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Simple Summary: In humans, mucosal melanoma (MM) is a rare and aggressive cancer. The
canine model is frequently and spontaneously affected by MM, thus facilitating the collection of
samples and the study of its genetic bases. Thanks to an integrative genomic and transcriptomic
analysis of 32 canine MM samples, we identified two molecular subgroups of MM with a different
microenvironment and structural variant (SV) content. We demonstrated that SVs are associated
with recurrently amplified regions, and identified new candidate oncogenes (TRPM7, GABPB1, and
SPPL2A) for MM. Our findings suggest the existence of two MM molecular subgroups that could
benefit from dedicated therapies, such as immune checkpoint inhibitors or targeted therapies, for
both human and veterinary medicine.

Abstract: Mucosal melanoma (MM) is a rare, aggressive clinical cancer. Despite recent advances in
genetics and treatment, the prognosis of MM remains poor. Canine MM offers a relevant spontaneous
and immunocompetent model to decipher the genetic bases and explore treatments for MM. We
performed an integrative genomic and transcriptomic analysis of 32 canine MM samples, which
identified two molecular subgroups with a different microenvironment and structural variant (SV)
content. The overexpression of genes related to the microenvironment and T-cell response was
associated with tumors harboring a lower content of SVs, whereas the overexpression of pigmentation-
related pathways and oncogenes, such as TERT, was associated with a high SV burden. Using
whole-genome sequencing, we showed that focal amplifications characterized complex chromosomal
rearrangements targeting oncogenes, such as MDM2 or CDK4, and a recurrently amplified region on
canine chromosome 30. We also demonstrated that the genes TRPM7, GABPB1, and SPPL2A, located
in this CFA30 region, play a role in cell proliferation, and thus, may be considered as new candidate
oncogenes for human MM. Our findings suggest the existence of two MM molecular subgroups that
may benefit from dedicated therapies, such as immune checkpoint inhibitors or targeted therapies,
for both human and veterinary medicine.
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1. Introduction

Melanoma is the deadliest skin cancer in humans, with an incidence of 80,000 cases
per year in the USA [1]. Mucosal melanoma (MM), a rare clinical entity, accounts for
1–2% [2,3] of all melanomas; however, this rate is approximately 22% in certain Asian
countries where cutaneous melanoma (CM) occurs less frequently [4]. MM is caused by
melanocytes that reside in the mucous membranes of the respiratory, gastrointestinal, and
urogenital tracts, and occurs mainly in the head and neck (31–55%), anorectal (17–24%),
and vulvovaginal (18–40%) regions [3]. Compared to CM, MM is highly aggressive and
has a less favorable prognosis [2,5,6], with a 5-year survival rate of 20–35% based on the
disease location and stage [2,3,6,7]. Treatment options include surgical resection and/or
radiation therapy to achieve locoregional control; however, the prognosis remains poor.
Some advanced cases of MM may benefit from targeted therapy, such as the usage of KIT
inhibitors or immunotherapy using checkpoint inhibitors [2,3,8–10]. However, the response
to immunotherapy is highly variable, and patients with MM have a lower response rate
than those with CM [3,8].

In recent years, large genomic studies involving whole exome sequencing (WES) and,
more recently, whole genome sequencing (WGS) have been conducted to examine the
mechanisms of MM tumor initiation, progression, and metastasis, and to find more suitable
therapies [11–18]. These studies have shown that MM presents a lower mutation burden
and has a greater load of structural variants (SVs) and copy number alterations (CNAs)
than CM [11,12,14,15]. In MM, SV and CNA frequently involve known oncogenes, such as
CDK4, MDM2, and TERT [14–16,18]. Two recent studies have identified two MM subgroups
based on the pattern of complex clustered SVs [14,15]. In oral melanomas comprising one
such pattern, some of the SVs were linked to poor outcomes [15]. Since MM is a rare
entity in humans, popular breeds of dog patients with MM can be evaluated to better
understand the molecular characteristics of these MM subgroups and to reveal relevant
therapeutic targets.

In the last decade, dog models have emerged as being unique, spontaneous, and
immunocompetent for human cancers [19–24], particularly for MM [13,22,23]. Canine
MM is the most frequently occurring oral malignancy in dogs and shares several clinical,
biological, and genetic features with its human counterpart. As in humans, canine MM
tends to rapidly metastasize to distant organs and responds poorly to chemotherapy.
Immunotherapy in dogs has been developed to create a melanoma vaccine; however,
the results remain controversial, with highly variable responses [23,25,26]. Recently, the
development of anti PD-L1 [27,28] and anti-PD1 antibodies [26] for canine patients with
MM has proven to be effective in pilot studies. Genetically, canine MM mimics human
MM with a predominance of somatic CNAs and complex SVs, and a relatively low tumor
mutation burden [13,24,29]. At the transcriptomic level, only a few studies in canine MM
tumors involving a limited number of samples have identified deregulation in multiple
pathways, such as MAPK/ERK, PI3K/AKT, “cytokine receptor interaction”, “ECM receptor
interaction”, and “focal adhesion” [30–32].

In this study, we examined the genetic basis of MM in a spontaneous canine model
in specific breeds that are frequently affected by MM by combining genomic and tran-
scriptomic sequencing experiments together with functional validations. Unsupervised
clustering analysis of RNAseq data from 32 canine MM samples highlighted the existence
of two molecular subgroups of MM with differential expressions: one characterized by
immune and microenvironment signatures, and the second by the overexpression of onco-
genes (such as MDM2, CDK4, and TERT, which were characterized by the enrichment of
complex chromosomal rearrangements). The effect on cell proliferation of genes, which is
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frequently altered through chromosomal rearrangements, was explored in both canine and
human MM cell lines. The results of the study suggest the existence of two MM molecular
subgroups that could benefit from distinct therapies and lead to further translational studies
in human and veterinary oncology.

2. Materials and Methods
2.1. Sample Collection

Blood and tissue biopsy samples from dogs with oral melanoma were collected for this
study through Cani-DNA (http://dog-genetics.genouest.org, accessed on 18 November
2021) and the Canine Comparative Oncology Genomics Consortium Biological Resource
Centers BRC (www.ccogc.org, accessed on 1 July 2021) (61 and 18 cases, respectively)
(Supplementary Materials Table S1). Oral melanoma diagnoses were confirmed based on
the histopathological analysis (JA) with adequate immunostaining (expression of the S100,
MelanA, PNL2 markers). DNA and RNA were extracted, as previously described [21,33].
Blood and tissue sampling was performed by veterinarians on privately owned dogs during
the course of the health follow-up, with the owner’s consent.

2.2. Canine Cell Lines

The Bear (accession numbers CVCL_OD14) and CML10 (accession number CVCL_IZ11)
cell lines were obtained from Dr. J. Modiano (Colorado State University, Fort collins, CO,
USA). The cell lines were cultured at 37 ◦C in RPMI 1640 medium (Gibco, Amarillo, TX,
USA), supplemented with 10% fetal bovine serum and 0.2% primocin (Invivogen, San
Diego, CA, USA). Five other cell lines, obtained from fresh canine oral melanoma samples
(Dog-OralMel-18249, Dog-OralMel-18395, Dog-OralMel-18333, Dog-OralMel-18848, and
Dog-OralMel-18657), were developed in the laboratory (Table S1). These cell lines were
cultured in DMEM/F-12 medium (Gibco), supplemented with 10% fetal bovine serum
and 0.2% primocin. After ten passages, RPMI 1640 was used. All cell lines were tested
for mycoplasma using the MycoAlertTM Plus kit (Lonza, Rockland, ME, USA), and were
found to be mycoplasma-free.

2.3. Fluorescence In Situ Hybridization

Fluorescence in situ hybridization analyses were performed on chromosome prepa-
rations generated from the cell lines using the following conventional techniques: col-
cemid arrest, hypotonic treatment, and methanol/glacial acetic acid fixation, as described
previously [34]. The following bacterial artificial chromosome (BAC) clones were used:
CH82-199H02 and CH82-179B09 for the MDM2 region, CH82-213B06 and CH82-204K11 for
the CDK4 region, CH82-99P23 and CH82-60O16 for the CFA 7 region (58.4 Mb to 58.9 Mb),
CH82-1E17 and CH82-40I15 for the region containing GABPBP1, and USP8 and TRPM7
amplifications (https://bacpacresources.org/, accessed on 1 July 2021). These BAC clones
were labeled using green-dUTP (Abbott Molecular, Des Plaines, IL, USA) and Cy3-dCTP
(Amersham Biosciences, Chalfont, UK). The slides were analyzed by an experienced cytoge-
neticist (FC) using a fluorescence microscope (Axioskop2, Axio Imager Z2, Zeiss, Göttingen,
Germany) and Isis imaging software (Metasystems, Altlussheim, Germany). At least 100
non-overlapping tumor nuclei were examined in this study.

2.4. RNAseq Clustering and Signature Analysis

For the 32 canine MM samples, polyadenylated RNAs were extracted, sequenced,
and analyzed, as previously described [33]. All RNAseq fastq files are available in the
SRA under the BioProject PRJNA749900. Briefly, the pipeline used the “canFam3.1-plus”
annotation as the reference annotation [35], and the canFam3.1 assembly version as the
reference genome [36]. Based on the protocol described by Djebali et al. [37], FASTQ reads
were aligned to the transcriptome and genome using the STAR program (v2.5.0a) [38].
Finally, gene expression levels were estimated as raw counts (unnormalized) using the
RSEM program (v1.2.25) [39] for each sample individually, and subsequently merged to
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obtain a matrix expression file (with genes in rows and samples in columns). This matrix of
expression was then normalized and transformed across all samples in order to stabilize the
variance using the DESEq2 (v1.22.2) [40] function vstcounts with the option “blind = TRUE”.

To select the genes that would provide the most information for clustering analysis,
we used 6000 of the most variable genes, that is, those with the highest median absolute
deviation. Then, the nonnegative matrix factorization (NMF) algorithm from the NMF
R package (v0.22.0) [41] was applied for different values of k clusters/ranks (k = 2–6).
To determine the best k cluster, the nmfEstimateRank function was used (Appendix A
Figure A1), and the consensus matrix method (Silhouette) identified k = 2 as the optimal
number of clusters. Finally, we employed the NMF function extractFeatures to obtain cluster-
specific gene signatures for the two clusters (Table S2). These gene lists were then used
as the input for the gprofiler2 (v0.1.9) R program [42] with the “gost” function, with the
“organism” set to “cfamiliaris” to perform a gene set enrichment analysis over multiple
databases (Gene Ontology, KEGG, CORUM). Finally, heatmaps were plotted using the
complexHeatmap software (v2.3.1) [43] to integrate and visualize multiple sources of
information (gene signatures, sample clustering, SV content, and oncogene mutational
status) (https://github.com/tderrien/Prouteau_et_al, accessed on 18 November 2021).

2.5. Whole Genome Sequencing

DNA from four canine oral melanoma cell lines and the blood samples of two affected
dogs were extracted for whole genome sequencing (WGS), as previously described [21].
WGS was performed with the BGI sequencing platform (BGI, Shenzhen, China), using
BGISEQ-500 short-read sequencing as previously described [44]. Briefly, 1000 ng of genomic
DNA was quantified using a Qubit 3.0 fluorometer (Life Technologies, Paisley, UK) and
sheared using an E220 Covaris instrument (Covaris Inc., Woburn, MA, USA). Sizes were
selected using a Vahstm DNA Clean beads kit (Vazyme, Nanjing, China) to an average
size of 200–400 bp. The selected fragments were end repaired, and 3′ adenylated and
BGISEQ-500 platform-specific adaptors were ligated to the A-tailed fragments. The ligated
fragments were purified and amplified by PCR. Finally, circularization was performed to
generate single-stranded DNA circles. After quantification, the libraries were loaded onto
a sequencing flow cell and processed for 100 bp paired-end sequencing on the BGISEQ-500
platform.

