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1. Introduction 
 
Myeloproliferative neoplasms (MPNs) are clonal hematological malignancies that result 

in the overproduction of mature myeloid cells. Typical features of MPNs include 

splenomegaly, thrombosis, bone marrow fibrosis, extramedullary hematopoiesis and 

finally leukemic transformation in the bone marrow. MPNs are basically divided into two 

main groups. The First group of MPNs includes chronic myeloid leukemia (CML). CML 

is identified by the presence of both mature and immature myelogenous cells in the blood 

and bone marrow. Cytogenetically CML can be characterized by the presence of the 

Philadelphia (Ph) translocation, which leads to the expression of the Bcr-Abl fusion gene. 

The Second group of MPNs include polycythemia vera (PV), essential thrombocythemia 

(ET), and idiopathic myelofibrosis (IMF) 1. PV can be distinguished from other chronic 

MPNs by the remarkable increase of red blood cell mass and total blood volume. An 

increased erythrocyte cell count, packed cell volume and hemoglobin with normal 

erythrocytic indices are the characteristic features of PV. ET is characterized by 

significant increased in circulating platelets, usually in excess of 1000 X 109/L. IMF is a 

chronic MPD of unknown cause, characterized by bone marrow fibrosis and 

extramedullary hematopoiesis. Patients with IMF usually exhibit progressive anemia and 

marrow fibrosis. In addition to these two groups less common disorders like chronic 

neutrophilic leukemia and chronic eosinophilic leukemia (CEL)/hypereosinophilic 

syndrome (HES) are grouped as atypical MPNs by the World Health Organization 

(WHO) 2.  

 

Clinical features of CML, PV, ET, and IMF have significant overlaps that they were 

thought to be related diseases before 1960. However, in 1960 Nowell et al. identified the  

Ph chromosome due to a translocation t(9:22) in CML patients 3. Identification of the Ph 

chromosome led to classification of MPNs into Ph chromosome “positive” MPNs and ph 

chromosome “negative” MPNs. Later multiple groups extensively analyzed the bone 

marrow samples from PV, ET, and IMF patients since these diseases do not show any 

cytogenetic abnormalities. Interestingly bone marrow samples from PV patients showed 

cytokine hypersensitivity to erythropoietin and also growth of erythroid progenitors in the 

absence of exogenous cytokines 4. Similar cytokine independent growth of progenitor 
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cells were also identified in other disorders like acute myeloid leukemia (AML), PV, ET 

and IMF. This observation suggested a common molecular mechanism of transformation 

among these disorders.  X chromosome inactivation studies in PV, ET and IMF patients 

samples revealed that these diseases were clonal stem cell disorders 5,6.  

 

Recently several independent groups described the somatic mutation in janus kinase 

(JAK2) by using different experimental strategies 7-9. First James et al. observed that 

siRNA mediated inhibition of JAK2 in PV hematopoietic progenitors abrogated 

endogenous erythroid colonies (EEC) formation which led them to further screen for 

JAK2 mutations 7. Green and coworkers used gene sequencing followed by allele specific 

PCR to identify mutation of JAK2 in PV, ET and IMF 9. Josef Prchal first observed that 

acquired uniparental disomy (UPD) of the chromosome 9p24 is common in PV patients 
10. Based on this observation, Kralovics et al. sequenced the genes in the minimal region 

of  UPD to identify mutations in the JAK2 allele 11. Finally, Levine et al. performed a 

systemic survey of the kinome in PV patients using high through put DNA sequencing 

which finally led them to identify mutations in JAK2 8. All these groups identified a high 

incidence of JAK2 point mutation at codon 617 named as JAK2V617F in different 

MPNs.  

  

1.1 JAK2 mediated myeloproliferative diseases 
 
The V617F mutation within the pseudokinase domain of JAK2 has frequently been 

identified in patients with myeloproliferative neoplasms (MPNs). In polycythaemia vera 

it has been identified as 95% patients are JAK2V617F positive. JAK2V617F mutation 

has also been identified in 20-40% in ET and 50% in idiopathic myelofibrosis patients 7-

9,11 (Table1). In addition to MPD, JAK2V617F has also been observed at lower 

frequencies in chronic myelomonocytic leukemia (3-8%), myelodysplastic syndrome 

(4%), and rarely in systemic mastocytosis 12,13. A subset of JAK2V617F-negative PV 

patients showed gain of function mutations affecting exon 12 of JAK2. Scott et al. 

identified four different exchanges in exon 12 of JAK2 14 (Figure 1). In addition to exon 

12 mutations, one activation mutation affecting the kinase domain (T875N) in JAK2 was 

also identified with low frequency 15. Recently, Malinge et al. identified a novel JAK2 
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activation mutation (ΔIREED) in a patient with a down syndrome and B cell precursor 

acute lymphoblastic leukemia 16.  

 

Table1: Frequency of the JAK2V617F mutation in myeloproliferative neoplasms 

(MPNs) 

 

              

Disease JAK2 V617F JAK2exon12 MPL515

PV 81-99% 5% -

ET 41-72% - 1%

IMF 39-57% - 5%

CMML 3-9% -

AML 5% -

Disease JAK2 V617F JAK2exon12 MPL515

PV 81-99% 5% -

ET 41-72% - 1%

IMF 39-57% - 5%

CMML 3-9% -

AML 5% -

 

JAK2 also has been identified as fusion partner in multiple translocations. TEL-JAK2 

fusion protein is generated from the t(9;12) (p24;p13) translocation and has been 

described in both T and pre-B acute lymphoid leukemia 17 (Figure.1). Another 

translocation involving JAK2 is PCM1-JAK2 generated from the t (8:9) (p21:p24) in 

patients with a myeloproliferative/myelodysplastic disorder and a CML-like disease 18,19. 

In addition to these two fusions JAK2 was also shown as the fusion partner to BCR in 

atypical CML 20.  Campbell et al. findings suggested that 40% to 50% of ET patients are 

truly JAK2 mutation negative 21. These results suggest that there might be additional, 

novel mutations in other genes in this subset of patients. The Majority of JAK2V617F 

negative ET and IMF patients have clonal granulopoiesis. Impaired expression of 

thrombopoietin receptor (MPL) has been observed in platelets from patients with MPD 
22. Given that the expression of homodimeric type I cytokine receptor is required for the 

JAK2V617F mediated transformation 23, Pickman et al. analyzed for mutations in the 

EpoR, TpoR, and GCSFR in JAK2V617F negative PV, ET and IMF patients. Their study 
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identified a tryptophan to leucine substitution at the transmembrane (TM) - 

juxtramembrane (JM) junction of MPL (MPLW515L) 24. The MPLW515L allele occurs 

in approximately 10%  of patients with JAK2V617F negative IMF and a small portion of 

ET patients 25. Expression of MPLW515L resulted in factor independent growth and 

activation of the JAK-STAT signaling pathway in cell lines. Retroviral expression of 

MPLW515L in recipient mice resulted in myeloproliferative disease similar to human 

IMF including reticulin fibrosis, megakaryocytic hyperplasia, splenomegaly and 

extramedullary hematopoiesis 25. 
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V617F
Exon 12
Mutations

T875N

Kinase
domain

Pseudokinase
domain

Cytokine receptor
Binding

TEL JAK2

JH1HLH

PCM1 JAK2

JH1

JAK2

TEL-JAK2

PCM1-JAK2

A

B

C JH2CCD

K539L
N542-E543del
F537-
K539delinsL
H538QK539L

JH1JH2JH3JH4JH5JH6JH7

V617F
Exon 12
Mutations

T875N

Kinase
domain

Pseudokinase
domain

Cytokine receptor
Binding

TEL JAK2

JH1HLH

PCM1 JAK2

JH1

JAK2

TEL-JAK2

PCM1-JAK2

A

B

C JH2CCD

K539L
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Figure 1: Location of JAK2 activating mutations and structure of JAK2 fusion proteins: (A) The 
V617F mutation is located within the JH2 (pseudokinase domain). The exon 12 mutations are located 
proximal of the JH2 domain. The T875N mutation is located in the JH1 (kinase domain) domain of JAK2. 
(B) The helix loop helix domain of TEL is fused to the JH1 domain of JAK2. TEL-JAK2 is involved in 
both T- and pre B-acute lymphoid leukemia. (C) The Coiled coil domain of pericentreolar material 
1(PCM1) is fused to the JH1 and part of the JH2 domain of JAK2.  PCM1-JAK2 fusion protein is found in 
atypical CML. 
 
1.1.1 JAK2 
 
Cytokines and interferons play main roles in the regulation of a wide variety of cellular 

functions ranging from proliferation, differentiation, survival to specialized functions like 

host resistance to pathogens. Cytokine receptors are basically classified as typeI and 
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typeII cytokine receptor super family depending on the conserved sequence motif. Type I 

cytokines includes short chain cytokine like IL-2, IL-3, IL-4, IL-5, GM-CSF, IL-7, IL-9, 

IL-13, IL-15 and long chain cytokines like IL-6, IL-11, OSM, CNTF, CT-1, growth 

hormone, prolactin, erythropoietin and thrombopoietin. Interferons INFα, INFβ and INFγ 

were included in the typeII cytokines 26. The Cytokine receptor super family do not have 

intrinsic tyrosine kinase activity and depend on the JAK family kinases to activate the 

STAT signaling pathway 27 28-30 . 

Four JAKs have been discovered using two different approaches. Tyk2 was first 

identified by low-stringent hybridization screening of a T cell cDNA library with the c-

fms catalytic domain 31. Whereas JAK1, JAK2, and JAK3 were identified with PCR 

based strategy using primers corresponding to a conserved motif within the catalytic 

domain of tyrosine kinases 32 33 34 35 36.  

JAKs are cytoplasmic tyrosine kinases consist of 1150 aminoacids with an apparent 

molecular weight of 120-130 kDa. The mRNA transcript length ranges from 4.5 to 5.5 

kb.  Different splice variants of the JAKs have been identified. JAK2 has two spliced 

transcripts where as JAK3 has even multiple spliced forms 34. JAK1, JAK2, and Tyk2 are 

ubiquitously expressed where as JAK3 expression is restricted to the hematopoietic 

system 36 .  

In humans the JAK1 gene resides on chromosome 1p31.3 and JAK2 at 9p24. JAK3 and 

Tyk2 are located on chromosome 19 31. The murine JAKs genes are located on 

chromosome 4 (JAK1), 19  (JAK2),  8(JAK3) and  9 (Tyk2) 37. 

 
1.1.2 Structure of JAK2 
 
The hall mark of JAK family kinases is the existence of tandem kinase and pseudokinase 

domains. The tandem manner by which these two domains are assembled was 

reminiscent of Janus, a Roman God of gates and doorways (two opposing faces). In 

addition to kinase and pseudokinase domains several other segments of homology were 

recognized among JAKs and designated as JAK homology (JH) domains. Seven JH 

domains were (JH1-JH7) described (Figure 1.2). At the carboxy terminal JH1 and JH2 

domains are located. JH1 domain contains classical tyrosine kinase domain which is 

required for the catalytic activity of JAK2. Similar to other tyrosine kinases, mutation of 

a lysine residue in the subdomain II which binds to ATP abroagates kinase activity 38,39. 
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Multiple autophosphorylation sites have been identified in the activation loop of JAK2. 

Mutation of Tyr 1007 to Phe  in JAK2 abrogates kinase activity and cytokine mediated 

signals 40. Additionally, Tyr 1007 in JAK2 interacts with JAK binding protein (JAB) also 

known as suppressor of cytokine signaling 1 (SOCS1) 41.  

 

 

JH1JH2JH3.5-4.5JH5-7 JH1JH2JH3.5-4.5JH5-7

 

 
Figure 1.2: Structure of JAK2: A unique feature of JAKs is a tandem kinase and the pseudokinase 
domains. Regions of the homology shared by JAKs have been termed as JAK homology (JH) domains.The 
JH1 domain is the kinase domain and the JH2 domain is the pseudokinase domain play a major role in the 
regulation of catalytic activity of JAKs. The middle SH2-like domain occupies the region between JH3.5-
JH4.5. The N terminal FERM domain is important for the association with cytokine receptor subunits. 

 

JH2 is a so called pseudokinase domain which plays a major role in the regulation of the 

kinase activity of JH1 domain. The Pseudokinase domain is similar in structure to 

classical kinase but lacks the kinase activity. The JH2 domain lacks the third Gly of the 

conserved GXGXXG motif in the kinase subdomain I. Both tyrosine and serine kinases 

contain aspartic acid residue required for the proton acceptor in the phosphotransfer 

reaction. Interestingly, the pseudokianse domain lacks this aspartic acid residue. The 

pseudokinase domain also lacks the conserved Phe residue in the Asp-Phe-Glu motif in 

the subdomain VII, which is important for binding the adenine ring in ATP. Lack of these 

key residues suggested that the pseudokinase domain would not have kinase activity and 

this has been confirmed 32 42. Several reports have been demonstrated that a deletion of 

the JH2 domain leads to hyperactivation of JAK2 kinase domain. In growth hormone 

mediated cell signaling, deletion of  the pseudokinase domain led to more robust 

signaling, and these results provided a strong evidence that the JH2 domain play a role in 

negative regulation of the kinase activity of JAK2 43. Saharinen et al. showed that the JH2 

domain of JAK2 interacts with the JH1 domain and suppress the activity of JAK2. 

Homology based molecular modeling of JH2 showed three inhibitory regions (IR1-3), 
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which mediate intermolecular interaction with the JH1 domain and regulate JAK2 kinase 

activity 44. The proximity of the recently discovered V617F mutation to the IR1 of the 

JH2 domain may explain the constitutive activity of JAK2V617F. However, there is no 

conclusive explanation for the inhibitory function of the JH1 domain, since the complete 

three-dimensional structure of any JAK member has not been reported yet.  

The amino terminal region of JAK2 contains the JH3 through JH7 domains. This region 

is required for the interaction with the receptor and may be responsible for the interaction 

between JAK2 and other regulatory molecules. By using structure prediction tools 

Kampa et al presented a three dimensional view of a putative SH2 domain located in 

JH3-JH4. In JAK2 the SH2 like segment has a conserved Arg residue corresponding to 

the classical phosphotyrosine binding pocket of the SH2 domain. However, the JAK2 

SH2 domain does not seem to bind phospho tyrosine residues and the actual function of 

the SH2 domain in JAK family kinases has not been clearly understood 33 45. A mutation 

of the highly conserved arginine at position 426 within the SH2 domain of JAK2 did not 

have an impact on interferon- signaling 46. Radtke et al. were able to show that the SH2 

domain of JAK1 does not exert the function of a classical SH2 domain, but might 

mediate receptor binding and receptor surface expression 47. 

 

Adjacent to the SH2 like domain of JAK2 is the FERM domain which occupies the 

region between JH5 to JH7.  The name FERM domain stands for the proteins which this 

domain was originally described (Band 4.1 (F), Ezrin (E), Radixin (R), and Moesin (M). 

The N terminal domain of JAK2 interacts with the relatively conserved membrane 

proximal domain of cytokine receptor (proline rich box1 motif) and this binding is 

essential for signal transduction. Deletion of the N-terminal region in JAK2 especially the 

JH6 and JH7 region eliminates cytokine receptor binding 46 48. In addition to receptor 

interaction the FERM domain of JAK2 also carries special functions like processing and 

surface expression of EpoR 49.  

 

1.1.3 JAK2 mediated cytokine signaling cascade 
 

Numerous cytokine type I receptors including receptors for erythropoietin (Epo), 

thrombopoietin (Tpo), granulocyte-colony stimulating factor (G-CSF), granulocyte 
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macrophage-colony stimulating factor (GM-CSF), interleukin-3 (IL-3), and interleukin-5 

(IL-5) do not have an intrinsic tyrosine kinase domain and require JAK2 for signal 

transduction 50. In Epo receptor (EpoR)-expressing cells, it has been proposed that ligand 

binding leads to a conformational change of the receptor, which promotes JAK2 

activation through reciprocal interaction and phosphorylation of two juxtapositioned 

JAK2 molecules 51. Subsequently, activated JAK2 phosphorylates tyrosine residues 

within the cytoplasmic tail of the cytokine receptor, which then serve as docking sites for 

signal transducers and activators of transcription (STATs). Seven STAT proteins have 

been discovered and are denoted STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, 

and STAT6. Most of the STATs are approximately 700 to 800 amino acids in length. The 

STATs exists as clusters on chromosomes.  
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Figure 1.3:   Schematic representation of cytokine mediated JAK-STAT signal transduction. In this 
model of the homodimeric receptor Epo and GH (growth hormone) there are two receptor subunits. JAKs 
constitutively associated with the two receptor subunits. Upon ligand binding to the extracellular domain of 
the receptor JAKs are activated. The activated JAKs in turn phosphorylate a tyrosine motif on the 
intracellular domain of the receptor subunit. STATs then bind to the receptor via the SH2 domain and are 
phosphorylated by JAKs. Then form homo –or hetero dimers, and translocate the nucleus, where they bind 
to the crucial DNA target sequences.  
 
STATs themselves are phosphorylated and released from the receptor and form dimers. 

The dimeric form can then translocate into the nucleus and modulate expression of target 

genes. STATs have several essential functions they are 1) able to bind phosphorylated 
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tyrosines 2) able to dimerize 3) able to translocate into the nucleus 4) able to bind DNA 

and able to up regulate gene expression. Numerous type 1 cytokine receptors which 

require JAK2 for signal transduction particularly activates STAT5 52-54. JAK2 deficiency 

results in an absence of erythropoiesis. JAK2-/- mice results suggest that JAK2 is the 

predominant JAK kinase involved in myeloid cell differentiation and proliferation 55,56. 

The basic scheme of JAK-STAT signaling pathway is summarized in Figure 1.3. 

 
 

1.1.4 Models of JAK2V617F 
 
The JAK2V617F mutation has been identified in more than 90% of PV patients and in 

about 50% of patients with ET and IMF. It was thus an intriguing question how a unique 

mutation can cause a three different diseases. James et al. proposed a “four hypothesis 

model” to explain different diseases mediated by the JAK2V617F 57 mutation.  

 
Hypothesis 1: The phenotype depends on the cell targeted by JAK2V617F  
 
X-linked chromosome analysis have demonstrated that PV, ET and IMF are clonal 

diseases 5,6. Clinical features of MPNs are increased and clustered megakaryocytes in ET 

and PV, increased granulopoiesis in PV and IMF and increased erythropoiesis only in PV 
58. It was assumed that the cells derived from multipotent hematopoietic stem cell (HSC) 

targeted by molecular events might be responsible for these different diseases. It can be 

hypothesized that the phenotype of a particular disease is determined by the character of 

the cells in which JAK2V617F mutation first occurred. For example, if the mutation 

occurred in self renewing cells with high capacity to produce platelets this would lead to 

thrombocytosis. Accordingly occurrence of the mutation in a stem cell with ability to 

produce erythrocytes lineages would result in PV like phenotype. To support this 

hypothesis various studies have shown that PV and IMF patients have JAK2V617F 

mutation in granulocytes, erythrocytes, megakaryocytes and lymphoid lineages 59,60. It 

was also suspected that occurrence of JAK2V617F mutation in HSC modulates the 

transcription programme which leads to different differentiation properties. Supporting 

this recently Dawson et al. showed that JAK2V617F is constitutively translocated to the 

nucleus in HEL (JAK2V617F positive) cells and modulates the transcription of several 

genes 61. James and coworkers also showed differences in the transcriptional programme 
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of HCS compartment between PV and IMF patients 62. Ishi  and coworkers further more 

showed that the HSC of IMF patients is predominantly JAK2V617F positive where as the 

majority of HSC in PV express JAK2–wild type 63.  

 
Hypothesis 2: JAK2V617F is the sole event responsible for the MPN and the phenotype 

depends on the genetic back ground of the patients 

 

 It is assumed that same recurrent JAK2V617F mutation occurs in a HSC in all MPN 

patients but the phenotype difference is due to the genetic background of a given patient. 

Pardanani and coworkers analyzed the single nucleotide polymorphisms (SNP) in the 

genes encoding the JAK2, EpoR, MPL, G-CSFR in PV, ET, and IMF patients and 

showed JAK2 and EpoR SNPs were preferentially associated with certain MPN 

phenotypes 64. Retroviral transplant mouse models provided a valuable evidence for the 

hypothesis that genetic back ground can modulate the phenotype 65-67. Retroviral 

transplantation of JAK2V617F bone marrow to the lethally irradiated C57B1/6 mice 

leads to a PV-like disease characterized by a marrow trilineage hyperplasia, 

splenomegaly and strong polycythemia associated with the presence of EEC 65,66. 

Interestingly when Balb/C mice were transplanted with JAK2V617F , the first phase of 

the disease was not only a polycythemia but also a leukocytosis 65,67,68. The second phase 

of the disease in these mice is more pronounced myelofibrosis. However, a part from 

these reports no strong evidence could be accumulate that the phenotype of the disease 

depends on the genetic background of the patients. 

 

Hypothesis 3: Phenotype depends on the level of JAK2V617F activity 
 
In most of the MPN patients the status of JAK2V617F is either homozygous or 

heterozygous. Homozygous JAK2V617F in MPN patients is mediated by mitotic 

recombination 10,11. The presence of the different copy numbers of the JAK2V617F allele 

led to the dosage hypothesis for the phenotype diversity (Figure.1.4). Sequencing data 

from the MPN patients also showed JAK2V617F is homozygous status in many PV and 

IMF patients where as JAK2V617F is in heterozygous status in ET patients 69. According 

to this model, a low level of JAK2V617F kinase activity would favor an ET phenotype 

and high level for PV phenotype. Depending on the level and duration of exposure, 
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sustained JAK2V617F activity would ultimately lead to IMF phenotype 70. Tefferi et al. 

also showed the PV patients with high JAK2V617F burden display higher hemoglobin 

levels and higher rate of fibrotic transformation compared to heterozygous PV patients 69. 

Collectively transgenic mouse models also provided strong evidence that the expression 

level of JAK2V617F protein determine the MPN phenotype. High level of JAK2V617F 

leads to a PV like disease and equal levels to wild type leads to ET phenotype levels 71. 

Another report supporting the dosage hypothesis is the analysis of erythroid progenitors   

at single cell level which showed striking differences between ET and PV. JAK2V167F 

allele status was homozygous in erythroid colonies from PV patients and heterozygous 

JAK2V617F in patients with ET 72,73.  
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Figure 1.4: Gene dosage effect of JAK2V617F in comparison to wild-type: The ratio between the 
JAK2V617F and the wild-type determines the phenotype of the disease. High level of JAK2V617F leads to 
PV and IMF phenotype where as low level leads to ET like phenotype. Progression from PV to post-PV 
MF (PPVMF) is associated with an increase in the JAK2V617F allele burden due to mitotic recombination 
or trisomy 8. 
 

 

Another way to modulate the JAK2V617F activity is by proteins which negatively 

regulating the JAK2 activity. Suppressors of cytokine signaling SOCS3, SOCS1, and 

SHP1 are the candidate proteins involved in the suppression of JAK2 signaling pathway. 

A recent study showed epigenetic inactivation of SOCS3, SOCS1, and SHP1 in MPDs 

but no correlation was made with the presence of JAK2V617F 74,75. Receptor interaction 

also plays a major role in lineage restriction. JAK2 is a crucial tyrosine kinase required 
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for many type 1 receptors including erythropoietin receptor, thromobopoietin receptor, 

and also for cytokines like IL-3, and GM-CSF receptors. These receptors are expressed 

specifically during myeloid to erythroid differentiation. MPL is expressed at high levels 

in megakaryocyte precursors, suggesting that a small amount of JAK2V617F is enough 

to induce ET where as EpoR is expressed at low levels on erythroid progenitors, 

suggested that high avtivity of JAK2V617F required for PV.  It has been demonstrated 

that JAK2V617F-mediated transformation of Ba/F3 cells is facilitated by the expression 

of homodimeric type I cytokine receptor such as the EpoR 23. Recently Lu and et al. 

showed that dimerization of the EpoR is necessary for the constitutive activation of 

JAK2V617F 76. However, parental Ba/F3 cells expressing JAK2V617F but lacking the 

EpoR are also able to proliferate IL-3-independently 7,77. These results indicate that the 

interaction between cytokine receptors and JAK2V617F may be crucial for oncogenic 

transformation, even though the exact mechanism and receptor requirements remain 

largely unclear. Funakoshi et al. showed that level of interaction between the receptor and 

JAK2V617F may influence the phenotype 78. These results further demonstrate that cell 

specific receptor expression and the stronger interaction with JAK2V617F leads to 

different phenotypes. 

 
Hypothesis 4: JAK2V617F is an event secondary to an unknown pre-JAK2 event 
determining the phenotype 
  
Another way to explain JAK2V617F mediated different phenotypes is to assume that 

JAK2 mutation is not the sole event responsible for the pathogenesis of the disease but 

another molecular event would occur before the JAK2V617F mutation. This event would 

be responsible for the different phenotypes. Supporting this hypothesis Kralovics et al. 

data showed that MPN patients had JAK2V617F/JAK2 allelic ratios below 25%. 79. X 

chromosome inactivation studies in the MPN patients showed strong correlation between 

clonality and JAK2V617F mutation in only PV patients but not in ET and IMF patients 
80,81. These studies suggest that the first hit would be responsible for a clonal expansion 

and that the JAK2V617F mutation would occur as a second hit.  Cambell et al. analyzed 

the leukemic transformation of JAK2V617F positive MPN patients. Most of the patients 

developed a JAK2V617F negative acute myeloid leukemia (AML). Based on their 

observation they proposed three models to explain the transformation of JAK2V617F 

negative AML. One possibility is that leukemic transformation may have occurred in a 
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JAK2V617F cell that subsequently becomes JAK2V617F negative. Another possibility is 

that the leukemia could have developed from a normal stem cell, not part of the original 

clone. Third model to explain the development of JAK2V617F negative AML is that in 

these patients, initial pre JAK2 event which resulted from an unidentified mutation 82. 

Recently, many groups also described several patients with additional molecular 

abnormality associated with the JAK2V617F, such as BCR-ABL 83, MPL mutations 25 or 

other JAK2 mutations 84.  

                                                                  

 

 

Figure 1.5:  A proposed model of MPNs pathogenesis (Levine et al. Nature reviews cancer 2007). 
Occurrence of the JAK2V617F mutation leads to PV, ET and IMF. James et al. proposed four hypotheses 
to explain the different phenotypes mediated by the JAK2V617F mutation. The phenotype depends on the 
cell targeted by the molecular event, status of the JAK2V617F allele and additional mutations, genetic back 
ground of the host and finally inherited predisposition allele which all together determine the phenotype of 
MPNs. 
 

