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ABSTRACT: Melanomas are aggressive cancers, with a high rate of metastatic disease. Cutaneous (CM) and uveal
(UM) melanomas are intrinsically different diseases, and most cell death inducers effective for CM do not function for
UM. This is primarily due to the fact the eye is an immunologically privileged organ, and it fails to achieve the efficacy
of immune checkpoint inhibitors (ICIs) comparable to that for CM. However, approaches utilizing specific melanoma-
associated antigens are being developed for metastatic forms of CM and UM. The most promising to date are gp100
and tyrosinase related protein 1 (TYRP1), primarily for the design of targeting chimeric molecules and for autologous
T-/NK-cell products with a chimeric antigen receptor. The difference in the mutational profile of apoptosis-related
genes in CM and UM also makes counterproductive the use of the same drugs re-activators of the intrinsic pathway of
apoptosis. Therefore, the discovery of novel pathways of regulated cell death such as ferroptosis and cuproptosis may
help in the development of new drugs for melanomas resistant to already available inducers of regulated cell death.
Here we consistently discuss the latest advances in the therapy of melanomas, and above all-UM, which is classified as
an orphan disease.
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1 Introduction
Melanomas comprise an average of 2% of all cancers [1]. This tumor type develops from pigment cells

that reside in multiple regions of the body, and they are mainly located in the skin. In this regard, skin
melanoma represents the major subgroup, subdivided into superficial spreading, nodular, lentigo, and acral
melanomas. The second most common subtype of melanoma is eye or ocular melanoma, which develops
from melanocytes of the uveal tract and makes up about 5% of all melanoma cases [2]. The epidermal
melanocytes synthesize and transfer melanin to keratinocytes, while uveal melanocytes does not transfer
melanin to other cells. By UM subtype, the highest incidence rates demonstrate choroidal melanomas (up
to 80%), while iris and ciliary body melanoma are less common and account for up to 12 and 6 percent,
respectively [3–5]. Although the diversity of melanomas is large, consideration of cutaneous and ocular
melanoma separately is reasonable. First, the mutational burden of cutaneous and uveal melanomas differs
significantly [6–8]. Second, because the eye is an immune privileged organ [9], the responses of cutaneous
and uveal melanoma to immunologic stimuli vary. Such variation may ensure the realization of different
scenarios of malignant melanocytes’ death of cutaneous and uveal melanomas. The mortality of patients with
melanoma is due to metastatic disease for both cutaneous (MCM) and uveal melanoma (MUM) [10]. The
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highest incident rates of metastases to the lymph nodes were accounted for cutaneous melanoma and to the
liver for uveal melanoma [11].

Differences in metastatic niches are because the structures of the eye lack lymphatic vessels and
communication with regional lymphoid organs, therefore the spread of UM is hematogenous. In CM, both
types of melanoma cells spreading are common–lymphatic and hematogenous.

Metastases in the lungs are second for both types of metastatic disease. Therefore, the main metastatic
niches of UM, liver, and lungs, are relatively immunotolerant, with weak accessibility to immune cells, and
metastatic uveal melanoma is an immunologically cold tumor type. This implies low T cell infiltration and
resistance to ICIs [12].

Nevertheless, 2022 was a relatively “breakthrough” year for metastatic UM, as two new drugs were
approved by the U.S. Food and Drug Administration (FDA) for the treatment of MUM–Tebentafusp in
January 2022 and protein kinase C (PKC) inhibitor Darovasertib in May 2022 [13,14].

At the same time, all melanomas have specific features that distinguish them from other cells-an
enzymatic system that ensures the formation of special organelles—melanosomes—that synthesize a specific
pigment melanin [15]. Melanin acts as a protective shield against ultraviolet (UV) rays and has a reactive
oxygen species (ROS)-scavenging effect. Proteins and metabolites that are involved in melanin synthesis can
be specific targets for induction of tumor cell death, as we can see with the glycoprotein 100 (gp100) [16,17].
In addition, despite the differences in the mutational burden of UM and CM, tumor progression tends to
enhance apoptosis resistance and may be associated with the poor responsiveness of the metastatic form of
the disease to apoptosis-inducing treatments, such as chemotherapy and radiotherapy [18]. Therefore, the
development of drugs that can activate regulated cell death in tumor melanocytes distinct from apoptosis,
such as ferroptosis or cuproptosis, is highly desirable. In addition, there are many actual reviews on how
necroptosis, pyroptosis, and autophagy-dependent cell death are involved in melanoma development, and
in our work, we aimed to focus more on the role of ferroptosis and cuproptosis in melanoma treatment and
progression [19–21].

Here, we will attempt to examine in detail the influence of the factors described earlier on the induction
of tumor melanocyte death in CM and UM.

2 Melanomas Sensitivity to Immunotherapy and Receptor-Dependent Cell Death
Under healthy conditions, such as in the lack of carcinogens and mutagens, immunological surveil-

lance is realized by natural killer (NK) and dendritic cells (DCs), T cells, and B-cells, which effectively
eliminate tumor cells. When the tumor cell pool increases, tumor cell variants progressively lose major
histocompatibility complex (MHC) class-I and -II molecules, thus relevant amounts of tumor antigens
become “invisible” to the immune system [22]. This contributes to an increased pool of tumor cells that escape
immunological surveillance. With aging, even in the absence of carcinogens, the probability of accumulation
of cells with impaired proliferation control increases, and a parallel age-dependent attenuation of immune
system function arises. For skin melanoma, the above is applicable, whereas uveal melanoma is located in
the eye, an immunologically privileged organ.

What is and what properties does the immune privilege provide? For a deep understanding of the
problem, you can read Streilein’s review at [9]. Briefly, the eye protects itself against sight-destroying immune
responses and inflammation. This defense leaves the eye vulnerable when malignant transformation occurs.
Besides the weak presentation of tumor antigens on ocular cells to eye-derived antigen-presenting cells
(APCs), the elimination of lymphatic vessels in the eye forces APCs to move to the spleen through the blood
vessels (Fig. 1).
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Figure 1: Physiologic and molecular mechanisms that provide immune tolerance of the eye. The melanoma is depicted
as choroid melanoma. Factors that provide protection to melanoma cells from the immune system and prevent effective
immunotherapy are depicted. A pathway that represses the specific T cell and B-cell immune response to tumor antigens
when tumor cells are killed by cytotoxic agents is also presented. TCI—T cell inhibitor molecules, an alternative to
PDL1. Figures are made in Sketchbook (2024), version 6.1.1, copyright holder-Sketchbook (https://www.sketchbook.
com) (accessed on 12 January 2025)

