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Preface to ”New Advances in Melanoma”

In this Special Issue, we focus on the latest advances in the fields of melanoma research and

clinical diagnostics. The development of distant melanoma metastases, in the lungs for example,

is a major cause of death, and the mechanisms underlying its development are still not completely

understood. Kyjacova et al. proposed a method for Trp-1 transcript analysis by real-time PCR in a

melanoma mouse model of lung metastasis. In another study, the role of miRNA in tumorigenesis

was investigated by examining the precursors of melanocytes, the melanoblasts. Linck-Paulus et al.

describe an miRNA signature, discovered by comparing the expression status of signature genes

in melanoblasts and melanoma cells that play a major role in driving melanoma development.

In the same line, comparison of RNAseq datasets from melanoblasts and metastatic melanoma

cells led us to observe that major signaling pathways, such as of VEGF, senescence/secretome,

endothelin, and cAMP/PKA, are likely to be upregulated upon NF1 loss of function in both

situations (Larribere et al.). These data reinforce the utility of investigating gene regulation during

embryogenesis to better understand tumorigenesis. Interestingly, it was also shown that an miRNA

pair (miR-26-5p and miR-21-3p) are involved in the HLA class I-mediated immune escape by

regulating the expression of components of the HLA class I antigen processing and presentation

machinery (APM). These data might impact the discovery of new biomarkers for HLA class I low

melanoma cells (Lazaridou et al.).

In the domain of clinical diagnostics, a study on the Catalonian melanoma population showed

an increased incidence in the advanced age population, including a rapidly increasing trend of in situ

melanoma and lentigo maligna subtype. In addition, BRAF mutations, which are present in 40% to

60% of melanomas, have been extensively used as a biomarker of the sensitivity to BRAF inhibitors for

more than a decade. However, the accuracy in detecting BRAF mutations may lead to false-negatives

depending on the detection method. To address this, Colombino et al. compared different screening

strategies in a study of the Sardinian melanoma population and showed that real-time PCR and

NGS were able to successfully detect additional BRAF mutant cases in comparison with conventional

sequencing methods.

Finally, one review discussed the role of ubiquitination in melanoma development and therapies.

Because each step of the ubiquitination process is pharmacologically targetable, increasing attention

has been paid to its role in melanoma development as well as in the mechanisms of acquired therapy

resistance (Soysouvanh et al.). In the other review, Binder et al. focuses on melanoma cellular

heterogeneity and the utility of single-cell biology. This new technology has led, for example, to

an improved understanding of mechanisms of resistance to checkpoint inhibitor therapy. It is also

allowing a deeper comprehension of the transcriptional plasticity of metastatic melanoma cells.

Lionel Larribère

Editor
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Abstract: Malignant melanoma is one of the most dangerous tumor types due to its high metastasis
rates and a steadily increasing incidence. During tumorigenesis, the molecular processes of embryonic
development, exemplified by epithelial–mesenchymal transition (EMT), are often reactivated. For
melanoma development, the exact molecular differences between melanoblasts, melanocytes, and
melanoma cells are not completely understood. In this study, we aimed to identify microRNAs
(miRNAs) that promote melanoma tumorigenesis and progression, based on an in vitro model
of normal human epidermal melanocyte (NHEM) de-differentiation into melanoblast-like cells
(MBrCs). Using miRNA-sequencing and differential expression analysis, we demonstrated in this
study that a majority of miRNAs have an almost equal expression level in NHEMs and MBrCs
but are significantly differentially regulated in primary tumor- and metastasis-derived melanoma
cell lines. Further, a target gene analysis of strongly regulated but functionally unknown miRNAs
yielded the implication of those miRNAs in many important cellular pathways driving malignancy.
We hypothesize that many of the miRNAs discovered in our study are key drivers of melanoma
development as they account for the tumorigenic potential that differentiates melanoma cells from
proliferating or migrating embryonic cells.

Keywords: miRNAs; melanoma; embryogenesis; melanoblasts

1. Introduction

Malignant melanoma is an aggressively metastatic tumor with a high incidence that
has been increasing for years [1]. Especially patients with an advanced metastatic tu-
mor stage still have a poor outcome [2]. Interestingly, melanoma has molecular features
that are not found in other tumors [3]. Two aspects are of particular importance during
melanoma development:

1. Melanoblasts, the precursors of melanocytes derived from the neural crest, exhibit
several mechanisms during embryogenesis usually known from tumor cells, e.g.,
they actively migrate, adapt to different cellular environments, and “invade” the
epidermis [4,5].

J. Clin. Med. 2021, 10, 2259. https://doi.org/10.3390/jcm10112259 https://www.mdpi.com/journal/jcm
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2. Melanoma cells can build stem-cell-like subpopulations that have the ability to dif-
ferentiate into several cell lineages such as neural, mesenchymal, and endothelial
cells [6–8].

These characteristic features show that melanoma cells can re-activate the pathways of
neural crest differentiation and melanoblast migration, and thus reflect the high plasticity
of malignant melanoma cells.

The neural crest, a transient component of the ectoderm, is located between the neural
tube and epidermis during embryonal neural tube formation. Neural crest cells migrate
during or shortly after neurulation, an embryological event characterized by the closure of
the neural tube. Because of their great importance, they have been called the fourth germi-
nal layer. Neural crest cells can differentiate into various cell types such as neurons and
glial cells of the autonomic nervous system, some skeletal elements, and melanocytes [9].
There are two main migration pathways of neural crest cells: the ventral pathway and the
dorsolateral pathway. Melanoblasts mainly migrate through the dorsolateral pathways
between the somites and the ectoderm to their target region, the epidermis, where they
then differentiate to melanocytes [4,5,10].

In addition to the high differentiation plasticity, malignant melanoma is characterized
by being the tumor type with the highest mutation rate [11]. To date, however, only a few
“drivers” of tumor development have been described in comparison to other cancers and
all of those frequently mutated driver genes seem only to play a secondary role in the
initiation of tumor metastasis [12].

microRNAs (miRNAs) are small non-coding RNAs that can regulate gene expression
on a post-transcriptional level [13]. They are transcribed in the nucleus as long, double-
stranded precursor molecules containing a characteristic stem-loop structure. Two mature,
single-stranded miRNAs, which are complementary to each other and about 21 nucleotides
long, are processed from the precursor by an intracellular enzymatic cascade. The location
in the precursor molecule discriminates the annotation of the mature miRNA: the miRNA
in the precursor arm with the 5′ end is called 5p, and the miRNA in the 3′ arm is called
3p [14]. One mature miRNA molecule binds to one of the four human Argonaute proteins
to form the RNA-induced silencing complex (RISC). The RISC identifies target messenger
RNAs (mRNAs) via complementary base pairing, interferes with their translation, and
simultaneously mediates decay of the target mRNA by hydrolytic cleavage or via cellu-
lar degradation mechanisms [15]. miRNAs are deeply involved in the regulation of all
important cellular processes and are the main contributor to the formation and progres-
sion of cancer [16]. In melanoma, many studies show that the expression of miRNAs is
deregulated compared to normal human epidermal melanocytes and that deregulated
miRNA expression is linked to important processes affecting tumor formation and progres-
sion [17–20]. The role of miRNAs during melanoblast differentiation and their involvement
in de-differentiation processes that may drive tumor development, such as migration and
invasion, is not well understood.

The aim of this study was to identify miRNAs that drive melanoma development and
progression via a comparative analysis of miRNA expression in melanoblasts, differentiated
melanocytes, and melanoma cells from primary tumors and metastases.

2. Materials and Methods

2.1. Cultivation of Melanocytes and De-Differentiation into Melanoblast-Related Cells

Normal human epidermal melanocytes (NHEM) were obtained from PromoCell (Hei-
delberg, Germany) or Lonza (Basel, Switzerland) and were derived from human neonatal
foreskin tissue of Caucasian donors. The melanocytes were grown either in melanocyte
serum-free M2 medium without PMA (phorbol myristate acetate) from PromoCell (Hei-
delberg, Germany) or in melanocyte serum-free medium with PMA from Lonza (Basel,
Switzerland) at 37 ◦C and 5% CO2. For de-differentiation, NHEM were grown for three
passages and subsequently cultivated in a special melanoblast growth medium for 7 or
14 days to de-differentiate into melanoblast-related cells (MBrCs): MCBD 153 medium
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(Sigma-Aldrich, Steinheim, Germany) containing 8% chelated fetal bovine serum (FBS), 2%
normal FBS (PAA Laboratories, Pasching, Austria), 2 mM glutamine, 1.66 ng/mL cholera
toxin B, 10 ng/mL SCF (Sigma-Aldrich, Steinheim, Germany), 100 nM endothelin-3 and
2.5 ng/mL bFGF. Chelated FBS was prepared by mixing 1.2 g of Chelex-100 (Sigma-Aldrich,
Steinheim, Germany) per 40 mL of FBS for 1.5 h at 4 ◦C with gentle stirring. One sub-group
of cells continued growing in PromoCell M2 medium (labeled as melanocytes in this study).
The de-differentiation procedure of melanocytes to MBrCs is published by Cook et al. [21].

2.2. Melanoma Cell Culture

The melanoma cell lines Mel Juso (RRID:CVCL_1403), Mel Ei (RRID:CVCL_3978), Mel
Wei (RRID:CVCL_3981), and Mel Ho (RRID:CVCL_1402) [22] were derived from primary
cutaneous melanomas, whereas Mel Ju (RRID:CVCL_3979), Mel Im (RRID:CVCL_3980) [22],
Hmb2 (RRID:CVCL_6646) [23], A375 (RRID:CVCL_0132) [24], 1205Lu (RRID:CVCL_5239) [25],
and 501 Mel (RRID:CVCL_4633) [26] were derived from metastases of malignant melanomas.
The cells were maintained in DMEM or RPMI-1640 medium (Sigma-Aldrich, Steinheim,
Germany) supplemented with penicillin (400 units/mL), streptomycin (50 mg/mL), and
10% FBS (Sigma-Aldrich, Steinheim, Germany). Only RPMI was additionally supplemented
with 0.2% sodium bicarbonate (Sigma-Aldrich, Steinheim, Germany). The melanoma cells
were incubated in a humidified atmosphere containing 8% CO2 at 37 ◦C in T75 cell culture
flasks (Corning Incorporated, New York, NY, USA). They were split at a ratio of 1:5 every
3 days.

2.3. microRNA-Sequencing and Bioinformatic Sequence Data Analysis

microRNA-sequencing was performed on four different samples of NHEM from
different passages, two independent replicates of MBrCs and the melanoma cell lines Mel
Wei, Mel Ei, Mel Juso, Mel Ju, Mel Im, and Hmb2. Performance of sample preparation,
miRNA profiling, and sequencing are described elsewhere [17]. miRNA-sequencing data
of melanoma cells and NHEMs are already published [17]. For this study, all miRNA
sequencing data were re-analyzed using current software and databases: preprocessing and
counting against human miRNA listed in the miRbase database (http://www.mirbase.org;
version 22 March 2018) was performed using the “miRDeep2” package [27] running with
standard parameters as part of the Galaxy environment [28]. After transferring the resulting
raw miRNA counts to R, normalization and differential expression analysis were performed
using the “Deseq2” package [29].

The heatmaps of differentially expressed miRNAs were designed with Microsoft
Excel® using a 3-color scale with red, white, and blue representing the minimum, median
(50th percentile), and maximum, respectively. The colors encode log2FoldChange from
Deseq2, and the highest and the lowest log2fold change are indicated respectively.

Principal component analysis (PCA) was performed using https://maayanlab.cloud/
biojupies (accessed on 13 January 2021) [30]. Venn diagrams were calculated using the
“VennDiagram” package in R and were illustrated with the venn.diagram function. The
overlap was calculated using the calculate.overlap function. Figures were created using
CorelDRAW® 2017 (64-Bit, Corel Corporation, Ottawa, ON, Canada).

Analysis of predicted target genes of miRNAs was performed using http://www.
targetscan.org/vert_72, release 7.2 March 2018 [31]. Gene ontology enrichment analy-
sis of predicted targets was performed with http://geneontology.org, release 1 January
2021 [32]. The STRING network analysis of miRNA target genes was performed using
https://string-db.org, version 11.0b October 2020 [33] and presented using the stringApp
in Cytoscape version 3.8.2 [34]. The STRING network shows known protein–protein asso-
ciations from curated databases or experimentally determined, predicted interactions from
gene neighborhood, gene fusions or co-occurrence and text mining, and co-expression or
homology-based interactions. The minimum required interaction score was 0.4.
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2.4. Gene Expression Microarray and Gene Set Enrichment Analysis (GSEA) of miRNA
Target Genes

Gene expression microarray analysis was performed with three different replicates of
MBrCs and the respective NHEM in the melanoma cell lines Mel Ho, A375, 501 Mel, and
1205 Lu. RNA was isolated with Rneasy® Mini Kit of Qiagen (Hilden, Germany) and was
reverse-transcribed followed by hybridization to the Human Gene 1.0 ST Expression Array
from Affymetrix (Santa Clara, CA, USA). Sample processing and Affymetrix microarray hy-
bridization were carried out at the Genomics Core Unit: Center of Excellence for Fluorescent
Bioanalytics (KFB, University of Regensburg, Regensburg, Germany). Signal intensities
were summarized to Affymetrix probe_set level using ‘rma’ within the Bioconductor
package oligo [35], and packages pd.hugene.1.0.st.v1 and hugene10sttranscriptcluster [36].
Probe_sets with an Entrez identifier were retained (21,995 genes) for further analyses. We
used the non-parametric empirical Bayes approach of Combat [37] to remove the donor
effects of MBrCs and the corresponding NHEM and ranked differentially expressed genes
between melanoblasts and melanocytes versus melanoma cell lines by fold change using
limma [38]. This ranked gene list was used for Gene Set Enrichment Analysis with the
GSEA software version 4.0.3 (https://www.gsea-msigdb.org/gsea/index.jsp) [39,40]. For
GSEA analysis, the C3 collection of the molecular signature database was used (MSigDB
version 7.2, https://www.gsea-msigdb.org/gsea/msigdb/collection_details.jsp#MIRDB)
with special attention to the miRDB gene set collection consisting of MirTarget high-
confidence predicted human miRNA target genes [41] and the MIR Legacy geneset con-
taining genes with 7-nucleotide miRNA-binding motifs of miRNAs cataloged in v7.1 of
miRBase (http://www.mirbase.org, version 7.1, October 2005). For calculation of the false
discovery rate (FDR), a pre-ranked GSEA analysis using one single gene set with targets of
the respective miRNA was performed.

2.5. Isolation and Reverse Transcription of miRNAs from Mammalian Cells

The isolation and purification of miRNAs were performed using the miRNeasy Mini
Kit from Qiagen (Hilden, Germany) according to the manufacturer. For the reverse tran-
scription, the miScript II RT Kit from Qiagen (Hilden Germany) was used. In this study,
500 ng of miRNA were reversed transcribed into micDNA according to the manufac-
turer’s specification.

2.6. Quantitative RT-PCR with miRNA

The qRT-PCR was performed on a LightCycler® 480 System from Roche (Mannheim,
Germany). For the determination of the relative expression of miRNAs in melanocytes (at
least n = 3), MBrCs (at least n = 3) and different melanoma cell lines (at least n = 9), from
primary melanoma and melanoma metastasis, the miScript SYBR® Green PCR Kit of Qiagen
(Hilden, Germany) was used. The snRNA U6 was taken as a reference for the relative
determination of miRNAs. For qRT-PCR, a 25 μL reaction was used containing 2 μL of
transcribed miRNA, 12.5 μL of miScript SYBR Green, 2.5 μL of the respective miScript
Primer Assay (Qiagen, Hilden, Germany), 2.5 μL of miScript Universal primer (Qiagen),
and 5.5 μL RNase-free water. The following PCR program containing 60 cycles was used:
4.4 ◦C/s to 95 ◦C 15 min (initial denaturation); 2.2 ◦C/s to 94 ◦C 15 s (denaturation);
2.2 ◦C/s to 55 ◦C 30 s (annealing); 4.4 ◦C/s to 70 ◦C 30 s (amplification); 4.4 ◦C/s to 72 ◦C
1 s (measurement); 4.4 ◦C/s to 95 ◦C 5 s, 2.2 ◦C/s to 65 ◦C 1 min, and 0.11 ◦C/s to 97 ◦C
(melting point analysis); and 2.2 ◦C/s to 40 ◦C 30 s (end). The PCR reaction was evaluated
by melting curve analysis. Statistical analysis was performed via the software GraphPad
Prism 5.04 (Version 5.0.4.533, GraphPad Software Inc., San Diego, CA, USA).
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3. Results

3.1. miRNAs Differentially Expressed Only in Melanoma Cells but Not in NHEMs and
Melanoblasts Drive Tumor Development

To identify the unknown miRNAs and their respective target molecules, which are
important for the development or progression of melanoma, we followed the idea of
“learning from embryology”. To deduce tumor-relevant molecular mechanisms from
comparison with embryonic development, two hypotheses are plausible:

1. Genes and miRNAs, which are equally expressed in melanoma and melanoblasts but
differently in melanocytes, are the relevant decisive factors for melanoma develop-
ment; or

2. genes and miRNAs differentially expressed in melanoma compared to melanocytes
and melanoblasts are key drivers of melanoma development and progression be-
cause these are stabilizing the tumor phenotype. This second hypothesis impli-
cates that hypothesis 1 “only” focuses on genes, which are involved in differentia-
tion/dedifferentiation processes but not in forcing tumor progression.

Using an experimental system first described by Rick Sturm’s group [21], we de-
differentiated melanocytes into melanoblast-related cells (MBrC) using a cytokine cocktail
(SCF, End-3, and bFGF) [5]. miRNA expression of MBrCs was compared to the respective
normal human epidermal melanocytes (NHEMs) and melanoma cell lines derived from
primary tumors (Mel Wei, Mel Ei, and Mel Juso) as well as from melanoma metastases
(Mel Ju, Mel Im, and Hmb2) by miRNA sequencing.

We first analyzed the data using a principal component analysis (PCA). The PCA
shows similar miRNA expression for NHEMs and MBrCs but considerable differences in
melanoma (Figure 1A). Interestingly, the PCA supports the second hypothesis. It indicates
that miRNAs are mainly equally expressed during melanoblast to melanocyte development
but differentially regulated during tumor progression and thus may drive malignancy.

To further analyze this hypothesis, differential expression analysis of miRNAs was
performed between all groups (MBrCs vs. NHEMs, MBrCs vs. primary tumor cell lines
(PT), NHEMs vs. primary tumor-derived cell lines, and MBrCs vs. metastasis-derived cell
lines (MET)) and illustrated in a heatmap (Figure 1B). The figure shows a noteworthy group
of miRNAs, which are equally expressed in MBrCs and NHEMs, but strongly upregulated
in melanoma cell lines (Figure 1B, indicated by arrow). These specific miRNAs follow the
second hypothesis for learning from embryology and their in-depth analyses could provide
molecular information about melanoma development.

To analyze this group of miRNAs in more detail, we filtered miRNA expression
data for only miRNAs that were significantly differentially expressed (p-value < 0.05) in
MBrCs vs. melanoma (primary tumor or metastasis-derived melanoma cell lines) but
simultaneously not significantly regulated in MBrCs vs. NHEMs (p-value > 0.05). The
miRNAs that fulfill these conditions are visualized in a Venn diagram (Figure 1C). The
analysis provided 89 miRNAs that were significantly regulated in both, primary tumor
and metastasis-derived melanoma cell lines, compared to MBrCs and NHEMs.

5
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Figure 1. miRNA sequencing in NHEMs, MBrCs, and melanoma cell lines reveals a group of miRNAs,
which are strongly regulated only in melanoma. (A) Principal component analysis of miRNA-seq
data plot of the first three principal components (PCs). Samples with related gene expression profiles
are closer in the three-dimensional embedding. Each sphere represents an RNA-seq sample, and
replicates are shown in the same color: NHEM (n = 4), MBrC (n = 2), melanoma primary tumor
(PT) cell lines Mel Juso, Mel Wei and Mel Ei, melanoma metastasis (MET) cell lines Mel Im, Mel Ju
and Hmb2. (B) Differential gene expression analysis of miRNA-seq data in the indicated sample
pairs is shown as a heatmap of log2fold values. The arrow indicates miRNAs, which are equally
expressed in MBrCs and NHEMs but strongly upregulated in melanoma cell lines. (C) Venn diagram
of miRNAs that are not significantly differentially expressed in MBrCs vs. NHEMs (p-value > 0.05)
but significantly differentially expressed (p-value < 0.05) in MBrCs vs. melanoma primary tumor (PT)
or metastasis-derived (MET) melanoma cell lines.

In the following, we analyzed whether these 89 miRNAs have a function in melanoma
development. First, we visualized the differential expression analysis of those 89 miRNAs
in a heatmap (Figure 2). A major part (63%) of those 89 miRNAs was upregulated in
melanoma compared to MBrCs and 33% of the miRNAs were downregulated. In the
following chapters, we separately focus on the upregulated and downregulated miRNAs,
to elaborate whether they represent a group of regulators that play an important role
during tumor progression.
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Figure 2. Significantly differentially expressed miRNAs in melanoma cells. Heatmap of log2fold
values of all miRNAs that were not regulated in MBrCs vs. NHEMs (p > 0.05), but differentially
expressed (p < 0.05) in MBrCs vs. melanoma primary tumor (PT), and MBrCs vs. melanoma
metastasis-derived (MET) cell lines. miRNAs, which were upregulated in melanoma compared to
MBrCs are shown in red, and miRNAs downregulated in melanoma are shown in blue. Both are
indicated by black arrows. Mentions in the literature of functional relevance of the respective miRNA
in melanoma or other cancers are depicted by +.
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3.2. miRNAs Significantly Upregulated in Melanoma Cells Compared to MBrCs and NHEMs
Regulate Important Target Genes Driving Tumorigenesis

For some of the miRNAs, which we found most strongly upregulated in melanoma
cells compared to MBrCs and NHEMs, a functional role in melanoma development has
already been described (see Figure 2, e.g., [42,43]). In addition, most of these miRNAs have
known target genes with described functions in other cancers but no melanoma-associated
role is known today, for example, miR-105 and miR-4284 [44,45]. Interestingly, miRNAs
without known function to date are strongly upregulated in melanoma cell lines.

To elucidate the role of the upregulated miRNAs for the development of melanoma
more deeply, we examined predicted target genes of the two most strongly upregulated
miRNAs in melanoma cells, miR-767-5p and miR-105-5p using targetscan (http://www.
targetscan.org/vert_72, release 7.2 March 2018 [31]). miR-767-5p and miR-105-5p share
1662 predicted target genes (Figure 3A). A gene ontology (GO) enrichment analysis of those
targets showed, amongst others, a significant enrichment of genes involved in the Wnt
signaling pathway (Supplementary Table S1) (http://geneontology.org, release 1 January
2021 [32]).

Figure 3. Target gene analysis of strongly upregulated miRNAs in melanoma compared to MBrCs
and NHEMs. (A) Venn diagram of predicted targets of miR-105-5p and miR-767-5p. (B) Venn
diagram of predicted target genes of miR-3689f, miR-6840-5p, miR-4652-5p, miR-4706, and miR-4435.
(C) STRING network analysis of selected target genes of the 24 shared target genes of miR-3689f,
miR-6840-5p, miR-4652-5p, miR-4706, and miR-4435 (red), and additional genes involved in the
network (grey).

Other miRNAs that were strongly upregulated in melanoma cells compared to MBrCs
and NHEMs, which are not described to have a functional role in melanoma or other
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cancers yet, were miR-3689f, miR-6840-5p, miR-4652-5p, miR-4706, and miR-4435 (see
Figure 2).

A target gene analysis of those five miRNAs provided an enrichment of genes, e.g.,
involved in neuron development, response to cAMP, homophilic cell adhesion via plasma
membrane adhesion molecules, protein localization to the plasma membrane and the cell
periphery, actin cytoskeleton organization, regulation of BMP signaling pathway, endothe-
lial cell differentiation, and negative regulation of developmental growth (Supplementary
Table S1).

Further, we examined the shared predicted target genes of those five unknown
miRNAs (Figure 3B). miR-3689f, miR-6840-5p, miR-4652-5p, miR-4706, and miR-4435
share 24 target genes. We analyzed those targets in a STRING network analysis (https:
//string-db.org, version 11.0b October 2020 [33]) (Figure 3C). Interestingly, all five miRNAs
regulate targets that belong to a network with cyclin-D1 (CCND1), cyclin-E1 (CCNE1),
cyclin-dependent kinase 4 inhibitor C (CDKN2C), and cyclin-A2 (CCNA2), and are strongly
implicated in G1/S cell cycle transition and cell cycle regulation. Further, many shared
target genes of these five miRNAs are important transcription factors such as FOSL2, NFIC,
TCF3, and SP3. Additionally, PPARA, SHH, SZT2 were also determined to be shared
target genes. PPARA, the peroxisome proliferator-activated receptor alpha, is a central
regulator of lipid metabolism and can also function as a transcription factor. SHH, the sonic
hedgehog protein, strongly interacts with its receptor PTCH1 and the hedgehog-interacting
protein HHIP. The interaction between SHH and PTHC1 plays an important role during
tumor growth and the regulation of apoptosis [46]. SZT2 is part of the KICSTOR complex,
which regulates the amino acid-sensing part of the mTORC1 signaling pathway being
required for many processes during cell proliferation and survival and often deregulated
in cancer [47]. In conclusion, shared target genes of miR-3689f, miR-6840-5p, miR-4652-5p,
miR-4706, and miR-4435 and their role for cell proliferation and survival implicates a so far
unknown role of those five strongly upregulated miRNAs in melanoma development.

To further analyze our second hypothesis that especially genes, which are only dereg-
ulated in melanoma development but not differentially expressed during embryonal
differentiation drive tumor development, we examined gene expression array data of
genes differentially regulated comparing melanoma cells to MBrCs and NHEMs. To detect
important miRNAs regulating these genes, gene set enrichment analysis (GSEA) was per-
formed. We used gene sets containing predicted binding sites of miRNAs and compared
them to a ranked list of genes from the gene expression array ranging from significantly
upregulated genes in melanoma cells compared to MBrCs and NHEMs to significantly
downregulated genes.

The GSEA analysis reveals that many target genes of the observed upregulated miR-
NAs are significantly downregulated in melanoma cells compared to MBrCs and NHEMs.
The miRNAs miR-767-5p, miR-105-5p, mir-96-5p, miR-4425, miR-182-5p, and miR-3689f
were analyzed in more detail (Figure 4).

miR-767-5p and miR-105-5p are the two most strongly upregulated miRNAs in
melanoma cells compared to MBrCs (see Figure 2). The GSEA analysis showed a strong
downregulation of their target genes in melanoma cells compared to MBrCs and NHEMs
(Figure 4A,B) supporting our hypothesis that those miRNAs are important regulators of
melanoma development. miR-96-5p, miR-4425, and miR-182-5p are known to regulate
essential target genes in other tumor types [48–50]. Our data show significant downregula-
tion of target genes of those miRNAs in melanoma cell lines compared to NHEM and MBrC
(Figure 4A,C–E) implicating their important role also in melanoma. The role of miR-3689f
is so far completely unknown in melanoma or other cancers. We found, on the one hand, a
significant and strong upregulation of this miRNA in melanoma cells compared to MBrCs
and NHEMs (Figure 2), and on the other hand, a significant downregulation of its target
genes in melanoma (Figure 4F).

The similar expression of those miRNAs in NHEMs and MBrCs but strong upreg-
ulation in melanoma and the identified significant downregulation of their target genes
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in melanoma cells strongly supports our hypothesis. Therefore, those miRNAs have a
significant share in driving the tumorigenic phenotype of melanoma.

 

Figure 4. Significant downregulation of miRNA target genes in melanoma cells. Enrichment plot for
(A) miR-105-5p, (B) miR-767-5p, (C) miR-96-5p, (D) miR-4425, (E) miR-182-5p, and (F) miR-3689F.
Profile of the running enrichment score (green) and positions of gene set members of the respective
miRNA target genes on the rank-ordered list of genes differentially regulated in melanoma cells
compared to MBrCs and NHEMs identified by gene expression array analysis. Genes upregulated in
melanoma are shown on the left side of the graph in red, genes downregulated in melanoma on the
right side in blue.

3.3. miRNAs Significantly Downregulated in Melanoma Cells Compared to MBrCs and NHEMs
Are Implicated in the Regulation of Tumorigenic Pathways

Focusing on those miRNAs that are significantly downregulated in melanoma vs.
MBrCs and NHEMs yields in miRNAs that have already been described as implicated in
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melanoma development or have described functional roles in other cancers (see Figure 2,
e.g., [51–54]). Interestingly, our analysis discovered many miRNAs of the so-called miR-506–
514 cluster (miR-506, miR-508, miR-509, miR-513, and miR-514) as strongly and significantly
downregulated in melanoma cells compared to MBrCs and NHEMs. The miR-506–514
cluster has been previously shown to be overexpressed in melanoma patient biopsies and
cell lines and to promote melanoma growth [55]. To, therefore, confirm our miRNA expres-
sion data obtained by RNA-seq, we additionally performed qRT-PCR-based expression
analysis of selected miRNAs of this miRNA cluster (Figure 5).

Δ

Figure 5. QRT-PCR shows a strong downregulation of miRNAs of the miR-506–514 cluster and
miR-1299. Analysis of miR-508-3p, miR-509-3p, miR-514a-3p, and miR-1299 expression in normal
human epidermal melanocytes (NHEM), melanoblast-related cells (MBrC), and at least 6 different
melanoma cell lines (MM) via qRT-PCR. Bars represent mean + SEM, statistical significance was
calculated using one-way ANOVA and subsequent Tukey’s Multiple Comparison Test with ΔCP
values before normalization to NHEM and is indicated as * p ≤ 0.05 and *** p ≤ 0.001.

Significant downregulation of miR-508-3p, miR-509-3p, and miR-514a-3p in melanoma
cell lines compared to MBrCs can be observed, confirming the RNA-seq expression results.
In addition, we could also show a strong downregulation of miR-1299. These data support
the reliability of our RNA-seq analysis.

Although the most strongly downregulated miRNAs in melanoma compared to
MBrCs obtained in our analysis were already described in the literature, most of those miR-
NAs have only known functional roles in other tumors but no association with melanoma
development until now [54,56]. miRNAs with unknown function in melanoma are miR-
1299, miR-199b-3p, and miR-664a-5p. We analyzed predicted target genes of those three
miRNAs and found 99 shared targets (Figure 6A). GO term analysis of those 99 shared
target genes showed significant enrichment of genes involved in stem cell proliferation,
embryonic skeletal system morphogenesis, embryonic skeletal system development, and
negative regulation of translation (Supplementary Table S1).
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Figure 6. Target gene analysis of strongly downregulated miRNAs in melanoma compared to MBrCs
and NHEMs. (A) Venn diagram of shared predicted targets of miR-1299, miR-199b-3p and miR-
664a-5p. (B) STRING network analysis of selected target genes of the 99 shared targets of miR-1299,
miR-199b-3p, and miR-664a-5p (blue), which belong to one network and additional genes involved
in the network (grey).

Additional 144 shared targets of miR-1299 and miR-199b-3p include genes involved
in developmental growth and embryo development.

Additionally, we analyzed the 99 shared targets of miR-1299, miR-199b-3p, and miR-
664a-5p in a STRING network analysis to get an overview of how the target genes are
related to each other (Figure 6B). The STRING analysis of the targets shows several clusters
of connected genes.

The first gene cluster includes general CCR4-NOT transcription complex subunits
(CNOT), which are involved in gene silencing by miRNA, transcriptional regulation,
and negative regulation of the cell cycle [57]. The next target gene cluster includes the
endoplasmic reticulum (ER) membrane protein complex subunits (EMC1-4, 8, and 9). These
genes are known to be involved in protein folding. Another target gene cluster consists of
the following genes: KLHL3, KEAP1, UBE2W, UBE2J1, TRIM71, AREL1, SPOP, CUL3, and
GAN (Figure 6B). CUL3, KEAP1, and TRIM 71, for example, are involved in embryonic
development. Additionally, some of these proteins are involved in proteasomal degradation
via ubiquitination. The next cluster contains the genes KDM5A, KDM1A, ZBTB43, ZBTB4,
MECP2, and RCOR1. These genes have the molecular function of transcription regulator
activity in common. Moreover, KDM1A, KDM5A, and MECP2 are involved in embryonic
development. The genes in the last cluster, PLCB1, PIK3B, PDGFRA, FGF2, and KAL1, are
involved in developmental processes as well, with FGF2, PDGFRA, and PIK3CB being
involved in embryonal development. Moreover, FGF2, PDGFRA, and PIK3CB play a role
in the regulation of the actin cytoskeleton. Interestingly, FGF2 and PIK3CB are known
to be involved in the activation of the mitogen-activated protein kinase (MAPK) activity.
In summary, the STRING analysis provides a reliable overview of potentially important
target genes that miR-1299, miR-199b-3p, and miR-664a have in common. The loss of these
three miRNAs and the resulting upregulation of the described target genes might play a
significant role in melanoma development and progression.

3.4. miRNAs Differentially Expressed in Only Metastasis-Derived Melanoma Cell Lines Compared
to Melanoblasts Provide Information about Metastasis Processes

As previously shown, there are 89 miRNAs, which are significantly regulated during
early tumor development (primary tumor cell lines) and stay highly expressed during
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tumor progression (metastasis-derived cell lines). The analysis also resulted in 61 miRNAs
that are significantly differentially expressed (p-value < 0.05) only in MBrCs vs. metastasis-
derived melanoma cell lines (see Figure 1B,C). Further focusing on these 61 miRNAs, based
on strong miRNA regulation only in metastasis-derived cell lines (log2fold MET vs. PT > 1
or < −1) and absence of regulation during early tumorigenesis (log2fold MBrC vs. PT > −1
and simultaneously < 1), resulted in 17 miRNAs fulfilling the criteria (Figure 7A). Several
of those miRNAs are already known to play a role during the development and metastasis
of melanoma or other cancers (see Figure 7A, e.g., [58–60]). To determine if unknown
miRNAs of this list (Figure 7A) have a specific impact on tumor metastasis, we analyzed
those miRNAs in more detail.

