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Preface

Remarkable advances have been made in the understanding and treatment of
leukemia since its first description by Alfred Velpeau in 1827 and Alfred Donné in
1844. John Hughes Bennett gave the first official diagnosis back in 1845, and in 1856,
the pathologist Rudolf Virchow coined the term leukemia from the Greek words
“leukos” and “heima,” also meaning “white blood”. In 1970, it was first confirmed that
some patients could be cured of leukemia, and by 1990s, the cure rate for leukemia
was around 70 percent. Recent advances in the diagnosis and treatment of childhood
acute lymphoblastic leukemia have since achieved a success rate of some 80 percent.

This book gives a comprehensive overview of basic mechanisms underlying acute
leukemia, current advances, and future directions in the management of this disease. It
presents a collection of articles on acute leukemia and the most important advances
made in recent years. Employing the principles of molecular biology and
understanding the basic mechanisms of cell proliferation and development are
essential for dealing with leukemia. The book brings together the expert knowledge
from more than 40 internationally renowned scientists, and conveys the basic
information, from classification, analysis and treatment, to novel molecular
mechanism and principles observed in acute leukemia. It combines and assembles
scientific groups worldwide dealing with acute leukemia, from the molecular to the
clinical point of view. After a thorough revision of more than 30 reviews submitted,
only about 50 percent were selected for the first phase of this editorial process.

The book is divided in four chapters: 1) Introduction to acute leukemia, 2) Molecular
mechanisms and markers, 3) Pediatric acute leukemia, and 4) Treatment and future
prospects. The articles synthesize an enormous amount of scientific and clinical data
and give a comprehensive overview to create state-of-the-art descriptions of acute
leukemia.

Objective of the book Acute Leukemia — The Scientist's Perspective and Challenge
represents an extremely aggressive, malignant transformation of an early
hematopoieetic precursor into an immature blast form. It may be derived from
myeloid cell lines, resulting in acute myeloid leukemia (AML), or from lymphoid cell
lines resulting in acute lymphoblastic leukemia (ALL). This general division has
implications for different management approaches. The undifferentiated malignant
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clone proliferates abnormally, accumulates in bone marrow, and results in progressive
hematopoietic failure with anemia, thrombocytopenia, and granulocytopenia. It may
also infiltrate different organs, including liver, spleen, lymph nodes, CNS, kidneys,
and gonads. Treatment options for patients with acute leukemia include
chemotherapy, radiation therapy, targeted therapy, immunotherapy and stem cell or
bone marrow transplantation. Finding a cure is a realistic goal for both ALL and AML,
especially in younger patients. However, long-term survival is reachable in about one
half of patients with acute lymphoblastic leukemia and in the minority of patients with
acute myeloid leukemia. Current research, such as new genes whose protein products
are suitable for targeted therapy and new strategies of immunotherapy, is focalized to
improve therapy for this challenging disease.

Acknowledgments

Most important acknowledgements go to all the contributing authors for their
assistance, eagerness, support, and their expert scientific reviews. I thank my
colleagues, Lipa Cicin-Sain, Maja Matulic and Mladen Paradzik for the motivating and
inspiring discussions. Thanks to my husband Darko for taking care of our children
during the long days and weekends while I worked on this project, and for his
understanding and encouragement. Last but not least, I am most grateful to the
publishing process managers Petra Nenadic and Ana Pantar for their outstanding
work, great support and indispensable help at every phase in the preparation of this
book.

Prof. Mariastefania Antica, PhD
Rudjer Boskovic Institute,
Zagreb,

Croatia









Part 1

Introduction






Classification of Acute Leukemia

Gamal Abdul-Hamid
University of Aden/Hematology Unit
Yemen

1. Introduction

Acute leukemia is a proliferation of immature bone marrow-derived cells (blasts) that may
also involve peripheral blood or solid organs. The percentage of bone marrow blast cells
required for a diagnosis of acute leukemia has traditionally been set arbitrarily at 30% or more.
However, more recently proposed classification systems have lowered the blast cell count to
20% for many leukemia types, and do not require any minimum blast cell percentage when
certain morphologic and cytogenetic features are present.

2. Acute leukemia can be classified in many ways

(1) by morphology and cytochemistry supplemented by immunophenotyping, as proposed by
French-American-British (FAB) group (Bennet et al 1976); (2) Proposed World Health
Organization Classification of Acute Leukemia (Harris et al 1999); (3) by immunophenotyping
alone, as proposed by the European Group for the immunological classification of leukemias
(EGIL) (Bene et al 1995 & Hayhoe FG 1988).

The traditional classification of acute leukemia used criteria proposed by the French-
American-British Cooperative Group (FAB) , using the 30% bone marrow blast cell cutoff
(Bennett et al, 1985). This classification system originally distinguished different leukemia
types by morphologic features and cytochemical studies, particularly myeloperoxidase (or
Sudan black B) and non-specific esterase staining. It was revised to include leukemia types
that could only be accurately identified with the addition of immunophenotyping or
electron microscopic studies (Bennett et al., 1991). Although the FAB classification failed to
distinguish immunophenotypic groups of acute lymphoblastic leukemias, did not recognize
the significance of myelodysplastic changes in acute myeloid leukemias or cytogenetic
abnormalities in either leukemia type, and resulted in some subcategories of little clinical
significance, this system provided very clear guidelines for classification. In addition, some
distinct leukemia subtypes, particularly acute promyelocytic leukemia and acute myeloid
leukemia with abnormal eosinophils, were found to correlate with specific cytogenetic
aberrations and had unique clinical features, and those remain in recently proposed
classification systems.

Acute myelogenous leukemia (AML) was based on how leukemic blasts, the predominant
cell in the disease process, recapitulate normal hematopoiesis. Are blasts in a given case
myeloblasts, monoblasts, megakaryoblasts, etc., and are they un-, minimally, or moderately
differentiated.
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The original classification scheme proposed by the French-American-British (FAB)
Cooperative Group divides AML into 8 subtypes (M0 to M7) and ALL into 3 subtypes (L1 to
L3). Although AML blasts evolve from common myeloid precursors, the 8 subtypes differ in
degree of maturation (Table 1). As specified in the table, MO designates AML with minimal
morphologic or cytochemical differentiation, M1-2 AML with minimal or moderate
granulocytic differentiation, M3 acute promyelocytic leukemia (APL), M4 AML with mixed
myelomonocytic differentiation, Mb5a and M5b monoblastic leukemia with minimal or
moderate differentiation, M6a myeloid leukemia with dysplastic background erythropoiesis,
Mé6b acute erythroblastic leukemia, and M7 acute megakaryoblastic leukemia. The FAB
classification of ALL includes 3 subtypes (L1 to L3), which are differentiated based on
morphology, including cell size, prominence of nucleoli, and the amount and appearance of
cytoplasm (Table 2). Approximately 75% of adult ALL cases have blasts with the B -cell
phenotype, and 25% have blasts with the T-cell phenotype. The FAB classification of ALL and
AML is based on morphology and cytochemical staining of blasts (Cheson et al 1990).

MO AML with no Romanowsky or cytochemical evidence of differentiation
M1 Myeloblastic leukemia with little maturation
M2 Myeloblastic leukemia with maturation

M3 Acute promyelocytic leukemia (APL)

M3h APL, hypergranular variant

MB3v APL, microgranular variant

M4 Acute myelomonocytic leukemia (AMML)
M4eo AMML with dysplastic marrow eosinophils
M5 Acute monoblastic leukemia (AMoL)

Mb5a AMoL, poorly differentiated

M5b AMoL, differentiated

M6 “Erythroleukemia”

Mé6a AML with erythroid dysplasia

Mé6b Erythroleukemia

M7 Acute megakaryoblastic leukemia (AMKL)

Table 1. French-American-British (FAB) Classification of Acute Myelogenous Leukemia

2.1 M0 Acute myeloblastic leukemia with minimally differentiated

AML-MO is most common in adult patients. Accounts for approximately 5-10% of all AML
patients. WBCs show Leukocytosis in 40% and > 50% with leukocytopenia. The diagnosis is
made if less than 3% of the blasts are positive for peroxidase or the Sudan black B reaction
and if the Blasts are positive for the myeloid-associated markers CD13, 14, CD15 or CD33,
CD34 and negative for B or T lineage marker (CD3, CD10, CD19 and CD5). Bone marrow
aspirated was hypercellular in all patients and contained a large number of leukemic blasts
(Bennette JM 1991). Almost no mature myeloid cells were seen. The blasts were small to
medium-sized round cells with an eccentric nucleus. The nucleus often had a flattened
shape and was sometimes lobulated or cleaved and contained fine chromatin with several
distinct nucleoli. The cytoplasm was lightly basophilic without granules. Auer rods are not
found.
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Fig. 1. Acute myeloblastic leukemia AML -M0

2.2 M1 Acute myeloblastic leukemia without maturation

It is found in all aged groups with highest incidence seen in adult and in infants less than a
year old. Leukocytes in about 50% of patients at the time of diagnosis was increased. The
predominant cell in the peripheral blood is usually a poorly differentiated myeloblast with
finely reticulated chromatin and prominent nucleoli. Auer rods are found in the blast of 50%
of the M1. If no evidence of granules or Auer rods is present, the blasts may resemble L2
lymphoblast. The myeloperoxidase or Sudan black B stains are positive in more than 3% of
the blasts indicating granulocytes differentiation, the diagnosis is more likely AML-M1 than
ALL (Bennett et al, 1976). PAS and alpha-naphthyl acetate esterase and naphthol AS-D-
esterase are negative. About 50% of the patients will have acquired clonal chromosome
aberrations in the leukemic cells. CD13, 14, 15, 33 and CD34 myeloid antigens are frequently
positive in M1 leukemia. The most common cytogenetic abnormalities are: t (9; 22) (q34; q11)

X 3

Fig. 2. Acute myeloblastic leukemia AML-M1

2.3 M2 Acute myeloblastic leukemia with maturation

The presenting symptoms for M2 AML are similar to those of the M1 type. Leukocytes
increased in 50% of patients. Myeloblast can usually be found in the blood smears and may
be the predominant cell type. Pseudopelger-Huet and hypogranular neutrophils being most
common cells are seen in M2.
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The bone marrow is hypercellular and types I and II myeloblasts make up from 30-83% of
the promyelocytes to mature segmented cells. The monocytic component is less than 20%,
differentiating M2 from M4. Basophils in some patient (M2 baso) was increased. Eosinophils
and their precursors may be abundant, and in some cases accounts for up to 15% of
myelogram (Berger and Flandrin, 1984). The characteristic that distinguishes AML-M2 from
AML-M1 is the presence of maturation at or beyond the promyelocyte stage. Abnormal
neutrophil maturation appears to be an integral part of AML-M2 with t(8;21) translocation.
The neutrophils may show many abnormal nuclear segmentations and Auer rods.
Cytochemistry; Myeloperoxidase (MPO) reaction in blast cells gives the same result as in
AML-M]1, but the reaction is often of little practical value because the granulocytic nature of
AML-M2 is usually demonstrated clearly by the presence of maturing cells in the granulocytic
series. Sodium fluoride does not inhibit esterase. PAS and nonspecific esterase are negative.
Positive reaction with CD13 and CD15 antigens are frequently seen in cases of M2.

Fig. 3. Acute myeloblastic leukemia AML-M2

2.4 M3 Acute promyelocytic leukemia (APL)

The median age and survival average of APL is about 18 months and occurred in younger
adult. M3 is of particular interest because it results in the fusion of a truncated retinoic acid
receptor alpha (RAR-alpha) gene on chromosome 17 to a transcription unit called PML (for
promyelocytic leukemia) on chromosome 15. It is interesting to note that high doses of the
vitamin A derivative all-trans-retinoic acid are able to overcome thus block in differentiation
both in vitro and in vivo and this agent has been successfully used to induce remission in
patients.

A "variant" form of M3 (Bennett et al, 1980) is characterized by paucity of granules within
the promyelocytic blasts and should not be confused with monocytic leukemia. The blasts
are large with abundant cytoplasm, and the nucleus is usually irregular. The nucleus is often
bilobed or markedly indented and a nucleolus can be seen in each lobe. The cytoplasm is
completely occupied by closely packed large granules, staining bright pink, red or purple.
Cells containing bundles of Auer rods "faggots" randomly distributed in the cytoplasm are
characteristic, but are not present in all cases.

It is believed that the release of large numbers of promyelocytic granules containing a
procoagulant initiate disseminated intravascular clotting (DIC). This is the most serious
complication of M3 AML occurs frequently in both AML-M3 as well as AML-M3 variant
(McKenna et al, 1982) . Initial therapy with the differentiating agent all-trans-retinoic acid
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(ATRA) has improved significantly the treatment of AML-M3 in this regard; early mortality
as a result of DIC is substantially reduced.

Cytochemistry: Peroxidase (MPO) and Sudan black B are strong positive. The periodic acid
Schiff (PAS) is negative and Nonspecific esterase is also weak positive . The MPO reaction is
also strong positive in the AML-M3 variant.

Immunological studies demonstrate positivity with CD13, CD15, CD1 and CD33 myeloid
antigens. Cytogenetic studies have revealed a high prevalence (almost 50%) of the
chromosomal translocation t(15; 17) associated with both AML M3 and M3 variant . M3
AML with t(15;17) is usually characterized by the association of the lymphoid marker, CD2
and CD19, with myeloid markers and the negativity of HLA-DR and CD34.

Fig. 4. Promyelocytic leukemia AML-M3

Fig. 5. Acute myelomonocytic leukemia M4

2.5 M4 Acute myelomonocytic leukemia (AMML)

It is distinguished from M1, M2, and M3 by an increased proportion of leukemia monocytic
cells in the bone marrow or blood or both. Gingival hyperplasia with gingival bleeding is
present. Serum and urine levels of muramidase (lysozyme) are usually elevated because of
the monocytic proliferation. The leukocyte count is usually increased monocytic cells
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(monoblast, promoncytes, monocytes), are increased to 5000/uL or more. Anemia and
thrombocytopenia are present in almost all cases. The marrow differs from M1, M2 and M3
in those monocytic cells exceed 20% of the nonerythroid nucleated cells. The sum of the
myelocytic cells including myeloblasts, promyelocytes and later granulocytes is >20% and
<80% of nonerythroid cells. This bone marrow picture together with a peripheral blood
monocyte count of 5000/ puL or more is compatible with a diagnosis of M4.

Confirmation of the monocytic component of this subgroup requires cytochemistry. The
profile includes positive reactions for sudan black B or peroxidase and both specific and
non-specific esterase. A few cases of M4 AML are characterized by increased marrow
eosinophils and classified as M4e (Berger et al 1985) . Immunological studies demonstrate
positivity with CD13, CD33, CD11b and CD14. Cytogenetic: inv(16) (p13; q22) and del

(16)(q22) .

2.6 M5 Acute monoblastic leukemia (AMoL)

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. Serum and urinary muramidase levels are
often extremely high. The one criterion for a diagnosis of M5 is that 80% or more of all
nonerythroid cells in the bone marrow are monocytic cells. There are two distinct forms 5a
(maturation index <4%) and 5b  (maturation index > 4%).Mba: Granulocyte <20% and
Monocyte >80% >80% monoblast. M5b: Granulocyte <20% and Monocyte >80%  <80%
monoblast (Characterized by the presence of all developmental stages of monocytes;
monoblast, promonocyte, monocyte)

Cytochemistry: Non-specific esterase stains and alpha-naphthyl esterase are positive and
PAS is negative. Myeloperoxidase and Sudan black are weak diffuse activity in the
monoblast. The use of alph-naphthyl butyrate esterase (ANBE) is advantageous because of
its greater degree of specificity and stronger reaction, and also because sodium fluoride
inhibition is not required (Shibata et al, 1985). Immunological studies demonstrate positivity
with CD11b and CD14. There is a strong association between AML M5/M4 and deletion
and translocations involving band 11q23.

_ —ar -

Fig. 6. M5 Acute monoblastic leukemia (AMoL)
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2.7 M6 “Erythroleukemia”

M6 is a rare form of leukemia that primarily affects the peripheral cells. It is nonsexist in
children. The clinical manifestations are similar to other types of AML. The most frequent
presentation is bleeding. The most dominant changes in the peripheral blood are anemia
with sticking poikilocytosis and anisocytosis. Nucleated red cells demonstrate abnormal
nuclear configuration. The leukocytes and platelets are usually decreased. The diagnosis of
erythroleukemia can be made when more than 50% of all nucleated bone marrow cells are
erythroid and 30% or more of all remaining nonerythroid cells are type I or type II blast cells
(Bennett et al, 1985). The erythroblast is abnormal with bizarre morphologic features. Giant
multilobular or multinucleated forms are common. Other features are; fragmentation,
Howell-Jolly bodies, ring sideroblast, megaloblastic and dyserythropoiesis changes are
common. The cytochemistry of erythroblasts are normally PAS negative but in AML-MS6,
erythroblasts especially pronormoblast demonstrates coarse positivity of PAS. Blast cells
express a variety of myeloid associated antigens such as CD13, CD33, anti-MPO with or
without expression of precursor-cell markers as CD34, HLA-Dr determinants as for blast
cells from other AML subtypes. In M6-variant forms, the more differentiated cells can be
detected by the expression of glycophorin A and the absence of myeloid markers.

. T

Fig. 7. M6 “Erythroleukemia”

2.8 M7 Acute megakaryoblastic leukemia (AMkL)

MY is rare. It occurs as a leukemia transformation of chronic granulocytic leukemia (CGL)
and myelodysplastic syndrome (MDS). Pancytopenia is characteristic at initial diagnosis.
Peripheral blood shows micromegakaryocytes and undifferentiated blasts. Bone marrow
dry tap is common. Bone marrow biopsy show increased fibroblasts and/or increased
reticulin and presence of greater than 30% blast cells. The diagnosis of M7 should be
suspected when the blast cells show cytoplasmic protrusion or budding. As bone marrow
smears obtained by aspiration may not be adequate to make a diagnosis, the peripheral
blood films must be examined carefully for the presence of micromegakaryoblasts. Bone
marrow biopsy sections are usually necessary and show a prominent reticulin fibrosis and
excessive numbers of small blasts.

Cytochemistry: Peroxidase is negative, PAS +/-, Esterase +/- and positive acid phospatase.
Cytochemical positivity for a-naphthyl acetate esterase reaction and negative reaction with
a-naphthyl butyrate esterase is unique to megakaryoblast. (Monocytes react positively with
both esterase substrates).
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The monoclonal antibodies that reacts with platelet glycoprotein Ib, IIb/Illa and IlIb, using
immunologic technique as well as CD41, CD42 and CD61 positivity.

There is no unique chromosomal abnormality associated with acute megakaryoblastic
leukemia, with the exception of t(1;22)(p13;q13), which has been found almost exclusively in
young children, less than 18 months old who do not have Downis syndrome.

)

Fig. 8. M7 Acute megakaryoblastic leukemia (AMKL)

Morphologic Classification

FAB Type Features of Blasts
L1 Small cells with scant cytoplasm; nucleoli indistinct and not visible
L2 Large, heterogeneous cells with moderately abundant cytoplasm;

clefting and indentation of nucleus; large and prominent nucleoli

L3 Large cells with moderately abundant cytoplasm; regular, oval-to-round
nucleus; prominent nucleoli;
prominent cytoplasmic basophilia and cytoplasmic vacuoles

Table 2. Morphologic Classification of Acute Lymphocytic Leukemia

Acute lymphoblastic leukemia (ALL) is divided in FAB L1 (children), L2 (older children
and adult), and L3 (patients with leukemia secondary to Burkitt's lymphoma. These types
are defined according to two criteria (1) the occurrence of individual cytologic features and
(2) the degree of heterogeneity among the leukemic cells. These features considered are cell
size, chromatin, nuclear shape, nucleoli, and degree of basophilia in the cytoplasm and the
presence of cytoplasmic vacuolation (Bennett et al 1976).

ALL-L1: Homogenous cells (Small cell): One population of cells within the case. Small cells
predominant, nuclear shape is regular with occasional cleft. Nuclear contents are rarely
visible. Cytoplasm is moderately basophilic. L1 accounts 70% of patients. The L1 type is the
acute leukemia that is common in childhood, with 74% of these cases occurring in children
15 years of age or younger.

ALL-L2: Heterogeneous cells: Large cells with an irregular nuclear shape, cleft in the
nucleus are common. One or more large nucleoli are visible. Cytoplasm varies in colour and
nuclear membrane irregularities. L2 accounts 27% of ALL patients. The FAB-L2 blast may be
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confused with the blasts of acute myeloid leukemia. Approximately 66% of these cases of
ALL in patients older than 15 years are of type 2.

Fig. 9. Acute lymphoblastic leukemia L1

Fig. 10. Acute lymphoblastic leukemia L2

ALL-L3: Burkitt's lymphoma type: Cells are large and homogenous in size, nuclear shape is
round or oval. One to three prominent nucleoli and sometimes to 5 nuleoli are visible.
Cytoplasm is deeply basophilic with vacuoles often prominent. Intense cytoplasmic
basophilia is present in every cell, with prominent vacuolation in most. A high mitotic
index is characteristic with presence of varying degrees of macrophage activity. Mature B-
lymphoid markers are expressed by most cases.

]
Fig. 11. Acute lymphoblastic leukemia L3
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Acute Myeloid Leukemia (AML) and Related Precursor Neoplasm
AML with recurrent genetic abnormalities

AML with (8;21)(q22;q22); RUNX1-RUNX1T1

AML with inv(16)(p13.1g22) or t(16;16)(p13.1;q22); CBFB-MYH11
Acute promyelocytic leukemia with t(15;17)(q22;q12); PML-RARA
AML with (9 ;11)(p22;923); MLLT3-MLL

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

AML with inv(3)(q21q26.2) or t(3;3)(q21,q26.2); RPN1-EVI1

AML with mutated NPM1

AML with mutated CEBPA

AML with myelodysplasia-related changes

Therapy-related myeloid neoplasms

Myeloid sarcoma

Myeloid proliferations related to Down syndrome

Transient abnormal myelopoiesis

Myeloid leukemia associated with Down syndrome

Blastic plasmacytoid denderitic cell neoplasm

Table 3. World Health Organization Classification of Acute Myelogenous Leukemia (2008)

AML defined as >20% blasts in blood or bone marrow; however, clonal, recurring
cytogenetic abnormalities should be considered AML regardless of blast percentage.
Ongoing clinical trials may continue to use French-American-British (FAB) criteria of >230%
blasts until completion of trial. FAB classification identified as MO through M7.

The classification schemes by the World Health Organization (WHO) require the additional
evaluation of the leukemic blasts by molecular analysis and flow cytometry (Harris NL 1997
& Brunangelo Falini 2010, Sachdeva et al 2006). The results of these 4 methods of evaluation
(i.e, morphology, staining, molecular analysis, flow cytometry) not only differentiate ALL
from AML, but also categorize the subtypes of acute leukemia. Table 3 summarizes the new
classification of AML as proposed by WHO, Knowing the subtype of a patient’s leukemia
helps in predicting the clinical behavior of the disease and the prognosis, and in making
treatment recommendations. This classification also improves the reproducibility of
diagnoses and stresses the heterogeneity of the subtypes of AML and ALL (Vardiman 2009).
Recent advances in molecular biology have shown that various subtypes of AML and ALL
behave differently and should not be treated similarly. For example, the identification of M3
AML (acute promyelocytic leukemia) is crucial because it is associated with disseminated
intravascular coagulation (DIC), and retinoic acid, in addition to chemotherapy, is the
treatment of choice.

The two most significant differences between the FAB and the WHO classifications are:

(a) A lower blast threshold for the diagnosis of AML: The WHO defines AML when the
blast percentage reaches 20% in the bone marrow.

(b) Patients with recurring clonal cytogenetic abnormalities should be considered to have
AML regardless of the blast percentage (8;21)(q22;q22), t(16;16)(p13;q22), inv(16)(p13;q22),
or t(15;17)(q22;q12) (Arber DA et al 2008abc, Weinberg OK et al 2009).

The world Health Organization (WHO) classification has changed the grouping of ALL to
reflect increased understanding of the biology and molecular pathogenesis of the diseases. In
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addition to discarding the L1-L3 terms, the new classification characterizes these heterogenous
diseases based upon immunophenotype into 3 basic categories: precursor B-cell ALL,
precursor T-cell ALL, and mature B-cell ALL (Burkitt lymphoma/leukemia) (Jaffe et al 2001)

WHO classification

Precursor B-cell ALL/LBL

Cytogenetic subgroups
t(9;22)(q34,q11),BCR/ ABL
t(v;11q23);MLL rearranged
t(1,19)(q23,p13);,PBX1/E2A
t(12;21)(p13;q22);,TEL/ AML1
Hypodiploid
Hyperdiploid, >50

Precursor T-cell ALL/LBL

Mature B-cell leukemia/lymphoma

ALL= acute lymphoblastic leukemia;
LBL= lymphoblastic lymphoma;
MLL= mixed lineage leukemia

Table 4. World Health Organization classification of acute lymphoblastic leukemia

Abnormalities in chromosome number as well as structural rearrangements (translocations)
occur commonly in ALL. Important cytogenetic abnormalities in precursor B-cell ALL that
are associated with a poor prognosis include t(9;22) or Philadelphia chromosome-positive
(Ph+) ALL, which increases in frequency with age; t(4;11); hypodiploidy, especially if <45%
chromosomes ; and trisomy 8 in adult ALL. The t(4;11) results from a balanced translocation
involving a gene on the long arm of chromosome 11 at band q23 (11q23), known as the
mixed lineage leukemia (MLL) gene. MLL gene translocations occur most commonly in
infancy and are associated with both acute lymphoid and myeloid leukemias.

3. European Group for the Inmunological classification of Leukemias (EGIL)

The European Group for the Immunological Classification of Leukemias (EGIL)(Bene MC et al
1995 & Hoelzer et al 2002)) has proposed that acute leukaemia be classified on the basis of
immunophenotype alone. This classification has the strength that it suggests standardized
criteria for defining a leukaemia as myeloid, T lineage, B lineage, or biphenotypic. It also
suggests criteria for distinguishing biphenotypic leukaemia from AML with aberrant
expression of lymphoid antigens, and from ALL with aberrant expression of myeloid antigens.
However, a purely immunological classification has the disadvantage that discrete entities
may fall into one of two categories; for example some cases of AML of FAB M2 subtype
associated with t(8;21)(q22;,q22) would be classified as "AML of myelomonocytic lineage",
while others would be classified as "AML with lymphoid antigen expression," depending on
whether or not a case showed aberrant expression of CD19. In addition, rare cases of acute
leukaemia have been described which were clearly myeloid when assessed by cytology and
cytochemistry but which did not express any of the commonly investigated myeloid antigens.
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Precursor B-lymphoblastic leukemia ( HLA-DR+, TdT+, CD19+, and/or CD79a+,
and/or CD22+, and/or CD34+). This type of ALL accounts for around 75% of
adult cases and is subdivided into the following groups:

a. ProB-ALL expresses HLA-DR, TdT, and CD19. CD10-, cytoplasmic
immunoglobulin negative; represents approximately 10% of adult ALL.

b. Common ALL is characterized by the presence of CD10, cytoplasmic
immunoglobulin negative; comprises greater than 50% of adult cases of ALL.

c.  Pre B-ALL is characterised by the expression of cytoplasmic immunoglobulin
and CD10; this subtype of ALL is identified in nearly 10% of adult cases.

d. Mature B-ALL is found in approximately 4% of adult ALL patients. The blast
cells express surface antigens of mature B cells, including surface membrane
immunoglobulin (Smlg+). They are typically TdT and CD34 negative and have
L3 morphology. This category overlaps with Burkitt lymphoma, which is
included under the mature B-cell neoplasms.

Precursor T-lymphoblastic leukemia

Cells are TdT+ in addition to cytoplasmic CD3+ and CD34+. This type of ALL
accounts for around 25% of adult cases and is subdivided into:

a. ProT-ALL CD2-, CD7+, CD4-, CD8- seen in around 7% of adult ALL.
. Pre T-ALL CD2+, CD7+, CD4-, CD8-.
c.  Cortical T-ALL or Thymic ALL (Thy ALL) is CDla+ and accounts for 17% of
adult ALL CD7+, CD2+, CD5+, CD4+, CD8+
d. Mature T-ALL are surface CD3+, CD2+, CD7+, CD4 or 8, and
TdT/CD34/CD1la- and make up approximately 1% of adult ALL.

Table 5. European Group for the Immunological Characterization of Leukemias (EGIL)
classification of acute lymphocytic leukemia (Hoelzer 2002)

The consensus considers a 20% minimum threshold to define a positive reaction of blast
cells to a given monoclonal antibody. Roughly 75% of cases of adult ALL are of B-cell
lineage. B-lineage markers are CD19, CD20, CD22, CD24, and CD79a (Huh 2000).

The earliest B-lineage markers are CD19, CD22 (membrane and cytoplasm) and CD79a
(Campana 1988). A positive reaction for any two of these three markers, without further
differentiation markers, identifies pro-B ALL. The presence of CD10 antigen (CALLA)
defines the "common" ALL subgroup. Cases with additional identification of cytoplasmatic
IgM constitute the pre-B group, whereas the presence of surface immunglobulin light chains
defines mature B-ALL.

T-cell ALL constitutes approximately 25% of all adult cases of ALL. T-cell markers are CDla,
CD2, CD3 (membrane and cytoplasm), CD4, CD5, CD7 and CDS8. CD2, CD5 and CD7
antigens are the most immature T-cell markers, but none of them is absolutely lineage-
specific, so that the unequivocal diagnosis of T-ALL rests on the demonstration of
surface/cytoplasmic CD3.

ALL of B or T lineage can additionally express myeloid antigens or stem-cell antigen CD34.
The latter has little diagnostic relevance but can be prognostically important (De Waele 2001)
The scoring system recently proposed by the EGIL group addressed the characterization of the
acute leukemia as B or T lineage ALL, or AML by including the most specific markers for the
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lymphoid and myeloid lineages among those of earlier stages of cell differentiation, plus some
non-specific but stem-cell markers. The system introduced a modified terminology specific to
each 'maturation' step within the B- or T-cell lineage (EGIL 1995) and was confirmed as
adequate for both diagnosis and subclassification of ALL (Thalhammer-Scherrer 2002).

4. European Group for the Inmunological characterization of Leukemias
(EGIL) classification for biphenotypic acute leukemia

Biphenotypic acute leukemia (BAL), or acute leukemia with a single population of blasts
coexpressing markers of two different lineages, is a rare clinical entity.

The scoring systems proposed by Catovsky et al. and by the EGIL (Bene 1995) allowed for a
better definition of biphenotypic acute leukemia (BAL), clearly distinguishing them from
classical AL expressing aberrantly one or two markers of another lineage. However,
increasing evidence suggests that this system has limitations, as acknowledged by the 2008
World Health Organization (WHO) Classification of Tumors of Hematopoietic and
Lymphoid Tissues. Although substantially improved in relation to the EGIL, the new WHO
Classification is still not optimal for guiding the clinical management of patients with BAL.
Typical examples of such aberrations are the expression of CD15 on B-ALL(Maynadie et al
1997), or of CD2 on acute promyelocytic —~AML( Albano 2006). In 1998, the EGIL further
refined this scoring system by attributing one point for the expression of CD117, after
showing the strong relationship of this marker with engagement in the myeloid lineage
(Bene MC et al 1998) . To identify BAL, it is therefore necessary to consider aberrant co-
expression of markers usually associated to different lineages, with a score higher than 2 in
more than one lineage (Zhao XF et al 2009)

B-lineage T-lineage Myeloid lineage
2 point CD79 CD3 MPO
IeM Anti TCR Lisozyme
CD22
1 point CD19 CD2 CD13
CD10 CD5 CD33
CD20 CD8 CD65
CD10
0.5 point TdT TdT CD14
CD24 CD17 CD15
CD10 CDo64, CD117

Table 6. EGIL Scoring system for biphenotypic acute leukemia

Biphenotypic acute leukemia is defined when scores are >2 for the myeloid lineage and >1
for the lymphoid lineage. In some T-ALL cases, clonality of TCR alphabeta rearrangements
can now be assessed cytoflourmetrically (Langerak 2001, Xu XQ et al 2009).

The prognosis of biphenotypic acute leukemia patients is poor when compared with de
novo acute myeloid leukemia or acute lymphoblastic leukemia. Biphenotypic acute
leukemia patients showed a much higher incidence of CD34 antigen expression, complex
abnormal karyotype, extramedullary infiltration, relapse, and resistance to therapy after
relapse (Xu XQ et al 2009).
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5. Conclusion

Acute leukaemia can be classified in many ways. An ideal classification is one which
recognizes real entities with fundamental biological differences. The FAB classification of
ALL and AML is based on morphology and cytochemical staining of blasts. However, the
recent classification schemes proposed by the World Health Organization (WHO) require
the additional evaluation of the leukemic blasts by molecular analysis and flow cytometry.
The results of these 4 methods of evaluation (ie, morphology, staining, molecular analysis,
flow cytometry) not only differentiate ALL from AML, but also categorize the subtypes of
acute leukemia . Recent advances in molecular biology have shown that various subtypes of
AML and ALL behave differently and should not be treated similarly. For example, the
identification of M3 AML (acute promyelocytic leukemia) is crucial because it is associated
with disseminated intravascular coagulation (DIC), and retinoic acid, in addition to
chemotherapy, is the treatment of choice.

The European Group for the Immunological Classification of Leukemias (EGIL) has
proposed that acute leukaemia be classified on the basis of immunophenotype alone. This
classification has the strength that it suggests standardized criteria for defining a leukaemia
as myeloid, T lineage, B lineage, or biphenotypic. It also suggests criteria for distinguishing
biphenotypic leukaemia from AML with aberrant expression of lymphoid antigens, and
from ALL with aberrant expression of myeloid antigens.
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1. Introduction

Laboratory diagnosis of acute leukemia in modern hematology practice is increasingly
relying on guidelines that require the availability of relatively expensive machines with
consistent need for continuous quality control, kits supply and maintenance.

In under-resourced hematology laboratories there is usually a missing step in the battery of
required investigations. Moreover, when some of the advanced diagnostic instruments can
be found then the problem of chronic inadequate and irregular supply of kits and services
would supervene. Therefore, the laboratory diagnosis would mostly depend on the more
basic, but consistently available and well controlled, laboratory techniques that should at
least include complete blood count (CBC) and peripheral blood morphology, after which a
bone marrow study with aspirate and sometimes a trephine biopsy will follow.

