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 Introduction

 Acute Myeloid Leukemia with Myelodysplasia-Related Changes

In 2016, the updated World Health Organization (WHO) classification of hemato-
poietic neoplasms revised this entity minimally, and it remains a subcategory of 
acute myeloid leukemias (AMLs) entitled “acute myeloid leukemia with 
myelodysplasia- related changes (AML-MRC).” AML-MRC (Table 3.1) is defined 
as AML (≥20% blasts in peripheral blood or bone marrow) with a history of myelo-
dysplastic syndrome (MDS) or myelodysplastic/myeloproliferative neoplasm 
(MDS/MPN), or specific MDS-related cytogenetic abnormalities (Table  3.2), or 
morphologic features of multilineage myelodysplasia (≥50% dysplastic cells in at 
least two cell lineages), in the absence of NPM1 or biallelic CEBPA mutations, 
because the morphologic dysplasia in AML cases with NPM1 or biallelic CEBPA 
mutations appears not to impact patient outcome [1–4]. AMLs with NPM1 or bial-
lelic CEBPA mutations have been upgraded from provisional entities in the 2008 
WHO classification to full entities in the 2016 WHO classification and are now 
included amongst AMLs with recurrent genetic abnormalities.
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 Therapy-Related Myeloid Neoplasm

Therapy-related myeloid neoplasms (t-MNs), including AML, MDS, and MDS/
MPN, occur after cytotoxic insults by chemotherapy or radiation therapy (Table 3.3) 
for a neoplastic or nonneoplastic disorder [5–7]. Although t-MNs can be further 
subclassified to t-MDS or t-AML based on blast counts, all therapy-related neo-
plasms are best considered as one clinical syndrome [4]. Associated cytogenetic and 
molecular abnormalities, independent of blast count, are better predictors of disease 

Table 3.1 Diagnostic criteria for AML with myelodysplasia-related changes

20% blasts or more in peripheral blood or bone marrow

AND Inclusion criteria: any of the following
1. Previous history of myelodysplastic syndrome
2. Myelodysplastic syndrome-related recurrent cytogenetic abnormality
3. Multilineage dysplasia (presence of 50% or more dysplastic cells in at least two cell 
lines) lacking a mutation of NPM1 and biallelic mutation of CEBPA in absence of 1 and 
2

AND Exclusion criteria: absence of both of the following
1. History of cytotoxic therapy for an unrelated disease
2. AML with recurrent genetic abnormalities

Modified from the WHO classification

Table 3.2 Cytogenetic abnormalities for AML with myelodysplasia-related changes

Complex 
karyotype

>3 unrelated abnormalities, none of which are included in the AML with 
recurrent genetic abnormalities subgroup

Unbalanced abnormalities

−7/del(7q)
del(5q)/t(5q)
i(17q)/t(17p)
−13/del(13q)
del(11q)
del(12p)/t(12p)
idic(X)(q13)

Balanced abnormalities

t(11;16)(q23;p13.3)a

t(3;21)(q26.2;q22.1)a

t(2;11)(p21;q23.3)a

t(1;3)(p36.3;q21)
t(5;12)(q32;p13.2)
t(5;7)(q32;q11.2)
t(5;17)(q32;p13.2)
t(5;10)(q32;q21.2)
t(3;5)(q25.3;q35.1)

Modified from the WHO classification
aAbsence of previous history of cytotoxic therapy for an unrelated disease
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prognosis and therapy response, and these abnormalities should be incorporated 
into the final diagnosis [4].

 Acute Myeloid Leukemia, Not Otherwise Specified (AML, NOS)

All AML cases that do not fulfill the diagnostic criteria for AML with recurrent 
genetic abnormalities including NPM1 and biallelic CEBPA mutations, AML-MRC, 
therapy-related myeloid neoplasm, or myeloid neoplasm with germline predisposi-
tion are classified as AML, not otherwise specified (NOS). The basis for subclassi-
fication within this category is primarily the morphologic features of blasts, although 
these morphologic subtypes lack clinical or biologic significance [8, 9]. In the 
updated 2016 WHO classification, the blast percentage of all AMLs including acute 
erythroid leukemia is based on total marrow nucleated cells, not nonerythroid cells. 
The attempt to achieve consistency in calculating blast percentage across all myeloid 
neoplasms can, at least in part, avoid overdiagnosis of AML primarily due to the low 
reproducibility of nonerythroid blasts counts. Further, cases previously subcatego-
rized as acute erythroid leukemia, erythroid/myeloid type, share common clinical 
manifestations, morphologic, and cytogenetic features with cases of MDS [10–13]. 
Therefore, this subcategory of acute erythroid leukemia (defined as ≥50% BM ery-
throid precursors and ≥20% myeloblasts among nonerythroid cells) is removed 
from acute erythroid leukemia. The majority of such cases are now classified as 
MDS, especially MDS with excess blasts [4].

 Epidemiology

AML-MRC is more common in older patients, with a median age of 68 years, and 
shows a slight male predominance [14]. The diagnosis of AML-MRC accounts for 
approximately 25–35% of adult AMLs [8, 15–17]. AML-MRC more commonly 

Table 3.3 Cytotoxic agents inducing therapy-related myeloid neoplasms

Cytotoxic agents Specific medication and therapy

Alkylating agents Melphalan, cyclophosphamide, nitrogen mustard, chlorambucil, 
busulfan, carboplatin, cisplatin, dacarbazine, procarbazine, 
carmustine, mitomycin C, thiotepa, lomustine, etc.

Ionizing radiation 
therapy

Large fields including active bone marrow and for autologous bone 
marrow transplant modification

Topoisomerase II 
inhibitors

Etoposide, teniposide, doxorubicin, daunorubicin, mitoxantrone, 
amsacrine, actinomycin

Others Antimetabolites: thiopurines, mycophenolate, fludarabine
Antitubulin agents (usually in combination with other agents): 
vincristine, vinblastine, vindesine, paclitaxel, docetaxel

Modified from the WHO classification
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occurs de novo [14] and may also arise from preexisting myelodysplasia (MDS or 
MDS/MPN). AML-MRC is generally associated with a worse prognosis and a 
lower rate of achieving complete remission in response to current chemotherapies 
compared to other types of AML. The prognosis for AML-MRC is also dependent 
on other individual factors, such as the patient’s age, blast count [18], cytogenetic 
abnormalities [19, 20], specific molecular mutations [19, 20], and different thera-
pies [5, 20, 21]. Patients with lower blast counts (20–29%) in the absence of MDS- 
related cytogenetic abnormalities, specifically in children, have relatively better 
clinical outcomes [21–23]. Recent studies also suggest that allogeneic hematopoi-
etic stem cell transplantation may overcome the poor prognosis for AML-MRC, 
especially in patients who are 50 years old or younger [18].

