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Chapter 1
Acute Myeloid Leukemia with Recurrent 
Genetic Abnormalities: Part I Cytogenetic 
Abnormalities

Jenny Hoffmann and Dahui Qin

 Introduction

Recurrent cytogenetic abnormalities have been used to subtype AML for many years, 
providing important prognostic information, as well as identifying potential molecular 
targets to guide therapy. The advent of new technology has generated abundant data, 
revealing a large number of genetic abnormalities existing in different AML cases. 
These findings provide ever-increasing evidence for subtyping in AML and include, 
but are not limited to, t(15;17)( q24.1;q21.2);PML-RARA, t(8;21)(q22;q22);RUNX1-
RUNXT1, inv(16)(p13q22);CBFB-MYH11, t(9;11)(p22;q23);KMT2A-MLLT3, t(6;9)
(p23;q34);DEK-NUP214, inv(3)(q21;q26.2);RPN1-MECOM, and t(1;22)(p13;q13);RBM15- 
MKL1 [1–3] (please see Table 1.1 for a summary). Another example is the BCR-ABL1 
translocation, the disease-defining genetic alteration in chronic myeloid leukemia 
(CML), which has also been described in acute lymphocytic leukemia (ALL) and was 
later reported in AML. Now, the evidence indicates that de novo AML with a BCR-
ABL1 translocation should be considered as a provisional category of AML [2]. Many 
other translocations and inversions have been found in AML, which are sometimes 
recurring. These recurring cytogenetic abnormalities are less frequent, more often seen 
in pediatric patients with uncertain prognostic or therapeutic significance. AML with 
such cytogenetic abnormalities are not included in this category at this time [2]. Some 
translocations and inversions are seen in therapy-related myeloid neoplasms and are 
also excluded from this category [1]. Typically, a recurrent cytogenetic abnormality 
will create a fusion gene encoding a chimeric protein, with one exception that has been 
recognized: AML with inv(3)(q21.3;q26.2) [2, 4, 5]. This chapter will describe the 
recurrent genetic abnormalities in AML.
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 Acute Myeloid Leukemia with t(15;17)
(q24.1;q21.2);PML-RARA

AML with PML-RARA is also called acute promyelocytic leukemia (APL) and 
comprises 5–8% of all AML cases. The key cytogenetic abnormality is formation of 
the PML-RARA fusion gene, most commonly caused by a t(15;17)(q24.1;q21.2), 
although cryptic and variant translocations also account for a minority of cases [2].

APL presents with myeloblasts and abnormal promyelocytes (which are consid-
ered blast equivalents) in the bone marrow and peripheral blood. On occasion, the blast 
count may be less than 20%, but the presence of a PML-RARA is sufficient for the 
diagnosis of APL.  There are two morphologic variants of APL: the  hypergranular 
(classic) and the microgranular variant. The abnormal promyelocytes in the hyper-
granular variant of APL typically show indented or bilobated “butterfly- shaped” nuclei 
and intense azurophilic granulation. Single or bundles of Auer rods may also be appre-
ciated (Fig. 1.1). This contrasts with the microgranular variant of APL, in which the 
abnormal promyelocytes have very small and indistinct azurophilic granules and show 

Table 1.1 Recurrent cytogenetic abnormalities in AML

AML subtype
Cytogenetic 
abnormality Molecular background

Clinical 
implications

AML with t(15;17)
(q24.1;q21.2)

Forming PML-RARA 
fusion gene

PML-RARA may  
repress differentiation  
and apoptosis

Sensitive to 
all-trans-retinoic 
acid (ATRA) 
treatment

AML with t(8;21)
(q22;q22)

Forming RUNX1- 
RUNXT1 fusion gene

RUNX1-RUNXT1 may 
inhibit transcription

Associated with 
favorable prognosis

AML with inv(16)
(p13.1q22) or t(16;16)
(p13.1;q22)

Forming CBFB- 
MYH11 fusion gene

CBFB-MYH11 may 
inhibit transcription

Associated with 
favorable prognosis

AML with t(9;11)
(p22;q23)

Forming MLLT-MLL 
(KMT2A) fusion gene

MLLT-MLL may affect 
gene expression

Associated with 
unfavorable 
prognosis

AML with t(6;9)
(p23;q34)

Forming DEK- 
NUP214 fusion gene

DEK-NUP214 may 
increase translation

Associated with 
unfavorable 
prognosis

AML with inv(3)
(q21q26.2) or t(3;3)
(q21;q26.2)

Bringing a GATA2 
distal hematopoietic 
enhancer (G2DHE) to 
the vicinity of the 
EVI1 gene

Causing aberrant EVI1 
expression, GATA2 
haploinsufficiency, and 
transcription inhibition

Associated with 
unfavorable 
prognosis

AML with t(1;22)
(p13;q13)

Forming RBM15- 
MKL1 fusion gene

RBM15-MKL1 may  
alter epigenetic  
regulation

Associated with 
unfavorable 
prognosis

AML with t(9;22)
(q34;q11.2)

Forming a BCR- ABL1 
fusion gene

BCR-ABL1 may  
increase cell  
proliferation

May benefit from 
TKI therapy
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predominantly bilobed nuclei. The blast/blast equivalent count in the microgranular 
variant of APL also tends to be higher than in the hypergranular variant of APL.   
The azurophilic granules in both types are positive for myeloperoxidase (MPO) [1].

The flow immunophenotype of APL is also characteristic and often aids in the 
diagnosis, especially in cases in which the morphologic features are less developed. 
The hypergranular variant of APL is classically CD34 and HLA-DR negative, 
shows high side scatter (where granulocytes typically are seen) and bright MPO, 
and will often show dim CD64 expression, without CD16 expression. The micro-
granular variant of APL, on the other hand, frequently expresses CD34 and occa-
sionally HLA-DR (usually subset of neoplastic cells and week), shows a lower side 
scatter than the hypergranular variant of APL (residing in the normal blast area on 
the CD45/SSC plots), and frequently shows dim CD2 expression.

 Cytogenetic Abnormality

At the genome level, APL with PML-RARA is characterized by a t(15;17)
(q24.1;q21.2) translocation (Fig.  1.2) [1]. The breakpoint in the RARA gene is 
within intron 2. The breakpoints in the PML gene can occur at three different loca-
tions resulting in different sized PML-RARA transcripts. Breakpoint 1 (BCR1) at 
intron 6 will result in a long transcript; breakpoint 2 (BCR2) at exon 6 will result in 
variable transcripts, which can be of different sizes in different patients; and 

Fig. 1.1 Acute 
promyelocytic leukemia, 
hypergranular variant 
showing prominent 
azurophilic granules 
bilobed nuclei and bundles 
of Auer rods
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breakpoint 3 (BCR3) at intron 3 will result in short transcript [6, 7]. As a result, a 
nuclear regulatory gene (promyelocytic leukemia or PML gene) on 15q24.1 is trans-
located to the vicinity of the retinoic acid receptor alpha gene on 17q21.2, forming 
a PML- RARA fusion gene.

The translocation can be detected by karyotyping and FISH assay. Different 
FISH assay designs have been used. One assay is called dual-color dual-fusion fluo-
rescence FISH assay [8]. In this assay, two probes are designed to hybridize to PML 
at 15q24 and RARA at 17q21, respectively, overlapping the breakpoints on each 
chromosome (Fig. 1.3). The two probes can be labeled with different fluorescent 
dyes. For example, the probe specific for PML at 15q24 can be labeled with red 
fluorescent dye and the probe for RARA at 17q21 green. A normal cell will show two 
red and two green dots (Fig. 1.3). A cell with t(15;17)(q24.1;q21.2) will show one 
red, one green, and two yellow dots (Fig. 1.3). This assay works very well in detect-
ing t(15;17)(q24.1;q21.2) PML-RARA translocation. This translocation is the most 
common change found in APL with PML-RARA. However, the RARA gene has been 
found to have other translocation partner genes in some cases. Such translocations 
are called variant RARA translocations. These variants include t(5;17)(q35;q21) 
NPM1-RARA [9], t(11;17)(q23;q21) PLZF (also known as ZBTB16)-RARA [10, 
11], t(11;17)(q13;q21) NUMA-RARA [12], t(4;17)(q12;q21) FIP1L1-RARA [13, 
14], t(2;17)(q32;q21) OBFC2A-RARA [15], t(7;17)(q11;q21) GTF2I-RARA [16], 
t(1;17)(q42;q21) IRF2BP2-RARA [17, 18], der(17) with duplication of 17q21.3-q23 
STAT5b-RARA [19], and der(17) PRKAR1A-RARA with del(17)(q21) [20]. Generally 
speaking, the dual-color dual-fusion FISH assay does not work well for these vari-
ants. Therefore, a RARA dual-color break-apart FISH assay has been designed to 
address this issue. This assay uses dual-color probe, red and green. The red part of 
the probe hybridizes to RARA centromeric to the breaking point and the green part 
of the probe telemetric to the breaking point (Fig. 1.4). A normal interphase cell will 