2.6. Low Pass Sequencing

Low-pass sequencing of 42 formalin-fixed paraffin-embedded (FFPE) samples of
melanoma was performed by Psomagen (Rockville, MD, USA). Briefly, the input DNA
quality was verified using gel electrophoresis, and the quantity was measured using the
Picogreen assay (Thermo Scientific, Waltham, MA, USA); 2 ng of DNA was prepared in
30 ul of buffer and used for library construction using the Nextera DNA Flex Library Kit
(Illumina, San Diego, CA, USA), according to the manufacturer’s guidelines. The size of the
final DNA libraries was then validated using the TapeStation D1000 ScreenTape (Agilent,
Santa Clara, CA, USA) and D1000 reagents (Agilent, Santa Clara, CA, USA). The quantity
was measured using the Picogreen assay (Thermo Scientific, Waltham, MA, USA), and the
molar concentration was calculated using both sources. The libraries were normalized to
2 nM, pooled in equimolar volume, and then loaded on the flow cell from the Novaseq S4
300 cycle kit (Illumina, San Diego, CA, USA) and the XP-4lane kit (Illumina, San Diego, CA,
USA). The prepared flow cell and SBS cartridge from the Novaseq S4 300 cycle kit (Illumina,
San Diego, CA, USA) were inserted into the Novaseq 6000 system and sequenced using
151-10-10-151 running parameters, reaching a mean depth of 0.48 X.

2.7. Mapping

After sequencing, the raw reads were filtered (adapter sequences, contamination, and
low-quality reads were removed) according to the manufacturer’s guidelines. Sequence
data were then aligned to the dog reference genome (assembly version canFam3.1) using
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BWA-MEM (version 0.7.17) [45], and PCR duplicate reads were removed using Picard tools
(version 2.18.23) (http://broadinstitute.github.io/picard/, accessed on 1 July 2021). The
read data were processed according to the GATK best practices; specifically, the base quality
score recalibration was assessed using GATK4 (version 4.0.12).

2.8. Somatic Variant Calling

The Mutect2 tool from the GATK4 software was then used to call somatic SNVs and
short INDELS against a panel of normal (PON), comprising matched normal samples,
and against germline variants from 722 dog genomes (https://data.broadinstitute.org/
vgb/Ostrander_VCFs/722g.990.SNP.INDEL.chrAll.vcf.gz, accessed on 1 July 2021). Variant
annotation was performed using the VEP program [46] with the EnsEMBL “Canis familiaris”
annotation (v. 95).

2.9. Somatic Copy Number Variant Calling

The somatic copy number variants (CNVs) were determined using the “R” Package
DNAcopy [47]. The canine genome was split into bins with a window size of 10 kb, or
based on the exome target regions for WGS and WES. The number of reads was normalized
to the total number of reads per sample. The log2 ratio with the corresponding germinal
DNA, when available (or with a pool of three normal DNA for BEAR or CML10 cell lines),
was estimated for each window. Several windows were merged (segmentation) into a larger
segment with a significance threshold of 1 × 104, and the copy number of the segments
was estimated.

2.10. SV Calling

Based on the aligned bam files from the BWA-MEM software, four structural variant
types were identified: breakends (BND), deletions (DEL), duplications (DUP), and inver-
sions (INV) using Delly software [48] (version v0.8.3). Only somatic SVs with the flags
“PASS” and “PRECISE” were retained. Finally, circular representations of the SVs and
the gain/loss from the DNA copies along the canine chromosomes were measured using
the circlize R package [49] (version 0.4.10) (https://github.com/tderrien/Prouteau_et_al,
accessed on 18 November 2021).

2.11. Modeling Chromothripsis Events

To assess the patterns of chromothripsis, we tested for the enrichment of chromosome-
specific SVs by modeling the association between SV breakpoints and chromosome length
using hypergeometric distributions (or a hypermetric distribution). More precisely, we
defined “x” as the number of SV breakpoints on a specific chromosome out of a total of
“k”-detected breakpoints, where “m” was the chromosome size and “N” was the size of the
canine genome. The computed p-value was the probability of “x” SVs in the total number of
SVs, calculated using dhyper (x = x, m = m, n = N− m, k = k) in R. Statistical significance was
set at p < 10−3. The clustering of the SV breakpoints was tested as previously described [50].
Chromothripsis regions were detected with Shatterproof software [51], using the copy
number and BND information along with the standard parameters.

2.12. Classification of Dogs with “Low” versus “High” Content of Structural Variants (SV)

High/low SV classification was defined using the copy number status of segments
resulting from the WES data. SV samples were defined as “high” if they had an abundance
of copy number states oscillating on at least one chromosome (copy number states ≥10
states) [14], with at least one major amplification (copy number ≥ 90 percentile of whole
genome amplifications). This classification was verified using manual curation.

2.13. Targeted Copy Number and Expression Analysis

High-throughput quantitative PCR (qPCR) was performed using the SmartChip sys-
tem (Takara Bio, Kusatsu, Japan) on 47 oral melanoma samples to detect focal amplifications

http://broadinstitute.github.io/picard/
https://data.broadinstitute.org/vgb/Ostrander_VCFs/722g.990.SNP.INDEL.chrAll.vcf.gz
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on tumor DNA on CFA 10 and CFA 30. We used primer pairs targeting two genes on CFA
10 (MDM2 and CDK4) and four genes on CFA 30 (TRPM7, USP8, SPPL2A, and GABPB1)
(Table S3). A primer pair targeting a region of CFA 9 was used as an internal control,
and each experiment was performed using DNA from an unaffected dog as an external
control. qPCR was performed on tumor DNA samples after pre-amplification using the
SYBR green PCR master mix (Thermo Fisher Scientific, Waltham, MA, USA) on the 7900HT
Fast Real-Time PCR System (Applied Biosystems, Waltham, MA, USA), using standard
procedures. Each sample was measured thrice, and the relative amounts of the sequences
were determined using the ∆∆Ct method.

RNA was extracted from the 47 tumor samples and reverse transcription was per-
formed on 1 µg of RNA from tumorous or healthy tissue using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA), according to the
manufacturer’s instructions. RT-qPCR was performed using the same target genes. SAP130
was used as the control housekeeping gene, and a pool of data from non-affected oral
tissues of four dogs was used as the external control. Each sample was measured thrice,
and the relative amounts of the sequences were determined using the ∆∆Ct method.

2.14. Western Blot

Cellular protein extracts from cell lines were prepared using a cell lysis buffer contain-
ing 18 mmol/L Tris-HCl, pH 7.5; 135 mmol/L NaCl, 0.9 mmol/L EDTA; 0.9 mmol/L EGTA
and supplemented with 1 mmol/L PMSF; 1× EDTA-free cocktail protease inhibitor (Roche
Diagnostics, Bale, SWISS); 30 mmol/L sodium fluoride, 40 mmol/L glycero phosphate;
1 mmol/L sodium orthovanadate; and 0.5% Triton X-100.

Protein concentrations were determined using the BCA protein assay (Sigma-Aldrich,
St. Louis, MO, USA) with bovine serum albumin as a standard. Protein samples were
denatured for 10 min at 95 ◦C, and equal amounts of cell proteins (50 µg) were subjected
to 10% SDS-PAGE and transferred onto nitrocellulose membranes (Amersham-GEH Life,
Buckinghamshire, UK). The membranes were probed with the appropriate antibodies.
The primary antibodies used were: anti-CDK4 (559693, BD Pharmingen, San Diego, CA,
USA), anti-MDM2 (clone 2A10, ref MABE281, Merckmillipore, Darmstadt, Germany), and
anti–ERK (sc-94, Santa Cruz Biotechnology, Dallas, TX, USA). Horseradish peroxidase-
conjugated secondary antibodies were purchased from Jackson ImmunoResearch (West
Grove, PA, USA). Signals were detected using a LAS-4000 Imager (Fuji Photo Film, Tokyo,
Japan).

2.15. Transfection with Specific and Control siRNAs and Cell Proliferation Assays

The siRNAs (80 nM) for CDK4, GABPB1, TRPM7, USP8, SPPL2A, and control siRNA
(IDT) were transfected into the Bear cell line using Lipofectamine 2000 (Invitrogen, Waltham,
MA, USA), according to the manufacturer’s recommendations (Tables S1 and S3). CDK4
siRNA was used as the positive control. The siRNAs (10 nM) for GABPB1, TRPM7, and
SPPL2A, as well as the control siRNA (IDT), were transfected into two human cell lines
(HMV-2/CVCL_1282 -Merck-, WM3211/CVCL_6797 -Rockland-) using Lipofectamine
2000 (Invitrogen, Waltham, MA, USA) following the manufacturer’s recommendations
(Tables S1 and S3). Cells were seeded in 6-well plates in 1 mL of RPMI 1640 medium
(Gibco, Amarillo, TX, USA), supplemented with 10% fetal bovine serum and 0.2% primocin
(Invivogen, Waltham, MA, USA) at a density of 1 × 106 cells, and incubated at 37 ◦C. The
medium was changed 6 h post-transfection to avoid toxicity.

Cell proliferation was evaluated in 96-well plates, 72 h after transfection with an initial
density of 30,000 cells per well, using a methylene blue colorimetric assay. Briefly, the cells
were fixed for 30 min in 90% ethanol, removed, dried, and subsequently stained for 30 min
using 1% methylene blue dye in borate buffer. The fixed cells were washed 4–5 times using
tap water, and 100 µL of 0.1 N HCl was added to each well. Cell density was analyzed
using a spectrophotometer at 620 nm.
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3. Results
3.1. Transcriptome Landscape of Canine Oral Melanoma Highlights Two Distinct Subgroups

The ability of the expression profiles of the 32 canine MM tumors in predicting the
prognostic subtypes of MM was first investigated (Table S1). Using unsupervised clustering
based on the nonnegative matrix factorization (NMF) algorithm (see Section 2), we ob-
served that the canine tumor samples could be separated into two distinct clusters (group 1,
12 samples; group 2, 20 samples) based on the underlying structure of their expression data
(Figure 1A). Since NMF organizes both the samples and genes, it also allows us to define a
list of genes that represent the signatures of the two clusters (Table S2). Using gene set en-
richment analysis with the gprofiler tool [42], we showed that the 384 genes with the group
1 signature (Table S3) were significantly associated with immune-related functional gene
sets (Biological Process Term “Immune Response” p = 1.6 × 10−24, “cytokine-mediated
signaling pathway” p = 2.05 × 10−15) (Table S4). This suggests that the microenvironment
differs between both groups, with the MM in group 1 presenting a higher degree of immune
cell infiltration. This was confirmed by the overexpression of genes encoding components
of the T-cell receptor (TCR) complex, such as CD3E, CD3D, CD3G, and CD247 (Figure A2).
Moreover, in this group, genes related to cytotoxic functions (such as granzyme B), the
IFN-γ pathway (such as IRF1), or to the presence of an ongoing immune response and a
cytokine-rich microenvironment (such as IL18, CCL3, CCL4, CCL13, and CCL22) [52] were
significantly overexpressed (Figure A2). The ratio between immune cell types with an
immunostimulatory or immunosuppressive function seemed to be more important than the
absolute number of immune cell types in determining the antitumorigenic vs. protumori-
genic role of the microenvironment [52]. Therefore, we determined the expression ratio of
proinflammatory cytokines (IFN-γ, IL-1A, IL-1B, and IL-2), versus immunosuppressive
molecules (IL-10, IL-11, IL-4, and TGFB1) in both groups. This ratio was significantly
increased in group 1, suggesting a relative increase in pro-immunogenic responses in this
group (p = 0.03, Student’s t-test; Figure 1B). This profile is concordant with that of “hot
immune” tumors [53,54], and the overexpression of immune checkpoint genes such as
CTLA4 (log2fold change = 2.78; adjusted p = 1.22 × 10−5), TIM3 (log2fold change = 1.6;
adjusted p-value = 2.2 × 10−9), LAG3 (log2fold change = 1.3; adjusted p-value = 5.8 ×
10−3), or immunomodulating cytokines (including IL2RG). This suggests that this MM
group may benefit from treatment with immune checkpoint inhibitors [53,54]. In addition,
several studies have involved the phenotype switching of melanoma cells as an escape
route to CM-targeted therapies using BRAF inhibitors [55,56]. Under the control of the mi-
croenvironment or intrinsic cell factors, melanoma cells can acquire a resistance to targeted
therapies by switching from a proliferative to an invasive state [57,58]. These changes to an
aggressive phenotype are associated with dedifferentiation (from a melanocytic/transitory
to a neural crest-like/undifferentiated phenotype) and an epithelial-to-mesenchymal-like
(EMT-like) transition that promotes metastasis [59]. Several genes associated with the acqui-
sition of an invasive-dedifferentiated-EMT-like phenotype [57,60] were also overexpressed
in group 1 (Table S2).

