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Preface

Leukemias are a group of heterogeneous neoplastic disorders that differ significantly in
terms of morhological, immunophenotypic, cytogenetic and molecular features of malignant
cells. These specific features reflect the differences in the spectrum of underlying biological
alterations involved in malignant transformation, and/or variations in the level of hemato‐
poietic stem cells hierarchy where the transforming events occur. Classically, leukemias
have been classified according to their cellular origin as myeloid or lymphoid, or according
to their course as acute or chronic. During the last two decades a broad spectrum of sophisti‐
cated equipment and methods were implemented into the routine practice leading to a bet‐
ter understanding of the development of leukemias. This in term resulted in the invasion of
new diagnostic criteria, definition of new entities and categories, introduction of novel ther‐
apeutic strategies, as well as improved monitoring of theatment effectiveness.

The continuous and rather extensive influx of new information regarding the pathogenesis
and treatment of leukemias requires a frequent updating of this topic. The primary objective
of this book is to provide the specialists involved in the diagnosis and management of acute
and chronic leukemias with comprehensive and concise information on some important the‐
oretical and practical issues of the diagnosis, treatment and follow up of patients with leuke‐
mias. An international panel of experts contribute their experience to an update of various
aspects of leukemias.

The recent development of the genome wide analysis has provided new and critical knowl‐
edge of genetic changes in leukemias. The first chapter concerns recent knowledge of genet‐
ic and molecular aberrations in acute lymphoblastic leukemias (ALL), describing risk
groups, frequency of cytogenetic abnormalities and their relationship with the prognosis,
copy number alterations and somatic mutations. The second chapter reviews the epidemiol‐
ogy, genetics, pathogenesis, classification, clinical presentation, laboratory findings, differ‐
ential diagnosis, treatment and prognosis in ALL in children.

The third chapter summarizes the major signs, symptoms and laboratory features in acute
leukemia. While acute leukemia patients depend on the expert recommendations from their
physicians, knowledge of clinical presentation and patient's related prognostic factors can
help to improve treatment decision and to identify patients who would benefit most from
either intensive or low-intensive treatment or even best supportive care alone. Later in the
book, therapy related acute myeloid leukemias are covered, emphasizing, on one side, that
these represent the most serious long-term complications to current cancer therapy and the
understanding would help to identify patients at risk in order to tailor therapy; while, on the
other – that there is clinical and biological overlap between therapy related and high-risk de
novo leukaemias suggesting similar mechanisms of leukaemogenesis. Deeper insights into
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pathogenetic mechanisms will eventually help to establish a more differentiated clinical ap‐
proach to successfully treat, but hopefully also prevent, these often fatal consequences of
cytotoxic therapies.

The advances in basic knowledge on leukemias provide clinicians with important under‐
standing and improved decision making towards the most suitable therapy. Biochemical,
structural, and genetic studies may have brought a new era of epigenetic based and immu‐
nomodulatory drugs that will form the basis for novel treatment strategies, presented in the
fifth chapter of the book. Besides, treatment response is increasingly evaluated with minimal
residual disease (MRD) assays. In the past years, there has been growing attention towards
understanding the clinical relevance of MRD assessment. The monitoring of MRD levels at
various stages of therapy has considerable potential to impact the guidance of treatment for
AML patients and improve outcomes. Chapter six presents a comprehensive overview of
the methodological approaches for MRD detection, the clinical applications and future di‐
rections for improvement of and alternatives for bone marrow MRD detection, including
leukemic stem cell targeted therapies. The last chapter covers modern therapies in patients
with chronic myeloid leukemia (CML) as one of the best investigated and undoubtedly best
understood leukemias today. Current targeted drugs have changed not only the way we
treat CML, but it has also changed the approach to developing new cancer drugs.

Each chapter is a separate publication that reflects each author´s views and concepts. Howev‐
er, the book presents a multi-faceted picture of our current understanding of the biology and
clinical presentation, the diagnostic and therapeutic challenges in patients with leukemias.

Prof. Dr. Margarita Guenova, MD, PhD
Laboratory of Haemathopathology and Immunology,

National Specialised Hospital for Active Treatment of Haematological Diseases,
Sofia, Bulgaria

Prof. Dr. Gueorgui Balatzenko, MD, PhD
Laboratory of Cytogenetics and Molecular Biology,

National Specialised Hospital for Active Treatment of Haematological Diseases,
Sofia, Bulgaria
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Chapter 1

Genetics of Acute Lymphoblastic Leukemia

Ruth Maribel Forero, María Hernández and
Jesús María Hernández-Rivas

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55504

1. Introduction

Acute lymphoblastic leukemia (ALL) is mainly a disease of childhood that arises from
recurrent genetic alterations that block precursor B- and T-cell differentiation and drive
aberrant cell proliferation and survival [1]. Due to the advances in the cytogenetic and
molecular characterization of the acute leukemias in the past two decades, genetic alterations
can now be identified in more than 80% of cases of ALL [2]. These genetic lesions influence the
prognosis and therapeutic approach used for treatment of ALLs [3]. This chapter describe
genetic subtypes of ALL according to the hematological malignancies classification (WHO)
2008, risk groups, frequency of cytogenetic abnormalities, and their relationship with the
prognosis of ALL, copy number alterations and somatic mutations in ALL.

2. Acute Lymphoblastic Leukemia (ALL) — Genetic subtypes

2.1. Definition and genetic subtypes according to the hematological malignancies
classification (WHO) 2008

Acute lymphoblastic leukemia (ALL) is mainly a disease of childhood that arises from
recurrent genetic alterations that block precursor B- and T-cell differentiation and drive
aberrant cell proliferation and survival [1]. ALL is characterized by the accumulation of
malignant, immature lymphoid cells in the bone marrow and, in most cases, also in peripheral
blood. The disease is classified broadly as B- and T-lineage ALL [1].

ALL occurs with an incidence of approximately 1 to 1.5 per 100,000 persons. It has a bimodal
distribution: an early peak at approximately age 4 to 5 years with an incidence as high as 4 to
5 per 100,000 persons, followed by a second gradual increase at about age 50 years with an

© 2013 Forero et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Forero et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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incidence of up to 2 per 100,000 persons. ALL, the most common childhood malignancy,
represents about 80% of all childhood leukemias; but only about 20% of adult leukemias [4].
The rate of success in the treatment of ALL has increased steadily since the 1960s. The five-
year event-free survival rate is nearly 80 percent for children with ALL and approximately 40
percent for adults [5].

Diagnosis of ALL relies on an assessment of morphology, flow cytometry immunophenotyp‐
ing, and identification of cytogenetic-molecular abnormalities [4]. Conventional and molecular
genetics allow the identification of numerical and structural chromosomal abnormalities and
the definition of prognostically relevant ALL subgroups with unique clinical features [6, 7].
However, acute lymphoblastic leukemia subtypes show different responses to therapy and
prognosis, which are only partially discriminated by current diagnostic tools, may be further
determined by genomic and gene expression profiling [4]. More accurate delineation of genetic
alterations can also provide information important for prognosis. Minimal residual disease
(MRD) detection and quantification have proven important in risk-group stratification for both
pediatric and adult ALL [7].

It seems likely that one or several changes in the genome are required for a blast cell to evolve
into a leukemic clone, and that all cases probably harbor some form of genetic alteration [7].
Due to the advances in the cytogenetic and molecular characterization of the acute leukemias
in the past two decades, genetic alterations can now be identified in greater than 80% of cases
of ALL [2]. Improvement in recognizing abnormalities in the blast cells will help in under‐
standing the mechanisms that underlie leukemogenesis.

The cloning and characterization of recurrent chromosomal translocations has allowed the
identification of genes critical for understanding of the pathogenesis and prognosis of ALL [5,
8, 9]. These genes are implicated in cell proliferation and/or survival, self-renewal, cell
differentiation and, and cell cycle control [10, 11]. The main causes of gene deregulation are:
(i) oncogene activation with ensuing ectopic or over-expression, which is mainly due to
juxtaposition with T-cell receptor loci; (ii) gain of function mutations; (iii) tumor suppressor
gene haploinsufficiency or inactivation, which is usually the result of deletion and/or loss of
function mutation; and (iv) chromosomal translocations producing fusion proteins which are
associated with specific subgroups of ALL [10].

Efforts to define the genetic lesions that underlie ALL have identified a number of different
subtypes of ALL based on their lineage (T- versus B-cell), chromosome number, or the presence
or absence of chromosomal translocations. Collectively, these genetic lesions account for
approximately 75% of cases, and their presence significantly influences the therapeutic
approach used for treatment [3].

B-lineage ALL (B-ALL) shows considerable genetic heterogeneity. Within the category ‘‘B
lymphoblastic leukemia/lymphoma with recurrent genetic abnormalities’’, the 2008 World
Health Organization classification of hematopoietic neoplasms recognizes seven recurrent
genetic abnormalities including t(9;22) (q34;q11.2) BCR-ABL1, t(v;11q23) MLL rearranged,
t(12;21)(p13;q22) TEL-AML1 (ETV6-RUNX1), t(5;14)(q31;q32) IL3-IGH, t(1;19) (q23;p13.3) E2A-
PBX1 (TCF3-PBX1), hypodiploidy and hyperdiploidy [12].

Leukemia2

Burkitt lymphoma/mature B-ALL (BL) was included in the category of mature lymphatic
neoplasms in the new WHO classification [12]. BL is characterized by translocation of MYC at
8q24.21 with an immunoglobulin gene locus, which in most cases is the immunoglobulin heavy
chain locus (IGH@, 14q32.33) with rare translocations with the light chain genes for kappa
(IGK@, 2p11.2) and lambda (IGL@, 22q11.2). These translocations result in constitutive
expression of the MYC gene in peripheral germinal-center B cells, driven by the immunoglo‐
bulin gene enhancer [13]. The BL clone must acquire chromosomal aberrations secondary to
the IG-MYC fusion. The most frequent secondary changes in BL detected by conventional
cytogenetics are gains in 1q as well as in chromosomes 7 and 12 [14, 15].

In B-ALL, malignant cells often have additional specific genetic abnormalities, which have a
significant impact on the clinical course of the disease. In contrast, although the spectrum of
chromosomal abnormalities in T-lineage ALL (T-ALL) has been further widened by the finding
of new recurrent but cryptic alterations, no cytogenetically defined prognostic subgroups have
been identified [16, 17].

T-ALL is mainly associated with the deregulated expression of normal transcription factor
proteins. This is often the result of chromosomal rearrangements juxtaposing promoter and
enhancer elements of T-cell receptor genes TRA@ (14q11), TRB@ (T-cell receptor b, 7q34-35),
TRG@ (T-cell receptor g, 7p15) and TRD@ (T-cell receptor d, 14q11) to important transcription
factor genes [18]. In most cases, these rearrangements are reciprocal translocations, and lead
to a deregulation of transcription of the partner gene by juxtaposition with the regulatory
region of one of the TCR loci (e.g. TCRB/HOXA, TCRA/D-HOX11, TCRA/D-LMO2, TCRA/
DLMO1). These chromosomal aberrations affect a subset of genes with oncogenic properties,
such as 1p32(TAL1), 1p34(LCK), 8q24(MYC), 9q34(TAL2), 9q34(TAN1/NOTCH1), 10q24
(HOX11), 11p13 (RBTN2/LMO2), 11p15(RBTN1/LMO1), 14q32(TCL1), 19p13 (LYL1),
21q22(BHLHB1) and Xq28 (MTCP1) [10, 17].

Other type of rearrangement in T-ALL, mostly translocations, results in formation of ‘fusion
genes’ that are associated with specific subgroups of T-ALL (CALM-AF10, NUP98-t, MLL-t and
ABL1-fusions). In these translocations, parts of both genes located at the chromosomal
breakpoints are fused ‘in frame’ and encode a new chimeric protein with oncogenic properties
[10]. Chromosomal translocations producing fusion proteins also are associated with specific
subgroups of T-ALL.

In addition, gain of function mutations (NOTCH1 and JAK1) and tumor suppressor gene
haploinsufficiency or inactivation, which is usually the result of deletion (CDKN2A-B) and/or
loss of function mutation (PTEN); are frequent in T-ALL. These genetic alterations could be
concomitant with other genomic changes [10, 19].

2.2. Risk groups in ALL

During the past three decades, the prognosis of has been improved and the treatment achieved
cure rates exceeding 80%. ALL in adults has followed the same trend with long-term survival
of about 40%. One main factor behind this improvement is the development of risk-adapted
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therapy, that permit to stratify the patients in different clinical categories according to risk
factors with prognostic influence and to define the intensity and duration of treatment [20].

The prognosis of patients with ALL is influenced by clinical, hematologic and genetic factors,
including age, leukocyte count at diagnosis, percentage of blast in peripheral blood, immu‐
nophenotype, central nervous system (CNS) involvement, the presence or absence of media‐
stinal tumor, cytogenetic and molecular alterations and the presence of minimal residual
disease (MRD) in different stages of treatment which is currently a defined risk of adapted
therapy strategies [20-24].

With respect to age, children less than 24 months and adults more than 50 years old have a
worse prognosis, while the better results are achieved for children between 1 and 10 years,
followed by adolescents and young adults. The leukocytosis (>30X109L in B-ALL and
>100X109L in T-ALL), the phenotype Pro-B ALL, and T-ALL, are related to a poor outcome
and are used to stratify patients as high risk [23].

The study of these prognostic factors allows recognition of three subgroups with outcome
clearly differentiated in children: standard risk (40% of cases - 90% survival), intermediate
(45-50% - 70-80% survival) and high risk (10-15%-less than 50% survival) [23, 25], and two
subgroups in adult, standard-risk (20-25% of cases, 60% survival) and high risk (75-80% - 30%
survival) [23, 26].

3. Cytogenetic alterations in ALL

3.1. Cytogenetic alterations in B-cell precursor ALL (BCP-ALL)

A correlation between prognosis and the karyotype at diagnosis in ALL was firstly demon‐
strated by Secker-Walker (1978) [24]. Subsequently, during the third International Workshop
on Chromosomes in Leukemia (IWCL, 1983), the first large series of newly diagnosed ALL
were analyzed to establish cytogenetic and prognostic correlations. Sixty-six percent of the
patients analyzed showed clonal aberrations, which were identified both high-risk and low-
risk ALL patients [27]. Since then it has been considered that the cytogenetic alterations have
prognostic value of first order in the ALL.

Development of methods in cytogenetics has contributed to the understanding that ALL is not
a homogeneous disease. Chromosome abnormalities have been detected by conventional G-
banding in approximately 60–70% of all cases [7, 28]. Abnormal karyotypes have been reported
in up to 80% of children and 70% of adults with ALL [29, 30]. There had been considerable
developments in fluorescence in situ hybridization (FISH) for the detection of significant
chromosomal abnormalities in leukemia in the 1990s [31]. The development of 24-color
fluorescence in situ hybridization (FISH), interphase FISH with specific probes, and polymer‐
ase chain reaction (PCR) methods has improved the ability to find smaller changes and
decreased the proportion of apparently normal karyotype to less than 20% in ALL [7].

In cases with B-ALL (excluding mature B-ALL), the most important subgroups for modal
number are hypodiploidy, pseudodiploidy, and hyperdiploidy with a chromosome number
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greater than 50 [32]. The most structural rearrangements include translocations that generate
fusion transcripts with oncogenic potential. The most important of the translocations are t(1;19)
(q23;p13)(TCF3-PBX1 fusion gene; alias E2A-PBX1), t(4;11)(q21;q23)(MLL-AFF1 fusion gene;
alias MLL-AF4), t(9;22)(q34;q11)(BCR-ABL1),and t(12;21)(p13;q22)(ETV6-RUNX1 fusion gene;
previously TEL-AML1) [32]. These cytogenetic subgroups have distinctive immunophenotypic
characteristic as well as age and prognostic associations [24].

3.1.1. Ploidy alterations

The presence of hypodiploidy (less than 45 chromosomes) is found in only 2% of ALL, and is
associated with a very poor outcome [33]. The high hyperdiploidy (with more than 50
chromosomes) is the most common cytogenetic subgroup in childhood BCP-ALL, and
associated to a long survival. Hyperdiploidy is more frequent in children (15%) than in adults
(6%) [34].

The gain of chromosomes is nonrandom, the eight chromosomes that account for 80% of all
gains are: +4(78%), +6 (85%), +10 (63%), +14 (84%), +17 (68%), +18 (76%), +21 (99%), and +X
(89%) [24]. Trisomy 4, 10, and 17 are associated to favorable outcome in children [33]. Unlike
hypodiploidy ALL patients, hyperdiploid ALL cases have an extremely good prognosis with
event-free survival rates near 90% [21]. These patients seem to particularly benefit from high
dose methotrexate [33].

Approximately 20% of hyperdiploid ALL have activating mutations in the receptor tyrosine
kinase FLT3. These mutations are interesting because not only they trigger the activation of
the tyrosine kinases as potential oncogenes in hyperdiploid ALL, but also in that it suggests
that tyrosine kinase inhibitors could be of benefit to patients with this leukemia. [9].

3.1.2. E2A-PBX1 fusion t(1;19) (q23;p13)

The t(1;19) (q23;p13) represents 5% of children ALL, and 3% in adults ALL, this translocation
is frequently associated with the pre-B immunophenotype, in approximately 25% of cases [5,
34, 35]. The t(1;19) (q23;p13) forms a fusion gene that encodes a chimeric transcription factor,
E2A-PBX1 (TCF3-PBX1 fusion). It disrupts the expression the expression of HOX genes and
the targets of the E2A transcription factor [5]. The t(1;19) has good prognosis with high-dose
methotrexate treatment; however this translocation is a risk factor for CNS relapse [1, 21]

3.1.3. BCR-ABL fusion t(9;22) (q34;q11)

As a result of the t(9;22) (q34;q11)/Philadelphia chromosome (Ph+), the BCR gene at 22q11.2 is
joined to the ABL protooncogene at 9q34, giving rise to the BCR-ABL fusion gene. The fusion
gene encodes an oncogenic fusion protein with enhanced tyrosine kinase activity that interacts
with RAS, AKT, and JAK/STAT pathways [1]. This translocation is found in approximately 3%
of children and 30% of adults, and is associated with unfavorable prognosis [34]. Imatinib
mesylate plus intensive chemotherapy improve early treatment outcome against Philadelphia
chromosome–positive (Ph+) in ALL, one of the highest risk pediatric ALL groups, however
imatinib resistance develops rapidly [36].
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3.1.4. 11q23-MLL rearrangements

Chromosomal rearrangements of the human MLL gene are the most common genetic abnor‐
mality in the first year of life, but it occurs in only 8% of children and 10% adults with ALL [34].
The 11q23-MLL rearrangements are associated with high-risk pediatric, adult and therapy-
associated acute leukemias [37].

Some 104 different MLL rearrangements of which 64 fused translocation partner genes (TPGs)
are now characterized at molecular level [37]. The five most common MLL rearrangements,
present about 80% of MLL-translocated acute leukemia (MLL-t AL), are t(4;11)(q21;q23)
encoding MLL-AF4, t(9;11)(p22;q23) encoding MLL-AF9, t(11;19) (q23;p13.3)-ncoding MLL-
ENL, t(10;11)(p12;q23)encoding MLL-AF10, and t(6;11)(q27;q23)encoding MLL-AF6 [38].

MLL rearrangements are associated with unfavorable prognosis. However, outcomes could
be improved with high-dose cytarabine for some rearrangements [1]. MLL fusions with AF4,
AF9 and ENL recruit small serine/proline-rich proteins with nuclear localization signals, which
may generate unique chimeric transcriptional transactivators [1]. The t(4;11)(q21;q23) have
poor prognosis and predominance in infancy, especially those < 6 months of age. This
rearrangement has been associated with overexpression of FLT3 [21].

3.1.5. ETV6-RUNX1 t(12;21) (p13;q22)

The t(12;21) (p13;q22) leads to a fusion ETV6-RUNX1 (TEL-AML1). It occurs in 22% of children
and 2% adults with ALL [34]. This translocation t(12;21)(p13;q22) is the most common
translocation in childhood BCP-ALL [39]. Moreover, is associated to an excellent prognosis
with intensive chemotherapy, including asparaginase therapy [1, 21]. TEL-AML1 is a leuke‐
mogenic, chimeric transcription factor encoding the amino-terminal basic helix-loop-helix
(bHLH) domain of the ETS family member TEL fused to the AML1 DNA-binding Runt and
transactivation domains [40]. TEL-AML1 may generate a pre-leukemia clone by repression of
activated AML1 target genes or by TEL inhibition of other ETS family proteins via binding
through the TEL’s pointed domain [1].

3.2. Cytogenetic alterations in Burkitt lymphoma/mature B-ALL (BL)

3.2.1. MYC/IG (t(8;14), t(2;8) and t(8;22))

The t(8;14)(q24;q32) and its variants t(2;8)(p11;q24) and t(8;22)(q24;q11) are associated with BL
[13]. The t(8;14) is most common, found in 85%, whereas t(2;8) and t(8;22) are found in around
5 and 10%, respectively [24]. The crucial event in all three reciprocal translocations is the
juxtaposing of C-MYC (from 8q24) under the control of immunoglobulin (Ig) gene enhancers
of the heavy chain (IGH-14q32), kappa light chain (IGK-2p12), or lambda light chain
(IGL-22q11), leading to deregulation and increased transcription of MYC [13]. The 2008 World
Health Organization classification of hematopoietic neoplasms, established that MYC
translocations are not specific for BL. Most MYC/IG breakpoints in endemic BL originate from
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aberrant somatic hypermutation. On the other hand, in sporadic cases the translocation
involves the IG change regions of the IGH locus at 14q32 [12].

The abnormalities of C-MYC are an important step in the development of BL. MYC is a
transcription factor with both activating and repressing function and is involved in the
regulation of roughly 10–15% of all human genes. MYC regulates a number of critical biologic
processes such as cell cycle control, cell growth, protein synthesis, angiogenesis, and apoptosis
[41]. The upregulation of C-MYC disrupts many aspects of cell function, such as cell cycle
progression, differentiation, metabolism, apoptosis, telomerase activity, and cell adhesion.
These effects of C-MYC are likely to be of pathogenetic relevance in human tumors [42].

3.2.2. Secondary chromosome changes in BL

Several cytogenetic reports have correlated the presence of cytogenetic abnormalities with the
outcome of patients with non-Hodgkin lymphomas, showing that secondary chromosome
changes may influence the clinical phenotype of lymphoid tumors [43].

Most  of  the  secondary chromosome changes  are  unbalanced rearrangements,  leading to
DNA gains or losses. These changes have been studied in Burkitt’s lymphoma-derived cell
lines and primary tumors by cytogenetic techniques including karyotype analysis [44-48],
fluorescence  in  situ  hybridization  (FISH)  [49],  multiplex  FISH  (M-FISH)  [50],  spectral
karyotype  analysis  (SKY),  comparative  genomic  hybridization  (CGH)[43,  51-54],  and
microarray analysis [55].

Additional recurrent chromosomal abnormalities have involved chromosomes 1, 6, 7, 12, 13,
17, and 22. Gains of the long arm of chromosomes 1 (+1q) or 7 (+7q) or 12 (+12q), deletion (del)
17p13 and abnormalities of band 13q34 usually occur in adult BL, without or in the setting of
an HIV infection [13, 44-46, 51, 56]. Some secondary abnormalities have been associated with
tumor progression, such as abnormalities on 1q, + 7q and del(13q) which have been independ‐
ently associated with a worse outcome [43-46, 49, 50].

3.3. Cytogenetic alterations in T-ALL

Conventional karyotyping identifies structural chromosomal aberrations in 50% of T-ALL.
Numerical changes are rare, except for tetraploidy which is seen in approximately 5% of cases.
The presence of chromosomal abnormalities is not associated to the prognosis [19]. Some
nonrandom translocations that are specific to T-lineage malignancies have been identified.
They involve genes coding for transcriptional regulators transcriptionally deregulated in
malignancies [57].

Extensive  characterization  of  specific  chromosomal  abnormalities  for  T-ALL  led  to  the
identification  of  several  oncogenes  whose  expression  was  up-regulated  under  the
influence  of  the  transcriptional  regulation  elements  of  genes  which  are  normally
expressed during T-cell  differentiation [58].  T-cell  malignancies are often associated with
unfavorable  features  compared with  childhood precursor  B-cell  ALL.  However,  the  use
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of  more  intensive  treatments  and  risk  adapted  therapy  has  significantly  improved  the
outcome  of  patients  with  T-ALL.  Event-free  survival  rates  of  60%  to  70%  are  now
reported in children [57].

3.3.1. Rearrangements involving TCR genes

3.3.1.1. Deregulation of homeobox genes

The homeobox (HOX) family of transcription factors is divided into two classes. Class I HOX
genes are organized in four distinct clusters (HOXA@, HOXB@, HOXC@ and HOXD@) at four
chromosomal loci (7p15, 17q21, 12q13, and 2q31 whereas class II HOX genes are dispersed
throughout the whole genome. In the class I HOX genes, the HOXA@ cluster is involved in T-
ALL, while that in the class II HOX genes, TLX1 (HOX11) and TLX3 (HOX11L2) have been
extensively studied in the context of T-ALL [18].

3.3.1.1.1. TLX1 (HOX11) (t(10;14)(q24;q11) and its variant t(7;10)(q35;q24))

The translocation t(10;14)(q24;q11) and its variant t(7;10)(q35;q24) are a nonrandom alteration
identified in T-ALL. Either of these is present in 5% of pediatric to 30% of adult T-ALL [1]. Both
of them lead to the transcriptional activation of an homeobox gene, HOX11 gene (TLX1;
TCL3), that is not expressed in healthy T-cells, by bringing the HOX11 coding sequence under
the transcriptional control of regulatory sequences of the T-cell receptor gene (TRA@ or TRB@
genes, respectively). However, the overexpression of HOX11 in thymocytes has been also
demonstrated in the absence of a 10q24 rearrangement, suggesting that other, trans-acting
mechanisms could lead to this aberrant gene expression, probably by disrupting gene silencing
mechanisms that operate during normal T-cell development [18, 57, 58].

There is some evidence that HOX11 may play an important role in leukemogenesis. It has been
particularly shown that constitutive expression of HOX11 favors expansion and, in some
instances, immortalization of murine hematopoietic progenitors in vitro [59, 60]. However,
HOX11 has better prognosis than other T-ALL molecular subtypes [1].

3.3.1.1.2. TLX3 (HOX11L2) (t(5;14)(q35;q32))

The cryptic translocation, t(5;14)(q35;q32), is restricted to T-ALL, is present in approximately
20% of childhood T-ALL and 13% of adult cases. This translocation is associated with strong
ectopic expression of another homeobox gene called HOX11L2 (RNX; TLX3) [17, 58, 61],
because of possibly the influence of regulatory elements of CTIP2 (BCL11B), a gene highly
expressed during T-lymphoid differentiation [17, 57]. Other variant chromosomal aberrations,
each targeting TLX3, have been observed as well, including a t(5;7)(q35;q21), in which the
CDK6 gene is involved on 7q21[18].

Although TLX1 and TLX3 themselves and the gene expression profiles of TLX1 and TLX3
expressing  T-ALL  samples  are  very  similar  [18],  the  t(5;14)  and/or  HOX11L2  ectopic
expression has  been associated with  a  very  poor  outcome in  children with  T-ALL [57].
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However, the exact prognostic meaning of TLX3 expression alone or in combination with
other markers is not clear [18].

3.3.1.1.3. HOXA@ cluster (inv(7)(p15q34))

Other rearrangement involving TCR genes that affecting HOXA@ cluster (7p15) is associated
with the inv(7) (p15q34), t(7;7)(p15;q34), and t(7;14)(p15;q11). The chromosomal inversion
inv(7)(p15q34) has been observed in approximately 5% of T-ALL cases. This inversion
juxtaposes part of the TRB@ locus (7q34-35) to part of the HOXA@ cluster (7p15), resulting in
elevated HOXA10 and HOXA11 expression. In addition, 2% of the cases showed elevated
HOXA10 and HOXA11 expression in the absence of inv(7), suggesting that other activating
mechanisms may exist [18].

In contrast to TLX1 and TLX3, which are normally not expressed in the hematopoietic system,
HOXA10 and HOXA11 are expressed in developing thymocytes. While HOXA11 is expressed
at different stages of T-cell differentiation, HOXA10 expression is only detected at the earliest
stages of differentiation, suggesting that its downregulation is required for full maturation of
T-cells to the CD4 and CD8 single positive stages [18].

3.3.1.2. Deregulation of TAL1-related genes

TAL1-related genes (TAL1, TAL2 and LYL1), encode a distinct subgroup of basic helix-loop-
helix (bHLH) proteins that share exceptional homology in their bHLH sequences [62]. The
malignant potential of these proteins is likely to reside largely within their HLH domains that
potentially mediate sequence-specific DNA recognition [63].

Although expression of TAL1, TAL2 or LYL1 has not been observed during normal T-cell
development, the rearranged alleles of these genes are readily transcribed in T-ALL cells, and
the ectopic expression of these genes in T-lineage cells may be a contributing factor in T-ALL
pathogenesis [62].

3.3.1.2.1. TAL1 (SCL,TCL5) ( t(1;14)(p32;q11), t(1;14)(p34;q11) and t(1;7)(p32;q34))

Alteration of the TAL1 (SCL, TCL5), a gene located on chromosome 1p32, is considered as the
most common nonrandom genetic defect in childhood T-ALL. TAL1 disruption is associated
with a t(1;14)(p32;q11), t(1;14)(p34;q11) and t(1;7)(p32;q34) (TRA@/TRAD@-TAL1 respectively)
in 1% to 3% of childhood T-ALL [1, 57]. In other 9% to 30% of childhood T-ALL, TAL1 is
overexpressed as a consequence of a nonrandom submicroscopic interstitial deletion between
a locus called SIL and the 5’ untranslated region (UTR) of TAL1 at 1p32, giving rise to an SIL-
TAL fusion transcript [19].

As the translocation as interstitial deletion disrupt the coding potential of TAL1 in a similar
manner, leading to its ectopic overexpression in T-cells [57]. Nevertheless, high expression
levels of TAL1 in the absence of detectable TAL1 rearrangement are observed in about 40% of
T-ALL [19].
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The deletions aberrantly triggers activated TAL1 during thymocyte maturation, promoting
transformation [1]. TAL1 alteration leads to silencing of genes target encoding E47 and E12
variants of E2A transcription factors. Several studies have proposed that the reactivation of
silenced genes by administering histone deacetylase (HDAC) inhibitors may prove efficacious
in T-ALL patients expressing TAL1 [18, 57].

3.3.1.2.2. TAL2 (t(7;9)(q34;q32))

As a consequence of t(7;9) (q34;q32), the TAL2 gene is juxtaposed to the TRB@ locus. The TAL2
gene is activated as a result of this translocation. The activation of the TAL2 or LYL1 genes is
less common, affecting <2% of T-ALL patients [18, 62]. The properties of TAL2 broadly
resemble those described previously for TAL1. Therefore, this support the idea that both
proteins promote T-ALL by a common mechanism [64].

3.3.1.2.3. LYL1 (t(7;19)(q34;p13))

In the t(7;19)(q35;p13), the LYL1 coding sequences are juxtaposed to the TRB@ locus. This
gene is constitutively expressed in T-ALL, whereas its expression is absent in normal T-
cells.  The ectopic LYL1  expression is found in some human T-cell  leukemias,  suggesting
that  it  may participate  in  T-cell  leukemogenesis.  Similar  to  TLX1,  TLX3,  and TAL1,  the
ectopic expression of LYL1 is mutually exclusive, although rare exceptions to this rule have
been described [18].

LYL1 encodes another class II basic helix-loop-helix (bHLH) transcription factor that forms
heterodimers with class I bHLH proteins, including E2A (E47 and E12) and HEB. LYL1-
transgenic mice developed CD4+CD8+ precursor T-cell ALL (pre-T-LBL), probably by
dimerization with E2A, inhibition of CD4 promoter activity, and downregulation of a subset
of E2A/HEB target genes, suggesting a block in cell differentiation [1, 65]

3.3.1.3. Deregulation of LIM-domain only genes LMO1 and LMO2

3.3.1.3.1. LMO1 (t(11;14)(p15;q11) and LMO2 (t(11;14)(p13;q11))

The genes encoding the LIM-domain only proteins LMO1 (RBTN1 or TTG1, 11p15) and LMO2
(RBTN2 or TTG2, 11p13) are frequently rearranged with the T-cell receptor loci in T-ALL,
resulting in overexpression of LMO1/LMO2 [1, 66]. The most common alterations are t(11;14)
(p15;q11) and t(11;14)(p13;q11) juxtaposing LMO1 or LMO2 to the TRA@ or TRAD@ loci [1],
nevertheless other genetic alterations have also been reported like t(7;11)(q34;p15) and t(7;11)
(q34;p13) translocations, involving TCRB and LMO1 or LMO2 loci [17].

Generally the ectopic expression of LMO1 and LMO2 are not mutually exclusive, because
abnormal expression of LMO1/2 has been found in 45% of T-ALL, even in the absence of typical
chromosomal changes, but often in association with deregulation of LYL1 (LMO2) or TAL1
(LMO1 and 2) [19]. Studies in transgenic mice have showed that TAL1 expression in itself is
not sufficient to induce T-cell malignancies and that co-expression of LMO1 or LMO2 is strictly
required [18].

Leukemia10

3.3.1.4. Deregulation of family of tyrosine kinases — LCK gene (t(1;7)(p34;q34))

The lymphocyte-specific protein tyrosine kinase (LCK), a member of the SRC family of tyrosine
kinases, is highly expressed in T-cells and plays a critical role in proximal TCR-based signaling
pathways [67]. The LCK gene is activated due to the t(1;7)(p34;q34) that juxtaposing LCK with
TRB@ loci [18]. ABL1 is located downstream of LCK in the TCR signaling pathway. Based on
these results, SRC kinase inhibitors and the dual SRC/ABL kinase inhibitors could be used for
treating T-ALL patients with hyperactive LCK [18].

3.3.1.5. Deregulation of MYB gene — Duplication and t(6;7)(q23;q34)

MYB is the cellular homolog of the V-MYB oncogene of the avian myeloblastosis virus. A t(6;7)
(q23;q34), juxtaposing MYB to TCRβ regulatory elements, and a submicroscopic amplification
of the long arm of chromosome 6 at 6q23.3 caused by ALU-mediated homologous recombi‐
nation, has been detected in 8–15% of T-ALL. It leads to upregulation of MYB expression and
a blockade in T-cell differentiation that could be reversed with MYB knockdown [1, 68]. The
upregulation of MYB has raised expectations that MYB may be used as a molecular target for
therapy in these patients [66].

Finally, other rearrangements involving TCR genes affect genes like BCL11B (inv(14)(q11q32);
and t(14;14)(q11;q32)), TCL1 (inv(14)(q11q32), and t(14;14)(q11;q32)), CCND2 (t(7;12)
(q34;p13.3), and t(12;14)(p13;q11)), NOTCH1 (t(7;9)(q34;q34.3)), and OLIG2 gene (t(14;21)
(q11;q22)) [19, 24].

3.3.2. Fusion genes rearrangements

3.3.2.1. PICALM-MLLT10 (CALM-AF10) — t(10;11)(p13;q14)

The PICALM-MLLT10 (CALM-AF10) fusion gene is caused by a recurrent translocation, t(10;11)
(p13;q14). It is detected in about 10% of childhood T-ALL. and it has been associated with a
poor prognosis [11]. This translocation has also been observed in other leukemias, including
acute myeloid leukemia [18].

The precise mechanism for CALM-AF10 mediated transformation is not known, although
CALM-AF10  T-ALL are characterized by overexpression of  HOXA  cluster  genes,  includ‐
ing  HOXA5,  HOXA9,  and  HOXA10.  CALM-AF10+  T-ALL  has  also  showed  overexpres‐
sion of several AF10  downstream genes (DNAJC1, COMMD3, BMI1  and SPAG6)  located
close to the AF10 gene breakpoint. From these four AF10 downstream genes, BMI1 is the
only one known to be associated with an increase of self-renewal of hematopoietic stem
cells and oncogenesis [69].

3.3.2.2. MLL-fusions

Translocations implicating MLL with various partners represent about 4% of T-ALL cases [18].
The t(11;19)(q23;p13) MLL-MLLT1 (ENL) gene fusion is the most common MLL translocation
partner in T-ALL. Nevertheless, other MLL translocations also occur in T-ALL [11].
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CALM-AF10+ T-ALL and MLL-t AL share a specific HOXA overexpression, triggering activate
common oncogenic pathways [69]. MLL fusion proteins enhance transcriptional activity,
resulting in increased expression of HOXA9, HOXA10, HOXC6, and overexpression of the
MEIS1 HOX coregulator [18].

MLL controls skeletal patterning, regulates the establishment of functional hematopoietic stem
cells, and early hematopoietic progenitor cell development [1, 70]. T-ALL cells with MLL
fusions are characterized by differentiation arrest at an early stage of thymocyte differentiation,
after commitment to the TCR gammadelta lineage [11].

3.3.2.3. ABL1-fusions

Translocations of ABL1 are rare, except for NUP214-ABL1 fusion (t(9;9)(q34;q34)) identified in
up to 6% of T-ALL as a result of episomal formation with amplification. Recurrent transloca‐
tions involving NUP98, such as the t(4;11)(q21;p15) with the NUP98/ RAP1GDS1 gene fusion),
another protein of the nucleopore complex, are reported very rarely [19]. The t(9;12)(p24;p13)
encoding ETV6-JAK2 fusion gene, with an important leukemogenic role, results in constitutive
tyrosine kinase activity in positive T-ALL patients [71].

4. Copy number alterations in acute lymphoblastic leukemia

In spite of continually improving event-free (EFS) and overall survival (OS) for ALL, particu‐
larly in children, a number of patients on current therapies will relapse. Therefore it is
important to know the group of patients with high risk of relapse [72, 73]. As the risk-
stratification of ALL is partly based on genetic analysis, different genomic technologies
designed to detect poor-risk additional genetic changes are being expanded substantially.
Analyses of somatic DNA copy number variations in ALL aided by advances in microarray
technology (array comparative genomic hybridization and high density single nucleotide
polymorphism arrays) have allowed the identification of copy gains, deletions, and losses of
heterozygosity at ever-increasing resolution [74].

Several microarray platforms have been used for the analysis of DNA copy number abnormal‐
ities (CNAs) in ALL, such as array-based comparative genomic hybridization (array-CGH),
bacterial  artificial  chromosome (array-BAC)  array  CGH and oligonucleotide  array  CGH
(oaCGH), single nucleotide polymorphism array (aSNP) and single molecule sequencing [75].
These microarray platforms vary in resolution, technical performance, and the ability to detect
DNA deletions, DNA gains, and copy neutral loss of heterozygosity. These techniques have
improved the detection of novel genomic changes in ALL blast cells [76]. The aCGH also detects
the majority of karyotypic findings other than balanced translocations, and may provide
prognostic information in cases with uninformative cytogenetics [77, 78]. In addition, the use of
these methods documented multiple regions of common genetic cryptic alterations. These
analyses provide information about multiple submicroscopic recurring genetic alterations
including target key cellular pathways. However, many aberrations are still undetected in most
cases, and their associations with established cytogenetic subgroups remain unclear [28, 79].
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4.1. CNA in BCP-ALL

Most of ALL (79-86%) showed alterations in the number of copies (CNA) by aCGH techniques.
The CNA frequently involved chromosomes 1, 6, 8, 9, 12, 15, 17 and 21; and rarely chromo‐
somes 2, 3, 14 and 19. The losses have been more frequent than gains [6, 7, 28, 35, 77, 78, 80-85].

In precursor B-cell ALLs, most of the abnormalities have been gains of 1q (multiple loci), 9q,
17q, amplification of chromosome 21 (predominantly tetrasomy 21), and loss of 1p and 12p.
Other recurrent chromosomal rearrangements have been found in both B-and T ALLs, such
as loss of 6q (heterogeneous in size), 9p (9p21.3), 11q, and 16q, as well as gain of 6q and 16p.
Other recurrent findings have included dim (13q), dim (16q) and enh (17q) [6, 7, 28, 35, 77, 78,
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Figure 1. Copy number alterations in two newly diagnosed BCP-ALL patients. A. Male patient with losses of 7, 9p24-
q21 and 20 chromosome and gain of 21q chromosome. B. Male patient with whole gains of 4, 10, 14,18, 21, and X
chromosome.

Several observations suggest that the CNAs are biologically important. The identification of
these recurrent chromosomal rearrangements in ALL has defined Minimal Critical Regions
(MCR), which are target small regions of the genome, that are often small enough to pinpoint
the few candidate genes that present in these chromosomal regions [75].

Many of these MCR contain genes with known roles in leukemogenesis of ALL. These lesions
include deletions of lymphoid transcription factors and transcriptional coactivators (e.g. PAX5,
EBF1, E2-2, IKZF1-Ikaros, ETV6 (TEL), ERG, TBL1XR1, and LEF1), tumor suppressor and cell
cycle regulatory genes (e.g. CDKN2A/B, NF1, PTEN, RB1, and ATM), as well as genes with
other established roles in B-cell development, such as RAG1 and RAG2, FYN, PBEF1 or CBP/
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CALM-AF10+ T-ALL and MLL-t AL share a specific HOXA overexpression, triggering activate
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PAG. Moreover putative regulators of apoptosis (e.g. BTG1), lymphoid signaling molecules
(e.g. BTLA/CD200, TOX), micro-RNAs (e.g. mir-15a/16-1), steroid receptors (e.g. NR3C1,
NR3C2), genes at fragile sites (e.g. FHIT, DMD), and genes with unknown roles in leukemo‐
genesis of ALL (e.g. C20orf94/MKKS, ADD3, and DMD) have been located in these regions. It
is notable that about 40% of B-progenitor ALL cases present genomic alterations in genes that
regulate B-lymphocyte differentiation [6, 7, 28, 35, 77, 78, 80-86] (Table 1).

Loss/gain Chromosome Cytoband
Size

(Mb)

Start position

(Mb)*

End position

(Mb)*
Candidate genes Reference

loss 1 p33 0.039 47.728 47.767 TAL1 [75, 85]

loss 1 q44 1.74 245.113 246.853
LOC440742 Adjacent to gen

ZNF528
[80, 110]

loss 2 p21 0.287 43.425 43.712 THADA [75, 85]

loss 3 p22.3 0.306 35.364 35.670 No annotated gene ARPP-21 [85, 110]

loss 3 p14.2 0.254 60.089 60.343 FHIT [75, 83, 85, 110]

loss 3 q13.2 0.148 112.055 112.203 CD200, BTLA [75, 85, 110]

loss 3 q26.32 Various TBL1XR1 [75, 83, 85, 110]

loss 4 q25 0.049 109.035 109.084 LEF1 [75, 85, 110]

loss 4 q31.23 0.145 149.697 149.842 None; telomeric to NR3C2 [75, 85, 110]

loss 5 q31.3 0.087 142.780 142.867 NR3C1, LOC389335 [75, 85]

loss 5 q33.3 0.553 157.946 158.499 EBF1 [75, 80, 83, 85, 110]

loss 6 p22.22 0.023 26.237 26.260
Histone cluster, HIST1H4F,

HIST1H4G, HIST1H3F, HIST1H2BH
[75, 85, 110]

loss 6 q21 0.088 109.240 109.328 ARMC2, SESN1 [75, 85, 110]

loss 7 7p Whole p-arm Whole p-arm [35, 85]

loss 7 q21.2 0.209 92.255 92.464

LOC645862, GATAD1, ERVWE1,

PEX1, DKFZP564O0523,

LOC442710, MGC40405, CDK6

[85, 110]

loss 7 p12.2 0.048 50.419 50.467 IKZF1 (ZNFN1A1, Ikaros) , [75, 83, 85]

loss 8 q12.1 0.094 60.032 60.126 Immediately 5' (telomeric) of TOX [75, 85, 110]

loss 9 p21.3 0.237 21.894 22.131
CDKN2A/CDKNA2B , MTAP , MLLT3

(AF9)

[6, 35, 75, 80, 83, 85,

110]

loss 9 p13.2 0.088 36.932 37.020 PAX5 CNA or sequence mutation [75, 80, 83, 85, 110]

loss 10 q23.31 0.062 89.676 89.738 PTEN [75, 85, 110]

loss 10 q24.1 0.178 97.889 98.067 BLNK [75, 85, 110]

loss 10 q25.1 0.078 111.782 111.860 ADD3 [75, 85, 110]

loss 11 p13 0.155 33.917 34.072 No gene; immediately 5' of LMO2 [75, 85]

loss 11 p12 0.008 36.618 36.626 RAG1/2 , LOC119710 [75, 85, 110]

loss 11 q22.3 0.034 36.600 36.634 ATM [80, 110]

loss 11 q23.3 0.274 118.369 118.643
16 genes distal to MLL breakpoint,

including 3' MLL
[80, 85]

loss 12 p12.1 4.5 19.309 23.809 KRAS [35, 110]
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Loss/gain Chromosome Cytoband
Size

(Mb)

Start position

(Mb)*

End position

(Mb)*
Candidate genes Reference

loss 12 p13.2 0.086 11.813 11.899
ETV6, KLRA-D family

[6, 35, 75, 80, 83, 85,

110]

loss 12 q21.33 0.218 92.291 92.509 BTG1 [75, 80, 85, 110]

loss 13 q14.11 0.031 41.555 41.586 ELF1 , C13orf21, LOC400128 [75, 85, 110]

loss 13 q14.2 0.149 49.016 49.165
RB1

[6, 75, 80, 83, 85,

110]

loss 13 q14.2-3 0.889 50.573 51.462

DLEU2, RFP2, KCNRG, MIRN16-1,

MIRN15A, DLEU1, FAM10A4,

LOC647154, LOC730194, DLEU7

[75, 85]

loss 15 q12 0.038 26.036 26.074 ATP10A [80, 110]

loss 15 q14 – – – SPRED1 (5’) [75, 110]

loss 15 q15.1 0.792 41.258 42.050
18 genes including LTK and

MIRN626
[85, 110]

loss 17 17p Whole p-arm Whole p-arm TP53 [83]

loss 17 q11.2 0.169 29.066 29.235

LOC729690, SUZ12P, CRLF3,

LOC646013, C17orf41, C17orf42,

[NF1]¶

[75, 83, 85, 110]

loss 17 q21.1 0.045 37.931 37.976 IKZF3 (ZNFN1A3, Aiolos) [75, 85, 110]

loss 19 p13.3 0.229 1.351 1.580
63 genes telomeric to TCF3; region

may include TCF3
[75, 85, 110]

loss 20 20p12.1 0.035 10.422 10.457 C20orf94 [75, 85]

loss 20 q11.22 1.426 32.304 33.730 Several genes , VPREB1 [6, 110]

loss 21 q22.12 0.004 36.428 36.432
No gene, but immediately distal to

RUNX1
[75, 85]

loss 21 q22.2 0.023 39.784 39.807 ERG [75, 85, 110]

gain 1 q23.3-q44 81.326 164.759 qtel
719 genes telomeric of PBX1,

including 3' region of PBX1
[75, 85]

Gain 6 q23.3 0.182 135.492 135.674 MYB, MIRN548A2, AHI1 [75, 80, 85]

Gain 9 9q Whole q-arm Whole q-arm ABL [83, 85]

Gain 9 q34.12-q34.3 7.676 133.657 qtel
155 genes telomeric of ABL1,

including 3' region of ABL1
[75, 85, 110]

Gain 10 10p Whole p-arm Whole p-arm – [83, 85]

Gain 21 21 46.8
Whole

chromosome

Whole

chromosome Several genes
[6, 83]

Gain 21 21q Whole q-arm Whole q-arm AML1, BACH, ERG [35, 83]

Ampl 21 iAMP21** 11.713 – – Several genes [6]

Gain 21 q22.3 0.589 42.775 43.364 7 genes [80]

Gain 21 q22.11-12 4.022 32.322 36.344 34 genes [80]

Gain 21 q22.11-q22.12 2.303 33.974 36.277 33 genes including RUNX1 [75, 85]
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Loss/gain Chromosome Cytoband
Size

(Mb)

Start position

(Mb)*

End position

(Mb)*
Candidate genes Reference

Gain 22 q11.1-q11.23 21.888 ptel 23.563
277 genes telomeric (5') of BCR,

including 5' region of BCR
[75, 85]

* Assembly GRCh37/hg19 from Genome Reference Consortium

Table 1. Recurring regions of copy number alteration reported in ALL and involved genes with known or putative
roles on leukemogenesis and cancer.

The average number of CNAs per ALL case is usually low, suggesting that this disease is not
characterized by inherent genomic instability. This has been shown in a large SNP arrays study
performed on pediatric ALL cases (B-progenitor and T-lineage). It allowed to identify a
relatively low number of CNAs in ALL -a mean of 6.5 lesions per case- indicating that gross
genomic instability is not a feature of most ALL cases [75, 85], although it is higher that the
number of genomic changes in myeloid malignancies. Furthermore, similar studies have found
4.2 lesions per case in the precursor B-cell childhood ALLs (3.1 losses and 1.1 gains), and 2.6
lesions per case in the T-ALLs (1.7 losses and 0.9 gains) [80].

In spite of the large number of novel alterations, most of them have been focal deletions (less
than a megabase) that involve only one or a few genes in the minimal region of genetic
alteration. Apart from high hyperdiploid ALL, gains of DNA have been specifically uncom‐
mon and a few of them were focal gains [75, 85].

The pattern and number of CNAs is similar in the genetic ALL subtypes. Notably, less than
one deletion per case was observed in MLL-rearranged ALL, typically presenting early in
infancy. Therefore it has been suggested that a few additional genetic lesions are required for
inducing leukemia. In contrast, other ALL subtypes such as ETV6-RUNX1 and BCR-ABL1,
typically presenting later than childhood, had over 6 copy number alterations per case, and
some cases had over 20 lesions. These results are consistent with the concept that the initiating
translocations are developed early in childhood, previous to clinically manifest leukemia
(particularly for ETV6-RUNX1 leukemia). Additional lesions are subsequently required for
establishment of the leukemic clone. The deletion of IKZF1 is also a lesion in BCR-ABL1 ALL,
but it is exceptionally uncommon in ETV6-RUNX1 ALL [75, 76, 85-87].

High-resolution genomic profiling studies in childhood ALL also reveals recurrent genetic
lesions, affecting genes with an established and critical role in leukemogenesis such as
CDKN2A, ETV6 (TEL), RUNX1 (AML1) and other genes, such as MLL, that are used to stratify
the patients [80]. Furthermore, many of these recurrent CNA were different between B-ALL
and T-ALL subtypes. For example, deletions involving ADD3, C20orf94, ERG, ETV6, the fragile
histidine triad gene FHIT, TBL1XR1, and a histone cluster at 6p22 were common in B-ALL but
rare in T-ALL, whereas deletion of CDKN2A/B (9p21), are more frequent in T-ALL (72%-90%)
than B-ALL (34%) [11, 76, 85].

Leukemia16

4.2. CNA in T-ALL

Genome-wide profiling in T-ALL has been used to identify copy number alterations accom‐
panying novel structural abnormalities, such as the NUP214-ABL1 and SET-NUP214 fusion
genes. The amplification on extrachromosomal episomes of ABL1 has been associated with the
cryptic fusion of NUP214 to ABL1 gene, in around 6% of individuals with T-ALL. This fusion
gene triggers the constitutive expression of the chimeric protein tyrosine kinase NUP214-
ABL1 and it is sensitive to the tyrosine kinase inhibitor imatinib. This amplification could
improve outcome or decrease treatment-related morbidity of T-ALL cases, but large studies
are needed to confirm these results [88]. Moreover, the cryptic and recurrent deletion, del(9)
(q34.11q34.13), in pediatric T-ALL cases, results in a conserved SET-NUP214 fusion product,
that contribute to T-ALL pathogenesis by inhibition of T-cell maturation by the transcriptional
activation of the HOXA genes [89].

Using SNP, BAC, or oligo-array CGH platforms, focal deletions have also identified in T-ALL,
leading to deregulated expression of TAL1 [85] and LMO2 [90]; deletions of the RB1 [85];
deletion and mutation of PTEN [85, 91]; deletion or mutation of the U3 ubiquitin ligase FBXW7
[92]; and duplications of the protooncogene MYB, present in about 8% of T-ALL cases, that
occur in combination with other genetic rearrangements contributing to T-cell differentiation
arrest (TAL/LMO, TLX1, TLX3, HOXA) [68, 75, 93].

4.3. CNA in BL

High rates of CNAs have been reported in BL. CNAs have been observed in 65% [53] and 76%
[43] of BL cases by conventional CGH. CNAs have been reported in 54% and 100% of BL
patients by oaCGH and aSNP respectively [14, 55]. In addition, high-resolution molecular
inversion probe (MIP) SNP assay have been reported 64% of CNAs in BL [94].

CGH and aCGH studies on cases of BL have shown that the increased number of gains and
losses are significantly associated with shorter survival [43]. Gains are more frequent than
losses in a range from 52% to 65% [14, 53, 94]. These studies have reported gains on chromo‐
somes 1q, 7, 8q, 12, 13, 22 and Xq and losses in 6q, 13q, 14q, 17p, and Xp [14, 15, 43, 51, 53-55,
94, 95]. Some studies have also identified cases with gains on 2p [43, 55], 3q27.3 [14], 4p [43],
15q [51, 55], and 20p12-q13 [51].

It has been demonstrated that chromosomal gains or losses in the most frequently altered
regions in BL, such as 1cen-q22, 1q31-q32, 7q22-qter, 8q24-qter, 13q31-q32, and 17p13-pter,
influence changes in locus-specific gene expression levels of many genes that probably are
associated with pathogenesis of BL. For example, the chromosomal region 1q showed in‐
creased gene expression levels in cases with gains, and correlates with the expression of
germinal center-associated genes. By contrast, genetic losses in the chromosomal region 17p13
lead to a down regulation of genes located in this region, not only TP53, but also many other
genes such as AURKB, that may influence the biological behavior as a consequence of deregu‐
lated expression [53].
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(Mb)*
Candidate genes Reference

Gain 22 q11.1-q11.23 21.888 ptel 23.563
277 genes telomeric (5') of BCR,

including 5' region of BCR
[75, 85]

* Assembly GRCh37/hg19 from Genome Reference Consortium

Table 1. Recurring regions of copy number alteration reported in ALL and involved genes with known or putative
roles on leukemogenesis and cancer.

The average number of CNAs per ALL case is usually low, suggesting that this disease is not
characterized by inherent genomic instability. This has been shown in a large SNP arrays study
performed on pediatric ALL cases (B-progenitor and T-lineage). It allowed to identify a
relatively low number of CNAs in ALL -a mean of 6.5 lesions per case- indicating that gross
genomic instability is not a feature of most ALL cases [75, 85], although it is higher that the
number of genomic changes in myeloid malignancies. Furthermore, similar studies have found
4.2 lesions per case in the precursor B-cell childhood ALLs (3.1 losses and 1.1 gains), and 2.6
lesions per case in the T-ALLs (1.7 losses and 0.9 gains) [80].

In spite of the large number of novel alterations, most of them have been focal deletions (less
than a megabase) that involve only one or a few genes in the minimal region of genetic
alteration. Apart from high hyperdiploid ALL, gains of DNA have been specifically uncom‐
mon and a few of them were focal gains [75, 85].

The pattern and number of CNAs is similar in the genetic ALL subtypes. Notably, less than
one deletion per case was observed in MLL-rearranged ALL, typically presenting early in
infancy. Therefore it has been suggested that a few additional genetic lesions are required for
inducing leukemia. In contrast, other ALL subtypes such as ETV6-RUNX1 and BCR-ABL1,
typically presenting later than childhood, had over 6 copy number alterations per case, and
some cases had over 20 lesions. These results are consistent with the concept that the initiating
translocations are developed early in childhood, previous to clinically manifest leukemia
(particularly for ETV6-RUNX1 leukemia). Additional lesions are subsequently required for
establishment of the leukemic clone. The deletion of IKZF1 is also a lesion in BCR-ABL1 ALL,
but it is exceptionally uncommon in ETV6-RUNX1 ALL [75, 76, 85-87].

High-resolution genomic profiling studies in childhood ALL also reveals recurrent genetic
lesions, affecting genes with an established and critical role in leukemogenesis such as
CDKN2A, ETV6 (TEL), RUNX1 (AML1) and other genes, such as MLL, that are used to stratify
the patients [80]. Furthermore, many of these recurrent CNA were different between B-ALL
and T-ALL subtypes. For example, deletions involving ADD3, C20orf94, ERG, ETV6, the fragile
histidine triad gene FHIT, TBL1XR1, and a histone cluster at 6p22 were common in B-ALL but
rare in T-ALL, whereas deletion of CDKN2A/B (9p21), are more frequent in T-ALL (72%-90%)
than B-ALL (34%) [11, 76, 85].

Leukemia16

4.2. CNA in T-ALL

Genome-wide profiling in T-ALL has been used to identify copy number alterations accom‐
panying novel structural abnormalities, such as the NUP214-ABL1 and SET-NUP214 fusion
genes. The amplification on extrachromosomal episomes of ABL1 has been associated with the
cryptic fusion of NUP214 to ABL1 gene, in around 6% of individuals with T-ALL. This fusion
gene triggers the constitutive expression of the chimeric protein tyrosine kinase NUP214-
ABL1 and it is sensitive to the tyrosine kinase inhibitor imatinib. This amplification could
improve outcome or decrease treatment-related morbidity of T-ALL cases, but large studies
are needed to confirm these results [88]. Moreover, the cryptic and recurrent deletion, del(9)
(q34.11q34.13), in pediatric T-ALL cases, results in a conserved SET-NUP214 fusion product,
that contribute to T-ALL pathogenesis by inhibition of T-cell maturation by the transcriptional
activation of the HOXA genes [89].

Using SNP, BAC, or oligo-array CGH platforms, focal deletions have also identified in T-ALL,
leading to deregulated expression of TAL1 [85] and LMO2 [90]; deletions of the RB1 [85];
deletion and mutation of PTEN [85, 91]; deletion or mutation of the U3 ubiquitin ligase FBXW7
[92]; and duplications of the protooncogene MYB, present in about 8% of T-ALL cases, that
occur in combination with other genetic rearrangements contributing to T-cell differentiation
arrest (TAL/LMO, TLX1, TLX3, HOXA) [68, 75, 93].

4.3. CNA in BL

High rates of CNAs have been reported in BL. CNAs have been observed in 65% [53] and 76%
[43] of BL cases by conventional CGH. CNAs have been reported in 54% and 100% of BL
patients by oaCGH and aSNP respectively [14, 55]. In addition, high-resolution molecular
inversion probe (MIP) SNP assay have been reported 64% of CNAs in BL [94].

CGH and aCGH studies on cases of BL have shown that the increased number of gains and
losses are significantly associated with shorter survival [43]. Gains are more frequent than
losses in a range from 52% to 65% [14, 53, 94]. These studies have reported gains on chromo‐
somes 1q, 7, 8q, 12, 13, 22 and Xq and losses in 6q, 13q, 14q, 17p, and Xp [14, 15, 43, 51, 53-55,
94, 95]. Some studies have also identified cases with gains on 2p [43, 55], 3q27.3 [14], 4p [43],
15q [51, 55], and 20p12-q13 [51].

It has been demonstrated that chromosomal gains or losses in the most frequently altered
regions in BL, such as 1cen-q22, 1q31-q32, 7q22-qter, 8q24-qter, 13q31-q32, and 17p13-pter,
influence changes in locus-specific gene expression levels of many genes that probably are
associated with pathogenesis of BL. For example, the chromosomal region 1q showed in‐
creased gene expression levels in cases with gains, and correlates with the expression of
germinal center-associated genes. By contrast, genetic losses in the chromosomal region 17p13
lead to a down regulation of genes located in this region, not only TP53, but also many other
genes such as AURKB, that may influence the biological behavior as a consequence of deregu‐
lated expression [53].
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4.4. CNA analysis of paired diagnostic and relapse ALL samples

Detailed comparative analysis of paired diagnostic and relapse ALL samples, using high
resolution genomic profiling, have showed the next findings: i) frequent changes in DNA copy
number abnormalities have been observed at relapse, ii) there are loss of copy number lesions
present at diagnosis in ALL relapse samples, and acquisition of new additional (secondary)
lesions in the relapse samples in nearly all analyzed patients, iii) deletions were more common
than gains about newly acquired copy number abnormalities in the relapse samples. These
data support the clonal evolution in ALL. The pattern of deletions on the antigen receptor loci
was comparable between relapse and diagnosis, suggesting the emergence of a related
leukemic clone, rather than the development of a distinct second leukemia. It should be noted
that several cases were found in which the diagnosis and relapse samples carrying alternative
lesions affecting the same gene(s), including CDKN2A and PAX5, suggesting that the inacti‐
vation of these genes were secondary but essential events required to develop a full-blown
leukemia. Additionally, genomic abnormalities distinct from those presented at diagnosis has
been identified lately, involved genes such as, IKZF1, IKZF2, IKZF3, RAG, ADD3, ETV6, BTG1,
DMD and IL3RA/CSF2RA, suggesting that they confer a selective advantage and resistance to
therapy in ALL [75, 96, 97].

These findings indicate that relapse is frequently the result of the emergence of a leukemic
clone that shows significant genetic differences from the diagnostic clone. Whether these
represent rare clones at the time of diagnosis or are the emergence of new clones should be
further investigated [96].

5. Somatic mutations in acute lymphoblastic leukemia

Genome-wide  profiling  of  DNA  copy  number  alterations  (CNA)  coupled  with  focused
candidate  gene  resequencing  has  identified  novel  genetic  alterations  in  key  signaling
pathways  in  the  pathogenesis  of  both  B-progenitor  and  T-ALL.  These  findings  are
associated with leukemogenesis, treatment outcome in ALL, and are being exploited in the
development of new therapeutic approaches and in the identification of markers of poor
prognosis [72, 98].

5.1. Gene mutations in BCP-ALL

Somatic mutations in several genes are present in BCP-ALL. These mutations have identified
in genes which are involved in RAS signaling (48%), B-cell differentiation and development
(18%), JAK/STAT signaling (11%), TP53/RB1 tumor suppressor (6%) and noncanonical
pathways and in other/unknown genes (17%) [72]. The incidence of the most recurrently
mutated genes in ALL is described in the Table 2.

The frequency of alterations in the TP53/RB1, RAS, and JAK signaling pathways is much
higher in High Risk B-Precursor Childhood Acute Lymphoblastic Leukemia (HR B-ALL)
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BCP-ALL

Pathway Gene Frequency Reference

RAS signaling

NRAS 17%

[72]

KRAS 16%

FLT3 7%

PTPN11 5%

NF1 3%

B-cell differentiation and development pathway
PAX5 15%

IKZF1 (IKAROS) 3%

JAK/STAT signaling
JAK1 2%

JAK2 9%

TP53/RB1 pathway

TP53 4%

RB1 1%

CDKN2A/CDKN2B 1%

Others

TBL1XR1 2%

ETV6 4%

CREBBP 2%

Unknown genes 9%

T-ALL

Pathway Gene Frequency Reference

Cell cycle defects
CDKN2A/CDKN2B 96%

[18]

TP53, RB, p27 4%

Differentiation impairment

TAL1 plus LMO1/2 39%

LYL plus LMO2 20%

TLX1 7%

TLX3 20%

HOXA10/11 7%

PICALM-MLLT10 5-10%

MLL-fusions 4%

TAL2 <1%

Proliferation and survival

ABL1-fusions 8%

NRAS 5%

FLT3 5%

LCK <1%

ETV6-PBL2 <1%

ETV6-JAK2 <1%

PTEN <1%

Unknown genes "/>78%

Self-renewal capacity
NOTCH 56%

Unknown genes "/>44%

Table 2. Frequency of the different mutations observed in ALL.
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cohort than reported for unselected pediatric B-precursor ALL patients. In this subgroup
of  patients  have  been  recently  proposed  new  targeted  therapeutics,  such  as  the  RAS/
MAPK signaling pathway [98].

5.1.1. Ras signaling

Deregulation of the RAS-RAF-mitogen-activated protein kinase/extracellular signal-regulat‐
ed kinase  (ERK)  kinase  (MEK)-ERK  signaling  cascade is  often  caused by  somatic  muta‐
tions in genes encoding proteins that influence the activity of this pathway, such as NRAS,
KRAS2, FLT3, PTPN11, and BRAF [99]. As observed in myeloid malignancies, up-regulat‐
ed RAS signaling, due to mutations in RAS genes or in genes coding for proteins control‐
ling RAS  function, represent a major pathway driving the aberrant growth of malignant
B-cell precursors [100].

In BCP-ALL, a number of associations with other genetic changes are already known, such as
the link between mutations of genes within the RAS signaling pathway and high hyperdi‐
ploidy [79, 99, 101]. These mutations have been found in ~60% of high hyperdiploid childhood
cases ALL. They are invariably mutually exclusive, and additional cooperative genetic events
in this subgroup of patients [99, 101, 102].

5.1.1.1. NRAS and KRAS

RAS genes are part of the small GTPase family and consist of three separate genes, NRAS,
KRAS2, and HRAS. HRAS is rarely mutated in hematologic tumors and is expressed at a low
level compared to the other two isoforms in the hematopoietic cells in leukemia [102]. The RAS
proteins activate several downstream pathways to promote proliferation, differentiation,
survival, and apoptosis, depending on cellular conditions [102].