PML

RARA

Chr. 15 Chr. 17 Chr. 15 Chr. 17

Break 
point

Derivative
Chr. 15

Derivative
Chr. 17

RARA
PML

Before translocation After translocation

Fig. 1.2 APL with PML-RARA is characterized by a t(15;17)(q24.1;q21.2) translocation
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Fig. 1.3 Two probes are designed to hybridize to PML at 15q24 and RARA at 17q21, respectively, 
overlapping the breakpoints on each chromosome. The two probes can be labeled with different 
fluorescent dyes. For example, the probe specific for PML at 15q24 can be labeled with red fluo-
rescent dye and the probe for RARA at 17q21 green. A normal cell will show two red and two 
green dots. A cell with t(15;17)(q24.1;q21.2) will show one red, one green, and two yellow dots
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Fig. 1.4 A normal interphase cell will show two yellow dots. A cell with translocation will show 
one green, one red and one yellow dots
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show two yellow dots (Fig.  1.4). An interphase cell with RARA translocation, 
regardless of the partner genes, will show one yellow, one red, and one green dot 
(Fig. 1.4). This assay works better than dual-color dual-fusion assay for different 
RARA translocation variants. In rare cases, cryptic PML-RARA translocations can-
not be detected by karyotyping or FISH assay. For such cases, RT-PCR assay can be 
used to detect translocations [21, 22]. RT-PCR assay can also be used to detect mini-
mal residual disease (MRD) with PML-RARA [23]. Different RT-PCR designs have 
been used to improve the performance [7, 24]. In general, RNA is extracted from 
patients’ blood or bone marrow samples. Random hexamer primers are used to 
make cDNA. The target in cDNA is amplified using different primer pairs flanking 
fusion site of PML-RARA [23].

 Somatic Gene Mutations

Somatic gene mutations in FLT3 are relatively common (50% of cases) with the 
FLT3-ITD being most common (30–40%) and the FLT3-D835 mutation occurring 
in approximately 10% of cases. However, the prognostic significance of FLT3 muta-
tion remains unclear [25, 26].

Other gene mutations including alterations in KIT and RAS genes have been 
described relatively rare (generally reported frequency of 5% or less) [27].

 Clinical Significance

Clinically, patients with APL often develop disseminated intravascular coagulation 
(DIC), which may result in rapidly unfavorable consequences (e.g., intracranial 
hemorrhage). However, APL is generally sensitive to the treatment using all-trans- 
retinoic acid (ATRA). Therefore, early diagnosis of APL is critical for improving 
patient outcome. Morphologic and immunophenotypic evaluation, in combination 
with FISH and PCR assays, plays an important role in patient care. Resistance to 
ATRA can occur due to genetic mutations in the retinoic acid receptor alpha (RARA) 
ligand-binding domain or the PML-B2 domain of PML-RARA. Additionally, cases 
of APL with variant RARA translocations may exhibit ATRA resistance [28].

 Acute Myeloid Leukemia with t(8;21)
(q22;q22);RUNX1-RUNX1T1

AML with t(8;21)(q22;q22);RUNX1-RUNX1T1 is one of the AMLs with recurrent 
genetic abnormalities, first described in 1973 [29, 30], and comprises approximately 
5% of all AML cases. The key cytogenetic abnormality is a RUNX1-RUNX1T1 fusion 
gene [1]. RUNX1 (runt-related transcription factor 1) is also known as acute myeloid 
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leukemia 1 gene (AML1), polyomavirus enhancer binding protein 2 subunit a (PEBP2a), 
and core-binding factor subunit A2 (CBFA2) [29]. RUNX1T1 (runt- related transcription 
factor 1 translocated to 1) is also known as ETO (eight twenty one).

Morphologically, AML with t(8;21)(q22;q22) typically shows large myeloblasts 
with abundant basophilic cytoplasm, perinuclear hofs, and azurophilic granules, 
some of which coalesce into larger salmon-colored granules (pseudo-Chédiak- 
Higashi granules) (Fig. 1.5). In rare cases, the blasts may be less than 20%, which 
should not invalidate the diagnosis of AML with t(8;21)(q22;q22). Apart from 
myeloid blasts, the granulocytic lineage may show features of dysplasia, including 
hypogranulation or irregular lobation. Dysplasia in other lineages is not typically 
seen. Eosinophilic precursors are often increased, and occasionally basophils and 
mast cells are present in excess. [1, 30, 31].

By immunophenotypic evaluation, AML with t(8;21)(q22;q22)is positive for 
CD34, HLA-DR, MPO, and CD13, with dim CD33. Of note, these leukemias can 
often express lymphoid markers, including CD19, CD79a, PAX5, and on occasion 
dim Tdt. A diagnosis of biphenotypic leukemia should not be made in this setting.

 Cytogenetic Abnormality

At the genome level, AML with t(8;21)(q22;q22) is characterized by a chromosome 
8 and 21 translocation (Fig. 1.6) resulting in a RUNX1-RUNX1T1 fusion gene [1]. 
The RUNX1 gene is on chromosome 21 and RUNX1T1 gene on chromosome 8. The 
breakpoint in the RUNX1T1 gene is within an intron at the 5′ end of RUNX1T1.  
The breakpoint in the RUNX1 gene occurs between the exon 5 and 6. Therefore, the 
fusion gene contains the N-terminal 177 amino acids of RUNX1, which is fused in 
frame to nearly full-length RUNX1T1 protein [6, 32]. The fusion gene resides on 
derivative chromosome 8 after the translocation [6] (Fig. 1.6).

Fig. 1.5 Acute myeloid 
leukemia with t(8;21) 
showing basophilic 
cytoplasm and paranuclear 
hofs

1 Acute Myeloid Leukemia with Recurrent Genetic Abnormalities…
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RUNX1-RUNX1T1 translocation can be detected using karyotyping and FISH. One 
of the FISH assay designs is a dual-color dual-fusion FISH assay. In this assay, two 
probes are designed to hybridize to RUNX1T1 at 8q22 and RUNX1 at 21q22, respec-
tively, overlapping the breakpoints on each chromosome. The two probes can be 
labeled with different fluorescent dyes. For example, the probe specific for RUNX1T1 
can be labeled with red fluorescent dye and the probe for RUNX1 green. A normal cell 
will show two red and two green dots (Fig. 1.7). A cell with t(8;21)(q22;q22) will 
show one red, one green, and two yellow dots (Fig. 1.7). This assay is typically more 
sensitive than karyotyping.

In rare cases, cryptic RUNX1-RUNX1T1 translocations may not be detected by 
karyotyping or FISH assays. RT-PCR assays in these instances can be used to detect 
such cryptic translocations [30]. RT-PCR assays may also be used to detect mini-
mal residual disease (MRD) of RUNX1-RUNX1T1 with a sensitivity of 10−3 to 10−4. 
A nested PCR design can reach a sensitivity of 10−4 to 10−5 [30].

 Somatic Mutations

Several genes additionally deserve discussion here with regard to AML with t(8;21)
(q22;q22): KIT, FLT3, and the RAS genes, NRAS and KRAS. KIT mutations are the 
most frequent and vary in incidence in these AMLs (5–30%); most mutations are 
within the tyrosine kinase domain [33–44].

These mutations in KIT are activating mutations which increase cell proliferation 
and survival.

RUNX1T1

RUNX1

Chr. 8 Chr. 21 Chr. 8 Chr. 21

Break 
point

Derivative
Chr. 8

Derivative
Chr. 21

RUNX1
RUNX1T1

Before translocation After translocation

Fig. 1.6 At the genome level, AML with t(8;21)(q22;q22) is characterized by a chromosome 8 and 
21 translocation
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Three other genes infrequently mutated in AML with t(8;21)(q22;q22) are FLT3 
and the RAS genes KRAS and NRAS. As in many other AML subtypes, FLT3 inter-
nal tandem duplication (ITD) mutations may be seen, though at a low frequency 
(~5%) in AML with t(8;21)(q22;q22) [36].

In vivo mouse models have shown a cooperative effect in FLT3-ITD mutations 
in leukemogenesis [45].

FLT3 D835 mutations are additionally rare though the significance of these 
mutations in AML with t(8;21)(q22;q22) is even less certain. Similarly, NRAS and 
KRAS mutations are relatively rare and like FLT3-ITD mutations may have a role in 
leukemogenesis without impacting chemosensitivity [36].

 Clinical Significance

AML with the RUNX1-RUNX1T1 translocation is considered to have a favorable prog-
nosis when compared with other AML subtypes [46, 47]. Somatic gene mutations in 
KIT and FLT3-ITD mutations may modify the prognostic outcomes of patients. 
Several studies have shown that patients with AML with the RUNX1- RUNX1T1 

RUNX1T1

RUNX1

Chr. 8 Chr. 21 Chr. 8 Chr. 21
Derivative
Chr. 8

Derivative
Chr. 21

RUNX1
RUNX1T1

Before translocation After translocationTranslocation

Fig. 1.7 The probe specific for RUNX1T1 can be labeled with red fluorescent dye and the probe 
for RUNX1 green. A normal cell will show two red and two green dots. A cell with t(8;21)
(q22;q22) will show one red, one green, and two yellow dots
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translocation and KIT mutations may have an adverse outcome though some studies 
have shown no prognostic impact [33–37, 39, 41, 42].

FLT3-ITD mutations are rare but are associated with poor outcomes in patients 
with t(8;21)(q22;q22) [38].

