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Ubiquitination is a post-translational modification that plays a crucial role in various cellular biological activities and
participates in cancer pathogenesis, including melanoma.
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| 1. Melanoma

Melanoma is a tumor arising from the malignant transformation of melanocytes, pigment-producing cells from the neural
crest L2l Several prevalent clinical types of melanoma exist, including cutaneous, uveal, and acral melanoma, according
to the location of the transformed melanocyte within the body. The cutaneous melanoma, which is the most dangerous
type of skin cancer, accounting for only 4% of skin cancers, but responsible for approximately 80% of deaths. In the top 20
most prevalent cancers overall, the increasing incidence of cutaneous malignant melanoma accounted for around
330,000 cases (1.6%) of all newly diagnosed cancers worldwide and more than 58,000 deaths in 2021 (Global Cancer
Observatory (http://gco.iarc.fr/ (accessed on 1 July 2022)). Melanoma development is due to increased genetic and
epigenetic alterations, which create an imbalance in homeostatic signaling pathways. This leads to excessive proliferation
of out-of-control tumor cells and subsequent dissemination to distant sites, invading organs and metastasizing. This high
mortality and morbidity rate is related to its high ability to metastasize, migrate by tropism, and invade specific sites, such
as lymph nodes, the brain, lungs, or liver B4, When metastasis is clinically evident, the prognosis is very poor. Consistent
with the Breslow thickness and Clark’s model, melanoma progression is generally described as a linear process, passing
first horizontally through the epidermis and then vertically with a high level of proliferative capacity as indicated by the Ki-
67 index; these are currently the most important prognostic factors in invasive melanoma . The process is recognized
today as being much more complex and less linear in nature. At an early stage, patients with primary cutaneous
melanomas are managed by surgical excision with a high remission rate 8l and a good long-term prognosis with a high
survival rate at 5 years. Furthermore, the difficulty lies in the diagnosis of early forms of melanoma, with initial
management primarily guided by the Breslow thickness (BT), which is the depth of tumor invasion into the dermis, a
prognostic method that remains unreliable and demonstrates its shortcomings in risk stratification. There is an urgent
need to understand the mechanisms and explore methods of making an accurate assessment of small melanomas with
metastatic potential in order to target them and develop new treatments.

Over the past 10 years, new therapeutic options have emerged for the management of patients diagnosed with metastatic
melanoma with the discovery of an activating mutation in the gene that codes for the protein kinase BRAF, following
studies of the mutational “landscape” in melanoma and supported by more recent data from The Cancer Genome Atlas
(TCGA) project 4. About 50% of melanomas carry activating mutations in the BRAF oncogene and about 30% in
the NRAS gene leading to overactivation of the mitogen-activated protein kinase (MAPK) pathway, making this signaling
cascade a preferential target for melanoma treatment 8. Several highly selective RAS/MAPK signaling pathway inhibitors
have been identified, and this has changed the curative measures applied to these patients. The clinical use of BRAF
inhibitors (vemurafenib, dabrafenib, and encorafenib) and MEK inhibitors (trametinib, cobimetinib, and binimetinib) in
specific combinations, which have proven to be superior to single-agent therapy, has been shown to be effective in the
treatment of melanoma and to significantly improve patients’ progression-free survival and overall survival &,
Unfortunately, these treatments tend to become progressively less effective, and most patients develop resistance to
these inhibitors soon after starting treatment, categorized as acquired resistance, thus adding new categories of patients:
those with intrinsic or adaptive (tolerance) resistance to the drugs whose resistance is already present before starting
treatment or emerges within hours of treatment. Acquired resistance to inhibitors is commonly caused self-autonomously
by genomic rewiring through genetic aberrations of components of the MAPK pathway and its hyperactivation as well as
parallel signaling networks such as the PI3K/AKT kinase cascade and alterations in mitochondrial oxidative or redox
metabolism RALUIALS] This concept of adaptive capacity is reported in a range of studies as arising from the ability of a
sub-population of tumor-derived cells to evolve into a persistent and tolerant state during the initial phases of drug



treatment, while most of these tumor cells die 141151161 sjngle-cell profiling has shown that some of the genetically distinct
rare clones, thus fully resistant, can re-enter the cell cycle during treatment and reform the tumor RAREIS The biological
events involved are reversible drug or non-genetic adaptation mechanisms that are characterized by changes in the
expression of genes involved in cellular plasticity leading to a dedifferentiated state as well as transcriptional, metabolic,
and epigenetic signaling pathways 2921 Thus, despite the potential of this precision cancer therapy, these treatments
also highlight problems of drug resistance that limit the benefit to the patient. Thus, a greater knowledge of the processes
of drug adaptation holds the promise of improving the success of melanoma therapy by postponing or reversing acquired
resistance.

