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Chapter 3
Acute Myeloid Leukemia

Souichi Adachi, Akitoshi Kinoshita, Daisuke Tomizawa,  
Takashi Taga, and Hiroyuki Takahashi

Abstract Acute myeloid leukemia (AML) is a rare type of childhood cancer. With 
tremendous efforts by the collaborative study groups worldwide in the past decades, 
survival rates have currently reached approximately 70% in de novo AML and 80% 
in myeloid leukemia associated with Down syndrome and acute promyelocytic leu-
kemia (APL). Advance in genomic analyses would contribute to further understand-
ing of the pathobiology of AML, which is expected to result in development of 
better risk stratification, novel molecular targeted therapy, and finally to overcome 
the disease in the future.

3.1  Introduction

Acute myeloid leukemia (AML) in children accounts for about 25% of pediatric 
leukemia and affects approximately 180 patients annually in Japan [1]. The progno-
sis for pediatric AML has improved, and the long-term survival rate now approaches 
70%. However, considering the fact that overall survival (OS) rates for pediatric 
cancer patients are now approaching 80%, there is considerable room for further 
improvement for refractory AML.  Currently, for patients with newly diagnosed 
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AML, clinical studies are conducted separately according to the three disease sub-
types, de novo AML, acute promyelocytic leukemia (APL), and myeloid leukemia 
associated with Down syndrome (ML-DS).

In this chapter, diagnosis of pediatric AML and the current status of pediatric 
AML (de novo AML, APL, and ML-DS) are presented.

3.2  Diagnosis of Acute Myeloid Leukemia

Diagnosis of AML still relies on morphologic analysis of blood and bone marrow 
(BM) smears. Although diagnosis may be made from the blood smear alone, BM 
examination should always be performed. Occasionally, BM aspiration may be dif-
ficult in AML patients because of myelofibrosis, which is usually associated with 
acute megakaryoblastic leukemia (AMKL), or “packed marrow.” In these cases, 
BM biopsy is required. Cellularity of BM is variable in patients with AML unlike 
acute lymphoblastic leukemia (ALL). AML associated with hypocellular marrow in 
children should be differentiated from AML secondary to Fanconi anemia.

For a diagnosis of AML, a marrow or blood blast count of 20% or more is 
required. The exception to this rule is the cases with t(15;17)(q22;q21)/PML-RARA, 
t(8;21)(q22;q22.1)/RUNX1-RUNX1T1 (formerly known as AML1-ETO), inv(16)
(p13.1q22) or t(16;16)(p13.1;q22)/CBFB-MYH11, and ML-DS [2]. Differentiation 
between AML and advanced myelodysplastic syndrome (MDS) may be difficult in 
children with low percentage of blasts. In these cases, it is recommended to repeat 
BM examination including biopsy. If the blast count increases in a few weeks, the 
case should be diagnosed as AML [3].

Several types of blast cells and/or abnormal cells may be found in 
AML. Myeloblasts tend to be larger than lymphoblasts, with round or irregular 
nuclei, fine chromatin, one or more nucleoli, abundant basophilic cytoplasms, 
numerous azurophilic granules, and/or Auer rods. Auer rods are the hallmark of 
AML, but its absence does not exclude its diagnosis. APL is characterized by the 
proliferation of abnormal promyelocytes with large and coarse azurophilic gran-
ules. Some of the promyelocytes contains bundles of Auer rods, called as “faggot 
cells.” Cases with hypogranular APL variants are characterized by abnormal pro-
myelocytes with very fine dust-like granules and lobulated nuclear shape. 
Monoblasts are large, often with a folded nucleus, fine chromatin, one or more 
large nucleoli, and abundant blue-gray cytoplasm, in which fine azurophilic gran-
ules and vacuoles may be present. Eosinophils with basophilic granules in the 
cytoplasm are characteristics of acute myelomonocytic leukemia with eosino-
philia, which is often associated with recurrent chromosomal abnormalities on 
chromosome 16 [4]. Pure erythroid leukemia represents a proliferation of medium- 
to large-size immature erythroblasts with round nuclei, fine chromatin, and one or 
more nucleoli. Leukemic megakaryoblasts are highly polymorphic, ranging from 
small blasts with scant  cytoplasm and fine-to-dense chromatin resembling lympho-
blasts to large cells with abundant and basophilic cytoplasm, fine chromatin, and 
one or more nucleoli: small and large blasts may be present in the same patient. 
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They may be bi- or multinucleated, may show distinct blebs or pseudopods, and 
may form clusters.

AML is subclassified according to the French-American-British (FAB) classifi-
cation. The FAB classification recognizes eight subtypes of AML.  AML with 
myeloid differentiation is subclassified according to the extent of differentiation as 
M0 to be the most undifferentiated, following M1, M2, and M3. AML with mono-
blastic differentiation is subclassified by the degree of granulocytic differentiation 
as M4 or M5, in which promonocytes are also counted as blast equivalents. AML 
with a predominant erythroid population is subclassified as M6 and AML with pro-
liferation of megakaryoblasts as M7. Although the FAB classification is based on 
morphology, the diagnosis of M0 (positive for myeloid markers such as MPO and/
or CD13, CD33, CD117) or M7 (positive for platelet markers such as CD41 and/or 
CD42, CD61) has to be confirmed by immunophenotyping.

Cytochemistry is a quick and useful method to distinguish between AML and 
ALL. Detection of myeloperoxidase or Sudan Black B indicates myeloid differen-
tiation, but its absence does not exclude myeloid lineage. Nonspecific esterase 
(NSE) indicates monocytic differentiation, but its absence also does not exclude 
monocytic lineage. Therefore, immunophenotyping using multicolor flow cytome-
try is now used to determine lineage affiliation. Although immunophenotyping is 
required to establish the diagnosis of M0, M7, and acute leukemia of ambiguous 
lineage, it does not substitute for morphological diagnosis.

Cytogenetic analysis is mandatory at diagnosis. Initial workup should also 
include evaluation of prognostically relevant genetic aberrations, including at least 
the following fusion genes: RUNX1-RUNX1T1, CBFB-MYH11, PML-RARA, 
KMT2A (MLL) rearrangements, and internal tandem duplication of fms-related 
tyrosine kinase III (FLT3-ITD). Fluorescent in situ hybridization (FISH) is neces-
sary to identify MLL rearrangements including cryptic cases. It is recommended to 
store methanol/acetic-fixed cell pellets in cases of failure in cytogenetic analysis.