 Acute Myeloid Leukemia with inv(16)(p13.1q22);CBFB- 
MYH11 or t(16;16)(p13.1;q22);CBFB-MYH11

AML with inv(16)(p13.1q22);CBFB-MYH11 comprises 5–8% of AML cases and is 
predominantly seen in younger patients [1]. Morphologically, these leukemias dem-
onstrate myelomonocytic differentiation, but more uniquely, the marrow shows 
increased eosinophils, which can show dysplastic features, including prominent 
granulation with aberrant purple-blue coloration and, on occasion, nuclear hypose-
gmentation (Fig. 1.8). While most cases show eosinophilia, occasionally, eosino-
phils are not increased, and myelomonocytic differentiation may be the only feature 
present. Like APL with PML-RARA and AML with t(8;21)(q22;q22), the transloca-
tion is diagnostic, and a blast count of greater than or equal to 20% is not required.

The immunophenotype of these leukemias may be heterogeneous, reflecting its 
myelomonocytic differentiation. It can include an immature blast population  expression 
CD34 and CD117, as maturing granulocytes expressing CD13, CD33, CD65, and 
MPO and a monocyte population expressing CD4, CD14, and CD64.

Fig. 1.8 Acute myeloid 
leukemia with inv(16) 
showing abnormal 
eosinophils with violet- 
blue granules
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 Cytogenetic Abnormality

At the genome level, AML with inv(16)(p13.1q22) is characterized by an inversion 
of a segment of chromosome 16 resulting in CBFB-MYH11 fusion gene. CBFB is 
the core binding factor beta subunit located at 16q22. The MYH11 gene encodes a 
smooth muscle myosin heavy chain, which is normally located at 16p13.1 [1, 48]. 
The breakpoints at CBFB are near the 3-prime end of the coding region of CBFB and 
are found to be the same in different cases, though the breakpoints at MYH11 are 
more variable. The N-terminus and most of CBFB gene are fused to the C-terminus 
of MYH11 gene with its multimerization domain. All rearrangements maintain the 
reading frame of the fusion transcript [49, 50]. This chromosome 16 inversion dis-
rupts CBFB resulting in impaired differentiation [51]. A similar fusion gene can also 
result from t(16;16)(p13.1;q22) and bears a similar consequence. The common chro-
mosome 16 inversion is depicted in Fig. 1.9. Such an inversion comprises about 95% 
of cases generating a CBFB-MYH11 fusion gene. Karyotyping is a common method 
used and is capable of detecting most cases. A FISH assay has been used in detecting 
AML with inv(16)(p13.1q22) with higher sensitivity when compared to karyotyp-
ing. Generally speaking, RT-PCR assay has the highest sensitivity since it can detect 
subtle CBFB-MYH11 fusion transcripts [52–55].

MYH11

Chr16 Chr. 16

Break 
point

Before inversion A�er inversion

CBFβ

inversion

CBFβ-MYH11

MYH11-CBFβ

Fig. 1.9 The common chromosome 16 inversion
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 Somatic Gene Mutations

Similar to AML with t(8;21)(q22;q22), AML with inv(16)(p13.1q22) also has frequent 
mutations in the KIT gene (10–40%); additionally mutations in FLT3 are seen with 
lesser frequency (10%) [34, 36, 42, 43, 56, 57].

RAS mutations are frequently seen in AML with inv(16)(p13.1q22) (35–50%); 
mutations in the RAS family of genes may function cooperatively with RUNX1- 
RUNX1T1 to promote leukemogenesis [36, 56, 58].

 Clinical Significance

Like AML with RUNX1-RUNX1T1, AML with CBFB-MYH11 has a favorable prog-
nosis when compared with other AML subtypes [59]. The significance of KIT and 
RAS mutations in these AMLs is uncertain; however, FLT3-ITD mutations have been 
shown in some studies to be associated with poorer prognosis within this category 
[34, 36, 42, 43, 56, 57].

 Acute Myeloid Leukemia with t(9;11)
(p22;q23);KMT2A-MLLT3

AML with t(9;11)(p22;q23) results in the fusion of KMT2A, also known as MLL, to 
MLLT3 and is more often seen in the pediatric setting, comprising 9–12% of pediatric 
AMLs and 2% of adult AMLs [1]. Morphologically, AML with t(9;11)(p22;q23) is 
characterized primarily by monocytic differentiation. AML with KMT2A-MLLT3 is 
often associated with acute monocytic and myelomonocytic leukemias [1]. Monoblasts, 
as well as promonocytes (considered blast equivalents), predominate. Monoblasts 
demonstrate round/oval nuclei, delicate chromatin with prominent nucleoli, basophilic 
cytoplasm, and rare azurophilic granules. Promonocytes, on the hand, have more con-
voluted or indented nuclei and less basophilic cytoplasm but can also demonstrate 
delicate chromatin and visible nucleoli.

In terms of the immunophenotype, the most commonly expressed markers in 
AML with t(9;11)(p22;q23) include CD13, CD33, CD15, CD38, CD64, CD4, and 
HLA-DR, whereas CD14, CD117, and MPO are less frequent. Interestingly, pediat-
ric patients will often lack CD14 and CD34 expression, while adult patients will 
more frequently show CD14 expression and variable CD34.

 Cytogenetic Abnormality

At the genome level, AML with t(9;11)(p22;q23) involves MLLT3 (mixed-lineage 
leukemia translocated to 3) and KMT2A genes. MLLT3 is located at 9p22 and 
KMT2A gene at 11q23. The breakpoints of KMT2A gene are clustered in a region 
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that spans the 3′-portion of exon 8, exons 9–13 and the 5′-portion of exon 14 [60, 61]. 
The breakpoints of MLLT3 are clustered in introns 4, 7, and 8 [60, 62]. The transloca-
tion results in a MLLT-KMT2A fusion gene, which consists of the 5′ portion of KMT2A 
gene and the 3′ portion of MLLT3 gene [60]. Although MLLT3 is a major partner gene 
in the translocation associated with KMT2A, it is well known that KMT2A has many 
other translocation partner genes. About 80 of all partner genes have been identified 
[63–65]. In general, karyotyping can detect the majority of translocations. However, 
since KMT2A may have different partner genes and may have cryptic translocations, 
a significant portion of the translocations may be missed by karyotyping. FISH 
assays are a good compliment in detecting those cryptic or variant translocations. 
Considering the fact that KMT2A has many possible partner genes, FISH assays usu-
ally use dual-color, break-apart designs. The probes span over the KMT2A gene and 
cover the region on either side of KMT2A breakpoints. The probe on one side of the 
breakpoints will be labeled with red florescent dye, and the probe on the other side 
of the breakpoints will be labeled with green florescent dye (Fig.  1.10). Normal 
interphase cells will show two yellow dots. The cells with KMT2A translocation will 
show one yellow dot, one green dot, and one red dot. Next-generation sequencing 
(NGS) offers a new opportunity for KMT2A translocation testing as well.

Any partner gene

KMT2A

Before translocation After translocationTranslocation

Dual color 
probe

Partner gene 
/KMT2A

Chr. 9 Chr. 9Chr. 11 Chr. 11 Derivative
Chr. 9

Derivative
Chr. 11

Fig. 1.10 FISH assays usually use dual-color, break-apart designs. The probes span over the 
KMT2A gene and cover the region on either side of KMT2A breakpoints. The probe on one side of 
the breakpoints will be labeled with red florescent dye, and the probe on the other side of the break-
points will be labeled with green florescent dye
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 Clinical Significance

AML with KMT2A translocations are often associated with an unfavorable prognosis 
when compared to other AML subtypes; however, AML with 11q23 translocations 
can also be seen in therapy-related leukemias after topoisomerase II inhibitor therapy 
[66, 67]; but such cases should be diagnosed as therapy-related leukemias [1].

 Acute Myeloid Leukemia with t(6;9)(p23;q34);DEK-NUP214

AML with t(6;9)(p23;q34) can be seen in both children and adults, consisting of 
approximately 1% of total AML [1]. AML with t(6;9)(p23;q34) can be seen in any 
FAB subtype of AML.  Patients usually present with anemia, pancytopenia, and 
thrombocytopenia. In addition to general AML morphology, this subtype is often 
associated with basophilia (often >2%) and multilineage dysplasia [1].

Morphologically, AML with t(6;9)(p23;q34) can be seen in any FAB subtype of 
AML, except APL and acute megakaryoblastic leukemia. In addition, this subtype is 
often associated with marrow and peripheral blood basophilia (defined as >2%). 
Multilineage dysplasia is often seen, with granulocytic and erythroid dysplasia being 
more common than megakaryocytic dysplasia. Ringed sideroblasts are present in a 
subset of cases [1].

The immunophenotype of AML with t(6;9)(p23;q34) is fairly nonspecific, showing 
typical myeloblast markers including CD34, CD117, MPO, CD13, CD33, and CD15. 
A subset of cases also express CD64, and Tdt expression is not uncommon.

