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Abstract

Melanoma is derived from melanocytes, which are located in multiple regions of the body.
Cutaneous melanoma (CM) represents the major subgroup, but less common subtypes including
uveal melanoma (UM), mucosal melanoma (MM), and acral melanoma (AM) arise with distinct
genetic profiles. Effective treatments for CM are ineffective in UM, AM, and MM, and patient
survival remains poor. As reprogrammed cancer metabolism is associated with tumorigenesis, the
underlying mechanisms are well studied and provide therapeutic opportunities in many cancers;
however, metabolism is less well studied in rarer melanoma subtypes. Here, we summarize current
knowledge of the metabolic alterations in rare melanoma and potential applications of targeting
cancer metabolism to improve therapeutic options available to UM, AM or MM patients.
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Introduction

Melanoma arises from the aberrant growth of melanocytes and is categorized as cutaneous
melanoma (CM), uveal melanoma (UM), mucosal melanoma (MM) or acral melanoma
(AM) based on tissue location of the primary tumor [1]. Due to their low incidence rates,
UM (5% of all melanomas), MM (1% of all melanoma) and AM (2-3% of all melanomas)
are classified as rare subtypes of melanoma [2]. Sequencing of primary and metastatic
tumors has led to a better understanding of their subtype-specific genomics (Table 1).
Therapies that have proven effective in CM, including BRAF and MEK inhibitors and
immune checkpoint antibodies, have not shown promising results in rarer melanoma [2, 3].
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New approaches are needed to deepen our knowledge of the etiology of rare melanomas and
to devise therapeutic options for the patients.

Reprogrammed cellular metabolism contributes to cancer progression, and its targeting
represents an emerging therapeutic strategy [4, 5]. By reprogramming metabolism, cancer
cells meet increased bioenergetic and biosynthetic needs and maintain redox balance [6]. An
accurate understanding of tissue-specific metabolism is important, since the cellular
composition and physiological responses to metabolic perturbation will differ across tissues
[4]. Indeed, the tissue of origin and environment of a cancer, rather than its individual
oncogenic mutations, are often a better predictor of its metabolic state [7]. In CM, hypoxia-
induced factor-1a (HIF1a) is constitutively activated in both normal and hypoxic conditions
[8] and increased glycolysis is observed [9]. For more in depth coverage of CM and
metabolism, we refer readers to Fischer and colleagues’ review [10]. The metabolic features
of UM, MM and AM are distinct from CM due to their different sites of tumor initiation and
genetics. The primary goals of this review are to summarize current findings on the cellular
metabolism in rare melanomas, to provide new insights into the field, and to propose that
cancer metabolism can be exploited to improve the therapeutic options for the patients.

Uveal melanoma (UM)

UM is the most common eye cancer in adults [11]. Primary tumors can be successfully
treated by plaque radiotherapy and/or surgery; however, ~ 50% of UM patients develop
highly aggressive tumors [12]. While activating mutations in G-protein coupled receptor
pathway genes (GNAQ/GNA1I) are considered to be initiators of UM [13, 14], inactivating
mutations in BRCA1-associated protein 1 (BAPJI) are associated with UM metastasis [15].

Metabolism in normal choroidal melanocytes (NCM) versus UM:

The uveal tract plays an important physiological role in nutrient and gas exchange to support
the metabolic requirements of the eye. Landreville and colleagues found that NCM grow
faster under hypoxic conditions that mimic normal physiological oxygen conditions (3% O,)
compared to traditional tissue culture conditions at 21% O, [16]. Growth of NCM in
hypoxic conditions let to upregulated monocarboxylate transporter (MCT4) gene expression.
The export of lactate by MCT4 is important for maintaining continuous ATP production
from glycolysis under anaerobic conditions [17]. These observations imply that NCM are
likely to rely on increased glucose utilization and lactate production for proliferation. In
contrast, UM cells grow slower in hypoxic conditions despite significant upregulation of
MCT4 expression, which implies that upregulated MCT4 expression might play distinct
roles in cell growth between NCM and UM cells.