Moreover, in specialized hematology centers there may be a routine availability of few
special stains, a very limited immunophenotyping CD markers panel, cytogenetics and PCR
or FISH testing mostly for BCR-ABL1 oncogene.

The aim of diagnosis, lineage assignment and sub-classification of acute leukemia in these
laboratories should immediately serve a clear therapeutic goal.

Sketching rational systematic schemes for optimum use of the locally available investigation
options would usually permit the diagnosis of most varieties of acute leukemias with a very
acceptable level of reliability. Also these schemes may provide invaluable information
regarding the prospect of update and future plans for laboratory development as it can
show clearly where the weak joints are (Abdulsalam, 2010).

2. Basis of diagnosis of myelodysplastic syndrome (MDS)

The WHO classification of this pre-AML disorder (Table 1) can be applied in most under-
resourced laboratories as it only entails the use of peripheral blood morphology and bone
marrow aspirate morphology with Perl’s reaction (diagnosis of rare hypoplastic and
myelofibrotic MDS would require also bone marrow trephine biopsy) with the sole addition
of cytogenetics, preferably performed on marrow aspirate sample.

Even when cytogenetic testing is not available, still the WHO classification can be reliably
applied for the diagnosis of most of the MDS subcategories, with the exceptions of the
otherwise provisional diagnosis of MDS-5q- syndrome (which is characteristically found in a
middle age or an elderly female with peripheral blood macrocytic anemia and upper
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Type

Peripheral blood

Bone marrow aspirate

Refractory cytopenia with
unilineage dysplasia:
- Refractory anemia (RA)
- Refractory neutropenia

Uni- or bi-cytopenia
and <1% blasts

Unilineage dysplasia* with <5% blasts

- Refractory
thrombocytopenia
Refractory anemia with ring | Anemia and <1% Erythroid dysplasia only with <5%
sideroblasts (RARS) blasts blasts and >15% ring sideroblasts

Refractory cytopenia with
multilineage dysplasia

Bi- or pan-cytopenia
and <1% blasts

Bi- or tri-dysplasia with <5% blasts
and <15% ring sideroblasts

Refractory cytopenia with
multilineage dysplasia and
ring sideroblasts
Refractory anemia with excess
blasts-1 (RAEB-1)
Refractory anemia with excess
blasts-2 (RAEB-2)

Bi- or pan-cytopenia
and <1% blasts

Bi- or tri-dysplasia with <5% blasts
and >15% ring sideroblasts

1-4% blasts 5-9% blasts and no Auer rods

10-19% blasts, or <19% blasts plus
Auer rods**

Cytogenetic diagnosis of MDS with
uni-, bi- or tri-lineage dysplasia in
<10% of the cells and <5% blasts
Isolated del(5q) on cytogenetic study,
prominent large megakaryocytes with
hypolobated nuclei and <5% blasts***

5-19% blasts

Uni-, bi- or pan-
cytopenia and <1%
blasts
Anemia with upper
normal or increase
platelet count

MDS-Unclassified

Isolated 5q- syndrome

* Dysplasia is considered significant only if it is present in >10% of the cells.

**If Auer rods or pseudo-Chediak Higashi inclusions are present then MDS RAEB-2 is diagnosed even
when the peripheral blood and bone marrow blasts are <5% and <10% respectively.

*** If blasts > 5% then it is classified as RAEB, although still lenalidomide treatment should be tried.

Table 1. WHO classification of MDS, 2008 (Vardiman, et al, 2009)

normal platelet count or even thrombocytosis, bone marrow megakaryocytes of normal
overall size but with a relatively small mono- or bi-lobed nucleus and a very good response
to a therapeutic trial of lenalidomide) (Kelaidi et al, 2008) and MDS-Unclassified (which can
be diagnosed on follow up when the disease persists or even progress). This classification,
unlike the late FAB classification, would keep with the newest 20% blasts cut-off point to
diagnose acute leukemia, coping with the worldwide standards of MDS literatures and
provide much more relevant prognostic groups.

3. Diagnosis of acute leukemia in under-resourced laboratories

FAB classification (Table 2) of acute leukemia should be applied in under-resourced
laboratories where the only available routine techniques for diagnosis are morphology and
special stains (Abdulsalam, 2010). The scheme in (Figure 1) may be used as a general
guideline for the diagnosis of acute leukemia in under-resourced laboratories; however, it
should be modified to optimally fit into the locally available techniques.

The practical application of WHO classification for acute leukemia (Tables 3 and 4) requires
both diagnosis and risk stratification. The diagnosis can be based on morphology, special
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stains and immunophenotyping (preferably using flowcytometry, or if it is not available
then one can rely on either immunocytochemistry with/without immunohistochemistry).
Laboratory risk stratification relies on cytogenetics and multiplex conventional PCR.

Later on, a follow up for minimal residual disease can be performed using the same genetic
abnormality found at diagnosis, i.e., cytogenetic remission, or more accurately, real time
quantitative (RQ) PCR for quantization of the characteristic translocation that was found
positive (but without quantization using conventional “qualitative” PCR) at diagnosis.

and bone marrow fibrosis

leﬁli:;iia Subtype Morphology Additional tests
1 Small, homogeneous with
high N:C ratio blasts
Larger, heterogeneous, TdT, CD3, CD79a, CD20, CD10
L2 nucleolated with low N:C
ALL ratio blasts
Leukemic phase Large, homogeneous gnd
of Burkitt's nucleQI:al ted blasts with Cytogenetics, ISH or PCR
I homa (L3) basophilic and vacuolated
ymp
cytoplasm
MO Undifferentiated blasts Anti-MPO, CD117, CD33, CD68
or Lysozyme
Undifferentiated blasts +
M1 dysplastic myeloid
differentiation
M2 Myeloblasts with myeloid
maturation SBB stain
M3 Characteristic morphology,
Faggot cells
. Characteristic morphology,
M variant bilobed nuclei
Peripheral blood monocytes
AML M4 >5.0 *10%/1 £ bone marrow
monocytic lineage 220%
Mba NSE confirmation of monocytic
(Monoblastic), . lineage
. Bone marrow monocytic
M5b (Monocytic) lineage >80%
and Mbc e =
(Histiocytic)
SBB, Glycophorin + anti-MPO,
M6 Trilineage dysplasia and avoid CD34 as it would stain
>50% erythroblasts both myeloblasts and
proerythroblasts
M7 Blast with cytoplasmic blebs CD41

Table 2. Diagnosis of acute leukemia based on FAB groups
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Follow up for minimal residual disease using a multi-color flowcytometry can be adequately
performed (Thorn et al, 2011) but is usually more demanding than the genetic techniques,
and therefore, it may not be the best choice in a resource-poor laboratory.

Acute leukemia

> 20 blast cells of total or non- TdT: positive in L2 and

erythroid bone marrow cells negative in leukemic phase
of lymphoma including L3,

which is positive for slg

Clinical features, -
AML Romanowsky and ALL Romanowsky stain:
special stains L1, L2 and L3

Romanowsky stain: M2, morphology SBB: Neeati
M3, M4, M5b, M5¢ & M6 1L -egatve |

[ SBB: M1, M3v ] Undifferentiated acute PAS: cALL

[ M3v: Therapeutic trial ] leukemia: Therapeutic [ L1: Start chemotherapy ]
trial for ALL
[ L2: Therapeutic trial ]
7
Anti-MPO: M0 ini
o B-ALL: CD7% Clinical
radiological

CD10 and clg

CD20 IHC

CD1a and sCD3

Fig. 1. Options for diagnosis of acute leukemia in resource-poor laboratories: FAB-based
classification serving a clear therapeutic target.

[ BCR-ABL1 oncogene: PCR or FISH ]

3.1 Basis of diagnosis of acute leukemia

In the WHO classification of acute leukemia (Jaffe, et al, 2001) the diagnosis is based on an

arbitrary cut-off point of 20% blasts as a percentage of bone marrow total or non-erythroid

cells or as a percentage of peripheral blood cells. This exact percent is also applied
nowadays in under-resourced laboratories were the FAB classification should be used (Bain,
2010a).

This 20% myeloblasts cut-off point seems to be universally accepted and for the time being it

represents the best known tool for defining acute leukemia. However, the word “arbitrary”

may still precede it and this may be attributed to (Abdulsalam, 2011):

1. This precise percent does not represent some specific biological event in the continuum
of increasing blast count, but it is merely, to the best to our current knowledge, a cut-off
point that permits a relatively clear classification and therapeutic aim. However, the fact
that some high risk MDS patients are being treated actively with only 10% bone
marrow blasts should be remembered.
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--- Therapy- related myeloid neoplasms
--- De novo myeloid neoplasms
- AML with recurrent genetic abnormalities including

t(8,21)(q22;q22); RUNX1-RUNX1T1
inv(16)(p13.1q22) or t(16;16)(p13.1;,q22); CBFB-MYH11
t(15;17)(q22;q12); PML-RARA
t(9,11)(p22;q23); MLLT3-MLL
t(6,9)(p23;q34); DEK-NUP214
inv(3)(q21g26.2) or t(3;3)(q21;q26.2); RPN1-EVI1
t(1,22)(p13;q13); RBM15-MKL1
Provisional entity: AML with mutated NPM1
Provisional entity: AML with mutated CEBPA

- AML with myelodysplasia-related changes

- AML not otherwise categorized

- Myeloid sarcoma

- Mpyeloid proliferation related to Down syndrome

- Transient abnormal myelopoiesis

- Myeloid leukemia associated with Down syndrome
- Blastic plasmacytoid dendritic cell neoplasm

Table 3. WHO classification of AML, 2008 (Vardiman, et al, 2009)

--- B lymphoblastic leukemia/lymphoma
- Blymphoblastic leukemia/lymphoma, not otherwise specified

- B lymphoblastic leukemia/lymphoma with recurrent genetic abnormalities including

t(9,22)(q34;q11.2) and BCR-ABL1
translocation involving 11q23 and MLL rearrangement
t(12,21)(p13;G22) and ETV6-RUNX1
hyperdiploidy (> 50 chromosomes)
hypodiploidy (< 46 chromosomes)
t(5;14)(q31,932) and IL3-IGH
t(1,19)(q23;p13.3) and TCF3-PBX1
--- T lymphoblastic leukemia/lymphoma

Table 4. WHO classification of ALL, 2008 (Vardiman, et al, 2009)
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2. The significant difference in the cut-off point of blast percent between peripheral blood
and bone marrow is well established in MDS as the two groups RAEB-1 (blast count
less than 5% in peripheral blood and 5-9% in bone marrow) and RAEB-2 (blast count 5-
9% in peripheral blood and 10-19% in bone marrow). In acute leukemia no such
discrimination is available.

3. The morphological finding of pathological “clonal” blast, type II that contains Auer
rods, Pseudo-Chédiak-Higashi (Abdulsalam & Sabeeh, 2011) (Image 1) or other specific
inclusions that are not seen in reactive marrow, is referring to the diagnosis of RAEB-2
or AML, here again the arbitrary cut-off point of 20% blasts will decide the specific
diagnosis.

4. The original FAB classification was based for many years on the arbitrary cut-off point of
30% bone marrow blasts and previously some patients with 20-29% blasts remained stable
over months without chemotherapy. However, this major percent change was driven by
the survival studies which revealed that patients with 20-29% myeloblasts have a similar
survival pattern as those with 30% and more in the bone marrow (Jaffe et al, 2001).

5. Although myeloblasts recognition criteria as agranular and granular blasts achieved a
reasonable consensus, there are minor discordances in their definitions and in practice it
may be a matter of convention (subjective method) to discriminate it from the
continuum of cells, as in deciding whether this cell is a blast type III or a promyelocyte.

6. The “blasts” refer to myeloblasts, lymphoblasts, monoblasts, promonocytes and
megakaryoblasts.

7. Diagnosis of AML-M3 and its variant is not related to the blast percent.

8. Cases with blast cells less than 20% may still be diagnosed as acute leukemia if they
present with certain recurrent cytogenetic abnormalities as in AML M4 with inv(16) or
t(16;16)(p13;q22) and AML M2 with t(8;21) (Jaffe et al, 2001).

9. The utilization of 20% lower blast threshold is not really an issue in ALL because most
patients at diagnosis already have more than 50% blasts. Moreover, a patient with
normal or reduced peripheral blood count and bone marrow lymphoblasts about or
slightly above 20% would usually be classified as lymphoblastic lymphoma rather than
ALL. A 25% cut-off point has been suggested to arbitrarily differentiate between the
two conditions.

10. In AML-MO and M1 the 20% blasts cut-off point is also of no use in practice.

Laboratory diagnosis of acute leukemia in modern hematology practice is increasingly

relying on objective techniques to detect a specific ultrastructural or genetic abnormality.

Therefore, the era of 20% blasts to diagnose acute leukemia may not stand the time any

longer than that of the old FAB group 30% blasts lower threshold. However, at least in the

present and the near future the morphology will remain the initial diagnostic test of acute
leukemia and the abovementioned blast threshold will still be useful as a tool for

classification (Abdulsalam, 2011).

The presence or absence of myeloblasts has a central role in diagnosis of AML and suspicion

of ALL respectively. The blasts are divided into agranular (type I) and granular (type II and

III) blasts based on Romanowsky stain morphology. However, when using SBB stain many

of the “apparently” agranular blasts turn to be granular. Pathognomonic signs of AML that

can be seen with Romanowsky stain and more frequently with SBB stain include SBB-
positive granules, Auer rods, atypical “thick” Auer rods, pseudo-Chediak-Higashi
inclusions (Abdulsalam et al, 2011a) (Image 1) and rectangular crystalline structures (Merino

& Esteve, 2005) .
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Image 1. Pseudo-Chédiak-Higashi inclusions together with atypical “thick” Auer rods in
AML.

3.2 Clinical features

At diagnosis, acute leukemia should, in most of the cases, be clinically manifested within the
last month with non-specific features like lethargy and fatigue or more commonly with
specific features related to organ infiltration including bone marrow which results in anemia-
related features, infections and bleeding. Other organ infiltration may refer not only to broad
suspicion of acute leukemia but more likely to lineage assignment or even to a specific
diagnosis, e.g., hepatosplenomegaly, lymphadenopathy, CNS symptoms and testicular
involvement are in favor of ALL, severe bone pain in lower extremities would refer to B-ALL,
thymic mediastinal mass and pleural effusion to T-ALL, bleeding tendency with overt
coagulation tests defect can refer to AML-M3 and its variant and gum hypertrophy, skin
involvement and hepatosplenomegaly in M4 and, more commonly, in M5.

3.3 Complete blood count (CBC)

Acute leukemia in most of the cases would present with one, or more often more abnormalities
of the CBC, including anemia, leucocytosis (or less common leucopenia) and thrombocytopenia.
Even when the WBC count is within normal limits the anemia, thrombocytopenia and WBC
flags (in most automated cell counters) would raise fair enough suspicion.

Clinical features combined with CBC should be very sensitive in directing acute leukemia
cases to be studied by peripheral blood smear.

3.4 Peripheral blood smear
Should be the backbone for the diagnosis of acute leukemia when there is leucocytosis or
when leucocyte count is within reference range, as in most of the cases it provides a specific
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diagnosis (ALL-L3 and AML-M3), a provisional diagnosis (ALL-L1 and AML M2, M3
variant, M4, M5b, Mb5c and M6) or at least a limited differential diagnosis (ALL-L2 and
AML-MO, M1, M5a and M7).

When blasts are numerous in peripheral blood then special stains like SBB can be applied
directly to it, this can be very useful for emergency diagnosis of AML-M3 variant especially
within short time like before the weekend (Abdulsalam & Sabeeh, 2010). In cases with
leucopenia, although frank blast cells may not be easily found, still there should be at least a
clue to the diagnosis (including anemia, thrombocytopenia and myeloid dysplasia).

The presence of nucleated red cells and myeloid dysplasia mainly in the form of Pelger-
Huet neutrophils should be investigated as the former can refer to AML-M6 and the later
can suggest an AML with myelodysplasia. A bone marrow study should follow including
aspirate and biopsy (when there is peripheral blood pancytopenia, and dry tap,
hypocellular, diluted or difficult aspirate).

3.5 Bone marrow aspirate (BMA)

The diagnosis of acute leukemia in many instances is evident from the peripheral blood
film; however, the bone marrow aspirate examination is always essential for confirmation of
diagnosis, classification and application of special techniques including cytochemical stains,
genetic studies, Immunocytochemistry (ICC) and immunohistochemistry (IHC).

IHC staining can be applied using the clotted marrow aspirate as a regular tissue sample
after fixation and without decalcification (Bain, 2001a), to avoid bone marrow biopsy when
there is no need for this procedure apart from the intention to apply immunophenotyping;
however, it should be noted that the only use of clotted aspirate is for immunophenotyping,
i.e., it should not be used as a regular morphology sample or any other application.

Apart from AML-M3 and its variant, the provisional and final diagnosis of the subtype of
acute leukemia should not be issued before a proper BMA is performed. The classification of
AML FAB groups is based on the percentages of blasts, maturing myeloid series
(promyelocytes to neutrophils), monocytic series and erythroblasts from the total nucleated
marrow cells. Also in some occasions many vital signs may be seen only in marrow aspirate
like few Faggot cells in AML-M3 variant and even Auer rods. This phenomenon is
aggravated when there is a peripheral leucopenia.

Diagnosis of acute leukemia is based on the presence of at least 20% blasts of total nucleated
marrow cells, this condition may not be applicable especially in some AML cases, then 20%
blasts limit should be obtained from the non-erythroid non-lymphoid marrow cells,
otherwise the case would be labelled as MDS (Table 1). The reason for setting two lower
thresholds is to simplify the morphology counts in practice, where in the first type of
threshold the hematologist needs only to count the blast cells from all the nucleated cells in
the field, this is much easier in practice but it would certainly require much higher blast
threshold (which is available in almost all cases of ALL and many AML patients) than what
would be required in the second form, which would be much more effort demanding and
time consuming as one has to exclude erythroblasts, lymphocytes, plasma cells,
macrophages and mast cells from the count.

Diagnosis of AML with myelodysplasia can only be confirmed by studying the bone
marrow aspirate morphology with trilineage dysplasia. Dyserythropoiesis alone can be seen
in many malignancies and is multifactorial, dysmyelopoiesis is supportive to the diagnosis
of AML; however in cases where neutrophils and maturing myeloid cells are few then
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absence of dysmyelopoiesis does not affect the diagnosis. Dysmegakaryopoiesis, especially
in the form of micromegakaryocytes is in favour of diagnosis of AML with a preceding
myelodysplastic syndrome.

3.6 Bone marrow biopsy

Is indicated when failed to obtain an adequate marrow aspirate, which may result from
improper aspiration technique, presence of fibrosis (especially in ALL and AML-M7; in both
conditions there may be a leucoerythroblastic anemia and tear drop poikilocytes in peripheral
blood), aleukemic or subleukemic peripheral blood and bone marrow aspirate smears due to
heavily packed marrow (especially in ALL) or presence of hypoplastic acute leukemia
(especially in AML). It is also indicated when there is an intention to apply routine
immunophenotyping (although this can be adequately applied on clotted marrow sections, see
paragraph 3.5). It can be stated that the bone marrow biopsy is not an essential investigation in
acute leukemia diagnosis when obtaining an adequate marrow aspirate (Bain, 2001b).

The presence of peripheral blood leucocyte count above or within the upper normal count
can be used as an indicator that a bone marrow biopsy would not be essential; in contrast,
leucopenia or pancytopenia suggest the need for bone marrow biopsy.

3.7 Acute Myeloid Leukemia (AML)

With Romanowsky stain morphology AML- M2, M3, M4, M5b, M5c and M6 can be
recognized readily.

By adding few special stains such as Sudan black B, and not myeloperoxidase (MPO) as SBB
has a little more sensitivity in detecting myeloblasts which is crucial for diagnosis of AML,
plus a non-specific esterase (NSE) stain as ANAE it becomes possible to recognize AML-M1
and most cases of AML-Mba respectively (Bain, 2006).

Rare types of AML like Mb5c require a higher degree of morphology experience, in which
malignant cells appearance is reminiscent of tissue histiocytes (Image 2) (Abdulsalam &
Sabeeh, 2009a).

The AML cases that cannot be distinguished by Romanowsky and special stains
morphology are M0 and M7, for which the presence of myeloid dysplasia (abnormal nuclear
morphology and cytoplasm hypogranularity using a Romanowsky stain or absence of SBB
stained granules from maturing myeloid cells and neutrophils) (Image 7) in the former and
the blasts' cytoplasmic blebs and bone marrow fibrosis in the latter may give a hint for the
probable diagnosis, however there is still the need for more positive diagnostic technique
and as the flow cytometry immunophenotyping may not be available then the use of a
limited number of CD markers study by ICC/IHC is the option, these include mainly anti-
myeloperoxidase for M0 and CD41 for M7.

When resources are limited then it is for the best to concentrate on cytoplasmic ICC/IHC
CD markers with the highest lineage sensitivity and specificity.

There is a small proportion of cases that would be only certainly subclassified after the
response to treatment as in rare forms of AML-M3v in spite that SBB stain is usually of help
in this form (Images 5 and 6).

Risk stratification of AML is based on genetic studies.

3.8 Acute Lymphoblastic Leukemia (ALL)
Consideration of clinical as well as hematological features permits a strong presumptive
diagnosis of ALL (Bain, 2010). ALL-L3 diagnosis (which should be referred to as the
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Image 2. Blast cells appearance in AML-M>c.

leukemic phase of Burkitt’s lymphoma as it arises from mature B-cells) would be obvious
by morphology alone and it is convenient to rely on morphological diagnosis of ALL-L1
and start treatment. Also if a patient with an acute leukemia showing heterogeneous
blasts that has no morphological markers of myeloid differentiation, negative staining
with SBB with unavailability of further differentiating procedures then it may be treated
initially as ALL-L2, as statistically speaking it would be much more possible than AML-
MO. The negative result in staining with SBB is very helpful, while the addition of the
special stain PAS would improve the chances of the correct diagnosis of common ALL.
However, a case with positive staining results for both SBB and PAS is an acute myeloid
leukemia (Image 3).

Clinical features as bone pain and radiological sign of mediastinal mass may presumptively
aid in differentiating between B- and T-ALL, however, using ICC/IHC antibodies including
CD79a for B lineage and CD3 for T lineage are necessary. After setting the diagnosis of B-
ALL in adults then ICC/IHC CD20 typing and PCR or FISH for BCR-ABL1 fusion gene
would affect the treatment options.

In children (neonate up to 15 years) there is some reluctance for BCR-ABL1 testing due to its
low frequency, only about 3%. However, it may be prudent to test for this transcript in
children who have some lymphoblasts with large azurophilic granules (represent
approximately 10% of cases) (Jaffe, et al, 2001) as this, beside cutting short additional costs,
can offer a safer limit.

Rare cases of ALL-L2 that are confused with leukemic phase of large cell lymphoma can be
differentiated through the use of TdT immunohistochemistry typing on bone marrow
biopsy slide, which would be positive in ALL but not in lymphoma.

Risk stratification of ALL is based on immunophenotypic and genetic studies.
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Image 3. Composite photograph of a patient with AML-M1 who had a 95% PAS-positive
blasts (left image) and SBB positive blasts (right image).

3.9 Biphenotypic acute leukemia

The diagnosis of this acute leukemia requires a simultaneous application of several myeloid
and lymphoid CD markers, or at least a request for the main lymphoid markers (CD3 and
CD79a) after finding a SBB positive result (Matutes et al, 1997).

In resource-poor laboratories a step-by-step algorithm is followed in order to use the least
possible resources, therefore, the identification of a mixed acute leukemia can be missed, as
when some clinical, morphological, cytochemical or immunological markers refer to one
diagnosis then the other lines of investigations are usually skipped to save expenses.
However, misdiagnosis of this rare type of acute leukemia to only one of its components
may, in some cases, not adversely affect the patient.

3.10 Rare types of acute leukemia

In a resource-poor laboratory these types of acute leukemia can be identified only if it
happened to show some characteristic features using one of the essential techniques
including, e.g.,, AML-Mb5c characteristic peripheral blood and bone marrow morphology,
while others like biphenotypic acute leukemia may be misdiagnosed to only one of its
components as described in paragraph 3.9. Natural killer-cell leukemia can be confused
initially with reactive lymphocytosis as it results in CD3 negative and its characteristic CD56
marker is not usually tested for in an under-resourced laboratory.

3.11 Special stains

For diagnosis of AML, especially M1 and M5, the addition of Sudan black B (SBB) and a
non-specific esterase stain as a-naphthyl acetate esterase is respectively essential. While for
ALL a negative result (0-2%, these rare SBB positively stained blasts represent remnant
normal myeloblasts) with SBB staining is crucial to support the diagnosis. The addition of
PAS stain would not add a lot to support the diagnosis of ALL as it can, at least occasionally,
be equally positive in AML; however, a positive PAS stained vacuolated blasts can be useful
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to refer to cALL in 98% of cases (Bain, 2010a), here again CD10 ICC/IHC staining would be
more meaningful.

3.11.1 Sudan Black B (SBB) stain

It is one of the few, but very useful, cytochemical stains to choose in a resource-poor

laboratory. Care should always be paid for counting blasts with the right black color,

intensely stained granules. The appealing characters that entail the use of SBB stain are:

i.  The reaction and non-reaction with SBB stain are both significant, as the former refer
practically to AML and the latter supports the diagnosis of ALL or AML-MO0.

ii. The intensity of a positive reaction with SBB in general parallels myeloperoxidase
activity. Generally local experience would decide which stain to choose. However, SBB
gives a slightly more intense reaction and sensitivity than myeloperoxidase staining in
the detection of myeloblasts and is safer than the older technique of MPO staining
(using carcinogenic benzidine or its derivatives).

iii. Better demonstration of Auer rods by using SBB stain than any of the usual
Romanowsky stains. This would be of utmost benefit to identify all MDS cases with
Auer rods, to differentiate some AML from ALL cases (Image 4) and also to follow up
AML cases for morphological remission after induction chemotherapy.

Image 4. Composite photograph of the peripheral blood film of a patient with AML-M2, the
blasts showed unusual nuclear lobulation, these blasts contained SBB positive granules and
Auer rods (Abdulsalam et al, 2011b)

In all AML subtypes, except for AML-M3, the presence of even one blast cell with Auer
rod would refer to failure to achieve remission and indicate the need for a second
induction chemotherapy course, while in AML-M3 finding an Auer rod after induction
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is usually a part of response to treatment as it appears in more maturing myeloid cells
(Wong, 2010) (Image 5).

The presence of 3% or more SBB stain positive blasts would characteristically refer to
the diagnosis of AML-M1 rather than ALL.

Although it is now about 30 years since first reporting that in very rare cases even ALL
blasts may show SBB positivity (Tricota, et al, 1982); however characters like being of
less intensity than the control (remnant normal cells of the myeloid series), non-
granular and diffuse reaction help to indicate that these are not myeloblasts. Also
lymphoblasts would universally stain negative with MPO which can then be used to
confirm the nature of the blasts.

Increased SBB stain positivity at diagnosis is associated with better prognosis.

Speedy and firm enough diagnosis of AML-M3 variant cases (Image 6) to start ATRA
treatment in the same day (Abdulsalam & Sabeeh, 2010).

Demonstration of myeloid series dysplasia (Image 7) (Bain, 2010b).

The stain can be easily applied to peripheral blood as well as bone marrow aspirate
smears.

- B B ﬂ..

Image 5. Peripheral blood film of a patient with AML-M3 on ATRA treatment showing a
dysplastic neutrophil that contains an Auer rod (Abdulsalam and Sabeeh, 2009b)

3.11.1.1 How to count the percentage of SBB positively stained blasts

The

literatures are always referring to directly counting the blasts from the SBB stain slide,

which is the best technique if the blasts can be easily recognized, but in practice and
especially with AML-M1 this is not always feasible due to the nature of the stain which
renders many blasts indistinguishable from other less immature cells. Therefore, there
should be a second best technique to count the percent of smear positive SBB blasts, because
it is not always possible to differentiate all the blasts directly from the SBB slide.
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In the author’s hematology laboratory practice the following procedure is applied by first
utilizing the Leishman stain slide for counting cells into 3 categories as fractions from all the
total marrow cells: 1st the blast cells; 2nd the maturing myeloid cells, which would be all
assumed to stain positive, although some may actually be negative as a feature of
myelodysplasia but nevertheless in calculations this would provide a higher safety
threshold to avoid inappropriately classifying a case as AML and 3t category for
lymphocytes and nucleated red cells, which would be negatively stained. Then from the SBB
stain slide count all the SBB positive cells and deducing the relative percentage of the SBB
positive blasts.

Image 6. Composite photograph showing Leishman staining (left) and SBB,
cytochemical, staining (right) diagnosis of the variant form of AML-M3 (Abdulsalam &
Sabeeh, 2010).

3.11.2 NSE

Including a-naphthyl acetate esterase (ANAE), or preferably, a-naphthyl butyrate esterase
(ANBE) which is more specific than the acetate stain for the monocytic lineage, either stain
is required to confirm the morphological diagnosis of AML-M4, M5a and M5b.

In some occasions there might be a differential diagnosis between M3v and M5b, in which
cases it is best to avoid discrimination between them based only on NSE as it may be
positive in both leukemias, instead a strong reaction with SBB in M3v can be used.
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Image 7. Dysplastic metamyelocyte (bottom right) that is completely agranular with SBB
staining. {Same patient in Image 4}

3.11.3 Periodic Acid Schiff (PAS)

It adds a minor support to diagnosis of ALL as a similar reaction can be seen, although less
frequently in AML. Although the pattern of reaction was considered important in some
literatures (Lewis et al, 2006) to differentiate between ALL (with clear cytoplasm between
the positive granules) and AML (with cytoplasmic smudge positivity between the positive
granules) but in practice relying on such a difference is very difficult, therefore, PAS use is
considered non-essential and should be replaced by CD3 and CD79a ICC/IHC.

The other late advantage of PAS was to refer to possible cases of c-ALL; again this use has
been superseded by CD10.

3.12 Immunophenotyping

Refers to identification of antigens within or on the surface of cells for the purpose of
lineage assignment. It is not a proof for clonality instead of the genetic study.

In AML patients it is essential for proper diagnosis of M0 and M7. In ALL it is essential for
diagnosis and risk stratification including T and B lineage assignment (as there is no reliable
morphological features to differentiate between them), and subclassification into pro-,
common (c), pre- and mature B-ALL and early, cortical and mature T-ALL.

A suggested list of ICC and IHC CD markers that should be available for diagnosis of acute
leukemia can include: CD3 for T-ALL (CD?7 is more sensitive than CD3, it almost reach 100%
sensitivity for T-ALL but is not specific as it is also positive in 20% of AML cases; however,
CD7 is still an excellent substitute for T-lineage assignment in rare cases of CD3 negative T-
ALL where with the proper clinical and radiological features, Romanowsky and special
stains morphology and other CD markers, as negative anti-MPO, then the diagnosis of ALL
is evident) and CD79a for B-ALL.



34 Acute Leukemia — The Scientist's Perspective and Challenge

When B-ALL diagnosis is confirmed then CD20 would help to decide for anti-CD20
(Rituximab) treatment option.

TdT would help to differentiate ALL-L2 (where it is positive) from leukemic phase of
lymphoma (where it is negative).

For B-ALL CD10 is negative in pro-B-ALL and positive in common-ALL (c-ALL) which
confers better prognosis. In pre-B-ALL cytoplasmic immunoglobulin (cIg) is positive while
surface Ig (slg) is positive only in mature B-ALL (ALL-L3 or leukemic phase of Burkitt’s
lymphoma, in which case TdT is negative).

Only cytoplasmic CD3 (cCD3) is positive in early T-ALL, cCD3 and CD1a are both positive
in thymic or cortical T-ALL which confers better prognosis, while in mature T-ALL surface
CD3 (sCD3) is positive and CD1a is negative.

Anti-myeloperoxidase, CD117 or CD33 can be used for AML-MO0 and CD41 for AML-M?7.
The availability of CD45 can be useful in rare occasions to ensure the hemopoietic nature of
a poorly differentiated malignancy (Bain et al, 2002).

3.12.1 Flowcytometry

The newer multicolor (detecting many CD markers in/on the same single malignant cell)
and multiparametric (a character comparative to that of automated blood counters studying
characters like cell size and granularity) flowcytometer is one of the ultimate routine
techniques in diagnosis of AML and ALL, primary risk stratification of ALL and follow up
for MRD. When there is leucocytosis due to leukemic blasts then the flowcytometry study
can be done on peripheral blood, otherwise, a bone marrow aspirate is the specimen of
choice. However, the current price of the flowcytometer, cost of operating kits and
maintenance make it unsuitable for laboratories with small budget.

3.12.2 Immunocytochemistry (ICC)

This technique should be consistently used in resource-poor laboratories for lineage and
sub-lineage assignment of acute leukemia. It is applied on the bone marrow aspirate smear
or, less conveniently on the peripheral blood after removal of plasma or on buffy coat (only
if the blast percent is high). Sample spread can be done on a regular glass-slide (it is not
essential to use a positively charged slide as in IHC) and after fixation in alcohol, ICC can be
applied directly or after storage.

In acute leukemia the results of ICC (Image 8) can be interpreted in much more logical sense
than IHC as the remaining normal or reactive cells can express some diagnosis-unrelated
but confusing CD marker that in the aspirate can be easily detected to appear only for non-
blast cells.

3.12.3 Immunohistochemistry (IHC)

Can be used as a substitute for ICC as the second best test for immunophenotyping of acute
leukemia in the resource-poor laboratories if the blast percent is high, and if the results are
unequivocally positive or negative or when the bone marrow aspirate is inadequate,
otherwise when the blast percent is low or when the IHC positive result is in the borderline
zone (20-30%) the judgment on the result of IHC can be difficult. For paraffin embedded
IHC the designation between marker-positive blasts or reactive cells can be very difficult
and in almost all conditions the total positivity per all marrow cells is expressed.
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1

Fig. 8. Composite photograph of the same AML-M1 patient in (Image 2) showing CD 3

negative blasts (top image) with 28% “uncounted” positive small lymphocytes, and CD20
negative blasts (bottom image) with 5% “uncounted” positive small lymphocytes.

3.13 Genetic studies
Including mainly cytogenetics, InSitu Hybridization (ISH) and PCR. All of these techniques
have advantages and limitations and the choice in acute leukemia should be based on at
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least two different techniques that would give complementary information especially for
risk stratification and follow up for MRD.

