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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
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Abstract

Cutaneous, ocular, and mucosal melanomas are histologically indistinguishable tumors that are driven by a different
spectrum of genetic alterations. With current methods, identification of the site of origin of a melanoma metastasis
is challenging. DNA methylation profiling has shown promise for the identification of the site of tumor origin in var-
ious settings. Here we explore the DNA methylation landscape of melanomas from different sites and analyze if dif-
ferent melanoma origins can be distinguished by their epigenetic profile. We performed DNA methylation analysis,
next generation DNA panel sequencing, and copy number analysis of 82 non-cutaneous and 25 cutaneous melanoma
samples. We further analyzed eight normal melanocyte cell culture preparations. DNA methylation analysis separated
uveal melanomas from melanomas of other primary sites. Mucosal, conjunctival, and cutaneous melanomas shared a
common global DNA methylation profile. Still, we observed location-dependent DNA methylation differences in
cancer-related genes, such as low frequencies of RARB (7/63) and CDKN2A promoter methylation (6/63) in mucosal
melanomas, or a high frequency of APC promoter methylation in conjunctival melanomas (6/9). Furthermore, all
investigated melanomas of the paranasal sinus showed loss of PTEN expression (9/9), mainly caused by promoter
methylation. This was less frequently seen in melanomas of other sites (24/98). Copy number analysis revealed recur-
rent amplifications in mucosal melanomas, including chromosomes 4q, 5p, 11q and 12q. Most melanomas of the oral
cavity showed gains of chromosome 5p with TERT amplification (8/10), while 11q amplifications were enriched in
melanomas of the nasal cavity (7/16). In summary, mucosal, conjunctival, and cutaneous melanomas show a surpris-
ingly similar global DNA methylation profile and identification of the site of origin by DNA methylation testing is
likely not feasible. Still, our study demonstrates tumor location-dependent differences of promoter methylation fre-
quencies in specific cancer-related genes together with tumor site-specific enrichment for specific chromosomal
changes and genetic mutations.
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Introduction

The vast majority of malignant melanomas manifest in the
skin. However, melanomas can also develop in
other organs, such as the uvea and conjunctiva of the
eye or the mucosal lining of the respiratory, gastrointesti-
nal, and urogenital tract [1]. Altogether, non-cutaneous
melanomas account for approximately 8% of all melano-
mas [2]. It is well recognized that UV exposure contrib-
utes to the development of cutaneous and conjunctival
melanoma, and some studies have indicated blue light as
a potential underlying cause for uveal melanomas [3—7].
However, the etiology of mucosal melanoma remains
uncertain as they occur in body sites that are usually pro-
tected from direct sun light [8]. Epidemiologically,
patients with cutaneous melanomas tend to be younger,
suggesting that older age might play a more important role
in the development of non-cutaneous melanoma [9].

Aside from etiological and epidemiological differ-
ences, the mutational landscape of non-cutaneous mela-
nomas is also distinct from melanomas of the skin.
Several studies have shown that mucosal melanomas
are characterized by a relatively low tumor mutational
burden [10,11]. BRAF mutations occur approximately
at the same rates in melanomas originating from the skin
and conjunctiva. In contrast, uveal melanomas fre-
quently show GNAQ, GNAI1, BAPI, and SF3BI muta-
tions, while KIT, NF1, and SF3BI mutations are more
common in mucosal melanomas [10,12—15]. Further-
more, complex numeric and structural alterations are
common in mucosal melanomas, recurrently affecting
KIT and cell cycle-associated genes such as CDK4 and
CCDNI [10,16-18]. Still, in some instances, the diagno-
sis of a primary non-cutaneous melanoma can be chal-
lenging for pathologists. In particular, if the invasive
tumor is not in continuity with a potentially associated
melanoma in situ, there is no definite histomorphological
evidence that can be used to reliably distinguish primary
mucosal melanoma from metastatic cutaneous mela-
noma. The presence of a prototypical BRAF V600E
mutation, a mutational signature associated with ultravi-
olet light or high tumor mutational burden may indicate a
cutaneous origin of a melanoma when the primary site is
unclear, but practical diagnostic value has not been sys-
tematically evaluated yet.