Figure 7. miRNAs are significantly regulated in only metastasis-derived melanoma cell lines. (A) miR-
NAs that are not regulated in MBrCs vs. NHEMs (p > 0.05) and only significantly differentially
expressed (p < 0.05) in MBrCs vs. melanoma metastasis-derived (MET) cell lines with log2fold
in MET vs. PT > 1 or < −1 and in MBrC vs. PT > −1 and simultaneously < 1. Mentions in the
literature of functional relevance of the respective miRNA in melanoma or other cancers are indi-
cated (+). (B) Venn diagram of shared predicted targets of upregulated miR-4426, miR-203a-3p, and
miR-4516. (C) Venn diagram of shared predicted targets of downregulated miR-20b-3p, miR-363-3p,
and miR-211-5p. (D) STRING network analysis of connected target genes of the 51 shared targets of
miR-20b-3p, miR-363-3p, and miR-211-5p (blue) and additionally involved genes (grey).

Predicted target genes of the most strongly upregulated miRNA, miR-4426, which
is so far unknown in cancer (Figure 7A), are implicated in the canonical Wnt signaling
pathway, positive regulation of locomotion, positive regulation of cell migration, and
positive regulation of cell motility (Supplementary Table S1).
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miR-4426 shares 417 targets with miR-203a-3p (Figure 7B), a miRNA known in
melanoma as a biomarker for metastatic melanoma [61], but the functional role of this
miRNA is unknown so far. These target genes are involved in the regulation of trans-
membrane receptor protein serine/threonine kinase signaling pathway, cell population
proliferation, and positive regulation of cell differentiation (Supplementary Table S1). Tar-
gets of miR-203a-3p alone are related to the BMP signaling pathway, mesenchymal cell
development, and neural crest cell differentiation.

Further, miR-4426 shares 2194 predicted target genes with miR-4516 that are supposed
to be important for positive regulation of blood vessel endothelial cell migration.

miR-4426, miR-4516, and miR-203-3p share 257 targets, and some of them are signifi-
cantly involved in the regulation of developmental processes, internal protein amino acid
acetylation, and histone acetylation implicating a role of these miRNAs into epigenetic
regulatory processes.

The most strongly downregulated miRNA in metastasis-derived cell lines compared
to primary tumor cell lines and MBrCs is miR-20b-3p (Figure 7A). Predicted target genes
of this miRNA are implicated in cell cycle and nervous system development (Supplemen-
tary Table S1). miR-363-3p, which is also strongly downregulated, has predicted target
genes that are involved in actin polymerization-dependent cell motility and adherens
junction assembly.

miR-20b-3p and miR-363-3p share 51 predicted target genes with miR-211-5p (Figure 7C)
that are significantly involved in neuron migration. The strong downregulation of those
three miRNAs in only metastasis-derived melanoma cell lines indicates a specific role of
those miRNAs in migratory processes. A STRING network analysis of selected target genes
of those 51 shared targets shows 28 interacting genes (Figure 7D). The genes CREB1, RAF1,
YWHAB, YWHAZ, and CRTC2 are involved in the KEGG pathway of PI3K-Akt signaling.
It is known that dysregulation of the PI3K-Akt signaling pathway is related to a poor
treatment outcome in melanoma [62]. Additionally, CREBBP and SKP1 are involved in the
TGF-beta signaling pathway. TGF-beta is known to play a role in melanoma progression
and growth [63]. Moreover, target genes of miR-20b-3p, miR-363-3p, and miR-211-5p
strongly interact with BMP4 and BMP2, which are involved in the positive regulation of the
epithelial to mesenchymal transition. In summary, the string analysis implicates that target
genes of miR-20b-3p, miR-363-3p, and miR-211-5p are involved in important processes of
melanoma metastasis and progression.

4. Discussion

In this study, we examined the expression profile of miRNAs in various stages of
development from melanoblasts to melanocytes to melanoma. RNA-sequencing and
subsequent bioinformatical analyses revealed that miRNAs are mainly equally expressed
in embryonic development from MBrCs to NHEMs, but strongly deregulated during the
development of melanoma. We hypothesize that those miRNAs are the key drivers of
malignancy as they account for the tumorigenic potential that differentiates melanoma
cells from proliferating or migrating embryonic cells.

Several of those miRNAs identified in our study are already well described in the
literature as important regulators of melanoma development. An example is some members
of the well-characterized let-7 miRNA-family, which we found as strongly downregulated
in melanoma cells compared to MBrCs and NHEMs. It is known that let-7 miRNAs function
as important tumor suppressors in melanoma [64]. An overexpression in melanoma of, e.g.,
let-7b leads to a decreased level of cell cycle regulators like cyclin D1 and cyclin D3 [65].
Moreover, the loss of let-7a leads to an upregulation of ITGB3 indicating involvement
in melanoma development and progression [66]. Further, miR-1246, which we found as
strongly upregulated in melanoma cells in our study, is known to act as an oncogene
in melanoma via influencing cell viability and migration and promoting BRAF inhibitor
resistance [43,67]. The differential expression analysis in our study confirmed the regulation
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of those prominent tumor-promoting miRNAs in melanoma indicating the reliability of
our gained results.

In addition, our study also showed a strong downregulation of the miRNAs miR-506,
miR-508, miR-509, miR-513, and miR-514, which belong to a miRNA cluster called miR-
506–514. This cluster has been previously shown to be overexpressed in melanoma pa-
tient biopsies and cell lines and to promote melanoma growth [55]. miR-514a-3p was
further described to regulate the tumor suppressor NF1 and to be involved in BRAF in-
hibitor sensitivity in melanoma [68]. Interestingly, in our study, many miRNAs belonging
to the miR-506–514 cluster are strongly downregulated in melanoma cells compared to
MBrCs and NHEMs. The downregulation could be confirmed via qPCR in independent
samples, implicating an interesting new and controversial role of this miRNA cluster in
melanoma development.

Many of the miRNAs, which we detected as significantly regulated in melanoma, are
already described in the literature as relevant for the development of other cancers [69,70]
or are known to be dysregulated in melanoma, but without a distinctly described molecular
function [17,71]. The analysis of their potential target genes and involved pathways in our
study allows interesting conclusions to be drawn about their role in melanoma tumorigen-
esis. For example, miR-767 and miR-105, the two most strongly upregulated miRNAs in
melanoma cells in our study, both belong to a group of genes, normally inactivated by DNA
methylation in somatic tissues [72]. Hypomethylation during cancer development can lead
to activation of such genes whose expression is normally restricted to embryonic devel-
opment, so-called “cancer-germline” genes. miR-767 and miR-105 have been shown to be
genomically located in a “cancer germline” gene that is aberrantly activated in melanoma
cell lines and tissues [72]. Additionally, miR-767-5p is also upregulated in different other
cancer types such as thyroid cancer or hepatocellular carcinoma [73,74]. Further, our study
shows a strong downregulation of target genes of miR-767 and miR-105 in melanoma cells.
It is known from the literature that miR-767 drives tumorigenesis in other cancers via
repression of the tumor suppressors TET1 and TET3, which are responsible for the transfor-
mation of 5-methylcytosines to 5-hydroxymethylcytosines (5hmC) in DNA [72]. It is known
from pancreatic cancer that a low TET1 expression and subsequent low 5hmC content lead
to low survival of patients because of high tumor cell proliferation and metastasis [75].
This is due to loss of the TET1 mediated inhibition of both the canonical and non-canonical
Wnt signaling, which leads to increased EMT in tumors with low TET1 expression [75]. A
possible misregulation of the Wnt signaling pathway was also observed in this study for
shared putative target genes of miR-767 and miR-105. For melanoma, it is also known that
the Wnt signaling pathway is often dysregulated [76]. Additionally, Wnt signaling plays
a role in the migration of neural crest cells (NCC) and multipotent precursor cells [77,78].
In our study, regulation of target genes associated with Wnt signaling was also observed
for several other miRNAs, which are significantly regulated in only metastasis-derived
melanoma cell lines, such as miR-4426, miR-203a-3p, and miR-211-5p. This indicates that
those genes play an important role throughout the whole process of tumor development
and are selectively regulated by numerous miRNAs in different tumor stages.

The results indicate that the newly detected deregulated miRNAs in our study play
a significant role during both melanoma development and metastasis. The connection
of those miRNAs with the Wnt signaling pathway is so far not described and can be a
promising target for future analyses.

Next to the Wnt signaling pathway, our study discloses many other important sig-
naling pathways where targets of the analyzed deregulated miRNAs are involved in. For
example, in melanoma cells strongly upregulated miR-3689f, miR-6840-5p, miR-4652-5p,
miR-4706, and miR-4435 share the target FOSL2, a transcription factor that dimerizes with
JUN and binds to AP-1 sites. It is known from other cancers, that FOSL2 is activated
by the ERK1/2 kinase leading to the transcription of SNAI2, which plays an important
role in tumor metastasis via activation of epithelial-to-mesenchymal transition (EMT) [79].
Further target genes involved in EMT have been observed for many other miRNAs shown
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as dysregulated in melanoma cells in our study, underlining the important role of this
process in tumor development and especially for tumor cell migration.

In addition, our study shows a regulation of miR-20b-3p, miR-363-3p, and miR-211-5p
in only metastasis-derived melanoma cells (see Figure 7C,D) leading to an upregulation
of, amongst others, BMP4 and BMP2. BMP4 is known to be regulated by LIF (leukemia
inhibitory factor), which might be involved in melanoma-induced bone metastasis [80,81].
It is also known from the literature, that in melanoma the establishment of drug resistance
has some signaling pathway activation in common with cell lineage development, e.g.,
genes associated with the ERK1/2 or the BMP signaling pathway [82]. In our study, many
identified regulated miRNAs are related to these pathways, therefore, it can be concluded
that the MBrC in vitro model is not only useful to detect alterations in miRNA expression
according to melanoma development but may also improve comprehending the expression
profiles of drug-resistant melanomas.

For some of the newly identified miRNAs in our study, which are deregulated only
in melanoma cells compared to MBrCs and NHEMs, a distinct connection of their asso-
ciated target genes with specific developmental processes was observed. For example,
for the strongly downregulated miR-1299, miR-199b-3p, and miR-664a-5p, which have
no described function in melanoma so far. The results indicate that a loss of those miR-
NAs during melanoma development could result in a dysregulation of fine-tuning of
developmental genes that regulate normal embryonic development and may lead to un-
controlled proliferation.

Thus, our study revealed many significantly regulated miRNAs, which are related to
important pathways involved in melanoma development and progression. The connection
between the newly identified miRNAs and their target genes could be the main contributor
to the tumorigenicity of melanoma, which has not been investigated so far.

Many properties of embryonic cells, such as proliferation, migration, and invasion
also play an important role during tumorigenesis and especially in metastasis. In our
study, we examined miRNAs, which are only regulated in metastasis-derived melanoma
cell lines compared to MBrCs and NHEMs to detect target genes and mechanisms that
may drive the metastatic phenotype. We identified in total 89 miRNAs being significantly
regulated in primary tumor and metastasis-derived cell lines. In contrast, only a few
miRNAs were significantly regulated in metastasis-derived cell lines but not in primary
tumor cell lines. This indicates that the most important changes leading to melanoma
tumorigenesis on the miRNA level seem to already take place at the beginning of tumor
development. Interestingly, our study revealed that many processes being regulated by
targets of miRNAs that are upregulated in metastasis-derived melanoma cells, such as
the Wnt signaling pathway or the BMP signaling pathway. These are also regulated by
other miRNAs, which are already upregulated in primary tumor-derived melanoma cells.
This indicates that those pathways play an important role throughout the whole process
of tumor development and are selectively regulated by numerous miRNAs in different
tumor stages.

5. Conclusions

This study revealed a strong and significant regulation of many miRNAs in melanoma
cell lines compared to healthy cells but a similar expression profile of miRNAs during
melanoblast to melanocyte development. Our analyses support our hypothesis that those
miRNAs drive tumorigenesis and represent the decisive difference to comparable processes
of proliferation or migration during embryonic development. Following this hypothesis,
we identified many miRNAs, which were not described during melanoma development
so far, but whose target gene analysis and comparison to known target genes from other
cancers implicate a promising role as tumor driving candidates. This study lays the
foundation for further interesting analyses of those novel miRNAs that may play a crucial
role in the development and progression of malignant melanoma.
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Abstract: A better understanding of the process of melanoma metastasis is required to underpin the
development of novel therapies that will improve patient outcomes. The use of appropriate animal
models is indispensable for investigating the mechanisms of melanoma metastasis. However, reliable
and practicable quantification of metastases in experimental mice remains a challenge, particularly
if the metastatic burden is low. Here, we describe a qRT-PCR-based protocol that employs the
melanocytic marker Trp-1 for the sensitive quantification of melanoma metastases in the murine lung.
Using this protocol, we were able to detect the presence of as few as 100 disseminated melanoma
cells in lung tissue. This allowed us to quantify metastatic burden in a spontaneous syngeneic
B16-F10 metastasis model, even in the absence of visible metastases, as well as in the autochthonous
Tg(Grm1)/Cyld−/− melanoma model. Importantly, we also observed an uneven distribution of
disseminated melanoma cells amongst the five lobes of the murine lung, which varied considerably
from animal to animal. Together, our findings demonstrate that the qRT-PCR-based detection of
Trp-1 allows the quantification of low pulmonary metastatic burden in both transplantable and
autochthonous murine melanoma models, and show that the analysis of lung metastasis in such
models needs to take into account the stochastic distribution of metastatic lesions amongst the
lung lobes.

Keywords: Trp-1; metastasis; melanoma; animal models; lung; mice

1. Introduction

Malignant cutaneous melanoma is characterized by early dissemination and sub-
sequent metastatic colonization of multiple organs [1]. One of the most frequent sites
of metastasis is the lung, with around 18% of melanoma patients developing metastatic
pulmonary foci during follow-up [2,3], which is associated with a 1-year survival rate of
57% [4].

Experimentally, the process of melanoma metastasis is usually investigated using
rodent models. However, accurate quantification of organ metastases in these models
remains a significant challenge. Traditionally, visible superficial metastases are enumer-
ated post mortem. However, metastases need to be relatively large to be quantified, and
metastatic foci growing within the organ, that are not visible from the surface, will not
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contribute to the quantification. To circumvent these problems, organs are often also ex-
amined histologically. However, this is a laborious process, particularly if metastases are
rare and entire organs must be sectioned to provide a systematic assessment of metastatic
burden [5]. Immune cell infiltrates or perivascular areas may also be misidentified histolog-
ically as micrometastases [5]. Moreover, an unequal distribution of metastatic foci within
a particular organ may lead to misleading quantification results with such histological
methods. For example, the mouse lung has five lobes; if pulmonary metastasis is evaluated
in only a single lobe, or if metastasis is quantified through multiple methods that each use
a different lobe, then a skewed or misleading quantification may ensue if metastatic foci
are not equally distributed throughout all of the lung lobes.

Several imaging technologies facilitate the evaluation of metastasis formation in spe-
cific organs, either longitudinally within living animals, or ex vivo post mortem. Photonic
imaging methods based on fluorescence or bioluminescence have been widely employed,
and while they offer a number of important advantages, they are also subject to a number
of major limitations. Photon attenuation as a function of depth and of the heterogeneous
optical properties of tissues can result in loss of signal and non-linear results, and signal
scattering by tissues limits spatial resolution [6]. In addition, the luciferase proteins that
catalyze the bioluminescence reaction, as well as fluorescent reporter proteins, such as GFP,
can trigger immune responses in immunocompetent animals, leading to the elimination
of luciferase- or GFP-expressing cells, and the suppression of metastasis formation [7–9].
Moreover, oxygen and ATP are required for the generation of a bioluminescence signal, and
as tumor tissues are often hypoxic, this can significantly attenuate the signal generated [10].
Other imaging approaches, such as magnetic resonance imaging (MRI), X-ray computed
tomography (CT), or positron emission tomography (PET) can be used for imaging and
quantification of metastases, but are limited in their sensitivity and require specialized and
costly equipment.

Therefore, there is a need for methods that allow reliable detection and quantification
of overt metastases, micrometastases and disseminated tumor cells. PCR-based approaches
have the potential to fulfil these requirements, if marker genes are expressed, specifically
in metastatic cells and not in the tissues in which metastases develop [11–18]. Tyrosine-
related proteins 1 and 2 (Trp-1 and Trp-2) are involved in the synthesis of melanin (reviewed
in [19,20]), which is characteristic for cells of melanocytic origin. Accordingly, Trp-1 and
Trp-2 transcripts are absent from most non-melanocytic tissues [21], but are expressed in
melanocytes, in melanomas and their metastases, and by many different melanoma cell
lines [17,22,23], including the well-established and widely used B16 cell line [22,24]. There-
fore, Trp-1 and Trp-2 represent potentially useful markers for the detection of disseminated
melanoma cells, over and above any endogenous expression from melanocytes in the tissue
concerned [17].

Here, we describe the development of a protocol for the detection of melanoma cells in
the lung of experimental mice, based on quantification of tyrosine-related protein 1 (Trp-1)
expression by qRT-PCR, which can be used to quantify melanoma metastases in murine
spontaneous metastasis and autochthonous models. In addition to allowing metastatic
burden to be evaluated, even where overt metastases are not present, our results also show
that pulmonary metastases are not equally distributed amongst the lobes of the murine
lung in individual animals, indicating that the quantification of pulmonary metastasis in
murine models must take this heterogeneous distribution into account.

2. Materials and Methods

2.1. Cell Lines

The RheoSwitch inducible expression system [25] was introduced into B16-F10 cells.
The resulting B16-RheoSwitch (B16-RS) cells were cultivated in DMEM containing 4.5 g/L
glucose (Gibco/Thermo Fisher Scientific, Dreieich, Germany), 10% fetal bovine serum
(Sigma Aldrich, Taufkirchen, Germany), and 1% penicillin/streptomycin (Gibco/Thermo
Fisher Scientific). The cells were confirmed to be mycoplasma negative.
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2.2. Ex Vivo Admixture Experiments

Murine lung tissue was admixed with 1 × 102–1 × 106 B16-RS cells transfected with
RheoSwitch constructs, which enable the induced expression of the immediate early gene
Ier2, and was dissociated mechanically in TRIzol, using metal beads with a TissueLyser II
(QIAGEN, Hilden, Germany) for 5 min at 30 Hz, with the holder pre-cooled to −20 ◦C. In
some experiments, individual lung lobes were admixed with 1 × 102–1 × 105 B16-RS cells.
All samples were immediately processed for qRT-PCR analysis.

2.3. Quantitative Real Time PCR (qRT-PCR)

Total RNA was isolated using TRIzol reagent (Thermo Fisher Scientific), following the
manufacturer’s instructions. RNA (1–2 μg) was treated with RNase-free DNase I (Thermo
Fisher), followed by EDTA deactivation for 10 min at 65 ◦C. First strand cDNA was synthe-
sized with random hexamer primers, using dNTP mix and RevertAid H Minus Reverse
transcriptase (Thermo Fisher Scientific, Dreieich, Germany). qRT-PCR was performed in a
Stratagene Mx3500P qPCR machine (Agilent, Waldbronn, Germany), using SYBR Select
Master Mix, containing SYBR Green dye (Applied Biosystems/Thermo Fisher Scientific,
Dreieich, Germany) or GoTaq qPCR Master Mix (Promega, Walldorf, Germany). The rela-
tive quantity of cDNA was estimated using the ΔΔCT method, and data were normalized
to ribosomal protein 60S acidic ribosomal protein P0 (RPLP0). For the experiments in
which Trp-1 levels in spontaneous metastases were quantified (Figures 2C and 3C), the
data were additionally normalized to the mean Trp-1 signal in lungs of non-tumor-bearing
mice, which was set at 1. The PCR program parameters were: 1 cycle of initial denaturation
(95 ◦C, 2 min), followed by 40 cycles consisting of 95 ◦C for 15 s and 60 ◦C for 1 min, and a
final cycle consisting of 95 ◦C for 1 min, 55 ◦C for 30 s, and 95 ◦C for 30 s.

The following forward and reverse primers, purchased from metabion (Steinkirchen,
Germany), were used for qRT-PCR: RPLP0: 5′-GGA CCC GAG AAG ACC TCC TT-3′,
5′-GCA CAT CAC TCA GAA TTT CAA TGG-3′; Trp-1: 5′-GCT GGA GAG AGA CAT GCA
GGA-3′, 5′-AGT GCA GAC ATC GCA GAC GTT-3′. Trp-2: 5′- TTA CGC CGT TGA TCT
GTC AGA G-3′, 5′-TTG CGA AGC CTT CTG TAT TGA A-3′; RheoActivator element (RA):
5′-ACG CGC TAG ACG ATT TCG AT-3′, 5′- TCA AAC CCC TCA CCT CTG GA-3′.

2.4. Animals

C57Bl/6J mice were obtained from Charles Rivers Laboratories (Sulzfeld, Germany)
and C57Bl/6JOlaHsd (C57BL/6J) mice were purchased from Envigo (Horst, Netherlands).
C57Bl/6J;Tg(Grm1)/Cyld−/− mice [26] were used with the permission of Prof. Suzie Chen,
who originally established the Tg(Grm1) line [27].

Mice were kept in groups of 4 in type III Makrolon filtertop cages (Tecniplast, Hohen-
peißenberg, Germany) containing SAFE fs14 bedding (J. Rettenmaier & Söhne, Rosenberg,
Germany). Rat/mouse extruded food (ssniff, Soest, Germany) and sterilized water acid-
ified with HCl (pH: 2.8–3.1) was provided ad libitum. The specific-pathogen-free area
was kept at 20 ◦C and 30–60% humidity on a 7:00–20:00 light cycle. The health status of
the animals in the facility was routinely assessed by a commercial veterinarian laboratory
(mfd Diagnostics, Wendelsheim, Germany) with serological examinations every three
months (epizootic diarrhea of infant mice, mouse hepatitis virus, murine norovirus, minute
virus of mice, Theiler´s encephalomyelitis virus, and Pasteurella pneumotropica) or annually
(Clostridium piliforme, Mousepox, lymphocytic choriomeningitis virus, mouse adenovirus
type 1 and type 2, Mycoplasma pulmonis, pneumonia virus of mice, Reovirus type 3, and
Sendai virus).

2.5. Spontaneous Metastasis Assay

C57Bl/6 mice (9 weeks old) were injected with 1 × 105 OPN-deficient B16-RS cells
transfected with RheoSwitch constructs that enable the induced expression of the imme-
diate early gene Ier2. The cells were resuspended in 100 μL PBS and injected s.c. into
the flank. The data presented in this study are part of an experiment where 50 mg/kg of
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pharmacologically inert diacylhydrazine RheoSwitch ligand (Exclusive Chemistry Ltd.,
Obninsk, Russia) was administered i.p. daily to induce the expression of Ier2, starting
from day 5 following cell transplantation. Control mice received an equivalent volume of
DMSO vehicle. Tumor size was measured regularly in three dimensions using a caliper.
The animals were sacrificed when the tumor size reached 2 cm in one dimension or if they
became moribund. Lungs were explanted post mortem, inspected for visible metastases,
photographed, and then flash frozen in liquid nitrogen. The frozen lungs were kept at
−80 ◦C until RNA isolation. For RNA isolation, the frozen lungs were transferred into
TRIzol, and further processed as described above.

2.6. Autochthonous Metastasis Model

C57Bl/6J;Tg(Grm1)/Cyld−/− transgenic animals were monitored once a week for the
development of melanocytic lesions and melanoma growth. Mice aged 1 year were eutha-
nized, lungs were explanted post mortem, inspected for visible metastases, photographed,
and flash frozen in liquid nitrogen. The frozen lungs were kept at −80 ◦C until RNA
isolation. For RNA isolation, the frozen lungs were transferred into TRIzol, and further
processed as described above. For qRT-PCR analysis, half of each lung lobe was pooled
into one sample. C57BL/6J mice aged 6 months and 1 year were used as controls.

2.7. Hematoxylin-Eosin Staining

Paraffin sections on glass slides were deparaffinized with three 5 min changes of
RotiHistol and a descending series of 100%-96%-80%-70% ethanol. The slides were im-
mersed for 30 s in Mayer′s hemalum solution (Merck) and washed for 10 min in running
tap water for bluing. Staining with a 0.5% alcoholic eosin-Y solution (Merck, Darmstadt,
Germany) was followed by a short wash in tap water, dehydration in an ascending series
of 70%-80%-96%-100%-100% ethanol, three 5 min changes of Roti-Histol, and embedding
in Eukitt mounting medium (Merck).

2.8. Statistical Analysis

Results are represented as the mean +SEM. Graphs for qRT-PCR experiments repre-
sent data from a minimum of 3 biological replicates, with each biological replicate being
executed in 2 technical replicates. For multiple group analysis, one-way ANOVA was used
in Prism 7 (GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Trp-1 and Trp-2 Transcript Levels Correlate with Melanoma Cell Numbers Admixed with
Lung Tissue Ex Vivo

To allow easy and unambiguous quantification of melanoma metastatic burden, we
determined the utility of Trp-1 and Trp-2 as melanoma cell markers, using the murine lung
as a model organ. To this end, we first tested if the expression of Trp-1 and Trp-2 transcripts
detected by qRT-PCR correlated with the number of B16-RS melanoma cells admixed with
lung tissue. The presence of the RheoSwitch construct in the B16-RS cells enabled us to
amplify and detect the RheoActivator element, which served as a tumor cell-specific marker,
and was normalized to the expression of the 60S acidic ribosomal protein P0 (RPLP0), used
as a house-keeping gene. We found that the level of RheoActivator signal detected by qPCR
correlated with the number of admixed B16-RS cells in a linear manner, with a coefficient of
determination of 0.92 (Figure 1). Similarly, Trp-1 and Trp-2 transcript levels also correlated
with the number of admixed B16-RS cells, with comparable coefficients of determination
for a linear correlation (Figure 1). The sensitivities of detection for both Trp-1 and Trp-2
were similarly high, since as few as 100 cells could be clearly detected by both markers
(Figure 1). As the expression of Trp-1 was found to be higher than the expression of Trp-2,
in further experiments, we focused on Trp-1 in order to optimize the detection of small
numbers of tumor cells.
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Figure 1. Trp-1 expression correlates with melanoma cell numbers admixed with lung tissue ex vivo. Metastatic load
detection ex vivo. qRT-PCR analysis of RheoActivator (RA), Trp-1, and Trp-2 in murine lung tissue (1:1) admixed with
1 × 102–1 × 106 B16-RS cells. Data were normalized to RPLP0 and to the signal of 103 cells (RS) or 102 cells (Trp-1 and
Trp-2) and represent mean + SEM, n = 3. R2: coefficient of determination. n.d.: not detected.

Murine lungs consist of five individual lung lobes (right cranial lobe, right middle
lobe, right caudal lobe, accessory lobe, and left lobe [28]) that differ in size (Figure 2A).
To our knowledge, the incidence and distribution of metastases in each lobe has not been
investigated so far. In order to determine whether Trp-1 expression might be useful to
address this question for melanoma cells, we next assessed if the correlation between
Trp-1 levels and melanoma cell number is maintained between the different lung lobes. To
this end, different numbers of melanoma cells were admixed with individual lung lobes,
and Trp-1 levels were then quantified and normalized to RPLP0. We observed a linear
correlation with nearly identical coefficients of determination (0.84–0.86) for all lung lobes
(Figure 2B). Together, these data show that Trp-1 transcription can be used as a quantifiable
measure of the number of melanoma cells in all lung lobes.

3.2. B16-RS Lung Metastases Are Distributed Stochastically between the Lobes of the Mouse Lung

Next, we performed a spontaneous metastasis experiment with B16-RS cells in vivo,
and investigated the utility of the qRT-PCR-based quantification of Trp-1 to determine
metastatic burden in lung lobes where no visible overt metastases were present, as well
as whether lung metastases were distributed equally amongst the lung lobes. To this end,
B16-RS cells were subcutaneously injected into the flank of syngeneic mice. The animals
were sacrificed once the primary tumors reached a diameter of 2 cm in one dimension. The
lungs were then isolated, dissected, and the individual lobes were analyzed, first by eye for
macroscopically visible metastases, and then via qRT-PCR for Trp-1 expression. We found
that Trp-1 expression was highest in those lobes that showed overt macroscopically visible
metastases (Figure 2C). Furthermore, a significant metastatic burden could be detected
in specific lung lobes, even when no visible surface metastases were present (Figure 2C).
Moreover, metastases were randomly distributed amongst the different lung lobes, and
varied considerably from animal to animal, with some lobes being free of detectable
tumor cells, while other lobes in the same animal had a high metastatic burden 3.3. Trp-1
Quantification Is a Sensitive Method for Detecting Pulmonary Metastases in Mice That
Develop Autochthonous Melanoma.
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Figure 2. Trp-1 transcript levels correlated with metastatic burden in the lungs of experimental
mice in a syngeneic mouse B16 model. (A) Representative image of a murine lung with isolated
lung lobes: left lobe (L1), right caudal lobe (L2), right cranial lobe (L3), right middle lobe (L4), and
accessory lobe (L5). Note that the arrangement of the lobes reflects the anatomical position, whereas
the numbering corresponds to the size of the lobes, from largest to smallest. (B) qRT-PCR analysis of
Trp-1 in samples containing 1 × 102–1 × 104 B16-RS cells admixed with individual lobes (L1–L5).
Data were normalized to RPLP0 and to the mean Trp-1 signal in lobes without B16-RS cells. The
graph shows mean Trp-1 expression + SEM, n = 3. R2: coefficient of determination. (C) B16-RS cells
(1 × 105) were injected subcutaneously into syngeneic mice (n = 6), and treated with either DMSO as
a vehicle control (3 animals; top row) or RSL (3 animals; bottom row). The mice were sacrificed once
the tumors reached a diameter of 2 cm in one dimension. Lungs were explanted and inspected for
visible metastases. Trp-1 expression in the individual lobes was determined by qRT-PCR. Lung lobes
with visible metastases (black arrows) are shown together with the corresponding Trp-1 expression
in each of the five individual lung lobes (labelled L1 to L5, as in panel A), detected by qRT-PCR. Data
were normalized to RPLP0 and to the mean Trp-1 signal in lobes of non-tumor-bearing mice.
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Tg(Grm1)/Cyld−/− mice autochthonously developed melanoma mainly on the tail and
ears (Figure 3A), due to an increased expression of the metabotropic glutamate receptor
1 (GRM1) under the control of the melanocyte specific Dct (Trp-2) promoter, and a lack
of the tumor suppressor cylindromatosis (CYLD) [26]. The mice developed metastases in
lymph nodes [26] and lung (Figure 3B,C). To assess the sensitivity of Trp-1 as a marker for
quantifying pulmonary metastases in this context, we isolated lungs of Tg(Grm1)/Cyld−/−
mice, documented macroscopically visible metastases, and tested their correlation with the
expression levels of Trp-1 transcripts. Trp-1 expression in the lungs of C57Bl/6 wild type
mice served as a baseline control. High Trp-1 expression in the lungs of Tg(Grm1)/Cyld−/−
mice corresponded with the occurrence of visible metastases (Figure 3C). Lower levels
of Trp-1 were also detected in lung lobes in which no visible metastases were present
(Figure 3C), indicating that our protocol is sufficiently sensitive to detect disseminated
tumor cells and micrometastases before they become macroscopically visible.

Figure 3. Quantitative detection of melanoma micrometastases in Tg(Grm1)/Cyld−/− transgenic mice. (A) Representative
picture of melanomas detected on the tail and ear of 1-year-old C57Bl/6;Tg(Grm1)/Cyld−/− transgenic mice compared
to C57Bl/6 control. (B) Hematoxylin/eosin (HE) staining of lung tissue from a C57Bl/6;Tg(Grm1)/Cyld−/− mouse con-
taining a melanotic micrometastatic nodule. Scale bar, 500 μm. (C) qRT-PCR analysis of Trp-1 expression in lungs from
C57Bl/6;Tg(Grm1)/Cyld−/− mice in comparison to C57Bl/6 controls. Data were normalized to RPLP0 and to the mean
Trp1-1 signal in the C57Bl/6 controls; n = 6. The images show lung lobe L1 for the indicated data points.

4. Discussion

Here, we described a protocol for the detection and quantification of melanoma
metastases in the murine lung, based on quantification of Trp-1, a glycoprotein involved
in melanin synthesis that is expressed in melanoma cells. This method allowed for the
detection and quantification of low metastatic burden in both transplantable and au-
tochthonous models of melanoma pulmonary metastasis, even in the absence of overt
superficial metastases. Furthermore, our data showed that pulmonary metastases were
stochastically distributed amongst the different lobes of the murine lung, an observation
that has important ramifications for the accurate quantification of metastatic burden in
experimental animal models.

A number of qRT-PCR-based approaches for the detection and quantification of
metastases in rodent models have been described. After xenografting of human tumor
cells into immunocompromised mice, quantification based on the amplification of DNA
sequences that are specific to humans has been employed [11,12,14]. In systems where
tumor cells have been genetically modified, qRT-PCR-based quantification of the transgene
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can be used for the evaluation of metastatic burden, as exemplified by transfected genes
that encode for neomycin resistance [13], mCherry [17], and luciferase [18]. Comparatively
few endogenous tumor-cell markers offer sufficient specificity and sensitivity for qRT-PCR-
based quantification. Examples include GP-100 [15], Trp-1 [17], Trp-2 [15,17], Grm1 [29],
and Her-2 [16]. These qRT–based protocols have been validated after either intravenous
injection of tumor cells [14,15,18], or after orthotopic or subcutaneous implantation of tumor
cells [11–14,16–18]. Here, we show that qRT-PCR-based analysis of Trp-1 transcription
can also be used to quantify low pulmonary metastatic burden in the Tg(Grm1)/Cyld−/−
autochthonous melanoma model, extending the range of metastasis models for which
qRT-PCR-based strategies can be used.

Compared to other methods for the quantification of pulmonary melanoma metas-
tases, the qRT-PCR-based approaches we described here offer a number of important
advantages. The method facilitates a rapid, sensitive and accurate assessment of metastatic
burden that is not possible with conventional visual inspection or histology-based methods.
Furthermore, much lower levels of metastatic burden can be detected, compared to pho-
tonic imaging methods, as qRT-PCR is up to 10 times more sensitive than bioluminescence
imaging [18,30]. Moreover, primary tumors often grow rapidly in spontaneous metastasis
assays, which can require the termination of experiments before metastases have had time
to develop fully, and can severely limit the utility of specific animal models for studying
the process of metastasis. The sensitivity of the qRT-PCR-based quantification of Trp-1
means that metastatic burden can still be assessed at early stages of metastasis formation,
extending the utility of these animal models. In addition, the sensitivity of the qRT-PCR
method means that metastatic burden can be quantified when primary tumors are rela-
tively small, reducing animal suffering. Similarly, the utility of Trp-1 quantification for the
sensitive detection of metastasis in autochthonous melanoma models that we reported
here means that metastasis formation can be assessed at an earlier stage, accelerating the
time to endpoint analysis, thereby increasing experimental throughput. The method also
facilitates assessment of metastasis formation in models in which rapid primary tumor
growth necessitates termination of the experiment before overt visible metastases can
be detected.