Therapy-related myeloid neoplasms account for approximately 10% of AML 
and 20% of MDS, and are associated with a uniformly poor prognosis with a median 
survival of 6 months [5–7]. Overall, the median time to develop t-MDS/AML fol-
lowing cytotoxic therapy is approximately 3–5 years, with a marked risk reduction 
after the first decade [6, 7]. There are two types of t-MNs based on their causative 
therapeutic exposures (Table 3.4): a topoisomerase II inhibitor-related type and an 
alkylating agent/radiation-related type. Therapy-related myeloid neoplasms associ-
ated with chemotherapeutic administration of topoisomerase II inhibitors develop 
1–3  years after exposure, and often show no  morphologic dysplasia. Alkylating 
agent/radiation–related t-MNs occur 5–7 years after exposure to cytotoxic agents 
[6, 7]. Approximately two-thirds of these patients develop a myelodysplastic phase 
lasting months to years before overt AML. The remainder often presents with AML 
with myelodysplastic features [5, 6] in addition to myelodysplasia-related cytoge-
netic abnormalities involving chromosomes 5 (−5/del[5q]) and 7 (−7/del[7q]).

AML, NOS, encompasses a large heterogeneous group, representing 25–30% of 
adult AML. It occurs at a younger age than AML-MRC, and has an intermediate 
prognosis [14]. Generally, there are no common clinical features or consistent chro-
mosomal abnormalities identified with this category, and this diagnosis is made by 
exclusion of other subcategories of AML.

Table 3.4 Cytotoxic agents inducing therapy-related myeloid neoplasms and their clinical 
manifestations

Cytotoxic agents Latency Cytogenetics
Dysplastic 
phase Prognosis

Alkylating agents Long, 5–7 years [7] Deletions of chromosomes 
5 and 7, complex 
karyotypes

Yes Poor

Ionizing radiation Long, 5–7 years [7] Deletions of chromosomes 
5 and 7, complex 
karyotypes

Yes Poor

Topoisomerase II 
inhibitors

Short, 1–3 years Abnormalities of KMT2A 
or RUNX1

Often no Poor
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 Clinical Features

AML-MRC displays substantial heterogeneity in presentation and clinical course. 
Adults with AML-MRC often present with severe pancytopenia with a rapid 
increase in blasts. In contrast, children with a blast percentage between 20% and 
29% and preexisting MDS (especially RAEB) experience relatively slow progres-
sion and stable blast counts for weeks to months [23]. Therapy-related myeloid 
neoplasms occurring with a short latency often show abnormalities of either KMT2A 
at 11q23 or RUNX1 at 21q22, and are often associated with use of topoisomerase II 
inhibitors (Table 3.4). Longer latency t-MNs often have a prolonged MDS phase, 
multilineage dysplasia, and MDS-associated karyotypic abnormalities, and these 
features are more likely to be related to alkylating agents or ionizing radiation 
(Table 3.4). Patients with AML, NOS usually present with evidence of bone marrow 
failure and pancytopenias. Beyond medullary symptoms, extramedullary manifes-
tations including soft tissue masses, cutaneous and gingival infiltration, and central 
nervous system (CNS) involvement are more common in acute monoblastic and 
monocytic leukemia. Patients with acute basophilic leukemia often have cutaneous 
involvement, organomegaly, lytic bone lesions associated with hyperhistaminemia, 
and bone marrow failure.

 Morphology and Immunophenotype

Most cases of AML-MRC and t-MNs have morphologic evidence of multilineage 
dysplasia best evaluated with peripheral blood smears and bone marrow aspirates. 
Significant dysplastic features are defined as involving at least 50% of the cells of 
each particular lineage. Blood smears may be particularly useful in identifying 
myeloid dysplasia, while erythroid and megakaryocytic dysplasia are best evaluated 
with bone marrow aspirates and biopsies. Many of these dysplastic morphologic 
features in blood smears and bone marrow are nonspecific for AML-MRC/t-MNs 
and may be seen in a variety of other neoplastic and nonneoplastic hematologic dis-
orders. Myeloid dysplasia is evidenced, for instance, by hypogranulation and abnor-
mal nuclear segmentation. Dyserythropoiesis is the most common change seen in the 
bone marrow and includes bizarre erythroid precursors and ring sideroblasts. 
Dyserythropoiesis is also manifested by karyorrhexis, profound nuclear budding and 
irregularity, multinucleation, marked megaloblastoid maturation, and cytoplasmic 
vacuolization. Dysmegakaryopoiesis includes hypolobulated micromegakaryocytes, 
nonlobulated nuclei or odd numbers of nuclei, and widely spaced nuclei.

t-MN cases following alkylating agents/ionizing radiation often have increased 
blasts with associated multilineage dysplasia. Approximately 20–30% of t-MN 
cases, associated with topoisomerase II inhibitors and balanced recurrent chromo-
somal translocations involving 11q23 (KMT2A/MLL) or 21q22 (RUNX1), show 
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morphologic features similar to those identified in de novo acute monoblastic leu-
kemia or myelomonocytic leukemia (Fig. 3.1).

No specific immunophenotypic feature typifies AML-MRC and t-MNs due to 
the heterogeneity of underlying causes and cytogenetic abnormalities [14]. 
Nonetheless, there is a general immunophenotypic overlap with AML-MRC and 
t-MNs, and blasts are CD34+ and CD117+ and express the pan-myeloid markers 
such as CD13 and CD33 [14, 24]. Aberrant expression of CD7, CD10, and CD56 in 
blasts is not uncommon. In secondary AMLs with monocytic differentiation, blasts 
often express CD4 and CD14 and lack CD34. Cases of AML-MRC and t-MNs with 
abnormalities of chromosomes 5 and 7 may show aberrant expression of TDT and 
CD7.

Most morphologic subtypes of AML, NOS, are defined by previous FAB criteria, 
and a 20% marrow blast cell count is sufficient for a diagnosis of acute leukemia 
[24]. This category includes many cases of AML with a normal karyotype, and 
mutation analysis, rather than morphologic or immunophenotypic features, and is 
probably the most predictive prognostic marker in this group.

 Cytogenetic Abnormalities

Cytogenetic studies including conventional karyotyping remain a mainstream tech-
nology and are required in the evaluation of acute myeloid leukemia and other 
hematologic and nonhematologic disorders. The value of cytogenetic studies in 
AML can be divided into four main aspects: diagnosis, prognosis, prediction of 
therapeutic response, and monitoring minimal residual disease or early recurrence. 
Conventional karyotyping, although considered somewhat outdated compared to 
more specific and sensitive methods such as fluorescence in situ hybridization 
(FISH), provides a comprehensive view of the genome that cannot be obtained with 

Fig. 3.1 Bone marrow 
aspirates in a patient with 
acute myelomonocytic 
leukemia. Bone marrow 
aspirates in a patient who 
is diagnosed with t-MN 
with KMT2A translocation
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FISH or other more specific molecular studies, particularly in AMLs with a com-
plex karyotype. Consequently, both conventional karyotyping and FISH remain the 
routine studies performed for AML diagnoses in clinical laboratories.

 Cytogenetic Abnormalities in AML-MRC

The presence of MDS-related cytogenetic abnormalities is sufficient to make a diag-
nosis of AML with MRC (Table 3.1). A complex karyotype, seven unbalanced chro-
mosomal abnormalities, and nine balanced chromosomal abnormalities are 
considered diagnostic of AML-MRC (Table 3.2).

