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Abstract: ETV6::ABL1 gene fusion is a rare recurrent genomic rearrangement associated with hema-
tologic malignancies, and frequently occurs with additional anomalies. Due to the opposite chro-
mosome orientations of the ETV6 and ABL1 genes, an oncogenic in-frame ETV6::ABL1 gene fusion
cannot be formed by a simple translocation. The molecular mechanism of the ETV6::ABL1 fusion
and the significance of co-occurring anomalies are not fully understood. We characterized genomic
alterations in an individual with ETV6::ABL1 gene-fusion-positive myeloid neoplasm using various
genomic technologies. Our findings uncovered a molecular mechanism of the ETV6::ABL1 fusion,
in which a paracentric inversion within the short arm of chromosome 12 (12p) and a translocation
between the long arm of a chromosome 9 and the 12p with the inversion were involved. In addition,
we detected multiple additional anomalies in the individual, and our findings suggested that the
ETV6::ABL1 fusion occurred as a secondary event in a subset of cells with the additional anomalies.
We speculate that the additional anomalies may predispose to further pathogenic changes, including
ETV6::ABL1 fusion, leading to neoplastic transformation.

Keywords: ETV6::ABL1 gene fusion; myeloid neoplasm; genomic rearrangement; additional anomalies;
mate-pair sequencing

1. Introduction

ETV6::ABL1 gene fusion is a rare but recurrent genomic rearrangement that has been re-
ported in various hematologic neoplasms, including myeloproliferative neoplasms (MPNs),
acute lymphoblastic leukemia (ALL), and acute myeloid leukemia (AML), frequently with
eosinophilia [1–6]. An in-frame ETV6::ABL1 gene fusion cannot be formed by a simple
chromosome translocation due to the opposite orientations of ETV6 and ABL1 on their
host chromosomes 12 and 9, respectively. As a result, at least three breaks are required to
generate a functional in-frame ETV6::ABL1 fusion gene. Additional anomalies in affected
cells are frequent but show no consistent features. It has been known that the ETV6::ABL1
fusion activates the tyrosine kinase activity of ABL1, promotes neoplastic transformation
similar to the BCR::ABL1 fusion, and confers sensitivity to ABL1 tyrosine kinase inhibitors
(TKIs) [6–9]. However, detailed molecular characterizations of ETV6::ABL1 fusion and
co-occurring additional anomalies are limited, and the molecular mechanism of this hetero-
geneous group of abnormalities is not fully understood.

In this study, we characterized genomic alternations in an individual with ETV6::ABL1-
positive myeloid neoplasm using chromosome banding, fluorescence in situ hybridization
(FISH), and whole-genome mate-pair sequencing (MP-seq). Our findings uncovered a
novel molecular mechanism of forming a functional in-frame ETV6::ABL1 fusion gene. We
also detected multiple additional co-occurring anomalies with the ETV6::ABL1 gene fusion,
and discussed the significance of these additional anomalies and potential hierarchy of
alterations in this individual.
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2. Materials and Methods
2.1. Chromosome Analysis

Bone marrow chromosome analysis was performed following the standard cytoge-
netic methods. Chromosome abnormalities were described according to the International
Cytogenomic Nomenclature 2020 [10].

2.2. FISH

Interphase and metaphase FISH analyses were performed following a standard pro-
tocol (https://www.molecular.abbott/us/en/vysis-fish-knowledge-center, accessed on
10 January 2020). BCR/ABL1 Dual Color Dual Fusion and ETV6 Dual Color Break Apart
probe kits were purchased from Abbott Molecular (Des Plaines, IL, USA). A bacteria artifi-
cial chromosome (BAC) clone, RP11-1122L19 (chr15:55,589,601-55,722,445, GRCh38/Hg38),
was obtained from BACPAC Resources Center (Oakland, CA, USA). BAC DNA was ex-
tracted using QIAGEN Plasmid Midi Kit (QIAGEN, Germantown, MD, USA) and labeled
with SpetrumGreen using Abbott Nick Translation Labeling Kit (Abbott Molecular, Des
Plaines, IL, USA) both following the kit manuals. FISH results were analyzed and docu-
mented using the CytoVision system (Leica Microsystems, San Jose, CA, USA).

