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Abstract A 52-yr-old woman presented with therapy-related acute myeloid leukemia. A
bone marrow biopsy showed 21% blasts with a myeloid phenotype and no other notable
features such as abnormal eosinophils. Routine nanofluidics-based reverse transcriptase po-
lymerase chain reaction (PCR) leukemia translocation panel designed to screen for recurrent
genetic abnormalities in acute leukemia detected an inversion 16 transcript variant E. This
prompted rereview of karyotype and fluorescence in situ hybridization studies, which con-
firmed inv(16), leading to appropriate prognostication and modification of treatment. This
case underscores the utility of a powerful molecular screeningmethod for the routine detec-
tion of recurrent genetic abnormalities of acute myeloid leukemia. It was especially useful in
this case because of the lack of characteristic morphologic findings seen in inversion 16 and
the difficulty in its detection by conventional karyotype analysis.

[Supplemental material is available for this article.]

INTRODUCTION

In theWorldHealthOrganization (WHO) classification system, acutemyeloid leukemia (AML)
with inv(16)(p13.1q22)/CBFB–MYH11 is recognized as a separate entity within the category
of AMLwith recurrent genetic abnormalities (Arber et al. 2016). Approximately 5%–7%of pa-
tients with de novo AML have an inv(16)(p13.1q22) or t(16;16)(p13.1;q22) abnormality. It is
typically associated with distinctive morphologic findings, including a prominent monocytic
component, eosinophilia, and abnormalities involving immature eosinophilic granules in late
promyelocyte and myelocyte stages of eosinophil maturation. Characteristically, these ab-
normal eosinophilic precursors have larger than usual, dense purple-violet granulation
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that can obscure the cell morphologic features (Larson et al. 1986; Marlton et al. 1995;
Bloomfield et al. 1997; Byrd et al. 2002; Delaunay et al. 2003; Schwind et al. 2013). The as-
sociation of abnormal eosinophils and alterations in Chromosome 16 was first described by
Arthur and Bloomfield in 1983 (Arthur and Bloomfield 1983). Occasionally, a small subset of
cases may lack one or more of these features including eosinophilia. Rarely, AML with inv(16)
can be seen in therapy-related settings.

Importantly, irrespective of morphologic findings, AML with inv(16)(p13.1q22)/
CBFβ–MYH11 carries a favorable prognosis. This subtype of AML has been shown to achieve
a high rate of complete remission with high-dose cytarabine during consolidation therapy
(Bloomfield et al. 1998; Borthakur et al. 2008). The optimal treatment strategy for AML
with inv(16) involves a regimen of intensive consolidation chemotherapy, as opposed to pro-
longed maintenance chemotherapy with low-dose antileukemic agents (Juliusson et al.
2009; Prebet et al. 2009). Higher remission rates are noted in elderly AML patients, as
well as therapy-related settings (Larson 2006; Arahata et al. 2015). For the above reasons,
it is critical to identify inv(16) in AML patients.

The breakpoints of both inv(16)(p13.1q22)/CBFB–MYH11 and t(16;16) involve the
intronic regions of the core-binding factor β subunit (CBFβ) at 16q22 and the myosin heavy
chain 11 smooth muscle gene (MYH11) at 16p13.1 and often occurs as a result of a pericen-
tric inversion (Liu et al. 1993; Reilly 2005). Liu et al. showed that the first five, or rarely four,
exons of CBFβ bind to variable lengths of the carboxy-terminal region of MYH11. In their
study, the nucleotide numbering in the breakpoint of MYH11 ranged from 994 to 2134
(Liu et al. 1995; Reilly 2005). Multiple unique fusion transcripts, designated types A–K, can
occur in AML with inv(16) as a result of different combinations in CBFβ and MYH11. Type
A is the most common, accounting for >85% of inv(16) fusion transcripts. Types D and E
have been reported at 5%–10% each, whereas type B, C, and F–K are predominantly single
case reports (Shurtleff et al. 1995; van der Reijden et al. 1995; Schnittger et al. 2007; Schwind
et al. 2013).

