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Abstract T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematopoietic neo-
plasm involving the bone marrow and blood that accounts for ∼15% of childhood and
25% of adult ALL. Whereas multiple, recurrent genetic abnormalities have been described
in T-ALL, their clinical significance is unclear or controversial. Importantly, ABL1 rearrange-
ments, most commonly described in BCR/ABL1-positive B-ALL and BCR-ABL1-like B-ALL,
have been observed in T-ALL and may respond to tyrosine kinase inhibitor (TKI) therapy.
We describe a newly diagnosed case of pediatric T-ALL with a fluorescence in situ hybridi-
zation abnormality suggesting a partial ABL1 deletion by a BCR/ABL1 dual-color dual-
fusion probe but that demonstrated a normal result using an ABL1 break-apart probe.
Mate-pair sequencing (MPseq), a next-generation sequencing (NGS)-based technology
utilized to detect copy number and structural abnormalities with high resolution and preci-
sion throughout the genome,was performedand revealed aNUP214/ABL1gene fusion that
has been demonstrated to be sensitive to TKI therapy. This case demonstrates the power of
MPseq to resolve chromosomal abnormalities unappreciable by traditional cytogenetic
methodologies and highlights the clinical value of this novel NGS-based technology.

INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL), a neoplasm of lymphoblasts committed to the
T-cell lineage involving the bone marrow and blood, is observed in ∼15% and 25% of child-
hood and adult ALL, respectively (You et al. 2015; Borowitz et al. 2017).

In general, childhood T-ALL is a clinically aggressive neoplasm that requires intensive
chemotherapy regimens and is associated with a higher risk of induction failure and early re-
lapse when compared to childhood B-ALL (Borowitz et al. 2017). Although recurrent genetic
abnormalities in many hematologic neoplasms add diagnostic, prognostic, and therapy-
related value, the clinical significance of the known recurrent genetic abnormalities observed
in T-ALL are mostly unclear or controversial (Borowitz et al. 2017; Taylor et al. 2017).
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Interestingly, the detection of ABL1 gene rearrangements, which are often associated with
BCR/ABL1-positive B-ALL and BCR-ABL1-like (Ph-like) B-ALL (Pui et al. 2017; Tasian et al.
2017), have also been described in T-ALL—namely, NUP214/ABL1—and may be amenable
to tyrosine kinase inhibitor (TKI) therapy (Graux et al. 2004; Burmeister et al. 2006; Quintás-
Cardama et al. 2008; Deenik et al. 2009; Graux et al. 2009; Hagemeijer and Graux 2010;
Clarke et al. 2011; De Braekeleer et al. 2011; Duployez et al. 2016; Simioni et al. 2016;
Chen et al. 2017; Liu et al. 2017). Considering the limited treatment options and overall un-
favorable prognosis of T-ALL, detecting genetic abnormalities that may respond to targeted
therapy is critical.

Herein, we describe the detection of a cryptic NUP214/ABL1 gene fusion in a newly
diagnosed case of pediatric T-ALL by mate-pair sequencing (MPseq), a unique next-gener-
ation sequencing (NGS)-based technology that can detect both chromosomal structural and
copy number abnormalities with significantly increased resolution and precision when com-
pared to conventional chromosome and fluorescence in situ hybridization (FISH) methodol-
ogies (Johnson et al. 2018; Smadbeck et al. 2018).