In the spleen, naive T cells are recruited, activated, and induced to differentiate into antigen-specific
Tregs, but their further activity in the eye is prevented by the local immunosuppressive microenviron-
ment [23]. In general, the immunosuppressive and anti-inflammatory microenvironment is mediated by
the secretion of immunomodulatory cytokines/small molecules and surface expression of various factors,
leading to the neutralization of innate and adaptive immune effector cells. The main modulators are
transforming growth factor beta (TGFβ), alpha-Melanocyte stimulating hormone (α-MSH), Interleukin
10 (IL-10), somatostatin, thrombospondin 1, apoptotic ligand FAS, tumor necrosis factor alpha-related
apoptosis-inducing ligand (TRAIL) and programmed cell death 1 ligand 1 (PDL1), cytotoxic T-lymphocyte
associated protein 4 (CTLA4) [24]. Other factors facilitate main modulators to protect the eye from the
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cytotoxic T-cells; they are MHC class Ib, CTLA-2a, galectin-9, and V-domain Ig suppressor of T cell
activation (VISTA) [25].

Immunologic approaches have been developed and used for the treatment of melanoma of the skin for
quite a long time. IL-2 was approved for the treatment of cutaneous metastatic melanoma in 1998 and has
remained one of the main drugs along with dacarbazine until 2011 [26]. It is an important factor for the
maintenance of CD4+ regulatory T lymphocytes and responsible for the differentiation of CD4+ T cells into
a variety of subsets. IL-2 can stimulate CD8+ T cell and NK cell cytotoxicity and modulate T lymphocyte
lineage differentiation when interacting with antigens.

2.1 Breaking the Inhibition Signal for T Cells
For a tumor cell to be killed by T cells, at least two conditions must be met, first, the tumor cell

must express a recognizable antigen, and second, it must be activated. Since tumor cells are not truly
“foreign” to the body, they express special molecules or checkpoints that prevent T cell activation, such as
CTLA4 and PD-L1. In solid tumors, checkpoint switching off leads to retention and amplification of tumor-
infiltrating CD8+ T lymphocytes pool. Skin melanoma cells, as well as many solid tumors, are characterized
by expression of CTLA4 and PD-L1 (Fig. 2). Therefore, CM is potentially suitable for therapies based on
reducing the availability of CTLA4 or PD1/PD-L1 with selective inhibitors. Anti-PD1 antibodies nivolumab
and pembrolizumab were approved for the treatment of metastatic melanoma [27,28].

Anti-CTLA4 antibody ipilimumab (Yervoy) was approved in 2011 for treating advanced melanoma,
especially for unresectable (Stage III) and metastatic (Stage IV) melanomas [29]. Total mRNAs analysis
of melanoma patients’ biopsies with advanced-stage disease receiving nivolumab alone or in combination
with ipilimumab showed that T-cell infiltration and interferon-γ (IFNγ) signaling patterns were most
consistent with clinical response to therapy [30]. Thus, modern therapy with ICIs acclimates previous
progress on cytokine therapy. Of greater interest are the results obtained from the comparison of tebentafusp
(240 patients) vs. nivolumab plus ipilimumab (45 patients) in first-line metastatic uveal melanoma [31].
Tebentafusp provided an overall survival (OS) benefit compared with nivolumab plus ipilimumab.

Myeloid CSF1R+ cells exhibit intertumoral immune suppressive activity, inhibiting cytotoxic T cells [32].
Neubert et al. showed that Colony stimulating factor 1 (CSF1) is produced by melanoma cells, and patients
with metastatic melanoma have high CSF1 in the blood [33]. They proposed the use of two antibodies
simultaneously—targeting PD1 and CSF1 receptor (CSF1R). This combination of drugs caused growth
inhibition of v-Raf murine sarcoma viral oncogene homolog B (BRAF)V600E driven murine melanomas.
Therefore, simultaneous targeting of the above antigens may be useful in ICIs-resistant tumors. The selection
of CSF1 was justified by the fact that the combination of a small CSF1R inhibitor (PLX3397) and adoptive
T-cell transfer increased mouse survival compared with individual treatments in BRAFV600E-induced
melanoma models [34].
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Figure 2: A model of CM interaction with the immune system. Schematically depicts the activation of the immune
system under the exposure of antigens of a dying melanoma cell and the development of an antitumor immune response.
Figures are made in Sketchbook (2024), version 6.1.1, copyright holder-Sketchbook (https://www.sketchbook.com)
(accessed on 12 January 2025)

2.2 ICIs for CM and MCM
Results of clinical trial of adjuvant immunotherapy (ADI) nivolumab vs. ipilimumab in resected

stage III/IV melanoma showed that nivolumab ADI significantly improved recurrence-free survival and
distant metastasis-free survival vs. ipilimumab [35]. Five-year rates of recurrence-free survival were 50% for
nivolumab vs. 39% for ipilimumab.

The treatment regimen has been shown to have a significant impact on the outcome of therapy with
the combination of ICIs. A study compared the outcome of the combination of ipilimumab plus nivolumab
when four courses of ipilimumab plus nivolumab ADI therapy were given vs. two courses of neoadjuvant
immunotherapy (NAI) plus two courses of ADI therapy [36]. Researchers detected a high survival rate after
NAI ICIs combination: 5-year OS rates for the NAI arm was 90% vs. 70% for the ADI arm. When comparing
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the use of nivolumab plus ipilimumab in ADI and NAI for patients with respectable stage III melanoma in
the phase 3 trial, the NAI setting has also demonstrated the best response [37]. Neoadjuvant therapy with
ipilimumab plus nivolumab followed by surgery and ADI depending on response, resulted in longer event-
free survival and was 83.7% compared to the “surgery followed by ADI with nivolumab” group (57.2%). It can
be assumed that tumor resection is accompanied by a change in the local microenvironment, which affects
the expression of immune checkpoint molecules and reduces the efficiency of ICIs therapy. Nevertheless, 10-
year outcome data clearly proves the significant benefit of nivolumab plus ipilimumab combination therapy
over monotherapy [38]. The median OS was 71.9 months for nivolumab plus ipilimumab, 36.9 months for
nivolumab, and 19.9 months for ipilimumab.

In addition to enhancing the pool of cytotoxic T cells by ICIs, approaches to reduce the effects
of other immunosuppressive mechanisms, such as the downregulation of MHC-I molecules, are being
explored. Restoration of the MHC-I amount will enhance the tumor antigen presentation pathway. Tan
et al. showed the impaired homeostasis of the epigenetic regulator ubiquitin-like with PHD and ring finger
domains 1 (UHRF1) in cancer tissues. When phosphorylated, it is deposited in the cytosol and mediates
ubiquitin-dependent proteolysis of MHC-I [39].

