Acta Pharmacologica Sinica

REVIEW ARTICLE

www.nature.com/aps

q

Check for
updates

Ubiquitin—proteasome system-targeted therapy for uveal
melanoma: what 1s the evidence?

Chen-xi Zhao', Chen-ming Zeng', Ke Wang?, Qiao-jun He', Bo Yang', Fan-fan Zhou® and Hong Zhu'

Uveal melanoma (UM) is a rare ocular tumor. The loss of BRCA1-associated protein 1 (BAP1) and the aberrant activation of G protein
subunit alpha q (GNAQ)/G protein subunit alpha 11 (GNA11) contribute to the frequent metastasis of UM. Thus far, limited
molecular-targeted therapies have been developed for the clinical treatment of UM. However, an increasing number of studies
have revealed the close relationship between the ubiquitin proteasome system (UPS) and the malignancy of UM. UPS consists of a
three-enzyme cascade, i.e. ubiquitin-activating enzymes (E1s); ubiquitin-conjugating enzymes (E2s); and ubiquitin-protein ligases
(E3s), as well as 26S proteasome and deubiquitinases (DUBs), which work coordinately to dictate the fate of intracellular proteins
through regulating ubiquitination, thus influencing cell viability. Due to the critical role of UPS in tumors, we here provide an
overview of the crosstalk between UPS and the malignancy of UM, discuss the current UPS-targeted therapies in UM and highlight

its potential in developing novel regimens for UM.
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INTRODUCTION

Uveal melanoma (UM) is a rare malignancy of the eye [1, 2]. As the
most common primary ocular cancer in adults, it is usually
characterized by metastasis to other tissues, particularly the liver
[3]. The survival of UM patients diagnosed with metastasis is less
than one year and has not improved in decades [3]. This extremely
low survival rate is attributed to the malignant biology of UM and
the lack of adequate clinical treatments.

Genetic alterations and several oncogenetic pathways are
involved in the malignancy of UM. The loss of chromosome 3
(the presence of monosomy 3) is a well-established characteristic
of UM [4]. BRCAl-associated protein 1 (BAP1) is a ubiquitin
carboxy-terminal hydrolase (UCH) that is located on chromosome
3 [4]. Thus, the loss of chromosome 3 can lead to the mutation
and downregulation of BAP1 protein [4]. Notably, BAP1 functions
as a tumor suppressor, removing ubiquitin (a 76-amino-acid
residue) from histone H2A [5] and therefore inducing ferroptosis
[6], growth suppression [7], and DNA repair by homologous
recombination [8]. However, a recent study indicated that BAP1
mutation occurs in 81% of UM cases with monosomy 3 [4].
Therefore, the aberration of BAP1 is a major cause of the
increasing occurrence of UM metastasis. In addition to such
genetic alterations, there have been three major oncogenetic
pathways involved in the malignancy of UM. First, G protein-
coupled receptors (GPCRs) can sense extracellular signals and
activate GNAQ and GNA11. GNAQ and GNA11 further interact with
guanine nucleotide exchange factor (GEF), which activates ADP
ribosylation factor 6 (ARF6) [9]. ARF6 subsequently induces the trio
Rho guanine nucleotide exchange factor (TRIO) and the ras

homolog family member A (RHOA)/Rac family small GTPase 1
(RAC1)-mediated nuclear translocation of yes-associated transcrip-
tional regulator (YAP) and the YAP-dependent transcription of
oncogenes [10, 11]. Activated ARF6 also triggers phospholipase C
beta 4 (PLCB4) and then initiates phosphatidylinositol 4,5-bispho-
sphate (PIP2)-mediated production of the second messenger
diacylglycerol (DAG). DAG phosphorylates and activates RAS
guanyl releasing protein 3 (RASGRP3), stimulating the mitogen-
activated protein kinase (MAPK) pathway and the phosphatidyli-
nositol 3-kinase (PI3K)-AKT axis through the activation of RAS
[12-14]. Consequently, all three pathways promote the growth
and proliferation of UM cells.

In the past few years, UM treatment has generally been
confined to excision, radiotherapy, and chemotherapy [15, 16].
However, genetic alterations and modulation of oncogenetic
pathways lead to the distant metastasis and resistance of UM cells
to chemotherapeutic agents. An increasing number of recent
studies have shown that new therapies targeting specific
molecular pathways might be a promising way to combat
malignant UM [17-19].