In contrast, melanin metabolic processes and pigmentation pathways were identified
in the second group (n = 20 samples), i.e., the biological process term “melanin biosynthetic
process” p = 7.6× 10−4, “melanocyte differentiation” p = 9.9× 10−3, “pigmentation” p = 1.8
× 10−4) (Table S4). Gene signatures from group 2 corresponded to a proliferative and dif-
ferentiated phenotype of melanoma (DCT, MLANA, TYR) [57,61]. This was reflected by the
overexpression of the melanocyte-specific transcription factor MITF (log2fold change = 2.2,
adjusted p-value = 1.0 × 10−5) (Figure 1C), which is known to control the proliferation,
migration, and invasion of melanoma cells in CMs. Interestingly, even if these CMs are
highly proliferative, they are highly sensitive to targeted therapies, such as those using
BRAF inhibitors [57]. This group presented with the overexpression of well-recognized
cancer driver genes, such as TERT (log2fold change = 1.5, adjusted p-value = 0.028), KIT
(log2fold change = 2.1, adjusted p-value = 5.0 × 10−5), or the oncogene POM121 (log2fold
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change = 0.67, adjusted p-value = 0.011), which has recently been linked to poor prognosis
in human oral MM [15] (Figure 1C).

Figure 1. Transcriptomic analysis of 32 canine MM samples. (A) NMF clustering of expression data
identified two subgroups that overlap with SV content. The first subgroup is characterized by the
expression of immune response and cytokine-mediated signaling pathways and a low SV content,
whereas the second subgroup is characterized by the expression of melanin metabolic processes and
pigmentation pathways and is enriched in SV as well as focal amplifications of MDM2, CDK4, or
CFA30:17Mb region. (B) Expression ratio of proinflammatory cytokines (IFN-γ, IL-1A, IL-1B, and
IL-2) and immunosuppressive molecules (IL-10, IL-11, and TGFB1) significantly differs between the
two groups (p = 0.03, Student test). (C) Expression of immune checkpoint genes or known oncogenes
according to the transcriptomic classification. The following immune checkpoint genes CTLA4,
LAG3, TIM3, and IL2RG are overexpressed in group 1, while the oncogenes MITF, TERT, KIT, and
POM121 are overexpressed in group 2.

SVs involving MDM2 and CDK4 genes are hallmarks of human and canine
MM [14–16,18], and a recent study in humans pointed out two different MM subgroups
based on SV profiling [14]. Using WES data of the corresponding canine MM, we analyzed
their genomic SV profiles (Section 2) and classified canine tumors into “low SV” (n = 12) or
“high SV” (n = 20) (Figure 1A) based on the distribution of SV features (number, intensity,
and clustering). Interestingly, the two subgroups defined by the transcriptomic analysis
significantly overlapped with the two groups defined according to SV status (exact Fisher
test p = 9.5 × 10−3). The first transcriptome subgroup, that is, “group 1” in this study,
which was characterized by an immune signature, comprised tumors with “low SV,” while
the second transcriptome subgroup contained more “high SV” tumors. These results are
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concordant with previous studies in human cancers, showing that chromosomal instability
and CNAs are associated with a decrease in cytotoxic immune cell infiltration [52] and resis-
tance to checkpoint inhibitors [52,53,62]. Our findings suggest that oral melanomas behave
similarly and may evolve through two different paths driven by SV somatic changes that
would lead to marked differences in therapeutic options: the first group containing “hot
immune” tumors with a lower numbers of SVs would likely benefit from immunotherapy,
while the second group, which contains “cold immune” tumors with a higher number of
SVs would respond better to therapies targeting amplified oncogenes, such as treatment
using CDK4/6 inhibitors.

Given that SVs have been associated with resistance to immunotherapy in human
cutaneous melanoma [53] and with a poor outcome in both human [15] and canine oral
MM [24], we then focused on the characterization of these SVs in canine MM as models for
therapies in human oral MM.

3.2. “High SV” MM Are Characterized by Focal Amplifications and Numerous Chromosomal
Translocations

To refine the annotation of SVs, we performed WGS on four canine MM cell lines (Bear,
CML10, Dog-OralMel-18333, and Dog-OralMel-18395 cell lines) at an average depth of 30X.
Then, the Delly program [48] was used to catalog a total of 5906 SVs (DEL, DUP, INV, INS,
and BND) on the four cell lines (Table S5) (see Section 2). Three canine cell lines showed
strong focal amplifications of CFA 30 and/or CFA 10, which are recurrently observed in
canine MM [13,24,29,63,64] (Figure 2). The Bear cell line showed focal amplifications of the
CFA 30, targeting the 16–17 Mb region (up to 67 copies) and of the CFA 10 targeting MDM2
and CDK4 region (up to 46 copies). The Dog-OralMel-18333 cell line was characterized by
focal amplifications targeting the same region of CFA 30 (up to 27 copies) and CFA 7 (up to
13 copies), whereas the Dog-OralMel-18395 cell line presented strong focal amplifications
on CFA 10 (up to 41 copies) targeting MDM2 and CDK4. In contrast, the last cell line,
CML10, did not show any of these alterations. These SV profiles suggest that the CML10
cell line belongs to MM group 1 while the three others to the group 2.

Interestingly, when analyzing the SV distribution in the tumor genome, we found
that the regions harboring focal amplifications comprised significant amounts of several
types of SVs, such as INVs, DELs, and insertions (Supplementary Table S6 and Figure 2).
In particular, these focal amplifications were found to display inter-or intra-chromosomal
translocations with significant breakpoint clustering, similar to what is seen in human
MM, particularly oral MM, which presents inter-and intra-chromosomal translocations
between or within HSA 5 (TERT) and HSA 12 (CDK4) [14,16]. Thus, for the three canine
MM cell lines with strong focal amplifications, the amplified regions presenting breakpoint
clustering (see Methods) were detected as potential chromothripsis regions using the
Shatterproof tool (Table S6). For the three cell lines harboring these focal amplifications,
inter-or intra-chromosomal translocations were explored using FISH.

It showed large genomic regions with repeated amplifications and fusions of CFA 30
and CFA 10 for the Bear, CFA 30 and CFA 7 for the Dog-OralMel-18333, and intra CFA10 for
the Dog-OralMel-18395 cell lines (Figure 2C,F,I). Although we could not find the presence
of double-minute chromosomes to explain the highly elevated copy numbers using FISH
analysis, the three cell lines harboring strong focal amplifications presented features of
chromothripsis, as defined by Korbel et al. [50], that is, breakpoint clustering and irregular
oscillating copy number states.



Cancers 2022, 14, 276 10 of 27

Figure 2. Structural variants (SVs) of the four canine MM cell lines. (A–C) SVs identified through
WGS in the cell line Bear. (A). Circos plot representing the distribution of SVs along dog chromosomes
with, from external to internal layers, CNA gains/losses (in dark red/green), deletions, duplications,
insertions, and inversions in blue, light red, orange, and green, respectively. Interchromosomal
break-ends (BND) are represented by gray lines connecting chromosomes with a color intensity
corresponding to the number of reads validating the SV. (B). Focus on CFA 10 and CFA 30 present the
focal amplifications and clusters of SVs (BND and INV). Copy numbers in log2ratio are represented
as inter (top) and intra-chromosomal (bottom) SVs. (C). Fluorescence in situ hybridization (FISH)
analysis of Bear cell line targeting CFA 10 (MDM2 region) and CFA 30 (TRPM7 region) in green and
red, respectively, showing derivative chromosomes compatible with a chromothripsis-like event.
(D–F). SVs of the cell line Dog-OralMel-18333. (D). Circos plot representing CNV, BND, DEL, and
INV across the genome. (E). Focus on CFA 7 and CFA 30 presenting the focal amplifications and
cluster of SVs (BND, DEL, DUP and INV). (F). FISH analysis of Dog-OralMel-18333 cell line targeting
CFA 7 and CFA 30 (TRPM7 region) in green and red, respectively, showing derivative chromosomes
compatible with a chromothripsis-like event. (G–I). SVs of the cell line Dog-OralMel-18395. (G).
Circos plot representing CNV, BND, DEL, and INV across the genome. (H). Focus on CFA 10 and CFA
33 presenting the focal amplifications and cluster of SVs (BND, DEL, DUP, and INV). (I). FISH analysis
of Dog-OralMel-18395 cell line targeting CFA 10 (MDM2 region) and CFA 10 (CDK4 region) in green
and red, respectively, showing derivative chromosomes compatible with a chromothripsis-like event.
(J–L). SVs of the cell line CML10. (J). Circos plot representing CNV, BND, DEL, and INV across the
genome. (K). Focus on CFA 23 and CFA 35 presenting interchromosomal rearrangement. (L). FISH
analysis of CML10 cell line targeting CFA 10 (MDM2 region) and CFA 30 (TRPM7 region) in green and
red, respectively, showing 3 to 4 spots compatible with a tetraploid state without massive genomic
rearrangements. Image (A,D,G,J) are available in the Supplementary Material (Figures A3–A6).
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Thus, the results of this study suggest that focal amplifications of the CDK4 and MDM2
genes, as well as those in the 16–17 Mb region of CFA 30 in canine MM, reflect major com-
plex inter-and intra-chromosomal rearrangements. These massive DNA rearrangements,
clustered with high amplifications and deletions, result in long derivative chromosomes
arising from cataclysmic events compatible with chromothripsis [14,50]. These recurrent
focal amplifications are expected to drive the oncogenic process of MM.

3.3. Exploring Candidate Oncogenes on CFA 30
3.3.1. Correlation between Copy Numbers (CNA) and Expression of Candidate Oncogenes

Chromothripsis-like events often involve the amplification of oncogenes to promote
tumor progression [65,66]. In canine MM, these recurrent amplifications target well-
recognized oncogenes, such as CDK4, which are involved in the early phase of the cell
cycle, and MDM2, whose protein inhibits p53, as well as several candidate oncogenes
localized on CFA 30 amplifications, which remain unidentified in human MM. Based on the
intersection of genomic intervals defining recurrent CFA30 amplifications in the WES data
from 32 dogs, we highlighted the minimal recurrently amplified region, containing four
genes that may be relevant candidate oncogenes: TRPM7 is involved in the PI3K/AKT and
MAPK pathways, as well as in EMT in ovarian and lung cancers [67–70]; GABPB1 encodes
the ß subunit of a transcription factor and is linked to cell proliferation and poor outcome
in renal cell carcinoma [71]; USP8 has been linked to tumorigenesis and poor prognosis in
several cancers [72,73]; and SPPL2A plays a role in innate and adaptive immunity [74].

We hypothesized that the tumor advantages conferred by these focal amplifications
were associated with the overexpression of the oncogenes targeted by these amplifications.
Thus, we first checked whether the expression levels of the candidate oncogenes of CFA
30 (TRPM7, USP8, GABPB1, and SPPL2A) were correlated with the copy number of these
genes. With this aim, we analyzed the copy numbers and gene expression of the candidate
oncogenes in 47 novel canine MM samples by performing qPCR and RT-qPCR. A significant
positive correlation between gene expression and copy number was found for all four CFA
30 candidate genes, with SPPL2A having the strongest correlation (Spearman coefficient:
0.76, p = 6.9 × 10−9). Concerning oncogenes located on CFA 10, the expression levels
of MDM2 and CDK4 were positively correlated with DNA copy numbers (Spearman
coefficient: 0.68, p = 8.9 × 10−7 and Spearman coefficient: 0.65, p = 1 × 10−6, respectively)
(Figure 3A). Finally, Western blot analyses using cross-reactive available antibodies showed
that the MDM2 and CDK4 focal amplifications were linked to a higher amount of protein
(Figure 3B).