Older techniques, like Feulgen stain for quantization of DNA contents should be avoided
even in under-resourced laboratories because these techniques are non-standard and
confusing.

3.13.1 Cytogenetics

It should be routinely applied for every suspected case of acute leukemia. Cytogenetics
would represent to genetic studies what a blood smear represents to hematology, i.e., study
of morphology of chromosomes and blood cells respectively. However, it has major
limitations as the procedure-inherent failure rate and inability to detect small size
aberrations or cryptic translocations.

Cytogenetics, beside a molecular study, is essential for the application of the WHO
classification of acute leukemia and its risk stratification.

3.13.2 InSitu Hybridization (ISH)

Including Flourescent InSitu Hybridization (FISH) and Chromogenic InSitu Hybridization
(CISH). Each technique has its advantages and limitations. FISH would represent a
molecular genetic study plus demonstration of some chromosomal morphology. While
CISH would represent a molecular genetic study plus demonstration of tissue morphology.
In the author’s opinion both techniques are not ideal for diagnosis, risk stratification and
follow up of acute leukemia in an under-resourced laboratory.

3.13.3 Polymerase Chain Reaction (PCR)

Using only one detection kit multiplex RT-PCR assay is an effective, sensitive, accurate and
cost-effective one-step multiple molecular re-arrangements diagnostic and risk-stratification
tool. It is a complementary technique to conventional cytogenetics for risk stratification of
acute leukemia and it provides a platform for the later on possibility of RQ-PCR detection of
minimal residual disease (MRD) as multiplex RT-PCR is a qualitative procedure and is not
used by itself as a mean for detection of MRD. For ALL, ETV6-RUNX1 and TCF3-PBX1
(both confer good prognosis), and MLL-MLLt2 and BCR-ABL1 (both confer poor prognosis)
(Cerveira at al, 2000 and Shai, 2010); and for AML, FLT3 and MLL (both confer poor
prognosis), and NPM1 and CEBPA (both confer good prognosis) (Strehl et al, 2001) paired
primers are useful options (Salto-Tellez et al, 2003).

3.14 Chemotherapeutic trial for acute leukemia

A chemotherapeutic trial for those who cannot afford to seek a more precise diagnosis with
genetic study and lineage specification abroad is a realistic option, as the response to
treatment could be a very useful confirmation of the provisional diagnosis. The two
examples already the author had faced are AML-M3v diagnosed provisionally only by
morphology but with a dramatic response to ATRA trial, confirming the diagnosis (Image 9)
and a few cases of morphologically undifferentiated acute leukemia in which the induction
therapy for ALL is tried first (using vincristine and prednisolone only). If the patient
responds, then a diagnosis of ALL can be deduced; if not, the regimen should be shifted to
chemotherapy of AML (Abdulsalam, 2009).
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Image 9. Peripheral blood film showed 94% abnormal granulated promyelocytes. In the
absence of any specialized tests, the diagnosis was made from cytological features. There
was a dramatic response to ATRA, confirming the morphological diagnosis of AML-M3v
(Abdulsalam & Nafila, 2009).

3.15 Lumbar puncture
Looking for cerebrospinal fluid (CSF) involvement with acute leukemia is advised in all
patients with ALL, while for patients with AML it is only indicated for patients with
neurological symptoms.

3.16 Remission

Durable remission in acute leukemia is based on clinical and morphological evidences.
Clinical remission includes absence of symptoms and signs of leukemia. Complete blood
count consistent with remission would include absence of severe anemia, neutrophil
count more than 1 x109/1 and platelet count more than 100 x10°/1 (Bain, 2010).
Morphological remission of acute leukemia from peripheral blood involves absence of
blasts, immature myeloid cells and nucleated red cells. Bone marrow aspirate consistent
with morphological remission would include blast cells being less than 5% with absence
of Auer rods. The presence of even one Auer rod on SBB stain would refer to failure to
achieve remission.

Flowcytometry, cytogenetics or molecular genetics may be used to validate a morphological
remission if any of these techniques were already utilized at diagnosis.
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3.17 Minimal residual disease (MRD)
Detection of MRD entails the availability of either RQ-PCR or multi-color flowcytometry.
Both techniques may not be routinely feasible for a laboratory with poor-resources.

4. Minimal technical requirements for application of WHO classification of
acute leukemia

There should be at least a routine availability of CBC (manual or, preferably, automated),
peripheral blood and bone marrow aspirate smears (and in some occasions bone marrow
biopsy), SBB and a NSE stains, immunocytochemistry with/without immunohistochemistry
(including at least CD3, CD79a, anti-MPO and CD41), cytogenetics and conventional PCR
for the multiplex primers already mentioned in paragraph 3.13.3.

5. Conclusion

In hematology laboratories where the diagnostic resources are limited, it is essential to
establish local guidelines that are practical in developing cost-effective diagnostic protocols
for conditions for which the treatment is available, plus leaving the door wide open for
future improvements, as to the introduction of newer techniques to the already available
procedures once a newer therapeutic agent with certain lineage assignment demands has
been introduced.

6. Acknowledgement

I would like to thank Dr. Nafila Sabeeh, laboratory hematologist at Al-Yarmouk Teaching
hospital, for her invaluable notes.

7. References

Abdulsalam, A. 2009. Chemotherapeutic trial for acute leukemia in Iraq. Turkish Journal of
Hematology, 264, 216.

Abdulsalam, A. 2010. Laboratory diagnosis of acute leukemia in Iraq, the available options.
Turkish Journal of Hematology, 27, 320-321.

Abdulsalam, A. 2011. “Arbitrary” criterion for the diagnosis of acute leukemia. Turkish
Journal of Hematology, 28 (2): 149-150.

Abdulsalam, A., Sabeeh, N. 2009a. Acute myeloid leukemia with histiocytic differentiation.
American Society of Hematology image bank, 9, 80.

Abdulsalam, A., Sabeeh, N. 2009b. Auer rod in a neutrophil following ATRA treatment of
acute promyelocytic leukemia. Slide atlas, BloodMed, British Society of Haematology.
Wiley-Blackwell.

Abdulsalam, A., Sabeeh, N. 2010. Cytological/cytochemical diagnosis of the variant form of
acute promyelocytic leukaemia. Slide atlas, BloodMed, British Society of Haematology.
Wiley-Blackwell.

Abdulsalam, A., Sabeeh, N., Bain, B. 2011a. Pseudo-Chédiak-Higashi inclusions together
with Auer rods in acute myeloid leukemia. American Journal of Hematology, 86 (7):
602.



Diagnosis of Acute Leukemia in Under-Resourced Laboratories 39

Abdulsalam, A., Sabeeh, N., Bain, B. 2011b. Myeloblasts with unusual morphology.
American Journal of Hematology, 86 (6): 499.

Bain, B. 2001a. Bone marrow aspiration. Journal of Clinical Pathology, 54: 657-663.

Bain, B. 2001b. Bone marrow trephine biopsy. Journal of Clinical Pathology, 54: 737-742.

Bain, B. 2006. Blood cell, a practical guide. 4th ed. Blackwell publishing, Singapore.

Bain, B. 2010a. Leukaemia diagnosis 4th ed. Wiley-Blackwell, Singapore.

Bain, B. 2010b. Neutrophil dysplasia demonstrated on Sudan black B staining. American
Journal of Hematology, 85, 9, 707.

Bain, B., Barnett, D., Linch, D., Matutes, E., Reilly, J.T. 2002. Revised guideline on
immunophenotyping in acute leukaemias and chronic lymphoproliferative
disorders. Clinical and Laboratory Haematology, 24: 1-13.

Cerveira, N., Ferreira, S., DoA ria, S., Veiga, 1., Ferreira, F., Mariz, ]., Marques, M., Castedo,
S. 2000. Detection of prognostic significant translocations in childhood acute
lymphoblastic leukaemia by one-step multiplex reverse transcription polymerase
chain reaction. British Journal of Haematology, 109: 638-640.

Jaffe, E., Harris, N., Stein, H., Variman, ]. 2001. World Health Organization classification of
tumors, Tumors of Haemopoietic and Lymphoid tissues. IARC press, Lyon.

Kelaidi, C., Eclache, V., Fenaux, P. 2008. The role of lenalidomide in the management of
myelodysplasia with del 5q. British Journal of Haematology, 140: 267-278.

Lewis, M., Bain, B., Bates, I. 2006. Dacie and Lewis practical haematology 10th ed. Churchill
Livingstone, Germany.

Matutes, E., Morilla, R., Farahat, N., Carbonell, F., Swansbury, J., Dyer, M., Catovsky, D.
1997. Definition of acute biphenotypic leukemia. Haematologica, 82: 64-66.

Merino, A., Esteve, J. 2005. Acute myeloid leukaemia with peculiar blast cell inclusions and
pseudo-eosinophilia. British Journal of Haematology, 131, 286.

Salto-Tellez, M., Shelat, S., Benoit, B., Rennert, H., Carroll, M., Leonard, D., Nowell, P., Bagg,
A. 2003. Multiplex RT-PCR for the Detection of Leukemia-Associated
Translocations. Journal of Molecular Diagnostics, 5 (4): 231-236.

Shai, I. 2010. Application of genomics for risk stratification of childhood acute
lymphoblastic leukaemia: from bench to bedside? British Journal of Haematology,
151: 119-131.

Strehl, S., Konig, M., Mann, G., Haas, O. 2001. Multiplex reverse transcriptase-polymerase
chain reaction screening in childhood acute myeloblastic leukemia. Blood, 97 (3):
805-808.

Thorn, 1., Forestier, E., Botling, J., Thuresson, B., Wasslavik, C., Bjérklund, E., Aihong, L.,
Eleonor L.E., Malec, M., Gronlund, E., Torikka, K., Heldrup, J., Abrahamsson, J.,
Behrendtz, M., Soderhill, S., Jacobsson, S., Olofsson, T., Porwit, A., Lonnerholm, G.,
Rosenquist, R., Sundstrém, C. 2011. Minimal residual disease assessment in
childhood acute lymphoblastic leukaemia: a Swedish multi-centre study comparing
real-time polymerase chain reaction and multicolour flow cytometry. British Journal
of Haematology, 152 (6): 743-753.

Tricota, G., Broeckaert, A., Van Hoof, A. Verwilgdhen RL. 1982. Sudan Black B
positivity in acute lymphoblastic leukaemia. British Journal of Haematology, 51,
615-621.



40 Acute Leukemia — The Scientist's Perspective and Challenge

Vardiman, ]., Thiele, J., Arber, D., Brunning, R., Borowitz, M., Porwit, A., Harris, N., Le
Beau, M., Lindberg, E., Tefferi, A., Bloomfield, C. 2009. The 2008 revision of the
World Health Organization (WHO) classification of myeloid neoplasms and acute
leukemia: rationale and important changes. Blood, 114, 937-951.

Wong, F. 2010. All-trans-retinoic acid therapy. British Journal of Haematology, 149: 309.



Part 2

Molecular Mechanisms and Markers






3

The PI3K/PKB Signaling Module in
Normal and Malignant Hematopoiesis

Roel Polak! and Miranda Buitenhuis!?2

Department of Hematology, Erasmus MC, Rotterdam,
2Erasmus MC Stem Cell Institute for Regenerative Medicine, Erasmus MC, Rotterdam,
The Netherlands

1. Introduction

Hematopoiesis is a complex series of events resulting in the formation of mature blood cells.
This process is regulated by cytokines at various levels, including self-renewal, proliferation,
and differentiation. Upon binding of cytokines to their cognate receptors, the activity of
intracellular signal transduction pathways is regulated, leading to modulation of gene
expression. Although our appreciation of the transcriptional regulators of hematopoiesis has
developed considerably, until recently, the roles of specific intracellular signal transduction
pathways were largely unknown. An important mediator of cytokine signaling implicated
in regulation of hematopoiesis is the Phosphatidylinositol-3-Kinase (PI3K) / Protein Kinase
B (PKB/c-Akt) signaling module (Figure 1).

The PI3K family consists of three distinct subclasses of which, to date, only the class 1
isoforms have been implicated in regulation of hematopoiesis. Four distinct catalytic class I
isoforms have been identified; p110c, p110B, p1105 and p110y (reviewed by Vanhaesebroeck
et al., 2001). These isoforms are predominantly activated by protein tyrosine kinases and
form heterodimers with a group a regulatory adapter molecules, including p85a, p858, p50a
pbba, pb5yand plOly (reviewed by Vanhaesebroeck et al, 2001). The most important
substrate for these Class I PI3Ks is phosphatidylinositol 4,5 bisphosphate (PI(4,5)P,) which
can be phosphorylated at the D3 position of the inositol ring upon extracellular stimulation,
resulting in the formation of phosphatidylinositol 3,4,5 trisphosphate (PI(3,4,5)P3) (reviewed
by Hawkins et al., 2006). PI(3,4,5)P; subsequently serves as an anchor for pleckstrin
homology (PH) domain-containing proteins, such as Protein Kinase B (PKB/ c-akt)
(Burgering & Coffer, 1995). Activation of PKB requires phosphorylation on both Thr3%8, in
the activation loop, by phosphoinositide-dependent kinase 1 (PDK1) and Ser473, within the
carboxyl-terminal hydrophobic motif, by the MTORC2 complex that consists of multiple
proteins, including Mammalian Target of Rapamycin (mTOR) and Rictor (Sarbassov et al.,
2005).

PKB itself subsequently regulates the activity of multiple downstream effectors, including
the serine/threonine kinase Glycogen Synthase Kinase-3 (GSK-3) (Cross et al., 1995),
members of the FoxO subfamily of forkhead transcription factors FoxO1, FoxO3, and FoxO4
(Brunet et al., 1999; Kops et al., 1999) and the serine/threonine kinase mammalian target of
rapamycin (mTOR) as part of the MTORC1 complex, which also includes the regulatory
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associated protein of mTOR (Raptor). In contrast to GSK-3 and the FoxO transcription
factors that are inhibitory phosphorylated by PKB, activation of mTOR is positively
regulated (Nave et al., 1999; Inoki et al., 2002). It has been demonstrated that PKB can inhibit
the GTPase activating protein Tuberous sclerosis protein 2 (TSC2)/TSC1 complex, resulting
in accumulation of GTP-bound Rheb and subsequent activation of mTOR (Inoki et al., 2002).
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Fig. 1. Schematic representation of the PI3K/PKB signaling module. Activation of PI3K by
receptor stimulation results in the production of PtdIns(3,4,5)P; at the plasma membrane.
PKB subsequently translocates to the plasma membrane where it is phopshorylated by
PDK1 and the mTORC2 complex. Upon phosphorylation, PKB is released into the
cytoplasm where it can both inhibitory phosphorylate multiple substrates, including FoxO
transcription factors and GSK-3 and induce the activity of other substrates such as mTOR as
part of the mTORC1 complex. Negative regulators of the PI3K/PKB signaling module
include PTEN, SHIP1 and Ins(1,3,4,5)P4.

While cytokines and growth factors positively induce PI3K activity, its activity can also be
inhibited by SH2-containing inositol-5'-phosphatase 1 (SHIP1) (Damen et al., 1996), a protein
predominantly expressed in hematopoietic cells (Liu et al., 1998), that hydrolyzes PIP3 to
generate PI(3,4)P, (Damen et al., 1996). Similarly, Phosphate and Tensin Homologue (PTEN)
(Maehama & Dixon, 1998), a ubiquitously expressed tumor suppressor protein, can
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dephosphorylate PIP; resulting in the formation of PI(4,5)P, (Maehama & Dixon, 1998).
Although both PTEN and SHIP1 act on the main product of PI3K activity, PIPs, the products
generated are distinct. PI(3,4)P, and PI(4,5)P, both act as discrete second messengers
activating distinct downstream events (Dowler et al., 2000; Golub & Caroni, 2005) indicating
that the activation of SHIP1 and PTEN not only inhibit PI3K activity, but also can re-route
the signal transduction pathways activated by PI-lipid second messengers.

2. PI3K/PKB signaling and normal hematopoiesis

2.1 PI3K

The role of PI3K class I isoforms was initially examined utilizing knockout mice deficient for
one or multiple regulatory or catalytic subunits. Combined deletion of p85a, p55a and p50a
resulted in a complete block in B cell development (Fruman et al., 2000). Similarly,
introduction of a mutated, catalytically inactive p1105 (p1108P9104) in the normal p1108 locus
also resulted in a block in early B cell development while T cell development was unaffected
(Jou et al., 2002; Okkenhaug et al., 2002). These results indicate that PI3K activity is essential
for normal B lymphocyte development. Pharmacological inhibition of PI3K activity in
human umbilical cord blood derived CD34+ hematopoietic stem and progenitor cells
revealed that inhibition of the activity of PI3K is sufficient to completely abrogate both
proliferation and differentiation during ex vivo eosinophil and neutrophil development
eventually leading to cell death (Buitenhuis et al., 2008). Conditional deletion of either PTEN
or SHIP1 in adult HSCs resulting in activation of the PI3K pathway not only reduced the
level of B-lymphocytes but also enhanced the level of myeloid cells (Helgason et al., 1998;
Liu et al.,, 1999; Zhang et al., 2006). In addition, these mice developed a myeloproliferative
disorder that progressed to leukemia (Helgason et al., 1998; Liu et al., 1999; Zhang et al,,
2006). Furthermore, enhanced levels of megakaryocyte progenitors have been observed in
SHIP1 deficient mice (Perez et al., 2008). In PTEN heterozygote (+/-) SHIP null (-/-) mice, a
more severe myeloproliferative phenotype, displayed by reduced erythrocyte and platelet
numbers and enhanced white blood cell counts including elevated levels of neutrophils and
monocytes in the peripheral blood, could be observed (Moody et al., 2004). Interestingly,
PI3K appears not only to be involved in lineage development, but is also required for stem
cell maintenance. In PTEN and SHIP1 deficient mice, an initial expansion of HSCs could be
observed which was followed by a depletion of long-term repopulating HSCs (Damen et al.,
1996; Helgason et al., 2003). Recently, a shorter SHIP1 isoform (s-SHIP1), which is
transcribed from an internal promoter in the SHIP1 gene, has also been implicated in
positive regulation of lymphocyte development during hematopoiesis. (Nguyen et al., 2011).
Its role in regulation of HSCs and long-term hematopoiesis remains to be investigated
(Nguyen et al., 2011). A third negative regulator of the PI3K/PKB signaling module is
Inositol 1,3,4,5-tetrakiphosphate (Ins(1,3,4,5)P4), which is generated from Inositol 1,4,5-
triphosphate (Ins(1,4,5)P3) by Inositol triphosphate 3-kinase B (InsP3KB). It has been shown
that Ins(1,3,4,5)P4 can bind to the PIP3-specific PH domains and competes for binding to
those PH domains with PIP3 (Jia et al., 2007). In the bone marrow of mice deficient for
InsP3KB, an acceleration of proliferation of the granulocyte macrophage progenitor has been
observed resulting in higher levels of GMPs and mature neutrophils (Jia et al., 2008). In
addition, although B lymphocytes could still be observed in InsP3KB deficient mice, mature
CD4+ and CD8+ T lymphocytes were almost completely absent (Pouillon et al., 2003).
Although InsP3KB is also involved in regulation of other pathways, the enhanced PKB
phosphorylation in these mice (Jia et al., 2008) suggest that the observed phenotype is at
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least partially due to activation of the PI3K/PKB signaling module. Taken together, these
studies suggest that correct temporal regulation of PI3K activity is critical for both HSC
maintenance and regulation of lineage development.

2.2 PKB

PKB, an important effector of PI3K signaling, has been demonstrated to play an important
role in regulation of cell survival and proliferation in a variety of systems (reviewed by
Manning & Cantley, 2007). Three highly homologous PKB isoforms have been described to
be expressed in mammalian cells; PKBa, PKBp, and PKBy. Analysis of HSCs derived from
PKBo/PKBpB double-knockout mice revealed that PKB plays an important role in
maintenance of long-term repopulating HSCs. These PKBo,/PKBP double-deficient HSCs
were found to persist in the Gy phase of the cell cycle, suggesting that the long-term
functional defects observed in these mice were caused by enhanced quiescence (Juntilla et
al., 2010). In contrast, loss of only one of the isoforms only minimally affected HSCs (Juntilla
et al., 2010). In addition, analysis of mice deficient for both PKBo and PKBp revealed that the
generation of marginal zone and B1 B cells and the survival of mature follicular B cells
highly depend on the combined expression of PKBa and PKBp. Again no significant
differences could be observed in mice deficient for the single isoforms (Calamito et al., 2010).
In addition, ectopic expression of constitutively active PKB in mouse HSCs conversely
resulted in transient expansion and increased cycling of HSCs, followed by apoptosis and
expansion of immature progenitors in BM and spleen, which was also associated with
impaired engraftment (Kharas et al., 2010), again demonstrating the importance of PKB in
HSC maintenance. Utilizing an ex vivo human granulocyte differentiation system and a
mouse transplantation model, it has recently been demonstrated that PKB not only plays a
role in expansion of hematopoietic progenitors, but also has an important function in
regulation of cell fate decisions during hematopoietic lineage commitment (Buitenhuis et al.,
2008). High PKB activity was found to promote neutrophil and monocyte development and
to inhibit B lymphocyte development, while conversely reduction of PKB activity is required
to induce optimal eosinophil differentiation (Buitenhuis et al., 2008). In addition, PKB plays
an important role in regulation of proliferation and survival of dendritic cell (DC)
progenitors, but not maturation (van de Laar et al., 2010). Transplantion of mouse bone
marrow cells ectopically expressing constitutively active PKB was sufficient to induce a
myeloproliferative disease in most mice, characterized by extramedullary hematopoiesis in
liver and spleen. In the majority of those mice, lymphoblastic thymic T cell lymphoma could
also be observed. In addition, an undifferentiated AML developed in those mice that did not
develop a myeloproliferative disease (Kharas et al., 2010).

2.3 Downstream effectors of PKB

To understand the molecular mechanisms underlying PKB mediated regulation of
hematopoiesis, the roles of its downstream effectors in hematopoiesis have been
investigated. FoxO transcription factors are known to play an important role in regulation of
proliferation and survival of various cell types (reviewed by Birkenkamp & Coffer, 2003).
Although proliferation and differentiation of hematopoietic progenitors appears not to be
affected in FoxO3 deficient mice, competitive repopulation experiments revealed that deletion
of FoxO3 is sufficient to impair long-term reconstitution (Miyamoto et al., 2007). In addition, in
aging mice, the frequency of HSCs was increased compared to wild type littermate controls
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(Miyamoto et al., 2007) and neutrophilia developed upon myelosuppressive stress conditions
(Miyamoto et al., 2007). In contrast to FoxO3 deficient mice in which neutrophilia only
occurred after myelosuppression while aging, conditional deletion of FoxO1, 3, and 4 in the
adult hematopoietic system, was sufficient to increase the levels of myeloid cells and decrease
the number of peripheral blood lymphocytes under normal conditions. In time, these mice
developed leukocytosis characterized by a relative neutrophilia and lymphopenia (Tothova et
al., 2007). In addition, an initial expansion of HSCs has been observed in these mice which
correlated with an HSC-specific up-regulation of Cyclin D2 and down-regulation of Cyclin G2,
p130/Rb, p27, and p21 (Tothova et al., 2007). Furthermore, a defective long-term repopulating
capacity of bone marrow cells was observed, which could be explained by the reduction in
HSC numbers that followed the initial expansion (Tothova et al., 2007). Although deletion of
FoxO3 alone was not sufficient to improve myeloid development, ectopic expression of a
constitutively active, non-phosphorylatable, FoxO3 mutant in mouse hematopoietic
progenitors did result in a decrease in the formation of both myeloid and erythroid colonies
(Engstrom et al., 2003), suggesting that FoxO3 does plays an important role in lineage
development.

Modulation of the activity of the PI3K signaling pathway has been observed to alter the
level of reactive oxygen species (ROS). While ROS levels are reduced in PKBa/ deficient
mice (Juntilla et al., 2010), increased levels have been observed in mice deficient for FoxO
(Miyamoto et al., 2007). Increasing ROS levels in PKBa,/p deficient mice was sufficient to
rescue differentiation defects, but not impaired long-term hematopoiesis (Juntilla et al.,
2010). Restoring the ROS levels in FoxO deficient mice by in vivo treatment with an
antioxidative agent N-acetyl-L-cysteine was sufficient to abrogate the enhanced levels of
proliferation and apoptosis in FoxO deficient HSCs and to restore the reduced colony
forming ability of these cells (Tothova et al., 2007). These studies demonstrate that correct
regulation of ROS by FoxO transcription factors is essential for normal hematopoiesis.
Recent findings have demonstrated that correct regulation of the activity of GS5K-3, another
downstream effector of PKB, is also essential for maintenance of hematopoietic stem cell
homeostasis. A reduction in long-term, but not short-term repopulating HSCs has, for
example, been observed in GSK3 deficient mice (Huang et al., 2009). In addition, disruption
of GSK-3 activity in mice with a pharmacological inhibitor or shRNAs has been shown to
transiently induce expansion of both hematopoietic stem and progenitor cells followed by
exhaustion of long-term repopulation HSCs (Trowbridge et al., 2006; Huang et al., 2009). In
addition, since GSK-3 has been demonstrated to inhibit mTOR activity by phosphorylation
and activation of TSC1/2 (Inoki et al.,, 2006) and the level of phosphorylated S6 was
enhanced in cells with reduced GSK-3 levels, mice were treated with rapamycin. Rapamycin
induced the number of LSK cells when GSK3 was depleted, but not in un-manipulated cells,
suggesting that mTOR is an important effector of GSK-3 in regulation of HSC numbers
(Huang et al., 2009) In addition to the observed expansion of HSCs in mice treated with a
GSK-3 inhibitor, the recovery of neutrophil and megakaryocyte numbers after
transplantation was accelerated in these mice, resulting in improved survival of the
recipients (Trowbridge et al., 2006). In addition, ex vivo experiments revealed that GSK-3 can
enhance eosinophil differentiation and inhibit neutrophil development (Buitenhuis et al.,
2008). C/EBPa, a key regulator of hematopoiesis, has been demonstrated to be an important
mediator of PKB/GSK-3 signaling in regulation of granulocyte development (Buitenhuis et
al., 2008).
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A third, important mediator of PI3K/PKB signaling is mTOR. Conditional deletion of TSC1
in mice, resulting in activation of mTOR, has been demonstrated to enhance the percentage
of cycling HSCs and to reduce the self-renewal capacity of HSCs in serial transplantation
assays (Chen et al., 2008). In addition, a reduction in the number of granulocytes and
lymphocytes has been observed in those mice (Chen et al., 2008). As described above,
activation of the PI3K signaling pathway by conditional deletion of PTEN in adult murine
HSCs resulted in an initial expansion followed by exhaustion of LT-HSCs. Inhibition of
mTOR in murine HSCs deficient for PTEN with Rapamycin was sufficient to revert this
phenotype, again suggesting that mTORCI signaling plays an important role in
proliferation of HSCs (Yilmaz et al., 2006). A role for mTOR in progenitor expansion has
been demonstrated utilizing an ex vivo human granulocyte differentiation system (Geest et
al.,, 2009). In contrast to inhibition of PKB activity which not only affects progenitor
expansion but also alters lineage development (Buitenhuis et al., 2008), inhibition of mTOR
activity with Rapamycin only reduced the expansion of hematopoietic progenitors, during
both eosinophil and neutrophil differentiation, without altering levels of apoptosis or
maturation (Geest et al., 2009). Similarly, inhibition of mTOR reduced the number of
interstitial DCs and Langerhans cells in in vitro experiments (van de Laar et al., 2010). In
contrast to granulocyte development, treatment with rapamycin appears not only to affect
proliferation during megakaryocyte (MK) development, but also appears to delay the
generation of pro-platelet MKs (Raslova et al., 2006). Similar to FOXO transcription factors,
TSC1 also appears to be involved in regulation of ROS levels in HSCs. Elevated levels of
ROS have been observed in TSC1 deficient mice. In vivo treatment of those mice with a ROS
antagonist restored HSC numbers and function (Chen et al., 2008), suggesting that TSC1
regulates HSC numbers at least in part via ROS. In addition to GSK3, the activity of C/EBPa
also appears to be regulated by mTOR, albeit in a different manner. It has recently been
shown that the ratio of wild type C/EBPa (C/EBPap42) and truncated C/EBPop30, which
is generated by alternative translation initiation, is decreased by mTOR, resulting in high
levels of the smaller p30 C/EBPa isoform (Fu et al., 2010) that inhibits trans-activation of
C/EBPa target genes in a dominant-negative manner (Pabst et al., 2001) and binds to the
promoters of a unique set of target genes to suppress their transcription (Wang et al., 2007).

3. PI3BK/PKB signaling and malignant hematopoiesis

3.1 Deregulated PI3K/PKB signaling in malignant hematopoiesis

The above described studies clearly demonstrate that the PI3K/PKB signaling module plays
a critical role in regulation of hematopoiesis. Since constitutive activation of PI3K and/or its
downstream effectors has been observed in a high percentage of patients with hematological
malignancies, it is likely that the development of leukemia may at least in part depend on
aberrant regulation of this signaling module.

3.1.1PI3K

Constitutive activation of class I PI3K isoforms has been observed in a high percentage of
patients with acute leukemia (Kubota et al., 2004; Silva et al., 2008; Billottet et al., 2009; Zhao,
2010). In contrast to the expression of p110a, f and y which is only up-regulated in leukemic
blasts of some patients, p1103 expression appears to be consistently up-regulated in cells
from patients with either AML or APL (Sujobert et al., 2005; Billottet et al., 2009). Activating
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mutations in p110a, have been detected in a wide variety of human solid tumors (Ligresti et
al., 2009). The most common mutations in p110a are located in the kinase domain (H1047R)
and in the helical domain (E545A) (Lee et al.,, 2005). The E545A mutation has also been
detected in acute, but not further specified, leukemia, albeit in a very low percentage (1/88)
(Lee et al., 2005). In a series of 44 pediatric T-ALL patients, activating mutations in the
catalytic subunit of PI3K (PIK3CA) have been observed in 2 patients, while in frame
insertions/ deletions have been detected in the PI3K regulatory subunit PIK3R1 in two other
patients (Gutierrez et al., 2009). Transplantation of mice with bone marrow cells ectopically
expressing mutated p110a resulted in the development of a leukemia-like disease within 5
weeks after transplantation (Horn et al., 2008), suggesting that mutations in p110o would be
sufficient to induce leukemia. However, since mutations in PI3K appear to be very rare, it is
unlikely that these mutations would be a major cause of leukemic development.
Alternatively, the constitutive activation of PI3K observed in many patients with leukemia
could also be caused by either aberrant expression or activation of modulators of PI3K
activity, including PTEN and SHIP1.

Reduced expression of PTEN has, for example, been observed in different types of leukemia
(Xu et al., 2003; Nyakern et al., 2006). Both homozygous and heterozygous deletion of PTEN
as well as non-synonymous sequence alterations in exon 7 have been detected in
approximately 15% and 25% of T-ALL patients, respectively (Gutierrez et al., 2009). In
contrast, analysis of both leukemic cell lines and primary AML blasts indicate that PTEN
mutations are rare in AML (Aggerholm et al., 2000; Liu et al., 2000). In addition to mutations
in PTEN itself, aberrant PTEN expression may also be caused by mutations in its upstream
regulators. Both enhanced casein kinase 2 (CK2) expression/activity and enhanced ROS
levels appear, for example, to correlate with decreased PTEN phosphatase activity in T-ALL
cells (Silva et al., 2008). Both CK2 inhibitors and ROS scavengers were sufficient to restore
PTEN activity and impaired PI3K/PKB signaling in those T-ALL cells, demonstrating that
aberrant CK2 and ROS levels may affect PI3K signaling in leukemia (Silva et al., 2008).
Another important, negative regulator of PI3K activity that has been demonstrated to play a
critical role in hematopoiesis is SHIP1. Analysis of primary T-ALL cells revealed that full
length SHIP1 expression is often low or undetectable. However, when using an antibody
against the C terminal domain of SHIP1, low molecular weight proteins can frequently be
observed. These low molecular weight proteins are thought to be the result of mutation
induced alternative splicing (Lo et al., 2009). In addition, in leukemic cells from an AML
patient, a mutation in the phosphatase domain of SHIP1 has also been detected which
results in reduced catalytic activity and enhanced PKB phosphorylation (Luo et al., 2003).
For an overview of all known mutations affecting PI3K/PKB signaling, see table 1.

3.1.2 PKB

Constitutive activation of PKB has been demonstrated in a significant fraction of AML
patients (Min et al., 2003; Xu et al., 2003; Zhao et al., 2004; Grandage et al., 2005; Gallay et al.,
2009). Until recently, no PKB mutations were found in patients with leukemia. However, an
activating mutation in the pleckstrin homology domain of PKB (E17K) has recently been
detected in solid tumors (Carpten et al., 2007). Transplantation of mice with bone marrow
cells ectopically expressing this E17K mutation was sufficient to induce leukemia, ten weeks
after transplantation (Carpten et al., 2007). Although this particular mutation has been
observed in different types of cancer, it appears to be rare in leukemic patients. Thus far, this
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mutation has only been detected in one pediatric T-ALL patient (Gutierrez et al., 2009). To
date, no other mutations in PKB have been described.

Mutation Activation/ Det.ected Location References
loss in:
Pathway
. AML & . . Lee, 2005; Horn,
PI3K E545A Activation ALL Helical domain p110a 2008
E542K Activation # Helical domain p110a Horn, 2008
H1047R Activation # Kinase domain p110a Horn, 2008
PIK3CA Activation | T-ALL Catalytic subunit PI3K Gutierrez , 2009
PIK3R1 Deletion T-ALL Regulatory subunit PI3K Gutierrez , 2009
PTEN PTEN Deletion | T-ALL Homozygous and Gutierrez , 2009
heterozygous
Dysruption | T-ALL | Sequence alterationsinexon?7 | Gutierrez, 2009
Deletion AIii];lzell Exons 2 through 5 Sakai , 1998
Deletion Al\l/ilrllzell Exons 2 through 5 Aggerholm , 2000
SHIP1 SHIP1 Deactivation | AML Phosphatase domain Luo, 2003
o . . Carpten , 2007;
PKB E17K Activation T-ALL | Pleckstrin homology domain Gutierrez , 2009
PP2A Deletion | Deletion/Loss| AML Cristobal , 2011
Upstream
Fl1t3 FIt3-ITD Activation AXI]}L& Juxtamembrane (JM) domain
JM-point Less . Reviewed by
mutation | autoinhibition AML | Juxtamembrane (JM) domain Parcells , 2006
AL-point - AML & | Activation loop (AL) of the
mutation Activation ALL kinase domain
. First mutation outside JM and
K663Q Activation AML AL domain
oKit EC-point |\ ivation | amp | Extracellular (EC)domainof |y o 5007
mutation the kinase
AL-p91nt Activation AML Actlvat{on loop (AL) of the | Reviewed by Scholl
mutation kinase domain , 2008
Ras Mutations | Activation AX%L& Gutierrez , 2009;
Dicker, 2010
Ber-Abl Tra“ioca“ Activation | ALL £(9:22) (q34;q11) Clark , 1988;
Varticovski , 1991

# Mutation induces leukemia in mouse model.

Table 1. Mutations in the PI3K/PKB pathway.