Although quantification of Trp-1 expression offers important advantages compared to
other methods for quantifying metastatic burden, there are also a number of limitations.
In contrast to live imaging techniques, qRT-PCR-based approaches allow only end-point
analysis and no longitudinal assessment of metastasis in the same animal over time. Com-
pared to quantification of superficial metastases or histology-based techniques, spatial
information is lost, and it is not possible to determine whether a qRT-PCR signal is derived
from a few large metastases or multiple small ones. Trp-1 expression may also be reduced
in amelanotic melanoma metastases. Although amelanotic lesions can retain Trp-1 and
Trp-2 expression [22,31], we have observed only very low Trp-1 expression in amelanotic
lesions derived from YUMM melanoma cells ([32]). It has been shown that the expres-
sion of Trp-1 can be downregulated in invasive melanoma cells and in some melanoma
metastases [20,33], and similar findings have been reported for Trp-2 [34]. Thus, reduced
Trp-1 (or Trp-2) expression may limit the sensitivity of detection that can be achieved
with our approach in some contexts. Nevertheless, Trp-1 protein expression has been
demonstrated in the majority of melanoma metastases [35] and higher Trp-1 mRNA levels
in skin and lymph node metastases have been correlated with worse clinical outcome
for melanoma patients [36]. Furthermore, it was shown that in many cases Trp-1 protein
cannot be detected in melanoma metastases even when its mRNA is expressed [36], which
has been attributed to inhibition of Trp-1 translation by miR-155 [37]. Thus, the use of Trp-1
mRNA as a marker of disseminated melanoma cells could be possible even in metastases
that are amelanotic or negative for Trp-1 by immunostaining.

Although we have focused on pulmonary metastasis in this study, the PCR-based
quantification of Trp-1 can potentially also be used to quantify metastatic burden in other
organs. Endogenous expression of Trp-1 in some organs may, however, limit the efficacy
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or sensitivity of such an approach. For example, Trp-1 and Trp-2 are expressed in the
brain, but at much lower levels than those found in melanoma cells [38,39]. In addition,
expression of Trp-1 in non-cutaneous melanocytes can generate some background signal in
organs colonized by them, including the lung [40]. However, the endogenous Trp-1 levels
in these organs are typically also much lower than those observed in melanoma cells, as
demonstrated by our own results (Figure 2B,C and Figure 3C) and public datasets [40]). On
the other hand, the approach we describe is likely to have limited utility for the detection
of cutaneous dissemination of melanoma, due to the high numbers of Trp-1-expresing
melanocytes in the skin.

Here, we report a dramatic animal-to-animal variation in the distribution of metastatic
burden amongst the different lobes in the murine lung. This will have a pronounced impact
on the reliability and accuracy of methods that assess pulmonary metastasis formation
based on tissue sampling procedures, such as those that analyze metastasis formation
in only a single lung lobe. The stochastic distribution of metastatic burden amongst the
different lung lobes we observed strongly increases the risk that inappropriately high or
low values for metastatic burden will be obtained for a given animal using these sampling
methods, particularly in experimental settings in which few metastatic lesions develop. In
turn, this will significantly increase variance in the experimental data, requiring the use
of larger numbers of animals if statistically significant differences between experimental
groups are to be obtained. Furthermore, non-concordant data may be obtained when, for
example, one lobe is used for histology and another lobe is used for RNA-based analysis.
Thus, analysis of pulmonary metastasis needs to take into account the distribution of
metastatic lesions amongst the lung lobes, for which the qRT-PCR-based quantification we
present here offers significant advantages.
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Abstract: The underlying molecular mechanisms of the aberrant expression of components of the
HLA class I antigen processing and presentation machinery (APM) in tumors leading to evasion
from T cell-mediated immune surveillance could be due to posttranscriptional regulation mediated
by microRNAs (miRs). So far, some miRs controlling the expression of different APM components
have been identified. Using in silico analysis and an miR enrichment protocol in combination with
small RNA sequencing, miR-26b-5p and miR-21-3p were postulated to target the 3′ untranslated
region (UTR) of the peptide transporter TAP1, which was confirmed by high free binding energy
and dual luciferase reporter assays. Overexpression of miR-26b-5p and miR-21-3p in melanoma cells
downregulated the TAP1 protein and reduced expression of HLA class I cell surface antigens, which
could be reverted by miR inhibitors. Moreover, miR-26b-5p overexpression induced a decreased T
cell recognition. Furthermore, an inverse expression of miR-26b-5p and miR-21-3p with TAP1 was
found in primary melanoma lesions, which was linked with the frequency of CD8+ T cell infiltration.
Thus, miR-26-5p and miR-21-3p are involved in the HLA class I-mediated immune escape and might
be used as biomarkers or therapeutic targets for HLA class Ilow melanoma cells.

Keywords: immune escape; microRNA; melanoma; transporter associated with antigen processing

1. Introduction

Human solid tumors including melanoma develop different strategies to escape T cell-mediated
immune surveillance such as loss or downregulation of human leukocyte antigens (HLA) class I
molecules. This is frequently due to defects in the expression of various components of the antigen
processing and presentation machinery (APM), which can be associated with disease progression and
reduced patient survival [1–4]. Alterations in the HLA class I pathway may be a result of the selective
pressure of the immune system and could occur in patients treated with immunotherapies [5,6]. During
the last few decades, the underlying molecular mechanisms of HLA class I and APM component
deficiencies have been characterized demonstrating a high diversity, ranging from deregulation to
rather rare structural alterations [3,7–9]. The deregulation of HLA class I APM components in tumors
could occur at the transcriptional, epigenetic, posttranscriptional and/or posttranslational level and
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depend on the tumor type analyzed [2,10–12]. Recently, the posttranscriptional regulation of HLA
class I APM components has come into focus, which could be mediated by RNA binding proteins
(RBP) or small non-coding microRNAs (miRs) [13–16].

MiRs with a length of approximately 20–23 nucleotides belong to the family of small non-coding
RNAs [17] and play an important role in the posttranscriptional control of gene expression by binding
to the 5′ UTR, 3′ UTR or coding sequence of the targeted mRNAs [18] either preventing translation or
inducing degradation [17]. A broad spectrum of miRs have been identified to be abnormally expressed
in hematologic malignancies and solid tumors including melanoma [19]. Dependent on their targets,
miRs could influence tumor formation, metastasis, disease progression as well as the composition of
the immune cell infiltration of the tumor microenvironment (TME) [20]. They function as oncogenes or
tumor suppressor genes, but could also participate in immune escape or altered immune responses by
targeting or affecting the expression of different immune modulatory molecules in tumor and immune
cells [14].

The implementation of different strategies, such as in silico prediction, miR arrays, small RNA
sequencing, RNA affinity approaches and luciferase (luc) reporter gene assays, resulted in the
identification and functional characterization of a small number of miRs targeting the 3′UTR of the
HLA class I heavy chain (HC), HLA-G, TAP1 or TAP2 [21–28]. Due to this limited information,
the identification of novel miRs involved in HLA class I mediated immune escape mechanisms is
urgently needed and might lead to a better understanding of tumor development and progression
as well as response or resistance to immunotherapies such as checkpoint inhibitors or adoptive cell
therapy [29–34]. To identify novel and specific miRs, the miRNA trapping by RNA in vitro affinity
purification (miTRAP) assay has been shown to provide a rapid, reliable and easy-to-handle protocol
for the enrichment of regulatory miRs for RNAs of choice in the cellular context of interest [35,36].
Apart from the 3′UTR, the target sequences can be the 5′UTR or the coding sequence (CDS) [35]. MiRs
targeting immune modulatory molecules might serve as prognostic and/or predictive tumor markers
or be used as therapeutic tools alone or in combination with immunotherapies [14,37].

Malignant melanoma represents the most common skin cancer with an incidence that has rapidly
increased over the past few decades [38,39]. The interaction of melanoma cells with cells of the TME
influences the biology of melanoma cells, such as proliferation, differentiation and progression [40].
Furthermore, melanoma cells are often highly immunogenic and have the capacity to induce an
adaptive immune response [41]. This might be due to their high mutational burden leading to
the expression of tumor-associated antigens (TAA) [42,43]. However, melanoma cells escape T cell
recognition by different mechanisms, like inefficient antigen processing and presentation, modulation
of immune stimulatory or immune suppressive molecules and alterations in the cellular composition
of the TME [29,44–46]. This knowledge has led to the approval of therapeutic approaches aiming to
overcome immune evasion, i.e., anti-CTLA-4 and anti-PD1 antibodies [39]. Another possibility might
be to target immune modulatory miRs that have been demonstrated to be involved in innate and
adaptive immune responses [47].

Therefore, in this study, miTRAP combined with small RNA sequencing was employed to identify
novel miRs targeting TAP1 [35,36,48]. Two selected miRs were functionally analyzed in melanoma
cell lines. In addition, their clinical relevance regarding survival outcome in melanoma patients and
association with tumor immune cell infiltration was determined.

2. Experimental Section

2.1. Cell Lines and Cell Culture Conditions

The human embryonic kidney cell line HEK293T and the human TAP-negative T2 cell lines (ATCC®

CRL-1992™) were obtained from the American Tissue Culture Collection (ATCC), the human melanoma
cell lines FM3 (ESTDAB-007), FM81 (ESTDAB-026) and MZ-Mel2 (CVCL-1435) [49] from the European
Searchable Tumour Cell Line and Data Bank (ESTDAB project; http://www.ebi.ac.uk/ipd/estdab) [50,51]
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and BUF1379 from Soldano Ferrone (Department of Surgery, Massachusetts General Hospital, Harvard
Medical School, Boston, MA, USA). The HEK293T cells were cultured in Dulbecco’s Modified Eagles
Medium (DMEM, Invitrogen, Carlsbad, CA, USA), while all the other cell lines were maintained in
Roswell Park Memorial Institute 1640 medium (RPMI 1640, Invitrogen) supplemented with 10% (v/v)
fetal calf serum (FCS) (PAN, Aidenbach, Germany), 2 mM L-glutamine (Lonza, Basel, Switzerland)
and 1% penicillin/streptomycin (v/v, Sigma-Aldrich, Saint Louis, MO, USA) at 37 ◦C in 5% (v/v) CO2

humidified air. T2 cells negative for TAP1, TAP2, LMP2, LMP7 and MHC class II antigens served as a
control for peptide pulsing [52]. T cells specific for the HLA-A2-restricted Melan A/Mart-1 epitope
were kindly provided by Pedro Romero (Ludwig Institute for Cancer Research, Lausanne, Switzerland)
and cultured in RPM 1640 supplemented with 8% human serum.

2.2. Human Melanoma Tissues

Tissue samples from cutaneous malignant melanoma used in this study (n = 20) were collected
between 2008 and 2016 in the Department of Dermatology, University Hospital of Zurich, Zurich,
Switzerland [53]. The study was performed according to the declaration of Helsinki and approved
by the ethical committees of the University Hospital in Zurich (KEK-ZH-No. 647 and 800) as well as
of the University Hospital in Salzburg (E-No. 2142). The clinical data from the melanoma patients
as well as the PD-L1 expression and immune cell infiltration of the tumor lesions have recently been
published [53].

2.3. Plasmids and Cloning

The recombinant vectors for luciferase reporter assays, oligonucleotide sequences used for PCR
reactions and cloning strategies have recently been described [35,36,54] and are listed in Supplementary
Table S1. The recombinant plasmid DNA pcDNA™ 3.1(+) (Invitrogen) with the two MS2 loops was
kindly provided by Prof. Dr. Stefan Hüttelmaier (Institute of Molecular Medicine, Martin Luther
University Halle-Wittenberg, Halle (Salle, Germany). All amplified inserts were sequenced for their
identity prior to subcloning into the respective vectors.

2.4. MiRNA Trapping by RNA In Vitro Affinity Purification (miTRAP)

MiTRAP is a suitable method for the identification of miRs that specifically target immune
relevant molecules. Detailed protocols for the different steps of this method have been recently
published [35,36,48,55]. Briefly, the TAP1 3′ UTR (NM_000593.5) was cloned upstream of the coding
sequence for two MS2 stem loop structures, in vitro transcribed with RiboMAX large scale RNA
production system (Promega, Mannheim, Germany) and used for the enrichment of TAP1-specific
miRs from cell lysates of MZ-Mel2 (CVCL_1435) [49]. Then, amylose resin beads (NEB) were washed
and incubated with the fusion protein maltose-binding protein (MBP) fused to the MS2-binding protein,
blocked with yeast tRNA (Invitrogen) and bovine serum albumin (BSA; Invitrogen) and incubated
with the bait RNAs (TAP1 3′ UTR or the sequence encoding only the two MS2 loops (MS2) as a
negative control) and the cell lysate. With the exception of cell lysis, all steps were performed at room
temperature under constant agitation. For miR analysis, RNA complexes were eluted twice with 15 mM
maltose and miR were purified from maltose solution by phenol–chloroform extraction. Untreated
cell lysate was used for RNA extraction and applied as an input control. The miR enrichment in the
eluates was further validated by RT-qPCR. For protein analysis, protein complexes were eluted once
with Laemmli buffer and together with 1%, 0.5%, and 0.2% dilution series of the cell lysate, prepared
as input controls, were subjected to Western blot analysis using 10% SDS-PAA gels.

2.5. Isolation of Plasmid DNA, Cellular RNA, miRNA and qPCR Analysis

Plasmid DNA was isolated either with NucleoSpin® Plasmid or the NucleoBond® Xtra Midi kits
(Macherey-Nagel, Schkeuditz, Germany) for small or medium scale plasmid preparation, respectively.
The NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel) was employed for the DNA purification

35



J. Clin. Med. 2020, 9, 2690

of the PCR products and the digested plasmids with the respective restriction enzymes as recently
described [56].

Total cellular RNA from cell cultures was isolated using the NucleoSpin RNA kit (Macherey-Nagel,
Schkeuditz, Germany) according to the manufacturer’s instructions. Total cellular RNA and miR were
extracted from cell cultures using the TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. For RNA isolation from paraffin-embedded tissue sections, total RNA was extracted
using the NucleoSpin Tissue kit (Macherey-Nagel). The isolated RNA was treated with DNaseI (New
England Biolabs (NEB), Ipswich, MA, USA) for 30 min at 37 ◦C, inactivated with 50 mM EDTA for
10 min at 75 ◦C and then used as template for cDNA synthesis.

RT-qPCR was performed as previously described [51,57]. Briefly, RNA was reverse transcribed
into cDNA using RevertAidTM H Minus First Strand cDNA synthesis kit (Thermo Scientific, Waltham,
MA, USA) together with oligo dT primers (Thermo Scientific) for mRNA and miR specific stem loop
primers for the miR [57–59]. For qPCR reaction, the 2× SYBR Green qPCR Master Mix (Absource,
Munich, Germany) was employed with target-specific primers (Supplementary Table S1). The reverse
transcription reactions were carried out in a 96-well labcycler (Sensoquest, Göttingen, Germany) and
the qPCR reactions in a BIO-RAD 96-well iCycler (BIO-RAD Laboratories, Inc., Hercules, CA, USA).
For qPCR, the relative changes of RNA abundance were determined by the ΔCt method using the
housekeeping genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or β-actin (ACTB) for
normalization, whereas the relative miR expression levels were normalized to the corresponding
expression levels of the small non-coding RNA RNU6A. The reactions were performed at least in
triplicates for each biological replicate.

2.6. Protein Extraction and Western Blot Analysis

For Western blot analysis, 50 μg protein/lane was separated in 10% SDS-PAGE gels, transferred
onto nitrocellulose membranes (Schleicher & Schuell, Munich, Germany) and stained with Ponceau S
performed as previously described [60]. Immunodetection was performed using the following specific
primary antibodies (Ab): anti-TAP1 (ab13516, Abcam, Cambridge, UK), anti-TAP2, kindly provided by
Soldano Ferrone, anti-AGO2 (ab156870, Abcam) and anti-MBP Abs (ab9084, Abcam). Staining with
anti-GAPDH (#2118, Cell Signaling Technology, Danvers, MA, USA) or ACTB Ab (ab8227, Abcam)
served as a loading control. The membranes were then stained with suitable horseradish peroxidase
(HRP) conjugated secondary Abs (DAKO, Hamburg, Germany or Cell Signaling Technology, Danvers,
MA, USA), before the signal was visualized with the Pierce Western Blot Signal Enhancer substrate
(Thermo Scientific) and recorded with a LAS3000 camera system (Fuji LAS3000, Fuji GmbH, Düsseldorf,
Germany) using the Image Reader LAS3000 software. The immunostaining signals were subsequently
analyzed using the ImageJ software (NIH, Bethesda, Rockville, MD, USA). Relative protein expression
levels are provided as arbitrary units by setting the peak values of the corresponding GAPDH signals
to 1.

2.7. Luciferase Reporter Assay

The TAP1 3′ UTR was cloned in the pmiR-Glo Dual-Luciferase miRNA target expression vector
(Promega, Madison, Washington, DC, USA) with the restriction enzymes NheI and SalI (Thermo
Scientific) as recently described [56]. For the deletion of the binding side of miR-26b-5p or miR-21-3p
in the TAP1 3′ UTR, specific primers were designed according to the NEBaseChanger software
(https://nebasechanger.neb.com/, NEB) (Supplementary Table S1). The Q5® Site-Directed Mutagenesis
kit (NEB) was employed according to manufacturer’s instructions. On day zero, 1 × 104 HEK293T
cells/well were seeded into 96-well plates. After 12–16 h, the cells were co-transfected with 30 nM
mimics (Sigma-Aldrich) and 5 ng recombinant TAP1 3′ UTR pmiR-Glo vector using Lipofectamin
2000 (Invitrogen). The cells were washed with phosphate-buffered saline (PBS) 48 h post-transfection
and lysed in lysis buffer (Promega). The firefly and renilla luciferase (luc) activities were determined
using the DualGlo reagent (Promega) with the GloMax 96-Microplate luminometer (Promega) kindly
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provided by Prof. Guido Posern (Institute of Biophysical Chemistry, Martin Luther University
Halle-Wittenberg, Halle (Saale, Germany) with the Dual-Luciferase® Reporter Assay System (Promega)
according to manufacturer’s instructions. Firefly luc (FFL) activities were normalized to Renilla luc
(RL) activities yielding relative light units (RLU). The empty pmiR-Glo vector only containing the
multiple cloning site served as a negative control. RLU ratios were normalized to control populations.
All experiments were performed at least three times in triplicates.

2.8. Transfection of miR

To determine the impact of miR on the expression of HLA class I APM components, 3 × 105 cells
were seeded in 6-well plates and transiently transfected after 12–16 h with mimics (30 nM) or inhibitors
(100 nM) (miR-26b-5p, miR-21-3p or the negative control (NC), Sigma-Aldrich) using 9μL Lipofectamine
RNAiMAX (Invitrogen) according to the manufacturer’s instructions. The cells were harvested 48 h
post-transfection for subsequent qPCR, Western blot, flow cytometric and functional analyses.

2.9. Flow Cytometry

The monoclonal antibodies (mAb) employed for flow cytometry were the PE-Cyanine7-labelled
anti-HLA-ABC (BioLegend, San Diego, CA, USA), the APC-labelled anti-HLA-BC (BioLegend),
the unconjugated anti-HLA-A2 (kindly provided by Soldano Ferrone) and the PE-labelled-secondary
goat anti-mouse Ab (Jackson ImmunoResearch, Cambridgeshire, UK) at concentrations recommended
by the manufacturers. Briefly, 1–5× 105 cells were incubated with the appropriate amounts of respective
Ab at 4 ◦C in darkness for 30 min. The stained cells were measured on a BD FACS LSRFortessa
(Becton Dickinson (BD), New Jersey, NJ, USA) and subsequently analyzed with the FACS Diva analysis
software (BD). The data are expressed as mean specific fluorescence intensities (MFI).

2.10. CD107a Degranulation Assay

Tumor cell susceptibility to HLA-A2 restricted MART1 specific CD8+ T cells was evaluated by the
CD107a degranulation assay [61,62]. Briefly, target cells were co-incubated with effector cells at a 1:1
ratio at 37 ◦C. After one hour of incubation, an anti-CD107a Ab (Biolegend, San Diego, CA, USA) was
added and after an additional 3 h, the effector cells were stained with the anti-CD3 and anti-CD8Ab
(Biolegend) and analyzed on a Navios flow cytometer (Beckman Coulter, Brea, CA, USA). Effector cells
alone were used to determine the spontaneous degranulation that was removed from the specific one.

Incubation with peptide-pulsed versus unpulsed T2 cells was used as a positive control for the
functionality of the clone.

2.11. Immunohistochemical Staining of the Paraffin-Embedded Tissue Sections of Melanoma Patients

Formalin-fixed paraffin-embedded (FFPE) tumor samples were processed and analyzed at
collaborating institutions in Zurich and Salzburg. The studies were performed according to the
declaration of Helsinki and approved by the ethical committees of the University Hospital in Zurich
(KEK-ZH-No. 647 and 800) as well as of the University Hospital in Salzburg (E-No. 2142). Four μm
thick sections were cut from each FFPE tissue block and stained using the Dako Autostainer Plus
platform (Agilent Technologies Inc., Santa Clara, CA, USA) as recently described [53].

Immunohistochemical stains were independently evaluated by three independent
dermatopathologists. A consensus-based score was derived for every single evaluation. Cell counts
were estimated by averaging at least ten high-powered fields (HPF, 400×magnification) representative
of the entire tumor. The expression of TAP1 in tumor cells was graded into four categories regarding
their frequency (0%, 1–10%, 11–30%, >30%). For the present study, TAP1high (>30%) and TAP1low

(0–10%) lesions were processed as published by Lazaridou et al. (Oncoimmunol.2020 9,1:1–14) [56].
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2.12. Next-Generation Sequencing Analysis

As previously described in the miTRAP method [35,36], miR can be eluted from the beads for
downstream analyses, such as small RNA sequencing. Small RNA sequencing and data analyses
were provided for two biological replicates of the miTRAP eluates of TAP1 3′UTR, together with the
background and input controls by Novogene Co., Ltd. (Hong Kong, China).

The reads were mapped with bowtie1 [63] against human rRNA and tRNA databases. MiRs were
detected and quantified with mirdeep * [64] from mirBase (v21) [65] and were represented as counts
per miR loci taking into account that an miR can be encoded by multiple loci.

2.13. Functional and Pathway Enrichment Analyses

Gene Ontology (GO) analysis was performed using the respective database (http://www.
geneontology.org/) enrichment analysis. Predicted target gene candidates of miRs identified in
this study [66] were categorized regarding their function into the biological process (BP), molecular
function (MF), and cellular component (CC) [67]. It provides all GO terms significantly enriched in the
predicted target gene candidates of the enriched known as well as novel identified miRs compared to
the reference gene background (in this study the MS2 control) as well as the genes corresponding to
certain biological functions. The corrected p-value (q-value) of <0.05 and the gene count of ≥2 was
chosen as a significant threshold [67].

2.14. Bioinformatics—Survival Analysis

In silico analysis was performed using the starbase v2.0 web tool (http://starbase.sysu.edu.
cn/) [68,69] in order to predict the association of the expression of TAP1 and HLA class I molecules
with the survival of melanoma patients. The statistical differences in the gene expression values
between the patients’ groups with “high” and “low” mRNA expression levels were evaluated by
ANOVA tests implemented in the web tool. The p-values were corrected for multiple testing according
to the false discovery rate. All cut-off expression levels and their resulting groups were correlated
with the patients’ survival and used for the generation of the Kaplan–Meier curves, which allowed to
discriminate patients into “good” and “bad” prognosis cohorts. Kaplan–Meier analysis was performed
to estimate the disease specific survival probability and distant metastasis free survival probability
according to mRNA expression status using this dataset.

For this purpose, the “TCGA Skin Cutaneous Melanoma (SKCM)” dataset [70–76] was chosen
and 440 unique melanoma patients were included for the analysis. For determination of high and
low expression levels of TAP1 and HLA class I, the cut-offmodus “median” divided the patients into
two groups containing the same number of patients. The raw p-value significance was calculated for
every graph with the web database and Pearson’s correlation with the transform 2log setting. The 2log
expression ratio was compared and a linear regression was calculated. The expression pattern of TAP1
and HLA class I molecules were correlated to the clinical parameters. A p-value < 0.05 was considered
as significant.

2.15. Statistical Analysis

Microsoft Excel 2010 (Microsoft Corporation, Redmond, WA, USA), SPSS version 15.0 and
GraphPad Prism version 8 were used for analysis. A p-value < 0.05 was considered statistically
significant using paired or unpaired t-tests respectively.

3. Results

3.1. Clinical Relevance of TAP1 and HLA Class I Molecules Regarding Survival of Tumor Patients

As already shown by our group and others, a decreased expression of several HLA class I APM
components, such as TAP1, HLA-A, HLA-B and HLA-C, has been associated with poor patient survival
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in several types of cancer, including cutaneous melanoma [2,77–80]. Using the “starbase” web tool
(http://starbase.sysu.edu.cn/) and several available datasets including the “TCGA Skin Cutaneous
Melanoma (SKCM)” dataset [70,81], the correlation between the expression of TAP1 and HLA class
I loci was re-evaluated in order to determine the prognostic relevance of TAP1 (Table 1a), HLA-A
(Table 1b), HLA-B (Table 1c) and HLA-C (Table 1d) expression patterns in different cancer types
including skin cutaneous melanoma. These data demonstrated a correlation of high levels of TAP1
and HLA class I loci with an increased overall survival (OS) of tumor patients including melanoma,
with the exception of cancers in immune privileged organs (brain, eye, thymus). As shown in Figure 1,
higher TAP1 (a), HLA-A (b), HLA-B (c) and HLA-C (d) mRNA transcript levels correlated with an
increased OS of melanoma patients. Furthermore, the expression of TAP1 and HLA-A (Figure 1e),
TAP1 and HLA-B (Figure 1f) as well as TAP1 and HLA-C (Figure 1g) were associated.

Table 1. Correlation of the expression pattern of TAP1 and HLA class I loci in different cancer types
with the patients’ survival.

a: TAP1

Abbreviation Type of Cancer
Number of

Cases
Median Gene

Expression
Correlation p-Value

OV ovarian serous adenocarcinoma 374 18.68 positive 0.00053
LGG brain lower grade glioma 523 11.19 negative 0.0032

SKCM skin cutaneous melanoma 440 41.39 positive 0.0033
UVM uveal melanoma 80 9.02 negative 0.0069

COAD colon adenocarcinoma 447 44.99 positive 0.044
THYM thymoma 118 24.35 negative 0.1
UCEC uterine corpus endometrial carcinoma 537 21.75 positive 0.56
THCA thyroid carcinoma 509 12.61 negative 0.8

b: HLA-A

LGG brain lower grade glioma 523 133.35 negative 0.00012
SKCM skin cutaneous melanoma 440 671.89 positive 0.00052
UCEC uterine corpus endometrial carcinoma 537 523.84 positive 0.0074
UVM uveal melanoma 80 502.23 negative 0.0081
THCA thyroid carcinoma 509 468.03 positive 0.043

OV ovarian serous adenocarcinoma 374 219.47 positive 0.059
THYM thymoma 118 325.13 negative 0.063
COAD colon adenocarcinoma 447 516.21 positive 0.26

c: HLA-B

SKCM skin cutaneous melanoma 440 620.14 positive 5.7 × 10−6

LGG brain lower grade glioma 523 129.28 negative 0.00027
UVM uveal melanoma 80 238.66 negative 0.0011

THYM thymoma 118 390.69 negative 0.0026
OV ovarian serous cystadenocarcinoma 374 300.77 positive 0.0069

UCEC uterine corpus endometrial carcinoma 537 545.19 positive 0.053
COAD colon adenocarcinoma 447 629.70 positive 0.18
THCA thyroid carcinoma 509 503.74 positive 0.22

d: HLA-C

LGG brain lower grade glioma 523 117.10 negative 2.0 × 10−7

SKCM skin cutaneous melanoma 440 458.38 positive 3.9 × 10−5

THYM thymoma 118 260.27 negative 0.0081
UVM uveal melanoma 80 247.30 negative 0.011
UCEC uterine corpus endometrial carcinoma 537 406.42 positive 0.2

OV ovarian serous cystadenocarcinoma 374 270.08 positive 0.4
THCA thyroid carcinoma 509 334.74 positive 0.36
COAD colon adenocarcinoma 447 461.01 positive 0.85

Shown are the correlation of TAP1 (a), HLA-A (b), HLA-B (c) and HLA-C (d) expression levels with the overall
survival of patients with different types of cancer. The expression levels and overall survival data were obtained by
pan-cancer analysis using the TCGA data sets at the starbase v2.0 web tool (http://starbase.sysu.edu.cn/).
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Figure 1. Correlation of TAP1 and HLA class I expression with the overall survival in melanoma patients.
Kaplan–Meier estimation curves for overall survival (OS) probability of 440 individual melanoma
patients based on the expression of TAP1 (a) HLA-A (b), HLA-B (c) and HLA-C (d) were generated by
using the starbase v2.0 web tool and the “SKCM Cancer“ dataset. The raw p-values were based on
log-rank tests and were calculated for every graph with the web database (http://starbase.sysu.edu.cn/).
In addition, TAP1 expression was correlated with HLA-A (e), HLA-B (f) or HLA-C (g) mRNA expression
in the melanoma patients using the same dataset.

40



J. Clin. Med. 2020, 9, 2690

3.2. Identification of New Candidate miR Targeting TAP1 Using the miTRAP Assay

To identify miRs regulating TAP1 expression, the miTRAP method was employed [35,36,48,55].
Using a cell lysate of the melanoma cell line MZ-Mel2, the in vitro transcribed TAP1 3′ UTR,
but not the MS2 control RNA nor the amylose resin beads loaded with MS2BP-MBP, specifically
co-purified the RNA-induced silencing complex component argonaute 2 (AGO2) suggesting a putative
posttranscriptional regulation of TAP1 expression by a binding of miRs (Figure 2a). The affinity
purification of the bait RNA (TAP1 3′ UTR and MS2 control) was confirmed upon detection of the
eluted TAP1 3′ UTR on a guanidinium thiocyanate denaturing agarose gel. The eluate-enriched miRs
targeting the TAP1 3′ UTR from two biological replicates and the respective controls were subjected to
small RNA sequencing.

 
Figure 2. Detection of AGO2 at the 3′ UTR of TAP1 and presence of miRs in the miTRAP eluate.
(a) Western blot-based detection of AGO2 was performed at the TAP1 3′ UTR in order to determine
the presence of AGO2 in the cell lysate input control samples as well as on the target (TAP1 3′ UTR),
control (MS2) RNA and in the amylose beads control (no RNA bait). Unspecific protein binding to
RNA was excluded by the detection of ACTB, which lack in the beads control, MS2 control and target
RNA. A signal for MBP of the MS2BP-MBP fusion protein is detected in the eluates, but not in the
cell extract and served as control for equal loading of the MS2BP-MBP. (b) Enrichment of miRs in
miTRAP eluates. Bar graph showing the miTRAP ratio of the two candidate miRs. The data were
normalized to the input value, which was set to “1”. The bars show the enrichment of each miR on the
MS2 in comparison to the TAP1 3′ UTR. For miR-26b-5p, a 700-fold enrichment compared to the MS2
control RNA (MS2) is detected, while for miR-21-3p, only a 50-fold enrichment is observed. Shown
are the normalized mean ± SE from a minimum of three different biological replicates, ** p < 0.01 and
*** p < 0.001 in unpaired t-test.

The isolation of the miR fraction was based on size selection. Fractions of other RNA species, such
as e.g., rRNA and tRNA, were excluded. The sequence length distribution demonstrated a major peak
of 21–23 nt (Supplementary Figure S1). For analysis at the miR level, the transcripts per million (tpm)
counts were used [36,53]. Selective binding of miRs to the TAP1 3′ UTR was determined relative to MS2
control by calculating the ratio of the respective tpm counts, indicating enrichment of the candidate
miR as previously described [36,82]. In total, 352 of 2693 (13.07%) miRs determined by miRBase [65]
were enriched in the TAP1 3′ UTR eluate when compared to the MS2 control (Supplementary Table S2).
Among the enriched miRs, 2.27% (7 out of 352) were in silico predicted by 5 prediction tools, 3.98%
(14/352) by 4 prediction tools, 3.98% (14/352) by 3 prediction tools, 13.64% (48/352) by 2 prediction
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tools, 49.72% (175/352) by 1 prediction tool and 26.42% (93/352) were not in silico predicted. These
data suggest that the miTRAP allows a novel set of miR candidates to bind to the 3′ UTR. In order to
select the candidate miRs, several criteria were applied, such as (i) that a specific binding site for the
respective candidate miRs within the TAP1 3′-UTR should be predicted by at least four out of the six
selected bioinformatic tools, (ii) the tpm counts observed in the TAP1 3′ UTR miTRAP eluate should
be higher than 1000, while (iii) the tpm counts observed in the MS2 control miTRAP eluate should be
less than 100 and (iv) the enrichment ratio should be higher than 50. Additionally, (v) a strong binding
affinity of complementary structures between the putative miRs and the target TAP1 3′ UTR calculated
as a high free binding energy and (vi) a high “miTRAP ratio”, defining the enrichment of miRs in the
miTRAP eluate versus the input and determined by the ΔCt method were taken into consideration.

In silico analyses were performed for 21 of the candidate miRs identified by miTRAP and
RNA-seq using the available prediction tools miRWalk 2.0 [83,84], microrna.org [85], miRDB [86],
TargetScan [87], RNA22 [88] and RNAhybrid [89]. These include miR-21-3p, miR-22-3p, miR-140-3p,
miR-590-3p, miR-26b-5p, miR-532-5p and miR-26a-5p (Table 2). Despite their in silico prediction,
the enrichment ratios of miR-1273f, miR-1301-3p, miR-140-3p, miR-151a-5p, miR-151b, miR-24-1-5p,
miR-24-2-5p, miR-28-5p, miR-330-3p, miR-504-3p, miR-508-5p, miR-512-3p, miR-548b-3p, miR-597-3p
and miR-708-5p were less than 50. Moreover, miR-26a-5p, miR-532-5p and miR-590-3p had lower
binding energy and/or enrichment ratios than miR-26b-5p or miR-21-3p, while the miTRAP ratio of
miR-22-3p was lower than the miTRAP ratios of miR-26b-5p or miR-21-3p. Therefore, based on the in
silico prediction by the selected bioinformatics tools, the RNA sequencing results, the free binding
energy, the miTRAP ratio and current literature, miR-26b-5p and miR-21-3p were selected as novel
candidate miRs targeting the TAP1 3′ UTR for further analyses (Table 2). The enrichment of both
candidate miRs was confirmed in the TAP1 3′ UTR eluates by RT-qPCR. Candidate miRs are presented
as a miTRAP ratio of miR abundance in the target TAP1 3′ UTR or in the MS2 control eluates versus
the input determined by the ΔCt method (Figure 2b).