RESULTS

Clinical Presentation
The patient is a 4-yr-old male with a prior diagnosis of autism spectrum disorder who pre-
sented with a 2-wk history of extreme fatigue and significant bruising. On exam he had pal-
lor, splenomegaly, and hepatomegaly, with the splenic tip palpated just below the
umbilicus, and the hepatic border palpated at the costal edge. In addition, he had several
subcentimeter cervical and inguinal lymph nodes. Petechiae were noted overlying the ante-
rior upper legs and beneath both eyelids, and large bruises were noted over the legs bilat-
erally and over the midthoracic vertebrae. Initial laboratory results revealed leukocytosis,
anemia, and thrombocytopenia. His presenting pertinent labs were as follows: white blood
cell count 480 K/µL, hemoglobin 4.8 g/dL, platelets 23 K/µL, blasts 83%, absolute blast
count 399 K/µL, absolute neutrophil count 0 K/µL, lactate dehydrogenase 8574 U/L, uric
acid 6.6 mg/dL, potassium 4.0 mEq/L, phosphorus 4.2 mg/dL, ionized calcium 1.45 mg/dL,
INR 1.7, and PT 20.3. A chest X ray obtained at presentation revealed no mediastinal mass.
The patient was admitted to the pediatric intensive care unit for management of anticipated
tumor lysis syndrome given the significant leukocytosis.

Peripheral blood was sent for morphologic evaluation and flow cytometry studies.
Normocytic normochromic anemia with mild anisopoikilocytosis was observed with absence
of rouleaux and nucleated red blood cells. Marked leukocytosis with predominantly lympho-
blasts and rare mature lymphocytes were observed with virtually absent neutrophils, mono-
cytes, and platelets (Fig. 1). Flow cytometry of peripheral blood showed blasts represented
95% of total leukocytes and expressed the following antigens: CD1a (partial dim), CD2,
cCD3, double positive for CD4 and CD8, CD5, CD7, CD10, CD34 (partial dim), CD56, and
TdT (Fig. 2). Blasts were negative for CD19, CD22, and MPO. Based on morphologic and
flow cytometry results, a diagnosis of T-ALL was rendered. Cerebral spinal fluid was sampled
and found to be negative for malignant cells, classifying the patient as CNS1. Of note, he did
not receive corticosteroids within 4 wk prior to his diagnostic lumbar puncture. In addition,
he did not have testicular disease appreciated on exam. A bone marrow biopsy and aspirate
were obtained for morphologic assessment, chromosome studies, and FISH studies. The
bone marrow aspirate and biopsy were hypercellular (95%–100%) and predominantly com-
posed of lymphoblasts (90%–95% of marrow cellularity). Myeloid and erythroid lineages and
megakaryocytes were all markedly decreased.

NUP214/ABL1 gene fusion detection by MPseq

C O L D S P R I N G H A R B O R

Molecular Case Studies

Peterson et al. 2019 Cold Spring Harb Mol Case Stud 5: a003533 2 of 11



Figure 1. The peripheral blood smear showedmarked leukocytosis with predominantly lymphoblasts and rare
mature lymphocytes. Neutrophils, monocytes, and platelets were virtually absent.

Figure 2. Pertinent immunophenotype results by flow cytometry indicating T-lymphoblastic leukemia. The
lymphoblast population expressed the following antigens: CD1a (partial dim), CD2, cCD3, double positive
for CD4 and CD8, CD5, CD7, CD10, CD34 (partial dim), CD56, and TdT. (Green) Blasts, (red) mature lympho-
cytes, (dark blue) monocytes, (magenta) granulocytes, (light blue) erythrocytes.
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Genomic Analyses
All genomic studies were performed on the submitted diagnostic bone marrow aspirate
specimen. Conventional chromosome studies indicated 20 normal metaphases (46,XY)
from an unstimulated culture (Fig. 3A), whereas T-ALL panel FISH studies revealed both com-
plete and partial CDKN2A deletions in the majority of nuclei (96.5% of 200 interphase cells)
(Fig. 3B) and what appeared to be a partial ABL1 deletion (89.4% of 500 interphase cells;
observed using a BCR/ABL1 D-FISH probe set) (Fig. 3C). Importantly, the remaining T-ALL
and TKI responsive FISH probes were negative (see Methods for a complete list of FISH
probes), including the ABL1 BAP probe set (Fig. 3D).

