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Intrachromosomal amplification of chromosome 21 (iAMP21) is a rare occurrence in acute myeloid
leukemia (AML). We describe here a case of AML with apparent amplification of RUNX1 by cytogenetics
and FISH. A 39-year-old female in remission from stage Illa breast cancer was diagnosed with therapy-
related AML (t-AML). The patient’s bone marrow was hypocellular for her age (30-40%) with 25% blasts.
Cytogenetic analyses revealed a complex karyotype, characterized by rearrangements in chromosomes 1,
5, 17, 20, an additional unidentified marker chromosome, and apparent amplification of chromosome 21.
Fluorescence in situ hybridization detected deletions of CKS1B, EGR1, TP53, and apparent amplification of
RUNX1 (6-8 signals). Array comparative genomic hybridization (array-CGH) detected amplification of the
5’ non-coding region of RUNX1 and deletion of the 3’ coding region of RUNX1I. These results show that
this is not a true case of iAMP21 and suggest that RUNX1 is not the primary target of amplification.

© 2019 Elsevier Inc. All rights reserved.

Introduction

Acute myeloid leukemia (AML) is a heterogeneous hematologic
group of disorders characterized by the overproduction of abnor-
mal immature myeloid cells (blasts). In the United States, it is the
most common form of leukemia found in adults with a median age
of diagnosis of 67 years and a five year survival rate of 27.4% [1].
AML arises from a series of genetic mutations in the hematopoietic
stem cell precursor. These mutations alter normal hematopoietic
development, differentiation, and self-renewal. They lead to the
accumulation of blasts in thebone marrow, peripheral blood, and
sometimes other organs. The direct clinical consequence of AML
is typically a combination of leukocytosis and signs of bone mar-
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row failure; as productionof normal blood cells drastically decrease
and/or malignant, poorly differentiated myeloid cells accumulate,
AML patients may show signs of neutropenia, anemia, thrombocy-
topenia, splenomegaly, hepatomegaly, fatigue, weight loss, and pal-
lor [2,3].

Due to the higher incidence of leukemia in Down syndrome
(DS) patients [4], there has been much investigation into critical
genes involved in leukemogenesis. RUNX1 (AMLI1, runt-related
transcription factor 1) has been a particular gene of interest due to
its involvement in myeloid and lymphoid malignancies and other
neoplasms. RUNXT is located at chromosome 21q22.12 and encodes
a protein (core binding factor alpha, CBFz). Among the reported
chromosomal aberrations, intrachromosomal amplification of chro-
mosome 21 (iAMP21) is a rare occurrence in AML. Historically,
formal cases of iAMP21 was originally defined as multiple copies
( > 3) of RUNX1 on a single structurally abnormal chromosome
21 [5-8]. iAMP21 is found in 2% of pediatric B-cell acute lym-
phoblastic leukemia (B-cell ALL) cases which lack the ETV6/RUNX1
fusion [6]. Mechanistically, it is hypothesized that iAMP21 for-
mation occurs through breakage-fusion-bridge cycles followed
by chromothripsis and other complex structural rearrangements
[9-12].
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In this paper, we describe a patient who developed therapy-
related AML (t-AML) and whose bone marrow showed a com-
plex karyotype with amplification and deletion of the RUNX1 gene.
We discuss the patient’s specific aberrations, focusing on RUNX1
and other potential leukemogenic genes (APP, ERG, ETS2) and their
prognostic implications in AML as well a review of the literature
for amplifications/deletions of RUNX1.

