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Abstract: The ubiquitination system plays a critical role in regulation of large array of biological
processes and its alteration has been involved in the pathogenesis of cancers, among them cuta-
neous melanoma, which is responsible for the most deaths from skin cancers. Over the last decades,
targeted therapies and immunotherapies became the standard therapeutic strategies for advanced
melanomas. However, despite these breakthroughs, the prognosis of metastatic melanoma patients
remains unoptimistic, mainly due to intrinsic or acquired resistances. Many avenues of research
have been investigated to find new therapeutic targets for improving patient outcomes. Because of
the pleiotropic functions of ubiquitination, and because each step of ubiquitination is amenable to
pharmacological targeting, much attention has been paid to the role of this process in melanoma de-
velopment and resistance to therapies. In this review, we summarize the latest data on ubiquitination
and discuss the possible impacts on melanoma treatments.
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1. Introduction

Ubiquitination, one of the most conserved protein post-translational modifications, is
controlled by the ubiquitin system, a dynamic multifaceted network involved in nearly
all aspects of eukaryotic biology. Ubiquitination refers to the covalent attachment of a
highly conserved 76-amino acid protein, the ubiquitin, to lysine residues on target proteins.
The addition of a single ubiquitin protein or ubiquitin chain is mediated by a cascade of
enzymatic reactions carried out by activating, conjugating, and ligating enzymes. The
ubiquitination process is well-known to play a key role in protein homeostasis through
the control of 26S-mediated proteasome degradation, but also includes nonproteolytic
roles, such as receptor internalization, assembly of multiprotein complexes, inflammatory
signaling, DNA damage repair, cell death, autophagy, or metabolism [1].

Many proteins, regulated by ubiquitination, control cellular processes relevant to
tumorigenesis, such as the modulation of the activity of tumor promoters and suppressors.
One of the best-known examples is the RING-type E3 ubiquitin ligase MDM?2, a negative
regulator of the p53 tumor suppressor [2]. Therefore, ubiquitination enzymes are consid-
ered potential therapeutic targets for cancers [3,4]. After the successful clinical application
and the approval of proteasomal inhibitors for the treatment of multiple myeloma, sub-
stantial progress has been made in understanding the molecular mechanisms of ubiquitin
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in cancer-relevant processes, and shed light on the therapeutic potential of the ubiquitin
system [5].

Even though defects in ubiquitination are not among the most frequent alterations in
melanoma, this process has gained more and more attention in the field, as demonstrated
by the nearly 300 publications on melanoma and ubiquitination since the last review of
Ma et al. in 2017.

2. Brief Overview of Melanoma and Its Treatments

Historically, melanoma was a rare cancer, but its incidence has risen rapidly in the
last decades. Melanomas represent about 5% of skin cancers, but they are responsible for
90% of deaths from skin cancers. Significant advances in the understanding of melanoma
physiopathology have led to the development of new effective treatments for advanced
melanomas. Indeed, the identification of BRAFY®Y mutations in about 50% of melanomas
has led to the development of the first targeted therapies (TTs) for patients harboring these
mutations. Now, a combination of the BRAF inhibitor (BRAFi) and the MEK inhibitor
(MEKi) has shown an overall response rate of up to 70% and has become the standard
targeted treatment for BRAFY®®)-mutated melanomas [6]. However, even though long-term
responses have been reported, most patients develop resistance and relapse [7,8].

The other breakthrough in melanoma treatment came from immune checkpoint thera-
pies (ICTs), using anti-CTLA4 (Cytotoxic T-Lymphocyte-associated antigen 4) or anti-PD-1
(Programmed cell death protein 1) antibodies. ICTs also showed a dramatic response
rate of 44% for anti-PD-1, 20% for anti-CTLA4, and up to 58% when combining both
treatments. More interestingly, up to 30% of patients showed a complete and durable
response [6,7,9-12]. Now, the combination of CTLA-4, and PD-1 checkpoint blockades has
been proven as a highly efficient treatment for patients with advanced melanomas [13,14].
However, more than half of the patients do not respond to ICT [8,15].

Despite treatment breakthroughs that for the first time improved the survival of
patients, the prognosis of metastatic melanoma patients remains unoptimistic. Because
of intrinsic or acquired resistance, approximately 50% of patients find themselves in a
therapeutic dead-end, which has prompted further research of adjuvant therapies that can
improve the efficiency of current standard treatments and patients” outcomes.

From this perspective, attention has been paid to the regulation of ubiquitination and
its consequences on melanoma development and treatments. In this review, we focus on the
latest data on ubiquitination in melanoma and discuss the possible impact on melanoma
treatments.

3. A Glimpse of Ubiquitination Processes

Ubiquitination is catalyzed by three distinct biochemical steps: activation, conjugation,
and ligation, performed by ubiquitin-activating enzymes (Els), ubiquitin-conjugating
enzymes (E2s), and ubiquitin ligases (E3s), respectively [16]. The first enzyme, E1, catalyzes
ubiquitin activation by adenylation of the ubiquitin C-terminus. Subsequently, the mature
ubiquitin (Ub) is transferred to the E2-conjugating enzymes. In the final step, the covalent
linking of the ubiquitin on the target protein is catalyzed by the E3 ligase, acting as an
adapter that recognizes the substrate and mediates the interaction with the Ub-E2. Different
combinations of E2 and E3 are possible, providing a wide variability in signal integration
and conveying [16] (Figure 1).
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Figure 1. The ubiquitination and deubiquitination process. In the upper panel, three distinct biochemical steps are required

for substrate (Sub) ubiquitination: activation performed by activating enzymes (E1s), conjugation by conjugating enzymes

(E2s), and ligation by ubiquitin ligases (E3s). In the lower panel, there are different ubiquitin (Ub) modifications and a

schematic representation of deubiquitination performed by deubiquitinating enzymes (DUBs). The number of members of

each type of enzymes in mammals are highlighted in purple.

