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Sinonasal mucosal melanoma is a rare tumor arising within the nasal cavity, paranasal sinuses, or nasopharynx (sinonasal tract). This
study evaluated 90 cases diagnosed in 29 males and 61 females with median age 68 years. Most tumors involved the nasal cavity
and had an epithelioid morphology. Spectrum of research techniques used in this analysis includes targeted-DNA and -RNA next-
generation sequencing, Sanger sequencing, fluorescence in situ hybridization and immunohistochemistry. Sinonasal melanomas
were commonly driven by RAS (38/90, 42%), especially NRAS (n= 36) mutations and rarely (4/90, 4%) displayed BRAF pathogenic
variants. BRAF/RAS mutants were more frequent among paranasal sinuses (10/14, 71%) than nasal (26/64, 41%) tumors. BRAF/RAS-
wild type tumors occasionally harbored alterations of the key components and regulators of Ras-MAPK signaling pathway: NF1
mutations (1/17, 6%) or NF1 locus deletions (1/25, 4%), SPRED1 (3/25, 12%), PIK3CA (3/50, 6%), PTEN (4/50, 8%) and mTOR (1/50, 2%)
mutations. These mutations often occurred in a mutually exclusive manner. In several tumors some of which were NRAS mutants,
TP53 was deleted (6/48, 13%) and/or mutated (5/90, 6%). Variable nuclear accumulation of TP53, mirrored by elevated nuclear
MDM2 expression was seen in >50% of cases. Furthermore, sinonasal melanomas (n= 7) including RAS/BRAF-wild type tumors
(n= 5) harbored alterations of the key components and regulators of canonical WNT-pathway: APC (4/90, 4%), CTNNB1 (3/90, 3%)
and AMER1 (1/90, 1%). Both, TERT promoter mutations (5/53, 9%) and fusions (2/40, 5%) were identified. The latter occurred in BRAF/
RAS-wild type tumors. No oncogenic fusion gene transcripts previously reported in cutaneous melanomas were detected. Eight
tumors including 7 BRAF/RAS-wild type cases expressed ADCK4::NUMBL cis-fusion transcripts. In summary, this study documented
mutational activation of NRAS and other key components and regulators of Ras-MAPK signaling pathway such as SPRED1 in a
majority of sinonasal melanomas.
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INTRODUCTION
Sinonasal tract mucosal melanoma (SNTMM), first reported in
1869, consist of tumors developing in the nasal cavity, paranasal
sinuses, and nasopharynx1,2. SNTMM is an aggressive tumor
mostly diagnosed in sixth and seventh decades of life. In the
United States, it accounts for <1% of all melanomas, with a steady
increased incidence in white females3.
Histologically, SNTMM has an epithelioid, spindle cell, or round cell/

undifferentiated morphology. A lack of melanin pigmentation is

common. Therefore, immunohistochemical demonstration of mela-
nocytic markers is essential for the diagnosis. However, the
immunohistochemical profile of SNTMMs and cutaneous tumors is
similar and cannot distinguish primary lesion from metastatic ones2.
SNTMM is often diagnosed at an advanced stage, with surgery

as the first-line treatment, but only 25–30% of patients survive
more than five-years. As a result, adjuvant therapy, including
postoperative radiation, chemotherapy and targeted therapy are
often considered4. As more options become available for the

Received: 15 May 2021 Revised: 1 June 2022 Accepted: 1 June 2022
Published online: 17 August 2022

1Laboratory of Pathology, National Cancer Institute, Bethesda, MD, USA. 2Molecular Diagnostics, Holycross Cancer Center, Kielce, Poland. 3Head and Neck Pathology
Consultations, Woodland Hills, CA, USA. 4Department of Biology and Genetics, Medical University of Gdańsk, Gdańsk, Poland. 5Department of Clinical and Experimental
Pathology, Wrocław Medical University, Wrocław, Poland. 6Institute of Pathology, University Hospital of Erlangen, Erlangen, Germany. 7Department of Pathomorphology, Medical
University of Gdańsk, Gdańsk, Poland. 8Department of Pathology, The Maria Skłodowska-Curie National Research Institute of Oncology, Warsaw, Poland. 9Faculty of Medicine,
University of Technology, Katowice, Poland. 10Department of Experimental Pathology and Tumor Biology, Nagoya City University Graduate School of Medical Sciences, Mizuho-
cho, Mizuho-ku, Nagoya, Japan. 11Department of Pathology and Neuropathology, Medical University of Gdańsk, Gdańsk, Poland. 12Department of Surgical Pathology, Holycross
Cancer Center, Kielce, Poland. 13Sikl’s Department of Pathology, University Hospital, Charles University in Prague, Medical Faculty in Plzeň, Plzeň, Czech Republic. 14Department of
Oral Surgery, Medical University of Gdańsk, Gdańsk, Poland. 15Division of Medical Biology, Institute of Biology Jan Kochanowski University, Kielce, Poland. 16These authors
contributed equally: Małgorzata Chłopek, Jerzy Lasota. ✉email: jurek.p.lasota@gmail.com

