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Tre2-Bub2-Cdc16 Family Proteins
Based Nomogram Serve as a
Promising Prognosis Predicting
Model for Melanoma

Ling Tang %3, Cong Peng®*®, Su-Si Zhu"2%, Zhe Zhou®*®, Han Liu™?, Quan Cheng"%°",
Xiang Chen®*°* and Xiao-Ping Chen"**
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Pharmacology, Central South University, Hunan Key Laboratory of Pharmacogenetics, Changsha, China, S Hunan Key
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Dermatology, Xiangya Hospital, Central South University, Changsha, China, ® Hunan Engineering Research Center of Skin
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Tre2-Bub2-Cdc16 (TBC) proteins are conserved in eukaryotic organisms and function as
negative feedback dominating the GAPs for Rab GTPases, while the function of TBC
proteins in melanoma remains unclear. In this study, we observed the differential
expression of 33 TBC genes in TCGA datasets classified by clinical features. Seven
prognostic-associated TBC genes were identified by LASSO Cox regression analysis.
Mutation analysis revealed distinctive frequency alteration in the seven prognostic-
associated TBCs between cases with high and low scores. High-risk score and cluster
1 based on LASSO Cox regression and consensus clustering analysis were relevant to
clinical features and unfavorable prognosis. GSVA analysis showed that prognostic-
associated TBCs were related to metabolism and protein transport signaling pathway.
Correlation analysis indicated the relationship between the prognostic-associated TBCs
with RAB family members, invasion-related genes and immune cells. The prognostic
nomogram model was well established to predict survival in melanoma. What’s more,
interference of one of the seven TBC proteins TBC1D7 was confirmed to inhibit the
proliferation, migration and invasion of melanoma cells in vitro. In summary, we
preliminarily investigated the impact of TBCs on melanoma through multiple
bioinformatics analysis and experimental validation, which is helpful for clarifying the
mechanism of melanoma and the development of anti-tumor drugs.
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Tang et al.

Tre2-Bub2-Cdc16 Proteins as Prognosis Model

INTRODUCTION

Melanoma is the most aggressive skin tumor that accounts for
90% of the deaths caused by skin cancer (1). The incidence has
been continuously rising over the past decades with about
232,100 new cases and 55,500 deaths annually. In 2012, the
world standard incidence fluctuated from 0.2 in southeast Asia
to 7.7 in America, 10.2 in EU and 13.8 in North America every
100,000 people years (2). Multiple risk factors have been
known to be associated with risk for melanoma such as hair,
heteromorphic nevus, family history, age, gender, and increased
exposure to ultraviolet radiation (3, 4). At the early stage of
tumor progression, surgical resection is the primary approach to
convincing a good prognosis. Once it progresses to stages of
metastasis, it'’s hard to cure owing to therapy resistance and
recurrence in spite of the application of targeted therapy and
immunotherapy (5, 6). There is an urgent need to clarify the
complexity of pathogenesis during the progression and
treatment of melanoma.

Proteins containing the Tre2-Bub2-Cdcl6 (TBC) domain
belong to the Rab-specific GTPase-activating proteins (GAPs)
that are highly conserved in eukaryotic organisms (7). These
proteins regulate the GAPs for Rab GTPases that control the
production of cytokinesis through negative feedback mechanisms.
The family includes 44 predicted proteins and regulates multiple
cellular biological processes such as obesity, epilepsy, allergic
dermatitis and cancer (8). Knowledge about the function of the
TBC family is growing. For examples, TBC1D4 is an Akt substrate
and participates in the transport of glucose transporter 4 (GLUT4)
to the plasma membrane (9, 10). TBC1D3 (also referred to as
PRC17) is overexpressed in prostate cancer and its overexpression
promotes the growth of NIH3T3 cells (11). TBC1D7, the GAP for
Rab17, can significantly promote the growth of lung cancer cells,
and an obvious correlation between the expression of TBC1D7
and poor prognosis is observed (12). TBC1D16 is identified as a
driver of melanoma and promotes the growth of melanoma cells
(13). However, the function of TBC family proteins in melanoma
is largely unknown.

In this study, we conducted a comprehensive analysis of 33
TBC family members and their possible roles in predicting
disease prognosis in melanoma through bioinformatics tools
and experimental validation. These data showed that seven
prognostic-associated TBCs engaged in the progression of
melanoma. A prognostic nomogram model based on the seven
prognostic-associated TBCs was well established in predicting
survival, providing novel insights into the diagnosis and
therapies in melanoma.

MATERIALS AND METHODS

Datasets Analysis

The training set from the Cancer Genome Atlas (TCGA)
database with clinical information and the validation set of the
GEO database (GSE65904) for melanoma patients were

downloaded, the clinical information of the patients was
shown in the Supplementary Table 1.

Least Absolute Shrinkage and

Selection Operator (LASSO) Cox
Regression Analysis

The risk assessment model based on TBCs was constructed by
LASSO Cox regression analysis. A total of 33 TBC members were
introduced to count the coefficients of LASSO based on the
highest value of lambda described previously (14). The formula
of risk score was created based on its coefficients in multivariate
cox regression analysis and the expression values of the seven
prognostic-associated TBC genes. Melanoma patients in TCGA
dataset were grouped into low-risk group and high-risk group
based on the cut-off point of median risk score.

Alterations of Genes in Melanoma

To explore the genetic alterations in melanoma, melanoma samples
were grouped into low-risk and high-risk groups based on the risk
scores. The mutation frequency of the top 20 genes in the low- and
high-risk groups were counted and displayed, the data of copy
number variations and Human genome reference consortium h19
were downloaded from the TCGA and GISTIC 2.0, respectively
(15). Mutation frequencies of the seven prognostic-associated TBCs
identified in our study was also analyzed.

Consensus Clustering Analysis

Melanoma samples were divided into unique groups through
consensus clustering analysis with the R language “Consensus
Cluster Plus” as reported elsewhere (16). The number of clusters
named K ranging from 2 to 10, and the supreme number of
clusters was decided based on the cumulative distribution curves
and consensus matrices (17). The difference in the expression of
TBC genes and clinical traits between two clusters were displayed
with heat map.

Survival Analysis

Melanoma samples from the TCGA dataset were divided into
groups (high-risk and low-risk or cluster 1 and cluster 2) based
on risk scores or clusters. The Kaplan-Meier curve was used to
compare the overall survival (OS), progression-free interval
(PFI), and disease-specific survival (DSS) between the groups.
Additionally, distant-metastasis survival (DMS) and DSS in GEO
(GSE65904) patients set were also analyzed.

Gene Set Variation Analysis (GSVA)

The R language “GSVA” was used to execute the functional
enrichment analysis to clarify the unique signaling pathways of
TBC families in melanoma, the cutoff value of |correlation
coefficient| > 0.5 was defined (18). Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis were
carried out with the help of the Molecular Signatures Database
(MSigDB) (19). The correlation between TBCs and RABs family
members that are involved in protein transport and key genes
relevant to the hallmarks of cancer including invasion and
epithelial-mesenchymal transition (EMT) was also investigated.
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Prognostic Nomogram Construction

The prognostic model was established according to univariate
and multivariate Cox regression analyses with P < 0.05. A
nomogram was constructed using “RMS package” (20) to
predict 5- and 10-year OS based on the results produced based
on Cox regression analyses, and the prediction precision of the
prognostic nomogram for OS was assessed by the calibration of
the area under the curve (AUC).

Delineation of the Receiver Operating
Curve (ROC)

ROC and AUC were used to observe the predicted performance
of TBCs, risk scores and clustering in multiple clinical traits
including 5- year OS, 10- year OS and subtypes.

Cell Lines and siRNA Transfection

Melanoma cells A375 and Sk-Mel-28 purchased from American
Type Culture Collection (ATCC) which were cultured in
Dulbecco’s modified Eagle’s medium (BI, Israel) with 10% fetal
bovine serum (FBS) (BI, Israel) at 37°C in 5% CO2. 100nM
siRNA purchased from RIBO Biotechnology was transfected into
for 24-72 h using turbofect (Thermofisher, USA) according the
manufacturer’s instruction.

Quantitative Real-Time PCR

RNA was extracted from melanoma cells A375 and Sk-Mel-28
interfered with si-TBC1D7 and NC as control. cDNA was
synthesized for real-time PCR adopting SYBR Green qPCR
mix (CWBiotech, China). The primers are listed as following:
TBC1D7-Forward: GAGTCCCATGCCAAGGTGATGATG;
TBC1D7- Reverse: TGCGGAGATAGACTTCAGCCTGAG;
GAPDH- Forward: CTTTGGTATCGTGGAAGGACTC;
GAPDH- Reverse: AGTAGAGGCAGGGATGATGT.

Cell Proliferation

Melanoma cells 2.5x103 A375 and Sk-mel-28 interfered with si-
TBC1D7 were seeded into 96 wells and cultured with complete
medium for 24, 48, and 72 h. Cell proliferation was detected with
CCK-8 kit according the manufacturer’s instruction at 450 nM

wavelength, the OD values were detected with microplate
reader (BioTek).

Migration and Invasion

For migration, 1x10* melanoma cells were seeded into the upper
chambers (Corning, USA) with 550ul medium containing 30%
FBS put into the lower chambers and cultured for 24 h. Similarly,
chambers with Matrigel (Corning, USA) embedded were used to
detect invasion with the number of 5x10* cells. After culturing
for 30 h, cells in the upper chambers were removed, transwell
chambers fixed with 4% paraformaldehyde were stained with
0.5% crystal violet. five random fields of vision were captured
and counted.

Statistical Analysis
All the analytic methods were carried out with the R package
(version 3.5.3). Two-tailed Students’ t-test was used to analyze

the difference between two subgroups, while the comparison of
multiple subgroups was assessed by a one-way ANOVA. The
prognostic value based on risk scores and clinical traits was
analyzed by univariate and multivariate Cox regression analysis.
The algorithm of partition around medoids (PAM) was
introduced into consensus clustering analysis. The clinical
features’ discrepancy between clusters was assessed by the Chi-
squared test. Comparison of OS, PFI, DSS and DMS between
subgroups (low-risk vs high-risk score, cluster 1 vs cluster 2) was
carried out by Kaplan-Meier, and correlation analysis was
determined by Spearman’s rank correlation coefficient. P< 0.05
was regarded as statistical significance. The Schoenfeld test was
used to evaluate the proportional hazards (PH) assumption.

RESULTS

Relationship Between the mRNA
Expression of TBCs and Clinical

Traits in Melanoma

The workflow designed for the study was displayed in Figure 1.
A total of 33 TBC family members were shown in the TCGA
dataset. mRNA expression levels of some of the TBCs genes
were closely related to some clinical traits of melanoma such as
tumor type, tumor status, age, gender and stage. Specially, we
observed significantly increased mRNA expression level for 10
TBC genes (TBC1D5, TBC1D19, TBCI1D13, TBC1D24, TBCI1DI,
TBCIDI16, TBCID7, TBCIDI14, TBCIDIOC, and TBCI1D22A),
and decreased mRNA expression level for 21 TBC genes
(TBCK, TBC1D30, TBC1D22B, TBCID10A, TBCID17, SGSM1,
SGSM2, SGSM3, TBC1D3, TBC1D2, TBC1D2B, TBCI1D20,
TBCI1D9B, TBCI1D25, TBC1D21, TBCiD4, TBCIDI2,
TBCIDI15, TBCID23, TBC1D26, and TBCID28) in skin
cutaneous melanoma (SKCM) compared with normal tissues
(Figure 2A). The mRNA expression levels of 15 genes
(TBCID10C, TBCID22A, TBCID4, TBCIDI2, EVI5,
TBCI1D15, TBCID23, TBC1D8B, TBCID19, TBCK, TBCID5,
TBCIDI, TBCID30, TBC1D2B and SGSM1) was increased in
cases with metastasis as compared with those only with the
primary focuses (Figure 2B). According to the clinical stage,
differences in the mRNA expression of TBCIDI10C, TBCID7,
TBC1D4, TBCIDI1, TBCID9B, and TBCI1D14 were also observed
(Figure 2C). Furthermore, difference between patients stratified
by neoplasm cancer status (with tumor vs tumor free) registered
was also analyzed. We observed a higher mRNA expression of
TBCIDI10C, TBC1D4, TBCIDI12, TBCK, TBCID5, TBC1D30 and
a lower expression of TBC1D24 in patients with tumor compared
with tumor free patients (Supplementary Figure 1A). We also
observed differential mRNA expression of TBCIDI10C,
TBCIDI19, TBCID5, TBCIDI12, EV15, TBC1D23, TBCID17,
and TBCID7 in tumor tissue sites (Supplementary Figure 1B).
Age seemed to have no effect on the mRNA expression of the
majority of the TBC family members in melanoma except for
TBC1D4, TBCID1, TBCID25, and TBC1D10A (Supplementary
Figure 1C).
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FIGURE 1 | A flowchart designed for the study.
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Identification of Seven Prognostic-
Associated TBC Genes in Melanoma
Based on LASSO Cox Regression

Analysis and Somatic Mutations of

These Genes in Melanoma

Univariate Cox regression analysis was performed to identify
prognostic-associated TBCs genes with melanoma samples from
the TCGA dataset. As shown in Figures 3A-C, 8 of the 33 TBC
genes showed marked prognostic value (p < 0.05). The prognostic-
associated genes were further analyzed with the LASSO Cox
regression model and the minimum partial likelihood deviance
after cross-validation was adopted to identify the optimal lambda

value. Seven prognosis-associated TBC genes including TBC1D13,
TBC1DI16, TBCID7, TBCI1D8B, TBCIDI15, TBC1DI19, and
TBCIDI10C were identified (Figures 3D-F). Comparison of the
transcription levels of the seven prognostic-associated TBC genes
with the TCGA melanoma dataset showed that the relative mRNA
expression of 5 gens (TBCIDI10C, TBCID19, TBC1DI16, TBCIDI13
and TBCID7?) were significantly upregulated, 1 (TBCIDI15) was
significantly downregulated, while 1 (TBCID8B) was comparable in
the SKCM as compared with the normal tissues (Supplementary
Figure 2A). Changes in protein expression levels of these 7
representative TBCs in melanoma with immunohistochemistry
staining data based on the online Human Protein Atlas was also
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analyzed. As shown in Supplementary Figures 3A-D, protein
expression of TBCID10C, TBC1D19, TBCID16, and TBC1D13
were increased significantly in melanoma tissues.

We further analyzed the occurrence of somatic mutations in
the TBC genes and their influences on melanoma prognosis.
Somatic mutations were observed in 212 (96.36%) and 198
(89.59%) of 221 samples in subgroups with low- and high-risk
signature, respectively. Both groups shared mutations in 12 genes
(TTN, MUC16, BRAF, DNAH5, ADGRV1, LPR1B, PCLO, RP1I,
MGAM, DNAH7, ANK3, and PKHDIL1). The frequency of the
mutations in the low- and high-signature groups were 75 vs 69%
for TTN, 73 vs 60% for MUC16, 54 vs 46% for BRAF, 46 vs 43%
for PCLO, 39 vs 31% for ADGRV1, 39 vs 37% for LRP1B, 39 vs
29% for RP1, 37 vs 31% for MGAM, 37 vs 30% for DNAH7, 35 vs
30% for ANKS3, 33 vs 32% for PKHDI1L1, and the frequency of
DNAHS5 was identical in both groups (49%). We also observed

mutations of CSMD2 (35%), DNAHS8 (35%), MUC17 (35%),
APOB (34%), DNAHY (33%), and DSCAM (33%) in low
signature group, and the mutation of HYDIN (32%), FAT4
(32%), FLG (31%), USH2A (29%), CSMD3 (29%), and
THSD7B (29%) in the high signature group (Figures 4A, B).
What’s more, mutations in the seven prognostic-associated TBC
genes were observed in 56 (11.99%) of the 467 TCGA samples,
among which TBC1D8 showed the most frequent mutation with
a frequency of 6%. It’s worth noting that missense mutation was
the most common type of mutation for these genes (Figure 4C).

Higher Seven Prognostic-Associated TBCs
Risk Score Resulted in Worse Prognosis
and Metastasis in Melanoma Patients

The seven prognostic-associated TBC genes screened out from
the LASSO Cox regression analysis were fitted into a formula
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FIGURE 4 | The mutation frequency of top 20 genes and seven prognostic TBC genes in melanoma.
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based on gene expression level to calculate the risk score with the
coefficient of each gene identified by multivariate Cox regression
analysis. The risk score = —0.026xexp (TBC1D8B) + 0.034xexp
(TBC1D7) — 0.114xexp (TBC1D19) + 0.086xexp (TBC1D16) —
0.043 x exp (TBC1D15) + 0.279xexp (TBC1D13) — 0.151xexp
(TBC1D10C). The heat map exhibited the expression patterns of
seven prognostic-associated TBC genes in TCGA dataset
according to the risk scores (Figure 5A). Comparison of the
risk scores among subgroups according to clinical characteristics
were shown in Figure 5B. A higher mean risk score with Breslow
depth value >3 compared with Breslow depth value <3 was
observed (Figure 5B). According to melanoma Clark levels, the
risk score of Clark level V was higher than that of the Clark level
IT and III, respectively (Figure 5B). Those died patients showed a
significantly higher mean risk score than the alive patients.
Patients with tumor also showed higher risk scores as
compared with tumor-free patients (Figure 5B). Metastasis
patients also showed higher risk scores than the primary
patients, and the risk score was the highest in patient with
distant metastasis (Figure 5B). Melanoma patients were
grouped into low- and high-risk subgroups based on the
median risk score. The high-risk patients showed poor
outcomes in comparison with the low-risk patients in terms of
OS, PFL and DSS (Figure 5C). Patients were further divided into
primary and metastasis melanoma based on the tumor type. In
the primary patients, no difference in OS and DSS was observed
between the high and low risk groups, except for a shorter PFI in
high risk patients (Supplementary Figure 4A). However, in
patients with metastasis, the high-risk subgroup showed
remarkably poorer OS, PFI, and DSS (Figure 5D). Similarly,
patients in the high-risk subgroup showed a shorter DMS and
DSS than those in the low-risk subgroup in the validation GSE
dataset (GSE65904) (Supplementary Figure 4B). These findings
indicated that the TBCs-based diagnosis model is of
excellence sensitivity.

Consensus Clustering Analysis of
Melanoma Indicated Poor Prognosis in the
Cluster With Higher Expression of the
Prognostic-Associated TBC Genes

To explore the potential predictive value of TBC family
members, melanoma samples were analyzed by consensus
clustering analysis. The results from the cumulative
distribution function (CDF) curves and consensus matrixes
showed the best performance as the optimal number of
clusters k was set at 2 (k=2) (Figures 6A, B). Principal
component analysis also showed differential mRNA expression
in TBC genes between the two clusters (Figure 6C). Clustering
analysis based on the prognostic-associated TBC genes
integrated with clinical traits showed that the cluster 1 was
associated with tumor status (Figure 6C). Difference in mRNA
expression of the prognostic-associated TBC genes between the
two groups were also observed, specifically, a higher expression
of TBC1D16, TBC1D7, TBC1D19, TBC1D8B, TBC1D15, and a
lower expression of TBC1D10C was observed in cluster 1.
Patients in cluster 1 showed obviously shorter OS and DSS for

the TCGA melanoma dataset (Figure 6E), though no difference
in PFI was observed (Supplementary Figure 4C). When
stratified by primary and metastasis characteristics, no
difference in OS and DSS between the clusters except for a
shorter PFI in cluster 1 was observed for the primary patients
(Supplementary Figure 4E). For the metastasis patients, cluster
1 showed obviously shorter OS and DSS (Figure 6F) but
comparable PFI than cluster 2 (Supplementary Figure 4D).

Pathway Analysis and Correlation Analysis
of the Seven Prognostic-Associated TBC
Genes

GSVA analysis was conducted to investigate the possible
biological functions of the TBC genes in melanoma. The top 10
signaling pathways with significant differences were selected from
GO and KEGG analysis. Majority of these associated pathways
are involved in the metabolism of signaling molecules such as
purine metabolism, aminoacyl tRNA biosynthesis,
glycosylphosphatidylinositol GPI anchor biosynthesis, oxidative
phosphorylation, glycolysis and dicarboxylate. Some pathways
were involved in transportation such as protein export, lysosome,
aromatic amino acid transport, inner-mitochondrial membrane
organization, protein transmembrane import into intracellular
organelle. Also, pathways related to the regulation of apoptotic
DNA fragmentation and negative regulation of cell cycle arrest
were also observed (Figure 7A). Potential biological function
analysis of the seven prognostic-associated TBC genes showed
that TBC1D16, TBCID13 and TBCID7 were strongly correlated
with pathways described above (Supplementary Figures 5A, B).

The main function of Rab proteins is to recruit effector
molecules to promote the activation of downstream traffic
events. Therefore, we analyzed the correlation of mRNA
expression of the seven prognostic-associated TBC genes with
27 Rab family genes reported by literatures (Figure 7B). Strong
correlations between the prognostic-associated TBCs and RAB
genes were observed. Positive correlation between TBC1D18 and
10 Rab genes (RAB18, RAB12, RAB14, RAB33B, RABI1A,
RAB2A, RABSR, RAB10, RAB22A, and RAB6A) was observed.
TBCI1D15 also correlated with 10 Rab genes (RAB18, RAB12,
RAB14, RAB33B, RAB11A, RAB2A, RAB8B, RAB10, RAB22A,
and RAB6A). TBC1D19 correlated extensively with 10 of the Rab
genes (RAB18, RAB12, RAB14, RAB33B, RABI1A, RAB2A,
RABS8B, RAB10, RAB22A, and RAB6A).

Correlations between the 7 prognostic-associated TBC genes
and invasion-related genes including BSG, EGFR, matrix
metalloproteinases (MMP2, MMP7, MMP9, MMP14, MMP1,
and MMP3) and EMT-related genes (TWIST1, VIM, CDH2,
ACTA2, and ZEB1) were also analyzed. Specifically, TBC1D10C
was correlated positively with MMP9, MMP7 and EGFR.
TBC1D16 correlated positively with MMP14 and BSG.
TBC1D13 was correlated positively with MMP2, MMP14, BSG
and EGFR. TBCID19 was correlated positively with MMP2,
MMP14 and EGFR (Figure 7C). In addition, TBC1D8B,
TBC1D10C, TBC1D15, TBC1D13, and TBC1D19 were
correlated positively with TWIST1, VIM, CDH2, ACTA2, and
ZEBI, respectively (Figure 7D).
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FIGURE 5 | The clinical characteristics and survival analysis based on risk score. (A) The risk score model of the seven prognostic-associated TBCs in melanoma
was constructed based on the coefficient of LASSO. The distributions of clinical characteristics and the seven prognostic-associated TBCs expression based on the
risk scores are showed with heat map. (B) The differences in risk score within various subgroups classified by clinical features including Breslow value, Clark level,
Gender, Age, Vital status, Tumor status, Tumor type and Meta in the melanoma TCGA dataset. *p < 0.05, *p < 0.01, **p < 0.001, NS. p > 0.05. Kaplan + Meier
survival analyses demonstrated the differences in OS, PFl and DSS based on risk scores (High vs Low) in tumor tissues (C) and Metastasis tissues (D) from TCGA.
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FIGURE 6 | Construction of cluster model and the clinical characteristics and survival analysis based on clusters. (A) Clustering by the consensus clustering
algorithm with k= 2 to 10. The cumulative distribution function (CDF) plot of the TBCs mRNA expression in melanoma from TCGA. k=2 was defined as the optimal
number. (B) Consensus matrix for 2 clusters. The dark blue rectangles show the samples assigned to the 2 clusters while the light blue lines represent the
unassigned samples. (C) The distributions of clinical features and the seven prognostic associated TBCs expression according to the clusters (cluster 1 vs cluster 2)
in TCGA are showed by heat maps. (D) Comparisons of risk score values between subgroups separated by clinicopathological characteristics. Kaplan + Meier
survival analyses demonstrated the differences in OS and DSS based on clusters (cluster 1 vs cluster 2) in tumor tissues (E) and Metastasis tissues (F) from TCGA.

Associations Between the Seven
Prognostic-Associated TBC Genes

With Immune Characteristics

To determine whether there was correlation between the seven
prognosis-associated TBC genes and immune cells, a further
analysis with immune cells including monocytic lineage, T cells,
CD8 T cells, cytotoxic lymphocytes, NK cells, B lineage, myeloid

dendritic cells, neutrophils, endothelial cells plus fibroblasts were
analyzed. Differential expression profiles of immune cells in
melanoma from the TCGA dataset was indicated by the
heatmap (Figure 8A). Correlation between the seven
prognostic-associated TBC genes with the immune cells was
shown in Figure 8B. The results showed TBC1D8B, TBC1D10C,
TBC1D15, and TBCID19 were correlated with immune
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FIGURE 7 | GSVA analyses and correlation analysis. (A) GSVA analyses for the seven prognostic-associated TBCs. The distribution of risk scores, clinical
characteristics and gene set enrichment of different pathways was displayed by heatmap. (B) Correlation analysis between the seven prognostic TBCs and several
important RAB family (C) Correlation analysis between the seven prognostic TBCs and and invasion related genes (MMP2, MMP9, MMP7, MMP14, BSG, EGFR,
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signatures. Interestingly, TBC1D10C was found to be correlated
with T cells, CD8 T cells, cytotoxic lymphocytes, NK cells, B
lineage, monocytic lineage and myeloid dendritic cells. Only
weak correlations between TBC1D16, TBC1D13, TBC1D7, and
immune cells were observed.

Prognostic Nomogram Model Constructed
Based on Age, Stage, Risk Score, and
Primary Focus Predicted OS in Melanoma
Univariate and multivariate Cox analyses were used to assess the
independent prognostic index associated with the clinical
outcomes of patients. Results of multivariate Cox analysis
showed that age (HR=1.02, P=0.0015), stage 2 (HR=1.76,
P=0.0019), risk score (HR=2.43, P=7.42E-6), and primary focus
(HR=1.87, P=0.0413) were independent prognostic indicators for
OS. The Clark level IT and Breslow value showed significance in the
univariate Cox analysis but lost in the multivariate Cox analysis.
No remarkable gender difference was observed (Supplementary
Table 2). The results of Figures 9A-D showed the Schoenfeld tests
value (Global Schoenfeld test = 0.8366, Age, p = 0.8829; Stage2, p =
0.3545; Primary, p = 0.9737; Risk score, p = 0.4448), indicating that
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FIGURE 8 | Associations between the seven prognostic-associated TBC genes with immune characteristics. (A) The relationship of the distributions of clinical
features and immune cells in TCGA is showed by heat maps. (B) Correlation analysis between the seven prognostic TBCs and immune cells.

each variable met the requirements for proportional hazards test
(PH) (PH>0.05). Four significant prognostic variables identified in
the Cox regression model were introduced to construct the
nomogram model. As shown in Figure 9E, each factor was given
a score on the axis, the points of all variables were joined together
and the outcome was depended on the position on the survival axis
based on the total score. Calibration curves confirmed the degree
of precision of the nomogram, and the OS predicted by the
nomogram was in accordance with 5-year OS and 10-year OS
(Figure 9F). The AUC values under the ROC curve were 0.752 and
0.845, respectively, in predicting the 5-year and 10-year OS for
melanoma patients (Figure 9G). Survival analysis showed a
significant difference in term of OS between the two groups (p<
0.0001) (Figure 9H).

Interference of TBC1D7 Expression
Inhibits Melanoma Cell Proliferation,
Migration, and Invasion

In order to further investigate the function role of TBC proteins
in melanoma, TBC1D7, one of TBC proteins was chosen for
subsequent functional validation. As shown in Figure 10A,
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TBC1D7 mRNA expression in both melanoma cell lines A375
and Sk-Mel-28 were successfully interfered with siRNA which
was confirmed by RT-PCR, and two sequences of them were
selected to explore the effect of TBC1D7 on melanoma cells.
TBC1D7 deficiency induced by siRNA suppressed the
proliferation of melanoma cells A375 and Sk-Mel-28 obviously
(Figure 10B). To further determine whether TBC1D7 could
inhibit the metastasis of melanoma, Boyden chambers were used
to assess melanoma cell migration and invasion. The results
showed that depletion of TBC1D7 in both melanoma cell lines
A375 and Sk-Mel-28 impeded the ability of migration (Figure
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FIGURE 9 | Prognostic nomogram model was constructed for predicting OS. (A-D) The plots of Schoenfeld residual were showed for age (A) stage Il (B) Primary
(C) risk (D) in the prognostic nomogram. (E) The prognostic nomogram for melanoma patients was established dependent on four crucial factors. (F) The calibration
curve of OS predicted by nomogram. The predicted possibility of OS is responded to x-axis and the observed OS is responded to the y-axis. (G) The curve of ROC
based on the prognostic nomogram at 5-year and 10-year OS. (H) Comparison of OS between two groups (Strata 1 vs Strata 2).

10C). Similarly, suppression of TBC1D7 with siRNA also
inhibited the invasion of melanoma cells remarkably (Figure
10D). Collectively, these results suggested that TBC1D7 inhibits
the migration and invasion ability of melanoma cells.

DISCUSSION

Melanoma is a highly mutated and metastatic cancer originated from
the malignant transformation of melanocytes. Men are at a 40%
increased risk in their lifetime to be diagnosed with melanoma (21).
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As the incidence of melanoma progressively increasing, illuminating
the complicated pathogenesis and risk factors are crucial. TBC
family members are classical GAPs negatively regulating the
hydrolysis of GTP, the latter is engaged in the cycles of RABs
(22). TBCs are involved in the pathogenesis of various diseases
such as dermatitis, obesity, bacterial infection and tumorigenesis
(8). Some TBCs may act as oncogenes that affect disease survival
and metastasis. For example, TBCID3 is observed to be
overexpressed in breast cancer by promoting oxidized low-
density lipoprotein receptor 1 expression required for cell
migration involving in TNFo/NF-xB signaling (23). Daigo Y
et al. discovered the activation of TBC1D7 in lung cancer and
suppression of TBC1D?7 inhibited the growth of lung cancer cells
(12). However, few studies have focused on functions of TBC
family members in melanoma.

In this study, we conducted a comprehensive analysis of the
characteristics of 33 TBC genes in melanoma. We firstly analyzed
the relationship between mRNA expression of TBC genes and
clinical features such as age, gender, tumor type and stage in
melanoma. We observed a strong correlation between mRNA
expressions of some of TBC genes such as TBC1D10C, TBCID4,
TBCID23 and clinical-pathological features (Figure 2). Seven
prognosis associated TBCs genes including TBC1D13, TBC1D16,
TBCID7, TBC1D10C, TBCIDI19, TBC1D8B, and TBCIDI5 were
identified in melanoma. Few studies have focused on the roles of
these TBC genes in melanoma. TBC1D13 is a specific GAP of
RAB35 that plays a crucial effect on the trafficking of GLUT4 in
adipocytes (24). Interestingly, the role of TBC1D13 in melanoma
remains unknown. Evidence has shown that TBC1D16 is a driver
of melanoma (13). Hypomethylation of TBC1D16 leads to the
activation of TBC1D16 transcription in melanoma, and the short
isoform of TBC1D16 (TBC1D16-47KDa) promotes melanoma
growth and metastasis through interacting with RAB5C and
regulating EGFR signaling (25). Knockdown of TBC1D7 resulted
in the activation of mTORC1 signaling, and enhanced cell
growth (26). Interests in TBC1D10C are mainly focused on
immune response (27, 28). Two pieces of literature reported
TBCI1D19, one showed that TBC1D19 acted upon cell polarity
and decreased TBC1D19 expression contributed to the
disruption of odontoblast polarity and apoptosis (29).
Interference of TBCID8B increased basal autophagy and
exocytosis through inhibiting the expression of RAB11 which
plays a crucial role in the pathogenesis of nephrotic syndrome
(30). TBC1D15 controlled glucose uptake through RAB7 in late
endosomal pathway impacting GLUT4 translocation (31).
Bibliography retrieval on above genes showed that the function
of these TBC genes is unclear, the role of these TBCs in the
melanoma is largely unknown. Somatic alteration analysis
showed genomic alterations in both the high- and low-risk
groups, and the mutant frequency of TBCIDS is the highest
among the seven TBC genes (Figure 4). Hemizygous missense
mutations in TBCID8B have also been reported in families with
nephrotic syndrome (30). However, little is known about the
functional significance of genomic alteration of these TBCs.

We used LASSO Cox regression analysis to calculate the risk
score according to the seven most meaningful TBC genes in this

study. We observed a higher risk score related to clinical-
pathological characteristics of melanoma such as Breslow value
(>3), Clark level 1V, V, vital status (dead), tumor status (with
tumor), tumor type (metastasis). In addition, a higher risk score
was also associated with shorter OS and DSS (Figure 5).
Consensus clustering analysis grouped the patients into two
clusters, the principal component analysis further demonstrated
differential expression of the TBC genes between the two clusters.
Cluserl showed shorter OS and DSS (Figure 6). The potential
function of TBC genes in melanoma may include vesicular
transport such as protein export, amino acid transport, and
protein transmembrane import (Figure 7). Take TBC1D15 as
an example, Ishihara N et al. reported that Fisl acts as a
mitochondrial recruitment factor for TBC1D15 which is
engaged in the regulation of mitochondrial morphology (32).
Senga T et al. discovered that knockdown of TBCID15 resulted
in the activation of RhoA and membrane blebbing, which was
blocked by inhibiting RhoA signaling (33). TBC1D15 acts as a
GAP of Rab7 in regulation of the lysosomal morphology (34).
Aberrant intracellular transport is involved in type 2 diabetes,
immune deficiencies and cancer (35),. Besides, correlation analysis
indicated a positive correlation with signal molecule synthesis,
apoptosis and cell cycle arrest (36, 37). TBC/RABGAPs regulate
the malignant behavior involved in the regulation of RABs. Nearly
a half of RABs have been identified as substrates for TBC/
RABGAP family members. Results of correlation analysis for the
seven prognostic associated TBCs and RABs in our study
indicated that the same TBC gene might be regulated by various
RABs, and the same RAB gene might be regulated by different
TBCs. TBC1D8B is observed to regulate autophagy and exocytosis
interacting with RAB11 (30). As could be seen from Figure 7,
TBCI1D8B might be regulated by RAB18, RAB12, RAB14,
RAB33B, RAB2A, RABSB, RAB10, RAB22A, RABI17 except for
RAB11A. Meanwhile, RAB18 might be regulated by TBC1D8B,
TBC1D15, TBC1D19, which gave us hints that the complex
mechanism of TBCs regulated by RABs. We also investigated
the correlation of the seven prognostic-associated TBCs between
MMP-related genes (MMP2, MMP9, MMP7, MMP14, BSG,
EGFR, MMP1, MMP3) and EMT-associated genes (TWIST1,
VIM, CDH2, ACTA2, ZEB1), which also indicated a central role
of TBCs in melanoma. As reported in the literature, TBC1D16 as a
driver of melanoma is a Rab4A GAP that is engaged in the
trafficking of transferrin receptor and EGFR (38). TBC1D8B can
interact with RAB11B that is involved in vesicular recycling
(30, 39).

Immune microenvironment is also key important for tumors
(40-42). Melanoma patients are supposed to develop immune
responses against specific tumor antigens (43). Therefore, We also
investigate the role of immune cells in melanoma, and correlation
analysis of the seven prognostic-associated TBC genes with
immune cells showed that differential variations of the seven
genes regarding immune cells, especially for TBC1D10C (Figure
8). As reported, TBC1D10C is identified to be related with immune
response in head and neck squamous cell carcinoma (27), and
artificial neural networks analysis also confirmed the involvement
of TBCID10C in immune response through TCGA (28),
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suggesting the possible mechanisms of these TBCs in regulation of
the immune microenvironment.

We also constructed a prognostic nomogram for predicting OS
of melanoma and found the independent prognostic indicators such
as age, risk score based on the expression levels of the seven TBC
genes, stage 2 and primary focus (Figure 9). What's more, TBC1D7,
one of the seven TBC proteins was chosen for further experimental
validation, TBC1D? is the third subunit of TSC1/TSC2 associated
with autophagy (26). It has been reported that TBC1D7 is related
with various diseases such as intellectual disability, megalencephaly
(44), diabetes (45) and tumor (12). Highly expression of TBC1D7
was related with poor outcome in non-small cell lung cancer
(NSCLC), and suppression of TBCID7 inhibits the growth of
lung cancer cells, which might be a promising target in cancer
therapy (12). By using mass spectrometry-based quantitative
proteomic method, a recent study by Qi et al. observed that
TBC1D7 is a potential driver for melanoma cell invasion by
transwell assay, and higher TBC1D7 expression is associated with
poor outcome as analyzed by the TCGA and GEO (GSE65904) data
(46). In our study, we also observed that interference of TBC1D7
expression inhibited the proliferation, migration and invasion of
melanoma cells A375 and Sk-Mel-28 in vitro (Figure 10),
suggesting the potential role of TBC1D7 in melanoma. Different
from the study by Qi et al., we investigated the association of mRNA
expression of TBCs and the clinical traits in melanoma, and we
observed that in spite of TBC1D?7, six other prognostic-associated
TBC genes TBC1D13, TBC1D16, TBC1D7, TBC1D8B, TBC1D15,
TBC1D19, and TBC1D10C were also identified by LASSO Cox
regression analysis In addition, mutations profile of these genes was
also analyzed. A risk score model, cluster model and prognostic
nomogram model which were well established to predict the OS.
What's more, the pathway analysis and correlation analysis of the
seven prognostic-associated TBC genes with RAB proteins,
invasion-associated genes (ie BSG, EGFR and MMP) and EMT-
associated genes (ie TWIST1, VIM, CDH2, ACTA2, and ZEBI)
were also explored. Immune microenvironment is another key
factor promoting the malignant phenotype of melanoma, and we
also conducted an analysis to understand the relationship between
the seven prognostic-associated TBC genes and immune cells
hoping for finding clues under the view of immune
microenvironment for melanoma. However, more experiments
needed to be performed to investigate the detailed mechanism of
TBC1D?7 in melanoma cells, and the biological function of the seven
prognostic-associated TBCs in melanoma is still largely unknown,
further study should be clarified the effect of TBCs on melanoma.