A

B C D

Figure 3. (A) Representative normal male karyogram (46,XY) demonstrating no visible chromosome abnor-
malities. (B) Representative interphase cells showing either homozygous CDKN2A deletions (loss of both
red signals) or a complete and partial loss of the CDKN2A gene regions (loss of a single red signal and a di-
minished red signal). (C ) Representative interphase cell showing a diminished ABL1 (red) signal using the
BCR/ABL1 D-FISH probe set (indicated by an arrow). This finding was initially interpreted as a partial deletion
of the ABL1 gene region. (D) Representative interphase cell showing two intact ABL1 signals using the ABL1
BAP FISH probe, interpreted as no disruption of the ABL1 gene.
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To further characterize the abnormal clone, MPseq was performed and revealed
complex rearrangements involving both Chromosome 9 homologs and a 10.1-Mb duplica-
tion on 10q (Fig. 4A). A 3.8-Mb deletion of 9p (Chr 9:20,866,257-24,692,658) was observed
on one Chromosome 9 homolog, resulting in loss of multiple genes including CDKN2A
and CDKN2B (Fig. 4B). In addition, a pericentric inversion of the other Chromosome 9 ho-
molog was observed that resulted in deletions at the breakpoint sites (9p21.3 and
9q21.12), including an ∼583-kb deletion (Chr 9:21,805,717-22,389,662) that also spanned
CDKNA and CDKN2B (Fig. 4B). These results were consistent with homozygous CDKN2A
deletions observed by FISH analysis. Lastly, a “cryptic” t(9;9)(q34.13;q34.12) was observed
with breakpoints located in intron 31 of NUP214 (NM_001318324.1) and intron 1 of ABL1
(NM_007313.2) and is predicted to create an in-frame chimeric gene consisting of exons
1–31 of NUP214 and exons 2–11 of ABL1 (Fig. 5). Sanger sequencing confirmed the trans-
location breakpoints indicated by MPseq (Table 1).

Treatment Outcomes
The patient was initially treated with methylprednisolone for 72 h for gentle leukoreduction
followed by systemic chemotherapy as per the Children’sOncology Group (COG) AALL1231
trial protocol. As the family declined to enroll in the trial, the patient was treated off study as
per the standard therapy arm. Induction chemotherapy consisted of the standard four-drug
regimen of vincristine, dexamethasone, daunorubicin, and pegaspargase, and the patient
also received standard CNS prophylaxis with intrathecal cytarabine and methotrexate.
Peripheral blasts were not cleared from circulation until day 14 of induction therapy.
During induction, he experienced multiple complications, including steroid-induced hyper-
tension requiring several antihypertensives, vincristine-induced syndrome of inappropriate
antidiuretic hormone secretion, sepsis due to methicillin-sensitive Staphylococcus aureus,

A

B

Figure 4. (A) Mate-pair sequencing (MPseq) genome plot demonstrating several structural and copy number
abnormalities, including a pericentric inv(9), a heterozygous 9p21.3 deletion, and a 10.1-Mb gain of 10q.
(B) Focused view of Chromosome 9 showing in greater detail the pericentric inv(9), including the deletions
spanning the inversion breakpoints (9p21.3 and 9q21.12) and a 3.8-Mb deletion of the 9p21.3 chromosome
region (including CDKN2A).
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and a large saddle embolus. Despite these complications, therapy was not withheld. At the
end of induction, a bone marrow study revealedmeasurable minimal residual disease (MRD)
of 0.006%. Per the AALL1231 protocol, patients with whoMRD < 0.01% at the end of induc-
tion that are CNS1 with no testicular involvement and who did not receive steroid pretreat-
ment prior to the diagnostic lumbar puncture are stratified into the standard risk group.
Consolidation therapy consisted of cyclophosphamide, cytarabine, mercaptopurine, vincris-
tine, and pegaspargase. The patient tolerated consolidation therapy well and achieved re-
mission as evidenced by an end of consolidation MRD of 0%. Since obtaining remission,

Figure 5. Mate-pair sequencing (MPseq) results visualized in SVAtools. Junction plot demonstrating a trans-
location between the NUP214 gene (intron 31; NM_001318324.1) at 9q34.13 and the ABL1 gene (intron 1;
NM_007313.2) at 9q34.12. This translocation is predicted to create an in-frame chimeric gene consisting of
exons 1–31 of NUP214 and exons 2–11 of ABL1.

