








 





TUMOR GENE FUSION 
CYTOGENETIC 

ABERRATION 

APPROXIMATE 

PREVALENCE 
FUNCTION 

Adipocytic tumors 
    

Lipoma  
 

EBF1-LOC204010 t(5;12)(q33;q14) NA NA 

HMGA2-CXCR7 t(2;12)(q37;q14) 

HMGA2 fusions: 30% 

Putative TF 

HMGA2-EBF1 t(5;12)(q33;q14) TF 

HMGA2-LHFP t(12;13)(q14;q13) TF 

HMGA2-LPP t(3;12)(q28;q14) TF 

HMGA2-NFIB t(9;12)(p22;q14) Putative TF 
HMGA2-PPAP2B t(1;12)(p32;q14) Putative TF 

HMGA1-LPP  t(3;6)(q27;p21) 10% TF 

LPP-C12orf9 t(3;12)(q28;14) NA NA 

Lipoblastoma 

COL1A2-PLAG1 t(7;8)(q21q12) 

PLAG1 fusions: 80% 

TF 

HAS2-PLAG1 del(8)(q12q24) TF 
PLAG1-RAD51L1 t(8;14)(q12;q24) TF 

COL3A1/PLAG1 t(2;8)(q31;q12.1) TF 

Chondroid lipoma C11orf95-MKL2 t(11;16)(q13;p13) NA NA 

Myxoid/round cell liposarcoma 
FUS-DDIT3 t(12;16)(q13;p11) >90% TF 

EWSR1-DDIT3 t(12;22)(q13;q12) >10% TF 

Dedifferentiated liposarcoma 

CNOT2-ASTN2 t(9;12)(q33;q15) NA Putative TF 
CTDSP2-FAM19A2 ?t(12)(q14q14) NA NA 

NR6A1-TRHDE t(9;12)(q33;q21) NA NA 

NUP107-LGR5 ?t(12)(q15q21) NA NA 

NUP107-PAPPA t(9;12)(q33;q15) NA NA 

RCOR1-WDR70 t(5;14)(p13;q32) NA NA 

Fibroblastic/myofibroblastic 
tumors      

Soft tissue angiofibroma 
AHRR-NCOA2 t(5;8)(p15;q13) NA Putative TF 

GTF2I-NCOA2 t(7;8;14)(q11;q13;q31) NA Putative TF 

Dermatofibrosarcoma 
protuberans 

COL1A1-PDGFB t(17;22)(q21;q13) >90% GF 

Solitary fibrous tumor NAB2-STAT6 inv(12)(q13q13)  >95% TF 

Infantile fibrosarcoma ETV6-NTRK3 t(12;15)(p13;q25) >95% TK 

Low-grade fibromyxoid sarcoma 

FUS-CREB3L2 t(7;16)(q34;p11) >95% TF 

FUS-CREB3L1 t(11;16)(p11;p11) < 5% TF 

EWSR1-CREB3L1 t(11;22)(p11;q12) NA TF 

Sclerosing epithelioid 
fibrosarcoma 

FUS-CREB3L2 t(7;16)(q34;p11) 
FUS fusions:10-25% 

TF 

FUS-CREB3L1 t(11;16)(p13;p11) TF 

EWSR1-CREB3L1 t(11;22)(p11;q12) NA TF 

Inflammatory myofibroblastic 
tumor 

CARS-ALK t(2;11)(p23;p15) 

ALK fusions: 75% 

TK 

SEC31A-ALK t(2;4)(p23;q21) TK 
ATIC-ALK inv(2)(p23;q35) TK 

RANBP2-ALK t(2;2)(p23;q13) TK 

CLTC-ALK t(2;17)(p23;q23) TK 

TPM3-ALK t(1;2)(q21;p23) TK 

TPM4-ALK t(2;19)(p23;p13) TK 

PPFIBP1-ALK t(2;12)(p23;p11) TK 
RREB1-TFE3 t(X;6)(p11;p24) NA Putative TF 

MGEA5-TGFBR3 t(1;10)(p22;q24) NA GF 

 
ETV6-NTRK3 t(12;15)(p13;q25) NA TK 

 
KIAA2026-NUDT11 t(9;X)(p24;p11) NA NA 

Myxofibrosarcoma CCBL1-ARL1 t(9;12)(q34-q23) NA NA 

 
AFF3-PHF1 t(2;6)(q12;p21) NA NA 

So-called fibrohistiocytic tumors 
    

Tenosynovial giant cell tumor COL6A3-CSF1 t(1;2)(p13;q37) NA GF 

Smooth muscle tumors  
    

Leiomyoma of the uterus 

CUX1-AGR3 inv(7)(p21q22) NA  Putative TF 

HMGA2-CCNB1IP1 t(12;14)(q14;q11) 