UM cells display upregulated expression of genes associated with nutrient storage and
differential expression of genes associated with distinct metabolic processes compared to
NCM [18]. NCM showed upregulated expression of genes involved amino acid/peptide
metabolism, glycogen metabolism, and cholesterol metabolism. In contrast, UM cells
exhibit elevated gene expression involving glycolysis, TCA cycle and mitochondrial
respiration. These results are consistent with a recent report that UM patients have
significantly increased gene expression profiles affecting mitochondrial respiration and NAD
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* metabolism compared to healthy individuals [19]. Additionally, UM is characterized by
significantly altered gene expression profiles in the TCA cycle and carbohydrate metabolic
pathways [20].

Analysis of short-term cultured primary NCM and UM cells [21] showed that the NCM
secretome has higher amounts of amino acid/peptide and glycogen metabolism. In contrast,
the UM secretome included 5’-nucleotidase, and fatty acid synthase. UM cells also featured
a downregulation of the unfolded protein response (UPR) compared to NCM [21]. The UPR
pathway is an adaptive mechanism that responds to endoplasmic reticulum (ER) stress [22],
and abnormal regulation of ER stress and oxidative stress is associated with tumorigenesis
[23]. The observed downregulation of UPR pathways in UM cells raises the possibility of
the involvement of these pathways in UM pathology. Consistent with this idea, NCM
showed increased secretion of proteins involved in antioxidant mechanisms, including
glutathione reductase compared to UM cells [21].

Compared to NCM, UM cells also contain significantly decreased levels of nuclear vitamin
D receptor (VDR) [24]. Vitamin D exerts anti-tumor effects through VDR [25]; therefore,
dysregulation of vitamin D metabolism is associated with tumorigenesis and poor clinical
outcomes [26]. For example, CM patients with lower VDR expression showed reduced
overall survival [27]. A better understanding of the exact role of vitamin D metabolism in
UM biology might encourage the development of novel adjuvant therapies, including
vitamin D derivatives for UM patients, which have already been applied in other cancers
[28].

Glucose metabolism and insulin resistance:

UM cells appear to have elevated glucose utilization [16, 18]. According to 18F-
fluorodeoxyglucose positron emission/computed tomography (PET/CT) nuclear imaging,
UM tumors display high glycolytic activity [29, 30]. Metabolic tumor volume and total
glycolytic activity were negatively correlated with overall survival of UM patients [30]. A
higher total glycolytic activity measurement was linked to reduced median overall survival
of patients. In conclusion, UM is metabolically more active than the tissue it arises from and
this heightened metabolic state might exert critical effects on UM pathobiology and clinical
outcomes.

Increased glycogen metabolism has been observed in various cancer cell lines, where it is
thought to contribute to tumor growth [31]. Although UM shows elevated glucose utilization
[29, 30], cells seem to have lower anabolic glycogen metabolism compared to NCM [18,
21]. Furthermore, monosomy 3 UM (high metastatic risk) has a lower gene expression
profile related to glycogen synthesis and amount of glycogen in tumor tissues, which are
strongly associated with poor patient survival [32]. These results indicate that downregulated
glycogen metabolism might be UM-specific metabolic characteristics compared to other
cancer types and contribute to UM pathology and metastasis.

Insulin and adiponectin are critical hormones for the cellular glucose regulation. Compared
to healthy individuals, UM patients exhibit insulin-resistant features, including higher levels
of serum insulin, fasting plasma glucose, and lower adiponectin levels [33]. Moreover,
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metastatic UM patients have much lower adiponectin levels compared to non-metastatic UM
patients [33]. Consistently, metastatic and monosomy 3 UM tumors exhibited higher gene
expression involved in insulin-resistant and insulin secretion pathways than observed in non-
metastatic and non-monosomy 3 UM tumors [32, 34]. Although it is unclear whether UM
development leads to altered insulin and adiponectin levels, or conversely whether altered
insulin and adiponectin levels promote UM development, these observations nevertheless
suggest that UM is closely associated with insulin-resistant metabolism.

Mitochondrial metabolism:

UM is associated with alterations in mitochondrial metabolism including the TCA cycle [20,
21]. UM displays the highest median oxidative phosphorylation (OXPHOS) gene expression
level among numerous cancers analyzed [35] and several observations indicate that elevated
mitochondrial metabolism may be associated with metastatic risk of UM.