 Complex Karyotype

A complex karyotype (Fig. 3.2) is defined as three or more unrelated chromosomal 
abnormalities often leading to loss of genetic material at 5q, 14q33, 7q32q35, and 
17p13, thus translating into decreased expression of genes at these chromosomal 

Fig. 3.2 Bone marrow karyotype from a patient with AML-MRC. Bone marrow from a patient 
shows a complex aberrant karyotype. A diagnosis of AML-MRC was made based on the cytogenetic 
findings in addition to morphologic features. *Indicates translocation; * with arrow head indicates 
absence of the chromosome; arrowhead indicates additional aberrant chromosomal materials
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loci. It is invariably associated with a poor prognosis [25] (Fig. 3.3). Recent studies 
demonstrated that autosomal monosomy, defined as the presence of two or more 
distinct autosomal chromosome monosomies or a single autosomal monosomy with 
one or more other chromosomal abnormalities, is a better predictor for poor prog-
nosis than a complex karyotype in AML [26] (Fig. 3.4). A monosomal karyotype 
(Fig. 3.5), occurring in 5–10% of AMLs is associated with a dismal prognosis, with 

Fig. 3.3 Overall survival 
of patients with de novo 
AMLs. Patients with a 
complex karyotype (red) 
show a dismal clinical 
outcome indicated by 
overall survival in 
comparison to those with 
AML with balanced 
abnormalities or with a 
normal karyotype (Graph 
modified from [25])

Fig. 3.4 Overall survival 
of patients with AMLs and 
noncore binding factor 
chromosomal 
abnormalities. Patients 
with a monosomal 
karyotype (MK+, −7, gray 
and red, 4 year OS 27% vs 
MK-, yellow and blue, 
4-year OS 0–6%, 
p < 0.001) show a reduced 
overall survival regardless 
complex karyotypes (CK). 
Therefore, a single 
autosomal monosomy is a 
better predictor for very 
poor prognosis than a 
complex karyotype (Graph 
modified from [26])
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a 5-year overall survival of less than 5%. Monosomies 5 and 7, included by MDS- 
related cytogenetic abnormality and among the most frequent autosomal monoso-
mies in AML, are associated with poor clinical outcomes, which appear to be 
independent for each specific monosomic chromosome [26].

 Unbalanced Chromosomal Abnormalities

Unbalanced chromosomal abnormalities include, in order of decreasing frequency: 
deletion of 5q, loss of 7q, loss of 17p, loss of 13q, loss of 11q, and loss of 12p. They 
result in the loss of genomic integrity (Fig. 3.6). These lesions are the most common 
genetic aberrance in AML with MRC associated with poor clinical outcomes. In the 
updated WHO classification, del(9q) is no longer considered a defining MDS- related 
cytogenetic abnormality for AML-MRC [4]. Del(9q) is among the most frequent 
abnormalities associated with AML carrying NPM1 or biallelic CEBPA mutations, 
and the presence of del(9q) is not an independent prognostic factor [2–4, 27]. Further, 
common recurring chromosomal abnormalities in MDS, such as trisomy 8, del(20q), 
and loss of chromosome Y, are not considered as defining abnormalities in AML-
MRC, since they are also associated with AML carrying NPM1 or biallelic CEBPA 
mutations and they lack prognostic significance in those settings [2–4, 27].

Fig. 3.5 Bone marrow karyotype from a patient with AML-MRC. Bone marrow karyotype from 
a patient shows a monosomy 7 (* and arrowhead) in addition to deletion 5q (arrow)
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Fig. 3.6 Bone marrow karyotype and fluorescence in situ hybridization from a patient with AML- 
MRC. (a, b) Bone marrow karyotype (a) from a patient shows a deletion 5q (*) and this karyotypic 
finding is confirmed by FISH employing specific probes (red and green) targeting 5q (b, a a cell 
with normal karyotype; b a cell with del 5q)
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 Balanced Chromosomal Abnormalities

Nine balanced chromosomal abnormalities diagnostic of AML-MRC include, in 
order of decreasing frequency: t(11;16), t(3;21), t(1;3), t(2;11), t(5;12), t(5;7), 
t(5;17), t(5;10), and t(3;5). Among these balanced gene rearrangements, t(11;16), 
t(3;21), and t(2;11) are also commonly seen in t-MNs (Fig. 3.7). A previous history 
of cytotoxic therapy including chemotherapy or radiation warrants a diagnosis of 
therapy-related myeloid neoplasm instead of AML-MRC. 5q33 is involved in four 
of the nine gene rearrangements and rearrangement of this locus leads to activation 
of the platelet-derived growth factor receptor-β (PDGFRB), a member of class III 
tyrosine kinase receptors (RTKIII) [28]. Two other rearrangements involve the EVI1 
locus at 3q26 and the GATA2 and RPN1 loci at 3q21 [26, 29–31]. Moreover, two 
other rearrangements involving a myeloid lymphoid leukemia (MLL or KMT2A) 
locus at 11q23 (Fig. 3.8), rather than AML with t(9;11), are also diagnostic of AML- 
MRC [4]. There are over 80 different chromosomal translocations involving 
KMT2A, and over 50 translocation partner genes have been characterized in adult 
and pediatric acute leukemias [32–36]. Translocations involving MLLT3 (AF9), 
resulting predominantly in AML, are the most common. Other KMT2A transloca-
tions resulting in AML include MLLT1 (ENL), MLLT10 (AF10), MLLT4 (AF6), and 
ELL as partner genes. Up to one-third of KMT2A translocations in AMLs are detect-
able by conventional karyotyping, and FISH or other molecular studies may be 
necessary to identify these variant translocations [32, 33]. The remaining t(3;5)
(q25;q35) rearrangement is relatively unique in AML-MRC, and the overall 

Fig. 3.7 Bone marrow karyotype from a patient with AML-MRC. Bone marrow karyotype from 
a patient shows t(2;11)(p21;q23), indicated by arrows, in addition to del(5q)*
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incidence is less than 0.5% of AMLs [19, 20, 37]. This gene rearrangement leads to 
the fusion transcript NPM1-MLF1 [38] and tends to occur in young adults. These 
patients may respond well to stem cell transplants [8, 39].

 Cytogenetic Abnormalities in t-MNs

Therapy-induced AML secondary to alkylating agents is a prototypic AML, in 
which successive genetic hits occur and result in numerous genetic aberrations. 
t-MNs associated with alkylating cytotoxic agents/radiation and relatively long 
latency have abnormal cytogenetics most similar to those identified in AML-MRC 
[40]. As discussed earlier, these cytogenetic abnormalities are often associated with 
loss of chromosomes, particularly -5q or -7q, often in the setting of a complex 
karyotype [6, 7, 40].

In contrast, t-MNs associated with topoisomerase II inhibitors and short latency 
usually have balanced chromosomal abnormalities involving the KMT2A locus at 
11q23 and the RUNX1 locus at 21q22. Translocations involving the KMT2A locus at 
chromosome 11q23 are found in approximately 6% of t-MN cases.

Some patients with therapy-related AML have karyotypic changes identical to 
those of de novo AML, including types similar to those of the core binding factor 
leukemias, inv(16) or APL [41, 42]. In contrast to the dismal prognosis of most 

Fig. 3.8 Bone marrow fluorescence in situ hybridization from a patient with therapy related 
myeloid neoplasm (t-MNs). FISH study shows 11q23 rearrangement involving KMT2A gene with 
different translocations employing break-apart rearrangement probes. 11q23 rearrangement is 
revealed by segregation of red and green fluorescence labeled probes
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therapy-related AMLs, some studies suggest that cases with t(15;17) or inv(16) 
may have good prognoses similar to their de novo counterparts [41]. A summary of 
cytogenetic abnormalities in patients with t-MNs is listed in Table 3.5 [43].