CONCLUSION

This study identified seven prognostic-associated TBCs based on
comprehensive bioinformatics analysis of TBCs expression
profiles and clinical features. The prognostic model of the
seven prognostic-associated TBCs showed a good performance
in the prediction of survival. Correlation between the prognostic-
associated TBCs and RAB family members, invasion-related
genes and immune cells are also observed. The nomogram

integrating the seven prognostic-associated TBCs and clinical
features could be more accurate in predicting the survival of
melanoma patients. What’s more, Interference of TBC1D7 was
confirmed to inhibit the migration and invasion in melanoma
cells in vitro, indicating the potential therapeutic role of TBC
proteins in melanoma.
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SUPPLEMENTARY FIGURE 1 | Relationship between TBCs mRNA expression
with clinical features in melanoma. The heat maps based on clustering analysis
according to the subgroups exhibited the differential expression patterns of TBCs
(Tumor status: tumor-free vs with-tumor, Metastasis type: RCS vs RLN vs DM and
Age: young vs old). *p < 0.05, **p < 0.01, **p < 0.001, *** < 0.0001.

SUPPLEMENTARY FIGURE 2 | The differential expression of the seven
prognostic-associated TBC genes. The differential expression of the seven
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prognostic-associated TBC genes between normal tissues and tumor tissues in the
TCGA dataset. **p <0.001, NS. p > 0.05.

SUPPLEMENTARY FIGURE 3 | Protein expression of TBCs detecting by
immunohistochemical assay based on online websites. Immunohistochemical
staining showed the images of the protein expression of TBC1D10C (A), TBC1D19
(B), TBC1D16 (C), and TBC1D13 (D) in normal skin tissues and melanoma tissues
from the Human Protein Atlas website (www.proteinatlas.org).

SUPPLEMENTARY FIGURE 4 | Survival analyses based on risk score and
clusters. (A) Kaplan + Meier survival analyses demonstrated the differences
in OS, PFl and DSS based on risk scores (High vs Low) in primary tissues
from TCGA. (B) Kaplan + Meier survival analyses demonstrated the
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Melanoma, a cancer of the skin, arises from transformed melanocytes. Melanoma has the
highest mutational burden of any cancer partially attributed to UV induced DNA damage.
Localized melanoma is “curable” by surgical resection and is followed by radiation therapy
to eliminate any remaining cancer cells. Targeted therapies against components of the
MAPK signaling cascade and immunotherapies which block immune checkpoints have
shown remarkable clinical responses, however with the onset of resistance in most
patients, and, disease relapse, these patients eventually become refractory to treatments.
Although great advances have been made in our understanding of the metastatic process
in cancers including melanoma, therapy failure suggests that much remains to be learned
and understood about the multi-step process of tumor metastasis. In this review we
provide an overview of melanocytic transformation into malignant melanoma and key
molecular events that occur during this evolution. A better understanding of the complex
processes entailing cancer cell dissemination willimprove the mechanistic driven design of
therapies that target specific steps involved in cancer metastasis to improve clinical
response rates and overall survival in all cancer patients.

Keywords: melanoma, melanoma progression, metastasis, signaling pathways, melanoma therapies

INTRODUCTION TO MELANOMA

In the United States, cancer is the second leading cause of death and is expected to surpass heart
disease in a few years (1). Skin cancer is by far the most common of all cancers, with an increasing
frequency in the past three decades that includes basal cell carcinoma (BCC), squamous cell
carcinoma (SCC), and melanoma. Although melanoma accounts for merely 1% of all skin cancers, it
is responsible for the majority of skin cancer related fatalities. Melanoma is the most aggressive and
dangerous forms of skin cancer that develops from the transformed pigment forming cells of the
skin, melanocytes (2). Diagnosing melanoma in its early stages, in situ, is crucial for the prognosis
and survival of this deadly disease as the 5-year survival rate for primary melanoma is 99% and for
metastatic melanoma is only 27% (1). Global incidence rates for melanoma have steadily increased
over the years; in the United States approximately 100,000 new cases of invasive melanoma will be
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diagnosed in 2021 and about 7,000 of those melanoma patients
will die from this disease (1, 3). There are various risk factors
associated with melanoma: a family history of skin cancer, being
a male, fair skin, number of moles, age, and UV exposure (1, 3-
9). The most common inherited genetic defects associated with a
predisposition to developing melanoma are the cell cycle
regulating genes: CDKN2A, CDK4, a gene responsible for skin
pigmentation: MCIR, and the genetic disorder xeroderma
pigmentosum (XP) that disrupts the proper repair of UV
induced DNA damage thereby leading to a higher mutation
rate (10-17).

A dermatologist usually diagnoses melanoma on a patient
using the ABCDEF criteria with the help of a dermascope, a tool
that removes skin surface reflections to accurately distinguish
between a benign or malignant lesion (18-20). The ABCDEF
criteria are: Asymmetry, Border irregularity, Color variegation,
Diameter >6 mm, Evolution of a nevi and Funny looking, where
a malignant nevi does not conform to the common profiles of
nevi found on a patient (18). Once diagnosed, the melanoma is
staged using a set of principles developed by the American Joint
Committee on Cancer (AJCC) to guide patient treatment and
prognosis (21). Melanoma patients can be classified into five
distinct stages, 0, I, II, III, and IV, as the stage increases the
prognosis is worse (21). Stage 0 is defined as melanoma in situ
while stage IV melanoma is known as metastatic melanoma.
Metastatic melanoma is defined by the dissemination of primary
melanoma cells to distant organs including but not limited to the
lymph nodes, lungs, liver, brain, and bone (21, 22). AJCC criteria
uses different permutations of the TNM system, to categorize
melanoma from early stage to late stage melanoma (21). The
TNM system is defined as: Tumor thickness with or without
ulceration, Nodal involvement, and Metastasis (21). Great
advances have been made in the understanding of melanoma
pathogenesis that have resulted in improved disease treatment
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outcomes including targeted therapies: BRAF and MEK
inhibitors and immunotherapies: monoclonal antibodies that
target CTLA-4, PD-1 and PD-L1, however not all patients
respond, and resistance eventually develops to these agents.
This underscores the importance of dissecting the molecular
pathways mediating metastasis, the processes of transitioning of
an immobile melanoma cell into a motile cell that can
successfully colonize distant organs. A better understanding of
these pathways will help in the identification of biological
markers (biomarkers) for better diagnosis and provide rational
therapeutic strategies to predict favorable treatment responses.

TUMOR INTRINSIC AND EXTRINSIC
FUNCTIONS NECESSARY

FOR SUCCESSFUL TUMOR

CELL DISSEMINATION

Stepwise Molecular Evolution for the
Transition of Primary Melanoma to
Metastatic Melanoma

Melanoma has the highest mutational burden of any cancer as a
result of UV induced DNA damage and/or DNA replication
errors (8, 23). All these mutations contribute to various aspects of
melanocytic neoplasia; however, certain mutations are
considered driver mutations as they are likely to initiate
melanocytic transformation, the early steps of tumor
formation, progression, and dissemination. Vogelstein et al.,
and Shain et al., have elegantly described the genetic evolution
transpiring during the transformation of a melanocytic lesion
into malignant melanoma (Figure 1) (6, 24, 25). First a normal
melanocyte acquires an initiating driver mutation that leads to
melanocyte hyperplasia and nevi development (6, 25-28). These

Melanoma /n Situ .

Primary Melanoma
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FIGURE 1 | Factors Which Contribute to Melanocytic Transformation. Created with BioRender.com.
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steps are known as the breakthrough phase, with a low mutational
burden, and copy number alterations (24, 25). Common
mutations found in melanocyte nevi are BRAF mutations (26—
28). Mutations in BRAF and NRAS are frequently mutually
exclusive, with NRAS mutations sometimes found in nevi,
especially congenital nevi (29, 30). The next step known as the
expansion phase where some of the melanocytic nevi progress into
intermediate lesions and overtime develop into melanoma in situ,
that is accompanied with the acquisition of the TERT promoter
mutations, and a high mutational burden (6, 24, 25, 31). The
TERT gene encodes for telomerase reverse transcriptase,
the catalytic component of telomerase, an enzyme required for
the maintenance of telomeres (31). Aberrant expression of
telomerase allows melanoma cells to become replicative
immortal (31). After the accumulation of various mutations
such as: CDKN2A, TP53, PTEN, and genes encoding SWI/SWEF
chromatin remodeling complex subunits, primary melanoma
enters the invasive phase and becomes malignant melanoma (6,
24, 25). This phase is characterized by a high tumor mutational
burden and increased copy number alterations (6, 25). To note,
only 20-40% of melanomas arise from nevi and the rest are de
novo, however de novo melanomas may arise from clinically
undetectable precursor lesions, and these lesions may follow
similar trajectory as detectable lesions (Figure 1) (6, 25, 32, 33).
In addition to the genetic defects associated with metastatic
melanoma development there are several dysregulated key
signaling pathways that occur during melanoma progression
such as the WNT, MAPK, and PI3K/AKT pathways (22, 34,
35). These pathways are involved in melanoma cell proliferation,
growth, survival, evading cell death, and acquiring metastatic
properties (34, 35). The MAPK and PI3K/AKT pathways can
cooperate with each other in the transduction of survival signals
(36). The WNT signaling cascade plays a fundamental role in
embryogenesis (37). The involvement of such a central pathway,
the WNT pathway, in melanoma cell dissemination suggests that
the reactivation of elements associated with embryogenesis is
crucial in elucidating cancer cell metastases (37, 38).
Embryogenesis requires a single cell to proliferate and
differentiate into various cell types and acquire migratory/
invasive properties required for body patterning that parallels
carcinogenesis (37, 38). Signal transduction of the WNT, MAPK,
and PI3K/AKT pathways in melanoma cells promotes altered
expression of cell adhesion molecules and peptidases allowing for
the remodeling of the extracellular matrix (ECM) to facilitate in
cancer cell migration (34, 39-42). During melanoma
progression, elevated matrix metallopeptidase (MMP)
expression and function have been detected (34, 43, 44). MMP
facilitates the degradation of the ECM that supports melanoma
growth during early stages and eventual migration to distant
organs (34, 43, 44). Increased MMP avidity in the tumor
microenvironment is contributed by both tumor production of
MMP as well as tumor induced fibroblast production of MMPs
(39-47). Loss of the ECM enables melanoma cells to become
anchorage independent and anoikis resistance that support
melanoma dissemination through the circulatory system. In
addition to MMP cleaving connections between melanoma

cells and ECM, the loss of adhesion molecules such as
integrins and cadherins also contribute to the motility of
melanoma cells from the primary site (22, 34, 48-51). Cell
adhesion molecules are required for cell attachment to the
basement membrane and cell-cell interactions allowing for the
proper development of tissues and organs. Under normal
physiology, cell adhesion molecules, integrins and E-cadherins
are involved in the attachment of melanocytes to the basement
membrane and mediating the interactions between keratinocytes
and melanocytes (52, 53). During melanoma progression, E-
cadherins are progressively reduced to allow for the dissociation
between melanocytes and keratinocytes followed by concomitant
upregulation of N-cadherins to support melanoma cell survival,
and migration through tissues, a process regulated by the PI3K/
AKT pathway (54-56). In addition to modulations in the
expression of cadherins during metastasis, integrins can be
modulated to support motility and migration into hospitable
metastatic niches by modifying basement membrane
interactions, supporting angiogenesis formation and expression
of MMPs (34, 51, 57-59). There are specific micro RNAs
(miRNA), metastamiRs, that were shown to potentiate cancer
cell metastasis by regulating critical steps associated with
epithelial and mesenchymal transition (EMT), angiogenesis,
colonization, adhesion, migration, and invasion (60).
Melanoma cell interactions with neighboring cells are essential
for their survival, proliferation, and dissemination, in line with
this we will discuss the importance of immune evasion in
melanoma metastasis.

Interactions Between the Host Immune
System and Melanoma Cells to Support
Melanoma Cell Growth and Dissemination
Our immune system is essential for defending us from foreign
pathogens that invade our body. Cancer is a distorted version of
our normal self, and under this guise it can evade immune
destruction through the process of immune editing (61, 62). It
takes many years through the process of immune editing for a
clinically detectable melanoma (or other cancers) to emerge (61,
62). Immune editing is composed of three phases: elimination,
equilibrium, and escape phases (61, 62). Immunogenic
melanoma clones during the elimination phase are detected by
antigen presenting cells, phagocytosed and cross-presented to
melanoma specific cytotoxic T-cells for activation to induce an
anti-tumor responses against melanoma associated antigens
(61). This process inherently allows for the selection of low
immunogenic melanoma cell clones to survive and evade host
immune detection while highly immunogenic cell clones are
eliminated, a process termed as the equilibrium phase (61).
Immune resistant melanoma cell clones that have survived are
able to proliferate and migrate to distant organs without immune
detection, a term coined as the escape phase (61). The process of
immune editing is supported by the notion that the first site of
melanoma metastasis is detected in the lymph nodes, an organ
composed of many cytotoxic immune cells (Figure 2) (22). If the
immune system is not suppressed, then these melanoma cells
would not be able to survive and thrive at this site (Figure 2). The
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FIGURE 2 | Exosomes. Melanoma exosomes create a pre-metastatic niche
at distal sites to support melanoma cell dissemination. Created with
BioRender.com.

migration of low immunogenic primary melanoma cells into
lymph nodes may not be attributed solely to the passive
migration of these cells from the primary niche to the
metastatic niche, but rather a preferential migration to the
lymph nodes to improve tumor fitness and colonization
abilities (63-65). The migration of melanoma cells from the
skin to the lymph nodes is attributed to their ability to secrete
soluble factors, in addition to the presence of small vesicles,
exosomes, which contain cargo that promote the lymphatic
system to expand its vasculature (65) (Figure 2). Furthermore,
lymphatic endothelial cells secrete cytokines and chemokines
that support the movement of tumor cells to the lymph nodes
(65). All these factors are key contributors to the successful
colonization of melanoma cells to the lymphatic tissues (65). One
of the rate limiting steps in the establishment of distant
metastasis is oxidative stress (65). To overcome this barrier,
primary melanoma cells preferentially migrate to the lymph
nodes where they are educated to become resistant to oxidative
stress (65). This adaptation allows these tumor cells to
successfully seed and colonize distant organs compared to
circulating melanoma cells (64, 65). Next, we will discuss the
critical players in tumor metastasis including genetic mutations,
signaling pathways, tumor microenvironment and the
involvement of small vesicles, exosomes (Figure 2).

Experimental Models to Study Melanoma
Metastasis

Experimental models that recapitulate the onset and progression
of human disorders is essential in biomedical research to bridge
the gap between basic science and the treatment of diseases.
There are very few animal models for tumor metastasis, with the
B16 mouse melanoma cell line being a very popular one. The B16
parental cell line was derived from a C57BL/6 mouse which
spontaneously developed lesions and were subsequently adapted
to grow in cultured conditions (66). There are several subclones
of B16 cells with differing metastatic capabilities (66, 67). These
subclones were derived by subcutaneously injecting B16 cells
into syngeneic C57BL/6 mice (spontaneous metastasis), or by
intravenous injection of these cells into circulation (experimental
metastasis) (66). Our spontaneous melanoma-prone mouse
model is driven by the ectopic expression of a normal neuronal

receptor, Metabotropic Glutamate Receptor 1 (protein: mGluR1;
gene: GRM1) in melanocytes which is a useful model to study
spontaneous metastasis in a biologically and physiologically
relevant manner (68-72). We demonstrated this melanoma-
prone mouse model has several advantages: it develops
spontaneous metastatic melanoma with 100% penetrance, the
progression of the disease mimics human melanoma progression
and metastatic dissemination with melanomas being detectable
first in the lymph nodes and at later stages in the lung, brain, and
other sites (68-72). In some cases, the melanotic tumors can
undergo phenotypic changes into amelanotic metastatic tumors
similar to human melanomas (72). Recently, Kos and co-workers
used fluorescence imaging to trace melanoma cell dissemination
in an intact in vivo setting using crosses of our mice, this new
strain will be a useful tool to study spontaneous metastasis (73).
The study of spontaneous metastasis is hindered since the
required interval for spontaneous metastasis to occur in vivo
takes much longer than the commonly used intravenous
inoculation of tumor cells, in addition animal wellness rules in
almost all institutions, frequently discourages the practice to
keeping tumor-bearing mice for a long period of time.

MECHANISMS AND ROUTES
FOR MELANOMA METASTASIS

EMT-to-MET Transition

There are numerous steps required for melanoma cells, as well as
other cancer cells, to successfully spread to distant organs.
Melanoma cells must first dissociate from the primary tumor
and undergo Epithelial Mesenchymal Transition (EMT), a
process by which epithelial cells undergo morphological and
phenotypic changes that allow them to become more migratory
and invasive through tissues and enter circulation. Tsuji and
colleagues have proposed that tumor cells that have not
undergone EMT, termed non -EMT tumor cells are attached to
EMT tumor cells and “come along for the ride” to distal organs
(Figure 3) (74). Bockhorn and colleagues suggested the notions
of passive and active intravasations (75). In passive intravasation
tumor cells are passively shed during tumor progression as a
result of a highly stressful environment (Figure 3) (75). Active
intravasation is when cancer cells are actively undergoing
molecular alterations to a metastatic phenotype and follow a
chemokine gradient to arrive at the site of metastasis (Figure 3)
(75). We propose that both passive and active intravasations
occur as tumor progresses, since the surrounding extracellular
matrix (ECM) is degraded and enables both EMT and non-EMT
tumor cells to intravasate into circulation (Figure 3) (74, 75). In
this scenario, EMT cells are actively intravasating into circulation
and non-EMT cells are the passengers as in passive intravasation
(Figure 3) (74, 75). Once in circulation, these traveling melanoma
cells will migrate to their preferential metastatic organs mediated
by chemotaxis of specific chemokine ligand-receptor interactions
or by passive migration (22, 74, 75). In circulation, melanoma
cells can transdifferentiate into endothelial cells where they
remain dormant at the intravascular niche near the metastatic

Frontiers in Oncology | www.frontiersin.org

24

February 2021 | Volume 10 | Article 626129


https://BioRender.com
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Eddy et al.

Decoding Melanoma Development and Progression

site (Figure 3) (73). Quiescent in-transit melanoma cells are
resistant to therapies, suggesting that these melanoma cells may
have transdifferentiated into endothelial-like cells and contribute to
melanoma relapse in patients who have previously responded to
therapy (73). Interestingly, it was shown that highly metastatic
melanoma cells can form their own vascular tubes to improve
blood flow to the tumor site and promote cancer cell dissemination,
a phenomenon known as vascular mimicry (76, 77). It has been
proposed that these transdifferentiated quiescent melanoma cells
may undergo an endothelial to mesenchymal transition (EndMT)
to extravasate into the metastatic niche (73). Therefore, it is
possible that there are at least two distinct mechanisms for
circulating melanoma cells to successfully establish at the
secondary site depending on if they are active or dormant cancer
cells: 1) the canonical extravasation or 2) the proposed transition of
a quiescent-like endothelial melanoma cell to convert into a

Primary Melanoma

Melanoma
Cells

Passive
Intravasation

Active

¢

Extracellular Matrix

Intravasation

FIGURE 3 | Melanoma Metastasis. Three routes of primary melanoma dissemination are outlined. A primary melanoma can undergo 1) passive shedding of tumor
cells, non-EMT (epithelial to mesenchymal transition) followed by passive intravasation, 2) tumor cells can undergo EMT and active intravasation or 3) melanoma cells
can undergo EMT and bring along non-EMT tumor cells, where the EMT cells are actively intravasating while the non-EMT cell are undergoing passive intravasation.
Once in circulation, tumor cells will migrate to site of metastasis. If the tumor cells are active, they will undergo the canonical extravasation by mesenchymal to
epithelial transition (MET). If the tumor cells are dormant, they will transdifferentiate into endothelial cells at the intravascular niche, undergo endothelial to
mesenchymal transition (EndMT) and extravasate into the niche. Created with BioRender.com.

mesenchymal phenotype in order to successfully extravasate into
the metastatic niche (Figure 3) (73, 78). If the environment of the
metastatic niche is favorable, melanoma cells can successfully
colonize there and become clinical detectable tumors. Alternate
mechanisms of tumor cell dissemination have been proposed. One
of these mechanisms is that melanoma metastasis occurs in parallel
with the primary tumor rather in a stepwise manner, a distinct idea
from EMT (6). This concept is based on the observation that in
some melanoma patients with localized melanomas who have had
their sentinel lymph nodes removed but did not show
improvement in their survival suggests that the tumor cells may
already have migrated to distal organs (6, 63, 79, 80). Furthermore,
patients who have localized melanomas or no metastasis at all
have shown the presence of circulating melanoma cells (6, 81).
Another intriguing proposal is that benign melanocyte nevi can
migrate to distal sites and acquire oncogenic mutations enabling

Active and Passive
Intravasation

Melanoma Liver Metastases
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their transformation into melanoma cells at the metastatic site,
a process known as benign metastasis (6, 82-84). Benign
metastasis may explain how 4% of melanoma patients develop
“metastasized” melanomas despite the absence of detectable
primary tumors (6). These findings further complicate our
understanding of melanoma metastasis; however, it is possible
that in some cases both stepwise and parallel melanoma
dissemination occur simultaneously.

Angiogenesis

Angiogenesis is a biological process that marks a critical stage in
tumor progression where the cells transition from an avascular to
a vascular phase, serving as a turning point in melanoma tumor
growth and metastasis (Figure 4). Melanoma cells serve as the
source of several classical angiogenic growth factors including
but not limited to vascular endothelial growth factor (VEGEF),
also known as the vascular permeability factor (VPF), fibroblast
growth factor (FGF), interleukin-8 (IL-8), and placental growth
factor (PIGF), all potent contributors of angiogenesis (Figure 4)
(85). VEGEF is often considered to be one of the most important
mediators of angiogenesis and was shown to have elevated
expression in all known solid tumors including malignant
melanoma (86). Melanoma cells produce and secrete VEGF
into the extracellular matrix (87). Expression of a specific
VEGF isoform in an otherwise non-tumorigenic, non-VEGF
expressing melanoma cell line results in an aggressive tumor
with a highly extensive supporting vasculature, suggesting its
undisputed role in promoting angiogenesis (88). Upregulation of
IL-8 and VEGF have also been postulated to contribute to the
development of resistance to chemotherapeutic agents in

O VEGF @ IL-8
@ FGF O P1GF

Angiogenic
Factors

FIGURE 4 | Angiogenesis in Melanoma. A mechanism to provide
nourishment to the growing tumor cells and establish routes to distant
metastatic sites. Vascular Endothelial Growth Factor (VEGF), Fibroblast
Growth Factor (FGF), Interleukin-8 (IL-8), and Placental Growth Factor (PIGF).
Created with BioRender.com.

melanoma (89). VEGF mediates its effects by interacting with
and stimulating its high-affinity transmembrane family of
tyrosine kinase receptors, VEGF receptors (VEGFRs). At the
molecular level, interactions between VEGF and VEGEFR-
mediated signal transduction, promote reprogramming of
specific gene expression in endothelial cells, including
upregulated expression of several proteins encompassing the
procoagulant tissue factor, proteins associated with the
fibrinolytic pathway, MMPs and a number of anti-apoptotic
factors (90, 91). The consequences of this altered gene expression
includes stimulation in endothelial cell proliferation and
migration, lumen formation, increased vessel dilation and
permeability thereby enabling constant supply of both oxygen
and nutrients to support the growing tumor (92). Inhibition of
angiogenesis through targeting of various driver genes,
predominantly VEGF, has been touted as a novel alternative or
supplement to conventional cancer therapy (93-95). Since anti-
angiogenic agents were shown to effectively slow the growth and
metastasis of human melanoma, it is not surprising that the
efficacy of these agents in augmenting the benefits of other
promising therapies is being tested in clinical trials (87, 96).
Unfortunately, anti-angiogenic monotherapies in melanoma did
not show remarkable clinical responses and it has been suggested
that vascular mimicry plays an important role in improving blood
supply to the tumor to support its growth and dissemination (97,
98). It is possible that delivering therapeutics that block
angiogenesis or vascular mimicry to early-stage melanoma
patients, may impede metastasis in two ways: 1) block nutrient
and oxygen flow to the primary tumor and 2) hamper primary
tumor cells’ dissemination by inhibiting entry into circulation.

Exosomes

All cell types release exosomes but cancer cells release higher
amounts of exosomes compared to their normal counterparts
(2). Cancer exosomes play important roles in creating a favorable
environment for cancer cells to thrive in; which can be attributed to
the suppression of an anti-tumor immune response and
establishment of a pre-metastatic niche (Figure 2) (2).
Accumulating evidence suggests that the horizontal transfer of
tumor exosomal cargo, composed of nucleic acid, lipids, and
proteins, into recipient cells within lymphoid tissue promotes
immune suppression resulting in defective antigen presentation,
reduced antigen specific anti-tumor immune response and
upregulation of immunosuppressive cytokines that support
melanoma metastasis to the lymph nodes and beyond (Figure 2)
(99-105). These unique features plus PD-L1 expression on the
exosome surface, contribute to defective immune effector cell
function at both local and systemic levels (106-108). In addition
to their roles in modulating the immune system, other functions
have been attributed to exosomal cargo including enhanced
vascular leakiness, fibronectin deposition, and delivery of soluble
factors that are involved in ECM remodeling to support formation
of a metastatic niche for tumor cells, including melanomas (Figure
2) (2, 104, 109-112). Exosomes support the “seed and soil”
hypothesis of cancer cell dissemination (111-113). Melanoma
exosomes located at the most common sites of metastasis, lymph
nodes, liver, and lungs, create a “fertile soil” for melanoma cells to
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“seed” upon arrival then proliferate and manifest into a malignant
tumor (111-113). In our mGluR1 driven melanoma model, we
have demonstrated that mGluR1" melanoma exosomes when
taken up by mGluR1™ recipient cells promote these cells to
become more migratory, invasive and develop an anchorage-
independent growth phenotype compared to mGluR1™
melanoma exosomes (114). Taken together, it is clear that every
step of tumor dissemination is critical for its successful colonization
to distant sites. Better understanding of these necessary molecular
and theoretical steps will provide rational therapeutic designs to
improve the efficacy of treatments as well as reduce disease relapse.

BIOMARKERS IN MALIGNANT
MELANOMA

Melanoma biomarkers can be divided into different categories
based on their level of expression compared to normal tissues as
well as their ability to serve as prognostic or predictive markers
(115). These markers can be further classified into two groups
(serum-specific and tissue-specific) depending on their dominant
location of expression. Due to the complexity and heterogeneity of
melanoma tumors, immunohistochemical staining for tissue-
specific melanocytic markers is often used to diagnose melanoma.
Microphthalmia-associated transcription factor (MITF), a
predominant tissue-specific marker, plays a critical role in lineage
commitment of melanocytes and melanoma (116). Normal
melanocyte differentiation and proliferation are under the
regulation of MITF. MITF expression is also essential for
melanoma cell proliferation and survival (117). With integrative
genomic analysis, it was found to be amplified in ~16% of
melanomas. BRAF®°" mutation together with ectopic expression
of MITF has been shown to transform primary melanocytes into
malignant melanoma (118). In addition, MITF also stimulates the
cell cycle regulator, INK4A, for efficient melanocyte differentiation
(119). Several studies have investigated the potential of MITF in
specificity and sensitivity in distinguishing melanoma from other
cancers, however, the discovery of the presence of MITF in other
non-melanocytic cell types in the tumor microenvironment has
complicated this notion (120-122). Similar concerns pertaining to
other tissue-specific biomarkers including tyrosinase, MMPs,
cyclooxegenase-2 (COX-2), chondroitin sulfate proteoglycan 4
(CSPG4), and human melanoma black-45 (HMB-45) among
others also have been reported (123). A lack of “tumor-specific”
non-invasive and affordable tools including specific antibodies have
greatly hampered the use of biomarkers in diagnosis, prognosis, and
prediction of treatment outcomes. It is critical to improve biomarker
discoveries and detection tools. Promising candidates are “OMICS”
studies that include a variety of cancer and normal tissue specimens
along with machine learning approaches may have the potential to
promote such findings.

Regarding serum-specific biomarkers, lactate dehydrogenase
(LDH) is one of the best prognostic factors in metastatic
melanoma (124). Cancer cells including melanoma employ a
different metabolic strategy than normal cells to satisfy their
energy requirements and sustain cellular proliferation. Under

aerobic conditions, normal cells acquire their energy primarily
from the conversion of glucose to pyruvate by a process known
as glycolysis that occurs in the cytosol. Pyruvate then enters the
tricarboxylic acid (TCA) cycle where it converts into carbon dioxide
in the mitochondria via oxygen-consuming cellular respiration
(125, 126). However, under hypoxic conditions such as in most
tumors, where oxygen is not readily available, cells prefer to rely
more on anaerobic glycolysis that converts glucose into lactate
instead of pyruvate. Elevated levels of LDH, an enzyme that
catalyzes the conversion of pyruvate to lactate, in systemic
circulation was shown to predict survival in patients with
metastatic melanoma (127). The increase in serum LDH is
associated with poor survival, one of the consequences of
melanoma cells outgrowing and surpassing the blood supply
(124). Similar to tissue-specific biomarkers, differential sensitivity
and specificity are also reported in serum-specific markers including
but not limited to LDH, S100 and melanoma-inhibitory activity
(MIA) (128). The importance of cancer exosomes in mediating
tumor progression has led many investigators to evaluate its
diagnostic and prognostic value as a biomarker (2). Cancer
exosomes that carry specific molecules such as, PD-L1, CD63,
Caveloin-1, MIA, S100B, Glypican-1, and non-coding RNA to
name a few, were shown to stratify patients participating in
various clinical trials into responders versus non-responders,
healthy controls and disease-free patients versus cancer patients,
and/or cancer patients with differing survival outcomes (104, 107,
129-133). Taken together, the challenges that confront the
identification of a reliable melanoma biomarker emphasizes the
need to investigate and validate emerging biomarker candidates in
the clinic to realize their diagnostic, prognostic, and
predictive values.

The identification of a reliable predictive clinical biomarker is
crucial for precision medicine. Predictive biomarkers are biological
molecules detected in most patients and are frequently correlated
with treatment responses (134). Personalized/precision medicine is
the future for human disease treatments, and it is essential to
identify clinically relevant biomarkers that can be easily applied in
the clinic. Most pre-clinical cancer studies only assess for the efficacy
of drug(s) in tumor progression, but it is crucial to also identify
predictive biomarkers for treatment responses. Identification of
these biomarkers will provide clinicians with the opportunity to
make suitable and rational decisions in therapeutic options.

MELANOMA TREATMENTS

Chemotherapies and Targeted Therapies

For patients diagnosed with primary melanoma, surgical removal of
the tumor(s) provides the best chance of definitive cure. Late-stage
melanoma is difficult to treat due to metastasis, refractile to most
treatment modalities and a high genomic variability of a
heterogeneous melanocytic tumor (135). The understanding of
how various genetic mutations are associated with the onset and
progression of melanoma allows for innovation and subsequent
implementation of novel therapeutic strategies targeting specific
oncogenes. Within the last decade, much progress has been made
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in the treatment of metastatic melanoma. Earlier studies showed
that treatment with Sorafenib (BAY 43-9006), a general multi-
kinase inhibitor resulted in inhibition of melanoma cell
proliferation in vitro and in vivo (136). However, in the Phase 2
randomized Sorafenib clinical trial little or no anti-tumor activity
was detected in advanced melanoma patients, therefore, the trial
was discontinued (137). A highly selective small molecule
inhibitor, Vemurafenib/Zelboraf (PLX4720/PLX4032), against
cells that harbor the most common mutation in melanoma,
mutated BRAF'*°°F, was initially reported to have therapeutic
effects in patients with advanced melanoma but its effectiveness
was marred by patient relapse within 8-12 months (138-141).
The treatment responses were short-lived due to the reactivation
of the MAPK pathway and/or other mutations (36, 142-144).
Combining BRAF inhibitors with other small molecule inhibitors
that target other components of the MAPK pathway such as MEK
and ERK appear to be an improvement over single-agent therapy
but also has increased toxicities (36, 145, 146). It is noteworthy
that until recently, it had not been possible to develop an inhibitor
towards RAS (147). Christensen et al., reported a KRASC!2¢
inhibitor that demonstrated pronounced tumor regression in
multiple KRAS-mutant tumor models (148). KRAS mutations
are rare in melanoma, where it accounts for about 1.7% and is
almost exclusively in codon G12 however it is not known if the
recently developed KRAS®'*“ inhibitor will have any effects in
KRAS mutated melanomas, furthermore, possible efficacies of the
mutated KRAS inhibitor toward NRAS mutated melanomas was
not tested (149). Despite the nominal successes described above
for some patients they only represent a minority of all patients.

Immunotherapies

Melanoma is one of the most immunogenic types of cancers,
hence making it a strong candidate for immune checkpoint
blockade (ICB) therapy (150). This therapy utilizes a patient’s
own immune system to attack cancer cells with a robust anti-
tumor response, long-term immunity, and durable survival. The
concept of immunotherapy has been around for approximately
130 years with the early usage of Coley’s toxin, then almost a
century later, the uses of interferon (IFN), high dose interleukin-
2 (IL-2) and the cancer vaccine, Bacillus-Calmette-Guerin (BCG)
have been described for the treatment of melanoma (151-153).
These early immunotherapies were non-specific, however within
the past decade the utilization of targeted immunotherapies have
risen with monoclonal antibodies that block immune checkpoint
molecules, such as cytotoxic T-lymphocyte associated protein-4
(CTLA-4), programmed cell death protein-1 (PD-1), and
programmed death ligand-1 (PD-L1), adoptive T-cell therapies
and oncolytic viruses (151, 153-155). These new targeted
immunotherapies have shown remarkable anti-tumor immune
responses with improved survival; however, they only benefit a
subset of patients.

During infection, immune activity is heightened in order to
properly identify and eliminate the source of infection. To reduce
the likelihood of the development of autoimmunity the body uses
immune checkpoints such as CTLA-4, PD-1, and PD-L1 to rein
in the overactive immune response (156-161). Cancer cells
utilize these immune checkpoints to induce local and systemic

immune suppression. Since cancer is a chronic disease, T-cells
within the lymph nodes are continuously exposed to cancer
antigens resulting in the upregulation of CTLA-4 on their cell
surface and inhibition of proper T-cell activation, disrupting
anti-tumor cytotoxic T-cell functions that results in T-cell anergy
(162-164). The PD-1/PD-L1 axis functions within the tumor
microenvironment, the PD-1 receptors are expressed on the
surface of T-cells and tumor cells express its ligand, PD-L1
(152). The PD-1/PD-L1 axis inhibits cytotoxic T-cell response
against tumor cells (152). Interestingly, it was shown that this
axis contributes to T-cell anergy within tumor draining lymph
nodes and that PD-1/PD-L1 interactions within tumor draining
lymph nodes can be used as a prognostic marker to determine
melanoma treatment outcomes (165). Monoclonal antibodies
were developed to block these immune checkpoint interactions.
Ipilimumab blocking CTLA-4, and Pembrolizumab/Nivolumab
blocking PD-1. The FDA has approved these antibodies for
patients with unresectable or metastatic melanoma and these
agents were shown to have strong durable responses with
improved survival in a subset of patients (151, 152, 166-169).
Stage III melanoma patients who have had their melanomas
resected can undergo different regimens based on their BRAF
genotype (170). Patients who harbor mutated BRAF are given
adjuvant anti-PD-1 therapy in combination with BRAF and
MEK inhibitors, while patients with wild-type BRAF are given
anti-PD-1, as opposed to anti-CTLA-4 due to toxicity (170). The
anti-PD-L1 antibody, Atezolizumab has been approved for
unresectable or metastatic melanoma patients with the BRAF
V600 mutation in combination with BRAF and MEK inhibitors,
Vemurafenib and Cobimetinib (153). It is not surprising that
various combinatorial studies utilizing various permutations of
drugs to combine with anti-PD-1/anti-PD-L1 may improve
patients’ responsiveness to immune checkpoint blockade
therapy have been one of the most sought-after clinical trials
in human cancers including melanoma (169).