 Cytogenetic Abnormality

At the genome level, AML with t(6;9)(p23;q34) translocation results in DEK- 
NUP214 fusion gene on derivative chromosome 6 [6, 68, 69]. The DEK gene is 
located at 6p23 and the NUP214 (nuclear pore complex protein 214 kDa) gene at 
9q34. The NUP214 gene is also known as the CAN gene. The breakpoints in the 
DEK and NUP214 genes occur in the intron of each gene. The DEK-NUP214 fusion 
gene consists of the 3′ portion of the NUP214 gene from chromosome 9 and the 5′ 
portion of the DEK gene from chromosome 6. The fusion gene contains the open 
reading frames of both genes [69–71]. Since most translocation breakpoints occur 
in a single intron of the NUP214 gene and in a single intron of the DEK gene, most 
translocations can be detected using FISH and PCR assays. PCR assays usually 
have higher sensitivity and real-time PCR assays can be used to follow patients for 
minimal residual disease [72–75].
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 Somatic Gene Mutations

AML with t(6;9)(p23;q34) is frequently associated with a FLT3 mutation, often 
FLT3-ITD (as high as 70% of cases); other mutations in myeloid mutation- 
associated genes are much rarer in this AML [76].

 Clinical Significance

Overall, AMLs with t(6;9)(p23;q34) usually have an unfavorable prognosis, and 
FLT3-ITD mutations confer even faster relapse than those patients without FLT3- 
ITD mutation [76].

 Acute Myeloid Leukemia with inv(3)(q21q26.2) or t(3;3)
(q21;q26.2)

AMLs with inv(3)(q21q26.2) are rare (2% of AMLs) but usually seen adults [1]. 
Patients usually present with anemia, thrombocytopenia, or pancytopenia. Morpho-
logically, AML with t(6;9)(p23;q34) can show variable features, but promyelocytic and 
megakaryoblastic differentiation are not typically seen. In addition, this subtype is 
often associated with marrow and peripheral blood basophilia (defined as >2%). Mul-
tilineage dysplasia is frequently present, with granulocytic and erythroid dysplasia 
being more common than megakaryocytic dysplasia. Ring sideroblasts can also be 
demonstrated in a subset of cases [1]. The immunophenotype of AML with t(6;9)
(p23;q34) is fairly nonspecific, showing typical myeloblast markers including CD34, 
CD117, MPO, CD13, CD33, and CD15. A subset of cases also express CD64, and Tdt 
expression is not uncommon.

 Cytogenetic Abnormality

At the genome level, the result of inv(3)(q21q26.2) brings a GATA2 distal hematopoi-
etic enhancer (G2DHE) to the vicinity of the EVI1 gene, causing aberrant EVI1 expres-
sion and GATA2 haploinsufficiency [2, 4, 5]. This is unlike other AML translocations 
that usually result in fusion genes. The breakpoints in 3q26 are distributed over several 
kilobases [77–81]. The breakpoints in 3q21 are distributed over 100 kb [81–83]. The 
inv(3)(q21q26.2) and t(3;3)(q21;q26.2) can be detected using karyotyping; however, 
karyotyping may miss some cryptic changes. A dual-color, double- fusion FISH assay 
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has better sensitivity than that of karyotyping [84]. As in other translocations, RT-PCR 
assays can be used to detect the inversion and translocation [83, 85, 86]. Due to the wide 
spread of breakpoints in the inversion and translocation, designing a multiplex RT-PCR 
to reach a good sensitivity is difficult. However, RNA NGS assays may overcome such 
challenges and offer practical solutions with good sensitivity and specificity.

 Somatic Gene Mutations

The somatic gene mutational landscape of AML with inv(3)(q21q26.2) has been pre-
liminarily mapped, and mutations in RAS genes (NRAS, KRAS) and RUNX1 are most 
common, with 40–50% and 20% of cases, respectively. NF1 deletions, FLT3, and 
CBL and IDH1 mutations are less frequent, with 10%, 10%, 10%, and 5% of cases, 
respectively [87, 88].

 Clinical Significance

The AML patients with inv(3)(q21q26.2) and t(3;3)(q21;q26.2) tend to have unfa-
vorable prognosis with short overall survival and poor response to conventional 
chemotherapy [77, 78, 87]. The role of other somatic gene mutations in AML 
patients with inv(3)(q21q26.2) and t(3;3)(q21;q26.2) such as those in NRAS, KRAS, 
RUNX1, NF1, FLT3, CBL, and IDH1 is less certain.

 Acute Myeloid Leukemia with t(1;22)
(p13;q13);RBM15-MKL1

AML with t(1;22)(p13;q13) is usually seen in infants without Down syndrome, more 
often in female infants. It consists of less than 1% of all AML cases [1] and about 
10% of pediatric AMLs [89–92]. Morphologically, the blasts in AML with t(1;22)
(p13;q13) present as small or large megakaryoblasts resembling those of acute mega-
karyoblastic leukemia [1].

 Cytogenetic Abnormality

At the genome level, t(1;22)(p13;q13) results in a fusion gene, RBM15-MKL1. RBM15 
(RNA-binding motif protein 15) is located at 1p13 and is also known as OTT (one 
twenty-two). MKL1 (megakaryocyte leukemia 1) is located at 22q13. The breakpoints 
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on chromosome 1p13 are located at a 6 kb genomic region. The breakpoints on  
chromosome 22q13 are located in a 28 kb intron [93]. Although both reciprocal fusion 
genes are expressed, RBM15-MKL1 fusion gene has all the functional motifs encoded 
by each partner gene [93]. The translocation can be detected by karyotyping, FISH, and 
PCR [93], with PCR assays being used to follow minimal residual disease after treat-
ment [94].

 Clinical Significance

The early studies suggested that AMLs with t(1;22)(p13;q13) carry an unfavorable 
prognosis [1, 95, 96]; however, more intensive therapy has improved the long-term 
survival of such patients [97, 98].

 De Novo Acute Myeloid Leukemia with t(9;22)(q34;q11.2)

AML with t(9;22)(q34;q11.2) is seen in 0.5–3.0% of all AML cases . In the cases of 
de novo AML, the patients should not have a history of BCR-ABL1 positive chronic 
myeloid leukemia (CML), as such splenomegaly and peripheral basophilia are less 
common than in CML in blast crisis. The translocation t(9;22)(q34;q11.2) results in 
a BCR-ABL1 fusion gene and is often the specific Philadelphia chromosome [99–
105]. It is now considered a provisional category of AML with recurrent genetic 
abnormalities [2].

As it is a newly defined provisional entity, our experience with AML with t(9;22)
(q34;q11.2) is somewhat limited. To date, no specific histologic or immunopheno-
typic features which distinguish this entity from typical AML have been identified 
[99–105].

 Cytogenetic Abnormality

At the genome level, the t(9;22)(q34;q11.2) in this AML is the same as that seen in 
CML. Karyotyping, FISH, and PCR assays can be used to detect the translocation. 
As one may expect, FISH has higher sensitivity than karyotyping. Quantitative PCR 
assay is the most sensitive among the three assays and can be used to monitor mini-
mal residual disease. Differentiating between the blast phase of CML and AML 
with t(9;22)(q34;q11.2) has been difficult and heavily depends on the patient’s his-
tory. However, genomic analysis of de novo cases in comparison to the blast phase 
of CML has demonstrated specific deletions in IKZF1 and CDNK1A/B as well as 
loss of IGH/VDJ and TARP regions [104].
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 Clinical Significance

These cases are so rare that tailored therapies are still in their infancy. It is thought 
that, like CML in blast phase crisis, AML with t(9;22)(q34;q11.2) may benefit from 
TKI (tyrosine kinase inhibitor) therapy [103–106].

 Conclusion

Understanding cytogenetic changes in acute myeloid leukemia is critical not only 
for diagnostic subtyping but also for understanding the pathogenesis and potential 
clinical progression of patients. While the majority of cytogenetically defined cate-
gories of AML have been elucidated, understanding how these genetic changes 
result in leukemia is still far from complete. Additionally, the significance and prev-
alence of other somatic gene mutations in these leukemias require further study.

References

 1. Steven H, Swerdlow EC, Harris NL, Jaffe ES, Pileri SA, Stein H, Thiele J, Vardiman 
JW.  WHO classification of tumours of haematopoietic and lymphoid tissues. In: Bosman 
FT, Jaffe ES, Lakhani SR, Ohgaki H, editors. IARC WHO Classification of Tumours. 4th ed. 
Lyon: International Agency for Research on Cancer; 2008. p. 439.

 2. Arber DA, Orazi A, Hasserjian R, Thiele J, Borowitz MJ, Le Beau MM, et  al. The 2016 
revision to the World Health Organization classification of myeloid neoplasms and acute 
leukemia. Blood. 2016;127(20):2391–405.

 3. Grimwade D, Hills RK, Moorman AV, Walker H, Chatters S, Goldstone AH, et al. Refinement 
of cytogenetic classification in acute myeloid leukemia: determination of prognostic sig-
nificance of rare recurring chromosomal abnormalities among 5876 younger adult patients 
treated in the United Kingdom Medical Research Council trials. Blood. 2010;116(3):354–65.

 4. Yamazaki H, Suzuki M, Otsuki A, Shimizu R, Bresnick EH, Engel JD, et  al. A remote 
GATA2 hematopoietic enhancer drives leukemogenesis in inv(3)(q21;q26) by activating 
EVI1 expression. Cancer Cell. 2014;25(4):415–27.

 5. Groschel S, Sanders MA, Hoogenboezem R, de Wit E, Bouwman BA, Erpelinck C, et al. A 
single oncogenic enhancer rearrangement causes concomitant EVI1 and GATA2 deregula-
tion in leukemia. Cell. 2014;157(2):369–81.