2.3 ICIs for UM and MUM
In a normal eye, PD-L1 is constitutively expressed in corneal epithelial cells, corneal endothelial cells,

iris/ciliary body cells, retinal pigment epithelial cells, some stromal cells, and UM cells [40,41]. When
the eyes are inflamed, PD-L1 is detected in excess in corneal epithelial cells, corneal endothelial cells,
iris/ciliary body cells, and retinal pigment epithelial cells [41]. Such PD-L1 expression induces apoptosis
of PD-1-expressing effector T cells. PD-L1 expression on human ocular cells inhibits the production of
proinflammatory cytokines IFN-γ and tumor necrosis factor alpha (TNF-α) and a Th2 cytokine IL-5 by
activated T cells [41,42]. The efficacy of ICIs for MUM varied greatly. The experimental group with the worst
response to pembrolizumab or nivolumab was identified in the retrospective study of patients with MUM.
These were patients with multiple organ metastases and elevated serum lactate dehydrogenase [43]. A meta-
analysis of 41 cohorts of 1414 patients with MUM was made to analyze whether dual ICI therapy was the
more plausible treatment for MUM than monotherapy. They showed the benefit of using a combination of
ICIs drugs for patients with MUM [44]. Retrospective analysis of a cohort of 47 MUM patients who received
two drugs—PD-1 and CTLA-4 inhibitors (nivolumab plus ipilimumab), did not show a significant increase
in treatment response and progression-free survival [45]. Therefore, this combination is not recommended
as a standard treatment in all MUM patients but rather as an option.

The therapeutic use of ICIs leads to adverse effects such as dry eye syndrome [25,46]. Anti-CTL4
ipilimumab has shown efficacy and safety in the treatment of MUM. However, the overall response to ICIs in
uveal melanoma is low [47]. Multiple cell surface molecules, with T cell inhibitory activity in addition to PD-1,
provide alternative suppression of T cells when one of them is inactivated. To find out the tumor markers that
correlated with improved survival in ICIs treated UM, the analysis of 450 UM tumor samples was made using
NextGen Sequencing on DNA and RNA [48]. The study included primary (10/108) or metastatic (98/108)
sites of UM. It was unexpected that most tumor samples (86%, 240/279) had a PD-L1low phenotype regardless
of whether specimens were from the primary tumor site or metastasis. Samples from patients who received
ICIs were also largely PD-L1low (62%, 55/89).

2.4 Tebentafusp
Tebentafusp (also called IMCgp100), a bispecific T lymphocyte engager to gp100-reach melanoma

cells. Tebentafusp consists of a gp100-epitope-directed T cell receptor with high affinity and a CD3-specific,
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humanized single-chain antibody fragment. Endo-gp100 can be presented by both MHC class I and class II,
while ecto-gp100 is specifically presented by MHC class II [49]. MHC class II antigenic presentation plays a
crucial role in antitumor immunity. Tebentafusp has demonstrated survival benefits for MCM and MUM in
a HLA-A*02:01-positive patient [44]. Tebentafusp selectively recognizes a human leukocyte antigen (HLA)-
0201-restricted gp100 peptide redirects T cells to cancer cells and activates them, resulting in tumor-cell lysis.
Tebentafusp overcomes the peritumoral restriction of T cells and results in T cell trafficking in the tumor.

Despite the progress for HLA-A*02:01-positive patients, the treatment strategy for MUM in HLA-
A*02:01-negative patients remains to be established. Nathan et al. have shown in clinical trials that previously
untreated HLA-A*02:01-positive patients with MUM have overall survival benefit with Tebentafusp [50].
They used a cohort of 378 patients including 126 patients in the control group. OS at one year was more than
70% in the Tebentafusp group and 59% in the control group, indicating that Tebentafusp resulted in longer
OS than the control. The results of the further follow-up of these patients for 3 years showed that the median
OS was 21.6 months in the tebentafusp group and 16.9 months in the control group [51]. These outcomes
confirmed the long-term benefit of Tebentafusp on OS among HLA-A*02:01-positive people. No treatment-
related deaths occurred during the monitoring period. As mentioned above, Tebentafusp provided an OS
benefit compared with nivolumab plus ipilimumab in first-line MUM [31].

Another issue is the level of gp100 representation in melanoma cells. Thus, when examining histologic
specimens of skin melanoma from 230 primary melanomas and 293 MCMs, the gp100 staining was positive,
however, the degree of intensity was variable [52]. A comparison of gp100 in UM and CM cell lines showed
strong gp100 expression in 88% of UM cell lines and 40% of CM cell lines.

2.5 Adoptive T- and NK-Cell Therapy
Adoptive transfer of T cells modified with tumor-specific T cell receptors (TCRs) or chimeric antigen

receptors (CARs) has already been successfully used against several types of solid and hematologic malig-
nancies [53]. The success of CAR-T and CAR-NK cell therapies depends largely on the proper choice of
surface proteins highly expressed in tumors but not in normal tissues. Among the most promising targets for
CAR-NK cell therapy for melanoma, only gp100 and tyrosinase related protein 1 (TYRP1) can be attributed
to melanoma-specific antigens [54]. Both proteins are involved in melanin biogenesis. Despite this, effective
chimeric antigen receptor targeting in melanoma can utilize antigens that have already been tested and
used for other cancer types: receptor tyrosine kinase c-Met, sialic acid-containing glycosphingolipid GD2,
epithelial cell adhesion molecule (EpCam or CD326), epidermal growth factor receptor (EGFR), mesothelin,
transmembrane glycoprotein mucin 1 (MUC1) and others [55].