HMGA2 fusions: 10% Putative TF 
HMGA2-COG5 t(7;12)(q31;q14) 

HMGA2-COX6C t(8;12)(q22;q14) 

HMGA2-RAD51L1 t(12;14)(q14;q24) 

Pericytic (perivascular) tumors 
    

Pericytoma with t(7;12) ACTB-GLI1 t(7;12)(p22;q13) NA TF 

Skeletal muscle tumors 
    

             Alveolar 
rhabdomyosarcoma 

PAX3-FOXO1 t(2;13)(q35;q14) 75% TF 

PAX7-FOXO1 t(1;13)(p36;q14) 20% TF 

PAX3-FOXO4 t(X;2)(q13;q36) NA TF 

PAX3-NCOA1 t(2;2)(p23;q36) NA TF 

PAX3-NCOA2 t(2;8)(q36;q13) NA TF 

FOXO1-FGFR1 t(8;13;9)(p11;q14;q32) NA GF 
Spindle cell rhabdomyosarcoma SRF-NCOA2 t(6;8)(p21;q13) NA Putative TF 



TEAD1-NCOA2 t(8;11)(q13;p15) NA 

Vascular tumors 
    

Epithelioid 
hemangioendothelioma 

WWTR1-CAMTA1 t(1;3)(p36;q25) 85% Putative TF 
YAP1-TFE3 t(X;11)(p11;q22) NA Putative TF 

Tumors of uncertain 
differentiation     

Angiomatoid fibrous histocytoma 

EWSR1-CREB1 t(2;22) (q33;q12) 72% TF 

FUS-ATF1 t(12;16) (q13;p11) 7% TF 
EWSR1-ATF1 t(12;22) (q13;q12) 21% TF 

Ossifying fibromyxoid tumor 

EP400-PHF1 t(6;12) (p21;q24) 40-50% TF 

MEAF6-PHF1 t(1;6)(p34;p21) NA Putative TF 

ZC3H7B-BCOR t(X;22)(p11;q13) NA Putative TF 

Myoepithelial tumor 

EWSR1-ATF1 t(12;22) (q13;q12) NA TF 

EWSR1-PBX1 t(1;22) (q23;q12) NA Putative TF 
EWSR1-POU5F1 t(6;22) (p21;q12) NA TF 

EWSR1-ZNF444 t(19;22) (q13;q12) NA Putative TF 

EWSR1-KLF17 t(1;22) (p34;q12) NA Putative TF 

EWSR1-PBX3 t(9;22) (q12;q33) NA Putative TF 

FUS-KLF17 t(1;16) (p34;p11) NA Putative TF 

FUS-POU5F1 t(6;16) (p21;p11) NA Putative TF 
PLAG1-LIFR t(5;8) (p13;q12) NA Putative TF 

Synovial sarcoma 

SS18-SSX1 t(X;18) (p11;q11) 65% TF 

SS18-SSX2 t(X;18) (p11;q11) 35% TF 

SS18-SSX4 t(X;18) (p11;q11) <1% TF 

SS18L1-SSX1 t(X;20) (p11;q13) NA TF 

Alveolar soft part sarcoma ASPSCR1-TFE3 t(X;17) (p11;q25) >95% TF 

 
Clear cell sarcoma 

EWSR1-ATF1 t(12;22) (q13;q12) 
90% soft tissue; 10% 
gastrointestinal tract 

TF 

EWSR1-CREB1 t(2;22) (q33;q12) 
90% gastrointestinal tract; 

10% soft tissue  
TF 

 
IRX2-TERT del(5)(p15.33) NA NA 

 
 

