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Abstract

A subset of Spitz tumors harbor fusions of NTRK3 with ETV6, MYO5A, and MYH9. We evaluated a series of 22 melanocytic
tumors in which an NTRK3 fusion was identified as part of the diagnostic workup. Tumors in which NTRK3 was fused to
ETV6 occurred in younger patients were predominantly composed of epithelioid melanocytes and were classified by their
histopathologic features as Spitz tumors. In contrast, those in which NTRK3 was fused to MYO5A were predominantly
composed of spindled melanocytes arrayed in fascicles with neuroid features such as pseudo-Verocay bodies. To further
investigate the effects of the fusion kinases ETV6-NTRK3 and MYOS5A-NTRK3 in melanocytes, we expressed them in
immortalized melanocytes and determined their subcellular localization by immunofluorescence. ETV6-NTRK3 was
localized to the nucleus and diffusely within the cytoplasm and caused melanocytes to adopt an epithelioid cytomorphology.
In contrast, MYOS5A-NTRK3, appeared excluded from the nucleus of melanocytes, was localized to dendrites, and resulted
in a highly dendritic cytomorphology. Our findings indicate that ETV6-NTRK3 and MYOSA-NTRK3 have distinct
subcellular localizations and effects on cellular morphology.

Introduction and result in constitutively active oncoproteins that cause

neoplasms in different cellular lineages [1]. Approximately
Intrachromosomal or interchromosomal rearrangements can ~ 50% of Spitz nevi harbor RTK fusions whereas activating
fuse receptor tyrosine kinase (RTK) genes with other genes  point mutations in BRAF or NRAS are found in the majority
of conventional melanocytic nevi [2-8]. Spitz nevi can
progress to melanoma by acquisition of additional genetic
mutations, and Spitz tumor refers to the entire spectrum from

P iwei. gek}i@ e benign Spitz nevi, to intermediate Spitz tumors, to Spitz
et TehfEuest.edu melanoma. Spitz tumors with intermediate histopathologic
I Department of Biopathology, Center Léon Bérard, Lyon, France features between nevus and melanoma may harbor genetic

2 Université de Lyon, Université Claude Bernard Lyon 1, INSERM alterations in addition, such as CDKN2A homozygous

1052, CNRS 5286, Centre Léon Bérard, Cancer Research Center deletion, and were previously referred to as atypical Spitz
of Lyon, Equipe Labellisée Ligue contre le Cancer, Lyon, France ~ tumors. However, the preferred nomenclature for

?  Department of Dermatology, University of California San Spitz tumors with more than a single driver event is now
Francisco, San Francisco, CA, USA Spitz melanocytoma, per the 2018 WHO classification of
4 Department of Dermatovenereology, Faculty of Medicine, skin tumors [9]. The nature of the RTK involved in the
University of Rijeka, Rijeka, Croatia oncogenic gene fusion found in Spitz tumors can affect their
5 Department of Dermatology and Dermatologic Surgery, Medical histopathologic features. Spitz tumors with ALK fusions
College of South Carolina, Charleston, SC, USA have large fascicular nests of melanocytes whereas those
6 Department of Pathology, Memorial Sloan Kettering Cancer with NTRKI fusions often have rosette-like structures,
Center, New York, NY, USA filigree-like rete ridges, and exaggerated maturation [10-13].
7 Departments of Dermatology and Pathology, University of NTRK3 encodes the tropomyosin receptor kinase TrkC, a
California San Francisco, San Francisco, CA, USA member of the neurotrophic tyrosine receptor kinase (NTRK)
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family, whose activation mediates neuronal differentiation
and survival [14]. It is expressed at low levels in melanocytes
[15]. We previously described NTRK3 fusions in melanocytic
tumors with varying N-terminal fusion partners, including
ETV6, MYOS5A, and MYH9 [4]. NTRK3 fusions are also
present in over 50% of pigmented spindle cell nevi of Reed
[6]. NTRK3 fusions, commonly ETV6-NTRK3 fusions, are
further found in other tumor types, including secretory breast
carcinoma, mammary analogue secretory carcinoma of the
salivary gland, thyroid carcinoma, infantile fibrosarcoma, and
congenital mesoblastic nephroma [16-23]. By contrast,
MYOS5A-NTRK3 and MYH9-NTRK3 are so far unique to
melanocytic tumors. MYO5A encodes myosin Va, a motor
protein that moves processively along actin filaments to
transport melanosomes [24]. Notably, germline loss of func-
tion mutations in MYOS5A results in the autosomal recessive
condition Griscelli syndrome that is characterized by pig-
mentary dilution [25].

In this study, we describe the different histopathologic
features of melanocytic tumors with ETV6-NTRK3 and
MYO5A-NTRK3 and their different subcellular localizations
and effects on melanocyte morphology in vitro.