Thus, amplifications and chromosomal rearrangements of CFA 10 and CFA 30 led to a
clear overexpression of the targeted genes and protein levels, suggesting the acquisition of
new cell capacities in connection with the proliferative and aggressive features of MM cells.

3.3.2. Effect of Candidate Oncogenes on MM Cell Proliferation

To evaluate the effect of the altered expression of the CFA30 genes on cancer cell
proliferation, we assessed the proliferation capability of canine MM cancer cells after
silencing TRPM7, SPPL2A, GABPB1, and USP8 genes using colorimetric cell proliferation
assays. Expression analysis showed that the siRNA experiments reduced the mRNA
expression levels of the four oncogenes by 50–72% (Table S7), and the silencing of the
TRPM7, SPPL2A, and GABPB1 genes significantly decreased cell proliferation from 18–28%
(Figure 3C). These results suggest that the combined amplification of the CFA 30 candidate
oncogenes might have a cumulative effect on MM cell proliferation.
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Figure 3. Expression data of the CFA 10 and CFA30 candidate genes at mRNA and protein levels and
impact on cell proliferation. (A). For the CFA 10 genes (MDM2, CDK4) and CFA 30 genes (GABPB1,
TRPM7, SPPL2A and USP8), expression was defined by RT-qPCR and was significantly correlated
to copy number in tumor tissue (n = 46). (B). Western blot analysis in six canine MM cell lines
showing a higher amount of protein in cell lines having high copy numbers of CDK4 and MDM2. (C).
Cell proliferation assay (Bear cell line) showing the effect of the knockdown (siRNA) of candidate
oncogenes from CFA 30 and CDK4 on cell survival. The knockdown of CDK4, TRPM7, GABPB1,
and SPPL2A had an impact on cell proliferation in comparison with the control siRNA (t-test, with
* corresponding to p-values <0.05 and ** to p-values <0.01).

3.3.3. Effect of Candidate Oncogenes on Survival of Canine MM

Recent studies have pointed out that complex clustered SVs in human MM or spe-
cific recurrent SVs (i.e., focal amplifications of CFA30) in canine MM are linked to poor
outcomes [15,24]. To explore the impact of the SV profiles on canine MM, the SV pro-
files were determined using low-pass sequencing on 42 canine MM FFPE samples with
available survival data (part of a previously published cohort by Prouteau et al.) [24]. In
this cohort, the minimal region of CFA 30 amplification was delimited between 16.2 Mb
and 16.8 Mb. This region was amplified in 64.3% of cases and contained GABPB1, USP8,
TRPM7, and SPPL2A genes. While high SV content in canine MM is associated with a poor
outcome (one-sided log-rank p-value = 0.025), a high SV is less significantly associated
with a poor outcome than is the amplification of CFA30 candidate oncogenes (one-sided
log-rank p-value = 0.0012) (Figure A7).

3.4. Exploring the Value of CFA 30 Oncogenes in Human Melanomas

The canine model of MM allowed us to identify new oncogenes; thus, we explored
the involvement of these canine CFA 30 oncogenes in human cancers, more specifically, in
melanomas, according to published data. Since TRPM7 and USP8 CRISPR inactivation has
an impact on the majority of human cell lines (703/990 and 960/990 for TRPM7 and USP8,
respectively), these genes are considered to be common essential genes (https://depmap.

https://depmap.org/
https://depmap.org/
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org/, accessed on 1 July 2021). Moreover, a high expression of TRPM7, USP8, GABPB1, or
SPPL2A was shown to be associated with shorter survival times in cutaneous melanomas
(Log-rank TRPM7, p-value = 0.005; Log-rank USP8, p-value = 0.017; Log-rank GABPB1,
p-value = 0.019; and Log-rank GABPB1, p-value = 0.022) (https://www.proteinatlas.org,
accessed on 1 July 2021). Interestingly, USP8 knockdown suppressed cell growth, survival,
and migration in cutaneous melanoma [75]. In addition, TRPM7 expression levels have been
shown to be associated with an invasive behavior and metastatic potential in cutaneous
melanoma cell line [76] and is also expected to act as a protector in both melanocyte
physiology and in melanoma cells [77].

Human MM and acral melanomas are characterized by a higher SV content and a
lower tumor mutational burden than UV-induced cutaneous melanomas; thus, they are
more likely to present strong focal amplifications of the corresponding genes. In the Can-
cer Genome Atlas, we found one case of acral melanoma (TCGA-ER-A19T-01) harboring
a strong focal amplification on chromosome 15 (orthologous to canine chromosome 30)
encompassing the candidate oncogenes SPPL2A, USP8, TRPM7, and GABPB1. This ampli-
fication of 29 copies of these genes was associated with high gene overexpression (16.8-,
22.7-, and 30.2-fold for TRPM7, USP8, and SPPL2A, respectively). In another cohort of
34 patients with acral melanomas, we found one tumor with an intrachromosomal rear-
rangement on chromosome 15 targeting the genes TRPM7 and MYO5A [78]. Furthermore,
two recent studies involving MM cases that performed WGS on 65 and 67 tumor samples
showed that chromosome 15 frequently had a deletion in the proximal part, and more
rarely, amplifications targeting the candidate orthologous region identified in the present
study [14,15]. Moreover, in a cohort of 65 patients with only oral melanoma, TRPM7 was
one of the 48 significantly mutated genes [15].

To confirm the importance of these genes in non-UV-induced melanomas in hu-
mans, we evaluated the proliferation capability of two human melanoma cell lines, one
mucosal melanoma cell line (HMV-2/CVCL_1282), and one acral melanoma cell line
(WM3211/CVCL_6797). Using siRNA to induce silencing of the TRPM7, SPPL2A, and
GABPB1 genes, we showed that their expression was decreased by 61–69% (Table S8),
which also led to a significant decrease in cell proliferation from 10.8–27.4% (Figure A8).

These findings confirm that the candidate genes of the canine CFA30 16.2–16.8 Mb
region/Human CFA15 50.3–50.9 Mb region are also involved in a subset of human non-
UV-induced mucosal and acral melanomas. The results of this study suggest that the
therapeutic target potential of these genes in human MM, especially those of the oral cavity,
should be explored.

4. Discussion

In the last decade, dog models have been established as relevant models for clinical
and genetic studies of human MM [13,23,24,79–81]. The present work provides a better
understanding of the genomic and transcriptomic profiles associated with canine MM by
identifying two molecular subgroups of canine patients differing in their transcriptomic
profiles and SV content. Thus, these findings suggest different tumor microenvironments
for each subgroup, each requiring different types of therapies. In addition, this work
allowed the identification of new candidate oncogenes for MM, which should be of interest
to human oncology.

The first molecular subgroup contained a majority of tumors with a relatively low
SV content, with overexpression of genes related to the microenvironment, particularly
the T-cell response and cytotoxic functions. Thus, the likely presence of an effective T-cell
infiltrate in tumors in this group, in addition to the overexpression of immune checkpoint
proteins, such as CTLA-4, TIM3, and LAG3, favors a response to immunotherapy, especially
when using checkpoint inhibitors [52–54,82]. Interestingly, cell-type-specific enrichment
analysis from our MM bulk RNAseq data with the xCell program [83] confirmed that group
1 samples contained an enrichment of immune cells, such as dendritic cells, macrophages
M1 and lymphocytes T (Figure A9). While several studies have linked high tumor muta-
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tional burden to a better response of immunotherapy [62,84,85], two recent publications
have shown that CNA/SV levels are also predictive of a response to immunotherapy in dif-
ferent cancer types. Among these cancers, cutaneous melanomas harboring a high level of
CNAs have the poorest response rate to immunotherapy [52,53]. Ock et al. also suggested
that these alterations (CNA/SV) are stronger predictors of the response to immune check-
points than tumor mutational burden [53]. Following these studies, we suggest that the first
molecular subgroup with low SV identified in this study may respond to immunotherapy,
while the other subgroup with higher SV rates may respond better to targeted therapies
(e.g., anti-CDK4). This hypothesis is further reinforced by the results of a previous study
by Ock et al., who observed that the differentially expressed genes between the two groups
were enriched in genes associated with response to immunotherapy in human cancers
according to [53]. We found similarities in terms of the expression modifications (up or
downregulation) in the genes differing in expression between the two canine MM sub-
groups and the immunotherapy responders and non-responders in the study by Ock et al.
(p = 1.0 × 10−11) [53] (Table S9). However, several genes associated with the acquisition of
an invasive, dedifferentiated, EMT-like phenotype were also overexpressed in this group.
While a favorable tumor immune microenvironment is critical for effective immunotherapy,
tumor cells could exploit the dedifferentiation program to resist immunotherapy. Further
studies combining therapeutic trials with single-cell RNAseq would be very relevant to
better assess the benefit of immunotherapies in this group.

In a recent study, Newell et al. also identified two distinct subgroups of human
MM based on the degree of localized complex rearrangements [14]. While, here, we
classified MM using a transcriptomic-based strategy, we confirmed the existence of two
MM subgroups with different SV profiles targeting similar driver genes (MDM2, CDK4).
The association of different SV profiles between the two molecular subgroups of MM
could reflect the involvement of different DNA repair mechanism alterations and, thus,
different tumorigenesis pathways. The second subgroup was characterized by the presence
of recurrent focal high amplifications and numerous chromosomal rearrangements (“high
SV”). This chromosomal instability has already been described in human melanomas
and is associated with poor outcomes in cutaneous and oral melanomas [15,86]. This
aggressiveness was also observed in canine oral melanoma harboring focal amplification
on CFA 30 (median survival time of 159 days vs. 317 days for MM with CFA 30 amplification
or no CFA30 amplification, respectively, p = 5 × 10−5) [24], and we also demonstrated that
dogs with MM carrying a high SV burden had a poorer prognosis (one-sided p = 0.0255)
than those carrying a lower SV burden. While the molecular subgroup with high SV exhibits
a higher mitotic index (mean = 21.8 mitosis vs. 9.8 for the high-SV group and the low-SV
group, respectively, Mann–Whitney test, p-value = 0.022), further studies, including data
on clinical staging, are needed to refine the correlation between the molecular subgroups
and known clinical/histological prognostic factors.

Focal amplification in melanomas results from complex genomic catastrophes pre-
viously described as chromothripsis in humans [14,15,86] and dogs [29]; however, most
events are too complex to confidently assign to one particular type of mutational mecha-
nism [14]. The WGS of four canine MM cell lines showed that the focal amplifications had
complex rearrangements reminiscent of chromothripsis, with chained or clustered break-
points localized to a subset of chromosomes in regions that also contained copy number
oscillations. The formation of double minutes is expected in chromothripsis to explain the
high amplification of driver oncogenes. The FISH analysis in this study revealed large,
homogeneously stained derivative chromosomes from CFA 10 and/or CFA 30, but no
double-minute chromosomes. Similar patterns of high MDM2/CDK4 amplification with
large derivative chromosomes were observed in human glioblastoma, and were assigned
to chromothripsis, with aggregation of double minute chromosomes [66]. In human acute
myeloid leukemia, such catastrophic events have been linked to somatic TP53 mutations
and, thus, p53 dysfunction [87]. In dogs, approximately 50% of MM harbor an amplifi-
cation of the TP53 inhibitor, MDM2 [24], and this alteration is mutually exclusive with



Cancers 2022, 14, 276 15 of 27

TP53 mutations [29]. Similarly, inactivated p53 mutations [11–15,17,88–91] and MDM2
amplifications [13–16] have been observed in human mucosal and acral melanoma, sug-
gesting that p53 pathway dysregulation may be crucial in non-UV-induced melanoma
development [29].