3.1.3 Activating mutations upstream of PI3K/PKB signaling pathway
The PI3K/PKB signaling module is an important mediator of cytokine signals. In
hematological malignancies, mutations in cytokine receptors have been described to affect
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PI3K signaling. Constitutive activation of FMS-like tyrosine kinase 3 (FLT3), by internal
tandem duplication (FIt3-ITD) (Brandts et al., 2005) and mutation in c-Kit (Ning et al., 2001)
have, for example, been demonstrated to induce PKB activity. This induction of PKB activity
appears to be essential for the survival and proliferation of cells expressing FLT3-ITD
(Brandts et al., 2005) or mutated c-Kit (Hashimoto et al., 2003; Cammenga et al., 2005; Horn
et al., 2008). In addition to these tyrosine kinase receptors, the activity of the PI3K/PKB
pathway can also be enhanced by several fusion proteins, including Ber-Abl, which can be
detected in virtually all patients with CML (Ben-Neriah et al., 1986) and in patients with
ALL (Clark et al., 1988). It has been demonstrated that the PI3K/PKB signal transduction
pathway plays an important role in Ber-abl mediated leukemic transformation (Varticovski
et al., 1991; Skorski et al., 1997; Hirano et al., 2009). Other potential regulators of PI3K often
mutated in leukemia include Ras (Rodriguez-Viciana et al., 1994; reviewed by Schubbert et
al., 2007; Gutierrez et al., 2009) Evil (Yoshimi et al., 2011) and PP2A. In AML patients,
decreased PP2A activity has, for example, been reported to correlate with enhanced levels of
PKB phosphorylation on Thr308 (Gallay et al., 2009). In addition, restoration of PP2A
activity also resulted in a reduction of PKB phosphorylation (Cristobal et al., 2011).

3.2 Prognosis of acute leukemia with activated PI3K/PKB signaling

As described above, the PI3K/PKB signaling module appears to be aberrantly regulated in a
large fraction of patients with leukemia. Recent evidence suggests that the level of
PI3K/PKB activation in leukemic blasts could be used to predict the survival rate of
patients. Comparison of pediatric T-ALL patients with either no mutations in PTEN, mono-
allelic mutations or bi-allelic mutations revealed that the survival rate of patients positively
correlates with the level of PTEN (Jotta et al., 2010). Similar observations were made in a
different cohort of pediatric T-ALL patients, in which PTEN deletions correlated with early
treatment failure in T-ALL (Gutierrez et al., 2009). These studies suggest that constitutive
activation of PI3K and its downstream effectors reduces the survival rate of ALL patients.
To determine whether the level of mTOR activity similarly correlates with reduced survival
of ALL patients, mice were transplanted with blasts from pediatric de novo B cell progenitor
ALL patients. In those experiments, a rapid induction of leukemia correlated with enhanced
mTOR activity in the leukemic blasts (Meyer et al., 2011). In addition to ALL, constitutive
activation of PI3K, as measured by enhanced FoxO3 expression or phosphorylation, is also
considered to be an independent adverse prognostic factor in AML patients (Santamaria et
al., 2009; Kornblau et al., 2010). In addition, a reduced survival rate has also been observed
in AML patients displaying enhanced levels of phosphorylated, and therefore inactive,
PTEN (Cheong et al., 2003) and phosphorylated PKB on Serine 473 (Kornblau et al., 2006)
and Threonine 308 (Gallay et al., 2009). In contrast, Tamburini ef al. suggest that PI3K
activity, as was determined by analysis of the level of phosphorylation of PKB on Ser473,
positively correlates with the survival of AML patients (Tamburini et al., 2007). Although
the short-term survival rate (within 12 months) appeared to be slightly lower in the group
displaying high PKB phosphorylation compared to the group with low levels of
phosphorylated PKB, both the long-term survival and relapse free survival were
significantly enhanced (Tamburini et al., 2007). Except for this last study, all other studies
suggest that enhanced PI3K/PKB activity correlates with reduced survival rate in both ALL
and AML patients. The molecular mechanisms underlying this reduced prognosis are, thus
far, incompletely understood. However, it has been demonstrated that AML blasts
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displaying enhanced PI3K/PKB activation exhibit a reduced apoptotic response (Rosen et
al., 2010) which might be due to positive regulation of the anti-apoptotic NF-kB pathway
and negative regulation of the P53 pathway (Grandage et al., 2005).

In addition, since PI3K has been demonstrated to induce expression of the multidrug
resistance-associated protein 1 (MRP1), a member of the ATP-binding cassette (ABC)
membrane transporters that functions as a drug efflux pump (Tazzari, Cappellini et al.
2007), it could also be hypothesized that constitutive activation of this signaling module
results in drug-resistance. The observation that high levels of MRP1 correlates with
enhanced drug resistance of AML cells and poor prognosis supports this hypothesis
(Legrand et al., 1999; Mahadevan & List, 2004).

3.3 PI3K/PKB signaling as therapeutic target in acute leukemia

3.3.1 PI3K inhibitors

Since aberrant regulation of PI3K and its downstream effectors has frequently been
observed in leukemic cells and are known to play a critical role in normal hematopoiesis,
these molecules are considered to be promising targets for therapy (Table 2). Wortmannin
and LY294002 are two well characterized inhibitors of PI3K activity that prevent ATP to
bind to and activate PI3K by association with its catalytic subunit (Vlahos et al., 1994;
Wymann et al., 1996). Although pre-clinical experiments indicate that both LY294002 and
Wortmannin are potent inhibitors of PI3K activity, induce apoptosis in leukemic cells (Xu et
al., 2003; Zhao et al., 2004) and rescue drug sensitivity (Neri et al., 2003), it has been
demonstrated that both inhibitors exhibit little specificity within the PI3K family and can
also inhibit other kinases, including CK2 and smMLCK, respectively (Davies et al., 2000;
Gharbi et al., 2007). Since both inhibitors are also insoluble in an aqueous solution (Garlich
et al., 2008; Zask et al., 2008) and are detrimental for normal cells (Gunther et al., 1989;
Buitenhuis et al., 2008), different PI3K inhibitors are currently developed. Recently, while
screening for inhibitors of Cyclin D expression, a novel inhibitor of PI3K activity (514161)
has been discovered that appears to be able to delay tumor growth in mice transplanted
with human leukemic cell lines (Mao et al., 2011). In addition, novel inhibitors have been
developed that efficiently block the activity of individual p110 isoforms. The p1108-selective
inhibitor 1C87114, for example, significantly reduced proliferation and survival of AML
blasts (Sujobert et al., 2005) and APL cells (Billottet et al., 2009) without affecting the
proliferation of normal hematopoietic progenitors (Sujobert et al., 2005). Similar results were
obtained in APL cells treated with an inhibitor directed against p110p (TGX-115) (Billottet et
al., 2009).

3.3.2 PKB inhibitors

In addition to PI3K inhibitors, research has also focused on the development of
pharmacological compounds that inhibit its downstream effector PKB. Perifosine, a
synthetic alkylphosphocholine with oral bioavailability inhibits PKB phosphorylation by
competitive interaction with its PH domalin (Kondapaka et al.,, 2003) and promotes
degradation of PKB, mTOR, Raptor, Rictor, p70S6K and 4E-BP1 (Fu et al., 2009). In vitro
experiments with multidrug-resistant human T-ALL cells and primary AML cells revealed
that treatment with Perisofine is sufficient to induce apoptosis (Chiarini et al., 2008; Papa et
al., 2008). Moreover, Perifosine reduced the clonogenic activity of AML blasts, but not
normal CD34+ hematopoietic progenitor cells (Papa et al., 2008). The efficacy of Perifosine in
treatment of different types of leukemia is currently examined in several phase II clinical
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trials (NCT00391560, NCT00873457). Phosphatidylinositol ether lipid analogues (PIA)
inhibit PKB activity in a similar manner compared to Perifosine. Treatment of HL60 cells
with PIA resulted in inhibition of proliferation and sensitization to chemotherapeutic agents
in concentrations which did not affect proliferation of normal hematopoietic progenitors
(Tabellini et al., 2004). Another specific PKB inhibitor (AKT-I-1/2 inhibitor) (Bain et al.,
2007), has been demonstrated to efficiently reduce colony formation in high-risk AML
samples (Gallay et al., 2009). The PKB inhibitor Triciribine (API-2), a purine analog that has
initially been identified as an inhibitor of DNA synthesis, inhibits PKB phosphorylation by
interacting with the PH domain of PKB, thus preventing PKB membrane localization and
phosphorylation (Berndt et al., 2010). Experiments in T-ALL cell lines revealed that API-2
induces cell cycle arrest and caspase-dependent apoptosis (Evangelisti et al., 2011a). The
safety of this inhibitor is currently under investigation in a phase I clinical trial in patients
with advanced hematologic malignancies (NCT00363454).

3.3.3 mTOR inhibitors

Rapamycin and its analogues RADO01 (everolimus), CCI-779 (temsirolimus) and AP23573
(deforolimus) inhibit the mTORC1 complex by association with FKBP-12 which prohibits
association of Raptor with mTOR. (Choi et al., 1996; Oshiro et al., 2004). The efficacy of
these compounds as therapeutic drugs has been examined in various preclinical and clinical
studies for a wide range of malignancies (reviewed by Yuan et al., 2009; reviewed by
Chapuis et al., 2010a). The anti-tumor properties of Rapamycin have also been examined in
both AML derived cell lines and primary AML blasts, revealing a strong anti-tumor effect of
this agent in short-term cultures (Recher et al., 2005). Furthermore, Rapamycin and its
analog CCI-779 showed promising effects in preclinical models of T-ALL (Teachey et al.,
2008; Meyer et al., 2011) and pre-B ALL (Teachey et al., 2006), respectively. Clinical trials
initiated to examine the efficacy of Rapamycin (Recher et al., 2005) and its analog AP23573
in hematological malignancies only resulted in a partial response (Rizzieri et al., 2008). The
limited therapeutic effects of Rapamycin and AP23573 may be explained by the induction of
PKB activity in AML blasts treated with these compounds (Easton & Houghton, 2006;
Tamburini et al., 2008; Yap et al., 2008). Furthermore, experiments with PTEN deficient mice
revealed that, due to failure to eliminate the leukemic stem cell population, withdrawal of
rapamycin results in a rapid re-induction of leukemia and death in the majority of mice
(Guo et al., 2011). This suggests that rapamycin primarily has cytostatic, but not cytotoxic,
effects on hematopoietic stem cells.

To circumvent the observed up-regulation of PKB phosphorylation by Rapamycin and its
analogs, ATP-competitive mTOR inhibitors have been generated that inhibit both the
activity of mTORC1 and mTORC2 (Garcia-Martinez et al., 2009; Bhagwat & Crew, 2010;
Janes et al., 2010). Treatment of mice transplanted with primary ALL blasts or pre-leukemic
thymocytes over-expressing PKB with the mTORC 1/2 inhibitor PP242, but not Rapamycin,
significantly reduced the development of leukemia (Hsieh et al., 2010; Janes et al., 2010).
Importantly, PPP242 appears to induce less adverse effects on proliferation and function of
normal lymphocytes in comparison to Rapamycin (Janes et al., 2010; Evangelisti et al.,
2011b). In addition to PP-242, another mTORC1/2 inhibitor, OSI-027, has recently been
described. (Evangelisti et al., 2011). It has been demonstrated that this inhibitor exhibits anti-
leukemic effects in both Ph+ ALL and CML cells (Carayol et al., 2010). Furthermore,
proliferation experiments indicate that, in comparison to Rapamycin, OSI-027 is a more
efficient suppressor of proliferation of AML cell lines (Altman et al., 2011).
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3.3.4 Dual inhibition of the PI3K/PKB pathway

In addition to the recently developed mTORC1/2 inhibitors, dual specificity inhibitors have
been generated to further optimize inhibition of the PI3K signaling module. PI-103, a
synthetic small molecule of the pyridofuropyrimidine class is, for example, a potent
inhibitor for both class I PI3K isoforms and mTORC1 (Raynaud et al., 2007). PI-103 has been
demonstrated to reduce proliferation and survival of cells from T-ALL (Chiarini et al., 2009)
and AML patients (Kojima et al., 2008; Park et al., 2008) and appears to exhibit a stronger
anti-leukemic activity compared to both Rapamycin (Chiarini et al, 2009) and the
combination of RAD001 and IC87114 (Park et al., 2008). Importantly, although PI-103
reduces proliferation of normal hematopoietic progenitors, survival is not affected (Park et
al., 2008). Recently, NVP-BEZ235, another dual PI3K/mTOR inhibitor has been identified.
This orally bioavailable imidazoquinoline derivative, has been demonstrated to inhibit the
activity of both PI3K and mTOR by binding to their ATP-binding pocket (Maira et al., 2008).
In both primary T-ALL (Chiarini et al., 2010) and AML cells (Chapuis, Tamburini et al.
2010b) as well as leukemic cell lines, NVP-BEZ235 significantly reduced proliferation and
survival (Chapuis et al., 2010b; Chiarini et al., 2010). Furthermore, this compound did not
affect the clonogenic capacity of normal hematopoietic progenitors (Chapuis et al., 2010b). A
dual PI3K/PDK1 inhibitor called BAG956 has also recently been described to inhibit
proliferation of BCR-ABL and FLT3-ITD expressing cells. However, in contrast to RAD001
which efficiently reduced the tumor load in mice transplanted with BCR-ABL expressing
cells, treatment with BAG956 alone was not sufficient to reduce the tumor load (Weisberg et
al., 2008). In addition to these dual inhibitors, KP372-1, a multiple kinase inhibitor capable of
inhibiting PKB, PDK1, and FLT3 has been described (Zeng et al., 2006). It has been
demonstrated that KP372-1 can induce apoptosis in primary AML cells and leukemic cell
lines, as was visualized by mitochondrial depolarization and phosphatidylserine
externalization (Zeng et al., 2006). Although the survival of normal hematopoietic
progenitors was not impaired by this compound, their clonogenic capacity was, albeit with a
low efficiency (Zeng et al., 2006).

In addition to the above described dual inhibitors, the efficacy of combination therapy
utilizing multiple inhibitors, which are directed against different intermediates of the PI3K
signaling module, is also under investigation. To abrogate the RAD001 mediated up-
regulation of PKB phosphorylation, the p1103 inhibitor IC87114 has, for example, been
added to leukemic cells simultaneously with RAD001. Combined inhibition of mTOR and
p1108 not only resulted in a block in PKB phosphorylation in primary AML blasts, but a
synergistic reduction in proliferation could also be observed (Tamburini et al., 2008).
Similarly, combining the PI3K/PDK1 inhibitor BAG956 with RADOO1 also resulted in a
synergistic reduction in tumor volume in a mouse model transplanted with BCR-ABL
expressing cells (Weisberg et al., 2008). Recently, a phase I trial focusing on development of
a combination regimen including both perifosine and UCN-01 (NCT00301938), a PDK1
inhibitor which is known to induce apoptosis in AML cells in vitro (Hahn et al., 2005), has
been initiated.

3.3.5 Combination of PI3K/PKB pathway inhibitors with other pathway inhibitors
Leukemogenesis involves aberrant regulation of various signal transduction pathways,
including, but not limited to, the PI3K signaling module. Simultaneous targeting of multiple
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Target Compound Effect Clinical Trials Leukemia References
(phase)
Invitro  In vivo
PI3K Wortmannin + | - - Wymann , 1996
LY294002 | + | - | - | Xu, 2003; Zhao , 2004
S14161 + + - Mao, 2011
p110p TGX-115 + - - Billottet , 2009
Sujobert , 2005;
p1105 87114 )+ - - Billottet, 2006, 2009
AMG 319 - - NCT01300026 (1) ALL
PDK1 UCN-01 + - - Hahn , 2005
PKB Perifosine |+ - | NCT00391560 (II) | AML&ALL Fu czrgggr;; 5202’008
| | | NCT00873457 (11) | CLL |
PIA | o+ | -] - | | Tabellini , 2004
AKT-1-1/2 | + | - | - | | Gallay , 2009
Triciribine + - NCT00363454 (I) - Evangelisti , 2011a
(API-2)
GSK690693 |+ | - | NCT00666081(I) | AML&ALL | Levy , 2009
MK2206 - - NCTO01231919 (I) | AML&ALL
NCTO01253447 (I1) AML
SR13668 - - NCT00896207 (1) -
GSK2141795| - | - | NCT00920257 (1) | -
GSKz;“Ols - - |NCT00881946 (I/11)| AML&ALL
mTOR Rapamycin + + NCT00795886 (I) ALL Recher 2005; Meyer , 2011;
Teachey , 2008; Gu, 2010;
Guo, 2011
RADOOL | + | + | Yee 2006 (1/1) | AML | Yee , 2006
CCl779 |+ |+ | Recher,2005 (1) | AML | Teachey , 2006; Recher, 2005
AP23573 - - Rizzieri, 2008 (II) AML Rizzieri, 2008
NCT00086125 (I) | AML&ALL
Hsieh , 2010; Janes , 2010;
PP242 * * B Evangelisti , 2011b
Evangelisti, 2011b ;
0OS1-027 * B B Carayol, 2010; Altman, 2011
AZD-8050 + - - - Evangelisti , 2011b
PI3K/mTOR | PL103 + + - - Ch‘;rolgg,’lfgrof ' I;gé;ma '
NVP- Maira , 2008; Chiarini , 2010;
PBK/mTOR | pr7935 * * - - Chapuis , 2010b
PI3K/PDK1 BAG956 + + - - Weisberg , 2008
PKB/PDK1/FIt3 | KP372-1 + - - - Zeng , 2006

Table 2. Inhibitors of PI3K/PKB signaling pathway
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aberrantly regulated signal transduction pathways is considered to be a promising
therapeutic strategy (Table 3). Proteosome inhibitors are considered to be a new class of
therapeutic agents. However, treatment of both pediatric and adult B-ALL patients with
such an inhibitor (Bortezomib) alone was not sufficient to induce a robust anti-tumor
response (Cortes et al., 2004; Horton et al., 2007). Experiments in leukemic cell lines and
primary cells from B-ALL patients revealed that while MG132, a proteosome inhibitor,
and RADO01 alone only modestly reduce cell viability, combined inhibition of
proteosomes and mTOR significantly enhanced cell death (Saunders et al., 2011),
suggesting a synergistic effect of both inhibitors. In addition to proteosome inhibitors,
HDAC inhibitors have also emerged as a promising class of anti-tumor agents (reviewed
by Minucci & Pelicci, 2006). Although the HDAC inhibitor MS-275 appears to induce
growth arrest, apoptosis and differentiation of leukemic cell lines, in mouse models only a
partial reduction in tumor volume could be observed (Nishioka et al., 2008). Combined
administration of MS-275 and RADO001, however, potentiated the effect of both inhibitors
individually both in vitro and in vivo (Nishioka et al., 2008). Synergistic effects on
proliferation and survival of leukemic cell lines have also been observed after co-
administration of HDAC inhibitors and the PKB inhibitor Perisofine (Rahmani et al.,
2005). Additionally, the efficacy of specific inhibitors targeting constitutively activated
tyrosine kinases in leukemia, including inhibitors of Flt3, Abl, and c-Kit, has been
investigated in preclinical and clinical models. Although anti-leukemia effects were
observed in vivo and in vitro, combined inhibition of tyrosine kinases and the PI3K/PKB
pathway resulted in a synergistically enhanced anti-leukemia effect in ALL (Kharas et al.,
2008; Weisberg et al., 2008) and AML (Weisberg et al., 2008) compared to the individual
inhibitors. Phase I/II clinical trials have already been initiated to investigate the
synergistic effects of combined inhibition of PI3K/PKB and FIt3 (NCT00819546) or c-Kit
(NCT00762632).

3.3.6 Combination of PI3K/PKB pathway inhibitors with chemotherapeutical agents
Despite the effectiveness of chemotherapy in a subset of patients, incomplete remission and
the development of a refractory disease have been observed in many patients with acute
leukemia (Thomas, 2009; Burnett et al., 2011). To optimize treatment of those patients,
chemotherapy could potentially be combined with leukemia-specific inhibitors or
chemosensitizing drugs (Table 3). Co-administration of mTOR inhibitors with different
types of chemotherapeutic drugs, including Etoposide, Ara-C, Cytarabine and
Dexamethason has, for example, been demonstrated to induce synergistic anti-leukemia
effects in cells from AML patients (Xu et al., 2003; Xu et al., 2005) and ALL patients (Avellino
et al., 2005; Teachey et al., 2008; Bonapace et al., 2010; Gu et al., 2010; Saunders et al., 2011).
Several phase I/II clinical trials have been initiated to investigate and optimize the
synergistic effect of mTOR inhibitors and chemotherapeutic drugs in patients with acute
leukemia (NCT00544999, NCT01184898, NCT00780104, NCT01162551 and NCT00776373). In
addition, co-administration of chemotherapeutic agents with 1C87114 (Billottet et al., 2006),
UCN-01 (Sampath et al., 2006) or Triciribine (Evangelisti et al., 2011a) showed similar
synergistic effects in AML cells. Strong synergistic, cytotoxic, activity was also observed in
T-ALL cells when combining the dual specificity inhibitors PI-103 and NVP-BEZ235 with
chemotherapy (Chiarini et al., 2009; Chiarini et al., 2010).
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Combination Effects
Target Compound . in vitro/|Clinical trials (phase)| Leukemia References
regimens in vivo
PI3K Wortmannin ATRA (DA) + - - Neri , 2003
LY294002 Apigenin (CK21) | + - - Cheong, 2010
ATRA (DA) + - - Neri , 2003
p1106 1C87114 VP16 (CT) + - - Billottet , 2006
PDK1 UCN-01 Ara-c (CT) + - | Sampath, 2006 (II) AML Sampath , 2006
Cytarabine (CT) | - - | NCT00004263 () | AML
Fludarabine (CT) - NCT00019838 (I) | AML&ALL
PP2A Forskolin Idarubicine/Ara-C | + - - Cristobal , 2011
PKB Perifosine UCN-01 - - NCT00301938 (I) | AML&ALL
HDACI |+ -] - | | Rahmani, 2005
TRAIL (A) |+ - | - | | Tazzari, 2008
Etoposide (CT | + - | - | | Papa , 2008
PIA CT + - - Tabellini , 2004
Triciribine Cytarabine (CT) + - - Evangelisti , 2011a
mTOR Rapamycin UCN-01 + - - Hahn, 2005
3-BrOP (glycolysisI) | + - | - | | Akers,2011
Notch I |+ -] - | |  Chan, 2007
Gu, 2010; Bonapace
Dexamethason + | - - 2010 p
Etoposide (CT) + o+ - Xu , 2005
Methotrexate (CT) | + + | NCT01162551 (II) ALL Teachey , 2008
Anthracyclin (CT) | + - - Avellino , 2005
CT + - | NCT00776373 (1/1I) ALL
+ - | NCT01184898 (I/1I) AML
NCT00780104 (I/TI) | AML
RADO001 1C87114 + - - Tamburini , 2008
BAG956 |+ +] - | | Weisberg, 2008
Bortezomib (PI) | + - | - | | Saunders , 2011
MS-275 (HDACI) | + + - Nishioka , 2008
PKC412 (FIt3 TKI) | - - NCT00819546 (I) AML
Nilotinib (-Kit-TKI) | - - | NCT00762632 (I/1I) | AML |
ATRA(DA) |+ + | - | | Nishioko, 2009
Xu , 2003; Saunders
Ara-c (CT) + - - 2011
Vincristine (CT) | + - | - | ALL | Crazzolara, 2009
| CT | + - | NCT00544999 () | AML&ALL |
CCL-779 | Methotrexate (CT) | + + | - | | Teachey, 2008
PP242 Vincristine (CT) + - Evangelisti , 2011b
PI3K/mTOR PI-103 Nutlin-3 (MDM2-I) | + - Kojima , 2008
Vincristine (CT) | + - | | | Chiarini, 2009
Imatinib (Ber-Abl-TKI)| + - Kharas, 2008
PI3BK/mTOR| NVP-BEZ235 CT + - Chiarini , 2010
PI3K/PDK1 BAG956  |Imatinib (Ber-Abl-TKI)| +  + Weisberg , 2008
| PKC412 (FU3TKI) | + + | | | Weisberg, 2008

DA: Differentiating agents; I: Inhibitor; CT: Chemotherapy; Al: Apoptosis inducer; PI: Proteasome
inhibitor; TKI: Tyrosine kinase inhibitor.

Table 3. Combination regimens.
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4, Conclusion

During the last two decades, it has become clear that intracellular signal transduction
pathways play an important role in both normal and malignant hematopoiesis. One such
module implicated in playing a critical role in regulation of various hematopoietic processes
includes PI3K and PKB. Aberrant regulation of these molecules appears to be sufficient to
induce hematological malignancies. As discussed in this chapter, constitutive activation of
this signaling module has been observed in a large group of acute leukemia’s. Although
activating mutations in PI3K and PKB have been detected in cells from patients with
leukemia, these mutations appear to be very rare. In patients, mutations have also been
observed in PTEN and SHIP1 resulting in activation of PI3K and its downstream effectors.
These mutations, however, cannot account for the large incidence of constitutive activation
of PI3K in patients with leukemia. Alternatively, constitutive activation of PI3K and PKB
can also be induced by mutations in, for example, tyrosine kinase receptors and by
translocation induced formation of fusion proteins. Since PI3K is frequently activated in
leukemia and activation of this molecule is thought to correlate with poor prognosis and
drug resistance, it is considered to be a promising target for therapy. A high number of
pharmacological inhibitors directed against both individual and multiple components of
this pathway has already been developed in order to improve therapy. Especially the dual
specificity inhibitors seem to possess promising anti-leukemic activities. In addition,
research currently focuses on combining inhibitors of the PI3K signaling module with either
inhibitors directed against other signal transduction molecules or classic chemotherapy.
Mouse models and in vitro experiments indicate that both strategies could be used to
improve current therapeutic regimes in specific patient groups. To confirm the pre-clinical
data and to examine the safety and efficacy of the individual inhibitors and combination
regimes in patients with leukemia, several phase I and II clinical trials have already been
initiated.

5. Acknowledgements

R. Polak was supported by a grant from KiKa (Children Cancer free).

6. References

Aggerholm, A. K. Gronbaek, et al. (2000). Mutational analysis of the tumour suppressor
gene MMACI1/PTEN in malignant myeloid disorders. European Journal of
Haematology, Vol.65, No.2, pp. 109-113, ISSN 0902-4441

Akers, L. J.,W. Fang, et al. (2011). Targeting glycolysis in leukemia: A novel inhibitor 3-BrOP
in combination with rapamycin. Leukemia Research, pp. ISSN 1873-5835

Altman, J. K., A. Sassano, et al. (2011). Dual mTORC2/mTORCI targeting results in potent
suppressive effects on acute myeloid leukemia (AML) progenitors. Clinical Cancer
Research, pp. ISSN 1078-0432

Avellino, R.,S. Romano, et al. (2005). Rapamycin stimulates apoptosis of childhood acute
lymphoblastic leukemia cells. Blood, Vol.106, No.4, pp. 1400-1406, ISSN 0006-4971

Bain, J.,L. Plater, et al. (2007). The selectivity of protein kinase inhibitors: a further update.
The Biochemical Journal, Vol.408, No.3, pp. 297-315, ISSN 1470-8728



The PI3K/PKB Signaling Module in Normal and Malignant Hematopoiesis 59

Ben-Neriah, Y.,G. Q. Daley, et al. (1986). The chronic myelogenous leukemia-specific P210
protein is the product of the ber/abl hybrid gene. Science, Vol.233, No.4760, pp. 212-
214, ISSN 0036-8075

Berndt, N.,H. Yang, et al. (2010). The Akt activation inhibitor TCN-P inhibits Akt
phosphorylation by binding to the PH domain of Akt and blocking its recruitment
to the plasma membrane. Cell Death and Differentiation, Vol.17, No.11, pp. 1795-1804,
ISSN 1476-5403

Bhagwat, S. V. and A. P. Crew. (2010). Novel inhibitors of mTORC1 and mTORC2. Current
Opinion in Investigational Drugs, Vol.11, No.6, pp. 638-645, ISSN 2040-3429

Billottet, C.,L. Banerjee, et al. (2009). Inhibition of class I phosphoinositide 3-kinase activity
impairs proliferation and triggers apoptosis in acute promyelocytic leukemia
without affecting atra-induced differentiation. Cancer Research, Vol.69, No.3, pp.
1027-1036, ISSN 1538-7445

Billottet, C.,V. L. Grandage, et al. (2006). A selective inhibitor of the p110delta isoform of PI
3-kinase inhibits AML cell proliferation and survival and increases the cytotoxic
effects of VPP16. Oncogene, Vol.25, No.50, pp. 6648-6659, ISSN 0950-9232

Birkenkamp, K. U. and P. ]J. Coffer. (2003). FOXO transcription factors as regulators of
immune homeostasis: molecules to die for? Journal of Immunology, Vol.171, No.4,
pp- 1623-1629, ISSN 0022-1767

Bonapace, L.,B. C. Bornhauser, et al. (2010). Induction of autophagy-dependent necroptosis
is required for childhood acute lymphoblastic leukemia cells to overcome
glucocorticoid resistance. Journal of Clinical Investigation, Vol.120, No.4, pp. 1310-
1323, ISSN 1558-8238

Brandts, C. H.,B. Sargin, et al. (2005). Constitutive activation of Akt by Flt3 internal tandem
duplications is necessary for increased survival, proliferation, and myeloid
transformation. Cancer Research, Vol.65, No.21, pp. 9643-9650, ISSN 0008-5472

Brunet, A, A. Bonni, et al. (1999). Akt promotes cell survival by phosphorylating and
inhibiting a Forkhead transcription factor. Cell, Vol.96, No.6, pp. 857-868, ISSN
0092-8674

Buitenhuis, M. L. P. Verhagen, et al. (2008). Protein kinase B (c-akt) regulates hematopoietic
lineage choice decisions during myelopoiesis. Blood, Vol.111, No.l, pp. 112-121,
ISSN 0006-4971

Burgering, B. M. and P. J. Coffer. (1995). Protein kinase B (c-Akt) in phosphatidylinositol-3-
OH kinase signal transduction. Nature, Vol.376, No.6541, pp. 599-602, ISSN 0028-
0836

Burnett, A,M. Wetzler, et al. (2011). Therapeutic advances in acute myeloid leukemia.
Journal of Clinical Oncology, Vol.29, No.5, pp. 487-494, ISSN 1527-7755

Calamito, M., M. M. Juntilla, et al. (2010). Aktl and Akt2 promote peripheral B-cell
maturation and survival. Blood, Vol.115, No.20, pp. 4043-4050, ISSN 1528-0020

Cammenga, J.,S. Horn, et al. (2005). Extracellular KIT receptor mutants, commonly found in
core binding factor AML, are constitutively active and respond to imatinib
mesylate. Blood, Vol.106, No.12, pp. 3958-3961, ISSN 0006-4971

Carayol, N.,E. Vakana, et al. (2010). Critical roles for mTORC2- and rapamycin-insensitive
mTORC1-complexes in growth and survival of BCR-ABL-expressing leukemic
cells. Proceedings of the National Academy of Sciences of the United States of America,
Vol.107, No.28, pp. 12469-12474, ISSN 1091-6490

Carpten, ]. D.,A. L. Faber, et al. (2007). A transforming mutation in the pleckstrin homology
domain of AKT1 in cancer. Nature, Vol.448, No.7152, pp. 439-444, ISSN 1476-4687



60 Acute Leukemia — The Scientist's Perspective and Challenge

Chan, S. M.,A. P. Weng, et al. (2007). Notch signals positively regulate activity of the mTOR
pathway in T-cell acute lymphoblastic leukemia. Blood, Vol.110, No.1, pp. 278-286,
ISSN 0006-4971

Chapuis, N.J. Tamburini, et al. (2010)a. Perspectives on inhibiting mTOR as a future
treatment strategy for hematological malignancies. Leukemia, Vol.24, No.10, pp.
1686-1699, ISSN 1476-5551

Chapuis, N.,J. Tamburini, et al. (2010)b. Dual inhibition of PI3K and mTORC1/2 signaling
by NVP-BEZ235 as a new therapeutic strategy for acute myeloid leukemia. Clinical
Cancer Research, Vol.16, No.22, pp. 5424-5435, ISSN 1078-0432

Chen, C.,Y. Liu, et al. (2008). TSC-mTOR maintains quiescence and function of
hematopoietic stem cells by repressing mitochondrial biogenesis and reactive
oxygen species. The Journal of Experimental Medicine, Vol.205, No.10, pp. 2397-2408,
ISSN 1540-9538

Cheong, J]. W.,J. I. Eom, et al. (2003). Phosphatase and tensin homologue phosphorylation in
the C-terminal regulatory domain is frequently observed in acute myeloid
leukaemia and associated with poor clinical outcome. British Journal of Haematology,
Vol.122, No.3, pp. 454-456, ISSN 0007-1048

Cheong, J. W.,Y. H. Min, et al. (2010). Inhibition of CK2{alpha} and PI3K/ Akt synergistically
induces apoptosis of CD34+CD38- leukaemia cells while sparing haematopoietic
stem cells. Anticancer Research, Vol.30, No.11, pp. 4625-4634, ISSN 1791-7530

Chiarini, F.,M. Del Sole, et al. (2008). The novel Akt inhibitor, perifosine, induces caspase-
dependent apoptosis and downregulates P-glycoprotein expression in multidrug-
resistant human T-acute leukemia cells by a JNK-dependent mechanism. Leukemia,
Vol.22, No.6, pp. 1106-1116, ISSN 1476-5551