Another evidence for the presence of pre JAK2 event is the observation of wild-type EEC 

together with JAK2V617F positive EEC in JAK2V617F positive PV patients 85. These 

results suggest that unknown pre JAK2 event would not only responsible for the disease 

but also promote erythropoietin independent differentiation. Another important 

observation which supports the hypothesis of the pre JAK2 event is the analysis of 
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familial cases of MPNs 86,87. This analysis showed occurrence of different MPNs within 

the same families, such as JAK2V167F-positive ET, JAK2V617F-positve IMF, JAK2 

wild type mastocytosis and BCR-ABL CML. This indicates that in these families a germ 

line pre JAK2 mutation that predisposes family members to different MPNs. Linkage 

analysis is a powerful tool for the identification of unknown pre JAK2 event responsible 

for the development of MPNs in these families and accordingly investigation is on going. 

Recently, three independent groups identified a genetic haplotype that predisposes to the 

subsequent development of JAK2V617F 88-90. Their results provide the first strong 

evidence that the JAK2V617F mutation is not the sole abnormality causing MPNs. 

Figure 1.5 summarizes the four hypothesis model of JAK2V617F mediated MPNs. 

 

1.1.5 Inhibitors against JAK2V617F 
 
Great advances have been made in recent years in the developing powerful kinase 

inhibitors and this development was clearly boosted by the great clinical success with 

BCR-ABL kinase inhibitor imatinib. Most of the drug discovery efforts were focused on 

the identification of kinase inhibitors which are ATP-mimetic small molecular inhibitors. 

The identification of JAK2V617F mutation in MPNs resulted in great deal of excitement 

and optimism in the development of small molecular inhibitors against JAK2. The JAK 

family consists of four members and all share very similar structural features. JAK1 plays 

a major role in lymphoid development and the JAK1 knock out mice showed a perinatal 

lethal phenotype. JAK2 is absolutely required for erythropoietin signaling and JAK2 

knock out mice showed embryonic lethal due to lack of erythropoiesis. JAK3 deficient 

mice have severe combined immunodeficiency (SCID) phenotype. This indicates that 

JAK family kinases have non redundant important functions. That’s why using JAK 

inhibitors may cause severe side effects. It is also very important to keep in mind that 

V617F mutation is located in a region out side of the kinase domain and ATP competitive 

inhibitors of JAK2 are not likely to discriminate between wild- type and mutant JAK2. 

Several JAK2 inhibitors are already in clinical studies among them INCB018424, 

TG101348, XL019, and CEP701. These compounds are entered phase III studies.  

 

INCB018424 is a potent and selective inhibitor of JAK1 and JAK2 with IC50 of 3.3 and 

2.8nm respectively 91. In murine models of JAK2V617F driven disease, treatment of 
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mice with INCB018424 showed a significant reduction of spleen size and also an 

increased over all survival compared to vehicle treated mice. INCB018424 also showed 

inhibition of CD34+ cells isolated from PV patients and also showed significant 

suppression of pro-inflammatory cytokines such as IL-1, TNF- α, IL-6, VEGF, and bFGF 
91. Patients treated with INCB018424 showed reduction in spleen size, alleviation of 

constitutional symptoms and reduction of plasma concentration of proinflamatory and 

angiogenic cytokines. Despite the clinical improvements INCB018424 treated MPN 

patients data showed JAK2V617F allele burden was reduced very modest level 92,93.  

 

TG101348 is a selective and potent JAK2 inhibitor. It has a 35-and 334- fold selectivity 

for JAK2 as compared with JAK1 and JAK3 respectively 94-96. Extensive investigation of 

TG101348 was conducted using multiple invitro and invivo systems. TG101348 

treatment resulted in the apoptosis of JAK2V617F Ba/F3 and HEL cell lines. In murine 

model of JAK2V617F induced PV, mice treated with TG101348 showed decrease in 

hematocrit, spleen size and overall survival compared to vehicle treated mice 94 . 

Treatment of the  IMF patients with TG101348 showed 50% reduction in spleen size, 

marked reduction in WBC count and 50% of reduction in granulocyte mutant allele 

burden 96. 

 

CEP-701 is a derivative of indolocarbazole K252. It showed strong inhibitory activity of 

JAK2 (IC50=1nM). CEP-701 showed inhibition of Ba/F3 cells expressing JAK2V617F, 

HEL cells and primary cells from MPD patients. Preliminary clinical observation in 

myelofibrosis studies showed decreased spleen size, improvement in blood cell count, 

myelosuppression 97.  

XL019 is a potent JAK2 inhibitor (IC50=2nM) and it was demonstrated that high degree 

of selectivity against other JAK family members. XL019 showed strong inhibition of 

HEL cell lines and also primary cell lines from PV and IMF patients. In in vivo studies 

using HEL xenograft models XL019 treatment showed strong suppression of STAT5 

activity.  

 

So far all these compounds inhibit both mutated and unmutated JAK2. Therefore it would 

be very important to identify the JAK2V617F specific small molecular inhibitor.  



INTRODUCTION 
 

 16 

 

1.2 HES/CEL 
 
Idiopathic hypereosinophilic syndrome (HES) and chronic eosinophilic leukemia (CEL) 

are characterized by an unexplained persistent eosinophilia exceeding 1.5 x 109 

eosinophils per liter for more than 6 months and finally leads to tissue infiltration and 

organ damage 98. The word hyper eosinophilic syndrome was coined by Hardy and 

Anderson to describe patients with prolonged eosinophilia of unknown reason. Hyper 

eosinophil syndrome (HES) or chronic eosinophilic leukemia (CEL) are diagnosed after 

the exclusion of reactive causes of eosinophilia. However CEL has been differentiated 

from HES by presence of increased peripheral blood (more that 2%) or marrow (5%-

19%) blasts or the identification of clonal cytogenic abnormality in the myeloid lineage 
99. Recent discovery of dysregulated tyrosine kinases in the myeloproliferative diseases 

led to the revision the WHO classification and a semi molecular classification scheme 

with myeloid and lymphoid neoplasms with eosinophilia and abnormalities of PDGFRA, 

PDGFRB or FGFR1 was introduced 100. 

 
1.2.1 Identification and generation of FIP1L1-PDGFRA 
 
Imatinib treatment of HES patients was reported in 2001. Patients who were resistant to 

corticosteroids, hydroxy urea and IFN-α had undergone imatinib therapy at a 

concentration of 100mg per day. After 35 days of imatinib therapy the patients showed 

complete disappearance of peripheral eosinophils. The rational reason for the use of 

imatinib was completely unclear that time. Later  another  report also showed complete 

heamatological remission of four  HES patients who were treated with imatinib 101. A 

third report with imatinib therapy was a 54 –year old HES patient with splenomegaly and 

WBC count range from 9700/mm3 with 68% eosinophilia. After imatinib treatment at the 

concentration of 100mg per day, the patient showed complete hematological remission 

with decreased WBC count and 0% eosinophils 102.  
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Figure 1.6: Generation of FIP1L1-PDGFRA (Gotilb et.al: 2004). FIP1L1-PDGFRA is generated by a 
fusion of 51 part of FIP1L1 to 31 part of PDGFRA gene by deletion of 800kb on chromosome number 4q12. 
NLS indicates the nuclear localization signal, TM is transmembrane region; and JM stands for 
juxtramembrane region. 
 
Finally in 2003, a constitutively activated tyrosine kinase could be identified in a subset 

of patients with primary eosinophilia. The most common molecular feature is FIP1L1-

PDGFRA (FP) 103,104, generated by a small interstitial deletion at chromosome 4q12 103 

(Figure 1.6).  Cools et al first described the FIP1L1-PDGFRA fusion in 9 of 16 patients 

(56%). Later several groups independently identified FIP1L1-PDGFRA fusion in HES 

patients with different frequencies 104-106. Overall data showed that 10-20% of patients 

with Idiopathic hypereosinophilic syndrome are FIP11L1-PDGFRA positive 100.  

 

1.2.2 Molecular mechanism of FIP1L1-PDGFRA activation 
 
The FIP1L1-PDGFRA fusion gene is generated by deletion of 800kb region on 

chromosome number 4q12 103. HES patients positive for FIP1L1-PDGFRA appeared as 

normal karyotype because the 800 kb deletion is not visible in conventional chromosomal 

banding. The deletion takes place between 51 FIP1L1 to 31 PDGFRA 103 (Figure 1.6). 

The break point varies from patient to patient but the FIP1L1-PDGFRA fusion is always 

in frame. The break points in the FIP1L1 part is scattered over the 40 kb region where as 

in PDGFRA it is restricted to exon 12 103. FIP1L1 encodes a protein of 520 aminoacids 

playing a major role in polyadenylation in yeast 107,108. FIP1L1 homologous were also 

identified in plants, worms, flys, rats and mice but the actual function of FIP1L1 in 

humans and mice is not determined so far. All these organisms share a 42 aminoacids 

common fip1 motiff (pfam domin no. PF05182; http:// pfam.wustl.edu/cgi-bin /get desc? 
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acc=pf05182) . Data base analysis derived from different tissues and cell types predicted 

that FIP1L1 is under the control of a ubiquitious promoter.  

FIP1L1-PDGFRA activates several signaling molecules e.g. phosphoinositol 3-kinase, 

ERK1/2 or STAT5 103 109. Retroviral expression of FIP11L1-PDGFRA in mice bone 

marrow induce myeloproliferative disease 110. Later Yamaka et.al showed that the 

expression of FIP1L1-PDGFRA together with overexpression of IL-5 leads to a 

phenotype with typical features of HES 111. Unlike to the other reported fusion kinases 

such as ETV6-PDGFRβ, ZNF198-FGFR1 or BCR-ABL proteins, FIP1L1-PDGFRA does 

not have a dimerization motif. Recently Stover et al. showed that deletion of the 

juxtramembrane domain of PDGFRA is sufficient for kinase activation where as FIP1L1 

part is dispensable 112. Consistent with this findings patients data also reported that break 

points within the FIP1L1 are variable but break points within the PDGFRA are tightly 

clustered 100. The production of the fusion construct is still under the control of the 

FIP1L1 promoter which might be a functional important. 

 

1.2.3 Treatment and drug resistance to FIP1L1-PDGFRA positive HES/CEL 
 
The Abl, Kit and PDGFR small molecule kinase inhibitor imatinib mesylate (Gleevec) 

constitutes the current standard treatment for Bcr-Abl positive CML and is active in 

gastrointestinal stromal tumor (GIST), were it suppresses constitutively activating 

mutations of c-kit or PDGFRA. Both, in CML 113-119 as well in GIST 120-124, acquired 

resistance to imatinib is associated with the emergence of secondary kinase domain 

mutations that interfere with drug binding to the target kinase. Alternative kinase 

inhibitors are emerging as the most promising strategy to overcome drug resistance 

induced by kinase domain mutations. In CML, novel Abl kinase inhibitors display only 

partially overlapping profile of resistance mutations with imatinib 125-127. Sequential 

treatment with imatinib and the approved, second-generation Abl kinase inhibitors 

nilotinib (Tasigna) and dasatinib (Sprycel) has already become reality 128. The selection 

of the appropriate inhibitor is based on the presence of specific Bcr-Abl resistance 

mutations. Imatinib has demonstrated clinical activity and induced complete remissions 

in the majority of cases with myeloproliferation positive for PDGFR-A abnormalities 

including FP 103,104,129-131, and BCR-PDGFRA 132, but also in PDGFR-B abnormalities, 

including ETV6-PDGFRB 133,134, TEL-PDGFRB 133, and others 135-143.  
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The Abl, Kit and PDGFR small molecule kinase inhibitor imatinib mesylate (Gleevec) 

was reported to induce remissions in cases of idiopathic hypereosinophilic syndrome 101. 

In CML and Ph+ ALL, resistance to imatinib is associated with the emergence of point 

mutations within the Abl kinase domain that obviate binding to the drug target. The first 

exchange reported was Bcr-Abl/T315I 113, which is known to give rise to imatinib 

(Gleevec), nilotinib (Tasigna) and dasatinib (Sprycel) resistance 113,144,145. In the 

meantime more than 40 different exchanges have been described to confer imatinib 

resistance in patients with CML and Ph+ ALL 113-119. So far, four cases of FIPL1-

PDGFRA positive myeloproliferation with acquired imatinib resistance due to a point 

mutation in the PDGFRA kinase domain have been reported 103,146-148. Strikingly in all 

four cases, a PDGFRA/T674I exchange was identified, which corresponds to (T315I) in 

Abl. Thus, it can be foreseen that like in CML, an array of different PDGFR-A and –B 

mutations might emerge as more patients with myeloproliferation positive for PDGFR or 

fusions are treated with imatinib.  
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1.3 Objectives 
 
The oncogenic JAK2V617F mutation is found in the majority of myeloproliferative 

diseases like polycythemia Vera (PV), essential thrombocythemia (ET) and primary 

myelofibrosis (PMF). However, the molecular mechanism leading to constitutive kinase 

activity is largely unclear.  JAK2 contain seven conserved domains, which are designated 

as JAK homology (JH) domains JH1-JH7. JH1 is a functional tyrosine kinase domain that 

becomes activated following cytokine stimulation. The pseudokinase domain (JH2) is 

adjacent to the kinase domain (JH1) and is thought to play a role in auto-inhibition of the 

kinase activity of JAK2. The N-terminal FERM domain mediates binding of JAK2 to 

membrane proximal regions of cytokine receptors. The presence of a SH2 or SH2-like 

domain located between the FERM and the pseudokinase domain has been idenitified 

using structure prediction tools, but the function of the JAK2 SH2 domain has not been 

determined yet. Since the SH2 domain is adjacent to the pseudokinase domain containing 

the V617F mutation, we hypothesized a possible role of the SH2 domain for the 

constitutive phosphorylation of JAK2V617F. Our goal was to determine the role of the 

SH2 domain and FERM domain in JAK2V617F-mediated transformation and 

myeloproliferation.  

 

FIP1L1-PDGFR alpha (FP) is a constitutively activated protein kinase which was 

reported in chronic eosinophilic leukemia (CEL) and in cases of hypereosinophilic 

syndrome and mastocytosis with eosinophilia. Imatinib is clinically active against 

FIP1L1-PDGFRA positive disease. However, clinical resistance to imatinib has been 

observed in FIP1L1-PDGFRA positive leukemia and was shown to occur due to a 

secondary mutation (T674I) in the PDGFR alpha kinase domain. So other part of the 

work was focused on the identification of drug resistance mutations in FIP1L1-PDGFRA 

against PDGFRA inhibitors imatinib, nilotinib and sorafenib. We therefore aimed to 

generate specific resistance profiles for available PDGFR kinase inhibitors.  
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2. MATERIALS AND METHODS 
 
2.1 MATERIALS 
 
2.1.1 Reagents 
 
2-Mercaptoethanol                 Sigma-Aldrich, Taufkirchen 

3-[N-Morpholino]-Propanesulfonicacid (MOPS)  Sigma-Aldrich, Taufkirchen 

Acrylamide/Bisacrylamide Gel 30    Carl Roth, Karlsruhe 

Agarose                  Carl Roth, Karlsruhe 

Aluminumhydroxide Gel                Sigma-Aldrich, Taufkirchen 

Ammoniumchloride                 Fluka, Taufkirchen 

Ammoniumhydrogencarbonate    Sigma-Aldrich, Taufkirchen 

Ammoniumpersulfate (APS)                Sigma-Aldrich, Taufkirchen 

Ampicillin                  Sigma-Aldrich, Taufkirchen 

Aqua ad injectabilia, steril                Braun, Melsungen 

BactoAgar                  BD Biosciences, Heidelberg 

BactoTryptone                 BD Biosciences, Heidelberg 

Bromophenolblue                 Sigma-Aldrich, Taufkirchen 

BSA, Fraktion V                 Carl Roth, Karlsruhe 

Calcimchloride                 Merck, Darmstadt  

Calciumhydrogencarbonate                Sigma-Aldrich, Taufkirchen 

Chloroform                  Sigma-Aldrich, Taufkirchen 

Complete™Protease Inhibitor Cocktail                         Roche Diagnostics, Penzberg 

Coomassie Brilliant Blue                Sigma-Aldrich, Taufkirchen 

Diethylenpyrocarbonate(DEPC)    Fluka, Taufkirchen 

Dimethylsulfoxide (DMSO)                Sigma-Aldrich, Taufkirchen 

Dinatriumhydrogenphosphate                Merck, Darmstadt 

Dithiothreitol (DTT)                 Promega, Heidelberg 

dNTP-Mix, 10 mM                 Fermentas, St. Leon-Rot 

Glacial acetic acid                 Carl Roth, Karlsruhe 

Ethanol       Riedel-de Haën, Taufkirchen 

Ethidiumbromide                 Carl Roth, Karlsruhe 

Ethylendiamine-N,N,N,N-tetraacetic acid (EDTA)             Fluka, Taufkirchen 
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Formaldehyde, 37%-ig     Sigma-Aldrich, Taufkirchen 

Glucose                  Carl Roth, Karlsruhe 

Glutaraldehyde 2,5%                 Fluka, Taufkirchen  

Glutathione-Sepharose     Pharmacia Biotech, Freiburg 

Glycerol                  Fluka, Taufkirchen 

Glycerol-2-phosphate                 Sigma-Aldrich, Taufkirchen  

Glycine       Merck, Darmstadt 

HEPES       Fluka, Taufkirchen 

Isopropanol                  Merck, Darmstadt 

Isopropyl--D-Thiogalactosid (IPTG)              Sigma-Aldrich, Taufkirchen  

Calcimchloride                 Merck, Darmstadt  

Calciumhydrogencarbonate                Sigma-Aldrich, Taufkirchen 

Lipopolysaccharide (LPS)                Sigma-Aldrich, Taufkirchen 

Magnesiumchloride                  Carl Roth, Karlsruhe 

Methanol                   Merck, Darmstadt 

N,N-Dimethylformamide                 Merck, Darmstadt 

Sodium Acetate       Fluka, Taufkirchen 

Sodium Azid                   Sigma-Aldrich, Taufkirchen 

Sodium Chloride                  Carl Roth, Karlsruhe 

Sodium Citrate                  Fluka,Taufkirchen 

Sodium Dihydrogen Phosphate     Merck, Darmstadt 

Sodium Dodecyl Sulfate (SDS)    Carl Roth, Karlsruhe 

Sodium Fluoride       Fluka, Taufkirchen 

Sodium Hydroxide                  Merck, Darmstadt 

Sodium Ortho Vanadate      Sigma-Aldrich, Taufkirchen 

Sodium pyrophosphate      Fluka, Taufkirchen 

Permeabilization Buffer (10x)     eBioscience, an Diego, USA 

Phosphat buffered saline (PBS), 10X                           Biochrom AG, Berlin 

PMSF                    Roche, Penzberg 

Polybrene                                                    Sigma-Aldrich, Taufkirchen 

Propidiumiodid       Sigma-Aldrich, Taufkirchen 

Tetramethylethylendiamine (TEMED)    Fluka, Taufkirchen 
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Tris (hydroxymethyl) aminomethane (TRIS)               Carl Roth, Karlsruhe 

Triton X-100                   Sigma-Aldrich, Taufkirchen 

Milk powder                              Fluka, Taufkirchen 

Tween 20                   Fluka, Taufkirchen 

Xylolcyanolblue       Sigma-Aldrich, Taufkirchen 

 

 
2.1.2 Medium and supplements for cell culture  
 
-Mercaptoethanol, 50mM           Gibco/Invitrogen, Karlsruhe 

DMEM, cell culture medium           PAA, Pasching, Austria 

FCS Gold             PAA, Pasching, Austria 

G418 (Neomycin)                                  Calbiochem, Darmstadt 

Pencilin and streptomycin 100x                                PAA, Pasching, Austria 

HANK`s BSS             PAA, Pasching, Austria 

L-Glutamine, 100x                       Gibco/Invitrogen, Karlsruhe 

IL-3                                                                                    R and D, Karlsruhe 

Hygromycin                                                                       Calbiochem, Darmstadt 

Diptheria Toxin (DT)                                             Calbiochem, , Darmstadt 

Lipofectamin2000, Transfection reagent                    Invitrogen,Karlsruhe 

MethoCult                        StemCellTechnologies, Canada 

Opti-Mem                        Gibco/Invitrogen, Karlsruhe 

PBS, 10X, sterile                       PAA, Pasching, Austria 

RPMI 1640 (high Glucose, Glutamine)                    PAA, Pasching, Austria 

Trypsin-EDTA- 10X                                  PAA, Pasching, Austria 

 

 

 
2.1.3 Enzymes 

2.1.3.1 Restriction enzymes 
EcoR1 (100 U/l)                                                                      Fermentas, St. Leon-white  

HindIII(10 U/l)                   Fermentas, St. Leon-red 

NcoI (10 U/l)                    Fermentas, St. Leon-red 



MATERIALS AND METHODS 
 

    24 

Not1 (10 U/l)                    Fermentas, St. Leon-red 

SalI (10 U/l)                    Fermentas, St. Leon-red 

DpnI (10U/μl)                                                                           Fermentas, St. Leon-yellow 

BamHI (100 U/l)                                                                     Fermentas, St. Leon-white 

Xho1 (100 U/l)                                                                        Fermentas, St. Leon-red 

 

2.1.3.2 DNA polymerases 
 
High Fidelity PCR Enzyme Mix                  Fermentas, St. Leon-Red 

Pfu-DNA Polymerase                    Fermentas, St. Leon-Red  

Taq-DNA Polymerase                    Fermentas, St. Leon-Red 

 

2.1.3.3 Other enzymes 
 
CIAP 20-30 U/l (Alkaline Phosphatase)                Invitrogen, Karlsruhe 

Proteinase K                    Sigma-Aldrich, Taufkirchen 

SuperScriptII Reverse Transcriptase     Invitrogen, Karlsruhe 

T4-DNA Ligase                   Fermentas, St. Leon-Red 

  
2.1.4 Hormones 
 
Epo (Erythropoietin)                 Stock solution 5 U/200 l 
 
2.1.5 Radioactive substances 
 
32P-γ-ATP                           Hartmann Analytica , Freiburg 
35S Methionine                                                                      Hartmann Analytica, Freiburg 

 
2.1.6 Membranes 
 
PVDF Membran (Immobilon P)             Millipore, Schwalbach/Ts 
 
2.1.7 Antibodies 
 
Antibodies were used against phospho-JAK2 (21870-R), HA (Y-11), STAT5 (G-2), 

EpoR (M-20), IL3R alpha (V-18), and beta chain (T-20) were obtained from Santa Cruz 

Biotechnology (Heidelberg, Germany). Antibodies to phosphotyrosine (PY20), flag, myc, 
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JAK2, PDGFRA were purchased from Upstate Biotechnology (Biozol, Eching, 

Germany). PDGFRA antibodies were obtained from Upstate Biotechnology (06-495, 

Millipore, Schwalbach, Germany). Antibodies to phosphotyrosine were purchased from 

Upstate Biotechnology (4G10, Millipore, Schwalbach, Germany) and BD Transduction 

(PY20, BD Biosciences, Heidelberg, Germany). Monoclonal antibody against phospho-

STAT5 was kindly provided by Thomas T. Wheeler and Henry B. Sadowski (Hamilton, 

New Zealand) 114. anti-actin from Sigma (A5316, Sigma-Aldrich, Taufkirchen, 

(Germany). Antibodies against to AKT (9272), p.AKT (9271), Erk1/2 (9102), p.ERK1/2 

(9101), Src (2108), p.Src tyr 416 (2101s) were purchased from cell signaling technology. 