Detecting inv(16) is not without its challenges. By conventional karyotyping, inv(16) ab-
normality can be very subtle, which is a well-documented pitfall (Langabeer et al. 1997; Ritter
et al. 1997; Hernández et al. 2000). Routine fluorescence in situ hybridization (FISH)/molec-
ular studies to detect inv(16) on every AML can be expensive. For this reason, many clinical
centers perform FISH ormolecular testing for recurrent translocations only when there is clin-
ical or morphologic suspicion for its presence. Furthermore, not all laboratories may have
these tests available on-site and must have the sample sent to a reference center.
Similarly, the detection of differentially spliced CBFB–MYH11 transcripts requires the use
of multiple different reverse transcriptase–polymerase chain reaction (RT-PCR) primers
(van der Reijden et al. 1995; Hernández et al. 2000). As such, discretion in ordering, based
on morphological clues, is exercised in many settings.

However, on occasion, the morphologic clues may be subtle or absent. Specifically, AML
cases with transcript E aremore frequent in therapy-related settings and often lack abnormal
eosinophil cytomorphology (Schnittger et al. 2007). In such cases, unless testing is routinely
done, inv(16) can be missed, leading to suboptimal treatment approach. In addition to rou-
tine assessment of inv(16), which is expensive, screening for other recurrent genetic abnor-
malities such as t(8;21) and t(15;17) is also required.

Herein, we present a patient with AML with inv(16) variant E, presenting in a therapy-re-
lated setting, without any of the typical morphological features of eosinophilia or abnormal
eosinophils with basophilic granules. This transcript was detected incidentally using a rou-
tine nanofluidics-basedmultiplex RT-PCR (leukemia translocation panel) screening assay de-
signed to screen for the frequently identified recurrent genetic abnormalities in acute
leukemia. Inv(16) abnormality was subsequently confirmed by FISH and detected by conven-
tional karyotyping studies in retrospect.We illustrate the utility of this assay in formulating the
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appropriate treatment plan with the utmost benefit and highlight the need for such an assay
for clinical screening of all AML patients for enabling precision medicine.

RESULTS

Case Report
A 52-yr-old woman was found to have leukocytosis, anemia, thrombocytopenia, and circu-
lating blasts during routine follow-up. Complete blood count showed a white blood cell
count of 14.2 K/µL, hemoglobin of 11.5 g/dL, and platelet count of 68 K/µL. She had a history
of left breast invasive ductal carcinoma, diagnosed 5 yr prior, treated with neoadjuvant che-
motherapy with fluorouracil (5-FU), doxorubicin and cyclophosphamide, and paclitaxel, fol-
lowed by segmental mastectomy and radiation.

The patient underwent bone marrow aspiration and biopsy on the left posterior iliac
crest.

The bone marrow biopsy was hypercellular (90%) for age with trilineage hypoplasia, in-
creased immature blasts, and marked granulocytic predominance (Fig. 1A). Bone marrow
touch imprint showed ∼21% blasts, variable in size, with irregular nuclear contours, oval to
folded nuclei, and some azurophilic granules (Fig. 1B). Auer rods were noted in rare blasts.
The myeloid precursors showed left-shifted maturation with occasional dyspoietic changes.
The erythroid precursors were decreased in proportion, with megaloblastoid maturation.
Megakaryocytes were rare and showed normal morphology. There was no increase in mono-
cytic cells. Therewas no eosinophilia or abnormal eosinophils with purple-violet granules. By
cytochemical staining, the blasts were positive for myeloperoxidase and negative for buty-
rate (nonspecific) esterase. By Prussian blue stain, ring sideroblasts were not seen. A diagno-
sis of AML arising in a therapy-related setting was rendered. Immunohistochemical stains for
pan-cytokeratin and TP53 were negative. Flow cytometry immunophenotypic analysis
showed an aberrant blast population (∼20% of total analyzed events) positive for CD13,
CD34, CD38, CD117, CD123, HLA-DR, and MPO. They were negative for CD2, sCD3,
cCD3, CD4, CD5, CD7, CD14, CD15, CD19, CD22, CD25, CD33, CD36, CD41, CD56,
CD64, and TdT. Preliminary conventional cytogenetic studies (48 h of culture) showed 46,
XX,add(5p)[6]/46,XX[4].

