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Abstract: Ubiquitin specific protease (USP) 2 is a multifunctional deubiquitinating enzyme. USP2
modulates cell cycle progression, and therefore carcinogenesis, via the deubiquitination of cyclins and
Aurora-A. Other tumorigenic molecules, including epidermal growth factor and fatty acid synthase,
are also targets for USP2. USP2 additionally prevents p53 signaling. On the other hand, USP2
functions as a key component of the CLOCK/BMAL1 complex and participates in rthythmic gene
expression in the suprachiasmatic nucleus and liver. USP2 variants influence energy metabolism by
controlling hepatic gluconeogenesis, hepatic cholesterol uptake, adipose tissue inflammation, and
subsequent systemic insulin sensitivity. USP2 also has the potential to promote surface expression
of ion channels in renal and intestinal epithelial cells. In addition to modifying the production of
cytokines in immune cells, USP2 also modulates the signaling molecules that are involved in cytokine
signaling in the target cells. Usp2 knockout mice exhibit changes in locomotion and male fertility,
which suggest roles for USP2 in the central nervous system and male genital tract, respectively. In this
review, we summarize the cellular events with USP2 contributions and list the signaling molecules
that are upstream or downstream of USP2. Additionally, we describe phenotypic differences found
in the in vitro and in vivo experimental models.

Keywords: ubiquitin-specific protease; tumorigenesis; cell cycle; inflammation; circadian clock;
metabolic disorder; brain; fertility; deubiquitination; ion balance

1. Introduction

Protein ubiquitination and deubiquitination are reversible processes that control the
fate of target proteins and protein—protein interactions. Deubiquitinating enzymes (DUBs),
which are encoded by ~100 loci in the human genome, are either cysteine- or metallopro-
teases [1]. DUBs can be classified into five subfamilies: ubiquitin-specific proteases (USPs),
ubiquitin C-terminal hydrolases, ovarian tumor proteases, Machado-Joseph disease pro-
teases, and JAB1/MPN/Mov34 metalloproteases [2]. Of these, USPs constitute the largest
DUB family, comprising ~60 members in vertebrates [3]. USP2 is the second member of
the USP family and was originally identified in 1997 as UBP41 in chicken muscle [4]. In
2000, Lin et al. demonstrated that orthologues of UBP41 were exclusively expressed in
mouse testis [5]. Four distinct splicing variants for Homo sapiens have been deposited in
the UniProt protein database (accession number: O75604). Reglinski et al. defined the
four isoforms as isoforms 1, 2, 3, and 4, which comprise 605, 353, 363, and 397 amino
acids, respectively [6]. The N-terminal sequences of each isoform are as follows: isoform 1,
MSQLSSTL... ... SSPGRDGM,; isoform 2, MLNKAK; isoform 3, MLVPGSTRPSSKKR; and
isoform 4, MRTSYTVT ... ..GLLLNKA [6]. Based on the amino acid sequence, isoform 1
(orthologue of human isoform 1), isoforms 2 and 3 (orthologues of human isoform 4),
and isoform 3 (not deposited in human data) are present in the mouse data (088623);
however, one of the initial reports showed the existence of a mouse orthologue of human
isoform 2 [7]. Human and mouse isoform 1 have been commonly referred to as USP2-69
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or USP2A, while the nomenclature of the other isoforms, especially isoforms 2—4, has not
been unified in the literature or databases [6,8]. In this review, we refer to the variants
according to the nomenclature used by UniProt (O75604) to avoid confusion: isoforms 1,
2,3, and 4 in human and their mouse orthologues are described as USP2-1, -2, -3, and -4.
The C-terminal cysteine protease domains in these USP2 variants are identical, whereas
their N-terminal extensions exhibit distinct structures. The different N-terminal structures
have been postulated to interact with diverse association partners, resulting in distinct
subcellular localizations and cellular events [5,9-12]. As mentioned above, although USP2
was once thought to be exclusively expressed in testis [12], it has also found to be abundant
in a wide variety of cells and tissues, including the liver, heart, brain, skeletal muscle,
kidney, and macrophages [9,12,13]. Some variant-specific roles have been reported, with
certain USP2 variants being crucial for various physiological and pathological phenomena
including tumorigenesis, circadian rhythm regulation, and inflammation. By comparing
USP2 with other DUBs, some review articles have summarized the pathological roles
of USP2 in specific functional areas, such as cancer promotion [14,15], muscle atrophy
modification [16], and sodium channel regulation [17]. Additionally, another review fo-
cused on the expressional control of alternative splicing variants of USP2 [8]. Despite these
examples in the literature, there have been no review articles summarizing USP2-associated
signaling and its outcomes from a more comprehensive viewpoint. In this review, therefore,
we examine the pathophysiological events elicited by USP2 and summarize the cellular
signaling that underlies the events in a comprehensive way.

2. Tumorigenesis

The most documented topic associated with USP2 is tumorigenesis. To date, various
types of malignant tumors, including prostate cancer, hepatoma, bladder carcinoma, and
glioma, have been reported to express high levels of USP2 [18-22]. Additionally, triple-
negative breast cancer, which is the most aggressive type of breast cancer, exhibits high
levels of USP2 expression in conjunction with enhanced cell migration and invasion [23].
Accordingly, forced expression of USP2-1 in cultured bladder cancer cells was shown to
cause proliferation, invasion, migration, and enhanced resistance to chemotherapy [24]. A
recent paper demonstrated that USP2-1 was upregulated in the stem cells of triple-negative
breast cancer, where it supported their maintenance by activating self-renewal [25].

Several molecular targets of USP2 have been found in cancer cells. Fatty acid synthase
(FASN), which synthesizes palmitate from acetyl-CoA and malonyl-CoA, is frequently
overexpressed in tumor cells, where it inhibits apoptosis [18,19,26]. USP2-1 potentiates the
stability of FASN by inhibiting proteasome-dependent degradation in prostate cancer [18],
hepatoma [19], mantle cell lymphoma [26], and glioma [20]. Additionally, overexpression
of myristoylated Akt increased USP2-1 expression in hepatoma, which was accompanied
by high levels of expression of lipogenic proteins including FASN, acetyl-CoA carboxylase,
and adenosine triphosphate citrate lyase [19]. These results imply that the acceleration of
lipogenesis may be the cause of USP2-1-elicited tumorigenesis.

A canonical tumor suppressor, p53, is another target of USP2. Under conditions
with cellular stress and/or DNA damage, p53 accumulates in cells and evokes various
anti-tumor events such as DNA repair, induction of apoptosis, or cell cycle arrest [27,28].
Loss-of-function of p53 is now believed to be one of the common events underlying tu-
morigenesis [29]. The cellular content of p53 is controlled at both the transcriptional and
post-transcriptional levels. Murine double minute (MDM) 2, an E3-ubiquitin ligase, pro-
motes the elimination of p53 by a proteasome-dependent pathway [30]. USP2-1 stabilizes
MDM2 via the de-ubiquitination of its poly-ubiquitin chain, which decreases the levels
of intracellular p53 in prostate cancer and cutaneous T-lymphomas [15,31,32]. MDMX
is another repressor of p53, and attenuates the expression of p53 downstream genes by
binding the active transcription site of p53 [33]. A previous paper demonstrated that
USP2-1 stabilized MDMX and increased cell survival when cultured tumor cells were
treated with cisplatin [15,34]. USP2 also controls MDM4, which shares structural similar-
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ity with MDM2 [30]. Additionally, USP2 directly stabilizes MDM4 in the cytoplasm of
gliomas [35]. In turn, accumulated MDM4 conveys p53 to mitochondria, which is followed
by the promotion of cytochrome c-inducible apoptosis [35]. On the other hand, USP2 has
also been shown to increase p53 in a hepatoma cell line (HepG2) and a breast cancer cell
line (MCEF?) after leptin stimulation [36].

The augmentation of cell cycle progression is a common feature of cancer cells, and
the roles of USP2 in cell cycle regulation have been relatively well-studied. The aberrant
overexpression of cyclin D1 is frequently observed in various types of cancerous cells [37,38].
By screening using cyclin D1 as a substrate, Shan et al. identified USP2 as a specific cyclin
D1 deubiquitinating enzyme among 76 DUBs [39]. USP2 directly interacted with cyclin
D1 and decreased polyubiquitination-dependent degradation [39]. Moreover, USP2-1
is a target of a lithocholic acid hydroxyamide, which also destabilizes cyclin D1 [40].
In both hepatoma and breast cancer cell lines, leptin causes cell cycle progression and
adiponectin causes cell cycle arrest [41]. Since leptin and adiponectin have opposite
effects on USP2 expression in these cells, USP2 likely contributes to cell cycle regulation
via adipokines [41]. Accordingly, the overexpression or knockdown of USP2 has been
shown to modulate cyclin D1 expression, which is increased and decreased by leptin and
adiponectin, respectively [41]. Hence, these adipokines appear to modify USP2 expression
in a manner that leads to changes in cyclin D1 levels and subsequent cell cycle progression.
Since the intracellular content of cyclin D1 is a determinant for tumorigenesis in certain
types of tumors, cyclin D1 has been used as an index in the exploration of USP2 inhibitors
as anti-tumor drugs [40,42,43]. Similar to cyclin D1, USP2-1 likewise stabilizes cyclin Al,
which also participates in the proliferation of bladder cancer cells [24].

Aurora-A, a serine/threonine kinase, is known to be vital for centrosome duplication
and maturation, but excessive expression of Aurora-A causes instability of genomic DNA,
leading to oncogenesis [44,45]. Shi et al. demonstrated that USP2-1 directly deubiquitinates
Aurora-A, and thus stimulates mitotic progression of MIA PaCa-2 pancreatic carcinoma
cells [46]. In agreement, the attenuation of proliferation by the administration of USP2-1
small interfering RNA (siRNNA) was found to be overwhelmed by ectopic expression of
Aurora-A in cells [46]. Thus, USP2-1 seems to stimulate mitosis in pancreatic carcinoma by
stabilizing Aurora-A.

The epithelial-mesenchymal transition (EMT) is a triggering event for tumor metas-
tasis [47]. EMT-associated genes are induced by transforming growth factor (TGF) 3—
signaling [48]. After binding of TGF-f to heterodimeric TGF-{3 receptors, receptor-regulated
SMADs (R-SMADs) are recruited to the intracellular domain of the receptors [49]. Subse-
quently, R-SMAD:s dissociate from the ligand-receptor complex after serine is phosphory-
lated by the receptor, and then associate with SMAD4 in the cytoplasm [50]. The complex
consisting of R-SMADs and SMAD4 then enters the nucleus, and initiates the transcription
of EMT-associated genes [51]. USP2 facilitates the binding of R-SMADs to TGF-3 receptors
by removing the K33-linked poly-ubiquitin chains on TGF-f3 receptors [52]. Accordingly, a
selective USP2 inhibitor, ML364, has been shown to effectively suppress tumor metastasis
in mice [52].

Wnt/3-catenin signaling also plays a pivotal role in the EMT [53-56]. Although
-catenin functions as a component of adherens junctions, nuclear 3-catenin augments
the transcription of EMT-related genes by interacting with several transcription factors,
such as DNA-bound T cell factor/lymphoid enhancer factor [56]. In normal epithelial cells,
[-catenin is continuously digested by a proteasome-dependent mechanism because the
glycogen synthase kinase (GSK)3 /Axin/adenomatous polyposis coli (APC) complex
promotes the polyubiquitination of 3-catenin [57]. After the binding of Wnt to the G protein—
coupled receptor Frizzled, Dishevelled proteins inactivate the GSK3f /Axin/APC complex,
which results in the accumulation of 3-catenin in the cytoplasm [57]. Consequently, (3-
catenin translocates into the nucleus and initiates the transcription of EMT-related genes. In
a previous paper, the screening of (3-catenin deubiquitinase using expression constructs en-
coding 68 human deubiquitinases and showed that USP2-1 directly interacts with 3-catenin,
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which results in an increase in the level of 3-catenin protein via a direct interaction [58].
Coincidently, genetic and pharmacological inhibition of USP2 also decrease [3-catenin and
attenuate 3-catenin-dependent gene expression [58].

Erythroblastic oncogene B2 (ERBB2)/human epidermal growth factor receptor 2
(HER?2) is a receptor tyrosine kinase and a member of the epidermal growth factor (EGF)
receptor family. ERBB2 overexpression is highly associated with poor prognosis in breast
cancer, and the Food and Drug Administration has designated ERBB2 as an efficient thera-
peutic target [59]. Inhibitors of heat shock protein (HSP) 90 foster the polyubiquitination of
ERBB2, which leads to the cleavage of full-length ERBB2 into a signaling-impaired frag-
ment in the early endosome [60]. Thus, several HSP90 inhibitors, such as geldanamycin,
ganetespib, neratinib, tanespimycin, and alvespimycin, have been given to patients with
breast cancer [60-62]. USP2 maintains ERBB2 levels by counteracting endocytic degra-
dation [62]. Thus, combinatorial treatment using HSP90 inhibitors and USP2 inhibitors
is suitable for ERBB2-elicited tumorigenesis. Given that ERBB2 is not only involved in
tumorigenesis, but also in physiological events such as neural repair [63], USP2 may also
modulate ERBB2-associated physiological events. In addition to ERBB2, the EGF receptor
(EGFR) is also proposed to be controlled by USP2. Surface expression of EGFR is strongly
regulated by internalization [64], and the impairment of this endocytic mechanism causes
constitutive activation of EGF signaling and carcinogenesis [64,65]. In lung cancer cells,
USP2 is distributed to the early endosome, and removes the polyubiquitin chain from
internalized EGFR in early endosomes [66]. Thus, USP2 has the potential to increase EGFR
content on the cell surface.

Acid ceramidase (ACDase) is an enzyme that synthesizes sphingosine from ceramide
under acidic conditions [67]. Sphingosine is utilized to produce sphingosine-1 phosphate,
which promotes cell survival, proliferation, migration, and invasion in cancer [68]. ACDase
is markedly accumulated in several malignant cancers, including prostate cancer [69].
Murate and his colleagues reported that the expression of ASAHI mRNA, which encodes
ACDase, did not correlate with ACDase protein levels in an androgen-sensitive prostate
cancer cell line (LNCaP); however, administration of either an androgen receptor antagonist
or charcoal-stripped serum decreased ACDase protein levels via a proteasome-dependent
mechanism [70]. Furthermore, the overexpression or knockdown of USP2 caused a respec-
tive increase or decrease in ACDase in the LNCaP cells [70]. Given that USP2 is upregulated
by androgen [18], USP2 may therefore promote the onset of androgen-sensitive prostate
cancer via the accumulation of ACDase.

The maintenance of mitochondrial integrity by USP2-1 is another potential mecha-
nism that explains USP2-1-dependent tumor cell survival. USP2-1 downregulates miR-
34b/c, which leads to the increase in c-Myc in prostate cancer cells and prostate epithelial
cells [71,72]. In turn, c-Myc induces the expression of y-glutamyl-cysteine synthase, which
is a rate-limiting enzyme for glutathione synthesis. Glutathione reduces reactive oxygen
species (ROS) and stabilizes mitochondrial membrane potential [71]. Therefore, USP2-1
confers resistance against pro-oxidant anti-tumor drugs, such as cisplatin and doxorubicin,
via the miR-34b /c—driven c-Myc pathway [71]

Although the majority of the literature indicates a positive correlation between USP2-1
expression and tumorigenesis, several reports have also shown that the USP2 mRNA level
is decreased in some types of tumors. For example, a comprehensive gene expression
analysis of 18 human cancer types from the Cancer Genome Atlas categorized USP2 under
“consistently downregulated genes” in adrenocortical carcinoma, kidney renal clear cell
carcinoma, and thymoma [73]. Accordingly, the overexpression of USP2 in clear renal
carcinoma cells mitigated proliferation, cell migration, and invasion, but the underlying
cellular signaling is still elusive [74].

3. Apoptosis and Autophagy

In an early report, Gewies et al. indicated that the overexpression of UBP41 (which,
based on the amino acid sequence, may be USP2-2) stimulated apoptosis and caspase-3
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activation in HeLa cells [7]. In sharp contrast, Priolo et al. demonstrated that USP2-1
siRNA increased the apoptosis rate in the prostate cancer cell lines LNCaP (androgen
dependent, wild type p53) and DU145 (androgen independent, mutant p53), but not PC-3
(androgen independent, p53-null), suggesting an anti-apoptotic role of USP2-1 [75]. That
report further showed that USP2-1 siRNA promoted the apoptotic response of nine non-
prostate human tumor cell lines, which were derived from colon cancer, breast cancer, and
sarcoma [75]. Additionally, USP2-1 conferred chemoresistance to cisplatin and paclitaxel in
prostate epithelia-derived AR-iPrEC cells [75]. In particular, USP2-1 knockdown increased
the levels of p53, and its target, p21, but significantly reduced the levels of FASN and
MDM2 [75]. USP2-1 also stabilized MDMX and MDM4, both of which are known to be
negative regulators of p53 [34,35]. Given the proapoptotic properties of p53, it can be
concluded that USP2-1 abates apoptosis by stabilizing MDM2, MDMX, MDM4, and FASN.

In addition to cancer cells, USP2 has been also postulated to modulate tumor necro-
sis factor (TNF) a—induced apoptosis in hepatocytes. Haimerl et al. showed that pre-
treatment with a low dose of TNF-« confers TNF resistance to hepatocytes, both in vivo
and in vitro [13]. In the same paper, the authors also established USP2-2 as the dominant
USP2 isoform in the liver, and demonstrated that USP2-2 was dramatically downregulated
in the livers of mice after treatment with a low dose of TNF-« [13]. This finding suggests
that a reduction in USP2 levels is necessary for the acquisition of TNF resistance in hep-
atocytes. The observation that the overexpression of USP2-2 ameliorated the beneficial
effects of the TNF-« pretreatment, while USP2-2 also promoted hepatocyte death during
post-treatment with actinomycin D (ActD) and TNF-«, further supports this idea [13].
Conversely, USP2 siRNA inhibited ActD/TNF-a—elicited apoptosis via decreased forma-
tion of active caspase-3 [13]. USP2 knockdown also evoked an increase in anti-apoptotic
protein cellular FLICE-like inhibitory protein (cFLIP) and a concomitant decrease in the E3-
ubiquitin protein ligase Itchy homolog (ITCH) [13]. On the other hand, overexpression of
USP2-2 decreased the levels of ubiquitinated ITCH protein, which consequently led to the
accumulation of ITCH in isolated hepatocytes, especially after treatment with MG132 [13].
Because cFLIP is believed to be one of the critical factors for TNF-a~induced cell survival,
USP2-2 may therefore inhibit TNF-resistance via the promotion of ITCH-mediated cFLIP
degradation [13].

After TNF-o binds to TNF receptor 1 (TNFR1), the TNF receptor 1 complex II leaves
TNFR1 and subsequently activates the caspase cascade [76]. Mahul-Meiller et al. demon-
strated the modulatory role of USP2 for signaling molecules in the TNFR1-triggered
apoptosis cascade [77,78]. In MCF7 and HEK293-T cells, TNF-« stimulation led to USP2-1
associating with the TNFR1 complex I, involving receptor-interacting serine/threonine-
protein kinase 1 (RIP1) and TNF receptor-associated factor (TRAF) 2 [77]. Overexpression
of USP2-1 removed the K63-linked polyubiquitin chains on RIP1 and TRAF2, and promoted
the K48-linked polyubiquitination of RIP1, but not TRAF2 [77]. On the contrary, USP2
knockdown augmented the K63-linked polyubiquitination of both RIP1 and TRAF2 [77].
Moreover, USP2 deficiency also caused a prolonged formation of the TNFR1 complex I
with concomitant decrements of TNFR1 complex II and cleaved caspase-8 [77]. Therefore,
USP2 may facilitate the formation of TNFR1 complex II from complex I by removing the
polyubiquitin chains on RIP1 and TRAF2. On the other hand, USP2 knockdown sustained
the IkBx degradation associated with prolonged activation of p38 and c-Jun N-terminal
kinase (JNK) [77]. Thus, USP2 is likely to be a factor responsible for TNF signaling leading
to apoptosis, but not for NF-kB-dependent cell survival. The same authors also demon-
strated that the ratio of USP2-1 and TRAF2 determined the apoptosis sensitivity in response
to TNF-o, whereby high USP2-1/TRAF2 conditions accelerated TNF-induced cell death,
and low USP2-1/TRAF2 conditions inhibited death [78]. In addition to USP2-1, USP2-2
also caused caspase-8 activation, cleavage of poly ADP-ribose polymerase (PARP), and
promotion of cell death [78]. As with USP2-1, USP2-2 overexpression substantially in-
creased RIP1 levels [78]. Conversely, RIPK1 (gene symbol for RIP1) knockdown abated
USP2-2-induced cell death, indicating that RIP1 is downstream of USP2-2 [78]. Indeed,
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USP2-2 was found to associate directly with RIP1 and removed its K48- and K63-linked
polyubiquitin chains [78]. USP2-2 also digested the K63-polyubiquitination of TRAF2,
but not its K48-linked chain, suggesting TRAF2 as another putative target of USP2-2 [78].
Interestingly, not only overexpression, but also ablation of USP2-2 mRNA, precipitated cell
death [78]. Further studies are required to verify how the abundance of USP2-2 regulates
cell death.