E3s are classified into two general classes on the basis of specific protein motifs, the
HECT and the RING domain. The HECT domain family is endowed with an intrinsic E3
ligase activity, while the RING-E3 ligases are devoid of enzymatic activity and use the
RING domain to bring the E2 ligase to the substrate. The RING domain E3 ligases are
divided in single-subunit or multi-subunit proteins, in which the substrate-binding site
and RING domain are in the same protein or in a different subunit of the complex [16,17].

The regulation of the various cellular processes is also mediated by different types
of ubiquitination. The ubiquitin forms a peptide bond between the e-NH2 group on
the substrate lysyl residues and the C-terminus carboxyl group of Ub (monoubiquiti-
nation). It is also possible that multiple lysines in the same substrate are ubiquitinated
(multi-monoubiquitination). Ubiquitin, once linked to the target protein, can itself be
ubiquitinated on any of its lysine residues (K6, K11, K27, K29, K33, K48, and K63) or
its N-terminus methionine (M1), generating poly-Ub chains (polyubiquitination) by the
sequential addition of Ub. Poly-Ub chains are homogenous when, during elongation, each
ubiquitin is attached to the previous one by the same lysine or methionine or is branched
when ubiquitin is linked to a different residue than the previous one. Mixes of homogenous
and branched chains also exist [16,18]. These different chain topologies trigger distinct
outcomes indicating that the different types of ubiquitin chains can operate as a code,
transferring various information to the target proteins [18].

For instance, canonical K48-linked poly-Ub chains are usually the principal signal to
target substrates for 26S proteasome proteolysis [19,20]. In contrast, K63-linked chains can
act as non-proteolytic signals in several intracellular pathways [21,22]. Ubiquitination can
affect protein activity and/or degradation, influencing the regulation of numerous signal
pathways. For instance, the NF-kB pathway activation occurs with the degradation of the
inhibitor of the NF-«B transcription factor (IkBe). The proteolytic process is initiated by
SCFp-TrCP, a multi-subunit E3 ubiquitin ligase complex [23,24]. In addition, activation of
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the NF-kB pathway involves the E3 ligase tumor necrosis factor receptor-associated factor 6,
TRAF6, which governs the K63-linked polyubiquitination on IKKg (NEMO). This process
leads to the release of NF-«B from its inhibitor, and ultimately induces the expression of
specific genes [21,22,25].

As ubiquitination is a reversible process, the removal of ubiquitin adducts also plays
a key role in cellular biological functions. The deconjugation reactions are catalyzed
by deubiquitinating enzymes (DUBs) that precisely cleave the peptide bond between
ubiquitin and the target protein after the Gly76 C-terminus of ubiquitin, or between
ubiquitins (Figure 1). On the basis of the sequence and domain conservation, DUBs can
also be divided into distinct subfamilies, among which ubiquitin-specific proteases (USPs)
represent the largest class [26].

Therefore, DUBs, as well as E1, E2, and E3 enzymes, contribute to modulating activa-
tion/deactivation, recycling and localizing regulatory proteins, and play important roles
in diverse cellular processes, such as DNA repair, apoptosis, cell proliferation, and kinase
activation [27].

Compelling evidence established the critical role of ubiquitination in melanoma pro-
gression. Indeed, mutations in the deubiquitinating enzyme BRCA1-associated protein 1
(BAP1), in the E3 ligase (or E3 ligase complex) Parkinson protein 2 (PARK2), and in the
F-box and WD repeat-containing 7 protein (FBXW?7), were shown to favor melanoma devel-
opment [3]. Moreover, ubiquitination plays an instrumental role in key signaling pathways
for melanoma pathogenesis, such as the NF-kB and Wnt/3-catenin pathways [3,28-31]. In
the last three years, numerous studies have increased our knowledge on the involvement
of ubiquitination processes in melanoma progression. In the following sections, we focus
on the most recent reports dealing with the role of E2, E3, and DUB proteins in melanoma
biology.

4. E2 Enzyme Involvement in Melanoma Progression

The E2 enzyme family is comprised of nearly 40 members that are involved in the
conjugation of Ub or Ub-like molecules to target proteins. The E2 enzymes have been
classified into 17 families according to a comprehensive phylogenetic analysis, but broadly
fall into 4 different classes: class I contains only the Ub-conjugating (UBC) domain, classes
II and III have N- or C-terminus extensions, respectively, and class IV has both N- and
C-terminus extensions [32,33]. E2 enzymes are involved in cell cycle progression, DNA
repair, apoptosis, and the stimulation of oncogenic signaling pathways (Table 1). In the
following section, we describe the roles of E2 enzymes in melanoma progression.

Members of the E2 family were reported to be dysregulated in many cancer types, in-
cluding melanoma [34]. Indeed, gene expression studies in primary cutaneous melanomas
have shown that Ub-conjugating enzyme E2-T (UBE2T) gene expression positively corre-
lates with cell proliferation, tumor progression, and poor prognosis outcome [35]. UBE2T
has been involved in the development of various cancers, such as breast cancer through
the inhibition of the expression of BRCA1, nasopharyngeal carcinoma by triggering the
AKT/Glycogen Synthase Kinase (GSK)-3f3/ 3-catenin pathway, or multiple myeloma as
a poor prognosis marker [36-38]. A recent study from Dikshit et al. showed that Ub-
conjugating enzyme E2-N (UBE2N/Ubc13), a class I E2 enzyme involved in DNA repair,
was overexpressed in melanoma cells and played a critical role in melanoma growth and
progression both in vitro and in vivo [39]. The systemic inhibition of UBE2N by a selective
small molecule, NSC697923, impaired melanoma xenograft growth. In addition to its role
in melanoma progression, the authors showed that UBE2N positively regulated and main-
tained the MEK/FRA1 (Fos-Related Antigen 1)/SOX10 (SRY-related HMG box-containing
factor 10) signaling cascade that plays a key role in melanomas [39]. Another E2 enzyme
was recently demonstrated to participate in melanoma progression. The Ub-conjugating
enzyme E2-C (UBE2C), a key regulator of cell progression, is upregulated in melanomas
compared to Spitz nevus [40]. Furthermore, the high mRNA expression level of UBE2C is
associated with poor overall survival of patients with melanoma, according to the cancer
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genome atlas (TCGA) database [41]. The downregulation of UBE2C suppressed melanoma
cell growth via the inactivation of the ERK and AKT signaling pathways and the induction
of apoptosis. Finally, it was also shown that the knockdown of UBE2C inhibited the growth
of xenografted melanoma [41].