The ubiquitin—proteasome system (UPS) is a potential ther-
apeutic target of a variety of tumors, such as multiple myeloma
[20], hepatocellular carcinoma [21], and acute myeloid leukemia
[22]. Mechanistically, the ubiquitin-activating enzyme (E1) acti-
vates the C-terminal glycine residue of ubiquitin with the help of
ATP. Then, the activated ubiquitin is transferred to the active
cysteine residue of a ubiquitin-conjugating enzyme (E2), followed
by the C-terminus of ubiquitin linked to lysine residues of a
substrate catalyzed by a specific ubiquitin-protein ligase (E3).
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Fig. 1 BAP1-mediated malignant signaling. a BAP1/HCFC1-transactivated E2F1 target genes, together with the deubiquitination of histones

H2A, induce the transcription of CCND1 and CCNE1 resulting in tumor growth and cell invasion. b The NF-kB pathway triggers HLA class I-
mediated inflammation in UM resulting in poor survivals, which could be blocked by BAP1. ¢ BAP1-mediated deubiquitination of ITPR3
induces the calcium release from the ER into the cytoplasm and mitochondria, directing cells to apoptosis.

Consequently, the 26S proteasome hydrolyzes substrates ligated
with polyubiquitin chains [23]. Since many deubiquitinases (DUBs)
can remove polyubiquitin chains and stabilize these substrates,
DUBs are also considered to function in the UPS [24]. It is known
that a variety of tumor-related proteins are regulated by UPS,
which results in the degradation of tumor suppressors (tumor
protein p53, TP53 [25]; tumor protein p63, TP63 [26]; phosphatase
and tensin homolog, PTEN [27]) and the accumulation of
oncoproteins (Ras [28], c-MYC [29], and YAP [30]).

An increasing number of studies have suggested that the UPS is
involved in the regulation of the three major UM-related signaling
pathways, particularly the Hippo-YAP [31], MAPK ([32], and
PI3K-AKT axes [33]. This regulatory role of the UPS and the DUB
activity of BAP1 indicate that the UPS might be a promising
therapeutic target against UM. In this review, we highlight the
function of the UPS in UM and reveal the potential of the UPS as a
therapeutic target of UM.

THE UBIQUITIN-PROTEASOME SYSTEM IN UM

As described above, the UPS consists of a three-enzyme cascade
(E1-E3), the 26S proteasome and DUBs. The frequent deletion of
BAP1 is a characteristic of metastatic UM [34, 35] and can drive
immune exclusion, leading to the resistance of immunotherapy in
UM [36]. Notably, BAP1 generally serves as a DUB to suppress
tumorigenesis and tumor development [6-8], which suggests that
the UPS plays a key role in the malignancy of UM. Therefore, it is
reasonable to explore the potential correlation between UM
development and other components of the UPS, including the
enzymatic cascade (E1-E3) and proteasomes. Thus, the development
of novel UPS-related therapeutic targets against UM is promising.

Deubiquitinases

The deubiquitinase BAP1 belongs to the UCH family [37] and is
involved in the formation of multiprotein complexes. BAP1 plays
key roles in cell death, the cell cycle, cellular differentiation, and
gluconeogenesis [38, 39]. The cellular localization of BAP1 is
controlled by the ubiquitin-conjugating enzyme E2 O (UBE20).
UBE20 is involved in the multi-monoubiquitination of the nuclear
localization signal (NLS) of BAP1, which sequesters BAP1 in the
cytoplasm. Notably, BAP1 autoregulates its nuclear translocation
through the deubiquitination of the same residues in the NLS [8],
which indicates that BAP1 is functional in both the nucleus and
cytoplasm.
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The loss of BAP1 expression in the nucleus frequently occurs in
metastatic UM [34]. An inflammatory tumor microenvironment is
observed in UM, which then potentiates metastasis. Thus,
inflammation is considered a hallmark of UM [40]. Notably, the
loss of BAP1 expression is associated with the inflammatory
phenotype of UM [41, 42]. A recent study showed that the
canonical nuclear factor kappa B (NF-kB) pathway is involved in
the malignant inflammation of UM [43]. The analysis of 64 UM
samples showed that the loss of BAP1 expression first activates
the NF-kB pathway and then increases the expression of human
leukocyte antigen (HLA) class I. HLA class | then promotes the
secretion of cytokines and chemokines, which triggers immune
cells to further induce the expression of HLA Class I. Furthermore,
patients with elevated HLA Class | and activated NF-kB pathway
have shortened overall survival (Fig. 1b) [43]. The molecular
mechanism of BAP1-related regulation of the NF-kB pathway
remains unclear. Inhibitors of NF-kB (IkBs) are considered lead
molecules, since they can bind to NF-kB as well as inhibit the
nuclear translocation and DNA binding of NF-kB [44]. However,
the UPS mediates the degradation of IkBs, which is triggered by
the signaling of two conserved serine residues phosphorylated at
the N-terminus (Fig. 1c) [44]. This well-established function of IkBs
indicates that BAP1 might block the NF-kB pathway by
deubiquitinating and stabilizing IkBs. However, the repression of
the NF-kB pathway might diminish in UM due to the loss of BAP1.