Over the last few years, DNA methylation analysis
has successfully been used to classify different malig-
nancies, such as tumors of the central nervous system
or sarcomas [19-21]. This includes many tumor types
that are indistinguishable by currently established diag-
nostic methods [22,23]. In line with these reports, a
recent study described epigenetic differences between
cutaneous and uveal melanomas [24]. Apart from its
diagnostic value for tumor classification, DNA methyla-
tion analysis may also uncover epigenetic changes
potentially contributing to tumorigenesis and disease
progression, such as promoter hypermethylation and
subsequent downregulation or silencing of tumor
suppressor genes [25]. In cutaneous and mucosal
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Figure 1. Summary of the study design and cohort. (A) Graphical
summary of the study design. Samples were subjected to DNA
methylation profiling and next generation panel sequencing. Copy
number profiles were generated using raw DNA methylation data
and differential DNA methylation was calculated comparing tumor
samples with normal melanocytes. (B) Pie chart showing the distri-
bution of the sites of tumor origin for the samples included in this
study.

melanomas, targeted DNA methylation analysis
revealed recurrent hypermethylation of the PTEN pro-
moter and described a correlation with worse sur-
vival [26].

In the current study, we investigated whether DNA
methylation profiling could be used to allocate melano-
mas to their respective primary site, which would be of
great diagnostic value for tumor classification. We per-
formed genome-wide DNA methylation analysis, copy
number profiling, and next generation panel sequencing
(NGS) in 107 malignant melanoma specimens originat-
ing from a variety of anatomical sites (Figure 1A,B).
Furthermore, to identify potential epigenetic alterations
that might contribute to the development of non-
cutaneous melanomas, we compared the DNA methyla-
tion profiles of these tumors with normal melanocytes
and investigated the effect of the identified changes on
staining intensity in immunohistochemistry. Our results
show that only uveal melanomas are characterized by a
distinct global DNA methylation profile, whereas mela-
nomas from other sites of origin seem to share a common
global DNA methylation profile. Further evaluation on
the single gene level indicated that in contrast to the
shared global profile, mucosal melanomas of different
origins are enriched for specific epigenetic and chromo-
somal alterations in cancer-relevant genes.

Materials and methods

Patients and samples

Ethics approval was granted by the local ethics commit-
tee of the Charité — University Hospital Berlin
(EA1/031/19). A total of 25 cutaneous and 82 non-
cutaneous malignant melanoma samples were retrieved
from the archives of the Institute of Pathology of the
Charité — University Hospital Berlin. The distribution
of the various primary sites is shown in Figure 1B. All
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samples were re-evaluated by two trained pathologists to
confirm the initial diagnosis. Available clinical records
were also checked if any doubt regarding the tumor’s
origin was raised over the course of the disease. This
was not the case for any of the cases included in this
study. Tumor purity was assessed manually by micro-
scopic inspection using H&E-stained slides. Macrodis-
section was used to achieve a tumor cell content of at
least 60%. All non-cutaneous melanomas were primary
tumor samples. For cutaneous melanomas, we exclu-
sively included mucosal metastases of previously diag-
nosed skin tumors to rule out potential contamination
by epidermal cells. For reference, eight aliquots of sorted
normal human epidermal melanocytes from two individ-
uals dissolved in RNAlater were obtained from Promo-
Cell (Heidelberg, Germany; C-14040) and subjected to
DNA methylation analysis. Additional clinical and his-
topathological data are available in supplementary mate-
rial, Table S1.

Immunohistochemistry

Tissue microarrays were constructed using two cores for
each case with a 1.5 mm diameter per core. Immunohis-
tochemical staining was performed on the BenchMark
XT (Ventana Medical Systems Inc, Oro Valley, AZ,
USA) and the DISCOVERY ULTRA (Ventana) auto-
mated slide stainer according to the manufacturer’s
instructions.

