Activates Autophagy and Inhibits Cell Proliferation in
Papillary Thyroid Carcinoma. Cell Death Dis. 13, 270. doi:10.1038/s41419-022-
04728-6

Riester, M., Werner, L., Bellmunt, J., Selvarajah, S., Guancial, E. A., Weir, B. A.,
et al. (2014). Integrative Analysis of 1q23.3 Copy-Number Gain in Metastatic
Urothelial Carcinoma. Clin. Cancer Res. 20, 1873–1883. doi:10.1158/1078-0432.
CCR-13-0759

Rushworth, L. K., Hindley, A. D., O’neill, E., and Kolch, W. (2006). Regulation and
Role of Raf-1/b-Raf Heterodimerization. Mol. Cell Biol. 26, 2262–2272. doi:10.
1128/MCB.26.6.2262-2272.2006

Ruzic, D., Djoković, N., Srdić-Rajić, T., Echeverria, C., Nikolic, K., and Santibanez,
J. F. (2022). Targeting Histone Deacetylases: Opportunities for Cancer
Treatment and Chemoprevention. Pharmaceutics 14, 209. doi:10.3390/
pharmaceutics14010209

Ryan, K. E., and Chiang, C. (2012). Hedgehog Secretion and Signal
Transduction in Vertebrates. J. Biol. Chem. 287, 17905–17913. doi:10.
1074/jbc.R112.356006

Sachse, S. M., Lievens, S., Ribeiro, L. F., Dascenco, D., Masschaele, D., Horré, K.,
et al. (2019). Nuclear Import of the DSCAM-Cytoplasmic Domain Drives
Signaling Capable of Inhibiting Synapse Formation. EMBO J. 38, e99669.
doi:10.15252/embj.201899669

Santinon, G., Pocaterra, A., and Dupont, S. (2016). Control of YAP/TAZ Activity
by Metabolic and Nutrient-Sensing Pathways. Trends Cell Biol. 26, 289–299.
doi:10.1016/j.tcb.2015.11.004

Sheng, T., Chi, S., Zhang, X., and Xie, J. (2006). Regulation of Gli1 Localization by
the cAMP/protein Kinase A Signaling axis through a Site Near the Nuclear
Localization Signal. J. Biol. Chem. 281, 9–12. doi:10.1074/jbc.C500300200

Shin, Y. C., Chen, J. H., and Chang, S. C. (2017). The Molecular Determinants for
Distinguishing between Ubiquitin and NEDD8 by USP2. Sci. Rep. 7, 2304.
doi:10.1038/s41598-017-02322-x

Shiokawa, D., Sato, A., Ohata, H., Mutoh, M., Sekine, S., Kato, M., et al. (2017). The
Induction of Selected Wnt Target Genes by Tcf1 Mediates Generation of
Tumorigenic Colon Stem Cells. Cell Rep. 19, 981–994. doi:10.1016/j.celrep.
2017.04.017

Sitron, C. S., and Brandman, O. (2019). CAT Tails Drive Degradation of Stalled
Polypeptides on and off the Ribosome. Nat. Struct. Mol. Biol. 26, 450–459.
doi:10.1038/s41594-019-0230-1

Smith, T. S., and Southan, C. (2000). Sequencing, Tissue Distribution and
Chromosomal Assignment of a Novel Ubiquitin-specific Protease USP23.
Biochim. Biophys. Acta 1490, 184–188. doi:10.1016/s0167-4781(99)00233-x

Song, E. J., Werner, S. L., Neubauer, J., Stegmeier, F., Aspden, J., Rio, D., et al.
(2010). The Prp19 Complex and the Usp4Sart3 Deubiquitinating Enzyme
Control Reversible Ubiquitination at the Spliceosome. Genes Dev. 24,
1434–1447. doi:10.1101/gad.1925010

Sowa, M. E., Bennett, E. J., Gygi, S. P., and Harper, J. W. (2009). Defining the
Human Deubiquitinating Enzyme Interaction Landscape. Cell 138, 389–403.
doi:10.1016/j.cell.2009.04.042