Among the E2 family, some members can conjugate small molecules, called Ub-like
proteins (UBL), such as small Ub-related modifier (SUMO), neural precursor cell expressed
developmentally down-regulated protein 8 (NEDDS), autophagy-related protein 8 (ATGS),
autophagy-related protein 12 (ATG12), Ub-related modifier 1 (URM1), Ub-fold modifier 1
(UFM1), human leukocyte antigen F locus adjacent transcript 10 (FAT10), and interferon-
stimulated gene 15 (ISG15) [42]. Like ubiquitin, when conjugated to target proteins, UBLs
can regulate their activity, stability, subcellular localization, or macromolecular interactions.
Furthermore, a crosstalk between ubiquitylation and another post-translational modifica-
tion, called SUMOylation, has been demonstrated. SUMOylation targets proteins involved
in cell cycle regulation, proliferation, apoptosis, and DNA repair. Thus, SUMOylation
could impact cancer progression and/or drug responsiveness. As Ub-conjugating enzyme
E2-1 (UBEZ2I), also known as Ubc9, is absolutely required for SUMOylation, it has been the
subject of numerous studies as a potential target for cancer therapy [43,44]. In melanoma,
Ubc9 seems to be upregulated, involved in proliferation, and could play a role in apop-
tosis evasion in response to chemotherapy treatments [43,45]. Interestingly, it was also
demonstrated that Ubc9 interacted with the microphthalmia-associated transcription factor
(MITF) [46]. The MITF plays a critical role in melanocyte differentiation, but also melanoma-
genesis, allowing the transition of melanoma cells between a differentiated-proliferative
phenotype and a stem cell-like phenotype [47]. It was described that Ubc9 targets the
MITF to the proteasome for degradation, and may favor the transition toward a dedif-
ferentiated and metastatic melanoma phenotype [46]. Whether this regulation involved
SUMOylation of ubiquitination remains to be clarified. Nevertheless, SUMOylation of the
MITF is paramount for melanoma pathogenesis, as patients with a germline mutation that
prevents K316 SUMOylation have an increased risk of developing melanoma [48]. Thus,
Ubc9 appears to be a potential target to limit melanoma development.

The ubiquitin-conjugating enzyme E2S (UBE2S) could also play a role in melanoma
and be an appealing target. Depletion of UBE2S using short hairpin RNA in melanoma cells
resulted in an inhibition of proliferation, a cell cycle arrest, and an increase in apoptosis [49].
In vivo, UBE2S depletion resulted in tumor growth inhibition and the suppression of
epithelial-to-mesenchymal transition (EMT)-related markers [49].

RADS, a ubiquitin-conjugating E2 enzyme, was found to be overexpressed in primary
and metastatic melanomas. RAD6 is encoded by two genes, UBE2A (RAD6A) and UBE2B
(RAD6B), so Gajan et al. investigated their expression levels in normal melanocytes and
melanomas. They demonstrated a selective upregulation of RAD6B in melanoma cells [50].
RADG6B was also linked to Wnt/ 3-catenin signaling during melanoma progression [51].
RADG6B depletion in metastatic melanoma decreased cell migration, tumor growth, and
lung metastasis. The loss of RAD6B also inhibited protein steady-state levels of 3-catenin
and its transcriptional targets, such as MITE, SOX10, and vimentin. A pathway analysis
of transcriptomic data highlighted the implication of various networks, amongst them
protein ubiquitination and Wnt signaling [51]. Overall, these findings demonstrate a clear
connection between RAD6B and Wnt/ 3-catenin signaling in melanoma cells and suggest
the possibility of targeting RAD6B as a new strategy to treat melanoma.

The involvement of E2 enzymes in many cancer types suggests that specific small
chemical inhibitors of E2 enzymes might be valuable in the treatment of cancers, including
melanoma. Until now, few E2 enzyme inhibitors have been described [4]. For instance,
Leucettamol A and Manadosterols A and B can inhibit Ubc13-UEV1A interaction and
block the formation of their complex [4]. CC0651, a small-molecule selective allosteric site
inhibitor of the E2 enzyme hCdc34, can block the ubiquitination and degradation of p27
and then inhibit tumor cell proliferation [4]. To date, none of these small molecules have
been assessed in the context of melanoma.
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Table 1. Summary table of identified E2 enzymes and their functional roles in melanoma.
E2 Class E2s Roles in Melanoma Refs
Overexpressed,
proliferation and
malignancy
UBE2N Proliferation, apoptosis [39]
I == UBCdomain == UBE21 evasion, sumoylation of [44-47]
UBE2B MITF [50,51]
Overexpressed,
progression and
pathogenesis
) Overexpressed, associated
II N-ter == UBC domain == UBE2C . . [40,41]
with poor prognosis
Overexpressed, biological
1 - UBE2T roile to l.)e determme.d [35]
UBE2S Proliferation, cell survival, [49]
tumor growth, EMT
IV N-ter == UBC domain === C-ter

5. E3 Enzyme Involvement in Melanoma

The E3 ubiquitin ligases are considered the most important and specific enzymes in
the ubiquitin conjugation machinery. In recent years, E3 ligases received interest as drug
targets for their ability to regulate protein stability. Indeed, compared to inhibitors that
block the protein degradation through the proteasome, drugs that target E3 ligase are
expected to have better selectivity and less toxicity.