Just recently the efficacy of targeting CAR to melanoma-specific TYRP1 for the treatment of cutaneous,
acral, and uveal melanomas in immunocompetent mice and patient-derived models has been demon-
strated [54]. TYRP1 was chosen as a target because the antitumor efficacy (disease control rate of 41%) of
monoclonal antibody IMC-20D7S targeting this protein had been shown earlier in clinical trials [56]. Jilani
et al. have built a drug prototype combining a clinically tested scFv (20D7S), the CD28 transmembrane
domain, a immunoglobulin IgG4 hinge that gives an amplified flexibility to the CAR, and the CD28
costimulatory signal [54]. The efficiency of target cell killing by the prototype drug and IFNγ release upon
co-culture with melanoma cells depends on the level of TYRP1: insufficient TYRP1 production allows tumor
cells to avoid death. The greatest success in T cell therapy for MUM was demonstrated in Chandran’s et al.
study [57]. A study of freshly resected liver metastases was performed to develop an adoptive therapy for
UM. The study of an immunogenic subset of tumor-infiltrating lymphocytes (TIL) allowed to generation of
autologous TIL cultures for intravenous infusion. Such TIL infusion supported IL-2 induced objective tumor
regression in seven (35%) of twenty patients, including individuals whose disease was refractory to ICIs. It
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was the first report describing the ability of TIL transfer to mediate uveal melanoma regression in patients.
The same strategy was used by Karlsson with colleagues for identifying and functionally validating tumor-
reactive T cells in liver metastases of patients with MUM [58]. The modification of the strategy with the use
of the patient-derived xenograft models allowed to make sphere cultures from these models for co-culturing
with autologous or melanoma antigen recognized by T cells 1 (MART1)-specific HLA-matched allogenic
TILs. TCR-seq of in vitro activated T cells allows to compare TCRs to those found in single-cell sequencing
data from biopsies and answer the question which T cells in UM may be useful for cell therapy amplification.
Authors identified three subtypes of tumor-reactive lymphocytes in uveal melanoma metastases.

In experiments on NOD/SCID IL2 receptor gamma (NOG) knockout mice, it has been shown that
chimeric antigen receptor-expressing T cells directed against human epidermal growth factor receptor 2
(HER2) can kill uveal and cutaneous melanoma cells in vitro and in vivo [59].

Described results on the use of CAR-T/CAR-NK cells in melanomas let us look forward to benefiting
patients with uveal melanoma.

2.6 Oncolytic Viruses
The first oncolytic virus drug was approved by U.S. FDA in 2015 specifically to treat unresectable,

recurrent melanoma [60]. It was talimogene laherparepvec (T-VEC; Imlygic
R©

), derived from an attenuated
herpes simplex virus 1. A number of recent studies have demonstrated the successful application of oncolytic
viruses for cancers treatment [61]. Thereafter, other oncolytic viruses have been used to treat MCM. For
example, a coxsackie virus A21 (V937) that infects the cells with expression of the intercellular adhesion
molecule 1 (ICAM-1). Cutaneous and uveal melanomas are cancers with high ICAM-1 levels relative to
normal cells. Unmodified variant coxsackie virus A21 (V937) was administrated intratumorally to 57 patients
with unresectable, advanced cutaneous melanoma. Indicated treatment led to a 6-month progression-free
survival rate of 39% and 12-month overall survival rate 75% [62]. Moreover, regression of melanoma was
observed in non-injected lesions, which suggests that the virus reaches and lyses distant tumor sites. In
almost parallel to the above study, the combined use of coxsackie virus A21 and ICI ipilimumab was
evaluated in clinical trial with 50 patients [63]. Responses associated with intertumoral virus injections plus
ipilimumab were robust, and the results that were obtained allowed to proceed to the use of this combination
against MUM.

A phase 1b clinical trial of oncolytic coxsackievirus A21 (V937) in combination with anti-CTL4 ICI
ipilimumab was done for MUM patients [64]. Eleven patients received V937 intravenous injections and
intravenous ipilimumab. The best overall response was stable disease in 3 patients and progressive disease
in 8 patients. Despite the manageable safety profile of the combination of V937 with ipilimumab, clinical
benefit has not been observed in patients with uveal melanoma and liver metastases.

Liu et al. have constructed strain HSV-GM-CSF, oncolytic herpes simplex virus type 1 (HSV-1) encoding
granulocyte-macrophage colony-stimulating factor (GM-CSF) for testing its efficacy against UM [65].
BALB/c-nude mice were implanted with MUM2B cells in the posterior chamber of the eye and HSV-GM-
CSF was injected intravitreally. They have found that follow-up survivals were prolonged in the virus-treated
group compared with the control group.

It can be concluded that therapy with oncolytic viruses against MUM has not been successful to
date, in contrast to metastatic cutaneous melanoma. The multifactorial traumatic nature of intraocular
administration of oncolytic viruses precludes any hope for the successful use of oncolytic viruses for the
treatment of primary UM.
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3 Mutations in Melanoma Cells Enable Escape from Apoptosis
It has been clear for a long time that high mutation burden in cutaneous melanoma is initiated by

UV radiation exposure. However, for some subtypes of cutaneous melanoma, such as mucosal or acral
melanoma, which is localized on the palms of the hands, soles of the feet, under the nails of the fingers or
toes, both are characterized by lower mutation burdens and different genes implicated in mutagenesis [18].
CM-specific mutations are BRAF, NRAS, CDKN2A, and TP53; the combination of NRAS, BRAF, and NF1
mutations is specific for acral melanoma, and KIT mutations are detected in the samples of mucosal and
acral melanomas.

3.1 p53 and Apoptosis Dysfunction in Cutaneous Melanoma
One of the most important tumor suppressor factor p53 is encoded by the gene TP53. Mutations

and functional inactivation of TP53 can be observed in almost all tumors, that confirms the via p53-
dependent pathway [66]. In this case, activated p53 translocates from the cytoplasm to the nucleus where
it acts as a sequence-specific transcription factor. Under normal conditions, p53 is modified in complex
with the E2 ubiquitin ligase MDM2. p53 realizes the transcriptional control of genes involved in the
regulation of cell cycle progression and apoptosis, including p21, Bax, GADD45, Mdm2, and Cyclin G. To
regulate transcription, it is necessary that p53 avoids MDM2, but also undergoes modifications, such as
phosphorylation and acetylation in the N- and C-terminal domains. In the inactive state, the regulatory
region of C-terminal domain interacts intramolecularly with core domain and prevents p53 interaction with
DNA. Modifications of C-terminal domains change intramolecular interactions and allow the formation
of p53 homotetramers, which have significantly increased affinity of binding to DNA. Modifications of the
N-terminal domains lead to p53 stabilization. Thus, the activity of p53 as a specific transcription factor is
regulated by its conformation [67].