 6. William B, Coleman GJT.  Molecular diagnostics for the clinical laboratorian. Totowa: 
Humana Press Inc.; 2006.

 7. Tobal K, Liu Yin JA.  RT-PCR method with increased sensitivity shows persistence of 
PML-RARA fusion transcripts in patients in long-term remission of APL.  Leukemia. 
1998;12(9):1349–54.

 8. Brockman SR, Paternoster SF, Ketterling RP, Dewald GW. New highly sensitive fluorescence 
in situ hybridization method to detect PML/RARA fusion in acute promyelocytic leukemia. 
Cancer Genet Cytogenet. 2003;145(2):144–51.

 9. Redner RL, Rush EA, Faas S, Rudert WA, Corey SJ. The t(5;17) variant of acute promyelocytic 
leukemia expresses a nucleophosmin-retinoic acid receptor fusion. Blood. 1996;87(3):882–6.

 10. Chen SJ, Zelent A, Tong JH, Yu HQ, Wang ZY, Derre J, et al. Rearrangements of the retinoic 
acid receptor alpha and promyelocytic leukemia zinc finger genes resulting from t(11;17)
(q23;q21) in a patient with acute promyelocytic leukemia. J Clin Invest. 1993;91(5):2260–7.

J. Hoffmann and D. Qin



19

 11. Chen Z, Brand NJ, Chen A, Chen SJ, Tong JH, Wang ZY, et  al. Fusion between a novel 
Kruppel- like zinc finger gene and the retinoic acid receptor-alpha locus due to a variant t(11;17) 
translocation associated with acute promyelocytic leukaemia. EMBO J. 1993;12(3):1161–7.

 12. Wells RA, Catzavelos C, Kamel-Reid S. Fusion of retinoic acid receptor alpha to NuMA, the 
nuclear mitotic apparatus protein, by a variant translocation in acute promyelocytic leukae-
mia. Nat Genet. 1997;17(1):109–13.

 13. Buijs A, Bruin M. Fusion of FIP1L1 and RARA as a result of a novel t(4;17)(q12;q21) in a 
case of juvenile myelomonocytic leukemia. Leukemia. 2007;21(5):1104–8.

 14. Kondo T, Mori A, Darmanin S, Hashino S, Tanaka J, Asaka M. The seventh pathogenic fusion 
gene FIP1L1-RARA was isolated from a t(4;17)-positive acute promyelocytic leukemia. 
Haematologica. 2008;93(9):1414–6.

 15. Won D, Shin SY, Park CJ, Jang S, Chi HS, Lee KH, et al. OBFC2A/RARA: a novel fusion 
gene in variant acute promyelocytic leukemia. Blood. 2013;121(8):1432–5.

 16. Li J, Zhong HY, Zhang Y, Xiao L, Bai LH, Liu SF, et al. GTF2I-RARA is a novel fusion tran-
script in a t(7;17) variant of acute promyelocytic leukaemia with clinical resistance to retinoic 
acid. Br J Haematol. 2015;168(6):904–8.

 17. Shimomura Y, Mitsui H, Yamashita Y, Kamae T, Kanai A, Matsui H, et al. A new variant of 
acute promyelocytic leukemia with IRF2BP2-RARA fusion. Cancer Sci. 2016;

 18. Yin CC, Jain N, Mehrotra M, Zhagn J, Protopopov A, Zuo Z, et al. Identification of a novel 
fusion gene, IRF2BP2-RARA, in acute promyelocytic leukemia. J Natl Compr Canc Netw. 
2015;13(1):19–22.

 19. Arnould C, Philippe C, Bourdon V, Gr goire MJ, Berger R, Jonveaux P. The signal transducer 
and activator of transcription STAT5b gene is a new partner of retinoic acid receptor alpha in 
acute promyelocytic-like leukaemia. Hum Mol Genet. 1999;8(9):1741–9.

 20. Catalano A, Dawson MA, Somana K, Opat S, Schwarer A, Campbell LJ, et al. The PRKAR1A gene 
is fused to RARA in a new variant acute promyelocytic leukemia. Blood. 2007;110(12):4073–6.

 21. Lewis C, Patel V, Abhyankar S, Zhang D, Ketterling RP, McClure RF, et al. Microgranular variant 
of acute promyelocytic leukemia with normal conventional cytogenetics, negative PML/RARA 
FISH and positive PML/RARA transcripts by RT-PCR. Cancer Genet. 2011;204(9):522–3.

 22. Blanco EM, Curry CV, Lu XY, Sarabia SF, Redell MS, Lopez-Terrada DH, et  al. 
Cytogenetically cryptic and FISH-negative PML/RARA rearrangement in acute promy-
elocytic leukemia detected only by PCR: an exceedingly rare phenomenon. Cancer Genet. 
2014;207(1–2):48–9.

 23. Huang W, Sun GL, Li XS, Cao Q, Lu Y, Jiang GS, et al. Acute promyelocytic leukemia: clinical 
relevance of two major PML-RAR alpha isoforms and detection of minimal residual disease 
by retrotranscriptase/polymerase chain reaction to predict relapse. Blood. 1993;82(4):1264–9.

 24. Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D, Fioretos T, et al. Diagnosis of acute 
promyelocytic leukaemia by RT-PCR: detection of PML-RARA and RARA-PML fusion 
transcripts. Br J Haematol. 1992;82(3):529–40.

 25. Callens C, Chevret S, Cayuela JM, Cassinat B, Raffoux E, de Botton S, Thomas X, Guerci A, 
Fegueux N, Pigneux A, Stoppa AM, Lamy T, Rigal-Huguet F, Vekhoff A, Meyer-Monard S, 
Ferrand A, Sanz M, Chomienne C, Fenaux P, Dombret H, European APL Group. Prognostic 
implication of FLT3 and Ras gene mutations in patients with acute promyelocytic leukemia 
(APL): a retrospective study from the European APL Group. Leukemia. 2005;19(7):1153–
60. PubMed PMID: 15889156

 26. Schnittger S, Bacher U, Haferlach C, Kern W, Alpermann T, Haferlach T. Clinical impact of FLT3 
mutation load in acute promyelocytic leukemia with t(15;17)/PML-RARA. Haematologica. 
2011;96(12):1799–807.

 27. Shen Y, Zhu YM, Fan X, Shi JY, Wang QR, Yan XJ, Gu ZH, Wang YY, Chen B, Jiang CL, Yan H, 
Chen FF, Chen HM, Chen Z, Jin J, Chen SJ. Gene mutation patterns and their prognostic impact 
in a cohort of 1185 patients with acute myeloid leukemia. Blood. 2011;118(20):5593–603.

 28. Tomita A, Kiyoi H, Naoe T. Mechanisms of action and resistance to all-trans retinoic acid (ATRA) 
and arsenic trioxide (As2O 3) in acute promyelocytic leukemia. Int J Hematol. 2013;97(6):717–25.

 29. Rowley JD.  Identificaton of a translocation with quinacrine fluorescence in a patient with 
acute leukemia. Ann Genet. 1973;16(2):109–12.

1 Acute Myeloid Leukemia with Recurrent Genetic Abnormalities…



20

 30. van Dongen JJ, Macintyre EA, Gabert JA, Delabesse E, Rossi V, Saglio G, et al. Standardized 
RT-PCR analysis of fusion gene transcripts from chromosome aberrations in acute leukemia 
for detection of minimal residual disease. Report of the BIOMED-1 concerted action: inves-
tigation of minimal residual disease in acute leukemia. Leukemia. 1999;13(12):1901–28.

 31. Foucar K, Anastasi J. Acute myeloid leukemia with recurrent cytogenetic abnormalities. Am 
J Clin Pathol. 2015;144(1):6–18.

 32. Downing JR. The AML1-ETO chimaeric transcription factor in acute myeloid leukaemia: 
biology and clinical significance. Br J Haematol. 1999;106(2):296–308.

 33. Wang YY, Zhou GB, Yin T, et al. AML1-ETO and C-KIT mutation/overexpression in t(8;21) 
leukemia: implication in stepwise leukemogenesis and response to Gleevec. Proc Natl Acad 
Sci U S A. 2005;102(4):1104–9.

 34. Paschka P, Marcucci G, Ruppert AS, et al. Adverse prognostic significance of KIT mutations 
in adult acute myeloid leukemia with inv(16) and t(8;21): a Cancer and Leukemia Group B 
study. J Clin Oncol. 2006;24(24):3904–11.

 35. Shimada A, Taki T, Tabuchi K, et al. KIT mutations, and not FLT3 internal tandem duplication, 
are strongly associated with a poor prognosis in pediatric acute myeloid leukemia with t(8;21): a 
study of the Japanese Childhood AML Cooperative Study Group. Blood. 2006;107(5):1806–9.

 36. Boissel N, Leroy H, Brethon B, et al. Incidence and prognostic impact of c-Kit, FLT3, and 
Ras gene mutations in core binding factor acute myeloid leukemia (CBF-AML). Leukemia. 
2006;20(6):965–70.

 37. Cairoli R, Beghini A, Grillo G, et al. Prognostic impact of c-KIT mutations in core binding 
factor leukemias: an Italian retrospective study. Blood. 2006;107(9):3463–8.

