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General Introduction 



Chapter 1 

Characteristics of normal and leukemic hematopoiesis 

Normal hematopoiesis is organized as a hierarchy, whereby hematopoietic stem cells (HSCs) 

drive the production of downstream multilineage and unilineage progenitors, followed by the 

generation of mature functional blood cells. Thus, the entire blood system is maintained 

throughout the adult life.1
•
2 

Normal HSCs were first described by Till and McCulloch in 1961.3 The stem cell properties 

were defined as the capacity for self-renewal and multipotential differentiation. With the 

development of the NOD/SCID xenotransplantation assay, studies on HSCs (SCID

repolulating cells, SRCs) were largely improved.2•4 Our understanding of the biology of HSCs 

has improved over the past decade, in terms of their frequency, cell surface phenotype, 

cytokine responsiveness, cell cycle kinetics, homing, ability to produce progenitor cells that 

form colonies in methylcellulose (colony-forming cells, CFC) and ability to initiate long-term 

culture (long-term culture-initiating cells, LTC-IC).4•
5 In this hierarchical hematopoietic 

system, self-renewing HSCs (CD34+CD38-) reside at the top, giving rise to downstream 

differentiated progenies termed multipotent progenitors (MPPs, CD34+CD38+).4-6 MPPs give 

rise to common myeloid progenitors (CMP; CD34+CD38+CD45RA-CD123+), which produce 

both granulocyte-macrophage progenitors (GMP; CD34+CD38+CD45RA+CD123+) and 
megakaryocyte-erythroid progenitors (MEP; CD34+CD38+CD45RA-CD123-), and common 

lymphoid progenitors (CLP; CD34+CD38-CD7+) (Fig 1). 1
•

7
-
9 Further differentiation of those 

progenitors produces mature and functional hematopoietic cells. The stem cell fate is tightly 

regulated by both intrinsic and extrinsic mechanisms. 10 Extrinsic mechanisms include signals 

that arise from the interaction of HSCs with their niche (microenvironment). Intrinsic 

mechanisms are those whereby changes in stem cell fate do not depend on cues from the 

niche, e.g. induced by intrinsic epigenetic signals. Hematopoietic disorders such as acute 

myeloid leukemia (AML) may develop when the control over normal stem cell fate is lost. 

In 1994, Dick and co-workers identified leukemic stem cells (LSCs) by transplantation into 

SCID mice. 11 It was demonstrated that the CD34+CD38- fraction was highly enriched for 

LSCs, which only represented 1/106 of the AML bulk cell population.4 Some studies reported 

0.2 to 100 per 106 mononuclear cells with repopulating activity in vivo in SCID or 

NOD/SCID mice.1 1
•
12 However recent studies have challenged this view demonstrating that 

the NOD/SCID leukemic initiating cells can have the phenotype of CD34+CD38- and 

CD34+CD38+. 13
•

14 Moreover the engraftment and therefore the assessment of the number of 

LSCs, have been improved by performing intrafemoral infusion instead of intravenously. 15 In 
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General Introduction 

vitro, LSCs can be assessed by the ability to maintain growth in long-term cultures on bone 

marrow stroma. 16 AML LTC-IC frequencies were described in some studies to range from 1.6 

to 37 in 105 MNCs. 16-18 The AML cells with these self-renewal capacity belonged to the 

CD34+ fraction. 16 Only a minor population ( ~ 1 % ) of leukemic blasts was clonogenic in 

methylcellulose (AML colony-forming units/AML-CFU), which was contained in the 

CD34+CD38+ population.2 LSCs have general properties of HSCs. Recently it has been 

proposed that the committed progenitors might also be origins of LSCs by activation of 

oncogenic pathways to re-acquire the self-renewal capacity. This concept has been proven in 

mouse models, e.g. myeloid progenitors transformed by MLL-ENL and MLL-AF9. 19'20 In 

acute promyelocytic leukemia (APL), the PML-RARA oncogene confers self-renewal 

capacity to the committed myeloid progenitors that initiate and propagate the disease.2 1'22 

However, no specific evidences has been revealed in generation of LSCs in human non-APL 
AML. In this thesis, we maintain the definition of LSCs as CD34+CD38-. 

HSC C• 
Transforming events 

! 
MPPs -

/ �  
CLP. (j) CMP 

LSC 

AMLblasts 

"""''"''°' -1 
I 

I\ 

r+-i 
M
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� • • • 
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Figure 1. Normal and leukemic hematopoiesis. A model for development of normal hematopoiesis and 
initiation of AML according to Passegue E et al, 1 and Chan WI et al. 7 HSC, hematopoietic stem cell; LSC, 
leukemic stem cell; AML, acute myeloid leukemia; MPPs, multi potent progenitors; CLP, common lymphoid 
progenitor; CMP, common myeloid progenitor; MEP, megakaryocyte-erythroid progenitor; GMP, granulocyte
macrophage progenitor. 
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Chapter 1 

The surface phenotype of LSCs in AML 

Although HSCs and LSCs share the CD34+CD38- phenotype, there are still distinct markers 

to separate the LSCs from HSCs. AML LSCs were demonstrated to preferentially express 

CD123 (IL-3Ra), CD33, CLL-1 (C-type lectin-like moledule-1) and CD96, but lack CD90 

(Thy-1), CDll 7, CD71 and HLA-DR. 16•23-25 CD123 represents one of the best-studied LSC 

markers. Jordan et al reported that CD123 was highly expressed in the majority of primary 

AML CD34+CD38- cells, but not detectable in normal bone marrow stem cells.24 However, in 

other studies CD123 was identified as a marker for long-term repopulating cells in 

CD34+CD38- fraction from normal bone marrow, cord blood (CB) and AMLs.26 The 

engraftment in NOD/SCID-�2m_1_ and NOD/SCID mice was observed in both CD123+ and 

CD123- fractions of CB CD34+CD38- cells. CD33 (Siglec-3) is a sialic acid-dependent cell 

adhesion molecule. 27 Significantly higher levels of engraftment were seen from the CD33+ 

fraction than that from the CD33- fraction of AML cells.26 CD96, which is a member of the lg 

gene superfamily, is also a LSC-specific marker in AML, with expression in the majority on 

AML CD34+CD38- cells. Only a few cells in normal RSC-enriched population express 

CD96.25 Only CD96+ AML cells showed significant levels of engraftment in bone marrow of 

the Rag2-1-y/- recipient mice. CLL-1 is specifically expressed on AML CD34+CD38- cells 

and not on normal bone marrow CD34+CD38- cells.23 CD44 is a transmembrane glycoprotein, 

mediating interaction of cell-cell and cell-matrix.28 Elevated levels of CD44 expression were 

described on AML CD34+CD38- cells.29 CD47 can downregulate phagocytosis via interacting 
with its receptor SIRPa on macrophage. It was recently identified that CD47 is highly 

expressed on AML LSCs compared to normal HSCs and MPPs.30•31 These unique membrane 

antigens might serve as potential therapeutic targets for better identification and targeting of 

the LSCs. 

Perturbation of differentiation and proliferation in AML 

Emerging studies indicate that leukemic transformation is a multistep process. A two-hit 

model has been proposed whereby class I mutations confer a proliferative and/or survival 

advantage, and class II mutations impair differentiation (and/or apoptosis).32 Class II 

mutations result in loss of function of transcriptional factors including core binding factor 

(CBF), retinoic acid receptor alpha (RARA) and members ofHOX family that are targeted by 

multiple chromosomal translocations. Chromosomal translocations involving transcriptional 

factors result in fusion proteins that lead to gene silencing through recruiting nuclear receptor 

12 



General Introduction 

corepressor (NCoR) and histone deacetylases (HDAC) as an inhibitory complex.32•33 Class I 

mutations include constitutively activated tyrosine kinases, such as FLT3, KIT and RAS, 

causing deregulated downstream signaling transduction pathways, including JAK/STAT, 

RAS/RAF/MEK/ERK, PI3K/AKT and NF-KB. In this thesis, we focus on KIT and STATS 

signaling pathways. 

KIT 
KIT belongs to the transmembrane type III receptor tyrosine kinase family and plays essential 

roles in proliferation, survival, self-renewal and quiescence of HSCs, as well as in 
differentiation program. 34-36 Activation of KIT by its ligand SCF in combination with TPO 

demonstrated a synergistic effect in megakaryopoiesis,37 whereby co-activation with SCF and 

EPO regulated erythropoiesis. 38 Binding of SCF to KIT leads to dimerization and 

phosphorylation of the receptor and activation of its downstream effectors including 

RAS/RAF/MEK/ERK, SRC family kinases (SFKs), PI3K/AKT and JAK/STAT pathways 

(Fig 2).36 The ERK signaling pathway is activated by associating RAS with Sos, a guanine 

nucleotide exchange factor, and adaptor proteins such as Grb2, She and APS, as well as the 

tyrosine phosphatase SHP. Gain-of-function mutations of KIT have been observed in AML 

and other malignancies including systemic mastocytosis, gastrointestinal stromal tumors 

(GISTs).34 The most frequent mutations involved in AML have been identified in the 

extracellular domain, the activation loop of tyrosine kinase domains and less frequently in 

juxtamembrane domain of KIT receptor.39 Insertion/deletions of exon 8 (codon 419) residing 
in the extracellular domain can cause hyperactivity to SCF binding and subsequently elevates 

constitutive kinase activity. Mutations in exon 17 ( codon 816 and 822, mostly mutation 

D816V) in the activation loop lead to autoactivity of the KIT receptor. Mutations in exons 10 
and 11 within JMD are rare. KIT mutations are frequently associated with AML-ETO

positive AML, conferring an unfavorable prognosis to this subtype of AML.40 

STATS 

Signal Transducer and Activator of Transcription S (STATS) is a member of STAT family, 

which consists of 7 members, ST A Tl-6 including ST A TSA and STA TSB which are encoded 

by two separate genes.41 STATS mediates signals that emanate from upstream growth factor 

receptors. STATS is activated by multiple cytokines or growth factors, including FL, SCF, 

TPO, IL-3, G-CSF, GM-CSF and EPO. Interaction of growth factors with their cognate 
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Figure 2. Schematic illustration of the KIT signaling pathways. Phosphorylated tryrosine residues in the 
human KIT are indicated. Mutations in codon 419,560, 816 and 822 were shown according to Lennartsson Jet 
al34 and Becker H et al.39 

receptors initiates the activation of receptor-associated Janus family tyrosine kinases (JAKs), 

which then phosphorylate tyrosine residues on the cytoplasmic portion of the receptors.42 

Those tyrosine phosphorylated sites become docking elements for subsequent ST ATS 

activation. Upon phosphorylation by JAKs, ST ATS forms dimers that translocate to the 

nucleus and regulate target gene expression (Fig 3). Furthermore, serine residues of STATS 

can also be phosphorylated, playing important roles in sustaining DNA binding activity.43 

Dose-dependent activation of STA TS signaling in human CD34+ cells demonstrated that 

intermediate ST ATS activity levels predominantly induced self-renewal and proliferation 

advantage, whereas high activity levels induced erythropoiesis at the expense of 

myelopoiesis.44 The targeted genes involved in the growth-promoting activities of STATS 

included PIMl and MAF, membrane-associated genes including MUCl ,  as well as cell-cycle 

regulating genes and chemokine family genes.44.45 STATS signaling is involved in various 

hematopoietic compartments.46
-4

8 Loss-of-function studies demonstrated that self-renewal and 

quiescence capacities of HSCs were impaired in STATS-deficient mice.49
-
52 In erythroid 

development, STATS contributed to anti-apoptosis by upregulating Bcl-XL.53•54 A recent 
study showed that FLT3-ITD-specific STATS activation contributed to anti-apoptosis in 
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AML LSC by upregulation of MCL-1. 55 Constitutive STAT5 signaling has been observed in 

up to 70% of AML cases, resulting from either mutations in upstream receptor tyrosine 

kinases such as FL T3 and KIT, or autocrine/paracrine growth factor production. 56•57 In 
addition, it was demonstrated that cytokine responsiveness was heterogeneous in AML cases 

and correlated with clinical outcomes.58 In murine cells, also a difference was observed with 

stem and progenitor cells that were exposed to TPO or SCF.59 It is of great interests to reveal 

how ST A T5 responds to different early-acting and lineage-restricted cytokines in the defined 

stem and progenitor compartments in the human hematopoietic system. 

Receptor dimerization 

! 

Altered self-renewal capacity 

Figure 3. STATS signal transduction pathway. Schematic 
representation of growth factor-induced ST A TS activation. 

Upon binding the growth factors, the cognate receptors 
dimerize and activate JAKs that subsequently phosphorylate 
tyrosine residues on the cytoplasmic region of the receptor, 
creating docking sites for STATS. The recruited ST ATS 
monomers are phosphorylated and form dimers, which then 
translocate into the nucleus. In the nucleus, the ST A TS 
complex binds to DNA in induces gene expression. 

One main feature of LSCs shared with normal HSCs is their ability to self-renew by which 

new identical stem cells are produced after cell division. Current studies suggest that self

renewal of LSCs might be enhanced due to transforming events, causing the continued 

expansion of leukemic clones and indefinite propagation in mice upon serial 

transplantation.2•60 Several pathways have been identified as important regulators of stem cell 

self-renewal, including BMI 1. 7•61 

15 



Chapter I 

BMI 1 is a member of the PcG proteins, which are transcriptional repressors that play essential 

roles in the maintenance of appropriate gene expression during development.62 Two distinct 

multiprotein PcG complexes have been identified, the Polycomb Repressive Complex (PRC) 

1 and 2. The PRC2 complex termed as "initiation complex" has three core components 

including EED, EZH and S UZ12. This complex contains histone deacetylases and 

methyltransferases that can methylate histone 3 lysine 9 and 27 (H3K9 and H3K27), resulting 

in compaction of the chromatin and subsequent gene silencing. The PRC 1 complex is more 

diverse, containing BMil ,  CBX proteins, EDRI/2/3, RINGl A/B. This complex is referred to 

as "maintenance complex" via recognizing the methylation marks set by PRC2 (Fig 4).63 

Gene-profiling studies showed that BMil -t- HSCs displayed altered expression of multiple 

genes important for stem cell fate decisions.6 1 The tumor suppressor locus p161NK4A/p19ARF is 

one of the important targets that is repressed by BMil .  However, INK4A/ARF-independent 

BMil -targets must exist as well since overexpression of BMil in p161NK4A/p19ARF_deficient 

cells still altered RSC self-renewal phenotypes.61•64 

PRC2 

PRC1 complex 

(Me Me Me (Me 

- �' 
Active chromatin Repressed chromatin 

Figure 4. Transcriptional repression by Polycomb group (PcG) proteins. PRC2 (Polycomb repressive 
complex-2) specifically methylates histone H3 on lysine 27 (H3K.27). Then the PRCI is recruited by binding to 
H3K.27-modified chromatin, resulting in a further repression of gene transcription.63 

BMil is expressed in adult and embryonic fetal liver HSC. 61 Targeted deletion of BMil has 

shown that although the number of fetal liver-derived HSCs is normal in these mice, their 

proliferative and self-renewal capacity is severely impaired. In adult BMil -deficient mice, the 

HSCs are less frequent and display an impaired competitive repopulation capacity.61  Gain-of

function studies demonstrated enhanced self-renewal of murine HSC with a shift in balance 

towards more symmetric stem cell divisions.65 In human models, constitutive expression of 

16 
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BMil in CB cells resulted in prolonged maintenance of the stem cell pool and enhanced self

renewal of human stem and progenitor cells. 66 These cells engrafted more efficiently in 

NOD/SCIO mice and gave a rise to secondary engraftment. Conversely, down-regulation of 

BMil by lentiviral-delivered RNA interference impaired self-renewal in normal and AML 

CD34+ cells, associating with increased expression of p14ARF and pl6INK4A _67 

BMI 1 overexpression has been observed in several hematological malignancies, including 

mantle cell lymphoma, myeloid dysplastic syndrome (MDS), CML, and AML.68
-

72 In general, 

high BMil expression levels are associated with a poor prognosis and increased 

aggressiveness of the tumors. In CML, the level of BMI 1 at diagnosis correlated with time to 

transformation to blast crisis. 70 In MDS, patients with RA and RARS with a higher percentage 

of BMil -positive cells showed disease progression to RABB. 72 The mechanisms regulating 

BMil expression are not fully elucidated yet. In AML, BMil was demonstrated to be a direct 

target gene of SALL4, a zinc-finger transcription factor, which is expressed constitutively in 

human leukemia cell lines and primary AML cells.73 Overexpression of BMil in the majority 

of AML was an independent prognostic factor. 1 6•7 1  Patients with higher BMil expression 

have less CR rate and shorter duration of survival, making BMil as a rational therapeutic 

target in AML treatment. In vitro studies showed that down-regulation of BMI l in AML 

CD34+ cells significantly reduced long-term expansion on MS5 stromal cells and self-renewal 

properties as determined by the ability to initiate secondary co-cultures and leukemic 

cobblestone areas.67 MicroRNA-128 targeting the BMil oncogene specifically blocked self

renewal and reduced proliferation of glioma cells, implicating also microRNAs as important 

biological and therapeutic targets.74 

Together, these studies highlight the importance of BMI 1 in the regulation of self-renewal in 

both normal HSCs and LSCs. However, it remains to be determined whether BMI l is 

exclusively required for the formation or the maintenance of leukemic clones. 

LSCs and their niche 

The stem cell niche comprises specialized microenvironment structures, which are critical in 

maintaining the HSC pool. Anatomically, many HSCs reside at or close to the endosteum, 

termed as the osteoblastic niche created by supporting cells, such as osteoblasts, osteoclasts 
and stromal fibroblasts. 10•75 The vascular niche in the bone marrow has been discovered as an 

alternative HSC niche, based on in vivo immunofluorescence studies in which HSCs 

expressing SLAM markers were detected adjacent to sinusoidal endothelial cells.76 Normal 

17 
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HSC function is regulated by both intrinsic and extrinsic mechanisms. With respect to the 

extrinsic mechanisms, the stem cell fate is dictated by the niche. Physical interaction between 

stem cells and their niche causes release of growth factors, triggering signal transduction 

pathways for HSC self-renewal, quiescence and differentiation. 10 Jagged-Notch, Tie2-

Angiopoietin-l, as well as CXCR4-SDF1/CXCL12 interactions have been demonstrated to be 

important in regulating these processes.75 Current studies demonstrated that LSC fate was also 

influenced by the microenvironment. 77 Constitutive expression of ST AT5A increased self

renewal ability, associating with an improved interaction with the microenvironment.78 In 

addition, it has been shown that the RAC signal transduction pathway was also required for 

interaction of leukemic stem/progenitor cells with stromal cells.79 In xenograft transplantation 

models, the host microenvironment determined the lineage fate of human CB CD34+ cells 

transformed with MLL-AF9.8° Furthermore, the normal bone marrow niche can be disrupted 

by leukemic cells, causing dysfunction of normal hematopoietic progenitor cells.8 1  Normal 

CD34+ cells engaged by the malignant niche presented mobilization failure and reduction in 

cell numbers, which could be restored by neutralizing of SCF secreted by leukemic cells. 

Finally it has been recently shown that selective deletion of osteoblasts progenitors in mice 

caused a MDS phenotype underscoring the role of the microenvironment in instructing 

hematopoietic development. 82 

1 8  
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Scope of the thesis 
AML is a heterogeneous disease, differing in molecular abnormalities and responsiveness to 

treatment. Recent progress has led to identification of cytogenetic, molecular and epigenetic 
alterations in AML pathogenesis. In Chapter 2, we reviewed the risk stratification including 

both cytogenetic and molecular features. Current treatments including chemotherapy and 

hematopoietic stem cell transplantation are discussed for different risk groups. In addition 

LSCs are discussed and potential targets to eliminate these cells are described in this chapter. 

Mutations in receptor tyrosine kinases can play a role in leukemic transformation. In addition, 

growth factor production is frequently demonstrated by AML cells, resulting in activation of 

multiple signaling pathways via an autocrine and paracrine manner. Dasatinib is a dual ABL

/SRC-family kinase inhibitor which has been proven effective in CML. It has also been 

demonstrated to inhibit other kinases, including KIT and PDGFR. So far it remained unclear 

whether dasatinib could provide a potential therapeutic option in the treatment of AML. In 

Chapter 3, dasatinib was tested in vitro on both normal CB and AML samples to study its 

effect on long-term expansion, self-renewal and differentiation. 

STATS plays critical roles in normal and leukemic hematopoiesis. Loss-of-function and gain

of-function studies showed that STATS was required for stem cell maintenance and lineage 

commitment. Overexpression of ST ATS in AML and other hematological malignancies 

suggests a key role in leukemic transformation. Little was known about the manner in which 

STATS responds to different early-acting and lineage-restricted cytokines. A multi-parametric 

flow cytometry assay was developed (Chapter 4) to study STATS in specific stem cell and 

progenitor subfractions. Distinct cytokine responses in both normal and leukemic stem and 
progenitor cells were analyzed. 

BMI 1 has been demonstrated to be an important intrinsic regulator of hematopoietic stem cell 

self-renewal in murine models. In Chapter 5, we questioned whether BMI l would be 

required in maintaining human hematopoietic stem cell functions. BMil was downregulated 
in CB and AML CD34+ cells using a lentiviral-mediated RNA interference (RNAi) approach. 

Long-term expansion, colony-forming capacity and L TC-IC frequencies were evaluated. The 

underlying molecular mechanisms downstream of BMI 1 regulation were further studied in 
this chapter. 

In Chapter 6, we questioned whether BMI 1 expression levels in normal and leukemic stem 

and progenitor cells would correlate with their quiescence and levels of ROS accumulation. 

BMil was downregulated in human CB CD34+ cells using lentiviral-mediated RNAi 

1 9  
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approach and intracellular ROS levels were measured in HSCs and MPPs. Hoechst and 

Pyronin Y stainings were performed to determine the level of quiescence. The same assays 

were performed in AML cells to study whether BMI 1 would play an antioxidant role in AML 

as well. 

In Chapter 7 data is summarized and discussed, and future perspectives are presented. 
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Chapter 2 

Acute myeloid leukemia (AML) is characterized by an accumulation of primitive 

hematopoietic cells in the bone marrow compartment due to a differentiation defect in 

stem/progenitor cells, resulting in disruption of normal hematopoiesis. Currently AMLs are 

categorized according to the World Health Organization (WHO) classification that is 

especially based on chromosomal abnormalities. Four subgroups of AMLs are classified. The 

first group is characterized by recurrent genetic abnormalities of prognostic significance. The 

second group is AML with myelodysplasia-related changes and the third group is therapy

related myeloid neoplasms. For the AML not otherwise specified (NOS), the definition is 

based on morphological and cytochemical and immunophenotypic features, representing the 

F AB classification (Table 1 ). 

Risk stratification 
Several clinical studies have shown that the treatment of AML is dependent on several 

prognostic factors, including age, cytogenetics, mutational status and intensity of post

remission therapy. Cytogenetic features are the most well-defined prognostic factors, dividing 

patients into 3 main groups categorized as favorable, intermediate, and unfavorable risk 

groups. 1
•
2 The unfavorable risk group can be further divided based on the presence of a 

monosomy karyotype3 (Fig 1). The 5-year overall survival (OS) is approximately 55%, 40% 

and 10% in the favorable, intermediate, and unfavorable risk groups, respectively. Around 

50% of the patients are categorized into the intermediate-risk group without major 

chromosomal aberrations, which is called cytogenetically normal AML (CN AML). 1
•
2

•
4 The 

age of the patients is tightly correlated with the cytogenetic features.5 The percentage of 

favorable cytogenetics drops from 20% to 7% with increasing age, while the percentage of 

patients in the unfavorable risk group increases from around 20% to 50%. 1
•
2

•
5
-
7 The relative 

high percentage of patients with high-risk features implies that the treatment outcome of 

elderly AML patients is poor. 

Although cytogenetic aberrations provide valuable information for AML diagnosis and 

prognosis, a proportion of AML patients within the same risk group show heterogeneous 

responses to treatment. Core binding factor (CBF) AML is cytogenetically defined by the 

presence of chromosomal translocation t(8;21) and inv(l6), presenting with favorable clinical 

outcome. 8 Mutations in KIT in this subtype of AML conferred to a more unfavorable 

prognosis.9• 1 ° CN AMLs were identified in 45% of the patients, representing as a large 

heterogeneous subgroup. 1 1  Falini et al have recently shown that the group of patients can be 
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Table 1. World Health Organization (WHO) classification of AML 

Description % of AML cases 

AML with recurrent genetic abnormalities 

Cytogenetic abnormalities Genes involved 
AML with t(8;2 l )( q22;q22) RUNX l -RUNX I T l  5 
AML with inv( l 6)(p 13.1 q22) or CBFB-MYHl l  5-8 

t( l 6;16) (p l 3. l q22) 
APL with t( l5;17)(q22;q 12) PML-RARA 5-8 
AML with t(9;1 l )(p22;q23) MLLT3-MLL 2 
AML with t(6;9)(p23;q34) DEK-NUP214 0.7-1.8 
AML with inv(3 )( q2 l ;q26.2) or RPN l -EVI I 1-2 

t(3;3)(q2 l ;q26.2) 
AML (megakaryoblastic) with t( l ;22)(p l 3;q 13) RBM15-MKLI <I 
Provisional entity: AML with mutated NPM 1 27-35 
Provisional entity: AML with mutated CEBPA 6-15 

AML with myelodysplasia-related changes 24-35 

Therapy-related myeloid neoplasms 10-20 

AML, not otherwise specified {NOS) FAB 

AML with minimal differentiation MO <5 
AML without maturation M l  5-10 
AML with maturation M2 I O  

Acute myelomonocytic leukemia M4 5-10 
Acute monoblastic/monocytic leukemia MS <5 
Acute erythroid leukemias M6 <5 

Pure erythroid leukemia 
Erythroleukemia, erythroid/myeloid 

Acute megakaryoblastic leukemia M7 <5 
Acute basophilic leukemia <I 
Acute panmyelosis with myelofibrosis rare 

Myeloid sarcoma 

Myeloid proliferation related to Down syndrome 
-

Transient abnormal myelopoiesis 

Myeloid leukemia associated with Down syndrome 

Blastic plasmacytoid dendritic cell neoplasms 
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further sub-divided based on the nucleophosmin (NPM) gene mutation. 1 2  Patients with a 

NPM mutation without FLT3-ITDs (Fms-related tyrosine kinase 3 gene-internal tandem 

duplications) have a favorable prognosis that is comparable to patients categorized into the 

favorable group. CN AML patients with CCAAT/enhancer binding protein u (CEBPA) gene 

mutations showed also better OS, 1 1  whereby some studies suggested that the favorable role of 

CEBPA mutations were mostly dependent on the absence of FLT3-ITD in CN AMLs. 1 3  The 

AMLs with NPMl mutant (mut) and wild type (wt) FLT3 can be further divided into 

subgroups based on the expression level of the erythroblastosis virus E26 oncogene 

homologue (ERG) gene. High level of ERG expression correlates with shorter event-free 

survival (EFS). 14 In young patients with CN AML, low ID 1 (inhibitors of differentiation) 

expression levels predicted better disease-free survival (DFS) than those with high ID 1 levels, 

with DFS even more improved in patients with NPM 1 mut/FL T3-ITD negative. 15 In the study 

by CLGB, WTl mutation was also an independent adverse prognostic factor in CN AML. 16 

But in the study by the German-Austrian AML study group, WTl mutation as a single marker 

lost its prognostic impact. It was a strong negative indicator of the genotype WTl mut/FLT3-

ITD in CN AML. 17 Possibly this remarkable difference results from different treatment 

strategies. Other genetic alterations including BAALC (Brain And Acute Leukemia, 

Cytoplasmic), EVIl and MNl (Meningioma 1) are also implicated in AML prognosis profiles, 

as negative indicators for OS.1 8
-
20 Based on expression levels of ERG, EVIl and PRAME, 

score O to 3 can be defined by assigning a value of O to favorable parameters as low ERG, low 

EVIl and high PRAME and 1 to adverse parameters. Accordingly, CN AML can be further 

stratified to 4 subsets at the molecular level with different EFS.2 1  Those molecular features on 

prognosis are summarized in Figure 1. In the unfavorable-risk group, autosomal monosomy 

karyotype was a better indicator than a complex karyotype, categorizing patients into 

unfavorable or highly unfavorable risk groups based on the absence or presence of a 

monosomy karyotype, with 4-year OS of 26% and 4%, respectively.3 High-throughput gene 

expression profiling allows a genome-wide identification of subgroups within CN AML.22
-
24 

Unsupervised analysis identified two prognostically relevant subgroups in CN AML that 

differed in OS.22 These findings were independently validated in a CLGB dataset.24 In a 

recent study, microRNA signature was also indicated in prognostically specific AML 

subgroups, associating with EFS.25 
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Current treatment strategies 

Treatment for AML other than Acute Promyelocytic Leukemia (APL) 

Since acute promyelocytic leukemia (APL) is a unique subset of AML, with different 

treatment strategies and prognosis, it will be discussed separately. In this part, we focus on the 

treatment for AML other than APL. 