In the cytoplasm, BAP1 localizes at the endoplasmic reticulum
(ER), where apoptosis-related protein inositol 1,4,5-trisphosphate
receptor type 3 (ITPR3) can be degraded through the UPS [45, 46].
ITPR3 is a receptor for inositol 1,4,5-trisphosphate, a second
messenger mediating the release of intracellular calcium from the
ER, which activates downstream apoptosis pathways [47]. A recent
study reported that the protein expression of ITPR3 in fibroblasts
with monosomy 3 is lower than that in BAP1 wild-type fibroblasts
[46]. Interestingly, wild-type BAP1 exerts its DUB activity and
removes ubiquitin from ITPR3 by directly interacting with ITPR3.
The accumulation of ITPR3 releases calcium from the ER into the
cytoplasm and mitochondria, which triggers apoptosis (Fig. 1c).
However, the inactivating mutation of monosomy 3 frequently
leads to malignant deletion of BAP1 in UM patients. The loss of
BAP1 results in the degradation of ITPR3 with the assistance of
UPS. Eventually, UM cells evade apoptosis and exhibit prolonged
survival [46].

MicroRNAs (miRNAs) play important roles in the malignancy of
UM [48]. A recent study revealed that 13 miRNAs are aberrantly
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overexpressed in UM [48]. These miRNAs regulate the transcrip-
tion of genes involved in tumor-related signaling, such as
epidermal growth factor and eukaryotic initiation factor 2 signaling
[48]. In addition to the deletion of BAP1, UM has a large spectrum
of BAP1 mutations, which might affect the miRNA regulatory
network to promote UM malignancy [49]. BAP1 consists of five
major domains: the UCH domain, BRCA1-associated RING domain
1 (BARD1) at the N-terminus, host cell factor C1 (HCFC1)-binding
motif (HBM), BRCA1 interaction region, and NLS region at the C-
terminus [50]. Although mutations are mostly observed in the
UCH domain, the C-terminal mutations might primarily regulate
the miRNA network, as the miRNA clusters are embedded in the 3’
UTR region of the BAPT gene [49].

BAP1 also serves as a coregulator of the E2F transcription factor 1
(E2F1)-responsive promoter in UM [51]. BAP1, HCFC1, and E2F1
form a complex, where HCFC1 functions as a scaffold protein. This
complex induces the transcription of E2F1 target genes, such as RB
transcriptional corepressor like 1 (RBL1), cyclin A2 (CCNA2), and cell
division cycle 25A (CDC25A), thus contributing to the expression of
S-phase proteins, including cyclin D1 (CCND1) and cyclin E1
(CCNET1). Consequently, BAP1-mediated expression of these genes
promotes the growth and invasion of UM cells (Fig. 1a). Notably,
BAP1 also functions as a DUB and exerts its catalytic ability by
deubiquitinating monoubiquitinated histone H2A (Lys119) on the
E2F1-responsive promoter [5, 51]. Moreover, it is probable that
BAP1 deubiquitinates histone H2A on the promoters of S-phase
genes. Based on the epigenetic-silencing function of histone H2A
ubiquitination, the deubiquitination of histone H2A induces the
expression of S-phase genes in UM (Fig. 1a) [51, 52]. Interestingly,
these studies revealed the oncogenetic functions of BAP1, which is
quite different from the general tumor suppressor character of
BAP1. It is plausible that BAP1 acts as a “double-edged sword” in
tumor development. A recent study also showed that BAP1 plays a
tumor-promoting role in myeloid neoplasms through the removal
of H2A (Lys119) ubiquitination and subsequent posterior transcrip-
tion of homeobox A cluster (HOXA) genes and interferon regulatory
factor 8 (IRF8) [53]. Therefore, the tumor-promoting or tumor-
suppressive function of BAP1 probably depends on the specific
tumor type and different tumor characteristics. Moreover, BAP1
plays dual roles in UM, which might be attributable to the different
substrates and cellular localization. In the nucleus, histone H2A is
the major substrate of BAP1. Deubiquitinated histone H2A induces
the transcription of some oncogenes. However, BAP1 mainly
deubiquitinates and stabilizes specific tumor suppressors in the
cytoplasm. Such DUB activity-dependent dual mechanisms may
not be correlated with the loss or mutation of BAP1.

Other DUBs have not been shown to be involved in the
malignancy of UM, with the exception of ubiquitin-specific
peptidase 19 (USP19). The expression of USP19 is positively
correlated with BAP1 in UM [54], which indicates that USP19
together with BAP1 might play a key role in the malignancy of UM.

Ubiquitin-protein ligases

To date, more than 600 human E3 ligases have been discovered
[55]. The E3 ligases serving as both catalysts and molecular
matchmakers facilitate the transfer of ubiquitin from E2 to a
specific substrate [56]. Due to the great diversity and specificity of
substrates, it is important to explore the correlation between E3
ligases and the malignancy of UM to discover novel therapeutic
targets.

