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Key Points

•Myeloid/lymphoid neo-
plasms with eosinophilia
are driven by aberrant
tyrosine kinases in
pluripotent cells and
display variable
phenotypes.

• FGFR-driven hemato-
lymphoid neoplasms
are targetable by TKI
inhibitors such as
ponatinib; studies of
specific FGFR inhibi-
tors are ongoing.

Introduction

We report the first case of ETV6-FGFR2 rearrangement with features of a myeloid/lymphoid neoplasm
with eosinophilia presenting with extramedullary transformation to mixed phenotype (T-myeloid/
lymphoid) acute leukemia in a 41-year-old woman.

Case description

The patient presented with significant weight loss, drenching nights sweats, and diffuse bone pain
over many weeks. Diffuse lymphadenopathy was seen on physical examination. Laboratory studies
revealed leukocytosis (white blood cell count [WBC], 64.23 103/mL), anemia (hemoglobin, 9.2 g/dL), and
thrombocytopenia (platelets 29 3 103/mL); diffuse lymphadenopathy was noted on whole body
imaging. The WBC differential showed 6% blasts, 14% myelocytes, 7% metamyelocytes, 48%
neutrophils with dyspoietic features, 8%monocytes with abnormal or immature forms, and 15% lymphocytes.
Bone marrow biopsy was hypercellular and consistent with myeloproliferative or myelodysplastic
neoplasms with fibrosis and eosinophilia but showed no increase in blasts by CD34 immunohisto-
chemistry (Figure 1A-D). Aspirates were paucicellular. Of note, the bone marrow showed peritrabecular
clusters of spindle cells with CD117, CD123, CD25, and focal mast cell tryptase expression suggestive of
abnormal mast cells (Figure 1E-G).

Lymph node biopsy showed an acute leukemic infiltrate with distinct T-cell and myeloid components and
focal eosinophilia (Figure 1I-L). Karyotypic analysis of the lymph node showed an abnormal female karyotype
with loss of material from chromosome 9p and gain of chromosome 19 (ISCN: 46,XX,add(9)(p21.3)[1]/
47,idem,119[19]) (Figure 2A). Next-generation sequencing (NGS) of the lymph node revealed RUNX1
and STAG2 mutations. BCR-ABL1 studies were negative. KIT mutational analysis was negative. No
rearrangements of platelet-derived growth factor receptor A (PDGFRA), PDGFRB, or FGFR1 were
detected by interphase fluorescence in situ hybridization (FISH) of the peripheral blood sample.
However, given the clinical presentation and morphologic features suggestive of the myeloid/lymphoid
neoplasms with eosinophilia, hybrid capture targeted RNA NGS analysis for gene fusions in FGFR1/2/3
and NTRK1/2/3 genes was performed as follows: RNA was extracted from frozen-cell aliquots using the
RNeasy FFPE Kit (QIAGEN, Valencia, CA) and quantified using a Qubit fluorometric assay (Thermo
Fisher Scientific, Foster City, CA), adjusted for percentage of fragments greater than 100 bp using
a TapeStation system (Agilent, Santa Clara, CA). Then, 300 ng of RNA was subjected to library prep using
the KAPA stranded RNA-Seq Kit with RiboErase (Kapa Biosystems), followed by quantitation using the
KAPA library quantification kit. Pooled libraries were captured using a custom-designed SeqCap
EZcapture panel targeting 1213 genes (Roche NimbleGen, Pleasanton, CA), supplemented with select
xGen Lockdown Probes (IDT, Coralville, IA). Amplified pooled captured libraries were sequenced on
Illumina HiSeq-2500 instruments (Illumina, San Diego, CA) in rapid run mode (2 3 101 bp paired-end
sequencing). Sequence data were aligned to the hg19 human reference transcriptome using a STAR
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aligner,1 and fusions were detected using a combination of python
software (developed in-house) and STAR fusion software.

