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Abstract

Oncogenic fusions in TRK family receptor tyrosine kinases have been identified in several cancers 

and can serve as therapeutic targets. We identified ETV6-NTRK3, MYO5A-NTRK3 and MYH9-

NTRK3 fusions in Spitz tumours and demonstrate that NTRK3 fusions constitutively activate the 

MAPK, PI3K and PLCγ1 pathways in melanocytes. This signalling was inhibited by DS-6051a, a 

small molecule inhibitor of NTRK1/2/3 and ROS1. NTRK3 fusions expand the range of 

oncogenic kinase fusions in melanocytic neoplasms and offer targets for a small subset of 

melanomas for which currently no targeted options exist.
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Introduction

Constitutive activation of signalling pathways controlling cell growth and proliferation by 

activating mutations in dominant oncogenes such BRAF, NRAS, KIT, GNAQ or GNA11 is 

found in the majority of melanocytic tumours [1–5]. These mutations tend to occur early 

during progression and are almost always mutually exclusive with each other. While 

inactivating mutations in NF1 have emerged as an additional genetic alteration[6], a subset 

of melanoma remains ‘wild-type’ despite exhaustive studies sequencing the coding regions 

of genes [7,8]. Recently, we and others described recurrent rearrangements of kinases as a 

novel class of oncogenic alterations in this subset of melanocytic neoplasms [9–12]. In some 

cases, the presence of a fusion kinase was associated with copy number transitions within 

the kinase gene with relative gain of the 3′ portion of the gene. The transitions result from 

duplication of the DNA fragment that encodes the 3′ portion of the kinase gene and/or loss 

of the other fragment that carries the 5′ portion of the kinase gene.

In our clinical practice, we perform array comparative genomic hybridization (aCGH) as an 

adjunct to the histopathologic diagnosis of difficult to classify melanocytic tumours. In our 

database of copy number profiles we noticed cases with copy number transitions within the 

NTRK3 locus on chromosome 15q with a relative gain of the NTRK3 kinase domain 

suggesting the presence of an activating NTRK3 fusion kinase in these cases.

Here, we report ETV6-NTRK3 fusions in melanocytic tumours as well as novel NTRK3 

fusions with MYO5A and MYH9. These kinase fusions appear in a mutually exclusive 

pattern with previously identified melanoma oncogenes, are constitutively active, and may 

serve as therapeutic targets for a subset of melanomas.

Materials and Methods

Study Population

We analysed the copy number profiles of 1,202 melanocytic neoplasms, for which array 

comparative genomic hybridization (aCGH) was performed as part of the diagnostic 

assessment at the UCSF Dermatopathology Service of the Departments of Dermatology and 

Pathology at the University of California, San Francisco over a 36 month period from 2010 

through 2013. The majority of these cases are ‘borderline’ or ambiguous tumours with 

histopathological features that overlap those of melanocytic nevi and melanoma, for which 

aCGH was performed as an ancillary diagnostic test. The final diagnosis was determined by 

review of histopathologic features and aCGH results. The diagnostic criteria for Spitz nevi, 

atypical Spitz tumour and spitzoid melanoma used are those detailed by LeBoit and Massi 

[13]. The study was approved by the Committee on Human Research (11-07951) and was 

conducted according to the Declaration of Helsinki. Human tissues were obtained with 

informed consent during the course of clinical care and a waiver of consent was granted for 

use of archival material in this study.
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DNA extraction

Areas of tumour were microdissected from 20 μm thick sections of formalin-fixed, paraffin-

embedded (FFPE) tumour. After deparaffinization by washing with SafeClear and ethanol, 

DNA was extracted by phenol/chloroform extraction.