Generally, the E3 ligases are classified into four families based on the substrate binding
domain: HECT-type, RING-finger-type, U-box-type, and PHD (plant homeodomain)-
finger-type ligases. The largest family of E3 ligases is the RING-type SCF (Skp1, Cullins,
F-box proteins) E3 family of ligases. SCF complexes consist of four proteins: RING box
protein 1 (RBX1) Cullin Protein (CUL), S-phase Kinase-associated Protein 1 (SKP1), which
are invariant among SCF complexes, and an F-box protein that varies [52]. Several recent
studies have highlighted the critical role of E3 ligase on cancer progression. In line with
this, E3 ligase alterations were shown to affect the BRAF and mitogen-activated protein
kinase (MAPK) pathways, melanoma migration, and differentiation (Figure 2).

5.1. BRAF Pathway

Among the E3 ligase proteins, the F-box and WD repeat-containing 7 protein (FBXW?7)
was particularly well-studied in cancer progression [53-55]. In melanoma, an inactivating
mutation of FBXW7 was reported to occur in 8% of melanoma patients [56]. FBXW7 was
described as a negative regulator of the mitogen-activated protein kinase (MAPK) pathway
by targeting BRAF for degradation. It was demonstrated that FBXW? loss of function en-
hanced MAPK activity and promoted resistance to BRAF inhibitors in vitro and in vivo [57].
In parallel, another E3 ligase-targeting BRAF was identified. Wan et al. demonstrated
that the APC/C E3 ligase complex and its activator fizzy-related protein 1 (FZR1) both
negatively regulated BRAF activity through two distinct mechanisms involving proteolysis
and the disruption of BRAF dimerization [58]. Importantly, the authors showed that a
loss of FZR1 contributed to Vemurafenib resistance in melanoma cells [58]. These studies
showed that E3 ligases can act as tumor suppressors, but some of them are considered
as oncogenic players in melanoma progression. That is the case, for instance, of the itchy
E3 ubiquitin-protein ligase, or ITCH, which was initially identified as a key enzyme in
maintaining a balanced immune response and is strongly associated with autoimmune
disease. The role of ITCH in malignancies was unveiled by its ability to tag different
substrates for ubiquitination [59]. In melanoma, it was described that ITCH can directly
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interact with BRAF and promotes its lysine 27-linked polyubiquitination [60]. This atypical
non-degradative polyubiquitination of BRAF allows for the recruitment of PP2A that de-
phosphorylates 5365 and disrupts the interaction with the inhibitory scaffold protein 14.3.3,
resulting in the sustained activation of BRAF and of its downstream signaling cascade [60].

c-CBL
HACE1 Migration/Invasion
FBX022

FBXO32 h

BRAF pathway TgﬁES

FBXW7 Pseudo EMT

(men] |
~ /S E3 /' ‘\

BRAF .
} Ligases

[SKPZ] [RNF128]
® MEK

\

®) ERK

Anti-tumor Immunity

RNFS

.
—A

®

Immune cells

Figure 2. E3-conjugating enzymes implications in melanoma. E3-conjugating enzymes families
have been described as players in melanoma progression; for instance, in the BRAF pathway, in the
migration and invasion in epithelial-to-mesenchymal transition (EMT) or antitumor immunity. Green
boxes are overexpressed in melanoma. Red boxes are underexpressed in melanoma.

The E3 ubiquitin ligase PARK2 was defined by Montagnani et al. as a tumor sup-
pressor in malignant melanomas, by uncovering a new mechanism of PARK2 regulation.
ELK1 (Ets-like protein 1), a known transcriptional effector of MAPK signaling, represses
PARK?2, leading to increased melanoma cell proliferation and tumor growth. Moreover,
the inhibition of the BRAF-ERK1/2 axis increases PARK2 expression. The authors showed
that overexpression of PARK2 in melanoma cells was associated with an antiproliferative
effect and cell death in vitro and in vivo [61]. Thus, the reactivation of PARK2 may be an
effective approach to counteract melanoma progression.

5.2. Migration/Invasion

As previously mentioned, ITCH can tag more than 50 substrates. Thus, it is not
surprising that this E3 ligase is involved in several cellular processes like migration and
invasion [59,60]. In a recent study, Wang et al. demonstrated that miR-10b, a microRNA
targeting ITCH, promoted melanoma progression [62]. The downregulation of miR-10b
significantly inhibited cell proliferation, migration, and invasion of melanoma cells in vitro.
This work suggests the tumor-suppressing role of ITCH. Of note, FBXW7 was also reported
to play a critical role in melanoma cell migration and metastasis [63].

By studying the molecular signature of melanoma, Rambow et al. identified the
tripartite motif-containing protein 63 (TRIM63) E3 ligase as a new MITF target gene, and a
core gene implicated in cell migration and invasion [64]. In addition, the casitas B-lineage
lymphoma (c-CBL), an E3 ubiquitin ligase that was previously associated with acute
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myeloid leukemia, was found to be strongly expressed in human melanoma compared
to benign melanocytic nevi [65]. The knockdown of c-CBL in melanoma cells resulted
in decreased proliferation, migration, and spheroid formation. The authors also showed
that the knockdown of c-CBL downregulated the FAK-GRB2-SRC signaling pathway, a
system known to promote cell growth, proliferation, and motility of normal and neoplastic
cells [65].