DISCUSSION AND FUTURE
PERSPECTIVES

A better understanding of the metastatic processes that govern
migration of primary melanoma to distant metastatic niches such
as lymph nodes, liver, lung, and brain can aid in the clinical
development of novel anti-cancer treatments in the future. Several
therapies that target driver pathways of melanoma metastasis have
been developed: BRAF and MEK inhibitors, anti-angiogenic
therapies and immunotherapies that rejuvenate the immune
system to detect and eliminate cancer cells. These therapies have
remarkable efficacy in the outcomes of treating malignant
melanoma in the past decade, however only a small subset of
patients respond. This implies that our understanding of
melanoma progression is incomplete. To improve our
understanding of the signaling cascades involve in melanoma
progression (or other cancers) we suggest conducting a large-
scale unbiased biomarker serum profiling screen of healthy
donors, disease free patients and melanoma patients at different
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melanoma stages. Biomarkers are molecules that are linked to
disease pathogenesis and identification of biomarkers will reveal
biological pathway(s) involved in melanoma progression.
Identification of upregulated or downregulated serum markers
such as nucleic acids, proteins, exosomes, lipids, and circulating
tumor cells may unravel novel or key metastatic pathways that can
be further dissected, and therapies developed against them. This
proposed concept mirrors forward genetics, we know the external
phenotype is melanoma, therefore doing a high throughput un-
biased screen for serum biomarkers will reveal expression changes
of biomarkers between healthy controls, disease-free patients, and
melanoma patients, which will provide insights into key driver
pathways regulating metastasis. Using this approach will be the
nucleation point to further dissect these pathways and develop a
more robust anti-metastatic drug with better responses than
current therapies. Furthermore, the identification of a reliable
melanoma biomarker that can accurately predict disease treatment
outcome in patients and correctly identify patients who will benefit
from therapy is still underway. Since melanoma is a molecularly
complex and heterogeneous disease with intra- and inter-tumoral
variabilities, evaluating multiple biomarkers simultaneously may
improve the accuracy and precision of predictive markers than
each individual marker.
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Cancer initiation, progression, and metastasis leverage many regulatory agents, such as
signaling molecules, transcription factors, and regulatory RNA molecules. Among these,
regulatory non-coding RNAs have emerged as molecules that control multiple cancer
types and their pathologic properties. The human microRNA-211 (MIR211) is one such
molecule, which affects several cancer types, including melanoma, glioblastoma, lung
adenocarcinomas, breast, ovarian, prostate, and colorectal carcinoma. Previous studies
suggested that in certain tumors MIR211 acts as a tumor suppressor while in others it
behaves as an oncogenic regulator. Here we summarize the known molecular genetic
mechanisms that regulate MIR277 gene expression and molecular pathways that are in
turn controlled by MIR211 itself. We discuss how cellular and epigenetic contexts
modulate the biological effects of MIR211, which exhibit pleiotropic effects. For
example, up-regulation of MIR211 expression down-regulates Warburg effect in
melanoma tumor cells associated with an inhibition of the growth of human melanoma
cells in vitro, and yet these conditions robustly increase tumor growth in xenografted mice.
Signaling through the DUSP6-ERK5 pathway is modulated by MIR211 in BRAFV60%E
driven melanoma tumors, and this function is involved in the resistance of tumor cells to
the BRAF inhibitor, Vemurafenib. We discuss several alternate but testable models,
involving stochastic cell-to-cell expression heterogeneity due to multiple equilibria
involving feedback circuits, intracellular commmunication, and genetic variation at miRNA
target sties, to reconcile the paradoxical effects of MIR211 on tumorigenesis.
Understanding the precise role of this miRNA is crucial to understanding the genetic
basis of melanoma as well as the other cancer types where this regulatory molecule has
important influences. We hope this review will inspire novel directions in this field.
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INTRODUCTION

MicroRNAs" (miRNAs) are highly conserved small non-coding
RNA molecules of approximately 22 nucleotides that control
gene expression either by direct translational inhibition of
protein synthesis or by affecting the degradation of the target
mRNA (2). miRNA biogenesis occurs through biochemical
pathways that are well conserved among metazoans (3), which
is described briefly below [miRNA biogenesis has been reviewed
recently (4)]. In animals, miRNA transcription begins by the
binding of RNA polymerase II enzyme (Pol II) to transcriptional
regulatory regions. The primary pol II transcript (Pri-miRNA)
molecules, which are precursors of the mature miRNAs, often
contain multiple and complex intramolecularly bases-paired
looped structures and are subsequently processed by the
nuclear enzyme Drosha to produce the intermediate precursor
molecules termed Pre-miRNA. Pre-miRNA molecules generally
possess a single hairpin loop. Pre-miRNAs are then exported to
the cytoplasm by Exportin-5 (Ex-5) and are further processed to
generate a mature miRNA duplex without a hairpin by the Dicer
enzyme. Mature miRNA molecules, which can be either the 5’
(miRNA-5p) or the 3’ (miRNA-3p) component of the Pre-miRNA
double-stranded stems of the hairpin, are loaded into the multi-
protein RNA-induced silencing complex (RISC) to generate
single-stranded guide miRNAs. Such guide miRNA molecules
preloaded into the RISC complex interact with various target
mRNAs by complementary base pairing over short regions of
perfect or near-perfect sequence complementarity, most
frequently at the 3’untranslated regions (3’'UTR) of the target
mRNAs (4). In animals, long 3’'UTRs of target mRNAs are often
recognized by multiple miRNAs (5, 6). Most such mRNAs with
long 3’UTR are known to be involved in cellular fate-
determination and developmental processes (4, 7), whereas
target genes with relatively short 3’'UTR regions generally
encode proteins that participate in fundamental cellular
biochemistry and stress response (7, 8). For example, genes
encoding ribosomal RNAs and proteins have shorter 3’UTR
sequences; therefore, these RNA molecules present less complex
regulatory potential through the binding of a small number of
different miRNAs than do genes encoding longer 3'UTRs, which
are generally associated with mRNA of regulatory proteins. Less
frequently, biologically important miRNA binding sites are also
located in 5’UTR regions, coding regions and promoter regions of
coding genes (9, 10). This dichotomy in 3’UTR or 5'UTR lengths
have dynamical consequences: genes encoding proteins that
participate in fundamental biochemistry/metabolism of the cells
(“housekeeping” genes) are regulated quantitatively, as a rheostat
does, through a graded response to regulation by miRNAs (11). By
contrast, genes encoding regulatory proteins such as transcription
factors, each exhibiting multiple miRNA targets, are regulated
through complex analog-logical circuits that often result in a
switch-like behavior in their expression levels. To understand
the biological effects of a miRNA, therefore, it is important to
understand how the expression of the miRNA is regulated as well

"We use the convention for human miRNAs as proposed in (1), where a human
miRNA is MIRNA followed by a number, and its corresponding gene is italicized.

as how that specific miRNA molecule regulates other genes. We
illustrate some of these complexities with MIR211, which is one of
the major regulators in human cancer, specifically in human
melanomas (12-17). Specifically, this molecule can act both as a
tumor suppressor and an oncogene based on the cellular context
and thus demonstrates a paradoxical behavior in melanoma and
other cancers.

DIRECT TRANSCRIPTIONAL
REGULATION OF MIR211 EXPRESSION

MIR211 gene is located on chromosome 15q13.3, encoded within
the sixth intron of the Tramsient Receptor Potential cation
channel subfamily M member] gene (TRPMI, Melastatin). The
primary human melanocytes exhibit a high expression level of
MIR211 (12). Normal human organs such as the eye (18) and the
heart (19) also exhibit high expression levels of the primary
TRPM]I transcript. As expected, the levels of TRPMI and
MIR211 expression are positively correlated (20).

MIR211 has now been recognized as an important player in
the molecular pathogenesis of skin cancers. The Melanocyte
Inducing Transcription Factor (MITF) regulates MIR211’s host
gene TRPM1 by serving as its primary transcriptional regulator.
MITF is one of the critical regulators of melanocyte
differentiation and melanoma formation (12, 21, 22). A
positive correlation of gene expression levels between MIR211
and other MITF target genes such as TYRPI, TYR, MLANA,
CDK2, and SILV has also been reported, further supporting the
role of MITF in regulating MIR211 expression (12, 23), and
allowing the inclusion of MIR2I1 into the gene ontology (24)
cluster of “melanosome pigment granule related genes” (FDR
corrected P =4.36 x 10™®). An MITF-MIR211-BRN2 regulatory
feedback loop has been demonstrated (Figure 1), and this
regulatory mechanism may be important for cell state
specification in both melanoblasts and melanoma cells (25-28).
BRN2 (Brain-Specific Homeobox/POU Domain Protein class 3
transcription Factor 2 or POU3F2), a transcription factor, is
associated with aggressive melanoma development, and MIR211
is a strong suppressor of BRN2 mediated invasiveness (25). In
this feedback model BRN2 is a direct target of MIR211:
predictably, BRN2 expression shows an inverse correlation
with MITF expression. On the other hand, BRN2 has been
shown to be a repressor of MITF transcription (29). This is
predicted to induce bistable states in different subpopulations of
cells (21): one in which MIR211 expression and in the other
BRN2 expression would dominate, thus producing different
cellular behaviors due to mutually exclusive expression of these
two genes in the two subpopulations (see later for a significance
of this feedback loop).

The transcription regulatory gene Recombination signal
Binding Protein for immunoglobulin kappa ] region (RBP]), one
of the primary downstream molecular effectors of Notch signaling,
shares a similar gene expression profile with that of MITF,
suggesting a conserved biological function (30). Indeed, the
expression levels of RBPJ and MITF exhibit a positive
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correlation (R=0.47, P<10™'°) in the Genotype-Tissue Expression
(GTEx) datasets for healthy skin (both sun-exposed and
unexposed), but this correlation is absent in melanoma cells
(34). Furthermore, RBPJ occupies and regulates the TRPM]I
promoter in a MITF dependent manner and thereby increases
the expression of MIR211 (30, 31). Bcl-2, a pro-apoptotic protein,
regulates the expression of MIR211 by modulating MITF
expression in melanoma cell lines, in addition to the reciprocal
regulation of BCL2 by MITF (32). Figure 1 summarizes these
pathways of regulation of MIR211 gene.

THE EPIGENETIC REGULATION
OF MIR211

Transcriptional silencing associated with methylation of CpG
islands is an important correlate that is thought to be responsible
for the regulation of tumor suppressor genes (35-37). DNA
methyltransferase 1 (DNMT1) mediated methylation of TRPM1/
MIR211 promoter reduces MIR211 expression levels in
melanoma cells (26). Decreased MIR211 levels were correlated
with increased cell proliferation and Epithelial to Mesenchymal
Transition (EMT, a morphogenetic state transition that is

BRN2
TRPM1
MIR211
BRN2

RNA expression level in arbitrary units

Melanoma

Melanoblast Melanocyte

RAB22A

EMT

FIGURE 1 | A model summarizing the regulation of MIR211 gene expression: MIR211 gene is nested within the TRMP1 transcript. TRPM1 transcription is promoted
by the transcription factor MITF, and the latter’s transcription is in turn regulated by the Notch signaling pathway via the expression of RBPJK. The DNA methy!
transferase DNMT1 regulates the epigenetic state of TRPM1 gene via promoter methylation. MIR211 negatively regulates various genes, including MLANA, PRAME,
RABB22A, KCNMA1, and BRN2. Simultaneously BRN2 gene product induces MIR217 Texpression through an unknown mechanism. Apart from that, MIR211
expression also negatively regulated by pro-apoptotic protein BCL2 through MITF inhibition. The BRAFV60OE mutation, a frequent driver mutation for melanoma,
activates BRN2, which is negatively regulated by MIR211. EMT is Epithelial Mesenchymal Transition. The inset is a color-coded summary of salient mRNA expression
patterns in different cell types related to melanoma formation (blue, MITF; orange, TRPM1; red, MIR211; green, BRN2). The Y-axis is an arbitrary scale of gene
expression levels, used as a schematic representation of the salient points on how MIR271 expression varies in various cell types. See text for evidence regarding
these circuits and the gene expression levels from the following sources (12, 14, 25-33). *Proposed negative regulation.

important for the development of numerous cancer types) of
melanoma cells (26). The 3’UTR of the oncogenic Ras-related
protein Rab-22A (RAB22A) gene’s mRNA was found to be a
direct target MIR211 (33) suggesting that the suppressive effects
of MIR211 on oncogenic properties might be at least partially
through the inhibition of RAB22A expression. Similarly,
epigenetic silencing of TRPMI/MIR211 gene by EZH2-induced
(Enhancer Of Zeste Homolog 2 protein) histone H3K27
trimethylation and DNMT1 mediated promoter methylation
were associated with cell proliferation, increased AKT/B-
catenin signaling, and the induction of EMT, whereas
restoration of MIR211 expression reduced cell proliferation,
inhibited AKT/B-catenin signaling and reversed EMT in
glioblastoma multiformi (38). Thus, the EZH2/DNMT1/
MIR211/RAB22A axis might provide novel insights into the
molecular pathogenesis of both melanoma and glioblastoma,
particularly on the EMT processes in these two different cancers.
In a separate study, Li N et al. reported that the silencing of
MIR211 expression by methylation is associated with reduced
cisplatin sensitivity in melanoma (39). This observation,
however, may be interpreted as an indirect consequence of
reduced EMT in MIR211 deficient cells, because increased
EMT increases the resistance of cells to cisplatin (40).
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TUMOR SUPPRESSOR EFFECTS
OF MIR211

As expected of a regulatory molecule with a potential tumor-
suppressor activity, MIR211 was first identified as one of the
most differentially under-expressed miRNA molecules in non-
pigmented human melanoma cell lines and in a majority of
clinical melanoma tissue samples relative to those expressed in
normal melanocytes or in matched normal patient tissues,
respectively (12, 14). Conversely, when MIR211 levels were
increased artificially in melanoma cells, a significant inhibition
of growth and in vitro invasive properties were observed, which
could again be reversed by inhibiting MIR211 by an antagomir
(12-14), fulfilling the criteria for a tumor-suppressor molecule.
Consistently, several MIR211 targets genes, all of which were
previously known to be oncogenic, were identified, including the
calcium-activated potassium channel subunit a-1 (KCNMAI)
(12), Insulin-like Growth Factor 2 Receptor (IGF2R) (14), TGF-
beta Receptor 2 (TGFBR2) (41), Insulin Growth Factor Binding
Protein 5 (IGFBP5) (42, 43), POU domain-containing
transcription factor BRN2 (25), and Nuclear Factor of Activated
T-cells 5 (NFAT5) (14). These evidences together are consistent

with the proposal that MIR211 exerts its tumor suppressor
properties by means of direct negative regulation of potentially
oncogenic mRNAs (44). This proposal is also consistent with the
tumor suppressor role of MITF as a directly activating
transcription factor of MIR211 gene (12). Subsequently, a
series of additional evidences solidified the proposal of miR-
211 action as akin to a tumor suppressor for melanomas (13) as
well as several other cancer types, including epithelial ovarian
cancer (45), ovarian carcinoma (46), breast cancer (47),
hepatocellular carcinoma (48), renal cancer (49), and thyroid
tumors (50), among others (see Table 1 for a more complete list).

ONCOGENIC EFFECTS OF MIR211

Paradoxically, when MIR211 expression was artificially induced
in human melanoma cell lines, where its expression is generally
reduced relative to those in melanocytes, which were xenografted
into immunodeficient mice they resulted into aggressive tumor
growth (68). Interestingly, this surprising observation is
consistent with similar oncogenic effects associated with
MIR211 expression in a number of other cancer types,

TABLE 1 | Summary of MIR211 target genes and their roles in various cancer types.

TUMOR/CANCER TYPE TARGET GENES

ASSOCIATED DYSREGULATED MECHANISMS REFERENCES

1 MELANOMA BRN2 (POU3F2)
PDK4
TGFBR2
NFATS
RAB22A
IL6
IGF2R
BCL2
EDEM
IGFBP5
AP1S2
SOX11
SERINC3
PRAME
CHOP
SOX11
CYCLIN D1CDK1
MUC4
SPARC
ZEB1
MMP-9
SOX4
SNAIT
PHF-19
MCMB3AP-AST
KLF5
SATB2
SPARC
CDC25B
CCNB1
FOXM1

MALIGANANT MELANOMA
MULTIPLE MYELOMA
THYROID CANCER
EPITHELIAL OVARIAN CANCER
CERVICAL CANCER

~N oW

10 GASTRIC CANCER

12 BLADDER CANCER

13 OVARIAN CANCER

15 GLIOBLASTIOMA

17 HEPATOCELLULAR CARCINOMA

19 BREAST CANCER

22
23
24
25

COLORECTAL CANCER

ORAL SQUAMOUS CANCER

NON SMALL CELL LUNG CANCER

HEAD AND NECK SQUAMOUS CELL CARCINOMA

CDH5
BINT

SRCIN1
TGFBRII

INVASION (14, 25, 26, 32, 51-53)
CELL GROWTH
INVASION
INVASION
EMT
INVASION
CELL GROWTH
APOPTOSIS
PIGMENTATION

(54)
APOPTOSIS (55)
APOPTOSIS (50)
CELL CYCLE, APOPTOSIS (45)
INVASION & EMT (16, 56, 57)
EMT
PROLIFERATION AND METASTSIS
EMT (58, 59)
CANCER METASTASIS
CANCER METASTASIS (60)
PROLIFERATION, MIGRATION AND APOPTOSIS (46)
ANGIOGENESIS 1)
ANGIOGENESIS
PROLIFERATION AND INVSION (48, 62)
PROLIFERATION, MIGRATION AND INVASION (63)
PROLIFERATION AND MIGRATION (64)
PROLIFERATION, MIGRATION AND INVASION (65)
INVASION (66)
METASTASIS ©7)
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including oral carcinoma (65, 69), head and neck carcinoma
(67), Burkitt lymphoma (70), breast cancer cell lines (71), and
non-small-cell lung cancer (66).

There is no a priori reason why a regulatory molecule cannot
be a tumor suppressor in one cancer type but oncogenic in another
because the identity of differentially regulated downstream target
genes in different cancer types might be the obvious mechanism.
Indeed, separate sets of target genes of MIR211 have been shown
to be responsible for its tumor-enhancing role (66, 69, 71).
However, such an explanation does not easily explain how a
regulatory molecule can be both a tumor suppressor and an
oncogene in the same cancer type, such as seen with MIR211 in
melanoma. We propose below several mechanisms that should
help resolve this important paradox.

CELLULAR AND/OR GENETIC CONTEXTS
DETERMINE THE EFFECTS OF MIR211
EXPRESSION

We and others have reported that MIR211 expression is reduced
in amelanotic melanoma cell lines (12) and in clinical melanoma
samples (44, 72), driving efforts to use MIR2I1 as a clinical
diagnostic test to discriminate melanomas from benign nevi (52).
We also reported that the artificial over-expression of MIR211 in
amelanotic melanoma cells (A375) increases mitochondrial
respiration by inhibiting Pyruvate Dehydrogenase Kinase 4
(PDK4) mRNA levels, which was associated with reduced cell
survival and lessened invasive properties under cell culture
conditions (13). Consistently, miRNA profiling studies revealed
that MIR211 expression is down-regulated not only in melanoma
(12, 54), but also in other cancers such as glioma (73) and
glioblastoma (38), prostate cancer (74), hepatocellular carcinoma
(48), epithelial ovarian cancer (45), cervical cancer (16, 56),
and breast cancer (75). These foregoing results together point
towards a general tumor-suppressor role of MIR211. By contrast,
MIR211 is also known exhibit high expression levels in certain
melanoma subtypes and in other cancers: MIR211 expression is
high in a majority (6/8) of melanoma lines in the NCI-60 cancer
cell panel (76), and in 9/29 clinical melanoma samples (12),
suggesting that either MIR211 level by itself is irrelevant to the
tumor-like status or malignancy or that in certain cancer cells
MIR211 levels might have tumor-promoting activity.

The dual role of MIRNA211 described above may hinge on
the cellular context, similar to context-dependent regulation that
was previously reported for other miRNA genes, in particular
with MIR7 (77, 78), MIRI125B (79) and MIRI55 (80). This
fascinating paradox—whether and how a particular miRNA
could either inhibit or augment cancer growth and
development depending on the particular cellular context—
raises several questions concerning the importance of MIR211
in melanocyte dedifferentiation (43), melanoma genesis (25),
aging and senescence (81), and cardiac development (19).

On the basis of the observations that MIR211 over-expression
in the amelanotic melanoma cell line A375 decreased Warburg
effect and simultaneously decreased cell proliferation and

invasiveness (13), it was anticipated that these cells when
transplanted as murine xenografts would also reduce tumor
size relative to those by the control (normal MIR211 levels)
A375 cells. Paradoxically, exactly the opposite results were
observed (68), in which extraordinarily aggressive tumors were
formed by the xenografted cells over-expressing MIR211. The
PDK4 gene, the target gene of MIR211 which was previously
thought to be an effector of the metabolic switch controlled
by MIR211, was indeed downregulated in these xenografts,
and therefore the response of this target gene was unable to
explain the paradoxical behavior of MIR211 on tumorigenesis.
Deletion of MIR211 gene in these xenografted cells produced
much reduced tumors, supporting the conclusion that this
MIR211 was directly responsible for the hypertrophic tumor
phenotype. RNAseq analysis of mRNA molecules co-
immunoprecipitated with the Argonaut-2 protein suggested
that these mRNA molecules are associated with the RISC
complex in cells with or without MIR211 (68). These studies
further revealed several additional target mRNAs, including
DUSP6 and BIRC2, which were then confirmed to be causally
related to tumor hypertrophy via a modulation of the ERK5/
MEK kinase signaling pathway (68) (Figure 2). These cells
simultaneously became more resistant to the BRAF inhibitor
vemurafenib and the MEK inhibitor cobimetinib, suggesting that
the modulation of the DUSP6/ERKS5 signaling pathway by
MIR211 is related to the development of BRAF/MEK inhibitor
resistant melanoma (68).

BROADLY PLEIOTROPIC TUMOR
SUPPRESSOR AND ONCOGENIC
BEHAVIOR OF MIR211 CAN BE
EXPLAINED BY THE DIVERSITY
OF ITS TARGET MRNAS

As described above, MIR211 acts as a tumor suppressor in a
variety of cancer types, it can also act as an oncogenic regulator
in others. Therefore an understanding of the paradoxical
behavior of MIR211 is of paramount importance for
understanding cancer biology.

Though the functional role of MIR211 has not been studied
extensively in primary human melanocytes, its tumor suppressor
role in pigmented melanoma has reported widely and suggested
to be due to a multitude of target genes [see citations above, and
also (44, 83)]. Endoplasmic reticulum stress initiates the
activation of three important signaling molecules like Ire-10u/f3,
ATF 6, and PERK, whose function is to enable adaptation to the
ER stress. PERK (Eukaryotic translation initiation factor 2-alpha
kinase 3, also known as protein kinase R (PKR)-like endoplasmic
reticulum kinase), is an enzyme that in humans is encoded by the
EIF2AK3 gene. PERK has been reported to induce the expression
of MIR211, which in turn reduces the stress-dependent
expression of GAD153/CHOP, a pro-apoptotic transcription
factor at early stages of ER stress (84). If the ER stress is
sustained, MIR211 expression is turned off and increases the
expression of CHOP and thereby apoptosis (84). A reduction in
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FIGURE 2 | The regulatory cascade of MIR211 involving the BRAF/ERK5/DUSP and PDK4. MIR211 is a negative regulator of at least two negative regulators
(BIRC2, DUSP6 and possibly other DUSP mRNAs) of the ERK5/MEK signaling pathway. The latter is involved in resistance of melanoma to vemurafenib and
cobimetinib. PDK4 is a pyruvate dehydrogenase kinase, which inactivates pyruvate dehydrogenase (PDH) by phosphorylation, which therefore cannot catalyze the
entry of pyruvate to tricarboxylic acid (TCA) cycle. Metabolites of the TCA cycle induces lipid biosynthesis and inhibits hypoxia inducing factor HIF 1o, which is a
transcriptional activator of ERRP, which in turn is a transcriptional activator of PDK4 gene. Evidence for these pathways are obtained from Lee et al. (2016 and 2020)

the expression of MIR211 in multiple myeloma is associated with
increased expression of pro-apoptotic factor CHOP which in
turn triggers ER stress mediated apoptosis (55). In epithelial
ovarian cancer (EOC) cells, MIR211 expression was down-
regulated and increased the expression of cyclin D1 and CDK1
and thereby apoptosis (45). Levy et al. reported that MIR211 can
directly inhibit the TGFBR2 and NFAT5 and can indirectly
inhibit IGF2R, which leads to the reduced invasive potential of
malignant melanomas (14).

EMT is a highly dynamic process that can convert nonmotile
epithelial cells to motile mesenchymal cells (85), which involves
molecular reprogramming and phenotypic changes that lead to
tumor metastasis. EMT in cancer is associated with a decrease in
the expression of epithelial cell markers such as y-catenin and E
cadherin, and with an increase in the expression of mesenchymal
markers such as vimentin and N-cadherin (86). Mucin 4
(MUCH4) is a glycoprotein that covers the epithelial cells and
belongs to a large MUCIN family of glycoproteins. Mucin could
be used as a lineage marker in benign cervical tissue, whose
expression might be higher in cervical cancer (87). MIR211 could
directly target MUC4 mRNA and thereby can inhibit the
invasion and EMT in cervical cancer cells (57). In melanoma
cells, MIR211 can modulate EMT by targeting RAB22A, a
member of the RAB family of small GTPase, which regulates
tumor invasion and metastasis in various cancer types (32).

Secreted protein acidic and rich in cysteine (SPARC) is a
matricellular family of proteins, which modulates cell-matrix
interactions and tissue remodeling and, thereby, EMT. In
cervical cancer, MIR211 directly targets SPARC and thus acts
as a tumor suppressor gene (16). MIR211 regulates Matrix

metalloproteinase-9 (MMP-9) and thereby reduces EMT in
gastric cancer (58). Sex-determining region Y-related high-
mobility group box 4 (SOX4) is another crucial transcription
factor that contributes to tumor cell survival, metastasis, and
possibly to the maintenance of cancer stem cell properties. In
gastric cancer cells, overexpression of MIR211 directly inhibits
SOX4 expression and thereby down regulates tumor metastasis
(88), suggesting the involvement of cancer stem cells. The Snail
family transcriptional repressor 1 (SNAI1) has a significant role
in regulating genes required for cell-cell interaction and EMT. By
targeting SNAI1 mRNA, MIR211 directly regulates the
metastatic behavior of tumor cells in renal cancer cells (49).
PHF19 is a member of polycomb repressive complex 2 Complex,
which mediates transcriptional repression of developmental
regulatory genes and modulates embryonic stem cell
differentiation. A recent report suggests that MIR211 can target
PHF19 and thereby inhibit cell proliferation, migration and
apoptosis in ovarian cancer (89). At the same time, MALAT1,
a long non-coding RNA antagonizes the effect of MIR211 in
ovarian cancer cells (46). The Secreted protein acidic and rich
in cysteine (SPARC) is an oncogene, which is highly expressed in
various tumors such as glioma, melanoma, prostate, and gastric
carcinoma. SPARC belongs to the matricellular family and has a
significant role in tissue repair and remodeling (90). MIR211 is a
direct regulator of SPARC expression, and thereby down-
regulates other metastasis-associated genes (62). ZEBI, a
member of the zinc finger family protein, is reported to be
upregulated in ovarian, breast, prostate, and endometrial cancer
(91-94). MIR211 directly targets ZEB1 mRNA and reduces the
proliferation and metastasis of cervical cancer cells (56).
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Apart from regulating the apoptosis, Endoplasmic reticulum
stress and EMT, MIR211 also regulates various other processes
important for cancer, including angiogenesis, through influencing
multiple signaling pathways. In hepatocellular carcinoma MIR211
down-regulates SATB2 (Human special AT-rich sequence-
binding protein-2) and reduces its invasion and proliferation
(48). Another important study demonstrated that in tongue
squamous cell carcinoma the long non-coding RNA
KCNQI1OT1 sponges MIR211 and thereby activates Ezrin/Fak/
Src signaling pathways (95). Mazar et al. reported that MIR211
directly targets pyruvate dehydrogenase kinase 4 (PDK4) mRNA,
and the ectopic expression of MIR211 reduced hypoxia-inducible
factor 1ot (HIF-1ar) protein levels and decreased cell growth during
hypoxia (13). Ribonucleotide reductase M2 (RRM2) is associated
with tumor progression and metastasis; and in colorectal cancer
k-ras mutation reduces the expression of MIR211 which thereby
enhances the expression of RRM2 (96). In melanotic melanoma
cells, MIR211 is induced by BRAFi/MEKi and favors their pro-
pigmentation activity by targeting EDEM1, hence promoting TYR
expression and melanin accumulation (53). In another interesting
study with breast cancer cells it was suggested that MIR211
targeted CDC25B, CCNB1, and FOXM1 and thereby inhibited
cell cycle and reduced genomic stability, proliferation, migration,
and invasion in triple-negative breast cancer cells (63). It was
recently shown that adipocytes secret IL6, which leads to
downregulation of MIR211 in melanoma which further
promotes melanoma invasion (51).

In contrast to the tumor suppressor activities of MIR211
mentioned above, increased expression of MIR211 is reportedly
oncogenic [see above, and (67, 97)]. Some of its oncogenic
properties can also be traced to its target genes. For example,
MIR211 appears to up-regulate cell cycle progression by targeting
the tumor suppressor gene CHD5 (64), thus modulating the p53
pathway, and via several protein kinases (98). MIR211 acts as an
oncogene in Acute Myeloid Leukemia (97) by down-regulating the
expression of BINI and by activating the EGFR/MAPK pathway.
Increased expression of MIR211 in head and neck squamous cell
carcinoma (HNSCC) inhibited TGFBRII and thus decreased the
SMAD3 phosphorylation and increased c-myc expression (67).
MIR211 contributes to melanoma progression not only by
targeting genes of melanoma cells but also by modulating the
tumor niche in melanoma microenvironment via communication
through melanosomes (15, 51). Melanosomal-MIR211 released
from melanoma cells are transferred into the surrounding primary
skin fibroblasts and which then induce their reprogramming into
cancer-associated fibroblasts (CAFs) by targeting the IGF2R
mRNA and through regulating MAPK signaling (15). The target
genes of MIR211 which are considered to be important in various
cancer types are summarized in Table 1.

PARALOGS OF THE MIR211 FAMILY

A second miRNA gene that belongs to the same family as
MIR211 is MIR204, which is located within the TRPM3 gene at
9q21.12, and is believed to be a paralog of MIR211 (71). Both of

these two mature MIRNAs share a similar seed sequence, but
they differ in two nucleotides within their 3’ regions; these two
MIRNAs share multiple common mRNA targets (99). Among
these shared targets are the mRNAs of the following tumor-
suppressing genes: XIAP Associated Factor 1 (XAF I) (71, 100,
101), whose loss of function mutation causes gastric carcinoma,
HRAS-Like-Suppressor4 (or HRASLS4) (71, 101, 102), also
associated with mutations in gastric cancer, Homeodomain
Interacting Protein Kinase 2 (HIPK2) (71, 103), mutations in
which gene are associated with keratocanthoma (a rare skin
cancer), breast cancer, and Thioredoxin Interacting Protein
(TXNIP) (71, 104), associated with exocervical carcinoma. In
the opposite direction, TargetScan (www.targetscan.org)
analysis of MIR211-5p and MIR204-5p also yields the
following common oncogene or oncogene-like genes as high-
confidence targets: Ras-Related Protein Rab-22A (RAB22A),
Paired Like Homeobox 2B (PHOX2B) whose high expression is
associated with neuroblastoma (105), and Adaptor Related
Protein Complex 1 Subunit Sigma 2 (AP1S2) whose mRNA
expression is enhanced in melanoma and is associated with
significantly poorer survival of melanoma patients (although
confers a better survival probability to ovarian and breast
cancer patients). In summary, MIR211 and its paralog MIR204
together regulate a number of genes whose expression are
related to both tumor suppressor and oncogenic activities in a
number of different cancer types including melanoma. As a
result, the complexity of phenotypes associated with MIR211
could also be due to the combined as well as single negative
effects on a number of different oncogenic and tumor suppressor
mRNA levels, which at least in theory may produce rather
complex net dynamics depending on the expression signatures
of a large number of genes and the relative levels of the
two microRNAs.

MODELS EXPLAINING THE
PARADOXICAL EFFECTS OF MIR211

The paradoxical behavior of MIR211 brings to mind the early
controversy of p53, acting, as initially proposed, to promote
tumor growth (106) but later understood to be a tumor
suppressor (107). While as yet there is no direct relationship
between p53 and MIR211, by reminding ourselves of the
importance of paradoxes in science (108), especially concerning
the p53 controversy, we suggest that MIR211 biology is important
for understanding cancer biology.

There might be at least three different mechanisms that can
explain the paradoxical behavior of a miRNA on a biological
process: (a) differences in the allelic variants at miRNA targets;
(b) differences in the cellular micro-environment, (c) stochastic
fluctuations in the expression levels of the miRNA which set into
motion different trajectories of regulatory influences in different
cells. Figure 3 summarizes the three models. It is unclear at this
time which of these models is true of MIR211. These models are
offered as the rationale to guide future experiments. The models
are general, in the sense that these could formally apply to all
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FIGURE 3 | Models that explain the paradoxical effects of MIR211 on cancer development. (A) posits that allelic variants in MIR211 target genes explain the
behavior of cells with respect to tumorigenesis. (B) assumes that the cellular type and the microenvironment, including cell-cell communication, determines the
context for whether MIR211 will be tumorigenic or tumor suppressive. MIR211 secreted within exosomes, and/or signaling molecules or metabolites secreted by
cells with high or low expression of MIR211 may influence adjacent tumor cells in concentration dependent manner, thus helping to establish distinct morphogenetic
fields within the tumors and contribute to tumor heterogeneity. (C) explains the mutually opposite effects of MIR211 on the basis of cell to cell heterogeneity and
dynamics of gene expression related to MIR211. In this last model, feed-forward and negative feedback with time delays set up opportunities for complex dynamical
patterns of expression involving the two genes, MIR271 and BRN2. The inset shows a schematic of such a dynamical pattern, in which stochastic fluctuation in the
initial levels of MIR211 or BRN2 could lead to the transition at the parameter values (X,Y) of a cell to a tumor progression (high BRN2/low MIR211) or to a tumor
suppressive (high BRN2/high MIR211) state and thus lock in the characteristic state. Intermediate states (high BRN2/intermediate MIR211) could represent cells that
could be driven to either direction through other (environmental) factors, which has been shown to occur with melanoma cells with respect to their vemurafenib

cases where the same miRNA has multiple, mutually opposite,
biological effects depending on the cellular contexts.

The allelic variant model (Figure 3A) proposes that
nucleotide differences at the target site, especially within the
seed sequences of the miRNA, are responsible for the cell-line to
cell-line variability of its biological effects. Such variability might
be inherited in the germline, or maybe due to somatic mutations.
This model is consistent with several previous observations on
miRNA target site sequence variations (110-112).

The micro-environment influence model (Figure 3B) posits
that the expression of MIR211 triggers cell-nonautonomous
events. Some cells in the tumor micro-environment sense the
downstream effectors of MIR211, through either direct exosomal
contribution of MIR211 to the neighboring cells or indirectly via
cell-to-cell signaling and/or metabolites secreted by the primary
cells. This proposal assumes the presence of morphogenetically
heterogeneous cells within the tumor micro-environment, which
takes into account the following previous observations: (i)
Melanocytes are derived from non-pigmented melanocyte
precursor stem cells, and non-pigmented melanomas are
thought to be mainly derived from these stem cells through
oncogenic transformation (113); (ii) pigmented melanoma cells
are derived from dedifferentiation and transformation of

melanocytes); (iii) MIR211 expression is low in undifferentiated
precursor cells, is high in melanocytes, low in non-pigmented
melanoma, but high in pigmented melanoma cells (12); (iv)
MIR211 targets PDK4, which causes high NADP*/NADPH
ratio (13); (v) High NADP'/NADPH ratio causes high ROS
levels (114). Diftusion of these molecules is in principle sufficient
to set up distinct morphogenetic fields within the tumors (115).
The stochastic single-cell expression model (Figure 3C)
posits that MIR211 expression fluctuates stochastically from
cell to cell (116), which leads to cell-to-cell fluctuations in the
relative levels of MITF (component X) and BRN2 (component
Y). A well-known consequence of such fluctuations of two
regulatory components in a mutually negative feedback
regulatory loop is the establishment of multiple distinct
equilibrium regions of expression levels of the two components
in which they are both low, both high or one high/one low.
Tumor gene expression systems have been shown to operate
under such multiple equilibria, producing heterogenous cell
populations within the tumors, leading to vastly different
biological consequences (117). Importantly, the three models
proposed here are not mutually exclusive; elements of each can
coexist with those of the other two in defining the full range of
biological complexity associated with this regulatory molecule.
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SUMMARY AND RECOMMENDATIONS

MIR211 shows both tumor suppressive and oncogenic activities
in the same or different cancer types. Since MIR211 has also been
shown to be associated with various human diseases apart from
cancers, it is regarded as one of the most promising miRNA
molecules for therapeutic applications. To our knowledge no
clinical trial is currently on-going with this miRNA. Although
numerous studies have illuminated the molecular mechanisms
associated with the tumor-suppressive and oncogenic
characteristics of MIR211, there are many important questions
that need to be answered in the future, and we have provided
three different frameworks for approaching these mechanisms.
We suggest that further work on this interesting regulatory
molecule should focus on (a) deciphering the source of
mutually opposite behavior of MIR211 in cancer, (b)
understanding the mechanisms of cell-to-cell expression
variances of MIR211, and (c) how such variations could be
utilized for diagnostic, prognostic or therapeutic applications.
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Background: Alkylating agents are critical therapeutic options for melanoma, while
dacarbazine (DTIC)-based chemotherapy showed poor sensitivity in clinical trials. Long
non-coding RNAs (IncRNAs) were highlighted in the progression of malignant tumors in
recent years, whereas little was known about their involvement in melanoma.

Methods: The functional role and molecular mechanism of INncRNA POU3F3 were
evaluated on DTIC-resistant melanoma cells. Further studies analyzed its clinical role
in the disease progression of melanoma.

Results: We observed elevated the expression of INcRNA POUSF3 in the DTIC-resistant
melanoma cells. Gain-of-function assays showed that the overexpression of INcCRNA
POUS3F3 maintained cell survival with DTIC treatment, while the knockdown of INncRNA
POUSBF3 restored cell sensitivity to DTIC. A positive correlation of the expression
0O6-methylguanine-DNA-methyltransferase (MGMT) was observed with IncRNA POU3F3
in vitro and in vivo. Bioinformatic analyses predicted that miR-650 was involved in
the IncRNA POUS3F3-regulated MGMT expression. Molecular analysis indicated that
INcRNA POUBF3 worked as a competitive endogenous RNA to regulate the levels of
miR-650, and the INcRNA POU3F3/miR-650 axis determined the transcription of MGMT
in melanoma cells to a greater extent. Further clinical studies supported that INncCRNA
POUSF3 was a risk factor for the disease progression of melanoma.

Conclusion: LncRNA POUSBF3 upregulated the expression of MGMT by sponging
miR-650, which is a crucial way for DTIC resistance in melanoma. Our results indicated
that IncRNA POU3F3 was a valuable biomarker for the disease progression of melanoma.

Keywords: IncRNA POU3F3, melanoma, chemo-resistance, dacarbazine, MGMT
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INTRODUCTION

Wide multidisciplinary approaches, along with the immune
checkpoint inhibitors and targeted therapies have substantially
improved the survival of patients with melanoma (1). Combined
treatment with alkylating agents and targeted therapies is a
recommended option for metastatic melanoma, whereas the
treatment with alkylating agents, such as dacarbazine (DTIC),
showed a complete response rate of < 5% (2, 3). Nevertheless,
it was calculated that the increasing incidence of malignant
melanoma and low survival rate occurred in the late-stage
patients (4). It was critical to assess the mechanism of therapeutic
resistance to improve the available therapies (5, 6).

Extensive studies indicate various strategies for DTIC-
resistant melanoma cells (7). Among them, O®-methylguanine-
DNA-methyltransferase (MGMT), a damage-reversal suicide
enzyme, plays an important role in the chemotherapy resistance
related to alkylating agents (8). The MGMT transfers an alkyl
group from the O°-guanine of DNA to protect the cells
against the DTIC-induced DNA damage. Clinical trials identified
elevated MGMT expression in melanoma metastases as an
indicator for DTIC-based therapy resistance (9). Therefore,
further research for MGMT regulation is valuable to explore a
novel strategy for reversing the chemotherapy resistance.