Possible roles of USP2 in autophagy have also been recently reported. Sorafenib
has been used to treat advanced stage hepatocellular carcinoma (HCC) [79]; however, so-
rafenib resistance is frequently acquired and is one of the most severe challenges in treating
HCC [80]. A sorafenib-resistant Huh7-derived clone exhibited no obvious activation of
caspase-3 and PARP, concomitant with a decreased rate of apoptosis [81]. Endoplasmic
reticulum stress (ERS)-related proteins, such as protein kinase RNA-like ER kinase, ER
oxidoreductin-1-like «, and binding immunoglobulin protein were abundantly expressed
in these clones and were all downregulated in response to treatment with ERS inhibitor
4-phenylbutyric acid (4-PBA). Treatment with 4-PBA also restored sorafenib sensitivity by
attenuating cell viability and activating caspases, and inhibited the increased progression of
autophagosome formation in these sorafenib-resistant clones [81]. Conversely, blocking au-
tophagosome formation clearly restored sorafenib sensitivity [81]. The sorafenib-resistant
clones showed high expression of cFLIP, which potentiates ERS induction and suppression
of apoptosis [81]. Compared to its parental cells, the sorafenib-resistant clones express
lower levels of USP2, which presumably caused the aforementioned increase in cFLIP
levels and decrease in ITCH levels [13,81]. Indeed, the restoration of USP2 expression in
the sorafenib-resistant clones prevented the elevation of cFLIP levels and decreased ITCH
levels [81]. Collectively, USP2 potentially modulates autophagy and ERS by altering the
abundance of cFLIP.

An aspect of subcellular USP2 localization has also been explored as a mechanistic
explanation for the inhibition of USP2-elicited cell death. USP2 has a potential peroxisomal
targeting signal 1 (PTS1) signal on its C-terminus that comprises a consensus sequence
of three amino acids: (S/A/C)(K/H/R)(L/M) [6,82]. A previous paper demonstrated
that peroxisomal import regulates the proapoptotic activity of USP2 [6]. Overexpression
of USP2-3 elicited the most dramatic increase in caspase activity (~2.2-fold), whereas the
other three isoforms caused 1.6 to 1.8-fold increases in HEK293 cells [6]. The proapoptotic
activity of USP2-3 was not inhibited by the deletion of the PTS1 signal [6]. In stark contrast,
substitution of the PTS1 motif of USP2 with the optimized PTS1 signal strongly repressed
caspase activity and led to a prominent localization of USP2-3 in the peroxisome [6]. Since
peroxisome import is much faster and requires less energy than proteasome-dependent
ablation, the authors hypothesized that the peroxisome works as a “metabolic valve” for
the supply of proapoptotic USP2, which immediately determines cell fate [6].

4. Circadian Clock

The circadian clock is generated by several molecular clock proteins, including brain
and muscle Arnt-like protein 1 (BMAL1), clock circadian regulator (CLOCK), period
(PER), cryptochromes (CRY), REV-ERB, and retinoic acid receptor-related orphan receptor
(ROR) [83,84]. A heterodimer that comprises BMAL1 and CLOCK activates the transcrip-
tion of the genes encoding the PER and CRY proteins. Subsequently, PER and CRY repress
the transcription of BMAL1/CLOCK [84]. In addition, ROR and REV-ERB positively and
negatively modulate the transcription of the BMAL1 gene [84]. Therefore, the abundance
of these molecular clock proteins is a result of transcription-dependent synthesis strictly
counterbalanced with proteasome-dependent degradation [84]. A previous transcriptomics
analysis revealed that USP2 was among the ten genes that were expressed in a circadian
manner in all organs [85]. Accumulating evidence further indicated that USP2 modulated
the circadian molecular clock in mice, but no severe circadian deficits were found in Usp2
knockout (Usp2KO) mice under normal 12-hour light/dark cycle conditions [86] (Figure 1).
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Figure 1. Roles of USP2-4 as a molecular clock regulator. USP2 is one of the known CLOCK/brain
and muscle Amt-like protein 1 (BMAL1)-regulated molecules. One of the USP2 variants, USP2-4,
digests the polyubiquitin chain on BMAL1, and subsequently promotes the accumulation of sumoy-
lated BMAL-1 in the nucleus. Nuclear localization of BMAL1 leads to BMAL1/CLOCK-elicited
gene expression. USP2-4 also digests the polyubiquitin chain on PER which results in prolonged
nuclear localization of the PER1/cryptochromes (CRY) complex. CLOCK, Clock circadian regulator;
PER, period.

Mammals can adjust circadian activities in response to irradiative light strength.
The role of USP2 in circadian sensitivity to light has been also evaluated using Usp2KO
mouse models. When Usp2KO mice were placed in constant light with low (but not high)
irradiance after 12-hour light/dark conditions, the mice displayed a remarkable delay in
the onset of the active phase [87]. Since mice increase or decrease their rthythmic activity in
response to constant light with lower or higher irradiance, the delayed onset of the active
phase in Usp2KO mice suggests that USP2 deficiency elevates sensitivity to low irradiative
light. To support this, exposure to low irradiative light also caused a delay in the onset of
the active phase after mice were housed in constant darkness [87]. In agreement, another
paper also reported that Usp2KO mice required a longer time to adjust their circadian
rhythm in response to changes in the light-dark cycle, and that they demonstrated aberrant
responses to short light pulses administered across the daily cycle [86]. Additionally, the
levels of PER1, an isoform PER, suprachiasmatic nucleus (SCN) of the hypothalamus,
which is the dominant endogenous pacemaker, were markedly decreased in the Usp2KO
mice [87]. All these findings suggest crucial roles for USP2 in the regulation of circadian
rhythms. The sumoylation of BMALL in the promyelocytic leukemia nuclear body is a
prerequisite for its ubiquitination in fibroblasts [88]. Introduction of USP2 to fibroblasts
promoted the digestion of the ubiquitin chain on BMAL1 and increased the number of
nuclear foci with sumoylated BMAL1 [88]. Sumoylated and ubiquitinated BMALL1 is most
abundantly accumulated in the nucleus when the promoter of Per2, gene for another
isoform of PER, is active [88]. Hence, USP2 seems to augment BMAL1/CLOCK-elicited
gene expression. In agreement, modulatory roles of USP2 on BMAL1 have also been
observed in the SCN [87]. The expression of the USP2-1 and USP2-4 proteins in the SCN are
rhythmic; both variants are abundant from night to early morning, but the accumulation
of USP2-4 is more marked [87]. Furthermore, immunoprecipitation analysis indicated
that USP2-4 forms a complex with BMAL1 in the SCN and thereby stabilizes BMALL,
not but CLOCK or PER1 [87]. Indeed, Usp2KO mice exhibited aberrant induction of the
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CLOCK/BMALI-induced genes, such as Per1, Rev-erba, and Dbp (gene for albumin site
D-binding protein), in conjunction with a significant decrease in BMALL levels, in response
to low-light irradiation for four hours from the time when the lights were turned off [87].
Therefore, BMALL1 is a downstream signaling molecule of USP2-4.

In addition to BMALL1, PER1 is another target of USP2. Using co-immunoprecipitation,
Yang et al. demonstrated that USP2-1 or USP2-4 were associated with PER1, PER2, CRY1,
CRY2 and BMALL1 in HEK293 cells [86]. PER1 was the only clock component that USP2-1
and USP2-4 directly interacted with in vitro, which implies that the USP2 isoforms in-
directly bind other clock components [86]. Accordingly, the overexpression of USP2-1
or USP2-4 led to a decrease in the ubiquitinated form of PER1 [86]. Moreover, mouse
embryo fibroblasts (MEFs) derived from Usp2KO mice showed constitutively higher levels
of polyubiquitinated PER1 than control MEFs, under both synchronized and unsynchro-
nized culture conditions [86]. Interestingly, neither cycloheximide nor MG132 affected the
stability of PER1, indicating that USP2 reduced the polyubiquitination of PER1 without
significantly modifying its stability [86]. Although PER1 was distributed in both the cy-
toplasm and nucleus in Usp2KO MEFs, PER1 was preferentially localized in the nucleus
of wild-type MEFs [89]. Therefore, USP2 may control the subcellular localization of PER1.
Additionally, Usp2KO MEFs showed an advanced nuclear translocation and shortened
nuclear retention of PER1 [89]. As a result, USP2 ablation enhanced the amplitude of ex-
pression of the core clock genes, except Perl, which subsequently disrupted the expression
of clock-controlled genes [89]. Likewise, an advanced peak phase of nuclear localization
and shortened nuclear retention were also evident in hepatocytes isolated from Usp2KO
mice [89].

USP2 has also been demonstrated to participate in the control of rhythmic calcium ion
uptake from the small intestine [90]. Usp2KO mice exhibited increased calcium excretion
in urine, with reduced calcium excretion when fasting or on a calcium-restricted diet [90].
Proteomics data from the intestine revealed that the lack of USP2 strongly increased the
abundance of Na*/H* exchange regulatory cofactor 4 (NHERF4) [90], which is a known
regulator of a calcium ion channel [91]. Furthermore, a co-expression analysis indicated that
USP2-4, not but USP2-1, directly interacted with NHERF4 and clathrin heavy chains [90].
USP2-4 was abundantly expressed in the small intestine and exhibited a circadian pattern
of expression, to which NHERF4 showed an antiphasic pattern [90]. Additionally, Cryl
and Cry2 double-knockout mice exhibited lower amplitudes of rhythmic Usp2 expression
in the intestine [90]. Notably, the circadian changes in membrane NHERF4 in these double-
knockout mice were smaller than those of control mice [90]. Together, these results suggest
that USP2-4 modulates the circadian rhythm of calcium permeability in the intestine via
posttranslational control of NHERF4 at the plasma membrane.

5. Renal System

Epithelial sodium channel (ENaC) predominantly contributes to trans-epithelial
sodium reabsorption in the renal connecting and collecting tubes. E3-ubiquitin ligase
neural precursor cell-expressed developmentally down-regulated protein (Nedd) 4-2
polyubiquitinates ENaC and directs it to proteasome-dependent digestion [92]. Activity of
Nedd4-2 is tightly regulated by phosphorylation. Phosphorylation of Nedd4-2 is catalyzed
by serum and glucocorticoid-regulated kinase, which is induced by steroid hormones
such as aldosterone, an endogenous mineralocorticoid [92]. USP2 has been shown to
counteract the effects of Nedd4-2 to maintain ENaC expression levels in kidney epithelial
cells [93]. Furthermore, Oberfeld et al. reported that USP2-4 directly bound the cytoplas-
mic N-terminal of xENaC, which was dependent on the status of an ubiquitination site
of ENaC [94]. USP2-4 also associated with the HECT domain of Nedd4-2 in a manner
independent of catalytic activity [94]. Of the three ENaC subunits, the surface expression
of YENaC was increased by USP2 because USP2 digested the polyubiquitin-made “inter-
nalization signal” on YENaC [95]. In support of this, another report also demonstrated that
USP2-4 increased the surface abundance of ENaC by interfering with endocytosis, but not
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digestion, at the lysosome [96]. Additionally, USP2-4 also contributed to the proteolytic
cleavage of the extracellular loop of xENaC, leading to ENaC activation [95,97]. By pre-
venting both internalization and extracellular loop digestion, the overexpression of USP2-4
in a cellular model caused more than a 20-fold activation of ENaC [95].

In addition to surface ENaC expression, USP2-4 also determines the stability of miner-
alocorticoid receptors (MRs). MRs are receptors for aldosterone and induce expression of
ENaC in epithelial cells leading to the reabsorption of sodium and water, and the conse-
quent regulation of body fluid volume and blood pressure [98]. In addition to binding to
MRs, aldosterone stimulates the phosphorylation of MRs in an extracellular signal regulate
kinase (ERK)-dependent fashion [99]. Phosphorylated MRs are subsequently monoubig-
uitinated, which allows interaction with tumor suppressor gene (TSG) 101. Interaction
with TSG101 elevates the stability of MRs [99]. USP2-4 disrupted the association between
MRs and TSG101 by inhibiting the monoubiquitination of MRs [100]. Instead, MRs were
polyubiquitinated and then digested by proteasomes, and their overall transcriptional
activity was suppressed [100]. Given that USP2-4 is strikingly induced by aldosterone [17],
the induction of USP2-4 may therefore function as a node of the negative feedback loop for
MR signaling.

The significant regulatory roles of USP2 on ENaC and MR expression suggest that
USP2-4 is a key modulator for sodium distribution in the body, and therefore for blood
pressure. This idea was supported by a report on the population-based genome-wide
association study of 7,552 subjects in Korea, which showed that a synonymous single
nucleotide polymorphism of the USP2 gene was statistically associated with blood pres-
sure [101]. On the other hand, a study in mice reported that varying the amount of dietary
sodium (< 0.01% to 3.2%) for two weeks did not alter Usp2 expression in the cortical
collecting duct, suggesting that USP2 is unlikely to be involved in sodium homeostasis
in mice [102]. Usp2KO mice did not exhibit impaired diurnal rhythms of osmolality or
excretion of creatinine, sodium, and potassium, in response to either high- or low-salt
dietary challenges [102]. Similarly, plasma sodium, potassium, and aldosterone levels were
indistinguishable between wild type and Usp2KO mice [102]. Furthermore, Usp2KO mice
showed no obvious alterations to systolic or diastolic blood pressure in response to low-,
normal-, or high-salt diets [102]. Therefore, USP2 seems to be dispensable for the regulation
of sodium balance and blood pressure. Further studies are required to elucidate whether
USP2 plays a primary role in these processes under pathological and/or physiologically
stressed conditions.

6. Energy Metabolism and Metabolic Disorders

As previously mentioned, several reports have demonstrated that USP2 preserves
FASN expression in several cell types, which implies that USP2 has a potential role in
the regulation of lipid metabolism [18-20,26]. Indeed, accumulating evidence indicates
that USP2 is a key regulating enzyme for energy metabolism in both physiological and
pathological conditions (Figure 2).

Under fasting conditions, hepatic gluconeogenesis is necessary to maintain blood
glucose levels. Glucagon and adrenal glucocorticoids increase the levels of blood glucose by
activating hepatic gluconeogenic enzymes, including phosphoenolpyruvate carboxykinase
(PEPCK) and glucose-6-phosphate (G-6-Pase) [103,104]. Because the circadian rhythm of
the liver clock critically affects overall energy metabolism, the mechanisms that modulate
the hepatic clock are of clinical importance [105]. The expression of USP2-4 peaks just
before the onset of the dark phase [11,87,89]. Like BMAL1/CLOCK-controlled genes, an
apparent diurnal rhythm of hepatic Usp2-4 expression was severely inhibited in Brnal1KO
mice, suggesting that USP2-4 is regulated by the liver clock. In addition to being affected
by the circadian clock, Usp2-4 mRNA levels in the liver were also controlled by nutritional
input, although the effect was not seen in the white adipose tissue or skeletal muscle of
mice [11]. In cultured hepatocytes, Usp2-4 mRNA was increased by hydrocortisone and
further augmented by glucagon, whereas insulin suppressed this hydrocortisone- and
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glucagon-induced Usp2-4 expression [11]. Hepatic Usp2-4 expression was also potentiated
by PPARY coactivator (PGC)-1« [82], which is a critical transcriptional coactivator for
hepatic energy metabolic processes, such as gluconeogenesis, oxidative phosphorylation,
and [-oxidation [106]. Collectively, the abundance of hepatic USP2-4 is regulated by the
circadian rhythm and nutritional stimuli. Overexpression of Usp2-4 in the liver increases
blood glucose, insulin, and hepatic PEPCK levels, whereas Usp2 knockdown in the liver
elicits a hypoglycemic response and abolishes the daily oscillations in blood glucose levels
in mice under night-feeding and day-feeding regimes [11]. Therefore, USP2-4 likely acts
as a key regulator of glucose homeostasis by modulating liver function. Accordingly,
the overexpression of Usp2-4 induced through an adenovirus vector was found to exac-
erbate HFD-induced diabetes by causing insulin tolerance and glucose intolerance [11].
Knocking down hepatic Usp2 in the liver of this model rescued the aberrant responses to
insulin and glucose [11]. Given that USP2-4 positively regulates the expression of several
glucocorticoid-regulated genes in the liver, USP2 appears to exacerbate glucose intoler-
ance by stimulating glucocorticoid signaling [11]. Interestingly, USP2-4 potentiates the
expression of the 11p3-hydroxysteroid dehydrogenase 1 (HSD1) gene, which is an enzyme
involved in the synthesis of cortisol, therefore implying that local glucocorticoids may
participate in USP2-4-evoked gluconeogenesis [11]. Taken together with the fact that
USP2-4 deubiquitinates C/EBP«x, which potentially upregulates HSD1 expression in hepa-
tocytes [11], USP2-4 likely stabilizes C/EBP« to promote local glucocorticoid production,
which results in the acceleration of gluconeogenesis.
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Figure 2. Roles of USP2 in energy metabolism. USP2-1 in adipose tissue macrophages (M) inhibits
chronic inflammation in adipose tissue, which restores insulin sensitivity in skeletal muscle in obese
individuals. In the liver, USP2-4 promotes gluconeogenesis and increases low density lipoprotein
(LDL) uptake by upregulating the LDL receptor. In myoblasts, USP2 maintains oxidative phospho-
rylation (OXPHOS) and ATP supply, which may contribute to myoblast proliferation and myotube
differentiation. In various cancer cells, USP2-1 is a critical factor for the induction of fatty acid
synthase, which participates in tumor progression. In the male genital tract, macrophage USP2
preserves OXPHOS activity in frozen sperm. Thus, deficiency of macrophage USP2 leads to impaired
sperm motility.
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The liver is also a primary organ for lipid metabolism; it synthesizes cholesterol from
triglycerides and releases cholesterol into the circulatory system [107]. The liver also takes
up low density lipoprotein (LDL) via the recognition of apolipoproteins by LDL receptors
(LDLR) [108]. LDLR is polyubiquitinated by an E3-ubiqutinase-inducible degrader of
LDLR (IDOL) and subjected to proteasome-dependent degradation [109]. Both USP2-1
and USP2-4 deubiquitinate and stabilize IDOL, suggesting that USP2 promotes LDLR
degradation [110]. However, USP2 somewhat preserves LDLR stability and dampens
IDOL-induced suppression of LDL uptake [110]. In agreement, USP2 increased surface
LDLR levels and promoted LDL uptake in cultured hepatocytes [110]. An overexpression
study implied that USP2 forms a tri-partite complex with IDOL and LDLR at the plasma
membrane where it counteracts the IDOL-induced ubiquitination of LDLR and thereby
prevents the digestion of LDLR by proteasomes [110]. Therefore, USP2 sustains LDLR-
mediated LDL uptake and also stabilizes IDOL in hepatocytes.