Chiarini, F.,F. Fala, et al. (2009). Dual inhibition of class IA phosphatidylinositol 3-kinase
and mammalian target of rapamycin as a new therapeutic option for T-cell acute
lymphoblastic leukemia. Cancer Research, Vol.69, No.8, pp. 3520-3528, ISSN 1538-
7445

Chiarini, F.,C. Grimaldi, et al. (2010). Activity of the novel dual phosphatidylinositol 3-
kinase/mammalian target of rapamycin inhibitor NVP-BEZ235 against T-cell acute
lymphoblastic leukemia. Cancer Research, Vol.70, No.20, pp. 8097-8107, ISSN 1538-
7445

Choi, ]J.J. Chen, et al. (1996). Structure of the FKBP12-rapamycin complex interacting with
the binding domain of human FRAP. Science, Vol.273, No.5272, pp. 239-242, ISSN
0036-8075

Clark, S. S.]J. McLaughlin, et al. (1988). Expression of a distinctive BCR-ABL oncogene in
Phl-positive acute lymphocytic leukemia (ALL). Science, Vol.239, No.4841 Pt 1, pp.
775-777, 1SSN 0036-8075

Cortes, J.,D. Thomas, et al. (2004). Phase I study of bortezomib in refractory or relapsed
acute leukemias. Clinical Cancer Research, Vol.10, No.10, pp. 3371-3376, ISSN 1078-
0432

Crazzolara, R.,A. Cisterne, et al. (2009). Potentiating effects of RAD001 (Everolimus) on
vincristine therapy in childhood acute lymphoblastic leukemia. Blood, Vol.113,
No.14, pp. 3297-3306, ISSN 1528-0020

Cristobal, I.,L. Garcia-Orti, et al. (2011). PP2A impaired activity is a common event in acute
myeloid leukemia and its activation by forskolin has a potent anti-leukemic effect.
Leukemia, pp. ISSN 1476-5551



The PI3K/PKB Signaling Module in Normal and Malignant Hematopoiesis 61

Cross, D. A.,D. R. Alessi, et al. (1995). Inhibition of glycogen synthase kinase-3 by insulin
mediated by protein kinase B. Nature, Vol.378, No.6559, pp. 785-789, ISSN 0028-
0836

Damen, J. E, L. Liu, et al. (1996). The 145-kDa protein induced to associate with Shc by
multiple cytokines is an inositol tetraphosphate and phosphatidylinositol 3,4,5-
triphosphate 5-phosphatase. Proceedings of the National Academy of Sciences of the
United States of America, Vol.93, No.4, pp. 1689-1693, ISSN 0027-8424

Davies, S. P.,H. Reddy, et al. (2000). Specificity and mechanism of action of some commonly
used protein kinase inhibitors. The Biochemical Journal, Vol.351, No.Pt 1, pp. 95-105,
ISSN 0264-6021

Dowler, S,R. A. Currie, et al. (2000). Identification of pleckstrin-homology-domain-
containing proteins with novel phosphoinositide-binding specificities. The
Biochemical Journal, Vol.351, No.Pt 1, pp. 19-31, ISSN 0264-6021

Easton, J. B. and P. J. Houghton. (2006). mTOR and cancer therapy. Oncogene, Vol.25, No.48,
pp. 6436-6446, ISSN 0950-9232

Engstrom, M., R. Karlsson, et al. (2003). Inactivation of the forkhead transcription factor
FoxO3 is essential for PKB-mediated survival of hematopoietic progenitor cells by
kit ligand. Experimental Hematology, Vol.31, No.4, pp. 316-323, ISSN 0301-472X

Evangelisti, C.,F. Ricci, et al. (2011)a. Preclinical testing of the Akt inhibitor triciribine in T-
cell acute lymphoblastic leukemia. Journal of Cellular Physiology, Vol.226, No.3, pp.
822-831, ISSN 1097-4652

Evangelisti, C.,F. Ricci, et al. (2011)b. Targeted inhibition of mTORC1 and mTORC2 by
active-site mTOR inhibitors has cytotoxic effects in T-cell acute lymphoblastic
leukemia. Leukemia, pp. ISSN 1476-5551

Fruman, D. A, F. Mauvais-Jarvis, et al. (2000). Hypoglycaemia, liver necrosis and perinatal
death in mice lacking all isoforms of phosphoinositide 3-kinase p85 alpha. Nature
Genetics, Vol.26, No.3, pp. 379-382, ISSN 1061-4036

Fu, C. T,K. Y. Zhu, et al. (2010). An evolutionarily conserved PTEN-C/EBPalpha-CTNNA1
axis controls myeloid development and transformation. Blood, Vol.115, No.23, pp.
4715-4724, ISSN 1528-0020

Fu, L.)Y. A. Kim, et al. (2009). Perifosine inhibits mammalian target of rapamycin signaling
through facilitating degradation of major components in the mTOR axis and
induces autophagy. Cancer Research, Vol.69, No.23, pp. 8967-8976, ISSN 1538-7445

Gallay, N.,C. Dos Santos, et al. (2009). The level of AKT phosphorylation on threonine 308
but not on serine 473 is associated with high-risk cytogenetics and predicts poor
overall survival in acute myeloid leukaemia. Leukemia, Vol.23, No.6, pp. 1029-1038,
ISSN 1476-5551

Garcia-Martinez, J. M.,J. Moran, et al. (2009). Ku-0063794 is a specific inhibitor of the
mammalian target of rapamycin (mTOR). The Biochemical Journal, Vol.421, No.1, pp.
29-42, ISSN 1470-8728

Garlich, J. R.,P. De, et al. (2008). A vascular targeted pan phosphoinositide 3-kinase inhibitor
prodrug, SF1126, with antitumor and antiangiogenic activity. Cancer Research,
Vol.68, No.1, pp. 206-215, ISSN 1538-7445

Geest, C. R,F. J. Zwartkruis, et al. (2009). Mammalian target of rapamycin activity is
required for expansion of CD34+ hematopoietic progenitor cells. Haematologica,
Vol.94, No.7, pp. 901-910, ISSN 1592-8721

Gharbi, S. I, M. ]J. Zvelebil, et al. (2007). Exploring the specificity of the PI3K family inhibitor
LY294002. The Biochemical Journal, Vol.404, No.1, pp. 15-21, ISSN 1470-8728



62 Acute Leukemia — The Scientist's Perspective and Challenge

Golub, T. and P. Caroni. (2005). PI(4,5)P2-dependent microdomain assemblies capture
microtubules to promote and control leading edge motility. Journal of Cell Biology,
Vol.169, No.1, pp. 151-165, ISSN 0021-9525

Grandage, V. L., R. E. Gale, et al. (2005). PI3-kinase/ Akt is constitutively active in primary
acute myeloid leukaemia cells and regulates survival and chemoresistance via NF-
kappaB, Mapkinase and p53 pathways. Leukemia, Vol.19, No.4, pp. 586-594, ISSN
0887-6924

Gu, L.,C. Zhou, et al. (2010). Rapamycin sensitizes T-ALL cells to dexamethasone-induced
apoptosis. Journal of Experimental & Clinical Cancer Research, Vol.29, pp. 150, ISSN
1756-9966

Gunther, R,H. K. Abbas, et al. (1989). Acute pathological effects on rats of orally
administered wortmannin-containing preparations and purified wortmannin from
Fusarium oxysporum. Food and Chemical Toxicology, Vol.27, No.3, pp. 173-179, ISSN
0278-6915

Guo, W.,S. Schubbert, et al. (2011). Suppression of leukemia development caused by PTEN
loss. Proceedings of the National Academy of Sciences of the United States of America,
Vol.108, No .4, pp. 1409-1414, ISSN 1091-6490

Gutierrez, A, T. Sanda, et al. (2009). High frequency of PTEN, PI3K, and AKT abnormalities
in T-cell acute lymphoblastic leukemia. Blood, Vol.114, No.3, pp. 647-650, ISSN
1528-0020

Hahn, M.,W. Lj, et al. (2005). Rapamycin and UCN-01 synergistically induce apoptosis in
human leukemia cells through a process that is regulated by the Raf-1/MEK/ERK,
Akt, and JNK signal transduction pathways. Molecular Cancer Therapeutics, Vol.4,
No.3, pp. 457-470, ISSN 1535-7163

Hashimoto, K.,I. Matsumura, et al. (2003). Necessity of tyrosine 719 and
phosphatidylinositol 3'-kinase-mediated signal pathway in constitutive activation
and oncogenic potential of c-kit receptor tyrosine kinase with the Asp814Val
mutation. Blood, Vol.101, No.3, pp. 1094-1102, ISSN 0006-4971

Hawkins, P. T. K. E. Anderson, et al. (2006). Signalling through Class I PI3Ks in mammalian
cells. Biochemical Society Transactions, Vol.34, No.Pt 5, pp. 647-662, ISSN 0300-5127

Helgason, C. D.J. Antonchuk, et al. (2003). Homeostasis and regeneration of the
hematopoietic stem cell pool are altered in SHIP-deficient mice. Blood, Vol.102,
No.10, pp. 3541-3547, ISSN 0006-4971

Helgason, C. D, J. E. Damen, et al. (1998). Targeted disruption of SHIP leads to hemopoietic
perturbations, lung pathology, and a shortened life span. Genes and Development,
Vol.12, No.11, pp. 1610-1620, ISSN 0890-9369

Hirano, I.,S. Nakamura, et al. (2009). Depletion of Pleckstrin homology domain leucine-rich
repeat protein phosphatases 1 and 2 by Becr-Abl promotes chronic myelogenous
leukemia cell proliferation through continuous phosphorylation of Akt isoforms.
Journal of Biological Chemistry, Vol.284, No.33, pp. 22155-22165, ISSN 0021-9258

Horn, S.,U. Bergholz, et al. (2008). Mutations in the catalytic subunit of class IA PI3K confer
leukemogenic potential to hematopoietic cells. Oncogene, Vol.27, No.29, pp. 4096-
4106, ISSN 1476-5594

Horton, T. M.,D. Pati, et al. (2007). A phase 1 study of the proteasome inhibitor bortezomib
in pediatric patients with refractory leukemia: a Children's Oncology Group study.
Clinical Cancer Research, Vol.13, No.5, pp. 1516-1522, ISSN 1078-0432



The PI3K/PKB Signaling Module in Normal and Malignant Hematopoiesis 63

Hsieh, A. C,M. Costa, et al. (2010). Genetic dissection of the oncogenic mTOR pathway
reveals druggable addiction to translational control via 4EBP-elF4E. Cancer Cell,
Vol.17, No.3, pp. 249-261, ISSN 1878-3686

Huang, J.Y. Zhang, et al. (2009). Pivotal role for glycogen synthase kinase-3 in
hematopoietic stem cell homeostasis in mice. The Journal of Clinical Investigation,
Vol.119, No.12, pp. 3519-3529, ISSN 1558-8238

Inoki, K.,Y. Li, et al. (2002). TSC2 is phosphorylated and inhibited by Akt and suppresses
mTOR signalling. Nature Cell Biology, Vol.4, No.9, pp. 648-657, ISSN 1465-7392

Inoki, K., H. Ouyang, et al. (2006). TSC2 integrates Wnt and energy signals via a coordinated
phosphorylation by AMPK and GSK3 to regulate cell growth. Cell, Vol.126, No.5,
pp- 955-968, ISSN 0092-8674

Janes, M. R.J. ]. Limon, et al. (2010). Effective and selective targeting of leukemia cells using
a TORC1/2 kinase inhibitor. Nature Medicine, Vol.16, No.2, pp. 205-213, ISSN 1546-
170X

Jia, Y, F. Loison, et al. (2008). Inositol trisphosphate 3-kinase B (InsP3KB) as a physiological
modulator of myelopoiesis. Proceedings of the National Academy of Sciences of the
United States of America, Vol.105, No.12, pp. 4739-4744, ISSN 1091-6490

Jia, Y,K. K. Subramanian, et al. (2007). Inositol 1,3,4,5-tetrakisphosphate negatively
regulates phosphatidylinositol-3,4,5- trisphosphate signaling in neutrophils.
Immunity, Vol.27, No.3, pp. 453-467, ISSN 1074-7613

Jotta, P. Y, M. A. Ganazza, et al. (2010). Negative prognostic impact of PTEN mutation in
pediatric T-cell acute lymphoblastic leukemia. Leukemia, Vol.24, No.1, pp. 239-242,
ISSN 1476-5551

Jou, S. T,N. Carpino, et al. (2002). Essential, nonredundant role for the phosphoinositide 3-
kinase p110delta in signaling by the B-cell receptor complex. Molecular and Cellular
Biology, Vol.22, No.24, pp. 8580-8591, ISSN 0270-7306

Juntilla, M. M.,V. D. Patil, et al. (2010). AKT1 and AKT2 maintain hematopoietic stem cell
function by regulating reactive oxygen species. Blood, Vol.115, No.20, pp. 4030-4038,
ISSN 1528-0020

Kharas, M. G, M. R. Janes, et al. (2008). Ablation of PI3K blocks BCR-ABL leukemogenesis in
mice, and a dual PI3K/mTOR inhibitor prevents expansion of human BCR-ABL+
leukemia cells. The Journal of Clinical Investigation, Vol.118, No.9, pp. 3038-3050,
ISSN 0021-9738

Kharas, M. G.,R. Okabe, et al. (2010). Constitutively active AKT depletes hematopoietic stem
cells and induces leukemia in mice. Blood, Vol.115, No.7, pp. 1406-1415, ISSN 1528-
0020

Kojima, K, M. Shimanuki, et al. (2008). The dual PI3 kinase/mTOR inhibitor PI-103 prevents
p53 induction by Mdm2 inhibition but enhances p53-mediated mitochondrial
apoptosis in p53 wild-type AML. Leukemia, Vol.22, No.9, pp. 1728-1736, ISSN 1476-
5551

Kondapaka, S. B.,S. S. Singh, et al. (2003). Perifosine, a novel alkylphospholipid, inhibits
protein kinase B activation. Molecular Cancer Therapeutics, Vol.2, No.11, pp. 1093-
1103, ISSN 1535-7163

Kops, G. J.,N. D. de Ruiter, et al. (1999). Direct control of the Forkhead transcription factor
AFX by protein kinase B. Nature, Vol.398, No.6728, pp. 630-634, ISSN 0028-0836

Kornblau, S. M,,N. Singh, et al. (2010). Highly phosphorylated FOXO3A is an adverse
prognostic factor in acute myeloid leukemia. Clinical Cancer Research, Vol.16, No.6,
pp- 1865-1874, ISSN 1078-0432



64 Acute Leukemia — The Scientist's Perspective and Challenge

Kornblau, S. M.,M. Womble, et al. (2006). Simultaneous activation of multiple signal
transduction pathways confers poor prognosis in acute myelogenous leukemia.
Blood, Vol.108, No.7, pp. 2358-2365, ISSN 0006-4971

Kubota, Y. H. Ohnishi, et al. (2004). Constitutive activation of PI3K is involved in the
spontaneous proliferation of primary acute myeloid leukemia cells: direct evidence
of PI3K activation. Leukemia, Vol.18, No.8, pp. 1438-1440, ISSN 0887-6924

Lee, J. W.)Y. H. Soung, et al. (2005). PIK3CA gene is frequently mutated in breast carcinomas
and hepatocellular carcinomas. Oncogene, Vol.24, No.8, pp. 1477-1480, ISSN 0950-
9232

Legrand, O.,G. Simonin, et al. (1999). Simultaneous activity of MRP1 and Pgp is correlated
with in vitro resistance to daunorubicin and with in vivo resistance in adult acute
myeloid leukemia. Blood, Vol.94, No.3, pp. 1046-1056, ISSN 0006-4971

Levy, D. S.J. A. Kahana, et al. (2009). AKT inhibitor, GSK690693, induces growth inhibition
and apoptosis in acute lymphoblastic leukemia cell lines. Blood, Vol.113, No.8, pp.
1723-1729, ISSN 1528-0020

Ligresti, G. L. Militello, et al. (2009). PIK3CA mutations in human solid tumors: role in
sensitivity to various therapeutic approaches. Cell Cycle, Vol.8, No.9, pp. 1352-1358,
ISSN 1551-4005

Liu, Q.,G. Nozari, et al. (1998). Single-tube polymerase chain reaction for rapid diagnosis of
the inversion hotspot of mutation in hemophilia A. Blood, Vol.92, No.4, pp. 1458-
1459, ISSN 0006-4971

Liu, Q. T. Sasaki, et al. (1999). SHIP is a negative regulator of growth factor receptor-
mediated PKB/Akt activation and myeloid cell survival. Genes and Development,
Vol.13, No.7, pp. 786-791, ISSN 0890-9369

Liu, T. C,,P. M. Lin, et al. (2000). Mutation analysis of PTEN/MMAC1 in acute myeloid
leukemia. Am | Hematol, Vol.63, No.4, pp. 170-175, ISSN 0361-8609

Lo, T. C,L. M. Barnhill, et al. (2009). Inactivation of SHIP1 in T-cell acute lymphoblastic
leukemia due to mutation and extensive alternative splicing. Leukemia Research,
Vol.33, No.11, pp. 1562-1566, ISSN 1873-5835

Luo, J. M., H. Yoshida, et al. (2003). Possible dominant-negative mutation of the SHIP gene in
acute myeloid leukemia. Leukemia, Vol.17, No.1, pp. 1-8, ISSN 0887-6924

Maehama, T. and ]J. E. Dixon. (1998). The tumor suppressor, PTEN/MMACI,
dephosphorylates the lipid second messenger, phosphatidylinositol 3,4,5-
trisphosphate. Journal of Biological Chemistry, Vol.273, No.22, pp. 13375-13378, ISSN
0021-9258

Mahadevan, D. and A. F. List. (2004). Targeting the multidrug resistance-1 transporter in
AML: molecular regulation and therapeutic strategies. Blood, Vol.104, No.7, pp.
1940-1951, ISSN 0006-4971

Maira, S. M. F. Stauffer, et al. (2008). Identification and characterization of NVP-BEZ235, a
new orally available dual phosphatidylinositol 3-kinase/mammalian target of
rapamycin inhibitor with potent in vivo antitumor activity. Molecular Cancer
Therapy, Vol.7, No.7, pp. 1851-1863, ISSN 1535-7163

Manning, B. D. and L. C. Cantley. (2007). AKT/PKB signaling: navigating downstream. Cell,
Vol.129, No.7, pp. 1261-1274, ISSN 0092-8674

Mao, X.,B. Cao, et al. (2011). A small-molecule inhibitor of D-cyclin transactivation displays
preclinical efficacy in myeloma and leukemia via phosphoinositide 3-kinase
pathway. Blood, Vol.117, No.6, pp. 1986-1997, ISSN 1528-0020



The PI3K/PKB Signaling Module in Normal and Malignant Hematopoiesis 65

Meyer, L. H.,S. M. Eckhoff, et al. (2011). Early Relapse in ALL Is Identified by Time to
Leukemia in NOD/SCID Mice and Is Characterized by a Gene Signature Involving
Survival Pathways. Cancer Cell, Vol.19, No.2, pp. 206-217, ISSN 1878-3686

Min, Y. H.J. I. Eom, et al. (2003). Constitutive phosphorylation of Akt/PKB protein in acute
myeloid leukemia: its significance as a prognostic variable. Leukemia, Vol.17, No.5,
pp- 995-997, ISSN 0887-6924

Minucci, S. and P. G. Pelicci. (2006). Histone deacetylase inhibitors and the promise of
epigenetic (and more) treatments for cancer. Nature Reviews Cancer, Vol.6, No.1, pp.
38-51, ISSN 1474-175X

Miyamoto, K., K. Y. Araki, et al. (2007). Foxo3a is essential for maintenance of the
hematopoietic stem cell pool. Cell Stem Cell, Vol.1, No.1, pp. 101-112, ISSN 1875-
9777

Miyamoto, K. T. Miyamoto, et al. (2008). FoxO3a regulates hematopoietic homeostasis
through a negative feedback pathway in conditions of stress or aging. Blood,
Vol.112, No.12, pp. 4485-4493, ISSN 1528-0020

Moody, J. L, L. Xu, et al. (2004). Anemia, thrombocytopenia, leukocytosis, extramedullary
hematopoiesis, and impaired progenitor function in Pten+/-SHIP-/- mice: a novel
model of myelodysplasia. Blood, Vol.103, No.12, pp. 4503-4510, ISSN 0006-4971

Nave, B. T.,M. Ouwens, et al. (1999). Mammalian target of rapamycin is a direct target for
protein kinase B: identification of a convergence point for opposing effects of
insulin and amino-acid deficiency on protein translation. The Biochemical Journal,
Vol.344 Pt 2, pp. 427-431, ISSN 0264-6021

Neri, L. M. P. Borgatti, et al. (2003). The phosphoinositide 3-kinase/AKT1 pathway
involvement in drug and all-trans-retinoic acid resistance of leukemia cells.
Molecular Cancer Research, Vol.1, No.3, pp. 234-246, ISSN 1541-7786

Nguyen, N. Y., M. ]. Maxwell, et al. (2011). An ENU-induced mouse mutant of SHIP1 reveals
a critical role of the stem cell isoform for suppression of macrophage activation.
Blood, pp. ISSN 1528-0020

Ning, Z. Q.J. Li, et al. (2001). Signal transducer and activator of transcription 3 activation is
required for Asp(816) mutant c-Kit-mediated cytokine-independent survival and
proliferation in human leukemia cells. Blood, Vol.97, No.11, pp. 3559-3567, ISSN
0006-4971

Nishioka, C.,T. Ikezoe, et al. (2008). Blockade of mTOR signaling potentiates the ability of
histone deacetylase inhibitor to induce growth arrest and differentiation of acute
myelogenous leukemia cells. Leukemia, Vol.22, No.12, pp. 2159-2168, ISSN 1476-
5551

Nyakern, M.,P. L. Tazzari, et al. (2006). Frequent elevation of Akt kinase phosphorylation in
blood marrow and peripheral blood mononuclear cells from high-risk
myelodysplastic syndrome patients. Leukemia, Vol.20, No.2, pp. 230-238, ISSN 0887-
6924

Okkenhaug, K., A. Bilancio, et al. (2002). Impaired B and T cell antigen receptor signaling in
pl10delta PI 3-kinase mutant mice. Science, Vol.297, N0.5583, pp. 1031-1034, ISSN
1095-9203

Oshiro, N., K. Yoshino, et al. (2004). Dissociation of raptor from mTOR is a mechanism of
rapamycin-induced inhibition of mTOR function. Genes to Cells, Vol.9, No.4, pp.
359-366, ISSN 1356-9597



66 Acute Leukemia — The Scientist's Perspective and Challenge

Pabst, T.,B. U. Mueller, et al. (2001). Dominant-negative mutations of CEBPA, encoding
CCAAT/enhancer binding protein-alpha (C/EBPalpha), in acute myeloid
leukemia. Nature Genetics, Vol.27, No.3, pp. 263-270, ISSN 1061-4036

Papa, V.,P. L. Tazzari, et al. (2008). Proapoptotic activity and chemosensitizing effect of the
novel Akt inhibitor perifosine in acute myelogenous leukemia cells. Leukemia,
Vol.22, No.1, pp. 147-160, ISSN 1476-5551

Park, S.,N. Chapuis, et al. (2008). PI-103, a dual inhibitor of Class IA phosphatidylinositide 3-
kinase and mTOR, has antileukemic activity in AML. Leukemia, Vol.22, No.9, pp.
1698-1706, ISSN 1476-5551

Perez, L. E.,C. Desponts, et al. (2008). SH2-inositol phosphatase 1 negatively influences early
megakaryocyte progenitors. PLoS One, Vol.3, No.10, pp. e3565, ISSN 1932-6203

Pouillon, V.,R. Hascakova-Bartova, et al. (2003). Inositol 1,3,4,5-tetrakisphosphate is essential
for T lymphocyte development. Nature Immunology, Vol.4, No.11, pp. 1136-1143,
ISSN 1529-2908

Rahmani, M. E. Reese, et al. (2005). Coadministration of histone deacetylase inhibitors and
perifosine synergistically induces apoptosis in human leukemia cells through Akt
and ERK1/2 inactivation and the generation of ceramide and reactive oxygen
species. Cancer Research, Vol.65, No.6, pp. 2422-2432, ISSN 0008-5472

Raslova, H.,V. Baccini, et al. (2006). Mammalian target of rapamycin (mTOR) regulates both
proliferation of megakaryocyte progenitors and late stages of megakaryocyte
differentiation. Blood, Vol.107, No.6, pp. 2303-2310, ISSN 0006-4971

Raynaud, F. I.,S. Eccles, et al. (2007). Pharmacologic characterization of a potent inhibitor of
class I phosphatidylinositide 3-kinases. Cancer Research, Vol.67, No.12, pp. 5840-
5850, ISSN 0008-5472

Recher, C.O. Beyne-Rauzy, et al. (2005). Antileukemic activity of rapamycin in acute
myeloid leukemia. Blood, Vol.105, No.6, pp. 2527-2534, ISSN 0006-4971

Rizzieri, D. A, E. Feldman, et al. (2008). A phase 2 clinical trial of deforolimus (AP23573,
MK-8669), a novel mammalian target of rapamycin inhibitor, in patients with
relapsed or refractory hematologic malignancies. Clinical Cancer Research, Vol.14,
No.9, pp. 2756-2762, ISSN 1078-0432

Rodriguez-Viciana, P.,P. H. Warne, et al. (1994). Phosphatidylinositol-3-OH kinase as a
direct target of Ras. Nature, Vol.370, No.6490, pp. 527-532, ISSN 0028-0836

Sampath, D.]J. Cortes, et al. (2006). Pharmacodynamics of cytarabine alone and in
combination with 7-hydroxystaurosporine (UCN-01) in AML blasts in vitro and
during a clinical trial. Blood, Vol.107, No.6, pp. 2517-2524, ISSN 0006-4971

Santamaria, C. M.,M. C. Chillon, et al. (2009). High FOXO3a expression is associated with a
poorer prognosis in AML with normal cytogenetics. Leukemia Research, Vol.33,
No.12, pp. 1706-1709, ISSN 1873-5835

Sarbassov, D. D.,D. A. Guertin, et al. (2005). Phosphorylation and regulation of Akt/PKB by
the rictor-mTOR complex. Science, Vol.307, No.5712, pp. 1098-1101, ISSN 1095-9203

Saunders, P.,A. Cisterne, et al. (2011). The mammalian target of rapamycin inhibitor
RADO01 (everolimus) synergizes with chemotherapeutic agents, ionizing radiation
and proteasome inhibitors in pre-B acute lymphocytic leukemia. Haematologica,
Vol.96, No.1, pp. 69-77, ISSN 1592-8721

Schubbert, S. K. Shannon, et al. (2007). Hyperactive Ras in developmental disorders and
cancer. Nature Reviews Cancer, Vol.7, No.4, pp. 295-308, ISSN 1474-175X



The PI3K/PKB Signaling Module in Normal and Malignant Hematopoiesis 67

Silva, A.J. A. Yunes, et al. (2008). PTEN posttranslational inactivation and hyperactivation
of the PI3K/ Akt pathway sustain primary T cell leukemia viability. The Journal of
Clinical Investigation, Vol.118, No.11, pp. 3762-3774, ISSN 0021-9738

Skorski, T.,A. Bellacosa, et al. (1997). Transformation of hematopoietic cells by BCR/ABL
requires activation of a PI-3k/Akt-dependent pathway. EMBO Journal, Vol.16,
No.20, pp. 6151-6161, ISSN 0261-4189

Sujobert, P.V. Bardet, et al. (2005). Essential role for the pll0delta isoform in
phosphoinositide 3-kinase activation and cell proliferation in acute myeloid
leukemia. Blood, Vol.106, No.3, pp. 1063-1066, ISSN 0006-4971

Tabellini, G.,P. L. Tazzari, et al. (2004). Novel 2'-substituted, 3'-deoxy-phosphatidyl-myo-
inositol analogues reduce drug resistance in human leukaemia cell lines with an
activated phosphoinositide 3-kinase/Akt pathway. British Journal of Haematology,
Vol.126, No.4, pp. 574-582, ISSN 0007-1048

Tamburini, J.,N. Chapuis, et al. (2008). Mammalian target of rapamycin (mTOR) inhibition
activates phosphatidylinositol 3-kinase/Akt by up-regulating insulin-like growth
factor-1 receptor signaling in acute myeloid leukemia: rationale for therapeutic
inhibition of both pathways. Blood, Vol.111, No.1, pp. 379-382, ISSN 0006-4971

Tamburini, J.,C. Elie, et al. (2007). Constitutive phosphoinositide 3-kinase/Akt activation
represents a favorable prognostic factor in de novo acute myelogenous leukemia
patients. Blood, Vol.110, No.3, pp. 1025-1028, ISSN 0006-4971

Tazzari, P. L.,G. Tabellini, et al. (2008). Synergistic proapoptotic activity of recombinant
TRAIL plus the Akt inhibitor Perifosine in acute myelogenous leukemia cells.
Cancer Research, Vol.68, No.22, pp. 9394-9403, ISSN 1538-7445

Teachey, D. T.,D. A. Obzut, et al. (2006). The mTOR inhibitor CCI-779 induces apoptosis and
inhibits growth in preclinical models of primary adult human ALL. Blood, Vol.107,
No.3, pp. 1149-1155, ISSN 0006-4971

Teachey, D. T.,C. Sheen, et al. (2008). mTOR inhibitors are synergistic with methotrexate: an
effective combination to treat acute lymphoblastic leukemia. Blood, Vol.112, No.5,
pp- 2020-2023, ISSN 1528-0020

Thomas, X. (2009). Chemotherapy of acute leukemia in adults. Expert Opinion on
Pharmacotherapy, Vol.10, No.2, pp. 221-237, ISSN 1744-7666

Tothova, Z.,R. Kollipara, et al. (2007). FoxOs are critical mediators of hematopoietic stem cell
resistance to physiologic oxidative stress. Cell, Vol.128, No.2, pp. 325-339, ISSN
0092-8674

Trowbridge, J. J.,A. Xenocostas, et al. (2006). Glycogen synthase kinase-3 is an in vivo
regulator of hematopoietic stem cell repopulation. Nature Medicine, Vol.12, No.1,
pp- 89-98, ISSN 1078-8956

van de Laar, L.,M. Buitenhuis, et al. (2010). Human CD34-derived myeloid dendritic cell
development requires intact phosphatidylinositol 3-kinase-protein kinase B-
mammalian target of rapamycin signaling. Journal of Immunology, Vol.184, No.12,
pp- 6600-6611, ISSN 1550-6606

Vanhaesebroeck, B.,S. J. Leevers, et al. (2001). Synthesis and function of 3-phosphorylated
inositol lipids. Annu Rev Biochem, Vol.70, pp. 535-602, ISSN 0066-4154

Varticovski, L.,G. Q. Daley, et al. (1991). Activation of phosphatidylinositol 3-kinase in cells
expressing abl oncogene variants. Molecular and Cellular Biology, Vol.11, No.2, pp.
1107-1113, ISSN 0270-7306



68 Acute Leukemia — The Scientist's Perspective and Challenge

Vlahos, C. J.,W. F. Matter, et al. (1994). A specific inhibitor of phosphatidylinositol 3-kinase,
2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002). Journal of Biological
Chemistry, Vol.269, No.7, pp. 5241-5248, ISSN 0021-9258

Wang, C.X. Chen, et al. (2007). C/EBPalphap30 plays transcriptional regulatory roles
distinct from C/EBPalphap42. Cell Res, Vol.17, No.4, pp. 374-383, ISSN 1748-7838

Weisberg, E. L. Banerji, et al. (2008). Potentiation of antileukemic therapies by the dual
PI3K/PDK-1 inhibitor, BAG956: effects on BCR-ABL- and mutant FLT3-expressing
cells. Blood, Vol.111, No.7, pp. 3723-3734, ISSN 0006-4971

Wymann, M. P.,G. Bulgarelli-Leva, et al. (1996). Wortmannin inactivates phosphoinositide 3-
kinase by covalent modification of Lys-802, a residue involved in the phosphate
transfer reaction. Molecular and Cellular Biology, Vol.16, No.4, pp. 1722-1733, ISSN
0270-7306

Xu, Q.,S. E. Simpson, et al. (2003). Survival of acute myeloid leukemia cells requires PI3
kinase activation. Blood, Vol.102, No.3, pp. 972-980, ISSN 0006-4971

Xu, Q.J. E. Thompson, et al. (2005). mTOR regulates cell survival after etoposide treatment
in primary AML cells. Blood, Vol.106, No.13, pp. 4261-4268, ISSN 0006-4971

Yap, T. A, M. D. Garrett, et al. (2008). Targeting the PI3K-AKT-mTOR pathway: progress,
pitfalls, and promises. Current Opinion in Pharmacology, Vol.8, No.4, pp. 393-412,
ISSN 1471-4892

Yilmaz, O. H.,R. Valdez, et al. (2006). Pten dependence distinguishes haematopoietic stem
cells from leukaemia-initiating cells. Nature, Vol.441, No.7092, pp. 475-482, ISSN
1476-4687

Yoshimi, A.,S. Goyama, et al. (2011). Evil represses PTEN expression by interacting with
polycomb complexes and activates PI3K/AKT/mTOR signaling. Blood, pp. ISSN
1528-0020

Yuan, R, A. Kay, et al. (2009). Targeting tumorigenesis: development and use of mTOR
inhibitors in cancer therapy. Journal of Hematology and Oncology, Vol.2, pp. 45, ISSN
1756-8722

Zask, A.,]. Kaplan, et al. (2008). Synthesis and structure-activity relationships of ring-opened
17-hydroxywortmannins: potent phosphoinositide 3-kinase inhibitors with
improved properties and anticancer efficacy. Journal of Medicinal Chemistry, Vol.51,
No.5, pp. 1319-1323, ISSN 0022-2623

Zeng, Z.1. ]. Samudio, et al. (2006). Simultaneous inhibition of PDK1/AKT and Fms-like
tyrosine kinase 3 signaling by a small-molecule KP372-1 induces mitochondrial
dysfunction and apoptosis in acute myelogenous leukemia. Cancer Research, Vol.66,
No.7, pp. 3737-3746, ISSN 0008-5472

Zhang, ].,J. C. Grindley, et al. (2006). PTEN maintains haematopoietic stem cells and acts in
lineage choice and leukaemia prevention. Nature, Vol.441, No.7092, pp. 518-522,
ISSN 1476-4687

Zhao, S,M. Konopleva, et al. (2004). Inhibition of phosphatidylinositol 3-kinase
dephosphorylates BAD and promotes apoptosis in myeloid leukemias. Leukemia,
Vol.18, No.2, pp. 267-275, ISSN 0887-6924

Zhao, W. L. (2010). Targeted therapy in T-cell malignancies: dysregulation of the cellular
signaling pathways. Leukemia, Vol.24, No.1, pp. 13-21, ISSN 1476-5551



4

Lymphocyte Commitment and
Ikaros Transcription Factors

Mariastefania Antica
Rudjer Boskovic Institute
Croatia

1. Introduction

T lymphocytes like all blood cells are progenies of a single multipotent hematopoietic stem
cell (HSC). The existence of HSCs was proven by Till and McCulloch in 1961 when bone
marrow cells injected into irradiated mice formed multilineage colonies in their spleens.
These cells were called colony forming units (CFU-S) and they have potential for self-
renewal and differentiation into all types of blood cells(Till and McCulloch 1961; Wu et al.
1968). For lymphocyte development HSCs migrate from the bone marrow, differentiate in
the thymus into immunocompetent cells and seed the peripheral lymphatic organs. This
process occurs during fetal development (for review see (Godin and Cumano 2002), but also
during the adult life of an individual since T lymphocytes have to be continuously
replenished. Transplantation experiments proved that thirty hematopoietic stem cells are
sufficient to save 50 percent of lethally irradiated mice, and to reconstitute all blood cell
types in vivo (Spangrude et al. 1988). Because it is extremely important to produce
immunocompetent T cells the process of their maturation and development is strictly
regulated and is succumb to very strict check points at several stages of differentiation. In
this context we'll discuss lkaros family transcription factors as major regulators of T
lymphocyte development.

