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Though uncommon in melanoma, gene fusions may have therapeutic implications. Next generation sequencing-based clinical
assays, designed to detect relevant gene fusions, mutations, and copy number changes, were performed on 750 melanomas (375
primary and 375 metastases) at our institution from 2014-2021. These included 599 (80%) cutaneous, 38 (5%) acral, 11 (1.5%)
anorectal, 23 (3%) sinonasal, 27 (3.6%) eye (uveal/ conjunctiva), 11 (1.5%) genital (vulva/penile), and 41 (5.5%) melanomas of
unknown primary. Sixteen fusions (2%) were detected in samples from 16 patients: 12/599 (2%) cutaneous, 2/38 (5%) acral, 1/9
(11%) vulva, 1/23(4.3%) sinonasal; and 12/16 (75%) fusions were potentially targetable. We identified two novel rearrangements:
NAGS::MAST2 and NOTCH1::GNBT; and two fusions that have been reported in other malignancies but not in melanoma: CANT1::ETV4
(prostate cancer) and CCDC6::RET (thyroid cancer). Additional fusions, previously reported in melanoma, included: EML4::ALK,
MLPH::ALK, AGAP3::BRAF, AGK::BRAF, CDH3::BRAF, CCT8::BRAF, DIP2B::BRAF, EFNB1::RAF1, LRCH3::RAF1, MAP4::RAF1, RUFY1:RAF1, and
ADCY2:TERT. Fusion positive melanomas harbored recurrent alterations in TERT and CDKN2A, among others. Gene fusions were
exceedingly rare (0.2%) in BRAF/RAS/NF1-mutant tumors and were detected in 5.6% of triple wild-type melanomas. Interestingly,
gene rearrangements were significantly enriched within the subset of triple wild-type melanomas that harbor TERT promoter
mutations (18% versus 2%, p < 0.0001). Thirteen (81%) patients were treated with immunotherapy for metastatic disease or in the
adjuvant setting. Six of 12 (50%) patients with potentially actionable fusions progressed on immunotherapy, and 3/6 (50%) were
treated with targeted agents (ALK and MEK inhibitors), 2 off-label and 1 as part of a clinical trial. One patient with an AGAP3::BRAF
fusion positive melanoma experienced a 30-month long response to trametinib. We show that, detecting fusions, especially in triple
wild-type melanomas with TERT promoter mutations, may have a clinically significant impact in patients with advanced disease

who have failed front-line immunotherapy.
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INTRODUCTION

Melanoma accounts for the majority of deaths from skin cancers
(9000 deaths per year) and its worldwide incidence is increasing'~.
Melanoma is often associated with cumulative solar damage from
ultraviolet (UV) radiation, but it can occur at non-sun exposed
anatomic locations, including mucosal, acral and uveal sites'.
Treatment for melanoma ranges from surgical excision in cases of
localized disease, to radiotherapy, chemotherapy, immunotherapy
and targeted therapy in more complex or advanced cases®. Of
special interest, are targeted agents that inhibit key pathways
associated with melanoma carcinogenesis, such as the mitogen-
activated protein kinase (MAPK) pathway, which involves the KIT,
NRAS, BRAF and MEK1/2 genes®. BRAF inhibitors such as
Vemurafenib and Dabrafenib as well as MEK inhibitors such as
Trametinib and Cobimetinib have been shown to improve survival
outcomes?. Other kinase inhibitors such as Imatinib, Sunitinib,
Dasatinib and Nilotinib may also have activity in patients with
melanoma harboring KIT mutations>.

The Tumor Cancer Genome Atlas (TCGA) has recognized four
distinct subtypes of melanoma based on the molecular alteration
present: mutant BRAF, mutant RAS (including NRAS, KRAS and
HRAS genes), mutant NFT and a triple wild-type subtype (lacking
hotspot mutations in BRAF, NRAS, KRAS, HRAS and NF1)°. NFI
encodes a negative regulator of the RAS/MAPK pathway. Tumor
suppressors TP53, CDKN2A and PTEN are often inactivated in all
melanoma subtypes, by loss of function mutations or by whole
gene deletion. Also frequently observed in melanomas, are TERT
promoter mutations, which lead to increased expression of the
TERT gene and to improved chromosomal stability in rapidly
dividing cancer cells®’. Ultraviolet radiation mutational signatures,
resulting from cumulative solar damage and characterized by
recurrent C to T transitions at the 3’ end of pyrimidine dimers, are
commonly identified in cutaneous melanomas and associated
with TERT promoter mutations®. While there is some overlap
between the genetic signatures of cutaneous and mucosal
melanomas, uveal melanomas are often characterized by muta-
tions in GNAQ/GNAT1, BAP1, SF3B1, and EIFTAX™®.
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Additionally, high-throughput, deep-sequencing technologies
(next-generation sequencing) have allowed the identification of
previously unknown alterations like gene fusions in a number of
tumor types including sarcomas, carcinomas, gliomas and
melanomas'®'". Some of these gene fusions are thought to
function as driver mutations and the presence or absence of a
gene fusion may enable risk stratification. Importantly, kinase
fusions including genes such as ALK, ROS, RET, NTRK and FGFR
family members have been identified in a variety of tumor types
and can be targeted by available drugs'’.