Array comparative genomic hybridization (aCGH)

This was carried out using 500–1000 ng of genomic DNA on Agilent 4×180k microarrays 

(Agilent, Santa Clara, CA). The raw microarray images were processed with Agilent Feature 

Extraction software, and analysed using Nexus Copy Number Software version 7.0 

(Biodiscovery, El Segundo, CA). Segmentation was performed requiring at least 10 probes 

per segment and copy number status was defined by log2ratio as follows: gain >= 0.2, 

amplification >=0.7, loss <= −0.17, homozygous loss <= −0.75. Cases demonstrating copy 

number transitions with relative copy number increase of the 3′ portion of NTRK3 with 

sufficient residual DNA or tissue were selected for sequencing. Given the resolution of our 

aCGH platform, we included copy number transitions within 50 kb of NTRK3.

DNA sequencing and analysis

Multiplex library preparation was performed using the Ovation Ultralow Library System 

(NuGEN, San Carlos, CA, p/n 0331-32) or Nextflex (Bioo Scientific, Austin, TX, p/n No. 

5140-53) according to the manufacturer’s specifications, with up to 200 ng of sample DNA. 

Hybridization-capture of pooled libraries was performed using custom-designed bait 

libraries (Nimblegen SeqCap EZ Choice, p/n 06588786001) spanning ~1.8 Mb of the 

genome including the exons of BRAF, NRAS, HRAS, KIT, GNAQ and intron 14 of NTRK3 
and introns 3 and 4 of ETV6 (supplementary information, Tables S1–S4). The target 

intervals cover mostly exonic but also some intronic and untranslated regions of 293 (version 

1) or 365 target genes (version 2). The target genes were curated to comprise common 

cancer genes with particular relevance to melanoma.

Captured libraries were sequenced as paired-end 100bp reads on a HiSeq 2000 or HiSeq 

2500 instrument (Illumina). Sequence reads were mapped to the reference human genome 

(hg19) using the Burrows-Wheeler aligner (BWA) [14]. Recalibration of reads and variant 

calling were performed using the Genome Analysis Toolkit (GATK) [15]. Coverage and 

sequencing statistics were determined using Picard CalculateHsMetrics and Picard 

CollectInsertSizeMetrics [16] (Supplementary Table S5). Variant annotation was performed 

with Annovar [17]. For fusion detection, read pairs with one or more reads unaligned, insert 

sizes greater than 1000 bp, or with soft clipping of at least one read were extracted and re-

aligned using BWA-SW [18] and used as input to CREST [19]. Structural variants predicted 

by CREST were reviewed by visual inspection in the Integrative Genomics Viewer [20]. We 

predicted the resulting fusion transcripts by joining the exon directly upstream from the 

genomic breakpoint with the exon directly downstream. Predicted protein sequences were 

then determined from the predicted transcripts.

RNA sequencing and analysis

RNA was extracted from FFPE tumours after microdissection using the Qiagen RNEasy 

FFPE kit (p/n 73504) following the manufacturer’s protocol. Double stranded cDNA was 
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synthesized with the NEBNext mRNA Library Prep Reagent Set for Illumina (New England 

Biolabs E6100S) with up to 250 ng of input total RNA. Hybrid selection of indexed, 

adaptor-ligated libraries was performed using the cDNA Kinome hybridization kit with 612 

transcripts of kinases and kinase-related genes (Agilent SureSelect Human Kinome Kit, 

5190-4801). Sequencing was performed on the HiSeq 2500 instrument (Illumina) with 

paired-end 100bp reads (Supplementary Table S2). Sequence reads were mapped to the 

reference human genome (hg19) using Tophat and fusions were identified by Tophat Fusion 

in combination with manual review [21,22].

Confirmation by RT-PCR

Total RNA extracted from FFPE tissue sections was reverse transcribed with random 

hexamer primers using an NEBNext RNA First Strand Synthesis module. RT-PCR 

amplification was done for 32 cycles using Platinum Taq DNA polymerase (Invitrogen) with 

positive and negative controls using primer pairs described in Supplementary Table S6. The 

PCR products were resolved on a 2% agarose-TBE gel, stained with SYBR safe 

(Invitrogen), and visualized under UV illumination.