Extraskeletal myxoid 
chondrosarcoma 

EWSR1-NR4A3 t(9;22) (q31;q12) 60-75% TF 

TAF15-NR4A3 t(9;17) (q31;q12) about 30% TF 

TFG-NR4A3 t(3;9) (q12;q31) <1% TF 

 
TCF12-NR4A3 t(9;15) (q31;q21) <1% TF 

 
HSPA8-NR4A3 t(9;11)(q22;q24) NA TF 

Desmoplastic small round cell 
tumor 

EWSR1-EWT1 t(11;22) (p13;q12) >95% TF 
EWSR1-ERG t(21;22) (q22;q12)  NA TF 

Ewing sarcoma and Ewing-like 
sarcomas 

EWSR1-FLI1 t(11;22) (q24;q12) 90% TF 

EWSR1-ERG t(21;22) (q22;q12) 5% TF 

FUS-ERG der(21)t(16;21) <1% TF 

EWSR1-ETV1 t(7;22) (p21;q12) 

<1% 

TF 

EWSR1-ETV4 t(17;22) (q21;q12) TF 
EWSR1-FEV t(2;22) (q35;q12) TF 

EWSR1-NFATC2 t(20;22) (q13;q12) NA TF 

EWSR1-PATZ1 inv(22) (q12q12) NA TF 

EWSR1-SMARCA5 t(4;22) (q31;q12) NA TF 

EWSR1-POU5F1 t(6;22)(p21;q12) NA TF 

EWSR1-SP3 t(2;22)(q31;q12) NA TF 
FUS-FEV t(2;16)(q35;p11) NA TF 

CIC-DUX4 t(4;19)(q35;q13) NA TF 

CIC-FOXO4 t(X;19)(q13;q13.3) NA Putative TF 

BCOR-CCNB3 inv(X)(p11.4p11.22) NA TF 

FUS-NCATC2 t(16;20)(p11;q13) NA TF 
ETV6-NTRK3 t(12;15)(p13;q25) NA TK 

Perivascular epithelioid cell 
tumors 

SFPQ-TFE3 t(X;1)(p11;p34) NA NA 

Undifferentiated/unclassified 
sarcomas     

Undifferentiated/unclassified 
sarcomas 

BCOR-CCNB3 inv(X)(p11p11) NA TF 

CIC-DUX4 t(4;19)(q35;q13) NA TF 

EWSR1-POU5F1 t(6;22)(p21;q12) NA TF 

EWSR1-SP3 t(2;22)(q31;q12) NA TF 

MED12-PRDM10 t(X;11)(q13;q23) NA TF 
CITED2-PRDM10 t(6;11)(q24;q24) NA TF 

Chondro-osseous tumors 
    

Soft tissue chondroma HMGA2-LPP t(3;12)(q28;q14) NA TF 

Mesenchymal chondrosarcoma 
HEY1-NCOA2 del(8)(q13;q21) >90% TF 

IRFBP2-CDX1 t(1;5)(q42;q32) NA TF 

Miscellaneous tumors  
    

 
Endometrial sarcoma 

EPC1-PHF1 t(6;10;10) (p21;q22;p1) NA TF 

JAZF1-PHF1 t(6;7)(p21;p15) NA TF 



JAZF1-SUZ12 t(7;17)(p15;q11) NA TF 

MEAF6-PHF1 t(1;6)(p34;p21) NA Putative TF 

YWHAE-FAM22A t(10;17)(q23;p13) NA NA 
YWHAE-FAM22B t(10;17)(q22;p13) NA NA 

ZC3H7B-BCOR t(X;22)(p11;q13) NA Putative TF 

 
MBTD1-CXorf67 t(X;17)(p11;q21) NA NA 

Epitheliod sarcoma of the ovary 

CMKLR1-HNF1A ?t(12;12)(q23;q24) NA NA 

ERBB3-CRADD ?t(12;12)(q13;q22) NA NA 

SMARCB1-WASF2 t(1;22)(p36;q11) NA NA 
Primary pulmonary myxoid 

sarcoma 
EWSR1-CREB1 t(2;22)(q33;q12) NA TF 

 

NA, not available; TF, transcription regulator; TK, kinase signaling regulator; GF, growth factor 
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Abstract