All antibodies were approved for immunohistochem-
istry by their respective manufacturer. We further evalu-
ated the specificity of all antibodies using an in-house
tissue microarray with 25 different normal tissues as well
as 20 cancer samples. Rabbit polyclonal APC antibody
was obtained from Abcam (Cambridge, UK; catalog
number and clone: ab154906). The antibody was used
in a 1:500 dilution, based on the manufacturer’s instruc-
tions as well as previously published investigations [27].
Mouse monoclonal p16 antibody was purchased from
Ventana (catalog number: 805-4713; clone: E6H4; dilu-
tion: ‘ready to use’). Cervical squamous cell carcinoma
with known human papilloma virus high-risk infection
was used as a positive control. Rabbit monoclonal PTEN
antibody was purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA; catalog number: #9559; clone:
138G6). PTEN staining was done based on the manufac-
turer’s protocol and previously published data; the dilu-
tion was adjusted to 1:50 to obtain a stronger signal [28].
Normal tissue was used as a positive control and speci-
ficity was tested using endometrial and lung cancer spec-
imens with known deleterious PTEN mutations. Rabbit
polyclonal RASSF1A antibody was obtained from
Abcam (catalog number and clone: ab180801). The
staining protocol was based on previously published
data; the dilution was adjusted to 1:200 to reduce back-
ground staining [29]. Rabbit polyclonal RARB antibody
was purchased from Abcam (catalog number and clone:
ab53161) and used in a dilution of 1:500 as described in
previous studies [30]. Mouse monoclonal antibody to
WIF1 was obtained from R&D Systems (Minneapolis,

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
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MN, USA; catalog number: MAB134; clone: 133015)
and used in a dilution of 1:100 as previously
described [31].

Immunohistochemical analysis was carried out by
three trained pathologists who were blinded to any addi-
tional information. We calculated an H-score by multi-
plying the staining intensity (0: no staining; 1: weak
staining; 2: moderate staining; 3: strong staining) by
the respective percentage of tumor cells, resulting in a
value between 0 and 300. The mean of the three indepen-
dent assessments was used for further analyses.

DNA extraction

Representative tumor areas were identified using light
microscopy of H&E-stained sections. If necessary,
macrodissection was performed to reach a tumor cell
content of at least 60%. Semi-automated DNA extrac-
tion was performed on the Maxwell RSC Instrument
(Promega, Madison, WI, USA) using the Maxwell
RSC FFPE Plus DNA Purification Kit (AS1720; Pro-
mega) for FFPE samples and the Maxwell RSC Blood
DNA Kit (AS1400; Promega) for melanocyte speci-
mens, each according to the manufacturer’s instructions.
Extracted total DNA quantities were measured with a
Quantus Fluorometer (Promega) using the QuantiFluor
ONE dsDNA Kit (Promega).

DNA panel sequencing

The Ion AmpliSeq Library Kit 2.0 (Thermo Fisher Sci-
entific, Waltham, MA, USA) was used to perform library
preparation of 10 ng of genomic DNA using the Ion
AmpliSeq Cancer Hotspot Panel v2 (Thermo Fisher Sci-
entific) covering 50 oncogenes and tumor suppressor
genes. Genes and the respective exons covered by the
NGS panel are listed in supplementary material,
Table S1. Final library was quantified using the Ion
Library Quantitation Kit (Thermo Fisher Scientific).
Samples were multiplexed and amplified on Ion Sphere
Particles with Ton 540 Kit-Chef and were sequenced
using Ion 540 Chips on an ION S5 Instrument (Thermo
Fisher Scientific). We filtered variants with an allele fre-
quency greater than 1% as determined by the 1000
Genomes Project. Both the Global (AF) and the
European (EUR_AF) populations were evaluated, but
identical results were achieved, independent of the
selected reference database. Functional annotation was
done using publicly available databases (e.g. ClinVar,
COSMIC).