MacroH2AL1, a histone variant is highly upregulated in metastatic UM compared to non-
metastatic UM [36], and plays a key role in UM mitochondrial metabolism [19].
Knockdown of macroH2A1 in UM cells impaired mitochondrial metabolism by repressing
the expression of genes related to OXPHOS and mitochondrial biogenesis. Furthermore,
metastatic UM tumors show upregulated expression of these genes compared to non-
metastatic UM tumors, emphasizing the potential link between increased mitochondrial
metabolism and metastasis.

Succinate dehydrogenase A (SDHA) is a member of complex |1 of the electron transport
chain (ETC). Monosomy 3 UM cells have more active mitochondria and a higher
mitochondrial reserve capacity than disomy 3 or isodisomy 3 UM cells, both of which are
associated with low metastatic risk [35]. Monosomy 3 UM also has increased gene
expression of ETC complex 11 genes and SODHA compared to non-monosomy 3 UM.
Monosomy 3 UM cells were resistant to OXPHQOS inhibitor, but SDHA knockdown
significantly increased UM cell sensitivity [35]. Taken together, the above findings indicate
that reprogramming of the mitochondrial metabolism may play a role in UM metastasis.

Amino acids and lipid metabolism:

Abnormalities of urea cycle have been proposed to drive cancer cell proliferation [37] and
glycerolipid metabolism is involved in energy storage and membrane formation [38].
Compared to non-metastatic UM tumors, metastatic UM tumors display enhanced gene
expression in amino acid metabolism, including D-arginine, and D-ornithine, and in lipid
metabolism, including glycerolipid and fatty acid metabolism [34], indicating associations
with UM metastasis.

Cultured UM cells in multicellular spheroids (MCS-UM) display anoikis resistance [39].
Anoikis is a form of programmed cell death caused by detachment from the extracellular
matrix, and resistance to anoikis is a critical characteristic of disseminated cancer cells [40].
The biochemical characteristics of MCS-UM were compared to adherent cultured UM cells
and primary UM tumor samples [39]. MCS-UM cells have elevated gene expression profiles
in lipid metabolism and free radical scavenging pathways compared to UM patient samples.
They also showed higher gene expression profiles in lipid and carbohydrate metabolism
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relative to adherent cultured UM cells. Interestingly, the specific patterns of lipid
metabolism gene expression observed in the MCS-UM cells were different from both
adherent cells and tumor samples [39]. Compared to UM tumor samples, gene expression
involved in fatty acid oxidation were increased in MCS-UM. In contrast, compared to the
adherent cultured UM cells, gene expression profiles related to fatty acid and cholesterol
synthesis were upregulated. These results raise the possibility that UM cells alter their
metabolism toward lipogenesis during anchorage-independent growth, and this metabolic
alteration may promote the growth of circulating UM cells, thus elevating metastatic risk.

Hypoxia and oxidative stress:

Therapeutic

Under hypoxic conditions, tumor cells stabilize HIF1a protein expression, triggering
alterations of cellular metabolism [41]. Monosomy 3 and BAPZ null UM tumors exhibit
significantly higher HIF1La mRNA expression compared to disomy 3 and wild-type BAPI
expressing UM tumors [42, 43]. Interestingly, more refined subtyping of UM tumors
according to their transcriptional regulatory profiles revealed that HIF1a expression was
significantly higher in one subgroup within the monosomy 3 class of UM tumors [44]. These
findings imply that HIF1a-dependent metabolic remodeling within monosomy 3 UM
tumors, may be heterogeneous and independent of oxygen levels, which might consequently
induce different metastatic potentials. Furthermore, BAPZ mutant UM contains metabolic
heterogeneity based on OXPHOS gene signatures [45].