Stegmeier, F., Sowa, M. E., Nalepa, G., Gygi, S. P., Harper, J. W., and Elledge, S. J.
(2007). The Tumor Suppressor CYLD Regulates Entry into Mitosis. Proc. Natl.
Acad. Sci. U. S. A. 104, 8869–8874. doi:10.1073/pnas.0703268104

Stoufflet, J., Chaulet, M., Doulazmi, M., Fouquet, C., Dubacq, C., Métin, C., et al.
(2020). Primary Cilium-dependent cAMP/PKA Signaling at the Centrosome
Regulates Neuronal Migration. Sci. Adv. 6, eaba3992. doi:10.1126/sciadv.
aba3992

Sun, H. L., Men, J. R., Liu, H. Y., Liu, M. Y., and Zhang, H. S. (2020). FOXM1
Facilitates Breast Cancer Cell Stemness and Migration in YAP1-dependent
Manner. Arch. Biochem. Biophys. 685, 108349. doi:10.1016/j.abb.2020.108349

Sun, M. G., Seo, M. H., Nim, S., Corbi-Verge, C., and Kim, P. M. (2016). Protein
Engineering by Highly Parallel Screening of Computationally Designed
Variants. Sci. Adv. 2, e1600692. doi:10.1126/sciadv.1600692

Sun, M. G. F., and Kim, P. M. (2017). Data Driven Flexible Backbone Protein
Design. PLoS Comput. Biol. 13, e1005722. doi:10.1371/journal.pcbi.1005722

Suresh, B., Lee, J., Kim, H., and Ramakrishna, S. (2016). Regulation of Pluripotency
and Differentiation by Deubiquitinating Enzymes. Cell Death Differ. 23,
1257–1264. doi:10.1038/cdd.2016.53

Tang, J., Luo, Y., and Xiao, L. (2022). USP26 Promotes Anaplastic Thyroid Cancer
Progression by Stabilizing TAZ. Cell Death Dis. 13, 326. doi:10.1038/s41419-
022-04781-1

Tao, L., Chen, C., Song, H., Piccioni, M., Shi, G., and Li, B. (2014). Deubiquitination
and Stabilization of IL-33 by USP21. Int. J. Clin. Exp. Pathol. 7, 4930–4937.

Toloczko, A., Guo, F., Yuen, H. F., Wen, Q., Wood, S. A., Ong, Y. S., et al. (2017).
Deubiquitinating Enzyme USP9X Suppresses Tumor Growth via LATS Kinase
and Core Components of the Hippo Pathway. Cancer Res. 77, 4921–4933.
doi:10.1158/0008-5472.CAN-16-3413

Ungaro, P., Teperino, R., Mirra, P., Longo, M., Ciccarelli, M., Raciti, G. A., et al.
(2010). Hepatocyte Nuclear Factor (HNF)-4alpha-driven Epigenetic Silencing
of the Human PED Gene. Diabetologia 53, 1482–1492. doi:10.1007/s00125-
010-1732-x

Urbé, S., Liu, H., Hayes, S. D., Heride, C., Rigden, D. J., and Clague, M. J. (2012).
Systematic Survey of Deubiquitinase Localization Identifies USP21 as a
Regulator of Centrosome- and Microtubule-Associated Functions. Mol. Biol.
Cell 23, 1095–1103. doi:10.1091/mbc.E11-08-0668

Vasefifar, P., Motafakkerazad, R., Maleki, L. A., Najafi, S., Ghrobaninezhad, F.,
Najafzadeh, B., et al. (2022). Nanog, as a Key Cancer Stem Cell Marker in
Tumor Progression. Gene 827, 146448. doi:10.1016/j.gene.2022.146448

Veggiani, G., Yates, B. P., Martyn, G. D., Manczyk, N., Singer, A. U., Kurinov, I.,
et al. (2022). Panel of Engineered Ubiquitin Variants Targeting the Family of
Human Ubiquitin Interacting Motifs. ACS Chem. Biol. 17, 941–956. doi:10.
1021/acschembio.2c00089

