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Who's to say 
What's impossible 

Well they forgot 
This world keeps spinning 

And with each new day 
I can feel a change in everything 

And as my mind begins to spread its wings 
There's no stopping curiosity 

 

Jack Johnson, Upside Down, Curious George Soundtrack 
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ABSTRACT 

Acute myeloid leukemia (AML) is a severe disease, which originates in blood-forming cells. 
Although major advances in understanding the biology of AML, the majority of patients 
eventually succumb to the disease. The tyrosine kinase receptor FLT3 has become an 
attractive therapeutic target AML for two major reasons; 1) It is one of the most frequently 
mutated genes in AML (about 30%). 2) Most of these mutations (FLT3-ITDs) correlate with 
an increased risk of relapse and poor overall survival. Small targeting inhibitors towards 
FLT3 have been designed and evaluated in clinical trials. However, the experiences from 
clinical trials are that drug resistance develops in a substantial number of patients. To 
overcome these resistance-associated problems it its important to improve the understanding 
of how FLT3 mutations function and how they respond to targeting drugs. This was addressed 
in this thesis by elucidating FLT3-ITD cell transformation mechanisms, identifying key 
downstream target molecules of mutated FLT3 and exploring the effect of various targeting 
inhibitors. The major finding of my thesis is that FLT3-targeting drugs elicit apoptosis 
through a FOXO3a-dependent upregulation of proapoptotic BH3-only protein Bim via 
inactivation of the PI3K/AKT signaling pathway. Furthermore, we have identified an 
interesting apoptotic mechanism, linked to increased ROS levels caused by expressing 
hyperactivated AKT in hematopoietic stem cells and bone marrow progenitor cells from 
FLT3-ITD transgenic mice. These findings are interesting from a therapeutic point of view. 
We have also shown that canertinib, an inhibitor of the ERBB receptor family, targets 
mutated FLT3 in vitro and in vivo. The irreversible binding mechanism of canertinib, as well 
as its multikinase activity, is attractive features. Overall, the results presented herein could 
provide basis for future directions in treatment of FLT3 mutant positive AML patients. 
Finally, we studied nine different FLT3-ITD mutations ranging in length from 6-33 amino 
acids. Data from this study suggest that different FLT3-ITDs may induce distinct degrees of 
transformation and that they respond differentially to FLT3-targeting drugs. These differences 
were not associated with size of the duplication but rather the mutational composition. In 
conclusion, this thesis explores the biologic features of FLT3 mutations and therapeutic 
targeting opportunities. 
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ABBREVIATIONS 
aa  amino acid 
AKT  a serine/threonine kinase, protein kinase B (PKB) 
AL   activating loop 
ALL   acute lymphoblastic leukemia 
AML   acute myeloblastic leukemia 
Bad   Bcl-2-antagonist of cell death 
Bcl-2   B-cell leukemia/Lymphoma 2 
BH  Bcl-2 homology 
Bim   Bcl-2-interacting modulator of cell death 
BM   Bone marrow 
bp   base pair 
CB   cord blood 
CD   cluster of differentiation 
C/EBPα   CCAAT/enhancer binding protein alpha 
ChIP   chromatin immunoprecipitation 
CML   chronic myelogenous leukemia 
CN   copy number 
CNA   copy number alteration 
EGFP   enhanced green fluorescent protein 
EGF  epidermal growth factor 
ER  endoplasmatic reticulum 
ERBB  erythroblastic leukemia viral (v-erb-b) oncogene homolog 
ERK   extracellular signal-regulated protein kinase 
FACS   fluorescence activated cell sorting 
FL   FLT3-ligand 
FLT3   FMS-like tyrosine kinase 3 
Fms  Feline McDonough sarcoma  
FOXO3a  Forkhead box O3a 
Grb2   growth-factor-receptor-bound protein 2 
GSK  glycogen synthase kinase 
HSC   hematopoietic stem cell 
IL-6   Interleukin-6 
ITD   Internal tandem duplication 
Jak   Janus kinase 
JM   juxtamembrane domain 
kDa   kilodalton 
Kit   c-Kit oncogene 
KL  Kit ligand 
Lin   lineage 
LMPP   lymphoid primed multipotent progenitor 
LOH   loss-of-heterozygosity 
LSC   leukemic stem cell 
LSK   Lin-Sca1+Kit+ 
LT-HSC   long term hematopoietic stem cell 
MAPK  mitogen activated protein kinase 
Mcl-1  Myeloid cell leukemia sequence 1 (Bcl-2-related) 
MDS  Myelodysplastic syndrome 
MOMP  mitochondrial outer membrane permeabilization 
MPP   multipotent progenitor 
mTORC1  mammalian target of rapamycin complex 1 
myr   myristylated 
NOD   non-obese diabetic 
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PI3K   phosphoinositide 3-kinase 
PIM   proviral integration site murine leukemia virus kinase 
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Puma   P53 upregulated modulator of apoptosis 
R  receptor 
Ras   rat sarcoma virus 
ROS   reactive oxygen species 
RTK   receptor tyrosine kinase 
SCF   Stem cell factor 
SCID   severe combined immunodeficiency 
SH2  Src homology 
SHIP   Src-homology-2 containing inositol 5´-phosphatase  
SRC   sarcoma 
ST-HSC   short term hematopoietic stem cell 
STAT   signal transducer of activator of transcription 
TK  tyrosine kinase 
TKD   tyrosine kinase domain 
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UPD   uniparental disomy 
WT  wildtype 
Y  tyrosine 
 

 

  



	   ix 

TABLE OF CONTENTS 

Introduction	  to	  AML	   1	  
Hematopoietic	  Stem	  Cells	   2	  
Hematopoietic	  stem	  cell	  niches	   3	  

AML–	  disease	  of	  hematopoietic	  stem	  cells?	   4	  
The	  genetic	  pathogenesis	  of	  AML	   5	  
Heterogeneity	  of	  AML	   5	  
Genetic	  lesions	  in	  AML	   5	  
New	  developments	  in	  AML	  diagnosis	   6	  
Driver	  and	  passenger	  mutations	   6	  
The	  two-‐hit	  model	  of	  leukemogenesis	   7	  

Tyrosine	  kinases	  in	  hematopoiesis	  and	  leukemia	   9	  
Receptor	  tyrosine	  kinases	   9	  
c-‐Kit	   10	  

FMS-‐like	  tyrosine	  kinase	  3	  (FLT3)	   10	  
FLT3	  expression	  and	  function	  in	  hematopoiesis	   10	  
FLT3	  ligand	   11	  
Normal	  FLT3	  structure	  and	  activation	   11	  

FLT3	  mutations	  in	  AML	   12	  
Downstream	  signaling	  pathways	  of	  FLT3	   14	  
The	  RAS/MAP	  kinase	  pathway	   15	  
The	  PI3-‐kinase	  pathway	   16	  
The	  AKT	  kinase	   18	  

Apoptosis	   19	  
The	  Bcl-‐2	  family	   20	  
AKT	  as	  an	  apoptosis-‐regulating	  kinase	   22	  
FOXO	  proteins	   22	  

Oncogenic	  FLT3	  signaling	   24	  
STAT5	   25	  
STAT5	  in	  FLT3-‐ITD+	  AML	   26	  

FLT3	  mutations	  in	  leukemogenesis	   27	  
Clinical	  implications	   27	  
Experimental	  mouse	  models	  to	  study	  FLT3-‐ITD	  in	  leukemogenesis	   28	  
FLT3-‐targeted	  therapy	   29	  
Resistance	  mechanisms	   30	  
FLT3-‐ITD:	  driver	  or	  passenger	  mutation?	   32	  

Aims	  and	  Hypothesis	  of	  the	  Thesis	   33	  
Results	  and	  Discussion	  of	  Papers	  in	  the	  Thesis	   34	  
PAPER	  I	   34	  
PAPER	  II	   39	  
PAPER	  III	   41	  
PAPER	  IV	   44	  

Conclusions	   47	  
Populärvetenskaplig	  sammanfattning	   49	  
Acknowledgements	   51	  
References	   52	  
	  



	  x 

 
	  

	  

	  

	  

	  

	  

	  

	  

 

	  

	    



	   1 

Introduction to AML 

Acute myeloid leukemia (AML) is a relatively rare cancer, which originates in blood-forming 
cells. AML patients share in common an abnormal clonal expansion in the blood circulation 
and bone marrow of myeloid progenitor cells that give rise to mature granulocytes and 
monocytes (Frohling et al., 2005). The clinical signs are increased frequency of immature 
myeloblasts in peripheral blood and bone marrow aspirates often displaying hypercellular 
increase of blast cells. As a consequence of the loss of mature differentiated hematopoietic 
cells, AML patients develop anemia, display more frequent bruising or bleedings due to 
thrombocytopenia, and are more susceptible for infections. Approximately 350 cases are 
diagnosed in Sweden each year. Although the frequency of the disease correlates strongly 
with increasing age as shown by the high median age of about 70 years, disease may develop 
at all ages. Thus AML represents about 15-20% of childhood leukemia.  

Intensive chemotherapy and allogeneic hematopoietic stem cell transplantation are 
the principal treatment modalities in AML. Chemotherapy of leukemia is usually a 
combination of drugs where the different drugs attack the leukemic cells in different ways. 
The two most commonly recommended drugs are anthracyclines (daunorubicin, idarubicin) 
that affect DNA and RNA synthesis and inhibit topoisomerases, leading to instability of the 
DNA integrity, and cytarabine (Ara-C), which exerts its anti-metabolic function only after 
activated within cells to interfere with DNA synthesis. The combination treatment is 
preventing leukemic cells from becoming resistance to a certain drug. However, while 
patients often achieve complete remission after chemotherapy, the majority of them relapse 
after initial treatment and dies of the disease (Dohner et al., 2010). In many AML patients the 
presence of drug-resistant leukemic clones are a recurring clinical problem. Despite major 
advances in understanding the biology of AML, long-term survival is only 5-15% in patients 
older than 60 years and 25-70% in younger patients (Kindler et al., 2010).  

While the origin of the disease in principal is unknown, there are a few risk factors; 
about 25% of the AML cases represent patients with a previous history of disease of certain 
hematopoietic disorders, such as myelodysplasic syndrome and a number of 
myeloproliferative disorders	   (Garcia-Manero, 2012). Exposure to cytotoxic drugs is also 
associated with an increased risk. Long-term exposure of DNA damaging carcinogens such as 
benzene enlarges the risk of developing AML. A small but significantly increased risk has 
been shown for cigarette smoking, which is also a source of benzene (Estey and Dohner, 
2006). Another risk factor of developing AML is exposure to ionizing radiation, which has 
been observed in for example survivors of atomic bombs (Estey and Dohner, 2006)}. Several 
of these factors are known to cause DNA damages such as dysfunction of DNA repair 
mechanisms or of key genes of controlling DNA stability (Popp and Bohlander, 2010). Some 
genetic diseases such as Down syndrome, Fanconi anemia, or Bloome syndrome are also 
associated with increased risk of AML development. Since genomic instability is 
accompanying several of these diseases, it has been proposed that improper control of DNA 
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integrity may play a crucial rule in the initiation of AML (Popp and Bohlander, 2010). 
Increasing evidence now suggest that some of these genetic changes is the result of increased 
production of endogenous sources of DNA damage, e.g., reactive oxygen species (ROS) 
(Sallmyr et al., 2008b). 

Hematopoietic Stem Cells 

Blood consists of several different hematopoietic cells: erythrocytes, lymphocytes, myeloid 
cells and platelets, each with specific tasks. Most mature cells in the blood have a relatively 
short life span and a small population of rare hematopoietic stem cells (HSC) in the bone 
marrow (BM) supplies the continuous need of all functional cells in the blood through the 
ability to differentiate. During the last 25 years the phenotype of mouse and human HSCs has 
been clarified in great detail. By flow cytometric analysis and fluorescent activated cell 
sorting (FACS) followed by transplantation assays to recipient mice, a hierarchy of the HSC 
and progenitor compartment has been established (Fig. 1). In the mouse BM, c-Kit, FLT3, 
CD34, and CD150 are suitable markers to isolate long-term (LT) reconstituting HSCs 
sustaining blood formation for the lifetime of recipient mice. LT-HSCs express high levels of 
c-Kit and Sca-1, express SLAM marker CD150, lack lineage markers (Lin-) associated to 
certain hematopoietic cell types, and do not express CD34 and FLT3 (CD135) (Lin and 
Goodell, 2011). Contrary, short-term HSCs, which can sustain blood formation only for 
limited time, and multipotent progenitors (MPP) without self-renewal capacity express CD34, 
while MPPs start to upregulate FLT3. In experiments in this thesis, mouse BM progenitor 
cells expressing either c-Kit+ only of in some cases LSK (Lin-Sca-1+c-Kit+) were isolated and 
are enriched for progenitors and HSCs.  

 
Figure 1. THE HEMATOPOIETIC TREE. HSCs are divided into long-term (LT)-reconstituting 
hematopoietic stem cells (HSC) with extensive self-renewal capacity and short-term HSCs (ST-HSC) 
with limited self-renewal. Multipotent progenitors (MPP) differentiate to mature blood cells via several 
developmental stages where lymphoid and myeloid common progenitors (CLP, CMP) are well defined. 
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Human HSCs from BM or umbilical cord blood (CB) are more difficult to test since the only 
evidence for self-renewal is transplantation to non-obese diabetic severe combined 
immunodeficient (NOD/SCID) mice. These mice lack mature lymphocytes and cannot elicit 
an immune response to foreign antigens (Prochazka et al., 1992). Combined expression of 
CD34, CD90, CD117, and/or CD133 as well as lack of CD38 and HLA-DR enrich for human 
HSCs (Gallacher et al., 2000; McKenzie et al., 2007; Shimazaki et al., 2004). 
 

Hematopoietic stem cell niches 
Originally proposed in 1978 by R. Schofield (Schofield, 1978), but undefined until recently, 
HSCs are residents of BM niches, which are protective places low in oxygen and providing 
cell-cell interactions with the surrounding stromal cells, cytokines, and extracellular matrix 
components that simply allows the stem cells to maintain their identity (Eliasson and Jönsson, 
2010; Scadden, 2006). Live microscopy techniques, in vivo imaging (Lo Celso et al., 2009), 
and genetically modified mice have identified at least two different regions of the BM where 
HSCs are located (Mercier et al., 2012). One is identified as a preferred endosteal region 
(often also called osteoblastic niches) where the most potent HSCs align the bone surface and 
are in contact to bone-forming osteoblasts, whereas the other is depicted as the vascular niche 
(in some reports called perivascular niche). At this site HSCs reside near sinusoids, which 
compose the BM vascular bed, in close proximity to sinusoidal endothelial cells aligning the 
lumen of these minor blood vessels of the BM. An unresolved issue is whether the endosteal 
and vascular niches provide redundant regulation of HSC fate or whether these niches provide 
unique regulatory functions. One idea with some experimental support is that HSCs in the 
endostelial niche are mainly quiscent and resting in G0 phase of the cell cycle, whereas HSCs 
in the vascular niche are more proliferating (Mercier et al., 2012). 

Sustaining a balance between self-renewal and differentiation is a key feature for 
normal stem cells to provide life long blood production. Most of the time normal HSCs are in 
a quiescent dormant stage state of the cell cycle and located in the osteoblastic niche, which 
protect them from acquiring damage such as mutations of the DNA. Several lines of evidence 
indicate the importance of proper maintenance of HSC quiescence. Recently identified genes 
that perturb HSC quiescence also disrupt HSC function and blood cell production 
homeostasis. Thus, several genes involved in cell cycle control, such as transcription factors 
belonging to the FOXO family (mainly FOXO3a), the survival kinase AKT, and cyclin-
dependent kinases (cdk) p21cip and p16Ink4a, modulate the proliferative capacity of HSCs 
(Juntilla et al., 2010; Orford and Scadden, 2008; Tothova et al., 2007). As a consequence, 
HSCs are lost due to extensive cell division and the HSC pool becomes exhausted, and blood 
cell formation finally collapses. 
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AML– disease of hematopoietic stem cells?  

It has been hypothesized that a principal reason for the incurability of AML is the presence of 
a population of rare leukemic stem cells (LSC), which are responsible for the maintenance of 
disease and inaccessible for currently available therapeutic drugs (Dick and Lapidot, 2005). 
There are in fact accumulating experimental evidence that LSCs in BM niches promote the 
chemoresistance of AML stem cells (Colmone et al., 2008). One of the most vital issues in 
cancer research today is to identify this small population of cells within the bulk of 
transformed cells that is in control of the aberrant growth. While LSCs are rare cells with 
stem cell properties, accounting for 0.1-1% of the transformed cell population (Lapidot et al., 
1994), the majority of leukemic blasts are progenitor cells clonally expanded at a certain stage 
of hematopoeisis. There is now evidence that certain subtypes of AML arise from mutations 
that accumulate in HSCs (Fig. 2). Similar to normal HSCs, the LSCs are enriched in the 
fraction of cells with positive CD34 and negative CD38 expression, and in turn give rise to 
leukemic progenitor cells positive for both CD34 and CD38, which further differentiate into 
the negative CD34 leukemic bulk blast population (Dick, 2008). LSCs appear to be the only 
cells within a leukemic cell population capable of inducing AML when transplanted to 
NOD/SCID mice (Lapidot et al., 1994). While AML was the first human malignancy with 
experimental evidence for a cancer stem cell concept, its clinical importance has yet to be 
fully established. 