A B

Figure 1. (A) Hypercellular bone marrow biopsy showing increased immature cells and granulocytic predom-
inance (hematoxylin and eosin [H&E], 400×); (B) Bonemarrow touch imprint showing increased blasts and left-
shifted granulocytes with some dysplastic features (Wright–Giemsa, 1000×, oil immersion).
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Inv(16) Detecting by a Leukemia Translocation Panel Screening Assay
All new patients with AML and at least 6% blasts by differential count undergo routine testing
using a nanofluidics-based qualitative RT-PCR assay custom-designed for detection of eight
recurring translocations including a few variants, observed in AML and acute lymphocytic
leukemia (ALL) (eight translocations, nine variants). This “leukemia translocation panel”
(LTP) is a novel, high-throughput single-platform nanofluidics-based approach to identify
multiple leukemia-associated translocations (Table 1), which combines integrated fluidic cir-
cuit arrays and TaqMan probe–based quantitative PCR (qPCR) to simultaneously detect fu-
sion transcripts using very little RNA.

The LTP identified a CBFB–MYH11 variant E fusion transcript (Fig. 2). Based on these un-
expected results, we performed FISH studies on aspirate smears for confirmation using a
dual-color break-apart DNA probe (Abbott Molecular) that hybridizes to the band 16q22
(spectrum orange on the 5′ centromeric side and spectrum green on the 3′ telomeric side
of the CBFB breakpoint). FISH results confirmed CBFB rearrangement in 176 of 200 (88%)
interphases (Fig. 3A). Following identification of inv(16) by both FISH and molecular studies,
review of the karyotype revealed 46,XX,add(5)(p15.1),inv(16)(p13.1q22)[12]/46,XX[8] (Fig.
3B).

Next-generation sequencing (NGS)-based mutation analysis on a Illumina MiSeq
sequencer using a 28-gene myeloid panel detected low-level mutations in KRAS p.G12D
(variant allele frequency, 2.7%) and FLT3 p.D835Y (variant allele frequency, 1.3%) (Table
2; Kanagal-Shamanna et al. 2016a). The latter was also confirmed using a PCR-based capil-
lary electrophoresis assay that was positive for low-level FLT3D835 point mutation (and neg-
ative for FLT3 internal tandem duplication [ITD]). Mutations in CEBPA (CCAAT/enhancer
binding protein-alpha) gene were absent by Sanger sequencing assay.

Therapy Change and Outcome
Following the diagnosis of therapy-related AML with inv(16), the patient was treated with in-
duction chemotherapy with CIA (cladribine, idarubicin, and cytarabine) followed by consol-
idation with FLAG-IDA (fludarabine, cytarabine, idarubicin). Because core-binding factor
AML benefits most from high-dose Ara-C, the consolidation therapy was switched to
FLAG-IDA, with a higher dose of Ara-C from CIA (the standard in the community practice

Table 1. Leukemia translocation panel

t(8;21)(q22;q22); RUNX1–RUNX1T1

inv(16)(p13.1q22) or t(16;16)(p13.1q22); CBFB–MYH11 variant A

inv(16)(p13.1q22) or t(16;16)(p13.1q22); CBFB–MYH11 variant D

inv(16)(p13.1q22) or t(16;16)(p13.1q22); CBFB–MYH11 variant E

t(15;17)(q22;q12); PML–RARA long form

t(15;17)(q22;q12); PML–RARA short form

t(15;17)(q22;q12); PML–RARA alternative form

t(9;22)(q34;q11.2); BCR–ABL1 b2a2

t(9;22)(q34;q11.2); BCR–ABL1 b3a2

t(9;22)(q34;q11.2); BCR–ABL1 e1a2

t(12;21)(p13;q22); ETV6–RUNX1

t(1;19)(q23;p13.3); E2A–PBX1

t(4;11)(q21;q23); KMT2A–AF4

t(6;9)(p23;q34); DEK–NUP214
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would have been 3+7). The patient achieved complete remission, negative for minimal re-
sidual disease by flow cytometry studies, FISH studies for CBFB–MYH11, and negative for
FLT3 D835. The patient could not be followed up using the in-house RT-PCR assay because
it is designed for only CBFB–MYH11 transcript type A. As of last follow-up, she has been in
complete molecular remission for the last 16 months.