Mutations  in  NRAS  and KRAS  have been recognized as  a  recurring molecular  event  in
childhood ALL,  with  a  reported incidence of  between 15% and 30% [98,  100,  102].  The
incidence and spectrum of  mutations at  diagnosis  and relapse are  similar,  although the
presence  is  not  a  significant  risk  factor  [99,  101].  Moreover,  it  has  not  been  found any
association  of  RAS  mutation  with  an  adverse  clinical  outcome  [103].  The  presence  or
number of mutations in the RAS signaling pathway have not been associated with relapse-
free survival [98].

5.1.1.2. FLT3

Activating mutations in the receptor tyrosine kinase FLT3 have been identified in approxi‐
mately 20-25% of hyperdiploid and MLL-rearranged ALL samples [9, 104]. This observations
supports the idea that the activation of tyrosine kinases as potential oncogenes in hyperdiploid
ALL, as well as that leukemogenic fusion proteins such as MLL fusions cooperate with
activated kinases to promote leukemogenesis [9]

Furthermore, small molecule tyrosine kinase inhibitors have activity against MLL-rearranged
and hyperdiploid ALL with activating mutations in FLT3. Therefore FLT3 inhibitors are
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validated as a potential therapeutic target in this leukemia [9]. The presence of FLT3 mutations
in those patients with relapsed ALL harbored these alterations at diagnosis, suggested that
FLT3 inhibition could represent a therapeutic opportunity in at least a subset of patients with
relapsed ALL [104].

5.1.1.3. PTPN11

PTPN11 encodes SHP2, a protein tyrosine phosphatase that positively controls RAS function.
Somatic missense mutations in PTPN11 cause SHP2 constitutive activation and enhance
signaling through the mitogen-associated protein (MAP) kinase pathways [5].

PTPN11 mutations occur in approximately 6 to 7.3% of children with B-cell precursor ALL [5,
100]. Although PTPN11 defects have been negatively associated with most of the gene
rearrangements (TEL-AML1, E2APBX1, BCR-ABL, and AF4-MLL), and other gene lesions
(NRAS and KRAS2), it has been observed higher prevalence of PTPN11 mutations in children
and adolescents with hyperdiploid DNA content [100].

PTPN11 mutations have been observed at disease presentation but are undetectable at
remission, supporting the presence of the mutated gene in the leukemic clone and role of
PTPN11 lesions in leukemogenesis. Nevertheless, the prognostic significance of these muta‐
tions remains unknown [100].

5.1.1.4. BRAF

The BRAF gene, a member of RAF family, intermediates downstream in the RAS/RAF/MAP
kinase pathway. This gene has been described mutated in most of hairy cell leukemias, but is
less frequently mutated in acute leukemias, indicating that the RAS-RAF kinase pathway in
some leukemias may be desregulated by somatic mutations of BRAF [105].

Mutations in BRAF have been reported with a frequency of 20% in B-cell ALLs cases [105, 106].
BRAF is expressed in hematopoietic cells, and the expression of activated BRAF could relieve
the cytokine dependence and could result in the transformation of hematopoietic cells [105].
The functional significance of the most of the BRAF mutations is unknown, though all
mutations are located within the kinase activation domain of BRAF [106]. Therapies that target
RAS-RAF-MEK-ERK-MAP kinase pathway would be very valuable in treating tumors with
activating mutations of BRAF [105].

5.1.2. B-cell differentiation and development pathway

5.1.2.1. PAX5

PAX5 (paired box 5) encodes a transcription factor which is known as B-cell specific activator
protein. This protein plays a key role in B-cell commitment by activating essential components
of B-cell receptor signaling and repressing the transcription of genes that are necessary for T-
lymphopoiesis [107]. PAX5 is the most common transcription factor which is altered in both
children and adults B-ALL (32% of cases) [108]. Alterations of PAX5, including deletions, focal
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amplifications, novel translocations, and sequence mutations, have not influence treatment
outcome [107].

By SNP arrays, monoallelic deletion of PAX5 has been observed in about 30% of children and
adults with B-ALL, resulting in loss of PAX5 protein expression or in the production of a PAX5
isoform lacking the DNA binding domain and/or transcriptional regulatory domain [107,
109]. It has been demonstrated that the PAX5 deletions are present in a dominant leukemic
clone, consistent with a role in leukemogenesis during the establishing the leukemic clone [85,
110].

By sequencing, inactivating mutations of PAX5 have been observed between 7–30 % of B-ALL
cases [107]. These somatically acquired mutations have different patterns of alterations among
some genetic subtypes of pediatric ALL [85]. The most point mutations of PAX5 are hemizy‐
gous reducing or inhibiting normal PAX5 functional activity [85].

Inactivating point mutations in PAX5 have more effect on the intracellular transcriptional
network within primary leukemic cells. These mutations are clustered in exons encoding the
DNA-binding or transcriptional regulatory domains, which leads to lose or to alter DNA-
binding or transcriptional regulatory function [85].

Chromosomal translocations PAX5 are relatively rare, occurring in 2.5% of B-ALL cases; it has
been reported at least 12 different fusion partners including transcription factors, structural
proteins, and protein kinases (e.g. ETV6, ENL, FOXP1, ZNF521, PML, C20ORF112, AUTS2,
JAK2, POM121, HIPK1, DACH1, LOC392027, SLCO1B3, ASXL1, and KIF3B) [107, 111].

In PAX5 rearrangements, the DNA binding domain of PAX5 and/or a variable amount of the
C-terminal trans-activating domains are fused to functional domains of the partner genes,
resulting in a loss of PAX5 function rather than in a gain of functional elements [107, 110]. The
fusion proteins may also influence the expression of genes which are normally regulated by
the partner protein, each of which has been implicated in B-cell development or hematopoietic
malignancies [85].

5.1.2.2. IKZF1 (IKAROS)

IKZF1 has been established as one of the most clinically relevant genes in pathogenesis of
ALL, because it plays a key role in tumor suppression in pediatric B-cell ALL and in high-
risk B-cell ALL [112]. Deletions or mutations of this gene have been described in 15% of
all  pediatric  B-ALL.  However  the  incidence  in  BCR-ABL  ALL  is  higher  (80%)  and  is
associated with a poor outcome. In addition, recent genomic profiling studies (GEP) have
produced strong evidence that IKAROS  plays a key role in tumor suppression in pedia‐
tric  B-cell  ALL and in  high-risk  B-cell  ALL.  Thus the  GEP of  ALL cases  with  losses  in
IKZF1 is similar to the observed in BCR-ABL1 positive ALL [112]. Further studies, in larger
series  of  patients,  are  needed  to  assess  the  clinical  value  of  the  deletion/mutations  in
IKAROS in the other subtypes of ALL.
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5.1.3. JAK/STAT signaling

5.1.3.1. JAK

Activating mutations involving the pseudokinase and kinase domains of Janus kinases
(primarily JAK2, but also JAK1 and JAK3) have been reported in 10% of BCR-ABL1-negative
high-risk pediatric ALL cases [86, 98, 113]. The childhood high-risk ALL cases, which harbor
activating mutations JAK, have a gene-expression profile similar to BCR-ABL1 pediatric ALL
("BCR-ABL1–like" -Ph-like), and are associated to a poor outcome [98].

These mutations are transforming in-vitro, and trigger constitutive JAK-STAT activation of the
mouse Ba/F3 hematopoietic cell line expressing the erythropoietin receptor transduced with
mutant JAK alleles [108]. This transformation is abrogated by pharmacologic JAK1/2 inhibitors,
suggesting that these agents may be a useful approach for treating patients harboring these
mutations [108, 113].

The presence of JAK mutations have been associated with concomitant IKZF1 and CDKN2A/B
alterations, suggesting that genetic lesions target multiple cellular pathways, including
lymphoid development (IKZF1), tumor suppression (CDKN2A/B), and activation of tyrosine
kinase signaling (BCR-ABL1, JAK, or other kinase mutations) that cooperate to induce aggres‐
sive lymphoid leukemia in high-risk BCR-ABL1-ALL [113].

Particularly, gain-function mutations in JAK2 are a common molecular event which is present
about 18% of ALL Down’s syndrome (DS-ALL) cases [114]. These findings suggest that JAK2
inhibition might be a useful therapeutic approach in JAK2-mutated acute ALL associated with
Down syndrome, because children with DS-ALL are especially sensitive to toxic effects of
conventional chemotherapy [115].

5.1.3.2. Mutations in JAK regulators. CRLF2 and IL7R

CRLF2 encodes cytokine receptor–like factor 2 (also known as TSLPR-thymic stromal lym‐
phopoietin receptor), a lymphoid signaling receptor molecule that forms a heterodimeric
complex with interleukin-7 receptor alpha (IL7R) and binds TSLP [116]. CRLF2-mediated
signaling promotes B lymphoid survival and proliferation [117].

Signaling from the TSLP receptor activates signal transducer and activator of transcription
(STAT5) by phosphorylation of JAK1 and JAK2 through association with IL-7R and CRLF2,
respectively [118]. Genetic alterations dysregulating CRLF2 expression may contribute to the
pathogenesis of ALL [117], by induced activation of STAT proteins, especially STAT5 and
STAT1 [119].

CRLF2 rearrangements, such as IGH@-CRLF2 or P2RY8-CRLF2 fusion, are present in up to 60%
of children with Down Syndrome ALL (DS-ALL) and about 10–15% of high-risk BCR-ABL1
negative childhood and adult ALL [22]. In both DS-ALL and non-DS-ALL, approximately half
of CRLF2 rearranged cases have concomitant activating JAK mutations (the most common in
JAK2 but occasionally in JAK1), suggesting that the two alterations cooperate downstream in
the signal transduction and transformation [108, 116].
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5.1.3.1. JAK

Activating mutations involving the pseudokinase and kinase domains of Janus kinases
(primarily JAK2, but also JAK1 and JAK3) have been reported in 10% of BCR-ABL1-negative
high-risk pediatric ALL cases [86, 98, 113]. The childhood high-risk ALL cases, which harbor
activating mutations JAK, have a gene-expression profile similar to BCR-ABL1 pediatric ALL
("BCR-ABL1–like" -Ph-like), and are associated to a poor outcome [98].

These mutations are transforming in-vitro, and trigger constitutive JAK-STAT activation of the
mouse Ba/F3 hematopoietic cell line expressing the erythropoietin receptor transduced with
mutant JAK alleles [108]. This transformation is abrogated by pharmacologic JAK1/2 inhibitors,
suggesting that these agents may be a useful approach for treating patients harboring these
mutations [108, 113].

The presence of JAK mutations have been associated with concomitant IKZF1 and CDKN2A/B
alterations, suggesting that genetic lesions target multiple cellular pathways, including
lymphoid development (IKZF1), tumor suppression (CDKN2A/B), and activation of tyrosine
kinase signaling (BCR-ABL1, JAK, or other kinase mutations) that cooperate to induce aggres‐
sive lymphoid leukemia in high-risk BCR-ABL1-ALL [113].

Particularly, gain-function mutations in JAK2 are a common molecular event which is present
about 18% of ALL Down’s syndrome (DS-ALL) cases [114]. These findings suggest that JAK2
inhibition might be a useful therapeutic approach in JAK2-mutated acute ALL associated with
Down syndrome, because children with DS-ALL are especially sensitive to toxic effects of
conventional chemotherapy [115].

5.1.3.2. Mutations in JAK regulators. CRLF2 and IL7R

CRLF2 encodes cytokine receptor–like factor 2 (also known as TSLPR-thymic stromal lym‐
phopoietin receptor), a lymphoid signaling receptor molecule that forms a heterodimeric
complex with interleukin-7 receptor alpha (IL7R) and binds TSLP [116]. CRLF2-mediated
signaling promotes B lymphoid survival and proliferation [117].

Signaling from the TSLP receptor activates signal transducer and activator of transcription
(STAT5) by phosphorylation of JAK1 and JAK2 through association with IL-7R and CRLF2,
respectively [118]. Genetic alterations dysregulating CRLF2 expression may contribute to the
pathogenesis of ALL [117], by induced activation of STAT proteins, especially STAT5 and
STAT1 [119].

CRLF2 rearrangements, such as IGH@-CRLF2 or P2RY8-CRLF2 fusion, are present in up to 60%
of children with Down Syndrome ALL (DS-ALL) and about 10–15% of high-risk BCR-ABL1
negative childhood and adult ALL [22]. In both DS-ALL and non-DS-ALL, approximately half
of CRLF2 rearranged cases have concomitant activating JAK mutations (the most common in
JAK2 but occasionally in JAK1), suggesting that the two alterations cooperate downstream in
the signal transduction and transformation [108, 116].

Genetics of Acute Lymphoblastic Leukemia
http://dx.doi.org/10.5772/55504

23



Furthermore, in high-risk ALL, IKZF1 alterations, CRLF2 rearrangement and JAK mutations
are frequently observed together. They are associated with very poor outcome, even with
current maximal intensive therapy [108, 117]. These leukemias may be sensitive to JAK
inhibitors, suggesting the potential for a targeted therapy. Thereby, detection of IKZF1,
CRLF2, and JAK mutations should be considered at diagnosis in childhood ALL [117].

Moreover, somatic mutations of Interleukin-7 receptor (IL7R) (the heterodimeric partner of
CRLF2) have been reported in pediatric B and T ALL. Some IL7R mutations have been observed
in both diagnosis and relapse, but other mutations have been only present in relapse, whereas
CRLF2 expression have been already described at diagnosis, suggesting that the IL7R mutation
may be a progression event [120]. Mutations of IL7R are gain-of-function mutations that
cooperate with CRLF2 to form a constitutively activated TSLP receptor. IL7R activating
mutations trigger cytokine-independent growth of progenitor lymphoid cells, and constitutive
activation of STAT and mTOR pathways [120].

5.1.4. TP53/RB1 pathway

Mutations of the tumor suppressor gene TP53 have been associated with resistance to treat‐
ment and worse prognosis of patients in several tumors. Alterations of the TP53 gene are
important at relapse in childhood ALL, in which they independently predict high risk of
treatment failure in a significant number of patients[121].

The presence of TP53 mutations is associated with a reduced response rate to reinduction
therapy. In addition, TP53 mutations correlate with a shortened duration of survival (from
time of relapse and from time of diagnosis), even after successful reinduction therapy [122].

The clinical significance of exclusive deletions might be explained by TP53 haploinsufficiency.
Moreover, an additional mutation appeared during or after relapse therapy in some relapse
patients with exclusive deletion and nonresponse to treatment or second relapse, indicating
outgrowth of fully TP53 altered clones that might contribute to the poor outcome [121].

5.2. Gene mutations in T-ALL

T-ALL has been associated with four different classes of mutations: (i) Affecting the cell cycle
(CDKN2A/CDKN2B); (ii) Impairing differentiation (HOX genes, MLL, LYL1, TAL1/2 and
LMO1/2); (iii) Providing a proliferative and survival advantage (LCK and ABL1); (iv) Providing
self-renewal capacity (NOTCH1) [10, 11, 18, 123]. The genes most recurrently mutated in T-
ALL are described in Table 2.

5.2.1. CDKN2A/CDKN2B

In up to 90% of ALL cases, the CDKN2A/2B genes, located in tandem at chromosome 9p21, are
inactivated by cryptic deletions, promoter hypermethylation, inactivating mutations or (post)-
transcriptional modifications. Homozygous or heterozygous inactivation of the genomic
CDKN2A and CDKN2B loci are the most frequent genetic abnormalities in T-ALL [124].
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Inactivation of CDKN2A and CDKN2B by homozygous deletion has been described in 65%
and 23% of T-ALL samples, respectively. Hemizygous CDKN2A and CDKN2B deletions are
observed in approximately 10% and 15% of the samples [18].

The haploinsufficiency or inactivation of these tumor suppressor genes are involved in the
development of T-ALL, because they not only promote uncontrolled cell cycle entry, but also
disable the p53-controlled cell cycle checkpoint and apoptosis machinery. Thus, RB1 and TP53
pathways have been identified as possible targets for therapy of T-ALL [10, 11, 18, 19, 123].

5.2.2. Tp53

The acquisition of mutations in TP53 has been described in T-cell lines and T-ALL patients
[123, 125]. The TP53 mutations are infrequent at diagnosis (5% of T-ALL cases) and tend to be
associated with poor clinical outcome [123]. Copy number and sequence alterations of TP53
have been observed in 6.4%-24% of patients with T-cell ALL relapse, suggesting the importance
of these alterations in the progression of the disease, in which they independently predict high
risk of treatment failure in a significant number of patients [121, 123].

5.2.3. NOTCH1

Gain-of-function mutations in NOTCH1 have been identified in more than 50% of T-ALL
samples resulting in constitutive NOTCH signaling [126]. They have been associated with a
favorable early treatment response [11, 127]. NOTCH1 is a transmembrane receptor that plays
a role in normal hematopoiesis as an early transcription factor and regulates self-renewal of
stem cells and lineage commitment of lymphoid progenitor cells towards T-cell development
[11, 128]. The intracellular NOTCH (ICN) released after proteolytic cleavage step of NOTCH1
mediates in the nucleus the expression of various target genes including HES1, HEY1, MYC,
PTCRA, DTX1 and members of the NFkB pathway. At the protein level, activation of NOTCH1
mutations could also cause phosphorylation of multiple signaling proteins in the mTOR
pathway [11]. NOTCH1 receptor is a promising target for drugs such as gamma-secretase
inhibitors which block a proteolytic cleavage required for NOTCH1 activation signaling
pathway [91].

The presence of subclonal duplications of the chromosomal region 9q34 are present in about
33% of pediatric T-ALL patients; the critical region encloses many genes including NOTCH1.
Although this duplication appears as an independent genetic event from both the episomal
NUP214-ABL1 amplification and the NOTCH1 mutations, it could induce subtle changes in
NOTCH1 expression levels and contribute to global NOTCH1 activation in T-ALL [11, 129].

5.2.4. FBXW7

F-box protein FBXW7 is an E3-ubiquitin ligase that regulates the half-life of other proteins
including CyclinE, cMYC and cJUN [11]. Heterozygous FBXW7 single mutations have been
identified in 8–30% of T-ALL patients, and usually are combined with NOTCH1 mutations
affecting the heterodimerization (HD) domain. FBXW7 mutations render FBXW7 inactive to
prime target proteins like NOTCH1 for proteosomal degradation, therefore these mutations
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represent an alternative mechanism for NOTCH1 activation in T-ALL [11]. The presence of
both FBXW7 and NOTCH1 mutations has been associated with good treatment response in T-
ALL patients [130].

5.2.5. JAK1

Somatic activating JAK1 mutations occur about 10-20% of adults with T-cell precursors ALL,
and have low prevalence in children and adolescents T-ALL [131]. JAK1 gene defects are
associated with a poor response to therapy, frequent relapse, and reduced overall survival,
identifying such mutations as a novel informative prognostic marker in adult T-ALL [132].

JAK1 gene encodes a cytoplasmic tyrosine kinase that it is noncovalently associates with a
variety of cytokine receptors and plays a nonredundant role in lymphoid cell precursor
proliferation, survival, and differentiation. T-cell origin with mutated JAK1 share a gene
expression signature which is characterized by transcriptional up-regulation of genes posi‐
tively controlled by JAK signaling [132].

Gain-of-function mutations in JAK1 may be concomitant with other genomic changes, such as
NOTCH1 defects. The activation of JAK1 and NOTCH1 transduction pathways might cooper‐
ate in T-ALL pathogenesis and/or progression [10, 19, 132].

5.2.6. PTEN

PTEN loss of function mutation and deletions occur in approximately 25% to 35% of cases of
T-cell ALL [98]. PTEN mutations and loss of PTEN protein could be also found as a secondary
event during disease progression, thereby it could represent a progression marker rather than
an initiating event in T-ALL [11].

The PTEN phosphatase has been identified as an important regulator of downstream (pre)TCR
signaling. It directly opposes the activity of the phosphor-inosital-3 kinase (PI3K) functioning
as a negative regulator of the oncogenic PI3K-AKT signaling [11, 133]. Inactivation of PTEN
has been associated with activation of the PI3K-AKT pathway resulting in enhanced cell size,
glucose uptake and proliferation [91]. Furthermore, the detection of abnormalities in the PTEN,
PI3K, and AKT genes in a large subset of primary T-ALL samples have demonstrated a
prominent role for oncogenic PI3K-AKT signaling in the pathogenesis of T-ALL [133].

Independent from activation following (pre)TCR stimulation, PTEN is negatively regulated
by NOTCH1 [11]. There are some small molecule inhibitors of γ-secretase (GSIs) which block
NOTCH1 activation in T-ALL cell lines with prototypical activating mutations in NOTCH1,
However some of them are GSI-resistant. This resistance to GSI action is mediated by molecular
abnormalities in signaling pathways that promote cell growth downstream of NOTCH1 [91].
It has been reported that mutational loss of PTEN is associated with human T-ALL resistance
to pharmacological inhibition of NOTCH1 performed by GSIs [91]. Therefore PTEN deletions
appeared to impart a high risk of induction failure with contemporary chemotherapy in T-
ALL patients [91]
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5.2.7. RAS

In T-ALL, activating RAS mutations have been identified only in 4–10% of cases without a
prognostic impact [98, 123, 134, 135]. Nevertheless, it has been identified an alternative RAS
activation mechanism in T-ALL cases with NF1 microdeletions on chromosome 17 without
clinical evidence for neurofibromatosis with mutations on the remaining NF1 allele. NF1 is a
negative regulator of the RAS signaling pathway. The presence of mutations on the remaining
NF1 allele, confirmed the potential NF1 inactivation as an alternative RAS activation mecha‐
nism in these T-ALL cases. Therefore, T-ALL patients with activated RAS could potentially
benefit from additional treatment with RAS inhibitors, such as farnesylthiosalicylic acid [11].

5.2.8. WT1

WT1 mutations is a recurrent genetic alteration in T-ALL. They are present in around 10% of
T-ALL both in childhood and adults [136]. These mutations are highly associated with direct
or indirect aberrant HOX genes expression in T-ALL cases with aberrant rearrangements of
the oncogenic TLX1, TLX3, and HOXA transcription factor oncogenes [137]. Survival analysis
have demonstrated that WT1 mutations do not confer adverse prognosis in either pediatric
and adult T-ALL cases [136].

5.2.9. Mutated genes in Early Thymic Progenitors (ETP)-ALL

A new T-ALL subgroup, which is defined by a specific gene expression profile and a charac‐
teristic immunophenotype (CD1a-, CD8-, CD5weak with expression of stem cell or myeloid
markers), has been recently described in pediatric T-ALL patients with poor outcome. This
subgroup likely originates from early thymic progenitors (ETP) and has been called ETP-ALL.
Recently, it has been described the high presence of FLT3 mutations in ETP-ALL [138] while
in T-ALL patients with a non-ETP immunophenotype are rare (1-3%). In some patients, these
mutations are only present in leukemic subclones [139, 140],, indicating that FLT3 mutations
may represent a T-ALL progression marker rather than an initiating event [11].

Moreover a recent study of whole-genome sequencing in ETP-ALL cases, has identified
activating mutations in genes regulating cytokine receptor and RAS signaling in 67% of cases
(NRAS, KRAS, FLT3, IL7R, JAK3, JAK1, SH2B3 and BRAF), inactivating lesions disrupting
hematopoietic development involving 58% of patients (GATA3, ETV6, RUNX1, IKZF1 and
EP300) and histone-modifying genes in 48% of patients (EZH2, EED, SUZ12, SETD2 and
EP300) [141]. The global transcriptional profile of ETP ALL was similar to normal and myeloid
leukemia hematopoietic stem cells. These findings could be related to the prognosis of ETP
ALL patients [141].

In summary, the recent development of the genome wide analysis has provided new and
critical knowledge of genetic changes in ALL. These new chromosomal imbalances and
mutations could provide new insights for the management of the disease that is still associated
with a dismal prognosis in the adult patients.
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1. Introduction

Extraordinary advances in the treatment outcome of childhood acute lymphoblastic leukemia
(ALL) rank as one of the most successful stories in the history of oncology, with the current
rate of approximately 80% of children being cured [1-5]. The improvements made have been
mainly due to the development of intensive multiagent chemotherapy, identification of clinical
and biologic variables predictive for outcome and their use in stratifying treatment, significant
advances in supportive care, and development of large-scale, highly disciplined multi-
institutional national and international clinical trials [6,7]. In spite of this success, there remains
place for improvement, including the development of better treatment for the minority of
patients who relapse, the development of less toxic therapy, and focusing attention on
screening and management of late effects that may potentially arise as a result of antileukemic
treatment [8,9].

2. Epidemiology

ALL is the most common childhood malignancy, accounting for close to 25% of all cancers in
children and 72% of all cases of pediatric leukemia [10,11]. ALL occurs at an annual rate of 3
to 4 cases per 100.000 children less than 15 years of age [12]. Approximately 3,000 children in
the United States and 5,000 children in Europe are diagnosed with ALL each year [13]. A sharp
peak in incidence is observed among children aged 2 to 5 years. Males are affected more often
than females except in infants, the difference being greater among pubertal children. There is
a geographic variation in the frequency of ALL. The incidence is lowest in North Africa and
the Middle East, and highest in the industrialized Western countries, suggesting that this may
reflect more exposure to environmental leukemogens [6]. Numerous investigators have
reported the occurrence of leukemic clusters in different geographic areas, thus pointing
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towards infectious and/or environmental causes of at least some cases of ALL [14-17]. Several
studies have suggested a link between maternal reproductive history and the risk of ALL. Fetal
loss is associated with a higher risk for ALL in subsequent children [18]. There is evidence that
increased in utero growth rates and Insulin Growth Factor (IGF) pathways play a role in the
development of ALL [19,20].

3. Pathogenesis

ALL represents the malignant proliferation of lymphoid cells blocked at early stages of
differentiation. Although a variety of hypotheses regarding potential pathogenic mechanisms
in the development of pediatric ALL have been described, the etiology for the overwhelming
majority of children with ALL remains unclear. The favored concept is that leukemogenesis
reflects a complex interaction between multiple genetic and environmental factors [21].

Genetic factors play a significant role in the etiology of ALL. Molecular techniques have
documented the presence of the same leukemia-specific genetic abnormalities in neonatal
blood Guthrie spots and stored cord blood as in diagnostic samples from children with ALL
[22]. This is evidence that important initiating events that contribute to leukemogenesis may
begin in utero [23,24]. Consistent with Knudson’s two-hit hypothesis [25], postnatal oncogenic
mutations may subsequently lead to clinically detectable leukemia [26]. Recent genome-wide
association studies have identified germline single nucleotide polymorphisms that predispose
subjects to development of ALL. The affected genes include ARID5B and IKZF, which are
involved in B-cell transcriptional regulation and differentiation [27,28].

The occurrence of familial leukemia has been reported, including aggregates within the same
generation or in several generations. Siblings of children with ALL have two- to four-fold
greater risk of developing the disease than unrelated children [29]. There is a higher risk for
ALL in identical twins. The overall concordance rate of ALL in monozygotic twins is estimated
to be as high as 25%, and is thought to be the result of shared in utero circulation [30]. Leukemias
with the (4,11) translocation and the MLL-AF4 fusion gene have a very high concordance rate
and a brief latency, while others may present with disease after a long latency period [31]. The
risk for ALL among both mono- and dizygotic twins is highest in infancy, diminishes with
age, and after the age of 7 years the risk to the unaffected twin approaches that for general
population [30].

Several constitutional chromosomal abnormalities and specific inherited syndromes have been
linked to childhood ALL. Children with Down syndrome (DS) are 10 to 20 times more likely
to develop ALL and acute myeloid leukemia (AML) than non-DS children [32]. ALL predom‐
inates in all but the neonatal age group, but the high incidence of AML (megakaryocytic) in
patients with DS under age 5 causes the overall ratio of ALL: AML to be close to 1:1 [33,34].
Higher risk of ALL is documented in children with Beckwith-Wiedeman syndrome, neurofi‐
bromatosis and Schwachman’s syndrome. Other underlying disorders may be chromosomal-
breakage syndromes such as ataxia-teleangiectasia, Bloom’s syndrome, Fanconi anemia, and
Nijmegen breakage syndrome [21].

Leukemia40

In addition to genetic influences, environmental factors including irradiation and certain
chemicals, viral infection and immunodeficiency may also play a role.

Exposure to ionizing radiation is linked to leukemia. The high incidence of leukemia is
documented in survivors of the atomic bomb explosions in Japan during World War II, ALL
being more frequent in children and AML in adults [35]. There is an increased risk of leukemia
in children exposed to diagnostic irradiation in utero, particularly during the first trimester [36].
The risk for developing leukemia from postnatal exposure to diagnostic radiography is
difficult to determine [37]. One study suggested 0.8% increased risk of leukemia in pediatric
orthopedic patients who required repeated diagnostic radiographs [38]. Therapeutic irradia‐
tion has been implicated as well. An increased ALL incidence is observed in neonates admin‐
istered irradiation to treat thymic enlargement and children who received scalp irradiation for
treatment of tinea capitis [6]. Conflicting results exist about the risk from exposure to electro‐
magnetic fields [39,40] and routine emissions from nuclear power plants [41,42].

With the exception of chronic postnatal exposure to household paints and paint solvents [43],
the role of other toxic chemicals in the development of childhood ALL is controversial. There
is strong evidence that chemotherapy, including alkylating agents and epipodophyllotoxins,
has leukemogenic potential, mostly causing secondary AML [44]. Other factors that may
potentially be involved in the development of childhood ALL include parental chemical
exposure. Maternal exposures to DNA-damaging agent dipyrone and baygon, indoor
insecticides, and pesticides in the garden have been linked to ALL [45]. The risk appears to be
enhanced by the presence of CYP-1A1m1 and CYP-1A1m2 polymorphisms [46]. Paternal
exposures to pesticides and fungicides, alcohol consumption, and smoking history have been
associated with ALL in offspring [47,48].

The role of viral infection in the pathogenesis of childhood leukemia has been studied
extensively. The interest has been due mainly to the overlapping age patterns of childhood
infection and peak incident ALL, documented viral etiology for some animal and human
cancers, and the seasonal variation in ALL incidence rates. Various associations have been
described between ALL and influenza, chicken pox, measles and mumps, happening either to
the mother during the pregnancy or to the index child [6]. The only common feature of these
studies is the lack of consistency. A possible inverse association with hepatitis A virus, as a
measure of general hygiene, has been shown [49]. Epstein-Barr virus (EBV) has been associated
with B-cell leukemia and endemic Burkitt lymphoma [50,51]. Since both EBV-positive and
EBV-negative B-cell leukemia/lymphoma have comparable gene rearrangements and postu‐
lated oncogenic mechanisms, it is doubtful that EBV is causative.

Children with various primary immunodeficiencies, including severe combined immunode‐
ficiency, X-linked agammaglobulinemia, and Wiskott-Aldrich syndrome, as well as those
receiving chronic treatment with immunosuppressive drugs, have an increased risk of
developing lymphoid malignancies predominantly lymphomas. ALL may occur but is
uncommon [6]. The development of malignancy in immunocompromised patients frequently
correlates with infection, whether it is de novo, reactivated, or chronic.
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4. Classification

It has long been recognized that ALL is a biologically heterogeneous disease. The classification
depends on characterizing leukemic lymphoblasts to determine the morphology, immuno‐
phenotype, and cytogenetic and molecular genetic features. Morphology alone usually is
adequate to establish a diagnosis but the other studies have a major influence on the choice of
optimal therapy and the prognosis.

4.1. Morphologic classification

A number of classification systems have been proposed to classify lymphoblasts morpholog‐
ically. Generally accepted is the system proposed by the European French-American-British
(FAB) Cooperative Working Group in 1976 [52]. The FAB system defines three categories of
lymphoblasts (Figure 1). L1 blasts are typically smaller with scant cytoplasm and inconspicu‐
ous nucleoli. L2 blasts are pleomorphic larger cells with more abundant cytoplasm and
prominent nucleoli. Lymphoblasts of L3 type, notable for deeply basophilic cytoplasm and
cytoplasmic vacuolization, are morphologically identical to Burkitt’s lymphoma cells contain‐
ing myc translocations [53]. Approximately 85% of children with ALL have predominant L1
morphology, 14% have L2, and 1% has L3.

With the exception of L3 subtype, these distinctions hold little practical value [54]. The recent
World Health Organization (WHO) International panel on ALL recommended that the FAB
classification be abandoned and advocated the use of the immunophenotypic classification
mentioned below [55]. The 2001 WHO scheme subdivided cases into precursor B-cell, precur‐
sor T-cell, and mature B-cell ALL (Table 1). The WHO classification was updated in 2008, and
has become worldwide accepted as based on the recognition of distinct diseases using a
multidisciplinary approach. It incorporates morphologic, biologic, and genetic information
into a working nomenclature that has clinical relevance [56].

4.2. Immunological classification

The development of monoclonal antibodies targeted to specific cell surface and cytoplasmatic
antigens has revolutionized biological classification of ALL. It has been recognized that ALL
subtypes correspond to distinct stage of lymphocyte maturation, but leukemia cells often
demonstrate aberrant antigen expression. Hence, a panel of antibodies is needed to establish
the diagnosis and to distinguish among the different immunologic subclasses of blasts [57].
Typical patterns are: CD19/CD22/CD79a (B-lineage), CD7/cytoplasmatic CD3 (T-lineage), and
CD13/CD33/CD65/MPO (myeloid) [58]. B-lineage ALL accounts for 80% of childhood ALL.
CD10 is commonly expressed on the cell surface, and this leukemic subset is referred to as
CALLA+ or common ALL. B-cell leukemias can be further subclassified as early pre-B, pre-B,
transitional pre-B and mature B. Mature B-cell ALL, which accounts for only 1-3% of pediatric
ALL is regarded as being synonymous with L3 morphological FAB type, and should be
differentiated from other B-lineage ALL. T-lineage ALL cases can be classified according to
the stages of normal thymocyte development that they resemble (early, mid-, or late thymo‐
cyte), or in some studies as pro-T, pre-T, cortical T or mature T [59,60]. The only distinctions
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of therapeutic importance are those between T-cell, mature B, and other B-lineage (B-cell
precursor) immunophenotypes [21]. The co-expression of myeloid antigens may occur on
otherwise typical lymphoblasts in 5% to 30% of childhood ALL (My+ ALL). Although once
thought to have an adverse prognosis, the presence of some myeloid-associated antigens in
cells that predominantly mark as lymphoblasts has no prognostic significance [61,62]. By
contrast, mixed-lineage leukemias represent a heterogeneous category of poorly differentiated
acute leukemias that possess characteristics of both lymphoid and myeloid precursor cells. In
biphenotypic leukemia a single dominant populations of blasts simultaneously coexpress both
lymphoid and myeloid antigens [63]. Bilineal or biclonal leukemia is acute leukemia with two

(A) 

(B) 

(C) 

Figure 1. FAB (French American and British) morphological classification of lymphoblasts. (A) L1 lymphoblasts. (B) L2
lymphoblasts. (C) L3 lymphoblasts.
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distinct population of blasts in a single patient [64]. „Lineage switch“ is the term used to
describe a conversion from one phenotype at diagnosis to a different phenotype during
therapy or at relapse. Mixed-lineage leukemias (biphenotypic, bilineal, and lineage switch)
represent only 3% to 5% of acute leukemias occurring in patients of all ages [6,65].

4.3. Genetic classification

The role of cytogenetics in determining the biologic basis of ALL has been widely recognized.
With the refinement of classic cytogenetic techniques, development of additional approaches
including polymerase chain reaction (PCR) and fluorescence in situ hybridization (FISH), and
merging with the molecular genetic techniques of spectral karyotyping (SKY) and comparative
genomic hybridization (CGH), alterations are detected in the leukemic cells of virtually all
pediatric ALL cases [66]. Cytogenetic abnormalities are important aspects of diagnosis, risk
assessment, treatment and prognosis in childhood ALL. Approximately 70 percent of pediatric
patients can be readily classified into therapeutically relevant subgroups based on cytogenetic
and molecular genetic changes [21]. Children with hyperdiploidy (> 50 chromosomes) and the
concurrent trisomies of chromosomes 4, 10, and 17 (“triple trisomies”) have a favorable
prognosis with a 5-year event-free survival (EFS) rate of 90% [67,68]. The presence of translo‐
cation t(12;21) is also associated with a superior EFS rate. It results in RUNX1-ETO fusion,
formerly known as TEL/AML1 based on the older names of the same genes fused by the
breakpoint [69,70]. Hyperdiploidy accounts for one-third of newly diagnosed B-precursor ALL
cases, and TEL-AML1 for additional 25%. By contrast, hypodiploidy (< 45 chromosomes) and
Philadelphia chromosome-positive (Ph+) ALL are associated with poor prognosis, with overall
EFS rates generally < 50%. Hypodiploid karyotype occurs in 6% to 9% cases of pediatric ALL.
The worst outcome is observed in children with near-haploid ALL (23 – 29 chromosomes),
with reported EFS rates of 25% [6,21,71]. Philadelphia chromosome is a small marker chro‐
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mosome present in 3% to 5% of pediatric ALL. Initially described as truncated chromosome
22, it was discovered as the result of a reciprocal translocation between c-ABL oncogene
sequences on chromosome 9 and “breakpoint cluster region” (BCR) gene on chromosome 22,
t(9;22)(q34;q11), resulting in the oncogenic BCR-ABL gene fusion [72]. Children with Ph+ ALL
tend to be older, have higher initial leukocyte counts, higher frequency of central nervous
system (CNS) leukemia, and respond poorly to conventional (non-tyrosine kinase inhibitor
inclusive) therapy [6]. Abnormalities of the MLL (mixed lineage leukemia) gene at 11q23, which
are seen in 5% to 10% of pediatric ALL and in up to 70% of infant leukemia, are another
unfavorable cytogenetic subgroup. MLL rearrangements involve more than 30 different
reciprocal translocations, with t(4;11)(q21;q23)(MLL-AF4) being the most frequent [73].

In the last decade, the application of new genome-wide screening techniques have led to the
discovery of many new genetic abnormalities in childhood ALL. The exact role of these
abnormalities in leukemogenesis, association with chemotherapy sensitivity or resistance and
with clinical response to therapy, as well as their role as potential therapeutic targets is yet to be
elucidated, but holds the promise of improving personalized therapy for every child with ALL.

5. Clinical presentation

Children with ALL often present with signs and symptoms that reflect bone marrow infiltra‐
tion with leukemic blasts and the extent of extramedullary disease spread. The duration of
symptoms may vary from days to months, frequently accumulating in a matter of days or
weeks, and culminating in some event that brings the child to medical attention. Most of
children have 3- to 4- week history of presenting symptoms. The initial presentation includes
manifestations of the underlying anemia – pallor, fatigue, exercise intolerance, tachycardia,
dyspnea, and sometimes congestive heart failure; thrombocytopenia – petechiae, purpura,
easy bruising, bleeding from mucous membranes; neutropenia – fever whether low- or high-
grade, infection, ulcerations of buccal mucosa. Anorexia is common, but significant weight
loss is infrequent. Bone pain is present in one-third of patients, particularly affects long bones,
and may lead to a limp or refusal to walk in young children. Bone pain reflects leukemic
involvement of the periosteum, bone infarction, or expansion of marrow cavity by lympho‐
blasts. Joint pain and joint swelling are rarely seen [74].

Physical examination may show enlarged lymph nodes, liver and spleen. It is a common
misperception that a significant lymphadenopathy and hepatosplenomegaly are hallmarks of
childhood ALL. In rare cases, predominantly in patients with T-cell ALL, respiratory distress
or signs of superior vena cava syndrome due to enlargement of mediastinal lymph nodes may
be presenting symptoms. CNS involvement occurs in less than 5% of children with ALL at
initial diagnosis. It usually presents with signs and symptoms of raised intracranial pressure
(headache, vomiting, papilledema) and parenchimal involvement (seizures, cranial nerve
palsies). Other rare sites of extramedullary invasion include heart, lungs, kidneys, testicles,
ovaries, skin, eye or gastrointestinal tract [6,21]. Such involvement usually occurs in refractory
or relapsed patients.
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distinct population of blasts in a single patient [64]. „Lineage switch“ is the term used to
describe a conversion from one phenotype at diagnosis to a different phenotype during
therapy or at relapse. Mixed-lineage leukemias (biphenotypic, bilineal, and lineage switch)
represent only 3% to 5% of acute leukemias occurring in patients of all ages [6,65].

4.3. Genetic classification

The role of cytogenetics in determining the biologic basis of ALL has been widely recognized.
With the refinement of classic cytogenetic techniques, development of additional approaches
including polymerase chain reaction (PCR) and fluorescence in situ hybridization (FISH), and
merging with the molecular genetic techniques of spectral karyotyping (SKY) and comparative
genomic hybridization (CGH), alterations are detected in the leukemic cells of virtually all
pediatric ALL cases [66]. Cytogenetic abnormalities are important aspects of diagnosis, risk
assessment, treatment and prognosis in childhood ALL. Approximately 70 percent of pediatric
patients can be readily classified into therapeutically relevant subgroups based on cytogenetic
and molecular genetic changes [21]. Children with hyperdiploidy (> 50 chromosomes) and the
concurrent trisomies of chromosomes 4, 10, and 17 (“triple trisomies”) have a favorable
prognosis with a 5-year event-free survival (EFS) rate of 90% [67,68]. The presence of translo‐
cation t(12;21) is also associated with a superior EFS rate. It results in RUNX1-ETO fusion,
formerly known as TEL/AML1 based on the older names of the same genes fused by the
breakpoint [69,70]. Hyperdiploidy accounts for one-third of newly diagnosed B-precursor ALL
cases, and TEL-AML1 for additional 25%. By contrast, hypodiploidy (< 45 chromosomes) and
Philadelphia chromosome-positive (Ph+) ALL are associated with poor prognosis, with overall
EFS rates generally < 50%. Hypodiploid karyotype occurs in 6% to 9% cases of pediatric ALL.
The worst outcome is observed in children with near-haploid ALL (23 – 29 chromosomes),
with reported EFS rates of 25% [6,21,71]. Philadelphia chromosome is a small marker chro‐
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mosome present in 3% to 5% of pediatric ALL. Initially described as truncated chromosome
22, it was discovered as the result of a reciprocal translocation between c-ABL oncogene
sequences on chromosome 9 and “breakpoint cluster region” (BCR) gene on chromosome 22,
t(9;22)(q34;q11), resulting in the oncogenic BCR-ABL gene fusion [72]. Children with Ph+ ALL
tend to be older, have higher initial leukocyte counts, higher frequency of central nervous
system (CNS) leukemia, and respond poorly to conventional (non-tyrosine kinase inhibitor
inclusive) therapy [6]. Abnormalities of the MLL (mixed lineage leukemia) gene at 11q23, which
are seen in 5% to 10% of pediatric ALL and in up to 70% of infant leukemia, are another
unfavorable cytogenetic subgroup. MLL rearrangements involve more than 30 different
reciprocal translocations, with t(4;11)(q21;q23)(MLL-AF4) being the most frequent [73].

In the last decade, the application of new genome-wide screening techniques have led to the
discovery of many new genetic abnormalities in childhood ALL. The exact role of these
abnormalities in leukemogenesis, association with chemotherapy sensitivity or resistance and
with clinical response to therapy, as well as their role as potential therapeutic targets is yet to be
elucidated, but holds the promise of improving personalized therapy for every child with ALL.

5. Clinical presentation

Children with ALL often present with signs and symptoms that reflect bone marrow infiltra‐
tion with leukemic blasts and the extent of extramedullary disease spread. The duration of
symptoms may vary from days to months, frequently accumulating in a matter of days or
weeks, and culminating in some event that brings the child to medical attention. Most of
children have 3- to 4- week history of presenting symptoms. The initial presentation includes
manifestations of the underlying anemia – pallor, fatigue, exercise intolerance, tachycardia,
dyspnea, and sometimes congestive heart failure; thrombocytopenia – petechiae, purpura,
easy bruising, bleeding from mucous membranes; neutropenia – fever whether low- or high-
grade, infection, ulcerations of buccal mucosa. Anorexia is common, but significant weight
loss is infrequent. Bone pain is present in one-third of patients, particularly affects long bones,
and may lead to a limp or refusal to walk in young children. Bone pain reflects leukemic
involvement of the periosteum, bone infarction, or expansion of marrow cavity by lympho‐
blasts. Joint pain and joint swelling are rarely seen [74].

Physical examination may show enlarged lymph nodes, liver and spleen. It is a common
misperception that a significant lymphadenopathy and hepatosplenomegaly are hallmarks of
childhood ALL. In rare cases, predominantly in patients with T-cell ALL, respiratory distress
or signs of superior vena cava syndrome due to enlargement of mediastinal lymph nodes may
be presenting symptoms. CNS involvement occurs in less than 5% of children with ALL at
initial diagnosis. It usually presents with signs and symptoms of raised intracranial pressure
(headache, vomiting, papilledema) and parenchimal involvement (seizures, cranial nerve
palsies). Other rare sites of extramedullary invasion include heart, lungs, kidneys, testicles,
ovaries, skin, eye or gastrointestinal tract [6,21]. Such involvement usually occurs in refractory
or relapsed patients.
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6. Laboratory findings

The first clue to a diagnosis of ALL is typically an abnormal result on a complete blood count.
An elevated white blood cell (WBC) count (> 10.000/mm3) occurs in approximately half of the
children, with 20% showing the initial WBC greater than 50.000/mm3. In other half of children
with ALL number of WBC can be normal or low. Peripheral blood smears show blasts in most
cases. In children with leukopenia, very few to none blasts are detected. Neutropenia is a common
finding and is associated with an increased risk of infection. Approximately 80% of children
present with anemia (hemoglobin < 10g/dL), which is usually normochromic and normocytic
with low number of reticulocytes. Thrombocytopenia (platelet count < 100.000/mm3) occurs in
75%  of  children  at  diagnosis.  Spontaneous  bleeding  appears  in  patients  with  less  than
20.000-30.000 platelets/mm3, but severe hemorrhage is rare, provided that fever and infection
are absent [6]. Rarely, transient pancytopenia may be the prodrome to childhood ALL.

To definitively establish the diagnosis of ALL, a bone marrow aspirate is generally necessary.
Leukemia should be suspected in children whose marrows contain more than 5% blasts, but
a minimum of 25% blast cells is required by the standard criteria before the diagnosis is
confirmed [6]. More recently proposed classification systems have lowered the blast cell
percentage to 20% for many leukemia types, and do not require any minimum blast cells when
certain morphologic and cytogenetic features are present [53]. Usually the marrow is hyper‐
cellular and characterized by a homogeneous population of leukemic cells. A bone marrow
aspirate may be difficult to obtain at the time of diagnosis. This is caused by the density of
blasts in the marrow, but may be due to marrow fibrosis, infarction or necrosis. In such cases,
bone marrow biopsy is required. Touch-preparation cytologic examination of the biopsy
specimen can be helpful when aspiration is not successful [21].

A variety of other abnormal laboratory findings are frequently seen in children with ALL at
diagnosis. Elevated serum uric acid levels reflect a high leukemic cells burden and the resultant
increased breakdown of nucleic acids. Most patients have an elevated lactic dehydrogenase
(LDH) level due to rapid cell turnover. The serum potassium level may be high in children
with massive cell lysis, often together with hyperuricemia. Hypercalcemia may result from
marked bone leukemic infiltration or from the production of an abnormal parathormone-like
substance. Serum hypocalcemia may be secondary to hyperphosphatemia, and calcium
binding phosphate released by lymphoblasts. Abnormal renal function from uric acid
nephropathy and renal leukemic infiltration may be present. Liver dysfunction due to
leukemic infiltration is usually mild regardless to the degree of hepatomegaly. Coagulation
abnormalities may be seen but are usually not a feature of the disease, apart from a minority
of patients presenting with disseminated intravascular coagulation [6].

Initial CNS involvement is found in fewer than 5% of children with ALL. CNS leukemia is
most often detected in an asymptomatic child with cytologic examination of cerebrospinal
fluid (CSF) after cytocentrifugation, revealing pleocytosis and the presence of blasts. Based on
CSF findings, CNS involvement in ALL is defined as follows: CNS-1 status describes a patient
with <5 WBC/mm3 and without detectable blasts in the diagnostic CSF, CNS-2 status is defined
as <5 WBC/mm3 and the presence of blasts, and CNS-3 status includes patients with ≥5 WBC/
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mm3 and blasts on CSF or cranial nerve involvement or presence of cerebral mass [6,75].
Traumatic lumbar puncture (TLP) is defined as CSF with >10 red blood cells (RBC)/mm3, with
or without blasts (TLP+ or TLP-) [76]. In case of TLP+, the following formula can be helpful in
defining the presence of CNS leukemia:

CSF WBC
CSF RBC >

Blood WBC
Blood RBC

In symptomatic children, intracranial pressure is usually increased, and proteinorrhachia and
hypoglycorrhachia are common [6,77].

7. Prognostic factors and risk classification

The identification of clinical and biologic features with prognostic value has become essential
in the design of modern clinical trials. It is common practice to assign patients into different
risk groups on the basis of prognostic factors, and to tailor treatment accordingly to the
predicted likelihood of relapse. However, there is disagreement between large cooperative
groups over the risk criteria and the terminology of defining prognostic subgroups.

Usually, childhood ALL cases are divided into standard-, intermediate- and high-risk group.
Factors most often included into risk stratification are: age at diagnosis, initial WBC count, sex,
race, the presence of extramedulary disease, blast immunophenotype and cytogenetics, early
response to induction therapy, and minimal residual disease (MRD) [78,79].

Age at diagnosis and initial WBC count are the two features universally accepted as prognostic
factors [12]. Children under 1 year and greater than 10 years of age (6 years in BFM study)
have a inferior prognosis compared with children in the intermediate age group. Infants with
ALL who are younger than 1 year at diagnosis have the worst prognosis [6]. There is a linear
relation between initial WBC count and outcome in children with ALL; those with WBC greater
than 50.000/mm3 are recognized as having poorer prognosis [62]. Certain biologic features, e.g.
T-cell ALL and infants with t(4;11), are associated with higher initial WBC counts. In most
studies, girls have better prognosis than boys. This is partly due to the risk of testicular relapse,
the higher incidence of T-immunophenotype and unfavourable DNA index in boys, but other
genetic and endocrine effects may be present [80]. The effect of race on prognosis has been
controversial, but some recent studies still report that American black children have slightly
poorer outcomes when compared with white children. Asian children with ALL fare slightly
better than white children [81]. The prognostic significance of cytogenetic factors and immu‐
nophenotype is discussed previously in the “Classification” section. Although early pre-B-cell
ALL has better prognosis and mature T-cell ALL has a worse survival, immunophenotype is
not an independent prognostic factor in the analyses of current trials [6]. Clinical features
indicating the extent of extramedullary disease, i.e. the degree of hepatosplenomegaly and
lymphadenopathy, presence of a mediastinal mass, and CNS disease at diagnosis, once
emerged as useful prognostic indicators, disappeared as the treatment improved.

The rapidity of response to initial therapy is one of the most important prognostic indicators.
BFM protocol uses the response in the peripheral blood to one week of systemic prednisone
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6. Laboratory findings

The first clue to a diagnosis of ALL is typically an abnormal result on a complete blood count.
An elevated white blood cell (WBC) count (> 10.000/mm3) occurs in approximately half of the
children, with 20% showing the initial WBC greater than 50.000/mm3. In other half of children
with ALL number of WBC can be normal or low. Peripheral blood smears show blasts in most
cases. In children with leukopenia, very few to none blasts are detected. Neutropenia is a common
finding and is associated with an increased risk of infection. Approximately 80% of children
present with anemia (hemoglobin < 10g/dL), which is usually normochromic and normocytic
with low number of reticulocytes. Thrombocytopenia (platelet count < 100.000/mm3) occurs in
75%  of  children  at  diagnosis.  Spontaneous  bleeding  appears  in  patients  with  less  than
20.000-30.000 platelets/mm3, but severe hemorrhage is rare, provided that fever and infection
are absent [6]. Rarely, transient pancytopenia may be the prodrome to childhood ALL.

To definitively establish the diagnosis of ALL, a bone marrow aspirate is generally necessary.
Leukemia should be suspected in children whose marrows contain more than 5% blasts, but
a minimum of 25% blast cells is required by the standard criteria before the diagnosis is
confirmed [6]. More recently proposed classification systems have lowered the blast cell
percentage to 20% for many leukemia types, and do not require any minimum blast cells when
certain morphologic and cytogenetic features are present [53]. Usually the marrow is hyper‐
cellular and characterized by a homogeneous population of leukemic cells. A bone marrow
aspirate may be difficult to obtain at the time of diagnosis. This is caused by the density of
blasts in the marrow, but may be due to marrow fibrosis, infarction or necrosis. In such cases,
bone marrow biopsy is required. Touch-preparation cytologic examination of the biopsy
specimen can be helpful when aspiration is not successful [21].

A variety of other abnormal laboratory findings are frequently seen in children with ALL at
diagnosis. Elevated serum uric acid levels reflect a high leukemic cells burden and the resultant
increased breakdown of nucleic acids. Most patients have an elevated lactic dehydrogenase
(LDH) level due to rapid cell turnover. The serum potassium level may be high in children
with massive cell lysis, often together with hyperuricemia. Hypercalcemia may result from
marked bone leukemic infiltration or from the production of an abnormal parathormone-like
substance. Serum hypocalcemia may be secondary to hyperphosphatemia, and calcium
binding phosphate released by lymphoblasts. Abnormal renal function from uric acid
nephropathy and renal leukemic infiltration may be present. Liver dysfunction due to
leukemic infiltration is usually mild regardless to the degree of hepatomegaly. Coagulation
abnormalities may be seen but are usually not a feature of the disease, apart from a minority
of patients presenting with disseminated intravascular coagulation [6].

Initial CNS involvement is found in fewer than 5% of children with ALL. CNS leukemia is
most often detected in an asymptomatic child with cytologic examination of cerebrospinal
fluid (CSF) after cytocentrifugation, revealing pleocytosis and the presence of blasts. Based on
CSF findings, CNS involvement in ALL is defined as follows: CNS-1 status describes a patient
with <5 WBC/mm3 and without detectable blasts in the diagnostic CSF, CNS-2 status is defined
as <5 WBC/mm3 and the presence of blasts, and CNS-3 status includes patients with ≥5 WBC/
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mm3 and blasts on CSF or cranial nerve involvement or presence of cerebral mass [6,75].
Traumatic lumbar puncture (TLP) is defined as CSF with >10 red blood cells (RBC)/mm3, with
or without blasts (TLP+ or TLP-) [76]. In case of TLP+, the following formula can be helpful in
defining the presence of CNS leukemia:

CSF WBC
CSF RBC >

Blood WBC
Blood RBC

In symptomatic children, intracranial pressure is usually increased, and proteinorrhachia and
hypoglycorrhachia are common [6,77].

7. Prognostic factors and risk classification

The identification of clinical and biologic features with prognostic value has become essential
in the design of modern clinical trials. It is common practice to assign patients into different
risk groups on the basis of prognostic factors, and to tailor treatment accordingly to the
predicted likelihood of relapse. However, there is disagreement between large cooperative
groups over the risk criteria and the terminology of defining prognostic subgroups.

Usually, childhood ALL cases are divided into standard-, intermediate- and high-risk group.
Factors most often included into risk stratification are: age at diagnosis, initial WBC count, sex,
race, the presence of extramedulary disease, blast immunophenotype and cytogenetics, early
response to induction therapy, and minimal residual disease (MRD) [78,79].

Age at diagnosis and initial WBC count are the two features universally accepted as prognostic
factors [12]. Children under 1 year and greater than 10 years of age (6 years in BFM study)
have a inferior prognosis compared with children in the intermediate age group. Infants with
ALL who are younger than 1 year at diagnosis have the worst prognosis [6]. There is a linear
relation between initial WBC count and outcome in children with ALL; those with WBC greater
than 50.000/mm3 are recognized as having poorer prognosis [62]. Certain biologic features, e.g.
T-cell ALL and infants with t(4;11), are associated with higher initial WBC counts. In most
studies, girls have better prognosis than boys. This is partly due to the risk of testicular relapse,
the higher incidence of T-immunophenotype and unfavourable DNA index in boys, but other
genetic and endocrine effects may be present [80]. The effect of race on prognosis has been
controversial, but some recent studies still report that American black children have slightly
poorer outcomes when compared with white children. Asian children with ALL fare slightly
better than white children [81]. The prognostic significance of cytogenetic factors and immu‐
nophenotype is discussed previously in the “Classification” section. Although early pre-B-cell
ALL has better prognosis and mature T-cell ALL has a worse survival, immunophenotype is
not an independent prognostic factor in the analyses of current trials [6]. Clinical features
indicating the extent of extramedullary disease, i.e. the degree of hepatosplenomegaly and
lymphadenopathy, presence of a mediastinal mass, and CNS disease at diagnosis, once
emerged as useful prognostic indicators, disappeared as the treatment improved.

The rapidity of response to initial therapy is one of the most important prognostic indicators.
BFM protocol uses the response in the peripheral blood to one week of systemic prednisone
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[78,82]. Others use the response in the bone marrow after one or two weeks of induction
therapy. Rapid early responders have the best EFS. Residual leukemia demonstrable in bone
marrow on day 14 of induction is an independent predictor of inferior outcome. Children who
do not achieve a complete remission (defined as <5% blasts in the bone marrow of normal
cellularity and the absence of other evidence of leukemia) within the usual 4- to 6- week
induction period have highest rate of relapse and shortened survival [6]. In recent years,
measurement of MRD is incorporated in many trials. Numerous techniques have been
developed to detect and quantify small amount of residual leukemic cells, with flow cytometry
being the most accessible (Fluorescence activated cell sorter „FACS” analysis) [83]. The
definition of remission status is also being re-examined in ongoing clinical trials. MRD levels
that are undetectable or less than 10-4 at the end of induction therapy (or preferably earlier) are
associated with the best prognosis. Conversely, day 29 induction MRD values of greater than
0.01% have a higher risk of relapse [84-86]. In the near future, gene expression profile analysis
could better define distinctive genetic subclasses in childhood ALL and identify genes which
may be responsible for leukemogenesis, thus leading to new targeted therapy strategies [87,88].

8. Differential diagnosis

The child with ALL typically presents with nonspecific symptoms. Thus, ALL may mimic a
variety of nonmalignant and other malignant conditions. The acute onset of bleeding tendency
may suggest immune thrombocytopenia. The latter disorder typically presents in an otherwise
well child with a history of a preceding viral infection, and normal hemoglobin value, WBC
count, and differential. Failure of other single cell lines, as seen in transient erythroblastopenia
of childhood and congenital or acquired neutropenia, may lead to a suspicion of leukemia.
ALL and congenital or acquired aplastic anemia may present with pancytopenia. The results
of bone marrow aspiration and/or biopsy usually distinguish these two diseases. Pediatricians
must also consider ALL in the differential diagnosis of patients presenting with hypereosino‐
philia which, in rare cases, has preceded the diagnosis of ALL or may be a presenting feature
of leukemia [89]. ALL presenting with hypereosinophilia must be differentiated from eosino‐
philic myeloid leukemia (AML M4Eo), which is strongly associated with alterations of
chromosome 16. Infectious mononucleosis and some other viral infections can be confused
with ALL. Detection of atypical lymphocytes in peripheral blood smear and serologic evidence
of Epstein-Barr or cytomegalovirus infection helps make a diagnosis. Children with pertussis
and parapertussis may present with marked leukocytosis and lymphocytosis, but the affected
cells are mature lymphocytes. Bone and joint pain in ALL may mimic juvenile rheumatoid
arthritis, rheumatic fever, or osteomyelitis. These presentations also can require bone marrow
aspirate if a treatment with steroids for suspected rheumatoid diseases is planned. Lastly, ALL
must be distinguished from acute myelogenous leukemia and small round cell tumors that
invade bone marrow including neuroblastoma, rhabdomyosarcoma, Ewing sarcoma, and
retinoblastoma, but these neoplasms usually have distinct other findings [6]. By contrast, in
the case of non-Hodgkin lymphoma (NHL) there may be marked overlap in clinical presen‐
tation. When staging NHL, by convention, more than 25% blast cells in the marrow establish
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the diagnosis of ALL, whereas a child with 5% to 25% blasts is classified as having stage IV
NHL [3].

9. Treatment

Pediatric ALL is a clonal heterogeneous disease with many distinct subtypes, and a uniform
approach to antileukemic treatment is no longer appropriate. Although the specific approaches
to various risk groups and the terminology describing the phases of therapy may vary between
clinical trials, the backbone of modern ALL treatment protocols consists of four or five main
treatment elements: remission-induction phase, early intensification, consolidation/CNS
preventive therapy, delayed intensification (sometimes divided into re-induction and re-
consolidation phases), and maintenance or continuation therapy targeted at eliminating
residual disease [21,90].

Induction Therapy. The first goal of antileukemic therapy is to induce a complete remission and
restore normal hematopoiesis. Intensive induction therapy improved the remission rate to
approximately 98%. Almost all protocols use glucocorticoid (prednisone/ dexamethasone),
vincristine and L-asparaginase as so-called three-drug backbone plus intrathecal therapy. It is
a matter of debate whether the addition of antracycline has an impact on the remission
induction rate and on the duration of remission [6,91,92]. A recent meta-analysis showed that
anthracyclines significantly reduced bone marrow relapse when added to standard therapy
but did not increase EFS due to the concomitant increased incidence of treatment related deaths
[91]. BFM protocols use prednisone as a single systemic agent in the first week of treatment
and this was shown to reduce tumor load in a controlled way to avoid metabolic complications
[93]. Most controversial in induction regimens is the choice of glucocorticoid, prednisone being
used more frequently. It appears that the use of dexamethasone results in a lower rate of bone
marrow and CNS relapse, which is probably due to higher free plasma levels and better CNS
penetration of the drug [94]. There are data, however, that dexamethasone leads to more acute
and long-term complications [95,96]. Three forms of L-asparaginase are available, each with
different pharmacologic and pharmacokinetic profile. The specific preparation, dose, route
and schedule of administration vary [97]. Pegylated form with relatively long half-life is less
immunogenic and less likely to develop neutralizing antibodies, and many study groups
incorporate PEG-asparaginase in current treatment protocols [98]. Failure of induction therapy
occurs in about 2% of children with ALL. This may be due to early death (most often caused
by infection or bleeding) or to chemoresistant leukemic cells. With institution of more intensive
therapy, the overall EFS for this minor non-responsive patient population is 30% to 40%
[99,100].

Early Intensification. With restoration of normal hematopoiesis, children in remission become
candidates for intensification therapy. The aim of early intensification therapy, administered
immediately after remission induction, is to eradicate residual leukemic cells [101,102]. There
is no consensus on the best regimens and their duration. BFM protocol uses a post-induction
course consisting of 6-mercaptopurine, cyclophosphamide, low-dose cytarabin plus intrathe‐
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[78,82]. Others use the response in the bone marrow after one or two weeks of induction
therapy. Rapid early responders have the best EFS. Residual leukemia demonstrable in bone
marrow on day 14 of induction is an independent predictor of inferior outcome. Children who
do not achieve a complete remission (defined as <5% blasts in the bone marrow of normal
cellularity and the absence of other evidence of leukemia) within the usual 4- to 6- week
induction period have highest rate of relapse and shortened survival [6]. In recent years,
measurement of MRD is incorporated in many trials. Numerous techniques have been
developed to detect and quantify small amount of residual leukemic cells, with flow cytometry
being the most accessible (Fluorescence activated cell sorter „FACS” analysis) [83]. The
definition of remission status is also being re-examined in ongoing clinical trials. MRD levels
that are undetectable or less than 10-4 at the end of induction therapy (or preferably earlier) are
associated with the best prognosis. Conversely, day 29 induction MRD values of greater than
0.01% have a higher risk of relapse [84-86]. In the near future, gene expression profile analysis
could better define distinctive genetic subclasses in childhood ALL and identify genes which
may be responsible for leukemogenesis, thus leading to new targeted therapy strategies [87,88].

8. Differential diagnosis

The child with ALL typically presents with nonspecific symptoms. Thus, ALL may mimic a
variety of nonmalignant and other malignant conditions. The acute onset of bleeding tendency
may suggest immune thrombocytopenia. The latter disorder typically presents in an otherwise
well child with a history of a preceding viral infection, and normal hemoglobin value, WBC
count, and differential. Failure of other single cell lines, as seen in transient erythroblastopenia
of childhood and congenital or acquired neutropenia, may lead to a suspicion of leukemia.
ALL and congenital or acquired aplastic anemia may present with pancytopenia. The results
of bone marrow aspiration and/or biopsy usually distinguish these two diseases. Pediatricians
must also consider ALL in the differential diagnosis of patients presenting with hypereosino‐
philia which, in rare cases, has preceded the diagnosis of ALL or may be a presenting feature
of leukemia [89]. ALL presenting with hypereosinophilia must be differentiated from eosino‐
philic myeloid leukemia (AML M4Eo), which is strongly associated with alterations of
chromosome 16. Infectious mononucleosis and some other viral infections can be confused
with ALL. Detection of atypical lymphocytes in peripheral blood smear and serologic evidence
of Epstein-Barr or cytomegalovirus infection helps make a diagnosis. Children with pertussis
and parapertussis may present with marked leukocytosis and lymphocytosis, but the affected
cells are mature lymphocytes. Bone and joint pain in ALL may mimic juvenile rheumatoid
arthritis, rheumatic fever, or osteomyelitis. These presentations also can require bone marrow
aspirate if a treatment with steroids for suspected rheumatoid diseases is planned. Lastly, ALL
must be distinguished from acute myelogenous leukemia and small round cell tumors that
invade bone marrow including neuroblastoma, rhabdomyosarcoma, Ewing sarcoma, and
retinoblastoma, but these neoplasms usually have distinct other findings [6]. By contrast, in
the case of non-Hodgkin lymphoma (NHL) there may be marked overlap in clinical presen‐
tation. When staging NHL, by convention, more than 25% blast cells in the marrow establish
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the diagnosis of ALL, whereas a child with 5% to 25% blasts is classified as having stage IV
NHL [3].