Although FAB classification has been widely accepted among hematologists and 
health care providers, concordance among observers tends to be relatively low. [5] 
More importantly, the FAB classification does not always correlate with biology or 
molecular genetics of AML that are clinically relevant. [6] The World Health 
Organization (WHO) classification incorporated cytogenetics and molecular genetic 
aberrations, both of which have its evidence for prognostic relevance, into the clas-
sification scheme of AML. This classification is applicable to pediatric patients as 
well as adults with AML.  In the 2001 classification, the patients with t(15;17), 
t(8;21), inv(16) or t(16;16), or MLL translocations were diagnosed as “AML with 
recurrent cytogenetic abnormalities” [7]. Major revisions in 2008 were expansion of 
the AML with recurrent cytogenetic abnormalities category, which included 
CCAAT/enhancer-binding protein alpha (CEBPA) and nucleophosmin (NPM1) 
mutations as provisional entities, addition of a new category “AML with myelodys-
plasia-related changes (AML-MRC),” and a strict definition of acute leukemia of 
ambiguous lineage [8]. The AML-MRC category consists of the following three 
factors: AML arising from previous MDS or an MDS/myeloproliferative neoplasm, 
AML with specific MDS-related cytogenetic abnormalities, and/or AML with 
 multilineage dysplasia. Although AML-MRC category has been known to occur 
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mainly in elderly patients, the recent nationwide Japanese study using a central 
review revealed that patients with AML-MRC are not rare among children [9].

The WHO classification has been recently updated in 2016 (Table 3.1). AML 
with t(6;9)(p23;q34.1)/DEK-NUP214 (formerly known as DEK-CAN) and AML 
with t(1;22)(p13.3;q13.3)/RBM15-MKL1 (OTT-MAL), both of which occur in pedi-
atric patients, are categorized as AML with recurrent genetic abnormalities. NPM1 
mutations and biallelic CEBPA are also formally recognized as AML with recurrent 
genetic abnormalities. BCR-ABL1 and mutated RUNX1 are added to provisional 
entity. Since the clinical significance of multilineage dysplasia alone has been ques-
tioned, the presence of multilineage dysplasia alone is not classified as AML-MRC 
when a mutation of NPM1 or biallelic mutation of CEBPA is present in the new 
classification [10, 11]. Moreover, the new classification removed the subcategory of 
acute erythroid leukemia, erythroid/myeloid type (previously defined as >50% BM 
erythroid precursors and >20% myeloblasts among nonerythroid cells). Myeloblasts 
are always counted as a percentage of total marrow cells, and the majority of such 
cases have <20% total blast cells and would be classified as MDS [2].

Table 3.1 WHO 2016 classification of acute myeloid leukemia (AML) and related neoplasms

AML with recurrent genetic abnormalities
  AML with t(8;21)(q22;q22.1); RUNX1-RUNX1T1

  AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22);CBFB-MYH11

  APL with PML-RARA

  AML with t(9;11)(p21.3;q23.3); MLLT3-KMT2A

  AML with t(6;9)(p23;q34.1); DEK-NUP214

  AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, MECOM

  AML (megakaryoblastic) with t(1;22)(p13.3;q13.3); RBM15-MKL1

  AML with mutated NPM1

  AML with biallelic mutations of CEBPA

  Provisional entity: AML with BCR-ABL1, AML with mutated RUNX1

AML with myelodysplasia-related changes
Therapy-related myeloid neoplasms
AML, not otherwise categorized (NOS)
  AML with minimal differentiation
  AML without maturation
  AML with maturation
  Acute myelomonocytic leukemia
  Acute monoblastic/monocytic leukemia
  Pure erythroid leukemia
  Acute megakaryoblastic leukemia
  Acute basophilic leukemia
  Acute panmyelosis with myelofibrosis
Myeloid sarcoma
Myeloid proliferations related to Down syndrome
  Transient abnormal myelopoiesis (TAM)
  Myeloid leukemia associated with Down syndrome
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3.3  Treatment of De Novo AML

The principle of AML treatment is based on “total cell kill” theory, to eradicate all 
the leukemic blasts that have expanded inside the patient’s body. This is attempted 
by multi-agent chemotherapy with optional use of hematopoietic stem cell trans-
plantation (SCT) for high risk of relapse. In addition, risk stratification, means of 
optimizing therapy by evaluating relapse risk with known prognostic factors, and 
supportive care have contributed to improve survival rate in children with AML.

Treatment algorithm of pediatric AML proposed in the guideline of the Japanese 
Society of Pediatric Hematology and Oncology is shown in Fig. 3.1. ML-DS and APL 
are treated separately with each disease-specific protocol. The rest of the children with 
AML (de novo AML) are treated with appropriate risk-stratified therapies.

3.3.1  Prognostic Factors

3.3.1.1  Biologic and Genetic Features

It is considered that AML occurs as a consequence of malignant transformation of 
an abnormal single myeloid progenitor cell via multi-step alterations. One model 
classified the different types of these mutations in two types: the Type I mutations 
including mutations that function as proliferation and survival signals (e.g., FLT3, 
KIT, RAS) and the Type II mutations including mutations that lead to differentiation 
arrest or enhanced self-renewal (e.g., RUNX1-RUNX1T1, CBFB-MYH11) [12]. The 

de novo AML
(DS, APL excluded)

Unfavorable cytogenetics
and/or poor response

 to initial chemo

otherst(8;21) or inv(16)
High riskIntermediate risk

Chemo &
HSCT in 1CRChemoChemo

ATRA-
combined

chemo

Reduced-
intersity
chemo

Low risk

APLDown synd
AML

Childhood AML

Fig. 3.1 Algorithm of treatment for children with acute myeloid leukemia. AML, acute myeloid leuke-
mia; APL, acute promyelocytic leukemia; ATRA, all-transretinoic acid; CR, complete remission; DS, 
Down syndrome; HSCT, hematopoietic stem cell transplantation. [Adopted from Clinical Guideline for 
Pediatric Leukemia and Lymphoma (ver.3) Japanese Society of Pediatric Hematology and Oncology.]
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leukemia stem-cell model proposes that the clonal origin of AML cells reside at the 
top of hierarchical organization, possessing unlimited self-renewal capacity and 
capability of propagating leukemia cells [13]. Recent genome-wide analyses are 
challenging to uncover full landscape of AML leukemogenesis. These novel tech-
nologies have found that AML contains fewer genetic alterations than do other 
malignancies. In particular, pediatric AML contains only 2–4 somatic copy-number 
alterations per single leukemia cell and no copy-number alterations in approxi-
mately one-third of cases, indicating that the development of AML may require 
fewer genetic alterations compared to other malignancies [14]. Although full pic-
ture of AML leukemogenesis is still unclear, disease-specific gene alterations regu-
late biological character of AML cells, thus have prognostic value, and would be 
good candidates for therapeutic target.