 

2.1.8 Cell lines 
 
HeLa                               Human cervical carcinoma cell line, DSMZ 

NIH3T3        Murine embryonic fibroblast cell line, DSMZ 

NX-Eco        Retroviral ecotropic virus packaging cell line  

Gamma2A (γ2A)              Human fibrosarcoma cell line provided from Harvey Lodish 

Ba/F3                                Murine pro B cell line, DSMZ 

COS-1                               Money kidney cell line, DSMZ 

EOL-1                               Human Hyper Eosinophilic Syndrome patient cell line, DSMZ 

HEL                                  Human Erythroid Leukemia, DSMZ 

 

 
2.1.9 Vectors and DNA constructs 
 
2.1.9.1. Vectors 
 
MSCV MigR1      J.Miller/ W. Pear, Philadelphia,USA  

pcDNA 3.1/Zeo(-)      Invitrogen, Karlsruhe 

pCMV-Tag       Invitrogen, Karlsruhe 

PGEX-4T-2 1       Amersham Biosciences, Freiburg 

 

 
2.1.10 Bacterial Strains 
 
E.Coli DH5       Invitrogen, Karlsruhe 
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Epicurian Coli XL-1Blue Supercompetent Cells              Stratagene, Heidelberg 

OneShotBL21 StarChemically Competent E.coli              Invitrogen, Karlsruhe 

 
 
2.1.11 Oligonucleotides for PCR (53) 
 
GST_ JAK2 SH2 Domain 

For: GATCGATCGAATTCACGTCAGGCCGGGTCCAGCACTG 

Rev: GATCGATCCTCGAGTCAACCACTCAAAGAGCTCCTCCACCC 

 

Flag tag JAK2 

For: 

CTGAAAAAGACTTCGCATGGATTACAAGGATGACGACGATAAGGAATGGCCT

GCCTTAC 

Rev: 

GTAAGGCAGGCCATTCCCTTATCGTCGTCATCCTTGTAATCCATGCAGAGTCT

TTTTCAG 

 

Myc tag JAK2 

For: CCCCCGGGCTGCAGGAGTTCGGAATTGCCTGCC 

Rev: GGCAGGCCATCCCGAACTCCTGCAGCCCGGGGG 

 

GST-FP 

For: GATCGAATTCTGTCGGCCGGCGAGGTCGAG 

Rev: GATCCTCGAGTAATTACAGGAAGCTGTCTTC 

 

GST_SHP2 SH2 domain (N ter) 

For: GATCGAATTCTGACATCGCGGAGATGGTTTCAC 

Rev: GATCCTCGAGTAACACCTTTCAGAGGTAGGATCTG 

 

GST_SHP2 phosphatase domain 

For: GATCGAATTCTGTGGGAAGAATTTGAGACACTA 

Rev: GATCTTCGAGTAAATAATGCTGGACGGCCATATAG 
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GST-SHP2 

For: GATCGAATTCTGACATCGCGGAGATGGTTTCAC 

Rev: GATCCTCGAGTAATCTGAAACTTTTCTGCTG 

 

 

ΔFIP1L1-W (INS) PDGFRA 

For: GATCGATCGAATTCATGATTCGCTGGAGGGTCATTGAATC 

Rev: GATCGATCGAATTCTAATCCACCAGGTCTGAAGAGTCT 

 

 

ΔFIP1L1- PDGFRA 

For: GATCGATCGAATTCATGCTGCCTTATGACTCAAGATGG 

Rev: GATCGATCGAATTCTAATCCACCAGGTCTGAAGAGTCT 

 

 
 
2.1.12 Oligonucleotides for site directed mutagenesis (53) 
 
V617F JAK2 

For: GGAGTATGTTTCTGTGGAGACGAGAATATTC 

Rev: GAATATTCTCGTCTCCACAGAAACAACATACT 

 

 

R426K JAK2 

For: GGACTGTATGTACTTAAATGCAGTCCTAAGGAC 

Rev: GTCCTTAGGACTGCATTTAAGTACATACAGTCC 

 

 

L40A/Y41A JAK2 

For: GTTCTTCAGGTGTATGCTGCTCATTCCCTTGGGAAATC 

Rev: GATTTCCCAAGGGAATGAGCAGCAGCATACACCTGAA 

F604S FP 
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For: GGGGTCTGGAGCGTCTGGGAAGGTGGTTGAAG 

Rev: CTTCAACCACCTTCCCAGACGCTCCAGACCCC 

 

G610R FP 

For: GAAGGTGGTTGAACGGACAGCCTATGGATTAAG 

Rev: CTTAATCCATAGGCTGTTCGTTCAACCACCTTC 

 

P618S FP 

For: CTATGGATTAAGCCGGCCCCAACCTGTCATG 

Rev: CATGACAGGTTGGGGCCGGCTTAATCCATAG 

 

V658A FP 

For: CCACATTTGAACATTGCGAACTTGCTGGGAGCC 

rev: GGCTCCCAGCAAGTTCGCAATGTTCAAATGTGG 

 

V658G FP 

For: CCACATTTGAACATTGGAAACTTGCTGGGAGCC 

Rev: GGCTCCCAGCAAGTTTCCAATGTTCAAATGTGG 

 

L694V FP 

For: GAATAGGGATAGCTTCGTGAGCCACCACCCAG 

Rev: CTGGGTGGTGGCTCACGAAGCTATCCCTATTC 

 

S772Y FP 

For: CTCATATAAGAAGAAATATATGTTAGACTC 

Rev: GAGTCTAACATATATTTCTTCTTATATGAG 

 

M862I FP 

For: CCCGTGAAGTGGATTGCTCCTGAGAGC 

Rev: GCTCTCAGGAGCAATCCACTTCACGGG 

 

T674I FP 
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For: GGCCCCATTTACATCATCATAGAGTATTGCTTC 

Rev: GAAGCAATACTCTATGATGATGTAAATGGGGCC 

 

D842E FP 

For: GACTTTGGCCTGGCCAGACAGATCATGCATGATTCG 

Rev: CGAATCATGCATGATCTGTCTGGCCAGGCCAAAGTC 

 

D842G FP 

For: GACTTTGGCCTGGCCAGAGGGATCATGCATGATTCG 

Rev: CGAATCATGCATGGATCCCTCTGGCCAGGCCAAAGTC 

 

D842H FP 

For: GACTTTGGCCTGGCCAGACAGATCATGCATGATTCG 

Rev: CGAATCATGCATGATCTGTCAGGCCAGGCCAAAGTC 

 

 

D842V FP 

For: CTTTGGCCTGGCCAGAGTCATCATGCATGATTCG 

Rev: CGAATCATGCATGATGACTCTGGCCAGGCCAAAG 

 

Y849L FP 

For: GAGATCATGCATGATTCGAACCTTGTGCTGAAAGGC 

Rev: GCCTTTCAGCACAAGGTTCGAATCATGCATGATCTC 

 

T874I FP 

For: GACAACCTCTACACCATACTGAGTGACGTCTGG 

Rev: CCAGACGTCACTCAGTATGGTGTAGAGGTTGTC 

 

R841G FP 

For: GACTTTGGCCTGGCCGGAGACATCATGCATGATTCG 

Rev: CGAATCATGCATGATGTCTCCGGCCAGGCCAAAGTC 
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V850G FP 

For: CATGATTCGAACTATGCGTCGAAAGGCAGTACC 

Rev: GGTACTGCCTTTCGACGCATAGTTCGAATCATG 

 

P864S FP 

For: GTGAAGTGGATGGCTTCTGAGAGCATCTTTG 

Rev: CAAAGATGCTCTCAGAAGCCATCCACTTCAC 

 

N659D FP 

For: CATTTGAACATTGTAGACTTGCTGGGAGCCTGC 

Rev: GCAGGCTCCCAGCAAGTCTACAATGTTCAAATG 

 

N656Y FP 

For: CTGGGGCCACATTTGTACATTGTAAACTTGCTG 

Rev: CAGCAAGTTTACAATGTACAAATGTGCCCCAG 

 

S903C FP 

For: GGCATGATGGTGGATTGTACTTTCTACAATAAG 

Rev: CTTATTGTAGAAAGTACAATCCACCATCATGCC 

 

A640G FP 

For: CAGTGAAAAACAAGGTCTCATGTCTGAACTG 

Rev: CAGTTCAGACATGAGACCTTGTTTTTCACTG 

 

K688R FP 

For: GTCAACTATTTGCATCGGAATAGGGATAGC 

Rev: GCTATCCCTATTCCGATGCAAATAGTTGAC 

 

 

T799P FP 

For: GATTTGTTGAGCTTCCCCTATCAAGTTGCCCGAGG 

Rev: CCTCGGGCAAGTTGATAGGGGAAGCTCAACAAATC 
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2.1.13 Oligonucleotides for sequencing (53) 

 

FIP1L1:  

For: ATCAAGACAGGGGGAAGAG  

rev: CAGGCAGAGGAATGATGTAGCCAC. 

 

PDGFRA TK1 and KI: 

For: CCATGGCGT AAACCTGGTGC 

Rev: CAGGCAGAGGAATGATGTAGCCAC 

 

PDGFRA TK2: 

For: GGGCCACATTTGAACATTGTAAAC 

Rev: GCATT GTCTGAGTCCACACG 

 
 
2.1.14 Molecular markers for nucleic acids and proteins 
 
GeneRuler1kb DNA Ladder    Fermentas, St. Leon-Red 

GeneRuler High Range RNA Ladder   Fermentas, St. Leon-Red 

PageRulerPrestained Protein Ladder   Fermentas, St. Leon-Red 

 

 
2.1.15 Mouse Strains 
 
Balb/c                                           HarlanWinkelmannGmbH,Borchen 
 
 
2.1.16 Materials and kits for molecular biology 
 
Bio-Rad Protein assay                 Bio-Rad, München 

DNeasy Blood & Tissue Kit                Qiagen, Hilden 

Microvette® 300Z                 Sarstedt, Nümbrecht 

Platinum SYBR Green qPCR SuperMix-UDG             Invitrogen, Karlsruhe 

QIAGEN Plasmid Maxi Kit                Qiagen, Hilden 

QIAprep Spin Miniprep Kit                Qiagen, Hilden  
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QIAquick Gel Extraction Kit               Qiagen, Hilden 

QIAquick Spin Purification Kit               Qiagen, Hilden  

Rapid DNA Ligation Kit                Roche Diagnostics, Penzberg 

RevertAidH minus First Strand cDNA Synthesis Kit  Fermentas, St. Leon-Rot 

RNeasy Plus Mini Kit       Qiagen, Hilden 

SuperSignal® Chemoluminiscence Substrate               Pierce, Rockford, USA 

TrizolReagent                  Sigma-Aldrich,Taufkirchen 

 
2.1.17 Instruments 
 
ABI PRISM 7700                   Applied Biosystems, USA  

Agarose gel Electrophoresis chamber                 Biometra, Göttingen 

CO2-Incubator SW J 500 TV BB      Nunc, Wiesbaden 

Digital watch LC 1200 S       Satorius, Göttingen 

Durchflusszytometer (EPICSXL)      Beckman-Coulter, Krefeld 

ELISA Reader sunrise        Tecan, Crailsheim 

Optimax                    Protec, Oberstenfeld 

Fluorescence microscope       Olympus Optical Co., Hamburg 

Thermo heater 5436                   Eppendorf, Hamburg 

Incubator-Shaker Innova 4000                 New Brunswick Scientific, USA 

Cold centrifuge J2-HS, Rotor JA-14      Beckman, Fullerton, USA 

Cold centrifuge 5417R, 5810R      Eppendorf, Hamburg 

Light microscope Axiovert 25      Zeiss, Jena 

LKB Ultraspec III, Spectrophotometer     Pharmacia,Uppsala, Schweden  

Magnetic stirrer IKAMG RH       Janke & Kunkel, Staufen 

Micro96 Harvester        Skatron Instruments, Norwegen 

Microscope V 200        Hund, Wetzlar 

Multi-Gel Long Electrophoresis chamber     Biometra, Göttingen   

PCR-Thermocycler Primus 96      Peqlab, Erlangen  

pH-Meter 32         Beckman, Fullerton, USA 

Refrigerated Incubator-Shaker Innova      New Brunswick Scientific, USA 

Sterile work bench, HeraSafe       Thermo Scientific, Karlsruhe 

Scintillation counter (LS65000)      Beckman, Fullerton, USA 
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Stromgenerator, Powerpack P25      Biometra, Göttingen 

Table centrifuge 5417R       Eppendorf, Hamburg 

Transfer Electrophoresis Unit       Hoefer, San Fransisco, USA 

Trio-Thermoblock        Biometra, Göttingen 

Ultra-Turrax T8        IKA-Werke, Staufen 

Ultracentrifuge, Rotor VTI 80      Beckman, Fullerton, USA 

UV crosslinker 2400        Stratagene, La Jolla, USA 

UV-Lamp TI 2        Biometra, Göttingen 

Vortex Genie2         Scientific Industries, USA 

Water bath 1083        GFL, Burgwedel 

 
 
2.1.18 Buffers 
 
Amidoblack –staining        0.2% Naphtol Blue Black 

                     25% Isopropanol 

                     10% glacial acetic acid 

 

Amidoblack destaining buffer                 25% Isopropanol 

                     10% glacial acetic acid 

  

Coomassie-staining        0.25% Coomassie-blue 

          45% Methanol 

          10% glacial acetic acid 

 

Coomassie-destaining                   45% Methanol 

                     10% glacial acetic acid 

 

DEPC-H2O:         0.1% DEPC in A.d. 

                     O.N after autoclave 

 

DNA-Loading buffer (6X):       30% Glycerol (v/v) 

          0.25% Bromphenolblue (w/v) 
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                                                                            0.25% Xylolcyanol 

          50 mM EDTA in A.d. 

 

FACS-buffer:         0.1% BSA in PBS 

 

 
Luria-Bertani (LB) Medium                               1% Bacto-Tryptone 

          0.5% Bacto-beef extract  

          1%  NaCl in A.d. 

          With 1 M NaOH (pH 7.0)  

Lysis-buffer:         10 mM Tris/HCl (pH 7.5) 

                                                                            130 mM NaCl 

                                                                            5 mM EDTA 

                                                                            0.5% Triton X-100 

                                                                            20 mM Na2HPO4/NaH2PO4 (pH 7.5) 

                                                                            10 mM Sodiumpyrophosphate (pH 7) 

                                                                            1mM Sodiumorthovanadate 

                                                                            20 mM NaF 

                                                                            1mM Glycerol-2-Phosphate 

                                                                            1Protease-Inhibitor Cocktail tablet 

                                                                            Ad 10 ml  A.d. 

 

Lysis-buffer P50:         10mM Tris/HCl (pH 7.5) 

           1mM Calciumacetate 

           1.5mM Magnesiumacetate 

           2 mM DTT 

                                                                             1Protease-Inhibitor Cocktail tablet 

                                                                             Add for 10 ml A.d. 

 

MOPS-buffer:           20mM MOPS 

                50mM Sodiumcitrate 

                 10mM EDTA 

                                                                                    with1 M NaOH ( pH 7.0) 
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NETN-buffer:      0.5% (v/v) NP40 

       20 mM Tris/HCl (pH 8) 

       100 mM NaCl 

       1 mM EDTA 

       1 mM PMSF 

       1 mM Benzamidine 

       1 Protease-Inhibitor Cocktail tablet 

       ad 10 ml A.d. 

 

RBC (Red Blood Cell)-Lysis buffer:   150 mM NH4Cl 

       1 mM KHCO3 

       0.1 mM Na2EDTA, pH 7.3 in A.d. 

 

RNA-Loading buffer (5X):    0.2% Bromphenolblue 

       4 mM EDTA 

       7.2% Formaldehyde (37%) 

  20% Glycerol 

       3% Formamide 

       40% RNA-Loading buffer  

 

Separating buffer for SDS-PAGE (4X):  0.5 M Tris (pH 6.8) 

       0.4% SDS in A.d. 

 

SDS-Electrophoresis buffer:                25 mM Tris 

        192 mM Glycine 

        0.1% SDS in A.d. 

 

SDS-loading buffer (2X):     1 M Tris/HCl (pH 6.8) 

        200 mM DTT 

        4% SDS 

        0.2% Bromophenolblue 
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        20%  Glycine in A.d. 

 

SSC-buffer (20X):       0.3 M Sodium citrate HCl (pH 7.0) 

(Standard Saline Citrate)                            3 M NaCl 

 

TAE-buffer (10X):        0.4 M Tris 

          1.1% Acetic acid 

          2% 0.5M EDTA (pH 8) in A.d. 

 

TNE-buffer:         10 mM Tris (pH 8) 

          100 mM NaCl 

          1mM EDTA 

 

Transfer buffer:                   25 mM Tris 

          192 mM Glycine 

          0.1% SDS in A.d. 

          20% Methanol in A.d. 

 

Stocking gel buffer SDS-PAGE (4X):     1.5 M Tris (pH 8.8) 

                     0.4% SDS in A.d. 

 

 

2.2 METHODS 
 
 
2.2.1 Methods involving nucleic acids 
 
2.2.1.1 Isolation,purification and measurement of DNA 
 
DNA was isolated and purified by using “QIAprep spin Miniprep Kit” for minipreps (5 

ml of bacterial culture). For maxiprep “Machery-Nagel affinity column chromatography” 

was used. DNA was extracted and purified from agarose gels using “QI prep quick gel 

extraction kit”. Purity of the DNA was measured by using “Nanodrop”.  
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2.2.1.2 Agarose gel electrophoresis 
 
TAE-Buffer : 0.4M Tris, 1.1% Glacial Acetic Acid, 2% 0.5 M EDTA 

DNA-Loading buffer: 50% (M/V) Glycerine, 0.5% (M/V) Bromophenol blue,0.5M EDTA  

 

DNA is separated by using agarose gel electrophoresis. Separation of DNA molecules is 

dependent on the size of the particles. High percentage agarose gels (1.5%-2%) are used to 

separate small DNA fragments (<500 bp). Low percentage agarose gels (0.5%-1%) are used to 

separate high molecular DNA fragments (>1000 bp). Agarose was melted in microwave and 

poured on a sealed horizontal gel apparatus to a depth of 4 - 8 mm. DNA samples were mixed 

with gel loading buffer and loaded onto the gel. Ethidium bromide is used to stain DNA for 

visualization. DNA bands were visualized using a UV transilluminator. Visualized DNA bands 

were cut with a scalpel and the DNA from the gel piece was isolated by using gel extraction 

protocol as described (2.2.1.1).  

 

2.2.1.3 Restriction digestion, ligation and cloning of DNA 
 
All restriction enzymes were purchased from either New England Biolabs or Fermentas and used 

according to manufacturer’s protocol. In brief, 2μg of plasmid DNA, 2μl of 10 X enzyme buffer, 

1μl of restriction enzyme and water to make final volume to 20μl. Incubated the Raction mixture 

was incubated 370 for one hour. t o avoid relegation of vector DNA, alkaline phosphatase 

treatment was performed at 370 for one hour. Digested DNA was then separated on agrose gel, 

isolated from the gel by using DNA gel extraction kit. Cloning of the JAK2, FIP1L1-PDGFRA 

and SHP2 fragement were described in cDNA constructs section. 

 

2.2.1.4 Site directed mutagenesis and DNA sequence analysis 
 
Point mutations in JAK2 and FIP1L1-PDGFRA were introduced using site-directed mutagenesis 

method (Fermentas) according to the manufactures instructions. Primers were designed such that 

the mutation is present at the desired nucleotide location and a PCR was performed for 18 cycles. 

The resulting PCR product contains the template DNA as well as the mutated product. To avoid 

the unmutated template from the PCR product, DpnI restriction digestion was performed. The 

nicks left in the PCR product are sealed upon transformation into appropriate bacterial strain. 

Bacterial colonies were then picked for the minipreps and the DNA product was sequenced 

before for the further analysis. 
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2.2.2 Inhibitors 
 
Imatinib and nilotinib were a kind gift from Novartis Pharma AG, Basel, switzerland. 

Sorafenib was purchased from American Chemicals Custom Corporation, San Diego, 

CA, USA. Nilotinib and sorafenib were dissolved in dimethyl sulfoxide (DMSO) to make 

stock solution of 10mM. Imatinib was dissolved in water to make stock solution of 

10mM. PD166326 was dissolved in water and 10mM stock solution was prepared and 

stored at –20°C. MG 132, Leupeptin and cyclohexamide were purchased from sigma.  

10mM Stock solutions were prepared and stored at –20°C. Cyclohexamide is prepared 

freshly by dissolving in dimethyl sulfoxide (DMSO) and used 40μg/ml. 

 

2.2.3. Cell Lines and Cell Culture 
 
Murine Ba/F3 were obtained from the DSMZ (Braunschweig, Germany) and were grown 

in RPMI1640 medium containing 10% fetal calf serum, 200U/ml penicillin and 200ug/ml 

streptomycin (Gibco, Karlsruhe, Germany), in the presence of murine interleukin-3 (mIL-

3) (R+D systems, Wiesbaden, Germany). 293T cells were maintained in Dulbecco 

modified eagle medium (Gibco) containing 10% fetal calf serum similarly NIH3T3 cell 

were grown in the DMEM containing 10% fetal calf serum and 200U/ml pencillin and 

streptomycin . 2A cells were kindly provided by Harvey Lodish. EpoR-Ba/F3 cells were 

maintained in the presence of human erythropoietin (Ortho Biotech, Neuss, Germany). 

The 2A human fibrosarcoma cell line was maintained in Dulbecco modified eagle 

medium containing 10% fetal calf serum with penicillin and streptomycin. Human EOL1 

cell line was obtained from the DSMZ (Braunschweig, Germany) and was grown in 

RPMI1640 medium containg 10% fetal calf serum, 200U/ml penicillin and 200ug/ml 

streptomycin (Gibco, Karlsruhe, Germany). 

 

2.2.4 cDNA constructs and generation of stable cell lines 
 
Human WT JAK2 cDNA was purchased from RZPD (Berlin, Germany). EcoR1 site in 

the JAK2 was silenced by site directed mutagenesis method (Quickchange, Stratagene, 

Heidelberg, Germany). WT JAK2 was cloned into MSCV (Mig)-EGFP by using EcoR1 

enzyme and Flag-tag was inserted into WT JAK2 by site directed mutagenesis method. 



MATERIALS AND METHODS 

  39

The V617F, R426K and Y40A/L41A mutations were inserted by site-directed 

mutagenesis and primers were described in the material section (Quickchange, 

Stratagene, Heidelberg, Germany). All the constructs were verified by DNA sequencing. 

Myc-tagged WT and mutant JAK2 were generated by cloning WT JAK2 into the EcoR1 

site of pCMV-Myc and subsequentely subcloned into the retroviral MSCV-neo vector. 

JAK2 SH2 domain was generated by PCR and subcloned into pGEX4T.1 vector that 

expresses GST upstream of and in frame by using the EcoRI and XhoI enzymes. Human 

FP was isolated from EOL1-cells and cloned into MSCV (Mig)-EGFP. FP point 

mutations were introduced in MSCV- EGFP-FP using the QuickChange mutagenesis kit 

(Quickchange, Stratagene, Heidelberg, Germany). WT and F604S FP were cloned into 

pGEX4T.1 vector by using the EcoRI enzyme in frame with GST. Similarly various 

domains of SHP-2 were generated by PCR and subcloned into the pGEX4T.1 vector that 

express the GST by using the EcoRI and XhoI enzymes. All the constructs were verified 

by DNA sequencing and before establishing the stable cell lines all the constructs were 

checked for expression in NIH293T cells. WT JAK2 and mutant JAK2 constructs were 

stably expressed in Ba/F3 cells by retroviral infection method. High titer ecotropic 

retroviral supernatants were generated by transient transfection of the NX-Eco 

packaging cell line with bicistronic vectors encoding Flag tag JAK2 in the MSCV (Mig)-

IRES-EGFP vector and also with JAK2 mutants. Similarly viral supernatants were also 

generated from MSCV-IRES-EGFP-FP and other FP mutants. Viral supernatants 

collected from 48 hr and 72 hr after transfection were used to infect Ba/F3 cell lines. All 

the infections were performed in the presence of polybrene (4μg/mL). WT JAK2 and 

mutant JAK2 constructs were stably expressed in γ2A cells by retroviral infection.  

 

2.2.5 Immunoblotting and Immunoprecipitations (IPs)  
 
Ba/F3 cells expressing the various JAK2 mutants were serum-starved 12h followed by 

cytokine stimulations. Cells were harvested with lysis buffer (20mM Tris[Ph 7.4],150mM 

NaCl, 1% nonidet P-40, 2mM phenyl methyl sulfonyl fluoride,2Mm sodium 

orthovanadate) and cleared by centrifugation. Lysates used for direct immunoblotting 

were mixed with 1:1 with laemelli buffer and cooked at 95°C, 2 min and loaded on the 

SDS-PAGE gel. SDS-PAGE gels were transferred to nitrocellulose membrane 

(whatmann) in Towbin buffer containing 0.02% SDS and 20% methanol. Membranes 
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were blocked with milk or bovine serum albumin for 1 h at room temperature. 

Membranes were incubated with primary antibody in block buffer for 2 h at room 

temperature or over night at 40C. Membranes were rinsed three times with wash buffer 

containing PBS and 0.05% Tween and then subsequently incubated with secondary 

antibody conjugated to horse reddish peroxidise (Santa Cruz). Bands were visualized 

using the enhanced chemoluminescence (ECL) system (Amersham, Braunschweig, 

Germany). Immunoprecipitations were carried on cell lysates by pre clearing the lysates 

with protein A agarose beads and followed by incubating with antibody of interest in cold 

room at 4°C, over night. Flag IPs were performed with agarose conjugated anti flag beads 

(Sigma) where as HA IPs were carried by using the anti HA conjugated agarose pink 

beads (Sigma). IL-3Rβ chain IPs were done with the anti IL-3Rβ (Santa Cruz C-20).   

Immunoprecipitaes were washed with three times with lysis buffer before elution with 

Laemelli buffer.  

 

2.2.6 Membrane preparation from Ba/F3 cells 
 
Ba/F3 cells expressing various JAK2 mutants were washed three times with ice cold PBS 

and labeled with sulfo-NHS-biotin (Pierce, Rockford, IL) for 30 min on ice. Cells were 

washed with ice cold PBS and lysed with membrane lysis buffer followed by 

immunoprecipitation (IP) over night with streptavidin agarose (Karlsruhe, Germany). 

After repeated washing the unbound (cytosolic) and bound (membrane) fractions, the 

samples were collected and loaded. 

 

 
 
2.2.7   Retrovirus preparation and viral titer measurement 
 
Phoenix E helper-virus free ecotropic packaging cells (kind gift from G. Nolan, Stanford, 

USA) and NIH3T3 cells were maintained in DMEM (GIBCO-BRL) supplemented with 

10% FCS. Phoenix E cells were transiently transfected using Lipofectamine 2000 

(Invitrogen, Karlsruhe, Germany) and retroviral stocks were collected twice at 12-hour 

intervals beginning 24 hours after transfection.  Retrovirus was tittered by transduction of 

5 x 104 NIH3T3 cells with serial dilutions of retrovirus in the presence of 4 µg/ml 

polybrene (Sigma). 48h post transduction percentage of infected cells was determined by 
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flow cytometric analysis of EGFP-expression. The titer (in Colony Forming units per ml 

[CFU/ml]) was calculates by multiplication of the total number of EGFP-positive cells 

with the dilution factor of the retroviral supernatant. 

 
2.2.8 Bone marrow transduction and transplantation model 
 
Murine bone marrow (BM) was harvested from male Balb/C donor mice 4 days after 

injection of 150 mg/kg 5-fluorouracil (Ribosepharm, Munich, Germany) and stimulated 

overnight in Iscove modified Dulbecco medium (Gibco) with 20% FCS supplemented 

with growth factors (10 ng/mL mIL-3, 10 ng/mL mIL-6, 50 ng/mL mSCF, R+D systems). 

Cells were infected by spin infection (1200g, 32°C, 90 minutes) using retroviral 

supernatant supplemented with growth factors and 4µg/mL polybrene (Sigma). 

Subsequently, cells were resuspended in Hanks balanced salt solution (Sigma) and 

injected into the tail vein of lethally irradiated (800 rad) female Balb/C recipient mice. 

Animals that received a transplant were monitored for signs of disease by serial 

measurement of peripheral blood (PB) counts. All animals were caged in a special caging 

system (Thoren Caging Systems, Hazleton, PA) with autoclaved food and acidified water. 

All procedures were reviewed and approved by the university's supervisory animal care 

committee. 
 

2.2.9 Analysis of transplanted mice 
 
Hemoglobin (Hb), hematocrit (HCT), platelets, and white blood cell counts (WBC) were 

determined using an automated counter (SCIL vet abc, Heska, Fort Collins, CO). 

Reticulocytes were stained with brilliant cresyl blue solution (1%) and quantified by light 

microscopy (per 1000 erythrocytes). Single cell suspension of spleen was prepared by 

using cell strainer and single cell suspension of BM was isolated by flushing the bones, 

followed by RBC lysis. Cells were frozen in 90% FBS and 10% DMSO. For 

histopathological examination, tissues were frozen in formalin solution and embedded in 

paraffin and stained with hematoxylin and eosin. For myelofibrosis spleen and BM were 

stained with silver for reticulin. For flow cytometry cells were washed in PBS+ 1% BSA 

(FACS buffer), blocked with FC block and stained with monoclonal antibodies in PBS+ 

1% BSA for 30 minutes in dark. Antibodies used were PE- conjugated CD45, CD11b, 

Mac1, Gr-1. After washing with FACS buffer three times cells were resuspended in PI to 
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discriminate non viable cells. Flow cytometry was performed on a FACS cytometer. At 

least 10000 events were acquired, and data were analyzed using cell quest software (BD 

Biosciences). For western blots freshly isolated peripheral blood was subjected to RBC 

lysis and cell pellet was mixed with 2 x lamelli buffers. 