9. Treatment

Pediatric ALL is a clonal heterogeneous disease with many distinct subtypes, and a uniform
approach to antileukemic treatment is no longer appropriate. Although the specific approaches
to various risk groups and the terminology describing the phases of therapy may vary between
clinical trials, the backbone of modern ALL treatment protocols consists of four or five main
treatment elements: remission-induction phase, early intensification, consolidation/CNS
preventive therapy, delayed intensification (sometimes divided into re-induction and re-
consolidation phases), and maintenance or continuation therapy targeted at eliminating
residual disease [21,90].

Induction Therapy. The first goal of antileukemic therapy is to induce a complete remission and
restore normal hematopoiesis. Intensive induction therapy improved the remission rate to
approximately 98%. Almost all protocols use glucocorticoid (prednisone/ dexamethasone),
vincristine and L-asparaginase as so-called three-drug backbone plus intrathecal therapy. It is
a matter of debate whether the addition of antracycline has an impact on the remission
induction rate and on the duration of remission [6,91,92]. A recent meta-analysis showed that
anthracyclines significantly reduced bone marrow relapse when added to standard therapy
but did not increase EFS due to the concomitant increased incidence of treatment related deaths
[91]. BFM protocols use prednisone as a single systemic agent in the first week of treatment
and this was shown to reduce tumor load in a controlled way to avoid metabolic complications
[93]. Most controversial in induction regimens is the choice of glucocorticoid, prednisone being
used more frequently. It appears that the use of dexamethasone results in a lower rate of bone
marrow and CNS relapse, which is probably due to higher free plasma levels and better CNS
penetration of the drug [94]. There are data, however, that dexamethasone leads to more acute
and long-term complications [95,96]. Three forms of L-asparaginase are available, each with
different pharmacologic and pharmacokinetic profile. The specific preparation, dose, route
and schedule of administration vary [97]. Pegylated form with relatively long half-life is less
immunogenic and less likely to develop neutralizing antibodies, and many study groups
incorporate PEG-asparaginase in current treatment protocols [98]. Failure of induction therapy
occurs in about 2% of children with ALL. This may be due to early death (most often caused
by infection or bleeding) or to chemoresistant leukemic cells. With institution of more intensive
therapy, the overall EFS for this minor non-responsive patient population is 30% to 40%
[99,100].

Early Intensification. With restoration of normal hematopoiesis, children in remission become
candidates for intensification therapy. The aim of early intensification therapy, administered
immediately after remission induction, is to eradicate residual leukemic cells [101,102]. There
is no consensus on the best regimens and their duration. BFM protocol uses a post-induction
course consisting of 6-mercaptopurine, cyclophosphamide, low-dose cytarabin plus intrathe‐
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cal methotrexate. Other cooperative groups use different combinations of drugs which also
lower the amount of any remaining MRD in the bone marrow [21,93].

Consolidation/ Central Nervous System Preventive Therapy. The goal of the consolidation phase is
to continue to strengthen the remission in the bone marrow and to provide CNS prophylaxis.
The concept of CNS prophylaxis is based on postulates that CNS is a sanctuary site for leukemic
cells, which are undetected at diagnosis and are protected by the blood brain barrier from
systemic chemotherapy. CNS prophylaxis can be achieved by radiation (cranial or craniospi‐
nal), intrathecal chemotherapy, high dose systemic chemotherapy, or combinations of these
[103,104]. The occurrence of long-term neurologic and neuroendocrine sequelae, as well as the
risk of secondary CNS neoplasms, has limited the use of cranial irradiation to a selected group
of patients with an increased risk of CNS relapse [75]. Many current protocols use high-dose
systemic methotrexate (four doses are given biweekly) in parallel with intrathecal chemother‐
apy (either intrathecal methotrexate or triple IT: methotrexate with cytarabine and hydrocor‐
tisone). The doses of intrathecally administered drugs are based on age. Effective CNS
prophylactic regimens have reduced the incidence of isolated CNS relapse to less than 5% [6].

Delayed Intensification. Addition of a delayed intensification (DI) phase after standard induc‐
tion/consolidation therapy has improved outcome for children with ALL [4]. The intensity of
chemotherapy varies considerably depending on risk group assignment. DI mainly consists
of a late repetition of the initial remission induction and early intensification phases. A 7-week
DI was introduced with BFM studies in the 1980s, beginning at week 16 [105]. To minimize
the development of drug resistance, cytotoxic agents were altered: prednisone was replaced
with dexamethasone, doxorubicin was substituted for daunorubicin, and mercaptopurine was
replaced with thioguanine [21]. Together with other drugs used in this phase, the minimal
residual leukaemia cells may be further cleared up. American Children's Cancer Group
included BFM backbone and also demonstrated that DI, consising of reinduction and recon‐
solidation, improved treatment success [106,107]. Subsequent trials have focused on augment‐
ing DI for less favorable patient groups [108]. On most trials, children with very high-risk
features, treated with multiple cycles of intensive chemotherapy during the consolidation
phase, have been considered candidates for allogeneic stem cell transplantation in first
remission.

Maintenance Therapy. After the completion of 6 to 12 months of more aggressive treatment, lower
doses of cytotoxic drugs are used to prevent relapse. Maintenance or Continuation Therapy is
unique among therapies for malignancies. The aim of the maintenance phase is to further reduce
minimal residual cells that are not detectable with current techniques at this stage of treat‐
ment. Maintenance chemotherapy generally continues up to the time point of two or three years
after the diagnosis or after achievement of morphological remission. On some studies, boys are
treated longer than girls, while on others, there is no difference in the duration of treatment based
on gender. Reduction of the duration of maintenance to less than 2 years led to an increased
relapsed risk. However, patients with more aggressive leukemias who had received significant‐
ly more intensive treatment, have less benefit of maintenance therapy [21].

The usual maintenance regimen for children with ALL is a combination of mercaptopurine (6-
MP) administered daily and methotrexate (MTX) administered weekly. Doses are usually
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adapted according to leukocyte count, using a target of 2.000 to 3.000/mm3 [93]. There are large
individual differences in the doses that are tolerated or needed to achieve the target leukocyte
count. It has been shown that maintaining the highest tolerable dose of 6-MP and MTX leads
to a better outcome [21]. The effect of 6-MP is better when the drug is given in the evening and
without milk products [93,109]. The frequency of drug administration also may be associated
with the outcome. Children who receive maintenance therapy on a continuous rather than an
interrupted schedule have longer remissions. Compliance problems may diminish the efficacy
of maintenance therapy. Intensification of the maintenance by the administration of vincris‐
tine/dexamethasone pulses was shown to provide no extra benefit [110].

10. Relapsed ALL

Despite current intensive front-line therapies, approximately 20% of children with ALL
experience relapse, accounting for a large proportion of pediatric cancer patients [111]. Relapse
is defined as the reappearance of leukemic cells at any site in the body. It may be isolated event
at one site (medullary or extramedullary) or may be combined (medullary and extramedul‐
lary). Most relapsed leukemias retain their original immunophenotype and genotype, but
rarely another cell lineage (“lineage switch”) is observed. Molecular studies are helpful in
distinguishing lineage switch from secondary leukemia, which usually occurs years later [44,
112]. In general, relapsed leukemia is less responsive and requires much more intensive
treatments. Isolated extramedullary relapse is more favorable than bone marrow relapse [113].
Combined relapses have a better outcome compared to isolated medullary relapses; combined
relapses in fact tend to be later and to display better response to chemotherapy [3,74].

Medullary relapse. Bone marrow remains the most common site of relapse in pediatric ALL and
generally implies a poor prognosis for most patients. Later relapse is more favorable than
earlier relapse [114,115]. The definition of early versus late marrow relapse varies; many
groups define “early” as a marrow recurrence within 36 months from initial diagnosis, or as
less than 6 months after completing the initial treatment protocol [111]. The two approaches
to the treatment of medullary relapse are chemotherapy and hematopoietic stem cell trans‐
plantation (HSCT). For patients who receive only chemotherapy, a second course of CNS-
directed therapy should be administered to prevent subsequent CNS relapse [21]. With
aggressive multidrug reinduction therapy, second remission is achieved in 66% to 82% for
early B-lineage marrow relapse, and 90% to 95% for late B-lineage marrow relapse. Second
remission may be more elusive for relapsed T-cell disease. However, intensive relapse
regimens generally have not resulted in improvement in salvage rates and have reached the
limit of tolerability. Longer-term overall EFS rates for early relapse are 10% to 20%, compared
to 40% to 50% for late marrow relapse. Outcomes for second and greater relapse are even worse.
Although third remission can be achieved in approximately 40% of patients, responses are not
sustained and most patients will ultimately die from their disease [74,116]. These results have
given HSCT a significant role in the treatment of relapsed ALL [117]. Allogeneic HSCT is the
treatment of choice in children who develop early medullary relapse [118]. Autologous
transplantation offers no advantage over chemotherapy. For patients without histocompatible
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cal methotrexate. Other cooperative groups use different combinations of drugs which also
lower the amount of any remaining MRD in the bone marrow [21,93].

Consolidation/ Central Nervous System Preventive Therapy. The goal of the consolidation phase is
to continue to strengthen the remission in the bone marrow and to provide CNS prophylaxis.
The concept of CNS prophylaxis is based on postulates that CNS is a sanctuary site for leukemic
cells, which are undetected at diagnosis and are protected by the blood brain barrier from
systemic chemotherapy. CNS prophylaxis can be achieved by radiation (cranial or craniospi‐
nal), intrathecal chemotherapy, high dose systemic chemotherapy, or combinations of these
[103,104]. The occurrence of long-term neurologic and neuroendocrine sequelae, as well as the
risk of secondary CNS neoplasms, has limited the use of cranial irradiation to a selected group
of patients with an increased risk of CNS relapse [75]. Many current protocols use high-dose
systemic methotrexate (four doses are given biweekly) in parallel with intrathecal chemother‐
apy (either intrathecal methotrexate or triple IT: methotrexate with cytarabine and hydrocor‐
tisone). The doses of intrathecally administered drugs are based on age. Effective CNS
prophylactic regimens have reduced the incidence of isolated CNS relapse to less than 5% [6].

Delayed Intensification. Addition of a delayed intensification (DI) phase after standard induc‐
tion/consolidation therapy has improved outcome for children with ALL [4]. The intensity of
chemotherapy varies considerably depending on risk group assignment. DI mainly consists
of a late repetition of the initial remission induction and early intensification phases. A 7-week
DI was introduced with BFM studies in the 1980s, beginning at week 16 [105]. To minimize
the development of drug resistance, cytotoxic agents were altered: prednisone was replaced
with dexamethasone, doxorubicin was substituted for daunorubicin, and mercaptopurine was
replaced with thioguanine [21]. Together with other drugs used in this phase, the minimal
residual leukaemia cells may be further cleared up. American Children's Cancer Group
included BFM backbone and also demonstrated that DI, consising of reinduction and recon‐
solidation, improved treatment success [106,107]. Subsequent trials have focused on augment‐
ing DI for less favorable patient groups [108]. On most trials, children with very high-risk
features, treated with multiple cycles of intensive chemotherapy during the consolidation
phase, have been considered candidates for allogeneic stem cell transplantation in first
remission.

Maintenance Therapy. After the completion of 6 to 12 months of more aggressive treatment, lower
doses of cytotoxic drugs are used to prevent relapse. Maintenance or Continuation Therapy is
unique among therapies for malignancies. The aim of the maintenance phase is to further reduce
minimal residual cells that are not detectable with current techniques at this stage of treat‐
ment. Maintenance chemotherapy generally continues up to the time point of two or three years
after the diagnosis or after achievement of morphological remission. On some studies, boys are
treated longer than girls, while on others, there is no difference in the duration of treatment based
on gender. Reduction of the duration of maintenance to less than 2 years led to an increased
relapsed risk. However, patients with more aggressive leukemias who had received significant‐
ly more intensive treatment, have less benefit of maintenance therapy [21].

The usual maintenance regimen for children with ALL is a combination of mercaptopurine (6-
MP) administered daily and methotrexate (MTX) administered weekly. Doses are usually
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adapted according to leukocyte count, using a target of 2.000 to 3.000/mm3 [93]. There are large
individual differences in the doses that are tolerated or needed to achieve the target leukocyte
count. It has been shown that maintaining the highest tolerable dose of 6-MP and MTX leads
to a better outcome [21]. The effect of 6-MP is better when the drug is given in the evening and
without milk products [93,109]. The frequency of drug administration also may be associated
with the outcome. Children who receive maintenance therapy on a continuous rather than an
interrupted schedule have longer remissions. Compliance problems may diminish the efficacy
of maintenance therapy. Intensification of the maintenance by the administration of vincris‐
tine/dexamethasone pulses was shown to provide no extra benefit [110].

10. Relapsed ALL

Despite current intensive front-line therapies, approximately 20% of children with ALL
experience relapse, accounting for a large proportion of pediatric cancer patients [111]. Relapse
is defined as the reappearance of leukemic cells at any site in the body. It may be isolated event
at one site (medullary or extramedullary) or may be combined (medullary and extramedul‐
lary). Most relapsed leukemias retain their original immunophenotype and genotype, but
rarely another cell lineage (“lineage switch”) is observed. Molecular studies are helpful in
distinguishing lineage switch from secondary leukemia, which usually occurs years later [44,
112]. In general, relapsed leukemia is less responsive and requires much more intensive
treatments. Isolated extramedullary relapse is more favorable than bone marrow relapse [113].
Combined relapses have a better outcome compared to isolated medullary relapses; combined
relapses in fact tend to be later and to display better response to chemotherapy [3,74].

Medullary relapse. Bone marrow remains the most common site of relapse in pediatric ALL and
generally implies a poor prognosis for most patients. Later relapse is more favorable than
earlier relapse [114,115]. The definition of early versus late marrow relapse varies; many
groups define “early” as a marrow recurrence within 36 months from initial diagnosis, or as
less than 6 months after completing the initial treatment protocol [111]. The two approaches
to the treatment of medullary relapse are chemotherapy and hematopoietic stem cell trans‐
plantation (HSCT). For patients who receive only chemotherapy, a second course of CNS-
directed therapy should be administered to prevent subsequent CNS relapse [21]. With
aggressive multidrug reinduction therapy, second remission is achieved in 66% to 82% for
early B-lineage marrow relapse, and 90% to 95% for late B-lineage marrow relapse. Second
remission may be more elusive for relapsed T-cell disease. However, intensive relapse
regimens generally have not resulted in improvement in salvage rates and have reached the
limit of tolerability. Longer-term overall EFS rates for early relapse are 10% to 20%, compared
to 40% to 50% for late marrow relapse. Outcomes for second and greater relapse are even worse.
Although third remission can be achieved in approximately 40% of patients, responses are not
sustained and most patients will ultimately die from their disease [74,116]. These results have
given HSCT a significant role in the treatment of relapsed ALL [117]. Allogeneic HSCT is the
treatment of choice in children who develop early medullary relapse [118]. Autologous
transplantation offers no advantage over chemotherapy. For patients without histocompatible
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related donors, the options are HSCT from matched unrelated donors, umbilical cord blood
transplant, and T-cell-depleted haploidentical HSCT [119,120]. In most studies, patients
transplanted in earlier remissions fare significantly better than patients transplanted after
multiple relapses [21].

Extramedullary relapse. Although extramedullary relapse frequently presents as an isolated
finding, most occurrences are associated with MRD in the bone marrow, and it likely represents
a local manifestation of systemic failure. Accordingly, these patients require intensive systemic
treatment to prevent subsequent bone marrow relapse. The distinction between early and late
extramedullary relapse is generally 18 months from initial diagnosis (compared with 36
months for medullary relapse) [74].

Central nervous system relapse is observed in less than 5% of children with ALL. It occurs more
frequently in children with T-ALL or mature B-ALL. Intrathecal chemotherapy alone fails to
cure CNS leukemia. Most regimens include intrathecal chemotherapy until CSF remission, in
parallel with a systemic induction therapy, followed by consolidation chemotherapy, cranio‐
spinal irradiation (2.400 to 3.000 cGy cranial, and 1.200 to 1.500 cGy spinal) and maintenance
intrathecal chemotherapy [6]. Factors influencing outcome include whether CNS relapse is
early or late (EFS 83% and 46%, respectively), and whether the child received prior CNS
irradiation [121]. For patients with earlier prophylactic irradiation, long-term secondary
remission does not exceed 30%, and these patients are candidates for HSCT [6,21].

Testicular relapse occurs in less than 2% of children with ALL. Optimal therapy includes the
use of systemic chemotherapy and local radiotherapy (2.400 cGy to both testes). Bilateral
testicular irradiation is indicated for all patients; unilateral radiotherapy may be followed by
relapse in the contralateral testis [6]. The impact of a testicular relapse on the prognosis
depends whether it was early or late, and whether the recurrence is an isolated or combined
event. Prolonged disease-free survival can be obtained for more than two thirds of patients
with an isolated late relapse [6,122].

Leukemic relapse occasionally occurs at other extramedullary sites, including the eye, ear,
ovary, uterus, kidney, bone, muscle, tonsil, mediastinum, pleura, and paranasal sinus. Optimal
treatment is unclear, and may include local control measures and intensification of systemic
chemotherapy.

11. Outcome

See also “Prognostic factors and risk classification”

The outcome of newly diagnosed pediatric ALL has increased significantly over the past
decades. More than 95% of children achieve remission, and approximately 80% are expected
to be long-term event-free survivors. The 5-year EFS varies considerably depending on risk
category, from 95% (low risk) to 30% (very high risk), with infant leukemia having the worst
outcomes (20% for patients younger than 90 days) [123]. An analysis of long-term survival
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among 21,626 people who were treated for childhood ALL in Children’s Oncology Group
(COG) trials from 1990-2005 found a 10-year survival of almost 84% [124].

Pediatric ALL is potentially highly curable in low-income countries, mostly due to improved
supportive care with intensive chemotherapy protocols. Recent studies report overall survival
rates over 60% in India [125,126], and 5-year EFS over 78% in Lebanon [127].

Similarly to frontline ALL therapy, treatment outcome for relapsed patients depends on
clinical and biological characteristics of the disease. Factors indicating a poor prognosis in
previously treated patients include: relapse on therapy or after a short initial remission, bone
marrow involvement, T-cell immunophenotype, unfavorable cytogenetics (i.e., the presence
of t(9;22) and t(4;11), and persistent levels of MRD after the first course of chemotherapy for
relapse. Roughly, conventional intensive chemotherapy and radiotherapy can cure only one
third of all children with relapsed ALL, with percentages ranging from 0 to 70% depending
on the pattern of prognostic factors present at relapse [74,128,129].

12. Hematopoietic stem cell transplantation

HSCT has been an important treatment modality in the management of a portion of high-risk
or relapsed childhood ALL. There is a need to reassess periodically the indications for HSCT,
owing to the continuos improvement in chemotherapy approaches, development of novel
therapeutics, precise assessment of the risk of relapse, and transplantation procedures [130].

HSCT in first remission. There is no consensus on the indications for transplantation in child‐
hood ALL in first complete remission (CR1) among major international study groups. Histor‐
ically, children with Ph+ ALL and matched sibling donor have been transplanted in CR1
[131-134]. In a recent COG study, intensive chemotherapy plus continuos imatinib exposure
after remission induction therapy yielded a 3-year EFS of 80%, more than twice that of historical
controls, and comparable to those of matched-related or matched-unrelated transplant [135].
Infants with MLL-rearranged ALL were identified early on as having a particularly poor
prognosis, and universally have been considered candidates for transplantation in CR1.
However, most recent COG study failed to show an advantage of HSCT over chemotherapy
[136], while Interfant-99 study showed that the benefit was restricted to a very high-risk
subgroup with 2 additional unfavorable prognostic features: age <6 months and either poor
response to steroids or leukocyte count ≥ 300 x 109/L [137]. Similarly, somewhat ambiguous
results have been reported from studies that attempt to compare EFS after transplant or
chemotherapy for children with hypodiploid ALL [138], poor early responders [99,139],
persistent MRD, and high-risk T-cell ALL [140,141]. Overall, there is no absolute indication for
HSCT in children with ALL in CR1. In view of the dismal outcome of MLL-rearranged infant
ALL, poor early responders with Ph+ ALL, and early T-cell precursor ALL, these patients are
reasonable candidates for evaluation of HSCT in first remission [130].

HSCT in second or subsequent remission. The indications for relapsed or multiple relapsed ALL
are less controversial among study groups. Although in the recent past HSCT would have been
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related donors, the options are HSCT from matched unrelated donors, umbilical cord blood
transplant, and T-cell-depleted haploidentical HSCT [119,120]. In most studies, patients
transplanted in earlier remissions fare significantly better than patients transplanted after
multiple relapses [21].

Extramedullary relapse. Although extramedullary relapse frequently presents as an isolated
finding, most occurrences are associated with MRD in the bone marrow, and it likely represents
a local manifestation of systemic failure. Accordingly, these patients require intensive systemic
treatment to prevent subsequent bone marrow relapse. The distinction between early and late
extramedullary relapse is generally 18 months from initial diagnosis (compared with 36
months for medullary relapse) [74].

Central nervous system relapse is observed in less than 5% of children with ALL. It occurs more
frequently in children with T-ALL or mature B-ALL. Intrathecal chemotherapy alone fails to
cure CNS leukemia. Most regimens include intrathecal chemotherapy until CSF remission, in
parallel with a systemic induction therapy, followed by consolidation chemotherapy, cranio‐
spinal irradiation (2.400 to 3.000 cGy cranial, and 1.200 to 1.500 cGy spinal) and maintenance
intrathecal chemotherapy [6]. Factors influencing outcome include whether CNS relapse is
early or late (EFS 83% and 46%, respectively), and whether the child received prior CNS
irradiation [121]. For patients with earlier prophylactic irradiation, long-term secondary
remission does not exceed 30%, and these patients are candidates for HSCT [6,21].

Testicular relapse occurs in less than 2% of children with ALL. Optimal therapy includes the
use of systemic chemotherapy and local radiotherapy (2.400 cGy to both testes). Bilateral
testicular irradiation is indicated for all patients; unilateral radiotherapy may be followed by
relapse in the contralateral testis [6]. The impact of a testicular relapse on the prognosis
depends whether it was early or late, and whether the recurrence is an isolated or combined
event. Prolonged disease-free survival can be obtained for more than two thirds of patients
with an isolated late relapse [6,122].

Leukemic relapse occasionally occurs at other extramedullary sites, including the eye, ear,
ovary, uterus, kidney, bone, muscle, tonsil, mediastinum, pleura, and paranasal sinus. Optimal
treatment is unclear, and may include local control measures and intensification of systemic
chemotherapy.

11. Outcome

See also “Prognostic factors and risk classification”

The outcome of newly diagnosed pediatric ALL has increased significantly over the past
decades. More than 95% of children achieve remission, and approximately 80% are expected
to be long-term event-free survivors. The 5-year EFS varies considerably depending on risk
category, from 95% (low risk) to 30% (very high risk), with infant leukemia having the worst
outcomes (20% for patients younger than 90 days) [123]. An analysis of long-term survival
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among 21,626 people who were treated for childhood ALL in Children’s Oncology Group
(COG) trials from 1990-2005 found a 10-year survival of almost 84% [124].

Pediatric ALL is potentially highly curable in low-income countries, mostly due to improved
supportive care with intensive chemotherapy protocols. Recent studies report overall survival
rates over 60% in India [125,126], and 5-year EFS over 78% in Lebanon [127].

Similarly to frontline ALL therapy, treatment outcome for relapsed patients depends on
clinical and biological characteristics of the disease. Factors indicating a poor prognosis in
previously treated patients include: relapse on therapy or after a short initial remission, bone
marrow involvement, T-cell immunophenotype, unfavorable cytogenetics (i.e., the presence
of t(9;22) and t(4;11), and persistent levels of MRD after the first course of chemotherapy for
relapse. Roughly, conventional intensive chemotherapy and radiotherapy can cure only one
third of all children with relapsed ALL, with percentages ranging from 0 to 70% depending
on the pattern of prognostic factors present at relapse [74,128,129].

12. Hematopoietic stem cell transplantation

HSCT has been an important treatment modality in the management of a portion of high-risk
or relapsed childhood ALL. There is a need to reassess periodically the indications for HSCT,
owing to the continuos improvement in chemotherapy approaches, development of novel
therapeutics, precise assessment of the risk of relapse, and transplantation procedures [130].

HSCT in first remission. There is no consensus on the indications for transplantation in child‐
hood ALL in first complete remission (CR1) among major international study groups. Histor‐
ically, children with Ph+ ALL and matched sibling donor have been transplanted in CR1
[131-134]. In a recent COG study, intensive chemotherapy plus continuos imatinib exposure
after remission induction therapy yielded a 3-year EFS of 80%, more than twice that of historical
controls, and comparable to those of matched-related or matched-unrelated transplant [135].
Infants with MLL-rearranged ALL were identified early on as having a particularly poor
prognosis, and universally have been considered candidates for transplantation in CR1.
However, most recent COG study failed to show an advantage of HSCT over chemotherapy
[136], while Interfant-99 study showed that the benefit was restricted to a very high-risk
subgroup with 2 additional unfavorable prognostic features: age <6 months and either poor
response to steroids or leukocyte count ≥ 300 x 109/L [137]. Similarly, somewhat ambiguous
results have been reported from studies that attempt to compare EFS after transplant or
chemotherapy for children with hypodiploid ALL [138], poor early responders [99,139],
persistent MRD, and high-risk T-cell ALL [140,141]. Overall, there is no absolute indication for
HSCT in children with ALL in CR1. In view of the dismal outcome of MLL-rearranged infant
ALL, poor early responders with Ph+ ALL, and early T-cell precursor ALL, these patients are
reasonable candidates for evaluation of HSCT in first remission [130].

HSCT in second or subsequent remission. The indications for relapsed or multiple relapsed ALL
are less controversial among study groups. Although in the recent past HSCT would have been
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recommended for every child with matched-sibling donor, newer risk-based strategies suggest
indications based upon the site of relapse and its timing in relation to completion of frontline
therapy. Children with isolated marrow relapse on treatment or within 6 months of completion
of treatment (or 36 months from diagnosis by COG definition), and those with combined
marrow and extramedullary relapse within 18 months from diagnosis should be considered
for HSCT [130]. The best approach for children with a late relapse is less clear-cut, as a
significant proportion of them can be cured with further chemotherapy [142]. HSCT is
indicated for patients with second or greater relapse, whether marrow, isolated extramedul‐
lary, or combined [130].

Donor selection and stem-cell source. Understanding how transplantation outcomes are influ‐
enced by donor source is a critical component of the therapeutic decision-making process.
Matched-sibling donor is considered the gold standard for all indications [143]. Since only 20%
to 25% of children with an indication for allogeneic HSCT have a MSD, for the remaining
patients, a matched unrelated donor (MUD) is an alternative [130,144]. Over the past several
decades, international registries have enlisted more than 18 million volunteers worldwide as
potential unrelated stem cell donors. The chance of finding a suitable donor mainly depends
on race/ethnicity (Caucasians being more likely to find a match), and the frequency of the HLA
phenotype of the patient [145]. As a proportion of patients may not be able to rapidly identify
a suitable MUD, other alternative graft sources, umbilical cord blood, haploidentical (haplo)-
related donor and mismatched unrelated donor are available [146]. The outcomes of unrelated
donor transplants have improved markedly in the last years, mainly due to advances in HLA
typing and supportive care [147,148].

13. Novel therapies

Novel therapies in pediatric ALL are needed to improve treatment outcomes in newly-
diagnosed patients with a poor prognosis and for patients with relapsed/refractory disease
that have limited treatment options. New agents use a variety of approaches to selectively
target leukemic cells, by altering intracellular signaling pathways, regulating gene expression,
or targeting unique cell surface receptors. Use of these agents in frontline therapy provide the
possibility of minimizing toxicity to normal cells [149,150].

Clofarabine is a second-generation purine nucleoside analogue approved for the treatment of
pediatric patients with relapsed/refractory ALL treated with at least 2 prior regimens [151,152].
New trials are exploring the use of clofarabine in combination with cyclophosphamide and
etoposide, and clofarabine in combination with cytarabine [153,154].

Imatinib mesylate (a selective inhibitor of the BCR-ABL protein kinase) has been combined
with conventional chemotherapy in children with newly diagnosed and relapsed Ph+ ALL.
Dramatic improvement of early EFS was achieved, with no additional toxicities [135,155].
Dasatinib, a second-generation tyrosine kinase inhibitor with potent activity against imatinib-
resistant leukemic cells, is currently being tested in several phase I-III studies of pediatric Ph
+ ALL [156,157].
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Infant ALL presents another challenge, with poor outcome particularly in children with MLL
rearrangements. Overexpression of wild-type Fms-like tyrosine kinase (FLT3) in MLL-
rearranged ALL is a target that is being investigated in infant ALL [158]. Lestaurtinib
(CEP-701), a highly selective small molecule FLT3 tyrosine kinase inhibitor, is being combined
with chemotherapy in infants with newly diagnosed ALL and MLL rearrangements [159].

Nelarabine (2-amino-9β-D-arabinosyl-6-methoxy-9H-guanine) is specifically cytotoxic to T-
cell lineage blasts and is being studied incorporated into a frontline treatment study for
children with newly diagnosed high-risk T-cell ALL [160].

Other groups of agents that have shown promising activity in the pediatric preclinical testing
for ALL include a BCL-2 protein inhibitor (ABT-263), a mammalian target of rapamycin
(mTOR) inhibitors (sirolimus) [161], and an aurora A kinase inhibitor (MLN8237) [162].
Monoclonal antibodies directed against a variety of specific targets such as cells expressing
CD 19 (SAR3419, XMAb5574), CD 20 (rituximab) [163,164], CD22 (epratuzumab) [165], CD33
(gemtuzumab) [166] and CD52 (alemtuzumab) [167] are being developed or already in clinical
trials. The major advantage of monoclonal antibody therapy is that the toxicities are limited
and nonoverlapping compared with cytotoxic drugs, making them attractive candidates for
combined therapy [168].

14. Late consequences

With the increasing number of children and adolescents treated of ALL, a large spectrum of
adverse long-term sequelae is observed in survivors of ALL. The late effects of therapy
associated with significant morbidity may include second neoplasms, neurotoxicity, cardio‐
toxicity, endocrine abnormalities, bone toxicity, and adverse psychosocial effects. The greatest
risk for second neoplasms as well as other late consequences occurs in children who received
cranial or craniospinal irradiation.

Second neoplasms. Second and subsequent neoplasms in survivors of childhood ALL are
predominantly brain tumors (gliomas of varying histologic grades) and hematopoietic
neoplasms (AML and myelodysplastic syndrome) [6]. The median latency period for high-
grade brain tumor is 9 years but almost 20 years for low-grade tumors. Secondary AML has
been linked to intensive treatment with epipodophyllotoxins and other topoisomerase II
inhibitors, and has very low long-term survival rate [169]. Increasing number of solid tumors,
consisting of skin, breast, bone, soft tissue, and thyroid neoplasms, have been reported. The
10-year cumulative incidence of second neoplasms is estimated at 14.6% [170,171].

Neurotoxicity. Understanding the risks of CNS toxicity is critically important in long-term
follow-up of childhood ALL survivors. Although intrathecal and systemic chemotherapy or
radiotherapy alone can be sufficient to induce CNS changes, the combination may be more
neurotoxic. Four pathologically distinct findings of delayed CNS toxicity have been identified:
cortical atrophy, necrotizing leukoencephalopathy, subacute leukoencephalopathy, and
mineralizing microangiopathy [172]. Numerous studies have demonstrated abnormal CT and
MRI scans in asymptomatic ALL patients who received CNS preventive therapy, as well as a
significant association between these radioimaging abnormalities and neuropsychologic
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+ ALL [156,157].
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rearranged ALL is a target that is being investigated in infant ALL [158]. Lestaurtinib
(CEP-701), a highly selective small molecule FLT3 tyrosine kinase inhibitor, is being combined
with chemotherapy in infants with newly diagnosed ALL and MLL rearrangements [159].

Nelarabine (2-amino-9β-D-arabinosyl-6-methoxy-9H-guanine) is specifically cytotoxic to T-
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Other groups of agents that have shown promising activity in the pediatric preclinical testing
for ALL include a BCL-2 protein inhibitor (ABT-263), a mammalian target of rapamycin
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trials. The major advantage of monoclonal antibody therapy is that the toxicities are limited
and nonoverlapping compared with cytotoxic drugs, making them attractive candidates for
combined therapy [168].

14. Late consequences

With the increasing number of children and adolescents treated of ALL, a large spectrum of
adverse long-term sequelae is observed in survivors of ALL. The late effects of therapy
associated with significant morbidity may include second neoplasms, neurotoxicity, cardio‐
toxicity, endocrine abnormalities, bone toxicity, and adverse psychosocial effects. The greatest
risk for second neoplasms as well as other late consequences occurs in children who received
cranial or craniospinal irradiation.

Second neoplasms. Second and subsequent neoplasms in survivors of childhood ALL are
predominantly brain tumors (gliomas of varying histologic grades) and hematopoietic
neoplasms (AML and myelodysplastic syndrome) [6]. The median latency period for high-
grade brain tumor is 9 years but almost 20 years for low-grade tumors. Secondary AML has
been linked to intensive treatment with epipodophyllotoxins and other topoisomerase II
inhibitors, and has very low long-term survival rate [169]. Increasing number of solid tumors,
consisting of skin, breast, bone, soft tissue, and thyroid neoplasms, have been reported. The
10-year cumulative incidence of second neoplasms is estimated at 14.6% [170,171].

Neurotoxicity. Understanding the risks of CNS toxicity is critically important in long-term
follow-up of childhood ALL survivors. Although intrathecal and systemic chemotherapy or
radiotherapy alone can be sufficient to induce CNS changes, the combination may be more
neurotoxic. Four pathologically distinct findings of delayed CNS toxicity have been identified:
cortical atrophy, necrotizing leukoencephalopathy, subacute leukoencephalopathy, and
mineralizing microangiopathy [172]. Numerous studies have demonstrated abnormal CT and
MRI scans in asymptomatic ALL patients who received CNS preventive therapy, as well as a
significant association between these radioimaging abnormalities and neuropsychologic
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dysfunction [173,174]. Survivors of pediatric ALL have an increased risk for adverse psycho‐
social outcomes including lower cognitive functioning, executive function, depression, and
decreased educational attainment [6,175].

Cardiotoxicity. Anthracyclines are the most common class of chemotherapeutic agents associ‐
ated with adverse effects on the heart. Anthracycline-induced cardiomyocyte death results in
hypertrophy of existing myocytes and interstitial fibrosis. The incidence of cardiomyopathy
is related to the cumulative dose of anthracyclines [176]. Female and younger patients are at
a higher risk. The anthracycline-induced cardiomyopathy is a progressive disorder that
manifests with signs of congestive heart failure. Rapid progression of symptoms may occur
with pregnancy, anesthesia, or exercise [177,178]. Dexrazoxane, a potent iron-chelating agent,
provides long-term cardioprotection without compromising oncological efficacy in doxoru‐
bicin-treated children with high-risk ALL [179-181].

Endocrine abnormalities. Neuroendocrine morbidities, primarily involving the hypothalamus,
have been documented in children who were treated with cranial radiotherapy. Essentially all
of the hypothalamic-pituitary axes are at risk, but the principal findings are impaired growth
hormone responses to provocative stimuli [6]. Growth delay is notified in some children with
ALL [6,182]. Precocious puberty has been reported in some children receiving cranial irradi‐
ation, mostly in girls who receive cranial radiation in doses of 24 Gy or higher [183]. There
appears to be a higher prevalence of obesity and metabolic syndrome among children who
have successfully completed therapy for ALL [184,185]. Primary gonadal damage has been
documented in patients of both sexes treated on cyclophosphamide-containing intensive
treatment regimens. In most cases, girls with ALL retain intact reproductive function [6].
Studies of male survivors who received chemotherapy for childhood ALL showed evidence
of subsequent gonadal dysfunction [186,187].

Bone toxicity. The most common chemotherapy-induced skeletal late effects are glucocorticoid-
induced osteonecrosis and reduced bone mineral density. Risk factors for osteonecrosis have
included adolescent age, females, white race, higher body mass index, lower albumin, and
elevated cholesterol [74,188]. Limited data suggest that statins modulate cholesterol metabo‐
lism and may protect against osteonecrosis [189]. Multiple candidate gene studies have
indicated several polymorphisms in genes putatively related to the development of osteonec‐
rosis, getting conflicting results [190,191]. Reduced bone mineral density and increased
fracture risk have been reported in children off chemotherapy for ALL. Routine recommen‐
dations include adequate dietary intake of calcium and vitamin D, and weight-bearing
exercise. The use of bisphosphonates and other absorption-reducing agents in childhood ALL
survivors remain investigational [192,193].

15. Conclusions

Pediatric ALL is a heterogeneous disease, which at present can be cured in approximately 80%
of children. Improvements in long-term survival rates may have reached a plateau as further
intensification of therapy may lead to a higher rate of treatment-related deaths. Therefore hope
for future progress lies in the better understanding of the biology of pediatric ALL which will
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allow for the more individualized therapy. The ultimate goals are to provide curative therapy
to every child with ALL and help develop preventive measures.
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exercise. The use of bisphosphonates and other absorption-reducing agents in childhood ALL
survivors remain investigational [192,193].
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1. Introduction

Acute leukemias are highly malignant neoplasms and are responsible for a large number of
haematopoietic cancer-related deaths (Jemal et al 2006). Although the survival rates have
improved remarkably in the younger age group, the prognosis in older patients is still poor
(Redaelli et al 2003).

The  clinical  presentation  of  acute  leukemia  results  from infiltration  of  bone  marrow or
extramedullary sites by blasts. As a result, initial symptoms may be due to the presence
of anemia, neutropenia, or thrombocytopenia. Patients generally present with nonspecific
complaints  including weakness,  lethargy,  fatigue,  dyspnea,  fever,  weight  loss,  or  bleed‐
ing. Blasts may also infiltrate organs or lymph nodes, resulting in hepatosplenomegaly or
adenopathy.  Bone  marrow  infiltration  with  blasts  can  result  in  bone  pain.  Mucosal
bleeding,  petechiae,  ecchymosis,  and  fundal  hemorrhages  may  occur  as  a  result  of
thrombocytopenia.

Patients with acute promyelocytic leukemia (APL) characteristically present with coagulop‐
athy and signs of disseminated intravascular coagulation (DIC). It should be noted, however,
that rapid cell turnover can result in DIC in any form of acute leukemia.

In acute monocytic leukemia the common findings are weakness, bleeding and a diffuse
erythematous skin rash. There is a high frequency of extramedulary infiltration of the lungs,
colon, meninges, lymphnodes, bladder and larynx and gingival hyperplasia.

The clinical onset of acute lymphoblastic leukemia (ALL) is most often acute, although a small
percentage of cases may evolve insidiously over several months (Pui 2006). The presenting
symptoms and signs correlate with the leukemic cell burden and the degree of bone marrow
replacement, leading to cytopenias.
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1. Marrow failure due to infiltration

– Fatigue, pallor, – Anemia

– spontaneous bruising – Thrombocytopenia

– Infections, sepsis – Neutropenia

2.Infiltration of other organs

– liver, spleen, lymph nodes (particularly in ALL)

– Lymphadenopathy

– Hepatosplenomegaly

– Mediastinal masses (T-ALL)

– Gums

– Gum hypertrophy (monocytic subtype of acute myeloblastic leukemia)

– Bone pain, especially in children with ALL

– Skin -Leukemia cutis

– Soft tissue -Chloromas

– Testis

– Central nervous system (CNS)

– Solid organs

3. Leukostasis(only seen with WBC > 50 x 109/L)

– CNS -Strokes

– Lungs -Pulmonary infiltrates, hypoxemia

4. Constitutional symptoms

– Fevers, sweats are common

– Weight loss uncommon

5. Other

– Exposure of substances that can initiate coagulation can cause DIC

Table 1. Pathophysiology of the clinical manifestations of acute leukemias

2. Signs, symptoms and laboratory features of Acute Myeloblastic
Leukemia (AML)

Clinical manifestations of AML result either from the proliferation of leukaemic cells or from
bone marrow failure that leads to decrease in normal cells. Leukaemic cells can infiltrate tissues,
leading to hepatomegaly, splenomegaly, skin infiltrates and swollen gums. As an indirect effect
of the leukaemic proliferation leading to high cell destruction, hyperuricaemia and occasional‐
ly renal failure may occur. The haematopoiesis suppression leads to clinical features of anae‐
mia, neutropenia and thrombocytopenia. Signs and symptoms that signal the onset of AML
include pallor, fatigue, weakness, palpitations, and dyspnea on exertion. They reflect the
development of anemia; however, weakness, loss of sense of wellbeing, and fatigue on exer‐
tion may be disproportionate to the severity of anemia. (Gur et al 1999). Easy bruising, pete‐
chiae, epistaxis, gingival bleeding, conjunctival hemorrhages, and prolonged bleeding from skin
injuries reflect thrombocytopenia and are frequent early manifestations of the disease. Very
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infrequently gastrointestinal, genitourinary, bronchopulmonary, or central nervous system
bleeding can occur at the onset of the disease. Neutropenia translates into infectious manifesta‐
tions. Pustules or other minor pyogenic infections of the skin and of minor cuts or wounds are
most  common.  Major  infections  such  as  pneumonia,  pyelonephritis,  and  meningitis  are
uncommon as presenting features of the disease, in part because absolute neutrophil counts
under 500/μl (0.5 × 109/L) are uncommon until chemotherapy is begun. Anorexia and weight
loss are frequent findings. Fever is present in many patients at the time of diagnosis. Myeloid
(granulocyte) sarcoma (MS) is an extramedullary tumor that occurs in 2 to 14% of cases of AML
(John et al 2004); and is composed of immature and mature granulocytes or monocytes (Brunning
et al 2001). These neoplasms are known by a variety of names in the literature, including
granulocytic sarcoma, monocytic sarcoma, extramedullary myeloid cell tumor, myelosarco‐
ma, myeloblastoma, and chloroma (Carneiro et al. 1984, Valbuena et al 2005). Virtually any
extramedullary site can be involved by MS. Most patients with MS have a history of a myeloid
neoplasm, most often AML and less often a myelodysplastic or myeloproliferative disease
(Brunning et al 2001). Alternatively, MS can be the initial manifestation of AML that subsequent‐
ly involves blood and bone marrow (Schmitt-Graff et al 2002). Very rarely, MS can be the only
site of disease. MS is relatively more common in patients who have leukemias with prominent
monocytic differentiation, such as acute myelomonocytic or monocytic leukemia and chronic
myelomonocytic leukemia (Menasce et al 1999, Elenitoba et al 1996). MS manifesting as a
testicular mass is uncommon and only rarely has occurred as an isolated mass. The tumors are
usually localized ; they often involve bone, periostium, soft tissues, lymph nodes, or skin.
Common sites of myeloid sarcoma are orbit and paranasal sinuses. However, it should be noted
that according to the WHO classification the infiltrates of any site of the body by myeloid blasts
in AML patients are not classified as myeloid sarcoma unless they present with tumor masses
in which the tissue architecture is effaced (Pileri et al 2008).

Blasts may infiltrate organs or lymph nodes, resulting in adenopathy or hepatosplenomegaly.
Palpable splenomegaly and hepatomegaly occur in about one third of patients. Testicular
infiltration is less common in AML than ALL, with an incidence of 1 to 8 % ( Wiernik et al
2001). Meningeal involvement has been reported in 5 to 20% of children and up to 16% of adults
with AML (John et al 2004). Leukemic blast cells circulate and enter most tissues in small
numbers. Occasionally biopsy or autopsy will uncover marked aggregates or infiltrates of
leukemic cells, and less frequently collections of such cells may cause functional disturbances.

3. Signs, symptoms and laboratory features of Acute Promyelocytic
Leukemia (APL)

Acute promyelocytic leukaemia (APL) is a distinctive sub-type of acute myeloid leukaemia
that has distinct biologic and clinical features.

According to the older French-American-British (FAB) classification of AML, based solely on
morphology as determined by the degree of differentiation along different cell lines and the
extent of cell maturation (Cheson et al 1990), APL is sub-typed as AML-M3. The new World
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Health Organization (WHO) classification of AML incorporates and interrelates morphology,
cytogenetics, molecular genetics, and immunologic markers and is more universally applicable
and prognostically valid (Brunning et al 2001). APL exists as 2 types, hypergranular or typical
APL and microgranular (hypogranular) APL. APL comprises 5% to 8% of cases of AML and
occurs predominately in adults in midlife (Büchner et al. 1999). Both typical and microgranular
APL are commonly associated with DIC (Karp et al. 1987, Gollard et al 1996, Davey et al
1986, Tobelem et al 1980 ). The severe bleeding diathesis associated with APL has a specific
sensitivity to treatment with all-trans retinoic acid (ATRA), which acts as a differentiating
agent (Licht et al 1995). High complete remission rates in APL may be obtained by combining
ATRA treatment with chemotherapy (Brunning et al 2001).

4. Signs, symptoms and laboratory features of Acute Myelomonocytic
(AML-M4) and Acute Monoblastic/Monocytic Leukemia (AML-M5)

Acute myelomonocytic (M4) and monoblastic/monocytic leukemia (M5), are the morphologic
subtype of acute myelogenous leukemia that are most commonly characterized by weakness,
bleeding and a diffuse erythematous skin rash and frequently presents with extramedullary
involvement, including liver, spleen, lymph nodes, gingiva, skin, eyes, larynx, lung, bladder,
meninges and the central nervous system. Involvement of the gastrointestinal tract is rare, the
mouth, rectum and anal canal being the most affected sites (Lichtman et al 1995). By contrast,
leukemic infiltration of the stomach has been very rarely described, and when it has, it has
been mainly in children (Kasantikul et al 1989 ; Kontny et al. 1995; Domingo-Domenech et al
2000). Serum and urinary muramidase levels are often extremely high.

Neurological symptoms may occur such as, headache, nausea, vomiting, photophobia, cranial
nerve palsies, pupil edema and/ or nuchal rigidity. These symptoms may result from leuko‐
stasis, but may also reveal meningeal invasion by myeloblasts or be the presenting symptoms
of a "chloroma". These chloromas often have an orbital or periorbital localization, or may arise
around the spinal cords causing paraparesis or " Cauda equine" syndrome. CNS leukemic
infiltration occurs in 6-16% of AML (Abbott et al 2003), especially in AML-M4.

Renal insufficiency occurs seldom. It is caused by hyperuriccuria and / or hyperphosphaturia,
leading to obstructing tubular deposits and oliguria/ anuria.

5. Signs, symptoms and laboratory features of Acute Lymphoblastic
Leukemia (ALL)

The clinical presentation of ALL may range from insidious nonspecific symptoms to severe
acute life-threatening manifestations, reflecting the extent of bone marrow involvement and
degree of extramedullary spread (Pui et al 2006) (Table 2). The symptoms at onset are primarily
produced by the detrimental effects of the expanding cell population on bone marrow, and
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secondarily by the infiltration of other organs and by metabolic disturbances (Henderson et al
1990, Gur et al. 1999). In younger patients the anemia-induced fatigue may be the only
presenting feature. Dyspnea, angina, dizziness, and lethargy may reflect the degree of anemia
in older patients presenting with ALL. Approximately half of all patients may present with
fever attributable to the pyrogenic cytokines, such as IL-1, IL-6, TNF, released from the
leukemic cells, infections, or both. Arthralgia and bone pain due to bone marrow expansion
by the leukemic cells and occasionally necrosis can be observed, although less commonly in
adults compared to children. Pallor, petechiae, and ecchymosis in the skin and mucous
membranes due to thrombocytopenia, DIC, or a combination of the above may be observed.
ALL may present with either leukopenia (~20%) or moderate (50%–5–25 × 109/L) and severe
leukocytosis (10%–>100 ×109/L) with hyperleukocytosis (>100 x 109 /L ) present in approxi‐
mately 15% of the pediatric patients (Pui et al 2006). Neutropenia (less than 500 granulocytes
per mm3) is a common phenomenon and is associated with an increased risk of serious
infection. Hypereosinophilia, generally reactive, may be present at diagnosis. The majority of
patients present with platelet counts less than 100 × 109/L (75%), while 15% have platelet counts
of less than 10 × 109/L. Decreased platelet counts (median, 50x109/L) are usually present at
diagnosis and can be readily distinguished from immune thrombocytopenia, as isolated
thrombocytopenia is rare in leukemia. Severe hemorrhage is uncommon, even when platelet
counts are as low as 20x109/L, and infection and fever are absent. Coagulopathy, usually mild,
can occur in T-cell ALL and is only rarely associated with severe bleeding. More than 75% of
the patients presents with anemia, which is usually normochromic and normocytic and
associated with a normal to low reticulocyte count. Anemia or thrombocytopenia is often mild
(or even absent) in patients with T-cell ALL. Pancytopenia followed by a period of spontaneous
hematopoietic recovery may precede the diagnosis of ALL in rare cases and must be differ‐
entiated from aplastic anemia.

Bone marrow is usually infiltrated with >90% blast cells. Infiltration with less than 50% blasts
represents only 4% of cases. Though the distinction between lymphoblastic leukaemia and
lymphoma is still arbitrary, for many treatment protocols 25% bone marrow blasts is used as
threshold for defining leukaemia (Borowitz & Chan 2008). Normal trilineage haematopoiesis
is consequently decreased. The classical triad of symptoms related to bone marrow failure are
the following: (1) fatigue and increasing intolerance to physical exercise (caused by anaemia),
(2) easy bruising and bleeding from mucosal surfaces and skin (caused by thrombocytopenia
especially when platelets are <20 × 109 /L), and (3) fever with infections (40% of all cases, caused
by absolute granulocytopenia). Hyperleukocytic leukaemias with >100 x 109 /L blast cells rarely
lead to the leukostasis syndrome and catastrophic early bleeding (Porcu et al 2000 ). Also
malaise, lethargy, weight loss, fevers, and night sweats are often present but typically are not
severe. Compared to AML, patients with ALL experience more bone and joint pain. Rarely,
they may present with asymmetric arthritis, low back pain, diffuse osteopenia, or lytic bone
lesions [Gur et al 1999]. Children experience these symptoms more frequently than adults.
Young children may have difficulties in walking due to bone pain [Farhi et al 2000]. Lympha‐
denopathy, splenomegaly, and hepatomegaly are more common than in AML and affect half
of the adults with ALL. CNS involvement is also more common in ALL compared to AML.
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malaise, lethargy, weight loss, fevers, and night sweats are often present but typically are not
severe. Compared to AML, patients with ALL experience more bone and joint pain. Rarely,
they may present with asymmetric arthritis, low back pain, diffuse osteopenia, or lytic bone
lesions [Gur et al 1999]. Children experience these symptoms more frequently than adults.
Young children may have difficulties in walking due to bone pain [Farhi et al 2000]. Lympha‐
denopathy, splenomegaly, and hepatomegaly are more common than in AML and affect half
of the adults with ALL. CNS involvement is also more common in ALL compared to AML.
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Patients may present with cranial neuropathies (most often involving the 6th and 7th cranial
nerves). Nausea, vomiting, headache, or papilledema may result from meningeal infiltration
and obstruction of the outflow of cerebrospinal fluid (CSF) leading to a raised intracranial
pressure. Testicular involvement, presenting as a painless, unilateral mass, is noted at
diagnosis in approximately 2% of boys. It is associated with infant or adolescent age, hyper‐
leukocytosis, splenomegaly, and mediastinal mass [Farhi et al 2000]. The diagnosis of testicular
involvement is made by wedge biopsies. Bilateral biopsies are necessary due to the high
incidence of contralateral testicular disease [Amendola et al 1985.[

6. Central nervous system involvement

The incidence of CNS involvement in patients with AML is considerably less common than
CNS involvement in both adults and children with ALL (Charles et al 2012). Early CNS
leukemia occurs in 8% of patients at the time of the first diagnosis while the percentage of
relapsing CNS leukemia is 10%. (Hardiono et al 2001).

Patients with CNS involvement may be asymptomatic or may have symptoms related to
increased intracranial pressure (headache, nausea, vomiting, irritability). All patients newly
diagnosed with ALL should have a lumbar puncture for cytologic analysis of the cerebrospinal
fluid; for AML, however, this is performed only in patients with symptoms indicative of CNS
involvement (Pavlovsky et al 1973). There is an association of central nervous system involve‐
ment and diabetes insipidus in AML with monosomy 7, abnormalities of chromosome 3 and
inversion of chromosome 16. (Glass et al 1987; Lavabre-Bertrand et al. 2001; Harb et al 2009).

Signs and symptoms Clinical and laboratory findings

Pallor, fatigue, exertional dyspnea, CHF Anemia

Fever (~50%), infection (<30% Neutropenia

Petechiae, ecchymosis, retinal hemorrhages Thrombocytopenia

Hepatomegaly, splenomegaly (~50%), lymphadenopathy

Bone pain and joint pain (5–20%)

Leukocytosis (10% of patients with

WBC > 100,000)

Leukemia cutis Leukostasis

Dyspnea, hypoxia, mental status changes, Cough, dyspnea,

chest pain

Mediastinal Mass (80% of patients with

T-cell ALL)

Headache, diplopia, cranial neuropathies, Particularly

cranial nerves VI, VIII, papilledema, nausea, vomiting

CNS involvement (<10%)

Painless testicular/scrotal enlargement Testicular involvement (<1%)

Intracranial bleeding, DIC Elevated prothrombin time (PT), partial

thromboplastin time (PTT), low fibrinogen

Tumor lysis syndrome Acute renal failure (uncommon), acidosis,

hypekalemia, hyperphosphatemia, hypocalcemia,

elevated serum LDH and, uric acid level

Table 2. Clinical features of adult acute lymphocytic leukemias
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Central nervous system hemorrhage and infection are reported to cause 80% (Lazarus et al
2006 ) of all deaths in patients with leukemia. The intracerebral hemorrhages that are often
related to intravascular leukostases and leukemic nodules, and associated with leukocyte
counts more than 100x109/L in peripheral blood (Phair et al 1964).

6.1. Leukemic parenchymal tumor

CNS may be affected as a solid tumors consisting of myeloid leukemic blasts called granulo‐
cytic sarcomas or chloromas (Recht et al 2003, Teshima et al 1990). The term chloroma results
from the greenish color of these tumors caused by the presence of myeloperoxidase. Chloromas
usually have a dural attachment although parenchymal tumors have rarely been reported.
These tumors are hypercellular and avidly enhance with either cranial magnetic resonance
imaging (MRI) or cranial computed tomography (CT). Neurologic findings are dependent
upon location. Chloromas most often occur in bone that may result in epidural spinal cord
compression, the orbit that may result in proptosis and a restrictive ophthalmopathy, or dura,
which may simulate a meningioma.

6.2. Intracranial hemorrhage

Hemorrhagic complications are common in patients with acute leukemia (approximately 20%)
and constitute the second most common cause of death in such patients (20% of all leukemic
deaths result from intracranial hemorrhage) (Kim et al 2004, Kawanami et al 2002). Intracranial
hemorrhage (ICH) is the most common hemorrhagic complication in acute promyelocytic
leukemia and is not infrequent in AML and ALL (ranging in occurrence from 2-18% of all
patients with acute leukemia). ICH may occur at the time of diagnosis (early hemorrhage) or
subsequent to diagnosis and following initial treatment (late hemorrhage) (Cortes et al 2001).
DIC, disseminated aspergillosis or mucormycosis, leukemic cell infiltration, thrombocytope‐
nia or L-asparaginase chemotherapy-related consequences, are the most common etiologies
for ICH. Both DIC (especially common in the M3 subtype of AML) and thrombocytopenia
typically result in a solitary often-massive ICH whereas disseminated fungal infection and
ICH occurring during neutropenia and is a result of hemorrhagic infarction. Leukemic cell
infiltration occurs with extreme leukocytosis (defined as >300x109 leukemic cells/L and
increase the risk of multiple intracranial hemorrhages in acute leukaemia( Bunin et al 1985).
L-asparaginase may induce hyperfibrinogenemia and result in cortical vein or sinus throm‐
bosis complicated with venous infarction. Fungal-related mycotic aneurysms may also lead to
ICH and would be a consideration in a patient with blood culture positive for fungus.
Topographically the majority of ICH is intraparenchymal with cerebral hemorrhage more
common than cerebellar. (Wolk et al 1974).

Subarachnoid hemorrhage occurs in the context of ICH, either in isolation or more frequently
as more diffuse hemorrhage secondary to DIC. Spinal subarachnoid hemorrhage may occur
in the context of DIC and acute promyelocytic leukemia and present primarily with back pain
that migrates rostrocaudally.
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inversion of chromosome 16. (Glass et al 1987; Lavabre-Bertrand et al. 2001; Harb et al 2009).

Signs and symptoms Clinical and laboratory findings

Pallor, fatigue, exertional dyspnea, CHF Anemia

Fever (~50%), infection (<30% Neutropenia

Petechiae, ecchymosis, retinal hemorrhages Thrombocytopenia

Hepatomegaly, splenomegaly (~50%), lymphadenopathy

Bone pain and joint pain (5–20%)

Leukocytosis (10% of patients with

WBC > 100,000)

Leukemia cutis Leukostasis

Dyspnea, hypoxia, mental status changes, Cough, dyspnea,

chest pain

Mediastinal Mass (80% of patients with

T-cell ALL)

Headache, diplopia, cranial neuropathies, Particularly

cranial nerves VI, VIII, papilledema, nausea, vomiting

CNS involvement (<10%)

Painless testicular/scrotal enlargement Testicular involvement (<1%)

Intracranial bleeding, DIC Elevated prothrombin time (PT), partial

thromboplastin time (PTT), low fibrinogen

Tumor lysis syndrome Acute renal failure (uncommon), acidosis,

hypekalemia, hyperphosphatemia, hypocalcemia,

elevated serum LDH and, uric acid level

Table 2. Clinical features of adult acute lymphocytic leukemias

Leukemia80

Central nervous system hemorrhage and infection are reported to cause 80% (Lazarus et al
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Risk - factor analysis revealed that female gender, APL, leukocytosis, thrombocytopenia and
prolonged PT were the risk factors for fatal intracranial hemorrhages, while other reports have
suggested the significance of serum fibrinogen (Wide et al 1990).

6.3. Leukemic meningitis

Meningeal leukemia appears more often in patients with ALL than in those with AML (Lazarus
et al 2006). The manner in which leukemia cells enter the CNS is a subject of controversy, but
the likely source include hematogenous spread or direct spread from adjacent infiltrated bone
marrow.

Meningitis  in  leukemia  may  result  from  leptomeningeal  infiltration  of  tumor  (LM),
subarachnoid hemorrhage,  chemical  (treatment-related following intra-CSF instillation of
chemotherapy) or infection (bacterial or fungal) (Cash et al 1987, Dekker et al 1985). The
presence or absence of LM always needs to be ascertained as if  diagnosed, prognosis is
profoundly  affected.  Chemical  meningitis  (typically  due  to  intra-CSF  cytarabine  or
methotrexate  and most  often given intraventricularly)  is  temporally  related to intra-CSF
chemotherapy.  Chemical  meningitis  begins one to two days after  intra-CSF chemothera‐
py administration, It is transient typically lasting less than five days and demonstrates no
evidence of infection by CSF culture. Like other meningitis syndromes, patients complain
of headache, fever, nausea, vomiting, photophobia and meningismus. Notwithstanding an
inflammatory CSF,  chemical  meningitis  rapidly abates and is  mitigated by oral  steroids.
Infectious meningitis occurs in leukemia due to immunosuppression both as a result of the
underlying  disease  and  its  treatment.  Listeria,  Candida  and  Aspergillus  are  common
infectious etiologies  however clinical  presentation differs.  Listeria  presents  as  a  meningi‐
tise syndrome whereas Candida presents with a diffuse encephalopathy and multiple small
brain abscesses and Aspergillus  presents with progressive hemorrhagic stroke confined to
a single vascular territory (Gerson et al 1985, Winston et al 1993).

6.4. Cerebrospinal fluid in leukemic patients

The cerebrospinal fluid findings in leukemic patients must be carefully evaluated since
bacterial meningitis, abscess formation or fungal disease occur with increased frequency.
Cerebrospinal fluid pleocytosis, chemical abnormalities (elevated protein and low sugar) and
elevated pressure may be present in these potential complications of the disease or its therapy.
Appropriate cultures and stains, are often helpful in diagnosis. Abscesses can often be detected
by brain scans, electroencephalograms and arteriography.

6.4.1. Categories of CNS status at diagnosis of acute leukemia

Patients who have nontraumatic diagnostic lumbar punctures at diagnosis may be placed into
3 categories according to white blood cells (WBCs) per microliter and the presence or absence
of blasts on the cytospin: central nervous system 1 (CNS1) refers to CSF with <5 WBCs per
microliter with cytospin negative for blasts; Cxlink refers to CSF with <5 WBCs per microliter
with cytospin positive for blasts; CNS3 refers to CSF with >5 WBCs per microliter with cytospin
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positive for blasts. Children with ALL who presents with CNS disease at diagnosis (CNS3) are
at high risk for treatment failure compared with patients not meeting the criteria of the CNS
disease at diagnosis. Patients with Cxlink may be at an increased risk of CNS relapse, although
this may not apply to all treatment regimens and can be overcome by more intensive intrathecal
treatment (Burger et al 2003).

7. Testicular involvement

Involvement of the testis - one of the most common sites of relapse in acute lymphoblastic
leukemia usually presents with painless enlargement of one or both testis. Testicular involve‐
ment occurs in 10% to 23% of boys during the course of the disease at a median time of 13
months from diagnosis. Occult testicular involvement is recognized in 10% to 33% of boys
undergoing bilateral wedge biopsies performed during the first 3 years of treatment or at any
time after cessation of the therapy (Lanzkowsky et al. 1985). In a study in which biopsies were
done in boys with newly diagnosed ALL, microscopic testicular involvement was reported to
be 21% (Neimeyer et al 1993). Testicular involvement of the endothelial side of the interstitium
of one or both testis, leads to increased testicular size and firmness [Kay et al 1983 ]. Hydrocele
resulting from lymphatic obstruction may also present with painless scrotal enlargement and
is readily identified by ultrasonography. Overt testicular involvement may occur in any form
of acute lymphoblastic leukemia, most commonly in common C-ALL, but also in T-ALL and
B-ALL. Rarely it is present when ALL is first diagnosed, but most often it is a late complication
and, as with meningeal leukemia, the higher the initial blood blast count is, the earlier the
discovery of testicular disease is likely ( Nesbit et al 1980).

8. Superior vena cava syndrome

Superior vena cava syndrome comprises the signs and symptoms associated with compression
or obstruction to the superior vena cava. Patients with ALL (particularly T-ALL), may present
with symptoms of cough, dyspnea, stridor, or dysphagia from tracheal and esophageal
compression by a mediastinal mass (15% of patients). Compression of the great vessels by a
bulky mediastinal mass also may lead to the life threatening superior vena cava syndrome
(Marwaha et al 2011). A child with leukemia may experience anxiety, confusion, drowsiness
and sometimes unconsciousness (Salsali et al 1969). There is facial edema, plethora, cyanotic
faces. Venous engorgement of neck, chest and arm with collateral vessel and some sign of
pleural effusion and pericardial effusion may be present (Rice et al 2006).

9. Skin involvement

Various cutaneous lesions can be observed in patients with acute leukemias. These include
specific cutaneous lesions resulting from infiltration of the skin by the leukemic cells, charac‐
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Risk - factor analysis revealed that female gender, APL, leukocytosis, thrombocytopenia and
prolonged PT were the risk factors for fatal intracranial hemorrhages, while other reports have
suggested the significance of serum fibrinogen (Wide et al 1990).
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presence or absence of LM always needs to be ascertained as if  diagnosed, prognosis is
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inflammatory CSF,  chemical  meningitis  rapidly abates and is  mitigated by oral  steroids.
Infectious meningitis occurs in leukemia due to immunosuppression both as a result of the
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infectious etiologies  however clinical  presentation differs.  Listeria  presents  as  a  meningi‐
tise syndrome whereas Candida presents with a diffuse encephalopathy and multiple small
brain abscesses and Aspergillus  presents with progressive hemorrhagic stroke confined to
a single vascular territory (Gerson et al 1985, Winston et al 1993).
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Cerebrospinal fluid pleocytosis, chemical abnormalities (elevated protein and low sugar) and
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microliter with cytospin negative for blasts; Cxlink refers to CSF with <5 WBCs per microliter
with cytospin positive for blasts; CNS3 refers to CSF with >5 WBCs per microliter with cytospin
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positive for blasts. Children with ALL who presents with CNS disease at diagnosis (CNS3) are
at high risk for treatment failure compared with patients not meeting the criteria of the CNS
disease at diagnosis. Patients with Cxlink may be at an increased risk of CNS relapse, although
this may not apply to all treatment regimens and can be overcome by more intensive intrathecal
treatment (Burger et al 2003).