Macrophages are roughly classified as classically activated or alternative activated,
categories that exhibit proinflammatory or tissue remodeling roles, respectively [111]. It
is well established that a polarization toward classically activated macrophages aggra-
vates insulin tolerance [112]. In terms of visceral adipose tissue, classically activated
macrophages accumulate in the tissue of obese patients, leading to chronic inflammation
in these tissues [113]. This chronic adipose tissue inflammation increases the circulating
levels of “harmful” humoral factors, such as TNF-« and plasminogen activator inhibitor-1
(PAI-1), which results in insulin resistance or diabetes-associated tissue disorders [114-116].
We previously demonstrated that in human macrophage-like HL-60 cells, USP2-1 sup-
pressed the expression of adipose tissue inflammation-related genes for SERPINE1 PAI-1,
adipocyte protein 2 (aP2), HMGA4high mobility group protein A2 (HMGA?2), and matrix
metalloproteases (MMPs) [9]. In agreement with these data, the expression of USP2-1
was significantly diminished in ob/ob mice, whereas SERPINE1 (encoding PAI-1), FABP4
(encoding aP2), and HMGA2 were upregulated. Moreover, macrophage-selective Usp2-1
transgenic mice showed a marked reduction in the number of adipose tissue macrophages
in response to HFD feeding, indicating that macrophage USP2 likely facilitates macrophage
infiltration into the visceral adipose tissues [9]. Furthermore, conditioned media from
USP2-knockdown HL-60 cells stimulated the expression of adipogenic and inflammatory
genes in 3T3-L1 cells, suggesting that macrophage USP2 controls adipose tissue remod-
eling [9]. Accordingly, the overexpression of USP2-1 in macrophages restored insulin
signaling in the liver and muscles in obese mice and reduced insulin tolerance [117]. All
these observations demonstrate that USP2 in adipose tissue macrophages prevents the
aggravation of obesity-induced diabetes. Regarding cellular signaling, USP2 knockdown
did not influence the phosphorylation of ERK, p38, JNK, p65 nuclear factor-«xB (NF-kB),
C/EBPgq, signal transducer and activator of transcriptions (STATs), or the ubiquitination
of mitogen-activated protein kinase phosphatases and NF-«kB inhibitor (I«B) o in HL-60
cells [9]. The same cells also showed negligible changes in the nuclear abundance of PPARs
and retinoic acid receptors (RXR), and no alteration in the binding activity of 17 transcrip-
tion factors [9]. On the other hand, USP2 knockdown potentiated histone H4 acetylation
and histone H3 lysine 4 methylation of the FABP4 and HMGA?2 loci [9]. Histone H4 acety-
lation causes conformational changes in the histone structure and facilitates the access of
transcriptional factors to gene promoters [118]. Moreover, H3 lysine 4 methylation activates
promoters or enhancers through interaction with transcriptional factor complexes, as well
as with modifying enzymes for histone H4 acetylation [118,119]. Coinciding with these ac-
tions, USP2 knockdown increased histone accessibility, suggesting that USP2 epigenetically
impedes the expression of adipose inflammation-associated genes. Although the cellular
contents of some deacetylases, histone methylases, and demethylases were constant in the
USP2 knockdown cells, further studies may uncover direct or indirect histone modifiers
that are modulated by USP2 [9].
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7. Nervous System

USP2 is abundantly expressed in neural cells in the intact mouse brain [120]. Cor-
respondingly, an emerging body of evidence suggests significant roles for USP2 in the
nervous system. As previously mentioned, USP2 modulates the molecular clock in the
SCN by regulating BMALI1 stability, and presumably alters neuroendocrine activity [87].
Additionally, microarray data indicate that Usp2 mRNA level is slightly, but significantly,
increased in the hypothalamus and cerebral cortex of hypoglycemic mice [121]. Because
the brain primarily utilizes glucose as its energy substrate [122], USP2 may therefore play a
neuroprotective role against hypoglycemia.

Stress is known to evoke cognitive and emotional deficits [123]. In particular, stress-
induced cognitive defects are attributable to the dysfunction of hippocampal channels
or receptors [123,124]. Li et al. reported that, in rats, acute stress led to cognitive failure,
accompanied by the downregulation of x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors in the hippocampal CA1 region [120], as well as significant de-
creases in the expression of PGC-1«, 3-catenin, E4 promoter-binding protein 4 (E4BP4),
and USP2. Because PGC1-«, 3-catenin, and E4BP4 have been postulated as upstream
regulators of USP2 [82], stress-induced attenuation of their expression may in turn attenu-
ate hippocampal USP2. Retigabine, a drug that opens voltage-gated potassium channels,
has been shown to abolish stress-induced cognitive defects; normalize the expression of
PGC-1«, B-catenin, and USP2; and alleviate the increase in phosphorylated mammalian
target of rapamycin (mTOR) and autophagy components [120]. Based on these findings, the
authors speculated that USP2 deficiency impaired special memory retrieval via the aberrant
expression of AMPA receptors and enhancement of mTOR-evoked autophagy [120].

Clinical surveys have indicated pivotal roles for USP2 in brain function. Blood RNA
samples prepared from 13 patients with schizophrenia and 6 patients with bipolar disorder
revealed that the USP2 gene was negatively associated with scores on the Scale for the
Assessment of Positive Symptoms; however, the genes for two ubiquitin conjugation
enzymes, ubiquitin conjugating enzyme E2K, and seven in absentia homolog 2, were
positively associated [125]. Presently, it is still unclear whether USP2 is aberrantly expressed
in neural cells, or if certain mediators from blood cells may affect neural activity during
the development of the central nervous system. Exome sequencing has identified USP2 as
one of the candidate genes exhibiting de novo and recessive variants, with substitutions in
the 184" amino acid of USP2-1 in patients with developmental delay, seizures, hypotonia,
cryptorchidism, and club feet [126]. The affected site is required to bind MDM4, and is also
predicted to influence subcellular localization and interaction with other proteins, such as
MDM2 [126]. Therefore, USP2-mediated modulation of p53 signaling may be involved in
normal brain development.

Studies using Usp2KO mice have generated insights into the physiological roles of
USP2 in brain-mediated behaviors. For example, two groups reported that Usp2KO mice
were more active when they were subjected to a wheel running test [86,87], whereas another
group showed that the circadian free-running period and overall locomotor activity of the
Usp2KO mice were not altered [90]. More recently, a preprint reported that Usp2KO mice
exhibited an increased and more continuous active period compared to control mice [127].
Usp2KO mice also perform poorly in rotarod tests, novel object recognition tests, and
acoustic startle reflex tests, thereby revealing defects in motor coordination, short-term
recognition, and sensorimotor gating, respectively [127]. In addition, plus maze tests and
novelty-suppressed feeding tests showed that the Usp2KO mice have decreased anxiety-
like behavior [127]. The same study did not find any significant differences in appetite
or spatial memory formation in Usp2KO mice, indicating that the roles of USP2 in the
central nervous system are relatively specialized [127]. Future research may clarify other
regulatory roles of USP2 in the brain, and may also uncover the signaling events underlying
these phenomena.
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8. Skeletal and Cardiac Muscles

The roles of USP2 in skeletal muscle differentiation have been evaluated in one of the
first reports, which showed that USP2-1 and USP2-4 were differentially expressed in rat L6
myocytes. USP2-1 was temporarily increased in the early phase of differentiation, while the
levels of USP2-4 gradually increased during differentiation [128]. Constitutive expression
of USP2-1 promoted the fusion of myoblasts along with the induction of myosin heavy
chain, whereas USP2-4 overexpression dampened myotube-like differentiation [128]. These
results imply a potential role of USP2 in the development of muscle; however, knockout of
the Usp2 gene did not result in abnormal skeletal muscle phenotypes in mice, indicating that
USP2 is dispensable for embryonic muscle development in vivo [129]. Further investigation
is necessary to elucidate the specific roles of USP2 in muscle maintenance, including muscle
wasting and muscle remodeling [130].

Tenderness is an economically important factor considered in the palatability of beef
to consumers. Data from an mRNA-seq analysis of skeletal muscle in 24 Nellore cattle
in Brazil that showed high or low shear force after 14 days of aging revealed molecules
that are potentially involved in determining beef tenderness [131]. A complementary
co-expression analysis using Partial Correlation with Information Theory indicated USP2
mRNA was one of the most “differentially hubbed” transcripts, alongside growth factor
receptor-bound protein 10 (GBR10), anoctamin 1 (ANO1), and transmembrane BAX in-
hibitor motif containing 4 (TMBIM4). Pathway analysis using the Kyoto Encyclopedia of
Genes and Genomes suggested that USP2, GBR10, ANO1, and TMBIM4 are involved in
the proteasome pathway [131]. Although a mechanistic explanation for the involvement of
USP2 in beef tenderness is presently lacking, USP2 may affect the maturation and quality
of muscle in cattle.

There is little knowledge regarding USP2-elicited molecular events in mature skeletal
muscle, but we have previously explored mechanisms underlying these events in myoblasts.
We found that knockout of the Usp2 gene led to defects in proliferation and differentiation
of mouse C2C12 myoblasts [132]. Furthermore, oxygen consumption and intracellular ATP
were significantly reduced in Usp2-deficient myoblasts [132]. Usp2KO C2C12 myoblasts
also exhibited an increase in fragmented mitochondria concomitant with an accumulation
of ROS [132]. Treatment with ML364, a USP2 inhibitor, also elicited the accumulation of
ROS-induced mitochondrial damage and a decrease in intracellular ATP. Together, these
results indicate that USP2 is a prerequisite for the protection of mitochondria against
ROS in myoblasts [132]. We then hypothesized that uncoupling protein 2 (UCP2) was
responsible for the USP2-driven ROS removal. In support of this idea, we found that UCP2
was significantly decreased in Usp2KO C2C12 cells [132]. Further studies are required to
elucidate how USP2 positively controls UCP2 expression.

Three publicly available mouse transcriptomics datasets indicate that Usp2 is down-
regulated in the heart under overload pressures [133]. Transverse aortic construction (TAC),
which mimics cardiac pressure overload, has clearly been shown to downregulate USP2 in
cardiac muscle [133]. Infection of cardiac tissue with adeno-associated virus expressing
Usp2 considerably improved left ventricular (LV) contractile function, as evaluated by ejec-
tion fraction, fraction shortening, and LV internal dimensions; LV anterior wall thickness;
and posterior wall thickness at end-diastole and end-systole [133]. In addition, Usp2 overex-
pression suppressed cardiac hypertrophy, infiltration of CD68* inflammatory macrophages,
induction of proinflammatory cytokines, myocardial fibrosis, and increases in collagen
mRNA after TAC [133]. Overexpression of cardiac Usp2 also reduced oxidative stress,
attenuated TAC-elicited induction of genes encoding NADPH oxidase (NOX)2, NOX4,
and p22P"*, downregulated TAC-induced phosphorylation of Akt, ERK, and Ik kinase,
and mitigated the nuclear localization of NF-kB p65 [133]. Therefore, USP2 may attenuate
cardiac remodeling during pressure overload by disrupting the signaling processes.

The «1C subunit of the voltage-dependent L-type calcium channel (Cay1.2) is respon-
sible for calcium influx leading to calcium-induced calcium release from the endoplasmic
reticulum in cardiac muscle [134]. Phosphorylation of Cay1.2 by protein kinase A pro-
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motes the opening of L-type calcium channels in cardiac muscle; therefore, Ca,1.2 is a
major target of the sympathetic nervous system in the heart [134]. An overexpression
study using kidney cells demonstrated that USP2-4 decreased the surface expression of
Cay1.2 and attenuated Cay currents by suppression of ubiquitination of Cav1.2 and x26-1
subunits [135]. Because USP2-4 only associated with the x25-1 auxiliary subunit, but not
the Cay1.2 subunit, the negative effects of USP2-4 on surface Cay1.2 is therefore likely
attributable to the «26-1 subunit [135]. In other words, USP2-4 determines surface Cay
availability via deubiquitination of the «25-1 subunit. Therefore, upregulation of USP2-4
by certain stimuli may alter the contraction of cardiac muscle.

9. Immune and Inflammatory Responses

The role of USP2 in immune and inflammatory signaling is still controversial. Discrep-
ancies in findings may be caused by different experimental variables, such as cell types,
stimulation types, duration of stimulation, inflammatory indexes, and sample species
(Figure 3).

TNF-«, a canonical inflammatory cytokine, comprises an active complex with TNF
receptor-1, TNF receptor-associated death domain protein (TRADD), RIP1, and TGF-—
activated kinase 1 (TAK1) [136-138]. This TNF-x-elicited complex stimulates the IkB kinase
complex, which is followed by the phosphorylation-dependent polyubiquitination of
IkBa [136-138]. Subsequently, IkBx is digested in the proteasome, resulting in the nuclear
retention of NF-kB complexes and the induction of proinflammatory genes [136-138].
To date, a growing body of evidence indicates that USP2 modifies NF-kB activity via
several mechanisms. Metzig and his colleagues performed siRNA screening to identify
the USPs that participate in TNF-a-induced NF-«B activation, and reported that USP2
siRNA attenuated ~50% and ~30% of kB site-driven luciferase reporter activity in HEK293
cells and HepG2 cells, respectively. USP2 siRNA also inhibited the nuclear translocation
of NF-«kB p65 in HeLa cells, and suppressed the induction of transcripts for C-C motif
ligand (CCL) 2, C-X-C motif ligand 2, interleukin (IL)-8, and IkBx [139]. These results
indicate that USP2 medjiates the induction of TNF-«-elicited proinflammatory cytokines by
activating NF-«B.

TNF-« is reported to have a pivotal role in the pathogenesis of rheumatoid arthritis
(RA) [140,141]. Akhtar et al. investigated the TNF-« signaling molecules regulated by
miR-17, which is decreased in the serum, synovial fibroblasts, and synovial tissues of
patients with RA and rats with adjuvant-induced arthritis. A bioinformatics analysis of
a miR-17 gain-of-function study predicted that miR-17 may influence the expression of
TRAF2 and BIRC3 (encoding cellular inhibitor of apoptosis protein 2 (cIAP2)). Like these
proteins, USP2 is also a miR-17-affected gene. The introduction of pre-miR-17 dramatically
suppressed USP2 expression in TNF-a—pretreated synovial fibroblasts [142]. Because
treatment with pre-miR-17 augmented the polyubiquitination of TRAF2 and cIAP1/2 in
synovial fibroblasts, the authors speculated that USP2 may regulate the stability of these
signaling molecules involved in the TNF signaling cascade.

TNEF-« protein has also been reported be a direct target of USP2. Bacterial lipopolysac-
charide (LPS), a toll-like receptor 4 ligand, induced miR-124 expression in mouse macrophage-
like RAW264.7 cells [143]. In these cells, miR-124 knockdown potentiated the production
of LPS-elicited TNF-« protein, while treatment with a miR-124 mimic ablated TNF-« syn-
thesis [143]. Because miR-124 did not modulate TNF-« at the mRNA level in response to
LPS stimulation, the authors concluded that miR-124 enhanced TNF-« production via a
post-transcriptional mechanism. Indeed, the TargetScan database suggests that putative
miR-124-binding sites are present on the 3’ untranslated region of Usp2 transcripts [143].
Furthermore, USP2 knockdown in RAW?264.7 cells shortened the half-life of the TNF-«
protein, attenuated TNF-« release, and abolished the effects of miR-124 on TNF-« protein
stability [143]. Therefore, USP2 stabilizes TNF-a in RAW264.7 macrophage-like cells.
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Figure 3. Roles of USP2 in immune and inflammatory responses. Previous reports indicate that

USP2 exerts both positive and negative effects on immune and inflammatory responses. USP2
stabilizes TNF-« and the TNF-a—elicited signaling complex, leading to activation of NF-kB. USP2
also potentiates NF-«B activation in T-lymphocytes via the interaction between the CBM complex
and TRAF6. Moreover, USP2 stimulates nuclear accumulation of STATs, which promotes antiviral
activity in cells. In contrast, there are papers demonstrating that USP2 modifies OCT1, TRAF6, and
Imd (Drosophila orthologue of RIP1) to suppress the expression of proinflammatory cytokines and
anti-bacterial peptides. Additionally, USP2 modulates TBK1 to attenuate signaling along the RIGI,
c¢GAS/STING, and TRIF pathways. USP2-elicited attenuation of TBK1 also lowered IRF3 activation,
resulting in decreased IFN{ production.

Besides innate immunity and proinflammatory responses, NF-«B also contributes to
adaptive immunity [144]. In T-lymphocytes, activation of the T-cell receptor (TCR) complex
promotes the recruitment of caspase recruitment domain family member 11 (CARD11) to
the lipid raft, and stimulates the formation of the CBM complex, which is a signalosome
comprising CARD11, B-cell lymphoma 10 (BCL10), and mucosa-associated lymphoid
translocation gene 1 (MALT1) [144]. Meanwhile, TRAF6, which is an E3-ubiquitin ligase,
promotes K63-linked polyubiquitination of MALT1, BCL10, and IkB kinase (IKK)y, and
leads to the association of the CBM complex with the IKK complex [144]. TRAF6 also
activates the TAK1/TAK1-binding proteins (TABs) complex, which phosphorylates IKKf3
and in turn activates the IKK complex [144]. Eventually, the activated IKK complex in-
duces the nuclear localization of NF-«B via proteasome-dependent IkBx-degradation [144].
So far, USP2-1 has been shown to associate with MALT1 and CARD11, in response to
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combinatory treatment using phorbol 12-myristate 13-acetate (PMA) and ionomycin to
mimic TCR activation in Jurkat T cells [145]. USP2-1 is also constitutively bound to TRAF6
in these cells [145,146]. USP2 appears to mediate TCR signaling, because its knockdown
suppressed TCR activation-provoked phosphorylation of IkBax and subsequent IL-2 pro-
duction [145]. In agreement, USP2 modifies the ubiquitination of TRAF6, and thereby
mediates its recruitment to MALT1 [145]. Given that USP2-1 digests the small ubiquitin-
related modifier (SUMO) chain on TRAF6 [145], and that sumoylation interferes with
protein—protein interactions, USP2 may facilitate the interaction between TRAF6 and CBM
to trigger NF-kB activation in T-lymphocytes. Because USP2 gene was transcriptionally
activated in splenic B-lymphocytes in response to stimulation with IL-4, the role of USP2 in
lymphocyte activation may not be restricted to T-lymphocytes, but may also encompass
B-lymphocytes [147].

In contrast to the reports above, USP2 has also been shown to negatively regulate
proinflammatory and immune responses. We previously demonstrated that stimulation
with LPS led to the downregulation of USP2 in the human macrophage cell line HL-60,
mouse macrophage cell line ]J774, and mouse peritoneal macrophages [10]. USP2 knock-
down also potentiated the expression of 25 out of 104 cytokines in LPS-stimulated HL-60
cells, whereas the reintroduction of USP2 isoforms to the USP2 knockdown cells blocked
the enhanced expression of these 25 cytokines [10]. Accordingly, isolated macrophages
from macrophage-selective Usp2-1 transgenic mice exhibited suppressed induction of
genes for proinflammatory cytokines, such as TNF-«, IL-6, and CCL4, in response to
LPS stimulation [10]. Taken together, USP2 represses the induction of proinflammatory
cytokines in macrophages. The TRAF6/NF-«B signaling pathway does not appear to be
a direct target of USP2, because knockdown or overexpression of USP2 did not modify
the polyubiquitination of TRAF6, or the levels of TRAF6, nuclear NF-«B, or cytoplasmic
IxkBoe [10]. However, USP2 knockdown caused a significant decrease in octamer binding
protein (OCT)-1 and -2 in the nucleus [10]. The binding ratio of OCT-1 to OCT-2 to cytokine
promoters was also significantly increased in USP2-knockdown HL-60 cells [10]. Further,
USP2 deubiquitinated the K48- and K63-linked polyubiquitin chains on OCT-1, but not
OCT-2 [10]. Hence, modulation of the ratio of the OCT proteins occupying the cytokine
promoters underlies USP2-modified cytokine expression.

IL-1B and Sendai virus (SeV) also activate NF-«B via the TRAF6/NF-kB signaling
cascade [146]. Overexpression of USP2-1 drastically suppressed NF-«B activity in HEK293
cells in response to IL-1(3 treatment or SeV infection [146]. Conversely, treating Usp2KO
cells with IL-1$3 or SeV elicited NF-«B hyperactivation, followed by robust induction of
proinflammatory cytokines, such as TNF-a and IL-6 [146]. USP2-1 directly interacted with
the RING finger and Zinc finger domains of TRAF6, and deubiquitinated the K63-linked
polyubiquitin chain on TRAF6 [146]. Because USP2 deficiency leads to elevated TRAF6
levels in HEK293 cells independently of IL-13 or SeV stimulation, USP2 may therefore
repress TRAF6/NF-«B signaling during the steady state.