DNA methylation analysis

The Infinium HD FFPE DNA Restore Kit (Illumina, San
Diego, CA, USA) was used for DNA restoration of
formalin-fixed, paraffin-embedded (FFPE) samples.
Subsequently, we used the EpiTect Bisulfite Kit
(Qiagen, Hilden, Germany) for bisulfite conversion.
DNA methylation analysis was performed using the Infi-
nium MethylationEPIC BeadChip (Illumina) according
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to protocols supplied by the manufacturer. BeadArrays
were analyzed on an iScan device (Illumina).

Raw DNA methylation data were processed in RStu-
dio (Version 1.2.5019) using the minfi package [32,33].
The pfilter and rmSNPandCH functions from the wateR-
melon and DMRcate packages were used to filter for
probes with bad quality, cross-reactivity, and association
with SNPs or sex chromosomes [34,35]. Differentially
methylated positions (DMPs) and regions (DMRs) were
identified using the dmpFinder and DMRcate function,
respectively. DMRs were required to encompass at least
four CpG sites with a mean beta fold-change of >0.3 and
a false-discovery rate (FDR) less than 0.05. Promoter
methylation status was calculated by unsupervised hier-
archical clustering on the CpG sites associated with the
previously identified DMR. Heatmaps and OncoPrint
plots were generated using the ComplexHeatmap pack-
age [36].

Copy number analysis

Genome-wide copy number profiling, generation of
summary copy number plots, and detection of chromo-
thripsis were carried out using raw DNA methylation
data and a modified version of the conumee package
[37,38]. Unmatched normal tissue which has been ana-
lyzed on the same iScan device was used to adjust the
baseline. To identify cancer-related candidate genes
involved in focal amplifications or deletions, we filtered
segment data for sections less than 3 Mbp wide and with
a mean deviation of at least 0.4 from the baseline
[38,39]. Genes within these segments were annotated
using the getBM function from the biomaRt package
[40,41]. Cancer-relevant genes as well as genes known
to be involved in fusion events were selected based on
the COSMIC Cancer Gene Census [42].

Statistical analysis

Continuous variables were tested for significance using
the Wilcoxon test or the Kruskal-Wallis test for compar-
isons with more than two categories. Categorical
variables were tested for significance using the chi-
squared test.

Results

Somatic mutations

The most common mutations in mucosal melanomas
affected the NRAS (7/63; 11%) and TP53 genes (6/63;
10%). KIT mutations were present in three mucosal mel-
anoma specimens (5%). BRAF mutations were common
in cutaneous (9/25; 36%) and conjunctival (7/9; 78%)
melanomas but occurred in only two mucosal melanoma
samples (2/63; 3%). Furthermore, we observed GNAQ
or GNA1I mutations in 60% (6/10) of uveal melanomas.
The most important mutations are summarized in
Figure 2A; a complete list of somatic variants is pre-
sented in supplementary material, Table S2.

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
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Copy number variations

Overall, focal copy number changes were frequent
events in mucosal and also cutaneous melanomas but
were considerably rarer in conjunctival melanomas.
Uveal melanomas commonly showed recurrent arm-
level alterations such as gain of chromosome 8q, while
focal copy number changes were exceedingly rare. In
line with these results, we observed signs of chromo-
thripsis in 41% (26/63) of mucosal melanomas com-
pared with a rate of 11% (1/9) and 16% (4/25) in
melanomas of the conjunctiva and the skin, respectively
(Figure 2A). Summary copy number plots for the differ-
ent anatomic locations are shown in supplementary
material, Figure S1.

We identified four hotspot regions with recurrent
focal amplifications enriched in mucosal melanoma
samples, including the cytobands 4ql1-12, 5plS5,
11q13-14, and 12q14-15. While 33 of 63 mucosal mel-
anoma samples (52%) showed focal amplification in at
least one of these regions, these alterations were signifi-
cantly less common in conjunctival (1/9; 11%;
p =0.049) and cutaneous melanomas (3/25; 12%;
p =0.001) and did not occur in uveal melanomas
(0/10; p = 0.005). The distribution of these chromo-
somal alterations according to primary site is summa-
rized in Figure 2B and also listed in Table 1.

