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1. Introduction 

 

1.1. Myeloproliferative Neoplasms  

 

Myeloproliferative neoplasms (MPNs) are clonal hematopoietic malignancies that develop due to 

the overproliferation of differentiated (mature) cells of the myeloid lineage, caused by oncogenic 

mutations occurring in hematopoietic stem cells (HSCs) in the bone marrow (BM) (Nangalia and 

R. Green, 2017). HSC are multipotent cells which through regulated processes of differentiation, 

self-renewal and maturation develop into all blood cell types. Throughout the process of 

myelopoiesis, HSC and multipotent progenitors (MPPs) showing myeloid lineage commitment 

properties mature into cells of myeloid lineage, such as monocteyes, erythrocytes, 

megakaryocytes, and granulocytes comprising neutrophils, eosinophils and basophils (Lee and 

Hong, 2019). MPNs comprise seven heterogeneous diseases: polycythemia vera (PV), essential 

thrombocythemia (ET), primary myelofibrosis (PMF), chronic myelogenous leukemia (CML), 

chronic neutrophilic leukemia (CNL), chronic eosinophilic leukemia-not otherwise specified (CEL-

NOS), and MPN-unclassifiable (MPN-U). The classical MPN subtypes are split into two 

subcategories: Philadelphia chromosome negative (Ph-), which comprises PV, ET, PMF, and the 

Philadelphia chromosome positive (Ph+) CML (Barbui et al., 2018). The philadelphia 

chromosome is formed as a result of a genetic translocation of the ABL1 (Abelson murine 

leukemia 1) gene from chromosome 9 to chromosome 22 where it fuses with the BCR (breakpoint 

cluster) gene. The result of this translocation is the aberrant production of the oncogenic BCR-

ABL1 fusion protein. It is found in cells of the myeloid, erythroid and megakaryocytic lineage in 

the BM and its presence is indicative of CML, AML (acute myeloid leukemia), or ALL (acute 

lymphoblastic leukemia). This fusion protein activates several signaling pathways, including the 

JAK2-STAT5 pathway, leading to uninhibited cell proliferation and survival (Haider and Anwer, 

2023).   

 

 

1.1.1. Disease characteristics, manifestation and risks 

 

The three classical Ph- MPN subtypes, although differing phenotypically, share disease 

symptoms such as fatigue, fever, night sweats, abdominal problems, weight loss, cytopenia, 
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bleeding, bone pain, and concentration issues (Geyer and Mesa, 2017). Within this group, PV is 

the most prevalent and it is characterized by erythrocytosis (an increase in red blood cells; RBCs), 

leukocytosis (an increase in white blood cells; WBCs), and thrombocytosis (increased platelet 

levels), or by a combination of these. On the other hand, both ET and PMF are characterized by 

an elevated megakaryocytic proliferation in the BM, followed by an elevated platelet count. 

Additionally, BM fibrosis and extramedullary hematopoiesis are distinguishing and specific 

characteristics for PMF (Duangnapasatit et al., 2015). Splenomegaly, increased hematocrit and 

both arterial and venous thrombosis are also very common clinical symptoms of all three Ph- 

MPNs (Duangnapasatit et al., 2015). Age and history of thrombotic disorders are considered the 

key factors influencing the probability of thrombosis incidence in MPN patients. Surprisingly, 

extreme thrombocytosis (platelets > 1000 x 109/ L) has been linked to an enhanced risk of 

bleeding, which could be due to an acquired von Willebrand syndrome (Tefferi and Barbui, 2020). 

MPN patients also have an increased risk of progression to secondary AML. PV and ET patients 

are both at risk of progression to PMF, while PV and PMF can progress to AML (Geyer and Mesa 

2017).  