Murine double minute 2 (MDM2). MDM2 is a well-known oncogene
with RING domain-dependent E3 ligase activity [57, 58]. It interacts
with canonical tumor suppressors such as TP53 and RB transcrip-
tional corepressor 1 (RB1) to inhibit apoptosis [59], promote cell
cycle progression [60, 61], and repair DNA damage [62]. It correlates
with the RB1 and TP53 pathways. The phosphorylation of RB1
activates the E2F-ARF axis, which inhibits MDM2-mediated
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Table 1. E3 ligases-related substrates/binding partners and
target genes

E3 ligase Substrates/ Target genes Phenotypes of Ref.

binding target genes
partners
MDM2 TP53 PERP, DR4, PIDD1 Apoptosis [65]
SKP2 CDKN1B Cell cycle- Cell cycle arrest [74]
related genes
VHL HIF1A PECAM1, VWF Angiogenesis [79]
RNF2 Histone H2A MITF Survival [84]
MYCBP2 c-MYC CFLAR Resistance of [86]
TRAIL-induced
apoptosis

degradation of TP53, ultimately resulting in apoptotic cell death
[63]. Mutations and dysregulation of the RB1 pathway lead to the
inactivation of TP53 and enable cells to escape apoptosis, thus
promoting UM development [63, 64]. Notably, a recent study
indicated that p53 apoptosis effector related to PMP22 (PERP), a target
gene of TP53, prevents TP53 from MDM2-mediated degradation
through the UPS in a positive feedback loop [65]. Mechanistically,
PERP elevates the protein expression of TP53 and recruits TP53 to
the nucleus, where it transactivates tumor-suppressor genes (death
receptor 4, DR4 and p53-induced death domain protein 1, PIDD1) to
trigger apoptosis (Table 1, Fig. 2a) [65]. Furthermore, the
phosphorylation of TP53 (Ser46) contributes to apoptotic progres-
sion [65-67]. TP53-driven apoptosis is unlikely to be involved in
modulating canonical apoptosis regulators homeodomain-
interacting protein kinase 2 (HIPK2) [68] and p38 [69], which
indicates that other signaling pathways may participate in this
process. In addition to the tumor suppressors mentioned above,
MDM?2 can also interact with miRNA [70, 71]. As reported in a recent
study, MDM2 is a target gene of miR-17-3p. MiR-17-3p binds to
MDM2 mRNA and suppresses the expression of MDM2, which
inhibits MDM2-mediated degradation of TP53 (Fig. 2a). The
stabilization of TP53 induces the transactivation of apoptotic genes
to trigger apoptosis. However, MDM?2 is overexpressed along with a
higher level of the long noncoding RNA (IncRNA) PVT1 in UM cells
compared to adjacent tissues. Mechanistically, INcRNA PVT1 binds
to miR-17-3p, which interrupts the interaction between miR-17-3p
and MDM2 mRNA (Fig. 2a). Overexpressed MDM2 inhibits the tumor
suppressor function of TP53 and then induces the proliferation,
migration, and invasion of UM cells [70].

S-phase kinase associated protein 2 (SKP2). SKP2 is a component
of the SKP1-CUL1-ROC1-F-box (SCF) E3 ligases [72]. Serving as a
substrate-specific adaptor, SKP2 is normally considered an
oncogene in tumors [72, 73]. SKP2 plays a key role in promoting
tumorigenesis by disturbing normal cell processes such as TP53-
dependent apoptosis and cyclin-dependent kinase inhibitor 1B
(CDKN1B)-mediated regulation of the cell cycle [73]. A recent
study uncovered the aberrant overexpression of SKP2 in UM cells
[74]. Intriguingly, the knockdown of SKP2 inhibits the proliferation
of UM cells and suppresses the growth of UM tumors. Mechan-
istically, the inhibition of SKP2 reduces the ubiquitination of its
substrate CDKN1B, which acts as a cell cycle regulator. The
accumulation of CDKN1B then leads to G1-phase arrest (Table 1)
[74]. CDKN1B can inhibit the enzymatic ability of cyclin-dependent
kinases (CDKs), well-known cell division drivers [75], and therefore
suppress aberrant cell proliferation (Fig. 2b) [76]. Altogether, SKP2
might inhibit the CDKN1B-CDK axis in UM.