7. Testicular involvement

Involvement of the testis - one of the most common sites of relapse in acute lymphoblastic
leukemia usually presents with painless enlargement of one or both testis. Testicular involve‐
ment occurs in 10% to 23% of boys during the course of the disease at a median time of 13
months from diagnosis. Occult testicular involvement is recognized in 10% to 33% of boys
undergoing bilateral wedge biopsies performed during the first 3 years of treatment or at any
time after cessation of the therapy (Lanzkowsky et al. 1985). In a study in which biopsies were
done in boys with newly diagnosed ALL, microscopic testicular involvement was reported to
be 21% (Neimeyer et al 1993). Testicular involvement of the endothelial side of the interstitium
of one or both testis, leads to increased testicular size and firmness [Kay et al 1983 ]. Hydrocele
resulting from lymphatic obstruction may also present with painless scrotal enlargement and
is readily identified by ultrasonography. Overt testicular involvement may occur in any form
of acute lymphoblastic leukemia, most commonly in common C-ALL, but also in T-ALL and
B-ALL. Rarely it is present when ALL is first diagnosed, but most often it is a late complication
and, as with meningeal leukemia, the higher the initial blood blast count is, the earlier the
discovery of testicular disease is likely ( Nesbit et al 1980).

8. Superior vena cava syndrome

Superior vena cava syndrome comprises the signs and symptoms associated with compression
or obstruction to the superior vena cava. Patients with ALL (particularly T-ALL), may present
with symptoms of cough, dyspnea, stridor, or dysphagia from tracheal and esophageal
compression by a mediastinal mass (15% of patients). Compression of the great vessels by a
bulky mediastinal mass also may lead to the life threatening superior vena cava syndrome
(Marwaha et al 2011). A child with leukemia may experience anxiety, confusion, drowsiness
and sometimes unconsciousness (Salsali et al 1969). There is facial edema, plethora, cyanotic
faces. Venous engorgement of neck, chest and arm with collateral vessel and some sign of
pleural effusion and pericardial effusion may be present (Rice et al 2006).

9. Skin involvement

Various cutaneous lesions can be observed in patients with acute leukemias. These include
specific cutaneous lesions resulting from infiltration of the skin by the leukemic cells, charac‐
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teristic diseases such as pyoderma gangrenosum and Sweet syndrome, cutaneous signs of
infection or hemorrhage resulting from the bone marrow dysfunction induced by the malig‐
nant process or chemotherapy.

Skin involvement may be of three types: nonspecific lesions, leukemia cutis, or granulocyt‐
ic  sarcoma of  skin  and subcutis.  Nonspecific  lesions  include  macules,  papules,  vesicles,
pyoderma gangrenosum, or vasculitis (Bourantas et al. 1994, Nambiar Veettil et al 2009),
neutrophilic dermatitis (Sweet's syndrome) (Cho K-H et al 1997, Philip R Cohen 2007), cutis
vertices  gyrata,  or  erythema multiforme  or  nodosum (Byrd  et  al  1995).  Leukemia  cutis
lesions  usually  appear  at  the  time  of  diagnosis  of  systemic  disease  or  thereafter,  but
occasionally can occur before peripheral  blood or bone marrow involvement (aleukemic
leukemia cutis). (Christos Tziotzios et al 2011, Márcia Ferreira et al 2006). T-cell ALL may
show epidermotropism and monocytic leukemia often involves the entire dermis and the
superficial panniculus (Yalcin et al 2004).

10. The gastrointestinal tract

Gastrointestinal (GI) manifestations of leukemia occur in up to 25% of patients at autopsy,
generally during relapse. Its presence varies with the type of leukemia and has been decreasing
over time due to improved chemotherapy. Gross leukemic lesions are most common in the
stomach, ileum, and proximal colon. Leukemia in the esophagus and stomach includes
hemorrhagic lesions from petechiae to ulcers, leukemic infiltrates, pseudomembranous
esophagitis, and fungal esophagitis. (Dewar et al. 1981) The mouth, colon, and anal canal are
sites of involvement that most commonly lead to symptoms. Oral manifestations may bring
the patient to the dentist; gingival or periodontal infiltration and dental abscesses may lead to
an extraction followed by prolonged bleeding or an infected tooth socket. (Dean et al. 2003).
The gingival hyperplasia is most commonly seen with the AML subtypes acute monocytic
leukemia M5 (67%), acute myelomonocytic leukemia M4 (18.5%) and acute myelocytic
leukemia M1-M2 (3.7%) (Cooper et al 2000). Enterocolitis, a necrotizing inflammatory lesion
involving the terminal ileum, cecum, and ascending colon, can be a presenting syndrome or
can occur during treatment. Fever, abdominal pain, bloody diarrhea, or ileus may be present
and occasionally mimic appendicitis. Intestinal perforation, an inflammatory mass, and
associated infection with enteric gram-negative bacilli or clostridial species are often associated
with a fatal outcome. Isolated involvement of the gastrointestinal tract is rare.(Tim et al 1984)..
Neutropenic enterocolitis (NE), which is a fulminant necrotizing process is a well-recognized
complication of neutropenia in patients dying from hematologic malignancies especially acute
leukemia as indicated by various autopsy series ( Steinberg et al 1973). Proctitis, especially
common in the monocytic variant of AML, can be a presenting sign or a vexing problem during
periods of severe granulocytopenia and diarrhea.(Christos Tziotzios et al. 2011)
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11. Respiratory tract involvement

Infectious and noninfectious pulmonary complications represent a critical problem for patients
with leukemia, which itself can be the direct cause of pulmonary leukostasis, pulmonary
leukemic infiltration (PLI), and leukemic cell lysis pneumopathy. These disorders are usually
more frequent in patients with hyperleukocytic leukemia. Pulmonary leukostasis is charac‐
terized by occlusion of the pulmonary capillaries and arterioles by leukemic cells. Leukemic
infiltration may lead to laryngeal obstruction, parenchymal infiltrates, alveolar septal infiltra‐
tion, or pleural seeding. Each of these events can result in severe symptoms and radiologic
findings (Potenza et al 2003, Wu et al 2008).

Pulmonary disease in leukaemia is frequent and often lethal. Lung involvement in leukaemia
is primarily due to (a) leukostasis of vessels and (b) true leukaemic infiltration of interstitium
and alveoli. (Majhail et al 2004, Porcu et al 2000) Clinically, leukostasis in leukaemia should
be suspected in patients with unexplained fever and cardiopulmonary or cerebral dysfunction.
Pulmonary leukostasis was found in about40% of autopsy series. (Mark et al 1987). Maile et
al 1983 noted parenchymal opacities on 90% of chest radiographs obtained shortly before death
in adult patients with leukaemia. These radiologic opacities on autopsy were attributed to
infections, haemorrhages, leukaemic infiltrations and edema. In addition, drug induced
pulmonary infiltrates and leukoagglutinin transfusion reactions were also reported (Mark et
al 1987). In spite of the above data, pulmonary leukostasis in leukaemia has been mentioned
only incidentally as a cause of abnormalities on chest radiography.

12. Cardiac complications

Cardiac complications of the patients with acute leukemia are common. Most of the cardiac
complications may be due to chemotherapeutics such as antracyclins, besides anemia,
infections, or direct leukemic infiltrations of the heart. Symptomatic pericardial infiltrates,
transmural ventricular infiltrates with hemorrhage, and endocardial foci with associated
intracavitary thrombi can, on occasion, cause heart failure, arrhythmia, and death. Infiltration
of the conducting system or valve leaflets or myocardial infarction may occur. (Ashutosh et al
2002, Fernando et al 2004). Cardiac and other tissue damage as a consequence of release of
eosinophil granule contents can occur in patients with leukemia, associated with eosinophilia
(Kocharian et al 2006). Cardiac damage is a major determinant of the overall prognosis.

13. Urogenital involvement

The urogenital organs can also be affected. The kidneys are infiltrated with leukemic cells in
a high proportion of cases, but functional abnormalities are rare. Hemorrhages in the pelvis
or the collecting system are frequent, however, cases of vulvar, bladder neck, prostatic, or
testicular involvement have been described.. (Quien et al 1996).
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14. Musculoskeletal system

Musculoskeletal manifestations are the presenting complaint in up to 20% of patients with
pediatric leukemia,(Andreas et al 2007). The main clinical osteoarticular manifestations in early
leukemia include limb pain, nighttime pain, arthralgia, and arthritis. Skeletal manifestations
of acute leukaemia (bone or back pain, arthritis or radiographical abnormalities of skeleton)
are well described in children (Barbosa et al 2002). Arthritis can occur at any time during the
course of acute leukaemia. It may lead to delay in diagnosis and therapy and any delay in
therapy is associated with poor prognosis (Sandeep et al 2006). The most common clinical
presentation of leukaemic arthritis is additive or migratory asymmetrical oligoarticular large
joint arthritis and in some cases juvenile idiopathic arthritis. (Evans et al. 1994, Mirian et al.
2011). The joints most commonly involved are the knee, followed by the ankle, wrist, elbow,
shoulder and hip. Onset of arthritis may be sudden or insidious, and parallel the course of
acute leukaemia (Sandeep et al. 2006).

Arthritis as the first manifestation of acute leukaemia is however extremely uncommon in
adults.

15. Hyperleukocytosis and leukostasis

Leukostasis is a syndrome, caused by clumping of leukocytes in the vasculature of the lungs
and brain, often resulting in hypoxia, dyspnea, confusion, and coma, and may be fatal.

Leukapheresis is indicated in the initial management of leukostasis in patients with hyper‐
leukocytosis in acute leukemias, particularly myeloid leukemias, or in patients who are at high
risk of developing such a complication.

Adult T-cell leukemia/lymphoma is a distinct form of ALL that presents with progressive
lymphadenopathy, hepatosplenomegaly, and hypercalcemia. It involves the skin, lungs, bone
marrow, intestinal tract, and CNS. This disease is associated with HTLV-1 and is endemic in
the Caribbean, southeastern United States, Africa, and Japan. Circulating tumor cells have a
characteristic “cloverleaf”-shaped nucleus.

The risk factors for leukostasis are acute the leukaemia itself, younger age (most common in
infants), certain types of leukaemia like acute promyelocytic (microgranular variants), acute
myelomonocytic, acute monocytic leukaemia and T cell type of ALL. Cytogenetic abnormali‐
ties – 11q23 translocations and presence of Philadelphia chromosome are also associated with
leukostasis (Porcu et al 2000). The pathogenesis of leukostasis is determined by: - 1) sluggish
flow with stasis, 2) aggregation of leukaemic cells, 3) formation of microthrombi, 4) release of
toxic granules, 5) endothelial damage, 6) oxygen consumption by leukocytes, 7) tissue inva‐
sion (Litchman et al 1987). Leukostasis is usually associated with counts of >100 x 109 but acute
monocytic leukaemia may present with leukostasis with counts of 50 x 109/L. 5-13% of patients
of AML and 10-30% of patients of ALL will manifest with hyperleukocytosis. Earlier leukosta‐
sis was thought to be due to the presence of critical leukocrit (fractional leukocyte volume) and
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increased viscosity. Although hyperleukocytosis is also common presenting feature in pa‐
tients with ALL, particularly with T-cell phenotype, 11q23, and t(9;22) chromosomal rearrange‐
ments, symptomatic leukostasis is exceedingly rare [Porcu et al 2000]. While WBC count is a
major factor contributing to microvessel occlusion seen with leukostasis, other features, such as
activation of adhesion cell surface markers and mechanical properties of the leukemic blasts, are
likely to be important. For example, the stiffness of myeloid blasts, as measured by atomic force
microscopy, is 18 times that of lymphoid blasts [Rosenbluth et al 2006]. This difference in
deformability of the cells may at least partially explain the increased frequency of leukostasis in
AML compared to than in ALL. Presence of symptoms suggestive of leukostasis, such as
headache, blurred vision, dyspnea, hypoxia, constitute a medical emergency and efforts should
be made to lower the WBC rapidly. However, the role of leukapheresis to reduce tumor burden
in patients with ALL and leukocytosis remains controversial.

16. Metabolic complications

Hyperuricemia and hyperphosphatemia with secondary hypocalcemia are frequently en‐
countered at diagnosis, even before chemotherapy is initiated, especially in patients with B-
cell or T-cell ALL with high leukemic cell burden. Severe metabolic abnormalities may
accompany the initial diagnosis of ALL and AML (Haralampos et al 1999). Patients with high
leukemic burden are at risk of developing acute tumor lysis syndrome (ATLS). Such metabolic
changes may lead to the development of oliguric renal failure due to the tubular precipitation
of urate and calcium phosphate crystals, fatal cardiac arrhythmias, hypocalcemic tetany, and
seizures ( Jeha 2001).

17. Lactic acidosis

Lactic acidosis (LA), as the presenting manifestation of acute leukemia, is rare, but potentially
fatal complication of acute leukemia (Grossman et al 1983), characterized by low arterial pH
due to the accumulation of blood lactate. It has been suggested that LA occurring in the setting
of hematological malignancy is associated with an extremely poor prognosis [Sillos et al
2001]. Lactate, the end product of anaerobic glycolysis, is metabolized to glucose by the liver
and kidneys. Because leukemic cells have a high rate of glycolysis even in the presence of
oxygen and produce a large quantity of lactate, LA may result from an imbalance between
lactate production and hepatic lactate utilization [Sillos et al 2001]. Several factors may
contribute to the high rate of glycolysis. Overexpression or aberrant expression of glycolytic
enzymes, such as hexokinase, the first rate-limiting enzyme in the glycolytic pathway
[Mazurek et al 1997] allows leukemic blasts to proliferate rapidly and survive for prolonged
periods [Mathupala et al 1997]. Although insulin normally regulates the expression of this
enzyme, insulin-like growth factors (IGFs) that are overexpressed by malignant leukemic cells,
can mimic insulin activity [Werner 1996,]. LA is frequently associated with acute tumor lysis
syndrome (ATLS) and its extent is correlated with the severity of ATLS.
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Typically, the patient with lactic acidosis presents with weakness, tachycardia, nausea, mental

status changes, hyperventilation, and hypotension, which may progress to frank shock as

acidosis worsens. Laboratory studies show a decreased blood pH (<7.37), a widened anion gap

(>18), and a low serum bicarbonates.

HCT-CI weighted scores Definitions of comorbidities included in

the new HCT-CI

Comorbidity

1 Atrial fibrillation or flutter, sick sinus

syndrome, or ventricular arrhythmias

Arrhythmia

1 Coronary artery disease - one or more

vessel-coronary artery stenosis requiring

medical treatment, stent, or bypass graft,

congestive heart failure, myocardial

infarction, or EF ≤ 50%

Cardiac

1 Crohn disease or ulcerative colitis Inflammatory bowel disease

1 Requiring treatment with insulin or oral

hypoglycemics but not diet alone

Diabetes

1 Transient ischemic attack or

cerebrovascular accident

Cerebrovascular disease

1 Depression or anxiety requiring psychiatric

consult or treatment

Psychiatric disturbance

1 Chronic hepatitis, bilirubin > ULN to 1.5 ×

ULN, or AST/ALT > ULN to 2.5 × ULN

Hepatic, mild

1 Patients with a body mass index > 35

kg/m2

Obesity

1 Requiring continuation of antimicrobial

treatment after day 0

Infection

2 SLE, RA, polymyositis, mixed CTD, or

polymyalgia rheumatica

Rheumatologic

2 Requiring treatment Peptic ulcer

2 Serum creatinine > 2 mg/dL, on dialysis, or

prior renal transplantation

Moderate/severe rena

2 DLco and/or FEV1 66%-80% or dyspnea

on slight activity

Moderate pulmonary

3 Treated at any time point in the patient's

past history, excluding nonmelanoma skin

cancer

Prior solid tumo

3 Except mitral valve prolapse Heart valve disease

3 DLco and/or FEV1 ≤ 65% or dyspnea at

rest or requiring oxygen

Severe pulmonary

3 Liver cirrhosis, bilirubin > 1.5 × ULN, or

AST/ALT > 2.5 × ULN

Moderate/severe hepatic

Table 3. Definitions of comorbidities and HCT-CI scores included in the HCT-CI
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18. Comorbidity

Many factors have been studied to predict outcome and allocate treatment in acute leukemia.
The best established prognostic factors are karyotype and age. However, comorbidity may
play an important role in the outcome.

A comprehensive assessment including performance status, evaluation of comorbidities and
abilities to perform activities of daily living, geriatric depression scale in elderly patients has
been proven to be useful in detecting treatment-related changes in older cancer patients and
has been recommended to be incorporated into clinical outcome analysis. An index developed
specifically for patients with hematologic malignancies has been developed: the Hematopoiet‐
ic Cell Transplantation-Specific Comorbidity Index (HCT-CI) presented in Table 3 (Sorror ML
et al 2005). This index captures comorbidities that predict non-relapse mortality in patients
considered for allogeneic transplant and also proved to be a helpful tool for defining comorbid
conditions in elderly untreated AML patients. (Novotny J et al 2009; Sorror ML et al 2007).
Modifications such as modified EBMT risk score have been developed and evaluated for ALL
patients (Terwey T et al, 2010).

Comorbidity scoring is currently still under the investigation in many cooperative groups. It
is important to bear in mind that when translating the results from clinical trials into treatment
decision-making for the individual patient, many patients with e.g. „unacceptable“ renal,
cardial or hepatic abnormalities are generally not included into clinical trials. By such approach
at least 20-30% of younger patients and more than 50% of elderly patients with AML are
excluded and have not been reported in any results. Because of that it would be important to
propose comorbidity score for all leukemia patients and to evaluate how many of the patients
are able to receive standard therapy and stem cell transplantation, how many of them are
candidate for low-intensity treatment and supportive care.

While acute leukemia patients depend on the expert recommendations from their physicians,
knowledge of clinical presentation and patient's related prognostic factors can help to improve
treatment decision and to identify patients who would benefit most from either intensive or
low-intensive treatment or even best supportive care alone.
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Typically, the patient with lactic acidosis presents with weakness, tachycardia, nausea, mental

status changes, hyperventilation, and hypotension, which may progress to frank shock as

acidosis worsens. Laboratory studies show a decreased blood pH (<7.37), a widened anion gap

(>18), and a low serum bicarbonates.

HCT-CI weighted scores Definitions of comorbidities included in

the new HCT-CI

Comorbidity

1 Atrial fibrillation or flutter, sick sinus

syndrome, or ventricular arrhythmias

Arrhythmia

1 Coronary artery disease - one or more

vessel-coronary artery stenosis requiring

medical treatment, stent, or bypass graft,

congestive heart failure, myocardial

infarction, or EF ≤ 50%

Cardiac

1 Crohn disease or ulcerative colitis Inflammatory bowel disease

1 Requiring treatment with insulin or oral

hypoglycemics but not diet alone

Diabetes

1 Transient ischemic attack or

cerebrovascular accident

Cerebrovascular disease

1 Depression or anxiety requiring psychiatric

consult or treatment

Psychiatric disturbance

1 Chronic hepatitis, bilirubin > ULN to 1.5 ×

ULN, or AST/ALT > ULN to 2.5 × ULN

Hepatic, mild

1 Patients with a body mass index > 35

kg/m2

Obesity

1 Requiring continuation of antimicrobial

treatment after day 0

Infection

2 SLE, RA, polymyositis, mixed CTD, or

polymyalgia rheumatica

Rheumatologic

2 Requiring treatment Peptic ulcer

2 Serum creatinine > 2 mg/dL, on dialysis, or

prior renal transplantation

Moderate/severe rena

2 DLco and/or FEV1 66%-80% or dyspnea

on slight activity

Moderate pulmonary

3 Treated at any time point in the patient's

past history, excluding nonmelanoma skin

cancer

Prior solid tumo

3 Except mitral valve prolapse Heart valve disease

3 DLco and/or FEV1 ≤ 65% or dyspnea at

rest or requiring oxygen

Severe pulmonary

3 Liver cirrhosis, bilirubin > 1.5 × ULN, or

AST/ALT > 2.5 × ULN

Moderate/severe hepatic

Table 3. Definitions of comorbidities and HCT-CI scores included in the HCT-CI
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18. Comorbidity

Many factors have been studied to predict outcome and allocate treatment in acute leukemia.
The best established prognostic factors are karyotype and age. However, comorbidity may
play an important role in the outcome.

A comprehensive assessment including performance status, evaluation of comorbidities and
abilities to perform activities of daily living, geriatric depression scale in elderly patients has
been proven to be useful in detecting treatment-related changes in older cancer patients and
has been recommended to be incorporated into clinical outcome analysis. An index developed
specifically for patients with hematologic malignancies has been developed: the Hematopoiet‐
ic Cell Transplantation-Specific Comorbidity Index (HCT-CI) presented in Table 3 (Sorror ML
et al 2005). This index captures comorbidities that predict non-relapse mortality in patients
considered for allogeneic transplant and also proved to be a helpful tool for defining comorbid
conditions in elderly untreated AML patients. (Novotny J et al 2009; Sorror ML et al 2007).
Modifications such as modified EBMT risk score have been developed and evaluated for ALL
patients (Terwey T et al, 2010).

Comorbidity scoring is currently still under the investigation in many cooperative groups. It
is important to bear in mind that when translating the results from clinical trials into treatment
decision-making for the individual patient, many patients with e.g. „unacceptable“ renal,
cardial or hepatic abnormalities are generally not included into clinical trials. By such approach
at least 20-30% of younger patients and more than 50% of elderly patients with AML are
excluded and have not been reported in any results. Because of that it would be important to
propose comorbidity score for all leukemia patients and to evaluate how many of the patients
are able to receive standard therapy and stem cell transplantation, how many of them are
candidate for low-intensity treatment and supportive care.

While acute leukemia patients depend on the expert recommendations from their physicians,
knowledge of clinical presentation and patient's related prognostic factors can help to improve
treatment decision and to identify patients who would benefit most from either intensive or
low-intensive treatment or even best supportive care alone.
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1. Introduction

Therapy-related acute myeloid leukemia (t-AML) is a heterogeneous group of myeloid neo‐
plasms occurring as an overwhelming complication in patients receiving previous cytotoxic
chemotherapy and/or radiation therapy used to treat haematopoietic or solid malignancies
or associated with immunosuppressive treatment for non-neoplastic rheumatologic/autoim‐
mune diseases or solid organ transplantation (Offman et al., 2004; Kwong, 2010). T-AML is
an increasingly recognized condition included in the category of therapy-related myeloid
neoplasms in the revised WHO classification of tumours of haematopoietic and lymphoid
tissues, together with therapy-related myelodysplastic syndrome (t-MDS) and myelodys‐
plastic/myeloproliferative neoplasm, that constitute a unique clinical syndrome (Vardiman
et al., 2009).

The average age of the population in the developed countries is increasing, and cancer inci‐
dence increases with age. Both improved early detection of first malignancies and primary
oncologic therapy have led to enhanced survival rates, and the risk of t-AML has conse‐
quently risen over the last few decades (Travis, 2006; Ries et al., 2008). Thus patients are, in a
sense, the fortunate victims of our own success. Secondary leukemias challenge both the un‐
derstanding of leukemogenesis and the clinical management of these conditions. The dis‐
ease offers a unique opportunity to study leukaemic transformation by relating specific
genetic and molecular abnormalities to the biologic effects of particular agents. The detailed
insights into pathogenetic mechanisms will eventually help to establish a more differentiat‐
ed clinical approach to successfully treat, but hopefully also prevent, these often fatal conse‐
quences of cytotoxic therapies. Despite that t-AMLs share common phenotypic features with
de novo AML, the prognosis is generally unfavorable.

© 2013 Guenova et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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In general, t-AML are of particular importance to study for several reasons: (i) they repre‐
sent the most serious long-term complications to current cancer therapy and the under‐
standing would help to identify patients at risk in order to tailor therapy; (ii) they can be
directly induced by chemically well-defined agents or irradiation with well-known cellular
effects; (iii) they present the same chromosome aberrations and gene mutations as de novo
AML, allowing for extrapolation of results from one to the other type of disease thus clarify‐
ing the biological processes leading to leukemogenesis; (iv) an early stage of MDS with re‐
fractory cytopenia is often diagnosed in therapy-related diseases, because most patients are
followed thoroughly after intensive chemotherapy or irradiation, while in de novo AML,
such information is often lacking; (v) there is still no consensus on the therapeutic manage‐
ment.

2. Epidemiology

The proportion of therapy-related AMLs varies from 5% to higher than 10% out of all cases
of AMLs depending on the primary disease and the applied treatment in regard to chemical
structure and dose of the used compounds, as well as to the type and intensity of used phys‐
ical agent (Schneider et al., 1999). The GIMEMA registry reports an incidence of 5% of AML
occurring as a second malignancy in Italy, however this registry includes only patients in
whom treatment is feasible. Similarly, t-AML account for about 6% of all new AML cases in
the UK, thus corresponding to an incidence rate at around 0.2/100 000/year (reviewed in
Seedhouse & Russell, 2007). For a 12-years period, the review of our own data also showed
that in 26 out of 407 consecutive cases of adult AML diagnosed and treated in our institution
had a history for a previous malignancy treated with chemotherapy and/or radiotherapy
which accounts for 6,1% (Balatzenko & Guenova, 2012). Higher values were reported by
others as the pooled analysis of a consecutive series of 372 Swedish adult AML cases com‐
pared to 4230 unselected cases reported in the literature 1974 – 2001 revealed an incidence of
13% and 14%, respectively (Mauritzson et al.,2002).

2.1. Age

All age groups are affected - both children and adults develop AML following treatment
with antineoplastic agents. However, children deserve particular consideration, taking into
account the long life-expectancy of oncological patients cured by chemo and radiotherapy
(Le Deley et al., 2003). As demonstrated in the published literature, the risk of developing
AML following chemotherapy is not reliably correlated with the age of the pediatric patient.
There is no consistent evidence that indicates that younger children will be at increased risk;
in fact, some studies suggest that younger children might actually display a decreased sus‐
ceptibility. Unlike secondary solid tumors such as breast, central nervous system, bone, and
thyroid cancer which are highly dependent on the age of the patient at time of diagnosis and
treatment; an age dependency for t-AML risk was not observed in the same pediatric patient
populations (reviewed in Pyatt et al., 2007). In addition, though in the Guidelines for Carci‐
nogen Risk Assessment (2005), presented at the Risk Assessment Forum U.S. Environmental
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Protection Agency a 10-fold higher risk attributable to early-life carcinogenic exposure was
assumed, leading to a reasonable expectation that children can be more susceptible to many
carcinogenic agents, the available scientific and medical literature does not support the hy‐
pothesis that children necessarily possess an increased risk of developing AML following
leukemogenic chemical exposure (Pyatt et al., 2007, Barnard et al, 2005).

In adult patients there is a higher risk and shorter latency period for the development of t-
AML (Dann et al., 2001). In general, there is no convincing evidence for gender predisposi‐
tion (Pagano et al., 2001; Smith et al. 2003).

2.2. Primary malignancies

Due to decreasing overall death rates in cancer there is an increasing number of cured pa‐
tients at risk of developing t-AML. The review of reports on long follow-up of high numbers
of patients treated with relatively uniform protocols comprising cytotoxic drugs, growth fac‐
tors and radiation therapy individually or in combination highlights the major trends, with
the greatest likelihood of developing therapy-related myeloid neoplasms following treat‐
ment of hematopoietic malignancies and breast cancer in adults, ALL and central nervous
system tumors in children, germ cell tumours, lung cancer, etc. A significant proportion of t-
AMLs nowadays involve patients treated for non-neoplastic disorders, and those treated
with high-dose chemotherapy followed by autologous stem cell transplantation (Mauritzson
et al., 2002; Suvajdžić et al. 2012; Ramadan et al., 2012). Representative studies are summar‐
ised in Table 1 demonstaring the incidence of t-AML in different primary diseases.

2.2.1. Hematologic malignancies

Up to 10% of patients with a preceeding lymphoid neoplasm treated with conventional che‐
motherapy and especially high-dose therapy and autologous stem cell transplantation may
develop a t-AML within 10 years following primary therapy (Table 1). In patients with
Hodgkin lymphoma (HL), the risk of t-AML has been reported to range between 1% and
10%, depending on the type of therapy administered, the study population size, and the fol‐
low-up duration. In patients with non-Hodgkin’s lymphoma (NHL), an increased risk of
secondary malignancies including therapy-related myeloid neoplasms has been reported, in
particular when fludarabine-containing regimens or SCT are used. Significant risk factors
were older age at the time of diagnosis, male sex, and fludarabine- or nucleoside analogs-
containing therapy or SCT.Interestingly, leukemia cases are rarely or never seen in patients
treated with radiotherapy alone (Mudie et al. 2006). Secondary carcinogenesis remains a ma‐
jor late complication in patients with acute lymphoblastic leukemia, particularly in children.
A retrospective study of the cumulative incidence of secondary neoplasms after childhood
ALL over 30 years showed that the risk of t-AML is higher in ALL children who receive a
high cumulative dose and prolonged epipodophyllotoxin therapy in weekly or bi-weekly
schedules, with short-term use of G-CSF and central nervous system irradiation as additive
risk factors (Hijiya et al.,2007).
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Primary Disease
Number of
patients in
the study

Number of
patients with
t-AML

Therapy
Median
Latency

References

Hematological Malignancies

Acute lymphoblastic
leukemia (adults)

641 6 (0.9%) CT 32 months Verma et al.,2009

Acute lymphoblastic
leukemia (children)

733 13 (1.8%) CT 3 years Pui et al.,1989

Acute lymphoblastic
leukemia (children)

1290 37 (2,9%) CT 3.8 years Hijiya et al., 2007

Acute lymphoblastic
leukemia

1494 6 (0.4%) CT 1.3 years Tavernier et al.,2007

CLL 521 3 (0.6%) CT 34 months Morrison et al.,2002

B-NHL; T-NHL; Hodgkin’s
lymphoma

1347 11 (0.8%) HDCT±
MoAbs

Tarella et al.,2011

NHL 230 11 (4.8%) HD CT + RT 4.4 years Micallef et al.,2000

NHL 29153 29 (0.1%) RT ± CT;
other

61 months Travis et al.,1991

Hodgkin’s lymphoma 5411 36 (0.7%) RT ± CT 5 years Josting et al.,2003

Hodgkin’s lymphoma 2676 17 (0.6%) RT; CT; RT
+CT

79.9 months Devereux et al.,1990

Hodgkin’s lymphoma 29552 143 (0.5%) RT; CT; RT
+CT

ND Kaldor et al.,1990

Hodgkin’s lymphoma 947 23 (2.4%) RT; CT; RT
+CT

58 months Cimino et al. ,1991

Hodgkin’s lymphoma 32591 169 (0.5%) RT; CT; RT
+CT

ND Dores et al.,2002

Hodgkin’s lymphoma
(children)

1380 24 (1.7%) RT; CT; RT
+CT

ND Bhatia et al.,1996

Hodgkin’s lymphoma 794 8 (1.0%) RT; RT+CT 5 years Mauch et al., 1996

Multiple Myeloma 8740 39* (0.4%) CH, HDM-
ASCT, IMiDs

45.3 months Mailankody et al.,2011

Multiple Myeloma 2418 5 (0.2%) CH, HDM-
ASCT, IMiDs

ND Barlogie et al.,2008

APL 77 3 (3.9%) CT ± ATRA Latagliata et al.,2002

Solid Tumors

Small cell lung carcinoma 158 3 (1.9%) 2.7 years Chak et al.,1984

Germ-cell tumours 212 4 (1.9%) CT ND Pedersen-Bjergaard et
al.,1991
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Primary Disease
Number of
patients in
the study

Number of
patients with
t-AML

Therapy
Median
Latency

References

Germ-cell tumours 442
174
124

3 (0.7%)
3 (1.7%)
0

CT
RT+CT
RT

ND Schneider et al.,1991

Germ-cell tumors (children) 716
416

6 (0.84%)
0

CT+RT
RT or S

101 weeks Schneider et al.,1999

Ovarian Cancer 63359 109 (0.2%) CT 4 years Vay et al.,2011

Ovarian Cancer 99113 95 (0.1%) RT; CT; RT
+CT

4-5 years Kaldor et al.,1990

Ovarian Cancer 28971 1 (0.003%)
65 (0.2%)
25 (0.09%)

RT
CT
RT+CT

3.3 years Travis et al.,1999

Breast Cancer 5299
646

27 (0.5%)
5 (0.8%)

CT
RT

ND Fisher et al.,1985

Breast Cancer 82700 74 (0.09%) CT; RT; CT
+RT

5 years Curtis et al.,1992

Breast Cancer 1474 14 (0.9%) CH ± RT 66 months Diamandidou et al.,
1996

Testicular Cancer 1909 3
1
2

CT
RT
RT+CT

7.7 years van Leeuwen et al.,
1993

Testicular Cancer 28843 27 (0.09%) CH; RT ND Travis et al.,1997

Prostate Cancer 487 3 (0.6%) CH 48 months Flaig et al.,2008

Prostate Cancer 168612 184 (0.1%) RT Ojha et al., 2010

Auto-immune diseases

Reumatoid arthritis 53067 68 (SIR=2,4) ND Askling et al. 2005

Reumatoid arthritis 4160 0 (SIR=0) TNF
antagonist

NA Askling et al. 2005

Multiple sclerosis 2854 21(SIR=1,84) NA Martinelli et al. 2009

Systemic lupus
erythematodis

5715 8(OR=1,2) ND Loststrone et al. 2009

Wegener’s granulomatosis 293 (SIR=19,6) 6,8-18,5 yrs Faaurschou et al. 2008

Ulcerative colitis 2012 (OR=3,8) ND Johnson et al. 2012

Legend: * including terapy-related MDS; ND – no data; CT – chemotherapy; RT – radio therapy; IMiDs – Immunomodu‐
latory drugs; MoAbs – monoclonal antibodies; HD – high dose; ASCT - autologous stem cell transplantation; ND – no
data; S – surgery; ATRA - all-trans retinoic acid; NHL – non-Hodgkin’s lymphoma; APL – acute promyelocytic leukaemia;
OR – odds ratio; SIR – standardized incidence ratio.

Table 1. Representative studies of the incidence of t-AML in different primary diagnoses.
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2.2.2. Solid tumours

In most studies, an increased risk of t-AML was reported in breast cancer patients treated
with chemoradiotherapy ± radiotherapy. Besides, an increased incidence of t-MDS/AML in
patients treated with surgery alone and in patients with a family history of breast cancer
suggests a possible association between the two diseases.

When looking at solid tumors, an increased risk of t-AML has been reported in breast cancer
patients treated with chemoradiotherapy ± radiotherapy (Table 1). Praga et al. analyzed
9796 breast cancer patients treated in 19 randomized trials (Praga et al., 2005). The cumula‐
tive 8-year risk of t-AML showed wide variability between patients treated with standard or
high cumulative doses of epirubicin (0.37% vs 4.97%, respectively). In almost 400,000 breast
cancer patients, significant risk factors were also younger age at the time of breast cancer di‐
agnosis, advanced stage disease with distal involvement and treatment using radiotherapy
(Martin et al., 2009).A large proportion of patients with testicular cancer can be cured by ra‐
diochemotherapy, including topoisomerase II inhibitors and cisplatin, but t-MDS/AML rep‐
resents a major problem with a mean cumulative risk of 1.3 to 4.7% at 5 years (Travis et al.,
2000). An increased incidence of AML was found in children with non-testicular germ cell
tumors after chemoradiotherapy, with a cumulative incidence in patients treated with com‐
bined chemotherapy and radiotherapy. No cases of leukemia were found in patients treated
with radiotherapy or surgery only (Schneider et al.,1999).

2.2.3. Hematopoietic stem cell trasplantation

An increased risk of therapy-related myelodysplastic syndrome and t-AML after high-dose
therapy and autologous stem-cell transplantation (ASCT) for malignant lymphoma has been
described by several studies, reporting a highly variable incidence ranging from 1-3% (Lenz
et al., 2004; Howe et al., 2003) to 12% (Micallef et al., 2000). The incidence of therapy-related
myeloid neoplasms after SCT is related to the type of conditioning regimens, as patients re‐
ceiving the combination of TBI and alkylating agents seem to have an especially increased
risk, but also to the type of previous chemotherapy, its effects on harvested hematopoietic
stem cells and the use of growth factors. The development of t-MN after SCT has been
shown to be associated with and preceded by markedly altered telomere dynamics in hema‐
topoietic cells, which may reflect increased clonal proliferation and/or altered telomere regu‐
lation in premalignant cells (Chakraborty et al., 2009). In the allogeneic bone marrow or
hematopoietic stem cell transplantation setting, donor cell–derived leukemias (DCL) and
myelodysplastic neoplasms represent a rare but intriguing form of leukemogenesis. DCL
represents a unique form of leukemogenesis in which normal donor cells become trans‐
formed into an aggressive leukemia or MDS following engraftment in a foreign host envi‐
ronment (Wang et al., 2011; Sala-Torra et al., 2006).

2.2.4. Auto-immune diseases

The risk of developing therapy-related AML also applies to patients with non-malignant
conditions, such as autoimmune diseases treated with cytotoxic and/or immunosuppressive
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agents. There is considerable evidence to suggest an increased occurrence of hematologic
malignancies in patients with autoimmune diseases compared to the general population,
with a further increase in risk after exposure to cytotoxic therapies. Unfortunately, studies
have failed to reveal a clear correlation between leukemia development and exposure to in‐
dividual agents used for the treatment of autoimmune diseases. The association of t-AML
and autoimmune diseases was clearly demonstrated in a recent study reporting for an odds
ratio of AML OR=1,29 (95% CI, 1.2–1.39) by comparing 13,486 patients aged over 67 years
with myeloid malignancies to 160,086 population-based matched controls using the SEER-
Medicare database of Hematopoietic Malignancy Risk Traits (SMAHRT). Specifically, AML
was associated with rheumatoid arthritis (OR 1.28), systemic lupus erythematosus (OR 1.92),
polymyalgia rheumatica (OR 1.73), autoimmune haemolytic anaemia (OR 3.74), systemic
vasculitis (OR 6.23), ulcerative colitis (OR 1.72) and pernicious anaemia (OR 1.57) (Anderson
et al., 2009). This was confirmed in a recent study by Kristinsson et al. that included 9,219
patients with AML and 42,878 matched controls from population-based central registries in
Sweden and reported for a 1.7-fold (95% CI, 1.5–1.9) increased risk of AML (Kristinsson et
al., 2011).

In summary, certain inflammatory medical conditions and a personal history of cancer, in‐
dependent from therapy, are associated with an increased risk of myeloid leukemia. Accord‐
ing to the WHO classification, the distinction of t-AMLs from de novo leukemias is solely
based on the patient’s history but not on the specific biomarkers. Interestingly, it has been
observed that 20–30% of acute leukemias, occurring as second malignancy, developed in the
absence of previous chemo and/or radiotherapy exposure suggesting that besides the pro‐
ven leukemogenic mechanisms of chemo and immunosuppressive therapy and ionizing ra‐
diations, other factors such as genetics, chronic immune stimulation and environment could
favour the onset of multiple neoplastic diseases (Pagano et al., 2001; Johnson et al., 2012). We
have to admit that there is insufficient evidence to label leukemias that develop in patients
who are exposed to cytotoxic agents as ‘therapy-related leukemias’. Further investigation of
the underlying mechanisms and defects, including defects in immunity, DNA repair, and
apoptosis in these patients are warranted rather than studying only drug mechanisms that
lead to leukemogenesis .

3. Risk factors for the development of t-AML

Despite that it has been suggested that chemotherapy (CT) and radiotherapy (RT) are associ‐
ated with a considerable increase in the risk for the development of t-AML compared to the
general population, it still only occurs in a relatively small number of patients. The actuarial
risk varies from study to study, but an increase in the risk of AML of 0.25 to 1 % per year has
been generally observed. The risk is dose dependent and increases exponentially with age
after the age of 40 years, paralleling the risk of primary AML in the general population (Ped‐
ersen-Bjergaard J., 2005).

It is important to identify risk factors that may confer susceptibility to the development of
the condition, including life style, environmental and occupational, as well as host factors,
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2.2.2. Solid tumours

In most studies, an increased risk of t-AML was reported in breast cancer patients treated
with chemoradiotherapy ± radiotherapy. Besides, an increased incidence of t-MDS/AML in
patients treated with surgery alone and in patients with a family history of breast cancer
suggests a possible association between the two diseases.

When looking at solid tumors, an increased risk of t-AML has been reported in breast cancer
patients treated with chemoradiotherapy ± radiotherapy (Table 1). Praga et al. analyzed
9796 breast cancer patients treated in 19 randomized trials (Praga et al., 2005). The cumula‐
tive 8-year risk of t-AML showed wide variability between patients treated with standard or
high cumulative doses of epirubicin (0.37% vs 4.97%, respectively). In almost 400,000 breast
cancer patients, significant risk factors were also younger age at the time of breast cancer di‐
agnosis, advanced stage disease with distal involvement and treatment using radiotherapy
(Martin et al., 2009).A large proportion of patients with testicular cancer can be cured by ra‐
diochemotherapy, including topoisomerase II inhibitors and cisplatin, but t-MDS/AML rep‐
resents a major problem with a mean cumulative risk of 1.3 to 4.7% at 5 years (Travis et al.,
2000). An increased incidence of AML was found in children with non-testicular germ cell
tumors after chemoradiotherapy, with a cumulative incidence in patients treated with com‐
bined chemotherapy and radiotherapy. No cases of leukemia were found in patients treated
with radiotherapy or surgery only (Schneider et al.,1999).

2.2.3. Hematopoietic stem cell trasplantation

An increased risk of therapy-related myelodysplastic syndrome and t-AML after high-dose
therapy and autologous stem-cell transplantation (ASCT) for malignant lymphoma has been
described by several studies, reporting a highly variable incidence ranging from 1-3% (Lenz
et al., 2004; Howe et al., 2003) to 12% (Micallef et al., 2000). The incidence of therapy-related
myeloid neoplasms after SCT is related to the type of conditioning regimens, as patients re‐
ceiving the combination of TBI and alkylating agents seem to have an especially increased
risk, but also to the type of previous chemotherapy, its effects on harvested hematopoietic
stem cells and the use of growth factors. The development of t-MN after SCT has been
shown to be associated with and preceded by markedly altered telomere dynamics in hema‐
topoietic cells, which may reflect increased clonal proliferation and/or altered telomere regu‐
lation in premalignant cells (Chakraborty et al., 2009). In the allogeneic bone marrow or
hematopoietic stem cell transplantation setting, donor cell–derived leukemias (DCL) and
myelodysplastic neoplasms represent a rare but intriguing form of leukemogenesis. DCL
represents a unique form of leukemogenesis in which normal donor cells become trans‐
formed into an aggressive leukemia or MDS following engraftment in a foreign host envi‐
ronment (Wang et al., 2011; Sala-Torra et al., 2006).

2.2.4. Auto-immune diseases

The risk of developing therapy-related AML also applies to patients with non-malignant
conditions, such as autoimmune diseases treated with cytotoxic and/or immunosuppressive
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agents. There is considerable evidence to suggest an increased occurrence of hematologic
malignancies in patients with autoimmune diseases compared to the general population,
with a further increase in risk after exposure to cytotoxic therapies. Unfortunately, studies
have failed to reveal a clear correlation between leukemia development and exposure to in‐
dividual agents used for the treatment of autoimmune diseases. The association of t-AML
and autoimmune diseases was clearly demonstrated in a recent study reporting for an odds
ratio of AML OR=1,29 (95% CI, 1.2–1.39) by comparing 13,486 patients aged over 67 years
with myeloid malignancies to 160,086 population-based matched controls using the SEER-
Medicare database of Hematopoietic Malignancy Risk Traits (SMAHRT). Specifically, AML
was associated with rheumatoid arthritis (OR 1.28), systemic lupus erythematosus (OR 1.92),
polymyalgia rheumatica (OR 1.73), autoimmune haemolytic anaemia (OR 3.74), systemic
vasculitis (OR 6.23), ulcerative colitis (OR 1.72) and pernicious anaemia (OR 1.57) (Anderson
et al., 2009). This was confirmed in a recent study by Kristinsson et al. that included 9,219
patients with AML and 42,878 matched controls from population-based central registries in
Sweden and reported for a 1.7-fold (95% CI, 1.5–1.9) increased risk of AML (Kristinsson et
al., 2011).

In summary, certain inflammatory medical conditions and a personal history of cancer, in‐
dependent from therapy, are associated with an increased risk of myeloid leukemia. Accord‐
ing to the WHO classification, the distinction of t-AMLs from de novo leukemias is solely
based on the patient’s history but not on the specific biomarkers. Interestingly, it has been
observed that 20–30% of acute leukemias, occurring as second malignancy, developed in the
absence of previous chemo and/or radiotherapy exposure suggesting that besides the pro‐
ven leukemogenic mechanisms of chemo and immunosuppressive therapy and ionizing ra‐
diations, other factors such as genetics, chronic immune stimulation and environment could
favour the onset of multiple neoplastic diseases (Pagano et al., 2001; Johnson et al., 2012). We
have to admit that there is insufficient evidence to label leukemias that develop in patients
who are exposed to cytotoxic agents as ‘therapy-related leukemias’. Further investigation of
the underlying mechanisms and defects, including defects in immunity, DNA repair, and
apoptosis in these patients are warranted rather than studying only drug mechanisms that
lead to leukemogenesis .

3. Risk factors for the development of t-AML

Despite that it has been suggested that chemotherapy (CT) and radiotherapy (RT) are associ‐
ated with a considerable increase in the risk for the development of t-AML compared to the
general population, it still only occurs in a relatively small number of patients. The actuarial
risk varies from study to study, but an increase in the risk of AML of 0.25 to 1 % per year has
been generally observed. The risk is dose dependent and increases exponentially with age
after the age of 40 years, paralleling the risk of primary AML in the general population (Ped‐
ersen-Bjergaard J., 2005).

It is important to identify risk factors that may confer susceptibility to the development of
the condition, including life style, environmental and occupational, as well as host factors,
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such as differences in drug catabolism, membrane transport or inefficient DNA repair that
could explain the predisposition to leukemia. In general chemotherapy confers a greater risk
while involved field radiation is associated with very little or no increased risk of leukemia.
Characteristic features often relate to the type of previous therapy; alkylating agents or RT;
drugs binding to the enzyme DNA-topoisomerase, or antimetabolites.

3.1. Host factors

Lichtman (2007) after a review of 463 618 cases of cancer patients treated with chemotherapy
and radiotherapy, reported 741 cases of AML/MDS, or less than 1%. These data clearly dem‐
onstrate, that after exposure to chemotherapy and/or radiotherapy only a small proportion
of patients develop t-AMLs, which supports the idea, that a host predisposition to the leuke‐
mogenic potential of chemotherapy and radiotherapy probably exits (Czader & Orazi, 2009).
Understanding individual susceptibility factors is important not only to identify patients at
risk in order to tailor therapy, but also to clarify the biological processes leading to leukemo‐
genesis (Leone et al.,2007).

3.1.1. Cancer susceptibility conditions

During the last years, a number of factors were identified, that might cause a predisposition
to both de novo and t-AML, including several cancer susceptibility syndromes (Knoche et
al., 2006). Neurofibromatosis type 1 (NF1) results from a mutation in or deletion of the NF1
gene. The gene product neurofibromin serves as a tumor suppressor; and the decreased pro‐
duction of this protein results in the myriad of clinical features. Children with NF1 are at
increased risk of developing benign and malignant solid tumors as well as hematologic ma‐
lignancies, including acute myelogenous leukemia. The normal NF1 allele is frequently de‐
leted in the bone marrow cells from NF1 patients with hematologic malignancies,
suggesting a pathogenic role in primary leukemogenesis. The idea that NF1 is essential to
regulate the growth of myeloid cells and functions as a tumor suppressor gene raises the
possibility that children with NF1 might be susceptible to the development of secondary
leukemias. (Maris et al.,1997)

Similarly, germline p53 mutations may predispose some children to therapy-related leuke‐
mia and myelodysplasia. Several reports described the occurrence of t-AML in single cases
but no consistent association has been reported to date (Felix et al., 1996; Talwalkar et al.,
2010; reviewed in Sill et al., 2011).

Some observation also suggest that individuals with constitutional genetic variation in the
p53 pathway such as certain allelic variants within the MDM2 and TP53 genes – both in‐
volved in the TP53 DNA damage response pathway – wereat significantly increased risk for
chemotherapy-related AML. Analysis of associations between patients with t-AML and 2
common functional p53-pathway variants, the MDM2 SNP309 and the TP53 codon 72 poly‐
morphism revealed that, an interactive effect was detected such that MDM2 TT TP53
Arg/Arg double homozygotes, and individuals carrying both a MDM2 G allele and a TP53
Pro allele, were at increased risk of t-AML. This interactive effect was observed in patients
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previously treated with chemotherapy but not in patients treated with radiotherapy, and in
patients with loss of chromosomes 5 and/or 7. In addition, there was a trend toward shorter
latency to t-AML in MDM2 GG versus TT homozygotes in females but not in males, and in
younger but not older patients.These data indicate that the MDM2 and TP53 variants inter‐
act to modulate responses to genotoxic therapy and are determinants of risk for t-AML (Ellis
et al., 2008).

The RUNX1/AML1 gene is the most frequent target for chromosomal translocation in leuke‐
mia. Besides, point mutations in the RUNX1 gene are another mode of genetic alteration in
development of leukemia. Monoallelic germline mutations in RUNX1 result in familial pla‐
telet disorder predisposed to acute myelogenous leukemia (Osato M., 2004). Among thera‐
py-related myeloid neoplasms after successful treatment for acute promyelocytic leukemia,
leukaemia transformation of myeloproliferative neoplasms has been reported to have a
strong association with RUNX1 mutations. The mutations occur in a normal, a receptive, or
a disease-committed hematopoietic stem cell (Harada & Harada, 2011).

Recently, an oncogenic germline C-RAF mutations were described in patients with t-AML.
Besides, analysis of blast cells from patients with C-RAF germline mutations revealed loss of
the tumor and metastasis suppressor RAF kinase inhibitor protein (RKIP) as a functional so‐
matic event in carriers of C-RAF germline mutations, which contributes to the development
of t-AML (Zebisch et al., 2009).

Over the last years, genome-wide association studies were also conducted in the attempt to
increase the knowledge of susceptibility factors for t-AML. A recent study of Knight et al.,
2009, represents an important step toward the translational goal of identifying persons at
risk for t-AML at the time of their original cancer diagnosis so that their initial cancer thera‐
py can be modified to minimize this risk. The major findings were that the effect of genetic
factors contributing to cancer risk are potentiated and more readily discernable in t-AML
compared with sporadic cancer. Even in a small sample set, this enrichment allowed for the
identification and replication of likely t-AML–predisposing genetic variants, each of which
may contribute significantly to overall risk. Distinct subsets of patients with t-AML may
have distinct inherited susceptibilities toward t-AML (Knight et al., 2009).

A novel concept addresses epigenetic modifications as an important factor in conferring
disease susceptibility, including global hypomethylation resulting in chromosomal instabili‐
ty and loss of genetic integrity, and promoter specific DNA hypermethylation which leads
to silencing of tumor suppressor genes. Recent studies by Voso et al., 2010 demonstared that
gene promoter methylation is a common finding in t-MDS/AML and has been associated to
a shorter latency period from the treatment of the primary tumor. Among the studied genes,
p15 methylation correlated to monosomy/deletion of chromosome 7q, suggesting that it
could be a relevant event in alkylating agent-induced leukemogenesis.

DAPK1 was more frequently methylated in t-MDS/AML when compared to de novo MDS
and AML (39% vs 15.3% and 24.4%, p=0.0001). Besides, the methylation pattern appeared to
be related to the primary tumor, with DAPK1 more frequently methylated in patients with a
previous lymphoproliferative disease (75% vs 32%, p=0.006). In patients studied for concur‐
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such as differences in drug catabolism, membrane transport or inefficient DNA repair that
could explain the predisposition to leukemia. In general chemotherapy confers a greater risk
while involved field radiation is associated with very little or no increased risk of leukemia.
Characteristic features often relate to the type of previous therapy; alkylating agents or RT;
drugs binding to the enzyme DNA-topoisomerase, or antimetabolites.

3.1. Host factors

Lichtman (2007) after a review of 463 618 cases of cancer patients treated with chemotherapy
and radiotherapy, reported 741 cases of AML/MDS, or less than 1%. These data clearly dem‐
onstrate, that after exposure to chemotherapy and/or radiotherapy only a small proportion
of patients develop t-AMLs, which supports the idea, that a host predisposition to the leuke‐
mogenic potential of chemotherapy and radiotherapy probably exits (Czader & Orazi, 2009).
Understanding individual susceptibility factors is important not only to identify patients at
risk in order to tailor therapy, but also to clarify the biological processes leading to leukemo‐
genesis (Leone et al.,2007).

3.1.1. Cancer susceptibility conditions

During the last years, a number of factors were identified, that might cause a predisposition
to both de novo and t-AML, including several cancer susceptibility syndromes (Knoche et
al., 2006). Neurofibromatosis type 1 (NF1) results from a mutation in or deletion of the NF1
gene. The gene product neurofibromin serves as a tumor suppressor; and the decreased pro‐
duction of this protein results in the myriad of clinical features. Children with NF1 are at
increased risk of developing benign and malignant solid tumors as well as hematologic ma‐
lignancies, including acute myelogenous leukemia. The normal NF1 allele is frequently de‐
leted in the bone marrow cells from NF1 patients with hematologic malignancies,
suggesting a pathogenic role in primary leukemogenesis. The idea that NF1 is essential to
regulate the growth of myeloid cells and functions as a tumor suppressor gene raises the
possibility that children with NF1 might be susceptible to the development of secondary
leukemias. (Maris et al.,1997)

Similarly, germline p53 mutations may predispose some children to therapy-related leuke‐
mia and myelodysplasia. Several reports described the occurrence of t-AML in single cases
but no consistent association has been reported to date (Felix et al., 1996; Talwalkar et al.,
2010; reviewed in Sill et al., 2011).

Some observation also suggest that individuals with constitutional genetic variation in the
p53 pathway such as certain allelic variants within the MDM2 and TP53 genes – both in‐
volved in the TP53 DNA damage response pathway – wereat significantly increased risk for
chemotherapy-related AML. Analysis of associations between patients with t-AML and 2
common functional p53-pathway variants, the MDM2 SNP309 and the TP53 codon 72 poly‐
morphism revealed that, an interactive effect was detected such that MDM2 TT TP53
Arg/Arg double homozygotes, and individuals carrying both a MDM2 G allele and a TP53
Pro allele, were at increased risk of t-AML. This interactive effect was observed in patients
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previously treated with chemotherapy but not in patients treated with radiotherapy, and in
patients with loss of chromosomes 5 and/or 7. In addition, there was a trend toward shorter
latency to t-AML in MDM2 GG versus TT homozygotes in females but not in males, and in
younger but not older patients.These data indicate that the MDM2 and TP53 variants inter‐
act to modulate responses to genotoxic therapy and are determinants of risk for t-AML (Ellis
et al., 2008).

The RUNX1/AML1 gene is the most frequent target for chromosomal translocation in leuke‐
mia. Besides, point mutations in the RUNX1 gene are another mode of genetic alteration in
development of leukemia. Monoallelic germline mutations in RUNX1 result in familial pla‐
telet disorder predisposed to acute myelogenous leukemia (Osato M., 2004). Among thera‐
py-related myeloid neoplasms after successful treatment for acute promyelocytic leukemia,
leukaemia transformation of myeloproliferative neoplasms has been reported to have a
strong association with RUNX1 mutations. The mutations occur in a normal, a receptive, or
a disease-committed hematopoietic stem cell (Harada & Harada, 2011).

Recently, an oncogenic germline C-RAF mutations were described in patients with t-AML.
Besides, analysis of blast cells from patients with C-RAF germline mutations revealed loss of
the tumor and metastasis suppressor RAF kinase inhibitor protein (RKIP) as a functional so‐
matic event in carriers of C-RAF germline mutations, which contributes to the development
of t-AML (Zebisch et al., 2009).

Over the last years, genome-wide association studies were also conducted in the attempt to
increase the knowledge of susceptibility factors for t-AML. A recent study of Knight et al.,
2009, represents an important step toward the translational goal of identifying persons at
risk for t-AML at the time of their original cancer diagnosis so that their initial cancer thera‐
py can be modified to minimize this risk. The major findings were that the effect of genetic
factors contributing to cancer risk are potentiated and more readily discernable in t-AML
compared with sporadic cancer. Even in a small sample set, this enrichment allowed for the
identification and replication of likely t-AML–predisposing genetic variants, each of which
may contribute significantly to overall risk. Distinct subsets of patients with t-AML may
have distinct inherited susceptibilities toward t-AML (Knight et al., 2009).

A novel concept addresses epigenetic modifications as an important factor in conferring
disease susceptibility, including global hypomethylation resulting in chromosomal instabili‐
ty and loss of genetic integrity, and promoter specific DNA hypermethylation which leads
to silencing of tumor suppressor genes. Recent studies by Voso et al., 2010 demonstared that
gene promoter methylation is a common finding in t-MDS/AML and has been associated to
a shorter latency period from the treatment of the primary tumor. Among the studied genes,
p15 methylation correlated to monosomy/deletion of chromosome 7q, suggesting that it
could be a relevant event in alkylating agent-induced leukemogenesis.

DAPK1 was more frequently methylated in t-MDS/AML when compared to de novo MDS
and AML (39% vs 15.3% and 24.4%, p=0.0001). Besides, the methylation pattern appeared to
be related to the primary tumor, with DAPK1 more frequently methylated in patients with a
previous lymphoproliferative disease (75% vs 32%, p=0.006). In patients studied for concur‐
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rent methylation of several promoters, t-MDS/AML were significantly more frequently hy‐
permethylated in 2 or more promoter regions than de novo MDS or AML suggesting that
promoter hypermethylation of genes involved in cell cycle control, apoptosis and DNA re‐
pair pathways is a frequent finding in t-MDS/AML and may contribute to secondary leuke‐
mogenesis. These studies support the hypothesis that chemotherapy and individual genetic
predisposition have a role in t-MDS/AML development, and the identification of specific ep‐
igenetic modifications may explain complexity and genomic instability of these diseases and
give the basis for targeted-therapy. The significant association with previous malignancy
subtypes may underlie a likely susceptibility to methylation of specific targets and a role for
constitutional epimutations as predisposing factors for the development of therapy-related
myeloid neoplasm. However, how the epigenetic machinery is disrupted after chemo/radio‐
therapy and during secondary carcinogenesis is still unknown, warranting further studies
(Voso et al., 2010; Greco et al., 2010).

3.1.2. Detoxification pathways

Another probable mechanisms that predispose to t-AML could be related to accumulation of
reactive species that escape detoxification mechanisms or are produced in excess due to
drug metabolizing enzymes polymorphisms, or due to DNA damage which is inefficiently
repaired because of defective DNA-repair (Seedhouse et al., 2004).

Drug or xenobiotic metabolizing enzymes play key roles in the detoxification of xenobiotics,
as well as of a number of commonly used chemotherapeutics. Besides, drug metabolizing
enzymes display a high degree of polymorphism in the general population. The potential
role of the polymorphisms of most of these genes in the etiology of primary or t-AML has
been suggested (Perentesis, 2001).

One of the most important compounds of CYP system is a CYP3A that takes part in the
metabolism of various chemotherapeutics, such as epipodophyllotoxins, etoposide and
teniposide, as well as cyclophosphamide, ifosphamide, vinblastine, and vindesine. It has been
reported that a polymorphism in the 5' promoter region of the CYP3A4 gene (CYP3A4-V) may
decrease production of a precursor of the potentially DNA-damaging quinone (Felix et al.,
1998), therefore the variant gene showed a protective effect against the development of t-AML
(Rund et al., 2005). In contrast, individuals with the CYP3A4-wild type genotype are at
increased risk for t-AML. Often, polymorphic variants in detoxification enzymes may co-
operate in modulating the individual's risk of AML. The absence of polymorphism variants
CYP1A1*2A, del{GSTT1} and NQO1*2 is associated with a 18-fold lower risk of t-AML, whereas
the presence of only NQO1*2 or all three polymorphisms enhances the risk of t-AML (Bolufer
et al., 2007).

Glutathione S-transferases (GSTs) detoxify potentially mutagenic and DNA-toxic metabolites
of several chemotherapeutic agents, such as adriamycin, BCNU, bleomycin, chlorambucil,
cisplatin, etoposide, melphalan, mitomycin C, mitoxantrone, vincristine, cyclophosphamide,
etc. The variant allele of GSTP1 gene, with a substitution of isoleucine to valine at amino acid
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codon 105, is associated with a decreased activity of the enzyme and is over-represented in t-
AML cases compared with de novo AML, particularly among those with prior exposure to
known GSTP1 substrates, but not among patients exposed to radiotherapy alone (Allan et al.,
2001).

An increased risk of developing t-AML has been observed in breast cancer patients with a
677T/1298A haplotype in MTHFR, the gene encoding methylene tetrahydrofolate reductase
involved in methotrexate metabolism, as well as in patients with 677C/1298C haplotype treated
for a primary hematopoietic malignancy with a cyclophosphamide-including regimes
(Guillem et al., 2007).

3.1.3. DNA repair

Another mechanism implicated into the t-AML development includes defects of the individual
DNA-repair machinery which is genetically determined and is believed to be the result of
combinations of multiple genes, each of which may display subtle differences in their activities.
Double-strand breaks in DNA lead either to cell death or loss of genetic material resulting in
chromosomal aberrations. Insufficient repair results in acquisition and persistence of muta‐
tions, whereas elevated levels of repair can inhibit the apoptotic pathway and enable a cell
with damaged DNA, attempting repair, to misrepair and survive (Leone et al., 2007).

There is accumulating evidence suggesting a role for mismatch repair (MMR) in susceptibility
to t-AML. MMR is functionally reflected as microsatellite instability which has been reported
in a significant number of t-AML patient presentation samples (reviewed in Seedhouse et al,
2007). However, double strand breaks (DSBs) in DNA are arguably the most important class
of DNA damage because they may lead to either cell death or loss of genetic material, resulting
in chromosome aberrations. High levels of DSBs arise following ionising irradiation and
chemotherapy drug exposure. Therefore, DSB repair seems to be critical for t-AML suscepti‐
bility. The RAD51 gene plays a key role in DNA-repair process and its variant RAD51-G135C
is associated with a 2.66-fold increased risk of t-AML compared to a control group (Jawad et
al., 2006). If variants of more than one DNA-repair genes are present, for example RAD51-135C
and XRCC3-241Met, the risk of t-AML development is even higher (OR 8.11), presumably
because of the large genotoxic insult these patients receive after their exposure to radiotherapy
or chemotherapy (Seedhouse et al., 2004). Interestingly, it seems that polymorphic variants in
DNA-repair and detoxification enzymes may co-operate, thus having a synergistic effect that
leads to modulation of the individual's risk of AML.The risk of development of AML is further
increased (OR 15.26) in patients in which the burden of DNA damage is increased when a
deletion of the GSTM1 gene is present (Seedhouse et al., 2004). Similarly, carriers of both the
RAD51-G135C and CYP3A4-A-290G variants are at highest AML risk (Voso et al., 2007).
Besides, the genetic interaction between an increased DNA repair capacity in patients with
RAD51-G135C, associated with suppressed apoptosis, and affected stem cell numbers due to
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rent methylation of several promoters, t-MDS/AML were significantly more frequently hy‐
permethylated in 2 or more promoter regions than de novo MDS or AML suggesting that
promoter hypermethylation of genes involved in cell cycle control, apoptosis and DNA re‐
pair pathways is a frequent finding in t-MDS/AML and may contribute to secondary leuke‐
mogenesis. These studies support the hypothesis that chemotherapy and individual genetic
predisposition have a role in t-MDS/AML development, and the identification of specific ep‐
igenetic modifications may explain complexity and genomic instability of these diseases and
give the basis for targeted-therapy. The significant association with previous malignancy
subtypes may underlie a likely susceptibility to methylation of specific targets and a role for
constitutional epimutations as predisposing factors for the development of therapy-related
myeloid neoplasm. However, how the epigenetic machinery is disrupted after chemo/radio‐
therapy and during secondary carcinogenesis is still unknown, warranting further studies
(Voso et al., 2010; Greco et al., 2010).

3.1.2. Detoxification pathways

Another probable mechanisms that predispose to t-AML could be related to accumulation of
reactive species that escape detoxification mechanisms or are produced in excess due to
drug metabolizing enzymes polymorphisms, or due to DNA damage which is inefficiently
repaired because of defective DNA-repair (Seedhouse et al., 2004).

Drug or xenobiotic metabolizing enzymes play key roles in the detoxification of xenobiotics,
as well as of a number of commonly used chemotherapeutics. Besides, drug metabolizing
enzymes display a high degree of polymorphism in the general population. The potential
role of the polymorphisms of most of these genes in the etiology of primary or t-AML has
been suggested (Perentesis, 2001).