Recent studies on long non-coding RNAs (IncRNAs) indicated
that IncRNAs played crucial roles in chromosome modification,
gene transcription, and intranuclear translocation (10). However,
rear studies explore the significance of IncRNA in malignant
melanoma. Earlier, we screened out increased levels of IncRNA
POU3F3 (also LINCO01158) in DTIC-resistant melanoma cells,
indicating a promising role of IncRNA POU3F3 in the acquired
DTIC resistance. LncRNA POU3F3 is a 747 bp transcript
located in Chr2q12.1, which shows absolute conservation among
different orthologous species (11). Moreover, the elevated
IncRNA POU3F3 expression was also reported in glioma (12),
esophageal cancer (13), and cervical cancer (14), which was
correlated with cell proliferation, migration, and invasion.
Extensive research on the molecular mechanisms, including the
crosstalk with miRNA, was needed for the IncRNA POU3F3-
participated DTIC-resistance.

Thus, we explored the biological role of IncRNA POU3F3 in
regulating DTIC-resistant melanoma cells, as well as their clinical
significance in patients with malignant melanoma.

MATERIALS AND METHODS
Cell Culture

Human melanoma cell lines, namely A375 and MV3, were
obtained from the American Type Culture Collection (ATCC)
(Manassas, USA). The cells were cultured in an RPMI-1640
medium with 10% fetal bovine serum (FBS). The DTIC (Sigma-
Aldrich, St. Louis, USA) was dissolved in 1 M hydrochloric acid
and diluted to various concentrations in a culture medium.
Gradient concentration of DTIC was added in the medium
for 6 months to generate the DTIC-resistant cells (A375/DTIC
and MV3/DTIC).

Cell Transfection

The pIRSE2-IncRNA POU3F3, full-length MGMT, MGMT-3 -
untranslated regions (3'-UTRs), and small interfering RNAs
(siRNAs) for MGMT as well as the mutant ones were synthesized
in Sangon Biotech (Shanghai, China). The siMGMT were
designed as reported by Veil et al. (15). The miRNA-650 mimic
and the inhibitor were prepared in GenePharma (Shanghai,
China). Cell transfection was performed with Lipofectamine
2000 (Invitrogen, Carlsbad, CA) and verified by quantitative
real-time-PCR (qQRT-PCR) assays.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA of cultured cells was prepared with the TRIzol reagent
(Invitrogen, CA, USA). The AMV Reverse tTanscriptase XL
(Takara Bio, Otsu, Japan) and RevertAid™ H Minus First Strand
cDNA Synthesis Kit (Takara) were used for reverse transcription.
The expression levels of IncRNA and micRNA were measured
with the One Step SYBR Prime Script RT-PCR Kit (Takara Bio,
CA, USA). The GAPDH and U6 were used as their endogenous
controls. All experiments were independently repeated at least
three times. The sequences of the primers are listed in the
Supplementary Table 1.

MTT Assay

Transfected cells were seeded into 96-well plates and treated with
the DTIC of indicated concentration for 48 h. Cell viability was
analyzed with the MTT Cell Proliferation and Cytotoxicity Assay
Kit (C0009, Beyotime, Shanghai, China), which was performed
according to the instructions of the manufacturer. Cell viability
was measured at OD450 nm with a microplate reader.

Colony Formation Assay

In total, 1,000 transfected cells were cultured with 12-well plates
for 14 days. Giemsa-stained cell colonies were counted and
photographed. All experiments were independently repeated at
least three times.

Cell Apoptosis Assay

We collected all the attached and floating cells after the
indicated treatment and resuspended them in an HEPES buffer.
Cell apoptosis was determined with the Annexin V-FITC/PI
kit (Beyotime, Shanghai, China) as the instructions of the
manufacturer, which was measured with the BD FACSAria II flow
cytometer (BD Biosciences, CA, USA).

Western Blot

A radioimmunoprecipitation assay buffer (Cell-Signaling Tech.,
MA, USA) was used for total protein extraction. Primary
antibodies against MGMT (ab108630) and GAPDH (ab181602)
were obtained from Abcam (Cambridge, USA). Western blot
assays were performed as previously reported (16). The GAPDH
was used as a loading control.

Xenograft Model

In total, 12 BALB/c-nude mice were provided by the Shanghai
Laboratory Animal Resource Center (Shanghai, China). The
infected A375 cells (5 x 10°) were subcutaneously planted (six
mice in each group) and grew until 100 mm?>. The DTIC was
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dissolved into 0.9% NaCl solution and intraperitoneally (IP)
administered (5 mg/kg weight, every 2 days) as reported by
Tsubaki et al. (17). The xenograft volume was measured every 3
days with the following formula:

Volume = (lengthx width?) /2.

The mice were anesthetized and sacrificed after 15 days of
DTIC treatment. The tumor tissue from each mouse was excised
and photographed.

Immunohistochemical Staining
Paraffin-embedded xenograft sections were prepared. Primary
antibodies for MGMT and Bcl-2 (ab32124) were obtained
for Abcam. The immunohistochemical (IHC) staining was
performed with DAKO REAL EnVision K5007 (Glostrup,
Denmark) according to the instructions of the manufacturer.

Luciferase Reporter Assay

Dual-luciferase pmirGLO-IncPOU3F3-wt and mutant reporter
vectors were designed as present in the schematic diagram.
HEK-293 cells were co-transfected with reporters and with miR-
NC or miR-650. The luciferase activity was measured with the

Dual-Luciferase Reporter Assay System (Promega, Madison, WI)
after 48 h.

RNA Immunoprecipitation

The RNA immunoprecipitation of A375/DTIC cells was
performed with the Imprint RNA Immunoprecipitation Kit
(Sigma Aldrich, MO, USA). The immunoprecipitates were
collected with anti-argonaute 2 (Ago2) or anti-IgG antibody,
which were conjugated with magnetic beads. Then, qRT-PCR
assays were performed for the abundance of IncRNA and miRNA
in the purified RNA.

RNA Pull-Down Assay

The miR-650-wt or miR-650-mut was transfected into A375
cells. Streptavidin-coated magnetic beads (Life Technologies,
Carlsbad, USA) were used to collect the biotin-coupled RNA
complex. Then, a qRT-PCR assay was performed to measure the
levels of IncRNA.

Statistical Analysis

The statistical data were presented as mean £ SD from at least
three independent experiments. The comparison between two
or more groups was performed with the paired Student’s ¢-test
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FIGURE 1 | LncRNA POU3F3 maintains melanoma cell survival with DTIC treatment. (A) The INcRNA POUBF3 expression level was measured in DTIC-resistant
melanoma cells and parental A375 and MV3 melanoma cells. GAPDH was used as the control. (B) The DTIC-resistant or parental A375 and MV3 cells were
transfected with siRNA-NC/siRNA-INcRNA POUSF3 or Vector-NC/IncRNA POUSF3. The IncRNA POUSBF3 expression levels were measured with gRT-PCR assays.
(C,D) The transfected parental and DTIC-resistant A375 cells were treated with a series dose of DTIC (1-2,000 pg/ml) for 48 h, and cell viability was determined by
MTT assays. IC50 was analyzed with the percentage of cell viability inhibition. (E) LncRNA POUSF3 overexpressing cells and control cells were treated with DTIC

(25 wg/ml) for 3 days. The cell proliferation was detected with MTT assays. (F) In total, 1,000 transfected DTIC-resistant and parental A375 cells were cultured with
DTIC (25 ng/ml) for 10 days. Cell colony number was compared among the groups. The data are presented as mean + SD of three independent experiments, where
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or the one-way ANOVA test. Correlation between the clinical
variables was analyzed with the Chi-square test. The Kaplan-
Meier analysis with the log-rank test and Cox proportional
hazard methods were used for the survival estimation. The value
of p < 0.05 was considered as a significant difference.

RESULTS

LncRNA POU3F3 Maintains Melanoma Cell

Survival With DTIC Treatment

First, the expression levels of IncRNA POU3F3 were monitored
in the DTIC-resistant cells and parental cells, which showed
an increased expression of IncRNA POU3F3 in the DTIC-
resistant cells than in the parental ones (Figure 1A). Then, we
assessed the functional role of IncRNA POU3F3 in melanoma

cells. The knockdown of IncRNA POU3F3 was verified after si-
IncPOU3F3 transfection in the DTIC-resistant cells (Figure 1B).
Exogenous expression of IncRNA POU3F3 was performed with
parental melanoma cells, in which an empty vector was used
as a control (Figure 1B). The MTT assays were performed
for the cell viability of the transfected cells with gradient
concentrations of DTIC for 48h. Then, we analyzed the IC50
for each cell group. An increased IC50 value was observed
in IncRNA POU3F3 overexpressing cells (Figure1C and
Supplementary Figure 1A), while the knockdown of IncRNA
POU3F3 induced a decrease of IC50 in the DTIC-resistant cells
(Figure 1D). The transfected cells were cultured with 25 pg/ml
DTIC for 3 days. The cell viability analysis indicated that
the expression of IncRNA POU3F3 maintained the survival of
melanoma cells with DTIC treatment (Figure 1E). Moreover, the
colony formation assay showed increased cell colonies in IncRNA
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FIGURE 2 | LncRNA POU3F3 contributes to MGMT-induced DTIC resistance. (A) Western blot assay for the MGMT expression was performed with IncRNA POU3F3
overexpressing cells, knockdown cells, and control cells. GAPDH was used as the loading control. (B) The transfected cells were pretreated with DTIC (A375 cells:
25 ug/ml; MV3: 10 pg/ml) for 48 h. Cell apoptosis was detected with the flow cytometry analysis. (C) A375/DTIC-sincPOU3F3 cells and control cells were treated
with 25 pg/ml DTIC for 48 h and cell apoptosis was analyzed with a flow cytometer. (D) Western blot assay for the MGMT expression was performed with shMGMT
transfected A375-IncPOUSF3 cells. (E) The transfected cells were treated with 25 pg/ml DTIC for 48 h and cell apoptosis was analyzed with a flow cytometer. The cell
apoptosis data are presented as mean + SD of at least three independent experiments. (F) The IncRNA POU3F3 overexpressing and controlled A375 cells were
subcutaneously implanted for xenografts. DTIC (5 mg/kg) was IP administered every 2 days after the average volume of xenografts was 100 mm?3. The volume of the
xenografts was recorded every 3 days. (G) The volume of A375-IncPOU3F3 xenografts was compared between A375-vector and A375-IncPOU3F3 ones. (H) The
expression levels of MGMT and Bcl-2 were determined by IHC staining with the xenografts as indicated in (G), where *p < 0.01. LncRNA, long non-coding RNAs;
DTIC, dacarbazine; MGMT, O6-methylguanine-DNA-methyltransferase; IP, intraperitoneally; IHC, immunohistochemical.
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POU3F3 overexpressing cells with DTIC treatment, whereas  of IncRNA POU3F3 reduced the MGMT levels (Figure 2A).
the knockdown of IncRNA POU3F3 decreased the ability of A cell apoptosis analysis was performed with the transfected
cell colonies compared to the corresponding control group  melanoma cells. The results showed that the overexpression of
(Figure 1F). Similar results were also observed in the transfected =~ IncRNA POU3F3 induced a low percentage of cell apoptosis
MV3 cells (Supplementary Figure 1B). The results supported  than the corresponding control cells (Figure 2B), whereas a
that IncRNA POU3F3 participated in the DTIC resistance of  higher percentage of cell apoptosis in the knockdown of IncRNA

melanoma cells. POU3F3 A375/DTIC cells than control cells (Figure 2C). The

. knockdown of MGMT was performed with IncRNA POU3F3
IncRNA POU3F3 Contributes to overexpressing cells and verified with the Western blot assay
MGMT-Induced DTIC Resistance (Figure 2D). Increased cell apoptosis was observed in the MGMT
We further accessed the correlation of IncRNA POU3F3 and  knockdown cells, compared with the control group (Figure 2E).
MGMT in the DTIC resistance of melanoma cells. We examined In vivo assays were performed with IncRNA POU3EF3

the protein levels of MGMT in transfected cells. Western  overexpressing A375 cells and empty control cells. The DTIC
blot assays showed an increased MGMT protein level in  was administrated when the xenograft volumes were around
IncRNA POU3F3 overexpressing cells, whereas the knockdown 100 mm?®. Increased tumor growth was observed in the
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FIGURE 3 | LncRNA POU3F3 regulates miR-650 as a competing endogenous RNA. (A) A375 cells were transfected with biotinylated miRNAs. The RNA levels of
IncRNA POUSF3 and GAPDH were analyzed for the relative ratio of IP input with gRT-gPCR. (B) The IncRNA POU3F3 and miR-650 levels were measured in
anti-AGO2 immunoprecipitates, which were analyzed with anti-Ago2 RIP assays. (C) The content of IncRNA POU3F3 was compared between miR-650-wt and
miR-650-mut transfected A375 cells. (D) The predicted binding site of INcRNA POU3F3 and miR-650 was shown in the schematic diagram. Wild type and mutant
INncRNA POUSFS firefly luciferase reporters were prepared as shown in the sequence. The luciferase activity of different transfected cells was compared using a
histogram. (E) The miR-650 expression level was analyzed in IncRNA POUSF3 overexpressing cells and vector control cells, which was measured by the gRT-PCR
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apoptosis percentage of the transfected cells (F) was analyzed with a flow cytometer after DTIC treatment for 48 h. (H) The transfected cells were treated with DTIC
(25 pg/ml) for 3 days. Cell viability was detected with MTT assays. The data are presented as mean =+ SD of at least three independent experiments, where *p < 0.01.
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tumors of IncRNA POU3F3 overexpressing cells (Figure 2F),  athena-innovation.gr/diana_tools/web/index.php?r=Incbasev2/
and the xenografts showed a larger volume than the control  index). Moreover, candidate miRNAs, to regulate the MGMT
group (Figure 2G). Moreover, the IHC staining showed an  expression, were also analyzed with Targetscan 7.2 (http://
increased positive expression of MGMT and of bcl-2 in the  www.targetscan.org/vert_72/). An overlap analysis found five
xenografts of A375-IncRNA POU3F3 cells than in the control  candidate miRNAs for further verification. An RNA pull-down
group (Figure 2H). These data suggested that IncRNA POU3F3  analysis indicated the most relevant target miRNA of IncRNA
inhibited DTIC-induced melanoma cell apoptosis, which was ~ POU3F3, which was more abundant in miR-650 than others
correlated with an expression of increased MGMT. (Figure 3A). Further analysis was performed for the interaction
between IncRNA POU3F3 and miR650. RIP assays were
. erformed with precipitated Ago2 protein. Our results showed

IncRNA POU3F3 Regulates miR-650 as a fhat IncRNA POPU3F§ and migR—65p0 were associated with the
Competing Endogenous RNA Ago2 in A375 cells (Figure 3B). Moreover, the miR-650 and
Previous studies indicated that a variety of IncRNAs absorbed ~ IncRNA POU3F3 levels showed over 2-fold increase than the IgG
miRNAs to regulate the transcription of the targeted mRNA  control (Figure 3B). The RNA pull-down assays also indicated
(10). Then, we analyzed the reverse complementary recognition  higher levels of IncRNA POU3F3 in miR-650-wt than in the
sequence of IncRNA POU3F3 to predict the target miRNAs,  mutant ones (Figure 3C). Further, luciferase reporter assays were
which was analyzed with LncBase v.2 (http://carolina.imis.  conducted with the IncRNA POU3F3-wt reporter or mutant
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vector transfection. Our results showed lower luciferase activity
in the cells transfected with the wild-type reporter and miR-650
than those transfected with miR-NC. However, cells transfected
with the IncRNA POU3F3-mut reporter showed comparable
luciferase activity in the cells co-transfected with miR-650 and
miR-NC (Figure 3D). In addition, a decreased miR-650 level
was observed in IncRNA POU3F3 overexpressed melanoma cells
in the qRT-PCR assay (Figure 3E). A rescue experiment was
performed with co-infection of miR-650 and IncRNA POU3F3.
The gRT-PCR assay indicated that the IncRNA POU3F3 level
was downregulated to a greater extent with the transfection with
the miR-650 mimic (Figure 3F). Moreover, the flow cytometry
analysis indicated that the miR-650 mimic transfection increased

cell apoptosis with DTIC treatment, which reversed the
overexpression of IncRNA POU3F3 induced the DTIC resistance
in melanoma cells (Figure 3G and Supplementary Figure 1C).
Moreover, the transfection of miR-650 mimic could also
attenuate the cell proliferation ability in melanoma cells with
DTIC treatment (Figure 3H).

The miR-650 Regulates MGMT Expression
in the Melanoma Cells

Further analysis was performed for the MGMT transcription
regulation by miR-650. Luciferase reporters were prepared with
a wild type or mutant MGMT 3'-UTR. The luciferase activity
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FIGURE 5 | The IncRNA POUSF3 contributes to the disease progression of melanoma. (A) From the TCGA database, an ROC curve analysis was performed for the
cut-off value of INcRNA POUSF3 in patients with melanoma (p < 0.01). (B,C) The correlation was analyzed between the expression levels of INcRNA POU3F3, MGMT,
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TABLE 1 | Clinical characteristics of the 309 patients with melanoma.

Characteristic All Low IncRNA High IncRNA p-value
POUSF3 POUS3F3

Total 309 218 91

Age

<60 155 101 54 0.037

>60 154 117 37

Gender

Female 111 78 33 0.936

Male 198 140 58

TNM stage

[l 176 126 50 0.644

-1V 133 92 41

TNM, tumor, node, metastasis.

analysis indicated that the wild-type MGMT luciferase activity
was inhibited by miR-650, while there was no significant impact
by miR-NC (Figure 4A). Moreover, the mutant-type MGMT-
3'UTR showed no significant change in the luciferase activity
with miR-650 or miR-NC (Figure 4A). The RNA pull-down
assay also indicated higher levels of MGMT 3-UTR in wild-
type miR-650 transfected with A357/DTIC cells than in the
mutant-type ones (Figure 4B). Furthermore, a decreased MGMT
expression was observed with the miR-650 mimic transfection in
DTIC-resistant melanoma cells, which was examined with qRT-
PCR assays and Western blot assays (Figures 4C,D). Moreover,
MGMT plasmid and miR-650 mimics were co-transfected into
A375 cells. We found that the exogenous expression of full-
length MGMT was partially attenuated by the ectopic miR-650
expression (Figure 4E). The transfected cells were treated with
DTIC for 48h to analyze cell apoptosis. The results showed
that the ectopic miR-650 expression increased cell apoptosis,
which also attenuated the MGMT-induced DTIC resistance in
melanoma cells (Figure 4F). Moreover, the infection of miR-
650 mimics in melanoma cells also inhibited the cell viability of
melanoma cells with DTIC treatment, which was also observed
in the MGMT expressing cells (Figure 4G).

IncRNA POU3F3 Contributes to Disease

Progression in Melanoma

After obtaining complete clinical information from the TCGA
database, we assessed the clinical significance of the IncRNA
POU3F3 expression in 309 patients with cutaneous melanoma.
The ROC analysis indicated the cut-off value of IncRNA POU3F3
as 1.384 (Figure5A). A significant positive correlation was
observed in the expression of IncRNA POU3F3 and MGMT
(Figure 5B). A reverse correlation was observed between IncRNA
POU3F3 and miR-650 (Figure 5C). Further analysis showed an
increased IncRNA POU3F3 expression in the metastatic tumors
than in the localized ones (p = 0.01, Figure 5D). In addition,
a total of 33 patients received DTIC-based chemotherapy.
We found higher IncRNA POU3EF3 levels in patients with
disease progression than others (p < 0.001, Figure 5E). Further
correlation analysis indicated a significant correlation between

TABLE 2 | Univariate and multivariate analyses of patients with the disease
progression of melanoma.

Variable Univariate p-value Multivariate p-value
analysis analysis

Age 1.432 0.053

(>60 vs. <60) (0.995-2.061)

Gender 0.981 0.981

(Male vs. (0.679-1.419)

Female)

BMI 0.637 0.103

(=24 vs. <24) (0.371-1.096)

TNM stage 2.699 <0.001 2.357 0.001

(I-1V vs. I-1) (1.887-3.860) (1.429-3.890)

IncPOU3F3 1.541 0.017 1.591 0.074

(High vs. Low)  (1.079-2.202) (0.955-2.649)

BMI, Body mass index.

the expression of IncRNA POU3F3 and age (p = 0.037), whereas
there was no significant correlation between gender, TNM stage,
and BMI (Table 1 and Figure 5F). A univariate Cox regression
analysis indicated that the TNM stage and the expression of
IncRNA POU3F3 were correlated with the disease progression of
melanoma (Table 2), while a multivariate analysis showed that
only the TNM stage was statistically significant in the disease
progression of melanoma (Table 2). The Kaplan-Meier analysis
indicated a worse overall survival and progression-free survival
estimation for positive patients with IncRNA POU3F3 than
the others (Figures 5G,H). Our results supported that IncRNA
POU3F3 was a detrimental factor for the disease progression
of melanoma.

DISCUSSION

LncRNA POU3F3 is located in the bidirectional promoter
of POU3F3 at Chr2ql2.1. The oncogenic role of IncRNA
POU3F3 was verified in glioma and triple-negative breast
cancer (12, 18). Recent studies identified that IncRNA POU3F3
promoted cell proliferation, invasion, and GI1 cell cycle arrest
in vitro, as well as arteriole formation in vivo (18-20). Our
study identified an increased IncRNA POU3F3 level in DTIC-
resistant melanoma cells. The gain of function assays indicated
that the knockdown of IncRNA POU3F3 reversed the DTIC-
resistance of melanoma cell lines, as well as decreased the
ability of cell growth. The exogenous expression of IncRNA
POU3F3 decreased cell sensitivity to DTIC in vitro and
in vivo. Studies suggested that IncRNA POU3F3 conferred
the DTIC-resistant ability of melanoma cells, which shed
light to improve the therapeutic efficiency of DTIC-based
chemotherapy (21).

The crosstalk between IncRNAs and miRNAs was discovered
to promote malignant disease progression in various aspects
of tumors, such as LINC00673/miR-150-5p in NSCLC (22).
Previous studies discovered that IncRNA POU3F3 promoted the
methylation of the POU3F3 gene for transcriptional repression
in glioma and esophageal squamous cell carcinoma (11, 12).
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However, rear studies were performed for the mechanism of
DTIC-related chemotherapy resistance (23, 24). In this study,
a positive correlation was observed between IncRNA POU3F3
and the MGMT expression in DTIC-resistant melanoma cells in
vivo and in vitro. As a dominant molecular, MGMT transports
cytotoxic adducts from O°-guanine of DNA to avoid genomic
mutation. Excessive MGMT levels induce therapeutic resistance
to the treatment based on alkylating agents (25). Further
studies supported that MGMT was also a predictor for clinical
response to the DTIC-based therapy in patients with metastatic
melanoma (26). Our study explored the mechanism of IncRNA
POU3F3-induced DTIC resistance in melanoma. MiR-650 was
identified and validated to mediate the transcriptional regulation
of MGMT, in which the IncRNA POU3F3 sponged miR650 in
DTIC-resistant cells. Endogenous competition between IncRNA
POU3F3 and miR-650 regulates the expression levels of MGMT,
which determines the tolerance of melanoma cells to DTIC
treatment to some extent.

MicroRNAs participate in the regulation of the cellular process
as post-transcriptional regulators, which directly targeted the 3.
UTRs of mRNA to repress a broad spectrum of gene expression
(27). It was a ubiquitous regulation of the feedback loop between
miRNAs and target genes. Various functional roles of miR-650
are regarded in different tumors, which are dependent on the
target genes in a particular histological type (28). An elevated
miR-650 expression is observed in hepatocellular cancer, lung
adenocarcinoma, and prostate cancer, which correlates with
tumor metastasis and poor prognosis (29-32). Nevertheless,
the overexpression of miR-650 also indicates favorable survival
estimation in chronic lymphocytic leukemia and colorectal
cancer (33, 34). In this study, the tumor suppressor role
of miR-650 was identified in DTIC-resistant melanoma cells.
Downregulation of miR-650 by IncRNA POU3F3 facilitates the
expression of MGMT in the development of DTIC resistance.
MGMT is identified as a detrimental factor in alkylating agent-
based chemotherapy. Further rescue experiments supported
the tumor suppressor role of miR-650 in the chemotherapy
for melanoma. However, there were also some limitations
in the investigation mechanism. Other pathways to mediate
the crosstalk between the expression of IncRNA and MGMT,
including canonical signaling pathways regulation, still deserve
further research.

Accumulated studies indicate that IncRNAs potentially
contribute to the development of various malignant tumors
(10, 22). The tumor promoting effects of IncRNA POU3F3 were
reported in esophageal squamous cell carcinoma and cervical
cancer (13, 14). LncRNA POU3F3 is a candidate biomarker for
diagnosis and prognosis (13). We evaluated the expression status
of IncRNA POU3F3/miR-650/MGMT in melanoma tissues. Our
results showed an increased MGMT expression in those with
high IncRNA POU3F3 levels. A negative correlation between
miR-650 and MGMT was also observed in melanoma tissues.

Further studies also supported high IncRNA POU3F3 levels in
the disease progression of patients with melanoma who received
the DTIC-based chemotherapy. Cox-regression and survival
analysis indicated that the expression of IncRNA POU3F3 was
a detrimental factor for the progression of melanoma. The
patients with IncRNA POU3F3-positive melanoma showed a
shorter survival time than other patients. Our results supported
a promising survival estimation value of IncRNA POU3F3 in
patients with melanoma.

Our study suggested that the IncRNA POU3F3/miR-
650/MGMT pathway is a novel target for improving the
therapeutic efficiency of alkylating agents-based chemotherapy
for melanoma. Given that the limited survival time was calculated
for patients in the late stage of melanoma and the increasing
trends of the incidence, further clinical trials for an IncRNA
POU3F3-targeted therapy is considered as a promising strategy
for melanoma treatment.
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The ubiquitin-specific protease 7 (USP7), as a deubiquitinating enzyme, plays an important
role in tumor progression by various mechanisms and serves as a potential therapeutic target.
However, the functional role of USP7 in melanoma remains elusive. Here, we found that USP7
is overexpressed in human melanoma by tissue microarray. We performed TMT-based
quantitative proteomic analysis to evaluate the A375 human melanoma cells treated with
SiRNA of USP7. Our data revealed specific proteins as well as multiple pathways and
processes that are impacted by USP7. We found that the phosphatidylinositol-3-kinases/Akt
(PIBK-Akt), forkhead box O (FOXO), and AMP-activated protein kinase (AMPK) signaling
pathways may be closely related to USP7 expression in melanoma. Moreover, knockdown
of USP7 in A375 cells, particularly USP7 knockout using CRISPR-Cas9, verified that
USP7 regulates cell proliferation in vivo and in vitro. The results showed that inhibition of
USP7 increases expression of the AMPK beta (PRKAB1), caspase 7(CASP7), and protein
phosphatase 2 subunit B R3 isoform (PPP2R3A), while attenuating expression of C subunit of
vacuolar ATPase (ATP6VOC), and peroxisomal biogenesis factor 11 beta (PEX11B). In
summary, these findings reveal an important role of USP7 in regulating melanoma
progression via PIBK/Akt/FOXO and AMPK signaling pathways and implicate USP7 as an
attractive anticancer target for melanoma.

Keywords: melanoma, USP7, deubiquitinating enzyme, quantitative proteomics, PISK/Akt/FOXO pathways

INTRODUCTION

Malignant melanomas are an extremely aggressive skin cancer induced by ultraviolet (UV)
radiation that arises from melanocytes (1). The global prevalence of melanomas has been
growing at an alarming rate over the last several years (2). Until now, there has been no effective
therapy for melanoma due to its metastatic potential. Therefore, it is crucial to explore the molecular
mechanisms of melanoma progression.
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USP7, as a deubiquitinating enzyme (DUB), participates in
regulating many cellular process, including tumor progression
(3, 4), immune dysfunction (5), DNA damage (6), and epigenetic
regulation (7). Among these processes, the roles of USP7 in
tumor progression have been extensively characterized as either
p53-dependent or p53-independent. Under normal conditions,
USP?7 prefers to associate with murine double minute2 (MDM?2),
a E3 ubiquitin ligase targeting p53 for degradation by the
proteasome, and stabilizes MDM?2, resulting in p53 turnover
(8, 9). However, upon cellular stress, USP7 switches from
stabilizing MDM2 to p53 (8). Beyond the USP7-MDM2-p53
axis, USP7 also affects oncogenesis through other modulators,
including regulation of oncoproteins (such as REST, TRRAP,
and cMyc) (10, 11), PTEN (12), FOXO proteins (13), and the Rb
protein (14). Therefore, in the past decades, researchers have
explored its effects on tissues including the bladder (15), prostate
(12), colon (16), lung (17), liver (18), ovary (19), brain (14),
breast (20), and glioma (21). All these studies demonstrated that
the role of USP7 is tumor suppressive or oncogenic, depending
on the context of the cancers and its substrates. However, the
expression and role of USP7 in melanoma remains to
be elucidated.

We confirmed that USP7 was highly expressed in clinical
melanoma tissues and its loss of function significantly inhibited
proliferation of melanoma cells and promoted apoptosis. In this
study, mass spectrometry-based deep proteomic analysis was
carried out following USP7 knockdown to explore the
mechanism of action of USP7 in regulating melanoma growth.
Our results revealed that USP7 acts as an oncogene in melanoma
through mediating PI3K/AKT/FOXO as well as AMPK signaling
pathways, and through some new pathways, such as peroxisome
and lysosome signaling pathways. Concomitantly, we found
ATP6VOC and PEX11B may be new substrates of USP7, which
requires further confirmation. In summary, these data suggest
that USP7 is a tumor promoter and can serve as a therapeutic
target for melanoma, potentially as a novel therapeutic
strategy to respond to the resistance of advanced melanoma
to chemotherapy.

MATERIALS AND METHODS

Tissue Microarray and TCGA Analysis

The tissue microarray (ME241b) was purchased from Alenabio
(Xian, Shanxi, China). This microarray have total 21 tissue
sample, including normal skin tissue, melanoma from skin,
esophagus, parotid, anus and rectum. All experiments were
performed following the protocols and ethical standards of this
company. Anti-USP7 (Santa Cruz, 1:50) was used to
immunolabel the paraffin-embedded sections. USP7 expression
in tissues was evaluated. Kaplan-Meier survival analyses for The
Cancer Genome Atlas (TCGA) dataset was conducted using the
online database (www.oncolnc.org). P values were calculated
with log-rank test. Patients were stratified into “low” and
“high” expression based on autoselect best cutoff in the database.

Immunohistochemical Staining and
Intensity Analysis

Immunohistochemistry was performed as previously described
(22). The tissues sections were blocked by goat serum and
incubated with primary antibody (1:50) and then incubated
with biotinylated secondary antibody (1:100). Finally, the data
were analyzed with Image] software.

Cell Lines and Cell Culture

A375 human melanoma cells, mouse B16 melanoma cells, and
293T cells were cultured in Dulbecco’s modified Eagle’s medium
(HyClone) with high glucose (4.5 g/l) containing 100 IU/ml
penicillin/streptomycin and 10% fetal bovine serum (Gibco). All
of the cells were cultured at 37°C with 5% CO,.

Transfection Assay

For siRNA transfection, siRNAs targeting USP7 and
lipofectamine RNAiMax reagent (Invitrogen) were prepared
according to the manufacturer’s instructions. The siRNA
sequences were as follows: si-NC (sense 5-UUC UCC GAA
CGU GUC ACG UTT-3; antisense 5-ACG UGA CAC GUU
CGG AGA ATT-3) and si-USP7 (sense 5-GGA CUA UGA
CGU GUC UCU UTT-3’; antisense 5-AAG AGA CAC GUC
AUA GUC CTT-3).

Stable A375 USP7-ShRNA
Knockdown Establishment
Sequences of shRNAs are shown as following: ShRNA-NC: 5’-
CCTAAGGTTAAGTCGCCCTCG-3’; ShRNA-USP7: 5°-
CGTGGTGTCAAGGTGTACTAA-3.

pCMV-dR8.2 dvpr, pLP/VSVG, and lentiviral DNA
constructs (pLKO.1-TRC for USP7) were co-transfected into
293T cells using LipoFilter (HANBIO). Supernatant was
collected after 24 h transfection then added to infect A375
cells, cells were selected with puromycin (1 ug/ml) over 7 days.

Stable B16 CAS9-USP7

Knockout Establishment

USP7 CRISPR/Cas9 plasmid was purchased from Santa Cruz
and transfected into B16 cells. After 48 h transfection, B16 cells
were cultured into 96-well plates at a concentration of 1 cell/well.
Single colonies were detected by immunoblotting analysis. USP7
knockout B16 cells and control cells were defined as B16 USP7
KO and B16 WT, respectively.

Western Blot Analysis

Total cellular proteins were obtained and denatured, and the
A375 nucleus and cytoplasm proteins were obtained by using the
Nucleus and Cytoplasmic Protein Extraction Kit (Sangon
Biotech), separated by sodium dodecylsulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to
nitrocellulose filter membranes NC membranes. The antibodies
used are shown in Table 1.
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TABLE 1 | List of All Antibodies and Sources.

antibody product code
B-Actin BS6007M
Usp7 sc-377147
Casp7 A1524
ATPBVOC A16350
PRKAB1 A12491
PEX11B A18321
PARP1 A19596
Phospho-FOX04-S197 APO177
FOXO4 A3307
PPP2R3A A17395
AKT #9272
P-Akt1(Serd73) AF1546
p-FOX01(Thr24)/Fox03a(Thr32)/Fox04(Thr28) #2599
P-AMPKB1-S108 AP0597
Ki-67 Sc-23900
P53 #2524
MDM2 Sc-965
Rabbit 1gG ASO014
Mouse IgG AS003

company host species dilution
Bioworld mouse 1:5000
Santa Cruz mouse 1:400
Abclonal rabbit 1:1000
Abclonal rabbit 1:500
Abclonal rabbit 1:1000
Abclonal rabbit 1:500
Abclonal rabbit 1:500
Abclonal rabbit 1:1000
Abclonal rabbit 1:500
Abclonal rabbit 1:500
Cell Signaling rabbit 1:1000
Beyotime rabbit 1:600
Cell Signaling rabbit 1:1000
Abclonal rabbit 1:600
Santa Cruz mouse 1:200
Cell Signaling mouse 1.1000
Santa Cruz mouse 1:500
Abclonal - 1:20000
Abclonal — 1:20000

Cell Clonogenic Assay

A clonogenic assay was performed as previously described (23).
Wild-type cells and USP7 loss cells (A375 shRNA-USP7 and B16
WT/USP7-KO) were plated into six well plates in triplicate. Then
wild-type cells were exposed to the USP7 inhibitor gen6776 (10
um). The plates were washed with PBS and stained with crystal
violet on the 14™ day. The cells were observed and photographed.

Immunofluorescence

A375 cells were transfected with si-NC/USP7. After 24 h, cells
were fixed with 4% paraformaldehyde and blocked with 0.2%
Triton X-100 and 5% FBS in PBS. Samples were incubated with
primary antibody FOXO4 (1:100, Abclonal) and Ki-67 (1:200,
Santa Cruz) in PBS overnight at 4 °C. Samples were incubated
with secondary FITC-labeled anti-rabbit and Cy3-labeled anti-
mouse antibody (Beyotime) for 1 h at ambient temperature. Cells
were visualized with an Olympus X71 fluorescence microscope.

Cell Cycle and Apoptosis Assay

For the cell cycle assay, 1 ml of 70% ethanol was added to cells
and cells were resuspended overnight. Then the cells were
incubated with 50 pg/ml of propidium iodide (PI), 0.2% of
Triton-X-100, and 100 pg/ml of RNase complex for 30 min in
the dark. For the cell apoptosis analysis, cells were resuspended
for 30 min with a complex of 500 ul Annexin VFITC binding
buffer, 5 ul PI, and 5 pl Annexin V-FITC. Finally, the two
samples were assessed by flow cytometry.

Quantitative Reverse Transcription PCR
(RT-gPCR) Analysis

Total RNA was extracted by TRIzol reagent (Invitrogen), and
HiScript III RT SuperMix for RT-qPCR (Vazyme) was used for
reverse transcription according to the manufacturer’s instructions.
The primers used for RT-qPCR are shown as follows: p27<"!
(forward): 5-GGCTAACTCTGAGGACACGCA-3’; p275P!
(reverse): 5-TGGGGAACCGTCTGAAACAT-3’; GAPDH

(forward): 5-GGAGCGAGATCCCTCCAAAAT-3’; and
GAPDH (reverse): 5-GGCTGTTGTCATACTTCTCATGG-3.

Proteomic Sample Preparation

The siRNA transfected A375 cell samples were disrupted in SDT
(4% (w/v)) SDS, 100 mM Tris/HCI (pH7.6, 0.IM DTT) lysis
buffer. The protein concentration was determined by BCA
(bicinchoninic acid) assay.

Tandem mass tag (TMT) labeling and high pH reversed-
phase peptide fractionation and LC-MS/MS analysis. Proteomic
samples were analyzed by LC-MS/MS as described in
Supplement 1.

Protein Identification and Quantitation
LC-MS/MS spectra were searched using the MASCOT engine
(Matrix Science, London, UK; version 2.2) embedded into
Proteome Discoverer 1.4 (Thermo Scientific). The protein
ratios were calculated as the median of only unique peptides of
the protein. All peptide ratios were normalized by the median
protein ratio. The median protein ratio should be 1 after
the normalization.

Animal Experiments

Nude female mice (Balb/c) and C57BL/6 female mice were
purchased from the Chengdu Dossy Laboratory Animals
Company. All of the animal procedures were approved by the
Laboratory Animal Management Committee of the Affiliated
Hospital of Southwest Medical University. The animals were
treated as described in Supplement 2.

Statistical Analysis

The data shown in the figures are representative of three or more
independent experiments and were analyzed by the one-way
Student’s t-test, and P < 0.05 was considered statistically
significant. Where exact P-values are not shown, statistical
significance is shown as *P < 0.05, **P < 0.01.
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RESULTS

USP7 Is Overexpressed in Melanoma and
Predicts Clinical Outcomes

Previous studies have demonstrated that USP7 plays a prominent
role in tumor development and progression (12, 14, 18). We found
that the expression of the USP7 protein was increased in melanoma
tissues compared with normal tissue by immunohistochemistry
(Figures 1A, B). Furthermore, we performed Kaplan-Meier
analysis in melanoma patients of TCGA. The results showed that
USP7 expression was negatively correlated with overall survival of
melanoma patients in the TCGA dataset (P < 0.05, Figure 1C).
Collectively, these results demonstrate that USP7 is overexpressed in
human melanoma and predicts clinical outcomes.