Sixteen mucosal melanomas (25%) and one conjunc-
tival melanoma showed focal amplifications of the
4q11-12 gene locus (Figure 2C). This resulted in focal
gains of cancer-related genes such as KDR (24%), KIT
(24%), and PDGFRA (19%). Focal amplification of
5pl5 (Figure 2D) was mainly observed in melanomas
of the oral cavity (8/10; 80%) and usually occurred in
combination with additional, complex deletions and
amplifications on chromosome Sp. In all cases, this
resulted in focal amplification of the TERT gene locus.

Focal amplification of 11q13-14 (Figure 2E) affect-
ing the CCNDI or GAB2 gene occurred in 14 tumors
and mainly affected mucosal melanomas of the nasal
cavity (9/16; 56%).

12q14-15 amplification (Figure 2F), involving
cancer-related genes such as CDK4 and PTPRB, was
present in six mucosal melanoma samples and was
evenly distributed among melanomas of the anorectum,
the genital region, the oral cavity, and the nasal cavity.
Furthermore, focal amplification also occurred in one
cutaneous melanoma.

With regard to focal deletions, loss of CDKN2A/B and
LARPAB frequently occurred in both mucosal (16/36; 25%
and 12/63; 19%) and cutaneous melanomas (7/25; 28%
and 3/25; 12%) but not in uveal melanomas (0/10; 0%).

DNA methylation

Using unsupervised hierarchical clustering, uveal mela-
nomas and normal melanocytes formed separate clusters
(Figure 3A). However, there was no separation between
mucosal, conjunctival, and cutaneous melanomas by
their global DNA methylation profile. Furthermore, the
results from unsupervised clustering were not biased
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Figure 2. Results from next generation DNA panel sequencing and copy number analysis. (A) OncoPrint plot summarizing the most frequent
mutations and focal copy number changes in mucosal, ocular, and cutaneous melanomas. The alteration type is annotated by color. Bar plots
on the top represent the sum of all alterations per sample (Alt/sample) and bar plots on the right show the number of alterations per gene
(Alt/gene), including the percentage. Annotation bars at the bottom of the OncoPrint plots annotate the exact melanoma primary site and
whether signs of chromothripsis have been detected. (B) Stacked bar plots showing the relationship between four hotspot gene loci harboring
recurrent focal copy amplifications and the tumor origin of the affected samples. (C-F) Detailed copy number plots showing examples for
cases with focal amplification of the 4911-12 (C), 5p15 (D), 11913-14 (E), and 12q14-15 (F) gene locus. The annotation highlights associated
and recurrently amplified cancer-relevant genes. The headings correspond to the case ID provided in supplementary material, Table S3 (AN,

anorectal; MO, oral cavity; NC, nasal cavity).

by other covariates such as sex, age, tumor purity or
tumor pigmentation. Comparable results were seen
using dimensionality reduction methods such as uniform
manifold approximation and projection (UMAP) as well
as t-distributed stochastic neighbor embedding (t-SNE;
supplementary material, Figure S2).

We performed a group-wise differential methylation
analysis comparing cutaneous melanomas with non-
cutaneous melanomas of different anatomical sites to
quantify the epigenetic similarities or differences
between these groups. In accordance with the results
from unsupervised cluster analysis, differential methyla-
tion analysis revealed high rates of differentially methyl-
ated positions (DMPs) and differentially methylated
regions (DMRs) between cutaneous and uveal melano-
mas (Figure 3B), whereas differences between cutane-
ous melanomas and mucosal melanomas were less
prominent. We observed the highest rates of DMPs and

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
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DMRs between cutaneous melanomas and tumors aris-
ing from the paranasal sinus, followed by the anorectum,
the nasal cavity, and the conjunctiva. Melanomas from
the genital region and the oral cavity showed very few
or even no differential methylation when compared with
cutaneous melanomas.