DISCUSSION

Identification of genetic aberrations is essential for providing accurate diagnosis and prog-
nosis, instituting appropriate treatment, and guiding subsequent follow-up testing for min-
imal residual disease assessment (Kanagal-Shamanna et al. 2016b). Unique management
strategies in AML patients with recurrent genetic translocations such as t(15;17), t(8;21)
and inv(16) are an epitome of personalized medicine.

A

B

Figure 2. (A) Leukemia translocation panel heat map representation of cycle to threshold Ct values for each
tested translocation. A result is considered positive if the Ct value is ≤25 (as indicated by the color scale)
and if all samples in triplicate have a nearly identical Ct value. The patient is indicated by a red arrow,
with a Ct value for inv(16) type E of ∼16, in triplicate (red box). In contrast, the Ct values for inv(16) types A
and D do not meet these criteria (Ct value > 26 in at least one of the triplicate samples). Similarly,
MLL(KMT2A)/AF4 also does not meet these criteria (Ct value > 30 and in only two-thirds of the triplicate sam-
ples). The positive control for each translocation is shown as an individual row (rows 31–40), and HLA-60 (row
41) serves as the negative control. (B) Amplification curve for CBFB–MYH11 variant E fusion transcript using a
nanofluidics-based qualitative RT-PCR assay.
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Inv(16) abnormality is often suspected in AML with myelomonocytic maturation associat-
ed with characteristic abnormal eosinophils; however, in a therapy-related setting such as
this case, morphologic clues may be absent. Furthermore, the inv(16) abnormality can be
subtle, and detection by conventional karyotype can be challenging. Not surprisingly, pre-
liminary karyotyping results from this case did not detect inv(16). For these reasons, reflex
FISH testing was not ordered. However, routine use of a leukemia translocation panel to
screen for recurring genetic abnormalities in all patients with AML identified inv(16) tran-
script E, which led to further confirmatory testing using FISH studies, guiding appropriate
prognostication and treatment. This case highlights the importance of this or a similar assay
in which the treatment is modified based on this cryptic finding. Detection of recurring trans-
locations in core-binding factors, including inv(16), is essential to render a complete diagno-
sis, predict prognosis, and guide therapy.

The variants of fusion transcripts, including type E, are rare, but recurrent and important
to recognize. Type E variant cases are associated with certain unique features. They are
found more frequently in therapy-related AML, have lower white blood cell counts at diag-
nosis, often lack abnormal eosinophil cytomorphology, and appear to be mutually exclusive
with KIT mutations. Nevertheless, in the absence of concomitant KIT mutation, there is no
difference in overall survival or event-free survival compared to variant A (Schnittger et al.
2007; Schwind et al. 2013). The case under discussion showed typical features of inv(16)

BA

Figure 3. (A) Conventional cytogenetics showing an inversion 16 abnormality (circled red with arrow). The kar-
yotypewas 46,XX,add(5)(p15.1),inv(16)(p13.1q22)[12]/46,XX[8]. (B) Fluorescence in situ hybridizationwas pos-
itive forCBFB rearrangement (176 of 200 interphases) using a CBFB inv(16) dual-color break-apart DNAprobe.