Khan et al. ran a cross-database analysis of the expression levels of the p53 signaling genes in
cutaneous melanoma [68]. They found that transcription factor p53 and its signaling genes (TP53, MDM2,
CDKN2A, and TP53BP1) were overexpressed, while MDM4 and CDKN2B were under-expressed in cuta-
neous melanoma. The findings require further analysis, so as MDM2 and MDM4 are both negative regulators
of p53. The inhibition of p53 by MDM2 and MDM4 is distinct, since MDM4 regulates p53 activity and E3
ubiquitin ligase MDM2 mainly regulates p53 stability [69]. MDM4 contains a p53 binding domain at the
N-terminus and prevents p53 from interacting with target genes [70]. Most likely, high expression of MDM2
may promote TP53 degradation at proteasomes leading to the inhibition of TP53-dependent apoptosis.
This data only partially correlates with the work, where in a study of 1015 primary and 358 metastatic
melanomas was shown that metastatic disease is enriched for MDM2 and MDM4 amplifications compared
to primary disease, and amplifications are associated with lower overall survival [71]. Two additional negative
regulators of p53, ubiquitin specific peptidase 7 (USP7) and protein phosphatase 1 D (PPM1D), have also
been altered in metastatic melanoma compared to primary disease. The authors suggest that MDM2 and
MDM4, USP7 and PPM1D have the potential to be inhibited in case of drug development for the treatment of
metastatic melanoma. In a recent study, Groen K. with co-workers showed that only certain p53 transcripts
contribute to the pathogenesis of cutaneous melanoma [72]. They found that the C-terminally truncated
p53β isoforms were the most highly expressed isoforms compared to all other p53 isoforms. Further, TAp53
isoforms, retaining both transactivation domains, were the second highest p53 isoforms expressed across all
melanoma samples.

Since p53 is required for the induction of apoptosis when significant DNA damage occurs, dysregulation
in the p53 signaling will be more significant for UV-related cancers such as cutaneous melanoma. It was
noted that dysregulation of p53 signaling or mutated p53 are not typical of uveal melanoma [73]. Despite the
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fact that in in vitro experiments there are successes in the use of drugs that activate the p53 pathway in UM
cells, such drugs have not yet been used in the clinic [74].

Why is uveal melanoma, unlike many other cancers, not characterized by mutations in p53? In UM,
the function of wild type p53 is often inactivated by negative regulators of p53, such as MDM2 and MDM4.
The p53 signaling system has been shown to be in an active state in the eye tissues during the normal
embryogenesis and development [75]. In mice experiments it has been shown that during embryonic
development a high level of p53 is detected in the eyeball, providing apoptosis of transformed structures.
Later decrease in p53 levels coincides with the time that cells exit the cell cycle, differentiate, and become
postmitotic [76]. In contrast, Mdm2 transcript levels were the highest in post-embryonal period. Thus,
negative regulation of p53 both at the level of transcription and inactivation of its activity possibly protects
the eye from the death of specific cells that cannot be replenished from the pool of progenitor cells with
stem properties.

Heijkants et al. also studied MDM4 in UM cells as a specific target with selective inhibitor NVP-
CGM097 for p53 reactivation [77,78]. CGM097 inhibits the interaction of p53 with MDM4. They showed
that such MDM4 depletion inhibits survival of UM cells, which is enhanced in combination with PKCδ inhi-
bition.

In contrast to CM, metastatic UM is characterized by major chromosomal abnormalities including the
loss of chromosome 1p and chromosome 3. p73 and p63, proteins of p53 family members are located on
chromosomes 1p and 3q, respectively. Both can activate p53 target genes, resulting in growth arrest, apoptosis
and differentiation. However, N-terminally truncated isoforms of these proteins may act as dominant
negative repressors of wild-type p53 [79]. Kilic with co-authors observed N-terminal transactivation forms
of both p73 and p63 in primary and metastasis-derived UM cell lines, as well as in primary melanomas [80].
Prevalence of modified form of p73 and p63 may inhibit wild type p53 and render cells non-sensitive to
apoptotic stimuli.

3.2 Mutated GNA11 and GNAQ
Molecular mechanisms of UM oncogenesis differ from those of CM [81]. The most common mutations

in UM cells are mutations in GNAQ and GNA11 genes. Both genes encode subunits of the guanine nucleotide
binding protein G:Gq and G11. Mutations leading to uncontrolled activation of the G-protein disrupt
the control of cell proliferation. Membrane-associated G-protein activates phospholipase Cβ4 (PLCβ4),
and metabolites of the enzymatic reaction of PLCβ4 with phosphatidylinositol 4,5-bisphosphate (PIP2)
activate protein kinase C (PKC) that is involved in cell cycle regulation. This pathway is important for the
transformation of the uveal tract’s melanocytes into melanoma cells. MUM is most often associated with
mutations of BAP1, EIF1AX, GNA11, GNAQ, and SF3B1. In addition, significant chromosomal abnormalities
have been shown for UM, including monosomy 3, 1p loss, 1q gain, 6q loss, 6p gain, 8p loss and 8q gain.

Constitutively active mutant α-subunits of the heterotrimeric G proteins Gq or G11 (Gq/11) reprograms
metabolism in UM [82]. Gq/11 targeting with synthetic inhibitor FR900359 allowed to achieve attenuated
glucose uptake and its methabolism in various UM cell lines resulted in led to the depression of many
processes, including cell division delay. This phenomenon is important for progress in the fight against uveal
melanoma since metabolic reprogramming potentially could open a new space for therapeutic discovery.

3.3 Melanoma-Associated Inhibitor of Apoptosis (ML-IAP) in CM
Progression of CM is based on the changes in the balance and functional activity of pro- and anti-

apoptotic proteins, as well as compromised death receptor signaling. IAP family proteins are inhibitors of
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apoptosis (X-IAP, C-IAP1, and C-IAP2) and regulators of the cell cycle (survivin). Belonging to the IAP
family is determined by a similar structure—the presence of tandem baculovirus IAP repeat (BIR) motifs
and carboxy-terminal RING finger motif [83]. X-IAP, C-IAP1, and C-IAP2 inhibit active caspases 3 and
7 and the Apaf-1-cytochrome-c-mediated activation of caspase-9, so they are important molecules in the
realization of programmed cell death. An elevated expression of melanoma-associated IAP (ML-IAP, or
Livin), human IAP that contains a single BIR and RING finger motif has been reported in melanoma
samples. ML-IAP is encoded by the Birc7 gene, and can inhibit both pathways of apoptosis: the extrinsic
receptor-dependent and intrinsic mitochondrial [84]. In addition to melanoma, the expression of ML-IAP
is typical in lymphoma cells. Treatment of melanoma cells with apoptosis inducers UVB, 4-tertiary butyl
phenol (4-TBP), cisplatin, TNF, and Bax, led to cleavage of ML-IAP molecules. ML-IAP can act as a direct
inhibitor of downstream effector caspases, it confers melanoma cell resistance to apoptotic stimuli and may
contribute to the pathogenesis of tumor formation [85]. This statement is only partially true because the
pan-caspase inhibitor zVAD-fmk blocked ML-IAP cleavage after 4-TBP treatment, but not UVB or cisplatin
treatment [86]. Therefore, it is believed that proteolytic cleavage of ML-IAP in apoptotic melanoma cells is
potentially mediated by a non-canonical caspase. It was shown later that ML-IAP inhibits caspase-9, and
possibly possesses E3 ubiquitin ligase activity [87,88]. Knockdown of BIRC7 gene induced melanoma cell
apoptosis and Livin siRNAs efficiently inhibited MCM tumor growth in vivo [89]. It has recently been shown
that the BIRC7 gene is among the group of six most upregulated genes in CM cells in response to hypoxic
conditions [90]. These findings suggest that Livin expression under hypoxia is directed toward avoidance of
apoptosis and survival of tumor cells under oxygen-deprived conditions.