 
 

 
 
Figure 2. ORIGIN OF LEUKEMIC STEM CELLS (LSC). Leukemia can be regarded as a large 
population of mature cells expanded from progenitors and targeted efficiently by chemotherapeutic 
drugs. In contrast, LSCs are rare cells, which are responsible for the maintenance of the disease and 
more inaccessible for therapy. A LSC arises etiher in a HSC that accumulates more mutations during 
disease progression or in an immature progenitor, which reacquires stem cell-like properties as a 
consequence of genetic alterations. Adapted by (Passegue et al., 2003). 
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The genetic pathogenesis of AML 

A central feature of the current view of cancer is that cancer develops stepwise and as 
complex series of genetic events across long periods of time. This is also the reason why the 
incidence of cancer increases with age. In the case of leukemogenesis and AML, it is driven 
by the accumulation of genetic alterations in normal blood cells to pre-leukemic 
myeloproliferative stages to finally develop into a full-blown acute leukemia. Each change 
enables precancerous cells to acquire specific traits that together create the malignant 
transformation of the cancer cells. Bert Vogelstein and colleagues for hereditary colorectal 
cancer (Kinzler and Vogelstein, 1996) first demonstrated this in the 70’s. 
 

Heterogeneity of AML 
In the case of acute leukemia, conventional cytogenetic studies have demonstrated that 
approximately 50% of AML harbour chromosomal aberrations. To date, there are more than 
200 different aberrations described in AML (Dohner et al., 2010). This genetic heterogeneity 
of AML supports the notion of a multistep disease process, influencing the path of tumor 
progression and is likely to underlie the clinical variation in therapy response. As a patient 
cohort, an enormous diversity among cytogenetically defined subsets of AML is apparent. But 
at the same time, identification of gene mutations or deregulated expression of genes or sets 
of genes allow for better diagnosis. Importantly, heterogeneity is not only seen between 
different AML patients but also within the same patient due to multiple leukemic clones 
developing side-by-side, complicating the efficiency by which novel drugs can be employed. 
 

Genetic lesions in AML 
The multistep process of carcinogenesis comprises genetic alterations such as mutations and 
deletions that results in activation of oncogenes or inactivation of tumor suppressor genes. In 
recent years, research in molecular genetics has deciphered the molecular pathogenesis of 
AML in more detail. Numerous mutational, chromosomal alterations, and recently also 
epigenetic modifications have been identified. Traditional cytogenetics has for a long time 
demonstrated substantial evidence for translocations and deletions to be common in AML, yet 
a large subset of AML patients (approximately 45%) carry normal karyotypes and are 
cytogenetically normal without any obvious genetic instability. The development of novel 
genomics technologies such as genome-wide single-nucleotide polymorphism (SNP) 
analyses, whole-genome sequencing, gene and microRNA-expression profiling, and DNA-
methylation arrays, have however revealed previously unrecognized mutations, 
microdeletions, and uniparental disomy (UPD) in AML patient genomes. UPD, also referred 
to as copy neutral loss of heterozygosity (CN-LOH), appears to be common in hematologic 
malignancies. This leads to LOH by duplication of the maternal or paternal chromosome or 
chromosomal region and concurrent loss of the other normal allele (O'Keefe et al., 2010). 
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This means many chromosomal aberrations or mutations are found in a homozygous 
constellation due to acquired CN-LOH, likely as a result by mitotic homologous 
recombination. Systematic application of the new technologies has led to the realisation that 
previously undetected clonal CN-LOH are in fact encountered at high frequency in most 
hematologic malignancies including AML, even in patients who are often cytogenetically 
normal (Walter et al., 2009). Several DNA regions affected by copy number alterations 
(CNA) are recurrent and may be relevant to disease pathogenesis, however larger studies are 
required to determine if the alterations have any prognostic or therapeutic relevance. 
 

New developments in AML diagnosis 
To date, the most important genetic prognostic parameter in AML is leukemic blast 
karyotype, analyzed by chromosome band analysis which is predictive of outcome after 
response of chemotherapy, relapse rate, and overall survival (OS). For instance, patients with 
PML-RARA, RUNX1/RUNX1T1, and CBFB-MYH11 are associated with favorable 
outcome, while for instance more complex karyotypes are linked to a poor prognosis 
(Grimwade et al., 2001; Grossmann et al., 2012; Smith et al., 2011). However, since 
approximately 45% of AML patients have normal karyotype at diagnosis and this group is 
highly heterogeneous as well as a large variability in clinical outcome, detection of molecular 
markers has become an attractive tool to further divide these patients in AML subgroups. This 
far, a few CN-AML molecular aberrations have entered clinical practice providing prognostic 
information (Marcucci et al., 2011). Mutations in the gene encoding nucleophosmin (NPM1; 
also known as nucleolar phosphoprotein B23 or numatrin) are the most common in AML and 
are associated with a favourable outcome when detected in absence of duplications in the 
FLT3 gene (FLT3-ITD). FLT3-ITD mutations are associated with a poor prognosis and are 
the second most frequently found mutations in AML (Kayser et al., 2009; Kiyoi et al., 1999; 
Kottaridis et al., 2001; Meshinchi et al., 2001; Thiede et al., 2002; Whitman et al., 2001). 
 

Driver and passenger mutations 
Though each cancer is characterized by numerous somatic mutations, only a subset 
contributes to the tumor’s progression. As for all cancers it is crucial to actually identify and 
characterize the function of those genes that drive carcinogenesis (so-called driver mutations) 
rather than those accumulating as a result of tumor progression (passenger mutations). Recent 
findings strongly suggest that the majority of mutations of AML are random background 
events not contributing to the tumorogenesis (Welch et al., 2012). In fact, mutations are 
accumulating with age also in healthy persons, which is supported by recent data from whole-
genome sequencing of AML patients, suggesting that as few as two cooperating mutations 
would be enough to develop AML (Welch et al., 2012). Furthermore, this study proposed a 
mechanism for the large heterogeneity of mutations detected in AML although only few 
drivers are actually causing the disease. One initiating driver mutation would lead to clonal 



	   7 

expansion, which also “captures” randomly mutated passenger mutations that were already 
present from the start as a result of mutational accumulation over time. As a consequence of 
progression by the leukemic clone, more passenger mutations are acquired and when a second 
driver mutation hits an expanding clone these additional mutations are also captured, 
explaining the large heterogeneity of mutations detected in AML blasts (Welch et al., 2012). 
The key challenge is to discriminate driver from passenger mutations, to evaluate the 
prognostic and predictive value of a specific mutation, and in particular to translate molecular 
findings from the pathogenesis of AML into novel therapies. However, contrary to the initial 
assumption the development of molecular targeted therapies is rather slow and various reports 
of promising new compounds have been rather disappointing.  
 

The two-hit model of leukemogenesis 
The molecular characterization of leukemic cells from AML patients has revealed multiple 
evidence that the disease is characterized by dysregulation of transcription factors involved in 
normal hematopoietic differentiation as well as genetic alterations of genes involved in 
signaling pathways affecting cell growth and apoptosis. Some ten years ago, Gary Gilliland 
and James Griffin proposed a “two-hit” model to explain the onset of AML based on such 
findings (Gilliland and Griffin, 2002). According to the model AML is the consequence of 
two complementation classes of mutations: class I and class II. Together these two groups 
cooperate and lead to neoplastic transformation of blood-forming cells. Class I mutations 
encompass genes encoding signaling proteins linked to uncontrolled cell growth, survival, and 
resistance to apoptosis. Class II mutations comprise alterations in transcription factors leading 
to a differentiation block (Fig. 3). As a consequnce, the fundamental connection between cell 
differentiation and proliferation is disrupted, causing aberrant regulation of blood cell 
formation and eventually the development of AML. Examples of such chromosomal 
abnormalities of class II mutations include t(8;21), t(15;17), and inv(16) leading to fusion 
proteins RUNX1/RUNX1T1 (also termed AML1-ETO), PML/RARA, and CBF-MYH11, 
respectively, which impair myeloid differentiation. Although most acute leukemias appears to 
have a low burden of CN-LOH, recent studies have identified recurring point mutations and 
focal deletions (less than a megabase of nucleotides) in transcription factors involved in 
lymhoid differentiation at a frequency over 40% of all B-cell acute lymphoblastic leukemia 
(B-ALL) (Mullighan, 2009). Direct comparison has identified fewer lesions in AML than 
ALL, however recurring lesions targeting key cellular pathways are often seen. For instance, 
mutations in the CEBPA gene, encoding CCAAT/enhancer binding protein alpha (C/EBPα) 
transcription factor, are observed in 7-14% of de novo AML cases (Frohling et al., 2004; 
Green et al., 2010) and correlates with impaired DNA binding and function, also resulting in a 
block in myeloid differentiation (Koschmieder et al., 2009). 

Class I mutations are gain-of-function mutations leading to constitutive activation of 
proteins involved in signal transduction. The most common mutations are in receptor tyrosine 
kinases (RTKs) such as FMS-like tyrosine kinase 3 (FLT3) and c-Kit, or downstream 
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signaling proteins such as N-Ras and K-Ras. Class I mutations have been considered 
secondary mutations aquired during progression of the pre-leukemic clone (Loriaux et al., 
2008). 
 
 

 
 
 
Figure 3. THE TWO-HIT MODEL OF AML. According to this hypothesis two complementation classes 
of mutations promote leukemogenesis in patients with AML. Class I mutations encompass genes 
encoding signaling proteins linked to uncontrolled cell growth, survival, and resistance to apoptosis, 
wheras class II mutations comprise alterations in transcription factors leading to a differentiation block. 
 
 
In support of the two-hit model, systemic analysis of genetic alterations in AML patients have 
revealed that genetic lesions of multiple transcription factors seldomly occur in leukemic cells 
(Dohner, 2007). It is also very rare with simultaneous mutations in receptor tyrosine kinases 
such as c-Kit and FLT3 in the same patient. There are numerous examples in the literature 
where a single genetic event in a mouse model normally is insufficient for the development of 
leukemogenesis in vivo, but give rise to myeloproliferative disease and in some cases a 
lymphoproliferative stage. However, the cooperativity between two separate events, either by 
breeding mice transgenic for two different oncogenes or by retroviral gene transfer of the 
second “hit” to BM of mice transgenic for the first “hit”, develop augmented multilineage 
hematopoiesis (Berns, 1991; Frohling et al., 2005). Examples are the combined action on 
leukemogenesis of mutations in the FLT3 gene with C/EBPα (Reckzeh et al., 2012) or 
PML/RARA (Kelly et al., 2002a), TEL/PDGFβ-receptor and AML1/ETO (Grisolano et al., 
2003), and for the mixed-lineage-leukemia (MLL) fusion oncogene MLL-AF10 together with 
K-Ras (Moriya et al., 2012). 
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Tyrosine kinases in hematopoiesis and leukemia 

Many receptor tyrosine kinases as well as intracellular tyrosine kinases are involved in normal 
hematopoiesis. The signal transduction pathways that are activated by RTKs orchestrate the 
differentiation of HSCs and progenitor cells in response to cytokine stimulation, but also 
control multiple other steps such as proliferation and survival. FLT3 and c-Kit are expressed 
on subsets of HSCs, and both are important for normal hematopoiesis since mice lacking 
FLT3 or c-Kit show impaired hematopoietic cell function. In hematological malignancies, the 
aberrant activation of signaling pathways is central to the pathogenesis and in many cases 
associated with mutations in tyrosine kinases. The majority of these activating mutations are 
associated with gain-of-function alleles in the activation loop (AL) of both RTKs and non-
RTKs, or in the case of FLT3 of loss-of-function alleles in autoinhibitory domains, mainly in 
the juxtamembrane domain (JM). High-throughput DNA sequencing of AL and JM domains 
of 85 tyrosine kinase genes in 188 AML patients without FLT3 or c-Kit mutations, which 
together contribute significantly to AML leukemogenesis, revealed that the majority of 
previously unknown mutations in other RTKs and non-RTKs are in fact non-functional. They 
displayed no constitutive phopshorylation and none transformed cytokine-dependent 
progenitor cell lines (Loriaux et al., 2008), suggesting that most of these mutations are 
passenger rather than driver mutations.  

In contrast, the genetic abnormality BCR-ABL due to the translocation between 
human chromosomes 9 and 22, t(9;22), represents an important paradigm for understanding 
the molecular events leading to malignant transformation of primitive hematopoietic 
progenitors (Alvarez et al., 2007). BCR-ABL is created by the fusion of two distinct proteins 
involved in different pathways and functions, generating the intracellular fusion protein with 
highly oncogenic and transforming abilities. Correlating strongly with chronic myeloid 
leukemia (CML), BCR-ABL was the first tyrosine kinase abnormality associated to cancer, 
and is necessary and sufficient for initiating chronic phase of the disease as well as the first 
cancer target to be treated with molecular therapy (imatinib mesylate) (Druker et al., 1996; le 
Coutre et al., 1999). 
 

Receptor tyrosine kinases 
The receptor tyrosine kinase family is divided into 20 subfamilies based on protein homology 
and structure (Robinson et al., 2000). The most important family involved in HSC function 
and hematopoiesis is the platelet-derived growth factor receptor (PDGFR) family. Apart from 
the prototype PDGFR-A and -B, this subclass III family consists of three additional members: 
c-Kit, FLT3, and the receptor for macrophage colony-stimulating factor (M-CSF, also known 
as CSF-1). These RTKs are cell surface membrane proteins consisting of a single 
transmembrane domain that separates the intracellular cytoplasmic domain with a split 
tyrosine kinase motif from an extracellular ligand-binding domain consisting of five 
immunoglobulin-like (Ig-like) domains. Ligand binding occurs via the three first Ig-like 
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domains and induces receptor homo- or heterodimerization, which is essential for activation 
of tyrosine residues within the split kinase domain via cross-phosphorylation and subsequent 
recruitment of target proteins, which initiate a complex series of signaling cascades.  
 

c-Kit 
c-Kit (CD117) has a pivotal role in melanogenesis, gametogenesis, and hematopoiesis. It was 
first discovered as a cell surface marker on AML cells recognizable by a monoclonal antibody 
(Gadd and Ashman, 1985), which later turned out to be the c-Kit receptor (Lerner et al., 
1991). The Steel locus (Sl) was later shown to encode the gene for the ligand to c-Kit, Kit 
ligand (KL, also stem cell factor (SCF), steel factor and mast cell growth factor) (Broudy, 
1997). c-Kit is commonly expressed on human and mouse HSCs. The expression is highest on 
HSCs and progenitors (Lin and Goodell, 2011), and is downregulated upon maturation of all 
lineages except for mast cells, which retain high levels of expression. Signaling via c-Kit 
involves several signal transduction pathways including PI3-kinase, the MAP-kinase cascade, 
members of the Janus activated kinases/signal transducers and activators of transcription 
(Jak/STAT) pathway, and SRC family members. 

Although c-Kit-activating mutations have only been observed in 2-5% of total AML 
cases, they are the most frequently observed activating RTK mutations in AML next to FLT3. 
Mutations in c-Kit are common in core-binding factor (CBF) AML, which include patients 
with inv(16) or t(8;21) (Beghini et al., 2000), and are associated with poor prognosis (Care et 
al., 2003). In t(8;21) patients, the most common mutations occur in the activation loop of the 
kinase domain, resulting in D816V (D814V in mice) or N822K (Wang et al., 2005). These 
two mutations may not be functionally analogous since each is differentially sensitive to the 
tyrosine kinase inhibitor imatinib. 

 

FMS-like tyrosine kinase 3 (FLT3) 

FLT3 expression and function in hematopoiesis 
FLT3 (CD135), also known as FLK2 (fetal liver kinase-2), is a type III receptor tyrosine 
kinase closely related to PDGF-R, c-FMS, and c-Kit. Two groups independently cloned FLT3 
in 1991 from mouse tissues (Matthews et al., 1991; Rosnet et al., 1991). Shortly therafter the 
cloning of the human FLT3 gene was reported (Rosnet et al., 1993). Ever since its 
identification FLT3 has been found expressed on myeloid and lymphoid progenitors, but also 
on brain, placenta, spleen, thymus, gonads, and liver (Rosnet et al., 1996; Rosnet et al., 1993). 
Studies using FLT3-deficient mice generate healthy adult mice with normal peripheral blood 
count but with reduced early B-cell precursors (Mackarehtschian et al., 1995). Both LT- and 
ST-HSCs residing in the adult BM lack FLT3, whereas MPPs upregulate the receptor (Buza-
Vidas et al., 2011). A recent study concluded that FLT3 expression results in loss of self-
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renewal whereas multilineage differentiation is preserved (Boyer et al., 2012). Other studies 
have reported that expression of FLT3 marks a population of cells that has lost the potential to 
generate cells of the erythorid-megakaryocytic lineage while retaining combined myeloid and 
lymphoid potentials, so-called lymphoid-myeloid potent progenitors (LMPP) (Adolfsson et 
al., 2005). Since FLT3 is upregulated during early stages of B cell commitment, one view 
would be that FLT3 is a marker for lymphoid priming since concurrent upregulation of FLT3 
correlates with loss of myeloid potential. Contrary, in human hematopoiesis FLT3 exhibits a 
different expression pattern and is expressed on HSCs of both BM and CB capable of long-
term reconstitution in xenogenic hosts (Kikushige et al., 2008). However, it has been shown 
that human HSCs with the potential to engraft NOD/SCID mice are retained within a FLT3- 
population (Kimura et al., 2007). 
 

FLT3 ligand 
The gene encoding FLT3 ligand (FL) was cloned by the usage of soluble FLT3 (Lyman et al., 
1993a). This cytokine is expressed in virtually every tissue thus far examined, indicating a 
function likely determined by the narrow range of tissues expressing FLT3. Similar to stem 
cell factor (SCF; kit ligand), the FL protein occurs both as a transmembrane and a soluble 
isoform, both of which are biologically active (Lyman et al., 1993a), with the later generated 
by proteolytic cleavage of the transmembrane isoform (Lyman et al., 1995). The membrane-
bound form can, however, function as an adhesion molecule for HSCs in the BM 
microenvironment (Heissig et al., 2002).  
 