USP7 Loss Suppresses Melanoma Growth
To explore USP7 expression levels relative to melanoma
development and progression, we built USP7 knockdown A375
cells by shRNA or siRNA and USP7 KO B16 cells (Figure 2A).
The cell colony formation assay results revealed that loss
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and high USP7 from the TCGA protein expression array data.

of USP7 function dramatically suppressed colony formation
(Figure 2B). Furthermore, Figures 2C-E showed that poly
ADP-ribose polymerase (PARP) cleavage and cellular
apoptosis were induced by USP7 inhibition. Concomitantly,
USP7 downregulation significantly arrested the cell cycle,
increasing the proportion of A375 cells in the G1 phase and
decreasing the proportion in the S phase (Figures 2G, H).
Expression of the proliferation marker Ki67 was also reduced
by USP7 downregulation (Figure 2F). These findings support a
role for USP7 in promoting growth of melanoma cells.

Protein Identification and

Bioinformatics Analysis

To clarify the mechanism of action of USP7 in melanoma, we
compared whole-cell proteomes in WT and USP7 knockdown
A375 cells using TMT quantitative proteomics technology. As a
result, we identified a total of 5696 proteins with expression
changes of 1.1 times or more and P values of < 0.05. In the
si-USP7 vs si-NC group, we found 101 upregulated differentially
expressed proteins (DEPs) and 71 downregulated DEPs

-  USP7low
= USP7high

P Value =0.0167
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FIGURE 1 | USP7 is overexpressed in melanoma and predicts clinical outcome. (A, B) Immunohistochemical analysis of USP7 in human normal skin and melanoma
tissue. The data were analyzed with Imaged software. Scale bar, 50 pum. *p<0.05,"p<0.01. (C) Kaplan-Meier curves from patients with melanoma expressing low
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FIGURE 2 | Effects of USP7 on melanoma cell line growth. (A, B) Protein lysates were extracted from A375 cells transiently expressing USP7 siRNA and stable
control shRNA or USP7 shRNA and B16 cells deleted the USP7 gene using the CRISPR/Cas9 editing system (USP7 KO). Western blotting analysis was performed
to determine the expression of USP7. (B) Cells were collected from the indicated cells with gen6776 (USP7 inhibitor), USP7 shRNA or USP7 knockout treatment.
Colony formation assay was performed and representative images are shown. (C-E) A375 cells were transfected with USP7 siRNAs for 48 h and detected with
Annexin V-FITC/PI staining followed by flow cytometry analysis. Cell death populations are shown. Western blotting analysis was used for PARP expression. (F-H)
A375 cells were treated as described in (C-E). Immunofluorescence staining of Ki-67 of A375 cells was observed using fluorescence microscope. Red: Ki-67; blue:
nucleus. Typical images are shown. Scale bars: 50 um. Analysis of cell cycle by FCM is described in the Materials and Methods. Data are represented as the mean +
SEM of three independent experiments, each in triplicate; bars, SEM. *P < 0.05 vs. control.

(Supplement 4). Supplement 1B shows a hierarchical clustering ~ modification, microtubule motor activity, and ubiquitin-
analysis of all 172 DEPs. protein transferase activity.

A total of 5696 proteins were annotated to molecular function, To explore how USP7 plays roles in melanoma by these cellular
biological process, and cellular components by GO analysis. Then,  processes, DEPs were then mapped to the reference pathway in the
the Fisher’s exact test was used to analyze the GO function = KEGG database. There were 172 DEPs that were mapped to 178
enrichment of the DEPs. The top 10 enriched GO terms within  signaling pathways. Phosphatidylinositol 4,5-bisphosphate 3-kinase
each major functional category are shown in Figure 3A and  catalytic subunit beta isoform (PIK3CB) is the protein that most
Supplement 1C. In the three categories, the most significant terms ~ commonly participates in signaling pathways, followed by PRKABI,
are all associated with microtubule-related functions (Figure 3C). CASP7, PPP2R3A, and ATP6VOC. We confirmed these proteins in

In the biological process and molecular function category, we  both A375 and B16 cell lines (Figure 4A). Concomitantly, only the
noted that many terms are related to nucleoside-containing  pathways with at least three or more DEPs are shown in Figure 3C.
compound biosynthesis and metabolism (Figure 3A). We also  In this study, we mainly focused on the PI3K-Akt, FOXO, and
identified significantly altered protein-protein interaction  AMPK signaling pathways to clarify the roles of USP7 in melanoma.
networks in the protein sets, as shown in Figure 3B. Among
proteins involved in ion transport and binding (Figure 3B), Validation of Proteomic Data
ATP6VOC had the most decreased protein expression following  To validate our mass spectrometry results, we investigated the most
USP7 knockdown, which was also confirmed by western blot  striking DEPs including ATP6VOC and PEX11B, PRKABI
(Figure 4A). Protein-protein interaction networks then revealed ~ (AMPK), CASP7, and PPP2R3A, which participate in many
another four distinct clusters (Figure 3B), corresponding to  pathways (Figure 4A). Altogether, these proteins were confirmed
proteins related to DNA repair, post-translational protein  in both melanoma cell lines after USP7 loss, which indicated that
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USP7 may control the signaling pathways involving in these
proteins to promote melanoma development and progression.
For example, Kaplan-Meier analysis of ATP6VOC and CASP7 in
melanoma patients of TCGA showed that expression of the two
proteins was negatively and positively correlated with overall
survival of melanoma patients (Supplement 5), respectively.

Reduction of USP7 Mediates Signaling
Pathways Associated With Cancer Activity
Immunoblotting results showed that phosphorylated AMPK was
significantly increased following USP7 loss in both cell lines A375
and B16 (Figure 4B), which may be due to an increase in PRKABI.
Previous studies have proposed a tumor-suppressing function of
activated AMPK (24, 25). Accordingly, USP7 loss inhibits melanoma
growth by partially activating the AMPK signaling pathway.
Consistent with previous studies on USP7 (12, 13, 26), our
results suggest that USP7 can activate the PI3K/Akt signaling
pathway to promote cell survival by phosphorylating and
inhibiting FOXO transcription factors, such as FOXO1, FOXO3a,
and FOXO4. As shown in Figures 4A and B, phosphorylated Akt
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FIGURE 3 | GO annotation and KEGG pathway analysis of the DEPs. (A) Top 10 enriched GO terms under “biological process”. TermO1, microtubule-based
movement; term02, CTP metabolic process; term03, CTP biosynthetic process; term04, platelet degranulation; term05, pyrimidine ribonucleoside triphosphate
biosynthetic process; term06, microtubule-based transport; term07, transport along microtubule; term08, pyrimidine ribonucleoside triphosphate metabolic process;
term09, pyrimidine nucleoside triphosphate biosynthetic process; term10, pyrimidine ribonucleoside biosynthetic process. Top 10 enriched GO terms under “molecular
function”. TermO1, microtubule motor activity; term02, transition metal ion transmemibrane transporter activity; term03, uridine kinase activity; term04, motor activity;
term05, nucleobase-containing compound kinase activity; term06, alcohol binding; term07, clathrin heavy chain binding; term08, ferric iron binding; term09, zinc ion
transmembrane transporter activity; term10, divalent inorganic cation transmembrane transporter activity. (B) Protein—protein interaction network generated with STRING
and visualized with Cytoscape for DEPs. DEPs are represented as round nodes. The red node indicates upregulation and green node indicates downregulation of the
DEPs. Corresponding to proteins related to DNA repair (1), post-translational protein modification and iron ion transport (2), microtubule motor activity (3), metal ion
binding (4) and ubiquitin-protein transferase activity (5), ubiquitin-protein transferase activity (6). (C) Enriched KEGG pathways.

decreases due to the increase in PPP2R3A, which can
dephosphorylate Akt. Further research has found that Akt
phosphorylation reduction results in FOXO dephosphorylation at
Akt-induced sites, including P-FOXO4(Thr28), P-FOXO3a(Thr32),
and P-FOXO1(Thr24) (Figure 4B). Previous studies have indicated
that a decrease in FOXO phosphorylation promotes their entry into
the nucleus and ultimately increases transcriptional activity towards
target genes, including the cell cycle arrest gene p27°F" (26). To
further confirm this result in melanoma, FOXO4 was selected for
detecting its intracellular localization by immunofluorescence and
nuclear/cytosol protein fractionation assay and its target gene
p27"%" expression levels. Our results showed that FOXO4 was
mainly present in the nuclear compartment after USP7
downregulation (Figures 4C, D), which ultimately promoted
p27"%" expression (Figure 4E).

Taken together, our results suggest that loss of USP7 function
inhibits the melanoma cell cycle and promotes cell apoptosis by
mediating AMPK and PI3K/Akt/FOXO signaling pathway
activity. The results also demonstrated that USP7 can
upregulate MDM2, and inhibit the expression of p53.
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FIGURE 4 | Multiple proteins and PIBK/AKT/FOXO and AMPK signaling pathways are affected by removal of USP7. USP7 was inhibited by siRNA or inhibitor gen
6776 in A375 cells and was knocked out through CRISPR/Cas9 in B16 cells. (A) Proteins exhibiting significant changes between USP7 knockdown A375 cells and
A375 cells and USP7-KO B16 cells. Protein names, USP7/NC ratio, and the expression of indicated proteins by western blotting are shown. (B) The key proteins
levels of the PISK/Akt/FOXO and AMPK signaling pathways were analyzed by western blotting after inactivation of USP7 in A375 cells and B16 cells. (C, D) The
expression of FOXO4 in the nucleus and cytosol was detected by immunofluorescence and western blotting, respectively. Green, FOXO4; blue, nucleus. Scale bar
50 um. (E) Representative levels of P27KP1 by quantitative real-time PCR. Data are represented as the mean + SEM of three independent experiments, each in

USP7 Loss Suppresses Melanoma Growth
in A375 and B16 Xenografts

ShRNA-USP7 A375 cell and USP7-KO B16 cell xenograft
models were established in Balb/c nude mice and C57BL/6
mice, respectively. As shown in Figures 5A-C, there was a
significant reduction in tumor growth and tumor weight after
USP7 loss, with tumor volumes inhibited by 64.7% for A375 and
46.4% for B16. No significant change was observed in the body
weight between the control and USP7 loss groups.

To further validate the mechanism of action of USP7 as an
oncogene in melanoma in vivo, the expression levels of the proteins
indicated in Figure 5 were analyzed by immunoblotting and
immunohistochemistry. Figures 5E (The Western blot analysis
of proteins in mice tumors were evaluated Supplement 6) and 5F
show that in line with the proteomic results, the indicated proteins
have significant changes on levels in both A375 and B16 cells after
USP7 loss.

DISCUSSION

We proved that USP7 levels are higher in melanoma than that of
normal skin and are associated with poorer prognosis based on
analysis from TCGA datasets. These findings implied that USP7
is implicated in melanoma development and progression. In this
study, we demonstrated that loss of USP7 function inhibits cell
growth by promoting cell cycle arrest and apoptosis in A375 and

B16 cells. Furthermore, proteomic data analysis and western blot
results showed the importance of the classical signaling pathways
PI3K/Akt/FOXO and AMPK, and that new biological processes
involve proteins such as ATP6V0C, CASP7, and PEX11B, which
play crucial roles in USP7 mediating melanoma growth. USP7
knockdown decreases Akt phosphorylation and then causes
FOXO phosphorylation reduction, which ultimately increases
FOXO accumulation in the nucleus and promotes P27°P! gene
expression that arrests the cell cycle (Figure 4).

In addition to our studies, several groups have shown that there
are two factors of Akt phosphorylation reduction that must be
addressed. The first involves PPP2R3A, a regulatory subunit of the
protein phosphatase 2 (PP2A), which is significantly increased after
USP7 downregulation. A previous study has shown that PP2A
can directly dephosphorylate Akt, inhibiting PI3K/Akt signaling
pathway activity (27). The second relates to the intracellular
localization of PTEN, which antagonizes the PI3K-AKT pathway.
Previous reports have demonstrated that USP7 induces
PTEN deubiquitination, causing exclusion of PTEN from the
nucleus and subsequently increasing in the PI3K/AKT signaling
pathway (28). Therefore, USP7 downregulation accumulates
monoubiquitinated PTEN in the nucleus, reducing Akt
phosphorylation. Collectively, these two factors explain how USP7
plays a role in melanoma through the PI3K-AKT pathway.

Further research has shown that Akt phosphorylation reduction
induces FOXO dephosphorylation at Akt-induced sites. It has been
reported that phosphorylated FOXO induced by activated Akt stays
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in the cytosol and is imported to the nucleus through
dephosphorylation to induce the expression of a series of target
proteins that regulate metabolism, the cell cycle, and apoptosis (29).
Our results indicate that phosphorylation of FOXO4 (Thr28),
FOXO3a (Thr32), and FOXO1 (Thr24) significantly decreases
and FOXO4 substantially accumulates in the nucleus following
USP7 knockdown. FOXO4 accumulation in the nucleus may be
caused by weak deubiquitination of USP7 downregulation. Similar
to PTEN, USP7-induced FOXO4 deubiquitination results in nuclear
export and eliminates its transcriptional activity (13).

KEGG analysis of the proteomic data and western blot results
reveal that the AMPK signaling pathway plays a role in USP7
mediating melanoma growth. PRKABI, a regulatory subunit of
AMPK, has a remarkable up-regulation following loss of USP7
function, which ultimately raises AMPK phosphorylation and
activates AMPK signaling. It is well-documented that AMPK
signaling has an anti-proliferative role. Dai et al. have reported
that activated AMPK signaling inhibits survival and proliferation
and activates apoptosis in colorectal cancer cells (30). Consequently,
we conclude that USP7 plays a role in melanoma through
AMPK signaling.

USP?7 as a context-specific modulator mediates p53-dependent
apoptosis via controlling MDM2 stability. Inhibition of USP7 also
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FIGURE 5 | Loss of USP7 function suppresses melanoma tumor growth in vivo. Balb/c nude mice and C57BL/6 mice were subcutaneously transplanted with A375
cells stably expressing USP7 shRNA and USP7-KO B16 cells, respectively, as indicated in the Materials and Methods. (A) Images of harvested mice and tumors
after treatment from A375 shRNA-NC cells, A375 shRNA-USP7 cells, B16 WT melanoma cells, or B16 USP7-KO melanoma cells. (B) Mouse weight evolution during
the experiment. The values are expressed as the mean. (C) Tumor size was determined by caliper measurement and the data was converted to tumor growth
curves. (D) Tumor tissues were harvested and weighed at the end of study (P < 0.01. Error bar = S.D.). (E, F) Expression of indicated proteins in tumor tissues
was measured by western blotting and immunohistochemistry.

induces endoplasmic reticulum (ER) stress due to the accumulation
of polyubiquitinated protein substrates in cancer cells, which leads
to increased intracellular reactive oxygen species (ROS). Increased
ROS can cause apoptosis in these cells. Our results indicated that
USP7 knockdown also induces apoptosis (Figure 2). A lack of
USP7-dependent deubiquitylation of MDM2 may lead, through
enhanced breakdown of MDM2, to accumulation of p53 in
melanoma. However, our data suggests additional involvement of
USP?7 in alternative apoptotic pathways, possibly via modification of
a caspase7 dependent mechanism. In line with these observations,
we found cleaved PARP1 levels increased upon USP7 removal.
Similarly, in colon carcinoma cells, USP7 is involved in apoptotic
pathways by modifying caspase3 levels (31). Therefore, we confirm
that USP7 also as an oncogene inhibits p53-dependent apoptosis in
melanoma, as in colon cancer.

ATP6VOC and PEX11B, proteins regulated by USP7, were
confirmed in both melanoma cell lines by western blot. It has
been reported that ATP6VOC is involved in the migration and
invasion of prostate carcinoma cells (32). In addition, enriched
KEGG pathways show that ATP6VOc and PEX11B are key protein
of lysosome and peroxisome pathways, respectively. These findings
provide a cue that USP7 plays roles in melanoma through these two
pathways that have not been reported in other cancers.
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Previous results have demonstrated that inhibition of USP7
induces genotoxic stress and DNA damage in chronic
lymphocytic leukemia (CLL) cells (33). We also obtained
similar results in melanoma cells following USP7 knockdown.
GO analysis suggests that the DEPs RNF169, XPA, MLLT1, and
NCOAG6 participate in DNA repair (Figure 3). One of these, E3
ubiquitin ligase RNF169 is deubiquitylated and stabilized by
USP7 in response to DNA double-strand breaks (34), and is
significantly decreased in the USP7 knockdown, which suggests
USP7 in melanoma also plays a role in DNA repair.
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A Corrigendum on

Proteome Analysis of USP7 Substrates Revealed Its Role in Melanoma Through PI3K/Akt/
FOXO and AMPK Pathways

By Gao L, Zhu D, Wang Q, Bao Z, Yin S, Qiang H, Wieland H, Zhang ], Teichmann A and Jia |
(2021) Front. Oncol. 11:650165. doi: 10.3389/fonc.2021.650165

In the original article, there was a mistake in Figure 2C as published. In fact, we initially left a gap
between 116kD and 96kD WB bands in the manuscript (Figure 2C), which might not be clear
enough, eventually leading to a misunderstanding of the bands. Actually, the PARP antibody
(Abclonal, A19596) we used in this study could detect the full length PARP (116kDa), as well as the
cleaved PARP (96 kDa). The short time exposure showed an increased but fuzzy band of the cleaved
PARP. As the PARP cleavage serves as a better indicator of apoptosis triggering, that we examine the
cleaved PARP (96 kDa) with a long time exposure. The corrected Figure 2C appears below.

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.
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FIGURE 2 | Effects of USP7 on melanoma cell line growth. (A, B) Protein lysates were extracted from A375 cells transiently expressing USP7 siRNA and stable
control shRNA or USP7 shRNA and B16 cells deleted the USP7 gene using the CRISPR/Cas9 editing system (USP7 KO). Western blotting analysis was performed
to determine the expression of USP7. (B) Cells were collected from the indicated cells with gen6776 (USP7 inhibitor), USP7 shRNA or USP7 knockout treatment.
Colony formation assay was performed and representative images are shown. (C-E) A375 cells were transfected with USP7 siRNAs for 48 h and detected with
Annexin V-FITC/PI staining followed by flow cytometry analysis. Cell death populations are shown. Western blotting analysis was used for PARP expression. (F-H)
A375 cells were treated as described in (C-E). Immunofluorescence staining of Ki-67 of A375 cells was observed using fluorescence microscope. Red: Ki-67; blue:
nucleus. Typical images are shown. Scale bars: 50 um. Analysis of cell cycle by FCM is described in the Materials and Methods. Data are represented as the

mean + SEM of three independent experiments, each in triplicate; bars, SEM. *P < 0.05 vs. control.
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Genetic Manipulation of Sirtuin 3
Causes Alterations of Key Metabolic
Regulators in Melanoma
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The mitochondrial sirtuin SIRT3 plays key roles in cellular metabolism and energy
production, which makes it an obvious target for the management of cancer, including
melanoma. Previously, we have demonstrated that SIRT3 was constitutively upregulated
in human melanoma and its inhibition resulted in anti-proliferative effects in vitro in human
melanoma cells and in vivo in human melanoma xenografts. In this study, we expanded
our data employing knockdown and overexpression strategies in cell culture and mouse
xenografts to further validate and establish the pro-proliferative function of SIRT3 in
melanocytic cells, and its associated potential mechanisms, especially focusing on the
metabolic regulation. We found that short-hairpin RNA (shRNA) mediated SIRT3
knockdown in G361 melanoma cells showed diminished tumorigenesis in
immunodeficient Nu/Nu mice. Conversely, SIRT3 overexpressing Hs294T melanoma
cells showed increased tumor growth. These effects were consistent with changes in
markers of proliferation (PCNA), survival (Survivin) and angiogenesis (VEGF) in xenografted
tissues. Further, in in vitro culture system, we determined the effect of SIRT3 knockdown
on glucose metabolism in SK-MEL-2 cells, using a PCR array. SIRT3 knockdown caused
alterations in a total of 37 genes involved in the regulation and enzymatic pathways of
glucose (32 genes) and glycogen (5 genes) metabolism. Functions annotation of these
identified genes, using the ingenuity pathway analysis (IPA), predicted cumulative actions
of decreased cell viability/proliferation, tumor growth and reactive oxygen species (ROS),
and increased apoptosis in response to SIRT3 knockdown. Further, IPA gene network
analysis of SIRT3 modulated genes revealed the interactions among these genes in
addition to several melanoma-associated genes. Sirtuin pathway was identified as one of
the top canonical pathways showing the interaction of SIRT3 with metabolic regulatory
genes along with other sirtuins. IPA analysis also predicted the inhibition of HIF1a, PKM,
KDM8, PPARGC1A, mTOR, and activation of P53 and CLPP; the genes involved in major
cancer/melanoma-associated signaling events. Collectively, these results suggest that
SIRT3 inhibition affects cellular metabolism, to impart an anti-proliferative response
against melanoma.

Keywords: melanoma, sirtuins, SIRT3, shRNA, cellular metabolism
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INTRODUCTION

Melanoma is the deadliest cancer of the skin, which arises from
melanocytic cells that are derived from the neural crest and are
primarily responsible for melanin production. Melanoma, if not
treated early, possesses metastatic potential; and its incidence has
been increasing over 30 years (1). Therefore, there is a critical
need to develop novel mechanism-based strategies for an
effective management of this neoplasm. Sirtuin-3 (SIRT3) is an
important mitochondrial NAD"-dependent deacetylase that is
known to target mitochondrial proteins for deacetylation and
regulates a variety of cellular functions. Although SIRT3 is a
mitochondrial protein, it is reported to move from mitochondria
to nucleus under cellular stress (2). SIRT3 plays key roles in
mitochondrial dynamics, metabolism and energy regulation, and
therefore their possible roles in the progression of cancer are
being intensively investigated (3). Studies have suggested that
SIRT3 coordinates global shifts in mitochondrial activity by
deacetylating proteins involved in diverse mitochondrial
functions including energy metabolism and mitochondrial
biogenesis (4, 5). It also plays important roles in the regulation
of a variety of cellular processes, including transcription,
insulin secretion, apoptosis and redox signaling (6). SIRT3
has also been implicated in multiple cutaneous functions
including skin renewal, and response to environmental
stressors (7, 8).

Based on a number of studies, SIRT3 has been shown to act
either as a tumor suppressor or promoter depending on the cell
milieus (9). For example, SIRT3 has been shown to be
downregulated in gastric cancer (10), hepatocellular carcinoma
(11), and pancreatic cancer (12). Conversely, higher expression
of SIRT3 has been reported in cancers of esophagus (13), breast
(14) and colon (15). The higher expression of SIRT3 has also
been connected to therapy resistance (16) and poor prognosis
(17), and its inhibition has been shown to enhance
radiotherapeutic and chemotherapeutic drug cytotoxicity (18).
We have recently demonstrated that SIRT3 was overexpressed in
human melanoma, and its small hairpin RNA (shRNA)
mediated knockdown provoked the senescence and growth
inhibition in melanoma cells, in vitro and in vivo (19). In
addition, forced overexpression of SIRT3 resulted in enhanced
proliferation of melanocytic cells (19).

Cancer cells are known to be metabolically more active and
consume high cellular fuel than normal cells (20). Thus,
understanding the regulatory mechanisms associated with
cellular energy metabolism at the gene level may be of
fundamental importance that could be potentially explored for
cancer treatment. Increasing evidence show that SIRT3 is
required for the maintenance of cellular and mitochondria
homeostasis through regulating mitochondrial metabolism and
cellular redox balance system (6, 21, 22). In this study, we
expanded our findings in additional experiments, employing
knockdown and overexpression strategies in human melanoma
cells and mouse xenografts to further validate the pro-
proliferative function of SIRT3 in melanoma, and establish its
associated potential mechanisms, especially focusing on
metabolic regulation.

MATERIALS AND METHODS

Cell Lines and Cell Culture

Human melanoma cell lines (SK-MEL-2, G361, and Hs294T),
and human embryonic kidney cell line HEK293T were
purchased from ATCC. SK-MEL-2 cells were maintained in
Eagle’s minimal essential medium (supplemented with 1 mM
sodium pyruvate and non-essential amino acids), G361 in
McCoy’s 5a medium, and Hs294T and HEK293T cells in
Dulbecco’s modified eagle’s medium with 10% fetal bovine
serum at standard cell culture conditions (37°C, 5% CO,).

Lentiviral SIRT3 Knockdown

SIRT3 knockdown was done in SK-MEL-2 and G361 cells and
stable cell lines were established under puromycin selection, as
described earlier (19). Briefly, for viral creation, HEK293T cells
were transfected using calcium phosphate transfection method
with empty vector pLKO.1 (SHC001V) and four different SIRT3
targeting short hairpin RNA (shRNA) procured from Sigma-
Aldrich. Competent lentiviruses were harvested 48 h after
transfection. The quality of lentivirus stock was assessed with
Lenti-X GoStix (Clontech Laboratories). For transduction, viral
media were added to SK-MEL-2 and G361 cells (at ~40%
confluency) with 8 pg/ml of polybrene, 4-times over 2 days.
On 3" day, cells were collected and SIRT3 shRNA constructs
were checked for SIRT3 knockdown. The most efficient SIRT3
shRNA construct (TRCN0000038889) was used for generating
SIRT3 knockdown stable cell lines by selection with puromycin
(SK-MEL-2, 1.5 ug/ml for 4 weeks; and G361, 2.0 ug/ml
for 6 weeks), and maintained in their respective media with
1 ug/mL puromycin.

Forced Overexpression of SIRT3

For SIRT3 forced overexpression, as described earlier (19),
bacterial glycerol stab with SIRT3-Flag plasmid (Addgene) was
streaked onto agar plates containing ampicillin and incubated
overnight at 37°C. Next day, four single colonies were picked and
inoculated in LB medium. For SIRT3 overexpression, Hs294T
cells were stably transfected with four isolated plasmid DNA
of SIRT3-Flag and empty vector pcDNA 3.1(+) using
Lipofectamine-2000 as per manufacturer’s instructions
(Invitrogen). After 48 h, geneticin (2 mg/ml G-418; Gibco
BRL) was added in the medium until antibiotic-resistant
colonies developed. Individual colonies were isolated and
propagated, and SIRT3-Flag-tagged protein was detected by
immunoblot analysis. The colonies expressing the highest
levels of SIRT3-Flag were selected for further analysis.

Xenograft Studies

The xenograft experiments were performed under a protocol
approved by the University of Wisconsin Animal Care and Use
Committee. Female nude mice (Crl : NU-Foxnlnu) aged 6 weeks
were procured from Charles River Laboratories. We conducted
two sets of the experiment using twelve mice per experimental
group. For SIRT3 knockdown, 2 x 10° cells (shNS-G361 and
shSIRT3-G361) and for SIRT3 overexpression, 1 x 10° cells
(Hs294T-pcDNA3.1 and Hs294T-SIRT3-Flag) mixed with
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Matrigel (BD Biosciences) at the ratio of 1:1 were injected
subcutaneously on the right flank of each mouse. Once tumors
were palpable, they were measured twice per week (Hs294T-
xenografts) or weekly (G361-xenografts) using digital calipers
and tumor volumes were calculated according to the formula:
0.52 (height x length x width). Hs294T-xenografted mice were
sacrificed when tumors reached 20 mm in any one dimension, in
any group. However, a 10 mm cut-off point was selected for
G361-xenografted mice due to slow-growing tumors in
these mice.

RNA Isolation, Quantitative Real-Time PCR
(RT-gPCR) and Glucose Metabolism PCR
Array Analyses

RNA from cell lines and tissue samples were isolated using an
RNeasy plus mini kit (Qiagen) as per the manufacture’s protocol.
Corresponding cDNAs were synthesized using Oligo DT primers,
dNTPs and M-MLYV reverse transcriptase (Promega). RT-qPCR
analyses were performed as described earlier using SYBR Premix Ex
TaqII (TaKaRa) and QuantStudio 3 (ThermoFisher Scientific) (23).
The primers for SIRT3, PCNA, Survivin, VEGF and ACTB were
selected from the PrimerBank database (24). Relative transcript of
each gene of interest was calculated using the AACy method and
ACTB as an endogenous control.

The human glucose metabolism PCR array (Qiagen #PAHS-
006Z) was run using cDNA isolated from shNS SK-MEL-2 and
shSIRT3 SK-MEL-2 cells, and analyzed as described earlier (23).
Briefly, the resulting cycle threshold (CT) values were uploaded
onto GeneGlobe Data Analysis Center (Qiagen) (http://www.
qiagen.com/us/shop/genes-and-pathways/data-analysis-center-
overview-page/) to analyze fold change in transcripts in response
to SIRT3 knockdown. Three housekeeping genes, ACTB, HPRT1
and RPLPO, were used to normalize the data. Genes from the
PCR array showing >1.96-fold change with statistical
significance were selected for further analysis. Three biological
replicates were used to assess the levels of the 84 metabolism-
related genes.

Ingenuity Pathway Analysis (IPA)

To understand the pathways modulated in response to SIRT3
knockdown, differentially expressed genes from PCR array were
uploaded on the IPA web portal (Qiagen; www.ingenuity.com).
The data were analyzed to predict gene interaction network,
cumulative functions, canonical pathways and upstream
regulators for SIRT3-modulated genes.

Quantitative Immunodetection Analysis
Using ProteinSimple

Protein from tumor tissues was isolated in 1X RIPA lysis buffer
(Millipore), and quantified using Pierce BCA Protein assay kit
(Thermo Scientific) as described earlier (25). Wes ProteinSimple, a
capillary-based immunodetection system was used for protein
analysis. Briefly, as per the manufacturer’s protocol,
Dithiothreitol, fluorescent 5x master mix, biotinylated ladder and
luminol-peroxide solution were prepared. One part 5x fluorescent
master mix was combined with 4 parts of protein lysate (0.5 pg/ul)

in a microcentrifuge tube, and heated at 95°C for 5 min to denature
the protein. These prepared proteins were loaded on 12-230 kDa
Wes Separation Module (ProteinSimple), along with biotinylated
ladder, antibody diluent (blocking reagent), primary antibodies,
horseradish peroxidase (HRP)-conjugated secondary antibodies,
streptavidin-HRP, luminol peroxide solution, and wash bulfter, into
the designated compartments. The primary antibodies were
optimized and used at 1:50 dilution for VEGF (Proteintech
#19003-1-AP), SIRT3, PCNA and Survivin (Cell Signaling #2627,
2586 and 2808, respectively). The produced chemiluminescence
was detected at multiple exposure times and automatically
quantified by the Compass for Simple Western software. The
electropherograms showing automatically detected peak area for
PCNA, Survivin or, VEGF were quantified and normalized to the
total capillary area of the Total Protein Assay of the same sample.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 5
software. The statistical test applied for each data is indicated in
their respective figure legends. Data are expressed as mean *
SEM of three replicates, and statistical significance is denoted as
*p<0.05, *p<0.01, **p<0.001, ***p<0.0001.

RESULTS

Tumorigenic Behavior of Genetically
Manipulated Melanoma Cells for SIRT3 in
Nu/Nu Mice Was Consistent With the Pro-
Proliferative Role of SIRT3 in Melanoma

We have previously demonstrated that SIRT3 knockdown in NRAS-
mutant SK-MEL-2 human melanoma cells inhibited tumor growth
in a subcutaneous implanted Nu/Nu nude mouse model (19). Here,
we expanded our work to confirm our previous results of SIRT3
knockdown in BRAF-mutant human melanoma cell line G361. For
this purpose, Nu/Nu nude mice were subcutaneously implanted with
shNS-G361 (control) and shSIRT3-G361 (SIRT3 knockdown)
melanoma cells followed by assessing tumor development and
progression (Figure 1A). Every mouse that received shNS-G361
developed a tumor approaching ~1000 mm® in volume by 56 days
(Figure 1B). However, only 2 mice out of 12 implanted with
shSIRT3-G361 cells developed extremely small size tumors
measuring 150 mm® and 40 mm?® respectively. At the termination
of the study, we weighed wet tumors and found significant inhibition
in tumor weight, as well. These results suggest that SIRT3 knockdown
resulted in a significant effect in tumorigenicity of G361 cells, with
almost complete inhibition of tumor growth in mice xenografts
(Figures 1B, C).

The pro-proliferative role of SIRT3 was also shown in the
xenograft experiment with SIRT3 overexpressing melanoma cells
in Nu/Nu nude mice. We have earlier demonstrated that SIRT3
overexpression promotes the proliferative potential of Hs294T
melanoma cells, in vitro (19). In this study, we determined
the tumorigenic potential of SIRT3 overexpressing Hs294T
cells in Nu/Nu mice. The mice were subcutaneously implanted
with Hs294T-empty vector pcDNA 3.1(+) (control) and
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Hs294T-SIRT3-Flag (SIRT3 overexpressing) melanoma cells
and tumorigenicity of the cells was followed (Figure 1D). We
found that SIRT3 overexpressing melanoma cells demonstrated
significant increase in tumorigenicity, measured by both tumor
volume and weight (Figures 1E, F). Representative images of
resected tumors are shown in Figure 1G. Further, the Kaplan-
Meier analysis showed that SIRT3 overexpression resulted in a
significant survival detriment, in terms of reaching the tumor
cutoff size 20 mm in one dimension (Figure 1H). SIRT3
expression was assessed in isolated tumor tissues and found a
marked increase in SIRT3-Flag xenografts (Figure 1I). Though
exogenous forced overexpression of SIRT3 may not represent
physiologic phenomena as it generates supraphysiological SIRT3
levels, our results support the pro-proliferative function of SIRT3
in melanoma, further validating our earlier study (19).

Genetic Manipulation of SIRT3 Caused
Modulations in Markers of Proliferation,
Survival and Angiogenesis in

Melanoma Xenografts

Due to an almost complete inhibition of tumor growth in
shSIRT3-G361 implanted tumor group, we did not have
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FIGURE 1 | Effect of SIRT3-knockdown (shSIRT3-G361) and overexpressing (Hs294T-SIRT3-Flag) melanoma cells in Nu/Nu mouse xenografts. SIRT3-knockdown
and overexpressing melanoma cells were xenografted in Nu/Nu mice and followed for tumorigenesis. (A) SIRT3-knockdown study design, (B) Average tumor
volume, and (C) Tumor weight for shNS-G361 and shSIRT3-G361 melanoma cells xenografted tumors (at the termination of the experiment). (D) SIRT3-
overexpression study design, (E) Average tumor volume, (F) Tumor weight (at the termination of the experiment), (G) Representative images of tumors with scale
bars, and (H) Survival probability analysis for Hs294T-empty vector pcDNA 3.1(+) (control) and Hs294T-SIRT3-Flag (SIRT3-overexpressing) melanoma cells
xenografted tumors. (I) Wes ProteinSimple analysis confirming SIRT3 higher expression in the derived tumor tissues. The SIRT3 quantitative data was normalized
using Total Protein Assay of the same sample. N=12 mice/experimental group. Statistical significance are indicated as “p < 0.05, **p < 0.01, **p < 0.001,

****n < 0.0001. shNS, nonspecific shRNA; shSIRT3, SIRT3-knockdown; pcDNA (empty vector); SIRT3-Flag (SIRT3-overexpression).

sufficient tumor tissues from this group for further analyses.
Therefore, we used archival tumor samples from our previous
study, which utilized SIRT3 knockdown in SK-MEL-2 melanoma
cells xenografted in Nu/Nu mice (19). We evaluated the effects of
SIRT3 manipulation on markers of cell proliferation (PCNA),
survival (Survivin) and angiogenesis (VEGF) using RT-qPCR
and Wes ProteinSimple analyses. As shown in Figure 2A,
significant decreases in PCNA, Survivin and VEGF transcripts
were observed in SIRT3 knockdown tumor tissues. Similar
results were noticed at the protein level for PCNA, Survivin
and VEGEF in SIRT3 knockdown tumor tissues (Figures 2B, C).
We also analyzed the levels of PCNA, Survivin and VEGF
transcripts and protein in SIRT3 overexpressing (Hs294T-
SIRT3-Flag) tumor tissues. Our analysis found marked
increase in PCNA, Survivin and VEGF transcripts in SIRT3
overexpressing tumor tissues (Figure 2D). However, at the
protein level, a marked increase in VEGF and a marginal
increase in Survivin were observed (Figures 2E, F). No change
in PCNA was found probably due to the high background
because of the higher number of PCNA positive proliferating
cells in tumors. Overall, these data are consistent with the pro-
proliferative role of SIRT3 in melanoma.
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FIGURE 2 | Effect of SIRT3-knockdown and overexpression on the key tumor markers related to cell proliferation, survival and angiogenesis. Utilizing tumor tissues
from SIRT3-knockdown (shSIRT3- SK-MEL-2) melanoma cell xenografts, (A) RT-gPCR and (B) Wes ProteinSimple analyses were performed for PCNA, Survivin and
VEGF mRNA and protein levels. Next, utilizing tumor tissues from SIRT3-overexpressing (Hs294T-SIRT3-Flag) melanoma cell xenografts, (C) RT-gPCR and (D) Wes
ProteinSimple analyses were performed for PCNA, Survivin and VEGF mRNA and protein levels. ACTB was used as an endogenous control for transcripts analysis.
The protein quantitative data were normalized to the total capillary area of the Total Protein Assay of the same sample. Data are presented as the mean + SEM of
three biological pools (n = 6) with statistical significance (multiple t-test, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001). shNS, nonspecific shRNA; shSIRT3,
SIRT3-knockdown; pcDNA (empty vector); SIRT3-Flag (SIRT3-overexpression).

