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Preface

Myeloid leukemia is a multifaceted disease, regrouping a variety of myeloid disorders. Re‐
cently, important progress has been made in both its diagnosis and treatment. However,
some forms are curable and others are treatable but rarely curable. New therapeutic per‐
spectives are now considered for patients.

The aim of our book is to cover key aspects of myeloid leukemia, including its diagnosis and
current treatments and the challenges ahead. To apprehend this complex disease, critical
molecular and cellular mechanisms including the role of the tumor microenvironment are
highlighted. Important molecular targets are described and new therapeutic considerations
are discussed:

1. Myeloid Leukemia: Multifaceted Disease
2. Pathogenicity and Diagnostic
3. Genetic and Epigenetic Regulations
4. Drug Resistance and Potential Treatments

The publication of this book was made possible by coordinated efforts and collaborations
from many experts in the field. We thank all the contributors for their valuable work and
their tremendous efforts.

We are confident that this book will provide valuable insights into myeloid leukemia at dif‐
ferent levels. In the meantime, we trust it will bring answers and hope for health care pro‐
viders, patients, and their families.

Ahmed Lasfar
Member of New Jersey Cancer Institute

Principal investigator and Faculty member
Department of Pharmacology and Toxicology

Ernest Mario School of Pharmacy, Rutgers University
Piscataway, New Jersey, United States
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1. Introduction

Myeloid leukemia regroups a variety of myeloid disorders. Some are more frequent and 
well characterized such as acute myeloid leukemia (AML) or chronic myeloid leukemia 
(CML). However, other clonal myeloid disorders, designed myelodysplastic/myeloprolif-
erative neoplasms (MDS/MPN), are still subjected to diagnosis and therapeutic challenges. 
MDS/MPN might possess both dysplastic and proliferative features and cannot simply 
be listed in myelodysplastic syndrome (MDS) and chronic myeloproliferative disorder 
(CMPD) categories. Currently, three distinct groups are well classified: chronic myelo-
monocytic leukemia (CMML), juvenile myelomonocytic leukemia (JMML), and atypical 
chronic myeloid leukemia (aCML). An additional group called myelodysplastic/myelopro-
liferative neoplasm-unclassifiable (MDS/MPN-UC) has also been included. Apparently, 
MDS/MPN-UC shows both MDS and CMPD characteristics but differs at some extent from 
the other three MDS/MPN groups. MDS/MPN implicates defects in the modulation of 
myeloid pathways leading to cell survival and proliferation. However, the etiology of the 
defects remains elusive.

In this introductory chapter, we have succinctly described each of the myeloid disorders and 
provided some highlights on diagnosis and available therapies.

2. Acute myeloid leukemia (AML)

AML is a complex malignancy characterized by a high heterogeneity of aberrant myeloid 
precursors. In addition to family history of hematologic disorders and exposure to envi-
ronmental factors, aging increases the incidence of AML. Although AML arises from trans-
formed hematopoietic stem cells, the etiology of this form of leukemia remains mostly 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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unidentified. However, we know that consecutive genomic mutations and epigenetic 
modifications lead to the progression of the disease. Alterations in important genes have 
been characterized leading to the development of novel targeted therapeutic strategies. 
However, significant variations in the genetic and the epigenetic of AML are found among 
patients. Thus, development of efficient treatment of AML remains a significant clinical 
challenge.

Current AML treatment is generally based on classical chemotherapy, targeted therapy, 
and stem cell transplantation. The emergence of personalized medicine is still underway. 
Optimal biological information leading to patient selection and individual therapy are 
uncommon.

In addition to the age of AML patients, cytogenetics of the tumor and clinical appreciations 
are fundamental for the prognosis and the success of the treatment. Promyelocytic leukemia 
is the subset of AML with the highest proportion of cure rate. Patients are benefiting from 
targeted therapy such as all-transretinoic acid treatment. Currently, several other targeted 
therapies are available.

The limiting parameters for AML targeted therapy are the tumor heterogeneity and its 
variability during the course of disease and therapy, resulting in unpredictable response, 
and constitute the current challenge for establishing successful personalized therapeutic 
regimens.

3. Chronic myeloid leukemia (CML)

CML is a myeloproliferative disorder characterized by the presence of the BCR-ABL onco-
gene fusion protein, resulting from reciprocal translocation between chromosomes 9 and 
22 [t(9;22)], commonly designed by Philadelphia chromosome (Ph chromosome) (Ref). As a 
result, Bcr-Abl tyrosine kinase becomes constitutively activated and triggers apoptosis resis-
tance and other biological alterations responsible for CML pathogenesis. With the introduc-
tion of tyrosine kinase inhibitors (TKIs), significant benefits for CML patients are currently 
achieved. Nilotinib, dasatinib, and imatinib are the commonly TKIs small molecules used 
in the clinic for the treatment of CML. These inhibitors are designed to block the adenosine 
triphosphate-binding site of the Bcr-Abl tyrosine kinase and inhibit the activation of down-
stream effector proteins, responsible for CML exacerbations.

The success of TKI therapy is associated with the reduction of BCR-ABL1 transcript levels in 
the CML patients. Current guidelines refer to major molecular response (MMR) for the BCR-
ABL1 level not exceeding 0.1% or deep molecular response (DMR) for the BCR-ABL1 level 
not exceeding 0.01%. DMR can be achieved in almost 50% of CML patients who stopped TKI 
treatments. However, important questions remain regarding the mechanisms leading to CML 
remission and lack of relapse. Addressing such questions will help identify biomarkers that 
could predict which patient could discontinue TKI therapy without relapse and also deter-
mine the long-term success of the treatment.

Myeloid Leukemia4

4. Chronic myelomonocytic leukemia (CMML)

CMML displays irregular features, varying from myelodysplastic to myeloproliferative. The 
majority of CMML patients show persistent somatic mutations. Around 15% of CMML can 
evolve to AML, and when this transition occurs, a poor prognosis is predicted. Many chemo-
therapy regimens for CMML have been used with only limited success. Bone marrow trans-
plantation or stem cell transplantation appears to be more effective.

5. Juvenile myelomonocytic leukemia (JMML)

JMML is a rare myeloid disorder of childhood. Although the etiology of JMML is not known, 
children with neurofibromatosis type 1 (NF1) have high risk for developing JMML. Children 
diagnostic at 2 years old and up have a poorer prognosis. Thrombopenia and a high HbF 
level have also been associated with a poor prognosis. Currently, BMT appears to be the best 
therapy for JMML.

6. Atypical chronic myeloid leukemia (aCML)

aCML is a very rare myeloid leukemia, mainly occurring in elderly people. This disorder 
displays both MDS and CMPD features. aCML seems to respond poorly to interferon alpha 
therapy. However, treatment with hydroxyurea may lead to a limited remission.

7. Myelodysplastic/myeloproliferative neoplasm-unclassifiable 
(MDS/MPN-UC)

MDS/MPN-UC is also called mixed myeloproliferative/myelodysplastic syndrome. Since 
it shows both MDS/MPN features and not meeting the criteria of the described MDS/MPN 
categories, this disorder is unclassifiable. A mutation on Jak2 kinase causing its constitutive 
activation might be involved in the disease at least in some MDS/MPN-UC patients. Adult 
patients with platelet-derived growth factor receptor gene rearrangements might be treated 
with imatinib mesylate.

8. Conclusion

Important progress in both the diagnosis and the treatment of myeloid leukemia has been real-
ized. Currently, many treatments are proposed. In CML tremendous success has been achieved 
with TKI therapy. However, important challenges remain for establishing more focused thera-
pies and determining useful biomarkers associated with the resistance or the success to therapy.
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Abstract

Bone marrow (BM) clots are routinely sampled in aspiration tests, and their sections 
are prepared for histological observation by hematoxylin and eosin (H&E) staining. 
However, H&E-stained sections are considered less informative than those stained by 
the May-Grünwald Giemsa (M-G) stain; thus, diagnosis using H&E-stained clot samples 
is challenging for pathologists. In fact, the diagnostic evaluation is limited to the obser-
vation of cellular morphology and the myeloid-erythroid cell ratio. Pathologists leave 
cellular observation to laboratory hematologists, who generally use M-G staining. In 
this chapter, the utility of bone marrow clot specimens for diagnosis by H&E staining is 
reviewed. Specifically, the review provides a descriptive and illustrative explanation of 
the diagnosis of acute myeloid leukemia (AML), myelodysplastic syndrome (MDS), and 
myelodysplastic syndrome/myelocytic proliferative neoplasm (MDS/MPN) and dem-
onstrates the possibility of diagnosis on the basis of the characteristic features of blast 
cells. Clot specimens appear to be useful for the diagnosis of hematopoietic dysplasia by 
pathologists, and this approach can provide more informative findings for hematologists.

Keywords: bone marrow clots, hematoxylin and eosin, acute myeloid leukemia

1. Introduction

Bone marrow (BM) clots and their specimens can be evaluated histopathologically by hema-
toxylin and eosin (H&E) staining [1, 2]. However, this method is considered to yield limited 
information regarding cellular morphology, myeloid-erythroid cell ratio, size and morphol-
ogy of megakaryocytes [3], increase in multiple myeloma [4], involvement of lymphoma, and 
metastatic tumor such as neuroblastoma [5–7]. In particular, BM clot sections comprising 
sinusoidal blood are inadequate for morphological interpretation [2]. However, the cellblock 
technique ensures the capture of cells required for diagnosis, and laboratories routinely apply 
this sample preparation technique for enhancing the usability of the BM clot specimen [2, 8].  

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

Bone marrow (BM) clots and their specimens can be evaluated histopathologically by hema-
toxylin and eosin (H&E) staining [1, 2]. However, this method is considered to yield limited 
information regarding cellular morphology, myeloid-erythroid cell ratio, size and morphol-
ogy of megakaryocytes [3], increase in multiple myeloma [4], involvement of lymphoma, and 
metastatic tumor such as neuroblastoma [5–7]. In particular, BM clot sections comprising 
sinusoidal blood are inadequate for morphological interpretation [2]. However, the cellblock 
technique ensures the capture of cells required for diagnosis, and laboratories routinely apply 
this sample preparation technique for enhancing the usability of the BM clot specimen [2, 8].  

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



To assist in morphologic diagnosis, immunohistochemistry (IHC) is available for assess-
ment and immunophenotyping. For instance, by IHC, the marker glycophorin can assess the 
myeloid-erythroid cell ratio, and spectrin can efficiently detect erythroid cellular lineage [9]. 
P53 can also be used for differential diagnosis between refractory anemia and aplastic anemia 
[10]. An international Working Party for the Standardization of Bone Marrow IHC was formed 
by the International Council for Standardization in Hematology to prepare a set of guide-
lines for the standardization of handling BM specimens and reports [11]. While the histological 
examination of BM introduces new aspects of blood disease, the diagnosis of hematopoietic 
disorders using H&E-stained BM clot sections remains a challenge for nonhematopathologists. 
In fact, hematopoietic disorders have been diagnosed using May-Grünwald Giemsa (M-G) 
staining by hematologists and pathologists, and the findings obtained from H&E-stained BM 
clot sections are used as a reference for those obtained from M-G–stained samples.

This review discusses the information obtained from H&E-stained BM clot sections and its 
advantages and limitations over M-G–stained BM clot sections. The techniques are discussed 
with respect to examination of erythrocytes and myelocytes and the diagnosis of acute myeloid 
leukemia (AML), myelodysplastic syndrome (MDS), and myelodysplastic syndrome/myelo-
cytic proliferative neoplasm (MDS/MPN).

2. Overview of various blast cells

2.1. Erythroblasts

In H&E-stained samples, it is difficult to distinguish between erythroblasts, myeloblasts, and 
megakaryoblasts. Erythroblasts have a large nucleus that occupies the whole cell. In H&E-
stained sections, the nucleus is observed to be pale, basophilic, and homogenous, with a 
fine appearance. Myeloblast lineages have more eosinophilic and rough cytoplasm than the 
erythroblasts, with distinct nucleoli (Figure 1A and B). Megakaryoblasts have transparent, 
lobulated nucleoli, with a higher nuclear-cytoplasmic ratio than that in megakaryocytes. The 
cytoplasmic border is frequently observed, and cell membranous projections are occasionally 
observed in some of the megakaryoblasts (Figure 1C).

2.2. Immature myelocytic lineage

In general, the morphological characteristics of myelocytic developmental stages have not 
been sufficiently described using H&E-stained clot samples. This is probably because of the 
difficulty in recognizing the cytoplasmic granules in the H&E-stained sections. However, 
H&E-stained sections provide incomplete morphological information regarding the devel-
opmental stages. In comparison with erythroblasts, myelocytic lineages are larger and have 
eosinophilic cytoplasm. Pro-myelocytes are smaller than myeloblasts and have a halo sur-
rounding the nucleus, which is sometimes observed in M-G–stained samples (Figure 2A). 
Myelocytes and meta-myelocytes are easily identifiable owing to their segmented nuclei and 
smaller size than that of myelocytes (Figure 2B and C). Eosinophilic and basophilic lineages 
are identifiable because of the presence of distinct granules (Figure 2D).
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Figure 1. Morphology of erythroblasts and myeloblasts. (A) an erythroblast showing a transparent nucleus with 
condensed nucleoli (600×). (B) a myeloblast showing a transparent nucleus with one prominent eosinophilic nucleolus. 
The cytoplasm is eosinophilic, rough, and heterogeneously condensed (600×). (C) Two megakaryoblasts show transparent 
and lobulated nuclei with prominent eosinophilic nucleoli. The cytoplasm is eosinophilic, rough, and heterogeneously 
condensed. The edges are irregular, with a number of villi (600×).

Figure 2. Morphology of myelocyte lineages detected by H&E staining. Immature neutrophil lineages (A–C) and 
immature eosinophil lineages (D). (A) A pro-myelocyte showing a nucleus surrounded by halo (represented by an 
arrow). Nucleoli are not prominent relative to myeloblasts. The cytoplasm is eosinophilic, rough, and heterogeneously 
condensed (600×). (B) A myelocyte showing a regular oval nucleus with a contour and without indentation. The 
cytoplasm is eosinophilic, rough, and heterogeneously condensed (600×). (C) A meta-myelocyte showing a U-shaped or 
bent nucleus. The cytoplasm is eosinophilic, rough, and heterogeneously condensed. No nucleoli are visible (600×). (D) 
Variable immature eosinophil lineages. The arrow indicates a pro-myelocyte, and the arrowhead indicates a myelocyte. 
A mature eosinophil can be seen in the upper-left corner (600×).
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Figure 3. Erythroid lineages detected by H&E staining. (A) Two basophilic erythroblasts represent large nuclei 
(represented by arrows). Nucleoli are not prominent relative to pro-erythroblasts. The cytoplasm is basophilic, rough, 
and heterogeneously condensed (600×). (B) Three metachromatic erythroblasts represent lacy and oval nuclei (indicated 
by two arrowheads). The cytoplasm is baso-eosinophilic, rough, and heterogeneously condensed. Two orthochromatic 
erythroblasts represent condensed and oval nuclei (indicated by two arrowheads). The cytoplasm is eosinophilic and 
rough (600×).

3. H&E-stained AML

3.1. Identifying erythrocytic lineages and AML by H&E-stained BM clots

To determine the utility of H&E-stained BM clots for the diagnosis of megaloblastic leukemia, 
megaloblastoid cells in MDS, or erythroleukemia, the H&E staining properties of erythrocytic 
lineages were considered. Pro-erythroblasts are identifiable by their basophilic cytoplasm, 
transparent nucleus, and multiple deformed nucleoli. A basophilic erythroblast is smaller 
and has a relatively large nucleus, bearing thick or coarse chromatin (Figure 3A). The nucleus 
occupies a relatively small part of the cell compared to that in basophilic erythroblasts. 
Importantly, owing to two highly contrasting colors in H&E staining, two distinct types of 
erythroblasts can be observed: polychromatic and orthochromatic. The polychromatic eryth-
roblast has a lacy nucleus and baso-eosinophilic cytoplasm, while the orthochromatic eryth-
roblast has eosinophilic cytoplasm, in which the nucleus is small, pyknotic, homogeneous, 
and structure-less, and ultimately becoming blue-black (Figure 3B).

3.2. Identifying myeloblasts and AML by H&E-stained BM clots

In this study, the utility of H&E-stained BM clots in diagnosing classic AML subtypes was 
also examined. H&E-stained clots were prepared for M2, M3, M4, M5, M6, and M7 accord-
ing to the classic French-American-British classification. Cases of M2, acute leukemia with 
maturation, as specified in WHO 2008 classification, were the most frequent AML cases 
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encountered; in these cases, myeloblastic leukemic cells were observed. They have similar 
cytological features as those of normal myeloblasts: (i) eosinophilic, rough cytoplasm and 
(ii) a prominent nucleolus. Figure 4A shows leukemic marrow consisting of myeloblastic 
leukemic cells. M4, acute myelomonocytic leukemia (Figure 4C), and M5, acute monocytic 
leukemia (Figure 4D), have common features of monoblastic cells and are relatively easily 
identifiable due to a U-shaped nucleus with prominent dual nucleoli. Chromatin condensa-
tion was observed in the immature phenotype of monocytic leukemic cells in M4 and M5. 
The latter is a mix of monoblasts and monocytes and has pyknotic and condensed chromatin. 
In M6, acute erythroleukemia, atypical erythroblast-like leukemic cells were observed. The 
rough margin of the nucleus and basophil is a feature of these leukemic cells. In M7, acute 
megakaryocytic leukemia, the cells are transparent and lobulated without a distinct nucleus, 
which is observed in MDS. Furthermore, abnormal, deformed, and intensely stained nuclei 
are observed in MDS/MPN.

Figure 4. AML diagnosis using H&E staining. (A) Two M2 leukemic cells (AML with maturation) of various sizes mimic 
myeloblastic morphology and show irregular transparent nuclei with prominent eosinophilic nucleoli (600×). (B) Two M3 
leukemic cells mimic pro-myelocytic morphology but present irregular transparent nuclei with prominent eosinophilic 
nucleoli (600×). (C) Two M4 acute myelomonocytic leukemic (AMMoL) cells, mimicking monocytic and myeloblastic 
morphology but presenting irregular transparent nuclei with prominent eosinophilic nucleoli (600×). (D) M5 acute 
monocytic leukemic cells are a mixture of two types of cells: Monoblasts and pro-monocytes. They mimic monoblastic 
morphology but present an irregular transparent nucleus with prominent eosinophilic nucleoli. Monoblasts have roughly 
circular and delicate lacy chromatin nuclei with one or two prominent nucleoli. Pro-monocytes have more convoluted 
nuclei, and the nucleoli are not prominent (600×). (E) M6 leukemic cells mimic erythroblastoid morphology but present 
irregular transparent nuclei with prominent eosinophilic nucleoli (600×). (F) M7 leukemic cells mimic myeloblastic 
morphology but present irregular transparent multilobed nuclei with prominent eosinophilic nucleoli (600×).
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Figure 6. Dysplastic erythrocytes observed by H&E staining. (A, B) nuclear-cytoplasmic dissociation. Arrows represent 
the dysplastic erythroblasts that have baso-eosinophilic cytoplasm. (C, D) abnormal pro-erythroblasts. Arrows represent 
the abnormally hyperlobated nuclei.

Figure 5. Dysplastic megakaryocytes detected by H&E staining. Megakaryocytes have round, dispersed nuclei (A, B, C). 
Two or three dispersed nuclei are observed (600×).
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3.3. Dysplastic megakaryocytes in refractory anemia with excess blasts and MDS/MPN

In H&E-stained clot specimens of refractory anemia with excess blasts and MDS, abnormal 
megakaryocytes, which include micromegakaryocytes and megakaryocytes with large mono-
nuclear form, and dispersed round nucleoli were observed.

Morphological changes and increase in the number of megakaryocytes are informative for 
diagnosis. Micromononuclear megakaryocytes are detected in MDS, while large, over-mature 
megakaryocytes have been observed to increase in number in myeloproliferative neoplasms 
[12]. In anaplastic anemia, the megakaryocytes decrease definitively in number without any 
evident morphological abnormality [13]. By two-color contrast, megakaryocytic morphologi-
cal abnormality is more distinct than that by M-G staining. Nuclear-cytoplasmic dissociation 
was more identifiable in H&E-stained specimens. As shown in Figure 5, polynucleated cells 
and cells with lobulated nuclei were identified in pro-erythroblasts of BM clot samples of 
MDS patients (Figure 5A–C).

Figure 7. Dysplastic myelocytes observed by H&E staining. (A–D) dysplastic metamyelocytes maturing into neutrophils, 
which have blots in the cytoplasm (indicated by arrows).

Cytopathology of MDS/MPN and AML by H&E Staining
http://dx.doi.org/10.5772/intechopen.71567

15



Figure 6. Dysplastic erythrocytes observed by H&E staining. (A, B) nuclear-cytoplasmic dissociation. Arrows represent 
the dysplastic erythroblasts that have baso-eosinophilic cytoplasm. (C, D) abnormal pro-erythroblasts. Arrows represent 
the abnormally hyperlobated nuclei.

Figure 5. Dysplastic megakaryocytes detected by H&E staining. Megakaryocytes have round, dispersed nuclei (A, B, C). 
Two or three dispersed nuclei are observed (600×).

Myeloid Leukemia14

3.3. Dysplastic megakaryocytes in refractory anemia with excess blasts and MDS/MPN

In H&E-stained clot specimens of refractory anemia with excess blasts and MDS, abnormal 
megakaryocytes, which include micromegakaryocytes and megakaryocytes with large mono-
nuclear form, and dispersed round nucleoli were observed.

Morphological changes and increase in the number of megakaryocytes are informative for 
diagnosis. Micromononuclear megakaryocytes are detected in MDS, while large, over-mature 
megakaryocytes have been observed to increase in number in myeloproliferative neoplasms 
[12]. In anaplastic anemia, the megakaryocytes decrease definitively in number without any 
evident morphological abnormality [13]. By two-color contrast, megakaryocytic morphologi-
cal abnormality is more distinct than that by M-G staining. Nuclear-cytoplasmic dissociation 
was more identifiable in H&E-stained specimens. As shown in Figure 5, polynucleated cells 
and cells with lobulated nuclei were identified in pro-erythroblasts of BM clot samples of 
MDS patients (Figure 5A–C).

Figure 7. Dysplastic myelocytes observed by H&E staining. (A–D) dysplastic metamyelocytes maturing into neutrophils, 
which have blots in the cytoplasm (indicated by arrows).

Cytopathology of MDS/MPN and AML by H&E Staining
http://dx.doi.org/10.5772/intechopen.71567

15



In the erythroblast lineage, nuclear-cytoplasmic dissociation (Figure 6A and B) [2], evident as 
hemoglobin production in the cytoplasm without enucleation, is identifiable in H&E-stained 
specimens because of distinct two-color contrast.

Multinuclear abnormal pro-erythroblasts are also the hallmark of dysplasia (Figure 6C and D) 
[2]. Furthermore, basophilic heterogeneity in the cytoplasm is observed. Neutrophils exhib-
ited a “blot” or localized heterogeneous staining in the cytoplasm, which is frequently seen 
in H&E-stained specimens (Figure 7A–C) [2]. In addition, a ring-shaped nucleus, which is 
observed in murine neutrophils, was observed in MDS and MDS/MPN (Figure 7D) [2].

4. H&E and M-G staining

Most pathologists are more familiar with H&E-stained samples than with M-G–stained sam-
ples in routine diagnostic work. As demonstrated in this study, H&E-stained specimens of 
BM, as well as M-G–stained samples, were available despite the difficulty in observation of 
granules in the cytoplasm in the myelocytic lineage. In this chapter, high-power magnifica-
tion images are provided for understanding features of individual hematopoietic lineages for 
further clarifying morphological features of the subjects.

As demonstrated, H&E specimens allow the identification of myeloblasts. Therefore, the 
identification of “blasts” in H&E-stained sections should be clearly defined. In contrast to 
the M-G-stained sections, H&E-stained sections do show basophilic cytoplasm; rather, the 
transparency of the nucleus with one or more nucleoli is more identifiable as the feature 
of blasts in H&E staining. This phenomenon represents another feature of dysplasia with 
deformity in the shape with or without atypical morphological findings of the nucleus. In 
dysplasia, hyperlobulated or ring nuclei were observed, which is a diagnostic feature of dys-
myelopoiesis. In addition, basophilic heterogeneity, exudation, or a “blot” in the erythroblast 
cytoplasm is identified in dysplasia. This basophilic exudation was clearer in H&E-stained 
specimens than in M-G-stained sections. In addition, H&E-stained clot samples are suffi-
ciently useful for the observation of morphological changes and for the assessment of mega-
karyocytic features.

H&E-stained clot specimens are advantageous for diagnosing AML subtypes because they 
allow better identification of hematopoietic dysplastic cells than M-G–stained sections 
do. Pathologists can integrate findings from the three staining methods: H&E, M-G, and 
IHC: for the decisive diagnosis of AML subtypes. Routine histological observations using 
M-G or H&E staining will be more useful in combination with flow cytometry analysis for 
immunohistological assessment using anti-CD33 and anti-CD13, a set of antibodies used 
to accurately diagnose AML. Myelodysplasia is also identifiable by H&E staining. Using 
high magnification, such as 1000×, the blot and localized heterogeneous staining or bud-
ding of the nucleus is identifiable by H&E staining. In fact, this high-power magnification 
provides more cytological and histological findings for facilitating the diagnosis of MDS 
and MDS/MPN.
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5. Discussion

5.1. Terminology: dysplastic, atypical, and blastic findings and interrelationship with 
hematological neoplasm

Dysplastic, atypical and abnormal, and blastic findings, together with hypercellularity, com-
pose the core concepts of hematological neoplastic entities in BM pathology. It is possible to 
understand the interrelationship of the entities by organizing concepts on the basis of their 
morphological findings (Figure 8). Dysplasia refers to specified morphological features that 
are distinct from other abnormal or atypical morphologies. As an important example, dys-
plastic megakaryocytes have circular, dispersed nuclei, which differ from atypical and irreg-
ular megakaryocytes in MPN and MDS/MPN. Thus, the terms “abnormal” and “atypical” 
should be used to describe the morphological changes other than morphological changes in 
MDS. The cytological spectrum of atypical lymphocytes is extremely broad. For example, 
small- to large-sized cells with often regular or indented nuclei, moderately condensed chro-
matin, moderate-to-faint basophilic cytoplasm without azurophilic granules and sometimes 
with microvacuoles are atypical findings [14].

On the other hand, the term “blast” refers to “immature” cells, which have a transparent 
nucleus with a prominent clear nucleus. For example, the “centroblast” is a morphologi-
cal concept that refers to lymphocytes that have a specified morphological feature, such as 
prominent nucleoli representing an immunologically activated state. As another example, 
“B-lymphoblasts” refer to the activated B-lymphocytes that undergo hypersomatic mutations 
and the class switch of immunoglobulin genes. In other words, blastic lymphocytes corre-
spond to the lymphocytes with gene recombination. Myeloblasts and erythroblasts, however, 
do not necessarily correspond to specific genetic alterations but correspond to the activated 
state of the first stage of differentiation. Distinguishing these morphological features from 
hyperplastic marrow will elucidate the mutual relationships among AML, AML arising from 
MDS, MDS, MDS/MPN, and MPN. MDS, AML, and MPN are specific entities on the basis of 
dysplastic, blastic (>20% of nucleated cell in BM), and hypercellular findings, respectively. 

Figure 8. Interrelationships of hematopoietic neoplasms. Dysplastic, blastic findings, together with hypercellularity, 
compose the core concepts of hematological neoplastic entities.
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H&E-stained clot specimens are advantageous for diagnosing AML subtypes because they 
allow better identification of hematopoietic dysplastic cells than M-G–stained sections 
do. Pathologists can integrate findings from the three staining methods: H&E, M-G, and 
IHC: for the decisive diagnosis of AML subtypes. Routine histological observations using 
M-G or H&E staining will be more useful in combination with flow cytometry analysis for 
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5. Discussion

5.1. Terminology: dysplastic, atypical, and blastic findings and interrelationship with 
hematological neoplasm

Dysplastic, atypical and abnormal, and blastic findings, together with hypercellularity, com-
pose the core concepts of hematological neoplastic entities in BM pathology. It is possible to 
understand the interrelationship of the entities by organizing concepts on the basis of their 
morphological findings (Figure 8). Dysplasia refers to specified morphological features that 
are distinct from other abnormal or atypical morphologies. As an important example, dys-
plastic megakaryocytes have circular, dispersed nuclei, which differ from atypical and irreg-
ular megakaryocytes in MPN and MDS/MPN. Thus, the terms “abnormal” and “atypical” 
should be used to describe the morphological changes other than morphological changes in 
MDS. The cytological spectrum of atypical lymphocytes is extremely broad. For example, 
small- to large-sized cells with often regular or indented nuclei, moderately condensed chro-
matin, moderate-to-faint basophilic cytoplasm without azurophilic granules and sometimes 
with microvacuoles are atypical findings [14].

On the other hand, the term “blast” refers to “immature” cells, which have a transparent 
nucleus with a prominent clear nucleus. For example, the “centroblast” is a morphologi-
cal concept that refers to lymphocytes that have a specified morphological feature, such as 
prominent nucleoli representing an immunologically activated state. As another example, 
“B-lymphoblasts” refer to the activated B-lymphocytes that undergo hypersomatic mutations 
and the class switch of immunoglobulin genes. In other words, blastic lymphocytes corre-
spond to the lymphocytes with gene recombination. Myeloblasts and erythroblasts, however, 
do not necessarily correspond to specific genetic alterations but correspond to the activated 
state of the first stage of differentiation. Distinguishing these morphological features from 
hyperplastic marrow will elucidate the mutual relationships among AML, AML arising from 
MDS, MDS, MDS/MPN, and MPN. MDS, AML, and MPN are specific entities on the basis of 
dysplastic, blastic (>20% of nucleated cell in BM), and hypercellular findings, respectively. 

Figure 8. Interrelationships of hematopoietic neoplasms. Dysplastic, blastic findings, together with hypercellularity, 
compose the core concepts of hematological neoplastic entities.
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AML arising from MDS and MDS/MPN are the hybrid entities of dysplasia and blastic find-
ings and dysplastic and hypercellular findings, respectively. On the basis of these three 
morphological findings, the interrelationships among hematopoietic neoplasms can well be 
understood (Figure 8).

6. Conclusion

Diagnostic evaluation should include H&E-based assessment of morphological dysplastic 
findings. H&E-stained BM clot specimens have advantage in diagnosis of hematopoietic neo-
plasms, because they better allow identification of hematopoietic dysplastic and abnormal 
cells than M-G-stained sections by cases. Pathologists can integrate findings from the two 
staining methods, H&E, and M-G for decisive diagnosis of hematopoietic neoplasms.
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Acute leukemia is the most common childhood malignancy, accounting for almost 
35% of all childhood cancers. Acute myeloid leukemia (AML) represents 15–20% of 
pediatric acute leukemia. Majority of AML cases appear de novo, however a minority 
of cases can present as a secondary malignancy. AML is a highly heterogeneous dis-
ease and its diagnosis involves a combination of diagnostic analyses including mor-
phology, immunophenotyping, cytochemistry, and leukemic blasts derived from 
peripheral blood or bone marrow demonstrating cytogenic and molecular charac-
teristics. Through the identification of recurrent genetic mutations, it has been made 
possible to refine individual prognosis and guide therapeutic management. The cur-
rent survival rate of children with AML is approximately 70%. The standard thera-
peutic regimen is a combination of cytarabine- and anthracycline-based regimens 
with allogenic stem cell transplantation in appropriate patients. Relapse in pediatric 
patients suffering from AML occurs in approximately 30% of cases, whereas death 
occurs in 5–10% of patients as a result of disease complications or chemotherapeutic 
side effects. In understanding the genetic basis of AML, targeted therapies will have 
the ability to reduce treatment-related morbidity and mortality. Here, we provide a 
comprehensive review of AML, its biology, diagnosis and therapeutic management 
in pediatric patients.
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1. Introduction

1.1. Epidemiology

Acute leukemia is the most common childhood malignancy, accounting for almost 35% of all 
childhood cancers. It can be further divided into two main subtypes such as acute lympho-
blastic leukemia (ALL), composing 80% of acute leukemia and acute myeloid leukemia (AML) 
which makes up 15–20% of acute leukemia in pediatric patients [1]. The incidence of AML is 
greatest in infants at 1.5 per 100,000 individuals per year and decreases to 0.4 per 100,000 indi-
viduals aged 5–9 years. After this, the incidence of AML begins to gradually increase reaching 
its highest point in individuals greater than 65 years of age at 16.2 per 100,000 individuals [1, 2]. 
A report using data from the surveillance, epidemiology, and end results (SEER) program 
identified Asian and Pacific Islanders to have the highest rate of childhood AML (0.84 per 
100,000) followed by Hispanics (0.81 per 100,000), Caucasians (0.75 per 100,000), and African-
Americans (0.66 per 100,000) [3, 4].

1.2. Etiology and pathophysiology

The majority of AML cases appear as a de novo malignancy in previously healthy individuals, 
but there have been cases reported in which AML presents as a secondary malignancy. This 
has been witnessed in individuals with underlying hematological and genetic disorders such 
as Fanconi Anemia, Bloom Syndrome, Ataxia Telangiectasia, Shwachman-Diamond syndrome, 
Noonan syndrome, and Dyskeratosis Congenita. The most common genetic factor for the devel-
opment of AML is trisomy 21 [3]. Children with Down syndrome have a 500-fold increased risk 
of developing a unique megakaryoblastic subtype of AML. This classically follows a transient 
myeloproliferative disorder in the neonatal period, which is characterized by somatic muta-
tions in the GATA1 gene [3, 5]. Recently, a familial predisposition to AML has been suggested, 
as a number of germ-line mutations, such as GATA2, CEBPA, TP53, and RUNX1 have been 
found in families with an unexplained high risk of AML [3, 6–10]. In addition, exposure to prior 
therapy involving topoisomerases II, alkylating agents and radiation therapy have also been 
associated with an increased risk of developing AML as a secondary malignancy [1, 3].

The pathogenesis of AML involves the abnormal proliferation and differentiation of a clonal 
population of myeloid stem cells [11]. It is thought to arise from at least two classes of cooper-
ating genetic events, known as a two-hit model of leukemogenesis [12–14]. Type I mutations 
result in increased and uncontrolled activation of pro-proliferative pathways of the leukemic 
cell and often involve activating genes that are part of signal transduction pathways, such as 
FLT3 (28% of cases), K/NRAS, TP53, and c-KIT (12, 8, and 4%, respectively) [15]. Type II muta-
tions occur as a result of genetic aberrations in hematopoietic transcription factors leading to 
the impairment of normal hematopoietic differentiation. The most common type II cytogenic 
abnormalities in children, accounting for almost half of all pediatric AML cases are, t(8;21)
(q22;q22) in the core-binding factor AML (CBF-AML) and t(15;17)(q;22;q21) in acute promy-
elocytic leukemia (APL) [16–19]. Other translocations are specific only to children and rarely 
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found in adults and these include t(1;22)(p13;q13), t(7;12)(q36;p13), and t(11;12)(p15;p13) 
[20–23]. The NPM1 and CEBPA, type II mutations, are found in approximately 27 and 6% of 
cases, respectively, and indicate a better prognosis [15]. Moreover, enhanced tyrosine phos-
phorylation of signal transducer and activator of transcription 3 (STAT3), involved in the 
stimulation of cellular proliferation and survival, is seen in almost 50% of AML cases and 
signifies a worse prognosis [24–26]. As stated by the two hit model of leukemogenesis, the 
pathogenesis of AML is dependent on two classes of cooperating genetic events. A study 
done by Patel et al. found that the c-KIT mutation has been associated with t(8,21) or inv.
(16). Furthermore, they found that NMP1, which is a type II mutation, frequently occurs 
with FLT3-ITD (a type I mutation) or with mutations in epigenetic genes such as DNMT3A 
and IDH-1 or IDH-2 [27]. Despite these advancements in the pathogenesis of AML, there still 
remains much to be discovered on the exact implications that these individual mutations 
have on the development of AML, particularly in pediatric patients.

2. Therapeutic considerations

2.1. Classification

The first classification system used to distinguish between the different subtypes of AML 
was the French-American-British (FAB) classification system established in 1976. It identifies 
eight subtypes of AML (M0-M7) based on the morphological and cytochemical characteris-
tics of the leukemic cells. The FAB classification was replaced by WHO in 2001 which was 
then revised in 2008 [28]. The WHO classification of AML was once again revised in 2016, 
this time integrating genetic information such as, karyotypes and molecular aberrations, with 
morphology, immunophenotype, and clinical presentation. It defines six major disease enti-
ties: AML with recurrent genetic abnormalities; AML with myelodysplasia-related features; 
therapy-related AML; AML not otherwise specified; myeloid sarcoma; and myeloid prolifera-
tion related to Down syndrome (Table 1) [29].

In Table 1, the subtypes of AML with recurrent genetic abnormalities are listed in accordance 
to their distinct chromosomal translocation. The newly incorporated provisional category of 
AML with mutated RUNX1 appears to represent a biologically distinct group with a worse 
prognosis in comparison to other AML subtypes. The category of AML with myelodyspla-
sia-related changes remains to include a history of MDS as an inclusion criteria, however 
has been re-structured to better include subtypes with features suggesting a poor prognosis. 
Lastly, the myeloid proliferations of Down syndrome include transient abnormal myelopoi-
esis and myeloid leukemia associated with Down syndrome. As mentioned previously, both 
subtypes involve megakaryoblastic proliferations and are characterized by GATA1 mutations 
and mutations of the JAK-STAT pathway. Transient abnormal myelopoiesis typically occurs 
at birth or within the first few days of birth and resolves within 1–2 months. Myeloid leuke-
mia associated with Down syndrome occurs later, but within the first 3 years of life, with or 
without prior transient abnormal myelopoiesis [29].
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In pediatric patients, specifically under the age of 2, it is important to search for translocations 
that are specific for pediatric AML, as WHO classification does not represent them as new 
disease categories due to their rarity. These translocations, mentioned above, include t(7;12)
(q36;p13) and t(11;12)(p15;p13) [1, 29].

2.2. Diagnostic approach

AML is a highly heterogeneous disease in regards to its morphology, immunophenotyping, 
and its clinical manifestations [1]. The clinical presentation of AML commonly manifests with 
leukocytosis, anemia, and thrombocytopenia. Fatigue, anorexia, and weight loss are less com-
monly seen and symptoms such as lymphadenopathy and organomegaly are not usually 
present. If a patient is left untreated, death will most likely occur secondary to an infection or 
bleeding [11]. In order to establish a diagnosis of acute leukemia, 20% or more blasts must be 

Types Genetic abnormalities

AML with recurrent genetic 
abnormalities

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

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

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

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

AML with inv.(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, MECOM AML 
(megakaryoblastic) with t(1;22)(p13.3;q13.3); RBM15-MKL1 AML with BCR-ABL1 
(provisional entity)

AML with mutated NPM1

AML with biallelic mutations of CEBPA

AML with mutated RUNX1 (provisional entity)

AML with myelodysplasia-
related changes

Therapy-related myeloid 
neoplasms

AML with minimal differentiation

AML without maturation

AML with maturation

Acute myelomonocytic leukemia

Acute monoblastic/monocytic leukemia acute erythroid leukemia

Pure erythroid leukemia

Acute megakaryoblastic leukemia acute basophilic leukemia

Acute panmyelosis with myelofibrosis

Myeloid sarcoma

Myeloid proliferations related to 
Down syndrome

Transient abnormal myelopoiesis

ML associated with Down Syndrome

Abbreviations: WHO, World Health Organization; AML, acute myeloid leukemia; APL, acute promyelocytic leukemia; 
ML, myeloid leukemia.

Table 1. WHO classification of AML and related neoplasms [29].
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found in the bone marrow or peripheral blood [30]. To further diagnose AML, a combination 
of analyses is required, including, morphology, immunophenotyping, cytochemistry, and 
leukemic blasts derived from peripheral blood or bone marrow demonstrating cytogenic and 
molecular characteristics [31]. Although there is some overlap between the diagnostic recom-
mendations for AML in children and adults, there are important differences between these 
two age groups that need to be focused on.

Morphological examination is conducted from blood and bone marrow smears using a May-
Grunwald-Giemsa or a Wright-Giemsa stain [30]. The FAB classification is used to define the 
morphological characteristics of AML, which are based on the lineage of associated pheno-
types: undifferentiated, myeloid, monoblastic, erythroblastic, or megakaryoblastic [32]. By 
looking at the morphology of AML, it is possible to determine the percentage of undiffer-
entiated, atypical, or granulated blasts, intracellular structures such as Auer Rods and the 
presence of myelodysplasia [31]. Auer Rods are comprised of needle-shaped, azurophilic, 
cytoplasmic inclusion bodies and are commonly seen in APL, acute myelomonocytic leuke-
mia and in majority of cases of AML with t(8;21) [28]. Once the lineage has been established 
through morphology, cytochemistry is then used to confirm the affiliation as well as differ-
entiate between myeloid (myeloperoxidase [MPO]-positive) and monoblastic (nonspecific 
esterase-positive) classification. In certain cases in which the morphology and cytochemis-
try provide an ambiguous picture, immunophenotyping is required to further support the 
appropriate diagnosis [31].

Immunophenotyping is necessary to distinguish between AML and ALL. It is also required 
to classify minimally differentiated AML (FAB M0) and acute megakaryoblastic leukemia 
(AMKL, FAB M7). In minimally differentiated AML, morphological and cytochemical evalua-
tion do not reveal myeloid differentiation. Although cytochemistry is negative for MPO activ-
ity, immunophenotyping is positive for myeloid markers, such as MPO (proenzyme) and/or 
CD13, CD33, and CD117 [31, 32]. AMKL is a type of leukemia with 20% or more blasts but of 
this, 50% or more are of megakaryocytic lineage. Immunophenotyping in AMKL is positive 
for platelet markers, such as CD41 and/or CD61 [30, 31]. The current WHO 2016 classifica-
tion has not changed significantly from the 2008 classification. Markers required to assign 
lineages and define otherwise not specified mixed phenotype acute leukemia (MPAL) include 
MPO, lysozyme, CD11c, CD14, CD64, nonspecific esterase cytochemistry, i(intracellular)
CD3, CD19, iCD22, CD79, and CD10 [29]. Table 2 presents the suggested antigen panel for 
immunophenotypic analysis required for the diagnosis of AML in pediatric patients. It was 
modified specifically for pediatric patients by Creutzig et al. from the recommended panel for 
AML in adults [30, 31].

The use of conventional cytogenetic analysis for the diagnosis of AML is a necessary com-
ponent of the diagnostic evaluation. It allows for the detection of chromosomal abnormali-
ties in 70–80% of pediatric patients with AML [31]. In the case of which cytogenetic analysis 
fails, fluorescence in situ hybridization (FISH) is an option to detect gene rearrangement. 
FISH allows for the detection of fusion genes, such as RUNX1-RUNX1T1, CBFB-MYH11, 
MLL, and EVI1 as well as the loss of chromosome 5q and 7q material [33, 34]. As previously 
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found in the bone marrow or peripheral blood [30]. To further diagnose AML, a combination 
of analyses is required, including, morphology, immunophenotyping, cytochemistry, and 
leukemic blasts derived from peripheral blood or bone marrow demonstrating cytogenic and 
molecular characteristics [31]. Although there is some overlap between the diagnostic recom-
mendations for AML in children and adults, there are important differences between these 
two age groups that need to be focused on.

Morphological examination is conducted from blood and bone marrow smears using a May-
Grunwald-Giemsa or a Wright-Giemsa stain [30]. The FAB classification is used to define the 
morphological characteristics of AML, which are based on the lineage of associated pheno-
types: undifferentiated, myeloid, monoblastic, erythroblastic, or megakaryoblastic [32]. By 
looking at the morphology of AML, it is possible to determine the percentage of undiffer-
entiated, atypical, or granulated blasts, intracellular structures such as Auer Rods and the 
presence of myelodysplasia [31]. Auer Rods are comprised of needle-shaped, azurophilic, 
cytoplasmic inclusion bodies and are commonly seen in APL, acute myelomonocytic leuke-
mia and in majority of cases of AML with t(8;21) [28]. Once the lineage has been established 
through morphology, cytochemistry is then used to confirm the affiliation as well as differ-
entiate between myeloid (myeloperoxidase [MPO]-positive) and monoblastic (nonspecific 
esterase-positive) classification. In certain cases in which the morphology and cytochemis-
try provide an ambiguous picture, immunophenotyping is required to further support the 
appropriate diagnosis [31].