Materials and methods case history
Case history

A 39-year-old female in remission from stage Illa breast can-
cer presented to Tulane University Medical Center (TUMC) for t-
AML. She had previously received 7+3 chemotherapy with cy-
tarabine + idarubicin at an outside hospital. At day 14 her bone
marrow demonstrated that she was refractory to treatment. At
TUMC, her bone marrow was hypocellular for her age (30-40%)
with 25% blasts and suppressed background trilineage matura-
tion, with a white blood cell count of 0.8L, 6% monocytes, 0.0%
eosinophils, 4.0% segmented neutrophils, 0.0% basophils, and 90%
lymphocytes. Blasts were identified by surface markers using flow
cytometric immunophenotyping CD45 gating, which showed an
aberrant myeloid phenotype with blasts positive for CD13 (100.0%),
CD33 (97.0%), CD34 (86.0%), CD38 (100.0%), CD117 (69.0%), and
HLA-DR (84.0%). According to the World Health Organization
(WHO) 2016 guidelines [19], this patient was diagnosed with pri-
mary refractory t-AML and considered for allogeneic bone marrow
transplantation.

Patient sample, culture initiation and harvest

Standard procedures were used for unstimulated bone marrow
culture initiation, harvest, slide making, and G-banding [13]. Slides
were scanned and analyzed using Leica Biosystems CytoVision®©.
Karyotypic nomenclature was described according to the Interna-
tional System for Human Cytogenomic Nomenclature (ISCN) 2016
[14].

Fluorescence in situ hybridization (FISH)

Standard procedures were used for FISH hybridization and
washing [13]. The following probe sets were utilized: the
CKS1B (1g21.3) and CDKN2C (1p32.3) amplification/deletion probe;
D5S630/D5S2064 (5p15.3) and EGR1 (5g31.2) deletion probe; TP53
(17p13) and D17Z1 (17 centromere) deletion probe; and the RUNX1
(AML1-21g22.1) and RUNX1T1 (ETO-8q21.3) dual color-dual fusion
translocation probe (Cytocell Inc.). Slides were analyzed using Leica
Biosystems CytoVision©. FISH nomenclature was described accord-
ing to the ISCN 2016 [14].

Array comparative genomic hybridization (aCGH)

Standard procedures were used for DNA isolation, quantifica-
tion, labeling, hybridization, and washing according to the Agilent

Table 1
Summary of aCGH results for chromosomes 1, 17, 19, 20 and
21.

Other findings

arr[GRCh37] 1p32.2p31.1(57165062_78013912)x1
arr[GRCh37] 1q21.3q22(153671910_155154990)x1
arr[GRCh37] 1q23.123.3(157652504_162137058)x1
arr[GRCh37] 1q32.1q32.2(205677777_209978460)x1
arr[GRCh37] 1q42.2q42.3(234467812_235963691)x1
arr[GRCh37] 5q13.2q35.3(70386541_180696806)x1
arr[GRCh37] 17p13.3p13.1(76263_8842895)x1
arr[GRCh37] 17q11.2(26006133_30694239)x1
arr[GRCh37] 19q13.42q13.43(54949183_59095418)x3
arr[GRCh37] 20q13.12q13.13(45187113_48148886)x1

Summary of aCGH results for chromosome 21 only.

Chromosome 21 findings

arr[GRCh37] 21q21.1(22729579_23891677)x3~4
arr[GRCh37] 21q21.1g21.2(23968489_26151041)x6~8
arr[GRCh37] 21q21.2q21.3(26538484_26950020)x3
arr[GRCh37] 21q21.3(23968489_26151041)x3
arr[GRCh37] 21q21.3q22.11(29041743_32166339)x8
arf[GRCh37] 21q22.11(32217286_33757836)x1
arr{GRCh37] 21q22.11(33796012_34192162)x7~8
arr[GRCh37] 21q22.11q22.12(34223471_36289908)x1
arf[GRCh37] 21922.12q22.3(36311151_48090317)x6~8

*GRCh37 (hg19) - human reference genome February 2009.

Oligonucleotide Array-Based CGH for Genomic DNA Analysis pro-
tocol on the Agilent high-resolution microarray [15]. The array im-
age was captured by a GenePix 4000B Array Scanner. Microarray
data was analyzed by the software package of Feature Extraction
and DNA Analytics from Agilent. Reported copy number variants
(CNVs) information was extracted from the Database of Genomic
Variants at http://dgv.tcag.ca/dgv/app/home. CGH array nomencla-
ture was described according to the ISCN 2016 [14].