Pathway-sensing pathogen-associated molecular patterns (PAMPs) are well conserved
in vertebrates and invertebrates [148]. During bacterial infection, Drosophila macrophages
exhibited activation of NF-kB-like proteins such as Relish, which led to the induction
of antimicrobial peptides [149]. Overexpression of Usp2 suppressed the expression of
Dpt (encoding diptericin), an antimicrobial peptide, and simultaneously reduced survival
rate in Drosophila [150]. Conversely, silencing the Usp2 gene promoted the expression of
Dip and AttA (encoding attacin A), another antimicrobial peptide, pre and post bacterial
challenge [150]. The USP2 deficiency—elicited induction of antimicrobial peptide genes was
dependent on Immunodeficiency (Imd), a Drosophila orthologue of RIP1, whose K48-linked
polyubiquitination cleavage was catalyzed by USP2 in macrophage-like S2 cells [150]. Al-
though K48-linked polyubiquitination generally triggers proteasome-dependent digestion
of the ligated protein, the removal of the polyubiquitination chain from Imd instead accel-
erated its degradation in S2 cells [150]. Compared to Imd or USP2 alone, the Imd-USP2
complex was clearly associated with proteasome subunits, suggesting that USP2 likely
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conveys Imd to the proteasome [150]. Therefore, USP2 moderates excess activation of
Relish-dependent immunity by promoting Imd degradation.

Interferon (IFN) plays a critical role in antiviral immunity, and is broadly classified into
types I-II1 [151]. IFN type I (IFNo/3) and type III (IFNA) activate receptor-associated Janus
kinase (JAK) 1 and tyrosine kinase 2 (Tyk2), whereas type II IFN (IFNy) promotes the acti-
vation of JAK1 and JAK2 [152]. JAK1/Tyk2 and JAK1/JAK2 phosphorylate STAT1/STAT2
heterodimers and STAT1 homodimers, respectively [152]. The phosphorylated STAT com-
plexes translocate to the nucleus and bind to the IFN-stimulated response element or
the IFNY activation site to induce hundreds of antiviral IFN-stimulated genes [153]. The
phosphorylation at tyrosine 701 (pY701) determines the stability of nuclear STAT, and the
polyubiquitination and subsequent proteosome digestion of pY701-STAT1 occurs in the
nucleus [154]. USP2-1 has been shown to directly deubiquitinate pY701-STAT1, which
results in the accumulation of pY701-STAT1 in the nucleus [154]. Because IFNs accelerate
the translocation of USP2-1 into the nucleus [154], the resulting induction of antiviral
proteins by the stabilized STATs therefore confers viral resistance. Correspondingly, USP2
knockdown decreased antiviral activity in embryonic kidney 293T cells, HepG2 cells, fi-
brosarcoma 2fTGH cells, and epidermoid KB cells against the vascular stomatitis virus
(VSV); in human vascular endothelial cells against the dengue virus; and in lung cancer
Ab549 cells against the influenza A virus (HIN1 strain) [154].

In addition to modulating the downstream signaling of the IFN receptors, USP2 has
also been postulated to alter the production of IFN type I. Infection with SeV caused a
small decrease in the levels of both USP2-1 and USP2-4 in HEK293 cells and macrophage-
like THP-1 cells [155]. Moreover, USP2-4, but not USP2-1, attenuated the activation of
IFNB promoter after SeV infection, indicating a role for USP2 in suppressing viral im-
munity [155]. USP2-4 also inhibited the activation of the I[FNB promoter by modulating
retinoic acid-inducible gene-I (RIG-I), melanoma differentiation-associated gene 5 (MDADJ),
mitochondrial antiviral signaling protein (MAVS), TANK binding kinase 1 (TBK1), and
possibly activating interferon regulatory factor 3 (IRF3) [155]. USP2-4 removed the K63-
linked polyubiquitin chain from TBK1, but did not alter the polyubiquitination of RIG-1
and MAVS [155]. Furthermore, USP2-4 repressed SeV-elicited TBK1 activation [155], sug-
gesting that TBK1 is a direct target of USP2-4. USP2-4-mediated modulation of RIG-I/TBK1
signaling appears to influence antiviral activity because the level of LUSP2-4 expression
determined susceptibility to VSV infection [155]. In addition, USP2-4 also inhibited the
activation of the Toll/IL-1R domain-containing adaptor, which induces IFN-f (TRIF) and
cyclic GMP-AMP synthase (cGAS)/stimulator of interferon genes (STING) signaling, and
attenuates IFNB1 (encoding IFN-[3) expression [155]. Given that both TRIF-mediated and
STING-mediated pathways employ TBK1 to induce IFN{3, USP2-4 is therefore a common
suppressor of antiviral signaling pathways.

The potential involvement of USP2 in the pathogenesis of nephritis has been previ-
ously documented. USP2 expression was found to be upregulated in exceptionally prolifer-
ative cells in glomerulonephritides in parallel with increased pathological severity [156].
Since mesangial cells undergo proliferation in various types of glomerulonephritides, USP2
is likely to be upregulated in mesangial cells during nephritides [156]. Concordantly, the
expression of USP2 protein was potentiated in cultured mesangial cells by IL-13, anti-
thymocyte serum (ATS), and ATS with fresh human serum, indicating that inflammatory
activation of mesangial cells elicits USP2 expression. The biological roles of USP2 in
mesangial cells have also been investigated in a rat model. The intravenous injection
of anti-thy1.1 antibody causes severe nephritis, increases proliferative cells, accumulates
a-smooth muscle actin and collagen IV in glomeruli, and induces TGF-3, which stimu-
lates fibrosis in inflamed regions [48]. Administration of a USP2-1-expressing plasmid
into this rat nephritis model markedly abated the accumulation of proliferative cells and
the deposition of extracellular matrix [48]. Because the expressed USP2-1 was primarily
observed in the mesangium of the glomeruli, USP2-1 may suppress the hyperactivation
of mesangial cells [48]. Overexpression of USP2-1 also promoted the induction of renal
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decorin, which suppressed the induction of TGF-1 and collagen IV in cultured mesangial
cells after treatment with TNF-o, TGF-f31, or platelet derived growth factor-BB [48]. There-
fore, the induction of decorin in mesangial cells appears to underlie the therapeutic effects
of USP2-1.

10. Male Genital Tract

USP2 is considered to have a vital role in spermatogenesis because it is abundant in
late elongating spermatids [5]. Although Usp2KO mice exhibited a normal phenotype,
including the testis, with no obvious changes in the number and morphology of epididymal
spermatids or testicular spermatozoa, they displayed severe male subfertility that entailed
abnormal aggregation of elongating spermatids in the testis and multinucleated bodies in
the epididymis [129]. Correspondingly, the in vitro fertilization efficacy of Usp2KO mouse
sperm was remarkably low when compared to wild-type mouse sperm [129]. Because
the fertilization rate from intracytoplasmic sperm injection and the degree of acrosome
reaction were comparable between sperm from Usp2KO and wild-type mice, the subfertility
observed in Usp2KO mice may therefore be caused by defects in sperm motility. Although
Usp2KO sperm exhibited normal hyperactive motility in Hanks medium M199, they were
complete immotile in phosphate-buffered saline (PBS) [129]. Given that sperm isolated
from wild-type mice maintained motility even in PBS, USP2 therefore enables sperm to
sustain hyperactive motility with a minimal supply of nutrients and ions.

We have recently reported the effects of a macrophage-selective Usp2KO (msUsp2KO)
on male genital tract function. Deficiency of macrophage USP2 did not cause vital changes
to the number, localization, or proportion of testicular macrophage subpopulations [157].
Likewise, there were negligible changes in the composition and localization of other testic-
ular cells, including male gametes, Sertoli cells, and Leydig cells, with no obvious changes
in testicular and circulating testosterone levels [157]. The loss of macrophage USP2 also
did not affect the number, morphology, motility, or hyperactivation of freshly isolated
sperm, but aberrant mitochondrial oxidative phosphorylation, capacitation, and hyperacti-
vation were observed in freeze-thawed msUsp2KO mouse sperm [157]. Administration of
macrophage-derived granulocyte macrophage-colony stimulating factor (GM-CSF) potenti-
ated total motility in the msUsp2KO sperm by maintaining the mitochondrial ATP supply,
but did not restore capacitation or hyperactivation [157]. Thus, future studies should
elucidate the mechanisms underlying GM-CSF induction in testicular macrophages and
investigate the intercellular and intracellular events in testis that involve macrophage USP2.

Recently, a study of a large cohort of patients with sex development disorders revealed
that a mutation at the USP2 locus [c.550G4A:p. (Gly184Arg)] was associated with unde-
scended testes with hypoplastic scrotum [126,158]. However, the cause of the phenotypic
differences observed between Usp2KO mice and human patients with mutations in the
USP2 gene has not yet been elucidated.

11. Perspectives

As discussed in this review, USP2 is currently proposed to be a multifunctional DUB
that plays crucial roles in various physiological and pathological events. However, a large
body of evidence pertaining to its molecular function was obtained from cultured cells. To
acquire accurate knowledge of the roles of USP2 at the level of the whole organism, the
functions of USP2 should be individually reevaluated. Accordingly, there are several exam-
ples showing that in vivo models do not replicate the putative USP2 functions suggested by
culture studies. For example, Usp2KO mice exhibit normal growth, including skeletal mus-
cle development [129], whereas the overexpression of wild type and dominant-negative
forms of USP2 strongly modified differentiation in cultured myoblasts [128]. Likewise,
USP2 modified surface ENaC abundance via several mechanisms in cultured cells [93-97],
but Usp2KO mice maintain a normal sodium balance and blood pressure [102]. From this
perspective, further studies using Usp2KO mice or specific USP2 inhibitors may be useful
for the functional validation of the roles of USP2 in vivo. Meanwhile, drug specificity
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should be taken into consideration, because many chemical inhibitors have unexpected
molecular targets [159]; for example, a recent paper reported that a USP2 blocker also
inhibits severe acute respiratory syndrome coronavirus 2 papain-like protease [160]. Con-
sidering that these inhibitors can affect enzymes with similar structures, chemical inhibitors
of USP2 could perturb other endogenous proteins. To reconcile the differences in results
obtained from cellular models and animal models, the molecular network of compensation
for USP2 in Usp2KO mice should be examined using more comprehensive approaches,
including transcriptomics and proteomics. In particular, there is a paucity of studies on
other DUBs that share the physiological roles of USP2 in vivo.

Previous reports have identified possible targets of USP2, including transcriptional
factors and their modulators [10,11,86-89], ion channels [93,95-97,135,161], hormone re-
ceptors [100,162], signal adaptor proteins [77,78,81,145,146,163], cytokines or cytokine
receptors [52,66], and metabolic enzymes [20,26]. Although the modification of these
factors may account for some of the USP2-elicted responses, it is presumed that not all
USP2 targets have been discovered. For example, some reports indicate that USP2 po-
tentially contributes to memory formation in the hippocampus and cerebral cortex [120].
The target of USP2 in this context has not yet been discerned, although mTOR and AMPA
receptor 1 have been postulated [120]. Similarly, we demonstrated that USP2 in testicular
macrophages conferred cryoprotection to sperm via GM-CSF production, but a mechanis-
tic explanation for GM-CSF induction by USP2 is not clear at present [157]. The ectopic
expression of USP2 has been shown to deubiquitinate an enormous number of proteins in
cultured cells [46], and USP2 potentially modulates a far larger number of key molecules
that determine physiological responses. Overexpression models of USP2 and the candidate
proteins have generally been employed to evaluate USP2 target candidates [10,11,46,87,94];
however, given that overexpression often generates abnormal cellular distributions, the
interaction between USP2 and the target candidates require further assessment under
physiological conditions. Moreover, excess USP2 may cause nonspecific off-target deubiq-
uitination in cells and animals. Therefore, knockout or knockdown experiments, alongside
intracellular co-localization studies in a physiological setting, can substantiate hypotheses
on the interaction between USP2 and the target(s) of interest.

Among the various types of polyubiquitin chains, the structure, interactors, and
physiological significance of K48-linked and K63-linked polyubiquitination have been
extensively documented [164-166]. In general, the K48-linked polyubiquitination moiety is
known to be a canonical signal for proteasome-dependent degradation, while K63-linked
polyubiquitin chains have been shown to modulate protein—protein interactions [165,166].
Additionally, recent advances in proteomics have revealed a large variety of protein ubiq-
uitination, including linear ubiquitination with other lysine residues, branched ubiqui-
tination, and monoubiquitination [165,167,168]. Diverse ubiquitin modifications confer
distinct conformations to the target protein, which triggers various consequences in cells.
Thus, the association of the ubiquitin (or ubiquitin-like molecule) chain on proteins with
biological outcomes generates a so-called “ubiquitin code”, which facilitates our under-
standing of their biological relevance [165,169]. To date, few papers have profiled ubiquitin
chains at a whole-genome scale in USP2-engineered cells. Therefore, approaches using
“ubiquitinomics” may shed new light on the biological function of USP2 [170-172].

As described in this review, USP2 has pathophysiological roles in various tissues.
Since the roles of USP2 are closely associated with pandemic disorders, including cancer
and metabolic diseases, clinical and preclinical studies targeting USP2-associated signaling
are desirable. In particular, since USP2 modulates the stability of critical tumor-associated
proteins such as cyclin D1, Mdm2, and FASN, great efforts have been made to establish
a USP2-targeting anticancer drug. ML364 was reported as a small molecule inhibitor for
USP2 and has been proven to evoke cell cycle arrest, cyclin D1 degradation, and inhibition
of homologous recombination-mediated DNA repair [42]. Additionally, several studies
have reported other chemical inhibitors for USP2, such as isoquinoline-1,3-dione-based
compounds [172], chalcone-based compounds [173], 5-(2-thienyl)-3-isoxazoles [43], and
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a lithocholic acid derivative [40]. Furthermore, other reports have demonstrated that
previously established anti-cancer drugs inhibit USP2 activity. The ortho-quinone natural
product 3-lapachone, which has been subjected to phase II clinical trials for cancer therapy,
was shown to target USP2, resulting in induction of apoptosis in the DU-145 prostate
cancer cell line [174]. Moreover, a popular leukemia drug, 6-thioguanine, was shown to be
a noncompetitive inhibitor for human USP2 [175]. In addition to evaluation of these drugs
for anti-tumor therapy, these drugs could also be tested as treatments for other diseases
where the pathology includes contributions from USP2.

The USP2 isoforms are expressed in a wide variety of tissues, albeit with expressional
diversity between organs [9,12,13]. This suggests that USP2 has a common fundamental
role across different cell types. Generalization of the properties of USP2 may facilitate the
discrimination of USP2 from other DUBs. In the context of enzymatic activity, USP2 is
known to be a relatively highly active DUB, similar to USP21 [176,177]. However, USP2 can
also be characterized in terms of biological processes. Presently, several reports indicate that
USP2 is closely associated with energy metabolism, although its targets are organ-specific.
As mentioned in Section 6, USP2 modifies the expression of genes involved in lipid and
glucose metabolism, such as FASN [18], IDOL [110], PEPCK, and G-6-Pase [11]. Conversely,
hypoglycemia [121], adiponectin [41], and PGC-1« [82], all of which are highly linked to
cellular energy metabolism, control USP2 expression. Moreover, the aberrant expression of
USP2 in adipose tissue macrophages [9,117] and myoblasts [132] causes metabolic defects
in vivo and in vitro, respectively. The metabolic effects of USP2 are also observed in sperm,
which are regulated by USP2 in testicular macrophages. Therefore, USP2 may regulate
various cellular functions by modulating energy metabolism. In particular, a number
of recent papers demonstrate that energy metabolism states predominantly influence
immunological function, suggesting that USP2 controls immune and/or proinflammatory
responses of lymphocytes or macrophages by altering cellular metabolism [178-182]. A
review of the molecular events involving USP2 may facilitate the characterization of its
common functions and enable the understanding of its significance at an individual level.

12. Short Summary and Conclusions

The findings detailed in this article are summarized in Table 1. USP2, mainly USP2-1,
participates in tumorigenesis in various cancers through the potentiation of the cell cycle,
mitosis, lipogenesis, metastasis, EMT, and anti-oxidation, while inhibiting p53-mediated
tumor death. USP2 also controls TNF-elicited apoptosis as well as TNF resistance. Addi-
tionally, cFLIP-regulated autophagy is also regulated by USP2. USP2, especially USP2-4, is
a core component of the biological clock, and contributes to the circadian rhythm in the
liver and SCN by deubiquitinating BMAL1 and PER1. In the intestine, USP2-4 determines
rhythmic calcium absorption, resulting in the maintenance of calcium homeostasis. Addi-
tionally, in vitro data demonstrate the crucial roles of USP2-4 in ENaC and MR expression,
suggesting USP2 controls sodium adsorption, although Usp2KO mice presented no obvious
phenotypic changes, including blood pressure. Accumulating evidence indicates that USP2
is a determinant for energy metabolism in hepatocytes, myoblasts, and cancerous cells.
Moreover, previous reports also suggest significant roles of USP2 in the intercommunica-
tions between energy-competent organs such as liver, skeletal muscle and adipose tissue.
Thus, aberrant expression of USP2 is considered to provoke metabolic diseases, such as
type 2 diabetes and atherosclerosis. USP2 also maintains neural activity in the brain, and
is postulated to be involved in special memory retrieval, motor coordination, short-term
recognition, sensorimotor gating, and anxiety-like behavior. In terms of skeletal and cardiac
muscles, USP2 is considered to modify differentiation, contraction, and remodeling after
pressure overloads, although Usp2KO mice displayed no obvious phenotypic changes
under normal conditions. At the present time, the function of USP2 in immunoregulation
is controversial. Some reports have demonstrated that USP2 stimulates the production
of cytokines and anti-viral proteins through NF-«B and STAT1-dependent mechanisms.
In contrast, USP2 has also been suggested to attenuate the production of cytokines and
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microbicide peptides by perturbing the OCT1/2, NF-«B, and IRF3 pathways. In agreement
with the observation that USP2 is most abundantly expressed in testis, USP2 deficiency
caused severe male sterility due to defects in sperm motility. This malfunction of sperm is
accounted for by the lack of USP2 in sperm and male genital tract macrophages. Although
previous efforts have clarified a wide variety of roles played by USP2, the detailed molecu-
lar mechanisms underlying these phenomena remain to be uncovered in further studies.
Given that there are several discrepancies between experimental models, the reevaluation
of data by modern sophisticated and comprehensive techniques is also required.

Table 1. Pathophysiological roles of human and mouse USP2.