Cytogenetic features 

1 
..... 
tc

_
1 5

_
;11

_
>
_
l 

___ ...., L� 

Risk groups Molecular markers 

Favorable 

._.t "-"8; __ 21_.__ ____ � ____________ ., jKIT mutatlonl 
lnv(16)/t(1 6;1 6)/del(16q) � r 

I Normal 

+8, +6, -Y, 
del(12p) 
abn 1 1 q23, 
+21 , +22 
CK (3-5 abn) 
All others unknown 

del(Sq)/-5, 
-7/del(7q), 
abn 3q, 9q, 1 1q, 

[ 

20q, 21q, 1 7p, 
t(6;9), t(9;22) 
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,··· 
--------....:·(/ 

} Intermediate '-. 

I 
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BAALC 
EVl1 
MN1 
ERG 

Figure 1. Cytogenetic and molecular classifications. CK, complex karyotype; MK, monosomy karyotype; abn, 
abnormal; FL T3-ITD, FLT3-internal tandem duplications; mut, mutant. 

Induction therapy 

The 3+ 7 combination of the anthracycline daunorubicin ( 45 mg/m2 or 60mg/m2 intravenously 

for 3 days) and cytarabine (Ara-C, 200 mg/m2 continuously intravenous infusion for 7 days) 

has been the standard initial treatment for AML for 3 decades.26 Approximately 50% to 75% 

of adults with AML achieve complete remission (CR) with this standard induction 
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regimen.27•28 Attempts to improve CR rate by escalating the doses of cytarabine, substituting 

alternative anthracyclines idarubicin, addition of other cytotoxic agents ( etoposide, 

fludarabine, toptecan), and others, 1 1 •29-32 have failed to show a significant survival advantage 

over the standard regimen, even though some approaches might improve EFS in certain 

subgroups. This treatment schedule was applied mostly for patients less than 60 years. 

Patients up to 60 years were treated with less intensive regimens. But a recent study has 

indicated that the treatment outcome of patients between 60-65 years can be improved by a 
more intense regimen especially for those in favorable risk group.33 The clinical outcome 

remains dismal in those patients with less tolerance to intensive chemotherapy, more 

preexisting comorbidities, and frequently unfavorable cytogenetics. 5 Remission induction 
chemotherapy has been proven to be important in elderly AML patients for improving clinical 

outcomes and is superior to reduced-dose chemotherapy and supportive treatment. 34 This was 

recently supported by a report from Sweden including 2767 unselected AML patients 

demonstrating the advantage of standard intensive treatment for elderly patients up to 80 years 

old. 35 Higher CR rates, lower early death rates and longer survival were achieved with 

intensive therapy compared with palliation only. 

Consolidation therapy 
Consolidation treatment strategies have been applied in AML patients with CR to eliminate 

minimal residual disease (MRD), improve survival and increase cure rates. The treatment 

traditionally includes intensive consolidation chemotherapy, autologous stem cell 

transplantation (ASCT) or allogeneic stem cell transplantation (alloSCT) or combinations and 

low-dose maintenance therapy in the elderly patient group. Age and cytogenetic risk 
classification of the patients are important clinical parameters to determine the intensity of the 

consolidation therapy. 

Consolidation chemotherapy 

Variable chemotherapy regimens have been applied; also the numbers of courses vary 

between the different study groups.7• 1 1 •30 In general, 1-3 courses are applied after obtaining 

CR. The high-dose Ara-C (HiDAC) has been studied as standard consolidation chemotherapy 
especially in the USA.36 The benefit was restricted to patients in favorable and intermediate 

risk groups, but not to patients in the unfavorable risk group.37•38 Elderly patients do not 
benefit from HiDAC, due to increased toxicity. 
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Autologous and allogeneic stem cell transplantation 

Hematopoietic stem-cell transplantation is performed with collected hematopoietic stem cells 

(HSCs) harvested from either the patient (autologous), or a human leukocyte antigen (HLA)

matched donor ( allogeneic ). A number of study groups have the policy that patients belonging 

to the favorable risk group should not be exposed to transplantation in view of the favorable 

prognosis.39
-4

1 ASCT is typically evaluated in patients belonging to the intermediate risk 
group in first remission (CRl), who do not have an available HLA-matched related donor. 

Some large clinical trials showed improvement in EFS, but not OS.42•43 In a recent clinical 

trial involving 872 young adults with CN AML, patients without I-ILA-matched related 

donors were randomly assigned either to receive HiDAC or undergo ASCT as a second cycle 

of consolidation therapy. No significant difference in OS was observed between the patients 

receiving chemotherapy and those undergoing autologous transplantation. 1 1  Considering the 

higher mortality (<6%) of ASCT compared with consolidation chemotherapy, and improved 

efficacy of HiDAC, the advantage of ASCT is compromised compared to standard 

consolidation chemotherapy in this subgroup of patients.44•45 

AlloSCT is superior to ASCT for the presence of the immunological reaction referred to as 

graft-versus-leukemia (GVL) effect, in which the donated allogeneic cells recognize the 

recipients' leukemic cells as foreign, resulting in a better EFS. But it is associated with a 

higher risk of treatment-related mortality ( 10%-25% ), which is also dependent on the applied 
conditioning regimens. 1 1 •27•28 The recommendation of allogeneic transplantation must be 
based on the individual clinical characteristics, including age, risk stratification, type of donor 

match and disease prognosis. A significantly longer EFS and OS has been revealed in a cohort 

of younger AML patients with normal karyotype. 1 1  Reasonably, patients with unfavorable 

cytogenetics and some patients with intermediate cytogenetics, except for those who are 

NPMl mutant/FL T3-ITD negative, are candidates for alloSCT.28 A recent systematic review 

and meta-analysis evaluated prospective clinical trials assigning adult patients with AML in 

CRl and demonstrated that alloSCT significantly improved EFS and OS in AMLs with 

intermediate and unfavorable risk, but not those with favorable risk, as compared with non

alloSCT. 46 

Regarding the origin of the transplant, matched siblings should preferably be considered for 

alloSCT. Patients without matched siblings might receive a matched unrelated donor (MUD). 

The benefits were especially for patients � 40 years in the setting of myeloablative 

conditioning.47 Recently, reduced-intensity conditioning (RIC) regimens have been 
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Figure 2. Schematic overview of AML treatment strategies. 

DNR,daunorubicin; HiDAC, high-dose cytarabine; NPM, 
nucleophosmin; CEBPA, CCAAT/enhancer binding protein u; 

FLT3-ITD, FLT3-internal tandem duplications; AlloSCT, 
allogeneic transplantation; ASCT, autologous transplantation; 
MUD, matched unrelated donor; UCB, umbilical cord blood; HLA, 
human leucocyte antigen; RIC, reduced-intensity conditioning 
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M
yelo-ablative 

regimens 
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or severe comorbidilies; 

No 
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introduced which makes it possible that older patients can also be treated with an alloSCT.48 

This provides the opportunity to transplant patients up to 65-70 years. To enlarge the 

application of alloSCT, umbilical cord blood (UCB) can be an option for patients without a 

matched donor. The advantages of UCB include rapid availability, greater tolerance of HLA 

disparity and lower incidence of severe graft-versus-host disease (GVHD), as well as safety to 

donors, easy harvesting and less risk of transmitting infection.49 It is applicable in children 

AML patients, with comparable 5-year EFS to allele-matched bone-marrow transplants.50 But 
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in adult patients, the major limitation is the low cell dose, which confers to the delayed 

engraftment, resulting in relatively higher infection rates. Double UCB transplantation can 

overcome the barrier of low cell dose and improve the hematological engraftment. 

As a summary, a schematic overview is shown for the therapeutic approaches in AML (Fig 2). 

Maintenance therapy 

Maintenance therapy is a standard care in APL, but has not convincingly been demonstrated 

to be effective in other subtypes of AMLs.28 Various maintenance regimens have been 

explored but no advantages with regard to EFS and OS have been observed.5 1 •52 

Treatment in relapsed disease 

The majority of AML patients who gained first remission will relapse within 3 years of 
diagnosis. 53 Treatment of relapsed AML is not satisfactory and chemotherapy alone is rarely 

curative. For those patients who can tolerate reinduction chemotherapy to obtain a second 

remission can proceed with ASCT or alloSCT. The most important factor to predict success 

for a second remission seems to be the duration of first CR. If the initial CR was more than 12 

months, the possibility for a second CR could be 40% to 50%, which dropped till 10% to 20% 

if the initial CR was less than 12 months.54
-

57 The 3+7 combination and high-dose cytarabine 

have been suggested as effective reinduction regimens. 45'5 8  AlloSCT could be the preferable 

treatment for most relapsed patients, especially for those who achieve a second remission, due 

to its potent anti-leukemic effects. For patients who can not tolerate a conventional 

conditioning regimen, nonmyeloablative and reduced-intensity allogeneic transplation seem 

effective.59 ASCT appears to be an option for AML in second remission without available 

donors for allogeneic transplantation, with some possibility of cure. 60 A 10-year survival rate 

of 32% was reported in patients in second remission with favorable and intermediate 

cytogenetics. 6 1  

Treatment for Acute Promyelocytic Leukemia 

APL is a unique subset of AML characterized by the t( 15; 17) translocation which results in 

the PML-RAR fusion gene transcript.62•63 The main prognostic factor in APL are white blood 

cell (WBC) and platelet counts pretreatment. A predictive model based on WBC and platelet 

counts classified patients into 3 risk groups: low-risk group (WBC count :S 10 x 109/L and 

platelet count > 40 x 109/L), intermediate-risk group (WBC count :S 10 x 109/L and platelet 
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count ::::; 40 x 1 09/L) and high-risk group (WBC count > 1 0  x 1 09/L).64•65 Risk-adapted 

treatment protocols have been designed based on relevant characteristics. 

The current standard approach with all-trans retinoic acid (ATRA) plus anthracycline 

chemotherapy significantly improved the clinical outcome of newly diagnosed APL patients, 

with CR rates of approximately 90% and 5-year cumulative DFS of 84%. 66-69 The addition of 

cytarabine in this regimen can benefit high-risk patients, but not low- and intermediate-risk 

groups.70 Alternatively, the benefit of ATRA/arsenic trioxide (ATO) combination therapy in 

newly diagnosed APL was demonstrated in a recent study from Chinese institutes. With a 

median follow-up of 70 months, 94% of patients (80 out of 85) achieved CR, and 5-year EFS 

and OS were 89% and 92%.7 1  This combination therapy was also reported from the M.D. 

Anderson Cancer Center, with gemtuzumab ozogamicin (GO) added to high-risk patients. CR 

and 3-year survival rates are 90% and 85%.72 These analyses suggested ATRA combining 

with A TO induction therapy without chemotherapeutic reagents could be safely and 

effectively applied in de novo APL and will require additional clinical studies. 

Consolidation therapy with at least 2 further cycles of anthracycline-based chemotherapy after 

induction allows the achievement of molecular remission of patients. 73 The superiority of 

adding ATRA into consolidation was shown in GIMEMA and PETHEMA cooperative 

groups.74•75 The role of ATO in postinduction therapy was also identified with high 

antileukemic activity.76
-

78 Molecular assessment by RT-PCR of PML-RARA fusion gene was 

recommended at the end of consolidation chemotherapy to determine the relapse risk in APL 

patients.79 For patients achieving molecular remission after consolidation therapy, ATRA

based maintenance therapy for 2 years was recommended to eliminate the MRD and decrease 

the relapse rate.69•80 

Current challenges of AML treatment 

Although many improvements have been achieved in the treatment of AML patients, clinical 

outcomes are still not satisfactory, which are strongly dependent on the risk group. Emerging 

studies consider these cells as leukemic stem cells (LSCs) that initiate and maintain AML, 

and their quiescent state contributes to resistance of the conventional chemotherapy. Recent 

studies have demonstrated that leukemic transformation is a multistep process.8 1  Multiple 

acquired genetic changes occurred to convert normal HSC to LSC which was characterized 

with enhanced self-renewal, increased proliferation, impaired differentiation and apoptosis, 

resulting in accumulation of immature AML blasts. 82 Understanding AML pathogenesis and 

34 



Treatment Strategies in AML 

biological properties of LSCs will be helpful to develop LSC-targeted therapies, and finally 

cure the disease since so far no further improvement has been obtained by more dose

intensification of chemotherapy. The following section will focus on novel agents targeting 

the unique properties of LSCs in AML. 

Targeting LSC by unique membrane antigens 
Theoretically, the plasma membrane molecules preferentially expressed in subsets of AML 

LSCs, such as CD123 (IL-3Ra), CD33, CLL-1 (C-type lectin-like moledule-1), CD96 and 

CD47,83"86 would be ideal LSC targets. A neutralizing antibody (703) targeting CD123 

impaired the homing and engraftment ability of AML LSCs in NOD/SCID mice and inhibited 

IL-3-induced intracellular signaling of AML CD34+CD38- in vitro. 87 This antibody is most 
effective when the leukemic burden is low, suggesting it can be applicable during remission 

induction after chemotherapy. A phase I clinical trial on a chimeric CD 123 monoclonal 

antibody (mAb) in advanced AML is ongoing. A humanized anti-CD33 mAb, GO (Mylotarg) 

was approved by the FDA for treatment of CD33+ AML in the first relapse in elderly patients, 

who were not tolerable for chemotherapy.88 In phase II clinical trials, about 30% of elderly 

patients in the first relapse can achieve CR by using GO monotherapy.89•90 However, CD33 is 

also expressed on normal HSCs, which may explain the prolonged cytopenia following 

treatment with GO in some AML cases.91 So far the most prominent effect of GO has been 

observed in patients with relapsed APL, which might be due to a homogeneous CD33 

expression pattern with increased antigen density of CD33 in APL.92 Preclinical studies have 

recently also shown that CD47 might be therapeutic target for AML stem cells.93•94 It was 

observed that treatment with anti-CD47 antibody can enable phagocytosis of AML LSCs and 

inhibit in vivo engraftment, without affecting their normal counterparts. Thus, these studies 

provide a rationale for using anti-CD47 monoclonal antibodies in treatment of AML. 

Molecular targeting of activated tyrosine kinases 

FLT3 inhibitors 

Approximately 30% of AML cases contain FL T3-ITDs, which is a strong negative prognostic 

factor in AML, especially in conjunction with NPM mutations. Various small molecule kinase 

inhibitors against FL T3 activation have been developed and evaluated in AML patients, 

including PKC-412 (midostaurin), CEP-701 (lestaurtinib), SU-11248 (sunitinib), MLN-518 

(tandutinib), KW-2449, SU-5416 and sorafenib.95· 10 1 In most of those clinical trials, FLT3 
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inhibitors were evaluated in relapsed or refractory AML patients. Generally, FLT3 inhibitors 

showed only modest clinical efficacy, with blasts reduction as the most dominant effect. But 

complete remission is rarely observed. Recent studies revealed the importance of unique and 

sustained inhibition of FLT3, and developed a new compound, AC220, a uniquely potent and 

selective FLT3 inhibitor with desirable safety and pharmacokinetic profile.102•103 A recent 

study demonstrated that the sensitivity towards FL T3 inhibitors was enhanced by a CXCR4 

antagonist by abrogating the protective signals from stromal cells. 104 It is likely that single use 

of FL T3 inhibitors will be of limited value especially from the perspective that leukemic 

transformation depends on at least two transforming events. 81 Therefore, the effects of FL T3 

inhibitor should be considered in the setting of additional chemotherapy. 

KIT inhibitors 
KIT mutations occur in more than 50% of patients with CBF AML, particularly in F AB M2 

subtype, associating with inferior clinical outcomes. 1 05 Imatinib mesylate (IM) inhibits KIT 

kinase activity, but it is limited to wt KIT and juxtamembrane domain mutations. 1 06 KIT 

activation loop mutations are frequently noticed in AML samples that are resistant to 

imatinib.107
•
108 Dasatinib was designed as a dual ABL-/SRC-family kinase inhibitor.109 Recent 

studies showed that dasatinib can inhibit the kinase activity of both wt and mut KIT isoforms, 

with differential potency against mutations involving codon 816 and 822, suggesting it may 

benefit AML patients with KIT activation loop mutations. 110• 111 A recent report showed 

dasatinib treatment together with chemotherapy can induce long-term hematologic and 

molecular remission in a patient with AML harboring KIT D816V mutation.112 A potent KIT 

inhibitor, APcKl 10 showed inhibitory effects on AML blast colony-forming cell proliferation 

without affecting normal bone marrow cells.1 1 3 Those inhibitors could provide therapeutic 

advantages in AML, and their efficacy needs to be verified in clinical trials. 

F arnesyl trans/erase inhibitors 

Famesyl transferase inhibitors (FTls) have been developed to block constitutive RAS 

activation which requires famesyl transferase for localization to the plasma membrane. 114 

Tipifamib, one of the FTls that has been applied in phase II clinical trials with CR rates of 4% 

in refractory or relapsed AML patients and 14% in poor-risk elderly patients.115
-

117 Prolonged 

DFS in a subgroup of poor-risk patients was observed when tipifamib was applied as 

maintenance therapy in CRl .117 Meanwhile, despite the initial attempts of FTls to target RAS 
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mutations, no correlation between RAS mutations and response of FTis can be demonstrated 

in clinical trials. 1 1 8 A two-gene classifier including RASGRP 1 and APTX 1 was identified to 

predict responses to tipifamib in patients treated with tipifamib. 1 1 8 Furthermore, inhibition the 

interaction of activated RAS with its downstream effectors can also affect normal RAS signal 

transduction, resulting in systemic toxicity such as myelosuppression. 1 1 9 NRAS and KRAS, 

the most dominant isoforms involved in AML, can be alternatively geranylgeranylated to 

escape functional inactivation by FTis. 1 14 In summary, RAS mutations remain unattractive as 

targets in AML therapeutic interventions. 

Epigenetic modulators 

Epigenetics is defined as heritable changes in gene expression that are not accompanied by 
alterations in primary DNA sequence. 1 20 Epigenetic modifiers targeting DNA methylation and 

histone acetylation (histone deacetylase, HDAC) have been developed to release the gene 

repression in the AML. Various HDAC inhibitors, including e.g. romidepsin, 1 2 1  valproic 

acid, 122 butyrate, 1 23 MGCD0103, 1 24 and hydroxamic acid, 125 are now tested in phase I and 

phase II studies. Some effects are shown in certain patients. In patients with high-risk 

myelodysplastic syndromes (MDS), DNA methyltransferase (DNMT) inhibitor azacitidine 

treatment showed significantly improved OS as compared to conventional care. 126 There 

results were not observed with decitabine (5-aza-2'-deoxycytidine), which were probably 

related to the dose schedule applied. It appeared that especially patients with AML and high
risk MDS with chromosome 5 and 7 abnormalities, azacytidine and decitabine showed 

superior OS compared to intensive chemotherapy. 1 27 Recently, the superiority of azacitidine 

was demonstrated in AML patients with low marrow blast count (20%-30%). 1 28 Considering 

the unsatisfactory results of single HDAC inhibitor treatment, dual targeting of both HDAC 

and DNMT was hypothesized to be a rational approach to AML treatment. 1 23 However, this 

concept was challenged in a recent study in which reversal of promoter methylation following 

treatment with combination of DNMT (azacytidine) and HDAC (entinostat) inhibitors was 

observed in both clinical responders and non-responders. 129 Recently, a pan-HDAC inhibitor 

panobinostat showed pro-apoptotic effects in vitro in exclusively primary AML cells, in 

combination with a histone methyltransferase EZH2 inhibitor. 1 30 Those combinations need to 

be verified in large cohorts of patients. 
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Inducing apoptosis 

A relative insensitivity to apoptotic stimuli results in survival benefits of the leukemic cells. 

NF-KB (nuclear factor-kappa B) is highly activated in AML leukemic cells but not in normal 

CD34+ cells, suggesting inhibition NF-KB might induce LSC-specific apoptosis. 1 31 • 132 MG-

132, an inhibitor of NF-KB, showed rapid induction of apoptosis exclusively in LSCs, but not 

in normal CD34+ cells. 1 33 IKB (a dominant inhibitor of NF-KB) and PTL (parthenolide) had 

similar effects on inducing apoptosis in AML stem cells and progenitors. 1 34 The role of BCL-

2, a member of anti-apoptotic family, was also identified in AML pathogenesis. In vitro, 

down-regulation of antisense oligonucleotides increased sensitivity of AML cell lines to 

chemotherapy. 1 35 The efficacy of BCL-2 antisense oligonucleotide (03139) has been proved 

in phase I clinical trials combining with chemotherapy. 1 36• 137 The role of BCL-2 antisense 

oligonucleotide needs to be evaluated in randomized clinical studies. 

Release of LSCs from their microenvironment 

Both normal and leukemic stem cells reside m a bone marrow niche, a specialized 

microenvironment. 1 38- 140 Jagged-Notch, Tie2-Angiopoietin-1 and CXCR4-SDF 1/CXCL 12 

axis, as well as RAC signal transduction pathways have been demonstrated to be important in 

regulating the interaction of stem cells with their niche. 1 39• 14 1  Homing to the 

microenvironment is important for sustaining LSC survival. CD44, a transmembrane 

glycoprotein mediating cell-cell and cell-extracellular matrix interactions, was identified as a 

key regulator of AML LSCs. 1 42 Targeting CD44 with a monoclonal antibody (H90) can 

eradicate AML stem cells by blocking the homing ability and altering the stem cell fate. In 

addition, in a mouse model of CML, BCR-ABL-positive LSCs are more heavily dependent on 

CD44 for homing and engraftment as compared to normal HSCs. 143 Those studies indicated 

that CD44 blockade can be a LSC-specific approach in leukemia treatment. The CXCR4-

SDF l /CXCL12 interaction plays important roles in regulating leukemic cells. CXCR4 was 

highly expressed in AML blasts, predicting shorter survival independently. 144 AMD3100, a 

small molecule inhibitor acting as CXCR4 antagonist, inhibited the transmigration and colony 

formation of AML blasts. 145 Administration of AMD3100 enhanced mobilization of leukemic 

blasts, increased sensitivity of chemotherapy and improved OS in mouse model. 1 46 In the past 

two decades, hematopoietic growth factors, such as G-CSF, GM-CSF and IL-3, have been 

applied as priming agents to drove leukemic cells entry into cell cycle and increased 

susceptibility to chemotherapy.30• 1 47- 1 49 Growth factor priming did not show survival 
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improvements in AML patients. 1 50 In some studies, it was suggested that younger AML 

patients with intermediate-risk cytogenetics might benefit from G-CSF or GM-CSF 

priming.30• 149 A recent study demonstrated that G-CSF-mediated stem cell mobilization was 

CXCR4-dependent. 1 5 1  It suggested that release of the leukemic cells from their protective 

environment was involved in the mechanisms of growth factor priming. The usefulness of 

CXCR4 antagonists in combination of chemotherapy may be provided in future clinical trials 

in AML patients. 

Targeting ABC transporters 

Another method to target LSC is to circumvent the problem of conventional chemotherapeutic 

drug resistance, due to high expression levels of ATP-dependent drug transporters in AML 

LSCs. 1 52 The ABC (ATP-binding cassette) transporter family comprises 49 functionally 

distinct transmembrane proteins, classified as 7 subfamilies (ABCA through ABCG). 1 52 The 

first and second generations of MDRl inhibitors, such as verapamil and PSC-833 (valspodar) 

failed to achieve promising results. 1 53
"
155 This may be due to multiple ABC transporters other 

than MDRl itself being involved in drug efflux. Some studies demonstrated that the ABCG2 

transporter was the predominant pump to identify the side population (SP) phenotype in HSCs, 

instead of MDRl. 1 56 Apparently, only modulating MDRl is not enough in AML treatment. 

The third generation of MOR modulators with multiple functions are under development and 

evaluation. 1 52 It should be noted that redundancy of ABC transporter expression not only 

exists in normal or leukemic stem cells, but also has relevant functions in liver and kidney, 

which dictate therefore the pharmacokinetics of the drug and increased toxicity. 1 57 

Other new agents 

Anti-angiogenesis agents are potential approaches in AML based on evidences that bone 

marrow biopsies from AML patients demonstrate increased neovascularization, which was 

associated with poor prognosis. 1 58 Elevated level of VEGF (vascular endothelial growth factor) 

was identified in AML to promote disease progression. 1 59 SU 5416 showed clinical activity in 

a phase II trial of AML patients who did not tolerate chemotherapy.96 Other agents including 

thalidomide, a putative inhibitor of angiogenesis, and bevacizumab, an anti-VEGF antibody 

were also evaluated in clinical trials.160•161 

So far no significant improvement in OS has been observed in elderly AML patients that have 

been treated chemotherapy alone. In the coming years the effects of lenalodomide in 
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conjunction with chemotherapy will be tested. In patients with poor-risk or refractory/relapsed 

AML, second generation nucleoside analogues such as clofarabine and troxacitabine showed 

clinical activity by inhibiting DNA repair and activating apoptotic pathway. 162•163 New agents 

targeting translation factors and mitosis are currently under investigation. 164•165 

Conclusion 
Clinical outcomes with standard therapies are poor. Although younger AML patients respond 

well to chemotherapy, they are at high risk of relapse and death. The outcomes for elderly 

patients are significantly poorer compared to younger patients. Many new agents have been 

discovered based on the progress in understanding of the biology of AML LSCs. Recent 

microarray study in younger and elderly AML patients demonstrated that p l61NK4A expression 

was down-regulated with increasing age in the intermediate and unfavorable risk group, 

which was in contrast to the elevated expression level of p l61NK4A with physiologic aging.166 

So far most novel agents show limited value when they are applied individually. It is likely 

that insight into the multiple transforming events of AML will lead to a better definition of the 

therapeutic targets. Ultimately by combining small molecule inhibitors that specifically target 

the genotype-specific mutations we should be able to treat AML more effectively. 
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Abstract 

A number of signaling pathways might be frequently disrupted in acute myeloid leukemia 

(AML). We questioned whether the dual SRC/ABL kinase inhibitor dasatinib can affect AML 

cells and whether differences can be observed with normal CD34+ cells. Firstly, we 

demonstrated that normal cord blood (CB) CD34+ cells were unaffected by dasatinib at a low 

concentration (0.5 nM) in the long-term culture on MS5 stromal cells. No changes were 

observed in proliferation, differentiation and colony formation. In a subset of AML cases 

(3/ 15) a distinct reduction in cell proliferation was observed, ranging from 48-91 % inhibition 

at 0.5 nM of dasatinib, in particular those characterized by BCR-ABL or KIT mutations. 