 

1.1.2. Mutations in MPNs 

 

1.1.2.1. Disease driving mutations  

 

PV, ET and PMF arise from hematopoietic stem cells that acquire genetic aberrations. The most 

common driver mutations found in these diseases occur in the JAK2, CALR or MPL genes. These 

mutations induce cytokine-independent or cytokine-hypersensitive signaling and lead to a 

myeloproliferative phenotype by constitutive activation of downstream signaling pathways, 

including the JAK-STAT pathway, and a subsequent overproduction of myeloid cells 

(Shammo  and Stein, 2016). The discovery of the phenotypic driver mutations was a huge 

progress in MPN research, which greatly helped and simplified the diagnostic process and made 

the distinguishment between MPN subtypes easier, but also influenced therapy development. The 

most prevalent of these driver mutations, the JAK2V617F mutation, can be found in all three 

classical MPNs. As it is the most relevant variant for our study, it will be further discussed in 

greater detail below. The two other frequently mutated genes, CALR, encoding an endoplasmic 

reticulum chaperone protein Calreticulin, and MPL (Myeloproliferative Leukemia virus), the gene 
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encoding the thrombopoietin receptor (TPOR), can be found mutated in ET and PMF. The most 

prevalent mutations in the MPL gene are W515L (Tryptophan to Leucine substitution), and 

W515K (Tryptophan to Lysine substitution). The phenotypic effects of these mutations in 

comparison to JAK2V617F
 include decreased hemoglobin, increased platelet levels, higher serum 

EPO (erythropoietin) levels, endogenous megakaryocytic but not erythroid colony growth, and 

reduced BM erythroid and overall cellularity. The mutations are not linked with thrombosis, major 

hemorrhaging, or fibrotic transformation (Beer et al., 2008). The MPN mutational profile 

determines the phenotypic differences in disease, as well as prognostic variations (Grabek et al., 

2020), (Shammo and Stein, 2016). The presence of a particular driver mutation alone, or the 

combination of a particular driver mutation with additional non-driver mutations, greatly influences 

the course of the disease and the overall survival. For example, ET patients with CALR mutations 

have better predictions for overall survival than JAK2V617F-mutated patients. Also, better overall 

survival has been reported for MF patients with CALR mutations than for JAK2V617F or MPL-

mutated patients. The presence of 2 or more non-driver mutations greatly decreases overall 

survival and increases the risk of AML transformation (Shammo and Stein, 2016). Nevertheless, 

there are MPN cases where none of the so-called disease driver mutations are found and they 

are characterized as triple negative (TN) patients. Characterization of this group of MPN patients 

by whole and targeted exome sequencing revealed numerous alternative mutations. These 

infrequent somatic mutations are usually found in alternative exons of JAK2 and MPL, as well as 

in epigenetic modifying genes and regulators of cytokine signaling. It is interesting that the 

majority of these mutations also lead to increased JAK2-STAT5 signaling, characteristic of MPN 

patients harboring the disease driver mutations in JAK2, CALR, and/or MPL genes 

(Stephen E. Langabeer, 2016). 

 

1.1.2.2. The JAK2V617F
 mutation 

 

The discovery of the JAK2V617F mutation in 2005 (Baxter et al., 2005; James et al., 2005; Jones 

et al., 2005; Kralovics et al., 2005) revolutionized the diagnosis of MPNs, and its presence is one 

of the main diagnostic criteria for these diseases. It can be found in ~95% of PV, and in around 

50-60% of ET and PMF patients. Prior to the JAK2V617F
 mutation discovery, Ph- MPNs were 

diagnosed by complete blood counts and by BM morphology analysis. The latter is still, together 

with the peripheral blood mutation screening for the JAK2V617F mutation, considered the most 
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reliable diagnostic criteria for MPNs. In a small percentage of PV patients, which are negative for 

this mutation, usually an alternative mutation in the JAK2 exon 12 is found. This mutation causes 

slightly different clinical manifestations, but it doesn’t differentially influence the clinical outcome 

compared to JAK2V617F mutated patients (Shammo and Stein, 2016).  

The JAK2V617F mutation is a gain of function mutation that is caused by a G to T nucleotide swap. 

It is located at nucleotide 1849 in exon 14 of the JAK2 (Janus Kinase 2) gene, which is located 

on chromosome 9 in humans. It leads to an activating point mutation in the JH2 domain (jak 

homology domain 2) of the JAK2 protein. The structural domains of the JAK2 protein will be 

described in more detail in one of the following chapters. The substitution of Valine to 

Phenylalanine at codon 617 disrupts the inhibitory interaction of the JH1 domain thereby resulting 

in a constitutively active JAK2 protein. This leads to a constant firing of the JAK2-STAT5 signaling 

pathway as well as other pathways, followed by an uncontrolled differentiation and proliferation 

of the hematopoietic stem cells (HSCs) (James et al., 2005). JAK2 mediates signaling through its 

downstream effectors, which are STATs (STAT1, STAT3, and STAT5), MAPK, and PI3K-AKT 

pathways. Increased STAT signaling leads to increases in proliferation and survival effectors, 

such as Bcl-xL (Grabek et al., 2020), (Shammo and Stein, 2016). 