Results

Cytogenetics and FISH results

Chromosome analysis of the patient’s bone mar-
row cells showed a composite complex Kkaryotype of
45,XX,—1,psu dic(5;17)(q11.2;p11.2),der(20)t(1;20)(p31;q13.2),

der(21)add(21)(q22)trp(21)(q11.2q22),4+mar[cp19]/46,XX[1].

G-banding analysis revealed complex structural rearrangements
involving chromosomes 1, 5, 17, and 20, along with an additional
unidentified marker chromosome (Fig. 1). Chromosome 21 ap-
peared “zebra-like”, with similar morphology to iAMP21 cases re-
ported in pediatric B-cell ALL. FISH detected deletions of CKSIB,
EGR1, and TP53. Apparent RUNX1 amplification was detected with
6-8 signals (Fig. 2).

aCGH results

aCGH was performed for further characterization of the struc-
tural and numerical alterations (Table 1). aCGH detected five dele-
tions on chromosome 1, ranging from 1483 Mb to 20.849 Mb.
One of these deletions included the CDKN2C gene. There was a
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Fig. 1. G-banded karyogram of bone marrow cells before re-induction chemotherapy. The karyotype is 45,XX,—1,psu dic (5;17) (q11.2;p11.2) , der (20) t (1;20) (p31;q13.2),der

(21) add (21) (q22) trp (21) (q11.2q22). Arrows indicate abnormal chromosomes.

110.31 Mb deletion in the long arm of chromosome 5 from q13.2
to q35.3, which confirmed cytogenetic and FISH findings of a dele-
tion in the 5q and EGRI, respectively. Two deletions were revealed
on chromosome 17: a 4.688 Mb deletion at 17q11.2 and an 8.767
Mb deletion from p13.3 to p13.1. This confirmed the TP53 deletion
found by FISH. aCGH also detected the segmental amplifications
and deletions across the long arm of chromosome 21 (Table 1).
The regions of amplification ranged from 0.412 Mb to 11.79 Mb,
with the largest area of amplification between q22.12 and q22.3.
Two smaller deletions of 1.541 Mb and 2.066 Mb were detected
between q22.11 and q22.12. Gains of the 5’ part of RUNX1 were
accompanied by losses in the 3’ part (Fig. 3). These segmental
21q amplifications and deletions suggest chromothripsis, a one-
step genome-shattering and rearranging event.

Discussion

We identified a complex karyotype with apparent amplification
of chromosome 21 in a patient with t-AML. While FISH exhibited

apparent RUNX1 amplification (>3 signals), interestingly, aCGH fur-
ther characterized the 21q alterations as the amplification of the
RUNX1 5’ non-coding region and loss of the remaining gene (in-
cluding the entire RUNX1 coding region). These alterations within
RUNX1 most likely lead to a lack of gene expression and suggest
that this is not the same iAMP21 as seen in pediatric B-cell ALL
cases. Unfortunately, the functional consequence of this genetic
aberration could not be confirmed due to the lack of additional pa-
tient sample. These segmental gains and loss of RUNX1 have been
hypothesized to occur through breakage-fusion-bridge cycles fol-
lowing chromothripsis [9-12].

Chromothripsis is a one-step cataclysmic mechanism of ge-
nomic instability. It may occur through DNA replication timing
errors. These errors lead to sustained cell cycle arrest and pro-
duction of micronuclei, which favor the acquisition of structural
rearrangements [16]. An alternative theory suggests that chro-
mothripsis is a new form of cellular apoptosis, arising as an un-
finished event of chromosome fragmentation [17]. Chromothrip-
sis has been correlated to abnormal DNA double-strand break
response, gains of EGFR, MDM2, and MDM4, losses of CDKN2A
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Fig. 2. FISH analyses with probes for RUNX1/RUNXIT on an (A) interphase nucleus and (B) a metaphase spread. (A) Two RUNXIT1 signals (green) and > 5 RUNXI signals
(red) are detected. (B) Arrows indicate (1) RUNX1TI signals (green) on normal chromosome 8, (2) RUNX1 signal (red) on normal chromosome 21, and (3) RUNX1 amplified
signal (red) on the der (21).Probe map of RUNX1 (AML1). The AML1 probe mix, labeled in red, consists of a 148 kb probe centromeric to the RUNX1 gene, including the CLIC6
gene and a 167 kb probe covering the telomeric end of the RUNX1 gene and extending beyond the marker D2151921 [40].