Table 1. Mate-pair sequencing (MPseq) and Sanger sequencing results for the NUP214/ABL1 gene fusion

Gene 1 Gene 2 Position 1 Position 2 Transcript 1

Intron
number
1 Transcript 2

Intron
number
2 Fusion junction sequencea

Frame-
shift
class

ABL1 NUP214 Chr 9:130,835,718 Chr 9:131,215,806 NM_007313.2 1 NM_001318324.1 31 CAGTTCTCTTATATTCTGTCTCTC
TTTCTTTCTCTCTGTGcgaatttttt
CCCAAAAGTTGAAGCCTTT
AATATTTCTCACCTCTTACAT

In-frame

aBold, uppercase sequence maps to gene 1. Sequence in lowercase is found at the breakpoint but does not map to either chromosome. Nonbolded uppercase
sequence maps to gene 2.
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this patient has completed the interim maintenance and delayed intensification phases of
therapy as per the nonrandomized, standard risk arm of the COG AALL1231 protocol.
The patient is currently in his second phase of maintenance therapy and is doing well clini-
cally with no signs of relapse.

DISCUSSION

Following conventional chromosome and T-ALL and TKI panel FISH studies that yielded
little prognostic and treatment-related information, MPseq was performed to further eluci-
date what appeared to represent a partial ABL1 deletion by FISH analysis using the BCR/
ABL1 D-FISH probe set. Rather than confirming a partial or complete deletion as suggested
by the ABL1 D-FISH probe footprint, aNUP214/ABL1 gene fusion resulting from a “cryptic”
t(9;9)(q34.13;q34.12) was revealed by MPseq and subsequently confirmed by Sanger se-
quencing. This discrepant result was resolved after the translocation breakpoints by
MPseq were compared to the ABL1 D-FISH footprint. Although a segment of the disrupted
ABL1 D-FISH probe on der(9) resulted in a diminished (dim) ABL1 signal, the intact ABL1
D-FISH probe on der(9) was enhanced via juxtaposition of the translocated portion of the
ABL1 D-FISH probe from the der(9) (Fig. 6).

Similarly, because the ABL1 BAP generated two apparently normal, intact fusion signals,
the ABL1 BAP FISH footprints were compared to the NUP214/ABL1 breakpoints. Although
theABL1 gene on the der(9) was disrupted because of the translocation event and should be
associated with a disruption of the ABL1 BAP, the MPseq results indicate a fusion signal was
ultimately “re-created” on the der(9) because of retention of the 5′ABL1 BAP from the der(9)
with juxtaposition of the translocated portion of the 3′ABL1 BAP from the der(9), thus “mask-
ing” the ABL1 rearrangement (Fig. 6). The initial break on the der(9) disrupts the NUP214
gene rather than the ABL1 gene and is not associated with a true disruption of the BAP
ABL1 probe (Fig. 6). However, the der(9) is ultimately the location of the NUP214/ABL1 fu-
sion that is generated by the “cryptic” t(9;9) event. Importantly, amplification of theNUP214/
ABL1 fusion gene appears to be required for oncogenicity andmay be a late event occurring
in only a subpopulation of cells (Graux et al. 2009). Although amplification of the NUP214/
ABL1 fusion gene was not observed in our case, follow-up testing to detect clonal evolution
would be of clinical importance.

In addition to theNUP214/ABL1 rearrangement, MPseq identified heterozygous and ho-
mozygous 9p deletions, a pericentric inv(9) and a partial gain of 10q. Taken together, of the
multiple structural and numerical abnormalities identified by MPseq, FISH only identified
complete and partial CDKN2A deletions, whereas chromosome studies were normal.