Wang, P., Bai, Y., Song, B., Wang, Y., Liu, D., Lai, Y., et al. (2011). PP1A-mediated
Dephosphorylation Positively Regulates YAP2 Activity. PLoS One 6, e24288.
doi:10.1371/journal.pone.0024288

Wei, X., Guo, J., Li, Q., Jia, Q., Jing, Q., Li, Y., et al. (2019). Bach1 Regulates Self-
Renewal and Impedes Mesendodermal Differentiation of Human Embryonic
Stem Cells. Sci. Adv. 5, eaau7887. doi:10.1126/sciadv.aau7887

Wertz, I. E., O’rourke, K. M., Zhou, H., Eby, M., Aravind, L., Seshagiri, S., et al.
(2004). De-ubiquitination and Ubiquitin Ligase Domains of A20 Downregulate
NF-kappaB Signalling. Nature 430, 694–699. doi:10.1038/nature02794

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 94408917

An et al. Focus on USP21

https://doi.org/10.1038/s41419-021-04356-6
https://doi.org/10.1371/journal.pone.0117304
https://doi.org/10.1016/j.bbcan.2022.188736
https://doi.org/10.3390/ijms21113904
https://doi.org/10.1210/edrv.22.2.0428
https://doi.org/10.1210/edrv.22.2.0428
https://doi.org/10.1038/sigtrans.2017.14
https://doi.org/10.1038/sigtrans.2017.14
https://doi.org/10.18632/oncotarget.9751
https://doi.org/10.3892/ol.2016.5263
https://doi.org/10.1038/nm.3739
https://doi.org/10.1038/srep25869
https://doi.org/10.1038/srep25869
https://doi.org/10.3389/fimmu.2021.742542
https://doi.org/10.3389/fimmu.2021.742542
https://doi.org/10.1038/s41419-022-04728-6
https://doi.org/10.1038/s41419-022-04728-6
https://doi.org/10.1158/1078-0432.CCR-13-0759
https://doi.org/10.1158/1078-0432.CCR-13-0759
https://doi.org/10.1128/MCB.26.6.2262-2272.2006
https://doi.org/10.1128/MCB.26.6.2262-2272.2006
https://doi.org/10.3390/pharmaceutics14010209
https://doi.org/10.3390/pharmaceutics14010209
https://doi.org/10.1074/jbc.R112.356006
https://doi.org/10.1074/jbc.R112.356006
https://doi.org/10.15252/embj.201899669
https://doi.org/10.1016/j.tcb.2015.11.004
https://doi.org/10.1074/jbc.C500300200
https://doi.org/10.1038/s41598-017-02322-x
https://doi.org/10.1016/j.celrep.2017.04.017
https://doi.org/10.1016/j.celrep.2017.04.017
https://doi.org/10.1038/s41594-019-0230-1
https://doi.org/10.1016/s0167-4781(99)00233-x
https://doi.org/10.1101/gad.1925010
https://doi.org/10.1016/j.cell.2009.04.042
https://doi.org/10.1073/pnas.0703268104
https://doi.org/10.1126/sciadv.aba3992
https://doi.org/10.1126/sciadv.aba3992
https://doi.org/10.1016/j.abb.2020.108349
https://doi.org/10.1126/sciadv.1600692
https://doi.org/10.1371/journal.pcbi.1005722
https://doi.org/10.1038/cdd.2016.53
https://doi.org/10.1038/s41419-022-04781-1
https://doi.org/10.1038/s41419-022-04781-1
https://doi.org/10.1158/0008-5472.CAN-16-3413
https://doi.org/10.1007/s00125-010-1732-x
https://doi.org/10.1007/s00125-010-1732-x
https://doi.org/10.1091/mbc.E11-08-0668
https://doi.org/10.1016/j.gene.2022.146448
https://doi.org/10.1021/acschembio.2c00089
https://doi.org/10.1021/acschembio.2c00089
https://doi.org/10.1371/journal.pone.0024288
https://doi.org/10.1126/sciadv.aau7887
https://doi.org/10.1038/nature02794
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Wong, M., Polly, P., and Liu, T. (2015). The Histone Methyltransferase DOT1L:
Regulatory Functions and a Cancer Therapy Target. Am. J. Cancer Res. 5,
2823–2837.