Materials and methods
Case selection

In addition to 8 cases that we previously reported [14], we
identified 14 additional cases with NTRK3 rearrangement.
Ten cases from the Dermatopathology Section of the
Departments of Dermatology and Pathology at the Uni-
versity of California, San Francisco had a relative copy
number increase of 3’ end of NTRK3 along with the 5’
portion of one of the known NTRK3 fusion partners ETV6,
MYOS5A, or MYH9 by array comparative genomic hybridi-
zation (aCGH) that was performed for diagnostic purposes.
Four cases from the Department of Biopathology at the
Centre Léon Bérard in Lyon, France were identified by
RNA sequencing which revealed an in-frame fusion of the
NTRK3 mRNA. After review of histopathologic and
molecular findings a consensus diagnosis was assigned (IY,
AF, SP). Individual histopathologic features were scored by
at least two authors (IY, SP, and MV). The study was
approved by the human research ethics committees of the
Centre Léon Bérard (L17-73) and UCSF (11-07922) and
was conducted according to the Declaration of Helsinki.

Array comparative genomic hybridization (aCGH)
Tumor tissue was microdissected from 20-um-thick sections
of formalin-fixed paraffin-embedded (FFPE) tissue. After

deparaffinization, DNA was obtained by phenol/chloroform
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extraction. Array CGH was performed on Agilent 4x180k
microarrays (Agilent, Santa Clara, CA, p/n G4449A)
according to the manufacturer’s instructions. Commercially
available normal human DNA (Promega, city, WI, p/n
#G1471 or #G1521,) was used as a reference. The raw
microarray images were processed with Agilent Feature
Extraction software and analyzed with Nexus Copy Number
Software version 7.0 (Biodiscovery, El Segundo, CA, USA)
as described previously [14].

RNA sequencing

Total RNA was extracted from FFPE tissue sections using a
single phenol/chloroform extraction protocol with Trizol
reagent (Invitrogen, Carlsbad, CA, USA). RNase-free
DNase set (Qiagen, Courtabouef, France) was used to
remove DNA. The DNase was eliminated by a second
Trizol extraction. RNA was quantified by NanoDrop
(Thermo Fisher Scientific, Cheshire, UK) and quality was
controlled (DV200 value cutoff >13%) by TapeStation with
Hs RNA Screen Tape (Agilent, Courtaboeuf, France).

For each sample, 100 ng of total RNA was used to prepare
libraries with the TruSeq RNA Access Library Prep Kit
(INumina, San Diego, USA). Fourteen libraries were pooled at
a DNA concentration of 4 nM with 1% PhiX. Sequencing was
performed (75 cycles paired end) with the NextSeq 500/550
High Output V2 kit on a NextSeq 500 instrument (Illumina).
Data analysis was performed on BaseSpace Sequence Hub
(Nlumina) with the RNA-Seq Alignment application. Align-
ments to the human reference genome (hg19) were performed
with STAR [26] and TopHat2 [27]. Fusion transcripts were
identified with Manta [28] and TopHat2 fusion.

Generation of immortalized melanocytes stably
transduced with NTRK3 fusion genes

Using the NTRK3 fusion constructs generated in our pre-
vious study [4], we generated ETV6-NTRK3 and MYO5A-
NTRK3 fusion constructs in the QM513 cumate inducible
lentivirus vector (System Biosciences, catalog number
QMS513B-1) tagged with the V5 epitope at the carboxyl end.

Melan-a cells (generously provided by Dr Dorothy C.
Bennett, St. George’s Hospital, University of London,
London, UK) [29] were maintained in glutamine-containing
RPMI-1640 supplemented with 10% heat-inactivated fetal
bovine serum, 200nM of 12-O-tetradecanoylphorbol-13-
acetate, penicillin (100 units/mL), and streptomycin (50 mg/
mL). Lentiviral particles were generated in 293FT cells
purchased from Life Technologies and maintained in DME-
H21 medium containing 10% heat-inactivated fetal bovine
serum, minimal essential media nonessential amino acids
(0.1 mM), sodium pyruvate (1 mM), penicillin (100 units/
mL), and streptomycin (50 mg/mL). Lentiviral transduction
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of melan-a cells stably expressing the cumate repressor was
performed in the presence of 10 ug/ml of polybrene (Santa
Cruz Biotechnology), and the cells were selected by pur-
omycin. After 3 weeks, the cells were subjected to clonal
selection by single cell dilution, and clones were expanded
in T25 flasks. Cells were grown on cover slides and induced
with either 30 or 300 mM cumate for 4 days. Immuno-
fluorescence was done using an anti-V5 antibody primary
antibody (Cell Signaling, #13202) and Alexa Fluor 555-nm
secondary antibody (Thermo Fisher, #A32732) and DAPI
mounting medium (Life Technologies Corporation,
#P36931). Fluorescent and differential interference contrast
images were captured on a Yokogawa CSU-22 spinning disk
confocal microscope with the Nikon Elements software.

Western blotting

Melan-a cells in serum-free media, were lysed with RIPA
buffer in the presence of Halt protease and phosphatase
inhibitor. Twenty microgram of cell lysates were loaded onto
4-12% Bis-Tris NuPage gradient gels (Life Technologies).
Bands were detected by Luminata enhanced chemilumines-
cence solution (Millipore) followed by autoradiography. The
following antibodies were used: anti-pan NTRK (C17F1),
anti-phospho-ERK (Thr202/Tyr204) (#9101), anti-phospho-
AKT (Serd473) (#9271), and anti-phospho-PLCyl (Tyr783)
(#2821) from Cell Signaling Technology; and anti-HSP60
(sc-1722) from Santa Cruz Biotechnology.