Von Hippel-Lindau tumor suppressor (VHL). The hypoxic micro-
environment is a common characteristic of solid tumors [77, 78]. In
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Fig. 2 The E3 ligases engage in the malignancy of UM. a MiR-17-3p inhibits MDM2-mediated degradation of TP53 through the UPS.
However, LncRNA PVT1 in UM could disturb miR-17-3p-mediated inhibition of MDM2. b SKP2-mediated degradation of CDKN1B through the
UPS induces UM growth. ¢ Hypoxia induces transactivation of HIF1A that could be degraded through VHL-mediated UPS in normoxia. d RNF2-
mediated ubiquitination of histone H2A executes completely different regulation of downstream genes in UM versus other tissues. e MYCBP2
elevates the sensitivity of UM cells to Trail-induced apoptosis by conjugating to C-MYC. However, miR-92a-3p overexpressed in UM reduces

the protein level of MYCBP2.

normoxia, the E3 ligase VHL mediates the degradation of hypoxia
inducible factor 1 subunit alpha (HIF1A), the hallmark of hypoxia,
through the UPS. However, hypoxia decreases the expression of
VHL but promotes the nuclear translocation of HIF1A, which
transactivates the target oncogenes (Fig. 2c) [77]. Similarly,
hypoxia also plays a key role in UM. A recent study illustrated
that a higher level of VHL contributes to a longer survival of UM
patients, while HIF1A performs oppositely. Such worsened survival
is ascribed to HIF1A-induced transactivation of vascular growth-
related genes, such as platelet and endothelial cell adhesion
molecule 1 (PECAM1) and Von Willebrand factor (VWF) (Table 1,
Fig. 2¢) [79]. Furthermore, BAP1-negative UM tumors have a
higher abundance of HIF1A and a lower level of VHL than BAP1-
positive tumors, which indicates that the loss of BAP1 promotes
the malignant progression of UM [79].

Ring finger protein 2 (RNF2). The posttranslational modification of
histones plays a key role in chromatin-dependent nuclear
processes [80]. As a component of chromatin, histone H2A is
frequently ubiquitinated and controls gene silencing [81]. RNF2 is
an E3 ligase subunit of polycomb repressive complex 1 (PRC1) and
a primary modifier of histone H2A [82]. As mentioned above, the
loss of BAP1 is a biomarker of malignant UM [83]. In contrast,
many other cells and tissues, including embryonic stem cells,
fibroblasts, liver, and pancreatic tissues, progress to apoptosis in
the same BAP1-inactivated background [84]. Mechanistically, the
E3 ligase RNF2 monoubiquitinates histone H2A (Lys119), which
suppresses the expression of prosurvival genes, such as B-cell
leukemia/lymphoma-2 (BCL2) and myeloid cell leukemia 1 (MCLT).

SPRINGERNATURE

Consequently, these cells are intrigued to apoptosis incidence
(Fig. 2d). In contrast, UM cells lacking BAP1 survive via elevated
expression of the melanoma oncogene melanocyte-inducing
transcription factor (MITF), which promotes malignancy (Table 1
and Fig. 2d) [84]. The mechanism behind this tissue difference
remains unclear. It is plausible that the localization of RNF2 in the
genome is distinct due to tissue-specific regulators [84], which
suggests that discovering the function and genome localization of
RNF2 in UM might contribute to developing UPS-targeted therapy.

MYC-binding protein 2 (MYCBP2). CASP8 and FADD-like apoptosis
regulator (CFLAR) is an apoptosis regulator that contributes to the
resistance of UM cells to tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL)-induced apoptosis [85]. The threonine/
serine-specific E3 ligase MYCBP2 binds to and activates c-MYC,
which inhibits the transcription of CFLAR (Table 1) [86, 87].
Therefore, MYCBP2 is required for the c-MYC-mediated inhibition
of CFLAR. However, the level of miR-92a-3p is higher in UM than in
normal eyes. MiR-92a-3p binds to the 3’-UTR of MYCBP2 mRNA
and suppresses the translation of MYCBP2, which consequently
rescues UM cells from TRAIL-induced apoptosis (Fig. 2e) [86].
However, it is unclear whether the E3 ligase activity of MYCBP2 is
involved in miR-92a-3p-mediated malignancy of UM.

Ubiquitin-activating enzymes, ubiquitin-conjugating enzymes and
the proteasome

The proteasome is a key downstream effector in the UPS [88]. The
G-protein-coupled receptor 5-hydroxytryptamine receptor 2B
(HTR2B) is an oncogene in UM [89]. A recent study indicated that

Acta Pharmacologica Sinica (2021) 42:179-188



the activity of the proteasome is lower in metastatic UM than in
nonmetastatic UM [90]. Thus, the degradation of HTR2B by the
proteasome is less rapid in metastatic UM than in the primary
tumor. Therefore, HTR2B accumulates in metastatic UM, which is
considered a key predictive marker of UM at risk of liver metastasis
and lesions [90]. However, the function of HTR2B in UM is still
unclear and requires further exploration.