Table 2. Variant table

Chromo-
some Gene

Genomic
coordinates

HGVS coding
variant

HGVS
protein

Variant
(+) Variant type

Predicted
effect

Variant
allele

frequency Coverage
dbSNP/
dbVar ID

Chr 13 FLT3 Chr 13:28592642 NM_004119.3
(FLT3):
c.2503G>T

p.D835Y G>T SNV/missense Substitution 1.3 9024 rs121913488

Chr 12 KRAS Chr 12:25398284 NM_004985.5
(KRAS):
c.35G>A

p.G12D G>A SNV/missense Substitution 2.7 1583 rs121913529

(SNV) Single-nucleotide variant.
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type E AML. The patient was initially diagnosed as therapy-related AML. Following the re-
sults of the leukemia translocation panel, inv(16) transcript variant E was detected.
Because the transcript was detected incidentally in a therapy-related setting without
the usual morphologic findings of AML with inv(16)(p13.1q22) or t(16;16)(13.1;q22)/
CBFB–MYH11, we performed FISH studies on the bone marrow aspirate smear for con-
firmation. The results showed a split signal in 176 of 200 (88%) interphases consistent with
CBFB rearrangement. The final diagnosis was therapy-related AML with inv(16)
(p13.1q22)/CBFB–MYH11. None of the features of the clinical presentation nor morphologic
findings were suggestive of an underlying core-binding factor AML. The presence of
add (5p) was consistent with t-AML, without raising suspicion for the presence of inv(16),
although absence of concurrent TP53 mutation (or KMT2A fusion) was unusual. In this
case scenario, the only way to detect inv(16) was by routine screening for fusions, either
by FISH or molecular techniques.

This case illustrates the important role of molecular diagnostic testing in making accurate
diagnosis, prognostication, appropriate treatment. and guiding subsequent follow-up
testing for minimal residual testing assessment. In the era of personalization of medicine,
core-binding factor AML is a diagnosis that cannot be missed. This has implications on
diagnostic subclassification and prognostic risk stratification. Even in a therapy-related set-
ting, AML with inv(16) has improved outcomes compared to therapy-related AML (t-AML)
without recurrent genetic abnormalities (Andersen et al. 2002; Kern et al. 2004; Schoch
et al. 2004; Armand et al. 2007; Aldoss and Pullarkat 2012; Bueso-Ramos et al. 2015).
AML patients with inv(16) have improved event-free survival with the FLAG regimen
(Borthakur et al. 2008).

Therapy for a patient with t-AML is typically tailored to each individual based on cytoge-
netic risk and performance status (Dhakal et al. 2020). Intensive chemotherapy, including
CPX-351 or 7+3, is typically used in patients with good performance status, whereas older
adults or patients with poor performance status may benefit more from low-intensity regi-
mens (hypomethylating agent or low-dose cytarabine with or without venetoclax) (Boddu
et al. 2017; Lancet et al. 2018; DiNardo et al. 2019; Dhakal et al. 2020). Importantly, in
our patient, the detection of inv(16) resulted in induction therapy with cladribine, idarubicin,
and cytarabine and consolidation with a high-dose cytarabine based regimen, essentially
FLAG (fludarabine, high-dose cytarabine, and granulocyte colony-stimulating factor). In
this subset of AML, chemotherapy with a higher dose Ara-C has been shown to significantly
improve patient outcomes (Bloomfield et al. 1998; Byrd et al. 2004; Schlenk et al. 2004;
Marcucci et al. 2005; Lowenberg et al. 2011; Dohner et al. 2017). Performing an individual
FISH probe for a specific translocation, such as for rearrangements of PML/RARA or BCR/
ABL, is a fast and effectivemethod if it is suspected clinically or pathologically. However, per-
forming a targeted FISH test for the multiple recurrent translocations recognized by the
WHOwould be laborious and time-consuming. It is not practical or cost-effective to perform
individual FISH or RT-PCR tests to screen for each recurrent translocation; these are more ef-
fectively used as specific confirmation methods or for monitoring once identified. In regard
to cost, the expense of a FISH probe labeled with two colors (either a CBFB break-apart
probe or aCBFB–MYH11 fusion probe) is usually∼$100–$200/test. To test for themost com-
mon translocations in AML would likely cost ∼$800. In contrast, the LTP costs ∼$700 per pa-
tient. In addition to the difference in testing cost, as mentioned above, performing FISH can
involve more manual labor in both the technical aspect and interpretation of the tests, which
ultimately may require more personnel full-time equivalents (FTEs). The LTP is more auto-
mated and less labor-intensive and can also potentially save personnel cost. Nonetheless,
a limitation of the LTP and other RNA-based assays is the need for a fresh sample fromwhich
to extract the RNA. However, this is typically not difficult to obtain from bone marrow or pe-
ripheral blood for new patients presenting with suspected leukemia. Although the LTP has
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proven to be a versatile assay to screen for multiple leukemia-associated recurring trans-
location, it is unable to detect translocations involving different positions or with
different partners. As such, because KMT2A/MLL can have multiple different partners, we
typically use FISH break-apart probes in order to screen for KMT2A/MLL rearrangement if
suspected.