Immunohistochemistry

Anti-Pan-TRK antibody (Abcam; [EPR17341]) immuno-
histochemistry was performed on 4-um sections obtained
from FFPE tissues on a Ventana BenchMark ULTRA sys-
tem (Ventana, Tucson, USA) with the Enhanced Alkaline
Phosphatase Red Detection Kit (Ventana; #800-031).

Statistical analysis

Fisher’s exact test was used to calculate the significance of
differences in characteristics between ETV6-NTRK3 and
MYOS5A-NTRK3 fused tumors. T-test was used to determine
if the difference in ages between these two groups was
significant.

Results

Clinical characteristics of NTRK3-fused melanocytic
tumors

A total of 22 cases for which molecular analysis was
performed for diagnostic purposes were included in the

study and their clinical features are summarized in
Table 1. MYOS5A-NTRK3 was identified in thirteen (59%),
ETV6-NTRK3 in seven (32%), and MYH9-NTRK3 in two
cases (9%). The median age of patients was 20 years,
ranging from 1 to 74 years. Nine patients (41%) were age
10 years or younger. There was a slight, but statistically
insignificant, predominance of female over male patients
(13 and 9, respectively). Half of the tumors (n = 11) were
located on the head, whereas the remaining tumors were
distributed on the trunk (n = 6, 27%) and extremities (n =
5, 23%). Thirteen tumors (59%) were >5 mm in diameter,
and 3 (14%) were >1cm in diameter. In addition to
melanocytic tumors, the initial clinical diagnoses included
hemangioma, xanthogranuloma, mastocytoma, basal cell
carcinoma, pyogenic granuloma, wart, cyst, and
pilomatricoma.

By histopathology, three (14%) cases were diagnosed as
benign melanocytic nevus and four (18%) cases as mela-
noma. Two-thirds of the tumors (15 lesions, 68%) were
assigned an intermediate or uncertain diagnosis of atypical
Spitz tumor. In two cases (two atypical Spitz tumors and
two melanomas), we observed at least one chromosome
with multiple alternations between 2—3 copy number states
consistent with chromothripsis [30]. The number of atypical
Spitz tumors and melanomas reflects the selection for
diagnostically challenging cases. Clear cut melanomas that
would not require molecular assessment were not included.
Molecular assessment played a significant role in the final
diagnosis of the cases, and we did not identify histopatho-
logic features that clearly distinguished Spitz melanocyto-
mas from Spitz melanoma in our small cohort. In addition to
the chromosomes harboring the genes involved in the
NTRK3 fusion, additional gains and/or losses on other
chromosomes were present in 6 of 15 atypical Spitz tumors
and in 3 out of 4 melanomas.

Sentinel lymph node biopsy was performed on one child
with an atypical Spitz tumor with ETV6-NTRK3 fusion and
revealed a tumoral deposit in a single lymph node. No
involvement of additional lymph nodes was found upon
completion lymphadenectomy and the patient was alive and
well 6 years after diagnosis. Long-term follow-up infor-
mation was available for five additional patients, including
for one patient with melanoma, and was uneventful for local
recurrence or metastatic disease.

Tumors with ETV6-NTRK3 fusion occurred in younger
patients as compared to tumors with MYO5A-NTRK3 fusion
(p <0.001, r-test) and tended to occur more often on the face
(n.s. p=0.06, Fisher’s exact test) (Fig. 1). Most of the
patients with MYOS5A-NTRK3 fusions were diagnosed
between 20 and 50 years of age (n =9, 69%) and had their
tumors on the trunk or extremities (n =9, 69%). One patient
with MYO5A-NTRK3 tumor was 72 years old but reported
to have had the lesion for over 30 years.
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Table 1 (continued)

NTRK3
fusion

Copy number aberrations

Studies
performed

Diameter Diagnosis Clinical follow-up
(category)

(mm)*

Thickness

(mm)?

Clinical description

Location

(years), sex

Case Age

partner gene

MYO5A

RNA-Seq NA

NA

Spitz tumor)

(atypical
Spit:

3.7

6 % 3-mm brown
exophytic lesion

47, F Back

17

melanocytoma

MYOSA

Loss of 15q proximal to MYOSA and distal to NTRK3

aCGH,

Complete excision, no recurrence

(3 years)

N
~

0.9

Nevus present for 30 years

Forehead
without change

72, F

18°

RNA-Seq

melanocytoma

(atypical

Spitz tumor)