The study of Levine et al., 2005 demonstrated the constitutive activity of the JAK2V617F tyrosine 

kinase and the increased proliferation and survival of HSCs harboring this mutation. Experiments 

performed using Ba/F3 cells engineered to express EPOR (erythropoietin receptor) in the 

presence of the JAK2V617F mutation showed the cytokine-independent growth of the cells. EPO-

hypersensitivity was observed too, which was not the case in JAK2 wildtype (wt) cells. In the same 

study, they used small molecule inhibitor against JAK2 protein, JAK inhibitor I Calbiochem to 

reduce JAK2 activating phosphorylation. This also led to decreases in phosphorylation and 

activation of its downstream effector STAT5, resulting in apoptotic cell death of human JAK2V617F-

positive HEL cells (Levine et al., 2005). 

 

1.1.2.3. Other somatic mutations in MPNs 

 

Besides the three disease driving mutations, many other additionally acquired mutations are 

present in MPNs. These can affect tumor suppressors (TP53), transcriptional regulators 

(RUNX1), spliceosome complex components (SRSF2, U2AF1, SF3B1), DNA methylation 
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modifiers (DNMT3A, TET2, IDH1 and IDH2) and chromatin modifier genes (ASXL1, EZH2). 

These mutations can be acquired either before or after the acquisition of the driver mutation and 

can affect the course of the disease differently (Grabek et al., 2020). 

 

1.1.3. MPN treatment  

 

MPNs are a heterogeneous group of diseases and the diversity of MPN patients and the 

differences in their genetic background influence the response to therapy, but also the choice of 

treatment option. The combination of disease driver mutations with other additional coexisting 

mutations affects the phenotype, development and severity of the disease (Grabek et al., 2020) 

(Shammo and Stein, 2016). At present, molecular profiling is still not in use as a standard method 

to inform treatment decisions. Factors that are taken into consideration when choosing the 

therapeutic approach are the MPN subtype, the severity of symptoms and the risk category.  

The first line treatments for PV include phlebotomy, to decrease hematocrit levels to <45%, and 

low-doses of aspirin once daily. The patients are split into either the low-risk (age <60 and no 

history of thrombosis) or the high-risk (age >60 and history of thrombosis) group. For low-risk 

patients, aspirin doses twice a day are advised, while patients belonging to the high-risk group 

are subjected to Hydroxyurea (HU) treatment, which is a cytoreductive drug used to control blood 

cell counts and for reducing the risk of thrombosis. In cases of HU intolerance or resistance, 

pegylated interferon alpha (IFNα) is advised for younger (<65 years) patients, and busulfan 

treatment is indicated for older patients. If there is no clinical response to these treatments, 

targeted therapy in the form of the JAK1/JAK2 inhibitor Ruxolitinib, is used. This can greatly 

improve the symptoms of the patients but does not represent a curative treatment (Tefferi and 

Barbui, 2020).  

ET patients are categorized as either very low-risk (age <60, no history of thrombosis and JAK2 

unmutated), low-risk (age <60, no history of thrombosis and JAK2 mutated), intermediate-risk 

(age >60, no history of thrombosis and JAK2 unmutated) and high-risk (age >60 with JAK2 

mutation or history of thrombosis) patients. Aspirin remains the first line treatment for ET in the 

lower risk groups. Depending on the presence or absence of cardiovascular risk factors in the 

very low, low, and intermediate risk groups, the doses of aspirin are adjusted. The treatment of 

high-risk ET patients corresponds to that of high-risk PV patients, with HU as a first line choice, 
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followed by either IFNα, or busulfan in cases of HU-resistance or -intolerance. Ruxolitinib is 

recommend as the last treatment option (Tefferi and Barbui, 2020), (Brachet-Botineau et al., 

2020).  