A novel ETV6-FGFR2 fusion between exon 4 of ETV6 (nm_001987)
and exon 5 of FGFR2 (nm_022970) was identified (Figure 2B) and
seems to involve their canonical splicing sites. The split depth of
coverage is 1088 reads (supplemental Material). An ETV6/RUNX1
extra-signal, dual color DNA probe set was hybridized to G-banded
metaphase chromosomes which demonstrated an ETV6 (12p13.2,
green) signal localizing to the distal portion of the long arm of
chromosome 10 (der(10)) (Figure 2F). Additional FISH analysis
using Vysis TelVysion (Downers Grove, IL) subtelomeric probes
demonstrated multiple karyotypically cryptic rearrangements
resulting in localization of segments of 10q and 12p to the short
arm of the derivative chromosome 9 with loss of 9p (Figure 2C-H).
Immunohistochemical staining for FGFR2 directed at the tyrosine
kinase II domain (ab58201, Abcam, Cambridge, United Kingdom)
demonstrated abnormal cytoplasmic FGFR2 protein overexpres-
sion in comparison with normal lymphoid tissue (supplemental
Material).

Because of the strong T-lymphoid component of her disease, the patient
underwent induction therapy with course I of the CALGB 10403
regimen.2,3 She was found to have a mixed metabolic response on
positron emission tomography scan with recovery bone marrow

biopsy showing 5% to 30% cellularity and persistence of her
myeloid neoplasm with 5% to 10% CD341 blasts with myeloid
phenotype but no blasts with T-cell phenotype (supplemental
Material). She then underwent re-induction with a myeloid-
based regimen of high-dose cytarabine and mitoxantrone.4

Bone marrow biopsy upon count recovery was variably cellular
(5% to 40%) and demonstrated persistent disease with 10% to
18% CD341 blasts with myeloid phenotype. The patient then
received a course of decitabine with venetoclax; the recovery
bone marrow biopsy showed 5% cellularity and 10% atypical
myeloid blasts.

Subsequently, the patient underwent an allogeneic matched related
donor stem cell transplantation with fludarabine and busulfan
conditioning; however, her day 130 bone marrow biopsy demon-
strated 60% to 70% cellularity and recurrent or persistent disease
with 60% to 70% blasts with myeloid phenotype and monocytic
differentiation. No blasts with a T-cell phenotype were identified. Her
clinical condition quickly deteriorated after diagnosis of recurrent
disease, with extramedullary involvement including malignant ascites
containing myeloid blasts with monocytic differentiation. An
attempt was made to obtain ponatinib for this patient. However,
she elected for hospice care and died 235 days after her original
diagnosis.
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Figure 1. Initial (pretreatment) bone marrow

and lymph node evaluation. (A-B) Hypercellular

bone marrow showing myeloid proliferation with

focal increase in eosinophils but no increase in

blasts (hematoxylin and eosin [H&E] stain; 103

and 403 objective lenses, respectively). (C-D)

Reticulin stain showing moderate increase in

fibrosis (403 objective lens) (C) with no increase

in CD341 blasts (403 objective lens) (D). (E-G)

CD117 immunostain demonstrates focal paratra-

becular areas of spindled mast cells (403 objec-

tive lens) (E) with aberrant expression of CD25 (F)

and CD123 (G) (403 objective lens). (H) Periph-

eral blood (PB) smear showing leukocytosis with

dysgranulopoiesis and abnormal monocytes

(Wright-Giemsa stain; 1003 oil objective lens).

(I-L) Excisional lymph node biopsy showing 2

phenotypically and geographically distinct blast

populations (H&E stain; 403 objective lens) (I),

with separate T-lymphoblastic differentiation (J:

CD3 and K: TDT; 403 objective lens) and myelo-

blastic differentiation (myeloperoxidase [MPO]

stain; 403 objective lens) (L).
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Results and discussion

We report here the first case of ETV6-FGFR2 rearrangement in
a myeloid/lymphoid neoplasm with eosinophilia presenting with
nodal acute mixed phenotype (T-lymphocytic/myeloid) transfor-
mation with an aggressive clinical course resistant to conventional
therapies including allogeneic stem cell transplantation.