Gain of 15q (proximal to NTRK3), loss of distal 15q with alternating copy number states ETV6

aCGH

Melanoma NA

4.5

>1.6

3-mm papule, juvenile
xanthogranuloma, or

Spitz nevus

Cheek

M

1,

19

suggestive of chromothripsis, gain of 12p (distal to ETV6). loss of 8p, loss of distal 20p, loss

of proximal 21q

Gains and losses of 15q with gain of 5’ end of MYOS5A and loss of 5’ end of NTRK3 and MYO5A

alternating copy number states suggestive of chromothripisis, gain of distal 2q, small loss
and gain on 4p, loss of 8p, losses of 9p with deep deletion of CDKN2A

aCGH

Melanoma

11.0

Cyst, subcutaneous nodule

Elbow

29, M

20

Gain of 15q (distal to MYO5A) with additional gain if the 3’ end of NTRK3, loss of distal Ip, MYO5A

RNA-Seq 2q, 7p, and 9q

aCGH,
aCGH

Melanoma NA

10.3

8.2

15 x 10-mm nodule

Shoulder

44, F

21

MYH9

Gain of 15q (proximal to NTRK3), gain of 22q (distal to MYH9)

Melanoma

7.5

Not available

Forearm

74, M

22

aCGH array-based comparative genomic hybridization, RNA-Seq transcriptome sequencing.

*Maximum value measured in histopathologic sections of the tumor.

®Cases included in our earlier report on NTRK3-rearranged Spitz tumors [14].

® ETV6-NTRK3
® MYO5A-NTRK3
© MYH9-NTRK3

. .
e o o o oo 00 0 000 .

$ oo °

0 10 20 30 40 50 60 70 80

Age at diagnosis (years)

Fig. 1 Age at diagnosis and anatomic distribution of NTRK3-fused
Spitz tumors. Age and anatomic site distribution for each NTRK3
fusion partner.

Distinct histopathologic features of melanocytic
tumors with ETV6-NTRK3 and MYO5A-NTRK3 fusions

The histopathologic features of NTRK3-fused tumors are
summarized in Table 2. Most lesions were well-circum-
scribed, dome-shaped or nodular, dermal or pre-
dominantly dermal tumors extending into the reticular
dermis. The mean tumor thickness was 2.7 +£2.02 mm. Of
the 16 cases in which the base of the tumor was contained
within the biopsy, a majority had a wedge-shaped or
bulbous lower contour (56 and 25%, respectively). Most
tumors were densely cellular and composed of closely
packed nests or interlacing fascicles, some even showing
syncytial and sheet-like growth pattern of rather mono-
morphous melanocytes with minimal intervening stroma.
In half, there was poor maturation with descent, while in
the other half maturation was limited. The overlying
epidermis was thinned in 76%, and ulceration was present
in 10%.

The constituent melanocytes had mostly monomorphous
rather than pleomorphic features and were occasionally
multinucleated. Dermal mitoses were easily detectable in
27%, and if present, were usually scattered throughout the
entire tumor rather than limited to superficial portions. One
third of all tumors had at least one deep (in the lower third
of the tumor) or marginal (within 0.25 mm of the deep
periphery of the tumor) mitosis, although this was more
commonly observed among tumors with ETV6-NTRK3
fusion (p =0.02).

In the majority (n =6, 86%) of cases with ETV6-NTRK3
fusion the predominant morphology of the constituent
melanocytes was epithelioid, which was the case in a
minority of the MYO5A-NTRK3-fused tumors (n =5, 38%),
(not significant, p =0.07). ETV6-NTRK3-fused tumors
often had large coalescing nests, “lobulated nests” similar to
those previously described in NTRK1-fused tumors [13],

SPRINGER NATURE
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Table 2 Histopathologic
features of melanocytic tumors
with NTRK3 fusion.

NTRK3 fusion subtype by partner gene

ETV6 MYOS5A MYH9 Total

Tumor thickness (mm, mean + SD)* 2.2+0.95 2.9+2.46 4.1+0.15 2.8 +2.00
Tumor diameter (mm, mean = SD)* 4.5+1.68 7.2+2.94 6.1+1.98 6.2+2.73
Silhouette

Dome-shaped 57 (71%) 6/13 (46%) 0/2 (0%) 11/22 (50%)

Nodular 2/7 (29%) 4/13 (31%) 1/2 (50%) 7/22 (32%)

Plaque-like 0/7 (0%) 2/13 (15%) 1/2 (50%) 3/22 (13.5%)

Polypoid 0/7 (0%) 1/13 (8%) 0/2 (0%) 1/22 (4.5%)

Flat base® 0/4 (0%) 3/10 (30%) 0/2 (0%) 3/16 (19%)

Wedge-shaped base” 4/4 (100%) 4/10 (40%) 172 (50%) 9/16 (56%)

Bulbous/ dumbbell base” 0/4 (0%) 3/10 (30%) 1/2 (50%) 4/16 (25%)
Location of melanocytes

Compound 2/7 (29%) 4/13 (31%) 0/2 (0%) 6/22 (27%)

Dermal or predominantly dermal 5/7 (71%) 9/13 (69%) 2/2 (100%) 16/22 (73%)
Epidermal changes®

Hyperplasia 3/7 (43%) 2/12 (17%) 172 (50%) 6/21 (29%)

Thinned epidermis 7/7 (100%) 9/12 (75%) 0/2 (0%) 16/21 (76%)