3.4 ML-IAP in UM
There is virtually no data on the expression and function of ML-IAP in the UM. IAP genes were

expressed in the majority of primary UM and MUM and were regulated. BIRC7 (BIRC7/Livin) level was
7.0-fold (p = 0.003) higher in tumors (primary and metastatic tissue) vs. normal eye tissue, respectively [91].
Lederman et al. have analyzed the expression of IAP genes, including ML-IAP in primary uveal melanoma
tumors, liver metastasis from UM, and UM cell lines [92]. They found that ML-IAP was expressed in each
of the tumor samples.

4 Induction of Ferroptosis in Melanomas
Ferroptosis is a regulated cell death mode driven by iron-dependent phospholipid peroxidation

(Fig. 3) [93,94]. It contributes to numerous organ injuries and degenerative pathologies. The chemical nature
of ferroptosis can be defined by an imbalance between the production and neutralization of polyunsaturated
phospholipid hydroperoxides (PLOOH) [95]. In the cell, the main enzymes converting lipid hydroperoxides
are glutathione-dependent lipid hydroperoxidase glutathione peroxidase 4 (GPX4) and coenzyme Q (CoQ)
oxidoreductase ferroptosis suppressor protein 1 (FSP1), which acts parallel to GPX4 to inhibit ferropto-
sis [96]. There are three major milestones that protect the cell from death by the ferroptosis pathway (Fig. 3),
and they operate upstream of GPX4 [97]. The first is the activity of the cystine-glutamate antiporter system
(System Xc-), which provides the cellular supply of cystine for reduced glutathione synthesis [98]. Reduced
glutathione is used by GPX4 to reduce lipid hydroperoxides (LOOH) and to prevent their accumulation
in the cell and ferroptosis. The next factor is the correct functioning of the system lipoxygenases (LOXs)
and NADPH oxidases (NOXs) that convert lipids (PLOH) to lipid peroxides (PLOOH), and often depend
on iron as a cofactor [99]. Enhanced activity of NOXs and LOXs results in aberrant accumulation of lipid
peroxides and rupture of the cell membrane. Non-enzymatic lipid oxidation can also be catalyzed in iron-
mediated Fenton reaction via spontaneous autoxidation in Fe2+/H2O2 systems [100]. The third milestone is
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the cellular availability of Fe2+ which depends on the enzymatic conversion of Fe3+ to Fe2+ in endosomes by
NADPH-dependent ferric-chelate reductase (STEAP3) and the presence of iron chelators. A minor factor is
the level of ROS production and iron utilization by the mitochondria and the formation of lipid peroxides
in mitochondrial membranes—mtROS [101]. Lipid peroxides in mitochondria are normally neutralized by
dihydroorotate dehydrogenase (DHODH) by involving CoQ10 to prevent ferroptosis. The terminal event of
ferroptosis is the loss of plasma membrane integrity and rupture of the outer membrane of the mitochondria.

Figure 3: Ferroptosis-triggering pathways in melanoma cells. Regular mechanisms responsible for ferroptotic cell death
are presented with the specific alteration in UM and CM cells and are highlighted by dashed arrows. A detailed descrip-
tion is provided in the text. The scheme depicts the metabolic pathways involved in glutathione peroxidase 4 (GPX4)
activity, Fe3+/Fe2+ conversion, and their utilization in redox reactions producing the hydroperoxides of polyunsaturated
fatty acids (PLOOH). “System Xc-” comprising of a heavy subunit 4F2hc (SLC3A2) and cystine/glutamate antiporter
solute carrier family 7 member 11 (SLC7A11) −− is the transporter of cystine into the cell and glutamate out of the
cell. GSH—reduced glutathione; GSSG—oxidized glutathione; LOXs—iron-dependent system lipoxygenases; NOXs—
NADPH oxidase; OXPHOS—oxidative phosphorylation; TFR—Transferrin receptor; Fenton reaction: Fe2+

+H2O2 →

Fe3+
+ HO⋅ + OH−. Figures are made in Sketchbook (2024), version 6.1.1, copyright holder-Sketchbook (https://www.

sketchbook.com) (accessed on 12 January 2025)

It was shown that UM has one of the highest median oxidative phosphorylation (OXPHOS) levels
among all solid tumors, that may shift tumor cell homeostasis toward mitochondrial ROS (mtROS)
accumulation [102]. Excessive production of mtROS contributes to the accumulation of secondary oxidation
products, including membrane lipids, making the cells sensitive to the induction of ferroptosis. It has been
shown that among UM patients with inactivating mutations in the BRCA1-associated protein-1 (BAP1)

https://www.sketchbook.com
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gene, two subtypes with different levels of OXPHOS genes expression can be distinguished: OXPHOShigh

BAP1 mutant UM cells utilize glycolytic and nucleotide biosynthesis pathways, whereas OXPHOSlow BAP1
mutant UM cells employ fatty acid oxidation [103]. Del Carpio et al. have found that high metabolic
activity in liver-localized MUMs is associated with poor OS [104]. In all of these cases, metabolic switch
can make UM cells sensitive to ferroptosis inducers. Moreover, it has been shown for CM that the
increased susceptibility of cancer cells to ferroptosis occurs as a result of the dedifferentiation process of
melanoma [105]. In general, dedifferentiated cancer cells become more resistant to immunotherapy and
targeted therapy than before dedifferentiation [106]. Tumor melanocyte dedifferentiation can be recognized
by the absence/decreased expression of the specific immunohistochemical markers and the appearance
of non-melanocytic differentiation markers. Melanoma dedifferentiation downregulates eumelanin (EM)
synthesis, producing a compensatory increase in pheomelanin (PM). Pheomelanin biosynthesis involves the
conjugation of cysteine and dopaquinone, resulting in cysteinyldopa (SSCD). Increased incorporation of
cysteine into pheomelanin in the dedifferentiated melanoma decreases cellular glutathione required for the
reduction of lipid peroxidation products and modulates melanoma susceptibility to ferroptosis (Fig. 3). In
the case of UM, a study of the ratio of eumelanin to pheomelanin in cultured UM cells has revealed that the
EM/PM ratio (0.41) was lower than that from normal melanocytes isolated both from eyes with light-colored
irises (1.31) or dark-colored irises (7.32) [107]. Thus, a significant PM content is a characteristic of UM.