 (a) Core-Binding Factor AML
AML with t(8;21) or either inv(16) or t(16;16) are called “core-binding factor 
(CBF)” AML and are associated with favorable prognosis. t(8;21) creates RUNX1-
RUNX1T1 fusion gene. The abnormal fusion protein binds DNA and interacts with 
CBFβ, but dominantly represses transcriptional activation through interactions 
with the nuclear corepressor complex. t(8;21)-AML comprises 12% of pediatric 
AML in the USA and Europe and higher prevalence in east Asia (nearly 30% of 
pediatric AML in Japan). It is clinically associated with FAB M2 morphology and 
extramedullary disease. Large international retrospective analysis of 838 patients 
with t(8;21)-AML by the International BFM Study Group (I-BFM-SG) showed 
additional del(9q) and +4 were associated with treatment failure [15]. Additionally, 
patients with t(8;21)-AML were likely to benefit from protocols that included high 
doses of anthracyclines, etoposide, and cytarabine.

inv(16) or t(16;16) creates CBFB-MYH11 fusion gene. The rearrangement 
causes formation of abnormal CBFβ with impaired function, thus leading to 
improper differentiation of myeloid cells. AML with inv(16) accounts for 10% 
or less of pediatric AML.  It is associated with myelomonocytic morphology 
with abnormal eosinophilia (FAB M4Eo).

The KIT gene, encoding a type III receptor tyrosine kinase, is mutated in nearly 
20% of CBF-AML. Prognostic impact of mutated KIT in CBF-AML is controver-
sial [16–18]; however, recent analysis among the Japanese AML-05 cohort showed 
significant poor prognosis of KIT exon 17 mutations in t(8;21)-AML; especially 
exon 17 D816V mutation was associated with higher relapse rate [19].

 (b) KMT2A Gene Rearrangements
KMT2A (MLL) gene, located at chromosome band 11q23, encodes a histone 
methyltransferase that is involved in epigenetic regulation of blood cell devel-
opment [20]. Rearrangements of MLL occur as a result of balanced chromo-
somal translocations that fuse the MLL gene to one of more than 70 known 
partner genes [21]. MLL rearrangement accounts for 15–20% of pediatric AML, 
and the most common is MLL-AF9 derived from t(9;11)(p22;q23) which 
accounts for ~50% of the cases. International retrospective analysis of 756 chil-
dren with MLL-rearranged AML by the I-BFM-SG identified large differences 
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in outcome according to MLL subtypes, showing significant poor survival rate 
of t(1;11)(q21;q23), t(6;11)(q27;q23), t(10;11)(p12;q23), and t(10;11)
(p11.2;q23) cases [22]. Recent analysis of the Japanese AML-05 cohort showed 
clear difference in the outcome of MLL-AF9 AML according to the expression 
of the ecotropic viral integration site-1 (EVI1) gene, overexpression being a 
poor prognostic factor [23].

 (c) Genetic Alterations in Non-Down Syndrome Acute Megakaryoblastic Leukemia
AMKL (FAB M7) accounts for 10% of AML in non-Down syndrome (non-
 DS) children. Unlike DS AMKL with mutated GATA1, prognosis of non-DS 
AMKL is reported to be poor [24], but the outcome is moderately improving 
with modern intensive chemotherapy [25]. Heterogeneity of non-DS AMKL 
has been described in several studies. I-BFM-SG reported that non-DS AMKL 
could be classified in three groups: good risk group with 7p abnormalities; 
poor risk group with normal karyotypes, −7, 9p abnormalities including 
t(9;11)/MLL- AF9, −13/13q-, and −15; and intermediate risk group with oth-
ers including t(1;22)/RBM15-MKL1, found in infants, and 11q23/MLL rear-
rangements other than MLL-AF9 [26]. Recent genomic studies identified two 
novel recurrent genetic abnormalities in non-DS AMKL: CBFA2T3-GLIS2 
created by cryptic inv(16)(p13.3q24.3) and NUP98-KDM5A (formerly known 
as NUP98- JARID1A) by cryptic t(11;15)(15;q35) [27, 28]. CBFA2T3-GLIS2 
and NUP98- KDM5A comprise ~15 and ~10% of pediatric non-DS AMKL 
cases, respectively, and both confer poor prognosis [29].

 (d) FLT3-ITD
FLT3-ITD accounts for more than 20% of adult AML and 5–10% of pediatric 
AML and is associated with poor prognosis [30–32]. FLT3-ITD is most com-
monly observed in cytogenetically normal (CN)-AML, but with other translo-
cations as well. It is considered that the presence of FLT3-ITD has no prognostic 
impact when present with favorable risk cytogenetics such as CBF- AML or 
t(15;17)/PML-RARA APL.  Some study groups such as Children’s Oncology 
Group (COG) include only FLT3-ITD with high allelic ratio in high- risk 
criteria.

 (e) NUP98-NSD1
Nucleoporin 98kD (NUP98) gene located on chromosome 11p15 fuses to more 
than 20 different partner genes. Among them, NUP98-NSD1 created by cryptic 
t(5;11)(q35;p15.5) was recently identified by the Dutch group using array-
based genomic tests [33]. NUP98-NSD1 comprised 4.2% of pediatric AML and 
16.1% of CN-AML. Clinically, this abnormality is associated with FAB M4 and 
M5 and the presence of FLT3-ITD and WT1 mutations and confers poor 
prognosis.