and PTEN, ATM and TP53 mutations, and complex karyotypes
[18]. Moreover, it has been shown that chromothripsis can be
used as an independent prognostic indicator in AML, confer-
ring both a poor prognosis and decreased overall survival rate
[18-20].

Taken together, the patient’s cytogenetic and molecular genetic
findings demonstrate chromothripsis resulting from genomic insta-
bility. In particular, the patient exhibited an additional unidentified
marker chromosome, and loss of both TP53 and 5q, which are find-

ings that are more frequently present in chromothripsis-positive
AML patients with complex karyotypes [18-20]. These alterations
have been linked to an adverse prognosis, chemoresistance, and an
early relapse rate [18-20].

In cases of pediatric B-cell ALL and apparent amplification of
chromosome 21, is RUNX1 the true target of amplification or is
it a bystander amplified with other genes? In 18 pediatric B-cell
ALL cases, Rand et al. observed that recurrent aberrations affect-
ing key pathways, involving RB1, PAX5, ETV6, IKZF1, and CDKN2A/B,
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Fig. 3. CGH array showing chromosome 21 positioned vertically, with the centromeric to telomeric positions running top to bottom. Deleted regions are in red and amplified
regions are in blue. Arrows indicate the location of 5° RUNX1 amplification (blue) and 3' RUNX1 deletion (red). RUNX1 exons and introns shown along the top.

were secondary to chromosome 21 rearrangements [8]. Further-
more, RUNX1 did not show significant overexpression using tran-
scriptome analysis, thus Rand et al. inferred that RUNX1 did not
appear to be the likely target of amplification [8]. Similar find-
ings were presented by Tsuchiya et al. in their iAMP21 pediatric B-
cell ALL case, RUNX1 was not located within the highest region of
amplification [12], thus concluding that RUNX1 did not appear to
be the primary target of amplification on 21q.

In cases of AML/MDS with complex karyotypes, Haferlach et al.
concluded that gene amplifications are rare events and KMT2A
(MLL) is the most frequently amplified gene [21]. Similarly, Mrézek
et al. demonstrated that 11q, 21q, and 22q are regions that are
typically overrepresented in AML [7]. In our patient, while no
structural or numerical aberrations were detected in the 11q or
22q, aCGH detected a 11.779 Mb amplification at 21q22.1q22.3.
Within this amplified region are three genes of interest that may
play a role in myeloid leukemogenesis: APP, ERG, and ETS2. While
APP has primarily been linked to Alzheimer’s disease and dementia
in adults with Down syndrome, ETS2 and ERG are proto-oncogenic,
transcription factors that are involved in cell cycle development
and regulation. In their RUNX1 amplification AML study, Baldus

et al. observed amplification of ERG, APP, and ETS2 genes, with
substantial mRNA expression of the APP and ETS2 genes [5].
Similarly, Weber et al. observed higher genomic expression values
of ERG in their RUNX1 AML cohort [22]. In this patient, ERG and
ETS2 were found to be significantly amplified.