www.nature.com/modpathol

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-022-01122-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-022-01122-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-022-01122-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-022-01122-7&domain=pdf
http://orcid.org/0000-0003-3714-1432
http://orcid.org/0000-0003-3714-1432
http://orcid.org/0000-0003-3714-1432
http://orcid.org/0000-0003-3714-1432
http://orcid.org/0000-0003-3714-1432
http://orcid.org/0000-0002-0445-8161
http://orcid.org/0000-0002-0445-8161
http://orcid.org/0000-0002-0445-8161
http://orcid.org/0000-0002-0445-8161
http://orcid.org/0000-0002-0445-8161
http://orcid.org/0000-0001-8462-2189
http://orcid.org/0000-0001-8462-2189
http://orcid.org/0000-0001-8462-2189
http://orcid.org/0000-0001-8462-2189
http://orcid.org/0000-0001-8462-2189
http://orcid.org/0000-0003-0858-8841
http://orcid.org/0000-0003-0858-8841
http://orcid.org/0000-0003-0858-8841
http://orcid.org/0000-0003-0858-8841
http://orcid.org/0000-0003-0858-8841
http://orcid.org/0000-0001-7550-1326
http://orcid.org/0000-0001-7550-1326
http://orcid.org/0000-0001-7550-1326
http://orcid.org/0000-0001-7550-1326
http://orcid.org/0000-0001-7550-1326
http://orcid.org/0000-0002-5888-6217
http://orcid.org/0000-0002-5888-6217
http://orcid.org/0000-0002-5888-6217
http://orcid.org/0000-0002-5888-6217
http://orcid.org/0000-0002-5888-6217
http://orcid.org/0000-0003-4403-7027
http://orcid.org/0000-0003-4403-7027
http://orcid.org/0000-0003-4403-7027
http://orcid.org/0000-0003-4403-7027
http://orcid.org/0000-0003-4403-7027
http://orcid.org/0000-0002-4904-7059
http://orcid.org/0000-0002-4904-7059
http://orcid.org/0000-0002-4904-7059
http://orcid.org/0000-0002-4904-7059
http://orcid.org/0000-0002-4904-7059
http://orcid.org/0000-0002-8139-8158
http://orcid.org/0000-0002-8139-8158
http://orcid.org/0000-0002-8139-8158
http://orcid.org/0000-0002-8139-8158
http://orcid.org/0000-0002-8139-8158
http://orcid.org/0000-0002-3634-7562
http://orcid.org/0000-0002-3634-7562
http://orcid.org/0000-0002-3634-7562
http://orcid.org/0000-0002-3634-7562
http://orcid.org/0000-0002-3634-7562
http://orcid.org/0000-0002-3718-999X
http://orcid.org/0000-0002-3718-999X
http://orcid.org/0000-0002-3718-999X
http://orcid.org/0000-0002-3718-999X
http://orcid.org/0000-0002-3718-999X
https://doi.org/10.1038/s41379-022-01122-7
mailto:jurek.p.lasota@gmail.com
www.nature.com/modpathol


latter, the need to identify genetic markers has become
increasingly important.
The mutation profile of SNTMM remains incompletely char-

acterized. Most Sanger sequencing studies have been limited to
BRAF, KIT, and NRAS mutation status5–11. Recent investigations
utilizing targeted-, whole exome-, and whole genome-next
generation sequencing (NGS) provided more comprehensive
mutation profiles but with only a limited number of cases
analyzed12–17.
The aim of this study was to elucidate the molecular

characteristics of SNTMM. A large series of well-characterized
tumors was evaluated using targeted NGS, Sanger sequencing,
fluorescence in-situ hybridization (FISH), and immunohistochem-
istry (IHC), identifying genetic alterations affecting dominant
oncogenes and tumor suppressor genes and their respective
pathways in SNTMM.

MATERIAL AND METHODS
Following review of clinical data, evaluation of histopathology and
immunohistochemistry, and assessment of the quality of nucleic acids,
90 cases (80 primary tumors and 10 local recurrences) were included in
the study. A process of tumor selection is described in detail in
Supplementary Data.

Immunohistochemical studies
Immunohistochemistry (IHC) was performed using either BenchMark Ultra
(Ventana Medical Systems-Roche Group, Tucson, AZ) or Leica Bond-Max
automated immunostainer (Leica, Bannockburn, IL). A threshold of ≤10%
was used for focal positivity, while >10% but ≤80% and >80% for mosaic
and diffuse positivity, respectively. The panel included antibodies against
human melanoma markers, PReferentially expressed Antigen in MElanoma
(PRAME), keratin proteins, histone H3 trimethylated at lysine 27
(H3K27me3), transcription factor E3 (TFE3), synaptophysin (SYP), DNA-
mismatch repair (MMR) proteins, β-catenin (CTNNB1), C-myc (CMYC), KIT
(CD117), mouse double minute 2 (MDM2), tumor protein 53 (TP53),
neurotrophic tyrosine receptor kinase (NTRK) and ROS proto-oncogene 1
(ROS-1). Detailed description of antibodies and protocols is provided in
Supplemental Material and Methods and Supplementary Table 1.

Genetic studies
Nucleic acids were extracted from formalin fixed paraffin embedded (FFPE)
tumor tissues using Maxwell® RSC system (Promega, Madison, WI).
Targeted-DNA NGS was done employing Ion Torrent™ (Life Technolo-
gies/Thermo Fisher Scientific, Waltham, MA) platform and either cancer
hotspot (CH) or comprehensive cancer (CC) gene panels. Sprouty Related
EVH1 Domain Containing 1 (SPRED1) was evaluated using custom made
Ion AmpliSeq™ libraries. Targeted-RNA NGS for the detection of fusion
gene transcripts were done using Archer® FusionPlex Solid Tumor panel
(ArcherDx, Boulder, CO) and MiSeqDx sequencing instrument (Illumina,
San Diego, CA). Genes targeted by NGS are listed in Supplementary
Table 2. Telomerase reverse transcriptase gene promoter (TERTp) region
frequently harboring mutations (228 C > T and 250 C > T) was screened by
conventional PCR amplification and Sanger sequencing. Integrity of NF1
and TP53 loci were evaluated by interphase FISH using TP53/NF1 deletion
probe (MetaSystems Probes GmbH, Altlussheim, Germany). Detailed NGS,
Sanger sequencing, and FISH protocols are available in Supplemental
Material and Methods.