2. Committed lymphocyte precursor

For a long time it has been postulated analogously to committed myeloid precursors that
there is a committed lymphocyte precursor. However the first experiments that showed the
existence of a committed lymphocyte precursor was described in the early 90tis when a new
population of cells in the thymus was found and its features described (Wu 1991; Wu et al.
1991). These cells expressed most markers of the multipotent hematopoietic stem cells like
Thy-1lewCD44+*H2k*Sca-1* but they expressed Sca-2 and low levels of CD4. These cells were
negative for all mature blood cells markers lymphocytes (CD8"CD3Ig"), macrophages (Mac-
17), granulocytes (Gr-17) and erhytrocytes (TER1197), lineage negative, (Lin™ cells). Their Ig
and TCR receptor genes were in germline configuration. The described precursors represent
0.05% of the cells in an adult mouse thymus. If the cells were sorted and transferred by
intrathymic injections (i.t.) into lethally irradiated congenic mice they developed into all
thymic subpopulations, first CD4"CD8" (double negatives, DN) thymocytes, than into
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CD4+CD8* double positives which give rise to mature CD4* and CD8* lymphocytes. Mature
cells derived from the CD4low precursors seeded the spleen, lymph nodes and bone marrow.
The reconstitution potential of the described precursors was lower and the time for
development was shorter when compared to the multipotent hematopoietic stem cells from
the bone marrow. These experiments proved that the CD4low precursors in the thymus can
develop into T lymphocytes. Because of their resemblance to the multipotent progenitors
from the bone marrow it was important to answer the question whether their potential was
restricted only to develop into T lymphocytes. Therefore we transplanted these cells into the
periphery by injecting them intravenously (i.v.) into lethally irradiated congenic animals.
Their progenies were found to develop into T lymphocytes similarly to the results obtained
by direct i.t. transplantation experiments. When injected intravenously they also developed
into B lymphocytes but there were no myeloid progenies. During fetal development these
cells were detected from day 14 in the fetal thymus but only after birth their function was
comparable to the adult ones(Antica et al. 1993). In the bone marrow the CD4low precursor
cells were described, but their function was not lymphocyte restricted (Antica et al. 1994a).
Further studies showed that in the bone marrow the marker that could differentiate the
lymphoid precursor cells from the multipotent precursors was IL7Ra (Kondo et al. 1997).
This population, called common lymphoid precursor (CLP) is characterized by Lin- Thy-
1-Sca-1lec-Kitle IL-7R* and possess rapid and prominent short-term lymphoid-restricted (T,
B, and NK cells) reconstitution activity. However, this progenitor population clonally
produces both B and T lymphocytes, but have little myeloid potential in vivo. A recently
developed bioinformatics method, called Mining Developmentally Regulated Genes, which
mines the publically available microarray data to identify genes that are up- or down-
regulated within a developmental pathway was applied to identify surface proteins that
distinguish functional CLPs from other progenitors (Inlay et al. 2009; Sahoo et al. 2010). A
surface marker Ly6d dissects the CLP population in two and shows that it consists of a
mixture of all lymphoid progenitor cells (ALP) which retain B and T lymphoid potential,
and BLP (B cell biased lymphoid progenitors). This manuscript offers strong support for the
validity of our earlier conclusions. However, ALPs still keep low myeloid potential
indicating that ALPs are either a mixture of the CD4low precursor cells and myeloid
progenitors or is a single population but at an earlier developmental stage and still
multipotent(Wu et al. 1991; Antica et al. 1993; Antica et al. 1994b; Inlay et al. 2009). Here we
also stress the necessity and importance of in vivo assays for the determination of
physiologic lineage potentials since it has been recently shown that in vitro assays can
misrepresent in vivo lineage potentials of murine lymphoid progenitors(Richie Ehrlich et al.
2011).

From the clinical point of view defining the earliest lymphoid precursor is important for a
rapid engraftment and protection from infections after hematopoietic stem cell
transplantation in chemotherapy or irradiation compromised patients (Arber et al. 2003;
Hollénder et al. 2010).

3. Ikaros transcription factors

Mechanisms and factors that regulate lymphocyte development from stem cells have to be
very accurate since any alteration of this process may lead to serious diseases like leukemia.
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Transcription factors from the Ikaros family play an essential role in the commitment of
hematopoietic progenitors into the lymphoid lineage as well as in the choice of effector
functions at later stages of development(Georgopoulos 1994; Sun et al. 1996, Wang et al.
1998; Cortes et al. 1999). Their role has been addressed by gene targeting and such gene
inactivation studies have identified Ikaros, Aiolos and Helios as transcription factors
required for the maturation of lymphocytes(Morgan 1997; Hahm 1998; Kelley 1998). It has
been shown that mice homozygous for a deletion in these genes undergo remarkable
changes in their lymphocyte populations and also those ageing animals with the same
mutation develop lymphoproliferative disorders. A number of studies show that Ikaros
genes in both mice and human malignancies might be deregulated (Winandy et al. 1995;
Nichogiannopoulou et al. 1999; Nakase et al. 2000; Nakayama et al. 2000; Nakase et al.
2002; Rebollo and Schmitt 2003; Dovat et al. 2005; Mullighan et al. 2008; Matulic et al.
2009; Billot et al. 2010). Therefore we addressed the question whether a combination of
transcription factor failures may contribute to the development of human lymphoma. We
amplified human mRNA from formalin fixed paraffin embedded tissues from lymphoma
patients in order to have consistent and well defined groups of patients. Hence, we were
able to analyze Ikaros, Aiolos and Helios mRNA from archive tissue specimens from
patients with Hodgkin’s and non- Hodgkin’s lymphoma and follicular hyperplasia
(Antica et al. 2008; Antica et al. 2010). Further we and others show a deregulation in
human leukemia. Acute lymphoblastic leukemia (ALL) is characterized by the
Philadelphia chromosome (Ph) which encodes the BCR-ABL1 tyrosine kinase, the most
frequent cytogenetic abnormality (~25-30% of cases)(Mancini et al. 2005). Deletion of the
IKAROS gene (IKZF1) was found in 83.7% cases of BCR-ABL1 ALL, but not in chronic-
phase CML(Mullighan et al. 2008). Posttranscriptional regulation of alternative splicing of
Ikaros was associated with resistance to tyrosine kinase inhibitors (TKIs) in Ph/positive
acute lymphoblastic leukemia (ALL) patients (Iacobucci et al. 2008). Further, IKZF1
deletions are likely to be a genomic alteration that significantly affects the prognosis of
Ph-positive ALL in adults (Martinelli et al. 2009). Further, when Ikaros expression was
analyzed by real time RT-PCR the quantitative distribution of mRNA level in
hematopoietic cells of patients with lymphocytic leukemia was similar but a clear
difference among groups was due to Aiolos lower expression in all types of acute
leukemia(Antica et al. 2007). The mechanisms involved have been tested in the mouse
model. It has been found that pre-BCR induces Ikaros to inhibit the proliferation of
Philadelphia chromosome-positive B-ALL cells (Trageser et al. 2009). Pre-B cell
receptor/IKAROS-induced cell cycle arrest can be reversed by dominant-negative Ikaros
splicing variant IK6(Trageser et al. 2009). A possible mechanism of Ikaros suppression has
been described by Ma et al. Their experiments on mice show that Ikaros inhibits c-Myc as
a direct target, resulting in inhibition of pre B-lymphocyte proliferation (Ma et al 2010).

In the last ten years a new system, besides fetal thymic organ cultures (FTOC) or
reaggregation cultures, for T cell growth in vitro has been developed. It has been shown
that OP9 stromal cells transfected with the Notch ligand delta like 1 DL1 (OP9-DL1) can
support T lymphocyte differentiation in vitro ( Schmitt and Zuaniga-Pflticker 2002). This
new technology provided a powerful tool for analyzing developmental phases from
multipotent stem cells to mature T lymphocytes at single cell level in vitro and allowed a
better understanding of the processes underlying development. However, there are still a
lot of unanswered and exciting questions to be solved. Who is regulating Ikaros and
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Notch? How transcription factors regulate development with their partners and DNA
where and how do they interfere with their partners, and DNA, how can we identify
targets for new drugs and finally how can we produce T cells in vitro for practical
applications and regenerative medicine?
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1. Introduction

Chromatin is a highly ordered structure consisting of repeats of nucleosomes connected by
linker DNA. It consists of DNA, histone, and nonhistone proteins condensed into
nucleoprotein complexes and it functions as the physiological template of all eukaryotic
genetic information. Histones are small basic proteins containing a globular domain and a
flexible charged NH, terminus known as the histone tail, which protrudes from the
nucleosome. Epigenetic codes are set up by modifications on the DNA (methylation) or on the
histones (acetylation, methylation, phosphorylation, ubiquitination, and ADP ribosylation,
etc.), by different classes of enzymes in a precise and targeted manner. Posttranslational
modification to histones affects chromatin structure and function resulting in altered gene
expression and changes in cell behavior. These modifications do not alter the primary
sequence of DNA but have an impact on gene expression regulation, most frequently gene
suppression. They lead to pathological states in hematopoietic system resulting in acute
leukemia.

DNA methylation is catalyzed by DNA methyltransferases (DNMTs), of which three active
enzymes have been identified in mammals, namely DNMT1, DNMT3A and DNMT3B.
DNMT1 is responsible for maintaining pre-existing methylation patterns during DNA
replication, while DNMT3A and DNMT3B are required for initiation of de novo methylation.
Acetylation is a reversible process. The balance between acetylation (transcriptional activation)
and deacetylation (transcriptional repression) is regulated by histone acetyltransferase (HATSs)
and histone deacetylases (HDACs) in specific lysine residues in the N-termini of histone tails
and/or in transcription factors (eg, p53, E2F1, GATA1, RelA, YY1, and Mad/Max) without
directly binding to the DNA (Minucci et al.,, 2006, Gallinare et al., 2007), and is critical in
regulating gene expression. Mammalian HDAC:s are classified into three classes based on their
homology to yeast HDACs. Class I HDACs (HDACI, 2, 3, 8, and 11) are homologues of
Sacharomyces cerevisiae histone deacetylase Rpd 3 (reduced potassium dependency 3) and those
with greater similarity to yeast Hdal, are class I HDACs (Gray & Ekstrom, 2001; Gao et al.,
2002; Kao et al., 2002). Class III HDACs are called Sirtuins, which are homologoues of yeast
sir2 (silence information regulator). Histones can be mono-, di-, or tri-methylated at lysine and
arginine residues by HMTs, and the recent identification of histone lysine demethylases such
as KDM1/LSD1 and the Jumonji-domain (JM]D)-containing protein family shows that histone
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methylation is an enzymatically dynamic process (Lan et al., 2008). In general, methylation
at H3K4, H3K36, and H3K79 is associated with transcriptional activation, whereas H3KO9,
H3K27, and H3K20 methylation is associated with transcriptional repression (Kouzarides et
al., 2007). The involvement of HMTases, more so of DNMTs (DNA methyltransferase) is
observed in cancer (Zhang et al.,, 2005). Several chromosomal translocations in acute
myeloid leukemia (AML) that produce chimerical fusion oncoproteins have been shown to
repress genes involved in cell-cycle growth inhibition, differentiation, and apoptosis (Bhalla
et al., 2005; Hormaeche, 2007) . The reversal of aberrant epigenetic changes has therefore
emerged as a potential strategy for the treatment of cancer. DNA methylation and histone
deacetylation inhibitors and a number of compounds targeting enzymes that regulate DNA
methylation, histone acetylation and histone methylation have been developed as epigenetic
therapies, with some demonstrating efficacy in hematological malignancies and solid
tumors. The aberrance of DNA methylation, histone acetylation and methylation has been
found in acute leukemia. We found that PHI (Phenylhexyl isothiocyanate), synthetic
phenylhexyl isothiocyanates, could correct the aberrance ( Ma et al., 2006; Xiao et al., 2010;
Jiang et al., 2010) .

2. Epigenetic event in acute leukemia

Epigenetic mechanisms controlling transcription of genes involved in cell differentiation,
proliferation, and survival are often targets for deregulation in malignant development.
Misregulation of epigenetic modification may be as significant as genetic mutation in
driving cancer development and growth. There are some acute leukemias with cytogenetic
translocations in WHO classification, which involved in epigenetic modification change.
DNA methylation is established during early embryogenesis and continues through
different generations of cell cycle and development. Abnormal patterns in DNA methylation
are one of epigenetic deregulation to be characterized in human cancers, either as a result of
DNMT over expression or aberrant recruitment. Acetylation and methylation are the two
histone modification that has been clinically associated with pathological epigenetic
disruption in cancer cells. Specific recurring chromosomal abnormalities are commonly
associated with acute myeloid leukemia. These chromosomal anomalies influence the
molecular and cellular phenotype of the leukemia blasts and may be responsible for their
malignant potential (Caligiuri et al., 1997; Thandla et al., 1997). The aberrations often lead to
the formation of one or more fusion genes resulting in the over expression or untimely
expression of a normal gene, eg, the MYC/Ig gene enhancer fusion produced by the t (8;14)
in Burkitt's lymphoma (Crosce et al., 1986; Thandla et al., 1997) , or the creation of a new
gene product by fusing genes as in the PML-RAR fusion produced by the t(15;17)
characteristic of acute promyelocytic leukemia (Zelent et al., 2001). Some regions are
common partners in fusion events, and 11q23 is involved in at least 40 different
translocations in acute leukemia.

2.1 DNA methylation and acute leukemia

The maintenance of appropriate DNA methylation within CpG nucleotide islands plays a
significant role in regulation of a wide variety of molecular processes including stability of
chromosomal structure and control of gene expression (Das, 2004). DNA methylation can
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also result in the recruitment of proteins that bind methylated CpG sequences (methyl-CpG-
binding domain [MBD] proteins) complexes with histone deacetylases (HDACs) and histone
methyltransferase (HMTase) prompting coordinated epigenetic modifications of the
surrounding chromatin (Esteller, 2005). Tumor cell-specific promoter hypermethylation in
genes that play important roles in regulating cell cycle, apoptosis, DNA repair,
differentiation, and cell adhesion is often a hallmark of disease ( Esteller, 2008). In addition,
hypomethylation of repetitive sequences may result in chromosomal and genetic instability,
leading to further oncogenic events. Transcriptional silencing via DNA hypermethylation
can often be associated with poor clinical outcome in several malignancies (Bhalla et al.,
2005; Das, 2004; Herranz, 2007). Abnormal gain in DNA methylation with aberrant silencing
of transcription may occur at specific gene promoter regions and represents a mechanism
for inactivation of tumor-suppressor genes. In a clinical experiment, the methylation profiles
of 344 patients with acute myeloid leukemia (AML) were examined. A common aberrant
DNA methylation signature consisting of 45 genes in most of them hypermethylated was
identified, that was consistently detected in at least 10 of the 16 clusters’ methylation
signatures and affecting at least 70% of the cases studied. Genes in this signature are likely
to be part of a common epigenetic pathway involved in leukemic transformation of
hematopoietic cells. They are the tumor suppressor PDZD2, transcriptional regulators
(ZNF667, ZNF582, PIAS2, CDKS), nuclear import receptors (TNPO3, IPO8), and CSDA, a
repressor of GM-CSF. They could predict the clinical outcome (Maria et al., 2010). Silencing
of CDKN2A and CDKNIA has been associated with poor clinical outcome in acute
leukemias (Herman, 2003; Bernstein et al., 2007). Aberrant p15CDKN2B has been widely
reported in leukemias and other myeloid neoplasms (Cameron et al., 1999; Christiansen et
al., 2003; Shimamoto et al., 2005; Toyota et al., 2001). Roman-Gomez et al. reported an
incidence of p21CIP1 methylation of 41% in 124 patients with acute lymphocytic leukemia
(ALL). Most importantly, they observed that p21CIP1 methylation was an independent
predictor of poor prognosis both in adults and children with this disease (Roman-Gomez et
al., 2002). Zheng et al. reported that there are 35.29%, 48.65% hypermethylation of the p15
INK4, pl6 INK4 gene exon 1 in acute leukemia respectively, 25%, 37.5% hypermethylation
of the pl15 INK4, pl6 INK4 gene exon 1 in acute myeloid leukemia respectively, 60%,
69.23% hypermethylation of the pl5 INK4, pl6é INK4 gene exon 1 in acute lymphoid
leukemia respectively (Zheng et al., 2004a, 2004b).

2.2 Histone acetylation and acute leukemia

Histone acetylation is associated with transcriptionally active chromatin, which has been
established over 40 years ago (Littau et al., 1964). The acetylation of the histone tails was
surmised to result in a decreased affinity of the histone for the DNA, on account of the
decreasing positive charge, establishing an ‘open’ chromatin state. The transcriptionally
active state may be mediated via the transient formation of (H3-H4) , tetrameric particle that
could adopt an open structure only when H3 and H4 tails are acetylated (Morales et al.,
2000). Mistargeting and mutations in HATs and HDACs are major factors leading to
diseases and disorders. A classic example of one such disorder is the Rubinstein-Taybi
syndrome (RSTS), which is a consequence of a single mutation in the gene encoding the
HAT CREB binding protein (CBP) located on chromosome 16p13.3. In addition to
functioning as a bridge between transcription factors and the basal transcription machinery,
CBP has histone acetyltransferase activity (Bannister et al., 1996; Ogryzko et al., 1996). CBP
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causes an acetylation of core histone proteins, such as H2A, H2B, H3 and H4, and interacts
with histone acetyltransferases, such as PCAF (P300/CBP associated factor), SRC-1 (steroid
receptor coactivator-1) and ACTR (coactivator for nuclear hormone receptors). It is generally
accepted that CBP is involved in the remodeling of nucleosomes via these factors. Altered
HAT (histone acetylase) activity has been reported in both hematological and solid cancers,
by inactivation of HAT activity through gene mutation or through deregulation of HAT
activity by viral oncoproteins. Chromosomal translocations involving HATs and their
consequent fusion proteins have been implicated in the onset and progression of acute
leukemia. Such translocations have been identified in acute myeloid leukemia (AML) and
acute lymphoblastic leukemia (ALL) cases in which the translocation t (11;16) (q23;p13)
results in a fusion protein (MLL-CBP) consisting of the CBP and the mixed lineage leukemia
(MLL) protein. The underlying mechanisms of effects of this fusion protein in the formation
of AML may involve deregulation of MLL target genes by CBP-mediated chromatin
remodeling and increased chromatin accessibility (Ayton et al., 2001). The fusion protein has
A/T hooks and cysteine-rich DNA recognition domain of MLL fused to intact CBP and fails
to recruit SWI/SNF to its target as it lacks the SET domain, which is important for
interacting with hSNF5 (Taki et al., 1997). MLL can also be aberrantly fused to p300 in AML
via the t (11;22)(q23;p13) translocation (Ida et al., 1997). In addition to p300 and CBP fusion
proteins involving the HATs, TIF2, MOZ (monocytic zinc finger protein) and MORF that
arise as a result of chromosomal translocations have also been identified in hematological
malignancies (Cairns, 2001; Cairns et al., 2001; Panagopoulos et al., 2001; Liang J et al., 1998).
The MOZ-CBP fusion proteins is expressed due to a translocation t (8;16)(p11;p13),
associated with a subtype of acute monocytic leukemia (AML M5). The resulting fusion
protein has been recently shown to increase expression of genes regulated by NF-xB (Chan
et al., 2007). MORF gene fusions are expressed in t (10;16) (q22;p13) in childhood AML and
myelodysplastic syndrome, in which the MORF gene is fused with the CBP gene
(Champagne et al., 1999). The MOZ-TIF2 fusion is one of a new family of chromosomal
rearrangements that associate HAT activity, transcriptional coactivation, and acute leukemia
(Jian et al., 1998). The CBP gene has been shown to fuse with MOZ in AML patients with t
(8,16)(p11;p13) (Borrow et al., 1996; Giles et al., 1997), and in MLL patients with therapy-
related acute leukemia with t(11;16)(q23;p13) (Rowley et al., 1997; Satake et al., 1997; Sobulo
etal., 1997; Taki et al., 1997).

Deregulation of HDAC activity by chromosomal translocations has been strongly implicated
in aberrant gene silencing and the promotion of tumorigenesis, especially in leukemia. A
well-understood link between tumorigenesis and aberrant HDAC activity occurs in acute
promyelocytic leukemia (APL). In APL, the chromosomal translocations t (15;17) and t
(11;17) results in fusion proteins RARa-PML (promyelocytic leukemia protein) and RARa-
PLZF (promyelocytic zinc finger), respectively. These aberrant proteins retain the ability to
bind RAREs and HDACs with high affinity and are no responsive to retinoids, resulting in
the deregulated transcriptional silencing of RAR-targeted genes and prevention of cell
differentiation (Zelent et al., 2001). The retinoic acid receptor (RAR) is important for
myeloid differentiation and acts as a transcriptional regulator by binding its
heterodimerization partner RXR, which in turn bind to retinoic acid response elements
(RAREs) within the promoters of target genes (Bolden et al., 2006). Both PML-RARalpha and
PLZF-RARalpha fusion proteins recruit the nuclear co-repressor (N-CoR)-histone
deacetylase complex through the RARalpha CoR box (Iris & Luciano, 2011). AML1-ETO is a
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fusion protein that results from t (821) and CBFB-MYHI11 caused by the chromatin
inversion 16(p13;q22) in cases of AML. It is of translocations in leukemogenesis that is
capable of altering protein acetylation. Fusion proteins from these translocations result in
the recruitment of HDACs to target gene promoters and consequent gene silencing (Wang
et al., 2007; Bhalla et al., 2005).

We have studied on the state of histone acetylation in acute leukemia. The levels of
acetylated H3 and H4 were examined in patients with or without complete remission
response. The deficient histone acetylation existed in all 15 cases of acute leukemias,
including both myeloid and lymphoid lineages. The results showed that both levels of
histone H3 and H4 acetylation in 15 AL patients were significantly lower, as compared with
4 individuals without leukemia(H3 0.128+0.013 w»s 0.386+0.104, H4 0.096+ 0.008 vs
0.341£0.096 respectively, both p<0.01). This deficiency was revealed in all the acute
leukemia cases investigated in all age groups from 2.5 to 69 years, including both myeloid
and lymphoid lineages (Xiao et al., 2010).

2.3 Histone methylation and acute leukemia

Histone methylation is brought about by histone methyltransferases (HMTases), which
catalyze the transfer of methyl group from the donor SAM (S-adenosyl methionine)
predominantly to the lysine or arginine residues on the N-terminal histone tails. Based on
the basis of amino acids that get modified, they are classified into the lysine
methyltransferases (Martin & Zhang, 2005) and arginine methyltransferases (Bedford et al.,
2005). The residues can be mono-, di- or tri-methylated, which further increase the scope
and range of methylation-mediated regulation. Arginine methyltransferase have an
additional level of regulation in catalyzing the formation of asymmetricdimethylarginine
(aDMA) or symmetricdimethylarginine (sSDMA). HMTases are versatile enzymes with their
modifications being involved in both activation and repression. The exact residue on the
histone tails that gets modification determines transcriptional activation or repression. The
lysineme methyltransferases are involved in transcriptional activation (methylation on
H3K4, H3K36 and H3K79) as well as transcription repression (methylation of H3K9, H3K27
and H4K20), while the arginine methyltransferases so far have been shown to be involved in
transcriptional activation (Kourzarides et al., 2007). There are a form of chromosomal
translocations involving HMTs (e.g.,, MLL1, NSD1, NSD3), gene over expression or
amplification (e.g., EZH2, MLL2, NSD3, BMI1, GASC1), gene silencing (e.g., RIZ1), and gene
deletion (e.g., MLL3).

Chromosomal rearrangements, affecting chromosome 11q23 and involving the human MLL
gene, is a histone methyltransferase. It recurrently associated with the disease phenotype of
acute leukemias (Pui et al., 2002, 2003). There are a total of 87 different MLL rearrangements
of which 51 TPGs are now characterized at the molecular level. The four most frequently
found TPGs (AF4, AF9, ENL and AF10) encode nuclear proteins that are part of a protein
network involved in histone H3K79 methylation (Meyer et al., 2006). Because H3K79
methylation is important for transcriptional elongation (Krogan et al., 2003), global
hypomethylation could also lead to a reduced expression of a great number of genes (Dik et
al., 2005).

The key transcriptional pathways that are subordinate to both wild-type and oncogenic
MLL proteins include Hox genes, which are master regulators of cell fate, proliferation, and
morphogenesis (Owens & Hawley, 2002). Hematopoietic cells transformed by MLL
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oncoproteins consistently hyperexpress several Hoxa cluster genes, some of which have
been shown to be direct targets of MLL and key contributors to the pathologic features of
MLL associated leukemia (Ayton & Cleary, 2003; Kumar et al., 2004; Wang et al., 2005). This
subtype of acute leukemia has a particularly aggressive with a very dismal prognosis. Thus,
an interesting scenario about the contribution of CALM-AF10 in leukemogenesis can be
envisioned whereby the CALM-AF10 fusion, in addition to up-regulating specific oncogenes
(eg, HOXA5 genes) via local hypermethylation, might promote leukemogenesis by
interfering with multiple cellular pathways through global hypomethylation of H3K79.

Lin et al. suggested that the increased chromosomal instability associated with H3K79
hypomethylation caused by the CALM-AF10 fusion might accelerate the acquisition of
additional genetic abnormalities required for leukemogenesis. AF10 fusion proteins seem to
use at least 2 mechanisms that promote leukemogenesis: (1) deregulation of target genes
resulting from local epigenetic changes, and (2) increasing genomic instability due to global
epigenetic changes (Lin et al., 2009).

ALL-1 is a member of the human trithorax/Polycomb gene family and is also involved in
acute leukemia. ALL-1 is associated in a stable complex with at least 27 proteins (Tatsuya et
al., 2002), most ALL-1-associated proteins can be classified into well-known complexes
involved in transcription. The ALL-1 protein was found to be posttranslationally processed
into two polypeptides, p300 and p180. The two ALL-1 polypeptides are present within a
single supercomplex, which is physical association between segments spanning residues
1979-2130 and 3613-3876. p180 contains the SET domain which methylates H3-K4, as well
as a domain (TAD) with transcriptional activation capacity. p300 comprises the HAT hooks
which bind DNA, a bromodomain which binds acetylated lysines within histone H4
(Dhalluin et al., 1999; Jacobson et al., 2000), the PHD zinc fingers domain, and a region with
homology to DNA methyltransferase. The cleavage might enable the formation of a spatial
configuration accommodating the many interactions of ALL-1 with proteins and DNA.
ALL-1-associated leukemias show some unusual and intriguing features (DiMartino et al.,
1999). A study showed 16/22 (68%) infant’s acute leukemia with ALL-1 gene
rearrangements. It demonstrated that ALL-1, a highly intricate chromatin modifier, in acute
leukemia is abnormal in its function (Cimino et al., 1997).

The t (8;21) is found in 10-15% of myeloid leukemia and gives rise to a fusion protein that
contains the N-terminal portion of RUNX1 fused to nearly all of myeloid translocation gene
on chromosome 8 (MTGS, also known as eight-twenty-one (ETO)) (Miyoshi et al., 1991,
1993; Erickson et al.,, 1994). The fusion protein appears to function as a transcriptional
repressor of RUNX1-regulated genes (Peterson et al., 2004). The t (12;21) is found in up to
25% of pediatric B-cell acute leukemia and creates a chimerical gene encoding the TEL-
RUNX1 fusion protein (Golub et al., 1995; Nucifora et al., 1995). RUNX1 function is also
impaired by the inv (16), which fuses the RUNX1 associating factor, core binding factor b
(CBFb or polyoma enhancer binding protein 2 betas) to the smooth muscle myosin heavy-
chain gene MYHI11, in approximately 8% of acute myeloid leukemia (Liu et al., 1993). Two
SUV39H1 contact points within repression domain 2 of RUNX1, with one of these RUNX1
domains also contacting HDAC1 and HDACS3, begins to provide a mechanistic basis for
gene silencing mediated by RUNX1. Both Runt and RUNX1 are required for gene silencing
during development and a central domain of RUNX1, termed repression domain 2 (RD2).
RD2 contacts SUV39H1, a histone methyltransferase, via two motifs and that endogenous
SUV39H1 associates with a Runx1-regulated repression element in murine erythroleukemia



Epigenetics and Targeted Therapy in Acute Leukemia 81

cells. In addition, one of these SUV39H1-binding motifs is also sufficient forbidding to
histone deacetylases 1 and 3, and both of these domains are required for full RUNX1-
mediated transcriptional repression. The association between RUNX1, histone deacetylases
and SUV39H1 provides a molecular mechanism for repressor (E et al., 2006).

The state of histone methylation in acute leukemia has been studied. Aberrant histone
methylations showed downregulation of H3K4 methylation and upregulation of H3K9
methylation in all acute leukemia. The methylation status of histone H3 at lysines 4 and 9 of
mononuclear cells from 19 patients with acute leukemia, aged from 6 to 78, including AML
and ALL and that from 9 individuals without leukemia were compared. The results showed
that the level of H3K4 methylation was significantly lower in 19 AL patients than that in non
leukemia (0.220£0.096 vs 0.447+0.186, P<0. 01), while the level of H3K9 methylation was
significantly higher (0.409 4+0.106 wvs  0.168+0.015, P<0.01). These results clearly
demonstrated that the patients with acute leukemias are hypomethylated at H3K4, and
hypermethylated at H3K9. (Ma et al., 2010).

3. Epigenetic therapy in acute leukemia

The cause of most epigenetic diseases can be traced to the enzymes that establish them. A
great deal of research has gone into the discovery of the modulators of these enzymes,
which not only leads to a better understanding of the mechanism, but also to therapeutic
possibilities. Fusion protein, such as MLL-MOZ, PML-RARA results mutations in HATs,
HDACs and HMTas, and misregulating gene expression. Inactivation of tumor suppressor
genes is central to the development of cancer. Silencing of these genes occurs by epigenetic
means and inhibition of these factors lead to reversal of tumor suppressor gene silencing
and inhibition of tumorigenesis (Gibbons et al., 2005).

Chemical compound acting on epigenetic control of gene expression mainly fall into two
broad categories: inhibitors of DNA methyltransferases and inhibitors of histone deacetylase
(HDAC:). Recently, compounds regulating histone methylations have been studied. These
drugs have been used in phase I and II trials in patients with hematological and solid tumor.
Some of them have been approved by FDA (U.S. Food and Drug Administration) to treat
hematological disorders and solid tumor.

Pharmacologic inhibition of DNA methylation causes the trapping of DNMTs and their
targeted degradation results in re-expression of genes that have been aberrantly silenced by
hypermethylation, concomitant with inhibition of clonal expansion and tumor cell growth,
induction of cell differentiation, and cancer cell death (Issa, 2007). A number of DNA
methylation inhibitors are currently under investigation, including the pyrimidine
nucleoside analogs Decitabine (Dacogen, SuperGen, Inc., Dublin, CA) and Azacitidine
(Vidaza, Celgene, Summit, NJ), and the nonucleoside inhibitor Hydralazine. Azacitidine and
Decitabine are both approved by FDA for the treatment of a number of myelodysplastic
syndrome subtypes, including refractory anemia and chronic myelogenous leukemia (CML)
(Gal-Yam et al., 2008; Issa. 2007; Wong et al., 2007).

Most current DNA-demethylating agents block the action of DNA methyltransferases
(DNMTs), whose expression levels are usually moderately elevated in human tumors. The
genetic inactivation of two DNMTs, DNMT1 and DNMT3B, induces demethylation of all
known hypermethylated tumor-suppressor genes and remarkably slow growth. DNMTs
have two binding sites: one for the cytosine residue and another for S-adenosyl- methionine.
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It is expected that chemicals tightly binding any of these pockets will reduce the methylation
rate because of competitive inhibition. The cytidine and 2-deoxycytidine analogs are the
most extensively studied members of this class. The first analog tested to determine whether
it was an inhibitor of DNA methylation was 5-azacytidine (5-aza-CR), which was first
synthesized almost 50 years ago. 5-azacytidine could incorporate into DNA forming
covalent adducts with cellular DNMT1, thereby depleting cells from enzyme activity and
causing demethylation of genomic DNA as a secondary consequence. Schneider-Stock
reported that 5-aza-CR caused a marked down-regulation of DNMT1 and DNMT3A mRNA
levels, in contrast to a null effect on DNMT3B (Schneider-Stock, et al., 2005). In various in
vitro experiments, 5-aza-CR treatment leads to re-expression of former silenced genes. The
resulting DNA hypomethylation has been linked to the induction of cellular differentiation
and altered expression of genes involved in tumor suppression. It was demonstrated to have
a wide range of anti-metabolic activities when tested against cultured cancer cells and to be
an effective chemotherapeutic agent for acute myelogenous leukemia. Their clinical efficacy
in hematological malignancies has been demonstrated in vitro and in a series of phase I and
II trials. Azacitidine was first approved by FDA in 2004 for the treatment of myelodyspalstic
syndrome (MDS). The phase II trials recorded complete remission (CR), partial remission
(PR) and hematological improvement (HI) rates of 15%, 2% and 27%, and of 17%, 0% and
23% in the CALGB 8421 and CALGB 8921, respectively. A subsequent phase Il randomized
trial in 191 MDS patients reported an overall response rate of 60% on the Azacitidine arm
(CR, 7%) compared with 5% of patients receiving supportive care (Silverman et al., 1993). A
recent re-analysis of three CALGB trials by applying WHO classification and International
Working Group (IWG) responds criteria confirmed those response figures, with 90% of
patients achieving a response by six cycles; however, whereas quality of life significantly
ameliorated, there was no improvement in overall survival in the whole patient population
or in the separate classes of risk (Silverman et al,. 2006). Because of 5-azacytidine's general
toxicity, other nucleoside analogs were favored as therapeutics. There is now a revived
interest in the use of Decitabine (5-aza-2 -deoxycytidine) as a therapeutic agent for cancers in
which epigenetic silencing of critical regulatory genes has occurred (Christman, 2006).