Moreover, the inhibitory effects of dasatinib were cytokine-specific. Stem cell factor-mediated 

proliferation was significantly impaired, associated with a reduced phosphorylation of 

ERK.1/2 and STATS while no effect was observed on interleukin-3 and thrombopoietin 

mediated signaling despite SRC activation. In conclusion, this study demonstrates that 

dasatinib is a potential inhibitor in a subgroup of AML, especially those that express 

BCR-ABL or KIT mutations. 
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Introduction 

Acute myeloid leukemia (AML) is a clonal hematopoietic disorder with an early block in the 

differentiation program. The malignant disorder is organized in hierarchy whereby a limited 

number of cells, which are considered leukemic initiating cells (LICs), have the property to 

maintain the leukemic phenotype and are enriched in the CD34 + cell fraction. 1 •2 The 

malignant transformation in AML has been proposed as the consequence of collaboration 

between several mutations, including both mutations in transcription factors resulting in 

impaired differentiation and constitutively activated receptor tyrosine kinases (RTKs), such as 

FLT3 and KIT, conferring proliferative and survival advantages to hematopoietic cells.3 

Dasatinib has been designed as a dual ABL-/SRC-family kinase inhibitor.4 It is effective in 

imatinib resistant chronic myeloid leukemia (CML) by binding both the active and inactive 

form of BCR-ABL, as well as the SRC family kinases (SFKs), and subsequently affects also 

the important downstream targets including STATS and ERKl/2.5-
7 Dasatinib is also known as 

kinase inhibitor of KIT and PDGFR, as well as ephrin A receptor kinases.4'
8 Non-receptor 

protein tyrosine kinases (TKs) including SFKs interact with, and participate in signaling from 
RTKs.9 It has been demonstrated that Lyn, a member of SFKs, is an important component of 

the signal transduction pathway as an intermediate signal component linking FLT3/ITD to 
STATS. 1 0 These SRC family kinases are frequently constitutively expressed in AML, 

especially Lyn, Hck and Fgr. 1 1  KIT expression was detected in approximately 70% of de novo 

AMLs and 9S% of relapsed AMLs. 12 The increased KIT intensity was correlated with 

decreased overall survival in AML patients. 1 3  And KIT mutations have been preferentially 

associated with CBF (core-binding factor) AML with either an inv(l 6) or a t(8;21) 

karyotype. 14 In vitro study has shown that dasatinib at low dose can inhibit the proliferation of 

AML Kasumi- 1 cell line, which has a gain-of-function KIT mutation. 1 5  A recent case report 

showed combined treatment with chemotherapy and dasatinib could achieve long-term 

hematologic and molecular remission in a patient with systemic mastocytosis and AML with 
mutant KITD816V expression.16 So far it is unresolved whether patients AML cells are 

affected by dasatinib since in AML cells a number of collaborative signaling pathways might 

be disrupted. Here we performed long-term cultures with AML CD34+ cells, as well as normal 

cord blood (CB) CD34+ cells on MSS murine stromal cells in the absence or presence of 

dasatinib, to study the long-term expansion, self-renewal and hematopoietic differentiation. 

Materials and methods 
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Reagents and antibodies 

Dasatinib (BMS-354825) was provided by Bristol-Myers Squibb Company (Princeton, NJ, 

USA) and prepared as a 10 mM stock solution in dimethylsulphoxide (DMSO), stored in 

aliquots at -20°C and diluted in DMSO before treatment on the cells. Purified mouse 

anti-human STATS (pY694), CDl lb-PE, CD14-FITC, CD15-APC were purchased from BD 

Biosciences (Breda, The Netherlands). Phospho-SRC family (Tyr416) antibody, 

phospho-ERK.1/2 (Thr202/Tyr204) antibody, and phospho-p70 S6 Kinase (Thr389) antibody 

were purchased from Cell Signaling (Leiden, The Netherlands). ERK.I antibody was obtained 

from Santa Cruz Biotechnology (Santa Cruz, CA). 

Isolation of normal and leukemic CD34+ cells 

Normal CD34+ cells were derived from neonatal cord blood from healthy full-term 

pregnancies from the Obstetrics departments of the Martini Hospital and University Medical 

Center in Groningen after informed consent. After Ficoll separation of mononuclear cells, 

CD34+ cells were enriched by magnetically activated cell sorting CD34 progenitor kit 

(Miltenyi Biotec, Utrecht, The Netherlands). AML blasts from peripheral blood cells or bone 
marrow cells from untreated patients with AML were studied after informed consent. AML 

mononuclear cells were isolated by density gradient centrifugation and CD34+ cells were 

selected by MoFLo sorting (DakoCytomation, Carpinteria, CA, USA). 

Liquid culture conditions of cell lines and primary cells 

K562 cell line was cultured in RPMI 1640 medium (Biowhittaker, Verviers, Belgium) 
supplemented with L-glutamate, 10% fetal calf serum (FCS; Sigma, Zwijndrecht, The 

Netherlands) and 1 % penicillin/streptomycin (P/S). Mo7e cell line was routinely propagated 

in RPMI 1640 with 5% FCS, 1 % P/S, and 10 ng/ml interleukin-3 (IL-3; Gist-Brocades, Delft, 

The Netherlands). Before preparing cell lysates, Mo7e cells were deprived of cytokine 

overnight in RPMI with 0.5% FCS and subsequently stimulated with 20 ng/ml stem cell 

factor (SCF; Immunex Corporation, Seattle, WA), IL-3, or thrombopoietin (TPO; Kirin, 

Tokyo, Japan) for 15 minutes, separately. Dasatinib was added 2 hours before cytokine 

stimulation. SKNO-1 cell line (kindly provided by Prof. Dr. M. Lubbert) was routinely 

propagated in RPMI 1640 with 10% FCS, 1 % P/S, and with 10 ng/ml granulocyte 

macrophage colony-stimulating factor (GM-CSF; Genetics Institute, Cambrigde). 30,000 CB 
CD34+ cells were cultured in Iscove's modified Dulbecco's (IMD) medium (PAA 
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Laboratories, Pasching, Austria) supplemented with 10% FCS, 1 % glutamine and 1 % PIS, 

supplemented with the following cytokines: SCF (20 ng/ml), IL3 (20 nglml), or in 

combination (SCF with IL-3 at 20 ng/ml), or TPO (20 ng/ml) combined with IL-3 (5 ng/ml). 

Cultures were demi-depopulated at day 7 and day 14 for analysis. 

Long-term cultures on MS5 stromal cells 

The 40,000 AML CD34+ cells were plated in 12-well plates pre-coated with MS5 stromal 

cells. Cells were expanded in LTC medium ( a-MEM supplemented with heat-inactivated 

12.5% FCS, heat-inactivated 12.5% horse serum, PIS, 2 mM glutamine, 57.2 µM 

�-mercaptoethanol and 1 µM hydrocortisone (all from Sigma) supplemented with 20 ng/ml 

IL-3, granulocyte colony-stimulating factor (G-CSF; Rhone-Poulenc Rorer, Amstelveen, The 

Netherlands) and TPO as described previously. 17'18 Cultures were kept at 37°C and 5% CO2 

and demi-depopulated weekly for analysis. In co-cultures that generated leukemic cobblestone 

areas (L-CAs ), leukemic cells could be harvested from these co-cultures after 3 to 5 weeks to 
initiate secondary co-cultures on new MS5 stroma, a feature of self-renewing cells that we do 

not observe with normal CB. 30,000 CB CD34+ cells were plated in T-25 flasks precoated 

with MS5 stromal cells. Cells were expanded in LTC medium and demi-depopulated weekly 

for analysis. 100,000 SKNO-1 cells were plated in MS5 stromal cells precoated 12-well plates, 

expanding in RPMI with 10% FCS and I %  PIS, with or without 10 nglml GM-CSF. 

Demi-depopulation was performed. 

KIT and FLT3 mutation analysis 

Detection of the K.IT-D8 I 6V mutation was performed with real-time PCR using primers 
5' -TTGTGATTTTGGTCTAGCCAGACT-3' and 5 '  -GTGCCATCCACTTCACAGGTAG-3' 

according to the previous study 1 9• Mutational analysis of ITD within the JM domain of the 

FLT3 gene was performed with RT-PCR using primers 5 '-CAATTTAGGTATGAAAGCC-3' 

and 5'-CAAACTCTAAATTTTCTCT-3', as previously described 20• 

Colony-forming cell assay 

Colony-forming cell (CFC) assay was performed as previously described.2 1  Briefly, CFC 

assays were performed in 1.2% methylcellulose containing 30% FCS, 57.2 µM 

�-mercaptoethanol, and 2 mM glutamine (StemCell Technologies, Meylan, France), 

supplemented with 20 nglmL IL-3, IL-6, G-CSF, SCF, and I UlmL erythropoietin (Epo; Cilag: 
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Eprex; Brussels, Belgium). 1,000 fresh CB CD34+ cells or 104 expanded cells from MS5 

co-culture were plated in 1 ml CFC mixes per 35-mm dish in duplicate. The colonies were 

scored two weeks later. 

Fluorescence-activated cell sorter (FACS) analysis 

Cells incubated with antibodies at 4°C for 30 minutes prior to the analysis on a FACSCalibur 

(Becton Dickinson). Data were analyzed using WinList 6.0 (Topsham, ME, USA). 

Cell lysis and Western blotting 

Whole cell lysates were prepared in boiling sample buffer ( containing 2% SDS, 10% glycerol, 

2% �-mercaptoethanol, 60 mM Tris-HCL pH6.8 and bromophenol blue). Protein aliquots 

were equally resolved by 10% SDS-PAGE and transferred to nitrocellulose membranes 
(Millipore, Etten Leur, The Netherlands) using a semidry electroblotter from Biorad 

(Veenendaal, The Netherlands). The membranes were blocked in PBST containing 5% nonfat 

milk prior to incubation with primary antibodies. Detection was performed with horseradish 
peroxidase-conjugated secondary antibody (Dako Cytomation, Glostrup, Denmark) and 

enhanced chemiluminescence (ECL) reagent (Roche Diagnostics, Basel, Switzerland). 

Analysis of cell proliferation 
K562 and Mo7e cells were suspended to a final concentration of l x105 cells/ml in fresh 

growth mediums, plated in 12-well plate and incubated with designated concentrations of 

dasatinib for 72h. Growth of Mo7e cells was driven by 20 ng/ml SCF, IL-3 or TPO. Cells 

were counted with Coulter electronics (Mijdrecht, The Netherlands) after 24, 48 and 72 hours. 

Analysis of cell cycle status 
K562 cells were harvested after treatment with dasatinib for 24 hours and stained with 

hypotonic DNA buffer containing sodium citrate ( 1 g/L; Merck, Schiphol-Rijk, The 

Netherlands), ribonuclease A (100 mg/ml), propidium iodide (Pl; 1 mg/ml) and Triton X-100 

(1:10 diluted) (Sigma). Samples were analyzed on a FACSCalibur and data was analyzed with 

ModFit LT 3.1 (Topsham, ME, USA). 

Analysis of apoptosis 

K562 cells were incubated with dasatinib for 48 hours and apoptosis was analyzed using an 
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Annexin V staining kit (IQ Products, Groningen, The Netherlands) according to the 

manufacturer 's recommendations. Briefly, cells were harvested, re-suspended in 100 µl 

calcium buffer containing 5 µl annexin V and incubated for 20 minutes at 4 °C in the dark. 

Cells were washed with calcium buffer and subsequently incubated in 300 µl calcium buffer 

containing 2.5 µl of Pl for 10 minutes. Analysis was performed on a FACSCalibur with 

WinList 6.0 Analysis software. 

Statistical analysis 

The significance levels were determined by student's t-test between experimental groups. 

Data was reported as mean ± SEM (standard error of the mean). A two-sided p value < 0.05 

was considered statistically significant. 

Results 

Dasatinib impairs proliferation and colony formation, but not differentiation of normal 

CB CD34+ cells 

The efficacy of dasatinib at low nanomolar concentrations has been demonstrated in the 
BCR-ABL positive K562 cell line, as well as in primary CML CD34+ cells.22

-
25 We firstly 

verified the effects of dasatinib in K562 cells, for defining the optimal dose-response. As 

depicted in Suppl FigA, dasatinib at a concentration of 0.5 nM was already effective in 

blocking the proliferation of K562 cells, with an optimal inhibitory effect between 2-10 nM. 

These inhibitory effects on cell proliferation were associated with a reduced phosphorylation 

of SRC, ERK.1/2 and STAT5 (Suppl FigB). Inhibition of these pathways resulted in a cell 

cycle arrest with an enhanced percentage of cells in the G0/G 1 phase with a concomitant 

decline in cells in S phase (p<0.05, Suppl FigC). Moreover, the changes were associated with 

an increased number of cells in apoptosis (p<0.05) (Suppl FigD). 

In contrast to BCR-ABL which is specifically expressed in CML, m a subset of acute 

lymphoblastic leukemia and rarely in AML, the expression of SRC is ubiquitous throughout 

the normal hematopoietic system and its activation has been associated with multiple 

signaling pathways.26
•
27 In order to study the effects of dasatinib treatment on normal 

stem/progenitor cells, CB CD34+ cells were expanded on MS5 stromal cells in the absence or 

presence of dasatinib. Cultures were demi-depopulated weekly for cell counting, CFC assays 

and FACS analysis on suspension cells. Dasatinib treatment resulted in a dose-dependent 
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Figure 1. Dasatinib impairs proliferation, but not colony formation and differentiation of human cord 
blood (CB) CD34+ progenitor cells. 30,000 CB CD34+ cells were plated in T25 flask precoated with MSS 
stromal cells. Cells were expanded in LTC medium with dasatinib added weekly as indicated. Cultures were 
demi-depopulated weekly for counting and CFC assay. (A) Representative figure of weekly cumulative cell 
counts were shown. (B) Percentages of cell growth as compared to the control group (% growth of control) on 
stroma by adding dasatinib were shown as mean value from three independent co-culture experiments. (C) The 
total number of CFCs generated per T25 flask was calculated by the number of CFCs/I 0,000 plated cells 
multiplied by the cell counts weekly. Percentages of colonies as compared to the control group (% colonies of 
control) after dasatinib treatment were shown. Data were from three independent co-culture experiments. (D) 
10,000 cells in suspension were plated at week 2 and week 3 for CFC assay. Percentages of colonies as 
compared to the control group (% colonies of control) after dasatinib treatment were shown. (E) 1 ,000 freshly 
isolated CB CD34+ cells were analyzed for CFC assay. Percentages of colonies as compared to the control group 
(% colonies of control) after dasatinib treatment were shown. Data were from three independent experiments. (F) 
The myeloid differentiation of cells in suspension from the co-culture system was monitored by FACS with 
antibodies against CD l lb, CD 14 and CD 15  at week 2 and week 4. Representative figures out of three 
independent experiments were shown. Columns, means of three independent experiments; bars, SE. (** p<0.05) 
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growth disadvantage of normal CD34+ progenitor cells (Fig I A). The growth was only 

significantly reduced at a higher concentration (5 nM) of dasatinib, with 77.8% ± 13.1% of 

control (p=0.04) at week 2, 61.0% ± 16.5% of control (p=0.02) at week 3, and 54.0% ± 6.3% 

of control (p=0.006) at week 4 (Fig IB). The treatment with dasatinib (5 nM) resulted in a 

reduction in total progenitor (CFC) output after 3 weeks of culture (62.2% ± 10.3% of control, 

p=O.O 1) (Fig 1 C). But the colonies generated per 105 suspension cells were not affected by 

dasatinib treatment (Fig 1 D). To study whether similar results could be obtained in short-term 

CFC assays, 104 CD34+ cells were cultured in methylcellulose culture assay with and without 

dasatinib. The results demonstrated no significant suppressive effect of dasatinib on colony 

formation (Fig I E). Finally, FACS analysis of the suspension cells at week 2 and week 4 

showed no changes in the myeloid differentiation markers CDl lb, CD14 and CD15, 

demonstrating the reduced proliferation was not associated with an impaired differentiation 

(Fig lF). 

Dasatinib impairs expansion of AML CD34+ cells in long-term culture only in a subset of 
cases 

It has been shown previously that the propagation of AML cells partially depends on 

constitutively activation of receptor kinases including FLT3 and KIT, and the autocrine and 
paracrine production of growth factors that make use of non-receptor protein tyrosine 

kinases.28 Therefore, AML cells (n=l 9) were studied in long-term stromal culture assays by 
using exclusively the sorted CD34+ cell fraction that is enriched for leukemic stem cells, as 

has been described 17'18 • The clinical characteristics of the studied patients including FAB 

classification, cytogenetics and defined mutations, are summarized in Table 1. In 79% (15/19) 

of the tested AML cases long-term expanding co-cultures could be generated (Fig 2A and 2B). 

Variability in responsiveness of the different AMLs for dasatinib was observed. In 20% of the 

cases (3/15) a distinct decrease in long-term cell expansion of AML CD34+ cells was already 
observed at a dose of 0.5 nM dasatinib, ranging from 48%-91 % inhibition as compared to the 

untreated group. This concentration of dasatinib showed less than 15% growth inhibition in 

normal CD34+ cells on stroma (Fig IA and I B). The growth curves of the 3 AML cases are 

shown in Figure 2C-E. To demonstrate whether dasatinib also inhibited the self-renewal 

potential of the AML CD34+ cells, replating experiments were performed by harvesting the 

cells from leukemic cobblestone areas after 3-5 weeks of co-culture. These cells were 

subsequently studied for their capacity to initiate 2nd (and 3rd) co-cultures on new MS5 stroma 
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(Fig 2C). The results demonstrated that AML leukemic cells still expanded on new MS5 

stroma, and that the inhibitory effect of dasatinib was less pronounced after replating. The 

AML cells that responded to dasatinib were characterized by chromosomal translocations or 

Table 1. Summary of patient's clinical parameters 

Patient ID FAB % CD34+ BM/PB Expansion Karyotype FLT3-ITD KIT mutation 

M7 43 PB Yes -7; +21 

2 M2 26 PB Yes BCR-ABL, ND 

inv ( 1 6) 

3 M2 42 BM Yes t(8;21) + 

4 M2 52 PB Yes N + ND 

5 MO 22 PB Yes N + 

6 MS 88 PB Yes N ND 

7 Ml  70 BM Yes +3q;-7;-10 

8 MO 70 BM Yes 5q-;+6 ND 

9 Ml 19 PB Yes N + 

IO  Ml 19  PB Yes N ND ND 

1 1  Ml 35 BM Yes N + 

12 MS 14 PB Yes t( l 1 ;20) + 

1 3  Ml 57 PB Yes N 

14 MS I O  BM Yes ND ND 

15 MS 0.5 PB Yes N + ND 

1 6  M l  63 PB No 3p+; -7; +8 

17  Ml 29 PB No del (9) + 

1 8  M4 1 7  PB No inv ( 1 6) + 

19 MS 13  BM No N + ND 

AML cells derived from bone marrow (BM) or peripheral blood (PB); Percentage of CD34+ (% CD34+) in the 
total AML mononuclear cell fraction; AML CD34+ cells cultured in long-term culture assay demonstrated an 

expansion (y/n); FAB, French-American-British classifications; FLT3-ITD (internal tandem duplication) was 
present (+) or absent (-) in the AML cells; ND, not determined; N, normal 
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mutations in BCR-ABL (n=l ), KIT (n=l ), or undetermined (n=l )  mutations. In 6 FLT3-ITD 

positive AMLs no suppressive effects of dasatinib on cell expansion were noticed. Moreover 

it appeared that the responsiveness to dasatinib was independent of the level of SRC mRNA 

expression ( data not shown). A remarkable finding was the fact that in the additional AMLs 

(11/15) a stimulatory effect on cell proliferation was observed at low dose (0.5 nM) dasatinib 

when the AML CD34+ cells were cultured in long term stromal assay (Fig 2A). An increase of 

474% (range, 17%-2417%) was observed in time. This effect of dasatinib was noticed after a 

period of 2-3 weeks of culture. At a higher concentration (5 nM) this stimulatory effect 

disappeared in most of the cases (Fig 2B). Taken together, dasatinib shows pronounced 

inhibitory effects on proliferation in a subset of AML CD34+ progenitor cells, while in the 

additional cases a stimulatory effect might be shown at low dose. 

Dasatinib selectively impairs SCF-induced and mutant KIT-driven signal transduction 

and proliferation 
In view of the observed suppressive effects of dasatinib in a mutant KIT AML, we further 

defined the role of dasatinib on KIT receptor signaling by using cell line models with either 
wild type (wt) (Mo7e cell line) or mutant KIT receptor (SK.NO- I cell line), as well as in 

primary CB CD34+ cells. We cultured the human myeloid leukemia cell line Mo7e with SCF, 
IL-3 and TPO and effects on proliferation and downstream signaling pathways were studied. 

The results showed that Mo7e cells cultured with SCF demonstrated a significant decline in 

cell proliferation at 5 nM, after culturing for 72 hours (44% ± 9% inhibition, p<0.05). No 

inhibitory effect of dasatinib was shown if the Mo7e cells were cultured with IL-3 or TPO or 

combinations (Fig 3A). In addition we studied the downstream targets that were inhibited by 

dasatinib and compared the results with K562 cell line. As depicted in Fig 3B, constitutive 

phosphorylation of SRC and STATS, but not ERKl /2 and p70S6k, was identified in Mo7e 
cells. A significant reduction in p-ERKl /2, p-STAT5 and p-p70S6k was shown in 

SCP-stimulated cells pretreated with dasatinib for 2 hours. Moreover, the inhibitory effects 

were observed at a concentration more than 2 nM while the inhibitory effects on BCR-ABL 

mediated signaling was already shown at a concentration less than 0.5 nM (Suppl Fig B). In 

contrast, no effects were observed on the IL-3 and TPO mediated phosphorylation. A 

remarkable finding was that none of the cytokines were strong stimulators for SRC 

phosphorylation on top of the constitutive levels. Moreover this SRC activity was not 

inhibited by dasatinib (Fig 3B). Taken together, the inhibitory effects on SCP-induced 
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proliferation and signal transduction pathways indicate dasatinib is a stronger KIT kinase 

inhibitor, rather than a SRC inhibitor. 

A Responses to dasatinib at 0.5 nM in AML long-term culture assay (n= 1 5) 
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Dasatinib in normal and AML progenitor cells 

Figure 2. Dasatinib impairs expansion of a subset of AML CD34+ cells in long-term cultures. 40,000 AML 
CD34+ cells were sorted and plated in 1 2-well plates precoated with MS5 stromal cells. Cells were expanded in 
LTC medium supplemented with 20 ng/ml IL-3, G-CSF and TPO. Dasatinib was added as indicated 
concentrations. Cultures were demi-depopulated weekly for analysis. Weekly cumulative cell counts represented 
cells in suspension except at times of replating, where cell counts indicated suspension and adherent 
hematopoietic cells. The responses to dasatinib at 0.5 nM (n= l 5) (A) and 5 nM (n= l 4) (B) of all AMLs capable 
of long-term proliferation on stroma were shown, as compared to the growth of control group (% growth of 
control). The time points for cell counts indicated were at week 4/5. (C-E) Growth curves of 3 AMLs with 
growth reduction by dasatinib treatment were shown. The leukemic cells both in suspension and adherent layer 
were harvested from the coculture at week 4 and week 7 to initiate the 2nd and 3rd cocultures on new MS5 
stroma (AML No. 1 ). 

KIT is expressed in normal stem and progenitor cells, regulating quiescence, self-renewal and 
proliferation of stem cells.29•30 Therefore CB CD34+ cells were cultured with SCF, IL-3 and 
TPO to observe whether dasatinib had inhibitory effects on SCF-induced proliferation in 

normal progenitor cells. Representative growth curves are shown in Fig 3C and mean values 

of growth inhibition are shown in Fig 3D. The results showed that CB CD34+ cells cultured 

with SCF demonstrated a significant decline in cell proliferation at 5 nM (7 .8% ± 0.2% of 

control, p<0.00I ), which was also noticed if SCF was combined with IL-3 ( I5.6% ± 2.8% of 

control, p=0.02). No inhibitory effect of dasatinib was shown if the CD34+ cells were cultured 

with IL-3, TPO or combinations. However, IL-3 alleviated the SCF effect (Fig 3D). 
To further evaluate these findings in the malignant counterpart, we used the GM-CSF 

dependent SK.NO-I cell line, which was characterized by a homozygous N822K KIT 
mutation.3 1 •32 The SK.NO-I cells were studied with and without dasatinib treatment in 

long-term MS5 stromal culture assay in the presence or absence of GM-CSF. SK.NO-I cells 

showed I 7-fold expansion compared to the control cultures without GM-CSF (Fig 3E). In the 

presence of GM-CSF, 43% ± 9% growth inhibition was achieved at I nM of dasatinib 

(p>0.05), which was further enhanced at 10 nM (66% ± 13% growth inhibition, p<0.05). The 

inhibitory effects of dasatinib were more pronounced in the absence of GM-CSF (data not 

shown). Subsequently replating experiments were performed with SK.NO-I cells cultured 

with GM-CSF. However, in comparison to the primary culture, the cells expanded but 

demonstrated a reduced susceptibility to dasatinib in the 2nd co-culture (33% ± 2% growth 

inhibition at I O  nM, p>0.05). The reduced susceptibility to dasatinib was not associated with 

an altered GM-CSF receptor expression or KIT expression (data not shown). Analysis on 

downstream signaling transduction pathways demonstrated that only p70S6k phosphorylation 
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was dowmegulated by dasatinib at 10 nM in the presence of GM-CSF (Fig 3F). Those results 

demonstrate dasatinib can have a strong inhibitory effect on KIT mutant cells dependent on 

co-activators. 
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Figure 3. Dasatinib selectively impairs SCF-induced and mutant KIT-driven signal transduction and 
proliferation (A) Mo7e cell line was cultured in RPMI with 5% FCS, supplemented with 20 ng/ml SCF, IL-3, 
or TPO, in the absence or presence of increasing concentrations of dasatinib. Average expansion of 3 
independent experiments was shown. (B) Mo7e cells were deprived of cytokine in RPMI with 0.5% FCS 
overnight, followed by the pretreatment with dasatinib for 2 hours. The cells were harvested for lysates after 
being left unstimulated (lane U) or stimulated with 20 ng/ml SCF, IL-3 or TPO for 1 5  minutes. 300,000 cells 
were loaded for western blot, analyzing with antibodies as indicated. (C) 30,000 freshly isolated CB CD34+ cells 
were cultured in IMDM with I 0% FCS, supplemented with SCF (20 ng/ml), IL-3 (20 ng/ml), or in combination 
(SCF+IL-3), as well as TPO (20 ng/ml) and IL-3 (5 ng/ml) (TPO+IL-3). Demi-depopulation was performed at 
day 7 and day 14 for counting. A representative experiment out of two independent experiments was shown. (D) 
Percentages of growth after dasatinib treatment as compared to control group (% growth of control) were shown 
as mean value from two independent experiments. (E) I 00,000 SKNO-1 cells were plated in 12-well plates 
precoated with MS5 stromal cells. Cells were grown in RPMI supplemented I 0% FCS, in the presence or 
absence of GM-CSF ( I O  ng/ml). Dasatinib was added as indicated concentrations. Cultures were 
demi-depopulated as indicated timepoints for analysis. Weekly cumulative cell counts represented cells in 
suspension. The leukemic cells in suspension were harvested from the coculture at day 16 to initiate the 2nd 

cocultures on new MS5 stroma. (F) SKNO-1 cells were cultured in RPMI supplemented 1 0% FCS, in the 
presence of GM-CSF ( I O  ng/ml), with dasatinib treatment for 4 hours. Cell lysates were prepared and subjected 
to Western blotting using antibodies as indicated. 