One of the most important compounds of CYP system is a CYP3A that takes part in the
metabolism of various chemotherapeutics, such as epipodophyllotoxins, etoposide and
teniposide, as well as cyclophosphamide, ifosphamide, vinblastine, and vindesine. It has been
reported that a polymorphism in the 5' promoter region of the CYP3A4 gene (CYP3A4-V) may
decrease production of a precursor of the potentially DNA-damaging quinone (Felix et al.,
1998), therefore the variant gene showed a protective effect against the development of t-AML
(Rund et al., 2005). In contrast, individuals with the CYP3A4-wild type genotype are at
increased risk for t-AML. Often, polymorphic variants in detoxification enzymes may co-
operate in modulating the individual's risk of AML. The absence of polymorphism variants
CYP1A1*2A, del{GSTT1} and NQO1*2 is associated with a 18-fold lower risk of t-AML, whereas
the presence of only NQO1*2 or all three polymorphisms enhances the risk of t-AML (Bolufer
et al., 2007).

Glutathione S-transferases (GSTs) detoxify potentially mutagenic and DNA-toxic metabolites
of several chemotherapeutic agents, such as adriamycin, BCNU, bleomycin, chlorambucil,
cisplatin, etoposide, melphalan, mitomycin C, mitoxantrone, vincristine, cyclophosphamide,
etc. The variant allele of GSTP1 gene, with a substitution of isoleucine to valine at amino acid
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codon 105, is associated with a decreased activity of the enzyme and is over-represented in t-
AML cases compared with de novo AML, particularly among those with prior exposure to
known GSTP1 substrates, but not among patients exposed to radiotherapy alone (Allan et al.,
2001).

An increased risk of developing t-AML has been observed in breast cancer patients with a
677T/1298A haplotype in MTHFR, the gene encoding methylene tetrahydrofolate reductase
involved in methotrexate metabolism, as well as in patients with 677C/1298C haplotype treated
for a primary hematopoietic malignancy with a cyclophosphamide-including regimes
(Guillem et al., 2007).

3.1.3. DNA repair

Another mechanism implicated into the t-AML development includes defects of the individual
DNA-repair machinery which is genetically determined and is believed to be the result of
combinations of multiple genes, each of which may display subtle differences in their activities.
Double-strand breaks in DNA lead either to cell death or loss of genetic material resulting in
chromosomal aberrations. Insufficient repair results in acquisition and persistence of muta‐
tions, whereas elevated levels of repair can inhibit the apoptotic pathway and enable a cell
with damaged DNA, attempting repair, to misrepair and survive (Leone et al., 2007).

There is accumulating evidence suggesting a role for mismatch repair (MMR) in susceptibility
to t-AML. MMR is functionally reflected as microsatellite instability which has been reported
in a significant number of t-AML patient presentation samples (reviewed in Seedhouse et al,
2007). However, double strand breaks (DSBs) in DNA are arguably the most important class
of DNA damage because they may lead to either cell death or loss of genetic material, resulting
in chromosome aberrations. High levels of DSBs arise following ionising irradiation and
chemotherapy drug exposure. Therefore, DSB repair seems to be critical for t-AML suscepti‐
bility. The RAD51 gene plays a key role in DNA-repair process and its variant RAD51-G135C
is associated with a 2.66-fold increased risk of t-AML compared to a control group (Jawad et
al., 2006). If variants of more than one DNA-repair genes are present, for example RAD51-135C
and XRCC3-241Met, the risk of t-AML development is even higher (OR 8.11), presumably
because of the large genotoxic insult these patients receive after their exposure to radiotherapy
or chemotherapy (Seedhouse et al., 2004). Interestingly, it seems that polymorphic variants in
DNA-repair and detoxification enzymes may co-operate, thus having a synergistic effect that
leads to modulation of the individual's risk of AML.The risk of development of AML is further
increased (OR 15.26) in patients in which the burden of DNA damage is increased when a
deletion of the GSTM1 gene is present (Seedhouse et al., 2004). Similarly, carriers of both the
RAD51-G135C and CYP3A4-A-290G variants are at highest AML risk (Voso et al., 2007).
Besides, the genetic interaction between an increased DNA repair capacity in patients with
RAD51-G135C, associated with suppressed apoptosis, and affected stem cell numbers due to
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a HLX1-homeobox gene polymorphism, may increase the number of genomes at risk during
cancer therapy and results in an increased risk of t-AML up to 9.5-fold (Jawad et al., 2006).

Another possible mechanisms might involve the base excision repair (BER) pathway,
which corrects individually damaged bases, occuring as the result of endogenous processes,
ionising irradiation and exogenous xenobiotic exposure; and the nucleotide excision repair
(NER) that removes structurally unrelated bulky damage induced by ultra violet radiation,
environmental factors and endogenous processes and repairs a significant amount of DNA
damage caused by chemotherapeutic agents. A few studies addressed the possible role of
polymorphisms of DNA repair genes encoding the X-ray cross-complementing group 1
(XRCC1) protein which plays an important role in excision and ligation of oxidized DNA
bases and strand breaks, in cooperation with other enzymes in the base excision repair
(BER) pathway, as well as NER polymorphisms, particularly ERCC2 (XPD) Lys751Gln SNP.
Polymorphisms of these genes are associated with decreased DNA repair rates and in‐
creased genotoxic damage, measured by single-strand breaks and chromosomal aberrations.
It might be speculated that compromised repair activity may lead to accumulation of DNA
damage and predispose to secondary cancers and increased treatment-related toxicity to
normal tissues. There is a large set of data implying the functional importance of the
XRCC1-399 polymorphism with the variant Gln allele being associated with a decreased ca‐
pacity to repair DNA damage and a consequent increased level of DNA damage (reviewed
in Seedhouse & Russel, 2007). Evidence has been provided that the variant glutamine allele
of XPD Lys751Gln SNP has been associated with an increased risk of t-AML (Kuptsova-
Clarkson et al., 2010). Interestingly, Seedhouse et al., 2002 demonstrated that the presence of
variant XRCC1-399Gln was protective for t-AML hypothesising that when haematopoietic
progenitor cells in the bone marrow are damaged by therapy, cells with the XRCC1-399Gln
allele (reduced BER capacity) are likely to be driven towards apoptosis, whilst those wild
type cells are more likely to attempt repair, harbour mutations and initiate clonal disease re‐
sulting in t-AML (Seedhouse et al., 2002).

3.2. Previous therapy

By definition t-AMLs occur as late complications of cytotoxic chemotherapy and/or radia‐
tion therapy administered for a prior neoplastic or non-neoplastic disorder (Vardiman et al.,
2008). Chemotherapy and ionizing radiation cause extensive DNA damage and affect un‐
fortunately not only neoplastic but also normal cells. Presumably if genes controlling
growth and differentiation of haematopoietic stem cells are affected, a neoplastic myeloid
clone may arise. Further, repeated therapies may facilitate the selection of such a clone due
to the inevitable immunosupression.

Mechanism of action Agent References

Alkylating agents

Busulfan Dastugue et al., 1990

Carboplatin Miyata et al., 1996

Carmustine Perry et al., 1998
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Chlorambucil Rosenthal et al., 1996

Cisplatin Samanta et al., 2009

Cyclophosphamide Au et al., 2003

Dacarbazine Collins et al., 2009

Dihydroxybusulfan Pedersen-Bjergaard et al.,1980

Lomustine Perry et al., 1998

Mechlorethamine Metayer et al., 2003

Melphalan Kyle et al., 1070; Yang et al., 2012

Mitolactol Bennett et al., 1994

Mitomycin C Nakamori et al., 2003

Procarbazine Travis et al., 1994

Semustine Boice et al., 1983

Temozolomide Noronha et al., 2006

Topoisomerase II

inhibitors

4-Epidoxorubicin Riggi et al., 1993

Bimolane Xue et al., 1997

Dactinomycin Scaradavou et al., 1995

Daunorubicin Blanco et al., 2001

Doxorubicin Yonal et al., 2012
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Mitoxantrone Colovic et al., 2012
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Teniposide Ezoe et al. 2012
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Table 2. Cytotoxic agents implicated in t-AML.
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Although increased risk of t-AML has been observed after chemotherapy or radiotherapy
alone or in combination, chemotherapy generally confers greater risk. Radiation alone is
rarely associated with increased risk of t-AML. However, cytotoxic drugs are often given in
complex schedules and sometimes in combination with radiotherapy, making it difficult to
assess the tumorigenic role of each drug. The most common cytotoxic drugs commonly im‐
plicated are listed in the Table 2.

3.2.1. Alkylating agents

Alkylaing agents were the first chemotherapeutics to be associated with secondary leukae‐
mia development after successful treatment of other solid or haematopoietic neoplasms
(Kyle et al., 1970; Smit & Meyler, 1970). The mechanisms of DNA damage include either
methylation or DNA inter-stand crosslinking formation. Monofunctional alkylating agents
(incl. dacarbasine, procarbasine, temozolomide) have one reactive moiety and generally in‐
duce base lesions by transferring alkyl groups (-CH3 or CH2-CH3) to oxygen or nitrogen
atoms of DNA bases, resulting in highly mutagenic DNA base lesions (reviewed in Drablos
et al., 2004). In contrast, bifunctional alkylating agents (incl. melphalan, cylophosphamide,
chlorambucil) have two reactive sites and in addition to DNA base lesions, intra- and inter‐
strand crosslinks can be formed by attacking two bases within the same or on opposing
DNA strands which furtheron could result in translocations, inversions, insertions and loss
of heterozygosity (reviewed in Helleday et al., 2008).

The latency between treatment and t-MN is generally long, between 5 and 7 years, and overt
leukemia is frequently preceeded by a dysplastic phase. These cases are generally character‐
ized by loss or deletion of chromosome 5 and/or 7 [-5/del(5q), -7/del(7q)]. In the University
of Chicago's series of 386 patients with t-MDS/t-AML, 79 patients (20%) had abnormalities
of chromosome 5, 95 patients (25%) had abnormalities of chromosome 7, and 85 patients
(22%) had abnormalities of both chromosomes 5 and 7. t-MDS/t-AML with a -5/del(5q) is as‐
sociated with a complex karyotype, characterized by trisomy 8, as well as loss of 12p, 13q,
16q22, 17p (TP53 locus), chromosome 18, and 20q. In addition, this subtype of t-AML is
characterized by a unique expression profile (higher expression of genes) involved in cell cy‐
cle control (CCNA2, CCNE2, CDC2), checkpoints (BUB1), or growth (MYC), loss of expres‐
sion of IRF8, and overexpression of FHL2. Haploinsufficiency of the RPS14, EGR1, APC,
NPM1, and CTNNA1 genes on 5q has been implicated in the pathogenesis of MDS/AML
(Qian et al., 2010). Cases with−7/7q−, but normal chromosome 5 often have methylation of
the CDKN4B gene promoter and somatic mutations of the RUNX1 gene (Christiansen et al.,
2004). Thus, two major patterns of t-AML after alkylating agents have been identified (Ped‐
ersen-Bjergaard et al., 2006).

3.2.2. Topoisomerase II inhibitors

Commonly used topoisomerase inhibitors bind to the enzyme/DNA complex at the strand
cleavage stage of the topoisomerase reaction, interacting with topoisomerase I (topotecan) or
II(doxorubicin, epipodophyllotoxin, e.g. etoposide and teniposide). Topoisomerase II inhibi‐
tors block the enzymatic reaction through religation and enzyme release, leaving the DNA
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with a permanent strand break. Chromosomal breakpoints have been found to be preferen‐
tial sites of topoisomerase II cleavage, which are believed to be repaired by the nonhomolo‐
gous end-joining DNA repair pathway to generate chimaeric oncoproteins that underlie the
resultant leukaemias (reviewed in Joannides & Grimwade, 2010).

T-AMLs occur after a shorter latency time, ranging between 1 and 3 years from the primary
treatment, usually arising without a previous dysplastic phase. Several factors, such as the
schedule and the concurrent use of asparaginase, dexrazoxane or G-CSF, are considered
very important in determining the relative risk. Exposure to topoisomerase II inhibitors is
predominantly associated with t-AML characterized by reciprocal translocations with as
many as 40 different partner genes, such as t(9;11), t(19;11) or t(4;11) in 80% of the cases, as
well as with internal duplications, deletions, and inversions translocations of the MLL gene
on chromosome band 11q23 Other less frequent genetic alterations are t(8;21), t(3;21),
t(16;21), t(17;21), inv(16), t(8;16), t(9;22), t(15;17) (Cowell et al., 2012; Salas et al., 2011, Yin et
al., 2005; Felix, 1998).

3.2.3. Antimetabolites

Antimetabolites (e.g. azathioprine, 6-thioguanine, fludarabine) share structural similarities
with nucleotides, and can be incorporated into DNA or RNA, thereby interfering with repli‐
cation and causing inhibition of cell proliferation. Once placed in the newly synthesized
DNA strand, metabolites are prone to methylation and formation of the highly mutagenic
base lesions that closely resemble the induced by alkylating agents. Cell cycle arrest and cell
death after treatment are triggered by the DNA MMR machinery. However, MMR-deficient
cells can tolerate methylated lesions, potentially forming a leukaemic clone (Offman et al.,
2004). In line with the cytogenetic aberrations found with alkylating agents, patients with t-
AML after antimetabolites treatment frequently harbour partial or complete loss of chromo‐
somes 5 and 7 (Morrison et al., 2002; Smith et al., 2011).

3.2.4. Granulocyte-colony stimulating factor (G-CSF)

Since some of G-CSF effects include stimulation of the proliferation of granulocytic progeni‐
tors and premature release of neutrophils from the bone marrow enhancing their capacity
for phagocytosis, ROS (reactive oxygen species) generation and bacterial cell killing, two
mechanisms have been implicated in the G-CSF-mediated promotion of therapy-related
myeloid neoplasms (Beekman & Touw, 2010). First, G-CSF-induced production and release
of ROS by bone marrow neutrophils may result in increased DNA damage and mutation
rates in Human hematopoietic stem and progenitor cells (Touw & Bontenbal, 2007). Second,
repeated application of G-CSF results in a continuous leaving of these cells from their pro‐
tective bone marrow niche, which may render them more susceptible to genotoxic stress
(Trumpp et al., 2010). In an attempt to evaluate the risk of acute myeloid leukemia or myelo‐
dysplastic syndrome in patients receiving chemotherapy with or without G-CSF, Lyman et
al., 2010 systematically reviewed 25 randomized controlled trials and identified 6058 and
6746 patients were randomly assigned to receive chemotherapy with and without initial G-
CSF support, respectively. An absolute risk of 0.43% was determined, however, the adminis‐
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tration of G-CSF showed benefits for a substantial proportion of patients and outweighs the
increased risk of secondary leukemias.

3.2.5. Ionizing radiation

The risk of leukemia following radiation is considerably smaller than after chemotherapy,
with a relative peak at the 5th to 9th year after radiotherapy exposure showing a slow de‐
cline afterwards. The underlying mechanisms refer to the formation of reactive oxygen spe‐
cies through radiolysis of water molecules resulting from the exposure of cells to ionizing
radiation, which are highly reactive and capable of oxidizing or deaminating DNA bases
and increasing the frequency of DNA double strand breaks (Rassool et al., 2007), on one
hand, or can also directly induce strand breaks by disruption of the sugar phosphate back‐
bone of DNA, potentially leading to the formation of large scale chromosomal rearrange‐
ments (Klymenko et al., 2005). The radiation-related leukemia risk depends on the dose
given to the active bone marrow, the dose rate, and the extent of exposed marrow (Travis L.,
2006). Due to cell killing at higher doses the risk of t-AML is considerably larger at low
doses: patients in whom high radiation doses to limited fields have been given are associat‐
ed with little or no increased risk of leukemia (UNSCEAR 2000 Report), while exposure of
extended fields of radiotherapy as well as low-dose total body irradiation may result in con‐
siderably higher risks (Travis et al., 1996; Travis et al., 2000) of leukemia.

4. Molecular pathogenesis

It has been suggested, that t-AML are a direct consequence of mutational events induced by
chemotherapy, radiation therapy, immunosuppressive therapy, or a combination of these
modalities (Godley & Larson, 2008). Similarly to de novo AML, t-AMLs are complex genetic
diseases, requiring cooperating mutations in interacting pathways for disease initiation and
progression. Establishing a leukaemic phenotype requires acquisition of crucial genetic aber‐
rations, such as point mutations, fusion genes formation or gene rearrangements, deletion or
inactivation of tumor-suppressor genes, or changes in the expression of critical oncogenes or
growth factor receptor genes (Larson, 2004). Most probably, multiple events are involved in
which DNA damage from exposure to genotoxic stress leads to the secondary abnormalities
that cause t-AML (Pedersen-Bjergaard, 2001). A major difference between t-AML and de no‐
vo AML is that high doses of mutagenic chemo-/radiotherapy impact on the DNA of haema‐
topoietic stem and precursor cells in the socondary myeloid neoplasms. In contrast, chronic
exposure to low doses of occupational/environmental agents over extended periods of time
may be operational in the development of high-risk de novo MDS/AML (Sill et al., 2011).

However, these differences are not apparent in all cases and there is a clinical and biological
overlap between t-AML and high-risk de novo myelodysplastic syndromes and acute mye‐
loid leukaemia suggesting similar mechanisms of leukaemogenesis. Recently, similarities in
therapy-related and elderly acute myeloid leukemia were found in terms of the similar clini‐
cal and molecular aspects and unfavorable prognosis. In older individuals prolonged expo‐
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sure to environmental carcinogens may be the basis for these similarities (D'Alò et al., 2011).
On the other hand, a recently published study reported that AML diagnosed in the past dec‐
ade in patients after receiving radiotherapy alone differ from therapy-related myeloid neo‐
plasms occurring after cytotoxic chemotherapy/combined-modality therapy and share
genetic features and clinical behavior with de novo AML/MDS, suggesting that post-radio‐
therapy MDS/AML may not represent a direct consequence of radiation toxicity (Nardi et
al., 2012). Therefore, other factors might be involved such as genetic variants conferring pre‐
disposition to the primary malignacy that may also be of relevance for therapy-related leu‐
kaemogenesis and account for subtle biologic differences between t-MNs and high-risk de
novo MDS/AML (Sill et al., 2011). Besides, the nature of the causative agent has an impor‐
tant bearing upon the characteristics, biology, time to onset and prognosis of the resultant
leukaemia (Joannides & Grimwade, 2010).

Various pathogenetic mechanisms have been elucidated so far and different genetic path‐
ways for the multistep development of t-MDS/t-AML have been proposed, in which particu‐
lar mechanisms of DNA damage that lead either to chromosomal deletions, balanced
translocations or induction of defective DNA-mismatch repair could promote survival of
misrepaired cells giving rise to the leukemic clone (Leone at al., 2007). Multiple tumor sup‐
pressor genes or oncogenes may need to be mutated to ultimately transform a cell resulting
in impaired differentiation of hematopoietic cells and/or in proliferative and survival ad‐
vantage. Different molecular pathways may cooperate in the genesis of leukemia and at
least 8 alternative genetic pathways have been defined based on characteristic recurrent
chromosome abnormalities(Pedersen-Bjergaard et al., 2007).

Interestingly, analysis of gene expression in CD34+ cells from patients who developed t-
MDS/AML after autologous hematopoietic cell transplantation revealed altered gene expres‐
sion related to mitochondrial function, metabolism, and hematopoietic regulation and the
genetic programs associated with t-MDS/AML are perturbed long before disease onset (Li et
al., 2011). Similarly, the gene expression profiles in diagnostic acute lymphoblastic leukemic
cells from children treated on protocols that included leukemogenic agents, revealed a sig‐
nature of 68 probes, corresponding to 63 genes, that was significantly related to risk of t-
AML. The distinguishing genes included transcription-related oncogenes (v-Myb, Pax-5),
cyclins (CCNG1, CCNG2 and CCND1) and histone HIST1H4C. Common transcription factor
recognition elements among similarly up- or downregulated genes included several in‐
volved in hematopoietic differentiation or leukemogenesis (MAZ, PU.1, ARNT). This ap‐
proach has identified several genes whose expression distinguishes patients at risk of t-
AML, and suggests targets for assessing germline predisposition to leukemogenesis (Bogni
et al., 2006).

The comparison of samples from t-AML and de novo AML patients using high resolution
array CGH revealed more copy number abnormalities (CNA) in t-AML than in de novo
AML cases: 104 CNAs with 63 losses and 41 gains (mean number 3.46 per case) in t-AML,
while in de novo-AML, 69 CNAs with 32 losses and 37 gains (mean number of 1.9 per case).
The authors suggested that CNA can be classified into several categories: abnormalities
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may be operational in the development of high-risk de novo MDS/AML (Sill et al., 2011).

However, these differences are not apparent in all cases and there is a clinical and biological
overlap between t-AML and high-risk de novo myelodysplastic syndromes and acute mye‐
loid leukaemia suggesting similar mechanisms of leukaemogenesis. Recently, similarities in
therapy-related and elderly acute myeloid leukemia were found in terms of the similar clini‐
cal and molecular aspects and unfavorable prognosis. In older individuals prolonged expo‐

Leukemia114

sure to environmental carcinogens may be the basis for these similarities (D'Alò et al., 2011).
On the other hand, a recently published study reported that AML diagnosed in the past dec‐
ade in patients after receiving radiotherapy alone differ from therapy-related myeloid neo‐
plasms occurring after cytotoxic chemotherapy/combined-modality therapy and share
genetic features and clinical behavior with de novo AML/MDS, suggesting that post-radio‐
therapy MDS/AML may not represent a direct consequence of radiation toxicity (Nardi et
al., 2012). Therefore, other factors might be involved such as genetic variants conferring pre‐
disposition to the primary malignacy that may also be of relevance for therapy-related leu‐
kaemogenesis and account for subtle biologic differences between t-MNs and high-risk de
novo MDS/AML (Sill et al., 2011). Besides, the nature of the causative agent has an impor‐
tant bearing upon the characteristics, biology, time to onset and prognosis of the resultant
leukaemia (Joannides & Grimwade, 2010).

Various pathogenetic mechanisms have been elucidated so far and different genetic path‐
ways for the multistep development of t-MDS/t-AML have been proposed, in which particu‐
lar mechanisms of DNA damage that lead either to chromosomal deletions, balanced
translocations or induction of defective DNA-mismatch repair could promote survival of
misrepaired cells giving rise to the leukemic clone (Leone at al., 2007). Multiple tumor sup‐
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cells from children treated on protocols that included leukemogenic agents, revealed a sig‐
nature of 68 probes, corresponding to 63 genes, that was significantly related to risk of t-
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cyclins (CCNG1, CCNG2 and CCND1) and histone HIST1H4C. Common transcription factor
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array CGH revealed more copy number abnormalities (CNA) in t-AML than in de novo
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common to all AML; those more frequently found in t-AML and those specifically found in
de novo AML (Itzhar et al., 2011).

Recently, a growing amount of data suggests that DNA methylation abnormalities may con‐
tribute to a multistep secondary leukemogenesis. Two distinct alterations of normal DNA
methylation patterns may occur in cancer: (i) a global hypomethylation resulting in chromo‐
somal instability and loss of genetic integrity, and (ii) promoter specific DNA hypermethyla‐
tion which leads to silencing of tumor suppressor genes. Cytotoxic drugs and radiation have
been shown to affect tissue DNA methylation profile. Radiation is able to induce a stable
DNA hypomethylation in both target and bystander tissues. Gene promoter methylation is a
common finding in t-MDS/AML and has been associated to a shorter latency period from
the treatment of the primary tumor. Among the studied genes, p15 methylation correlated to
monosomy/deletion of chromosome 7q, suggesting that it could be a relevant event in alky‐
lating agent-induced leukemogenesis. Besides, a frequent methylation of DAPK in the t-
MDS/AML group was observed, especially in patients with a previous lymphoproliferative
disease. In patients studied for concurrent methylation of several promoters, t-MDS/AML
were significantly more frequently hypermethylated in 2 or more promoter regions than de
novo MDS or AML suggesting that promoter hypermethylation of genes involved in cell cy‐
cle control, apoptosis and DNA repair pathways is a frequent finding in t-MDS/AML and
may contribute to secondary leukemogenesis. However, how the epigenetic machinery is
disrupted after chemo/radiotherapy and during secondary carcinogenesis is still unknown
(Voso et al., 2010).

5. Clinical features

Similarly to de novo AML, therapy-related AMLs comprise an extremely heterogeneous
group of biologically different hematologic malignancies and their clinical presentation var‐
ies in a significant degree from cases to case, depending on applied chemo- and or radio‐
therapy for the primary disorder as well as on other factors.

As expected, the most frequent complaints at the presentation of patients with t-AMLs in‐
clude: fatigue, weakness, and occasionally fever, bleeding complications caused by throm‐
bocytopenia, anemia, and leukopenia. Features that are fairly common in de novo acute
leukemia, such as hepatomegaly, splenomegaly, lymphadenopathy, gingival hyperplasia,
skin rash, or neurological complications, are notably absent from the presentations of pa‐
tients with t-MDS/t-AML. Bone marrow biopsies typically reveal hypercellularity with some
degree of marrow fibrosis, although hypocellular and even aplastic marrows can be seen
(Godley & Le Beau, 2007).

Morphologically, t-AML can present in the broad spectrum of myeloid leukemias. Mostly in
patients after previous therapy with alkylating agents multilineage dysplasia can be ob‐
served. However, dysplasia can be seen in some patients with balanced translocations as
well. Dysgranulopoiesis includes hypogranular neutrophils, with hypo- or hyperlobulated
nuclei, nuclear excrescences, and pseudo-Pelger-Huet nuclei. Red cell morphology in most
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cases is characterised by macrocytosis and poikilocytosis, periodic acid-Schiff-positive nor‐
moblasts, dyserythropoiesis with megaloblastoid changes, erythroid hyperplasia, ringed
sideroblasts, nuclear budding, karyorrhexis, binuclearity, and nuclear bridging. Megakaryo‐
cyte dysplasia within the bone marrow includes micromegakaryocytes, abnormal nuclear
spacings, mononuclear forms, giant compound granules, and hypogranular cytoplasm. Cas‐
es of therapy-related myeloid neoplasms related to treatment with topoisomerase II inhibi‐
tors typically present as overt acute myeloid leukemia without a myelodysplastic prephase.
Morphologic features are not unique in therapy-related cases. Although monocytic and
monoblastic differentiation is often present, the appearance may be that of de novo cases,
including those with recurrent cytogenetic abnormalities (Godley & Le Beau, 2007; Vardi‐
man et al., 2008).

Immunophenotypic studies are not used to distinguish t-AML from de novo cases but rath‐
er to clarify abnormal populations, reflecting the heterogeinety of the underlying morpholo‐
gy. The phenotype findings are similar to their de novo counterparts. The myeloblasts are
characteristically CD34-positive and express pan-myeloid markers (CD13, CD33) and flow
cytometry may be helpful in assessing the proportion of myeloid blasts, as well as aberrant
antigenic expression, such as CD7, CD56, CD19, etc. Immunophenotypic maturation pat‐
terns of the myeloid and erythroid lineages may also be evaluated. The maturing myeloid
cells may show abnormal patterns of antigen expression and/or light scatter properties.
However, the relevance of such findings is similar to that in de novo cases (Wood B., 2007;
Vardiman et al., 2008).

Clinical and laboratory features of patients with t-AML with recurrent genetic abnormalities
have been of particular interest. In some studies, hematologic characteristics of patients with
t-AML with t(8;21) and inv(16), are identical to those of de novo AML with the same karyo‐
types (Quesnel et al., 1993). Simmilarly, according to Duffield et al., 2012, t-APL and de novo
APL had abnormal promyelocytes with similar morphologic and immunophenotypic fea‐
tures, comparable cytogenetic findings, and comparable rates of FMS-like tyrosine kinase
mutations (Duffield et al., 2012). Interestingly, compared with patients with t-APL, those
with de novo APL had a greater median body mass index-BMI (31.33 vs. 28.48), incidence of
obesity (60.4% vs. 27.3%), and history of hyperlipidemia (45.3% vs. 18.2%), suggesting that
abnormalities in lipid homeostasis may in some way be of pathogenic importance in de no‐
vo APL (Elliott et al., 2012). t-AML-t(8;21) shares many features with de novo AML-t(8;21)
(q22;q22), however patients with t-AML-t(8;21) are older and had a lower WBC count, sub‐
stantial morphologic dysplasia, Auer rods are detected only certain patients, an increase in
eosinophils is uncommon (Gustafson et al., 2009). The detection of morphologic features
characteristic of t(8;21) with associated multilineage dysplasia is fairly unique to t(8;21) t-
AML/MDS (Arber et al., 2002). Despite that, some studies reported that t-AML/MDS with
t(8;21) may have a high frequency of expression of CD19 and CD34 (Arber et al., 2002), this
was not confirmed by others (Gustafson et al., 2009).

Rearrangements involving the MLL gene on chromosome band 11q23 are a hallmark of ther‐
apy-related acute myeloid leukemias following treatment with topoisomerase II poisons (Li‐
bura et al., 2005). French-American-British (FAB) subtype distribution of cases with
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11q23/MLL rearrangement does not differ between de novo AML and t-AML (Schoch et al.,
2003). In adults, patients with t-AML and t(9;11)(p21-22;q23) are more likely to be women
and older, without other statistically significant differences with regard to clinical features;
immunophenotype; morphologic, cytogenetic, and molecular genetic features; or miRNA
expression, compared to de novo AML cases (Chandra et al., 2010). Pediatric patients with
t(9;11) positive secondary AML are older at diagnosis, have higher hemoglobin levels, and
central nervous system leukemia or hepatosplenomegaly is less frequent. Whereas the
t(9;11)(p21;q23) occurred exclusively in the FAB M5 subtype in de novo AML, the FAB M0
and M4 subtypes were also represented in secondary cases (Sandoval et al., 1992).

Chromosome/ Molecular

Aabnormality

GIMEMA

2001

n=127

G-A AML SG

2011

n=200

Serbia

2012

n=42

Our data

2012

n=26

De novo AML,

2011

n= 2653

Age – mean (range) years 58

(21-87)

57.8

(18.6-79.4)

56.07

(23-84)

53.5

(22-83)

53.2

(16.2-85)

Male %/female % 44/56 32/68 29/71 46/54 53/47

Latency median (range)

months

52

(2-379)

48.5

(4-530)

54.62

(6-243)

48

(3-216)

NA

WBC – mean x109/L 6.7 7.4 27.2 24.4 12.5

CR rate % 55 63 23.8 42 67

Median OS months 7 12 5.94 6 20

Reference Pagano et al,

2001

Kayser et al,

2011

Suvajdžić et al,

2012

Balatzenko et al.,

2012

Kayser et al, 2011

Table 3. Major clinical data in t-AML patients’ cohorts.

The analysis of 179 t-AML patients from the GIMEMA Archive of Adult Acute Leukaemia,
including 41 treated with surgery only, allowed for the distinction of some differences com‐
pared to de novo AML cases. The median age of t-AML was significantly higher than that of
other AML (63 years vs. 57 years), the number of men was significantly lower than the num‐
ber of women [4.8% vs. 7.4%) most probably due to the high incidence in breast cancer pa‐
tients; as was the number of patients aged <65 years [5.3% vs. 7.5%]. Interestingly, an
increased incidence of cancer was observed among first-degree relatives of patients with
AML occurring after a primary malignancy [36.9% vs. 27.2% in de novo AML]. Prevalent
types of primary malignancies were breast cancer, lymphoma and Hodgkin's disease (Paga‐
no et al., 2001). Higher WBC count and females predominance in t-AML had also been ob‐
served by others (Schoch et al., 2004).
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6. Genetic and molecular features

It is widely accepted, that the spectrum of chromosome aberrations is comparable in t-AML
and de novo AML, however the frequencies of distinct cytogenetic categories is different de‐
pending on the characteristics of the analyzed patient cohort (reviewed in Schoch et al.,
2004). Two are the most striking features of t-AML: the extremely high frequency of abnor‐
mal clonal karyotype up to 75%-96% compared to 50%-59% in de novo AML (Schoch et al.,
2004; Godley & Larson, 2008; Grimwade et al., 2010; Mauritzson et al., 2002); and a clear pre‐
dominance of unfavorable cytogenetics, such as deletion or loss of chromosomes 5 and/or 7
or a complex karyotype (Godley & Larson, 2008). However, the frequency and the spectrum
of abnormal karyotypes varies depending on the nature of the applied antecedent anti-neo‐
plastic therapy (Rund et al., 2004).

Unbalanced chromosome aberrations such as abnormalities of chromosomes 5 and/or 7 ac‐
count for 76% of the cases with an abnormal karyotype.Complex karyotypes are seen in
26.9% of t-AML as compared to 11.30% of de novo AML (Schoch et al., 2004). Recurring bal‐
anced rearrangements account for 11% of cases (Larson & Le Beau, 2005), with a specific
over-presentation of 11q23 abnormalities – 12.9% vs. 3.7% in de novo AML (Schoch et al.,
2004). Comparative data on chromosome/molecular aberrations in t-AML and de novo AML
are presented in Table 4.

6.1. Unbalanced chromosome aberrations

Generally, t-AMLs with unbalanced chromosome abnormalities are developed after expo‐
sure to alkylating agents and/or ionizing radiation. This group is considered as a biological‐
ly distinct form and the most frequent type of t-AML accounting for approximately 75% of
cases. The disease usually follows a long period of latency generally occuring 5–10 years af‐
ter the drug exposure and is characterized frequently by a preleukemic phase and tri-lineage
dysplasia. Typical cytogenetical aberrations comprise loss or deletion of chromosome 5
and/or 7 [-5/del(5q), -7/del(7q)]. Frequently, abnormalities of chromosome 5 are part of a
complex karyotype, that additionally includes trisomy 8, as well as loss of 12p, 13q, 16q22,
17p (TP53 locus), chromosome 18, and 20q (Qian et al., 2010).

The complex and hypodiploid karyotypes with unbalanced chromosome changes results in
multiple severe molecular abnormalities with a gene-dosage effect for some of the genes that
depend on the nature of the primary chromosome aberration. The loss of the coding regions
for tumor suppressor genes from hematopoietic progenitor cells is a particularly unfavora‐
ble event, since the remaining allele becomes susceptible to inactivating mutations leading
to the leukemic transformation (Leone et al., 2001; Joannides & Grimwade, 2011).

Interestingly, significant proportion of older patients are diagnosed with leukaemia with no
antecedent history of exposure, and some of these cases show a remarkably similar pheno‐
type to classic therapy-related leukaemia (D'Alò et al., 2011). The specific cytogenetic abnor‐
malities common to MDS, alkylating-agent-related AML and poor-prognosis AML [3q-,
-5/5q-, -7/7q-, +8, +9, 11q-, 12p-, -18, -19, 20q-, +21, t(1;7), t(2;11)], probably reflect a common
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ber of women [4.8% vs. 7.4%) most probably due to the high incidence in breast cancer pa‐
tients; as was the number of patients aged <65 years [5.3% vs. 7.5%]. Interestingly, an
increased incidence of cancer was observed among first-degree relatives of patients with
AML occurring after a primary malignancy [36.9% vs. 27.2% in de novo AML]. Prevalent
types of primary malignancies were breast cancer, lymphoma and Hodgkin's disease (Paga‐
no et al., 2001). Higher WBC count and females predominance in t-AML had also been ob‐
served by others (Schoch et al., 2004).
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complex karyotype, that additionally includes trisomy 8, as well as loss of 12p, 13q, 16q22,
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multiple severe molecular abnormalities with a gene-dosage effect for some of the genes that
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ble event, since the remaining allele becomes susceptible to inactivating mutations leading
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malities common to MDS, alkylating-agent-related AML and poor-prognosis AML [3q-,
-5/5q-, -7/7q-, +8, +9, 11q-, 12p-, -18, -19, 20q-, +21, t(1;7), t(2;11)], probably reflect a common

Therapy-Related Acute Myeloid Leukemias
http://dx.doi.org/10.5772/52459

119



pathogenesis distinct from that of other de novo AMLs. Possibly, tumour suppressor genes
are implicated and genomic instability may be a cause of multiple unbalanced chromosomal
translocations or deletions. Typically, these patients are either elderly or have a history of
exposure to alkylating agents or environmental exposure 5-7 years prior to diagnosis (Dann
& Rowe, 2001).

Chromosome/Molecular Aabnormality De novo AML Therapy-related AML

BRAF 1.5% 6%

CEBPA mutations 7% - 15% 0 – 6%

c-KIT mutations 2% - 5% 1% - 4%

DNMT3A mutations 18% - 22% 16%

FLT3internal tandem duplications 22% - 35% 7% - 12%

FLT3 – tyrosine kinase domain mutations 5% - 8% 2% - 2.5%

IDH1/IDH2 mutations 17% - 33% 3% -12%

Inv(16)/t(16;16) / CBFβ-MYH11 4% - 6% 1% - 8%

Inv(3)/t(3;3) / EVI1 1% - 2% 0.2% - 1%

JAK2 mutations Rare Rare

MLL partial tandem duplications 6% 2% - 4%

NPM1 mutations 19% - 35% 12% - 16%

NRAS mutations 6% - 10% 11% - 12%

PTPN11 mutations 3% - 5% 4.%

RUNX1 mutations 5% - 10% 4% - 9%

t(15;17) / PML-RARα 4% - 11% 2% - 3%

t(8;21) / RUNX1-ETO 5% - 9% 2% - 5%

t(9;11) / MLLT3-MLL 1% - 2% 6% - 11%

t(v;11)(v;q23) / MLL rearrangements 2% - 4% 4% - 12%

TET2 mutations 8% - 13% 9%

TP53 mutations 10-15% 18% - 25%

WT1 mutations 4% - 7% 17%

References: Abbas et al., 2010; Ahmad et al., 2009; Bacher et al., 2011; Bacher et al., 2007; Christiansen et al., 2005;
Christiansen et al., 2004; Christiansen et al.,2007; Fried et al., 2012; Gaidzik et al., 2011; Green et al., 2010; Kayser et al.,
2011; Kosmider et al., 2011; Lee et al., 2004; Lin et al., 2005; Marcucci et al., 2010; Mauritzson et al., 2002; Paschka et
al., 2010; Pedersen-Bjergaard et al., 2008; Preudhomme et al., 2002; Shen et al., 2011; Takahashi et al., 2000; Thiede et
al., 2002; Westman et al., 2011.

Table 4. Chromosome and molecular abnornalities in t-AML compared to de novo AML.
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The critical genetic consequences of unbalanced chromosome aberrations in MDS and AML
have remained unknown (Pedersen-Bjergaard et al., 2007). The genetic consequences of a
deletion may be a reduction in the level of one or more critical gene products (haploinsuffi‐
ciency), or complete loss of function. The latter model, known as the “two-hit model”, pre‐
dicts that loss of function of both alleles of the target gene would occur, in one instance
through a detectable chromosomal loss or deletion and, in the other, as a result of a subtle
inactivating mutation, or other mechanisms, such as transcriptional silencing. However, the
respective genes on the “intact copy” seem to be not affected, since no submicroscopic dele‐
tions or mutations of the remaining allele in any of the genes within the commonly deleted
segment (CDS) were detected (reviewed in Le Beau & Olney, 2009). Therefore, most proba‐
bly loss of only a single copy of a relevant gene (haploinsufficiency) perturbs cell fate. Dele‐
tions of putative tumor suppressor genes at chromosomes 5q and 7q are believed to underlie
the molecular pathogenesis of alkylating agent- related leukemias. Since similar aberrations
occur in de novo MDS/AML, knowledge on potential regions of involvement at chromo‐
somes 5q and 7q derives from de novo and treatment-related cases, but the specific genes in
these regions that are important in leukemia pathogenesis continue to remain elusive (Jerez
et al., 2011).

On chromosome 5q, two CDSs were identified in 5q31.2 (de novo and t-MDS/t-AML) and
5q33.1 (in 5q− syndrome). The 970 kb CDS within 5q31.2 comprises 20 genes that encoded
proteins that take part in regulation of mitosis and G2 checkpoint, transcriptional control,
and translational regulation. The second 1.5 Mb CDS is located within 5q33.1, distal to the
CDS in 5q31.2 and contains 40 genes, 33 of which are expressed within the CD34+ hemato‐
poietic stem/progenitor cell compartment cells and, therefore, represent candidate genes
(Boultwood et al., 2002).The genes that might be involved in leukemogenesis due to gene
dosage effect include RPS14, EGR1, NPM1, APC, and CTNNA1 (reviewed in Qian et al.,
2010).

Monosomy 7 and del(7q) occur in a variety of clinical contexts including de novo MDS and
AML, leukemias associated with a constitutional predisposition, and therapy-related MDS
or AML (Luna-Fineman et al., 1995). Several regions with allelic loss were identified in pa‐
tients with 7q deletions, including entire regions from chromosome 7q22 to 7q31, 7q32-7q35,
etc. (Kratz et al., 2001; Le Beau et al., 1996; Dohner et al.,1998). Besides, case analysis of allel‐
ic loss at 7q31 and 7q22 loci revealed retention of sequences between these loci or submicro‐
scopic allele imbalance for a different distal locus, suggesting that multiple distinct critical
chromosme7q genes are involved in MDS and AML.

Critical genes affected by monosomy 7 and del(7q) are still unknown. Several candidate
genes have been suggested as involved in leukemogenesis. hDMP1 (cyclin D-binding Myb-
like protein) gene, that negatively regulates cell proliferation is considered as possible as a
tumor suppressor in acute leukemias with deletions of the long arm of chromosome 7 (Bod‐
ner et al., 1999). MLL5 is a candidate tumor suppressor gene located within a 2.5-Mb interval
of chromosome band 7q22, that seems to be a key regulator of normal hematopoiesis and
which is frequently deleted in human myeloid malignancies. Since no inactivating muta‐
tions and decreased MLL5 mRNA expression were detected, the most probable mechanism
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pathogenesis distinct from that of other de novo AMLs. Possibly, tumour suppressor genes
are implicated and genomic instability may be a cause of multiple unbalanced chromosomal
translocations or deletions. Typically, these patients are either elderly or have a history of
exposure to alkylating agents or environmental exposure 5-7 years prior to diagnosis (Dann
& Rowe, 2001).

Chromosome/Molecular Aabnormality De novo AML Therapy-related AML
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Critical genes affected by monosomy 7 and del(7q) are still unknown. Several candidate
genes have been suggested as involved in leukemogenesis. hDMP1 (cyclin D-binding Myb-
like protein) gene, that negatively regulates cell proliferation is considered as possible as a
tumor suppressor in acute leukemias with deletions of the long arm of chromosome 7 (Bod‐
ner et al., 1999). MLL5 is a candidate tumor suppressor gene located within a 2.5-Mb interval
of chromosome band 7q22, that seems to be a key regulator of normal hematopoiesis and
which is frequently deleted in human myeloid malignancies. Since no inactivating muta‐
tions and decreased MLL5 mRNA expression were detected, the most probable mechanism
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of gene inactivation is haploinsufficiency (Heuser et al., 2009; Zhang et al., 2009; Emerling et
al., 2002).

PIK3CG, which encodes the catalytic subunit p110 gamma of phosphoinositide 3-OH-kin‐
ase-gamma (PI3K gamma), has been assigned to the same frequently deleted in myeloid ma‐
lignancies chromosome band 7q22. Although that missense variations affecting residue 859
in the N-terminal catalytic domain of the protein were found, this fact probably represents a
polymorphism and it is unlikely that the gene acts as a recessive TSG in myeloid leukemias
with monosomy 7 (Kratz et al., 2002).

Deletions of chromosome band 17p13 or loss of a whole chromosome 17 harboring the p53
gene were shown to be associated with point mutations of p53. Patients with p53 mutations
characteristically present complex karyotypes and complicated chromosome rearrange‐
ments with duplication or amplification of chromosome bands 11q23 and 21q22 encompass‐
ing the MLL and the AML1 genes, resulting in “sandwich-like” marker chromosomes made
of material from at least three different chromosomes.

Application of multicolor fluorescence in situ hybridization (M-FISH) allows better identifi‐
cation of chromosome abnormalities compared to G-banding. A clustering of breakpoints
was observed in the centromeric or pericentromeric region of chromosomes 1, 5, 7, 13, 17, 21,
and 22 in almost 50% of patients with t-MDS and t-AML and an abnormal karyotype. In
most of the patients with chromosome derivatives containing material from 3 or more chro‐
mosomes or having “sandwich-like” chromosomes, those made up of several small inter‐
changing layers of material from two chromosomes, showed mutations of TP53 (Andersen
et al., 2005).

In some patients treated with alkylating agents an amplification or duplication of AML1
gene (21q22) or MLL gene (11q23) can be found. Generally, no point mutations in AML1
gene or MLL gene rearrangements were seen in these cases. Interestingly, almost all these
patients presented with acquired point mutations of the TP53 gene, which supports the piv‐
otal role of the impaired TP53 function in the development of gene amplification or duplica‐
tion in t-MDS and t-AML (Andersen MK, et al.,2001; Andersen MK, et al. 2005).

6.2. Balanced chromosome aberrations

Balanced chromosome translocations and inversions have been found in 10.6% of t-AML.
These types of aberrations are observed most commonly in patients treated with agents tar‐
geting topoisomerase II. Other typical features of t-AML with balances chromosome abnor‐
malities comprise presentation of the disease as an overt leukemia without a
myelodysplastic phase and a short latency period (6–36 months). The formation of these
chromosome abnormalities is considered as a result of multiple DNA strand breaks follow‐
ing the topoisomerase II inhibitors. Generally, chromosomal breakpoints have been found to
be preferential sites of topoisomerase II cleavage that seems to be repaired by the nonhomol‐
ogous end-joining DNA repair pathway to generate chimaeric oncoproteins that underlie
the resultant leukaemias (Joannides & Grimwade, 2010).

Leukemia122

Most often, chromosome translocations involve chromosome bands 11q23 or 21q22 with re‐
arrangement of the MLL and the AML1 genes, but also less frequently other balanced rear‐
rangements such as the inv(16)(p13q22), and the t(15;17)(q22;q11) (Dissing et al., 1998;
Andersen MK et al.,1998), etc. Translocations are often present as the sole abnormality.

It seems, that an association between the nature of the applied drug and the type of translo‐
cation exists, since translocations involving 11q23 are more frequent after treatment with ep‐
ipodophyllotoxins, whereas translocations affecting 21q22, inv(16), and t(15;17) are more
common after anthracyclines (Andersen et al., 1998). Other less common, recurrent, bal‐
anced cytogenetic abnormalities occurring in myeloid neoplasms associated with previous
therapy include 3q21q26, 11p15, t(9;22)(q34;q11), 12p13, and t(8;16)(p11;p13) (Czader et al.,
2009).

Recently, translocations involving the NUP98 gene on chromosome 11p15.5 have been
cloned from patients with hematological malignancies. To date, at least 8 different chromo‐
somal rearrangements involving NUP98 have been identified. The resultant chimeric tran‐
scripts encode fusion proteins that juxtapose the N-terminal GLFG repeats of NUP98 to the
C-terminus of the partner gene. Of note, several of these translocations have been found in
patients with t-AML, suggesting that genotoxic chemotherapeutic agents may play an im‐
portant role in generating chromosomal rearrangements involving NUP98 (Lam & Aplan,
2001).

Generally, the recurrent balanced chromosome aberrations lead to the formation of fusion
genes, with the participation of hematopoietic transcription factors genes, that encode hi‐
meric oncoproteins playing a crtical role in leukemogenesis.

6.2.1. Translocations involving chromosome 11q23/ MLL gene

MLL  encodes a histone methyltransferase that  play a key role  in the regulation of  gene
expression. In leukemia, this function is subverted due to replacement of the C-terminal
functional domains of MLL with those of a fusion partner, yielding a newly formed chimeric
protein with an altered function that endows hematopoietic progenitors with self-renewing
and leukemogenic activity (Eguchi M, 2005). Although the molecular basis for the oncogenic
activity of MLL chimeric proteins is not completely understood, it seems to be derived, at least
in part, through activation of clustered homeobox (HOX) genes (Harper & Aplan, 2008).

Translocations involving chromosome 11q23, where the MLL gene is located, are typical
aberrations observed in adults with t-AML, where the frequency is significantly higher com‐
pared to de novo AML cases – 9.4% vs. 2.6% (Schoch et al., 2003). Frequent partners are
chromosomes 9, 19 and 4 in the t(9;11), t(19;11) and t(4;11) translocations. Particularly higher
frequency in t-AML was reported in regard to t(9;11), compared to de novo AML - 11% ver‐
sus 1% respectively (Kayser et al., 2011). Besides, some structural differences between de no‐
vo AML and t-AML exist, although their clinical significance is still unclear. Typical
examples of such differences are the t-AML with MLL rearrangements that, similarly to in‐
fant leukemias, have genomic breakpoints in MLL tending to cluster in the 3' portion, in con‐
trast to adults with de novo AML, in whom the breakpoint is located in the 5' portion of the
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of gene inactivation is haploinsufficiency (Heuser et al., 2009; Zhang et al., 2009; Emerling et
al., 2002).
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ase-gamma (PI3K gamma), has been assigned to the same frequently deleted in myeloid ma‐
lignancies chromosome band 7q22. Although that missense variations affecting residue 859
in the N-terminal catalytic domain of the protein were found, this fact probably represents a
polymorphism and it is unlikely that the gene acts as a recessive TSG in myeloid leukemias
with monosomy 7 (Kratz et al., 2002).

Deletions of chromosome band 17p13 or loss of a whole chromosome 17 harboring the p53
gene were shown to be associated with point mutations of p53. Patients with p53 mutations
characteristically present complex karyotypes and complicated chromosome rearrange‐
ments with duplication or amplification of chromosome bands 11q23 and 21q22 encompass‐
ing the MLL and the AML1 genes, resulting in “sandwich-like” marker chromosomes made
of material from at least three different chromosomes.

Application of multicolor fluorescence in situ hybridization (M-FISH) allows better identifi‐
cation of chromosome abnormalities compared to G-banding. A clustering of breakpoints
was observed in the centromeric or pericentromeric region of chromosomes 1, 5, 7, 13, 17, 21,
and 22 in almost 50% of patients with t-MDS and t-AML and an abnormal karyotype. In
most of the patients with chromosome derivatives containing material from 3 or more chro‐
mosomes or having “sandwich-like” chromosomes, those made up of several small inter‐
changing layers of material from two chromosomes, showed mutations of TP53 (Andersen
et al., 2005).

In some patients treated with alkylating agents an amplification or duplication of AML1
gene (21q22) or MLL gene (11q23) can be found. Generally, no point mutations in AML1
gene or MLL gene rearrangements were seen in these cases. Interestingly, almost all these
patients presented with acquired point mutations of the TP53 gene, which supports the piv‐
otal role of the impaired TP53 function in the development of gene amplification or duplica‐
tion in t-MDS and t-AML (Andersen MK, et al.,2001; Andersen MK, et al. 2005).

6.2. Balanced chromosome aberrations

Balanced chromosome translocations and inversions have been found in 10.6% of t-AML.
These types of aberrations are observed most commonly in patients treated with agents tar‐
geting topoisomerase II. Other typical features of t-AML with balances chromosome abnor‐
malities comprise presentation of the disease as an overt leukemia without a
myelodysplastic phase and a short latency period (6–36 months). The formation of these
chromosome abnormalities is considered as a result of multiple DNA strand breaks follow‐
ing the topoisomerase II inhibitors. Generally, chromosomal breakpoints have been found to
be preferential sites of topoisomerase II cleavage that seems to be repaired by the nonhomol‐
ogous end-joining DNA repair pathway to generate chimaeric oncoproteins that underlie
the resultant leukaemias (Joannides & Grimwade, 2010).
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8.3 kb breakpoint cluster region (BCR) (Zhang & Rowley,2006). Younger age, a mean period
of latency of 2 years and monocytic subtypes are characteristic features of this type of leu‐
kaemia (Leone et al., 2001).

6.2.2. Translocations involving chromosome 21q22 / AML1 (CBFA2/RUNX1) gene

T-AML with balanced 21q22 aberrations has been associated with prior exposure to radia‐
tion, epipodophyllotoxins, and anthracyclines. Translocations involving chromosome 21q22
comprise multiple abnormalities, presented as t(8;21) (56%), t(3;21) (20%), and t(16;21) (5%)
(Slovak et al., 2002), t(1;21)/RUNX1-PRDM16 (Sakai et al., 2005) and other partner chromo‐
somes (Slovak et al., 2002). The median latency for 21q22 patients is 39 months, compared to
26 months for 11q23 patients, 22 months for inv(16), 69 months for rare recurring aberra‐
tions, and 59 months for Unique (nonrecurring) balanced aberration (Slovak et al., 2002).

6.2.3. Translocations involving chromosome 11p15/ NUP98 gene

The NUP98 gene has been reported to be fused with at least 15 partner genes in leukemias
with 11p15 translocations, including PRRX1 (PMX1), HOXD13, RAP1GDS1, HOXC13,
TOP1, etc. (Kobzev et al., 2004). The resultant chimeric transcripts encode fusion proteins
that juxtapose the N-terminal GLFG repeats of NUP98 to the C-terminus of the partner gene.
Of note, several of these translocations have been found in patients with t-AML, suggesting
that genotoxic chemotherapan important role in generating chromosomal rearrangements
involving NUP98 (Lam & Aplan, 2001).In a survey of childhood t-AML/t-MDS, 11p15 trans‐
locations were found in 6% of the cases, including t(11;17)(p15;q21), t(11;12)(p15;q13), t(7;11)
(p15;p15), inv(11)(p15q22), and add(11)(p15) and it has been suggested that NUP98 may be a
target gene for t-AML/MDS, and that t-AML/MDS with a fusion of NUP98 and HOX or
DDX10 genes may be more frequent in children than in patients of other age groups (Nish‐
iyama et al.,1999).

6.2.4. Translocations associated with “favorable” prognosis

A relatively distinct subgroup of t-AML comprises patients bearing “favorable” cytogenetic
abnormalities, such as inv(16) and t(15;17) (Andersen MK et al. 2002), and more rarely –
t(8;21) (Gustafson et al., 2009). These aberrations have been observed after alkylating agents
and/or topoisomerase II inhibitors. High frequency of t(15;17), inv(16) and t(8;21) (18-29%,
21%, and 15% respectively) has also been reported in patients treated with radiotherapy on‐
ly (Andersen et al., 2002; Yin et al., 2005).

The median latency period after the treatment is 22 months in patients with inv(16), 29
months in patients with t(15;17) and 37 months in patients with t(8;21). More than half of the
cases in each group had additional cytogenetic abnormalities. Trisomy of chromosomes 8,
21, 22 and del(7q) are the most frequent additional abnormalities in the inv(16) subgroup,
whereas trisomy 8, monosomy 5, and del(16q) are most frequent in the t(15;17) subgroup.
Additional abnormalities commonly associated with t(8;21) include loss of a sex chromo‐
some and Trisomy 4 (Andersen et al., 2002; Gustafson et al., 2009; Yin et al., 2005).
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Interestingly, some structural differences were observed between patients positive for these
aberrations with de novo AML and t-AML.In t-AML with inv(16)/t(16;16), the unusual rare
types of fusion CBFB-MYH11 transcripts were found to be significantly more frequent com‐
pared to de novo AML (Schnittger et al., 2007).

In therapy related t(15;17) APL, a prevalence of short form of PML-RARa transcripts (bcr3)
was reported (62% of cases), while in de novo APL, the frequency of cases with a short form
varied from 15% to 40-47% (Lin et al., 2004; Douer et al., 2003). On the other hand, in 39% of
t-APL exposed to mitoxantrone (a topoisomerase II poison) and in none of the cases arising
de novo, the translocation breakpoints are tightly clustered in an 8-bp region within PML
intron 6, associated with the synthesis of long (bcr1) (Mistry et al., 2005; Hasan et al., 2010).
In functional assays, this “hot spot” and the corresponding RARA breakpoints were com‐
mon sites of mitoxantrone-induced cleavage by topoisomerase II (Mistry et al.,2005).

As to RARA breakpoints, significant clustering of RARA breakpoints in a 3' region of intron
2 (region B) was found in 65% of t-APL as compared to 28% de novo APLs. Furthermore,
approximately 300 bp downstream of RARA region B contained a sequence highly homolo‐
gous to a topoisomerase II consensus sequence. Biased distribution of DNA breakpoints at
both PML and RARA loci suggests the existence of different pathogenetic mechanisms in t-
APL as compared with de novo APL (Hasan et al., 2010). Furthermore, a significant break‐
point clustering has been also observed in PML and RARA loci, with PML breakpoints lying
outside the mitoxantrone-associated hotspot region in epirubicin-related t-APL, that were
shown to be preferential sites of topo II-induced DNA damage, enhanced by epirubicin
(Mays et al., 2010).

On the other hand, almost all chromosome translocations in leukemia that have been ana‐
lyzed to date show no consistent homologous sequences at the breakpoint with small dele‐
tions and duplications in each breakpoint, and micro-homologies and non-template
insertions at genomic junctions of each chromosome translocation. The size of these dele‐
tions and duplications in the same translocation is much larger in de novo leukemia than in
therapy-related leukemia (Zhang & Rowley, 2006).

6.3. Molecular abnormalities, unrelated to chromosome aberrations

Several molecular abnormalities were identified in both de novo AML and t-AML that are not
a result of chromosome abnormalities, including mainly point mutations and gene tandem du‐
plications. Significant differences in frequency of some of them were reported in t-AML.

Internal tandem duplications (ITD) and point mutations within the tyrosine kinase domain
(TKD) of the FMS-like tyrosine kinase 3 (FLT3) gene are among the most frequent molecular
abnormalities in de novo AML, accounting for more than 22% - 35% of the cases, and show‐
ing significant associations with the presence of a normal karyotype. In contrast, these muta‐
tions are only rarely seen in t-AML (Qian et al., 2010). Interestingly, in a small study of t-
APL, FLT3 mutations were detected in 42% of the patients, an incidence similar to that
found in de novo APL cases (30%) (Chillón et al., 2010). These results and the preferential
use of S-form of PML-RARA transcripts suggest that different molecular mechanisms are in‐
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8.3 kb breakpoint cluster region (BCR) (Zhang & Rowley,2006). Younger age, a mean period
of latency of 2 years and monocytic subtypes are characteristic features of this type of leu‐
kaemia (Leone et al., 2001).

6.2.2. Translocations involving chromosome 21q22 / AML1 (CBFA2/RUNX1) gene

T-AML with balanced 21q22 aberrations has been associated with prior exposure to radia‐
tion, epipodophyllotoxins, and anthracyclines. Translocations involving chromosome 21q22
comprise multiple abnormalities, presented as t(8;21) (56%), t(3;21) (20%), and t(16;21) (5%)
(Slovak et al., 2002), t(1;21)/RUNX1-PRDM16 (Sakai et al., 2005) and other partner chromo‐
somes (Slovak et al., 2002). The median latency for 21q22 patients is 39 months, compared to
26 months for 11q23 patients, 22 months for inv(16), 69 months for rare recurring aberra‐
tions, and 59 months for Unique (nonrecurring) balanced aberration (Slovak et al., 2002).

6.2.3. Translocations involving chromosome 11p15/ NUP98 gene

The NUP98 gene has been reported to be fused with at least 15 partner genes in leukemias
with 11p15 translocations, including PRRX1 (PMX1), HOXD13, RAP1GDS1, HOXC13,
TOP1, etc. (Kobzev et al., 2004). The resultant chimeric transcripts encode fusion proteins
that juxtapose the N-terminal GLFG repeats of NUP98 to the C-terminus of the partner gene.
Of note, several of these translocations have been found in patients with t-AML, suggesting
that genotoxic chemotherapan important role in generating chromosomal rearrangements
involving NUP98 (Lam & Aplan, 2001).In a survey of childhood t-AML/t-MDS, 11p15 trans‐
locations were found in 6% of the cases, including t(11;17)(p15;q21), t(11;12)(p15;q13), t(7;11)
(p15;p15), inv(11)(p15q22), and add(11)(p15) and it has been suggested that NUP98 may be a
target gene for t-AML/MDS, and that t-AML/MDS with a fusion of NUP98 and HOX or
DDX10 genes may be more frequent in children than in patients of other age groups (Nish‐
iyama et al.,1999).

6.2.4. Translocations associated with “favorable” prognosis

A relatively distinct subgroup of t-AML comprises patients bearing “favorable” cytogenetic
abnormalities, such as inv(16) and t(15;17) (Andersen MK et al. 2002), and more rarely –
t(8;21) (Gustafson et al., 2009). These aberrations have been observed after alkylating agents
and/or topoisomerase II inhibitors. High frequency of t(15;17), inv(16) and t(8;21) (18-29%,
21%, and 15% respectively) has also been reported in patients treated with radiotherapy on‐
ly (Andersen et al., 2002; Yin et al., 2005).

The median latency period after the treatment is 22 months in patients with inv(16), 29
months in patients with t(15;17) and 37 months in patients with t(8;21). More than half of the
cases in each group had additional cytogenetic abnormalities. Trisomy of chromosomes 8,
21, 22 and del(7q) are the most frequent additional abnormalities in the inv(16) subgroup,
whereas trisomy 8, monosomy 5, and del(16q) are most frequent in the t(15;17) subgroup.
Additional abnormalities commonly associated with t(8;21) include loss of a sex chromo‐
some and Trisomy 4 (Andersen et al., 2002; Gustafson et al., 2009; Yin et al., 2005).
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Interestingly, some structural differences were observed between patients positive for these
aberrations with de novo AML and t-AML.In t-AML with inv(16)/t(16;16), the unusual rare
types of fusion CBFB-MYH11 transcripts were found to be significantly more frequent com‐
pared to de novo AML (Schnittger et al., 2007).

In therapy related t(15;17) APL, a prevalence of short form of PML-RARa transcripts (bcr3)
was reported (62% of cases), while in de novo APL, the frequency of cases with a short form
varied from 15% to 40-47% (Lin et al., 2004; Douer et al., 2003). On the other hand, in 39% of
t-APL exposed to mitoxantrone (a topoisomerase II poison) and in none of the cases arising
de novo, the translocation breakpoints are tightly clustered in an 8-bp region within PML
intron 6, associated with the synthesis of long (bcr1) (Mistry et al., 2005; Hasan et al., 2010).
In functional assays, this “hot spot” and the corresponding RARA breakpoints were com‐
mon sites of mitoxantrone-induced cleavage by topoisomerase II (Mistry et al.,2005).

As to RARA breakpoints, significant clustering of RARA breakpoints in a 3' region of intron
2 (region B) was found in 65% of t-APL as compared to 28% de novo APLs. Furthermore,
approximately 300 bp downstream of RARA region B contained a sequence highly homolo‐
gous to a topoisomerase II consensus sequence. Biased distribution of DNA breakpoints at
both PML and RARA loci suggests the existence of different pathogenetic mechanisms in t-
APL as compared with de novo APL (Hasan et al., 2010). Furthermore, a significant break‐
point clustering has been also observed in PML and RARA loci, with PML breakpoints lying
outside the mitoxantrone-associated hotspot region in epirubicin-related t-APL, that were
shown to be preferential sites of topo II-induced DNA damage, enhanced by epirubicin
(Mays et al., 2010).

On the other hand, almost all chromosome translocations in leukemia that have been ana‐
lyzed to date show no consistent homologous sequences at the breakpoint with small dele‐
tions and duplications in each breakpoint, and micro-homologies and non-template
insertions at genomic junctions of each chromosome translocation. The size of these dele‐
tions and duplications in the same translocation is much larger in de novo leukemia than in
therapy-related leukemia (Zhang & Rowley, 2006).

6.3. Molecular abnormalities, unrelated to chromosome aberrations

Several molecular abnormalities were identified in both de novo AML and t-AML that are not
a result of chromosome abnormalities, including mainly point mutations and gene tandem du‐
plications. Significant differences in frequency of some of them were reported in t-AML.

Internal tandem duplications (ITD) and point mutations within the tyrosine kinase domain
(TKD) of the FMS-like tyrosine kinase 3 (FLT3) gene are among the most frequent molecular
abnormalities in de novo AML, accounting for more than 22% - 35% of the cases, and show‐
ing significant associations with the presence of a normal karyotype. In contrast, these muta‐
tions are only rarely seen in t-AML (Qian et al., 2010). Interestingly, in a small study of t-
APL, FLT3 mutations were detected in 42% of the patients, an incidence similar to that
found in de novo APL cases (30%) (Chillón et al., 2010). These results and the preferential
use of S-form of PML-RARA transcripts suggest that different molecular mechanisms are in‐
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volved in t-APL compared with de novo APL (Yin et al., 2005). NPM1 and CEBPA muta‐
tions, that are generally associated with favorable prognosis, are also detected with a
significantly lower frequency – 30% to 40-50% and 15-20%, respectively, in de novo AML
compared to 4-5% and less in t-AML (Pedersen-Bjergaard et al., 2007; Kayser et al., 2011).

In contrast, higher incidence in t-AML was reported for TP53 mutations – 20% to 30% versus
10-15% in de novo AML. The spectrum of mutations includes missense mutations in exons
4–8, as well as loss of the wild type allele, typically as a result of a cytogenetic abnormality
of 17p. In t-MDS/t-AML, TP53 mutations are associated with −5/del(5q) and a complex kar‐
yotype (Pedersen-Bjergaard et al., 2007; Qian et al., 2010).