Data from the GO analysis of the predicted target gene candidates from the enriched miRs of the
miTRAP eluates are shown in Supplementary Figure S2, illustrating a categorization into biologic
process, molecular function and cellular components. The molecular functions ATP binding and
protein binding as well as the biologic process associated immune of genes located in the ER were
highly enriched. Concerning the biologic processes, defense response and transmembrane/protein
transport were also significantly enriched and are related to HLA class I APM components. The KEGG
pathway analysis strengthens our assumption that miRs identified in the miTRAP eluate play a role in
the regulation of antigen processing and presentation (Supplementary Table S3).
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3.3. Direct Interaction of miR-26b-5p and miR-21-3p with TAP1 3′ UTR

Using RNAhybrid [89], the binding affinity of complementary structures between the putative miRs
and the target mRNA were calculated as a high free binding energy of−25.4 kcal/mol and−20.3 kcal/mol
for miR-26b-5p or miR-21-3p and the TAP1 3′ UTR, respectively (Table 2 and Supplementary Figure
S3a,b) indicating a high probability of interaction. Furthermore, the direct interaction between the
two selected candidate miRs and the TAP1 3′ UTR was validated by the dual luc reporter assay.
After transient transfection of HEK293T cells with the pMir-Glo vector containing the TAP1 3′ UTR
in the presence of miR-26b-5p or miR-21-3p mimics, the luc activity significantly decreased upon
overexpression of the miR in comparison to the miR mimic negative control (NC) (Figure 3a,b).
As expected, the deletion of the binding sites of the candidate miR within the TAP1 3′ UTR altered
neither the luc activity in the presence of the miR nor that of the NC (Figure 3a,b).

 
Figure 3. Identification of miR-26b-5p and miR-21-3p interaction with TAP1 3′ UTR. The dual luciferase
reporter assay was performed with HEK293T cells using wt and del TAP1 3′ UTR as described in
Materials and Methods together with miR-26b-5p (a) or miR-21-3p (b). Firefly luc (FFL) activities were
internally normalized to Renilla luciferase activities yielding relative light units (RLU). Shown are the
mean ± SE from 3 to 6 independent experiments upon normalization to the miR mimic NC. * p < 0.05,
** p < 0.01 in an unpaired t-test.

3.4. Downregulation of TAP1 Expression by miR-26b-5p and miR-21-3p

To determine whether miR-26b-5p and miR-21-3p, selectively co-purified with the TAP1 3′ UTR,
regulate the TAP1 expression via binding to TAP1 3′ UTR, the respective miR mimics and NC were
transiently transfected into the melanoma cell lines BUF1379, FM3 and FM81. Overexpression of both
miRs was obtained in all three melanoma cell lines, but the level of overexpression varied among
the three cell lines, based also on their constitutive miR expression level, with the highest levels for
miR-21-3p in BUF1379 and FM3 cells. Cells transfected with the NC showed an miR expression pattern
comparable to that of parental cells (Figure 4a,b). Overexpression of miR-26b-5p in BUF1379 and FM3
cells decreased the TAP1 mRNA and protein levels with approximately 30% when compared to controls
(Figure 4c,g,h). In contrast, overexpression of miR-21-3p did not affect TAP1 mRNA levels (Figure 4d)
in the melanoma cell lines analyzed, but interfered with TAP1 protein levels (Figure 4g,i) with a
25% decreased expression in melanoma transfectants compared to controls, potentially indicating
a different type of action of miR-21-3p or miR-26-5p. As expected, the expression of other APM
components, such as TAP2, was not affected by miR-26b-5p and miR-21-3p overexpression (Figure 4e–g).
The miR-mediated downregulation of TAP1 was accompanied by decreased HLA class I surface antigen
expression, but to a different extent among the melanoma cell lines. In contrast, HLA class I mRNA
expression was not affected (Figure 5a,b) in the miR transfectants. As shown in Figure 5e, HLA-A2
surface expression was also significantly downregulated upon miR-26b-5p overexpression, whereas no
effects were visible upon miR-21-3p overexpression. Interestingly, HLA-BC surface expression was
upregulated upon overexpression of both miRs in BUF1379 cells (Figure 5g,h). Co-transfection of FM3
and FM81 cells with miR-26b-5p and miR-21-3p mimics was also performed and the expression levels
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of TAP1, TAP2 and HLA class I were evaluated by RT-qPCR, Western blot and/or flow cytometric
analyses. Although both miRs were overexpressed during the co-transfection, no significant difference
was observed compared to the single transfectants with miR-26b-5p or miR-21-3p, respectively.

 
Figure 4. Effect of miRs overexpression on the expression of APM components in melanoma cell lines.
BUF1379, FM3 and FM81 melanoma cells were left untreated (parental) or transiently transfected with
miR mimics (miR-26b-5p or miR-21-3p) or miR mimic negative control (NC) as described in Materials
and Methods. After 48 h of transfection, miR overexpression (a,b), as well as the mRNA expression
levels of the indicated APM components, were determined by RT-qPCR (c–f). Protein expression was
evaluated by Western blot (g–i). For quantification of Western blot results, the relative band density
(A.U., arbitrary units) of transfectants was calculated to the respective parental melanoma cells and
normalized to GAPDH expression. Shown are the normalized mean ± SE from a minimum of three
different biological replicates and one representative Western blot, * p < 0.05, ** p < 0.01, *** p < 0.001 in
an unpaired t-test.
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Figure 5. Effect of miRs overexpression on mRNA and surface expression of HLA class I in melanoma
cell lines. BUF1379, FM3 and FM81 melanoma cells were transfected with 30 nM miR mimic negative
control (NC) or miR mimics (miR-26b-5p or miR-21-3p) and after 48 h, the mRNA expression of
HLA class I was determined by RT-qPCR (a,b) and the surface expression of HLA-ABC, HLA-A2
and HLA-BC was determined by flow cytometry (c–h). Shown are the normalized mean ± SE from a
minimum of three different biological replicates, * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001
in an unpaired t-test.

3.5. Reversion of the miR Effect by Inhibition of miR-26b-5p and miR-21-3p

To evaluate the specific effect of the candidate miRs on TAP1 expression, miR inhibitors and an
inhibitor control were transiently transfected into BUF1379 and FM3 cells. MiR expression levels were
significantly reduced (between 30–50%) both in the BUF1379 and FM3 transfectants when compared
to cells transfected with NC inhibitors or parental cells (Figure 6a,b). Thus, miR inhibitors efficiently
down-regulated the endogenous miR expression in BUF1379 and FM3 cells. This was accompanied by
increased levels of TAP1 protein (Figure 6e,f) and at least partially of TAP1 mRNA (Figure 6c,d). HLA
class I surface expression was upregulated in both melanoma cell lines (Figure 6g,h). Inhibition of
miR-26b-5p or miR-21-3p in BUF1379 and FM3 cells increased HLA-A2 surface antigens (Figure 6i,j),
while HLA-BC surface expression remained unchanged (Figure 6k,l).
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Figure 6. Cont.
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Figure 6. Effect of miRs inhibition on TAP1 and HLA class I expression in melanoma cell lines. BUF1379
and FM3 melanoma cells were left untreated (parental) or transiently transfected with the negative
control inhibitor (NC Inhibitor) or the miR-26b-5p inhibitor or miR-21-3p inhibitor, respectively. After
48 h, miR inhibition (a,b) as well as TAP1 expression were determined on mRNA level by RT-qPCR (c,d).
Protein expression was evaluated by Western blot (e,f) and flow cytometry (g–l). For quantification of
Western blot results, the relative band density (A.U., arbitrary units) of transfectants was calculated
to the respective parental melanoma cells and normalized to GAPDH expression. Shown are the
normalized mean ± SE from a minimum of three different biological replicates and one representative
Western blot, * p < 0.05, ** p < 0.01 in an un-paired t-test.

3.6. Correlation of the miR26b-5p-Mediated Downregulation of TAP1 with Decreased T Cell Recognition

To assess the functional relevance of the miR-induced suppression of TAP1 and consequently
associated reduced HLA class I surface expression, the T cell-mediated recognition of miR transfectants
was determined using a CD107a degranulation assay. Lower levels of CD107a positive T cells were
found in response to BUF1379 cells overexpressing miR-26b-5p when compared to control transfectants
(Figure 7).

Figure 7. Effects of miR mimics on BUF1379 cell recognition by antigen-specific CD8+ T cells.
MelanA/MART1-specific CD8+ T cells were incubated for 4 h with BUF1379 transfected with NC or
miR mimics and evaluated for degranulation. Shown are the x-fold changes in CD107a positive cells
from three independent experiments, * p < 0.05 in paired t-test.

3.7. Correlation between miR-26b-5p or miR-21-3p Expression with TAP1 and Immune Cell Infiltration in
Melanoma Lesions

To determine the in vivo translatability of our data, miR-26b-5p and miR-21-3p expression levels
were evaluated by RT-qPCR analysis in 20 FFPE sections of human primary melanoma scored as TAP1
low (n = 10) or TAP1 high (n = 10) based on the immunohistochemical staining of the lesions with
anti-TAP1 specific mAb. While no difference was detected for miR-26b-5p (Figure 8a), a negative trend
was found between miR-21-3p and TAP1 expression in the melanoma specimens (Figure 8b), thereby
supporting our in vitro data. Since the immune cell infiltration of the same melanoma samples was
previously analyzed for the presence of CD8+ T cells by immunohistochemistry (IHC), it was possible
to correlate TAP1 and miR expression to CD8 infiltration. As shown in Figure 8c,d, the TAP1 expression
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scores were directly correlated with the frequency of CD8+ immune cells, with TAP1low and TAP1high

melanoma lesions exhibiting the low and high frequency of CD8+ T cells respectively. Furthermore,
a direct link between TAP1low and CD8low infiltration with high miR-26b-5p and miR-21-3p expression
and vice versa exists (Figure 8c,d).

Figure 8. Inverse relation of miRs expression with TAP1 levels and CD8 infiltration in melanoma
patients. Paraffin-embedded tissue sections from 20 primary melanoma patients were analyzed for
miR-26b-5p or miR-21-3p expression levels by RT-qPCR and scored for TAP1 and CD8 expression as
high or low by immunohistochemical staining. Comparison between TAP1 high (n = 10) and TAP1 low
(n = 10) melanoma lesions is shown for miR-26b-5p (a) and miR-21-3p (b) expression. An overview of
TAP1, CD8+ T cells (left y-axis) and miR-26b-5p expression (right y-axis) for each individual patient
among the TAP1 high (left) and TAP1 low (right) group is provided (c). Respective graphs are provided
for miR-21-3p (d).
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4. Discussion

During the last few years, the role of HLA class I APM components has gained rekindled interest,
since this pathway has been shown to be involved in the process of resistance to immunotherapies,
including checkpoint inhibitors and adoptive T cell therapy [37,90–92]. High expression levels of major
APM components including TAP1 and HLA class I loci were directly associated with a better outcome
for most cancer patients, including skin cutaneous melanoma, with the exception of brain tumors,
uveal melanoma and thymoma (Table 1). Furthermore, TAP1 expression was associated with HLA
class I expression (Figure 1). A deficient/reduced expression of HLA class I components frequently
occurred and was linked to either structural alterations or an impaired expression of components of
the APM and IFN signal transduction, which are controlled at distinct levels [31,37,92–95].

In this context, a number of miRs have been shown to act as critical regulators of anti-tumor
immune responses, in particular in the context of solid tumors. The miR-mediated processes include
(i) the regulation of the recruitment and activation of immune cells in the TME, (ii) the expression of
immune modulatory molecules and (iii) the secretion of immune suppressive or immune stimulatory
factors by tumor and immune cells [96,97]. Thus, miRs might have the potential to enhance or
inhibit specific immune cell populations or immune modulatory molecules in tumor cells, hence
influencing the anti-tumor immune response and possibly improving the efficacy of immunotherapy
in cancer patients.

During the last few years, some miRs have been reported to target APM components and HLA
class I molecules suggesting an important role of posttranscriptional control in the antigen processing
and presentation process [98]. miR-9, miR-125a, miR-148 and miR-27a have been identified to modulate
directly or indirectly the MHC class I surface expression of tumor cells [21,23,99]. Since TAP1 is a
key component of the HLA class I APM pathway and is important for proper HLA class I surface
expression, this study aimed to identify miRs targeting TAP1 using an miR enrichment protocol in
combination with small RNA sequencing [36,48] instead of miR arrays, which identified miR-200a-5p
and miR-346 as targets of the 3′ UTR of TAP1 [28]. Interestingly, GO analysis of enriched miRs by
miTRAP, in combination with RNA sequencing, identified respective target genes involved in ATP and
protein binding and was located in the ER. This is in line with the features of TAP1, (i) which transport
peptides ATP-dependently from the cytosol into the ER and (ii) is located in the ER membrane [100,101].

Among the identified miRs, miR-21-3p and miR-26-5p were selected for further analysis and
were demonstrated to directly target the 3′ UTR of TAP1. The binding was confirmed by several in
silico prediction tools and the dual luc reporter assay. Moreover, the overexpression of miR-21-3p or
miR-26b-5p resulted in a reduced TAP1 protein expression in melanoma cells. As a consequence of the
reduced transport of cytosolically processed peptides into the ER, which are required for the assembly
of the stable trimeric MHC-I/peptide complex [102,103], melanoma cells overexpressing the respective
mimics had a reduced HLA class I surface expression. Particularly, upon miR-26b-5p overexpression,
HLA-A2 surface expression was specifically downregulated, resulting in a decreased recognition of
the transfected melanoma cells by HLA-A2-restricted CD8+ T cells. Despite an overexpression of both
miRs upon co-transfection in FM3 and FM81 cells with the respective miR mimics, the expression
levels of TAP1 or the surface expression of HLA class I were not significantly different from that of
the single transfectants with miR-26b-5p or miR-21-3p mimics respectively. Therefore, the results
presented here provide an important mechanistic explanation for the reduced HLA class I expression
on melanoma cells and its functional effect on immune cells.

The miR-21 family represents the prototype of oncomiRs and its expression is upregulated
in various cancers, often correlating with tumor progression [104,105]. MiR-21-3p was among the
top miRs isolated from invasive melanoma lesions and was differentially expressed between thin
(0.75 mm) and thick (2.7 mm) melanoma, common melanocytic nevi and matched normal skin [106]. Its
expression level correlated with the Breslow index, clinical stage and decreased survival of melanoma
patients and increased from dysplastic nevi to melanoma and melanoma metastasis [107]. Since
miR-21 has been shown to target cancer-relevant genes such as the phosphatase and tensin homolog
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(PTEN), programmed cell death protein 4 (PCDP4), reversion-inducing cysteine-rich protein with
Kazal motifs (RECK) and signal transducer activator of transcription 3 (STAT3), it is involved in
carcinogenic processes and might serve as a diagnostic and prognostic biomarker or as a therapeutic
target for several cancer types [105]. In melanoma, miR-21 expression is upregulated when compared
to nevi [108] and affects genes associated with proliferation (PTEN, PI3K, Sprouty, PDCD4, FOXO1,
TIPE2, p53, cyclin D1), evasion from apoptosis (FOXO1, FBXO11, APAF1, TIMP3, TIPE2), genetic
instability (MSH2, FBXO11, hTERT), increased oxidative stress (FOXO1), angiogenesis (PTEN, HIF1α,
TIMP3), invasion and metastasis (APAF1, PTEN, PDCD4, TIMP3) [109]. This was partially confirmed
by functional analysis. For example, miR-21 and its target PTEN demonstrated an inverse expression
in melanoma lesions, while anti-miR-21 altered PTEN expression in melanoma cell lines. MiR-21-3p
was strongly enriched in miTRAP eluates of TAP1 and proved to directly bind to the 3′ UTR, thereby
decreasing TAP1 protein expression, which supported its reported oncogenic role in melanoma, similar
to what has been described in other types of cancers [108].

MiR-26b-5p also plays an important role in different malignancies, but in contrast to miR-21-3p it
has been suggested to have a tumor-suppressive activity [110]. It is downregulated in various tumors
including head and neck squamous cell carcinoma, bladder, prostate and liver cancer [111–115] and was
correlated to the process of epithelial-mesenchymal transition in hepatocellular carcinoma [113,116].
Ectopic expression of miR-26b-5p can inhibit proliferation, induce apoptosis, suppress angiogenesis
and/or decrease tumorigenicity and is therefore involved in controlling carcinogenesis and tumor
progression in hepatocellular and bladder cancer [113,117–119]. So far, little information exists on
the function of miR-26b-5p in melanoma. In melanoma, miR-26b-5p expression is decreased in
primary tumors when compared to benign nevi [106]. Recently, miR-26b-5p has been shown to target
the MAPK and AKT/mTOR signaling pathways by binding to the 3′ UTR of TRAF5 or TRIM44,
respectively [120,121], which are involved in the malignant progression of melanoma cells. However,
no direct effects of miR-26b-5p on the expression of immune modulatory molecules have been described
neither in melanoma nor in other tumor types. In this context, it is noteworthy that miR-26a-5p bind to
the 3′ UTR of CREB, which is a known regulator of MHC class I [122]. MiR-26b-5p was one of the
strongly enriched miRs we identified in miTRAP eluates of TAP1, verified by small RNA sequencing.
By directly targeting the 3′ UTR of TAP1, miR-26b-5p decreased TAP1 mRNA and protein expression
and negatively interferes with the immunogenicity of tumor cells demonstrating that miR-26b-5p could
have, instead of the published tumor suppressive activity, also a tumor-promoting activity by including
an immune escape phenotype in melanoma cells. This is in line with a recent report demonstrating
that miR-26b is a negative regulator of the NF-kB pathway, which is important for the expression of
many immune modulatory molecules including cytokines and APM components [123]. These data
suggest a dual role for miR-26b-5p in tumors.

5. Conclusions

Although further studies are required to provide more mechanistic insights into the link between
miR-21-3p and miR-26b-5p high expression, HLA class I antigen presentation and CTL recognition,
miR-21-3p/miR-26b-5phigh TAP1low expression levels appear to be associated with a reduced CD8+ T
cell infiltrate and a more aggressive behavior of primary melanomas. Thus, both miRs are multifaceted
by affecting different hallmarks of cancer including the tumor cell-host immunologic interactions,
thereby extending their critical role in tumorigenesis. This opens a novel avenue for the development
of strategies to improve patients’ prognosis through enhancement of a response to (immuno)therapy
and through avoidance of treatment resistance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/9/2690/s1,
Figure S1: Sequence length distribution of miTRAP eluates, Figure S2: The GO terms of candidate targets of miRs
enriched in the TAP1 3′ UTR miTRAP eluates vs the MS2 control, Figure S3: RNAhybrid figures, Table S1: List of
primers, Table S2: List of the enriched miRs in TAP1 3′ UTR miTRAP eluates, Table S3: Significantly affected
processes, components or functions by the enriched miRs in mi-TRAP eluates of the TAP1 3′ UTR.
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Abstract: Malignant melanoma (MM) is one of the deadliest skin cancers. BRAF mutation status
plays a predominant role in the management of MM patients. The aim of this study was to compare
BRAF mutational testing performed by conventional nucleotide sequencing approaches with either
real-time polymerase chain reaction (rtPCR) or next-generation sequencing (NGS) assays in a real-life,
hospital-based series of advanced MM patients. Consecutive patients with AJCC (American Joint
Committee on Cancer) stage IIIC and IV MM from Sardinia, Italy, who were referred for molecular
testing, were enrolled into the study. Initial screening was performed to assess the mutational
status of the BRAF and NRAS genes, using the conventional methodologies recognized by the
nationwide guidelines, at the time of the molecular classification, required by clinicians: at the
beginning, Sanger-based sequencing (SS) and, after, pyrosequencing. The present study was then
focused on BRAF mutation detecting approaches only. BRAF wild-type cases with available tissue
and adequate DNA were further tested with rtPCR (Idylla™) and NGS assays. Globally, 319 patients
were included in the study; pathogenic BRAF mutations were found in 144 (45.1%) cases examined
with initial screening. The rtPCR detected 11 (16.2%) and 3 (4.8%) additional BRAF mutations after SS
and pyrosequencing, respectively. NGS detected one additional BRAF-mutated case (2.1%) among
48 wild-type cases previously tested with pyrosequencing and rtPCR. Our study evidenced that
rtPCR and NGS were able to detect additional BRAF mutant cases in comparison with conventional
sequencing methods; therefore, we argue for the preferential utilization of the aforementioned assays
(NGS and rtPCR) in clinical practice, to eradicate false-negative cases and improve the accuracy of
BRAF detection.
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1. Introduction

Malignant melanoma (MM) is the deadliest form of skin cancer; it is estimated to affect more than
100,000 individuals, causing approximately 7000 deaths in the United States (US) in 2020 [1]. In Italy,
an increase in MM incidence has been observed in the last decade, and approximately 12,300 new
cases have been estimated (4% of all tumors) in 2019, representing the second and third most frequent
neoplasia (9% and 7% of all tumors) in young men and women, respectively [2,3]. In the past,
few effective therapeutic options were available for advanced MM patients, with response rates to
conventional chemotherapy and immunomodulation therapy being limited to about 15–19% [4,5].
In the last few years, new therapeutic options have revolutionized the treatments of patients with
III/IV American Joint Committee on Cancer (AJCC) stage melanomas. They include therapies targeted
to specific genetic tumor mutations, as well as immunotherapy with immune checkpoint inhibitors
(ICIs) [5,6].

Targeted therapies essentially consist of inhibitors of BRAF, a serine-threonine kinase that is
constitutively activated in about one half of MMs carrying a mutation in the codon 600 of the BRAF
oncogene [7]. Mutation at the codon V600 of the BRAF gene represents more than 97% of all BRAF
mutations [8]. The most frequent alteration, occurring in about 75% of the cases, is a transversion
of T to A at nucleotide 1799, which results in a substitution of a valine for glutamic acid at position
600 of the BRAF kinase (V600E) [8]. Less common substitutions are valine for lysine (V600K, up to
20%), arginine (V600R, 1%), leucine (V600M, 0,3%), and aspartic acid (V600D, 0,1%), as well as rarer
mutations in other codons such as K601E or D594N [7,9]. The discovery and description of the crystal
structure of the mutated BRAF protein [10] led to the development of several specific inhibitors,
such as vemurafenib, dabrafenib, and encorafenib, which have been approved both in the US and
Europe for the treatment of advanced (AJCC stage IIIC and stage IV) MM-harboring BRAF V600
mutations [11–14]. These BRAF inhibitors, administered in combination with MEK inhibitors, resulted
in rapid therapeutic responses, with significant improvements in both progression-free and overall
survival in large fractions of metastatic MM patients [2,15].

Molecular testing to determine BRAF mutation status has therefore become standard-of-care in
the modern clinical management of patients with advanced MM, being currently the only available
biomarker that can predict therapeutic responses to treatments with combined BRAF and MEK
inhibitors. BRAF testing is currently recommended by both the National Comprehensive Cancer
Network (NCCN) and the European Society for Medical Oncology (ESMO) guidelines for advanced
melanoma patients [16,17]; the BRAF V600 mutation must be detected by using an FDA-approved
(USA) or CE-IVD-certified (Europe) test [17–19].

More recently, several studies have demonstrated the impact of immune checkpoint inhibitors
and targeted therapies on disease control in the adjuvant setting [20]. A long-term benefit of a
12-month adjuvant treatment with a combination of BRAF and MEK inhibitors (dabrafenib and
trametinib, respectively) has been observed in patients with resected stage III BRAF V600 mutant
melanoma [21,22]; in a recent update, median relapse-free survival was not reached in treated patients
after a median follow-up of 60 months [23]. These findings highlight the significance of the assessment
of the BRAF mutational status in all stage III MM patients for a more appropriate clinical decision.
Overall, the detection of the BRAF V600 mutation plays a predictive role in the management of
MM patients, identifying those with a potential sensitivity to combined treatments with BRAF and
MEK inhibitors, either in advanced (stage IV or unresectable stage III) or resectable high-stage
disease [24,25]. Identification of NRAS mutations may be also useful for a comprehensive molecular
classification of the MM patients, as well as for their potential enrolment in clinical trials testing specific
pharmacologic agents.

From a clinical perspective, it is therefore mandatory to identify the best technique to detect BRAF
mutations with the highest sensitivity and specificity. Generally, formalin-fixed and paraffin-embedded
(FFPE) tissues from MM patients are used for mutational analysis, after paraffin removal and genomic
DNA purification with standardized protocols. The aim of this study was to compare BRAF mutational
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testing performed with conventional nucleotide sequencing approaches (Sanger-based sequencing and
pyrosequencing) and either real-time polymerase chain reaction (rtPCR) or next-generation sequencing
(NGS) assays, in order to assess the levels of concordance between different techniques in a real-life,
hospital-based series of 319 FFPE tissue samples from advanced MM patients from Sardinia, Italy.

2. Materials and Methods

2.1. Patients and Samples

Patients with a histologically proven diagnosis of advanced MM (AJCC stages IIIC and IV),
originating from Sardinia, Italy, were consecutively collected at clinics across the entire island and
referred for molecular testing at the laboratory of the National Research Council (CNR), Sassari, Italy,
from October 2012 through September 2019. All patients regularly participating in the diagnosis and
treatment programs for melanoma at the Hospitals across Sardinia Island had tumor-tissue samples
available for molecular analysis before inclusion in the study. To avoid bias, patients were included
regardless of age of onset, family history of cancer, disease characteristics, and gene tested (BRAF
with or without NRAS); their demographic, clinical, and pathological data were retrieved and stored
in a digital database. FFPE tumor samples of primary melanomas or metastases from each patient
were collected. Histological classification, including Breslow thickness and disease stage at diagnosis,
according with the 8th versions of AJCC staging system, was performed in all cases. All histological
specimens with an ascertained tumor cell content greater than 60% were selected for mutation analysis;
in some cases, the tissue sections were macrodissected by removing surrounding healthy tissue in
order to obtain tumor samples with at least 70% neoplastic cells. All samples included in the study
were assessed for the quality of the purified DNA, in order to ensure that discrepant cases could not
arise from technical problems due to the insufficient sample quality.

The patients were informed about the aims and methods of the study and, before the tissue
sample was collected (thus, at the time of initial molecular testing), given a written informed consent
for both mutational analyses with molecular diagnostic purposes on tissue samples and participation
in the study. The study was conducted in accordance with the principles of the Declaration of
Helsinki and approved by the Committee for the Ethics of the Research and Bioethics of the National
Research Council.

2.2. Molecular Testing

2.2.1. DNA Isolation and Screening

Genomic DNA was isolated from tissue sections, using a standard protocol. In particular,
paraffin was removed from FFPE samples with Bio-Clear (Bio-Optica, Milan, Italy), and DNA
was purified by using the QIAamp DNA FFPE Tissue kit (Qiagen Inc., Valencia, CA, USA).
DNA quantitation and quality assessment were carried out with both a Nanodrop 2000
spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and Qubit® 2.0 Fluorometer (Invitrogen,
Carlsbad, CA, USA). DNA fragmentation status was evaluated with the Agilent 2200 TapeStation,
system using the Genomic DNA ScreenTape assay (Agilent Technologies, Santa Clara, CA, USA),
which is able to produce a DNA Integrity Number (DIN).

2.2.2. Sanger Sequencing (SS)

Polymerase chain reaction (PCR) was performed on 20 ng of genomic DNA in a Veriti
96-Well Fast Thermal Cycler (Life Technologies-Thermo Fisher Scientific, Waltham, MA, USA);
all PCR-amplified products were directly sequenced using an automated ABI3130 fluorescence-cycle
sequencer (Life Technologies-Thermo Fisher Scientific, Waltham, MA, USA). Sequencing conditions,
as well as primer sets and PCR assay protocols, were as previously described [26,27]. Sequencing
analysis was conducted in all samples in duplicate and in both directions (forward and reverse).
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A nucleotide sequence was considered as valid when the quality value (QV) was higher than 20
(<1/100 error probability); in this study, the QV average was 35 (range, 30–45; <1/1000–1/10,000 error
probability). Starting from the purified DNA, the flat cost of the SS analysis was around €50, and the
time required for performing it was about 6 h.

2.2.3. Pyrosequencing

Quantitative measurements of BRAF mutations were performed with the Therascreen™ BRAF
Pyro Kit (Qiagen Inc., Valencia, CA, USA), for the quantitative detection of mutations in codons 600,
469, and 464 of the human BRAF gene in genomic DNA. In particular, the Therascreen™ BRAF Pyro
Kit detected the following variants: V600E (c.1799T > A/c.1799_1800TG > AA), V600G (c.1799T > G),
V600A (c.1799T > C), V600M (c.1798G > A), V600D (c.1799_1800TG > AT), V600K (c.1798_1799GT >
AA), V600R (c.1798_1799GT > AG), G469E (c.1406G > A), G469A (c.1406G > C), G469V (c.1406G >
T), G469S (c.1405_1406GG > TC), G466E (c.1397G > A), G466V (c.1397G > T), G464E (c.1391G > A),
and G464V (c.1391G > T). Each pyrosequencing assay, which included a positive (BRAF mutated) and a
negative (BRAF wild-type) DNA sample as control, was performed on a PyroMark Q24 system (Qiagen
Inc., Valencia, CA, USA), following the manufacturer’s instructions. Starting from the purified DNA,
the flat cost of the pyrosequencing analysis was around €90, and the time required for performing was
about 4 h.

2.2.4. Real-Time PCR (rtPCR) Test

The rtPCR test was based on the use of the IdyllaTM BRAF mutation assay (Biocartis, Mechelen,
Belgium), a fully automated rtPCR-based diagnostic mutation analysis method. The test consists of
allele-specific PCR reactions that enable the qualitative detection of the wild-type sequence (c.1799T)
and the main mutations at codon 600 in BRAF gene: V600E (c.1799T > A), V600E2 (c.1799_1800
delinsAA), V600D (c.1799_1800 delinsAT/c.1799_1800 delinsAC), V600K (c.1798_1799 delinsAA),
V600M (c.1798G > A), and V600R (c.1798_1799 delinsAG). In each rtPCR assay, an internal control to
test quality of amplification is included. A solution with at least 40 nanograms of isolated genomic
DNA was loaded onto the cartridge in our experiments. Starting from the purified DNA, the flat cost
of the IdyllaTM test was around €170, and the time required for performing was about 2 h.

2.2.5. Next-Generation Sequencing

Next-generation sequencing (NGS) analysis was performed by using either the Ion Torrent
PGM System either the Ion S5 GeneStudio platform with a multiple-gene panel or the Oncomine
Focus Assay (Life Technologies-Thermo Fisher Scientific, Waltham, MA, USA), arranged in two
primer pools, and designed to explore the mutational status of selected regions within the main
52 genes involved in tumorigenesis. Amplicon libraries were generated by starting from 20 ng of
genomic DNA, using the Ion AmpliSeq Library Kit-2.0 (Life Technologies-Thermo Fisher Scientific),
and barcoding each sample, following the manufacturer’s instructions. Cycling conditions were
performed according to the DNA type and primer pairs per pool. Libraries were purified with
Agencourt Ampure-XT Beads (Beckman Coulter, Brea, CA, USA); purified DNA was diluted at a final
concentration of 50 pM, placed into the Ion Chef for emulsion PCR and Chip loading, and sequenced
on the Ion S5 GeneStudio (Life Technologies-Thermo Fisher Scientific) with the Ion Hi-Q™ View
Sequencing Kit (Life Technologies-Thermo Fisher Scientific). Sequencing data were processed with
the Ion Torrent Software Suite v.5.10.1 (Life Technologies-Thermo Fisher Scientific) platform-specific
pipeline software. The plugin Variant Caller (VC) Ion Reporter v.5.10.1.20 and the Integrative Genome
Viewer (http://www.broadinstitute.org/igv) were used for variant annotation and reads visualizations,
respectively. To get a total amount of at least 10 mutated alleles for each candidate amplicon,
the following mutation selection criteria were adopted: coverage of >200 reads and frequency of
mutated alleles >5% for gene amplicon. Starting from the purified DNA, the flat cost of the NGS
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analysis with the Oncomine Focus Assay was up to €450, and the time required for performing was
about two and half days.

2.3. Statistical Analysis

Results were expressed as median values (range) and percentages. Statistical differences between
groups were evaluated by using the chi-squared test or the Fisher exact test, as appropriate. Statistical
significance was set at 0.005. Statistical analyses were performed by using MedCalc for Windows,
version 15.4 64 bit (MedCalc Software, Ostend, Belgium).

3. Results

Globally, 319 advanced melanoma patients undergoing molecular analysis for diagnostic
classification of the BRAF/NRAS mutational status were consecutively collected in a hospital-based
manner and enrolled into the study. The median age at diagnosis was 65 years, and 183 (57%) were
males. The demographic, clinical, and pathological characteristics of the patients are reported in
Table 1. Patients originated from different geographical areas across Sardinia: 241 (76%) were from
Sassari province in North Sardinia, and 78 (24%) were from the remaining parts of the island. Almost
the entire series was composed by patients with MM (89.4%, n = 285); four (1.3%) cases were affected
by mucosal melanoma, and 30 (9.4%) patients presented with MM metastasis from an occult primary
tumor; among them, 22 (73.3%) cases had lymph node metastasis, while the remaining patients had
visceral metastasis. Most lesions were distributed on the trunk (53%, n = 152), followed by the limbs
(32%, n = 93) and head/neck (15%, n = 44). Nodular and superficial spreading melanomas were the
most frequent histological variants (50% and 39%, respectively), with vast preponderance of >1 mm
thick melanomas (92%). Ulcerated and not-ulcerated melanomas were similarly represented, whereas
81% of patients showed ≥1 mitosis (Table 1).

Table 1. Patient demographics and melanoma characteristics in the study population.