Discussion 

In the present study we studied the effects of dasatinib in normal and AML leukemic CD34+ 

cells to demonstrate whether dasatinib might be beneficial for the treatment of AML patients. 

Firstly we demonstrated that normal CD34+ cells were unaffected by dasatinib at a low 

concentration (0.5 nM), including proliferation, differentiation and colony formation. In the 

long-term culture system, 20% of the studied AML samples showed a distinct decrease in cell 
expansion that was already observed at low dose of dasatinib (0.5 nM). However, dasatinib 

seems to affect especially the more mature leukemic progenitor population as the AML 

CD34+ cells responsible for replating were only partially affected by dasatinib. Comparable 

results have been described in CML demonstrating that dasatinib could target especially the 

progenitor cell population but failed in eliminating the quiescent primitive cell fraction.33 Of 

the AMLs that responded well to dasatinib treatment included samples with BCR-ABL and 

KIT mutations. BCR-ABL is rarely detected in AML. Mutations in KIT are associated with 

the chromosomal translocation t(8;21) and inv(16) and are prognostic unfavorable parameters 

in this subgroup of AML. 34•35 However, limited in vitro studies have been performed in this 

subgroup of patients. We have observed that AML cells with the t(8;21) propagate poorly in 
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vitro in long term culture assay and therefore we extended our study with myeloid leukemic 

cell line models including both wt and mutant KIT kinase. 

We demonstrated with cell lines as well as with CB cells that dasatinib inhibited the SCF 
mediated without inhibition on the IL-3 and TPO mediated signaling. This finding suggests 

that dasatinib is a much stronger KIT kinase inhibitor than a SRC inhibitor. For the leukemic 

counterpart, we used the SKNO-1 cell line, which is GM-CSF dependent expressing 
homozygous N822K KIT mutation. Dasatinib showed significant growth reduction on 

long-term co-culture assay, particularly in the absence of GM-CSF, suggesting that dasatinib 

can target KIT mutation effectively. Similar to what we observed in AML CD34+ cells, the 

inhibitory effects of dasatinib in the presence of GM-CSF were less pronounced when the 

cells were replated on new stroma, suggesting that also in this test, the progenitor cells were 

affected predominantly. 

Although FLT3-ITD has been associated with increased SRC kinase activity 36, none of 6 

AMLs with FLT3-ITD demonstrated a suppressive effect on dasatinib treatment. This 

variability in responsiveness might be linked to our observation that SRC is poorly inhibited 
by dasatinib or that the activation of additional collaborative signaling pathways have a more 

dominant effect on the cell proliferation due to underlying mutations. However, the obtained 

results suggest that the in vitro assay might be of value to define potential AMLs that benefit 

from dasatinib treatment in vivo. 

A remarkable finding was that at low dose concentration of dasatinib (0.5 nM), a stimulatory 

effect on AML CD34+ cell proliferation was observed in a large group of AMLs. The cause of 

this stimulatory effect remains unclear and requires further studies. In knock-out mice 

deficient for SRC kinases, it has been shown that these hematopoietic progenitors have an 

enhanced proliferative response to cytokine stimulation due to the absence of SRC kinase 

family members 37• However, since at higher concentration of dasatinib this stimulatory effect 

almost disappeared, it is more likely that dasatinib affects the balance between different 

collaborative signaling pathways that have opposite effects on cell proliferation. Furthermore, 

we could exclude the possibility that the adaptor protein Lnk binding directly to Y568 in KIT 

is involved. Previous studies have shown that Lnk-deficient mice HSCs are hyper-responsive 

to growth factor stimulation in particular to TPO 38•39 . However in the present study no effect 

of dasatinib on the TPO signaling was observed. So, the stimulatory effect in AML can 

unlikely be ascribed to the blocking effect of dasatinib on Lnk. 

In summary, the present study demonstrates that dasatinib is an effective inhibitor of the KIT 
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mediated signaling in hematopoietic CD34+ stem and progenitor cells and that a subgroup of 

AMLs is responsive to the inhibitory effects of dasatinib in vitro, in particular those that 

express BCR-ABL and especially KIT mutations. 
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Chapter 4 

Abstract 

Signal Transducer and Activator of Transcription 5 (ST A T5) plays critical roles in normal and 

leukemic hematopoiesis. However, the manner in which ST A T5 responds to early-acting and 

lineage-restricted cytokines, particularly in leukemic stem/progenitor cells, is largely 

unknown. We optimized a multiparametric flow cytometry protocol to analyze ST A T5 

phosphorylation upon cytokine stimulation in stem and progenitor cell compartments at a 

single-cell level. In normal cord blood (CB) cells, STAT5 phosphorylation was efficiently 

induced by TPO, IL-3 and GM-CSF within CD34+CD38- hematopoietic stem cells (HSCs). 

EPO and SCF-induced STAT5 phosphorylation was largely restricted to the megakaryocyte

erythroid progenitor (MEP) compartment, while G-CSF, as well IL-3 and GM-CSF were most 

efficient in inducing ST AT5 phosphorylation in the myeloid progenitor compartments. 

Strikingly, mobilized adult peripheral blood (PB) CD34+ cells responded much less efficiently 

to cytokine-induced STAT5 activation, with the exception of TPO. In leukemic stem and 

progenitor cells, highly distinct cytokine responses were observed, differing significantly 

from their normal counterparts. These responses can not be predicted by the expression level 

of cytokine receptors. Also, heterogeneity existed in cytokine requirements for long-term 

expansion of AML CD34+ cells on stroma. In conclusion, our study demonstrates variable 

cytokine responses in ST AT5 phosphorylation in both normal and leukemic stem/progenitor 

cells. 
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Introduction 

Hematopoiesis is largely regulated by the signaling cascades that are activated by a wide 

variety of cytokines. 1 The signals that emanate from cytokine receptors are translated into 

specific cellular responses via activation of transcription factors that induce expression of 

unique sets of target genes. One family of such transcription factors is the Signal Transducer 

and Activator of Transcription {ST AT) family, which consists of 7 members, ST A T l -6 

whereby ST ATSA and STATSB are encoded by two separate genes. STATS is widely 

expressed throughout the hematopoietic system, targeting genes that have been associated 

with proliferation, anti-apoptosis or differentiation.2-4 Loss-of-function studies demonstrated 

that long-term repopulating activity of hematopoietic stem cell (HSC) was impaired in 

STATSA-deficient HSCs.5-7 During steady-state hematopoiesis, conditional deletion of 

STA TS in nonablated adult mouse gradually reduces the HSC pool size and causes loss of 

HSC quiescence.8 Our previous studies on STATS downregulation also showed impaired 

maintenance and expansion of primitive human hematopoietic stem and progenitor cells.9• 1 0  

Stress-induced erythropoiesis was severely impaired in ST A TS_,_ mice, 1 1  and appropriated 

ST ATS signaling was also required for maintaining a normal lymphoid-myeloid balance. 1 2  

Reversely, in gain-of-function studies, overexpression of activated STATSA in CB CD34+ 

cells resulted in enhanced stem cell self-renewal and erythroid commitment, at the expense of 

normal myelopoiesis and megakaryocyte development. 1 3
-
1 5  Introduction of a persistently 

activated STATSA mutant (S711F) enabled erythropoiesis in an EPO-independent manner.16 

Together these studies demonstrated critical roles for STATS in various hematopoietic 
compartments. 

Constitutive STATS signaling has been identified in the pathogenesis of various 

hematological malignancies, including BCR-ABL-induced chronic myeloid leukemia (CML), 
acute myeloid leukemia (AML), acute lymphoid leukemia (ALL) and myeloproliferative 

disorders (MPDs) including chronic myelomonocytic leukemia (CMML) and polycythemia 

vera (PV).4 In AML, constitutive STATS signaling is observed in the majority of cases, 

resulting from either mutations in upstream receptor tyrosine kinases such as FLT3 and c-KIT, 
or autocrine growth factor production. 1 1-20 In primary human AML CD34+ cells, lentiviral 

downregulation of STATS resulted in impaired long-term expansion and self-renewal on 

stroma.9 

Despite increasing evidence indicating a critical role for ST ATS in normal and leukemic 

hematopoiesis, little is known about how ST ATS responds to different early-acting and 
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lineage-restricted cytokines. Since a lot of studies investigated ST ATS activity in bulk 

populations, it has been particularly unclear whether and when STATS is activated upon 

cytokine stimulation within individual cells in stem cell and progenitor compartments. Also, it 

has been unclear whether constitutive ST ATS activity is specifically present in leukemic stem 

cell-enriched populations, or predominantly within the non-self-renewing leukemic progeny. 

In the current study, we have optimized multiparametric F ACS protocols in order to identify 

the activation of STATS signal transduction pathway in specific hematopoietic stem cell and 

progenitor subpopulations, both in normal human cord blood (CB) and peripheral blood (PB), 

as well as in primary AML patient samples. Our current study reveals highly distinct cytokine 

responses in normal and leukemic stem and progenitor subpopulations. 

Materials and methods 

Reagents and antibodies 
Paraformaldehyde (2%) (Sigma, Zwijndrecht, The Netherlands) was dissolved in H2O and 

10% PBS and filtered over 0.45µm filters (Millipore, Etten Leur, The Netherlands). Methanol 

(Merck, Schiphol-Rijk, The Netherlands) was diluted to 90% (v/v) in PBS. BSA was 

dissolved in PBS at 10% and filtered over 0.45 µm filters. All the above reagents were 

aliquoted and stored at -20°C. The following antibodies were used for F ACS analyses: Alexa 

Fluor 647 mouse anti-Stat5 (pY694) (BD Biosciences, Breda, The Netherlands, cat. 612599, 
20 µl per sample), CD34-FITC (BD Biosciences, Cat. 555821, 10 µl per sample), CD38-

PerCP/Cy5.5 (BioLegend, Uithoom, The Netherlands, Cat. 303522, 3 µl per sample), CD123-

PE (BioLegend, Cat. 306006, 10 µl per sample), CD123-PE-Cy7 (BioLegend, Cat.306010, 1 

µl per sample), CD45RA-PE-Cy7 (BD Biosciences, Cat. 337186, 0.1 and 1 µl for per fixed 

and unfixed sample), CD45RA-pacifc blue (BioLegend, Cat.304118, 5 µl per sample), 

CDI 10-APC (BD Biosciences, Cat. 551314, 7 µl per sample), CD 114-PE (BD Biosciences, 

Cat. 554538, 5 µl per sample), CDI 16-PE (BD Biosciences, Cat. 551373, 5 µI per sample), 

mouse IgG 1 K isotype control labeled with APC (BD Biosciences, Cat. 555751, 7 µl per 

sample), PE (BioLegend, Cat.400114, 5 µl per sample) and Alexa 647 (BD Biosciences, Cat. 

557732, 20 µl per sample). Antibodies used for Western blot were phospho-STAT5 (Tyr694) 

(BD Biosciences, Cat. 611964), phospho-p44/42 MAPK (Thr202/Tyr204) antibody (Cell 

Signaling, Leiden, The Netherlands, Cat. 9106), phospho-p70 S6 Kinase (Thr389) antibody 

(Cell Signaling, Cat. 9205), phospho-STAT3 (Tyr705) (Cell Signaling, Cat. 9131) and ERKl  
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antibody (Santa Cruz Biotechnology, CA, USA, Cat. SC-94). Antibodies against the FcR 

were used to prevent aspecific binding. (Miltenyi Biotec, Utrecht, The Netherlands) 

Isolation of normal and leukemic CD34+ cells 

Normal CD34+ cells were derived from neonatal cord blood (CB) from healthy full-term 

pregnancies from the Obstetrics departments of the Martini Hospital and University Medical 

Center Groningen after informed consent. AML PB blasts from untreated patients were 

studied after informed consent. After Ficoll separation of mononuclear cells (MNCs), CB 

CD34+ cells were enriched by magnetically activated cell sorting CD34 progenitor kit 

(Miltenyi Biotec). Alternatively, AML MNCs were stored in liquid nitrogen and AML CD34+ 

cells were isolated by MoFlo sorting (Dako Cytomation, Carpinteria, CA, USA). 

Cytokine stimulation and intracellular STATS phosphorylation analysis with FACS 

CB CD34+ cells were grown in HPGM (Cambrex, Walkersville, MD) supplemented with 100 

ng/ml Stem Cell Factor (SCF; Amgen, USA), FL T3 Ligand (FL; Amgen, USA) and 

Thrombopoietin (TPO; Kirin, Tokyo, Japan) at 5xl 05 cells/ml at 37°C and 5% CO2 . After 3 

days, cells were washed twice with PBS and cytokine-depleted in HPGM at 8x 105 cells/ml 

overnight at 37°C. Primary AML MNCs and PB CD34+ cells were suspended in HPGM at 

l .5x 106 cells/ml for 2 hours at 3 7°C. Cells were stimulated with cytokines for 15 minutes at 
3 7°C after which fixation was performed with 2% PF A at a 1: 1 dilution directly into the 

medium at room temperature for 10 minutes. Cells were washed with 2% BSA/PBS twice and 
permeabilized with 1ml 90% methanol on ice for 30 minutes. The permeabilized cells were 

washed twice, followed by FcR blocking (1 µl per 5x105 cells) at 4°C for 10 minutes. 

Samples were stained in 100 µl final reaction volumes with the following antibodies at room 

temperature for l h: phospho-STAT5-Alexa 647; CD34-FITC; CD38-Percp/Cy5.5; CD123-PE; 

CD45RA-PE-Cy7. Samples were washed twice after incubation and analyzed on an LSR II 

flow cytometer (BD). Data were analyzed using WinList 6.0 (Topsham, ME, USA) and 

FlowJo (TreeStar, OR, USA) software. 

The K562 cell line was cultured in RPMI 1640 medium (Biowhittaker, Verviers, Belgium) 

supplemented with L-glutamate, 10% fetal calf serum (FCS; Sigma) and 1 % 

penicillin/streptomycin (P/S). The UT-7 cell line was cultured in IMD medium (PAA 

Laboratories GmbH, Pasching, Austria) with 10% FCS and 1 % P/S, supplemented with 10 

ng/rnl granulocyte macrophage colony-stimulating factor (GM-CSF; Genetics Institute, 
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Cambrigde ). The UT-7 cells were stimulated with IO  U/ml Erythropoietin (EPO; Cilag; 

Belgium) as indicated in the text. Cells were used for ST AT5 phosphorylation by F ACS as 

described above. 

Long-term cultures on MSS stromal cells 

4xl 04 AML CD34+ cells were plated in 12-well plates precoated with MS5 stromal cells as 

described previously.2 1 '22 Briefly, cells were expanded in LTC medium including aMEM 

(Fisher Scientific Europe, Emergo, The Netherlands) supplemented with heat-inactivated 

12.5% FCS, heat-inactivated 12.5% horse serum (Sigma), 1 % P/S, 2 mM glutamine, 57.2 µM 

P-mercaptoethanol (Sigma) and 1 µM hydrocortisone (Sigma). The culture was supplemented 

with either no cytokines or 20 ng/ml IL-3, granulocyte colony-stimulating factor (G-CSF; 

Rhone-Poulenc Rorer, Amstelveen, The Netherlands), TPO or in combination as described in 

the text. Cultures were kept at 3 7°C and 5% CO2 and demi-depopulated weekly for analysis. 

Cell lysis and Western blotting 

Whole cell lysates were prepared of 3x 105 cells by resuspending and boiling in sample buffer 

(containing 2% SOS, 10% glycerol, 2% P-mercaptoethanol, 60 mM Tris-HCL pH6.8 and 

bromophenol blue) for 5 minutes. Protein aliquots were separated by 10% SOS-PAGE and 

transferred to nitrocellulose membranes (Millipore) using a semidry electroblotter from 

Biorad (Veenendaal, The Netherlands). The membranes were blocked in PBST containing 5% 

nonfat milk prior to incubation with primary antibodies. Detection was performed with 

horseradish peroxidase-conjugated secondary antibody (Dako Cytomation, Glostrup, 

Denmark) and enhanced chemiluminescence (ECL) reagent (Roche Diagnostics, Basel, 

Switzerland). 

Results 

Cytokine-induced STATS phosphorylation in normal stem/progenitor cells derived from 

CB and PB cells 

To test the affinity and specificity of phospho-STAT5 (pSTAT5) antibodies for F ACS 

procedures, the cytokine-dependent UT-7 cell line and BCR-ABL posititive K562 cell line 

were used. UT-7 cells were cytokine-depleted overnight followed by EPO stimulation over 

several time points. The kinetics of pSTAT5 observed by Western blotting (Fig. S IA) fitted 
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well with that observed in F ACS analysis (Fig. S 1 B and S 1 C). Constitutively activated 

STAT5 could be observed in the BCR-ABL posititive K562 cell line, whereby 

downregulation of pST A T5 upon treatment with imatinib was observed in both W estem 

blotting and FACS experiments (Fig. SID-F). Furthermore, we wished to compare the 

staining properties of membrane markers necessary for discriminating stem cell and 

progenitor compartments in paraformaldehyde and methanol (F /M)-treated conditions versus 

non-fixed conditions. Antibodies against CD34, CD38, CD123, CD45RA and CDl l 0  were 

titrated in CB CD34+ cells in both non-fixed and F/M-treated conditions to obtain optimal 

separation (all titration results are shown in Fig. S2). As previously described, these 

antibodies have previously been shown to discriminate beteen BFU-Es CFU-GM and CFU

GEMM progenitor cells.23
-
25 Various tested antibodies were insufficient in separating HSC, 

common myeloid progenitors (CMP), granulocyte-macrophage progenitors (GMP) and 

megakaryocyte-erythroid progenitors (MEP) under F/M-treated conditions, but ultimately we 

were able to identify a set of antibodies with which the various compartments could be 

visualized by FACS under F/M-treated conditions (Fig. S3). 

Our FACS protocol was firstly tested in CB CD34+ cells stimulated with FL, SCF, TPO, IL-3, 

GM-CSF, G-CSF and EPO for 15 minutes at different concentrations. As displayed in Figure 

l A, EPO induced a strong STAT5 phosphorylation within the MEP compartment, while no 
STAT5 phosphorylation was observed within the GMP compartment. Reversely, G-CSF

induced ST AT5 phosphorylation was easily detected within CMP and GMP compartments, 

but not within the MEP compartment. We quantified the STAT5 responses by multiplying the 

percentage of positive cells with the mean fluorescence intensity (% x MFI, displayed in Fig. 

l B) whereby isotype controls were used to set the gates for negative populations. Thus, these 

data provide further validation for the gate definitions of the progenitor subpopulations in our 

F ACS protocols. Furthermore, variable cytokine-induced STA T5 responses were observed 

within the different compartments. FL was not sufficient in activating ST A T5 in either stem 

or progenitor cells, in line with previous observations.26 SCF induced a strong activation of 

STAT5 in the MEP, but not in the HSC. Within the HSC compartments, STAT5 could only 

be efficiently activated by TPO and high concentrations of IL-3 and GM-CSF. IL-3 and GM

CSF also activated ST A T5 in the CMP and GMP compartments, but much less efficiently in 

the MEP. TPO could activate STAT5 in the HSC, CMP and MEP, and to a lesser extent in the 

GMP (Fig. l A  and l B). 
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Figure 1. ST A TS phosphorylation in defined stem and progenitor cell populations in normal 
hematopoietic cells. (A) Normal CD34+ cells isolated from cord blood (CB) were expanded in HPGM 
supplemented with 1 00 ng/ml SCF, FL and TPO for 3 days. Cells were washed and cytokine-depleted in HPGM 
overnight and then stimulated with indicated cytokines for 15 minutes, followed by intracellular F ACS. The 
scatter properties and gating schemes are shown. The red dots represent the cells with activated ST A TS upon 
stimulation. (B) Overview of cytokine responses in ST A TS activation in CB CD34+ cells quantified as the 
percentage of positive cells multiplied with the mean fluorescence intensity (MFI). (C) Normal CD34+ cells 

derived from mobilized peripheral blood (PB) were suspended in HPGM for 2 hours, followed by cytokine 
stimulation and intracellular F ACS. (D) 1 x 106 /ml PB CD34+ cells were isolated and suspended in HPGM for 2 
hours. Cells were stimulated with 1 .0 ng/ml IL-3 (I), 1 00 ng/ml G-CSF (G) or 100 ng/ml TPO (T) for 15 minutes 

or left unstimulated (indicated as U), after which cell lysates were prepared and subjected to Western blotting 
using antibodies as indicated. 
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To be able to compare cytokine responses in fetal versus adult stem/progenitor cells, we also 

studied STATS activation in G-CSF-mobilized PB CD34+ cells (Fig. IC). Strikingly, PB 

CD34+ cells responded strongly to TPO stimulation in all cell compartments, comparable to 

CB, but none of the other cytokines was able to efficiently induce STATS phosphorylation at 

the tested concentrations in PB. The absence of ST ATS phosphorylation was also confirmed 

by Western blotting of the bulk CD34+ PB population (Fig. ID). While TPO also induced 

strong phosphorylation of ER.Kl/2 and STAT3 in PB CD34+ cells, none of these pathways 

was activated by any of the other tested cytokines. 

Heterogeneity in cytokine-induced STATS phosphorylation in AML stem/progenitor 

cells 

Next, we studied cytokine-induced STATS activation in primary AML samples (n= I O, Table 

1). We followed the same definitions for HSC, CMP, GMP and MEP as in healthy CB and PB 

using CD34, CD38, CD123 and CD4SRA as antigens, although it needs to be pointed out that 

these definitions of stem and progenitor compartments might not be valid in AML due to 

alterations in antigen expression. Nevertheless, for the sake of clarity we shall maintain this 

nomenclature throughout the manuscript. The CD34- population within the mononuclear 

leukemic blast fraction was also included in our analyses, and the same cytokines were used 

to stimulate the AML PB cells as previously in healthy CB and PB. The results are shown in 

Figure 2A, and the raw FACS data were included as supplemental Figure S4A-J. In general, 

we observed that cytokine-induced STATS activation was highly variable throughout AML 

samples. When the complete CD34+ compartment was taken into account, 6 out of I O  AMLs 

responded to TPO, 6 out of 10 to G-CSF, 8 out of 10 to IL-3 and 4 out of 6 to GM-CSF 

{Table I ,  Fig. 2A and Fig. S4A-J). No STATS phosphorylation was observed in response to 

SCF, FL or EPO in any of the investigated AML samples. When analyzing the HSC and MPP 

(CD34+CD38l compartments, in many cases (6 out of 10) a strong shift from the MEP/CMP 

compartments towards the GMP was observed, possibly highlighting the myeloid character of 

the leukemias that were studied. Also since no EPO-induced ST ATS activation was observed 

in any of the investigated cases, the MEP fraction as defined by CD34+/CD38+/CD4SRA

/CD123- might not be a true representation of the erythroid progenitor compartment in AML. 

No explicit differences in cytokine-induced STATS responses were observed between the 

different HSC and MPP compartments, indicating that in case an AML responded to TPO, 

this was observed in both leukemic stem cells as well as in leukemic progenitors. Interestingly, 
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in 3 out of 10 cases the most dominant cytokine-induced STAT5 phosphorylation was 
observed in the CD34- fraction, particularly in response to IL-3 or GM-CSF (Table 1, Fig. 2A 

and Fig. S4A-J). Together, these data indicate that cytokine-induced STAT5 phosphorylation 
is distinct in AML cases, and differs compared to normal hematopoietic cells. 

Table 1. Summary of clinical parameters of AML patients used in this study 

Patient ID FAB % CD34 Karyotype FLT3-ITD Responses to cytokines 

2003-1 19 MO 80 N + c.a. TPO, IL-3, GM-CSF 

2005-258 MO 73 -Sq; +6 ND G-CSF, IL-3 

2006-01 4  Ml  1 9  N + TPO, IL-3 GM-CSF 

2005-016 Ml 65 N c.a .. G-CSF 

2004- 1 68 M2 2 1  del (9) (q1 2;q22) + c.a .. TPO, IL-3 

2007-046 M2 20 N + TPO, G-CSF, IL-3 

2003-152 M4 72 Inv ( 1 6) TPO, G-CSF, IL-3 

2005-289 MS 95 N IL-3, GM-CSF, G-CSF 

2003-1 14 MS 27 t(l 1 ;20) + c.a,.G-CSF, GM-CSF 

2007-272 M7 36 Complex c.a. TPO, IL-3 

AML cells derived from peripheral blood (PB); Percentage of CD34+ (% CD34) in the total AML mononuclear 
cell fraction; FAB, French-American-British classifications; FLT3-ITD (internal tandem duplication) was 
present (+) or absent (-) in the AML cells; ND, not determined; N, normal; c.a. constitutive activation of STATS. 