In terms of minimal residual disease (MRD) monitoring, it is important to be aware of
these variant transcripts at baseline and follow up using an RT-PCR assay that is able to iden-
tify these variant transcripts or FISH if such an assay is not available. This will avoid false-neg-
ative results.

In summary, for this patient, a simple molecular screening assay identified inv(16) in an
unusual setting and provided accurate prognostic information and guided the use of an ap-
propriate therapeutic regimen. inv(16) is subtle and difficult to detect by conventional karyo-
type, whereas FISH testing is generally initiated based on morphologic clues that were
absent in this case. Hence, a screening assay for recurrent translocations played a critical
role in identification of the transcript. This case highlights the importance of a multimodal
approach and underscores the important part that molecular tests can have in patient man-
agement and their growing role in personalized medicine.

METHODS

Bone Marrow Evaluation
Aspirate smears and a touch imprint were stained using Wright–Giemsa stain. The biopsy,
following decalcification, and clot section were fixed in formalin and submitted for morpho-
logic and immunohistochemical evaluation. Two hematopathologists independently re-
viewed the morphologic findings. Flow cytometry immunophenotypic, molecular, and
cytogenetic analyses were performed on fresh material prepared from the aspiration
specimen.

Flow Cytometry Immunophenotypic Studies
Immunophenotypic analysis using multicolor flow cytometry was performed on bone mar-
row (BM) aspirates using a FACScan instrument (Becton-Dickinson) as described previously
(Kanagal-Shamanna et al. 2011). The blast population was gated using right-angle side scat-
ter and CD45 expression. The panel of monoclonal antibodies included reagents specific for
CD2, CD3, CD4, CD5, CD7, CD10, CD11a, CD13, CD14, CD15, CD19, CD22, CD33, CD34,
CD36, CD38, CD41, CD45, CD49d, CD56, CD64, CD117, CD123, CD184, HLA-DR, TdT,
and myeloperoxidase.

Leukemia Translocation Panel
The BioMark HD (Fluidigm Biosystems) system uses integrated fluidic circuit technology
combined with real time PCR. Reverse transcription of RNA to cDNA is followed by pream-
plification with pooled analytes (using 1.25 µL). The preamplification is diluted 1:5, and 2.7
µL is plated on a 96-well plate with 3.3 µL of 2× TaqMan Universal PCR Master Mix (Applied
Biosystems PN 4304437). The 20× targets are diluted with 2× Assay Loading Reagent
(Fluidigm PN 85000736) to 10× and plated on a 96-well plate. The microfluidic plate is pre-
pared and pressurized. The analytes and preamplified cDNA are loaded into themicrofluidic
plate inlets. The plate is pressurized to migrate nanoliter amounts of analyte and samples to-
ward the center where mixing occurs. The plate is placed in the BioMark for RT-qPCR. This
results in simultaneous amplification of the following translocations associated with acute
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leukemia: t(8;21)(q22;q22); RUNX1–RUNX1T, inv(16)(p13.1q22) or t(16;16)(p13.1;q22);
CBFB–MYH11 variant A, inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB–MYH11 variant
D, inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB–MYH11 variant E, t(15;17)(q22;q12);
PML–RARA long form, t(15;17)(q22;q12); PML–RARA short form, t(15;17)(q22;q12);
PML–RARA alternative form, t(9;22)(q34;q11.2); BCR–ABL1 b2a2, t(9;22)(q34;q11.2);
BCR–ABL1 b3a2, t(9;22)(q34;q11.2); BCR–ABL1 e1a2, t(12;21)(p13.1;q22); ETV6–RUNX1,
t(1;19)(q23;p13.3); E2A–PBX1, and t(4;11)(q21;q23); MLL–AF4 and t(6;9)(p23;q34); DEK–
NUP214. Please refer to Supplemental Table 1 for a list of primers used.