Normal FLT3 structure and activation 
The FLT3 receptor consists of five immunoglobulin-like extracellular domains, a 
transmembrane domain (TM), a juxtamembrane domain (JM), and two intracellular tyrosine 
kinase domains (TKD) linked by a kinase insert domain (Fig. 4). Human FLT3 is localized on 
chromosome 13q12 and the gene encodes a RTK of 993 amino acids in length, and two forms 
of the receptor have been identified; a 158-160 kDa membrane-bound protein that is 
glycosylated in the extracellular domain, and an unglycosylated 130-143 kDa protein not 
membrane bound (Lyman et al., 1993b; Rosnet et al., 1993). Mouse FLT3 localizes to 
chromosome 5 and encodes a 1000-amino acid protein (Rosnet et al., 1991). 

In its inactive conformation FLT3 exists as monomer in the plasma membrane with a 
conformation that have a “closed” activation loop, blocking access to phosphorylactive sites 
and ATP-binding site. The complete JM domain serves as a critical autoinhibitory loop so that 
dimerization is sterically prevented as well as exposing key substrate binding sites (Griffith et 
al., 2004). When stimulated with FLT3 ligand (FL), the conformation of FLT3 is changed and 
a homodimer exposing its phosphorylactive sites is formed. As a result the receptor is 
activated. Activation of wildtype FLT3 (FLT3-WT) through binding of FL affects multiple 
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signaling pathways such as the RAS/MAP-kinase and PI3-kinase/AKT pathways that regulate 
proliferation, differentiation, and survival of hematopoietic cells (Fig. 5).  
 

 
 
Figure 4. STRUCTURE OF FLT3 RECEPTOR. FLT3 consists of five immunoglobulin-like extracellular 
domains, a transmembrane domain (TM), a juxtamembrane domain (JM), and two intracellular 
tyrosine kinase domains (TKD) linked by a kinase insert. Upon activation the conformation is changed 
and phosphorylactive sites are formed, of which important tyrosine residues (Y) are shown. Common 
mutations found in AML, i.e., internal tandem duplications (ITD) and point mutations, are indicated. 

 

FLT3 mutations in AML 

FLT3 mutations are among the most common genetic changes in AML and were first made 
known in 1996 by Nakao et al. These mutations were reported as in-frame duplications of 
fragment of the coding sequence of the JM domain, ranging as much as from 3 to > 400 bp 
(Nakao et al., 1996). FLT3-ITD expression results in a poorer response to cytotoxic drugs and 
also confers a worse prognosis of patients in terms of reduced survival and greater risk of 
relapse (Kayser et al., 2009; Kiyoi et al., 1999; Kottaridis et al., 2001; Meshinchi et al., 2001; 
Thiede et al., 2002; Whitman et al., 2001). AML patients harbouring FLT3-ITDs have a 
higher white blood count at diagnosis and are associated with normal cytogenetics (Kiyoi et 
al., 1999). Apart from FLT3, ITDs in c-Kit have been found in 8.5% of patients with 
gastrointestinal stromal tumors carrying c-Kit mutations and 7% of patients with childhood 
AML (Corbacioglu et al., 2006). 

Expression of FLT3-ITD results in malignant transformation and ligand independent 
dimerization and autophosphorylation of the receptor in factor-dependent cell lines 
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(Hayakawa et al., 2000; Mizuki et al., 2000). Previous studies suggest that all JM FLT3-ITDs 
negate the autoinhibitory activity of the JM domain and activate the receptor by the same 
mechanism. It has been proposed that it is the increase in lengths of FLT3-ITDs, changing the 
structure and thereby cause disruption of the autoinhibitory function of the JM that makes the 
receptor constituently active (Griffith et al., 2004; Kiyoi et al., 2002). The underlying 
mechanism to the formation of FLT3-ITDs are still not known, however Kiyoi et al. 
hypothesized that the DNA sequences between amino acid 593 and 602 forms a palindromic 
intermediate resulting in DNA replication error and thereby inducing the tandem duplication 
(Kiyoi et al., 1998). Studies showing that approximately 95% of FLT3-ITD mutations from 
patients involve at least the duplication of one amino acid in the tyrosine rich stretch Y591 to 
Y599 (Kayser et al., 2009; Vempati et al., 2007) could be an indication of this. 

Until recently, it was generally believed that FLT3-ITDs were restricted to insertions 
in the JM domain. However, not long ago FLT3-ITDs were also found as insertions in the 
FLT3-TKD1 in as much as 28.7% of FLT3-ITD positive cases (FLT3-TKD-ITD) 
(Breitenbuecher et al., 2009b). As JM FLT3-ITDs, these mutations were shown to give rise to 
ligand-independent activation and transformation of cells and led to a lethal 
myeloproliferative disease in mice (Breitenbuecher et al., 2009b). It was suggested that these 
mutations changes the secondary protein structure in a way that also causes disruption of the 
autoinhibitory function of the JM. Nevertheless, further studies are needed to characterize the 
biologic and clinical characteristics of non-JM FLT3-ITDs.  

As previously explained, there is no sequence common for all the reported ITD 
mutations, although the majority at least one of the tyrosine residues in the JM domain 
(Kayser et al., 2009; Vempati et al., 2007). A study by Kiyoi et al evaluated the importance of 
duplicated tyrosines of this stretch in FLT3-ITD by performing phenylalanine substitution and 
expressed in a progenitor cell line (Kiyoi et al., 2002). Their results suggested that the 
tyrosines duplicated in FLT3-ITDs are of no importance for the transformation potential 
(Kiyoi et al., 2002). It has also been speculated in whether FLT3-ITD size matters for the 
prognosis of AML patients. Both long (Stirewalt et al., 2006) and short FLT3-ITDs (Kusec et 
al., 2006) have been associated with poor outcome of disease or has been reported to have no 
prognostic significance (Ponziani et al., 2006). A recently published report focused on the 
location of the ITD in FLT3 in a study involving FLT3-ITD positive AML patients and found 
FLT3-ITDs in beta1-sheet of TKD1 to be a negative prognostic factor (Kayser et al., 2009). 
Interestingly, the data also showed that the more c-terminal insertion site, the longer the ITD.  

Point mutations (FLT3-PM) of the FLT3 receptor are frequently found in AML 
patients. The most common point mutations involve amino acids D835 and I836 within the 
activation loop of TKD2 (FLT3-TKD-PM) (Abu-Duhier et al., 2001; Thiede et al., 2002). 
These are thought to involve substitutions, insertions, or deletions of residues in the AL of 
FLT3 with key regulatory properties triggering it into an active conformation. Point mutations 
are also detected in the JM (FLT3-JM-PM) and in TKD1, but these are rare (Schittenhelm et 
al., 2006; Spiekermann et al., 2002). FLT3-JM-PMs are believed to result in a minor change 
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of the structure of the juxtamembrane domain compared to a more severe alteration when 
FLT3-ITDs are involved, nevertheless, to some extent still reducing the stability of the JM 
domain in the autoinhibitory conformation (Reindl et al., 2006).  

Although FLT3 point mutations endorse constituent activation and 
autophosphorylation of the receptor just like FLT3-ITDs, these have distinct biological 
functions compared to FLT3-ITD. For instance, FLT3-TKD-PM exhibits a weaker 
transforming potential and signal transduction differences compared to FLT3-ITD have also 
been demonstrated (Choudhary et al., 2005). On the other hand, it is not defined if FLT3-
TKD-PM gives rise to an unfavorable outcome of disease in AML patients. While some 
studies suggest poorer outcome of disease and OS (Moreno et al., 2003; Thiede et al., 2002), 
others assert that TKD point mutations do not worsen OS (Meshinchi et al., 2006). The 
impact of FLT3-JM-PMs on patient prognosis is not known, however, these mutations have 
been shown to have a weaker transforming potential than FLT3-TKD point mutations and 
FLT3-ITD (Reindl et al., 2006). In mouse studies, mice harboring FLT3-ITDs mainly develop 
an oligoclonal myeloproliferative disorder, while FLT3-TKD positive mice generally develop 
oligoclonal lymphoid disorders (Grundler et al., 2005). Also, unlike FLT3-ITD, clinical 
studies have not associated FLT3-TKD-PM with leukocytosis (Meshinchi et al., 2006). 
 

Downstream signaling pathways of FLT3 

FL binding to FLT3 leads to homodimerization and conformational change of the receptor as 
well as rapid autophosporylation at specific tyrosine residues thereby creating docking site for 
signaling effector molecules at the intracellular domain. A complex of protein-protein 
interactions is formed by recruiting a number of adaptor proteins including; growth factor 
receptor-bound protein 2 (GRB2), GRB2 associated protein 1 (GAB1), GAB2, son of 
sevenless homolog 1 (SOS), SHC transforming protein 2 (SHP2), SHIP SH2-containing 
transforming protein C (SHC), SRC family kinases (Masson and Rönnstrand, 2009), Casitas 
B-lineage Lymphoma (c-CBL) (Sargin et al., 2007), and LNK (Lin et al., 2012). By binding 
to the complex, these adaptor proteins become activated and induce a cascade of 
phosphorylations leading to downstream signal transduction of pathways involving 
proliferation, survival, and differentiation (Dosil et al., 1993; Kiyoi et al., 2002; Lavagna-
Sevenier et al., 1998; Marchetto et al., 1999; Zhang and Broxmeyer, 2000). The main 
intracellular pathways activated by wildtype and mutant FLT3 signaling are the RAS/MAP-
kinase and PI3-kinase/AKT (Fig. 5), whereas the Jak/STAT pathway (Fig. 7) appears 
exclusively activated by FLT3-ITD mutations (Brandts et al., 2005; Hayakawa et al., 2000; 
Kornblau et al., 2006; Mizuki et al., 2000; Scheijen et al., 2004; Schwable et al., 2005).  
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Figure 5. FLT3 SIGNALING. Upon binding of FLT3 ligand to the receptor, two major signaling 
pathways are activated, i.e., RAS/MAP-kinase and PI3-kinase/AKT, which leads to a series of protein 
phosphorylations promoting proliferation, growth, metabolism, and survival. See text for further details. 
 
 
The mapping of the FLT3 phosphorylation sites has been quite slow considering that the 
receptor was identified more than 20 years ago, but some key tyrosine residues have been 
identified. Throughout this thesis I will refer to the human FLT3 phosphorylation sites, but 
the reader should be alert that in the mouse FLT3 gene the same residues exist but are 
displaced by one amino acid towards the C-terminal end. In vitro mapping of Y589 and Y591 
were the two first identified tyrosine-phosphorylation sites upon receptor activation, and are 
crucial for STAT5 activation (Rocnik et al., 2006). Y599 is also autophosphorylated upon 
receptor activation and is together with Y589 important for binding of Src family kinases and 
the protein phosphatase SHP2 (Heiss et al., 2006). Y845, Y892, and Y922 within the TKD are 
critical residues for the constitutive activation and signaling of D838V (Ishiko et al., 2005).  
	  

The RAS/MAP kinase pathway 
The mitogen-activated protein kinases (MAPKs) or extracellular signal-regulated protein 
kinases (ERKs) pathway is one of the best studied signaling cascades, and has been 
implicated in cellular responses ranging from survival to cell cyle, induction of gene 
expression, migration, and differentiation. There are four major MAP kinase subfamilies, i.e., 
the ERK1/2 (extracellular signal-regulated kinase) family, the p38 MAP kinases, c-Jun 
amino-terminal kinases (JNK), and the ERK5 family (Chung and Kondo, 2011). MAPK 
kinases are activated as a signaling cascade: MAPKKK (MEKK/RAF) activates MAPKK 
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(MEK1/2), which in turn activates MAPK (ERK1/2). Ras (rat sarcoma virus), which is a low-
molecular weight G-binding protein that hydrolyzes GTP, is the first member of MAPK 
pathway to be activated by RTKs via complex of several adaptor proteins, like Sos/GRB2 and 
SHC. Raf (rapidly accelerated fibrosarcoma) is a key effector downstream of Ras. Once 
activated, Raf can activate MEK1/2 and thereafter ERK1/2 by phosphorylation. Activated 
ERK1/2 in turn phosphorylates many substrates in the cytoplasm and nucleus, which result in 
diverse cellular responses. ERK1/2 and ERK5 are two members of the RAS/MAP kinase 
family that are rapidly phosphorylated upon FLT3 receptor stimulation, which in the case of 
ERK1/2 occurs through the interaction of GRB2/Sos with Y768, Y955, and Y969 on the 
FLT3 receptor (Masson et al., 2009; Razumovskaya et al., 2011).  

Several activating mutational hotspots of Ras family members (H-Ras, K-Ras and N-
Ras) have been found in almost one third of all human cancers (Bos, 1989). Hotspot 
mutations in either K-Ras or N-Ras cause hyperproliferation of hematopoietic cells in 
experimental mouse models and can initiate leukemia under some circumstances (Braun et al., 
2004; Sabnis et al., 2009; Van Meter et al., 2007). Although activating Ras mutations are 
found in AML patients (5-13%), they have no prognostic impact on OS and disease-free 
survival (Kadia et al., 2012; Shen et al., 2011 ). However, since activated ERK is detected in 
51-83% of AML cases (Ricciardi et al., 2005; Towatari et al., 1997), activation of signaling 
molecules further downstream in the pathway alternatively upstream receptors must be 
driving disease development. Phosphorylated ERK1/2 has been shown to be an adverse factor 
for survival in some patients with ALL or AML (Kornblau et al., 2006). 
	  

The PI3-kinase pathway 
The phosphoinositide 3-kinase (PI3K)/AKT signaling network has important functions 
regulating the proliferation, growth, metabolism, and survival of many cellular tissues. In 
hematopoietic cells, correct regulation of this pathway is important for both hematopoietic 
stem cell maintenance and lineage development (Polak and Buitenhuis, 2012). Since cellular 
responses such as proliferation, growth, and survival are the major functions that go wrong in 
cancer, it is not surprising that deregulation of the PI3K/AKT pathway has been implicated to 
be important for the transforming potential of cells in several cancers, including AML. AML 
as well as other human cancers frequently display constitutive PI3K/AKT signaling 
(Grandage et al., 2005; Park et al., 2010). The mechanism behind aberrant activation of 
PI3K/AKT pathway is not completely understood. Mutations of upstream RTK and mutations 
or amplifications of somatic components within the PI3K/AKT pathway, such as the PI3K 
catalytic subunit p110α (PIK3CA) and the tumor suppressor phosphate and tensin homologue 
(PTEN) are the most commonly observed mutations in human cancers. While clinical studies 
have related elevated PI3K/AKT phosphorylation with poorer prognosis in AML patients 
(Gallay et al., 2009; Kornblau et al., 2006), data from an additional study came to opposite 
conclusions (Tamburini et al., 2007). However, mutations within the PI3K/AKT signaling 
pathway are rare in AML (Hummerdal et al., 2006; Tibes et al., 2008), thus other activating 
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mutations, for instance in the FLT3 gene and possibly c-Kit (Hashimoto et al., 2003), could 
account for the majority of the identified causes of constitutive PI3K/AKT activation. 
Although mutations in the PIK3CA gene, which is somatically mutated in several types of 
human cancers (Samuels et al., 2004), confer leukemogenic potential to hematopoietic cells 
(Horn et al., 2008), these hotspots mutations are very rare in hematological malignancies 
(Muller et al., 2007) and have not been found in AML (Hummerdal et al., 2006). 

Phosphatidylinositol 3-kinases (PI3Ks) are a ubiquitously expressed family of lipid 
kinases defined by their ability to phosphorylate the 3´-OH group of the inositol ring in 
membrane inositol phospholipids. They are divided into three main classes on the basis of 
sequence homology and substrate preference in vitro (Katso et al., 2001). The enzymes of the 
PI3K family are recruited upon growth factor receptor activation and produce 3´-
phosphoinositide lipids. These lipid products act as second messengers by binding to and 
activating diverse cellular target proteins. Activation of PI3K thus constitutes the start of a 
complex signaling cascade, which results in proliferation, differentiation, survival, trafficking, 
chemotaxis, and glucose homeostasis. The levels of second messengers are regulated by 
PTEN and SHIP (Src-homology-2 containing inositol 5´-phosphatase), which are 
phosphatases that can specifically hydrolyze the 3´ and 5´ phosphates respectively from the 
lipid products. Mice lacking PTEN or SHIP have demonstrated an important role of PI3K in 
hematopoiesis since the maintenance of LT-HSCs and B cell development are affected 
(Desponts et al., 2006; Nakamura et al., 2004; Zhang et al., 2006).  

Class I PI3Ks, the most important in normal and malignant hematopoiesis 
(Buitenhuis and Coffer, 2009), are divided into two subclasses, class IA and IB, based on 
structural and functional differences. The class IA PI3Ks, which transmit signals from 
receptors with associated or intrinsic tyrosine kinase activity (RTKs), are heterodimeric 
proteins made up of a 110-kDa catalytic subunit and a p85 kDa regulatory subunit. The class 
IB PI3K transmits signals from G-protein coupled receptors. In contrast, signaling 
downstream class IA of PI3Ks occurs by protein-protein interactions involving the SH2-motif 
in the p85 subunit binding to the phosphorylated tyrosine residues of the ligand-activated 
RTK, resulting in the recruitment of PI3Ks to the plasma membrane. Hence the main function 
of the regulatory subunit is to place the p110 catalytic subunit of PI3K in the vicinity of its 
substrates. In addition, class IA kinases are also activated by direct binding of Ras to the 
catalytic subunit (Rodriguez-Viciana et al., 1994). Only the murine form of FLT3 has binding 
motif for the p85 subunit of PI3K and can directly associate with PI3K, whereas human FLT3 
can only activate PI3K indirectly via GAB2. GRB2/GAB2 binds to tyrosines 768, 955, and 
969 of FLT3 and thereby mediates signaling further to PI3K (Masson et al., 2009; Rottapel et 
al., 1994). 
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The AKT kinase 
The serine/threonine kinase AKT (also protein kinase B, PKB) is an important downstream 
mediator of PI3K, regulating survival, proliferation, and cell growth in a large variety of cells. 
AKT consist of a lipid binding plecktrin-homology (PH) domain, a central catalytic domain, 
and a shorter carboxy terminal regulatory domain. Upon RTK activation, AKT is recruited 
from the cytosolic compartment to the cell membrane interacting with PIP3 with its PH 
domain, which leads to complete activation of AKT by phosphorylation on residues Ser473 
by phosphoinositide-dependent kinase-1 (PDK1) and Thr308 by the mTORC2 complex 
(Polak and Buitenhuis, 2012).  