Decitabine was approved by FDA in 2006 for the treatment of MDS. It is an analog of
deoxycytidine that incorporates into DNA and forms irreversible covalent bonding with
DNA-methyltransferases (Mtase) at cytosine sites targeted for methylation. That leads to
DNA synthesis stalling and eventual degradation of DNA-Mtase. Resumption of DNA
replication in the absence of Mtase results in gene hypomethylation and reactivation of gene
expression, as has been demonstrated for multiple epigenetically inactivated loci (Karpf et
al., 2002; Li et al., 1999; Toyota et al., 2002). At high doses, treated cells die via apoptosis
triggered by the DNA adducts and DNA synthesis arrest. By contrast, at low doses, cells
survive but change their gene expression profile to favor differentiation, reduced
proliferation, and/or increased apoptosis. Thus, Decitabine has potentially dual effects on
treated cells. Clinical development of Decitabine was initiated more than 2 decades ago,
with classical phase I studies that defined 1500 to 2250 mg/m? per course as the maximum
tolerated dose (MTD), and demonstrated a short half-life for the drug ( Santini et al., 2001).
In a multicenter, phase II study, patients older than 60 years who had AML (i.e,, >20%
bone marrow blasts) and no prior therapy for AML were treated with Decitabine 20 mg/m?
intravenously for 5 consecutive days of a 4-week cycle. Response was assessed by weekly
CBC and bone marrow biopsy after cycle 2nd and after each subsequent cycle. Patients
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continued to receive Decitabine until disease progression or an unacceptable adverse event
occurred. Fifty-five patients (mean age, 74 years) were enrolled and were treated with a
median of three cycles (range, 1 to 25 cycles) of Decitabine. The expert-reviewed overall
response rate was 25% (complete response rate, 24%). The response rate was consistent
across subgroups, including in patients with poor-risk cytogenetics and in those with a
history of myelodysplastic syndrome. The overall median survival was 7.7 months, and the
30-day mortality rate was 7%. The most common toxicities were myelosuppression, febrile
neutropenia, and fatigue (Amanda et al., 2010). Decitabine has been used also in Imatinib-
resistant CML (Issa, et al., 2005) or in combination with Imatinib in patients with accelerated
or leukaemic-phase CML (Oki et al., 2007).

Several classes of HDACIs have been identified, including: (a) short-chain fatty acids (e.g.,
butyrates); (b) organic hydroxamic acids (e.g., TSA and hybrid polar compounds [HPCs]);
(c) cyclic tetrapeptides containing a 2-amino-8-oxo 9,10-epoxy-decanoyl (AOE) moiety (e.g.,
trapoxin); and (d) cyclic peptides not containing the AOE moiety (e.g., FR901228, apicidin).
HDAC inhibitors (HDACIs) also impact epigenetic expression. They display ability to affect
several cellular processes which are dysregulated in neoplastic cells. One of the mechanism
is that HDACIs could upregulate acetylation of histones, activate tumor suppressor genes
and repress oncogenes. They are potent inducers of differentiation with arrest of cells in the
G1 but sometimes also in the G2 phase. They activate transcription of the cyclin-dependent
kinase (CDK) inhibitor WAF1 which are responsible for cell cycle arrest and subsequent cell
differentiation (Rocchi et al., 2005). Another mechanism is that they can induce apoptosis in
vitro and in vivo by activating both the death-receptor and intrinsic apoptotic pathway
(Nebbioso et al., 2005; Peart et al., 2005) and increase p53 acetylation diminishes Mdm2-
mediated ubiquitination and the subsequent proteasome-facilitated degradation (Luo et al.,
2000). In addition, HDAC inhibitors might lead to activation of the host immune response
and inhibition of tumor angiogenesis by multifactorial processes.

Drugs belonging to several classes of HDACIs are in clinical trials. TSA is a fermentation
product of Streptomycin with anti-fungal properties and was found to be a reversible
inhibitor of HDACs in vitro, as well as in vivo. It is a highly potent HDAC inhibitor. Because
of its known pharmacology, it has come to be a “reference” substance in research aimed at
changing the acetylation-deacetylation state of proteins for clinical as well as research
applications. Januchowski R et al. found that TSA down-regulate DNMT1 mRNA and
protein expression in Jurkat T leukemia cells clone E6-1. They also observed that TSA
decreased DNMT1 mRNA stability and reduced this transcript half-life from approximately
7 to 2 h. The finding suggests that TSA not only alters histone acetylation, but also may
affect DNA methylation (Januchowski et al, 2007).

Vorinostat, suberoylanilide hydroxamic acid (SAHA), is an inhibitor of class I and Il HDAC
enzymes, promoting cell-cycle arrest and apoptosis of cancer cells (Marks et al., 2007).
Relevant target genes have been characterized through gene expression analysis (Peart et al.,
2005). SAHA has been shown to have clinical activity in a transgenic animal model of
therapy resistant acute promyelocytic leukemia, restoring sensitivity to retinoic acid, and to
induce differentiation of human breast cancer cells (He et al., 2001). It has been approved by
FDA for the treatment of CTCL in 2006. In phase I clinical trials, it was demonstrated that
the maximum tolerated dose was 400 mg qd and 200 mg bid for continuous daily dosing
and 300 mg bid for 3 consecutive days per week dosing. Histones isolated from peripheral-
blood mononuclear cells showed consistent accumulation of acetylated histones post-
therapy, and enzyme-linked immunosorbent assay demonstrated a trend towards a dose-
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dependent accumulation of acetylated histones from 200 to 600 mg of oral SAHA. There was
one complete response, three partial responses, two unconfirmed partial responses, and 22
(30%) patients remained on study for 4 to 37+ months (William et al., 2005). Phase I studies
with vorinostat (SAHA) have also resulted in complete and partial responses (CRs and PRs,
respectively) in both refractory solid and hematological malignancies. The major adverse
events (AEs) observed with vorinostat differ by route of administration, i.v. or oral, possibly
due to differences in pharmacokinetics. Oral vorinostat produced fatigue, diarrhea, anorexia
and dehydration as major AEs, whereas i.v. vorinostat produced myelosuppression and
thrombocytopenia as major AEs (O’Connor et al, 2006). In another phase I/II study,
vorinostat was used to treat 41 patients with leukaemia or MDS who were relapsed or
refractory to previous therapy or who were not candidate to chemotherapy. Hematological
improvement was observed in 17% of cases including two complete responses in AML.
Evidence of histone H3 acetylation was found in peripheral blood and bone marrow cells,
and down-regulation of proliferation-associated genes was associated with hematological
improvement (Garcia-Manero et al., 2008).

Phenylbutyrate is a fatty acid with HDAC] activity that has been studied extensively in
patients with solid tumors, leukemia, and myelodysplastic syndromes (MDS). Depsipetide
(FK-228) is a cyclic tetrapeptide with potent HDAC] activity especially of Class I HDACs.
Depsipeptide also has been studied in several clinical trials.

Valproic Acid is a short chain fatty acid that is clinically used as an anticonvulsant. It has
excellent bioavailability and can be given orally. Its elimination half-life is 6-17 hours. And
overall, it has a good toxicity profile (Garcia-Manero G &lIssa, 2005). Clinical activity has
been demonstrated in studies in MDS patients who received VPA orally on a continuous
schedule to maintain a serum concentration of 50-100 mg/ml. The first pilot study reported
a 44% overall response rate in MDS with a median response duration of 4 months
(Kuendgen et al., 2004). In a follow-up study on 122 patients with MSD and AML, an overall
response rate of 20% was reported, including one CR. A higher percentage of response was
observed in low-risk MDS, according to morphological subtype (Kuendgen et al., 2007).
VPA has been used in combination with all-trans retinoic acid in patients with acute
leukaemia, eventually in association with cytotoxic therapy, without appreciable or with
only minor improvements (Raffoux et al.,2005; Pilatrino et al., 2005; Bug et al., 2005).

The field of HMTase is relatively unexplored with just a few examples of which majority are
substrate analogues. The only specific inhibitor is Chaetocin, a SU(VAR)3-9 inhibitor
(Greiner et al., 2005) and the documented analogue inhibitors are AMI-1, analogue inhibitor
of PRMT (Cheng et al., 2004). Chaetocin killed human tumor cell lines and primary
myeloma cells in vitro whereas normal human B cells were insensitive to the compound
(Isham et al., 2007). We have designed siRNA segments targeting JARID1B and SU (VAR) 3-
9 gene and transfected them into tumor cells. The result showed that JARID1B siRNA
upregulated histone methylated H3K4 remarkbly and histone acetylation of H3 slightly. SU
(VAR) 3-9 siRNA downregulated H3K9, upregulated histone acetyaltion H3. JARID1B and
SU (VAR) 3-9 siRNA upregulated P27 and suppressed the proliferation in tumor cells. The
expression of BCL-2, procaspase-9, procaspase-3, and C-myc decreased and cells apoptosis
induced. (Cai, et al., unpublished; Ma et al., unpublished).

Sinefungin is another analogue inhibitor of Arginine methyltransferase (Amur et al., 1986).
Since the role of HMTases in cancer manifestations is well established, these inhibitors will
be of great use for cancer treatment. The small molecule inhibitor BIX-01294 inhibited
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methylation at H3K9 at several GYa-targeting genes. 3-Deazaneplanocin (DZNep) is a
compound capable of depleting levels of the polycomb-recessive complex 2 (PRC2)
components EZH2, SUZ12, and EED. Treatment of tumor cell lines with DZNep inhibited
methylation at H3K27 but not H3K9 reactivated a series of genes that are transcriptionally
repressed by PRC2 and induced potent tumor cell-selective apoptosis (Tan et al., 2007). An
alternative way to reactivate epigenetically silencing genes is to inhibit the activity of
histone demethylases. Recently, polyamine-based inhibitors of LSD1 have been developed
that induce mono- and di-methylation at H3K4 and concomitant reactivation of previously
silenced genes in treated tumor cell lines (Huang et al., 2007). The biological effects of these
agents have not yet been evaluated but they represent an important step forward in the
development of new agents to target the epigenetics.

Both HDAC inhibitors and DNA demethylating agents have shown clinical efficacy as
single agents; yet combination of the two therapies has been shown to have strong
synergistic effects on the reactivation of silenced genes and antiproliferative and cytotoxic
effects on cancer cells (Bhalla et al., 2005; Glaser et al., 2007).

Combination therapies employing DNMT inhibitors and HDACIs together or with other
agents are being pursued clinically. The combination of azacitidine with histone deacetylase
inhibitors, such as sodium phenylbutyrate (Maslak et al., 2006), valproic acid and all-trans
retinoic acid (Soriano et al., 2007), has been explored with little evidence of improvement in
patients with leukaemia or high-risk MDS.

A phase 1/1I trial of vorinostat in combination with azacitidine (NCT00392353) are currently
underway; preliminary results from phase I of the combination trial indicated that the
therapy is safe and well tolerated and appears superior to azacitidine alone for time to
response, overall response and CR rate (Silverman et al., 2008).

Isothiocyanates has been found potential anti-tumor agents. Natural isothiocyanates occur
as thioglucoside conjugates, i.e. glucosinolate, in a wide variety of cruciferous vegetables
including broccoli, cabbages, watercress, and Brussel's sprouts. The isothiocyanates (ITS) are
released when the vegetables are cut or masticated. The research currently demonstrated
that natural and synthetic isothiocyanates are potent cancer chemopreventive agents in a
number of carcinogen-induced cancer models in rodents. The primary mechanism is the
blocking of initiation of carcinogenesis via inhibiting cytochrome P450s, and inducing
detoxifying enzymes to remove carcinogens (Chiao et al, 2002). We have demonstrated that
Phenylhexyl isothiocyanate (PHI), one of ITC, a man-made isothiocyanate, may induce cell
cycle blocking and apoptosis via altering epigenetic modification. PHI inhibited cell cycle
CDK activity and up-regulated p21WAF1 (p21) in cancer cells. Exposure of HL-60 and Molt-
4 leukemia cells to PHI induced G1 arrest and apoptosis. Additionally, PHI reduced the
expression of HDAC and increased the level of acetyl transferase p300, in favor of
accumulation of acetylated histones. Within hours, global acetylation of histones was
enhanced. PHI further mediated selective alterations of histone methylation, with
upregulated H3K4 and downregulated H3K9, a pattern consistent to the marks of
transcription competent chromatins. ChIP assay showed that chromatins from cells exposed
to PHI contained more p21 DNA in the precipitates of hyperacetylated histones, indicating
more accessibility of transcription machinery to the p21 promoter after chromatin unfolding
(Ma XD et al., 2006; Xiao et al, 2010). On the other hand, PHI could induce DNA
demethylation in Molt-4 cells. Hypermethylation of gene p15 was reversed and activation
transcription could be de novo by PHI. Hypermethylation of gene p15 was attenuated and



86 Acute Leukemia — The Scientist's Perspective and Challenge

p15 gene was activated de novo after 5 days exposure to PHI in a concentration-dependent
manner(0-40pM). DNMT1 and DNMT3B were inhibited by PHI (P<0.05). Alteration of
DNMT3A was not significant at those concentrations (Jiang et al., 2010). PHI has multi-
target in epigenetic, it might represent a combination target for correcting aberrant histone
acetylation, histone methylation and DNA methylation, and a promising potential
epigenetic regulators for preventing the progression of leukemia.

4. Conclusion

Epigenetic disorder may be the mechanism in acute leukemia. It is now understood that
deregulated epigenetic mechanisms can cause, as well as compound, the effects of oncogenic
mutations to promote tumor development and growth. Epigenetic therapy is a promising
approach for the prevention and treatment of malignancies. The discovery of modulators of
HATs and HMTases which are highly specific may bring a new era of epigenetics based
drugs.
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1. Introduction

Acute myeloid leukemia (AML) is a broad range of disorders that are all characterized by a
block in the differentiation and by uncontrolled proliferation of hematopoietic progenitor
cells. AML is the most frequent hematological malignancy in adults, with an annual
incidence of three to four cases per 100 000 individuals. Specific recurrent chromosomal
abnormalities can be identified in approximately 55% of cases by cytogenetic analysis. These
detected chromosomal aberrations are the most important tool to classify patients at their
initial diagnosis and to divide them into favorable, intermediate and unfavorable
subgroups. The age of the patient is also an important prognostic factor (Juliusson et al.,
2009; Szotkowski et al., 2010). However, approximately 45% of adult patients with AML
have normal karyotype (cytogenetically normal /CN/-AML patients) and are usually
classified as an intermediate risk group (Mrozek et al,, 2007, Smith et al.,, 2011). These
patients have a 5-year overall survival rate between 24% and 42%, but clinical outcome may
vary greatly.

The prognosis of AML with normal cytogenetics may be further subdivided based on
genetic lesions. Even though a growing number of genetic lesions have been identified in
CN-AML, about 25% CN-AML patients do not carry any of the currently known mutations.
Therefore, many research groups conducted retrospective studies to find some candidate
molecular markers that could identify good and poor risk AML patients with normal
karyotype. In recent years, a number of gene mutations (NPM1 /nucleophosmin/, FLT3
/Fms-like tyrosine kinase 3/, MLL-PTD /mixed lineage leukemia-partial tandem
duplications/, C/EBPa /CCAAT/enhancer-binding protein alpha/CEBPA/, WT1 /Wilms
tumor 1/, DNMT3A /DNA methyltransferase 3A/, IDH1 and IDH2 /isocitrate
dehydrogenase/, CBL /Casitas B-lineage lymphoma/and others), as well as deregulated
expression of genes (BAALC /brain and acute leukemia cytoplasmic/, ERG /ETS-related
gene/, MN1 /meningioma 1/, EVI1 /ecotropic virus integration 1/, AF1lg /ALL1-fused
gene chromosome 1q/, PRAME /preferentially expressed antigen in melanoma/, WTT1)
have been found and further molecular markers (gene expression profiles and microRNA
expression signatures) are studied and incorporated into clinical practice (Baldus &
Bullinger, 2008; Bullinger & Valk, 2005; Bullinger 2006; Kohlmann et al, 2010; Marcucci et
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al., 2009, 2011a,b; Motyckova & Stone, 2010; Ramsingh et al., 2010; Schlenk et al., 2008;
Wouters et al., 2009). It is necessary to improve current classification systems in order to
reflect better the molecular heterogeneity of CN-AML (Dohner et al., 2010; Vardiman et al.,
2009).

In addition, some of the genetic abnormalities have also been found to be useful for minimal
residual disease (MRD) monitoring and as potential therapeutic targets in the development
of new agents for AML therapy. The aim of monitoring of MRD is the identification of cases
with a very high risk of relapse who then can be treated much earlier and more effectively
(Jaeger & Kainz, 2003; Schnittger et al., 2009; Shook et al., 2009).

Knowing the status of FLT-3 and other molecular markers (mutations and gene expression
described above together with gene expression profiling) in CN-AML patients has not only
prognostic significance but is important in the treatment based on these molecular markers.
For example, patients with FLT3-ITD (an internal tandem duplication of the FLT3 receptor
tyrosine kinase gene), who are not candidates for induction therapy and allogeneic stem cell
transplantation may respond to an FLT3 inhibitor used in combination with chemotherapy
or without chemotherapy. Deregulation of microRNA (miR) in CN-AML patients may act as
complementary hit in the multisteps mechanism of leukemogenesis and has been not only
used to identify subsets of CN-AML patients with diversified outcome but will certainly
play a role in the future of treatment in new therapeutic strategies. Thus, miR expression
profiling has diagnostic and prognostic significance.

2. Methods for the detection of gene mutations and expression

2.1 Sample material

After informed consent patient- or healthy individual-derived mononuclear cells were
isolated from bone marrow (BM) or peripheral blood cells by a ficoll (for example Ficoll-
Paque PLUS, GE Healthcare Bio-Sciences AB, Uppsala, Sweden) density gradient
centrifugation. Total RNA and genomic DNA were isolated. Yield and quality of the RNA
were measured by spectrophotometric analysis. Each sample was assessed for the integrity
of RNA by discrimination of 185 and 28 Sribosomal RNA on 1% agarose gels using
ethidium bromide for visualization. Complementary DNA was synthetised from total RNA
using reverse transcriptase (for example SuperScript Il reverse transcriptase (Invitrogen
Corporation, Carlsbad, CA, USA).

2.2 Detection of gene mutations

Most mutation detection methods use PCR (polymerase chain reaction) to amplify the
region of DNA of interest. Mutant DNA has a different secondary structure (conformation)
compared with that of the normal DNA. Frequently, this difference in conformation results
in altered gel electrophoresis mobility of the mutant DNA species. Single-strand
conformation polymorphism (SSCP) method (Orita et al., 1989; Perry, 1999) based on this
conformation change is a fast and efficient method for detecting many types of aberrations,
including point mutations, insertions, deletions and rearrangements (Frayling, 2002; Kutach
et al., 1999). SSCP has the sensitivity to identify single nucleotide changes in the DNA
sequence. Thermally denaturated DNA is electrophoresed and mutation is detected as
aberrantly migrating bands on the electrophoresis gel. Analyzed PCR products must be less
than 300 bp and preferably less than 200 bp in size because the method is increasingly
inefficient with increasing size of the PCR product. Another technique, related to SSCP is
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DNA heteroduplex analysis (Frayling, 2002). Both SSCP and heteroduplex analysis can be
carried on fluorescent DNA analysers at a controlled temperature. The related techniques
DGGE (denaturing gradient gel electrophoresis) and TGGE (thermal gradient gel
electrophoresis) arevery efficient, but they require specially designed PCR primers of
increased length (Frayling, 2002). Sequencing of the mutated PCR product is almost
universally carried out using dideoxy terminator chemistry .

High resolution melting (HRM) analysis is rapidly becoming the most important initial
screen procedure for potential mutations (Razga et al.,, 2009; Tan et al., 2008; Vaughn &
Elenitoba-Johnson, 2004; Wittwer, 2009). PCR amplification and subsequent HRM analysis
are sequentially performed in the one tube. HRM is more simple than denaturing high -
performance liquid chromatography (DHPLC), which can be also used after PCR
amplification for mutation detection (Bianchini et al., 2003; Kosaki et al., 2005; Roti et al.,
2006). Real-time PCR machine with HRM capability, for example LightCycler 480 High -
Resolution Melting Master (Roche Diagnostics) has been successfully used for PCR
amplification and HRM analysis. PCR reactions must be designed in the maner to avoid
primer dimers and non-specific amplification. DNA has to be prepared in a uniform fashion
to avoid variation in salt concentration with effect on the melting. HRM significantly
reduces the quantity of samples that is necessary for sequencing with consequent reduction
of cost and labour and enables rapid detection of mutations. The melting curves are
normalized and temperature shifted to allow samples to be directly compared. Difference
plots are generated by selecting a negative (nonmutated) control as the base-line and the
fluorescence of all other samples is plotted relative to this negative control. Significant
differences in fluorescence are indicative of mutations which must be detected by
sequencing. Noordermer et al. (2010) used HRM curve analysis for rapid identification of
IDH1 and IDH2 mutations in AML.

Currently, identification of mutations by PCR and direct nucleotide sequencing is used as
the gold standard. The great progress was achieved in DNA sequencing technology in last
ten years after the end of Human Genome Project (Mardis, 2011). The Roche/454, Life
Technologies SOIiD and Illumina instruments have been used to sequence the complete
tumor and normal genomes in order to identify mutations that alter the protein-coding
genes. Whole genome sequencing is now possible at a reasonable cost per tumor and
normal genome of around $ 30,000 and can be completed in about 8 days. A pilot study of
high-throughput, sequence-based mutational profiling of primary AML cell genomes was
done eight years ago (Ley et al., 2003). Whole genomic DNA sequencing of a cytogenetically
normal FAB M1 AML patient was done three years ago and discovered ten genes with
acquired mutations (Ley et al., 2008). Eight novel somatic mutations were described in
genes not previously implicated in AML pathogenesis. Two well-known AML-associated
mutations, including FLT3-ITD, which constitutively activates kinase signaling and a four
base insertion in exon 12 of the NPMI1 gene were also detected. Mardis et al. (2009)
identified twelve somatic mutations within the coding sequences of genes and 52 somatic
point mutations in conserved or regulatory portions of the AML genome. Two known
mutations in NRAS and NPM1 and ten novel mutations were detected. One of these
mutations (missense R132C mutation in IDHI gene) is today included in many mutational
screening of AML patients. The more efficient, faster and cheaper approach will be
sequencing of coding regions (the cDNA transcriptome) but the abundance of transripts can
vary and some mutations can be missed (Greif et al., 2011). The size of the transcriptome is
about ten times shorter than a diploid human genome



98 Acute Leukemia — The Scientist's Perspective and Challenge

Mutations in molecular markers can be present in low abundance within a high background
of wild type sequence that may only differ from mutant at a single nucleotide. Several
methods exist for detection of somatic mutations by real-time PCR. These methods include
use of allele-specific competitive blocker PCR (Orou et al., 1995), blocker-PCR (Seyama et
al., 1992), real-time genotyping with locked nucleic acids (Ugozzoli et al., 2004), the
amplification refractory mutation system (Newton et al.,, 1989), and fluorescent amplicon
generation as a novel real-time PCR technology (Amicarelli et al., 2007).

Mutated NPML1 is localised in the cytoplasm and not in the nucleus (Bolli et al., 2007; Falini
et al., 2006; Liso et al., 2008; Oelschlaegel et al., 2010). Immunohistochemical detection of
cytoplasmic nucleophosmin is performed with monoclonal antibody or by Western blotting
(Falini et al., 2006, 2009, 2010a; Martelli et al. 2008).

2.3 Technique of real-time PCR (RQ-PCR) for marker gene expression evaluation
RQ-PCR permits accurate quantification of PCR products during the exponential phase of
the PCR amplification process. Three main types of this analysis are used: (1) RQ-PCR using
the hydrolysis probe format (“TaqgMan probe”); (2) RQ-PCR using the hybridization probe
format; and (3) RQ-PCR using SYBR Green Dye (Kern et al., 2005). Analysis with TagMan
probe uses 5°-3” exonuclease activity of the Thermus aquaticus (Taq) polymerase to detect and
quantify the PCR product. The hydrolysis probe is positioned within the target sequence
and is conjugated with a reporter fluorochrome at the 5" end and a quencher fluorochrome
at the 3" end. The quencher avoids the reporter from emission of a fluorescence signal as
long as the probe is intact and both fluorochromes are in the close proximity. Upon
amplification of the target sequence, the hydrolysis probe is displaced from the DNA strand
by the Taq polymerase and subsequently hydrolysed by the 5°-3” exonuclease activity of the
Taq polymerase. This results in displacement of of the reporter from the quencher and the
fluorescence of the reporter becomes detectable.

Generally two quantification types (relative or absolute) in RQ-PCR are possible. A relative
quantification based on relative expression of a target gene versus a reference gene is
adequate for the most purposes. For absolute quantification, based either on an internal or
an external calibration curve (Bustin et al., 2005; Ptaffl, 2001, Ptaffl et al. 2002), the
methodology must be highly validated and the identical LightCycler PCR amplification
efficiencies for standard material and target cDNA must be confirmed.

2.4 Genes and microRNAs microarrays

RNA was extracted using Trizol reagent and processed for Affymetrix U133 plus 2.0
GeneChip (Affymetrix, Santa Clara, CA) hybridizations. Briefly, from 5 pg total RNA,
double-stranded cDNA was prepared with the use of the T7-Oligo(dT) primer (Affymetrix).
In vitro transcription for amplification and biotinylation of the RNA transcript was
performed with the BioArray HighYield RNA Transcript Labeling Kit (T7; Enzo Life Science,
Farmingdale, NY). Biotin-cRNA (10 pg) was fragmented and hybridized onto the U133 plus
2.0 GeneChip for 16 hours at 45°C and labelled with Cy-3-streptavidin conjugate according
to manufacturer protocols. Scanned images were converted to CEL files using GCOS
software (Affymetrix). For the miRNA microarray chips, biotinylated first-strand cDNA was
synthesized in reverse transcription from 2.5 to 5.0 pg total RNA using biotin-labeled
random octamer oligo primer from pretreatment BM and blood mononuclear cell samples
and hybridized to miRNA microarray chip KCC/TJU containing 368 probes in triplicate,
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corresponding to 245 human miRNA genes. After hybridization for 18 hours at 25°C and
washing, direct detection of the biotin-containing transcripts by streptavidin-Alexa647
conjugate was done and processed slides were scanned. Expression profiles were analyzed
in GENESPRING software(Silicon Genetics, Redwood City, CA).

3. Mutations in the molecular markers

3.1 Mutations in the NPM1 gene

Nucleophosmin (NPM1, also called nucleolar protein B23, numatrin or NO38) is a
multifunctional phosphoprotein which contains 294 amino acids (Okuwaki et al., 2006).
NPM1 is one of the three nucleophosmin isoforms which are generated through alternative
splicing. NPM1 resides predominantly in the nucleoli, but also continuously shuttles
between nucleus and cytoplasm (Frehlick et al., 2006). The NPMI gene is located on
chromosome 5g35 in humans and is composed of 12 exons (Chan et al.,, 1989). NPM1 is
essential for processing and transportation of ribosomal RNA and proteins, molecular
chaperoning, and regulation of the stability of tumor suppressors, such as p53 and ARF
(Borer et al., 1989; Colombo et al., 2002; Enomoto et al., 2006; Herrera et al., 1995; Li & Hann,
2009; Maggi et al., 2008; Savkur & Olson, 1998; Yu et al., 2006). The ARF tumor suppressor is
a protein that is transcribed from an alternate reading frame of the inhibitor of cyclin-
dependent kinase CDK4. NPM1 can affect DNA replication, repair and transcription by
interacting with the components of chromatin such as histones and chromatin remodeling
proteins (Amin et al., 2008a,b; Angelov et al., 2006; Koike et al.,, 2010). NPM1 plays
important roles in cell cycle (Ugrinova et al., 2007, Xiao et al., 2009). NPM1 may
preferentially promote ribosome biogenesis in G1, facilitate DNA replication during S-phase
while supporting chromosome segregation in mitosis (Hisaoka et al., 2010).

Almost 40% of CN-AML patients have mutations in exon 12 of the NPM1 gene which result
in loss of tryptophan residues normally required for NPM1 binding to the nucleoli and in
the generation of an additional nuclear export signal motif at the C-terminus of NPM1
which causes its abnormal cytoplasmic localization (Bolli et al., 2007; Falini et al., 2006; Liso
et al., 2008; Oelschlaegel et al., 2010). These mutations are the most common genetic
alterations in adult CN-AML patients and are associated with female sex, higher white
blood count, increased blast percentage, and low or absent CD34 expression. Cytoplasmic
nucleophosmin leukemic mutant is also rarely generated by a exon-11 NPMI1 mutation
(Albiero et al., 2007). Acute myeloid leukemias with mutated NPM1 (NPMlc+) have
distinct characteristics, including a significant association with a normal karyotype,
involvement of different hematopoietic lineages, a specific gene-expression profile and
clinically, a better response to induction therapy and a favorable prognosis (Meani &
Alcalay, 2009; Rau & Brown, 2009, Falini et al., 2010). NPM1lc+ maintains the capacity of
wild-type NPM to interact with a variety of cellular proteins, and impairs their activity by
delocalizing them to the cytoplasm. NPMlc+ specifically inhibits the activities of the cell-
death proteases, caspase-6 and -8, through direct interaction with their cleaved, active
forms, but not the immature procaspases. NPM1c+ not only affords protection from death
ligand-induced cell death but also suppresses caspase-6/-8-mediated myeloid
differentiation (Leong et al., 2010).

After the discovery of NPMl-mutated AML in 2005 and its subsequent inclusion as a
provisional entity in the 2008 World Health Organization classification of myeloid
neoplasms, several controversial issues remained to be clarified (Falini, 2011). It was unclear
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whether the NPM1 mutation was a primary genetic lesion and whether additional
chromosomal aberrations and multilineage dysplasia (MLD) had any impact on the biologic
and prognostic features of NPM1-mutated AML. Moreover, it was uncertain how to classify
AML patients who were double-mutated for NPM1 and CEBPA. Recent studies have shown
that: (1) the NPM1 mutant perturbs hemopoiesis in experimental models; (2) leukemic stem
cells from NPM1-mutated AML patients carry the mutation; and (3) the NPM1 mutation is
usually mutually exclusive of biallelic CEPBA mutations. Moreover, the biologic and clinical
features of NPM1-mutated AML do not seem to be significantly influenced by concomitant
chromosomal aberrations or multilineage dysplasia. NPM1-mutated AML with and without
MLD showed overlapping immunophenotype (CD34 negativity) and gene expression
profile (CD34 down-regulation, homeobox (HOX) genes up-regulation). Altogether, these
pieces of evidence point to NPM1-mutated AML as a founder genetic event that defines a
distinct leukemia entity accounting for approximately one-third of all AML. Distinctive gene
expression and microRNA signatures were found associated with AML bearing cytoplasmic
mutated NPM1 (Becker et al., 2010; Garzon et al., 2008, Verhaak et al., 2005).

Approximately 40% of patients with NPMI1 mutations also carry FLT3 internal tandem
duplications (FLT3-ITD). Patients with NPM1 mutations, who did not also have FLT3
mutation have generally more favorable prognosis (Gale et al., 2008; Scholl et al., 2008; Luo
etal., 2009). The favourable prognosis of NPM1-mutated /FLT3-ITD negative patients might
be explained by a higher bax/bcl-2 ratio (Del Poeta et al., 2010). These patients respond to
induction therapy and stay in remission more likely. These patients may be exempted from
allogenic hematopoietic stem cell transplantation during the first complete remission
because their outcome after conventional consolidation chemotherapy is the same as after
allogenic transplantation. However, patients with NPM1 mutations who also carry FLT3
mutation have bad prognosis.

Moreower, NPM1 mutations due to their frequency and stability, may be used for minimal
residual disease monitoring in AML patients with a normal karyotype (Bacher et al., 2009;
Schnittger et al., 2009; Dvorakova et al., 2010).

3.2 FLT3 mutations

The feline c-fms proto-oncogene product is a 170 kd glycoprotein with associated tyrosine
kinase activity. Fms-like tyrosine kinase 3 (FLT3) and its ligand (FL) are important in
hematopoietic progenitor cell proliferation and differentiation (Gilliland & Griffin, 2002). As
a result of ligand binding, FLT3 receptor on the cell surface of hematopoietic progenitors
dimerizes, resulting in activation of its tyrosine kinase domain, receptor
autophosphorylation, and recruitment of downstream signaling molecules such as signal
transducer and activator of transcription 5a (STAT5a), and the MAPK (mitogen activated
protein kinases) pathways leading to proliferative and pro-survival effects.

Internal tandem duplication (ITD) of base pairs within the juxtamembrane coding portion or
point mutations in the second kinase domain occur in approximately 30% of patients with
newly diagnosed AML and result in constitutive activation of the FLT3 gene on
chromosome 13q12 ( Nakao et al., 1996; Naoe & Kiyoi, 2004; Yamamoto et al., 2001). FLT3
mutations in the case of ITDs are associated with chemoresistance in the leukemic stem cells,
shorter disease-free survival and overall survival and higher rate of relapse (Frohling et al.,
2002; Ravandi et al, 2010; Whitman et al., 2010). Specific gene expression signature
associated with FLT3-ITD was described (Bullinger et al., 2008; Whitman et al., 2010).
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Overexpression of FLT3, homeobox genes and immunotherapeutics targets and decreased
expression of erythropoiesis-associated genes is connected with FLT3-ITD. The prognostic
significance of FLT3 point mutations is less clear with conflicting results (Mead et al., 2008).
In clinical practice, a frequent approach to patients with poor prognostic AML is to offer
allogenic stem cell transplantation (SCT). Gale et al. (2005) found no benefit from any form
of transplantation consolidation for patients with FLT3-ITD. Several inhibitors of FLT3 have
entered clinical trials and are studied alone or mainly in combination with chemotherapy
(Kindler et al., 2010; Small, 2008; Weisberg et al., 2009; Wiernik, 2010).