Impairment of the reactive oxygen species (ROS) scavenger system results in oxidative
stress, which plays critical roles in tumorigenesis [46] and certain ocular diseases [47, 48].
Although little is known about oxidative stress and defense mechanisms to counteract it in
UM cells, studies have demonstrated that ROS levels and expression of ROS signaling-
related genes are significantly elevated in retinoblastoma [49, 50]. These studies suggest that
eye tissues are capable of activating defense mechanisms against oxidative stress, which may
also contribute to UM pathology. In fact, a recent study found that a VEGF antagonist exerts
preventive effects against oxidative stress induced by ionizing radiation in UM cells [51],
providing direct evidence for the potential role of ROS signaling pathways in UM
pathobiology.

potentials of metabolic inhibitors in UM:

While the therapeutic potential of targeting cell metabolism has been explored in pre-clinical
and clinical studies involving various cancer types [52], there are few pre-clinical results
regarding the efficacy of metabolic inhibitors in treating UM. It has been shown that there is
metabolic heterogeneity within BAPZ mutant UM tumors based on their OXPHOS gene
signatures [45]. OXPHOS-high BAPI mutant UM displays upregulated glucose utilization
and nucleotide synthesis, while OXPHOS-low BAPI mutant UM depends on fatty acid
oxidation. Promisingly, selective metabolic inhibitors that target different metabolic
pathways were able to significantly suppress cell growth of both of these BAPI mutant UM
subtypes. Additionally, UM cells manifested significantly reduced cell viability with an
OXPHOS inhibitor [35].
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A discouraging aspect of targeted therapies is development of drug resistance, which can be
partially explained by metabolic adaptation. CM that are resistant to BRAF and MEK
inhibitors displayed increased OXPHOS levels [53, 54]. UM tumors showed MEK inhibitor
resistance and high tolerance to CDK4/6 inhibitor [55]. Both MEK inhibitor resistant- and
CDKA4/6 inhibitor-tolerant UM cells had increased OXPHOS [55]. Encouragingly, the
addition of an OXPHQOS inhibitor significantly improved the efficacy of MEK and CDK4/6
inhibitors in UM [55]. These observations indicate that targeting cell metabolism can exploit
potential vulnerability of UM and drug-resistant UM and might therefore serve as a useful
approach for the development of more effective UM therapies.

Mucosal melanoma (MM)

MM is the rarest subtype of melanoma (1% of all cases) but typically has a poorer prognosis
than CM [2, 56]. MM shows relatively lower levels of single nucleotide mutations but has
more chromosomal abnormalities and genomic DNA amplifications compared to CM [57,
58]. Amplification of the K/T locus in MM (~25%) is more prevalent than in CM (~10%)
[1]. It is difficult to evaluate the efficacy of targeted therapies and immunotherapies in MM
because of the relatively limited number of studies and lack of consensus results for this
melanoma subtype [2].

Glucose metabolism:

As is the case with UM, elevated glucose uptake is associated with reduced MM patient
survival. High maximum standard glucose uptake levels are markedly associated with poor
overall survival for MM [59]. Also, MM patients with higher glucose uptake show
significantly shorter time-to-progression [60] and metastatic MM patients show significantly
higher lactate dehydrogenase levels [61], which are generally elevated in glycolytic tumors
[62]. Interestingly, K/T mutations were associated with metabolic response of MM [60].
KIT mutant MM is characterized by more highly progressive metabolic respond than K/T
wild-type MM. As with UM, MM is also a metabolically active melanoma tumor subtype
and elevated glucose metabolism may be correlated with aggressiveness in MM. The
findings regarding K/7 mutations also highlight the potential involvement of MM-specific
genetic changes in reprogramming the cellular metabolism of MM cells.

Mitochondrial metabolism:

An imbalance of mitochondrial fission and fusion lead to defects in mitochondrial number
and function, resulting in abnormal mitochondrial activity and tumorigenesis [63].
Expression of several mitochondrial proteins were elevated in CM, oral MM, and sinonasal
MM compared to normal adjacent tissue regions [63]. Moreover, MM tissues showed higher
mitochondrial contents relative to CM, which was linked to an increased risk of nodal
metastasis of oral MM [63]. In oral MM, mitochondrial fission protein 1 (FIS1) and
dynamin-related protein 1 (DRP1) expression were significantly elevated, whereas sinonasal
MM displayed mitofusin-2 (MFNZ2) overexpression. The expression of mitochondrial fission
and fusion markers was higher in advanced stages of both oral and sinonasal MM [63].
These findings suggest that mitochondrial defects might cause an abnormal mitochondrial
metabolism that underlies the metastatic progression of MM tumors.
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Other metabolic processes:

Fatty acid synthase (FASN) is an enzyme of de novo lipogenesis and its overexpression has
been reported in multiple cancers [64]. FASN expression was significantly upregulated in
oral MM compared to oral nevi, although did not vary according to the tumor invasion level
[65]. These results imply that oral MM might feature upregulated lipogenesis that may be
associated with oral MM development and metastasis. These findings suggest that distinct
potential metabolic vulnerabilities might exist for oral MM, an issue that requires further
investigation.