 (f) Others
Monosomy 7 and monosomy 5 or 5q deletions account for ~5% of pediatric AML 
and are traditionally used as poor-risk factors in many studies [34, 35]. Monosomy 
5 or 5q deletions are associated with complex karyotype (>3 chromosomal abnor-
malities, excluding recurrent changes). Other poor prognostic cytogenetics 
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include t(16;21)(p11;q22)/FUS-ERG, t(9;22)/BCR-ABL1, t(6;9)/DEK-NUP214, 
and inv(3) or t(3;3)/RPN1-MECOM, but are very rare in children.
With conventional cytogenetic analysis, approximately 20% of the cases fall 
into a CN-AML category with intermediate prognosis. However, develop-
ment of genetic studies has revealed that CN-AML is a heterogeneous dis-
ease with various prognoses. Among them, FLT3-ITD and NUP98-NSD1 are 
associated with unfavorable outcome as previously described, while biallelic 
mutations of CEBPA and NPM1 are associated with favorable outcome 
[36–40].

3.3.1.2  Early Treatment Response

Risk stratification evaluating morphological treatment response in the bone marrow 
after the first course of chemotherapy is currently utilized in many pediatric AML 
study groups, which is predictive of final outcome.

Recently, measurement of minimal residual disease (MRD) targeting leukemic 
clone-specific features has been increasingly used for better risk stratification. 
Methods that are applicable to AML are flow cytometry detecting aberrant com-
binations of leukemic cell-surface antigen, polymerase chain reaction (PCR) 
amplification of leukemia-specific mutated gene transcripts, quantitative mea-
surement of WT1 expression, etc. Detection of fusion transcripts by reverse tran-
script (RT)-PCR method has sensitivity of 10−4–10−5; however, it is applicable to 
only 50% of the cases. Moreover, it is well known that fusions such as RUNX1-
RUNX1T1 and CBFB-MYH11 could persist in patients with long-term remission. 
Hence, flow- based MRD is more widely used because of its applicability (more 
than 90% of the cases) and its specificity, although the sensitivity is one log lower 
than the PCR- based method. In the AML02 study of St. Jude Children’s Research 
Hospital, MRD of 1% or higher after initial induction course clearly segregated 
patients with high and low risk of relapse, and the relapse rate was only 17% for 
the patients whose MRD level was below 0.1% after the second induction [41]. 
However, both disease- free survival (DFS) and OS rates were low for poor prog-
nostic patients [e.g., t(6;11), t(10;11), AMKL without t(1;22)] even with negative 
MRD (<0.1%) [42], suggesting the stronger impact of biological factors on out-
come in AML.

3.3.2  AML Therapy

Therapy for AML is consisted of remission-induction and post-remission phases. In 
both phases, chemotherapy including two major key drugs, cytarabine and anthra-
cyclines, is the mainstay of the treatment. Choice of post-remission therapy, espe-
cially indication of allogeneic SCT, is determined by risk of relapse evaluated by 
known prognostic factors.
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3.3.2.1  Remission-Induction Phase

Remission-induction therapy aims to achieve morphological complete remission 
(CR), defined as less than 5% blasts in bone marrow with regeneration of normal 
hematopoiesis and no evidence of residual extramedullary disease. Time of evaluat-
ing remission differs by protocol, but most typical is after completing two courses, 
and 80–90% of the children achieve remission in contemporary therapy.

The first successful induction regimen was “3 + 7” established in 1980s by the 
Cancer and Leukemia Group B (CALGB) in the USA for adult AML, 7 days of 
cytarabine (100 mg/m2) by continuous infusion plus 3 days of daunorubicin (45 mg/m2), 
which resulted in 60–70% CR rate [43]. Until now, intensification of “3 + 7” has 
been attempted to improve the outcome of AML.

 (a) Cytarabine Intensification
CALGB 8321 study compared cytarabine dose of 200 mg/m2/day with 100 mg/
m2/day in induction, but could not find clear advantage of higher cytarabine 
dose [44]. Still, several studies use cytarabine dose of 200 mg/m2: ECM con-
sisted of cytarabine (200 mg/m2, 7 days)/mitoxantrone (5 mg/m2, 5 days) com-
bination following 5  days of etoposide (150  mg/m2) which is a standard 
induction regimen in Japan since the early 1990s [45, 46]. Several studies have 
compared 100–200 mg/m2 continuous infusion versus high dose (1–3 g/m2/dose 
infused every 12 h for 3–7 days), but have not demonstrated superiority of high- 
dose cytarabine [47, 48]. Medical Research Council (MRC) studies in the 
United Kingdom (the UK) used different schedules of cytarabine in induction: 
100  mg/m2/dose intravenous push every 12  h [49]. In MRC AML 9 study, 
10  days of cytarabine with daunorubicin/thioguanine was superior to 5-day 
cytarabine combination, which became the standard induction in the 
UK. Therefore, cytarabine schedule of either 100–200 mg/m2 continuous infu-
sion or 100 mg/m2/dose intravenous push every 12 h is considered as standard 
in the contemporary induction regimen.

 (b) Use of Different Anthracyclines and Their Dose Intensification
There are several formulations of anthracyclines in clinical use: the most com-
mon are doxorubicin, daunorubicin, idarubicin (a daunorubicin derivative), and 
mitoxantrone (an anthracendione derivative). Doxorubicin is not used for AML 
treatment, because it showed higher mortality from infection and/or gastroin-
testinal toxicity compared to daunorubicin in the past CALGB study [43]. 
Among the pediatric studies, AML-BFM 93 compared 3 days of daunorubicin 
60 mg/m2 (ADE) and idarubicin 12 mg/m2 (AIE): idarubicin showing faster day 
15 blast clearance, but similar EFS and OS rates [50]. MRC AML 12 compared 
3 days of daunorubicin 50 mg/m2 (ADE) and mitoxantrone 12 mg/m2 (MAE): 
better DFS and lower cumulative incidence of relapse were observed in MAE, 
but CR and OS rates were similar [51]. Recently, liposomal daunorubicin is 
drawing attention because of low accumulation to heart and high therapeutic 
index. AML BFM 2004 study compared 3  days of liposomal daunorubicin 
80  mg/m2 (ADxE) and idarubicin 12  mg/m2 (AIE): although liposomal 
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 daunorubicin was less toxic and more active in t(8;21)-AML, EFS, OS, and 
relapse incidence were similar between the two arms [52].
Adult studies demonstrated superior CR and OS rates in dose-escalated dauno-
rubicin of 90 mg/m2 for 3 days compared with conventional dose of 45 mg/m2 
in combination with cytarabine [53, 54]. However, this approach is not appro-
priate for children because of increased risk of developing late cardiotoxicity.
In conclusion, the use of either daunorubicin 60 mg/m2 or idarubicin/mitoxan-
trone 10–12  mg/m2 for 3  days is considered standard in the contemporary 
induction therapy for children with AML.