2.2.10 Resistance screen and mutation identification 

Screening for inhibitor-resistant colonies was performed by, Ba/F3 MSCV- EGFP- FP 

wild-type cells were pretreated with and with out the chemical mutagen N-ethyl–N-

nitrosourea (ENU) twice for 12 hours at a concentration of 50 µg/mL 115,116. Thereafter, 

cells were cultured in 96-well plates at a density of 4 x 105 cells per well and resistant cell 

clones were selected in the presence of imatinib, nilotinib and sorafenib at the indicated 

concentrations. Culture supernatants were replaced by fresh medium containing inhibitor 

after 48 hours. Visible cell colonies were picked, expanded, and analyzed. Resulting 

inhibitor-resistant sublines were cultured in the presence of inhibitor at a concentration 

corresponding to that used during the screen. Total RNA was extracted with TRIzol 

reagent (Invitrogen, Carlsbad, CA) from the resistant cell lines. For reverse-transcription-

polymerase chain reaction (RT-PCR) of FP encompassing the fusion and the PDGFRA 

kinase domain, the following primers were used: FIP1L1 5'ATCAA 

GACAGGGGGAAGAG3' and PDGFRA 5'CAGGCAGAGGAATGATGTAGCCAC3'. 

Using this fragment as template, the following primers were used for nested PCR: 

FIP1L1 5'GTAGACCTTGATGCACCTGGAAGC3' and PDGFRA 5'GCATTG 

TCTGAGTCCACACG3'. For sequencing, the primers were 5'CCATGGCGT 

AAACCTGGTGC3' and 5'CAGGCAGAGGAATGATGTAGCCAC3' for PDGFRA TK1 

and kinase insert, and 5'GGGCCACATTTGAACATTGTAAAC3' and 5'GCATT 

GTCTGAGTCCACACG3' for PDGFRA TK2. PCR products were sequenced by DNA 

sequencer (GATC, Constanz, Germany). Mutations were confirmed by ABI prisam and 

cloned into MSCV (Mig)-EGFP.  

2.2.11 Proliferation and apoptosis assay 

Proliferation was measured using an MTS (3-(4, 5 dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl-2-(4-sulfophenyl)-2H-tetrazolium)-based method by absorption 

of formazan at 490 nm (CellTiter 96; Promega, Madison, WI). Measures were taken as 
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triplicates after 72and 96 hours of culture without cytokines. Ba/F3 cells expressing the 

mutant FP were seeded into six well plates with indicated inhibito concentrations. After 

72 hr incubation, cells were washed twice with ice cold PBS, harvested with PBS 

supplemented with EDTA and stained with the Annexin-FITC apoptosis detection kit 

(BD Biosciences) according to the manufactures instructions. Percentage of apoptosis 

was determined by FACS analysis. 

2.2.12 Real time RT-PCR 

Total RNA was isolated from cell lines expressing WT and F604S FP by using trizol 

method. cDNA was synthesized from total RNA using first strand cDNA synthesis kit 

from fermantas and oligonucleotides and random primers. Real time PCR was performed 

to amplify DNA fragments by using primers specific for FIP1L1-PDGFRA. 

GGCAATTGATATCGGTCAGA was used as forward primer and 

CAAGCACTAGTCCATCTCTTGG was used as reverse primer to quantify relative 

amount of FP mRNA. GAPDH and actin were used for control. 

2.2.13 Pulse-chase experiments 

WT and F604S FP were transiently expressed in 293T cells with turbofect (Fermentas). 

After 24hrs medium was changed with methionine free DMEM without serum for 0.5h 

which is the starvation period, later medium is supplemented with 35S-Met and incubated 

for 1h which was the pulse period. Cells were then washed three times with phosphate 

buffer saline and incubated with medium supplemented with 1mM non-radioactive Met 

for 0, 15, 60,120 minutes. Cells were collected at the indicated time points and FP was 

immunoprecipitated from cell lysates using agarose conjugated anti PDGFRA. The 

precipitated PDGFRA was subjected to SDS-PAGE and detected with autoradiograph. 

2.2.14 Invitro kinase assay 

Purified JAK2 kinase domain (KD) was obtained from Cell Signaling technology. 

Human V617F, V617FmSH2 JAK2s were immunoprecipitated from HEK293T cells 

were used in the kinase assay. In vitro kinase assay was performed in 50ul of kinase 

buffer containing 60mM HEPES pH 7.9, 5mM Mgcl2, 5mM Mncl2, 3um Na3vo4,125mm 

DTT, 20uM ATP, 32P-γ-ATP. Histone-3 (Roche) was used as a substrate for the JAK2 
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kinase assay. Similarly WT and F604S FP were purified from bacteria as GST bound 

proteins and invitro kinase assay was performed in the presence of kinase buffer 

containing 125mM Tris pH 7.9, 5mM Mgcl2, 125mm DTT, 20uM ATP, 32P-γ-ATP. SRC 

was used as substrate for the kinase assay. 

2.2.15 GST purification and GST binding studies 

Wild type FP, F604S FP and JAK2 SH2 domains were cloned into pGEX4T.1 vector to 

obtain a GST- fusion construct. Recombinant proteins were expressed in and purified 

from BL-21 strain (invitrogen) (as from instruction manual). GST fusion proteins were 

incubated for 3 h with glutathione-agarose beads in binding buffer (150 mM NaCl, 

50mM Tris-HCl pH 8.0, and 5mM EDTA) at 40 c. After being washed with three times in 

binding buffer, the beads were then incubated with their potential binding proteins for 3 h 

at room temperature. The beads were then washed with three times and after which 

bound proteins were eluted with Laemelli sample buffer. 

2.2.16 EpoR surface staining 

Surface expression of HA-EpoR was measured in stably transfeceted Ba/F3 cells and 

gamma2A cells expressing JAK2 mutant constructs. Cells were incubated for 30 minutes 

in cold phosphate buffer saline (PBS) containing 2% bovine serum albumin. Cells were 

then incubated for 1 hour with rabbit monoclonal anti-HA antibody (Santa cruz), washed 

three times with PBS containing 0.2% bovine serum albumin and incubated with R-

phycoerythrin (PE) –conjugated anti rabbit IgG secondary antibody at 40 C. Cells were 

washed with three times with PBS buffer containing 0.2% bovine serum albumin and 

were analysed by flow cytometry on a FACScan cytometer. 

2.2.17 Structure analysis 
 
Graphical inspection and structural superposition was done with PyMOL (DeLano, W.L. 

The PyMOL Molecular Graphics System (2002) on World Wide Web 

http://www.pymol.org). Individual features of inhibitor interactions and geometries were 

examined also using the electron density server 117 and 3D-Ligand Interaction analyser as 

linked in the PDB server pages 118. 
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3 Results  
 
3.1. JAK2V617F-mediated IL3-independent growth of Ba/F3 cells requires an intact 

FERM and SH2 domain  

It has been previously demonstrated that JAK2V617F is able to render Ba/F3 cells IL-3-

independent 7. However, the exact mechanism how the V617F mutation leads to 

activation of the JAK2 pathway remains largely unclear. The JAKs contain several 

conserved domains possibly involved in the constitutive activation of JAK2V617F. The 

C-terminal FERM domain has been shown to be required for receptor association of the 

JAKs and deletion of this domain leads to cytosolic localization and loss of JAK-

mediated signaling 49,154,155. In addition, the SH2 domain is conserved in all JAKs and is 

adjacent to the pseudokinase domain containing the V617F mutation. However, little is 

known about the function of this domain in both WT- and oncogenic JAK activation. To 

investigate the role of these conserved domains in oncogenic JAK2 activation we 

generated a JAK2 FERM domain mutant (L40A/Y41A) and changed the highly 

conserved arginine at position 426 within the SH2 domain to a lysine (R426K). The 

corresponding mutations in JAK1 have been described earlier 47. 

JAK2 constructs containing V617F, R426K or L40A/Y41A or combinations of these 

mutations were stably introduced into IL3-dependent Ba/F3 cells using retroviral gene 

transfer. As expected, JAK2 expression with or without mutations in the SH2 domain or 

FERM domain was not able to render Ba/F3 cells growth factor-independent, which was 

determined by both MTS assay and cell counting (Figure 3.1 a and b). In contrast, 

expression of JAK2V617F in Ba/F3 cells led to factor-independent growth as described 

previously 7. JAK2V617F containing the FERM domain (JAK2 mFERM) mutation did 

not lead to this phenotype in Ba/F3 cells indicating that proper receptor scaffold is 

required for oncogenic JAK2-induced growth factor independence. Most strikingly, also 

cells expressing oncogenic JAK2V617F with the SH2 mutation (R426K) did not grow 

IL-3-independent (Figure 3.1 a and b). These findings strongly indicate a critical role of 

both the FERM and the SH2 domain for the transforming function of oncogenic 

JAK2V617F. 

 
 



RESULTS 
 

 46 

a) b)a) b)

 

Figure 3.1: JAK2V617F requires an intact FERM and SH2 domain for transformation of Ba/F3 cell 
lines (a) Proliferation of parental Ba/F3 cells (Ø) and Ba/F3 cells expressing WT-JAK2 (JAK2) or JAK2 containing 
the V617F (V617F), R426K (JAK2 mSH2), L40A/Y41A (JAK2 mFERM) single mutations or the 
JAK2V617F+R426K (V617FmSH2) and JAK2V617F+L40A/Y41A (V617FmFERM) double mutations as indicated. 
Cell growth in the absence of IL-3 was quantified by the relative optical density (OD) after 96h using an MTS based 
assay. Absolute cell numbers over time were measured in the absence of IL-3 by trypan blue exclusion (b). The figures 
represent one out of three independent experiments. Values are expressed as mean of triplicates (±SEM). 

 
 
JAK2V617F is constitutively phosphorylated in a ligand-independent manner resulting in 

cell growth in the absence of cytokines. We therefore determined the impact of the SH2 

and FERM mutation on JAK2 and STAT5 phosphorylation (Figure 3.2 a). Consistent 

with cell proliferation data, WT-JAK2 expression did not reveal constitutive activation of 

JAK2-induced signaling in the absence of IL-3. In contrast, oncogenic JAK2V617F 

showed constitutive phosphorylation of JAK2 and STAT5. However, mutation of either 

the FERM or the SH2 domain abrogated growth factor-independent JAK2V617F 

signaling. Notably, IL-3 stimulation induced JAK2-dependent signaling in these cells 

(Figure 3.2 a). Since Ba/F3 cells express endogenous JAK2, we further delineated the 

phosphorylation status of overexpressed JAK2 harboring the R426K and L40A/Y41A 

mutation by flag-IP (Figure 3.2 b). Constitutive phosphorylation of JAK2V617F was 

detectable and further enhanced by IL-3 stimulation. In contrast, phosphorylation of 

JAK2V617F mSH2, JAK2 mSH2, and WT-JAK2 was completely dependent on IL-3 

stimulation. FERM domain mutated JAK2 constructs were not phosphorylated even in 

the presence of IL-3. Thus, the FERM domain is absolutely required for oncogenic and 

cytokine-induced JAK phosphorylation, whereas the SH2 domain is required for the 

constitutive activation of oncogenic JAK2V617F only.  
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Figure 3.2: JAK2V617F requires an intact FERM and SH2 domain for constitutive ligand-
independent activation. Parental Ba/F3 and Ba/F3 cells expressing WT and mutant JAK2 as indicated and 
described in figure 3.1 were serum-starved for 12h and stimulated with IL-3 or vehicle for 5 min. Lysates were 
subjected to western blotting with the indicated antibodies (a). Unstimulated and IL-3-stimulated cell lines expressing 
JAK2 constructs described in (a) were immunoprecipitated (IP) from whole-cell lysates using an anti-flag antibody and 
immunoblotted with the indicated antibodies (b). 
 
 
3.1.1 JAK2V617F-mediated constitutive activation of JAK2 requires expression of  

Cytokine receptor in Gamma 2a cell line 

Since JAK2V617F could further be activated by the addition of IL-3, we were interested 

to determine whether cytokine receptor expression is a prerequisite for the constitutive 

activation of this oncogene. We therefore stably reconstituted JAK2-deficient 2A cells, 

which do not express common cytokine receptors with WT JAK2 and JAK2V617F 

(Figure 3.3 a). As expected, even in the presence of IL-3 cells with WT-JAK2 expression 

did not show JAK2 or STAT5 activation. Strikingly, also oncogenic JAK2V617F did not 

display any activity in these cells, indicating a strict requirement of cytokine receptor 
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expression for its oncogenic activation. This notion was supported by the fact that 

additional expression of IL-3R alpha and beta chains was able to restore ligand-

independent activation of JAK2V617F (Figure 3.3 b).  
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Figure 3.3: JAK2V617F mediated constitution activation requires ectopic expression of cytokine 
receptor and β chain alone is sufficient to show constitutive activation of JAK2 in γ2A cell lines: 2A 
cells stably expressing control vector (Ø), WT-JAK2 (JAK2) and V617F JAK2 (V617F) were serum starved 12hrs 
fallowed by cytokine (IL-3) stimulation (a). Cell lysates were prepared from the γ2A cells stably expressing mock 
vector (Ø lane1) JAK2V617F alone (V617F lane2), IL-3R beta chain (IL-3R β lane 3) alone and together with 
JAK2V617F (V617F+IL-3R β lane 5) and IL-3R beta chain plus alpha chain (IL-3R β+α lane 4) alone and together 
with JAK2V617F (V617F+IL-3R β+α lane 6). Lysates were analysed for the activation of JAK2 followed by indicated 
antibodies (b). 
 
 

3.1.2 Mutation of SH2 domain decreased the activation of the cytokine (IL-3) 

induced signal transduction in Gamma2A cell lines 

Role of the SH2- like domain in JAK2 mediated signal transduction was not understood. 

In order to find the functional role of SH2 domain in cytokine mediated signal 

transduction, we created the gamma 2A (JAK2-/- ) cell line stably expressing IL-3R 

together with WT-JAK2 and JAK2 mSH2 (Figure 3.4 a). To this end the phosphorylation 

of WT-JAK2 and JAK2 mSH2 in 2A cells, ectopically expressing the human IL-3R with 

and without IL-3 stimulation was determined. JAK2 mSH2 showed a detectable but 

considerably decreased autophosphorylation and STAT5 phosphorylation compared to 

WT-JAK2 after IL-3 stimulation (Figure 3.4 b). Thus, the JAK2 SH2 domain seems to be 

required for both oncogenic and cytokine-induced JAK2 activation.  

 



RESULTS 

 49

  

IL-3Rβ

JAK2

IL-3Rα
IL

3R
IL

3R
+J

A
K

2
IL

3R
+m

S
H

2

Ø IL-3

pSTAT5

STAT5

JAK2

pJAK2

IL
3R

+J
A

K
2

IL
3R

+m
S

H
2

Ø

- + - + +-

a b

IL-3Rβ

JAK2

IL-3Rα
IL

3R
IL

3R
+J

A
K

2
IL

3R
+m

S
H

2

Ø

IL-3Rβ

JAK2

IL-3Rα
IL

3R
IL

3R
+J

A
K

2
IL

3R
+m

S
H

2

Ø IL-3

pSTAT5

STAT5

JAK2

pJAK2

IL
3R

+J
A

K
2

IL
3R

+m
S

H
2

Ø

- + - + +- IL-3

pSTAT5

STAT5

JAK2

pJAK2

IL
3R

+J
A

K
2

IL
3R

+m
S

H
2

Ø

- + - + +-

a b

 
 
 
Figure 3.4: Mutation of SH2 domain impaires the maximal activation of JAK/STAT signal 
transduction in 2A cell lines  : Cell lysates of 2A cell lines stably expressing control vector (Ø), WT JAK2 
(JAK2) and JAK2R426K (JAK2 mSH2) along with IL-3R alpha and beta chains (IL-3R) were immunoblotted with the 
indicated antibodies (a). 2A cell lines stably expressing IL-3R, control vector (Ø), WT JAK2 (JAK2) and JAK2R426K 
(JAK2 mSH2) were serum-starved for 12h followed by stimulation with IL3 or vehicle. Cells were lysed and analyzed 
by immunoblotting with the indicated antibodies (b). 
 

 
3.1.3 High levels of EpoR can compensate for the loss of SH2 function in 

JAK2V617F 

It has been reported that co-expression of homodimeric type I cytokine receptor is a 

prerequisite for JAK2V617F-mediated transformation 23. We therefore determined the 

activation of JAK2 and STAT5 in parental and EpoR-transduced Ba/F3 cells (Figure 3.5). 

Interestingly, parental as well as EpoR-transduced Ba/F3 cells showed equal activation of 

JAK2V617F and STAT5 suggesting that endogenous IL-3R expression alone is sufficient 

for full JAK2V617F-mediated constitutive signaling.  
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Figure 3.5: Endogenous IL-3R expression alone is sufficient for constitutive activation of 
JAK2V617F: (A) JAK2V617F-expressing Ba/F3 (V617F) and EpoR-Ba/F3 (EpoR) cells were serum-starved for 12h 

and stimulated with IL-3, Epo or vehicle. Cell lysates were subjected to immunoblotting using the indicated antibodies. 
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EpoR–Ba/F3 cells expressing JAK2V617F proliferated in the absence of Epo, whereas 

WT JAK2, JAK2 mSH2, and FERM domain-deleted JAK2 were unable to render the 

cells Epo-independent (Figure 3.6 a and b). In contrast to parental Ba/F3 cells, EpoR-

expressing Ba/F3 cells could be transformed by JAK2V617F mSH2. These results as a 

start indicated that an intact SH2 domain might not be required for transformation of 

EpoR-Ba/F3 cells by JAK2V617F. 

 

a) b)a) b)

 
Figure 3.6: Over expression of EpoR rescues the SH2 domain mutated V617FJAK2: Proliferation of 
EpoR- Ba/F3 cells (Ø) and EpoR-Ba/F3 cells expressing WT-JAK2 (JAK2) or JAK2 containing the V617F (V617F), 
R426K (JAK2 mSH2), L40A/Y41A (JAK2 mFERM) single mutations or the JAK2V617F+R426K (V617FmSH2) and 
JAK2V617F+L40A/Y41A (V617FmFERM) double mutations as indicated. Cell growth in the absence of IL-3 was 
quantified by the relative optical density (OD) after 96h using an MTS based assay (a). Absolute cell numbers over 
time were measured in the absence of IL-3 by trypan blue exclusion (b). The figures represent one out of three 
independent experiments. Values are expressed as mean of triplicates (±SEM). 

 

Accordingly, we observed constitutive phosphorylation of JAK2 and the downstream 

signaling molecule STAT5 in EpoR-Ba/F3 cells expressing JAK2V617F or JAK2V617F 

mSH2 but not in WT JAK2, JAK2 mSH2, or FERM domain deleted JAK2 (Figure 3.7 a). 

To specifically determine the phosphorylation of the transduced JAK2 proteins, we 

performed flag IPs and found constitutive activation of JAK2V617F and JAK2V617F 

mSH2 in EpoR-Ba/F3 cells (Figure 3.7 b). In contrast, WT JAK2 and JAK2 mSH2 were 

only activated in the presence of Epo. Notably, FERM domain-mutant JAK2 proteins 

remained unphosphorylated even after Epo stimulation again indicating the requirement 

of receptor binding for both constitutive and Epo-induced JAK2 phosphorylation. 
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Figure 3.7: JAK2V617F requires an intact FERM but not SH2 domain for constitutive ligand-
independent activation in EpoR-Ba/F3 cells. EpoR- Ba/F3 and EpoR-Ba/F3 cells expressing WT and mutant 
JAK2 as indicated and described in (Fig 3.6 a) were serum-starved for 12h and stimulated with IL-3 or vehicle for 5 
min. Lysates were subjected to western blotting with the indicated antibodies (a). Unstimulated and IL-3-stimulated 
cell lines expressing JAK2 constructs described in (a) were immunoprecipitated (IP) from whole-cell lysates using an 
anti-flag antibody and immunoblotted with the indicated antibodies (b). 
 

EpoR-Ba/F3 cells were selected by cytokine withdrawal, which might result in cells with 

very high EpoR expression levels. To determine whether the level of EpoR 

overexpression is crucial for the rescue of the SH2 mutated JAK2V617F we examined 

the level of EpoR expression before and after IL-3 withdrawal. As shown in figure 3.8 a 

JAK2V617F mSH2-positive cells expressing high EpoR levels are strongly selected. This 

result suggested that only high EpoR expression permits IL-3 independent growth 

induced by SH2-deficient JAK2V617F. Accordingly, constitutive activation of the JAK2-

STAT5 axis could only be demonstrated in those JAK2V617F mSH2 cells, which were 

previously selected for high EpoR expression by IL-3 withdrawal and not in cells, which 

were permanently maintained in the presence of IL-3 (Figure 3.8 b). To confirm that only 

high density EpoR expression allows transformation by the JAK2V617F SH2 mutant, we 
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established single cell clones expressing JAK2V617F mSH2 together with high or low 

EpoR by limited dilution. Indeed, cell lines expressing low-level EpoR and SH2-mutated 

JAK2V617F did not reveal cytokine-independent growth (Figure 3.8 c and d). Thus, 

high-level EpoR expression is able to overcome the SH2 mutation of oncogenic JAK2. 

This might be due to the high abundance of the unstimulated receptor and the resulting 

high density of recruited JAK2 molecules at the membrane, facilitating the constitutive 

activation of SH2-mutated JAK2V617F. 
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Figure 3.8: EpoR levels determine the transformation of JAK2V617F mSH2. Ba/F3 JAK2V617F mSH2 
cells were transduced with MSCV-eGFP-EpoR (EpoR+V617F mSH2) and grown in the presence or absence of IL-3 
over a period of three days. FACS analysis was used to determine surface expression levels of EpoR (a). Analysis of 
JAK2 and STAT5 activation in these two EpoR-expressing Ba/F3 cell populations in the absence and presence of Epo 
was detrmined by western blot (b). Proliferation of isolated SH2-mutated JAK2V617F (V617FmSH2) Ba/F3 single cell 
clones expressing high or low levels of EpoR as quantified by the relative optical density (OD) using MTS assay. The 
figure represents one out of two independent experiments. Values are expressed as mean of triplicates (±SEM) (c). 
Expression of EpoR levels in isolated clones were shown with indicated antibodies (d). 
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3.1.4 Mutation of SH2 domain does not effect the protein turn over and intrinsic 

kinase activity of V617FJAK2 

In order to determine the role of SH2 doamin in JAK2V617F mediated transformation we 

analyzed the protein turn over in both JAK2V617F and JAK2V617FmSH2 transfected Ba/F3 

cells by cyclohexamide with indicated time points. Both JAK2V617F and JAK2V617FmSH2 

showed equal protein turn over indicated that mutation of SH2 domain does not effect the protein 

turn over (Figure 3.9 a). Similarly the role of SH2 domain in JAK2V617F intrinsic kinase activity 

was measured by using the Histone-3 as a substrate 61. Surprisingly mutation of SH2 doamin does 

not affect the intrinsic kinase activity of JAK2V617F (Figure 3.9 b).  
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Figure 3.9: The SH2 domain mutation does not effect in protein turn over and intrinsic kinase 
activity of V617FJAK2. Ba/F3 cells expressing JAK2V617F (V617F), JAK2V617F+R426K (V617 mSH2) were 
treated with cyclohexamide with indicated time periods and lysates were checked for the flag JAK2. JAK2V617F 
(V617F), and JAK2V617F+R426K (V617 mSH2) showed equal protein turnover indicating that SH2 domain mutation 
did not change in protein stability (a). JAK2V617F (V617F) and JAK2V617F+R426K (V617FmSH2) were 
immunoprecipitated from HEK293 cells and checked for the kinase activity by using histone-H3 as substrate in the 
presence of radiolabelled  γ32 ATP as described previously 61. Purified recombinant JAK2 kinase domain (JAK2KD) 
was used as positive control. Equal substrate loading was shown in the coomassive staining and in the bottom panel cell 
lysates and equal Immunoprecipitation of JAK2 was shown (b). 
 

3.1.5 Mutation of the SH2 domain does not affect the membrane distribution of 

JAK2 

Since the assembly of cytokine receptors and JAK2 is important for JAK2 

phosphorylation 49,154,156 and JAK2V617F abundance at the cell membrane may be 

critical for constitutive activation, we studied the membrane localization of the FERM 

and SH2-mutated JAK2V617F protein (Figure 3.10 a and b). Biotinylated surface 

proteins of Ba/F3 cells were immunoprecipitated using streptavidin beads. Subsequently, 

JAK2 expression and activity was determined within the membrane and cytosolic 

fraction. WT JAK2, JAK2V617F and JAK2V617F mSH2 as well as receptor expression 

was detectable within the membrane fraction. In contrast, FERM domain-mutated 

JAK2V617F was absent in the membrane fraction (Figure 3.10 a). This indicates that the 
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FERM domain but not the SH2 domain mediates membrane localization. FERM domain-

mutated JAK2V617F was also absent in the cytosolic fraction indicating that detachment 

from the cell membrane may lead to the degradation of the protein 78. In accordance with 

our previous results, JAK2V617F was constitutively activated whereas JAK2V617F 

mSH2 showed no autophosphorylation. Thus, these findings suggest that in contrast to 

FERM domain-mutated JAK2, the lack of constitutive activation of the SH2-mutatetd 

JAK2V617F cannot be ascribed to reduced membrane association. In addition, complex 

formation of WT and mutated JAK2 with the IL3R was determined by 

coimmunoprecipitation. In line with the fractionation experiment, the FERM domain but 

not the SH2 domain was required for complex formation of JAK2 and JAK2V617F with 

the IL-3R (Figure 3.10 b). 
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Figure 3.10: The SH2 domain mutation does not impair the membrane distribution of JAK2. Parental 
Ba/F3 (Ø) and Ba/F3 cells expressing WT JAK2 (JAK2), JAK2V617F (V617F), JAK2V617F+R426K (V617 mSH2) 
and JAK2V617F+L40A/Y41A (V617FmFERM) were surface biotinylated followed by streptavidin IP. The bound 
(membrane) and unbound (cytosolic) fractions were subjected to immunoblotting with antibodies to flag and phospho-
JAK2. IL-3R and actin were used as loading controls (a). IL-3 receptor beta chain (IL-3Rβ) was immunoprecipitated 
from parental Ba/F3 (Ø) and Ba/F3 cells expressing mutant JAK2 mentioned in (a) and checked for interaction of 
JAK2. In the bottom panel whole cell lysates were shown with indicated antibodies (b).  
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We also analyzed membrane distribution of JAK2 in EpoR-Ba/F3 cell lines by 

biotinylation. Similar to parental Ba/F3 cells, EpoR-Ba/F3 cells showed strong membrane 

recruitment of WT-JAK2, JAK2V617F and JAK2V617F mSH2, whereas FERM domain-

mutated JAK2 abrogates membrane localization (Figure 3.11).   
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Figure 3.11: Mutation of the FERM domain but not the SH2 domain impairs membrane distribution 
of JAK2 in EpoR-Ba/F3 cells. EpoR-Ba/F3 cells expressing empty vector (Ø), WT-JAK2 (JAK2), JAK2V617F 
(V617F), JAK2V617F mSH2 (V617F mSH2) and JAK2V617F mFERM (V617F mFERM) were surface biotinylated 
followed by streptavidin immunoprecipitation. The bound (membrane) and unbound (cytosolic) fractions were 
subjected to immunoblotting with antibodies to flag, phospho-JAK2, EpoR. Actin was used as loading control.  