RESULTS
Demographic and clinicopathologic data
SNTMMs analyzed in this study were diagnosed in Europe (n= 67),
USA (n= 18) and Japan (n= 5). There were 29 males and 61
females (ratio 1:2.1). The median age at the diagnosis was 68 years
(67 years for females and 70 years for males). Nine of 73 tumors
localized within the nasal cavity also expanded into the maxillary
(n= 6) or ethmoid sinus. Three melanomas involved the
nasopharynx. In 13 cases, tumors affected a single paranasal
sinus: maxillary (n= 9), ethmoid (n= 3), and frontal sinus; one
tumor affected both maxillary and ethmoid sinuses. None of the

patients had a history of primary melanoma elsewhere in the
body. Demographic and clinicopathologic data for each patient
are listed in Supplementary Table 3.

Histological features and immunohistochemical profile
Exclusively epithelioid morphology (n= 57) or predominantly
epithelioid morphology with focal spindle (n= 12) or round cell
(n= 9) pattern was seen in 87% of SNTMMs. One tumor had all
three patterns. Remaining 11 cases displayed spindle cell or
mostly spindle cell features. Nuclear pleomorphism was present in
59% (53/90) and necrosis in 48% (43/90) of cases. Mitoses
(evaluated in 87 cases with sufficient tumor volume) varied from 2
to 132 (median 20) per 2 mm2. Melanin pigmentation was seen in
58% (52/90) of tumors, focally in 10 cases. Histopathologic
features analyzed for each case are listed in Supplementary
Table 3. Representative histopathological images are shown in
Fig. 1A–C.
Expression of antigens was assessed using IHC. All SNTMMs were

positive for at least one melanocytic marker (HMB-45, MELAN A,
S100 protein, SOX10, Tyrosinase). A representative immunohisto-
chemical image is shown in Fig. 1D. Synaptophysin was detected in
26% (20/78) of SNTMMs with 12 showing immunoreactivity in
more than 10% of cells. Three cases (4%) revealed focal keratin
expression. At least partial nuclear retention of H3K27me3 was
seen in all analyzed (n= 82) cases, with a significant fraction (33/
82, 40%) demonstrating mosaic staining. Almost all (78/79, 99%)
SNTMMs showed PRAME-immunopositivity with diffuse expression
pattern seen in 89% (69/79) of cases. None of analyzed (n= 79)
tumors expressed TFE3. Detailed results of immunohistochemical
studies are listed in Supplementary Table 4.

Overview of targeted-DNA NGS
Molecular status of 50 oncogenes and tumor suppressor genes
was assessed in all SNTMMs. Additional sequencing data of 359
genes were available for 21 cases. SPRED1 was sequenced
separately in 50 SNTMMs including 25 BRAF/RAS-WT tumors. Of
156 detected sequence variations, 124 represented unique
molecular events including single nucleotide substitutions
(n= 102), deletions or deletion-insertions (n= 17), two duplica-
tions (n= 2), and insertions (n= 3). Some of these alterations
triggered frameshift (n= 9) or STOP-codon (n= 12) mutations.
Almost half (n= 60) of sequence variations were previously

identified to occur in somatic manner in cancer. Of remaining
alterations 30% (19/64) had a variant allelic frequency (VAF)
40–60% that might indicate germline nature18. Nevertheless,
normal tissue matching tumor samples were not available and a
direct assessment of somatic versus germline status was not
possible.
Most important molecular findings including gene mutations/

sequence variations detected by NGS are summarized in Fig. 2.
Supplemental Database shows all mutations/sequence variations
(sheet A) and their pathogenic effects (sheet B) calculated/
predicted by FATHMM, PolyPhen, SIFT and Human Genomic
Variant Search Engine (https://varsome.com).

BRAF, RAS, NF1 and SPRED1. BRAF variants were found in 4% (4/
90) of SNTMMs. They included class 2 (p.K601N, p.G469A) and
class 3 (p.S467L) mutations, and p.V471I substitution of unknown
significance. The last two coincided with NRAS p.G12A driver
mutations and showed low (≤10%) allele frequency. No p.V600E
class 1 mutation (typical of cutaneous melanoma) was detected.
However, transcripts of BRAF isoform containing exon 10 to 18
duplication were identified in the tumor harboring GNA11 p.Q209L
mutation.
RAS driver mutations were identified in 42% (38/90) of SNTMMs.

NRAS (n= 36) mutations involved codon 61 (n= 16), 12 (n= 14)
and 13 (n= 6) with p.Q61K substitution being the most common
(n= 8). NRAS mutants carried additional mutations/sequence
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variations in 39% (14/36). Affected genes encoded receptor
tyrosine kinases (RTKs) other than KIT, G-protein α subunits,
components of the PI3K-, RB1-, TP53-, WNT- pathways, chromatin
regulatory factors and proteins participating in DNA repair
processes. Two SNTMMs harbored KRAS hot-spot mutations,
p.G12D and p.G13D. The former coincided with JAK2 p.G614E
substitution. BRAF/RASmutations were identified in 71% (10/14) of
primary paranasal sinuses melanomas but only in 41% (26/64) of
nasal cavity tumors. Also, no such mutations were seen in three
lesions involving nasopharynx.
NF1 mutations (n= 3) were detected in 10% (2/21) of SNTMMs.