Recently, our group identified a new player in melanoma biology, the HECT domain
and the ankyrin repeat-containing E3 ubiquitin-protein ligase 1 (HACE1). HACEL is de-
scribed as a tumor suppressor that catalyzes the degradative ubiquitination of active Racl
(Ras-related C3 botulinum toxin substrate 1) GTPase [66]. The loss of HACE1 has promoted
the progression of numerous cancers, such as breast cancer, hepatocellular carcinoma, or
colorectal cancer [67-69]. In melanoma, even though expression levels of HACE1 are
unchanged between nevi, primary, and metastatic melanoma, the loss of this E3 ligase
impairs the migration of melanoma cells [70]. We demonstrated that HACE1 promoted the
K27 ubiquitination of fibronectin and favored its secretion. Secreted fibronectin regulates
ITGAV (Integrin subunit alpha V) and ITGB1 (Integrin beta-1) expression, globally pro-
moting melanoma cell adhesion and migration. Thus, HACE1 plays a role in melanoma
biology [70].

As a part of the SCF complexes, F-box proteins can critically affect cellular processes.
A recent study on F-box only protein 22 (FBXO22) by Zheng et al. showed its role as an
oncogene and as a potential target in malignant melanoma [71]. The F-box protein FBXO22
is known to specifically interact and induce degradative polyubiquitination of intracellular
CD147, also known as basigin [72]. The authors showed a higher expression of FBXO22 in
metastatic melanomas compared to normal skin tissue. Moreover, the downregulation of
FBXO22 did not impair melanoma cell proliferation in vitro, but affected their migration
in vitro and in vivo [71].

Very recently, our group identified FBXO32, a key component of the SCF ubiquitin-
protein ligase complexes, as a MITF target, regulating melanoma cell migration and pro-
liferation. Using loss of function approaches, we demonstrated that FBXO32 silencing in
melanoma cell lines induced a downregulation of CDK®, a cell cycle protein promoting
proliferation, and an upregulation of SMAD?, an inhibitor of the TGF-3 pathway linked
to cell migration. At the molecular level, FBOX32 seemed to interact with BRG1 (Brahma-
related gene-1), a chromatin-remodeling protein [73]. This interaction could modulate the
gene expression responsible for melanoma progression.

5.3. Differentiation

Epithelial-to-mesenchymal transition is a complex biological process by which im-
motile epithelial cells switch to motile mesenchymal cells. Mesenchymal cells are more
invasive, more aggressive, and frequently display resistance to therapies. Melanocytes
derive from neural crest epithelium through a first EMT. However, because they reside in
the epidermis, melanocytes retain some epithelial cell attributes such as the expression of
E-cadherin. Melanoma can also retain a certain degree of the epithelial phenotype, but can
further switch to a more mesenchymal phenotype with exacerbated invasive properties
and a strong resistance to TTs [74].

Over the last decade, numerous studies have involved ubiquitination in the regula-
tion of EMT. The role of the F-box family was particularly well-studied in various types
of cancer [75]. For instance, FBXW?7 can suppress cell migration and invasion by neg-
atively regulating the transcription factor SNAIL in human non-small cell lung cancer
(NSCLCQ) [54]. As FBXW? is frequently downregulated in cancer cell lines, functional
studies revealed that a higher level of FBXW?7 dramatically inhibited migration and inva-
siveness of renal cell carcinoma [76]. SKP2, a member of the F-box/LRR-repeat protein
(FBXL) subfamily, is known to participate in degradative ubiquitination of the cyclin-
dependent kinase inhibitor p27XiP1, a negative cell cycle regulator. Therefore, the inhibition
of SKP2 in diverse cancers, including cutaneous [77,78] and uveal melanomas [79,80], was
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reported to inhibit cell proliferation in vitro and suppress tumor development in vivo. In
2014, a study revealed that the levels of SKP2 were elevated by TGF-31 treatment in human
melanoma cells [81]. It is known that TGF-$1 induces EMT [82]. Increased levels of SKP2
were accompanied with AKT and c-Myc activation during EMT [81]. Recently, the RING
finger protein 128 (RNF128), an E3 ligase from the RING family, was described to favor
melanoma development by inducing EMT [83]. The authors showed that RNF128 was
downregulated in melanoma compared to peripheral normal tissue. The downregula-
tion of RNF128 promoted melanoma cell proliferation in vitro and in vivo, through the
degradative ubiquitination of CD44 and cortactin (CTTN). These two factors can activate
the Wnt pathway, previously described as a critical axis involved in EMT and stemness in
melanoma [75,83].

5.4. Antitumor Immunity

An increasing number of studies reveal a closer connection between the microbiota
and cancer immunity, particularly the capability of the microbiota to regulate the expression
of the cancer immune checkpoints [84]. Recently, Li et al. demonstrated that an alteration of
intestinal microbiota in Rnf5~/~ mice may have a role in antitumor immunity [85]. RING
finger protein 5 (RNF5) is a E3 ubiquitin ligase, localized in the endoplasmic reticulum (ER)
membrane and implicated in numerous cell processes, including the ER quality control
system, through ubiquitination of misfolded proteins. Li et al. showed that RNF5 regulated
the antitumor immunity and controlled melanoma tumor growth. A significant reduction
of the unfolded protein response (UPR) components was seen in the response to RNF5
deletion, related with inflammasome increase, recruitment and activation of dendritic cells
and T-cells, and the reduced expression of antimicrobial peptides (AMPs) in intestinal
epithelial cells. Decreased AMPs might cause imbalance in the gut microbiota composition
and promote a pro-inflammatory tumor micro-environment. The importance of the gut
microbiota in the control of tumor growth in Rnf5~/~ mice was confirmed by an antibiotic
cocktail treatment that prevented tumor growth inhibition. Their data demonstrated
that RNF5 loss, linked with an altered UPR signaling, coincided with variations in gut
microbiota composition, activation of antitumor immunity, and consequently, efficient
melanoma growth inhibition [85].