Further, to demonstrate potential cancer-specific epige-
netic modifications, we compared our tumor samples with
normal melanocytes. Across primary sites, there was a
variable number of DMPs, ranging from 102 292 in anor-
ectal melanoma to 510 124 in melanomas of the oral cav-
ity. Focusing on the 1000 most significant DMPs, we saw
little overlap between the different primary sites (supple-
mentary material, Figure S3A). Furthermore, we
observed a significantly different genomic CpG annota-
tion (promotor-associated versus gene body versus inter-
genic) in relation to the melanoma primary tumor site
(supplementary material, Figure S3B). The majority of
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Table 1. The genetic or epigenetic alterations enriched in the respective site of origin.

Cutaneous Anorectal* Genital*  Nasal cavity* Oral cavity* Paranasal sinus* Conjunctiva Uvea
Mutations BRAF - - - - - BRAF GNAQ, GNAT1
CNP - High rate of focal copy number changes, chromothripsis - Whole-arm

alterations
Focal CNV = 4q11-12,  4q11-12, 4q11-12, 11q13-14, 4q11-12, 5p15, 4q11-12, = =
12q14-15 12q14-15 12q14-15 12q14-15 12q14-15

DNA methylation CDKN2A, - RASSF1 - RARB PTEN, RASSF1 CDKN2A (p16), RASSF1

RARB APC

CNP, copy number profile; CNV, copy number variations.
*High rate of focal copy number changes, chromothripsis.

the most significant CpG sites in melanomas of the con-
junctiva (44%; p < 0.001), the paranasal sinus (41%;
p < 0.001), the skin (39%; p < 0.001), and the nasal cavity
(37%; p = 0.001) were located in promoter regions. On the
other hand, this was only rarely observed in uveal melano-
mas (14%; p < 0.001), which mainly showed differential
methylation in the gene body region (45%; p < 0.001).
Notably, the 1000 most significant DMPs showed very lit-
tle overlap between different melanoma primary sites.

The results were filtered for DMRs associated with
cancer-related genes and regulatory sequences. The results
are summarized in Figure 3C,D. Overall, uveal melanomas
rarely showed promoter methylation of cancer-relevant
genes, with the exception of high rates of RASSF! pro-
moter methylation (8/10; 80%). For all other primary sites,
we observed comparable rates of WIFI (33-57%) and
RASSFI (44-51%) promoter methylation. Methylation of
the PTEN promoter was enriched in mucosal melanomas
of the paranasal sinus (8/9; 89%). Interestingly, the only
paranasal sinus specimen with a non-methylated promoter
showed a PTEN deletion. Furthermore, methylation of the
CDKN2A promoter region associated with the p16 tran-
script was relatively rare in mucosal melanomas (6/63;
10%) compared with cutaneous (9/25; 36%) and conjunc-
tival (4/9; 44%) melanomas, and did not occur in mucosal
melanomas arising from the nasal cavity, the paranasal
sinus, or the oral cavity. Promoter methylation of the
APC gene was most common in conjunctival melanomas
(6/9; 67%) but also occurred in cutaneous (7/25; 28%)
and mucosal melanomas (8/63; 13%). Recurrently altered
promoter methylation in relation to the primary site is also
summarized in Table 1.

Gene set enrichment analysis of the results from dif-
ferential methylation analysis revealed that all anatomi-
cal sites were enriched for receptor tyrosine kinase
signaling (supplementary material, Figure S4). Other
enriched ontologies included WNT signaling (anorectal
and genital mucosal melanoma), MAPK signaling (anor-
ectal, conjunctival, and uveal melanoma) and PI3K/
AKT signaling (oral cavity and uveal melanoma). Genes
associated with keratinization were only overrepre-
sented in cutaneous melanoma.

Correlation with immunohistochemical staining
intensity

As described in the sections on copy number variations and
DNA methylation, for CDKN2A (p16) and PTEN we

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

observed both focal gene deletions and gene promoter
methylation. These alterations were observed in an exclu-
sive manner. Both alterations were associated with strongly
reduced or complete loss of protein expression (Figure 4A,
B). Furthermore, promoter methylation of the RARB,
RASSF1, APC, and WIFI promoters was associated with
significantly reduced immunohistochemical staining inten-
sity of their related proteins (Figure 4C-F).