The basal cytokine-induced ST ATS phosphorylation in AMLs with FL T3 wild type 

versus FL T3-ITD 

Constitutive STA T5 phosphorylation was observed in 5 AML cases (Fig. 2B, Table 1 ). Three 

of these AMLs contained FL T3 internal tandem duplication (FL T3-ITD) mutations while 2 

had wild-type alleles (FLT3-wt). Interestingly, in 2 FLT3-ITD AMLs we could not observe 

constitutive activation of STAT5. In the FLT3-ITD AMLs, AML 2003-114 and 2004-168 

showed constitutive STAT5 activity, which was observed in HSC and MPPs, as well as 

within the CD34- fraction. In AML 2003-119 constitutive STAT5 activity was detected in the 

CMP/GMP, but not HSC compartment. In the FLT3-wt AMLs, the constitutive STAT5 
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Figure 2. ST A TS phosphorylation in 
defined stem and progenitor cell 
populations in AML cases. AML PB 
mononuclear cells (MNCs) were thawed 
and suspended at l .Sx  106/ml in HPGM 
for 2 hours at 37°C. Cells were 
stimulated with cytokines for 1 5  minutes, 
followed by intracellular F ACS. Panel (A) 
displays ST A TS phosphorylation in 6 
AMLs with or without indicated cytokine 
stimulations. Panel (B) displays the basal 
levels of ST A TS phosphorylation (in 
unstimulated condition) of AML samples 
with FL T3-ITD versus FL T3-wild type. 
Data are presented as the multiplied 
value of the percentage of positive cells 
with the mean fluorescence intensity 
(MFl). 
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activation varied between HSC and MPP fractions, whereby AML 2007-272 contained high 

constitutive ST ATS activation within the HSCs, while the ST A TS activation in AML 2005-

016 was more pronounced within the CMP/GMP fractions. Remarkably, in all AMLs 

characterized by constitutive STATS activation, a strongly reduced cytokine response was 

observed (Fig. 2A and Fig. S4A-J), possibly suggesting the constitutive STATS signaling 

resulted in activation of negative feedback loops which render cells relatively insensitive to 

additional cytokine input. Indeed, in gene expression studies we observed that the negative 

feedback gene SOCS2 was specifically upregulated in these AMLs with constitutive ST ATS 

activity (data not shown). 

Cytokine receptor expression does not predict downstream signaling in AML 

stem/progenitor cells 

To investigate whether the differences in cytokine responses resulted from differences in 

expression levels of cytokine and growth factor receptors, we analyzed the surface marker 

expression by FACS (Fig. 3A). In normal cells, the TPOR (CDI 10) was mainly expressed in 

MEPs in both CB and PB CD34+ fraction, with some expression in HSCs, CMPs and GMPs 

as well. The TPO response was higher in MEP fraction and almost equal in HSCs, CMPs and 
GMPs in both PB and CB cells (Fig. l A-lC). In CB CD34+ cells, the G-CSFR (CDI 14) was 

expressed in 73% of GMPs, 29% of HSC and 21 % of CMPs, but not within MEPs. Similarly, 

the GM-CSFRa (CDI 16) was also predominantly expressed within the GMP compartment in 

CB CD34+ cells. The expression levels of G-CSFR and GM-CSFRa were much lower in PB 

CD34+ cells, which may explain the poor induction of STATS phosphorylation by these two 

cytokines in PB CD34+ cells (Fig. 3A, Fig. l A- lC). IL-3Ra (CD123) was analyzed in HSC 

and MPPs (CD34+CD38+) because it was used to define CMPs/GMPs (as CD123+) and MEPs 

(as CD123"). In CB cells, CD123 was expressed in both HSCs and MPPs (42% and 54% 

respectively), which was in line with our observations regarding the IL-3-inducibility of 

STATS in these compartments (Fig. IA). In PB CD34+ cells, CD123 was expressed at much 

lower levels (18% of MPPs). These results are consistent with a previous study, in which 

CD123 was identified as a marker for long-term repopulating cells in CD34+CD38- fraction 

from bone marrow, cord blood and AMLs.27 However, in other studies it was suggested that 

the CD34+/CD38- HSC does not express CD123.28 We have observed that upon isolation, 

about 40% of CB CD34+/CD38- cells express CD123 with low MFI, which was up by 3-fold 

upon culturing in HPGM supplemented with SCF, FL and TPO for 3-5 days ( data not shown). 
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To study the cytokine responses within the HSC compartment in more detail, we gated the 

CD34+/CD38- cells into CD123+ and CD123- compartments and analyzed cytokine-induced 

STATS phosphorylation. As shown in Supplemental Figure 5, the CD34+/CD38-/CD 123-

compartment was unresponsive to IL-3, GM-CSF or G-CSF, while STATS was readily 

activated by these cytokines within the CD34+/CD38-/CD123+ compartment. Only TPO and 

EPO were able to activate STATS within CD34+/CD38-/CD123- cells. 
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Figure 3. Cytokine and growth factor receptor expression in normal and leukemic cells. The expression of 
receptors for TPO (CDl 1 0), GM-CSF (CDl 1 6), IL-3 (CD 123) and G-CSF (CD l  14) was analyzed by FACS. (A) 
MNCs from AML samples and CD34+ cells CB and PB were stained with antibodies against receptors, together 
with CD34, CD38, CD4SRA and CD 123 for 30 minutes. CD 123 expression was analyzed in HSCs, MPPs 
(CD34+CD38J and co34· populations. For CB cells, no co34· fraction was available. The cytokine responses 
for STATS activation in CD34+ versus co34· populations are also indicated ("+" indicates that ST ATS was 
activated by the respective cytokine; "-" indicates that STATS was not activated). (8) t x l06/ml CD34+ cells 
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were sorted by MoFlo from AML MNCs and suspended in HPGM for 2 hours. Cells were harvested after 
stimulation with 1.0 ng/ml IL-3 (I), 100 ng/ml G-CSF (G) or 100 ng/ml TPO (T) for 15 minutes or left 

unstimulated (indicated as U) for Western bloting. ND, not determined. 

We also tested cytokine receptor expression in 6 AML samples. In general, the receptor 

expression level did not predict the level of cytokine-induced ST A TS activation (Fig. 3A, 

cytokine responses are indicated below the graphs). For example, AML 2003-119 was highly 

responsive to TPO stimulation, but expressed only relatively low levels of the TPOR. AML 

2005-016 was highly G-CSF-responsive, but its G-CSFR expression was similar or even 

lower compared to e.g. AML 2003-119 and AML 2007-272, which didn't respond to G-CSF. 

Strikingly, a high level of GM-CSFRa expression was observed in CD34- cells in the majority 

of AML cases, which did correlate with a strong GM-CSP-induced STATS phosphorylation 

within those cells (Fig. 2A and 3A). Since some cytokines were unable to induce ST A T5 

phosphorylation in some cases, we tested whether additional pathways could be activated in 

those AMLs in order to verify whether the receptors would be functional. Activation of the 

RAS/MEK/ERK, mTOR//4E-BP1/p70S6k and STAT3 signal transduction pathways were 

analyzed by Western blotting in the bulk CD34+ compartment given their importance in AML 

cell survival,29•30 We observed that all cytokine-induced STATS phosphorylation patterns that 

we observed by intracellular FACS were recapitulated in our Western blot analyses (Fig. 3B). 

While the constitutve STA T5 phosphorylation in AML 2007-272 was readily detected by 

Western blotting, the basal levels of pSTAT5 of AML 2003-119, 2003-114 and 2005-016 

were not detected although constitutive levels were found in F ACS analysis, reflecting a 

higher sensitivity of FACS compared Western blotting. Furthermore, we observed that in 

cases where e.g. G-CSF was unable to activate STATS, STAT3 or ERK phosphorylation was 

readily induced (AML 2005-289 and AML 2003-119), indicating that in those cases the 

receptor complexes were clearly able to induce downstream signal transduction. 

Differential cytokine requirements for long-term in vitro expansion of AML CD34+ cells 

on bone marrow stroma 

Previously, we observed that STATS knockdown impaired long-term growth of leukemic 

CD34+ cells, indicating that STATS signaling was required for AML growth.9 We now 

wondered whether AMLs would depend on specific cytokines for long-term proliferation on 

MS5 stromal cells, since heterogeneity was observed in AML cases with regard to their 
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responses to cytokine-induced activation of STATS. CD34+ cells were sorted from 6 AML 

samples and plated on MS5 stroma with IL-3, G-CSF, TPO and combinations thereof (Fig. 4). 

With the exception of AML 2005-289, long-term expanding cocultures could be established 

reaching 4- to 25-fold expansion, after 4 weeks of culture. All AMLs (except one: AML 

2003-114) were dependent on cytokines for growth on stroma. Although AML 2003-119, 

AML 2007-272 and AML 2005-016 were characterized by constitutively activated STATS, 

no long-term expansion was observed without cytokines. AML 2003-114, whereby long-term 

cultures could be established in the absence of cytokines, also contained constitutively 

activated STATS. Interestingly, addition ofG-CSF, either alone or in combinations with other 

AML 2005-289: AML 2006-014: AML 2003-119: 
IL-3, GM-CSF, G-CSF TPO, IL-3, GM-CSF c.a. TPO, IL-3, GM-CSF 

1 250  
0 § 1200 IL-3 8 1200 

11.-3 11.•3 

� 200 G,CSF � 1 000  0-CSF � 1000 G-CSF 

i 150 
TPO f TPO 

I 
TPO 

,I
r 800 / no cytokine E no cytokinel no cy1oklno 

• I/GIT 
'§ 

600 • UGfT 
5 

600 • UG/T / 100 
• ✓ ,.. 

i 400 !£ 400 
,..,/ . 200 'i 200 -· . • 0 _;:; ·t :i � l �, E . 8 0 8 

wk O  wk 2 "'1< 3  wk 4  wlt 5  wk O wk 2  wk 3 "'1< 4  wk O  wk 2 wkJ wk 4 

AML 2007-272 AML 2003-114 AML 2005-016 

§ 700 

c.a. TPO, IL-3, c.a. G-CSF, GM-CSF 
I 

c.a. G-CSF 
ll.J I f 250 L.J 

250 IL-3 
B. 600 G.CSF ,. poo G-CSF r, G,CSF .8 500 TPO TPO f .8 .• TPO 

no eytoklno � 150 nocytoklne 
I E 150 o· no cy10klno ◄00 

• UG/T 
B 100 

•· UG/T _,,./  'B • UGIT = 1 �J/ . 100 
! 50 -�� 1 50 Q .G 100 . C .!!I --t�•----• � . 

� 0 ---�6,-., ............ � 0 § o l u 
wk O wk 2  w1( 3 Wk4 wkO wk 2 wk 3  wk4 wk O  wk 2 wk 4  

Figure 4 .  Variability in cytokine-dependent long-term expansion of AML CD34+ cells on MSS stroma. 
4x 1 05 AML CD34+ cells were sorted and plated in 1 2-well plates precoated with MS5 stromal cells. Cells were 
expanded in LTC medium supplemented with 20 ng/ml IL-3, G-CSF, TPO, combinations thereof, or without any 
cytokines. Cultures were demi-depopulated weekly for analysis. Weekly cumulative cell counts represented cells 
in suspension. The cytokines above the figures indicate which cytokines were able to induce ST A T5 
phosphorylation. c.a. indicates constitutive activation of ST AT5. 

cytokines, impaired long-term growth of this AML. Apparently, G-CSF activated certain 

signaling pathways that negatively regulated cell proliferation or induced differentiation. It is 

notable that AML 2003-119, in which STATS phosphorylation was strongly induced by TPO, 

but not G-CSF, no long-term cultures could be established with TPO alone. In contrast, 
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addition of G-CSF was sufficient to initiate long-term expansion, although maximal 

expansion was reached in cultures where all cytokines were added. Together, these data 

indicate that heterogeneity exists in the cytokine requirement of AML CD34+ cells for long

term expansion in our in vitro stromal cocultures, and that in some cases constitutive ST A TS 

phosphorylation is not sufficient to confer cytokine-independent growth. 

Discussion 

ST A TS in response to cytokine in normal HSC versus MPPs 

The current study demonstrates that intracellular F ACS analysis is a very useful tool to dissect 
cytokine-induced signal transduction in single cells within normal and leukemic stem and 

progenitor compartments. Although various studies have shown that STATS can be activated 

by a plethora of cytokines, including FL, SCF, TPO, IL-3, G-CSF, GM-CSF and EPO, 

subsequently affecting the self-renewal and hematopoietic differentiation program, less has 

been revealed about how the ST ATS signaling pathway specifically responds to cytokine 
stimulation within the rare stem cells, or hematopoietic progenitor subfractions. 

Loss-of-function studies have implicated STATS as an important regulator ofHSC function,5• 

7 although little information has been available on the growth factors and cytokines that 

induce STA TS within the human hematopoietic stem cell compartment. Within the human CB 
CD34+/CD38- HSC compartment, STATS activation could be induced by TPO and high 

concentrations of IL-3 and GM-CSF. In murine HSCs, TPO-induced STATS signaling has 

been associated with enhanced self-renewal and improved competitive repopulation, in 

particular in Lnk·'· HSCs which display hypersensitivity for TPO-induced STATS 

phosphorylation.3 1  In human PBSCs, multilineage engraftment ability in NOD/SCID mice 

could be maintained by expansion in serum-free medium containing TPO, SCF and FL,32 and 

this cytokine cocktail is used in many studies to expand human CB CD34+ stern/progenitor 

cells e.g. in retroviral gene-targeting studies.2•24 While we did observe that SCF was able to 

induce STATS activity in the MEP, no STATS phosphorylation was induced within the HSC. 

FL was unable to induce ST ATS phosphorylation in any of the hematopoietic compartments, 

in agreement with previously published observations26, even though its receptor FLT3 was 

highly expressed at the HSC and CMP/GMP progenitor stages in human CD34+ cells from 

both bone marrow and cord blood.33 Thus, it appears that in human stem cell expansion 

protocols it is particularly TPO that acts on HSCs, at least in terms of ST ATS signaling. In 
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line with these observations, previous studies on ST ATS-deficient bone marrow showed 

overlapping activities in HSC self-renewal capacity between STAT5AB8N/.iN and c-MPL-r 

mice, although not all the STA T5_,_ defects could be accounted for by loss of TPO signaling.6 

While mostly associated with signaling in myeloid progenitors, IL-3 and GM-CSF were able 

to activate ST A T5 in HSCs as well. The role these factors fulfill in human HSCs has not been 

fully elucidated yet, but it has been observed that the responsiveness of STA T5AB8N/.iN HSCs 

to early-acting cytokines such as IL-3 was reduced, while the sensitivity to 5-fluorouracil was 
enhanced.5 In agreement with previous published studies,27•34 we find that the IL-3Ra (CD123) 
is indeed expressed within a subset of CD34+/CD38- cells. When cytokine signaling was 

evaluated within the CD123+ and CD123- HSC compartments we observed that the 

CD34+/CD38-/CD123- compartment was unresponsive to IL-3, GM-CSF or G-CSF, while 

STAT5 was readily activated by these cytokines within the CD34+/CD38-/CD123+ 

compartment. Only TPO and EPO were able to activate STAT5 within CD34+/CD38-/CD123-

cells. Further studies will be required to determine whether both of these subpopulations 

contain in vivo repopulating activity. 

In the erythroid progenitor compartment, STAT5 was activated by EPO, SCF and TPO. Gene 
knockout studies have revealed that ST A T5 expression is required to prevent apoptosis during 

fetal development, 35 surprisingly much more modest effects were observed on e.g. EPO and 

TPO signaling during adult steady-state hematopoiesis.36 In the MEP, STAT5 fulfils an 

important anti-apoptotic role by upregulating Bcl-X1, 
1 1 •37•38 although a more direct role in 

initiating erythroid commitment might exist as well.15 In myeloid progenitor cells, we find 

that STAT5 is activated by IL-3, GM-CSF and G-CSF. Since myelopoiesis appeared to be 

relatively unaffected in STA T5_,_ mice. 1 2  The exact role of STAT5 in myeloid progenitors 

remains elusive, 12 although it is well possible that the signals initiated by e.g. IL-3 and GM

CSF regulate myeloproliferation or anti-apoptosis in these progenitor subsets as well.39
-4

1 

Fetal stem/progenitor cells CD34+ cells isolated from cord blood might differ from adult 

stem/progenitor cells in various aspects, and therefore we included mobilized adult PB CD34+ 

cells in our analyses as well. Strikingly, only TPO was able to induce a robust STAT5 

phosphorylation in PB CD34+ cells, while all other tested cytokines failed to activate STAT5 

at the concentrations used in this study. Indeed, while the TPO receptor CDI 10 was expressed 

at comparable levels in CB and PB CD34+ cells, the expression of CDI 14, CDI 16 and CD123 

was significantly lower in PB. However, it cannot be excluded that the in vivo applied G-CSF 

might have affected the receptor expression and down-stream signaling of the collected 
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CD34+ cells. Exposure to recombinant human G-CSF causes down-regulation of G-CSF 

receptor and an increase in serum levels of growth factors including IL-8, vascular-endothelial 

growth factor (VEGF) and transforming growth factor beta (TGF-B), etc, subsequently 

modulating the cytokine responses and networks.42 In MNCs isolated from BM, we did 

observe that STATS could be activated by G-CSF, TPO and IL-3 (data not shown). Our 

results are in line with a previous study in which primary CD34+CD4 l + megakaryocytic 

progenitors isolated from mobilized PBSCs, whereby SCF stimulation alone did not induce 

detectable STATS activation, but prestimulation with SCF enhanced and prolonged TPO

induced ST A TS phosphorylation. 43 

ST A TS signaling in leukemic stem and progenitor cells 

In the vast majority of cases, leukemic cells remain dependent on cytokines for growth.44 In 

order to establish long-term in vitro AML cocultures, the addition of exogenous human 

cytokines was required,2 1
•
22 and also in vivo engraftment of human primary AML samples in 

NOD-SCID mice has been shown to be facilitated by the addition of human cytokines.45
•
46 

Yet, the specific cytokine-dependency of individual subtypes of AML has not been studied in 

detail, and cytokine-induced signal transduction in leukemic stem cell-enriched populations 

versus more committed leukemic progeny is only beginning to be examined. We observed 

that cytokine-induced signal transduction is highly variable between primary AML samples, 

differing significantly from normal hematopoietic cells. TPO, G-CSF, IL-3 and GM-CSF 

were the most dominant cytokines that induced ST AT5 phosphorylation, although clear 

specificity existed in individual responses as well. When CD34+/CD38- HSCs, CD34+/CD38+ 

MPPs and CD34- subfractions were taken into account separately, we found differential 

responses throughout samples as well. For example, AML 2005-289, 2003-152, 2005-258 and 

2007-046 responded to cytokines especially in CD34+ fraction (HSCs and MPPs) but not in 

the CD34- fraction. Meanwhile, in other AML cases it was particularly the CD34- population 

that responded to cytokine stimulation (e.g. AML 2003-119 or 2003-114). In the majority of 

the cases, comparable responses were detected between HSCs and MPPs. It needs to be 

pointed out that even though we followed the same definitions for HSC, CMP, GMP and 

MEP in AML samples as in healthy CB and PB using CD34, CD38, CD123 and CD45RA as 

antigens, these definitions of stem and progenitor compartments might not be valid in AML 

due to alterations in antigen expression. These responses could not be predicted by the 

presence of receptors, since in some cases no signaling could be observed in response to a 
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certain cytokine despite expression of its receptor, while in other cases relatively low levels of 

receptor expression correlated with a strong cytokine-induced STAT5 response. Also, in 4 out 

of 5 cases, long-term expansion on MS5 bone marrow stroma could only be established in the 

presence of exogenous cytokines. In some cases, the addition of only IL-3 (AML 2006-014) 

or G-CSF (AML 2003-119) was sufficient to drive long-term expansion, but a clear (additive 

or in some cases synergistic) cooperation was observed between TPO, IL-3 and G-GSF. 

Clearly, the strong cytokine-induced STAT5 phosphorylation that was observed by e.g. TPO 

in AML 2006-014 or IL-3 in AML 2005-289, was not sufficient to drive long-term expansion. 

Apparently, besides phosphorylation of STAT5, activation of additional signal transduction 

pathways was required. 
In 5 out of 10 cases, we observed constitutive phosphorylation of STAT5. Three of those 

cases expressed the FL T3 internal tandem duplication (FLT3-ITD), but in two other FLT3-

ITD cases no constitutive STAT5 phosphorylation could be observed. Apparently, not in all 

FL T3-ITD cases STAT5 is constitutively activated, while in some FL T3-wt AMLs 

constitutive ST AT5 phosphorylation may be observed as consequence of the autocrine 

production of growth factors.20
•
47 We did observe strongly reduced cytokine responses in 

those AMLs characterized by constitutive ST A T5 activation. The cytokine-induced signal 

transduction pathways are tightly regulated by negative feedback regulators, including protein 
tyrosine phosphatases such as SHP-1, the protein inhibitors of activated ST A Ts (PIAS) and 

the suppressor of cytokine signaling (SOCS) proteins.48 The SOCS family (SOCS 1-7 and CIS) 

negatively modulates the JAK-STAT pathway by inactivation of JAKs, blocks access of 

STATs to receptor binding sites and targets proteins for ubiquitination and degradation. Our 

gene expression profiling revealed that SOCS2 level was significantly higher in AMLs with 

constitutive ST AT5 activation than those without ( data not shown), suggesting a negative 

feedback loop was indeed involved in case of constitutively activated STAT5, rendering those 

cells less sensitive to further cytokine stimulation. 

In conclusion, we find that intracellular F ACS analysis is an informative tool to study 

cytokine-induced ST A T5 phosphorylation at a single-cell level, in both normal and leukemic 

stem/progenitor cells. This platform will allow a further detailed analysis of the mechanisms 

by which cytokine signaling contributes to the process of leukemic transformation in specific 

leukemic stem and progenitor cell subpopulations. 
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Abstract 

High expression of BMil in acute myeloid leukemia (AML) cells is associated with an 

unfavorable prognosis. Therefore, the effects of downmodulation of BMil in normal and 

leukemic CD34+ AML cells were studied using a lentiviral RNAi approach. We demonstrate 

that downmodulation of BMil in cord blood CD34+ cells impaired long-term expansion and 

progenitor forming capacity, both in cytokine-driven liquid cultures as well as in bone 

marrow stromal cocultures. In addition, Long-term culture-initiating cell (LTC-IC) 

frequencies were dramatically decreased upon knock-down of BMII ,  indicating an impaired 

maintenance of stem and progenitor cells. The reduced progenitor and stem cell frequencies 

were associated with increased expression of p14ARF and p16INK4A and enhanced 

apoptosis, which coincided with increased levels of intracellular reactive oxygen species 

(ROS) and reduced FOX03A expression. In AML CD34+ cells downmodulation of BMI l 

impaired long-term expansion, whereby self-renewal capacity was lost as determined by the 

loss of replating capacity of the cultures. These phenotypes were also associated with 

increased expression levels of p14ARF and pl6INK4A. Together our data indicate that BMI I 

expression is required for maintenance and self-renewal of normal and leukemic stem and 

progenitor cells and that expression of BMI 1 protects cells against oxidative stress. 
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Introduction 

BMII is a member of the Polycomb group (PcG) genes, which are transcriptional repressors 

that play essential roles in the maintenance of appropriate gene expression during 

development.1
-
5 Two distinct multiprotein PcG complexes have been identified, the Polycomb 

Repression Complex (PRC) 1 and PRC2.1 The PRC2 complex is involved in initiation of 

silencing and contains histone deacetylases and methyltransferases that can methylate H3 

lysine 9 and 27 (H3K27).6 Deletion of PRC2 genes in mice results in embryonic lethality, 

emphasizing their importance in development.7-
9 PRCl is implicated in stable maintenance of 

gene repression and recognizes the methylation marks set by PRC2. 1 0•1 1 Mice mutant for most 

PRC 1 genes survive until birth as result of partial functional redundancy provided by their 

homologues, but developmental defects do arise thereafter as is e.g. the case in the 

hematopoietic compartment after deletion of BMII .12
-
14 Targeted deletion ofBMil has shown 

that although the numbers of fetal liver-derived HSCs is normal in these mice, their 

proliferative and self-renewal capacity is severely impaired.15•16 In adult BMI I -deficient mice, 

the HSCs are less frequent and display an impaired competitive repopulation capacity.16• 1 7  

Gain-of-function studies demonstrated enhanced self-renewal of murine HSC and with a shift 
in balance towards more symmetric stem cell divisions. 1 7 We have demonstrated that 

constitutive expression of BMII in human cord blood cells results in prolonged maintenance 

of the stem cell pool and enhances self-renewal of human stem and progenitor cells. 1 8 BMil 

is potent negative regulator of the Ink4a/Arf locus in embryonic fibroblasts. 1 9 This locus 

encodes the cell cycle regulators and tumor suppressor p 16 and p 19/p 14. Increased expression 
of these genes was observed in the BMII -deficient mice.12

•
16•

19
•
20 However, INK.4A/ARF

independent BMI I -targets must exist as well since overexpression of BMI 1 in p 16/p 19-

deficient cells still altered HSC self-renewal phenotypes.21 

In addition to functions in normal hematopoiesis, BMII has been suggested to play a role in 

leukemogenesis as well. 15'22 In a murine model of leukemia, self-renewal of HSCs by 

expression of HOXA9 and MEIS 1 was severely impaired in Bmir1- cells. 15 Although 

functional studies have not been performed in primary human leukemic cells, we and others 

have shown that BMI 1 expression is elevated in variety of hematological tumors, including 

Non-Hodgkin Lymphomas and Acute Myeloid Leukemia (AML).23
-
26 In chronic myeloid 

leukemia (CML), BMI I expression increases with disease progression and high levels of 

BMII correlate with reduced overall survival.27 A small study performed on AML and 

myelodysplastic syndrome (MDS) patients demonstrated that high BMII expression 
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correlated with poor overall survival.28 These data suggest that (epigenetic) changes induced 

by BMI 1 in the hematopoietic stem cell likely contribute to the development or maintenance 

of the leukemic phenotype and require further studies to determine whether pharmaceutical 

targeting of BMI 1 will have beneficial effects on the treatment of patients with acute 

leukemia. 

Here, we provide evidence that downmodulation of BMil using a lentiviral RNAi approach 

impairs self-renewal of both normal human CB CD34+ cells as well as primary AML CD34+ 

cells from patients. Impaired HSC self-renewal was associated with increased expression of 

the INK4A/ARF locus, increased apoptosis in conjunction with increased levels of ROS and 

reduced FOXO3A expression. 

Materials and methods 

Primary cell isolation 

Neonatal cord blood was obtained after informed consent from healthy full-term pregnancies 

from the obstetrics departments of the University Medical Center in Groningen (UMCG), 

Martini Hospital Groningen and Sophia Hospital in Zwolle. Peripheral blood and bone 

marrow from untreated patients diagnosed with AML at the UMCG were studied after 

informed consent and protocol approval by the Medical Ethical Committee of the UMCG. 

After ficoll separation of mononuclear cells, CD34+ cells were enriched using a magnetically 

activated cell sorting (MACS) CD34 progenitor kit (Miltenyi Biotech, Nijmegen, The 

Netherlands). 

Lentiviral virus production and infection 

Lentiviral vector expressing short hairpins against human BMil (CS-Hl -shRNA-EF-l a

EGFP) and scrambled lentiviral vectors were a kind gift from Dr. Iwama (Chiba University, 

Japan).29 Lentiviral particles were produced by co-transfection of 293T cells with 0.7 µg 

pcDNA3-VSVg-REV, 3 µg pMDLg-RRE and 3 µg CS-HI -scrambled RNAi or CS-Hl -BMil 

RNAi. The lentiviral supernatants were collected 24h later and were either used directly or 

stored at -80°C until further use. Cord blood CD34+ cells were cultured for 16h in HPGM 

supplemented with SCF ( 1 00 ng/ml), Flt3 Ligand (100 ng/ml; both from Amgen, Thousand 

Oaks, USA) and TPO (100 ng/ml; Kirin, Tokyo, Japan) and subsequently transduced on 

retronectin (Takrara, Tokyo, Japan) coated plates in two consecutive rounds of 8 and 12 hours 
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with lentiviral supernatant supplemented with the same cytokines and 4 µg/ml polybrene. 