Ulceration 2/7 (29%) 0/12 (0%) 0/2 (0%) 2/21 (10%)
Architecture

Large nests 517 (71%) 2/13 (15%) 0/2 (0%) 7/22 (32%)

Back-to-back nests and/or sheets 6/7 (86%) 8/13 (62%) 172 (50%) 15/22 (68%)

Fascicles 3/7 (43%) 8/13 (62%) 0/2 (0%) 11722 (50%)

Pseudo-Verocay bodies 0/7 (0%) 6/13 (46%) 0/2 (0%) 6/22 (27%)
Cytologic features

Mostly epithelioid 6/7 (86%) 5/13 (38%) 2/2 (100%) 13/22 (59%)

Mostly spindled 1/7 (14%) 8/13 (62%) 0/2 (0%) 9/22 (41%)

Large cells with eccentric nuclei 4/7 (57%) 2/13 (15%) 0/2 (0%) 6/22 (27%)

Multinucleation 4/7 (57%) 5/13 (38%) 1/2 (50%) 10/22 (46%)
Dermal mitoses

Present 6/7 (86%) 6/13 (46%) 0/2 (0%) 12/22 (55%)

Deep or marginal 5/7 (71%) 2/13 (15%) 0/2 (0%) 7122 (32%)
Lymphocytic infiltrate

Throughout the tumor 6/7 (86%) 2/13 (15%) 0/2 (0%) 8/22 (36%)

Patchy at the base/periphery 0/7 (0%) 3/13 (23%) 172 (50%) 4/22 (18%)
Other

Kamino bodies® 0/7 (0%) 2/12 (17%) 0/2 (0%) 2/21 (10%)

Pigmentation (moderate to marked) 0/7 (0%) 7113 (54%) 0/2 (0%) 7122 (32%)

Maturation (limited) 4/7 (57%) 6/13 (46%) 1/2 (50%) 11/22 (50%)

Sclerotic stroma 1/7 (14%) 8/13 (62%) 2/2 (100%) 11/22 (50%)

For non-excisional biopsies, calculation includes size of the tumor available within a sample.

®Includes only cases in which base of the tumor was contained within a biopsy.

“Epidermis was missing in one of the samples (case 21).

and sheets of non-maturing melanocytes. Cells were oval to
polygonal, with abundant, pale cytoplasm, and large,
somewhat pleomorphic, often eccentrically placed nuclei
(Fig. 2). Most of the tumors with ETV6-NTRK3 fusion were
composed of melanocytes with glassy cytoplasm and dis-
tinct cell borders and a permeating lymphocytic infiltrate,
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which was observed in only a minority of the cases with
MYO5A-NTRK3 fusion. While none of the tumors with
ETV6-NTRK3 fusion were highly pigmented, considerable
significant amounts of melanin were present in slightly
more than half (n=7, 53%) of the tumors with MYO5A-
NTRK3 fusion (p = 0.04).
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Fig. 2 Spitz melanocytomas
(atypical Spitz tumors) with
ETV6-NTRKS3 fusion. a Low-
power view shows a domed-
shaped tumor (case 7). b There
is epidermal hyperplasia and a
junctional component. ¢ In some
areas, melanocytes are elongated
with ground-glass cytoplasm.

d In other areas, melanocytes are
epithelioid with distinct cell
borders and pleomorphic,
eccentrically placed nuclei.

e Low-power view shows an
exophytic nodule with thinned
and focally ulcerated epidermis,
and an epidermal collarette (case
4). f Large nests of melanocytes
are present with an associated
permeative lymphocytic
infiltrate. g¢ Dermal mitoses deep
within the tumor are easily
identified (arrows). h Some
melanocytes contain
lymphocytes within their
cytoplasm.

Melanocytic tumors with MYO5A-NTRK3 fusion often
demonstrated a fascicular growth pattern which was occa-
sionally plexiform or syncytial (Figs. 3 and 4). In more than
half of the MYO5A-NTRK3 cases, interlacing fascicles were
composed of fusiform to spindled melanocytes (62% of
cases, compared to 14% in ETV6-NTRK3 and none of the
MYH9-NTRK3 tumors), which gave the tumors a neuroid
appearance. Another characteristic feature, detected exclu-
sively in tumors with MYO5A-NTRK3 fusions, was pali-
sading of the nuclei with the formation of pseudo-Verocay
bodies or pseudo-rosettes, which additionally contributed to
the neuroid appearance of these tumors (Figs. 2 and 4).
Large epithelioid melanocytes as a minor population within
a background of spindled melanocytes were observed only
in two tumors with MYO5A-NTRK3 fusions, both melano-
mas (Fig. 4).

Both cases harboring the MYH9-NTRK3 fusion (Fig. 5)
were dermal nodules embedded in a prominently fibrotic
stroma. In one of the tumors there was collagen trapping at
periphery and “honeycomb” pattern of infiltration into the
fat. In another case, there was lateral displacement of the

elastotic material by the desmoplastic melanocytic tumor.
Cells were epithelioid, arranged syncytially, or in small
aggregates placed between coarsened collagen bundles.
Mitoses were not identified.