A NRAS mutant revealed two NF1 truncating (p.Q1070*, p.S2188fs)
mutations, while a BRAF/RAS-WT tumor harbored NF1 p.G1219R
substitution coinciding with mutations/sequence variations in
CDKN2A, EGFR, MTOR, TERTp, and TP53.
SPRED1 frameshift mutations (p.E51*, p.Q158Sfs*15,

p.V309Wfs*9) were identified in 12% (3/25) of BRAF/RAS-WT
SNTMMs including KIT mutant. In contrast, 1 of 25 BRAF/RAS-
mutants harbored low allele frequency SPRED1 variant (p.R207K).

BRAF/RAS/NF1-WT. Mutations/sequence variations in genes
encoding RTKs, G-protein α subunits, components of the PI3K-,
RB1-, TP53-, WNT- pathway (PIK3CA p. E542K, RB1 p.V754L, TP53
p.G244D, CTNNB1 p.S45del), chromatin regulatory factors (EZH2
p.Y646C) and proteins participating in DNA repair processes
(ERCC4 p.R799W) were found in 36% (12/33) of BRAF/RAS-WT
(evaluated with Ion Torrent™ CH-panel) and 88% (14 of 16) of
BRAF/RAS/NF1-WT tumors (Ion Torrent™ CC-panel). A complete list
of identified genetic changes is available in Supplemental
Database.

GNAS, GNAQ and GNA11. Mutations in GNAS, GNAQ and GNA11,
genes encoding G-protein α subunits, were identified in 6% (5/90)

of SNTMMs. However, only GNA11 p.Q209L demonstrated high
allele frequency (58%). GNAQ (n= 4) and GNAS (n= 2) mutations
identified in 4 melanomas showed low allele frequency and co-
occurred with mutations affecting PI3K pathway.

PI3K-AKT-MTOR. Mutations/sequence variations in genes encod-
ing key components of PI3K pathway, AKT1, PIK3CA (n= 5) and
PTEN (n= 4) were identified in 11% (10/90) of SNTMMs. Additional
sequencing data obtained in 21 cases evaluated with the Ion
AmpliSeq™ CC-panel revealed mutations in MTOR, PIK3C2B (n= 2),
PIK3CG, PIK3R2 and TSC2. The latter coincided with PIK3C2B
mutation. Three of 14 mutations affecting PI3K pathway occurred
in NRAS mutants.

KIT. Gain-of-function KIT p.K642E mutation was detected in 2%
(2/90) of SNTMMs. In both cases, the KIT mutation coincided with
mutation activating other oncogene (CTNNB1) or inactivating
tumor suppressor gene (SPRED1).

Receptor tyrosine kinases other than KIT. Fifteen sequence
variations affecting CSF1R, EGFR (n= 3), ERBB2, FGFR3 (n= 2),
KDR, MET (n= 3), NTRK3, RET, ROS-1 and TSHR, genes encoding
RTKs, were identified in 13 SNTMMs. A protein kinase domain was
frequently (n= 10) involved. Computational techniques predicted
damaging potential of all substitutions. RTK sequence variations
coincided with PI3K (n= 5), and TP53 (n= 4) pathway alterations
and NRAS hot-spot mutations (n= 4).

Cell cycle related genes, CDKN2A, TP53 and RB1. TP53 mutations
were identified in 6% (5/90) of SNTMMs. TP53 alterations
coincided with NRAS drivers (n= 4) and mutations affecting genes
encoding RTKs (n= 5), canonical WNT pathway (n= 2), RB1,
and CDKN2A. In one tumor evaluated with the Ion AmpliSeq™

Fig. 1 Examples of histologic spectrum and immunophenotype of SNTMM. A Tumor composed of uniform rounded cells with prominent
nucleoli. B A spindle cell variant with scant collagenous matrix. C An epithelioid tumor with pigmentation. D Prominent nuclear expression of
SOX10 seen in 99% (88/89) of cases.
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CH-panel, TP53 p.G244D substitution was the sole genetic
abnormality.

Canonical WNT/Beta-catenin pathway. Mutations in CTNNB1
(n= 3) and APC (n= 4), genes encoding components of canonical
WNT pathway, were detected in 7% (6/90) of tumors. In three
tumors, APC and/or CTNNB1 mutation coincided with NRAS (n= 2)
or KIT driver mutations. One of 21 SNTMMs evaluated with the Ion
AmpliSeq™ CC-panel revealed mutation in AMER1 (APC Membrane
Recruitment Protein 1), a canonical WNT pathway regulator. This
Triple-WT tumor also harbored mutations/sequence variations in
several epigenetic modifiers and components of PI3K pathway
and CNOT4::TERT fusion transcripts.

Epigenetic modifiers and DNA repair pathways. SNTMMs harbored
mutations/sequence variations in various genes involved in
epigenetic processes such as chromatin structure regulation,
transcriptional repression, or DNA repair processes. Among
mutated genes encoding chromatin regulatory factors (CRF) were
SMARCB1 encoding component of ATP-dependent chromatin
remodeling complex, EZH2 and KMT2C encoding histone tail
modifiers, TET2 encoding DNA demethylase, IDH1 encoding an
enzyme that generates metabolite inhibiting CRFs and BRD3
encoding protein associated with histone acetylation. All muta-
tions except for BRD3 p.K655R substitution represented unique

molecular events. CRF mutants often lacked mutations in
canonical melanoma drivers.
Mutations/sequence variations affecting various DNA repair

pathways were identified in 10% (9/90) of SNTMMs including five
BRAF/RAS/NF1-wild type tumors and four NRAS mutants. FANCA,
FANCC, and ERCC4, components of the Fanconi anemia (FA)
damage repair pathways were mutated in three cases. Two
SNTMMs including a ERCC4 mutant, harbored an identical
frameshift mutation in XRCC2, a RAD51 paralog involved in
homologous recombination repair of DNA damage. Mutations
affecting members of DNA damage response MRE11-RAD50-NBS1
complex were detected in 2 other tumors. ATR, MUTYH, RECQL4
and PMS1, which function in various DNA repair pathways were
mutated in four cases, one mutation in each tumor.