 (c) Addition of Extra Agents to Cytarabine/Anthracycline Backbone
MRC AML 10 trial compared etoposide and thioguanine in combination with 
cytarabine/daunorubicin induction backbone, but no difference in outcome was 
observed [55]. Although no clear benefit has been demonstrated for adding 
extra agents to the standard induction backbone, etoposide is often used in 
many pediatric AML induction regimens.

One attractive additional agent is gemtuzumab ozogamicin (GO), a cali-
cheamicin conjugated anti-CD33 monoclonal antibody. Because GO demon-
strated reasonable activity as a single agent use for relapsed or refractory AML 
[56, 57], GO combination with standard induction backbone was evaluated in 
 several groups as frontline AML therapy. One adult randomized trial by the 
Southwest Oncology Group (SWOG) showed no therapeutic efficacies, but 
higher fatal induction toxicity in GO arm, which led to withdrawal of the prod-
uct in the US market [58]. However, MRC AML 15 trial in the UK showed 
benefit of adding GO 3  mg/m2 to one of the three randomized induction 
 regimens for patients with favorable cytogenetics [59], and French ALFA-0701 
study showed improved outcome in adult AML patients by adding low fraction-
ated-dose GO (3 mg/m2/dose on days 1, 4, and 7) to 3 + 7 induction [60]. The 
pediatric study COG AAML0531 demonstrated improved EFS through reduc-
tion of relapse rate by adding 3 mg/m2 of GO to the standard regimen [61].

3.3.2.2  Post-Remission Phase

Following remission-induction phase, post-remission therapy is administered aim-
ing to consolidate remission status. It has been clarified in the early adult Eastern 
Cooperative Oncology Group (ECOG) study in 1983 that all patients eventually 
relapse without post-remission therapy [62].

 (a) High-Dose Cytarabine Intensification
The effect of intensifying post-remission chemotherapy was demonstrated by 
adult CALGB study comparing three different doses of cytarabine in consolida-
tion courses, showing significant improvement in OS for patients <60 years old 
when a high-dose cytarabine was given, especially those with favorable cytoge-
netics [63, 64]. In addition, CALGB investigators reported that the outcome of 
CBF-AML adults who were treated with multiple courses of high-dose 
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 cytarabine was better than those who only received one course of high-dose 
cytarabine [65, 66]. Among the pediatric studies, BFM group showed that high-
dose cytarabine with mitoxantrone (HAM regimen) following initial induction 
was beneficial for t(8;21)-AML [67, 68]. The Japanese pediatric AML trials 
have incorporated repetitive high-dose cytarabine cycles in consolidation and 
produced 70% or higher OS rate [46]. Thus, post-remission high- dose cytara-
bine is considered as standard approach in pediatric AML.

 (b) Number of Treatment Courses
Optimal number of total treatment courses is an open question. MRC AML 12 
trial compared a total of five courses versus four courses of chemotherapy, 
showing no survival benefit of fifth course of chemotherapy [51]. However, 
comparison of the two Japanese consecutive trials (AML99 and AML-05) dem-
onstrated conflicting results by different cytogenetic group. While both EFS 
and OS did not differ in non-CBF-AML children between six and five courses 
with identical cumulative anthracycline dosage [69], significant worse EFS was 
observed in CBF-AML children who received five courses of chemotherapy 
with reduction of cumulative anthracycline dosage [70].

 (c) Maintenance Therapy
Unlike chemotherapy for ALL, maintenance is unnecessary in the context of 
contemporary AML therapy with exception of APL. French Leucémie Aiguë 
Myéloblastique Enfant (LAME) 89 and 91 studies randomized children with 
AML to receive or not to receive maintenance therapy: strikingly, they not only 
demonstrated lack of benefit in DFS, but showed inferior OS in the maintenance 
group [71]. So far, BFM is the only group still incorporating maintenance phase 
in the frontline pediatric AML therapy [72].

 (d) Central Nervous System-Directed Therapy
In AML, high leukocyte count, young age (<2 years), monoblastic or myelo-
monoblastic leukemia (FAB M4 or M5), and cytogenetics of t(8;21), inv(16), or 
chromosome 11 abnormalities are associated with central nervous system 
(CNS) leukemia and/or relapse [73]. Outcome of AML patients with CNS 
involvement is not poor, partly because they are more likely to have favorable 
cytogenetics thus with lower rate of systemic relapse. Current practice for treat-
ment and prevention of CNS leukemia employs both intrathecal and systemic 
chemotherapy. Cranial irradiation is not generally used in AML, except the 
BFM group that continues to administer either 12 or 18Gy of cranial irradiation 
in AML BFM 2004 trial because of the result from AML BFM 87 trial that 
observed higher systemic relapse rate in nonirradiated patients [72].

 (e) Hematopoietic Stem Cell Transplantation for AML
Since the 1980s, allogeneic SCT from matched sibling donor became widely 
applicable as post-remission therapy for children with AML. Most of the clini-
cal studies conducted between the 1980s to the 1990s allocated patients to allo-
SCT by “Mendelian or genetic randomization,” that those with matched sibling 
donor to allo-SCT and those without to chemotherapy (or autologous SCT). In 
the Children’s Cancer Group (CCG) 2891 study, allo-SCT had a significantly 
better DFS and OS than did chemotherapy or auto-SCT [74]. However, no 
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 difference was observed in trials AML BFM 98, European Organization of 
Research and Treatment of Cancer (EORTC) Children’s Leukemia Group 
(CLG) 58,921, and MRC AML 10 [75]. As risk stratification by cytogenetic 
abnormalities was introduced from the late 1990s, a consensus was built that no 
indication of allo-SCT in first CR for favorable cytogenetics such as t(8;21) and 
inv(16). Along with improved survival by intensive chemotherapy and increas-
ing concern of late effects, allo- SCT is currently restricted to only high-risk 
cases in first CR.