Plasmid construction

The cDNA of the ETV6-NTRK3 and MYO5A-NTRK3 fusions were generated by 30 cycles 

of overlap PCR using Addgene plasmid #23901 and sequences corresponding to the N-

terminal portions of ETV6 and MYO5A (synthesized by Genewiz, South Plainfield, NJ) 

with Platinum Pfx DNA polymerase (Invitrogen). Subsequent cloning into pENTR was 

performed with the D-TOPO kit (ThermoFisher Scientific) following the manufacturer’s 

instructions. Subsequently, the cDNA was cloned by LR Clonase II (Life Technologies) into 

the pLenti6.3/TO/V5-Dest backbone (Life Technologies).

Generation of stably transduced cell lines

Melan-a cells were generously provided by Dr. Dorothy C. Bennett (St. George’s Hospital, 

University of London, London, UK) [23]and maintained in glutamine-containing 

RPMI-1640 supplemented with 10% heat-inactivated fetal bovine serum, 200 nM of 12-O-

tetradecanoylphorbol-13-acetate (TPA), penicillin (100 units/mL) and streptomycin (50 mg/

mL). 293FT cells were purchased from Life Technologies and maintained in DME-H21 

medium containing 10% heat inactivated fetal bovine serum, minimal essential media 

(MEM) Non-Essential Amino Acids (0.1 mM), sodium pyruvate (1 mM), penicillin (100 

units/mL) and streptomycin (50 mg/mL).

Lentiviruses were produced by transfecting 293FT cells with plasmid DNA pLenti6.2-GFP 

or pLenti6.3/TO/V5-Dest backbone with pCMV-VSV-G and pCMV delta R8.2 using 

JetPrime (Polyplus-transfection, Illkirch). Melan-a cells were transduced by infection with 

lentivirus in the presence of 10 μg/ml of polybrene (Santa Cruz Biotechnology).

Drug studies

The selective ROS1 and NTRK1/2/3 inhibitor DS-6051a was a gift from Daiichi Sankyo. 

Transduced melan-a cells were treated with glutamine-containing RPMI-1640 with drug (1 

μM) or without for 4 h before collection of lysates.
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Western Blotting

Antibodies: anti-phospho-Erk (#9101), anti-pan NTRK (C17F1), anti-NTRK3 (sc117), anti-

phospho AKT (Ser473) (#9271), anti-AKT (#9272), anti-phospho-PLCγ1 (Tyr783) (#2821), 

and anti-PLCγ1 (#2822), from Cell Signaling Technologies, anti-HSP60 (sc-1722) and anti-

ERK (sc154) from Santa Cruz Biotechnology. Cell lysates were prepared in RIPA buffer 

supplemented with Halt protease and phosphatase inhibitor cocktail (Thermo Scientific). 

Equal amounts of protein (30 μg), as measured by bicinchoninic (BCA) protein assay, were 

resolved in 4–12% Bis-Tris NuPage gradient gels (Life Technologies) and transferred 

electrophoretically to a polyvinylidene difluoride 0.45 μM pore membrane. Membranes were 

blocked in 5% non-fat milk in Tris-buffered saline with Tween 20 (TBST) before being 

incubated overnight at 4° C with the primary antibodies (1:1000 dilution in 5% non-fat milk 

in TBST). Signal detection was achieved by incubation of the membrane in enhanced 

chemiluminescence (ECL) solution (Millipore) and exposure of autoradiography film. The 

full blots are shown in supplementary Figure S12.

Results

Identification of NTRK3 kinase fusions

Of 1202 cases of difficult to classify melanocytic tumours for which aCGH was performed 

for clinical purposes, 22 (1.8%) demonstrated copy number transitions in NTRK3 with a net 

gain of the 3′ portion of NTRK3 (Supplementary Table S7–8). Of these cases, 10 

demonstrated a gain of the 3′ end of NTRK3, 9 demonstrated a loss of the 5′ end of 

NTRK3, and 3 demonstrated both gain of the 3′ end and loss of the 5′ end of NTRK3. 

Amplification of any portion of NTRK3 was not observed.