The FGFR family has emerged as a frequently altered set of genes
across a wide range of tumors, which is likely a result of the
involvement of the FGFR pathway in signal transduction pathways
that regulate cell proliferation, differentiation, and migration, all of
which are critical for tumorigenesis.5 FGFR2 aberrations have
been reported at significantly increased rates in cholangiocarci-
noma, endometrial adenocarcinoma, and gastric adenocarci-
noma,6 but have not been previously described as a driver in
myeloid or lymphoid malignancies. Conversely, FGFR1 abnormal-
ities have been well documented in hematologic malignancies.
Hematopoietic neoplasms associated with FGFR1 rearrangement
are included in the family of myeloid and lymphoid neoplasms with
eosinophilia (MLN/Eo’s), a group of myeloid/lymphoid neoplasms
that stem from the formation of a fusion gene (or rarely a mutation)

resulting in expression of an aberrant tyrosine kinase in a pluripotent
(myeloid-lymphoid) stem cell, with varying responsiveness to tyrosine
kinase inhibitors (TKIs). This is frequently a result of 1 of many fusion
partners inducing receptor oligomerization and activation, which
results in phenotypes that are dependent on both the partner protein
and kinase domain.7

Myeloid/lymphoid neoplasms associated with FGFR1 rearrangement
may present at different stages of maturation in the course of treatment
in different patients or in varying stages in the same patient. Case
presentations can range from myeloproliferative neoplasms (MPNs),
acute myeloid leukemias (AMLs), B- or T-lymphoblastic leukemias
or lymphomas, or mixed phenotype acute leukemias, but all are
uniformly characterized by aggressive clinical behavior and resistance
to imatinib.8 These malignancies may, however, respond to spe-
cific FGFR1/2/3 inhibitors. Fusion of upstream exon 5 of ETV6 to
downstream exon 10 of FGFR3 has been described in peripheral
T-cell lymphoma,9 resulting in an open reading frame for a chimeric
protein consisting of the helix-loop-helix (HLH) domain of ETV6 and
the tyrosine kinase domains of FGFR3. Similarly, we postulate that
the translocation of ETV6with FGFR2may result in analogous fusion
with ETV6 to allow receptor oligomerization and activation.
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Figure 2. Initial molecular and cytogenetic

evaluation. (A) Karyogram of G-banded chromo-

somes reveals an aberrant add(9)(p21.3) in

all 20 metaphases and trisomy 19 in 19 of 20

metaphases analyzed (46,XX,add(9)(p21.3)[1]/

47,idem,119[19]). (B) Next-generation RNA se-

quencing identified an aberrant transcript corre-

sponding to a fusion between exon 4 of ETV6

(upstream) and exon 5 of FGFR2 (downstream).

(C-E) FISH with Vysis TelVysion subtelomeric

probes post G-banding reveals subtelomeric loss

of 9p from the add(9)(p21.3) chromosome (C),

abnormal localization of 1 copy of 12p to the short

arm of the add(9)(p21.3) chromosome (D), and

abnormal localization of 1 copy of 10q to the short

arm of the add(9)(p21.3) chromosome (E). (F)

FISH with Vysis LSI ETV6(TEL)/RUNX1(AML1)

probe set reveals abnormal localization of 1 copy

of ETV6 to the long arm of chromosome 10. These

findings are favored to represent the sum of the 2

rearrangement events among chromosomes 9, 10,

and 12, resulting in the add(9)(p21.3) aberrancy

as well as cryptic aberrancies of chromosomes

10 and 12, including abnormal localization of the

ETV6 FISH probe to the long arm of chromosome

10. (G-H) The order of these rearrangement

events cannot be determined, but 2 speculative

hypotheses are proposed. Ig, immunoglobulin.
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Aberrations in ETV6 have been well described in both acute
lymphoblastic leukemia (ALL) and AML. ETV6 was initially cloned
as a fusion partner gene of PDGFRB in a t(5;12)(q33;p13) trans-
location, and it is a member of the erythroblast transformation–specific
(ETS) family of transcription regulators,10 one of the largest families
of signal-dependent transcription regulators that mediates cell
proliferation, differentiation, and tumorigenesis.11 As a member of
the ETS family, ETV6 is characterized by 2 functional domains,
an N-terminal HLH oligomerization domain encoded by exons
3 and 4 and a C-terminal ETS DNA-binding domain encoded by
exons 6 through 8.12 Repression is mediated by the HLH domain
and the central portion (internal domain) of ETV6 encoded by exon
5, located between the HLH and ETS domains. When functioning
appropriately, ETV6 encodes a transcription factor essential for
hematopoietic regulation and embryonic development.13