 

In order to rule out that the SH2 domain plays a role in surface expression of the EpoR, 

we determined EpoR surface expression by FACS analysis in this cells. WT-JAK2, 

JAK2V617F, JAK2 mSH2 and JAK2V617F mSH2 showed equal levels of EpoR surface 

expression indicating that the SH2 domain is not required for EpoR membrane 

distribution (Figure 3.12). EpoR-Ba/F3 cells transfected with empty vector also showed 

comparable levels of EpoR surface expression suggesting that endogenous JAK2 protein 

levels are sufficient for proper EpoR maturation in Ba/F3 cells. 
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Figure 3.12: Mutation of the SH2 domain does not affect EpoR surface expression in Ba/F3 cells. 
EpoR surface expression of EpoR-Ba/F3 cells expressing empty vector (Ø) WT-JAK2 (JAK2), JAK2V617F (V617F), 
JAK2 mSH2, JAK2V617F mSH2 (V617F mSH2) was measured by FACS analysis. Cells were stained with PE-
conjugated antibodies to HA or the respective isotype control antibody. 

 

Using JAK2-deficient γ2A cells, Huang et.al showed that JAK2 is required for EpoR 

membrane expression and EpoR maturation through the interaction of the receptor and 

the FERM domain of JAK2 49 . In accordance with these data, we demonstrated that 

EpoR maturation was impaired in the absence of JAK2 and restored after WT-JAK2 

reconstitution by using FACS-based method. Similarly, JAK2 mSH2 was able to induce 

maturation of the EpoR, again confirming that the SH2 domain is dispensable for 

receptor maturation (Figure 3.13 a). Interestingly, also oncogenic JAK2V617F and 

JAK2V617F mSH2 induced EpoR maturation to the same extent than WT-JAK2 (Figure 

3.13 b). 

                        

0

20

40

60

80

100

mock

HA-E
poR

HA-E
poR+JA

K2

HA-E
poR+JA

K2 m
SH2

s
u

rf
a

c
e

 E
p

o
R

 
[%

 P
E

 f
lu

o
re

s
c

e
n

c
e

]

0

20

40

60

80

100

mock

HA-E
poR

HA-E
poR+V617F

HA-E
poR+V617F m

SH2

s
u

rf
a

c
e

 E
p

o
R

 [
%

 P
E

 f
lu

o
re

s
s

c
e

n
c

e
]

immature EpoR
mature EpoR

E
p

o
R

E
p

o
R

+J
A

K
2

Ø E
p

oR
+J

A
K

2 
m

S
H

2

JAK2

actin

E
p

o
R

E
p

o
R

+V
61

7F

JAK2

actin

E
p

o
R

+V
61

7F
 m

S
H

2

mature EpoR
immature EpoR

a b

0

20

40

60

80

100

mock

HA-E
poR

HA-E
poR+JA

K2

HA-E
poR+JA

K2 m
SH2

s
u

rf
a

c
e

 E
p

o
R

 
[%

 P
E

 f
lu

o
re

s
c

e
n

c
e

]

0

20

40

60

80

100

mock

HA-E
poR

HA-E
poR+V617F

HA-E
poR+V617F m

SH2

s
u

rf
a

c
e

 E
p

o
R

 [
%

 P
E

 f
lu

o
re

s
s

c
e

n
c

e
]

immature EpoR
mature EpoR

E
p

o
R

E
p

o
R

+J
A

K
2

Ø E
p

oR
+J

A
K

2 
m

S
H

2

JAK2

actin

E
p

o
R

E
p

o
R

+V
61

7F

JAK2

actin

E
p

o
R

+V
61

7F
 m

S
H

2

mature EpoR
immature EpoR

0

20

40

60

80

100

mock

HA-E
poR

HA-E
poR+JA

K2

HA-E
poR+JA

K2 m
SH2

s
u

rf
a

c
e

 E
p

o
R

 
[%

 P
E

 f
lu

o
re

s
c

e
n

c
e

]

0

20

40

60

80

100

mock

HA-E
poR

HA-E
poR+V617F

HA-E
poR+V617F m

SH2

s
u

rf
a

c
e

 E
p

o
R

 [
%

 P
E

 f
lu

o
re

s
s

c
e

n
c

e
]

immature EpoR
mature EpoR

E
p

o
R

E
p

o
R

+J
A

K
2

Ø E
p

oR
+J

A
K

2 
m

S
H

2

JAK2

actin

immature EpoR
mature EpoR

E
p

o
R

E
p

o
R

+J
A

K
2

Ø E
p

oR
+J

A
K

2 
m

S
H

2

JAK2

actin

E
p

o
R

E
p

o
R

+V
61

7F

JAK2

actin

E
p

o
R

+V
61

7F
 m

S
H

2

mature EpoR
immature EpoR

E
p

o
R

E
p

o
R

+V
61

7F

JAK2

actin

E
p

o
R

+V
61

7F
 m

S
H

2

mature EpoR

E
p

o
R

E
p

o
R

+V
61

7F

JAK2

actin

E
p

o
R

+V
61

7F
 m

S
H

2

mature EpoR
immature EpoR

a b

 
 
Figure 3.13: Mutation of the SH2 domain does not affect EpoR surface expression in γ2A cells: 
Gamma 2A cells expressing the HA-EpoR alone or HA-EpoR together with WT-JAK2 (JAK2), JAK2 mSH2 were 
analyzed for EpoR expression by FACS-based method (top panel). In the bottom panel whole cell lysates were 
analyzed with the indicated antibodies. WT JAK2 and JAK2 mSH2 showed comparable EpoR maturation (a). Equal 
amounts of mature EpoR (upper band) were found in WT-JAK2 and JAK2 mSH2 (bottom panel). JAK2V617F 
(V617F), JAK2V617F mSH2 (V617 mSH2) also showed comparable EpoR maturation indicating that SH2 domain 
does not play a role in receptor maturation (b). 
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Maturation of EpoR in γ2A cells was also further confirmed by treatment with Endo H. 

Consistant with the FACS-based method, mature EpoR (Endo H resistant form) was 

virtually undetectable in the absence of JAK2 expression. After JAK2 reconstitution both 

mature (Endo H-resistant) and immature EpoR forms (Endo H-sensitive) were observed. 

Interestingly, JAK2 mSH2, JAK2V617F and JAK2V617F mSH2 constructs also revealed 

similar levels of EpoR maturation, again indicating that SH2 is dispensable for EpoR 

maturation (Figure 3.14). 
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Figure 3.14: Mutation of the SH2 domain does not affect EpoR maturation in γ2A cells: HA-EpoR was 
immunoprecipitated from the γ2A cells, stably expressing HA-EpoR together with mock (Ø), JAK2, JAK2 mSH2, 
JAK2V617F, JAK2V617F mSH2 and treated with Endo H or with PNGase F and neuraminidase. After glycosidase 
treatment, the reaction products were subjected to western blot analysis with the indicated antibodies. Whole cell 
lysates were shown in the bottom panel. 
                 

3.1.6 Protein-protein interaction and transphosphorylation of JAK2V617F is 

dependent on an intact SH2 domain 

The function of the SH2 domain in JAK proteins is largely unclear and the binding of the 

JAK SH2 domain to specific phosphorylated tyrosine residues could not be demonstrated 

so far 47. In order to study binding of tyrosine-phosphorylated proteins to the JAK2 SH2 

domain, we performed GST pulldowns with the SH2 domain of JAK2 using Ba/F3 

JAK2V617F cell lysates. Since the SH2 domain of c-Src resembles a typical SH2 

domain, we used a GST expression construct containing the Src SH2 domain as a control. 
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Whereas GST-Src SH2 clearly precipitated a number of phosphorylated proteins, GST-

JAK2 SH2 revealed no tyrosine-phosphorylated binding partners corroborating previous 

reports (Figure 3.15). However, GST-JAK2 SH2 was able to precipitate JAK2 itself as 

determined by a JAK2 immunoblot (Figure 3.15).  

 

                                         

pJAK2

JAK2

lysates

V
61

7F

V
61

7F
m

S
H

2
G

S
T

-Ø

G
S

T
-J

A
K

2 
S

H
2 

d
o

m
ai

n
G

S
T

-Ø

G
S

T
-J

A
K

2 
S

H
2 

d
o

m
ai

n
G

S
T

-S
R

C
 S

H
2 

d
o

m
ai

n
G

S
T

-S
R

C
 S

H
2 

d
o

m
ai

n

V617F V617F mSH2
V

61
7F

V
61

7F
 m

S
H

2

PY

pJAK2

JAK2

lysates

V
61

7F

V
61

7F
m

S
H

2
G

S
T

-Ø

G
S

T
-J

A
K

2 
S

H
2 

d
o

m
ai

n
G

S
T

-Ø

G
S

T
-J

A
K

2 
S

H
2 

d
o

m
ai

n
G

S
T

-S
R

C
 S

H
2 

d
o

m
ai

n
G

S
T

-S
R

C
 S

H
2 

d
o

m
ai

n

V
61

7F

V
61

7F
m

S
H

2
G

S
T

-Ø

G
S

T
-J

A
K

2 
S

H
2 

d
o

m
ai

n
G

S
T

-Ø

G
S

T
-J

A
K

2 
S

H
2 

d
o

m
ai

n
G

S
T

-S
R

C
 S

H
2 

d
o

m
ai

n
G

S
T

-S
R

C
 S

H
2 

d
o

m
ai

n

V617F V617F mSH2
V

61
7F

V
61

7F
 m

S
H

2

PY

 

 

 

Figure 3.15: JAK2 SH2 domain does not fulfill classical SH2 domain function.The SH2 doamin of JAK2 
was expressed as GST-fusion protein and purified on glutathione beads. Cell lysates from V617FJAK2 (V617F) and 
V617F+R426KJAK2 (V617FmSH2) were incubated with purified JAK2 SH2 domain and analysed for phospho 
proteins by using anti phosphotyrosine (PY) antibody. SRC-SH2 doamin was used as a control for typical SH2 domain 
function. Similarly the bound proteins were also probed for JAK2 and pJAK2 antibodies. 

 

Since the SH2 domain therefore might be crucial for JAK2 self-association and 

subsequent transphosphorylation, we investigated the interaction between JAK2 

molecules by flag co-IP using both flag-tagged and myc-tagged JAK2 expression 

constructs. Both the constructs showed comparable pJAK2 signal, STAT5 signaling and 

transforming ability in Ba/F3 cells (Figure 3.16).  
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Figure 3.16: Flag-tagged and myc-tagged mutant JAK2 constructs showed similar transformation 
ability and signal transduction. Ba/F3 cells expressing flag-tagged WT-JAK2 (F-JAK2), JAK2V617F (F-V617F), 
JAK2V617F mSH2 (F-V617 mSH2) and myc-tagged WT-JAK2 (M-JAK2), JAK2V617F (M-V617F), JAK2V617F 
mSH2 (M-V617 mSH2) were grown in the absence of IL-3. Cell proliferation was measured by using MTS based 
method (a). Cells expressing the flag-tagged and myc-tagged JAK2 constructs mentioned in (a) were analyzed for the 
activation of JAK2 and STAT5 (b). 
 

After confirming the flag-tagged and myc-tagged JAK2 construct signaling transduction 

in Ba/F3 cell lines, then we investigated the co interaction between the flag-tagged and 

myc-tagged JAK2 by flag co-IP. As shown in Figure 3.17 a, myc-tagged WT-JAK2 does 

not co-immunoprecipitate with flag-tagged WT-JAK2. In contrast, immunoprecipitation 

of flag-tagged JAK2V617F resulted in the co-IP of myc-tagged JAK2V617F. 

Constitutive phosphorylation of JAK2V617F could be observed in both the 

immunoprecipitated fraction and in the lysate. This result suggests that JAK2V617F but 

not WT-JAK2 binds to each other in the absence of ligand.  

To determine the role of the SH2 domain for JAK2V617F self-association, we performed 

co-IP experiments using flag- and myc-tagged JAK2V617F mSH2 (Figure 3.17 b). 

Again, JAK2V617F revealed reciprocal interactions as well as high levels of constitutive 

phosphorylation. In contrast, overexpressed flag-tagged and myc-tagged JAK2V617F 

mSH2 could not be co-immunoprecipitated. This indicates that the SH2 domain seems to 

be crucial for the complex formation and subsequent transphosphorylation of 

JAK2V617F proteins.  
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Figure 3.17: The SH2 domain is required for the transphosphorylation of JAK2V617F.(a) Two WT 
JAK2 or JAK2V617F constructs containing either a myc (M-JAK2, M-V617F)) or flag tag (F-JAK2, F-V617F) were 
co-expressed in 293T cells. Flag-tagged JAK2 proteins were immunoprecipitated from cell lysates and analyzed for co-
immunoprecipitation of myc-tagged JAK2 by anti-myc immunoblotting and phospho-JAK2. (b) 293T cells co-
expressing either flag- and myc-tagged JAK2V617F (F-V617F, M-V617F) or flag- and myc-tagged 
JAK2V617F+R426K (F-V617F mSH2, M-V617F mSH2) were analyzed as described in (a).  
 

To further confirm these results, we performed additional co-immunoprecipitation 

experiments using flag-tagged JAK2V617F and myc-tagged WT-JAK2 and vice versa 

(Figure 3.18). We could not detect co-immunoprecipitation of myc-tagged WT-JAK2 

using flag-tagged JAK2V617F or vice versa indicating that constitutively activated JAK2 

is only able to interact with each other. Similarly co-immunoprecipitations  were carried 

out with the flag-tagged JAK2V617F mSH2 and myc-tagged WT-JAK2 and vice versa 

(Figure 3.18). As expected, flag-tagged JAK2V617F mSH2 could not co-

immunoprecipitate  myc-tagged WT-JAK2 and vice versa. 
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Figure 3.18: Flag-tagged JAK2V617F and JAK2V617F mSH2 are not able to co-immunoprecipitate 
myc-tagged WT-JAK2 and vice versa. WT-JAK2 or JAK2V617F constructs containing either a myc (M-JAK2, 
M-V617F) or a flag tag (F-JAK2, F-V617F) were co-expressed in 293T cells. Flag-tagged JAK2 proteins were 
immunoprecipitated from cell lysates and analyzed for co-immunoprecipitation of myc-tagged JAK2 by myc 
immunoblotting and phospho-JAK2 (left panel). Similarly, flag-tagged JAK2V617F (F-V617F) was co-expressed with 
myc-tagged WT-JAK2 and vice versa.  Flag-tagged JAK2 proteins were immunoprecipitated from cell lysates and 
analyzed for co-immunoprecipitation of myc-tagged JAK2 by myc and phospho-JAK2 immunoblotting and vice versa 
(middle panel). In addition, experiments were also carried out with flag-tagged JAK2V617F mSH2 (F-V617F mSH2) 
and myc-tagged WT-JAK2 (M-JAK2) and vice versa (right panel).  
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We also performed Co-IP experiments in gamma2a cells lacking common cytokine 

receptors by stably expressing flag-tagged and myc-tagged JAK2 mutant constructs with 

and without EpoR (Figure 3.19). Here, co-immunoprecipitation of myc-tagged 

JAK2V617F with flag-tagged JAK2V617F could only be observed in EpoR-expressing 

γ2A cells since JAK2V617F shows no activity in the absence of cytokine receptor 

expression. Therefore the results in gamma 2a cells support the notion that complex 

formation of JAK2V617F requires autophosphorylation. WT-JAK2 in accordance with 

the results in Figure 3.17 showed no complex formation even in the presence of cytokine 

receptor expression (Figure 3.19). 

                                      

                          

lysates

IP flag

ø F
-J

A
K

2+
M

-J
A

K
2

E
p

o
R

E
p

oR
+F

-J
A

K
2+

M
-J

A
K

2

flag-JAK2

myc-JAK2

pJAK2

flag-JAK2

myc-JAK2

pJAK2

HA-EpoR

Gamma 2A

E
p

o
R

+F
-V

61
7F

+M
-V

61
7F

E
p

oR
+F

-V
61

7F
 m

S
H

2+
M

-V
61

7F
 m

S
H

2

F-
V

61
7F

+M
-V

61
7F

F
-V

61
7F

 m
S

H
2+

M
-V

61
7F

 m
S

H
2

lysates

IP flag

ø F
-J

A
K

2+
M

-J
A

K
2

E
p

o
R

E
p

oR
+F

-J
A

K
2+

M
-J

A
K

2

flag-JAK2

myc-JAK2

pJAK2

flag-JAK2

myc-JAK2

pJAK2

HA-EpoR

Gamma 2A

E
p

o
R

+F
-V

61
7F

+M
-V

61
7F

E
p

oR
+F

-V
61

7F
 m

S
H

2+
M

-V
61

7F
 m

S
H

2

F-
V

61
7F

+M
-V

61
7F

F
-V

61
7F

 m
S

H
2+

M
-V

61
7F

 m
S

H
2

 
 
Figure 3.19: EpoR expression is required for JAK2V617F mediated transphosphorylation and 
constitutive activation in Gamma2A cells. Flag-tagged and myc-tagged JAK2 (F-JAK2 and M-JAK2), 
JAK2V617F (F-V617F and M-V617F) and JAK2V617F mSH2 (F-V617F mSH2 and M-V617F mSH2) were 
expressed with and without EpoR in γ2A cells. Flag-tagged JAK2 proteins were immunoprecipitated from cell lysates 
and analyzed for co-immunoprecipitation of myc-tagged JAK2 by myc and phospho-JAK2 immunoblotting. In the 
bottom panel whole cell lysates were analyzed for expression of flag-tagged and myc-tagged JAK2, EpoR and phospho 
-JAK2. 

 

 

To further investigate a potential requirement of the SH2 domain for constitutive 

JAK2V617F-dependent phosphorylation, we co-infected Ba/F3 cells with flag- and myc-

tagged JAK2V617F constructs containing an intact SH2 (lane 2), mutated SH2 (lane 3), 
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and both (lane 4) and performed flag IPs (Figure 3.20). As expected, control cells 

expressing flag- and myc-tagged unmutated JAK2V617F showed high levels of 

constitutive flag-JAK2V617F phosphorylation. Consistent with our previous data, 

phosphorylation of JAK2V617F was almost completely abrogated when the SH2 domain 

was mutated in both constructs. Interestingly, flag-JAK2V617F mSH2 was partially 

phosphorylated when myc-JAK2V617F was co-expressed indicating that SH2-mutated 

JAK2V617F can be phosphorylated in the presence of JAK2V617F containing an intact 

SH2. According to these results, the SH2 domain might be involved in the 

transphosphorylation and constitutive activation of JAK2V617F. Taken together, 

constitutive phosphorylation of JAK2V617F seems to require reciprocal binding via the 

SH2 domain.  
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Figure 3.20: Expression of flag-tagged V617FJAK2 rescues the V617F mSH2 phosphorylation in 
Ba/F3 cell lines. Ba/F3 cells stably expressing flag- and myc-tagged JAK2V617F and JAK2V617F+R426K mutants 
as indicated were lysed analyzed by flag IP and subsequent phospho-JAK2 and flag immunoblot. Expression levels of 
the JAK2 constructs in the lysates were controlled by flag and myc western blot. The cell lines used in this experiment 
were mock-transduced Ba/F3 cells (Ø, lane 1), flag-JAK2V617F (F-V617F) with myc-JAK2V617F (M-V617F) (lane 
2), flag-JAK2V617F+R426K (F-V617FmSH2) with myc-JAK2V617F+R426K (M-V617FmSH2) (lane 3), and flag-
JAK2V617F+R426K (F-V617F mSH2) with myc-JAK2V617F (M-V617F) (lane 4). 

 

3.1.7 JAK2V617F-mediated myeloproliferative disease in mice requires a functional 

SH2 domain. 

Retroviral transduction of JAK2V617F in bone marrow cells leads to a MPN reminiscent 

of PV 65,66. To investigate the in vivo role of the SH2 domain in the molecular 

pathogenesis of a JAK2V617F-induced MPN using primary hematopoietic cells with 

physiological cytokine receptor density, we retrovirally introduced JAK2V617F, 

JAK2V617F mSH2, and empty vector in BM cells derived from Balb/c mice and 
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subsequently transplanted them into lethally irradiated recipient mice. Retroviral 

syngenic mouse model was shown in the Figure 3.21.  
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Figure 3.21: The schematic representation of retroviral mediated syngenic mouse model PV like 
disease. BM was isolated from the 5-FU (5-fluro uracil) treated donor mice and cultured the isolated bone marrow in 
the presence of cytokines IL-3, IL-6 and SCF. V617FJAK2 and V617FmSH2JAK2 were cloned into MSCV-IRES-
eGFP vector and transfected to HEK293 cells for the virus. Virus was collected from 36hrs and 48hrs time points after 
the transfection and collected virus was used to infect primary bone marrow as described in methods.  After four rounds 
of infection, bone marrow was introduced into lethally irradiated recipient mice. Transplanted mice was analyzed for 
the disease out come after two weeks. 
 

V617FJAK2 and V617FmSH2JAK2 were equally transduced to primary bonemarrow 

isolated from Balb/c mice (Figure 3.22 a and b). Three independent transplantation 

experiments giving a total of 10 mice per construct were performed. Figure 3.15 shows 

the data from the first round of transplantation. Details on every transplantation 

performed can be seen in Table 3.1. 
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Figure 3.22: Tranduction efficiency of primary bonemarrow: V617FJAK2 and V617FmSH2JAK2 were 
infected to the primary bone marrow and infection efficiency was measured with % of eGFP positive cells by FACS 
(a). Quantification of bonemarrow infected with V617FJAK2 and V617FmSH2JAK2 were shown in (b). 

 

As previously reported, transplantation of JAK2V617F transduced BM leads to a marked 

leukocytosis, increased reticulocytes, blood hematocrit and hemoglobin levels in 

transplanted animals. The platelet counts did not exceed normal levels. This phenotype 

became evident three weeks after transplantation and sustained for months (Figure 3.23 

a-e). Strikingly, Balb/c mice receiving bone marrow cells ectopically expressing 

JAK2V617F mSH2 did not develop signs of a MPD and revealed blood counts 

comparable to control mice. In addition to elevated blood counts, mice receiving 

JAK2V617F-infected BM developed a profound splenomegaly with a median spleen 

weight four times higher than that of control mice (Figure 3.23 f). Notably, BM 

transduced with JAK2V617F mSH2 did not give rise to a significant increase in spleen 

size and weight. 
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Figure 3.23. The SH2 domain is required for the induction of a JAK2617F-driven MPD in a murine 
BM transplantation model: Three independent transplantation experiments were performed. Data shown here are 
from one representative transplantation (1st) with at least three individuals transplanted in each group. In this 
experiment murine bone marrow was retrovirally infected with JAK2V617F (V617F, n=4), JAK2V617F+R426K 
(V617FmSH2, n=3) or empty vector (mock, n=2) and transplanted into lethally irradiated syngenic recipient mice. 
Hematocrit % (a), hemoglobin g/dl(b), platelets G/l) (c), WBC G/l (d), and reticulocytes % (e) of transplanted 
mice at the indicated time points after transplantation are shown. (f) Spleens of representative transplanted animals are 
shown (left panel) and spleen size was quantified by weight mg. Values are expressed as mean (±SEM) of all animals 
transplanted. Detail on transplantation procedures are shown in Tabl.3.1 
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Table 3.1: Murine Bone Marrow Transplantation Experiments 

Details on each individual transplantation. TX (Transplantation), CFU (Colony forming unit per ml), WBC (White 

Blood Cell Count), HCT (Hematocrit), Hb (Heamoglobin), Retic. (Reticulocytes), ND (not determined). 
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55 ±1027 ±2.167 ±320 ±6295,00050,0004174.3x105V617F

98 ±451438 ±50737.5 ±1017.3 ±142 ±513 ±2816 ±42928 ±618 ±1.243 ±29.9 ±4300,00050,000316.54x105
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Western blot analysis showed that both JAK2V617F and JAK2V617FmSH2 showed 

three times higher expression of exogenous JAK2 compared to mock transfected mice 

(Figure 3.24). Therefore, in murine hematopoetic cells with physiologic cytokine receptor 

expression, deficiency of SH2 function in JAK2V617F is associated with the loss of the 

oncogenic potential. Thus, a functional SH2 domain seems to be indispensable for 

JAK2V617F to induce a MPD in vivo. 
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Figure 3.24: Expression of JAK2V617F and JAK2V617FmSH2 in a murine Bone Marrow 
Transplantation Experiment. Peripheral Blood (PB) was isolated from mice of different groups at 30 and 60 days 
after transplantation. After isolating WBC, cells were measured for EGFP-positivity by FACS-Analysis confirming 
persistent expression of JAK2V617F and JAK2V617FmSH2 after 30 days and 60 days (a). Quantification of 3 mice 
per group from the 2nd transplantation is shown in (b). (c) Immunoblotting of WBC isolated from PB (2nd TX) 
confirmed sustained JAK2V617F and JAK2V617FmSH2 expression. Expression levels of introduced JAK2 mutants 
were about 3-4 times higher than background wt JAK2. 
 