MPseq is a unique NGS-based technology that provides significantly higher resolution
and precision when compared to chromosome and FISH methodologies, often characteriz-
ing breakpoints to the exact intron or exon. Library preparation involves circularizing long
DNA fragments (∼2–5 kb), followed by paired end sequencing of the mate-pair fragments.
Rather than direct sequencing, long insert sequences are inferred from short paired end
reads, thus allowing for the robust detection of structural abnormalities without extensive se-
quencing. Importantly, MPseq leverages inferred sequence in between reads to achieve
“bridged coverage”; thus the amount of sequencing necessary to gather evidence for struc-
tural abnormalities and the resulting cost are less compared to traditional paired end se-
quencing across the entire genome.

Utilization of bridge coverage also allows for a breakpoint resolution smaller than frag-
ment size, typically within a 1-kb window (or smaller, depending on the coverage of the
study). However, MPseq also has the potential to capture “split reads,” wherein a single
sequence read, rather than a set of paired reads, contains sequences from both sides of
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the rearrangement. These split reads identify the breakpoint down to the base pair level, es-
sentially providing the maximum level of resolution without requiring follow-up Sanger se-
quencing. The ability to detect both structural and copy number abnormalities with high
resolution and precision significantly exceeds the detection capabilities of FISH, as we
have demonstrated in this case. Last, the ability to detect structural rearrangements of clini-
cal significance will continue to grow as disease-specific and potentially targetable abnor-
malities are discovered. For example, the list of kinase genes that respond to TKI therapy
in Ph-like B-ALL continues to grow (Pui et al. 2017; Tasian et al. 2017), and it will become
infeasible or cost-effective to continue the development of FISH probes or other methodol-
ogies targeting single-gene regions for application to the rapidly growing list of gene
rearrangements.

In summary, we have demonstrated the clinical utility of MPseq in a newly diagnosed
case of pediatric T-ALL with a cryptic NUP214/ABL1 fusion. The detection of the NUP214/
ABL1 gene fusion by MPseq, in addition to other structural and copy number abnormalities,
were undetected by chromosome studies and two standard, clinical FISH probe sets with
ABL1 coverage, thus illustrating the power of this novel NGS-based technology. Although
this patient has not yet been treatedwith TKI therapy, the ability ofMPseq to reveal a genetic
abnormality of potential clinical significance that was missed by standard cytogenetic

Figure 6. A focused view of the ABL1 and NUP214 gene regions on the derivative copies of Chromosomes
9. Horizontal dashed red lines indicate the breakpoints on each derivative Chromosome 9 and disruption of
each FISH probe footprint. The solid red vertical bars indicate the ABL1 FISH probe footprint from the
BCR/ABL1 D-FISH probe set (ABL1 D-FISH). The close proximity of ABL1 and NUP214 on each
Chromosome 9 resulted in a diminished ABL1 signal on the der(9) homolog while enhancing the ABL1
FISH probe signal intensity on the der(9) homolog. The striped vertical green bars indicate the 5′ABL1 FISH
probe footprint from the ABL1 BAP (5′ABL1 BAP) and the striped vertical red bars indicate the 3′ABL1 FISH
probe footprint from the ABL1 BAP (3′ABL1 BAP). Although the ABL1 gene was rearranged on the der(9) ho-
molog, the 3′ABL1 BAP spanning theNUP214 rearrangement from the der(9) homolog created a fusion signal
on the der(9), thus “masking” the ABL1 rearrangement.
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evaluation has been demonstrated, and the NUP214/ABL1 fusion could provide an alterna-
tive treatment target if this patient experiences a T-ALL relapse.

METHODS

Conventional Chromosome Analysis
Cells from the bone marrow aspirate specimen were cultured, harvested, and banded utiliz-
ing standard cytogenetic techniques according to specimen-specific protocols. Twenty
metaphases were analyzed by two qualified clinical cytogenetic technologists and interpret-
ed by a board-certified (American Board of Medical Genetics and Genomics [ABMGG]) clin-
ical cytogeneticist.