Characteristics Data

Age at diagnosis, median (range) 65 (21–92)

Male gender, n (%) 183 (57.4)

Primary melanoma localization (n = 319)

Limbs, n (%) 93 (29.2)

Head and neck, n (%) 44 (13.8)

Trunk, n (%) 152 (47.6)

Occult, n (%) 30 (9.4)

Lymph node metastasis, n (%) 22 (6.9)

Visceral metastasis, n (%) 8 (2.5)

Histology (n = 289)

SSM, n (%) 146 (50.5)

Nodular, n (%) 112 (38.7)

Acral, n (%) 19 (6.6)

Lentigo maligna, n (%) 8 (2.8)

Mucosal, n (%) 4 (1.4)
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Table 1. Cont.

Characteristics Data

Breslow class (n = 285)

≤1 mm, n (%) 23 (8.1)

>1-≤2 mm, n (%) 78 (27.4)

>2-≤4 mm, n (%) 95 (33.3)

>4 mm, n (%) 89 (31.2)

Ulceration (n = 248)

Present, n (%) 137 (55.2)

Absent, n (%) 111 (44.8)

Mitosis number (n = 243)

<1, n (%) 47 (19.3)

≥1, n (%) 196 (80.7)

AJCC stage at diagnosis (n = 285)

IA-IB, n (%) 26 (9.2)

IIA-IIB, n (%) 107 (37.5)

IIC, n (%) 28 (9.8)

III, n (%) 101 (35.4)

IV, n (%) 23 (8.1)

Lymph node metastasis at diagnosis (n = 289)

pN0, n (%) 171 (59.2)

pN+, n (%) 118 (40.8)

SSM, superficial spreading melanoma; AJCC, American Joint Committee on Cancer.

The mutational status of the BRAF and NRAS genes was initially assessed with the screening
methodology conventionally used at the time of the molecular diagnosis, required by clinician for
patients’ classification: Sanger-based sequencing (SS), from 2009 to 2014, and pyrosequencing, from
2015 to 2019 (Figure 1). Additional tests (IdyllaTM and NGS) were performed in accordance with the
availability of tissue samples and adequate amount and quality of the DNA to use. BRAF mutations
were documented in 45% (144/319) of the initial tests performed, while NRAS mutations were present
in 15% (40/272) of the tumors tested (Table 2). No concomitant mutation in BRAF and NRAS genes
was detected, further confirming that deleterious mutations in these driver oncogenes are mutually
exclusive in melanoma [28,29]. Globally, about two-thirds (184 cases) of Sardinian melanoma patients
were found to carry a BRAF or NRAS mutation, even considering that some cases were not analyzed
for NRAS mutations. No statistically significant differences have been found between genders in the
distribution of mutations in both genes; however, the amount of patients aged less than 55 years was
significantly higher in patients with BRAF mutations than in those without, and the amount of patients
older than 55 was significantly greater in patients with NRAS mutations than in those without (Table 2).
Indeed, in patients with less than 55 years of age, mutation rates were significantly higher for the BRAF
than for the NRAS gene (58/95, 61% vs. 4/77, 5.2%; p < 0.0001). Overall, no differences in distribution of
BRAF and NRAS mutations between rural and urban areas, both globally and within the two (north vs.
middle-south) geographical parts of the island, were observed.
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Figure 1. Tissue samples from advanced malignant melanoma (MM) patients analyzed for BRAF
mutational status and screening methodologies used into the study. RT-PCR (written as rtPCR in the
rest of the manuscript), real-time polymerase chain reaction; NGS, next-generation sequencing.

Table 2. Patient mutational status at first test screening by conventional analysis. In bold, significant
p-value correlations.

Characteristics Mutated Wild-Type p

BRAF (n = 319)

Mutated, n (%) 144 (45.1) 175 (54.9)

Gender, n (%)

Male, n (%) 79 (54.9) 104 (59.4)
0.479Female, n (%) 65 (45.1) 71 (40.6)

Age at diagnosis, n (%)

≤55 years, n (%) 58 (40.3) 37 (21.1)
0.003

>55 years, n (%) 86 (59.7) 138 (78.9)

NRAS (n = 272)

Mutated, n (%) 40 (14.7) 232 (85.3)

Gender, n (%)

Male, n (%) 25 (62.5) 129 (55.6)
0.522Female, n (%) 15 (37.5) 103 (44.4)

Age at diagnosis, n (%)

≤55 years, n (%) 4 (10) 73 (31.5)
0.004

>55 years, n (%) 36 (90) 159 (68.5)

The subtypes of the mutations found for each gene are summarized in Table 3. A very high
proportion of BRAF mutations across samples was represented by the BRAFV600E variant (120, 83.3%).
All but one of the remaining BRAF variants were represented by other V600 subtypes: V600K (19, 13.2%),
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V600D (3, 2.1%), and V600R (1, 0.7%) (Table 3). The K601E mutation was the only variant not affecting
the codon 600 of BRAF, though it is a sequence variation still localized in the active kinase domain of
the gene, which can respond to the targeted therapy. For NRAS, nearly all (35/40; 87.5%) mutations
were found at the codon 61 of the gene: Q61R (n = 19), Q61K (n = 12), Q61L (n = 3), and Q61H (n = 1)
(Table 3).

Table 3. BRAF and NRAS mutation spectrum. Frequencies are related to the total amount of mutated
cases in BRAF (n = 144) and NRAS (n = 40) genes.

Exon Mutation Base Change Amino Acid Change Mutated Samples %

BRAF

15 V600D 1799–1800 TG>AT Val to Asp 3 2.1

15 V600E 1799 T>A Val to Glu 117 81.2

15 V600E 1799_1800TG>AA Val to Glu 3 2.1

15 V600K 1798–99 GT>AA Val to Lys 19 13.2

15 V600R 1798–99 GT>AG Val to Arg 1 0.7

15 K601E 1790 T>G Leu to Arg 1 0.7

NRAS

2 G12A 35 G>C Gly to Ala 1 2.5

2 G13D 38 G>A Gly to Asp 2 5.0

2 G13R 37 G>C Gly to Arg 2 5.0

3 Q61H 183 A>T Gln to His 1 2.5

3 Q61K 181 C>A Gln to Lys 12 30.0

3 Q61L 182 A>T Gln to Leu 3 7.5

3 Q61R 182 A>G Gln to Arg 19 47.5

All mutations detected in this study have been reported in the Human Gene Mutation Database
(HGMD), at http://www.hgmd.cf.ac.uk/ac/index.php, and in the Catalogue of Somatic Mutations in
Cancer (COSMIC), at http://www.sanger.ac.uk/genetics/CGP/cosmic/.

Successively, research was aimed at investigating differences in terms of sensitivity and specificity
among the currently available molecular platforms for improving assessment of the mutational
status. Given the high number of cases, we concentrate on BRAF mutations only in order to perform
comparisons between the testing methods. Additional analyses with rtPCR/IdyllaTM and NGS assays
were performed on available FFPE tissue sections and/or DNA samples deriving from the same
specimens used for first BRAF classification. Among the 144 patients carrying a BRAF mutated
melanoma in our series (Figure 1), 61 DNA samples (30 cases evaluated by SS assay and 31 by
pyrosequencing) were selected as adequate for further analyses. The IdyllaTM test confirmed the
presence of BRAF mutations in all 30 (100%) positive cases assessed by Sanger-based sequencing and
in 30/31 (96.8%) mutated cases assessed by pyrosequencing. The latter discrepant case was further
investigated with the NGS assay, which confirmed the presence of the BRAF mutation (thus confirming
the result obtained by the pyrosequencing analysis).

Among the 175 BRAF wild-type cases, 42 of them were excluded, since the remaining available
DNA was not sufficient or qualitatively adequate to perform further assays, and there was no availability
of additional FFPE tissue sections (Figure 1). Overall, 131 BRAF wild-type samples (68 after SS and
63 after pyrosequencing) were re-analyzed by rtPCR/IdyllaTM test; among the formers, 11 (16.2%)
additional BRAF mutated cases were found, while among those initially tested with pyrosequencing,
3 (4.8%) additional BRAF mutated cases were detected (Figure 1). The difference was statistically
significant (p = 0.047), even if the compared cases were not the same. Finally, 48 samples out of the
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63 that underwent rtPCR/IdyllaTM testing after pyrosequencing were also evaluated by NGS, and one
additional mutation was detected; in this case, no statistically significant difference was found between
the two methods (p = 0.637).

4. Discussion

BRAF molecular testing is currently imperative for the classification of stages III and IV MM
patients, toward the selection of the appropriate therapeutic strategy. Several methods for BRAF testing
are currently being used, including both companion diagnostic and laboratory-developed methods.
The ideal method should be highly sensitive in detecting mutant alleles, and, at the same time, highly
specific in detecting the correct mutation. Furthermore, it should be performable by using a small
amount of biological material, considering that often the samples are small FFPE biopsies, and more
than one analysis has to be carried out. In addition, the test should be inexpensive, easy, and quick to
perform, with results that are easy to interpret. Currently, a unique test that contains all such features
does not exist, and, often, more than one test is recommended.

The detection of BRAF mutations is commonly performed on DNA extracted from tumor tissue
samples, using a molecular approach. In recent years, a BRAF mutation analysis conducted at protein
level was introduced into the clinical practice, though its use remains controversial. The protein-based
test is represented by an immunohistochemistry assay with a monoclonal antibody (VE1), which is
specific for detecting the expression of BRAFV600E mutated protein in tumor tissue samples [30].
Nearly all tests currently in use are DNA-based. They include allele-specific PCR assays to selectively
amplify the candidate BRAF codon and direct sequencing strategies (SS, pyrosequencing, or NGS)
to determine the nucleotide sequence of the gene [31]. In Europe, at least three allele specific PCR
tests have been CE-IVD certified for diagnostics: the PNAClamp™ BRAF Mutation detection kit
(Panagene), the Cobas® 4800 BRAF V600 mutation kit (Roche Diagnostics), and the IdyllaTM BRAF
mutation kit (Biocartis). All rtPCR tests show higher sensitivity and specificity than those based on
direct sequencing. Unfortunately, few studies have fully compared such different strategies for BRAF
mutation screening. To date, no consensus on the best method to use in clinical practice exists.

The IdyllaTM system, a fully automated rtPCR platform with several advantages over other
techniques, has been recently introduced in clinical practice. Firstly, it is characterized by rapid
turnaround times (approximately two hours), which is essential because it allows rapid decisions
regarding the best treatment to adopt for the patient [32]. Furthermore, while the Cobas® test can detect
the BRAF V600E mutation only, the IdyllaTM test can detect all the actionable mutations at the codon
V600 of the BRAF gene, including the less frequent V600D/K/R/M variants. In addition, cartridges that
are able to detect the most relevant genetic alterations of both the BRAF and NRAS genes in a single
assay are now available, and they can be also used in other tumors harboring such alterations (i.e.,
colorectal cancer) [33]. In their pivotal study, Barel et al. compared Idylla™ (NRAS-BRAF-EGFRS492R
mutation assay—110 min per sample) with NGS and IHC for detection of BRAF and NRAS mutations
in 36 patients with metastatic melanomas and found a global concordance between NGS and IdyllaTM

assays of 97.2% (35/36 cases) [34]. Interestingly, they noticed one difference in mutation genotyping,
since NGS highlighted an NRAS G13C mutation, whereas the Idylla™ cartridges, which do not search
the G13C alteration, reported an NRAS G12A [34].

Concordance with IHC was better evaluated in the study performed by Vallèe et al. [32].
When compared with their reference, the authors found an overall concordance of 89% for BRAF
V600E mutation detection by IHC, while the IdyllaTM system showed a concordance of 100% and 92.1%
for BRAF and NRAS mutation detection, respectively. Furthermore, the IdyllaTM showed a PPV and
NPV of both 100% for BRAF mutation detection and a PPV and NPV of 100% and 87%, respectively,
for NRAS mutation detection. They concluded that BRAF V600E immunohistochemistry is efficient for
detecting the V600E mutation, but negative cases should be further evaluated by molecular approaches
for other BRAF mutations.
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In our study, we compared, for the first time, IdyllaTM with all the available sequencing techniques
(Sanger-based sequencing, pyrosequencing, and NGS sequencing) in a tissue-sample collection from
MM patients undergoing mutational classification for clinical purposes in a real-life, hospital-based
recruitment. NGS can provide information on a wider spectrum of genetic alterations, allowing for a
better evaluation of the molecular landscape of the disease; in addition, it requires limited quantities of
DNA and presents the highest diagnostic sensitivity (detection limit of 1–2%) [35]. Although it is able
to identify all mutations present in the analyzed genomic regions (specificity of 100%; referred to as a
comprehensive test), the interpretation of sequencing data may be somehow complex and requires a
high level of expertise, making its application more difficult to be broadly introduced into the clinical
practice [35]. In addition, it involves a longer turnaround time, it is more expensive, and it can be
affected by DNA quality.

Our data showed that rtPCR is more accurate than both Sanger sequencing and pyrosequencing
in detecting BRAF mutations. Firstly, we verified the existence of a quite absolute concordance among
the three screening methods for the BRAF mutated cases analyzed in our series; overall, 60/61 (98.4%)
IdyllaTM tests confirmed the presence of the same BRAF mutation identified by the sequencing assay.
One could speculate that the probability of detecting a false-positive BRAF mutated case is rare when
using one of the three different approaches described above for mutation screening. Slightly more
complex is the evaluation of the data among the BRAF wild-type cases from our series. As expected,
the IdyllaTM detection rates of missed BRAF mutations cases were significantly higher in wild-type
cases assessed by SS, rather than in those by pyrosequencing. Indeed, Sanger-based direct DNA
sequencing has the lowest diagnostic sensitivity (detection limit of 15–20%), though it is able to identify
all the variants present in the analyzed genomic regions (specificity of 100%, again, referred to as a
comprehensive test); pyrosequencing, instead, shows a higher sensitivity (detection limit of 5–8%)
and a good mutation coverage (specificity of 90%; referred to as a near-comprehensive test). Finally,
the ability of IdyllaTM to detect such mutations was comparable with that of NGS, and both methods
were more accurate than pyrosequencing. It has been reported that rtPCR techniques have a very
high sensitivity (detection limit of 2–3%), but they can identify a limited number of mutations within
specifically targeted genomic regions (specificity for each variant of up to 98%) [36–38]. In our study,
we did not compare molecular techniques on DNA with IHC techniques on protein.

By summarizing pros and cons for each BRAF mutation testing strategy, we could infer
the following:

NGS provides the maximum level of specificity (100%) and sensitivity (up to 98%) in detecting all
gene variants (pros), but it requires skilled personnel and has several practical drawbacks (longer time
for sample preparation and running, higher cost for reagents, and lack of guarantee of being able to
complete the analysis in all FFPE samples due to DNA quality limitations) (cons);

Sanger-based direct sequencing achieves the highest specificity (100%) and can detect all
sequence mutations in BRAF exons 11 and 15 (pros), but it presents the lowest diagnostic sensitivity
(80–85%)—which requires a higher tumor cell representation into the tissue sample—and it is somehow
time-consuming (cons).

Pyrosequencing is a simple-to-perform method and provides a good level of sensitivity (92–95%)
(pros), but it does not achieve a complete mutation coverage specificity (up to 90%; in gene codons 600,
469, and 464 only; see Methods) (cons).

Real-time PCR is a rapid method which achieves the same maximum level of sensitivity of NGS
(up to 98%), without requiring particular skills (pro), but it is able to identify a limited number of
mutations (IdyllaTM test: V600E/D/K/M/R, but not other V600 actionable variants, such as V600G/A—see
Methods; Cobas® 4800 BRAF V600 mutation test: V600E/K mutations only) (con).
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Our study has some limitations, mainly the retrospective design and the heterogeneity in the
compared groups, dictated by its real-life nature. On the other hand, our work has several advantages,
as it is the first study to compare four different DNA-based techniques, using the same specimen and
same DNA per case, in order to avoid inter-tumoral heterogeneity. Finally, the study included patients
from the same genetically homogeneous population from Sardinia, an island that experienced little
immigration and genetic contamination in the past decades, due to its geographical location [39,40].

In conclusion, our findings provide support for both NGS and IdyllaTM assays to be adopted as
the molecular method of choice for routine assessment of BRAF status in MM patients and to provide
guidance toward the appropriate treatment strategy. These methods improved the diagnostic accuracy
of BRAF testing via the detection of additional BRAF mutations in a subset of false-negative cases
previously tested with Sanger sequencing or pyrosequencing. In attendance of further confirmations
in larger prospectively designed studies, the use of two sensitive molecular methods may ensure the
highest level of diagnostic accuracy.
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Abstract: The incidence of melanoma has been increasing worldwide during recent decades.
The objective of the study was to analyse the trends in incidence for in situ and invasive melanoma
in the Spanish region of Catalonia during the period of 2008–2017. We designed a cross-sectional
study with an age-period-cohort analysis of melanoma patient data from the Network of Melanoma
Centres in Catalonia. Our database covered a population of over seven million and included a total of
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8626 patients with incident melanoma. The main outcome measures were crude and age-standardised
incidence rates to the European 2013 standard population. Joinpoint regression models were used
to evaluate the population trends. We observed an increase in the age-standardised incidence rate
(per 100,000 population) of all melanoma subtypes from 11.56 in 2008 to 13.78 in 2017 with an
average annual percent change (AAPC) of 3.5%. This incidence increase was seen exclusively in
the older population. Moreover, the stratified analysis showed a statistically significant increase in
the age-standardised incidence rate for invasive (AAPC 2.1%) and in situ melanoma (AAPC 6.5%).
In conclusion, the incidence of melanoma has continued to increase in the elderly population over
recent decades, with a rapidly increasing trend of in situ melanomas and the lentigo maligna subtype.

Keywords: melanoma; incidence; population-based study; epidemiology; Spain; skin cancer

1. Introduction

Melanoma is responsible for 1%–2% of all cancers worldwide and accounts for only 5% of all
malignant skin tumours. However, it is one of the most aggressive forms of cancer and causes 75–90%
of skin cancer-related deaths [1]. In addition, melanoma is one of the cancers that presents earlier in life
and is one of the solid neoplasms that produces the greatest number of potential life years lost [2–4].

Despite the fact that major primary prevention campaigns have been implemented in recent
decades [5–9], the number of melanoma cases continues to rise every year [10,11]. Recent data from the
Surveillance, Epidemiology, and End Results (SEER) registry indicate that the incidence of melanoma
is rapidly increasing, especially in older patients [10]. However, what it is even more worrying is the
fact that there has been an increase in the incidence of melanoma in young adults, especially women
between 25 and 39 years of age, often with high associated mortality [12].

In addition, incidence and mortality vary widely among different geographical areas, due
to diverse ethnicities and social conditions, with the white race being the most affected in raw
numbers [4]. WHO estimates of age-standardised incidence rates worldwide vary widely and show
higher incidences in Australia and New Zealand with 33.6 cases per 100,000 population/year, followed
by Europe with rates between 9 and 18.8 cases per 100,000 population and the United States with
12.6 cases per 100,000 population [11]. Specifically in Spain there is an incidence rate of 6.4 cases per
100,000 inhabitants per year and a prevalence of skin melanoma in the last five years of 18,181 cases [11].
Although the incidence of melanoma has been increasing globally over recent decades, SEER data has
shown that for the first time, the mortality rate decreased by 17.9% in the period 2013–2016 [11,13].
These data may suggest that new drugs, introduced during the last decade for the management of
metastatic and locally advanced melanoma, appear to improve survival [13,14].

In the present study, we analysed the population-based age-specific data for cutaneous melanoma
in the Catalan population. A thorough knowledge of the incidence of melanoma in Spain is necessary
to improve public health policies.

2. Material and Methods

This is a descriptive study with an age-period-cohort analysis of melanoma in the region of
Catalonia, located in north-east Spain. We obtained the data on the Catalonian population from the
Statistical Institute of Catalonia (IDESCAT) [15], and totals 16.23% of the Spanish population with
7,496,276 inhabitants in 2017, and corresponds to a predominantly white population. The melanoma
incidence data was obtained from the Catalan registry of melanoma (Xarxa-melanoma) for the period of
2008–2017. The Xarxa-melanoma is a collaborative prospective database in which a total of 19 hospitals
participate, covering most of the population of Catalonia. Cases diagnosed and monitored exclusively
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in private centres were not included in the database. These cases are a minority in Catalonia since
most melanoma patients are seen in public hospitals, especially in the case of invasive tumours.

The research protocol received approval from the Research Ethics Committee of the Hospital
Clinic of Barcelona (IRB number: HCB/2015/0298). All data were collected prospectively during
the time period. This study followed the “strengthening the reporting of observational studies in
epidemiology” (STROBE) statement [16].

We analysed all cases of invasive and in situ cutaneous melanoma, including all ages. To evaluate
age periods, we used equally spaced two-year calendar periods to analyse differences in time.
Category variables were compared using Pearson’s x2 test, or Fisher’s exact test, when the expected
observations were fewer than five. For continuous variables, we used the mean and standard deviation
and linear model ANOVA test.

Annual incidence rates were age-standardised to the European standardised population [17] by
the direct method to remove the confounding effect of age and to make valid comparisons between
the incidence rates from different countries and 95% confidence intervals for age-adjusted rates were
calculated using the Fay and Feuer method [18].

To examine the population trends in age-standardised incidence rate according to sex and
histological subtype (invasive vs in situ), joinpoint regression models were used. We calculated
the average annual percent change (AAPC) for each variable independently using a fixed period
between 2008 and 2017 for an easier comparison of the subgroups. Moreover, we calculated the
average annual percentage change (APC) with a maximum number of possible joinpoints set to one,
based on the number of data points in the series [19]. A permutation test was used to determine the
location of the joinpoints, when the change in trend was statistically significant. The resulting slope
was recorded as the APC.

Statistical analyses were performed using the computing environment R and RStudio [20,21],
and the Joinpoint Regression Software, version 4.8.0.1 (National Cancer Institute) [22]. All statistical
analyses were two sided and assessed for statistical significance at P < 0.05.

3. Results

During the study period of 2008 to 2017, we identified a total of 8753 new cases of melanoma in
the Catalonian region, of which 2896 were in situ and 5857 invasive. The analysis stratified by two-year
groups revealed that there were no differences between the proportion of men and women over that
time; however, the age of presentation of melanoma increased from a mean of 58.2 (SD 17.3) years in
2008 to 63.3 (SD 17.1) in 2017 (P < 0.001). Table 1 Moreover, there was a clear trend to diagnose a higher
proportion of in situ than invasive melanomas, and the proportion of the lentigo maligna subtype also
increased from 13.9% to 22.6%. (Table 1 and Figure 1).

Age-standardised incidence rate of melanoma data is summarised in Table 2. Between 2008 and
2017, there was a significant increase in the age-standardised incidence rate of melanoma per 100,000
population/year from 11.56 (95% CI, 11.38–11.75) in 2008 to 13.78 (95% CI, 13.57–13.98) in 2017. This
means a 19% global increase with an average annual percentage change (AAPC) of 3.5% (95% CI, 2.1%,
5.0%) and an annual percentage change (APC) of 4.9% (95% CI, 2.7%, 7.0%). Moreover, the stratified
curves for age-standardised incidence for subtypes of melanoma showed an increased trend for both
groups. However the magnitude was greater for in situ melanomas (AAPC of 6.5%; 95% CI, 4.4%,
8.6%) than invasive melanomas (AAPC of 2.1%; 95% CI, 0.1%, 4.1%). The stratified analysis by sex
showed a higher age-adjusted incidence of melanoma in men over the whole study period, and also
showed a similar upward trend in both groups with an AAPC of 3.9% (95% CI, 2.2%, 5.6%) and 3.2%
(95% CI, 1.6%, 4.9%) for men and women respectively (Figures 2 and 3).

Age-specific crude incidence rates by 10-year age bands for 2008 to 2017 showed a stable incidence
rate during the follow-up period in patients under 60 years; however, from the 60–70 year age group, a
rapid increase in incidence is seen as the age of presentation increases. Additionally, in 2017, the crude
incidence rate for patients over the age of 80 years was 50.25 cases per 100,000 population (Figure 2).
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Moreover, a pyramid plot stratified by sex showed that in women there is a double peak of incidence of
melanoma in the 45–49 year bracket and then between 60 and 64 years, while men present a single peak
of incidence later in life, between 65 and 69 years (Figure 4A). Moreover, the mean age at presentation
of melanoma was 59.1 years in women (SD 17.7) and 62.8 years (16.6) in men (P < 0.001). A ridgeline
plot shows the distribution of cases represented as density over the years in the study, clearly showing
a bimodal distribution of cases in women and only one peak of incidence in men which is maintained
during the study period (Figure 4B).

Table 1. Basal characteristics of the tumours.

2008–2009
(N = 1543)

2010–2011
(N = 1500)

2012–2013
(N = 1696)

2014–2015
(N = 1906)

2016–2017
(N = 2108)

Total
(N = 8753)

P Value

Gender 0.496
Female 789 (51.1%) 751 (50.1%) 897 (52.9%) 971 (50.9%) 1060 (50.3%) 4468 (51.0%)
Male 754 (48.9%) 749 (49.9%) 799 (47.1%) 935 (49.1%) 1048 (49.7%) 4285 (49.0%)

Age <0.001
Mean (SD) 58.2 (17.3) 59.6 (17.3) 60.4 (17.3) 61.9 (17.0) 63.3 (17.1) 60.9 (17.3)

Staging <0.001
In situ 466 (30.2%) 476 (31.7%) 524 (30.9%) 638 (33.5%) 792 (37.6%) 2896 (33.1%)
invasive 1077 (69.8%) 1024 (68.3%) 1172 (69.1%) 1268 (66.5%) 1316 (62.4%) 5857 (66.9%)

Breslow index 0.219
Mean (SD) 2.2 (6.0) 2.4 (4.5) 2.4 (3.6) 2.2 (4.1) 2.1 (3.2) 2.3 (4.3)

Tumour Location 0.001
Trunk 551 (41.4%) 527 (40.2%) 573 (38.8%) 740 (43.1%) 888 (45.1%) 3279 (42.0%)
Head and neck 278 (20.9%) 302 (23.1%) 310 (21.0%) 371 (21.6%) 412 (20.9%) 1673 (21.4%)
Lower limbs 254 (19.1%) 231 (17.6%) 280 (18.9%) 268 (15.6%) 298 (15.1%) 1331 (17.1%)
Upper limbs 145 (10.9%) 148 (11.3%) 190 (12.9%) 219 (12.8%) 237 (12.0%) 939 (12.0%)
Acral 97 (7.3%) 85 (6.5%) 107 (7.2%) 92 (5.4%) 107 (5.4%) 488 (6.3%)
Mucosa 7 (0.5%) 17 (1.3%) 18 (1.2%) 27 (1.6%) 27 (1.4%) 96 (1.2%)
Missing values 211 190 218 189 139 947

Histological subtype <0.001
SSM 871 (63.9%) 806 (61.7%) 884 (60.2%) 965 (59.5%) 1011 (55.1%) 4537 (59.7%)
LMM 190 (13.9%) 183 (14.0%) 227 (15.5%) 306 (18.9%) 414 (22.6%) 1320 (17.4%)
Nodular 180 (13.2%) 176 (13.5%) 193 (13.1%) 180 (11.1%) 189 (10.3%) 918 (12.1%)
Acral lentiginous 65 (4.8%) 51 (3.9%) 85 (5.8%) 73 (4.5%) 74 (4.0%) 348 (4.6%)
Mucosal 4 (0.3%) 13 (1.0%) 11 (0.7%) 16 (1.0%) 20 (1.1%) 64 (0.8%)
Desmoplastic 10 (0.7%) 14 (1.1%) 10 (0.7%) 8 (0.5%) 15 (0.8%) 57 (0.8%)
Spitzoid 3 (0.2%) 1 (0.1%) 8 (0.5%) 11 (0.7%) 21 (1.1%) 44 (0.6%)
Nevoid 3 (0.2%) 1 (0.1%) 1 (0.1%) 4 (0.2%) 8 (0.4%) 17 (0.2%)
Other 37 (2.7%) 62 (4.7%) 50 (3.4%) 60 (3.7%) 82 (4.5%) 291 (3.8%)
Missing values 180 193 227 283 274 1157

Only includes the evaluation of invasive melanomas.

Staging In situ Invasive
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Figure 1. Distribution of invasive and in situ melanomas.
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Finally, the analysis of melanoma subtypes showed that the age-standardised incidence rate of
superficial spreading melanoma and lentigo maligna melanoma is increasing, while the proportion of
patients with nodular, acral lentiginous and other subtypes of melanoma remains constant (Figure 2).

Figure 2. Trends in the incidence of melanoma in Catalunya. Abbreviations: ALM, acral lentiginous
melanoma, LMM, lentiginous malignant melanoma; SSM, superficial spreading melanoma.

Table 2. Incidence of melanoma in Catalonia.

Year Population Cases Crude Rate ASIR 95% CI

Melanoma (Including In Situ Melanoma)

2008 7,298,313 792 10.85 11.56 [11.38–11.75]
2009 7,416,605 751 10.13 10.80 [10.62–10.97]
2010 7,462,044 727 9.74 10.35 [10.18–10.52]
2011 7,501,853 773 10.30 10.88 [10.7–11.06]
2012 7,515,398 809 10.76 11.25 [11.07–11.43]
2013 7,478,968 887 11.86 12.30 [12.11–12.49]
2014 7,433,894 887 11.93 12.23 [12.05–12.43]
2015 7,424,754 1019 13.72 13.86 [13.65–14.06]
2016 7,448,332 1064 14.29 14.34 [14.14–14.55]
2017 7,496,276 1044 13.93 13.78 [13.57–13.98]
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Table 2. Cont.

Year Population Cases Crude Rate ASIR 95% CI

Invasive melanoma

2008 7,298,313 560 7.67 8.19 [8.04–8.35]
2009 7,416,605 517 6.97 7.38 [7.23–7.52]
2010 7,462,044 481 6.45 6.83 [6.7–6.98]
2011 7,501,853 543 7.24 7.64 [7.49–7.79]
2012 7,515,398 556 7.40 7.73 [7.58–7.88]
2013 7,478,968 616 8.24 8.57 [8.41–8.73]
2014 7,433,894 585 7.87 8.04 [7.89–8.2]
2015 7,424,754 683 9.20 9.23 [9.06–9.4]
2016 7,448,332 698 9.37 9.32 [9.16–9.49]
2017 7,496,276 618 8.24 8.08 [7.92–8.24]

Abbreviations: ASIR, age-standardised incidence rate.
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Figure 3. Joinpoint regression analysis of melanoma age-standardised incidence rate. European
age-standardised incidence rate trends for melanoma lesions in Catalonia in the period 2008–2017.
Squares shapes represent the observed values and dashed lines represent the joinpoint models. (*) APCs
were significantly different from zero at alpha = 0.05. Abbreviations: APC, annual percent change.
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Figure 4. Pyramid plot in (A) shows that cases occur at younger ages in women showing a double
peak of incidence; however, in men they present in a single peak of incidence at older ages. (B) shows a
ridgeline with the distribution trend across the years of the study.

4. Discussion

Our study demonstrates that the incidence of melanoma in Catalonia continued to increase during
the 2008 to 2017 period with a rising trend which mainly affected elderly patients. This increase has
been consistently observed in other countries with predominantly Caucasian populations [23–25] and
this rising trend is consisted with a previous period studied in Catalonia [26]. Despite this increase in
incidence, the age-standardised incidence rate (ASIR) of invasive melanoma in Spain is relatively low
(ASIR 6.4) in the GLOBOCAN registry in comparison with other European Mediterranean countries
such as France (ASIR 13.6), Italy (ASIR 12.4), Greece (ASIR 8.7) and Malta (ASIR 8.0) [23]. This could be
explained in part by an underestimation due to the lack of a comprehensive national Spanish melanoma
registry. Another explanation could be the patient’s phenotype (e.g., skin type, red hair) [27] and
genotype (e.g., MC1R polymorphisms status), sunlight incidence during the year [28], sun-exposure
behavior [29] and the Mediterranean diet which has also been reported as a favorable modifying
factor of melanoma incidence [30]. A further possible explanation is the large foreign population
living in Catalonia mainly coming from countries with a pigmented skin population and/or low
melanoma incidence. In 2017, there were 1,041,362 immigrants which corresponds to 13.9% of the
Catalan population: 27.7% were from Africa and 17.4% from South America which could dilute the
cases of melanoma and lower the incidence rate [15].

Recent epidemiological data have shown a steady increase in the incidence of melanoma of 3%
per year and it is expected that by 2030 the number of melanoma cases will double that of 2016 [25].
Our data showed an AAPC of 3.5% and APC of 4.9% during the last period which is consistent with
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what has been reported in the literature. If these predictions are accurate, the expected increase in
melanoma prevalence will be associated with higher treatment costs, as some of these patients will
require new target treatments and immunotherapy [25].

The analysis by melanoma subtype showed that the age-standardised incidence rate of invasive
melanomas increased slightly with an AAPC of 2.1% while in situ melanomas almost doubled
their incidence with an AAPC of 6.5%. These results are consistent with the findings of a large
European study by Sacchetto et al. [31], who observed a significant incidence increase in both invasive
(AAPC 4.0%) and more markedly for in situ melanoma (AAPC 7.7%). An increase in incidence of these
proportions could mean a lifetime risk of developing in situ melanoma of 1 in 58 people [32]. Although
the incidence of invasive melanoma is not as marked as in situ melanoma, the absolute number of
thick melanomas continues to rise, which could have an serious impact in the mortality of the patients
and costs related to the new treatments [32].

We have observed in this cohort that the proportion of invasive melanomas is higher than in situ
melanomas with a ratio of approximately 2:1. This ratio is in line with other European cohorts [31].
On the other hand, in the SEER registry the ratio of invasive versus in-situ melanoma is close to
1:1 [10,33]. One possible explanation is that many low-risk patients are normally seen in private clinics
and some of them are not entered in the regional registries.

The increasing trend in incidence during the study decade was observed in the 60–70 age group
and above, while the younger age groups remained fairly stable. Moreover, the histological subtype
that increased notably during this period is the lentigo maligna subtype. This trend was observed
in the study by Swetter et al. who reported a significant increase in melanoma in-situ in the older
population. They also found that lentigo maligna accounted for 79–83% of the total diagnoses of the
in-situ subtype [34]. All these findings could be explained by accumulated harm from UV (ultraviolet)
radiation since childhood as UV exposure and resulting from occupations with high sun exposure
(>20 years) leading to the development of melanoma [27]. Large public initiatives to decrease sun
exposure have been carried out for many years [5–9,35], but unfortunately, these campaigns will not
benefit older people today who could have already had intense sun exposure during childhood. This
could explain the significant increase in incidence from age 50 years onwards which we have seen in
our study and the important increase in the lentigo maligna melanoma subtype. Another possible
explanation for the increase in incidence has partially been attributed to the development of highly
sensitive diagnostic techniques during the last decade, principally the use of dermatoscopy which has
allowed the detection of clinically unidentifiable tumors [36].