There are three isoforms of the AKT family; AKT1, AKT2, and AKT3, which are 
highly homologous and are in general broadly expressed. While AKT1 and AKT2 are found 
to a large extent in the hematopoietic system (Juntilla et al., 2007), AKT3 expression in this 
context is more unusual (Tschopp et al., 2005). Mice deficient in either AKT1 or AKT2 
develops normally, while double deficiency of AKT1/2 has been reported to cause defects in 
the repopulating function of LT-HSCs (Juntilla et al., 2010). These double-deficient AKT1-/- 
AKT2-/- cells caused persistence of long term-HSCs in the G0 stage of cell cycle, suggesting 
that the functional defect is due to increased quiescence (Juntilla et al., 2010). The normal 
function of AKT signaling seems therefore essential to maintain survival of hematopoietic 
cells during their differentiation and proliferation. Further support comes from an additional 
study where expression of constitutively active AKT in a retroviral transplantation model 
caused increased cycling of HSCs, expansion of immature myeloid cells, and subsequent HSC 
depletion as well as impaired engraftment, suggesting that activated AKT tilts the balance in 
favour of HSC exhaustion (Kharas et al., 2010).  

Proliferation and survival are central mechanisms of AKT signaling. The 
proliferation function of AKT involves promoting G1/S-phase entry to cell cycle by 
phosphorylating and preventing glycogen synthase kinase 3B (GSK3B) from negatively 
regulate cyclin D1 (Cross, 1995; Diehl et al., 1998). AKT has also been suggested to be 
involved in caspase-3 induction leading to cleavage and consequent inactivation of cell cycle 
promoting p27kip1 (Yang et al., 2012). The serine/threonine kinase mammalian target of 
rapamycin complex 1 (mTORC1) is associated with cell growth and proliferation and is 
activated by AKT (Polak and Buitenhuis, 2012). The tuberous sclerosis protein 1 
(TSC1)/TSC2 complex inhibits mTORC1 activation by hindering GTP-bound Rheb to 
activate mTORC1. Thus, AKT inhibition of TSC1/2 leads to activation of mTORC1 complex, 
which further contribute to cell growth and proliferation by promoting translation initiation 
and ribosome biogenesis through downstream effectors. The conditional deletion of the Tsc1 
gene in HSCs causing activation of mTOR was demonstrated to elevate ROS levels as well as 
increase the fraction of cycling HSCs and reducing their self-renewal capacity (Polak and 
Buitenhuis, 2012), implying that improper function of AKT can be detrimental due to 
elevated levels of harmful ROS.  
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AKT is found constitutively activated in several cancers and it seems that the right 
balance of AKT activation is critical not to develop malignancy. While elevated levels of 
phosphorylated AKT protein has been detected in the majority of AML cases (Tazzari et al., 
2004), and in particular T308 predicts poor OS (Gallay et al., 2009), hotspot mutations in the 
AKT1 gene (mainly E17K) as found in some other human cancers (Yi et al., 2012), have not 
been reported. The E17K mutation occurs in the PH domain and confers constitutive plasma 
membrane localization in the absence of growth factor stimulation, leading to increased AKT 
activation and phosphorylation of downstream target proteins (Carpten et al., 2007). In 
myristoylated AKT (myrAKT), a constitutively active variant of AKT1 used in many studies 
as well as in paper IV in this thesis to mimic activated AKT, activation is accomplished by 
fusing the protein to the Src myristoylation signal, which targets the protein to the cell 
membrane where it becomes activated (Kohn et al., 1996). The oncogenic ability of AKT has 
been demonstrated in mice transplanted with BM cells overexpressing myrAKT that develop 
myeloproliferative disease and T-cell lymphoma with high frequency (90% and 65%, 
respectively) and AML with a low penetrance (10%) (Kharas et al., 2010). In most cases, 
however, myrAKT can only initiate leukemogenesis when coexpressed with other oncogenic 
events such as Bcl-XL and Pim-1 (Hammerman et al., 2005; Karnauskas et al., 2003). 
 
Throughout my thesis lots of attention have been drawn to how oncogenic events involved in AML, 
mainly FLT3 mutations and activated AKT, affect cell death in hematopoietic and leukemic cells 
(paper I and IV). Furthermore, the mechanisms by which TKIs inhibit FLT3 signaling and function 
have been studied in great detail (paper I and II). For that reason the following section will describe 
the process of cell death regulation and how the balance between prosurvival and cell death-inducing 
mechanisms is enforced. 

Apoptosis 

Apoptosis is an important highly regulated mechanism of the cell for self-elimination when it 
becomes damaged or infected. Because of the high turnover of hematopoietic cells, apoptosis 
plays a key role in enabling a balance between formation of new blood cells and eradicating 
aged or damaged cells. Disruption of the apoptotic balance can result in cancer as well as 
autoimmune and degenerative diseases (Adams and Cory, 2007). The apoptotic procedure of 
a cell entails a number of events including cell shrinkage, inter-nucleosomal DNA cleavage, 
and the break-up into small vesicles (apoptotic bodies) that are engulfed by phagocytic cells. 

Caspases are a family of aspartate specific cysteine proteases in charge of 
degradation of proteins or the activation of DNAses leading to DNA degradation. The 
activation of caspases is regulated through either the extrinsic or intrinsic apoptotic pathways. 
The extrinsic pathway is initiated by ligand (TRAIL, FasL or TNF) binding to specific cell 
surface death receptors followed by recruitment of specific adaptor proteins such as FAS-
associated death domain protein (FADD) as well as caspase-8, which further activates and 
triggers the internal caspase cascade leading to apoptosis. In the intrinsic pathway of 
apoptosis on the other hand, a key feature is the mitochondrial outer membrane 
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permeabilization (MOMP) resulting in release of proapoptotic proteins such as cytochrome C, 
which as a consequence activate the caspases. More specifically, when released from the 
mithochondria, cytochrome C and adaptor protein APAF1 form a complex termed 
apoptosome, which activates procaspase-9 (Zou et al., 1999). The activation of caspase-9 
leads to cleavage and activation of caspase-3 and consequential cell death. The MOMP is a 
tightly regulated procedure, which is controlled by interactions within the B cell lymphoma-2 
(Bcl-2) family (Tait and Green, 2010). The two pathways of apoptosis are connected through 
crosstalk, which occur through caspase-8 and Bcl-2 family member Bid. 
 

The Bcl-2 family 
The interactions between pro- and anti-apoptotic proteins of the Bcl-2 family play a pivotal 
role in regulating the balance of survival and apoptosis of the intrinsic pathway of death. 
Commonly this occurs through disruption of the balance between pro- and anti-apoptotic 
members of the Bcl-2 family (Adams and Cory, 2007). This family consists of three 
subfamilies of proteins based on the arrangement of their Bcl-2 homology (BH) domains. The 
anti-apoptotic Bcl-2 subfamily includes Bcl-2, Bcl-XL, Mcl-1, Bcl-W, and A1. This group of 
proteins elicits anti-apoptotic effects by hindering the effector apoptotic proteins Bax and Bak 
from releasing cytochrome C through MOMP, thereby preventing caspase activation and 
subsequent apoptosis. The two other Bcl-2 subfamilies entail the proapoptotic proteins; the 
BH3-only proteins work upstream of the other family members and seems to be essential to 
initiate response to damage, and the Bax-like proteins acting downstream are essential for 
MOMP. Both these proapoptotic subfamilies are required in order to respond to stress-
induced apoptosis (Adams and Cory, 2007). 
 

 
 
Figure 6. REGULATION OF APOPTOSIS BY BCL-2 FAMILY MEMBERS. Apoptosis is initiated by 
BH3-only proteins (Bad, tBid, Bik, Bim, Bmf, Hrk, Noxa, and Puma) binding and thereby inhibiting the 
action of anti-apoptotic Bcl-2 members (Bcl-2, Bcl-XL, Mcl-1, Bcl-W, A1). This will induce the action of 
effector apoptotic proteins Bax and Bak, leading to release of cytochrome C from the mitochondria 
and induction of the apoptotic process. 
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The Bax-like proteins, which are termed effectors since they act to, permeabilize the 
mithochondrial outer membrane leading to cytochrome C release and consequent apoptosis. 
However, the mechanism for how they permeabilize the MOMP is unclear (Tait and Green, 
2010). The Bax-like proteins include Bax, Bak, and Bok sharing three conserved Bcl-2 
homology regions (BH1, BH2, and BH3) with Bcl-2. The other proapoptotic subfamily is 
termed BH3-only proteins, since it only shares this single domain with the other Bcl-2 family 
members. The BH3-only proteins are Bad, tBid, Bik, Bim, Bmf, Hrk, Noxa, and Puma, all of 
which mediate apoptotic effects by binding to the anti-apoptotic proteins and thereby 
releasing Bax and Bak (Fig. 6). Although controversial, some of them, such as Bim and tBid, 
have been implicated in activating Bax or Bak directly (Adams and Cory, 2007). Other 
studies, however, points towards an indirect activation model. Willis et al. demonstrated that 
Bak does not bind BH3-only-members (Willis et al., 2005). They also showed that Mcl-1 and 
Bcl-XL associate and inhibit Bak and that inactivation of these two anti-apoptotic proteins by 
BH3-only proteins is required for Bak-induced cell death. This suggests that BH3-only 
proteins mainly induce apoptosis through binding and inactivating the anti-apoptotic proteins 
that are guarding Bax-like proteins, at least for Bak (Adams and Cory, 2007; Willis et al., 
2005). It has become evident that affinity for different anti-apoptotic proteins varies 
significantly among the BH3-only proteins. Bim, Puma, and tBid have been shown to bind 
and inhibit all anti-apoptotic proteins, while other BH3-proteins are more restricted in their 
binding (Adams and Cory, 2007). For instance, Bad and Hrk only associate with Bcl-2, Bcl-
XL, and Bcl-w, whereas Noxa exclusively binds to Mcl-1 and A1 (Barrera-Vilarmau et al., 
2011). 

Knockout models of Bcl-2 members in mice have given insight to their individual 
roles in development and hematopoiesis. Mice homozygous deleted for Bcl-2 for instance, 
showed that Bcl-2 is important for lymphopoiesis but dispensable for myelopoiesis 
(Matsuzaki et al., 1997; Veis et al., 1993). Deletion of Mcl-1 on the other hand leads to early 
embryonic lethality (Rinkenberger et al., 2000). Conditional deletion of Mcl-1 in mice 
showed ablation of many BM cells including HSCs, suggesting a crucial role of Mcl-1 for 
homeostasis in early hematopoietic progenitors (Opferman et al., 2005). In addition, cytokines 
such as stem cell factor (SCF) induces transcription of Mcl-1 and is dependent on Mcl-1 to 
mediate its prosurvival function (Opferman et al., 2005). Contrary, results from Bim deficient 
mice suggest an important role of Bim for apoptotic induction within the hematopoietic 
compartment (Bouillet et al., 1999) since these mice were characterized by an increased 
number of lymphoid and myeloid cells resistant to cytokine deprivation but sensitive to 
apoptotic stimuli caused by DNA damage. 

In many cancers, deregulation of Bcl-2 family proteins occurs through activation of 
the PI3K/AKT, Ras/MAPK, and/or STAT5 pathways. In addition, overexpression of Bcl-2 by 
genetic alterations is found in a variety of cancers. High Mcl-1 expression is also common 
and recent reports suggest that this may have a severe impact on leukemogenesis and causes 
drug resistance (Campbell et al., 2010; Pepper et al., 2008; Stam et al., 2010; Zhang et al., 
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2002). Reversely, BH3-only proapoptotic proteins can act to suppress tumors (Egle et al., 
2004; Tan et al., 2005).  

 

AKT as an apoptosis-regulating kinase 
AKT regulates Bcl-2 family proteins in a complex way and involves both transcriptional and 
post-translational mechanisms. AKT elicits inactivation of BH3-only proteins by negatively 
regulating their transcription through inactivation of p53 (Mayo and Donner, 2001; Zhou et 
al., 2001) or FOXOs (Brunet et al., 1999). Bim and Puma have been shown to be upregulated 
downstream of AKT by the transcription factor FOXO3a upon stress or DNA damage 
(Dijkers et al., 2000; You et al., 2006). AKT phosphorylates MDM2 protein, which promotes 
its ability to act as a negative regulator of p53 (at both transcriptional level and as a E3 
ubiquitin level) (Mayo and Donner, 2001; Zhou et al., 2001). Puma and Noxa are 
transcriptional targets of p53 (Nakano and Vousden, 2001; Villunger et al., 2003), however 
their contribution to AKT-induced survival is not clear (Manning and Cantley, 2007). Bim is 
regulated through several post-translational regulation mechanisms. ERK1/2 can 
phosphorylate Bim, resulting in its degradation by the proteasome (Adams and Cory, 2007). 
In addition, AKT has been shown to directly phosphorylate and thereby inhibit proteins 
involved in apoptosis. AKT can phosphorylate Bad at certain serine residues, creating a 14-3-
3 binding site resulting in Bad dissociating from Bcl-XL in the outer mitochondrial membrane 
to the cytoplasm where a Bad/14-3-3 protein complex is formed (Manning and Cantley, 
2007). AKT phosphorylates human caspase-9, which when activated has a proapoptotic 
function downstream of the Bcl-2 family in the mitochondrial pathway. Moreover, AKT 
survival signaling has been suggested to activate the NF-kappaβ transcription factor complex, 
leading to activation of survival target genes (Manning and Cantley, 2007). 

Surprisingly, it has in recent years been shown that strong AKT activation can alter 
its prosurvival function to induction of apoptosis. This appears to be due to the ability of AKT 
to enhance oxidative stress followed by ROS-triggered cell death (Nogueira et al., 2008). 
Apparently, overstimulated AKT will eventually lead to sustained inhibition of FOXO 
transcription factors, which will lead to downregulation of antioxidative proteins. This has 
been demonstrated in hematopoietic progenitor cells when the cells are overexpressing 
myrAKT (van Gorp et al., 2006). Although of potential implications in cancer biology as a 
novel therapeutic approach to tilt AKT expression to proapoptotic functions, the mechansims 
are not yet fully understood.  
 

FOXO proteins 
FOXO3a belongs to the O subclass of the fork head family of transcription factors (FOXOs) 
and is accompanied by three more family members in mammals; FOXO1, FOXO4, and 
FOXO6. AKT phosphorylates all three members at three conserved threonine/serine sites 
(Brunet et al., 1999; Kops et al., 1999), which results in their translocation from the nucleus to 
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the cytoplasm where they form a complex with chaperone protein 14-3-3 and are degraded via 
the proteosome (Brunet et al., 1999; Kops et al., 1999). The conserved residues 
phosphorylated by AKT are Thr32, Ser253, and Ser315. Phosphorylation of FOXO3a inhibits 
the transcriptional activity of proapoptotic Fas-Ligand and Bim (Brunet et al., 1999; Gilley et 
al., 2003).  

The FOXO family is characterized by a distinct fork head box DNA-binding domain 
and seems to play a role in the development of cancer, which was initially revealed when it 
was found at chromosomal translocations (Greer and Brunet, 2005). As has been suggested 
for the other FOXO family members, FOXO3a is a crucial player in cell fate and function as a 
transcriptional promotor of cell cycle arrest, apoptosis, autophagy, DNA repair, and 
protection of cells from ROS (Brunet et al., 1999; Dijkers et al., 2000; Mammucari et al., 
2008; Medema et al., 2000; Nemoto and Finkel, 2002; Tran et al., 2002). These characteristics 
of FOXO3a transcriptional activity are in line with its presumed role as a tumor suppressor 
and promoter of longevity (Greer and Brunet, 2005). Moreover, lack of FOXO function is 
associated with cell proliferation and transformation (Burgering and Medema, 2003). 

The demonstration that a phosphorylation-deficient FOXO3a induced apoptosis in 
cerebellar granule neurons illustrated a role of FOXO3a as a mediator of apoptosis (Brunet et 
al., 1999). This was further supported by the identification of proapoptotic targets 
downstream of FOXO3a (Brunet et al., 1999; Dijkers et al., 2000; Gilley et al., 2003; Stahl et 
al., 2002; You et al., 2006). As described above, Bim is a transcriptional target of FOXO3a in 
hematopoietic cells, triggering apoptosis in a mitochondria dependent manner (Dijkers et al., 
2000; Gilley et al., 2003; Stahl et al., 2002). FOXO3a inactivation leading to downregulation 
of Bim has been suggested to be a crucial mechanism for BCR-ABL (Essafi et al., 2005; 
Kuribara et al., 2004) and FLT3-ITD (Brandts et al., 2005; Scheijen et al., 2004) to support 
cell survival. Similarily, FL binding to WT-FLT3 supports survival of hematopoietic cells by 
FOXO3a inactivation (Jönsson et al., 2004). Furthermore, upregulation of Bim by a FOXO3a-
dependent mechanism has been shown to be significant for the apoptotic response of targeting 
drugs such as paclitaxel-mediated apoptosis of tumor cells in breast cancer cells (Sunters et 
al., 2003), imatinib-induced apoptosis of BCR-ABL expressing cells (Essafi et al., 2005), 
TKI-mediated apoptosis of cells expressing FLT3 mutations (Leung et al., 2012; Nordigården 
et al., 2009), and treatment of cancer cells with ERBB inhibitors canertinib, erlotinib, and 
gefitinib (Boehrer et al., 2008; Costa et al., 2007; Cragg et al., 2007; Deng et al., 2007; Lainey 
et al., 2011; Nordigården et al., 2009). High phosphorylation of FOXO3a is found in AML 
patients with mutated FLT3 and correlates with worse prognosis, high development of 
resistance against therapeutic drugs, and lower duration of remission (Kornblau et al., 2010). 