Point mutations in the RUNX1 gene are another mode of genetic alteration in development of
leukemia, in addition to gene rearrangements associated with chromosomal translocation.
Sporadic point mutations are frequently found in three leukemia entities: AML M0 subtype,
MDS-AML, and secondary (therapy-related) MDS/AML. In t-MDS/t-AML, as well as after
atomic bomb radiation exposure, the reported incidence for point mutations was higher (15–
30%), frequently with an association with activating mutations of the RAS pathway, com‐
pared to de novo disease (2-3%). Mutations are commonly located in the N-terminal Runt
homology domain (RHD) or in the C-terminal region including the transactivation domain
(TAD) and could be found in patients treated in alkylating agents (Osato M., 2004). Cases with
RUNX1 mutations usually present as t-MDS, with deletion or loss of chromosome arm 7q and
with subsequent transformation to overt t-AML (Christiansen et al., 2004). In contrast, in de
novo AML, RUNX1 mutations are most frequent in cases with +13, whereas frequencies are
similar in other cytogenetic groups (26%-36%) (Schnittger et al.,2007). No significant differen‐
ces have been reported in regard to NRAS, KRAS, MLL-PTD, PTPN11, JAK2.

To study the frequency and spectrum of molecular abnormalities with a proven or sugges‐
tive role in leukemic transformation in patients with t-AML we analysed 407 consecutive
adult AML patients, diagnosed and treated in our institution, for a 12-years period. Among
them, 26 cases had history for a previous malignancy treated with chemotherapy and/or ra‐
diotherapy which accounts for 6,1% of the cases – 12 (46%) males and 14 (54%) females, at a
mean age of 53.5 years (ranging 22-83 years).AML was diagnosed after radio and/or chemo‐
therapy for solid tumours in 16 (61.5%) of the patients and haematopoietic neoplasms – in 10
(38.5%). Qualitative, semi-quantitative or quantitative real-time Reverse transcription poly‐
merase chain reaction (RT-PCR) was applied in all patients for screening of molecular ab‐
normalities, as follows: (i) fusion transcripts BCR-ABL (P210; P190), PML-RARA, AML1-
ETO, CBFb-MYH11, MLL-AF9, MLL-AF6, DEK-CAN, (ii) internal or partial tandem
duplication of FLT3 (FLT3-ITD) and MLL (MLL-ITD) genes respectively, (iii) aberrant over‐
expression of Survivin, EVI1, BAALC, MLF1, PRAME, MDR1 and AID genes, and type A mu‐
tation of NPM1 gene. At least one molecular marker was detected in all patients. The most
frequent type of molecular abnormalities were the aberrant gene over-expression. Among
the overexpressed genes, MDR1 over-expression was the most common finding. The estab‐
lished frequency (61.5%) was significantly higher compared to that in patients with de novo
AML (25.0%) (Schaich et al., 2004). Molecular equivalents of recurrent translocations accord‐
ing to the WHO classification (2008) were found in 34.6% of the cases [9/26]. The “favoura‐
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ble” fusion transcripts PML-RARA, CBFb-MYH11, AML1-ETO were detected in 30.8% of t-
AML, and their frequency was similar to that reported in de novo AML (Grimwade et al.,
2010). In contrast, the MLL-PTD was significantly more frequent (11.5%) compared to de no‐
vo AML (5.0%) (Patel et al., 2012), while the incidence of FLT3-ITD was significantly lower
(7.7% vs 25-25%) (Kindler et al., 2010). Despite the remarkable heterogeneity of detected mo‐
lecular abnormalities, three groups of t-AML could be defined including: patients with “fa‐
vourable” fusion transcripts,patients with overexpression of multiple “unfavourable” genes,
and patients without a specific pattern (Data presented on Table 5.).

Eight of the patients (30.8%) beared “favourable” fusion transcripts PML-RARA, CBFb-
MYH11, or AML1-ETO mRNA. In addition, PRAME(+) was observed in 3/7 evaluable cases,
as well as FLT3-ITD, Survivin(+) and NPM1 mutation – found in 1 case each. MDR1overex‐
pression was found in 5/8 (62.5%) patients. Interestingly, the patients in this group were sig‐
nificantly younger compared to the remaining patients (41.9 yrs vs 57.8 yrs, respectively).
The analysis identified 7 (26.7%) patients with with multiple “unfavourable” abnormalities -
BAALC and Survivin genes were overexpressed in 7/7 cases, in combination with EVI1 gene
overexpression in 5/7 patients or MLF1 – in 4/7, MLL-PTD – in 2/7, FLT3-ITD - in 1/7. Inter‐
estingly ≥3 concomitant arerrations were detected in 6/7 cases. MDR1 overexpression was
found in all patients. The remaining 11 (42.3%) patients did not show any specific pattern.
Single molecular abnormalities such as MLL-PTD; MLL-AF9; EVI1 gene overexpression, as‐
sociated with Survivin(+) in half of the cases were observed, while MDR1 overexpression
was found in 5/11 (45.4%) patients. Clinical observation revealed 6 cases of early deaths. The
OS was significantly different in the three groups (log rank test p=0.006) being the worst in
patients with with multiple “unfavourable” abnormalities and the best – in the “favoura‐
ble”fusion transcripts group (Balatzenko & Guenova, 2012).

6.4. Cooperating mutations in MDS and AML

According to the model proposed by Deguchi & Gilliland (2002), development of AML is
the consequence of collaboration between at least two broad classes of mutations: (i) class I
mutations which result in constitutively activated tyrosine kinases (gain of function) and
confer a proliferative and/or survival advantage without affecting differentiation - c-KIT
D816, FLT3-ITD; FLT3 D835Y; N- or K-RAS mutations; PTPN11; JAK3; and (ii) class II muta‐
tions that affect genes encoding hematopoietic transcription factors (loss of function) and
serve primarily to impair hematopoietic differentiation - RUNX1-EVI1; RUNX1-ETO; CBFb-
MYH11; MLL fusions; NUP98-HOXA9; C/EBPa; PU.1; NPM1 (Deguchi & Gilliland, 2002;
Stavropoulou et al., 2010). In a recent study of 140 cases of t-AML, 33 (26%) showed evi‐
dence of Class I mutations, 47 (34%) - of Class II mutations, and only 18 (13%) demonstrated
both Class I and Class II mutations (Pedersen-Bjergaardet al., 2006). Several studies confirm
the applicability of the model of collaboration between the classes of mutations in t-AML.

At least 14 different genes have been identified as mutated in t-MDS and t-AML, clustering dif‐
ferently and characteristically in the eight genetic pathways. Class I and Class II mutations are
significantly associated, indicating their cooperation in leukemogenesis (Pedersen-Bjergaard
et al., 2007). Several examples of such cooperative genetic alterations were reported.
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Table 5. Molecular alterations in therapy-related acute myeloid leukemias. Group I - patients with “favourable” fusion
transcripts, Group II - patients with overexpression of multiple “unfavourable” genes, Group III - patients without a
specific pattern. Abreviations: f – female, m – male, N – not done.
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Mutations of RUNX1 are common in therapy-related myelodysplasia following therapy
with alkylating agents and are significantly associated with deletion or loss of chromosome
arm 7q and with a subsequent leukemic transformation. FLT3 mutation and trisomy 21 are
thought to be second hits in AML with RUNX1 Mutations (Osato M., 2004; Christiansen et
al., 2004). Another example that supported cooperation between Class I and Class II muta‐
tions in leukemogenesis is the report of 4 cases with mutations of the PTPN11 gene; 3 of
which had -7/7q-, 2 cases had rare balanced translocations to chromosome band 21q22 with
rearrangement of the RUNX1 gene and the other two patients had rare balanced transloca‐
tions to chromosome band 3q26 with a rearrangement of the EVI1 gene (Christiansen et al.,
2007). Significant association had also been reported between –5/5q– and p53 mutations and
complex chromosome rearrangements; MLL rearrangements and mutations of NRAS, KRAS
or BRAF; PML-RARA and FLT3-ITD; RUNX1 mutations (Class II) and N-RAS mutation
(Class I); MLL-CBP (Class II) and FLT3-ITD (Class I), etc. (Imagawa et al., 2010). Many of the
associations observed in t-AML, such as the NPM1-FLT3, AML1-cKIT and RARA-FLT3 com‐
binations, have previously been emphasized in de novo AML. According to Pedersen-Bjer‐
gaard et al., 2007, in t-AML, at least 8 alternative genetic pathways have been defined based
on characteristic recurrent chromosome abnormalities: (i) patients with 7q–/–7 but normal
chromosomes 5 and without balanced aberrations, (ii) patients with 5q–/–5, but without bal‐
anced aberrations; (iii) patients with t-AML and balanced translocations involving the chro‐
mosomal band 11q23, resulting in chimeric rearrangements between the MLL gene and one
of its numerous alternative partner genes; (iv) patients with balanced translocations to chro‐
mosome band 21q22 or inv(16); (v) patients with promyelocytic leukemia and chimeric rear‐
rangement of the PML and RARA genes; (vi) patients with chimeric rearrangement of the
NUP98 gene on 11p15; (vii) patients with a normal karyotype; (viii) patients with other, of‐
ten unique chromosome aberrations.

7. Prognostic factors

The diagnosis of therapy-related myeloid leukemia (t-MDS/t-AML) identifies a group of
high-risk patients with multiple and varied poor prognostic features (Larson, 2007), such as
overrepresentation of 11q23 translocations, adverse cytogenetics, including complex and
monosomal karyotypes, and MDR1 gene overexpression, as well as reduced frequency of
“favorable” NPM1, and CEBPA mutations. Besides, frequent comorbidities and cummula‐
tive toxicities, related to previous cytotoxic treatments also contribute to a worse prognosis
compared to de novo AML (D'Alò et al., 2011; Kayser S, et al., 2011). In a recent study, the
outcome of patients with t-AML was significantly inferior in comparison to de novo AML:
the 4-year relapse-free survival (RFS) was 24.5% versus 39.5%; and the 4-year overall surviv‐
al (OS) was of 25.5% versus and 37.9%, respectively (Kayser et al., 2011). During the follow-
up of 109 t-AML patients after treatment for epithelial ovarian carcinoma, a median survival
of 3 months from the time of secondary leukemia diagnosis was found compared to 6 month
in patients with de novo AML (Vay et al., 2011). Schoch et al., 2004 found significantly short‐
er median OS in t-AML than in de novo AML (10 vs 15 months). Within patients with t-
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Table 5. Molecular alterations in therapy-related acute myeloid leukemias. Group I - patients with “favourable” fusion
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specific pattern. Abreviations: f – female, m – male, N – not done.
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Mutations of RUNX1 are common in therapy-related myelodysplasia following therapy
with alkylating agents and are significantly associated with deletion or loss of chromosome
arm 7q and with a subsequent leukemic transformation. FLT3 mutation and trisomy 21 are
thought to be second hits in AML with RUNX1 Mutations (Osato M., 2004; Christiansen et
al., 2004). Another example that supported cooperation between Class I and Class II muta‐
tions in leukemogenesis is the report of 4 cases with mutations of the PTPN11 gene; 3 of
which had -7/7q-, 2 cases had rare balanced translocations to chromosome band 21q22 with
rearrangement of the RUNX1 gene and the other two patients had rare balanced transloca‐
tions to chromosome band 3q26 with a rearrangement of the EVI1 gene (Christiansen et al.,
2007). Significant association had also been reported between –5/5q– and p53 mutations and
complex chromosome rearrangements; MLL rearrangements and mutations of NRAS, KRAS
or BRAF; PML-RARA and FLT3-ITD; RUNX1 mutations (Class II) and N-RAS mutation
(Class I); MLL-CBP (Class II) and FLT3-ITD (Class I), etc. (Imagawa et al., 2010). Many of the
associations observed in t-AML, such as the NPM1-FLT3, AML1-cKIT and RARA-FLT3 com‐
binations, have previously been emphasized in de novo AML. According to Pedersen-Bjer‐
gaard et al., 2007, in t-AML, at least 8 alternative genetic pathways have been defined based
on characteristic recurrent chromosome abnormalities: (i) patients with 7q–/–7 but normal
chromosomes 5 and without balanced aberrations, (ii) patients with 5q–/–5, but without bal‐
anced aberrations; (iii) patients with t-AML and balanced translocations involving the chro‐
mosomal band 11q23, resulting in chimeric rearrangements between the MLL gene and one
of its numerous alternative partner genes; (iv) patients with balanced translocations to chro‐
mosome band 21q22 or inv(16); (v) patients with promyelocytic leukemia and chimeric rear‐
rangement of the PML and RARA genes; (vi) patients with chimeric rearrangement of the
NUP98 gene on 11p15; (vii) patients with a normal karyotype; (viii) patients with other, of‐
ten unique chromosome aberrations.

7. Prognostic factors

The diagnosis of therapy-related myeloid leukemia (t-MDS/t-AML) identifies a group of
high-risk patients with multiple and varied poor prognostic features (Larson, 2007), such as
overrepresentation of 11q23 translocations, adverse cytogenetics, including complex and
monosomal karyotypes, and MDR1 gene overexpression, as well as reduced frequency of
“favorable” NPM1, and CEBPA mutations. Besides, frequent comorbidities and cummula‐
tive toxicities, related to previous cytotoxic treatments also contribute to a worse prognosis
compared to de novo AML (D'Alò et al., 2011; Kayser S, et al., 2011). In a recent study, the
outcome of patients with t-AML was significantly inferior in comparison to de novo AML:
the 4-year relapse-free survival (RFS) was 24.5% versus 39.5%; and the 4-year overall surviv‐
al (OS) was of 25.5% versus and 37.9%, respectively (Kayser et al., 2011). During the follow-
up of 109 t-AML patients after treatment for epithelial ovarian carcinoma, a median survival
of 3 months from the time of secondary leukemia diagnosis was found compared to 6 month
in patients with de novo AML (Vay et al., 2011). Schoch et al., 2004 found significantly short‐
er median OS in t-AML than in de novo AML (10 vs 15 months). Within patients with t-
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AML, there were significant correlations between OS and both unfavorable and favorable
cytogenetics, while age and WBC count had no impact on OS (Schoch et al., 2004). The criti‐
cal impact of karyotype on the prognosis was reported by Kern et al., clearly demonstrated
significant differences in the median survival between t-AML patients groups with favora‐
ble karyotype (26.7 months) and unfavorable karyotype (5.6 months) (Kern et al., 2004).

Encouraging results were reported after allogeneic hematopoietic stem cells transplantation
(allo-HSCT). The follow-up of 461 patients with t-MDS or t-AML who underwent allo-HSCT
detected 3-year RFS and OS rates of 33% and 35%, respectively. In a multivariate analysis,
the following risk factors were identified: (1) not being in complete remission at the time of
transplantation, (2) abnormal cytogenetics, (3) higher patients' age and (4) therapy-related
MDS. Using age (<40 years), abnormal cytogenetics and not being in complete remission at
the time of transplantation as risk factors, three different risk groups with OS of 62%, 33%
and 24% could be easily distinguished (Kröger et al., 2009). Similar results were observed by
Litzow et al., 2010. The analysis of outcomes in a total of 868 patients, including t-AML
(n=545) or t-MDS (n=323), revealed disease-free (DFS) and OS of 32% and 37% at 1 year and
21% and 22% at 5 years, respectively. In a multivariate analysis, 4 risk factors with adverse
impacts on DFS and OS were identified: (1) age older than 35 years; (2) poor-risk cytogenet‐
ics; (3) t-AML not in remission or advanced t-MDS; and (4) donor other than an HLA-identi‐
cal sibling or a partially or well-matched unrelated donor. The 5-years survival for subjects
with none, 1, 2, 3, or 4 of these risk factors was 50%, 26%, 21%, 10%, and 4%, respectively
[Litzow et al.,2010].

T-AMLs with “favorable” genetic abnormalities involving CBF-transcription complex -
t(8;21)/RUNX1-ETO and inv(16)/t(16;16)/CBFβ-MYH1 and APL with t(15;17)/PML-RARα are
of particular interest since the reported results concerning the prognostic significance of
these aberrations are contradictory and vary from study to study.

According to some studies these patients have treatment outcome comparable with primary
AML patients (de Witte et al., 2002). Complete remission can be obtained in 85% of inten‐
sively treated patients with inv(16), and in 69% with t(15;17), with a median OS of 29
months in both cytogenetic subgroups, thus the response rates to intensive chemotherapy
are comparable to those of de novo disease (Andersen et al., 2002). Similarly, t-AML with
t(15;17) and t(8;21), treated according to standard protocols, had an outcome similar to de
novo cases, indicating the dominant prognostic role of good karyotypes (D'Alò et al., 2011).
The comparison of clinical and pathologic findings in therapy-related APL and de novo APL
cases revealed abnormal promyelocytes with similar morphologic and immunophenotypic
features, comparable cytogenetic findings, comparable rates of FMS-like tyrosine kinase mu‐
tations, and similar rates of recurrent disease and death, suggesting that secondary APL is
similar to de novo APL and, thus, should be considered distinct from other secondary acute
myeloid neoplasms (Duffield et al., 2012).

In contrast, matched analysis (by age, Eastern Cooperative Oncology Group performance
status, and additional cytogenetic abnormalities) indicated worse OS and event-free survival
(EFS) in patients with therapy-related CBF AML carrying the recurrent chromosomal aber‐
rations inv(16) or t(8;21) – a median OS of 100 weeks compared to 376 weeks in de novo CBF
AMLs (Borthakuret al., 2009). In patients with t-AML and t(8;21), the OS is significantly infe‐
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rior to that of patients with de novo t(8;21) AMLs (19 months vs not reached). These findings
suggest that t(8;21) t-AMLs share many features with de novo AML with t(8;21)(q22;q22),
but the affected patients have a worse outcome (Gustafson et al., 2009). Interstingly, it has
been reported recently that despite that fewer complete remissions are achieved in t-APL
(63.6%) compared to de novo APL (92.5%), this was a result of the higher induction mortali‐
ty rate of 36.4% vs. 7.5%, respectively. No cases of leukemic resistance were seen in either
group. However, OS was also inferior in t-APL compared to de novo APL (51% vs. 84%, re‐
spectively) (Elliott et al., 2012).

8. Treatment

The survival of patients with t-AML is often poor despite prompt diagnosis and treatment.
There is a paucity of prospective treatment data since these patients are often excluded from
frontline chemotherapy trials and turned to best supportive care. However, despite that the
CR rate of t-AML patients (28% up to 50%) has been demonstrated to be inferior to patients
with de novo AML (65-80%), this difference can be attributed to the higher number of pa‐
tients with unfavourable karyotypes. Within cytogenetically defined subgroups, the progno‐
sis of t-AML patients does not differ significantly from patients with de novo AML.
Treatment recommendations should be further based on the patient’s performance status,
which likely reflects age, comorbidities, the status of the primary disease, and the presence
of complications from primary therapy, as well as the clonal abnormalities detected in the t-
AML cells. Standard chemotherapy, haematopoietic stem cell transplantation, as well as ex‐
perimental trials are applied.

Figure 1. Clinical algorythm in the management of t-AML patients.
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Intriguingly, several studies found that results after induction therapy were not different be‐
tween t-AML and de novo AML patients. Furthermore, analyses of CR-rates, OS and DFS,
when corrected for the influence of age, cytogenetic abnormalities, performance status and
leucocyte count, showed that the presence of a t-AML may even lose prognostic significance
and patients with secondary AML should be offered the chance of benefiting from treatment
according to current frontline AML protocols (Ostgård et al., 2010). The dosage and modali‐
ty of treatment during postremission therapy however have a marked impact on the cumu‐
lative toxicity of cancer therapy. Therefore, intensive induction therapy should not be
withheld for t-AML patients, and dose-reduced regimes for allogeneic HSCT should be con‐
sidered. In contrast, t-AML patients >60 years show a significantly greater relapse rates
probably due to the lower dosage of applied chemotherapy during postremission therapy
compared with younger patients (Kayser et al., 2011). Encouraging results are reported after
allogeneic transplantation. The identification of relevant risk factors allows for a more pre‐
cise prediction of outcome and identification of subjects most likely to benefit from allogene‐
ic transplantation.Allogeneic transplantation should be proposed timely to these patients
after an accurate analysis of patient history (Litzow et al., 2010; Spina et al., 2012). Novel
transplantation strategies using reduced intensity conditioning regimens as well as novel
drugs – demethylating agents and targeted therapies, await clinical testing and may im‐
prove outcome (de Witte et al., 2002).

9. Conclusion

As the number of patients with t-AMLs is expected to rise, safety issues of cytotoxic thera‐
pies are becoming increasingly important in order to develop strategies to reduce the risk
for therapy-related malignancies without compromising success rates for the respective pri‐
mary disorders. Besides, there is clinical and biological overlap between therapy related and
high-risk de novo leukaemias suggesting similar mechanisms of leukaemogenesis. Deeper
insights into pathogenetic mechanisms will eventually help to establish a more differentiat‐
ed clinical approach to successfully treat, but hopefully also prevent, these often fatal conse‐
quences of cytotoxic therapies.
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Treatment of Myelodysplastic Syndrome and Acute
Myeloid Leukemia by Immunomodulatory and
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1. Introduction

Acute myeloid leukemia (AML) is associated with poor prognosis in elderly patients. More
effective, less toxic therapies for older patients with AML who are not eligible for standard
intensive induction therapy or have refractory or relapsed disease after chemotherapy are
urgently needed. Epigenetic approaches with hypomethylating agents and histone deacety‐
lase inhibitors and immunomodulatory drugs used in advance in the treatment of patients
with myelodysplastic syndrome (MDS) have been also studied in patients with AML [1-15].

MDS is a diverse goup of clonal hematopoietic stem cell disorders manifested by ineffective
production of blood cells with varying need for transfusions, risk of infection, and risk of
transformation to AML. Epigenetic changes, such as DNA methylation, histone acetylation,
and RNA interference alter gene expression impacting disease biology and play an impor‐
tant role in the pathogenesis of both, MDS and AML. Hypermethylation of CpG islands in
the promoters of key genes involved in cell cycle regulation, apoptosis, tumor suppressor
control and in response to chemotherapy and the consequent silencing of their expression is
well documented in MDS. Hypermethylated DNA sequences of key cellular machinery pro‐
vide an attractive potential therapeutic target for the treatment of MDS. DNA methylation
and histone modification not only regulate the expression of protein-encoding genes but al‐
so microRNAs (miRs), such as let-7a, miR-9, miR-34a, miR-124, miR-137, miR-148, miR-203
and miR-223 [16-22]. The only approved way to inhibit DNA methylation is to use clinically
available inhibitors of enzymes- DNA methyltransferases (DNMTs). Treatment with DNMT
inhibitors is a rational strategy with the aim to reinduce the expression of epigenetically si‐
lenced genes for tumor suppressors and other targeted genes, often connected with response
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to chemotherapy. It can induce a broad spektrum of apoptotic pathways. This strategy is
valid not only for MDS but for human cancer generally, including AML. 5-Aza-cytidine
(azacidine, Vidaza) and 5-aza-2´-deoxycytidine (5-azaCdR decitabine) have become the
standard in the treatment of patients with higher-risk MDS, in particular older individuals,
where intensive chemotherapy and allogeneic stem cell transplantation is not possible.

Azacitidine (Vidaza, Celgene Corporation, Summit, NJ, USA or Celgene Europe Ltd., Wins‐
dor, UK) was the first drug approved for the treatment of MDS in the United States and in
the European Union. Decitabine (Dacogen, Eisai Inc., Woodcliff Lake, NJ, USA under license
from Astex Pharmaceuticals, Inc., Dublin, CA, USA) received initial regulatory approval
from the US Food and Drug Administration (FDA) in May 2006 for the treatment of patients
with all MDS subtypes [23-25]. Since then, decitabine has also gained regulatory approval in
Russia, Malaysia, South Korea, the Philippines, Uruguay, Chile, Argentina, Peru, Colombia,
and Brazil, and is considered for approval in other countries. European Organisation for Re‐
search and Treatment of Cancer (EORTC) conducted study, which failed to reveal a signifi‐
cant improvement in overall survival, time to AML transformation and death, for low-dose
decitabine compared to the best supportive care [26-31].

About 80-90% of 5-aza-cytidine is incorporated into RNA which disrupts nucleic acid and
protein metabolism leading to apoptosis. The rest of 5-azacytidine (10-20%) inhibits DNA
synthesis through conversion to decitabine triphosphate and subsequent DNA incorpora‐
tion. Recently, precise mechanism of azacitidine action has been described. Azacitidine in‐
hibits ribonucleotide reductase subunit and causes perturbation of the pool of
deoxyribonucleotide triphosphates.

The median survival for azacitidine-treated patients with AML (75mg/m2/day for 7 days) in
a phase III randomized trial was 24.5 months, compared with 16 months for AML patients
receiving conventional care regimens [4]. Complete remisson rates were 18% for patients re‐
ceiving azacitidine, 15% for patients receiving low-dose cytarabine, and 55% for patients re‐
ceiving intensive induction therapy [4, 5]. Multicenter, phase II study of decitabine (20
mg/m2/day for 5 days) for the first-line treatment of older patients with AML found remis‐
sions in 25% of patients, with a median overall survival of 7.7 months and a 30-day mortali‐
ty rate of 7% [5]. Another study in older AML patients treated with a 10-day schedule of
decitabine showed that 47% of patients achieved complete remission without added toxicity
[32]. Despite these encouraging results, in a randomized phase III trial, decitabine produced
complete remission in 18% older patients with AML but without the significant improve‐
ment in overall survival in comparison with patients receiving supportive care or low-dose
cytarabine [25]. Several new studies show a little better results [33, 34]. New randomized
studies evaluating single-agent decitabine versus conventional treatment are warranted. A
low incidence of treatment-related toxicity has been reported for both these agents, azaciti‐
dine and decitabine, supports their use for older AML patients, mainly for those unable or
unwilling to receive standard intensive chemotherapy.

Decitabine maintains normal hematopoietic stem cell (HSC) self-renewal but induces terminal
differentiation in AML cells. AML cells express low levels of the key late differentiation factor
CEBPE (CCAAT/enhancer binding protein epsilon). CEBPE promoter CpGs are usually hypo‐
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methylated during granulocyte maturation but are significantly hypermethylated in AML
cells [35]. Decitabine-induced hypomethylation is greatest at these and other promoter CpGs
that are usually hypomethylated with myeloid maturation, accompanied by cellular differen‐
tiation of AML cells. In contrast, decitabine-treated normal HSC retained immature morphol‐
ogy. High expression of lineage-specifying factor and aberrant epigenetic repression of some
late differentiation factors distinguishes AML cells from normal HSCs and could explain the
contrasting differentiation and methylation responses to decitabine. Decitabine induced up-
regulation of several apoptosis-related genes, in particular of DAP-kinase 1  and BCL2L10.
BCL2L10 was hypermethylated in 45% of AML but not in healthy controls [36].

Another  inhibitors  of  DNMTs  (5,6-dihydro-5-azacytidine,  2´-deoxy-5,6-dihydro-5-azacyti‐
dine, a second-generation hypo-methylating agent SGI-110 /a dinucleotide of decitabine and
deoxyguanosine linked with a natural phosphodiester linkage/, zebularine, procaine, epigal‐
locatechin-3-gallate, and N-phthalyl-L-tryptophan) are in preclinical studies or in clinical tri‐
als [37, 38].

The second epigenetic target for which drugs are available is histone deacetylation. There
are several histone deacetylases (HDAC) inhibitors (romidepsin, vorinostat, belinostat, so‐
dium phenylbutyrate, valproic acid, entinostat, and mocetinostat) in preclinical studies or in
clinical trials [6, 10, 11]. Vorinostat and valproic acid received approval from the US FDA
and are available for clinical use in the USA.

Clinical studies with dual pharmacologic targeting of DNMT and HDAC enzymes (azaciti‐
dine and phenylbutyrate or decitabine plus vorinostat) reported overall response rate of
22% in MDS/AML patients and supported preclinical results where synergistic anticancer
activity was found [12, 39, 40].

Clinical benefit from the immunomodulatory agent lenalidomide (CC5013, Revlimid®) in
patients with lower-risk MDS associated with deletion of the long arm of chromosome 5
(del(5q)) led to its 2005 FDA approval for red blood cell transfusion-dependent anemia due
to low or intermediate-1 risk MDS associated with a chromosome 5q deletion with or with‐
out additional cytogenetic abnormalities. Lenalidomide functions through immunomodula‐
tory, anti-inflammatory, anti-angiogenic and direct neoplastic cells inhibitory mechanisms
[41-43]. The highly encouraging results with lenalidomide in del(5q) lower-risk MDS were
not repeated in del(5q) AML. The cause of this difference is in many cases deletion of anoth‐
er commonly deleted region 5q31 and not of the 5q32-33 including RPS14. However, there is
the clear activity of lenalidomide in a subset of patients with AML [8, 9]. Safety, efficacy and
biological predictors of response to sequential azacitidine and lenalidomide for elderly pa‐
tients with acute myeloid leukemia were also studied [14]. This therapy was well tolerated
with encouraging clinical and biological activity.

The regulation of gene expression by DNA methylation

DNA methylation is a covalent modification at position C5 of the cytidine ring in the context
of a CpG dinucleotide. This methylation is catalysed by a family of DNMTs including
DNMT1, DNMT3A and DNMT3B. DNMT1 is required for maintenance methylation during
DNA replication. DNMT3A and DNMT3B function in de novo methylation [44-47]. CpG rich
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regions called CpG islands are present in about half of human gene promoters. Methylation
of these CpG islands is associated with transcriptional silencing from the involved promot‐
ers. When the CpG islands are highly methylated, they bind specific proteins which recruit
transcriptional co-repressors such as histone deacetylases (HDACs). Epigenetic silencing is
also associated with histone H3 lysine 9 (H3K9) methylation. This modification is associated
with closed chromatin and results also in transcriptional suppression. Alterations in DNA
methylation are important in the pathogenesis of MDS [48]. Increasing evidence shows aber‐
rant hypermethylation of genes occurring in and potentially contributing to pathogenesis of
MDS. The tumor suppressor and cell cycle regulatory gene CDKN2B (cyclin-dependent kin‐
ase inhibitor 2B) is an example of hypermethylated gene in MDS resulting in silenced ex‐
pression of this cell cycle inhibitor p15INK4B (cyclin-dependent kinase 4 inhibitor B) and in
uncontrolled cell cycle progression and cellular proliferation. CDKN2B methylation is fre‐
quent in refractory anemia with excess blasts in transformation, therapy-related MDS, and
in chronic myelomonocytic leukemia [49-52]. Increased methylation of CDKN2B gene is con‐
nected with disease progression. Methylation level of CDKN2B gene might be used as a
marker of leukemic transformation in MDS [53].

Reversal of aberrant methylation by the treatment with hypomethylating agents leads to re-
expression of silenced tumor suppressor genes and some other genes, often connected with
response to chemotherapy (CDKN2B, cyclin-dependent kinase inhibitor 2A /CDKN2A/ cod‐
ing for p16INK4A, the cell-adhesion genes /cadherin-1 /CDH-1/, cadherin-13 /CDH-13/, and im‐
munoglobulin superfamily member 4 /IGSF4/, the pro-apoptotic death-associated protein
serine/threonine kinase gene /DAP-kinase/, the suppressor of cytokine signaling-1 /SOCS1/,
the reversion-induced LIM homeodomain containing gene /RIL/, a ligand-dependent sup‐
pressor deleted in colorectal cancer /DCC/, a growth regulatory and tumor suppressor gene
hypermethylated in cancer /HIC1/, dinucleosidetriphosphatase-fragile histidine triad gene /
FHIT/ involved in purine metabolism, calcitonin, arachidonate 12- lipoxygenase /ALOX12/
involved in the production and metabolism of fatty acid hydroperoxidases, glutathione S-
transferase Mu1 /GSTM1/, testes-specific serine protease 50 /TSP50/, O-6-methylguanine-
DNA methyltransferase /MGMT/, Krüppel like factor 11 /KLF11/, oligodendrocyte lineage
transcription factor 2 /OLIG2/, estrogen receptor alpha /ESR1/, progesterone receptors PGRA
and PGRB, RAS association domain family1A /RASSF1/, functioning in the control of micro‐
tubule polymerization and potentially in the maintenance of genomic stability, and BLU,
both tumor suppressors genes located at 3p21.3, retinoic acid receptor beta /RARB/, a nucle‐
ar transcription factor which mediates cellular signaling, cell growth and differentiation,
and neutrophic tyrosine kinase receptor, type 1 /NTRK1/), which is needed to transmit sig‐
nals for cell growth and survival [54-57].

In the recent years, the discovery of a series of mutations in patients with MDS has provided
insight into the pathogenesis of MDS. Among these alternations have been mutations in
genes, such as IDH1, IDH2, TET2, and DNMT3A, which affect DNA methylation [58-61].
These mutations are discussed in the special chapter.
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2. Types of histone methylation modification and their regulatory
mechanisms

Histone methylation is carried out by several histone methyltransferases that methylate ly‐
sine (HKMTs) or arginines (PRMTs) in histone tails [62-65]. The four core histones, H2A,
H2B, H3, and H4, make up the nucleosome, the main structural unit of chromatin. Some
specific histone tail modification, such as methylation of histone 3 lysine tail residue 4
(H3K4), are associated with activation of gene expression, while others, such as methylation
of histone 3 lysine 27 (H3K27), are associated with gene repression [66]. These marks are
normally carefully controlled by the interplay of sequence-specific DNA binding transcrip‐
tion factors and transcriptional cofactors, many of which are histone-modifying enzymes.
The end amino group of lysine can be mono-, di- or tri-methylated. Dependent on this meth‐
ylation state, the binding affinity of chromatin-associated proteins varies greatly. Methyla‐
tion of histone 3 lysines 4 and 27 is catalyzed by trithorax and polycomb family of proteins.
H3K27 is di- and trimethylated by enhancer of zeste homolog 2 (EZH2), a polycomb family
protein [67]. The enzyme that reverses H3K27 methylation was not known until the discov‐
ery of two demethylases, ubiquitously transcribed tetratricopeptide repeat, X chromosome
(UTX) and Jumonji domain containing 3 (JMJD3), both of which are members of the Jmje do‐
main-containing protein family [68]. EZH2 has been reported to be mutated and inactivated
in MDS [69], but is also overexpressed in other subsets of MDS [70]. UTX mutations and/or
deletions have also been observed in patients with MDS and chronic myelomonocytic leuke‐
mia [61, 71-73].

3. Histone acetylation status

Acetylation of nucleosomal histones in part regulates gene transcription in most cells. Dif‐
ferential acetylation of nucleosomal histones results in either transcriptional activation (hy‐
peracetylation and an open chromatin configuration) or repression (hypoacetylation and
compacted chromatin) [74, 75]. The role of chromatin remodeling in carcinogenesis was
studied with the help of inhibitors of HDACs (HDIs). HDIs induce the hyperacetylation of
nucleosomal histones in cells resulting in the expression of aberrantly repressed genes (e.g.,
tumor suppressor genes) that produce growth arrest, terminal differentiation, and/or apop‐
tosis in carcinoma cells, depending on the HDI and dose used, and the cell type [76-79]. The
inappropriate recruitment of HDACs provides at least one mechanism by which oncogenes
could alter gene expression in favor of excessive proliferation. Thus, orally active HDIs with
low toxicity towards normal cells and tissues, which would effectively inhibit tumor growth
are needed for epigenetic anticancer therapy. In October 2006, the US Food and Drug Ad‐
ministration (FDA) approved the first drug of this new class, vorinostat (SAHA, Zolinza) for
treatment of cutaneous T-cell lymphoma. Several further HDIs (romidepsin, belinostat, so‐
dium phenylbutyrate, valproic acid, entinostat, and mocetinostat) are in clinical trials. HDIs
have shown significant activity against a variety of hematological and solid tumors at doses
that are well tolerated by patients, both in monotherapy as well as in combination therapy
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with other drugs. Combined DNA methyltransferase and histone deacetylase inhibition are
used in experiments in vitro but also in clinical trials in MDS and AML patients [6, 39].

4. MicroRNAs and epigenetic machinery

MicroRNAs (miRs) belong to a class of small non-coding regulatory RNA that act through
binding to the 3´ -UTR of target mRNA and leading to translational repression or degrada‐
tion of target mRNA at post-transcriptional level. MiRs can directly target epigenetic effec‐
tors such as DNMTs, HDACs and polycomb repressive complexes. On the other hand, some
miRs (miR-9, 34b/c, 124, 127, 137, 145, 146a, 148, -203, let-7a-3, and others) are epigenetically
regulated [80, 81].

MiR-29b targets DNMT3A mRNA [18, 82, 83]. In addition, some isoforms of DNMT3B are
targeted by miR-148 [84]. MiR-26a, 101, 205 and -214 regulates EZH2 [85-90].

Dostalova Merkerova et al. found nine upregulated genes for miRs located at chromosome
14q32 in CD34+ cells separated from mononuclear cells of bone marrow obtained from MDS
patients [91]. 14q32 region contains 40 miR genes with imprinted expression controlled by a
distant differentially methylated region. For example miR-127, a member of the 14q32 re‐
gion, is involved in B-cell differentiation process through posttranscriptional regulation of
BLIMP1, XBP1, and BCL6 genes [91]. BLIMP1 (B lymphocyte induced maturation protein 1)
is a zinc finger transcriptional repressor which functions as a master regulátor of terminal
differentiation of B cells into plasma cells. XBP1 (X-box binding protein 1) is transcription
factor that regulates MHC class II genes by binding to a promoter element referred to as an
X box. BCL6 (B-cell lymphoma 6 protein) is a transcriptional represor which regulates ger‐
minal center B cell differentiation and inflammation.

5. Protein EVI1 and epigenetic machinery

EVI1 (the ecotropic viral integration site 1) is encoded by gene on chromosome 3q26 [92-95].
The oncoprotein EVI1 and the DNMT3 co-operate in bindig and de novo methylation of tar‐
get DNA [96]. EVI1 forms a bridge between the epigenetic machinery and signaling path‐
way [97, 98]. EVI1 represses PTEN (phosphatase and tensin homolog) expression and
activates PI3K/AKT (Protein kinase B)/mTOR via interaction with polycomb proteins [97,
98]. Overexpression of EVI1 predicts poor survival in MDS and AML [99]. MDS patients
with inversion of chromosome 3 and with EVI1 transcriptional activation achieved morpho‐
logical and cytogenetic response to azacitidine [100].

6. Epigenetic therapy in MDS and AML

Treatment with DNMT inhibitors is a rational strategy with the aim to reinduce the expres‐
sion of epigenetically silenced genes for tumor suppressors and other targeted genes, often
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connected with response to chemotherapy. Responses to therapy with DNMT inhibitors are
up to now not fully elucidated. We have no clear evidence for DNMT overexpression in
MDS and the decrease in global methylation after treatment with demethylating agents has
not correlated with disease response. Changes in differentiation and/or apoptosis, and in‐
duction of a immune response can be also involved [28-38, 101].

DNA methylation of upstream regulatory element (URE) plays an important role in downre‐
gulation of transcription of PU.1 gene. PU.1 is the transcription factor and tumor suppressor
necessary for myeloid differentiation. Azacitidine treatment demethylated in vitro URE lead‐
ing to upregulation of PU.1 followed by derepression of its transcriptonal targets and onset of
myeloid differentiation [102]. DNA demethylation and a shift from a repressive histone pro‐
file to a more active profile that includes the reassociation of RNA polymerase II (Pol II) with
the targeted promoters are necessary for tumor suppressor gene reactivation [103].

Even if a complete understanding of the mechanism of action of azanucleotides remains to
be elucidated, their pharmacodynamic effects promote enhanced survival independently of
any ability to eliminate the MDS clone. The MDS clone persists in many patients treated by
DNMT inhibitors but this clone is modulated and hematologic function is improved togeth‐
er with survival of patients.

It has been almost 50 years since the synthesis and antitumor activity of azacitidine (AC)
was described [104, 105]. AC is a pyrimidine nucleoside analog of cytidine and is character‐
ized by a presence of an extra nitrogen atom at position C5 of pyrimidine ring. This modifi‐
cation leads to a blockade of cytosine methylation via a covalent trapping of DNMT. AC is
believed to utilize a dual mechanism of action following its phosphorylation: 1) hypomethy‐
lation of DNA at low doses and 2) cytotoxicity due to the incorporation into RNA and appa‐
rent interaction with protein biosynthesis at high doses. To overcome cytotoxicity, a deoxy
analog of AC, 5-aza-2´-deoxycytidine (decitabine, DAC) was synthesized, which is incorpo‐
rated only into the DNA following its phosphorylation. DAC significantly inhibits DNA
methylation at lower concentrations and with less cytotoxicity in comparison with AC [106].
Both, AC and DAC, possess high cytotoxicity at their maximal tolerated doses and are un‐
stable in aqueous solution.

7. Azacitidine clinical studies

Patients with MDS were randomly treated with either azacitidine or best supportive care in
the CALGB 9221 study [107]. A total of 191 patients with a median age of 68 years were
used. Azacitidine (75 mg/m2/day) was injected subcutaneously in 7-day cycles beginning on
days 1, 29, 57, and 85 (every 28 days). If a beneficial effect was not demonstrated by day 57
and no significant toxicity other than nausea or vomiting had occured, the dose of AC was
increased by 33%. Once benefit occured on a particular dosage, AC was continued unless
toxicity developed. Patients were assessed after the fourth cycle. Those who achieved com‐
plete response (CR) continued on AC until either CR or relapse occured. After 4 months of
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supportive care, any patients with worsening dinase were permitted to cross over to treat‐
ment with AC. Overall, 59% of patients had either refractory anemia with excess blasts
(RAEB) or RAEB in transformation (RAEB-T) according to French-American-British (FAB)-
defined criteria, and 65% of patients were red blood cell transfusion dependent. Sixty per‐
cent of patients in the azacitidine arm (including 7% of patients with CR, 16% with a partial
response /PR/, and 37% with hematologic improvement /HI/), compared with 5% of patients
in the control arm, responded to treatment (p˂0.001). The median time to leukemic transfor‐
mation or death was 21 months in patients treated with AC compared with 12 months in the
best supportive care (p=0.007). The median overall survival was 20 months for AC-treated
patients compared with 14 months for patients assigned to best supportive care. 53% of pa‐
tients on best supportive care received azacitidine after crossover. A further benefit of AC
over supportive care was a significant improvement in quality of life (physical functioning,
fatigue, dyspnea) in patients treated with AC compared with patients in the control arm. AC
did not increase the rate of infection or gastrointestinal bleeding above the rate associated
with underlying disease.

The AZA-001 trial was an international, randomized phase III study designed to test the hy‐
pothesis that AC significantly extends overall survival in patients with MDS compared with
standard care regimens including best supportive care, low-dose cytarabine (ara-C, 20
mg/m2 for 14 days every 28 days for at least 4 cycles), or intensive chemotherapy consisting
of induction with higher dose of ara-C (100-200 mg/m2/day for 7 days plus 3 days of daunor‐
ubicin 45-60 mg/m2/day, idarubicin 9-12 mg/m2/day, or mitoxantrone 8-12 mg/m2/day )
[108]. A total of 358 patients with higher-risk MDS were randomly assigned to either azaciti‐
dine as in CALGB 9221 or to standard of care. Median age of patients was 69 years. After a
median follow-up of 21.1 months, the median survival time was significantly better in azaci‐
tidine patients compared with standard of care options (24.5 versus 15.0 months, respective‐
ly p=0.001) irrespective of age, percentage of marrow blasts or karyotype. In particular,
overall survival was prolonged for azacitidine in patients with -7 / del(7q) cytogenetic ab‐
normality, median overall survival was 13.1 months in the azacitidine group compared with
4.6 months in the standard of care group (p=0.00017). Progression to AML was significantly
delayed in patients treated with AC (17.8 months in the AC group versus 11.5 months in the
standard of care group p˂0.001). Transfusion requirements and rate of infections were also
significantly improved in azacitidine patients.

Continued azacitidine therapy beyond time of first response improves quality of response in
patients with higher-risk myelodysplastic syndromes in 48% of patients [109]. This secon‐
dary analysis of the AZA-001 phase III study evaluated the time to first response and the
potential benefit of continued AC treatment beyond first response in responders. Overal, 91
of 179 patients achieved a response to azacitidine; responding patients received a median of
14 treatment cycles (range, 2-30). Median time to first response was 2 cycles (range, 1-16).
Although 91% of first responses occured by 6 cycles, continued azacitidine improved re‐
sponse in 48% of patients. Best response was achieved by 92% of responders by 12 cycles.
Median time from first response to best response was 3.5 cycles (95% confidence interval
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(CI), 3.0-6.0) in 30 patients who ultimately achieved a complete response, and 3.0 cycles
(95% CI, 1.0-3.0) in 21 patients who achieved a partial response.

French group studied a retrospective cohort of 282 higher-risk MDS treated with azacitidine,
including 32 patients who concomitantly received erythropoiesis stimulating agents (ESA)
for a median of 5.8 months after azacitidine onset [110]. Hematologic improvement was
reached in 44% of the ESA and 29% of the no-ESA patients. Transfusion independence was
achieved in 48% of the ESA and 20% of the no-ESA groups. Median overall survival was
19.6 months in the ESA and 11.9 months in the no-ESA patients.

Platelet doubling after the first azacitidine cycle is a promising independent predictor for re‐
sponse and overall survival in MDS, chronic myelomonocytic leukemia (CMML) and AML
patients in the Dutch azacitidine patients [111].

8. Decitabine clinical studies

Two studies used 3-day, 9-dose regimens requiring inpatient hospitalization and two stud‐
ies used 5-10 day decitabine regimens intended for outpatient administration [23, 25].

The US D-0007 phase III study compared decitabine (15 mg/m2 continuous 3-hour intrave‐
nous infusion every 8 hours for 3 days) with supportive care in 170 patients with a con‐
firmed diagnosisof de novo or secondary MDS. The median age of enrolled patients was 70
years (range, 30-85 years). Most patients (69%) had intermediate (Int)-2- or high- risk disea‐
seas defined by the International Prognostic Scoring System criteria, and were red blood cell
transfusion dependent (71%) [23]. No significant difference was seen in median overall sur‐
vival (OS) between patients treated with decitabine and those receiving supportive care
(14.0 versus 14.9 months, respectively; p=0.636). The median duration of response to decita‐
bine treatment was 10.3 months (range, 4.1-13.9 months). Patients received a median of 3
courses of decitabine treatment (range, 0-9).

EORTC 06011 phase III study compared decitabine given on a 3-day inpatient regimen (15
mg/m2 intravenously over 4 hours three times a day for 3 days, every 6 weeks, for a maxi‐
mum of 8 cycles) with supportive care. A total of 233 patients with primary or secondary
MDS, or CMML defined by FAB classification (median age, 70 years; range, 60 to 90 years)
were enrolled [25]. 53% had poor-risk cytogenetics, and the median MDS duration at ran‐
dom assignment was 3 months. The median OS prolongation with decitabine versus best
supportive care was not statistically significant (median OS, 10.1 versus 8.5 months; p=0.38).

M.D. Anderson Cancer Center ID03-0180 randomized phase II study compared three outpa‐
tient decitabine schedules. In this single-institution study, 95 patients (77 with MDS, and 18
with CMML) were randomized to receive 20 mg/m2/day intravenously for 5 days, 20
mg/m2/day subcutaneously for 5 days, or 10 mg/m2/day intravenously for 10 days. Thus, all
patients received the same 100 mg/m2 total decitabine dose in each treatment cycle. Overall,
32 patients (34%) achieved CR and 69 patients (73%) had an objective response. The 5-day
intravenous schedule, which had the highest dose-intensity, was selected as optimal. The
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supportive care, any patients with worsening dinase were permitted to cross over to treat‐
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Although 91% of first responses occured by 6 cycles, continued azacitidine improved re‐
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CR rate in that arm was 39% compared with 21% in the 5-day subcutaneous arm and 24% in
the 10-day intravenous arm (P<0.05). The high dose-intensity arm (the 5-day intravenous
schedule) was also superior at inducing hypomethylation at day 5 and at activating the ex‐
pression of the cell cycle inhibitor p15INK4B at days 12 or 28 after therapy. The 5-day intrave‐
nous schedule of decitabine optimizes epigenetic modulation and clinical responses in MDS.

North American multicenter DACO-020 ADOPT phase II study started on the results of the
study of M.D. Anderson Cancer Center dealing with efficacy and safety of decitabine in the
5-day intravenous schedule, every 4 weeks in 99 patients with MDS (de novo or secondary).
The primary end point was the overall response rate (ORR) by International Working Group
criteria. Secondary end points included cytogenetic responses, hematological improvement,
response duration, survival and safety. The ORR was 32% (17 complete responses plus 15
marrow complete responses and the overall improvement rate was 51%, which included
18% of hematologic improvement. Decitabine can be administered in an outpatient petting
with comparable efficiacy and safety to the US FDA- approved impatient regimen.

9. Comparison of azacitidine and decitabine

Azacitidine and decitabine appear to have similar administration costs. As far as adverse
events azacitidine is well tolerated. Grade 3 and 4 neutropenia was observed for 91% pa‐
tients in the azacitidine treated group, and 76% in the best conventional care group. Grade 3
and 4 thrombocytopenia occurred among 85% of patients in the azacitidine treated group
and 80% in the best conventional care group. Higher risk of febrile neutropenia (23%) was
described in the US D-0007 phase III decitabine study. In this study 87 % of neutropenia and
85% of thrombocytopenia in response to decitabine were reported. In AZA-001 study the
median OS was 24.5 months for azacitidine compared with 15.0 month for the best conven‐
tional care [108]. Decitabine has not demonstrated a survival advantage compared with the
best conventional care (14.0 versus 14.9 months) [23]. In the EORTC 06011 study, the median
OS was 10.1 months for decitabine and 8.5 months for supportive care [25]. Comparing re‐
sults from different studies suggests similar median number of cycles to first response for
azicitidine (2.3 cycles /64 days/ in CALGB 9221 study) and decitabine (2 cycles /3.3 months/
in the D-0007 study and 2 cycles /2 months/ in DACO-020 ADOPT trial) [23, 106]. For azaci‐
tidine treated patients, the median duration of response was 15 months in CALGB 9221
study [107] and 13.6 months in AZA-001 trial [108]. For decitabine treated patients, the me‐
dian duration of response ranged from 8.6 months for EORTC 06011 study [25], 10 months
in the DACO-020 ADOPT trial, to 10.3 months in the D-0007 study [23].

10. Biomarkers of sensitivity to hypomethylating agents

A number of research groups have focused on the identification of methylation patterns
that would predict for response in MDS. No such profile exists. Baseline methylation pat‐
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terns were not associated with response to hypomethylating agents. The significant corre‐
lation was observed between reduced methylation over time and clinical outcome. Further
studies of methylation dynamics both before and after treatment with hypomethylating
agents will be useful to determine the ability of these markers to direct treatment. DNA
methylation of upstream regulatory element (URE) controlling the transcription of PU.1
gene may be a new biomarker for the prediction which patiens will bendit from thera‐
py by hypomethylating agents [102].

Several other biomarkers, such as mutations in TET2 gene and levels of miR-29b have been
reported to be associated with responses to azacitidine and decitabine, respectively. TET2 is
a protein involved in the conversion of 5-methylcytosine to 5-hydroxymethylcytosine and
could therefore result in passive induction of DNA methylation. TET2 mutations were re‐
cently reported to be associated with clinical response to azacitidine but not with survival.
Contradictory results were obtained by another research group [112]. TET2 mutations were
described in 15% of 86 patients. The response rate to AC was 82% in the mutated patients
and 45% in the nonmutated patients with wild TET2 gene. Mutated TET2 (p=0.04) and fa‐
vorable cytogenetic risk (intermediate risk: p=0.04, poor risk: p=0.048 compared with good
risk) independently predicted a higher response rate. TET2 status may be a genetic predictor
of response to AC, independently of karyotype. Expression levels of DNMT1, an enzyme in‐
volved in maintenance of methylation patterns, are regulated by miR-29b. Higher levels of
miR-29b were associated with clinical response to decitabine.

Circulating cell-free DNAs from plasma and serum of patients with MDS can be used to de‐
tect genetic and epigenetic abnormalities. The plasma DNA concentration was found to be
relatively high in patients with higher blast cell counts in bone marrow.

11. Resistance to hypomethylating agents

There is a subgroup of patients with MDS who do not respond to therapy with hypomethy‐
lating agents and a large, growing cohort of patients that lose progress while on azacidine or
decitabine therapy. Since the mechanism of resistance to hypomethylating agents are not
known, selection of therapy is largely empiric but must take into account the age, comorbid‐
ities, and performance status of the patient, as well as the characteristics of the disease at the
time of treatment failure. Higher intensity approaches and allogeneic stem cell transplanta‐
tion can yield improved response rates and long-term disease control but should be limited
to a selected cohort of patients who can tolerate the treatment-related morbidities. For the
majority of patients who likely will be better candidates for lower intensity therapy, several
novel, investigational approaches are becoming available. Among these are newer nucleo‐
side analogues, inhibitors of protein tyrosine kinases, molecules that interact with redox sig‐
naling within the cell, immunotherapy approaches, and others.

In clinical trials, some patients do not respond to hypomethylating agents initially (primary re‐
sistance) and most patients who initially respond to treatment, eventually relapse (secondary
resistance) despite continued therapy with hypomethylating agents. Most primary mecha‐
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nisms of resistance are based on metabolic pathways. The primary resistance is caused by the
insufficient intracellular concentration of nucleoside triphosphates resulting from deoxycyti‐
dine kinase deficiency (DCK mutations or aberrant gene expression), increased deamination
by cytidine deaminase (CDA), or high dNTP pools. Higher ratio of CDA/DCK in a subset of
patients means that decitabine is less activated through mono-phosphorylation by DCK and
more inactivated through deamination by CDA in non-responders. Secondary resistance is
likely due alternate progression pathways as a less aberrant DNA methylation was found dur‐
ing the treatment with hypomethylating agent than at diagnosis, and there were no significant
changes in decitabine metabolism gene expression.

12. New hypomethylating agents

Current hypomethylating agents are limited due to route of administration and potency as
inducers of DNA hypomethylation. An oral compound or an agent with a better pharmaco‐
dynamic profile could improve hypomethylating therapy of MDS patients. Initial results
with an oral formulation of 5-azacytidine have been reported.

2´, 3´, 5´-triacetyl-5-azacytidine demonstrates significant pharmacokinetic improvements in
bioavailability, solubility, and stability over the parent compound 5-azacytidine. In vivo
analyses indicated a lack of general toxicity coupled with significantly improved survival.
Pharmacodynamic analyses confirmed its ability to suppress global methylation in vivo. Es‐
terified nucleoside derivatives may be effective prodrugs for azacitidine and encourages fur‐
ther investigation and possible clinical evaluation.

A new salt derivative, oral decitabine mesylate, is used in ongoing trials. A barrier to effica‐
cious and accessible DNMT1-targeted therapy is cytidine deaminase, an enzyme highly ex‐
pressed in the intestine and liver that rapidly metabolizes decitabine int into inactive uridine
counterparts, severely limiting exposure time and oral bioavailability. Oral administration
of 3,4,5,6-tetrahydrouridine (THU), a competitive inhibitor of cytidine deaminase, before or‐
al decitabine extended decitabine absorption time in mice and nonhuman primates and wid‐
ened the concentration-time profile. Therefore, the exposure time for S-phase-specific
depletion of DNMT1 is increased without the high peak of decitabine levels that can cause
DNA damage and cytotoxicity. On the other hand, decreased DNA methylation in inter‐
mediate and high risk AML patients with DNMT3A mutation was linked with higher re‐
lapse rates and an inferior overall survival [113].

5,6-dihydro-5-azacytidine (DHAC) and 2´-deoxy-5,6-dihydro-5-azacytidine (DHDAC) are
hydrolytically stable. There is no evidence of significant genotoxicity and/or mitochondrial
toxicity on mammalian cells. Both compounds are a less toxic alternative of azacitidine and
decitabine and may also be of therapeutic interest.

Another compounds actively being studied in clinical trials are SGI-110 and CP-4200, a sec‐
ond generation hypomethylating agents [38]. One of the limitations of the nucleoside ana‐
logues in the clinical trials has been the side effects, such as thrombocytopenia and
neutropenia, which are probably caused by cytotoxic effects associated with the drug´s in‐
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corporation into the DNA or RNA independently of their DNA hypomethylation value.
This has encouraged the search for inhibitors of DNA methylation that are not incorporated
into DNA or RNA.

Zebularine is a cytidine deaminase inhibitor that also displays antitumor and DNA demethy‐
lating properties. Zebularine is a cytidine analog that contains a 2-(1H)-pyrimidinone ring.

The drug procainamide, approved by the FDA for the treatment of cardiac arrythmias, and
procaine, a drug approved by the FDA for use as a local anesthetic, were proposed as non-
nucleoside inhibitors of DNA methylation. This action is thought to be mediated by their
binding to GC-rich DNA sequences. Both, procaine and procainamide, are derivatives of 4-
amino-benzoic acid.

Dietary phytochemicals, tea catechins, polyphenols, particularly (-)-epigallocatechin-3-gal‐
late decreased the levels of 5-methylcytosine, DNMTs activity, mRNA and protein levels of
DNMT1, DNMT3A and DNMT3B and also decreased histone deacetylase aktivity and
stimulated re-expression of the mRNA and proteins of silenced tumor suppressor genes.

N-phthalyl-L-tryptophan  (RG108)  and  its  dicyclo-hexyl-amine  salt  effectively  blocked
DNA methyltransferases  in  vitro  and  did  not  cause  covalent  enzyme tramping  in  hu‐
man cell  line.  Incubation of cells  with RG108 resulted in signifiant demethylation of ge‐
nomic DNA without any detectable toxicity. RG108 caused demethylation and reactivation
of  tumor  suppressor  genes.

13. Combinations of hypomethylating agents with histone deacetylase
inhibitors or other drugs

In vitro, most of histone deacetylase inhibitors (HDACI) have been shown to have synergis‐
tic activity when combined with either azacitidine or decitabine. Therefore, phase I and II
clinical trials were performed. Combination of decitabine and valproic acid was safe and ac‐
tive and time to response was accelerated [6,12]. A randomized phase II trial has been con‐
ducted at M.D. Anderson Cancer Center comparing decitabine versus decitabine in
combination with valproic acid [6, 12, 39]. Results did not show any significant benefit with
the combination of decitabine and valproic acid. Similar results were obtained with combi‐
nation of azacitidine and MS-275 (Entinostat), a potent HDACI [12, 39].

Phase I trial for combination of lenalidomide with azacitidine has shown this combination to
be very safe and clinically active in MDS [114]. In this study 18 patients ( 2 intermediate 1-,
10 intermediate 2- and 6 high- risk) were enrolled with median age 68 years (range, 52 to 78
years). Interval from diagnosis was 5 weeks (range, 2 to 106 weeks) and follow-up was 7
months (range, 1 to 26 months). Azacitidine (75 mg/m2/day) on days 1 through 5 and lenali‐
domide (10 mg) on days 1 through 21 were used. The combination of lenalidomide and aza‐
citidine is well tolerated with encouraging clinical activity.
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corporation into the DNA or RNA independently of their DNA hypomethylation value.
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14. Lenalidomide with potent immunomodulatory, antiangiogenic and
direct neoplastic cell inhibitory activity

Interstitial deletions involving long arm of chromosome 5 are one of the common cytogenet‐
ic abnormalities in MDS patients [115-117]. MDS with isolated del(5q) in which the sole cy‐
togenetic abnormality is del(5q) is a distinct entity with a risk of evolution into AML of
approximately 10%. It is characterized by macrocytic anemia with or without other cytope‐
nias and/or thrombocytosis. Myeloblasts comprise less than 5% of bone marrow and less
than 1% of peripheral blood.

Lenalidomide [3-(4-amino-1-oxo1,3-dihydro-2H-isoindol-2-yl)piperidine-2,6-dione] is 4-ami‐
no-glutarimide analog of thalidomide with potent immunomodulatory, antiangiogenic and
direct neoplastic cell inhibitory activity [118-120]. Thalidomide was synthesized in Germa‐
ny, in 1954, from α-phtaloylisoglutamine, to be used as sedative and antimetic drug. In 1957,
after a short period of preclinical studies, thalidomide was approved for first trimester ges‐
tational sickness in humans. The appearance of malformations such as phocomelia in the
newborn banned its use three years later. The US Food and Drug Administration (FDA) ap‐
proved thalidomide in 1998 for the treatment of erythema nodosum leprosum. A small but
consistent fraction of transfusion-dependent MDS patients achieved transfusion independ‐
ence by treatment with thalidomide.

Lenalidomide was developed in order to avoid thalidomide side effects (sedation and neu‐
ropathy), and to increase efficacy [118-120]. Lenalidomide shares a number of structural and
biological properties with thalidomide but is safer and more potent than thalidomide. Lena‐
lidomide was first studied in a single- center trial [121]. Erythroid and cytogenetic responses
were achieved in a study of 43 patients with MDS, particularly in patients with isolated
del(5q31-33) [28]. Lenalidomide was administered in three different dosing schedules: 25 mg
daily, 10 mg daily, and 10 mg daily for 21 days of each 28-day cycle [121]. The erythroid re‐
sponse rates were highest in patients with the International Prognostic scoring system (IPSS)
low or intermediate 1 risk MDS. Transfusion independence was achieved in 20 of 32 patients
(63%), and three additional patients had reduced red blood cells transfusion needs [121].
Ten of 12 patients (83%) with del(5q31) experienced major erythroid responses, defined as
sustained transfusion independence, compared with a 57% response rate in patients with a
normal karyotype and a 12% response rate in patients with other cytogenetic abnormalities.
Complete cytogenetic remissions were achieved in 75% of the del(5q31) patients (9 of 12 of
these patients), with one additional patient achieving at least a 50% decreases in abnormal
metaphases [121]. Myelosuppression (neutropenia and/or thrombocytopenia) was the most
common adverse event, but it was dose-dependent, favoring the 10 mg daily dose for 21
days of each 28-day cycle.
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15. Multicenter phase II trials of lenalidomide

After encouraging results of a single-center trial (MDS-001) [28], the effect of lenalidomide
on the 5q31 deletion MDS syndrome was investigated in a large multicenter phase II study
(MDS-003) and led to its FDA approval for red blood cell transfusion-dependent anemia due
to low or intermediate-1 risk MDS associated with a chromosome 5q deletion with or with‐
out additional cytogenetic abnormalities [122]. The initial schedule was 10 mg of lenalido‐
mide for 21 days every 4 weeks, but the treatment schedule was subsequently amended so
that the 10 mg dose was given every day because of the shorter interval between initiation
of treatment and a response in the pilot study. Of the 148 transfusion-dependent patients
who were included in the study, 46 were treated on the 21-day schedule and 102 received
continuous daily dosing. Overall, 112 (76%) patients responded to treatment with a median
time to response 4.6 weeks. Among these, 99 no longer needed transfusions by week 24,
while the remaining 13 patients had a reduction of 50% or greater in the number of transfu‐
sions required. There was no significant difference in response rate between the two treat‐
ment schedules. Response rate was independent of additional chromosomal aberrations.
Patients with pretreatment thrombocytopenia had an inferior outcome. Almost half of the
patients, including some with complex karyotypes, had a complete cytogenetic response.
Neutropenia and thrombocytopenia were the most common treatment-associated adverse
events. Most other adverse events were of low or moderate severity and included pruritus,
rash, diarrhea, and fatigue. Adjustment of the lenalidomide dose due to intolerance was re‐
quired in 124 patients, including 93 of those receiving continuous daily dosing and 31 of
those receiving 21-day dosing. Thirty patients discontinued lenalidomide treatment because
of adverse events including thrombocytopenia or neutropenia, rash AML, anemia, facial
edema, congestive heart failure, urticaria, diarrhea, weight loss, renal insufficiency, cerebro‐
vascular accident, dementia, dyspnea, pyrexia, and pneumonia.

However, the European Medicine Agency (EMEA) did not approve lenalidomide for this in‐
dication, raising the concern, based on the results of the MDS-003 trial, that lenalidomide
may trigger progression to AML in some patients with del(5q).

Current recommendation state that treatment with lenalidomide in del(5q) MDS should be
continued until disease progression [123]. The question whether interrruption of lenalido‐
mide treatment for patients in remission would be beneficial has been also addressed [124].
It is important for several reasons: 1) it could reduce costs and side effects; 2) it could facili‐
tate disease progression to AML. Different mechanisms have been discussed to explain
AML progression. Evidence that pre-therapeutic telomere length was significantly shorter in
those patients who ultimately transformed to AML than in those who did not was presented
[125]. Transformation to AML is occasionally observed, paticularly in patients without a cy‐
togenetic response to lenalidomide. Jädersten et al. [126] performed molecular studies in a
patient with classical 5q- syndrome with complete erythroid and partial cytogenetic re‐
sponse to lenalidomide, who evolved to high-risk MDS with complex karyotype. Immuno‐
histochemistry of pretreatment marrow biopsies revealed a small fraction of progenitors
with overexpression of p53 and sequencing confirmed a TP53 mutation. TP53 mutated sub‐
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clones have not previously been detected in 5q- syndrome and indicates heterogeneity of
this disease. Subsequently, TP53 mutations with a median clone size of 11% (range, 1% to
54%) were detected in 10 from 55 (18%) low-risk MDS or intermediate-1 risk patients with
del(5q) by next-generation sequencing [127]. TP53 mutations are associated with strong nu‐
clear p53 protein expression. Patients with mutation had significantly worse outcome. TP53
mutations may lead to genetic instability and disease progression. This clonal heterogeneity
in low-risk MDS patients with del(5q) may be of importance when assessing the prognosis
and selecting the therapy in these patients. It has been speculated that continuous adminis‐
tration of lenalidomide may lead to selective pressure on stem cells that induces genomic
instability, resulting in acute leukemia transformation [128].