Similar to ubiquitination, neddylation also plays a vital role in
the process of tumorigenesis [91, 92]. Neural precursor cell
expressed developmentally downregulated 8 (NEDDS8) is a
ubiquitin-like protein activated by the E1 enzyme NEDDS8-
activating enzyme (NAE). After NEDDS is transferred to the E2
enzyme, the cullin-RING ligases (CRLs) subsequently direct NEDD8
to substrates [93]. Ubiquitin-conjugating enzyme E2 M (UBE2M) is
a DNA repair-related E2 enzyme that generally helps to maintain
the integrity of genomes [94]. However, the level of UBE2M has
been found to aberrantly decrease in a variety of tumor types,
which contributes to cytogenetic stabilization [95]. Notably, a
recent study investigated the difference in E2 enzymes between
metastatic and nonmetastatic UM [90]. A reduction in UBE2M
occurs in metastatic UM; however, the mechanism underlying
UBE2M deregulation and UM metastasis remains unclear. It is
postulated that UBE2M might be involved in the regulation of
cytogenetic stabilization in UM.

UBIQUITIN-PROTEASOME SYSTEM-TARGETED THERAPY OF
um

UPS contributes to the malignancy of UM via the well-established
mechanisms mentioned above, which form the basis of UPS-
targeted therapy against UM. There are usually two E1s, a few E2s
(~40), a number of E3s (>600), and DUBs (~100) involved in the
UPS [23, 24, 55, 96-98]. A specific E3 ligase can selectively catalyze
the ubiquitination of substrates [23]. Therefore, E3s are candidate
targets for the development of small molecule agents.

Of E3 ligases, MDM2 is the most promising as a therapeutic
target in UM. The MDM2-TP53 interaction contributes to the
reduction of TP53, which accelerates malignancy of UM [65, 99].
The interplay of MDM2-TP53 is primarily mediated by the ~120
amino acid residues at the N-terminus of MDM2 and the 30 amino
acid residues at the N-terminus of TP53 [100]. Based on the
mechanisms mentioned above, blocking the interaction between
MDM2 and TP53 is a promising strategy to treat UM. The
MDM2-TP53 inhibitor NVP-CGMO097 (Table 2) is considered a
pivotal antitumor agent for UM treatment in clinical trials [100, 101].
Notably, the combination of NVP-CGM097 with the PKC inhibitor
(AEBO71) significantly inhibits tumor growth in UM patient-derived
xenografts (PDXs) [102]. In addition, an increasing number of
studies have revealed the function of peptide transduction in
targeted therapies of tumors [103, 104], which suggests the
potential clinical applications of MDM2-targeted transducible
peptides. In accordance, Harbor and his colleagues [105] designed
a transducible peptide named Tat-aMDM2 (YGRKKRRQRRRG-
QETFSDLWKLLP) (Table 2). This peptide conjugates the Tat
transduction sequence (YGRKKRRQRRRG) to a short peptide
(QETFSDLWKLLP) derived from the binding domain of TP53 to
MDM2. Interestingly, Tat-aMDM2 selectively binds to MDM2 and
stabilizes TP53 by inhibiting MDM2-mediated degradation via UPS.
The accumulation of TP53 induces the transcription of target genes,
including cyclin-dependent kinase inhibitor 1A (CDKN1A), tumor
protein p53 inducible protein 3 (TP53I3), and BCL2-associated X,
apoptosis regulator (BAX), which promotes apoptosis of primary UM
cells. However, Tat-aMDM2 exerts little effect on normal cells [105].
These studies collectively indicate that MDM2-TP53 inhibition is a
promising therapeutic strategy for malignant UM.

SKP2 also acts as an E3 ligase. The inhibition of SKP2 is
considered a novel antitumor strategy [73]. Small molecules can
inhibit the proteolytic and/or nonproteolytic function of SKP2 by
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inhibiting SKP2 expression, SKP2-SCF complex formation,
SKP2-cyclin-dependent kinase regulatory subunit 1 (CKS1, the
accessory protein of SCF-SKP2) interaction and other components
of the SCF complex [106]. As mentioned above, the downregulation
of SKP2 inhibits the ubiquitination of CDKN1B and consequently
leads to G1-phase arrest in UM [74]. This result suggested that SKP2
is a potential target against UM. The SKP2 inhibitor C1 (SKPin C1)
(Table 2) is a small molecule that specifically blocks the interaction
of SKP2 and CDKN1B through counteracting at the interface of
SKP2-CKS1 [107]. Interestingly, SKPin C1 can target SKP2 and
suppress the proliferation of UM cells by stabilizing CDKN1B in a
concentration-dependent manner [74].

In addition to direct inhibition of E3 ligases such as MDM2 and
SKP2, the upstream regulation of E3 ligases is also a potential
therapeutic strategy for UM. Based on the well-established
regulatory mechanism of the miR-92a-3p-MYCBP2-c-MYC axis
mentioned above, the histone deacetylase inhibitor entinostat
(Table 2) enhances the sensitivity of UM cells to TRAIL-induced
apoptosis by downregulating miR-92a-3p [86]. However, it is still
unclear whether this anti-UM function of histone deacetylase
inhibitors depends on the E3 ligase activity of MYCBP2. It is
plausible that histone deacetylases (HDACs) might be involved in
the entinostat-mediated inhibition of miR-92a-3p due to the close
relationship between HDACs and miRNA in tumors [108-110]. In
addition to these preclinical studies of targeted therapies, a clinical
study (NCT02697630) is ongoing to explore the effectiveness of
coadministered entinostat and pembrolizumab in UM patients.