In human melanomas, recurrent focal amplifications are frequent (over 50%) and
significantly less common in cutaneous melanomas. The focal amplification of 5p15 (TERT
gene locus) is mainly observed in oral MM [92]; recurrent interchromosomal translocations
between HSA 5 (TERT) and HSA 12 (CDK4) were observed in 39.6% of cases [15]. Similarly,
over 50% of canine oral MM cases harbored recurrent focal amplification of CDK4/MDM2
oncogenes. However, unlike human MM, these amplifications did not co-occur with
TERT DNA amplification, even though TERT RNA was significantly over-expressed in
the “high SV” cases (log2ratio = 2.54, p-corrected = 6.7 × 10−3). These results suggest
that focal amplifications of the CDK4/MDM2 oncogenes in human and canine MM drive
the same oncogenic pathway activation by distinct mechanisms. Promoter mutations
enhance TERT expression in human cutaneous melanoma [93], and these mutations create
a de novo binding site for the transcription factor GABP heterotetramer activating TERT
transcription [94,95]. In dogs, GABPB1 is overexpressed due to CFA 30 amplification; no
TERT promoter mutations were observed in the four canine cell lines characterized by
WGS. Similarly, Hendricks et al. (2018) did not find any TERT mutations in five canine MM
cases analyzed using WGS to explain TERT overexpression. Other mechanisms could be
involved in gene overexpression, such as epigenetic regulation or activation of the NFKB
or JAK/STAT pathways [93,96,97].

Regarding the focal amplification of CFA 30 (16–17 Mb region), the corresponding
amplification of HSA 15 has already been observed in few human melanomas [78,86]
(https://www.cancer.gov/tcga, accessed on 1 July 2021), and was associated with overex-
pression of the amplified genes (https://www.cancer.gov/tcga, accessed on 1 July 2021).
Nevertheless, based on the high recurrence of this region amplifications in canine MM
(~50% [24]), the CFA 30 region should contain important oncogenes for non-UV-induced
melanoma development. The following lines of evidence support this hypothesis: (i) in
dogs, the degree of expression of candidate oncogenes of CFA 30 is correlated with the copy
number; (ii) these genes appear to be essential in a majority of human cell lines (TRPM7 and
USP8); and (iii) they are associated with a shorter survival time in cutaneous melanomas.
In the present study, we showed that TRPM7, SPPL2A, and GABPB1 are involved in the
proliferation of canine and human non-UV-induced melanomas. We hypothesized that
genes included in the CFA 30 amplification have a cumulative effect on the tumoral trans-
formation of melanocytes, and further studies are required to explore their roles, such as
in tumor proliferation, adhesion, and migration [98]. Interestingly, a recent study using
transcriptomic profiling of canine cancers identified TRPM7 as a biomarker of melanoma
and SPPL2A as a highly relevant target [99]. TRPM7 thus appears to be an important gene
for non-UV-induced melanomas, as it was recently found to be (i) involved in several other
human cancers [98]; (ii) significantly mutated in human oral melanomas [15]; and (iii)
involved in intrachromosomal translocation in acral melanoma in a previous study [78].
The importance of these genes for UV-induced melanomas has to be further explored by
silencing or inactivating their expression in cutaneous cell lines in order to assess whether
these genes could also be relevant therapeutic targets in UV-induced melanomas.

5. Conclusions

Domestic dogs are increasingly being considered as a genetic system for the study of
human cancers with underlying genetic components, owing to the strong breed-related pre-
disposition to cancers. In this study, we identified two molecular subgroups of canine oral
MM, differing in their SV content and gene expression profiles (immune microenvironment
vs. pigmentation pathway and oncogenes), which may correspond to different therapeutic
options. Moreover, this model allowed us to identify several oncogenes that are relevant for
MM development, particularly TRPM7, which was recently shown to be involved in rare
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human non-UV-induced melanomas. These results suggest that it is important to permit
the sub-setting of tumors to improve tumor stratification for clinical trials, which will likely
have differing clinical outcomes, and to provide the optimum therapy depending on this
classification for both canine and human medicine.

Supplementary Materials: The following supporting information can be downloaded at: https:
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enrichment analysis with gene signature of clusters 1 and 2., Table S5: SV identified on the four
canine cell lines of OMM, Table S6: Description of SV on the four canine cell lines of OMM, Table S7:
Mean expression of genes targeted by siRNA on the canine cell line Bear, Table S8: Mean expression
of genes targeted by siRNA on the human WM3211 and HMV2 cell lines, Table S9: Expresssion level
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Appendix A

Figure A1. Estimation of the best K cluster using the silhouette method.

Figure A2. Expression of genes linked to infiltration of the immune cells according to the cluster-
ing groups. The following genes are overexpressed in group 1, reflecting significant immune cell
infiltration in this group: CD3E, CD3D, CD3G, CD247, IRF1, IL18, CCL3, CCL4, CCL13 and CCL22.

https://www.genouest.org
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Figure A3. Circos plot representing the distribution of SVs of cell line Bear along dog chromosomes
with, from external to internal layers, CNA gains/losses (in dark red/green), deletions, duplications,
insertions, and inversions in blue, light red, orange, and green, respectively. Interchromosomal
break-ends (BND) are represented by gray lines connecting chromosomes with a color intensity
corresponding to the number of reads validating the SV.
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Figure A4. Circos plot representing the distribution of SVs of Dog-OralMel-18333 cell line along
dog chromosomes with, from external to internal layers, CNA gains/losses (in dark red/green),
deletions, duplications, insertions, and inversions in blue, light red, orange, and green, respectively.
Interchromosomal break-ends (BND) are represented by gray lines connecting chromosomes with a
color intensity corresponding to the number of reads validating the SV.
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Figure A5. Circos plot representing the distribution of SVs of Dog-OralMel-18395 cell line along
dog chromosomes with, from external to internal layers, CNA gains/losses (in dark red/green),
deletions, duplications, insertions, and inversions in blue, light red, orange, and green, respectively.
Interchromosomal break-ends (BND) are represented by gray lines connecting chromosomes with a
color intensity corresponding to the number of reads validating the SV.
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Figure A6. Circos plot representing the distribution of SVs of cell line CML10 along dog chromosomes
with, from external to internal layers, CNA gains/losses (in dark red/green), deletions, duplications,
insertions, and inversions in blue, light red, orange, and green, respectively. Interchromosomal
break-ends (BND) are represented by gray lines connecting chromosomes with a color intensity
corresponding to the number of reads validating the SV.
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Figure A7. Kaplan Meier Survival Curves for death from MM according to SV profiles (A) (one
sided log-rank p = 0.025), MDM2 amplification (B) (one sided log-rank p = 0.39), CDK4 amplification
(C) (one sided log-rank p = 0.34) and CHR30 amplification (D) (one sided log-rank p = 0.0012).

Figure A8. Cell proliferation assay on two human non-UV induced melanoma cell lines (HMV2 and
WM3211) showing the effect of the knockdown (siRNA) of TRPM7, GABPB1 and SPPL2A genes on
cell survival.
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Figure A9. Cell types enrichment analysis in MM. Cell type enrichment analysis were performed
with xCell program [83] with 64 immune and stroma cell types and MM are then clustered using
clustergrammer [100]. Enrichment for immune cells such as dendritic cells, macrophages M1 and
lymphocytes T is observed in the group 1 with low SV content (SV_clust = clustering of MM samples
based on SV content with group1 in light green and group2 in orange, NMF_clust = clustering of
MM samples based on NMF with RNASeq data with group1 in purple and group2 in orange).

References
1. Williams, M.D. Update from the 4th Edition of the World Health Organization Classification of Head and Neck Tumours: Mucosal

Melanomas. Head Neck Pathol. 2017, 11, 110–117. [CrossRef] [PubMed]
2. Yde, S.S.; Sjoegren, P.; Heje, M.; Stolle, L.B. Mucosal Melanoma: A Literature Review. Curr. Oncol. Rep. 2018, 20, 28. [CrossRef]
3. Lerner, B.A.; Stewart, L.A.; Horowitz, D.P.; Carvajal, R.D. Mucosal Melanoma: New Insights and Therapeutic Options for a

Unique and Aggressive Disease. Oncology 2017, 31, e23–e32. [PubMed]
4. Chi, Z.; Li, S.; Sheng, X.; Si, L.; Cui, C.; Han, M.; Guo, J. Clinical presentation, histology, and prognoses of malignant melanoma in

ethnic Chinese: A study of 522 consecutive cases. BMC Cancer 2011, 11, 85. [CrossRef]
5. Kuk, D.; Shoushtari, A.N.; Barker, C.A.; Panageas, K.S.; Munhoz, R.R.; Momtaz, P.; Ariyan, C.E.; Brady, M.S.; Coit, D.G.; Bogatch,

K.; et al. Prognosis of Mucosal, Uveal, Acral, Nonacral Cutaneous, and Unknown Primary Melanoma from the Time of First
Metastasis. Oncologist 2016, 21, 848–854. [CrossRef]

6. Bishop, K.D.; Olszewski, A.J. Epidemiology and survival outcomes of ocular and mucosal melanomas: A population-based
analysis. Int. J. Cancer 2014, 134, 2961–2971. [CrossRef] [PubMed]

7. Tacastacas, J.D.; Bray, J.; Cohen, Y.K.; Arbesman, J.; Kim, J.; Koon, H.B.; Honda, K.; Cooper, K.D.; Gerstenblith, M.R. Update on
primary mucosal melanoma. J. Am. Acad. Dermatol. 2014, 71, 366–375. [CrossRef]

8. D’Angelo, S.P.; Hamid, O.A.; Tarhini, A.; Schadendorf, D.; Chmielowski, B.; Collichio, F.A.; Pavlick, A.C.; Lewis, K.D.; Weil, S.C.;
Heyburn, J.; et al. A phase 2 study of ontuxizumab, a monoclonal antibody targeting endosialin, in metastatic melanoma. Investig.
New Drugs 2018, 36, 103–113. [CrossRef] [PubMed]

http://doi.org/10.1007/s12105-017-0789-y
http://www.ncbi.nlm.nih.gov/pubmed/28247222
http://doi.org/10.1007/s11912-018-0675-0
http://www.ncbi.nlm.nih.gov/pubmed/29179253
http://doi.org/10.1186/1471-2407-11-85
http://doi.org/10.1634/theoncologist.2015-0522
http://doi.org/10.1002/ijc.28625
http://www.ncbi.nlm.nih.gov/pubmed/24272143
http://doi.org/10.1016/j.jaad.2014.03.031
http://doi.org/10.1007/s10637-017-0530-4
http://www.ncbi.nlm.nih.gov/pubmed/29127533


Cancers 2022, 14, 276 24 of 27

9. Schaefer, A.; Sachpekidis, C.; Diella, F.; Doerks, A.; Kratz, A.-S.; Meisel, C.; Jackson, D.B.; Soldatos, T.G. Public Adverse Event
Data Insights into the Safety of Pembrolizumab in Melanoma Patients. Cancers 2020, 12, 1008. [CrossRef]

10. Wang, Y.; Gu, T.; Tian, X.; Li, W.; Zhao, R.; Yang, W.; Gao, Q.; Li, T.; Shim, J.-H.; Zhang, C.; et al. A Small Molecule Antagonist of
PD-1/PD-L1 Interactions Acts as an Immune Checkpoint Inhibitor for NSCLC and Melanoma Immunotherapy. Front. Immunol.
2021, 12, 654463. [CrossRef]

11. Furney, S.; Turajlic, S.; Stamp, G.; Thomas, J.M.; Hayes, A.; Strauss, D.; Gavrielides, M.; Xing, W.; Gore, M.; Larkin, J.; et al. The
mutational burden of acral melanoma revealed by whole-genome sequencing and comparative analysis. Pigment. Cell Melanoma
Res. 2014, 27, 835–838. [CrossRef]

12. Hayward, N.K.; Wilmott, J.S.; Waddell, N.; Johansson, P.A.; Field, M.A.; Nones, K.; Patch, A.-M.; Kakavand, H.; Alexandrov, L.B.;
Burke, H.; et al. Whole-genome landscapes of major melanoma subtypes. Nature 2017, 545, 175–180. [CrossRef] [PubMed]

13. Wong, K.; van der Weyden, L.; Schott, C.R.; Foote, A.; Constantino-Casas, F.; Smith, S.; Dobson, J.M.; Murchison, E.P.; Wu, H.; Yeh,
I.; et al. Cross-species genomic landscape comparison of human mucosal melanoma with canine oral and equine melanoma. Nat.
Commun. 2019, 10. [CrossRef]

14. Newell, F.; Kong, Y.; Wilmott, J.S.; Johansson, P.A.; Ferguson, P.M.; Cui, C.; Li, Z.; Kazakoff, S.H.; Burke, H.; Dodds, T.J.;
et al. Whole-genome landscape of mucosal melanoma reveals diverse drivers and therapeutic targets. Nat. Commun. 2019, 10.
[CrossRef] [PubMed]