Since the 2000s, allo-SCTs from alternative donors (e.g., unrelated bone 
marrow or cord blood donor, haploidentical donor) have been increasingly per-
formed with comparable outcome [76, 77]. Current standard conditioning for 
pediatric AML is busulfan-based regimen without total body irradiation (TBI), 
because most of the studies showed identical or even inferior outcome with 
TBI conditioning for both adult and pediatric AML [78, 79]. In terms of reduc-
ing late effects, use of reduced intensity conditioning (RIC) is an attractive 
option for children undergoing allo-SCT [80–82]. Although there are some 
promising results, the role of RIC should be carefully evaluated in the context 
of clinical trial.

3.3.3  Novel Therapeutic Approach for AML

Although approximately 70% of the children with AML are eventually cured, 10% 
of the patients fail to achieve CR and 30% of the patients suffer from disease recur-
rence (Table 3.2) [46, 48, 51, 52, 61, 83–86]. One of the well-recognized reinduc-
tion regimens for these patients is FLAG, combination of fludarabine, cytarabine, 
and granulocyte colony-stimulating factor, with or without anthracycline [87]. 
However, further CR rate is 50–60% and OS rate is 30–40% at most [88]. 
Improvement in the outcome of frontline treatment also seems to have reached the 
ceiling with conventional therapeutic approach, since most of the interventions 
tested in various clinical trials demonstrated negative results or very small improve-
ment. Therefore, development of novel therapeutic approaches is urgently needed to 
further improve the outcome of AML.

There is substantial number of novel agents under evaluation: new class of che-
motherapy (clofarabine, vosaroxin, CPX-351), tyrosine kinase inhibitors (FLT3 
inhibitors, KIT inhibitors, RAS pathway inhibitors, Polo-like kinase inhibitor, 
Aurora-kinase inhibitor), proteasome inhibitors (bortezomib, carfilzomib), 
 epigenetic agents (methyltransferase inhibitors, histone deacetylases, DOT1L 
inhibitor), immunotherapy [SGN33A, bispecific T-cell engager (BiTE) antibodies, 
chimeric antigen receptor (CAR) T cells], etc. [89]. It is expected that the genomic 
landscape of AML would be fully unmasked in the near future and that the integra-
tion of discovered genomics into contemporary therapy would progress in order to 
realize precision medicine which would result in further improvement in the out-
come of childhood AML.
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3.4  Myeloid Leukemia Associated with Down Syndrome

Down syndrome (DS) results from trisomy 21 and occurs in 1 in 700–1000 births [90, 
91]. Although the incidence of neoplasms in DS does not differ significantly from that 
in the general population, the distribution of malignancies is different [92]. Patients 
with DS show a unique spectrum of malignancies, with a 10- to 20-fold higher risk of 
acute leukemia and a lower incidence of solid tumors [92, 93]. The most frequent 
form of leukemia during childhood, both with and without DS, is ALL, and the inci-
dence of ALL in children with DS is approximately 20-fold higher than that in non-
DS children [92]. However, the most marked increase in incidence in DS infants is 
AMKL, known as “myeloid leukemia associated with DS (ML-DS).” The develop-
ment of ML-DS is closely linked to a preceding temporary form of neonatal leukemia 
called transient abnormal myelopoiesis (TAM). TAM and ML-DS are classified as an 
independent category as myeloid proliferations of Down syndrome in recent WHO 
classification [2, 94, 95]. Both generally manifest as megakaryoblastic phenotype, 

Table 3.2 Results of the recently reported cooperative trials for pediatric AML

Study  
Group Trial Years

No. of 
patients Age

%SCT 
in 
1CR

EFS, 
% 
(year)

OS, 
% 
(year)

RR, 
% Reference

Japanese 
childhood 
AML 
cooperative 
study

AML99 2000–
2002

240 0–15 Allo 
17%
Auto 
2%

61 (5) 75 (5) 32 [46]

BFM AML-BFM 
2004

2004–
2010

521 0–18 NA 55 (5) 74 (5) 29 [52]

JPLSG AML-05 2006–
2010

443 0–18 12% 54 (3) 73 (3) 30 [70, 83]

St. Jude 
Children’s 
Research 
Hospital

AML02 2002–
2008

216 0–21 25% 63 (3) 71 (3) 21 [48]

AIEOP AML2002/01 2002–
2011

482 0–18 Allo 
29%
Auto 
21%

55 (8) 67 (8) 24 [84]

COG AAML0531
(GO arm)

2006–
2010

1022 0–29 NA 53 (3) 69 (3) 32 [61]

NOPHO AML 2004 2004–
2009

151 0–15 15% 57 (3) 69 (3) 30 [85, 86]

MRC AML12 1995–
2002

564 0–15 11% 54 (10) 63 
(10)

32 [51]

BFM Berlin-Frankfurt-Münster, JPLSG Japanese Pediatric Leukemia/Lymphoma Study Group, 
AIEOP Associazione Italiana Ematologia Oncologia Pediatrica, COG Children’s Oncology Group, 
NOPHO Nordic Society of Paediatric Hematology and Oncology, MRC Medical Research Council
SCT hematopoietic stem cell transplantation, EFS event-free survival, OS overall survival, RR 
cumulative incidence of relapse, GO gemtuzumab ozogamicin, NA not available
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with TAM occurring at birth or within days of birth and being resolved in 1–2 months. 
About 1–2% of children with DS develop AML during the first 4 years of life. MDS 
often precedes AMKL and can last for several months. The clinical course of patients 
of MDS in DS appears to be relatively indolent, presents initially with a period of 
thrombocytopenia, and lacks significant increase of blasts. Findings from recent clini-
cal and laboratory studies revealed that quantitative alterations of RUNX1, ETS2, and 
ERG genes (all located at 4-Mb region of chromosome 21) that resulted from consti-
tutional trisomy 21 up-regulate GATA1 mutations and cause TAM [96] and that addi-
tional genetic alterations including those in epigenetic regulators and signaling 
molecules are involved in the progression from TAM to ML-DS [97]. Children with 
DS above the age of 5 with AML or MDS have different biology to ML-DS, such as 
non-megakaryoblastic phenotype and no GATA1 mutation of blasts, and should be 
considered not as “typical ML-DS,” but as “conventional” AML or MDS.