Although gene fusions are rare in melanoma, rearrangements
involving the BRAF, RAF1, ALK, ROS1, NTRK1/2/3, MAP3K3, MAP3KS,
PRKCA, and TRIM11 genes have been reported''™'°. Interestingly,
melanomas that contain kinase fusions have been reported to lack
common driver mutations (BRAF, NRAS, NF1), further supporting
the theory that gene rearrangements in melanoma represent
driver mutations'. Identification of these driver mutations by
next-generation sequencing may be clinically relevant if targeted
therapy employed in other tumor types (e.g. ALK inhibitors in lung
cancer) can be utilized in the treatment of melanoma'’. In fact, in
recent years, there have been several reports showing encoura-
ging responses to specific inhibitors, in patients with fusion-
associated melanomas'®%2,

Of note, gene fusions have been associated with distinct
subtypes, morphologic patterns and particular anatomic sites.
Kinase fusions occur in Spitz neoplasms and BRAF fusions are
frequently documented in Spitz tumors'®%3, Spitz tumors char-
acteristically affect children and adolescents. Histopathologically
they exhibit a dome-shaped or wedged-shaped proliferation
associated with epidermal hyperplasia and junctional retraction
artifact and are comprised of spindle tumor cells with abundant
eosinophilic cytoplasm. While most Spitz tumors are benign, rare
Spitz melanomas are asymmetric, typically lack dermal maturation,
and have frequent mitotic figures, spindle morphology and severe
cytologic atypia. In contrast, conventional melanomas exhibit an
epithelioid morphology, i.e. the tumor cells are polygonal with
abundant cytoplasm®*. BRAF fusion-positive Spitz tumors have
been reported to have epithelioid, high-grade morphology and
ALK fusions have been detected in up to 13% of acral lentiginous
melanomas?>?®. These findings suggest gene fusions may play a
role in tumorigenesis, histomorphologic patterns and may be site-
specific.

In this study we report how our institution’s approach of using
next generation sequencing (NGS)-based assays for the clinical
management of advanced cancer patients, resulted in the
identification of rare and novel gene fusions in primary and
metastatic melanomas from several anatomic sites (including
cutaneous, anorectal, sinonasal, eye, genital and unknown site).
Gene fusions were significantly enriched in triple wild-type
melanomas harboring TERT promoter mutations (18%) and
prompted the use of targeted therapies in 3 patients who
progressed on immunotherapy, one of whom experienced a
durable response to trametinib.

MATERIALS AND METHODS

Our study included 750 melanomas (375 primary and 375 metastases)
submitted for clinical genetic profiling using targeted gene rearrangement
testing and mutational analysis, from May 2014 until May 2021. Clinical
parameters such as age, gender, treatment modality, and follow-up of the
16 patients whose tumors harbored fusions were collected from the
patients’ electronic medical records. The available histologic sections of
fusion-positive tumors were reviewed to evaluate the histologic patterns
including predominant cell morphology.

Molecular analyses
Tumor genotyping was performed using two types of clinically validated
Anchored Multiplex PCR (AMP)-based NGS assaysy‘ Gene fusions were
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identified using ribonucleic acid (RNA)-based assays, designed to detect
fusion transcripts involving genes commonly rearranged in solid tumors
(Supplementary Table 1). Briefly, total nucleic acid extracted from formalin-
fixed paraffin-embedded (FFPE) tumors (after histological review for tumor
enrichment), was reverse transcribed with random hexamers, and
processed to create double stranded complimentary deoxyribonucleic
acid (cDNA). Two hemi-nested polymerase chain reactions (PCR) were
performed to create a fully functional sequencing library, using custom
designed FusionPlex Solid Tumor kit primers (ArcherDx Inc., Boulder, CO,
USA). lllumina NextSeq 2 x 150 base paired-end sequencing results were
aligned to the hg19 human genome reference using bwa-mem?, A
laboratory-developed algorithm was used for fusion transcript detection
and annotation.

Clinically validated AMP-based assays (SNAPSHOT-NGS, V1 and V2)
were used to detect single nucleotide variants (SNV), small insertion/
deletions (indel), and copy number variants in genomic DNA (Supple-
mentary Table 1). Genomic DNA extracted from FFPE tumor tissue was
enzymatically sheared, end-repaired, adenylated, and ligated with a
half-functional adapter. A sequencing library targeting hotspots and
exons in 99 cancer genes was generated using two hemi-nested
polymerase chain reactions and custom designed VariantPlex kit
primers (ArcherDx Inc., Boulder, CO, USA). lllumina MiSeq 2 x 151 base
paired-end sequencing results were aligned to the hg19 human
genome reference using BWA-MEM (Li 2009). MuTect and a
laboratory-developed insertion/deletion analysis algorithm were used
for SNV and indel variant detection, respectively*®. Tumor mutational
burden (TMB) is reported as a total absolute count of somatic mutations
(including intronic, synonymous and non-synonymous variants) across
the covered regions of the SNAPSHOT-NGS-V2 assay (Supplementary
Table 1). Upon clinical validation using orthogonal assays, an absolute
TMB count greater than or equal to 15 was established as the reference
range for TMB-High on this assay. The TMB scores reported in this study
are specific to our SNAPSHOT-NGS-V2 NGS panel and direct conversion
of the reported absolute TMB count to other assays or standards is not
possible.