Woo, S. R., Corrales, L., and Gajewski, T. F. (2015). The STING Pathway and the T
Cell-Inflamed Tumor Microenvironment. Trends Immunol. 36, 250–256.
doi:10.1016/j.it.2015.02.003

Wu, X., Wang, Z., Qiao, D., Yuan, Y., Han, C., Yang, N., et al. (2021). Porcine
Circovirus Type 2 Infection Attenuates the K63-Linked Ubiquitination of
STING to Inhibit IFN-β Induction via P38-MAPK Pathway. Veterinary
Microbiol. 258, 109098. doi:10.1016/j.vetmic.2021.109098

Xiao, X., Liu, C., Pei, Y., Wang, Y. Z., Kong, J., Lu, K., et al. (2020). Histone H2A
Ubiquitination Reinforces Mechanical Stability and Asymmetry at the Single-
Nucleosome Level. J. Am. Chem. Soc. 142, 3340–3345. doi:10.1021/jacs.9b12448

Xu, G., Tan, X., Wang, H., Sun, W., Shi, Y., Burlingame, S., et al. (2010). Ubiquitin-
specific Peptidase 21 Inhibits Tumor Necrosis Factor Alpha-Induced Nuclear
Factor kappaB Activation via Binding to and Deubiquitinating Receptor-
Interacting Protein 1. J. Biol. Chem. 285, 969–978. doi:10.1074/jbc.M109.
042689

Xu, P., Xiao, H., Yang, Q., Hu, R., Jiang, L., Bi, R., et al. (2020). The USP21/YY1/
SNHG16 axis Contributes to Tumor Proliferation, Migration, and Invasion of
Non-small-cell Lung Cancer. Exp. Mol. Med. 52, 41–55. doi:10.1038/s12276-
019-0356-6

Yamaguchi, M., Miyazaki, M., Kodrasov, M. P., Rotinsulu, H., Losung, F.,
Mangindaan, R. E., et al. (2013). Spongiacidin C, a Pyrrole Alkaloid from
the Marine Sponge Stylissa Massa, Functions as a USP7 Inhibitor. Bioorg Med.
Chem. Lett. 23, 3884–3886. doi:10.1016/j.bmcl.2013.04.066

Yan, K., Li, L., Wang, X., Hong, R., Zhang, Y., Yang, H., et al. (2015). The
Deubiquitinating Enzyme Complex BRISC Is Required for Proper Mitotic
Spindle Assembly in Mammalian Cells. J. Cell Biol. 210, 209–224. doi:10.1083/
jcb.201503039

Yang, S., Yan, H., Wu, Y., Shan, B., Zhou, D., Liu, X., et al. (2021). Deubiquitination
and Stabilization of PD-L1 by USP21. Am. J. Transl. Res. 13, 12763–12774.

Yang, T. B., Yi, F., Liu, W. F., Yang, Y. H., Yang, C., and Sun, J. (2020).
Identification of Hsa_circ_0039053 as an Up-Regulated and Oncogenic
circRNA in Hepatocellular Carcinoma via the miR-637-Mediated USP21
Activation. J. Cancer 11, 6950–6959. doi:10.7150/jca.48998

Yang, Y., Kitagaki, J., Wang, H., Hou, D. X., and Perantoni, A. O. (2009). Targeting
the Ubiquitin-Proteasome System for Cancer Therapy. Cancer Sci. 100, 24–28.
doi:10.1111/j.1349-7006.2008.01013.x

Yao, F., Xiao, Z., Sun, Y., and Ma, L. (2018). SKP2 and OTUD1 Govern Non-
proteolytic Ubiquitination of YAP that Promotes YAP Nuclear Localization
and Activity. Cell Stress 2, 233–235. doi:10.15698/cst2018.09.153

Ye, Y., Akutsu, M., Reyes-Turcu, F., Enchev, R. I., Wilkinson, K. D., and Komander,
D. (2011). Polyubiquitin Binding and Cross-Reactivity in the USP Domain
Deubiquitinase USP21. EMBO Rep. 12, 350–357. doi:10.1038/embor.2011.17