Immunophenotyping is necessary to distinguish between AML and ALL. It is also required 
to classify minimally differentiated AML (FAB M0) and acute megakaryoblastic leukemia 
(AMKL, FAB M7). In minimally differentiated AML, morphological and cytochemical evalua-
tion do not reveal myeloid differentiation. Although cytochemistry is negative for MPO activ-
ity, immunophenotyping is positive for myeloid markers, such as MPO (proenzyme) and/or 
CD13, CD33, and CD117 [31, 32]. AMKL is a type of leukemia with 20% or more blasts but of 
this, 50% or more are of megakaryocytic lineage. Immunophenotyping in AMKL is positive 
for platelet markers, such as CD41 and/or CD61 [30, 31]. The current WHO 2016 classifica-
tion has not changed significantly from the 2008 classification. Markers required to assign 
lineages and define otherwise not specified mixed phenotype acute leukemia (MPAL) include 
MPO, lysozyme, CD11c, CD14, CD64, nonspecific esterase cytochemistry, i(intracellular)
CD3, CD19, iCD22, CD79, and CD10 [29]. Table 2 presents the suggested antigen panel for 
immunophenotypic analysis required for the diagnosis of AML in pediatric patients. It was 
modified specifically for pediatric patients by Creutzig et al. from the recommended panel for 
AML in adults [30, 31].

The use of conventional cytogenetic analysis for the diagnosis of AML is a necessary com-
ponent of the diagnostic evaluation. It allows for the detection of chromosomal abnormali-
ties in 70–80% of pediatric patients with AML [31]. In the case of which cytogenetic analysis 
fails, fluorescence in situ hybridization (FISH) is an option to detect gene rearrangement. 
FISH allows for the detection of fusion genes, such as RUNX1-RUNX1T1, CBFB-MYH11, 
MLL, and EVI1 as well as the loss of chromosome 5q and 7q material [33, 34]. As previously 
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 mentioned, the two most common cytogenetic abnormalities in children are t(8;21)(q22;q22) 
in CBF-AML and t(15;17)(q;22;q21) in APL, together making up approximately 50% of pedi-
atric AML [16–19].

Molecular genetics can be performed on bone marrow and/or blood specimens. Both DNA 
and RNA should be extracted, however if there is a small amount of specimen with a limited 
number of cells, RNA extraction is preferred. This is because RNA is more suitable for molec-
ular screening for fusion genes and mutations specific to leukemia [30]. The frequency and 
nonrandom associations of type I and type II mutations (stated previously in Section 1.2) dif-
fer between pediatric and adult patients with AML [35]. Mutations in the RAS-RAF-ERK sig-
nal transduction pathway (PTPN11, NF-1, N-RAS, K-RAS) occur in 5–21% of pediatric AML 
cases and even more frequently in cases with CBF-AML and MLL-rearranged AML in young 
children. C-KIT mutations occur in 4% of all leukemia types, except CBF-AML, in which the 
incidence raises to approximately 25% in children [15, 30]. Despite the differences between 
children and adults in the expression of type I and type II mutations routine evaluation as 
suggested by Creutzig et al. should include FLT2-ITD, WTI, C-KIT, CEBPA, and NPM1 [31].

Gene expression profiling has the ability to contribute to the accurate diagnosis and risk-
stratification of pediatric AML patients. However, its use remains limited as large cohorts 
are required for validation of the true prognostic significance of these genes [36]. Biobanking 
is strongly recommended for all patients, allowing for confirmation of initial diagnosis, or 
adding new data in the case of a relapse. Stored material should include AML blasts, DNA, 
and RNA. Buccal swabs are also recommended to be stored as they allow for discrimination 
between germ line and somatic genetic aberrations. This material can be used to identify new 
prognostic markers, monitoring for minimal residual disease (MRD) and contribute to research 
studies about the biological mechanism, subgroups and leukemogenesis of AML [30, 31].

2.3. Prognostic factors

The most relevant prognostic factors for the survival of pediatric AML are genetic and molec-
ular abnormalities and the initial response to treatment. Both of these prognostic factors are 

Diagnosis of AML Mandatory Markers to fulfill WHO & EGIL 
Criteria

Other Markers

Precursor stage CD34, CD117 CD133, HLA-DR

Myelomonocytic markers CD11b, CD11c, CD13, CD14, CD15, CD33,  
CD64, CD65, iMPO, i-lysozyme

CD4, CD36, CD184 (CXCR4)

Megakaryocytic markers CD41, CD61 CD42

Erythroid marker CD235a

Leukemia specific antigen NG2 homolog

Lineage aberrant antigens CD2, CD7, CD19, CD56

Pan-leukocyte markers CD11a, CD45

Table 2. Immunophenotypic markers in Pediatric Patients for the diagnosis of AML.
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independent and are both usually essential elements of the risk group classification [31, 37]. 
Presence of a very high blast count at the time of diagnosis is associated with a higher risk of 
early death and nonresponse [38]. Other favorable prognostic factors include, t(8;21)(q22;q22)/
RUNX1-RUNX1T1, t(15;17)(q22;q21)/PML-RARA, NPM1-mutated AML and CEBPA double 
mutation - amongst a few [31]. A favorable prognostic group is CBF-AML [19, 39, 40]. MLL-
translocations have variable outcomes and depend on the associated translocation. In MLL 
t(1;11)(q21;q23) has a very favorable outcome in pediatric AML. In comparison, those with 
t(6;11)(q27;q23) and t(10;11)(p12;q23) translocations have been reported to have poor survival 
rates [31, 41, 42]. Certain prognostic makers vary between children and adults. For exam-
ple, deletion of 7q in adults is suggestive of an intermediate prognosis; however in pediatric 
patients it is associated with a poorer outcome. In these pediatric patients, the outcome has 
been found to be dependent on other cytogenetic abnormalities in the leukemia cell [19, 43]. 
Other poor prognostic abnormalities that have been described in adult AML, such as abnor-
malities of chromosomes 3q and 5q and the monsoonal karyotypes are very rare in children 
[44–47].

The type I mutations of WT1 and FLT3-itd are indicative of a poor prognosis. FLT3-itd out-
come depends on the allele ratio, whereas both of these mutations are described as events in 
clonal emulation towards relapse [48].

2.4. Pediatric AML treatment

The current survival rate of children with AML has increased to approximately 70%. This 
increase has been achieved by better risk stratification and intensification of  chemotherapeutic 
regimens. The treatment of childhood AML should be risk adapted according to various bio-
logical factors in order to avoid over treatment in patients with a favorable prognosis and pro-
vide adequate chemotherapy to improve outcome in those with a less favorable prognosis [31].  
This allows for the destruction of leukemia cells with the hope of avoiding side effects or as 
little late side effects as possible. With regards to infant AML, the most powerful prognostic 
factor for the outcome has been found to be favorable cytogenetics and a blast count of less 
than 5% after induction therapy [49].

The standard chemotherapeutic regimen consists of a combination of 4–5 cycles of cytarabine 
and anthracycline-based regimens with allogenic stem cell transplantation in appropriate 
patients [1]. Induction therapy typically includes 1 or 2 cycles of chemotherapy in both children  
and adults. Standard induction therapy involves 3 days of an anthracycline and 7–10 days 
of cytarabine (“3 + 7” or “3 + 10”). This induction regimen achieves complete remission in 
greater than 85% of children and adolescence. A third drug, such as etoposide or 6-thiogua-
nine, can be included in induction, but their benefits have not yet been proven [50]. There are 
a number of various anthracyclines that have been evaluated through randomized controlled 
pediatric trials. Daunorubicin and mitoxantrone resulted in similar overall survival; however 
treatments with a mitoxantrone base resulted in lower relapse rates [51]. In comparison, iad-
rubicin and liposomal daunorubicin had similar survival rates, but liposomal daunorubicin 
was more effective in cases with a RUNX1/RUNX1T1 translocation and caused less treatment-
related mortality [52]. Studies have shown that higher doses of anthracyclines improve the 
outcome in children and adults [53, 54]. However, at higher doses there is an increased risk 
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treatments with a mitoxantrone base resulted in lower relapse rates [51]. In comparison, iad-
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for toxicity, especially acute and late cardiotoxicity. A cumulative dose of >300 mg/m2 has 
been associated with significant later cardiac toxicity and should take into consideration fac-
tors such as the patients age and sex [55, 56]. To avoid reaching peak serum concentrations, 
suggestions of splitting the dose, or using prolonged drug infusions have been proposed, 
however there have been conflicting benefits of dose scheduling and no conclusion on the best 
regimen has yet been reached [57, 58]. Dexrazozane is another option to reduce cardiotoxicity 
during anthracycline exposure and has been proven to be beneficial [59]. Failure of induction 
therapy is seen in 10–15% of pediatric patients. The subsequent outcomes for a patient with 
induction failure are similar to the patient with AML who relapsed early (<12 months after 
remission) [60, 61]. These patients, similar to patients that have relapsed, have been shown 
to have the highest end free survival after stem cell transplantation in comparison to after 
chemotherapy (31.2 vs. 5%, p < 0.0001) [62].

A considerable challenge in the treatment of children with AML is to prolong the initial remis-
sion. This is done with additional chemotherapy, similar to that in induction, but with the 
addition of non-cross-resistant drugs and high dose (HD) cytarabine [63, 64]. The ideal num-
ber of post remission cycles of therapy remains unclear, but appears to require at least two 
courses of intensive therapy, with the addition of the induction course. A study done by the 
United Kingdom Medical Research Council randomly assigned adult and pediatric patients 
to four or five courses of intensive therapy. There was no advantage seen in relapse free and 
overall survival in patients treated with five courses [51, 65].

The benefits of the intensification of cytarabine have been studied by a number of trials. In 
most studies, intensification of cytarabine from 12 to 36 g/m2 did not improve survival in adult 
AML patients [66]. However, a study by the Cancer and Leukemia Group B (CALGB) in 
adults showed that four courses of HD cytarabine (3 g/m2 per every 12 h on days 1, 3, and 5) 
were superior to four courses of lower dose cytarabine (100 mg/m2 continuous intravenously 
on days 1–5) but only in patients with CBF-AML and CN-AML [63, 67]. Several pediatric 
trials (NOPHO AML 93, AML-BFM 2004, AML 10, and AML99 of the JPLSG) showed that 
the use of intensive chemotherapy courses that include HD cytarabine reduced relapse  
rates [67–72].

Hematopoietic stem cell transplantation (HSCT) is used as post remission consolidation 
therapy. Allogenic HSCT (allo-HSCT) has been found to have a greater benefit than autol-
ogous HSCT (auto-HSCT). Several trials have found no benefit of auto-HSCT compared 
with nonmyeloablative chemotherapy during the first complete remission [69, 73–76]. In 
addition, the degree of toxicity associated with the conditioning regimen greatly out ways 
the benefits/use of auto-HSCT [77]. In comparison, prospective trials of transplantation 
in children with AML suggest that 60–70% of children with HLA-matched donors will 
experience long-term remissions when treat with an allo-HSCT during their first remis-
sion [69, 74]. Although there is a significantly lower relapse risk associated with allo-HSCT 
as compared with post-remission chemotherapy, the improvement in overall survival is 
controversial [78–80]. The current utilization of allo-HSCT involves incorporation of risk 
classification to determine whether transplantation should occur during the first remis-
sion. There is consensus that favorable-risk patients should not be transplanted in first 
complete remission but only after the first relapse and achievement of a second complete 
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remission [73, 78, 79, 81]. Some benefit has been shown in allo-HSCT during first complete 
remission in intermediate- and high-risk patients. A meta-analysis combining the results 
of the POG-8821, CCG-2891, COG-2961, and MRC-Leuk-AML-10 showed benefit for allo-
HSCT in intermediate-risk patients only [78]. Weakness in this analysis was due to a large 
percentage of patients not assigned to a risk group resulting in potential selection bias. 
If transplantation is chosen in pediatric AML, myeloablative chemotherapy is preferred 
over total body irradiation as the latter is associated with an increased risk of secondary 
malignancies and more late effects [82–84]. A large prospective CIBMTR cohort study of 
children and adults with AML, MDS, and CML, showed superior survival of patients in the 
early stages of the disease and less toxicity with busulfan-based regimens as compared to 
total body irradiation [85]. Despite these results, the optimal preparative regimen remains 
undetermined [86–88]. In summary, the role of HSCT in pediatric patients with AML in the 
first complete remission should continue to be assessed, particularly within specific risk 
groups. However, there is a consensus that HSCT should be offered to all children with 
relapsed AML once second remission has been achieved and that favorable-risk patients 
should not be offered HSCT [79].

The presence of CNS involvement at diagnosis and at relapse is seen in 5–10% of childhood 
AML cases. An increased risk of CNS involvement is seen in patients with hyperleukocyto-
sis, monocytic leukemia (FAB M4 and M5, especially those with inv(16) or 11q23 chromo-
somal abnormalities), MLL gene rearrangement, and younger age [89]. All pediatric patients 
receive CNS treatment, even if no CNS involvement is detected. This is done with the pre-
sumption that systemic chemotherapy has little efficacy in penetrating the blood–brain-bar-
rier to eradicate any potential AML blasts in the CNS. The most common regimen used for 
CNS treatment involves intrathecal chemotherapy-single agent cytarabine or methotrexate, 
or triple  cytarabine, methotrexate and hydrocortisone. Other treatments such as cranial irra-
diation have also proven to be effective in the treatment of CNS involvement in pediatric 
AML. According to European protocols, prophylactic cranial radiotherapy is used in pediat-
ric patients with AML. This is based on German pediatric AML studies, BFM-78 and BFM-83 
where the use of cranial irradiation suggested to prevent both CNS and systemic relapse 
[89, 90]. However, due to its high side effect profile (including late toxicities and secondary 
malignancies), prophylactic cranial irradiation still remains controversial and is used less fre-
quently in other countries [90].

As a result of AML being a highly heterogeneous disease and its ability to present in dif-
ferent ways, management may vary based on age group or the type of AML. One special 
group is children with DS, as they have a 14–20-fold risk of developing leukemia. In addi-
tion to the increased risk of AML during the first 3 years of life, about 10% of neonates with 
DS also develop a TMD, which usually disappears spontaneously [91]. Despite TMD self-
resolving within 4–10 weeks, it can cause severe and life threatening complications such as 
hydrops fetalis, pleural effusions, liver cirrhosis with hyperbilirubinemia, organomegaly, or 
hyperleukocytosis [92]. Approximately, 10–20% of these patients will develop myeloid leu-
kemia with megakaryoblastic features (ML-DS) within the first 3 years. Treatment of ML-DS 
involves intensity reduced chemotherapy and no HSCT in the first complete remission. As 
children with DS are susceptible to chemotherapy, the event free survival and survival rates 
are >85% [92–95].
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malignancies), prophylactic cranial irradiation still remains controversial and is used less fre-
quently in other countries [90].

As a result of AML being a highly heterogeneous disease and its ability to present in dif-
ferent ways, management may vary based on age group or the type of AML. One special 
group is children with DS, as they have a 14–20-fold risk of developing leukemia. In addi-
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APL is a distinct subtype of AML and is characterized by t(15;17). This translocation 
involves a breakpoint that includes the retinoic acid receptor and leads to production of 
the promyelocytic leukemia (PML)-retinoic acid receptor alpha (RARA) fusion protein [96]. 
Treatment is usually begun immediately with all-trans retinoid acid (ATRA) as APL is 
associated with an increased risk of a life threatening hemorrhage. In children, a dose of 
25 mg/m2 per day of ATRA should be started and has shown to produce equivalent out-
comes to the higher dose of 45 mg/m2 per day that is commonly used in adults [97–99]. 
Arsenic trioxide has proven to be an effective agent in combination with ATRA in the 
treatment of newly diagnosed, refractory, or relapsed APL [77]. In patients with hyper-
leukocytosis treated with ATRA or arsenic trioxide, approximately 10% of children can 
develop APL differentiation syndrome. This syndrome is characterized by fever, weight 
gain, respiratory distress, pleural, and pericardial effusions. The incidence of APL differen-
tiation syndrome can be reduced by combining ATRA with chemotherapy. Pseudotumor 
cerebri occurs in 11% of children during initial ATRA administration and can be treated 
with steroids [97, 100].

Although there have been major improvements in treatment outcomes, AML remains a 
life-threatening malignancy. Approximately, 30% of pediatric patients relapse, with only 
30–40% of these relapsed patients surviving, indicating a poor outcome [101, 102]. AML is a 
highly heterogeneous disease and through gaining knowledge on its molecular and genetic 
background it will allow new targeted and patient-specific therapies to become available to 
children.

2.5. Supportive treatment

The estimated incidence in children with high-risk AML of severe bacterial infections is 
50–60% and the estimated incidence of invasive fungal infections is 7.0–12.5% [103–105]. The 
improved outcome in children with AML over the last 10 years may be associated to better 
supportive care strategies.

Hyperleukocytosis (WBC greater than 100,000/μL) at initial diagnosis is associated with an 
increased risk of CNS hemorrhage and leukostasis. Patients with monocytic or myelomono-
cytic (FAB M4 and M5) as well as APL and hyperleukocytosis are at an increased risk of early 
death [106, 107]. Treatment involves emergency care with intensive monitoring and careful 
hydration with the addition of rasburicase [108]. In more severe cases involving symptomatic 
coagulopathy, exchange transfusion or leukapheresis may be required. Controlled and effec-
tive reduction in cells with enforced diuresis or hemodialysis, may prevent the occurrence of 
tumor lysis syndrome [106–108].

Hematopoietic growth factors such as granulocyte-macrophage colony-stimulating factor 
(GM-CSF) or granulocyte colony-stimulating factor (G-CSF) during AML induction ther-
apy are not recommended in the pediatric population. Although a randomized study in 
children with AML evaluated G-CSF administered after induction chemotherapy showed 
a reduction in duration of neutropenia there was no difference in infectious complica-
tions or mortality [109]. In addition, a higher relapse rate has been recently demonstrated 
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for children who over express the differentiation defective G-CSF receptor isoform IV 
[110]. Therefore, the routine prophylactic use of G-CSF or GM-CSF is not recommended 
for children with AML but remains an option in shortening neutropenia in critically ill 
patients.

Bacterial infections occur in up to 70% of children during AML therapy [111]. A ret-
rospective study from St. Jude Children’s Research Hospital (SJCRH) in patients with 
AML found that the use of intravenous cefepime or vancomycin in conjunction with oral 
ciprofloxacin or a cephalosporin significantly reduced the incidence of bacterial infection 
and sepsis compared with patients receiving only oral or no antibiotic prophylaxis [112]. 
Another retrospective study reported a significant reduction in Gram positive, sterile-
site infections with antibiotic prophylaxis [113]. While it is suggested that antibiotic pro-
phylaxis is beneficial, prospective randomized trials are required in pediatric patients 
with AML.

The incidence of invasive fungal infections is up to 15% in children with AML, which 
is similar to that in adults. They are most commonly caused by Candida and Aspergillus 
species [114]. Prophylaxis should be administered to all children with agents such as vori-
conazole, itraconazole, micafungin, or caspofungin. Due to drug interactions (e.g., itra-
conazole and voriconazole) and variable pharmacokinetics, voriconazole should be held 
during courses of chemotherapy and levels should be monitored periodically. Prophylaxis 
for Pneumocystis jirovecii with trimethoprim-sulfamethoxazole should also be adminis-
tered [114, 115].

3. Conclusion

The diagnosis and treatment of AML has significantly improved over the past decades. Risk 
stratification has allowed for more targeted and specific therapy while avoiding, over treat-
ment in low-risk patients and allowing for more intensive therapy in others. AML is a highly 
heterogeneous disease and through gaining knowledge on its molecular and genetic back-
ground as well as international collaboration, it will allow new targeted and patient-specific 
therapies to become available, particularly in pediatric patients.
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Abstract

Acute myeloid leukemia (AML) is an extremely heterogeneous and deadly hematological
cancer. Cytogenetic abnormalities and genetic mutations, though well recognized and
highly prognostic, do not fully capture the degree of heterogeneities manifested in AML
clinically. Additionally, current treatment of AML still largely depends on chemotherapy
and allogeneic stem cell transplantation, with few options for personalized and molecu-
larly targeted therapies. Proteomics holds promise for unraveling biological heterogene-
ities in AML beyond the scope of cytogenetics and genomics. In recent years, proteomics
has emerged as an important tool for discovering new diagnostic biomarkers, enabling
more prognostic patient classifications, and identifying novel therapeutic targets. In this
chapter, we review recent advances in proteomic studies of AML, including an overview
of AML pathology, popular proteomic techniques, various applications of proteomics in
AML from biomarker discovery to target identification, challenges and future directions in
this field.

Keywords: AML, proteomics, RPPA, mass spectrometry, leukemia

1. Introduction

Acute myeloid leukemia (AML) is a hematological cancer characterized by rapid proliferation
and accumulation of immature, abnormally differentiated clonal hematopoietic cells in the bone
marrow and blood [1]. The American Cancer Society estimates about 21,380 new cases of AML
and about 10,590 deaths from AML occurring in the United States in 2017. Known as an age-
associated disease, the average age of AML patients is 67 years old, and almost all deaths from
AML are in adults. Increasing age is also a prognostic factor in AML. The disease has a much
lower cure rate in older patients (5–15% over 60 years old) compared to younger patients (35–40%
under 60 years old) [2], in part because the elderly are unable to tolerate intensive chemotherapy.

In contrast to breakthroughsmade in treating other cancers, the progress of treatment in AMLhas
been slow overall. The main challenge is that the biology of AML is enormously heterogeneous.
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This is especially the case in adult AML compared to pediatric AML, as somatic gene mutations
accumulateover time and therefore increase the complexityofdisease classificationand treatment.
AML is currently classified into subtypes based on cellular lineage andmorphology, cell-surface or
cytoplasmic marker expression, chromosome abnormalities, and gene mutations, using the
French-American-British (FAB) classification system [3] or the World Health Organization
(WHO) classification system [4].

The identification of chromosome abnormalities by cytogenetic tests remains the most effective
tool to classify patients into prognostic categories and guide therapy in clinic. The greatest
contribution of cytogenetic abnormalities to guide the treatment of AML is in the case of acute
promyelocytic leukemia (APL), M3 subtype of AML. APL is characterized by the t(15;17)q
(22;12) cytogenetic abnormality, which gives rise to the promyelocytic leukemia-retinoic acid
receptor alpha (PML-RARA) fusion protein [5]. The disease was found to respond to all-trans-
retinoic acid (ATRA) and arsenic trioxide (ATO) [6, 7]: ATRA enables leukemic promyelocytes
to differentiate into mature cells, and ATO accelerates the degradation of PML-RARA. This
discovery improved the cure rate in APL from 30% to over 90%, and it marked the first
molecularly targeted therapy and one of the greatest breakthroughs in AML therapeutic
history [8].

AML patients can be categorized into three risk groups based on cytogenetics: (1) a favor-
able risk group with relatively good outcomes with chemotherapy; (2) an unfavorable risk
group with much worse outcomes, who are usually considered for allogeneic stem cell
transplantation; and (3) an intermediate risk group consisting of patients not in the favor-
able and unfavorable categories. While the favorable and unfavorable risk groups are well
defined based on specific cytogenetic alterations, the definition of the intermediate risk
group is sometimes unclear and discordant across the medical establishment. The United
Kingdom Medical Research Council (MRC-C) prognostic classification system defines the
intermediate risk group as a group of patients without identifiable cytogenetic abnormali-
ties of favorable or unfavorable groups [9], whereas the European Leukemia Net (ELN-C)
system incorporates common genetic mutation information (NPM1 and FLT3 ITD) to fur-
ther stratify the intermediate group into intermediate-1 and intermediate-2 groups with
higher and lower risks, respectively [2]. The fact that about 50% of AML patients are under
the intermediate risk groups indicates the limitations of classifying AML based on cytoge-
netic alterations alone [10].

It has long been hoped that genetic mutations in AML can provide critical prognostic informa-
tion to complement cytogenetics and help direct individualized therapy. Indeed, recurrent
mutations of genes (e.g. FLT3, NPM1, CEBPA, KIT, DNMT3A, IDH1/2 and TET2) have been
identified in AML, some of which were found to associate with patient outcome, and identifi-
cation of these mutations has already been incorporated into the standard-of-care testing and
classification system [11, 12]. Our understanding of the genomic and epigenomic landscape in
AML has also been greatly improved in the last decade thanks to the development of next-
generation sequencing techniques. In a recent study by the Cancer Genome Atlas Research
Network [13], whole-genome (50 cases) and whole-exome sequencing (150 cases), along with
RNA and microRNA sequencing and DNA-methylation analysis, were used to analyze the
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genomes of 200 adult AML patients. The study revealed that AML genomes on average only
have 13 mutations, which is fewer compared to other cancers. Furthermore, 5 of these 13
mutations are recurrent. The limited number of genetic mutations in contrast to the degree of
heterogeneity observed clinically indicates the existence and importance of AML heterogeneity
beyond genes.

Despite the extensive adoption of genomic approaches in cancer research, it is widely recog-
nized that genomics alone is insufficient to provide an accurate picture of all cellular changes
and dynamic states [14]. First, the same mRNA transcript often does not correspond to a
single protein but to multiple protein counterparts, thanks to alternative splicing, protein
cleavages, and post-translational modifications (PTM). In particular, PTMs (e.g. phosphoryla-
tion, acetylation, methylation, glycosylation, ubiquitination) play important roles in cellular
processes by affecting the folding, location, and function of proteins. Proteins from the same
mRNA transcript can have opposite effects on cellular processes with different PTMs, and it
is currently not possible to predict the fate of PTMs from the protein sequence. Second, most
cellular processes are executed and regulated by interactions between proteins and interactions
between proteins and DNAs. An understanding of these interactions, which is unattainable
via genomic approaches, is crucial for predicting cell behavior and discovering new drug
targets. Moreover, the discovery of genetic mutations and abnormal gene expressions often
does not offer an immediate therapeutic solution, as most drugs target proteins instead of
genes.

Though nascent and over-shadowed by genomics in the research community, proteomics can
complement the limitations of genomic approaches and advance the discovery of biomarkers
and personalized treatments for AML. As the workhorses in cells, proteins can more accurately
reflect the real dynamic changes in cellular processes, and offer insights into a heightened level
of disease heterogeneity beyond the scope of genomics. In an analogy to screenwriting, geno-
mics is a copy of a script, whereas proteomics is a movie produced from the script. With the
same script, different actors, actresses and directors, stage settings and lighting effects will
result in different productions. It is also extremely hard to judge whether the show will be a
success based on the script alone, because execution matters and one can only be sure after
seeing it in action. Therefore, proteomics can capture the real action in cells (e.g. the effects
from cellular environment and the response by the cell) that are unforeseen by genomics.

The application potential of proteomics in AML is plenty. First, proteomics can be used to
either establish new patient classification systems by itself or improve the current risk stratifi-
cation system by complementing cytogenetics and genomics. Not all genetic mutations are
equally important in driving the disease or in determining a patient’s response to therapy.
Some genetic mutations might not make a difference at the proteomic level, whereas some
proteomic patterns and cell signaling behaviors might not manifest at the genetic level. The
combination of proteomic and genomic approaches would be particularly beneficial for sub-
classifying patients that are currently lumped together in the intermediate risk group. Second,
proteomics can be used as biomarkers to guide therapy. Certain protein expression and PTM
levels could be effective indicators of whether a patient will develop chemoresistance and
hence whether the patient should be referred to allogeneic stem cell transplantation. Moreover,
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mRNA transcript can have opposite effects on cellular processes with different PTMs, and it
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reflect the real dynamic changes in cellular processes, and offer insights into a heightened level
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same script, different actors, actresses and directors, stage settings and lighting effects will
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success based on the script alone, because execution matters and one can only be sure after
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Some genetic mutations might not make a difference at the proteomic level, whereas some
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combination of proteomic and genomic approaches would be particularly beneficial for sub-
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abnormal expression of proteins can potentially be molecularly targeted, creating more per-
sonalized therapy options for AML patients.

The workflow of a typical proteomic project in AML is shown in Figure 1. In this chapter, we
focus on reviewing the main proteomic techniques and the various applications of proteomics
in AML research, the topics of the next two sections. In the last section, we will discuss the
main challenges and issues in AML proteomic research by covering topics related to sample
collection considerations and proteomic data analysis techniques.

Figure 1. Typical workflow of a proteomic project in AML with methodology choices for each step.
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2. Overview of proteomic techniques

The development of proteomic techniques in the past 20 years has enabled many research
studies to identify the roles of proteins and PTMs in biology and human diseases at a large
scale. It has also inspired the Human Proteome Project [15], a global effort that aims to
“generate the map of protein based molecular architecture of the human body and become a
resource to help elucidate biological and molecular function and advance diagnosis and
treatment of diseases”. Current proteomic approaches can be divided into two sub-categories:
mass spectrometry (MS)-based, and antibody-based. Here, we describe the fundamentals of
each technique and their recent applications in AML.

2.1. MS-based methods

One intuitive way to identify a protein is by measuring its mass directly. MS is a widely-used
analytical technique that ionizes a sample (solid, liquid, or gas) and measures the mass based
on the mass-to-charge ratios of the ions. The ionization causes the molecules to break into
charged fragments, which pass through an electric (e.g. time-of-flight (TOF)) or magnetic field
that sorts ions by their mass-to-charge ratios. The relative abundance of ions detected as a
function of the mass-to-charge ratio is usually presented in a mass spectrum for deciphering
the identity of the molecule. MS is often used in tandem with liquid chromatography (termed
LC-MS or LC/MS) which separates the liquid compounds chromatographically before passing
them through the mass spectrometer.

When applying MS to detect proteins, one can take either a “top-down” or a “bottom-up”
approach [16–18]. The “top-down” approach ionizes the intact protein directly, and is usually
limited to low-throughput single protein studies. On the other hand, the “bottom-up”
approach first digests the protein into peptides using enzymes such as trypsin, and then
analyzes the peptides using tandem mass spectrometry. The “bottom-up” approaches using
LC-MS are also referred to as “shotgun proteomics” [19]. The “bottom-up” approach is more
widely adopted compared to the “top-down” approach in proteomic studies because it is
much easier to handle small tryptic peptides and determine their masses with high accuracy
than handling intact protein ions. However, the limited protein sequence coverage by pep-
tides, loss of PTM information and redundant peptides of ambiguous origin are some of the
disadvantages of “bottom-up” approaches. Notably, an intermediate approach, “middle-
down”, was proposed to break proteins into proteolytic peptides (size of 2–20 kDa) instead of
small tryptic peptides (which is ~8–25 residues long) using proteases such as OmpT [20]. This
hybrid approach potentially combines the benefits from the “top-down” and “bottom-up”
approaches and overcomes their drawbacks.

Electrospray ionization (ESI) [21] and matrix-assisted laser desorption/ionization (MALDI) [22]
are two primary methods for ionizing proteins and peptides. ESI generates ionized molecules by
applying a high electric field and dispersing the liquid sample into an aerosol. In contrast, MALDI
ionizes the sample by firing laser pulses at the sample mixed with an energy absorbing matrix.
Both methods are considered to be “soft” ways of obtaining ions of large molecules with low
fragmentation. The main advantage of ESI is that it produces multiply charged ions, extending
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LC-MS are also referred to as “shotgun proteomics” [19]. The “bottom-up” approach is more
widely adopted compared to the “top-down” approach in proteomic studies because it is
much easier to handle small tryptic peptides and determine their masses with high accuracy
than handling intact protein ions. However, the limited protein sequence coverage by pep-
tides, loss of PTM information and redundant peptides of ambiguous origin are some of the
disadvantages of “bottom-up” approaches. Notably, an intermediate approach, “middle-
down”, was proposed to break proteins into proteolytic peptides (size of 2–20 kDa) instead of
small tryptic peptides (which is ~8–25 residues long) using proteases such as OmpT [20]. This
hybrid approach potentially combines the benefits from the “top-down” and “bottom-up”
approaches and overcomes their drawbacks.

Electrospray ionization (ESI) [21] and matrix-assisted laser desorption/ionization (MALDI) [22]
are two primary methods for ionizing proteins and peptides. ESI generates ionized molecules by
applying a high electric field and dispersing the liquid sample into an aerosol. In contrast, MALDI
ionizes the sample by firing laser pulses at the sample mixed with an energy absorbing matrix.
Both methods are considered to be “soft” ways of obtaining ions of large molecules with low
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the mass detection range of the analyzer. MALDI, on the other hand, is advantageous for its
robustness and high speed. ESI is frequently coupled with LC, whereas MALDI is most often
used with TOF. A more recent method, Surface-enhanced laser desorption/ionization (SELDI)
[23], was proposed as an alternative to MALDI. SELDI is similar to MALDI with the exception
that the sample is bound to a surface in SELDI instead of being mixed with a matrix material. The
SELDI surface allows for more retention of analytes and therefore is more suitable for detecting
proteins in lower concentrations. SELDI is usually coupled with TOF, and it was shown that
SELDI-TOF-MS can detect proteins from as little as 1 μL of serum or as few as 25–50 cells [24],
which can be very beneficial when studying clinical samples.

To quantify the protein levels (or termed “quantitative proteomics”), there are three major groups
of labeling methods that can be used in the proteomic workflow: label-free, stable isotope
labeling, and multiple reaction monitoring [25]. By its name, label-free methods (e.g. spectral
counting and peptide peak intensity measurement) do not use any isotope containing compound
to bind to and label proteins [26]. Though easy to perform, inexpensive, high throughput and
with a wider dynamic range, label-free methods are in general less accurate [27]. Stable isotope
labeling approaches use differential stable isotopes to label and distinguish samples via either
metabolic labeling or chemical labeling. One example of metabolic labeling approach is stable
isotope labeling by amino acids (SILAC) [28], which feeds cells from different samples with
heavy and light forms of arginine or lysine through the growth medium. SILAC generates
precise quantitation of proteins, but can only be applied to living or metabolically active samples.
An alternative method, “super-SILAC”, was developed to extend SILAC to human tissue sam-
ples by using a mixture of SILAC-labeled cell lines as the internal standard [29]. A super-SILAC
mix based on five AML cell lines (Molm-13, NB4, MV4-11, THP-1, and OCI-AML3) was recently
established for quantifying patient AML cells [30].

While most MS-based methods profile proteins from cell lysates, mass cytometry is a fusion
technology of MS and flow cytometry that can be used to measure protein levels in single cells
[31]. Mass cytometry is also referred to as cytometry by time-of-flight (CyTOF), which is the
current commercialized implementation. Mass cytometry overcomes the spectral overlap in
flow cytometry by conjugating probes (often antibodies) with heavy-metal isotopes as expres-
sion reporters instead of fluorophores. The metal-conjugated antibodies, ionized and detected
using the TOF mass spectrometer, greatly increase the number of parameters measureable in
single cells due to their little signal overlap. Currently, mass cytometry can be used to detect up
to 40 parameters per cell (up to 100 parameters theoretically), including protein levels, PTMs
and proteolysis products. Mass cytometry was recently used in pediatric AML to profile both
the surface markers and intracellular signaling proteins in single cells [32]. Notably, the study
discovered that the surface phenotypes and their regulatory intracellular signaling phenotypes
are decoupled in AML, rendering the surface markers unreliable for reporting signaling states.
The study also identified a gene signature associated with the primitive signaling phenotype
that is predictive of survival.

2.2. Antibody-based methods

The other group of methods for detecting and quantifying proteins is based on the use of
antibodies. Antibodies can be engineered to specifically recognize not only proteins but also
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their PTMs, which is very favorable for profiling kinases and signaling activities. Commonly
used techniques such as western blot and enzyme-linked immunosorbent assay (ELISA) already
use antibodies to measure protein expressions. However, these methods are low-throughput,
and they are therefore unsuitable to profile a large number of proteins or samples in a timely
fashion. Using microarray technologies, multiple types of high-throughput antibody-based
methods were developed to enable profiling proteins at a much larger scale, including tissue
microarrays (TMA) and protein microarrays. TMA is a proteomic technique in application to
tissue samples [33]. TMA assembles up to 1000 tissue samples into one paraffin block to enable
simultaneous evaluation of biomarkers. Since tissue samples are of more importance in solid
tumors than in leukemia, we will focus the discussion on protein microarrays.

Based on the application purpose, protein microarrays can be divided into two categories:
analytical protein arrays and functional protein arrays [34]. Functional protein arrays print a
large number of individually purified proteins on an array to investigate their biochemical
activities. The use of functional arrays is mostly in basic research, including identifying inter-
actions between protein-protein, protein-DNA, protein-antibody, protein-lipid, protein-RNA,
or protein-small molecules, and identifying substrates or enzymes for protein modifications.
On the other hand, analytical protein arrays use well-characterized antibodies to measure the
amounts of specific proteins in a large scale. These arrays are widely used in clinical research
for biomarker discovery and protein expression profiling, and can be applied in disease diag-
nosis in clinic.

There are two types of analytical protein arrays: forward-phase protein array (FPPA) and
reverse-phase protein array (RPPA) [35]. The major difference between FPPA and RPPA is
whether antibodies or samples are immobilized. In FPPA, various antibodies are printed on a
slide as bait molecules, where each spot on the array is one type of antibody. Each slide is then
exposed to a single protein lysate (sample), and multiple protein expression levels are mea-
sured. The main advantage of FPPA is that a single slide can provide measurements of many
proteins simultaneously. However, FPPA needs two highly specific antibodies (similar to
“sandwich ELISA”) for assaying each protein, and it also requires a higher amount of the
protein lysate sample (which is often a luxury in clinical research). In contrast, RPPA immobi-
lizes protein lysates, where each spot on the slide is a sample from a different source or
condition. Each slide is then probed with one type of antibody and provides a read-out of the
corresponding protein level across all printed samples, allowing for a direct comparison
between samples. To profile multiple proteins, one can prepare a batch of identical slides
printed with the same samples (which is straightforward to do), and process them in parallel,
each slide with a unique type of antibody. RPPA is known to be highly sensitive and robust,
and it is particularly advantageous for clinical applications because it requires lower amounts
of samples. In the past decade, RPPA was used in multiple research studies to generate protein
profiles and identify biomarkers in AML [36–41].

Compared to MS-based methods, antibody-based methods are less of a de novo discovery
approach, and provides less coverage of the proteome. This is mainly because antibody-based
methods only profile proteins that are known ahead of the experiment, and the coverage of
these methods depend on the availability of specific antibodies. It is still an ongoing effort to
generate antibodies that specifically recognize all protein isoforms present in the human
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[31]. Mass cytometry is also referred to as cytometry by time-of-flight (CyTOF), which is the
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sion reporters instead of fluorophores. The metal-conjugated antibodies, ionized and detected
using the TOF mass spectrometer, greatly increase the number of parameters measureable in
single cells due to their little signal overlap. Currently, mass cytometry can be used to detect up
to 40 parameters per cell (up to 100 parameters theoretically), including protein levels, PTMs
and proteolysis products. Mass cytometry was recently used in pediatric AML to profile both
the surface markers and intracellular signaling proteins in single cells [32]. Notably, the study
discovered that the surface phenotypes and their regulatory intracellular signaling phenotypes
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microarrays (TMA) and protein microarrays. TMA is a proteomic technique in application to
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exposed to a single protein lysate (sample), and multiple protein expression levels are mea-
sured. The main advantage of FPPA is that a single slide can provide measurements of many
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“sandwich ELISA”) for assaying each protein, and it also requires a higher amount of the
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proteome. The Human Protein Atlas project, started in 2003, maps the expression and location
of proteins in cells, normal tissues and cancers using an antibody-based approach. Its latest
version (16th release) now includes more than 25,000 antibodies that about 86% of all human
protein-coding genes [42, 43]. In addition, the quality of antibodies is key to the success of any
antibody-based methods. Before printing an array, antibodies need to be validated to ensure
that they are highly specific and do not cross-react with other proteins in the lysate. Otherwise,
the accuracy of the profiling will be compromised by false signals. Antibodypedia (https://
www.antibodypedia.com/), a public database containing validation data of more than one
million antibodies, is a useful resource for antibody-based research [44].

3. Applications of proteomics in AML

3.1. Discovery of diagnostic biomarkers

One application of proteomics in AML is diagnostic marker discovery. Comparing the
proteomes between AML and healthy samples or between AML and other leukemic subtypes
can shed light on the unique diseasemechanisms present in AML. Differential protein expression
levels can potentially serve as biomarkers for the early detection of the disease and for assisting
the current diagnostic system to distinguish AML patients from other leukemic subtypes (for
example, acute lymphocytic leukemia (ALL) or myelodysplastic syndromes (MDS)) as well as to
classify patients within AML. The identification of these differentially expressed proteins specific
to AML or specific to certain AML subtype will provide a deeper understanding of its heteroge-
neous disease mechanism and facilitate development of personalized therapy.

Multiple studies have compared the proteomes between AML and normal healthy samples to
look for AML-specific protein signatures. Using two-dimensional electrophoresis (2-DE) and
MS, Kwak et al. identified 8 proteins that were differentially expressed between 12 AML
patients and 12 healthy subjects, in which 5 proteins (α-2-HS-glycoprotein, complement-
associated protein SP-40, RBP4 gene product, lipoprotein C-III, and an unknown protein) were
down-regulated and 3 proteins (immunoglobulin heavy-chain variant, proteosome 26S
ATPase subunit 1, and haptoglobin-1) were up-regulated in AML [45]. In another study using
2-DE and MALDI-TOF peptide mass fingerprinting analysis [46], seven proteins (alpha-
enolase, RhoGDI2, annexin A10, catalase, peroxiredoxin 2, tromomyosin 3, and lipocortin 1
(annexin 1)) were found to have significantly altered expression in AML blast cells compared
to normal mononuclear blood cells. Comparing the proteome of AML against that of normal
white blood cells, 31 proteins (including myeloid-related protein 8 and 14, myosin light chain 2
and 3) with significant altered expression were identified [47].

Proteomic comparisons between AML and other leukemia-related diseases may reveal bio-
markers to distinguish AML from similar diseases in clinic. Cui et al. identified 27 proteins with
differential expression between AML and ALL, including myeloperoxidase [47]. Aiming to char-
acterize the proteomic mechanism underlying MDS progression to AML, Braoudaki et al. identi-
fied MOES, ZRI and AIFM1 as potential biomarkers for AML using 2-DE and MALDI-TOF, since
these proteins were found to be up-regulated in AML [48]. Foss et al. demonstrated that the use of
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alignment-based label-free quantitation approaches in LC-MS/MS to distinguish AML from ALL
and CD34+ cells from healthy donors [49]. Based on the same data generated in Foss et al.’s study,
Elo et al. used a more advanced statistical method (reproducibility optimized test statistics
(ROTS)) to identify biomarkers from the proteomic data and from the transcriptomic data. They
found that the alignment-based proteomic method was able to generate novel and significant
biomarkers that were not detected by the transcriptomic assay [50]. From the proteomic profiles of
151 AML bone marrow samples generated by SELDI-TOF-MS, Xu et al. developed a proteomic-
based decision tree model to classify patients into APL, AML-granulocytic, AML-monocytic,
ALL, and control (healthy volunteers) [51].

AML subtypes display unique proteomic patterns, which may present therapeutic opportuni-
ties for each of these subtypes. In a study of 38 AML-M1/M2 patients and 17 healthy volun-
teers [52], Luczak et al. demonstrated the use of 2-DE-MS to distinguish between M1 and M2
patients. They identified five proteins that were differentially accumulated between M1 and
M2, in which Annexin III, L-plastin and 6-phosphogluconate dehydrogenase were found
exclusively in M2. Comparing the protein expression levels across AML FAB classes, Cui
et al. identified 23 proteins differentially expressed between the granulocytic lineage (M1, M2,
M3) and monocytic lineage (M5), where they found 7 proteins up-regulated in both M2 and
M3, and 15 proteins tightly associated with M3 (e.g. cathepsin G) [47]. In an RPPA study of 256
newly diagnosed AML patients [36], 24 proteins were found to significantly differ in expres-
sion between FAB subtypes out of 51 proteins that were tested. The proteins were found to
belong to three clusters: (1) total and phosphorylated signal transduction proteins (KCA,
PKCA.p, ERK2, AKT.p308, P38.p P70S6K, P70S6K.p, and Src.p527), with lower expression in
myeloid subtypes (M0, M1, and M2); (2) PTEN and PTEN.p, with lower expression in M6 and
M7; (3) apoptosis, cell cycle or differentiation regulating proteins and activated STAT proteins
that have higher expression in myeloid subtypes.