6. Deubiquitination and Melanoma

Protein ubiquitination processes can be reversed by deubiquitinating enzymes, which
cleave the isopeptide bond between ubiquitin and its substrate [86]. These enzymes fall
into two main categories: the cysteine proteases comprising the ubiquitin C-terminus
hydrolases (UCHs), ubiquitin-specific proteases (USPs), ovarian tumor proteases (OTUs),
Machado-Josephin domain proteases (MJDs), and the metalloprotease Jabl/MPN/Mov34
(JAMM) domain containing metalloisopeptidase [87]. Dysregulation of the DUB, and the
consequent alteration of the ubiquitin system, are involved in the increase of the oncogene
effects and/or decrease in the tumor suppressor activity in cancers in general, and in
melanoma specifically.

6.1. Tumor Suppressors

BAP1 (BRCA-associated protein 1) is a nuclear deubiquitinase belonging to UCH fam-
ily. BAP1 acts as tumor suppressor and is involved in many crucial cellular processes [88].
Germline mutations of BAP1 have been associated with hereditary predisposition to multi-
ple cancers, including uveal melanoma (UM) and cutaneous melanoma (CM). Individuals
who carry the mutated BAP1 gene develop melanocytic lesions later in life, and some
of those benign lesions can transform into cutaneous melanomas [89]. BAP1 has been
demonstrated to be involved in DNA damage and deubiquitination of the histone H2A, a
histone family related to cell differentiation and organism development, and associated
with cancer [90,91]. More recently, Webster et al. showed that BAP1 deletion in melanocytes
cooperated with the oncogenic form of BRAF to promote melanoma growth in mice [92].
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Interestingly, the loss of BAP1 was associated with apoptosis in a large set of cell types,
but not in melanocytes and mesothelial cells, where its inactivation favored tumorigenesis,
demonstrating a cell-specific tumor suppressor function of BAP1 [93]. BAP1 was also
reported to exert its tumor suppressor function through the Hippo pathway that plays a
key role in uveal melanoma [94].

Despite this, a recent meta-analysis based on TCGA dataset described opposite roles
of BAP1 in survival of uveal and cutaneous melanoma. This analysis showed that low
BAP1 mRNA was associated with a better overall survival (OS) in CM patients, particularly
in older patients, in contrast with a poor OS in UM patients [95]. This analysis was in
contrast with preceding studies, where the depletion of BAP1 expression indicated a worse
outcome in CM patients [92,96].

Another deubiquitinase that is well-known as tumor suppressor is the cylindromatosis
(CYLD) tumor suppressor protein, a UCH deubiquitinase that predominantly removes
K63- and M1-linked chains from target proteins [97]. CYLD was shown to deubiquitinate
different substrates, such as the proto-oncogene BCL-3 (B-cell chronic lymphatic leukemia
protein 3), preventing its nuclear translocation and accumulation, which is associated with
activation of NF-kB-dependent gene transcription and cell proliferation [98].

CYLD is suppressed in human melanoma cells, by the transcription factor SNAIL1.
Loss of CYLD stimulates cellular proliferation, migration, and invasion by triggering BCL-3
nucleus translocation and activation of cyclin D1 and N-cadherin [99].

Recently, the role of CYLD was investigated in a murine model (Grm1) for spontaneous
melanoma development [100]. The authors demonstrated that CYLD-knockout mice
displayed increased tumor growth compared to wild-type mice. CYLD-deficiency appeared
to favor lymphatic angiogenesis [100].

6.2. Tumor Promoters

Another deubiquitinase family critical for cancer progression is the ubiquitin-specific
peptidases (USPs) family. USP deubiquitinases are involved in various aspects of the
tumorigenesis process, including the regulation of transcription factors, apoptosis-related
factors, DNA repair activity, histone modifications, and cell cycle progression [87,101].

The ubiquitin-specific protease USP4 appears as a regulator of different cellular path-
ways and targets a variety of substrates. It was found that the expression of the USP4 was
upregulated in melanoma tissues and cell lines [102]. Impairing the expression of USP4
inhibits the invasive and migratory ability of melanoma cells. This phenotype correlates
with a downregulation of N-cadherin and upregulation of E-cadherin, suggesting that EMT
could be reversed. These data indicate that USP4 may act as an oncogene [102].

Very recently, Guao et al. showed that Spautin-1, a small-molecule autophagy inhibitor,
capable of inhibiting the deubiquitinating activity of USP10 and USP13, induced cell cycle
arrest in G2 phase and increased cell apoptosis in melanoma cell lines [102]. These results
reveal the potential interest of USP10/USP13 targeting by Spautin-1 as an anti-melanoma
strategy [103].

7. Ubiquitination and Resistance

Despite the conspicuous clinical response of BRAF-mutated melanoma to BRAF
inhibitors and the dramatic response rate of immune checkpoint therapies, the prognosis of
melanoma patients remains unfavorable, mainly due to the development of drug resistance.
In this last part of the review, we discuss the involvement of the ubiquitination system
toward melanoma drugs and immune checkpoint therapy resistance.

7.1. Drugs Resistance

In the past few years, some actors have been identified as crucial players in melanoma
drug resistance, like NEDD4 [103]. NEDD4 belongs to a subfamily of HECT E3 ligases
and mediates substrate ubiquitination and proteasomal degradation, as well as receptor-
mediated endocytosis. NEDD4 exhibits an oncogenic function. Indeed, the inhibition of
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NEDD4 ubiquitination activity promotes the PTEN stabilization, which can induce an
antiproliferative response in melanoma [104]. Very recently, Yang et al. demonstrated that
the voltage-dependent anion-selective channel (VDAC) 2 and 3, during erastin-induced
ferroptosis in melanoma cells, were ubiquitinated by NEDD4 and sent to degradation. The
knockdown of NEDD4 increased the VDAC2/3 protein level, with a consequent improve-
ment of erastin sensitivity in melanoma cell lines and in the mice xenograft model [105].
These results uncover the crucial role of NEDD4 in the negative regulation of erastin-
induced ferroptosis in melanoma.