In the stratified analysis by sex, we observed that in both sexes the age-standardised incidence
rate showed a rising trend with an AAPC of 3.9% for men and 3.2% in women; moreover,
the age-standardised incidence rate was higher in men throughout the study period. Different authors
have described that melanoma incidence differs between men and women by age, with women having
higher rates of melanoma early in life and men at later stages of life [37–39]. One biological explanation
for this difference could be related to the hormonal profile. It has been seen that high levels of oestrogen
during a woman’s fertile period can promote the formation of reactive oxygen species which seem to
favour the development of melanoma seen in younger women [40].

Strengths and Limitations

A strength of this study was the ability to collect all data prospectively from the main reference
hospitals in Catalonia. As a limitation of the study, private centres are not included, resulting in
a possible underestimation of a proportion of early melanomas as well as possible differences in
melanoma subtypes. Furthermore, this study does not include mortality data.
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Abstract: The ubiquitination system plays a critical role in regulation of large array of biological
processes and its alteration has been involved in the pathogenesis of cancers, among them cuta-
neous melanoma, which is responsible for the most deaths from skin cancers. Over the last decades,
targeted therapies and immunotherapies became the standard therapeutic strategies for advanced
melanomas. However, despite these breakthroughs, the prognosis of metastatic melanoma patients
remains unoptimistic, mainly due to intrinsic or acquired resistances. Many avenues of research
have been investigated to find new therapeutic targets for improving patient outcomes. Because of
the pleiotropic functions of ubiquitination, and because each step of ubiquitination is amenable to
pharmacological targeting, much attention has been paid to the role of this process in melanoma de-
velopment and resistance to therapies. In this review, we summarize the latest data on ubiquitination
and discuss the possible impacts on melanoma treatments.

Keywords: melanoma; treatment; ubiquitination

1. Introduction

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

Many proteins, regulated by ubiquitination, control cellular processes relevant to
tumorigenesis, such as the modulation of the activity of tumor promoters and suppressors.
One of the best-known examples is the RING-type E3 ubiquitin ligase MDM2, a negative
regulator of the p53 tumor suppressor [2]. Therefore, ubiquitination enzymes are consid-
ered potential therapeutic targets for cancers [3,4]. After the successful clinical application
and the approval of proteasomal inhibitors for the treatment of multiple myeloma, sub-
stantial progress has been made in understanding the molecular mechanisms of ubiquitin
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in cancer-relevant processes, and shed light on the therapeutic potential of the ubiquitin
system [5].

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

2. Brief Overview of Melanoma and Its Treatments

Historically, melanoma was a rare cancer, but its incidence has risen rapidly in the
last decades. Melanomas represent about 5% of skin cancers, but they are responsible for
90% of deaths from skin cancers. Significant advances in the understanding of melanoma
physiopathology have led to the development of new effective treatments for advanced
melanomas. Indeed, the identification of BRAFV600 mutations in about 50% of melanomas
has led to the development of the first targeted therapies (TTs) for patients harboring these
mutations. Now, a combination of the BRAF inhibitor (BRAFi) and the MEK inhibitor
(MEKi) has shown an overall response rate of up to 70% and has become the standard
targeted treatment for BRAFV600-mutated melanomas [6]. However, even though long-term
responses have been reported, most patients develop resistance and relapse [7,8].

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

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

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

3. A Glimpse of Ubiquitination Processes

Ubiquitination is catalyzed by three distinct biochemical steps: activation, conjugation,
and ligation, performed by ubiquitin-activating enzymes (E1s), ubiquitin-conjugating
enzymes (E2s), and ubiquitin ligases (E3s), respectively [16]. The first enzyme, E1, catalyzes
ubiquitin activation by adenylation of the ubiquitin C-terminus. Subsequently, the mature
ubiquitin (Ub) is transferred to the E2-conjugating enzymes. In the final step, the covalent
linking of the ubiquitin on the target protein is catalyzed by the E3 ligase, acting as an
adapter that recognizes the substrate and mediates the interaction with the Ub-E2. Different
combinations of E2 and E3 are possible, providing a wide variability in signal integration
and conveying [16] (Figure 1).
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Figure 1. The ubiquitination and deubiquitination process. In the upper panel, three distinct biochemical steps are required
for substrate (Sub) ubiquitination: activation performed by activating enzymes (E1s), conjugation by conjugating enzymes
(E2s), and ligation by ubiquitin ligases (E3s). In the lower panel, there are different ubiquitin (Ub) modifications and a
schematic representation of deubiquitination performed by deubiquitinating enzymes (DUBs). The number of members of
each type of enzymes in mammals are highlighted in purple.

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

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

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

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

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

Compelling evidence established the critical role of ubiquitination in melanoma pro-
gression. Indeed, mutations in the deubiquitinating enzyme BRCA1-associated protein 1
(BAP1), in the E3 ligase (or E3 ligase complex) Parkinson protein 2 (PARK2), and in the
F-box and WD repeat-containing 7 protein (FBXW7), were shown to favor melanoma devel-
opment [3]. Moreover, ubiquitination plays an instrumental role in key signaling pathways
for melanoma pathogenesis, such as the NF-κB and Wnt/β-catenin pathways [3,28–31]. In
the last three years, numerous studies have increased our knowledge on the involvement
of ubiquitination processes in melanoma progression. In the following sections, we focus
on the most recent reports dealing with the role of E2, E3, and DUB proteins in melanoma
biology.

4. E2 Enzyme Involvement in Melanoma Progression

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

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

Among the E2 family, some members can conjugate small molecules, called Ub-like
proteins (UBL), such as small Ub-related modifier (SUMO), neural precursor cell expressed
developmentally down-regulated protein 8 (NEDD8), autophagy-related protein 8 (ATG8),
autophagy-related protein 12 (ATG12), Ub-related modifier 1 (URM1), Ub-fold modifier 1
(UFM1), human leukocyte antigen F locus adjacent transcript 10 (FAT10), and interferon-
stimulated gene 15 (ISG15) [42]. Like ubiquitin, when conjugated to target proteins, UBLs
can regulate their activity, stability, subcellular localization, or macromolecular interactions.
Furthermore, a crosstalk between ubiquitylation and another post-translational modifica-
tion, called SUMOylation, has been demonstrated. SUMOylation targets proteins involved
in cell cycle regulation, proliferation, apoptosis, and DNA repair. Thus, SUMOylation
could impact cancer progression and/or drug responsiveness. As Ub-conjugating enzyme
E2-I (UBE2I), also known as Ubc9, is absolutely required for SUMOylation, it has been the
subject of numerous studies as a potential target for cancer therapy [43,44]. In melanoma,
Ubc9 seems to be upregulated, involved in proliferation, and could play a role in apop-
tosis evasion in response to chemotherapy treatments [43,45]. Interestingly, it was also
demonstrated that Ubc9 interacted with the microphthalmia-associated transcription factor
(MITF) [46]. The MITF plays a critical role in melanocyte differentiation, but also melanoma-
genesis, allowing the transition of melanoma cells between a differentiated-proliferative
phenotype and a stem cell-like phenotype [47]. It was described that Ubc9 targets the
MITF to the proteasome for degradation, and may favor the transition toward a dedif-
ferentiated and metastatic melanoma phenotype [46]. Whether this regulation involved
SUMOylation of ubiquitination remains to be clarified. Nevertheless, SUMOylation of the
MITF is paramount for melanoma pathogenesis, as patients with a germline mutation that
prevents K316 SUMOylation have an increased risk of developing melanoma [48]. Thus,
Ubc9 appears to be a potential target to limit melanoma development.

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

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

The involvement of E2 enzymes in many cancer types suggests that specific small
chemical inhibitors of E2 enzymes might be valuable in the treatment of cancers, including
melanoma. Until now, few E2 enzyme inhibitors have been described [4]. For instance,
Leucettamol A and Manadosterols A and B can inhibit Ubc13–UEV1A interaction and
block the formation of their complex [4]. CC0651, a small-molecule selective allosteric site
inhibitor of the E2 enzyme hCdc34, can block the ubiquitination and degradation of p27
and then inhibit tumor cell proliferation [4]. To date, none of these small molecules have
been assessed in the context of melanoma.

89



J. Clin. Med. 2021, 10, 1133

Table 1. Summary table of identified E2 enzymes and their functional roles in melanoma.

E2 Class E2s Roles in Melanoma Refs

I

 

UBE2N
UBE2I
UBE2B

Overexpressed,
proliferation and

malignancy
Proliferation, apoptosis
evasion, sumoylation of

MITF
Overexpressed,
progression and

pathogenesis

[39]
[44–47]
[50,51]

II

 

UBE2C Overexpressed, associated
with poor prognosis [40,41]

III
UBE2T
UBE2S

Overexpressed, biological
role to be determined

Proliferation, cell survival,
tumor growth, EMT

[35]
[49]

IV

5. E3 Enzyme Involvement in Melanoma

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

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

5.1. BRAF Pathway

Among the E3 ligase proteins, the F-box and WD repeat-containing 7 protein (FBXW7)
was particularly well-studied in cancer progression [53–55]. In melanoma, an inactivating
mutation of FBXW7 was reported to occur in 8% of melanoma patients [56]. FBXW7 was
described as a negative regulator of the mitogen-activated protein kinase (MAPK) pathway
by targeting BRAF for degradation. It was demonstrated that FBXW7 loss of function en-
hanced MAPK activity and promoted resistance to BRAF inhibitors in vitro and in vivo [57].
In parallel, another E3 ligase-targeting BRAF was identified. Wan et al. demonstrated
that the APC/C E3 ligase complex and its activator fizzy-related protein 1 (FZR1) both
negatively regulated BRAF activity through two distinct mechanisms involving proteolysis
and the disruption of BRAF dimerization [58]. Importantly, the authors showed that a
loss of FZR1 contributed to Vemurafenib resistance in melanoma cells [58]. These studies
showed that E3 ligases can act as tumor suppressors, but some of them are considered
as oncogenic players in melanoma progression. That is the case, for instance, of the itchy
E3 ubiquitin-protein ligase, or ITCH, which was initially identified as a key enzyme in
maintaining a balanced immune response and is strongly associated with autoimmune
disease. The role of ITCH in malignancies was unveiled by its ability to tag different
substrates for ubiquitination [59]. In melanoma, it was described that ITCH can directly
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interact with BRAF and promotes its lysine 27-linked polyubiquitination [60]. This atypical
non-degradative polyubiquitination of BRAF allows for the recruitment of PP2A that de-
phosphorylates S365 and disrupts the interaction with the inhibitory scaffold protein 14.3.3,
resulting in the sustained activation of BRAF and of its downstream signaling cascade [60].

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

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

5.2. Migration/Invasion

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

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

Recently, our group identified a new player in melanoma biology, the HECT domain
and the ankyrin repeat-containing E3 ubiquitin-protein ligase 1 (HACE1). HACE1 is de-
scribed as a tumor suppressor that catalyzes the degradative ubiquitination of active Rac1
(Ras-related C3 botulinum toxin substrate 1) GTPase [66]. The loss of HACE1 has promoted
the progression of numerous cancers, such as breast cancer, hepatocellular carcinoma, or
colorectal cancer [67–69]. In melanoma, even though expression levels of HACE1 are
unchanged between nevi, primary, and metastatic melanoma, the loss of this E3 ligase
impairs the migration of melanoma cells [70]. We demonstrated that HACE1 promoted the
K27 ubiquitination of fibronectin and favored its secretion. Secreted fibronectin regulates
ITGAV (Integrin subunit alpha V) and ITGB1 (Integrin beta-1) expression, globally pro-
moting melanoma cell adhesion and migration. Thus, HACE1 plays a role in melanoma
biology [70].

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

Very recently, our group identified FBXO32, a key component of the SCF ubiquitin-
protein ligase complexes, as a MITF target, regulating melanoma cell migration and pro-
liferation. Using loss of function approaches, we demonstrated that FBXO32 silencing in
melanoma cell lines induced a downregulation of CDK6, a cell cycle protein promoting
proliferation, and an upregulation of SMAD7, an inhibitor of the TGF-β pathway linked
to cell migration. At the molecular level, FBOX32 seemed to interact with BRG1 (Brahma-
related gene-1), a chromatin-remodeling protein [73]. This interaction could modulate the
gene expression responsible for melanoma progression.

5.3. Differentiation

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

Over the last decade, numerous studies have involved ubiquitination in the regula-
tion of EMT. The role of the F-box family was particularly well-studied in various types
of cancer [75]. For instance, FBXW7 can suppress cell migration and invasion by neg-
atively regulating the transcription factor SNAIL in human non-small cell lung cancer
(NSCLC) [54]. As FBXW7 is frequently downregulated in cancer cell lines, functional
studies revealed that a higher level of FBXW7 dramatically inhibited migration and inva-
siveness of renal cell carcinoma [76]. SKP2, a member of the F-box/LRR-repeat protein
(FBXL) subfamily, is known to participate in degradative ubiquitination of the cyclin-
dependent kinase inhibitor p27kip1, a negative cell cycle regulator. Therefore, the inhibition
of SKP2 in diverse cancers, including cutaneous [77,78] and uveal melanomas [79,80], was
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reported to inhibit cell proliferation in vitro and suppress tumor development in vivo. In
2014, a study revealed that the levels of SKP2 were elevated by TGF-β1 treatment in human
melanoma cells [81]. It is known that TGF-β1 induces EMT [82]. Increased levels of SKP2
were accompanied with AKT and c-Myc activation during EMT [81]. Recently, the RING
finger protein 128 (RNF128), an E3 ligase from the RING family, was described to favor
melanoma development by inducing EMT [83]. The authors showed that RNF128 was
downregulated in melanoma compared to peripheral normal tissue. The downregula-
tion of RNF128 promoted melanoma cell proliferation in vitro and in vivo, through the
degradative ubiquitination of CD44 and cortactin (CTTN). These two factors can activate
the Wnt pathway, previously described as a critical axis involved in EMT and stemness in
melanoma [75,83].

5.4. Antitumor Immunity

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

6. Deubiquitination and Melanoma

Protein ubiquitination processes can be reversed by deubiquitinating enzymes, which
cleave the isopeptide bond between ubiquitin and its substrate [86]. These enzymes fall
into two main categories: the cysteine proteases comprising the ubiquitin C-terminus
hydrolases (UCHs), ubiquitin-specific proteases (USPs), ovarian tumor proteases (OTUs),
Machado–Josephin domain proteases (MJDs), and the metalloprotease Jab1/MPN/Mov34
(JAMM) domain containing metalloisopeptidase [87]. Dysregulation of the DUB, and the
consequent alteration of the ubiquitin system, are involved in the increase of the oncogene
effects and/or decrease in the tumor suppressor activity in cancers in general, and in
melanoma specifically.

6.1. Tumor Suppressors

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

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

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

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

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

6.2. Tumor Promoters

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

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

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

7. Ubiquitination and Resistance

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

7.1. Drugs Resistance

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

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

The same team recently reported that RNF4 promotes tumorigenesis and confers resis-
tance to targeted therapies in melanoma [109]. RNF4 is a SUMO-dependent E3 ubiquitin
ligase implicated in cancer that regulates the tumorigenesis of melanoma. Mechanisti-
cally, RNF4 seems to bind, ubiquitinate, and increase the expression of eIF2α. Moreover,
the author showed that the RNF4–eIF2α axis plays an important role in the resistance of
melanoma cells toward BRAFi [109].

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

Data in the literature indicate that ubiquitin-specific peptidases (USPs), the main mem-
bers of the deubiquitinase family, are involved in DNA damage repair activity, suggesting
that USPs may be linked to drug resistance during cancer treatment. USPs are investigated
as possible targets to develop inhibitors for cancer prevention [101]. Recently, a study
described how the depletion of USP28 favored resistance to BRAF inhibitor therapies.
USP28 deubiquitinated and stabilized FBXW7, a component of the SCF ubiquitin ligase
complex that controls the degradation of BRAF [111]. Therefore, USP28 depletion increased
BRAF protein levels and melanoma cell resistance to BRAF inhibitors [57]. These results
show that USP28 is a key factor in ERK pathway activation and in resistance to BRAF
inhibitors in vitro and in vivo.

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

A genetic screen of the whole-genome shRNA library led to the identification of
two negative regulators of resistance to Vemurafenib in BRAFV600E-expressing melanoma
cells: neurofibromin 1 (NF1) and CUL3 [113]. The authors showed that loss of CUL3, a
core component of the SCF E3 ubiquitin ligase complex, activates Rac1 leading to MAPKi
resistance. Inhibition of the SRC family could reverse resistance induced by CUL3 depletion
via the inactivation of the Rac1 protein [113]. These data highlight the SRC-Rac1 signaling
axis as a new mechanism implicated in BRAFi resistance.
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7.2. Resistance to ICTs

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

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

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

Furthermore, in the immunotherapy context, Mezzadra et al. recently demonstrated
that loss of chemokine-like factor (CKLF)-like MARVEL transmembrane domain containing
family member 6 (CMTM6) decreased PD-L1 protein levels in melanoma cells [120]. At
molecular level, the authors showed that CMTM6 interacted with PD-L1 and protected
it from degradative ubiquitination. In agreement with this observation, CMTM6, by
increasing PD-L1-expression, enhances the ability of tumor cells to inhibit the function of
T-cells [120]. Thus, targeting CMTM6 to increase PD-L1 ubiquitination and degradation has
a potential value as a therapeutic strategy to improve the immune response of melanoma
cells (Table 2).

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

Family Gene Substrate Pathway Function in melanoma Refs

UCH
BAP1 Histone H2A DNA double-strand

break repair Cell differentiation Tumor
suppressor [83–89]

CYLD
BCL-3 N-cadherin

expression
Proliferation, migration, invasion

and lymph angiogenesis
Tumor

suppressor
[93]

- Angiogenesis [95]

USP

USP4 - EMT Migration and invasion Tumor
promoter [97]

USP10/13 p53 p53 Proliferation Tumor
promoter [98,99]

USP14
Proteasome
substrates UPS Proliferation Resistance

promotion [109]

USP28 Fbw7 MAPK BRAF inhibitor resistance Resistance
prevention [108]
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Table 2. Cont.

Family Gene Substrate Pathway Function in melanoma Refs

OTU OTUB1

UBE2N DNA double-strand
breaks repair Initiation and progression Tumor

promoter
[113]

AKT CD8 T cells and NK
cells activation Immune cell activation [114]

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

8. Conclusions and Future Directions

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

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

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

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

However, the successful use of ubiquitination process inhibitors has probably been
limited because of the lack of specificity of the drugs used. Recently, approaches hijack-
ing the ubiquitin-proteasome system (UPS) have emerged to overcome specificity and
redundancy problems. The first one uses ubiquitin variants (UbVs) that were designed
to improve potency and specificity toward UPS enzymes. However, the delivery of these
engineered proteins to the cells remains challenging. The second one is an approach gain-
ing increasing interest because it can potentially target 97% of the reputable, undruggable
proteins. This approach, called proteolysis-targeting-chimera (PROTAC) uses heterobi-
functional compounds that foster the formation of a complex between an E3 ligase and
the target protein, promoting ubiquitination and degradation of the latter. Virtually, this
approach might be used to target and destroy any protein essential in tumor development.
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Today, the few clinical trials using inhibitors of the UPS have shown no clear objective
benefits in patients with melanoma. Nevertheless, recent reports indicating that ubiquitina-
tion affects responses to targeted and immune therapies might prompt the evaluation of
inhibitors of ubiquitination process in combination with current treatments. The PROTAC
approach, specifically targeting the epigenetic processes or key oncogenic pathways, also
deserves further investigation in the context of melanoma [130,131].
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118. Scortegagna, M.; Hockemeyer, K.; Dolgalev, I.; Poźniak, J.; Rambow, F.; Li, Y.; Feng, Y.; Tinoco, R.; Otero, D.C.; Zhang, T.; et al.
Siah2 control of T-regulatory cells limits anti-tumor immunity. Nat. Commun. 2020, 11, 99. [CrossRef] [PubMed]

119. Feng, Y.; Sessions, E.H.; Zhang, F.; Ban, F.; Placencio-Hickok, V.; Ma, C.T.; Zeng, F.Y.; Pass, I.; Terry, D.B.; Cadwell, G.; et al.
Identification and characterization of small molecule inhibitors of the ubiquitin ligases Siah1/2 in melanoma and prostate cancer
cells. Cancer Lett. 2019, 449, 145–162. [CrossRef] [PubMed]

120. Mezzadra, R.; Sun, C.; Jae, L.T.; Gomez-Eerland, R.; De Vries, E.; Wu, W.; Logtenberg, M.E.W.; Slagter, M.; Rozeman, E.A.;
Hofland, I.; et al. Identification of CMTM6 and CMTM4 as PD-L1 protein regulators. Nature 2017, 549, 106–110. [CrossRef]

121. Merin, N.; Kelly, K. Clinical Use of Proteasome Inhibitors in the Treatment of Multiple Myeloma. Pharmaceuticals 2014, 8, 1–20.
[CrossRef] [PubMed]

122. Thompson, J.L. Carfilzomib: A second-generation proteasome inhibitor for the treatment of relapsed and refractory multiple
myeloma. Ann. Pharmacother. 2013, 47, 56–62. [CrossRef]

123. Richardson, P.G.; Zweegman, S.; O’Donnell, E.K.; Laubach, J.P.; Raje, N.; Voorhees, P.; Ferrari, R.H.; Skacel, T.; Kumar, S.K.; Lonial,
S. Ixazomib for the treatment of multiple myeloma. Expert Opin. Pharmacother. 2018, 19, 1949–1968. [CrossRef] [PubMed]

124. Markovic, S.N.; Geyer, S.M.; Dawkins, F.; Sharfman, W.; Albertini, M.; Maples, W.; Fracasso, P.M.; Fitch, T.; Lorusso, P.; Adjei,
A.A.; et al. A phase II study of bortezomib in the treatment of metastatic malignant melanoma. Cancer 2005, 103, 2584–2589.
[CrossRef] [PubMed]

125. Bhatia, S.; Pavlick, A.C.; Boasberg, P.; Thompson, J.A.; Mulligan, G.; Pickard, M.D.; Faessel, H.; Dezube, B.J.; Hamid, O. A phase I
study of the investigational NEDD8-activating enzyme inhibitor pevonedistat (TAK-924/MLN4924) in patients with metastatic
melanoma. Investig. New Drugs 2016, 34, 439–449. [CrossRef]

126. Wertz, I.E.; Wang, X. From Discovery to Bedside: Targeting the Ubiquitin System. Cell Chem. Biol. 2019, 26, 156–177. [CrossRef]

103



J. Clin. Med. 2021, 10, 1133

127. Pawlak, W.Z.; Legha, S.S. Phase II study of thalidomide in patients with metastatic melanoma. Melanoma Res. 2004, 14, 57–62.
[CrossRef]

128. Glaspy, J.; Atkins, M.B.; Richards, J.M.; Agarwala, S.S.; O’Day, S.; Knight, R.D.; Jungnelius, J.U.; Bedikian, A.Y. Results of a
multicenter, randomized, double-blind, dose-evaluating phase 2/3 study of lenalidomide in the treatment of metastatic malignant
melanoma. Cancer 2009, 115, 5228–5236. [CrossRef]

129. Altun, M.; Kramer, H.B.; Willems, L.I.; McDermott, J.L.; Leach, C.A.; Goldenberg, S.J.; Kumar, K.G.S.; Konietzny, R.; Fischer, R.;
Kogan, E.; et al. Activity-Based Chemical Proteomics Accelerates Inhibitor Development for Deubiquitylating Enzymes. Chem.
Biol. 2011, 18, 1401–1412. [CrossRef]

130. Sun, X.; Gao, H.; Yang, Y.; He, M.; Wu, Y.; Song, Y.; Tong, Y.; Rao, Y. PROTACs: Great opportunities for academia and industry.
Signal Transduct. Target. Ther. 2019, 4, 64. [CrossRef]

131. Vogelmann, A.; Robaa, D.; Sippl, W.; Jung, M. Proteolysis targeting chimeras (PROTACs) for epigenetics research. Curr. Opin.
Chem. Biol. 2020, 57, 8–16. [CrossRef] [PubMed]

104



Journal of

Clinical Medicine

Review

Melanoma Single-Cell Biology in Experimental and
Clinical Settings

Hans Binder 1, Maria Schmidt 1, Henry Loeffler-Wirth 1, Lena Suenke Mortensen 1 and Manfred Kunz 2,*

Citation: Binder, H.; Schmidt, M.;

Loeffler-Wirth, H.; Mortensen, L.S.;

Kunz, M. Melanoma Single-Cell

Biology in Experimental and Clinical

Settings. J. Clin. Med. 2021, 10, 506.

https://doi.org/10.3390/jcm10030506

Academic Editor: Lionel Larribère

Received: 18 December 2020

Accepted: 25 January 2021

Published: 1 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Interdisciplinary Center for Bioinformatics, University of Leipzig, 04107 Leipzig, Germany;
binder@izbi.uni-leipzig.de (H.B.); schmidt@izbi.uni-leipzig.de (M.S.); wirth@izbi.uni-leipzig.de (H.L.-W.);
mortensen@izbi.uni-leipzig.de (L.S.M.)

2 Department of Dermatology, Venereology and Allergology, University of Leipzig Medical Center,
Philipp-Rosenthal-Str. 23-25, 04103 Leipzig, Germany

* Correspondence: Manfred.Kunz@medizin.uni-leipzig.de; Tel.: +49-341-97-18610; Fax: +49-341-97-18609

Abstract: Cellular heterogeneity is regarded as a major factor for treatment response and resistance
in a variety of malignant tumors, including malignant melanoma. More recent developments of
single-cell sequencing technology provided deeper insights into this phenomenon. Single-cell data
were used to identify prognostic subtypes of melanoma tumors, with a special emphasis on immune
cells and fibroblasts in the tumor microenvironment. Moreover, treatment resistance to checkpoint
inhibitor therapy has been shown to be associated with a set of differentially expressed immune cell
signatures unraveling new targetable intracellular signaling pathways. Characterization of T cell
states under checkpoint inhibitor treatment showed that exhausted CD8+ T cell types in melanoma
lesions still have a high proliferative index. Other studies identified treatment resistance mechanisms
to targeted treatment against the mutated BRAF serine/threonine protein kinase including repression
of the melanoma differentiation gene microphthalmia-associated transcription factor (MITF) and
induction of AXL receptor tyrosine kinase. Interestingly, treatment resistance mechanisms not only
included selection processes of pre-existing subclones but also transition between different states of
gene expression. Taken together, single-cell technology has provided deeper insights into melanoma
biology and has put forward our understanding of the role of tumor heterogeneity and transcriptional
plasticity, which may impact on innovative clinical trial designs and experimental approaches.

Keywords: melanoma; single-cell transcriptome sequencing; treatment response; pseudotime analysis

1. Melanoma Biology, Clinics and Treatment

Melanoma is a highly aggressive cutaneous neoplasia, which has been intensively ana-
lyzed by molecular techniques in the past few years [1,2]. Indeed, a number of mutational
analyses have been performed and identified key driver mutations among which mutant
BRAFV600 is the most prevalent, affecting almost 50% of all melanoma patients [3–5]. Mutant
BRAFV600 leads to an activation of the classical mitogen-activated protein kinase (MAPK)
pathway with downstream targets being mitogen-activated extracellular signal-regulated
kinases (MEK) 1/2 and extracellular-signal regulated kinases (ERK) 1/2. Promising treat-
ment responses were obtained by targeting this pathway on the level of BRAF kinase
and MEK1/2, which has been a mainstay of melanoma therapy in recent years [1,2,6].
BRAF-targeted treatment includes small molecule inhibitors vemurafenib, dabrafenib, and
encorafenib, directed against activated (mutated) BRAF kinase, which has significantly
improved the survival rate of affected patients. Overall treatment success is hampered
by the fact that a significant number of patients show primary resistance (~20%) and also
secondary resistance, which occurs in the vast majority of patients. The currently used
treatment options mainly consist of combination treatments of BRAF inhibition combined
with MEK1/2 inhibition, which is not only more effective but also reduces side effects
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such as the development of epidermal neoplasias and exanthemas [7]. Cobimetinib, tram-
etinib, and binimetinib are currently used as MEK1/2 inhibitors in combination therapy.
The 5-year overall survival rate of combination therapy has reached 50%, which may be
regarded as a major breakthrough for this highly aggressive tumor [8]. Still, the majority
of patients develop a secondary resistance [9]. More recently, adjuvant treatment after
complete tumor eradication in stage III (lymph node metastasis) has been approved using
this combination of treatment, and neo-adjuvant (pre-operation) treatment studies are
under way [10,11].

The mechanisms underlying primary and secondary resistance to targeted treatment
have been an area of intensive investigations in recent years [12–23]. Among the most
prominent cellular mechanisms are switches to NRAS mutations [15,17,23], aberrant BRAF
splicing [14,15], BRAF amplifications [12,13,15–17], MAP2K1 (MEK1) mutations [13,17],
PTEN and PIK3CA mutations [17], and COT overexpression [21].

Principally, mechanisms of treatment resistance are heterogeneous but show many
overlapping patterns in different studies. An earlier study found NRAS and PDGFR over-
expression in a number of melanoma cell lines after development of treatment resistance to
BRAF inhibitor PLX4032 in vitro [23]. In one of the most comprehensive subsequent studies,
45 patients were analyzed by whole-exome sequencing before BRAF inhibitor (vemurafenib
or dabrafenib) treatment, after early (less than 12 weeks) and late development of resis-
tance [17]. Top resistance variants were NRAS mutations, BRAF amplifications, MEK1 and
MEK2 mutations, and PTEN mutations/amplifications. MEK1 and PTEN mutations were
partly already present before treatment.

A similar study analyzed 59 metastatic melanoma lesions from patients treated with
dabrafenib or vemurafenib [15]. Authors performed a targeted genetic screen of NRAS,
BRAF, MEK1, MEK2, and AKT1 genetic variants. Resistance mechanisms were found in
58% of progressing tumors, with BRAF splice variants, BRAF amplifications, and NRAS
and MEK1/2 mutations being present in 8–32% of cases. In another study, BRAF ampli-
fications were found in 4 out of 20 melanoma patients, and NRAS mutations in 5 out of
20 melanoma patients, under treatment with vemurafenib, as determined by whole-exome
sequencing and quantitative polymerase chain reaction (PCR) [16]. BRAF genetic ampli-
fications were also a major mechanism of secondary treatment resistance in a study on
28 melanoma samples resistant to combined BRAF and MEK inhibition, as determined
by targeted sequencing of BRAF, NRAS, KRAS, MEK1, and MEK2 [12]. Overall, 8 out
of 28 samples showed very high numbers of BRAF amplifications (ultra-amplifications).
Subsequent in vitro studies showed that BRAF ultra-amplified melanoma cell lines may
become addicted to BRAF/MEK1 inhibition, as cells died after drug-removal [12]. This
might be of relevance for clinical settings and might speak for drug holidays to enhance
later treatment response.

In an analysis of 10 patients under combined treatment with dabrafenib and trametinib,
genetic resistance mechanisms were found in 9 out of 11 progressing tumors analyzed by a
focused PCR panel for BRAF, NRAS, MEK1/2, and AKT1 [13]. BRAF amplifications were
found in 4, and MEK1/2 mutations in 3 samples. In a smaller study analyzing 5 patients
that developed acquired resistance to combined BRAF and MEK1/2 inhibition (dabrafenib,
trametinib), a new mutation in MEK2 was observed in one patient, and BRAF amplification
and alternative BRAF splicing were found in two other patients [14]. The pathogenic role of
the new MEK2 mutation was verified via in vitro experiments. BRAF-mutant melanomas
may also acquire resistance through activation of the EGFR pathway, as shown in a study
on melanoma patients treated with vemurafenib or dabrafenib, a finding that has been
observed earlier in colon cancer [19]. EGFR expression was shown to be related to SOX10
downregulation, and in vitro SOX10-low cells were enriched in the presence of BRAF
inhibition in vitro. This phenomenon was reversed after drug removal, which also suggests
drug-holidays being useful in re-sensitizing cells to BRAF inhibition. Taken together, the
mentioned studies underline that resistance mechanisms in melanoma to targeted treatment
use different mechanisms but center around re-activated MAPK or PTEN-AKT1 pathways.
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Studies on transcriptional mechanisms of primary resistance to targeted treatment
revealed a MITF-low/NF-κB-high transcriptional phenotype which could be linked to
specific gene expression profiles in cell lines and patient biopsies, and a MITF-low/AXL-
high phenotype [20,22]. In vitro, combined treatment of cell lines with BRAF inhibition
and an AXL inhibitor significantly reduced melanoma cell viability of MITF-low/AXL-
high cells, supporting the functional relevance of these findings [20]. In a large-scale
study using RNA-sequencing of metastatic melanoma samples, transcriptomic patterns of
48 single-drug or double-drug disease progressors were compared with patient-matched
baseline melanoma tissues [18]. Transcriptomic patterns of treatment resistance involved
differential gene expression of tumor and stromal genes. Among up-regulated genes in
resistant lesions were c-MET, IL-8, c-FOS, macrophage marker CD163, chemokine CCL8,
and NFKBIA.

However, these transcriptional mechanisms are incompletely understood as the under-
lying data mostly originates from bulk sequencing studies; thus, they do not reflect clonal
structures and are only partly recapitulating selection processes. Overall, primary and
secondary resistance mechanisms to targeted therapy may be either due to genetic changes
(mutations, amplifications) or changes in gene expression of specific pathways [24].

Major progress was made in the field of immunotherapies in melanoma. Immunothera-
pies, in particular immunecheckpoint inhibition (ICI), targeting the cytotoxic T lymphocyte
antigen 4 (CTLA-4), programmed cell death protein 1 (PD-1), and programmed cell death
protein ligand 1 (PD-L1) have been approved in recent years in a number of different
cancers including malignant melanoma [25]. However, a larger number of patients did not
respond to these treatments (60% in case of PD-1 inhibition, 80% for CTLA-4 inhibition) as a
primary resistance. Treatment response rates could slightly be enhanced by a combination
of anti-PD1 and anti-CTLA4 treatment [26].