Yu, F. X., Zhao, B., and Guan, K. L. (2015). Hippo Pathway in Organ Size Control,
Tissue Homeostasis, and Cancer. Cell 163, 811–828. doi:10.1016/j.cell.2015.
10.044

Yu, J., Huang, W. L., Xu, Q. G., Zhang, L., Sun, S. H., Zhou, W. P., et al. (2018).
Overactivated Neddylation Pathway in Human Hepatocellular Carcinoma.
Cancer Med. 7, 3363–3372. doi:10.1002/cam4.1578

Yuan, P., Feng, Z., Huang, H., Wang, G., Chen, Z., Xu, G., et al. (2022). USP1
Inhibition Suppresses the Progression of Osteosarcoma via Destabilizing TAZ.
Int. J. Biol. Sci. 18, 3122–3136. doi:10.7150/ijbs.65428

Yun, S. I., Hong, H. K., Yeo, S. Y., Kim, S. H., Cho, Y. B., and Kim, K. K. (2020).
Ubiquitin-Specific Protease 21 Promotes Colorectal Cancer Metastasis by
Acting as a Fra-1 Deubiquitinase. Cancers (Basel) 12, 207. doi:10.3390/
cancers12010207

Zhang, J., Chen, C., Hou, X., Gao, Y., Lin, F., Yang, J., et al. (2013). Identification of
the E3 Deubiquitinase Ubiquitin-specific Peptidase 21 (USP21) as a Positive
Regulator of the Transcription Factor GATA3. J. Biol. Chem. 288, 9373–9382.
doi:10.1074/jbc.M112.374744

Zhang, L., Zhou, F., Drabsch, Y., Gao, R., Snaar-Jagalska, B. E., Mickanin, C., et al.
(2012). USP4 Is Regulated by AKT Phosphorylation and Directly
Deubiquitylates TGF-β Type I Receptor. Nat. Cell Biol. 14, 717–726. doi:10.
1038/ncb2522

Zhang, Q., and Jiang, J. (2021). Regulation of Hedgehog Signal Transduction by
Ubiquitination and Deubiquitination. Int. J. Mol. Sci. 22. doi:10.3390/
ijms222413338

Zhang, Y., Xiong, D. H., Li, Y., Xu, G., Zhang, B., Liu, Y., et al. (2021). Schistosoma
Japonicum Infection in Treg-specific USP21 Knockout Mice. J. Immunol. Res.
2021, 6613162. doi:10.1155/2021/6613162

Zhao, B., Li, L., Tumaneng, K., Wang, C. Y., and Guan, K. L. (2010). A Coordinated
Phosphorylation by Lats and CK1 Regulates YAP Stability through SCF(beta-
TRCP). Genes Dev. 24, 72–85. doi:10.1101/gad.1843810

Zhou, A., Lin, K., Zhang, S., Ma, L., Xue, J., Morris, S. A., et al. (2017). Gli1-induced
Deubiquitinase USP48 Aids Glioblastoma Tumorigenesis by Stabilizing Gli1.
EMBO Rep. 18, 1318–1330. doi:10.15252/embr.201643124

Zhou, P., Song, T., Sun, C., He, N., Cheng, Q., Xiao, X., et al. (2021). USP21
Upregulation in Cholangiocarcinoma Promotes Cell Proliferation and
Migration in a Deubiquitinase-dependent Manner. Asia Pac J. Clin. Oncol.
17, 471–477. doi:10.1111/ajco.13480

Zhou, Z., Yao, X., Li, S., Xiong, Y., Dong, X., Zhao, Y., et al. (2015).
Deubiquitination of Ci/Gli by Usp7/HAUSP Regulates Hedgehog Signaling.
Dev. Cell 34, 58–72. doi:10.1016/j.devcel.2015.05.016

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 An, Lu, Yan and Hou. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 94408918