Gastrointestinal stromal tumours (GISTs) are the most common mesenchymal neoplasms of the gastrointestinal

tract. The vast majority of GISTs are driven by oncogenic activation of KIT, PDGFRA or, less commonly, BRAF. Loss of

succinate dehydrogenase complex activity has been identi ed in subsets of KIT/PDGFRA/BRAF-mutation negative
tumours, yet a signi cant fraction of GISTs are devoid of any of such alterations. To address the pathobiology

of these ’quadruple-negative’ GISTs, we sought to explore the possible involvement of fusion genes. To this end

we performed transcriptome sequencing on  ve KIT/PDGFRA/BRAF-mutation negative, SDH-pro cient tumours.
Intriguingly, the analysis unveiled the presence of an ETV6–NTRK3 gene fusion. The screening by FISH of 26

additional cases, including KIT/PDGFRA-mutated GISTs, failed to detect other ETV6 rearrangements beside the

index case. This was a ’quadruple-negative’ GIST located in the rectum, an uncommon primary site for GIST

development (∼4% of all GISTs). The fusion transcript identi ed encompasses exon 4 of ETV6 and exon 14 of

NTRK3 and therefore differs from the canonical ETV6–NTRK3 chimera of infantile  brosarcomas. However, it

retains the ability to induce IRS1 phosphorylation, activate the IGF1R downstream signalling pathway and to be

targeted by IGF1R and ALK inhibitors. Thus, the ETV6–NTRK3 fusion might identify a subset of GISTs with peculiar
clinicopathological characteristics which could be eligible for such therapies.
Copyright © 2015 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

Gastrointestinal stromal tumours (GISTs) are the most
common mesenchymal neoplasm of the gastrointesti-
nal tract, arising from the interstitial Cajal cells [1].
The majority of GISTs carry activating mutations in
either KIT or PDGFRA receptor tyrosine kinases (RTK),
a fact that accounts for their sensitivity to the kinase
inhibitor Imatinib. Infrequent mutations in other compo-
nents of the RTK pathway, viz.BRAF, orNF1 gene alter-
ations have been reported. About 10–15% of sporadic
GISTs are devoid ofKIT/PDGFRA/BRAFmutations and
about one-third of these mutation-negative GISTs fea-
ture loss of expression of the succinate dehydrogenase
protein complex (SDH) [1,2]. In the remaining fraction
of tumours, hereafter de ned as ’quadruple-negative’
GISTs (KIT/PDGFRA/BRAF mutation-negative, SDH
pro cient), no distinct oncogenic driver alteration has
been identi ed so far. Mutation-negative GISTs tend to

respond poorly to standard treatments [1] and a better

molecular characterization of these tumours might dis-

close novel therapeutic avenues.

In an attempt to shed light on the molecular bases of

’quadruple-negative’ GIST development, we performed

RNA sequencing on  ve such tumours to assess the pos-

sible involvement of fusion proteins in the pathogene-

sis of this subset of GISTs (see supplementary material,

Table S1). Intriguingly, one case, a rectal GIST, turned

out to express an ETV6–NTRK3 fusion transcript. The

ETV6–NTRK3 chimera, originally described in infantile

 brosarcoma (IF) as a result of a t(12;15) chromosome

translocation [3], has been subsequently reported also

in mesoblastic nephroma [4], adult acute myeloid and

chronic eosinophilic leukaemia [5–7], secretory breast

carcinoma [8], mammary analogue secretory carcinoma

of the salivary gland [9], radiation-induced thyroid can-

cers [10] and, recently, in in"ammatory myo broblas-

tic tumour [11]. All these fusions, which may result

Copyright © 2015 Pathological Society of Great Britain and Ireland. J Pathol 2016; 238: 543–549
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk www.thejournalofpathology.com



544 M Brenca et al

from different breakpoints (see supplementary mate-
rial, Table S2), yield a chimeric protein that retains the
ETV6 sterile α-motif (SAM) interaction domain and the
NTRK3 tyrosine kinase domain. This is the  rst report
of ETV6–NTRK3 involvement in GIST.

Materials and methods

Patients

The study was conducted on a series of GISTs retrieved
from the pathological  les of Treviso General Hospital
(see supplementary material, Table S1). The study was
approved by the institutional review board.

Paired-end RNA-sequencing and identi cation
of fusion genes

Total RNA was extracted from formalin- xed,
paraf n-embedded (FFPE) sections of  ve ’quadruple-
negative’ GISTs using the Ambion RecoverAll™
Total Nucleic Acid Isolation Kit (Life Technology,
Carlsbad, CA, USA). RNA-sequencing libraries were
prepared following Illumina’s TruSeq RNA protocol
and sequenced on a Illumina HiSeq 1000 apparatus
(Illumina, San Diego, CA, USA) to a depth of 50–80
million paired-end reads/sample. The quality of the raw
sequence data was assessed using FastQC software.
FusionCatcher v. 0.99.3c [12] ChimeraScan [13] and
an in-house algorithm were used to identify fusion
transcripts.