For the sensitivity control pool, we used RNA from eight cell lines or patient samples, list-
ed as follows: K562 (cell line positive for B3A2), KBM7 (cell line positive for B2A2), B15 (cell
line positive for E1A2), NB4 (cell line positive for RARA-LF [long form]), SF (patient sample
positive for RARA-SF [short form]), INV16 (purchased RNA from Invivoscribe, positive for
INV16-A), and Kasumi (cell line positive for AML1-ETO). HL60 was used as the negative
cell line control, and deionized DNA-free, DNase-free, RNase-free water was used as the re-
agent control. The analytical sensitivity of this assay was 0.1%–0.01% as determined by in-
ternal validation studies. All samples were run in triplicate. For a valid run, the cycle to
threshold (Ct) values for pooled sensitivity controls should be ≤25 cycles, the Ct value for
the negative control (HL-60) should be >30 cycles, and the Ct values for reagent controls
should be >30 cycles. A patient result is considered positive if the Ct value was ≤25, and
all samples in triplicate have a nearly identical Ct value.

NGS-Based Mutation Analysis
Targeted amplicon-based somatic mutation analysis was performed using 250 ng of geno-
mic DNA extracted from the BM aspirate and a 28-gene NGS panel as described elsewhere
(Quesada et al. 2020). This custom-designed panel detects mutations in the entire coding
sequences of the following genes: ABL1, ASXL1, BRAF, DNMT3A, EGFR, EZH2, FLT3,
GATA1, GATA2, HRAS, IDH1, IDH2, IKZF2, JAK2, KIT, KRAS, MDM2, MLL, MPL, MYD88,
NOTCH1,NPM1,NRAS, PTPN11, RUNX1, TET2, TP53, andWT1 (coverage details provided
in Supplemental Table 2). After library preparation, sequencing was performed using an
Illumina MiSeq sequencer per the manufacturer’s instructions. MiSeq Reporter Software
was used for alignment to the reference genome (GRCh37/hg19), and variant calling was
performed using OncoSeek, an in-house developed variant caller software (Routbort et al.
2012). The Integrative Genomics Viewer (IGV) was used to visualize the calls (Robinson
et al. 2011). A minimum of 250× bidirectional coverage was required for variant calling, to
achieve a minimum 5% allelic burden.

Fluorescence In Situ Hybridization
The in situ hybridization (ISH) technique was performed using a CBFB inv(16) dual-color
break-apart DNA probe from Abbott Molecular, Inc. This probe hybridizes to the band
16q22 (spectrum orange on the 5’ centromeric side and spectrum green on the 3’ telomeric
side of the CBFB breakpoint). Two hundred interphases were analyzed. FISH testing will not
be able to identify which isoform(s) of CBFB–MYH11 transcript are involved. Our laboratory
uses a CBFB break-apart probe (BAP) to detect the very rare instances in which the CBFB re-
arrangement involves a partner gene(s) other thanMYH11. A split signal was observed in 176
interphases and intact signals in 24 interphases. These findings indicate that 88% of the cells
are positive for CBFB rearrangement. The normal cutoff using a CBFB probe established at
95% (P<0.05) confidence level in the Cytogenetics Laboratory is 4.2% for the CBFB gene
rearrangement (1R1G1F), 5.0% for deletion of a CBFB gene (1F), and 3.2% for gain an extra
CBFB gene (3F).
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Conventional Karyotype Analysis
Conventional chromosomal analysis was performed on G-bandedmetaphase cells prepared
from unstimulated 24- and 48-h BM aspirate cultures using standard techniques described
previously (Tang et al. 2009). The median number of metaphases analyzed was 20 (range,
15–30). The karyotype was documented according to the International System for Human
Cytogenetic Nomenclature (ISCN 2016) (Tang et al. 2009; Kanagal-Shamanna et al. 2011;
McGowan-Jordan et al. 2016).

ADDITIONAL INFORMATION

Data Deposition and Access
Both variants reported have been submitted to ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/) under accession numbers VCV000012582 and VCV000016276.
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