Leftover material was available for 12 of these 22 cases and was subjected to kinome RNA 

sequencing and/or targeted DNA sequencing of ~ 300 melanoma and other cancer-related 

genes, including all exons of NTRK3, intron 14 of NTRK3, and introns 3 and 4 of ETV6 
(n=10). We identified NTRK3 fusions in 8 cases (75%), with the 5′ fusion partner ETV6 
(chr12p13) in four cases, MYO5A (chr15q21) in 3 cases, and MYH9 (chr22q12) in 1 case. 

For 5 cases (those with available RNA), the NTRK3 fusions were confirmed by RT-PCR, 

(Supplementary Figure S1). Activating mutations in BRAF, NRAS, HRAS, GNAQ, GNA11 
or fusions in other kinases were not identified in tumours with NTRK3 fusions.

In all cases with NTRK3 fusions, the predicted or sequenced fusion transcript was in frame 

and contained the kinase domain of NTRK3 (Figure 1). The ETV6-NTRK3 fusion 

transcripts were comprised of the first 5 exons of ETV6 (NM_001987) followed by exons 15 

– 20 of NTRK3 (NM-001012338), similar to what has been commonly observed in other 

tumour types due to the reciprocal translocation t(12;15)(p13;q25)[24–26]. The MYH9-
NTRK3 fusion found in one case arose from a breakpoint within exon 32 of MYH9 
(NM_002473), joining it to intron 13 of NTRK3. This resulted in an insertion of 22 nt of 

NTRK3 intron 13 into the coding sequence, adding 7 amino acids. Two different MYO5A-
NTRK3 fusion genes were identified in three other cases. Fusion transcripts joining exon 1–

32 of MYO5A (NM_001142495) to exon 13–20 of NTRK3 were present in cases 6 and 8. In 

case 7, transcriptome sequencing revealed two fusion transcripts, spanning MYO5A through 
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exon 23 followed by NTRK3 exon 11–20 in one and exons 12–20 in the other. This likely 

reflects a fusion gene with a genomic breakpoint in intron 10 of NTRK3, with alternative 

splicing of the fusion transcript resulting from skipping of exon 11 of NTRK3, which 

encodes 9 amino acids. Among the four known transcript variants of NTRK3 described in 

the NCBI database, exon 11 is skipped in transcript variant 4 (NM_001243101).

Three of four cases with ETV6-NTRK3 fusions had copy number profiles suggesting non-

reciprocal translocations with loss of distal chromosome 15q (Cases 1–3, Supplementary 

Figure S2). The remaining case with an ETV6-NTRK3 fusion had a copy number profile 

compatible with reciprocal translocation followed by duplication of the fragment encoding 

the NTRK3 kinase domain (Case 4). MYO5A resides ~35 Mb upstream from NTRK3 on 

chromosome 15. Given that the genes are in the same orientation, MYO5A-NTRK3 fusion 

could arise from tandem duplication. The copy number profile of case 8 suggests tandem 

duplication and loss of the unaffected chromosome 15 (Supplementary Figures S2 and S3). 

Two other cases in our cohort, from which material was not available for sequencing 

analysis, demonstrated a gain on chromosome 15 starting within MYO5A and ending within 

NTRK3, thus suggesting the possibility of a recurrent tandem duplication of the region 

between MYO5A and NTRK3 (Supplementary Figure S3).

MYO5A and MYH9 are both myosin genes that contribute coiled coil domains to their 

respective NTRK3 fusion genes. These coiled coil domains dimerize the native myosin 

proteins. NTRK3 fusions genes with MYH9 and MYO5A arose from breakpoints in introns 

of NTRK3 upstream from intron 14, setting them apart from ETV6-NTRK3 fusions. As a 

consequence, the novel MYH9- and MYO5A-NTRK3 fusions contain, in addition to the 

kinase domain, the critical tyrosine 516 of NTRK3, which is a site for SHC interaction, and 

in other instances also contained the transmembrane domain of NTRK3 (Figure 1).