15. Zhou, R.; Shi, C.; Tao, W.; Li, J.; Wu, J.; Han, Y.; Yang, G.; Gu, Z.; Xu, S.; Wang, Y.; et al. Analysis of Mucosal Melanoma
Whole-Genome Landscapes Reveals Clinically Relevant Genomic Aberrations. Clin. Cancer Res. 2019, 25, 3548–3560. [CrossRef]

16. Lyu, J.; Song, Z.; Chen, J.; Shepard, M.J.; Song, H.; Ren, G.; Li, Z.; Guo, W.; Zhuang, Z.; Shi, Y. Whole-exome sequencing of oral
mucosal melanoma reveals mutational profile and therapeutic targets. J. Pathol. 2018, 244, 358–366. [CrossRef]

17. Hintzsche, J.D.; Gorden, N.T.; Amato, C.M.; Kim, J.; Wuensch, K.E.; Robinson, S.E.; Applegate, A.J.; Couts, K.L.; Medina, T.M.;
Wells, K.R.; et al. Whole-exome sequencing identifies recurrent SF3B1 R625 mutation and comutation of NF1 and KIT in mucosal
melanoma. Melanoma Res. 2017, 27, 189–199. [CrossRef]

18. Broit, N.; Johansson, P.A.; Rodgers, C.B.; Walpole, S.T.; Newell, F.; Hayward, N.K.; Pritchard, A.L. Meta-Analysis and Systematic
Review of the Genomics of Mucosal Melanoma. Mol. Cancer Res. 2021, 19, 991–1004. [CrossRef] [PubMed]

19. LeBlanc, A.K.; Breen, M.; Choyke, P.; Dewhirst, M.; Fan, T.M.; Gustafson, D.L.; Helman, L.J.; Kastan, M.B.; Knapp, D.W.; Levin,
W.J.; et al. Perspectives from man’s best friend: National Academy of Medicine’s Workshop on Comparative Oncology. Sci. Transl.
Med. 2016, 8, 324ps5. [CrossRef]

20. Dewhirst, M.W.; Page, R.L. Editorial: Emerging Translational Opportunities in Comparative Oncology with Companion Canine
Cancers. Front. Oncol. 2020, 10, 270. [CrossRef] [PubMed]

21. Ulvé, R.; Rault, M.; Bahin, M.; Lagoutte, L.; Abadie, J.; De Brito, C.; Coindre, J.-M.; Botherel, N.; Rousseau, A.; Wucher, V.; et al.
Discovery of Human-Similar Gene Fusions in Canine Cancers. Cancer Res. 2017, 77, 5721–5727. [CrossRef] [PubMed]

22. Van Der Weyden, L.; Patton, E.E.; Wood, G.; Foote, A.K.; Brenn, T.; Arends, M.J.; Adams, D.J. Cross-species models of human
melanoma. J. Pathol. 2015, 238, 152–165. [CrossRef]

23. Prouteau, A.; André, C. Canine Melanomas as Models for Human Melanomas: Clinical, Histological, and Genetic Comparison.
Genes 2019, 10, 501. [CrossRef] [PubMed]

24. Prouteau, A.; Chocteau, F.; De Brito, C.; Cadieu, E.; Primot, A.; Botherel, N.; Degorce, F.; Cornevin, L.; Lagadic, M.A.; Cabillic, F.;
et al. Prognostic value of somatic focal amplifications on chromosome 30 in canine oral melanoma. Vet. Comp. Oncol. 2019, 18,
214–223. [CrossRef] [PubMed]

25. Verganti, S.; Berlato, D.; Blackwood, L.; Amores-Fuster, I.; Polton, G.A.; Elders, R.; Doyle, R.; Taylor, A.; Murphy, S. Use of Oncept
melanoma vaccine in 69 canine oral malignant melanomas in the UK. J. Small Anim. Pract. 2017, 58, 10–16. [CrossRef]

26. Igase, M.; Nemoto, Y.; Itamoto, K.; Tani, K.; Nakaichi, M.; Sakurai, M.; Sakai, Y.; Noguchi, S.; Kato, M.; Tsukui, T.; et al. A pilot
clinical study of the therapeutic antibody against canine PD-1 for advanced spontaneous cancers in dogs. Sci. Rep. 2020, 10.
[CrossRef]

27. Maekawa, N.; Konnai, S.; Takagi, S.; Kagawa, Y.; Okagawa, T.; Nishimori, A.; Ikebuchi, R.; Izumi, Y.; Deguchi, T.; Nakajima, C.;
et al. A canine chimeric monoclonal antibody targeting PD-L1 and its clinical efficacy in canine oral malignant melanoma or
undifferentiated sarcoma. Sci. Rep. 2017, 7, 8951. [CrossRef]

28. Maekawa, N.; Konnai, S.; Nishimura, M.; Kagawa, Y.; Takagi, S.; Hosoya, K.; Ohta, H.; Kim, S.; Okagawa, T.; Izumi, Y.; et al.
PD-L1 immunohistochemistry for canine cancers and clinical benefit of anti-PD-L1 antibody in dogs with pulmonary metastatic
oral malignant melanoma. NPJ Precis. Oncol. 2021, 5, 10. [CrossRef]

29. Hendricks, W.P.D.; Zismann, V.; Sivaprakasam, K.; Legendre, C.; Poorman, K.; Tembe, W.; Perdigones, N.; Kiefer, J.; Liang, W.;
DeLuca, V.; et al. Somatic inactivating PTPRJ mutations and dysregulated pathways identified in canine malignant melanoma by
integrated comparative genomic analysis. PLoS Genet. 2018, 14, e1007589. [CrossRef]

30. Fowles, J.S.; Denton, C.L.; Gustafson, D.L. Comparative analysis of MAPK and PI3K/AKT pathway activation and inhibition in
human and canine melanoma. Vet. Comp. Oncol. 2013, 13, 288–304. [CrossRef]

31. Rahman, M.; Lai, Y.; Husna, A.A.; Chen, H.; Tanaka, Y.; Kawaguchi, H.; Hatai, H.; Miyoshi, N.; Nakagawa, T.; Fukushima, R.;
et al. Transcriptome analysis of dog oral melanoma and its oncogenic analogy with human melanoma. Oncol. Rep. 2019, 43, 16–30.
[CrossRef]

http://doi.org/10.3390/cancers12041008
http://doi.org/10.3389/fimmu.2021.654463
http://doi.org/10.1111/pcmr.12279
http://doi.org/10.1038/nature22071
http://www.ncbi.nlm.nih.gov/pubmed/28467829
http://doi.org/10.1038/s41467-018-08081-1
http://doi.org/10.1038/s41467-019-11107-x
http://www.ncbi.nlm.nih.gov/pubmed/31320640
http://doi.org/10.1158/1078-0432.CCR-18-3442
http://doi.org/10.1002/path.5017
http://doi.org/10.1097/CMR.0000000000000345
http://doi.org/10.1158/1541-7786.MCR-20-0839
http://www.ncbi.nlm.nih.gov/pubmed/33707307
http://doi.org/10.1126/scitranslmed.aaf0746
http://doi.org/10.3389/fonc.2020.00270
http://www.ncbi.nlm.nih.gov/pubmed/32185136
http://doi.org/10.1158/0008-5472.CAN-16-2691
http://www.ncbi.nlm.nih.gov/pubmed/28883003
http://doi.org/10.1002/path.4632
http://doi.org/10.3390/genes10070501
http://www.ncbi.nlm.nih.gov/pubmed/31262050
http://doi.org/10.1111/vco.12536
http://www.ncbi.nlm.nih.gov/pubmed/31461207
http://doi.org/10.1111/jsap.12613
http://doi.org/10.1038/s41598-020-75533-4
http://doi.org/10.1038/s41598-017-09444-2
http://doi.org/10.1038/s41698-021-00147-6
http://doi.org/10.1371/journal.pgen.1007589
http://doi.org/10.1111/vco.12044
http://doi.org/10.3892/or.2019.7391


Cancers 2022, 14, 276 25 of 27

32. Di Palma, S.; McConnell, A.; Verganti, S.; Starkey, M. Review on Canine Oral Melanoma: An Undervalued Authentic Genetic
Model of Human Oral Melanoma? Vet. Pathol. 2021, 58, 881–889. [CrossRef] [PubMed]

33. Hitte, C.; Le Béguec, C.; Cadieu, E.; Wucher, V.; Primot, A.; Prouteau, A.; Botherel, N.; Hédan, B.; Lindblad-Toh, K.; André, C.;
et al. Genome-Wide Analysis of Long Non-Coding RNA Profiles in Canine Oral Melanomas. Genes 2019, 10, 477. [CrossRef]
[PubMed]

34. Hédan, B.; Thomas, R.; Motsinger-Reif, A.; Abadie, J.; André, C.; Cullen, J.; Breen, M. Molecular cytogenetic characterization of
canine histiocytic sarcoma: A spontaneous model for human histiocytic cancer identifies deletion of tumor suppressor genes and
highlights influence of genetic background on tumor behavior. BMC Cancer 2011, 11, 201. [CrossRef]

35. Wucher, V.; Legeai, F.; Hédan, B.; Rizk, G.; Lagoutte, L.; Leeb, T.; Jagannathan, V.; Cadieu, E.; David, A.; Lohi, H.; et al. FEELnc: A
tool for long non-coding RNA annotation and its application to the dog transcriptome. Nucleic Acids Res. 2017, 45, e57. [CrossRef]

36. Hoeppner, M.P.; Lundquist, A.; Pirun, M.; Meadows, J.; Zamani, N.; Johnson, J.; Sundström, G.; Cook, A.; Fitzgerald, M.G.;
Swofford, R.; et al. An Improved Canine Genome and a Comprehensive Catalogue of Coding Genes and Non-Coding Transcripts.
PLoS ONE 2014, 9, e91172. [CrossRef] [PubMed]

37. Djebali, S.; Wucher, V.; Foissac, S.; Hitte, C.; Corre, E.; Derrien, T. Bioinformatics Pipeline for Transcriptome Sequencing Analysis.
In Advanced Structural Safety Studies; Springer: Singapore, 2017; Volume 1468, pp. 201–219.

38. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]

39. Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinform. 2011, 12, 323. [CrossRef] [PubMed]

40. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

41. Gaujoux, R.; Seoighe, C. A flexible R package for nonnegative matrix factorization. BMC Bioinform. 2010, 11, 367. [CrossRef]
42. Kolberg, L.; Raudvere, U.; Kuzmin, I.; Vilo, J.; Peterson, H. gprofiler2—An R package for gene list functional enrichment analysis

and namespace conversion toolset g:Profiler. F1000Research 2020, 9, 709. [CrossRef]
43. Gu, Z.; Eils, R.; Schlesner, M. Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinformatics

2016, 32, 2847–2849. [CrossRef]
44. Patch, A.-M.; Nones, K.; Kazakoff, S.H.; Newell, F.; Wood, S.; Leonard, C.; Holmes, O.; Xu, Q.; Addala, V.; Creaney, J.; et al.