ML-DS has unique characteristics of higher sensitivity to chemotherapeutic 
agents. In vitro studies showed that ML-DS blasts were significantly more sensitive 
to chemotherapeutic drugs than non-DS AML cells [98]. ML-DS blasts are espe-
cially sensitive to cytarabine, possibly because of the effect of GATA1 mutations 
and trisomy 21 on the levels of cytarabine-metabolizing enzymes [99]. Before the 
1990s, most patients with ML-DS received suboptimal therapy, resulting in poor 
outcomes. In 1992, high rates of EFS with intensive AML treatment were reported 
from the Pediatric Oncology Group (POG) [100]. After recognition of the favorable 
outcome of ML-DS patients treated with the AML protocol, recruitment to collab-
orative studies for ML-DS patients increased, but it became apparent that treatment- 
related toxicity was high in most series [101–103]. Since then, several collaborative 
groups have adapted their AML protocols for ML-DS by reducing the dosage of 
chemotherapeutic agents [103]. As a result, in recent clinical studies in several 
countries, ML-DS children were treated separately and less intensively than non-DS 
AML children. Recent clinical trials for ML-DS are summarized in Table 3.3 [101–
109]. In Europe, the ML-DS 2006 study by the I-BFM-SG, which was based on the 
reduced intensity arm of the BFM 98 protocol with further elimination of etoposide 
in consolidation courses, was conducted. This protocol consists of four courses 
including high-dose cytarabine. The US AAML0431 study, conducted from 2007 to 
2011 by the COG, which also included high-dose cytarabine, showed excellent out-
comes [110]. The Japanese trials for ML-DS had investigated less intensive chemo-
therapy compared with those conducted in Western countries, and treatment 
outcomes were comparable [108, 109, 111]. Toronto group reported long-term 
results of an ultralow dose cytarabine-based regimens suggested that at least some 
population of ML-DS could be cured by minimum intensive therapy [106]. 
Predicting prognostic factors had been examined by several studies; however, no 
universal factors had been found to date [107, 109, 112]. On the other hand, it is 
reported that relapsed/refractory cases are rarely salvageable, with very limited role 
of allo-SCT [113]. In terms of treatment outcome, ML-DS is a heterogeneous dis-
ease and risk-oriented therapy is a reasonable strategy, so that finding an accurate 
method, perhaps MRD, for identifying a subgroup with poor prognosis is urgently 
needed. Moreover, new therapeutic approaches for relapsed/refractory cases using 
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new drugs such as Wee 1 inhibitor [114], Aurora-kinase inhibitor [115], and histone 
deacetylase inhibitors [116] will be also needed.

3.5  Acute Promyelocytic Leukemia

Acute promyelocytic leukemia (APL) is a distinct subtype of AML characterized by 
t(15;17) translocation attributed to PML/RARA fusion transcript. Since the life- 
threatening complications, disseminated intravascular coagulation (DIC), often 
develop initially in patients with APL, the disease must be managed as an oncologic 
emergency, and rapid and appropriate diagnosis and simultaneous commencement 
of remission induction therapy are of great importance [117]. Introduction of all- 
trans retinoic acid (ATRA) as a differentiating agent combined with conventional 
chemotherapy made this subtype as one of the most curable leukemia subtype.

Table 3.3 Outcome of recent clinical trials for myeloid leukemia with Down syndrome

Study Years N

Cumulative dose of 
agents (mg/m2)

TRM, 
%

EFS, 
% 
(year)

OS, 
% 
(year) Reference

DRB 
(aTHP) Ara-C ETP

AML BFM 
98

1998–
2003

67 220–
240

23–
29,000

950 5 89 (3) 91 (3) [50, 101]

NOPHO 
AML 93

1988–
2002

41 300 48,600 1600 5 85 (8) NA [104]

MRC 
AML10/12

1988–
2002

46 670 10,600 0 15 74 (5) 74 (5) [103]

CCG 
2861/2891

1989–
1999

160 320 15,800 1600 4 77 (6) 79 (6) [102]

COG 
A2971

1999–
2003

132 320 27,200 0 3 79 (5) 84 (5) [105]

Toronto, 
LD-Ara-C

1990–
2003

34 0 7400 0 0 67 (5) 77 (5) [106]

AML99 
DS

2000–
2004

72 250a 3500 2250 1 83 (4) 84 (4) [107]

JCCLSG 
9805DS

1998–
2006

24 190a 12,600 200 12.5 83 (5) 88 (5) [108]

JPLSG 
AML-D05

2008–
2010

72 SR: 
250a

HR: 
170a

SR: 
3500
HR: 
12,800

SR: 
1350
HR: 
1050

1 83 (3) 88 (3) [109]

BFM Berlin-Frankfurt-Münster, NOPHO Nordic Society of Paediatric Hematology and Oncology, 
MRC Medical Research Council, CCG Children’s Cancer Group, COG Children’s Oncology 
Group, JCCLSG Japanese Children’s Cancer and Leukemia Study Group, JPLSG Japanese 
Pediatric Leukemia/Lymphoma Study Group
DRB daunorubicin, THP pirarubicin, Ara-C cytarabine, ETP etoposide, TRM treatment-related 
mortality, EFS event-free survival, OS overall survival, LD-Ara-C low-dose cytarabine, SR stan-
dard risk, HR high risk
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The diagnosis of APL is first suspected by the existence of clinical or laboratory 
findings of DIC. APL cells express annexin II on their cell surfaces that engage 
plasminogen activator and its substrate plasminogen, resulting in excess production 
of plasmin. Because plasmin degrades both fibrinogen and fibrin, hemorrhagic 
symptom caused by hyperfibrinolysis is the main finding in APL-related DIC. In 
laboratory tests, therefore, hypofibrinogenemia and elevated fibrinogen/fibrin deg-
radation product (FDP), rather than prolongation of coagulation time, are remark-
able. Morphologically, APL cells represent characteristic patterns with varying size 
and shapes of nucleus, numerous cytoplasmic granules, and bizarre Auer rods. 
Especially, the bundle of Auer rods, a “faggot cell,” is highly specific in 
APL. Cytoplasmic granules and Auer rods are also recognized by peroxidase stain-
ing of leukemic cells. APL cells possess distinct patterns in immunophenotype; 
myeloid-associated maturation markers such as MPO, CD13, and CD33 are fre-
quently positive with a characteristic feature of CD34 and HLA-DR negativity 
[118]. Because the retardation of induction therapy sometimes leads to fatal hemor-
rhagic complications, ATRA should be administered immediately without waiting 
for the results of cytogenetic or genetic examinations.