Discussion

With this study, we provide the most comprehensive epi-
genetic study of non-cutaneous melanomas to date. In
addition to DNA methylation analysis, we also inte-
grated copy number analysis and DNA mutational profil-
ing and assessed associations of these alterations with
immunohistochemical staining intensity. Our data show
that uveal melanomas have a highly distinct global DNA
methylation pattern, whereas mucosal and conjunctival
melanomas share a global epigenetic pattern with cutaneous
melanomas. A more focused approach indicated that pri-
mary tumor sites differ in the frequencies of promotor meth-
ylation at specific cancer-related genes and show different
patterns of copy number changes. The observed differences
are summarized in Table 1.

In line with previous reports, DNA panel sequencing
revealed high rates of BRAF mutations in cutaneous
and conjunctival melanoma, as well as frequent GNAQ
and GNAIIl mutations in uveal melanoma samples
[12,13]. Regarding mucosal melanoma, we observed
expected frequencies of NRAS and 7P53 mutations,
while KIT mutations were relatively uncommon com-
pared with other studies [10,14,15]. As described previ-
ously, BRAF mutations were rare in mucosal melanomas
and only affected two samples. Both BRAF mutations
did not affect codon 600 and there is conflicting informa-
tion as to whether these patients might benefit from
BRAF/MEK inhibition [43,44]. Furthermore, the fre-
quency of GNAQ and GNAII mutations in our study
was slightly lower than expected. This could be due to
the fact that the NGS panel that was used for our inves-
tigation only covers mutations in exon 5 and would
therefore miss rarer alterations in other exons
(e.g. exon 4). The reported frequency of GNAQ and
GNA1I mutations should therefore be interpreted with
some caution.
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Figure 3. Summary of the results from DNA methylation analysis. (A) Unsupervised hierarchical cluster analysis using the 2000 most variant CpG
sites. The melanoma site of origin as well as potential confounders is annotated below. (B) Bar plots showing the number of differentially meth-
ylated positions (DMPs) and regions (DMRs) between cutaneous and non-cutaneous melanomas. (C) Heatmap showing the results from differential
methylation region analysis comparing normal melanocytes and the different sites of origin. Columns correspond to the melanoma primary site, as
defined by the annotation bar below the plot. Rows correspond to cancer-relevant genes. The heatmap colors show the mean beta fold-change of
the differentially methylated region in the promoter of the respective gene. Asterisks indicate genes with significant differential DNA methylation.

(D) OncoPrint plot showing the promoter methylation status of selected cancer-relevant genes for the different sites of melanoma origin.

Copy number analysis revealed high rates of focal
copy number changes and high rates of chromothripsis
in mucosal melanoma samples, including focal amplifi-
cations in four hotspot regions on chromosomes 4q,
5p, 11q, and 12q, which is in line with previous investi-
gations [45-47]. Two recent whole-genome sequencing
studies were able to associate amplifications in these
regions with structural rearrangements [10,48]. Also in
line with these reports, we observed that focal amplifica-
tion of TERT at the 5p15 gene locus primarily occurred
in tumors of the oral cavity [49]. Furthermore, we
observed that 11q13-14 amplification was enriched in
melanomas of the nasal cavity, which has not previously
been reported. This might be due to the fact that most
previous investigations studied mucosal melanomas of
the paranasal sinus and nasal cavity combined as one
group and did not investigate them separately.

Previous studies suggested that alterations of cell
cycle-related genes play a major role in mucosal melano-
mas [10,16]. We observed chromosomal or epigenetic
alteration of at least one gene associated with the
CDK4/6 pathway (CCNDI, CDKN2A, CDK4, RBI) in
more than half of all the mucosal melanoma specimens.
This provides further evidence that a fraction of patients
with mucosal melanoma could profit from treatment
with CDK4/6 inhibitors [10,48,50].