Acral melanoma (AM)

AM is a particularly aggressive melanoma subtype, resulting in a very high 10-year
mortality (88%), which is significantly worse than that of CM (68%) [66]. In European-
descent populations, the incidence of AM is 2-3%, but in countries such as Singapore, AM
can represent almost half of melanoma cases [67]. Similar to MM, AM also displays distinct
genetics compared to CM, including higher relative levels of chromosomal aberrations.
BRAF mutations are less frequent (~35%) than in CM (~50%), but genomic amplification of
CCND1 (~54% vs ~13%) [1] and mutation and amplification of K/7 (~36% vs ~10%) are
more frequently observed in AM [1]. Currently, there are no FDA-approved therapeutic
options for AM patients [2].

Low expression of the AMPK-associated kinase NUAKZwas linked to longer relapse-free
survival of AM patients and NUAK2 depletion decreased cell migration /n vitro and
melanoma tumor growth /n vivo [68]. AMPK-associated kinases play a pivotal role in
cellular metabolism [69]. Whether metabolic alterations depend on NUAK?2 expression
remains to be clarified but the findings nevertheless suggest that functionally significant
changes in cellular metabolism might be associated with progression and clinical outcomes
of AM.

Conclusion and future directions

The genetic landscapes of rare melanoma have been well defined [58, 70, 71]; however,
effective treatment options for rare melanoma patients are still not available. By
summarizing current findings on the role of cellular metabolism of UM (Figure 1), MM
(Figure 2), and AM, we aim to provide a new perspective to the field and highlight
potentially productive areas for future research and clinical translation (see Outstanding
Questions).

Most investigations of rare melanoma and cellular metabolism have been based on gene and
protein expression profiling, and pathway analyses using cell lines, patient tumor samples,
and The Cancer Genome Atlas (TCGA) database [18, 32, 34, 63, 68]. Technological
advances in metabolomics and metabolic flux analysis now allow a more precise
understanding of cancer metabolism, which will help to understand the metabolic
phenotypes of each rare melanoma subtype. In the tumor microenviroment, the competition
for nutrients between cancer cells and stromal cells, including immune cells, can alter
immunotherapy responses [72, 73]. Metabolic profiling might therefore prove to be
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informative for resolving drug resistance and/or poor outcomes of immunotherapies for rare
melanoma by identifying possible metabolic adaptations arising from current therapeutic
regimens.

There are metabolic differences between normal melanocytes and cells from rare forms of
melanoma (Figure 1 and 2) and finding the causes of these differences will be critical. Some
metabolic alterations are the result of oncogene activation and/or tumor suppressor
inactivation[74]. K/T mutations, for example, are more frequently observed in AM (~36%)
and MM (~25%) compared with CM (~10%) (Table 1) [1]. K/7 mutations activate a unique
mechanism for melanocyte transformation [75]. Specifically, hypoxic conditions induce
accelerated activation of the Ras/Raf/MAPK pathway in K/7 mutant melanocytes,
promoting proliferation and transformation (Figure 2) [75]. K/7 mutations have also been
associated with increased glucose utilization of MM cells [60]. Furthermore, MM displays
elevated p53 expression (Figure 2) [76] and aberrant p53 levels are associated with
remodeling of cancer cell metabolism [77]. These findings suggest that AM and MM-
specific genetic alterations trigger functionally significant changes in cellular metabolism,
emphasizing the importance of further delineating the causal links between specific genetic
lesions and reprogrammed cell metabolism in future MM and AM research.