Fluorescence in-situ hybridization

Interphase dual color break apart fluorescence in-situ hybridization (FISH)
was performed on select cases to confirm NGS Solid Fusion Assay results,
as previously detailed®®. ALK gene rearrangements were analyzed using
the Vysis ALK break-apart probe FISH Probe Kit (Abbot Molecular, Des
Plaines, IL). The NOTCHT rearrangement was confirmed using a commer-
cially available NOTCH1 break apart FISH probe (Empire Genomics,
Williamsville, NY). BRAF gene rearrangements were evaluated using
homebrew FISH probes, consisting of two BAC clones flanking the BRAF
gene: RP11-715H9 (BRAF 5', Spectrum Green) and RP11-248P7 (BRAF 3/,
Spectrum Orange). Briefly, 5-micron sections of FFPE tumor material were
baked, deparaffinized, and hybridized with FISH probes in a Hybrite slide
processor (Abbott Molecular Inc., Abbott Park, IL, USA), according to the
manufacturer’'s recommendations. After hybridization, the slides were
washed, and the probes were visualized using an Olympus Bx61
microscope. FISH signals were evaluated in at least 50 nuclei in tumor-
enriched areas, marked before slide processing, and the analysis was
performed using the Cytovision software (Leica Biosystems, Buffalo Grove,
IL, USA). A fused green-orange signal represents a normal gene. Fusion-
positive nuclei show splitting of the green and orange probe signals
further than two probes apart, in addition to the normal un-split green-
orange signal. Samples were considered positive for a gene rearrange-
ment, if more than 15% of scored tumor cells had split 5 and 3’ FISH probe
signals.

Immunohistochemistry and immunofluorescence
Immunohistochemical studies were performed on 5-micrometer-thick
tissue sections using a Bond 3 automated immunostainer (Leica
Microsystems, Bannockburn, IL, USA), with primary antibodies against
ALK (predilute, 5A4, Leica Microsystems) and Notch1 (D1E11, Cell
Signaling Technology, Danvers, MA). Immunofluorescence studies were
performed manually on 5-micrometer-thick tissue sections using standard
protocol with primary antibodies against MAST2 (1:100, HPA039722, Sigma
Aldrich, St. Louis, MA) and GNB1 (1:200, SAB2701168, Sigma Aldrich) and
secondary antibodies (anti rabbit, Alexa Fluor 647 (cy5), 1:300, Thermo
Fisher Scientific, Waltham, MA for MAST2; Goat anti rabbit, Alexa Fluor™
Plus 594, A32740, Thermo Fisher Scientific for GNB1).
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Fig. 1

Summary of fusion and next generation sequencing results of the fusion-positive cases. There was no evidence of loss of

heterozygosity (LOH) for genes affected by nonsense or frameshift mutations.

RESULTS

Molecular analyses

Sixteen gene fusions were detected in 6 primary tumors and in 12
metastases of 16 patients (Fig. 1, Table 1). The presumed
mechanisms underlying these fusions include translocation (7
cases), inversion (7 cases), and deletion (2 cases) (Table 1). Using
public databases (COSMIC and TCGA) and published literature
(PubMed) we identified 4 novel fusions, including 2 that have
been reported in other malignancies but not in melanomas:
CANT1:ETV4 (prostate cancer), CCDC6::RET (thyroid cancer), and 2
fusions that, to our knowledge, have not been previously
described: NAGS:MAST2 and NOTCH1:GNB1 (Table 1, Fig. 2). The
NOTCH1 rearrangement juxtaposes NOTCHT exon 2 to the 5-UTR
of GNB1, immediately upstream of the GNBT starting codon, and it
does not appear to generate an in-frame chimeric protein
between NOTCHIT and GNBI1. However, it may function by
inactivating NOTCH1, and/or by driving GNBT expression under
the control of the NOTCH1 promoter.

Additional fusions involving ALK (EML4::ALK, MLPH::ALK), BRAF
(AGAP3::BRAF, AGK:BRAK, CDH3:BRAF, CCT8:BRAF, DIP2B::BRAF),
RAF1 (EFNBI1:RAF1, LRCH3:RAF1, MAP4:RAF1, RUFYI1:RAF1), and
TERT (ADCY2:TERT) have been previously reported in
melanomas11_15'17'23'25'26.