 Somatic Mutations and Prognosis

The molecular dissection of many nonrandom recurrent gene rearrangements origi-
nally detected by conventional karyotyping and FISH has paved the way for the 
development of more specific and sensitive molecular tools in the diagnosis of 
AML. Compared to cytogenetic studies, these new approaches, particularly poly-
merase chain reaction (PCR) and sequencing-based methods, are more timely, sen-
sitive, accurate, and quantitative, and overcome some of the limitations of 
karyotyping, such as the requirement of fresh material and viable dividing cells. 
Increasingly, next-generation sequencing (NGS) technologies, also known as high- 
throughput sequencing, have superseded traditional sequencing methods such as 
Sanger sequencing and pyrosequencing in clinical laboratories. NGS-based assays 
have numerous technical advantages over traditional methods, with the capacity to 
fully and rapidly sequence many genes in a single reaction that requires less DNA 
input. NGS can detect a large variety of genetic lesions in hematologic malignan-
cies, including point mutations, small and intermediate-size deletions and inser-
tions, copy number variants, and even translocations. The use of NGS-based assays 
in clinical and research laboratories has led to the discovery of a vast number of new 
mutations in myeloid neoplasms.

Table 3.5 Cytogenetic abnormalities in patients with t-MNs

Cytogenetics Frequency (%)

Karyotype Normal 9.6
Abnormal 90.4

Abnormal chromosome 5, 7, or 
both

Abnormal chromosome 5 20
Abnormal chromosome 7 25
Abnormal chromosome 5 and 7 22

Recurring balanced 
rearrangements

t(11q23) 3
t(3;21) or t(8;21) or t(21q22) 3
t(15;17) 2
inv(16) 2

Others +8, −13/del(13q), −Y, +11, del(11q), 
del(20q), +21, and others

18.5

Modified from [43]
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 Common Mutations in Cytogenetically Normal Acute Myeloid 
Leukemia (CN-AML)

A large number of somatic, point, and insertion/deletion mutations have been iden-
tified, in addition to those cytogenetically detectable lesions described previously, 
and these mutations require distinct molecular genetic analyses beyond cytogenetic 
studies for sensitive and accurate detection. The genes likely to have clinical and 
prognostic significance in CN-AMLs include FLT3 abnormalities; KMT2A partial 
tandem duplications (KMT2A PTD); NPM1, CEBPA, RUNX1, ASXL1/2, IDH1/2, 
KIT, TET2, RAS, CBL, ND4, and DNMT3A mutations; and overexpression of a large 
number of different genes (Table  3.6). Most, but not all, of these mutations are 
enriched in CN-AMLs and, to a lesser degree, in AML-MRC and t-MNs (Table 3.6). 
Indeed, almost all AMLs have mutations in one of the eight categories of genes that 
are highly relevant for myeloid tumorigenesis, including (1) myeloid transcription- 
factor fusions, (2) the gene encoding nucleophosmin (NPM1), (3) multifunctional 
tumor-suppressor genes, (4) DNA methylation-related genes, (5) signal transduc-
tion genes, (6) chromatin-modifying genes, (7) spliceosome-complex genes, and 
(8) cohesin-complex genes. Among these genes, some mutations are either coopera-
tive or mutually exclusive, and these specific patterns suggest biologic relationships 
among many of the genes and categories [44–46]. For instance, mutations of FLT3, 
DNMT3A, and NPM1 are often present simultaneously, while other mutations of 
NPM1, RUNX1, CEBPA, and TP53 are almost always mutually exclusive both at 
diagnosis and at the time of disease transformation (Fig. 3.9) [47–50]. Further, the 
AML morphologic phenotype might be driven by a more complex pattern of con-
current mutations rather than individual genes.

A major new area of emphasis in the revised 2016 WHO classification is on 
molecular genetics in cytogenetically normal AML. The three genes with the muta-
tions most commonly detected and clinically relevant in CN-AMLs are FLT3, 
NPM1, and CEBPA (Table 3.6). Unlike FLT3 mutations, which can also be identi-
fied in AML with recurrent genetic abnormalities and many other AML subtypes, 
AML with mutations in either NPM1 or biallelic CEBPA are defined as distinct 
biologic subtypes of AML, and they are considered full AML entities in the most 
updated WHO classification: AML with mutated NPM1, and AML with biallelic 
mutations of CEBPA. Mutations in NPM1 and biallelic CEBPA, diagnostic for enti-
ties are discussed elsewhere.

 Fms-Like Tyrosine Kinase 3 (FLT3)

FLT3 mutations are identified in many AML subtypes (including cases with karyo-
typic abnormalities), thus FLT3 mutations alone do not define a distinct biologic 
subtype [46]. Interestingly, mutations in FLT3 and in genes encoding other kinases 
including tyrosine kinases, serine–threonine kinases, protein tyrosine phosphatases, 
and RAS family proteins are mutually exclusive in AMLs [46]. FLT3 is a class III 
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Fig. 3.9 Molecular heterogeneity and complexity of AML. (a) Circos plots demonstrate the molecu-
lar heterogeneity of de novo AMLs and the specific patterns of cooperation and mutual exclusivity. 
Colored lines indicate concurrent genetic abnormalities. (b) The outer circular segments indicate the 
particular molecular maturations and the length of each segment indicates their relative frequencies 
in AML. Outer segments indicate a particular subcohort being positive for the given marker. Ribbon 
widths indicate relative frequencies of co-occurrences (Graph modified from [50, 143])
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receptor tyrosine kinase and Ig receptor superfamily member that is expressed by 
hematopoietic progenitor cells and downregulated during differentiation. 
Independent of ligand binding, phosphorylation of regions in the juxtamembranous 
(JM) domain of FLT3, resulting in a persistent “on” signal, leads to uncontrolled 
proliferation and inhibition of differentiation and apoptosis via STAT5 and mitogen- 
activated protein kinase (MAPK) signaling [51–53] in transformed leukemic cells. 
There are two fundamental types of FLT3 abnormalities: internal tandem duplica-
tion (ITD) of the JM domain, and a missense mutation at Asp835 (TKD) [54, 55]. 
FLT3-ITD is relatively more common [54], and occurs in 12–28% of AML, NOS, 
approximately 8% of AML-MRC, and about 7% of t-MNs (Table 3.6). Point muta-
tions of FLT3-TKD are reported in about 7% of all AML, NOS [54]. Overall, FLT3 
mutations, among the most commonly identified somatic abnormalities in AML, are 
seen in approximately 35% of all AMLs, and are enriched in up to 50% of AMLs 
with normal cytogenetics [54, 55]. Overactivation of the FLT3 signaling pathway 
appears to be the single most important prognostic factor for overall survival in 
AML patients younger than 60 years [53]. It is correlated with a poor prognosis, and 
this correlation appears to be independent of the karyotypically aberrant AML 
groups especially in AMLs with mutant NPM1 and DNMT3A [53, 54, 56]. In addi-
tion, FLT3-TKD mutations with high allele fraction (>10%), similar to KIT muta-
tions, are associated with a higher cumulative incidence of relapse in core binding 
factor AML patients [57].