Alternatively, RUNX1 may play a role in leukemogenesis through
other mechanisms, such as fusion events. Aside from the RUNXI-
ETV6 rearrangement, the majority of RUNX1 translocations that
lead to a product will retain the N-terminal domain of RUNX1
(5" sequence) with the C-terminal domain (3’ sequence) of a
gene partner [23]. The 5 sequence of RUNX1 contains two
alternate promoters (P1, P2) and the runt homology domain
(RHD). Currently, 55 RUNX1 fusion partner genes have been de-
scribed, with only 21 gene partner translocations identified at
the molecular level [24,25]. In this patient, the 5’ sequence of
RUNX1 was amplified while the remaining gene was deleted.
While this particular RUNX1 aberration may not lead to expres-
sion of RUNX1, amplification of the promoter regions of RUNX1
may favor expression of other genes through oncogenic fusion
events.
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Research into the prognostic impact of RUNX1 alterations in
AML is still ongoing. Haferlach et al. [26,27] concluded RUNX1
gains and losses are more frequent in patients with adverse cy-
togenetics and RUNX1 deletions are associated with a poor prog-
nosis [21,22]. These findings are concordant with the patients’
unfavorable cytogenetics: 5q deletion with a complex karyotype,
TP53 deletion, and amplification/deletion of RUNX1. Or RUNX1
may be a red herring and overexpression of other genes such as
ERG and ETS2 may be the real culprit. In three different stud-
ies with a large cohort, it was validated that overexpression of
ETS2 and ERG are predictors of poor outcome in cytogenetically
normal AML (CN-AML) patients [28-30]. Alternatively, 21q alter-
ations that include RUNX1 in complex karyotypes may not mat-
ter in AML; Canzonetta et al. found lack of RUNX1, ETS2, and ERG
involvement in an AML patient with Down syndrome and a con-
stitutionally normal individual [31]. Further studies are needed
to better elucidate the link between 21q abnormalities and AML
pathogenesis.

In this case report, we used an integrative approach to bet-
ter characterize our patient’s t-AML chromosomal alterations.
For future hematologic studies involving apparent iAMP21, the
RUNX1 break-apart probe set should be utilized in conjunction
with molecular studies to better detect cryptic RUNX1 aberra-
tions. To our knowledge, this particular AML RUNX1 alteration,
which includes a simultaneous amplification of the 5’ non-coding
region and loss of the RUNX1 coding region has been reported
previously by Haferlach et al. [21,22,26,27]. While not performed
for this patient, it would be of particular interest to perform
gene expression studies on future patients that develop AML
with 21q intrachromosomal amplifications/deletions to identify
potential genes involved in leukemogenesis. Such aims are in
the hopes of discovering effective biomarkers to guide treatment
options.

Declaration of Competing Interest

All the authors declare no conflict of interest in this work.

References

[1] Cancer Statistics Review, 1975-2015 - SEER Statistics. In: SEER [Internet]. [cited
2 Nov 2018]. Available: https://seer.cancer.gov/csr/1975_2015/.

[2] Kulsoom B, Shamsi TS, Ahmed N, Hasnain SN. Recent advances in diagnos-
tic and prognostic aspects of acute myeloid leukaemia. ] Pak Med Assoc
2017;67:1580-7.

[3] Kulsoom B, Shamsi TS, Ahmed N, Hasnain SN. Clinical presentation of acute
myeloid leukaemia - A decade-long institutional follow-up. J Pak Med Assoc
2017;67:1837-42.

[4] Khan I, Malinge S, Crispino ]. Myeloid leukemia in down syndrome. Crit Rev
Oncog. 2011;16:25-36.

[5] Baldus CD, Liyanarachchi S, Mrézek K, Auer H, Tanner SM, Guimond M,
et al. Acute myeloid leukemia with complex karyotypes and abnormal chromo-
some 21: amplification discloses overexpression of APP, ETS2, and ERG genes.
Proc Natl Acad Sci USA 2004;101:3915-20.

[6] Harrison CJ. Blood spotlight on iAMP21 acute lymphoblastic leukemia (ALL), a
high-risk pediatric disease. Blood 2015;125:1383-6.