The underlying mechanisms for primary and secondary treatment resistance to im-
munotherapies have been studied in recent years and include a number of different mech-
anisms [27]. In one of the earliest studies addressing this issue, immune markers of
anti-CTLA4 treatment response of melanoma patients were analyzed [28]. Pre-treatment
tumors of overall 110 patients were analyzed by whole-exome sequencing. Transcriptome
data were generated for 40 patients. Mutational load, neoantigen load, and transcriptomes
of cytolytic activity were associated with treatment response. Enhanced expression of
granzyme A (GRZMA) and perforin 1 (PRF1) were associated with responses, as were
CTLA-4 and PD-L2 expression. In a parallel study of another group, melanoma exomes
from 64 patients treated with CTLA-4-blocking antibodies were analyzed by whole-exome
sequencing [29]. Mutational load alone was not sufficient to predict treatment benefit.
Neoepitope analysis identified neoantigen landscapes with a strong treatment response.
Further, the predicted neoantigens were able to activate T cells from patients treated with
anti-CTLA4 antibodies in in vitro experiments.

Hugo and co-workers performed a large-scale study on 28 metastatic melanoma
lesions, 27 of which were pre-treatment lesions, and analyzed gene expression patterns of
responding versus non-responding lesions [30]. Overall, the mutational load of tumors
correlated with patient survival (but not with tumor response). Among the genes that
were upregulated in non-responding lesions were mesenchymal transition genes such as
AXL, WNT5A, and TWIST, as well as immunosuppressive genes such as IL10, VEGFA, and
VEGFC. Resistant lesions showed a gene expression signature called IPRES (innate anti-PD1
resistance), which is comprised of 26 transcriptomic signatures including mesenchymal
transition, wound healing, and angiogenesis.

In a first study on secondary treatment resistance, samples from paired baseline and
relapsing lesions in four patients were analyzed [31]. By use of whole-exome sequencing it
was shown that resistant lesions in two patients carried mutations in interferon-receptor-
associated Janus kinase 1 (JAK1) or Janus kinase 2 (JAK2) genes, associated with the
deletion of the wild-type allele. A third patient showed a truncating mutation in the
beta-2-microglobulin (B2M) gene, which is part of the MHC-I complex.
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In a later large-scale analysis of treatment resistance, 54 samples with CTLA4- blockade
followed by anti-PD1 treatment were analyzed by a 12-marker immunohistochemistry
panel and NanoString® technology (of 795 immune-related genes) (nanoString, Seattle, WA,
USA) [32]. This study showed that individual protein markers and gene expression patterns
in early on-treatment biopsies were predictive of responses for the checkpoint blockage.
Among markers for treatment response to anti-PD1 treatment were CD8, CD4, CD3, PD-
1, PD-L1, and LAG3 protein expression in responders versus non-responders in early
on-treatment samples. In the NanoString® analyses of response to anti-PD1 treatment,
up-regulation of HLA-molecules, IFN-γ pathway effectors, and different chemokines
were observed.

In a subsequent study, 68 patients with advanced melanoma were investigated before
and after anti-PD-1 treatment by whole-exome and transcriptome analysis [33]. Responders
under treatment experienced a so-called mutation contraction, which means that the num-
ber of clonal and subclonal variants decreased on therapy in these patients. Transcriptomic
analyses showed an increase in gene expressions patterns of CD8+ T cells, NK cells, and
M1 macrophages in responders as compared to non-responders.

Recently, pre-treatment tumors taken from 144 metastatic melanoma patient were
analyzed by whole-exome and whole-transcriptome sequencing, and mutational and tran-
scriptomic features were assessed for correlation with response to anti-PD1 treatment [34].
Interestingly, there was no significant association of specific gene mutations to response or
resistance to treatment. Regarding gene expression, 4 of the 13 MHC-II associated HLA
genes were significantly upregulated in responders. Significantly enriched pathways in
responders were IFN-γ response, allograft rejection, complement, inflammatory response,
and interleukin (IL6)-JAK-STAT3 signaling. Signatures for T cells, B cells, macrophages,
CD8+ cytotoxic, and exhausted CD4+ T cells were also enriched. Interestingly, there were
differences between patients with previous exposure to anti-CTLA4 treatment and those
who were naïve to this treatment with a higher expression of immune-related pathways
in in responders of the anti-CTLA4 pre-treated group. Among prominent immune genes
were CXCL9, CXCL10, and CXCR3, among prominent immune markers were CD20, CD163,
CD4, FOXP3, and CTLA-4.

In a more recent study, authors built an immune predictive score called IMPRES,
based on a gene pattern analysis of spontaneously regressing neuroblastomas, to predict
immune checkpoint inhibitor response in melanoma [35]. Overall, 18 immune checkpoint
genes were chosen and high expression of HVEM (a member of the tumor necrosis factor
receptor superfamily), CD27 and CD40 were associated with better response rates, while
immune inhibitory molecules such as CD276, TIM-3, and VISTA were associated with
worse response. This signature was tested in an own melanoma data set of 41 patients of
the authors under immune checkpoint blockage and on other data sets [30,32]. In particular,
PD-1/OX40L expression was predictive for anti-PD1 treatment response. However, the
predictive capacity of the IMPRES score is controversially discussed [36].

Taken together, a significant number of genetic and genomic studies on mechanisms of
treatment response and resistance under immune checkpoint inhibition support the notion
of immune cell patterns, HLA molecules and chemokines as major drivers of response.

Recurrences and treatment failures of melanoma may not only derive from global
changes in gene patterns but also from intra-tumor heterogeneity and the outgrowth of pre-
existing treatment-resistant clones. Moreover, evidence has also been provided that tumor
cell plasticity mediated by an activated tissue microenvironment secreting TNF-α and other
immune modulators may cause resistance [37,38]. Transcriptional and epigenetic states
may change during treatment and impact on recurrences and treatment resistance [37,39].

Multiple subclonal mutations, gene expression patterns, or epigenetic mechanisms
may be present in tumor lesions and create a genetically heterogeneous population of
tumor cells. In addition, the tumor microenvironment can impact on melanoma biol-
ogy, in particular on predisposed subclones or subclones that may be re-programmed
transcriptionally. Here, we summarize current knowledge on the analysis of melanoma
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heterogeneity through single-cell RNA-seq (scRNA-seq) technology, with an emphasis on
treatment response and resistance.

2. Clonal Heterogeneity in Melanoma

Clonal heterogeneity is currently regarded as one of the most relevant factors for
treatment resistance and recurrence of malignant tumors [40]. The model of a clonal
evolution of tumors with many molecularly heterogeneous subclones had been suggested
in earlier reports, at a time when the molecular basis of tumor heterogeneity could not be
analyzed in more detail [41]. Based on current knowledge, many of the recurrences and
treatment failures of metastatic tumors derive at least in part from this clonal heterogeneity
in tumor lesions consisting of different molecular subclones [42,43].

In melanoma, intra-tumor heterogeneity has been described for the presence or ab-
sence of BRAF mutations, but more detailed analyses on mutational patterns were still
lacking at that time [44].

The molecular heterogeneity in melanoma lesions has been analyzed recently in more
detail by use of whole-genome sequencing of distinct macrodissected tumor areas of
primary melanomas and metastases [45]. In this study, 8 melanoma samples of primary
melanomas and lymph node metastases were analyzed with multiregion sequencing of
41 regions. On average, 489 non-synonymous mutations were observed of which 13%
were heterogeneously distributed. MAPK pathway genes (BRAF, NRAS, and NF1) were
frequently mutated throughout all tumor regions (truncal mutations). Mutational tumor
heterogeneity was associated with patient survival, with higher heterogeneity leading to
shorter overall survival in this limited cohort of patients. Phylogenetic trees showed that
88% of driver mutations as derived from the catalogue of somatic mutations in cancer
(Cosmic) database were truncal mutations, supporting their role in melanoma biology.
Further analyses with larger sample sets and consecutive biopsies may help to understand
the biological and clinical impact of this intra-tumor heterogeneity. Heterogeneously
distributed mutations were found in subclones for PIK3CA, PIK3R1, PTEN, MSN, JAK2,
JAK3, NOTCH2, and IDH1, with little overlap between the different samples.

In a subsequent study, authors compared mutational patterns of melanomas with
signs of chronic sun damage (CSD melanomas) with high and low sun damage [46].
Ultra-deep sequencing was performed for 72 in situ and invasive melanomas for 40 cancer-
associated genes. One sample set of an individual patient was analyzed in more detail
regarding 5 regions in the primary tumor and 7 in in-transit metastases. There were no
significant differences regarding the transcriptomes as determined by RNA-seq. Whole-
exome sequencing showed that the vast majority of all mutation (96%) were found in
all lesions and were regarded as truncal mutations, which comprised KIT and CTNN1
mutations. In total, 60 genes were carrying non-truncal mutations, only four (COL3A1,
CTNNB1, FOXO3, and SRC1) belonged to the Cancer Gene Census (https://cancer.sanger.
ac.uk/census), and the majority was thus regarded as passenger mutations. Interestingly,
phylogenetic trees showed that mutations in primary lesions did not appear earlier than in
in-transit metastases.

In a recent paper on melanoma, tumor heterogeneity has been simulated in vivo
by an admixture of 0.05% of A375 BRAF inhibitor-resistant melanoma cells to 99.95% of
A375 BRAF inhibitor-sensitive melanoma cells [47]. This mixture was subcutaneously
injected into mice. After treatment with the BRAF inhibitor vemurafenib, the number of
resistant cells significantly increased in the overall regressing tumors, basically laying the
foundations for relapse and secondary resistance of these tumors [47]. This phenomenon
is in agreement with clinical findings for metastatic melanomas. However, based on
current knowledge, selection of subclonal populations during treatment response are not
the only mechanisms that support treatment resistance. Resistance may also derive from
drug-induced re-programming [48].

The prognostic relevance of intra-tumor heterogeneity has recently been emphasized,
as higher heterogeneity was associated with worse outcomes [49]. Authors used a clonal
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heterogeneity analysis tool (CHAT) to estimate intra-tumor heterogeneity, and CIBER-
SORT to analyze the immune cell composition from a cohort of 402 melanoma patients
of TCGA [49,50]. More heterogeneous tumors were associated with gene patterns indi-
cating less CD8+ T cells, T follicular cells, and M1 macrophages, while gene patterns of
tumor-promoting M2 macrophages were enhanced. Highly heterogeneous tumors also had
lower PD1 and PD-L1 expression and a lower expression of genes of cytotoxic pathways.
These data were confirmed by others, showing that indeed intra-tumor heterogeneity plays
an important role in patient survival, a finding that was further validated in a murine
melanoma model with B16 melanoma cells [51].

Taken together, the mentioned studies have provided strong evidence for a prognosti-
cally relevant genetic heterogeneity in melanoma, either in primary lesions or in metastases.
A deeper understanding of this heterogeneity may be achieved by recently developed
single-cell technologies.

3. Single-Cell Technology

3.1. Principles of Single-Cell Individualization

Single-cell technology is based on the individualization of cells using different tech-
nologies. For a further in depth understanding, the reader is referred to a number of
excellent recent reviews [52,53]. One of the first technologies addressing single-cell tran-
scriptomics was introduced by the company Fluidigm® (Fluidigm, South San Francisco, CA,
USA). This technology is based on a complex microfluidics system. Single cells are captured
on an integrated fluidic circuit RNA-seq chip within the Fluidigm® C1 system. Cell capture,
cell lysis, mRNA reverse transcription, and cDNA amplification are performed within the
system. Subsequent next-generation sequencing may be performed by Illumina® (Illumina,
San Diego, CA, USA) sequencing technology [54,55]. This technology allowed the analysis
of 96, and later 384, cells at a time. One major advantage of this technology lies in the fact
that whole transcriptomes could be analyzed with complete mRNAs (in the 96-cell for-
mat). Other microfluidic systems were introduced, e.g., by 10xGenomics® (10x Genomics,
Pleasanton, CA, USA), based on a direct integration of single cells in a emulsion that har-
bors an individual cell, gel beads covered with molecular identifiers, and capture oligonu-
cleotides. In principle, this technology allows an unlimited number of cells to be analyzed
(5000–10,000 cells are recommended). Sequencing is limited to 3′-primed ends of the respec-
tive mRNAs and sequencing depth is generally lower compared to the Fluidigm® system.
Apart from these widely used techniques, a number of individually established technolo-
gies are in use in different laboratories. Recent technologies also include sampling of cells
into multi-well plates with subsequent lysis and library preparation in a multi-well format
using the SmartSeq 2® (Illumina, San Diego, CA, USA) protocol to overcome 3′-end bias.

3.2. Single-Cell Data Processing and Analysis

Bioinformatics analysis is crucial for extracting knowledge from scRNA-seq data in
order to discover the heterogeneity of cell populations in space and time and to understand
the underlying molecular mechanisms on tissue, cell and gene levels (Figure 1). A variety
of tools have been designed to conduct bulk RNA-seq data analyses, but many of them
cannot be directly applied to scRNA-seq [56,57]. Except short-read mapping, almost all
data analyses such as differential expression, cell clustering, and gene regulatory network
inference have certain disparities between scRNA-seq and bulk RNA-seq techniques.
Because of the low amount of starting material, scRNA-seq has limitations regarding
data quality due to comparatively low capture efficiency and high dropouts. It produces
noisier and sparser data compared to bulk RNA-seq raising substantial challenges for
computational analysis. Downstream analysis can be split into two orthogonal views,
namely focusing either onto the cells as the functional unit or onto genes or gene programs.
Whereas cell-based analysis commonly performs clustering and describes pseudo-temporal
behavior of the data, gene-based analysis typically extracts differentially expressed genes,
gene sets, and gene regulatory networks. In both situations, scRNA-seq also raises new
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conceptual challenges, namely to merge ‘traditional’ differential gene expression analysis of
bulk samples with cell-type differentiation, diversity analysis, and counting, as performed
traditionally using methods such as FACS (fluorescence-activated cell sorting) or using
whole-genome gene expression as a marker instead of single fluorescent labels to identify a
cell type. Such joint analyses of cell- and gene-level information provide novel insights
regarding genomic regulation of cell-type specific programs and regarding cell-types,
particularly in terms of continuously varying states during development of tissues in
health and/or disease. Such views enable extracting (pseudo-)temporal information from
cross sectional data, estimating interactions between different cell types on gene and
molecular levels, and, in consequence, specifying tissue architecture, e.g., in terms of tumor
microenvironment and physiological state of the bystander cells.

Figure 1. Principles of single-cell analyses based on melanoma cells analyses: A schematic repre-
sentation of single-cell analyses is shown. Analysis starts with classical read alignment and quality
control and normalization measures as in bulk RNA-seq. Subsequent analysis of transcriptomic
cell clusters is performed by t-distributed stochastic neighbor embedding (t-SNE) as described in
the text. Individual genes (NEAT1, CKS2) may be mapped onto clonal structures. Alternatively,
self-organizing maps may be chosen, which represents a gene-based clustering method of cellular
subclones. Pseudotime dynamics shows different trajectories of treatment resistance under three
different treatment conditions which may also be demonstrated by RNA-velocity analysis. Marker
genes for treatment resistance are found in different subclones and are part of larger gene sets or cell
type portraits.
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Bioinformatics analysis workflow of scRNA-seq data may be divided into five major
tasks (i–v), which still raise a series of methodical and conceptual challenges and therefore
is under permanent development [58].

i. Preprocessing aims at removing the effect of all factors without relevance for the
expected biological effects. It includes read alignment, expression quantification,
quality control, technical bias correction, and normalization. Mapping tools originally
developed for bulk RNA-seq are mostly applicable also to scRNA-seq data. Further
steps include quality control and filtering of unwanted genes and cells (e.g., cells
expressing only a few genes); imputing missing values, batch correction (reducing
systematic measurement biases between different runs and/or treatment groups),
and normalizing gene expression (reducing unwanted variance between cells due to
capture efficiency, sequencing depth, dropouts, and other technical effects). Technical
noise of scRNA-seq is a common problem due to the low starting material and
challenging experimental protocols. Detailed descriptions and recommendations of
suited program-tools have recently been published.

ii. Cell typing and diversity analysis aims at disentangling cell identities and their func-
tional impact in the respective tissues. It includes clustering of cellular transcriptomes
and their assignment to cell types (also called populations) in a supervised or un-
supervised way. The former classification approach uses cell-type gene signatures
taken from previous studies to assign the new data to these ‘known’ cell types. The
latter class-discovery approach splits new data into de-novo groups of cells. In a
second step, these new groups are related to known cell types by applying previous
cell type signatures and statistical enrichment techniques, thus linking unsupervised
with supervised approaches. Classifying cells into types or physiological states is
essential for many secondary analyses to characterize the tumor microenvironment
by composition of immune cells and/or to extract varying fractions of tumor cells
from different developmental stages. For this task and scRNA-seq in general, reliable
reference systems with a resolution down to cell states are required. Depending on the
research question, even intermediate transition states might be of interest. Reference
cell atlases of cell types of different healthy and cancer tissues, of immune cells and of
melanoma-related cell types extracted from previous melanoma studies, have been
published in a number of reports [50,59,60] and have put an emphasis on immune
cells in these settings [61–63].

iii. Gene module and marker extraction, functional analysis, and network inference aim
at understanding gene regulation of cells on the gene level including aberrant effects
due to genetic defects, external stimuli leading to treatment resistance and intrinsic
evolutionary adaptations on tissue level. This task analyses co-expression of groups of
genes, characterizes their functional context, and infers gene networks. Gene networks
affect interactions between different cell types and/or signaling pathways. Beyond
simple changes in average gene expression between cell types (or across bulk-collected
libraries), scRNA-seq enables a high granularity of changes in expression. Particularly,
cell type-specific alterations in cell state across samples are of special interest. These
analyses deliver individual marker genes and sets of signature genes characterizing
the different cell types and states, and, in addition, genes reflecting interactions
between the cell types in the complex microenvironments of the respective tissue
type. Appropriate methods to modularize transcriptional programs are non-negative
matrix normalization (NMF) [64] or self-organizing-maps (SOM) [65].

iv. Analysis of developmental trajectories in terms of pseudotime and RNA velocity aim
at deducing time-dependent aspects of tissue development and cancer progression
from cross-sectional scRNA-seq data. scRNA-seq experiments provide snapshot data,
which resolves the molecular heterogeneity of cell cultures and tissues with single
cell resolution under static conditions (see task (ii)). Given, that each cell is measured
only once, one needs computational methods to deduce developmental trajectories
on cellular level from time-independent data. The pseudotime model assumes that
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single-cell transcriptomes can be understood as a series of microscopic states of cellu-
lar development that exist in parallel at the same (real) time in the cell culture or tissue
under study. Moreover, the model assumes that the temporal development smoothly
and continuously changes transcriptional states in small and densely distributed steps
so that the similarity of transcriptional characteristics can serve as a proxy of time,
called pseudotime. It scales development in units of values between zero and unities
for the start and end points, respectively. The pseudotime algorithm typically aligns
the cells along a trajectory in reduced multi-dimensional space where a large variety
of projection algorithms can be applied, differing regarding criteria such as cellular
ordering, topology, scalability and usability [66]. Each method has its own charac-
teristics in terms of the underlying algorithm, produced outputs and regarding the
topology of the pseudotime trajectory (e.g., predefined linear, multibranched, cyclic,
or ‘inferred from the data’). ‘RNA-velocity’ provides another independent approach
to infer developmental trajectories from static scRNA-seq data [67,68]. It directly
‘forecasts’ the transcriptional state of a cell based on the relation between spliced and
unspliced mRNA in terms of a directional change of cell state in cell-diversity space
(task (v)). RNA-velocity provides a vector-field reflecting transcriptional changes of
each cell, which can be transferred into developmental trajectories joining sources
and sinks of mRNA abundance in cell-state and gene-state space.

v. Dimension reduction, visualization of cell- and gene-state space, and data portrayals
aim at enabling the intuitive perception of complex data in order to extract ‘hidden’
information and to support hypothesis development and testing. scRNA-seq data are
high-dimensional data (ten-thousands of transcripts multiplied with ten-to-hundred
thousand of cells multiplied with a multitude of biological conditions), which is
difficult to visualize in its original form. Dimension reduction and appropriate visual-
ization are therefore important challenges in all four tasks listed above. Conceptually,
two perpendicular types of information have to be considered, namely cell- and
gene-centered views on the scRNA transcriptomes as addressed in tasks II and III,
respectively [61,69]. For the view on cell diversity, different methods projecting multi-
dimensional cell-transcriptomes data into two dimensions are in use, such as Principal
Component Analysis (PCA), t-distributed stochastic neighbor embedding (t-SNE) and
Uniform Manifold Approximation and Projection (UMAP) [70,71]. These methods
produce point clouds in cell similarity space visualizing mutual similarities between
the single-cell transcriptomes in terms of colored clusters of cells (task II) and/or of
colored expression levels of selected gene markers and signatures in the individual
cell transcriptomes (task III). For visualization of transcriptomic landscapes in gene
state space, we developed the expression portrayal method based on self-organizing
map (SOM) machine learning. Such landscapes support identification of modules
of co-expressed genes, of their mutual network topology and of their functional
context [72,73].

3.3. Single-Cell Exome-Seq

Single-cell technology has also been applied to exomes. An earlier exome sequencing
study on renal cell carcinoma identified 260 mutations in 25 single cells, but could not
reveal a clonal structure in this tumor [74]. This may be due to the relatively small number
of cells analyzed. Interestingly, many of the newly identified mutated genes had not
been described before in renal cell carcinoma. In a whole-genome single-cell sequencing
study on lymphoblastic leukemia, targeted sequencing was performed of a panel of single
nucleotide variants (SNVs), deletions, and IgH sequences in 1,479 single tumor cells from
six acute lymphoblastic leukemia (ALL) patients [75]. A clonal structure of the individual
samples could be identified, consisting of 1 to 5 different clones.

A sequencing study for combined genomic DNA and mRNA analysis of the same cell
was performed for a mouse embryonic stem cell line [76]. The discrimination between the
DNA and mRNA libraries was relying on the use of two different amplification protocols

113



J. Clin. Med. 2021, 10, 506

and different molecular adaptors. Authors compared copy numbers with gene expression
data and found that copy number variations appeared to influence variability in gene
expression among cells. This study showed for the first time that parallel DNA and RNA
analyses may in principle be possible for one individual cell, but it is still far from routine
use. Overall, single-cell whole-genome or exome sequencing (exome-seq) is principally
more challenging than scRNA-seq analysis due to the high number of amplification-derived
artifacts. Some recent publications have described the key issues of this technology [77].
By use of single-cell exome-seq technology, a phylogenetic tree of metastasis development
has been built for colon carcinoma [78]. Authors showed that metastasis development
appeared to be a late event in primary tumors after accumulation of a larger set of mutations.
Interestingly, there was no obvious overlap regarding the accumulation of mutations before
metastasis in different samples, and the first metastasis-specific mutations also did not
overlap between samples. Authors used a FACS-based technology to separate their cells. A
more recent study used exome-sequencing technology for the analysis of a limited number
of genes using the Tapestri® platform (Mission Bio, South San Francisco, CA, USA) to
unravel the clonal diversity of T-cell acute lymphoblastic leukemia (T-ALL) [79]. The panel
contained 110 genes and tested more than 100,000 cells of 25 samples. Longitudinal samples
showed clones with a minor presence at diagnosis that, at later stages, developed into
relevant major clones. This technology may be of particular relevance for hematological
malignancies but may also be used in solid tumors.

4. Single-Cell Analyses in Melanoma

4.1. Primary Melanomas, Lymph Node Metastases and Cell Lines

scRNA-seq has been applied in a significant number of studies on malignant melanoma
(Table 1; Figure 2). The first major scRNA-seq study analyzing melanoma tissues investi-
gated 19 samples of primary melanomas and metastatic lesions [80]. A significant inter-
tumor heterogeneity was observed for melanoma cells in these tissues, while the immune
cells in these analyses showed a relative homogeneous gene expression pattern [80]. Major
subgroups of transcriptional heterogeneity were associated with cell cycle, spatial con-
text of cells, and a drug-resistance program (MITF-low/AXL-high signature). Authors
used single-cell signatures of T cell, B cells, fibroblasts, macrophages, and endothelial
cells derived from this study and mapped them onto gene patterns of bulk sequences of
471 melanoma samples present in the Cancer Genome Atlas (TCGA). They then searched
for genes expressed by cells of one type that may influence or reflect the proportion of cells
of a different cell type in the tumor. By this means they showed that the abundance of
cancer-associated fibroblasts (CAF) is predictive of the phenotype, and that fibroblast signa-
tures influence the presence of specific immune cell signatures. Moreover, they identified
single cells with an AXL-high/MITF-low signature in an AXL-low/MITF-high popula-
tion, which would have been missed in bulk sequencing and may give rise to treatment
resistance. The AXL/MITF dichotomy has been supported by a later study re-analyzing
these data by a new software called Cyclum to identify latent periodic developmental
processes [81].
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Table 1. Summary of single-cell melanoma transcriptomics and proteomics studies and main outcome.

No Melanoma Samples
Experimental or Clinical

Set-Up
Characteristics of Clonal

Structure
Main Findings References

1.
Primary melanomas

and metastases
(n = 19)

Untreated
Clonal signatures of cell

cycle, spatial context,
drug-resistance programs

Presence of
AXL-high/MITF-low

population in a AXL-low/
MITF-high cluster; single-cell

signatures with
prognostic relevance

[80]

2.

Melanoma cell lines
representing different

stages of
differentiation

(n = 8)

Untreated

Cell clones with SOX9 and
SOX10 high expression and

transitional cells,
knockdown of SOX10 affects

clonal structure

Transition between gene
networks instead of selection of

individual clones
(transcriptional plasticity)

[82]

3.

Melanoma
short-term cultures

(BRAF and/or NRAS
mutant)
(n = 3)

Untreated
Clonal structure of cell cycle,

stromal, OxPhos,
pigmentation genes

Four different clonal structures
with additional subclonal

structures and stem
cell-like subclones

[65]

4.

Samples from
32 metastatic

melanoma patients
(n = 48)

Anti-PD1 inhibitor treatment
of patients, either alone or in

combination with
anti-CTLA4 treatment

CD8+ T cells clones
consisted of

memory/survival (TCF7+)
and exhaustion (CD38+)

clones, respectively

TCF7+/CD8+ T cells are crucial
for treatment response [83]

5.
Human melanoma

samples
(n = 33)

Clinical samples under
anti-CTLA4 treatment

Clonal immune exclusion
program: CDK4/CDK6
expression, JAK-STAT3
signaling, TNF pathway,

senescence-associated
programs, Myc targets

CDK4/CDK6 inhibitor
treatment of resistant clones

improved survival of mice in a
murine melanoma model

[84]

6.
Human melanoma

samples
(n = 25)

Anti-PD-1 inhibitor
treatment of patients, either
alone or in combination with

anti-CTLA4 treatment

CD4+/CD8+ T cells with
clusters of resting,

transitional and exhausted
T cells

Dysfunctional (exhausted)
CD8+ T cells are still

proliferative and showed tumor
reactivity ex vivo

[85]

7.

Tumor tissue of
melanoma cell line
mouse xenografts
(minimal residual

disease)
(n = 3)

Murine xenograft model,
BRAFi treatment

Minimal residual disease
with 4 different
transcriptional

subpopulations (pigmented,
SMC, NCSC, invasive cells)

Enrichment of neuronal stem
cells population after BRAFi

treatment; successful treatment
with retinoid receptor inhibitor

[86]

8.
A375 and 451Lu

melanoma cell lines
(n = 2)

BRAFi treatment
Patterns of resistance are

present in parental cells and
vice versa

Identification of a pre-resistant
state at the tip of the
parental population

[64]

9.
Melanoma cell line

A375
(n = 1)

BRAFi treatment after
CRISPR/Cas interference

with MAPK pathway

Clonal selection of treatment
resistant clones

Resistance-mediating positions
in MAPK genes were mostly
located around MEK1E203K

or KRASQ61

[87]

10.
BRAF-mutant

melanoma cell lines
(n = 3)

BRAFi treatment; testing of
13 different proteomic

markers with single-cell
barcode chip technology

Increased clonal
heterogeneity under

treatment

Activation of MEK/ERK and
NF-κB p65 signaling in resitant

clones; NF-κB inhibitor
increased sensitivity of cells

[88]

11.
BRAF-mutant

melanoma cell line
(n = 1)

BRAFi treatment; testing of
19 different proteomic

markers with single-cell
barcode chip technology

Drug-induced clonal cell
states changes with

NGFR/AXL or MITF,
MART1 patterns

Two different trajectories of
treatment resistance of

MITF-high and MITF- low cells
[89]

Abbreviations: BRAFi, BRAF inhibitor; SMC, starved-like melanoma cells, NCSC, neural crest stem cells; MAPK, mitogen-activated
protein kinases; NGFR, nerve growth factor receptor; MITF, microphthalmia-associated transcription factor.
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Figure 2. Schematic representation of single-cell analyses in melanoma samples. Either melanoma
tumors or cell lines underwent single-cell sequencing analyses, which unraveled different types
of cells and levels of heterogeneity in melanoma lesions and mechanisms of treatment resistance,
e.g., mediated by T cell exclusion or T cell exhaustion programs under immune checkpoint therapy.
Changes in cellular programs in tumor cells were also identified in cell culture studies supporting a
role of the dichotomy of the AXL and MITF programs for treatment response and resistance.

Our group has analyzed the transcriptomes of 92 single cells cultured from a patient
biopsy of a BRAF wild type/NRAS wild type melanoma metastasis by scRNA-seq [65].
We used self-organizing maps (SOM) to identify sub-clones and found gene patterns of
proliferation, oxidative phosphorylation, pigmentation, and cellular stroma [65]. These
categories could be further refined, especially regarding cell cycle genes referring to dif-
ferent stages of cell cycle such as G1, S, and G2/M phase. In principle, every cell showed
an individual gene pattern. Interestingly, gene expression patterns overlapped with those
of clinical gene expression studies with associated patient survival data, further empha-
sizing the clinical relevance of these single-cell analyses [82]. Cellular heterogeneity was
less pronounced in BRAF mutant/NRAS wild type and BRAF wild type/NRAS mutant
cultures. In order to identify new treatment options based on gene expression patterns,
kinome expression patterns across sub-populations were analyzed. Cell cycle kinases
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CDK4 and CDK2 were consistently highly expressed in a majority of cells, suggesting that
both might be interesting targets. Indeed, treatment of melanoma cell cultures cells with
CDK4 inhibitor palbociclib reduced cell proliferation to a similar extent as MAPK inhibitors.
Finally, a low abundant subclone with high expression of an ABC transporter module,
surface markers CD271 and CD133, and multiple aldehyde dehydrogenases (ALDHs),
was identified. These findings support a role of cancer stem cells in melanoma biology,
which has been described for other tumor entities [90,91]. Thus, single-cell gene expression
patterns may provide new treatment targets above BRAF/MAPK inhibitor treatment.

In another report, authors addressed the question whether melanoma cells may shift be-
tween different states of differentiation from a melanocytic on one end and a mesenchymal-
like state at the other end of differentiation [82]. Authors studied 10 melanoma cultures
using scRNA-seq and found shared gene regulatory networks that underlie the extreme
melanocytic and mesenchymal states which are both present in an intermediate state.
Among both states SOX9 (de-differentiated stage) and SOX10 (differentiated stages) play
an important role. The intermediate state shared some transcriptional regulons such as
SOX10, TFAP2, and MITF with the melanocytic state, but also with the mesenchymal state
such as FOSL1, IRF3, and STAT1. The transcriptional state had functional consequences, as
it determined the migratory capacity of cells. After SOX10 knockdown, cells monitored in
time-series and analyzed by pseudotime analysis, showed a sequential transition between
both extreme states (with SOX10 and SOX9 expression). Thus, this intermediate state
indeed exists and is characterized by a distinct gene regulator network rather than by
heterogeneous mixture of cells, further supporting the notion of a transcriptional plasticity
between different melanoma cell states.

4.2. Treatment Resistance Under Immune Checkpoint Inhibition

Analysis of treatment resistance and response has been a focus area of a number
of single-cell studies [83–85,88]. In one of the earlier studies, scRNA-seq analyses were
performed for 33 human melanoma tumors, and a T cell signature was identified that
allowed to classify hundreds of bulk-sequenced tumors as tumors harboring a seed (T-
cell)-exclusion program [84]. This exclusion program was then mapped onto ipilimumab
and anti-PD1 treated samples analyzed by scRNA-seq to identify co-expressed genes
in individual cells. The T cell exclusion program included transcriptional patterns of
apoptosis, JAK-STAT3 signaling, TNF pathway, senescence-association, Myc targets, and
p53 binding. Indeed, melanoma lesions expressed features of this program as determined
by multicolor immunofluorescence. Among the genes tested were TP53 (up), JUN (down),
MYC (up), and HLA-A (down). The presence of the treatment resistance program also
correlated with checkpoint inhibitor response in melanoma patients in an independent
sample set. Finally, blockage of CDK4/CDK6 kinases, which were part of the resistance
program, inhibited melanoma cells growth in vitro and in vivo in a melanoma mouse
model. Taken together, single-cell analyses allowed the identification of a malignant cell
program that is associated with T cell exclusion and is predictive for checkpoint inhibitor
resistance that maybe targeted by CDK4/CDK6 inhibition.

In another study, single-cell transcriptomes were generated via 48 tumor samples
from 32 metastatic melanoma patients using a Smart-seq2 protocol [83]. Biopsies were
taken at baseline and under anti-PD1 inhibitor treatment, either alone or in combination
with anti-CTLA4 treatment, including two patients with anti-CTLA4 treatment alone.
CD45+ cells were used to define an 11-cluster transcriptomic pattern. Two clusters were
more prominent in responder lesions and in non-responder lesions. Treatment resistant
clusters were enriched for genes linked T cell exhaustion (LAG3, PDCD1, HAVCR2, TIGIT,
CD38) and cell cycle genes (CDK1, CCNB1, MKI67, and CDK4). Individual markers of
responders were LTB, TCF7, and CCR7, and of non-responders were CCL3, CD38, and
HAVCR2. Authors then focused their analyses on CD8+ T cells, which consisted of two
clonal states, memory/survival state, and exhaustion state, called CD8_G and CD8_B cells,
respectively. Prominent populations of response were TCF7+/CD8+ T cells (TCF7 is part
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of Wnt signaling and crucial for differentiation and self-renewal). Further analysis via
cell-sorting showed that CD39/TIM3 discriminated exhausted from memory/effector cells,
which was verified in a B16-F10 murine melanoma model. T cell receptor (TCR) analysis
showed that enriched TCRs were more common in exhausted clusters. Together, this study
may help to select patients for anti-PD1 therapy based on subclonal T cell states, which
may be of relevance for clinical trials.