 KIT (CD117)

KIT is a member of a type III tyrosine kinase receptor (RTK) family. Mutations in 
RTKs and their associated pathways in AML result in constitutive activation of 
downstream signaling cascades. KIT activation is triggered by binding of its ligands, 
stem cell factors, and receptor dimerization, which in turn facilitates receptor auto-
phosphorylation. Intracellular signal transduction is mediated through multiple sig-
naling pathways, including RAS–RAF–MAPK, JAK-STAT, and PI3K-AKT 
pathways. Mutations in KIT result in either KIT overexpression or constitutively 
active tyrosine kinase receptors. This gain of function confers a proliferative and 
survival advantage to hematopoietic progenitors thus promoting malignant transfor-
mation in myeloid cells. Similar to KRAS and NRAS, the critical components of its 
downstream signaling pathways, KIT mutations can be seen in AMLs with normal 
cytogenetics (Table 3.6) but are particularly common in core binding factor AMLs, 
occurring in 7–46% of AMLs with t(8;21) or inv(16) [58]. These mutations tend to 
be associated with a poor prognosis in these cytogenetically favorable AMLs. In 
AML, KIT mutations are found in the extracellular domain (exon 8), kinase domain 
(exon 17, especially KIT D816V mutations), and rarely in transmembrane (exon 10) 
and juxtamembrane domains (exon 11) [59].
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 RAS

The RAS (rat sarcoma) gene family encodes approximately 50 structurally homolo-
gous proteins which contain a consensus guanosine triphosphate-binding motif, 
hence the name, small G-protein. RAS proteins, located on the cell surface, function 
as conduits for RTK signaling through downstream cascades to nuclear transcrip-
tion factors regulating cell growth and cell-cycling proteins. Mutations in both 
NRAS (neuroblastoma RAS) and KRAS (Kirsten RAS) have been reported in 
CN-AML and AML with MRC (Table 3.6). Single-point mutations in RAS lead to 
constitutive activation by locking RAS into its active conformation or reducing its 
sensitivity to the GTPase-activating proteins (GAPs), thus resulting in overall gain- 
of- function effects [60, 61], and almost exclusively occur in “hot spot” codons 12, 
13, and 61 [61]. RAS mutations are detected by PCR followed by pyrosequencing 
and NGS in most clinical laboratories.

 Histone-Lysine N-Methyltransferase 2A (KMT2A or MLL)

Partial tandem duplication (PTD) of the KMT2A gene, also known as acute lympho-
blastic leukemia 1 (ALL-1) or myeloid/lymphoid or mixed-lineage leukemia (MLL), 
is another example of a biologically relevant genetic abnormality in AML with nor-
mal karyotype. KMT2A is a histone methyltransferase mediating chromatin modifi-
cation and, as a positive regulator of gene expression for known targets such as HOX 
genes, plays an essential role in regulating gene expression during embryonic devel-
opment and hematopoiesis. KMT2A PTD, containing a varied number of exons 5–12 
duplicated and inserted before exon 12 giving rise to an in-frame repetition and an 
elongated protein [62], is associated with an unfavorable outcome [63] in AMLs. 
Although ~90% of cases with trisomy 11 are associated with KMT2A PTD, it is also 
present in ~10% of AMLs with normal cytogenetics [62, 64]. This mutation is read-
ily detected by RT-PCR amplifying exons 2–12 in most clinical laboratories [62].

 Isocitrate Dehydrogenase 1 and 2 (IDH1/2)

IDH1 and IDH2 are key metabolic enzymes involved in the biosynthesis of central 
metabolites in the TCA cycle, the major pathway for cellular NADPH generation, 
and the pentose phosphate pathway. Loss of IDH1/2 function in malignancies 
impairs oxidative detoxification mechanisms, leading to DNA damage and genomic 
instability, and thus promoting tumorigenesis, especially in hypoxic setting [65, 66]. 
IDH converts αKG to (D)-2-hydroxyglutarate (2-HG) using NADPH as cofactors, 
and 2-HG in turns inhibits histone demethylation by suppressing αKG-dependent 
dioxygenases. Mutations in IDH are uniformly associated with elevated 2-HG in a 
vast number of cancers. Inhibition of histone demethylation (hypermethylated his-
tone) and altered DNA methylation patterns can block the differentiation of non-
transformed cells and facilitate myeloid neoplastic transformation [67]. The 
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prognostic value of IDH mutations in AML remains unknown since results vary 
across studies and a recent retrospective analysis found no impact of IDH mutation 
status on overall survival in patients with AMLs [68].

 Additional Sex Combs Like 1 (ASXL1)

The ASXL1 gene encodes a human homologue of the additional sex combs (Asx) 
gene of Drosophila, located on chromosome 20q11. ASXL1 protein function in 
human remains largely unknown, although recent studies suggest that ASXL1 may 
be involved in the regulation of histone methylation and that ASXL1 mutations are 
an early event contributing to leukemogenesis [69, 70]. ASXL1 mutations are found 
in 5–12% of CN-AML and are enriched in secondary AMLs (Table 3.6), especially 
in older patients [71, 72]. ASXL1 mutations, including nonsense or frameshift muta-
tions, are almost exclusively in the “hot spot,” exon 12, leading to disruption of the 
carboxy-terminal plant homeodomain (PHD) finger domain. Indeed, the mutation 
c.1934dupG (G646WfsX12) represents half of all ASXL1 mutations and can be eas-
ily detected by sequencing. ASXL1 mutations are also closely associated with other 
cytogenetic and molecular lesions, such as isolated trisomy 8 and RUNX1, and 
appear to be an independent adverse prognostic factor [73, 74].

 DNA Methyltransferases 3A (DNMT3A)

DNA methyltransferases (DNMTs) transfer a methyl group from the universal 
methyl donor, S-adenosyl-methionine (SAM), to carbon-5 (C5) of cytosine and are 
predominately responsible for the maintenance of genomic DNA methylation pat-
terns. DNMT3A plays an important role in the maintenance of methylation patterns 
during primordial germ cell and early embryonic development [75]. Although 
DNMT3A was originally considered an oncogene in human tumorigenesis, recent 
studies identified several inactivating DNMT3A mutations and loss of DNMT3A 
activity in myeloid neoplasms, suggesting that DNMT3A may also behave as a 
tumor suppressor [76, 77]. Mutations include missense, nonsense, frameshift, and 
in-frame alterations throughout the gene across all functional domains, although 
mutations at arginine 882 (R882) in the catalytic domain resulting in impaired 
enzyme activity are the most common. However, most of the specific mutations 
identified in AMLs, presumably preleukemic lesions, have not been functionally 
characterized. DNMT3A mutations rarely occur alone in AMLs, and concurrent 
mutations in FLT3/ITD, NPM1, and IDH are common. These DNMT3A mutations 
show a negative correlation with AMLs with t(8;21), t(15;17), or inv(16). In addi-
tion, DNMT3A R882 mutations are associated with advanced age, high leukocyte 
and blast counts, and morphologic features of monocytic differentiation (FAB M4/
M5) [78]. DNMT3A mutations also predict an adverse risk and poor outcome in 
AML patients [79] and can be detected by sequencing. Further, DNMT3A mutations 
at R882 can also be potential markers for minimal residual disease studies.
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 Tet Methylcytosine Dioxygenase 2 (TET2) 