 38. Paschka P, Du J, Schlenk RF, et al. Mutations in the Fms-related tyrosine kinase 3 (FLT3) gene 
independently predict poor outcome in acute myeloid leukemia (AML) with t(8;21): a study of 
the outcome in acute myeloid leukemia (AML) with t(8;21): a study of the German- Austrian 
AML Study Group (AMLSG) ASH Annual Meeting Abstracts. 2009;114(22) abstract no 825.

 39. Schnittger S, Bacher U, Kern W, Haferlach T, Haferlach C.  JAK2V617F as progression 
marker in CMPD and as cooperative mutation in AML with trisomy 8 and t(8;21): a com-
parative study on 1103 CMPD and 269 AML cases. Leukemia. 2007;21(8):1843–5.

 40. Sritana N, Auewarakul CU.  KIT and FLT3 receptor tyrosine kinase mutations in acute 
myeloid leukemia with favorable cytogenetics: two novel mutations and selective occurrence 
in leukemia subtypes and age groups. Exp Mol Pathol. 2008;85(3):227–31.

 41. Goemans BF, Zwaan CHM, Miller M, et al. Mutations in KIT and RAS are frequent events 
in pediatric core-binding factor acute myeloid leukemia. Leukemia. 2005;19(9):1536–42.

 42. Care RS, Valk PJM, Goodeve AC, et al. Incidence and prognosis of c-KIT and FLT3 mutations 
in core binding factor (CBF) acute myeloid leukaemias. Br J Haematol. 2003;121(5):775–7.

 43. Pollard JA, Alonzo TA, Gerbing RB, et al. Prevalence and prognostic significance of KIT 
mutations in pediatric patients with core binding factor AML enrolled on serial pediatric 
cooperative trials for de novo AML. Blood. 2010;115(12):2372–9.

 44. Schnittger S, Kohl TM, Haferlach T, et al. KIT-D816 mutations in AML1-ETO-positive AML 
are associated with impaired event-free and overall survival. Blood. 2006;107(5):1791–9.

 45. Schessl C, Rawat VPS, Cusan M, et al. The AML1-ETO fusion gene and the FLT3 length muta-
tion collaborate in inducing acute leukemia in mice. J Clin Investig. 2005;115(8):2159–68.

 46. Dombret H, Preudhomme C, Boissel N. Core binding factor acute myeloid leukemia (CBF- 
AML): is high-dose Ara-C (HDAC) consolidation as effective as you think? Curr Opin 
Hematol. 2009;16(2):92–7.

 47. Sangle NA, Perkins SL. Core-binding factor acute myeloid leukemia. Arch Pathol Lab Med. 
2011;135(11):1504–9.

 48. Dash A, Gilliland DG. Molecular genetics of acute myeloid leukaemia. Best Pract Res Clin 
Haematol. 2001;14(1):49–64.

 49. Dauwerse JG, Wessels JW, Giles RH, Wiegant J, van der Reijden BA, Fugazza G, et  al. 
Cloning the breakpoint cluster region of the inv(16) in acute nonlymphocytic leukemia M4 
Eo. Hum Mol Genet. 1993;2(10):1527–34.

J. Hoffmann and D. Qin



21

 50. Liu P, Tarle SA, Hajra A, Claxton DF, Marlton P, Freedman M, et al. Fusion between tran-
scription factor CBF beta/PEBP2 beta and a myosin heavy chain in acute myeloid leukemia. 
Science. 1993;261(5124):1041–4.

 51. Speck NA, Gilliland DG. Core-binding factors in haematopoiesis and leukaemia. Nat Rev 
Cancer. 2002;2(7):502–13.

 52. Mancini M, Cedrone M, Diverio D, Emanuel B, Stul M, Vranckx H, et al. Use of dual-color 
interphase FISH for the detection of inv(16) in acute myeloid leukemia at diagnosis, relapse 
and during follow-up: a study of 23 patients. Leukemia. 2000;14(3):364–8.

 53. Dauwerse HG, Smit EM, Giles RH, Slater R, Breuning MH, Hagemeijer A, et al. Two-colour 
FISH detection of the inv(16) in interphase nuclei of patients with acute myeloid leukaemia. 
Br J Haematol. 1999;106(1):111–4.

 54. Martinet D, Muhlematter D, Leeman M, Parlier V, Hess U, Gmur J, et al. Detection of 16 p 
deletions by FISH in patients with inv(16) or t(16;16) and acute myeloid leukemia (AML). 
Leukemia. 1997;11(7):964–70.

 55. Hernandez JM, Gonzalez MB, Granada I, Gutierrez N, Chillon C, Ramos F, et al. Detection 
of inv(16) and t(16;16) by fluorescence in situ hybridization in acute myeloid leukemia 
M4Eo. Haematologica. 2000;85(5):481–5.

 56. Jones D, Yao H, Romans A, et al. Modeling interactions between leukemia-specific chromo-
somal changes, somatic mutations, and gene expression patterns during progression of core-
binding factor leukemias. Genes Chromosomes Cancer. 2010;49(2):182–91.

 57. Park SH, Chi HS, Min SK, Park BG, Jang S, Park CJ. Prognostic impact of c-KIT mutations 
in core binding factor acute myeloid leukemia. Leuk Res. 2011;35(10):1376–83.

 58. Paschka P, Du J, Schlenk RF, et al. Secondary genetic lesions in acute myeloid leukemia with 
inv(16) or t(16;16): a study of the German-Austrian AML Study Group (AMLSG). Blood. 
2013;121(1):170–7.

 59. Larson RA, Williams SF, Le Beau MM, Bitter MA, Vardiman JW, Rowley JD. Acute myelo-
monocytic leukemia with abnormal eosinophils and inv(16) or t(16;16) has a favorable prog-
nosis. Blood. 1986;68(6):1242–9.

 60. Alonso CN, Longo PL, Gallego MS, Medina A, Felice MS. A novel AF9 breakpoint in MLL- 
AF9- positive acute monoblastic leukemia. Pediatr Blood Cancer. 2008;50(4):869–71.

 61. Nilson I, Lochner K, Siegler G, Greil J, Beck JD, Fey GH, et al. Exon/intron structure of 
the human ALL-1 (MLL) gene involved in translocations to chromosomal region 11q23 and 
acute leukaemias. Br J Haematol. 1996;93(4):966–72.

 62. Strissel PL, Strick R, Tomek RJ, Roe BA, Rowley JD, Zeleznik-Le NJ. DNA structural prop-
erties of AF9 are similar to MLL and could act as recombination hot spots resulting in MLL/
AF9 translocations and leukemogenesis. Hum Mol Genet. 2000;9(11):1671–9.

 63. Meyer C, Hofmann J, Burmeister T, Groger D, Park TS, Emerenciano M, et al. The MLL 
recombinome of acute leukemias in 2013. Leukemia. 2013;27(11):2165–76.

 64. Meyer C, Kowarz E, Hofmann J, Renneville A, Zuna J, Trka J, et al. New insights to the MLL 
recombinome of acute leukemias. Leukemia. 2009;23(8):1490–9.

 65. Meyer C, Schneider B, Jakob S, Strehl S, Attarbaschi A, Schnittger S, et al. The MLL recom-
binome of acute leukemias. Leukemia. 2006;20(5):777–84.

 66. Schoch C, Schnittger S, Klaus M, Kern W, Hiddemann W, Haferlach T. AML with 11q23/
MLL abnormalities as defined by the WHO classification: incidence, partner chromosomes, 
FAB subtype, age distribution, and prognostic impact in an unselected series of 1897 cytoge-
netically analyzed AML cases. Blood. 2003;102(7):2395–402.

 67. Langer T, Metzler M, Reinhardt D, Viehmann S, Borkhardt A, Reichel M, et al. Analysis 
of t(9;11) chromosomal breakpoint sequences in childhood acute leukemia: almost iden-
tical MLL breakpoints in therapy-related AML after treatment without etoposides. Genes 
Chromosomes Cancer. 2003;36(4):393–401.

 68. Soekarman D, von Lindern M, Daenen S, de Jong B, Fonatsch C, Heinze B, et al. The transloca-
tion (6;9) (p23;q34) shows consistent rearrangement of two genes and defines a myeloproliferative 
disorder with specific clinical features. Blood. 1992;79(11):2990–7.

1 Acute Myeloid Leukemia with Recurrent Genetic Abnormalities…



22

 69. von Lindern M, Fornerod M, van Baal S, Jaegle M, de Wit T, Buijs A, et al. The translocation 
(6;9), associated with a specific subtype of acute myeloid leukemia, results in the fusion of two 
genes, dek and can, and the expression of a chimeric, leukemia-specific dek-can mRNA. Mol 
Cell Biol. 1992;12(4):1687–97.

 70. von Lindern M, Fornerod M, Soekarman N, van Baal S, Jaegle M, Hagemeijer A, et  al. 
Translocation t(6;9) in acute non-lymphocytic leukaemia results in the formation of a DEK- 
CAN fusion gene. Baillieres Clin Haematol. 1992;5(4):857–79.

 71. Soekarman D, von Lindern M, van der Plas DC, Selleri L, Bartram CR, Martiat P, et al. Dek- 
can rearrangement in translocation (6;9)(p23;q34). Leukemia. 1992;6(6):489–94.

 72. Shearer BM, Knudson RA, Flynn HC, Ketterling RP. Development of a D-FISH method to 
detect DEK/CAN fusion resulting from t(6;9)(p23;q34) in patients with acute myelogenous 
leukemia. Leukemia. 2005;19(1):126–31.