Fluorescence In Situ Hybridization (FISH)
The T-ALL and TKI-responsive FISH panels were performed on interphase nuclei including
locus-specific (CDKN2A/D9Z1 [Abbott Molecular], TP53/D17Z1 [Abbott Molecular]),
break-apart (KMT2A(MLL) [Abbott Molecular], TRB [laboratory-developed test, LDT], TRD
[LDT], TAL1/STIL [LDT], ABL1 [LDT], PDGFRβ [LDT], JAK2 [LDT], ETV6 [LDT], NUP98
[LDT]), and D-FISH (BCR/ABL1 to detect ABL1 amplification [Abbott Molecular], TLX3/
BCL11B [LDT], MLLT10/PICALM [LDT]) probe sets. The bone marrow aspirate specimen
was subjected to standard FISH pretreatment, hybridization, and fluorescence microscopy
according to specimen-specific protocols. FISH analysis was performed by two qualified clin-
ical cytogenetic technologists and interpreted by a board-certified (ABMGG) clinical
cytogeneticist.

Mate-Pair Sequencing (MPseq)
DNA was extracted from a fixed cell pellet and 1 µg of DNA was utilized for mate-pair se-
quencing library preparation and was processed using the Illumina Nextera Mate Pair library
kit (Illumina). Library preparation consisted of tagmentation to simultaneously shear and bio-
tinylate the genomic DNA, strand displacement to fill any gaps left by the tagmentation step,
and overnight circularization (16–20 h) to produce stabile 2- to 5-kb DNA fragments. AMPure
purification (Beckman Coulter) was performed after the tagmentation and strand displace-
ment steps (0.56× and 0.4×, respectively) to ensure only the longest fragments are selected
to complete library preparation. After overnight circularization, noncircularized DNA was di-
gested with exonuclease prior to mechanical shearing of the circularized fragments with a
Covaris LE220 System (Covaris). The resulting biotinylated DNA fragments were bound to
Dynabeads M-280 Streptavidin (Thermo Fisher Scientific) and subsequently processed
through end repair, A-tailing, ligation of 7-bp Illumina adapters (a component of the
TruSeq DNA library prep kit), and PCR using the PCR Primer Cocktail (Illumina) and KAPA
HiFi HotStart Ready Mix PCR Kit (KAPA Biosystems). A 0.67× AMPure purification was per-
formed to complete library preparation. MPseq libraries were multiplexed at two samples
per lane to be sequenced on the Illumina HiSeq 2500 in rapid run mode. On both ends of
each mate-pair fragment, 101 base pairs were sequenced to a bridged coverage of 43×
and a base coverage of approximately 6×. Data were aligned to the reference genome
(GRCh38) using BIMAv3, and abnormalities were identified and visualized using SVAtools,
an in-house developed bioinformatics tool. Additional information regarding MPseq tech-
nology and bioinformatics tools have been previously described (Drucker et al. 2014;
Johnson et al. 2018; Smadbeck et al. 2018).
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Sanger Sequencing
Reference DNA sequences spanning the minimal 5′ and maximal 3′ positions of MPseq ap-
proximate breakpoints were used for primer design using Primer3Plus. End-point PCR was
performed on patient DNA with a 50% 2× Paq5000 Hotstart PCR Master Mix (Agilent) using
touchdown PCR. Results were visualized on a 2% agarose gel in a UV light box, and amplicon
sizes were estimated. Selected amplicons were purified using Exo-SAP-IT PCR Product
Cleanup Reagent (Thermo Fisher Scientific) and Sanger sequencing was performed on a
3730xl DNA Analyzer (Thermo Fisher Scientific). The resulting sequences were analyzed us-
ing Sequencher DNA Sequence Analysis Software (Gene Codes Corporation) and mapped
to the GRCh38 genome using the BLAT function in the UCSC genome browser to determine
precise breakpoints in this rearrangement.

ADDITIONAL INFORMATION
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