The 26S proteasome is a critical downstream effector of the UPS
that degrades multiple ubiquitinated substrates. Although its
selectivity is not as good as that of an E3 ligase, the antitumor
efficacy of proteasome-targeted therapies is clinically preferred.
Bortezomib (Table 2) is a well-known proteasome inhibitor [111] that
binds to the catalytic site of the 26S proteasome to execute the
slowly reversible inhibition of the proteasome [111]. Interestingly, a
preclinical study showed that bortezomib augments the sensitivity of
metastatic melanoma cells to the chemotherapeutic agent temozo-
lomide [112]. Although no preclinical evidence regarding the anti-
UM function of bortezomib has been achieved, the combination of
bortezomib with carboplatin/paclitaxel is undergoing a phase I
clinical trial (NCT00288041) for metastatic UM [113]. Multiple
signaling pathways, including the NF-kB pathway, contribute to
the limited efficacy of chemotherapies in UM [114, 115]. Due to the
potency of proteasome inhibitors in blocking NF-kB signaling, it is
anticipated that a combination of bortezomib with other che-
motherapies might improve the clinical outcome in treating UM
[116, 117]. However, future studies are needed to explore the
mechanism underlying the anti-UM effect of bortezomib.

Similar to ubiquitination, neddylation also plays a vital role in
the malignancy of UM [93]. NAE1 overexpression is observed in
UM [118]. Pevonedistat (MLN4924) (Table 2), a first-in-class NAE1
inhibitor [119], stabilizes several CRL substrates, such as nuclear
factor, erythroid 2 like 2 (NFE2L2) and phospho-IkBs, in a
concentration-dependent manner in UM. The accumulation of
these CRL substrates inhibits the expression of the prosurvival
gene B-cell lymphoma-extra large (BCLXL) and induces the
proapoptotic gene BCL-2-interacting mediator of cell death (BIM)
to promote apoptosis in UM cells. Meanwhile, these CRL
substrates activate the ataxia-telangiectasia-mutated
(ATM)-checkpoint kinase 1 (CHK1)-cell division cycle 25C
(CDC25C) axis to trigger the DNA damage response and G2/M-
phase arrest of UM cells. Consequently, pevonedistat can
significantly suppress the hepatic metastasis of UM [118].

DISCUSSION

Currently, there are 152 UM-related clinical trials (https://
clinicaltrials.gov/ct2/results?cond=uveal+melanoma&term==&cn-
try=&state=&city=&dist=). A wide range of agents have been
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Table 2. Agents targeting UPS in UM
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tested in UM. Among them, canonical chemotherapeutic agents
such as cisplatin and paclitaxel have been coadministered with
other molecular-targeted agents to ameliorate the resistance of
UM to chemotherapies (NCT00329641, NCT00288041). In addition
to chemotherapeutic agents, bortezomib, sorafenib, and sunitinib
deserve more attention due to their extensive involvement in the
UPS-targeted therapies [111, 120]. Bortezomib, the first-in-class
proteasome inhibitor, is shown to be a potent UPS-targeted
therapy in treating multiple tumors, such as UM [112], lung cancer
[121], liver cancer [21], and osteosarcoma [122]. However, most
studies emphasize the ability of bortezomib to sensitize cells to
other antitumor agents [112, 122]. Therefore, more attention
should be paid to the antitumor function of bortezomib as a single
agent, especially in treating UM. In addition, there are several
preclinical studies and clinical trials of sorafenib/sunitinib in
patients with metastatic UM [123, 124]. However, few studies have

SPRINGERNATURE

explored the application of sorafenib/sunitinib-mediated UPS-
targeted therapy in primary UM. Indeed, several tumors have
developed resistance to sorafenib/sunitinib by regulating the
ubiquitination of key proteins [125, 126]. Whether such resistance
is pertinent to UM remains unknown. Alternatively, combined
treatment of sorafenib/sunitinib with other UPS inhibitors that
regulate ubiquitination of the key proteins contributing to drug
resistance might be a lead in treating UM.