TERTp Sanger sequencing study
Two TERTp mutation hot spots were evaluated in 68 tumors. Of
successfully PCR amplified samples, 9% (5/54) revealed c.228 C > T
(n= 4) and c.250 C > T TERTp mutations. PCR failed to produce
amplification products in 21% (14/68) of analyzed cases, although
DNA/RNA quality controls indicated well-preserved nucleic acids.

Fusion gene transcripts
Forty SNTMMs were evaluated for fusion gene transcripts. Two
tumors (5%) revealed TERT fusion with either CNOT4 or NUP50.

Sex F M F F F F F F F F F F F F F F F F F M M M M M M M M F F M M M F F F M M M M F M F F F F F M F F M F F F M M F M F F M F F F F F F M M M F F F F F M
Age 71 77 73 32 35 52 53 60 65 66 67 68 73 73 77 77 81 83 84 28 58 58 60 64 70 77 78 61 61 55 62 84 50 57 68 60 67 78 89 82 62 52 66 53 84 55 85 57 49 75 57 70 91 58 66 78 83 82 55 74 70 83 86 63 65 70 70 87 70 83 38 52 89 74 95
Loca�on S N N N N N N N N N N N N N N N N N N N N N N N N N N NS NS NS NS NS S S S S S S S S S N N N N NS N NS NP S N NS N N N N N N N NS S N N N N N N N N N N N NP N N
Tumor P P R P P P P P P P P P P P P P P P P P R P R P P P P P P R P P P P R P P P P R P P R P P P P P P P P P P P P P P P P P P P R P P P P R P P P P P P P
BRAF i l l
RAS n n n n n n,l n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n k k,l
NF1 f*2
SPRED1 l f* f* f*
GNA11
GNAQ f* l 3 l2
GNAS f* l f* l
AKT1
PIK3CA l l
PIK3C2B
PIK3CG
PIK3R2
PTEN f* f* f*
mTOR
TSC2
RB1
TP53 fm 2 f* f*
CDKN2A f*
APC f*
CTNNB1 d d
AMER1
CSF1R
EGFR l
ERBB2
FGFR3
KDR
KIT
MET
NTRK3 d
RET l
ROS1
TSHR
BRD3
EZH2
IDH1
KMT2C f*
SMARCB1
TET2 f*
FANCA
FANCC
ERCC4
XRCC2 f* f*
MRE11
RAD50
ATR
MUTYH
PMS1
RESCQL4
TERT t t
Fusion cis cis cis nf cis cis cis cis cis
Case No. 78 58 28 1 2 4 7 13 17 19 22 24 26 27 32 33 35 39 41 46 49 50 51 52 55 57 59 66 72 68 73 70 74 84 77 87 80 82 83 79 86 5 20 8 42 71 62 65 88 81 12 67 44 48 53 34 61 36 9 69 85 37 43 16 18 25 54 63 56 38 3 6 90 29 64
NGS CH CH CH CH CH CH CC CH CH CC CH CH CH CH CH CH CH CC CH CH CH CH CH CH CH CH CH CH CH CH CH CH CH CH CH CH CH CH CC CH CH CH CC CH CH CH CH CC CH CC CC CC CH CC CH CC CC CC CC CH CH CH CH CC CC CC CC CC CC CH CH CH CH CH CH
SPRED1 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd
FISH nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd
ARCHER nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd
TERT u u u u nd nd nd u u nd u nd nd nd u u u nd nd nd nd nd u nd nd nd

Fig. 2 Summary of most important molecular findings including gene mutations/sequence variations, gene locus deletions and fusion
gene transcripts (all genetic changes identified in this study are listed in Supplemental Database). Clinical data abbreviations: F female, M
male, N nasal cavity, NS nasal cavity with sinus involvement, S sinus, NP nasopharynx, P primary, R recurrence. Results of molecular and FISH
studies are marked by colors. Green indicates mutations/sequence variations detected by NGS: cancer hot spot panel (CH)-grass green,
comprehensive cancer panel (CC)-spruce green and SPRED1 panel-pastel green, empty box-missense mutation, d -in frame deletion, f*-STOP
codon/frameshift mutation, n-NRAS mutation, k-KRAS, l-low allele frequency. Blue box indicates NF1/TP53 FISH data. Yellow indicates changes
detected by ArcherDx: cis-cis fusion, i-oncogenic isoform, t-TERT fusion, nf-likely not in frame). Brown box indicates TERT Sanger sequencing
data (u- unsuccessful PCR amplification but preserved DNA template). Black box indicates alterations detected by FISH and NGS. Other:
2= two mutations, nd not done.
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DCAF7(e1)::PRKCA(e3) fusion transcripts, predicted to be not in-
frame, were detected in one case. Eight (20%, 8/40) SNTMMs
including 7 BRAF/RAS-WT tumors expressed ADCK4(e15)::NUM-
BL(e3) cis-fusion transcripts.

NF1 and TP53 loci FISH study
Integrity of NF1 and TP53 loci were evaluated by FISH in 48 cases.
Deletion of NF1 locus was a sole molecular change in one tumor.
Heterozygous TP53 locus deletion was detected in 13% (6/48) of
tumors.