Differences in proteomics (expression patterns, protein interaction pathways, and PTMs) were
also found between cytogenetic abnormalities. In a study of 42 AML patients study using 2-DE
MALDI-TOF-MS [53], Balkhi et al. showed that there were significant differences of protein
expression levels, protein interaction networks and PTMs between cytogenetic groups. PTMs
specific to cytogenetic abnormalities were identified, including a b-O-linked N-acetyl glucos-
amine (O-GlcNAc) of hnRNPH1 in patients with 11q23 translocation, an acetylation of
calreticulin in patients with t(8;21), and methylation of hnRNPA2/B1 in patients with t(8;21)
and inv(16). In an RPPA study, increased MET phosphorylation levels were found to associate
with t(15;17) and t(8;21) cytogenetic subtypes [54].

Proteomic comparisons of relapsed against newly diagnosed patients or patients in remission
can reveal biomarkers for early detection of relapse and non-invasive monitoring of minimal
residual disease (MRD). Using MALDI-TOF-MS and high performance LC (HPLC)-ESI-MS/MS
[55], Bai et al. identified 47 peptides that were differentially expressed between AML and healthy
controls. In specific, they built a quality classifier model based on three peptides (ubiquitin-like
modifier activating enzyme 1 (UBA1), isoform 1 of fibrinogen alpha chain precursor and platelet
factor 4 (PF4)). UBA1 was up-regulated in newly diagnosed AML, decreased to normal level
after complete remission, and then elevated again in relapse, whereas the other two peptides had
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the opposite response. The three proteins were shown to correlate with patient outcome and can
serve as biomarkers for monitoring MRD and detecting relapse. In another study, Pierce et al.
performed RPPA on 511 AML patient samples, and found that the expression of protein
transglutaminase 2 was higher at relapse compared to diagnosis [41].

Leukemic stem-like cells (LSC) are believed to play critical roles in patient chemoresistance,
refractory and relapse. To investigate the biological differences between leukemic stem-like
cells (LSC) and common myeloid progenitors (CMP), Kornblau et al. profiled the expression of
121 proteins in Bulk (CD3/CD19 depleted), CD34�, CD34+ (CMP), CD34+CD38+ and CD34
+CD38� (LSC) in AML patients using RPPA [40]. Significant differences in protein expression
and protein network patterns were found between LSC and the rest of the cells, indicating
unique AML biology existing in LSC. The differentially expressed proteins in LSC (e.g. Mcl1,
cIAP, Survivin, and Bcl2) may present as therapeutic targets for selectively targeting LSC.

3.2. Discovery of prognostic factors

Proteomics enables discovery of abnormal expressions of proteins or PTMs that are predictive
of patient outcome. Profiling protein expressions in 511 AML patients using RPPA [37],
Kornblau et al. found that patients with high levels of FOXO3A phosphorylation have higher
rates of primary resistance and shorter remission durations. The prognostic value of highly
phosphorylated FOXO3A is independent of cytogenetics, since FOXO3A phosphorylation
levels were not found to associate with karyotypes. In another study of the same patient
cohort, the overexpression of FLI1 protein was identified as another adverse prognostic factor
in AML [38]. In the study by Cui et al. [47], NM23-H1 was identified as a prognostic factor,
since it is up-regulated in all FAB subtypes except M3a, a favorable prognosis subtype.

The prognostic protein signatures can potentially complement cytogenetics and genomics to
build better classification systems. In a study of 54 AML samples using SELDI-TOF [56],
Nicolas et al. showed that proteomic signatures can stratify patient outcome and complement
cytogenetic classifications. Based on the proteomic profile, they grouped patients into two
clusters and found significant differences in overall and event-free survival between the two
clusters. The proteomic-defined clusters were also able to stratify the overall and event-free
survival in specific cytogenetic categories: the intermediate risk group was divided into a
group of patients with similar outcome to the favorable and a group with similar outcome to
the unfavorable; the unfavorable group was divided into a group with similar outcome to the
intermediate and a group of similar outcome to the unfavorable. In addition, they isolated a
biomarker, S100A8, the expression of which is a predictor of poor survival.

The mutation of p53, resulting in p53 stabilization, is associated with adverse survival, though
the mutation is observed in only 5–8% of newly diagnosed AML patients. A recent RPPA
study showed that p53 stabilization also occurs in a significant portion of wild-type p53
patients, where the expression of the p53 negative regulator Mdm2 is elevated [39]. Further-
more, patients with overexpressed Mdm2 are subject to poor outcomes similar to patients with
p53 mutants. This finding has significant clinical implications as it unveils the p53 dysfunction
in wild-type p53 patients who are previously assumed to have intact p53 functions, and it
highlights the value of proteomics to complement genetic testing for classifying patients and
guiding treatments.

Myeloid Leukemia52

Recently, as part of the Dialog for Reverse Engineering Assessment and Methods (DREAM), a
crowdsourcing effort was launched to build, compare and assess prediction algorithms for AML
prognosis (DREAM 9 AML Outcome Prediction Challenge) [57]. Based on the data consisting of
40 clinical attributes and 231 RPPA measurements in 191 AML patients (the released training
data), participants were asked to buildmodels that predict response to therapy (sub-challenge 1),
remission duration (such-challenge 2) and overall survival time (sub-challenge 3) in 100 AML
patients (withheld as test data for model evaluation). As one of the conclusions, the study
showed that the RPPA data substantially improved the top performing models’ performance in
predicting response to therapy in AML, illustrating the prognostic and predictive value of
proteomics and the potential of combining proteomics with current prognostic factors for more
accurate outcome assessment. In addition, the expression of PI3KCA was identified as a highly
informative protein biomarker for predicting patient response to therapy.

3.3. Identification of target proteins

Proteomics can provide insights into the effects and mechanisms of genetic mutations and help
identify novel drug targets associated with specific mutations. Transcription factor CCAAT
enhancer binding protein α (C/EBPα) is an important regulator of the myeloid differentiation.
Its mutant form, C/EBPα-p30, is present in about 9% of AML patients. Using 2-DE MALDI-
TOF-MS, Geletu et al. identified Ubc9 (an E2-conjugating enzyme) as a target protein for C/
EBPα-p30 [58]. The expression of Ubc9 was found to increase when inducing C/EBPα-p30, and
the overexpression of Ubc9 was also observed in patients with C/EBPα-p30. In another study
using 2-DE-MS proteomic screening, Pulikkan et al. uncovered the association of PIN1
overexpression with C/EBPα-p30 [59]. They then demonstrated that the elevated levels of
PIN1 block granulocyte differentiation via c-Jun, and that the inhibition of PIN1 restores
myeloid differentiation in primary AML blasts with C/EBPαmutation. This discovery suggests
a potential treatment strategy of inhibiting PIN1 for AML patients with C/EBPα mutation.

As another example, RAS mutations occur in 10–25% of AML patients, however the mutation
is not known to be prognostic. An RPPA study of 609 patients (11% with RAS mutation)
showed that the RAS-Raf-MAP kinase and PI3K signaling pathways are up-regulated in
patients with RAS mutation, which indicates RAS and PI3K signaling pathways as potential
inhibitory targets for treating patients with RAS mutations [60].

3.4. Proteomics in AML cell lines

Due to the limited availability and difficult culturing conditions of primary patient cells, AML
cell lines are often used to study disease mechanisms and biomarker discoveries. In these well-
controlled and less heterogeneous experimental environment, one can compare the proteomic
profiles between AML cell lines derived from different sources and with different mutations or
cytogenetic abnormalities, and then extrapolate findings to the patient category of the cell
line’s origin. Cell lines are also easier to manipulate (for example, by up or down regulating
certain proteins and by introducing mutations), and are therefore a great platform for studying
the signaling networks and discovering target proteins.

Recently, Matondo et al. used large-scale quantitative SILAC-MS to identify proteins regulated
by proteasome inhibition in two AML cell lines of different maturation stages: KG1a cells
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(immature) and U937 cells (mature) [61]. From over 7000 proteins quantified in the two cell lines,
the study identified novel regulation targets of the proteasome inhibition, including IL-32,
apoptosis inducing factor SIVA, MORF family mortality factors, in addition to known regulation
targets such as heat shock and cell cycle proteins. Using 2D-DIGE MALDI-TOF/MS, Hu et al.
compared the proteomic profiles between leukemia cell lines, HL-60 (drug-sensitive) and HL-60/
ADR (adriamycin-resistant) [62]. Sixteen differentially expressed proteins were identified, among
which the up-regulation of nucleophosmin/B23 (NPM B23) and nucleolin C23 were validated in
AML patient samples and may be indicators of drug resistance and predictors of prognosis. To
investigate how AML exosomes affect the function of hematopoietic stem and progenitor cells
(HSPC), Huan et al. compared proteomes of HSPCs treated with exosomes from AML cell line
Molm-14 against proteomes of HSPCs treated with media (control) [63]. They identified 282
proteins that were differentially expressed between the two conditions, and the functional
annotation of these proteins pinpointed candidate pathways that are involved in the exosome-
mediated modulation of HSPC function.

Proteomics were used in multiple studies to investigate the effects and mechanisms of drugs in
cell line models. Using SILAC-MS, Weber et al. quantified 10,975 distinct phosphorylation sites
to characterize the phosphoproteomic changes in AML cell line KG1 upon pharmacological
intervention from erlotinib and gefitinib [64]. They found that the cellular perturbation by the
two drugs is rather specific, with fewer than 50 phosphorylation sites significantly changed
upon treatment. Most of these phosphorylation changes occur in a network of tyrosine phos-
phorylated proteins, suggesting that the drugs interfere with leukemic activities by inhibiting
signal transduction via Src family kinases and tyrosine kinases Btk and Syk. Proteomics can
also be used to compare the mechanisms of two drugs. In a study using 2-DE MALDI-TOF/-
TOF-MS, Buchi et al. quantified the protein expression levels in AML1/ETO positive leukemic
cells under the treatment of azacitidine and under the treatment of decitabine [65]. The identi-
fication of differentially expressed proteins in both conditions as well as differentially
expressed proteins exclusive to each condition provides insights into the biological effects of
these DNMT inhibitors and the mechanism differences between them.

To develop drugs that specifically target leukemic cells, an understanding of the surface
proteomes in cell lines is crucial. Using MALDI-TOF/TOF, Strassberger et al. generated surface
proteomes for four AML cell lines (HL60, NB4, PLB985, THP1) [66]. Comparing the AML
surface proteomes to that of granulocytes from normal human peripheral blood, they identi-
fied multiple proteins that were up-regulated in AML cell lines, including CD33, CD166,
integrin alpha-4. An antibody-drug conjugate was then developed using a human monoclonal
antibody targeting CD166 and a duocarmycin derivative as the cytotoxic agent, which was
shown to be able to kill AML cells in vitro. The study serves as a good example and a basis for
developing anti-AML therapeutic strategies using knowledge from cell surface proteomes.

4. Challenges and future directions

Though proteomic technologies are advancing rapidly, a few challenges and issues remain.
Therefore, it is worth discussing these challenges as well as the future directions to solve them.
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One issue is the choice of control samples. There lacks a consensus as to what samples should
serve as the control for AML samples to be compared to. Often, samples from healthy subjects
are used as control to represent the normal biology in hematopoiesis, yet samples from
patients under complete remission could also make meaningful controls. Another question to
ask is what specific samples from healthy subjects should be used: for example, should the
samples be derived from healthy bone marrows or peripheral blood; should the samples come
from cryopreserved cells or fresh lysates. Though most studies found similar protein expres-
sion patterns between bone marrow derived and blood derived samples in AML [36, 48], a
comprehensive comparison is yet to be done in a large cohort of healthy subjects. Recently, the
influence of freezing on proteomes in AML cells was reported [67], underscoring the impor-
tance of establishing more standard sample collection and preservation procedures. In addi-
tion, the number of control samples included in the studies is usually small, which makes it
hard to deduce statistically valid claims and does not account for the full degree of heteroge-
neity in healthy individuals.

One challenge facing clinical research is the scarcity of primary patient samples. Most
studies profiled proteomes in fewer than a hundred patients, and in some cases fewer than
five patients were used. Considering the extreme heterogeneous biology present in AML, the
proteomic patterns and biomarkers discovered in a small group of patients may not gener-
alize to the whole AML population. Due to this incomprehensive representation of the AML
population, the classification and prognostic power of proteomics will also be limited by
drawing conclusions from few clinical samples. Given access to a large cohort of patients,
one potential solution is to use peripheral blood samples instead of bone marrow samples.
The proteome of blood samples was found to be similar to the proteome of bone marrow
samples in multiple studies [36, 48], indicating that blood samples may be a substitute for
bone marrow samples in proteomic research. Since obtaining blood samples is less invasive
and much more convenient than obtaining bone marrow aspirates, the use of blood samples
may grant researchers access to proteomic profiles at more time points (e.g. at diagnosis,
through treatment and remission). For this approach to work, more comprehensive compar-
isons of the proteomes between blood and bone marrow in both AML and healthy subjects
need to be carried out. Another potential remedy for the sample availability problem is to
openly share data sets generated from quantitative proteomics through common platforms.
More statistical power can be achieved when merging findings from multiple datasets of
different sources for example using meta-analysis. This approach will greatly benefit from
standardizing the choice of control samples and data processing procedures across different
studies.

Due to its convenience and almost unlimited supply, cell lines are commonly used as a
substitute for primary patient samples for discovering new biomarkers and therapeutic tar-
gets, screening for new drugs and investigating therapeutic effects and resistance. However,
cell lines may not provide a truthful representation of the biology in AML patients, as cell lines
adapt to the culture conditions and selection pressure. The validity of the cell line model is
further compromised by the heterogeneity of AML biology. Even if a cell line does preserve the
biology of its origin (which is unlikely), a cell line at most represents a tiny fraction of the AML
population. To make cell lines more relevant, comprehensive proteomic profiles of cell lines
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(immature) and U937 cells (mature) [61]. From over 7000 proteins quantified in the two cell lines,
the study identified novel regulation targets of the proteasome inhibition, including IL-32,
apoptosis inducing factor SIVA, MORF family mortality factors, in addition to known regulation
targets such as heat shock and cell cycle proteins. Using 2D-DIGE MALDI-TOF/MS, Hu et al.
compared the proteomic profiles between leukemia cell lines, HL-60 (drug-sensitive) and HL-60/
ADR (adriamycin-resistant) [62]. Sixteen differentially expressed proteins were identified, among
which the up-regulation of nucleophosmin/B23 (NPM B23) and nucleolin C23 were validated in
AML patient samples and may be indicators of drug resistance and predictors of prognosis. To
investigate how AML exosomes affect the function of hematopoietic stem and progenitor cells
(HSPC), Huan et al. compared proteomes of HSPCs treated with exosomes from AML cell line
Molm-14 against proteomes of HSPCs treated with media (control) [63]. They identified 282
proteins that were differentially expressed between the two conditions, and the functional
annotation of these proteins pinpointed candidate pathways that are involved in the exosome-
mediated modulation of HSPC function.

Proteomics were used in multiple studies to investigate the effects and mechanisms of drugs in
cell line models. Using SILAC-MS, Weber et al. quantified 10,975 distinct phosphorylation sites
to characterize the phosphoproteomic changes in AML cell line KG1 upon pharmacological
intervention from erlotinib and gefitinib [64]. They found that the cellular perturbation by the
two drugs is rather specific, with fewer than 50 phosphorylation sites significantly changed
upon treatment. Most of these phosphorylation changes occur in a network of tyrosine phos-
phorylated proteins, suggesting that the drugs interfere with leukemic activities by inhibiting
signal transduction via Src family kinases and tyrosine kinases Btk and Syk. Proteomics can
also be used to compare the mechanisms of two drugs. In a study using 2-DE MALDI-TOF/-
TOF-MS, Buchi et al. quantified the protein expression levels in AML1/ETO positive leukemic
cells under the treatment of azacitidine and under the treatment of decitabine [65]. The identi-
fication of differentially expressed proteins in both conditions as well as differentially
expressed proteins exclusive to each condition provides insights into the biological effects of
these DNMT inhibitors and the mechanism differences between them.

To develop drugs that specifically target leukemic cells, an understanding of the surface
proteomes in cell lines is crucial. Using MALDI-TOF/TOF, Strassberger et al. generated surface
proteomes for four AML cell lines (HL60, NB4, PLB985, THP1) [66]. Comparing the AML
surface proteomes to that of granulocytes from normal human peripheral blood, they identi-
fied multiple proteins that were up-regulated in AML cell lines, including CD33, CD166,
integrin alpha-4. An antibody-drug conjugate was then developed using a human monoclonal
antibody targeting CD166 and a duocarmycin derivative as the cytotoxic agent, which was
shown to be able to kill AML cells in vitro. The study serves as a good example and a basis for
developing anti-AML therapeutic strategies using knowledge from cell surface proteomes.

4. Challenges and future directions

Though proteomic technologies are advancing rapidly, a few challenges and issues remain.
Therefore, it is worth discussing these challenges as well as the future directions to solve them.
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One issue is the choice of control samples. There lacks a consensus as to what samples should
serve as the control for AML samples to be compared to. Often, samples from healthy subjects
are used as control to represent the normal biology in hematopoiesis, yet samples from
patients under complete remission could also make meaningful controls. Another question to
ask is what specific samples from healthy subjects should be used: for example, should the
samples be derived from healthy bone marrows or peripheral blood; should the samples come
from cryopreserved cells or fresh lysates. Though most studies found similar protein expres-
sion patterns between bone marrow derived and blood derived samples in AML [36, 48], a
comprehensive comparison is yet to be done in a large cohort of healthy subjects. Recently, the
influence of freezing on proteomes in AML cells was reported [67], underscoring the impor-
tance of establishing more standard sample collection and preservation procedures. In addi-
tion, the number of control samples included in the studies is usually small, which makes it
hard to deduce statistically valid claims and does not account for the full degree of heteroge-
neity in healthy individuals.

One challenge facing clinical research is the scarcity of primary patient samples. Most
studies profiled proteomes in fewer than a hundred patients, and in some cases fewer than
five patients were used. Considering the extreme heterogeneous biology present in AML, the
proteomic patterns and biomarkers discovered in a small group of patients may not gener-
alize to the whole AML population. Due to this incomprehensive representation of the AML
population, the classification and prognostic power of proteomics will also be limited by
drawing conclusions from few clinical samples. Given access to a large cohort of patients,
one potential solution is to use peripheral blood samples instead of bone marrow samples.
The proteome of blood samples was found to be similar to the proteome of bone marrow
samples in multiple studies [36, 48], indicating that blood samples may be a substitute for
bone marrow samples in proteomic research. Since obtaining blood samples is less invasive
and much more convenient than obtaining bone marrow aspirates, the use of blood samples
may grant researchers access to proteomic profiles at more time points (e.g. at diagnosis,
through treatment and remission). For this approach to work, more comprehensive compar-
isons of the proteomes between blood and bone marrow in both AML and healthy subjects
need to be carried out. Another potential remedy for the sample availability problem is to
openly share data sets generated from quantitative proteomics through common platforms.
More statistical power can be achieved when merging findings from multiple datasets of
different sources for example using meta-analysis. This approach will greatly benefit from
standardizing the choice of control samples and data processing procedures across different
studies.

Due to its convenience and almost unlimited supply, cell lines are commonly used as a
substitute for primary patient samples for discovering new biomarkers and therapeutic tar-
gets, screening for new drugs and investigating therapeutic effects and resistance. However,
cell lines may not provide a truthful representation of the biology in AML patients, as cell lines
adapt to the culture conditions and selection pressure. The validity of the cell line model is
further compromised by the heterogeneity of AML biology. Even if a cell line does preserve the
biology of its origin (which is unlikely), a cell line at most represents a tiny fraction of the AML
population. To make cell lines more relevant, comprehensive proteomic profiles of cell lines
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and primary patients are needed to investigate the degree of biological changes present in cell
lines and to match cell lines to specific patient subpopulations. The hope is that cell lines may
preserve the biology of their origins in some pathways, and by matching cell lines to specific
patient categories we can utilize cell lines to personize treatments for their corresponding
patient subpopulations.

To realize the full potential of proteomics in both research and clinic, more advanced
computational techniques should be adopted or developed in AML proteomics research.
When analyzing proteomic profiles, most studies use standard statistical tests to compile a
list of differentially expressed proteins, and some would carry out tests to correlate the
protein expression patterns with other clinical attributes and genetic mutations. While these
tests are necessary, few studies take the leap to generate pathway level insights by examining
the protein expressions in the context of protein interactions. Network-based approaches can be
very useful in this regard to organize and visualize protein expressions in protein networks
[39], using protein interaction information from public databases (e.g. string [68]) or from
graphical reconstruction models. Insights into abnormal pathway regulation beyond the identi-
fication of abnormal expression in single proteins can open the door for new drug targets.
Another challenge on the computational side is the increasing dimensionality of proteomic data
thanks to the improvements in throughput and coverage of proteomic experimental techniques.
In this case, more powerful clustering [69, 70] and dimension reduction techniques [71], as well
as interactive visualization tools [72], can help researchers to best benefit from this increase in
data size and empower then to make data-driven hypotheses and discoveries. Crowdsourcing
competitions have also proved to be an effective way to encourage innovative solutions for
these challenging computational issues [57, 73].

In summary, proteomics in AML is enabling the identification of new biomarkers and improv-
ing the classification of patients. Moreover, new experimental protocols and data analysis
methods and tools are emerging to capitalize on the richness of the personalized data from
the proteomic screens. Together these technological advances can provide new insight into the
heterogeneities and hallmarks of AML.
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and primary patients are needed to investigate the degree of biological changes present in cell
lines and to match cell lines to specific patient subpopulations. The hope is that cell lines may
preserve the biology of their origins in some pathways, and by matching cell lines to specific
patient categories we can utilize cell lines to personize treatments for their corresponding
patient subpopulations.

To realize the full potential of proteomics in both research and clinic, more advanced
computational techniques should be adopted or developed in AML proteomics research.
When analyzing proteomic profiles, most studies use standard statistical tests to compile a
list of differentially expressed proteins, and some would carry out tests to correlate the
protein expression patterns with other clinical attributes and genetic mutations. While these
tests are necessary, few studies take the leap to generate pathway level insights by examining
the protein expressions in the context of protein interactions. Network-based approaches can be
very useful in this regard to organize and visualize protein expressions in protein networks
[39], using protein interaction information from public databases (e.g. string [68]) or from
graphical reconstruction models. Insights into abnormal pathway regulation beyond the identi-
fication of abnormal expression in single proteins can open the door for new drug targets.
Another challenge on the computational side is the increasing dimensionality of proteomic data
thanks to the improvements in throughput and coverage of proteomic experimental techniques.
In this case, more powerful clustering [69, 70] and dimension reduction techniques [71], as well
as interactive visualization tools [72], can help researchers to best benefit from this increase in
data size and empower then to make data-driven hypotheses and discoveries. Crowdsourcing
competitions have also proved to be an effective way to encourage innovative solutions for
these challenging computational issues [57, 73].

In summary, proteomics in AML is enabling the identification of new biomarkers and improv-
ing the classification of patients. Moreover, new experimental protocols and data analysis
methods and tools are emerging to capitalize on the richness of the personalized data from
the proteomic screens. Together these technological advances can provide new insight into the
heterogeneities and hallmarks of AML.
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Abstract

Acute myelogenous leukemia (AML) is a clonal, malignant disease of hematopoietic tis-
sue that is characterized by accumulation of abnormal (leukemic) blast cells, principally 
in the bone marrow. Representation of these genetic mutations and the involvement 
patterns seems to follow specific and temporally ordered fluctuating manners. Somatic 
mutations in these genes are represented as a variety of recurrent chromosomal abnor-
malities, e.g., t (8;21), t(15;17), etc., or by the presence of prognostic markers, e.g., FLT3, 
MLL, NPM1 and CEBPA as well as encoding epigenetic modifiers, such as DNMT3A, 
ASXL1, TET2, IDH1, and IDH2, are commonly acquired early and are present in the 
founding clone. The same genes are frequently found to be mutated in elderly individu-
als along with clonal expansion of hematopoiesis that confers an increased risk for the 
development of hematologic cancers. Furthermore, such genomic changes may persist 
after therapy, lead to clonal expansion during hematologic remission, and eventually 
lead to relapsed disease. Majority of genetic data are now being used to classification, risk 
stratification, and clinical care of patients. The unprecedented molecular characteriza-
tion provided by advanced and deeply sensitized molecular assays like next-generation 
sequencing (NGS) offers the potential for an individualized approach to treatment in 
AML, bringing us one step closer to personalized medicine.

Keywords: acute myeloid leukemia, mutation, Fms-like tyrosine kinase 3 receptor, 
next-generation sequencing, targeted AML therapy

1. Introduction

The acute myeloid leukemia (AML) is a malignant tumor of hematopoietic precursor cells 
of non-lymphoid lineage, arising in the bone marrow. It is diagnosed on the basis of clinical 
features, peripheral and bone marrow morphology, cytochemical stains, immunophenotyp-
ing, and cytogenetic analysis [1].
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Novel molecular markers of prognostic and more importantly of predictive significance have 
been identified in different leukemias. The link between the leukemogenic importance of these 
markers and their role as potential targets for novel drugs has started to contribute to the 
stepwise replacement of risk adapted by treatment strategies, e.g., imatinib in chronic myeloid 
leukemia (CML) and all-trans-retinoic acid (ATRA) in acute promyelocytic leukemia (APL).

Over the past few decades, it has become clear that a significant proportion of cases of AML 
are characterized by at least one of a varieties of recurrent chromosomal abnormalities, e.g., 
t (8;21), t(15;17), etc., or by the presence of prognostic markers, e.g., FMS-like tyrosine kinase 
3 (FLT3), multilineage leukemia (MLL), nucleophosmin 1 (NPM1) and CCAAT/enhancer-
binding protein-α (CEBPA). A key challenge for the future is to use information gained from 
cytogenetic analysis in conjunction with molecular diagnosis and gene expression profiling 
to achieve greater consensus in the risk group assignment of AML, and risk adapted therapy.

FLT 3 is widely known as FLT3 is a class III tyrosine kinase receptor [2]. Its structure consists 
of an extracellular ligand-binding domain, a single transmembrane domain, and a cytoplas-
mic region consisting of juxtamembrane domain and kinase domain interrupted by kinase 
insert [2, 3]. FLT3 is normally expressed on hematopoietic progenitor stem cells (HPSCs) 
where it plays an important role in survival and proliferation of stem cells. Its expression is 
lost with HPSC differentiation [2].

FLT3 mutations have been detected in one-third of AML patients and a small number of ALL 
patients [2].The mutations most commonly involve internal tandem duplications (ITDs) of the 
juxtamembrane domain (JM) (detected in 23% of AML patients and <1% of ALL patients) and 
point mutations in the activation loop of tyrosine kinase domain [2–4]. It has been detected in 
7–12% of AML patients and about 3% of ALL patients [4, 5].

Prevalence of FLT3-ITD is according to age, i.e., rare in infants. FLT3 positivity was reported 
to be 5–10% in patients younger than 10 years, but it rose to 35% in middle-aged patients. 
Patients with this mutation usually present with increased white blood counts (WBC) 
and have normal cytogenetics [6]. In literature, there is no marked difference in complete 
response (CR) between FLT3 positive and FLT 3 negative patients, but relapse rate and overall 
survival(OS) are lower in FLT3-ITD-positive patients specially in younger than 60 years [7].

Further studies have confirmed that FLT3-ITD is not only inversely correlated with relapse 
but also associated with decreased overall survival [8–10]. In Kottaridis study, the prevalence 
of FLT3ITD was 27%. In same study, this mutation was strongly associated with hyperleuko-
cytosis and normal cytogenetics. In literature, on multivariate analysis this mutation has the 
strongest correlation with decrease DFS [10].

2. Molecular basis and gene expression in acute myeloid leukemia

2.1. Mutations related to pathogenesis

Mutations in AML are different according to the age of patient. Balanced translocations are 
common in children and adolescents, while in elderly complex karyotypes are common [11]. 
To date, more than 80 mutations are identified. These rearrangements act as driver mutations to 
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initiate leukemic phase. Chromosomal derangement leads to disruption of transcription factor 
that controls directly hematopoiesis. Example is RARα that is formed by realignment of 17q21 
[12]. Besides fusion genes other chromosomal abnormalities are also important in pathogenesis 
of AML. These are divided into three groups. (1) mutations abnormally controlled transcription 
factors that are helpful in hematopoieses, (2) mutations related to certain receptors, i.e., tyrosine 
kinase receptors, and (3) mutations involving the gene that encodes nucleophosmin [13].

2.2. Abrasions in gene associated with transcription

Hematopoiesis is regulated by various transcriptions factors which encodes with genes. 
These genes can get mutation which leads to inactivated or dominated in regulation of hema-
topoietic functions. Indeed, AML1mutations are detected in up to 25% of M0 cases and are 
frequently biallelic [14]. The CEBPA, which plays an important role in granulopoiesis, also is 
a relatively common target in AML, being potentially deregulated by the AML1-ETO and pro-
myelocytic leukemia-retinoic acid receptor alpha (PML-RARα) oncoproteins. Furthermore, 
mutations involving CEBPA are present in approximately 10% of cases of AML [15].

2.3. Karyotypic abnormalities in AML

Evaluation of karyotypic abnormalities has prognostic and therapeutic implications. Detection 
of t(15:17) by cytogenetic analysis shows favorable treatment response by ATRA. Similarly, 
t(9:22) is not responded to conventional chemotherapy but showed good results to imatinib. 
Approximately 60% of newly diagnosed cases with less than 20% blasts in the bone marrow 
have abnormal karyotype. Prognostically, t(15:17),inv(16), and t(8:21) showed relatively bet-
ter prognosis in comparison to monosomies 5 or 7 [16].

2.4. Chromosomal aberration detection by FISH

The absence of fusion genes in good prognostic group necessitates evaluation by FISH to 
accurately define prognosis. This can be exemplified by complex pattern of losses and loss 
of chromosome 5 or 7. Other than FISH, southern blot analysis can be used for chromosomal 
abnormality evaluation. However, it is more laborious than real-time PCR but more informa-
tive in certain circumstances, i.e., MLL gene rearrangement [17]. This approach can be used in 
the future for minimal residual disease assessment in AML.

2.5. Predictive mutations in leukemogenesis

The most notable is FLT3-ITD, which is associated with decreased duration of remission. 
However, its impact on survival after post bone marrow transplant in the first CR is not 
clearly documented [18]. The presence of EVI1 in the absence of chromosome 3q abnormali-
ties depicts poor survival. Mutations that show good response to conventional chemotherapy 
and do not need bone marrow transplant in the first CR are the presence of NPM1 or CEBPA 
mutation without concomitant FLT3-ITD mutation [19]. In the era of molecular medicine, new 
tests at molecular levels are being under process. New molecularly targeted agents are under-
way on the basis of these special tests. Examples of these are FLT3 inhibitors that can modify 
outcome of poor prognostic group.
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that controls directly hematopoiesis. Example is RARα that is formed by realignment of 17q21 
[12]. Besides fusion genes other chromosomal abnormalities are also important in pathogenesis 
of AML. These are divided into three groups. (1) mutations abnormally controlled transcription 
factors that are helpful in hematopoieses, (2) mutations related to certain receptors, i.e., tyrosine 
kinase receptors, and (3) mutations involving the gene that encodes nucleophosmin [13].

2.2. Abrasions in gene associated with transcription

Hematopoiesis is regulated by various transcriptions factors which encodes with genes. 
These genes can get mutation which leads to inactivated or dominated in regulation of hema-
topoietic functions. Indeed, AML1mutations are detected in up to 25% of M0 cases and are 
frequently biallelic [14]. The CEBPA, which plays an important role in granulopoiesis, also is 
a relatively common target in AML, being potentially deregulated by the AML1-ETO and pro-
myelocytic leukemia-retinoic acid receptor alpha (PML-RARα) oncoproteins. Furthermore, 
mutations involving CEBPA are present in approximately 10% of cases of AML [15].

2.3. Karyotypic abnormalities in AML

Evaluation of karyotypic abnormalities has prognostic and therapeutic implications. Detection 
of t(15:17) by cytogenetic analysis shows favorable treatment response by ATRA. Similarly, 
t(9:22) is not responded to conventional chemotherapy but showed good results to imatinib. 
Approximately 60% of newly diagnosed cases with less than 20% blasts in the bone marrow 
have abnormal karyotype. Prognostically, t(15:17),inv(16), and t(8:21) showed relatively bet-
ter prognosis in comparison to monosomies 5 or 7 [16].

2.4. Chromosomal aberration detection by FISH

The absence of fusion genes in good prognostic group necessitates evaluation by FISH to 
accurately define prognosis. This can be exemplified by complex pattern of losses and loss 
of chromosome 5 or 7. Other than FISH, southern blot analysis can be used for chromosomal 
abnormality evaluation. However, it is more laborious than real-time PCR but more informa-
tive in certain circumstances, i.e., MLL gene rearrangement [17]. This approach can be used in 
the future for minimal residual disease assessment in AML.

2.5. Predictive mutations in leukemogenesis

The most notable is FLT3-ITD, which is associated with decreased duration of remission. 
However, its impact on survival after post bone marrow transplant in the first CR is not 
clearly documented [18]. The presence of EVI1 in the absence of chromosome 3q abnormali-
ties depicts poor survival. Mutations that show good response to conventional chemotherapy 
and do not need bone marrow transplant in the first CR are the presence of NPM1 or CEBPA 
mutation without concomitant FLT3-ITD mutation [19]. In the era of molecular medicine, new 
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2.6. Mutations in AML

In previous few decades, there is a great insight in biology of this disease that leads to risk-
adapted treatment approaches. With better understanding of the disease, it is evident that 
AML is heterogeneous at the molecular level. Around 45% of de novo AML patients belong 
to normal cytogenetics [20–25]. Recently, molecular dissection of this group identified better 
prognostication. These molecular alterations include internal tandem duplication of FLT3, 
partial tandem duplication of MLL gene, and mutations of CEBPA [26–28].

2.7. Prognosis of AML

In AML risk stratification, there are various clinical and biological factors relevant with treat-
ment outcome [29]. These risk factors included are age, performance status, leucocyte counts, 
platelets counts, lactate dehydrogenase, drug resistance, immunophenotyping, cytogenetics, 
molecular genetics, epigenetics, micro RNA and so on. In various literature, these factors 
shows significant role to identify the potential role for treatment outcome in AML; for exam-
ple, various mutations have targeted agents (e.g., ATRA and arsenic trioxide in PML-RARAα 
acute promyelocytic leukemia or FLT3 inhibitors in AML with FLT3 mutations), informing 
decisions on allogeneic transplantation [9, 30].

These clinical and biological analyses classified the AML into three risk stratification groups: 
favorable, intermediate, and unfavorable. Current updates reclassified into further subgroups 
after more markers includes with the deep molecular analysis like next-generation sequencing 
(NGS) of the whole genome of AML patients [5, 31, 32]. There are multiple large cohort done 
previously and currently as well in normal karyotypes of AML in which significance of muta-
tions like FLT3, NPM1, and CEBPA has been subclassified into subgroups according to their 
presence and absence for different treatment outcomes and survival rates [33].

When taking into account immunophenotyping, human leukocyte antigen (HLA)-DR and 
CD14 expression are associated with the elderly, highest WBC count, and unfavorable-risk 
cytogenetics; CD4, CD7, and CD11b expressions are correlated with the highest WBC count and 
unfavorable-risk cytogenetics; CD22, CD34, CD123, and terminal  deoxynucleotidyl  transferase 
(TdT) expressions are correlated with unfavorable-risk cytogenetics; CD19 is associated with 
children and favorable-risk cytogenetics; and myeloperoxidase (MPO) and glycophorin A 
(gly-A) expressions are associated with lower WBC count and favorable-risk cytogenetics [33].

3. Structural and functional characteristics of Fms-like tyrosine 
kinase 3

3.1. FLT3 receptor

Transmembrane FLT3 receptor is a member of type III receptor tyrosine kinase (RTK) fam-
ily. Other receptors included in this group are KIT, c-FMS, and platelet-derived growth 
factor receptor (PDGFR) [34–37]. These receptors keep control in normal maturation and 
proliferation of hematopoietic precursor cells. The FLT3 is approximately 1000 kilobases 
in length and consists of 24 exons situated on chromosomes 14 and 15. This gene encodes 
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a 993-amino-acid protein that is observed as a major 140 kDa band and a minor 160 kDa 
band because of N-linked glycosylation, and a 130 kDa band when unglycosylated and 
not membrane bound. The FLT3 receptor has an extracellular domain, one transmem-
brane region and two cytoplasmic kinase domains. Extracellular domain comprises of 
five immunoglobulin-like domains, while transmembrane region has a cytoplasmic jux-
tamembrane (JM) domain and cytoplasmic kinase is linked by an intracellular kinase 
domain [38].

3.2. FLT3 receptor expression

FLT3 is present in precursors of lymphoid and myeloid cells. These progenitor cells are con-
verted into granulocyte, monocyte, B cell, and T cell, but in comparison to their counter-
part, cells are unable to produce erythroid and megakaryocyte cells. FLT3 is also expressed 
in other tissues like the placenta, gonads, and brain, but its significance in these areas is 
unknown [27].

3.3. FLT3 ligand(FL)

FLT3 regulates early hematopoiesis by stimulating the FLT3 signal transduction pathway. 
mRNA of FLT3 is identified in hematopoietic as well as non-hematopoietic tissues. But iden-
tification of membrane-bound and soluble isoform is restricted to bone marrow s T lympho-
cytes and stromal fibroblasts. This protein in non-hematopoietic cells acts similarly as cells 
expresses FLT3 receptor shows FLT3 has autocrine and paracrine signaling mechanisms. It is 
identified during resting phase, but it is detected in serum at lower concentration. Under con-
trolled circumstances release of FL is at a lower level to avoid hyperstimulation of progenitor 
hematopoietic cells. Current research depicts that one pathway for leukemia development is 
uncontrolled FL secretion [37].

3.4. Synergy of FL with other cytokines

FL needs cytokines for its action and proliferation. Interleukin-3 (IL-3), granulocyte colony-stim-
ulating factor (G-CSF), colony-stimulating factor-1 (CSF-1), and granulocyte macrophage colony-
stimulating factor (GM-CSF) are growth factors that help in FL-mediated signal transduction 
[27]. However, working in conjunction with cytokines, FL induces expansion of hematopoietic 
progenitor cell [38]. In vivo analysis of FL function further supports its vital role in maintenance 
and proliferation during early hematopoiesis. Blocking of FL in mice decreased myeloid pro-
genitor cells, whereas stimulation of FL revealed transient HSC proliferation evidenced by bone 
marrow hyperplasia, splenomegaly, hepatomegaly, and enlarged lymph nodes [39].

3.5. FLT3 receptor signaling

After binding of FL to FLT3 receptor there is a formation of homodimer in plasma membrane. 
The dimer joins cytoplasmic domains and consequently phosphorylation of tyrosine residues, 
likely Tyr-589 and Tyr-591, on the JM domain [40]. This combination leads to conformational 
change at receptor sites to initiate autophosphorylation and leads to downstream signaling 
cascade which involves activation of cytoplasmic molecules that control pathways of apopto-
sis, proliferation, and differentiation (Figure 1). FLT3 receptor sends signals to the p85 subunit 
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cascade which involves activation of cytoplasmic molecules that control pathways of apopto-
sis, proliferation, and differentiation (Figure 1). FLT3 receptor sends signals to the p85 subunit 
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of phosphatidylinositol 3-kinase and to the adaptor protein growth factor receptor-bound 
protein 2, phospholipase C_1 and a GTPase-activating protein of the Ras proliferation path-
way [40, 41]. Normally, FLT3 activates extracellular kinase 1/2 but weaker phosphorylation of 
STAT5, which is a key target during deregulated signaling [23].

3.6. Significant clinical mutation in FLT3 receptors

FL-FLT3 interaction controls survival, proliferation, and differentiation of stem cells. FLT3 
is also expressed on the surface of a high proportion of AML and B-lineage ALL cells [25, 
42–45]. In FLT3-expressing leukemia cells, FL-stimulation leads to increased survival of 
leukemic cells [46]. In 1996, a unique mutation of the FLT3 gene was first identified in AML 
cells. This mutation (FLT3-ITD) is produced when a fragment portion of the JM domain-
coding sequence is multiplied in a direct head-to-tail orientation [47]. There are two types 
of mutations of FLT3 receptor, i.e., FLT3/ITD and FLT3/KDM that occur in 15–35 and 
5–10%, respectively. Mutations of the FLT3 gene are, therefore, the most frequent genetic 
alterations so far reported as having involvement in AM which should be deleted or writ-
ten somewhere else [8, 9, 33, 48, 49]. In comparison to AML, FLT3-ITD is far less common 
in patients with ALL, but FLT3/KDM is recurrently found in patients with ALL, especially 
in those harboring an MLL gene rearrangement or hyperdiploidy [7]. It is observed that 
ALL cells, which strongly express FLT3 but do not carry FLT3 mutations, have the same 
sensitivity to a potent FLT3 inhibitor as leukemia cells with FLT3 mutations [10]. Recently, 
high concentration of FLT3 transcripts in AML patients without FLT3 mutations is associ-
ated with a poor prognosis [6]. These studies indicate that FLT3 is greatly involved in the 

Figure 1. Signal transduction pathways downstream of FMS-like tyrosine kinase-3 receptor activation. Abbreviations: 
CEBPA, CCAAT/enhancer-binding protein alpha; ERK, extracellular signal-regulated kinase; MAP, mitogen-activated 
protein; PI3-kinase, phosphatidylinositol 3-kinase. Adapted from STEMCELLS 2006;24:1174–1184. www.StemCells.com
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pathophysiology of leukemia. Mutations and expression levels of FLT3 distinguish a dis-
ease entity of leukemia.

3.7. Clinical prevalence and characteristics of FLT3 mutations

These studies reveal that FLT3 mutations are mainly identified in AML and more infrequent 
in secondary AML developed from myelodysplastic syndrome (MDS) or therapy-related 
AML than de novo AML. This mutation is also found in ALL and MDS, but never in chronic 
myeloid leukemia, chronic lymphoid leukemia, multiple myeloma, malignant lymphoma, or 
myeloproliferative disorders (MPD) [50]. Frequency of this mutation in MDS is reported to be 
3%, but it increased to 15% in advanced stage and after AML conversion [46]. The incidence of 
FLT3 mutations is directly proportional to the age of patients with AML. In elderly patients, 
FLT3-ITD has been found in approximately 25% of this population; among them 31.4% were 
over 55 years of age [51]. In contrast, only 10% pediatric group had this mutation.

3.8. Future perspectives

FLT3 mutations are detected in 25% of AML patients, revealing that the FLT3 gene is the target 
most frequently mutated. FLT3 is also implicated in the pathogenesis in few patients of ALL, 
such as those with MLL gene rearrangement or hyperdiploidy. As FLT3 mutation is closely 
associated with poor prognosis, routine testing of this mutation is recommended to stratify 
the patients into distinct risk groups. However, optimal treatment strategy according to this 
mutation is under evaluation because it remains uncertain that high-dose chemotherapy and/
or myeloablative therapy followed by hematopoietic stem cell transplantation will change the 
prognosis of FLT3-mutated patients. Mutated or overexpressed FLT3 is an important molecu-
lar target in the treatment of leukemia and several potent inhibitors in clinical phase 1 and 2 
trials are underway [52–55]. At present, the clinical efficacy of FLT3 inhibitors seems unim-
pressive, and problems related to adverse effects and pharmacokinetics are observed. Further 
studies are required to establish the role of FLT3 inhibitors in the treatment of leukemia.