SIRT3 Knockdown Altered the Expression
of Key Metabolic Genes in Human
Melanoma Cells In Vitro

Given the fact that SIRT3 plays important role in cellular
metabolism (4, 5), and has been identified as a key player in
promoting cancer metabolism and tumor growth (26), we
investigated the effect of SIRT3 knockdown on genes involved
in energy uptake metabolism in melanoma, employing a glucose
metabolism PCR array containing 84 metabolism-related gene
primers. shRNA-mediated knockdown of SIRT3 in SK-MEL-2
melanoma cells (Figure 3A) resulted in alteration in a number of
metabolism-related genes (Figure 3B). For the analysis, we
considered genes that were differentially expressed at least
1.96-fold when compared with the control cells (shNS-SK-
MEL-2) and with P <0.05. We set the cut-off as 1.96 instead of
2 to include 3 more genes that were critical for the analysis. The
next lowest cut-off point was 1.64-fold, which was not considered
for analysis. The identified genes are depicted on metabolic
pathways (Figure 3C). SIRT?3 silencing significantly modulated
genes related to glycolysis (ALDOC, ENO1, ENO2, ENO3, HK2,
PFKL, PGAM2), gluconeogenesis (G6PC3, PCK2), Krebs cycle
(ACLY, ACO2, CS, DLAT, FH, IDH2, IDH3A, MDH1, MDH2,
OGDH, PCK2, PDHA1, SDHA, SDHB, SUCLG1, SUCLG2), and
Pentose phosphate pathway (G6PD, H6PD, PRPS2, TALDOL1)
(Figures 3B, C). We also found SIRT3 knockdown-mediated
alterations in the genes involved in the regulation of glucose
metabolism (PDK2, PDK3, PDP2, and PDPR). Further, we
observed significant changes in the genes involved in glycogen
metabolism pathway (glycogen synthesis (UGP2), glycogen

degradation (PYGL), and regulation of glycogen metabolism
(GSK3A, PHKB, PHKG1) upon SIRT3 knockdown (Figures
3B, C). Collectively, these results suggest that inhibition of
SIRT3 modulates cellular metabolism that may ultimately lead
to an anti-proliferative response in melanoma cells.

Functions Annotation of Glucose
Metabolism Genes Identified in

Response to SIRT3 Knockdown

Predicted Cumulative Action Against
Melanoma Cell Survival

Next, to understand the effects of SIRT3-modulated metabolic
genes, significantly altered genes were analyzed with IPA to
predict their cumulative actions. Our analysis predicted the
inhibition of cell viability, cell proliferation, tumor growth, and
increased apoptosis (Figures 4A-D) in response to SIRT3
knockdown, which is in agreement with our in vivo findings.
Though there are certain genes whose fold regulation with
downstream effects are not consistent (yellow dotted lines) or
predicted (gray dotted line), the cumulative effect remains the
same. IPA also predicted a decrease in the generation of reactive
oxygen species (ROS) in response to SIRT3 knockdown
(Figure 4E). It is important to mention here that melanoma
cells generate high ROS as a consequence of distorted
melanosome structure (27), and thus, predicted inhibition of
ROS supports the antitumor effect in response to SIRT3
inhibition in melanoma. The interaction of SIRT3 with
hypoxia-inducible factor 1-alpha (HIFlo) has been shown to
affect ROS homeostasis and glycolysis (28). Interestingly, the
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upstream analysis of SIRT3-modulated genes identified in our
PCR array predicted the inhibition of HIF1c (Figure 4F), further
supporting the involvement of SIRT3-HIF1a-ROS connection in
cancer metabolism.

Gene Network and canonical Pathway
Analyses Showed Complex Interactions
Among SIRT3 Modulated Genes and With
Several Melanoma-Associated Genes

We employed IPA to explore the gene network and canonical
pathway associated with SIRT3-modulated genes. Our analysis
identified a gene network with 29 focus molecules (out of 37)
indicating that these genes in the network were systematically
associated (Figure 5A). The network pathway analysis of
interacting genes predicted links to various other important genes
(denoted with uncolored nodes). IPA exploration of the gene network
indicated the connection of SIRT3 modulated genes along with
several melanoma-associated genes (MYC, PI3K, AKT, CD3, ERK,

and AMPK). Moreover, oncogenic MYC appeared as a central
molecule interacting with most of the SIRT3-modulated genes and
the molecules that appeared during network generation.

Further, IPA predicted five canonical pathways suggesting
that these signaling pathways were constitutively affected in
response to SIRT3 knockdown. These included Krebs cycle,
glycolysis, gluconeogenesis, and pentose phosphate pathway.
Interestingly, sirtuin signaling pathway appeared too as a
canonical pathway (Figure 5B). SIRT3 was found to have
interactions with several mitochondrial signaling molecules
along with PDHALI, IDH2 and SDHA, identified in PCR array.
SIRT3 also showed interaction with other mitochondrial sirtuins
viz. SIRT4 and SIRT5. Interestingly, SIRT2, a cytoplasmic
sirtuin was predicted to directly interact with ACLY, PCK2,
PGAM2 and G6PD, which were also identified in PCR array,
suggesting SIRT2/SIRT3 connection with cellular metabolism.
Intriguingly, SIRT2 is also known to contribute in melanoma
progression (29).
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Upstream Analysis of SIRT3-Modulated
Genes Predicted Alteration in Major
Cancer/Melanoma-Associated

Signaling Events

Next, we performed the upstream analysis of SIRT3-modulated
genes and identified alteration in several crucial upstream
regulators that are known to affect cancer/melanoma
development and progression. Specifically, our analysis predicted
inhibition in pyruvate kinase muscle (PKM) isozyme, lysine
demethylase 8 (KDMS), peroxisome proliferator-activated receptor
gamma-coactivator 1 alpha (PPARGCIA) and mammalian target of
rapamycin (mTOR) signaling (Figures 6A-D). Our analysis further
predicted the activation of tumor suppressor P53 and mitochondrial
caseinolytic protease P (CLPP) signaling (Figure 6E, F). Inhibition in
HIFlo was also predicted (which has been discussed earlier in
Figure 4F). Our data shows that most of the SIRT3 modulated
genes were consistent with the state of upstream prediction. Those
with upstream predictions in-consistent or un-known are indicated
with yellow or gray dotted lines, respectively. The relevance of
modulations in these upstream regulators related to cancer/
melanoma development and progression are detailed in the
discussion section. Overall, these are important observations to

demonstrate a crucial connection between SIRT3 and key cancer/
melanoma-associated signaling events.

DISCUSSION

The goal of this study was to validate the pro-proliferative
function of SIRT3 in melanoma and establish its associated
potential mechanisms, especially focusing on metabolic
regulation. Our study includes data from BRAF-mutant G361
and Hs294T as well as NRAS-mutant SK-MEL-2 melanoma
cells. These two mutations (BRAF and NRAS) are the most
common genetic alterations in human melanoma (30). We
investigated the tumorigenic behavior of SIRT3 knockdown
and overexpression in melanoma cells in Nu/Nu mice. Our
data demonstrated that SIRT3 knockdown abrogated tumor
growth and/or tumor establishment abilities in BRAF-mutant
G361-xenografted mouse model. Also, forced overexpression of
SIRT3 in BRAF-mutant Hs294T-xenografted mouse model
promoted tumorigenesis in melanoma. These data along with
our previous study of SIRT3 knockdown in NRAS-mutant
SK-MEL-2-xenografted mouse model (19) support the
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pro-proliferative nature of SIRT3. This also suggests that
antitumor effects observed in response to SIRT3 inhibition are
independent of BRAF or NRAS mutations.

Utilizing RT-qPCR and Wes ProteinSimple analyses, we
found modulation in the markers of cell proliferation (PCNA),
survival (Survivin) and angiogenesis (VEGF) in response to
SIRT3 manipulation, further supporting the pro-proliferative
role of SIRT3 in melanoma. These are important observations
from the following perspectives too. Cytoplasmic PCNA has
recently been shown to control glucose metabolism in
hematological cells (31). Survivin has been shown to increase
the stability of oxidative phosphorylation Complex II, which
enhances mitochondrial respiration, and thereby cancer
metabolism (32). Proangiogenic factor VEGF has been
reported to be an indicator of angiogenesis in melanoma (33).
It is known that the tumor cells undergo metabolic changes
during angiogenesis that favor tumor growth and progression.

Our data suggest the melanoma promoting potential of SIRT3
may be linked with alteration in the metabolic phenotypes, and
thus SIRT3 inhibition may be a potential strategy to inhibit
melanoma progression.

As SIRT3 has been implicated in regulating cellular
metabolism, we determined the role of SIRT3 in metabolic
regulation of melanoma cells. Melanoma cells are known to
display metabolic adaptations with deregulated glycolysis that
favors tumorigenesis (34). Earlier, we have demonstrated that
chemical inhibition of SIRT3 along with SIRT1 decreased aerobic
glycolysis (glucose uptake, lactate production and NAD+/NADH
ratio) in melanoma cells (35). Importantly, the inhibition of
glycolysis in cancer has been suggested as a potential target
for cancer therapy. Thus, to analyze the effects of SIRT3
knockdown on metabolic regulators in melanoma cells, we
utilized glucose metabolism PCR array. We found that SIRT3
inhibition significantly modulates genes related to glycolysis,
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gluconeogenesis, Krebs cycle and Pentose phosphate pathway,
suggesting that inhibition of SIRT3 hampers cellular metabolism,
which eventually hinders the proliferative potential of melanoma
cells. This can be understood from the fact that tumor cells require
not only ATP but also biosynthetic precursors for proliferation.
Glycolysis, Pentose phosphate pathway and Krebs cycle are the
important source of biosynthetic precursors, in addition to the
production of ATP. For example, citrate in mitochondria can be
transported into cytoplasm for the conversion of acetyl-CoA and
oxaloacetate to fatty acids, which is critical for tumor cell
proliferation. This conversion is controlled by the enzyme ATP
citrate lyase (ACLY) (36), which was decreased in response to
SIRT3 inhibition. The expression levels of glycolytic enzymes,
enolase 1 and 2 (ENO1/2) were also lesser in cells having reduced
SIRT3, suggesting the metabolic cessation of glycolytic pathway.
Enolases are key components of the glycolytic pathway, converting
2-phosphoglycerate into phosphoenolpyruvate. ENO1
knockdown has been shown to result in suppressed glioma cell
growth (37). Also, increased ENO2 has been shown to be
associated with tumor progression in vivo (38). However, ENO3,
which is muscle-specific enolase, was increased in response to
SIRT3 knockdown. This may be compensatory for the
downregulation of its counterpart ENOI and ENO2, suggesting
that the role of enolases needs to be explored in melanoma.

Our data demonstrated that hexokinase (HK2), and
oxoglutarate (alpha-ketoglutarate) dehydrogenase (OGDH) were
the top two genes that showed maximum changes in the PCR

array in response to SIRT3 knockdown. HK2 phosphorylates
glucose into glucose-6-phosphate, which serves as the start point
for glucose to enter glycolytic pathway and mitochondrial Krebs
cycle to produce ATP (39). Aside from being a fundamental
component in glycolysis, HK2 is over-expressed in multiple
tumors (40). Similarly, in a recent study, cancer cells have been
found to display a wide range of sensitivities in response to OGDH
knockdown, in vitro and in vivo (41), suggesting a probable
therapeutic target in cancer management. Next, we found that
the isoforms of pyruvate dehydrogenase (PDH) complex
(PDHA1, PDP2, PDK2 and PDK3), which constitute the link
between glycolysis and Krebs cycle (42), were down-regulated
upon SIRT3 inhibition, indicating reduced substrate availability
for cells to enter the Krebs cycle. Interestingly, SIRT3 is known to
deacetylate and increase PDH activity in cancer cells (22). SIRT3 is
also known to deacetylate mitochondrial enzyme, isocitrate
dehydrogenase (IDH2) that produces NADPH (43); IDH2 was
suppressed too upon SIRT3 inhibition. We also found that both
glucose-6-phosphate dehydrogenase (G6PD) and hexose-6-
phosphate dehydrogenase (H6PD) were significantly down-
regulated in SIRT3 knockdown cells, suggesting inhibition of the
Pentose phosphate pathway. Overall these results suggest that
modulation in these genes in response to SIRT3 inhibition results
in metabolic shift in melanoma cells providing lesser fuel for
proliferating cells.

Next, upstream analysis of SIRT3 modulated genes predicted
the inhibition of HIF10, PKM, KDM8, PPARGC1A and mTOR,
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and activation of P53 and CLPP signaling. The relevance of these
observations in melanoma can be understood from the following
facts. PKM is known to regulate glycolysis in cells including in
malignancies (44, 45). PKM has also been known to be related to
the invasiveness of cancers. Indeed, PKM has been identified as
one of the major hypoxia-induced HIF1 o targets in melanocytes
that significantly correlate with reduced melanoma disease-free
status (46). Moreover, KDM8 which demethylates H3K36me2
(inhibiting the recruitment of histone deacetylases) and is
overexpressed in different types of tumors (47), is known to
participate in nuclear translocation of PKM. Similarly, upstream
PPARGCIA is used by invasive cancer cells to enhance oxidative
phosphorylation, oxygen consumption rate, and mitochondrial
biogenesis (48). Oxidative phosphorylation has been shown to
promote primary melanoma invasion, suggesting the possible
role of PPARGCIA in metabolic rewiring during melanoma
progression (49). mTOR, which acts as the target for cell-cycle
arrest, is another important signaling predicted to be inhibited in
response to SIRT3 inhibition. mTOR deregulation has been
observed in many cancer types, including melanoma, and its
inhibition has been investigated in clinical treatment (50).
Moreover, its association with phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) pathways to regulate cell
growth, survival and metabolism make a target of interest in
cancer management (50). Interestingly, in our study, we
identified the connections of PI3K/AKT and mTOR in
response to SIRT3 inhibition (Figures 5A and 6D).

Our analysis of SIRT3-modulated genes further identified
upstream activation of tumor suppressor P53. An interaction
between SIRT3 and tumor suppressor P53 has been shown in
certain cancers. SIRT3 partially abrogates P53 activity to enact
growth arrest and senescence in bladder carcinoma (51). Earlier,
we have demonstrated that inhibition of SIRT1, another member
of sirtuin family, decreased cell proliferation of melanoma cells
via P53 activation (52, 53). We have also shown a protein
network highlighting P53 as key signaling connecting
with MYC, and other proteins in response to SIRT1 inhibition
(54). SIRT1 and SIRT3 both have been demonstrated to
deacetylate P53 protein, and the role of P53 has been
implicated in melanoma (reviewed in (55)). Activation of
CLPP, which is known to degrade misfolded proteins, was also
predicted in our IPA analysis in response to SIRT3 knockdown.
Interestingly, it has been found that hyperactivation of CLPP
selectively kills cancer cells, without affecting normal cells, and
independent of P53 status, by disrupting mitochondrial
structure/function via the degradation of respiratory chain
protein substrates (56).
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Mucosal melanoma (MM) is a rare melanoma subtype that originates from melanocytes
within sun-protected mucous membranes. Compared with cutaneous melanoma (CM),
MM has worse prognosis and lacks effective treatment options. Moreover, the
endogenous or exogenous risk factors that influence mucosal melanocyte
transformation, as well as the identity of MM precursor lesions, are ambiguous.
Consequently, there remains a lack of molecular markers that can be used for early
diagnosis, and therefore better management, of MM. In this review, we first summarize the
main functions of mucosal melanocytes. Then, using oral mucosal melanoma (OMM) as a
model, we discuss the distinct pathologic stages from benign mucosal melanocytes to
metastatic MM, mapping the possible evolutionary trajectories that correspond to MM
initiation and progression. We highlight key areas of ambiguity during the genetic evolution
of MM from its benign lesions, and the resolution of which could aid in the discovery of new
biomarkers for MM detection and diagnosis. We outline the key pathways that are altered
in MM, including the MAPK pathway, the PISK/AKT pathway, cell cycle regulation,
telomere maintenance, and the RNA maturation process, and discuss targeted therapy
strategies for MM currently in use or under investigation.

Keywords: mucosal melanoma, mucosal melanocytes, melanocytic lesions, mutations, signaling dependency,
targeted therapy

INTRODUCTION

Melanoma develops due to the unchecked proliferation of melanocytes, which are responsible for
the production of pigment. About 90% of melanoma cases are cutaneous melanoma (CM) mainly
induced by exposure to ultraviolet (UV) light (1). Non-cutaneous subtypes include uveal melanoma
(UM) and mucosal melanoma (MM). MM is a rare type of melanoma that presents on mucosal
surfaces of cavities within the body, including the oral, nasal, anorectal, genitourinary, and
vulvovaginal region (2). Although MM makes up approximately 1% of all cases of melanoma, it
is one of the most aggressive subtypes, and thus exhibits a worse prognosis compared with the
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common CM (3, 4). Based on a retrospective study, the 5-year
survival rate of MM, considering all stages at the time of
diagnosis, is 10-20% when compared to 93% for CM (4-6).

There are several possible reasons for this worse prognosis in
MM: 1) Both the biology of mucosal melanocytes as well as the risk
factors that are related to MM incidence are poorly understood.
Exposure to UV is a well-established risk factor for CM but the
mutagens that contribute to the development of MM remain
unknown. According to epidemiological studies, smoking, ill-
fitting dentures, and ingested/inhaled carcinogens such as tobacco
and formaldehyde are regarded as potential causative factors for oral
and sinonasal mucosal melanoma (2, 7), while chronic
inflammatory disease, viral infections as well as chemical irritants
are thought to be implicated in vulvar mucosal melanoma and
human immunodeficiency virus (HIV) is associated with anorectal
mucosal melanoma (2). However, the contributions and
mechanisms of the aforementioned factors to MM initiation or
progression are not clearly defined. 2) The evolution of MM from
precursor lesions is poorly understood. CM is associated with
different types of precursor lesions, including benign melanocytic
nevi commonly associated with the BRAF V600E mutation and
dysplastic nevi associated NRAS alterations and TERT promoter
mutations (8). CM can evolve from these benign lesions following
additional mutations that drive tumor invasion and metastasis such
as loss of CDKN2A, PTEN, or TP53 (9). Characterization of the
morphology and molecular landscape of precursors compared to
early melanoma has provided candidate molecular biomarkers for
early diagnosis in CM (10-13). However, although several forms of
mucosal melanocytic benign lesions are reported, there is still a lack
of defined MM precursor lesions, leading to a weak understanding
of the evolutionary trajectory of MM despite molecular profiles
unveiled by recent whole-genome sequencing data (14-16). 3) MM
has more diverse mutation patterns with fewer targetable mutations
compared to CM. According to the most frequent and mutually
exclusive mutations, CM is mainly classified into 4 genomic
subtypes: BRAF(52%), RAS(31%), NF1(14%), and a small portion
of triple wild-type (17, 18). Hence, co-targeting BRAF and MEK
have been proved to achieve a significant response rate for BRAF
V600 mutated CM patients in clinical management (19, 20). In
contrast, MM has more diverse mutation patterns, with less than
20% of BRAFV600E mutations (16), followed by the majority of
mutations that are scattered and difficult to target, including NRAS,
NF1I, KIT, SF3B1, and SPREDI (21).

Our goals in conducting this review were to: 1) Summarize the
types of mucosal melanocytic benign lesions, aiming to find possible
genetic and pathological evolutional patterns from benign mucosal
melanocytes lesions to malignant tumors; 2) Discuss the main driver
mutations and pathways in MM; and 3) Outline the options of
targeted treatment for MM in clinical use or under clinical trials.

BIOLOGICAL FUNCTIONS OF
MELANOCYTES

Melanocytes are neural crest-derived cells that migrate to specific
anatomic locations - including skin, eyes, leptomeninges, and

mucous membrane - during development. Cutaneous
melanocytes have two final destinations: hair follicles and the
basal cell layer of epithelium where they conduct their main
biological function of melanin production (22, 23). Melanin is a
natural pigment in skin that absorbs UV radiation and scavenges
cytotoxic free radicals generated from sunlight exposure (23, 24).
Synthesized melanin is secreted to the nearby keratinocytes
under solar stimulation and protects the genome of
keratinocytes from sun damage (25).

In addition to residing in the skin, melanocytes also dwell in
many sun-shielded mucosal tissues like respiratory (oral, nasal,
pharynx, larynx, and upper esophagus), intestinal, urogenital,
and rectal tracts (2, 24, 26-28). As melanocytes located in
mucous membranes are not usually directly exposed to
sunlight, it is unlikely that photoprotection is the primary and
definitive function of mucosal melanocytes. It was hypothesized
that melanocytes localized to mucosal tissues due to errors of
migration from the neural crest during embryogenesis (6, 26),
but recent evidence suggests that mucosal melanocytes might
have biological functions besides pigment production.
Specifically, since mucosa plays an important role in the innate
immune defense system, it is speculated that mucosal
melanocytes are also equipped with immunogenic functions
(23, 29).

It is reported that melanin has strong toxin binding properties
that can neutralize toxins produced by bacteria (30). Meanwhile,
aromatic precursors, including quinone and semiquinone
intermediates generated during the melanization cascade, can
disrupt the lipid bilayer of cell membranes of microorganisms and
mediate an anti-bacterial effect (31, 32). The strong binding
capacity of melanin is probably due to its specific graphite-like
lamellar structure in which four to eight monomers are covalently
bound to form a porphyrin-like system (33). As a result, melanin
is able to interact with aromatic metabolites or compositions of
microorganisms through hydrogen bonds or n-w interactions (34,
35). Another explanation for the anti-bacterial properties of
melanin and its intermediates is that they contain high levels of
redox-active catechol groups, which can produce reactive oxygen
species under light and water stimulation (36). However, since the
mucosal melanocytes are in a dark environment with marginal
melanin production, it remains unknown whether the pigment
levels in mucosal regions are sufficient for antimicrobial effects.

In addition to the anti-bacterial properties of melanin,
melanocytes can also participate in the intrinsic and acquired
immune system. On the one hand, melanocytes can participate
in innate immunity since they are found to express Toll-like
receptors, indicating melanocytes can recognize pathogen-
associated molecular patterns present in microbes (37, 38).
Once being recognized, bacteria and fungi can be engulfed by
melanocytes — a phenomenon that has been observed under the
microscope - before undergoing possible degradation pathways
by lysosome hydrolytic enzymes contained in melanosomes (39,
40). On the other hand, melanocytes may be a component of
acquired immunity. Melanocytes have been reported to express
MHC class II loaded with mycobacterial peptides (41),
suggesting that melanocytes may function as antigen-
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presenting cells and subsequently activate CD4" T cells
proliferation (42). Although the phagocytotic functions of
melanocytes have been observed, the activation of T cells
through antigen presented by melanocytes, for instance, should
be further verified by investigating the expression of CD86,
CD80, or other markers of antigen-presenting cells on the
surface of melanocytes. Since melanocytes have the capacity to
produce a variety of cytokines, including interleukins and
interferons which may be involved in the regulation of the
activity of neighboring immune cells under stimulations
of exogenous nucleic acids (43-47), the hypothesis that
melanocytes activate T cells through secreting specific
cytokines, instead of acting as antigen-presenting cells,
must also be tested. These collective observations suggest
melanocytes likely participate to some extent in the immune
defense of the body, but their precise immunological roles in
the innate or adaptive immune system need to be dissected
in further studies.

MUCOSAL MELANOCYTIC
BENIGN LESIONS

Studies in the pathologic evolution of CM have shown that
invasive melanomas can evolve from a variety of benign and
intermediate pathological stages including benign nevus,
dysplastic nevus, and malignant tumor in situ (8, 9).
Melanocytic nevi are benign lesions requiring no further
treatment, while atypical melanocytic hyperplasia or atypical
nevi are regarded as either indeterminant or premalignant
lesions that warrant careful clinical management and long-
term follow-up for patients. In contrast, there is no clear
definition and characterization of precursor lesions of MM
despite the fact that multiple mucosal melanocytic benign
lesions are observed and documented in the clinic (Figures
1A, B). Using OMM as the most well-studied example, Table 1
summarizes several benign pigmented lesions including
macule, nevus, and melanocanthoma with their specific
pathological characteristics.

Melanotic Macule of the Oral Mucosa

Melanotic macules are one of the most common melanocytic
lesions (48, 49) and lentigo simplex is the term used to describe a
group of small and round macules (50). The color of macules
varies from gray to brown to black. The diversity of pigmentation
is thought to be associated with the ratio of eumelanin and
pheomelanin (23, 24). Macules are usually regarded as benign
lesions since the causative factor of macules is melanin deposition
and no Ki-67 positive melanocytes are observed (51, 52). Hence,
the diameter of the pigmented lesions is usually less than 1 cm, and
their morphology is flat, solitary, and well-circumscribed
(Figure 1A). From histological examinations, the basal cell layer
of benign macules is exhibited with uniform melanin
accumulation without an increase in the density of melanocytes
or the presence of nevus (Figures 1E, F). These lesions are
asymptomatic and no malignant transformation is reported at
this stage. The most frequently observed site for macules in the

oral cavity is the vermillion border of the lip at the rate of 30%
followed by the gingiva and alveolar ridge (23%), and the buccal
(16%) or labial mucosa (9%) (24). Interestingly, the hard palate,
which is one of the most common locations for OMM has less
chance for macule occurrence (7%) (24). Although there is no
evidence that melanotic macules are directly associated with the
eventual diagnosis of MM in oral mucosa, some published case
reports have recorded the transformation of benign macules to
malignant OMM after years of diagnosis (53-55), suggesting the
malignant potential of some macular lesions to be considered as
precursor lesions. As Ki-67 staining is not routinely requested in
the diagnosis of melanotic macules, it is unclear what percentage
of lesions contain proliferating melanocytes and may possess
malignancy potentiality.

Oral Mucosal Nevus

Oral nevi are much less common than their counterparts on the
skin and their prevalence is about 0.1% in the general population
(24). Subepithelial lesions are the most common oral mucosal
nevi (55%), followed by blue nevi in submucosal-mucosal
junction (Figures 11, J) (36%), and junctional nevi are the least
frequent ones (3%) (7, 56). According to the histologic location
of melanocytes, oral nevi can be divided into three categories:
junctional nevi (Figures 1K, L) at the tip of the widened and
elongated epithelial spikes; compound nevi arranged in nests and
belts in the lamina propria; and subepithelial nevi (Figures 1B,
G, H) entirely in the subepithelial connective tissue. The
formation of nevi in oral mucosa results from the proliferation
of melanocytes along with the epithelial basal cell layer, but most
are relatively small with a mean diameter of 0.5cm. Similar to
macules, nevi harbor clear borders. However, instead of being
flat, more than 50% of nevi are elevated pigmented lesions. In
addition, about 15% of oral nevi are non-pigmented and the
mechanism behind the lack of pigmentation remains unclear
(24). From the histopathological point of view, the appearance of
nevus cells along epithelial spikes is polygonal and epithelioid.
Typical nevus cells have uniformly round or oval nuclei and
contain sparse, uniform, and small melanin granules in the
cytoplasm. As for nevus cells in the deeper subepithelial tissue,
they become smaller with less cytoplasm and dense and deeply
stained nucleus-like lymphocytes.

Although there is a lack of case reports unequivocally
documenting the transformation of benign nevi to malignant
tumors in the oral cavity, the risk of malignancy in some oral
nevi cannot be excluded. The deficiency of case reports is
partially due to the rare individuals with congenital or
acquired nevi and short follow-up periods of objects (57). A
clinicopathologic analysis shows that five out of seven OMM
patients have junctional nevi, therefore some clinicians
recommend a complete excisional biopsy to rule out early
OMM for individuals with junctional nevi (58). In addition,
nowadays the classification of nevi is mainly based on their
histologic positions and lacks criteria based on the degree of
malignancy. Only the appearance of dysplastic nevi is considered
as an increased risk of melanoma (59-61). Dysplastic nevi are
usually larger than normal nevi with macular or popular
components and ill-defined borders (62). The current
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palate (D) and its HE staining pictures (O, P).

FIGURE 1 | Mucosal melanocytic benign lesions and malignant OMM. Benign hyperpigmented lesions (A, B) and malignant OMM in situ (C, D). Benign macule in
gingiva (A) and its HE staining pictures (E, F). Benign intramucosal nevus on the hard palate (B) and its HE staining pictures (G, H). HE staining of blue nevus (I, J).
HE staining of junctional nevus (K, L). Lentigo maligma melanoma on mandibular gingiva (C) and its HE staining figures (M, N). Ulcerated malignant MM on the hard

diagnosis of dysplastic nevi mainly depends on their
architectural disorder rather than specific biomarkers, which
heavily relies on the experience of pathologists and causes a
relatively high rate of misdiagnosis. Hence, more refined
diagnostic criteria and more sensitive biomarkers are needed
clinically to find potential precancerous nevi.

Melanoacanthoma
Melanoacanthoma is a rare form of benign melanotic lesion
characterized by benign proliferation of both keratinocytes and

melanocytes (24, 63). Microscopic examination can detect the
hyperplastic keratinocytes, while positive immunostainings of
HMB-45 and S-100 prove the presence of melanocytes abnormal
accumulation (64). Compared with macule and nevus, this
benign entity is much rarer but may mimic OMM due to its
rapid increase in size with diameters of several centimeters being
reached in just a few weeks. The lesion is usually flat or slightly
raised and most commonly occurs on the buccal mucosa.
Histopathologic examination shows many dendritic
melanocytes and processes containing melanin in all strata of

TABLE 1 | Comparison of benign lesions and malignant oral mucosal melanoma.

Macule Nevi Melanoacanthoma OMM

Prevalence in 62% (48, 49) 15% (48, 49) 0.8% (48, 49) 0.7% (48, 49)
melanocytic
lesions
Color Gray to brown to Brown, bluish-gray Brown or black Variable

black or black,

15% non-pigmented

Size (mean <1cm 0.5cm Several centimeters 4.cm
diameter)
Shape Flat, solitary Well-demarcated but elevated Flat or slightly raised Asymmetric with irregular outline

& well-circumscribed
Commonly Lip & gingiva Palate Buccal mucosa Hard palate & maxillary gingiva

occurred site

Causative factor Melanin deposition

Histopathologic
features

Melanin
accumulation without
an increase in
melanocytes.

Proliferation of melanocytes

Polygonal & epithelioid nevus
cells in the superficial. Cytoplasm
transparent to light stained.

Proliferation of keratinocytes &
melanocytes

Many dendritic melanocytes,
processes containing melanin &
melanophagocytes in all strata of
epithelium.

Uncontrolled growth of melanocytes

Large, vesicular nucleus & prominent nucleoli.
Aggregated into sheets or alveolar groups.
Neurotropic or desmoplastic configurations.
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epithelium. Besides, melanophagocytes, mild lymphocyte
infiltration, as well as vasodilation are seen in the lamina
proporia. Similar to other benign lesions, once the
melanoacanthoma is diagnosed, the site is usually just
monitored, as these lesions are highly likely to regress within 2
to 6 months after biopsy (65, 66). However, if a
melanoacanthoma enlarges in a very short period of time, it
may indicate a sign of malignancy (67). A more comprehensive
understanding of what drives mucosal melanocyte proliferation
as well as the regression in melanoacanthoma, and how the fast-
growing melanoacanthoma transforms into MM, is needed.
Oral macule, nevus, and melanoacanthoma are usually
diagnosed as benign lesions, but periodical physical examinations
and biopsies of those melanocytic lesions are still recommended
because approximately one-third of OMM patients are found to
present benign pigmented lesions prior to the emergence of the
malignant state (67-69). Additionally, our collaborating clinicians
and pathologists at Shanghai Ninth People’s Hospital have observed
the development of hyperpigmentations adjacent to OMM in a
majority of patients and they suspect that tumors expand through
those de novo pigmented lesions (Figures 1D). Based on the above
findings, we propose that a subgroup of benign lesions, especially
macules, possess the potential to transform to OMM. If true,
identification of biomarkers for those cancer-predisposing lesions
coupled with more radical surgical excision may improve the
outcome of patients. To achieve this goal, a thorough genetic
evolution study sequencing not only malignant MMs but also
benign lesions and suspected premalignant lesions is needed.
Assessment of the genetic evolution of benign and malignant
MM subtypes may reveal markers of increased risk of malignant
transformation to aid in early diagnosis and clinical management.

MUCOSAL MELANOMA

OMM is one of the most frequent and well-studied MM subtypes.
The preferred site for OMM (Figure 1D) is the keratinized
mucosa, including the hard palate and maxillary gingiva where
the masticatory stress is focused (70). Symptoms include pain,
ulceration, bleeding, loose teeth, bone erosion, etc. (71, 72). The
MM shows variable color from black to red or white accompanied
with asymmetric and irregular morphology (73). Contrasting
from CM, which is commonly diagnosed in the radial growth
phase, OMM is usually first identified in a vertical growth phase
with 30% of lesions at an invasive stage, and 55% of lesions at a
combined invasive and in situ stage (7). Also different from CM,
MM lacks a clear classification system for subtypes of lesions.
Based on the histopathologic patterns and levels of solar damage,
there are several different categorization methods for CM (74),
whereas the subclassification of MM remains controversial.
Currently, it is simply divided into MM in situ, invasive MM,
and MM with a mixed pattern. The observing surface architecture
of MM ranges from macular to ulcerated and nodular (75).
Lentigo maligna melanoma (Figure 1C) is regarded as one
form of OMM in situ as it shares similar histopathological
traits as typical OMM in situ (Figures 1M, N). From the

microscopic perspective, OMM consists of diverse
morphological melanocytes including epithelioid, spindle, and
plasmacytoid, which typically have a large, vesicular nucleus with
prominent nucleoli (Figures 10, P). They are usually aggregated
into sheets or alveolar groups and less commonly neurotropic or
desmoplastic configurations are observed. Most of the tumors
contain melanin, while only a small proportion is amelanotic
(76). As for immunohistochemical features of OMM, there is no
single immunohistochemical marker that invariantly identifies all
OMM. A variable expression of S-100, Melan-A, MITF,
tyrosinase, and HMB-45 has been reported (27, 28, 49, 76).
SOX 10 is a new marker, showing high sensitivity (positive in
88-100% of OMM cases) but moderate specificity in MM (77, 78).
Hence, identification of biomarkers for OMM with better test
characteristics of needed to achieve a consistent accurate
diagnosis of MM and its initial lesions.

MUTATIONS AND SIGNALING PATHWAY
DEPENDENCY IN MM

To date, whole-genome sequencing (WGS) and whole-exome
sequencing (WES) has revealed the genomic profile of MM and
pinpointed reoccurring aberrant genes that potentially drive the
evolution of melanocytes to malignant tumors in the mucosal
membrane. In contrast to CM, MM harbors a low single
nucleotide mutation burden, but a high number of
chromosomal structural variants (16, 79). BRAF and NRAS
mutations, which are widely present in CM, are less frequent
in MM (16, 79). Instead, activating mutations in SF3BI and KIT,
loss of CDKN2A, PTEN, or SPREDI, as well as amplification of
CDK4, TERT, KIT, MDM2, or CCNDI, are more common in
MM (16). Table 2 compares the genetic profile between CM and
MM. The data for altered genes in CM are average from Akbani’s
and Hayward’s papers (17, 79), while the figures for MM are
obtained from Newell’s paper (16). Figure 2 summarizes the
frequency of alterations in possible driver genes based upon
WGS data of 67 frozen tumors (16). Those mutated genes
correspond to specific cellular pathways that are potentially
highly dependent on the initiation and progression of MM,
providing potentially effective targets for combined treatment
in the clinic.

KIT Signaling Pathway

C-KIT is a receptor tyrosine kinase located on the membrane of
various cell types. The stimulation of the C-KIT receptor by its
extracellular ligand leads to downstream activation of the MAPK
and PI3K signaling cascades that play an important role in
proliferation, survival, and motility of melanoma cells (80).
There is a high prevalence of KIT gain-of-function alterations
including missense mutation and copy number amplification in
patients with MM at rates of 15% and 21% respectively (16),
while the corresponding figures in CM are only 3.7% and 4.2%
separately (17, 79). MMs with KIT mutations presumably affect
the function of juxta-membrane autoinhibitory domain (JMD)
(W557R, N566D, V559A, V559D, V560D, V569G, P573L,
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TABLE 2 | Comparison of genetic profiles MM and CM.

Cellular pathway Gene CM MM
C-KIT pathway KIT 3.7 mut; 4.2%amp (17, 79) 15%pmut; 21%amp (16)
MAPK pathway NRAS 29%mut (17, 79) 18%mut (16)

BRAF 51%mut (17, 79) 16%mut; 13%amp (16)

NF1 15%mut (17, 79) 16%mut (16)

SPRED1 rare 7.5%mut; 3.0%qel (16)
PI3K pathway PTEN 9.0%mut; 12%4qel (17, 79) 6.0%4qel (16)
Splicesome pathway SF3B1 6.4%ut (17, 79) 12%mut (16)
Cell cycle pathway TP53 16%mut (17, 79) 9.0%pmut (16)

CDK4 4.0%amp (17, 79) 28%amp (16)

CCND1 5.5%amp (17, 79) 18%amp (16)

MDM2 3.5%gmp (17, 79) 19%amp (16)

CDKNZ2A 16%mut44%ge (17, 79) 24%ge) (16)
Telomere maintenance TERT promoter 72%put (17, 79) 9.0%pmut (16)

TERT 8.2%amp (17, 79) 22%¢mmp (16)

Mut, mutation; Amp, amplification; Del, deletion.

L576P, K642E) and tyrosine kinase domains (D816H, D820Y,  the mechanism explaining why C-KIT is pathogenetically
A829P, N822K), causing constitutive activation of C-KIT-  important in sun-protected melanomas remains poorly
regulated pathways (81-84). Among the aforementioned  understood, it does not prevent the protein from being a
mutations, K642E is the most frequently observed in MM.  potentially effective therapeutic target and a series of C-KIT
Although codon 642 is located out of the JMD, amino acid  inhibitors are currently under pre-clinical and clinical
aberrations in this position are thought to destabilize the JMD  investigations (82, 87-89).

through amino acid interactions (81). Besides WGS and WES .

data, immunohistochemistry images show increased protein RAS-RAF-MEK-ERK MAP Kinases

expression of C-KIT in all in situ MMs and nearly 90% of Pathway

invasive tissues in a cohort of 18 cases (85), indicating the  Stimulation of C-KIT or other receptor tyrosine kinase on the
strengthening of the C-KIT signaling pathway. Compared to  cellular membrane by extracellular growth factors provokes
CM, the gain-of-function alterations of KIT are more common  downstream activation of RAS and RAF kinases followed by
not only in MM but also in acral melanoma (AM) (86). Although ~ phosphorylation of MEK and ERK, leading to activation of the
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i — [— ) i
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FIGURE 2 | Molecular pathways involved in the development of mucosal melanoma. Red-filled rectangles indicate genes experiencing activating mutation or
amplification, while blue-filled rectangles genes undoing suppressing mutation or deletion. Black figures suggest mutation rates, whereas red and blue percentages
are respectively amplification and deletion proportions in the test cohort. Created with BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-
templates.
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MAPK pathway implicated in the regulation of cell proliferation,
differentiation, and survival (90). NRAS and BRAF both play a
part in the MAPK pathway, which are thought to contribute to
melanoma development.