USP2-Affected Experimental

USP2 Species USP2 Isoform Cell/Tissue/Animal Manipulation Direct Target Function of USP2 Reference
Proliferation (+),
Human UsP2-1 Cell line (Bladder cancer) OE, KD Cyclin Al Ir}vaspn (), [24]
Migration (+),
Chemoresistance (+)
EMT (+),
Human UspP2-1 Cell line (Breast cancer) KD, Blocker TWIST Prohfergnon ), [25]
Chemoresistance (+),
Self-renewal (+)
Human USP2-1 Cell line (Prostate cancer, OE, KD FASN Apoptom's ), [18,19]
Hepatoma) Lipogenesis (+)
Cell line (Osteosarcoma, . .
Lung carcinoma po3 signaling (),
Human USP2-1 & . OE, KD MDM2 Apoptosis (-), [31,32]
Embryonal carcinoma .
Chemo resistance (+)
T-cell lymphoma)
Human uspP2-1 Cellline (Lung caremnoma OE, KD MDMX Chemo resistance (+) [34]
Embryonal carcinoma)
Human USP2-1 Cell line (Glioblastoma) OE, KD MDM4 PE::’ signaling (), [35]
poptosis (-)
Human uspP2 Cell line (Hepatoma, Breast KD - P53 expression (+) [36]
cancer)
Cell line (Osteosarcoma,
Kidney cells, Colorectal
Human UsP2-1 carcinoma, OE, KD Cyclin D1 Cell cycle (+) [39]
Breast cancer,
Prostate cancer)
Human USP2 Cell line (Ijjgjetgma Breast OE, KD Cyclin D1 Cell cycle (+) [41]
Cell line (Pancreatic
Human USP2-1 carcinoma, Col.orectal OE, KD Aurora-A Prohfera.non (+), [46]
carcinoma, Kidney Mitosis (+)
carcinoma)
Mogse, C?H line '(Cerv1x TGEF-f signaling (+),
Human epithelioid carcinoma, OE, KD, Metastasis (+),
Mouse UsP2-1 Hepatome.a, Colorectal KOBlocker TGF-p receptor Tumor growth (+), [52]
carcinoma, Mortality (-)
Kidney cells), y
. . OE, KD, . Wnt/ B-catenin
Human UsP2-1 Cell line (Kidney cell) Blocker [-catenin signaling (+) [58]
. Tumor growth (+),
Human uspP2 Cell line (Breast cancer), OE, KD Blocker ErbB2 Proliferation (+), [62]
Mouse
Cell cycle (+)
Human UsP2-1 Cell line (Prostate cancer) OE, KD ACDase Proliferation (+)? [70]
Proliferation (-),
Human uspP2 Cell line (Kidney carcinoma) OE Unidentified Migration (-), [74]
Invasion (-)
Cell line (Cervix epithelioid 5 .
Human uspP2-2 carcinoma, Kidney cells) OE MDM2? Apoptosis (+) [7]
Cell line (Prostate epithelial
cells, Prostate cancer, Colon Apoptosis (-),
Human USP2-1 cancer, Breast cancer, OE, KD Unidentified Cell growth (+), [75]
Sarcoma, Fibroblasts) p53 signaling(-)
Mouse
Human UspP2-1 Cell line (Hepatoma) OE ITCH? Apoptosis (+) [81]
Mouse usp2-2 Tissue (Liver), Hepatocyte OE, KD ITCH Apoptosis (+), [13]

TNF-resistance (-)
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Table 1. Cont.

USP2 Species USP2 Isoform CeIlJl/s"l{)ii-sﬁSf&c:ieial 3‘;;2?&2?:1 Direct Target Function of USP2 Reference
Apoptosis (+) or (-),
Cell line (Cervix epithelioid TNF-signaling (+),
Human UsP2-1 carcinoma, Breast cancer, OE, KD TRAF2, RIP1 NEF-«B activation (-), [77,78]
Kidney cell) p38 signaling (-),
JNK signaling (-)
Human USsP2-2 Cell line (Breast cancer) OE, KD TRAF2, RIP1 Apoptosis (+) [78]
USP2-1
Human gggg:g (Kfjilé}lzlrcﬁll), OE Unidentified Apoptosis (+) [6]
uUSP2-4
Mouse, Control of circadian
UsP2-1 Tissue (Liver) eriod,
Mouse usp2-4 Fibroblast, OFE, KO PERI Circ};dian gene [86]
Cell line (Kidney cell) expression (+)
Mouse, Tissue (SCN), Control Of. c(i;cadian
Mouse USP2-4 Cell line (Kidney cell) OE, KO BMAL1 Cirengie [87,88],
Fibroblast \reacian gene
expression (+)
. . NHERF4, Calcium absorption
Mouse USP2-4 Mouse, Fruitfly, Cellline  p ypy k0 Clathrinheavy  (+), Sodium balance  [90,102]
(Kidney cell) . .
chain (ni.)
Calcium uptake (-),
Mouse UsP2-4 Cell line (Kidney cell) OE Cav1.2, 0(.2 81 Surface calcium [135]
subunit
channel (-)
Sodium uptake (+)
Mouse USP2-4 Tissue (royte), Cell line OF ENaC, Nedd4-2 Surface .ENaC [93-95]
(Kidney cell) expression (+)
ENaC activation (+)
. . . . . i Surface ENaC
No information Usr2-4 Cell line (Kidney cell) OE Unidentified . [96]
expression (+)
No information usp2-4 Cell line (Kidney cell) OE, KD MR Aldosterone signaling [100]
Gluconeogenesis (+)
Tissue (Liver), Cell line Glucose sensitivity (-)
Mouse UspP2-4 . ! OE, KD C/EBP«x Insulin signaling (-) [11]
(Kidney cell) al L
ucocorticoid
signaling (+)
Fibroblast, Cell line (Kidney
UsPr2-1 cell, Hepatoma, Epidermoid
Human UsPod Carfzimma, RN OE, KD IDOL LDL uptake (+) [110]
epithelioid carcinoma)
Inflammation (-),
Mouse, Tissue Cytokine production
(Adipose tissue, Liver, ),
Human, Mouse USsP2-1 Skeletal muscle), OE, KD Unidentified Insulin signaling (+) [9,117]
Cell line (Macrophage, Adipocity (-)
Myocyte, Adipocyte) Histone modification
Q]
Down- mTOR?, Autophagy (-)?
Mouse usp2 Tissue (Hippocampus) regulation by AMPA Spati phasy e [120]
patial memory (+)?
stress receptor?
Development (+),
Human UspP2-1 Human Mutation Unidentified Muscsleelz?rreeng& ), [126]
Reproduction (+)
Locomotion (+) or
(n.i.)
Motor coordination
Mouse USP2 Mouse KO Unidentified +) [86,87,127]
Recognition (+)
Sensory response (+)
Anxiety (+)
Rat ggﬁi Cell line (Myoblast) OE, DN Unidentified géggrint‘%‘g’&(z) [128]
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Table 1. Cont.

. USP2-Affected Experimental . .
USP2 Species USP2 Isoform Cell/Tissue/Animal Manipulation Direct Target Function of USP2 Reference
Oxidative stress (-)
Mouse USP2 Cell line (Myoblast) KO, Blocker ucP2? ATP production (+) [132]
Proliferation (+)
Differentiation (+)
Cardiac function (+),
Fibrosis (-),
Inflammation (-),
Ti Cytokine production
No information USP2 (ﬁisal;f) OE Unidentified ), [133]
Oxidative stress (-),
Akt signaling (+),
NF-«B signaling (+),
ERK signaling (+)
Cell line (Kidney cell, NF-«B signaling (+),
Human USP2 Hepatoma, Cervix KD Unidentified Cytokine production [139]
epithelioid carcinoma) (+)
Mouse uspP2 Cell line (Macrophage) KD TNF-o? Cytoklne(g‘oductlon [143]
MALTI, JFC_RBSignahlr.‘g (J(ri')
Human USP2-1 Cell line (Kidney cell, T cell) OE, KD CARDI1, kb sighating t+), [145]
TRAF6 Cytokine production
(G
. OCT1/2 signaling (-)
Human, Mouse ~ USP2-1, USP2-4 Macrophage, Cell line OE, KD OCT1 Cytokine production [10]
(Macrophage) o
. NF-«B signaling (-),
Human USP2-1 Cell line (Colorectal OE, KD, KO TRAF6 Cytokine production [146]
carcinoma, Kidney cell) o)
. . Antimicrobial activity
Fruit fly USP2 Fr(‘;;[;ﬂg’ C}‘il h;‘e OE, KD Imd 5 [150]
crophage NF-«B signaling (-)
Vascular endothelial cell,
Cell line (Kidney cell,
Human USP2-1 Flblrosarcoma, Lung OE, KD STATI Ant1v1{al activity (+), [154]
carcinoma, Hepatoma, IFN signaling (+)
Epithelial carcinoma,
Sarcoma)
Antiviral activity (-),
TRIF signaling (-),
~ . . STING signaling (-),
Human UspP2-4 Cell line (Kidney cell) OE, KD TBK1 TEN signaling (=), [155]
Cytokine production
G
Inflammation (-),
No information UsP2-1 Tissue (Kldney), OE Unidentified FlbrOS}s ), [48]
Mesangial cell Mesangial cell
activation (-)
Sperm motility (+),
. . Sperm capacitation
Mouse USP2 Tissue (Testis), KO Unidentified ), [129]
Sperm S .
permatogenesis (+)
Fertilization (+),
Sperm motility (+),
Sperm capacitation
Mouse USP2 Tissue (Testis), Sperm, KO Unidentified ), [157]

Macrophage

Fertilization (+),
Cytokine production

(+)

USP2 species, USP2 isoforms, USP2-affected materials, experimental manipulations, direct targets of USP2, biological function of USP2,
and references are shown. OE, overexpression; KO, knockout; KD, knockdown; DN, dominant negative; (+), potentiation; (-), attenuation;

(n.i.), not influenced. Question marks represent cases showing no direct evidence.
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Abbreviations

4-PBA 4-phenylbutyric acid

ACDase Acid ceramidase

ActD Actinomycin D

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ANO1 Anoctamin 1

aP2 Adipocyte protein 2

APC Adenomatous polyposis coli

ATS Anti-thymocyte serum

BCL10 B-cell lymphoma 10

BMAL1 Brain and muscle Arnt-like protein 1
C/EBP CCAAT-enhancer-binding protein
CARD1 Caspase recruitment domain family member 11
Cay1.2 Calcium channel, voltage-dependent, L-type, «1C subunit
CCL C-C motif ligand

CLOCK Clock circadian regulator

cFLIP Cellular FLICE-like inhibitory protein
cGAS Cyclic GMP-AMP synthase

cIAP2 Cellular inhibitor of apoptosis protein 2
CRY Cryptochromes

DIM 3,3’-diinodolylmethane

DUB Deubiquitinating enzyme

E4BP4 E4 promoter-binding protein 4

EGF Epidermal growth factor

EGFR EGEF receptor

EMT Epithelial-mesenchymal transition
ENaC Epithelial sodium channel

ERBB2 Erythroblastic oncogene B2

ERK Extracellular signal regulate kinase

ERS Endoplasmic reticulum stress

FASN Fatty acid synthase

G-6-Pase Glucose-6-phosphatase

GBB10 Growth factor receptor-bound protein 10
GM-CSF Granulocyte macrophage-colony stimulating factor
GSK Glycogen synthase kinase

HCC Hepatocellular carcinoma

HER2 Human epidermal growth factor receptor 2
HFD High fat diet

HMGA2 High mobility group protein A2

HSD1 113-hydroxysteroid dehydrogenase 1
HSP Heat shock protein

IDOL Inducible degrader of the LDLR

IFN interferon

IkB NF-«B inhibitor

IKK IkB kinase

IL Interleukin

Imd Immune deficiency

IRF3 Interferon regulatory factor 3

ITCH Itchy homolog

JAK Janus kinase

JNK c-Jun N-terminal kinase

KO Knockout

LPS Lipopolysaccharide
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LV
MALT1
MAV5
MDAS5
MDM
MEF
M¢
MMP
msUsp2KO
mTOR
Nedd
NE-«B
NHERF4
NOX
OCT
OXPHOS
PAI-1
PARP
PBS
PCNA
PEPCK
PER
PGC
PKA
PMA
PPAR
PTS
pY701
RA
RIG-I
RIP1
ROR
SAPS
SCN
SeV
siRNA
SUMO
TAB
TAC
TAK1
TBK1
TCR
TGF
TMBIM4
TNF
TNFR1
TRADD
TRAF
TRAPV6
TSG
Tyk2
ucr2
usp
VSV

ZT

Left ventricular

Mucosa-associated lymphoid translocation gene 1
Mitochondrial antiviral signaling protein
Melanoma differentiation-associated gene 5
Murine double minute

Mouse embryo fibroblast

Macrophage

Matrix metalloprotease

Macrophage-selective Usp2KO

Mammalian target of rapamycin

Neural precursor cell expressed developmentally down-regulated protein
Nuclear factor-xB

Na*/H" exchange regulatory cofactor 4

NADPH oxidase

Octamer binding protein

Oxidative phosphorylation

Plasminogen activator inhibitor-1

Poly ADP-ribose polymerase

Phosphate-buffered saline

Proliferating cell nuclear antigen

Phosphoenol pyruvate carboxykinase

Period

PPARY coactivator

Protein kinase A

Phorbol 12-myristate 13-acetate

Peroxisome proliferator-activated receptor
Peroxisomal targeting signal 1

Phosphorylation at tyrosine 701

Rheumatoid arthritis

Retinoic acid-inducible gene-I
Receptor-interacting serine/threonine-protein kinase 1
REV-ERB and retinoic acid receptor-related orphan receptor
Scale for the assessment of positive symptoms
Suprachiasmatic nucleus

Sendai virus

Small interfering RNA

Small ubiquitin-related modifier

TAK1-binding protein

Transverse aortic construction

TGEF-B-activated kinase 1

TANK binding kinase 1

T cell receptor

Transforming growth factor

Transmembrane BAX inhibitor motif containing 4
Tumor necrosis factor

TNF receptor 1

TNF receptor associated death domain protein
TNF receptor-associated factor

Transient receptor potential vanilloid subfamily member 6
Tumor suppressor gene

Tyrosine kinase 2

Uncoupling protein 2

Ubiquitin-specific protease

Vascular stomatitis virus

Zeitgeber time



Int. J. Mol. Sci. 2021, 22, 1209 26 of 32

References

1.  Celebi, G.; Kesim, H.; Ozer, E.; Kutlu, O. The effect of dysfunctional ubiquitin enzymes in the pathogenesis of most common
diseases. Int. J. Mol. Sci. 2020, 21, 6335. [CrossRef]

2. Park, J.; Cho, J.; Song, E.J. Ubiquitin—proteasome system (UPS) as a target for anticancer treatment. Arch. Pharm. Res. 2020.
[CrossRef]

3. Yuan, T, Yan, F; Ying, M.; Cao, J.; He, Q.; Zhu, H.; Yang, B. Inhibition of Ubiquitin-Specific Proteases as a Novel Anticancer
Therapeutic Strategy. Front. Pharmacol. 2018, 9, 1-10. [CrossRef]

4. Baek, S.H.; Choi, K.S;; Yoo, Y.J.; Cho, ].M.; Baker, R.T.; Tanaka, K.; Chung, C.H. Molecular cloning of a novel ubiquitin-specific
protease, UBP41, with isopeptidase activity in chick skeletal muscle. . Biol. Chem. 1997, 272, 25560-25565. [CrossRef] [PubMed]

5. Lin, H; Keriel, A.; Morales, C.R.; Bedard, N.; Zhao, Q.; Hingamp, P; Lefrancois, S.; Combaret, L.; Wing, S.S. Divergent N-Terminal
Sequences Target an Inducible Testis Deubiquitinating Enzyme to Distinct Subcellular Structures. Mol. Cell. Biol. 2000, 20,
6568-6578. [CrossRef] [PubMed]

6. Reglinski, K.; Keil, M.; Altendorf, S.; Waithe, D.; Eggeling, C.; Schliebs, W.; Erdmann, R. Peroxisomal import reduces the
proapoptotic activity of deubiquitinating enzyme USP2. PLoS ONE 2015, 10, e0140685. [CrossRef]

7.  Gewies, A.; Grimm, S. UBP41 is a proapoptotic ubiquitin-specific protease. Cancer Res. 2003, 63, 682—-688. [PubMed]

8. Zhu, H.Q.; Gao, EH. The molecular mechanisms of regulation on USP2’s alternative splicing and the significance of its products.
Int. J. Biol. Sci. 2017, 13, 1489-1496. [CrossRef]

9. Kitamura, H.; Kimura, S.; Shimamoto, Y.; Okabe, J.; Ito, M.; Miyamoto, T.; Naoe, Y.; Kikuguchi, C.; Meek, B.; Toda, C,;
et al. Ubiquitin-specific protease 2-69 in macrophages potentially modulates metainflammation. FASEB J. 2013, 27, 4940-4953.
[CrossRef]

10. Kitamura, H.; Ishino, T.; Shimamoto, Y.; Okabe, J.; Miyamoto, T.; Takahashi, E.; Miyoshi, I. Ubiquitin-specific protease 2 modulates
the lipopolysaccharide-elicited expression of proinflammatory cytokines in macrophage-like HL-60 cells. Mediat. Inflamm. 2017,
2017, 6909415. [CrossRef]

11. Molusky, M.M,; Li, S.; Ma, D.; Yu, L.; Lin, ].D. Ubiquitin-Specific Protease 2 Regulates Hepatic Gluconeogenesis and Diurnal
Glucose Metabolism Through 113-Hydroxysteroid Dehydrogenase 1. Diabetes 2012, 61, 1025-1035. [CrossRef] [PubMed]

12.  Gousseva, N.; Baker, R.T. Gene Structure, Alternate Splicing, Tissue Distribution, Cellular Localization, and Developmental
Expression Pattern of Mouse Deubiquitinating Enzyme Isoforms Usp2-45 and Usp2-69. Gene Expr. 2003, 11, 163-179. [CrossRef]
[PubMed]

13. Haimerl, F; Erhardt, A.; Sass, G.; Tiegs, G. Down-regulation of the de-ubiquitinating enzyme ubiquitin-specific protease 2
contributes to tumor necrosis factor-a-induced hepatocyte survival. J. Biol. Chem. 2009, 284, 495-504. [CrossRef] [PubMed]

14. Sacco, ].J.; Coulson, ].M.; Clague, M.].; Urbé, S. Emerging roles of deubiquitinases in cancer-associated pathways. IUBMB Life
2010, 62, 140-157. [CrossRef]

15.  Bonacci, T.; Emanuele, M.]. Dissenting degradation: Deubiquitinases in cell cycle and cancer. Semin. Cancer Biol. 2020, 1-14.
[CrossRef]

16. Wing, S.S. Deubiquitinases in skeletal muscle atrophy. Int. |. Biochem. Cell Biol. 2013, 45, 2130-2135. [CrossRef]

17.  Verrey, F,; Fakitsas, P.; Adam, G.; Staub, O. Early transcriptional control of ENaC (de)ubiquitylation by aldosterone. Kidney Int.
2008, 73, 691-696. [CrossRef]

18. Graner, E.; Tang, D.; Rossi, S.; Baron, A.; Migita, T.; Weinstein, L.J.; Lechpammer, M.; Huesken, D.; Zimmermann, J.; Signoretti,
S.; et al. The isopeptidase USP2a regulates the stability of fatty acid synthase in prostate cancer. Cancer Cell 2004, 5, 253-261.
[CrossRef]

19. Calvisi, D.F; Wang, C.; Ho, C; Ladu, S.; Lee, S.A.; Mattu, S.; Destefanis, G.; Delogu, S.; Zimmermann, A.; Ericsson, J.; et al.
Increased lipogenesis, induced by AKT-mTORC1-RPS6 signaling, promotes development of human hepatocellular carcinoma.
Gastroenterology 2011, 140, 1071-1083.e5. [CrossRef]

20. Tao, B.B.; He, H.; Shi, X.H.; Wang, C.L.; Li, W.Q,; Li, B.; Dong, Y.; Hu, G.H.; Hou, L.J.; Luo, C; et al. Up-regulation of USP2a and
FASN in gliomas correlates strongly with glioma grade. J. Clin. Neurosci. 2013, 20, 717-720. [CrossRef]

21. Boustani, M.R.; Khoshnood, R.J.; Nikpasand, F,; Taleshi, Z.; Ahmadi, K.; Yahaghi, E.; Goudarzi, PK. Overexpression of ubiquitin-
specific protease 2a (USP2a) and nuclear factor erythroid 2-related factor 2 (Nrf2) in human gliomas. J. Neurol. Sci. 2016, 363,
249-252. [CrossRef] [PubMed]

22. Jeong, P;Ha, Y.S; Yun, S.J.; Yoon, H.Y.; Freeman, M.R.; Kim, J.; Kim, W.J. Assess the expression of ubiquitin specific protease
USP2a for bladder cancer diagnosis. BMC Urol. 2015, 15, 1-6. [CrossRef] [PubMed]

23. Qu, Q.;Mao, Y,; Xiao, G.; Fei, X.; Wang, ].; Zhang, Y.; Liu, J.; Cheng, G.; Chen, X.; Wang, ].; et al. USP2 promotes cell migration
and invasion in triple negative breast cancer cell lines. Tumor Biol. 2015, 36, 5415-5423. [CrossRef] [PubMed]

24. Kim, J.; Kim, WJ.; Liu, Z.; Loda, M.F; Freeman, M.R. The ubiquitin-specific protease USP2a enhances tumor progression by
targeting cyclin A1l in bladder cancer. Cell Cycle 2012, 11, 1123-1130. [CrossRef] [PubMed]

25. He,].; Lee, H.].,; Saha, S.; Ruan, D.; Guo, H.; Chan, C.H. Inhibition of USP2 eliminates cancer stem cells and enhances TNBC
responsiveness to chemotherapy. Cell Death Dis. 2019, 10. [CrossRef]