Immunohistochemical analysis of pathways and oncogenes
CMYC was commonly expressed, but 13% (11/82) of tumors were
negative. KIT expression varied from focal to diffuse and was
detected in 56% (46/82) of cases. Both KIT mutants revealed diffuse,
strong KIT immunoreactivity (Fig. 3A). Most SNTMMs had prominent
membranous and weak cytoplasmic β-catenin staining. However,
four tumors, including three CTNNB1 mutants, showed strong
cytoplasmic and focal or diffuse nuclear staining (Fig. 3B). Nuclear
TP53 immunoreactivity was seen in 87% (71/82) of SNTMMs. The
most common reaction was mosaic staining (>10 to ≤80% of
positive nuclei) detected in 34% of cases. Nineteen (23%) SNTMMs
had diffuse (>80%) TP53 expression, while focal (≤10% of positive
nuclei) immunoreactivity was seen in 24 (29%) cases. No
TP53 staining was detected in 11 SNTMMs including two cases
harboring TP53 alterations. Diffuse or mosaic MDM2 nuclear staining
was seen in 40% (33/82) tumors. The pattern of MDM2 expression
mirrored TP53 staining in most cases (Fig. 3C, D). Furthermore, NTRK
and ROS1 expression was evaluated in tumors harboring NTRK3 and
ROS1 mutations, respectively. NTRK3 mutant revealed focal NTRK
expression, while ROS1 mutant lacked ROS1 immunoreactivity.
Mismatch repair (MMR) proteins were evaluated in 78 SNTMMs.

The loss of MLH1 and PMS2 expression was documented in three

BRAF/RAS-WT SNTMMs. These tumors harbored, respectively,
EZH2, PTEN, and TP53 mutation/sequence variation. MSH2 and
MSH6 expression was retained in all cases. None of SNTMMs
harbored MLH1mutation. Immunohistochemistry results (CTNNB1,
CMYC, KIT, MDM2, TP53 and MMR proteins) for each case are
available in Supplementary Table 5.

DISCUSSION
Mucosal melanoma is a rare melanoma subtype. In general,
mucosal tumors are characterized by low point mutation burden
and high number of structural variants. Recent studies indicated
that tumors arising in different organs may have different
mutation profiles15–17.
This study evaluated 90 well-documented SNTMMs using

spectrum of molecular techniques including targeted-NGS, Sanger
sequencing and FISH. Unfortunately, copy number variation
analysis was not available for this investigation. All cases with a
clinical history of a primary cutaneous or another mucosal
melanoma were excluded, considering that the SNT is an
uncommon site of melanoma metastases19. Primary SNT malig-
nant peripheral nerve sheath tumor and perivascular epithelioid
cell tumor was considered in the differential diagnosis and
excluded based on morphology and immunophenotype, includ-
ing retention of H3K27me3 or lack of nuclear TFE3 expression20,21.
The BRAF/MEK/ERK signaling pathway, known as the mitogen-

activated-protein-kinase (MAPK) pathway and PI3K/AKT/mTOR
pathway promotes cell proliferation and survival22. Gain-of-
function BRAF or RAS mutations and NF1 inactivation account
for pathologic signaling of these pathways23. Recently developed
cutaneous melanoma molecular classification specified four
subtypes: BRAF-, RAS-, NF1-mutants, and Triple-WT tumors24.
The latter is defined as group of molecularly heterogenous

Fig. 3 Examples of oncogene and tumor suppressor gene immunohistochemistry in SNTMM. A Membrane and dot-like cytoplasmic
KIT(CD117) expression in p.K642E mutant. B Beta-catenin nuclear accumulation in tumors harboring CTNNB1 p.S45del. C Nuclear accumulation
of TP53, mirrored by elevated nuclear expression of MDM2 (D) in NRAS p.G12D mutant.
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tumors which lacks BRAF and RAS hot-spot mutations and NF1
inactivation.
BRAF p.V600E substitution, a hallmark mutation of cutaneous

melanoma was not detected in this cohort. However, one tumor
harbored mutation in p.K601, another BRAF hot-spot24. In SNTMM,
hot-spot and non-hot-spot BRAF mutations are occasionally
reported, the latter co-occurring with canonical RAS mutations14,17.
NRAS mutations were found in 42% of SNTMM, predominantly

paranasal tumors. Previous studies of 10 or more SNTMMs
reported NRAS mutant frequency in the range of 7–22% and
26–54% for Sanger and NGS, respectively5,6,8–14,17,25. Also, the
involvement of codons 61, 12, and 13 mirrored published Sanger
sequencing and NGS data5,6,8,10,13,14,17,25–28. However, a very
recent investigation reported 50% (8/16) of NRAS mutations in
codons 7, 8, 17, 58, 62, 63, and 659. Similar mutations have been
described in a few tumors, including cutaneous melanomas but
not in sinonasal or other mucosal melanomas. Detailed analysis is
presented in Supplementary Table 6. KRAS hot-spot mutations are
rare in mucosal melanoma15–17,29. In SNTMMs, only two cases in
combined 44 SNTMMs were reported11,14. Similarly, only two such
mutants were found in this cohort.
NF1, encoding a negative regulator of RAS, is the third most

frequent mutated gene in UV-signature melanomas after BRAF
and NRAS30. NF1 mutations were identified in 25 to 31% of
SNTMMs in relatively small cohorts of tumors by whole exome-
and whole genome- sequencing studies16,17. This investigation
utilizing targeted NGS, found NF1 mutations in 10% of cases,
similar to a previous SNTMM study employing a similar sequen-
cing strategy14. Early studies suggested that NF1 alterations were
mutually exclusive with BRAF and RAS mutations30. However, the
co-occurrence of NF1 and non-hot-spot BRAF and hot-spot RAS
mutations has been documented24. The latter was seen in this
study and reported in head and neck mucosal melanomas
including SNT tumors29,31. NF1-mutant cutaneous melanoma
was associated with male sex and older age at diagnosis24,32. A
similar correlation is not seen in SNTMM harboring NF1 alterations.
Clinicopathologic characteristics of 13 NF1 mutant SNTMMs
identified by the current and previous studies is presented in
Table 1.
SPRED1, member of SPRED protein family, acts as another