Over the last few years, various studies have shown that
DNA methylation signatures can be used to assign differ-
ent tumors to their tissue origin with previously unmatched

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

accuracy [19,21-23,38]. Although we investigated mela-
nomas from a variety of primary sites, only uveal melano-
mas were assigned to a distinct global cluster using
unsupervised cluster analysis. The degree of similarity
between mucosal melanomas and cutaneous melanomas
seems to depend on the respective site of origin: mucosal
melanomas of the anorectum, the paranasal sinus, and the
nasal cavity show some differential methylation, while
tumors of the genital region, the oral cavity, and the con-
junctiva show very little or virtually no differences to mel-
anomas of the skin. While DNA methylation could thus be
used to differentiate uveal melanomas from other primary
sites, this approach does not seem suitable for distinguish-
ing mucosal, conjunctival, and cutaneous melanomas.
Griewank et al previously reported remarkable molecular
similarities between leptomeningeal melanocytic tumors,
uveal melanomas, and blue nevus-like melanomas, includ-
ing a shared global DNA methylation pattern [24]. Based
on this study and our results, one could hypothesize that
mucosal, conjunctival, and cutaneous melanomas share a
common progenitor cell that is distinct from melanocytes
that give rise to leptomeningeal melanocytic tumors, uveal
melanomas, and blue nevus-like melanomas.

Our findings further indicate that differences in UV
exposure between different melanoma primary sites do
not result in global DNA methylation changes. This con-
trasts with the higher tumor mutational burden observed
in cutaneous melanomas which is usually attributed to
UV exposure [10].
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Figure 4. Association of epigenetic changes and chromosomal alterations with immunohistochemical staining intensity. (A-F) Bar charts on
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the melanoma primary site of each individual case. The panels on the right show examples of immunohistochemical stains of positive and

negative cases. Levels of significance: **p < 0.001, ***p < 0.0001.

At the single gene level, we were able to confirm pre-
viously described recurrent promoter hypermethylation
of cancer-related genes in cutaneous melanomas, such
as RASSF1, RARB, and CDKN2A [51-53]. In line with
the global differences between uveal melanomas and
other melanoma primary sites, RARB and CDKN2A were
not affected by hypermethylation in the uveal melanoma
specimens included in our study, confirming previous
reports [54]. The only exception to this was a high rate
of RASSFI promoter hypermethylation, which has
already been described to be regularly affected [55].
These data suggest that aberrant promoter methylation
may be less crucial in the development of uveal melano-
mas compared with melanomas of other primary sites.
Still, numerous studies have shown that DNA methyla-
tion can be used for risk stratification in uveal melanoma
patients, suggesting a central role in disease progression
[56-58]. Overall, the role of DNA methylation in the
development of uveal melanomas requires additional
research, including functional studies.

Despite the global similarities between cutaneous and
mucosal melanomas, we observed some differences in
the promoter methylation status of cancer-related genes.
Remarkably, all melanomas of the paranasal sinus
showed loss of PTEN positivity in immunohistochemis-
try, most likely due to promoter methylation in the
majority of cases. Our results indicate that epigenetic
silencing of PTEN is likely an important step in the
development of melanomas of the paranasal sinus. Our

findings are supported by a case report [59]. A previous
study investigating PTEN promoter methylation in a
larger cohort of mucosal melanomas unfortunately did
not report their exact primary sites [26].

A potential limitation of our study is that we solely used
immunohistochemistry for the estimation of protein expres-
sion instead of possibly more precise and quantitative
methods such as western blotting or mass spectrometry-
based proteomics. Although we observed reasonable rela-
tionships between the promoter methylation status and the
immunohistochemical staining intensity, this does not nec-
essarily correlate with the actual protein expression levels.

In summary, our results show distinct epigenetic signa-
tures in uveal melanomas and remarkable similarities
between the DNA methylation profiles of melanomas
originating from the skin, the conjunctival lining, and
the mucosal lining. Although DNA methylation alone is
not sufficient to distinguish mucosal, conjunctival, and
cutaneous melanoma, the different rates of genetic, chro-
mosomal, and epigenetic alterations combined could still
be useful for identifying the most likely primary site.
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