2.3. Whole-Genome MP-Seq

Genomic DNA was extracted from bone marrow aspirate using the QIAGEN Amp
mini blood DNA kit (QIAGEN, Germantown, MD, USA). MP-seq library was prepared
using Nextera Mate Pair Sample Preparation Kit following the kit manual (Illumina,
San Diego, CA, USA). The library was pair-end sequenced (PE150, 150 × 2 bp,
~10× genome coverage) at Novogene (Sacramento, CA, USA). DNA sequencing data
were analyzed for structural and copy number changes by WholeGenome, LLC (Rochester,
MN, USA).

2.4. Polymerase Chain Reaction (PCR) and Sanger Sequencing

To confirm the MP-seq findings and to identify the exact DNA breakpoint sequences,
six pairs of PCR primers were designed using Prime3 (https://primer3.ut.ee/, accessed on
19 May 2021) and synthesized at Millipore Sigma (St. Louis, MO, USA):

1. TGGGGAGCCCTTATTATTTTT and TTCTATCCCCAAGCCTTCCT for der(1) of
t(1;15)(p34;q15),

2. CCACATAATCAAAAGTTGACTGC and ACGGCATGAGTCCAGAAGAT for der(15)
of t(1;15)(p34;q15),

3. ACGCAGCCTTCACTGGTAGT and CTGTCTGCATGTAAACTGTAT for del(15q),
4. TTTGTTTTTAGGCAGGCAAA and CAAGACTTTCTGCCCCAATG for der(9) of

t(9;12)(q34;p13),
5. CAGAGGCAGATAAAAATTCTCCA and GGAAAAGTTTGCCGGATACA for der(12)

of t(9;12)(q34;p13),
6. CTGGGATCCCCATCCTATT and AGATGAGCAACCCAAGCATC for the proximal

breakpoint of inv(12p).

PCRs were performed using a standard PCR protocol. PCR products were purified
and sequenced at MCLAB (South San Francisco, CA, USA).

3. Case Presentation

A 51-year-old male presented with progressive fatigue, weight loss, and splenomegaly.
Peripheral blood analysis revealed leukocytosis, thrombocytosis, monocytosis, and anemia.
Peripheral blood counts showed white blood cells 241 × 109/L, absolute eosinophils
2.41 × 109/L, hemoglobin 6 g/dL, and platelets 50 × 109/L. An increased proportion of
both eosinophilic and basophilic precursors was noted in the bone marrow aspirate smears.
His bone marrow showed morphological features compatible with both myelodysplastic
syndrome and myeloproliferative neoplasm (MDS/MPN). Among the MDS/MPN overlap
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neoplasms, chronic myelomonocytic leukemia, atypical chronic myeloid leukemia, and
unclassifiable MDS/MPN were considered. The patient tested positive for ETV6::ABL1
gene fusion, suggesting that he could benefit from TKI therapy. He was treated with
imatinib for three months, and then switched to dasatinib due to the persistence of myeloid
neoplasm. He reached complete morphological remission after dasatinib therapy, and
subsequently underwent allogeneic stem cell transplantation from a matched unrelated
donor. The patient has been in complete remission for more than 13 years following
the transplantation.