3.9. Genomic alteration of FLT3 in AML

FLT3 receptor is expressed in the vast majority of human B-lineage acute lymphocytic leu-
kemias (ALL) and most myeloid leukemias in different types of AML (M0–M7) [56–58]. A 
smaller proportion of T-cell-related leukemias also possess (less than 30%) FLT3 receptor [50, 
59–62]. Further analyses revealed that the mean mRNA expression level of FLT3 is higher in 
leukemic cells than in normal progenitor cells, but percentage is different in various samples 
of AML patients. Nearly, all primary AML patients and other immature leukemic- cells dem-
onstrate FL and FLT3 co-expression [50, 59–61]. Thus, there is recognized evidence that FL 
causes autocrine effect in AML, which leads to development of leukemia.

FLT3-activating mutations represent the most frequent identified genetic mutation in de novo 
AML (−30%) and rarely in myelodysplastic syndromes (−5%). FLT3 genetic aberration is never 
observed in CML, bi phenotypic ALL, chronic lymphoid leukemia, non-Hodgkin’s lymphoma, 
or multiple myeloma patients.

In 1996, the first type of FLT3 mutation was discovered as a duplication of gene (internal 
tandem duplication [ITD]) within the JM domain of FLT3 programmed by exons 14 and 15. 
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In 1996, the first type of FLT3 mutation was discovered as a duplication of gene (internal 
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The  duplicated areas are inconsistent in size (between 3 and 400 bp) and also in location, but 
the resulting product is always rich in tyrosine residues. It is hypothesized that modification 
of the length of the JM domain, rather than increase of tyrosine chain, causes enhancement 
of function of FLT3. Furthermore, an activating point mutation has been identified in the JM 
domain in immature leukemia cell. Mono Mac 1 and Mono Mac6 causes substitution of valine 
by alanine at position valine 592 (V592A) [62], but this mutation has not yet been reported in 
primary AML blasts.

A different group of genetic makeup has been described in the activation loop within the 
second tyrosine kinase domain of the FLT3 receptor that normally inhibits the binding of 
adenosine triphosphate and substrate to the kinase domain when the receptor is in a dormant 
state. Frequently, these involve mutations at aspartic acid 835 (D835) or isoleucine 836 (1836) 
in exon 20.

3.10. FLT3-ITD

FLT3-ITD mutations are present in 20–25% of adult patients with AML and correlate with higher 
WBC count at diagnosis, increased relapse risk, and poor prognosis. Moreover, simultaneous 
loss of the wild-type FLT3 allele is associated with significantly inferior outcome and decreased 
overall survival in FLT3-ITD patients. In pediatric AML patients, FLT3-ITD is detected in 
11–16% of cases and linked to worse prognosis [30, 63–65]. FLT3-ITD mutations more frequently 
occur in acute prolymphocytic leukemia (30–39%) containing t(15;17), which produces the PML-
RARα oncogene. FLT3-ITD receptors are characterized by ligand-independent receptor dimer-
ization and phosphorylation, but the accurate mechanism of this mutation binding and how it 
causes constitutive kinase activity has not yet been fully elucidated. Both lengthening as well as 
shortening of the JM domain result in activation of FLT3 receptor [65].

Structural analysis of the EphB2 RTK, it described that JM domain takes up a z-helical con-
formation, which inhibits the activation of kinase and also self-dimerization. FLT3-ITD would 
affect the hindrance of kinase domain and, with the help of JM domain, would produce auto 
phosphorylation. In further studies of HSCT bone marrow cells in mice which done by retro 
virally transduced with FLT3-ITD, which produced oligo clonal band of MPD due to onco-
genic potential of FLT3 ITD mutation [66].

3.11. TKD mutations

Activating TKD mutations are noticed in 7–14% of adults with AML, but D835 has no significant 
correlation with poor outcome. In pediatric group this mutation was observed 3–8%. Clustering 
algorithms has identified that childhood acute leukemias carrying rearrangements of MLL gene 
on chromosome 11q23 show overexpression of wild-type FLT3 mRNA easily distinguishing 
them from conventional pre-B ALL and AML. Interestingly, FLT3-TKD deletions involving 
codons D835 and I836 were identified more frequently with MLL gene [67, 68]. Patient with 
these activating FLT3-TKD alterations expresses higher levels of FLT3 transcripts [69].

Like FLT3-ITD receptors, FLT3-TKD mutations stimulate ligand-independent receptor activa-
tion and promote growth factor independence in 32D cells. However, it is under evaluation 
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whether FLT3-TKD receptors phosphorylate the same receptor and signal similarly to FLT3-
ITD receptors. It is well known that FLT3-D835 mutations are not associated with a significant 
decrease on the overall survival. FLT3-TKD mutations are also less tumorigenic than FLT3-
ITD mutations, even hypothesized that FLT3- D835Y receptors show a higher level of tyrosine 
kinase activity than FLT3-ITD receptors.

4. Co-expression of other mutant genes with FLT 3/ITD & their 
predictive value

4.1. Prognostic and predictive value of the NPM1, FLT3, and CEBPA genotypes

NPM1 mutation or combined genotype NPM1mut/FLT3-ITDneg is reported as a favorable 
prognostic marker for attainment of a complete remission after induction therapy [70–73]. 
Actually, no data is available for specific chemotherapy for NPM1mut [74].

In a more recent study, NPM1 was shown to act as a co-repressor in retinoic acid-associated 
transcriptional regulation in a manner such that during retinoic acid-induced cellular dif-
ferentiation, activating protein transcription factor 2 (AP2) recruits NPM1 to the promoter of 
certain retinoic acid-responsive genes. The German-Austrian AML Study Group (AMLSG) 
reported favorable effect of ATRA if given with conventional chemotherapy on complete 
remission rate, event-free survival, and OS in elderly patients with (non- APL) AML1 [50]. 
This study finding was coinciding with retrospective data in which beneficial effect of ATRA 
was restricted to NPM1mut/FLT3-ITDneg patients [75]. So, the genotype NPM1mut/FLT3-
ITDneg appears as a predictive genotypic marker for the valuable effect of ATRA in non-
APL AML.

FLT3-ITD has been reported consistently as an unfavorable prognostic marker for RFS and 
OS. Whether other molecular markers, in particular NPM1mut, add to prognostication in 
FLT3-ITDpos, AML is unclear [76, 77]. It is reported in some studies that genotype NPM1mut/ 
FLT3-ITDpos shows more favorable prognosis compared with the genotype NPM1WT/FLT3-
ITDpos; however, confirmation by other studies are due now [56]. More recent data give 
insight that outcome is also related to the concentration of the mutant allele and not just its 
mere presence [77]. However, if NPM1 mutation status was included to the prognostic model, 
the mutant wild-type ratio of FLT3-ITD was not an important prognostic factor. Currently 
in randomized multicenter phase III trial [Cancer and Leukemia Group B (CALGB) 10603; 
clinicaltrials.gov, NCT00651261] wild-type ratio (high versus low) is applied for midostaurin 
(PKC412) in young adult AML patients.

CEBPA mutations are another genetic abnormality that consistently associated with good 
prognosis, either in the subset of patients with intermediate-risk cytogenetics or with nor-
mal karyotypes [74]. In the context of other molecular markers, the mutated CEBPA alone 
retained its prognostic significance for RFS and OS; additional mutations did not affect out-
come in the CEBPA mut subgroup. This needs validation. Actually, even in the largest cohort 
of patients analyzed so far in CN-AML, the sample size in the CEBPA mut subgroup was too 
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low for meaningful analysis, in particular to compare the different post-remission strategies 
( chemotherapy versus autologous SCT versus allogeneic SCT) [74]. Therefore, the prognostic 
marker CEBPA mut cannot actually be used as a predictive marker.

MLL partial tandem duplication (PTD) is exclusively found in normal karyotype (CN)-AML 
with an incidence reported from 5% to 11%. There are no clinical features differentiating 
MLL-PTD positive versus MLL wild-type patients [78]. Approximately 30–40% of MLL-PTD-
positive patients consist of FLT3-ITD mutations, whereas combined existence of CEBPA with 
NPM1 mutations is rare. MLL-PTD is linked with shorter complete remission duration or 
worse RFS; however, in these studies, MLL-PTD did not show any effect on OS [77]. Recently, 
the CALGB reported relationship of MLL-PTD in young adults who received autologous 
SCT in the first complete remission. Clinical outcomes between the MLL-PTD-positive and 
the MLL wild-type groups were equivalent. WT1 mutations were reported in 10–12.6% in 
CN-AML. However, variable results have been mentioned about the prognostic significance 
of WT1 mutations. Both CALGB and MRC studies reported the prognostic impact of WT1 
mutations in young adults with CN-AML. In both studies, patients with WT1 mutations were 
an independent adverse prognostic factor with inferior RFS and OS in multivariate analysis. 
This is in contrast to the findings of Gaidzik et al. who did not observe any decreased RFS 
and OS in relation with WT1 mutations on RFS and OS neither in univariate nor multivariate 
analysis. Of note, when performing exploratory subset analysis on FLT3-ITD samples, the 
WT1mut/FLT3-ITD pos genotype appeared to be associated with worse clinical course. One 
major difference between the three studies is different doses of cytarabine used. Cumulative 
dose of cytarabine was significantly higher in the trial reported by Gaidzik et al. (in prepara-
tion), suggesting that the negative impact ofWT1 mutations reported by others may be over-
come by the use of high-dose cumulative cytarabine. On the basis of the current data, the 
prognostic impact of WT1 mutation remains unclear and its impact on treatment remains to 
be elucidated in future studies.

Although the majority of studied related to CN patients contained at least one of the already 
mentioned genetic alterations. In a study of AML done by one group, almost a quarter of 
patients did not have FLT3-ITD, FLT3-TKD, MLL-PTD, or mutations in the CEBPA or NPM1 
genes [77]. Thus, it is likely that unidentified novel gene mutations and/or abnormal gene 
expression with prognostic significance will be discovered in the future. Expression of the 
meningioma 1 (MN1) gene might become such a novel prognostic factor. Same group in study 
reported also high expression of the MN1 gene related to inferior RFS and OS and a higher 
risk of relapse in CN aged 60 years or younger with de novo or secondary AML. This observa-
tion needs confirmation before implementation.

5. Conventional therapeutic approaches and novel agents in future 
development

The treatment of AML comprises of two phases, initially induction therapy to achieve com-
plete response and consolidation therapy after achieving CR.
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5.1. Induction therapy

The primary objective of induction therapy is attainment of normal bone marrow function. 
The criteria of CR are a platelet count of >100 × 109/L, neutrophil count of >1 × 109/L and a 
bone marrow examination with <5% blasts. Patients with persistent >5% blasts in the bone 
marrow following induction chemotherapy have a poor overall survival (OS) [79, 80]. Despite 
multiple trials, the standard remission induction therapy consisting of three daily infusions 
of an anthracycline and cytarabine given as continuous infusion for 7 days (7 + 3 regimen) has 
not changed much over the years.

5.2. Post-remission consolidation chemotherapy

After achieving complete remission(CR) after induction therapy, disease relapse is a cer-
tainly virtual. Median disease-free survival (DFS) in this circumstance is estimated at only 4–8 
months. Options for post-remission consolidation therapy include high-dose chemotherapy 
allogeneic HSCT [81].

5.3. Response assessment

After conventional induction therapy with 3 days of an anthracycline and 7 days of cytarabine 
(“3 + 7”) or other recommended regimens according to guidelines, response assessment is 
commonly performed between day 21 and 28 after the start of therapy [81].

5.4. Response assessment during follow-up period

Repeat bone marrow examination is recommended every 3 months for the first 2 years; in 
some cases, it continues every 6 months for the following 2–3 years. Most relapses occur 
within 1–3 years after the completion of treatment. Standardized schedule is necessary if 
MRD monitoring is advised. Blood counts should be repeated every 1–3 months for the initial 
2 years and then every 3–6 months up to 5 years [77].

5.5. Role of HSCT as a consolidation strategy

Prospective single institution studies comparing allogeneic HSCT as a consolidation treat-
ment in the 1980s and the early 1990s showed lower relapse rates of 181 and improved DFS 
with allogeneic HSCT in AML patients in CR1, but none conclusively demonstrated a survival 
advantage [81]. Subsequently, six cooperative group trials prospectively addressed the role of 
HSCT in AML in CR1 in 1995 [91]. Patients with HLA-identical sibling donors were offered 
allogeneic transplantation (“Genetic randomization”). Remaining patients were randomized 
to autologous transplantation, intensive consolidation chemotherapy (ICC) or (depending on 
individual trial design) no further treatment.

Among these trials, the landmark European Organization for Research and Treatment of 
Cancer (EORTC)-Gruppo Italiano Malattie Ematologiche Maligne dell’Adulto (GIMEMA) trial 
showed superior 4-year leukemia-free survival (LFS) with allogeneic (55%) and  autologous 

Genomics of Acute Myeloid Leukemia
http://dx.doi.org/10.5772/intechopen.72757

75



low for meaningful analysis, in particular to compare the different post-remission strategies 
( chemotherapy versus autologous SCT versus allogeneic SCT) [74]. Therefore, the prognostic 
marker CEBPA mut cannot actually be used as a predictive marker.

MLL partial tandem duplication (PTD) is exclusively found in normal karyotype (CN)-AML 
with an incidence reported from 5% to 11%. There are no clinical features differentiating 
MLL-PTD positive versus MLL wild-type patients [78]. Approximately 30–40% of MLL-PTD-
positive patients consist of FLT3-ITD mutations, whereas combined existence of CEBPA with 
NPM1 mutations is rare. MLL-PTD is linked with shorter complete remission duration or 
worse RFS; however, in these studies, MLL-PTD did not show any effect on OS [77]. Recently, 
the CALGB reported relationship of MLL-PTD in young adults who received autologous 
SCT in the first complete remission. Clinical outcomes between the MLL-PTD-positive and 
the MLL wild-type groups were equivalent. WT1 mutations were reported in 10–12.6% in 
CN-AML. However, variable results have been mentioned about the prognostic significance 
of WT1 mutations. Both CALGB and MRC studies reported the prognostic impact of WT1 
mutations in young adults with CN-AML. In both studies, patients with WT1 mutations were 
an independent adverse prognostic factor with inferior RFS and OS in multivariate analysis. 
This is in contrast to the findings of Gaidzik et al. who did not observe any decreased RFS 
and OS in relation with WT1 mutations on RFS and OS neither in univariate nor multivariate 
analysis. Of note, when performing exploratory subset analysis on FLT3-ITD samples, the 
WT1mut/FLT3-ITD pos genotype appeared to be associated with worse clinical course. One 
major difference between the three studies is different doses of cytarabine used. Cumulative 
dose of cytarabine was significantly higher in the trial reported by Gaidzik et al. (in prepara-
tion), suggesting that the negative impact ofWT1 mutations reported by others may be over-
come by the use of high-dose cumulative cytarabine. On the basis of the current data, the 
prognostic impact of WT1 mutation remains unclear and its impact on treatment remains to 
be elucidated in future studies.

Although the majority of studied related to CN patients contained at least one of the already 
mentioned genetic alterations. In a study of AML done by one group, almost a quarter of 
patients did not have FLT3-ITD, FLT3-TKD, MLL-PTD, or mutations in the CEBPA or NPM1 
genes [77]. Thus, it is likely that unidentified novel gene mutations and/or abnormal gene 
expression with prognostic significance will be discovered in the future. Expression of the 
meningioma 1 (MN1) gene might become such a novel prognostic factor. Same group in study 
reported also high expression of the MN1 gene related to inferior RFS and OS and a higher 
risk of relapse in CN aged 60 years or younger with de novo or secondary AML. This observa-
tion needs confirmation before implementation.

5. Conventional therapeutic approaches and novel agents in future 
development

The treatment of AML comprises of two phases, initially induction therapy to achieve com-
plete response and consolidation therapy after achieving CR.

Myeloid Leukemia74

5.1. Induction therapy

The primary objective of induction therapy is attainment of normal bone marrow function. 
The criteria of CR are a platelet count of >100 × 109/L, neutrophil count of >1 × 109/L and a 
bone marrow examination with <5% blasts. Patients with persistent >5% blasts in the bone 
marrow following induction chemotherapy have a poor overall survival (OS) [79, 80]. Despite 
multiple trials, the standard remission induction therapy consisting of three daily infusions 
of an anthracycline and cytarabine given as continuous infusion for 7 days (7 + 3 regimen) has 
not changed much over the years.

5.2. Post-remission consolidation chemotherapy

After achieving complete remission(CR) after induction therapy, disease relapse is a cer-
tainly virtual. Median disease-free survival (DFS) in this circumstance is estimated at only 4–8 
months. Options for post-remission consolidation therapy include high-dose chemotherapy 
allogeneic HSCT [81].

5.3. Response assessment

After conventional induction therapy with 3 days of an anthracycline and 7 days of cytarabine 
(“3 + 7”) or other recommended regimens according to guidelines, response assessment is 
commonly performed between day 21 and 28 after the start of therapy [81].

5.4. Response assessment during follow-up period

Repeat bone marrow examination is recommended every 3 months for the first 2 years; in 
some cases, it continues every 6 months for the following 2–3 years. Most relapses occur 
within 1–3 years after the completion of treatment. Standardized schedule is necessary if 
MRD monitoring is advised. Blood counts should be repeated every 1–3 months for the initial 
2 years and then every 3–6 months up to 5 years [77].

5.5. Role of HSCT as a consolidation strategy

Prospective single institution studies comparing allogeneic HSCT as a consolidation treat-
ment in the 1980s and the early 1990s showed lower relapse rates of 181 and improved DFS 
with allogeneic HSCT in AML patients in CR1, but none conclusively demonstrated a survival 
advantage [81]. Subsequently, six cooperative group trials prospectively addressed the role of 
HSCT in AML in CR1 in 1995 [91]. Patients with HLA-identical sibling donors were offered 
allogeneic transplantation (“Genetic randomization”). Remaining patients were randomized 
to autologous transplantation, intensive consolidation chemotherapy (ICC) or (depending on 
individual trial design) no further treatment.

Among these trials, the landmark European Organization for Research and Treatment of 
Cancer (EORTC)-Gruppo Italiano Malattie Ematologiche Maligne dell’Adulto (GIMEMA) trial 
showed superior 4-year leukemia-free survival (LFS) with allogeneic (55%) and  autologous 

Genomics of Acute Myeloid Leukemia
http://dx.doi.org/10.5772/intechopen.72757

75



(48%) HSCT compared to ICC (30%) [81]. However, despite this improved LFS and higher 
relapse rate in patients getting ICC, OS was similar in the three groups, since majority of 
patients relapsing after ICC successfully salvaged with autologous HSCT.

5.6. Novel agents in development

Currently is the era of targeted agents for treatment of malignancies. These targeted thera-
pies for each AML patient are based on unique molecular features. Hypothesis -based study 
designs can give us proper risk stratification for prognosis and predictive treatment options in 
AML. In the following section, promising novel agents in development are described:

1. Tyrosine kinase inhibitors.

2. Epigenetic targeting agents

3. New chemotherapies (tipifarnib, cloretazine (VNP40101M), clofarabine)

4. Agents overcoming chemo resistance

5. Antiangiogenic agents

6. Future direction

NGS technologies have made a huge impact in research and clinical diagnostics. It has 
expanded genes that are causing malignancies and will soon replace routine testing for sin-
gle-gene mutations with NGS-based gene panel diagnostics. The information will be acquired 
from NGS assay and will play a role in personalized medicine. This will provide the basis for 
more comprehensive knowledge data banks that can serve as valuable tools to advance indi-
vidualized treatment approaches [82]. In addition, we also recorded rapid technical advances 
that allow for more accurate MRD assessment and started to offer the possibility of capturing 
leukemia heterogeneity at the single-cell level. NGS will serve as a powerful tool for gain-
ing deeper insights into leukemia stem cell phenotypes, signaling pathways, and function 
[83]. Finally, population based information will be used in the future to tailor NGS panels, 
and useful prognostic and predictive markers can be identified. Novel targeted therapeu-
tic approaches hold promise for improving patient outcomes, but it will be important that 
genomic-based outcome prediction systems stay flexible and adaptable to reflect advances in 
treatment and changes in disease monitoring.

AML biology is rapidly expanding, and there is a great need to apply knowledge to the clini-
cal context as soon as possible in order to improve the outcomes of our patients. Clinical 
outcomes will improve to enhance the clinical care of patients with AML, especially older 
patients for whom clinical outcomes have improved little over the past several decades. 
Instead of delaying introduction of novel agents to the setting of relapsed/ refractory disease, 
we propose consideration of frontline treatment with targeted agents either alone or in com-
bination with chemotherapy, in the context of multicenter and/or cooperative group clinical 
trials, when available.
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7. Conclusion

AML is a biologically and clinically heterogeneous disease. Established therapies have given 
some survival benefit according to risk stratification but overall long-term survival remains 
poor. Most of the patients on diagnosis are elderly, and they have adverse cytogenetic pro-
file. At the same time, these patients are susceptible for transplant-related complications. The 
novel targeted therapies may have a good antileukemic activity with reduced toxicity versus 
available chemotherapeutic options. However, given the molecular diversity of AML, it is 
unlikely that targeted therapies such as FLT3 tyrosine kinase inhibitors will provide a sole 
treatment option in FLT3-mutated patients. With improved diagnostic genetic profiling, risk 
stratification will result in incremental gains in remission and survival.

Furthermore, the identification of cell-specific surface antigens can provide another targetable 
therapeutic option for recombinant monoclonal antibodies. But now difficulty in selecting to 
target leukemic myeloid cells while sparing non-malignant myeloid precursors. Lastly, the 
development of well-tolerated oral therapies, such as clofarabine, will increasingly broaden 
the range of available treatment for elderly patients at a higher risk of mortality from standard 
chemotherapy regimens. It is the beginning of a new era in the treatment of AML to make 
them survive with novel agents with little toxicity, particularly in relapsed or refractory dis-
eases and poor cytogenetic features.
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[83]. Finally, population based information will be used in the future to tailor NGS panels, 
and useful prognostic and predictive markers can be identified. Novel targeted therapeu-
tic approaches hold promise for improving patient outcomes, but it will be important that 
genomic-based outcome prediction systems stay flexible and adaptable to reflect advances in 
treatment and changes in disease monitoring.

AML biology is rapidly expanding, and there is a great need to apply knowledge to the clini-
cal context as soon as possible in order to improve the outcomes of our patients. Clinical 
outcomes will improve to enhance the clinical care of patients with AML, especially older 
patients for whom clinical outcomes have improved little over the past several decades. 
Instead of delaying introduction of novel agents to the setting of relapsed/ refractory disease, 
we propose consideration of frontline treatment with targeted agents either alone or in com-
bination with chemotherapy, in the context of multicenter and/or cooperative group clinical 
trials, when available.
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7. Conclusion

AML is a biologically and clinically heterogeneous disease. Established therapies have given 
some survival benefit according to risk stratification but overall long-term survival remains 
poor. Most of the patients on diagnosis are elderly, and they have adverse cytogenetic pro-
file. At the same time, these patients are susceptible for transplant-related complications. The 
novel targeted therapies may have a good antileukemic activity with reduced toxicity versus 
available chemotherapeutic options. However, given the molecular diversity of AML, it is 
unlikely that targeted therapies such as FLT3 tyrosine kinase inhibitors will provide a sole 
treatment option in FLT3-mutated patients. With improved diagnostic genetic profiling, risk 
stratification will result in incremental gains in remission and survival.

Furthermore, the identification of cell-specific surface antigens can provide another targetable 
therapeutic option for recombinant monoclonal antibodies. But now difficulty in selecting to 
target leukemic myeloid cells while sparing non-malignant myeloid precursors. Lastly, the 
development of well-tolerated oral therapies, such as clofarabine, will increasingly broaden 
the range of available treatment for elderly patients at a higher risk of mortality from standard 
chemotherapy regimens. It is the beginning of a new era in the treatment of AML to make 
them survive with novel agents with little toxicity, particularly in relapsed or refractory dis-
eases and poor cytogenetic features.
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Abstract

Small non-coding RNAs (sncRNAs) are small regulatory molecules, which play key 
roles in fine-tune of all cell functions. In late 1970s and early 1980s, it was first deter-
mined that non-coding RNAs contribute to the cellular regulatory processes. The king-
dom of sncRNAs is very numerous and it is clear that functions of different members of 
this family is different from each other and may be involved in normal and pathologic 
processes in cell. Recently it was investigated that sncRNAs and long non-coding RNAs 
play roles in cellular differentiation, proliferation, metabolic processes, bioenergetic 
regulation, cell death and inter-cellular communications, etc. In embryos, non-coding 
RNAs control maternal-zygotic transition, the maintenance of pluripotency, the patter-
ing of the body axes, the specification and differentiation of cell types and morpho-
genesis of organs. Development of hematologic malignancies in humans, their course 
and regulation of resistance and sensitivity of tumorous cells to therapy are under the 
control of sncRNAs.

Keywords: small non-coding RNAs, micro-RNAs, antago-miRNA, nano-sized polymer 
carriers, leukemic cell transformation

1. Introduction

1.1. Small non-coding RNAs

Small non-coding RNAs (sncRNAs) are oligonucleotides with length less than 200 nt. This 
is numerous family of non-coding genomic regulators. The most investigated sncRNAs are 
micro-RNAs (miRNAs) and small interfered RNAs (siRNAs). Less studied sncRNAs are 
piwi-interacting RNAs (piRNAs), small nuclear RNAs (snRNAs) and small nucleolar RNAs 
(snoRNAs) [1, 2].
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1.2. Biogenesis of micro-RNAs and piwi-interacting RNAs

All small non-coding RNAs before they become functionally active undergo different pro-
cesses of biogenesis from their precursor form. This multistep maturation is necessary 
for normal functionality of small non-coding RNAs. Imbalance of one or more steps of 
sncRNAs biogenesis may results in development of different pathologic disorders and car-
cinogenesis [3].

1.3. micro-RNAs

miRNAs are small, single-stranded RNAs (ssRNAs) that are less than 24 nucleotides in 
length. They control translation of more than 60% of protein-coding genes. Four different 
mechanisms of regulation exist: inhibition of translation initiation, suppression of transla-
tion elongation, degradation of co-translational protein and initiation of translation termi-
nation [4–8].

The biogenesis of miRNAs was previously described [9–13]. Primary miRNAs (pri-miR-
NAs) are mostly transcribed by RNA Polymerase II (RNA Pol II). After that, pri-miRNAs 
undergo nuclear processing by the microprocessor complex of RNAse III enzyme Drosha/
DGCR8 (DiGeorge syndrome critical region gene 8), followed by export into the cytoplasm 
as pre-miRNAs complexed with exportin5 and RAN GTP [9–11]. In the cytoplasm, immature 
miRNAs are duplexes by the cytoplasmic RNase III Dicer together with its catalytic part-
ner Trans-activator RNA (tar)-binding protein (TRBP). Dicer/TRBP cleavage pre-miRNAs 
in duplex RNA (dsRNA) is loaded onto Argonaute (AGO) proteins to generate the RNA-
induced silencing complex (RISC). RISC contains a single-stranded miRNAs and guide them 
to theirs target mRNAs [12, 13].

1.4. Piwi-interacting RNAs

PiRNAs, 26–32 nt long small non-coding RNAs that are associated with the piwi-class AGO 
protein family, are generated independently of Dicer from single-stranded precursors [14]. 
The primary function of these sncRNAs is silencing of transposable elements through de 
novo DNA methylation [15]. Some piRNAs are silencing target protein-coding genes [16]. 
Recently two models of piRNA biogenesis were proposed: the primary processing and the 
secondary amplification (ping-pong amplification loop) pathways. In the germline, piRNA 
biogenesis involves both pathways. Two putative RNA helicases, Armi and FS(1)Yb (Female 
Sterile (1) Yb; also known as Yb) and a nuclease, Zuc (Zucchini), as factors of primary piRNA 
biogenesis. PiRNA precursors or intermediates obtained from uni-strand clusters are cut 
by Zuc to produce piRNAs that bind to piwi proteins. Amplification of loop pathway is 
activated by piRNA derived from primary biogenesis pathway. There should be a relative 
increase in abundance of complementary piRNAs due to the amplification. The primary pool 
of piRNAs amplifying sequences is silencing active transposons in the secondary ping-pong 
amplification loops cycles. The ping-pong amplification loop characterized in many animal 
species requires piwi subfamily proteins: piwi and Aub [17–19]. Sense-strand piRNAs react 
with Ago3 [20], whereas antisense piRNAs bound to Piwi or Aub [21]. In the ping-pong  
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amplification loop model of piRNA biogenesis, antisense piRNAs in complex with Aub 
directly cleaves sense-strand transposon sequences, generating sense piRNAs for Ago3. The 
Ago3-piRNA complex then directs cleavage of antisense piRNA precursors, generating anti-
sense piRNAs for Aub. The 5′-ends of amplified secondary piRNAs are determined by Aub 
and Ago3 Slicer [22–25].

1.5. Role of sncRNAs in carcinogenesis

sncRNAs may play double-faced roles in carcinogenesis as oncogenes and tumor suppres-
sors. As oncogenes sncRNAs function in tumor initiation, progression and resistance to thera-
pies; as tumor suppressors, sncRNAs inhibit cell growth, induce apoptosis, block cell cycle 
and promote cell differentiation [26, 27]. In every pathologic condition, its own biomarker 
sncRNAs exist which indicate prognosis, course of disease and resistance or sensitivity to 
ongoing treatment. These biomarkers may be a basis for creation of new drugs for epigenetic 
therapy of cancers.

2. sncRNAs in AML

In acute myeloid leukemia (AML), some sncRNAs may play roles in oncogenes and other 
sncRNAs may be tumor suppressors. Oncogenic sncRNAs are miRNA-155, miRNA-17-92 
cluster, miRNA-221, miRNA-21, etc. Tumor suppressive functions have miRNA-15a/16 clus-
ter, miRNA-29b, miRNA-181b and members of let-7 cluster [28]. These sncRNAs may be deter-
mined as biomarkers and prognostic markers in AML.

2.1. sncRNAs as biomarkers and prognostic markers of AML

Acute myeloid leukemia (AML) is a heterogeneous hematologic disease, which characterizes 
with disturbances of differentiation and maturation of hematopoietic stem cells or progenitor 
cells and appearance of immature blasts in periphery blood. Any classifications of AML are 
existing (WHO, 2008 with corrections in 2016) [29]. Classification of AML in dependence of 
genetic abnormalities is one of the basic classifications for this disease. All genetic changes in 
AML are also associated with imbalance of expression of different sncRNAs. These sncRNAs 
can be determined as biomarkers of particular type of AML. In Table 1, presents the most 
comprehensive analysis of dysregulated sncRNAs in dependence of AML type. All displayed 
sncRNAs profiles were taken from clinical investigations in AML patients.

2.2. Role of separated miRNAs and piRNAs in AML

miRNA, which most often involved in pathologic processes in AML are let-7 family of miR-
NAs, miRNA-16, 17–92 cluster, miRNA-29, miRNA-30, miRNA-146, miRNA-150, miRNA-155, 
miRNA-196 and miRNA-223. The oncogenic markers are miRNA-17-92 cluster, miRNA-155 
and miRNA-196; the tumor suppressive are miRNA-15/16, let-7 family, miRNA-29, miRNA-
30, miRNA-146, miRNA-150 and miRNA-223 (Figure 1).
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with disturbances of differentiation and maturation of hematopoietic stem cells or progenitor 
cells and appearance of immature blasts in periphery blood. Any classifications of AML are 
existing (WHO, 2008 with corrections in 2016) [29]. Classification of AML in dependence of 
genetic abnormalities is one of the basic classifications for this disease. All genetic changes in 
AML are also associated with imbalance of expression of different sncRNAs. These sncRNAs 
can be determined as biomarkers of particular type of AML. In Table 1, presents the most 
comprehensive analysis of dysregulated sncRNAs in dependence of AML type. All displayed 
sncRNAs profiles were taken from clinical investigations in AML patients.

2.2. Role of separated miRNAs and piRNAs in AML

miRNA, which most often involved in pathologic processes in AML are let-7 family of miR-
NAs, miRNA-16, 17–92 cluster, miRNA-29, miRNA-30, miRNA-146, miRNA-150, miRNA-155, 
miRNA-196 and miRNA-223. The oncogenic markers are miRNA-17-92 cluster, miRNA-155 
and miRNA-196; the tumor suppressive are miRNA-15/16, let-7 family, miRNA-29, miRNA-
30, miRNA-146, miRNA-150 and miRNA-223 (Figure 1).
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Let-7. The let-7 is a 13-member family of miRNAs expressed in human tissues. This sncRNAs 
are induced in embryogenesis and then its high levels are detected in different tissues. Down-
expression of let-7 was obtained in early embryogenesis and its suppression was observed in 
many types of cancers. The main functions of let-7 miRNA are tumor suppression and sup-
porting of cell differentiation. Let-7 targets a human rat sarcoma (RAS) ortholog, a high-mobil-
ity group AT-hook 2 (HMGA2) and MYC. These factors are human oncogenes. Let-7 regulates  

Type of AML [29, 32] Downregulated Upregulated

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

miRNA-9, 18a, 19a–b, 20a, 92, 193a, 196 [34]; 
miRNA-196b [36]; 21, 26a, 125a, 142-3p, 196a, 
494 [37]; 133, 17-3p, 17-5p [38]; let-7b, c [40]

miRNA-126, 130 [33, 36]; let-7a-3, 
30a, b, c [34]; 27a, 146a, b, 150, 155, 
181a, b, 223 [37]; 17–92, miRNA-
24a, b [40]

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

miRNA-30b, d, 335 [36]; 196a, b [37]; let-7b, c [40] miRNA-126 [36]; 126 [40]

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

miRNA-22, 24, 29a, b, 30a, 124, 132, 133a, 133b, 
146a, b, 150, 155, 193b, 221, 222, 424, 503, 542 
[33]; 23a, 181b, 210, 495 [34, 35]; let-7c, miRNA-
26a, 30c, d, 100, 125b, 126-3p, 143, 181a, d [37]; 
16, 29s, 34a [38]; let-7b, miRNA-29c [40]

Let-7a-3, miRNA-30a, b, c, 17h, g, 
196b, 328 [34, 35]; 21, 196a, b [37]; 
17–92, 196a, 219, 326 [38, 40]

APL (M3) with a 
translocation between 
chromosomes 15 and 17 
(PML-RARA)

Let-7c, miRNA-15b, 107, 143, 210, 223, 342 [33]; 
miRNA-16 [34]; 23a [35]; 485-5p [36]; let-7b, 18b, 
22, 24, 27a, 126-3p, 150, 196a, b, 378 [37]; 17-5p, 
20a [39]

Let-7a, let-7d, miRNA-142, 181b 
[33]; let-7a-3, miRNA-30a, b, c, 
337-3p [34]; 125b [35, 37]; 29a, 100, 
146a, 146b-5p, 181 a, b [37]; 127, 
299, 323, 368, 382 [38, 40]

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

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

miRNA-449a [35]

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

miRNA-29a [37] miRNA-335, miRNA-375 [37]

AML with BCR-ABL1 miRNA-203 [41]; 150 [42]; 451 [43]; 120, 151, 155, 
31, 564 [44];

miRNA-23a [41]; 125b, 96 [44];

AML with mutated NPM1 miRNA-424, 181a, b [46]; 320, 145, let-7c [47]; 
10b, let-7, miRNA-29, 181a, 124, 128, 194, 219, 
220a [48]; 204, 126, 130a, 451 [38]

miRNA-10a-5p [45]; 155 [46]; 196a, 
b [47]

AML with biallelic 
mutations of CEBPA

miRNA-34a [49] miRNA-328 [44]; miRNA-181a 
[38, 48]; 335 [38]

AML with mutated RUNX1 Let-7, miRNA-223, 99a, 100 [48] miRNA-24, 23, 27, 155, 211, 220, 
595 [48]

Table 1. AML with recurrent genetic abnormalities [30, 31].

Myeloid Leukemia88

cell cycle suppression of any cyclins, such as cyclin A, cyclin D1 and cyclin-dependent  
kinase 4 (CDK4). It may indirectly suppress LIN28 by the direct inhibition of MYC [23, 24]. 
Let-7c induces megakaryocytic cell differentiation as the result of targeting of PBX2 in myeloid 
cells. This factor in cooperation with Meis1 and HoxA9 are required for MLL-dependent leu-
kemogenesis. Acute promyelocytic leukemia (APL) decreases let-7c levels and cooperation of 
KRAS with PML-RARA results in poor prognosis of disease [25, 26, 50, 51]. One more novel 
axis was determined in poor prognosis leukemia. This is protein tyrosine phosphatase of 
regenerating liver 3: PRL-3/LIN28B/let-7 axis. PRL-3 induces activation the PI3K/AKT path-
way and Src-ERK1/2 pathways. PRL-3 phosphatase activity upregulates LIN28B, a stem cell 
reprogramming factor, which in turn represses the let-7 mRNA family, inducing a stem cell-
like transcriptional program. These pathways support epithelial-mesenchymal transition and 
results in metastatic processes. PRL-3 is detected in more than 50% of patients with AML [27, 
52].

miRNA-16. miRNA-16 is tumor suppressor sncRNAs. miRNA-16 targets anti-apoptotic gene 
Bcl-2 (B-cell lymphoma 2) and numerous genes, which are involved in cell cycle regulation. 
Those genes are cyclin D1, D3, E1 and cyclin-dependent kinase 6 (CDK6). miRNA-16 regu-
lates genes supporting Wnt-signaling pathway, such as WNT3A (wingless-type MMTV inte-
gration site family, member 3A). As a result, miRNA-16 can fine-tune cell cycle, support cell 
apoptosis and inhibit cell proliferation [28, 53]. Erythropoiesis is supported by miRNA-16 and 
its expression positively correlates with the appearance of erythroid surface antigens (CD36, 
CD71 and CD235a) [29, 54]. Its level is downregulated in APL. After treatment, ATRA levels 
of miRNA-16 increase [26, 51].

miRNA-17-92. miRNA-17-92 is one of the most investigated oncogenic miRNA complex in 
leukemia. Cluster 17–92 is complex of seven co-operating miRNAs. Members of this clus-
ter are miRNA-17, miRNA-17*, miRNA-18a, miRNA-19a, miRNA-20a, miRNA-19b-1 and 
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Figure 1. Influence of tumor suppressor sncRNAs and oncogenic sncRNAs on main functions of cells.
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miRNA-92a-1. These miRNAs are located at 13q31. The majority of miRNAs from this cluster 
are overexpressed in MLL-rearranged AML. These miRNAs can support cell proliferation, 
cell viability, inhibit apoptosis, suppress cell differentiation and induce malignant transfor-
mation. In normal hematopoiesis, this complex plays essential roles in monocytopoiesis and 
megakaryocytopoiesis. Targets for 17–92 complex are factors of cellular proliferation E2F1, 
E2F2, E2F3, PTEN (tumor suppressor phosphatase and tensin homolog), BIM (pro-apoptotic 
molecule), AML1, TGFBR2, NCOA3, RBL2, DOCK5, THBS1 and CTGF. RASSF2 and RB1 
genes are target genes in leukemia [29–33, 38, 54–57]. In vivo cluster 17–92 expression signifi-
cantly decreases leukemia latency [34, 40].

miRNA-29. The miRNAs-29 family consists of miRNA-29a, miRNA-29b and miRNA-29c, and 
is encoded and transcribed in tandem by two genes located on chromosome 7q32.3 (miRNA-
29a/b1 locus) or chromosome1q32.2 (miRNA-29a/b2 locus), respectively. As was shown 
recently, miRNA-29a and miRNA-29b regulate critical anti-apoptotic genes, such as myeloid 
cell leukemia-1 (MCL-1) and play tumor suppressor role. These results indicated that miRNA-
29a and miRNA-29b target Mcl-1 and play roles in regulation of apoptosis in AML. Bcl-2, 
Mcl-1 and Bcl-Xl are anti-apoptotic proteins and promote cell survival and proliferation. Both 
miRNA-29a and miRNA-29b not only directly target anti-apoptotic genes but also upregulate 
pro-apoptotic genes, such as BIM (BCL2L11), p53 and the tumor suppressor programmed cell 
death-4 (PDCD4) [35, 36, 58, 59]. Overexpression of miRNA-29a, miRNA-29b or miRNA-2c 
markedly inhibited cell proliferation and promoted cell apoptosis by targeting protein kinase 
B2 (AKT2) and cyclin D2 mRNAs.

miRNA-29b targets DNA methyltransferases (DNMTs) and downregulates DNA methylation 
in malignant cells. In AML cells, enhanced expression of miRNA-29b results in the reduction 
of the expression of DNMT1, DNMT3A and DNMT3B. miRNA-29b downregulates DNMT1 
indirectly by targeting Sp1, a trans-activator of the DNMT1 gene due to a decrease in global 
DNA methylation and re-expression of p15 (INK4b) and ESR1. Moreover, miRNA-29 family 
members may downregulate the active DNA demethylation pathway members tet-methylcy-
tosine dioxygenase (TET1) and thymine DNA glycosylase (TDG) [37, 60]. miRNA-29 targets 
CCNT2 that is a component of the positive transcription elongation factor b (P-TEFb). P-TEFb 
is essential for the elongation of transcription and co-transcriptional processing by RNA 
polymerase II. Different P-TEFb complexes can regulate subsets of distinct genes that are 
important for the embryonic development. miRNA-29 family miRNAs downregulate cyclin-
dependent kinase 6. It provides a differentiation promoting activity of Runx proteins to be 
selectively activated in terminally differentiating cells [38, 61].

miRNA-30. miRNA-30 as was shown is tumor suppressor miRNA in AML. miRNA-30 down-
regulates NOTCH1 gene expression to promote granulocytic differentiation [39, 62].

miRNA-146. miRNA-146a and miRNA-146b are two miRNA, which are highly expressed in 
primitive bone marrow cells (lineage negative). In mature blood cells, their expressions are 
different. miRNA-146a is highly expressed in blood cells maturation lineage. The expression 
of miRNA-146a is regulated by a combination of PU.1 (spleen focus-forming virus proviral 
integration 1) and c-ETS. It was supposed, that miRNA-146a controls maturation of blood 
marrow stem cells in adults and plays role in the self-renewal of long-term hematopoietic 
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stem cells. The decrease or deletion of miRNA-146 levels could result in development of 
AML in adults [40, 63]. miRNA-146a negatively regulates NF-kB by suppressing two signal 
transducers, TRAF6 (TNF receptor-associated factor 6) and IRAK1 (IL-1 receptor-associated 
kinase 1). Absence of miRNA-146a expression is due to NF-kB hyper-expression, which 
involves miRNA-146a/TRAF6/NF-kB/IL-6 pathway resulting in depletion of hematopoietic 
stem cells and the development of myeloproliferative diseases [41, 64]. miRNA-146a also 
downregulates CSF1R. Increased expression of this factor is strongly associated with the 
development of AML [42, 65]. Furthermore, high expression of miRNA-146a impaired bone 
marrow reconstitution in mice and reduced survival of hematopoietic stem cells. Treatment 
of AML patients with ATRA results in downregulation of miRNA-146a, which is associated 
with upregulation of Smad4 pathway [43, 66]. miRNA-146a is downregulated in MLL rear-
rangements. MLL-rearranged AML MEIS1 and HOXA9 are key target genes of MLL-fusion 
proteins. MEIS1/HOXA9 downregulate PU.1 expression, which is essential for miRNA-146a 
expression. Low levels of miRNA-146a result in high levels of SYK and its activation. SYK 
expression and activation is switch leukemic cellular transformation [44, 67].

miRNA-150. miRNA-150 is one of the main regulators of hematopoiesis. It is expressed in 
normal hematopoietic stem cells. The known target for miRNA-150 is Myb, which regulates 
differentiation of progenitor cells toward megakaryocytes and erythrocytes, supporting 
c-KIT expression. In majority of cases of patients with AML this miRNA is downregulated 
[45, 68]. Downregulation of miRNA-150 is associated with misbalance of regulatory fac-
tors. MLL-fusion proteins bind to the promoter regions of miRNA-150 and directly pro-
mote its expression, however, blocking maturation and biogenesis of this miRNA [46, 47, 
69, 70]. Repression of miRNA-150 maturation is associated with expression of Myc protein. 
Myc is a direct target for MLL-fusion protein, which binds to the promoter region of LIN28 
and activates its transcription [48, 71]. miRNA-150 is an important regulator of hemato-
poietic recovery after treatments with chemotherapeutic drugs. miRNA-150 targets other 
genes that are necessary for leukemogenesis. These genes are HOXA7, Meis1 and cyclin-
dependent kinase 2 [38, 72].

miRNA-155. miRNA-155 expressed in high levels in normal HSC and in low in mature hema-
topoietic precursors. It controls early maturation of HSC until common myeloid progenitor 
stage. miRNA-155 supports the leukemogenesis by downregulation of SH2 domain-con-
taining inositol 5′-phosphatase 1 (SHIP1) translation, activating SHIP1-mediated PI3K-Akt 
pathway. This event is due to myeloproliferation and decrease of erythropoiesis. SHIP1 
downregulation results in activation of IL-6 signaling pathway and induces a reactive pro-
liferation of the relatively apoptosis-resistant myeloid precursor cells [49, 73]. Key targets 
of miRNA-155 are PU.1 and Cebpb in myeloid progenitors. PU.1 transcriptionally activates 
miRNA-155, forming positive regulatory loop. PU.1 and CCAAT/enhancer-binding protein b 
(C/EBPb) transcriptionally regulate expression of myeloid-specific miRNA-223, which upreg-
ulates myelopoiesis by indirectly regulating C/EBPa [50, 51, 74, 75]. miRNA-155 promotes 
production of inflammatory cytokines in mature myeloid cells. It negatively regulates anti-
inflammatory factors, such as SHIP1 and SOCS1 [52, 76]. miRNA-155 reduces apoptotic activ 
ity of myeloid cells in vitro and in vivo by the regulation of Akt-signaling pathway [53, 54, 77, 78].  
In silico target prediction identified a number of putative miRNA-155 target genes, and the 
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integration 1) and c-ETS. It was supposed, that miRNA-146a controls maturation of blood 
marrow stem cells in adults and plays role in the self-renewal of long-term hematopoietic 

Myeloid Leukemia90

stem cells. The decrease or deletion of miRNA-146 levels could result in development of 
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transducers, TRAF6 (TNF receptor-associated factor 6) and IRAK1 (IL-1 receptor-associated 
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stem cells and the development of myeloproliferative diseases [41, 64]. miRNA-146a also 
downregulates CSF1R. Increased expression of this factor is strongly associated with the 
development of AML [42, 65]. Furthermore, high expression of miRNA-146a impaired bone 
marrow reconstitution in mice and reduced survival of hematopoietic stem cells. Treatment 
of AML patients with ATRA results in downregulation of miRNA-146a, which is associated 
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[45, 68]. Downregulation of miRNA-150 is associated with misbalance of regulatory fac-
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dependent kinase 2 [38, 72].
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topoietic precursors. It controls early maturation of HSC until common myeloid progenitor 
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ity of myeloid cells in vitro and in vivo by the regulation of Akt-signaling pathway [53, 54, 77, 78].  
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expression changes transcription factors of myeloid proliferation and apoptosis, such as 
MEIS1, GF1, cMYC JARID2, cJUN, FOS, CTNNB1 and TRIB2 [55, 79].

miRNA-196. miRNA-196 is a member of homebox regions (HOX) clusters family miRNAs: 
miRNA-10, 196 and 615. HOX genes encode transcription factors, which control embryonic 
development. miRNA-196 are highly expressed in AML. MLL-fusion proteins directly upregu-
late expression of miRNA-196, which is necessary for leukemic cells immortalization. miRNA-
196 blocks granulocyte colony-stimulating factor-induced granulopoiesis [56, 80]. Recently 
it determined double-faced regulation by the miRNA-196 of MLL-associated AML. miRNA-
196 may be double-faced Janus in MLL-rearranged AML. On the one hand, it targets MLL-
associated HOXA9/MEIS1 oncogenes; on the other hand, it regulates first apoptosis signal 
(FAS) (also known as Apo-1 or CD95) tumor suppressor gene. High expression of miRNA-196 
is associated with the more aggressive leukemic phenotypes and worse prognosis for patients 
with leukemia [38, 57, 81, 82].

miRNA-223. miRNA-223 is an intergenic miRNA, which is highly expressed in human periph-
eral blood granulocytes and bone marrow-committed myeloid precursors. It is regulated by two 
factors PU.1 and C/EBPb [40, 58, 59, 83–85]. miRNA-223 has tumor-suppressive role in AML, 
and its expression is downregulated in this disease. Targets for miRNA-223 are erythrocyte 
membrane protein band 4.1 like 3, septin 6, FBXW7, ataxia teleangiectasia mutated, insulin-like 
growth factor 1, paired box 6 and caprin-1. FBXW7 (F-box protein in the SCF E3 ligase complex) 
protein leads to ubiquitination of binding proteins and proteasomal degradation. It regulates 
cell proliferation, differentiation, cell cycle, migration and invasion. miRNA-223 downregu-
lates this factor and results in inhibition of cell proliferation and enhancing apoptosis [60, 86]. 
Other target genes for miRNA-223 are LMO2, NFI-A, MEF2C (myocyte enhancer factor) and 
E2F1 (adenovirus E2 promoter-binding factor 1). In normal conditions, increased expression 
of miRNA-223 promotes differentiation toward granulocytes. Its repression associated with 
differentiation to erythrocytes and monocytes/macrophages [40, 61, 83, 87]. C/EBPa regulates 
miRNA-223 that blocks myeloid cell cycle progression by targeting E2F1. Overexpression of 
E2F1 results in repression of miRNA-223 gene expression by the negative feedback [62, 88].