Remission induction therapy for APL consists of ATRA and anthracyclines. The 
treatment efficacy is first recognized by the resolution of DIC, that is, the decrease 
of plasma FDP value [119]. However, because anthracycline treatment induces 
apoptosis of APL cells resulting in reactivation of fibrinolytic system, hemorrhagic 
complications may deteriorate during anthracycline administration. In this condi-
tion, appropriate antihemostatic treatment and platelet transfusion are indispens-
able. Another severe complication during induction therapy is APL-differentiation 
syndrome (APL-DS) that is caused by chemical mediators produced by differenti-
ated leukemic promyelocytes [120]. APL-DS is characterized mainly by fever, fluid 
retention, and respiratory distress, occurring especially with hyperleukocytosis. 
Although glucocorticoid therapy and transient cessation of ATRA are effective, 
mechanical ventilation is sometimes required in severe cases.

Consolidation and maintenance therapies consist of ATRA and anthracycline 
with or without cytarabine and ATRA with or without oral cytotoxic agents, respec-
tively. With these treatment modalities, the EFS and OS rates in childhood APL 
reached around 80%–90%, respectively [121–127]. Table 3.4 shows recent treat-
ment outcome of childhood APL conducted by multicenter collaborative study 
groups. In Japan, a nationwide prospective study, AML-P05, was conducted by the 
JPLSG between 2006 and 2011. The main aim of this study was to evaluate an effi-
cacy of treatment using reduced intensity of consolidation therapy with minimized 
cumulative doses of anthracyclines. The 3-year EFS and OS rates in this study were 
83.6% and 90.7%, respectively, which were comparable to that of preceding child-
hood APL studies. Therefore, it was concluded that a single administration of 
anthracycline in each consolidation phase seemed sufficient in the treatment of 
childhood APL.

Monitoring MRD by detecting PML/RARA fusion transcript has high predictive 
value of disease outcome and is a useful tool to guide therapeutic options in APL 
[128]. Actually, persistence or reemergence of MRD almost always results in overt 
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hematological relapse, and early intervention in this situation (molecular relapse) 
will significantly improve the patients’ outcome [129]. Therefore, MRD positivity 
at the end of consolidation therapy necessitates alternative salvage therapy.

Recently, the second class of APL differentiating agent, arsenic trioxide (ATO), 
is introduced [130]. Unlike ATRA, which facilitates the terminal differentiation of 
leukemic promyelocytes by binding PML-RARA oncogenic transcription factor, 
ATO induces myeloid differentiation by degrading PML-RARA protein. Therefore, 
ATRA and ATO were considered to possess synergistic effect against APL cells. At 
first, ATO was introduced in adult patients with relapsed APL and resulted in high 
second remission rates without affecting the rate of severe adverse events, and the 
efficacy of ATO were also demonstrated in relapsed childhood APL. Very recently, 
two European groups reported significantly higher rates of EFS among adult patients 
with non-high-risk APL (i.e., initial WBC count <10 × 109/L) treated with ATRA 
and ATO only, which was comparable to those who received conventional ATRA- 
combined chemotherapy [131, 132]. They concluded that APL would be curable 
only with differentiating agents, without giving cytotoxic agents like anthracyclines, 
at least in non-high risk APL patients.

Table 3.4 Outcome of recent clinical trials for childhood acute promyelocytic leukemia

Group Study N
Anthracyclines 
(mg)a

EFS, 
% 
(year) OS, % (year) Reference

European 
APL

APL93/2000 84 411 NA Children: 80.4 
(5)
Adolescents: 
93.6 (5)

[121]

AIEOP AIDA0493 107 600 76 
(10)

86 (10) [127]

PETHEMA LPA96/99 66 600–760 77 (5) 87 (5) [125]
BFM AML93–2004 81 330 73 (5) 89 (5) [50, 101, 

122]
North 
American

C9710 56 415 53 (3) 87 (3) [124]

COG AAML0631 102 275–325 NA NA [124]
Japanese 
childhood 
AML 
cooperative 
study

AML99-M3 58 282 91.4 
(7)

93.1 (7) [123]

JPLSG AML-P05 43 246 83.6 
(3)

90.7 (3) [126]

AIEOP Associazione Italiana Ematologia Oncologia Pediatrica, PETHEMA Programa de Estudio 
y Tratamiento de las Hemopatías Malignas, BFM Berlin-Frankfurt-Münster, COG Children’s 
Oncology Group, JPLSG Japanese Pediatric Leukemia/Lymphoma Study Group
EFS event free survival, OS overall survival
aThe cumulative anthracycline dose was converted to doxorubicin equivalent with the following 
ratios: 1:0.83 for daunorubicin, 1:5 for idarubicin, 1:4 for mitoxantrone, 1:0.6 for pirarubicin, and 
1:0.2 for aclarubicin according to the JPLSG criteria of anthracycline equivalents
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At present, ATO is beginning to be introduced in prospective studies for the treat-
ment of newly diagnosed childhood APL to test the efficacy and the safety of this 
drug in children [89]. In the ongoing AML-P13 trial for childhood APL in Japan, all 
three consolidation phases are replaced by ATO courses to further minimize the 
cumulative dose of anthracycline and to maximize the effect of treatment. These 
studies may shift the treatment paradigm for childhood APL in the near future.
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