While the induction of apoptosis is likely to be a way of FOXO3a to handle high-
level stress conditions, FOXO3a has been proposed to promote DNA repair as a protection 
mechanism during lower stress (Tran et al., 2002). An important mechanism of repairing 
damaged DNA and control the proliferation rate is by cell cycle arrest, which results in more 
time given for the cell to repair DNA (Zhou and Elledge, 2000). FOXO3a activation has been 
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linked to promoting G2/M arrest by transcription of the DNA-damage response gene Gadd45 
and cyclin G2 (Tran et al., 2002). Recent studies have shown that FOXO3a has a role in 
regulating DNA damage also by transcription of the ataxia telangiectasia (ATM) gene (Tsai et 
al., 2008), and that FOXO3a is required for ATM kinase activity (Yalcin et al., 2008). 
Furthermore, FOXO3a has been shown to induce upregulation of p27kip1 (Dijkers et al., 2000) 
and/or to mediate downregulation of cyclin D (Schmidt et al., 2002) to induce G1/S arrest. 
Induction of cell cycle arrest at either G1/S or G2/M promotes longevity but also tumor 
suppression (Medema et al., 2000; Schmidt et al., 2002; Tran et al., 2002). FOXO3a not only 
repair damages caused by ROS but has been reported to have a detoxification role of ROS by 
upregulating cellular antioxidant enzymes such as MnSOD (Kops et al., 2002), catalase 
(Kojima et al., 2010), and SIRT1 deacetylase (Brunet et al., 2004). This is also the underlying 
cause to why FOXO3a-deficient HSCs display increased levels of ROS, which leads to HSC 
depletion (Miyamoto et al., 2008; Tothova et al., 2007; Yalcin et al., 2010). 

 

Oncogenic FLT3 signaling 

There are a number of studies showing that FLT3 mutations constitutively phosphorylate and 
activate AKT, and that this aberrant signaling is required for ligand-independent cell survival 
and proliferation (Brandts et al., 2005; Scheijen et al., 2004). While this is not different from 
WT-FLT3 signaling, the Jak/STAT pathway appears exclusively activated by FLT3-ITD 
mutations where STAT5 appears to be the prominent target (Fig. 7) (Choudhary et al., 2005; 
Hayakawa et al., 2000; Kiyoi et al., 2002; Mizuki et al., 2000). In contrast, studies of FLT3-
TKD-PM demonstrate none or weak activation of STAT5 (Choudhary et al., 2005; Grundler 
et al., 2005). Another difference between these two FLT3 mutations is that SRC is a signaling 
mediator in FLT3-ITD+ but not in FLT3-TKD+ AML samples (Leischner et al., 2012). 
Contrary to this study, Choudhary et al. have demonstrated direct activation of STAT5 by 
FLT3-ITD without any involvement of JAKs or SRC (Choudhary et al., 2009). Most AML 
patients with FLT3-ITD mutations have high phosphorylation of STAT5 (O'Farrell et al., 
2003; Spiekermann et al., 2003). However, STAT5 is also activated in leukemic blasts of 
patients not harboring FLT3-ITD mutations. 	  
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Figure 7. FLT3-ITD SIGNALING. Similar to wildtype FLT3 receptor upon ligand activation, FLT3-ITD 
signals via the RAS/MAPK and PI3K/AKT pathawys. However, FLT3-ITD also activates the STAT5 
pathway specifically, which is believed to be essential for proliferation and survival, but also the 
transforming ability. See text for further details. 
	  

STAT5 
STAT5 is encoded by two different genes, STAT5a and STAT5b, sharing approximately 95% 
sequence homology and with overlapping as well as distinct functions (Grimley et al., 1999). 
Both genes belong to the large family of signal transducer of activator of transcription 
(STAT) family of transcription factors. STAT5 contains a DNA binding domain, a SH3-like 
domain, a SH2 domain, and a C-terminal transactivating domain. When a receptor becomes 
activated STAT5 is recruited to SH2-docking sites within the receptor where it is 
phosphorylated by JAKs or Src kinases on conserved tyrosine residues. Phosphorylated 
STAT5a and STAT5b then form homodimers or heterodimers that translocate to the nucleus 
to initiate transcription of target genes	   (Grimley et al., 1999). Some of the key genes of 
STAT5 execute vital cellular proliferative and/or anti-apoptotic functions. These include Bcl-
XL and cyclin D1, which are direct transcriptional targets of STAT5 (Matsumura et al., 1999; 
Socolovsky et al., 1999). In addition, STAT5 has been shown to repress miRNA15/16 
resulting in upregulation of Bcl-2 and Bcl-XL mRNA in myeloproliferative disease (Li et al., 
2010). The cytoplasmic serine/threonine kinase member Pim-1 is a STAT5 target, 
contributing to cell survival in part by enhancing Bcl-2 activity (Lilly et al., 1999), 
presumably through Bad inactivation (Aho et al., 2004). 
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FLT3-ITD+ cells are associated with increased Pim-1 expression and linked with Bad 
inactivation, which is prevented by FLT3 inhibition (Kim et al., 2005). In addition, Pim-1 
signaling is important for homing and migration of FLT3-ITD expressing cells through 
CXCR4 (Grundler et al., 2009). Mcl-1 is a posttranscriptional target of the PI3K/AKT- and 
RAS/MAP kinase pathways (Maurer et al., 2006; Tabrizi et al., 2009). It has also been shown 
that STAT5 is critical for induction of Mcl-1 in FLT3-ITD+ LSCs by STAT5-induced 
transcription of Mcl-1 and PI3K/AKT-mediated post-transcriptional upregulation of Mcl-1 
(Yoshimoto et al., 2009). 
 

STAT5 in FLT3-ITD+ AML 
Given the recent knowledge from conditional knockout mice lacking STAT5a/b that these 
genes are involved in HSC maintenance as well as indispensible for the maintenance of 
leukemia and lympho- or myeloproliferative diseases induced by oncogenes such as BCR-
ABL, Abl, and TEL-JAK2 oncogene (Hoelbl et al., 2006; Hoelbl et al., 2010; Kornfeld et al., 
2008), the link between FLT3-ITD and STAT5 is of particular interest. Strong activation of 
STAT5 upon FLT3-ITD expression in hematopoietic cells has been demonstrated in several 
studies (Chung et al., 2005; Hayakawa et al., 2000; Mizuki et al., 2000). Since STAT5 is only 
weakly phosphorylated or even remains inactivated in cells expressing FLT3-TKD-PM 
mutation or FL-induced WT-FLT3 has lead to the concept that STAT5 signaling through 
FLT3-ITD is mediating the transforming effect (Choudhary et al., 2007; Choudhary et al., 
2009; Moore et al., 2007; Rocnik et al., 2006). The tyrosine residues Y589 and Y591 have 
been identified as crucial for STAT5 activation by FLT3-ITD, and substitution of these two 
sites to phenylalanine not only abrogates phosphorylation of STAT5 but also inhibits the 
development of myeloproliferative disease in FLT3-ITD+ mice (Rocnik et al., 2006). 
Overexpression of either FLT3-ITD or STAT5a in human CD34+ CB cells disrupts 
differentiation of HSCs and enhances the self-renewal potential (Moore et al., 2007). In 
addition, studies using mouse BM transplant models have shown that constitutively active 
STAT5 elicits a similar myeloproliferative syndrome as FLT3-ITD (Kelly et al., 2002b; 
Schwaller et al., 2000). 

Aberrant localization of FLT3-ITD in the endoplasmatic reticulum (ER) has been 
suggested to be a prerequisite for FLT3 activation of STAT5. Choudhary et al. demonstrated 
that ER-retention of FLT3-ITD activates STAT5 (and Pim-1), but not PI3K or MAPK 
signaling. In contrast, surface localization of FLT3-ITD resulted in weak phosphorylation of 
STAT5 but strong PI3K and MAPK activation (Choudhary et al., 2009). Since WT-FLT3 is 
mainly expressed as a mature glycosylated 150-kDa molecule located on the cell surface, 
FLT3-ITDs are predominantly expressed as 130-kDa high mannose molecules retained in 
intracellular compartments, which may be caused by inefficient folding and maturation of 
FLT3-ITD (Koch et al., 2008; Schmidt-Arras et al., 2005). Intracellular activation of FLT3 by 
oncogenic mutations may exploit the cellular structure to initiate aberrant signaling cascades 
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and consequently escaping negative regulation (Choudhary et al., 2009). In contrast to FLT3-
ITD, intracellular expression of FLT3-TKD-PM D835Y lead to suppression of its 
transforming activity, suggesting first different molecular mechanisms for mutagenic 
signaling compared to FLT3-ITD (Schmidt-Arras et al., 2005), but also explaining why 
FLT3-ITD transformation would be dependent of STAT5. 

A study by Sallmyr et al. demonstrated that FLT3-ITD expression in mouse and 
human cell lines lead to increased ROS production and suggested a mechanism through 
STAT5 interaction with GTP-RAC1, which is an indispensible component for ROS-
generating NADPH-oxidase (Sallmyr et al., 2008a). This was not seen for FLT3-TKD-PM 
D835Y, which only gave rise to a minor increase in ROS. Increased ROS levels by FLT3-ITD 
was supported by a recent study that connected the high ROS levels of FLT3-ITD+ cells to 
partial inactivation of tumor suppressive gene tyrosine phosphatase (PTP) DEP-1, which has 
been recognized as a negative regulator of autophosphorylation of WT-FLT3 (Arora et al., 
2011; Godfrey et al., 2012).  

 

FLT3 mutations in leukemogenesis 

Clinical implications 
With a frequency of approximately 30% of all AML, constitutively activating mutations in   
FLT3 are the second most mutated gene in AML (Kindler et al., 2010). The most prevalent 
mutated version is the ITD, present in 20-25% of AML patients, less than 5% of 
myelodysplastic syndrome (MDS) patients, and occassionally found in patients with ALL or 
CML. In addition, gain-of-function point mutations in the activation loop in the TKD are 
detected in about 7% of patients with AML (Stirewalt and Radich, 2003). Approximately 5-
15% of children with AML exhibit FLT3 mutations (Takahashi, 2011). The presence of 
FLT3-ITD is highly associated with increased leukocytosis, high percentages of leukemic 
blasts in peripheral blood and BM, and associates often to cytogenetically normal AML 
patients. In addition, FLT3-ITD mutations correlate with an increased risk of relapse and poor 
OS (Frohling et al., 2002; Kottaridis et al., 2001; Santos et al., 2011; Thiede et al., 2002). 
Therefore FLT3-ITD is now a widely accepted prognostic factor in AML with normal 
karyotype. FLT3 mutations are less common in other defined cytogenetic subgroups of AML, 
such as patients with t(8;21), inv16, or 11q23 translocation (3%-10%) (Santos et al., 2011). 
FLT3-TKD mutations seem to be more common in patients with inv(16) (24%) but are 
uncommon in other cytogenetic subtypes of AML. 

The correlation between length of duplications and a worse overall prognosis is 
controversial. However, FLT3 status has been reported to sometimes change from the time at 
diagnosis to relapse. While some patients are detected with changed length or numbers of 
FLT3-ITDs at relapse, others lose their FLT3-ITD (How et al., 2012; Ishii et al., 1999; 
Kottaridis et al., 2001; Schnittger et al., 2002; Thiede et al., 2002). Furthermore, in some 
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patients FLT3-ITDs are not detected at the time of diagnosis but occur at the time of relapse 
(Cloos et al., 2006; Kottaridis et al., 2001). FLT3-ITDs have therefore been suggested to be 
unstable secondary events of leukemogenesis. Despite the equivalent rate of complete 
remission achieved in FLT3-ITD+ patients in comparsion to those with WT-FLT3, patients 
with FLT3-ITD relapse more often and after a shorter duration (Cloos et al., 2006; Frohling et 
al., 2002; Kottaridis et al., 2001; Santos et al., 2011; Schnittger et al., 2002). 

The allelic variation (ITD to WT ratio) in FLT3 has been reported to have prognostic 
value in AML (Kottaridis et al., 2001; Thiede et al., 2002). In approximately 16% of AML 
patients with FLT3-ITD, the ratio between FLT3-ITD and the WT-FLT3 gene is greater than 
1, implying increased copy number of FLT3-ITD or loss of the WT allele. This is associated 
with a high risk of relapse and significant poor OS (Gale et al., 2008; Griffiths et al., 2005). A 
recent study showed that all cases with a high FLT3-ITD level also had a UPD covering the 
FLT3 gene (Gupta et al., 2008). Another report studying TKIs on AML patient samples 
suggested that a high mutant allelic burden were more likely to be responsive to FLT3 
inhibitors compared to samples with a low mutant allelic burden (Pratz et al., 2010). Loss of 
the WT-FLT3 allele by CN-LOH, which appears to be the common underlying cause 
(O'Keefe et al., 2010), could therefore correlate to worse outcome. However, conflicting 
results have been published where FLT3 allele burden had no significant influence (How et 
al., 2012). 

Recent studies have demonstrated that AML patients undergoing chemotherapy 
develop >50-fold higher induction of FL levels in peripheral blood (Sato et al., 2011). This 
high level of FL can result in stimulation of mutant receptors and could account for the failure 
of TKI-treatment in clinical trials as well as in higher relapse seen in some FLT3-ITD+ AML 
patients undergoing intensive chemotherapy (Sato et al., 2011). There is multiple 
experimental support for this hypothesis from in vitro studies on leukemic cells (Sato et al., 
2011; Zhou et al., 2009). Interestingly, in patients undergoing conventional chemotherapy 
resulting in BM myelosuppression the FL levels increase significantly (Blumenthal et al., 
2000), suggesting that FL may be involved in resistance to therapy of leukemic cells residing 
in the BM. 
 

Experimental mouse models to study FLT3-ITD in leukemogenesis 
Current data suggest that activating mutations of FLT3 is not adequate to alone generate 
AML. FLT3-ITD mutations retrovirally tranduced into donor BM and transplanted into mice 
induce a fatal myeloproliferative disease-like phenotype, but are insufficient to alone induce 
leukemia (Grundler et al., 2005; Kelly et al., 2002b; Rocnik et al., 2006). Concordingly, in an 
FLT3-ITD knockin mouse model a lethal myeloproliferative disease was developing that did 
not progress to AML (Li et al., 2008). When LT-HSCs were isolated from these mice and 
transplanted to secondary recipients it was demonstrated that the expansion of myeloid 
progenitors starts with overproliferation by the constitutive activated FLT3-ITD in HSCs that 



	   29 

rapidly become depleted (Chu et al., 2012), indicating an important link between stem cell 
quiescence and myeloproliferation by FLT3-ITD. This knockin mouse strain is normally bred 
heterozygously to contain one ITD allele and one WT allele. However, in a parallell study the 
authors investigated the significance of the WT allele by generating homozygous (FLT3-
ITD/ITD) and hemizygous (FLT3-/ITD) mice (Li et al., 2011). Heterozygous FLT3-/ITD mice 
lacking the WT allele displayed a more severe myeloproliferate neoplasm with larger spleen, 
higher white blood cell counts, and shorter survival, compared to WT-FLT3/ITD mice. FLT3-
ITD/ITD mice had even a more severe myeloproliferative stage and spontaneous leukemia 
developed in some of these mice, which was never observed in hemizygous mice or mice 
having one WT allele. These results suggest that CN-LOH of the FLT3 gene contributes to 
the development of a more severe disease.  

The function of FL has also been addressed in genetically modified mice. Kharazi et 
al. used another knockin mouse model (Lee et al., 2007) and were able to confirm the more 
severe disease in homozygous FLT3-ITD/ITD mice. Importantly, they could show that 
myeloproliferation in the mice was FL-independent since FLT3-ITD/ITD mice bred to FL-
deficient mice had no impact on the phenotype (Kharazi et al., 2011). 

Several studies utilizing genetically modified mice have demonstrated that additional 
genetic events cooperating with FLT3-ITD are required for the myeloproliferative disease to 
progress to AML. Thus, mutations in the C/EBPα gene (Reckzeh et al., 2012) as well as 
fusion proteins of MLL-AF9 (Stubbs et al., 2008), NUP98-HOXD13 (Greenblatt et al., 2012), 
and PML/RARA (Kelly et al., 2002a) all generate AML with high penetrance and short 
latency. The NOD/SCID mouse model has been very valuable to study the signficance of 
FLT3-ITD in AML. First, there is increasing evidence that FLT3-ITD mutations are present 
in the CD34+38- LSCs population in AML patients when transplanted to mice (Levis et al., 
2005). Second, AML cases with FLT3-ITD have a higher engraftment capacity in NOD/SCID 
mice (Lumkul et al., 2002; Rombouts et al., 2000).  
 

FLT3-targeted therapy 
The findings of activating mutations in FLT3 in a significant proportion of AML patients and 
since most of these mutations are associated with a poor prognosis, have made FLT3 an 
attractive therapeutic target. The success with imatinib mesylate in the treatment of CML, still 
remaining the best example of targeted therapy with small-molecule TKI in clinical practice, 
have led to the development of more than 20 inhibitors with activity towards FLT3 (Leung et 
al., 2012). The quinoxaline derivate AG1295 was the first inhibitor to be used against FLT3 
activity but was not clinically useful due to problems with solubility and bioavailability 
(Levis et al., 2001). However, several other inhibitors with activity to FLT3 have been/is 
evaluated in clinical trials (reviewed by	  Kindler et al., 2010; Leung et al., 2012; Pemmaraju et 
al., 2011): PKC412 (midostaurin; Novartis), CEP-701 (lestaurtinib; Cephalon Inc.), MLN-518 
(tandutinib; Millennium Pharmaceuticals), SU11248 (sunitunib; Pfizer), SU5416 (semaxanib; 
SUGEN), Bay 43-9006 (sorafenib; Bayer Pharmaceuticals), KW-2449 (Kyowa 
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Pharmaceuticals), and AC220 (Amit Biosciences). The majority of these drugs are 
heterocyclic compounds that inhibit the activity of FLT3 by acting through competitive 
binding to the ATP-site within the TKD of the receptor. Generally these inhibitors are not 
completely specific for FLT3 and have activity towards other kinases as well in varying 
degrees. In addition to TKIs, an antibody inhibitor towards FLT3 has shown successful in pre-
clinical experiments and is currently tested in phase 1 clinical trial of AML patients (Kindler 
et al., 2010). 