On microscopy, these spleens showed a normal cellularity indistinguishable from control 

mice. (Figure 3.25 a, left and right panel). Analysis of the bone marrow from 

JAK2V617F mice revealed an increased and left shifted myelopoesis reminiscent of a 

human MPN, whereas the BM of JAK2V617F mSH2 mice was normal and virtually 

identical to the BM of mock mice (Figure 3.25 a, upper panel). In addition, JAK2V617F 

induced a marked increase of collagen fibers resembling secondary myelofibrois (Figure 

3.25 b, lower panel). In contrast, myelofibrosis was absent in control and JAK2V617F 

mSH2 transplanted animals. Therefore, in murine hematopoetic cells with physiologic 

cytokine expression deficiency of the SH2 function in JAK2V617F is associated with the 

complete loss of its oncogenic potential. Thus, a functional SH2 domain is indispensable 

for JAK2V617F to induce both a MPN and myelofibrosis in vivo. 
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Figure.3.25: JAK2V617F transplanted mice shows typical features of MPN phenotype and 
myelofibrosis:  The histopathologic analysis revealed hyperplastic, left shifted myelopoeisis and clusters of 
megakaryocytes in the spleens of JAK2V617F mice, whereas spleens of mock and JAK2V617F mSH2 mice showed 
normal cellularity (a). H&E and reticulin stainings as labeled of representative tissue samples are shown (x400): Left 
(mock) a normal cellular bone marrow is shown. Note, that all haematopoetic cell lines are present and the amount of 
bone marrow fibers is normal. In the middle, bone marrow from a JAK2V617F (V617F) mouse is shown, displaying a 
left shifted increase of myeloid cells and a marked presence of collagen fibers, similar to the increase of reticulin fibers 
in human myeloproliferative disorders. BM obtained from JAK2V617 mSH2 (V617F mSH2) mice shows cellularity 
and fiber distribution nearly identical to the mock mice shown on the left (b). 
 

 

 

3.2. The concentration of imatinib determines the frequency and type of FP 

resistance mutations 

With imatinib, growth of wild-type-FP (FP/wt) expressing Ba/F3 cells was suppressed 

with an IC50 value in the range of 2 to 2.5 nM. Thus, we chose 7.5 nM (3 x IC50), 15 nM 

(6 x), 30 nM (12 x), and 60 nM (24 x) for screening without ethylnitrosourea ENU 

pretreatment. The highest number of resistant clones occurred at imatinib 7.5 nM with a 
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frequency of 0.093 per 106 cells, and decreased with increasing concentrations of 

imatinib to 0.013 at 60 nM (Figure 3.26 a). Although the proportion of PDGFRA kinase 

domain mutated clones increased with escalating drug concentrations, the yield of mutant 

clones for all drug concentrations was only eight (Table 3.2 A). To increase the yield of 

mutant clones, we decided to pretreat cells with a chemical mutagen, ethylnitrosourea 

(ENU) 150,151. Mutagenized Ba/F3 FP/wt cells were then exposed to graded 

concentrations of imatinib (100, 200, 500 and 4000 nM). The highest concentration 

approximates to plasma concentrations achievable in imatinib treated patients 157. Despite 

higher imatinib concentrations, the frequency of resistant clones increased to 0.34 per 106 

cells at 4000 nM to 1.56 at 100 nM (Figure 3.26 a). Also, the proportion of mutant clones 

increased to 72 percent at 100 nM and 100 percent at 4000 nM. With imatinib, mutations 

were distributed over the entire PDGFRA kinase domain (Table 3.2b, Figure 3.27). Of 

note, the F604S exchange located in the nucleotide-binding loop (P-loop) was 

predominant at low imatinib concentrations from 7.5 to 100 nM, and occurred mostly as 

compound exchange in combination with exchanges either in TK1 (V658, N659) or 

within the activation-loop in TK2 (A-loop; D842, Y849, V850). Interestingly, when we 

increased the imatinib concentration used for screening, we noted that a T674I exchange 

emerged in 73 percent of the clones at 200 nM, and constituted 100 percent of the 

exchanges identified at 500 and 4000 nM (Table 3.2 b). This exchange corresponds to the 

gatekeeper exchange T315I in Abl and is the only one isolated in clinical samples of FP 

positive myeloproliferation with clinical resistance to imatinib to date 103,146-148. Notably, 

some of the clones derived from imatinib at 200 nM in contrast to clones from 500 and 

2000 nM, displayed the gatekeeper exchange T674I in combination with exchanges of 

the kinase insert (L694V, N728D, and P744S). Over all these data indicate that our assay 

faithfully reproduced T674I and identified additional PDGFRA exchanges in imatinib 

resistant Ba/F3 cell clones.  
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Figure. 3.26: Frequency of resistant clones is determined by inhibitor, drug concentration and the 
presence of ENU.  Single clones of Ba/F3 cells growing in 96-well plates in the presence of imatinib (a), nilotinib (b 
or sorafenib (c) were picked and analyzed for the presence of FP kinase domain mutations. Shown is the frequency of 
resistant clones per million cells input. Wilt-type (wt, open bars) and mutant (mut, filled bars) clones are shown 
separately. ENU pretreatment increased the clone frequency with imatinib. Therefore, screening with nilotinib and 
sorafenib was performed after ENU pretreatment only. Note that with imatinib, increasing drug concentration from 500 
to 4000 nM did not further decrease the clone frequency (a), whereas with nilotinib (b) and sorafenib (c), clone 
frequencies decreased in a concentration-dependent manner.  

 

3.2.1 With nilotinib, the profile of resistance mutations narrows to FP/D842V at 

clinically achievable concentrations 

It has been demonstrated that nilotinib is active against FP 158. In contrast to imatinib, 

nilotinib has residual activity against FP/T674I 159. Given a cellular IC50 value of 5 nM 

and serum trough levels around 2000 nM in treated patients 160, we selected nilotinib 

resistant Ba/F3 FP cell clones at 200, 500, 1000, and 2000 nM. At 200 nM, the overall 

frequency of resistant clones was 1.04 with nilotinib as opposed to 0.884 per 106 cells 

with imatinib (Figure 3.26 a, b).  
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Tab 3.2: Spectrum and relative frequency of FP kinase domain mutations recovered at different 
inhibitor concentrations. Shown is the distribution of individual mutations recovered after ENU pretreatment with 
imatinib at low concentrations (a), and after ENU treatment with higher concentrations of imatinib, nilotinib and 
sorafenib (b). The total number of mutant clones and the relative frequency of exchanges per condition are shown. 
Positions refer to human PDGFRA (NM_006206). TK1: W586 through N689; kinase insert: R690 through D789; TK2: 
N790 through N952. 

 

         

 a) 

                                   

No ENU pretreatment
Frequency of exchanges (per cent of 
all clones)

Inhibitor concentration 
(nM) Imatinib

7.5 F604S + D842H (66.66%)

F604S + D842G (33.3%)

15 F604S + D842E (33.33%)

F604S + Y849L + Del850 (33.33%)

F604S (33.33%)

30 F604S (100%)

60 F604S + V658A (100%)

No ENU pretreatment
Frequency of exchanges (per cent of 
all clones)

Inhibitor concentration 
(nM) Imatinib

7.5 F604S + D842H (66.66%)

F604S + D842G (33.3%)

15 F604S + D842E (33.33%)

F604S + Y849L + Del850 (33.33%)

F604S (33.33%)

30 F604S (100%)

60 F604S + V658A (100%)
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b) 

                              

ENU pretreatment Frequency of exchanges (per cent of all clones)

Inhibitor concentration 
(nM) Imatinib Nilotinib Sorafenib

100 F604S + V658G (23.2%)
F604S + N659Y (9.3%)
F604S + V658A (13.9%)
F604S (41.86%) 
L694V (4.65%)
S772Y (2.32%)
M862I (4.65%)

ND ND

200 T674I (73.3%)
V658G (6.66%)
G610R (6.66%)
T674I + L694V (3.33%)
T674I + N728D (3.33%)
S618P (3.33%)
T674I + P745S (3.33%)

T674I (6.66%)
T674I + T874I (76.6%)
R841G (3.33%)
T874I(13.33%)

D842V (12.5%)
N659Y (12.5%)
K688R (12.5%)
G610R (62.5%)

500 T674I (100%) T674I + T874I (84.6%)
P864S (3.84%)
T799P (3.84%)
T674I + L694V (7.6%)

A640G + N656Y 
(100%)

1000 ND V850G (45.4%)
D842V (54.6%)

S903C (100%)

2000 ND D842V (100%) No growth

4000 T674I (100%) ND ND

ENU pretreatment Frequency of exchanges (per cent of all clones)

Inhibitor concentration 
(nM) Imatinib Nilotinib Sorafenib

100 F604S + V658G (23.2%)
F604S + N659Y (9.3%)
F604S + V658A (13.9%)
F604S (41.86%) 
L694V (4.65%)
S772Y (2.32%)
M862I (4.65%)

ND ND

200 T674I (73.3%)
V658G (6.66%)
G610R (6.66%)
T674I + L694V (3.33%)
T674I + N728D (3.33%)
S618P (3.33%)
T674I + P745S (3.33%)

T674I (6.66%)
T674I + T874I (76.6%)
R841G (3.33%)
T874I(13.33%)

D842V (12.5%)
N659Y (12.5%)
K688R (12.5%)
G610R (62.5%)

500 T674I (100%) T674I + T874I (84.6%)
P864S (3.84%)
T799P (3.84%)
T674I + L694V (7.6%)

A640G + N656Y 
(100%)

1000 ND V850G (45.4%)
D842V (54.6%)

S903C (100%)

2000 ND D842V (100%) No growth

4000 T674I (100%) ND ND

 

 

 

At higher concentrations, resistant clones steadily declined to 0.15 and 0.052 at 1000 and 

2000 nM nilotinib, respectively. This was in contrast to imatinib, where the frequency of 

clones expressing T674I leveled off at 0.34 per 106 cells at 1000 and 4000 nM. With 

nilotinib, the T674I gatekeeper exchange alone or as a compound predominated at low 

and intermediate concentrations (Table 3.2 b). Notably, T674I in compound with T874I 

(TK2, c-terminal of the A-loop) constituted the most abundant finding at 200 and 500 

nM, and exclusively emerged with nilotinib. However, in marked contrast to the imatinib 

screen, exchanges involving T674I disappeared in favor of the A-loop exchange D842V 

at higher nilotinib concentrations (1000 and 2000 nM; see Table 3.2 b). The frequency of 

D842V positive clones at 1000 and 2000 nM nilotinib was 0.078 and 0.052, respectively. 
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Together, at clinically achievable drug concentrations nilotinib produced D842V clones 

at a low frequency, in contrast to the more frequent finding of T674I with imatinib.  

 

3.2.2 Sorafenib produces resistant FP cell clones at very low frequency 

The bi-aryl urea sorafenib constitutes a compound structurally distinct from imatinib and 

nilotinib. Sorafenib was shown to suppress PDGFRA, FP and also FP/T674I 161,162. 

Sorafenib displays a cellular IC50 of 0.25 nM with FP, and up to 4000 nM can be 

reached in plasma of treated patients 163. Screening with sorafenib at 200 nM produced 

drug resistant Ba/F3 clones at frequency of only 0.2 per 106 cells input (Figure 3.26 c), 

further decreasing to 0.1 and 0.03 at 500 and 1000 nM. At 2000 nM, we were not able to 

obtain resistant clones, even though we performed screening after ENU pretreatment. The 

total number of resistant clones was only 16, and PDGFRA kinase domain mutations 

were identified in 10, including all clones derived from sorafenib at 200 nM, but only a 

proportion of clones at 500 and 1000 nM (20 and 33 percent respectively). This was in 

contrast to imatinib and nilotinib, where wt-clones disappeared in favor of mutant clones 

at higher inhibitor concentrations. In mutant clones, we identified seven different 

exchanges (Table. 3.2 b). The D842V exchange already had emerged with nilotinib at 

high concentrations. The N659Y (TK1) and G610R (TK1, P-loop) exchanges were both 

identified also with imatinib at low inhibitor concentrations. However, G610R made up 

five out of eight exchanges (63 %) at 200 nM sorafenib, but accounted only for 6 percent 

of exchanges at 200 nM imatinib. The remaining four exchanges exclusively came up 

with sorafenib, and included A640G, appearing as a compound exchange with N656Y 

(both TK1), K688R (TK1/kinase insert boundary), and S903C (c-terminal of activation 

loop). Also in contrast to imatinib and nilotinib, single and compound exchanges 

involving T674I, which made up the majority of exchanges with imatinib and nilotinib at 

200 nM (83 percent each), did not emerge with sorafenib. Thus, sorafenib resistant FP 

Ba/F3 clones occurred at low and intermediate drug concentrations at a low frequency, 

but did not emerge at the clinically achievable concentration of 2000 nM. While D842V 

was identified, the gatekeeper mutation T674I did not come up with sorafenib.  
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Figure.3.27: FIP1L1-PDGFRA resistance mutations and homologous positions in PDGFRB, c-Kit 
and c-Abl. Graphical representation of PDGFRA kinase domain (NM_006206) aligned with the kinase domains of 
PDGFRB (NM_002609), c-Kit (X06182) and c-Abl (NM_005157). Highlighted in red are positions of amino acid 
exchanges identified in resistant FP cell clones, and corresponding variants that were found in patients with GIST (c-
Kit, PDGFRA) and CML (Bcr-Abl). 
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3.2.3 Limited cross resistance of identified FP exchanges favours nilotinib and 

sorafenib over imatinib 

We next intended to determine the extent of cross-resistance of particular mutations. We 

therefore cloned all FP exchanges that were identified in the screens with imatinib, 

nilotinib and sorafenib using site-directed mutagenesis, including single constituents of 

compound exchanges. We transfected Ba/F3 cells and established stably expressing lines 

for all identified mutations, and examined growth suppression and phosphorylation of FP 

in individual cell lines in the presence of imatinib, nilotinib or sorafenib (Figure 3.28 a-f, 

Table 3.3). For FP/wt, cell growth assays indicated cellular IC50 values of 2 nM, 5 nM, 

and 0.25 nM for imatinib, nilotinib, and sorafenib, respectively (Figure 3.29, Table 3.3), 

and these concentrations also lead to half maximal inhibition of FP autophosphorylation 

(Figure 3.30). 
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b)

0

20

40

60

80

100

120

with
out

1.
25 2.

5 5
12

.5 25 50 10
0

20
0

40
0

80
0

10
00

40
00

concentration of Imatinib

O
D

 a
t 

4
9

0
 (

%
)

par
WT

F604S
S618P
A640G
V658A

V658G
N656Y
K688R
L694V

S772Y
T799P
R841G

D842E
D842G
D842H
DelV 850

V850G
M862I
T874I
S903C

T674I
D842V

b)

0

20

40

60

80

100

120

with
out

1.
25 2.

5 5
12

.5 25 50 10
0

20
0

40
0

80
0

10
00

40
00

concentration of Imatinib

O
D

 a
t 

4
9

0
 (

%
)

par
WT

F604S
S618P
A640G
V658A

V658G
N656Y
K688R
L694V

S772Y
T799P
R841G

D842E
D842G
D842H
DelV 850

V850G
M862I
T874I
S903C

T674I
D842V

 

 

0

20

40

60

80

100

120

with
out

1.
25 2.

5 5
12

.5 25 50 10
0

20
0

40
0

80
0

10
00

20
00

concentration of Nilotinib

O
D

 a
t 

4
9

0
 (

%
)

par

WT

F604S+D842E

F604S+D842G

F604S+D842H

F604S+DelV 850

F604S+Y849L+Del850

F604S+V658A

F604S+V658G

F604S+N659Y

A640G+N656Y

T674I+L694V

T674I+N728D

T674I+P745S

T674I+T874I

c)

0

20

40

60

80

100

120

with
out

1.
25 2.

5 5
12

.5 25 50 10
0

20
0

40
0

80
0

10
00

20
00

concentration of Nilotinib

O
D

 a
t 

4
9

0
 (

%
)

par

WT

F604S+D842E

F604S+D842G

F604S+D842H

F604S+DelV 850

F604S+Y849L+Del850

F604S+V658A

F604S+V658G

F604S+N659Y

A640G+N656Y

T674I+L694V

T674I+N728D

T674I+P745S

T674I+T874I

c)

 

 



RESULTS 

 77

d)

0

20

40

60

80

100

120

with
out

1.
25 2.

5 5
12

.5 25 50 10
0

20
0

40
0

80
0

10
00

20
00

concentration of Nilotinib

O
D

 a
t 
4
9
0
 (
%

)

par

WT
F604S

S618P
A640G

V658A
V658G

N656Y
T674I

K688R
L694V

S772Y
T799P

R841G
D842E

D842G
D842H

D842V
Del V850

V850G
M862I

T874I
S903C

d)

0

20

40

60

80

100

120

with
out

1.
25 2.

5 5
12

.5 25 50 10
0

20
0

40
0

80
0

10
00

20
00

concentration of Nilotinib

O
D

 a
t 
4
9
0
 (
%

)

par

WT
F604S

S618P
A640G

V658A
V658G

N656Y
T674I

K688R
L694V

S772Y
T799P

R841G
D842E

D842G
D842H

D842V
Del V850

V850G
M862I

T874I
S903C  

                    

0

20

40

60

80

100

120

with
out

0.
5

1.
25 2.

5 5
12

.5 25 50 10
0

20
0

40
0

80
0

10
00

40
00

concentration of Sorafenib

O
D

 a
t 

49
0 

(%
)

par

WT

F604S+D842E

F604S+D842G

F604S+D842H

F604S+DelV 850

F604S+Y849L+Del850

F604S+V658A

F604S+V658G

F604S+N659Y

A640G+N656Y

T674I+L694V

T674I+N728D

T674I+P745S

T674I+T874I

e)

0

20

40

60

80

100

120

with
out

0.
5

1.
25 2.

5 5
12

.5 25 50 10
0

20
0

40
0

80
0

10
00

40
00

concentration of Sorafenib

O
D

 a
t 

49
0 

(%
)

par

WT

F604S+D842E

F604S+D842G

F604S+D842H

F604S+DelV 850

F604S+Y849L+Del850

F604S+V658A

F604S+V658G

F604S+N659Y

A640G+N656Y

T674I+L694V

T674I+N728D

T674I+P745S

T674I+T874I

e)

 



RESULTS 
 

 78 

0

20

40

60

80

100

120

with
out 0.

5
1.
25 2.

5 5
12

.5 25 50 10
0

20
0

40
0

80
0

10
00

40
00

concentration of Sorafenib

O
D

 a
t 
4
9
0
 (
%

)

par
WT
F604S
S618P
A640G
V658A
V658G
N656Y
N659Y
T674I
K688R
L694V
S772Y
T799P
R841G
D842E
D842G
D842H
D842V
Del V850
V850G
M862I
T874I
S903C

f)

0

20

40

60

80

100

120

with
out 0.

5
1.
25 2.

5 5
12

.5 25 50 10
0

20
0

40
0

80
0

10
00

40
00

concentration of Sorafenib

O
D

 a
t 
4
9
0
 (
%

)

par
WT
F604S
S618P
A640G
V658A
V658G
N656Y
N659Y
T674I
K688R
L694V
S772Y
T799P
R841G
D842E
D842G
D842H
D842V
Del V850
V850G
M862I
T874I
S903C

f)

 
Figure. 3.28: FP/D842V is fully cross-resistant, whereas FP/T674I responds to nilotinib and 
sorafenib, but not to imatinib. FP point mutants that were identified with imatinib, nilotinib or sorafinib including 
single constituents of compound mutations were recreated in FP using site-directed mutagenesis. Constructs were 
stably expressed in Ba/F3 cells. Proliferation was measured using an MTS-based method after incubation for 24 and 48 
hours without and in the presence of inhibitors. The clinically achievable plasma concentration was selected as 
maximum concentration for each compound (Imatinib 4000 nM 157; nilotinib 1700 nM 160; sorafenib 4000 nM 163). At 
least 2 independent experiments were performed for each construct. Shown are representative results of one experiment 
after 48 hours of incubation with imatinib (a and b), nilotinib (c and d), and sorafenib (e and f) for all exchanges. OD 
indicates optical density. Values are expressed as mean of triplicates. Bars: ± SE.  
 

Six out of the 27 exchanges that were identified in at least one of the screens displayed a 

complete imatinib resistance at 4000 nM, which corresponds to the concentration that can 

be reached in plasma of treated patients 157. In line with the imatinib screen (Table 3.2 b), 

where the relative abundance of the clinically reported gatekeeper exchange T674I 

increased in a concentration-dependent manner, five of these highly imatinib resistant 

exchanges involved T674I (Table 3.2). 
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Tab 3.3: Analysis of cellular resistance and cross-resistance of individual exchanges. 
FP point mutants that were identified with imatinib, nilotinib or sorafinib including single constituents of compound 
mutations were recreated and expressed in Ba/F3 cells. IC50 values (left) and fold increase compared to FP/wt (right) 
were calculated using results of the proliferation experiments shown in Figure 3.28. I/N/S/- denotes identified with 
imatinib (I) / nilotinib (N) /sorafenib (S) /not identified (-). 

 

    

Cellular IC50 (nM) Cellular IC50 (fold wt)

Imatinib Nilotinib Sorafenib Imatinib Nilotinib Sorafenib

wt 2 5 0,25 - - -

I F604S 2,5 9 0,6 1,25 1,8 3

- D842E 4 12,5 0,25 2 2,5 1

I F604S+D842E 94 25 18,5 47 5 74

- D842H 2,5 4 2 1,25 1 8

I F604S+D842H 18 12 25 9 2,4 100

- D842G 5 6,5 0,25 2,5 1,3 1

I F604S+D842G 73 158 14,5 36,5 31,6 58

- Del V850 24 7 2 12 1,4 8

- F604S+Del V 850 39 31 21 19,5 6,2 84

I F604S+Del V 850+Y849L 85 92 60 42,5 18,4 240

- V658A 35,5 38,5 36 17,75 7,7 144

I F604S+V658A 50 60 40 25 12 160

I V658G 47,5 45,5 21 23,75 9,1 84

I F604S+V658G 78 135 36 39 27 144

S N659Y 6,5 18,8 83 3,25 3,76 332

I F604S+N659Y 35 92 95 17,5 18,4 380

I/S G610R N/A N/A N/A - - -

I S618P 2,5 17 0,25 1,25 3,4 1

- A640G 6 3 78 3 1 312

- N656Y 9,5 9,5 18 4,75 1,9 72

S A640G+N656Y 6 5 93 3 1 361

I/N T674I >4000 175 25 >2000 35 100

I L694V 4 16,5 0,5 2 3,3 2

I/N T674I+L694V >4000 238 28 >2000 47,6 112

I T674I+N728D >4000 200 28 >2000 40 112

I T674I+P744S >4000 175 25 >2000 35 100

N T874I 10,2 17 0,5 5,1 3,4 2

N T674I+T874I >4000 1500 300 >2000 300 1200

S K688R 4,8 4 0,25 2,4 1 1

I S772Y 31 50 4,3 15,5 10 17,2

I T799P 19 20,5 0,5 9,5 4,1 2

N R841G 17 35 0,5 8,5 7 2

N/S D842V >4000 >2000 >4000 >2000 >400 >16000

N V850G 9,8 15 3,5 4,9 3 14

I M862I 12 10 0,25 6 2 1

S S903C 15 6 0,25 7,5 1,2 1

Cellular IC50 (nM) Cellular IC50 (fold wt)

Imatinib Nilotinib Sorafenib Imatinib Nilotinib Sorafenib

wt 2 5 0,25 - - -

I F604S 2,5 9 0,6 1,25 1,8 3

- D842E 4 12,5 0,25 2 2,5 1

I F604S+D842E 94 25 18,5 47 5 74

- D842H 2,5 4 2 1,25 1 8

I F604S+D842H 18 12 25 9 2,4 100

- D842G 5 6,5 0,25 2,5 1,3 1

I F604S+D842G 73 158 14,5 36,5 31,6 58

- Del V850 24 7 2 12 1,4 8

- F604S+Del V 850 39 31 21 19,5 6,2 84

I F604S+Del V 850+Y849L 85 92 60 42,5 18,4 240

- V658A 35,5 38,5 36 17,75 7,7 144

I F604S+V658A 50 60 40 25 12 160

I V658G 47,5 45,5 21 23,75 9,1 84

I F604S+V658G 78 135 36 39 27 144

S N659Y 6,5 18,8 83 3,25 3,76 332

I F604S+N659Y 35 92 95 17,5 18,4 380

I/S G610R N/A N/A N/A - - -

I S618P 2,5 17 0,25 1,25 3,4 1

- A640G 6 3 78 3 1 312

- N656Y 9,5 9,5 18 4,75 1,9 72

S A640G+N656Y 6 5 93 3 1 361

I/N T674I >4000 175 25 >2000 35 100

I L694V 4 16,5 0,5 2 3,3 2

I/N T674I+L694V >4000 238 28 >2000 47,6 112

I T674I+N728D >4000 200 28 >2000 40 112

I T674I+P744S >4000 175 25 >2000 35 100

N T874I 10,2 17 0,5 5,1 3,4 2

N T674I+T874I >4000 1500 300 >2000 300 1200

S K688R 4,8 4 0,25 2,4 1 1

I S772Y 31 50 4,3 15,5 10 17,2

I T799P 19 20,5 0,5 9,5 4,1 2

N R841G 17 35 0,5 8,5 7 2

N/S D842V >4000 >2000 >4000 >2000 >400 >16000

N V850G 9,8 15 3,5 4,9 3 14

I M862I 12 10 0,25 6 2 1

S S903C 15 6 0,25 7,5 1,2 1  
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Figure. 3.29: Graphical representation of cellular IC50 fold increase as shown in table 3.3. Shown is 
the fold increase compared to cellular IC50 values of FP/wt for all exchanges with imatinib (IC50 2.5 nM), nilotinib 
(IC50 5 nM), and sorafenib (IC50 0.25 nM, see table 3.3). The cutoff values (dashed lines) correspond to fold 
inhibition of FP/wt at the clinically achievable plasma concentration, and are (4000 nM / 2 nM) 2000 for imatinib, 
(2000 nM / 5 nM) 400 for nilotinib, and (4000 nM / 0.25 nM) 16.000 for sorafenib, and thus indicate exchanges where 
a clinical benefit is not expected in the context of FP positive myeloproliferation harboring the respective exchange. 
I/N/S/- denotes: identified with imatinib/nilotinib/sorafenib/not identified. 
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Figure. 3.30: Resistance mutations allow sustained FP autophosphorylation in the presence of 
inhibitor. Ba/F3 cells stably expressing wild-type (wt) or mutant FP were treated for 2.5 hours without and in the 
presence of imatinib (a), nilotinib (b), or sorafenib (c) at the indicated concentrations. Whole cell lysates were subjected 
to SDS-PAGE. Blots were probed for phosphotyrosine (left) and PDGFRA (right). Out of 27 exchanges identified, the 
17 most abundant exchanges were selected for analysis.  