In 2015, Kim et al. identified the ubiquitin ligase RNF125 as a crucial component
of the innate and adaptive resistance in BRAFi-resistant melanomas [106]. RNF125 is a
RING-type E3 ubiquitin ligase that acts as a positive regulator in T-cell activation, but
a negative one in the antiviral innate immunity [107,108]. A decreased level of RNF125
transcript in BRAFi-resistant melanoma cells conferred a growth advantage in the presence
of BRAFi. The inhibition of Janus kinase 1 (JAK1) activity due to ubiquitination by RNF125
decreased EGFR expression at the transcriptomic and protein levels, overcoming BRAFi
resistance in melanoma cells [106]. These data suggest an important role of RNF125 in
reducing the growth of BRAFi-resistant melanoma by the dysregulation of JAK and EGFR.

The same team recently reported that RNF4 promotes tumorigenesis and confers resis-
tance to targeted therapies in melanoma [109]. RNF4 is a SUMO-dependent E3 ubiquitin
ligase implicated in cancer that regulates the tumorigenesis of melanoma. Mechanisti-
cally, RNF4 seems to bind, ubiquitinate, and increase the expression of elF2x. Moreover,
the author showed that the RNF4—elF2«x axis plays an important role in the resistance of
melanoma cells toward BRAFi [109].

As part of the RING-type family and HECT family, the F-box E3 ligase family member
FBXO42 was also recently described as involved in the resistance of melanoma to targeted
therapies [110]. Using the CRISPR-Cas9-mediated genome-wide screen, the authors identi-
fied FBXO42 loss as a driver of trametinib (MEK inhibitor) resistance in NRAS-mutated
melanoma.

Data in the literature indicate that ubiquitin-specific peptidases (USPs), the main mem-
bers of the deubiquitinase family, are involved in DNA damage repair activity, suggesting
that USPs may be linked to drug resistance during cancer treatment. USPs are investigated
as possible targets to develop inhibitors for cancer prevention [101]. Recently, a study
described how the depletion of USP28 favored resistance to BRAF inhibitor therapies.
USP28 deubiquitinated and stabilized FBXW?7, a component of the SCF ubiquitin ligase
complex that controls the degradation of BRAF [111]. Therefore, USP28 depletion increased
BRAF protein levels and melanoma cell resistance to BRAF inhibitors [57]. These results
show that USP28 is a key factor in ERK pathway activation and in resistance to BRAF
inhibitors in vitro and in vivo.

Increased activity of USP14, a proteasome-associated DUB, was observed in melanoma
cells and in melanoma patients compared to normal skin and nevi b-AP15, a selective
USP14 inhibitor; the USP14 reduced proliferation of melanoma cells independent of the
mutational cell status. The selective inhibitor b-AP15 also showed anti-melanoma activity
in a mouse model of a BRAFi-resistant tumor, suggesting that USP14 is a possible target in
melanoma with acquired resistance to targeted therapies [112].

A genetic screen of the whole-genome shRNA library led to the identification of
two negative regulators of resistance to Vemurafenib in BRAFY*%E_expressing melanoma
cells: neurofibromin 1 (NF1) and CUL3 [113]. The authors showed that loss of CUL3, a
core component of the SCF E3 ubiquitin ligase complex, activates Racl leading to MAPKi
resistance. Inhibition of the SRC family could reverse resistance induced by CUL3 depletion
via the inactivation of the Racl protein [113]. These data highlight the SRC-Racl signaling
axis as a new mechanism implicated in BRAFi resistance.
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7.2. Resistance to ICTs

As for targeted therapies, patients with melanoma also develop resistance to im-
munotherapies. Antibody inhibitors against PD-1 or its ligand (PD-L1) have become
commonly used to treat various types of cancer [114]. Recently, Meng et al. described a reg-
ulatory mechanism of PD-1 and demonstrated its critical role in antitumor immunity [115].
FBXO38, a component of a SCF E3 ligase complex, was reported to induce K48-linked
polyubiquitination of PD-1 and cause its proteasomal degradation. In vivo experiments in
mice showed that FBXO38 knockdown led to faster tumor progression along with a higher
PD-1 expression level. This study highlights the clinical potential of FBXO38 as it offers an
alternative method to block the PD-1 pathway [115].

In the same way, Otubain 1 (OTUB1) is a deubiquitinase member of the ovarian tumor
(OTU) domain family that specifically cleaves K48-linked polyubiquitin chains, regulates
many cancer associated signaling pathways, and has a critical role in cancer initiation and
progression [116]. In 2019, it was shown that OTUB is a crucial controller of the activation
and function of CD8 T-cells and Natural Killer (NK) cells in immune responses against
cancer [117]. Indeed, the deletion of OTUB1 in T-lymphocytes or NK cells increased their
anti-melanoma activity, establishing its key role as a regulator of antitumor immunity and
as a potential target to improve immunotherapy [117].

Very recently, Scortegagna et al. identified the role of the E3 ubiquitin ligase SIAH2
(Seven in absentia homolog 2) in the regulation of T-regulatory (Treg) cells [118]. In
Siah2~/~ nude mice inoculated with melanoma cells, tumor-infiltrating Treg cells were
dramatically less proliferative, leading to the inhibition of tumor growth, compared to Treg
from wild-type mice. Moreover, the tumor growth was drastically reduced when Siah2 =/~
mice were challenged with anti-PD-1 treatment [118]. The authors concluded that SIAH2
controls Treg-cell recruitment and its loss in the host sensitizes melanoma to anti-PD-1
treatment. Thus, targeting SIAH2 could be beneficial to impair melanoma growth and
development. The Ronai lab is currently developing SIAH1/2 inhibitors, able to affect
melanoma cell viability, that could further be used in combination with targeted or immune
checkpoint therapies [119].