Mutational analyses were successfully performed in samples
from 15/16 patients with fusion-positive melanomas (Supplemen-
tary Table 2). For 2 patients, molecular testing was done on two
available samples, and the same fusion and similar mutational
profiles were detected in each specimen (Fig. 1). In one patient,
the same AGK::BRAF fusion was detected in the primary tumor and
in a bone metastasis resected one month later (Table 1, case 2).
The two specimens were positive for the same mutations in NF1,
KDR and in the TERT promoter, and the bone metastasis also
showed homozygous loss of CDKN2A (Fig. 1, Supplementary
Table 2). In another patient, the same RUFY1:RAF1 fusion was
detected in two different metastases (lung and bone) that were
resected 9 months apart (Table 1, case 9), and the two samples

Modern Pathology (2022) 35:1837 - 1847

harbored the same mutations in PIK3CA, MENT and in the TERT
promoter, and homozygous deletion of CDKN2A (Fig. 1, Supple-
mentary Table 2). Fusion positive melanomas harbor oncogenic
mutations in genes involved in receptor tyrosine kinase, MAPK/
ERK, and mTOR signaling pathways (including ERBB4, MET,
MAP2K1, PIK3CA, STK11, and TSCT). The most prevalent genetic
abnormalities detected in our fusion-positive cohort involved the
TERT gene (Fig. 1), and included 11/15 (73%) cases with hotspot
mutations in the TERT promoter (C250T, 6 cases; C228T, 5 cases)
and a TERT gene amplification in the sample harboring the
ADCY2:TERT fusion (case 15). TERT promoter mutations were
detected in 63% of fusion negative melanomas, and we found no
significant association between the presence of a TERT promoter
mutation and fusion positivity (p = 0.59) (Supplementary Table 3).
Pathogenic mutations in CDKN2A, especially homozygous gene
deletion, were the second most common finding, being detected
in 3/15 (20%) patients with fusion-positive melanoma (Fig. 1).
Gene fusions were largely mutually exclusive from mutations in
the most common oncogenic drivers in melanoma. Pathogenic
mutations in RAS (NRAS, KRAS or HRAS) family members, NF1 or KIT
were absent from fusion-positive cases, while fusion-negative
melanomas harbored mutations in all of them, at the following
frequencies: 28% NRAS™", 31% RAS (NRAS, KRAS or HRAS)™", and
6% KIT™'. BRAF mutations were detected in 37% of fusion-
negative melanomas and in 1/15 (7%) fusion positive cases.
There was a highly significant association between the presence
of fusions and the absence of BRAF/RAS mutation (p <0.00001,
Supplementary Table 3), with gene fusions being detected in 5.4%
of BRAF and RAS wild-type melanomas, and only in 0.2% of BRAF-
mutant or RAS-mutant tumors. Our cohort included 166 (23%) triple
wild-type melanomas. Interestingly, while TERT promoter mutations
were very prevalent in fusion positive melanomas (11 of 15, 73%)
and in BRAF/NRAS/NF1-driven cases (393 of 542, 73%), they were
underrepresented in triple wild-type melanomas (56 of 166, 34%).
Therefore, while gene fusions are very rare in melanoma (16 of 708,
2% in our cohort), they were significantly enriched within the subset
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Fig. 2 Schematic representation of three fusions not previously
reported in melanoma. The NAGS:MAST2 fusion has not been
previously reported in the literature. The other two fusions have
been described in other malignancies but not in melanoma:
CANTI1:ETV4 in prostate cancer and CCDC6:RET in thyroid cancer.
The putative chimeric proteins are depicted with the N-terminal
fusion partner shown in black, and the C-terminal partner in white.
The exon breakpoints, listed on the right, are based on the following
transcripts: CANTT (ENST00000392446.5); ETV4 (ENST00000319349.5);
CCDC6 (ENST00000263102.6); RET (ENST00000355710.3); NAGS
(ENST00000293404.3); MAST2 (ENST00000361297.2). Relevant func-
tional domains: DNA binding domain (ETS: erythroblast transforma-
tion specific), kinase domains (TKD: tyrosine kinase domain; MAST:
microtubule-associated serine-threonine kinase; PKD: protein kinase
domain; AGC: cAMP-dependent, cGMP-dependent and protein
kinase C kinase C-terminal), WD: WD (tryptophan and aspartic acid)
repeat domains, CC: coiled coil homodimerization domain; PDZ:
PSD-95, DIg1, Zo-1 protein interaction domain. The NOTCH1::GNB1
rearrangement, which has not been previously reported in the
literature, was excluded from this figure because it is not expected
to lead to the production of an in-frame chimeric fusion protein
involving NOTCHT and GNBI. As noted in the text, this rearrange-
ment may result in the expression of the full length GNB1 protein
under the control of the NOTCH1 promoter.

‘el\elz

e6|e5

of triple wild-type melanomas that harbor TERT promoter mutations
(10 of 56, 18%, p < 0.00001, Supplementary Table 3).

Tumor mutational burden (TMB) was available for 412 cases. In
our cohort, 48% (189 of 397) of fusion-negative tumors had a high
TMB, while only 20% (3 of 15) of fusion-positive melanomas were
found to have a high TMB (Table 2). High TMB cases included
three cutaneous melanomas, positive for BRAF, RAF1 and NOTCH1
fusions (Table 1, cases 1, 6, and 14, respectively). Interestingly, for
the 2 cases with very high TMB scores (cases 1 and 14, with
TMB >20), C>T transitions accounted for 73-78% of the
mutations, a pattern consistent with exposure to UV radiation.