An et al. Focus on USP21

https://doi.org/10.1016/j.it.2015.02.003
https://doi.org/10.1016/j.vetmic.2021.109098
https://doi.org/10.1021/jacs.9b12448
https://doi.org/10.1074/jbc.M109.042689
https://doi.org/10.1074/jbc.M109.042689
https://doi.org/10.1038/s12276-019-0356-6
https://doi.org/10.1038/s12276-019-0356-6
https://doi.org/10.1016/j.bmcl.2013.04.066
https://doi.org/10.1083/jcb.201503039
https://doi.org/10.1083/jcb.201503039
https://doi.org/10.7150/jca.48998
https://doi.org/10.1111/j.1349-7006.2008.01013.x
https://doi.org/10.15698/cst2018.09.153
https://doi.org/10.1038/embor.2011.17
https://doi.org/10.1016/j.cell.2015.10.044
https://doi.org/10.1016/j.cell.2015.10.044
https://doi.org/10.1002/cam4.1578
https://doi.org/10.7150/ijbs.65428
https://doi.org/10.3390/cancers12010207
https://doi.org/10.3390/cancers12010207
https://doi.org/10.1074/jbc.M112.374744
https://doi.org/10.1038/ncb2522
https://doi.org/10.1038/ncb2522
https://doi.org/10.3390/ijms222413338
https://doi.org/10.3390/ijms222413338
https://doi.org/10.1155/2021/6613162
https://doi.org/10.1101/gad.1843810
https://doi.org/10.15252/embr.201643124
https://doi.org/10.1111/ajco.13480
https://doi.org/10.1016/j.devcel.2015.05.016
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


GLOSSARY

AA amino acid

AIM2 absent in melanoma 2

ACLY ATP citrate lyase

BEND3 BANP, E5R, and Nac1 (BEN) domain 3

BLBC Basal-like breast cancer

CHMs complete hydatidiform moles

DUBs Deubiquitylating enzymes

DSBs DNA double-strand breaks

DNA-PKcs DNA-dependent protein kinase catalytic subunit

DSCAM Down syndrome cell adhesion molecule

DSCAML1 DSCAM-Like-1

ERK extracellular-signal-regulated kinases

FoxM1 Forkhead box protein M1

Fra-1 Fos-related-antigen-1

Hh Hedgehog

HCC Hepatocellular carcinoma

HIV-1 Human immunodeficiency virus 1

HR Homologous recombination

IFNs Interferons

IκB Inhibitor of NF-κB

IKK IκB kinase

ISG15 Interferon-stimulated gene 15

IL Interleukin

JAMMs Jab1/MPN/MOV34 metalloenzymes

JNK c-Jun N-terminal or stress-activated protein kinases

LncRNA long non-coding RNA

MARK microtubule-affinity regulating kinase

MAPK mitogen-activated protein kinase

MAPKK MAPK kinase

MAPKKK MAPK kinase kinase

MEK2 mitogen-activated protein kinase kinase 2

MJDs Machado-joseph disease proteases

MINDY MIU-containing novel DUB family

mESCs mouse embryonic stem cells

NDEA nitrosodiethylamine

NEDD8 neural precursor cell expressed developmentally downregulated 8

NSCLC non-small-cell lung cancer

NES nuclear export sequence

NLSs Nuclear localization signals

NoRC nucleolar-remodeling complex

OTUs Ovarian tumor proteases

PDAC pancreatic ductal adenocarcinoma

PTCH Patched

PKA Protein kinase A

KCTD6 potassium channel tetramerization domain containing 6

PD-L1 programmed death ligand-1

PD-1 programmed death protein-1

RIP1 receptor interacting protein 1

RCC renal cell carcinomas

Treg Regulatory T

SMO Smoothened

STING stimulator of IFN genes

TCF/LEF T-cell factor/lymphoid enhancer-binding factor

TcR T cell receptor

TAK1 TGF-β activated kinase 1

Th1 T-helper type 1

Tat transactivator of transcription

TNBC triple negative breast cancer

TNFα Tumor necrosis factor α

Ub Ubiquitin

USP ubiquitin-specific protease

USP21SV USP21 short variant

UCHs Ubiquitin carboxy-terminal hydrolases

XCI X chromosome inactivation

ZUFSPs Zn-finger and UFSP domain proteins.
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