Furthermore, in the immunotherapy context, Mezzadra et al. recently demonstrated
that loss of chemokine-like factor (CKLF)-like MARVEL transmembrane domain containing
family member 6 (CMTMS6) decreased PD-L1 protein levels in melanoma cells [120]. At
molecular level, the authors showed that CMTMS6 interacted with PD-L1 and protected
it from degradative ubiquitination. In agreement with this observation, CMTMS6, by
increasing PD-L1-expression, enhances the ability of tumor cells to inhibit the function of
T-cells [120]. Thus, targeting CMTMS to increase PD-L1 ubiquitination and degradation has
a potential value as a therapeutic strategy to improve the immune response of melanoma
cells (Table 2).

Table 2. Deubiquitinating enzymes and their roles in melanoma progression.

Family Gene Substrate Pathway Function in melanoma Refs
BAP1 Histone oA~ DIVA double-strand Cell differentiation Tumor [83-89]
UCH break repair suppressor
BCL-3 N—Cadh(?rm Proliferation, migration, invasion Tumor [93]
CYLD expression and lymph angiogenesis suppressor
- Angiogenesis [95]
USP4 - EMT Migration and invasion Tumor [97]
promoter
. . Tumor
USP USP10/13 p53 p53 Proliferation promoter [98,99]
USP14 Proteasome UPS Proliferation Resistance 1, g
substrates promotion
Usr2s8 Fbw?7 MAPK BRAF inhibitor resistance Resistance [108]

prevention
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Table 2. Cont.

Family Gene Substrate Pathway Function in melanoma Refs
UBE2N DN{:‘I_ ;(;(l;lllj—ziand Initiation and progression Tumor [113]

OTuU OTUB1 CD8 T cells apn d NK promoter
AKT Immune cell activation [114]

cells activation

UCH: ubiquitin C-terminus hydrolase; BAP1: BRCA-associated Protein 1; CYLD: cylindromatosis tumor suppressor protein; OTU: ovarian
tumor protease; USP: ubiquitin-specific protease; EMT: epithelial-to-mesenchymal transition; UPS: ubiquitin-proteasome system.

8. Conclusions and Future Directions

An increasing number of studies have demonstrated the critical role of ubiquitination
in cancer development, progression, and resistance to therapies, and this also holds true in
melanoma. As a major post-translational modification, ubiquitination controls the expres-
sion and function of proteins. This level of regulation should be considered in addition to
gene expression levels to clearly understand the processes of melanoma development.

Since ubiquitination is involved in most of the cellular processes that are deregulated
in tumor cells, targeting ubiquitination has appeared to be a rational therapeutic strategy in
cancers. However, the pleiotropic role of ubiquitination also raises concerns about possible
adverse effects, unless an enzyme that is specifically expressed in the considered neoplasm
is targeted.

Proteasome inhibitors (Bortezomib, Carfilzomib, Ixazomib) were one of the first drugs,
which interfere with ubiquitination processes, that were successfully used in clinical trial for
multiple myeloma [121]. With an overall response rate of 23.7% (18.7-29.4), and a median
duration of response of 7.8 months (5.6-9.2), Carfilzomib was shown to be a safe and
effective treatment option for patients with relapsed multiple myeloma refractory, when
compared to Bortezomib, Thalidomide, or Lenalidomide [122]. The first reversible and
orally administered proteasome inhibitor, Ixazomib, was approved by the FDA in 2015 [123].
Ixazomib showed an overall response rate of 27% at the maximum tolerated dose. It
appears to be less toxic, with an excellent tolerability, when compared to Bortezomib [123].
Of note, no beneficial effects were observed in metastatic malignant melanoma patients
treated with Bortezomib [124]. Basically, each step of the ubiquitination process can be
pharmacologically targeted. Indeed, several component targeting E1 ubiquitin-activating
enzymes have been described. Among them, Pevonedistat is being used in clinical trials
for acute myeloid leukemia and melanoma [125]. Because of the absence of a classical
druggable site, few inhibitors of E2 ubiquitin-conjugating enzymes have been described so
far, and none are in clinical trial [126]. Concerning the E3 ligases, as they are considered
as the pivotal enzyme in the ubiquitination process, efforts have allowed the discovery of
specific inhibitors. For instance, an inhibitor of MDM2, a key regulator of p53 stability, has
been approved in clinic for liver and pancreatic cancer [4]. Among the FDA-approved E3
modulators, Thalidomide and Lenalidomide have shown no significant responses in their
respective phase II studies [127,128].

Finally, deubiquitinating enzymes that reverse ubiquitination are also the target of
inhibitors. Pimozide, an USP1 inhibitor, is in clinical trial for glioblastoma [129].

However, the successful use of ubiquitination process inhibitors has probably been
limited because of the lack of specificity of the drugs used. Recently, approaches hijack-
ing the ubiquitin-proteasome system (UPS) have emerged to overcome specificity and
redundancy problems. The first one uses ubiquitin variants (UbVs) that were designed
to improve potency and specificity toward UPS enzymes. However, the delivery of these
engineered proteins to the cells remains challenging. The second one is an approach gain-
ing increasing interest because it can potentially target 97% of the reputable, undruggable
proteins. This approach, called proteolysis-targeting-chimera (PROTAC) uses heterobi-
functional compounds that foster the formation of a complex between an E3 ligase and
the target protein, promoting ubiquitination and degradation of the latter. Virtually, this
approach might be used to target and destroy any protein essential in tumor development.
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Today, the few clinical trials using inhibitors of the UPS have shown no clear objective
benefits in patients with melanoma. Nevertheless, recent reports indicating that ubiquitina-
tion affects responses to targeted and immune therapies might prompt the evaluation of
inhibitors of ubiquitination process in combination with current treatments. The PROTAC
approach, specifically targeting the epigenetic processes or key oncogenic pathways, also
deserves further investigation in the context of melanoma [130,131].
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