Fluorescence in situ hybridization, immunohistochemistry and
immunofluorescence studies

Selected rearrangements were confirmed by orthogonal assays. A
commercially available NOTCH1 break apart FISH probe detected a
NOTCH1 rearrangement in the melanoma sample harboring the
novel NOTCHI1:GNB1 fusion (case 14). The CDH3:BRAF and
CCT8::BRAF fusions were confirmed by BRAF break apart FISH,
and the EML4::ALK and MLPH::ALK rearrangements were validated
by ALK break apart FISH (Fig. 3).

ALK immunostain performed on the melanoma harboring the
EML4::ALK fusion (case 10) was positive for ALK expression (Fig. 4).
To evaluate the effects of previously unreported rearrangements,
we performed immunoassays on fusion-positive melanomas and
on a fusion-negative melanoma harboring a BRAF V600E mutation,
which is the most common genetic alteration observed in these
tumors (Fig. 5). We also assessed publically available datasets, to
examine protein expression levels across multiple melanomas
(Supplementary Figs. 1-3). Notch1 immunostaining demonstrated
that the melanoma sample harboring the NOTCH1::GNB1 rearran-
gement (case 14) was positive for Notch1 expression (Fig. 5A), and
that Notch1 protein levels were comparable to the ones observed
in a BRAF V600E-mutant melanoma (Fig. 5B). Data from The
Human Protein Atlas demonstrated weak (6 of 12) and moderate
(6 of 12) Notch1 expression across 12 melanoma samples, with
most cases (11 of 12) exhibiting a cytoplasmic/membranous and
nuclear distribution of the protein (Supplementary Fig. 1).
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Immunofluorescence staining using a GNB1-specific antibody
demonstrated uniform cytoplasmic and membranous GNB1
expression in the NOTCHI1::GNB1 positive melanoma (case 14)
(Fig. 5C), and heterogeneous distribution of GNBT in a BRAF V600E-
mutant melanoma (Fig. 5D). GNB1 immunostaining, made
available by The Human Protein Atlas, showed variable levels of
cytoplasmic/membranous GNB1 expression across 11 melanomas,
ranging from moderate (4 of 11) and weak (3 of 11), to no
detectable levels in 4 of 11 cases (Supplementary Fig. 2).
Immunofluorescence analysis using a MAST2-specific antibody
showed similar patterns of heterogeneous expression of MAST2 in
the melanoma sample harboring a NAGS:MAST2 rearrangement
(case 16) (Fig. 5E) and in a BRAF V600E-mutant melanoma (Fig. 5F).
MAST2 immunostaining results from The Human Protein Atlas,
demonstrated variable levels of cytoplasmic/membranous MAST2
in 12 melanomas, with most cases showing moderate (3 of 12) or
weak (5 of 12) expression, and 4 of 12 cases being negative for
MAST2 (Supplementary Fig. 3).

Clinical and histological features

The primary tumor site of all analyzed melanomas included 599
(80%) cutaneous, 38 (5%) acral, 11 (1.5%) anorectal, 23 (3%)
sinonasal, 27 (3.6%) eye (uveal/conjunctiva), 11 (1.5%) genital
(vulva/penile), and 41 (5.5%) cases of unknown primary. Within
the fusion-positive cohort, 12/599 (2%) melanomas were cuta-
neous, 2/38 (5%) acral, 1/9 (11%) vulvar, and 1/23 (4.3%) sinonasal
(Table 1). MLPH::ALK and ADCY2:TERT fusions involved the acral
site, CANT1::ETV4 the vulva, EML4::ALK the sinonasal region, and
the remaining fusions were detected in in tumors from cutaneous
sites. We found no significant difference between the prevalence
of fusions in cutaneous (2.2%) versus non-cutaneous (3.6%) sites
(Supplementary Table 3).

The sites of the 12 metastases were lung (3), lymph node (3),
bone (2), brain (2), skin (1) and soft tissue (1). Overall, there were
438 males and 312 females, including 427/734 (58%) males with
fusion-negative tumors and 11/16 (69%) male patients with fusion
positive melanomas. There was no significant association between
gender and fusion positivity (Supplementary Table 3). The age at
diagnosis ranged from 29 to 83 years (median, 56 years). Two
(12.5%) patients presented with stage IV disease (distant
metastases), 8 (50%) with stage lll (nodal involvement), 5 (31%)
with stage I, and 1 (6%) patients with stage | melanoma
(Table 1)*".

The majority of fusion positive cases (92%, 12 of 13) exhibited
an epithelioid morphology, with only one tumor (positive for a
MAP4::RAF1 fusion) demonstrating spindle cell morphology (Fig. 4).
Surgical specimens were available for histopathological review in
4 out of 5 BRAF fusion-positive melanomas, and none of them
exhibited a spindled morphology.