RT–PCR, Sanger sequencing and FISH analyses

Total RNA (1 μg) was retro-transcribed using Super-
Script III (Life Technology). RT–PCR and Sanger
sequencing were as previously described [14].
ETV6–NTRK3 was ampli ed using the following for-
ward (F) and reverse (R) primers: ETV6 F1, GCTGCTG
ACCAAAGAGGACTTTC; ETV6 F2, GCAGAGGAA
ACCTCGGATTC; NTRK3 R, ATGCCGTGGTTGATG
TGGTGCAGTGG.
GISTs were screened for ETV6 rearrangement by "u-

orescence in situ hybridization (FISH), using the Vysis
ETV6 Break Apart FISH Probe (Abbott Molecular,
Abbott Park, IL, USA).

Cells and constructs

HT1080 and U2OS cell lines were maintained as
described [14]. The GIST_EN variant was cloned in the
pMSCV vector (Clontech, Mountain View, CA, USA).
Retroviral infection and subcellular fractionation were
as previously described [16,18].
Cell viability/cytotoxiciy was assessed by the

Sulphorhodamine B (SRB) assay, as described [15].
Drugs used were: Crizotinib (S1068; SelleckChem,
Huissen, The Netherlands), Ceritinib (S7083; Sell-
eckChem), IGF1R inhibitor I (AG1024; Calbiochem,
Darmstadt, Germany); and IGF1R Inhibitor II (PQ401,
Calbiochem).

Protein expression analysis

Immunostaining, western blots and immunopre-

cipitation were as previously described [15–17].

For immuno"uorescence, cells were  xed with 4%

paraformaldehyde (10 min) and permeabilized with

0.2% Triton/0.1% BSA (15 min). IRS1 immunostaining

was performed with anti-IRS1, according to the manu-

facturer’s instructions, and phalloidin for cytoplasmic

counterstaining. Information about the antibodies

employed in this study is provided in Table S3 (see

supplementary material).

Statistics

Statistical signi cance was evaluated in eight technical

replicates by two-tailed unpaired t-test. The results were

con rmed in three independent experiments.

Results and discussion

Transcriptome analysis of ’quadruple-negative’
GISTs

RNA-sequencing was performed on  ve ’quadruple-

negative’ GISTs to investigate the role of fusion genes

in the development of this oncogene-driver orphan

group of tumours. Different potential fusions were

identi ed, most involving neighbouring genes, and

also reported in non-pathological samples [12] (see

supplementary material, Table S4). Among these was

POLA2–CDC42EP2, a read-through of uncertain sig-

ni cance recently described in GISTs [18]. Intriguingly,

an ETV6–NTRK3 fusion transcript was detected in one

case of rectal GIST.

Characterization of ETV6–NTRK3-positive GIST

RNA-sequencing data analysis revealed an in-frame

fusion event between exon 4 of the ETS variant gene

6 (ETV6) and exon 14 of the neurotrophin tyrosine

kinase receptor 3 (NTRK3) gene (Figure 1A). The rear-

rangement was veri ed at genomic level by FISH,

with the vast majority of GIST tumour cells display-

ing ETV6 split signals (Figure 1B). The expression of

the ETV6–NTRK3 chimeric transcript was validated

by RT–PCR on total RNA. Sanger sequencing of the

RT–PCR product con rmed the breakpoint indenti ed

by RNA sequencing (Figure 1A). The ETV6–NTRK3

fusion transcript identi ed in the ’quadruple-negative’

rectal GIST (GIST_EN) retains an open-reading frame

across the fused exons. The GIST_EN chimera, which

has also been reported recently in radiation-induced

thyroid cancers [10], differs from the canonical ETV6

exon 5–NTRK3 exon 15 fusion transcript that typi es

infantile  brosarcoma (IF_EN). However, it involves the

same protein domains, viz. the SAM interaction motif

of ETV6 and the tyrosine kinase domain of NTRK3

(Figure 1A).