ETV6-NTRK3 and MYO5A-NTRK3 have distinct
locations within melanocytes and result in different
phenotypic changes

Antibodies that recognize the kinase domain of NTRK3 are
known to demonstrate nuclear positivity in tumors with
ETV6-NTRK3 fusions, suggesting that the fusion protein
localizes to the nucleus. ETV6 is an ETS family transcrip-
tion factor that is localized predominantly to the nucleus;
this localization depends on its nuclear localization motif
located within residues 332-452 [31]. ETV6-NTRK3
fusions characteristically contain only exons 1-5 of
ETV6, which do not encode the nuclear localization motif
of ETV6. It has been recently demonstrated that the cyto-
plasmic portion of NTRK3 contains a nuclear localization
signal within the kinase domain that results in nuclear
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Fig. 3 Melanocytic tumors
with MYO5A-NTRK3 fusion
display unique histopathologic
features. a Case 10 is a broad,
dome-shaped predominantly
intradermal tumor. b The
constituent melanocytes are
monomorphous and spindled
throughout with a fascicular to
plexiform growth pattern that
occasionally show palisading
resembling Verocay bodies.
Marked pigmentation of some
superficial melanocytes is
present. ¢ Within the dermis,
nests of spindled melanocytes
are present in fascicular nests
and focal pigmentation is
present (inset). d Case 18 has a
similar profile from low-power.
e Large nests of melanocytes
with small hyperchromatic
nuclei are present in the
papillary dermis beneath a
thinned epidermis. f Pseudo-
rosettes are present within nests
of melanocytes. g In the deep
portion, elongated melanocytes
are dispersed as small nests and
single melanocytes.

translocation of fragments of NTRK3 generated by caspase
cleavage [32]. This nuclear localization signal of NTRK3 is
retained in both ETV6-NTRK3 and MYOS5A-NTRK3
fusion proteins.

MYOS5A is a processive actin-based motor that is
involved in melanosome transport to the dendrites of mel-
anocytes [33]. MYOSA has four distinct regions: the N-
terminal motor domain, a neck domain with binding sites
for light chains, a proximal tail domain that contains coiled-
coil domains that lead to dimerization and a C-terminal
globular tail domain that inhibits the motor domain unless
bound to cargo [34]. MYOSA-NTRK3 fusion proteins
contain the first three regions with variable numbers of
coiled—coiled domains but lack the C-terminal globular tail
domain. Thus, MYOS5A-NTRK3 proteins would be pre-
dicted to dimerize and travel along actin filaments without
the ability of binding to cargo.

To further characterize these two fusion proteins, we
lentivirally transduced immortalized mouse melanocytes to
express ETV6-NTRK3 or MYOS5A-NTRK3 each with a V5
tag at the C-terminus (Fig. 6a, b). The expression of both
fusion proteins resulted in increased levels of
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phosphorylated ERK and AKT as compared to GFP trans-
duced controls. While the amount of MYOS5A-NTRK3
expressed appeared significantly lower than the amount of
ETV6-NTRK3 expressed as assessed by Western blotting
for the V5 epitope, the levels of phosphorylated ERK and
AKT were similar, indicating that MYOS5A-NTRK3 more
strongly activates the MAPK and PI3K pathways. Mela-
nocytes expressing ETV6-NTRK3-V5 adopted a rounded,
flattened cytomorphology whereas those expressing
MYOS5A-NTRK3-V5 adopted a highly dendritic cytomor-
phology. We visualized the subcellular localization of the
two distinct NTRK3 fusion proteins by immuno-
fluorescence using an anti-V5 primary antibody. ETV6-
NTRK3-V5 was diffusely localized both to the nucleus and
the cytoplasm with increased concentration in the nucleus.
In contrast, MYOS5A-NTRK3-V5 levels were increased
within dendrites as compared to the cell body and appeared
excluded from the nucleus (Fig. 6c¢).

This distinct localization of the ETV6-NTRK3 and
MYOS5A-NTRK3 fusion proteins was reflected in melano-
cytic tumors from patients. Immunohistochemistry using a
pan-TRK antibody that recognizes the kinase domain of Trk
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Fig. 4 Melanomas with MYO5A-NTRK3 fusion demonstrate
nodules of spindled melanocytes with a fascicular growth pattern
and areas of marked cytologic atypia. a Low-power view of case
21 shows an exophytic, dermal nodule with bulbous base. b Spindled
melanocytes are arrayed in densely packed interlacing fascicles. ¢ In
the superficial portion, dermal melanocytes are epithelioid with distinct
cellular membranes, nuclear pleomorphism, and prominent nucleoli.
Pigmentation is present within superficial melanocytes. d Spindled

proteins (NTRK1/2/3) demonstrated moderate cytoplasmic
and intense nuclear positivity in tumors with ETV6-NTRK3
fusion. In contrast, tumors with MYO5A-NTRK3 fusion
did not demonstrate nuclear positivity but instead thin linear
regions of positivity, suggesting localization to dendrites
(Fig. 6d).