NRAS activating mutations are prevalent in CM at 29% (17,
79), while the mutation frequency in MM is only 18% (16).
Furthermore, nearly 90% of NRAS missense mutations occur at
codon 61 in CM, compared to 54% for MM. The remaining 46%
of mutations are located at codon 12 and codon 13 (91).
Compared with NRAS activating mutations at positions 12 and
13, NRAS Q61 mutations exert a stronger activating effect on the
MAPK pathway since codon 61 is the catalytic residue for GTP
hydrolysis and Q61 mutation impedes the return of RAS to an
inactive GDP-bound state (92). For both CM and MM, Q61R
and Q61K are the most commonly detected amino acid
transitions at codon 61. Similarly, the most common
mutations for both types of melanoma at codon 13 are G13D
and G13R, although G13R is predominant in CM and G13D in
MM (93).

BRAF is a serine-threonine kinase involved in the MAPK
signaling pathway. Over 50% of CM cases report activating
mutation of the BRAF gene (17, 79), while merely 16% of
MDMs experience the same alteration (16). In addition to
harboring common active mutations, BRAF is distinct from
NRAS in MM in that the locus undergoes amplification in 13%
of cases (16). Mutations in the BRAF gene are missense
mutations and they most frequently occur at codon 600, the
activating loop, where amino acids change from valine to
glutamic acid (V60OE) (93). Besides the activation loop (A-
loop), the second most common site for amino acid
substitutions is the GSGSFG phosphate-binding loop (P-loop)
at residues 464-469 (94). The activity of BRAF kinase is regulated
by the interaction formed between A-loop and P-loop, thus
mutations in either A-loop or P-loop disrupt the interaction and
cause hyperactivation of the kinase (93, 95). In CM, more than
90% of mutations are present on the V600 codon, whereas in
MM only 63% are V600 mutations, with the remainder (37%) on
the G469, D594, and K601 codons (91, 93). In other words, MM
not only has far less frequent BRAF missense mutations but also
has more diverse locations for BRAF mutations as compared to
CM. However, similar to CM there is nearly no coincidence of
NRAS and BRAF missense mutations, suggesting functionally
redundant NRAS and BRAF mutations in MM despite more
variable mutational locations.

Although the contribution of mutant NRAS and BRAF to MM
progression appears to be less common than melanoma of the
skin, more components in the MAPK pathway of MM tend to
undergo mutations or copy number changes, rendering
inhibition of MAPK signaling transduction more challenging.
The NF1I gene, for example, encodes neurofibromin 1 protein, a
negative regulator of Ras proteins, and can lose its function in
both CM and MM. NFI mutation rates are 16% in MM (16) and
15% in CM (17, 79), suggesting NF1 plays a pivotal role in the
biology of both types of melanoma. Loss of NFI is associated
with sustained activation of Ras proteins, leading to
hyperactivation of MAPK and PI3K-AKT intracellular

signaling pathway that evokes melanogenesis. Similar to CM,
NFI suppression is significantly enriched in tumors lacking
either BRAF or NRAS mutations (16, 96). However, in
melanomas harboring both BRAF and NFI mutations, it is
more likely that tumors can escape from MAPK inhibiting
therapy (97, 98). Meanwhile, NFI is significantly co-mutated
with KIT in 32% of MMs, whereas the co-occurrence level in CM
is merely 4% (99), which indicates that the MAPK cascade is
upregulated in MM not only by the single protein in the
cytoplasm but also by the assistance of C-KIT receptor on the
cell membrane.

SPREDI is another potential driver gene for MM. SPRED1,
sprout-related, EVH1 domain containing protein 1, is a tumor
suppressor. SPRED1 facilitates the localization of NF1 to the
plasma membrane where it suppresses RAS signaling (6).
Therefore, the loss of SPRED1 function leads to the activation
of MAPK pathway signaling transduction. 7.5% of MM have
SPREDI inactivating mutations and 12% undergo SPREDI copy
number loss (16), whereas SPREDI alterations are insignificant
in CM (17, 79). In MM, SPREDI] loss rarely co-occurs with BRAF
mutations, NRAS mutations, or NFI inactivation mutations (6),
indicating those alterations play similar roles in activating
MAPK pathway signaling in MM. Analogous to NFI, around
30% of MM cases with SPREDI inactivation simultaneously
exhibit KIT alterations, suggesting that SPREDI inactivation
may be in collaboration with other oncogenic events to
stimulate tumor development (100). Based on the pattern of
mutually exclusive occurrence of NFI and SPREDI and their
respective tendency to alter simultaneously with KIT, it is
reasonable to speculate that NF1 and SPREDI1 loss function
similarly in MM. In addition, it has been proposed that the
reduced sensitivity and drug resistance to KIT inhibitors partially
result from the hyperactivation of MAPK caused by the loss of
SPREDI - a model verified in human melanoma cell lines and in
vivo zebrafish model (6, 101), but presently untested in mouse
models and patient samples.

PISBK-AKT-mTOR Pathway

The PI3K-AKT-mTOR pathway is another frequently activated
oncogenic signaling cascade in MM, which is verified by elevated
AKT phosphorylation through immunohistochemical staining
(102, 103). The aforementioned abnormal KIT, NRAS, NF1, and
SPREDI genes are able to not only activate the MAPK signaling
cascade but also dysregulate the PI3K-AKT-mTOR pathway.
Additionally, the PI3K pathway is stimulated by suppression of a
negative regulator, phosphatase and tensin homologue (PTEN)
(104). Compared with 12% of PTEN loss in CM where deletions
and mutations both account for the changes (17, 79), PTEN is
deeply deleted in merely 6.0% of MM cases and has hardly any
mutations (16) Furthermore, there is rare co-occurrence of
deleted PTEN and amplified KIT that possibly implies that loss
of PTEN or gain of KIT are redundant for the activation of the
PI3K pathway in MM. This is also supported by the fact that
besides KIT and PTEN, mutations in PI3K and AKT homologous
of PI3K-AKT-mTOR are scarce (4.8% PIK3CA, 3.8% PIK3CG,
and 4.8% AKT3) (105). It has been reported that silencing of
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PTEN cooperates with activated AKT to promote metastasis of
melanoma (102, 103, 106, 107), but MM does not show a weaker
performance in metastasis than CM in the clinic possibly because
there are other gene alterations in the PI3K pathway promoting
invasiveness of tumor (108). In a cohort of 91 MM patients, 18%
of cases show TSCI loss-of-function mutations which plays a
suppressive role in cellular proliferation initiated by mTOR (109)
and a similar result also showed in a recently published meta-
analysis review of MM (105). Due to the limited sample size, the
alteration levels for TSC need to be further verified. Taking into
account the frequency of alterations in known genes involved in
PI3K-AKT-mTOR pathway activation, applying PI3K pathway
blockers could possibly be an effective target strategy in
MM patients.

The Spliceosome Pathway

The spliceosome complex is responsible for the removal of
introns from precursor mRNA and the ligation of exons to
form mature mRNA. SF3B1 (splicing factor 3b subunit 1) is the
largest and core component of the U2 small nuclear
ribonucleoprotein (snRNP) and thus SF3BI mutations directly
cause aberrant gene transcripts which eventually lead to mRNA
degradation or abnormal protein function or protein decay (110,
111). SF3BI mutations have been reported in 12% of MM (16),
while a very small portion of tested CM patients harbor similar
alterations (17, 79, 112). Despite their notable absence in CM,
alterations in the SF3BI gene are not unique to MM - similar
mutations have also been detected in uveal melanoma, breast
cancer, myelodysplastic syndromes, and chronic lymphocytic
leukemia, including mutation hotspots such as codon 700, 622,
625, 662, and 666 (99, 113). To be more specific, SF3BI
mutations at codon 625 are predominately associated with
mucosal and uveal melanoma, while alterations at codon 700
are present across myeloid leukemia and chronic lymphocytic
leukemia (6), implying disparate SF3B1 mutational preference
that is possibly related to distinct etiology. Although SF3BI
mutations are widely present in MM, it is poorly understood
which genes alternatively spliced by mutant SF3BI drive
malignant transformation. It has been discovered that BRDS,
PPP2R5A, and DVL2, are candidate genes for alternative splicing
in SF3BI K700-mutant chronic lymphocytic leukemia (114-
116), while ABCC5, UQCC, and CRNDE are possible targets in
three uveal melanoma cases mixed with R625 and K700
mutations (117). Hence, due to the variability of SF3B1
mutations in solid and hematologic cancers, experiments that
query the consequence of the SF3BI R625 mutation in mucosal
melanocytes are needed to understand mis-spliced targets and
tumorigenic oncogenic mechanisms related to SF3B1 mutations
in MM.

Intriguingly, although SF3B1 does not possess a direct role in
MAPK pathway signal transduction, there is little overlap
between tumors with MAPK pathway mutations and SF3BI-
mutated tumors, suggesting that SF3B1 mutations possibly lead
to splicing variations of specific genes that can lead to MAPK
activation (16). Meanwhile, the MAPK pathway can also regulate
splicesome activity. It is reported that activation of the MEK-
ERK pathway by Golgi stress enhances the activity of ETS

transcriptional factors that have the capacity to regulate the
expression of splicesome components, resulting in a switch of
MCLLI protein function through different splicing (118). This
study indicates that dysregulation of some downstream effectors
by the MAPK pathway is able to lead to splicing aberrations. The
mechanisms connecting the splicing alternations to signal
transduction remain enigmatic. Mutant K700E SF3BI causes
loss of function of phosphatase PP2A, followed by the
phosphorylation changes related to signaling cascade (115),
thereby providing a potential link between an alternative
splicing and signaling pathways. Further investigations are
needed to elucidate the specific mis-spliced genes and proteins
directly influenced by SF3BI mutations together with the
crosstalk between SF3B1 and MAPK pathway in tumorigenesis
of MM, and the findings may provide a new perspective for
targeted therapy.

Cell Cycle Pathway

The abrogation of cell cycle checkpoint and apoptosis regulators
is widely present in melanoma (119), including CDKN2A loss
and CDK4/6 or CCNDI amplification. The CDKN2A locus
encodes two distinct tumor suppressors, p16™ ** and p14*F,
The p16™"** protein suppresses the forward progression of the
cell cycle by inhibiting CDK4 or CDK6. The CDK4/6/CCND1
complex phosphorylates and inhibits the retinoblastoma (Rb),
which leads to E2F1 transcription activation and G1-S phase cell
cycle transmission (120). The other CDKN2A transcript, p14ARF R
functions, at least in part, by blocking MDM2 ubiquitylation
mediated TP53 degradation, which permits apoptosis escape
(121). In MM patients, 24% of tumors exhibit copy number
loss of CDKN2A (16). Additionally, CDK4, CCND1, and MDM?2
are amplified in 28%, 18%, and 19% of samples respectively, and
TP53 mutations occur in 9.0% of MMs (16). Most of these cell
cycle components are also commonly disrupted in CM.
However, although CM has a much higher CDKN2A loss than
MM, MM tends to show a greater frequency of CCNDI and
CDK4 amplification (120, 122), implying CDK4 blocking agents
may achieve a desired anti-tumor effect on MM. Intriguingly,
MM cells without mutations in BRAF or NRAS mutations tend to
exhibit CCNDI1 or CDK4 amplification (122), suggesting that
copy number variations of cell cycle regulatory genes act as an
alternative driver and can substitute for BRAF or NRAS mediated
proliferation signaling pathway activation.

Telomere Maintenance

Telomerase reverse transcriptase, encoded by the gene TERT, is
the catalytic subunit of the enzyme telomerase, responsible for
lengthening telomeres at the end of chromatin (123, 124). Thus,
overexpression of TERT confers the potential of cells to become
immortal (125), which is one of the hallmarks of cancer. TERT
promoter mutations and TERT amplifications are common
genetic events in the early stages of melanoma of the skin (8).
For CM, more than two-thirds of tumors exhibit TERT promoter
mutation, and only a minority of malignancies present copy
number amplification (17, 79). As a comparison, the frequency
of TERT activating alteration in MM declines to 30%, and most
of them are copy number gain rather than promoter mutations
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(16). As for why CM and MM present distinct mechanisms of
TERT activation, most TERT promoter mutations in CM are
C>T mutations or CC>TT di-pyrimidine mutations (126, 127),
suggesting that TERT promoter mutations are induced by UV
radiation which partially explains why these mutations are rare
in sun-shielded MM. Apart from TERT, the gene ATRX is also
involved in telomere maintenance. ATRX is associated with
alternative lengthening of telomeres as an additional
mechanism for telomere maintenance in tumors lacking TERT
promoter mutations (128). Despite rare samples associated with
ATRX alterations in CM, nonsense mutation and frameshift of
ATRX are detected in 11.9% of MMs (16) implying that ATRX is
responsible for telomere extension in MM as well. However, the
altering level of ATRX needs to be further tested in a larger
cohort since the gene are not significantly mutated in other
sequencing results except for Newell’s study.

Although CM exhibits a much higher frequency of TERT
activation than MM, there is no statistically significant difference
in telomere length among CM and MM, and both of them even
undergo telomere shortening (8, 79, 129). Those intriguing
findings remind us that aberrant TERT might have
tumorigenic impacts in melanocytes other than telomere
lengthening. It is reported that human TERT (hTERT) is
equipped with a telomere protective function independent of
its canonical catalytic activity (130). Overexpression of hTERT in
melanoma is able to produce a protective complex on DNA
damage that leads to the sustained proliferation capacity of
cancer cells (130). In addition, phosphorylated TERT at a
specific position by CDKI1 has an RNA-dependent RNA
polymerase (RdRP) activity (131). RdRP generates small
interfering RNAs complementary to a tumor suppressor gene
FOXO04, degrading mRNAs of FOXO4, reducing protein
expression and consequently leading to tumor formation (131,
132). Taken together, these observations suggest potential
differences in telomere maintenance mechanisms among
different subtypes of melanoma.

PROGRESS IN MM TARGET THERAPY

When compared with CM, MM is typically detected at advanced
stages, which renders the tumor challenging to treat. Surgical
excision is predominately the first choice for MM (133-135).
However, due to the lentiginous growth pattern, multifocal
nature of MM, and limitations of the specific MM anatomic
sites, it is extremely difficult for surgery to achieve wide negative
margins, which leads to a high local relapse rate at 50%-90% (2).
For unresectable and metastatic MM, targeted therapy and
immunotherapy are constrained since MM is deficient in
dominant MAPK activating mutations that can be targeted and
is less responsive to immunotherapy (136). Therefore, to date,
the first-line therapeutic modality for advanced MM remains
chemotherapy despite limited efficacy (137).

While targeted therapies for MM are limited, multiple clinical
trials targeting aberrant genes in MM are ongoing. Similar to
CM, the MAPK cascade is hyperactivated by altered genes in

MM including NRAS, BRAF, NF1, and SPRED]I, thereby making
inhibition of MAPK signal transduction a promising treatment
strategy for MM patients. For the minority of MM patients with
BRAF mutations, combined inhibition of BRAF and MEK is an
attractive strategy because the combination therapy shows an
impressive response rate at 76% and has a 5-year survival rate of
33% for BRAFV600E/K positive CM patients (138). Although
there is no clinical trial underway specifically evaluating the
safety and efficacy of combination therapy of BRAF inhibitor
plus MEK inhibitor in MM, a retrospective study in Japan
showed that MM/AM and CM exhibited similar response rates
to combined BRAF and MEK suppression (64.3% vs 76.5%)
(139), suggesting the potential efficiency of dual repression of
BRAF and MEK in MM. For patients without BRAF mutations
but with NRAS, NFI, or SPREDI alterations, targeting the
downstream protein MEK is another strategy for MM patients.
The safety and efficacy of MEK blocking agents in MM have been
confirmed in an ongoing phase 2 study where 20% NRAS-
mutated melanoma patients showed partial response to MEK
inhibitor binimetinib with tolerated and manageable adverse
events (140). However, for both monotherapy of MEK
inhibitor and combined treatment of BRAF and MEK
inhibitors, acquired resistance through reactivation of the
MAPK pathway can restrict their therapeutic efficacy (141). To
overcome this resistance, it is necessary to inhibit downstream
proteins like ERK or develop new molecules targeting aberrant
MAPK signaling. Meanwhile, besides independent suppression
of MAPK pathway, MEK blockers have also been combined with
mTOR1/2, AKT, or CDK4/6 inhibitors in preclinical models or
in clinical trials of MM (142-144). Although therapeutic
parameters do not significantly improve compared to the
single MAPK inhibition, dual signaling pathway blocking still
provides a new perspective for MM targeted therapy.
Interestingly, compared to CM, MM patients tend to harbor
more activating mutations or amplifications in the receptor
tyrosine kinase KIT, providing a rationale for targeting C-KIT.
Imatinib, sunitinib, dasatinib, nilotinib, and masitinib are
approved C-KIT inhibitors in different cancer types and their
anti-cancer effects for MM are currently in the clinical research
stage (145-148). Imatinib is the most widely investigated C-KIT
inhibitor. In a recent trial of 78 melanoma patients harboring
KIT alterations, the median overall survival for imatinib is 13.1
months and the objective response rate is 21.8% (149).
Additionally, it has been discovered that C-KIT inhibitor
imatinib harbors high efficacy against melanoma with KIT
mutations, but not with KIT amplification only (54% vs 0%
partial response) (148, 150). To be more specific, MMs with KIT
mutations in exon 11 (L576P) and exon 13 (K642E) tend to have
a better and longer response to C-KIT inhibitors than other
mutations (84, 151). Despite the strong anti-tumor effect of C-
KIT inhibitors, MM patients who respond to the inhibiting
agents well at the beginning will frequently experience a brief
period of disease response before developing resistance to KIT
inhibitors that eventually leads to progressive disease (152, 153).
The acquired resistance to KIT inhibitors is possibly conferred
from pre-existing concomitant mutations in other oncogenes like
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NRAS or secondary KIT mutations during the use of drugs. For
instance, secondary A829P KIT mutation renders melanoma
cells resistant to imatinib but has no influence on nilotinib and
dasatinib, while the T6701 KIT mutation exhibits resistance to
imatinib, nilotinib as well as dasatinib, but can still be suppressed
by sunitinib (154). Considering the promising performance of C-
KIT inhibitors in MM, now more efforts have been focused on
the understanding of the acquired resistance mechanism and the
development of new blocking agents to overcome resistance,
offering hope for patients with advanced MM and limited
treatment options.

In the future, targeted therapy could offer an alternative
adjuvant therapy option for a group of patients based on their
gene sequencing results. If actionable driver mutations are
identified in an individual MM, targeted therapies for the
driver genes or proteins could be utilized on a patient-by-
patient basis. Until now there are only a few available targeted
therapies for MM clinical trials: BRAF, MEK, CDK4/6 and, C-
KIT inhibitors, with limited clinical use and efficacy. Therefore, it
requires more efforts on developing other alternative targeting
strategies based on mutated genes in MM such as splicesome
complex components, telomerase, and DNA repair pathway.
H3B-8800, for instance, is the blocker for splicing modulator
of SF3B complex and it at present is in phase I study of myeloid
cancers (155). Considering the MM specific SF3B1 hotspot
mutation in R625, developing strategies that can specifically
target R625 mutant SF3B1 might may achieve benefit MM
patients with low side effects.

DISCUSSION

MM is a rare but aggressive malignancy. Due at least in part to
delayed diagnosis at the advanced stage and the lack of efficient
therapeutic strategies, this subtype of melanoma is associated
with a worse prognosis than melanoma arising from the skin. In
contrast to CM, the etiology, risk factors, and pathogenesis of
MM are poorly understood, partially explaining the deficiency of
effective treatment options and extremely poor prognosis. This
review takes OMM as a model and attempts to identify
commonalities in etiology, pathogenesis, mutation patterns,
and corresponding pathway dependency. Besides cigarette
smoking, denture irritation, and alcohol, chronic infections
caused by microorganisms and mechanical stress generated by
routine activities may have an impact on tumorigenesis in the
mucosal membrane. However, the oral microflora is in a
dynamic process of change and is influenced by many internal
and external factors, including the host’s physical conditions,
diet, and hygiene habits. A more comprehensive study
investigating the relationship between flora and cancer, the
selection of patients, sampling locations, and control settings
will be needed.

Since there is limited knowledge about pre-MM lesions and a
lack of corresponding molecular pathological biomarkers, early
diagnosis, as well as early intervention becomes extremely
challenging, leading to the short life expectancy in MM

patients. Due to the unclear relationships between benign
lesions and precursor lesions, histopathological information
alone cannot thoroughly define and accurately discriminate
them. It is reported that one patient died of OMM after 63
months of misdiagnosed premalignant atypical melanocytic
hyperplasia as a benign lentigo simplex (50). Therefore, it is an
urgent need to discover biomarkers for lesions with a greater
tendency of malignant transformation. To achieve this goal, a
thorough genomic and transcriptomic profiling of the
evolutionary trajectories of MM starting from benign lesions
and potential intermediate lesions is worth pursuit. Another
strategy for studying cancer evolution is to establish transgenic
mice that capture the evolution process of MM. However, unlike
CM, there is a lack of animal models that can recapitulate the
oncogenesis process accompanied with the accumulation of
genetic alterations in MM. By stepwise introduction of BRAF
V600E mutation, CDKN2A loss, PTEN loss and mTOR
activation, CM precursor lesions followed by CM formation
was observed in mice (156-159). Likewise, decoding the
accumulative mutation pattern based on MM patient samples
will pave the path to the generation of MM transgenic mice
model, which not only contribute to understanding the
pathogenesis of MM but also serve as functional tools to
evaluate the efficacy of novel therapeutic modalities.

Recent sequencing studies have identified significant
alterations in NRAS, BRAF, NFI1, KIT, SF3BI, TP53, and
SPRED]I, informing potential targeted therapeutic strategies for
MM (14-16, 160, 161). Firstly, MM patients have shown similar
pathway dependency although with divergent mutation patterns.
Compared to CM, fewer NRAS, BRAF mutations are seen in
MM, but more SF3BI mutation and KIT alterations are found.
Since targetable BRAF mutations are far less frequent in MM,
target validation of other alterations in the MAPK pathway is
needed. The sequencing results of 67 MMs show that mutations
of NRAS, BRAF, KIT, and SF3BI are mutually exclusive,
implying those mutations may converge on activating the
MAPK pathways (16). Further studies about how SF3BI
mutations are involved in MAPK pathway activation are
needed. Secondly, MM has gained fewer genetic mutations for
cell cycle regulators but more copy number changes than CM.
While CDKN2A copy number loss is a frequently observed event
in both CM and MM, MM presents more CDK4 and CCND1
amplifications, which makes targeting CDK4 promising in MM.

It is worth mentioning that MM has a much higher level of
structure variation and chromosomal instability compared to
CM. As a result, specific attention should be paid to targeting the
chromosomal rearrangements. Targeting genes involved in DNA
damage repair response including PARP, DNA-PKcs, ATR,
ATM, CHKI1, WEEl might achieve unexpected clinical
response in MM patients (162-164). Olaparib, for instance, is
an FDA-approved inhibitor of the enzyme poly ADP ribose
polymerase (PARP) which can efficiently kill BRCA mutant
tumor cells, a successful synthetic lethality based targeting
strategy used in breast cancers and ovarian cancers (165).
Although MM rarely shows BRCA mutations, the significantly
high level of structure variation indicates the deficiency of
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homologous recombination repair (HRR) capacity, which makes
MM potentially responsive to PARP inhibition. Nevertheless, a
more comprehensive understanding about the mutation
signatures as well as signatures of chromosome structure
variation in MM are needed. A more stringent validation of
PARP inhibitor response in MM cell lines, PDX, and early
clinical trials are supposed to conduct to better understand the
pharmacological mechanism of drug response in MM.

Other than targeted therapy, immune checkpoint blocker
(ICB) based immunotherapy has shown a strong anti-tumor
effect on metastatic CM. Ipilimumab against cytotoxic T-
lymphocyte antigen 4 (CTLA4), nivolumab and
pembrolizumab against programmed death 1 (PD1) as well as
atezolizumab against programmed death-ligand 1 (PD-L1) are
approved by the FDA for the treatment for advanced melanoma
either as monotherapy or combination therapy (166). The overall
response rate (ORR) for CM patients to ipilimumab, nivolumab,
pembrolizumab and atezolizumab is 12%, 40%, 33% and 30%
respectively (167-169), while the combined treatment of
ipilimumab with nivolumab significantly improves the ORR to
61% with median progression-free survival (PES) of 11.5 months
(170, 171). However, those ICBs do not exert a satisfactorily
inhibitory impact on MM as they do on CM, showing the ORR to
anti-CTLA4 or anti-PD1/PDLI as the single agent from 7% to
35% (136, 172-174). Even the combination regimen of anti-
CTLA4 (ipilimumab) and anti-PD1 (nivolumab) agents merely
witness a slight increased ORR to 37% with PFS at 5.9 month
(136, 175). The limited response to ICBs in MM is mainly
because of low mutation burden and limited immune cell
infiltration compared to CM (3, 176, 177). To further
overcome unsatisfactory performance of ICBs in MM,
combination of ICBs with different targeted therapy strategies
has been tested in clinical trials. For example, a phase Ib trial
using PD-1 antibody toripalimab and vascular endothelial
growth factor receptors (VEGFR) inhibitor axitinib showed a
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N°-Methyladenosine Regulators and
Related LncRNAs Are Potential to be
Prognostic Markers for Uveal
Melanoma and Indicators of Tumor
Microenvironment Remodeling

Zhicheng Liu™?, Shanshan Li"?, Shan Huang ", Tao Wang"? and Zhicheng Liu™?*

7 School of Biomedical Engineering, Capital Medical University, Bejjing, China, 2 Beijiing Key Laboratory of Fundamental
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Uveal melanoma (UM) is one of the most common malignant intraocular tumors in adults.
Few studies have investigated the effect of N®-methyladenosine (m°A) RNA methylation
regulators and related long noncoding RNAs (IncRNAs) on the tumor microenvironment
(TME) and survival time of patients with UM. Based on the transcriptome and clinical data
from The Cancer Genome Atlas, we systematically identified m°A regulators. Then, we
constructed an mPA regulators-based signature to predict the prognostic risk using
univariate and LASSO Cox analyses. The signature was then validated by performing
Kaplan-Meier, and receiver operating characteristic analyses. Through the correlation
analysis, m°A regulators-related INcRNAs were identified, and they were divided into
different clustering subtypes according to their expression. We further assessed
differences in TME scores, the survival time of patients, and immune cell infiltration
levels between different clustering subtypes. Finally, we screened out the common
immune genes shared by m®A-related IncRNAs and determined their expression in
different risk groups and clustering subtypes. For further validation, we used single-cell
sequencing data from the GSE139829 dataset to explore the expression distribution of
immune genes in the TME of UM. We constructed a prognostic risk signature representing
an independent prognostic factor for UM using 3 m°A regulators. Patients in the low-risk
group exhibited a more favorable prognosis and lower immune cell infiltration levels than

patients in the high-risk group. Two subtypes (cluster 1/2) were identified based on m°A
regulators-related INCRNAs. The TME scores, prognosis, and immune cell infiltration have
a marked difference between cluster 1 and cluster 2. Additionally, 13 common immune
genes shared by 5 INcRNAs were screened out. We found that these immune genes were
differentially expressed in different risk groups and clustering subtypes and were widely
distributed in 3 cell types of TME. In conclusion, our study demonstrated the important
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role of m°A regulators and related IncRNAs in TME remodeling. The signature developed
using m®A regulators might serve as a promising parameter for the clinical prediction
of UM.

Keywords: m®A RNA methylation regulators, long noncoding RNAs, tumor microenvironment, immune cell
infiltration, uveal melanoma

INTRODUCTION the relationships between the clustering subtypes, TME scores,

Uveal melanoma (UM), which is the second most common type of
melanoma, originates from melanocytes in the intraocular uvea (1).
Currently, surgery and radiotherapy are the most effective methods
to treat local tumors (2). However, the overall mortality in patients
with UM is more than 50%, because it is highly susceptible to early
metastasis (3, 4). Therefore, new treatments such as
immunotherapy or targeted therapy (5, 6) are being developed,
which requires the identification of several potential prognostic
biomarkers and therapeutic targets for UM.

The most prevalent RNA modification is N®-methyladenosine
(m®A), which involves methylation of the sixth N atom of adenine
(7). m®A methylation is a dynamic process regulated by
methyltransferases (writers) and demethylases (erasers), whereas
binding proteins (readers) bind to m®A methylation sites (8, 9).
Methyltransferases such as METTL3/14/16, WTAP, RBM15, and
VIRMA promote m®A methylation (9-11). On the other hand,
demethylases, which include FTO and ALKBHS5, inhibit m®A
methylation (9, 11). Binding proteins, such as YTHDC1/2,
YTHDF1-3, IGF2BP1-3, and HNRNPC, bind to the m°A
modified site to form a complex that mediates its biological
function (12). These m°A methylases are primarily involved in
mammalian development, immune response, tumorigenesis, and
metastasis, and stem cell differentiation (13-16). However, the
prognostic role of m®A methylases in UM development has not
been sufficiently investigated. Besides, the involvement of m°A
methylases in the tumor microenvironment (TME) remains to be
thoroughly explored.

Long noncoding RNAs (IncRNAs) are frequently defined as
RNAs that have a transcript length exceeding 200 nucleotides and
do not encode proteins (17). They can regulate gene expression at
epigenetic, transcriptional, and post-transcriptional levels (18). A
recent study has reported that IncRNAs promote tumor development
by altering the immune microenvironment (19). Increasing evidence
has demonstrated the TME, which mainly consists of stromal and
immune cells, plays an important role in tumor progression (20).
Stromal cells may contribute to tumor angiogenesis and extracellular
matrix reorganization, whereas immune cells may contribute to TME
via dysregulation of immune-mediated responses (21). Therefore,
immune cell infiltration in the TME may serve as a potential target for
immunotherapy. However, the involvement of IncRNAs in immune
cell infiltration in UM remains unclear.

This study aimed to systematically explore m®A regulators
and related IncRNAs involved in the TME in UM and developed
an m°A regulators-based signature for improving the accuracy of
prognosis in patients with UM. We also established clustering
subtypes based on m°A regulators-related IncRNAs to determine

prognosis, and immune cell infiltration, and further explained
the mechanism of action of m®A regulators. Finally, we explored
the expression of 13 immune genes shared by 5 IncRNAs in
different risk groups and clustering subtypes.

MATERIALS AND METHODS

Data Collection and Preparation

The RNA-sequencing transcriptome data of 80 patients with UM
and corresponding clinical data were downloaded from The Cancer
Genome Atlas (TCGA) data portal (https://portal.gdc.cancer.gov/).
GTF files were downloaded from Ensembl (https://asia.ensembl.
org) to distinguish between IncRNAs and mRNAs for subsequent
analyses. The list of immune genes was downloaded from the
ImmPort database (https://www.immport.org).

Generation of TME Scores and Tumor-
Infiltrating Immune Cells

The ESTIMATE algorithm in the R “estimate” package was used
to calculate the TME scores of 80 UM patients. The Kaplan-
Meier survival analysis was conducted to compare the difference
in survival time using R “survMiner” and “survival” packages.
The fraction of 22 immune cell types in each sample was
estimated using CIBERSORT. The association between TME
scores and tumor-infiltrating immune cells (TICs) was
established using correlation analysis.

Construction and Validation of m°A
Regulators-Based Signature

The m°A regulators were identified from the published literature
(9-12). The m°A regulators contain 8 writers (METTL3,
METTL14, METTL16, WTAP, VIRMA, ZC3H13, RBM15, and
RBM15B), 13 readers (YTHDC1, YTHDC2, YTHDF1, YTHDEF2,
YTHDEF3, HNRNPC, FMR1, LRPPRC, HNRNPA2BI1, IGF2BP1,
IGF2BP2, IGF2BP3, and RBMX), and 2 erasers (FTO and
ALKBHS5). The expression data of m®A regulators were extracted
from the mRNA expression data of TCGA. The m°A regulators,
which were previously identified using the univariate Cox
regression analysis, were further subjected to the LASSO Cox
regression analysis using the “glmnet” package. The minimum
10-fold cross-validation was used to select the best penalty
parameter A. Then, the risk score of each patient was calculated
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using a linear combination of m°A regulators expression weighted
by the multivariate Cox regression analysis. According to the
median risk score, the samples were divided into high-risk and
low-risk groups. Subsequently, the Kaplan-Meier survival analysis
was performed to compare the survival difference. Receiver
operating characteristic (ROC) analysis was performed to
evaluate the prognostic value of the signature using the
“timeROC” package.

Generation and Validation of Clustering
Subtypes From m°A Regulators-

Related LncRNAs

We screened m®A regulators-related IncRNAs by Pearson’s
correlation analysis. The process used the criteria of
|correlation coefficient| > 0.4 and p < 0.001. The expression
data of m°®A regulators-related IncRNAs were extracted from the
IncRNA expression data of TCGA. To clarify the biological
characteristics of m°®A regulators-related IncRNAs, the R
“ConsensusClusterPlus” package was used to divide the
samples into different clustering subtypes according to the
expression of IncRNAs. Principal component analysis (PCA),
Kaplan-Meier survival analysis, TME scores, and TICs profiles
were performed for different clustering subtypes.

Identification and Validation of Immune
Genes Shared by 5 LncRNAs

The Pearson’s correlation analysis was performed to screen
common immune genes shared by 5 IncRNAs. The Kaplan-Meier
survival analysis was used to compare the survival difference
between high- and low-expression of immune genes. The
differential expression analysis of immune genes was performed
using the R “limma” package in different risk groups and clustering
subtypes. A p-value < 0.05 indicated statistical significance. At
present, single-cell sequencing technology has been widely used to
explore the heterogeneity of TME. To characterize immune genes
expression distribution in TME of UM, we search for single-cell
sequencing data of UM from Tumor Immune Single-cell Hub
(TISCH) (22). The GSE139829 dataset including 59,915 cell
sequencing data from 11 samples was collected to perform gene
expression distribution (23).

RESULTS

The Correlation Between TME Scores With
the Survival of UM Patients and Immune
Cell Infiltration

To establish the correlation of ImmuneScore and StromalScore with
the survival time, we performed the Kaplan-Meier survival analysis.
A high score of immune and stromal cells signified large numbers of
these cells in the TME. As shown in Figure 1A, the overall survival
(OS) in the low ImmuneScore group was longer than that in the

high ImmuneScore group. Similarly, StromalScore and
ESTIMATEScore showed a negative correlation with the OS
(Figures 1B, C). To confirm exact changes in the genetic profiles
in the TME about immune and stromal cell components, variance
analysis of high and low scores was performed. As shown in
Figures 1D, E, 700 common differentially expressed genes
(DEGs) were upregulated, and 74 common DEGs were
downregulated. To further explore the interaction between TME
scores and the 22 immune cell types, we first estimated the 22 types
of TICs with abundance distribution in all the tumor samples and
then calculated the correlation index between the TME scores and
TICs. The results showed that ImmuneScore is correlated with
CD8" T cells, resting memory CD4" T cells, activated memory
CD4" T cells, helper T cells (follicular), Tregs, resting NK cells,
monocytes, MO macrophages, M1 macrophages, resting mast cells,
and eosinophils (Figure 1F).

Construction and Validation of m°A
Regulators-Based Signature

To clarify the biological function of m®A regulators in the prognosis
of patients with UM, we comprehensively investigated the
prognostic value of m°A regulators based on the expression and
clinical data (Table S1). Of these m°A regulators, seven exhibited a
prognostic value based on OS (Figure 2A), while nine displayed a
prognostic value based on progression-free survival (PES)
(Figure 2B). The Venn plot results indicated that 6 m°A
regulators (RBM15B, IGF2BP2, YTHDF1, METTL16, VIRMA,
and YTHDEF3) were identified based on OS and PFS (Figure 2C).
To avoid overfitting, we performed the LASSO Cox analysis and
selected 3 of the 6 m°A regulators were to establish a risk signature
(Figures 2D, E). Thus, we established a predictive model: risk
score = (RBM15B* —0.14284) + (YTHDF3* 0.02121) + (IGF2BP2 *
—0.11533). The distribution of risk score (Upper), patients’ survival
time (Middle), and heat map analysis (Bottom) of the 3 prognostic
m®A regulators were shown based on the OS (Figures 2F) and PFS
(Figure 2G). Results of the heat maps (Figures 2F, G) was survival
curves (Figures 3A-C) suggested that YTHDF3 was likely to be a
high-risk factor because it was upregulated in the high-risk group.
However, the highly expressed RBM15B and IGF2BP2 in the low-
risk group might be protective factors. As shown in Figures 3D, E,
the OS and PFS of patients in the low-risk group were longer than
in the high-risk group. To evaluate the prognostic accuracy of the
3 m°A regulators-based signature, we performed the ROC analysis
based on OS and PFS. Areas under the ROC curves of 1, 2, and
3 years were 0.774, 0.811, and 0.843, respectively (Figure 4A). The
PES prediction of 3 m®A regulators-based signature was also
accurate (Figure 4B). These results suggested that the 3 m°A
regulators-based signature might serve as a promising parameter
for prognostic prediction of UM.

The Association Between Risk Score With
Immune Cell Infiltration and TME Scores
The correlation between the risk score and the immune cell
infiltration levels was calculated to establish the association
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FIGURE 1 | Correlation between the TME scores and survival of UM patients. (A-C) Kaplan-Meier survival analysis between high and low ImmuneScore (A),
StromalScore (B), and ESTIMATEScore (C). (D, E) The Venn diagram showed the common upregulated (D) and downregulated (E) DEGs shared by ImmuneScore
and StromalScore. (F) The relationship between 19 immune cell types and score of immune and stromal. DEGs, differentially expressed genes.

between the 3 m°A regulators-based signature with the TME.
ImmuneScore, StromalScore, and ESTIMATEScore in the high-
risk group were significantly higher than in the low-risk group
(Figures 5A-C). The results showed that the risk score was
significantly negatively correlated with the infiltration levels of

naive B cells (Figure 5D), eosinophils (Figure 5F), monocytes
(Figure 5G), and plasma cells (Figure 5H). Only the infiltration
level of resting dendritic cells was positively correlated with the
risk score (Figure 5E). These results indicated that the 3 m°A
regulators were involved in the immune cell infiltration of UM.
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The Correlation Between Consensus
Clustering of m®A Regulators-Related
LncRNAs and TME Scores, Survival Time,
and Immune Cell Infiltration

Using the correlation analysis, we identified 514 IncRNAs based
on RNA-Seq data and constructed a network between m°®A
regulators and IncRNAs (Figure 6A). A total of 66 of the 514
IncRNAs had a prognostic value based on the OS (Figure S1A),
while 70 of the 514 IncRNAs had a prognostic value based on the
PFS (Figure S1B). The Venn plot results showed that 38
IncRNAs were common according to OS and PFS (Figure 6B).
Based on the similarity identified by consensus clustering using
the ‘ConsensusClusterPlus’ package, we found that k = 2 was the
optimal clustering stability value (Figures 6C, D). The 80 UM
samples were well-differentiated into two subtypes according to
the expression of 38 IncRNAs (Figure 6E).