Treatment and outcome

Fifteen of 16 patients (94%) underwent surgery, primarily for the
treatment of localized disease (to excise the primary tumor and
nodal metastases). Two patients received surgery alone and have
no evidence of disease after 13 and 25 months. Seven patients
were treated with radiotherapy. Two patients enrolled in clinical
trials using cryoablation to target metastases.

Thirteen (81%) patients were treated with immunotherapy for
metastatic disease or in the adjuvant setting. Nine and eight
patients received the PD-1 inhibitors pembrolizumab and
nivolumab, respectively and nine patients received anti-CTLA-4
therapy (ipilimumab). Nivolumab was often used in combination
with other agents (on 6 occasions with ipilimumab, and once with:
CCR2 antagonist TAK-202, anti-LAG3 antibody, and T-VEC onco-
lytic virus). Nine patients received immunosuppressive treatment,
in most cases, to manage serious adverse events associated with
immune checkpoint inhibitor therapy.
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Table 2. Distribution of fusion positive and fusion negative melanomas, according to patient gender, tumor mutational burden, prevalence of
oncogenic mutations, and tumor type.

N Fusion positive (%) Fusion negative (%)
Gender 750 Male 11 (69) 427 (58)
Female 5(31) 307 (42)
Tumor mutational burden 412 High 3 (20) 189 (48)
Low 12 (80) 208 (52)
TERT promoter mutation 708 Positive 11 (73) 438 (63)
negative 4 (27) 255 (37)
BRAF mutation 708 Positive 1(7) 259 (37)
Negative 14 (93) 434 (63)
NRAS mutation 708 Positive 0 (0) 194 (28)
Negative 15 (100) 499 (72)
BRAF or RAS mutation (NRAS/KRAS/HRAS) 708 Positive 1(7) 448 (65)
Negative 14 (93) 245 (35)
Triple wild type and TERT promoter mutation 708 Positive 10 (67) 46 (7)
Negative 5 (33) 647 (93)
Tumor type 708 Cutaneous 12 (75) 587 (85)
Non-cutaneous 4 (25) 105 (15)

ALK break apart FISH

BRAF break apart FISH

Fig. 3 ALK and BRAF break apart fluorescence in situ hybridiza-
tion. Fluorescence in-situ hybridization using break-apart probes for
(A) ALK (case 9, MLPH::ALK) and (B) BRAF (case 4, CCT8::BRAF). Fusion-
positive nuclei show splitting of the green and orange probe signals
further than two probes apart (arrows), in addition to the normal un-
split green-orange signal.

Six of 12 (50%) patients with potentially actionable fusions
progressed on immunotherapy, and 3/6 (50%) were treated with
targeted agents (ALK and MET inhibitors), 2 off-label and 1 as part
of a clinical trial. One patient with an AGAP3::BRAF fusion positive
melanoma experienced a 30-month long response to trametinib.
Another patient whose tumor harbored a RUFY1::RAF1 fusion was
placed on binimetinib, a MEK inhibitor. Treatment only lasted four
months, as the patient experienced a mixed response to this MEK
inhibitor, with major response to therapy in his visceral organs but
marked progression in his bone metastases. One patient whose
melanoma harbored an EML4::ALK fusion received an ALK inhibitor
(alectinib), but experienced disease progression after one month
(Table 1). Follow-up since time of diagnosis ranges from 12 months
to 173 months (median, 41 months). Six patients died and ten are
alive (4 with disease and 6 with no evidence of disease) (Table 1).

DISCUSSION

We identified 4 novel fusions, including 2 that have been reported
in other malignancies but not in melanoma (CANTI:ETV4 and
CCDC6:RET) and 2 fusions that have not been described in the
literature (NAGS:MAST2 and NOTCHI1:GNB1). A CANTI:ETV4
fusion was detected in one primary vulvar melanoma in our
series. To date, CANT1:ETV4 fusion has only been reported in
prostate carcinoma2. ETV4 belongs to the family of ETS-related
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transcription factors and has been reported as a rare fusion
partner of EWSR1 in classical Ewing sarcoma3. Calcium-activated
nucleotidase 1 (CANT1) expression is regulated by androgen and
its exon 1a transcript is preferentially expressed in the prostate®2.
A CCDC6:RET fusion was detected in a primary melanoma from
the lower extremity in our series. The same fusion between CCDC6
exon 1 and RET exon 12 has been previously documented in
papillary thyroid carcinoma, but not in melanoma>*. NAGS:MAST2
and NOTCH1::GNBT rearrangements, identified in two metastatic
melanomas in our series, have not been reported in any
malignancies. Recurrent rearrangements of the microtubule
associated serine-threonine (MAST) kinase and NOTCH gene
families have been reported in breast cancer®. Breast cancer cell
lines harboring NOTCH rearrangements have been shown to
exhibit sensitivity to inhibition of Notch signaling®. In addition,
overexpression of MASTT or MAST2 fusions had a proliferative
effect on tumor cells®.