[7] Mrézek K, Heinonen K, Theil KS, Bloomfield CD. Spectral karyotyping in pa-

tients with acute myeloid leukemia and a complex karyotype shows hidden

aberrations, including recurrent overrepresentation of 21q, 11q, and 22q. Genes

Chromosom Cancer 2002;34:137-53.

Rand V, Parker H, Russell L], Schwab C, Ensor H, Irving ], et al. Ge-

nomic characterization implicates iAMP21 as a likely primary genetic

event in childhood B-cell precursor acute lymphoblastic leukemia. Blood
2011;117:6848-55.

Kuchinskaya E, Nordgren A, Heyman M, Schoumans ], Corcoran M, Staaf J,

et al. Tiling-resolution array-CGH reveals the pattern of DNA copy number

alterations in acute lymphoblastic leukemia with 21q amplification: the re-
sult of telomere dysfunction and breakage/fusion/breakage cycles? Leukemia.
2007;21:1327-30.

[10] Lin TT, Norris K, Heppel NH, Pratt G, Allan JM, Allsup D], et al. Telom-
ere dysfunction accurately predicts clinical outcome in chronic lympho-
cytic leukaemia, even in patients with early stage disease. Br | Haematol
2014;167:214-23.

[11] Robinson HM, Harrison CJ, Moorman AV, Chudoba I, Strefford JC. Intrachromo-
somal amplification of chromosome 21 (iAMP21) may arise from a breakage—
fusion-bridge cycle. Genes Chromosom Cancer 2007;46:318-26.

[12] Tsuchiya KD, Davis B, Gardner RA. Is intrachromosomal amplification
of chromosome 21 (iAMP21) always intrachromosomal? Cancer Genet
2017;218-219:10-14.

[13] Keagle MB, Gersen SL. Basic cytogenetics laboratory procedures. In: Keagle MB,
editor. The Principles of Clinical Cytogenetics. New York, NY: Springer; 2013.
p. 53-65.

[14] International standing committee on human cytogenetic nomenclature. ISCN
2016: An International System for Human Cytogenetic Nomenclature (2016).
Karger Medical and Scientific Publishers; 2016.

[15] Redon R, Fitzgerald T, Carter NP. Comparative genomic hybridization: DNA la-
beling, hybridization and detection. Methods Mol Biol 2009;529:267-78.

[16] Donley N, Thayer M]. DNA replication timing, genome stability and cancer: late
and/or delayed DNA replication timing is associated with increased genomic
instability. Semin Cancer Biol 2013;23:80-9.

[17] Liu G, Stevens ]JB, Horne SD, Abdallah BY, Ye K], Bremer SW, et al. Genome
chaos: survival strategy during crisis. Cell Cycle 2014;13:528-37.

[18] Fontana MC, Marconi G, Feenstra JDM, Fonzi E, Papayannidis C, Ghelli Luserna
di Rora A, et al. Chromothripsis in acute myeloid leukemia: biological features
and impact on survival. Leukemia 2018;32:1609-20.

[19] Riicker FG, Dolnik A, Bldtte TJ], Teleanu V, Ernst A, Thol F, et al. Chromoth-
ripsis is linked to TP53 alteration, cell cycle impairment, and dismal out-
come in acute myeloid leukemia with complex karyotype. Haematologica
2018;103:e17-20.

[20] Fontana MC, Marconi G, Milosevic Feenstra D, Papayannidis C, Manfrini M,
Guadagnuolo V, et al. Chromothripsis in acute myeloid leukemia is strongly
associated with poor prognosis and TP53 alterations. Blood Am Soc Hematol
2016;128:1678.

[21] Haferlach C, Grossmann V, Zenger M, Kohlmann A, Kern W, Schnittger S,
et al. Gene amplifications are rare events in AML and MDS and are associated
with complex karyotype, TP53 deletions and very poor survival. Blood Am Soc
Hematol 2011;118:2524.

[22] Weber S, Haferlach C, Jeromin S, Nadarajah N, Dicker F, Noél L, et al. Gain of
chromosome 21 or amplification of chromosome arm 21q is one mechanism
for increased ERG expression in acute myeloid leukemia. Genes Chromosom
Cancer 2016;55:148-57.