 73. Tobal K, Frost L, Liu Yin JA. Quantification of DEK-CAN fusion transcript by real-time 
reverse transcription polymerase reaction in patients with t(6;9) acute myeloid leukemia. 
Haematologica. 2004;89(10):1267–9.

 74. Ostergaard M, Stentoft J, Hokland P. A real-time quantitative RT-PCR assay for monitoring 
DEK-CAN fusion transcripts arising from translocation t(6;9) in acute myeloid leukemia. 
Leuk Res. 2004;28(11):1213–5.

 75. Garcon L, Libura M, Delabesse E, Valensi F, Asnafi V, Berger C, et  al. DEK-CAN molec-
ular monitoring of myeloid malignancies could aid therapeutic stratification. Leukemia. 
2005;19(8):1338–44.

 76. Ommen HB, Touzart A, MacIntyre E, Kern W, Haferlach T, Haferlach C, et al. The kinet-
ics of relapse in DEK-NUP214-positive acute myeloid leukemia patients. Eur J Haematol. 
2015;95(5):436–41.

 77. Fonatsch C, Gudat H, Lengfelder E, Wandt H, Silling-Engelhardt G, Ludwig WD, et  al. 
Correlation of cytogenetic findings with clinical features in 18 patients with inv(3)(q21q26) 
or t(3;3)(q21;q26). Leukemia. 1994;8(8):1318–26.

 78. Secker-Walker LM, Mehta A, Bain B. Abnormalities of 3q21 and 3q26 in myeloid malignancy: 
a United Kingdom Cancer Cytogenetic Group study. Br J Haematol. 1995;91(2):490–501.

 79. Morishita K, Parganas E, William CL, Whittaker MH, Drabkin H, Oval J, et al. Activation 
of EVI1 gene expression in human acute myelogenous leukemias by translocations spanning 
300-400 kilobases on chromosome band 3q26. Proc Natl Acad Sci U S A. 1992;89(9):3937–41.

 80. Levy ER, Parganas E, Morishita K, Fichelson S, James L, Oscier D, et  al. DNA rear-
rangements proximal to the EVI1 locus associated with the 3q21q26 syndrome. Blood. 
1994;83(5):1348–54.

 81. Suzukawa K, Parganas E, Gajjar A, Abe T, Takahashi S, Tani K, et  al. Identification of a 
breakpoint cluster region 3′ of the ribophorin I gene at 3q21 associated with the transcrip-
tional activation of the EVI1 gene in acute myelogenous leukemias with inv(3)(q21q26). 
Blood. 1994;84(8):2681–8.

 82. Pekarsky Y, Zabarovsky E, Kashuba V, Drabkin H, Sandberg AA, Morgan R, et al. Cloning 
of breakpoints in 3q21 associated with hematologic malignancy. Cancer Genet Cytogenet. 
1995;80(1):1–8.

 83. Rynditch A, Pekarsky Y, Schnittger S, Gardiner K. Leukemia breakpoint region in 3q21 is 
gene rich. Gene. 1997;193(1):49–57.

 84. Shearer BM, Sukov WR, Flynn HC, Knudson RA, Ketterling RP. Development of a dual- 
color, double fusion FISH assay to detect RPN1/EVI1 gene fusion associated with inv(3), 
t(3;3), and ins(3;3) in patients with myelodysplasia and acute myeloid leukemia. Am 
J Hematol. 2010;85(8):569–74.

 85. Martinelli G, Ottaviani E, Buonamici S, Isidori A, Borsaru G, Visani G, et al. Association of 3q21q26 
syndrome with different RPN1/EVI1 fusion transcripts. Haematologica. 2003;88(11):1221–8.

 86. Lahortiga I, Vazquez I, Agirre X, Larrayoz MJ, Vizmanos JL, Gozzetti A, et al. Molecular 
heterogeneity in AML/MDS patients with 3q21q26 rearrangements. Genes Chromosomes 
Cancer. 2004;40(3):179–89.

J. Hoffmann and D. Qin



23

 87. Gröschel S, Sanders MA, Hoogenboezem R, Zeilemaker A, Havermans M, Erpelinck C, 
Bindels EM, Beverloo HB, Döhner H, Löwenberg B, Döhner K, Delwel R, Valk PJ. Mutational 
spectrum of myeloid malignancies with inv(3)/t(3;3) reveals a predominant involvement of 
RAS/RTK signaling pathways. Blood. 2015;125(1):133–9. doi:10.1182/blood-2014-07-
591461. PubMed PMID: 25381062; PubMed Central PMCID: PMC4334729

 88. Haferlach C, Bacher U, Haferlach T, Dicker F, Alpermann T, Kern W, Schnittger S.  The 
inv(3)(q21q26)/t(3;3)(q21;q26) is frequently accompanied by alterations of the RUNX1, 
KRAS and NRAS and NF1 genes and mediates adverse prognosis both in MDS and in AML: 
a study in 39 cases of MDS or AML. Leukemia. 2011;25(5):874–7. doi:10.1038/leu.2011.5. 
PubMed PMID: 21283084

 89. Reiter E, Greinix H, Rabitsch W, Keil F, Schwarzinger I, Jaeger U, et al. Low curative potential of 
bone marrow transplantation for highly aggressive acute myelogenous leukemia with inversioin 
inv (3)(q21q26) or homologous translocation t(3;3) (q21;q26). Ann Hematol. 2000;79(7):374–7.

 90. Athale UH, Razzouk BI, Raimondi SC, Tong X, Behm FG, Head DR, et al. Biology and out-
come of childhood acute megakaryoblastic leukemia: a single institution's experience. Blood. 
2001;97(12):3727–32.

 91. Hama A, Yagasaki H, Takahashi Y, Nishio N, Muramatsu H, Yoshida N, et al. Acute mega-
karyoblastic leukaemia (AMKL) in children: a comparison of AMKL with and without Down 
syndrome. Br J Haematol. 2008;140(5):552–61.

 92. Reinhardt D, Diekamp S, Langebrake C, Ritter J, Stary J, Dworzak M, et al. Acute mega-
karyoblastic leukemia in children and adolescents, excluding Down's syndrome: improved 
outcome with intensified induction treatment. Leukemia. 2005;19(8):1495–6.

 93. Ma Z, Morris SW, Valentine V, Li M, Herbrick JA, Cui X, et al. Fusion of two novel genes, 
RBM15 and MKL1, in the t(1;22)(p13;q13) of acute megakaryoblastic leukemia. Nat Genet. 
2001;28(3):220–1.

 94. Takeda A, Shimada A, Hamamoto K, Yoshino S, Nagai T, Fujii Y, et al. Detection of RBM15- 
MKL1 fusion was useful for diagnosis and monitoring of minimal residual disease in infant 
acute megakaryoblastic leukemia. Acta Med Okayama. 2014;68(2):119–23.

 95. Bernstein J, Dastugue N, Haas OA, Harbott J, Heerema NA, Huret JL, et al. Nineteen cases 
of the t(1;22)(p13;q13) acute megakaryblastic leukaemia of infants/children and a review of 
39 cases: report from a t(1;22) study group. Leukemia. 2000;14(1):216–8.

 96. Carroll A, Civin C, Schneider N, Dahl G, Pappo A, Bowman P, et al. The t(1;22) (p13;q13) 
is nonrandom and restricted to infants with acute megakaryoblastic leukemia: a Pediatric 
Oncology Group Study. Blood. 1991;78(3):748–52.

 97. Duchayne E, Fenneteau O, Pages MP, Sainty D, Arnoulet C, Dastugue N, et al. Acute mega-
karyoblastic leukaemia: a national clinical and biological study of 53 adult and childhood cases 
by the Groupe Francais d'Hematologie Cellulaire (GFHC). Leuk Lymphoma. 2003;44(1):49–58.

 98. Inaba H, Zhou Y, Abla O, Adachi S, Auvrignon A, Beverloo HB, et al. Heterogeneous cytoge-
netic subgroups and outcomes in childhood acute megakaryoblastic leukemia: a retrospective 
international study. Blood. 2015;126(13):1575–84.

 99. Cuneo A, Ferrant A, Michaux JL, Demuynck H, Boogaerts M, Louwagie A, et al. Philadelphia 
chromosome-positive acute myeloid leukemia: cytoimmunologic and cytogenetic features. 
Haematologica. 1996;81(5):423–7.

 100. Keung YK, Beaty M, Powell BL, Molnar I, Buss D, Pettenati M. Philadelphia chromosome 
positive myelodysplastic syndrome and acute myeloid leukemia-retrospective study and 
review of literature. Leuk Res. 2004;28(6):579–86.

 101. Khan MH. Heteromorphic pair of metacentric chromosomes with fused arms and the Philadelphia 
chromosome in a case of acute myeloid leukemia. Acta Haematol. 1972;48(5):312–9.

 102. Price CM, Rassool F, Shivji MK, Gow J, Tew CJ, Haworth C, et al. Rearrangement of the 
breakpoint cluster region and expression of P210 BCR-ABL in a “masked” Philadelphia 
chromosome-positive acute myeloid leukemia. Blood. 1988;72(5):1829–32.