A more recent study focused on dysfunctional T cells in melanoma lesions under
immune checkpoint therapy [85]. In this study, 25 melanoma samples were analyzed
by scRNA-seq with a focus on CD4+ and CD8 T+ cells in patients with prior treatment
against CTLA-4 or PD-1, or a combination of both. Immune cell subtypes were widely
shared across patients, but their relative abundance differed considerably between patients,
even when disease stage and treatment background were matched. In particular, CD8+ T
cells partly transitioned into a dysfunctional T cell pool characterized by the expression of
PDCD1, LAG3, and molecules shared with CD4+ Treg (e.g., CSF1, ZBED2). Interestingly,
however, single-cell TCR sequencing and expression of cell cycle genes showed that
these so-called dysfunctional T cells had the highest levels of clonal expansion. Ex vivo
cultured tumor-infiltrating lymphocytes (TIL) from melanoma patients showed that tumor
reactivity correlated with a CD8+ T cell dysfunctional state. Collectively, these data suggests
that the dysfunctional CD8+ T cells are dynamically differentiating and are an active
cell compartment with tumor reactivity in patients. Models of regulation of this T cell
compartment should help to create innovative treatment approaches.

These data were partly re-analyzed (8 non-treated melanoma patients) in a subsequent
study [92]. Here, authors addressed the question of a spatiotemporal activity of IFN-γ as a
major mediator of tumor immunity. First, a Myc-driven B cell lymphoma and a B16F10
murine tumor model were used. When injecting OVA antigen-positive and negative
B16F10 melanoma cells into mice, mosaic tumors were generated. By co-injection of CD8+

OVA-specific T cells, a homogenous expression of MHC class I, and PD-L1 upregulation
on tumor cells was induced, irrespective of a close proximity of T cells and melanoma cells,
supporting the notion of a distant activity of immune cells. As mentioned, by reanalysis of
the abovementioned clinical single-cell data, it was shown that CD8+ T cells are indeed the
major source of IFN-γ, and interferon-signatures were found in different cell populations
such as macrophages and neutrophils (melanoma cells were sparse in these samples). These
findings suggest that tumor cells in human melanomas might also be targeted by distant
immune cells in the microenvironment.

4.3. Treatment Resistance under Targeted Treatment

To identify markers of resistance against BRAF inhibitor (BRAFi) treatment, a new
analysis software was developed that outperformed existing platforms regarding large
complex substructures and large numbers of sampled cells [64]. The software was termed
SAKE, which stands for scRNA-seq analysis and klustering evaluation. To further test this
software, melanoma cell lines 451Lu and A375 were analyzed either as parental or BRAF
inhibitor (vemurafenib)-resistant cells. t-SNE analysis showed that four populations may be
separated, but individual cell clones with gene patterns of parental cells existed in resistant
cells and vice versa (without obvious enrichment). By use of differential gene expression
analysis the major differentially expressed gene with upregulation in resistant cells was
shown to be DCT (dopachrome tautomerase). Sorting of cells from parental cells revealed
that DCT-enriched cells were more resistant to BRAF inhibition than the whole culture.
In a final set of experiments, authors observed a transitional population characterized
by ENT5A, AXL, GFR, PDGFRB, and JUN expression, which was localized at the tip of
the parental population proximal to the resistant population, indicating a pre-resistant
state as described earlier by others [48]. Without prior knowledge, SAKE identified this
intermediate population, characterized by AXL, JUN, NGFR, WNT5A, FGFR1, and NRG1
expression. By testing of copy number variations in single cells as a surrogate marker
for genetic heterogeneity, it was found that this transitional (pre-resistant) population
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was derived from several unrelated clonal lineages and most likely reflects a transient
stage rather than a particular clone. Taken together, DCT was identified as a marker for
individual resistant clones in untreated populations and together with mechanisms of
transient gene regulation towards resistance may be an interesting therapeutic target.

In another report, CRISPR RNA-guided deaminase technology was combined with
CROP-seq (CRISPR droplet sequencing) technology to introduce mutations in 3 genes of the
MAPK pathway in A375 melanoma cells, namely NRAS, KRAS and MAP2K1 (MEK1) [87].
Overall, 420 sgRNAs were introduced into the melanoma cells. Subsequent drug response
was tested against BRAF inhibitor vemurafenib. Enrichment of individual sgRNAs under
treatment indicated treatment resistance. Most positive findings referred to sgRNAs target-
ing MEK1 in the E203 codon region, which is a well-known resistance region. Apart from
this, the most significant results were observed for mutations induced in the vicinity of Q61
in the KRAS gene, which has already been shown in other studies. Further transcriptomic
analysis of resistant clones showed enhanced expression for CD74, HLA-DRA, SLC26A2,
HLA-DRB1, FOS, and HLA-DPA1 for MEK1E203K-related clones and CXCL1, IL-8, CXCL2,
SOD2, and CCL2 for KRASQ61-related clones. Taken together, this study established a
new platform that may be extended to other target genes and tumor entities to uncover
mechanisms of resistance to targeted treatment.

In a recent report, an experimental setting is described recapitulating minimal resid-
ual disease after targeted treatment. In this study, subcutaneously injected mice with
BRAFV600E mutant melanoma cells were treated with BRAF inhibitor dabrafenib [86].
Single-cell analyses were performed for minimal residual disease after transplanted tumors
regressed under treatment. In the subclonal structure of minimal residual disease, for
4 different cell states were enriched such as NCSC (neural crest stem cells), invasive cells,
SMC (starved-like melanoma cells), and pigmented cells, among which SMC showed
the most significant enrichment under treatment. Single cell trajectories as derived from
pseudotime analyses showed that an early proliferative state developed via two different
developmental trajectories into NCSC and SMC cells. By use of multiplexed immuno-
histochemistry (IHC) of melanoma lesions, it was demonstrated that murine melanoma
xenografts showed a specific spatial pattern for the different cell states marked by differ-
ent discriminative markers. In further in vitro experiments, the transition into the NCSC
state was cell-autonomous and reversible, tested by drug exposure and subsequent drug
removal. Finally, computational analysis of gene regulatory networks showed that another
component of the gene regulatory network of minimal residual disease is the retinoid
X receptor-γ. Consequently, inhibition of this receptor by the small molecule inhibitor
HX531 led to significantly longer survival of mice under dabrafenib treatment, with a
significant percentage (20%) of mice being tumor-free even after 4 months of treatment.
Together, treatment resistance appears to develop along different developmental trajecto-
ries identified by single-cell transcriptomics, a finding which may be exploited for new
treatment approaches.

In a study on BRAFi treatment of different melanoma cell lines, RNA-seq data of
18 melanoma cell lines were included [88]. Nine cell lines were used to define different
levels of BRAFi sensitivity. Drug resistant cells showed a low melanocytic cell signature,
and elevated levels of neural crest and mesenchymal genes as well as genes of activated
JNK and NF-κB pathways. Based on the analysis of different NGFR and MRT-1 expression,
a cluster of highly plastic cell lines under BRAFi treatment of brief (3d) or prolonged
(71–90 d) inhibition was defined. These cells developed signatures of NCSC and epithelial-
to-mesenchymal transition genes and genes of elevated invasiveness and migration. Using
a Markov model for prediction, authors showed that the clusters underwent both cell state
interconversion and drug selection. In a subsequent single-cell analysis, single-cell barcode
chip technology (SNBC) was used to analyze 13 different proteomic markers (including
NGFR, TNFR, MART-1, JNK, pERK, and pNF-κB p65). It was demonstrated for one of
these cell lines that BRAFi treatment increased cellular heterogeneity at day 3 and 6 of
treatment, which was reminiscent of cell state transitions in other systems [93]. There was
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a negative correlation between NGFR and MITF/MART-1 expression at day 3. At day 6,
an activation of MEK/ERK and NF-κB p65 signaling was observed, suggestive for a role of
both pathways for an adaptive cell state transition. Indeed, by use of specific inhibitors
(trametinib, MEK inhibitor; and JSH23, NF-κB p65 translocation inhibitor), an additional
growth arrest was found in these cells under BRAFi treatment. However, a combination of
vemurafenib and trametinib did not halt the neural crest transition, and resistance emerged
after prolonged treatment. Only the triple combination of vemurafenib, trametinib, and
the JSH23 inhibitor kept the cells in a drug-sensitive state, which argues for the strong role
of NF-κB p65 in treatment resistance.

These experiments were further extended in a more recent study of the same group,
analyzing a larger number of parameters in single cells by use of the same microchamber
technology [89]. Among these parameters were MITF, pERK1, p-NF-κB, KI67, NGFR,
HIF1α, LDH, and glucose. A BRAF-mutant melanoma cell line was treated with BRAFi,
and analyses were made at different time points (days/D0, D1, D3, and D5). Trajectories
of BRAFi resistance were measured. Two different trajectories (upper and lower) were
observed, characterized by either Ki67 and NGFR/AXL expression or MITF, MART-1
expression. Authors then isolated MITF-high and MITF-low cells from this cell culture
and treated cells with BRAFi. Both cell types again used different trajectories for treatment
resistance. Together, these results suggest that, upon drug treatment, MITF-high and low
cells use distinct trajectories of treatment resistance. Finally, critical point analysis was
performed. Here, “critical point” stands for a point of irreversible development. Two
different cell clusters were identified that characterized the regions near such tipping
points of both trajectories. One cluster showed high network connectivity in a pathway
that included MITF, PFK, p-LKB, PKM-2, and LDH-2, while in the other cluster, TNFR,
N-cadherin, and p-NF-κB were dominant. Consequently, inhibition of PKM2 and NF-κB
with specific inhibitors showed different sensitivities in both cell types, and a combination
of both inhibitors with BRAFi was more effective than double combinations. Taken together,
the different heterogeneous drug-response trajectories improved our understanding of
resistance development, which may have an impact on effective therapy combinations
in future.

5. Spatial Sequencing in Melanoma

In order to disentangle the spatiotemporal organization of single-cell analyses, recent
experimental approaches tried to analyze near-single-cell transcriptomes in situ. By use
of so-called spatial transcriptomics, gene expression patterns were generated from tissue
biopsies and analyzed by classical next-generation sequencing [94,95]. Indeed, spatial
resolution does not allow single-cell cell resolution, but is at present limited to an area of
100 × 100 micrometers per spot. Further technological advances will surely go into the
direction of single-cell resolution. For melanoma, a study about four lymph node metas-
tases, based on an individual array system, has been published [94]. Overall, 286 tissue
domains were analyzed per section (as duplicates), and a total of 2200 domains were
investigated that measured 3000 transcripts per domain. Two different gene panels (fac-
tors) were observed in the four samples. Melanoma-A consisted of CD63, PMEL, and
S1000A1, while Melanoma-B consisted of S100B, FTH1, and AEBP1 expression. The factors
were heterogeneously distributed among the 4 samples. Melanoma A was present only
in samples 1, 2, and 4. Mapping of the gene expression patterns of 284 spots revealed
4 functional clusters, which overlapped with areas annotated by histopathology. Functional
clusters included stromal tissue, tumor tissue, lymphoid tissue, and lymphoid tissue at
the tumor border. Four genes were used to generate spatial heatmaps mapping to the
4 tissue clusters. This work showed that spatial sequencing in melanoma appears to be
possible and provides reasonable results. Further refinement is needed to improve spatial
resolution and sequencing depth.

In a more recent work, a more advanced spatial transcriptomic technology was ap-
plied to skin squamous cells carcinoma [96]. Transcriptomes of more than 8000 spots
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across 12 sections were analyzed, and 967 genes per spots were obtained. Spot expression
patterns were consistent with the gross histologic architecture of lesions including tumor
keratinocytes, tumor stroma, uninvolved stoma and adnexal areas, cancer-associated fi-
broblasts, and endothelial cells. The 10x Genomics® Visium Spatial Gene Expression Kit®

was used for two additional patients with higher resolution. The leading edge of these
tumors was composed of two different populations of tumor-specific keratinocytes and
basal tumor cells. An immune landscape could further be defined, and it was shown
that PD-L1 and PD-L2 were exclusively expressed by migrating dendritic cells (DC) in
the tumor vicinity. These analyses identified multiple cell types involved in immuno-
suppressive mechanisms in DC, exhausted T cells, and Tregs, allowing for a refinement
of the local tumor structures. In an extension of these analyses using the NicheNet soft-
ware (https://github.com/saeyslab/nichenetr; GitHub, Inc., San Francisco, CA, USA)),
molecules for specific cell-cell interactions were predicted [97]. Thus far, no such study has
been published for primary melanoma lesions.

6. Single-Cell Sequencing of Copy Number Variations

Single-cell exome-sequencing has been performed in melanoma cell line COLO829
across 1475 cells [98]. Analysis was done using the chromium single-cell CNV solution
(10× Genomics®) to sequence gDNA. Individual cells exhibited extensive copy number
differences showing that this cell line was at least composed of 4 major clusters. Overall,
114 copy number variations were identified with ploidies of 2, 3, and 4, respectively.
Chromosomal aberrations were observed for different chromosomes, e.g., for chromosome
18, present in group A and D, and a loss in groups B and C. Subclones emerged from
chromosomal losses and gains. Taken together, in line with bulk sequencing reports, major
chromosomal aberrations form in melanoma cells in a time-dependent manner, giving rise
to heterogeneous cell populations.

7. Perspectives

The published data and further improvements of the mentioned technologies hold
great promise for the analysis of melanoma and other tumors in the future. Moreover, the
limited availability of fresh tumor tissue for many tumors will profit from the single-cell-
analysis of frozen archival material with technologies that are currently under develop-
ment [99]. Spatial sequencing will not only provide information about tumor heterogeneity
but also unravel the spatial composition of different cell populations, which may be of par-
ticular relevance for immune checkpoint inhibitor treatment. Finally, emerging techniques
of single-cell exome-sequencing, with the advent of customized technologies will further
improve our knowledge about the emergence of resistant clones with specific genetic
features, as has already been shown in hematological malignancies.
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Abstract: The precise role played by the tumor suppressor gene NF1 in melanocyte biology and
during the transformation into melanoma is not completely understood. In particular, understanding
the interaction during melanocyte development between NF1 and key signaling pathways, which
are known to be reactivated in advanced melanoma, is still under investigation. Here, we used
RNAseq datasets from either situation to better understand the transcriptomic regulation mediated
by an NF1 partial loss of function. We found that NF1 mutations had a differential impact on
pluripotency and on melanoblast differentiation. In addition, major signaling pathways such as
VEGF, senescence/secretome, endothelin, and cAMP/PKA are likely to be upregulated upon NF1
loss of function in both melanoblasts and metastatic melanoma. In sum, these data bring new light
on the transcriptome regulation of the NF1-mutated melanoma subgroup and will help improve the
possibilities for specific treatment.

Keywords: melanoblast; melanoma; NF1; transcriptome; RNAseq

1. Introduction

The implication of the NF1-encoded protein neurofibromin (NF1) in melanocyte bi-
ology has been investigated for more than 20 years. Despite its ubiquitous expression,
NF1 has been described as regulating lineage-specific mechanisms by interacting with
melanocyte-associated genes such as MITF or cKIT [1]. Indeed, NF1 germline mutations
induce neurofibromatosis type 1 syndrome, manifestations of which include defects in
neural crest-derived cells such as melanocytes [2]. The embryological origin of these de-
fects was previously described in Nf1 mouse models. In fact, Nf1+/− or Nf1−/− mice in
which mutations were specifically induced in the melanocyte lineage showed hyperpig-
mentation [3,4]. Moreover, a partial rescue of the belly spot phenotype in MitfMi-wh/+ or
cKitW/+ mice was observed when the latter were crossed with Nf1+/− mice [5,6]. These
“café-au-lait” macules, which are benign melanocytic lesions, can be observed in almost all
patients [7,8], and the cells located in the macules usually carry a second somatic mutation
on the wildtype NF1 allele suggesting a selective advantage to the cell subpopulation [9].

The main described function of NF1 is a GTPase activity which inactivates RAS [10],
and RAS deregulation in the melanocyte lineage is known to lead to pigmentation de-
fects [11]. This phenotype can be explained at least in part by the fact that pigmentation’s
main regulator, MITF, can be phosphorylated by an active RAS-ERK pathway [12]. NF1
can also be phosphorylated by the protein kinase A (PKA), whose pathway is activated by
cAMP and plays an important role during melanogenesis [13]. Another NF1 function is to
interact with the cytoskeleton structures in order to control lamellopodia formation and
actin polymerization. These processes are mainly regulated by RAC1 signaling, and it was
recently observed that variable NF1 expression levels changed the cell migration rate of
melanoblasts in an RAC1-dependent manner [14]. Moreover, microtubule network fluctua-
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tion as well as FAK activity may also be influenced by NF1 [15–17]. Furthermore, NF1’s
interaction with cKIT signaling leads to a dysregulation of the melanoblast migration [6].

Interestingly, the migration and invasive phenotype of melanoblasts during devel-
opment closely resemble the aggressive behavior of melanoma metastases [18–20]. The
cell plasticity of lineage-committed melanoblasts is also observed in certain clones of
melanoma tumors which have undergone dedifferentiation and which are usually refrac-
tory to treatments [21,22]. Recently, miRNAs identified in a human model of melanoblasts
were described as potential drivers of melanoma development [23]. Malignant melanoma
has been classified in four subgroups according to its main genetic drivers by The Cancer
Genome Atlas: mutant BRAF, mutant NRAS, mutant NF1, or triple wild-type tumors [24].
In general, mutant NF1 melanoma contain WT BRAF and WT NRAS, and rather carry
comutations in the so-called RASopathy genes (PTPN11 or RASA2). These tumors typically
appear on chronically sun-exposed skin or in older individuals [25,26]. However, NF1
mutations can sometime appear concurrently with BRAF or NRAS mutations. Indeed, a
classification in three subgroups has also been suggested: mutant BRAF, mutant NRAS,
non-BRAFmut/non-NRASmut [27]. These co-occurring mutations lead to a higher RAS
GTPase activity and resistance to BRAF inhibitors [28]. For example, the treatment of
melanoma cells with the combination of BRAF inhibitor and MEK inhibitor showed either
a loss of NF1 expression or an acquired mutation [29]. Mutations cooperation between
NF1 and BRAF was also described in melanocytic nevi to explain the bypass of oncogene-
induced senescence (OIS) and the progression to transformed melanoma [30]. Nevertheless,
although 15% of sporadic melanoma bear NF1 somatic mutations, no targeted treatment
has been developed for this patient’s subgroup, mainly due to the complexity of the protein.

In this report we intended to analyze the NF1-controlled transcriptome and identify
regulated signaling pathways in two independent models: NF1+/− induced pluripotent
stem cell-derived melanoblasts and their late stage transformed counterpart, NF1+/−
metastatic melanoma.

2. Materials and Methods

2.1. Cell Lines

Three human induced pluripotent stem cell (hiPSC) lines were generated from fibrob-
lasts obtained from skin biopsies of two patients with Neurofibromatosis Type 1 carrying
NF1 mutations (University of Ulm, Ulm, Germany) (one clone from the first patient and
two clones from the second patient), and three hiPSC lines were generated from three
healthy donors (University Medical Center Mannheim, Mannheim, Germany) (one clone
from each patient) according to the ethical regulation. Patients with NF1 mutations did
not present melanoma tumors. The reprogramming protocol was already described by
Larribere et al. [31]. Melanoblasts were derived from either NF1-mutated or NF1-wildtype
hiPSC lines following a previously published protocol [1].

2.2. RNA Sequencing and Analysis

Briefly, total RNA was isolated with an RNeasy kit (Qiagen, Hilden, Germany), and
DNase I digestion was performed to remove genomic DNA. Illumina sequencing libraries
were prepared using the TruSeq Stranded mRNA Library Prep Kit (Illumina, Eindhoven,
Netherland) according to the manufacturer’s protocol. Briefly, poly(A)+ RNA was purified
from 500 ng of total RNA using oligo(dT) beads, fragmented to a median insert length
of 155 bp, and converted to cDNA. The ds cDNA fragments were then end-repaired,
adenylated on the 3′ end, adapter-ligated, and amplified with 15 cycles of PCR. The
libraries were quantified using a Qubit ds DNA HS Assay kit (Life Technologies-Invitrogen,
Darmstadt, Germany) and validated on an Agilent 4200 TapeStation System (Agilent
technologies, Waldbronn, Germany). Based on the Qubit quantification and sizing analysis,
multiplexed sequencing libraries were normalized, pooled (4plex), and sequenced on
HiSeq 4000 single-read 50 bp with a final concentration of 250 pM (spiked with 1% PhiX
control). The tool bcl2fastq (version 2.20.0.422, Illumina, Eindhoven, Netherland) was used
for generating the fastq files and demultiplexing.
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Gene set enrichment analyses were performed with Ingenuity Pathway Analysis
(IPA) (Ingenuity® Systems, Redwood City, CA, USA, www.ingenuity.com) using a Log2-
threshold = 2, p-value < 0.05.

2.3. Data from cBioportal Database

The melanoma sample’s genomic dataset originated from the Skin Cutaneous Melanoma
study (TCGA, Firehose Legacy) in the cBioportal database (Memorial Sloan Kettering Cancer
Center, New York, NY, USA). Selected metastatic melanoma samples included patients with
distant metastases or metastases in regional lymph nodes, as established by the American Joint
Committee on Cancer (AJCC). These samples were divided in two groups according to a high
(NF1-high, n = 25) or low (NF1-low, n = 26) expression level of NF1 with a z-score threshold
of 1. Accordingly, these filtered samples bore either loss-of-function SNPs or heterozygous
deletions (NF1-low) or no NF1 mutations (NF1-high).

The genomic dataset from the Cancer Cell Line Encyclopedia (Broad, 2019) contained
a large range of tumor entities including melanoma cell lines (about 6%). As before, these
samples were divided in two groups according to a high (NF1-high, n = 64) or low (NF1-low,
n = 61) NF1 mRNA expression (z-score relative to diploid samples, threshold = 1).

3. Results and Discussion

3.1. NF1 Mutations Have Differential Impact on Pluripotency and on Differentiation

The transcriptome of NF1-mutated human induced pluripotent stem cells (hiPSCs) was
analyzed by RNA sequencing and compared to wildtype control hiPSCs, in order to specifically
study the impact of NF1 mutations during reprogramming. The top 20 regulated genes are
represented in Figure 1A. Among these genes, one can find regulators of DNA replication
(histones), transcription and gene regulation (transcription factors), genes involved in cellular
(cytoskeleton) and extracellular matrix structures (cadherin). Genes were also involved in
intracellular signal transduction (G protein-coupled receptor (GPCR) and GTPases) or in ion
or glucose transport. Genes involved in the WNT, Retinoic Acid, or Fatty Acid Biosynthesis
pathways were also reported. We observed genes involved in biological functions such as
apoptosis, inflammation, or immune response. Finally, many genes were involved in blood
vessels or cardiac function, which is in line with the observed main defects leading to the short
survival of Nf1−/− mice [32].

A pathway analysis of the most regulated genes with the IPA software resulted in the
following signalings (Figure 1B). Genes involved in pluripotency such as SMAD6, TGFB,
WNT2B, WNT3, WNT5A were retrieved, although no phenotypic differences have been
observed between NF1-mutated hiPSCs and NF1-WT hiPSCs [31]. These data may argue
for a role of WNT and SMAD pathways during NF1-mutated stem cell reprogramming
that is less important than other pathways such as FGFR2. Indeed, FGFR signaling controls
cell survival, proliferation, embryonic development, and organogenesis by activating
MAPK, PI3K/AKT, PLCγ, and STAT pathways [33]. These pathways are also described
as interacting with WNT and TGFβ and could in this situation play redundant functions.
ILK and more generally the integrin pathway promote several cellular functions such as
adhesion, growth, and migration. The involvement of NF1 in migration has for example
been established [14,17]. Rho GTPases belong to a subfamily of the Ras superfamily
and are therefore expected to interact with NF1 [34]. This study from Upadhyaya et al.,
already discussed the role of the Rho GTPase pathway in NF1 tumorigenesis. Epithelial-to-
mesenchymal transition (EMT) is a biological process that occurs during embryogenesis but
also in cancer metastases. During reprogramming, cells will also undergo sequential EMT
and mesenchymal-to-epithelial transition (MET), the latter being required for pluripotency
acquisition [35]. Pathways activated by RAS (and likely by NF1 loss) have been described
as playing a crucial role during EMT and MET. For instance, Arima et al., described the loss
of NF1-activated EMT-related signalings and, additionally, that an excessive mesenchymal
phenotype may play a role in the development of NF1-associated neurofibromas [36].
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Figure 1. NF1 mutations have a differential impact on pluripotency and on differentiation. (A) Top 20 regulated genes
in NF1-mutated hiPSCs compared to NF1-WT hiPSCs. (B) Main regulated signaling pathways in NF1-mutated hiPSCs
compared to NF1-WT hiPSCs. (C) Main regulated signaling pathways in NF1-mutated melanoblasts compared to NF1-WT
melanoblasts. (D) Common regulated signaling pathways in NF1-mutated hiPSCs and in NF1-mutated melanoblasts.

Next, we analyzed the transcriptome of melanoblasts differentiated from NF1-mutated
hiPSCs and compared it to that of wildtype control melanoblasts [1]. A similar IPA pathway
analysis presented the following results (Figure 1C). In contrast to NF1-mutated hiPSCs,
regulated genes in NF1-mutated melanoblasts were mainly involved in the senescence,
IL-6/8, VEGF, and GPCR pathways. Interestingly, oncogene-induced senescence (OIS)
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generated by the loss of NF1 expression was described in melanoma cells before [30]
and was also observed specifically in melanocytes located in the NF1-associated “café-au-
lait” macules [31]. OIS leads to the secretion of a panel of cytokines in the extracellular
environment, which includes IL-6/8 acting as a paracrine activation loop, as previously
described [37,38]. These data bring additional confirmation of NF1′s role in the senescence
of melanocytes precursors and in the regulation of the secretome. The involvement of NF1
during melanocyte differentiation was reproduced in a study using NF1+/− embryonic
pluripotent stem cells [39]. This NF1 model allowed one to link NF1 mutations to the
hyperpigmentation of melanocytes and to replicate the loss of heterozygosity specifically
in CALMs.

Although the VEGF pathway does not play a major role in melanoblast differentiation,
an essential role of NF1 in controlling endothelial cell proliferation was described [40].
Indeed, the authors of this study showed a reduction of NF1 expression upon VEGF
stimulation and the consequent activation of MAPK and PI3K-AKT pathways. Finally,
the activation of the GPCR superfamily was observed. In particular, the coupled Gα12/13
protein subunit regulates cellular proliferation, movement, and morphology and is also
involved in cancer [41]. For example, after the binding of endothelin to its receptor
EDNRA, coupled Gαq/Gα11 and Gα12/Gα13 proteins are activated [42]. However, the
function of neural crest cells and their derived melanoblasts is dependent on EDNRB
activation and on the involvement of coupled Gαi/Gα0, Gαq/Gα11, or Gα13 subunits. The
endothelin signaling leads to the activation of phospholipase Cβ, inhibition of adenyl
cyclase, activation of plasma membrane Ca2+ channels, and activation of nonreceptor
tyrosine kinases [43,44]. Of note, genes encoding for some members of associated G
proteins (GNAS, GNAQ, and GNA11) have been described as being mutated in tumors
and as being oncogenic drivers of uveal melanoma [45]. It is interesting to retrieve the
endothelin receptor coupled G protein since the complex relationship between endothelin
signaling and NF1 has already been discussed based on pigmentation transgenic mice
models [4]. Indeed, NF1 is likely to play different roles in skin and fur pigmentation [46].

We also analyzed common NF1-induced pathway regulation in hiPSCs and in
melanoblasts (Figure 1D). Overlapping regulated genes belong to signalings involved in
general cellular functions such as cell differentiation, migration, and adhesion, confirming
the pleiotropic role of NF1. For example, collagen, laminin, or sulfated glycosaminoglycans
families, which are expressed at the cell membrane and in the extracellular matrix, or the
actin network were commonly regulated. The Rho GTPase family, which was described
above as being potentially associated to pluripotency function, is also likely to be involved
in more general cellular functions concerning Nf1-mutated melanoblasts [34]. Last, the
RXR family of nuclear receptors could be regulated by NF1 signaling. For instance, similar
ventricular myocyte defects were observed in Rxrα−/− mouse embryos and in embryos
with homozygous mutations on Nf1 [47].

3.2. Role of NF1 in the Gene’s Regulation of Melanoblasts and Melanoma

Next, we used the RNAseq dataset of the TCGA Firehose melanoma cohort from the
publicly available cBioportal database [48,49]. 161 metastatic melanoma samples were
divided in two groups according to a high or low expression level of NF1 mRNA (z-score
threshold of 1). Surprisingly, the number of regulated genes between the two groups
was not very high (n = 229, log2-FC threshold: 2). Consequently, a discrete number of
pathways appeared to be overrepresented in NF1-low expressing metastatic melanoma
samples: Paxillin, cAMP, and PKA (Figure 2A). The influence of the cAMP/PKA pathway
in melanoma development has been described. The MC1R/cAMP pathway controls UV-
mediated melanin synthesis, and certain mutations in the MC1R gene lead to pigment
defects in people with red hair and fair skin, therefore increasing the risk of melanoma [50].
More recently, structural biology studies on the MC1R/cAMP signaling pathway have
focused on its mechanisms for enhancing genomic stability, suggesting pharmacologic
opportunities to reduce melanoma risk [51]. The role of the cAMP pathway in melanoma
treatment resistance has also been described before. Systematic gain-of-function resistance
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studies have revealed a cAMP-dependent melanocytic signaling network associated with
drug resistance, including GPCR, adenyl cyclase, PKA, and cAMP response element
binding protein (CREB) [52]. More recently, an alternative activation of the cAMP pathway
in melanocytes has been shown downstream of the G protein-coupled estrogen receptor.
This activation led to melanoma cell vulnerability to immunotherapy [53]. However, the
specific role of NF1 in melanoma treatment resistance is still unclear. Earlier sensitivity
assays of MEK inhibitors in BRAF-WT, NRAS-WT, and NF1-mutated melanoma did not
show a high correlation [25,54]. More experimental studies focusing on the exact role of
NF1 and cAMP in the context of treatment resistance are needed. Paxillin is involved in
cellular adhesion to the extracellular matrix (via binding to focal adhesion kinases, FAK)
and therefore contributes to migration. A defect in the paxillin expression can provoke
cancer progression [55,56]. Along this line, NF1 is described as interacting with FAK, and
its deregulation influences cellular migration [17]. Recently, the loss of NF1 in melanoma
cells led to increased migration and metastases formation in vivo [14].

Figure 2. Role of NF1 in the gene’s regulation of melanoblasts and melanoma. (A) Main regulated signaling pathways in
NF1-low expressing metastatic melanoma. (B) Main regulated signaling pathways in NF1-low expressing tumor cell lines.
(C) Venn diagram including NF1-low expressing metastatic melanoma, NF1-mutated melanoblasts, and NF1-low expressing
tumor cell lines. (D) Common regulated signaling pathways in NF1-mutated melanoblasts and NF1-low expressing
metastatic melanoma.

Similarly, we addressed the same question in the panel of tumor cell lines from the
Cancer Cell Line Encyclopedia (CCLE). We filtered NF1-low and -high expressing cell lines
in cBioportal and compared the two groups for gene regulation. The PKA and Paxillin
pathways were redundant with the metastatic melanoma samples (Figure 2B). Integrins
and Rho GTPases were also regulated, as we observed in hiPSCs samples, arguing for a
more general role of NF1 in proliferating cells. In addition, three other pathways known to
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play crucial roles in transformation and tumor progression were found: Notch, Hippo, and
PTEN. Evidence for an NF1 role in the transforming activity of the Notch pathway has been
gathered in the context of Schwann cells transformation [57]. The modulation of the Hippo
pathway has been reported to be mediated by NF1 loss in neurofibroma [58]. Despite being
major tumor suppressors, PTEN and NF1 may not play redundant functions. Indeed, the
concurrent loss of PTEN and NF1 in different tumor settings has been reported [59,60].

Last, we wanted to focus on the 263 genes which were regulated in both NF1-mutated
melanoblasts and in NF1-low expressing metastatic melanoma (Figure 2C) because genes
involved in melanocyte development are likely to be reactivated during melanoma pro-
gression [23,61]. The genes likely regulated by NF1 were involved in common signalings.
Again, we found IL-6/8 and senescence/UPR signalings pathways (Figure 2D). Indeed,
the Unfolded Protein Response (UPR) pathway plays a role in the cellular equilibrium
between senescence and apoptosis [62]. Although not deeply investigated, NF1 could play
a role in this pathway. In an Nf1-mutated mouse model of malignant peripheral nerve
sheath tumors (MPNSTs), increased levels of UPR-associated genes (p-eIF2α, XPB1s, and
GRP78) have been shown [63]. VEGF signaling, which we found regulated in NF1-mutated
melanoblasts, is also associated with melanoma progression [64]. The endothelin pathway
seems to play a role in melanoma. Recently, it was described how endothelin signaling pro-
moted melanoma tumorigenesis driven by constitutively active GNAQ [65]. Additionally,
the inhibition of EDNRB receptor signaling synergizes with MAPK pathway inhibitors in
BRAF-mutated melanoma [66].

Finally, we mentioned above the redundant role of cAMP/PKA signaling during
melanogenesis [13]. The implication of NF1 in this pathway has also been studied. Loss
of NF1 leads to the activation of the cAMP/PKA pathway, which consequently phospho-
rylates the melanocyte-associated transcription factor MITF [46]. Such post-translational
modifications of MITF leading to varying expression levels have been described in tumor
cell subpopulations which respond differently to melanoma treatments [67,68].

4. Conclusions

In conclusion, we here describe transcriptomic signatures found not only in metastatic
melanoma tumor cells but also in melanocyte progenitors, melanoblasts, in the case of
an NF1 partial loss of function. These signatures included the activation of VEGF, senes-
cence/secretome, endothelin, and cAMP/PKA signaling pathways. More clinical research
focusing on NF1-mutated melanoma, one of the four molecular subgroups classified by The
Cancer Genome Atlas, is expected since no efficient targeted therapy has so far been avail-
able, unlike for the BRAF-mutated subgroup (BRAF/MEK inhibitors) or NRAS-mutated
subgroup (MEK inhibitors clinical trials).
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