Proteolysis-targeting chimeras (PROTACs) are novel UPS-
dependent therapeutic strategies in drug discovery [127]. PROTAC
molecules can bind proteins of interest and specific E3 ligases
simultaneously, which promotes ubiquitination and degradation
of some oncoproteins [128]. Interestingly, the E3 ligases VHL and
MDM2 are prioritized in PROTACs [129, 130]. VHL/MDM2-recruiting
PROTAC molecules facilitate the ligation of oncoproteins and VHL/
MDM2, which indicates that VHL and MDM2 are potential targets
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in tumor treatment. However, the abundance of VHL might be too
low for the application of VHL-mediated PROTACs because UM
tissues sometimes display a hypoxic microenvironment, which is
characteristic of solid tumors [79]. Moreover, MDM2 is involved in
the degradation of the tumor suppressor TP53, as mentioned
above [65]. Therefore, MDM2 is currently defined as an
oncoprotein in UM. It seems to be difficult to treat UM by utilizing
the MDM2-recruiting PROTAC. However, a recent study showed
that the MDM2-recruiting PROTAC inhibits the proliferation of
many cancer cells through simultaneously degrading
bromodomain-containing protein 4 (BRD4) and stabilizing TP53
[131]. This enables a customized PROTAC molecule to execute
MDM2-mediated degradation of oncoproteins and simultaneously
block the interaction of MDM2-TP53 in UM.

The lack of intervention targets in the UPS remains a burning
issue in UM treatment. Therefore, some prospective studies of
UPS-based targets and inhibitors need to be mentioned to guide
future research. A recent study reported that CDK7/9 are highly
expressed in metastatic UM [132]. The CDK7/9 inhibitor SNS-032
represses cancer stem-like cell properties and inhibits UM cell
motility by regulating different transcription factors, such as
Kruppel-like factor 4 (KLF4) and c¢-MYC [132]. This indicates that
the degradation of CDK7/9 through the UPS could be a potential
therapeutic strategy for UM. Notably, a study reported that a series
of PROTACs targeting CDK9 can recruit the E3 ligase cereblon to
the natural product Wogonin, which provides a potential
application of CDK7/9 degradation in treating UM [133]. Another
study indicated that the histone-lysine N-methyltransferase
enhancer of zeste 2 polycomb repressive complex 2 subunit
(EZH2) increases the percentage of cancer stem-like cells through
miR-29c-disheveled segment polarity protein 2 (DVL2)-B-catenin
signaling and accelerates the migration of UM cells through the
Rho GDP-dissociation inhibitor gamma (RhoGDIly)-RAC1 axis [134].
Intriguingly, the EZH2 inhibitor GSK126 can abrogate these
malignant phenotypes [134]. Therefore, EZH2 is considered a
druggable target in metastatic UM. Furthermore, an increasing
number of DUBs, including USP21 [135], UPS44 [136], and DUB3
[137], have been shown to deubiquitinate and stabilize EZH2,
resulting in malignancy, which suggests that inhibition of various
DUBs and subsequent degradation of EZH2 might be promising
targeted therapies in UM.

In addition to UPS-related proteins, other classical antitumor
targets, including HDACs [138, 139], insulin-like growth factor 1
receptor (IGF1R) [140], MAPK [141], poly(ADP-ribose) polymerase 1
(PARP1) [142], and vascular endothelial growth factor (VEGF) [143],
could also be potential drug targets of UM. Among them, HDAC is
more favorable, as its inhibitor entinostat has entered two UM-
related clinical trials (Table 2). Moreover, some preclinical studies
have shown that HDAC inhibitors, such as entinostat [85], tenovin-
6 [138], and JSL-1 [139] execute anti-UM activity through
suppressing migration, inducing apoptosis, eliminating cancer
stem cells and ameliorating chemoresistance. Compared to other
inhibitors, UPS-targeted small molecules may have the following
advantages. First, there are only 18 HDACs that control complex
downstream signaling [144], while more than 600 E3 ligases
regulate specific substrates [145]. Second, other targeted thera-
pies generally modulate the function of protein targets, and
mutation of these targets might lead to resistance. However, UPS-
targeted therapies not only alter the activity of specific cancer-
causing proteins but also lead to the degradation of oncogenic
proteins, thus lowering the risk of mutation-associated resistance
[146]. Third, UPS-targeted therapies can also target undruggable
oncogenic driver proteins [146]. In summary, although the
therapeutic potential of other molecular targets, such as HDACs,
cannot be underestimated, an increasing amount of evidence has
shown that UPS-targeted therapies are clinically significant in
treating UM.
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CONCLUSION

Although the evidence above demonstrated the correlation
between the UPS and the malignancy of UM, there are still
unsolved problems. For example, it is known that there are three
major pathways, in particular the MAPK [32], PI3K-AKT [33], and
Hippo-YAP pathways [31], that are involved in the UPS. The roles
of these pathways in UPS-targeted therapies against UM have yet
to be explored.

In summary, UM is a rare and highly metastatic tumor, and the
dysregulation of UPS plays a key role in the malignancy of UM. Based
on the existing knowledge regarding the UPS, UPS-targeted
therapies have become promising therapeutic strategies against UM.
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