As a member of the TET family, TET2 proteins convert 5-methylcytosine to 
5-hydroxymethylcytosine (5-hmC) in DNA, with ferrous iron and α-KG as cofac-
tors. By regulating DNA methylation and gene expression of downstream targets, 
TET2 inhibits cell proliferation, self-renewal, and differentiation. TET2 mutations 
were first identified in myeloid malignancies via single-nucleotide polymorphism 
array and comparative genomic-hybridization arrays and confirmed by NGS. 
Deletion of TET2 on chromosome 4q24 is common in AMLs [80, 81]. TET2 muta-
tions, including frameshift, nonsense, and deletion mutations, are detected in 8–30% 
of patients with CN-AML, and lead to loss of function, resulting in uncontrolled 
myeloid proliferation and abnormal differentiation [80, 81] (Table 3.6). The pres-
ence of single or double allelic TET2 mutations is positively correlated with muta-
tions of NPM1, DNMT3A, ASXL1, and RUNX1, but virtually mutually exclusive 
with IDH mutations. TET2 mutations are also closely associated with older age, 
higher leukocyte count, normal karyotype, intermediate-risk cytogenetics, and iso-
lated trisomy 8. Although studies regarding the prognostic impact of TET2 muta-
tions in different AML subgroups showed inconsistent results, a meta-analysis of 
over 2500 patients with de novo, secondary, or therapy-related AML revealed that 
TET2 mutations appear to be an adverse prognostic factor and independently pre-
dict the risk of relapse [82, 83].

 Gene Mutations Enriched in AML-MRC and t-MNs

As previously mentioned, secondary AMLs, either AML secondary to a preexisting 
MDS or to cytogenetic toxic therapy, contain successive genetic hits and are charac-
terized by numerous genetic aberrations. A subset of molecular mutations including 
SRSF2, SF3B1, U2AF1, ZRSR2, ASXL1, EZH2, BCOR, STAG2, and TP53 are rela-
tively specific for this group of secondary AMLs (Table 3.7) compared to those genes 
described above [19, 20, 40, 84–92]. These secondary AMLs have mutations in one 
of five categories of genes that are relevant for tumorigenesis and possibly for clini-
cal prognosis, including (1) spliceosomes regulating mRNA splicing; (2) chromatin 
modifying genes; (3) transcription factors; (4) cohesin complex; and (5) TP53, which 
is a multifunctional tumor suppressor and particularly associated with t-MNs. Almost 
all of these mutations are detectable by sequencing. Among these genes, mutations 
in ASXL1 are most common and their clinical significance has been discussed.

 Mutations in Splicing Factors

Mutations in spliceosome factor genes are most common in myeloid neoplasms 
including MDS, AMLs, and chronic lymphocytic leukemia. They are also present in 
several solid tumors, although at lower frequencies. Dysregulation in alternative 
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mRNA splicing, potentially impacting more than 20,000 human genes, results in 
malignant transformation and tumorigenesis in various cell types. Prototypic exam-
ples of genes with alternative splicing impaired by spliceosome mutations include 
BCL2 and BCL-X, CD44, and GSK3B [93]. These mutations promote cell prolifera-
tion and inhibit apoptosis, thus promoting tumorigenesis. Recent studies demon-
strated that somatic mutations in not only downstream targets but also the splicing 
machinery itself are common mutations driving myeloid neoplasms including 
AMLs. SRSF2, SF3B1, and U2AF1 frequently acquire heterozygous missense 
mutations in specific codons leading to gain of function. In contrast, ZRSR2 muta-
tions largely include loss-of-function variants. Commonly identified in MDS and 
AML with MRC, mutations in one of four genes, which are mutually exclusive 
accounting for 5–10% of all AMLs [56]. The clinical or prognostic significance of 
mutations in each individual gene remains unknown. However, lesions in these 
genes as a group, particularly in combination with accumulated somatic mutations 
in chromatin regulators, are frequently associated with a low overall survival rate in 
AMLs. Further, AMLs with mutations in regulators of chromatin, splicing, and tran-
scription show a distinct clinical presentation including dysplastic features in older 
age and dismal clinical outcome. Therefore, these common and clinically signifi-
cant mutations should be considered for incorporation into diagnostic and prognos-
tic classification guidelines [56] (Fig. 3.10).

Fig. 3.10 Overall survival of patients with cytogenetic normal AMLs and following five driver 
mutations. Patients with AML and NPM1 (blue) and biallelic CEBPA mutations (green) show 
optimal overall survival. A subgroup of AMLs with TP53-aneuploidy has a distinct dismal long 
term outcome (purple). As compared with other subgroups, patients in the subgroup with 
chromatin- spliceosome mutations show a poor overall survival (red) and the long term outlook in 
the IDH2R172 subgroup is similar to that in patients with NPM1-mutated AML (Graph modified 
from [56])
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 Serine/Arginine-Rich Splicing Factor 2 Gene (SRSF2)

SRSF2 is an important component in the spliceosome, regulating many steps in 
RNA-related processes, including spliceosome assembly of the U1 snRNP, U2 
snRNP binding at the branch point, and mRNA stabilization [94]. SRSF2 contains 
an RNA recognition motif and an RS domain rich in arginine and serine residues. 
Somatic mutations of SRSF2 are predominantly missense mutations at a specific 
hotspot, codon Pro95. Proline at this codon is replaced by histidine, leucine, or 
arginine through missense mutations, or disrupted by in-frame insertions and dele-
tions. Commonly identified in MDS (15%) and in chronic myelomonocytic leuke-
mia (CMML, approximately 50%) [95], SRSF2 mutations also preferentially occur 
in acute myeloid leukemia with preceding MDS or myelodysplastic morphology 
[90]. All patients with an initial mutation retain the same mutation after AML trans-
formation, and approximately 15% of patients who are initially mutation-negative 
acquire this type mutation after AML progression. There appears to be no signifi-
cant difference in the time to leukemic transformation between mutation-positive 
and -negative patients at the initial diagnosis of MDS [90].

 Splicing Factor 3B1 (SF3B1)

This gene encodes subunit 1 of the splicing factor 3b protein complex, which is an 
essential member of the U2 small ribonucleoprotein complex responsible for branch 
site recognition near the 3′ end of premessenger RNA. SF3B1 mutations are fre-
quently identified in a specific MDS subtype with refractory anemia and ring sid-
eroblasts (RARS), and in other subtypes of MDS or MDS/MPN overlap syndromes, 
such as MDS/MPN with ring sideroblasts and thrombocytosis, a new full entity in 
the updated WHO classification. Ring sideroblasts are a morphological feature 
especially associated with SF3B1 mutations. Missense substitutions are concen-
trated at codon 700, in the middle of four contiguous HEAT domains, and result in 
a gain of function or dominant negative activity, in which the mutant protein sup-
presses its wild-type counterpart. SF3B1 mutations are associated with a lower rate 
of transformation to AML and appear to predict an indolent disease in MDS, while 
the same mutations alone have no detectable prognostic impact in secondary AMLs 
[91, 96]. In contrast, mutations in splicing factors in combination with SRSF2, 
ZRSR2, and U2AF1 mutations appear to predict unfavorable prognosis in patients 
with de novo acute myeloid leukemia [97].