Our sequencing results do not support the production of an in-
frame NOTCH1::GNB1 chimeric protein, suggesting that (in contrast
to the fusions reported in breast cancer) this rearrangement may
result in loss of function of NOTCHI. Interestingly, immunohis-
tochemistry showed that the presence of this rearrangement does
not seem to reduce Notch1 protein levels in the NOTCH1::GNB1-
positive tumor, when compared to a BRAF V600E-positive
melanoma (Fig. 5A, B). The results suggest that, although the
rearrangement may inactivate one copy of NOTCH1, it does not
appear to significantly impact NOTCH1 activity in this tumor
(presumably because the second allele remains intact). As noted,
the NOTCHT rearrangement juxtaposes NOTCHT exon 2 immedi-
ately upstream of the GNB1 starting codon and it could,
potentially, drive GNB1 expression under the control of the
NOTCH1 promoter. GNBT encodes the beta subunit of a trimeric G
protein complex that mediates signaling downstream of G-protein
coupled receptors. Previous research showed that GNBIT is
activated by recurrent somatic mutations in hematopoietic
malignancies and in solid tumors, including melanoma®®. A recent
study showed that GNB1 is overexpressed in a subset of cervical
squamous cell carcinomas, with high levels of GNB1 being
associated with a poor prognosis®”. Data from The Human Protein
Atlas indicate that approximately 40% of melanomas are negative
for GNB1, while ~60% of cases exhibit weak to moderate
expression of the protein (Supplementary Fig. 2). Given the
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Fig. 4 Histology of fusion-positive melanomas. An epithelioid morphology is seen in melanomas with A, D CANTT (case 12), B, E BRAF (case
3), C, F MAST2 (case 16), and G NOTCH1 (case 14) fusions; whereas a spindle morphology is seen in a melanoma with H RAFT fusion (case 8).
I ALK immunostain is strongly positive in the melanoma with ALK fusion (case 10).

strong, uniform distribution of GNB1 observed in the
NOTCH1::GNB1-positive melanoma (Fig. 5C), we hypothesize that
the rearrangement may be upregulating GNB1 expression in this
tumor, under the control of the NOTCHT promoter.

MAST2 encodes a microtubule-associated serine/threonine
kinase with anti-apoptotic properties, that is overexpressed in
various tumors, including esophageal cancer, pancreatic cancer,
and sarcomas®®. In liver cancer, high expression of MAST2 has
been associated with advanced clinical stage and with a poor
prognosis®®. In addition, overexpression of a MAST2 fusion
detected in breast cancer had a proliferative effect on tumor
cells®®. The fusion described in that study had a different
N-terminal partner from our melanoma case, but it involved the
same MAST2 breakpoint (exon 5) as the NAGS:MAST2 rearrange-
ment. We detected a similar pattern of MAST2 expression in the
NAGS:MAST2 -positive sample and in a BRAF V600E-mutant
melanoma (Fig. 5E, F). Publically available datasets indicate that
MAST2 is expressed in a subset of melanomas (Supplementary
Fig. 3), suggesting that different tumors may induce MAST2
expression through different mechanisms. Taken together, our
data suggest that the NAGS:MAST2 fusion observed in case 16
may function as another mechanism to drive MAST2 expression.

BRAF fusions are common kinase translocations in tumors*’.
Although estimated to occur in 2.6%-6.7% of all melanomas, the
frequency of BRAF fusions is higher in melanomas occurring in
younger females and in Spitz neoplasms®>*'. Four of our five BRAF
fusion-positive tumors with available histologic sections exhibit an
epithelioid morphology, not a spindled morphology, similar to
previous report”. Treatment response to MEK inhibitor in a
patient with SKAP2::BRAF fusion has been described in a recent
case report®2. Similarly, one of our patients with an AGAP3:BRAF
fusion positive melanoma experienced a 30-month long response
to trametinib. This is in contrast with a previously reported
AGAP3::BRAF fusion that conferred resistance in cell lines to a BRAF
inhibitor in a patient with melanoma®2. High expression of a BRAF
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fusion kinase has been shown to promote resistance to
chemotherapy®'.

The presence of a RAF1 fusion in melanocytic neoplasm is rare,
occurring in less than 1% of neoplasms™. BRAF and CRAF,
encoded by RAF1, form a heterodimer which activate the MEK-ERK
pathway resulting in cell proliferation and survival*®. Cell lines with
RAF1 fusions exhibit increased MEK phosphorylation in compar-
ison to wild type*™. RAF and MEK inhibitors may be useful in a
subset of gene fusion-harboring solid tumors'#'®2', Excellent
clinical responses were documented in 2 patients with RAF1-fusion
melanomas following immunotherapy failure'®?'. Four RAF1
(EFNB1::RAF1, LRCH3::RAF1, MAP4::RAF1, RUFY1::RAF1) fusions were
detected in four melanoma metastases in our series. In one
patient, the same RUFY1:RAF1 fusion was detected in two
metastatic tumors. The patient was treated with a MEK inhibitor
for four months. He experienced major response to therapy in his
visceral organs but had marked progression in his bone
metastases, possibly due to tumor heterogeneity or to impaired
drug access to the bone lesions. Previously reported RAF1 fusion
partners include AGGF1, ANO10, CDH3, CLCN6, CTDSPL, CTNNAT,
GOLGA4, LMNA, LRCH3, LRRFIP2, MAP4, MPRIP, PAPD7, PRKAR2A,
SASS6, SOX5, and TRAK7'>1419214045-47 " Consistent with prior
studies, the four melanomas with RAF1 fusion were negative for
pathogenic mutations in BRAF, NRAS and NF1 (Fig. 1, Supplemen-
tary Table 2)'**. TERT and CDKN2A concomitant mutations are
frequently noted in the literature’. Similar to our findings, the
majority of melanomas with RAFT fusion exhibit an epithelioid
morphology'*.