Copyright © 2015 Pathological Society of Great Britain and Ireland. J Pathol 2016; 238: 543–549
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Figure 1. ETV6–NTRK3 positive GIST. (A) (Top) Schematic representation of the ETV6–NTRK3 fusion, involving exon 4 of ETV6 (chromosome
12) and exon 14 of NTRK3 (chromosome 15), identi ed in a ’quadruple-negative’ rectal GIST: protein-coding exons and PFAM domains
retained in the chimera are marked with a diagonal pattern; (bottom) RT–PCR of the  ve GISTs pro led by RNA sequencing con rmed
the presence of the fusion transcript in the index case (#1); Ctrl-, negative control; chromatogram displays the junction between ETV6
and NTRK3. (B) FISH assay with break-apart probe demonstrated rearrangement of the ETV6 locus at 12p13 in the index case. (C) The
’quadruple-negative’ rectal GIST was hypercellular throughout and featured epithelioid morphology and remarkable mitotic activity. (D)
Tumour cells diffusely expressed CD117

The index case was a 44 year-old man whowas admit-

ted to the surgical department of Treviso General Hospi-

tal in autumn 2011 for perineal pain and rectal bleeding.

The patient had a history of idiopathic pulmonary

embolism (6 years earlier) and chronic thyroiditis. Rec-

tal examination and colonoscopy revealed the presence

of an ulcerated mass located in the posterior wall of

the rectal ampulla (8 cm from the anal margin), which,

according to MRI, involved the submucosa. Diagnosis

of GIST was made based on pathological examination

of the tumour biopsy. Analysis of the surgical specimen

revealed a 5 cm nodular tumour of the rectal wall,

with well-de ned pushing margins and no interruption

of the pseudocapsule. Microscopically, the tumour

was hypercellular throughout, with an epithelioid

morphology and a moderate degree of nuclear atypia.

The mitotic index was high, with up to 34 mitoses/5

mm2 (Figure 1C). Foci of neoplastic necrosis were

present. The tumour showed strong and diffuse

expression of DOG1 and CD117 (Figure 1D) but

was negative for S100, synaptophysin, chromogranin

and desmin. The tumour was then classi ed as a

high-risk GIST according to AFIP criteria. Molecular

analysis failed to detect mutations in KIT , PDGFRA or

BRAF. Moreover, the tumour retained SDHB expres-

sion, ruling out SDH complex inactivation. Based

on the poor response of mutation-negative GISTs to

Imatinib, no adjuvant therapy was prescribed after

surgery. The patient has been disease-free since surgery

(44 months) and is currently followed with periodic

colonoscopy examinations and abdominal–pelvic MRI

scans.

Copyright © 2015 Pathological Society of Great Britain and Ireland. J Pathol 2016; 238: 543–549
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Figure 2. The GIST ETV6–NTRK3 chimera impinges on the IRS1 pathway. (A) Immunoblot of (left) HT1080 and (right) U2OS cells engineered
to ectopically express the infantile  brosarcoma-associated ETV6–NTRK3 chimera (IF_EN) or the ETV6–NTRK3 variant detected in GIST
(GIST_EN): empty vector was used as a negative control (Ctrl). (B) (Top) Cells were grown in the presence (+) or absence (–) of serum for 16
h, lysed and then immunoprecipitated with IRS1 polyclonal antibody; after SDS–PAGE, blots were  rst probed with anti-phosphotyrosine,
followed by anti-IRS1; the amount of phosphorylated IRS1 was calculated as the pIRS1:total IRS1 ratio; (bottom) immunoblot for AKT
phosphorylation at Ser 473 under serum deprivation: the amount of activated AKT was calculated as the pAKT:total AKT ratio. (C)
Immuno"uorescence staining for IRS1 (red) and phalloidin (green)

To determine the frequency of ETV6–NTRK3 fusion

in GIST, 26 additional primary tumours were screened

for ETV6 chromosome rearrangement by FISH anal-

ysis. In the light of clinicopathological characteristics

of our index case, this series was tentatively enriched

for mutation-negative GISTs and GISTs located in the

rectum (see supplementary material, Table S1). Beside

the index case, FISH failed to highlight additional ETV6

rearrangements, indicating that the ETV6–NTRK3

translocation is very likely an uncommon event that

might identify a rare group of GISTs featuring peculiar

clinicopathological characteristics.