4. Results
4.1. Initial Genomic Testing

Multiple genetic tests, including chromosome analysis, FISH for BCR::ABL1 gene
fusion, array comparative genomic hybridization (aCGH) and JAK2 mutation analysis,
were performed based on the patient’s clinical and pathological findings. A balanced
translocation between chromosomes 1 and 15 and an apparent rearrangement involv-
ing a distal region on the short arm of a chromosome 12 (12p) were detected in all
20 metaphase cells analyzed. Overall, 3 of these 20 cells also showed an insertion of
a fragment from the long arm of a chromosome 8 into the long arm of a chromosome
15 that was not involved in the t(1;15) translocation, suggesting cytogenetic evolution.
Interphase FISH analysis did not detect a typical BCR::ABL1 gene fusion signal pat-
tern, but instead the FISH showed an additional ABL1 signal in approximately 41.5% of
the cells examined. The nomenclature of the initial chromosome and FISH testing re-
sults was: 46,XY,t(1;15)(p34.2;q15),?add(12)(p13)[17]/46,idem,ins(15;8)(q14;q13q22)[3].nuc
ish(ABL1x3,BCRx2)[83/200]. In addition, aCGH (sent-out test) revealed a 522.4kb intersti-
tial deletion within the band 15q21.3 on the long arm of chromosome 15, involving the
PYGO1, PRTG, NEDD4, RFXDC2, and RFX7 genes. JAK2 V617F mutation (sent-out test)
was negative.

4.2. Verifications

Metaphase FISH was performed to verify the interphase BCR::ABL1 FISH findings.
It showed that the extra ABL1 signal was located on the short arm of a chromosome 12
in the proximity of the ETV6 gene locus, suggesting the possibility of ETV6::ABL1 gene
fusion (Figure 1A). The fusion was confirmed by additional genomic tests, including
MP-seq (Figure 1D and Supplementary Figure S1A) and interphase FISH that showed
ETV6 gene rearrangement (Figure 1B). The MP-seq also demonstrated that the in-frame
ETV6::ABL1 fusion was formed through two rearrangements, including a 3.342 Mb para-
centric inversion on 12p between the CLEC4E and ETV6 genes (chr12: 8,539,067-11,881,857,
GRCh38/hg38) and a translocation between the inverted ETV6 on 12p and ABL1 on
9q (Figure 1D,E). The in-frame ETV6::ABL1 fusion gene contained ETV6 exons 1-5 and
ABL1 exons 2-11. However, whether the two rearrangements occurred consecutively or
simultaneously was unclear.

The MP-seq also confirmed the t(1;15) translocation and the 15q interstitial deletion
(chr15:55,553,970-56,099,049, GRCh38/hg38) (Figures 1D and S1A), and revealed additional
in-frame fusion genes and interrupted genes due to the chromosomal rearrangements. The
in-frame fusions included CLEC4E::ETV6 (CLEC4E exons 1-3 and ETV6 exons 6-8, resulting
from the inversion of 12p), ABL1::CLEC4E (ABL1 exon 1 and CLEC4E exons 4-6, resulting
from the translocation between 9q and 12p) and RFX7::PYGO1 (RFX7 exons 1-7 and
PYGO1 exons 2-3, resulting from the 15q deletion). The interrupted genes included HEYL
and ZNF106 due to the t(1;15) translocation. All breakpoints that the MP-seq detected
were confirmed by PCR and Sanger sequencing, and various deletions ranging from
15~992 bp in size were also detected at the breakpoints (Figure S1). Metaphase FISH further
demonstrated that the 15q deletion occurred on the chromosome 15 homologue that was
not involved in the t(1;15) translocation (Figure 1C).
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Figure 1. (A) Metaphase FISH using a BCR/ABL1 Dual Color Dual Fusion probe set, showing
the extra ABL1 signal on 12p (top red arrow); red arrow—ABL1 signal, green arrow—BCR signal.
(B) Interphase FISH using an ETV6 Dual Color Break Apart probe set, showing ETV6 rearrange-
ment; red signal—5′ETV6, green signal—3′ETV6. (C) Metaphase FISH using probe RP11-1122L19
within the 15q21.3 region (green arrow), showing that the region was present only on the 15q that
was involved in the t(1;15) translocation. (D) The genomic rearrangements detected by MP-seq
(the figure was drawn using Circos, http://circos.ca, accessed on 28 May 2022). (E) Left: gene
orientations on chromosomes 12p and 9q before the rearrangements; right: the paracentric in-
version of 12p, translocation between 9q and the inverted 12p, and three in-frame fusion genes
resulted from the inversion and translocation. The inversion and the translocation could occur
simultaneously or sequentially.