Germline and somatic variant identification using BGISEQ-500 and HiSeq X Ten whole genome sequencing. PLoS ONE 2018, 13,
e0190264. [CrossRef]

45. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows–Wheeler transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef] [PubMed]

46. McLaren, W.; Gil, L.; Hunt, S.E.; Riat, H.S.; Ritchie, G.R.S.; Thormann, A.; Flicek, P.; Cunningham, F. The Ensembl Variant Effect
Predictor. Genome Biol. 2016, 17, 122. [CrossRef]

47. Seshan, V.E.; Olshen, A. DNAcopy: DNA Copy Number Data Analysis, version 1.68.0; R Package: Madison, WI, USA, 2016.
48. Rausch, T.; Zichner, T.; Schlattl, A.; Stütz, A.M.; Benes, V.; Korbel, J. DELLY: Structural variant discovery by integrated paired-end

and split-read analysis. Bioinformatics 2012, 28, i333–i339. [CrossRef]
49. Gu, Z.; Gu, L.; Eils, R.; Schlesner, M.; Brors, B. circlize implements and enhances circular visualization in R. Bioinformatics 2014, 30,

2811–2812. [CrossRef]
50. Korbel, J.O.; Campbell, P.J. Criteria for Inference of Chromothripsis in Cancer Genomes. Cell 2013, 152, 1226–1236. [CrossRef]
51. Govind, S.K.; Zia, A.; Hennings-Yeomans, P.H.; Watson, J.D.; Fraser, M.; Anghel, C.; Wyatt, A.W.; van der Kwast, T.; Collins, C.C.;

McPherson, J.D.; et al. ShatterProof: Operational detection and quantification of chromothripsis. BMC Bioinform. 2014, 15, 78.
[CrossRef] [PubMed]

52. Davoli, T.; Uno, H.; Wooten, E.C.; Elledge, S.J. Tumor aneuploidy correlates with markers of immune evasion and with reduced
response to immunotherapy. Science 2017, 355. [CrossRef]

53. Ock, C.-Y.; Hwang, J.-E.; Keam, B.; Kim, S.-B.; Shim, J.-J.; Jang, H.-J.; Park, S.; Sohn, B.H.; Chan-Young, O.; Ajani, J.A.; et al.
Genomic landscape associated with potential response to anti-CTLA-4 treatment in cancers. Nat. Commun. 2017, 8, 1050.
[CrossRef]

54. Galon, J.; Bruni, D. Approaches to treat immune hot, altered and cold tumours with combination immunotherapies. Nat. Rev.
Drug Discov. 2019, 18, 197–218. [CrossRef] [PubMed]

55. Kemper, K.; de Goeje, P.; Peeper, D.S.; Van Amerongen, R. Phenotype Switching: Tumor Cell Plasticity as a Resistance Mechanism
and Target for Therapy. Cancer Res. 2014, 74, 5937–5941. [CrossRef]

56. Hoek, K.S.; Goding, C.R. Cancer stem cells versus phenotype-switching in melanoma. Pigment Cell Melanoma Res. 2010, 23,
746–759. [CrossRef] [PubMed]

57. Tsoi, J.; Robert, L.; Paraiso, K.; Galvan, C.; Sheu, K.M.; Lay, J.; Wong, D.J.; Atefi, M.; Shirazi, R.; Wang, X.; et al. Multi-stage
Differentiation Defines Melanoma Subtypes with Differential Vulnerability to Drug-Induced Iron-Dependent Oxidative Stress.
Cancer Cell 2018, 33, 890–904. [CrossRef]

58. Rambow, F.; Rogiers, A.; Marin-Bejar, O.; Aibar, S.; Femel, J.; Dewaele, M.; Karras, P.; Brown, D.; Chang, Y.H.; Debiec-Rychter, M.;
et al. Toward Minimal Residual Disease-Directed Therapy in Melanoma. Cell 2018, 174, 843–855.e19. [CrossRef] [PubMed]

http://doi.org/10.1177/0300985821996658
http://www.ncbi.nlm.nih.gov/pubmed/33685309
http://doi.org/10.3390/genes10060477
http://www.ncbi.nlm.nih.gov/pubmed/31234577
http://doi.org/10.1186/1471-2407-11-201
http://doi.org/10.1093/nar/gkw1306
http://doi.org/10.1371/journal.pone.0091172
http://www.ncbi.nlm.nih.gov/pubmed/24625832
http://doi.org/10.1093/bioinformatics/bts635
http://doi.org/10.1186/1471-2105-12-323
http://www.ncbi.nlm.nih.gov/pubmed/21816040
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.1186/1471-2105-11-367
http://doi.org/10.12688/f1000research.24956.2
http://doi.org/10.1093/bioinformatics/btw313
http://doi.org/10.1371/journal.pone.0190264
http://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
http://doi.org/10.1186/s13059-016-0974-4
http://doi.org/10.1093/bioinformatics/bts378
http://doi.org/10.1093/bioinformatics/btu393
http://doi.org/10.1016/j.cell.2013.02.023
http://doi.org/10.1186/1471-2105-15-78
http://www.ncbi.nlm.nih.gov/pubmed/24646301
http://doi.org/10.1126/science.aaf8399
http://doi.org/10.1038/s41467-017-01018-0
http://doi.org/10.1038/s41573-018-0007-y
http://www.ncbi.nlm.nih.gov/pubmed/30610226
http://doi.org/10.1158/0008-5472.CAN-14-1174
http://doi.org/10.1111/j.1755-148X.2010.00757.x
http://www.ncbi.nlm.nih.gov/pubmed/20726948
http://doi.org/10.1016/j.ccell.2018.03.017
http://doi.org/10.1016/j.cell.2018.06.025
http://www.ncbi.nlm.nih.gov/pubmed/30017245


Cancers 2022, 14, 276 26 of 27

59. Vandamme, N.; Denecker, G.; Bruneel, K.; Blancke, G.; Akay, Ö.; Taminau, J.; De Coninck, J.; De Smedt, E.; Skrypek, N.; Van
Loocke, W.; et al. The EMT Transcription Factor ZEB2 Promotes Proliferation of Primary and Metastatic Melanoma While
Suppressing an Invasive, Mesenchymal-Like Phenotype. Cancer Res. 2020, 80, 2983–2995. [CrossRef]

60. Corre, S.; Tardif, N.; Mouchet, N.; LeClair, H.M.; Boussemart, L.; Gautron, A.; Bachelot, L.; Perrot, A.; Soshilov, A.; Rogiers,
A.; et al. Sustained activation of the Aryl hydrocarbon Receptor transcription factor promotes resistance to BRAF-inhibitors in
melanoma. Nat. Commun. 2018, 9, 4775. [CrossRef] [PubMed]

61. Verfaillie, A.; Imrichova, H.; Atak, Z.K.; Dewaele, M.; Rambow, F.; Hulselmans, G.; Christiaens, V.; Svetlichnyy, D.; Luciani, F.;
Mooter, L.L.V.D.; et al. Decoding the regulatory landscape of melanoma reveals TEADS as regulators of the invasive cell state.
Nat. Commun. 2015, 6, 6683. [CrossRef] [PubMed]

62. Keenan, T.E.; Burke, K.P.; Van Allen, E.M. Genomic correlates of response to immune checkpoint blockade. Nat. Med. 2019, 25,
389–402. [CrossRef]

63. Poorman, K.; Borst, L.; Moroff, S.; Roy, S.; Labelle, P.; Motsinger-Reif, A.; Breen, M. Comparative cytogenetic characterization of
primary canine melanocytic lesions using array CGH and fluorescence in situ hybridization. Chromosom. Res. 2014, 23, 171–186.
[CrossRef]

64. Brocca, G.; Ferraresso, S.; Zamboni, C.; Martinez-Merlo, E.M.; Ferro, S.; Goldschmidt, M.H.; Castagnaro, M. Array Comparative
Genomic Hybridization Analysis Reveals Significantly Enriched Pathways in Canine Oral Melanoma. Front. Oncol. 2019, 9, 1397.
[CrossRef]

65. Rode, A.; Maass, K.K.; Willmund, K.V.; Ernst, A.; Lichter, P. Chromothripsis in cancer cells: An update. Int. J. Cancer 2015, 138,
2322–2333. [CrossRef] [PubMed]

66. Furgason, J.M.; Koncar, R.F.; Michelhaugh, S.K.; Sarkar, F.H.; Mittal, S.; Sloan, A.E.; Barnholtz-Sloan, J.; Bahassi, E.M. Whole
genome sequence analysis links chromothripsis to EGFR, MDM2, MDM4, and CDK4 amplification in glioblastoma. Oncoscience
2015, 2, 618–628. [CrossRef] [PubMed]

67. Liu, K.; Xu, S.-H.; Chen, Z.; Zeng, Q.-X.; Li, Z.-J.; Chen, Z.-M. TRPM7 overexpression enhances the cancer stem cell-like and
metastatic phenotypes of lung cancer through modulation of the Hsp90α/uPA/MMP2 signaling pathway. BMC Cancer 2018, 18,
1–12. [CrossRef] [PubMed]

68. Liu, L.; Wu, N.; Wang, Y.; Zhang, X.; Xia, B.; Tang, J.; Cai, J.; Zhao, Z.; Liao, Q.; Wang, J. TRPM7 promotes the epithelial–
mesenchymal transition in ovarian cancer through the calcium-related PI3K/AKT oncogenic signaling. J. Exp. Clin. Cancer Res.
2019, 38, 1–15. [CrossRef]

69. Yee, N.S. Role of TRPM7 in Cancer: Potential as Molecular Biomarker and Therapeutic Target. Pharmaceuticals 2017, 10, 39.
[CrossRef]

70. Meng, X.; Cai, C.; Wu, J.; Cai, S.; Ye, C.; Chen, H.; Yang, Z.; Zeng, H.; Shen, Q.; Zou, F. TRPM7 mediates breast cancer cell
migration and invasion through the MAPK pathway. Cancer Lett. 2013, 333, 96–102. [CrossRef]

71. Chen, S.-C.; Yen, M.-C.; Chen, F.-W.; Wu, L.-Y.; Yang, S.-J.; Kuo, P.-L.; Hsu, Y.-L. Knockdown of GA-binding protein subunit β1
inhibits cell proliferation via p21 induction in renal cell carcinoma. Int. J. Oncol. 2018, 53, 886–894. [CrossRef]

72. Shin, S.; Kim, K.; Kim, H.-R.; Ylaya, K.; Do, S.-I.; Hewitt, S.M.; Park, H.-S.; Roe, J.-S.; Chung, J.-Y.; Song, J. Deubiquitylation and
stabilization of Notch1 intracellular domain by ubiquitin-specific protease 8 enhance tumorigenesis in breast cancer. Cell Death
Differ. 2020, 27, 1341–1354. [CrossRef]

73. Yan, M.; Zhao, C.; Wei, N.; Wu, X.; Cui, J.; Xing, Y. High Expression of Ubiquitin-Specific Protease 8 (USP8) Is Associated with
Poor Prognosis in Patients with Cervical Squamous Cell Carcinoma. Med Sci. Monit. 2018, 24, 4934–4943. [CrossRef] [PubMed]

74. Kong, X.-F.; Martinez-Barricarte, R.; Kennedy, J.; Mele, F.; Lazarov, T.; Deenick, E.K.; Ma, C.; Breton, G.; Lucero, K.B.; Langlais, D.;
et al. Disruption of an antimycobacterial circuit between dendritic and helper T cells in human SPPL2a deficiency. Nat. Immunol.
2018, 19, 973–985. [CrossRef]

75. Duan, B.; Wang, C.; Liu, Z.; Yang, X. USP8 is a Novel Therapeutic Target in Melanoma Through Regulating Receptor Tyrosine
Kinase Levels. Cancer Manag. Res. 2021, 13, 4181–4189. [CrossRef]

76. McNeill, M.S.; Paulsen, J.; Bonde, G.; Burnight, E.; Hsu, M.-Y.; Cornell, R.A. Cell Death of Melanophores in Zebrafish trpm7
Mutant Embryos Depends on Melanin Synthesis. J. Investig. Dermatol. 2007, 127, 2020–2030. [CrossRef]

77. Guo, H.; Carlson, J.A.; Slominski, A. Role of TRPM in melanocytes and melanoma. Exp. Dermatol. 2012, 21, 650–654. [CrossRef]
[PubMed]

78. Liang, W.S.; Hendricks, W.; Kiefer, J.; Schmidt, J.; Sekar, S.; Carpten, J.; Craig, D.W.; Adkins, J.; Cuyugan, L.; Manojlovic, Z.; et al.
Integrated genomic analyses reveal frequent TERT aberrations in acral melanoma. Genome Res. 2017, 27, 524–532. [CrossRef]

79. Hernandez, B.; Adissu, H.A.; Wei, B.-R.; Michael, H.T.; Merlino, G.; Simpson, R.M. Naturally Occurring Canine Melanoma as a
Predictive Comparative Oncology Model for Human Mucosal and Other Triple Wild-Type Melanomas. Int. J. Mol. Sci. 2018, 19,
394. [CrossRef]