 

Of these, four (T674I, T674I+L694V, T674I+N728D, and T674I+P744S; see Figure 

3.28, 3.29 and Table 3.3) were fully suppressed by nilotinib and sorafenib at 

concentrations that can be reached in plasma of treated patients (1700 nM for nilotinib 
160, and 4000 nM for sorafenib 163). The T674I+T874I exchange more profoundly altered 

nilotinib and sorafenib response (cellular IC50 1500 nM and 300 nM for nilotinib and 

sorafenib, respectively). However, whereas cell growth was not fully suppressed at 2000 

nM nilotinib, 1000 nM sorafenib completely blocked cell growth (Figure 3.28 and 3.29). 

Also, FP/T674I+T874I autophosphorylation was inhibited at 2000nM nilotinib and 

1000nM sorafenib (Figure 3.30 b, c). In accordance, T674I single exchange emerged in 

the nilotinib screen only at 200 nM, while T674I compound exchanges still came up with 
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500 nM, but not at higher nilotinib concentrations (Table 3.2 b). In line with its 

abundance in the nilotinib and sorafenib screens, D842V expectedly lead to a complete 

resistance to both nilotinib and sorafenib, but also imatinib (Figure 3.28, 3.29, Table 3.3). 

Dasatinib recently demonstrated activity against full-length PDGFRA/D842V (IC50 62 

nM) 164. In FP/D842V however, dasatinib at therapeutic concentrations 165 lead to only 

marginal growth suppression and inhibition of autophosphorylation in Ba/F3 cells 

expressing FP/D842V, and also did not display activity against FP/T674I (Figure 3.31). 
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Figure. 3.31: FP/T674I and FP/D842V do not respond to dasatinib. Parental Ba/F3 cells, and Ba/F3 cells 
stably expressing FP/wt, FP/T674I or FP/D842V were incubated for 24 and 48 hours without and in the presence of 
dasatinib at the indicated concentrations (a). The maximum concentration was selected according to plasma 
concentrations reported in reated patients 165. Proliferation was measured using an MTS-based method. Two 
independent experiments were performed. Shown are the representative results of one experiment after 48 hours of 
incubation. For western blot (b), cells were treated for 2.5 hours without and in the presence of dasatinib at the 
indicated concentrations. Whole cell lysates were subjected to SDS-PAGE. Blots were probed for phosphotyrosine 
(left) and PDGFRA (right).  
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In order to examine whether the presence of D842V in comparison to wild-type and other 

FP resistance mutations augments FP activation, we stably expressed wt, D842V, 

D842H, T674I, V658A, V658G and N659Y in Ba/F3 cells. All the FP variants showed 

similar transformation ability and similar levels of FP autophosphorylation and STAT5 

activation (Figure 3.32  a and b). These results suggest that D842V or other FP variants 

which were identified at high frequency do not add oncogeneic activity on the top of FP 

itself. Together, drug response analysis confirmed the results of our drug selection assay 

and suggests that in contrast to BCR-ABL, the armory of PDGFRA kinase mutations fit 

enough to escape inhibition by available PDGFR kinase inhibitors is limited to T674I, 

compound exchanges of T674I and D842V. 

 

              

a

b

a

b

 

 

Figure 3.32: FP/D842V does not increase the transformation ability and kinase activity of FIP1L1-
PDGFRA. Ba/F3 cells stably expressing FP/wt, FP/D842V, FP/D842H, FP/T674I, FP/V658G, FP/V658A and 
FP/N659Y were grown in the absence of IL-3 for the indicated time periods (a). Cell proliferation was measured using 
an MTS-based method. The figures represent one out of three independent experiments. Values are expressed as mean 
of triplicates (±SEM). Whole cell lysates were subjected to SDS-PAGE (b). Blots were probed for phosphotyrosine, 
PDGFRA, pSTAT5, STAT5, pERK1/2 and ERK1/2. 
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All the exchanges from the imatinib, nilotinib and sorafenib screens except “strong” 

resistance mutations involving T674I or D842V were clearly responsive not only to 

imatinib, but also sorafenib and nilotinib at concentrations that are far below therapeutic 

drug levels (Figure 3.28, 3.29, Table 3.3). Eight exchanges involving F604S, which 

included seven compound exchanges, emerged in the low concentration screen with 

imatinib (Table 3.2 a), but not with nilotinib or sorafenib. However, both compounds 

were not tested at concentrations below 200 nM. In order to examine the contribution of 

F604S for resistance, we cloned single as well as double mutants. Single mutations did 

not affect (F604S, D842E, D842G, D842H) or only marginally interfered with imatinib 

response (delV850, V658A, V658G, N659Y): Mean cellular IC50 values for single 

constituents for imatinib/nilotinib/sorafenib were 16/18/18 nM. In contrast, compound 

exchanges involving F604S increased mean cellular IC50 values for 

imatinib/nilotinib/sorafenib to 62/82/41 nM (Table 3.3). In accordance, only the 

“stronger” single exchanges V658G (imatinib 200 nM screen; cellular IC50 for 

imatinib/nilotinib/sorafenib 47.5/45.5/21 nM), and N659Y (sorafenib 200 nM screen; 

cellular IC50 for imatinib/nilotinib/sorafenib 6.5/18.8/83 nM) emerged as single 

exchanges without F604S. These results indicate that weak TK1 or TK2 exchanges can 

be potentiated by F604S, which itself does not affect dose-response. 

Exchanges that came up in the sorafenib screen only, such as N659Y and A640G+N656Y 

did not give rise to a significant cross-resistance to imatinib or nilotinib, but caused 

moderate sorafenib resistance (Figure 3.28, 3.29 and Table 3.3).  

Thus, at therapeutic drug levels exchanges involving T674I were fully resistant to 

imatinib, but responsive to nilotinib, with exception of T674I+T874I, which remained 

sensitive to sorafenib. The only exchange displaying complete cross-resistance to all 

three inhibitors was D842V. For all remaining exchanges, resistance was overcome by 

switching the inhibitor or increasing concentrations to therapeutic drug levels. 

 

3.2.4 FP G610R which was identified with imatinib and sorafenib lacks kinase 

activity and failed to transform Ba/F3 cells 

The P-loop exchange G610R was the most abundant exchange identified with sorafenib 

at 200 nM and also emerged with imatinib at 200 nM. However, after transfection this 

exchange repeatedly failed to transform Ba/F3 cells upon IL-3 withdrawal (Figure 3.33 a 
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and b). Also, Ba/F3 cells expressing G610R did not show FP autophosphorylation or 

activation of STAT5 (Figure 3.33 c), indicating that G610R compromises kinase activity. 

This suggests that G610R positive cell clones emerging in the presence of imatinib or 

sorafenib might have grown out FP-independently. 

 

                           

a) b)

c)

a) b)

c)

 
 

Figure 3.33: FP/G610R identified in imatinib and sorafinib screen lacks kinase activity and failed to 
transform Ba/F3 cells: FP/wt, T674I and G610R were stably expressed in Ba/F3 cells. Cell growth was determined 
after 48 hours using an MTS based method (a) and by cell counting with tryphan blue exclusion (b). Whole cell lysates 
of Ba/F3 cells transfected with empty vector (mock), FP/wt and FP/G610R were subjected to SDS-PAGE. Blots were 
probed for, PDGFRA, phosphotyrosine, phospho STAT5, STAT5, and actin. Ba/F3 cells expressing FP/G610R failed 
to autophosphorylate FP and to activate STAT5 (c). 
 

3.2.5 Structure analysis and discussion 

 

The evolutionary pressure associated with drug treatment can lead to drug resistance by 

mutations that convert the drug target to a conformation that does not bind drug, either 

directly or by shifting equilibrium of conformational forms. If the mechanism weakens 
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drug binding, higher concentrations of drug might combat resistance. Otherwise, alternate 

drugs may be required. Thus, understanding and diagnostic of the resistance mechanisms 

are essential for choosing appropriate second line therapies and ultimately designing first 

line treatment to minimize the appearance of resistance. 

  

The drug resistant forms described in this study show two different qualitative 

behaviours; for one set the mutants retains distinctly different sensitivities to the three 

inhibitors, as the wild type FP does, whereas the mutants of the other set acquire similar 

sensitivities to all three inhibitors (Figure 3.28 and Table 3.3). Retention of a selectivity 

profile, especially the higher sensitivity to sorafenib, provides evidence that the action of 

drug remains similar in the mutated cell. The loss of selectivity points toward drug action 

that involves loss of its specific high affinity binding interactions. This distinction 

provides clues for an analysis of the resistance mechanism of the variants. 

 

Figure 3.34 shows the chemical structure and schematically highlights the key 

interactions with their target structures. All three are "type 2" inhibitors, that is, are 

anchored to the kinase hinge (Figure 3.35, sky blue) and bind additionally in a pocket that 

exists when the activation loop is in the "DFG out" conformation. All three inhibitors 

bind via aromatic-aromatic interactions with the Phe of the DFG motif, and bridge the 

main chain of the DFG motif (Figure 3.35, dark blue) to a conserved glutamic acid side 

chain from helix C (Figure 3.35, orange). Sorafenib uniquely has two hydrogen bonds to 

the kinase hinge, and three in the bridging interaction, whereas imatinib and nilotinib 

both have single hydrogen bonds to the hinge and two hydrogen bonds in the bridging 

interaction. On the other hand, only imatinib and nilotinib have direct hydrogen bonds to 

the gatekeeper threonine. 

 



RESULTS 

 89

                              

 
 

Figure 3.34: Structures of inhibitors used in this study and their key protein target interactions. 
Imatinib in cKIT, pdb code 1T45 (A). Nilotinib in ABL, pdb code 3CSB (B). Sorafenib in bRAF, pdb code 1UVH (C). 
Red arrows show denote hydrogen bonding donor to acceptor interactions, while blue arrows denote significant pi-pi 
interactions. The residue numbers show the numbering of the respective proteins of the crystal structure. All inhibitors 
share at least one hydrogen bond with the kinase hinge, pi-pi interactions with the Phe of the DFG motif at the onset of 
the activation loop, and hydrogen bonds bridging the Asp main chain of the DFG motif in the inactive conformation 
and the conserved catalytically important Glu of helix C. Because of the ability of the glycine rich (or “P”) loop to 
refold in ABL, nilotinib in ABL has additional pi-pi interactions relative to imatinib in cKIT and sorafenib in bRAF. 
Sorafenib has uniquely two hydrogen bonds to the hinge and three hydrogen bonds in the DFG Asp—helix C Glu 
bridge. In addition, sorafenib in bRAF has a significant pi-pi interaction with the hinge Trp530 of bRAF.  
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3.2.5.1 Position D842V (E,G,H): DFGLARDI 

Mutations at this position are known to cause kinase activation and, in some cases, 

resistance to inhibitors in KIT (D816) 166, BRAF (V600) 167, EGFR (L861) 168, ABL 

(L387) 169, FLT3 (D835) 170, and MET (D1246) 171, despite considerable diversity of the 

sequence after the conserved DFG motif. In PDGFR family kinases, the sequence is 

conserved as DFGLARDI, and point mutants D835E, Y, V, N, H in FLT3 are all 

constitutively activated 170. Thus, this position is a key element of a tyrosine or tyrosine 

like kinase activity modulation mechanism which also can control inhibitor efficacy, with 

important implications for targeted inhibitor therapies 172. The degree of transformation 

depends both on the mutation and on the kinase. For example, among the PDGFR family 

kinases the D->V mutation is most strongly transforming, while the opposite mutation, 

V->D, is transforming for BRAF 173.   

 

    
Figure. 3.35: Stereo views of the PDGFRA mutation sites relative to the schematic fold of inactive 
KIT. KIT residues are labelled according to PDGFRA mutations and numbering, from pdb code 1T46. Green shows 
the glycine rich (or "P") loop and the F604 (KIT: F600) mutation site, orange shows the alpha C helix, dark blue shows 
the activation loop and the key D842 (KIT: D816) mutation site, light blue shows the "molecular brake" HxN motif 
loop (αC-β4  loop), and yellow highlights the P+1 loop and mutations. The remaining mutation positions are shown in 
red. The inhibitors of this study were modelled into the binding site by superposition of the KIT-imatinib complex 
(1T46) with kinase domains from ABL (nilotinib, PDB code 3cs9) and B-raf (PDB codes 1uwh, 1uwj). 
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Figure 3.28 highlights how the mutation D842V causes the greatest change from wt FP 

and also generates the highest level of drug resistance for all three inhibitors. The 

selectivity advantage of sorafenib has been lost entirely. The mechanism of drug 

resistance for mutations at this key position is generally described as the destabilization 

of the inactive confomation. This conclusion relies on structures of kinase domains that 

do not possess defective juxtamembrane domain autoinhibition mechanisms (e.g. as in 

FLT3-ITD, FIP1L1-PDGFRA, or cKIT mutations); however, type II inhibitor-tyrosine 

kinase domain structures such as imatinib in cKIT (PDB code 1T46) do show that 

inhibitor binding is accompanied by the loss of autoinhibitory interactions. By these 

analyses, mutations that disrupt stabilizing interactions and/or favor the beta sheet fold of 

the active form over the helical turn conformation of the inactive form would be 

activating. Proposed mechanisms include the removal of a helix stabilizing charge (D->V 

in the PDGFR kinases), or loss of the charge that determines the overall orientation of the 

segment in the inactive form 174.  

 

 

The structures do not show how the side chain of D842 is required for stability, or why 

this position is most critical. However, the fact that mutants D842E and D842G have 

relatively little effect on resistance demonstrates that identity of the mutation is more 

critical than the loss of the aspartate side chain.  This then likely pertains more to its role 

in the active conformation (Figure 3.35 AB). The corresponding mutants in cKIT have a 

faster rate of autoactivation than wild type, but are virtually indistinguishable from WT 

after activation 175. Thus, the transforming properties of the mutation may arise from the 

protein-protein interactions of the pair of kinases during the trans autoactivation step, in 

addition to destabilization of the inactive state. 



RESULTS 
 

 92 

 

 

 

Figure. 3.36: Side chain positions of D842 and F604 in active, inactive, and inhibitor bound 
structures. (A) In the inactive form of imatinib (light blue spheres) bound cKIT (PDB code 1T46), the activation 
loop segment DFGLARDI (yellow) adopts a helical turn structure packed into a space between the C-helix, imatinib, 
and the beta turn of the glycine rich loop. The oncogenic mutation site D816 of cKIT (magenta, D842 in PDGFRA) is 
solvent exposed and is not obviously stabilizing in this geometry. Most stabilizing interactions seem to involve L813 
(L839 in PDGFRA), including hydrophobic packing of the side chain and hydrogen bonding of the carbonyl group to 
main glycine loop atoms. There is a pi-pi interaction between F600 (F604 in PDGFRA) and E633 (E637 in PDGFRA) 
that contributes to the structure; this glutamate is conserved throughout the PDGFR and VEGFR kinases. (B) In the 
active form of cKIT (PDB code 1PKG), the activation loop segment DFGLARDI (brown) has refolded, and helix C 
(red) and the glycine rich loop (red) have moved to occupy the space previously filled by the DFGLARDI helical turn. 
In the active form, the oncogenic mutation site D816 of cKIT (D842 in PDGFRA, magenta) emerges from the back of 
the kinase domain. (C) Comparison of the glycine loop conformations in imatinib bound KIT (PDB code 1T46) and 
ABL (PDB code 1IEP).  In ABL, imatinib binding is accompanied by a refolding of the glycine loop (red) to create a 
cluster of aromatic interactions between imatinib (cyan), the tyrosine at the position equivalent to F604 in PDGFRA, 
and the phenylalanine of the activation loop motif DFG in an inactive conformation (blue). In KIT, the glycine loop 
retains its beta hairpin turn conformation. An additional glycine in the glycine loop of ABL compared to KIT is a likely 
explanation (GGGQYG in ABL vs GAGAFG in KIT and GSGAFG in PDGFRA), although significant refolding of the 
glycine loop has been noted in other GxGxxG kinases, including Aurora A 176.  

 

The fact that inhibitor selectivity is lost for the D842V, H mutations indicates that the 

inhibition mechanism of sorafenib is most significantly changed with respect to its 

inhibition in wt FP. It seems likely that the mutation changes the energies of DFGLARD 

structures and thereby weakens the DFG strand-helix C bridging interactions of the 

inhibitors (Figure 3.36 AB), disrupting especially sorafenib binding. Treatment of this 
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drug resistant form may preferentially involve inhibitors of the active conformation. 

However, this mutation is also resistant to midostaurin 177 at its available therapeutic 

levels. 

 

3.2.5.2 Position F604S and combination mutants 

The residue F604 of PDGFR (Figure 3.36 AB, cyan) is located at the beta hairpin turn 

between the beta strands 1 and 2 of the P-loop, G-loop, or glycine rich loop (from the 

consensus GxGxxG sequence). Although it is not essential for protein kinase activity, it is 

highly conserved as an aromat across the protein kinases, usually as Phe, although Tyr is 

common and is found e.g. in ABL and the atypical PKC kinases. The aromat is involved 

in inhibitor interactions that induce refolding of the glycine rich loop. Particularly notable 

is the refolding of the loop and inhibitor-Tyr interaction of imatinib bound ABL kinase 

(Figure 3.36 C), facilitated by the extra glycine in the ABL loop sequence GGGxYG. 

Mutations of the ABL tyrosine to histidine and phenylalanine are known to generate 

clinical resistance to imatinib 115,178. 

 

Figure 3.35 A shows how the equivalent Phe in cKIT contributes to the stabilization of 

the imatinib bound inactive state. The phenyl group has an apparent stacking interaction 

with the delocalized carboxylate pi electrons of a conserved glutamic acid from helix C, 

which in turn is hydrogen bonded to a relatively conserved histidine. This interaction 

latches the glycine loop and helix C together and contributes thereby to the stabilization 

of the turn conformation of the DFGLARDI segment of the activation loop. Similar 

interactions are seen in BRAF 167 and EGFR 179. Activation of the kinase (as seen in cKIT 

PDB structure 1PKG) involves refolding of the activation loop whereby the Phe-Glu 

interaction is lost and both the glycine loop and helix C are shifted toward the catalytic 

site (Figure 3.36 B). This geometry lacks pi cloud interactions with the aromat, although 

there is a hydrophobic contact to the leucine of DFGLARDI. 

 

Although the mutation F604S alone has little effect on inhibitor resistance, it appears 

together with a wide variety of second mutations. Combinations with D842 mutations 

increase sorafenib resistance most, although all were generated by treatment with low 

concentrations of imatinib. As with the D842V mutation, the drug resistant combination 
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mutants mostly lose differential sensitivity to the drugs. As the concentration of imatinib 

increased, the combinations shifted from F604S and D842 mutant combinations to F604S 

and 658/659 mutant combinations. Thus, the resistance level remains correlated with the 

drug concentration; the mutations that appear are those that provide "just enough" 

resistance to overcome the inhibitor concentration. The most highly resistant mutations, 

T674I or D842V, appear at the highest concentrations, so they have a lower intrinsic 

probability or they are more disadvantageous in the absence of drug. 

 

While some of the effects of these mutations may be rationalized by destabilization of the 

inactive state, other effects such as the increase of stability of FP due to the loss of SRC 

interactions likely play a role 180. A structural description of this phenomenon would 

require good models for the structure of a FP-SRC complex.  

 

3.2.5.3 Position T674I: "the gatekeeper", and double mutants 

The gatekeeper mutation T674I introduces resistance to all three inhibitors, with the 

strongest change for imatinib, and similar changes against nilotinib and sorafenib. Thus, 

because sorafenib has the strongest binding against wt PDGFRA, it remains the most 

effective inhibitor against these mutations as well. It also appears in combination with 

other mutants, but except for T674I + T874I these are not generally more resistant than 

the point mutation alone.  Both nilotinib and imatinib generate the T674I mutation. 

 

Retention of highest sensitivity to sorafenib binding is evidence that its binding mode is 

preserved for its mechanism of action. Figure 3.34 depicts how both imatinib and 

nilotinib are hydrogen bonded to the gatekeeper threonine (T674 in PDGFRA), whereas 

sorafenib avoids contact with the side chain (this remains true in three dimensions as 

well, see Figure 3.34). Both nilotinib and sorafenib share a trifluoromethylphenyl 

"anchor" in the type II inhibitor deep pocket. Assuming that this is well optimized for 

binding, one can rationalize the highest sensitivity of imatinib to the mutation. Further, 

assuming that the mutation also can shift an inactive-active conformation toward the 

active state, the binding strength of all three inhibitors would be weakened equivalently 

by this effect. This is consistent with analyses suggesting that the gatekeeper T->I 

mutation stabilizes the "hydrophobic spine" of the active kinase conformation 181. The 
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combination of the two effects, directly on inhibitor binding, and indirectly via a shift 

toward the active conformation, reflects the sensitivities seen in our data.  

 

3.2.5.4 Mutations in the αC-β4  loop (N656Y, V658AG, N659Y) 

The αC- β4 loop (see Figure 3.35, light blue) forms part of the hinge mechanism of the 

protein kinase domain, linking the hinge segment, the C-lobe, and the C-terminus of helix 

C via multiple polar and hydrophobic nonbonded contacts. It contains the highly 

conserved "HxN" consensus 182 and one of the "molecular brake" triad residues 183. 

Mutations in the loop have been linked to a wide range of maladies 172, notably including 

GIST and imatinib resistance 124,184,185. 

 

These mutations appear both as single point mutations and in combinations. The resultant 

IC50 sensitivities are roughly equivalent for all inhibitors, mutations, and combinations, 

whereby the N659Y is somewhat less resistant, except against sorafenib (Figure 3.28 e-f 

and Table 3.3).  

 

Helix C (Figure 3.35, orange) spans the kinase domain, linking the αC-β4 loop to the 

structures described above, including the glycine loop hairpin turn and helical turn of the 

DFGLARD activation loop segment. Although helix C is not completely rigid, disruption 

of the αC-β4 loop structure and interactions with neighboring segments are associated 

with a rotation of the N-terminal lobe of the kinase and activation of the kinase domain 
183. The αC-β4 loop also shares hydrogen bonds with the hinge segment, and forms part 

of the inhibitor binding site.  

 

The mutation N659Y disrupts the structuring interactions of the side chain with the loop, 

and also those with neighboring side chains 183,185. The mutations V658G, A would create 

a cavity at inhibitor binding site, and presumably induce local refolding and change the 

inhibitor binding mode. Eliminating the hydrogen bonding pattern bridging the DFG 

segment and helix C would eliminate a good part of the inhibitors' binding strengths, and 

particularly so for sorafenib. From the structure, it is not obvious that N656Y would 

similarly induce refolding, but the resistance data is consistent with this model. 
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3.2.5.5 Position Y849 

This site is found mutated only once and under only one condition (15nM imatinib, no 

ENU pretreatment) and as a double nucleotide exchange in combination with F604S and 

Del850. What is notable here is its rarity, considering the frequency of resistant mutations 

generated by similar methods in FLT3 185. In FLT3, the high frequency of the equivalent 

Y842 mutations in vitro was explained with reference to the key role this residue plays in 

stabilizing an inactive conformation (PDB code 1RJB), although the structural effects of 

the internal tandem duplications on the inactive structure remain speculative. Because the 

mechanism of FIP1L1 transformation of PDGFRA involves a different type of disruption 

of JM autoinhibition 112, reasons for differences between FLT3 and PDGFRA are also 

speculative. However, the residues stabilizing the inactive conformation of cKIT are the 

aspartic acid of the HRD motif (nearly universally conserved in the kinome), the arginine 

five residues C-terminal to this (absolutely conserved in the receptor tyrosine kinases), 

and the aspartic acid C-terminal to the DFG motif (i.e. D842 in PDGFRA, conserved in 

the PDGFR family and some other tyrosine kinases). The conservation of these key 

residues is in contrast to the differences between PDGFRA and FLT3. 
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4. Discussion 
 
4. 1.Intact FERM is absolutely required for JAK2V617F mediated transformation  
 
JAKs are necessary to activate signaling downstream of numerous cytokine receptors in 

hematopoietic progenitor cells. The identification of the V617F mutation within the 

pseudokinase domain of JAK2 in patients with MPNs elucidated a molecular mechanism 

for the pathogenesis of myeloproliferative disorders 7-9,11,186,187. Consequently, JAK 

inhibitors efficiently induced apoptosis in JAK2V617F-expressing Ba/F3 and HEL cells 

and marked attenuation of JAK2V617F-driven MPN in mice 95. Therefore, JAK2 

inhibition might be an attractive pharmacological approach for the treatment of MPN 

patients, which led to the initiation of several phase I and II studies 188. 

Although JAK2V617F is of major clinical interest, the mechanism leading to the 

constitutive activation of JAK2V617F is largely unclear. JAK2 is steadily bound to 

cytokine receptors through its amino-terminal FERM domain. Upon ligand binding, the 

activation of the JAK/STAT pathway occurs on the cytoplasmic tail of the cytokine 

receptor 53. Using the L40A/Y41A mutation, which impairs the FERM binding domain, 

we were able to demonstrate that an intact FERM domain is necessary for the 

transforming potential and constitutive activation of oncogenic JAK2V617F and its 

downstream target STAT5. Further analysis of this mutation revealed an absent 

membrane localization irrespectively of endogenous IL-3R or ectopic EpoR expression. 

In contrast to Huang and colleagues, we did not find a marked decrease in surface 

expression of the IL-3R or EpoR in cells expressing FERM domain mutated 

JAK2V617F. This discrepancy might be explained by the fact that Ba/F3 cells express 

endogenous levels of WT JAK2 possibly enabling proper receptor processing, whereas 

2A cells are JAK2-negative 49. In fact, in our experiments using 2A cells we also 

observed decreased IL-3R expression in the absence of JAK2. Apart from absent receptor 

association, FERM domain-mutated, unbound JAK2 might also be inactive due to an 

auto-inhibitory interaction between the FERM and the kinase domain 156. 

In accordance with our results, another group recently demonstrated that the FERM 

domain is required for the constitutive kinase activity of JAK2V617F suggesting that 

membrane localization is a prerequisite for JAK2V617F and subsequent STAT5 

phosphorylation 154. In general, JAK2 is able to bind to numerous cytokine receptors, but 
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the receptor type required for the constitutive activation of JAK2V617F is still a matter of 

debate. Whereas some groups including ourselves showed transformation of IL-3R-

postive Ba/F3 cells, Lu and co-workers found that a homodimeric type I cytokine 

receptor such as the EpoR is necessary for the oncogenic activation of JAK2V617F 7,23,77. 