 U2-Complex Auxiliary Factor 1 (U2AF1)

U2AF1 encodes a subunit of the U2 spliceosome required for the binding of U2 
snRNP to the pre-mRNA branch site. The encoded protein contains four major 
functional domains: two zinc-finger regions, an arginine-serine domain, and a 
U2AF homology domain. U2AF1 binds directly to several other splicing factors 
important for myeloid neoplastic transformation, including U2AF2, SRSF2, and 
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SF1. There are two hotspots at codons S34 and Q157 where several missense sub-
stitutions occur [95]. Small in-frame insertions and deletions around codon 157 
have also been identified but at a much lower frequency. These mutations lead to 
oncogenic gain-of-function phenotypes and directly interfere with RNA binding, 
resulting in splicing changes [98]. As with other spliceosome components, U2AF1 
mutations are associated with AML-MRC and morphologic trilineage dysplasia. 
Further, U2AF1 mutations alone are an independent prognostic factor and associ-
ated with poor clinical outcomes in patients with AMLs [99].

 Zinc Finger, RNA-Binding Motif and Serine/Arginine Rich 2 Gene 
(ZRSR2)

ZRSR2, frequently mutated in myeloid malignancies, is located on the X chromo-
some and encodes a serine/arginine-rich splicing factor regulating the recognition 
of the 3′ splice acceptor site as a component of the U2 auxiliary factor heterodimer. 
In contrast to other splicing factors described above, ZRSR2 mutations include out- 
of- frame insertions and deletions, splice-site mutations, and nonsense mutations, 
resulting in prematurely truncated proteins. Missense mutations across all exons 
also occur. These mutations result in loss of function, and occur in about 5% of 
patients with MDS, T-cell acute lymphoblastic leukemia, and plasmacytoid den-
dritic cell neoplasms [100–102]. Recent studies demonstrated no direct impact of 
ZRSR2 mutations on clinical outcomes in patients with MDS, and the clinical rele-
vance of ZRSR2 mutations alone in patients with AMLs remains unknown.

 Enhancer of Zeste Homolog 2 (EZH2) 

The polycomb repressive complex 2 (PRC2) maintains transcriptional silencing 
through posttranslational histone modification and regulation of homeotic gene 
expression [103], and is essential for hematopoiesis and lymphopoiesis in human. 
Comprising the catalytic subunit of PRC2 is EZH2 or EZH1, which serves as a 
H3K27 methyltransferase in the complex [103]. Overexpression of EZH2 is fre-
quently identified in solid tumors such as prostate, breast, and endometrial cancers. 
Gain-of-function mutations in the catalytic domain are also commonly detected in 
patients with follicular lymphoma and diffuse large B-cell lymphoma [104]. In con-
trast, loss-of-function mutations across all 20 exons of EZH2 are commonly detected 
in myeloid malignancies, especially MDS and acute myeloid leukemia. Inactivation 
of EZH2 leading to loss of H3K27 trimethylation contributes to myeloid neoplasms 
including MDS, MPN, and MDS/MPN overlap syndrome, but appears to attenuate 
its predisposition to leukemic transformation secondary to MDS [105–107] in ani-
mal models. Although frequently found in other myeloid neoplasms associated with 
a poor prognosis and clinical outcome, the prognostic relevance of EZH2 mutations 
remains largely unknown in AMLs due to the low detection rate [78, 108].
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 BCL6 Corepressor (BCOR)

The BCOR gene encodes a POZ/zinc finger transcriptional repressor, also known as 
an interacting corepressor of BCL6, which is required for germinal center formation 
and may influence apoptosis in lymphoid tissue. BCOR is a key component in the 
polycomb repressive complex 1 (PRC1) variant, which inhibits transcriptional 
activity and regulates early embryonic development, mesenchymal stem cell func-
tion, and hematopoiesis [89]. Recent studies demonstrated that BCOR mutations 
occur in 3.8% of unselected CN-AML patients and are enriched in a substantial 
fraction (17.1%) of CN-AML patients showing the same genotype as the AML 
index subjected to whole-exome sequencing. Disruptive somatic BCOR mutations 
include out-of-frame mutations, small insertions and deletions, nonsense mutations, 
and splice-site mutations along the BCOR coding exons and exon/intron junctions. 
BCOR mutations are associated with decreased BCOR mRNA levels, absence of 
full-length BCOR proteins, and low expression of a truncated BCOR protein. 
Further mutations in BCOR are closely associated with mutations in other histone 
modifiers such as DNMT3A, suggesting cooperativity among these genetic altera-
tions, while BCOR mutations are virtually mutually exclusive with NPM1 muta-
tions. BCOR mutations are associated with an unfavorable outcome in patients with 
CN-AML [89].

 Cohesin Complex

The cohesin complex forms a ring structure regulating appropriate chromo-
somal segregation during mitosis and cell division, double-stranded DNA repair, 
and transcription. Genes encoding the cohesin complex in somatic vertebrate 
cells are SMC1A, SMC3, RAD21 (SCC1), STAG2 (SA-2), and STAG1 (SA-1) 
[109]. Mutations in STAGs or other components in this complex result in chro-
mosomal instability and contribute to myeloid malignant transformation [88]. 
Indeed, disruptive mutations of the core cohesin subunit STAG2 occurs in a 
variety of human tumors, including glioblastoma, Ewing sarcoma, melanoma, 
cervical carcinoma, and hematologic cancers, as STAG2 mutations lead to aneu-
ploidy in a variety of human cancer cells [110]. Mutations throughout all coding 
exons of STAG2 are common in antecedent MDS, secondary AML with pre-
dominantly normal cytogenetics, and de novo AMLs. Concurrent mutations in 
NPM1, FLT3, DNMT3A, and PTPN11 correlate with STAG2 mutation status. 
Cohesin complex or STAG2 mutations alone are not independent predictive fac-
tors for overall survival or remission rates in AMLs [88, 111].
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 Tumor Protein 53 (TP53)

The tumor protein 53 (TP53) is a transcription factor and prototypical tumor suppres-
sor that arrests the cell cycle, promotes apoptosis, and coordinates DNA damage 
repair in response to various cellular stresses and cytotoxic insults. TP53 mutations 
result in resistance to protein degradation through MDM2, and in abnormal nuclear 
accumulation detectable by immunohistochemistry. TP53 mutations are found in up 
to 40% of therapy-related AML [40] and in over 50% of AML with complex cytoge-
netics. Somatic TP53 mutations are also detected in 10–15% of de novo AML and 
MDS [91]. A large variety of TP53 mutations have been identified to date, including 
the point mutations and loss of the TP53 locus at chromosome 17p commonly seen 
in AMLs. These TP53 mutations can be identified by cytogenetic studies and 
sequencing. It has been suggested that TP53 mutations are not directly induced by 
cytotoxic chemotherapy. Rather, they are likely to reflect rare age-related mutations 
that are resistant to chemotherapy and which expand preferentially following treat-
ment. TP53 mutations are directly correlated with a poor prognosis in patients with 
MDS and AML, with resistance to chemotherapy and reductions in overall and dis-
ease-free survival, even in patients undergoing stem cell transplantation [91]. 
Moreover, TP53 mutations impart similarly poor prognoses in other malignancies as 
well. Recent studies suggest that a mutation in TP53 with aneuploidy may represent 
an acquired causative driver mutation involving discrete evolution pathways in the 
tumorigenesis of acute myeloid leukemia. AML patients with TP53 mutations and 
aneuploidy had dismal clinical outcomes, and beyond the current WHO classifica-
tion, AML with TP53-aneuploidy may be defined as a distinct subtype [56, 87, 99].