26. Gelebart, P.; Zak, Z.; Anand, M.; Belch, A.; Lai, R. Blockade of fatty acid synthase triggers significant apoptosis in mantle cell

lymphoma. PLoS ONE 2012, 7, e33738. [CrossRef]


http://doi.org/10.3390/ijms21176335
http://doi.org/10.1007/s12272-020-01281-8
http://doi.org/10.3389/fphar.2018.01080
http://doi.org/10.1074/jbc.272.41.25560
http://www.ncbi.nlm.nih.gov/pubmed/9325273
http://doi.org/10.1128/MCB.20.17.6568-6578.2000
http://www.ncbi.nlm.nih.gov/pubmed/10938131
http://doi.org/10.1371/journal.pone.0140685
http://www.ncbi.nlm.nih.gov/pubmed/12566314
http://doi.org/10.7150/ijbs.21637
http://doi.org/10.1096/fj.13-233528
http://doi.org/10.1155/2017/6909415
http://doi.org/10.2337/db11-0970
http://www.ncbi.nlm.nih.gov/pubmed/22447855
http://doi.org/10.3727/000000003108749053
http://www.ncbi.nlm.nih.gov/pubmed/14686789
http://doi.org/10.1074/jbc.M803533200
http://www.ncbi.nlm.nih.gov/pubmed/19001362
http://doi.org/10.1002/iub.300
http://doi.org/10.1016/j.semcancer.2020.03.008
http://doi.org/10.1016/j.biocel.2013.05.002
http://doi.org/10.1038/sj.ki.5002737
http://doi.org/10.1016/S1535-6108(04)00055-8
http://doi.org/10.1053/j.gastro.2010.12.006
http://doi.org/10.1016/j.jocn.2012.03.050
http://doi.org/10.1016/j.jns.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/27000259
http://doi.org/10.1186/s12894-015-0074-x
http://www.ncbi.nlm.nih.gov/pubmed/26250800
http://doi.org/10.1007/s13277-015-3207-7
http://www.ncbi.nlm.nih.gov/pubmed/25687182
http://doi.org/10.4161/cc.11.6.19550
http://www.ncbi.nlm.nih.gov/pubmed/22370483
http://doi.org/10.1038/s41419-019-1512-6
http://doi.org/10.1371/journal.pone.0033738

Int. J. Mol. Sci. 2021, 22, 1209 27 of 32

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Hafner, A.; Bulyk, M.L.; Jambhekar, A.; Lahav, G. The multiple mechanisms that regulate p53 activity and cell fate. Nat. Rev. Mol.
Cell Biol. 2019, 20, 199-210. [CrossRef]

Carra, G.; Lingua, M.F,; Maffeo, B.; Taulli, R.; Morotti, A. P53 vs NF-kB: The role of nuclear factor-kappa B in the regulation of p53
activity and vice versa. Cell. Mol. Life Sci. 2020, 77, 4449-4458. [CrossRef]

Zhang, C.; Liu, J.; Xu, D.; Zhang, T.; Hu, W,; Feng, Z. Gain-of-function mutant p53 in cancer progression and therapy. J. Mol. Cell
Biol. 2020, 1-14. [CrossRef]

Dobbelstein, M.; Levine, A.J. Mdm?2: Open questions. Cancer Sci. 2020, 111, 2203-2211. [CrossRef]

Stevenson, L.F,; Sparks, A.; Allende-Vega, N.; Xirodimas, D.P.; Lane, D.P; Saville, M.K. The deubiquitinating enzyme USP2a
regulates the p53 pathway by targeting Mdm2. EMBO ]. 2007, 26, 976-986. [CrossRef] [PubMed]

Wei, T.; Biskup, E.; Gjerdrum, LM.R,; Niazi, O.; @dum, N.; Gniadecki, R. Ubiquitin-specific protease 2 decreases p53-dependent
apoptosis in cutaneous T-cell lymphoma. Oncotarget 2016, 7, 48391-48400. [CrossRef] [PubMed]

Liu, Y,; Wang, X.; Wang, G.; Yang, Y.; Yuan, Y.; Ouyang, L. The past, present and future of potential small-molecule drugs targeting
p53-MDM2/MDMX for cancer therapy. Eur. J. Med. Chem. 2019, 176, 92-104. [CrossRef] [PubMed]

Allende-Vega, N.; Sparks, A.; Lane, D.P,; Saville, M.K. MdmX is a substrate for the deubiquitinating enzyme USP2a. Oncogene
2010, 29, 432-441. [CrossRef]

Wang, C.L.; Wang, J.Y,; Liu, Z.Y.; Ma, XM.; Wang, X.W,; Jin, H.; Zhang, X.P,; Fu, D.; Hou, L.J.; Lu, Y.C. Ubiquitin-specific
protease 2a stabilizes MDM4 and facilitates the p53-mediated intrinsic apoptotic pathway in glioblastoma. Carcinogenesis 2014, 35,
1500-1509. [CrossRef]

Shrestha, M.; Park, P.H. P53 Signaling Is Involved in Leptin-Induced Growth of Hepatic and Breast Cancer Cells. Korean J. Physiol.
Pharmacol. 2016, 20, 487-498. [CrossRef]

Navarro, A.; Bea, S.; Jares, P.; Campo, E. Molecular Pathogenesis of Mantle Cell Lymphoma. Hematol. Oncol. Clin. North Am. 2020,
34, 795-807. [CrossRef]

Qie, S.; Diehl, J.A. Cyclin D degradation by E3 ligases in cancer progression and treatment. Semin. Cancer Biol. 2020. [CrossRef]
Shan, J.; Zhao, W.; Gu, W. Suppression of Cancer Cell Growth by Promoting Cyclin D1 Degradation. Mol. Cell 2009, 36, 469—476.
[CrossRef]

Magiera, K.; Tomala, M.; Kubica, K.; De Cesare, V.; Trost, M.; Zieba, B.].; Kachamakova-Trojanowska, N.; Les, M.; Dubin, G.; Holak,
T.A.; et al. Lithocholic Acid Hydroxyamide Destabilizes Cyclin D1 and Induces GO/G1 Arrest by Inhibiting Deubiquitinase
USP2a. Cell Chem. Biol. 2017, 24, 458-470.e18. [CrossRef]

Nepal, S.; Shrestha, A.; Park, PH. Ubiquitin specific protease 2 acts as a key modulator for the regulation of cell cycle by
adiponectin and leptin in cancer cells. Mol. Cell. Endocrinol. 2015, 412, 44-55. [CrossRef] [PubMed]

Davis, M.L; Pragani, R.; Fox, ].T.; Shen, M.; Parmar, K.; Gaudiano, E.F; Liu, L.; Tanega, C.; McGee, L.; Hall, M.D.; et al. Small
molecule inhibition of the ubiquitin-specific protease USP2 accelerates cyclin D1 degradation and leads to cell cycle arrest in
colorectal cancer and mantle cell lymphoma models. J. Biol. Chem. 2016, 291, 24628-24640. [CrossRef] [PubMed]

Tomala, M.D.; Magiera-Mularz, K.; Kubica, K.; Krzanik, S.; Zieba, B.; Musielak, B.; Pustula, M.; Popowicz, G.M.; Sattler, M.;
Dubin, G.; et al. Identification of small-molecule inhibitors of USP2a. Eur. J. Med. Chem. 2018, 150, 261-267. [CrossRef] [PubMed]
Lin, X.; Xiang, X.; Hao, L.; Wang, T; Lai, Y.; Abudoureyimu, M.; Zhou, H.; Feng, B.; Chu, X.; Wang, R. The role of Aurora-A in
human cancers and future therapeutics. Am. J. Cancer Res. 2020, 10, 2705-2729. [PubMed]

Vangenderen, C.; Harkness, T.A.A.; Arnason, T.G. The role of Anaphase Promoting Complex activation, inhibition and substrates
in cancer development and progression. Aging (Albany. NY). 2020, 12, 15818-15855. [CrossRef] [PubMed]

Shi, Y.; Solomon, L.R.; Pereda-Lopez, A.; Giranda, V.L.; Luo, Y.; Johnson, E.F.; Shoemaker, A.R.; Leverson, J.; Liu, X. Ubiquitin-
specific cysteine protease 2a (USP2a) regulates the stability of Aurora-A. J. Biol. Chem. 2011, 286, 38960-38968. [CrossRef]
[PubMed]

Calabro, M.L.; Lazzari, N.; Rigotto, G.; Tonello, M.; Sommariva, A. Role of epithelial-mesenchymal plasticity in pseudomyxoma
peritonei: Implications for locoregional treatments. Int. ]. Mol. Sci. 2020, 21, 9120. [CrossRef] [PubMed]

Mao, X.; Luo, W.; Sun, J.; Yang, N.; Zhang, L.W.; Zhao, Z.; Zhang, Z.; Wu, H. Usp2-69 overexpression slows down the progression
of rat anti-Thy1.1 nephritis. Exp. Mol. Pathol. 2016, 101, 249-258. [CrossRef]

Moses, H.L.; Roberts, A.B.; Derynck, R. The discovery and early days of TGF-b: A historical perspective. Cold Spring Harb.
Perspect. Biol. 2016, 8. [CrossRef]

Ahmadi, A.; Najafi, M.; Farhood, B.; Mortezaee, K. Transforming growth factor-f3 signaling: Tumorigenesis and targeting for
cancer therapy. J. Cell. Physiol. 2019, 234, 12173-12187. [CrossRef]

Dardare, J.; Witz, A.; Merlin, J.L.; Gilson, P.; Harlé, A. SMAD4 and the TGFB pathway in patients with pancreatic ductal
adenocarcinoma. Int. J. Mol. Sci. 2020, 21, 3534. [CrossRef] [PubMed]

Zhao, Y.; Wang, X.; Wang, Q.; Deng, Y,; Li, K.; Zhang, M.; Zhang, Q.; Zhou, J.; Wang, H.Y.; Bai, P; et al. USP2a Supports Metastasis
by Tuning TGF-{3 Signaling. Cell Rep. 2018, 22, 2442-2454. [CrossRef] [PubMed]

Gurzu, S.; Kobori, L.; Fodor, D.; Jung, I. Epithelial Mesenchymal and Endothelial Mesenchymal Transitions in Hepatocellular
Carcinoma: A Review. Biomed. Res. Int. 2019, 2019. [CrossRef] [PubMed]

Teeuwssen; Fodde Wnt Signaling in Ovarian Cancer Stemness, EMT, and Therapy Resistance. |. Clin. Med. 2019, 8, 1658.
[CrossRef] [PubMed]


http://doi.org/10.1038/s41580-019-0110-x
http://doi.org/10.1007/s00018-020-03524-9
http://doi.org/10.1093/jmcb/mjaa040
http://doi.org/10.1111/cas.14433
http://doi.org/10.1038/sj.emboj.7601567
http://www.ncbi.nlm.nih.gov/pubmed/17290220
http://doi.org/10.18632/oncotarget.10268
http://www.ncbi.nlm.nih.gov/pubmed/27351221
http://doi.org/10.1016/j.ejmech.2019.05.018
http://www.ncbi.nlm.nih.gov/pubmed/31100649
http://doi.org/10.1038/onc.2009.330
http://doi.org/10.1093/carcin/bgu015
http://doi.org/10.4196/kjpp.2016.20.5.487
http://doi.org/10.1016/j.hoc.2020.05.002
http://doi.org/10.1016/j.semcancer.2020.01.012
http://doi.org/10.1016/j.molcel.2009.10.018
http://doi.org/10.1016/j.chembiol.2017.03.002
http://doi.org/10.1016/j.mce.2015.05.029
http://www.ncbi.nlm.nih.gov/pubmed/26033248
http://doi.org/10.1074/jbc.M116.738567
http://www.ncbi.nlm.nih.gov/pubmed/27681596
http://doi.org/10.1016/j.ejmech.2018.03.009
http://www.ncbi.nlm.nih.gov/pubmed/29529503
http://www.ncbi.nlm.nih.gov/pubmed/33042612
http://doi.org/10.18632/aging.103792
http://www.ncbi.nlm.nih.gov/pubmed/32805721
http://doi.org/10.1074/jbc.M111.231498
http://www.ncbi.nlm.nih.gov/pubmed/21890637
http://doi.org/10.3390/ijms21239120
http://www.ncbi.nlm.nih.gov/pubmed/33266161
http://doi.org/10.1016/j.yexmp.2016.09.005
http://doi.org/10.1101/cshperspect.a021865
http://doi.org/10.1002/jcp.27955
http://doi.org/10.3390/ijms21103534
http://www.ncbi.nlm.nih.gov/pubmed/32429474
http://doi.org/10.1016/j.celrep.2018.02.007
http://www.ncbi.nlm.nih.gov/pubmed/29490279
http://doi.org/10.1155/2019/2962580
http://www.ncbi.nlm.nih.gov/pubmed/31781608
http://doi.org/10.3390/jcm8101658
http://www.ncbi.nlm.nih.gov/pubmed/31614568

Int. J. Mol. Sci. 2021, 22, 1209 28 of 32

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Chiu, H.-C,; Li, C.-J,; Yiang, G.-T.; Tsai, A.; Wu, M.-Y. Epithelial to Mesenchymal Transition and Cell Biology of Molecular
Regulation in Endometrial Carcinogenesis. J. Clin. Med. 2019, 8, 439. [CrossRef] [PubMed]

van der Wal, T.; van Amerongen, R. Walking the tight wire between cell adhesion and WNT signalling: A balancing act for (3
-catenin. Open Biol. 2020, 10, 200267. [CrossRef]

Park, H.B.; Kim, ].W.; Baek, K.H. Regulation of wnt signaling through ubiquitination and deubiquitination in cancers. Int. . Mol.
Sci. 2020, 21, 3904. [CrossRef]

Kim, J.; Alavi Naini, F.; Sun, Y.; Ma, L. Ubiquitin-specific peptidase 2a (USP2a) deubiquitinates and stabilizes 3-catenin. Am. J.
Cancer Res. 2018, 8, 1823-1836.

Rimawi, MLE; Schiff, R.; Osborne, C.K. Targeting HER2 for the treatment of breast cancer. Annu. Rev. Med. 2015, 66, 111-128.
[CrossRef]

Castagnola, P.; Bellese, G.; Birocchi, F.; Gagliani, M.C.; Tacchetti, C.; Cortese, K. Identification of an HSP90 modulated multi-step
process for ERBB2 degradation in breast cancer cells. Oncotarget 2016, 7, 85411-85429. [CrossRef]

Zhang, Y.; Zhang, J.; Liu, C.; Du, S.; Feng, L.; Luan, X.; Zhang, Y.; Shi, Y.; Wang, T.; Wu, Y,; et al. Neratinib induces ErbB2
ubiquitylation and endocytic degradation via HSP90 dissociation in breast cancer cells. Cancer Lett. 2016, 382, 176-185. [CrossRef]
[PubMed]

Zhang, J.; Liu, S.; Li, Q.; Shi, Y.; Wu, Y,; Liu, F; Wang, S.; Zaky, M.Y.; Yousuf, W.; Sun, Q.; et al. The deubiquitylase USP2 maintains
ErbB2 abundance via counteracting endocytic degradation and represents a therapeutic target in ErbB2-positive breast cancer.
Cell Death Differ. 2020, 2710-2725. [CrossRef] [PubMed]

Kataria, H.; Alizadeh, A.; Karimi-Abdolrezaee, S. Neuregulin-1/ErbB network: An emerging modulator of nervous system injury
and repair. Prog. Neurobiol. 2019, 180, 101643. [CrossRef] [PubMed]

Du, R;; Huang, C.; Chen, H,; Liu, K,; Xiang, P,; Yao, N.; Yang, L.; Zhou, L.; Wu, Q.; Zheng, Y.; et al. SDCBP/MDA-9/syntenin
phosphorylation by AURKA promotes esophageal squamous cell carcinoma progression through the EGFR-PI3K-Akt signaling
pathway. Oncogene 2020, 39, 5405-5419. [CrossRef]

Kim, B.; Park, Y.S.; Kim, Y.H. Clathrin-mediated EGFR endocytosis as a potential therapeutic strategy for overcoming primary
resistance of EGFR TKI in wild-type EGFR non-small cell lung cancer. Cancer Med. 2020, 1-14. [CrossRef]

Liu, Z.; Zanata, S.M.; Kim, J.; Peterson, M.A; Di Vizio, D.; Chirieac, L.R.; Pyne, S.; Agostini, M.; Freeman, M.R.; Loda, M. The
ubiquitin-specific protease USP2a prevents endocytosis-mediated EGFR degradation. Oncogene 2013, 32, 1660-1669. [CrossRef]
Duarte, C.; Akkaoui, J.; Yamada, C.; Ho, A.; Mao, C.; Movila, A. Elusive Roles of the Different Ceramidases in Human Health,
Pathophysiology, and Tissue Regeneration. Cells 2020, 9, 1379. [CrossRef]

Grbei¢, P; Sedi¢, M. Sphingosine 1-Phosphate Signaling and Metabolism in Chemoprevention and Chemoresistance in Colon
Cancer. Molecules 2020, 25, 2436. [CrossRef]

Govindarajah, N.; Clifford, R.; Bowden, D.; Sutton, P.A.; Parsons, J.L.; Vimalachandran, D. Sphingolipids and acid ceramidase as
therapeutic targets in cancer therapy. Crit. Rev. Oncol. Hematol. 2019, 138, 104-111. [CrossRef]

Mizutani, N.; Inoue, M.; Omori, Y.; Ito, H.; Tamiya-Koizumi, K.; Takagi, A.; Kojima, T.; Nakamura, M.; Iwaki, S.; Nakatochi, M.;
et al. Increased acid ceramidase expression depends on upregulation of androgen-dependent deubiquitinases, USP2, in a human
prostate cancer cell line, LNCaP. J. Biochem. 2015, 158, 309-319. [CrossRef]

Benassi, B.; Flavin, R.; Marchionni, L.; Zanata, S.; Pan, Y.; Chowdhury, D.; Marani, M.; Strano, S.; Muti, P; Blandino, G.; et al.
MYC is activated by USP2a-mediated modulation of MicroRNAs in prostate cancer. Cancer Discov. 2012, 2, 236—247. [CrossRef]
[PubMed]

Benassi, B.; Marani, M.; Loda, M.; Blandino, G. USP2a alters chemotherapeutic response by modulating redox. Cell Death Dis.
2013, 4. [CrossRef]

Li, M.; Sun, Q.; Wang, X. Transcriptional landscape of human cancers. Oncotarget 2017, 8, 34534-34551. [CrossRef] [PubMed]
Meng, X.; Xiong, Z.; Xiao, W.; Yuan, C.; Wang, C.; Huang, Y.; Tong, J.; Shi, J.; Chen, Z; Liu, C.; et al. Downregulation of ubiquitin-
specific protease 2 possesses prognostic and diagnostic value and promotes the clear cell renal cell carcinoma progression. Ann.
Transl. Med. 2020, 8, 319. [CrossRef]

Priolo, C; Tang, D.; Brahamandan, M.; Benassi, B.; Sicinska, E.; Ogino, S.; Farsetti, A.; Porrello, A.; Finn, S.; Zimmermann, J.; et al.
The isopeptidase USP2a protects human prostate cancer from apoptosis. Cancer Res. 2006, 66, 8625-8632. [CrossRef] [PubMed]
Micheau, O.; Tschopp, J. Induction of TNF receptor I-mediated apoptosis via two sequential signaling complexes. Cell 2003, 114,
181-190. [CrossRef]

Mahul-Mellier, A.L.; Pazarentzos, E.; Datler, C.; Iwasawa, R.; Abuali, G.; Lin, B.; Grimm, S. De-ubiquitinating protease USP2a
targets RIP1 and TRAF2 to mediate cell death by TNE. Cell Death Differ. 2012, 19, 891-899. [CrossRef]

Mahul-Mellier, A.L.; Datler, C.; Pazarentzos, E.; Lin, B.; Chaisaklert, W.; Abuali, G.; Grimm, S. De-ubiquitinating proteases USP2a
and USP2c¢ cause apoptosis by stabilising RIP1. Biochim. Biophys. Acta Mol. Cell Res. 2012, 1823, 1353-1365. [CrossRef]

da Fonseca, L.G.; Reig, M.; Bruix, J. Tyrosine Kinase Inhibitors and Hepatocellular Carcinoma. Clin. Liver Dis. 2020, 24, 719-737.
[CrossRef]