In UM, the effects of GNAQ/GNA11 mutations on downstream signaling pathways have
been intensively studied, whereas the potential effects of GNAQ/GNAI1 mutations on UM
metabolism have not yet been investigated. Metabolic features of monosomy 3 UM and/or
BAPI null UM differ from those of cells from non-monosomy 3 and/or wild-type BAPZ UM
[32, 35, 42, 43]. However, the detailed mechanisms of how BAPI status contributes to these
metabolic differences have not yet been studied. Recently, BAP1 functions in cellular
metabolism have been emphasized [78]. Several metabolic genes are located on
chromosome 3, which is frequently deleted in UM. For instance, the glycogen synthase
kinase 3B enzyme (GSK3p) is located on 3q13.33 [32]. Future studies are required to
understand the association between UM-specific genetic alterations and chromosomal
abnormalities and their effects on reprogramming of cellular metabolism in rare melanoma.

Most rare melanoma-associated deaths are attributable to metastasis [79] and understanding
these mechanisms is essential to devise new treatments. During metastatic progression,
tumor cells undergo metabolic reprogramming to survive and maintain their metastatic
properties [80]. For example, invasive breast tumor cells upregulate their OXPHOS
metabolism [81]. Metastatic UM also exhibits increased gene expression affecting
mitochondrial metabolism compared to non-metastatic UM [19, 35] Additionally, the
acquisition of anchorage-independent UM cell growth is associated with the reprogramming
of metabolism towards lipogenesis (Figure 1) [39]. Furthermore, metastatic MM cells
display elevated glycolytic capacities [59-61] and aberrant mitochondrial marker expression
[63], which are associated with poor prognosis and advanced stage of MM, respectively
(Figure 2). A more precise understanding of the metabolic plasticity of rare melanoma cells
during their metastatic progression will enable us to better understand the process of rare
melanoma metastasis and to broaden the therapeutic avenues.
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Lastly, UM displays remarkable hepatic tropism, with up to 90% of metastases occurring in
the liver. The close similarity between tumor cell metabolic demands and supply at certain
distant tissues might favor organ tropism [4]. Metastatic ovarian tumor cells prefer to utilize
fatty acids as a primary energy source, which might explain their high frequency of
metastasis to lipid-abundant tissues [82]. Interestingly, the selective metabolic reprograming
of cancer cells may contribute to organ tropism [4]. Brain metastatic CM cells have
upregulated OXPHOS gene expression profiles, and suppression of OXPHOS in melanoma
cells led to a reduction in brain (but not lung) metastasis [83]. In metastatic colorectal
cancer, cells utilize hepatocyte-derived metabolites to colonize the liver, resulting in liver
metastasis [84], which raises the possibility that unique metabolic interactions between UM
cells and secreted metabolites from metastatic microenvironment might be involved in liver
tropism.

Other metabolic alterations are also likely to contribute to the hepatic tropism of UM.
Upregulated mitochondrial metabolism has also been observed in metastatic UM [19, 35].
Insulin-like growth factor-1 (IGF-1) receptor expression was observed in liver metastatic
UM tumors, and endo- and exogenous IGF-1 induced an increased liver metastatic UM cell
proliferation [85]. High levels of IGF-1 are associated with insulin resistance, and both UM
cells and patients display insulin resistant metabolic features [32, 33]. Altogether, these
observations suggest that UM-specific metabolic reprogramming might underlie the hepatic
tropism, a hypothesis that could be addressed by future investigations.

Here, we review recent investigations that have implicated reprogramming of cellular
metabolism as a key determinant of tumor growth and metastasis in UM, MM and AM.
These new studies offering potential opportunities to devise new therapies based on the
targeted inhibition of specific metabolic processes. Even so, further studies are needed to (1)
characterize the leading metabolites and pathways that define rare melanoma-specific
metabolisms and provide detectable biomarkers, (2) clarify the effects of altered metabolism
on rare melanoma development and metastasis, including the pronounced liver tropism of
UM, and (3) evaluate the therapeutic efficacies of targeting metabolism in rare melanoma.
This future research will successfully identify novel metabolic vulnerabilities in rare
melanoma and will ultimately open new therapeutic avenues for the rare melanoma patients.
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Outstanding Questions

. Which metabolites and metabolic pathways are remodeled in each rare
melanoma subtype?

. What is the role of rare melanoma-specific genetic alterations and/or
chromosomal abnormalities in their metabolic alterations?

. Does cellular metabolism is responsible for metastasis of rare melanoma
subtypes and organ tropism of UM?