AML CD34+ blasts were transduced as previously described.30-33 Briefly, the cells were pre

stimulated for 4h in RPMI supplemented with 10% FCS, 20 ng/ml IL3 (Gist-Brocades, Delft, 

the Netherlands), G-CSF (Rhone-Poulenc Rorer, Amstelveen, The Netherlands) and TPO and 

afterward transduced on retronectin coated plates in three consecutive rounds of 8 and 12h 

with lentiviral supernatants containing cytokines and polybrene as indicated above. 

Ex-vivo culture of primary cells, Colony-forming Cell (CFC) and Long Term Cell

Initiating Cell (L TC-IC) assays 
Cord blood stroma-free cultures were either propagated in serum-free HPG medium 

supplemented with SCF, Flt3L and TPO (all lO0ng/ml) or in IMD medium supplemented 

with 10% FCS and IL3 (10 ng/ml) and SCF ( 100 ng/ml). For the cord blood MS-5 co-culture 

experiments and long-term culture-initiating (L TC-IC) assays cells were grown in aMEM 

(BioWhittaker) supplemented with 12.5% heat-inactivated FCS, 12.5% heat-inactivated horse 

serum (Sigma), penicillin and streptomycin, 2 mM glutamine, 57.2 µM �-mercaptoethanol 

and 1 µM hydrocortisone (Sigma). AML blast cells were expanded on MS5 cells using the 

same co-culture medium as for the cord blood cells, but supplemented with 20 ng/ml IL3, G

CSF and TPO as described previously.23 The cultures were kept on 37°C and in 5% CO2• 

CFC and L TC-IC assays on MS-5 stromal cells were performed as previously described.33 

Briefly, for the CFC assays, 1000 GFP+-sorted cells were plated in methylcellulose directly 
after transduction and 10.000 GFP+ cells were used at later time points. For the L TC-IC 

assays, GFP+ cells were sorted on MS5 stromal cells in limiting dilutions from 90 to 7290 

cells per well in 96-well plates. Five weeks later, the wells containing cobblestone areas were 

scored after which the medium from the wells was aspirated and replaced with 

methylcellulose containing cytokines. After an additional two weeks of culture wells were 

scored as positive or negative to yield the LTC-IC frequency. 

Western blotting, immunohistochemistry, quantitative real time PCR and Flow 

cytometry analysis 

Western blot analysis was performed using standard protocols. Antibody against BMII 

(Upstate, CA, USA) was used in a 1: 1000 dilution and anti-GFP antibody (Santa Cruz, 

Heerhugowaard, The Netherlands) was used in a 1 :300 dilution. Antibody against FOXO3 

(Cell Signaling) was used in 1 :200 dilution and anti-actin (C4) (ICN Biomedical, Zoetermeer, 
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The Netherlands) in I :  1000 dilution. Anti-rabbit Cy3 (Jackson ImmunoRes) secondary 

antibody was used in I :  I 000 dilution. Slides were analyzed on Leica microscope (Leica DM 

RXA). 

Total RNA was isolated from lx l05 cell using the RNeasy kit from Qiagen (Vento, the 

Netherlands) and was reverse transcribed using M-MuLV reverse transcriptase (Fermentas, St 

Leon-Roth, Germany) according to the manufacturer's instructions. Aliquots of cDNA were 

then real-time amplified using iQ SYBR Green mix (Bio-Rad, CA, USA) on a MyIQ 

thermocycler (Bio-Rad) and quantified using MyIQ software (Bio-Rad). HPRT expression 

was used to calculate relative expression levels. Sequences and conditions are available on 
request. 

The fluorescence activated cell sorting analyses were performed on a F ACS Calibur (Becton 

Dickinson (BD), Alphen /d Rijn, the Netherlands) and sorting of the cells was performed on 
MoFlow (Dako Cytomation, Carpinteria, CA, USA). Data were analyzed using WinList 3D 

(Topsham, ME, USA) and FlowJo (Tri Star, Inc, Ashland, OR, USA) software. Antibodies 

were obtained from BD and staining of the cells was performed by standard procedures. 

Measurement of intracellular ROS levels 

Intracellular ROS levels were determined by staining with the probe for 2', 7'-dichlorodihydro

fluorescein diacetate (H2DCFDA; Invitrogen, Carlsbad, CA). H2DCFDA was added to the 

cell suspension of transduced cells to a final concentration of 10 µM, followed by incubation 

at 3 7°C for 20 minutes. The cell pellet was resuspended in 500 µl cold PBS and kept on kept 

on ice until analyzed on an LSR-11 (BD, Alphen /d Rijn, The Netherlands). Where indicated, 

cells were treated with 100 µM NAC (A9165, Sigma). 

Results 

Downmodulation of BMil expression in cord blood CD34+ cells impairs long-term 

expansion and reduces progenitor and stem cell frequencies 

In order to further elucidate the role of BMI 1 in human stem and progenitor cells, we used a 

lentiviral transduction approach to downmodulate the expression of BMil .  CB CD34+ cells 

were transduced with efficiencies ranging from 20-45% ( data not shown), which resulted in a 

decrease in BMil expression of approximately 75% at the RNA level (Fig. IA) and protein 

level (Fig. I B). Transduced cells were cultured on MS5 bone marrow stroma to study 
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expansion and hematopoietic differentiation. As shown in Fig. IC, the expansion was severely 

impaired in BMII RNAi cells over a culture period of 5 weeks. No effects were observed on 

the hematopoietic differentiation program (Fig. ID). The presence of progenitor cells was 

evaluated by plating suspension cells from MS5 cocultures in CFC assays in methylcellulose. 

Downmodulation of BMI 1 resulted in a significant reduction in the number of progenitors 

already immediately after transduction (Fig. IE). Upon expansion on MS5, the reduction in 
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Figure 1. Downmodulation of BMit by lentiviral RNAi in human cord blood CD34+ cells impairs 

proliferation and reduces CFC and L TC-IC frequencies. (A) CB CD34+ cells were transduced with control 
(scrambled) scr RNAi or BMi l  RNAi particles, sorted and mRNA was isolated and BMll expression was 

analyzed by quantitative RT-PCR analysis. (B) As in A, but now total lysates were prepared and analysed by 
Western blotting. (C) Transduced CB cells were grown in long-term cocultures. on MS5 bone marrow stromal 
cells. Cultures were weekly analyzed and the growth curve represents cumulative cell numbers during the culture 
period. A representative experiment out of three independent experiments is shown. (D)_Hematopoietic 

differentiation was analyzed by F ACS on suspension cells from MS5 cocultures at week I .  (E) Suspension cells 
were harvested from MS5 cocultures as described in C and progenitor content was determined by CFC assays in 

methylcellulose. (F, G) Lentiviral transductions as in A, but now stem cell frequencies were determined in 
limiting dilution (F) or in bulk T25 flasks (G). 
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progenitors was even further pronounced (Fig. IE). Stem cell frequencies were determined by 

LTC-IC assays. Both in limiting dilution assays (Fig.I F) as well as assays in bulk where 

30.000 transduced cells were plated on T25 flasks (Fig. I G) a strong reduction in stem cell 

frequency was observed upon downmodulation of BMI 1. 
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Figure 2. Knockdown of BMil reduces cell growth and CFC formation in liquid culture conditions. (A) 
CB CD34+ cells were transduced with control (scrambled) scr RNAi or BMI 1 RNAi particles, sorted and plated 
in stroma-free liquid conditions (IMDM supplemented with 10% FCS, 10 ng/ml IL3 and 100 ng/ml TPO). 
Cumulative expansion is shown of a representative experiment out of three independent experiments. (B) 

Progenitor content was determined by CFC assays in methylcellulose at week 2 of liquid culture. CFCs per 
10.000 cells (left panel) as well as the total amount of generated CFCs (right panel) is shown. (C) Representative 
micrographs of colonies in methylcellulose displaying a reduction in colony size after BMI 1 knock down in cells 

from week 2 liquid cultures. (D) Hematopoietic differentiation was analyzed by F ACS on suspension cells from 
MS5 cocultures at week 1 .  

Besides MS5 bone marrow stromal cocultures, stroma-independent cultures were also 

initiated. Similar results were obtained, whereby downmodulation of BMil resulted in an 
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even more dramatic decrease in expansion in cytokine-driven liquid cultures (Fig.2A) and 

progenitor frequencies (Fig.2B). Not only the number of CFCs was strongly reduced, also the 

size of colonies was reduced upon BMI 1 downmodulation (Fig.2C). No significant effects 

were observed on hematopoietic differentiation upon downmodulation of BMI 1 (Fig.2D). 

Taken together, these data indicate that downmodulation of BMII in human CD34+ cells 

reduces their proliferative capacity and leads to impaired maintenance of stem and progenitor 
cells. 

BMil downmodulation increases apoptosis and ROS accumulation 

Since both in stroma-free and co-culture experiments BMII knockdown resulted in impaired 

proliferation and reduced progenitor and stem cell frequencies, we wanted to determine 

whether these effects were due to increased apoptosis. To address this question we first single 
cell-sorted CD34+/CD38- transduced Scr-RNAi and BMil -RNAi cells in 96-well plates in 

liquid culture supplemented with SCF and IL3 and monitored each well microscopically. The 

number of cells per well were enumerated after 1 and 5 days of culture. If a well contained a 

single cell, it was classified as "quiescence", if multiple cells were observed it was classified 

as "proliferation", and if no cells were seen, it was classified as "apoptosis". Within 24 hrs 

after plating the number of apoptotic cells was significantly higher in BMI 1 RNAi-transduced 

cells, while fewer proliferating and quiescent cells were observed (Fig.3). After 5 days, the 

majority of quiescent cells had started to proliferate in both scr-RNAi as well as BMil -RNAi 
transduced cells, whereby the number of apoptotic wells remained significantly higher in the 

cells in which BMII was downmodulated. These data suggest that under stringent stroma-free 

conditions in human HSCs apoptosis is more dominantly affected than quiescence upon 

depletion of BMll .  

Next, we cultured Scr-RNAi and BMil -RNAi-transduced CB CD34+ cells in serum-free 

conditions (HPGM supplemented with SCF, Flt3L and SCF) for 10 days. A strongly reduced 

expansion was observed upon downmodulation of BMII (Fig.4A), which was associated with 

increased levels of apoptosis as determined by PI/AnnexinV staining (Fig.4B). Furthermore, 

intracellular ROS levels were determined by F ACS using H2DCFDA and these studies 

revealed that downmodulation of BMII in CB CD34+ cells results in increased ROS 

accumulation (Fig.4C). Elevated ROS levels in BMI 1 RNAi-transduced cells could be 

partially restored by treatment with 100 µM NAC (Fig.4D). This coincided with a partial, but 

not complete, restored progenitor frequency as determined by methylcellulose assays (Fig.4E). 
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Figure 3. BMil knockdown induces apoptosis in co34+3s- cells. CB CD34+ cells were transduced with 
control (scrambled) scr RNAi or BMi l RNAi particles, sorted, and single cells were deposited in 96-well plates 
and cultured in stroma-free conditions (IMDM supplemented with 1 0% FCS, 10 ng/ml IL3 and 100 ng/ml TPO). 
Wells were evaluated microscopically 1 day and 5 day after plating, and wells were classified as "quiescence" if 
1 live cell was observed, if multiple cells were observed it was classified as "proliferation", and if no cells were 
seen, it was classified as "apoptosis". A representative experiment out of three independent experiments is 
shown, whereby individual 96 wells per group were analyzed. 

Since ROS production and the regulation of apoptosis have been tightly associated with 

FOXO3A signaling in murine HSCs, we studied FOXO3A expression levels in transduced 

CB cells. Scr-RNAi and BMI I-RNAi-transduced CD34+/CD38- cells were sorted onto 

microscopy slides and stained for FOXO3A expression. As shown in Fig.4F, CB 

CD34+/CD38- cells expressed FOXO3A, which was mostly localized in the cytoplasm after 4 

days of prestimulation and transduction in HPGM supplemented with SCF, Flt3-L and TPO. 

Downmodulation of BMII resulted in a strongly reduced expression of FOXO3A (Fig.4F). 

Downmodulation of BMil in AML CD34+ cells impairs their long-term expansion 
Previous experiments by us and others have revealed an increased expression of BMI 1 within 

CD34+ cells in the peripheral blood and bone marrow from AML patients.23
•
24 We were 

interested in the effects of downmodulation of BMII on proliferation and self-renewal in this 

population. CD34+ cells were isolated from the peripheral blood or bone marrow of AML 

patients of various FAB classifications and risk groups (n=9, Table 1) since this fraction is 

enriched for leukemia-initiating cells, followed by transduction with Scr-RNAi or BMI 1-

RNAi vectors. Transduction efficiencies ranged from 25-50% for both groups ( data not 

shown). Real-time PCR analysis was performed to determine BMI 1 expression levels in the 
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Figure 4. Apoptosis induced by BMll downmodulation coincides with elevated ROS accumulation and 
reduced FOX03A expression. (A) Transduced CB CD34+ cells were cultured in serum-free conditions (HPGM 

supplemented with SCF, Flt3L and SCF) for 1 0  days and expansion was monitored. (B) The percentage of 
apoptotic cells at day 10 was determined by F ACS staining for Annexin V and Pl. (C) Transduced cells were 
cultured in conditions described in (A) and at day 1 0  were stained with H2DCFDA to determine the intracellular 

levels of ROS by F ACS. (D) Transduced cells were cultured in the absence or presence of 1 00 µM NAC for 9 

days after which ROS accumulation was determined by F ACS. (E) CFC assays were performed with transduced 

cells in methylcellulose cultures in the absence or presence of 1 00 µM NAC. (F) CB CD34+ cells were 

transduced with control (scrambled) scr RNAi or BMI 1 RN Ai and co34+3g· GFP+ cells were sorted on glass 
slides. Immunohistochemical staining was performed using antibodies against FOXO3A. 
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transduced cells and efficient downmodulation of BMI 1 was established in almost all cases 

(Fig.6A and data not shown). Proliferation of transduced cells was determined in long-term 

MS5 cocultures. In all but one case expansion was severely impaired upon downmodulation 
of BMi l (Fig.SA and B). In AML 6 we were not able to efficiently downregulate BMi l 

expression levels (data not shown). Within these MS5 cocultures we typically observe the 

formation of cobblestone areas underneath the stroma within 2-5 weeks after plating and these 

leukemic cobblestone areas (L-CAs) contain self-renewing properties and can be harvested 

and replated to give rise to new long-term expanding cultures and L-CAs.23 As depicted in 
Fig.SB and 5C, scr-RNAi transduced cultures could be harvested and replated to give rise to 

long-term expanding 2nd cocultures and L-CAs, indicative for self-renewal properties. In 

contrast, no 2nd cultures could be established from the BMI 1-RNAi-transduced AML CD34+ 

cultures, indicating that self-renewal was severely impaired (Fig.SB and C). Replating could 

be established in the transduced AML 6, but as mentioned above, we did not succeed in 

efficient downmodulation of BMI 1 in this AML case. 

Table I .  Patient characteristics 

Patient ID % CD34 BM/PB FL T3 ITD 

2 

3 

4 

5 

6 

7 

8 

9 

70 PB 

26 

5 

70 

86 

54 

30 

91 

85 

PB 

BM 

BM 

BM 

BM 

BM 

BM 

PB 

+ 

+ 

+ 

+ 

Karyotype Risk group 

+3q; -7; -10 Poor 

Ber-ab I, inv 16 Poor 

Normal Intermediate 

Sq-; trisomy 6 Poor 

Normal Intermediate 

Normal Intermediate 

Normal Intermediate 

Normal Intermediate 

Normal Intermediate 

To determine whether repression of the INK4A/ ARF locus was relieved upon 

downmodulation of BMi l ,  Q-PCR analysis was performed on transduced CB and AML 

CD34+ cells. As shown in Fig.6, downmodulation of BMI 1 in both normal as well as 
leukemic CD34+ cells resulted in a rapid increase in p 14, but most notably p 16 expression, 
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although the levels to which the expression were elevated varied between AML cases. 

Reversely, overexpression of BMil in CB CD34+ cells resulted in a decrease in p16 and p14 

expression, as demonstrated previously. 1 8  Together, these data indicate that expansion and 

self-renewal of primary leukemic AML CD34+ cells depends on BMil expression, which 

coincides with repression of the cell cycle regulators p16 and p19/p14. 
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Figure 5. BMil is required for long-term growth and self-renewal of acute myeloid leukemia (AML) 
CD34+ cells. (A) AML CD34+ cells from different FAB subclassification were transduced with scrambled RNAi 
or BMI I  RNAi lentiviral vectors and long-term cultures on MS5 bone marrow stromal cells were performed. 
Expansion was monitored weekly and cumulative cell counts are shown. (B) Experiment as in A, but now 
transduced AML CD34+ cells were cultured on MS5 for a period of 5-6 weeks after which human CD45+ cells 
were harvested and replated onto new MS5 cells, followed by an additional culturing period of 4-5 weeks. (C) 
Representative micropgraphs of cobblestone area forming cells present in MS5 cocultures at week 4 initiated 
with AML CD34+ cells transduced with scrambled RNAi or BMII RNAi lentiviral vectors. 
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Discussion 
PcG proteins have been implicated in the regulation of self-renewal in a range of different 

stem cell systems. In mouse models it has been shown that BMI 1, a component of the PRC 1 

complex, is required for the maintenance of self-renewing hematopoietic stem and progenitor 

cells. 1 5
-
1 7  Our studies using human models have demonstrated that enforced expression of 

BMI 1 is a powerful mediator of maintenance and self-renewal of human hematopoietic stem 

and progenitor cells as well.18 Various reports have described that BMil is expressed in a 

variety of tumor populations. 22•34
•
3 5  We and others have observed that the expression of BMI 1 

is often increased in leukemic peripheral blood and bone marrow CD34+ cells.23
•
24 However, 

it has remained elusive whether the expression of BMil is required to maintain human stem 

and progenitor cells, in particular those that belong to the leukemic clone. 

In the present study utilizing efficient lentiviral loss-of-function assays, we first examined the 

effect of BMil downmodulation in cord blood CD34+ cells. Our data show that the 

proliferative capacity of CD34+ cells was significantly impaired. Specifically, progenitor and 

stem cell frequencies were strongly reduced as determined by CFC and L TC-IC assays, 

suggesting that it is particularly the immature hematopoietic compartment that is affected. 

The bone marrow microenvironment has been attributed with protective effects on the 

stem/progenitor cell compartment, and we therefore performed experiments in both bone 

marrow stromal cocultures as well as in more stringent cytokine-driven liquid culture 

conditions. We observed reduced progenitor and stem cell frequencies in both liquid cultures 

as well as bone marrow stromal cocultures, although the effects under liquid culture 

conditions were more pronounced. Thus, these data suggest that cell-intrinsic pathways are 

affected by BMI 1 depletion, but that the presence of a protective microenvironment can 

compensate for these effects to some extent. Importantly, we find that expansion of human 

leukemic stem and progenitor cells also depends heavily on the expression of BMI 1. 

Lentiviral downmodulation of BMI 1 in AML CD34+ cells severely impaired their long-term 

growth in MS5 bone marrow stromal cocultures and the formation of leukemic cobblestone 

areas was reduced. While leukemic cocultures initiated with AML CD34+ cells can readily be 

expanded and serially replated onto new bone marrow stroma, indicative for self-renewal 

properties, we failed to initiate 2nd MS5 cocultures with BMil RNAi-transduced AML CD34+ 

cells. 

102 



CB co34· AML1 

r 
1 2 

I ,.,
: 

1 

I p•
O OOOO 

O !  0 8  

BMl 1  1 0 6 Q Q  

i o ,  OA 

2 0 2 oz 
D 

Sc,Rl,W &_.,,n ,- S<> AN>i  aMltRl'W 

f: 
l.O 
25 p=0 64 I 50 2 0  

p1 4 : .a.o . p=0 01 
1 $  

� JO I 

I 
U! 

I � 2 0  
05 

f 1,0 -0.0 110 
SctR:W l!MII IUUI Sa RNA! BMl1 RllN 

1 •2 0 100 
10 0 e.a 

p1 6  l e.o ,:-- 1 0 0  

I 
.: GO p=002 

i 4 0 4 0  

l! l O 2 0  
-0 0  0 0  

SctRNA< OMl1Rtl>\i SaRIIAI Bll! RW,j 

Repression of BMI I in normal and leukemic cells 

AML2 

1 0 , .  
1 .2 ' 

r: 
D B  
0 0  
o •  
C l  

0 
GctRNAl &Mn �\ 

35 0 
l0/l 

-:_-I 
250 
200 
15.0 
10.0 
50 
00 

OcRNAi &Mn RNN 

1200 ·�· 
I 

90.0 
51>.0 p=0 00001 

40.0 
20 0  
0 0  -

liaR>W Bl,tn RW 

1 4  
1 .7  

1 
oa 
0.6 
o• 
02 

0 

,.e 
1 0 , .  
1 2  
1 0  
o a  
0 6  
0 4  
02 
00 

· � 
• o  
JS 
30 
25 
lO 
1 .5 , o  
0.5 
0 0  

AML7 CB co34· 

I �  
I r: 

p:0 01 .. � 
f ;  
f 1 -

ScrRNAI 81,01 RNA> "GIi OMl1 

p:0.37 141) 

1 ,20 p..O 14 

I 

I 
it 

100 

I I 
• ao 

I a.o I 
4 0  I "!! ;o 
01) 

llaRW.i 11Mb Rl'IAI f.\GRl 8Mb 

120 
§ 100 1 ,�: I 
I 8.0 p=002 

I 6 0 

4.0 

■ � 2 0  
D D  

SuRl<'i 11Mb RNA! �, &Mn 

Figure 6. Downregulation of BMil expression in CB or AML CD34+ cells results in derepression of 
pl4ARF and pl6INK4a. CB or AML CD34+ cells were transduced with scrambled RNAi or BMil RNAi 
lentiviral vectors, sorted, and RNA was isolated. Quantitative RT-PCRs were performed to determine the 
expression levels of BMI 1 ,  pl 4ARF and pl 6INK4a. As controls, BMI 1 was overexpressed in CB CD34+ cells 
and Q-RT-PCR analysis was performed (right panels). 

A number of molecular mechanisms could underlie our observed phenotypes. In murine 

HSCs, overexpression of BMI 1 results in enhanced symmetric cell divisions. 17 Although the 

mechanisms involved are not elucidated yet, it might be associated with a symmetric 

distribution of cell fate determinants such that the stem cell pool can be expanded. Reversely, 
loss of BMI 1 resulted in loss of HSC self-renewal as determined in competitive repopulation 

assays. 1 5
-
17  Furthermore, in murine Bmir1- HSCs self-renewal was impaired which was at 

least in part mediated via a derepression of p l6-INK4A and p l9-ARF.2 1  We also find that 

p l9/pl 4  and p l6  expression is elevated in both normal as well as leukemic human CD34+ 

cells upon downmodulation of BMI 1, suggesting a direct link between BMI 1 expression and 

repression of this locus in human AML. Derepression of the INK4A and ARF genes might 

result in premature senescence, as has been shown in mouse embryonic fibroblasts, 19 and it is 

plausible that this might be involved in the impaired long-term expansion phenotypes that we 

observed in our cultures as well. However, we also observed rather immediate effects upon 

downmodulation of BMI 1 in the hematopoietic compartment. Within a few days after 
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transduction, strongly reduced cell counts were observed, particularly under more stringent 

liquid culture conditions. A strong increase in PI/ Annexin y+ apoptotic cells was observed 

upon downmodulation of BMil in CB CD34+ cells, and also in the most immature 

CD34+/CD38- stem cell population transduced with BMil RNAi we observed increased rates 

of apoptosis. Previously, in mouse BmiT1- BM slightly enhanced apoptosis was noted, 

although in CD34XSL clonal cultures no signs of apoptosis were observed upon depletion of 

BMI 1. 17 These observations might reflect differences between mouse and human 

stem/progenitor cells, but it is perhaps more likely that the conditions under which the cells 

were studied might have been less stringent, as we also observe the highest apoptosis rates 

under more stringent conditions. Our data are in line with our previously reported gain-of

function analyses, where enforced expression of BMil led to a proliferative advantage and 

increased stem cell and progenitor frequencies of cord blood CD34+ and co34+3g- cells, 

which was associated with reduced levels of apoptosis. 18 Also, a recent study in the NB4 cell 

line indicated that downmodulation of SALL4, an upstream regulator of BMI 1, resulted in 

increased apoptosis, which could be reversed by re-introduction ofBMil .36 

Although further studies are required to reveal the underlying molecular mechanisms, it is 

intriguing that the BMil RNAi-induced apoptosis coincides with increased levels of ROS 

accumulation and a reduction in FOXO3A expression. In mouse studies it has been shown 

that upregulation of p 16 and p 19 leads to increased ROS production in Atm _1_ mice, which 

resulted in a loss of the HSC pool. 37 These data suggest that HSCs and progenitors contain 

lower levels of ROS as compared to their mature progeny, and that these differences are 

critical for maintaining stem cell function. As we indeed find elevated expression levels of 
p 16 and p 14 by BMI 1 knockdown, these data might suggest that derepression of p 16 and p 14 

could account for the impaired self-renewal of the BMI 1 RN Ai cells mediated by an increase 

in ROS accumulation. Furthermore it has been demonstrated that FOXO3A is essential for 

ATM expression and that loss of FOXO3A leads to defects in the hematopoietic stem 

cells.38•39 Fox03A_1_ HSCs are defective in their competitive repopulation capacity, associated 

with an elevation of ROS levels.39 Although in the Fox03A-deficient mice no effects were 

observed on apoptosis, mice in which FOXO 1, 3 and 4 were deleted a significant increase in 

apoptosis was noted, both in the HSC as well as myeloid progenitor compartment. 39.4° In 

human stem and progenitor cells, we have now coupled loss of BMil expression to enhanced 

apoptosis, possibly mediated via downregulation of FOXO3A resulting in accumulation of 

ROS. Thus, BMil might be required to protect hematopoietic stem/progenitor cells from 
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apoptosis induced by oxidative stress conditions. Treatment with NAC was able, at least in 

part, to restore progenitor frequencies in BMII RNAi-transduced cells. Interestingly however, 

progenitor frequencies were not completely restored to control levels by NAC treatment. This 

might be due to the fact that ROS accumulation in BMII RNAi-transduced cells was only 

partially restored by NAC treatment, or that ROS-independent pathways still play a role as 

well in the induction of apoptosis. Previously, we have observed that overexpression of BMII 

in human CD34+ cells results in HSC maintenance as determined by NOD-SCID 

engraftability, even when cells are cultured under high oxygen conditions outside of the bone 

marrow microenvironment. 18 Although further evidence needs to be provided, it is tempting 

to speculate that in human leukemias, besides facilitating symmetric stem cell divisions, the 

leukemic stem cell might utilize enhanced expression of BMI l as a mode to protect itself 

from oxidative stress. Our observations are in line with a recent paper indicating that absence 

of BMII impairs mitochondrial function and the DNA damage response pathway.4 1  Thus, 

since BMI l is frequently overexpressed in human leukemias, 23'27 it will be interesting to 

determine whether a therapeutic window exists for the targeting of BMI l as a treatment 

modality in AML. 
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Abstract 

Recent studies suggest that BMII might fulfill an anti-oxidant role in hematopoietic stem and 

progenitor cells. However, the underlying mechanisms remain unclear. We down regulated 

BMi l in normal cord blood CD34+ cells by using a lentiviral RNA interference approach. We 

demonstrated that human hematopoietic stem cells (HS Cs) contained less reactive oxygen 

species (ROS) as compared to multipotent progenitor cells (MPPs). Down-modulation of 

BMI 1 resulted in accumulation of ROS in both HSCs and MPPs. The increased ROS levels 

were associated with loss of stem cell quiescence as determined by Hoechst and Pyronin Y 

staining. High expression levels of BMI 1 were observed in primary acute myeloid leukemia 

(AML) cells. Intracellular ROS analysis demonstrated that the leukemic stem cells (LSCs) 

contained comparable levels of ROS to their leukemic progenies. A remarkable finding was 

that AML cases with low ROS levels contained relatively high percentages of quiescent LSCs. 