 Standard and Targeted Therapy

As the molecular landscape of AML becomes more detailed, and we understand 
how various cytogenetic abnormalities and somatic mutations affect the develop-
ment of AML, the role of targeted therapies will become more critical. While stan-
dard therapies for AML include induction with cytarabine and an anthracycline 
drug such as daunorubicin followed by consolidation therapy with cytarabine and/
or stem cell transplant, here we discuss mainly targeted therapies, again which are 
gaining momentum in use.

In the case of DNMT3A, which is commonly mutated in AML, nonspecific 
inhibitors of DNMT, are already commonly used, such as azacitidine and decitabine, 
and, in preliminary studies, provide better responses in older patients harboring 
mutations in epigenetic modifiers including DNMT3A [112, 113]. DNMT inhibitors 
may be a superior treatment option for older patients ineligible for intensive chemo-
therapy. Additional large-scale studies are warranted.

Many targeted therapies focus on mutations in kinase proteins (FLT3, KIT). For 
instance, FLT3 is considered a potentially important target for leukemia therapy [54]. 
Although no FLT3-specific inhibitor has been developed to date, many tyrosine 
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kinase inhibitors (TKIs) appear to inhibit FLT3, and several potential FLT3 inhibitors 
are being evaluated in clinical trials [54, 114–117]. Midostaurin (PKC412, Novartis 
Pharmaceuticals, East Hanover, NJ, USA), a benzoylstaurosporine, is a first-genera-
tion FLT3 inhibitor, and inhibits the kinase activities of both FLT3/ITDs and FLT3/
KDMs, as well as wild-type FLT3 [118]. Phase 2 studies of PKC412, alone or in 
combination with conventional chemotherapeutic agents in patients with AML or 
MDS, have shown that patients with FLT3 mutations but not previously exposed to 
other FLT3 inhibitors realize the greatest benefit, although the duration of remission 
was short in some patients [119–121]. United States Food and Drug Administration 
(FDA) granted Breakthrough Therapy designation to PKC412 (midostaurin) recently 
primarily based upon the positive results from the Phase III RATIFY (CALGB 
10603) clinical trial. Patients who received PKC412 (midostaurin) and standard 
induction and consolidation chemotherapy experienced a significant improvement in 
overall survival (OS) (hazard ratio = 0.77, P = 0.0074) compared with those who 
received standard induction and consolidation chemotherapy alone. The median OS 
for patients in the PKC412 (midostaurin) treatment group was 74.7 months (95% 
confidence interval [CI]: 31.7, not attained), versus 25.6 months (95% CI: 18.6, 42.9) 
for patients in the placebo group. Unfortunately, PKC412 alone has insufficient 
activity in AML patients, and off-target effects such as pulmonary edema are con-
cerning. CEP-701 (Cephalon, Frazer, PA, USA), another relatively-specific first-
generation inhibitor targeting FLT3 kinases, showed a transient decrease in circulating 
blasts [122] in patients with relapsed or refractory acute myeloid leukemia without 
achieving a complete remission [122, 123]. In recent years, a new generation of more 
potent and specific FLT3 inhibitors has been developed, with AC220 [124] and 
G-749 [125] as leading examples. These newer agents have shown significant prom-
ise in early phases of clinical investigation including animal models and are currently 
in more advanced clinical trials [123–125].

TKIs have been used in combination with conventional chemotherapy in KIT- 
positive relapsed/refractory AML and are in clinical trials [126]. Imatinib combined 
with traditional chemotherapy reagents including mitoxantrone, etoposide, and 
cytarabine in patients with KIT-positive relapsed/refractory AML achieved a com-
plete response in approximately 60% of patients [127, 128]. A multicenter phase 
2 trial for older patients with KIT-positive AML, who are not optimal candidates for 
intensive induction therapy, showed that imatinib combined with low-dose cytara-
bine achieved an 11% hematologic response [129]. However, in most of these stud-
ies, the KIT mutation status was evaluated by flow cytometry rather than molecular 
studies. In contrast, dasatinib alone as a maintenance therapy in patients with high- 
risk AMLs who achieved complete remission 1 (CR1) showed a poor 2-year disease- 
free survival rate of 25% [130].

Other targeted therapies may be exquisitely protein specific such as IDH inhibi-
tors [65, 66], which are currently being assessed in clinical trials. Other therapies 
may be somewhat indirect and target a step in the pathway involving the gene of 
interest. For instance, RAS is another gene mutated highly in AML and since RAS 
activity is dependent on posttranslational farnesylation, specific inhibitors targeting 
farnesyltransferase have been examined in clinical trials involving patients with 
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AML [131]. Overall, responses to farnesyltransferase inhibitors in AMLs have not 
been encouraging. In a trial of 348 elderly patients with AML (aged ≥70 years) who 
received tipifarnib, less than 20% achieved a complete remission [132–134]. RAS 
signaling also activates downstream targets, most notably mitogen-activated protein 
kinase (MAPK) and phosphoinositide 3-kinase (PI3K)–AKT through a variety of 
pathways to promote cell proliferation. Combination therapy with inhibitors target-
ing the downstream RAS effectors, MEK and AKT, is currently being investigated 
in clinical trials in AML patients with RAS mutations [135, 136].

In the case of MLL/KMT2A, it is known that DOT1L, a histone methyltransfer-
ase, is required for the development and maintenance of KMT2A-rearranged leuke-
mias [137]. Preclinical studies have shown potential clinical utility of DOT1L 
inhibition in AMLs [137–139], and small-molecule and competitive inhibitors of 
DOT1L have been developed (EPZ-5676; Epizyme Inc., Cambridge, MA, USA) 
which preliminarily show some promising responses, including complete morpho-
logic and cytogenetic remissions, and resolution of leukemia cutis and treatment- 
related increases in neutrophils and/or monocytes [140].

Finally, modulation of the spliceosome complex may provide a new therapeutic 
approach in patients with MDS or AML containing spliceosome gene mutations; 
but studies on specific inhibitors targeting splicing factors in AMLs remain in the 
preclinical stage. E7107, a structurally distinct splicing inhibitor, is the only com-
pound that specifically inhibits SF3B1, and has been tested in clinical trials. 
Preliminary data suggest that SF3B1 inhibition has therapeutic potential for the 
treatment of solid tumors with SF3B1 mutations. Additional clinical studies with 
new inhibitors targeting splicing factors for patients with myeloid neoplasms are 
needed [141, 142].

 Conclusions

As our understanding of the molecular landscape of AML continues to grow, so too 
will our subclassification of this disease. Additionally, while such detailed under-
standing drives our diagnostic categorization of this disease, perhaps more impor-
tantly it also informs us of the mechanisms driving AML.  Importantly, with an 
understanding of the mechanisms of this disease, continual development of specific 
targeted therapies is possible which will continue to positively change the course of 
this disease.
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