. Can we target rare melanoma-specific altered metabolism to benefit
therapeutic options for the patients?
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Highlights

Uveal melanoma (UM), mucosal melanoma (MM), and acral melanoma (AM)
are rarer melanoma subtypes that have distinct genetic profiles compared to
cutaneous melanoma. Targeted inhibitors and immune checkpoint inhibitors
that are effective in CM have shown poor responses in UM, MM, and AM.

Metabolic reprogramming of cancer cells is associated with tumorigenesis
and cancer progression. Targeting cancer metabolism has been considered a
promising approach in many cancers; however, this field has not yet fully
investigated in rare melanoma subtypes.

Understanding of rare melanoma-specific metabolism represents an
unrealized therapeutic opportunity and offers the deepen knowledge of its
pathobiology.

Compared to normal melanocytes, UM and MM display distinct metabolism.
Moreover, there are metabolic differences between metastatic and non-
metastatic rare melanoma tumors.
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Figure 1. Summary of UM cellular metabolism.
Based on gene expression profiling, normal choroidal melanocytes (NCM) and UM cells

differ in several key aspects of cellular metabolism. For instance, UM cells utilize glycolysis
under metabolic stress (i.e., hypoxia) to survive, while NCM metabolizes glucose to
proliferate. Compared to non-metastatic UM cells, metastatic UM cells exhibit upregulated
OXPHOS, glycerolipid metabolism, and reduced glycogen metabolism. Anchorage-
independent UM cells display lipogenic phenotypes. UPR, unfolded protein response;
OXPHQOS, oxidative phosphorylation; HIF1a, hypoxia-induced factor-1la.
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Figure 2. Summary of MM cellular metabolism.
Compared to normal mucosal melanocytes, MM cells have higher FASN expression and

show a glycolytic phenotype and altered mitochondria marker expression that might reflect
mitochondrial dysfunction. These characteristics of MM cells are reinforced in metastatic
MM cells. K/T mutations result in elevated glycolysis and the induction of melanocyte
transformation under hypoxic conditions. A, change; FASN, fatty acid synthase; HIF1a,
hypoxia-induced factor-1a.
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Table 1.
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UM

MM

AM

Tissue location

Uveal tract including the choroid,
iris, and ciliary body of the eye

Mucosal tissues including head, neck,
anorectal, genital, and Gl tract

Glabrous skin including palms,
soles, and nail beds

Incidence rate (% of | 5% 2% 2-30%
all melanomas) I
Mutational burden Low Low Low

(compared to CM)

Genetic alterations

GNAQ/11, BAPI, SF3B1, EIFIAX,
CYSTLRZ2, PLCB4,

BRAF, NRAS, NF1, KIT, CDKNZA,
TP53, PTEN, CDK4, CCND1, RB1

BRAF, NRAS, NF1, KIT,
CDKNZA, TP53, PTEN, CDK4,
CCND1, RB1

Current therapeutic
options

« Targeted inhibitors including
MEK1/2 and ERK1/2

« HDAC inhibitor

« Immunotherapies including anti-
PD-1 and CTLA-4

« Targeted inhibitors including c-Kit
and multi-kinase inhibitor

« Immunotherapies including anti-
PD-1and CTLA-4

« Targeted inhibitors including
CDK4 and CDK6

« Immunotherapies including anti-
PD-1and CTLA-4

CM, cutaneous melanoma; UM, uveal melanoma; AM, acral melanoma; MM, mucosal melanoma; GI tract, gastrointestinal tract; GNAQ/11,
guanine nucleotide-binding protein Gq subunit a/11; BAP1, BRCAZ1-associated protein; SF3B1, splicing factor 3B, subunit 1; EIF1AX, eukaryotic
translation initiation factor 1A, X-linked; CYSTLR?2, cysteinyl leukotriene receptor 2; PLCPB4, phospholipase C p4; BRAF, brain rapidly
accelerated fibrosarcoma; NF1, neurofibromin 1; CDKN2A, cyclin-dependent kinase inhibitor 2A; PTEN, phosphatase and tensin homolog; CDK4,

cyclin-dependent kinase 4.

*
Incidence rate in European-descent populations
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