[23] De Braekeleer E, Férec C, De Braekeleer M. RUNX1 translocations in malignant
hemopathies. Anticancer Res 2009;29:1031-7.

[24] De Braekeleer E, Douet-Guilbert N, Morel F, Le Bris M-,
Férec C, De Braekeleer M. RUNX1 translocations and
fusion genes in malignant hemopathies. Future Oncol 2011;7:77-91.

[25] Sood R, Kamikubo Y, Liu P. Role of RUNX1 in hematological malignancies.
Blood 2017;129(15):2070-82 Epub 2017 Feb 8. Review. Erratum in: Blood. 2018
Jan 18;131(3):373. doi:10.1182/blood-2016-10-687830.

[26] Haferlach C, Grossmann V, Zenger M, Kern W, Haferlach T, Kohlmann A,
et al. RUNX1 deletions are a novel mechanism of loss of function in
AML and are associated with adverse cytogenetics. Blood. Am Soc Hematol
2012;120:2517.

[27] Haferlach C, Nadarajah N, Kern W, Schnittger S, Haferlach T. The RUNX1 gene
is altered in 26% of AML patients either by Translocation, mutation, gain or
deletion. Blood Am Soc Hematol 2014;124:123.

[28] Fu L, Fu H, Wu Q, Pang Y, Xu K, Zhou L, et al. High expression of ETS2 predicts
poor prognosis in acute myeloid leukemia and may guide treatment decisions.
] Transl Med 2017;15:159.

[29] Gaidzik VI, Wang C, Schlenk RF, Bullinger L, Paschka P, Riicker FG, et al. Anal-
ysis of the ETS family member genes ERG, ETS2, ETS1 and FLI1 in acute
myeloid leukemia (AML) patients with normal Cytogenetics: expression levels
and impact on clinical outcome. a study of the AMLSG. Blood Am Soc Hematol
2009;114:1600.

[8

[9


https://seer.cancer.gov/csr/1975_2015/
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0001
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0001
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0001
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0001
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0001
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0002
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0002
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0002
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0002
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0002
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0003
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0003
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0003
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0003
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0005
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0005
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0006
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0006
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0006
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0006
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0006
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0011
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0011
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0011
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0011
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0013
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0013
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0013
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0014
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0015
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0015
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0015
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0015
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0016
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0016
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0016
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0023
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0023
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0023
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0023
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0024
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0024
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0024
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0024
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0024
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0024
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0024
https://doi.org/10.1182/blood-2016-10-687830
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0028

D. Nguyen, Y. Li and H. Safah et al./Cancer Genetics 238 (2019) 37-43 43

[30] Marcucci G, Maharry K, Whitman SP, Vukosavljevic T, Paschka P, Langer C. [31] Canzonetta C, Hoischen A, Giarin E, Basso G, Veltman JA, Nacheva E, et al. Am-
High expression levels of the ETS-related gene, ERG, predict adverse out- plified segment in the “down syndrome critical region”on HSA21 shared be-
come and improve molecular risk-based classification of cytogenetically nor- tween down syndrome and euploid AML-MO excludes RUNX1, ERG and ETS2.
mal acute myeloid leukemia: a cancer and leukemia group b study. J Clin On- Br ] Haematol. 2012;157:197-200 Wiley Online Library.

col 2007;25(22):3337-43.


http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007bc
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007bc
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007bc
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007bc
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007bc
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007bc
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0007bc
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30138-3/sbref0029

	RUNX1 deletion/amplification in therapy-related acute myeloid leukemia: A case report and review of the literature
	Introduction
	Materials and methods case history
	Case history
	Patient sample, culture initiation and harvest
	Fluorescence in situ hybridization (FISH)
	Array comparative genomic hybridization (aCGH)

	Results
	Cytogenetics and FISH results

	aCGH results
	Discussion
	Declaration of Competing Interest
	References