In conclusion, our data indicate that depletion of BMI 1 in normal stem cells results in 

accumulation of intracellular ROS, accompanied by a loss of stem cell quiescence. Future 

studies on ROS regulation in stem cells may aid in our understanding of HSC self-renewal 

and quiescence, as well as the process of leukemic transformation. 
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Introduction 

BMII is a member of the Polycomb group (PcG) of proteins that function as transcriptional 

repressors, mediating gene silencing through chromatin modification. 1 Emerging evidence has 

demonstrated that BMII is involved in the regulation of hematopoietic stem cell (HSC) fate 

decisions. In mice, depletion of BMII displayed an impaired competitive repopulation 

capacity of HSCs and overexpression of BMI 1 enhanced the HSC self-renewal with a shift 

towards more symmetric stem cell divisions. 2•3 In human models, we have shown that 

enforced expression of BMII in human cord blood (CB) CD34+ cells resulted in long-term 

maintenance and self-renewal of hematopoietic stem and progenitor cells.4 Reversely, 

repression of BMII impaired self-renewal and induced apoptosis in normal and AML CD34+ 

cells.5 Overexpression of BMII has been implicated in several hematological malignancies, 

including acute myeloid leukemia (AML), myelodysplastic syndrome (MDS) and chronic 

myeloid leukemia (CML), associating with poor prognosis and disease progression.6-8 

The underlying mechanisms by which BMI 1 regulates the functions of hematopoietic stem 

and progenitor cells remain under investigation. The tumor suppressor locus p161NK4A/p19ARF 

is one of the important targets repressed by BMil. But INK4A/ARF-independent BMII 
targets must exist as well since overexpression of BMII in p161NK4A/p19ARF_deficient cells 

still altered HSC self-renewal phenotypes.2•9 Recently, the role of BMII in regulating 

antioxidant defenses was identified in neurons, HSCs and thymocytes in mice.10
'
11 The BMII 

deficient mice had an impaired mitochondrial function and increased intracellular reactive 

oxygen species (ROS) that were engaged in the DNA damage response pathway. 1 1  HSCs 

remain quiescent in a low-oxygen niche, allowing protection from ROS-related oxidative 

stress. 1 2
•
13 HSCs contained significantly lower levels of ROS than the downstream common 

myeloid progenitors (CMPs).14 Within the HSC compartment, distinct HSC phenotypes were 
observed in mice based on their different contents of intracellular ROS levels. 15 Only ROS10w 

HSCs retained their long-term self-renewal ability throughout a serial transplantation assay, 

even though ROS10w HSCs and ROShigh HSCs displayed identical stem cell surface markers. 

In both ATM-/- and FOXO3K1- mice, elevation of ROS levels induced phosphorylation of p38 

MAPK accompanied by a defect in the maintenance ofHSC quiescence.16•17 

These data suggest that BMII might fulfill a protective role in hematopoietic stem/progenitor 

cells under oxidative stress conditions. However, the underlying mechanisms remain 

unresolved, and it is also unclear whether the impaired self-renewal of HSCs by depletion of 

BMII is due to loss of stem cell quiescence. Previously, we have demonstrated that BMII 
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down-modulation induced apoptosis which coincided with elevated ROS accumulation and 

reduced FOXO3A expression in CB CD34+ cells.5 In this study, we measure the intracellular 

ROS levels in human CB HSCs (CD34+CD38-) and multipotent progenitor cells (MPPs; 

CD34+CD38+). Lentiviral RNA interference (RNAi)-mediated down-modulation of BMil 

demonstrated elevated levels of ROS and loss of quiescence in both HSCs and MPPs. In 

primary AML samples, although ROS levels were generally higher in CD34+CD38- leukemic 

stem cells (LSCs) as compared to normal HSCs, AML cases with the lowest ROS 

accumulation also contained relatively high percentages of quiescent LSCs. 

Materials and methods 

Reagents and antibodies 

Paraformaldehyde (2%) (Sigma, Zwijndrecht, The Netherlands) was dissolved in H2O and 

10% PBS and filtered over 0.45µm filters (Millipore, Etten Leur, The Netherlands). Methanol 

(Merck, Schiphol-Rijk, The Netherlands) was diluted to 90% (v/v) in PBS. BSA was 

dissolved in PBS at I 0% and filtered over 0.45 µM filters. All the above reagents were 

aliquoted and stored at -20°C. The following antibodies were used for F ACS analyses: CD34-

FITC (BD Biosciences, Breda, The Netherlands, Cat.555821), CD34-APC (BD, Cat.555824), 

CD38-PerCP/Cy5.5 (BioLegend, Uithoom, The Netherlands, Cat.303522), CD38-APC 

(BioLegend, Cat.303510), anti-rabbit IgG-APC (Jackson Immunoresearch, Amsterdam, The 

Netherlands, Cat.711-136-152), rabbit anti-BMil (Santa Cruz, CA, USA, Cat.sc-10745). 

Antibodies against the FcR were used to prevent aspecific binding (Miltenyi Biotec, Utrecht, 

The Netherlands). 

Isolation of normal and leukemic CD34+ cells 

Normal CD34+ cells were derived from neonatal CB from healthy full-term pregnancies from 

the Obstetrics departments of the Martini Hospital and University Medical Center in 
Groningen after informed consent. After Ficoll separation of mononuclear cells, CD34+ cells 

were enriched by magnetically activated cell sorting CD34 progenitor kit (Miltenyi Biotec ). 

AML blasts from peripheral blood cells or bone marrow cells from untreated patients with 

AML were studied after informed consent. AML mononuclear cells were isolated by density 

gradient centrifugation. 
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Lentiviral virus production and infection 

Lentiviral vector expressing short hairpins against human BMII (CS-Hl -shRNA-EF-l a

EGFP) and scrambled lentiviral vectors were a kind gift from Dr. Iwama (Chiba University, 

Japan). 1 8  Lentiviral particles were produced by co-transfection of 293T cells with 0.7 µg 

pcDNA3-VSVg-REV, 3 µg pMDLg-RRE and 3 µg CS-HI -scrambled (Ser) RNAi or CS-H l 

BMil RNAi. The lentiviral supematants were collected 24 hours later and were either used 

directly or stored at -80°C until further use. CB CD34+ cells were cultured for 16h in HPGM 

(Cambrex, Walkersville, MD) supplemented with SCF (100 ng/ml), FLT3 ligand (FL; 100 

ng/ml; both from Amgen, Thousand Oaks, USA) and TPO (100 ng/ml; Kirin, Tokyo, Japan) 

and subsequently transduced on retronectin (Takrara, Tokyo, Japan) coated plates in three 

consecutive rounds of 8 and 12 hours with lentiviral supernatant supplemented with the same 

cytokines and 4 µg/ml polybrene. 

Measurement of intracellular ROS levels 

Intracellular ROS levels were determined by staining with the probe for 2',7'-dichlorodihydro

fluorescein diacetate (H2DCFDA; Invitrogen, Carlsbad, CA). H2DCFDA was added to the 

cell suspension of transduced CB CD34+ cells or AML mononuclear cells to a final 

concentration of 5 µM, followed by incubation at 37°C for 30 minutes. Cells were washed, 

proceeding with FcR blocking at 4°C for 10 minutes, followed by staining with CD34-APC 

and CD38-Percp/Cy5.5 at 4°C for 20 minutes. Cells were washed, resuspended in 300 µl cold 
PBS and kept on ice until analyzed on an LSR-11 (BD). Data were analyzed using FlowJo 

(TreeStar, OR, USA) software. 

Hoechst and Pyronin Y staining 

Cells were washed and resuspended in HBSS (lnvitrogen) containing 10% FCS, 20 mM 

HEPES (pH 7.4) and 0.1 % D-glucose (all from Sigma). The staining was performed in this 

solution with 5 µg/ml Hoechst 33342 (Invitrogen) at 37°C for 45 minutes, then 1.0 µg/ml 

Pyronin Y (Sigma) was added at 37°C for an additional 45 minutes. Cells were washed in the 

solution containing Hoechst and/or Pyronin Y (HF buffer), followed by FcR blocking at 4°C 

for 10 minutes in HF buffer. After staining with CD34-FITC and CD38-APC at 4°C for 20 

minutes, cells were washed, resuspended in HF buffer and kept on ice till F ACS analysis on 

an LSR II flow cytometer (BD). 
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Intracellular FACS analysis of BMil expression 
Primary AML mononuclear cells were defreezed and resuspended at l x106 cells/ml. Fixation 

was performed with 2% PF A at a 1: 1 dilution directly into the medium at room temperature 

for 10 minutes. Cells were washed with 2% BSA/PBS twice and permeabilized with 1 ml 

90% methanol on ice for 30 minutes. The permeabilized cells were washed twice, followed by 

staining with rabbit anti-BMil at room temperature for 30 minutes. Cells were washed, 

blocked with FcR blocking at 4°C for 10 minutes and stained with CD34-FITC, CD38-

Percp/Cy5.5 and anti-rabbit lgG-APC (1:400) at room temperature for 30 minutes. Samples 

were washed twice after incubation and analyzed on an LSR II flow cytometer (BD). 

Results and Discussion 

The mitochondrial respiratory chain is a major source of ROS, which plays a critical role in 

regulating various biological processes. 19  It has been shown that the murine HSCs and 

mammary epithelial stem cells contain lower levels of ROS compared to their more mature 

progenies.11
•
14

•
20 We questioned whether human stem and progenitor cells also contained 

different levels of ROS. The intracellular ROS was analyzed in HSC and MPP fractions, and 

in line with previous observations, 14 we found that human HSCs contained significantly less 

ROS as compared to MPPs (Fig I A). Furthermore, we observed increased ROS accumulation 

in both HSC and MPP compartments upon depletion of BMil (Fig IA and lB). Although 

more experiments are required to further prove this result, it is line with our previous work,5 

as well as a recent study that indicated that depletion of BMI 1 in mice impaired the 

mitochondrial functions, resulting in a marked increase of intracellular ROS. 1 1  Our data now 

indicate that the BMI I -mediated regulation of intracellular ROS is not restricted to 

progenitors, but is also observed in the stem cell compartment. 

It remains to be determined how and via which molecular pathways different amounts of 

intracellular ROS directly influence hematopoiesis. A recent study in Drosophila 

demonstrated that the progenitor population contains relatively high levels of ROS, and that 

upon further maturation into differentiated cells ROS levels decrease.2 1  Surprisingly, these 

high levels of ROS in hematopoietic progenitors were required for further differentiation, 

since scavenging ROS from progenitors retarded differentiation while increasing ROS 

resulted increased differentiation along all blood lineages. The ROS-mediated differentiation 

involved activation of JNK and FOXO, as well as downregulation of PcG proteins. However, 

the biological responses to JNK-mediated FOXO activation are complex. In fibroblasts, 
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Figure 1. Down-modulation of BMll induces accumulation of ROS and loss of quiescence of cord blood 
(CB) stem and progenitor cells. (A) CB CD34+ cells were transduced with control (scrambled; Ser) RNAi or 
BMII RNAi. Transduced CB CD34+ cells were cultured in serum-free conditions (HPGM supplemented with 
100 ng/ml SCF, FL and TPO). At day 1 after transduction, cells were stained with H2DCFDA to determine the 
intracellular levels of ROS, followed by staining with CD34-APC and CD38-Percp/Cy5.5 to identify HSC 
(CD34+CD38") and MPP (CD34+CD38l. The levels of ROS are shown. (B) The fold changes of mean 
fluorescence intensity (MFI) of ROS are shown compared to the control groups. (C) Transduced cells were 
cultured in conditions as described in (A). At day 1 and day 5 after transduction, cells were harvested for 
Hoechst and Pyronin Y staining, followed by staining with CD34-FITC and CD38-APC. The F ACS profiles of 
HSC and MPP are shown. (D) The histograms represent the fold change of cells in GO, G 1 and S phase upon 
BMI 1 depletion. 
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oxidative stress-mediated activation of JNK resulted in nuclear translocation and 

transciptional activation of FOXO4.22 In murine HSCs, expression of FOXOs is essential for 

the regulation of HSC self-renewal and quiescence.14
•
17 The various functions of FOXOs are 

still poorly understood and are highly cell context-dependent. One of the functions of FOX Os 

is to activate downstream SOD2 and Catalase that scavenge intracellular ROS.14
•
22

•
23 Deletion 

of FOXOs in mice increased ROS levels in the HSC, which facilitated myeloid 

differentitaion. 14 However, ROS levels were not altered in CMPs in FOXO-deficient animals. 

The signaling pathways that respond to and regulate ROS in human stem and progenitors are 

still largely unknown and need to be further elucidated. 

Since increased ROS levels in murine HSCs in the context of FOXO depletion was associated 

with a loss of HSC quiescence, 1 7 we wondered whether depletion of BMil would also result 

in loss of quiescence within the stem cell compartment, due to accumulation of ROS. The cell 

cycle distribution was determined using DNA staining with Hoechst and RNA staining with 

Pyronin Y in HSC and MPP compartments in transduced CB CD34+ cells (Fig 1 C). The 

majority of HSCs resided in the GO cell cycle phase (88.69% at day 1 after transduction), 

whereas only a small cell population within the MPPs was observed in the GO phase (1.03%). 
Upon culturing for 5 days in the presence of cytokines, the GO subset declined to 58.96% in 

HSCs and 0.95% in MPPs. Concomitantly, the G 1 subset increased upon culturing. Down

modulation of BMil resulted in a reduction in the percentage of HSCs in GO already one day 

after transduction (from 88% to 78%), and this reduction was even more pronounced after 5 
days of in vitro culturing (58% to 36%) (Fig IC). To determine whether the elevated ROS 

levels directly associate with loss of stem cell quiescence, further experiments need to be 

performed, for instance with antioxidant N-acetyl-L-cysteine (NAC) in order to determine 

whether neutralization of ROS is sufficient to rescue the phenotypes induced by depletion of 

BMil. In murine models, it has been reported that FOXO3-null HSCs defects were mainly 
due to ROS-mediated activation of p53/p21 tumor suppressor pathways,24 which played 

critical roles in regulating HSC quiescence. 25•26 ROS high fractions within the HSC 

compartment displayed activated pathways of p38 MAPK and mTOR, resulting in defects in 

HSC self-renewal function that could be restored by treatment with either NAC or inhibitors 

targeting p38 MAPK and mTOR pathways. 15 Also in FOXo-1• and ATM·1· mice, elevated 

ROS levels induced RSC-specific phosphorylation of p38 MAPK accompanied by a defect in 

the maintenance of stem cell quiescence. 16'17 Furthermore, in response to intracellular ROS, a 

redox enzyme p66Shc could be activated, which suppressed the activity of FOXO3A that was 
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required for maintaining the stem cell quiescence.17•27 Thus, it is plausible that BMil 

mediated control over intracellular ROS levels might couple to the maintenance of  HSC 

quiescence as well. 

It has been reported that BMI 1 is an independent marker for progression and prognosis of 
CML, MDS and AML.6-

8 Since we demonstrated above that depletion of BMil resulted in 

accumulation of ROS and loss of quiescence in normal CB CD34+ cells, we questioned 

whether AML cases expressing high levels of BMI 1 might be protected from oxidative 

stress, .as well as loss of quiescence. The clinical characteristics of AML samples (n=4) are 

shown in Table 1. The percentages of BMI 1 expressing cells were high in all the tested AML 

cases (49.6%-99.8%) (Fig 2A). These BMil levels are relatively high compared to normal 

bone marrow CD34+ cells as reported (less than 10%).6•7•28 As shown in Figure 2B, the 

expression levels of BMI 1 were quantified by multiplying the percentage of positive cells 

with the mean fluorescence intensity (Percentage x MFI) whereby the secondary antibody 

without BMI 1 staining was used to set the gates for negative populations. The expression 

levels of BMil in AML 2008-095 and AML 2009-115 were lower than the other two AML 

samples. The ROS accumulation was measured in AML mononuclear cells. Generally, AML 

LSCs contained higher levels of ROS compared to normal HSCs (Fig IA, Fig 2A and 2B). 

Strikingly, while normal HSCs contained much less ROS as compared to CMPs, this pattern 

was not observed in AML. Rather, the leukemic CD34+CD38- stem cells also contained high 

levels of ROS, comparable to levels detected in their leukemic progeny (Fig 2C and 2D). 

Table 1. Summary of patient's clinical parameters 

Patient ID FAB % co34+ BM/PB Karyotype FLT3-ITD NPM 

2008-095 Ml 2 PB N mut 

2009-115 M2 79 BM N wt 

2009-125 M4 81  BM t(3;5) + wt 

2009-134 Ml  49 BM N wt 

AML cells derived from bone marrow (BM) or peripheral blood (PB); Percentage of CD34+ (% CD34+) in the 
total AML mononuclear cell fraction; F AB, French-American-British classifications; FLT3-ITD (internal 

tandem duplication) was present (+) or absent (-) in the AML cells; NPM, nucleophosmin; mut, mutant; N, 
normal; wt, wild type 
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Figure 2. Elevated ROS levels coincide with reduced quiescence in AML stem and progenitor cells. (A) 
Primary AML mononuclear cells were thawed and resuspended at l x 1 06 cells/ml. Cells were stained with anti
BMi l antibody after fixation with 2% PF A and permeabilization with 90% methanol. The cells were washed 
followed by staining with secondary anti-rabbit IgG-APC and CD34-FITC. The expression levels of BMI 1 are 
shown in CD34+ and co34· fractions, using secondary antibody without BMi l staining as negative control. (B) 
The multiplied values of MFI and percentages of BMI 1 expression in 4 AML samples are shown. (C) AML 
mononuclear cells were stained with H2DCFDA to determine the intracellular levels of ROS, followed by 
staining with CD34-APC and CD38-Percp/Cy5.5. The levels of ROS within HSC, MPP and c034· fractions are 
shown. (D) As in C, but now the MFI of ROS is shown. (E) AML mononuclear cells were stained with Hoechst 
and Pyronin Y staining followed by staining with CD34-FITC and CD38-APC. The F ACS profiles of HSC, 
MPP and co34· fractions are shown. 
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Differences in ROS accumulation between various AML samples were also observed. AML 

2008-095 and AML 2009-115 contained significantly lower levels of ROS compared to AML 

2009-125 and AML 2009-134. No direct correlation between ROS accumulation and 

expression levels of BMII was observed (Fig 2B and 2D). In future experiments it will be 

important to determine expression levels of BMII in LSCs specifically, and particularly 

whether down-modulation of BMI 1 in LS Cs also results in changes in ROS accumulation. 
Those experiments should reveal whether the increase in BMI 1 expression in AML compared 

to normal cells is required to protect the cells from damaging effects of the relatively high 
ROS levels that are detected, and most importantly whether down-modulation of BMI 1 is 

sufficient to induce apoptosis of LSCs as well. 

We then questioned whether the stem cell quiescence would be related to ROS levels in AML. 

We observed that the majority of AML cells resided in the G0/G 1 cell cycle phase (Fig 2E). 

In one case, AML 2009-125, a significant number of cells in the G2 phase could be observed, 
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but in the other 3 AML cases much fewer G2 cells could be detected. Even within the 

progenitor and CD34- compartments few actively cycling cells were detected. These findings 

are in agreement with previous studies whereby a large proportion of primitive progenitors 

from AML patients is quiescent, conferring resistance to conventional chemotherapy.29
-
3 1  A 

remarkable finding was that AML 2008-095 and AML 2009-115 with low ROS levels 

demonstrated higher percentages of cells in GO in the HSC compartment (22% and 59%), 

compared to AML 2009-125 and AML 2009-134 (8% and 4%) with high ROS levels. This 

was also observed in MPP and CD34- fractions. However, in both AML samples, although 

MPP and CD34- fractions contained comparable levels of ROS as HSCs, they displayed 

significantly lower percentages of GO cell fraction than HSCs. Apparently, in these AML 

cases ROS levels appear to be associated with quiescence of the stem cell population, while 

similar levels of ROS in more committed progenitor populations are not sufficient to sustain 
quiescence. 

While data above and previous data by us and others clearly indicated that down-modulation 

of BMI 1 expression results in loss of stem cell quiescence, accumulation of ROS and 

induction of apoptosis,5• 1 1  it is not yet clear whether high levels of BMII expression in 

leukemia would also contribute to high percentages of quiescent stem cells. Further 

experiments such as lentiviral down-modulation of BMI 1 followed by quiescence and ROS 

analyses in a larger cohort of primary AML samples are required. But our data do suggest that 

elevated ROS levels may be related to loss of quiescence in AML cases. Quiescence is one of 

the properties that LSCs share with normal HSCs. The quiescent LSCs are thought to be 

particularly resistant to chemotherapy and even targeted therapies.30•
32

-
34 It was demonstrated 

that the enhanced ROS defense mechanisms in cancer stem cells that contained lower ROS 

levels contributed to tumor radioresistance.20 Thus, pharmacological depletion of ROS 

scavengers may be developed to increase ROS levels such that LSCs might be targeted more 

efficiently. Buthionin sulfoximine (BSO) has been proven to restore sensitivity to 

chemotherapy and radiotherapy in solid tumors by inhibiting the synthesis of glutathione 

(GSH), which is required to remove intracellular ROS.20•
3 5  In a recent study, BMS-214662 

significantly and selectively induced apoptosis in primitive CD34+CD38- CML cells, 

involving increased generation of ROS and loss of mitochondrial membrane potential.36 In 

non-APL (acute promyelocytic leukemia) myeloid leukemia cell lines, isothiocyanates 

enhanced arsenic trioxide-mediated cytotoxicity through a ROS-dependent mechanism.37 

However, elevated levels of ROS are associated with DNA damage, which may be linked to 
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mutations in critical tumor-suppressor genes or in check-point genes that are required in 

maintaining genomic stability and preventing leukemic transformation. 1 1•38 Thus, caution 

should be taken when increasing ROS levels for cancer treatment. 

In conclusion, depletion of BMI 1 in normal stem cells demonstrates accumulation of 
intracellular ROS, accompanied by loss of stem cell quiescence. The elevated ROS levels in 

AML samples are also associated with loss of stem cell quiescence, which may provide a new 

therapeutic approach in leukemia treatment. However, the roles of ROS in normal and 

leukemic hematopoiesis are still largely uncovered. Future studies on ROS regulation in stem 

cells may aid in our understanding of HSC self-renewal and quiescence, as well as the process 

of leukemic transformation. 
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Chapter 7 

Acute myeloid leukemia (AML) is a heterogeneous disease characterized by impaired 

differentiation of clonally related hematopoietic precursor cells. The clinical outcomes are 

strongly dependent on several prognostic factors, including age, karyotype, genetic mutations, 

performance status and intensity of the therapy. In Chapter 2, we reviewed the risk 

stratification of AML and treatment strategies that have been designed based on clinical 

characteristics, as well as the novel therapeutic strategies that might be applied in future 

clinical trials. 

Dasatinib, a kinase inhibitor that is used for the treatment of chronic myeloid leukemia (CML), 

targets a variety of tyrosine kinase including SRC family kinases (SFK), BCR-ABL, KIT, and 

PDGPR. 1 '
2 Dasatinib as a single agent can suppress the aberrant BCR-ABL tyrosine kinase 

activity and induce remission of CML, although it might fail to target the most quiescent 

CML cells and in some cases tyrosine kinase inhibitor (TKI)-resistance develops.3 In AML, 

there is unfortunately no such a central target for the treatment of the disease. A number of 

disturbed signaling pathways have been identified in AML, including activation of SFKs. In 

Chapter 3, we performed long-term cultures on MS5 stromal cells and studied the effects of 

dasatinib on both normal cord blood (CB) and AML CD34+ cells. We demonstrated that 

normal CD34+ cells were unaffected by dasatinib at a low concentration (0.5 nM), whereby 

no changes were observed in proliferation, differentiation and colony formation. A subset of 

AML cases did respond to dasatinib treatment, in particular those characterized by BCR-ABL 

or KIT mutations. In cell line models, dasatinib selectively impaired SCP-induced 

proliferation and signal transduction pathways in the human myeloid leukemia cell line Mo7e 

that expressed wild type (wt) KIT receptor. No effects were observed on the IL-3 and TPO 

mediated phosphorylation. A remarkable finding was that none of the cytokines were strong 

stimulators for SRC phosphorylation on top of the constitutive levels. Moreover this SRC 

activity was not inhibited by dasatinib. The inhibitory effects on SCP-induced proliferation 

and signal transduction pathways indicate that dasatinib is a stronger KIT kinase inhibitor, 

rather than a SRC inhibitor. KIT mutations are frequently detected in core-binding factor 

(CBF) AMLs that are characterized by the presence of chromosomal translocation t(8;21) and 

inv(16), associating with inferior clinical outcomes.4 To further elucidate the effects of 

dasatinib on mutated KIT receptors, the SKNO-1 cell line that is characterized by a 

homozygous N822K KIT mutation, was studied in a long-term culture assay. Dasatinib 

strongly reduced the proliferation, which may coincide with down-regulation of the p70S6k 
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signaling pathway. In conclusion, this study demonstrates that dasatinib is a potential inhibitor 

in a subgroup of AML, especially those that express BCR-ABL or KIT mutations. 

It is known that the constitutively activated signaling pathways play crucial roles in the 

biology of AML. However, recent studies demonstrated that the leukemic signaling processes 

were not likely to rely upon the basal phosphorylation status of the signaling proteins alone. 