2.3. Piwi-interacting RNAs

Piwi-interacting RNAs is the most numerous class of sncRNAs, whose action in normal and 
malignant hematopoiesis is less studied. Piwi-regulatory proteins are Argonaute family pro-
teins, which are essential for germ stem cells self-renewal and maintenance. They are encoded 
by highly conserved PIWI genes. Human genome has four piwi-coding genes: HIWI, HILI, 
HIWI3 and HIWI2. Piwi proteins are associated with piRNAs and they act in cooperation 
with each other. Firstly, piwi proteins were identified in germ cells and then in somatic cells 
[63, 89]. A growing number of studies have found that piwi proteins in humans and mice, 
specifically, HIWI, PIWIL2 and PIWIL2-like proteins, are expressed in various types of tumor 
cells. In addition, piRNAs were also detected in these cells [64, 90].

In AML, piwi proteins and piRNAs are deregulated. Recently, it was shown that high expres-
sion of piwi-like protein 4 in leukemic cells in 72% of the patients with different types of AML 
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compared to healthy controls, and in 90% of the patients with MLL-AF9 rearranged AML [13, 
65]. PiRNAs act as sequence-specific guides for piwi proteins, and they support biogenesis 
and stability of piRNAs. Piwi and piRNAs are involved in the intra-nuclear processes such 
as heterochromatin formation, mobile transposable elements (TE) silencing and repressive 
histone modifications (H3K9me3). The piwi protein PIWIL4 is overexpressed in a large pro-
portion of AML leukemia patients. This knockdown results in gross changes in histone meth-
ylation and slowed leukemic growth. It suggests a tightly regulated piwi pathway is essential 
for normal hematopoiesis [66, 91].

Mobile transposable elements, which are under the control of piwi and piRNAs constitute 
approx. 44% of the human genome. TE could actively contribute to genetic heterogeneity, to 
alter the behavior during adaptation, and responses to stress. Somatic retrotransposition and 
its associated insertional mutagenesis have particularly important implications for carcino-
genesis and are often associated with different cancers. TE activity can generate a wide spec-
trum of genomic mutations, ranging from point mutations to gross rearrangements. These 
events may be due to development of different diseases. Mobile transposable elements such 
as duplications caused by Alu-Alu (SINE type of TEs) recombination in intron 1 and 6, result 
in a duplication of exons 2–6 of gene MLL1 [67, 68, 92, 93]. Chromosomal rearrangements in 
MLL are result of Alu recombination. In partial duplication events, TEs are inserted near the 
translocation breakpoints. MYB and MLL duplications were also obtained in healthy controls,  
whereas leukemogenesis is induced by TE insertions during blood cell differentiation [69, 94].  
Knockdown of the murine piwi protein MIWI2 leads to abnormal hematopoiesis and ery 
throid precursors take on characteristics of more differentiated erythroid cells [70, 71, 95, 96].  
The roles of piRNAs in hematopoiesis have only just begun to be explored and it seems likely 
that more will be uncovered in the near future. Certainly, regulation of mobile transposable 
elements, histone modificatiowns, DNA methylation processes by piwi and piRNAs are 
important for leukemogenesis and for tumor suppression. Investigation of new piwi/piR-
NAs biomarkers will be a novel diagnostic tool and possible hopeful epigenetic treatment of 
patients with AML in future.

2.4. SncRNAs as markers of therapeutic resistance or sensitivity to AML treatment

All sncRNAs from the view of chemoresistance and sensitivity of AML patients to the cur-
rent treatment can be assigned to the two groups. Group 1 characterized with high level of 
expression of sncRNAs, which associated with sensitivity to therapy. This group members are 
miRNA-181a, b; let-7f, miRNA-9*, miRNA-96, miRNA-135a, miRNA-409, miRNA-10, miRNA-
29b and miRNA-217 [72, 73, 97–100]. Group 1 members act through activation of cellular dif-
ferentiation, inhibition of leukemic cells proliferation and survival, regulation of cell cycle, 
inducing of apoptosis and suppression of migration and invasion. Group 2 characterized with 
high expression of sncRNAs, which associated with resistance to therapy. Group 2 members 
are miRNA-155, miRNA-125b, miRNA-126, miRNA-210, miRNA-3151, miRNA-196b, miRNA-
199a, miRNA-191, miRNA-644, miRNA-363, miRNA-532-5p and miRNA-342-3p [74, 101].

miRNA-181a is the most investigated miRNA with its chemosensitive action on leukemic 
cells. Investigations of samples from cohort of patients of different ages, miRNA-181a was 
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identified as marker of chemosensitivity [75, 102]. The main function of this miRNA is acti-
vation of apoptotic activity in cells and inducing sensitivity of leukemic to native immunity 
action. Direct targets for this miRNA are KRAS, NRAS, transcription factor Prospero home-
box protein 1 (Prox1) and HMGB1, a member of the high-mobility group box DNA-binding 
proteins. The CD4 co-receptor is another target for miRNA-181a. Anti-proliferative effect of 
miRNA-181a is associated with targeting of FBJ murine osteosarcoma viral oncogene homo-
log (FOS), which is involved in Moloney murine sarcoma viral oncogene homolog (MOS)/
dual specificity mitogen-activated protein kinase (MEK)/mitogen-activated protein kinase 
(ERK) pathway [76, 103]. miRNA-181a can sensitize leukemic cells to natural killer (NK) cell 
action [77, 104]. miRNA-181a regulates mechanisms of cell proliferation, differentiation and 
apoptosis of normal cells. All regulated targets for miRNA-181a are aberrantly expressed and 
are frequently mutated in acute myeloid leukemia. Promotion of high expression of miRNA-
181 in the case of AML may have partial positive effect for chemosensitivity of leukemic cells 
and for anti-leukemic activity [78, 79, 105, 106].

Other miRNA, which enhances chemosensitivity of leukemic cells is miRNA-217. This 
sncRNA decreases leukemic cell proliferation via the cell apoptosis pathway. It targets KRAS 
regulator of signaling links from extracellular space to the nucleus. KRAS connects multiple 
upstream signals to various downstream signaling pathways [97].

miRNA-155 is oncogenic miRNA, whose high expression is able increase chemoresistant 
effects of anti-leukemic drugs. Its increased expression is correlated with decreased CR rates 
and a shorter overall survival (OS) of patients with AML. In our laboratory, primary in vitro 
leukemic cells were transformed into megakaryocytes after using complexes of polymer car-
rier with antgo-miRNA-155 [80, 107].

Another miRNA from the second group is miRNA-126. High expression of this miRNA corre-
lated with decreased CR rates and shortened OS. Treatment with nanoparticle-based antago-
nist of miRNA-126 results in strong anti-leukemic effects in murine leukemia models and 
chemo-sensitizing effects of cytarabine and idarubicin in AML cell lines.

Recently determined miRNAs predict the prognosis of AML. From the amount of miRNAs 
were indicated miRNAs, which expression is dysregulated in patients with poor prognosis 
of AML. miRNA-107, miRNA-155, miRNA-25, miRNA-29b and miRNA-196a are associated 
with short OS of patients. The worse prognostic marker was miRNA-25 expression dysregu-
lation [76].

3. Conclusion

The normal bone marrow stressor or injury factors act as dysregulators of epigenetic and 
genetic program of hematopoietic stem cells, which is due to downregulation of separated 
sncRNAs and upregulation of other sncRNAs. These events result in the development of 
imbalance of regulating cell program and consequent transformation of normal hematopoi-
etic cells into leukemic. In this case, genotypic and phenotypic markers of pathologic cells 
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are changing. These cells change its functions. They lose possibility to normal lifecycle: to 
differentiation, maturation and death. As a consequence, leukemic cells produce abnormal 
proteins and express particular palette of sncRNAs, which worsens the negative impact into 
development of AML.

The chemotherapy may change expression map of sncRNAs in the advantageous or in the 
disadvantageous position. The study of this map may be useful tool for hematologists and 
hemato-oncologists in the diagnostic of course, efficacy and prognosis of AML in the particu-
lar case. In the course of chemotherapy, downregulation of oncogenic sncRNAs and inducing 
of tumor suppressor sncRNAs associates with favorable prognosis of disease. On the con-
trary, inhibition of sncRNAs with tumor suppressive properties and high expression of onco-
genic sncRNAs due to unfavorable prognosis of AML.

Reversing of changed epigenetic program of cells and its supporting may be the novel tool 
for the treatment of different hematological malignancies even which have poor prognosis. 
Treatment with anti-oncomiRNAs and inducing of producing, biogenesis and maturation 
of miRNAs with tumor suppressive properties may be new therapeutic benefit in complex 
therapy of AML. However, limitations to this treatment modality include the instability of 
free-floating anti-miRNAs in the plasma and their vulnerability to breakdown by nucleases, 
nonspecific tissue uptake and renal clearance. These limitations can be overcome by nanopar-
ticle-based delivery of the anti-miRNAs to target tissues.
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Abstract

Hypoxia-inducible factor (HIF) is the central master regulator of adaptation to decreased 
oxygen availability in both physiological and pathological conditions. In leukemia, HIF 
regulates tumor cell metabolic regulation, metastasis, and other tumor-adaptive survival. 
However, the regulatory role of HIF in different types of leukemia, including myeloid 
leukemia, has been unclear. In this chapter, the focus throughout is on the aspects of roles 
of HIF in the tumor mitochondria metabolic change that are relevant to the assessment 
and treatment of myeloid leukemia. The connection of HIF with metabolic modification 
and anaerobic metabolism, along with epigenetic modification, contribute to abnormal 
biological and clinical behavior of myeloid leukemia, including response to treatment. 
We have also explored the metabolic requirements of tumor cell proliferation in an 
attempt to understand why tumor cells escape hypoxia-induced cell growth inhibition. 
We believe that a better understanding of the mechanistic links between HIF-regulated 
cellular metabolism, growth control, and epigenetic modifications could be useful for the 
indication of pharmaceutical agents in myeloid leukemia.

Keywords: myeloid leukemia, HIF, epigenetic modification, metabolism, treatment of 
myeloid leukemia

1. Introduction

Myeloid leukemia is the most prevalent leukemia in adults, including acute myeloid leuke-
mia (AML) and chronic myeloid leukemia (CML). AML is an aggressive hematologic malig-
nancy that results in the disruption of normal self-renewal, differentiation, and hematopoietic 
stem and progenitor cell expansion leading to increased proliferation and accumulation of 
immature nonfunctioning myeloid progenitors. In turn, myeloid progenitors were blocked to 
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further differentiate into mature myeloid cell to play its role in the hematopoietic system. In 
comparison, in CML, hematopoietic stem cell is preferred to differentiate myeloid cells (leu-
kemia cells). CML is much milder due to these leukemia cells still partial functions to main-
tain homeostasis. However, the leukemia cells uncontrollably divide, build up in the bone 
marrow, and spill over into the blood. Over time, the cells settle in other parts of the body, 
especially in the spleen (causing splenomegaly), and it can also promote into a fast-growing 
AML. The American Cancer Society reports that incidence rates have increased over the past 
few decades, estimating that in 2015 about 20,830 new cases of AML and 14,620 new cases 
of CML were diagnosed, and 10,460 deaths from AML and 4650 deaths from CML would 
occur in the USA [1]. Currently, the majority of AML patients still have a poor prognosis, 
making the development of novel therapies a priority. Prognosis is influenced by a combina-
tion of cytogenetic and genetic characteristics of the disease, together with clinical features 
and the patient’s age. In the albeit heterogeneous genetic landscape of myeloid leukemia, 
many myeloid leukemia patients exhibit recurrent mutations in genes encoding epigenetic 
regulators [2]. It is thus becoming increasingly clear that epigenetic dysfunction plays a key 
role in leukemogenesis of AML and CML [3]. More importantly, the epigenetic regulators 
CREB-binding protein (CBP) and p300 histone acetyltransferases (HATs), as important HIF 
co-transcriptional factors, facilitate leukemogenesis and represent therapeutic targets in AML 
[4]. Here, we have focused on the effect of dysregulated epigenetic programs in the develop-
ment and maintenance of myeloid leukemia. In addition, we have discussed recent advances 
in therapies specifically targeting these key epigenetic mechanisms.

2. Hypoxia-inducible factor

Oxygen supply and consumption are tightly regulated and dynamically balanced in most 
normal tissues. However, supply and consumption of oxygen in tumor cells are usually 
decoupled due to the loss of physiological control and aberrant molecular signaling that pro-
vide malignant growth and survival advantages. Hypoxia appears in tumor cells when the 
metabolic demand for oxygen exceeds its extracellular availability. One of the main early cel-
lular events responded upon hypoxia is activation of hypoxia-inducible factor 1 and 2 (HIF-1 
and HIF-2), a critical heterodimeric transcription factor. HIF then in turn binds to hypoxia-
responsive elements (HREs), with the minimal core sequence 5’-CGTG-3’, and influences the 
expression of various genes involved in angiogenesis, metabolism, pH regulation, prolifera-
tion, metastasis, and a wide range of other signaling processes.

2.1. Structure of hypoxia-inducible factor and domain structure of α subunits

The structure of HIF was identified as a dimer protein composed of HIF-1β and HIF-1α subunits. 
HIF-1β, the aryl hydrocarbon receptor nuclear translocator (ARNT), and its highly homologous 
protein ARNT2 and ARNT3, is constitutively expressed. All the three HIF-β subunits have the 
potential in forming dimers with various HIF-α subunits [5]. In normoxic conditions, HIF-1α 
is expressed ubiquitously at low closely balanced levels in all organs and has six  different 
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splice variants [6]. HIF-2α is most abundantly expressed in the lung, followed by the heart, 
brain, liver, and various other organs. Despite their similarities in mediating transcriptional 
responses to hypoxia, HIF-1α and HIF-2α have distinct, nonredundant functions (reviewed in 
Semenza [2004] [7]). HIF-3α is the least-studied member of the family and has multiple splice 
variants [5]. The functional domains of HIF include DNA-binding region basic helix-loop-helix 
(bHLH), HIF dimerization-binding region PER-ARNT-SIM (PAS), oxygen tension modulated 
N-terminal transactivation domain (N-TAD), and C-terminal transactivation domain (C-TAD). 
HIF-α subunit also contains oxygen-dependent degradation domain (ODDD).

2.2. Oxygen-dependent hypoxia-inducible factor regulation

The regulation of HIF by the extent of oxygen pressure is dependent on the intermediator 
that affects HIF-α protein stability and/or its ability to bind cofactors essential for transcrip-
tional activity. In normoxia, HIF-α is strictly controlled by two types of oxygen sensors. First, 
2- oxoglutarate (2-OG)-dependent prolyl hydroxylase domain (PHD) proteins could hydroxyl-
ate two prolyl residues (Pro402 and/or Pro564) in the N-TAD of HIF-1α ODDD regions (Figure 1) 
[8, 9]. Currently, three functional 2-OG-dependent PHD have been identified—PHD1, PHD2, 
and PHD3,—and all three require oxygen, Fe2+, and 2-OG as cofactors. This modification 
of HIF-α promotes its destruction by the proteasomal system through interaction with von 
Hippel-Lindau (VHL) protein, a component of an E3 ubiquitin ligase complex [10]. A second 

Figure 1. HIF-1α regulation and HIF-1α dependent gene expression under hypoxia.
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oxygen sensor called factor-inhibiting HIF-1 (FIH-1) involves hydroxylation of an asparagine 
residue (Asn803) in the C-TAD of HIF-1α, which also utilizes oxygen as a substrate [11]. The 
hydroxyl modification of Asn803 blocks the binding of the cofactor proteins) CREB-binding 
protein (CBP) and p300 thus inhibit HIF transcriptional activity. In hypoxia, HIF-α is regulated 
through “bicephalous” transcriptional nature in an FIH-dependent or FIH-independent man-
ner [12]. In short, PHD has a lower affinity for oxygen than HIF and therefore is more rapidly 
inhibited. Consequently, genes require only the N-TAD to be induced. As oxygen decreases 
further, the inhibition of C-TAD is released and HIF-1α retains full transcription activity.

2.3. Metabolic-dependent HIF regulation

The metabolic intermediates are also the key regulators disrupting the hemostasis of HIF 
activates. As mentioned earlier, PHDs are 2-OG-dependent dioxygenases, catalyzing the con-
version of a prolyl residue, molecular oxygen, 2-OG to hydroxyprolyl, carbon dioxide, and 
succinate using ferrous iron as cofactor. In addition, succinate also intermediates in the tricar-
boxylic acid (TCA) cycle catalyzed by succinate dehydrogenase (SDH) to fumarate in mito-
chondria. SDH dysfunction in cells raises the levels of succinate, which accumulates and leaks 
out to cytosol [13]. The increased level of succinate also inhibits PHDs activity due to accumu-
lation succinate feedback, leading to the stabilization of HIF-α and activation of HIF complex. 
Similarly, deficiency of fumarate hydratase (FH) leads to accumulation of fumarate in the cyto-
sol. Due to chemical similarity of fumarate to succinate, FH-deficient cells could also inhibit 
PHDs [14]. Other metabolic changes, such as diseases related to iron homeostasis, also cross-
talk with HIF regulation. Hepcidin, a small polypeptide, plays a central role in regulating iron 
uptake. Iron demand in bone marrow increases when erythropoiesis is stimulated by hypoxia 
via increased erythropoietin (EPO) synthesis. Iron overload disease like hemochromatosis and 
iron decrease in anemia, feedback hepcidin production through VHL-HIF regulation [15].

3. HIF regulation in mitochondria metabolic change

HIF is the central master regulator of adaptation to decreased oxygen availability in both 
physiological and pathological conditions. It is evolutionary pressure to reestablish metabolic 
balance to allow normal tissue and/or even tumor to survive. Physiologically, in the wound-
healing area, damaged tissue leads to hypoxia and facilitates vascular growth. However, 
pathologically, in the solid tumor region, oxygen demand is in continuous increase due to the 
uncontrollable growth of the cancer cell. Hypoxia also represents the unifying feature of the 
microenvironment of solid tumors. The adaptive changes of tumor survival pattern referred 
to as “hypoxia tumor phenotype” are greatly noticed.

3.1. HIF regulation of metabolic change

HIF upregulation in tumors plays a central role in metabolic switch from aerobic metabo-
lism to anaerobic metabolism. In turn, all the enzymes (e.g., aldolase A and C, enolase 1, 
hexokinase 1 and 2, pyruvate kinase M (PKM), phosphofructokinase) and glucose trans-
porters (GLUT1, GLUT3) involved in glycolytic pathway are upregulated [16]. Moreover, 
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conversion of pyruvate to acetyl-CoA, TCA cycle, and mitochondrial biogenesis are inhib-
ited through downregulation of pyruvate dehydrogenase kinase (PDK) 1 and 3 [17, 18].  
Even though the glycolysis produces far less energy than TCA cycle per glucose mol-
ecule, it has a significant higher throughout. In addition, the accumulated by-products 
could be used as sources of carbon to produce nucleotides and lipids for proliferat-
ing cells [19]. The classic view of metabolism is that of a self-correction of homeostasis 
responding to microenvironment. In this model, for cancer to arise, tumor hypoxia selects 
cells depending on anaerobic metabolism [20]. Secondary mutations are needed to give 
cells the ability to transform the capability to alter existing cell metabolism in a way that 
supports cell growth. One example is that of mouse embryonic fibroblasts that reduce 
oxygen consumption when switching from 20% O2 to 1% O2, and continued low oxygen 
consumption when returning to 20% O2, suggesting HIF stable modified metabolic repro-
gramming [21].

The direct consequence of glycolysis is the production of lactic acid by hypoxic tumor cells 
leading to tumor acidosis. Intracellular acidosis poses a threat to cell survival. Readjusting 
intracellular pH (pHi) is a critical strategy to protect against apoptosis and cell death. HIF 
upregulated monocarboxylate transporter 4 (MCT4) and Na+/H+ exchanger (NHE1) facilitate 
exportation of H+ [22, 23]. Moreover, two transmembrane carbonic anhydrases (CAs) catalyze 
CO2 to be hydrated to HCO3

− and H+, CA IX, and XII overexpressed in tumors also regulated 
by HIF. This reaction facilitates proton generation in the extracellular space, which contrib-
utes to acidification in tumor microenvironment, while preventing acidification of intercel-
lular milieu of cancer cell [24].

4. HIF regulation in epigenetic modification

Wadding first proposed the concept of epigenetics in 1915 and believed that the phenotypes 
generated from certain genotype within the scope of epigenetics. Meanwhile, he explained 
the expression of the genetic materials in the entire life process for the first time by using the 
concept of “Whole View” [25]. Holiday summarized with a more comprehensive explanation 
that “epigenetics refers to the changes of the gene expression manner with no difference and/
or change of heritage DNA sequence” [26]. Epigenetics is involved in individual development 
and the gene expression regulation in the biological process, however, it could also lead to 
human diseases when it is interfered [27].

4.1. Histone acetylation

Histone acetylation, a process closely related to transcriptional activation is one of major epi-
genetic modifications. Histone acetylation occurs in the lysine residue located at the end of the 
histone N-terminal. Histone acetylation induces relaxed and/or higher-order structure of chro-
matins through transcriptional regulation [28]. In addition, the acetylated histone produces 
a signal that binds to the protein, producing intrinsic activities or capped-chromatin remod-
eling complexes, thereby promoting the transcriptional induction. Histone acetylation is 
mainly controlled by the inhibitory activities of histone acetyltransferases (HATs) and histone 

HIF-Regulated Leukemogenesis Through the Advances on Epigenetic Mechanism
http://dx.doi.org/10.5772/intechopen.75769

109
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Similarly, deficiency of fumarate hydratase (FH) leads to accumulation of fumarate in the cyto-
sol. Due to chemical similarity of fumarate to succinate, FH-deficient cells could also inhibit 
PHDs [14]. Other metabolic changes, such as diseases related to iron homeostasis, also cross-
talk with HIF regulation. Hepcidin, a small polypeptide, plays a central role in regulating iron 
uptake. Iron demand in bone marrow increases when erythropoiesis is stimulated by hypoxia 
via increased erythropoietin (EPO) synthesis. Iron overload disease like hemochromatosis and 
iron decrease in anemia, feedback hepcidin production through VHL-HIF regulation [15].

3. HIF regulation in mitochondria metabolic change

HIF is the central master regulator of adaptation to decreased oxygen availability in both 
physiological and pathological conditions. It is evolutionary pressure to reestablish metabolic 
balance to allow normal tissue and/or even tumor to survive. Physiologically, in the wound-
healing area, damaged tissue leads to hypoxia and facilitates vascular growth. However, 
pathologically, in the solid tumor region, oxygen demand is in continuous increase due to the 
uncontrollable growth of the cancer cell. Hypoxia also represents the unifying feature of the 
microenvironment of solid tumors. The adaptive changes of tumor survival pattern referred 
to as “hypoxia tumor phenotype” are greatly noticed.

3.1. HIF regulation of metabolic change

HIF upregulation in tumors plays a central role in metabolic switch from aerobic metabo-
lism to anaerobic metabolism. In turn, all the enzymes (e.g., aldolase A and C, enolase 1, 
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leading to tumor acidosis. Intracellular acidosis poses a threat to cell survival. Readjusting 
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by HIF. This reaction facilitates proton generation in the extracellular space, which contrib-
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Wadding first proposed the concept of epigenetics in 1915 and believed that the phenotypes 
generated from certain genotype within the scope of epigenetics. Meanwhile, he explained 
the expression of the genetic materials in the entire life process for the first time by using the 
concept of “Whole View” [25]. Holiday summarized with a more comprehensive explanation 
that “epigenetics refers to the changes of the gene expression manner with no difference and/
or change of heritage DNA sequence” [26]. Epigenetics is involved in individual development 
and the gene expression regulation in the biological process, however, it could also lead to 
human diseases when it is interfered [27].
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Histone acetylation, a process closely related to transcriptional activation is one of major epi-
genetic modifications. Histone acetylation occurs in the lysine residue located at the end of the 
histone N-terminal. Histone acetylation induces relaxed and/or higher-order structure of chro-
matins through transcriptional regulation [28]. In addition, the acetylated histone produces 
a signal that binds to the protein, producing intrinsic activities or capped-chromatin remod-
eling complexes, thereby promoting the transcriptional induction. Histone acetylation is 
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deacetylases (HDACs), and the substrates of HDAC include non-histone proteins, some tran-
scription factors, and cofactors [29]. As a consequence, histone deacetylases generally inhibit 
transcription. It is also interesting that they negatively regulate HIF-dependent transcriptions. 
Previous studies have shown that methylation of Reptin at lysine 67 in hypoxia condition 
by the methyltransferase G9a negatively regulates hypoxic responses [30]. Consequently, 
while in hypoxia condition, the chromatin remodeling factor HIF-1α Reptin binds to HDAC1, 
the target gene of HIF is involved in the supplementation of HDAC1, besides, HDAC4 and 
HDAC5 complement the expression of HIF target promoter in HIF-dependent transcription 
to become more active [31]. Moreover, histone deacetylase inhibitors could promote gene 
expression in the transcription of several HIF target promoters and induce inhibition of HIF-
dependent angiogenesis.

The mechanisms of the HDAC-dependent gene activation are still not well defined. However, 
it becomes increasingly apparent that the HIF C-TAD-p300/CBP interactions are necessary. 
There are evidences suggesting the targets of deacetylated p300/CBP and HIF. In this concept, 
HIF, P300 and HDAC4, HDAC5, or HDAC7 have been reported to form multi-polyprotein 
complexes [31, 32]. This also shows that HDAC4 and HDAC5 could promote the binding 
between HIF-1 and p300, thereby enhancing the expression of HIF target genes. However, 
the gene expressions regulated by epigenetic mechanisms that are involved in the hypoxia 
response are different. It is generally separated into following steps: (1) HIF recruit co- 
activator enhancing the expression of HIF. (2) The interaction between HIF-p300 and CBP by 
the inhibition of hypoxia to induce HIF-1 expression. (3) HDAC4 and HDAC5 can promote 
the interactions between HIF-1α and p300. (4) HDAC4 and HDAC5 promote the interaction 
between HIF-1α and p300. (5) SWI/SNF complexes alter the chromatin structures in some HIF 
target promoters and enhancers to benefit their expression [33].

Specifically, hypoxia promotes the changes in the status of the hypoxia-induced gene pro-
moter histone methylation: activation of hypoxia histone demethylase and inhibition of 
JMJD1A histone demethylase, which can cause H3K9me2 reduction and H3K4me2 increase, 
respectively, thus enhancing the gene expression [34, 35]. In addition, hypoxia could increase 
the expression of some HIF target promoters H3K27me3 and H3K4me3. Under hypoxia con-
ditions, the interactions of HIF1-α and Reptin are enhanced, leading to some HDAC1 supple-
mentation of the HIF target genes and negative regulation of transcription; the changes in 
the status of histone methylation and acetylation promote hypoxia-inhibited gene. Hypoxia 
could increase the levels of H3K9me2 and H3K4me3, and decrease the levels of H3K27me3 
and H3K9ac.

4.2. Histone methylation

Histone methylation, as another main epigenetic modification, is a stringent regulatory pro-
cess, which relies on the activities of histone methyltransferase and histone demethylase. 
Histone demethylase induces the dynamic equilibrium of the histone methylation during 
hypoxia. During hypoxia, histone demethylase can increase the expression of these enzymes, 
and the decreased enzyme activity can be regulated completely or partly by oxygen deficiency. 
Some histone lysine methylation can be specifically prevented under hypoxic  conditions. 
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 Hypoxia-induced histone methylation might be achieved by the partial inhibition of spheri-
cal JHDMS and the reduction of histone methylation of some hypoxia response promoters. 
Interestingly, Jumonji domain-containing protein 1A (JMJD1A) is the HIF target gene itself. 
Krieg and his colleagues suggested the regulation of feed-forward mechanism in which HIF 
might represent for the likely HIF-dependent gene expression of JMJD1A [36]. They suggested 
that JMJD1A maintained the apparent genetic pattern of the activities of the target promot-
ers, thereby minimizing the required energy-supported expression. JMJD1A indicates that 
more consideration should be given to the induction of differential genes and other JHDMS 
involved in the activation of hypoxia-responsive genes. Further research is required to deter-
mine whether this is true.

Although there is a detailed study of hypoxia-induced conditions on JHDM, this kind of 
enzyme in hypoxia requires one or more RNA interference-silencing experiment targeting 
studies of JHDMS or multiple biological effects of JHDMS response. In the apparent regula-
tion of hypoxia, histone modification and chromatin remodeling caused by relative enzymes 
also play a key role. Hypoxia-induced histone acetylation has become a highly suspected 
etiology of Alzheimer’s disease and attention deficit hyperactivity disorder (ADHD) [37].

Evidence suggests that the increase of H3K9me2 is partly due to hypoxia-induced G9A meth-
yltransferase. During hypoxia, H3K9me2 induces the increase of certain gene promoters as 
well. Further studies are required to assess the effects of hypoxia-induced epigenetic altera-
tions on the organisms. To activate the gene transcription, a series of specific HIF-targeted 
genes promoter region is commonly regulated through histone methylation, acetylation, or 
alteration of chromatin structures. On the other hand, hypoxia could stimulate the inhibition 
of induced transcription, possibly by supporting the changes of the whole chromatin. Thus, 
it seems that hypoxia plays a dual role in the studies of epigenetic mechanisms of the genes 
as well as in controlling the induction and transcriptional downregulation of the HIF target 
gene.

HIF will be activated when hypoxia occurs in vivo. As a consequence, transcription of more 
than 100 genes, such as vascular endothelial growth factor (VEGF) and erythropoietin (EPO), 
can be induced. However, the activation of HIF could be accompanied with significant decline 
in the activity in many other transcription factors. However, hypoxia-induced gene modula-
tion is not limited to HIF activation. In contrast, epigenetic modification can be involved in 
this process. The epigenetic mechanisms play dual roles in hypoxia, meaning that they not 
only upregulate the HIF-controlled target genes but also downregulate the general transcrip-
tion factors. However, the specific mechanisms remain to be further explored.

In conclusion, hypoxia could induce extensive histone modifications that are usually asso-
ciated with transcriptional repression or activation. Specifically, however, more research is 
needed to fully understand its biological functions and to identify the enzymes involved in 
signal transduction pathways. It provides holistic assessments regarding hypoxia on the epi-
genetic changes. Under hypoxia conditions, the following epigenetic changes were greatly 
noticed: (1) p300/CBP histone acetyltransferases interact with HIF and acetylate histones 
in HIF target promoters. HDAC4, HDAC5, or HDAC7 form a multi-protein complex with 
HIF-p300 increasing HIF transcriptional activity. HDAC4 and HDAC5 exert their effects by 
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deacetylases (HDACs), and the substrates of HDAC include non-histone proteins, some tran-
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by the methyltransferase G9a negatively regulates hypoxic responses [30]. Consequently, 
while in hypoxia condition, the chromatin remodeling factor HIF-1α Reptin binds to HDAC1, 
the target gene of HIF is involved in the supplementation of HDAC1, besides, HDAC4 and 
HDAC5 complement the expression of HIF target promoter in HIF-dependent transcription 
to become more active [31]. Moreover, histone deacetylase inhibitors could promote gene 
expression in the transcription of several HIF target promoters and induce inhibition of HIF-
dependent angiogenesis.

The mechanisms of the HDAC-dependent gene activation are still not well defined. However, 
it becomes increasingly apparent that the HIF C-TAD-p300/CBP interactions are necessary. 
There are evidences suggesting the targets of deacetylated p300/CBP and HIF. In this concept, 
HIF, P300 and HDAC4, HDAC5, or HDAC7 have been reported to form multi-polyprotein 
complexes [31, 32]. This also shows that HDAC4 and HDAC5 could promote the binding 
between HIF-1 and p300, thereby enhancing the expression of HIF target genes. However, 
the gene expressions regulated by epigenetic mechanisms that are involved in the hypoxia 
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the interactions between HIF-1α and p300. (4) HDAC4 and HDAC5 promote the interaction 
between HIF-1α and p300. (5) SWI/SNF complexes alter the chromatin structures in some HIF 
target promoters and enhancers to benefit their expression [33].

Specifically, hypoxia promotes the changes in the status of the hypoxia-induced gene pro-
moter histone methylation: activation of hypoxia histone demethylase and inhibition of 
JMJD1A histone demethylase, which can cause H3K9me2 reduction and H3K4me2 increase, 
respectively, thus enhancing the gene expression [34, 35]. In addition, hypoxia could increase 
the expression of some HIF target promoters H3K27me3 and H3K4me3. Under hypoxia con-
ditions, the interactions of HIF1-α and Reptin are enhanced, leading to some HDAC1 supple-
mentation of the HIF target genes and negative regulation of transcription; the changes in 
the status of histone methylation and acetylation promote hypoxia-inhibited gene. Hypoxia 
could increase the levels of H3K9me2 and H3K4me3, and decrease the levels of H3K27me3 
and H3K9ac.
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Histone methylation, as another main epigenetic modification, is a stringent regulatory pro-
cess, which relies on the activities of histone methyltransferase and histone demethylase. 
Histone demethylase induces the dynamic equilibrium of the histone methylation during 
hypoxia. During hypoxia, histone demethylase can increase the expression of these enzymes, 
and the decreased enzyme activity can be regulated completely or partly by oxygen deficiency. 
Some histone lysine methylation can be specifically prevented under hypoxic  conditions. 
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only upregulate the HIF-controlled target genes but also downregulate the general transcrip-
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In conclusion, hypoxia could induce extensive histone modifications that are usually asso-
ciated with transcriptional repression or activation. Specifically, however, more research is 
needed to fully understand its biological functions and to identify the enzymes involved in 
signal transduction pathways. It provides holistic assessments regarding hypoxia on the epi-
genetic changes. Under hypoxia conditions, the following epigenetic changes were greatly 
noticed: (1) p300/CBP histone acetyltransferases interact with HIF and acetylate histones 
in HIF target promoters. HDAC4, HDAC5, or HDAC7 form a multi-protein complex with 
HIF-p300 increasing HIF transcriptional activity. HDAC4 and HDAC5 exert their effects by 
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 promoting association between HIF and p300. (2) SWI/SNF are complementary gene promot-
ers of HIF-1α, which is a requirement for the expression of HIF-1α mRNA. The regulation of 
SWI/SNF could also describe the profound effects of HIF-dependent responses on hypoxia. 
On the other hand, the SWI/SNF complex alters the chromatin structure in some HIF target 
promoters or enhancers, thereby favoring their expression. (3) Hypoxia activates JMJD1A 
which promote a decrease in H3K9me2. In the meantime, oxygen deprivation also inhibits 
JARID1A histones demethylases which provoke an increase in H3K4me2 levels at their target 
promoters, thus enhancing gene expression. In addition, hypoxia increases H3K4me3 and 
H3K27me3 levels in some HIF target promoters, and hypoxia-inductive H3K4me3 seems to 
depend on the inhibitory effects of histone demethylase [38]. The hypoxia-inducible gene 
promoter was also observed in EPO, HMOX1, and DAF [39, 40]. (4) The interaction between 
Reptin and HIF1-α is enhanced in hypoxia, leading to recruitment of HDAC1 to some HIF 
target genes, negatively regulating their transcription (Figure 2). However, more research is 
still needed to fully understand its biological functions and to identify the enzymes involved 
in signal transduction pathways. It provides holistic assessment regarding hypoxia on the 
epigenetic modifications.

Figure 2. HIF regulated epigenetic changes in response to hypoxia.
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5. HIF and epigenetic modification in myeloid leukemia

Metabolic flexibility relies on the rewiring of the existing metabolic pathways, which are 
closely controlled by “pathway switch proteins,” to efficient rerouting of metabolites selected 
by cellular needs. As discussed earlier, HIF controls many aspects of tumor in terms of loca-
tion, size, cell type, or local invasion. Other aspects, like state of differentiation and hierar-
chical nature, were also regulated by HIF. Most tumor-initiating mutations occur in stem 
cell or progenitor populations. The expansion of these mutant cells with a more differenti-
ated phenotype that usually characterizes individual cancers are responsible for the cause of 
pathogenesis. This was first described in 1997 for acute myeloid leukemia and subsequently 
extended to solid tumors, including melanoma, Glioblastoma (GBM), and pancreatic cancer 
[41, 42].

Limited oxygen access is the common feature in solid tumor due to inadequate tissue perfu-
sion, thus, cancer metabolism is heavily influenced by adaptation to highly hypoxic micro-
environment. In many cases, HIF is involved as a master regulator. Recently, an increasing 
number of other proteins, regulated by HIF, are found to influence energy metabolism. In 
addition, a series of mutations in these proteins—for example, SDH, FH, isocitrate dehydro-
genase (IDH), activation-induced cytosine deaminase (AID), or drive altered metabolism. 
These findings have supported the notion that HIF has a role to play in oncology, and affects 
diagnostic methods and drug discovery.

In hematological tumors, bone marrow and lymph nodes represent hypoxic environments. 
The quiescent hematopoietic stem cells (HSCs) in the bone marrow existing in the hypoxic 
niche utilization of predominantly glycolysis pathway are regulated by HIF-1α stabiliza-
tion [21]. Hypoxia modulates mitochondrial respiration in an HIF-1α-dependent manner. 
HIF promoter, the expression of pyruvate dehydrogenase kinase-1 (PDK1), in turn, inhib-
its pyruvate dehydrogenase (PDH) [43]. In addition, PKD1 activation is also important in 
inducing pluripotent stem cell, as evidenced by four Yamanaka factors (OCT4, SOX2, KLF4, 
and c-MYC) sufficient to upregulate PDK1, and initiates a Warburg-like metabolic rewiring 
which is closely linked with conversion of pluripotency [44]. On the other hand, metabolic 
reprograming initially triggered by HIF stabilizes HIF expression independently of oxygen to 
gain tumor survival advantage. As an example, imatinib-resistant cell expresses high levels of 
HIF-1αs and induces BCR-ABL upregulation [45]. Recent study further suggests that HIF is 
the potential cause to trigger gene translocation through limiting activation-induced cytosine 
deaminase (AID) expression [46, 47]. In the therapeutic point of view, the stem cell nature 
of cancer is also reflected in removing differentiation block therapy. For example, all-trans 
retinoic acid combined with cytotoxic drug was used in the clinical practice for the treatment 
of acute promyelocytic leukemia (APL) [48]. Other promoting differentiation agent aurora 
kinase A inhibitors were shown effective in acute megakaryocytic leukemia [49].