The beneficial role of IFNα in the treatment of Ph- MPN diseases has already been known for a 

while and IFNα is FDA approved for the treatment of hairy cell leukemia, AIDS-related Kaposi’s 

sarcoma, and chronic myelogenous leukemia (CML) (How and Hobbs, 2020). Still, mechanisms 

underlying the IFN response in patients remain the topic of investigation. The study of Saleiro et 

al., 2022, uncovered the pathway behind the IFN suppressive effects on MPN malignancies. The 

group has shown that PKCδ (protein kinase C delta), an upstream regulator of the ULK1-p38-

MAPK cascade, is important for the IFN response in primary MPN cells. They also demonstrated 

that the levels of ULK1 and p38 MAPK define the clinical response to IFN treatment. Conversely, 

the same study showed that IFNα-induced caspase-dependent activation of ULK1-interacting 

ROCK1/2 in normal and malignant HSCs results in a negative feedback loop, thereby suppressing 

the IFN response (Saleiro et al., 2022). 

However, the only curative treatment for MPNs so far is allogeneic stem cell transplantation 

(ASCT), but it is only performed on patients suffering from PMF and secondary MF. Despite 

improvements in overall survival and disease-free survival, there is also evidence of excessive 

mortality in patients receiving ASCT (Grabek et al., 2020). 

Considering patients’ resistance to currently available and non-curative therapies, there is a need 

for the development of novel targeted therapeutics, which should be supported by further 

investigation and understanding of the mechanisms behind the pathology of the MPN diseases.  

 

1.2. The JAK-STAT pathway 

 

The crosstalk between cells and the extracellular environment is essential for processes 

determining cell fate like proliferation, differentiation, and apoptosis. A number of extracellular 

signals, including cytokines, hormones and growth factors, elicit different signaling cascades 

inside the cell, thereby controlling gene expression and maintaining cellular homeostasis. 

Nevertheless, various mechanisms can lead to the deregulation of this signaling and 

subsequently to cancer. One signaling pathway crucial for hematopoiesis, among other things, is 
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the JAK-STAT pathway, a highly conserved pathway which, if deregulated, can cause diverse 

hematopoietic cancers (Fasouli and Katsantoni, 2021), (Figure 1).  

 

1.2.1. JAK-STAT signaling  

 

The JAK-STAT pathway consists of a cell membrane receptor, janus kinases (JAKs) and signal 

transducers and activators of transcription (STATs). The family of JAK proteins comprises JAK1, 

JAK2, JAK3 and TYK2 (Tyrosine kinase 2), while the family of STAT proteins includes 7 members: 

STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6 (O’Shea et al., 2017).  

The signaling starts by ligand binding to the cell surface receptor. The transmembrane receptors 

most commonly associated with JAK-STAT signaling are cytokine (interleukin-, interferon-, growth 

factor-receptors) and hormone (erythropoietin receptor, EPO-R, thrombopoietin receptor, TPO-

R, involved in erythropoiesis and thrombopoiesis, respectively) receptors. The binding of the 

ligand to the receptor induces a dimerization of the receptor. This dimerization brings the receptor-

associated JAKs in close proximity to each other and allows them to phosphorylate each other on 

critical tyrosine residues. This activates them and leads them to phosphorylate the cytoplasmic 

tail of the receptor, generating the docking sites for the downstream effectors within the pathway, 

the STATs. JAKs then also tyrosine phosphorylate and activate the STATs. Activated STATs then 

form parallel homo- or heterodimers and translocate to the nucleus, where they act as 

transcription factors and regulate genes responsible for HSC proliferation, differentiation, 

migration, and apoptosis (Bousoik and Montazeri Aliabadi, 2018), (Figure 1). JAK1, JAK3, and 

TYK2 are important for the development and function of the immune system, whereas JAK2 plays 

a key role in hematopoiesis (Xue et al., 2023).  

Due to its importance, the JAK-STAT pathway needs to be tightly regulated and both positive and 

negative regulators contribute to the maintenance of proper signaling. STAMs (signal transfusing 

adapter molecules) and SH2 domain-containing proteins belong to the co-activators of the 

pathway (Able et al., 2017). There are three main groups of negative JAK-STAT pathway 

regulators. SOCS (suppressor of cytokine signaling) proteins are repressors of STAT signaling 

and their expression is also controlled by activated STAT dimers, thus forming a negative 

feedback loop. They inhibit the signaling by either binding the phosphorylated cytokine receptor 

and thereby preventing STAT recruitment, or by inhibiting JAK kinase activity through direct 
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interaction with the JAK or its receptor. Other negative regulators of STAT signaling are protein 

inhibitors of activated STATs (PIAS), which interact with STAT dimers directly and block their 

binding to DNA. They can also lead to protein ubiquitination and consequent proteasomal 

degradation. Protein tyrosine phosphates (PTPs) also block the signaling by dephosphorylating 

STATs or JAKs (Hu et al., 2021). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. JAK2-STAT5 signaling in normal (left) and malignant (right) hematopoiesis (Gou et al., 2022). 