ETV6 fusions are a common aberration in leukemia, and more
than 30 partner genes have been characterized. Although a large
number of these fusions involve aberrant activation of tyrosine
kinases, fusion with transcription factors, homeobox genes, and
other families have been characterized as well.14 Notably, ETV6 is
one of very few genes that are recurrently found as fusion
partners of tyrosine kinases (TKs) in hematologic malignancies. In
ETV6/TK fusion proteins, the HLH domain of ETV6 functions as
a homodimerization motif that activates the TK domain of the
partner genes,15 resulting in a phenotype dependent on both
ETV6 and the fusion partner and variable responses to TKIs.
Fusions with PDGFRA and PDGFRB are currently recognized in
the group of MLN/Eo’s and show sensitivity to imatinib therapy. In
addition, several ETV6 fusions with other TK partners have been
reported, including FLT3, ABL1, ABL2, JAK2, LYN, SYK, NTRK3,
and FGFR3, often associated with the MLN/Eo phenotype and
variable presentations, some of which showed encouraging
responses to TKIs. ETV6-LYN fusion was reported in MPNs with
myelofibrosis, which was insensitive to imatinib clinically but was
experimentally sensitive to dasatinib.16 ETV6-ABL1 has been
reported in numerous neoplasms including B-cell acute lym-
phoblastic leukemia (B-ALL), T-cell acute lymphoblastic leuke-
mia (T-ALL), AML, myelodysplastic syndrome with excess blasts
(MDS-EB) evolving to AML, and MPNs. Interestingly, eosino-
philia seemed to be a common feature of cases associated with
ETV6-ABL1 fusions. ETV6-JAK2 rearrangement is currently
recognized by the World Health Organization classification as
a variant translocation in myeloid/lymphoid neoplasms with
PCM1-JAK2.

In addition to aberrant fusion, both somatic and germline mutations
in ETV6 have been implicated in hematologic malignancies as well.
Germline ETV6 mutations result in thrombocytopenia along with
a predisposition for development of ALL, AML, or MDS.17 Somatic
mutations in ETV6 have been noted in both myeloid and lymphoid
malignancies, with the majority of mutations leading to inappropriate
localization of the protein to the cytoplasm.18

Aberrant FGFR2 activation resulting from ETV6-FGFR2 fusion
suggests that MLN/Eo’s associated with ETV6-FGFR2 rearrange-
ment may respond to FGFR1/2/3 TKIs. As reviewed by Katoh,19

a number of FGFR inhibitors have been approved by the US Food
and Drug Administration across multiple malignancies, and many
others are currently under investigation. The FGFR1/2/3 inhibitor
pemigatinib is currently being studied in the phase 2 setting in

FGFR1-rearranged myeloid/lymphoid neoplasms.20 The TKI pona-
tinib, which has been approved by the US Food and Drug
Administration for use in both chronic myeloid leukemia (CML)
and BCR-ABL1-positive ALL, has demonstrated in vitro inhibition of
FGFR-mediated signaling and cell growth. As a result, several
clinical trials are evaluating the role of ponatinib as an FGFR
inhibitor in FGFR-aberrant solid tumors.21 The 50% inhibitory
concentration (IC50) for ponatinib against FGFR2 is in the range of
0.5 to 20 nM, depending on the tumor type, and the IC50 against
FGFR1 in hematologic cells is 1.5 nM.22-24 Given the activity of
ponatinib in both myeloid and lymphoid hematologic malignancies
driven by the BCR-ABL1 fusion protein, evaluating its use in
ETV6-FGFR2-driven MPN/Eo is a particularly intriguing concept.
A durable response to ponatinib in combination with systemic
chemotherapy in FGFR1-rearranged mixed-phenotype leukemia
has been described in the literature.25 The presence of a novel
FGFR2 rearrangement in a myeloid/lymphoid neoplasm with
phenotypic features similar to those with FGFR1 rearrangements
merits consideration for broadening the current diagnostic criteria
in this category, given the potential therapeutic role of FGFR
inhibition in this class of disorders.

This case suggests that the fusion of ETV6-FGFR2 results in
aberrant FGFR2 TK expression and a disease phenotype with
aggressive clinical behavior that was refractory to conventional
therapeutic regimens, including intensive chemotherapy and
allogeneic stem cell transplantation. This may have implications
for inclusion criteria of the group of myeloid/lymphoid neo-
plasms with eosinophilia and other specific TK gene fusions
recognized by the revised 2016 World Health Organization
classification.26
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