Functional validation and fusion kinase inhibition

To determine whether MYO5A-NTRK3 is constitutively active and which downstream 

signalling pathways are activated by ETV6-NTRK3 and MYO5A-NTRK3 fusions in the 

melanocytic context, we expressed full-length NTRK3, ETV6-NTRK3 and MYO5A-
NTRK3 constructs in immortalized mouse melanocytes (Melan-a) [23] (Figure 2) and in 

293FT cells (Supplementary Figure S4). NTRK3 demonstrated little to no signalling in the 

absence of its ligand NT-3, whereas both ETV6- and MYO5A-NTRK3 fusions constitutively 

activated the mitogen-activated protein kinase (MAPK), phosphoinositol-3 kinase (PI3K), 

and the phospholipase C gamma 1 (PLCγ-1) pathways (Figure 2). Treatment with DS-6051a 

(an inhibitor of ROS1 and NTRK1/2/3), at 1 μM for 4 h completely abrogated MAPK and 

PLCγ-1 signalling and significantly diminished PI3K signalling (Figure 2).

Clinical characteristics of melanocytic tumours with NTRK3 fusions

The median age of patients with melanocytic tumours harbouring NTRK3 fusions was 10 

years, ranging from 2–72 years. Six of 8 patients (75%) were younger than 18 years (Table 

1). The 72-year-old patient recalled the tumour had been present for over 30 years without 

change. In all cases, the tumours were spitzoid with epithelioid to spindled melanocytes with 

increased amounts of cytoplasm as compared to the small melanocytes in ‘common’ or 
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conventional nevi [13]. The histopathological diagnoses ranged from probable, or unusual, 

Spitz nevus in 2 (25%) cases to atypical/ambiguous Spitz tumour for the remaining 6 (75%) 

cases. The tumours showed dermal involvement, often in form of large dermal nests or 

nodules, in 7 of 8 cases. (Figure 3, Supplementary Figures S5–S11). The Spitz designation 

indicates the presence of neoplastic melanocytes, with Spitz nevi often have distinct 

architectural features such as epidermal hyperplasia and clefting around nests of 

melanocytes in the epidermis. spitzoid features are not very reproducibly assessed, 

particularly in metastatic lesions in which architectural features are lacking.

Clinical follow-up of at least 3 years was available for half of the patients, and there were no 

reported recurrences. Sentinel lymph node biopsy was performed in one case and revealed 

involvement of one of the two biopsied lymph nodes. The patient underwent a completion 

lymphadenectomy, and no involvement of additional lymph nodes was found. In this case, 

the portions of chromosome 7 and 18 in addition to regions of the chromosomes harbouring 

ETV6 and NTRK3 (chromosomes 12 and 15) showed copy loss (Supplementary Figure S2). 

There has been no evidence of recurrence after 3.5 years of follow-up.

Discussion

Receptor tyrosine kinase fusions involving ALK, MET, NTRK1, RET and ROS1 are present 

in significant fraction of Spitz tumours [10,12,27], but are rare in non-acral cutaneous 

melanoma as demonstrated by the Cancer Genome Atlas (TCGA) [28]. In acral melanoma, a 

rare and genetically distinct subtype of melanoma, ALK gene rearrangements are present in 

~7% by fluorescence in situ hybridization [29], and the frequency of other fusions is 

unknown. Activating fusions of the serine/threonine kinase BRAF are present in 7% of Spitz 

tumours and 1% of non-acral cutaneous melanoma in the TCGA [10,12].