Cabral, LK.D.; Tiribelli, C.; Sukowati, C.H.C. Sorafenib resistance in hepatocellular carcinoma: The relevance of genetic
heterogeneity. Cancers (Basel) 2020, 12, 1576. [CrossRef]

Liu, D.; Fan, Y;; Li, J.; Cheng, B.; Lin, W,; Li, X,; Du, J.; Ling, C. Inhibition of cFLIP overcomes acquired resistance to sorafenib via
reducing ER stress-related autophagy in hepatocellular carcinoma. Oncol. Rep. 2018, 40, 2206-2214. [CrossRef] [PubMed]


http://doi.org/10.3390/jcm8040439
http://www.ncbi.nlm.nih.gov/pubmed/30935077
http://doi.org/10.1098/rsob.200267
http://doi.org/10.3390/ijms21113904
http://doi.org/10.1146/annurev-med-042513-015127
http://doi.org/10.18632/oncotarget.13392
http://doi.org/10.1016/j.canlet.2016.08.026
http://www.ncbi.nlm.nih.gov/pubmed/27597738
http://doi.org/10.1038/s41418-020-0538-8
http://www.ncbi.nlm.nih.gov/pubmed/32327714
http://doi.org/10.1016/j.pneurobio.2019.101643
http://www.ncbi.nlm.nih.gov/pubmed/31229498
http://doi.org/10.1038/s41388-020-1369-2
http://doi.org/10.1002/cam4.3635
http://doi.org/10.1038/onc.2012.188
http://doi.org/10.3390/cells9061379
http://doi.org/10.3390/molecules25102436
http://doi.org/10.1016/j.critrevonc.2019.03.018
http://doi.org/10.1093/jb/mvv039
http://doi.org/10.1158/2159-8290.CD-11-0219
http://www.ncbi.nlm.nih.gov/pubmed/22585994
http://doi.org/10.1038/cddis.2013.289
http://doi.org/10.18632/oncotarget.15837
http://www.ncbi.nlm.nih.gov/pubmed/28427185
http://doi.org/10.21037/atm.2020.02.141
http://doi.org/10.1158/0008-5472.CAN-06-1374
http://www.ncbi.nlm.nih.gov/pubmed/16951176
http://doi.org/10.1016/S0092-8674(03)00521-X
http://doi.org/10.1038/cdd.2011.185
http://doi.org/10.1016/j.bbamcr.2012.05.022
http://doi.org/10.1016/j.cld.2020.07.012
http://doi.org/10.3390/cancers12061576
http://doi.org/10.3892/or.2018.6606
http://www.ncbi.nlm.nih.gov/pubmed/30066934

Int. J. Mol. Sci. 2021, 22, 1209 29 of 32

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

Molusky, M.M.; Ma, D.; Buelow, K; Yin, L.; Lin, ].D. Peroxisomal Localization and Circadian Regulation of Ubiquitin-Specific
Protease 2. PLoS ONE 2012, 7, e47970. [CrossRef] [PubMed]

Xu, H.; Huang, L.; Zhao, J.; Chen, S.; Liu, J.; Li, G. The circadian clock and inflammation: A new insight. Clin. Chim. Acta 2021,
512,12-17. [CrossRef] [PubMed]

Dierickx, P.; Van Laake, L.W.; Geijsen, N. Circadian clocks: From stem cells to tissue homeostasis and regeneration. EMBO Rep.
2018, 19, 18-28. [CrossRef] [PubMed]

Zhang, R.; Lahens, N.F,; Ballance, H.I; Hughes, M.E.; Hogenesch, ].B. A circadian gene expression atlas in mammals: Implications
for biology and medicine. Proc. Natl. Acad. Sci. USA 2014, 111, 16219-16224. [CrossRef]

Yang, Y.; Duguay, D.; Bédard, N.; Rachalski, A.; Baquiran, G.; Na, C.H.; Fahrenkrug, J.; Storch, K.E,; Peng, J.; Wing, S.S.; et al.
Regulation of behavioral circadian rhythms and clock protein PER1 by the deubiquitinating enzyme USP2. Biol. Open 2012, 1,
789-801. [CrossRef]

Scoma, H.D.; Humby, M.; Yadav, G.; Zhang, Q.; Fogerty, ].; Besharse, ].C. The de-ubiquitinylating enzyme, USP2, is associated
with the circadian clockwork and regulates its sensitivity to light. PLoS ONE 2011, 6, €25382. [CrossRef]

Lee, J.; Lee, Y;; Lee, M.].; Park, E.; Kang, S.H.; Chung, C.H.; Lee, K.H.; Kim, K. Dual Modification of BMAL1 by SUMO2/3 and
Ubiquitin Promotes Circadian Activation of the CLOCK/BMAL1 Complex. Mol. Cell. Biol. 2008, 28, 6056-6065. [CrossRef]
Yang, Y.; Duguay, D.; Fahrenkrug, J.; Cermakian, N.; Wing, S.S. USP2 regulates the intracellular localization of PER1 and circadian
gene expression. J. Biol. Rhythm. 2014, 29, 243-256. [CrossRef]

Pouly, D.; Chenaux, S.; Martin, V.; Babis, M.; Koch, R.; Nagoshi, E.; Katanaev, V.L.; Gachon, F,; Staub, O. USP2-45 is a circadian
clock output effector regulating calcium absorption at the post- Translational level. PLoS ONE 2016, 11, e0145155. [CrossRef]
Fecher-Trost, C.; Wissenbach, U.; Weissgerber, P. TRPV6: From identification to function. Cell Calcium 2017, 67, 116-122. [CrossRef]
[PubMed]

Manning, J.A.; Kumar, S. Physiological Functions of Nedd4-2: Lessons from Knockout Mouse Models. Trends Biochem. Sci. 2018,
43, 635-647. [CrossRef] [PubMed]

Fakitsas, P.; Adam, G.; Daidié, D.; Van Bemmelen, M.X.; Fouladkou, F; Patrignani, A.; Wagner, U.; Warth, R.; Camargo, SM.R;
Staub, O.; et al. Early aldosterone-induced gene product regulates the epithelial sodium channel by deubiquitylation. J. Am. Soc.
Nephrol. 2007, 18, 1084-1092. [CrossRef] [PubMed]

Oberfeld, B.; Ruffieux-Daidié, D.; Vitagliano, ].].; Pos, K.M.; Verrey, E; Staub, O. Ubiquitin-specific protease 2-45 (Usp2-45) binds
to epithelial Na+ channel (ENaC)-ubiquitylating enzyme Nedd4-2. Am. J. Physiol. Ren. Physiol. 2011, 301, 189-196. [CrossRef]
[PubMed]

Ruffieux-Daidié, D.; Poirot, O.; Boulkroun, S.; Verrey, E.; Kellenberger, S.; Staub, O. Deubiquitylation regulates activation and
proteolytic cleavage of ENaC. J. Am. Soc. Nephrol. 2008, 19, 2170-2180. [CrossRef] [PubMed]

Zhou, R.; Tomkovicz, V.R,; Butler, PL.; Ochoa, L.A.; Peterson, Z.].; Snyder, PM. Ubiquitin-specific peptidase 8 (USP8) regulates
endosomal trafficking of the epithelial Na+ channel. J. Biol. Chem. 2013, 288, 5389-5397. [CrossRef]

Ruffieux-Daidié, D.; Staub, O. Intracellular ubiquitylation of the epithelial Na+ channel controls extracellular proteolytic channel
activation via conformational change. J. Biol. Chem. 2011, 286, 2416-2424. [CrossRef]

Cannavo, A.; Bencivenga, L.; Liccardo, D.; Elia, A.; Marzano, F; Gambino, G.; D’Amico, M.L.; Perna, C.; Ferrara, N.; Rengo, G.;
et al. Aldosterone and mineralocorticoid receptor system in cardiovascular physiology and pathophysiology. Oxid. Med. Cell.
Longev. 2018, 2018. [CrossRef]

Faresse, N.; Vitagliano, ]J.J.; Staub, O. Differential ubiquitylation of the mineralocorticoid receptor is regulated by phosphorylation.
FASEB ]. 2012, 26, 4373-4382. [CrossRef]

Faresse, N.; Debonneville, A.; Staub, O. USP2-45 represses aldosterone mediated responses by decreasing mineralocorticoid
receptor availability. Cell. Physiol. Biochem. 2013, 31, 462—472. [CrossRef]

Jin, H.S.; Hong, K.W,; Lim, ].E.; Hwang, S.Y.; Lee, S.H.; Shin, C.; Park, H.K.; Oh, B. Genetic variations in the sodium balance-
regulating genes ENaC, NEDD4L, NDFIP2 and USP2 influence blood pressure and hypertension. Kidney Blood Press. Res. 2010,
33, 15-23. [CrossRef] [PubMed]

Pouly, D.; Debonneville, A.; Ruffieux-Daidié, D.; Maillard, M.; Abriel, H.; Loffing, J.; Staub, O. Mice carrying ubiquitin-specific
protease 2 (Usp2) gene inactivation maintain normal sodium balance and blood pressure. Am. J. Physiol. Ren. Physiol. 2013, 305,
21-30. [CrossRef] [PubMed]

Barthel, A.; Schmoll, D. Novel concepts in insulin regulation of hepatic gluconeogenesis. Am. J. Physiol. Endocrinol. Metab. 2003,
285. [CrossRef] [PubMed]

Hill, M.].; Suzuki, S.; Segars, ].H.; Kino, T. CRTC2 is a coactivator of GR and couples GR and CREB in the regulation of hepatic
gluconeogenesis. Mol. Endocrinol. 2016, 30, 104-117. [CrossRef] [PubMed]

Matsumura, T.; Ohta, Y.; Taguchi, A.; Hiroshige, S.; Kajimura, Y.; Fukuda, N.; Yamamoto, K.; Nakabayashi, H.; Fujimoto, R.; Yanai,
A.; et al. Liver-specific dysregulation of clock-controlled output signal impairs energy metabolism in liver and muscle. Biochem.
Biophys. Res. Commun. 2020. [CrossRef]

Piccinin, E.; Villani, G.; Moschetta, A. Metabolic aspects in NAFLD, NASH and hepatocellular carcinoma: The role of PGC1
coactivators. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 160-174. [CrossRef]

Hirano, T. Pathophysiology of Diabetic Dyslipidemia. J. Atheroscler. Thromb. 2018, 25, 771-782. [CrossRef]

McCormick, S.P.A.; Schneider, W.]J. Lipoprotein(a) catabolism: A case of multiple receptors. Pathology 2019, 51, 155-164. [CrossRef]


http://doi.org/10.1371/journal.pone.0047970
http://www.ncbi.nlm.nih.gov/pubmed/23133608
http://doi.org/10.1016/j.cca.2020.11.011
http://www.ncbi.nlm.nih.gov/pubmed/33242468
http://doi.org/10.15252/embr.201745130
http://www.ncbi.nlm.nih.gov/pubmed/29258993
http://doi.org/10.1073/pnas.1408886111
http://doi.org/10.1242/bio.20121990
http://doi.org/10.1371/journal.pone.0025382
http://doi.org/10.1128/MCB.00583-08
http://doi.org/10.1177/0748730414544741
http://doi.org/10.1371/journal.pone.0145155
http://doi.org/10.1016/j.ceca.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28501141
http://doi.org/10.1016/j.tibs.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/30056838
http://doi.org/10.1681/ASN.2006080902
http://www.ncbi.nlm.nih.gov/pubmed/17344426
http://doi.org/10.1152/ajprenal.00487.2010
http://www.ncbi.nlm.nih.gov/pubmed/21478478
http://doi.org/10.1681/ASN.2007101130
http://www.ncbi.nlm.nih.gov/pubmed/18701608
http://doi.org/10.1074/jbc.M112.425272
http://doi.org/10.1074/jbc.M110.176156
http://doi.org/10.1155/2018/1204598
http://doi.org/10.1096/fj.12-209924
http://doi.org/10.1159/000343382
http://doi.org/10.1159/000275706
http://www.ncbi.nlm.nih.gov/pubmed/20090362
http://doi.org/10.1152/ajprenal.00012.2013
http://www.ncbi.nlm.nih.gov/pubmed/23552861
http://doi.org/10.1152/ajpendo.00253.2003
http://www.ncbi.nlm.nih.gov/pubmed/12959935
http://doi.org/10.1210/me.2015-1237
http://www.ncbi.nlm.nih.gov/pubmed/26652733
http://doi.org/10.1016/j.bbrc.2020.11.066
http://doi.org/10.1038/s41575-018-0089-3
http://doi.org/10.5551/jat.RV17023
http://doi.org/10.1016/j.pathol.2018.11.003

Int. J. Mol. Sci. 2021, 22, 1209 30 of 32

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Yang, H.X.; Zhang, M.; Long, S.Y.; Tuo, Q.H.; Tian, Y.; Chen, ].X.; Zhang, C.P; Liao, D.F. Cholesterol in LDL receptor recycling and
degradation. Clin. Chim. Acta 2020, 500, 81-86. [CrossRef]

Nelson, J.K.; Sorrentino, V.; Trezza, R.A.; Heride, C.; Urbe, S.; Distel, B.; Zelcer, N. The deubiquitylase USP2 regulates the ldlr
pathway by counteracting the E3-Ubiquitin Ligase IDOL. Circ. Res. 2016, 118, 410-419. [CrossRef]

Shapouri-Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.A.; Mardani, E; Seifi, B.; Mohammadi, A.;
Afshari, ].T.; Sahebkar, A. Macrophage plasticity, polarization, and function in health and disease. |. Cell. Physiol. 2018, 233,
6425-6440. [CrossRef] [PubMed]

Orliaguet, L.; Dalmas, E.; Drareni, K.; Venteclef, N.; Alzaid, F. Mechanisms of Macrophage Polarization in Insulin Signaling and
Sensitivity. Front. Endocrinol. (Lausanne) 2020, 11, 1-23. [CrossRef] [PubMed]

Li, Y,; Yun, K; Mu, R. A review on the biology and properties of adipose tissue macrophages involved in adipose tissue
physiological and pathophysiological processes. Lipids Health Dis. 2020, 19, 1-9. [CrossRef] [PubMed]

Kaji, H. Adipose tissue-derived plasminogen activator inhibitor-1 function and regulation. Compr. Physiol. 2016, 6, 1873-1896.
[CrossRef] [PubMed]

Virdis, A.; Colucci, R.; Bernardini, N.; Blandizzi, C.; Taddei, S.; Masi, S. Microvascular Endothelial Dysfunction in Human Obesity:
Role of TNF- «. J. Clin. Endocrinol. Metab. 2018, 104, 341-348. [CrossRef] [PubMed]

Pedersen, B.K. Anti-inflammatory effects of exercise: Role in diabetes and cardiovascular disease. Eur. J. Clin. Invest. 2017, 47,
600-611. [CrossRef]

Saito, N.; Kimura, S.; Miyamoto, T.; Fukushima, S.; Amagasa, M.; Shimamoto, Y.; Nishioka, C.; Okamoto, S.; Toda, C.; Washio, K;
et al. Macrophage ubiquitin-specific protease 2 modifies insulin sensitivity in obese mice. Biochem. Biophys. Rep. 2017. [CrossRef]
Lee, M.K,; Kim, T.S. Histone H4-Specific Deacetylation at Active Coding Regions by HdalC. Mol. Cells 2020, 43, 841-847.
[CrossRef]

Hughes, A.L.; Kelley, ].R; Klose, R.]. Understanding the interplay between CpG island-associated gene promoters and H3K4
methylation. Biochim. Biophys. Acta Gene Regul. Mech. 2020, 1863, 194567. [CrossRef]

Li, C; Zhang, J.; Xu, H.; Chang, M.; Lv, C.; Xue, W.; Song, Z.; Zhang, L.; Zhang, X.; Tian, X. Retigabine ameliorates acute
stress-induced impairment of spatial memory retrieval through regulating USP2 signaling pathways in hippocampal CA1 area.
Neuropharmacology 2018, 135, 151-162. [CrossRef]

Mastaitis, J.W.; Wurmbach, E.; Cheng, H.; Sealfon, S.C.; Mobbs, C. V Acute Induction of Gene Expression in Brain and Liver by
Insulin-Induced Hypoglycemia. Diabetes 2005, 54, 952-958. [CrossRef] [PubMed]

Kapogiannis, D.; Avgerinos, K.I. Brain Glucose and Ketone Utilization in Brain Aging and Neurodegenerative Diseases, 1st ed.; Academic
Press: San Diego, CA, USA; Volume 154, 2020; ISBN 9780128200766.

Shi, M.M,; Fan, K.M.; Qiao, Y.N.; Xu, ].H.; Qiu, L.J,; Li, X; Liu, Y;; Qian, Z.Q.; Wei, C.L.; Han, J.; et al. Hippocampal p-opioid
receptors on GABAergic neurons mediate stress-induced impairment of memory retrieval. Mol. Psychiatry 2020, 25, 977-992.
[CrossRef] [PubMed]

Sun, D.S.; Zhong, G.; Cao, HX; Hu, Y.; Hong, X.Y,; Li, T,; Li, X;; Liu, Q.; Wang, Q.; Ke, D.; et al. Repeated Restraint Stress
Led to Cognitive Dysfunction by NMDA Receptor-Mediated Hippocampal CA3 Dendritic Spine Impairments in Juvenile
Sprague-Dawley Rats. Front. Mol. Neurosci. 2020, 13, 1-12. [CrossRef] [PubMed]

Bousman, C.A.; Chana, G.; Glatt, S.J.; Chandler, S.D.; May, T.; Lohr, J.; Kremen, W.S.; Tsuang, M.T.; Everall, L.P. Positive symptoms
of psychosis correlate with expression of ubiquitin proteasome genes in peripheral blood. Am. J. Med. Genet. Part B Neuropsychiatr.
Genet. 2010, 153, 1336—1341. [CrossRef] [PubMed]

Anazi, S.; Maddirevula, S.; Faqeih, E.; Alsedairy, H.; Alzahrani, F; Shamseldin, H.E.; Patel, N.; Hashem, M.; Ibrahim, N.;
Abdulwahab, F,; et al. Clinical genomics expands the morbid genome of intellectual disability and offers a high diagnostic yield.
Mol. Psychiatry 2017, 22, 615-624. [CrossRef] [PubMed]

Srikanta, S.B.; Stojkovic, K.; Cermakian, N. Behavioral phenotyping of mice lacking the deubiquitinase USP2. bioRxiv 2020.
[CrossRef]

Park, K.C.; Kim, J.H.; Choi, EJ.; Min, S.W,; Rhee, S.; Baek, S.H.; Chung, S.S.; Bang, O.; Park, D.; Chiba, T.; et al. Antagonistic
regulation of myogenesis by two deubiquitinating enzymes, UBP45 and UBP69. Proc. Natl. Acad. Sci. USA 2002, 99, 9733-9738.
[CrossRef]

Bedard, N.; Yang, Y.; Gregory, M.; Cyr, D.G.; Suzuki, J.; Yu, X,; Chian, R.-C.; Hermo, L.; O’Flaherty, C.; Smith, C.E.; et al. Mice
lacking the USP2 deubiquitinating enzyme have severe male subfertility associated with defects in fertilization and sperm
motility. Biol. Reprod. 2011, 85, 594—-604. [CrossRef]

Wing, S.S. Deubiquitinating enzymes in skeletal muscle atrophy—An essential role for USP19. Int. ]. Biochem. Cell Biol. 2016, 79,
462-468. [CrossRef]

Gongalves, T.M.; De Almeida Regitano, L.C.; Koltes, J.E.; Cesar, A.S.M.; Da Silva Andrade, S.C.; Mourao, G.B.; Gasparin, G.;
Moreira, G.C.M.; Fritz-Waters, E.; Reecy, ].M.; et al. Gene co-expression analysis indicates potential pathways and regulators of
beef tenderness in Nellore cattle. Front. Genet. 2018, 9, 1-18. [CrossRef]

Hashimoto, M.; Saito, N.; Ohta, H.; Yamamoto, K.; Tashiro, A.; Nakazawa, K.; Inanami, O.; Kitamura, H. Inhibition of ubiquitin-
specific protease 2 causes accumulation of reactive oxygen species, mitochondria dysfunction, and intracellular ATP decrement
in C2C12 myoblasts. Physiol. Rep. 2019, 7, 1-14. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cca.2019.09.022
http://doi.org/10.1161/CIRCRESAHA.115.307298
http://doi.org/10.1002/jcp.26429
http://www.ncbi.nlm.nih.gov/pubmed/29319160
http://doi.org/10.3389/fendo.2020.00062
http://www.ncbi.nlm.nih.gov/pubmed/32140136
http://doi.org/10.1186/s12944-020-01342-3
http://www.ncbi.nlm.nih.gov/pubmed/32646451
http://doi.org/10.1002/cphy.c160004
http://www.ncbi.nlm.nih.gov/pubmed/27783862
http://doi.org/10.1210/jc.2018-00512
http://www.ncbi.nlm.nih.gov/pubmed/30165404
http://doi.org/10.1111/eci.12781
http://doi.org/10.1016/j.bbrep.2017.01.009
http://doi.org/10.14348/molcells.2020.0141
http://doi.org/10.1016/j.bbagrm.2020.194567
http://doi.org/10.1016/j.neuropharm.2018.02.034
http://doi.org/10.2337/diabetes.54.4.952
http://www.ncbi.nlm.nih.gov/pubmed/15793232
http://doi.org/10.1038/s41380-019-0435-z
http://www.ncbi.nlm.nih.gov/pubmed/31142818
http://doi.org/10.3389/fnmol.2020.552787
http://www.ncbi.nlm.nih.gov/pubmed/33192290
http://doi.org/10.1002/ajmg.b.31106
http://www.ncbi.nlm.nih.gov/pubmed/20552680
http://doi.org/10.1038/mp.2016.113
http://www.ncbi.nlm.nih.gov/pubmed/27431290
http://doi.org/10.1101/2020.10.15.340653
http://doi.org/10.1073/pnas.152011799
http://doi.org/10.1095/biolreprod.110.088542
http://doi.org/10.1016/j.biocel.2016.07.028
http://doi.org/10.3389/fgene.2018.00441
http://doi.org/10.14814/phy2.14193
http://www.ncbi.nlm.nih.gov/pubmed/31353872

Int. J. Mol. Sci. 2021, 22, 1209 31 0f32

133.