negative regulator of Ras-MAPK signaling binding directly to c-KIT

and RasGAP. Loss-of-function mutations in SPRED1 leads to the
developmental disorder, Legius syndrome, and were reported in
human cancer33. More recent studies documented SPRED1
inactivation in mucosal melanomas predominantly in anorectal
(67%) and vulvovaginal (33%) and less frequently in sinonasal
tumors (12.5%)12. In this cohort of SNTMMs, SPRED1 frameshift/
stop codon mutations were identified in 12% (3/25) of BRAF/RAS-
WT tumors and their occurrence were mutually exclusive to
mutations affecting components of Ras-MAPK signaling pathway
such as PIK3CA and PTEN as previously reported12. However,
SPRED1 mutation coincided with activating KIT mutation in 1 of 3
cases. The latter was seen in anorectal and vulvovaginal tumor but
not in SNTMM12.
Gain of function KIT mutations or gene amplification were

reported in mucosal and acral melanomas and those arising in
chronically UV-exposed skin. Most of KIT oncogenic mutations
were detected in exon 11 and 13 with p.L576P and p.K642E
substitutions being quite common34,35. In this study, 2% (2/90) of
SNTMMs harbored KIT p.K642E mutation. The frequency of KIT
mutations in SNTMMs appears to be low (5%; 13/246) based on the
current and published studies of 10 or more cases5,6,8,10,11,13,14,17,25.
A very recent investigation reported KIT mutations in 22% (16/72)
of SNTMMs. Furthermore, exon 11 deletions (n= 4) and duplication
accounted for 31% (5/16) of these mutations9. Such alterations are
exceedingly rare in mucosal melanomas and represent <10% of all
KIT mutations6,25,29,36–44. Frequency of reported types of KIT
mutations in mucosal melanomas is presented in Supplementary
Table 7. KIT expression was documented by IHC in mucosal
melanomas including sinonasal tumors5,9,39. In this cohort, KIT
immunoreactivity was common and did not correlate with
mutation status. Also, there was no association between KIT and
CMYC positivity and pigmentation as previously reported9.
However, KIT mutants revealed high mitotic rates. Previous
evaluation reported a correlation between KIT mutations and
increased cell proliferation rate in metastatic oral melanomas45.
This study documented the dominant role of NRAS versus KIT

oncogenesis in SNTMMs. This observation was corroborated by the
review of RAS and KIT mutations reported in head and neck
melanomas5,6,8–10,13,14,16,17,25,27,28. However, a reverse correlation
between RAS and KIT mutations has been reported in oral tumors
(Supplementary Fig. 2). Some studies combined melanomas from

Table 1. Clinicopathologic characteristics of 13 NF1 mutant SNTMMs described in this and previously published studies14,16,17 and available at
cBioPortal (www.cbioportal.org).

Sex Age Coding sequence mutation Amino acid mutation NF1 Locus Ref. No.

Female 46 Null Null 17

Female 40-50 c.919_938del p.L307* 14

c.6642+ 2 T > A Splice Site

Female 52 WT WT Loss This study

Female 59 c.2407 C > T p.Q803* 17

Female 66 c.3655 G > A p.G1219R This study

Female 83 c.3208 C > T p.Q1070* This study

c.6561_6562insATTC p.S2188fs

Female 90 Unavailable p.Q959K 16

Female 80-90 c.4558 C > T p.Q1520* Loss 14

Female NA Unavailable p.L925Sfs*9 cBioPortala

Female NA Unavailable p.V1753Ffs*12 cBioPortalb

Male 47 c.7558_7559insAAATC p.K2520_S2521fs 17

Male 50-60 WT WT Loss 14

Male 65 c.1613_1614insT p.M538_P539fs 17

aP-0004275.
bP-0012311.
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nasal and oral cavities into a head and neck category, resulting in
obfuscation of the differences between these two entities29,35,46,47.
Alterations of GNAS, GNAQ, and GNA11 are widespread in

different cancer types including uveal melanoma48,49. In this
cohort, driver mutations in genes encoding G-protein α subunits
were rare; canonical GNA11 p.Q209L substitution was detected
only in one tumor.
Pathologic activation of PI3K/AKT/mTOR pathway may occur

due to other than BRAF/RAS/NF1 genetic alterations such as
mutations in genes encoding pathway components and
regulators50,51. This study documented mutations in 14% (13/90)
of SNTMMs in a wide array of genes involved in PI3K/AKT/mTOR
pathway including Class I catalytic and regulatory molecules
(PIK3CA, PIK3CG, PIK3R2), Class II molecule PIK3C2B, AKT1, mTOR,
TSC2 and PTEN. Previous studies reported similar mutations
in both cutaneous and mucosal melanomas including
SNTMM14,16,29,47. In this study, only three PI3K mutants harbored
canonical melanoma driver (NRAS or NF1) mutations.
The TP53 tumor suppressor gene is the most mutated gene in

solid tumors52. However, TP53 mutations are rare in melanoma53.
In this study, TP53 mutations and TP53 locus deletions were
identified in 6% and 15% of SNTMM, respectively. Previous studies
reported a similar frequency of TP53 mutations in SNTMMs and
head and neck mucosal tumors13–15,17,29. Nevertheless, nuclear
accumulation of TP53 was common, suggesting dysfunction of the
TP53 pathway. In a subset of SNTMMs, nuclear expression of
MDM2, a TP53 regulatory protein, mirrored nuclear accumulation
of TP53. Either TP53 mutations or overexpression of MDM2 can
lead to loss of TP53 tumor suppressor function54.
WNT/β-catenin signaling pathway controls a variety of biologi-