80. Simpson, R.M.; Bastian, B.; Michael, H.; Webster, J.D.; Prasad, M.L.; Conway, C.M.; Prieto, V.M.; Gary, J.M.; Goldschmidt, M.;
Esplin, D.G.; et al. Sporadic naturally occurring melanoma in dogs as a preclinical model for human melanoma. Pigment. Cell
Melanoma Res. 2014, 27, 37–47. [CrossRef] [PubMed]

81. Gillard, M.; Cadieu, E.; De Brito, C.; Abadie, J.; Vergier, B.; Devauchelle, P.; Degorce, F.; Dréano, S.; Primot, A.; Dorso, L.; et al.
Naturally occurring melanomas in dogs as models for non-UV pathways of human melanomas. Pigment. Cell Melanoma Res. 2014,
27, 90–102. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-19-2373
http://doi.org/10.1038/s41467-018-06951-2
http://www.ncbi.nlm.nih.gov/pubmed/30429474
http://doi.org/10.1038/ncomms7683
http://www.ncbi.nlm.nih.gov/pubmed/25865119
http://doi.org/10.1038/s41591-019-0382-x
http://doi.org/10.1007/s10577-014-9444-6
http://doi.org/10.3389/fonc.2019.01397
http://doi.org/10.1002/ijc.29888
http://www.ncbi.nlm.nih.gov/pubmed/26455580
http://doi.org/10.18632/oncoscience.178
http://www.ncbi.nlm.nih.gov/pubmed/26328271
http://doi.org/10.1186/s12885-018-5050-x
http://www.ncbi.nlm.nih.gov/pubmed/30477473
http://doi.org/10.1186/s13046-019-1061-y
http://doi.org/10.3390/ph10020039
http://doi.org/10.1016/j.canlet.2013.01.031
http://doi.org/10.3892/ijo.2018.4411
http://doi.org/10.1038/s41418-019-0419-1
http://doi.org/10.12659/MSM.909235
http://www.ncbi.nlm.nih.gov/pubmed/30010158
http://doi.org/10.1038/s41590-018-0178-z
http://doi.org/10.2147/CMAR.S300195
http://doi.org/10.1038/sj.jid.5700710
http://doi.org/10.1111/j.1600-0625.2012.01565.x
http://www.ncbi.nlm.nih.gov/pubmed/22897572
http://doi.org/10.1101/gr.213348.116
http://doi.org/10.3390/ijms19020394
http://doi.org/10.1111/pcmr.12185
http://www.ncbi.nlm.nih.gov/pubmed/24128326
http://doi.org/10.1111/pcmr.12170


Cancers 2022, 14, 276 27 of 27

82. Sweis, R.; Spranger, S.; Bao, R.; Paner, G.P.; Stadler, W.M.; Steinberg, G.; Gajewski, T.F. Molecular Drivers of the Non–T-cell-
Inflamed Tumor Microenvironment in Urothelial Bladder Cancer. Cancer Immunol. Res. 2016, 4, 563–568. [CrossRef]

83. Aran, D.; Hu, Z.; Butte, A.J. xCell: Digitally portraying the tissue cellular heterogeneity landscape. Genome Biol. 2017, 18, 220.
[CrossRef]

84. Chan, T.; Yarchoan, M.; Jaffee, E.; Swanton, C.; Quezada, S.; Stenzinger, A.; Peters, S. Development of tumor mutation burden as
an immunotherapy biomarker: Utility for the oncology clinic. Ann. Oncol. 2019, 30, 44–56. [CrossRef] [PubMed]

85. Goodman, A.M.; Kato, S.; Bazhenova, L.; Patel, S.P.; Frampton, G.M.; Miller, V.; Stephens, P.J.; Daniels, G.A.; Kurzrock, R. Tumor
Mutational Burden as an Independent Predictor of Response to Immunotherapy in Diverse Cancers. Mol. Cancer Ther. 2017, 16,
2598–2608. [CrossRef]

86. Hirsch, D.; Kemmerling, R.; Davis, S.; Camps, J.; Meltzer, P.S.; Ried, T.; Gaiser, T. Chromothripsis and Focal Copy Number
Alterations Determine Poor Outcome in Malignant Melanoma. Cancer Res. 2013, 73, 1454–1460. [CrossRef] [PubMed]

87. Rücker, F.G.; Dolnik, A.; Blätte, T.J.; Teleanu, V.; Ernst, A.; Thol, F.; Heuser, M.; Ganser, A.; Döhner, H.; Döhner, K.; et al.
Chromothripsis is linked to TP53 alteration, cell cycle impairment, and dismal outcome in acute myeloid leukemia with complex
karyotype. Haematologica 2018, 103, e17–e20. [CrossRef]

88. Hou, J.Y.; Baptiste, C.; Mbbs, R.B.H.; Tergas, A.I.; Feldman, R.; Jones, N.L.; Chatterjee-Paer, S.; Bus-Kwolfski, A.; Wright, J.D.;
Burke, W.M. Vulvar and vaginal melanoma: A unique subclass of mucosal melanoma based on a comprehensive molecular
analysis of 51 cases compared with 2253 cases of nongynecologic melanoma. Cancer 2017, 123, 1333–1344. [CrossRef]

89. Sheng, X.; Kong, Y.; Li, Y.; Zhang, Q.; Si, L.; Cui, C.; Chi, Z.; Tang, B.; Mao, L.; Lian, B.; et al. GNAQ and GNA11 mutations occur
in 9.5% of mucosal melanoma and are associated with poor prognosis. Eur. J. Cancer 2016, 65, 156–163. [CrossRef]

90. Yeh, I.; Jorgenson, E.; Shen, L.; Xu, M.; North, J.P.; Shain, A.H.; Reuss, D.; Wu, H.; Robinson, W.; Olshen, A.; et al. Targeted
Genomic Profiling of Acral Melanoma. JNCI J. Natl. Cancer Inst. 2019, 111, 1068–1077. [CrossRef] [PubMed]

91. Forschner, A.; Hilke, F.-J.; Bonzheim, I.; Gschwind, A.; Demidov, G.; Amaral, T.; Ossowski, S.; Riess, O.; Schroeder, C.; Martus, P.;
et al. MDM2, MDM4 and EGFR Amplifications and Hyperprogression in Metastatic Acral and Mucosal Melanoma. Cancers 2020,
12, 540. [CrossRef] [PubMed]

92. Jurmeister, P.; Wrede, N.; Hoffmann, I.; Vollbrecht, C.; Heim, D.; Hummel, M.; Wolkenstein, P.; Koch, I.; Heynol, V.; Schmitt, W.D.;
et al. Mucosal melanomas of different anatomic sites share a common global DNA methylation profile with cutaneous melanoma
but show location-dependent patterns of genetic and epigenetic alterations. J. Pathol. 2021. [CrossRef]

93. Akincilar, S.C.; Unal, B.; Tergaonkar, V. Reactivation of telomerase in cancer. Cell. Mol. Life Sci. 2016, 73, 1659–1670. [CrossRef]
94. Bell, R.J.A.; Rube, H.T.; Kreig, A.; Mancini, A.; Fouse, S.D.; Nagarajan, R.P.; Choi, S.; Hong, C.; He, D.; Pekmezci, M.; et al. The

transcription factor GABP selectively binds and activates the mutant TERT promoter in cancer. Science 2015, 348, 1036–1039.
[CrossRef] [PubMed]

95. Mancini, A.; Xavier-Magalhães, A.; Woods, W.S.; Nguyen, K.-T.; Amen, A.M.; Hayes, J.L.; Fellmann, C.; Gapinske, M.; McKinney,
A.M.; Hong, C.; et al. Disruption of the β1L Isoform of GABP Reverses Glioblastoma Replicative Immortality in a TERT Promoter
Mutation-Dependent Manner. Cancer Cell 2018, 34, 513–528.e8. [CrossRef] [PubMed]

96. Barthel, F.P.; Wei, W.; Tang, M.; Martinez-Ledesma, E.; Hu, X.; Amin, S.B.; Akdemir, K.C.; Seth, S.; Song, X.; Wang, Q.; et al.
Systematic analysis of telomere length and somatic alterations in 31 cancer types. Nat. Genet. 2017, 49, 349–357. [CrossRef]

97. Yuan, X.; Larsson, C.; Xu, D. Mechanisms underlying the activation of TERT transcription and telomerase activity in human
cancer: Old actors and new players. Oncogene 2019, 38, 6172–6183. [CrossRef]

98. Meng, S.; Alanazi, R.; Ji, D.; Bandura, J.; Luo, Z.-W.; Fleig, A.; Feng, Z.-P.; Sun, H.-S. Role of TRPM7 kinase in cancer. Cell Calcium
2021, 96, 102400. [CrossRef] [PubMed]

99. Tawa, G.J.; Braisted, J.; Gerhold, D.; Grewal, G.; Mazcko, C.; Breen, M.; Sittampalam, G.; LeBlanc, A.K. Transcriptomic profiling in
canines and humans reveals cancer specific gene modules and biological mechanisms common to both species. PLoS Comput. Biol.
2021, 17, e1009450. [CrossRef] [PubMed]

100. Fernandez, N.F.; Gundersen, G.W.; Rahman, A.; Grimes, M.L.; Rikova, K.; Hornbeck, P.; Ma’Ayan, A. Clustergrammer, a
web-based heatmap visualization and analysis tool for high-dimensional biological data. Sci. Data 2017, 4, 170151. [CrossRef]

http://doi.org/10.1158/2326-6066.CIR-15-0274
http://doi.org/10.1186/s13059-017-1349-1
http://doi.org/10.1093/annonc/mdy495
http://www.ncbi.nlm.nih.gov/pubmed/30395155
http://doi.org/10.1158/1535-7163.MCT-17-0386
http://doi.org/10.1158/0008-5472.CAN-12-0928
http://www.ncbi.nlm.nih.gov/pubmed/23271725
http://doi.org/10.3324/haematol.2017.180497
http://doi.org/10.1002/cncr.30473
http://doi.org/10.1016/j.ejca.2016.06.019
http://doi.org/10.1093/jnci/djz005
http://www.ncbi.nlm.nih.gov/pubmed/30657954
http://doi.org/10.3390/cancers12030540
http://www.ncbi.nlm.nih.gov/pubmed/32110946
http://doi.org/10.1002/path.5808
http://doi.org/10.1007/s00018-016-2146-9
http://doi.org/10.1126/science.aab0015
http://www.ncbi.nlm.nih.gov/pubmed/25977370
http://doi.org/10.1016/j.ccell.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30205050
http://doi.org/10.1038/ng.3781
http://doi.org/10.1038/s41388-019-0872-9
http://doi.org/10.1016/j.ceca.2021.102400
http://www.ncbi.nlm.nih.gov/pubmed/33784560
http://doi.org/10.1371/journal.pcbi.1009450
http://www.ncbi.nlm.nih.gov/pubmed/34570764
http://doi.org/10.1038/sdata.2017.151

	Introduction 
	Materials and Methods 
	Sample Collection 
	Canine Cell Lines 
	Fluorescence In Situ Hybridization 
	RNAseq Clustering and Signature Analysis 
	Whole Genome Sequencing 
	Low Pass Sequencing 
	Mapping 
	Somatic Variant Calling 
	Somatic Copy Number Variant Calling 
	SV Calling 
	Modeling Chromothripsis Events 
	Classification of Dogs with “Low” versus “High” Content of Structural Variants (SV) 
	Targeted Copy Number and Expression Analysis 
	Western Blot 
	Transfection with Specific and Control siRNAs and Cell Proliferation Assays 

	Results 
	Transcriptome Landscape of Canine Oral Melanoma Highlights Two Distinct Subgroups 
	“High SV” MM Are Characterized by Focal Amplifications and Numerous Chromosomal Translocations 
	Exploring Candidate Oncogenes on CFA 30 
	Correlation between Copy Numbers (CNA) and Expression of Candidate Oncogenes 
	Effect of Candidate Oncogenes on MM Cell Proliferation 
	Effect of Candidate Oncogenes on Survival of Canine MM 

	Exploring the Value of CFA 30 Oncogenes in Human Melanomas 

	Discussion 
	Conclusions 
	Appendix A
	References