Longest transfusion-free intervals are achieved in patients low-risk MDS patients with
del(5q) who are exposed to lenalidomide 6 months beyond complete cytogenetic remission
[41, 124]. Lenalidomide should not be withdrawn prematurely in patients who achieve
transfusion independence as partial cytogenetic remission patients seem to have a higher re‐
lapse rate than complete cytogenetic remission patients.

Treatment  by  lenalidomide  is  based  on  scientific  knowledge  because  small  deletions  in
several  ribosomal  genes,  including  RPS14,  were  found  in  CD34+  cells  not  only  in  pa‐
tients with del(5q) but also in patients with non-del(5q) MDS [41,  42,  129-131].  This ob‐
servation suggested that deregulated ribosomal biogenesis may not be limited to del(5q)
MDS. Czibere et  al.  [132]  showed that  lower risk non-del(5q) MDS patients with RPS14
haploinsufficiency  tend  to  have  prolonged  survival.  Defective  ribosomal  biogenesis  has
a  lead  role  in  disrupting  erythropoiesis  in  a  variety  of  anemias.  Disruption  of  riboso‐
mal biogenesis has been clearly demonstrated in multiple ribosomopathies to greatly per‐
turb  p53  signaling  [130,  131].

Bone marrow aspirates of patients who responded to lenalidomide showed before treatment
decreased expression of the set of the genes needed for erythroid differentiation. Lenalido‐
mide seems to overcome differentiation block in del(5q) patients with decreased expression
of these genes compared to the non-responders [131]. Thus, lenalidomide restored erythroid
differentiation potential by upregulation of the suppressed erythroid gene signature (genes
for α- and β-globin, ankyrin 1, band 3, band 4.2, carbonic anhydrase, ferrochelatase and gly‐
cophorin B) [133].

The  “Groupe  Francophone  des  Myélodysplasies”  conducted  a  multicenter  phase  2  trial
with  lenalidomide  in  intermediate-2  (19  patients)  and high-risk  MDS (28  patients)  with
del(5q).  Forty  seven patients  (24  males  and 23  females,  with a  median age of  69  years,
range,  36-84 years)  were treated.  Forty three  patients  of  47  patients  had transfusion-de‐
pendent anemia. Patients received 10 mg lenalidomide once daily orally during 21 days
every  4  weeks.  In  patients  without  response  after  8  weeks,  the  lenalidomide  dose  was
increased to  15  mg/day in  the  same time schedule  during an additional  8  weeks.  If  no
response  was  found  in  this  additional  time  of  treatment,  lenalidomide  was  discontin‐
ued. Thirteen of the 47 patients (27%) achieved response according to International Work‐
ing  Group  (IWG)  2006  criteria.  Median  duration  of  overall  response  was  6.5  months,
11.5 months in patients who achieved the complete remission. Grade 3 and 4 neutrope‐
nia  and  thrombocytopenia  were  seen  in  most  patients.
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Möllgård et al. [7] hypothesized that increasing doses of lenalidomide may be successfully
used in high-risk MDS and AML with chromosome 5 abnormalities. They tested this hy‐
pothesis in prospective phase II multicenter trial with 28 patients (12 with intermediate-risk
2 or high-risk MDS and 16 with AML). Oral lenalidomide was given at a dose of 10 mg/day
in weeks 1 to 5. The dose was increased to 20 mg/day in weeks 6 to 9, and to 30 mg/day in
weeks 10 to 16. In the case of suspected drug-related toxicity the dose was lowered to 5 mg/
day. The overall response rate in treated patients with MDS was 36% (4/11) and that for
AML patients was 20% (3/15). Seven patients stopped therapy due to progressive disease
and nine because of complications, most of which were disease-related. Patients with TP53
mutations responded less well than those without mutations. No responses were observed
among 11 cases with deleterious TP53 mutation [7].

16. Randomized phase III placebo-controlled study of lenalidomide in
del(5q) patients

This study [134] examined the safety of lenalidomide in a randomized phase III trial
(MDS-004) in low-/int-1-risk myelodysplastic syndromes (MDS) with a del(5q) abnormality.

The similar criteria as in the MDS-003 study were chosen. Two hundred five patients were
randomized to receive treatment with either lenalidomide 10 mg orally daily for 21 days of
each 28-day cycle, lenalidomide 5 mg orally daily for 28 days of each 28-day cycle, or place‐
bo. Erythroid responses were assessed at 16 weeks. Nonresponders were then in open-label
treatment and they were excluded from the efficacy analysis. Red blood cell transfusion in‐
dependence was achieved in 53.6% of patients treated on 10 mg arm, 33.3% on 5 mg arm
and 6% on the placebo arm. Cytogenetic response rates were also highest in the 10 mg arm
(41.5% of patients), while in 5 mg arm (17.4%) and in the placebo arm (0%). The median rise
in hemoglobin at the time of the best response was also higher in patients treated with the
10 mg lenalidomide. No difference in the rate of AML trandsformation among three arms
was found. This study confirmed that the preferred starting dose of lenalidomide in patients
with del(5q) low-/int-1-risk MDS remains 10 mg.

17. Further clinical studies of lower risk MDS patients with del(5q)
treated with lenalidomide

Many of the initial clinical and laboratory observations obtained in the MDS-003 trial were
confirmed in the study of Le Bras et al. [135]. Ninety five lower risk MDS patients (low and
intermediate 1 risk in IPSS, 25 males and 70 females with a median age of 70.4 years) with
del(5q) were treated with 10 mg of lenalidomide daily, 21 days every 28 days for at least 16
weeks. Patients with at least a minor erythroid response after 16 weeks were treated in the
same way until disease progression, treatment failure or treatment-limiting toxicity.
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intermediate 1 risk in IPSS, 25 males and 70 females with a median age of 70.4 years) with
del(5q) were treated with 10 mg of lenalidomide daily, 21 days every 28 days for at least 16
weeks. Patients with at least a minor erythroid response after 16 weeks were treated in the
same way until disease progression, treatment failure or treatment-limiting toxicity.
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Erythroid response was evaluated according to international working group (IWG) 2000 cri‐
teria. Sixty two of the 95 patients (65%) achieved erythroid response according to IWG 2006
criteria. In these 62 patients, 60 patients (63% from 95 patients) achieved red blood cell trans‐
fusion independence. Median time to transfusion independence was 16 weeks (range 8-33
weeks). Fifteen patients who achieved transfusion independence were analyzed for cytoge‐
netic response (20% of complete and 40% of partial cytogenetic response). The rest of these
15 patients (40%) had no cytogenetic response. Six (6.3%) patients progressed to AML and
15 patients died, including 6 patients who had achieved transfusion independence. In the
MDS-003 trial, the primary endpoint was hematological response, while in the study of Le
Bras et al. transfusion independence. The cytogenetic remission rate was higher in the
MDS-003 trial (73% versus 60% in the study of Le Bras et al. [135]. Neutropenia and throm‐
bocytopenia were the most common adverse events in both studies.

A Japanese multiinstitutional study MDS-007 in MDS patients with del(5q) treated with le‐
nalidomide has been recently performed. This study was targeted on morphologic analysis
and evaluation of the relationship among erythroid response, change of morphologic find‐
ings and cytogenetic response. MDS-007 trial was a single-arm, open-label study. Eleven pa‐
tients were enrolled in this study, including 5 patients with transfusion-dependent anemia
and 6 patients with transfusion-independent symptomatic anemia. Nine patients showed
less than 25% of bone marrow erythroblasts before therapy with lenalidomide and no pa‐
tient had more than 40% of bone marrow erythroblasts at that time. Eight patients showed a
rapid increase of bone marrow erythroblasts to more than 40% on day 85. All patients except
one achieved a major erythroid response as defined by either transfusion independence or
by rapid increase of hemoglobin level in most patients on day 169 of lenalidomide therapy.
One patient without any hematologic response by day 169, achieved a major erythroid re‐
sponse on day 218. Erythroid response could be achieved even without a cytogenetic re‐
sponse. No patient in this analysis showed a hematological relapse prior to cytogenetic one.
These findings suggested that lenalidomide can improve anemia by more than one mecha‐
nism of action and also through mechanism different from del(5q) elimination.

18. Therapy with lenalidomide in combination with another drug in
MDS

In order to maximize the potential benefit from lenalidomide therapy combination strategies
were developed. Lenalidomide in attemp to improve outcome of patients can be combined
with erythropoiesis-stimulating agents (ESA), such as erythropoietin or darbepoietin alpha.
This therapy is based on preclinical observations shoving that lenalidomide significantly po‐
tentiated erythropoietin receptor signaling. The addition of erythropoietin (40, 000 U/week)
for an additional 8-week course had the beneficial effect in low and intermediate-1 risk MDS
patients who had failed prior treatment with lenalidomide monotherapy for 16 weeks. To
evaluate the potential benefit of the combination of lenalidomide and ESA, Park et al. [136]
tried the association in three del5q MDS patients, who were resistant or partially responding
to lenalidomide alone. Lenalidomide had two different actions, one on the disapperance of
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the 5q- clone and the other one on the stimulation of the erythroid production in combina‐
tion with ESA.

In low to intermediate-1 risk non-del(5q) MDS, lenalidomide treatment is less effective with
a lower response rate (25%) and shorter response duration than in the same risk MDS with
del(5q) [41]. Combination of lenalidomide with another drug could improve outcome of pa‐
tients with low to intermediate-1 risk non-del(5q) MDS. Ezatiostat hydrochloride (Telintra,
TLK199), a tripeptide glutathione analog is a reversible inhibitor of the enzyme glutathione
S-transferase P1-1 (GSTP1-1) inhibitor. This inhibitor was developed for the treatment of cy‐
topenias associated with lower risk MDS. Ezatiostat activates jun-N-terminal kinase (JNK),
promoting the growth and maturation of hematopoietic progenitors, while inducing apopto‐
sis in human leukemia blasts. The ability of ezatiostat to activate the caspase-dependent
pathway may help eliminate or inhibit the emergence of malignant clones. Alternatively,
ezatiostat increases reactive oxygen species in dysplastic cells and contibutes by this effect
also to apoptotic death. Based on these mechanisms of action, response rates, non-overlap‐
ping toxicities, and tolerability observed in a single agent ezatiostat phase 1 and 2 studies in
MDS, a study of the combination of ezatiostat and lenalidomide was conducted to deter‐
mine the safety and efficacy of ezatiostat with lenalidomide in non-del(5q) low to intermedi‐
ate-1 risk MDS. Eighteen patients (median age 73 years; range 57-82; 72% male) were
enrolled in the study. Thirteen patients (72%) were intermediate-1 risk and 5 patients (28%)
were low risk. Four patients had abnormal cytogenetics. Twelve patients (67%) were red
blood cell transfusion-dependent and 2 patients (11%) were were platelet transfusion-de‐
pendent. Three of 8 (38%) patients achieved transfusion independence including 1 respond‐
er who did not respond to prior lenalidomide. Ezatiostat caused clinically significant
reduction in red blood cell and platelet transfusions. Since ezatiostat is non-myelosuppres‐
sive, it is a good candidate for combination with lenalidomide. The recommended doses of
this combination regimen for future studies is the ezatiostat.

Lenalidomide and azacitidine combination has been already described [14, 114].

Romiplostim (AMG 531, Nplate) is an Fc-peptide fusion protein (peptibody) that acts as a
thrombopoietin receptor agonist. It has no amino acid sequence homology with endogenous
thrombopoietin. Romiplostim stimulates megakaryopoiesis and thrombopoiesis by binding
to and activating the thrombopoietin receptor and downstream signaling. Romiplostim ap‐
peared well tolerated in patients with lower risk MDS and thrombocytopenia. Low platelet
counts in patients with MDS may be due to the underlying disease or due to treatment with
disease-modifying agents, and platelet transfusions are often the only treatment for clinical‐
ly significant thrombocytopenia or bleeding. Randomized phase II study evaluating the effi‐
cacy and safety of romiplostim treatment of patients with low or intermediate-1 risk MDS
receiving lenalidomide was performed. This was double-blind, placebo controlled, dose
finding study that evaluated the effect of romiplostim on the incidence of clinically signifi‐
cant thrombocytopenia events (grade 3 or 4 thrombocytopenia and/or receipt of platelet
transfusions) and the safety of romiplostim in patients with low or intermediate-1 risk MDS
receiving lenalidomide. Thirty nine patients (median age 74 years; range, 39 to 90) were
randomized into treatment groups receiving placebo, 500 μg romiplostim, or 750 μg romi‐
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plostim by weekly subcutaneous injections in combination with lenalidomide (one 10 mg
capsule by mouth daily for each 28-day cycle). Fifteen patients (39%) had platelet
counts˂50x109/L and 7 (18%) had del(5q). Treatment continued for a total of four cycles.
Twelve patients (31%) discontinued the study. Disease progression to AML was reported in
1 patient in the romiplostim 500 μg group. Response was 8% for the placebo, 36% for 500 μg
romiplostim, and 15% for 750 μg romiplostim groups. Romiplostim appeared to be well toll‐
erated in low or intermediate-1 risk MDS patients receiving lenalidomide.

It is possible that effect of lenalidomide could be augmented with the addition of anoth‐
er immunomodulation agent, cyclosporine A. A single-arm, open-label study of the effica‐
cy and safety of lenalidomide in combination with cyclosporine A in red blood cell
transfusion-dependent both 5q- and non 5q- MDS patients started at Weill Cornell Med‐
ical College in New York.

Other drugs are tried and will be probably used in combinations with lenalidomide in the
treatment MDS patients with del(5q) in the future. Dexamethasone and lenalidomide rescue
erythropoiesis, alone and in combination, in RPS14- and RPS19- (ribosomal proteins of small
ribosomal subunit) deficient cells [137]. L-leucine was also studied in RPS14- and RPS19- de‐
ficient cells [138-141]. The combined use of L-leucine and lenalidomide might be considered
for therapy in MDS patients with the del(5q) since there is evidence to suggest that these
two drugs act through different mechanism and their effect may be synergistic.

19. Mechanisms of action of lenalidomide

Lenalidomide shares a number of structural and biological properties with thalidomide
but is safer and more potent than thalidomide. Both drugs appear to function through
four mechanisms: immunomodulatory, anti-inflammatory, anti-angiogenic and direct neo‐
plastic cells inhibitory [41, 42, 142]. Lenalidomide has a direct erythropoiesis stimulating
effect. Wei et al. [143] demonstrated that the haplodeficient enzymatic targets of lenalido‐
mide within the commonly deleted region are two dual-specificity phosphatases, the cell
division cycle 25C (Cdc25C) and the protein phosphatase 2A (PP2A). These phosphatas‐
es are coregulators of G2-M checkpoint in the cell cycle and thus, their inhibition by lena‐
lidomide leads to G2 arrest and apoptosis of del(5q) specimens. The mechanism of action
is different in non-del(5q), where lenalidomide restores and promotes effective erythropoi‐
esis with no direct cytotoxic effect [144]. Lenalidomide promotes erythropoiesis and fe‐
tal hemoglobin production in human CD34+ cells [144]. The increased fetal hemoglobin
expression was associated with epigenetic effect on chromatin (an increase in histone 3 ace‐
tylation on the γ-globin gene promoter).

The similar epigenetic modulation of gene for p21(CIP1/WAF1) by lenalidomide was descri‐
bed in both lymphoma and multiple myeloma. A potent cyclin-dependent kinase inhibitor
p21(CIP1/WAF1) decreases activity of cyclinE-CDK2 or cyclinD-CDK4/6 complexes, and
thus functions as a regulator of cell cycle progression. The p21 protein can mediate cellular
senescence and also interact with proliferating cell nuclear antigen (PCNA), a DNA poly‐
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merase accessory factor, and plays a regulatory role in S phase DNA replication and DNA
damage repair.

Most MDS patients including those with del(5q) become refractory to erythropoietin (EPO).
EPO is an essential glycoprotein that facilitates red blood cell maturation from erythroid
progenitors and mediates erythropoiesis. EPO acts through EPO-receptor (EPO-R) and the
signal transducer and activator of transcription 5 (STAT5). Disruption of STAT5 results in a
variety of cell-specific effects, one of which is the impaired erythropoiesis. Lenalidomide re‐
lieves repression of ligand-dependent activation of the EPO-R/STAT5 pathway. Ebert et al.
[133] showed that target genes of this pathway are underexpressed in lenalidomide-respon‐
sive MDS patients wihout del (5q). Lenalidomide promotes erythropoiesis in MDS by CD45
protein tyrosine phosphatase inhibition. CD45 phosphatase is overactivated in MDS and
may inhibit phosphorylation of STAt5 stimulated by EPO-R. Lenalidomide is able to restore
EPO-R/STAT5 signaling that is essential for hematopoiesis. Lenalidomide restores and pro‐
motes effective erythropoiesis in non-del(5q) without direct cytotoxic effect.

A deregulated immune system plays the important role in pathogenesis of MDS. Deregula‐
tion is caused by the alteration of cytokines in the bone marrow microenvironment, deffec‐
tive T-cell regulation and diminished natural killer (NK) cell activity. Deficiences in T cells,
NK cells and interferon-γ (IFN-γ) production were described in the bone marrow and pe‐
ripheral blood of MDS patients. Lenalidomide exhibits potent T-cell costimulatory proper‐
ties and augmented production of IL-2 and IFN-γ [118]. Akt (proteinase B) signaling
pathway and transcription factor AP1 (activator protein 1) are involved in T-cell activation.
Increased numbers and activation of NK and NK T-cell populations were also observed in
peripheral blood cells cultured with lenalidomide.

Anti-inflammatory effects of lenalidomide is based on the inhibition of proinflammatory cy‐
tokines and chemokines, such as TNF-α, IL-1β, IL-6, IL-12, monocyte chemotactic protein-1
and macrophage inflammatory protein-1α. On the other hand, lenalidomide elevates anti-
inflammatory cytokine IL-10. Interestingly, haploinsuficiency of miR-145 and miR-146a in
5q - syndrome increases IL-6 levels by elevation of interleukin-1 receptor-associated kinase 1
(IRAK1), Toll-interleukin-1 receptor domain-containing adaptor protein (TIRAP), tumor ne‐
crosis factor receptor-associated factor-6 (TRAF6), and NF-κB [145].

Angiogenesis, the formation of new blood vessels, plays an important role in the growth
and progression of MDS. Anti-angiogenic effects of lenalidomide are independent of immu‐
nomodulatory effects and are mediated through endothelial cell migration inhibition. The
mechanism by which lenalidomide inhibited vascular endothelial growth factor (VEGF)-in‐
duced endothelial cell migration may be related to VEGF-induced inhibition of Akt phos‐
phorylation. Furthermore, loss of anti-angiogenic effect of lenalidomide predicted disease
progression and an increased risk of transformation to AML.

Lenalidomide does not affect DNA synthesis but inhibits cytokinesis of MDS cells. Cytoki‐
nesis occurs as the final stage of cell division after mitosis. A contractile ring, made of non-
muscle myosin and actin filaments assembles in the middle of the cell adjacent to the cell
membrane. Formins are Rho-GTPase effector proteins that are involved in the polymeriza‐
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tion of actin and effects microtubule during meiosis, mitosis, the maintenance of cell polari‐
ty, vesicular trafficking and signaling to the nucleus. Diaphanous (mDia)-related formin
mDia1 is encoded by DIAPH1 located on the long arm of chromosome 5 (5q31.3) and lies
between the two commonly deleted regions in MDS patients with 5q- syndrome. It is not
clear whether mDia1 plays a role in lenalidomide effect on cytokinesis. Knock-out of DI‐
APH1 in mice has T cell responses and myelodysplastic phenotype.

The clinical effect of lenalidomide is associated with significant increases in the numbers of
erythroid, myeloid and megakaryocytic colony-forming cells and a substantial improvement
in the hematopoiesis-supporting capacity of bone marrow stroma. Lenalidomide induces
significant alterations in the adhesion profile of hematopoietic progenitor cells, including
over-expression of membrane ligands (CXCR4/CD184, CD54/ICAM1, CD11a and CD49d
where CD is cluster of differentiation) and overproduction of soluble stromal cell-derived
factor-1 (SDF-1) and of ICAM1 in the bone marrow microenvironment. CXCR4 is C-X-C che‐
mokine receptor type 4 also known as fusin or CD184. ICAM1 (intracellular adhesion mole‐
cule 1 also known as CD54) is a cell surface glycoprotein. All these effects favor the
maintenance of CD34+ cells in the bone marrow. Lenalidomide-mediated induction of the
SLAM antigen CD48 on patients´ CD34+ cells may be associated with the drug´s apoptosis-
inducing effect through co-stimulatory interactions between CD34+ cells and cytotoxic lym‐
phocytes in the bone marrow microenvironment.

20. Conclusion and perspectives

Despite the encouraging results with azacitidine and decitabine, it is obvious that it will be
important to have access to second generation agents with the capacity to increase faster ear‐
ly response rates with acceptable toxicity profiles. Preliminary results with oral formulation
of both azacitine and decitabine are promising and these forms could improve hypomethy‐
lating therapy of MDS patients in future. Another approach is to develop combination strat‐
egies using either azacitidine or decitabine. Several such approaches are currently studied
and many are promising but not yet fully understood. Including of cytidine deaminase in‐
hibitor in these combinations appears to be important for better results but it needs new
clinical studies. Lenalidomide is currently the treatment of choice for lower risk transfusion-
dependent del(5q) MDS patients, and remains a treatment alternative for the management
of anemia in lower risk MDS without 5q deletion MDS patients with adequate neutrophil
and platelet counts [41, 42]. Lenalidomide has also activity in higher risk MDS and AML
with del(5q) and even in non(del5q) MDS.

Though the mechanism of lenalidomide action has not been definitively determined, it is clear
that there is difference between mechanisms in MDS with del(5q) and MDS with non-del(5q).

In MDS with del(5q), lenalidomide acts through inhibition of phosphatase activity in the
commonly deleted region of the long arm of chromosome 5. This phosphatases play a key
role in in cell cycle regulation. The inhibition of these phosphatases by lenalidomide leads to
G2 arrest, followed by apoptosis of del(5q) specimens. The direct cytotoxic effects of lenali‐
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domide on the del(5q) clone are also very important. Lenalidomide inhibits the malignant
clone and up-regulates the SPARC gene mapping to the commonly deleted region in 5q-
syndrome patients. However, SPARC is dispensable for murine hematopoiesis [146]. While
haploinsufficiency of the RPS14 gene appears to be a key contributor to erythropoietic fail‐
ure associated with del(5q) MDS, the critical genes responsible for clonal dominance in
del(5q) high-risk MDS and AML are less well-defined. It is known that this deleted region is
different in del(5q) high-risk MDS and AML [147]. The effect of lenalidomide in these cases
needs to identify further biologic features accounting for response, thereby allowing rational
use of this drug, both alone and in combination with another agents.

In MDS with non-del(5q), an increased expression of adhesion molecules caused by lenalido‐
mide treatment leads to recovery and maintenance of the CD34+ cells through interactions be‐
tween the hematopoietic and stromal cells. This effect of lenalidomide on the bone marrow
microenvironment causes abrogation of the function of pro-apoptotic and pro-inflammatory
cytokines. Lenalidomide is capable to increase red blood cell production independently of ri‐
bosome dysfunction. Lenalidomide restores and promotes effective erythropoiesis without di‐
rect cytotoxic effect. Lenalidomide activates the EPO-R/STAT5 pathway.

New cytogenetic tools such as fluorescence in situ hybridization (FISH) or single nucleotide
polymorphism array (SNP-A)-based karyotyping increased the diagnostic yield over meta‐
phase cytogenetics. Sugimoto et al. [148] have recently found with help of these new cytoge‐
netic tools that normal karyotype and gain of chromosome 8 were predictive of response to
lenalidomide in non-del(5q) patients with myeloid malignancies.

The presence of multiple cellular and genetic abnormalities in MDS and AML is common
and suggests that combination therapy targeting different mechanisms of action may be
beneficial particularly in higher-risk MDS disease, for which both microenvironment and
cell regulatory mechanisms play a role. The optimal dose, schedule and duration of treat‐
ment is still an area of active investigation, especially in the use of lenalidomide combina‐
tions with other drugs.
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Chapter 6

Minimal Residual Disease and Leukemic Stem
Cells in Acute Myeloid Leukemia

W. Zeijlemaker and G.J. Schuurhuis

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52080

1. Introduction

Acute myeloid leukemia (AML) is the most common type of acute leukemia in adults. With
current treatment strategies, almost 80% of AML patients (18-60 years) will achieve com‐
plete remission (CR). However, approximately 50% of these patients will experience a re‐
lapse, resulting in a five-year survival rate of only 35%-40% [1]. This implies that despite CR,
in these patients a number of cancer cells survive treatment and can grow out to cause a re‐
lapse. Efforts towards development of more sensitive methods to accurately determine CR
and detect residual cancer cells are necessary to improve risk-adapted management to even‐
tually prolong overall survival rates.

2. Minimal residual disease and acute myeloid leukemia

In AML patients, morphologic assessment is performed to evaluate chemotherapy response
and to define remission status. By definition, patients are in CR when less than 5% blast cells
are present in the bone marrow (BM) concurrent with evidence of normal erythropoiesis,
granulopoiesis and megakaryopoiesis. In addition, neutrophils and platelets in peripheral
blood should be at least 1.0 x 109/l and 100 x 109/l, respectively [2]. Since about 50% of pa‐
tients in CR will eventually experience a relapse, for prognostic purposes more precise as‐
sessment of the quality of CR is necessary. To this end residual disease detection could be of
high importance. This so-called minimal residual disease (MRD) is thus defined as the per‐
sistence of leukemic cells after chemotherapy treatment and thought to be responsible for
the emergence of relapse (Figure 1). Quantitative MRD frequency assessment could give im‐
portant prognostic information after chemotherapy treatment. Two highly sensitive meth‐
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ods for MRD detection in leukemia are multiparameter flow cytometry (MFC) and real-time
quantitative polymerase chain reaction (RQ-PCR). Both methods and their clinical applica‐
tions will be reviewed in this chapter.

Figure 1. The role of minimal residual disease and leukemic stem cells in the emergence of relapse. HSC, normal hem‐
atopoietic stem cell, LSC, leukemic stem cell. At AML diagnosis a heterogeneous population of cells often coexist, in‐
cluding different subpopulations of LSCs. MRD frequency assessment focuses on the detection of leukemic cells
present after treatment. Different subpopulations of chemotherapy resistant LSCs can grow out and cause relapse
(discussed in section 3).

2.1. Immunophenotypic MRD detection

2.1.1. Principles of immunophenotypic MRD detection

One of the most frequently used techniques to assess MRD in leukemia is based on assess‐
ment of immunophenotypic aberrant antigen expression using flow cytometry. For practical
purposes, in most cases, this approach is restricted to cell surface antigen expression. At di‐
agnosis, so-called leukemia associated (immuno)phenotypes (LA[I]Ps, further referred to as
LAPs) are determined. Such a LAP consists of (an) aberrantly expressed cell surface mark‐
er(s), usually combined with a myeloid marker (CD13/CD33) and with a normal progenitor
antigen, i.e. CD34, CD117 or CD133. LAPs are grouped into (1) cross-lineage antigen expres‐
sion (e.g. expression of lymphoid markers in myeloid blasts), (2) asynchronous antigen ex‐
pression (co-expression of antigens that are not concomitantly present during normal
differentiation), (3) lack of antigen expression and (4) antigen overexpression [3]. Such aber‐
rancies can subsequently be used to detect MRD (Figure 2).

Due to large heterogeneity of immunophenotypes in AML, determination of LAPs has to be
performed for each individual patient. These LAPs are not, or only in very low frequencies,
present on normal BM cells in remission BM. Sensitivities have been reported to be in a
range of 10-3 down to 10-5 (1 leukemic cell in 1,000 to 100,000 normal cells) [4-9]. Besides
these relatively high sensitivities, it is also a very rapid technique. Main advantage of flow
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cytometric MRD assessment is its broad applicability: in 80%-95% of all AML patients one or
more LAPs can be defined. [4,5,9-11]. There are, however, potential pitfalls/disadvantages
that should be taken into account. Firstly, blast cells at diagnosis are often characterized by
subpopulations with different immunophenotypes. For this reason a LAP defined at diagno‐
sis, is often not a characteristic of the total population of leukemic blast cells. Since only the
LAP positive (LAP+) cells can be identified at follow-up, this may thus result in under-esti‐
mation of cell frequency of all leukemic blast cells, referred to as MRD. To approach the real
MRD cell frequency, there is the possibility to correct LAP+ frequency at follow-up for the
LAP+ frequency, as percentage of blasts, at diagnosis. Secondly, the presence of low percen‐
tages of normal cells that express a particular LAP may result in over-estimation of MRD
cell frequency. This background staining may even lead to false-positive results. A relatively
low background staining can be achieved by including a primitive marker in the definition
of a LAP, since these cells are only present at low frequencies in normal BM. Thirdly, immu‐
nophenotypic shifts may occur in the course of treatment and result in false-negativity
[6,12,13]. To avoid this, it is recommended to use multiple LAPs. Finally, due to the large
number of different LAPs, MRD analysis is quite complex and needs vast experience in dis‐
criminating leukemic cells from cells with normal differentiation patterns.

Figure 2. Example of MRD detection in BM using the aberrant phenotype of CD34+CD7+ cells at AML diagnosis (A-C)
and during follow-up (D-F). Gating of the blast cells with CD45dim expression and low sideward scatter (SSC) (A, D),
gating of the CD34 positive progenitors cells (B, E) and gating of the leukemic blast population with aberrant expres‐
sion of CD7 on the myeloid progenitor cells (C, F). After chemotherapy treatment a residual population of leukemic
blasts can be detected (F).

2.1.2. Prognostic value of immunophenotypic MRD in bone marrow

The likelihood of achieving CR after therapy and the duration of CR depend on different fac‐
tors. Important prognostic risk factors available at diagnosis are: history of previous leukemia
or myelodysplastic syndrome, age, white blood cell (WBC) count, percentage of BM blast cells
and the presence of particular cytogenetic and/or molecular aberrancies [14]. Besides these
pre-treatment prognostic factors, it is suggested that MRD detection in BM shortly after treat‐
ment offers an important post-treatment prognostic factor. To evaluate the impact of MRD fre‐
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quencies on relapse rate and overall survival (OS), MRD was related to outcome parameters
using survival analyses such as Kaplan Meier curves. For these analyses, most studies set a
threshold to define MRD negative (or low) and MRD positive (or high) patients. Different lab‐
oratories use different optimal cut-off values after both induction and consolidation therapy
(Table 1). However, it should be emphasized that usually, it is not a single cut-off point, but a
range of cut-off values that significantly predict clinical outcome.

Author Patients (n) Cut-off

post-

induction

Cut-off

post-consolidation

Reference

San Miguel et al. 126 <0.01%,

0.01-0.1%,

0.1-1%, >/1%

not available [15]

Feller et al. 52 0.14% 0.11% [6]

Kern et al. 62 Log difference 1.70 Log difference

2.94

[5]

Maurillo et al. 142 0.035% 0.035% [16]

Al-Mawali et al. 54 0.15% 0.15% [10]

Table 1. Overview of studies in adult AML with cut-off values used for analyzing relapse free and overall survival.

San Miguel et al. were the first to show the prognostic impact of MRD in a group of 53 AML
patients [4]. Later they extended the study to 126 patients. An overview of three-year relapse
rates for three distinct patient risk groups with considerable patient numbers is given in Ta‐
ble 2. Univariate analysis of prognostic factors revealed five disease characteristics that had
significant impact on relapse-free survival (RFS); these included cytogenetic abnormalities,
number of chemotherapy cycles needed to achieve CR, WBC count, absolute peripheral
blood (PB) blast cell count and MRD levels. In a multivariate analysis only cytogenetics (p =.
03) and MRD levels (p =.002) were independent prognostic factors for RFS [15]. These results
are in line with other studies. Results from Feller et al., showed a relative risk of relapse of
3.4 after induction therapy (p =.003) and 7.2 after consolidation therapy (p =.004) in the pa‐
tient group with high MRD levels [6].

MRD level Patients (n) Relapse rate ± standard error

< 0.1 % 16 9% ± 7%

0.1% - 1% 45 56% ± 9%

"/1% 21 83% ± 10%

Table 2. Overview of three-year relapse rates for three distinct risk groups based on MRD levels determined after
induction therapy (p =.006) [15].
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Al-Mawali et al. demonstrated in a multivariate analysis that post-induction positive MRD
status was an independent prognostic factor for both RFS and OS (p =.037 and p =.026, re‐
spectively) MRD positivity after induction therapy was also associated with increased risk
of relapse (Hazard ratio [HR] 4.7, 95% confidence interval [CI] 1.1-20.5) [10]. Maurillo et al.,
in a study following their original report [7], have reported similar results in a study of 142
AML patients. In a multivariate analysis of RFS, cytogenetics (p =.0001), multidrug resist‐
ance-1 phenotype (p =.03) and MRD positivity after consolidation therapy (p =.001) were in‐
dependent prognostic factors. In multivariate analysis of OS, post-consolidation MRD
positivity (p =.004) was the only independent prognostic factor [16]. Kern and colleagues, in
an approach that established log reduction of blast cells as a measure for MRD, showed that
after induction therapy < 1.7 log reduction (p =.006) and unfavorable karyotype (p =.0001)
were independent prognostic factors for relapse [5]. After consolidation therapy < 2.94 log
reduction (p =.006) and unfavorable karyotype (p =.015) were found to be independent fac‐
tors for relapse. Although above-mentioned study results are promising and consistent, the
clinical importance of MRD in adult AML still has to be validated in a prospective study.
Terwijn et al. studied the value of MRD monitoring in a large cohort of 462 AML patients.
Multivariate analysis, performed with conventional prognostic factors, demonstrated that
MRD frequency was an independent prognostic factor for RFS after every cycle (first cycle p
=.010, second cycle p<.00001 and consolidation p<.00001) and for OS after the first cycle (p =.
023) and second cycle (p =.01). To our knowledge, this is the first study that demonstrates
the importance of MRD monitoring in a prospective study [17]. Because of these prospective
data, the next step would be to implement MRD status in clinical decision-making.

2.2. Molecular MRD detection

Although flow cytometry is an attractive technique for MRD detection, the limitations, in‐
cluding background staining, immunophenotypic switches, complexity of analysis and LAP
expression on only part of the leukemic cells, give rise to alternative approaches for MRD
detection, including molecular MRD monitoring using the Polymerase Chain Reaction
(PCR) technique. This approach allows for the detection of mutations, translocations, inver‐
sions, deletions and polymorphisms. Real-time-(qRT-) PCR is the most sensitive technique
for MRD detection: it allows detecting MRD with sensitivities that have been reported in a
range of 10-4 to 10-6 [18-21]. QRT-PCR is now extensively being studied as approach for MRD
detection. Common targets for molecular MRD monitoring, including fusion genes, overex‐
pressed genes and gene mutations, will be reviewed in this section.

2.2.1. Fusion genes

Fusion genes are among the best potential targets for molecular MRD detection. In AML the
most common chromosomal rearrangements, producing fusion genes, are t(8;21), t(15;17) and
inv(16)/t(16;16).  The  corresponding  fusion  genes  are  AML1-ETO,  PML-RARα  and  CBFβ-
MYH11, respectively. Depending on geographics, these occur in about 15%-45% of all AML
cases and are associated with favorable prognosis [22]. Molecular MRD studies performed for
AML1-ETO and CBFβ-MYH11 are relatively scarce and have included relatively few patients.
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In t(8;21) rearrangement, the AML1 gene on chromosome 21 fuses with the MTG8(ETO)
gene on chromosome 8 to produce the fusion gene AML1-MTG8, also called AML1-ETO [23].
Tobal et al. studied 25 t(8;21) patients and demonstrated a 2 to 3 log reduction in the level of
AML1-MTG8 after induction chemotherapy and a further 2 to 3 log reduction after consoli‐
dation therapy. In all patients with durable CR (n = 20), AML1-MTG8 transcripts levels in
BM were ≤ 1 x 103 molecules/μg (median 227 molecules/μg). On the other hand, levels of ≥
0.71 x 105 molecules/μg were predictive of relapse within 3 to 6 months (n = 5, median 1.49 x
105 molecules/μg) [24]. Krauter et al. retrospectively studied 37 AML patients with t(8;21) (n
= 22) or inv(16) (n = 15) using RT-PCR. Levels of AML1/MTG8 and CBFβ/MYH11 were quan‐
tified relative to expression of a housekeeping gene. This resulted in significantly lower
MRD levels in non-relapsing patients (median 0%, range 0%-1.5%) compared to patients
who did experience relapse (median 0.14%, range 0%-15.6%, p<.01). Furthermore, RFS was
significantly shorter in patients with high MRD levels (≥ 1% of the pre-treatment value)
compared to patients without relapse (p<.001), with a similar trend for OS (p = 0.12) [25].
Guerrasio et al. retrospectively studied a cohort of 16 AML patients with CBFβ/MYH11 rear‐
rangements. Analysis in first CR revealed a significantly higher mean copy number of CBFβ/
MYH11 transcripts in patients who relapsed (mean 151) than in patients with stable remis‐
sion (mean 9, p<.0001) [20]. Buonamici and colleagues also retrospectively studied 21 pa‐
tients with inv(16) rearrangements and found that patients who relapsed always had CBFβ/
MYH1:control ratios > 0.12% during CR (median 0.54%, range 0.12%-7.1%). Patients without
subsequent relapse, on the other hand, always had ratios < 0.25% (median 0%, range
0%-0.25%), suggesting a cut-off point of 0.25% above which relapse is probable. Despite
these promising results, two patients with MRD levels below the cut-off of 0.25% still experi‐
enced a relapse [26]. It thus seems that quantitation of both AML1/MTG8 and CBFβ/MYH11
can detect important changes in the level of fusion transcripts and that it can give prognostic
information. However, it is important that these results still have to be confirmed in larger
studies. Despite the advantages, MRD monitoring using AML1/MTG8 and CBFβ/MYH11 is
possible in only a minority of AML patients.

More research has been done on the PML-RARA transcript in acute promyelocytic leukemia
(APL). Although the outcome for APL patients has significantly improved with the develop‐
ment of targeted therapies, including all-trans-retinoic acid (ATRA) and arsenic trioxide
(ATO), still 10%-15% of APL patients will suffer from relapse. Therefore MRD monitoring to
predict clinical outcome could also be of importance in this subgroup of AML patients. In a
large prospective study, including 406 APL patients, MRD, monitored by PML-RARA tran‐
script analysis, was used to direct pre-emptive therapy with ATO and to guide use of trans‐
plantation. In this study, MRD was identified as most powerful prognostic factor for RFS
(HR 17.87, 95% CI 6.88-46.41, p<.0001) in a multivariate analysis. Furthermore, increases in
PML-RARA transcript levels were used to guide pre-emptive therapy and this resulted in a
cumulative relapse incidence of only 5% at 3 years [27]. This showed that detection of APL
fusion transcripts after chemotherapy treatment is a valid strategy for MRD guided pre-
emptive therapy, a strategy that allows reduction of relapse rates. This approach, however,
is only applicable in approximately 5%-30% of AML patients.
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Mixed-lineage leukemia (MLL) fusion genes, which are the result of 11q23 rearrangements,
occur in around 10% of both acute lymphocytic leukemia (ALL) and AML and are associat‐
ed with adverse clinical outcome [28,29]. MRD detection using MLL transcripts is challeng‐
ing, since up to 50 different translocations, resulting in different MLL fusion genes, have
been described. Most common 11q23 abnormalities are t(9;11)(p22;q23), t(11;19)(q23;p13.3)
and t(6;11)(q27;q23) [30]. Mittelbauer et al. studied 209 patients at AML diagnosis and de‐
tected MLL gene rearrangements in 27 patients (12.9%). The MLL-AF6 fusion transcript,
caused by t(6;11)(q27;q23), was detected by RT-PCR in 6 of those 27 patients. All 6 patients
achieved hematological CR, however, only one patient achieved molecular CR and that pa‐
tient was still in stable CR 33 months after diagnosis. The other 5 patients did not reach mo‐
lecular CR and they all relapsed 2.6-8.3 months after achieving hematological CR. The
authors suggest that a reduction of positive blasts below the RT-PCR detection limit of 10-5

to 10-6 seems to be a prerequisite for long term CR. Unfortunately the incidence of MLL-AF6
was only 3% in the whole group of 209 patients, resulting in low applicability of this assay
[21]. To summarize, levels of MLL fusion transcripts may be useful to evaluate treatment re‐
sponse and predict clinical outcome. However, large prospective studies have to be per‐
formed to confirm the clinical importance. A major drawback is the limited applicability due
to the relatively low incidence of 11q23 rearrangements, also characterized by high numbers
of different translocations.

2.2.2. Overexpressed genes

Since in only a small fraction of patients, fusion transcripts are present, overexpressed genes
might offer a potential alternative target for molecular MRD monitoring. Such overex‐
pressed genes are either silenced or expressed at very low levels in normal hematopoietic
cells. Commonly overexpressed genes are WT1, EVI1 and PRAME. In particular for WT1,
which has originally been described in the development of Wilms tumor [31], multiple stud‐
ies have been performed. This gene was shown to be also highly expressed in leucocytes of
several hematopoietic malignancies, including AML [32,33]. Although the mechanisms of
this overexpression are poorly understood, WT1 overexpression could be a suitable candi‐
date as molecular marker for MRD monitoring. However, the potential use of this marker
may be hampered by the overexpression of WT1 in normal regenerating BM [34-36]. In a
large study by Cilloni et al., 504 patients were studied at diagnosis and WT1 was found to be
overexpressed in 86% of the cases. Of these, 129 patients were analysed during follow-up
and it was demonstrated that after the first chemotherapy cycle a larger than 2-log reduction
in WT1 levels was an independent prognostic factor for decreased risk of relapse (HR 0.54,
range 0.36-0.83, p =.004). After consolidation therapy low WT1 levels also predicted de‐
creased risk of relapse (p =.004) [37]. Hämäläinen and co-workers analysed WT1 expression
at diagnosis in BM of 100 AML patients and found no prognostic significance as such (cut-
off 9.7%, compared with K562 cell WT1 gene expression). Although WT1 expression levels
were constantly detectable during the remission period, they nevertheless found that an in‐
crease in WT1 expression levels may be a predictor for relapse [38]. Although these results
show that WT1 overexpression for MRD monitoring is a potentially useful marker that can
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Mixed-lineage leukemia (MLL) fusion genes, which are the result of 11q23 rearrangements,
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which has originally been described in the development of Wilms tumor [31], multiple stud‐
ies have been performed. This gene was shown to be also highly expressed in leucocytes of
several hematopoietic malignancies, including AML [32,33]. Although the mechanisms of
this overexpression are poorly understood, WT1 overexpression could be a suitable candi‐
date as molecular marker for MRD monitoring. However, the potential use of this marker
may be hampered by the overexpression of WT1 in normal regenerating BM [34-36]. In a
large study by Cilloni et al., 504 patients were studied at diagnosis and WT1 was found to be
overexpressed in 86% of the cases. Of these, 129 patients were analysed during follow-up
and it was demonstrated that after the first chemotherapy cycle a larger than 2-log reduction
in WT1 levels was an independent prognostic factor for decreased risk of relapse (HR 0.54,
range 0.36-0.83, p =.004). After consolidation therapy low WT1 levels also predicted de‐
creased risk of relapse (p =.004) [37]. Hämäläinen and co-workers analysed WT1 expression
at diagnosis in BM of 100 AML patients and found no prognostic significance as such (cut-
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be used in the majority of AML patients, despite multiple studies having been performed,
the clinical utility of WT1 monitoring remains somewhat controversial [37,38].

Another potential marker is PRAME, a gene originally recognized in melanoma patients,
which is expressed in 35%-64% of AML patients [39-41]. In a study by Qin et al., using BM
material from 204 newly diagnosed patients, PRAME overexpression was found in 55.4% of
the cases. In follow-up patients who achieved continuous haematological CR (n = 20),
PRAME levels had decreased but never reached the normal range in 6/20 patients. All of
these patients ultimately relapsed. In seven patients PRAME levels decreased down to nor‐
mal levels, but thereafter rose again above normal values; all of these patients eventually re‐
lapsed within 4 months. In the remaining patients (7/20) PRAME levels decreased down to
the normal range and these patients remained in continuous CR. This suggests that the
PRAME gene may be a useful marker for MRD monitoring [42]. Although these results are
promising, a few potential pitfalls should be taken into account. Both WT1 and PRAME are
expressed in relatively high levels in normal hematopoietic cells, which result in high levels
of background expression before and after treatment. WT1 and PRAME are thus not highly
specific markers, with risk on false-positive results [37,38]. To avoid this, PB may be used as
an alternative source of cells, since both WT1 and PRAME levels are much lower in circulat‐
ing normal PB cells, than in normal BM cells [37,42]. Furthermore, a more general disadvant‐
age for gene overexpression is the risk of RNA degradation during isolation procedures that
might result in false-negativity. Since overexpression of WT1 is more frequent in AML cells
than PRAME, WT1 is probably the most useful target for MRD monitoring.

The ecotropic virus integrations-1 (EVI1) proto-oncogene is associated with chromosome
3q26 rearrangements and high expression at diagnosis predicts poor clinical outcome [43].
EVI1 overexpression has been demonstrated in approximately 8% of the AML patients [44].
To our knowledge, no MRD studies using EVI1 overexpression have been performed thus
far. At least 4 different splice forms have been identified (EVI1-1A, -1B, -1C and -3L) [45].
Seen the low frequency of cases with overexpression, EVI1 based MRD detection would add
significantly to MRD detection if all splice variants could be detected. Since EVI1 positive
patients have an extremely poor prognosis it may be suggested that MRD based pre-emp‐
tive therapy in EVI1 positive patients would allow therapeutic intervention at an earlier time
point and thereby possibly improve clinical outcome. Future studies will have to confirm if
EVI1 is indeed a useful and stable MRD marker.

2.2.3. Gene mutations

Since fusion genes are only present in 15%-45% of AML patients and overexpressed genes
seem to be less specific MRD markers, gene mutations may offer another attractive group of
targets for MRD monitoring.

A decade ago, fms-like tyrosine kinase 3 (FLT3) mutations were found to be present in ap‐
proximately 30% of AML patients. Different FLT3 mutations exist; however, the most com‐
mon is the FLT3-internal tandem duplication (ITD) in the juxtamembrane region. This ITD
results in an extra sequence that varies between 3 and 400 base pairs and is thought to cause
a constant activation of the tyrosine kinase receptor, resulting in advantages for cell surviv‐
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al. The FLT3-ITD occurs in approximately 23% of adult AML patients and is associated with
poor prognosis [46-48]. Since FLT3-ITD is suggested as potential MRD marker, several stud‐
ies have been performed to confirm this. Chou et al. demonstrated that both OS and disease
free survival (DFS) were significantly longer in CR patients who obtained a > 3-log reduc‐
tion compared to the CR patients with less reduction (OS not reached v. 14.7 months, p =.
016, DFS 7.5 v. 3.0 months, p<.001). Moreover, a > 3-log reduction of FLT3-ITD was an inde‐
pendent prognostic factor for DFS (HR 0.264, p =.002) with a trend for OS (HR 0.308, p =.057)
[49]. Thus, MRD monitoring by FLT3-ITD can provide prognostic information [49-52]. How‐
ever, a serious limitation of the use of a FLT3-ITD, is its instability during disease. In part of
the AML samples that harbor a FLT3-ITD at diagnosis, it has changed or disappeared at re‐
lapse [49,53-55], which would result in false-negative MRD results. Furthermore, because of
the heterogeneity in FLT3-ITD lengths and molecular sequence, no common qRT-PCR can
be developed, which offers a serious problem in regular diagnostics [46,51,56].

Mutations in the nucleophosmin (NPM1) gene have also been identified as frequent genetic
alterations, occurring in approximately 35% of all AML patients. This mutation occurs most
frequently in exon 12 of the gene, resulting in loss of one or both C-terminal tryptophan resi‐
dues leading to an aberrant localization of the protein in the cytoplasm [57,58]. The presence
is strongly associated with a normal karyotype, where NPM1 mutations occur in approxi‐
mately 60% of patients [59]. When not accompanied by a FLT3 mutation, it has been descri‐
bed as a favorable factor in patients with normal cytogenetics [60,61]. Quantitative
monitoring of NPM1 mutations after treatment has shown to give important prognostic in‐
formation [50,62-66]. Although stability of this marker has been reported in several studies
[50,62,63,65], loss of the NPM1 mutation at relapse has also been found [67,68]. It has to be
taken into account that more than 30 different types of NPM1 mutations have been descri‐
bed, but fortunately two types (type A and type B) are by far the most common [57,58]. It
can be concluded that MRD assessment by NPM1 mutations is a suitable, stable and sensi‐
tive marker. However, more prospective studies are warranted to validate these results and
to confirm stability of NPM1 during disease.

CCAAT/enhancer binding protein alpha (CEBPα) is a transcription factor involved in the
regulation of myeloid differentiation and cellular growth arrest [69]. CEBPA mutations have
been reported in 8% to 19% of cytogenetically normal AML patients and are associated with
favorable prognosis [70-72]. There are two major types of CEBPA mutations, including C-
terminal mutations that occur in the bZIP domain and N-terminal mutations. Furthermore,
some patients carry biallelic mutations, whereas others are heterozygous for different kind
of mutations [72]. Although CEBPA is a potential suitable target for MRD monitoring, to our
knowledge, no studies have been reported thus far. Seen the low frequency of cases with a
CEBPA mutation, CEBPA based MRD detection would have limited applicability in AML
patients. Future clinical trials have to demonstrate if CEBPA is indeed a suitable and stable
marker for MRD detection.
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2.3. Clinical applications of MRD

As discussed above, MRD frequency assessment using immunophenotypic and molecular pa‐
rameters in patients with AML in clinical remission has important prognostic value and can
predict forthcoming relapses. Therefore, it would be of potential importance to monitor MRD
cell frequency for risk stratification. Current AML risk stratification is based on a number of
parameters determined at diagnosis, including origin of leukemia (secondary AML, AML af‐
ter myelodysplastic syndrome), age, WBC count, and presence of certain cytogenetic and/or
molecular aberrancies [14]. Novel AML risk stratification should not only be based on risk as‐
sessment at diagnosis, but also on MRD cell frequency as a “response to treatment” parame‐
ter. Including MRD in AML risk stratification could help identify CR patients after induction
therapy with increased MRD levels and therefore high risk of relapse. For instance, good risk
patients with high MRD levels after induction therapy may benefit from allogeneic stem cell
transplantation, while on the other hand intermediate risk group patients with low MRD lev‐
els could be spared from an allogeneic transplantation and the accompanying toxicity. Espe‐
cially in this intermediate risk group, MRD monitoring would be of great help, since the
prognosis of these patients is difficult to estimate. Therefore, MRD based clinical decision mak‐
ing after induction therapy may contribute to better RFS and OS rates.

Also after consolidation therapy, MRD based clinical intervention is promising. Even after
an allogeneic transplantation, still a proportion of 20%-40% of the patients will relapse
[73-75]. Therapeutic options in the case of post-transplant relapse consist of withdrawal or
decrease of dose of immune-suppressive drugs, or immunotherapeutic intervention with a
donor lymphocyte infusion. As these approaches intend to boost the graft versus leukemia
effect, they are most effective when the leukemic cell load is small. Therefore early detection
of impending post-transplant relapses is essential and would allow immunotherapeutic in‐
tervention at a low leukemic burden. The current standard to guide post-transplant treat‐
ment is the level of donor chimerism. This refers to the percentage of donor cells in PB or
BM and it can be determined using short tandem repeat (STR)-PCR. Although mixed chi‐
merism (< 95% of donor cells) has been associated with a higher incidence of relapse [76,77],
patients with full chimerism (> 95% donor cells) can still suffer from relapse [77]. Additional
monitoring of MRD levels in these transplanted patients could improve successful predic‐
tion of relapse, since MRD analysis directly detects the neoplastic part of the patient cell
population, while STR analysis reflects total donor and total patient populations. Multiple
studies have shown that MRD monitoring after an allogeneic transplantation indeed corre‐
lates with clinical outcome and identifies patients who are likely to relapse [78-81]. There‐
fore, it can be suggested that MRD based pre-emptive immunotherapy after transplantation
could reduce relapse and improve survival. Standardization of treatment, based on MRD
and chimerism analysis in the post-transplant period, seems therefore warranted. In conclu‐
sion, since MRD frequency assessment gives important prognostic information after both in‐
duction and consolidation therapy, it seems likely that using MRD for therapeutic
intervention in the post-remission phase might reduce relapse rates en prolong OS. To con‐
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firm this hypothesis, large prospective studies with MRD based clinical intervention in the
post-remission phase are essential.

2.4. Improvement of and alternatives for bone marrow MRD detection

2.4.1. Improvements for immunophenotypic and molecular MRD detection

Although flow cytometric MRD monitoring has many advantages, one of the difficulties is
the complexity of MRD analysis. Nowadays, more advanced data analysis programs, that
aid to distinguish between normal and malignant cells, are available [82]. This might simpli‐
fy the analysis and result in more objective results. Notwithstanding the high prognostic
value of MRD monitoring, in almost all studies 20%-40% of the patients with immunophe‐
notypic defined low MRD levels still suffer from a relapse [5-7,10,16]. There are several po‐
tential reasons for missing these MRD cells. Normal BM cells express LAPs at low
frequencies. Counting these cells as leukemic might result in false-positivity. This back‐
ground expression thus seriously hinders specific identification of leukemic cells. On the
other hand, subtracting background levels might under-estimate MRD frequencies and this
could result in false-negatives. High specificity and thereby high sensitivity can be achieved
when only the most specific immunophenotypic aberrancies are used, i.e. with no expres‐
sion in normal cells. Inclusion of markers/marker combinations that allow excluding non-
specific events in a multi-color approach may increase specificity. This is already shown for
the transition of a four to five-color flow cytometric approach [83]. Another explanation for
MRD misclassification is low sensitivity of the aberrant immunophenotype. Marker expres‐
sion may be highly heterogeneous in an AML sample: LAPs may thereby often not be ex‐
pressed on the total population of blast cells, thereby, at follow up, preventing the
identification of all leukemic cells. Improvements can only be expected with the discovery of
new aberrancies that cover larger parts of diagnosis blast cells. At present, with the large dif‐
ferences in specificity and sensitivity of LAPs the level of detection of MRD varies between
patients: 1:10,000 or even better may be reached in one patient, while in another patient
1:1,000 may be the best attainable. Besides misclassification, immunophenotype shifts can al‐
so contribute to false-negative observations. To reduce this, it is recommended to use multi‐
ple LAPs for MRD monitoring [6,12,13]. Recently, it has become clear that such shifts may
occur through clonal selection: while major molecular clones may disappear upon therapy,
minor diagnosis clones may survive chemotherapy treatment, and grow out to relapse [84].
This may be accompanied by immunophenotype changes [84]. More efforts towards recog‐
nition of minor clones at diagnosis, that potentially can expand to cause relapse, may identi‐
fy emerging molecular clones and immunophenotypes instead of disappearing molecular
clones and immunophenotypes only. For molecular MRD, in fact most of the pitfalls for im‐
munophenotypic MRD hold here as well. Similar to MFC, multiple molecular MRD studies
have reported patients with low molecular MRD levels that still suffer from relapse
[25,26,37,38,42]. Underlying causes may include 1) as argued earlier for different LAPs, Q-
PCRs for different mutations and fusion genes reach different sensitivities as well; 2) part of
the blasts may only be characterized by the molecular aberrancy of interest; and 3) molecu‐
lar clone shifts occur between diagnosis and relapse. To avoid these false-negative results
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firm this hypothesis, large prospective studies with MRD based clinical intervention in the
post-remission phase are essential.

2.4. Improvement of and alternatives for bone marrow MRD detection

2.4.1. Improvements for immunophenotypic and molecular MRD detection
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tential reasons for missing these MRD cells. Normal BM cells express LAPs at low
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sion in normal cells. Inclusion of markers/marker combinations that allow excluding non-
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so contribute to false-negative observations. To reduce this, it is recommended to use multi‐
ple LAPs for MRD monitoring [6,12,13]. Recently, it has become clear that such shifts may
occur through clonal selection: while major molecular clones may disappear upon therapy,
minor diagnosis clones may survive chemotherapy treatment, and grow out to relapse [84].
This may be accompanied by immunophenotype changes [84]. More efforts towards recog‐
nition of minor clones at diagnosis, that potentially can expand to cause relapse, may identi‐
fy emerging molecular clones and immunophenotypes instead of disappearing molecular
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[25,26,37,38,42]. Underlying causes may include 1) as argued earlier for different LAPs, Q-
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the blasts may only be characterized by the molecular aberrancy of interest; and 3) molecu‐
lar clone shifts occur between diagnosis and relapse. To avoid these false-negative results
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different molecular markers, if present in the patient, could be quantified for MRD monitor‐
ing. There are no real solutions for these problems unless more generally applicable, specific
and stable markers are discovered. Until then, combining as many molecular and immuno‐
phenotypic targets may contribute to accurate MRD based prediction of relapse. Another
possible explanation for finding false-negative MRD results is the fact that it may not only
be the number of leukemic blasts that determines the chance for relapse, but more specifical‐
ly the number of leukemic stem cells (LSCs). These LSCs can cause tumor outgrowth, there‐
by leading to MRD and finally resulting into overt disease relapse [85]. Although these stem
cells are much less frequent than whole blast MRD, LSC frequency assessment may offer an
additional specific and biologically relevant determinant of risk on relapse. In section 3 the
role of leukemic stem cells in acute myeloid leukemia will be further discussed.

2.4.2. Alternative parameters for risk stratification

Perhaps the conceptually simplest method to evaluate treatment response is calculating the
decrease rate of peripheral blasts shortly after treatment. As shown previously for childhood
acute lymphocytic leukemia [86], this may directly reflect the chemosensitivity of individual
patients. The big advantage would be that it is applicable independent of the initial immu‐
nophenotype of the blasts. To accurately calculate such a blast cell decrease rate, blast fre‐
quencies have to be measured every day of chemotherapy treatment. Lacombe et al.
reported two different modalities to evaluate blast cell decrease: 1) calculation of the blast
cell decrease slope by linear regression between day 0 and the first day when at least 90% of
the initial blast load has disappeared, 2) assessment of the total time period needed to reach
90% blast decrease. All patients (n = 74) who reached a 90% blast reduction within 6 days
achieved CR. The authors also showed a strong correlation for both modalities with pa‐
tients’ clinical outcome [87]. Since leukemic blasts at diagnosis in most cases are present in
the PB too, it has been proposed that PB may represent an alternative specific source for im‐
munophenotypic MRD detection. Since aspiration of BM is an invasive procedure, MRD de‐
tection in the PB would offer significant advantages over BM-MRD both for patients and
physicians. Furthermore, the BM contains immature normal populations that resemble
LAPs, while these are thought to be largely absent in PB. The latter would clearly have ad‐
vantages for the easiness of interpreting MRD. Although MRD frequencies in PB are lower
than in BM, PB-MRD frequencies correlated with BM-MRD frequencies and turned out to
have prognostic value [88]. Once the value of PB-MRD is validated in other studies and once
it has been confirmed that BM-MRD is positive in all PB-MRD positive cases, PB-MRD may
replace BM-MRD, provided that PB is MRD positive. In case of PB-MRD negativity, it will
probably remain necessary to perform BM acquisition, since BM-MRD is more sensitive. An‐
other alternative parameter for risk stratification is the presence of B-lymphocyte precursors
in AML BM. A high level of B-lymphocyte precursors after first CR thereby predicts for DFS
[89]. Furthermore, an abnormal high CD34+ myeloid / CD34+ lymphoid ratio (≥ 10) is associ‐
ated with worse outcome [90]. The development of an algorithm including not only BM-
MRD, but also other parameters, including PB-MRD, blast reduction rate, CD34+ myeloid/
lymphoid ratio and the percentage of B-lymphocyte precursors, may contribute to improved
accurate prediction of relapses.
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3. Leukemic stem cells and acute myeloid leukemia

3.1. Definition of leukemic stem cells

It was hypothesized that a small population of cells, distinct from the bulk of tumor cells, is
responsible for tumor initiation and growth in various cancers, including AML [91,92].
These cells are referred to as leukemic stem cells (LSCs) or leukemia-initiating cells (LICs). It
is assumed that similar to normal hematopoiesis, leukemia is hierarchically structured. In
many respects LSCs resemble normal hematopoietic stem cells (HSCs). Similar to HSCs,
LSCs are defined by their ability to undergo self-renewal and the capacity to differentiate to
a limited, although highly variable, extent [93,94]. Furthermore, the immunophenotype of
LSCs resembles the immunophenotype of normal HSCs. The majority of HSCs are present
in the CD34+CD38- immunophenotypic compartment [95,96] and initial AML studies dem‐
onstrated leukemia initiating capacity also to be in the CD34+CD38- compartment [97]. This
small subpopulation of CD34+CD38- cells was able to engraft and cause leukemia in non-
obese diabetic/sever combined immune-deficient (NOD/SCID) mice. These cells were
present at a frequency of only 0.2 to 100 cells per 106 mononuclear cells [97]. Nowadays it is
known that AML LSCs can also reside within the CD34+CD38+ or the CD34- immunopheno‐
typic compartment [98-102]. There is growing evidence that the transformation of a normal
human cell into a LSC not only can occur in a normal HSC, but also in a normal progenitor
cell [103]. Mutations in a normal progenitor cell may confer self-renewal properties to pro‐
genitors. A recent study demonstrated that CD34+CD38- LSCs, despite the immunopheno‐
typic similarities with normal HSCs, are most related to normal progenitors instead of
normal stem cells [102]. In addition, it has been demonstrated that within a patient, the pool
of LSCs at diagnosis is often largely heterogeneous. This implies that different subpopula‐
tions of LSCs often coexist at diagnosis [84,101] (Figure 1). In CD34 positive patients often
both CD34+CD38- cells, CD34+CD38+ and CD34- cells are present and all are able to show leu‐
kemic engraftment when infused separately in NOD/SCID mice. However, no information
exists on possible competition between these compartments in leukemogenesis. Moreover,
the CD34+CD38- compartment has been shown to be less immunogenic compared to the oth‐
er compartments [104], which may explain why it was almost exclusively the CD34+CD38-

compartment that engrafted in NOD/SCID mice with residual immunity [97], while in the
severely immunocompromised later mouse models, the other compartments engrafted as
well. In CD34 negative AML by definition, the CD34- compartment and in particular the
CD34-CD38+ compartment contain LSCs [100]. For clinical treatment and patient survival it
is important to know which putative LSC will survive therapy. In that respect it is important
to realize that the CD34+CD38- compartment has been shown to be most therapy resistant in
vitro [104]. In line with this, it has been reported that in CD34 positive relapsed patients a
CD34+CD38- subpopulation is most likely to survive chemotherapy treatment and expand
towards development of relapse [84].

In the course of time other compartments enriched for LSCs have been identified. These are
based on functional properties and include aldehyde dehydrogenase (ALDH) activity and
drug efflux (Hoechst) capacity. ALDH is a group of cytosolic enzymes that catalyze the oxi‐
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Minimal Residual Disease and Leukemic Stem Cells in Acute Myeloid Leukemia
http://dx.doi.org/10.5772/52080

207



dation of aldehydes. It plays an important role in the retinoid metabolism, since it is re‐
quired for the conversion of retinol (Vitamin A) to retinoic acids. For maturation, loss of
quiescence and differentiation of HSCs, these retinoic acids are important [105,106]. Further‐
more, ALDH activity is supposed to protect cells from the toxic effects of cyclophosphamide
and therefore high ALDH expression in leukemic cells may play a role in chemotherapy re‐
sistance [107,108]. Recently it has been shown that leukemic cells and normal hematopoietic
cells differ in ALDH activity. Normal stem- and progenitor cells have high ALDH expres‐
sion [109-112]. It has to be emphasized that it has recently been demonstrated that the popu‐
lation of cells with intermediate ALDH activity appeared to be enriched for leukemic
CD34+CD38- cells [113-115]. Several authors have confirmed the leukemia initiating capacity
of these cells in NOD/SCID mice [116-118].

Another functional stem cell compartment is the so-called side population (SP). These SP
cells are primarily defined by their capability of efficient Hoechst 33342 dye efflux and espe‐
cially by the way in which fluorescence emission of Hoechst is recorded. In normal BM a
population of CD34+CD38- cells was found in the SP [119,120]. In AML, it has been demon‐
strated that the SP compartment contains a heterogeneous population of cells, containing
HSCs, LSCs, LSC progenitors and early lymphocytes [121]. AML SP cells have shown to be
able to initiate acute leukemia in NOD/SCID mice [122,123]. All these immunophenotypic
and functional findings are important for gaining insight in the process of leukemogenesis
and especially for the development of new therapies aiming at eradication of LSCs.