Although first promising due to efficient killing of relevant target cells in vitro, the 
experience that drug resistance develops in a substantial number of patients in clinical trials 
calls for concerns. A major problem is that the inhibitors generally are efficient in targeting 
FLT3 blast cells in peripheral blood whereas the effect in the BM is limited. As a single agent 
complete remission has only been achieved in few FLT3-ITD+ AML patients. However, when 
combined with conventional cytostatic drugs, the TKIs gained in effect and improved the rate 
of complete remission. However, relapses occur in many cases and OS was not improved 
(Kindler et al., 2010; Leung et al., 2012). 

PKC412 was used in paper I-III in this thesis to inhibit activity of mutated FLT3 in 
cell culture assays. It belongs to the family of benzoylstaurospourine and was originally 
developed to inhibit protein kinase C (PKC). Apart from FLT3 it also inhibits several other 
kinases including PDGF-R and c-Kit (Meyer et al., 1989; Weisberg et al., 2002). PKC412 has 
been evaluated in clinical trials of AML patients with FLT3 mutations as a single agent 
(Fischer et al., 2010; Stone et al., 2005) and also in combination with the conventional chemo 
therapeutic agents daunorubicin and cytarabine (Weisberg et al., 2012), which has moved 
forwards to phase III (NCT00651261).  
 

Resistance mechanisms 
Lack of initial response of FLT3 targeting drugs in AML patients may have many 
explanations. For instance, some FLT3 mutations have shown primary insensitivity or lower 
response to certain inhibitors (Breitenbuecher et al., 2009a; Grundler et al., 2003; Kancha et 
al., 2007). A novel non-JM mutation integrated into the beta2-sheet of FLT3 was shown to 
cause resistance towards PKC412 by upregulation of Mcl-1 (Breitenbuecher et al., 2009a).  
Another option is that the cells may be addicted to another genetic aberrancy and not to FLT3 
signaling, or that activation of alternative pathways or crosstalk with another receptor drives 
the disease (Kornblau et al., 2006). Upregulation of parallel signaling pathways providing 
compensatory survival/proliferation signals when FLT3 is blocked, for instance the 
PI3K/AKT or RAS pathways, has been demonstrated in human cell lines through prolonged 
coculture with FLT3 inhibitor (Piloto et al., 2007). Also, high FLT3-independent expression 
of Bcl-2 has been found in primary blasts with FLT3 mutations, indicating a compensatory 
pathway that may mediate resistance to FLT3 inhibition (Kohl et al., 2007). 
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With regard to the patients that initially responded to FLT3 inhibitors but later 
relapsed, a considerable number of resistance mechanisms have been proposed. Some of these 
were originally detected in vitro in cell cultures. Point mutations within TKD1, affecting the 
ATP-binding pocket of FLT3-TKD1, preventing drugs from binding, was identified in cell 
lines using PKC412, SU5614, and K-252a (Bagrintseva et al., 2004; Cools et al., 2004). 
However, this mechanism has only been demonstrated in one AML patient harbouring a 
N676K mutation resistant to PKC412 (Heidel et al., 2006).  

Interestingly, a study where the level of FL was determined before and after 
chemotherapy of AML patients revealed highly increased levels of FL as a consequence of 
chemotherapy (Sato et al., 2011). Furthermore, cell culture assays where FL was added 
showed reduced cytotoxic response towards several FLT3 inhibitors, suggesting that 
chemotherapy itself may impede the efficacy of FLT3-targeting drugs. An additional study 
demonstrating that FL further activated FLT3 mutants further supports this hypothesis (Zheng 
et al., 2011). Data from another study showed highly elevated surface expression of FLT3-
ITD as a mechanism of resistance due to prolonged exposure to PKC412 in cell lines 
(Weisberg et al., 2011). 

Until recently there have been few actual mechanisms of resistance demonstrated in 
AML patients with FLT3-ITD mutations. However, there is now strong evidence that 
resistance development in patients emerge through the clonal selection of resistant blasts with 
additional FLT3-TKD mutations (Smith et al., 2012). This was observed in 8 out of 8 AC220-
resistant FLT3-ITD+ AML patients where mutations of AL-D835 and “gatekeeper” residue 
F691 were detected. In another study, FLT3-ITD+ AML patients were genotyped prior to and 
after Bay 43-9006 treatment. At relapse, 4 out of 6 patients carried additional D835 mutations 
(Man et al., 2012). It is, however, to early to conclude whether these mutations were acquired 
during treatment or if rare resistant clones with both FLT3-ITD and D835 mutations were 
present from the beginning and selected for during treatment. 

The evidence that FLT3-ITD mutations are present in LSCs suggests that the BM 
microenvironment adds further complexity to pharmaceutical intervention. Levis et al. 
compared the ITD/WT allele ratio in CD34+38- AML patient cells versus the unsorted 
population but could not detect any difference in expression, suggesting that FLT3-ITD 
mutations are present in LSCs (Levis et al., 2005). If this is the case, the LSCs may be 
initially resistant to TKIs due to the HSC quiescent state and/or because of interactions to BM 
stromal cell components and the protective nature of the hypoxic stem cell niche (Eliasson 
and Jönsson, 2010; Konopleva et al., 2002). CXCR4 has been shown to be important in 
stromal-leukemic cell interactions and a significantly higher expression of CXCR4 is detected 
in FLT3-ITD+ AML samples compared to those with WT-FLT3 (Kindler et al., 2010; 
Rombouts et al., 2004). The use of small-molecule CXCR4 inhibitors has been shown to 
cause mobilization of leukemic blasts resident in the BM and to improve chemotherapy- and 
FLT3 inhibitor-induced apoptosis of AML cells protected by BM stromal cells (Nervi et al., 
2009; Zeng et al., 2009).  
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FLT3-ITD: driver or passenger mutation? 
In more than 80% of AML patients with FLT3-ITD, the mutations are present already at 
diagnosis and relapse, which suggests that ITDs are driver mutations causally implicated in 
leukemia development (Kottaridis et al., 2001; Shih et al., 2002). However, the lack of 
clinical efficacy of TKIs in clinical trials of FLT3-ITD+ AML patients have called into 
question the validity of FLT3 as a therapeutic target, and whether FLT3-ITDs are actually 
driver mutations. Sequencing of the genome of 24 AML patients recently identified at least 
two AML driver mutations in genes recurrently mutated in each patient (Welch et al., 2012), 
where one was convincingly shown to be FLT3-ITD. In addition, Smith et al. reported point 
mutations at three residues in FLT3-ITD-TKD1 that confer substantial resistance to AC220 
(quizartinib), a novel TKI with activity to FLT3, c-Kit, and PDGF-R (Smith et al., 2012). 
Two of these three mutations were observed in all eight AML patients with acquired 
resistance to AC220, suggesting that FLT3-ITD represents a driver mutation. 

In an effort to identify other driver mutations in the FLT3 gene, Fröhling et al. 
identified nine alleles as candidate leukemic genes in 222 FLT3-ITD- adult AML patients by 
high-throughput DNA sequence analysis of all FLT3 coding exons (Frohling et al., 2007). Of 
the four activating mutations identified, two within the JM but not the remaining two, one 
AL-TKD and one extracellular domain mutation, conferred the IL-3-dependent hematopoietic 
progentior cell line Ba/F3 cytokine-independent. The mutations also displayed varying degree 
of sensitivity to PKC412, suggesting that mutations outside the normally studied mutational 
hotspots, i.e., JM-ITD and AL-TKD, may be valid mutations to be included in diagnostic 
screens.  
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Aims and Hypothesis of the Thesis 

 
The overall aims of this thesis were: 

 

• to characterize the transforming mechanisms of mutated FLT3 receptors 

• to identify the key target molecules downstream of FLT3 signaling and their 

involvement in apoptosis control 

• to explore the cell death-inducing effects by various FLT3 targeting inhibitors 

 

 

One of our hypotheses was that FLT3 targeting drugs elicit apoptotic function by upregulating 
proapoptotic BH3-only proteins, which tilt the balance of Bcl-2 family members towards cell 
death. This was based on the previous findings that the transcriptional activation of the two 
BH3-only proteins Bim and Puma by FOXO3a is suppressed by AKT through FLT3 
signaling.  

 

In addition, we theorized that pharmaceutical drugs with multikinase blocking properties 
besides FLT3 selectivity exhibit stronger antileukemic responses.  

 

Furthermore, we reasoned that despite multiple evidence for a prominent role for STAT5 in 
the transforming ability of FLT3-ITD, the role of AKT as an essential component for FLT3-
ITD signaling was underestimated. A clarification of the separate roles of AKT and STAT5 
could give insight for new therapeutic strategies. 

  

Finally, considering the substantial differences in length and amino acid composition of 
FLT3-ITD mutations, we hypothesized that various FLT3-ITDs may possess different 
transforming ability due to quantitative and/or qualitative variations in signaling, and that they 
therefore could respond to a different degree to FLT3-targeting drugs.  
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Results and Discussion of Papers in the Thesis 

 

PAPER I 
 
Bim is more critical than Puma in tyrosine kinase receptor inhibitor-induced 
apoptosis of human leukemic cells or hematopoietic progenitor cells carrying 
oncogenic FLT3-ITD  
 
FLT3 is one of the most frequently detected mutations in AML patients and clinical data 
suggest that FLT3-ITD mutations confer a poor prognosis. Therefore the expectations of 
FLT3 as a target in pharmaceutical intervention of AML patients with FLT3 mutations have 
been very high in recent years. Following the first documented FLT3-targeting inhibitor 
AG1295, which however was not clinically useful due to limited solubility in biological fluids 
(Levis et al., 2001), a large number of FLT3 targeting inhibitors have been developed and 
evaluated in clinical trials (Kindler et al., 2010; Leung et al., 2012; Pemmaraju et al., 2011). 
In contrast to most in vitro studies where these drugs show efficient activity to FLT3, the 
experience from clinical trials are disappointing and leukemic cells becoming resistant 
towards FLT3 inhibitors is a crucial obstacle to overcome. A strategic approach to improve 
therapy for AML patients with FLT3 mutations would be to clarify which FLT3-ITD-
mediated signaling events are important for escaping apoptosis and how inhibitors affect 
these. This could reveal attractive targets downstream of FLT3 to be used for combination 
therapy.  

Previous studies have demonstrated that the PI3K/AKT pathway support cell 
survival by repression of transcription factor FOXO3a in WT-FLT3 (Jönsson et al., 2004) and 
in FLT3-ITD-expressing cells (Brandts et al., 2005; Scheijen et al., 2004). Because the 
proapoptotic BH3-only proteins Bim and Puma are transcriptional targets of FOXO3a 
(Dijkers et al., 2000; You et al., 2006) and induction of FOXO3a-phosphorylation by FLT3-
ITD correlates with Bim suppression (Scheijen et al., 2004), we aimed in paper I to elucidate 
whether activation of the FOXO3a pathway had a role in FLT3-inhibitor mediated apoptic 
induction in FLT3-ITD expressing cells and if this could be linked to upregulation of Bim and 
Puma. We chose to focus on these two BH3-only proteins because they bind all the Bcl-2 
prosurvival proteins, whereas others, such as Noxa and Bad, engage distinct subsets and 
therefore are likely to exhibit differential killing (Willis and Adams, 2005). Furthermore, Bim 
and Puma have overlapping effects but also distinct roles (Erlacher et al., 2005), and can be 
activated in response to cytotoxic stimuli, including chemotherapeutic drugs (Puthalakath and 
Strasser, 2002).  

To simplify biochemical and molecular analysis, we generated FLT3-ITD-expressing 
cells by retroviral gene transfer to IL-3-dependent hematopoietic progenitor cell line FDC-P1. 
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To begin with, we found that FLT3-ITD signaling activated ERK, AKT, and FOXO3a in 
FDC-P1/FLT3-ITD cells. As is true for other progenitor cell lines (Ba/F3 and 32D), FDC-P1 
cells become factor-independent when expressing FLT3-ITD and can be selected after 
infection simply by withdrawal of IL-3 in the culture media. While FLT3-ITD signaling 
activated both PI3K/AKT and ERK signaling, and inhibited FOXO3a, treating the cells with 
inhibitors LY294002 (targeting the PI3-K/AKT pathway) or PD98059 (targeting the ERK-
pathway) revealed a more crucial role for AKT. Thus, treatment with LY294002 induced a 
cell cycle block and few cells remained in the S-phase of cell cycle, whereas PD98059 had 
little effect.  

We next examined the effects of FLT3-inhibitors AG1295 and PKC412 and found 
inactivation of AKT, downregulation of phosphorylated FOXO3a (hence activation), 
accumulation of Bim and Puma, increased staining for annexin V, and cleavage of caspase-3, 
i.e., typical signs of apoptosis. In addition, primary AML cells from patients harbouring FLT3 
mutations were also tested for inhibitor effects. Consistent with these results, treatment lead to 
upregulation of Bim and Puma in human leukemic cell lines expressing mutated FLT3 
(MV4;11 expressing FLT3-ITD and MonoMac expressing FLT3-JM-PM), indicating that 
apoptotic induction is not limited to FDC-P1 cells.  

To investigate the importance of phosphorylation of FOXO3a as a mechanism to 
escape apoptosis, we retrovirally transferred a phosphorylation-deficient, constitutive active 
variant of FOXO3a to FDC-P1/FLT3-ITD cells. Because FOXO3a is fused to the estrogen 
receptor (ER) in this vector, its transcriptional activity is induced by 4-hydroxy-tamoxifen-
treatment. Both Bim and Puma were upregulated and apoptosis was induced, indicating that 
the mechanism by which FLT3 inhibitors elicit cell cycle block and apoptosis is by FOXO3a-
dependent activation of Bim and/or Puma. To elucidate the possible dependence of FOXO3a 
activity and the expression of Bim and Puma in inhibitor mediated death, we used a siRNA 
approach. Silencing of Bim or FOXO3a, but not Puma, prevented apoptotic induction of 
FDC-P1/FLT3-ITD cells treated with FLT3-inhibitor. We further addressed this question 
using BM cells infected with FLT3-ITD from Bim and/or Puma-deficient mice. Loss of Bim 
in hematopoietic progenitor cells led to resistance to FLT3-inhibition, while loss of Puma 
provided only a subtle protection. These results demonstrate an indispensable role of Bim in 
apoptotic induction of FLT3-ITD+ cells using FLT3-inhibitors. Furthermore, by chromatin 
immunoprecipitation assays (ChIP) on the forkhead responsive element present in the mouse 
Bim promoter we could determine a direct binding of FOXO3a to the Bim promotor in FDC-
P1/FLT3-ITD cells treated with AG1295.  

Taken together, the results in paper I confirm our hypothesis, suggesting a vital role 
of FOXO3a repression and subsequent downregulation of Bim to leukemic cell survival by 
FLT3-ITD signaling and that FLT3 inhibitors cause apoptosis by induction of Bim due to PI3-
kinase/AKT and FOXO3a phosphorylation. This suggests that restoring the activity of Bim 
combined with FLT3-targeting inhibition could be a promising therapeutic strategy. In 
general it seems that upregulation of BH3-only members, and in particular Bim, plays a 
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prominent role in apoptosis mediated by anti-cancer agents (Adams and Cory, 2007; Cory and 
Adams, 2002; Puthalakath and Strasser, 2002). Upregulation of Bim by FOXO3a has been 
shown to be crucial for the apoptotic response of targeting drugs in vitro, such as paclitaxel in 
breast cancer (Sunters et al., 2003), imatinib in BCR-ABL-expressing cells (Essafi et al., 
2005), and ERBB inhibitors in lung cancer (Costa et al., 2007; Cragg et al., 2007; Deng et al., 
2007). Conversely, phosphorylation of FOXO3a leading to downregulation of Bim has been 
suggested to be a crucial cell survival mechanism of BCR-ABL protein (Essafi et al., 2005; 
Kuribara et al., 2004). Bim has also been shown to be important in mediating apoptosis in 
chemotherapy-treated leukemic cells (Kuroda et al., 2006). Thus, FOXO3a function upon 
RTK inhibition is a common theme in novel inhibitor strategy.  