4.3. Following-Up Studies

Following initiation of TKI therapy, chromosome analysis and interphase FISH for
ABL1 rearrangement were regularly performed to monitor the patient’s response. The
t(1;15) translocation and ABL1 rearrangement were detected in the patient’s marrow after
three month of imatinib therapy along with persistent morphologic evidence of myeloid
neoplasm. The patient was then switched to dasatinib, and after three months achieved a
morphological marrow remission. No evidence of the ABL1 rearrangement was detected
by FISH in two consecutive following-up studies after the initiation of dasatinib therapy.
However, the t(1;15) translocation was detected in approximately 7.0% and 24.0% of the
metaphase cells in the first and second following-up tests after the dasatinib therapy,
respectively. The remaining cells had a normal male karyotype. The patient then underwent
allogeneic stem cell transplantation from a matched unrelated male donor due to a concern
that the cells with persistent t(1;15) could post a risk of relapse. He has remained disease-
free for more than 13 years following the transplantation.

5. Discussion

The formation of an in-frame ETV6::ABL1 fusion gene involves complex genomic
rearrangements due to opposite chromosome orientations of the ETV6 and ABL1 genes.
However, only limited studies of the fusion mechanisms at the chromosome level have been
reported. Information regarding the genomic rearrangement, content, and breakpoints
involving in the fusion at the molecular level is lacking. To our knowledge, four mechanisms
regarding the formation of in-frame ETV6::ABL1 gene fusion have been reported, including
the insertion of 5′ETV6 into ABL1 [11–14], the insertion of 3′ABL1 into ETV6 [15–18],
the inversion of 9q (reversing ABL1) in combination with a t(9;12) translocation [19,20],
and ETV6 insertion and translocation involving multiple chromosomes [21]. Except for

http://circos.ca
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chromosomal findings, however, all these mechanisms lacked molecular evidence at the
DNA level. In the present case, we identified another mechanism at the DNA level through
detailed genomic analysis of the neoplastic cells. The in-frame ETV6::ABL1 fusion in
this case was formed via a paracentric inversion on chromosome 12p and a translocation
between chromosome 9q and the inverted 12p (Figure 1E). The inversion reverses the
orientation of ETV6 exons 1-5; the precise breakpoints, nucleotide joining points and
gene contents involved in the rearrangements were clearly defined (Figure S1). However,
the data from our studies were not sufficient to determine whether the inversion and
translocation occurred sequentially or simultaneously. A similar mechanism was only
speculated but not verified with direct molecular evidence [22,23].

We detected multiple genomic anomalies in the patient’s initial bone marrow spec-
imen. Two of them, t(1;15) translocation and ABL1 rearrangement that represented the
ETV6::ABL1 gene fusion, were regularly tested in the following-up studies to monitor the
patient’s therapy and prognosis. After initiation of dasatinib therapy, the ABL1 rearrange-
ment was undetectable in two consecutive following-up FISH tests, consistent with the
morphological remission of the patient. However, the t(1;15) translocation was still present
in 7.0% and 24.0% of the cells in the first and second follow-up tests, respectively, which is
inconsistent with the morphological findings. These results indicated two abnormal cell
populations: one with both the translocation and ABL1 rearrangement, and the other with
the translocation only. We speculate that the t(1;15) translocation occurred prior to the
ETV6::ABL1 fusion, followed by the development of the fusion in a subset of the cells with
the translocation, thus leading to neoplastic transformation. At diagnosis, the neoplastic
clone with t(1;15) and ETV6::ABL1 fusion was likely the predominant cell population that
overgrew the cells without the fusion in the patient’s bone marrow before therapy. After
the effective therapy, the neoplastic clone with the ETV6::ABL1 fusion was eliminated, and
the cells without the fusion, including the cells with and without the t(1;15) translocation,
survived and grew back.