In this study, we identified ETV6-NTRK3, MYO5A-NTRK3 and MYH9-NTRK3 fusions in 

melanocytic tumours. NTRK3 fusion kinases were identified in 0.7% of our cohort of 1,202 

diagnostically challenging melanocytic tumours by sequencing cases with copy-number 

transitions within NTRK3. Our approach likely underestimates the frequency of NTRK3 
fusions in our cohort as almost half of the cases with copy number transitions in NTRK3 did 

not have available material for sequencing and, based on the fact that we identified NTRK3 
fusions in two-thirds of samples sequenced, may have harboured additional cases with 

NTRK3 fusions. In addition, our approach does not detect any fusions that were not 

associated with a copy number change in NTRK3 that can be identified by aCGH. In other 

tumours, ETV6-NTRK3 fusions commonly arise by reciprocal translocations and the same 

may be true for melanocytic tumours. NTRK3 fusions expand the range of kinase fusions 

observed in melanocytic neoplasms and similar to other kinase fusions, occur in a mutually 

exclusive pattern with other oncogenes including BRAF and NRAS activating mutations and 

other kinase fusions.

NTRK3 belongs to the Trk family of neurotrophin receptors (which consists of NTRK1, 

NTRK2, and NTRK3). They are transmembrane receptor tyrosine kinases that mediate 

response to one or more of four neurotrophins. In the developing nervous system Trk 

receptor signalling regulates cell fate, proliferation and axon and dendrite patterning. Trk 
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receptors influence synaptic strength and plasticity in the adult nervous system[30]. 

Melanocytes share a common neuroectodermal origin with the nervous system and Trk 

receptors are expressed in normal melanocytes and melanoma cell lines[31]. Melanoma cell 

lines respond to Trk receptor signalling with increased proliferation and migration[31].

NTRK fusions are present at a low frequency in tumours of the central nervous system 

(high-grade astrocytoma, adult glioblastoma, and paediatric high-grade glioma). In 

melanocytic tumours, NTRK1 fusions are present in 23% of spitzoid melanocytic tumours, 

spanning a spectrum from benign to malignant [12]. A single NTRK3 fusion, ETV6-
NTRK3, was detected in 1 (0.2%) of 374 cutaneous melanomas in the cancer genome atlas 

(TCGA) [28].

ETV6-NTRK3 was first identified in 1998 in a series of three congenital fibrosarcomas [25]. 

Constitutive MAPK and PI3K pathway signalling is required for ETV6-NTRK3 to transform 

fibroblasts [32]. ETV6-NTRK3 signalling requires dimerization, which is mediated by the 

pointed or sterile alpha motif (SAM) domain of ETV6 [33]. ETV6-NTRK3 is present in the 

majority of secretory breast carcinomas [26], congenital infantile fibrosarcomas [25], 

cellular type congenital mesoblastic nephromas [34], and mammary analogue secretory 

carcinomas [35]. ETV6-NTRK3 fusions have been identified at low frequency in additional 

cancer types. In thyroid cancer, the prevalence of ETV6-NTRK3 fusion is increased to 

14.5% when there is a history of radiation exposure [36]. ETV6-NTRK3 fusions have also 

been identified in rare cases of acute myelogenous leukaemia, chronic eosinophilic 

leukaemia, gastrointestinal stromal tumour, inflammatory myofibroblastic tumour, paediatric 

high grade glioma, head and neck squamous cell carcinoma and metastatic colorectal 

carcinoma [28,37–42]. Additional NTRK3 fusions have been reported (LYN-NTRK3, 

RBPMS-NTRK3, BTBD1-NTRK3), but to our knowledge none are recurrent [28,41].

We identified the known ETV6-NTRK3 fusion in Spitz tumours and the previously 

undescribed MYO5A-NTRK3 and MYH9-NTRK3 fusions. The tumours in our series were 

classified as probably benign or of low malignant potential, and only one had evidence of 

metastatic dissemination to the sentinel lymph nodes. Taken together with a prior report of 

ETV6-NTRK3 fusion in a BRAF and NRAS wild-type primary melanoma in the TCGA 

[28] our findings suggest NTRK3 fusions are oncogenes in melanocytic neoplasia that arise 

early in the course of progression, in a mutually exclusive pattern with other MAPK 

activating melanoma oncogenes. Both MYO5A and MYH9 contribute coiled-coiled 

dimerization domains to the fusion protein. The MYO5A-NTRK3 fusion was recurrent, 

occurring in 3 cases in our series. MYO5A has been reported as an N-terminal fusion partner 

with ROS1 in a spitzoid melanocytic tumour and MYH9 as a fusion partner with ALK in 

anaplastic large cell lymphoma [12,43]. We demonstrate in the melanocytic context that both 