Besides the ability of LSCs to initiate and sustain the initial AML, there is increasing evi‐
dence pointing towards the importance of LSCs in the occurrence of MRD and the emer‐
gence of a relapse. LSCs are thought to be more resistant to standard chemotherapy
compared to the total population of malignant blast cells and therefore these LSCs are able
to escape apoptosis. Other essential LSC features are their acquired capacity for self-renewal
and proliferation. Such properties allow LSCs to survive chemotherapy treatment, to divide
and to grow out and cause a relapse (Figure 1). Consequently, identification and characteri‐
zation of LSCs is fundamental to gain insight in the mechanisms that underlie relapse and
how to evade relapse.

3.2. Identification of leukemic stem cells

Since the assumed role of LSC in the emergence of an AML relapse, identification of these
probably most malignant cells becomes imperative. The hypothesis would thus be that
quantitation of LSCs in AML patients would give important information about treatment re‐
sponse and risk of relapse. Similar to MRD identified by flow cytometry, LSCs in BM can be
identified using cell surface antigen expression. As mentioned before, LSCs can reside in dif‐
ferent immunophenotypic compartments, but, as argued before, the CD34+CD38- defined
LSCs may be most malignant/resistant [84,104]. Since both HSCs and LSCs reside within this
compartment, discrimination between CD34+CD38- HSCs and LSCs is challenging. Immuno‐
phenotypic LSC detection is often possible making use of the fact that the lineage marker
combinations used for MRD detection, are frequently aberrantly expressed on CD34+CD38-

cells too [124]. These lineage markers include CD2, CD7, CD11b, CD13, CD15, CD19, CD22
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CD33, CD56 and HLA-DR. Combinations of lineage markers could also be used, like
CD33+CD13- and CD15+HLA-DR-. Besides these lineage markers, a growing number of other
markers is now available to discriminate between LSCs and HSCs. These include CLL-1
CD25, CD32, CD33, CD44, CD47, CD96, CD123 and TIM-3 (Figure 3). An overview of LSC
markers is given in Table 3.

Figure 3. Gating strategy for CD34+CD38- LSC detection at diagnosis in AML bone marrow. Gating of viable white
blood cells (A). Gating of blast cells with CD45dim expression and low sideward scatter (SSC) (B, C). CD34 positive pro‐
genitors cells (D). Gating of the CD34 positive and CD38 negative blasts (E). The CD34+CD38- cells gated against CLL-1.
Two populations of stem cells are shown: a CLL-1 negative stem cell population, containing the HSCs and the
CD34+CD38- cells with positive expression of CLL-1. These stem cells with aberrant expression of CLL-1 are defined as
LSCs (F).

It is important to realize that there is a large heterogeneity in marker expression. This im‐
plies that marker expression differs between AML patients and even within an individual
patient different stem cell markers are often differentially expressed (Figure 4). Thus, none
of the individual markers are expressed in all AML cases. For accurate LSC detection, high
specificity of stem cell markers is essential. Both CLL-1 and lineage markers have proven to
be highly specific, since these are present on leukemic CD34+CD38- cells in a substantial part
of the AML patient population, but absent on normal CD34+CD38- cells, also after chemo‐
therapy [124,125]. For the other stem cell markers high specificity and stability during treat‐
ment/disease still have to be confirmed. The established differences in ALDH activity
between CD34+CD38- LSCs and CD34+CD38- HSCs were confirmed using this aberrant
marker approach [114,115], thereby strengthening that the functional ALDH assay offers an
alternative tool for CD34+CD38- LSC identification, which importantly, could be applied in
absence of aberrant antigen expression. In contrast, the SP phenotype does not discriminate
between HSCs and LSCs since both may be present in the SP compartment. Here the immu‐
nophenotypic marker approach is necessary to discriminate between LSCs and HSCs [121].
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between CD34+CD38- LSCs and CD34+CD38- HSCs were confirmed using this aberrant
marker approach [114,115], thereby strengthening that the functional ALDH assay offers an
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Both ALDH and SP assays not only identify leukemia initiating cells with the CD34+CD38-

immunophenotype, but also other cell types, like CD34+CD38+ progenitors or CD34- cells
[114,115,117].

Although functional assays, like ALDH and SP, are complex and time-consuming compared
to standard immunophenotypic LSC detection, they may offer promising alternatives for
CD34+ AML patients without detectable CD34+CD38- cells, as well as for AML patients who
are defined as CD34 negative. The latter patients usually have less than 1% expression of
CD34 on the leukemic blast cells which all are of non-neoplastic origin [133]. However, also
for cases with CD34+CD38- LSCs present, these functionally defined compartments may be
important: since the frequency of SP cells is far lower compared to the frequency of
CD34+CD38- stem cells [121], an interesting possibility would be that combination of both as‐
says may narrow the real stem cell compartment [121]. In contrast to the immunophenotypic
definition, ALDH activity and dye efflux ability are likely directly related to drug response
and in that sense may predict which stem cells will survive therapy. Together with the ob‐
servations that immunophenotypically defined CD34+CD38- cells are in vitro therapy resist‐
ant too [104] and that most likely a CD34+CD38- subpopulation grows out to relapse [84], the
possibility that relapses are caused by functionally defined subpopulations of the
CD34+CD38- compartment can be suggested.

Antigen Function Reference

CLL-1 C-type lectin-like molecule-1 [125]

Lineage markers Lymphoid lineage and myeloid lineage markers [124]

CD25 Interleukin-2 receptor α-chain [126]

CD32 Fc fragement of IgG, low affinity IIa receptor [126]

CD33 Myeloid marker [127]

CD44 Receptor for hyaluronan [128]

CD47 Integrin associated protein [129]

CD96 T cell-activated increased late expression protein [130]

CD123 Interleukin 3 receptor alpha chain [131]

TIM-3 T-cell Ig mucin-3 [132]

Table 3. Overview of stem cell markers.

Seen the large clonal heterogeneity at diagnosis [84,101], and the possibility that not just the
major clone at diagnosis, but often low-frequency CD34+CD38- clones may grow out [84],
this suggests that identification of functionally defined minor subpopulations present at di‐
agnosis may offer clues how to predict relapse in a very early stage and thereby ultimately
how to circumvent such relapses.
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CD34+CD38- population was analyzed for the expression of six aberrant markers: CD2 (A),
CLL-1 (B), CD22 (C), CD96 (D), CD123 (E), CD11b (F). Expressions percentages for marker
positive and marker negative CD34+CD38- cells are shown for each marker.

Figure 4. Heterogeneity in expression of different stem cell markers in one AML case at diagnosis.

3.3. Prognostic value of LSC frequency

Since it has been hypothesized that the subpopulation of chemotherapy resistant LSCs is re‐
sponsible for relapse, LSC frequency, similar to MRD frequency, should have direct prog‐
nostic impact.

Van Rhenen et al. were the first to study the correlation between the frequency of
CD34+CD38- cells at diagnosis and clinical outcome in 92 AML patients. In a multivariate
analysis, including known risk factors, the frequency of the CD34+CD38- compartment (% of
blast cells) turned out to be an independent prognostic factor for RFS (p = 0.004) and DFS (p
= 0.05) [134]. In a small group of pediatric AML patients, Witte et al. found that the
CD34+CD38- subpopulation was significantly lower in patients with 5-year DFS (n = 8) com‐
pared to patients with relapse and/or death (n = 9) (0.45% ± 0.61% v. 1.52% ± 1.52%, p = 0.04)
[135]. Moreover, Hwang and colleagues have demonstrated, in a group of 54 AML patients,
that the proportion of CD34+CD38- cells at diagnosis was significantly lower in patients ach‐
ieving CR compared to patients who did not achieve CR (median 0.7% v. 6.9%, p = 0.006)
[136]. Lastly, using the ALDH activity assay, Ran et al. have shown a significant difference in
OS and RFS between patients with high and low LSC frequencies (OS, p = 0.04, RFS, p =
0.01). Multivariate Cox regression for OS showed LSC frequency and WBC count at diagno‐
sis to be the only significant prognostic factors (HR 10.5 for LSCs, p = 0.05), with borderline
significance for RFS (HR 3.8, p = 0.05) [118]. In our recent study we refined the definition
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Both ALDH and SP assays not only identify leukemia initiating cells with the CD34+CD38-

immunophenotype, but also other cell types, like CD34+CD38+ progenitors or CD34- cells
[114,115,117].
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used in aforementioned papers by including markers that enabled to discriminate LSC from
HSC [137]. In total, 101 patients were monitored for LSC frequency. Again, differences in
prognosis were found between patients groups defined by different cut offs (Table 4.)

Cut-off Number of patients above

cut-off

Relative risk of relapse 95% C.I.

First cycle 5 x 10-6 14 5.0 1.8-14.0

Second cycle 5 x 10-6 18 4.7 2.2-10.1

Consolidation 2 x 10-6 14 8.5 1.8-41.4

Table 4. Relative risk of relapse defined by LSC frequency [137].

All together, several studies showed CD34+CD38- LSC frequency to be an independent prog‐
nostic risk factor. Important to emphasize, however, is that these studies focus on LSC detec‐
tion and quantification at AML diagnosis. Because LSCs are hypothesized to be
chemotherapy resistant and to grow out after treatment and then cause a relapse, it would
be of utmost importance to study the frequency of these LSCs during follow-up. For the first
time we also demonstrated that the frequencies of LSCs after different courses of therapy
significantly correlated with clinical outcome [137]. More effort is needed to identify LSCs
and their prognostic value in immunophenotypic compartments other than CD34+CD38-,
like the CD34+CD38+ and CD34- compartment using the ALDH and SP assay. Ultimately,
when the clinical importance of different stem cell compartments have been prospectively
confirmed, this, together with MRD based strategies, should offer new diagnostic tools to
guide clinical intervention and to monitor effectiveness of therapy and, moreover, to design
new therapies that specifically target LSCs while leaving the normal HSCs intact.

3.4. Leukemic stem cell targeted therapy

Apart from the clinical application of LSCs, characterization of these malignant cells offers
the design of new therapies that specifically target LSCs while leaving the normal HSCs in‐
tact. The most direct example of such therapy is the application of antibodies that are used
to specifically discriminate between LSC and HSC. CD123 and CD33 are examples. It has
been reported, using NOD/SCID mice, that treatment with the anti-CD123 antibody 7G3 im‐
proved mouse survival [138]. A humanized version of the anti-CD123 antibody (CLS360)
has been studied in a phase 1 study in relapsed, refractory and high-risk AML patients. In‐
terim analysis showed no treatment related toxicity, besides two mild infusion reactions and
one infection possibly related to the treatment. Of eight patients treated with CLS360, one
CR had been observed [139]. Further clinical studies are needed to determine the efficacy of
this antibody in AML patients.

CD33 is expressed on leukemic blasts in 85%-90% of AML patients and therefore, already
years ago, it had been suggested as a potential target for anti-AML therapy. The CD33 im‐
munoconjugate gemtuzumab ozogamicin (Mylotarg) has been studied in several trials and,
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after initial disappointment relating to toxicity, new studies with altered treatment sched‐
ules suggest that Mylotarg is beneficial in certain subgroups of AML patients, including pa‐
tients with favorable cytogenetics [140]. However, it is important to emphasize that no
studies so far determined the correlation between the efficacy of Mylotarg and the presence
of CD33 positive LSCs. It may be speculated that subgroups of patients with CD33 positive
LSCs may benefit from this additional therapy. Further clinical trials will also have to deter‐
mine if other stem cell markers are potential targets as well.

4. Conclusions and future perspectives

MRD frequency assessments by RQ-PCR and MFC in AML patients are more sensitive
methods to define remission status compared to current morphologic assessment. Although
RQ-PCR is in general the most sensitive technique, MFC is applicable in almost all AML pa‐
tients. Since the importance of flow cytometric MRD detection has now been validated in a
first prospective study, it is of utmost importance that, when these data are confirmed in
other prospective studies, MRD status will be implemented in clinical decision-making. We
have described that alternatives for BM MRD may include MRD assessment in peripheral
blood and blast reduction, frequency of B-lymphocytes precursors and CD34+ myeloid/
lymphoid ratios. It thus seems that development of algorithms including all such parame‐
ters may ultimately contribute to improved detection of residual therapy resistant cells and
early and accurate prediction of relapses. Also, based on the observation of immunopheno‐
typic and molecular shifts, occurring between diagnosis and relapse, a new issue in MRD
research may be that not only disappearing phenotypes, but also emerging “new” pheno‐
types have to be monitored. An alternative, probably more specific method to predict clini‐
cal outcome is LSC frequency assessment. Results so far on the clinical importance of LSCs
are limited, but very promising, especially since for the first time the correlation between the
presence of LSCs after treatment and clinical outcome has been reported. When the value of
LSC assessment is confirmed in other retrospective and eventually prospective studies, it
may be hypothesized that in the future, not only MRD, but also LSC frequency assessment
may be implemented in clinical decision-making.

Hopefully, using the suggested approaches in this chapter, it will become possible to signifi‐
cantly improve clinical outcome of acute myeloid leukemia patients.
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1. Introduction

Chronic myeloid leukemia is one of the most thoroughly studied and, undoubtedly, best
understood neoplasms. There are about 4000 and 5000 new cases of CML every year in the
USA. CML is a hematologic stem cell malignancy that typically evolves in 3 distinct clinical
stages: chronic and accelerated phases and blast crisis. The chronic phase lasts several years
and is characterized by accumulation of myeloid precursors and mature cells in bone marrow,
peripheral blood, and extramedullary sites. The accelerated phase lasts 4 to 6 months and is
characterized by an increase in disease burden and in the frequency of progenitor/precursor
cells. The blast crisis lasts a few months and is the terminal phase of chronic myelogenous
leukemia, characterized by the rapid expansion of a population of myeloid or lymphoid
differentiation-arrested blast cells (Calabretta and Perrotti 2004; Radich 2007).

The cytogenetic hallmark of CML is the Philadelphia chromosome (Ph). It is a product of a
reciprocal translocation between chromosomes 9 and 22 (t[9;22][q34;q11]). The Bcr-abl
oncogene, responsible for the deregulated tyrosine kinase, arises out of the conjugation
between the breakpoint cluster region gene (Bcr) on chromosome 22 and the Abelson kinase
(Abl) gene on chromosome 9. This oncogene activates multiple signal transduction pathways
such as Ras/Raf/mitogen-activated protein kinase [MAPK], phosphatidylinositol 3 kinase,
STAT5/Janus kinase, and Myc (Fig. 1). The Bcr-Abl tyrosine kinase activity leads to uncon‐
trolled cell proliferation and significantly reduced apoptosis and so starts the malignant
expansion of pluripotent stem cells in the bone marrow. The Wnt/ß-catenin pathway was also
found to be critical for the evolution to blast crisis as far as its activation was observed in
primary cell samples from patients with CML. Most of the pathways activated by Bcr-Abl are
known, but the pathways downstream Bcr-Abl that are critical for oncogenesis and transfor‐
mation are yet not well understood. For example, several transcription factors like Jun B, MZF1
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and δEF1 appear to be involved in CML progression. Jun B has been shown to be down-
regulated in CML progression. The transcription factors MZF1 and δEF1 that play key role in
hematopoietic stem cell differentiation, including modulation of CD34 and cMyb expression,
are also deregulated during CML progression (Calabretta and Perrotti 2004; Steelman, Pohnert
et al. 2004; Jabbour, Cortes et al. 2007; Radich 2007; Druker 2008; Roychowdhury and Talpaz
2011). All these findings reflect the recent knowledge about the molecular disease pathogenesis
and are platform for translating bench research into clinical application of target-driven
therapeutic strategies.

Figure 1. Pathways activated by the fusion oncoprotein Bcr-Abl. The RAS pathway becomes constitutively activated by
mechanisms involving the interaction of Bcr-Abl with the growth factor receptor-binding protein (Grb-2)/Gab2 com‐
plex. This leads to enhanced activity of the guanosine diphosphate/guanosine triphosphate (GDP/GTP) exchange fac‐
tor Sos, which promotes the accumulation of the active GTP-bound form of Ras. Bcr-Abl interacts also indirectly with
the p85 regulatory subunit of PI3K via various docking proteins including GRB-2/Gab2 and c-cbl. Activation of the
PI3K pathway triggers an Akt-dependent cascade that has a critical role in BCR/ABL transformation by regulating the
subcellular localization or activity of several targets such as BAD, MDM2, IκB-kinase α, and members of the Forkhead
family of transcription factors. Another signaling pathway activated by BCR/ABL is that dependent on signal transduc‐
er and activator of transcription 5 (STAT5). The consequence of this activation is inhibition of apoptosis and enhanced
survival.

Treatment of this disease improved dramatically with the development of tyrosine kinase
inhibitors (TKIs). Recently, the modern therapy of CML includes the use of TKIs (first and
second generation), stem cell transplantation and clinical trials with novel agents such as novel
multiple kinase inhibitors, Aurora kinase inhibitors, arsenic trioxide, hystone deacetilase
inhibitors, proteasome inhibitors, other semi-synthetic drugs (Fig. 2). Imatinib is the golden
standard in CML therapy and serves as first-line drug of choice in the chronic phase of CML
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(CP-CML) whereas second generation TKIs are taken in consideration after appearance of
resistance to imatinib due to Bcr-Abl mutations. Accoridning to de Lavallade et al. only 62,7%
of the patients treated with imatinibe achieved complete cytogenetic response (CCyR) and up
to 5% of the patients present with advanced disease are poorly responsive to TKIs in general
(de Lavallade, Apperley et al. 2008; Roychowdhury and Talpaz 2011). In other words, about
one third of CML patients devepole intolerance or resistance to TKIs and therefore they need
alternative therapies.

Figure 2. Clinical algorithm for CML therapy: chronic, accelerated and blast phase (adapted from Roychowdhury et al.,
2011, 25(6): 279-90).

2. Tyrosine-kinase inhibitors

Imatinib, dasatinib and nilotinib are today the three clinically applied tyrosine kinase inhibi‐
tors of the fusion oncoprotein Bcr-BL for the treatment of CML and Ph (+) ALL (Fig. 3, Table
1). The constitutively active Bcr-Abl tyrosine kinase functions by transferring a phosphate
group from ATP to tyrosine residues on various substrates (signaking molecules) to cause
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to 5% of the patients present with advanced disease are poorly responsive to TKIs in general
(de Lavallade, Apperley et al. 2008; Roychowdhury and Talpaz 2011). In other words, about
one third of CML patients devepole intolerance or resistance to TKIs and therefore they need
alternative therapies.

Figure 2. Clinical algorithm for CML therapy: chronic, accelerated and blast phase (adapted from Roychowdhury et al.,
2011, 25(6): 279-90).

2. Tyrosine-kinase inhibitors

Imatinib, dasatinib and nilotinib are today the three clinically applied tyrosine kinase inhibi‐
tors of the fusion oncoprotein Bcr-BL for the treatment of CML and Ph (+) ALL (Fig. 3, Table
1). The constitutively active Bcr-Abl tyrosine kinase functions by transferring a phosphate
group from ATP to tyrosine residues on various substrates (signaking molecules) to cause
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excess proliferation of myeloid cells typical for CML. Imatinib and the other two tyrosine
kinase-inhibitors block the binding of ATP to Bcr-Abl, thus inhibiting its kinase activity (Fig.
4). They also act on other components of the cellular metabolism and signalling, e.g. Abl and
ARG (Abl-related gene), C-kit receptor (KIT), receptors for platelet growth factor alpha
(PDGFR-α) and beta (PDGFR-β), receptor for colony stimulating factor 1 (c-FMS) etc.
(Kantarjian, Cortes et al. 2010). All tyrosine kinase inhibitors have good gastrointestinal
absorption, which makes them suitable for oral application.

Figure 3. Chemical structures of first and second line tyrosine kinase-inhibitors.

2.1. First generation tyrosine-kinase inhibitors — Imatinib

Imatinib was introduced for clinical use in 1998 for the treatment of CML. It showed high
efficacy and revolutionized the disease management. Nowadays, Imatinib is the first-line drug
of choice for the treatment of patients with CML in chronic phase and Ph (+) ALL as it induces
long lasting remissions and is well tolerated as compared to conventional cytostatics (Fig. 2).
Imatinib stops the progression of CML at early stages (Baccarani and Dreyling 2009).

Imatinib reaches Cmax within 2 to 4 h. Its total bioavailability is 98%. The half-lifes of Imatinib
and its main metabolite, N-demethyl derivative (CGP74588), are 18 h and 40 h, respectively.
Plasma protein binding (mainly albumin and α1-acid glycoprotein) for imatinib reaches 95%.
The drug is primarily metabolized by CYP3A4 and to a lesser extent by CYP1A2, CYP2D6,
CYP2C9 and CYP2C19. The main active metabolite of Imatinib is one N-demethylated
piperazine derivative, formed by CYP3A4 and has in vitro activity similar to that of Imatinib.
Imatinib is a potent inhibitor of CYP2C9, CYP2D6 and CYP3A4/5, which is described in in
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vitro studies conducted with human liver microsomes. It is eliminated with the faeces, mainly
in the form of respective metabolites. Imatinib clearance in one 50 year-old-patient, weighing
50 kg is 8 L/h, while in patient weighing 100 kg, it increases to 14 L/h (Roychowdhury and
Talpaz 2011).

The superiority of Imatinib against IFNα was confirmed in the third phase of the International
Randomized Study of Interferon and STI-571 (IRIS). A substantial cytogenetic response was
achieved in 87% of the patients receiving Imatinib after 18 months, compared to 35% in those
who received IFN. Complete cytogenetic remission was observed in 76.2% of the patients
treated with Imatinib, compared to 14.5% of the treated with IFN. Molecular remission with
reduction of the Bcr-Abl transcripts was found in 39% of the patients treated with Imatinib,
against 2% for IFN. 325 (71%) of 456 patients who had achieved complete cytogenetic remission
with Imatinib sustained their remission on the sixth year of treatment. Tracking patients over
the 6-year exploration period indicated that Imatinib had a favourable and long-lasting safety
profile, as there were no new adverse events during the 5th and 6th year of study. The use of
Imatinib as first-line drug for CML did not affect subsequent treatment of patients with
allogeneic hematopoietic stem cells transplantation (Kantarjian, O'Brien et al. 2003; Deininger
2008; Baccarani and Dreyling 2009).

Figure 4. Mode of action of Imatinib. Imatinib blocks the ATP binding center of Bcr-Abl thus inhibiting its phosphory‐
lation activity.

2.2. Second generation tyrosine-kinase inhibitors

2.2.1. Nilotinib

Nilotinib is a highly selective ABL inhibitor and derivative of Imatinib and can overcome some
mutations that can cause imatinib resistance with the exception of T315I. During first phase
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clinical trial, Nilotinib was tested at doses of 50 mg once daily to 600 mg twice daily in 119
Imatinib-resistant CML patients at various stages of the disease. 92% of the patients in chronic
phase achieved complete hematologic remission. 72% of the patients in the acute phase of CML
presented hematologic remission and 48% of them had a cytogenetic response. 39% of patients
with CML in blast crisis demonstrated a hematologic response and 9 of them (27%) had a
cytogenetic response. The results of the study defined a recommended dose of 400 mg twice
daily (Table 1). Nilotinib adverse reactions include small pleural or pericardial effusions. The
most common adverse effects during the study were thrombocytopenia (20% -33%), neutro‐
penia (13% -31%), elevated bilirubin (7%), and increased serum lipase (5% -15%). Grapefruit
and other food that inhibits hepatic metabolism (mainly CYP3A4 inhibitors) should be
avoided. Nilotinib is not recommended for patients with prolonged QT-segment, and drugs
that prolong the QT-segment should not be given during treatment with Nilotinib (Kantarjian,
Giles et al. 2007; Olivieri and Manzione 2007; Weisberg, Catley et al. 2007; Melo and Chuah
2008; Giles, Rosti et al. 2010; Kantarjian, Cortes et al. 2010; Kantarjian, Giles et al. 2010; Quintas-
Cardama, Kim et al. 2010).

2.2.2. Dasatinib

Dasatinib is another ABL kinase inhibitor that binds to the active conformation of the ABL-
kinase domain and to the structurally related kinases of the Src-family. In-vitro dasatinib is 300
times more potent than imatinib against Bcr-Abl mutated blasts. Dasatinib inhibited almost all
Imatinib-resistant Bcr-Abl mutants with the exception of T315I and was shown to block PDGFRs
and KIT. After successful phase II clinical trials dasatinib was approved in North America and
Europe and in many other countries. It should be given to patients with imatinib resistance. During
the trials some severe hematologic adverse effects were observed in imatinib resistant or imatinib
intolerant patients with CML, e.g. thrombocytopenia (48%), anemia (22%), neutropenia (49%),
and leukopenia (27%). There were some non-haematological adverse reactions as well, e.g. pleural
effusions (6%). In the phase III trials, in order to reduce Dasatinib-related toxicity while maintain‐
ing efficacy of treatment, 670 randomly selected imatinib resistant or imatinib intolerant pa‐
tients with CML in the chronic phase received dasatinib in 1 of 4 dose regimens: 100 mg once daily,
50 mg twice daily, 140 mg once daily, or 70 mg twice daily. It was found that non-hematological
and hematological adverse reactions are rarer at a dose of 100 mg once daily (Hochhaus, Kantar‐
jian et al. 2007). Currently, this is the recommended dosage for patients with chronic phase CML,
while the 70 mg twice daily or 140 mg once daily regimens are options for patients in the acute
phase or blast crisis CML (Table 1).

Nowadays, the choice between treatment with dasatinib and nilotinib in imatinib resistant
patients is made on the basis of the history of comorbidities, since no such very important
comparative study of both drugs has been made so far. Therefore, patients with a history of
lung disease may be more suitable for treatment with nilotinib, while patients with pancreatic
disease could benefit from treatment with dasatinib. Patients bearing the T315I mutation are
resistant to treatment with both dasatinib and nilotinib. Such patients should be offered the
option for inclusion in clinical trials or allogeneic bone marrow transplantation (Kantarjian,
Cortes et al. 2010).
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1. Chronic phase of CML:

a Initial therapy:

Imatinib 400 mg p.o. Daily

b Salvage therapy:

Dasatinib 70 mg

100 mg

b.i.d.p.o.

р.о.

Daily

Nilotinib 400 mg b.i.d.p.o. Daily

Imatinib (high-dose) 400 mg b.i.d.p.o. Daily

2. Accelerated phase and blast crisis of CML:

Imatinib 400-600 mg p.o. Daily

Dasatinib 70 mg b.i.d.p.o. Daily

Nilotinib 400 mg b.i.d.p.o. Daily

3. Pediatric patients with CML:

Imatinib 260 mg/m2/d

340 mg/m2/d

p.o

p.o..

daily

daily

Table 1. Treatment schedule with tyrosine kinase-inhibitors.

2.3. Resistance towards TKI — Mechanisms and management

The most important problem in the target therapy of CML today is the development of
resistance towards TKIs. Lucas et al. reported after a population-based study in Northern
England that about 50% of the patients treated with imatinib developed intolerance or failure
up to two years after initiation (Lucas, Wang et al. 2008). Responses obtained in patients with
advanced desease were also not durable. CCyR at 6 years after initiating imatinib therapy is
determined by 57% patients and 55% remain on the treatment after 8 years (Burke, Swords et
al. 2011). Even nilotinib at best achieved CCyR in 80% of the treated patients (Rosti, Palandri
et al. 2009). In summary, there is a significant minority of patients developing resistance
towards imatinib and second generation TKIs. Investigators distinguish between primary and
secondary resistance. Secondary treament failure or desease replase is characterized by the
loss of already achieved complete cytogenetic or hematological response and is dependent on
different factors such as age, stage of disease, duration of INF therapy and duration of response
to initial therapy. In contrast, primary resistance is the failure to achieve CCyR or hematologic
response and is not very well investigated and understood. Concernig leukemic cell prolifer‐
ation and survival two other models of imatinib resintance could be outlined: on one hand
leukemic cells became independent from the fusion oncoprotein for their survuval and
proliferation and, on the other hand the tyrosine kinase Bcr-Abl circuvented the inhibition by
imatinib or other TKIs, e.g. appearance of the mutation T315I (Burke, Swords et al. 2011;
Roychowdhury and Talpaz 2011).

The mechanisms of imatinib resistance could be classified as either Bcr-Abl dependent or Bcr-
Abl independent. Bcr-Abl dependent mechnisms include Bcr-Abl amplification, kinase
domain mutations and Bcr-Abl induced genomic instability. Bcr-Abl independent mechanisms
are usually related to drug complience and metabolism, drug transport, clonal evolution,
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patients is made on the basis of the history of comorbidities, since no such very important
comparative study of both drugs has been made so far. Therefore, patients with a history of
lung disease may be more suitable for treatment with nilotinib, while patients with pancreatic
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escape of the primitive progenitors from therapy and activation of alternative signal trans‐
duction pathways.

Kinase domain mutations belong to the most important mechanisms of resistance towards
TKIs. They were identified in clinical studies with patients with imatinib resistance (initial or
developed during the therapy) where 30% of the patients had primary resistance and 57% -
secondary resistance (Shah, Nicoll et al. 2002; Soverini, Martinelli et al. 2005). Today over a 90
mutations in the Bcr-Abl fusion gene are described and they affect 57% of the amino-acid
residues. Some of these mutations cause a direct steric interference to drug-enzyme binding
or alter allosterically the kinase domain activity and are reported to be the main reason for
treatment failure in many clinical trials. Mutations in the P-loop are assigned as poor prognistic
factor. In particular, the T315I mutation accounts for the majority of secondary resistance
(Burke, Swords et al. 2011). The T315I mutation is a single amino-acid substitution of isoleucine
with threonine at position 315 on c-Abl. It alters the ATP-binding site of the tyrosine kinase,
confers cross-resistance to nearly all clinically applied TKIs and correlates with decreased
cytogenetic response and progression free survival rates. In summary, in clinical studies about
50% incidence of this mutation had been reported for patients with secondary resistance.
Therefore, introduction of new drugs is substantially needed (Bradeen, Eide et al. 2006).
However, there are studies reporting that kinase domain mutations were found also in patients
with CCyR and in remission, but only few of them eventually developed disease relapse. It is
evident that not all kinds of resistance are due to Abl-mutations and not all mutaions could
lead to resistance (Branford, Melo et al. 2009; Roychowdhury and Talpaz 2011). Correlations
based on in vitro sensitivity have not been consistent in all studies. Thus Bcr-Abl induced
genimic instability or unknown Bcr-Abl independent mechanisms are suspected to be also
responsible for disease resistance development.

In vitro studies showed that Bcr-Abl could promote genomic instability and resistance. There
are additional facts that support the hypothesis that Bcr-Abl can affect the mismatch repair
activity. The fusion protein caused down-regulation of nucleotide excision repair in leukemic
cell lines and promoted double-stranded DNA breaks through single strand annealing
(Stoklosa, Poplawski et al. 2008; Fernandes, Reddy et al. 2009).

Pharmacokinetic characteristics of the TKIs were also demonstrated to be important for better
clinical outcomes. Imatinib is substrate for the liver enzyme CYP3A4 which converts it into
active metabolite. A higher enzyme acitivity correlated with higher rate of complete molecular
responses (Green, Skoglund et al. 2010). The α-1-acid glycoprotein directly binds imatinib, thus
increasing its clearance. Therefore, patients with high levels of this protein demonstrated lower
plasma concentrations of imatinib which worsened the therapeutic response (Delbaldo,
Chatelut et al. 2006). Through in vitro experiments with radio-labeled imatinib it was demon‐
strated that cellular mechanisms for drug transport (influx and efflux) are also important
determinants of the drug sensitivity. The imatinib influx is an active process which involves
the human organic cation transporter 1 (hOCT1). In a study with 56 patients it was reported
that high activity of hOCT1 is associated with significantly improved overall survival and
response rates (Giles, Kantarjian et al. 1999; Roychowdhury and Talpaz 2011). The P-glyco‐
protein (MDR1 or ABCB1) which is responsible for the drug efflux out of the leukemic cells
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also mediated resistance but did not appear to be essential for the development of imatinib
resistance even in primitive CD34+ CML progenitors in vitro.

Another reason for developing resistance towards targeted CML therapy is provided by the
stem cell hypothesis. According to some investigators there is a reservoir of primitive pro‐
genitors that are capable of self-renewal or progression in vitro or in vivo in immunodeficient
mice. Another proof for this hypothesis is the fact that patients with deep remissions in the
chronic phase of CML can relapse after discontinuation of imatinib therapy. There are different
biological mechanisms responsible for the behavior of the stem cell compartment. The Wnt/ß-
catenin signal pathway and the Foxo transcription factors were found to be involved in the
renewal of malignant and normal haematopoietic stem cells. Additionally, the Hedgehog
signaling pathway seems to be important for CML stem renewal. Thus far, it is clear that CML
biology involves a stem cell component, but its exact role and biological mechanisms have not
yet been determined.

The strategies to overcome resistance include first optimization of the front line therapy with
imatinib such as escalation of the daily dose up to 800 mg and second the introduction of second
generation TKIs such as dasatinib, nilotinib (Table 1) and other new compounds that are still
in clinical trials (Jabbour, Kantarjian et al. 2009; Roychowdhury and Talpaz 2011). Dasatinib
and nilotinib were successfully used in patients in accelerated phase or blast crisis after Bcr-
Abl mutation analysis that demonstrated other mutations than T315I. Ponatinib, a new
multiple kinase inhibitor, showed high activity against T315I mutants in vitro and low toxicity
in vivo during a Phase I clinical trial and is a very promising new TKI for the treatment of
patients bearing the T315I mutation. There have been no randomized studies to evaluate the
predictive value of kinase domain mutations for response to specific TKIs until now. However,
a summary of the data can be taken from retrospective studies. Dasatinib is recommended for
patients with the following mutations: Y253H, E255K/V and F359V/C. Nilotinib is beneficial
for pytients with F317L and V299L mutations. The side effect profile and patient’s character‐
istics are also important for the choice of an appropriate TKI (Hughes, Saglio et al. 2009;
Jabbour, Jones et al. 2009; Roychowdhury and Talpaz 2011).

After failure of imatinib and a second generation TKI, most patients could be included in
ongoing clinical trials. Next, some of the novel agents beeing evaluated in Ph(+) leukemias are
listed.

3. Experimental drugs for CML therapy

3.1. Tyrosine kinase inhibitors

3.1.1. Bosutinib

Bosutinib was developed to overcome the resistance to first and second generation TKIs and
is still in clinical trials. It was shown to possess a high antiproliferative activity in vitro and in
xenografts against most of the Bcr-Abl mutants except T315I. It is a dual Abl and Src kinase
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mice. Another proof for this hypothesis is the fact that patients with deep remissions in the
chronic phase of CML can relapse after discontinuation of imatinib therapy. There are different
biological mechanisms responsible for the behavior of the stem cell compartment. The Wnt/ß-
catenin signal pathway and the Foxo transcription factors were found to be involved in the
renewal of malignant and normal haematopoietic stem cells. Additionally, the Hedgehog
signaling pathway seems to be important for CML stem renewal. Thus far, it is clear that CML
biology involves a stem cell component, but its exact role and biological mechanisms have not
yet been determined.

The strategies to overcome resistance include first optimization of the front line therapy with
imatinib such as escalation of the daily dose up to 800 mg and second the introduction of second
generation TKIs such as dasatinib, nilotinib (Table 1) and other new compounds that are still
in clinical trials (Jabbour, Kantarjian et al. 2009; Roychowdhury and Talpaz 2011). Dasatinib
and nilotinib were successfully used in patients in accelerated phase or blast crisis after Bcr-
Abl mutation analysis that demonstrated other mutations than T315I. Ponatinib, a new
multiple kinase inhibitor, showed high activity against T315I mutants in vitro and low toxicity
in vivo during a Phase I clinical trial and is a very promising new TKI for the treatment of
patients bearing the T315I mutation. There have been no randomized studies to evaluate the
predictive value of kinase domain mutations for response to specific TKIs until now. However,
a summary of the data can be taken from retrospective studies. Dasatinib is recommended for
patients with the following mutations: Y253H, E255K/V and F359V/C. Nilotinib is beneficial
for pytients with F317L and V299L mutations. The side effect profile and patient’s character‐
istics are also important for the choice of an appropriate TKI (Hughes, Saglio et al. 2009;
Jabbour, Jones et al. 2009; Roychowdhury and Talpaz 2011).

After failure of imatinib and a second generation TKI, most patients could be included in
ongoing clinical trials. Next, some of the novel agents beeing evaluated in Ph(+) leukemias are
listed.

3. Experimental drugs for CML therapy

3.1. Tyrosine kinase inhibitors

3.1.1. Bosutinib

Bosutinib was developed to overcome the resistance to first and second generation TKIs and
is still in clinical trials. It was shown to possess a high antiproliferative activity in vitro and in
xenografts against most of the Bcr-Abl mutants except T315I. It is a dual Abl and Src kinase
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inhibitor and binds to both active and intermediate conformations of the fusion oncoprotein
Bcr-Abl. Bosutinib was found to inhibit the proliferation of CML progenitors about 200 times
better than imatinib. However, it was not able to eliminate all mutant populations and was
moderately effective in inducing apoptosis. The Phase II studies with bosutinib showed that
about 36% of all patients in chronic pahse, 22% in accelerated pahse and 9% in blast crisis
achieved complete cytogenetic responses. Preliminary data indicate that bosutinib was well
tolerated and the most common adverse events were gastrointestinal discomfort and grade
3-4 myelosuppression which occurred in the advanced disease phases (Melo and Chuah
2008; Roychowdhury and Talpaz 2011).

3.1.2. Other experimental tyrosine kinase inhibitors

There are also new types of compounds inhibiting pathobiochemical pathways, resulting from
the bcr-abl oncogene. These allosteric inhibitors use a newly described allosteric, non-ATP
competitive mechanism, potentially involving binding to the myristate pocket in the C-lobe
of the Bcr-Abl kinase domain. The most promising of these compounds is the GNF-2. It has
practically no activity against most kinases, including Kit, PDGFR and SFK. GNF-2 inhibited
the growth of cells with the Y253F and E255V mutations, but not the other P-loop mutants, the
T315I or F317L mutants. Another promising new agent is INNO-406 (Bafetinib) which is Abl/
Lyn kinase inhibitor and is about 55 times more potent than imatinib in vitro. It has been shown
to inhibit numerous Bcr-Abl muitants except T315I. The drug underwent a Phase I study in
patients with resistance to imatinib. It was well tolerated and 2 of 7 patients achieved complete
cytogenetic response. The novel multiple kinase inhibitor, the purine derivate AP24534
(ponatinib) inhibits FLT3, Src kinases, Bcr-Abl and multipule Bcr-Abl mutants, including the
T315I mutation. During the preclinical studies it was evidenced that ponatinib is highly
effective mutant Bcr-Abl inhibitor in vitro and in vivo in mouse models. Interestingly, no dose-
limiting toxicity was found in a dose-escalating Phase I clinical trial. Ponatinib was effective
in patients who had failed to respond to all other approved theprapies, including patients with
the T315I mutation of the fusion oncoprotein Bcr-Abl. Therefore ponatinib is fastly moving to
phase II studies in patients with Ph+ leukemias.

Other new TKIs are the SFK/Abl kinase inhibitor, the anilino-quinazoline AZD0530; the purine
derivates AP23464 and its analogue AP23848; the pyrido-pyrimidines, PDI66326, PDI73955
and PDI180970; thje pyrazolo-pyrimidines, PP1 and PP2; the acetylanes AC22 and K1P. These
compounds have not been developed for clinical use yet (Melo and Chuah 2008; Bixby and
Talpaz 2009; Burke, Swords et al. 2011).

3.2. Aurora kinase inhibitors

The Aurora kinase familiy consists of serine-threonine kinases that are crucial for different
stages of the mitosis. There are two family members Aurira A and B and are overexpressed in
some neoplasias. Following Aurora kinase inhibitors are in pre-clinical and clinical evaluation:
PHA-739358 (danusertib), AT9283, MLN8237XL-228, KW-2449 and MK-0457. Danusetib
showed safety profile and efficacy in patients bearing the T315I mutation in phase I clinical
study. AT9238 is a multi-kinase inhibitor which also inhibited cells with the T315I mutation.
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It was well-tolerated during phase I clinical trial and shwed promising anti-leukemic activity
(Cortes-Franco, Dombret et al. 2009; Howard, Berdini et al. 2009; Moore, Blagg et al. 2010;
Tanaka, Squires et al. 2010; Burke, Swords et al. 2011).

3.3. Heat shock protein 90 inhibitor

As a molecular chaperone that interacts with various proteins (Raf, Akt, FLT-3 and Bcr-Abl)
Hsp90 maintains those proteins in a stable and functional conformation. Geldanamycin and
its derivative, 17-allylamino-17-demethoxygeldanamycin (17-AAG) bind to the ATP-binding
pocket of Hsp90 and inhibit its chaperone activity. This leads to downregulation of Bcr-Abl
and also induction of apoptosis in CML cell lines. Gledanamycin and 17-AAG inhibited the
cell growth of some mutant lines (E255K and T315I). Hsp90 has its limits and there are some
cross-resistant types. Combination therapy with imatinib and 17-AAG led to synergistic
inhibition of growth and induction of apoptosis in cross-resistant cell lines but not in the
imatinib-sensitive counterparts. 17-AAG may also block the imatinib efflux (Melo and Chuah
2008; Burke, Swords et al. 2011).

3.4. Arsenic trioxide

Another compound that induces apoptosis in Bcr-Abl-positive cell lines and reduces prolifer‐
ation of CML blasts without affecting the CD34+ progenitors, is the arsenic trioxide (As2O3).
The combination of As2O3 with imatinib exerted additive to synergistic effect. This combination
induced cell death in imatinib-resistant cell lines with overexpressed Bcr-Abl or bearing M351T
or Y253F mutations, but it does not affect the T315I mutants (Melo and Chuah 2008; Roy‐
chowdhury and Talpaz 2011).

3.5. Homoharringtonine

Homoharringtonine (HHT), a by-product of a plant alkaloid, inhibits protein synthesis and
induces apoptosis. The combination of HHT with imatinib is synergistic or additive on CML
derived cell lines. Omacetaxine and chemgenex are semisynthetic HHT derivatives that
combined with imatinib showed promising activities. Omacetaxine is now in phase II trials
with TKIs-resistant patients with or without the T315I mutation (Melo and Chuah 2008; Burke,
Swords et al. 2011).

3.6. Histone deacetylase inhibitors

Histone deacetylases (HDAC) are the catalysts in deacetylation of lysine residues at the amino
termini of core nucleosomal histones. Histone deacetylase inhibitors (HDI) such as suberoy‐
lanilide hydroxamic acid (SAHA, vorinostat), generate hyperacetylated histones, causing
transcriptional upregulation of the cyclin-dependent kinase inhibitor, p21, cell-cycle arrest and
apoptosis in tumor cells. SAHA also induces expression of a key cell-cycle regulator p27, and
its application is associated with downregulation of the p210 Bcr-Abl protein. There is a
synergetic interaction between SAHA and imatinib on CML cell lines. The mentioned combi‐
nation induces apoptosis in imatinib-resistant CML cell lines as well. The co-treatment with
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inhibitor and binds to both active and intermediate conformations of the fusion oncoprotein
Bcr-Abl. Bosutinib was found to inhibit the proliferation of CML progenitors about 200 times
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moderately effective in inducing apoptosis. The Phase II studies with bosutinib showed that
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tolerated and the most common adverse events were gastrointestinal discomfort and grade
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There are also new types of compounds inhibiting pathobiochemical pathways, resulting from
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competitive mechanism, potentially involving binding to the myristate pocket in the C-lobe
of the Bcr-Abl kinase domain. The most promising of these compounds is the GNF-2. It has
practically no activity against most kinases, including Kit, PDGFR and SFK. GNF-2 inhibited
the growth of cells with the Y253F and E255V mutations, but not the other P-loop mutants, the
T315I or F317L mutants. Another promising new agent is INNO-406 (Bafetinib) which is Abl/
Lyn kinase inhibitor and is about 55 times more potent than imatinib in vitro. It has been shown
to inhibit numerous Bcr-Abl muitants except T315I. The drug underwent a Phase I study in
patients with resistance to imatinib. It was well tolerated and 2 of 7 patients achieved complete
cytogenetic response. The novel multiple kinase inhibitor, the purine derivate AP24534
(ponatinib) inhibits FLT3, Src kinases, Bcr-Abl and multipule Bcr-Abl mutants, including the
T315I mutation. During the preclinical studies it was evidenced that ponatinib is highly
effective mutant Bcr-Abl inhibitor in vitro and in vivo in mouse models. Interestingly, no dose-
limiting toxicity was found in a dose-escalating Phase I clinical trial. Ponatinib was effective
in patients who had failed to respond to all other approved theprapies, including patients with
the T315I mutation of the fusion oncoprotein Bcr-Abl. Therefore ponatinib is fastly moving to
phase II studies in patients with Ph+ leukemias.

Other new TKIs are the SFK/Abl kinase inhibitor, the anilino-quinazoline AZD0530; the purine
derivates AP23464 and its analogue AP23848; the pyrido-pyrimidines, PDI66326, PDI73955
and PDI180970; thje pyrazolo-pyrimidines, PP1 and PP2; the acetylanes AC22 and K1P. These
compounds have not been developed for clinical use yet (Melo and Chuah 2008; Bixby and
Talpaz 2009; Burke, Swords et al. 2011).

3.2. Aurora kinase inhibitors

The Aurora kinase familiy consists of serine-threonine kinases that are crucial for different
stages of the mitosis. There are two family members Aurira A and B and are overexpressed in
some neoplasias. Following Aurora kinase inhibitors are in pre-clinical and clinical evaluation:
PHA-739358 (danusertib), AT9283, MLN8237XL-228, KW-2449 and MK-0457. Danusetib
showed safety profile and efficacy in patients bearing the T315I mutation in phase I clinical
study. AT9238 is a multi-kinase inhibitor which also inhibited cells with the T315I mutation.

Leukemia236

It was well-tolerated during phase I clinical trial and shwed promising anti-leukemic activity
(Cortes-Franco, Dombret et al. 2009; Howard, Berdini et al. 2009; Moore, Blagg et al. 2010;
Tanaka, Squires et al. 2010; Burke, Swords et al. 2011).

3.3. Heat shock protein 90 inhibitor

As a molecular chaperone that interacts with various proteins (Raf, Akt, FLT-3 and Bcr-Abl)
Hsp90 maintains those proteins in a stable and functional conformation. Geldanamycin and
its derivative, 17-allylamino-17-demethoxygeldanamycin (17-AAG) bind to the ATP-binding
pocket of Hsp90 and inhibit its chaperone activity. This leads to downregulation of Bcr-Abl
and also induction of apoptosis in CML cell lines. Gledanamycin and 17-AAG inhibited the
cell growth of some mutant lines (E255K and T315I). Hsp90 has its limits and there are some
cross-resistant types. Combination therapy with imatinib and 17-AAG led to synergistic
inhibition of growth and induction of apoptosis in cross-resistant cell lines but not in the
imatinib-sensitive counterparts. 17-AAG may also block the imatinib efflux (Melo and Chuah
2008; Burke, Swords et al. 2011).

3.4. Arsenic trioxide

Another compound that induces apoptosis in Bcr-Abl-positive cell lines and reduces prolifer‐
ation of CML blasts without affecting the CD34+ progenitors, is the arsenic trioxide (As2O3).
The combination of As2O3 with imatinib exerted additive to synergistic effect. This combination
induced cell death in imatinib-resistant cell lines with overexpressed Bcr-Abl or bearing M351T
or Y253F mutations, but it does not affect the T315I mutants (Melo and Chuah 2008; Roy‐
chowdhury and Talpaz 2011).

3.5. Homoharringtonine

Homoharringtonine (HHT), a by-product of a plant alkaloid, inhibits protein synthesis and
induces apoptosis. The combination of HHT with imatinib is synergistic or additive on CML
derived cell lines. Omacetaxine and chemgenex are semisynthetic HHT derivatives that
combined with imatinib showed promising activities. Omacetaxine is now in phase II trials
with TKIs-resistant patients with or without the T315I mutation (Melo and Chuah 2008; Burke,
Swords et al. 2011).

3.6. Histone deacetylase inhibitors

Histone deacetylases (HDAC) are the catalysts in deacetylation of lysine residues at the amino
termini of core nucleosomal histones. Histone deacetylase inhibitors (HDI) such as suberoy‐
lanilide hydroxamic acid (SAHA, vorinostat), generate hyperacetylated histones, causing
transcriptional upregulation of the cyclin-dependent kinase inhibitor, p21, cell-cycle arrest and
apoptosis in tumor cells. SAHA also induces expression of a key cell-cycle regulator p27, and
its application is associated with downregulation of the p210 Bcr-Abl protein. There is a
synergetic interaction between SAHA and imatinib on CML cell lines. The mentioned combi‐
nation induces apoptosis in imatinib-resistant CML cell lines as well. The co-treatment with
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nilotinib and the HDI LBH589 (panobinostat) was very effective in inducing apoptosis in K-562
and LAMA-84 CML cell lines. LBH589 showed efficacy in imatinib-resistant cell lines bearing
the T315I and E255K mutations and this was associated with depletion of Bcr-Abl. A published
study showed that when combined with imatinib, the HDI valproate can increase the antileu‐
kemic efficacy and sensitize imatinib-resistant CML cells (Kantarjian, O'Brien et al. 2003; Melo
and Chuah 2008; Burke, Swords et al. 2011).

3.7. Proteasome inhibitors

Proteasomes are responsible for the degradation of different cellular proteins. The proteasome
inhibitor bortezomib was shown to inhibit proliferation, to stop the cell cycle in the G2/M phase
and to promote apoptosis in imatinib-sensitive and imatinib-resistant CML cell lines. Co-
treatment with bortezomib and imatinib isn’t recommended because there are some antago‐
nistic interactions. However, if a low dose bortezomib exposure of CML cell lines is followed
by imatinib, there are some additive effects. Synergistic interactions between bortezomib and
the HDI SAHA are reported, and between bortezomib and flavopiridol in in vitro as well (Melo
and Chuah 2008).

3.8. Semi-synthetic drugs

Semi-synthetic drugs flavone and flavopiridol are going through clinical trials. They target
multiple cyclin-dependent kinases. Flavopiridol showed a very promising activity in combi‐
nation with imatinib for inducing apoptosis in Bcr-Abl-positive CML cell lines (Melo and
Chuah 2008).

3.9. Farnesyl Transferase Inhibitors (FTIs)

Current FTIs under investigation and with a potential as antileukemic agents are tipifarnib
and lonafarnib. They are inhibitors of the Ras-MAPK signal pathway which was shown to
couple to Bcr.Abl through protein-protein interactions and to play a central role in leukemo‐
genic transformation. Tipifarnib is in Phase II trial involving 22 patients with CML. Complete
or partial hematological response was achieved in 32% of the patients. The combination
imatinib and tipifarnib was well tolerated and active in patients with imatinib-resistnat CML
– a partial cytogenetic response was achieved in patients harboring the T315I mutant. Lona‐
farnib is a selective inhibitor of primary progenitor cells derived from CML patients. It reduced
colony formation of progenitor cells and showed activity in imatinib-resitant CML cell lines.
However, the reports from a pilot study demonstrated that only 2 of 13 patients achieved a
clinical response.

3.10. Raf-1 inhibitors

Sorafenib (BAY 43-9006) is a multi kinase inhibitor of the RAS/Raf pathway which is involved
in leukemogenesis downstream from Bcr-Abl. Drug concetrations of 5-10 μM were found to
induce apoptosis via the mitochondrial pathway in imatinib-rsistant cell lines. The combina‐
tion between sorafenib and vorinostat (HDAC inhibitor) triggers cell dysfunction through
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Mcl-1 downregulation and p21 inhibition. Sorafenib is approved for the treatment of hepato‐
cellular and renal cancers and Phase I and Phase II trials are carried out in CML patients (Burke,
Swords et al. 2011).

3.11. MEK inhibitors

CI-1040 was the first MEK inhibitor which entered a clinical trial in CML patients. It has been
studied in combinations with imatinib, dasatinib, HDAC inhibitors, arsenic trioxide and HSP
90 inhibitors. The last two combinations were tested with a positive effect in patients with
T315I mutation. Because of the challenging pharamokinetic properties, clinical advancement
is unlikely, but a derivate (PD0325901) is under development (Burke, Swords et al. 2011).

3.12. mTOR inhibitors

The protein kinase, mTOR (mammalian target of rapamycin), is a downstream mediator in the
PI3K/Akt pathway which controls cell growth and survival. Rapamycin (sirolimus) is the
prototype compound of this group, but it has poor aqueous solubility and chemical stability,
limiting its clinical usefulness. However, in a small clinical trial four out of six patients with
imatinib-resistant disease responded to oral rapamycin. Rapamycin also significantly inhibit‐
ed the cell growth in Ph+ cell lines with or without the T315I mutation. The combination
between imatinib and another mTOR inhibitor, everolimus, was associated with an increased
expression of c-Abl and inhibition of Bcr-Abl. In the presence of inhibited Bcr-Abl, c-Abl enetrs
the nucleus an modulates apoptosis. A Phase I trial with imatinib and everolimus has been
completed while a study with temsirolimus is currently in accrual (Burke, Swords et al. 2011).

4. Interferons

Before the era of TKIs and since the 1980s interferon-α had constituted the first-line therapy
for CML patients in the chronic phase of the disease. Interferon induced long-lasting remis‐
sions in up to 80% of the patients with complete cytogenetic response. After interferon therapy
they had disease-free survival beyond 10 years. There are some clinical trials that showed
succesful combinations between TKIs and interferon which provided an adjunct immunologic
response during induction or maintenance therapies. Treatment with interferon after imatinib
was shown to be followed by a possible remission status (Burchert, Muller et al. 2010;
Roychowdhury and Talpaz 2011). Howerver, additional data are required in order to clarify
the role of interferon in conjunction to the TKI therapy.

5. Stem cell transplantation

Allogeneic stem cell transplantation (ASCT) was first line therapy for CML patients for many
years. In the imatinib era, however, ASCT is becomning second or even third option for these
patients if hematological, cytogenetic or molecular remission with imatinib is not achieved
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3.10. Raf-1 inhibitors
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Mcl-1 downregulation and p21 inhibition. Sorafenib is approved for the treatment of hepato‐
cellular and renal cancers and Phase I and Phase II trials are carried out in CML patients (Burke,
Swords et al. 2011).
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CI-1040 was the first MEK inhibitor which entered a clinical trial in CML patients. It has been
studied in combinations with imatinib, dasatinib, HDAC inhibitors, arsenic trioxide and HSP
90 inhibitors. The last two combinations were tested with a positive effect in patients with
T315I mutation. Because of the challenging pharamokinetic properties, clinical advancement
is unlikely, but a derivate (PD0325901) is under development (Burke, Swords et al. 2011).

3.12. mTOR inhibitors

The protein kinase, mTOR (mammalian target of rapamycin), is a downstream mediator in the
PI3K/Akt pathway which controls cell growth and survival. Rapamycin (sirolimus) is the
prototype compound of this group, but it has poor aqueous solubility and chemical stability,
limiting its clinical usefulness. However, in a small clinical trial four out of six patients with
imatinib-resistant disease responded to oral rapamycin. Rapamycin also significantly inhibit‐
ed the cell growth in Ph+ cell lines with or without the T315I mutation. The combination
between imatinib and another mTOR inhibitor, everolimus, was associated with an increased
expression of c-Abl and inhibition of Bcr-Abl. In the presence of inhibited Bcr-Abl, c-Abl enetrs
the nucleus an modulates apoptosis. A Phase I trial with imatinib and everolimus has been
completed while a study with temsirolimus is currently in accrual (Burke, Swords et al. 2011).

4. Interferons

Before the era of TKIs and since the 1980s interferon-α had constituted the first-line therapy
for CML patients in the chronic phase of the disease. Interferon induced long-lasting remis‐
sions in up to 80% of the patients with complete cytogenetic response. After interferon therapy
they had disease-free survival beyond 10 years. There are some clinical trials that showed
succesful combinations between TKIs and interferon which provided an adjunct immunologic
response during induction or maintenance therapies. Treatment with interferon after imatinib
was shown to be followed by a possible remission status (Burchert, Muller et al. 2010;
Roychowdhury and Talpaz 2011). Howerver, additional data are required in order to clarify
the role of interferon in conjunction to the TKI therapy.

5. Stem cell transplantation

Allogeneic stem cell transplantation (ASCT) was first line therapy for CML patients for many
years. In the imatinib era, however, ASCT is becomning second or even third option for these
patients if hematological, cytogenetic or molecular remission with imatinib is not achieved
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after 3,12 and 18 months, respectively (Baccarani and Dreyling 2009). ASCT is still the only
treatment that offers a definitive cure. The risks of ASCT are some mortality rate, graft-versus-
host disease (GVHD), potentially lethal acute or chronic infections death and risk of second
malignancy. There are no data about negative influence on ASCT of pre-treatment with
tyrosine-kinase inhibitors. In a single institution in the USA between 1995 and 2000 131 CP
CML patients underwent allogeneic SCT with bone marrow or perpheral blood from related
donors. In the 3 year long period, the probability of disease-free survival was 78%. The survival
and disease recurrence rates were estimated at 86% and 8% respectively. The Chronic Leuke‐
mia Working Party of the European Group for Blood and Marrow Transplantation (EBMT)
published own data. In the period between 2000 and 2003 3018 patients were treated with
ASCT for CML. The 2-year survival rate was 61%, the transplant-related mortality rate was
30%, and the rate of disease recurrence was 22%. Better results were observed in patients who
underwent ASCT at the time of first CP using as a donor an HLA-identical sibling. The 2-year
survival rate in this case was 74%, transplant-related mortality rate 22% and disease recurrence
rate 18%. This confirms the fact that the outcome of ASCT is highly dependent on risk factors.
EBMT study showed that favorable factors are sibling donor, treatment at early stage of the
disease, under 12 months after diagnosis, and younger age of the patient (age under 20 years
is better than 20-40 years, and above 40 the risks are higher). If successful, ASCT can lead to
long-lasting results. In a 10-year study of patients transplantated with an allogeneic bone
marrow from siblings, the mean time of hematologic or cytogenetic disease recurrence was 7.7
years and 46% of the long-term survivors never developed disease recurrence.

One of the main problems standing in front of ASCT is that most of the patients don’t have a
suitable HLA-matched sibling. National Marrow Donor Program institutions in the U.S.
conducted a study in the period between 1988 and 1999 that compared results from 2464
unrelated donor bone marrow transplantations with 450 HLA-identical sibling donor trans‐
plantations. The results from this study confirm that patients transplantated with bone marrow
from a non-relative donor have greater risk of complications. However it is important to
mention that data from this study didn’t show a significant difference in the 5-year survival
rate between the two types of donors if the transplantion was made within 1 year after
diagnosis (Jabbour, Cortes et al. 2007).

6. Conclusion

Imatinib is now the most common first line drug for the treatment of CML and is a hallmark
of target drug therapies for malignant diseases. However resistance to this drug is a major
problem that can’t be overcome by increasing the dosage (Jabbour, Kantarjian et al. 2007;
O'Hare, Eide et al. 2007). Single agent therapy with imatinib may not be the best long-term
option in many of the CML patients and other approaches should be considered. There are
many novel compounds that are in development and in preclincal and clinical trials, some of
them showed very promising results. Dasatinib, nilotinib and bosutinib are representatives of
the newer generation TKIs which are effective and safe to use in imatinib-resistant and/or -
intolerant CML patients. It is very likely that new Bcr-Abl mutants will become resistant to
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these small-molecule inhibitors. Therefore, other therapeutic approaches are required. The
combination of TKIs with other inhibitors of non-Bcr-Abl targets is needed to overcome the
resistance.

Author details

M.M. Zaharieva1,2, G. Amudov3, S.M. Konstantinov2,4 and M. L. Guenova2,5

1 Institute of Microbilogy-BAS, Sofia, Bulgaira

2  Center  of  Excellence  –  Translational  Research  in  Haematology,  National  Specialised
Hospital for Active Treatment of Haematological Diseases, Sofia, Bulgaria

3 Faculty of Medicine, Sofia University „St. Kl. Ohridski“, Sofia, Bulgaria

4 Faculty of Pharmacy, Medical University of Sofia, Sofia, Bulgaria

5  Laboratory  of  Haematopathology  and  Immunology,  National  Specialised  Hospital  for
Active Treatment of Haematological Diseases, Sofia, Bulgaria

References

[1] Baccarani, M, & Dreyling, M. (2009). Chronic myelogenous leukemia: ESMO clinical
recommendations for diagnosis, treatment and follow-up." Ann Oncol 20 Suppl , 4,
105-7.

[2] Bixby, D, & Talpaz, M. (2009). Mechanisms of resistance to tyrosine kinase inhibitors
in chronic myeloid leukemia and recent therapeutic strategies to overcome resist‐
ance." Hematology Am Soc Hematol Educ Program: , 461-76.

[3] Bradeen, H. A, Eide, C. A, et al. (2006). Comparison of imatinib mesylate, dasatinib
(BMS-354825), and nilotinib (AMN107) in an N-ethyl-N-nitrosourea (ENU)-based
mutagenesis screen: high efficacy of drug combinations." Blood , 108(7), 2332-8.

[4] Branford, S, Melo, J. V, et al. (2009). Selecting optimal second-line tyrosine kinase in‐
hibitor therapy for chronic myeloid leukemia patients after imatinib failure: does the
BCR-ABL mutation status really matter?" Blood , 114(27), 5426-35.

[5] Burchert, A, Muller, M. C, et al. (2010). Sustained molecular response with interferon
alfa maintenance after induction therapy with imatinib plus interferon alfa in pa‐
tients with chronic myeloid leukemia." J Clin Oncol , 28(8), 1429-35.

[6] Burke, A. C, Swords, R. T, et al. (2011). Current status of agents active against the
T315I chronic myeloid leukemia phenotype." Expert Opin Emerg Drugs , 16(1), 85-103.

Modern Therapy of Chronic Myeloid Leukemia
http://dx.doi.org/10.5772/55505

241



after 3,12 and 18 months, respectively (Baccarani and Dreyling 2009). ASCT is still the only
treatment that offers a definitive cure. The risks of ASCT are some mortality rate, graft-versus-
host disease (GVHD), potentially lethal acute or chronic infections death and risk of second
malignancy. There are no data about negative influence on ASCT of pre-treatment with
tyrosine-kinase inhibitors. In a single institution in the USA between 1995 and 2000 131 CP
CML patients underwent allogeneic SCT with bone marrow or perpheral blood from related
donors. In the 3 year long period, the probability of disease-free survival was 78%. The survival
and disease recurrence rates were estimated at 86% and 8% respectively. The Chronic Leuke‐
mia Working Party of the European Group for Blood and Marrow Transplantation (EBMT)
published own data. In the period between 2000 and 2003 3018 patients were treated with
ASCT for CML. The 2-year survival rate was 61%, the transplant-related mortality rate was
30%, and the rate of disease recurrence was 22%. Better results were observed in patients who
underwent ASCT at the time of first CP using as a donor an HLA-identical sibling. The 2-year
survival rate in this case was 74%, transplant-related mortality rate 22% and disease recurrence
rate 18%. This confirms the fact that the outcome of ASCT is highly dependent on risk factors.
EBMT study showed that favorable factors are sibling donor, treatment at early stage of the
disease, under 12 months after diagnosis, and younger age of the patient (age under 20 years
is better than 20-40 years, and above 40 the risks are higher). If successful, ASCT can lead to
long-lasting results. In a 10-year study of patients transplantated with an allogeneic bone
marrow from siblings, the mean time of hematologic or cytogenetic disease recurrence was 7.7
years and 46% of the long-term survivors never developed disease recurrence.

One of the main problems standing in front of ASCT is that most of the patients don’t have a
suitable HLA-matched sibling. National Marrow Donor Program institutions in the U.S.
conducted a study in the period between 1988 and 1999 that compared results from 2464
unrelated donor bone marrow transplantations with 450 HLA-identical sibling donor trans‐
plantations. The results from this study confirm that patients transplantated with bone marrow
from a non-relative donor have greater risk of complications. However it is important to
mention that data from this study didn’t show a significant difference in the 5-year survival
rate between the two types of donors if the transplantion was made within 1 year after
diagnosis (Jabbour, Cortes et al. 2007).

6. Conclusion

Imatinib is now the most common first line drug for the treatment of CML and is a hallmark
of target drug therapies for malignant diseases. However resistance to this drug is a major
problem that can’t be overcome by increasing the dosage (Jabbour, Kantarjian et al. 2007;
O'Hare, Eide et al. 2007). Single agent therapy with imatinib may not be the best long-term
option in many of the CML patients and other approaches should be considered. There are
many novel compounds that are in development and in preclincal and clinical trials, some of
them showed very promising results. Dasatinib, nilotinib and bosutinib are representatives of
the newer generation TKIs which are effective and safe to use in imatinib-resistant and/or -
intolerant CML patients. It is very likely that new Bcr-Abl mutants will become resistant to
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these small-molecule inhibitors. Therefore, other therapeutic approaches are required. The
combination of TKIs with other inhibitors of non-Bcr-Abl targets is needed to overcome the
resistance.
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