Bim is likely to be one of the most effective apoptotic mediators of the BH3-only 
proteins and can elicit cell death either by its potency of binding and inhibiting all prosurvival 
family members (Certo et al., 2006; Chen et al., 2005; Merino et al., 2009) and in addition 
possibly through directly inducing Bak and Bax (Kuwana et al., 2005; Letai et al., 2002). 
However, Puma also binds to all prosurvival Bcl-2 family members, but still Puma was not as 
efficient as Bim. Similar to our study, others have concluded a more crucial role for Bim than 
Puma in triggering tumor cell death. A combination of the ribonucleotide reductase inhibitor 
hydroxyurea combined with histone deacetylase inhibitors exerted anti-tumor activity in head 
and neck squamous cell carcinoma (HNSCC) cell lines by Bim induction in contrast to 
absence of increased expression of Puma (Stauber et al., 2012). This was confirmed in a 
xenograft mouse model where treatment blocked tumor growth correlating with Bim 
induction. More importantly, elevated Bim levels were detectable in apoptotic tumor centers 
in biopsies from HNSCC patients, underlying Bim’s clinical relevance (Stauber et al., 2012). 
There are also other examples were Bim have a more profound role than other BH3-only 
proteins in mediating anti-tumor activity, and where the effects have been shown to be 
mediated by FOXO3a activity. For instance, the MEK1/2 inhibitor AZD6244 (AstraZeneca) 
executes killing of human lung cancer cell lines mainly by eliciting a large increase of Bim 
and to a smaller extent by Puma and Noxa (Meng et al., 2010). Analogous to our paper, the 
prominent role of FOXO3a and Bim was confirmed by siRNA. However, Puma appears to be 
as crucial as Bim to execute drug-mediated killing in some cases. In a transgenic Eµ-Myc 
mouse lymphoma model, efficient killing by DNA-damaging chemotherapeutic agents is 
impaired in mice lacking Puma and is not more drug-resistant in mice lacking both Puma and 
Noxa. However, Bim is upregulated in treated mice and knockdown of Bim in Eµ-Myc/Noxa-

/-Puma-/- mice markedly increased drug resistance (Happo et al., 2010). In these mice killing 
was dependent of the P53 pathway, and thus different cytostatic drugs may display distinct 
effects by converging on either the P53 pathway or the AKT/FOXO3a pathway. An 
interesting aspect would therefore be to consider combined treatment of two drugs, one 
inducing Bim-activation by RTK inhibition, the other taking advantage of P53-mediated 
effects on Puma transcription and activation.  
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Considering recent results demonstrating that Noxa, but not Bim and Puma, can 
overcome Mcl-1 conferred resistance towards ABT-737, a BH3-only mimetic, it would have 
been interesting to include this BH3-only protein in our study. However, our collaborators in 
Innsbruck did not have access to a Noxa-deficient mouse strain. 

After we published paper I there were two reports investigating a connection 
between FOXO3a and prognosis of AML patients with somewhat surprising results. 
Santamaria et al. proposed a connection between high total expression of FOXO3a and poor 
prognosis in AML patient (Santamaria et al., 2009). This was unexpected because the 
proposed role of FOXO3a as a tumor suppressor. However, since high AKT levels were 
associated with FOXO3a expression, the authors suggested that overexpression of FOXO3a 
may be one way for the cell to try to compensate for the lack of FOXO3a activity as a result 
of AKT upregulation, which would explain the dismal prognosis (Santamaria et al., 2009). 
Importantly, Kornblau et al. linked a ratio of high phosphorylation of FOXO3a over total 
FOXO3a in AML patients with poor clinical prognosis (Kornblau et al., 2010). Interestingly, 
patients with FLT3 mutations were shown to have higher levels of phosphorylated FOXO3a 
ratio. Furthermore, high-phosphorylated FOXO3a correlated with high total protein 
expression, supporting the findings of Santamaria et al. that high total expression of FOXO3a 
in fact is an adverse clinical outcome in AML (Kornblau et al., 2010; Santamaria et al., 2009). 
Kornblau et al. suggested that FOXO3a levels might act in two different ways. FOXO3a in an 
unactivated form would lead to no expression of its transcriptional targets involved in cell 
cycle control and apoptosis, which would result in a survival advantage and possibly drug 
resistance (Kornblau et al., 2010). On the other hand, high levels of active FOXO3a in the cell 
nucleus could preserve the stem cell state of leukemic cells and thereby contribute to 
increased resistance to therapy. Obviously, the first explanation of these paradoxical roles of 
FOXO3a seems to apply to our findings in FLT3-ITD-expressing cells. Recently, Sykes et al. 
published data showing that low AKT activity combined with high FOXO3a levels, as 
Kornblau and colleagues suggested, preserved the ”stemness” of leukemic cells and that 
deletion of FOXOs induced differentiation and apoptosis of AML cells (Sykes et al., 2011). 

In addition, upregulation of anti-apoptotic Bcl-2 members as a mechanism for the 
cell to escape the effects of drugs is a common complication in cancer treatment. For instance, 
elevated levels of Mcl-1 has been linked to poorer prognosis and resistance in several cancers 
including AML (Pepper et al., 2008; Stam et al., 2010; Zhang et al., 2002). Interestingly, it 
was recently suggested that FLT3-ITD expressing cells upregulate Mcl-1, which may play 
role in drug-resistance of FLT3-ITD expressing cells (Breitenbuecher et al., 2009a; Kasper et 
al., 2012; Souers et al., 2013). To tackle resistance caused by an imbalance of the Bcl-2 
apoptotic pathway, compounds that mimic the action of BH3-only proteins have been 
developed as a therapeutic stratergy (LaBelle et al., 2012; Nguyen et al., 2007; Oltersdorf et 
al., 2005; Park et al., 2008; Souers et al., 2013; Tse et al., 2008). 

ABT-737 is a BH3-only mimetic compound (Oltersdorf et al., 2005) that currently is 
evaluated in a clinical trial to ovarian cancer (http://www.clinicaltrials.gov). This compound 
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has been shown to mimic Bad rather than Bim, meaning it has no actual activity against Mcl-
1 (Konopleva et al., 2006; van Delft et al., 2006). AML cells have been reported to develop 
resistance towards ABT-737 (Konopleva et al., 2006), suggesting that ABT-737 is promising 
as single agents only in malignancies where there is a dependency on Bcl-2 (Konopleva et al., 
2006; Souers et al., 2013). For example, ABT-737 was successful in neutralizing resistance 
towards FLT3 inhibition due to independent Bcl-2 expression in FLT3 mutation positive 
blasts from AML patients (Kohl et al., 2007). Recent findings however, suggest that ABT-737 
in combination with other targeting agents may have effect against AML cell lines due to 
enhanced Bim binding to Mcl-1 (Konopleva et al., 2012). Due to its limited effect on all BH3-
only proteins, additional drugs have been developed. ABT-263 (Navitoclax) is orally 
bioavailable and is currently evaluated in clinical trials (Park et al., 2008; Roberts et al., 2012; 
Tse et al., 2008; Wilson et al., 2010; Zhou et al., 2009).  

Another promising BH3-mimetic compound is Obataclax (GX15-070), which 
equivalent to Bim has been reported to have activity against all anti-apoptotic Bcl-2 members 
(Konopleva et al., 2008). Interestingly, a recent study demonstrated that treatment using 
Obataclax combined with FLT3-targeting inhibitor sorafenib successfully eradicated WT-
FLT3-expressing AML cells in vitro and in vivo in a xenotransplant model through a Bim-
dependent mechanism (Rahmani et al., 2012). In addition, LaBelle et al. recently presented 
data using a new BH-3 mimicking compound, a stapled Bim-peptide modeled like the BH3-
helix of Bim (LaBelle et al., 2012). This peptide successfully counteracted apoptotic 
resistance by reactivating cell death in hematologic malignancies in cell lines and in vivo. 
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PAPER II 
 
Antileukemic effects of ERBB inhibitor canertinib are associated with Bim-
mediated apoptosis through inhibition of FLT3 signaling and regression of 
transformed cells in mice 
 
Identifying more efficient drugs or novel combinations of FLT3 targeting drugs is another 
possibility to circumvent poor clinical response or the development of resistance in FLT3 
mutation positive AML patients. Recent studies suggest that many cancer patients can benefit 
from pan-ERBB inhibitor canertinib (CI-1033; Pfizer) (Ako et al., 2007; Campos et al., 2005; 
Janne et al., 2007; Ocana and Amir, 2009). Canertinib exhibit a novel characteristic by 
binding its target in an irreversible manner and thereby prolonging inhibition of ATP-binding, 
efficiently preventing receptor activation (Carter et al., 2005). Furthermore, evidence suggests 
that canertinib is a multikinase inhibitor, which may be attractive to avoid development of 
resistance (Carter et al., 2005; Trinks et al., 2011). In addition, canertinib has been reported to 
have antileukemic properties when used at high doses (Carter et al., 2005; Trinks et al., 2010; 
Trinks et al., 2011). This is similar to previous studies on other ERBB inhibitors such as 
erlotinib and gefitinib (Costa et al., 2007; Cragg et al., 2007; Deng et al., 2007). Since 
leukemic cells generally do not express ERBB receptors (Leone et al., 2003), these effects 
have been attributed to “off-target” effects. However, we hypothesized that canertinib could 
have effect against the activity of FLT3. In paper II we therefore investigated canertinib as a 
potent FLT3 inhibitor. 

Initially, we observed that MV4;11 and MonoMac-6, expressing FLT3 mutations, 
became apoptotic upon treatment with canertinib, whereas cell lines lacking FLT3 (THP1) or 
expressing normal FLT3 (NB4, RS4) required a significantly higher concentration to reach an 
equivalent level of cell death. Next, experiments with FDC-P1 and Ba/F3 progenitor cells 
expressing either WT-FLT3 or mutant FLT3 (ITD or TKD) confirmed the inhibiting activity 
of canertinib, which inhibited autophosphorylation and induced cell cycle block as well as 
apoptosis. Furthermore, in accordance with conventional FLT3-targeting agents and our 
results from paper I, canertinib dephosphorylated downstream targets AKT and ERK, and 
FOXO3a was activated by canertinib in FDC-P1/FLT3-ITD cells. Consistently, Bim was 
upregulated. Gene silencing experiments with Bim siRNA established that Bim was required 
for canertinib-mediated apoptosis. However, ChIP experiments demonstrated that AG1295 
treatment of FDC-P1/FLT3-ITD cells (paper I) elicited a 6-8-fold higher FOXO3a-binding on 
the Bim promoter than canertinib, suggesting that canertinib is not as efficient in FLT3 
inhibition.  

We were able to confirm an effect of canertinib on primary AML cells from de novo 
patients harbouring FLT3-ITD. In the blast cells expression of FLT3-ITD varied between 11-
57% of total cellular DNA and the length of duplication varied from 21-162 bp. The response 
towards canertinib differed between the eight patient samples, with a significant apoptotic 
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response in five of the samples. Interestingly, the apoptotic response correlated with 
expression level of FLT3-ITD. Since it is likely that the blasts with higher expression level of 
FLT3-ITD become more dependent of signaling of this receptor these results imply that 
canertinib is actually targeting FLT3. Although the patient material is very limited, the results 
show a potential of canertinib as a FLT3-targeting drug. This was further determined in an in 
vivo transplantation model, where expansion of FDC-P1/FLT3-ITD cells in syngenic DBA/2 
mice were significantly reduced upon treatment with canertinib. Taken together, our data 
suggest that canertinib target FLT3 receptor both in vitro and in vivo. All three FLT3 receptor 
types (WT, ITD, TKD), were inhibited by canertinib. The results also give a mechanistic 
insight to how canertinib causes apoptosis in FLT3-expressing leukemic cells. At the same 
time, it provides further support of the hypothesis from paper I for a central role of FOXO3a 
activation and induction of Bim in TKI-mediated apoptosis in FLT3-ITD expressing cells.  

The concentration of canertinib needed to elicit anti-FLT3 activity was higher 
compared to other FLT3-targeting drugs described in the literature. However, this is not very 
surprising considering that the other drugs were developed more or less specifically to target 
FLT3 or related kinases, whereas canertinib is targeting the ERBB receptor family. Although 
we did not perform true IC50 measurements to determine the concentration of canertinib to 
inhibit FLT3, cell studies revealed that canertinib elicited a strong response in the range of 
0.1-1.0 µM in FLT3-expressing cells. Contrary, in previous studies addressing the 
antileukemic effects of canertinib on human leukemic cell lines not harbouring FLT3 
mutations, higher concentrations (>2 µM) were needed (Trinks et al., 2010). A comparison 
between PKC412 and canertinib shows that PKC412 inhibits proliferation with an IC50 value 
of <10 nM, whereas canertinib displayed effects at >100 nM. In leukemic cell lines higher 
concentrations were necessary for both drugs, but more importantly in the leukemic mouse 
model that we established in paper II, canertinib displayed inhibiting effects at similar levels 
as PKC412 in a BM FLT3 transplantation model (Lee et al., 2005) (PKC412, 100 mg/kg; 
canertinib, 80 mg/kg). Although the two mouse models are not directly comparable, our result 
demonstrates the potential of canertinib as an antileukemic drug. Although other FLT3 
inhibitors might act at lower doses and are more specific than canertinib, the irreversible 
binding mechanism of canertinib as well as its broader specificity together may offer 
therapeutic advantages in comparison to other inhibitors in targeting AML blasts with FLT3 
mutation. Although further investigation is needed, our findings that canertinib targets FLT3 
could provide basis for future directions in treatment of FLT3 mutant positive AML patients. 
Canertinib is due to unwanted side effects in some studies and poor water solubility than first 
expected only utilized for experimental studies today. However, the development of novel 
chemodrugs is an on-going issue and results such as presented in paper II may lead the way to 
more efficient drugs. 
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PAPER III 
 
A comparative study of various FLT3-ITD in relation to function and signaling 
 
It is generally believed that FLT3-ITDs negate the autoinhibitory activity of the JM domain 
and activate the receptor by the same mechanism (Griffith et al., 2004; Kiyoi et al., 2002). 
According to this hypothesis, the increase in length of FLT3-ITD changes the receptor 
structure, thereby causing disruption of the autoinhibitory function of the JM that makes the 
receptor constitutive active. How FLT3-ITD mutations are acquired is still unknown, however 
Kiyoi et al. hypothesized that the DNA sequence between amino acid 593 and 602 forms a 
palindromic intermediate resulting in DNA replication error and thereby inducing the tandem 
duplication (Kiyoi et al., 1998). Approximately 95% of FLT3-ITD mutations from patients 
involve at least the duplication of one amino acid in the tyrosine rich stretch between Y591 
and Y599 (Kayser et al., 2009; Vempati et al., 2007) could be an indication of this. 

There is substantial difference in size between various FLT3-ITD mutations found in 
AML patients, ranging from 3 to > 400 bp (Nakao et al., 1996). Also, it was previously 
demonstrated that about 30% of these are not only restricted to the JM domain but span into 
the TKD domain (Breitenbuecher et al., 2009b). Whether the impact of these mutational 
differences matters for the disease is not fully understood. In paper III we addressed this 
question by studying biologic differences between various FLT3-ITD mutations cloned from 
AML patients. When we begun this study three papers had, based on results from clinical 
studies, investigated the relationship between ITD size and patient prognosis with 
contradicting results. One study linked long ITDs with a poorer outcome of disease (Stirewalt 
et al., 2006). Conversely, another study associated short FLT3-ITDs with a more severe 
prognosis (Kusec et al., 2006), while yet a third study could not detect any such correlation 
(Ponziani et al., 2006). We thus reasoned that studying a large panel of different ITD 
mutations in vitro regarding transforming potential, response towards FLT3 targeting 
inhibitor, and downstream signaling would add direct evidence for whether various FLT3-
ITD mutations possess distinct biological activity.  

Again, we used the IL-3 dependent hematopoietic progenitor cell line FDC-P1 to 
express FLT3-ITD mutations isolated from nine AML patients that were ranging between 6-
33 aa, and four spanning into the TKD domain. By using a rather simple in vitro system as the 
FDCP-1 cell line, we hoped to be able to investigate the effect of each individual FLT3-ITD 
receptor without the influence of other possible mutations, which would be the case in more 
heterogeneous leukemic cell lines. 

All FLT3-ITD mutations studied gave rise to ligand-independent growth. However, 
one of the mutations, ITD-IX showed a proliferation advantage compared to the other ITDs. 
This ITD is positioned relatively 3’ and spans into the beginning of the TKD1 domain. 
Interestingly, a recently published study linked 3´-positioned FLT3-ITD mutations to a more 
inferior outcome than mutations more 5´ (Schnittger et al., 2012). In addition, another report 
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correlated FLT3-ITD mutations that spanned into the beginning of the TKD1 domain (the β1-
sheet) with poorer prognosis (Kayser et al., 2009). Although our results is based on only one 
such FLT3-ITD mutation, the results of these studies fit our data suggesting a stronger 
transformating potential for ITD-IX. However, this was true not for ITD-VI, which is the 
most 3´positioned of the ITD mutations in our study. However, it does not end in the β1-
sheet, but spans all the way into the β2-sheet of the TKD1 domain. The endpoints of two 
more mutations, ITD-VII and ITD-VIII were localized in β1-sheet of the TKD domain, 
however their start points were rather 5´positioned in relation to ITD-IX. 

Consistently, ITD-IX had a survival advantage when the viability of different FDC-
P1-ITDs upon IL-3 withdrawal was investigated. Interestingly, the shortest and the longest 
ITD-mutations (ITD-II and ITD-IV) were in the group (of three in total) that showed the 
lowest cell survival, indicating that ITD size may not be important for the transforming 
potential, at least in FDC-P1 cells.  

Since FLT3-ITD signaling activates three main pathways, i.e., PI3K/AKT, STAT5, 
and RAS/MAP-kinase, of which the first two ones seem to be more crucial for the 
transforming potential, we also elucidated whether there were any differences in signaling in 
relation to these two pathways between the different ITD mutations. However, we could not 
detect any differences in AKT or STAT5 phosphorylation. Interestingly the Mcl-1 levels 
varied between different FLT3-ITD mutations. 

Of special interest are our results demonstrating that in particular one of the FLT3-
ITDs tested in our study (ITD-VIII) displayed a more resistant response to PKC412-
treatment. At a concentration of 10 nM, the viability of ITD-VIII-expressing cells was 
significantly higher compared to other mutations (80 % viable cells compared to 4% for the 
most sensitive ITD-IV). The starting point of ITD-VIII is relatively 5´ and it spans into the 
beginning of TKD1 domain. Interestingly ITD-VII, which is structurally similar to ITD-VIII, 
showed a trend of reduced responsiveness towards PKC412. Whether or not the 
dissimilarities in response towards PKC412 depends on qualitative signaling of the ITD 
mutations or differences in the availability of PKC412 to the ATP-binding site due to the 
variability in structure remains to be elucidated. Although the reduced response towards 
PKC412 was seen only at moderate concentrations, it suggests that the structure of the ITDs 
affect TKI response. In support of this it was previously reported that FLT3-ITD mutation 
(ITD627E) located in the TKD1 conferred primary resistance towards PKC412 
(Breitenbuecher et al., 2009a). In paper III, we were limited to FLT3-ITD mutations from 
nine AML patients, thus an extended study using a larger panel of mutations might very well 
show more differences in effect of various TKIs. 