ETV6-NTRK3 and MYO5A-NTRK3 fusion proteins constitutively signal through the 

MAPK, AKT and PLCγ1 pathways. ETV6-NTRK3 is effectively inhibited by small 

molecule ATP-competitive kinase inhibitors including crizotinib and cabozantinib 

[37,44,45]. We demonstrate that the downstream signalling of both ETV6-NTRK3 and 

MYO5A-NTRK3 are inhibited by DS-6051a, a selective ATP-competitive small molecule 

inhibitor of NTRK3 and ROS1. Additional drug sensitivity studies using melanoma cell 
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lines with endogenous fusions of NTRK3 are required to determine the most active 

compounds in melanoma. Those cell lines are currently not available.

NTRK3 fusions are promising drug-targets as multiple NTRK inhibitors are in early phase 

clinical trials. A metastatic mammary analogue secretory carcinoma with an ETV6-NTRK3 

fusion responded clinically to entrectinib, a selective inhibitor of NTRK1/2/3, ALK and 

ROS1. The cancer relapsed and the recurrence had a mutation in ETV6-NTRK3, validating 

the fusion kinase as therapeutic target [46]. ETV6-NTRK3, MYO5A-NTRK3 and MYH9-
NTRK3 are newly described NTRK3 fusions in melanocytic tumours, and additional studies 

to validate methods for clinical detection, identify their prevalence in melanoma in need of 

systemic treatment, and determine the clinical impact of NTRK3 inhibitors will advance our 

understanding of NTRK3 fusions in melanoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structural details of NTRK3 fusions
The protein domain structure of NTRK3 is shown at the top with the N-terminal portion to 

the left and the transmembrane (TM, green) and tyrosine kinase (purple) domains 

highlighted. Below, the protein domain structure of the NTRK3 fusions identified are shown. 

Red arrows denote the fusion junctions. The blue backbone denotes the contribution from 

NTRK3 and the grey backbone denotes the contribution from the N-terminal partner. The 

domains contributed by the N-terminal partners that mediate dimerization of the native 

proteins (coiled-coil CC, sterile alpha motif SAM) are coloured orange. The red backbone in 

MYH9-NTRK3 represents the novel sequence contributed by NTRK3 intron 13.
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Figure 2. NTRK3 fusions constitutively activate oncogenic signalling pathways and are inhibited 
by the small molecule inhibitor DS-6051a
Melan-a cells (immortalized mouse melanocytes) were transduced with GFP, full-length 

NTRK3, ETV6-NTRK3 or MYO5A-NTRK3 expression constructs. A pan-NTRK antibody 

detected the expressed fusion proteins at their predicted molecular mass of 75 kDa and 174 

kDa (left panels). In the absence of its ligand, expression of full-length NTRK3 did not 

result in significant increase of p-ERK, p-AKT, or p-PLCγ1 as compared to GFP transduced 

control, but these pathways were activated in the presence of recombinant neurotrophin 3 

(rNT-3) at 3 nM (right panels). Expression of the fusions resulted in increased p-ERK, p-

AKT, and p-PLCγ1 as compared to GFP-transduced control in the absence of rNT-3 (right 

panels). Signalling downstream of NTRK3 activation was significantly inhibited by 

DS-6051a (1 μM) with only p-AKT level exhibiting residual increase above the GFP-

transduced control.
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Figure 3. Case 5
Spitz nevus with MYH9-NTRK3 fusion on the cheek of a 10-year-old boy. Low power view 

(top panel) demonstrates a dermal nodule that fills the dermis and extends into the 

superficial subcutis. The neoplastic melanocytes intercalate between adipocytes and collagen 

fibres (middle panel) and contain moderate amounts of cytoplasm (bottom panel).
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