In recent years, a new era in cancer treatment has emerged with the development of cancer immunotherapy, which seeks
to use the patient’'s innate and adaptive immune system to recognize and destroy tumor cells. The improved
understanding of the immune system based on the modulation of immune checkpoint blocking systems at the cell surface
has led to a new age of treatments for melanoma and has become the first-line treatment, even though long-term and
durable tumor regression was observed in only a subset of patients 2. The clinical development of antibodies specifically
designed to block immune checkpoint molecules such as CTLA-4 (ipilimumab) and PD-1-/PD-L1-blocking antibodies
(pembrolizumab, nivolumab, and atezolizumab) are currently approved as monotherapies for the first-line treatment of
advanced melanoma [231241125][26] | spite of such advances, these treatments are also limited by the fact that 40-50% of
patients do not respond to these treatments (primary resistance), and, even in responders, resistance to therapy develops
in the majority of patients (acquired or secondary resistance). Several causes of resistance to immunotherapy or immune
escape have been identified, including defects in antigen presentation in certain tumors or the lack of recognizable foreign
antigens. The production of a range of immunosuppressive proteins and metabolic changes both in tumor and T cells are
part of the resistance to immune checkpoint blockade therapies [27[28l129],

Accordingly, there is still an unmet need to find alternative therapy options to improve the treatment of melanoma. In this
perspective, whether genetic or non-genetic alterations are involved in resistance mechanisms or intrinsic or exogenic
drivers leading to epigenetic and transcriptional rearrangement, melanoma cells must fine-tune protein homeostasis and
function to support unrestricted cell proliferation.

| 2. The Ubiquitin Pathway

The modulation of cell signaling depends critically on a repertoire of protein posttranslational modification (PTM)
mechanisms, which provide an extra regulatory layer that contributes to the functional diversity of the proteome. Protein
ubiquitination has emerged as a modification used by signaling processes to regulate a range of functional behaviors 2%
B Protein ubiquitination (or ubiquitylation) is the dynamic process of covalent binding of the C-terminal glycine of
ubiquitin, a small protein of 76 amino acids, to a lysine moiety on protein substrates, whereby serine, threonine, cysteine,
and N-terminal methionine moieties can also be modified 32. Target proteins can be either monoubiquitinated by the
addition of a single ubiquitin molecule or polyubiquitinated by the consecutive addition of several ubiquitins to the previous
ubiquitin leading to disparate fates of the modified proteins. The designation of the polyubiquitination chain depends on
the type of lysine residue (seven lysine residues: K6, K11, K27, K29, K33, K48, and K63) to which the ubiquitin attaches,
which also gives rise to a variety of biological outcomes. Lys48-linked chains mainly tag proteins for 26S proteasome-
mediated recognition and degradation while K63-related chains play a variety of non-degradative roles and can alter
signaling and transcriptional processes as well as protein interaction or localization BB, Monoubiquitination plays an
active role in histone regulation and DNA damage repair, signal transduction, trafficking of receptors, and stress response
(331341 The ubiquitin—proteasome system (UPS) is implicated in the degradation of more than 80% of short-lived proteins
in cells and ensures the elimination of useless, damaged, misfolded, and potentially dangerous proteins and the recycle of
ubiquitin. Most of the proteins involved in the cell cycle, cell adhesion, migration, invasion, apoptosis, differentiation,
angiogenesis and tumor growth, antigen processing, cytokine signaling, transcription, and DNA damage response are
regulated by UPS (Figure 1).
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Figure 1. Fate of protein-tethering ubiquitin, a post-translational modification, to proteolytic and non-proteolytic pathways,
resulting in specific cellular responses. The ubiquitination process drives protein homeostasis by controlling abundance,
temporal and structural integrity, proper localization, and protein non-mutational burden. Called the quality control
function, it supports nearly all the cellular functionalities implicated in protein—protein interactions, gene expression, signal
transduction cascades, and metabolic pathways. 1—Protein ubiquitination is performed by the coordinated activity of
ubiquitin ligase (E1, E2, and E3 enzymes) and deubiquitinating enzymes (DUBSs), called deubiquitination, by antagonizing
ligase activity and altering the substrate fate. 2—Ubiquitin is covalently transferred (isopeptide bonds) between the C-
terminal glycine residue (Gly) and substrate lysine residues (Lys) to form monoubiquitinated proteins or can join up with
other ubiquitin molecules at the intrinsic N-terminal Metl residue and/or at the seven intrinsic Lys residues (Lys6, Lys11,
Lys27, Lys29, Lys33, Lys48, and Lys63) and may form multi- or poly-ubiquitin chains. 3—The fate and function of
ubiquitinated proteins are affected by the topology and type of ubiquitin- binding. The K48/K11 polyubiquitinated chains
have historically been identified as mediating proteasomal degradation of normally folded short-lived proteins and
recycling ubiquitin called the ubiquitin—proteasome system (UPS). To date, three deubiquitinases, the metalloprotease
PSMD14 and the two cysteine proteases UCHL5 and USP14, have been found to be components of the proteasome 19S
regulatory particle implicated in both binding of the ubiquitinated substrate and proteasome activity. 4—The UPS is a
selective and irreversible protein removal mechanism that controls signal transduction, cell division, stress response, and
immune adaptation. The degradation of misfolded proteins by the UPS or autophagy is mainly mediated through K48/K63
branch chains. Met1/K63/K29 linkage can modulate various non-degradative processes such as signal transduction, DNA
repair, and kinase activation. Lys6-linked chains have been identified as being involved in mitophagy. Monoubiquitination
plays various roles in such functions as protein trafficking, DNA repair, chromatin remodeling, and regulation of
transcription. (Created with BioRender.com, accessed on 20 June 2022).