Biological and pharmacological implications of the
ETV6–NTRK3 chimera

We then sought to explore the possible clinicothera-

peutic implications of ETV6–NTRK3 translocation in

GIST. The infantile  brosarcoma EN chimera has been

shown to bind directly to and phosphorylate IRS1,

the major substrate of the insulin-like growth factor

1 receptor (IGF1R) [17,19], thus sustaining cell sur-

vival and neoplastic transformation via the Ras–Erk1/2

and PI3K–Akt pathways [20]. Intriguingly, IGF1R sig-

nalling has been implicated in the transformation of

mutation-negative GISTs, although the mechanism is

still unclear [21], and IGF1R-targeted therapy for these

tumours is being evaluated in clinical trials [22,23].

We hypothesized that the expression of ETV6–NTRK3

may trigger the IGF1R signalling cascade in a frac-

tion of GISTs. To test this hypothesis, we assessed

whether the GIST_EN variant was capable of activat-

ing IRS1. To this end, HT1080 and U20S cell lines

were engineered to ectopically express the EN chimeras

(Figure 2A). Like the canonical IF_EN, GIST_EN also

induced IRS1 phosphorylation (in both the presence and

absence of serum) and, in turn, activated Akt, as revealed

by increased Ser-473 phosphorylation (Figure 2B).
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Figure 3. ETV6–NTRK3 chimeras sensitize cells to IGF1R and ALK inhibitors. Sulphorhodamine-B (SRB) cell viability/citotoxicity assay,
showing dose–response plots to chemical inhibitors in U2OS cells ectopically expressing EN chimeras (48 h treatment); data shown are
mean ratio of treated vs untreated (NT) samples± 95% CI; *statistical signi cance (p< 0.05). (A) Ef cacy of (left) AG1024 and (right) PQ401
IGF1R-inhibitors. (B) Ef cacy of (left) Crizotinib and (right) Ceritinib ALK inhibitors; EN-positive cells showed increased sensitivity to both
IGF1R and ALK inhibitors. (C) Western blot of IRS1 immunoprecipitates in U2OS cells highlights the inhibitory effect of ALK inhibitors on
phospho-IRS1 activation

In addition to its function as cytosolic adaptor of

the IGF1R signal transduction pathway, IRS1 has been

shown to shuttle to the nucleus where it contributes

to malignant transformation by inducing cyclin D1,

c-myc and beta-catenin expression and affecting DNA

repair [24]. Subcellular fractionation (not shown) and

immuno"uorescence analyses in HT1080 and U20S

cells indicated that ETV6–NTRK3 chimeras enhance

IRS1 nuclear localization (Figure 2C).

Overall these data support the notion that the

ETV6–NTRK3 gene fusion may play a role in the

development of a fraction of GISTs by both promoting

activation of the IGF1R downstream cascade and the

alternative nuclear IRS1 pathway.

To probe the role of ETV6–NTRK3 in IGF1R-

mediated pathway activation, cells were treated with

IGF1R inhibitors (AG1024 and PQ401). As reported in

Figure 3A, expression of either EN chimera sensitized

cells to IGF1R inhibition, as revealed by SRB assay. In

addition, recent reports pointed to the ETV6–NTRK3

fusion product as a target of theALK inhibitor Crizotinib

[25,26], which acts by halting NTRK3 autophosphory-

lation. Indeed the GIST_EN variant also signi cantly

sensitized cells to Crizotinib (Figure 3B left) as well as

to Ceritinib (Figure 3B right), another FDA-approved

ALK inhibitor, at nanomolar potency. These responses

were associated with reduced IRS1 phosphorylation

(Figure 3C), corroborating the notion that these com-

pounds hamper ETV6–NTRK3-mediated pathway

activation.

In summary, we here provide evidence of involvement

of ETV6–NTRK3 fusion in a GIST case. To the best of

our knowledge, this is the  rst study describing an onco-

genic fusion transcript in GISTs. Our report expands the
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spectrum of neoplasms associated with ETV6–NTRK3,
unveils a possible mechanism of activation of IGF1R
downstream signalling in mutation-negative GISTs and
discloses novel therapeutic avenues for EN-positive
GISTs.
The fusion was identi ed in a single case belonging

to a rare subset of ’quadruple-negative’ (<10% of all
GISTs) rectal GISTs (∼4% of all GISTs), and rectal
GISTs are typically characterized by an aggressive clin-
ical course [27]. Thus, the ETV6–NTRK3 fusion might
mark a subgroup of GISTs with peculiar clinicopatho-
logical features. The analysis of a larger tumour series,
with a sizable number of cases with these characteris-
tics, will allow more de nitive conclusions to be drawn
on the actual role of ETV6–NTRK3 translocation in
GISTs.
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