cal cell processes55. Inactivating mutations of APC or activating
mutations of CTNNB1, genes encoding pathway components, have
been reported in cancer56. APC and CTNNB1 mutations are rare in
melanoma and often co-occur with other drivers57. In this study,
three SNTMMs harbored mutations in CTNNB1 exon 3 phosphor-
ylation sites for GSK-3β (glycogen synthase kinase 3 beta) or
casein kinase-1. A translocation of β-catenin to the nucleus
associated with the activation of WNT/β-catenin pathway was
documented in all three mutants as previously reported in other
tumors58. CTNNB1mutations affecting exon 3 hot-spots have been
reported at an early stage of the tumorigenesis and have a
transforming potential59. No canonical melanoma drivers were
identified in one tumor harboring CTNNB1 p.S45 deletion.
A splicing factor 3b subunit 1 (SF3B1) gene encodes a subunit of

the spliceosome factor 3b, a core component of ribonucleoprotein
complex (spliceosome) responsible for removing introns from
precursor mRNA. SF3B1 hot-spot (p.R625 and p.K666) mutations
have been associated with diverse alternative splicing events and
reported in uveal and mucosal (anorectal, vulvovaginal, esopha-
geal) melanomas16,60–62. More recent studies identified SF3B1
mutations in head and neck melanomas including sinonasal
tumors9,29. In this cohort, no SF3B1 mutations were detected in 21
tumors evaluated by Ion AmpliSeq™ CC panel. A review of
reported mutants (Supplementary Table 8) suggested low (<3%)
frequency of SF3B1 hot-spot mutations in SNTMMs.
Alteration of the insulin-like growth factor (IGF) axis has been

implicated in carcinogenesis63. A recent study reported IGF2R
mutations in 32% (13/41) of mucosal melanomas, including head
and neck tumors47. In the current study, no mutations affecting
IGF1R or IGF2R were found in 21 tumors analyzed with a
comprehensive cancer panel. Also, previous NGS studies on
mucosal melanomas including head and neck tumors failed to
identify mutations affecting components of IGF-axis14–17,42.
Sequence variations in genes encodings RTKs, chromatin

regulatory factors and histone proteins and genes encoding
components of different DNA repair pathways (Fig. 2) were
identified in a subset of SNTMMs. A biological significance of these
changes remains undetermined because somatic versus germline

nature could not be clearly established. However, a low VAF value (<
40%) might strongly suggest former in some cases (Supplemental
Database, sheet A). Presence of pathogenic germline variants such
as MET p.T1010I and MET p.R988C (reported in this study) may
enhance constitutive protein tyrosine phosphorylation causing
tumorigenicity in-vitro and in-vivo as reported in breast and lung
cancer, respectively64,65. Recently published study showed that
tumors harboring pathogenic germline variants often displayed a
loss of heterozygosity or biallelic event with somatic mutations
affecting the same residue66. Unfortunately, this investigation could
not address such issues because a scope was limited by the absence
of tumor matching normal tissue and inadequate quality of nucleic
acids obtained from archival FFPE tissue blocks.
TERT alterations, from single nucleotide mutations to complex

rearrangements, have been reported in different cancers including
melanoma67. In this study, mutations in two TERTp mutation hot
spots were detected in 9% of analyzed tumors. However, PCR
amplification of these region yielded no amplification products in
14 cases with well-preserved nucleic acids. This could be
attributed to the alteration of TERTp sequence. TERT fusion
transcripts, NUP50(i1)::TERT(e2) and CNOT4(e2)::TERT(e2) were
detected in two SNTMMs. Previously, TERT fusions involving
various partners were identified in different cancers including oral
melanoma (www.cbioportal.org). TERT alterations reported in this
study were detected in both Triple-WT tumors and SNTMM driven
by NRAS mutations. Thus, they could act as the primary driving
force as reported in non-translocation related sarcomas and clear
cell sarcoma of kidney, or as a secondary driver accelerating tumor
progression as reported in aggressive meningioma and metastatic
Leydig cells tumor67–72.
Oncogenic gene fusion involving ALK, BRAF, MET, NTRK and ROS-

1 have been detected predominantly in younger patients in a
subset of cutaneous melanomas including Spitzoid and acral
tumors67,73,74. Such fusions appear to be extremely rare in
mucosal melanomas, although a few has been reported including
a FGFR3::TACC3 fusion in a case of SNTMM74–76. Of the 40 tumors
analyzed in this study, none showed fusion gene transcripts
reported in cutaneous melanomas. However, a DCAF7(e1)::PRK-
CA(e3) fusion, predicted to be out-of-frame, was found in one case.
Activation of PRKCA through oncogenic fusion was reported in
melanocytic tumors including acral melanoma77,78. Chimeric
ADCK4::NUMBL fusion transcripts, most likely a product of cis-
splicing between adjacent genes, were found in eight cases
including 7 BRAF/RAS-WT tumors. Cis-fusion transcripts were
detected in various tumor and normal tissues and implicated
in fundamental cellular mechanisms79,80. However, a role of
ADCK4::NUMBL fusion transcripts in SNTMM is not known.
In summary, this study documented the dominant role of NRAS

oncogenesis in SNTMM and alterations of the key components
and regulators of Ras-MAPK signaling pathway such as SPRED1 in
a subset of BRAF/RAS-WT tumors. Also, presence of low-frequency
mutations affecting KIT receptor tyrosine kinase, G-protein α
subunits, TP53-, and WNT-, pathways indicate a complexity of the
molecular mechanisms underlying the pathogenesis and progres-
sion of sinonasal melanoma.
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