 103. Soupir CP, Vergilio JA, Dal Cin P, Muzikansky A, Kantarjian H, Jones D, et al. Philadelphia 
chromosome-positive acute myeloid leukemia: a rare aggressive leukemia with clinicopath-
ologic features distinct from chronic myeloid leukemia in myeloid blast crisis. Am J Clin 
Pathol. 2007;127(4):642–50.

1 Acute Myeloid Leukemia with Recurrent Genetic Abnormalities…

http://dx.doi.org/10.1182/blood-2014-07-591461
http://dx.doi.org/10.1182/blood-2014-07-591461
http://dx.doi.org/10.1038/leu.2011.5


24

 104. Bloomfield CD, Lindquist LL, Brunning RD, Yunis JJ, Coccia PF. The Philadelphia chromo-
some in acute leukemia. Virchows Arch B Cell Pathol. 1978;29(1–2):81–91.

 105. Konoplev S, Yin CC, Kornblau SM, Kantarjian HM, Konopleva M, Andreeff M, et  al. 
Molecular characterization of de novo Philadelphia chromosome-positive acute myeloid leu-
kemia. Leuk Lymphoma. 2013;54(1):138–44.

 106. Nacheva EP, Grace CD, Brazma D, Gancheva K, Howard-Reeves J, Rai L, Gale RE, Linch 
DC, Hills RK, Russell N, Burnett AK, Kottaridis PD.  Does BCR/ABL1 positive acute 
myeloid leukaemia exist? Br J  Haematol. 2013;161(4):541–50. doi:10.1111/bjh.12301. 
PubMed PMID: 23521501

Recommended Reading

Bejar R, Stevenson K, Abdel-Wahab O, Galili N, Nilsson B, Garcia-Manero G, et al. Clinical effect 
of point mutations in myelodysplastic syndromes. N Engl J Med. 2011;364(26):2496–506.

Birkenmeier EH, Gwynn B, Howard S, Jerry J, Gordon JI, Landschulz WH, et al. Tissue-specific 
expression, developmental regulation, and genetic mapping of the gene encoding CCAAT/
enhancer binding protein. Genes Dev. 1989;3(8):1146–56.

Brown P, McIntyre E, Rau R, Meshinchi S, Lacayo N, Dahl G, et al. The incidence and clinical 
significance of nucleophosmin mutations in childhood AML. Blood. 2007;110(3):979–85.

Chen W, Rassidakis GZ, Medeiros LJ. Nucleophosmin gene mutations in acute myeloid leukemia. 
Arch Pathol Lab Med. 2006;130(11):1687–92.

Chiu A, Orazi A. Mastocytosis and related disorders. Semin Diagn Pathol. 2012;29(1):19–30.
Dicker F, Haferlach C, Sundermann J, Wendland N, Weiss T, Kern W, et al. Mutation analysis for 

RUNX1, MLL-PTD, FLT3-ITD, NPM1 and NRAS in 269 patients with MDS or secondary 
AML. Leukemia. 2010;24(8):1528–32.

Ettinger DS, Wood DE, Akerley W, Bazhenova LA, Borghaei H, Camidge DR, et  al. NCCN 
guidelines insights: non-small cell lung cancer, version 4.2016. J Natl Compr Cancer Netw. 
2016;14(3):255–64.

Fathi AT, Chen YB. The role of FLT3 inhibitors in the treatment of FLT3 mutated acute myeloid 
leukemia. Eur J Haematol. 2017;98(4):330–336

Gaidzik VI, Bullinger L, Schlenk RF, Zimmermann AS, Rock J, Paschka P, et al. RUNX1 muta-
tions in acute myeloid leukemia: results from a comprehensive genetic and clinical analysis 
from the AML study group. J Clin Oncol. 2011;29(10):1364–72.

Heinrich MC, Corless CL, Blanke CD, Demetri GD, Joensuu H, Roberts PJ, et  al. Molecular 
correlates of imatinib resistance in gastrointestinal stromal tumors. J  Clin Oncol. 
2006;24(29):4764–74.

Hsueh YS, Lin CL, Chiang NJ, Yen CC, Li CF, Shan YS, et al. Selecting tyrosine kinase inhibitors 
for gastrointestinal stromal tumor with secondary KIT activation-loop domain mutations. PLoS 
One. 2013;8(6):e65762.

Ichikawa K, Aritaka N, Sekiguchi Y, Sugimoto KJ, Imai H, Komatsu N, et al. C-kit-positive acute 
myelogenous leukemia effectively treated with imatinib: a case report and review of the litera-
ture. Geriatr Gerontol Int. 2012;12(4):762–4.

Kemmer K, Corless CL, Fletcher JA, McGreevey L, Haley A, Griffith D, et al. KIT mutations are 
common in testicular seminomas. Am J Pathol. 2004;164(1):305–13.

Koschmieder S, Halmos B, Levantini E, Tenen DG. Dysregulation of the C/EBPalpha differentia-
tion pathway in human cancer. J Clin Oncol. 2009;27(4):619–28.

Levis M.  FLT3 mutations in acute myeloid leukemia: what is the best approach in 2013? 
Hematology Am Soc Hematol Educ Program. 2013;2013:220–6.

Ma F, Liu P, Lei M, Liu J, Wang H, Zhao S, et al. Design, synthesis and biological evaluation 
of indolin-2-one-based derivatives as potent, selective and efficacious inhibitors of FMS-like 
tyrosine kinase3 (FLT3). Eur J Med Chem. 2016;127:72–86.

J. Hoffmann and D. Qin

http://dx.doi.org/10.1111/bjh.12301


25

Mangan JK, Speck NA. RUNX1 mutations in clonal myeloid disorders: from conventional cyto-
genetics to next generation sequencing, a story 40 years in the making. Crit Rev Oncog. 
2011;16(1–2):77–91.

Marcucci G, Haferlach T, Dohner H. Molecular genetics of adult acute myeloid leukemia: prog-
nostic and therapeutic implications. J Clin Oncol. 2011;29(5):475–86.

Ng SW, Mitchell A, Kennedy JA, Chen WC, McLeod J, Ibrahimova N, et al. A 17-gene stemness 
score for rapid determination of risk in acute leukaemia. Nature. 2016;540(7633):433–7.

Oh HS, Smart RC. Expression of CCAAT/enhancer binding proteins (C/EBP) is associated with 
squamous differentiation in epidermis and isolated primary keratinocytes and is altered in skin 
neoplasms. J Invest Dermatol. 1998;110(6):939–45.

Oh C, Kim H, Kang JS, Yun J, Sim J, Kim HM, et al. Synthetic strategy for increasing solubility of 
potential FLT3 inhibitor thieno[2,3-d]pyrimidine derivatives through structural modifications 
at the C2 and C6 positions. Bioorg Med Chem Lett. 2016;

Ohgami RS, Arber DA. The diagnostic and clinical impact of genetics and epigenetics in acute 
myeloid leukemia. Int J Lab Hematol. 2015;37(Suppl 1):122–32.

Schnittger S, Bacher U, Kern W, Alpermann T, Haferlach C, Haferlach T. Prognostic impact of 
FLT3-ITD load in NPM1 mutated acute myeloid leukemia. Leukemia. 2011;25(8):1297–304.

Smith ML, Hills RK, Grimwade D. Independent prognostic variables in acute myeloid leukaemia. 
Blood Rev. 2011;25(1):39–51.

Ziai JM, Siddon AJ. Education Committee of the Academy of Clinical Laboratory P, Scientists. 
Pathology consultation on gene mutations in acute myeloid leukemia. Am J  Clin Pathol. 
2015;144(4):539–54.

1 Acute Myeloid Leukemia with Recurrent Genetic Abnormalities…


	Chapter 1: Acute Myeloid Leukemia with Recurrent Genetic Abnormalities: Part I Cytogenetic Abnormalities
	 Introduction
	 Acute Myeloid Leukemia with t(15;17)(q24.1;q21.2);PML-RARA
	 Cytogenetic Abnormality
	 Somatic Gene Mutations
	 Clinical Significance
	 Acute Myeloid Leukemia with t(8;21)(q22;q22);RUNX1-RUNX1T1
	 Cytogenetic Abnormality
	 Somatic Mutations
	 Clinical Significance
	 Acute Myeloid Leukemia with inv(16)(p13.1q22);CBFB-MYH11 or t(16;16)(p13.1;q22);CBFB-MYH11
	 Cytogenetic Abnormality
	 Somatic Gene Mutations
	 Clinical Significance
	 Acute Myeloid Leukemia with t(9;11)(p22;q23);KMT2A-MLLT3
	 Cytogenetic Abnormality
	 Clinical Significance
	 Acute Myeloid Leukemia with t(6;9)(p23;q34);DEK-NUP214
	 Cytogenetic Abnormality
	 Somatic Gene Mutations
	 Clinical Significance
	 Acute Myeloid Leukemia with inv(3)(q21q26.2) or t(3;3)(q21;q26.2)
	 Cytogenetic Abnormality
	 Somatic Gene Mutations
	 Clinical Significance
	 Acute Myeloid Leukemia with t(1;22)(p13;q13);RBM15-MKL1
	 Cytogenetic Abnormality
	 Clinical Significance
	 De Novo Acute Myeloid Leukemia with t(9;22)(q34;q11.2)
	 Cytogenetic Abnormality
	 Clinical Significance
	 Conclusion
	References
	Recommended Reading