The classical cascade of ubiquitin conjugation to a protein substrate (ubiquitination) is initiated by a family of ATP-
dependent enzymes called El-activating enzymes, in which ubiquitin is transferred to the cysteine residue of the active
site of E1 with an adenylation of the second ubiquitin, subsequently followed by the transfer of the adenylated ubiquitin to
the active site of the E2 ubiquitin conjugating-enzymes (E2 conjugators) and completed by the ligation of ubiquitin to the
lysine residues of the target proteins by E3 ligases, which plays a key role in the specific type of ubiquitinated substrate
and its associated function 23,

Since ubiquitination is a dynamic and reversible process, the removal of ubiquitin is catalyzed by DUBs. Thus, the main
function of DUBSs, beyond their role in protein stabilization, is to adjust the degree of protein ubiquitination/deubiquitination,
protein activity, and subcellular localization, and to preserve the cellular pool of monoubiquitin. Around 100 DUBs are
encoded in the human genome and have been divided into six families based on sequence and structure, including UCH
(ubiquitin C-terminal hydrolase), USP (ubiquitin-specific protease), OTU (ovarian tumor proteases), Josephin (Machado-
Joseph disease, MJD), ZUP1 (zinc finger-containing ubiquitin peptidase), and the JAMMs (JAB1/MPN/Mov34
metalloenzyme) BEIBAE8 The first five families are cysteine proteases, while the JAMM proteins belong to the zinc-
dependent metalloproteinase family. There are approximately 57 USPs, 4 UCHs, 15 OTUs, 4 MJDs, 1 ZUP1, and 9
JAMMs (Figure 2). Due to the number and variety of their substrates, DUBs can drive various cellular processes such as
the cell cycle, apoptosis, gene transcription, and DNA repair, and they can exhibit versatile functions in tumor progression,



such as epithelial-mesenchymal transition (EMT), cancer stem cell development, metastasis, and tumor microenvironment
cross-talk. Here, the evidence regarding the involvement of DUBs and related substrates in several biological processes
and their relevance in melanoma progression and therapeutic response have been compiled (Figure 3).
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Figure 2. DUB categories: DUBs currently encoded in the human genome are clustered in five classes depicted in
different color schemes. Of the six subfamilies, five are cysteine proteases: ubiquitin C-terminal hydrolases (UCH),
ubiquitin-specific proteases (USP), zinc finger-containing ubiquitin peptidase (ZUP1), Machado-Joseph disease proteases
(MJD, Josephins), and ovarian tumor proteases (OTU), and a one family belongs to the Jabl/Pabl/MPN domain-
associated zinc metalloproteases (JAMM). (Created with BioRender.com, (Created with BioRender.com, accessed 20
June 2022).
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Figure 3. A schematic snapshot of deubiquitinases involved in melanoma pathogenicity based on published studies. From
left to right, the following categories are shown: DUBs implied in tumor initiation or progression, mainly found in vivo
studies, followed by a list of DUBs and their substrates and/or signaling pathways leading (in bold) to alteration of the
proliferation, therapeutic response adaptation, and (Created
with BioRender.com, accessed on 20 June 2022).

invasion/migration processes of melanoma cells.
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