Discussion

We describe histopathologic features of melanocytic tumors
with NTRK3 fusions and identify distinct features associated
with the recurrent 5’ fusion partners ETV6 and MYOS5A.
NTRKS3 fusions occur in a mutually exclusive pattern with
other MAPK activating initiating mutations such as BRAF
and NRAS mutations and other kinase fusions and thus are
considered an initiating mutation, which gives rise to a
melanocytic nevus. Our study did not include pigmented
spindle cell nevi, a category in which others have shown
that NTRK3 fusions are present in over half of cases. This
difference is likely due to the fact that our cases were
selected from consultations or ambiguous melanocytic

melanocytes demonstrate visible nucleoli and occasionally contain
pigment granules in their fibrillar cytoplasm. e Low-power view of
case 20 shows a dermal-subcutaneous nodule with multi-lobulated,
plexiform pattern, f Spindled melanocytes form pseudo-Verocay
bodies. g In central areas, epithelioid melanocytes with distinct cel-
lular membranes and moderate amounts of ground-glass cytoplasm are
arrayed as nests. h Spindled melanocytes arranged in fascicles display
fibrillar cytoplasm.

neoplasms, and do not reflect an overall survey of mela-
nocytic tumors with NTRK3 fusion [6]. The majority of the
cases in our study were predominantly dermal. It remains to
be seen if the histopathologic differences we identified
between ETV6-NTRK3- and MYOS5A-NTRK3-fused pre-
dominantly dermal melanocytic tumors are also present in
melanocytic tumors that are predominantly intraepidermal
and may arise from a distinct cell of origin.

Melanocytic tumors with ETV6-NTRK3 were sometimes
reminiscent of BAPI-inactivated melanocytomas with nes-
ted or sheet-like collections of epithelioid melanocytes with
well-defined nuclear membranes, eccentrically placed
nuclei, and a permeative lymphocytic infiltrate. However, in
contrast to BAPI-inactivated melanocytomas, which typi-
cally harbor BRAF V600E mutations and bi-allelic inacti-
vation of BAPI [2, 35], tumors with ETV6-NTRK3
demonstrated less cellular and nuclear pleomorphism. In
about a quarter of cases with ETV6-NTRK3, an intraepi-
dermal component was present and this is unusual in BAPI-
inactivated melanocytomas, outside of those associated with
germline BAPI mutations [2, 35, 36]. However, a separate
component composed of smaller melanocytes, which in
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Fig. 5 Architectural and
cytologic features of
melanocytic tumors with
MYHY9-NTRK3 fusion. a At
scanning magnification, case 2 is
intradermal with a nodular
configuration and extends into
the subcutis. b There is
“honeycomb” pattern of
infiltration into the subcutis and
“collagen trapping” at periphery
of the tumor. ¢ Constituent
melanocytes are moderately
large and epithelioid arranged
syncytially. d Low-power view
of case 22 shows an intradermal
tumor. Markedly desmoplastic
stroma displaces the elastotic
material in the superficial
dermis. e Melanocytes are
arrayed as small aggregates and
single cells intercalating
between thickened collagen
bundles. There is infiltrative
growth pattern around eccrine
glands and arrector pili muscle.
f. Epithelioid melanocytes have
well-defined cellular
membranes.

BAP]-inactivated melanocytomas represent the antecedent
conventional nevus with intact BAPI, was never identified
in tumors with ETV6-NTRK3. This supports the notion that
ETV6-NTRK3 is sufficient for the formation of a Spitz
nevus with epithelioid melanocytes that does not go through
a step-wise progression requiring additional genetic
alterations.

In contrast, tumors with MYO5A-NTRK3 were typically
composed of spindled rather than epithelioid melanocytes,
arrayed in fascicles or nests. While the fascicular arrange-
ment of melanocytes is reminiscent of that seen in ALK
fused Spitz tumors, the spindled melanocytes in MYO5A-
NTRK3 tumors have thinner and more uniformly staining
nuclei. Thus, these tumors often resembled neurotized nevi
or neural tumors with melanocytic markers needed to con-
firm melanocytic lineage in some cases. In contrast to
neurotized nevi, however, in tumors with MYO5A-NTRK3
melanocytes with elongated nuclei were typically present
throughout the tumor, rather than being accentuated at the
base. While the presence of an NTRK3 fusion is considered
diagnostic of a Spitz tumor according to the 2018 WHO
classification of skin tumors, some MYOS5A-NTRK3 tumors
would not be recognized as Spitz tumors by histopathologic
evaluation alone.

Our study was limited by the fact that we did not perform
comprehensive gene panel sequencing of the tumors, only
assessment for NTRK3 fusion (by aCGH or RNA-Seq).
While tumors with ETV6-NTRK3 or MYOSA-NTRK3 had
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different patterns of copy number alterations on chromo-
some 12p (where ETV6 is located) and chromosome 15q
(where MYO5A and NTRK3 are located) other copy number
differences were not notable between the tumors with these
different NTRK3 fusions.