Other feature of leukemia cell is attenuated metabolic pathway in glycolysis even in aerobic 
conditions [50]. Leukemic cells, other than solid tumors, have the advantage to access oxygen; 
however, levels of HIF-1α, GLUT1, GLUT3, and CA4 are still significantly enhanced compared 
to normal blood cells. Clinical evidence shows that higher glycolytic rate in  leukemic cells 
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induces resistance to chemotherapeutics. Instead, inhibition of glycolysis using 2- deoxyglucose 
(2DG) promotes leukemic cell susceptibility to chemotherapeutic treatment, resulting in induc-
tion of leukemic cell death in normoxia [51].
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Abstract

Internal tandem duplication mutations in the FLT3 gene (FLT3/ITD) are detected in 
10–15% of children and 30% of adult patients with AML and are associated with an 
extremely poor prognosis. Although several antagonists against FLT3/ITD have been 
developed, few of them are effective for the treatment of FLT3/ITD+ AML because of 
the emergence of drug-resistant cells. The mechanisms responsible for drug resis-
tance include the acquisition of additional mutations in the FLT3 gene and/or activa-
tion of other prosurvival pathways such as microenvironment-mediated resistance. 
Recent studies have strongly suggested that the reciprocal interaction between the 
microenvironment and AML cells generates specific machinery that leads to chemore-
sistance. This chapter describes the molecular mechanism responsible for the refrac-
tory phenotype of FLT3/ITD+ AML cells resulting from the communication between 
the microenvironment and FLT3/ITD+ leukemia cells. Understanding this mechanism 
enables the discovery of novel and innovative therapeutic interventions for resistant 
FLT3/ITD+ AML.
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1. Introduction

Mutations in the FLT3 gene represent the most common genetic aberrations among patients 
with acute myeloid leukemia (AML) [1, 2]. Internal tandem duplication mutations in the 
FLT3 gene (FLT3/ITD), which are expressed in human acute myeloid leukemia (AML) 
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stem cells, are found in ~30% of patients with AML [3]. FLT3/ITD+ AML is one of the most 
intractable hematological malignancies because of the emergence of resistant clones to 
FLT3/ITD inhibitors or chemotherapies [3, 4]. FLT3/ITD allows ligand-independent acti-
vation and phosphorylation of the FLT3 receptor. Ectopic FLT3/ITD expression in IL-3–
dependent mouse Ba/F3 or 32D hematopoietic cells results in growth factor–independent 
proliferation and produces acute leukemia in mice [5, 6]. Studies have indicated that FLT3/
ITD transforms mouse hematopoietic cell lines via the activation of the STAT5, RAS-MAPK, 
and PI3-kinase/AKT pathways [5, 7, 8] and blocks differentiation by suppressing C/EBPα, 
PU1, and RUNX1 [9–11]. Other studies have reported that JAK2 and STAT3 are tyrosine 
phosphorylated by constitutively active FLT3 [12]. ROCK1 [13], CDKN1a [14], SURVIVIN 
[15, 16], RUNX1 [9, 17], CXCR4 [18, 19], SOCS1 [20], PIM1 kinase [21, 22], FLT3-ligand  
[23, 24], SHP-2 [25], and micro-RNA-155 [26], and other molecules are reported to be 
involved in FLT3/ITD signaling. Although FLT3/ITD has been associated with extremely 
poor patient prognoses, FLT3 inhibitors fail to show significant efficacy in anti-AML 
therapies. For instance, AC220 (quizartinib), a second-generation class III tyrosine kinase 
inhibitor (TKI) used in phase II clinical trials, is a very potent and specific inhibitor of 
FLT3/ITD compared with other TKIs; however, FLT3/ITD+ cells can become refractory 
to AC220 [9, 27]. The mechanism responsible for the resistance of FLT3/ITD+ AML cells 
against FLT3/ITD inhibitors can be classified into FLT3/ITD-dependent and FLT3/ITD-
independent mechanisms [4, 28]. The former is generally acknowledged as the acquisition 
of mutations in the FLT3 gene in addition to preexisting FLT3/ITD mutations. The emer-
gence of additional mutations in the kinase domain makes FLT3/ITD no longer sensitive 
to FLT3/ITD inhibitors by altering the three-dimensional structure of FLT3 kinase, mak-
ing FLT3 inhibitors difficult to physically interact with FLT3 protein. This mechanism is 
detailed in the excellent reviews [4, 28]. Although the development of further mutations 
in the FLT3 gene is associated with being refractory to the FLT3 inhibitor, most patients 
who became refractory to the FLT 3/ITD inhibitors lacked additional mutation in the FLT3 
gene. Therefore, the resistant mechanism of these cases was likely to be attributed to alter-
ation of the activity or levels in the molecules or pathways independent of FLT3/ITD [29], 
which includes microenvironment-mediated resistance.

Human AML stem cells residing in the endosteal niche of the bone marrow are relatively 
chemoresistant [30, 31]. This resistance results from survival cues in the form of various 
cytokines and adhesion molecules provided by niche cells [32]. Studies using the FLT3/
ITD inhibitors have demonstrated that FLT3/ITD+ AML blasts circulating in the peripheral 
circulation were very sensitive to these inhibitors, whereas those residing in the marrow 
endosteal region remained resistant to the FLT3/ITD inhibitor [33]. Reports have demon-
strated that stromal cells protect FLT3/ITD AML cells from apoptosis induced by FLT3/ITD 
inhibitors [34–36]. These studies suggest that leukemia niches provide survival cues that 
protect FLT3/ITD+ AML blasts from being eradicated by the FLT3/ITD inhibitors. In agree-
ment with these observations, early study demonstrated that releasing leukemia cells from 
the marrow niche into the peripheral circulation by blocking the CXCL12/CXCR4 interac-
tion is effective in increasing their sensitivity to cytoreductive treatment [37]. These findings 
indicate that targeting cells via a cell-autonomous mechanism alone may not be sufficient 
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for treating FLT3/ITD+ AML and that antagonizing these protective interactions between 
FLT3/ITD+ AML blasts and leukemia niches represents a novel therapeutic strategy to eradi-
cate resistant FLT3/ITD+ AML cells.

2. Microenvironmetal factors inducing the resistance of FLT3/ITD+  
AML cells to FLT3 inhibitors

2.1. CXCL12/CXCR4 signaling pathways as a mechanism responsible for the resistance of 
FLT3/ITD AML cells to the FLT3 inhibitor

One of the machineries that holds AML cells in the bone marrow microenvironment is the 
interaction between CXCL12 and CXCR4 (Figure 1). CXCL12, a chemokine known as stro-
mal cell–derived factor-1 (SDF1) that is expressed by the bone marrow microenvironment, is 
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Figure 1. FLT3/ITD+ AML cells in protective microenvironment. Suggested model for the resistance mechanism 
mediated by the environmental factors is shown. Retention of FLT3/ITD+ cells in the bone marrow microenvironment 
increases the risk of resistant phenotype of FLT3/ITD+ AML cells. This is mediated by adhesion molecules as well as the 
interaction between CXCL12 that is provided by the microenvironment and the CXCR4 on the AML cells. FLT3/ITD 
increases cell migration to CXCL12, thereby enhancing the interaction between AML cells and the microenvironment. 
Hypoxia and adrenergic inputs in the marrow environment that can enhance expression of CXCL12 and/or CXCR4 
likely increase this interaction even further. FLT3/ITD itself activates or modulates several intracellular molecules, 
such as ROCK1, RUNX1, PIM1, ERK, STAT3, SURVIVN, CDKN1A, miR-155, and SOCS1, through which FLT3/ITD 
increases cell proliferation. In addition to FLT3/ITD, growth factors, such as FLT3 ligand, stem cell factor (SCF), and 
GM-CSF, can also enhance activity and/or expression of these molecules, events providing survival signaling to the 
cells independent of FLT3/ITD. Therefore, cells will be able to survive even if FLT3/ITD activity is abrogated by the 
inhibitors.
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responsible for retaining hematopoietic stem cells in the marrow niche through its receptor 
CXCR4 that is expressed on HSCs [38–41]. Similar to normal hematopoietic cells, CXCR4 is 
expressed in most AML cells that express CXCR4 and migrate in response to CXCL12 [42]. 
Antagonizing CXCR4 inhibits the engraftment and development of AML in a human xeno-
graft human AML model, suggesting that CXCR4 is required for human AML to home to 
the marrow niche [43]. High expression of CXCR4 is associated with the poor prognosis of 
patients with AML [44, 45]. An early study indicated that FLT3/ITD enhanced chemotaxis 
to CXCL12 that is expressed in the niche [42]. The data suggest that FLT3/ITD facilitates the 
interaction between AML cells and the microenvironment via the enhancement of CXCL12/
CXCR4 signaling. The expression of CXCR4 is upregulated by various cytokines, including 
stem cell factor [46], VEGF, bFGF, EGF, IL2, IL4, IL6, IL7, IL10, and IL15 [47]. The induc-
tion of CXCR4 expression by the cytokines derived from the niche suggests that these cyto-
kines promote the migration of AML cells to the microenvironment, thereby increasing the 
interaction between AML cells and the microenvironment. Indeed, stem cell factor enhances 
the migration of human AML cells to CXCL12 [48] and enhances their homing to the bone 
marrow [49]. By contrast, FLT3 ligand [50], TNFα, and INFγ downregulate CXCR4 expres-
sion [47]. Adrenergic inputs downregulate CXCL12 in the marrow environment during the 
daytime [51] but upregulate CXCR4 on HSCs at night [52]. Hypoxia induces the expression 
of CXCL12 [53] and CXCR4 [54] by inducing HIF-1α expression. Hypoxic conditions in the 
bone marrow niche that induces the expression of CXCL12 and CXCR4 can increase the 
lodging of AML cells in the bone marrow microenvironment. A recent study suggested that 
the mobilization of FLT3/ITD+AML cells into the peripheral circulation using the CXCR4 
antagonist AMD3465 enhanced the antileukemia effect of chemotherapy and FLT3 inhibi-
tor sorafenib, resulting in a reduced burden of AML and prolonged survival of mice [19]. 
A combination of AMD3100 (Plerixafor), Sorafenib, and G-CSF in FLT3-mutated patients 
yielded an overall response rate of 77% [55]. These data indicate that disrupting the interac-
tion between FLT3/ITD+AML cells and the bone marrow microenvironment by antagonizing 
CXCR4 is beneficial to overcome the resistance of leukemia cells against the FLT3 inhibitor 
or chemotherapy.

Although reports have indicated that CXCL12/CXCR4 signaling can induce apoptosis in 
human AML cells by regulating BCL-XL, NOXA, and BAK [56, 57], stromal cells gener-
ally protect FLT3/ITD+ AML cells from apoptosis induced by FLT3/ITD inhibitors [34–36], 
and CXCL12 increases the number of FLT3/ITD+ mouse hematopoietic progenitor cells 
cultured in the absence of hematopoietic growth factors. These data indicate that CXCL12 
can provide a survival effect on the hematopoietic progenitor cells expressing FLT3/
ITD [58]. Consistent with CXCL12 as a survival factor for FLT/ITD+ cells, targeting the 
microenvironment by the CXCR4 antagonist overcomes the resistance of FLT3/ITD+ AML 
cells to the FLT3/ITD inhibitors [18, 19, 34, 59–61]. Antagonizing CXCR4 by BL-8040 and 
FLT3/ITD inhibition demonstrates synergistic effects in inducing the apoptosis of FLT3/
ITD+AML cells. The mechanism by which CXCL12 and CXCR4 provide resistance to FLT3/
ITD+ AML cells includes the expression of ERK, BCL2, MCL1, and CYCLIN D1 via the 
downregulation of miR-15a/16-1 expression [18]. Microenvironment-mediated resistance 
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of FLT3/ITD+ AML cells to FLT3 inhibitors through CXCL12 was partially abrogated by 
activating p53 in the stromal cells using an HDM2 inhibitor, suggesting that the com-
bination of HDM2 antagonists and the FLT3 inhibitor may provide therapeutic efficacy 
[34]. These data demonstrate that, while antagonizing CXCR4 induces the mobilization of 
FLT3/ITD+AML cells into the peripheral circulation, which, in turn, sensitizes cells to FLT3 
inhibitors, antagonizing CXCL12/CXCR4 signaling itself can abrogate resistance to FLT3 
inhibitors [18, 19, 34, 59–61]. The data clearly indicate that the resistance of FLT3/ITD+ 
AML cells to FLT3/ITD inhibitors depends on the stromal cells and is at least partially 
mediated through CXCL12/CXCR4.

2.2. Cytokine signaling in the microenvironment as salvation factors for FLT3/ITD+ AML

CXCL12 is not the only cytokine that confers the resistance of FLT3/ITD+AML cells to the FLT3 
inhibitor. Stromal cells secrete various cytokines and growth factors, such as angiopoietins, 
TNF-α, G-CSF, GM-CSF, and VEGF [36]. FLT3 ligand, stem cell factor, IL-3, GM-CSF, or G-CSF 
existing in the marrow environment can provide a protective effect on the FLT3/ITD+ AML 
cells against FLT3/ITD inhibitors [23, 24]. For instance, the culture of FLT3/ITD+ 32D cells 
with the FLT3-inhibitor AC220 in the absence of growth factors induces the rapid decline 
in the viable cell number, whereas the addition of IL-3 significantly inhibits the cytotoxic 
effect of AC220 (Fukuda & Hirade, unpublished observation). Similarly, FLT3 ligand that is 
expressed in the marrow microenvironment increases the resistance of FLT3/ITD+ AML cells 
to the FLT3 inhibitor [23]. These cytokines subsequently enhance the expression or activity 
of SURVIVIN, CDKN1a, ERK, N-RAS, and PIM1, all of which are known to be involved in 
the resistant phenotype against FLT3/ITD antagonists. The data indicate that cytokines in 
the marrow environment provide resistant activity to the FLT3/ITD+AML cells against FLT3 
inhibitors (Figure 1).

2.3. STAT3/SURVIVIN signaling pathways

SURVIVIN, an antiapoptotic protein that is upregulated by FLT3/ITD, regulates the pro-
liferation of FLT3/ITD+ hematopoietic progenitor cells [16, 62] and mediates the resistance 
of FLT3/ITD+ AML cells against the FLT/ITD inhibitor ABT-869 [15]. Zhou et al. reported 
that SURVIVIN expression was upregulated by FLT3/ITD, and its expression was even 
higher in the resistant FLT3/ITD+ AML cells compared with cells sensitive to ABT-869. 
On the other hand, antagonizing SURVIVIN recovered the sensitivity of resistant FLT3/
ITD+ AML cells to ABT-869, indicating that SURVIVIN expression is one of the mecha-
nisms responsible for the resistance to ABT-869. SURVIVIN expression was mediated by 
the activation of STAT protein, and antagonizing STAT3 using SRC-STAT3 inhibitor IDR 
E804 abrogated the expression of SURVIVIN, coincident with a significant reduction of 
ABT-869–resistant FLT3/ITD+AML cell proliferation in vivo. The combination of ABT-869 
with IDR E804 further decreased the burden of ABT-869–resistant FLT3/ITD+AML in a 
xenograft model in mice compared with the administration of ABT-869 or IDR E804 alone 
[15], suggesting that STAT3 is also involved in the resistance to ABT-869. Consistent with 
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marrow [49]. By contrast, FLT3 ligand [50], TNFα, and INFγ downregulate CXCR4 expres-
sion [47]. Adrenergic inputs downregulate CXCL12 in the marrow environment during the 
daytime [51] but upregulate CXCR4 on HSCs at night [52]. Hypoxia induces the expression 
of CXCL12 [53] and CXCR4 [54] by inducing HIF-1α expression. Hypoxic conditions in the 
bone marrow niche that induces the expression of CXCL12 and CXCR4 can increase the 
lodging of AML cells in the bone marrow microenvironment. A recent study suggested that 
the mobilization of FLT3/ITD+AML cells into the peripheral circulation using the CXCR4 
antagonist AMD3465 enhanced the antileukemia effect of chemotherapy and FLT3 inhibi-
tor sorafenib, resulting in a reduced burden of AML and prolonged survival of mice [19]. 
A combination of AMD3100 (Plerixafor), Sorafenib, and G-CSF in FLT3-mutated patients 
yielded an overall response rate of 77% [55]. These data indicate that disrupting the interac-
tion between FLT3/ITD+AML cells and the bone marrow microenvironment by antagonizing 
CXCR4 is beneficial to overcome the resistance of leukemia cells against the FLT3 inhibitor 
or chemotherapy.

Although reports have indicated that CXCL12/CXCR4 signaling can induce apoptosis in 
human AML cells by regulating BCL-XL, NOXA, and BAK [56, 57], stromal cells gener-
ally protect FLT3/ITD+ AML cells from apoptosis induced by FLT3/ITD inhibitors [34–36], 
and CXCL12 increases the number of FLT3/ITD+ mouse hematopoietic progenitor cells 
cultured in the absence of hematopoietic growth factors. These data indicate that CXCL12 
can provide a survival effect on the hematopoietic progenitor cells expressing FLT3/
ITD [58]. Consistent with CXCL12 as a survival factor for FLT/ITD+ cells, targeting the 
microenvironment by the CXCR4 antagonist overcomes the resistance of FLT3/ITD+ AML 
cells to the FLT3/ITD inhibitors [18, 19, 34, 59–61]. Antagonizing CXCR4 by BL-8040 and 
FLT3/ITD inhibition demonstrates synergistic effects in inducing the apoptosis of FLT3/
ITD+AML cells. The mechanism by which CXCL12 and CXCR4 provide resistance to FLT3/
ITD+ AML cells includes the expression of ERK, BCL2, MCL1, and CYCLIN D1 via the 
downregulation of miR-15a/16-1 expression [18]. Microenvironment-mediated resistance 
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of FLT3/ITD+ AML cells to FLT3 inhibitors through CXCL12 was partially abrogated by 
activating p53 in the stromal cells using an HDM2 inhibitor, suggesting that the com-
bination of HDM2 antagonists and the FLT3 inhibitor may provide therapeutic efficacy 
[34]. These data demonstrate that, while antagonizing CXCR4 induces the mobilization of 
FLT3/ITD+AML cells into the peripheral circulation, which, in turn, sensitizes cells to FLT3 
inhibitors, antagonizing CXCL12/CXCR4 signaling itself can abrogate resistance to FLT3 
inhibitors [18, 19, 34, 59–61]. The data clearly indicate that the resistance of FLT3/ITD+ 
AML cells to FLT3/ITD inhibitors depends on the stromal cells and is at least partially 
mediated through CXCL12/CXCR4.

2.2. Cytokine signaling in the microenvironment as salvation factors for FLT3/ITD+ AML

CXCL12 is not the only cytokine that confers the resistance of FLT3/ITD+AML cells to the FLT3 
inhibitor. Stromal cells secrete various cytokines and growth factors, such as angiopoietins, 
TNF-α, G-CSF, GM-CSF, and VEGF [36]. FLT3 ligand, stem cell factor, IL-3, GM-CSF, or G-CSF 
existing in the marrow environment can provide a protective effect on the FLT3/ITD+ AML 
cells against FLT3/ITD inhibitors [23, 24]. For instance, the culture of FLT3/ITD+ 32D cells 
with the FLT3-inhibitor AC220 in the absence of growth factors induces the rapid decline 
in the viable cell number, whereas the addition of IL-3 significantly inhibits the cytotoxic 
effect of AC220 (Fukuda & Hirade, unpublished observation). Similarly, FLT3 ligand that is 
expressed in the marrow microenvironment increases the resistance of FLT3/ITD+ AML cells 
to the FLT3 inhibitor [23]. These cytokines subsequently enhance the expression or activity 
of SURVIVIN, CDKN1a, ERK, N-RAS, and PIM1, all of which are known to be involved in 
the resistant phenotype against FLT3/ITD antagonists. The data indicate that cytokines in 
the marrow environment provide resistant activity to the FLT3/ITD+AML cells against FLT3 
inhibitors (Figure 1).

2.3. STAT3/SURVIVIN signaling pathways

SURVIVIN, an antiapoptotic protein that is upregulated by FLT3/ITD, regulates the pro-
liferation of FLT3/ITD+ hematopoietic progenitor cells [16, 62] and mediates the resistance 
of FLT3/ITD+ AML cells against the FLT/ITD inhibitor ABT-869 [15]. Zhou et al. reported 
that SURVIVIN expression was upregulated by FLT3/ITD, and its expression was even 
higher in the resistant FLT3/ITD+ AML cells compared with cells sensitive to ABT-869. 
On the other hand, antagonizing SURVIVIN recovered the sensitivity of resistant FLT3/
ITD+ AML cells to ABT-869, indicating that SURVIVIN expression is one of the mecha-
nisms responsible for the resistance to ABT-869. SURVIVIN expression was mediated by 
the activation of STAT protein, and antagonizing STAT3 using SRC-STAT3 inhibitor IDR 
E804 abrogated the expression of SURVIVIN, coincident with a significant reduction of 
ABT-869–resistant FLT3/ITD+AML cell proliferation in vivo. The combination of ABT-869 
with IDR E804 further decreased the burden of ABT-869–resistant FLT3/ITD+AML in a 
xenograft model in mice compared with the administration of ABT-869 or IDR E804 alone 
[15], suggesting that STAT3 is also involved in the resistance to ABT-869. Consistent with 

Molecular Interaction Between the Microenvironment and FLT3/ITD+ AML Cells Leading to the…
http://dx.doi.org/10.5772/intechopen.71676

125



this finding, recent data have demonstrated that the stroma-based activation of STAT3 Y705 
confers resistance to AC220 in FLT3/ITD+AML [63]. The culture of FLT3/ITD+ AML cells in 
direct contact with stromal cells or in the conditioned medium harvested from the stromal 
cells increased the IC50 of AC220 in FLT3/ITD+AML cells, with a concomitant increase 
in the phosphorylation of STAT3Y705 in the AML cells, compared with control medium 
without stromal cells. Pharmacologic inhibition of STAT3 using BP-5-087 [64] decreased 
the IC50 of AC220 in the FLT3/ITD+ AML cells cultured in direct contact with stromal cells 
or in the conditioned medium derived from stromal cells, indicating that STAT3 confers 
FLT3/ITD+ AML resistance to AC220 that is induced by stromal cells. This finding is con-
sistent with SURVIVIN being a direct transcriptional target of STAT3 in FLT3/ITD+AML 
and lymphoma cells [15, 65], suggesting that the STAT3/ SURVIVIN axis protects FLT3/
ITD+AML cells from the antileukemia effect by the FLT3 inhibitors. SURVIVIN expression 
is also upregulated by exogenous factors such as FLT3-ligand [15, 16], which hampers 
the efficacy of the FLT3 inhibitor and is involved in the resistant phenotype of FLT3/ITD+ 
AML cells [23]. Likewise, stem cell factor [66] and GM-CSF [67], all of which are provided 
by the marrow microenvironment, increase the expression of SURVIVIN (Figure 1). These 
data suggest that the marrow niche protects FLT3/ITD+ AML cells from FLT3/ITD antago-
nists through the upregulation of SURVIVIN by the hematopoietic growth factors secreted 
by the marrow environmental cells (Figure 1). Therefore, antagonizing SURVIVIN and/or 
STAT3 would overcome the resistance of FLT3/ITD+ AML to FLT3 inhibitors.

2.4. ERK/MAPK signaling pathways

An additional mechanism responsible for the resistance to the FLT3 inhibitor by the niche is the 
activation of ERK/MAPK signaling pathways. FLT3 inhibitors induce apoptosis in FLT3/ITD+ 
AML cells , whereas direct contact and proximity to stromal cells were protective toward FLT3/
ITD+ AML cells against FLT3 inhibition. Coculture of FLT3/ITD+ AML cells with bone marrow 
stroma cells was associated with cell cycle arrest and persistent activation of ERK, even in the 
presence of the FLT3 antagonist [36]. On the other hand, inhibition of MEK significantly abro-
gated the protective effect of stromal cells or FLT3 ligand in FLT3/ITD+ AML cells, indicating 
that ERK activation provided by the stromal cells is responsible for the resistance to FLT3 inhi-
bition in FLT3/ITD+ AML cells. It was also reported that direct cell contact is more essential for 
the persistent activation of ERK compared with exposure to soluble factors [36]. Consistently, a 
recent report demonstrated that the treatment of FLT3/ITD+ AML cells with FLT3 inhibitors for 
over 48 hours induced rebound in ERK phosphorylation [68], suggesting an adaptive feedback 
mechanism capable of reactivating ERK signaling in response to upstream target inhibition in 
the FLT3/ITD+ AML. These data suggest that antagonizing ERK/MAPK signaling pathways can 
overcome the resistance of FLT3/ITD+AML to the FLT3 inhibitors (Figure 1).

2.5. Cyclin-dependent kinase inhibitor 1a/Pbx1 signaling pathways

The report by Yang et al. also noted the cell cycle arrest of FLT3/ITD+ AML cells cocul-
tured by stromal cells [36], indicating that stromal cells provide factors that induce cell 
cycle quiescence. CDKN1a is one of the cyclin-dependent kinase inhibitors that is known 
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to block G1/S and G2/M transition [69–71]. It is reported that cell cycle quiescence of leu-
kemia stem cells is one of the mechanisms that leads to refractoriness to anticancer drugs 
that normally eliminate cells in S-phase [30]. In human AML cells, CDKN1a is upregu-
lated by growth factors, such as stem cell factor, FLT3-ligand, and GM-CSF [14, 70, 72], 
all of which are present in the marrow microenvironment. Consistent with FLT3 ligand–
induced upregulation of CDKN1a, FLT3/ITD also upregulates CDKN1a via Stat5 [73]. Abe 
et al. reported that knocking down CDKN1a significantly decreases proliferation and cell 
cycle progression in FLT3/ITD+ cells concomitant with an increase in Pbx1 mRNA expres-
sion [14], indicating that CDKN1a that is upregulated by FLT3/ITD negatively regulates 
proliferation and cell cycle progression of FLT3/ITD+ cells. Knocking down Pbx1 expres-
sion using shRNAs abrogated the enhanced proliferation that was induced by CDKN1a 
deletion. The data demonstrate that FLT3/ITD not only contains stimulating activity but 
also harbors inhibitory activity on cell proliferation, which is mediated by upregulating 
CDKN1a and downregulating PBX1 expression. More importantly, FLT3/ITD confers 
resistance to the FLT3 inhibitor by inducing the expression of CDKN1a [14]. When FLT3/
ITD was antagonized with AC220, a selective inhibitor of FLT3/ITD, CDKN1a expres-
sion was decreased coincident with PBX1 mRNA upregulation and a rapid decline in the 
number of viable FLT3/ITD + Ba/F3 cells; however, the cells eventually became refractory 
to AC220. Overexpressing CDKN1a in FLT3/ITD + Ba/F3 cells delayed the emergence of 
cells that were refractory to AC220, whereas silencing CDKN1a accelerated their develop-
ment. These data indicate that FLT3/ITD can inhibit FLT3/ITD+ cell proliferation through 
the CDKN1a /PBX1 axis and that antagonizing FLT3/ITD contributes to the subsequent 
development of cells that are refractory to the FLT3/ITD inhibitor by disrupting CDKN1a 
expression because of FLT3/ITD inhibition. Similarly, the upregulation of CDKN1a may 
represent one mechanism responsible for the FLT3 ligand–induced resistance of FLT3/
ITD+ AML cells against the FLT3 inhibitor [23] because CDKN1a expression is induced by 
FLT3 ligand [14]. The data also suggest that CDKN1a, which is upregulated by hematopoi-
etic growth factors, such as SCF and GM-CSF, which are secreted by stromal cells, is also 
responsible for the refractory phenotype of FLT3/ITD+ AML cells (Figure 1).

2.6. RUNX1 in the resistance of FLT3/ITD+ AML

A recent report demonstrated that FLT3/ITD signaling is associated with a common 
expression signature as well as a common chromatin signature. The study identified 
that FLT3/ITD induces the chronic activation of MAPK-inducible transcriptional fac-
tor AP-1 and that AP-1 cooperates with RUNX1 to shape the epigenome of FLT3/ITD+ 
AML [74]. RUNX1 is a core-binding transcription factor that plays an important role 
in hematopoietic homeostasis, particularly in differentiation and proliferation [75, 76]. 
RUNX1-deficient cells showed increased susceptibility to AML development in collabo-
ration with MLL-ENL, N-RAS, and EVI5 [77–79], suggesting that RUNX1 can function 
as a tumor suppressor in myeloid malignancies. By contrast, RUNX1 also promotes the 
survival of AML cells and lymphoma development and can function as an oncogene [80, 
81]. These data suggest that the RUNX1 has a dual function that promotes and attenuates 
the proliferation of hematological malignant cells. Hirade et al. identified that RUNX1 
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this finding, recent data have demonstrated that the stroma-based activation of STAT3 Y705 
confers resistance to AC220 in FLT3/ITD+AML [63]. The culture of FLT3/ITD+ AML cells in 
direct contact with stromal cells or in the conditioned medium harvested from the stromal 
cells increased the IC50 of AC220 in FLT3/ITD+AML cells, with a concomitant increase 
in the phosphorylation of STAT3Y705 in the AML cells, compared with control medium 
without stromal cells. Pharmacologic inhibition of STAT3 using BP-5-087 [64] decreased 
the IC50 of AC220 in the FLT3/ITD+ AML cells cultured in direct contact with stromal cells 
or in the conditioned medium derived from stromal cells, indicating that STAT3 confers 
FLT3/ITD+ AML resistance to AC220 that is induced by stromal cells. This finding is con-
sistent with SURVIVIN being a direct transcriptional target of STAT3 in FLT3/ITD+AML 
and lymphoma cells [15, 65], suggesting that the STAT3/ SURVIVIN axis protects FLT3/
ITD+AML cells from the antileukemia effect by the FLT3 inhibitors. SURVIVIN expression 
is also upregulated by exogenous factors such as FLT3-ligand [15, 16], which hampers 
the efficacy of the FLT3 inhibitor and is involved in the resistant phenotype of FLT3/ITD+ 
AML cells [23]. Likewise, stem cell factor [66] and GM-CSF [67], all of which are provided 
by the marrow microenvironment, increase the expression of SURVIVIN (Figure 1). These 
data suggest that the marrow niche protects FLT3/ITD+ AML cells from FLT3/ITD antago-
nists through the upregulation of SURVIVIN by the hematopoietic growth factors secreted 
by the marrow environmental cells (Figure 1). Therefore, antagonizing SURVIVIN and/or 
STAT3 would overcome the resistance of FLT3/ITD+ AML to FLT3 inhibitors.

2.4. ERK/MAPK signaling pathways

An additional mechanism responsible for the resistance to the FLT3 inhibitor by the niche is the 
activation of ERK/MAPK signaling pathways. FLT3 inhibitors induce apoptosis in FLT3/ITD+ 
AML cells , whereas direct contact and proximity to stromal cells were protective toward FLT3/
ITD+ AML cells against FLT3 inhibition. Coculture of FLT3/ITD+ AML cells with bone marrow 
stroma cells was associated with cell cycle arrest and persistent activation of ERK, even in the 
presence of the FLT3 antagonist [36]. On the other hand, inhibition of MEK significantly abro-
gated the protective effect of stromal cells or FLT3 ligand in FLT3/ITD+ AML cells, indicating 
that ERK activation provided by the stromal cells is responsible for the resistance to FLT3 inhi-
bition in FLT3/ITD+ AML cells. It was also reported that direct cell contact is more essential for 
the persistent activation of ERK compared with exposure to soluble factors [36]. Consistently, a 
recent report demonstrated that the treatment of FLT3/ITD+ AML cells with FLT3 inhibitors for 
over 48 hours induced rebound in ERK phosphorylation [68], suggesting an adaptive feedback 
mechanism capable of reactivating ERK signaling in response to upstream target inhibition in 
the FLT3/ITD+ AML. These data suggest that antagonizing ERK/MAPK signaling pathways can 
overcome the resistance of FLT3/ITD+AML to the FLT3 inhibitors (Figure 1).

2.5. Cyclin-dependent kinase inhibitor 1a/Pbx1 signaling pathways

The report by Yang et al. also noted the cell cycle arrest of FLT3/ITD+ AML cells cocul-
tured by stromal cells [36], indicating that stromal cells provide factors that induce cell 
cycle quiescence. CDKN1a is one of the cyclin-dependent kinase inhibitors that is known 
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to block G1/S and G2/M transition [69–71]. It is reported that cell cycle quiescence of leu-
kemia stem cells is one of the mechanisms that leads to refractoriness to anticancer drugs 
that normally eliminate cells in S-phase [30]. In human AML cells, CDKN1a is upregu-
lated by growth factors, such as stem cell factor, FLT3-ligand, and GM-CSF [14, 70, 72], 
all of which are present in the marrow microenvironment. Consistent with FLT3 ligand–
induced upregulation of CDKN1a, FLT3/ITD also upregulates CDKN1a via Stat5 [73]. Abe 
et al. reported that knocking down CDKN1a significantly decreases proliferation and cell 
cycle progression in FLT3/ITD+ cells concomitant with an increase in Pbx1 mRNA expres-
sion [14], indicating that CDKN1a that is upregulated by FLT3/ITD negatively regulates 
proliferation and cell cycle progression of FLT3/ITD+ cells. Knocking down Pbx1 expres-
sion using shRNAs abrogated the enhanced proliferation that was induced by CDKN1a 
deletion. The data demonstrate that FLT3/ITD not only contains stimulating activity but 
also harbors inhibitory activity on cell proliferation, which is mediated by upregulating 
CDKN1a and downregulating PBX1 expression. More importantly, FLT3/ITD confers 
resistance to the FLT3 inhibitor by inducing the expression of CDKN1a [14]. When FLT3/
ITD was antagonized with AC220, a selective inhibitor of FLT3/ITD, CDKN1a expres-
sion was decreased coincident with PBX1 mRNA upregulation and a rapid decline in the 
number of viable FLT3/ITD + Ba/F3 cells; however, the cells eventually became refractory 
to AC220. Overexpressing CDKN1a in FLT3/ITD + Ba/F3 cells delayed the emergence of 
cells that were refractory to AC220, whereas silencing CDKN1a accelerated their develop-
ment. These data indicate that FLT3/ITD can inhibit FLT3/ITD+ cell proliferation through 
the CDKN1a /PBX1 axis and that antagonizing FLT3/ITD contributes to the subsequent 
development of cells that are refractory to the FLT3/ITD inhibitor by disrupting CDKN1a 
expression because of FLT3/ITD inhibition. Similarly, the upregulation of CDKN1a may 
represent one mechanism responsible for the FLT3 ligand–induced resistance of FLT3/
ITD+ AML cells against the FLT3 inhibitor [23] because CDKN1a expression is induced by 
FLT3 ligand [14]. The data also suggest that CDKN1a, which is upregulated by hematopoi-
etic growth factors, such as SCF and GM-CSF, which are secreted by stromal cells, is also 
responsible for the refractory phenotype of FLT3/ITD+ AML cells (Figure 1).

2.6. RUNX1 in the resistance of FLT3/ITD+ AML

A recent report demonstrated that FLT3/ITD signaling is associated with a common 
expression signature as well as a common chromatin signature. The study identified 
that FLT3/ITD induces the chronic activation of MAPK-inducible transcriptional fac-
tor AP-1 and that AP-1 cooperates with RUNX1 to shape the epigenome of FLT3/ITD+ 
AML [74]. RUNX1 is a core-binding transcription factor that plays an important role 
in hematopoietic homeostasis, particularly in differentiation and proliferation [75, 76]. 
RUNX1-deficient cells showed increased susceptibility to AML development in collabo-
ration with MLL-ENL, N-RAS, and EVI5 [77–79], suggesting that RUNX1 can function 
as a tumor suppressor in myeloid malignancies. By contrast, RUNX1 also promotes the 
survival of AML cells and lymphoma development and can function as an oncogene [80, 
81]. These data suggest that the RUNX1 has a dual function that promotes and attenuates 
the proliferation of hematological malignant cells. Hirade et al. identified that RUNX1 

Molecular Interaction Between the Microenvironment and FLT3/ITD+ AML Cells Leading to the…
http://dx.doi.org/10.5772/intechopen.71676

127



expression is upregulated by FLT3/ITD and functions as an oncogene in FLT3/ITD+ cells 
[9]. Another group demonstrated that RUNX1 cooperates with FLT3/ITD to induce acute 
leukemia, validating RUNX1 as an oncogene in FLT3/ITD signaling [17]. With respect 
to the function of RUNX1 in the resistance to the FLT3 inhibitor AC220, antagonizing 
RUNX1 significantly accentuated the antiproliferative effect of AC220 in FLT3/ITD+ 32D 
cells. RUNX1 expression was elevated in the FLT3/ITD+ 32D cells, which became refrac-
tory to AC220, whereas knocking down RUNX1 significantly inhibited the emergence and 
proliferation of FLT3/ITD+ cells refractory to AC220, demonstrating that RUNX1 mediates 
the development of FLT3/ITD+ AML cells resistant to AC220 in FLT3/ITD+ cells. RUNX1 
upregulation by AC220-resistant cells was not due to the additional mutation in the FLT3 
gene because the upregulation of RUNX1 by AC220 was no longer observed when resis-
tant cells were incubated without AC220. The data indicate that the epigenetic mechanism 
is likely involved in the upregulation of RUNX1 by AC220 refractory cells [9]. Because 
RUNX1 cooperated with MAPK-inducible transcription factor AP1 [74] and MAPK is reg-
ulated by various growth factors existing in the marrow microenvironment, it is highly 
likely that RUNX1 function is indirectly modulated by the microenvironmental factors. 
On the other hand, RUNX1 directly binds to the CXCR4 promoter region, and RUNX1 
transactivates CXCR4 in a DNA binding–dependent manner, indicating that RUNX1 tran-
scriptionally upregulates CXCR4 expression [78]. These findings strongly suggest that the 
upregulation of RUNX1 by FLT3/ITD increases the expression of CXCR4, which, in turn, 
enhances the chemotaxis of FLT3/ITD+ AML cells to stromal niche cells, thereby increas-
ing the likelihood of the cells being protected from the insult by the FLT3 inhibitor in the 
niche. On the other hand, RUNX1 downregulates the expression of cell adhesion factors 
that promote the residency of stem cells and megakaryocytes in their bone marrow niche 
[82], suggesting that RUNX1 expression that is induced by FLT3/ITD likely alters the 
interaction between the FLT3/ITD+ AML cells and niche cells and is involved in the resis-
tance to the FLT3 inhibitor (Figure 1).

2.7. FLT3/ITD evades external inhibitory cytokine control

While it has been unclear how leukemia cells escape from normal cytokine control that 
is indispensable to maintain normal hematopoiesis, a recent study demonstrated that 
FLT3/ITD facilitates the development of myeloproliferative disease by inhibiting the 
interferon response [20, 26]. Interferon exhibits an anti-proliferative effect on primitive 
hematopoietic cells [83–86], including FLT3/ITD+ cells [20]. In FLT3/ITD+ cells, activated 
STAT5 up-regulates SOCS1 expression, which inhibits the antiproliferative effect induced 
by interferon-α or interferon-γ [20]. SOCS1 protects FLT3/ITD+AML cells from external 
interferon control, thereby promoting myeloproliferative disease. Another report also 
uncovered a novel mechanism responsible for the escape of FLT3/ITD+ AML cells from 
interferon signaling. Micro-RNA 155 (miR-155) is significantly overexpressed in FLT3/
ITD AML [87–92] and promotes myeloproliferative disease induced by FLT3/ITD. This 
was coincided with repression of the interferon response compared with that with wild-
type FLT3. Inhibition of miR-155 resulted in the elevation of the interferon response and 
reduction in the proliferation of human FLT3/ITD+ AML cells. The data indicate that 
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 miR-155 promotes FLT3/ITD+ AML cell proliferation by blocking interferon signaling [26]. 
Taken together, FLT3/ITD stimulates AML cell proliferation by evading external antipro-
liferative cytokine control that is normally provided by the microenvironment (Figure 1). 
It remains to be determined if these mechanisms are involved in the resistance against 
FLT3 inhibitors.

FLT3/ITD+ AML is also found in patients with acute promyelocytic leukemia who harbor the 
PML-RARα fusion gene resulting from chromosomal translocation. Recent data have dem-
onstrated that the combination of the FLT3/ITD inhibitor and ATRA, which targets PML-
RARα, displays a synergistic effect of reducing the burden of FLT3/ITD+ AML both in vitro 
and in a xenotransplantation model [93–95]. This is a promising strategy to facilitate the 
differentiation of FLT3/ITD + AML in the patients; however, recent data have also indicated 
the inactivation of retinoids in the marrow niche, thereby inhibiting the differentiation of 
AML cells [96–98]. In this regard, the effect of ATRA with the FLT3/ITD inhibitor may be 
more complicated than anticipated because the marrow niche may impede the long-term 
effect of ATRA.

2.8. Interaction of FLT3/ITD+ AML cells with the microenvironment via adhesion 
molecules

The interaction between AML cells and the microenvironment is mediated by various factors, 
such as CXCL12, and adhesion molecules. CXCL12 can activate adhesion molecules, particu-
larly very late antigen-4 (VLA-4) and lymphocyte function–associated antigen-1 (LFA-1) on 
hematopoietic stem and progenitor cells, which also regulate the homing process [99]. FLT3/
ITD decreases the expression of VLA4 expression, coincident with a significant reduction in 
cell adhesion to VCAM1 [58]. While the data indicate that FLT3/ITD negatively regulates the 
expression of VLA4 and adhesion to its ligand VCAM1, the inhibition of FLT3/ITD by Fl-700 
decreases the affinity of VLA4 to soluble VCAM1 [100], indicating that FLT3/ITD modulates 
the interaction between VLA4 and VCAM1. The interaction of leukemia cells with the micro-
environment is also mediated via E-selection [101]. A recent report has demonstrated that 
a dual inhibitor for E-selectin and CXCR4 (GMI-1359) exerts efficient antileukemia effects in 
an FLT3/ITD+ AML xenograft model by mobilizing AML cells into the peripheral circulation 
from the bone marrow [102, 103]. The data suggest that antagonizing adhesion molecules 
that retain FLT3/ITD+ AML cells in the bone marrow microenvironment is beneficial to abate 
the resistance of AML cells to the FLT3 inhibitor by mobilizing AML cells into the blood 
circulation.

Taken together, these data provide evidence that stromal cells, or other cells comprising 
the microenvironment, support FLT3/ITD+AML cells via soluble factors and adhesion mol-
ecules, which, in turn, activate survival or proliferative signaling in the AML cells (Figure 1). 
However, the machinery provided by the microenvironment is not confined to these factors 
described above. A recent report has indicated that bone marrow mesenchymal stromal cells 
transfer their mitochondria to AML cells to support their proliferation [104, 105], possibly 
representing an additional mechanism that can enhance the resistance to the FLT3 inhibitor 
in FLT3/ITD+ AML. Likewise, it is highly possible that microsomes containing micro-RNAs 
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expression is upregulated by FLT3/ITD and functions as an oncogene in FLT3/ITD+ cells 
[9]. Another group demonstrated that RUNX1 cooperates with FLT3/ITD to induce acute 
leukemia, validating RUNX1 as an oncogene in FLT3/ITD signaling [17]. With respect 
to the function of RUNX1 in the resistance to the FLT3 inhibitor AC220, antagonizing 
RUNX1 significantly accentuated the antiproliferative effect of AC220 in FLT3/ITD+ 32D 
cells. RUNX1 expression was elevated in the FLT3/ITD+ 32D cells, which became refrac-
tory to AC220, whereas knocking down RUNX1 significantly inhibited the emergence and 
proliferation of FLT3/ITD+ cells refractory to AC220, demonstrating that RUNX1 mediates 
the development of FLT3/ITD+ AML cells resistant to AC220 in FLT3/ITD+ cells. RUNX1 
upregulation by AC220-resistant cells was not due to the additional mutation in the FLT3 
gene because the upregulation of RUNX1 by AC220 was no longer observed when resis-
tant cells were incubated without AC220. The data indicate that the epigenetic mechanism 
is likely involved in the upregulation of RUNX1 by AC220 refractory cells [9]. Because 
RUNX1 cooperated with MAPK-inducible transcription factor AP1 [74] and MAPK is reg-
ulated by various growth factors existing in the marrow microenvironment, it is highly 
likely that RUNX1 function is indirectly modulated by the microenvironmental factors. 
On the other hand, RUNX1 directly binds to the CXCR4 promoter region, and RUNX1 
transactivates CXCR4 in a DNA binding–dependent manner, indicating that RUNX1 tran-
scriptionally upregulates CXCR4 expression [78]. These findings strongly suggest that the 
upregulation of RUNX1 by FLT3/ITD increases the expression of CXCR4, which, in turn, 
enhances the chemotaxis of FLT3/ITD+ AML cells to stromal niche cells, thereby increas-
ing the likelihood of the cells being protected from the insult by the FLT3 inhibitor in the 
niche. On the other hand, RUNX1 downregulates the expression of cell adhesion factors 
that promote the residency of stem cells and megakaryocytes in their bone marrow niche 
[82], suggesting that RUNX1 expression that is induced by FLT3/ITD likely alters the 
interaction between the FLT3/ITD+ AML cells and niche cells and is involved in the resis-
tance to the FLT3 inhibitor (Figure 1).