As recently reported by the same group however, higher JAK2V617F expression levels 

circumvent the requirement of a homodimeric type I cytokine receptor for transformation 
76. Moreover, in an earlier paper, Constantinescu et al. proposed that EpoR exists in an 

oligomerized state even in the absence of ligand 189. It is possible that oligomerized EpoR 

might facilitate the transphosphorylation of JAK2V617F in the absence of ligand 

stimulation, which might account for these discrepant findings. 

Here we show that expression of JAK2V617F in 2A cells which contain the IL-3R alpha 

but not the beta chain does not lead to JAK2V617F activation. Expression of a functional 

cytokine receptor such as the IL-3R in these cells restored JAK2V617F activation in the 

absence of ligand. Thus, oncogenic JAK2V617F requires complex formation and 

expression of either heterodimeric (IL-3R) or homodimeric (EpoR) cytokine receptors. 

 

4. 2.  Intact SH2 doamin is required for JAK2V617F-mediated myeloproliferative 

disease in mice. 

Unlike the kinase, pseudokinase, and FERM domain, the function of the JAK2 SH2 

domain in cytokine-induced and constitutive JAK2 activation is poorly understood. With 

our results we could provide evidence that the oncogenic and –to a lesser extent- 

cytokine-dependent JAK2 activation relies on a functional SH2 domain in the presence of 

the IL-3R. In accordance with previously published results, ectopic expression of 

JAK2V617F in parental Ba/F3 cells was able to induce IL-3-independent proliferation 7. 

Notably, a point mutation within the SH2 domain (R426K) abrogated the transforming 

potential of JAK2V617F as efficiently as the FERM domain mutation. In accordance 

with these cell biological findings, both SH2- as well as FERM domain-mutated 

JAK2V617F lacked constitutive phosphorylation of JAK2 and STAT5. IP experiments 

showed that in contrast to FERM domain-mutated JAK2V617F, IL-3-induced 

phosphorylation, membrane and IL-3R association of SH2-mutated JAK2V617F in 

Ba/F3 cells was not impaired. In addition, protein stability as well as kinase activity was 

not affected by mutation of the SH2 domain. In 2A cells, IL-3-induced phosphorylation 
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of SH2-mutated JAK2 and STAT5 was intact but considerably reduced compared to WT-

JAK2. These results indicate that both the FERM domain and the SH2 domain are 

necessary for JAK2V617F-induced transformation, although they seem to execute 

distinct molecular functions. The role of the SH2 domain in both WT-JAK2 and 

JAK2V617F has not been completely delineated yet. Mutation of arginine 426 in JAK2 

did not seem to have a significant effect on interferon- signaling 46. Radtke et al. 

demonstrated that the corresponding SH2 mutation in JAK1 (R466K) did not impair 

JAK1 receptor binding but led to a downregulation of oncostatin M receptor surface 

expression 47. In our studies, IL-3R and EpoR surface expression was unaffected by 

SH2-mutated JAK2V617F in different cell types, thus not explaining the profound loss of 

function of SH2 mutated JAK2V617F. 

To further study the molecular mechanism regulated by the SH2 domain, we determined 

cytokine-independent growth and signaling in Ba/F3 cells expressing the various 

JAK2V617F mutants together with high and low levels of cytokine receptors. In contrast 

to Ba/F3 cells with endogenous IL-3R expression or Ba/F3 cells with low-level EpoR 

expression, SH2-mutated JAK2V617F induced proliferation in EpoR-Ba/F3 cells 

selected for high EpoR expression. These results show that the loss of the SH2 Domain in 

JAK2V617F can be compensated by high-density cytokine receptor expression. Since 

receptor density modulates constitutive activation and JAK2V617F is coupled to cytokine 

receptors independently from the SH2 domain, we reasoned that the supplementary 

function of the SH2 domain might be involved in crossphosphorylation and constitutive 

activation of JAK2V617F. Indeed oncogenic JAK2V617F coprecipitated with itself and 

underwent crossphosphorylation. Both coprecipitation and crossphosphorylation required 

an intact SH2 domain.  

Reciprocal JAK phosphorylation is thought to occur as the first phosphorylation step 

upon ligand binding and receptor dimerization 52,190. It has been demonstrated that the 

phosphorylation of several tyrosine residues including Y1007 within the activation loop 

are essential for the regulation of JAK2 activity 40,41,191. However, structural requirements 

for JAK2 transphosphorylation –especially in the context of the V617F mutation- have 

not extensively been studied yet. Although cytokine-induced JAK2 phosphorylation was 

markedly reduced but still detectable in JAK2 harboring the SH2 mutation, the SH2 

domain seems to be indispensable for constitutive JAK2V617F activation. An 
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explanation for this discrepancy might be due to the fact that the SH2 domain mediates 

transphosphorylation when oncogenic JAKV617F is associated with a cytokine receptor 

in the absence of ligands. In the presence of ligands leading to the annealing of the 

receptor chains, the SH2 domain seems to be important for full activation, but not 

absolutely required. The notion that close proximity of receptor chains might overcome 

the strict requirement for the SH2 domain is further supported by the fact that a high 

density of EpoR on the cell surface is able to rescue the SH2 mutation. The exact role of 

the JAK2 SH2 domain remains to be determined. We and others demonstrated that the 

JAK SH2 domain does not function as a classical phopho-tyrosine-binding SH2 domain 
47. However, the SH2 domain seems to be required for self-aggregation and 

transphosphorylation of JAK2V617F. Funakoshi-Tago et al. found that JAK2V613E but 

not JAK2V617F requires ectopic expression of EpoR for constitutive activation 156. This 

phenotype is reminiscent of the JAK2V617F+R426K double mutant described in this 

study. The authors speculate that enhanced binding of the Y613E-mutated JH1 domain to 

the FERM domain might lead to increased self-inhibition. According to their model, 

ectopic expression of a homodimeric cytokine receptor could then result in enhanced 

FERM domain-receptor binding and a release of self-inhibition. Although this is an 

attractive model, we did not detect any difference in kinase activity between SH2-

unmutated and –mutated JAK2V617F. Instead, we raised two hypotheses, which might 

explain our findings. First, JAK2V617F self-aggregation is dependent on the binding 

between the SH2 domain and a region within the JAK2 molecule, which has not been 

defined yet. Second, the SH2 domain is important for intrastructural integrity of the 

JAK2V617F protein, which is a prerequisite for proper complex formation, 

transphophorylation and signal transduction. To address these questions, the crystal 

structure of JAK2V617F would be of great interest.  

 Finally we wished to determine the functional importance of the SH2 domain for 

oncogenic activation of JAK2V617F under physiological cytokine receptor density in 

primary hematopoietic cells in an in vivo system. In accordance with other groups we 

found that retroviral infection of murine BM cells with JAK2V617F resulted in a MPN 

reminiscent of PV 65,66. Importantly, mice transplanted with BM cells expressing SH2-

mutated JAK2V617F did not develop a MPN-like disease as determined by hematocrit, 

reticulocytes, leukocytes spleen weight and histopathology and showed a phenotype 
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indistinguishable from mock-infected control animals. In addition, myelofibrosis was 

only detectable in JAK2V617F and not in JAK2V617F mSH2 or control-infected mice. 

These results strongly indicate that JAK2V617F-induced MPN and myelofibrosis require 

an intact SH2 domain in vivo. Together with our in vitro data this results corroborate the 

critical role of the SH2 domain for JAK2V617F signaling under physiological cytokine 

receptor expression and underscores the need for careful interpretation of data using cell 

lines overexpressing cytokine receptors at high densities.  

The need for proper localization and cytokine receptor expression distinguishes 

JAK2V617F from other oncogenes associated with MPNs such as BCR-ABL or FIP1L1-

PDGFRA. These oncogenic fusion proteins are activated in a very different way 

compared to their normal cellular counterparts. In contrast, JAK2V617F and endogenous 

ligand-activated JAK2 seem to have very similar requirements for activation. This 

similarity may make it difficult to develop JAK2V617F-specific inhibitors, which do not 

interfere with normal cytokine signaling. 

 

4.3 In vitro resistance screening identifies nilotinib and sorafenib as candidates to 

overcome imatinib resistance in myeloproliferation with FIP1L1-PDGFRA  

 
The Abl, Kit and PDGFR small molecule kinase inhibitor imatinib mesylate (Gleevec) 

constitutes the current standard treatment for Bcr-Abl positive CML, and is active in 

gastrointestinal stromal tumor (GIST), were it suppresses constitutively activating 

mutations of c-kit or PDGFRA. Both, in CML 113-119 as well in GIST 120-124, acquired 

resistance to imatinib is associated with the emergence of secondary kinase domain 

mutations that interfere with drug binding to the target kinase. Alternative kinase 

inhibitors are emerging as the most promising strategy to overcome drug resistance 

induced by kinase domain mutations. In CML, novel Abl kinase inhibitors display only 

partially overlapping profile of resistance mutations with imatinib 125-127. Sequential 

treatment with imatinib and the approved, second-generation Abl kinase inhibitors 

nilotinib (Tasigna) and dasatinib (Sprycel) has already become reality 128, and selection 

of the appropriate inhibitor is based on the presence of specific Bcr-Abl resistance 

mutations. Imatinib has demonstrated clinical activity and induced complete remissions 

in the majority of cases with myeloproliferation positive for PDGFR-A abnormalities 
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including FP 103,104,129-131, and BCR-PDGFRA 132, but also in PDGFR-B abnormalities, 

including ETV6-PDGFRB 133,134, TEL-PDGFRB 133, and others 135-143.  

 

We here describe a cell-based screening system for the prediction of specific FP kinase 

domain mutations that cause resistance to the small molecule kinase inhibitors imatinib, 

nilotinib, and sorafenib. Our results suggest that in imatinib resistant patients with FP 

positive myeloproliferation, two resistance mutations will predominate: One is T674I, the 

other D842V. PDGFRA/T674I corresponds to exchanges identified in patients with 

imatinib resistant CML (Bcr-Abl/T315I) and GIST (cKit/T670I) 113,120 (Fig.3.28). These 

“gatekeeper” exchanges confer absolute resistance to imatinib by interfering with drug 

binding 192. Accordingly in our screen, while F604S compound exchanges predominated 

at low imatinib concenrations, increasing concentrations generated mostly T674I, which 

persisted at a high frequency of 0.34 per million cells input at clinically achievable 

imatinib concentrations. In contrast, in the nilotinib screen with increasing drug 

concentrations exchanges switched from T674I (200 nM) to compound exchanges 

involving T674I (500 nM) and finally to D842V at a frequency of 0.052 per million cells 

input at the highest concentration of 2000 nM nilotinib. Thus, at therapeutic drug levels, 

T674I probably would not come up with nilotinib. This is in accordance with our 

previous observation that nilotinib suppressed FP/T674I in vitro 159. In contrast, however 

nilotinib is not active against Bcr-Abl/T315I 145 and cKit/T670I 193. In our screen, T674I 

also did not emerge with sorafenib at any of the concentrations tested, in line with the 

cellular and biochemical IC50 value of approximately 25 nM, which is below the starting 

concentration in our screen (200 nM), and also far below achievable plasma levels in 

treated patients of 4000 nM. This is in accordance with a previous report showing that 

sorafenib has activity against FP/T674I in vitro 162. In addition, the staurosporine 

derivative PKC412 was reported to be active against FP/T674I 110. Moreover, we did not 

see activity of dasatinib in cells expressing FP/T674I at concentrations that are achieved 

in plasma of treated patients. Consequently, nilotinib, sorafenib, and PKC412 currently 

remain as appropriate second-line treatment options for T674I after imatinib failure. 

However, a T674I + T874I compound exchange, which emerged in 22 out of 26 clones in 

the nilotinib screen at 500 nM, shifted nilotinib dose-response to 1500 nM, and thus must 
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be regarded as fully nilotinib resistant. In that case, sorafenib might still be active at 

clinical concentrations, since it displayed a cellular IC50 of 300 nM for this exchange. 

It is not known whether clinical resistance to imatinib in myeloid neoplasms associated 

with abnormalities of PDGFRA will occur in a frequency similar to that observed in 

CML. Our results suggest that the repertoire of possible PDGFRA kinase domain 

mutations leading to a shift of drug response sufficient to cause clinical resistance to 

available PDGFR inhibitors at therapeutic drug levels is limited. This may be explained 

on condition that FIP1L1-PDGFRA is 100-fold more sensitive to imatinib compared to 

Bcr-Abl. If this will translate into a low frequency of clinical resistance to therapeutic 

PDGFR inhibition in myeloproliferation remains to be shown. To date, seven cases of FP 

positive myeloproliferation and acquired imatinib resistance with a secondary mutation in 

the FP kinase domain have been reported. In five out of these cases, drug resistance 

occurred in the setting of blast crisis, with a preceding “chronic phase” reported in four 

cases 103,148,194,195. This is similar to CML, where imatinib resistance occurs more 

frequently and is more often associated with kinase domain mutations in advanced phase 

disease than in chronic phase 196. In accordance to our results, in six out of seven cases 

either FP/T674I or FP/D842V were identified 103,146-148,195,197, including one patient 

relapsing with FP/D842V receiving treatment with sorafenib 195. The remaining patient 

was found with a S601P + L629P double mutation 198, which we did not identify. This or 

similar approaches to identify resistance mutations in kinases have been utilized with 

Bcr-Abl and Abl kinase inhibitors where they demonstrated to cover most Bcr-Abl 

mutations known from imatinib resistant CML patients and moreover faithfully predicted 

most exchanges associated with resistance to nilotinib and dasatinib 126-128,146,151,199,200. 

Still, it can not be excluded that the method used failed to detect single exchanges in 

FIP1L1-PDGFRA that in the future might evolve in the clinic. 

 

In some GIST patients, a D842V exchange in full-length PDGFRA can be identified 201, 

and the corresponding exchange D816V in cKit can be found in patients with 

mastocytosis 202 (Fig.3.28 and 3.29). Both act as activating mutations but at the same time 

give rise to imatinib resistance 203,204, probably by destabilizing the inactive 

conformational state of the kinase, to which imatinib binds 205. The D842V exchange in 

full-length PDGFRA was shown to cause resistance to nilotinib 206, while PKC412, 
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sorafenib and dasatinib had some residual activity, although at concentrations that might 

be above achievable plasma levels 164,207,208. In our screen, FP/D842V was recovered with 

nilotinib and sorafenib, but however was missed in the imatinib screen, although a total 

number of 133 imatinib resistant cell clones harbored mutations, including three other 

exchanges at the same position (D842E/G/H). We tested activity of dasatinib with 

FP/D842V and did not see inhibition at therapeutic drug levels. Thus, FP/D842V came 

out as fully cross-resistant and did not respond to imatinib, nilotinib, sorafenib and 

dasatinib at clinically achievable levels.  

Other mutations that emerged from the FP screen only lead to low-grade resistance. 

Interestingly, some correspond to exchanges that were described in different oncogeneic 

kinases (see Figure 3.27). For example, the moderately sorafenib resistant, but imatinib 

sensitive FP/N659Y finds its counterpart in an activating, imatinib responsive 

PDGFRA/N659K mutation identified in GIST 184,209, and complies with FLT3-

ITD/N676K, which was identified in a patient with AML and resistance to PKC412 210. 

The weak A-loop mutation FP/Y849L matches FLT3/Y842, where an exchange to 

cysteine was identified as activating FLT3 mutation in AML 211, and a mutation to 

histidine on FLT3-ITD background was associated with resistance to su5614 in vitro 212. 

Also, an exchange of the corresponding Y823 in cKit to aspartic acid has been identified 

as activating mutation associated with imatinib resistance in GIST 124, and FP/V658A 

conforms to cKit/V654A, which also can be found in imatinib resistant GIST 122.  

At present time, it is not clear whether clinical resistance to imatinib in 

myeloproliferation with PDGFR-A and -B abnormalities will occur in a similar frequency 

as it is observed in CML and GIST patients. However, four cases of FP positive 

myeloproliferation and acquired imatinib resistance with a secondary mutation in the FP 

kinase domain have been reported, and in all cases FP/T674I was identified 103,146-148. FP 

positive acute myelogenous leukemia (AML) has been described. In all cases, a 

preceding “chronic phase” was reported 103,146,148,213, resembling the natural course of 

other myeloproliferative neoplasms such as CML. Thus, as more patients with 

myeloproliferation and PDGFR-A and -B abnormalities are treated with imatinib, it is 

probably a question of time that more secondary PDGFR resistance mutations will be 

reported, as it was the case with CML, where multiple BCR-ABL resistance mutations 

were reported shortly after T315I was identified for the first time. In that case, the 
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availability of alternative PDGFR inhibitors and specific resistance profiles for each 

compound will facilitate clinical decision making with regard to selection of the 

appropriate second- or third line agent, based on the presence of a specific resistance 

mutation in the PDGFRA or -B kinase domain. 

Very recently, Lierman et al. reported a case of a patient with FIP1L1-PDGFRA-positive 

chronic eosinophilic leukemia (CEL) in blast crisis relapsing with FIP1L1-

PDGFRA/T674I while receiving treatment with imatinib 177. After initially responding to 

sorafenib, the patient relapsed upon emergence of a FIP1L1-PDGFRA/D842V mutation 

under continued treatment with sorafenib, and later on did also not respond to nilotinib. 

This case supports our prediction of FP/D842V emerging as fully cross-resistant 

exchange after sequential inhibitor treatment of FIP1L1-PDGFRA-positive 

myeloproliferation. 

 
4.4. Conclusion 

 

The oncogenic JAK2V617F mutation is found in the majority of myeloproliferative 

diseases like polycythemia Vera (PV), essential thrombocythemia (ET) and primary 

myelofibrosis (PMF). However, the molecular mechanism leading to constitutive kinase 

activity is largely unclear. In this study we aim to dissect the role of SH2 and FERM 

domains in JAK2V617F mediated myeloproliferative disorders. Here we show that 

JAK2V617F requires an intact SH2 and FERM domains for constitutive activation. In a 

murine transplantation model we found that an intact SH2 domain in JAK2V617F was 

required for the induction of a MPD-like disease. Thus, our results points to an important 

role of the SH2 and FERM domains for the constitutive activation of JAK2V617F. 

 
FIP1L1-PDGFR alpha (FP) is a constitutively activated protein kinase which was 

reported in chronic eosinophilic leukemia (CEL) and in cases of hypereosinophilic 

syndrome and mastocytosis with eosinophilia. Imatinib is clinically active against 

FIP1L1-PDGFRA positive disease. However, clinical resistance to imatinib has been 

observed in FIP1L1-PDGFRA positive leukemia and was shown to occur due to a 

secondary mutation (T674I) in the PDGFR alpha kinase domain. We therefore aimed to 

generate specific resistance profiles for available PDGFR kinase inhibitors. To this end, 

we generated clones of FP expressing Ba/F3 cells resistant to imatinib, nilotinib 
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(Tasigna), and BAY 43-9006 (sorafinib, Nexavar) and show that different PDGFRA 

kinase inhibitors indeed produce distinct profiles of resistance mutations in PDGFRA. 

Specific profiles of FP resistance mutations may help in guiding treatment for 

myeloproliferative diseases positive for activating PDGFR-A and -B rearrangements in 

the setting of acquired imatinib resistance.  
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5. Summary / Zusammenfassung 
 
Aberrant activated  tyrosine kinase signaling pathway plays a major role in several 

hematological malignancies. Understanding the molecular mechanism of constitutive 

activation of tyrosine kinases is essential in order to develop targeted therapy towards 

dysregulated tyrosine kinases. In this work we have focused on two constitutively 

activated tyrosine kinases JAK2V617F and FIP1L1-PDGFRA which are involved in 

myeloproliferative neoplasms. 

The oncogenic JAK2V617F mutation is found in the majority of myeloproliferative 

diseases like polycythemia Vera (PV), essential thrombocythemia (ET) and primary 

myelofibrosis (PMF). However, the molecular mechanism leading to constitutive kinase 

activity is largely unclear. Here we show that JAK2V617F requires an intact SH2 domain 

and FERM domain for constitutive activation of downstream signaling pathways. In 

addition, there is a strict requirement of cytokine receptor expression for the activation of 

this oncogene. Further analysis showed that the SH2 domain mutation did not interfere 

with JAK2 membrane distribution. However, co-IP experiments revealed a role for the 

SH2 domain in the aggregation and crossphosphorylation of JAK2V617F at the cell 

membrane. In a murine transplantation model we found that an intact SH2 domain in 

JAK2V617F was required for the induction of a MPD-like disease.  Thus, our results 

points to an indispensable role of the SH2 domain in JAK2V617F induced MPN.  

FIP1L1-PDGFR alpha (FP) is a constitutively activated protein kinase which was 

reported in chronic eosinophilic leukemia (CEL) and in cases of hypereosinophilic 

syndrome and mastocytosis with eosinophilia. Imatinib is clinically active against 

FIP1L1-PDGFRA positive disease. However, clinical resistance to imatinib has been 

observed in FIP1L1-PDGFRA positive leukemia and was shown to occur due to a 

secondary mutation (T674I) in the PDGFR alpha kinase domain. We therefore aimed to 

generate specific resistance profiles for available PDGFR kinase inhibitors. To this end, 

we generated clones of FP expressing Ba/F3 cells resistant to imatinib, nilotinib 

(Tasigna), and BAY 43-9006 (sorafinib, Nexavar) and show that different PDGFRA 

kinase inhibitors indeed produce distinct profiles of resistance mutations in PDGFRA. 

Specific profiles of FP resistance mutations may help in guiding treatment for 

myeloproliferative diseases positive for activating PDGFR-A and -B rearrangements in 

the setting of acquired imatinib resistance.  
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Zahlreiche Erkrankungen des hämatopoetischen Systems sind durch eine Überaktivierung 

von Rezeptor-Tyrosin-Kinase Signalwegen gekennzeichnet, weshalb deren molekulares 

Verständnis bei der Bekämpfung dieser Erkrankungen eine entscheidende Rolle spielt. 

Ziel dieser Arbeit war es daher zwei konstitutiv aktive Tyrosinkinasen JAK2 V617F und 

FIP1L1-PDGFRA zu untersuchen, welche in myoloproliferativen Erkrankung (MPN) 

auftreten. 

 In den myoloproliferativen Erkrankungen Polyzythemie Vera (PV), Essentielle 

Thrombozythemie (ET) und die Primäre Myeolofibrose (PMF) tritt unter anderem die 

onkogene JAK2V617F Mutation auf. Die molekularen Mechanismen, die zur 

konstitutiven Aktivierung der JAK2-Kinase führen sind weitestgehend ungeklärt. Eigene 

Untersuchungen zeigen, dass für die onkogene Funktion von JAK2V617F eine intakte 

SH2 und FERM Domäne für die konstitutive Aktivierung nachgeschalteter 

Signalkaskaden notwendig sind. Voraussetzung hierfür ist ein funktioneller 

Zytokinrezeptor der die Aktivierung von JAK2V617F stimuliert. Weitere 

Untersuchungen zeigen, dass die Bindung von JAK2V617F an die Zellmembran 

unabhängig von der SH2 Domäne ist, aber Aggregation und Transphosphorylierung von 

JAK2V617F werden durch deren SH2 Domäne vermittelt. 

Knockenmarkstransplantationen in Mäusen zeigen, dass die SH2 Domäne von 

JAK2V617F für die Entstehung einer MPN-ähnlichen Erkrankung mitverantwortlich ist, 

was auf eine unverzichtbare Funktion dieser Domäne hindeutet.  

Die konstitutiv aktive FIP1L-PDGFRA Kinase wurde in der chronischen Eosinophilen 

Leukämie, dem Hypereosinophilen Syndrom und der Eosinophilie verbundenen 

Mastozytose beschrieben. FIP1L-PDGFRA assoziierte Erkrankungen in Patienten werden 

unter anderem mit dem Kinaseinhibitor Imatinib behandelt. Imatinib Resistenzen wurden 

bei Patienten mit einer zusätzlichen Mutation (T674I) in der PDGFRA Kinasedomäne 

beobachtet. Ziel der Arbeit war es daher ein Resistenzprofil verfügbarer PDGFR 

Kinaseinhibitoren zu erstellen. Resistente Baf3-Zellklone gegen die Kinaseinhibitoren 

Imatinib, Nilotinib und Sorafenib wurden in Zellkultur generiert. Dabei zeigen 

aufgetretene Mutationen in FIP1L-PDGFRA unterschiedliche Sensitivitäten gegenüber 

verschiedenen PDGFR Inhibitoren. Die  dabei gemachten Erkenntnisse der 

Inhibitoreigenschaften gegenüber unterschiedlichen FIP1L-PDGFRA Mutationen stellen 
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eine Hilfe bei der Behandlung von myeloproliferativen Erkrankungen mit PDGFR-A 

sowie PDGFR-B Hintergrund dar.  
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(1) Gorantla SP, Nikolas von Bubnoff, Christian Peschel, Justus Duyster. Identification of a novel 

mode of kinase inhibitor resistance: An F604S exchange in FIP1L1-PDGFRA modulates FIP1L1-

PDGFRA protein stability in a SRC and SHP-2 dependent manner (In the process of submission). 

 

(2) Gorantla SP, Tobias N. Dechow , Rebekka Grundler, Lena Illert, Christian Meyer zum 

Büschenfelde, Marcus Kremer, Christian Peschel and Justus Duyster. JAK2V617F requires an 

intact SH2 domain for constitutive activation and induction of a myeloproliferative disease 

(Blood 2010 in the press). 

 

(3) Gorantla SP§, Nikolas von Bubnoff§, Silvia Thöne, Christian Peschel, Justus Duyster. In vitro 

resistance screening identifies nilotinib and sorafenib as candidates to overcome imatinib 

resistance in myeloproliferation with FIP1L1-PDGFRA (Oncogene 2010 in the press). 

 

(4) Gorantla SP§, Nikolas von Bubnoff§,  Thöne S, Peschel C, Duyster J.  Blood. 2006 Jun 15; 

107(12):4970-1 The FIP1L1-PDGFRA T674I mutation can be inhibited by the tyrosine kinase 

inhibitor AMN107 (nilotinib). 

 

(5) Gorantla SP§, Nikolas von Bubnoff§, Kancha RK, Lordick F, Peschel C, Duyster J. Leukemia. 

2005 Sep; 19(9):1670-1: The systemic mastocytosis-specific activating cKit mutation D816V can 

be inhibited by the tyrosine kinase inhibitor AMN107. 
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