Therapeutic approaches based on the induction of ferroptosis have been proposed for various types of
cancers, mainly in in vitro experiments [108,109]. Ferroptosis inducers may also be useful in the treatment of
melanoma, but prognostic markers are desirable for predicting sensitivity to this type of cell death. We have
attempted to summarize the main hallmarks of melanoma sensitivity to ferroptosis in Table 1.

Table 1: Criteria of melanoma sensitivity to ferroptosis

Molecular and metabolic characteristics Ferroptosis has been demonstrated
with the following inducers

CYGB silencing [110,111] RSL3 and erastin
Melanoma dedifferentiation [106]
High rate of OXPHOS [102,103]

Active IRP1 [112]
Melanoma infiltration by CD8+ T cells releasing

IFNγ [113,114]
RSL3 and erastin

active BAP1 [103,115] RSL3, cystine deficiency

Note: CYGB—cytoglobin, OXPHOS—oxidative phosphorylation, IRP1—Iron regulatory protein 1, BAP1—BRCA1-
associated protein-1, RSL3—RAS-selective lethal ferroptosis activator.

It was demonstrated that cytoglobin (CYGB), an iron hexacoordinated globin, is highly enriched
in normal skin melanocytes and frequently epigenetically silenced during melanomagenesis, and CYGB
silencing induced sensitivity of melanoma cells to ferroptosis [110,111]. Zou et al. produced constitutive
expression or knockdown of CYGB in B16F10 mouse, G361, and A375 melanoma cell lines and tested cells’
sensitivity to ferroptosis inducers RSL3 and erastin [116]. RSL3 is a synthetic inductor of ferroptosis acting via
inhibition of selenoprotein TXNRD1 in RAS-harboring cancer cells [117,118]. They confirmed the observation
that melanoma cells with loss of CYGB expression were highly sensitive to ferroptosis. On the contrary,
CYGB overexpression rendered melanoma much more resistant to RSL3 treatment. It can be hypothesized
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that CYGB expression levels can be evaluated in patients with skin melanoma to predict sensitivity to
ferroptosis inducers.

In addition to CYGB, the role of iron regulatory protein 1 (IRP1) in the induction of ferroptosis was
demonstrated in melanoma models. It turned out that IRP1 is required for erastin- and RSL3-induced
ferroptosis [112]. IRP1 mediates iron availability in mammalian cells and controls iron homeostasis [119].

The accumulation and availability of multiple datasets on the response of melanoma patients to ICI
therapy have identified 9 key immunogenic cell death (ICD) gene signatures that effectively predict ICI
treatment response [120]. These signatures include both classical pathways such as apoptosis and necroptosis
and rare or specific ones such as alkaliptosis, cuproptosis, entosis, lysosome-dependent cell death, oxeiptosis,
and parthanatos. The authors [120] have estimated that metastatic melanoma patients with higher overlay
ICD signatures are more likely to benefit from ICI therapy.

It has been shown that activated CD8+ T cells release interferon gamma (IFNγ), which downregulates
the expression of components of System Xc- transporters SLC3A2 and SLC7A11 [113]. Such downregulation
of SLC3A2 and SLC7A11 in tumor cells leads to death via the ferroptosis pathway [114]. Potentially, activation
of such CD8+ T cells in combination with ICIs is a promising therapeutic approach.

In addition, iron nanoparticles carrying antitumor drugs can also be used for a comprehensive
antitumor approach with induction of ferroptosis in CM cells, as it has been shown for hepatocellular
carcinoma [121].

An attempt to identify genes associated with ferroptosis signature was made by Luo and Ma [122].
Genomes of UM patients from The Cancer Genome Atlas (TCGA) were analyzed for a total of 103 ferroptosis-
related genes. A seven-gene signature was found as prognostic in UM. The expressions of ALOX12, CD44,
MAP1LC3C, STEAP3, HMOX1, ITGA6, and AIFM2/FSP1 genes could accurately predict the sensitivity of
UM to ferroptosis induction.

High cysteinyl leukotriene receptor 1 (CysLT1) expression correlates with poor survival of uveal
melanoma patients and inhibition of CysLT1 may suppress the proliferation of UM cells [123]. Compound
1,4-dihydroxy quininib, a CysLT1 antagonist, alters UM hallmarks in vitro, ex vivo, and in vivo [124]. OMM2.5
cells were treated with 1,4-dihydroxy quininib and a proteomic analysis was made to identify differentially
expressed proteins [125]. It was found that 1,4-dihydroxy quininib modulates the expression of ferroptosis
markers: GPX4, biliverdin, glutamate-cysteine ligase modifier subunit (GCLM), and glutathione and lipid
hydroperoxide. Public databases analysis revealed that the expression of genes inhibiting ferroptosis is
significantly increased in UM patients with chromosome 3 monosomy. This data helps establish a novel
ferroptosis signature correlating with UM patient survival.

5 Induction of Cuproptosis
Compared to ferroptosis, even less is known about cuproptosis in uveal melanoma. Cuproptosis has

been discovered by Tsvetkov et al. [126]. This type of cell death is realized under excess of copper and is
dependent on mitochondrial respiration. Copper directly binds to lipoylated components of the tricarboxylic
acid cycle in the mitochondria and subsequent loss of Fe-S cluster protein triggers cell death [127]. Yang et al.
have been trying to develop a prognostic signature of a reliable biomarker for predicting the prognosis of
UM using RNA and clinical data from the TCGA database [128]. UM samples were classified into high- and
low-risk groups based on cuproptosis-related prognostic signature. High expression of immune checkpoints
in high-risk groups suggests significant immunotherapy potential.
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6 Concluding Remarks and Potential Future Directions
Since 2010, significant progress has been made in the treatment of metastatic melanomas. However,