The observation that some histopathologic features are
predictive of which RTK fusion is present in a Spitz tumor
[10-13] is thought to reflect the biologic differences
between the RTKs and the different downstream signaling
that results. We hypothesized that because tumors with
ETV6-NTRK3 and MYOS5A-NTRK3 have distinct histo-
pathologic features that the fusion proteins would have
distinct biologic characteristics. While NTRK3 is a
transmembrane protein localized predominantly to the
plasma membrane, we found that ETV6-NTRK3 and
MYOS5A-NTRK3 have distinct subcellular localizations.
While both contain the nuclear localization signal of
NTRK3, only ETV6-NTRK3 was demonstrated to loca-
lize to the nucleus. In contrast, MYOS5A-NTRK3 likely
binds to and travels along actin filaments as the myosin
motor and portions of the dimerization domain of
MYOS5A are retained in the fusion protein. Melanocytes
contain a cortical shell of actin along dendrites, which
allows MYOS5A and melanosomes to colocalize in the
periphery in normal melanocytes [37]. The localization of
MYOS5A-NTRK3 observed corresponds with localization
to this cortical shell of actin, likely anchoring the fusion
protein and preventing nuclear import.
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Fig. 6 NTRK3 fusions contain different portions of NTRK3 and
have distinct subcellular localizations. a Diagram of protein domains
in ETV6-NTRK3-V5 and MYOS5A-NTRK3-V5 fusion proteins
expressed in melan-a cells as compared to wild-type NTRK3. b
Western blot of protein lysates from melan-a stably transduced with
ETV6-NTRK3-V5, MYO5A-NTRK3-V5 and GFP demonstrates the
tagged proteins at the predicted molecular weights. Activation of the
MAPK (p-ERK), PI3K (p-AKT), and PLCy (p- PLCy) pathways is
seen with expression of the fusion proteins as compared to GFP
expressing control. ¢ ETV6-NTRK3 and MYOS5A-NTRK3 have dis-
tinct subcellular localizations and confer distinct cytomorphologic
features when expressed in melanocytes. The fusion proteins are
detected by an anti-V5 antibody conjugated to a Cy3 fluorophore
(yellow). DAPI counterstain (blue) highlights the nucleus. In the left

Some RTKs or fragments of them are localized to the
nucleus where they have been demonstrated to participate in
nuclear MAPK signaling and interact with transcription
factors to modulate gene expression [38]. As ETV6-NTRK3
retains the DNA binding domain of ETV6, the fusion pro-
tein may regulate transcription when present in the nucleus.

column, melan-a cells expressing ETV6-NTRK3 show a more epi-
thelioid morphology with a few thick and short dendritic processes.
ETV6-NTRK3 is localized diffusely to the cytoplasm with increased
concentration in the nucleus. In the right column, melan-a cells
expressing MYOS5A-NTRK3 demonstrated a highly dendritic mor-
phology with an increased number of long, thin, and branching den-
drites. MYOS5A-NTRK3 is localized to the cytoplasm with a lower
concentration in the nucleus. The fusion protein is concentrated within
the dendrites and at the tips of dendritic processes. d In melanocytic
tumors from patients, those with ETV6-NTRK3 demonstrate strong
nuclear and moderate cytoplasmic NTRK kinase domain (left) while
those with MYO5A-NTRK3 demonstrate cytoplasmic expression of
NTRK kinase with strong linear staining likely along dendritic pro-
cesses by pan-TRK immunochemistry.

In addition, ETV6-NTRK3 and MYO5A-NTRK3 con-
tain different portions of NTRK3. ETV6-NTRK3 does not
contain tyrosine 516 of NTRK3, which is phosphorylated
after activation to create a docking site for Shc, fibroblast
growth factor receptor substrate 2, the p85 subunit of PI3K,
and other adapters, which lead to activation of the Ras and
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PI3K pathways [14]. The absence of this docking site in
ETV6-NTRK3 results in its dependence on binding to
insulin-like growth factor 1 receptor (IGF1R) and insulin
receptor substrate 1 (IRS1) to activate PI3K and transform
cells [39, 40]. As MYOS5A-NTRK3 does contain tyrosine
516 of NTRK3, dependence on binding to IGF1R and IRS1
would not be expected.

In vitro, MYOS5A-NTRK3 but not ETV6-NTRK3
induced dendritic outgrowth and branching in melano-
cytes, echoing the known role of NTRK3 signaling in
dendrite morphogenesis during neuronal development [41].
Perhaps the NTRK3 signaling that induces such dendritic
outgrowth occurs through adapter proteins that bind to
tyrosine 516 of NTRK3, accounting for the lack of induced
dendritic outgrowth with expression of ETV6-NTRK3.

This is the first study to note phenotypic differences in
melanocytic tumors based on the 5’ partner of the NTRK3
fusion. The nature of the 5’ partner gene also affects the
biological function of BRAF fusions and can impact the
response to RAF inhibitors [42]. Here, our work indicates
that differences in subcellular localization and functional
portions of the kinase included in the fusion protein are
additional factors that may affect biologic function and
potentially response to TRK inhibitor therapy.
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