The TME scores of cluster 1 were lower than those of cluster 2
(Figures 7A-C), while the OS (Figure 7D) and PFS (Figure 7E)
of cluster 1 were notably longer than those of cluster 2.
Subsequently, the 22 immune cell levels for the two subtypes
were calculated. The results showed that cluster 1 had higher
immune infiltration levels of plasma cells, and monocytes while
there were higher immune cell infiltration levels of activated
memory CD4" T cells, follicular helper T cells, M1 macrophages,
and resting dendritic cells (Figure 7F).

Identification and Validation of Immune
Genes Shared by 5 LncRNAs

First, we identified the common IncRNAs from 5 lists that were
DEGs in ImmuneScore (Immune-DEGs) and StromalScore

(Stromal-DEGs), m°®A regulators-related IncRNAs (m®A-
IncRNAs), and immune gene-specific IncRNAs based on OS
(OS-immune) and PFS (PFS-immune). A total of 5 IncRNAs,
namely AC008555.4, AC018529.1, AC104129.1, CYTOR, and
MIR4435-2HG, were found to be common across the 5 lists
(Figure 8A). High expression of AC018529.1 (Figure 8B),
MIR4435-2HG (Figure 8C), AC104129.1 (Figure 8D), and
CYTOR (Figure 8F) was related to the poor prognosis of
patients, while high expression of AC008555.4 was associated
with good prognosis (Figure 8E). Next, 13 immune genes having
5 common IncRNAs were screened using the correlation analysis
(Figure 9A). The 13 immune genes were ADGRE5, C2, CD79B,
CTSC, GEM, JAG2, LYN, MAFB, MBP, MR1, PREX1, RUNXI1,
and TCF12. Except for C2, the other 12 immune genes were
associated with a poor prognosis (Figures 9B-M). To further
verify whether the immune genes were differentially expressed in
different groups based on m°A regulators and IncRNAs, we
extracted the expression data from RNA-Seq data and
performed the differential expression analysis. The expression
levels of 13 immune genes in the high-risk group were
upregulated than those in the low-risk group (Figure 10).
Similarly, the 13 immune genes levels in cluster 2 were
upregulated compared with cluster 1 (Figure 11). For further
validation, we used TISCH to depict the expression distribution
of 13 immune genes in the TME of UM. The overall distribution
of the 3 cell types in the GSE139829 dataset was shown in
Figure 12A. Through analysis, we found that the expression
distribution of ADGRES5 (Figure 12B), CTSC (Figure 12E), LYN
(Figure 12H), MAFB (Figure 12I), PREX1 (Figure 12L), and
RUNXI1 (Figure 12M) were abundant in immune cells. CD79B
(Figure 12D), GEM (Figure 12F), and JAG2 (Figure 12G)
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FIGURE 5 | Relationships among the risk score, TME scores, and immune cell infiltration of 5 immune cell types. (A-C) The variance analysis of ImmuneScore
(A), StromalScore (B), and ESTIMATEScore (C) in the high- and low-risk groups. (D-H) The correlation between risk score and naive B cells (D), resting dendritic
cells (E), eosinophils (F), monocytes (G), and plasma cells (H). The blue line in each plot was fitted linear model indicating the proportion tropism of immune cell
along with risk score. The shade around the blue line represents the 95% confidence interval.

expression distribution were concentrated in malignant cells.
The gene expression of C2 (Figure 12C), MBP (Figure 12]),
MR1 (Figure 12K), and TCF12 (Figure 12N) were evenly
distributed in immune cells and malignant cells. These results
suggested that these immune genes may be the downstream
regulators of m°A regulators and related IncRNAs participated in
TME remodeling.

DISCUSSION

The TME plays a key role in different stages of tumorigenesis. Eyes
are an immune-privileged site but inflammation can develop in an
ocular tumor TME (24). UM is homogeneous without much
stromal tissue, and therefore, it may be affected by immune cells
(25). Compared with other malignancies, the presence of infiltrating
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consensus CDF

consensus index

progression free survival.

macrophages and T cells in UM is associated with a poorer rather
than a better prognosis (25), which was consistent with our findings.
Moreover, previous studies have suggested that tumor-infiltrating
macrophages and T cells are independent predictors for the
prognosis of patients with UM (26, 27). In this study, results of
the transcriptome analysis of UM data indicated that UM patients
with high ImmuneScore had a poor prognosis. Besides,
ImmuneScore was found to be significantly associated with many
TICs such as T cells and macrophages. These results suggested that
the TME played an important role in UM. Clarifying the
mechanisms of the TME will provide novel insight into the
development of highly effective immunotherapeutic strategies.

consensus matrix k=2

FIGURE 6 | Identification of m®A regulators-related INcRNAs. (A) The network between the 3 m°A regulators (red dots) and IncRNAs (green dots). (B) The Venn plot
showed 38 common INcRNAs shared by OS-related INcRNAs and PFS-related IncRNAs. (C) Consensus clustering cumulative distribution function (CDF) for k = 2 to
9. (D) Consensus clustering matrix for k = 2. (E) Principal component analysis (PCA) of 2 subtypes based on 38 IncRNAs for each sample. OS, overall survival; PFS,
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Post-transcriptional regulation is important for regulating the
gene expression processes, which determine cellular function.
Decades of research have identified more than 100 types of
ribonucleosides that are post-transcriptionally modified (28).
m°®A methylation is one of the most prevalent post-
transcriptional modifications found in eukaryotic mRNAs and
IncRNAs (28, 29). More studies have reported that mPA
regulators extensively participate in diverse biological processes
and prognoses in different cancers (13, 14, 30, 31). A recent study
has suggested that METTL3-mediated m°A methylation
modulates UM cell proliferation, migration, and invasion by
targeting c-Met (32). As far as we know, the role of m°A
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High expression of these immune genes was associated with a poor prognosis.
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FIGURE 10 | Expression of the 13 immune genes in the high- or low-risk groups based on 3 meA regulators. (A-M) The differential expression analysis of ADGRE5S
(A), C2 (B), CD79B (C), CTSC (D), GEM (E), JAG2 (F), LYN (G), MAFB (H), MBP (I), MR1 (J), PREX1 (K), RUNX1 (L), and TCF12 (M) between the high- and low-
risk groups. The expression levels of 13 immune genes were all upregulated in the high-risk group than those in the low-risk group.

methylation in UM has less been studied, and the effect of m®A
methylation on the TME of UM has not been fully understood.

In this study, we found that m®A regulators were related to the
prognosis and TME of patients with UM. We established a prognostic
risk signature using 3 m®A regulators based on OS. The signature
helped differentiate UM patients into high- and low-risk groups and
could serve as an independent risk factor for UM prognosis. The
high-risk group was positively correlated with immune cell
infiltration levels. Among the 3 m°®A regulators, IGF2BP2 acts as
mCA readers to enhance mRNA stability and translation and plays an
important role in tumors (33). YTHDEF3 functions as oncogenes in
breast cancer (34). A recent study has investigated that ocular

melanoma samples show decreased m°A levels, indicating a poor
prognosis (35). In our study, patients with high RBM15B expression
had a good prognosis. RBM15B acts as a methyltransferase and thus
promotes the level of m®A RNA methylation. Therefore, it is
reasonable to speculate that high levels of m°A methylation are
beneficial to patients” survival, which is consistent with the current
study. These findings indicated that m°A regulators played an
important role in the development and progression of cancer.
However, the underlying mechanisms of m°A in tumor
development still need to be further clarified.

Currently, some studies have clarified the role of IncRNAs in
UM. Among these IncRNAs, IncRNA PVT1 and R2RX7-V3
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FIGURE 11 | Expression of the 13 immune genes in cluster 1/2 based on mPA-related INcRNAs. (A-M) The differential expression analysis of ADGRES (A), C2 (B),
CD79B (C), CTSC (D), GEM (E), JAG2 (F), LYN (G), MAFB (H), MBP (I), MR1 (J), PREX1 (K), RUNX1 (L), and TCF12 (M) between cluster 1 and cluster 2. The
expression levels of 13 immune genes in cluster 2 were significantly increased compared with those in cluster 1. **P < 0.001.

function as novel oncogenes and promote tumorigenesis (36, 37),
whereas IncRNAs CANT1 and PAUPAR suppress tumorigenesis
in malignant UM (38, 39). However, no study has analyzed the
effect of m®A regulators-related IncRNAs on the TME and
prognosis in UM. Here we identified m®A regulators-related
IncRNAs by performing the correlation analysis and further
screened IncRNAs based on OS and PFS. The cluster 1/2
subtypes identified through consensus clustering based on the
expression of m°A regulators-related IncRNAs were also related
to ImmuneScore, the prognosis of patients, and immune cell
infiltration levels. Finally, 5 m°®A regulators-related IncRNAs
were found to be associated with the OS of UM patients.

Among the 5 IncRNAs, IncRNA MIR4435-2HG targets
desmoplakin and promotes growth and metastasis of gastric
cancer by activating Wnt/B-catenin signaling (40). LncRNA-
CYTOR and Wnt/B-Catenin signaling form a positive feed-
forward loop to promote the metastasis of colon cancer (41).
Through the correlation analysis, we screened 13 downstream
immune genes targeted by 5 IncRNAs. They were all found to
be upregulated in the high-risk group and cluster 2. At
present, RUNX1, MR1, and PREX1 have been reported to be
associated with T cells (42-44). CD79B is an important driver
of immune-privileged site-associated diffuse large B cell
lymphoma (45). JAG2 has been found to be overexpressed
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in malignant plasma cells from multiple myeloma patients
and cell lines (46). These results suggested that IncRNAs may
affect the immune cell infiltration through 13 common
immune genes. Finally, we constructed a Sankey diagram
that depicted the relationship between m®A methylation
regulators, IncRNAs, and immune genes (Figure 13). These
findings require further validation and may provide
invaluable insights into the future treatment of patients
with UM.

m°A methylation is a prevalent form of RNA modification
that may provide a novel approach for tumor treatment.
However, many key aspects, such as the regulatory mechanisms
of m®A regulators and the unidentified relationship between m®A
regulators and TME, remain to be explored. Therefore, in this
study, we systematically explored the relationship between m°A
regulators with the prognosis and TME in UM, further identified
the potential IncRNAs and immune genes. However, further
validation based on more clinical samples is required, and thus
clinical samples will be collected to determine the level of m°A
methylation and the association between the expression of m°A
regulators and patients’ survival in the future. Furthermore, the
downstream regulatory mechanisms of m°A regulators will be
investigated to screen possible targets by methylated RNA
immunoprecipitation sequencing (MeRIP-seq) and RNA-
binding protein immunoprecipitation-quantitative polymerase
chain reaction (RIP-qPCR). Tumorigenesis in animals and
phenotypes of cell lines are necessary to explore the function of
mCA regulators in this process.

In conclusion, our study provided an m°A regulators-based
signature for prognostic prediction of UM and confirmed that

m°A regulators and related IncRNAs played an important role in
TME remodeling. These findings might provide promising
targets for improving the survival of UM patients.
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Melanoma is the malignant transformation of melanocytes and represents the most lethal
form of skin cancer. While early-stage melanoma localized to the skin can be cured with
surgical excision, metastatic melanoma often requires a multi-pronged approach and
even then can exhibit treatment resistance. Understanding the molecular mechanisms
involved in the pathogenesis of melanoma could lead to novel diagnostic, prognostic, and
therapeutic strategies to ultimately decrease morbidity and mortality. One emerging
candidate that may have value as both a prognostic marker and in a therapeutic
context is the vitamin D receptor (VDR). VDR is a nuclear steroid hormone receptor
activated by 1,25 dihydroxy-vitamin D3 [calcitriol, 1,25(0H),D3]. While 1,25 dihydroxy-
vitamin D3 is typically thought of in relation to calcium metabolism, it also plays an
important role in cell proliferation, differentiation, programmed-cell death as well as
photoprotection. This review discusses the role of VDR in the crosstalk between
keratinocytes and melanocytes during melanomagenesis and summarizes the clinical
data regarding VDR polymorphisms, VDR as a prognostic marker, and potential uses of
vitamin D and its analogs as an adjuvant treatment for melanoma.

Keywords: melanoma, vitamin D receptor (VDR), vitamin D3 metabolite, therapy, pathogenesis, tumor
microenvironment, polymorphisms, heterodimers

INTRODUCTION

The worldwide incidence of melanoma has steadily increased over the past several decades with the
annual incidence rising as rapidly as 4-6% in certain regions (1). In 2021, it is estimated that
approximately 106,110 new melanomas will be diagnosed in the United States alone (2). While the
incidence of melanoma is greatest in older adult populations, peaking at the sixth decade of life in the
United States, it is also one of the most common malignancies found in adolescent and young adult
populations (1, 3, 4). In addition to being a relatively ubiquitous cancer, melanoma is the most lethal
skin cancer resulting in 9,008 deaths per year in the United States between the years of 2012-2016 (1).
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VDR Signaling in Melanoma

Cutaneous melanoma results from the malignant
transformation of predominantly melanocytes (5). Since these
pigment producing cells are generally confined to the epidermis
of the skin the appearance of vertical growth or Breslow
thickness play key roles in determining the aggressiveness of
the tumor and its likelihood of metastasis (6). For instance, a
stage 0 melanoma is confined only to the epidermis and does not
involve nearby dermis or spread to lymph nodes and distant
organs. Whereas any melanoma that involves distant metastases
is classified as a stage IV tumor.

In early-stage melanoma surgical excision is often curative when
the tumor is localized to the skin (1). However, following
progression to metastatic melanoma treatment becomes more
complex and may include inhibition of metastasis,
immunotherapy, targeted inhibition of the mitogen-activated
protein kinase (MAPK) pathway, and/or radiation therapy (7, 8).
Despite initial improvements these treatments are not fully effective
and the cancer is terminal in many cases (9). Reversing this trend is
the challenge ahead of melanoma investigators and clinicians,
where a more thorough understanding of the molecular
mechanisms involved in the pathogenesis of melanoma could
lead to novel diagnostic, prognostic, and therapeutic strategies,
ultimately resulting in a decreased mortality rate.

One emerging candidate for both targeted therapy and
prediction of prognosis is the vitamin-D-receptor (VDR) (10-
13). VDR is a nuclear steroid hormone receptor that is found in
several organs, including the skin (14). VDR is activated by 1,25
dihydroxy-vitamin D3 (calcitriol, 1,25(OH),D3) which, in
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addition of regulating body calcium metabolism, is involved in
many pleiotropic activities including regulation of cell
proliferation, differentiation, and programmed cell death as
well as in photoprotection (12, 13, 15-21).

ACTIVATION OF VITAMIN D

In the canonical pathway of the activation of vitamin D to 1,25
(OH),D3 involves sequential hydroxylations at C25 by CYP2R1
and CYP27A1 and at Clo by CYP27B1 occurring, respectively,
in the liver and kidney (22, 23) and in peripheral organs
including skin (24). In alternative pathway (non-canonical)
vitamin D is activated by CYP11A1l through sequential
hydroxylations of it side chain with additional metabolism by
other CYP enzymes (23, 25-28). In addition, CYP11Al is
expressed in immune cells, raising a possibility that CYP11A1-
derived vitamin D metabolites can be produced in immune cells
to regulate their function in a cell autonomous manner (29).
While 1,25(0OH)2D3 exerts its phenotypic activity through
activation of the VDR (30-35) and to some degree through
non-genomic action on 1,25D3-MARRS receptor (36, 37), the
CYP11A1-derived vitamin D metabolites, in addition on acting
on the VDR (13, 38-41), can also interact with alternative
nuclear receptors including retinoic acid receptors (RORs) (41,
42), aryl hydrocarbon receptor (AhR) (43) and liver X receptors
(LXR) (44). It should be noted that 1,25(0OH)2D3 can also act as
an agonist on the AhR and LXRs (see Figures 1 and 2 for details).
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FIGURE 1 | The intracellular action of vitamin D3 (D3)- and lumisterol (L3)-hydroxyderivatives in photoprotection against UVR. Signal transduction includes the
activation of nuclear receptors such as vitamin D receptor (VDR), retinoic acid orphan receptor (ROR)ov/y, and aryl hydrocarbon receptor (AhR) and the direct action
of D3- and L3-hydroxyderivatives on mitochondrial processes. The nuclear receptors activities are linked with the transcriptional master regulators NRF2 (nuclear
factor erythroid-derived 2-like 2), p53 and NFkB (nuclear factor kappa-light-chain-enhancer of activated B cells) to coordinate anti-oxidative, DNA repair, anti-
inflammatory, and antiproliferative as well as anti-carcinogenesis mechanisms. The figure is reprinted from (45) with a permission from the publisher.
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element; ARE, antioxidant response element; VDRE, vitamin D response element; NRF2, nuclear factor erythroid-derived 2-like 2. (B) Different routes of vitamin D
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VDR IN THE CROSSTALK BETWEEN
KERATINOCYTES AND MELANOCYTES IN
MELANOMAGENESIS

Under normal physiological conditions, melanocyte homeostasis
is maintained by paracrine, autocrine, and direct cell-cell
communication between melanocytes and adjacent
keratinocytes that comprise epidermal melanin units (47, 48).
During melanomagenesis, melanocytes begin to downregulate
expression of adhesion molecules, such as E-cadherin, enabling
an epithelial-mesenchymal transition that severs transforming
melanoma cells from the regulatory activity of adjacent
keratinocytes. This process then enables the tumor to take
control of its epidermal microenvironment (49). It is known
that Wnt/B-catenin signaling is a key regulator of melanocyte-
keratinocyte adhesion and interactions; however, the exact role it

plays is complicated. Some studies indicate activation of Wnt/f-
catenin signaling is associated with decreased melanoma cell
proliferation and that loss of this signaling pathway might induce
melanomegenesis (50). Indeed, Wnt/B-catenin signaling is
important for melanocyte differentiation via activation of
MITF expression and posttranslational processing (51). On the
other hand, others have shown that Wnt/B-catenin signaling is
essential for metastatic melanoma cell survival and its inhibition
leads to reduced proliferation, migration, and invasion (52).
These differing observations could result from differing
influences of canonical (B-catenin dependent) or non-
canonical Wnt signaling on melanomas during disease
progression (53). Of note, active forms of vitamin D inhibit
Wnt/B-catenin signaling in squamous cell carcinoma (54).
Recently, there is evidence that points towards an inverse
relationship with VDR expression and Wnt/B-catenin signaling
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in primary melanomas which yields reduced proliferation and
immune response evasion (11). It could be that differences in
VDR expression contribute to how Wnt/B-catenin signaling
influences melanomas. The complex changes in vitamin D
signaling and their roles in melanoma development,
progression, and therapy have been also discussed recently
(12, 55).

Also important in the crosstalk within the epidermal melanin
unit is that VDR heterodimerizes with other nuclear receptors
including retinoid X receptors (RXRs). We have previously shown
that in a VDR null (VDR™") mouse model topically treated with
the carcinogen 12-dimethyl-benz[a]anthracene (DMBA)-12-O-
tetradecanoylphorbol-13 acetate (TPA) resulted in numerous
melanocytic growths. In that same study, a separate mouse
model harboring a conditional tissue-specific keratin 14
promoter-driven cre-mediated epidermal RXRo knockout
(RXRof?” mice) also exhibited melanocytic growths (10). These
data indicated that both absence of VDR and keratinocytic RXRot
knockout stimulated melanocytic growth following tumor
promoting treatment. This observation was further explored in
additional mouse models in which keratinocytic RXRow knockout
was combined with two melanomagenic mutational backgrounds
(RXRo(?"|CDk4"*“/%?*C and RXRoP”"|Tyr-NRAS?'X) and
exposed to acute neonatal UVB irradiation in combination with
adult chronic UVB doses. These mice exhibited increased
melanocytic growth as had been seen previously. They also had
elevated malignant melanocytic tumors and increased metastasis
to the draining lymph nodes concurrent with a loss in skin
expression of PTEN and P53 tumor suppressors (29). To
further explore the contribution of keratinocytic RXRot towards
melanomagenesis we generated a mouse model that combined the
previous background mutations to generate a highly conducive
mutational landscape (RXRo/*”|Tyr-NRASZ®'K|CDk4"*</R24C),
With this mouse model we observed the formation of
spontaneous melanomas in the absence of UVB when
keratinocytic RXRat was ablated. Following acute neonatal UVB
irradiation, melanomas in adult keratinocytic RXRot ablated mice
had increased radial and vertical growth phases, increased
proliferation, increased angiogenesis, reduced apoptosis, and
increased metastasis to the draining lymph nodes. We also
noted in the tumor adjacent normal skin irradiated with UVB
that there was increased expression of activated AKT, p21, and
cyclin D1 with reduced expression of pro-apoptotic marker
BAX (30).

A significantly higher percent of cells from benign human nevi
samples exhibited nuclear localization and strong expression of
RXRa (P < 0.0001) compared to melanomas (with or without
metastasis) (31). In the same report, primary human melanoma
samples exhibited significantly higher cytoplasmic expression of
RXRow compared to the nevi (P = 0.018) or the melanomas with
metastasis and in metastasis samples (P = 0.004). The nuclear vs
cytoplasmic expression of transcription factor such as RXRat could
be critical for regulating their target gene expression by limiting its
interaction with their heterodimeric partners and cytoplasmic
localization could be essential to mediate the non-genomic
actions of RXRo.. A previous study by Boehm et al. also showed

decreased expression of RXRo in human melanocytic tumors (32).
Above results argue for its anticancerogenic role and suggest a cell-
autonomous role of melanocytic RXRot in melanoma suppression.

Interestingly, strong nuclear expression of RXRa is also
reported in epidermal keratinocytes of normal human skin and
we reported for the first time that its expression is reduced or lost
in skin keratinocytes adjacent to melanocytic tumors during
melanoma progression in humans (33) suggesting a non-cell
autonomous role of keratinocytic RXRo in suppressing
melanoma progression. In contrast, cytoplasmic intensity of
RXRP did not differ significantly between groups of nevi and
melanoma. Although, cytoplasmic expression of RXRP was
significantly reduced in human metastasis samples compared
to the human melanoma samples (31) indicating a role of RXR3
in mediating melanoma metastasis.

We have also shown that both VDR and keratinocytic RXRo
contribute towards photoprotection of melanocytes against UVB
radiation in vivo using preclinical studies in mice models. Using
the RXRa?”" mouse model subjected to acute neonatal UVB
irradiation, we demonstrated that the absence of keratinocytic
RXRa resulted in increased DNA damage, proliferation, and
migration of melanocytes in vivo. We then confirmed these
results ex vivo using primary melanocytes which exhibited
increased growth in conditioned media generated from
culturing isolated RXRov knockout keratinocytes. This was
explained by increased expression of keratinocyte secreted
growth factors ET-1, FGF2, and SCF in the skin of RXRo/?”
mice following UVB irradiation (34) underscoring a “non-cell
autonomous” role of keratinocytic RXRa in UV-induced
melanocyte homeostasis.

Interestingly, mice with melanocyte-specific ablation of
RXRa and RXRB (RXRo™" | RXRB™7") attract a reduced
number of IFN-y secreting immune cells than in wild-type mice
following acute UVR, via altered expression of chemoattractive
and chemorepulsive chemokines/cytokines. Reduced IFN-y in
the microenvironment modifies UVR-induced apoptosis, and
due to this, the survival of dermal fibroblasts is significantly
decreased in mice lacking RXRo./f (35). Results demonstrate that
melanocytic-RXRs in a “non-cell autonomous” manner
modulate post-UVR survival of dermal fibroblasts highlighting
a role in immune surveillance, while independently in a “cell
autonomous” manner regulate post-UVR melanocyte
survival (35).

We have also demonstrated that melanocytic VDR also
affords photoprotective properties in a different mouse model
in which melanocytic VDR was ablated (VDR™"). When
knockout mice were subjected to acute neonatal UVB
irradiation they exhibited fewer differentiated melanocytes with
reduced proliferation, reduced apoptosis, and increased DNA
damage (36).

Interestingly active forms of vitamin D3 show
photoprotective activities in both melanocytes and
keratinocytes (37-43) through various mechanisms also
including the VDR (40, 44, 56, 57).

Altogether, above data highlight the importance of nuclear
receptor signaling in melanocytes driven by VDR and its
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principal heterodimer partners RXRa. and RXRp in the
regulation of melanocyte homeostasis and melanomagenesis in
the skin and tumor microenvironment. OQur data further
underscores a non-cell autonomous role of RXRa both in
keratinocytes and melanocytes of the skin in controlling
melanocyte homeostasis and melanomagenesis.

VITAMIN D RECEPTOR POLYMORPHISMS
IN MELANOMA

The VDR gene is located on chromosome 12q13.11 and has 11
exons (58). Over 600 single nucleotide polymorphisms have been
identified in the VDR gene including FokI (C/T-rs2228570,
previously named rs10735810), Taql (rs731236), Bsml
(rs1544410), and Apal (rs7975232) which are the most
commonly analyzed in relation to melanoma (5). Cdx2
(rs11568820), EcoRV (rs4516035), Bgll (rs739837) have also
been studied in this context, but to a lesser extent.

The Fokl polymorphism (C/T-rs2228570, previously named
rs10735810) is located on exon 2 of the VDR gene (5). This
polymorphism creates a new start codon 10 base pairs upstream
from the usual start codon, leading to a longer VDR protein that is
less active compared to the shorter protein variant. The shorter
protein variant is 424 amino acids and corresponds to the C
nucleotide allele or F allele, and the longer 427 amino acid variant
corresponds to the F allele (59, 60). The Taql polymorphism
(rs731236) is located at codon 352 of exon 9 of the VDR gene,
and functions as a restriction fragment length polymorphism (5). It
creates a silent codon change of ATT to ATC, which both code for
isoleucine (5, 61).

The Bsml polymorphism (rs1544410) also acts as a restriction
fragment length polymorphism that results in a silent mutation (5,
61). It is located in intron 8 at the 3™ end of the VDR gene, thus it
may affect VDR gene expression and mRNA stability (60). The Apal
polymorphism is located near the BsmI polymorphism, and thus,
may have similar effects (5, 61). The Cdx2 (rs11568820)
polymorphism is located in the promoter region of the VDR
gene, and results in an adenine replacing a guanine (5, 61). The
EcoRV polymorphism (rs4516035) is also located in the promoter
region of the VDR gene, and is thought to play a role in the
anticancer immune response (5, 62). Lastly, the BglI polymorphism
(rs739837) is located near the stop codon in exon 9 (5).

A 2020 meta-analysis calculated the odds ratios and 95%
confidence intervals for the dominant and recessive models for 7
VDR gene polymorphisms (63). The dominant model (Bb + BB
vs. bb) of Bsml (rs1544410) showed a statistically significant 15%
risk reduction in malignant melanoma incidence for carriers of
the rarer allele B. Carriers of the rarer allele f (Ff + ff vs. FF) of
FokI (rs2228570) were shown to be 22% more likely to develop
malignant melanoma. Additionally, for Apal (rs7975232), there
is a 20% higher risk of melanoma for carriers of the rarer a allele
(Aa + aa vs. AA). No significant association between melanoma
risk and the other investigated VDR polymorphisms, which
included Taql (rs731236), A-1012G (rs4516035), Cdx2
(rs11568820), and BglI (rs739837), was found.

VDR EXPRESSION AS A PROGNOSTIC
BIOMARKER

One cohort-study assessed the relationship between VDR
expression and prognostic factors in Central European cohort of
melanoma patients (64, 65). VDR expression was quantified
immunohistochemically in 69 cutaneous melanomas and
compared to the tumors’ pTNM (pathological tumor, node,
metastasis) stage, ulceration, and tumor-infiltrating lymphocytes.
pTNM staging is based on the tumor (i.e., Breslow thickness,
ulceration), spread to nearby lymph nodes, and distant
metastases. The higher the tumor’s stage, the worse the prognosis.

Strongest and highest VDR expression was detected in the
nuclei of epidermal keratinocytes for normal uninvolved skin
compared to melanocytic lesions. For “nuclear localization”,
VDR expression decreased in the following order: normal skin
> melanocytic nevi > primary melanomas = metastases (64). For
“cytoplasmic localization”, VDR expression decreased in the
order: normal skin = melanocytic nevi > primary melanomas =
metastases. Reduction in VDR expression with the development
of the pigmented lesions was more evident in the nuclei than in
the cell-cytoplasm suggesting a cell-autonomous role of
canonical VDR signaling in the melanocytes during melanoma
progression and metastasis (64).

Interestingly, VDR expression in the basal and supra-basal
keratinocytes of the skin epidermis surrounding the melanocytic
tumors was markedly lower in comparison to normal skin without
any skin lesions, which also suggests a non-cell autonomous role of
keratinocytic VDR in melanomagenesis (64). Further, high VDR
expression both in primary and metastatic melanomas was a factor
that favorably influenced the OS in melanoma cohort.

In melanoma, ulceration contributes to the tumor of pTNM
staging, and is a hallmark of more aggressive tumors. Whereas, the
presence of tumor-infiltrating lymphocytes in melanoma is
associated with a favorable prognosis. Less advanced melanomas,
like those with fewer than three lymph node metastases and those
without distant metastases, had the strongest VDR expression (64,
65). Whereas tumors with indicators of poor prognosis like
ulceration or non-brisk or absence of tumor-infiltrating
lymphocytes, showed significantly lower VDR expression. Most
importantly patients with metastatic diseaseand VDR”” melanomas
had the poorest probability of survival (64, 65). Interestingly, the
expression of activating vitamin D enzyme CYP27B1 was inversely
correlated with melanoma progression and overall and disease-free
survival times and such correlation was amplified by a concomitant
decrease in the VDR expression (55, 65, 66). While CYP24A1 levels
were high in nevi and early-stage melanomas in comparison to
normal epidermis, its level decreased during melanoma progression
similarly to CYP27B1 and VDR (67). These findings indicate that
vitamin D signaling system including VDR expression plays an
important role in melanoma prognosis and may also be used as an
additional prognostic biomarker. Similar trend was reported for
ocular melanoma (68). Importantly, recent experimental studies
have shown that knocking out of the VDR in melanoma cells
increase their malignant behavior and decreases responsiveness to
active form of vitamin D indicating that the VDR can serve as the
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melanoma tumor suppressor gene (69), which is consistent with the
role of the VDR as the tumor suppressor gene in the skin as
originally proposed by Bikle (44). Of note, defects in VDR lead to
increased malignant behavior in other tumors including bladder,
ovarian, lung and breast cancers, lymphomas (70-75).

There was a reverse correlation between melanin content and
expression of the VDR and CYP27B1 as well as of RORa and 7y in
human melanoma samples (64, 66, 76). RORa and v, alternative
receptors for vitamin D-hydroxyderivatives, are expressed at lower
levels in melanomas than in nevi and their expression decreases
during melanoma progression, with lowest expression found in
stage IIT and IV melanomas and in metastases (76). Interestingly,
the expression of VDR as wells as of RORs was related to the
HIF1o activity, which also affected FoxP3 expression in metastatic
melanoma (77). Of note, melanogenesis can stimulate HIFlo
expression and anaerobic glycolysis in melanoma cells (78)
explaining in part the correlation between defects in VDR
expression and signaling and defective responses to vitamin D
in pigmented melanoma cells (64, 79, 80).

A separate study conducted by Muralidhar et al. analyzed 703
primary melanoma transcriptomes to better understand the role
of vitamin D-VDR signaling (11). They found that VDR
expression was independently protective against melanoma-
related death in both primary and metastatic disease. VDR
expression was shown to be inversely related to Wnt/B-catenin
signaling, suggesting a mechanism for the anti-proliferative effects
of vitamin D-VDR signaling. Additionally, increased VDR
expression was associated with the upregulation of pathways
involving the antitumor immune response as demonstrated by a
greater abundance of tumor-infiltrating lymphocytes. This study
further supports VDR’s utility as a prognostic biomarker,
especially in those patients considering immunotherapy. It also
establishes a causal relationship between vitamin D-VDR
signaling and melanoma survival, suggesting that this
mechanism could serve as a target for pharmacologic agents.

In addition to its generalized expression, the subcellular
localization of VDR to the nucleus also could be beneficial as a
biomarker for melanoma progression. Hutchinson et al. studied 34
benign nevi, 149 metastatic melanomas, and 44 matched metastases
via immunohistology for the subcellular localization of VDR and
phosphorylated ERK (p-ERK) as an indicator of MAPK activation
(81). They found that as melanomas progressed, they exhibited
reduced nuclear localization of VDR and increased cytoplasmic
localization. Overall, expression of VDR decreased from benign
nevi to metastatic melanoma and further decreased in metastasizing
primary tumors. When they observed VDR localization in
malignant melanomas known to have metastasized and
compared them to those known to not have metastasized within
five years, they saw nuclear VDR was reduced while there was no
difference in cytoplasmic localization. They also found increased p-
ERK consistent with cytoplasmic localization of VDR likely a result
of the known mechanism of MAPK inhibition of VDR signaling
when it is heterodimerized to RXRa via phosphorylation of serine
260 (82). These observations highlight the need for more research
on the usefulness of VDR nuclear localization as a prognosticator
for metastasizing melanomas.

SERUM VITAMIN D LEVELS AND
PROGNOSIS

As part of the Leeds Melanoma Cohort, Newton-Bishop et al.
reported an association between higher 25-hydroxyvitamin D3
serum levels at time of melanoma diagnosis and lower Breslow
thickness (p value= .002) (83). Higher 25-hydroxyvitamin D3
levels were also found to be associated with increased survival
independent of Breslow thickness. Several other studies have
confirmed an association between higher serum vitamin D levels
at diagnosis and better prognosis in melanoma (84-86).
However, a more recent study asserts that rather than high
levels of vitamin D being protective a deficiency in vitamin D
(<25 nmol/L) actually shortens patient survival time from
melanoma in a VDR-dependent manner (11).

Additionally, an observational single center study with
estimated study completion date of January 2021, not yet
published, is investigating the response to treatment with anti-
programmed death 1 (PD-1) therapy in relation to serum
vitamin D levels in 40 advanced melanoma patients
(ClinicalTrials.gov Identifier: NCT03197636) (87). Serum levels
of vitamin D will be measured at baseline, 3, and 6 weeks after
initiation of treatment with anti-PD1 therapy followed by three
years of observational follow-up. Response to treatment will be
assessed at each visit within the study period and at follow-up.

VITAMIN D, VDR AND IMMUNOTHERAPY

The issue of interference of active forms of vitamin D on
immunotherapy deserves special attention, especially that
immunotherapy represents the promising therapeutic approach
against melanoma (88-95). In this context, inhibitory role of
vitamin D in the adaptive immune responses (96, 97) requires
explanation. Although it inhibits T cell responses in autoimmune
responses (98), the evidence that it acts as an immunosuppressor is
missing. On the opposite, it is inhibiting proinflammatory responses
through VDR mediated inhibition of NFkf and inverse agonism on
RORyand inhibition of oxidative stress through activation of NRF2-
dependent pathways (45, 46, 57, 99). However, it is unclear to which
degree, how, and whether it will inhibit anti-tumor T-cell responses.
On the other hand, vitamin D activates the innate immune system
(96, 97), which plays an important role in anti-tumor activity (100-
106). Therefore, the actions of active forms of vitamin D can be
defined as immunoregulatory, with their full definitions requiring
future careful studies.

VITAMIN D AND ITS ANALOGS IN THE
TREATMENT OF MELANOMA

Several studies are investigating the use of vitamin D or its
analogs as adjuvant treatment in melanoma patients with an
understanding that different delivery routes will influence vit D
activation (Figures 2B and see below).
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One report that utilized data from the Women’s Health initiative
(WHI) calcium/vitamin D randomized controlled trial, studied the
effects of calcium and low-dose vitamin D on the risk of non-
melanoma and melanoma skin cancers in post-menopausal women
(107). Women ages 50-79 years (N=36,282) were randomly
assigned to receive 1,000 mg of elemental calcium plus 400 IU of
vitamin D3 daily or placebo for a mean follow-up period of seven
years. Non-melanoma and melanoma skin cancer diagnoses were
self-reported annually. The study concluded that the treatment
group and control group showed no significant difference in the
incidence of melanoma or non-melanoma skin cancers. However,
women on the calcium/vitamin D regiment with a history of non-
melanoma skin cancer had a reduced risk of melanoma as opposed
to those receiving placebo (hazard ratio 0.43; 95% confidence
interval: 0.21 to 0.90: P(interaction) =.038). It was also noted that
this difference was not seen in women that did not have a history of
non-melanoma skin cancer.

In 2010, the Australia and New Zealand Melanoma Trials
Group conducted a pilot randomized placebo-controlled phase II
trial, Mel-D, to investigate the safety and efficacy of adjuvant high-
dose vitamin D administration in patients with cutaneous
melanoma that had initially been treated with wide excision
(Australian New Zealand Clinical Trials Registry
#ACTRN12609000351213) (108, 109). The adjuvant treatment
included an oral loading dose of 500,000 IU Vitamin D followed
by a once monthly oral dose of 50,000 IU Vitamin D for two years.
Patients in this study reportedly experienced an improvement in
progression-free survival and overall survival.

The ongoing study, VidMe, is a multicenter randomized
placebo-controlled phase III trial intended to examine the efficacy
and long-term safety of high-dose vitamin D supplementation in
500 patients with melanoma (ClinicalTrials.gov Identifier:
NCT01748448) (110, 111). Once a month, participants will either
receive 100,000 IU of vitamin D or placebo (Arachidis oleum
raffinatum). This study’s primary endpoint is relapse-free
survival. They also plan to assess the expression of VDR in the
primary tumor and its possible correlation with relapse.
Secondarily, vitamin D levels at diagnosis will be correlated with
melanoma site, subtype, and stage at diagnosis. Vitamin D levels will
continue to be monitored after supplementation to determine if
serum levels depend on the genetic variability of the vitamin D
pathway. Additionally, they plan to investigate whether VDR
immunoreactivity correlates with stage at diagnosis.

Vitamin D analogs have also exhibited promising
photoprotective and anticancer properties (13, 57, 112)
indicating their possible application to counteracting skin
cancer, including melanomas. The anti-melanoma activity of
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