134.

135.

136.

137.

138.

139.

140.

141.
142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Xing, J.; Li, P; Hong, J.; Wang, M.; Liu, Y.; Gao, Y; Dong, J.; Gu, H.; Li, L. Overexpression of Ubiquitin-Specific Protease 2 (USP2) in
the Heart Suppressed Pressure Overload-Induced Cardiac Remodeling. Mediat. Inflamm. 2020, 2020, 1-12. [CrossRef] [PubMed]
Shuja, Z.; Colecraft, H.M. Regulation of microdomain voltage-gated L-type calcium channels in cardiac health and disease. Curr.
Opin. Physiol. 2018, 2, 13-18. [CrossRef] [PubMed]

Rougier, ].-S.; Albesa, M.; Syam, N.; Halet, G.; Abriel, H.; Viard, P. Ubiquitin-specific protease USP2-45 acts as a molecular switch
to promote «25-1-induced downregulation of Ca v1.2 channels. Pflug. Arch. 2015, 467, 1919-1929. [CrossRef] [PubMed]

Totzke, J.; Scarneo, S.A.; Yang, K.W.; Haystead, T.A.J. TAK1: A potent tumour necrosis factor inhibitor for the treatment of
inflammatory diseases. Open Biol. 2020, 10, 1-9. [CrossRef]

Fechtner, S.; Fox, D.A.; Ahmed, S. Transforming growth factor § activated kinase 1: A potential therapeutic target for rheumatic
diseases. Rheumatol (United Kingdom) 2017, 56, 1060-1068. [CrossRef]

Jarosz-Griffiths, H.H.; Holbrook, J.; Lara-Reyna, S.; McDermott, M.E. TNF receptor signalling in autoinflammatory diseases. Int.
Immunol. 2019, 31, 639-648. [CrossRef]

Metzig, M.; Nickles, D.; Falschlehner, C.; Lehmann-Koch, J.; Straub, B.K.; Roth, W.; Boutros, M. An RNAI screen identifies USP2
as a factor required for TNF-x-induced NF-«B signaling. Int. J. Cancer 2011, 129, 607-618. [CrossRef]

Zhang, C. Flare-up of cytokines in rheumatoid arthritis and their role in triggering depression: Shared common function and
their possible applications in treatment (Review). Biomed. Rep. 2020, 14. [CrossRef]

Dey, M.; Zhao, S.S.; Moots, R.J. Anti-TNF biosimilars in rheumatology: The end of an era? Expert Opin. Biol. Ther. 2020. [CrossRef]
Akhtar, N.; Singh, A.K.; Ahmed, S. MicroRNA-17 Suppresses TNF-o Signaling by Interfering with TRAF2 and cIAP2 Association
in Rheumatoid Arthritis Synovial Fibroblasts. J. Immunol. 2016, 197, 2219-2228. [CrossRef] [PubMed]

Sun, Y; Qin, Z; Li, Q.; Wan, ].J.; Cheng, M.H.; Wang, PY,; Su, D.E; Yu, ].G.; Liu, X. MicroRNA-124 negatively regulates
LPS-induced TNF-« production in mouse macrophages by decreasing protein stability. Acta Pharmacol. Sin. 2016, 37, 889-897.
[CrossRef] [PubMed]

Lork, M.; Staal, J.; Beyaert, R. Ubiquitination and phosphorylation of the CARD11-BCL10-MALT1 signalosome in T cells. Cell.
Immunol. 2019, 340, 1-15. [CrossRef] [PubMed]

Li, Y,; He, X,; Wang, S.; Shu, H.B.; Liu, Y. USP2a positively regulates TCR-induced NF-«B activation by bridging MALT1-TRAF6.
Protein Cell 2013, 4, 62-70. [CrossRef]

He, X,; Li, Y;; Li, C,; Liu, L.-J.; Zhang, X,; Liu, Y.; Shu, H. USP2a negatively regulates IL-1(3- and virus-induced NF-«B activation
by deubiquitinating TRAF6. . Mol. Cell Biol. 2013, 5, 39-47. [CrossRef]

Ruiz-Lafuente, N.; Muro, M.; Minguela, A.; Parrado, A. The transcriptional response of mouse spleen B cells to IL-4: Comparison
to the response of human peripheral blood B cells. Biochem. Biophys. Rep. 2018, 16, 56—61. [CrossRef]

Nie, L.; Cai, S.-Y.; Shao, J.-Z.; Chen, J. Toll-Like Receptors, Associated Biological Roles, and Signaling Networks in Non-Mammals.
Front. Immunol. 2018, 9. [CrossRef]

Tanji, T,; Ip, Y.T. Regulators of the Toll and Imd pathways in the Drosophila innate immune response. Trends Immunol. 2005, 26,
193-198. [CrossRef]

Engel, E.; Viargues, P.; Mortier, M.; Taillebourg, E.; Couté, Y.; Thevenon, D.; Fauvarque, M.O. Identifying USPs regulating immune
signals in Drosophila: USP2 deubiquitinates Imd and promotes its degradation by interacting with the proteasome. Cell Commun.
Signal. 2014, 12, 1-14. [CrossRef]

Walter, M.R. The Role of Structure in the Biology of Interferon Signaling. Front. Immunol. 2020, 11, 1-12. [CrossRef]

Johnson, H.M.; Noon-Song, E.; Ahmed, C.M. Noncanonical IFN signaling, steroids, and stats: A probable role of V-ATPase.
Mediat. Inflamm. 2019, 2019. [CrossRef] [PubMed]

Johnson, HM.; Ahmed, C.M. Noncanonical IFN Signaling: Mechanistic Linkage of Genetic and Epigenetic Events. Mediat.
Inflamm. 2016, 2016. [CrossRef] [PubMed]

Ren, Y.; Zhao, P; Liu, J.; Yuan, Y.; Cheng, Q.; Zuo, Y.; Qian, L.; Liu, C.; Guo, T.; Zhang, L.; et al. Deubiquitinase USP2a Sustains
Interferons Antiviral Activity by Restricting Ubiquitination of Activated STAT1 in the Nucleus. PLoS Pathog. 2016, 12, €1005764.
[CrossRef] [PubMed]

Zhang, L.; Zhao, X.; Zhang, M.; Zhao, W.; Gao, C. Ubiquitin-Specific Protease 2b Negatively Regulates IFN-{3 Production and
Antiviral Activity by Targeting TANK-Binding Kinase 1. J. Immunol. 2014, 193, 2230-2237. [CrossRef] [PubMed]

Wang, S.; Wu, H.; Liu, Y.; Sun, J.; Zhao, Z.; Chen, Q.; Guo, M.; Ma, D.; Zhang, Z. Expression of USP2-69 in mesangial cells in vivo
and in vitro. Pathol. Int. 2010, 60, 184-192. [CrossRef]

Hashimoto, M.; Kimura, S.; Kanno, C.; Yanagawa, Y.; Watanabe, T.; Okabe, J.; Nagano, M. Macrophage ubiquitin-specific protease
2 contributes to motility, hyperactivation, capacitation, and in vitro fertilization activity of mouse sperm. Cell. Mol. Life Sci. 2020.
[CrossRef]

Abualsaud, D.; Hashem, M.; AlHashem, A.; Alkuraya, ES. Survey of disorders of sex development in a large cohort of patients
with diverse Mendelian phenotypes. Am. . Med. Genet. Part A 2020, 1-12. [CrossRef]

Ito, M.; Kitamura, H.; Kikuguchi, C.; Hase, K.; Ohno, H.; Ohara, O. SP600125 Inhibits Cap-dependent Translation Independently
of the c-Jun N-terminal Kinase Pathway. Cell Struct. Funct. 2011, 36, 27-33. [CrossRef]

Mirza, M.U.; Ahmad, S.; Abdullah, I.; Froeyen, M.; Xing, J.; Li, P; Hong, ].; Wang, M.; Liu, Y.; Gao, Y.; et al. Identification of novel
human USP2 inhibitor and its putative role in treatment of COVID-19 by inhibiting SARS-CoV-2 papain-like (PLpro) protease.
Comput. Biol. Chem. 2020, 89, 1-12. [CrossRef]


http://doi.org/10.1155/2020/4121750
http://www.ncbi.nlm.nih.gov/pubmed/32963492
http://doi.org/10.1016/j.cophys.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/29963649
http://doi.org/10.1007/s00424-014-1636-6
http://www.ncbi.nlm.nih.gov/pubmed/25366495
http://doi.org/10.1098/rsob.200099
http://doi.org/10.1093/rheumatology/kew301
http://doi.org/10.1093/intimm/dxz024
http://doi.org/10.1002/ijc.26124
http://doi.org/10.3892/br.2020.1392
http://doi.org/10.1080/14712598.2020.1802421
http://doi.org/10.4049/jimmunol.1600360
http://www.ncbi.nlm.nih.gov/pubmed/27534557
http://doi.org/10.1038/aps.2016.16
http://www.ncbi.nlm.nih.gov/pubmed/27063215
http://doi.org/10.1016/j.cellimm.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30514565
http://doi.org/10.1007/s13238-012-2120-8
http://doi.org/10.1093/jmcb/mjs024
http://doi.org/10.1016/j.bbrep.2018.09.007
http://doi.org/10.3389/fimmu.2018.01523
http://doi.org/10.1016/j.it.2005.02.006
http://doi.org/10.1186/s12964-014-0041-2
http://doi.org/10.3389/fimmu.2020.606489
http://doi.org/10.1155/2019/4143604
http://www.ncbi.nlm.nih.gov/pubmed/31275057
http://doi.org/10.1155/2016/9564814
http://www.ncbi.nlm.nih.gov/pubmed/28077919
http://doi.org/10.1371/journal.ppat.1005764
http://www.ncbi.nlm.nih.gov/pubmed/27434509
http://doi.org/10.4049/jimmunol.1302634
http://www.ncbi.nlm.nih.gov/pubmed/25070846
http://doi.org/10.1111/j.1440-1827.2010.02496.x
http://doi.org/10.1007/s00018-020-03683-9
http://doi.org/10.1002/ajmg.a.61876
http://doi.org/10.1247/csf.10025
http://doi.org/10.1016/j.compbiolchem.2020.107376

Int. J. Mol. Sci. 2021, 22, 1209 32 0f 32

161.

162.

163.

164.

165.
166.

167.

168.

169.
170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.
181.
182.

Krzystanek, K.; Rasmussen, H.B.; Grunnet, M.; Staub, O.; Olesen, S.P.; Abriel, H.; Jespersen, T. Deubiquitylating enzyme USP2
counteracts Nedd4-2mediated downregulation of KCNQ1 potassium channels. Hear. Rhythm. 2012, 9, 440-448. [CrossRef]
Alonso, V.; Magyar, C.E.; Wang, B.; Bisello, A.; Friedman, P.A. Ubiquitination-deubiquitination balance dictates ligand-stimulated
PTHR sorting. J. Bone Miner. Res. 2011, 26, 2923-2934. [CrossRef] [PubMed]

Oh, KH,; Yang, S.W,; Park, ] M.; Seol, ] H.; Iemura, S.; Natsume, T.; Murata, S.; Tanaka, K.; Jeon, Y.J.; Chung, C.H. Control of
AlF-mediated cell death by antagonistic functions of CHIP ubiquitin E3 ligase and USP2 deubiquitinating enzyme. Cell Death
Differ. 2011, 18, 1326-1336. [CrossRef] [PubMed]

Komander, D.; Reyes-Turcu, F,; Licchesi, ].D.E; Odenwaelder, P.; Wilkinson, K.D.; Barford, D. Molecular discrimination of
structurally equivalent Lys 63-linked and linear polyubiquitin chains. EMBO Rep. 2009, 10, 466—473. [CrossRef] [PubMed]
Akutsu, M.; Dikic, I.; Bremm, A. Ubiquitin chain diversity at a glance. J. Cell Sci. 2016, 129, 875-880. [CrossRef] [PubMed]
Oshiumi, H. Recent Advances and Contradictions in the Study of the Individual Roles of Ubiquitin Ligases That Regulate
RIG-I-Like Receptor-Mediated Antiviral Innate Immune Responses. Front. Immunol. 2020, 11, 1-8. [CrossRef]

Wang, Y.S.; Wu, K.P; Jiang, HK.; Kurkute, P; Chen, R.H. Branched Ubiquitination: Detection Methods, Biological Functions and
Chemical Synthesis. Molecules 2020, 25, 5200. [CrossRef]

McDowell, G.S.; Philpott, A. Non-canonical ubiquitylation: Mechanisms and consequences. Int. J. Biochem. Cell Biol. 2013, 45,
1833-1842. [CrossRef]

Komander, D.; Rape, M. The ubiquitin code. Annu. Rev. Biochem. 2012, 81, 203—-229. [CrossRef]

Vere, G.; Kealy, R.; Kessler, B.M.; Pinto-Fernandez, A. Ubiquitomics: An overview and future. Biomolecules 2020, 10, 1453.
[CrossRef]

Back, S.; Gorman, A.W.; Vogel, C.; Silva, G.M. Site-Specific K63 Ubiquitinomics Provides Insights into Translation Regulation
under Stress. J. Proteome Res. 2018, 18. [CrossRef]

Lu, M.; Chen, W.; Zhuang, W.; Zhan, X. Label-free quantitative identification of abnormally ubiquitinated proteins as useful
biomarkers for human lung squamous cell carcinomas. EPMA . 2020, 11, 73-94. [CrossRef] [PubMed]

Issaenko, O.A.; Amerik, A.Y. Chalcone-based small-molecule inhibitors attenuate malignant phenotype via targeting deubiquiti-
nating enzymes. Cell Cycle 2012, 11, 1804-1817. [CrossRef] [PubMed]

Shimrit, O.; Maya, R.; Adi, H.; Amir, A.; Ashraf, B. Harnessing the oxidation susceptibility of deubiquitinases for inhibition with
small molecules. Angew. Chem. Int. Ed. 2015, 54, 599-603. [CrossRef]

Chuang, S.J.; Cheng, S.C.; Tang, H.C.; Sun, C.Y.; Chou, C.Y. 6-Thioguanine is a noncompetitive and slow binding inhibitor of
human deubiquitinating protease USP2. Sci. Rep. 2018, 8, 1-9. [CrossRef]

Chojnacki, M.; Zhang, D.; Talarowska, M.; Galecki, P.; Szemraj, ].; Fushman, D.; Nakasone, M.A. Characterizing polyubiquitinated
forms of the neurodegenerative ubiquitin mutant UBB+1. FEBS Lett. 2016, 590, 4573-4585. [CrossRef]

Hospenthal, M.K.; Mevissen, T.E.T.; Komander, D. Deubiquitinase-based analysis of ubiquitin chain architecture using Ubiquitin
Chain Restriction ( UbiCRest ). Nat. Protoc. 2016, 10, 349-361. [CrossRef]

Kitamura, H.; Ito, M.; Yuasa, T.; Kikuguchi, C.; Hijikata, A.; Takayama, M.; Kimura, Y.; Yokoyama, R.; Kaji, T.; Ohara, O.
Genome-wide identification and characterization of transcripts translationally regulated by bacterial lipopolysaccharide in
macrophage-like J774.1 cells. Physiol. Genom. 2008, 33, 121-132. [CrossRef]

Faas, M.M.; de Vos, P. Mitochondrial function in immune cells in health and disease. Biochim. Biophys. Acta Mol. Basis Dis. 2020,
1866, 165845. [CrossRef]

Ayres, ].S. Imnmunometabolism of infections. Nat. Rev. Immunol. 2020, 20, 79-80. [CrossRef]

Qian, X.; Yang, Z.; Mao, E.; Chen, E. Regulation of fatty acid synthesis in immune cells. Scand. J. Immunol. 2018, 88. [CrossRef]
Sadiku, P.; Willson, J.A.; Ryan, E2M.; Sammut, D.; Coelho, P.; Watts, E.R.; Grecian, R.; Young, ].M.; Bewley, M.; Arienti, S.; et al.
Neutrophils Fuel Effective Immune Responses through Gluconeogenesis and Glycogenesis. Cell Metab. 2020, 1-13. [CrossRef]


http://doi.org/10.1016/j.hrthm.2011.10.026
http://doi.org/10.1002/jbmr.494
http://www.ncbi.nlm.nih.gov/pubmed/21898592
http://doi.org/10.1038/cdd.2011.3
http://www.ncbi.nlm.nih.gov/pubmed/21293491
http://doi.org/10.1038/embor.2009.55
http://www.ncbi.nlm.nih.gov/pubmed/19373254
http://doi.org/10.1242/jcs.183954
http://www.ncbi.nlm.nih.gov/pubmed/26906419
http://doi.org/10.3389/fimmu.2020.01296
http://doi.org/10.3390/molecules25215200
http://doi.org/10.1016/j.biocel.2013.05.026
http://doi.org/10.1146/annurev-biochem-060310-170328
http://doi.org/10.3390/biom10101453
http://doi.org/10.1021/acs.jproteome.8b00623
http://doi.org/10.1007/s13167-019-00197-8
http://www.ncbi.nlm.nih.gov/pubmed/32140187
http://doi.org/10.4161/cc.20174
http://www.ncbi.nlm.nih.gov/pubmed/22510564
http://doi.org/10.1002/anie.201408411
http://doi.org/10.1038/s41598-018-21476-w
http://doi.org/10.1002/1873-3468.12484
http://doi.org/10.1038/nprot.2015.018
http://doi.org/10.1152/physiolgenomics.00095.2007
http://doi.org/10.1016/j.bbadis.2020.165845
http://doi.org/10.1038/s41577-019-0266-9
http://doi.org/10.1111/sji.12713
http://doi.org/10.1016/j.cmet.2020.11.016

	Introduction 
	Tumorigenesis 
	Apoptosis and Autophagy 
	Circadian Clock 
	Renal System 
	Energy Metabolism and Metabolic Disorders 
	Nervous System 
	Skeletal and Cardiac Muscles 
	Immune and Inflammatory Responses 
	Male Genital Tract 
	Perspectives 
	Short Summary and Conclusions 
	References