Taken together, our data suggest that different FLT3-ITDs may induce distinct 
degrees of transformation and that they respond differentially to FLT3-targeting drugs. 
Furthermore, ITD length did not seem to influence the transforming potential or the 
responsivenss to PKC412. Conversely, it appears that the composition of ITD mutations is of 
greater importance. These findings are in accordance with recent clinical data (Kayser et al., 
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2009; Schnittger et al., 2012). A future study extending to significantly more FLT3-ITD 
mutations would allow for a more detailed structural comparison in relation to biological and 
clinical impact. 

The activation of AKT and STAT5 appeared relatively uniform between cells 
expressing the various mutations although the Mcl-1 level varied. Based on our present data 
we cannot conclude whether varying transformation potential and response towards targeting 
drugs originates from varying degree of autoinhibitory disruption, other structural differences 
interfering with the availability of site for drug binding, activation of differential pathways or 
a combination. Performing proteomic profiling would be an interesting approach, which 
would allow for characterization of differential FLT3-ITD signaling. In addition, it has been 
proposed that FLT3-ITD mutations may be aberrantly localized in the intracellular 
compartment (ER and/or Golgi apparatus) from where it activates STAT5 stronger than if 
localized in the cell membrane (Choudhary et al., 2009; Koch et al., 2008; Schmidt-Arras et 
al., 2005). The suggested cause behind this has been inefficient folding and maturation of 
FLT3-ITD (Koch et al., 2008; Schmidt-Arras et al., 2005). It would therefore be of future 
interest to explore the impact of various FLT3-ITD mutations on intracellular versus surface 
expression.  
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PAPER IV 
 
Hyperactivated AKT is incompatible with survival when coexpressed with 
additional oncogenes and drives hematopoietic stem and progenitor cells to 
cell cycle inhibition and apoptosis 
 
The normal function of AKT signaling seems essential to maintain hematopoietic cells by 
regulating the balance between survival and proliferation. In addition, mutations in genes in 
the PI3K/AKT signaling pathway have been shown to influence both HSC number and 
quiescence by the analysis of knockout mice. Mice with a conditional loss of PTEN in the 
hematopoietic system, leading to persistent AKT activation, display a significant depletion of 
the stem cell pool. Furthermore, loss of PTEN has been linked to leukemogenesis since 
mutant mice develop a myeloproliferative disorder that eventually evolves into acute 
leukemia (Zhang et al., 2006). Loss of AKT1 (the downstream target of FLT3-ITD) has only 
subtle effects on hematopoiesis, whereas double-deficient AKT1-/- AKT2-/- mice have defects 
in the repopulating function of HSCs due to increased quiescence in the G0 stage of cell cycle 
(Juntilla et al., 2010). Similar to PTEN inactivation, AKT activation results in FOXO3a 
phosphorylation and inhibition. Not surprisingly then, the hematopoietic phenotype of FOXO-
deficient mice is strikingly similar to that of PTEN-deficient mice, with the exception that 
FOXO knockouts do not develop leukemia (Tothova et al., 2007).  

STAT5 is also essential for HSC fitness as mice lacking STAT5 are characterized by 
less competitive repopulating capacity (Bunting et al., 2002; Snow et al., 2002). There are 
multiple evidence in the literature that crosstalk between the JAK/STAT5 and PI3K/AKT 
pathways is important for prosurvival signaling in both hematopoietic and non-hematopoietic 
cells. As reviewed in this thesis, this is true also for FLT3-ITD signaling. As shown by others 
and us (paper I and II), inhibition of aberrantly anti-apoptotic pathways is one mechanism of 
action of TKIs targeting FLT3, resulting in direct activation of FOXO3a and its 
transcriptional activation of Bim, tilting the balance towards apoptosis. This indicates that 
PI3K/AKT signaling is an important component for anti-apoptotic activation of FLT3-ITD. 
Since activation of STAT5 by FLT3-ITD is associated with increased expression of both Bcl-
XL (Spiekermann et al., 2003) and Mcl-1 (Kasper et al., 2012; Yoshimoto et al., 2009), two 
anti-apoptotic Bcl-2 family members, this raises questions regarding separate or synergistic 
contribution of AKT and STAT5 in regulating survival via FLT3-ITD. Therefore, in paper IV, 
we decided to more exactly determine the individual roles of AKT and STAT5 in FLT3-ITD 
signaling.  

The approach we took was to overexpress constitutive active forms of respective 
protein by retroviral gene transfer to hematopoietic progenitor cells. Activation of AKT was 
accomplished by fusing the protein to the Src myristoylation signal (myrAKT), targeting the 
protein to the cell membrane where it becomes constitutively activated. For STAT5 we used a 
constitutively active mutant (caSTAT5) containing two amino acid substitutions, one located 
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close to DNA binding domain and the other located in the transactivation domain. This 
mutant STAT5 is constitutively phosphorylated on tyrosine residues, localized to the nucleus, 
and is transcriptionally active (Onishi et al., 1998). The retroviral vector that we used for 
cloning of myrAKT (pLZRS) contains EGFP to enable sorting of infected cells by FACS as 
well as an internal ribosome entry site (IRES), which is a nucleotide sequence allowing for 
translational initiation in the middle of the mRNA so that both EGFP and myrAKT are 
translated as efficient. Another advantage is that the time until FACS-sorting of infected cells 
can be performed is rather short (within 24-48 hours). Contrary, caSTAT5 was introduced to 
the pBabe/Puro retroviral vector allowing for selection in puromycin, which normally takes 3-
4 days. 

When the constitutive active kinases were introduced to Ba/F3 cells separately, 
caSTAT5 was able to sustain proliferation in the absence of growth factor whereas myrAKT 
alone was insufficient to provide cell growth and survival. Uexpectedly, however, 
hyperactivated AKT disabled caSTAT5-mediated proliferation of Ba/F3 by forcing the cells 
to exit the cell cycle followed by the onset of apoptosis. These results came as a surprise 
considering the previous findings of AKT involvement in FLT3-ITD-mediated survival. Even 
more surprising was the results from experiments where myrAKT was expressed in BM-
derived c-Kit+ hematopoietic progenitor cells from FLT3-ITD transgenic mice. Thus, the 
numbers of progenitors in G0 after stimulation with cytokines were significantly higher from 
FLT3-ITD mice coexpressing myrAKT compared to wildtype mice, which also was evident 
for control progenitors expressing myrAKT only. At the same time although with some delay, 
the numbers of apoptotic cells increased in cultures of FLT3-ITD expressing cells, indicating 
that hyperactivated AKT does not synergize with FLT3-ITD but contrary is actually 
detrimental to the cells. 

How can AKT mediate such opposing responses on cell survival? After all the AKT 
protein is often referred to as a survival kinase. However, some studies have documented that 
hyperactivated AKT under certain conditions can have an opposite role to its survival 
function. A previous report demonstrated that myrAKT leads to activation of apoptosis in 
Ba/F3 cells when retrovirally presented as an ER-fusion that is induced by tamoxifen 
whereupon ER:myrAKT translocates to the nucleus (van Gorp et al., 2006). Compared to our 
study the inducible AKT system raises the question to whether myrAKT executes separate 
functions when nuclear localized versus targeted to the cell membrane. In another report, 
Nogueira et al. provided evidence, based on cell cultures and xenograft transplants in mice, 
supporting the idea that cells with enhanced AKT activity may be selectively killed due to 
higher sensitivity to ROS-induced apoptosis (Nogueira et al., 2008). In this study, AKT 
activity was similarly induced by tamoxifen treatment of ER:myrAKT retrovirally infected 
cells.  

Coexpression of activated myrAKT and Bcl-XL has been reported to lead to a 
leukemic phenotype in mice (Karnauskas et al., 2003). Thus, we reasoned that determining 
the in vivo effects by transplanting infected BM-derived progenitor cells from either WT mice 
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or Bcl-2 transgenic mice with myrAKT to irradiated recipients would elucidate if myrAKT in 
this context is proapoptotic and if Bcl-2, which normally is associated to the mitochondrial 
membrane and is able to counteract lack of AKT signaling, would have opposing effects. 
However, in vitro analyses demonstrated the apoptotic-inducing effects of myrAKT even in 
the presence of Bcl-2 expression. After 24 hours c-Kit+ progenitor cells from Bcl-2 mice 
coexpressing myrAKT accumulated in G0 of cell cycle and become apoptotic after 72 hours. 
Furthermore, transplantation experiments demonstrated that both ST- and LT-HSCs were 
severely impaired when myrAKT was expressed and the reconstitution levels were very low. 
Thus, myrAKT appears to be detrimental for both HSCs and progenitors by inducing 
apoptosis. An alternative explanation could be that AKT regulates proper trafficking and 
homing of hematopoietic progenitors (Buitenhuis et al., 2010) and that AKT hyperactivity 
would disable this function. However, intrafemoral injections of myrAKT/Bcl-2 expressing 
cells directly to the BM reconstituted as poorly as intravenous distribution. 

What are the mechanisms underlying the proapoptotic function of AKT? Based on 
two previous publications (Esposito et al., 2003; Nogueira et al., 2008), it is assumed that 
AKT hyperactivation is associated with its ability to increase ROS levels and to suppress the 
action of antioxidant enzymes. In our hands, myrAKT-expressing hematopoietic progenitors 
did express higher levels of ROS. Although we did not analyze the expression of antioxidant 
genes, the harmful effect of myrAKT was counteracted by addition of NAC (N-acetyl-L-
lysine), known to act as a scavenger of excess levels of ROS. Interestingly, recent studies 
from the double-deficient AKT1-/- AKT2-/- mice have demonstrated that HSC function is 
impaired due to a decrease in intracellular content of ROS (Juntilla et al., 2010). Thus, it is 
likely that AKT hyperactivity may have the opposing effect, driving HSCs to excess cell 
cycle and harmful effects by an increase in ROS levels.	  	  

Taken together, our study contributes to additional data on the dual role of AKT in 
controlling survival, and that hyperactivated AKT may facilitate rather than inhibit cell death 
under some conditions. Since AKT is activated in the majority of leukemic blasts from AML 
patients (Tazzari et al., 2004) and is associated to resistance to tumor therapy (Martelli et al., 
2006), it will be intriguing to see whether AKT can induce oxidative stress and cell death of 
leukemic cells if treated with the proper chemotherapeutic combination. Since FLT3-ITD 
seems to increase ROS levels in leukemic cell lines as well as in primary AML samples 
(Sallmyr et al., 2008a), therapeautic induction of oxidative stress could be particular 
interesting when utilizing TKIs in FLT3-ITD+ cells.  
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Conclusions 

 
- Upregulation of pro-apoptotic BH3 only protein Bim is critical for RTK inhibitor induced 

apoptosis of mutated FLT3 expressing human leukemic cells or hematopoietic progenitors. 

The mechanism behind Bim upregulation is through AKT inactivation leading to activation of 

FOXO3a, which transcriptionally controls Bim. It appears that this FOXO3a-mediated 

function is a common theme in RTK inhibition. 

 

 

- The pan-ErBB-inhibitor canertinib inhibits FLT3 activity leading to Bim-dependent 

apoptosis through activation of FOXO3a 

 

- FLT3-ITDs may induce distinct degrees of transformation and respond differentially to 

FLT3-targeting drugs. The size of ITD mutations does not seem to impact transforming 

potential or response towards FLT3 targeting drugs. Thus mutational composition is more 

likely to be of importance. 

 

- The survival kinase AKT can when hyperactivated induce cell cycle inhibition and apoptosis 

of hematopoietic stem cells and progenitors cells, even when coexpressing other survival-

promoting oncogenes, such as STAT5, FLT3-ITD, or Bcl-2. This cell death appears to be 

associated with an increase in intracellular levels of reactive oxygen species. This finding 

could have important implications for future therapeutic intervention of leukemic cells. 
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Populärvetenskaplig sammanfattning 

I Sverige insjuknar årligen ungefär 1000 människor i leukemi, som är en cancersjukdom som 
uppstår i blodceller. Leukemi är inte bara en sjukdom utan flera. Akuta leukemier innebär att 
det blir fel på de vita blodkropparna i benmärgen som egentligen ska mogna ut till normala 
specialiserade blodceller. Istället börjar dessa ”omogna” celler att föröka sig och tränger ut de 
celler som vi behöver i benmärgen och blodet. 
 
FLT3 är ett mottagarprotein som sitter vid blodcellernas yta. Hos friska blodceller i 
benmärgen har FLT3 en viktig roll. Ibland behöver cellen dela på sig för att bilda fler celler 
eller överleva bättre och då talar ett hormonliknande ämne som finns i kroppen om detta för 
FLT3 proteinet genom att binda till det. Detta leder till att FLT3 skickar in meddelanden i 
cellen till ett flertal signalproteiner som slutligen leder till att cellen delar på sig och/eller 
lever längre. Detta är en viktig och noga reglerad funktion som bidrar till att det ständigt 
återbildas nya friska blodceller i kroppen samtidigt som gamla eller dåliga celler rensas bort. 
 
I akuta leukemier är mutationer i mottagarproteinet FLT3 bland de vanligaste som man har 
hittat. Mutationerna gör att FLT3 proteinet ständigt säger till cellen att föröka sig och leva. 
Det leder till att cellen blir okontrollerad och inte dör när den skall utan lever vidare i 
kroppen. På så vis utvecklas cancersjukdomen. Leukemipatienter med mutationer i FLT3 
proteinet har mindre chanser att överleva i jämförelse med andra patienter med akut leukemi. 
Därför har man designat nya målsökande cellgifter som ska leta upp de sjuka cellerna med 
muterat FLT3 och döda dem genom att stänga av mottagarproteinet. Tyvärr har det visat sig 
att på samma sätt som med gamla och mer vanliga cellgifter som idag används för behandling 
blir många patienter motståndskraftiga även mot de nya. För att i framtiden kunna ta fram 
ännu bättre läkemedel behövs det därför mer kunskap om hur muterat FLT3 protein fungerar i 
cellen.  
 
Av de signalproteiner inne i cellen som tar emot meddelanden från FLT3 behöver man hitta 
det som är huvudansvarigt för att cellen ska kunna överleva och dela på sig. Om man gör det, 
skulle man kunna förbättra läkemedelsbehandlingen för leukemipatienter genom att slå till 
med dubbelt krut mot de dåliga cellerna. Behandling med dels ett cellgift som stänger av 
FLT3 proteinet och samtidigt ett annat som stänger av det huvudansvariga signalproteinet 
inne i cellen skulle sannolikt minska riskerna för att celler blir motståndskraftiga och 
överlever.  
 
Syftet med denna avhandling var att bättre förstå hur muterat FLT3 fungerar i cellen så att 
man kan hitta bättre behandlingsformer för de leukemipatienter som har dessa mutationer. 
Detta gjorde vi genom att kartlägga vilka signalproteiner som tar emot meddelanden från 
FLT3 i blodceller och sedan leta efter det som har huvudansvaret för att cellerna lever vidare. 
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Vi fann bland annat att ett viktigt sådant signalprotein är överlevnadsproteinet AKT. Då AKT 
tar emot meddelanden från FLT3, stänger det av tillverkningen av dödsproteinet Bim så att 
cellerna inte kan dö. För att vidare ta reda på Bims roll som dödsprotein testade vi att 
behandla FLT3 muterade celler med FLT3-målsökande cellgift. När vi gjorde det såg vi att 
det bildades massor med Bim protein i cellerna innan de slutligen dog. Om vi däremot 
stängde av cellens möjlighet att producera Bim och sedan behandlade dem med samma 
cellgift kunde de inte dö. Detta visar på en viktig roll av dödsproteinet Bim för att FLT3-
läkemedel ska kunna fungera och öppnar vidare upp möjligheter för bättre behandling av akut 
leukemi. Detta skulle kunna möjliggöras genom att dubbelbehandling med läkemedel som 
stänger av FLT3 och AKT eller kanske ännu bättre med ett läkemedel som imiterar Bim. 
 
Vi har i denna avhandling även utvärderat effekterna av ett nytt potentiellt FLT3 målsökande 
cellgift som har moderna attraktiva egenskaper. Vidare har vi undersökt olika slags 
mutationer i FLT3. För att kunna hitta riktigt bra behandlingsalternativ för patienter med 
FLT3 mutationer är det också viktigt att förstå hur dessa fungerar. FLT3 mutationer kan skilja 
sig avsevärt mycket dels i storlek men också vilka bitar av FLT3 proteinet som ingår i själva 
mutationerna. Man har tidigare utgått från att de flesta FLT3 mutationer fungerar på samma 
sätt, men vi upptäckte att de inte gjorde det. Vissa mutationer gjorde till exempel att cellerna 
växte snabbare och en del behövde mer målsökande cellgift än andra för att kunna dö.  
 
För att sammanfatta denna avhandling har vi undersökt hur mutationer i mottagarproteinet 
FLT3 fungerar i cellen och effekterna av olika målsökande läkemedel. Detta har vi gjort för 
att kunna hitta nya sätt att göra sig kvitt de leukemiceller som bär på sådana mutationer och 
för att därigenom förbättra utsikten för en betydande andel patienter med akut leukemi. 
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…And once the storm is over you won't remember how you made it through, how you 
managed to survive. You won't even be sure, in fact, whether the storm is really over. But one 
thing is certain. When you come out of the storm you won't be the same person who walked 
in. That's what this storm's all about.” 
 
Haruki Murakami, Kafka on the Shore 
 