 

1.2.2. The JAK family of proteins 

 

JAKs are intracellular receptor-associated tyrosine kinases. Each member (JAK1, JAK2, JAK3, 

TYK2) of the JAK family of proteins consists of seven Jak homology (JH) domains as well as 

conserved tyrosine phosphorylation sites which are important for its activation. The JH1 domain 
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is a tyrosine kinase domain at the carboxyl terminus of the protein, and it is important for the 

protein kinase activity (Hu et al., 2021). The JH2 was previously thought to be a pseudo kinase 

domain without catalytic activity. Nevertheless, it proves to be a Serine/Threonine kinase 

regulating the activity of the whole JAK protein by interacting with the JH1 domain and inhibiting 

its tyrosine phosphorylation (O’Shea et al., 2017). The Src-homology 2 (SH2) domain is 

composed of JH3 and a part of the JH4 domain. The other part of the JH4 domain, together with 

JH5, JH6 and JH7 domains, make up the FERM (four-point-one, ezrin, radixin, moesin) domain 

at the N-terminus of the protein. The SH2 domain of the JAK protein recognizes phosphotyrosine 

motifs on cytokine receptors and interacts with another phosphorylated JAK protein. The FERM 

domain of the JAK protein is important for the interaction with the cytokine receptor itself (Hu et 

al., 2021) (Figure 2). 

The main member of the JAK family of interest for this study is the JAK2 protein. It is important 

for myeloid cell development by transducing signals from the three myeloid receptors, including 

EPOR (erythropoietin receptor), TPOR-MPL (thrombopoietin receptor MPL), and GM-CSFR 

(granulocyte colony stimulating factor receptor), to the inside of the cell (Kollmann et al., 2019). 

JAK2 also becomes activated upon binding of IL-3 and IL-5 interleukins to the receptors IL-3R 

and IL-5R (Able et al., 2017), (Wang and Bunting 2013). 

 

 

 

Figure 2. The structural domains of the JAK2 protein with the activating tyrosine phosphorylation residues 

in the JH1 domain and the gain of function (GOF) JAK2V617F mutation in the JH2 domain (adapted from Hu 

et al., 2021). 
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1.2.3. The STAT family of proteins 

 

STATs are signal transducers and transcription factors in the JAK-STAT pathway. STAT 

activation via tyrosine phosphorylation results in the formation of parallel homo- or heterodimers 

through the interplay between their SH2 domains and phosphotyrosine motifs. Activated parallel 

dimers are imported in the nucleus to regulate target genes (Bousoik and Montazeri Aliabadi, 

2018). All seven members of the STAT family (STAT1, STAT2, STAT3, STAT4, STAT5A, 

STAT5B, STAT6) have 6 conserved functional domains. The N-terminal domain is an 

oligomerization domain enabling tetramer formation, as well as the binding of STATs to other 

protein regulators. These can be co-factors, negative regulators of STAT proteins (protein 

inhibitors of activated STATs, PIAS), and receptors. The coiled-coil domain plays a role in the 

nuclear import/export. The following DNA binding domain binds DNA to facilitate transcription and 

is linked to the SH2 domain through the linker domain. The SH2 domain of STAT proteins is 

responsible for recruitment of STATs to tyrosine phosphorylated cytokine receptors and for STAT-

STAT interactions (Xue et al., 2023). The transactivation domain (TAD) at the C-terminal end 

interacts with other proteins involved in transcriptional regulation (Hennighausen and Robinson, 

2008) (Figure 3). After exerting their function in the nucleus, STATs become dephosphorylated 

and exported back to the cytoplasm. 