the response rate even to such modern therapies as ICIs keeps a substantial cohort of patients without
hope for a cure. For example, even for the combination of CTLA-4 and PD-1 blockade, objective response
rates were 57.6% in patients with CM [129]. For uveal melanoma, the answer is even less: the overall
response rate to CTLA-4 and PD-1 blockade combination therapy is 15.6% [130]. It can be concluded
that a regimen of monotherapy or therapy with only one type of drug/one target does not achieve
the desired efficacy. Perhaps a combination of drugs that activate different mechanisms of cell death—
lymphocyte-dependent death and intrinsic pathway—will be more effective. It can be assumed that the
use of IFNγ-releasing CD8+ T cells in combination with ICIs is relevant for CM but unlikely for UM, due
to its low tumor infiltration by T cells. Over the past 5 years, phase phase I/II clinical trials have been
completed for mono- and combination therapy for UM. Combination therapies included the ICIs nivolumab
and ipilimumab (NCT02626962 [131], NCT01585194 [132]), the histone deacetylase inhibitor entinostat
with pembrolizumab (NCT02697630 [133]). Monotherapy was efficient with RO7293583 bispecific molecule
directed against TYRP1 and CD3 (NCT04551352 [134]), 6MHP multi-epitope vaccine, containing gp100,
MelanA/MART-1, tyrosinase, MAGE-A3 and MAGE-A1,2,3,6 antigens (NCT04364230 [135]), niraparib, a
PARP inhibitor for UM with mutations in the BAP1 gene (NCT03207347 [136]). In addition, radiation
therapy for UM has been also tested, including brachytherapy with Ru-106 (NCT04577742 [137]) and
I-125 isotopes (NCT01955941 [138]) and stereotactic radiation therapy in combination with aflibercept
(NCT03712904 [139]). A phase III clinical trial of a promising approach to the therapy of UM liver
metastases, liver perfusion with the chemotherapy drug melphalan, has also been completed (NCT02678572,
NCT01785316 [140]).

As an opportunity for cancer therapy, iron accumulation and the implementation of ferroptosis becomes
a problem in the development of cardiovascular and neurodegenerative diseases when iron accumulation is
present in the heart, neurons, or glia [141]. However, given the severity and progression of MUM and MCM,
one should not dismiss the possibilities based on induction of ferroptosis.

We attempted to summarize the knowledge of activated cell death pathways for different types of drugs
(Fig. 4). If the tumor is not sensitive to apoptosis induction, one can try to influence it with ferroptosis or
cuproptosis inducers. In this case, the mutational profile of a particular tumor should be taken into account.
BAP1-deficient UMs may be less sensitive to ferroptosis than non-mutated, as BAP1 has been shown to be
important for the realization of ferroptosis. BAP1 represses SLC7A11 expression with subsequent cystine
uptake inhibition and ferroptotic cell death [115]. It is especially important that the potential markers of
melanoma sensitivity to ferroptosis inducers have already been discovered [122].

Moreover, in this review, we did not discuss the functionality of phagocytic cells in melanomas, but this
fact should certainly be taken into account when choosing a therapy.

If we look at another extremely aggressive cancer pathology, gliomas, we can see a recently developed
approach. This approach is an alternative to tumor cell killing, which is called “differentiation therapy”. The
idea was that reprogramming cancer stem cells from proliferation to differentiation could correct aberrant
cell division [142,143].

Since uveal melanocytes are developed from the neural crest, i.e., are of neural origin like gliomas, the
question arises as to whether the said approach can be applied to deplete the stem malignant melanocyte
niche in MUM. We believe that a detailed understanding of what may be considered a terminally
differentiated state of malignant melanocytes is an important issue in developing such an approach.
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Combining this approach with the induction of replicative senescence in the remaining cells could prevent
disease progression.

Figure 4: Antitumor drugs and therapeutic approaches being tested to combat UM. Divergences in the type of cell
death activated by different inducers are indicated. *—requires additional research. Figures are made in Sketchbook
(2024), version 6.1.1, copyright holder-Sketchbook (https://www.sketchbook.com) (accessed on 12 January 2025)
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BAP1 BRCA1-associated protein-1
BRAF v-Raf murine sarcoma viral oncogene homolog B
CAR-T Chimeric antigen receptor-expressing T cells
CM Cutaneous melanoma
CSF1 Colony-stimulating factor 1
CTLA2a Cytotoxic T lymphocyte-associated protein 2α
CTLA4 Cytotoxic T-lymphocyte associated protein 4
CYGB Cytoglobin
CysLTR1 Cysteinyl leukotriene receptor 1
DC Dendritic cells
EGFR Epidermal growth factor receptor
EM Eumelanin
EpCam Epithelial cell adhesion molecule
FAS Type I transmembrane protein
FDA Food and Drug Administration
GD2 Sialic acid-containing glycosphingolipid
GNA11 Guanine nucleotide-binding protein subunit alpha-11
GNAQ Guanine nucleotide-binding protein subunit alpha
GPX4 Glutathione peroxidase 4
gp100 Glycoprotein 100
HER2 Human epidermal growth factor receptor 2
ICAM-1 Intercellular Adhesion Molecule 1
ICD Immunogenic cell death
ICI Immune checkpoint inhibitor
IFNγ Interferon-γ
IL-10 Interleukin 10
IRP1 Iron regulatory protein 1
HLA Human leukocyte antigen
LOX Lipoxygenase
MART-1 Melanoma antigen recognized by T cells 1
MCM Metastatic cutaneous melanoma
MHC Major histocompatibility complex
ML-IAP Melanoma-associated inhibitor of apoptosis
MUC1 Transmembrane glycoprotein mucin 1
MUM Metastatic uveal melanoma
NAI Neoadjuvant immunotherapy
NK Natural killer
NOG NOD/SCID IL2 receptor gamma
NOX NADPH oxidase
OS Overall survival
OXPHOS Oxidative phosphorylation
PDL1 Programmed cell death ligand 1
PIP2 Phosphatidylinositol 4,5-bisphosphate
PKC Protein kinase C
PLCβ4 Phospholipase Cβ4
PM Pheomelanin
ROS Reactive oxygen species
RSL3 RAS-selective lethal ferroptosis activator
SLC3A2 Heavy subunit 4F2hc of system Xc-
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SLC7A11 Cystine/glutamate antiporter solute carrier family 7 member 11
STEAP3 NADPH-dependent ferric-chelate reductase
TCI T cell inhibitor molecule
TCR T cell receptor
TCGA The Cancer Genome Atlas
TIL Tumor infiltrating lymphocyte
TGFβ Transforming growth factor beta
TNF Tumor necrosis factor
TRAIL TNF-related apoptosis-inducing ligand
TYRP1 Tyrosinase-related protein 1
UM Uveal melanoma
USP7 Ubiquitin specific peptidase 7
UV Ultraviolet
VISTA V-domain Ig suppressor of T cell activation
α-MSH Alpha-Melanocyte stimulating hormone
4-TBP 4-Tertiary butyl phenol
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