It is noteworthy that multiple genes were affected by the t(1:15) translocation and the
co-occurred interstitial deletion of 15q (see Sections 4.1 and 4.2), and some of these genes
are apparently related to tumorigenesis or tissue development pathways. The RFX7 gene
encodes a transcription factor regulated by TP53 and targeting multiple known tumor sup-
pressors. Mutations in RFX7 have recurrently been reported in lymphoid cancers [24–26].
The PYGO1 gene encodes a nuclear protein essential for Wnt signal pathway, and deregu-
lation of Wnt pathway is a well-known cause of cancer [27–29]. NEDD4, an E3 ubiquitin
ligase, has been suggested to play important roles in cancer as the tumor suppressor protein
PTEN is a direct target of NEDD4 ubiquination [30,31]. In addition, HEYL is a helix–loop–
helix transcription factor, and PRTG has been associated with the development of various
tissues [32,33]. Based on these findings, we hypothesize that the t(1;15) translocation
and/or the deletion of 15q might represent a predisposing genomic lesion, although the
pathogenic roles of the translocation and the deletion need to be verified. As expected,
dasatinib therapy was only effective at treating the neoplastic cells with the ETV6::ABL1
fusion, but not the cells without the fusion. To our knowledge, the development of an
oncogenic ETV6::ABL1 fusion in a subset of predisposed cells has not been reported. In
addition, as there are no standard clinical tests to detect ETV6::ABL1 fusions, this case
highlights the potential therapeutic importance of investigating abnormal ABL1 fusions
that do not involve BCR.

Additional anomalies co-occurring with ETV6::ABL1 fusion are frequent, but their
significance is yet to be understood. The multiple and complex anomalies seen in this
case suggested genomic instability that might play a critical role in the genesis of the
ETV6::ABL1 gene fusion. We speculate that some additional anomalies could predispose
cells to additional pathogenic genomic alterations and neoplastic transformation. In this
case, it is unclear whether the additional anomalies played a role in the patient’s clinical
presentation, therapy response, and prognosis. The t(1;15) translocation and deletion of
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15q could represent somatic or mosaic constitutional changes, as constitutional analysis
was not performed.

6. Conclusions

In summary, we characterized genomic anomalies in an individual with ETV6::ABL1
gene-fusion-positive myeloid neoplasm using various genomic technologies. The oncogenic
in-frame ETV6::ABL1 gene fusion was identified following the detection of ABL1 and ETV6
rearrangements via FISH studies. The identification of the fusion played a critical role in
the decision to employ ABL1 TKI therapy, which achieved morphologic remission, thereby
facilitating a successful allogeneic stem cell transplantation procedure. The ETV6::ABL1
gene fusion was formed through a paracentric inversion of 12p and a translocation between
9q and the 12p with the inversion. This ETV6::ABL1 fusion apparently occurred as a
secondary event in a subset of cells that may have been predisposed to develop a complex
genomic abnormality due to a pre-existing lesion.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes14101851/s1, Figure S1: DNA breakpoints determined
by MP-seq and Sanger sequencing. (A) MP-seq reads (line-connected dots), indicating joining
breakpoints from different chromosomes or chromosome regions. (B) Confirmation of the MP-seq
findings by Sanger sequencing of PCR products that were amplified crossing the joining breakpoints
of the rearrangements. The black vertical lines indicate the breakpoints. (C) DNA breakpoint locations
on the chromosomes involved. Deletions (dotted line) were found at each breakpoint. Black line:
intron; black box: exon.
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