2.7. FLT3/ITD evades external inhibitory cytokine control

While it has been unclear how leukemia cells escape from normal cytokine control that 
is indispensable to maintain normal hematopoiesis, a recent study demonstrated that 
FLT3/ITD facilitates the development of myeloproliferative disease by inhibiting the 
interferon response [20, 26]. Interferon exhibits an anti-proliferative effect on primitive 
hematopoietic cells [83–86], including FLT3/ITD+ cells [20]. In FLT3/ITD+ cells, activated 
STAT5 up-regulates SOCS1 expression, which inhibits the antiproliferative effect induced 
by interferon-α or interferon-γ [20]. SOCS1 protects FLT3/ITD+AML cells from external 
interferon control, thereby promoting myeloproliferative disease. Another report also 
uncovered a novel mechanism responsible for the escape of FLT3/ITD+ AML cells from 
interferon signaling. Micro-RNA 155 (miR-155) is significantly overexpressed in FLT3/
ITD AML [87–92] and promotes myeloproliferative disease induced by FLT3/ITD. This 
was coincided with repression of the interferon response compared with that with wild-
type FLT3. Inhibition of miR-155 resulted in the elevation of the interferon response and 
reduction in the proliferation of human FLT3/ITD+ AML cells. The data indicate that 
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 miR-155 promotes FLT3/ITD+ AML cell proliferation by blocking interferon signaling [26]. 
Taken together, FLT3/ITD stimulates AML cell proliferation by evading external antipro-
liferative cytokine control that is normally provided by the microenvironment (Figure 1). 
It remains to be determined if these mechanisms are involved in the resistance against 
FLT3 inhibitors.

FLT3/ITD+ AML is also found in patients with acute promyelocytic leukemia who harbor the 
PML-RARα fusion gene resulting from chromosomal translocation. Recent data have dem-
onstrated that the combination of the FLT3/ITD inhibitor and ATRA, which targets PML-
RARα, displays a synergistic effect of reducing the burden of FLT3/ITD+ AML both in vitro 
and in a xenotransplantation model [93–95]. This is a promising strategy to facilitate the 
differentiation of FLT3/ITD + AML in the patients; however, recent data have also indicated 
the inactivation of retinoids in the marrow niche, thereby inhibiting the differentiation of 
AML cells [96–98]. In this regard, the effect of ATRA with the FLT3/ITD inhibitor may be 
more complicated than anticipated because the marrow niche may impede the long-term 
effect of ATRA.

2.8. Interaction of FLT3/ITD+ AML cells with the microenvironment via adhesion 
molecules

The interaction between AML cells and the microenvironment is mediated by various factors, 
such as CXCL12, and adhesion molecules. CXCL12 can activate adhesion molecules, particu-
larly very late antigen-4 (VLA-4) and lymphocyte function–associated antigen-1 (LFA-1) on 
hematopoietic stem and progenitor cells, which also regulate the homing process [99]. FLT3/
ITD decreases the expression of VLA4 expression, coincident with a significant reduction in 
cell adhesion to VCAM1 [58]. While the data indicate that FLT3/ITD negatively regulates the 
expression of VLA4 and adhesion to its ligand VCAM1, the inhibition of FLT3/ITD by Fl-700 
decreases the affinity of VLA4 to soluble VCAM1 [100], indicating that FLT3/ITD modulates 
the interaction between VLA4 and VCAM1. The interaction of leukemia cells with the micro-
environment is also mediated via E-selection [101]. A recent report has demonstrated that 
a dual inhibitor for E-selectin and CXCR4 (GMI-1359) exerts efficient antileukemia effects in 
an FLT3/ITD+ AML xenograft model by mobilizing AML cells into the peripheral circulation 
from the bone marrow [102, 103]. The data suggest that antagonizing adhesion molecules 
that retain FLT3/ITD+ AML cells in the bone marrow microenvironment is beneficial to abate 
the resistance of AML cells to the FLT3 inhibitor by mobilizing AML cells into the blood 
circulation.

Taken together, these data provide evidence that stromal cells, or other cells comprising 
the microenvironment, support FLT3/ITD+AML cells via soluble factors and adhesion mol-
ecules, which, in turn, activate survival or proliferative signaling in the AML cells (Figure 1). 
However, the machinery provided by the microenvironment is not confined to these factors 
described above. A recent report has indicated that bone marrow mesenchymal stromal cells 
transfer their mitochondria to AML cells to support their proliferation [104, 105], possibly 
representing an additional mechanism that can enhance the resistance to the FLT3 inhibitor 
in FLT3/ITD+ AML. Likewise, it is highly possible that microsomes containing micro-RNAs 
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secreted from the microenvironment modulate the function of FLT3/ITD+ AML cells, although 
this hypothesis remains yet to be proven.

3. Functional interaction between FLT3/ITD and CXCR4 in the  
migration and homing of AML cells that are associated with resistance

Because CXCL12/CXCR4 provides a survival signal to FLT3/ITD+ AML cells, it suggests 
that CXCL12/CXCR4 signaling accentuates FLT3/ITD signaling activity. By contrast, FLT3/
ITD regulates cell migration to CXCL12 [50], indicating that FLT3/ITD modulates CXCR4 
signaling. Therefore, FLT3/ITD and CXCL12/CXCR4 signaling mutually interacts. While an 
earlier study demonstrated that patients with FLT3/ITD+ AML have higher CXCR4 expres-
sion than those with FLT3 wild-type AML [45], subsequent studies have demonstrated con-
troversial findings. We and other groups have demonstrated that overexpressing FLT3/ITD 
in mouse Ba/F3 cells or human CD34+ cells significantly downregulated CXCR4 expression 
[50, 59]. Incubating human CD34+ cells with FLT3 ligand also decreased the expression of 
CXCR4 [50]. Moreover, the mRNA expression of CXCR4 was significantly lower in patients 
with FLT3/ITD+ AML than in those with wild-type FLT3 [9, 106]. These data indicate that 
FLT3/ITD can reduce the expression of CXCR4 in contrast to the data of the earlier report. 
The mechanism responsible for the modulation of CXCR4 expression by FLT3/ITD remains 
subject to investigation. PIM1, which is activated by FLT3/ITD, upregulates CXCR4 [107]. 
Similarly, RUNX1, which is elevated in FLT3/ITD+ AML, upregulates CXCR4 transcription 
[78]. On the other hand, CEBPα, a transcriptional factor that increases CXCR4 expression 
[108], is inactivated by FLT3/ITD [11, 109]. Therefore, the inactivation of CEBPα by FLT3/
ITD can decrease CXCR4 expression. Because FLT3/ITD inhibits CEBPα but enhances PIM1 
and/or RUNX1 expression, the balance between the inactivation of CEBPα and activation of 
PIM1 and/or RUNX1 may determine the expression of CXCR4 in FLT3/ITD+ AML.

Although the FLT3 ligand, as well as FLT3/ITD, increases the migration of mouse hematopoi-
etic cells to CXCL12 [19, 50, 106], FLT3 signaling can decrease the migration of CD34+ cells and 
mouse Ba/F3 cells toward CXCL12 [50, 59]. Enhancing migration and decreasing migration in 
response to CXCL12 by FLT3/ITD appear to be controversial, but the reduction of migration 
toward CXCL12 is most likely a consequence of a decrease in CXCR4 expression, which, in turn, 
induces the quantitative reduction of CXCR4 signaling. Jacobi et al. reported that the transient 
expression of FLT3/ITD decreases CXCR4 expression in human CD34+ cells, coincident with 
their reduced migration toward CXCL12 [59]. This is consistent with the reduction in CXCR4 
expression in CD34+ cells or Ba/F3 cells incubated with FLT3 ligand that is accompanied by 
a decrease in CXCL12-mediated migration [50]. These data indicate that FLT3/ITD, as well 
as normal FLT3 signaling, can inhibit CXCL12/CXCR4 signaling by downregulating CXCR4 
expression. By contrast, the sustained expression of FLT3/ITD enhances migration in response 
to CXCL12, even with a significant downregulation of the CXCR4 level [50]. Augmentation in 
cell migration toward CXCL12 despite the reduction in CXCR4 expression suggests that the 
increase in migration was not due to the qualitative increase in CXCR4 signaling. A subsequent 
study by Onishi et al. confirmed that enhanced migration by FLT3/ITD was mediated through 
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the qualitative change in CXCR4 signaling [106]. The data indicated that molecules and/or path-
ways downstream of CXCR4 that are regulated in the presence of FLT3/ITD were overlapped 
but distinct from those regulated in the absence of FLT3/ITD, suggesting that FLT3/ITD reg-
ulates CXCR4 signaling pathways functionally distinct from those of normal cells [106]. This 
implies that FLT3/ITD functionally alters CXCR4 signaling. These findings strongly suggest that 
FLT3/ITD can negatively regulate CXCR4 signaling by qualitatively decreasing CXCR4 signal-
ing by downregulating CXCR4 expression, whereas it also increases CXCR4 signaling activity 
by changing the global gene expression downstream of CXCR4 (Figure 2). One of the mol-
ecules responsible for the activation of CXCR4 signaling by FLT3/ITD is Rho-associated kinase-1 
(ROCK1). ROCK1 promotes the migration of CXCR4+ cells to CXCL12, whereas antagonizing 
ROCK1 displays the opposite effect. CXCL12 transiently upregulates ROCK1 expression but 
subsequently downregulates its expression in the absence of FLT3/ITD. This downregulation is 
associated with the attenuation in cell migration to CXCL12, suggesting the presence of negative 

Figure 2. Quantitative and/or qualitative regulation of CXCR4 signaling by FLT3/ITD. CXCL12/CXCR4 signaling 
augments FLT3/ITD activity, but in contrast, FLT3/ITD modulates CXCL12/CXCR4 signaling, indicating that CXCL12/
CXCR4 and FLT3/ITD signaling mutually interacts. Regulation of CXCR4 signaling by FLT3/ITD is classified into two 
categories: one is quantitative regulation and the other is qualitative mechanism. FLT3/ITD regulates expression of 
CXCR4, depending on the transcriptional mediators or kinases. For instance, inactivation of CEBPα by FLT3/ITD can 
decrease CXCR4 expression, whereas activation of PIM1 and/or RUNX1 can increase CXCR4 expression. Downregulation 
of CXCR4 diminishes cell migration to CXCL12, whereas upregulation of CXCR4 expression leads to enhancement in 
cell migration to CXCL12. On the other hand, FLT3/ITD modulates global gene expression downstream of CXCR4, which 
leads to the enhancement of cell migration to CXCL12. Classification of genes that are regulated by CXCL12 in FLT3/
ITD− cells and those in FLT3/ITD+ cells based on the molecular pathways or biological process demonstrated that they 
are functionally overlapped but distinct. The data suggest that FLT3/ITD functionally alters CXCL12/CXCR4 signaling. 
For instance, downregulation of ROCK1 expression by CXCL12 that is normally observed in control cells is abrogated by 
FLT3/ITD, which is responsible for the enhancement in cell migration to CXCL12 by FLT3/ITD.
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secreted from the microenvironment modulate the function of FLT3/ITD+ AML cells, although 
this hypothesis remains yet to be proven.

3. Functional interaction between FLT3/ITD and CXCR4 in the  
migration and homing of AML cells that are associated with resistance

Because CXCL12/CXCR4 provides a survival signal to FLT3/ITD+ AML cells, it suggests 
that CXCL12/CXCR4 signaling accentuates FLT3/ITD signaling activity. By contrast, FLT3/
ITD regulates cell migration to CXCL12 [50], indicating that FLT3/ITD modulates CXCR4 
signaling. Therefore, FLT3/ITD and CXCL12/CXCR4 signaling mutually interacts. While an 
earlier study demonstrated that patients with FLT3/ITD+ AML have higher CXCR4 expres-
sion than those with FLT3 wild-type AML [45], subsequent studies have demonstrated con-
troversial findings. We and other groups have demonstrated that overexpressing FLT3/ITD 
in mouse Ba/F3 cells or human CD34+ cells significantly downregulated CXCR4 expression 
[50, 59]. Incubating human CD34+ cells with FLT3 ligand also decreased the expression of 
CXCR4 [50]. Moreover, the mRNA expression of CXCR4 was significantly lower in patients 
with FLT3/ITD+ AML than in those with wild-type FLT3 [9, 106]. These data indicate that 
FLT3/ITD can reduce the expression of CXCR4 in contrast to the data of the earlier report. 
The mechanism responsible for the modulation of CXCR4 expression by FLT3/ITD remains 
subject to investigation. PIM1, which is activated by FLT3/ITD, upregulates CXCR4 [107]. 
Similarly, RUNX1, which is elevated in FLT3/ITD+ AML, upregulates CXCR4 transcription 
[78]. On the other hand, CEBPα, a transcriptional factor that increases CXCR4 expression 
[108], is inactivated by FLT3/ITD [11, 109]. Therefore, the inactivation of CEBPα by FLT3/
ITD can decrease CXCR4 expression. Because FLT3/ITD inhibits CEBPα but enhances PIM1 
and/or RUNX1 expression, the balance between the inactivation of CEBPα and activation of 
PIM1 and/or RUNX1 may determine the expression of CXCR4 in FLT3/ITD+ AML.

Although the FLT3 ligand, as well as FLT3/ITD, increases the migration of mouse hematopoi-
etic cells to CXCL12 [19, 50, 106], FLT3 signaling can decrease the migration of CD34+ cells and 
mouse Ba/F3 cells toward CXCL12 [50, 59]. Enhancing migration and decreasing migration in 
response to CXCL12 by FLT3/ITD appear to be controversial, but the reduction of migration 
toward CXCL12 is most likely a consequence of a decrease in CXCR4 expression, which, in turn, 
induces the quantitative reduction of CXCR4 signaling. Jacobi et al. reported that the transient 
expression of FLT3/ITD decreases CXCR4 expression in human CD34+ cells, coincident with 
their reduced migration toward CXCL12 [59]. This is consistent with the reduction in CXCR4 
expression in CD34+ cells or Ba/F3 cells incubated with FLT3 ligand that is accompanied by 
a decrease in CXCL12-mediated migration [50]. These data indicate that FLT3/ITD, as well 
as normal FLT3 signaling, can inhibit CXCL12/CXCR4 signaling by downregulating CXCR4 
expression. By contrast, the sustained expression of FLT3/ITD enhances migration in response 
to CXCL12, even with a significant downregulation of the CXCR4 level [50]. Augmentation in 
cell migration toward CXCL12 despite the reduction in CXCR4 expression suggests that the 
increase in migration was not due to the qualitative increase in CXCR4 signaling. A subsequent 
study by Onishi et al. confirmed that enhanced migration by FLT3/ITD was mediated through 
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the qualitative change in CXCR4 signaling [106]. The data indicated that molecules and/or path-
ways downstream of CXCR4 that are regulated in the presence of FLT3/ITD were overlapped 
but distinct from those regulated in the absence of FLT3/ITD, suggesting that FLT3/ITD reg-
ulates CXCR4 signaling pathways functionally distinct from those of normal cells [106]. This 
implies that FLT3/ITD functionally alters CXCR4 signaling. These findings strongly suggest that 
FLT3/ITD can negatively regulate CXCR4 signaling by qualitatively decreasing CXCR4 signal-
ing by downregulating CXCR4 expression, whereas it also increases CXCR4 signaling activity 
by changing the global gene expression downstream of CXCR4 (Figure 2). One of the mol-
ecules responsible for the activation of CXCR4 signaling by FLT3/ITD is Rho-associated kinase-1 
(ROCK1). ROCK1 promotes the migration of CXCR4+ cells to CXCL12, whereas antagonizing 
ROCK1 displays the opposite effect. CXCL12 transiently upregulates ROCK1 expression but 
subsequently downregulates its expression in the absence of FLT3/ITD. This downregulation is 
associated with the attenuation in cell migration to CXCL12, suggesting the presence of negative 

Figure 2. Quantitative and/or qualitative regulation of CXCR4 signaling by FLT3/ITD. CXCL12/CXCR4 signaling 
augments FLT3/ITD activity, but in contrast, FLT3/ITD modulates CXCL12/CXCR4 signaling, indicating that CXCL12/
CXCR4 and FLT3/ITD signaling mutually interacts. Regulation of CXCR4 signaling by FLT3/ITD is classified into two 
categories: one is quantitative regulation and the other is qualitative mechanism. FLT3/ITD regulates expression of 
CXCR4, depending on the transcriptional mediators or kinases. For instance, inactivation of CEBPα by FLT3/ITD can 
decrease CXCR4 expression, whereas activation of PIM1 and/or RUNX1 can increase CXCR4 expression. Downregulation 
of CXCR4 diminishes cell migration to CXCL12, whereas upregulation of CXCR4 expression leads to enhancement in 
cell migration to CXCL12. On the other hand, FLT3/ITD modulates global gene expression downstream of CXCR4, which 
leads to the enhancement of cell migration to CXCL12. Classification of genes that are regulated by CXCL12 in FLT3/
ITD− cells and those in FLT3/ITD+ cells based on the molecular pathways or biological process demonstrated that they 
are functionally overlapped but distinct. The data suggest that FLT3/ITD functionally alters CXCL12/CXCR4 signaling. 
For instance, downregulation of ROCK1 expression by CXCL12 that is normally observed in control cells is abrogated by 
FLT3/ITD, which is responsible for the enhancement in cell migration to CXCL12 by FLT3/ITD.
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feedback in CXCL12/CXCR4 signaling mediated by modulating ROCK1 expression to prevent 
excessive migration in normal cells. By contrast, FLT3/ITD or FLT3 ligand enhances the expres-
sion and prevents the subsequent downregulation of the ROCK1 level that is normally induced 
by CXCL12, thereby abrogating the negative feedback generated by CXCL12 and ROCK1. The 
loss of negative feedback on ROCK1 expression induced by FLT3 signaling resulted in the sus-
tained activation of CXCL12/CXCR4 signaling, thereby enhancing the migration of FLT3/ITD+ 
cells toward CXCL12. Enhanced chemotaxis is also mediated through RAS [58].

An additional molecular machinery that specifically mediates the migration of FLT3/ITD+ cells 
is PIM1 kinase. The expression and kinase activity of PIM1 are upregulated in FLT3/ITD+ AML 
cells [110]. Enhanced PIM1 activity induced by FLT3/ITD is essential for the migration and 
homing of AML cells [107]. The effect of PIM1 on the migration and homing of FLT3/ITD cells 
is mediated by the increase in CXCR4 owing to its recycling by the phosphorylation of serine 
339 on CXCR4. These data indicate that PIM1 activity is essential for the proper CXCR4 surface 
expression and migration of FLT3/ITD+ AML cells toward CXCL12. In addition to regulating 
migration and homing, PIM1 modulates the resistance of FLT3/ITD+ AML cells to FLT3 inhibi-
tors [21, 22]. Targeting PIM1 synergizes with FLT3 inhibition [111] and restores the sensitivity 
of FLT3 inhibitors in FLT3/ITD+ AML cells [21]. A recent study in abstract form indicated that 
the microenvironment-induced expression of PIM kinase supports chronic leukemia (CLL) sur-
vival and promotes CXCR4-dependent migration [112]. Although this was investigated in CLL, 
the data suggest that microenvironmental factors increase the expression of PIM1 kinase, which 
promotes the resistance of FLT3/ITD+ AML. The upregulated PIM1 kinase, in turn, would facili-
tate the migration of FLT3/ITD+ AML toward CXCL12 by activating CXCR4 signaling, thereby 
increasing the interaction between FLT3/ITD+ AML cells and microenvironment cells. In this 
regard, antagonizing PIM1 represents an additional therapeutic strategy to abrogate the interac-
tion between FLT3/ITD+ AML cells and marrow niches, particularly for those that have become 
resistant to FLT3/ITD inhibitors. Similarly, ROCK1 enhances not only CXCL12-induced migra-
tion [106] but also the proliferation of FLT3/ITD+ cells [13]. Therefore, antagonizing ROCK1 is 
likely to be beneficial to interfere with the communication of FLT3/ITD+ AML cells between the 
marrow niches and inhibit their proliferation. These data suggest that FLT3/ITD increases the 
communication with the bone marrow microenvironment by enhancing the chemotaxis toward 
CXCL12. Together with CXCL12 protecting FLT3/ITD+ AML cells from the insult of FLT3 inhibi-
tors, the findings strongly indicate that reciprocal interaction between FLT3/ITD and CXCL12/
CXCR4 signaling exists that accentuates the resistance to FLT3 inhibitors.

4. Effect of FLT3 mutation on the microenvironment

Normal hematopoietic stem cells drive hematopoiesis, but this process requires appro-
priate factors secreted by adjacent cells, adhesion molecules, neighboring cells such as 
mesenchymal stromal cells, osteolineage cells, and endothelial cells that exist in the micro-
environment [113]. In agreement with the microenvironment mediating the tight control 
necessary for normal hematopoiesis, earlier studies have demonstrated that malfunction 
of microenvironmental cells can lead to the development of myeloproliferation, which 
represents one of the outcomes of aberrant hematopoiesis. Walkley et al. demonstrated 
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that the loss of retinoic acid receptor gamma (PARγ) resulted in myeloproliferation in 
mice; however, the transplantation of the marrow cells into PARγ-deficient cells did not 
cause myeloproliferation in wild-type recipients, whereas the transplantation of wild-
type marrow cells caused myeloproliferation in PARγ-deficient recipients, indicating that 
myeloproliferation caused by the loss of PARγ was microenvironmental [114]. The micro-
environmental effect on aberrant myeloproliferation is also supported by experiments 
using Rb-deficient cells. Knocking out Rb resulted in myeloproliferation in mice; however, 
the genetic defect in both hematopoietic cells and the microenvironment was necessary for 
the development of myeloproliferation [115]. Furthermore, deletion of DICER1 in primi-
tive osteolineage cells led to myelodysplastic syndrome and AML [116], indicating that 
malfunction of DICER1 in the niche component was sufficient to cause myeloid malig-
nancy. These findings indicate that the genetic alteration and/or malfunction of the micro-
environment can induce myeloid malignancies.

Reports have demonstrated that HSCs regulate their own niches by instructing neighboring 
stromal cells to produce supportive factors or alter the overall microenvironment [117–119]. 
While the marrow niche supports leukemia cell proliferation or protects cells from chemother-
apeutic insult by providing various survival signals, recent evidence has demonstrated that 
leukemia cells modulate the marrow environment to create a supportive niche favoring sur-
vival for AML cells, just as healthy HSCs regulate their niche. Zhang et al. demonstrated that 
chronic myeloid leukemia (CML) cells modulate the microenvironment in favor of CML cells 
over healthy HCS by modulating CXCL12 expression and alter the localization of HSCs. CML 
cells modulate cytokine expression in the microenvironment, such that they support CML cells 
[120]. A study by Schepers et al. identified that myeloproliferative neoplasia (MPN) remodels 
endosteal bone marrow niches by stimulating mesenchymal stem cells to produce function-
ally altered osteoblastic lineage cells. This results in the creation of a self-reinforcing leuke-
mic niche that impairs normal hematopoiesis and favors leukemic stem cell function [121]. 
Several cytokines, such as thrombopoietin and CCL3, that direct cell-cell interaction, altera-
tion of TGF-β, and Notch and inflammatory signaling were involved in the expansion and/
or remodeling in osteoblastic lineage cells. The osteoblastic lineage cells remodeled by myelo-
proliferation compromised normal HSCs but effectively support leukemia stem cells [121]. 
Similarly, the latest study by Mead et al. demonstrated that FLT3/ITD modulates the marrow 
microenvironment and impaired the number of HSCs. In the marrow of FLT3ITD/ITD mice, FLT3/
ITD-induced myeloproliferation was associated with a progressive decline in the HSC com-
partment. Notably, when FLT3ITD/ITD marrow cells were transplanted with marrow competi-
tor cells from wild-type mice into healthy recipients, the HSCs derived from the competitor 
cells were significantly reduced, demonstrating the presence of a cell extrinsic mechanism that 
diminishes the competitor HSC. Loss of competitor cells in the recipient mice that developed 
FLT3/ITD-induced myeloproliferation was coincided with the disruption of stromal cells in 
the recipient marrow, an activity that was associated with reduced numbers of endothelial and 
mesenchymal stromal cells showing increased inflammation-associated gene expression. The 
study finally discovered that tumor necrosis factor (TNF), a cell-extrinsic negative regulator of 
HSCs, was overexpressed in the marrow niche cells in FLT3ITD/ITD mice, and anti-TNF treatment 
partially rescued the loss of HSCs. These data clearly demonstrate that FLT3/ITD compro-
mises HSCs through an extrinsically mediated mechanism of disrupting HSCs that support 
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feedback in CXCL12/CXCR4 signaling mediated by modulating ROCK1 expression to prevent 
excessive migration in normal cells. By contrast, FLT3/ITD or FLT3 ligand enhances the expres-
sion and prevents the subsequent downregulation of the ROCK1 level that is normally induced 
by CXCL12, thereby abrogating the negative feedback generated by CXCL12 and ROCK1. The 
loss of negative feedback on ROCK1 expression induced by FLT3 signaling resulted in the sus-
tained activation of CXCL12/CXCR4 signaling, thereby enhancing the migration of FLT3/ITD+ 
cells toward CXCL12. Enhanced chemotaxis is also mediated through RAS [58].

An additional molecular machinery that specifically mediates the migration of FLT3/ITD+ cells 
is PIM1 kinase. The expression and kinase activity of PIM1 are upregulated in FLT3/ITD+ AML 
cells [110]. Enhanced PIM1 activity induced by FLT3/ITD is essential for the migration and 
homing of AML cells [107]. The effect of PIM1 on the migration and homing of FLT3/ITD cells 
is mediated by the increase in CXCR4 owing to its recycling by the phosphorylation of serine 
339 on CXCR4. These data indicate that PIM1 activity is essential for the proper CXCR4 surface 
expression and migration of FLT3/ITD+ AML cells toward CXCL12. In addition to regulating 
migration and homing, PIM1 modulates the resistance of FLT3/ITD+ AML cells to FLT3 inhibi-
tors [21, 22]. Targeting PIM1 synergizes with FLT3 inhibition [111] and restores the sensitivity 
of FLT3 inhibitors in FLT3/ITD+ AML cells [21]. A recent study in abstract form indicated that 
the microenvironment-induced expression of PIM kinase supports chronic leukemia (CLL) sur-
vival and promotes CXCR4-dependent migration [112]. Although this was investigated in CLL, 
the data suggest that microenvironmental factors increase the expression of PIM1 kinase, which 
promotes the resistance of FLT3/ITD+ AML. The upregulated PIM1 kinase, in turn, would facili-
tate the migration of FLT3/ITD+ AML toward CXCL12 by activating CXCR4 signaling, thereby 
increasing the interaction between FLT3/ITD+ AML cells and microenvironment cells. In this 
regard, antagonizing PIM1 represents an additional therapeutic strategy to abrogate the interac-
tion between FLT3/ITD+ AML cells and marrow niches, particularly for those that have become 
resistant to FLT3/ITD inhibitors. Similarly, ROCK1 enhances not only CXCL12-induced migra-
tion [106] but also the proliferation of FLT3/ITD+ cells [13]. Therefore, antagonizing ROCK1 is 
likely to be beneficial to interfere with the communication of FLT3/ITD+ AML cells between the 
marrow niches and inhibit their proliferation. These data suggest that FLT3/ITD increases the 
communication with the bone marrow microenvironment by enhancing the chemotaxis toward 
CXCL12. Together with CXCL12 protecting FLT3/ITD+ AML cells from the insult of FLT3 inhibi-
tors, the findings strongly indicate that reciprocal interaction between FLT3/ITD and CXCL12/
CXCR4 signaling exists that accentuates the resistance to FLT3 inhibitors.

4. Effect of FLT3 mutation on the microenvironment

Normal hematopoietic stem cells drive hematopoiesis, but this process requires appro-
priate factors secreted by adjacent cells, adhesion molecules, neighboring cells such as 
mesenchymal stromal cells, osteolineage cells, and endothelial cells that exist in the micro-
environment [113]. In agreement with the microenvironment mediating the tight control 
necessary for normal hematopoiesis, earlier studies have demonstrated that malfunction 
of microenvironmental cells can lead to the development of myeloproliferation, which 
represents one of the outcomes of aberrant hematopoiesis. Walkley et al. demonstrated 
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that the loss of retinoic acid receptor gamma (PARγ) resulted in myeloproliferation in 
mice; however, the transplantation of the marrow cells into PARγ-deficient cells did not 
cause myeloproliferation in wild-type recipients, whereas the transplantation of wild-
type marrow cells caused myeloproliferation in PARγ-deficient recipients, indicating that 
myeloproliferation caused by the loss of PARγ was microenvironmental [114]. The micro-
environmental effect on aberrant myeloproliferation is also supported by experiments 
using Rb-deficient cells. Knocking out Rb resulted in myeloproliferation in mice; however, 
the genetic defect in both hematopoietic cells and the microenvironment was necessary for 
the development of myeloproliferation [115]. Furthermore, deletion of DICER1 in primi-
tive osteolineage cells led to myelodysplastic syndrome and AML [116], indicating that 
malfunction of DICER1 in the niche component was sufficient to cause myeloid malig-
nancy. These findings indicate that the genetic alteration and/or malfunction of the micro-
environment can induce myeloid malignancies.

Reports have demonstrated that HSCs regulate their own niches by instructing neighboring 
stromal cells to produce supportive factors or alter the overall microenvironment [117–119]. 
While the marrow niche supports leukemia cell proliferation or protects cells from chemother-
apeutic insult by providing various survival signals, recent evidence has demonstrated that 
leukemia cells modulate the marrow environment to create a supportive niche favoring sur-
vival for AML cells, just as healthy HSCs regulate their niche. Zhang et al. demonstrated that 
chronic myeloid leukemia (CML) cells modulate the microenvironment in favor of CML cells 
over healthy HCS by modulating CXCL12 expression and alter the localization of HSCs. CML 
cells modulate cytokine expression in the microenvironment, such that they support CML cells 
[120]. A study by Schepers et al. identified that myeloproliferative neoplasia (MPN) remodels 
endosteal bone marrow niches by stimulating mesenchymal stem cells to produce function-
ally altered osteoblastic lineage cells. This results in the creation of a self-reinforcing leuke-
mic niche that impairs normal hematopoiesis and favors leukemic stem cell function [121]. 
Several cytokines, such as thrombopoietin and CCL3, that direct cell-cell interaction, altera-
tion of TGF-β, and Notch and inflammatory signaling were involved in the expansion and/
or remodeling in osteoblastic lineage cells. The osteoblastic lineage cells remodeled by myelo-
proliferation compromised normal HSCs but effectively support leukemia stem cells [121]. 
Similarly, the latest study by Mead et al. demonstrated that FLT3/ITD modulates the marrow 
microenvironment and impaired the number of HSCs. In the marrow of FLT3ITD/ITD mice, FLT3/
ITD-induced myeloproliferation was associated with a progressive decline in the HSC com-
partment. Notably, when FLT3ITD/ITD marrow cells were transplanted with marrow competi-
tor cells from wild-type mice into healthy recipients, the HSCs derived from the competitor 
cells were significantly reduced, demonstrating the presence of a cell extrinsic mechanism that 
diminishes the competitor HSC. Loss of competitor cells in the recipient mice that developed 
FLT3/ITD-induced myeloproliferation was coincided with the disruption of stromal cells in 
the recipient marrow, an activity that was associated with reduced numbers of endothelial and 
mesenchymal stromal cells showing increased inflammation-associated gene expression. The 
study finally discovered that tumor necrosis factor (TNF), a cell-extrinsic negative regulator of 
HSCs, was overexpressed in the marrow niche cells in FLT3ITD/ITD mice, and anti-TNF treatment 
partially rescued the loss of HSCs. These data clearly demonstrate that FLT3/ITD compro-
mises HSCs through an extrinsically mediated mechanism of disrupting HSCs that support 
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bone marrow stromal cells by generating an inflammatory environment [122]. The same study 
also demonstrated that the expression of FLT3 mRNA and protein is absent in HSCs, strongly 
suggesting that FLT3/ITD protein is not expressed in most primitive HSCs, even if FLT3/ITD 
mutation exists in the FLT3 gene in HSCs. Because these HSCs harboring the FLT3/ITD gene 
but lacking the expression of FLT3/ITD protein would not be targeted by the FLT3 inhibitors, 
they may represent a reservoir for the development of resistant clones, in which additional 
mutations can be accumulated. The lack of mutant FLT3/ITD protein in HSCs harboring FLT3/
ITD mutation on the FLT3 gene implies that current strategies targeting FLT3/ITD protein or 
activity would be ineffective. In this regard, disrupting the FLT3 gene, for instance, by using a 
gene-editing strategy, would represent an additional approach to eliminate HSCs containing 
FLT3/ITD mutation. Moreover, because FLT3/ITD+ AML restructures the marrow environment 
in favor of AML cells over normal HSCs, factors provided by FLT3/ITD+ AML cells that influ-
ence the marrow environment would represent a novel therapeutic target.

5. Summary

FLT3/ITD+ AML can become refractory to FLT3 inhibitors. Factors derived from the marrow micro-
environment represent one such mechanism responsible for the refractory phenotype to FLT3/
ITD inhibitors. Understanding the molecular mechanism involved in microenvironment-medi-
ated resistance will shed light on the development of innovative therapeutic strategies against 
FLT3/ITD+ AML, especially for FLT3/ITD+ AML that has become refractory to FLT3 inhibitors.
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gene-editing strategy, would represent an additional approach to eliminate HSCs containing 
FLT3/ITD mutation. Moreover, because FLT3/ITD+ AML restructures the marrow environment 
in favor of AML cells over normal HSCs, factors provided by FLT3/ITD+ AML cells that influ-
ence the marrow environment would represent a novel therapeutic target.

5. Summary

FLT3/ITD+ AML can become refractory to FLT3 inhibitors. Factors derived from the marrow micro-
environment represent one such mechanism responsible for the refractory phenotype to FLT3/
ITD inhibitors. Understanding the molecular mechanism involved in microenvironment-medi-
ated resistance will shed light on the development of innovative therapeutic strategies against 
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Abstract

Genetics has an important role in the risk stratification and management of the patients
with acute myeloid leukemia (AML). Molecular testing can’t take the place of cytogenetic
testing results, but has complementary role to help refine prognosis of the disease, espe-
cially within specific AML subgroups. Molecular genetic analysis of CEBPA, NPM1, and
FLT3 is already the standard of care in AML patients, and mutations in several additional
genes are assuming increasing importance. The French-American-British (FAB) classifica-
tion and the World Health Organization (WHO) classification are the most classifications
for AML. The aim of this chapter is a review on the role of genetic analysis in new
treatments of AML.

Keywords: acute myeloid leukemia, genetics, mutation, classification, treatment

1. Introduction

Acute myeloid leukemia is the most common acute leukemia in adults and highly heteroge-
neous disease, characterized by gene mutations, chromosome abnormalities, changes in
expression of multiple genes, and microRNAs [1]. In 2008, World Health Organization
(WHO) categorized acute myeloid leukemia into four groups; AML with genetic abnormali-
ties, AML with myelodysplasia, treatment-dependent AML, and AML not categorized. In the
first group, prognosis depends on cytogenetic findings, so patients with acute myeloid leuke-
mia were divided into different prognostic groups. For example, the translocations t(8;21), t
(15;17), and inv(16) indicate a favorable prognosis, whereas 11q23 abnormalities indicate
intermediate or worse prognosis. In the last group, 40–50% of AML cases were included, and
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no chromosomal abnormalities were detected by conventional karyotyping. Almost these
patients located into the intermediate prognostic group [2]. The French-American-British
(FAB) classification system divides AML into eight subtypes, M0 through to M7, based on the
morphological and cysto-chemical characteristics of the leukemic cells as shown in Table 1.
This is done by examining the appearance of the malignant cells with light microscopy and/or
by using cytogenetics to characterize any underlying chromosomal abnormalities [4]. In AML,
somatic genetic changes are often thought to contribute to leukemogenesis through a “two-hit”
process: (1) mutations that activate signal transduction pathways and thereby increase the
proliferation or survival, or both, of hematopoietic progenitor cells (class I; Mutations in KIT,
FLT3, and N-RAS) and (2) mutations that affect transcription factors or components of the cell-
cycle machinery and cause impaired differentiation (class II; RUNX1, CBFβ, CEBPA, NPM1,
PU1, MLL, and RARA) [5]. Genes that were significantly mutated in AML were organized into
several functional categories (Figure 1) [6]. The purpose of AML genetic testing and classifica-
tion at diagnosis is mainly to risk-stratify patients with AML, and thus determine proper
treatment modalities.

2. Class I mutations

2.1. KIT mutations

KIT is a member of the type III RTK family, encodes a receptor tyrosine kinase and ligand-
independent activation of KIT. KIT mutations are detected mostly in association with core
binding factor (CBF) AML, and correlated with t(8;21), inv (16), and t(16;16) [7, 8].

Type Name Cytogenetics Percentage of adults
with AML (%)

M0 Acute myeloblastic leukemia, minimally differentiated 5 [3]

M1 Acute myeloblastic leukemia, without maturation 15 [3]

M2 Acute myeloblastic leukemia, with granulocytic maturation t(8;21)(q22;q22), t(6;9) 25 [3]

M3 Promyelocytic, or acute promyelocytic leukemia (APL) t(15;17) 10 [3]

M4 Acute myelomonocytic leukemia inv (16)(p13q22), del(16q) 20 [3]

M4eo Myelomonocytic together with bone marrow eosinophilia inv (16), t(16;16) 5 [3]

M5 Acute monoblastic leukemia (M5a) or acute monocytic
leukemia (M5b)

del (11q), t(9;11), t(11;19) 10 [3]

M6 Acute erythroid leukemia, including erythroleukemia (M6a)
and very rare pure erythroid leukemia (M6b)

5 [3]

M7 Acute megakaryoblastic leukemia t(1;22) 5 [3]

Table 1. French-American-British (FAB) classification of acute myeloid leukemia (AML).

Myeloid Leukemia148

2.2. FLT3 mutations

Fms-like tyrosine kinase 3 (FLT3) is a receptor tyrosine kinase involved in proliferation, cell
survival, and differentiation of hematopoietic progenitor stem cells. FLT3 mutations are one of
the most common genetic changes in AML that occur in about 30% of these cases and confer a
poor prognosis [9, 10]. Internal tandem duplications (ITD) mutations in the juxtamembrane (JM)
domain and missense point mutations in the second tyrosine kinase domain (TKD) of the FLT3
gene are the molecular abnormalities that have been found in 20% of all AML patients [11].

Figure 1. Acute myeloid leukemia and commonly mutated genes. Upper-left box shows mutations in FLT3 signaling that
confer a proliferative through the RAS–RAF, PI3K–AKT, and JAK–STAT signaling pathways. Upper-middle box shows
TP53 mutations, can lead to deregulation of transcription and impaired degradation through the phosphatase and tensin
homolog (PTEN) and the mouse double minute 2 (MDM2) homolog. Upper-right box shows DNMT3A and TET2
mutations, also IDH1 and IDH2 mutations, can lead to the deregulation of DNA methylation. Center-right box shows
mutations of ASXL1 and EZH2 genes, cause deregulation of chromatin modification, also KMT2A-MLLT3 gene fusion,
can impair other methyltransferases such as DOT1L. In center-right box shows RUNX1 and RUNX1-RUNX1T1 muta-
tions, result in reduced hematopoietic differentiation and transcriptional deregulation. Center-middle box shows muta-
tions in the RAD21 and STAG2, might impair accurate chromosome segregation and transcriptional regulation. Lower-
right box shows mutations of U2AF1, ZRSR2, SF3B1, SRSF2 are involved in deregulated RNA processing. Lower-left box
shows NPM1 gene mutations, resulting in the aberrant cytoplasmic localization of NPM1 and NPM1-interacting proteins.
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2.3. RAS mutations

Mutations in N-RAS and K-RAS occur in AML as well as solid Tumors in about 10 and 5% of
AML patients, respectively [12].

3. Class II mutations

In addition to class I mutations, in AML patients, mutations in brain and acute leukemia gene
(BAAL), MLL-MLLT3 gene fusion created by the t(9;11)(p22;q23) translocation is associated
with intermediate prognosis in AML, nucleoplasmin 1(NPM1), CCAAT/enhancer-binding
protein α (CEBPα), and Wilms tumor gene (WT-1) have also been detected. Lately, mutations
in DNMT3A, encode DNA methyltransferases that catalyze the addition of a methyl group to
the cytosine residue of CpG dinucleotides, have been recognized in one-third of de novo AML
patients with intermediate-risk cytogenetics. Genomes with DNMT3A mutations commonly
harbored extra mutations in NPM1, IDH1, and FLT3. The incidence of any DNMT3A muta-
tion, alone or in combination with FLT3 ITD mutation, is related with lower overall survival
(OS) [12, 13].

4. Molecule analysis of mutations in AML

The single most important prognostic factor in AML is cytogenetic testing of bone marrow
samples. Results are highly predictive of response to induction chemotherapy, relapse risk, and
overall survival (OS). Approximately 50–60% of newly diagnosed AML patients can be
detected by cytogenetic abnormalities [14]. To recognize cytogenetic abnormalities,

Risk Cytogenetics Molecular

Favorable inv (16) or t(16;16)
t(8;21)
t(15;17)

Normal cytogenetics with:
Isolated biallelic CEBPA mutation
NPM1 mutation without FLT3 ITD

Intermediate Normal cytogenetics
Isolated +8
t(9;11)
Other non-good and non-poor changes

KITmutation in core binding factor leukemia:
inv (16) or t(16;16)
t(8;21)

Poor Complex (≥3 clonal abnormalities)
Monosomal karyotype
�5/�5q or � 7/�7q
11q23 rearrangements other than t(9;11)
inv (3) or t(3;3)
t(6;9)
t(9;22)

Normal cytogenetics with: FLT3 ITD

Table 2. Genetic risk classification of acute myeloid leukemia.
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fluorescence in-situ hybridization technique (FISH) and DNA analysis should be done as well
routine cytogenetics. Results of these tests are used for patient-risk stratification and to guide
patient management. In Table 2, most of the prognostic cytogenetic abnormalities are listed,
grouped by risk category [15]. AML Patients with the t(8;21)(q22;q22), t(15;17)(q22;q12), and
inv (16)(p13.1;q22) are associated with longer survival and remission, whereas alterations of
chromosomes 7, 5, complex karyotype, and 11q23 are associated with poor response to ther-
apy and shorter overall survival [16]. The vital chromosomal abnormalities in AML include
deletions in chromosomes 5 or 7 or monosomies and trisomy 8 [17]. Furthermore, other
abnormalities consist of the balanced translocations between chromosomes 15 and 17 (t
(15;17)); long arm of chromosome 11 (11q); chromosomes 8 and 21 (t(8;21)); (q22;q22), (q31;
q22), and t(9;11); and inversion for instance inv (16) [18].

5. Oncofusion proteins related with AML

In total, 749 chromosomal aberrations have been recorded in AML [19]. Table 3 shows the
common chromosomal aberrations and their corresponding Oncofusion Proteins in AML [12].

In conclusion, AML is a highly aggressive heterogeneous malignant disease, classified by
genetic abnormalities that define subgroups of distinct biological and clinical features. Despite
best efforts at targeted therapy, therapeutic approaches have stuck to “one-size fits all” con-
ventional chemotherapy because of lack of targeted therapeutic options.

Translocations Oncofusion protein Frequency of occurrence (% of AML)

t(8;21) AML1-ETO 10

t(15;17) PML-RARα 10

inv(16) CBFβ-MYH11 5

der(11q23) MLL-fusions 4

t(9;22) BCR-ABL1 2

t(6;9) DEK-CAN 1

t(1;22) OTT-MAL <1

t(8;16) MOZ-CBP <1

t(7;11) NUP98-HOXA9 <1

t(12;22) MN1-TEL <1

inv(3) RPN1-EVI1 <1

t(16;21) FUS-ERG <1

Table 3. Acute myeloid leukemia (AML)-associated Oncofusion proteins.
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Abstract

Vitamin C (ascorbic acid) is an essential nutrient with a number of beneficial effects on 
the human body. Although the majority of mammals can synthesize their own Vitamin 
C, humans and a few other species, do not produce it and depend on dietary sources for 
their Vitamin C supply. Among its many effects on cell function and metabolism, Vitamin 
C has shown, in vitro, a powerful anticancer effect against a number of human tumor cell 
lines, including myeloid leukemia. There are many different mechanistic explanations for 
the anticancer/anti-leukemic effects of Vitamin C and the aim of the present review is to 
illustrate these mechanisms, showing the results of some preliminary in vitro investiga-
tions, and outlining their potential clinical relevance.