Also, the way in which cells respond to environmental cues, e.g. cytokine stimulation reflects 

the large heterogeneity between LSCs and normal hematopoietic stem cells (HSCs ), or even 

between AML blast populations within an individual patient. 5 Signal Transducer and 

Activator of Transcription S (STATS) plays diverse roles in normal and leukemic 

hematopoiesis. However, little is known about the manner in which ST A TS responds to 

different cytokines, particularly in specific stem cell and progenitor compartments. In 

Chapter 4, we optimized a multiparametric flow cytometry protocol to analyze ST ATS 

phosphorylation upon cytokine stimulation at the single cell level. In normal CB cells, ST ATS 

phosphorylation was efficiently induced by TPO, IL-3 and GM-CSF within CD34+CD38-

HSCs. EPO and SCP-induced STATS phosphorylation was largely restricted to the erythroid 

progenitor compartment, while G-CSF, as well IL-3 and GM-CSF were most efficient in 

inducing ST ATS phosphorylation in the myeloid progenitor compartments. However, the 

mobilized adult peripheral blood CD34+ cells responded only efficiently to TPO. In AML 

leukemic stem and progenitor cells, highly distinct cytokine responses were observed. In the 

AMLs characterized by constitutive STATS activation, a strongly reduced cytokine response 

was observed, which may be associated with an upregulated level of negative feedback 

proteins such as SOCS2. The expression levels of cytokine receptors did not predict 

sensitivity towards cytokine-induced signaling. In addition no clear distinction was observed 

between the leukemic primitive population versus the more mature progenitor population. 

Also, heterogeneity existed in cytokine requirements for long-term expansion of AML CD34+ 

cells on stroma. By utilizing the intracellular F ACS analysis, we may get deeper insights into 

how signal transduction pathway activation might underlie the process of leukemic 
transformation. 

One main feature of LSCs is their enhanced ability of self-renewal due to transforming events. 

BMI 1 is one of the important modulators that regulate self-renewal of normal as well as 

leukemic stem cells. Moreover, overexpression of BMI 1 in AML and CML is associated with 
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poor prognosis. In order to study the function of BMI 1 in human stem and progenitor cells, 

we down-regulated the expression level of BMil using lenti-viral mediated RNA interference 

(RNAi) in both normal CB and AML leukemic CD34+ cells (Chapter 5). In CB CD34+ cells, 

down-modulation of BMil impaired long-term expansion, colony-forming capacity of 

progenitors, as well as long-term culture-initiating cell (L TC-IC) frequencies, without 

affecting the hematopoietic differentiation. These effects were due to increased apoptosis, 

which was possibly mediated by down-regulation of FOXO3A resulting in accumulation of 

intracellular reactive oxygen species (ROS). In AML CD34+ cells, down-modulation of BMi l 

impaired long-term expansion and self-renewal capacity. Derepression of p14ARF and 

P161NK4A was observed in both CB and AML leukemic CD34+ cells when BMil was down

regulated. Our data are in line with previously published data, whereby a marked increase in 

ROS was observed in HSCs of FOXO 1/3/4-deficient mice, suggesting that FOX Os are 

essential in protecting stem cells against oxidative stress.6 The role of BMil in antioxidant 

defenses was also observed in HSCs and neurons in murine models.7•8 BMil -deficient mice 

had an impaired mitochondrial function, resulting in elevated levels of intracellular ROS that 

engaged in the DNA damage response (DDR) pathway.8 Deletion of Chk2, one of the DDR 

components, rescued the defects in stem cell numbers and progenitor cell functions, but not 

the self-renewal ability of stem cells. However, the DDR pathway was p161NK4A119ARF 

independent. This study highlighted that the functions of stem and progenitor cells could be 

regulated by BMI 1 through maintaining mitochondrial function and redox homeostasis. 

The above data suggest that BMI 1 might fulfill a protective role in hematopoietic 

stem/progenitor cells under oxidative stress conditions. However, the underlying mechanisms 

remain unresolved, and it is also unclear whether the impaired self-renewal of HSCs by 

depletion of BMil is due to loss of stem cell quiescence. In Chapter 6, we analyzed ROS 

production in HSCs (CD34+CD38-) and multipotent progenitors (MPPs, CD34+CD38+). We 

observed that human HSCs contained significantly less ROS as compared to MPPs, which 

was in line with previous studies in murine HSCs and mammary epithelial stem cells. 6'8'9 

Downmodulation of BMI 1 resulted in accumulation of ROS in both stem cell and progenitor 

compartments. The underlying mechanisms by which ROS regulates hematopoiesis are still 

largely unknown. In Drosophila, the progenitor population contained relatively high levels 

ROS that were required for further differentiation. 1 0 The ROS-mediated differentiation 

involved activation of JNK and FOXO, as well as downregulation of Polycomb group (PcG) 
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proteins. However, the biological responses to JNK-mediated FOXO activation are complex. 

In fibroblasts, oxidative stress-mediated activation of JNK resulted in nuclear translocation 

and transcriptional activation of FOXO4. 1 1
•
12 In mice, deletion of FOXOs increased ROS 

levels in HSCs, facilitating myeloid differentiation. 6 The signaling pathways that respond and 

regulate ROS in human stem and progenitors need to be further elucidated. In murine models, 

elevated ROS levels were associated with a defect in the maintenance of HSC 

quiescence.6•13'14 To further study the potential role of BMil in regulating human stem cell 

quiescence, we optimized F ACS protocols in which Hoechst 33342 and Pyronin Y were used 

to analyze the quiescent cell fraction (GO) and cell cycle distribution. The HSC fraction 

showed a significantly higher proportion of quiescent cells as compared to the MPP fraction. 

We observed a reduction in the frequency of GO cells upon down-regulation of BMI 1, which 

was already noticed at day 1 after transduction. It is plausible that loss-of-BMil-mediated 

accumulation of ROS might couple to the maintenance of HSC quiescence. In primary AML 

samples, the elevated ROS levels were also associated with loss of stem cell quiescence, 

which may provide a new therapeutic approach in AML treatment. However, it remains 

unclear whether high levels of BMI 1 in leukemia would contribute to high percentages of 

quiescent stem cells. Further experiments are required, for instance by downregulating BMI 1 

in primary AML samples by using lenti-viral mediated RNAi approach, to determine whether 
BMil plays a role in maintaining stem cell quiescence and in protecting leukemic stem cells 

from oxidative stress in leukemia. 

Future perspectives 

The perspective of AML patients for long-term cure is still limited especially for the elderly 

AML patient. Therefore novel agents have been introduced to improve the therapeutic 

outcome but so far the agents show limited effectiveness as a single agent. Patient-specific 

combinations of different inhibitors will be required based on the understanding of the multi

hit leukemic transformation process. Large-scale gene expression profiling analysis of 

primary AML cells, particularly LSCs facilitates the discovery of new therapeutic targets. 

These novel approaches can be tested in vitro using the long-term co-culture system, as well 
as in vivo using the NOD/SCIO-leukemia models. Single-cell phospho-protein analysis 

provides an alternative platform to study the heterogeneity of primary AML samples at the 

level of signaling response. This platform may aid us to understand the signaling mechanisms 

of leukemic transformation within individual patient cases. This multiparametric F ACS 
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technique can be developed to study multiple phosphorylation states simultaneously in 

specific cell subtypes, including other key signal transduction pathways, e.g. ERK.1/2 and 

STAT3. Furthermore, that information can be used to identify subgroups of patients with 

comparable activation patterns of signaling networks that might have clinical applicability in 

terms of predicting prognosis of the disease and ultimately choosing specific therapeutic 

approaches. Current approaches are still not satisfactory in blocking the limitless self-renewal 

capacity of LSCs. Overexpression of BMI 1 correlates with disease progression and poor 

survival outcomes in AML. The underlying mechanisms remain unclear. Possible 

explanations could be that the elevated expression levels of BMil enhance the self-renewal of 

LSCs, protect the LSCs from oxidative stress and contribute to a quiescent state that causes 

resistance to chemotherapy. Further experiments need to be performed in particular the LSC 

compartment to reveal the role of BMil in the process of leukernic transformation. Lenti-viral 

mediated RNAi approach can be utilized in primary AML samples to study whether down

modulation of BMI 1 causes accumulation of ROS and loss of stern cell quiescence, but 

ultimately BMI I -specific inhibitors should be developed in order to be able to downmodulate 

BMI 1 in a clinical setting. By incorporating NAC treatment, we may be able to determine 

whether the phenotypes induced by depletion of BMI 1 are ROS-mediated. Additional 

components of polycomb repressive complexes (PRCs) have also been implicated in the 

regulation of stern cell fate. PRCl -rnembers RAE28 and RINGl B  were demonstrated to be 

required for sustaining activity of hernatopoietic stern and progenitor cells.1 5
-
17 Enforced 

expression of the PRC2-cornponent EZH2 prevented hernatopoietic stern cell exhaustion. 1 8  

Furthermore, in the diverse PRC complexes, the delicate balance between different PcG 

proteins with opposing effects has been shown to regulate stern cell self-renewal, such as 

between BMil and MEL18, or BMil and EED. 19•
20 Elevated PcG expression levels might 

provide valuable prognostic information and serve as attractive targets for therapeutic 

intervention. In the future, anti-PcG protein strategies may be exploited in AML treatment to 

block the binding of the PcG complex to chromatin, such as using inhibitors of DNA 

rnethylation, histone deacetylation and ubiquitin-proteasorne system. Recently, it was 

demonstrated that pharmacological disruption of EZH2 induced apoptosis in primary AML 

cells, but not normal CD34+ bone marrow progenitor cells.2 1  Furthermore, the underlying 

mechanisms by which the PcG proteins are recruited to and replaced from their target genes 

during lineage choices are under investigation. 22 The emerging roles of long non-coding 

RNAs and cell fate transcription factors have been studied in this dynamic process, which 
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may provide more promising targets for anti-leukemia therapy. Besides the intrinsic signals, 

the stem cell niche plays a critical role in regulating both HSC and LSC fates extrinsically. It 

has been demonstrated that AML LSCs that homed to the endosteal niches were highly 
enriched for quiescent cells and were resistant to conventional chemotherapy.23 The niche 

containing low oxygen may also protect stem cells from oxidative stress. Niche-targeted 

therapy may be developed to reduce the growth of LSCs by inhibiting homing mechanisms or 

adhesion molecules. Furthermore, disruption of interactions between LSCs and their niche 

results in loss of quiescence and increased cell cycling, which may enhance the sensitivity of 

conventional chemotherapy. By targeting the multiple aspects of LSCs, we should ultimately 

be able to reach our goal of eradicating the LSCs in treatment of AML. 
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Acute myeloide leukemie (AML) is een vorm van kanker waarbij kwaadaardige witte 

bloedcellen in het bloed en beenmerg worden gevonden. Kenmerkend is een ongecontroleerde 

groei en deling van onrijpe myeloide witte voorlopercellen met daamaast een tekort aan goed 

uitgerijpte rode bloedcellen, bloedplaatjes en normale witte bloedcellen. Voor de patient kan 

dit leiden tot symptomen van toenemende vermoeidheid, kortademigheid, bloedingen, en een 

hoger risico op infecties. Gezien de emst van de ziekte moeten patienten met AML behandeld 

worden met celdodende medicijnen, ook wel chemotherapie genoemd, om alle aanwezige 

zieke cellen te doden. Wanneer dit resultaat wordt bereikt wordt er gesproken van een 

complete remissie. N adien worden patienten nog behandeld met een aantal aanvullende 

chemotherapie kuren en zo nodig wordt de behandeling afgesloten met een stamcel 

transplantatie. 

Bij patienten onder de 60 jaar is het percentage dat complete remissie bereikt ongeveer 

70-80%. In ongeveer 60% van de patienten komt de ziekte terug binnen 5 jaar, in oudere 

patienten is deze kans nog groter. In hoofdstuk 2 van dit proefschrift wordt een overzicht 

gegeven van de factoren die mede bepalend zijn voor het behandelingsresultaat van patienten 

met AML. Deze factoren omvatten onder andere het type leukemie, de gevonden 

chromosomale afwijkingen, en eventueel aanvullende afwijkingen in het DNA van de zieke 

cellen. 

Om AML patienten beter te kunnen behandelen, hebben we een nieuw medicijn, dasatinib 

genaamd, bestudeerd in zowel normale cellen uit navelstrengbloed alsook in abnormale 

leukemische cellen van AML patienten (hoofdstuk 3). Dasatinib wordt momenteel gebruikt 

bij de behandeling van patienten met een chronische myeloide leukemie. De normale en AML 

cellen zijn gekweekt op een stromale onderlaag waarop groei op lange termijn kan worden 

uitgelezen. Wij laten zien dat een lage concentratie dasatinib geen effect heeft op de normale 

cellen. Een kleine groep AML patienten laat echter wel een duidelijk effect zien. Dit betekent 

dat dasatinib een potentiele remmer voor een subgroep van de AML patienten kan zijn 

mogelijk in combinatie met chemotherapie. 
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STATS is een transcriptiefactor waarvan is aangetoond <lat het een rol speelt bij de 

zelfvemieuwing van bloedvormende stamcellen. STATS wordt gevonden in verschillende 

cellen van het bloedvormend systeem waaronder in de meest onrijpe maar ook in de meer 

uitgerijpte voorloper cellen maar ook in de meer uitgerijpte cellen. STATS eiwitten spelen 

verschillende rollen in zowel normale als leukemische hematopoiese. In AML cellen wordt 

frequent geactiveerd STATS waargenomen als gevolg van mutaties. Normaal wordt STATS 

geactiveerd als cellen worden blootgesteld aan cytokines en groeifactoren. Er vindt dan 

phosphorylatie van STATS plaats waardoor vervolgens genen tot expressie gebracht kunnen 

worden. In hoofdstuk 4, wordt een nieuwe techniek beschreven om geactiveerd STATS in 

afzonderlijke cellen te bestuderen. Hierbij wordt een vergelijking gemaakt tussen normale 

bloedvormende cellen en AML cellen. Dit onderzoek biedt naar de toekomst de mogelijkheid 

om nauwkeuriger in gedefinieerde eel populaties geactiveerd STATS te onderzoeken. 

BMil is een gen <lat een belangrijke rol speelt bij de zelfvemieuwing van normale en 

leukemische stamcellen. Een hoge BMI 1 expressie in AML lijkt gecorreleerd te zijn met een 

ongunstigere prognose voor de patienten. In hoofdstuk 5 hebben we de functie van BMI 1 in 

bloedvormende cellen onderzocht. Vermindering van BMI 1 expressie heeft een effect op de 

celgroei van normale en leukemische cellen. Deze effecten zijn het gevolg van toegenomen 

celdood, waarbij ophoping van intracellulair gevormde vrije zuurstofradicalen, de 

zogenaamde reactive oxygen species (ROS), een rol spelen. 

In hoof dstuk 6 is de vorming van ROS in normale en leukemische bloedvormende cell en 

bestudeerd. We constateerden dat humane (onrijpe) stamcellen significant minder ROS 

hebben vergeleken met rijpere voorlopercellen. Verlaging van BMI 1 veroorzaakt ophoping 

van ROS in beide celtypes. Deze verandering in ROS bepaalt ook mede in hoeverre cellen 

wel of niet in rust zijn door niet te delen. Vermindering van de BMI 1 zorgt ervoor <lat meer 

cellen uit de rustfase komen en gaan delen. Samenvattend hebben deze onderzoekingen 

nieuwe inzichten gegeven over het afwijkend gedrag van AML cellen die mogelijk van 

waarde zijn voor toekomstige behandelingsvormen voor deze patientengroep. 

132 



List of abbreviations 

ABC 
ALL 
AlloSCT 
AML 
APL 
ASCT 
ATO 
BAALC 
BSO 
CB 
CBF 
CEBPA 
CFC 
CLL-1 
CML 
CMML 
CMP 
CR 
DFS 
EFS 
EPO 
FL 
FLT3 
FTI 
G-CSF 
GIST 
GM-CSF 
GMP 
GSH 
GVHD 
GVL 
HDAC 
HSC 
IDI 
IL 
ITD 
JAK 
LSC 
LTC-IC 
MDS 

ATP-binding cassette 
Acute lymphoid leukemia 
Allogeneic stem cell transplantation 
Acute myeloid leukemia 
Acute promyelocytic leukemia 
Autologous stem cell transplantation 
Arsenic trioxide 
Brain and acute leukemia, cytoplasmic 
Buthionin sulfoximine 
Cord blood 
Core binding factor 
CCAAT/enhancer binding protein a 
Colony-forming cell 
C-type lectin-like moledule-1 
Chronic myeloid leukemia 
Chronic myelomonocytic leukemia 
Common myeloid progenitor 
Complete remission 
Disease-free survival 
Event-free survival 
Erythropoietin 
FLT3 ligand 
fins-related tyrosine kinase 3 
Famesyl transferase inhibitor 
Granulocyte colony-stimulating factor 
Gastrointestinal stromal tumor 
Granulocyte macrophage colony-stimulating factor 
Granulocyte-macrophage progenitor 
Glutathione 
Graft-versus-host disease 
Graft-versus-leukemia 
Histone deacetylases 
Hematopoietic stem cell 
Inhibitor of differentiation 
Interleukin 
Internal tandem duplication 
Janus family tyrosine kinase 
Leukemic stem cell 
Long-term culture-initiating cell 
Myeloid dysplastic syndrome 
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MEP 
MNI 
MPD 
MPP 
MRD 
NAC 
NCoR 
NF-KB 
NOD/SCID 
NPM 
OS 
PB 
PcG 
PIAS 
PRC 
PV 
RARA 

RFS 

RIC 
RNAi 
ROS 
RTK 
SCF 
SFK 
socs 
SRC 
STAT 
TGF-f3 
TPO 
VEGF 
WBC 
WHO 
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Megakaryocyte-erythroid progenitor 
Meningioma 1 
Myeloproliferative disorder 
Multipotent progenitor 
Minimal residual disease 
N-acety 1-L-cysteine 
Nuclear receptor corepressor 
Nuclear factor-kappa B 
Non-obese diabetic severe combined immunodeficiency 
Nucleophosmin 
Overall suvival 
Peripheral blood 
Polycomb group 
Protein inhibitors of activated STAT 
Polycomb repressive complex 
Polycythemia vera 
Retinoic acid receptor alpha 
Relapse-free survival 
Reduced-intensity conditioning 
RNA interference 
Reactive oxygen species 
Receptor tyrosine kinase 
Stem cell factor 
Src family kinase 
Suppressor of cytokine signaling 
SCID-repolulating cell 
Signal transducer and activator of transcription 
Transforming growth factor beta 
Thrombopoietin 
Vascular-endothelial growth factor 
White blood cell 
World Health Organization 



Acknowledgements 

Acknowledgements 

Almost three years ago I arrived in this quiet city of Groningen. With expectation of a new 

life and work, I started a bit nervously. Luckily, I got so many supports from the people that I 

met here. Finally, I can work with the last part of my thesis. This would have never been 

possible without their help. I would like to convey my sincere appreciation to them. 

Firstly, I would like to thank my promoter, Prof. Edo Vellenga. Edo, thanks for accepting me 

to work in your research group. You are really an erudite and precise professor. Your 

professional guidance gave me support in my scientific research. Every time we had a 

research meeting you gave me valuable suggestions on the projects. Based on all the regular 

discussions, my projects have been improved step by step. Your responses to my manuscripts 

are always rapid, with so many detailed corrections. I appreciate so much all your help in the 

past three years. 

My utmost thanks also go to my co-promoter, Dr. Jan-Jacob Schuringa. JJ, you are such an 

enthusiastic young scientist. I go to your office room at any time when I have questions. You 

have creative ideas, a wide-range of knowledge and patience. You comments on the 

manuscripts are always available in a very short time. I could not have finished my papers and 

thesis in less than 3 years without your guidance. 

Thanks for the critical reviews from the reading committee members, Prof. dr. J.C. 

Kluin-Nelemans, Prof. dr. N.H. Mulder and Prof. dr. H. Moshage. I appreciate very much 

your reading of my thesis. 

My special thanks go to Mrs. Riekje Banus from the GUIDE office. Riekje, you are so kind to 

help me during my whole PhD study, especially when I am astray. It is indeed warm 

memories. I would like to thank also Prof. Sibrand Poppema, thank you for providing me this 

opportunity to work in the UMCG. 

135 



Acknowledgements 

I appreciate Geert and Henk in the FACS room: Henk, you helped me a lot with sorting cells. 

And Geert, thanks for your help with creating all the new protocols, which have been very 

important for my projects. 

My warmest thanks to my colleagues in the Department of Hematology: Gerwin, you are a 

hard-working supervisor and always very generous. Annelies, you carefully take care of the 

cord blood for the whole department. Carolien, good luck with the paper submission and 

project. Szabolcs, I appreciate your invitation to your home, visiting your wonderful organs. 

Your defense is coming soon, good luck! Sarah, oh, even if you work less hard, you will be 

still an excellent researcher. I will never forget your amazing parties, Crazy Hat, Girls' 

Night . . .  Thank you for your corrections to my English in this section. Vincent and Francesco, 

hopefully everything is going well for your post-doc work. Rikst Nynke, you are so kind, we 

were nice roommates in Papendal. Djoke, you already gave me help on the first day when I 

arrived in the lab. We talked so much about work and also life. Also thank you for translating 

my summary into Dutch! Karen, can you speak more Chinese? I appreciate all the talks we 

had. Marta, a smart and hard-working girl, enjoy your life and work here ! Annet, I hope your 

projects go well; Patrick, you make so many western blots; hopefully you can enjoy it! 

Marjan, good luck with your new project and I wish you a happy life. Bart-Jan, thanks for 

your technical support with my experiments. My wishes also for your defense ceremony in 

May! To my colleagues who have left the lab: Sandra Rizo, your work in research is great; I 

know it will be also true for your company work. Sandra Otholf, Susan, Ingrid, Monica and 

Marcel, I have nice memories working with you! fanny, Matthieu, Hein and Burcu, you are 

new colleagues to me, best wishes for your work in our lab. I would like also to thank the 

secretaries: Sylvia, Bianca and Willy. 

My thanks also go to people in the Department of Pediatric Oncology: Arja, Frank, Tiny, Kim, 

Berber, Erik, Alida, Henk-Marijn and Mariska. 

To people in the Medical Oncology Department: Bodvael, we shared much time in the office 

room talking about experiments and feelings. I wish your thesis and defense can be done very 

1 36 



Acknowledgements 

soon and good luck in looking for a post-doc position! Esther, Ame, Linda and Shinta, good 

luck to all of you. 

To Agnes, hope to see your daughter, Alba Manon soon! And thanks for your Hungarian 

dinner. It was really great! 

My dear Chinese friends, we shared wonderful time in Groningen: Qian Cheng and Yu Lili, I 

remember those happy moments that we have had, BBQ, dinner, playing games and 

badminton . . .  Cheng, I appreciate all your suggestions on my PhD study. They are indeed 

helpful. Tan Hongtao, thanks so much for your kind help when we arrived here. I wish you 

great success in your career and happiness in your life. Lv Bo and Yin Meimei, my dear junior 

sister apprentices, I cherish all the memories of those days when we were together. Wei 

Yunwei, I hope you finish your PhD here prosperously and reunite with your family. Yu 

Hongjuan, I know you will have a fulfilling 4 years in Groningen. Liu Bo, Huang Xin, Xue 

Ruiqi, Yu Zilin, Ye Qingsong, Xing Quan, Hu Nan and Sun Di, Liu Gaifen, Niu Xiaoyu, Ding 

Ning, I remember all the happy moments we had together. Zhang Yingna and Zhao Pengjun, I 

remember all the happy dinners we had at your place. I wish you a bright future, whether in 

China or in Holland! Xu Xiaoyan and Zhao Bo, we had nice time at your place. Best wishes 

to you and your lovely daughter. Yang Huiqi and Qi Liqiang, you are great couple; I wish both 

of you success in Tianjin. Xu Chuanhui, enjoy your defense ceremony in June. 

To my dear previous roommates: Yang Nan, I know you are having a good time in Beijing, 

after such a long time of PhD study. Li Xiangyi, good luck with your USA life as a researcher. 

My special thanks to my old friends in China: Liu Xiaoling, Ding Ying, Li Hongliang, and 

Wang Hongmei. We will have longstanding friendships. And my best wishes to everybody 

from the HMU 97-7 clinical class. 

My thanks also go to all my colleagues in the Department of Hematology in the First Clinical 

College of HMU, as well as to the Educational Administration Section in the hospital! My 

special thanks to Prof. Zhang Donghua, the vice dean of the hospital! 

137  



Acknowledgements 

I also wish to express my thanks to my supervisors in Niigata Cancer Center Hospital: Dr. 

Takaaki Chou, Dr. Takayuki Hirose, Dr. Yosuke Imai and Dr. Takuro Ishiguro, I appreciate 

deeply your support when I was in Japan. To my friends in Japan, Li Minqi and Sun Xiaomei, 

your kind help made my life in Japan unforgettable. Yoshida Naoko, thank you for your help 

in translation for my project in Niigata. 

•m , �,r,,.i,Mftft-JOO  17-J �Vrjj ,  �-wt��, •iJH�$i¥Mfts'-J:1c 1G1 , xM':5flJ�i� ,  �ft 
���� o -iMfts'-J��, �� $��*�7 ! �ff��£, 1f����, ����*' 
�1:.� 1PJ>i< ! •Wfts'-J005FIJ��, 1iH�1t1fJ���� , llii¥$ti 1 �if*�.E!. ,  =�.El.5f!J 
�.E!.x ,  •�Ht1rrn�1e.m005¥1J��, -1:tM£�1tm•�1:.m,,1miu 1 �� , 1t�-1. 7*�·  ft 
-�-��-��-��- , *��� . -,Mey�Et-J��½*A**��$ 8'-J�� 1 •  
1§ ,  ft�-�1-ftft-J:t:x,  ftJHIJ�$�rjg1iJ$:@.¥Hto tE1$8'-J;ffl,r., PiiJ:J'r'5f!JxM'=r , ft;t�g 
37-:'G'jG� § Dfr-J��o ft�f,W.ft1f] 8'-JJ.W,:(£ , i,J:ft1f]ffi-=J=-i1J�J!;/Jl]��f Er-J**o 

1 3 8  

� BBPJJ� 

April 28, 20 10  



Curriculum Vitae 

Curriculum Vitae 

Lina Han was born in 1979 in China. After graduation from the 2nd PengLai High School, she 

was admitted in the Seven-year Clinical Medicine course of Harbin Medical University 

(HM U) in 1997. In the first two years, she studied the basic courses in the Life Science 

Institute of Nan Kai University in TianJin, due to the collaboration between the two 

universities. From 1999-2002 she studied the medical courses in HMU, during which she 

received research training in the Department of Microbiology and finished a thesis, which was 

awarded for the Excellent Thesis from the university. She started clinical training in 

September 2002 in the First Clinical College of HM U. Since 2004, she worked in the 

Department of Hematology for the research of Master Degree. As one of the top ten medical 

students after graduation with a Master degree, she was admitted directly as a PhD candidate 

of Internal Medicine (Hematology) in HM U. At the same time, she was appointed as a staff 

member in the Department of Hematology in the First Clinical College of HM U. In 2005, she 

was selected as a research student to study in Niigata Cancer Center Hospital in Japan. From 

2007, she started research work in the Department of Hematology in UMCG, under the 

supervision of Prof. Dr. Edo Vellenga and Dr. Jan Jacob Schuringa. She focused on the signal 

transduction pathways in Acute Myeloid Leukemia. 

139 




	han kaft
	L.Han stellingen
	han 1-50
	han 50-100
	han 100-140