3.3 CCAAT/enhancer binding protein alpha (CEBPA) mutations

The CCAAT/enhancer binding protein alpha (C/EBPa) is the founding member of a family
of related leucine zipper transcription factors that play important roles in myeloid
differentiation (Friedman et al., 2007; Keeshan et al., 2003; Pabst & Mueller, 2007; Suh et al,
2006; Tenen et al. 1997). Members of this family consist of N-terminal transactivation
domains, a DNA-binding basic domain, and a C-terminal leucine rich dimerization region

(Fig. 1).
transcription factor C/EBPa.
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Fig. 1. The location of functional domains within the C/EBPa protein. Numbers directly
above the schema indicate the amino acids of the human C/EBPa. Numbers directly under
the schema indicate nucleotides (GenBank Accession No. NM_004364.2). The full-length 42
kDa form of C/EBPa protein and the shorter, dominant negative 30 kDa form of this protein
are also shown.

The dimerization domain, known as “leucine zipper”, contains leucine repeats that
intercalate with leucine repeats of the dimer partner forming a coiled coil of a helices in
parallel orientation. C/EBPa mRNA is translated into two major proteins, C/EBPa p42 (42
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kDa) and C/EBPa p30 (30 kDa) by ribosomal scanning mechanism in which a fraction of
ribosomes ignore the first two AUG codons and initiate translation at the third AUG codon
located 357 nucleotides downstream of the first one (Fig. 1). The 30 kDa protein lacks the
transactivating domain TAD1 (Fig. 1) and was shown to inhibit DNA binding and
transactivation by C/EBPa p42 (Pabst et al., 2001). C/EBPa p30 fails to induce myeloid
differentiation (D'Alo' et al., 2003; Friedman et al., 2007). Targeted inactivation of C/EBPa in
mice demonstrates its importance in the proper development and function of liver, adipose
tissue, lung and hematopoietic tissues (Flodby et al., 2006; Wang et al., 1995; Zhang et al,,
1997). C/EBPa is highly expressed in these differentiated tissues where it controls
differentiation-dependent gene expression and inhibits cell proliferation (Fuchs 2007).
Learning more about the precise molecular functions of the C/EBPa protein and how these
are affected by leukemogenic mutations should lead to an improved understanding of the
cellular functions that are disrupted in patients with AML.

CEBPA mutations were found in 10-19% of CN-AML patients (Gombart et al.,, 2002;
Frohling et al., 2004; Fuchs et al., 2008, 2009; Lin et al., 2005; Pabst et al., 2001; Preudhomme
et al., 2002). Two kinds of mutations were mainly described: 1) truncating, frameshift
mutations occuring near the N-terminus in one of the two transcription activations domais
(TAD1 and TAD2) on one allele and 2) in-frame insertions or deletions clustering within the
C-terminal basic domain- leucine zipper (DBD and ZIP) on the other allele. Often, CN-AML
patients with CEBPA mutations belong to FAB (French ~American -British) subtypes M1 or
M2 and have one mutation towards N-end and one towards C-end but other cases of
mutations were also detected. Kato et al. (2011) showed that a mutation of CEBPA in one
allele was observed in AML after MDS while the two alleles are mutated in de novo AML.
Favourable impact of CEBPA mutations was mainly observed in patients with biallelic
mutation and with lack of FLT3-ITD (Dufour et al., 2010; Hou et al., 2009; Pabst et al., 2009;
Radomska et al. 2006; Taskesen et al., 2011; Wouters et al., 2009).

3.4 Partial tandem duplications of the MLL gene

The mixed lineage leukemia gene (MLL, also known as ALL-1 or HRX), located on
chromosome 11q23, encodes a histone methyltransferase and is frequently rearranged in
AML. Wild-type MLL is schematicly presented in Fig. 2. To date, MLL has been found in
more than sixty different translocations with different fusion partners (Basecke et al., 2006;
De Braekeleer et al., 2005). Partial tandem duplications of the MLL gene were first observed
in CN-AML by Caligury et al., 1994. These duplications consist of an in-frame repetition of
MLL exons in a 5°-3" direction and lead to the change of the resulting transcript and protein.
MLL-PTD are named according to the fused exons (mainly €9/e3, e10/e3, el1/e3).
MLL-PTD are detectable in 5%-11% of patients with CN-AML (Dohner et al., 2002; Déhner &
Dohner 2008; Schnittger et al., 2000; Steudel et al., 2003). MLL-PTD have been found also in
peripheral blood and bone marrow samples of healthy adults. However in contrast to the
MLL-PTD in AML, MLL-PTD in healthy adults had often unusual exon fusions and showed
an ladder on gel electrophoresis after the nested RT-PCR (Basecke et al., 2006; Marcucci et
al., 1998; Schnittger et al., 1998). MLL-PTD cooperate with silencing of the MLL wild-type
allele by epigenetic mechanisms. MLL-PTD contribute to leukemogenesis through
hypermethylation of DNA and epigenetic silencing of tumor suppressor genes (Dorrance et
al., 2006; Whitman et al., 2008a). Inhibitors of DNA methyltransferase and histone acetylase
inhibitors and their combination can re-activate the wild-type allele in MLL-PTD-positive
blasts (Whitman et al., 2005).
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Fig. 2. Exon-intron structure of the wild-type MLL gene involved in tandem and nontandem
duplications. The nomenclature is different in various studies (Nilson et al., 1996; Strout et
al., 1998, Sarova et al., 2009). The MLL gene as a whole contains 36 or 37 exons according to
the different nomenclatures and the resulting product of its expression contains 3969 amino
acids. In the case of MLL-PTD e9/e3 are exons and introns between exons 3 and 9 inserted
between exons 9 and 10 of the wild-type MLL and are duplicated by this way (the fusion of
introns 2 and 9).

MLL-PTD are associated with shorter duration of the complete remission, shorter relapse-
free survival and event-free survival, but MLL-PTD have no effect on overall survival
Dohner & Dohner.

3.5 Wilms” tumor 1 (WT1) mutations

The Wilms tumor 1 (WT1) gene is located on chromosome 11p13 and encodes a zinc-finger
transcriptional regulator that can function as tumor suppressor in patients with the WAGR
(Wilms~ tumor predisposition, aniridia, genitourinary abnormalities, and mental
retardation) tumor predisposition syndrome (Haber et al,, 1990) and as an oncogene in
various leukemias, as well as other cancers (Ariyaratana & Loeb, 2007; King-Underwood et
al., 1996, Miwa et al., 1992; Yang et al., 2007). Mutations in WT1 gene were found in
approximately 10% of AML patients (Hou et al., 2010; Gaidzik et al., 2009; Owen et al., 2010;
Paschka et al., 2008; Virappane et al. 2008). Mutations are mainly localized in zinc-finger
domains in exons 7 and 9 but can be also found in exons 1,2,3, and 8. The truncated WT1
protein is the result of frameshift mutations in exon 7. Truncated WT1 is without nuclear
localization signal and does not bind to other interacting proteins as p53 and its homologue
p73. Frameshift mutations in exon 9 are less frequent but there are also missense mutations.
WT1 mutations have been reported as an adverse prognostic factor in adult CN-AML and
independently predict for poor outcome (Hou et al., 2010; Gaidzik et al., 2009; Owen et al,,
2010; Paschka et al., 2008; Renneville et al., 2009; Virappane et al. 2008). WI'1 mutations lead
to inferior rate of complete remission, higher incidence of relapse abd to shorter relapse-free
survival and overall survival. A recent study demonstrated that a single nucleotide
polymorphism SNP rs16754 in the WT1 mutational hotspot predicted favorable outcome in
CN-AML (Damm et al. 2010).

3.6 Isocitrate dehydrogenase 1 and 2 (IDH1, IDH2) gene mutations
Mardis et al. (2009) found recurring mutations in codon 132 of the IDH1 gene by sequencing
a whole AML genome as described in paragraph 2.2. The protein encoded by this gene is the
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enzyme that catalyzes the oxidative carboxylation of isocitrate to a-ketoglutarate leading to
nicotinamide adenine dinucleotide phosphate production in Krebs cycle and was found in
the cytoplasm and peroxisomes (Geisbrecht & Gould, 1999). Three classes of IDH
isoenzymes exist in mammalian cells (two forms of mitochondrial IDH and cytosolic IDH).
IDH1 gene is localized to chromosome band 2q33.3 and IDH2 gene to chromosome band
15q26.1 (Narahara et al., 1985; Oh et al.,1996). IDH2 encodes the mitochondrial isoform that
uses nicotinamide adenine dinucleotide phosphate as a cofactor. The same cofactor is also
used by IDHI.

Most cancer-associated enzyme mutations result in constitutive activation or inactivation of
the mutated enzyme. IDHI and IDH2? mutations result in the new enzyme activity,
production of 2-hydroxyglutarate, not shared by wild type enzymes (Ward et al., 2010). This
accumulation of 2-hydroxyglutarate induces global DNA hypermethylation, disrupts TET2
function because this enzyme is a-ketoglutarate-dependent, and impairs hematopoietic
differentiation (Figueroa et al., 2010). TET2 is a homolog of the gene originally discovered at
the chromosome ten-eleven translocation (TET) site in a subset of patients with AML. TET2
catalyzes the conversion of methylcytosine to 5-hydroxymethylcytosine, suggesting a
potential role for TET proteins in epigenetic regulation. Blocking the accumulation of 2-
hydroxyglutarate through the inhibition of mutant IDH enzymes could represent a
therapeutic target (Dang et al. , 2010; Cazola 2010).

IDH1 mutations at codon R132 occur in CN-AML patients with a frequency of 5.5% to 11%
(Boissel et al., 2010; Gross et al., 2010; Patel et al., 2011; Schnittger et al., 2010; Wagner et al.,
2010). A strong association between IDH1 mutations and the NPM1 mutation and M1 FAB
subtype was observed. On the other hand, IDHI mutations are inversely associated with the
M4 FAB subtype and expression of HLA-DR, CD13 and CD14 antigens. The prognostic
impact of IDHI mutations in CN-AML is associated with a higher risk of relapse and a
shorter overall survival (Abbas et al., 2010; Boissel et al., 2010; Marcucci et al., 2010; Paschka
et al.,, 2010; Schnittger et al., 2010). Others (Chou et al., 2010a; Patel et al., 2011; Wagner et al.,
2010), however, found no significant impact of IDH1 mutations on CN-AML patients
outcome. IDH2 mutations in exon 4, including mainly codon R140 and in rare cases codon
R172, had no prognostic impact (Thol et al., 2010). Recent study of Chou et al. (2011) showed
high stability of IDH2 mutations during disease evolution and their connection with
favorable prognosis. Contrary to this observation, Boissel et al. (2010) found IDH2 mutations
independently associated with a higher risk of relapse and shorter overall survival. The
prognostic impact of IDHI mutations and IDH2 mutations needs further study as very
controversial results were obtained. Green et al. (2010) observed no difference in outcome
between IDH1 mutated and nonmutated patients when the results were stratified by an
NPM]1 mutation status but an adverse outcome for IDHI mutated patients when the results
were correlated with FLT3-ITD mutation.

3.7 Mutations in gene for DNA methyltransferase 3A (DNMT3A)

About 22% of CN-AML patients have DNMT3A mutations. The most common DNMT3A
mutation affects amino acid R882 but other parts of DNMT3A gene are also affected by
mutations in CN-AML patients (Ley et al., 2010). Aberrant DNA methylation contributes to
the pathogenesis of cancer (Rodriguez-Paredes & Esteller 2011; Taberlay & Jones, 2011;
Watanabe & Maekawa, 2010). Clusters of CpG dinucleotides in promoters of tumor-
supppressor genes are hypermethylated in cancer genomes and this hypermethylation
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results in reduced expression of the downstream gene. However, inhibition of DNA
methyltransferases is only one potential mechanism of function of demethylating agents (5-
azacytidine and decitabine). DNMT3A mutations do not change 5-methylcytosine content in
AML genomes but are associated with poor survival. DNMT3A mutations are in many cases
found together with FLT3 mutations, N°M1 mutations and IDH1 mutations. All these
combinations of mutations have a significantly worse outcome.

3.8 RAS mutations in CN-AML

Ras-signaling cascade contributes to the molecular pathogenesis of myeloproliferative
disorders (Chan et al, 2004). Ras oncogenes (small GTPases) regulate mechanism of
proliferation, differentiation, and apoptosis. NRAS (neuroblastoma RAS) mutations were
detected in 9% of adult CN-AML patients and 14% of CN-AML patients younger than 56 or
60 years (Bacher et al., 2006; Bowen et al., 2005). There was no prognostic impact of these
mutations in most studies (Gaidzik & Dohner, 2008; Ritter et al., 2004; Schlenk & Dohner,
2009). Mutations in other members of Ras family are rare in CN-AML and there was also no
consistent effect on prognosis but the presence of Ras mutations appears to sentisize AML
blasts to high dose cytarabine in vivo (Motyckova & Stone 2010).

3.9 Other gene mutations in CN-AML

Mutations in RUNX1 have been shown in approximately 10%-13% of CN-AML (Déhner &
Dohner, 2008, Tang et al., 2009). These mutations were positively associated with MLL-PTD
and negatively associated with NPM1 and CEBPA mutations. They predict ed a lower
complete remission rate and shorter disease-free and overall survival .

TET2? (ten-eleven-translocation) first described in 2008, include frameshift, nonsense and
missense mutations lying across several of its 12 exons located on chromosome 4q24 (Abdel-
Wahab et al., 2009; Bacher et al., 2010; Mohr et al., 2011; Nibourel et al., 2010). The direct
influence of mutations in TET2 on patient survival in CN-AML remains a disputable issue.
TET2 mutations were revealed in 10%-25% of CN-AML patients. Abdel-Wahab et al. (2009)
showed a decreased survival rate in mutated TET2 in comparison with wild-type TET2
group of CN-AML. However, Nibourel et al. (2010) did not find significant impact of TET2
mutation on clinical outcome of CN-AML patients but they observed mutated TET2
strongly associated with mutated NPM1. Recently, Metzeler et al. (2011) have found TET2
mutations in 23%of CN-AML patients and these mutations were associated with older age.
In favorable-risk group of CN-AML patients with CEBPA mutation and/or mutated NPM1
without FLT3-ITD, TET2-mutated patients had shorter event-free survival, lower complete
remission rate and shorter disease-free and overal survival. In CN-AML patients with
intermediate risk with wild-type CEBPA and wild-type NPM1 without FLT3-ITD, TET2
mutations were not associated with outcomes.

CBL (Casitas B-cell lymphoma) mutations were identified in rare cases of CN-AML (Bacher
et al., 2010; Makishima et al., 2009; Reindl et al., 2009). Cbl is E3 ubiquitin ligase involved in
degradation of activated receptor tyrosine kinases, including Src kinases (Makishima et al.,
2009). Presence of these mutations was suggested to be involved in aberrant FLT3
expression. FLT3 ligand-dependent hyperproliferation of CBL mutant cells could be
abrogated by treatment with the specific inhibitor, midostaurin (PKC412).

Mutations in the additional sex comb-like 1 (ASXL1) gene were analyzed in exon 12 in CN-
AML patients and 8.9% mutations were detected (Chou et al., 2010b). This mutation was
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closely associated with older age, male sex, RUNXI mutation and expression of human
leukocyte-antigen-DR and CD34 (Chou et al., 2010b; Rocquain et al., 2010). Association with
FLT3-ITD, NPM1 mutation, WI'1 mutation, and expression of CD33 and CD15 was not
detected. ASXL1 mutated patients had a shorter overall survival than patients without this
mutation, but the mutation was not an independent adverse prognostic factor in
multivariete analysis.

Phosphoinositide phospholipase Cp1 (PI-PLCf1) gene mutations are very rare in CN-AML
(Damm et al., 2010). Follo et al. (2009) described greater representation of these mutations
(monoallelic deletions) in AML and their association with a worse clinical outcome.

4. Overexpression of marker genes with prognostic relevance

Alterations in the expression of genes belonging to signal transduction pathways as well as
transcription factors are known to play a functional role in the pathogenesis of AML.
Therefore, these marker genes are implicated in the process of leukemogenesis and their
overexpression may be useful to predict outcome in CN-AML patients.

4.1 WT1 gene expression

The WT1 gene overexpression was found in several leukemias, including AML (Cilloni et
al., 2009). WT1 mRNA levels in the peripheral blood can predict relapse after achieving
complete remission, and its levels after consolidation therapy are closely correlated with
disease-free and overall survival, and with early relapse (Cilloni et al., 2009; Gianfaldoni et
al., 2010; Miyawaki et al., 2010). Monitoring of WT1 expression is significant predictor of
relapse in AML patients after hematopoietic cell transplantation (Lange et al., 2011).

4.2 BAALC (brain and acute leukemia, cytoplasmic) expression

The BAALC gene, located on chromosome 8q22.3, is primarily expressed in neuroectoderm-
derived tissues and in hematopoietic precursors and encodes a protein with unknown
function (Baldus et al., 2003, 2006; Langer et al., 2008; Santamaria et al., 2010). High level of
BAALC expression showed a higher refractoriness to induction treatment , lower complete
remission rate after salvage therapy and lower overall survival and relapse - free survival in
intermediate-risk AML (Santamaria et al., 2010). The BAALC expression is considered an
independent prognostic factor in CN-AML. High BAALC expression was associated with
FLT3-ITD, and high ERG expression in multivariable analysis (Baldus et al., 2006). High
BAALC expression is also connected with overexpression of genes involved in drug
resistance (MDR1) and stem cell markers (CD133, CD34, KIT). In low BAALC expressers,
genes associated with undifferentiated hematopoietic precursors and unfavorable outcome
predictors were downregulated, while HOX-genes and HOX-gene-embedded-miR were
upregulated (Schwind et al., 2010). Global miR expression analysis did not reveal significant
differences between different rate BAALC expression groups (Langer et al., 2008). Inverse
association between the expression of miR148a and BAALC was revealed.

4.3 ERG (v-ets erythroblastosis virus E26 oncogene homolog) expression

ETS-related gene (ERG), located at chromosome band 21q22, is downstream effector of
signaling transduction pathways involved in the regulation of cell proliferation,
differentiation, and apoptosis (Marcucci et al., 2005,2007; Mrézek et al., 2007; Metzeler et al.
2009, Schwind et al., 2010). CN-AML patients with overexpression of ERG have been
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reported to have a poor clinical outcome. When combined with other known prognostic
markers, ERG expression can improve the molecular risk-based stratification of patients
with CN-AML. Low ERG expression is associated with downregulation of genes involved in
the DNA-methylation machinery, upregulation of miR148a, which targets DNA
methyltransferase 3B (DNMT3B) and with better outcome (Schwind et al., 2010).

4.4 MN1 (meningioma 1) expression

MNT1 is located at 22q11 and its overexpression is associated with lower response rate after
first course of induction therapy and poor clinical outcome for CN-AML patients. Moreover,
high MN1 expression was connected with a higher relapse rate and worse relapse-free and
overall survival (Grosveld, 2007; Heuser et al., 2006; Langer et al., 2009). MN1 expression
levels were directly correlated with BAALC expression levels and with the expression of
genes reported as associated with a BAALC expression signature, specifically with
expression of CD34 and ABCB1 (MDR1) and several other genes (Langer et al., 2008, 2009).
MNT1 expression levels were negatively connected with expression of HOX genes and with
NPM1 mutated CN-AML (Langer et al., 2009). MN1-associated miR-expression signature
comprises 15 miR, expression of 8 miR (hsa-miR-126 family) was positively correlated and
expression of 7 miR (hsa-miR-16, hsa-miR-19a and hsa-miR-20a, all members of miR-17-92
polycistron) negatively correlated with MNI expression (Langer et al, 2009). MNI
overexpression confered resistance to the differentiation activity of all-trans-retinoic acid
(ATRA) in AML (Heuser et al., 2007).

4.5 EVI1 (ecotropic viral integration site 1) expression

Human EVII1 is localized to chromosome 3 band 26, spans 60kb, and contains 16 exons
(Goyama &Kurokawa, 2009). High EVI1 expression occurs in approximately 8% of patients
with de novo AML (Barjesteh van Waalwijk van Doom-Khosrovani et al., 2003). High EVI1
expression was observed not only in AML carrying the chromosome 3 abnormalities, but
also in CN-AML (Groschel et al., 2010; Lugthart et al., 2008; Santamaria et al., 2009) and is in
both groups connected with poor treatment response.

4.6 Other molecular marker genes expression

The PRAME (preferentially expressed antigen of melanoma) gene was shown to be
expressed in high levels in AML. PRAME mRNA was observed in about one-third of AML
cases and there was a good correlation between PRAME mRNA level and hematological
remission and relapse. It may be also useful marker to detect minimal residual disease after
allogenic transplantation (Paydas et al., 2005; Qin et al. ., 2009). Epping et al. (2005) showed
that PRAME is a repressor of retinoic acid signaling but Steinbach et al. (2007) did not
confirm this mechanism in the pathogenesis of AML. Specific immunotherapies for patients
with AML using leukemia-associated antigens (LAA) as target structures might be a
therapeutic option. Expression of genes for these antigens have prognostic importance
(Greiner et al., 2008).

AF1q (ALL1 fused gene from chromosome 1q) gene overexpression in CN-AML patients is
associated with a significantly greater incidence of concurrent FLT3-ITD and with a poor
outcome (Strunk et al., 2009). NC-AML patients with low AF1q expression had better overall
survival and complete remission rate than patients with high AF1q mRNA level.
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High MLL5 (mixed lineage leukemia 5) expression is associated with a favorable outcome of
CN-AML patients and enables identification of a significant proportion of patients with
favorable prognosis that are not identified by other markers analyses (Damm et al., 2011).
Increased expression of the phosphoinositide phospholipase Cp1 (PI-PLC p1) gene is an
independent prognostic factor in CN-AML and is associated with a significantly shorter
overall survival but with no difference for relapse-free survival (Damm et al., 2010).

The Rho family of small GTPases, including Rho, Rac and Cdc42, functions as critical
mediators of signaling pathways from plasma membrane regulating actin assembly,
migration, proliferation and survival in hematopoietic cells. RhoH gene, also known as
Translocation Three Four (TTF), encodes a 191-amino acid protein belonging to the Rho
family (Gu et al., 2005; Iwasaki et al., 2008). Rho H functions as a negative regulator for
interleukin 3 (IL3) - induced signals through modulation of the JAK-STAT (Janus Kinase-
Signal Transducer and Activator of Transcription)- signaling pathway (Gtindogdu et al.,
2010). Low RhoH levels are connected with an upregulation of IL3- dependent cell growth,
STATS5 activity and an increase of CD123 surface expression that has been described in AML
patients (Gtindogdu et al., 2010). Multivariate analysis demonstrated that low expression of
RhoH was an independent unfavorable prognostic factor for both overall and disease-free
survival of AML in the intermediate risk group (Iwasaki et al., 2008).

Activation of Notch signal pathway (expression of Notchl, Jagged1 and Deltal as members of
this pathway) is associated with a poorer prognosis for AML patients with intermediate risk
(Xu et al., 2010).

The Forkhead transcription factors (FOXO) are direct target of the PI3K/AKT (protein
kinase B) signaling and they integrate the signals of several other transduction pathways at
the transcriptional level. The PI3K/AKT/FOXO signaling pathway is up-regulated in AML.
High FOXO3a expression is associated with a poorer prognosis in CN-AML (Santamaria et
al., 2009) and the increased levels of both total and of highly phosphorylated FOXO3a
correlate with higher proliferation and blood blasts and these high levels of FOXO3a are an
adverse prognostic factor in AML (Kornblau et al., 2010).

Bone marrow neoangiogenesis plays an important pathogenetic and possible prognostic role
in AML (Hou et al., 2008; Lee et al., 2007; Loges et al., 2005, Mourah et al. 2009).
Multivariable analysis showed that the levels of vascular endothelial growth factor (VEGF)
transcript isoform 121 (VEGF121) remained an independent prognostic factor for either
event-free survivasl or overall survival (Mourah et al., 2009). High levels of VEGF121 were
significantly related to a worse prognosis. Angiopoietin-2 (Ang2) gene expression
represents also an independent prognostic factor in AML with intermediate risk and high
Ang?2 expression is associated with an unfavorable prognosis (Hou et al., 2008; Lee et al.,
2007; Loges et al., 2005). High VEGFC expression appeared strongly associated with reduced
complete remission rate, reduced overall and event-free survival in adult AML independent
of cytogenetic risk and white blood cell count (de Jonge et al., 2010). High VEGFC
expression was related to enhanced chemoresistance and predicted adverse long-term
prognosis.

TGFp (transforming growth factor beta) superfamily receptors ALK-1 (activin receptor like
kinase) and ALK-5 have an important role in endothelial cells behavior and might be
involved in the pathogenesis of AML. ALK-1 and ALK-5 are both expressed by the majority
of AML patients. ALK-5 expression has a significant negative impact on complete remission
achievment and overall survival of AML patients (Otten et al., 2011).
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Dysregulation of the Wnt/p-catenin pathway has been observed in various malignancies,
including AML. Overexpression of $-catenin is an independent adverse prognostic factor in
AML (Chen et al., 2009; Ysebaert et al., 2006).

Chemokine (C-X-C motif) receptor 4 (CXCR4) retains hematopoietic progenitors and
leukemia cells within the marrow microenvironment. Multivariate analysis revealed CXCR4
expression as an independent prognostic factor for disease relapse and survival (Konoplev
et al., 2007; Spoo et al., 2007; Tavernier-Tardy et al., 2009). Low CXCR4 expression correlated
with a better prognosis, resulting in a longer relapse-free and overall survival.

Many studies of AML have linked the overexpression of ABCB1 (also named permeability
glycoprotein, Pgp), a member of ATP-binding proteins coded by the multi-drug resistance
gene (MDR1), to poor prognosis (Leith et al., 1997; Steinbach & Legrand, 2007; Trnkova et
al., 2007). Other drug-resistance proteins BCRP (breast cancer resistance protein, also
named ABCG2) and LRP (lung resistance protein) have also an adverse impact (Dimiani et
al., 2010; Huh et al., 2006).

5. Gene expression profiling in CN-AML

Gene expression profiling (GEP) was described twelve years ago by Golub et al. (1999). GEP
analyses on the basis of microarrays allow the simultaneous characterization of thousands of
genes. GEP is useful for the classification of leukemias. In CN-AML, microarray GEP has
been applied to identify expression signatures in order to predict clinical outcome within
this very heterogeneous group of patients.

Bullinger et al. (2004) and Radmacher et al. (2006) defined by GEP two novel molecular
subclasses of CN-AML with significant differences in survival times with respect to the
presence or absence of FLT3 mutations and the FAB subtypes.

NPM1 gene mutations are connected with specific gene expression pattern in CN-AML
(Alcalay et al., 2005; Becker et al., 2010; Garzon et al., 2008; Verhaak et al., 2005; Wilson et al.,
2006). This specific gene expression signature was characterised by the activation of homeobox
(HOX) genes including a particular subset of homeobox TALE (three amino acid loop
extension) genes distinguish themselves from typical homeodomains containing genes.
Downregulated in the NPM1 mutations group were genes whose low expression is associated
with better prognosis in CN-AML as BAALC, MN1, ERG, and multidrug resistance genes.
Comparison of gene expression between biallelic CEBPA mutation and monoallelic CEBPA
mutation AML was described by Dufour et al. (2010). Expression of multiple members of the
homeobox gene family (HOXA5 HOXA9, HOXA10, HOXB2, and HOXB6), CD34, and
lymphoid markers CD6, CD52, and TSPO (gene for translocator protein, benzodiazepine
receptor) is downregulated in CN-AML patients with biallelic CEBPA mutation.

Specific gene expression signatures associated with FLT3-ITD and FLT3-TKD (mutations in
the tyrosine kinase domain) were described (Bullinger et al., 2008; Neben et al., 2005;
Whitman et al., 2008b, 2010). Overexpression of FLT3, homeobox genes (HOXB3, HOXB5,
PBX3, MEIST), and immunotherapeutic targets (IWI1, CD33) and underexpression of
leukemia associated (MLLT3, TALI) and erythropoiesis-associated genes (GATA3, EPOR,
ANK1, HEMGN) is typical for FLT3-ITD, whereas overexpression of gene for transcription
factor FOXA1 containing forkhead box was observed in FLT3-TKD (Neben et al., 2005,
Whitman et al., 2010). Whereas the predictive value for FLT3-ITD was relatively high (77%),
the high number of false predictions eliminates GEP as an investigational tool for research
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studies waiting on an entrance to clinical practice and decision making (Marcucci et al.,
2011a; Verhaak et al., 2009; Wouters et al., 2009). GEP technique seems not to be in future a
primary diagnostic tool but will be used in many cases as a confirmative method.

6. MicroRNA expression profiling

MicroRNAs (miRs) are small noncoding RNAs of 19 to 25 nucleotides which function as
negative regulators of gene expression by causing target mRNA cleavage or by interfering
with target mRNA translation. Dysregulation of miRs plays an important role in the
pathogenesis of many cancers based on their involvement in basic cellular functions (Nana-
Sinkam & Croce, 2010). In addition, miRs have the capacity to target tens to hundreds of
genes simultaneously. Thus, they are attractive candidates as prognostic biomarkers and
therapeutic targets in cancer.

MiR expression signatures have been correlated with recurrent molecular aberrations in AML.
NPM]1 mutations associate with upregulation of miR10a, miR10b, and miR196a, all lying in the
genomic cluster of HOX genes that are overexpressed (Becker et al., 2010, Garzon et al., 2008).
Upregulation of miR181a and miR181b expression is associated with CEBPA mutations in CN-
AML (Marcucci et al., 2008; 2009; 2011b). FLT3-ITD was observed to be associated with miR155
upregulation and miR144 and miR451 downregulation (Whitman et al., 2010). Genome-wide
profiling identified aberrantly expressed miR associated with R172 IDH2 mutated CN-AML
patients (Marcucci et al., 2010). The most upregulated miR genes were genes of miR125 family
(miR125a and miR125b), miR1 and miR133. The most downregulated miR genes were miR194-1,
miR526, miR520a-3p, and miR548b.

Recent studies have also shown that clinical outcome in CN-AML is affected by changes in
miR expression. Overexpression of miR20a, miR25, miR191, miR199a and miR199b adversely
affected overall survival (Garzon et al., 2008).

7. DNA methylation arrays

DNA cytosine methylation in CpG islands regulates gene expression. Aberrant methylation
of specific genes was observed in cancer including leukemia, although little is known about
the mechanisms of this specific gene sets methylation. Genome-wide promoter DNA
methylation profiling revealed unique AML subgroups and methylation patterns that are
associated with clinical outcome (Bullinger & Armstrong, 2010; Figueroa et al., 2010). DNA
methylation profiles segregates patients with CEBPA mutations from other subtypes of
leukemia and defined four epigenetically distinct forms of AML with NPM1 mutations.
Epigenetic modification of the CEBPA promoter regions was also described and CEBPA
hypermethylation appeared to be favorable prognostic marker in addition to NPMI
mutation with lack of FLT3-ITD and CEBPA bi-allelic, double mutations (Hackanson et al.,
2008; Lin et al., 2010; Szankasi et al., 2011). Lugthart et al. (2011) found that the promoter
DNA methylation signature of EVII AML blast cells differed from normal bone marrow
cells and other AMLs and contained many hypermethylated genes. EVI1 was observed to
physically interact with DNA methyltransferases 3A and 3B and colocalize with them in
nuclei and complex is involved in EVI1-mediated transcriptional repression. Cases with the
significantly higher levels of EVI1 are associated with many more methylated genes
(Lugthart et al., 2011).
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8. Conclusion and future directions

CN-AML is very heterogeneous on the molecular level and harbours many genetic
alterations that define new molecular subgroups. This molecular heterogeneity of CN-AML
is not fully reflected in current classification systems (Vardiman et al. 2008, Dohner et al.,
2010). Molecular markers with prognostic significance are very important for future
therapies. Decision over whether to allograft a patient in first complete remission depends
on the evaluation in a risk/benefit analysis in prognostic scoring system (Smith et al., 2011).
The favorable cytogenetic risk group is now supplemented by CN-AML with mutant NPM1
or biallelic CEBPA mutations in the absence of FLT3-ITD (Déhner et al., 2010). These CN-
AML patients may not need to be referred for allogenic stem cell transplantation in first
complete remission (Burnett et al., 2011). Low expression of BAALC is also associated with
favorable outcome in CN-AML (Santamaria et al., 2010), but not in association with FLT3,
NPM1, and CEBPA mutations and may not be prognostic in older patients (Langer et al.,
2008). Low BAALC expression is an important factor for complete remission achievment and
longer disease-free survival. Even better overall survival is reached in CN-AML patients
who had low ERG expression in addition to low BAALC expression (Burnett et al., 2011).
The similarity of BAALC and ERG expression signatures between younger and older CN-
AML patients and the fact that these molecular markers affect similarly outcomes in the
group of younger and older than 60 years CN-AML patients sugest that older patients with
favorable molecular risk factors, such as low BAALC and ERG expression , if treated more
intensively, might have outcomes comparable with those of younger CN-AML patients
with the same molecular markers (Schwind et al., 2010). Patients with low ERG, low EVII,
and high PRAME expression levels were also shown to have a good prognosis (Santamaria
et al., 2009). Recently, Damm et al. (2011) proposed an integrative prognostic risk score
(IPRS) for CN-AML patients based on clinical and molecular markers. Nine clinical,
hematological and molecular factors including age, white blood cell count, mutation status
of NPM1, FLT3-ITD, CEBPA, WT1 single nucleotide polymorphism SNP rs16754, and
expression levels of BAALC, ERG, MN1, and WI1 (Damm et al., 2011). Other molecular
markers like NRAS, MLL-PTD, WT1, IDH1, or IDH2 mutations were not significant and thus
not included in the IPRS.

Genomewide search and new technologies will help to subcategorize CN-AML. Gene and
microRNA signatures and DNA methylation signatures obtained in these studies may
detect potential targets for new therapies.
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