ALK fusions are detected in 8-11%, 5-16% and 1-3% of Spitz
nevi, atypical Spitz tumors and 1-3% Spitz melanomas,
respectively'”*8. Melanophilin (MLPH) gene was reported as
partner gene to ALK in two Spitz nevi***°. Echinoderm
microtubule-associated protein-like 4 (EML4) is another partner
gene to ALK?®". Although the patient with the EML4:ALK fusion
(case 10) did not respond to treatment with alectinib, a separate
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Fig. 5 Notch1 immunohistochemistry, and GNB1 and MAST2 immunofluorescence staining. Notch1 immunostains demonstrated similar
levels of Notch1 protein expression in (A) a melanoma harboring a NOTCH1::GNB1 rearrangement and in B a BRAF V600E-mutant melanoma.
Immunofluorescence using a GNB1-specific antibody (C, D) detected uniform cytoplasmic and membranous GNB1 expression in (C) a
melanoma harboring a NOTCH1:GNB1 rearrangement (case 14), and heterogeneous distribution of GNB1 in (D) a BRAF V600E-mutant
melanoma. Immunofluorescence using a MAST2-specific antibody (E, F) showed similar patterns of heterogeneous distribution of MAST2
protein in (E) a melanoma harboring a NAGS::MAST2 rearrangement (case 16) and in (F) a BRAF V600E-mutant melanoma.

case report documented successful ALK inhibitor treatment for
carcinoma with EML4::ALK fusion, suggesting the potential for ALK
inhibitor use in melanoma®2.

TERT aberrations are detected most frequently in acral
melanoma as compared with other melanoma subtypes®>. In the
fusion-positive melanomas in our series, TERT promoter mutation
is the most frequent mutation identified, especially TERT 250 and
TERT 228, followed by, recurrent inactivation of CDKN2A. Muta-
tional analyses identified 14/15 triple wild-type tumors (negative
for pathogenic mutations in BRAF, RAS and NFT) tumors.

Notably, nearly all tumors with gene fusions were BRAF and RAS
wild-type (14/15; 93%) with one tumor with a CCDC6::RET fusion
harboring two BRAF mutations in cis: the highly prevalent BRAF
V600E mutation and a BRAF W604C variant of uncertain
significance. It is unclear if, in this tumor, the proximity of the
BRAF W604C variant affects the pathogenicity of the BRAF V600E
mutation. Although concurrent RET fusions and BRAF mutations
have been reported in papillary thyroid carcinoma (reported in
2.5-19.4% of tumors), gene fusions and BRAF and NRAS mutations
are thought to be mutually exclusive in melanoma in the vast
majority of cases®®. Overall, our findings are consistent with
previous literature that report that melanomas with fusions often
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lack common driver mutations (BRAF, RAS and NF1)'3. Gao et al.
have investigated fusions in 9624 tumors of 33 different cancer
types of The Cancer Genome Atlas (TCGA) cohort and reported
that mutations were not found when fusion was already present
in the same gene, supporting their mutual exclusivity in many
malignancies>>. We noted that, in our series, gene rearrange-
ments were significantly enriched within the subset of triple
wild-type melanomas that harbor TERT promoter mutations
(18%). Since many cancer genotyping panels cover BRAF, NRAS,
NF1 and TERT promoter mutations, if a melanoma sample is
“triple wild-type” and positive for a TERT promoter mutation, it
may be worth testing it for gene rearrangements. In our cohort,
9 of those 10 (triple wild-type, TERT-mutant, fusion-positive)
melanomas harbored a potentially actionable fusion. Identifica-
tion of a fusion in such cases may be of critical importance as
targeted therapy may provide an additional treatment option
for clinicians. In our study, one patient with a BRAF fusion-
positive melanoma experienced a durable response to treat-
ment with a MEK inhibitor (case 1), while two other patients
showed mixed responses to selective inhibitors (cases 9 and 10).
Although more studies are needed to better understand the
factors that regulate treatment effectiveness, the use of targeted
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therapy has been reported to improve patient survival in some
case reports®2.

In summary, we reported four novel fusions in melanomas: 2

fusions have been reported in other malignancies but not in
melanoma and 2 have not been described in the literature. Our
study shows a very strong correlation between the presence of a
fusion and the lack of BRAF/RAS/NF1 driver mutations, especially

in

TERT promoter-mutant melanomas. Detecting fusions in

patients with advanced melanoma may have a clinically
significant impact, especially in patients triple wild-type melano-
mas that harbor TERT promoter mutations, who have failed front-
line immunotherapy.
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