 

 

Figure 3. The structural domains of the STAT5 proteins with the tyrosine phosphorylation residue within 

the TAD domain, important for the activation of the protein (Hallim et al., 2020). 
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1.2.4. STAT5A and STAT5B 

 

One of the main downstream targets of JAK2 is STAT5. STAT5 encompasses two adjacent 

genes, STAT5A and STAT5B. Both genes are transcribed within the same locus also containing 

the STAT3 gene, on chromosome #17 and #11 in humans and mice, respectively. The two gene 

products, STAT5A and STAT5B proteins, share more than 90% similarity at the amino acid level, 

with most differences present at the C-terminus of the proteins in the TAD. The C-terminus of 

STAT5A is 12 amino acids longer. The last 20 amino acids of STAT5A and the last 8 amino acids 

of STAT5B are unique to the specific protein. STAT5A/B can undergo post-translational 

modifications, like phosphorylation, acetylation, and sumoylation. Phosphorylation of the tyrosine 

residues 694 and 699 in the TAD domain activate STAT5A and STAT5B, respectively. Some 

additional phosphotyrosine or phosphoserine residues, as well as acetylation and sumoylation 

sites, are enabling either enhanced activation and nuclear transport, or are regulating the 

enhancement or inhibition of phosphorylation of the tyrosine motifs (Kollmann et al., 2019).   

 

1.2.5. The differential roles of STAT5A and STAT5B  

 

STAT5A and STAT5B play both redundant and non-redundant roles in the regulation of growth 

and development, in the regulation of the immune system, cellular proliferation, differentiation and 

apoptosis, as well as in the regulation of tumor immunity (Hennighausen and Robinson, 2008). 

Knock-out studies in mice showed their differential but also common roles in regulation of STAT5 

target genes. They are believed to have redundant roles, because of their overlapping genome 

binding sites (Basham et al., 2008).  STAT5A plays a crucial role in mammary tissue and the 

Stat5a gene was originally discovered as a mammary gland factor (MGF). Female mice lacking 

STAT5A showed impaired mammary gland development and impaired lactogenesis (Liu et al., 

1997). A STAT5B knock-out in mice on the other hand leads to growth defects and defects in 

male specific liver gene expression, highlighting the protein’s role in sexual dimorphism of body 

growth rates (Udy et al., 1997). The regulation of post-natal body growth is dependent on 

STAT5B-mediated GH (growth hormone) signaling. STAT5B has been shown to regulate IGF-1 

(insulin-like growth factor 1) target gene transcription in hepatocytes and muscles. STAT5B and 

GH receptor loss of function mutations lead to impairment of STAT5B function, which then leads 
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to IGF-1 deficiency and consequent growth retardation in humans. STAT5B’s unique role in the 

regulation of body growth is confirmed by the incapability of STAT5A to compensate for the loss 

of this STAT5B function (Hennighausen and Robinson, 2008). The role of STAT5A/B in B- and 

NK-cell development has also been reported, since the development of B cells was arrested in 

the pre-pro-B cell stage of mice lacking Stat5a/b, while the absence of Stat5b alone, compared 

to the absence of Stat5a, led to an evident decrease in NK-cell numbers. Reduction in CD8+ T 

cell numbers was also observed in mice lacking STAT5A/B. The absence of STAT5B alone 

affected CD4+ T cell numbers more than the absence of STAT5A. These observations are in line 

with increased expression of STAT5B in CD4+ T cells and suggest STAT5B as the more important 

protein in NK and T cells (Kollmann et al., 2019). These phenotypical differences induced by 

STAT5A or STAT5B deficiencies demonstrate their non-redundant roles.  

Moreover, STAT5A and STAT5B control hematopoietic stem and mature cell lineage 

differentiation and survival, and therefore represent important regulators of normal and malignant 

hematopoiesis (Wang and Bunting, 2013). Hematopoiesis is the development of all blood cells 

from the HSCs in the BM and is a highly regulated process. JAK2-STAT5 signaling plays an 

important role in maintaining blood cell homeostasis. Different cytokines trigger JAK2-STAT5 

pathway activation in different cell types. The signaling starts with JAK2 activation upon 

stimulation by EPO (erythropoietin), TPO (thrombopoietin), G-CSF, GM-CSF (granulocyte-, and 

granulocyte-macrophage colony stimulating factor), or different interleukins. Activated JAK2 in 

turn causes STAT5A/B tyrosine phosphorylation and parallel STAT5A/B dimer formation. These 

dimers travel to the nucleus where they bind to GAS (gamma-interferon activated sequence) 

motifs and lead to activation of transcription of STAT5 target genes. STAT5 deficiency can cause 

developmental issues within both lymphoid and myeloid cell lineages. A loss of STAT5 also 

impairs the LT (long-term) multi-lineage repopulation capacity of fetal liver and BM HSCs, 

indicating its role in promoting HSC quiescence and self-renewal (Hennighausen and Robinson, 

2008), (Wang and Bunting, 2013).  
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1.2.6. The roles of STAT5A and STAT5B in cancer 

 

Like healthy cells, cancer cells too depend on signaling pathways for their growth and survival. 