Keywords: Vitamin C, ascorbate, sodium ascorbate, high doses of ascorbate, 
intravenous ascorbate, cancer, leukemia, antioxidants, pro-oxidants, free radicals, 
oxidative stress, redox balance

1. Introduction

Vitamin C is an essential nutrient with a number of beneficial functions, for the organism [1], 
such as

1. helping the metabolism of tyrosine, folic acid, and tryptophan;

2. increasing the elimination of cholesterol;

3. contributing to the synthesis of catecholamines;

4. helping the body to absorb and breakdown histamine;
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5. enhancing the absorption of non-heme iron;

6. promoting the synthesis of collagen (its most widely known physiological function);

7. neutralizing free radicals (it is a reducing agent, “scavenger” of free radicals, and a found-
er among the natural antioxidants);

8. protecting DNA from damage due to free radicals and mutagens;

9. reducing the risk of premature death;

10. fighting off widespread environmental pollutants; and

11. preventing the development of nitrosamines.

Though ubiquitous, ascorbate is not produced by humans, guinea pigs, some primates, a 
particular type of fruit eating bat, the majority of fishes and birds [2], who depend on diet for 
the assumption and use of this fundamental nutrient.

2. Vitamin C and leukemia: historical background

The first mention of the therapeutic potentialities of Vitamin C in leukemia, can be found in 
the book “The healing Factor: Vitamin C against disease,” written by the biochemist Irwin Stone, 
in 1974 [3]. In his book, Stone refers to a study, performed in 1936 by Stephen and Hawley 
[4], demonstrating, for the first time, that when the blood is separated into plasma, red blood 
cells, and white blood cells, there is a 20- to 30-fold concentration of Vitamin C in the white 
blood cells, as compared to plasma.

Following this report, Barkhan and Howard, by studying a few cases of chronic myelogenous 
and lymphatic leukemia, added the evidence that leukemic patients have substantially lower 
than normal plasma levels of Vitamin C [5]. As noted by Stone, although this knowledge 
could suggest the use of Vitamin C as a therapeutic agent, in leukemia, the first clinical trials 
showed contrasting results, due to the inappropriately low doses administered.

Later on, Vogt, in a literature review [6], confirmed that there are high deficits of Vitamin C in 
leukemic patients, as also confirmed by the reports of Kyhos and Coll. [7] in 1945, and Waldo 
and Zipf, in 1955 [8].

According to Stone [3], leukemia reduces the body stores of Vitamin C to very low levels, and 
any residual Vitamin C circulating in the blood is scavenged and locked in the excessive num-
bers of leukocytes characterizing this disorder. As a direct consequence, the plasma levels of 
Vitamin C are reduced to zero or close thereto, and tissues are no longer being supplied with 
this most important metabolite, since it is accumulated in leukocytes.

Stone [3] defined “biochemical scurvy” as the condition of insufficient Vitamin C supply to 
body tissues, and proposed that its correction required the administration of Vitamin C at a 
rate of 25 g or more per day.

Myeloid Leukemia156

In 2012, 76 years after the first observations on the “concentration” of Vitamin C in leuko-
cytes, an investigation on 131 patients affected by different types of leukemia, definitively 
confirmed that leukemic patients have significant lower plasma Vitamin C than normal con-
trols. The reduction of plasma Vitamin C levels in leukemia, as predicted by Stone, is due to 
an increased uptake and utilization by the actively proliferating leukocytes, leading to tissue 
biochemical scurvy and consequent increased tendency to bleeding and infections, which are 
the hallmark of this pathological condition [9, 10]. Interestingly, low plasma levels of Vitamin C, 
have been, very recently, found in around 30% of cases of Non-Hodgkin Lymphoma (NHL), 
particularly in patients with high bulk disease [11]. With the above data at hand, it is clear 
that leukemia can be viewed as a condition of functional Vitamin C deficiency, associated 
with biochemical scurvy, and therefore, all leukemic patients are suitable candidates for the 
treatment with this nutrient.

3. How much Vitamin C to treat leukemia? The concept of “mega-doses”

In 1949, Frederik Klenner first reported the successful treatment of bulbar poliomyelitis, with 
high doses of Vitamin C administered by intramuscular, intravenous, and oral route [12]. 
Klenner had also established clinical protocols using massive doses of Vitamin C to treat a 
number of different viral conditions, but only more than two decades later, Stone formally 
defined the concept and rationale for the use of “mega-doses” of Vitamin C. In particular, 
Stone observed that man and only a few other species do not produce their own Vitamin C, 
while the great majority of mammals do, according to their physiologic requirements [3]. This 
observation led the author to hypothesize that due to either insufficient intake or increased 
consumption of the nutrient, or both, man could easily undergo a condition that he defined 
“hypoascorbemia.” Hypoascorbemia is a reduced amount of circulating Vitamin C (also called 
“ascorbic acid”), due to the lack of the enzyme L-gulonolactone oxidase (GLO), as a conse-
quence of an “inborn error of carbohydrate metabolism” [13–15]. This defect, now very well 
acknowledged and characterized [16], led Stone to hypothesize that to be in good health, man 
needs mega-doses of Vitamin C (several grams a day) [17, 18], rather than doses in the order 
of milligrams, as stated by the Recommended Daily Allowances (RDAs) [19].

The rationale behind the use of mega-doses of Vitamin C was further refined by the chemist 
and twofold Nobel Prize, Linus Pauling. Pauling soon became an enthusiastic supporter of 
the use of this nutrient, in high doses, not only to prevent disease [20–23], but also to treat 
a number of pathologic conditions, ranging from common cold [24, 25] to cancer [26] and 
AIDS [27].

4. Intravenous Vitamin C and cancer

Studies on dose-concentration relationship in humans, performed by Levine and co-workers 
[28], revealed that at oral doses exceeding 250 mg/day, the plasma levels of Vitamin C reach a 
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and twofold Nobel Prize, Linus Pauling. Pauling soon became an enthusiastic supporter of 
the use of this nutrient, in high doses, not only to prevent disease [20–23], but also to treat 
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plateau, and any further increase in the amount administered by mouth, does not determine 
significant increase in plasma concentration. This is due to multiple “control” mechanisms, 
including, among others, intestinal absorption, tissue accumulation, renal reabsorption and 
excretion, and utilization. On the contrary, the intravenous administration of high doses of 
Vitamin C, bypassing the above control mechanisms, allows plasma concentrations that are 
100-fold or higher than maximally tolerated oral doses, and the peak could last for hours 
within the millimolar (mM) range [29].

More importantly, at plasma concentrations easily achievable by intravenous administration 
(5–10 mM for 1–2 h), Vitamin C induced death in 75% of 48 cancer cell lines tested in vitro [30], 
but had no toxic effect on human peripheral white blood cells, fibroblasts, or epithelial cells. 
This selective cytotoxic effect would be achieved since at high doses, parenteral ascorbate is 
a peroxide delivery system for the generation of sustainable ascorbate radical and H2O2. H2O2 
would be produced in the extracellular space, with consequent oxidative damage to cancer 
cells [31, 32]. Therefore, Vitamin C in high doses would be cytotoxic to cancer cells because 
of its pro-oxidant, rather than anti-oxidant effect, even though some authors remark that the 
pro-oxidant activity of Vitamin C, may not be relevant, in vivo [33–35].

More recently, Yun and co-workers [36], by investigating the effects of high doses of Vitamin 
C on KRAS and BRAF mutants cells derived from colorectal cancer (CRC), have further 
refined the mechanistic explanation of the anticancer properties of Vitamin C. In particular, 
according to the authors, the death of KRAS and BRAF cell mutants of CRC is not caused by 
the Vitamin C itself, but rather, by its oxidized form, dehydroascorbic acid (DHAA). While 
Vitamin C enter cells though specific receptors, called sodium-Vitamin C co-transporters 
(SVCTs) [37], DHAA competes with glucose, for intracellular uptake by glucose transporters 
(GLUT), mainly 1 and 4 subtype receptors [38, 39].

Interestingly, both KRAS and BRAF activating mutations are responsible for the upregulation 
of GLUT1 expression in different types of cancer, including CRC [40, 41].

However, as reported by Yun and Coll. [36], the upregulation of GLUT-1 expression is not 
always associated with increased sensitivity of tumor cell lines to the cytotoxic effects of 
DHAA.

Further investigation into the metabolic makeup of KRAS and BRAF mutations CRC-derived 
cell lines, showed an accumulation of glycolytic intermediates upstream glyceraldehyde-
3-phosphate-dehydrogenase (GAPDH) and a contemporary depletion of the metabolites 
downstream GAPDH. This finding indicates an inhibition or severe reduction of GAPDH 
activity, which appears to be the key of the cytotoxic effect of DHA.

In summary, the data reported by Yun and Coll. on the effect of DHAA on CRC cell lines, 
indicate that in glycolysis-addicted KRAS and BRAF mutated cell lines, high amounts of 
DHAA are transported into the cancer cells, through the overexpressed GLUT-1 receptors. 
The exceeding amounts of intracellular DHAA are then reduced again to Vitamin C with con-
sequent consumption of glutathione (GSH), redox imbalance, and oxidative stress. Oxidative 
stress, in turn, causes GAPDH inactivation, with inhibition of glycolysis, and energetic crisis, 
ultimately leading to cell death [42].
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More precisely, beyond being inactivated directly by ROS (including H2O2), GAPDH function 
is also hindered by the depletion of nicotinamide adenine dinucleotide (NAD+), caused by the 
activation of the DNA repairing enzyme, poly(ADP-ribose) polymerase (PARP), induced by 
damaged DNA. In fact, the increased production of ROS, in cancer cells, due to the high doses 
of Vitamin C, produces increased DNA damage and consequent activation of PARP. PARP, 
in turn, consumes NAD+ with consequent NAD+ depletion, ATP depletion, and cancer cell 
death [43].

5. High doses of Vitamin C and H2O2

The view that Vitamin C in high concentrations, administered by intravenous infusion, acts 
as a pro-oxidant, leading to the formation of H2O2, thus inducing oxidative damage to cancer 
cells, is not new. In 1969, Benade and co-workers had already demonstrated that Vitamin C 
could selectively kill cancer cells, without harming normal cells. The authors suggested that 
the cytotoxic effect of ascorbate could be due (“in major part”) to the intracellular generation 
of toxic hydrogen peroxide produced upon oxidation of Vitamin C, by the cells. This view 
was corroborated by the fact that the toxicity of Vitamin C was greatly enhanced by the con-
comitant administration of 3-amino-1, 2, 4-triazole (ATA) that inhibits the enzyme catalase, 
“thus decreasing or destroying the ability of the cancer cells to detoxify H2O2 effectively” [44]. Further 
scientific reports confirmed that human cancer cells have low levels of antioxidant enzymes 
(including, among others, catalase and glutathione peroxidase), and therefore cannot detoxify 
hydrogen peroxide [45, 46].

According to the pro-oxidant theory, Vitamin C in high concentrations induces the produc-
tion of H2O2 through a Fenton-like reaction. This reaction is the oxidation of organic sub-
strates by iron and hydrogen peroxide, in which trivalent iron (Fe3+) plays a fundamental role. 
However, since Fenton-like reactions are usually controlled, in vivo, because of iron seques-
tration by metal binding proteins, the pro-oxidant effect of Vitamin C, in vivo, may be scarcely 
significant [33–35], and other mechanisms should be hypothesized.

Other authors, using two prostate cancer cell lines (LNCaP and PC-3) have shown that iron 
at physiological concentrations in cell culture medium and human plasma abrogates the anti-
cancer/cytotoxic effects of Vitamin C. In particular, at physiological concentrations, iron pro-
motes both production and decomposition of H2O2, the latter being mediated by a Fenton 
reaction, which prevents the accumulation of H2O2, thus abolishing the cytotoxic effect of 
Vitamin C. Therefore, for an optimal anticancer effect, Vitamin C should be administered with 
chelating agents, which remove iron from the medium [47].

On the other hand, Vitamin C readily undergoes pH-dependent autoxidation producing 
hydrogen peroxide, and catalytic metals only accelerate the oxidation process. Therefore, cata-
lytic iron may not be strictly necessary for the production of H2O2. This auto oxidation process 
(oxidation in the absence of catalytic metals) occurs via the ascorbate di-anion (Asc2−). In par-
ticular, at pH 7.0, 99.9% of ascorbate (Vitamin C) is in the form of mono-anion (AscH−). Asc2− 
increases by a factor ten, with one unit increase in the pH. Therefore, while the production of 
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H2O2 may be scarcely relevant in the absence of catalytic iron (as in the “Fenton chemistry”), it 
may become considerable when the concentration of ascorbate is in the order of the millimoles, 
as in the case of the use of Vitamin C as an anticancer compound [48].

Finally, accumulating evidence suggests that cancer cells produce high amounts of hydrogen 
peroxide [49], and hydrogen peroxide itself is a powerful carcinogen, associated with muta-
genic potential [50]. Therefore, the role of Vitamin C as a pro-drug of hydrogen peroxide, to 
kill cancer cells, is still far from being fully elucidated.

6. Oral vs. intravenous Vitamin C

The pharmacokinetic studies of Levine and Padayatty [28, 29], on Vitamin C, indicate that after 
oral administration of 200 mg of the nutrient, the maximum plasma concentrations obtained, 
are not superior to 70–80 μM. This is due to a “tight control,” operated by several different 
mechanisms, including, among others: bioavailability, intestinal absorption, tissue accumula-
tion, renal reabsorption and excretion, and utilization rate as a function of homeostasis. On 
the contrary, when Vitamin C is administered intravenously, “tight control” is bypassed, until 
renal excretion restores equilibrium, depending on the dose administered [51].

Therefore, according to these data, the intravenous administration of Vitamin C is the only 
way to achieve plasma concentrations in the order of millimoles, necessary to kill cancer cells.

However, this view is in disagreement with the following evidences:

a. The results obtained by intravenous administration of Vitamin C, do not show the same 
large effects reported by Robinson, feeding squamous cell carcinoma implanted mice, 
with large doses of the nutrient [52];

b. Abram Hoffer [53] used oral high doses of Vitamin C in cancer patients and obtained es-
sentially the same significant results as Cameron and Pauling, Cameron and Campbell 
[54–58], and Murata [59];

c. Although it is presently believed that only injected Vitamin C delivers the concentrations 
needed to produce an anti-tumor effect, neither the legendary scientist Linus Pauling nor 
the consultant surgeon, Ewan Cameron, seemed to know the difference between oral and 
intravenous administration. In fact, in their clinical trial, the protocol started with a few 
days of 10 grams of intravenous Vitamin C, followed by 10 grams of oral Vitamin C for 
the whole life. Interestingly, Cameron and Campbell, who had already reported on the 
successful treatment of cancer with oral Vitamin C, had already observed that “… with 
increasing experience, we tend now to believe that the intravenous regime is probably unnecessary 
as a routine measure, and need only to be employed in situations where vomiting, anorexia, or other 
complications of malignancy, preclude oral administration” [58];

d. Plasma concentrations above the 400 μM have been reported, after the administration of a 
single dose of oral liposomal Vitamin C [60];
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e. At times of stress or illnesses (including cancer), the body may absorb extra Vitamin C, 
as demonstrated by the principle of “bowel tolerance” to the nutrient administered by 
mouth. According to this principle, when the body is saturated with Vitamin C, slight 
diarrhea may appear, due to intestinal elimination of the nutrient. However, during stress 
or disease, the amount of oral Vitamin C a patient can tolerate, before the appearance of 
diarrhea, increases in proportion with the severity of the condition [61];

f. This means that the “tight control” hypothesized by Levine and Padayatty, over the plas-
ma concentration of Vitamin C, is either inexistent or relative to disease conditions or 
stress. To achieve the maximum plasma levels, a typical person may need 20 g of oral 
Vitamin C spread throughout the day (3–4 g every 4 h); but cancer patients may require far 
more [62]. Such massive intake may result in plasma concentrations that the tumor may 
absorb, generating hydrogen peroxide that kills cancer cells;

g. More recently, the paradigm according to which antioxidants inhibit tumorigenesis pre-
dominantly by decreasing ROS-mediated DNA damage and mutations [63, 64] has been 
challenged by experimental data. Antioxidants such as N-acetylcysteine (NAC) and Vita-
min C exerts their anti-tumorigenic activity by downregulating HIF-1α [65]. Interestingly, 
these data were obtained not by injecting, but by simply feeding mice with large amounts 
of NAC or Vitamin C. These findings validate the role of oral administration of Vitamin C 
(and other antioxidants) in fighting cancer.

7. Vitamin C and leukemia: an in vitro update

As we have previously demonstrated, high (“pharmacologic”) concentrations of Vitamin C 
(in the form of the sodium salt of ascorbic acid) are capable of eliciting a clear-cut pro-apop-
totic/cytotoxic effect on human promyelocytic leukemia-derived cell lines (HL60), in vitro [66] 
(Figures 1 and 2). This effect is already evident at concentrations of Vitamin C of 1 mM in the 
culture medium, and it is proportional to the amount of Vitamin C.

Since clinical investigations using high doses of Vitamin C to treat cancer, have reported 
plasma levels of more than 30 [67], and up to 49 mM [68], it seems reasonable to conclude that 
using high amounts of Vitamin C, administered by intravenous injection, is not strictly neces-
sary to kill cancer cells in APL.

Further investigations in leukemia, performed by our research group, have shown that a 
plasma concentration of 3 mM of Vitamin C in the culture medium, is sufficient to kill more 
than a half of the cells in culture (LC50) in a number of different human myeloid leukemia 
cell lines [69] (Figures 3 and 4) (Table 1). It is of interest to consider that according to our 
protocol, the leukemic cells are exposed to Vitamin C for no more than 2 h, then accurately 
“washed,” re-suspended in fresh culture medium, without Vitamin C, and further incu-
bated for additional 18–24 h, before the evaluation of cell survival and apoptosis. Given 
the results obtained, it is reasonable to conclude that the Vitamin C added to the culture 
medium (in the form of sodium ascorbate) is rapidly internalized by the leukemic cells, and 
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H2O2 may be scarcely relevant in the absence of catalytic iron (as in the “Fenton chemistry”), it 
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its “toxic” effects last for hours (days), even when the nutrient has been removed from the 
culture medium. This is in agreement with the notion that both normal and leukemic white 
blood cells tend to concentrate Vitamin C [70–73] to levels that are 10–100 fold higher than 
plasma [74, 75], and it is in contrast with the view that hydrogen peroxide forms outside the 
tumor cells [31, 32].

C 1mM 3mM 5mM

Figure 2. Viability profile of (Human) acute promyelocytic leukemia (APL) cell line (HL60) exposed for 2 h to increasing 
concentrations of Viability profile of (Human) acute promyelocytic leukemia (APL) cell line (HL60) exposed for 2 h to 
increasing concentrations of Vitamin C. (Flow Cytometry analysis: see text). The percentage of dead cells in the plates 
is proportional to the concentration of Vitamin C in the medium. C = control (untreated) sample; 1 mM, 3 mM, 5 mM = 
Vitamin C at 1, 3, and 5 mM in the culture medium.
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Figure 1. The microphotographs refer to the cytomorphologic modifications of HL60 cell lines (human acute 
promyelocytic leukemia—APL) exposed for 2 h to increasing concentrations of Vitamin C. It is evident that by increasing 
the concentration of Vitamin C in the medium (from 1 to 5 mM), APL cells show an increasing degree of morphologic 
alterations indicating progressive cell death (apoptosis, autophagy, autoschizis). With the Hoechst/PI fluorescent 
staining, vital cells are colored in blue, while dead/apoptotic cells are stained in red. M.G.G. = May Grunwald Giemsa 
cell staining; Hoechst33342/Propidium Iodide (PI) = Vital Staining; C = control (untreated) sample; 1 mM, 3 mM, 
5 mM = Vitamin C at 1, 3, and 5 mM in the culture medium; original magnification: 400×.
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Neutrophils, in particular, accumulate Vitamin C via the sodium-dependent Vitamin C co-
transporter 2 (SVCT2) [76], and have intracellular levels of 1–2 mM [77]. Therefore, while 
there is agreement on the fact that in solid tumors, Vitamin C, initially oxidized to dehy-
droascorbic acid (DHAA), is internalized by the cell, via GLUT 1 and 4, and finally reduced 
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there is agreement on the fact that in solid tumors, Vitamin C, initially oxidized to dehy-
droascorbic acid (DHAA), is internalized by the cell, via GLUT 1 and 4, and finally reduced 
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again to ascorbic acid, with consumption of GSH; this may not be the case in acute myeloid 
leukemia.

More importantly, the parallel exposure of normal hematopoietic precursors (CD34+), iso-
lated from cord blood, to Vitamin C, at the concentrations that are cytotoxic for leukemic 
cells did not affect their survival, or impair their capacity to proliferate and differentiate in 
response to myeloid growth factors. These data confirm that Vitamin C is harmless for normal 
hematopoietic precursors and therefore highly selective in its anticancer/antileukemic effect.

8. Hypoxia inducible factor (HIF): the forgotten pathway

Hypoxia and induction of hypoxia-inducible factors (HIF) is a hallmark of many tumors [78, 79].

HL60 (2 h) NB4 (2 h) K562 (2 h) U937 (2 h) NB4-R1 (2 h) NB4/As (2 h)

Exp. 1 Contr. 471 912 663 1189 337 819

VC 0.5 296 680 669 479 82.8 42.7

VC 1 108 494 628 245 39.7 31.9

VC 3 22.6 163 226 56.4 47 32.2

VC 5 15.1 143 82 30.2 35 48.4

VC 7 6.15 85.4 32.2 10.6 24.6 17.6

Exp. 2 Contr. 869 1020 694 829 936 958

VC 0.5 423 959 399 704 624 823

VC 1 349 887 445 585 560 674

VC 3 217 337 200 232 335 581

VC 5 143 74.6 111 118 344 402

VC 7 89.5 147 35.2 93.7 255 329

Exp. 3 Contr. 843 1130 1020 969 967 859

VC 0.5 545 924 660 716 678 722

VC 1 438 835 507 689 668 649

VC 3 343 395 113 480 551 499

VC 5 218 346 35.2 411 443 453

VC 7 181 241 17.6 320 380 414

The cell lines used in this experiment are variants of human myeloid leukemia cells, and include: HL60, NB4, K562, 
U937, NB4-R1, NB4/As. It is evident that the total number of cells in culture decreases by increasing the concentration of 
Vitamin C in the culture medium. C = control (untreated) sample; VC = Vitamin C; VC 0.5 mM, VC 1 mM, VC 3 mM, VC 
5 mM = Vitamin C at 0.5, 1, 3, and 5 mM in the culture medium.

Table 1. The number of vital cells after 2 h of exposure to increasing concentrations of Vitamin C in the culture medium.

Myeloid Leukemia164

HIF-1 is a heterodimeric transcription factor discovered in 1991 [80], and is composed of two 
subunits, α and β. The HIF-1α subunit is oxygen sensitive and it is induced by hypoxic con-
ditions, which are very common in cancer. Direct transcriptional targets of HIF-1 include 
genes regulating, among others, growth and apoptosis, cell migration, energy metabolism, 
angiogenesis, vasomotor regulation, matrix and barrier functions, and transport of metal ions 
and glucose [81].

In normoxic conditions, the HIF-1α unit is downregulated by Vitamin C dependent hydroxy-
lases, while in hypoxic conditions (such as those existing in many different types of cancer), 
HIF-1α hydroxylation is repressed with consequent increase in HIF-dependent gene tran-
scription, neo-angiogenesis, and tumor growth and progression [82].

More importantly, since Vitamin C stimulates HIF-1α prolyl hydroxylases, low levels of 
Vitamin C promote tumor growth and progression, by reducing HIF-1α hydroxylation [83], 
thereby stabilizing HIF1-α. On the contrary, high levels of HIF render cancer cells more sensi-
tive to Vitamin C-induced toxicity. To confirm this view, Kuiper and Coll. [84] have recently 
found an inverse relationship between intra-tumor levels of Vitamin C and HIF activity in 
both endometrial cancer [85] and colorectal carcinoma (CRC) [86].

In 1925, Otto Warburg observed that cancer cells manifest increased rates of lactate produc-
tion under aerobic conditions (“Warburg Effect”) or, in other words, they preferentially uti-
lize glycolysis, instead of oxidative phosphorylation, for metabolism even in the presence of 
oxygen [87, 88].

“Hypoxia” (low oxygen concentration) is a hallmark of solid tumors, usually occurring at the 
center of the tumor mass, where blood vessels are abnormal or insufficient to supply adequate 
amounts of oxygen [89].

In response to the reduced oxygen tension, the HIF is activated to mediate the primary tran-
scriptional adaption to hypoxic stress in cancer cells [90, 91].

As previously mentioned, HIFs regulate angiogenesis, cell survival, proliferation, apopto-
sis, adhesion, and metabolism by transcriptionally activating downstream targets such as 
vascular endothelial growth factor and erythropoietin. Therefore, HIF (HIF1, in particular) 
plays a major role in tumor growth, and clinical data suggest that the upregulation of HIF, 
as determined by the low oxygen tension, is usually associated with increased mortality in a 
number of different cancers [92–94], and may represent a relevant target for new therapeutic 
approaches to the disease [95–97].

9. The HIF pathway in leukemia

The role of HIF-1α in leukemia, and in particular in acute myeloid leukemia (AML), has only 
recently emerged and it is still somewhat controversial. One possible explanation for this 
delayed interest in the role of hypoxia in leukemia could be the fact that leukemia is not 
considered a “solid” tumor, and therefore, the role of oxygen, in its pathogenesis, has been 
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plays a major role in tumor growth, and clinical data suggest that the upregulation of HIF, 
as determined by the low oxygen tension, is usually associated with increased mortality in a 
number of different cancers [92–94], and may represent a relevant target for new therapeutic 
approaches to the disease [95–97].

9. The HIF pathway in leukemia

The role of HIF-1α in leukemia, and in particular in acute myeloid leukemia (AML), has only 
recently emerged and it is still somewhat controversial. One possible explanation for this 
delayed interest in the role of hypoxia in leukemia could be the fact that leukemia is not 
considered a “solid” tumor, and therefore, the role of oxygen, in its pathogenesis, has been 
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considered inconsequential for long time. This erroneous view, has been recently reviewed, 
as data have emerged, demonstrating that leukemic cells are sensitive to the oxygen tension, 
and hypoxia influences leukemic cell proliferation, differentiation, and resistance to chemo-
therapy [98].

Migliavacca and Coll. have recently demonstrated oncogenic function of HIF-1α, in the M5 
Fab subtype of AML [99]. In particular, the authors have demonstrated that in M5 AML, 
HIF-1α mediates the ability of leukemic cells to migrate and invade extramedullary sites. 
The same group has demonstrated that PML-RARα and other fusion proteins involved in the 
pathogenesis of acute promyelocytic leukemia (APL) behave as transcriptional coactivators 
of HIFs, and both HIFs and PML-RARα enhances the progression of APL, by promoting cell 
migration, homing to bone marrow, and bone marrow neo-angiogenesis [100, 101].

Further investigations [102] have demonstrated that HIF-1α plays critical and pleiotropic 
roles in the pathogenesis of chronic lymphocytic leukemia (CLL).

Globally, elevated levels of HIF-1α have been reported in AML [103–106], APL [100], acute 
lymphoblastic leukemia (ALL) [107], and chronic myelogenous leukemia (CML) [108, 109]. 
Furthermore, HIF-1α overexpression conditions disease severity and outcome in both AML 
and myelodysplastic syndrome (MDS) [110–112].

Overall, the available data show that hypoxia and HIF-mediated signaling play a crucial role 
in leukemia, and targeting HIF with specific drugs or natural inhibitors, such as Vitamin C, 
represents a potentially useful approach to its treatment [113].

10. Vitamin C as a powerful modulator of TET2 activity

Decreased TET expression and loss of 5hmC have been observed in a wide variety of solid 
tumors, as well as in many hematological malignancies, including acute myeloid leukemias, 
myelodysplastic syndromes, and clonal hematopoiesis [114].

Recent experimental studies suggest that pharmacological dose of Vitamin C may represent 
a potentially important strategy in leukemia therapy through a stimulatory effect on TET2 
activation and restoration in leukemic cells. Vitamin C is a co-factor of TET2 enzyme and is 
capable of interacting with the catalytic domain of TET2, enhancing the enzymatic oxidation 
of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) [115]. This epigenetic modu-
lation elicited by Vitamin C is able to improve the generation of pluripotent stem cells [116] 
and to induce a blastocyst-like state in mouse embryonic stem cells [117].

Two recent studies explored the possible epigenetic effects of Vitamin C on leukemia mod-
els, mediated by activation and restoration of TET2 activity in leukemic cells. In the first one, 
authors used a murine model of IDH1-dependent acute myeloid leukemia [118], and 2-phos-
phate l-ascorbic acid (Asc 2-P). Asc 2-P, unlike native Vitamin C, remains oxidatively stable 
under standard cell culture conditions [119], and possesses the same modulatory effects of 
Vitamin C, but, unlike Vitamin C, it does not induce cytotoxic effects of through stimulation of 
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H2O2 production. Asc 2-P added to the cells in culture is stable and releases Vitamin C by plasma 
membrane alkaline phosphatase hydrolysis [120]. Therefore, Asc 2-P allows a better character-
ization of the epigenetic activity of Vitamin C, without the “disturbing” H2O2-mediated cyto-
toxic effects of the native molecule. Asc 2-P treatment of the IDH1 AML-mutant mice induced 
an increase of 5hmC levels, a reduction of leukemic proliferation and an increase in expression 
of genes involved in leukocyte differentiation [118]. The stimulatory effect of Vitamin C on 
myeloid differentiation is mediated though the restoration of a normal expression and function 
of transcription factors, such as PU.1 and RUNX1, required for normal myeloid differentiation.

A second study provided clear evidence that in various leukemia models, Vitamin C treat-
ment induces the restoration of TET2 function, blocking aberrant self-renewal and leukemia 
progression. Treatment with Vitamin C, mimics TET2 restoration, driving DNA hypometh-
ylation and, by enhancing 5hmC formation, suppresses leukemic colony formation and 
leukemic progression of primary human leukemia patient-derived xenografts (PDXs). 
Interestingly, TET2-mediated DNA oxidation induced by Vitamin C-treated leukemic cells, 
greatly enhances their sensitivity to PARP inhibition and could provide a safe and effective 
combination strategy to target TET-deficient leukemic cells. These observations suggest that 
future clinical trials could incorporate high-dose Vitamin C as an adjuvant to standard che-
motherapy/demethylating therapy, particularly in TET2-deficient neoplasms [121].

11. What to do next?

The anticancer properties of Vitamin C are known, since at least six decades, even though 
its use in clinical practice has only recently re-emerged, after the demonstration that in rela-
tively high concentrations, it can selectively kill a number of different human tumor cells, 
both in vitro and in vivo.

The proof of the anticancer efficacy of Vitamin C in high doses, administered by mouth, 
has been reported four decades ago, by Linus Pauling [54–57], and further confirmed, very 
recently, by experimental in vitro and in vivo data [30–32, 66, 69].

Vitamin C is a natural compound, and it is an antioxidant and a life-saving nutrient with mul-
tiple beneficial effects on the human body. Man, some primates, and a few other mammals 
do no longer produce it. Beyond being a natural and essential nutrient, Vitamin C shows, 
in vitro, an outstanding efficacy in killing a number of different cancer cells, with an efficiency 
that no other anticancer drug, presently available on the market, has ever shown.

Vitamin C is extremely selective since it kills only cancer cells, by sparing, at the same time, all 
the other cells of the organism. As a consequence, it is very well tolerated, and devoid of any 
significant side effects. In fact, the only (relative) contraindication to its use, is the lack of the 
enzyme glucose-6-phosphate-dehydrogenase (G6PDH), a rare genetic condition also known 
as “favism.” More importantly, within an expensive and often artificially inflated market, 
such as that of the anticancer drugs [122, 123], Vitamin C, with its low cost, represents an 
outstanding opportunity for both the patients and the healthcare system.
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Unfortunately, in spite of all the above characteristics, Vitamin C has never been easily or 
favorably accepted as an anticancer drug, by the western Medicine. This also explains why, 
although the data on its anticancer efficacy are outstanding and straightforward, many scien-
tists still prefer to consider “controversial” the role of Vitamin C in the treatment of cancer.

As we have seen, the idea that the oral administration of Vitamin C, in high doses, is not effec-
tive against cancer is a conceptual artefact, originating from questionable interpretations of 
pharmacokinetics data, after oral and/or intravenous administration. On the other hand, the 
idea that Vitamin C, administered in high doses by intravenous infusion, behaves as a pro-drug 
of H2O2 beyond being experimentally questionable, has not led to clinically significant results 
or outcomes [124–128]. More importantly, encouraging results have emerged from unbiased 
interpretation of the available data [129]. In particular, as it has been shown up to 110 g/m2/
day are very well tolerated by the majority of patients, and even in the absence of any signifi-
cant clinical remission, intravenous Vitamin C is almost invariably associated with a clear-cut 
improvement in patient’s quality of life.

As a result, History repeat itself! … and just as Vitamin C was dismissed as ineffective, against 
cancer, more than 30 years ago, on the ground of questionable clinical trials [130, 131], nowa-
days, it runs again the risk of being definitively discarded, in spite of the large amount of 
scientific evidence, demonstrating its extraordinary efficacy in fighting cancer!

It is clear that much remains to be understood about the cytotoxic effects of Vitamin C against 
cancer, and much more can (and must!) be done, to both improve the intravenous therapy and 
further investigate the oral administration route of the high doses of the nutrient.

Improving the intravenous treatment can (and should!) be achieved, by considering:

a. The type of pharmaceutical preparation, the sodium salt of the ascorbic acid to be pre-
ferred, when administered by the intravenous route [132];

b. The time and schedule of administration (slow infusion to be preferred) [133, 134];

c. The level of tissue oxygenation (cell cultures are better oxygenated than tumor tissues, and 
this may explain the differences in the outcomes between in vitro and in vivo treatment of 
cancer) [135]. In clinical settings, an improved tumor tissue oxygenation could be obtained 
with either ozone or hyperbaric oxygen;

d. The level of blood glucose (glucose may interfere with the uptake of ascorbate by cancer 
cells) [136, 137], and the possibility of associating an adequate dietetic regimen to the treat-
ment with high doses of oral or intravenous Vitamin C.

12. Latest evidence of the role of Vitamin C in leukemia

A recent study provided clear-cut evidence that Vitamin C is a main regulator of hemato-
poietic stem cell (HSC) function and leukemogenesis. In fact, Agathocleous and co-workers, 
using a peculiar strategy for isolation of HSCs and hematopoietic progenitor cells (HPCs) 
from murine bone marrow, showed that HSCs have unusually high levels of Vitamin C, 
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which decline with differentiation [138]. Importantly, human HSCs and multipotent progeni-
tor cells (MPPs), such as murine HSCs, display high Vitamin C levels.

Using “GULO” mice (deficient in Vitamin C because of the lack of gulonolactone oxidase, 
the last enzyme in the synthesis of Vitamin C starting from glucose), Agathocleous and col-
leagues have shown that Vitamin C deficiency induces an increased number of HSCs. A FLT3-
internal tandem duplication (ITD) mutation, found in approximately a quarter of patients with 
de novo AML, imparts a particularly poor prognosis. Using “GULO” mice (deficient in Vitamin 
C because of the lack of gulonolactone oxidase), Agathocleous and colleagues have shown that 
Vitamin C deficiency induces an increased number of HSCs. Therefore Vitamin C deficiency, 
and TET2 mutations, are likely to cooperates with FLT3-ITD to induce leukemia development in 
murine models of FLT3-ITD-driven leukemia. [138].

Given the above evidence, it will be worth mentioning, once more, that the biochemist Irwin 
Stone, in his book “The healing Factor: Vitamin C against disease,” published in 1972 (45 years 
ago!), had already warned the scientific community on the role of Vitamin C as a main fac-
tor in the prevention and treatment of leukemia. In his words, “In a leukemic, the biochemical 
stresses of the disease process has reduced the body stores of ascorbic acid to very low levels … Any 
ascorbic acid circulating in the blood has been scavenged and locked in the excessive numbers of white 
blood cells contained in the blood. The plasmas level of ascorbic acid is usually zero or close thereto. A 
zero level in the blood plasma means that the tissues of the body are not being supplied with this most 
important metabolite. The ascorbic acid contained in the leukocytes are unavailable for the tissues. 
The tissues are in a condition of biochemical scurvy and this explains why these depleted tissues are 
so susceptible to the characteristic hemorrhaging of leukemia and the infections that kill so many of 
the leukaemics. A leukemic is not only suffering from leukemia but also from a bad case of biochemical 
scurvy. To correct this condition, ascorbic acid has to be administered in sufficiently large doses not 
only to saturate the excess of white blood cells but to provide adequate spill over into the blood plasma 
and tissues so that the seriously ill leukemic will be given a fighting chance to combat the disease. This 
may require the administration of ascorbic acid at the rate of 25 or more grams per day, as noted in the 
following case of leukemia treated with megascorbic levels of ascorbic acid.” [3].

13. Concluding remarks

The rationale behind the use of high doses of Vitamin C in the treatment of acute leukemia is 
strong and very well grounded. In summary:

a. Leukemic patients, almost invariably show a severe deficiency of this nutrient;

b. While it is currently supposed to kill cancer cells by inducing pro-oxidant damage, Vitamin 
C is also very effective as an antioxidant by inhibiting the hypoxia inducible factor (HIF);

c. The mechanistic explanation of the pathogenesis of myeloid leukemia, includes the pos-
sibility that a Vitamin deficiency may induce the neoplastic transformation of myeloid 
precursors, through an upregulation of the HIF, and the consequent cascade of HIF-de-
pendent cancer genes;
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tive against cancer is a conceptual artefact, originating from questionable interpretations of 
pharmacokinetics data, after oral and/or intravenous administration. On the other hand, the 
idea that Vitamin C, administered in high doses by intravenous infusion, behaves as a pro-drug 
of H2O2 beyond being experimentally questionable, has not led to clinically significant results 
or outcomes [124–128]. More importantly, encouraging results have emerged from unbiased 
interpretation of the available data [129]. In particular, as it has been shown up to 110 g/m2/
day are very well tolerated by the majority of patients, and even in the absence of any signifi-
cant clinical remission, intravenous Vitamin C is almost invariably associated with a clear-cut 
improvement in patient’s quality of life.

As a result, History repeat itself! … and just as Vitamin C was dismissed as ineffective, against 
cancer, more than 30 years ago, on the ground of questionable clinical trials [130, 131], nowa-
days, it runs again the risk of being definitively discarded, in spite of the large amount of 
scientific evidence, demonstrating its extraordinary efficacy in fighting cancer!

It is clear that much remains to be understood about the cytotoxic effects of Vitamin C against 
cancer, and much more can (and must!) be done, to both improve the intravenous therapy and 
further investigate the oral administration route of the high doses of the nutrient.

Improving the intravenous treatment can (and should!) be achieved, by considering:

a. The type of pharmaceutical preparation, the sodium salt of the ascorbic acid to be pre-
ferred, when administered by the intravenous route [132];

b. The time and schedule of administration (slow infusion to be preferred) [133, 134];

c. The level of tissue oxygenation (cell cultures are better oxygenated than tumor tissues, and 
this may explain the differences in the outcomes between in vitro and in vivo treatment of 
cancer) [135]. In clinical settings, an improved tumor tissue oxygenation could be obtained 
with either ozone or hyperbaric oxygen;

d. The level of blood glucose (glucose may interfere with the uptake of ascorbate by cancer 
cells) [136, 137], and the possibility of associating an adequate dietetic regimen to the treat-
ment with high doses of oral or intravenous Vitamin C.

12. Latest evidence of the role of Vitamin C in leukemia

A recent study provided clear-cut evidence that Vitamin C is a main regulator of hemato-
poietic stem cell (HSC) function and leukemogenesis. In fact, Agathocleous and co-workers, 
using a peculiar strategy for isolation of HSCs and hematopoietic progenitor cells (HPCs) 
from murine bone marrow, showed that HSCs have unusually high levels of Vitamin C, 
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which decline with differentiation [138]. Importantly, human HSCs and multipotent progeni-
tor cells (MPPs), such as murine HSCs, display high Vitamin C levels.

Using “GULO” mice (deficient in Vitamin C because of the lack of gulonolactone oxidase, 
the last enzyme in the synthesis of Vitamin C starting from glucose), Agathocleous and col-
leagues have shown that Vitamin C deficiency induces an increased number of HSCs. A FLT3-
internal tandem duplication (ITD) mutation, found in approximately a quarter of patients with 
de novo AML, imparts a particularly poor prognosis. Using “GULO” mice (deficient in Vitamin 
C because of the lack of gulonolactone oxidase), Agathocleous and colleagues have shown that 
Vitamin C deficiency induces an increased number of HSCs. Therefore Vitamin C deficiency, 
and TET2 mutations, are likely to cooperates with FLT3-ITD to induce leukemia development in 
murine models of FLT3-ITD-driven leukemia. [138].

Given the above evidence, it will be worth mentioning, once more, that the biochemist Irwin 
Stone, in his book “The healing Factor: Vitamin C against disease,” published in 1972 (45 years 
ago!), had already warned the scientific community on the role of Vitamin C as a main fac-
tor in the prevention and treatment of leukemia. In his words, “In a leukemic, the biochemical 
stresses of the disease process has reduced the body stores of ascorbic acid to very low levels … Any 
ascorbic acid circulating in the blood has been scavenged and locked in the excessive numbers of white 
blood cells contained in the blood. The plasmas level of ascorbic acid is usually zero or close thereto. A 
zero level in the blood plasma means that the tissues of the body are not being supplied with this most 
important metabolite. The ascorbic acid contained in the leukocytes are unavailable for the tissues. 
The tissues are in a condition of biochemical scurvy and this explains why these depleted tissues are 
so susceptible to the characteristic hemorrhaging of leukemia and the infections that kill so many of 
the leukaemics. A leukemic is not only suffering from leukemia but also from a bad case of biochemical 
scurvy. To correct this condition, ascorbic acid has to be administered in sufficiently large doses not 
only to saturate the excess of white blood cells but to provide adequate spill over into the blood plasma 
and tissues so that the seriously ill leukemic will be given a fighting chance to combat the disease. This 
may require the administration of ascorbic acid at the rate of 25 or more grams per day, as noted in the 
following case of leukemia treated with megascorbic levels of ascorbic acid.” [3].

13. Concluding remarks

The rationale behind the use of high doses of Vitamin C in the treatment of acute leukemia is 
strong and very well grounded. In summary:

a. Leukemic patients, almost invariably show a severe deficiency of this nutrient;

b. While it is currently supposed to kill cancer cells by inducing pro-oxidant damage, Vitamin 
C is also very effective as an antioxidant by inhibiting the hypoxia inducible factor (HIF);

c. The mechanistic explanation of the pathogenesis of myeloid leukemia, includes the pos-
sibility that a Vitamin deficiency may induce the neoplastic transformation of myeloid 
precursors, through an upregulation of the HIF, and the consequent cascade of HIF-de-
pendent cancer genes;
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d. Although administered by intravenous infusion, in the majority of clinical trials performed 
so far, Vitamin C appears to be effective, in fighting cancer, even when administered by 
mouth;

e. Vitamin C is very well tolerated, and has no side or undesired effects;

f. Experimental in vitro data unequivocally show the cytotoxic effect of Vitamin C against 
leukemia.

g. As shown in our study on leukemic and normal cell lines, Vitamin C can kill almost every 
type of acute and chronic myeloid leukemia-derived cell, without doing any harm to their 
normal counterpart CD34+ cells;

h. Vitamin C is a natural compound, and it is very cheap.

Do we really need more information or evidence, to start clinical trials on Vitamin C, in the 
treatment of acute and chronic myeloid leukemia?
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