Deregulation of JAK2-STAT5 signaling is at the root of a variety of hematopoietic and solid 

cancers. Altered hematopoiesis due to GOF (gain of function) mutations occurring mostly in 

STAT5B variant, or in JAK2 itself, as well as copy number gains of STAT5  gene can cause 

various hematopoietic malignancies (Kollmann et al., 2019). MPNs, as cancers of the 

hematopoietic compartment, develop due to mutations arising at the onset of hematopoiesis, in 

the HSCs in the BM. STAT5A/B hyperactivity in MPNs is usually caused by constitutive activation 

via hyper-activated upstream tyrosine kinases, such as JAK2V617F, FLT3-ITD, and BCR-ABL 

(Funakoshi-Tago et al., 2009), (Choudhary et al., 2007), (Schaller-Schoenitz et al., 2014). STAT5 

hyper-activation results in many invasive human cancers, and it is a strong leukemic driver 

prevailing in AML (acute myeloid leukemia), ALL (acute lymphoblastic leukemia), MPN, CML, B-

ALL (B-cell acute lymphoblastic leukemia), and PTCL (peripheral T-cell lymphoma) (Kollmann et 

al., 2019). STAT5A/B are proto-oncogenes which support carcinogenesis by activating the 

transcription of anti-apoptotic genes (Mcl-1, Bcl-2, Bcl2l1, miR15/16, c-Myc, and D-type cyclins 

D1, D2 and D3). It has been found that STAT5B mutations occur more often in cancer than 

STAT5A mutations, suggesting STAT5B as the major STAT5 protein involved in oncogenesis. 

The GOF STAT5BN642H mutation occurring in the SH2 domain of the STAT5B protein has been 

found in patients of liquid cancers related to T-cell origin (De Araujo et al., 2019). The mutation 

results in increased and longer tyrosine phosphorylation conferring a gain of function phenotype. 

The expression of the STAT5BN642H mutant at physiological levels induced a severe T-cell 

neoplasia in mice, which was not the case with a GOF STAT5A mutant expressed at similar 

levels. However, GOF mutant STAT5A also resulted in T-cell malignancy, when more highly over-

expressed (Maurer et al., 2019). Persistent STAT5A activity results in a multi-lineage leukemia, 

the expansion of HSCs and increased erythropoiesis (Moriggl et al., 2005), (Schuringa et al., 

2004).  

 

In addition to the canonical roles of tyrosine phosphorylated (pY)STAT5, uSTAT5 

(unphosphorylated STAT5) has also been found to play a role in transcription (Kollmann et al., 

2019). Unphosphorylated STAT5 proteins associate with epigenetic and chromatin remodelers, 

thereby positively or negatively influencing target gene expression. In colon cancer, a uSTAT5A 

interaction with HP1α (heterochromatin protein 1α) stabilizes heterochromatin, which was found 
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to be tumor suppressive. However, this role has not been reported in the hematopoietic system 

(Kollmann et al., 2019). Some studies also suggest a regulatory role of uSTAT5 in cell 

differentiation. A study from Szybinski et al., 2019 demonstrates the specific role of uSTAT5B in 

blocking the differentiation of AML cells. It does so through an interaction with transcriptional 

regulator histone H3K4 demethylase KDM5C. These findings propose that targeting uSTAT5B, 

or its interacting partners, could be of interest for future AML therapies (Szybinski et al., 2019).  

The role of uSTAT5 has been previously shown in megakaryocyte differentiation too. uSTAT5 

has been shown to bind and repress megakaryocyte differentiation genes. However, 

megakaryocytic differentiation occurs upon TPO stimulation, due to the loss of uSTAT5 and 

phosphorylation and activated of the protein. The study shows that tyrosine phosphorylation 

incapable form of STAT5B protein (Y699F STAT5B mutant) when expressed in HPC-7 cell line, 

a murine hematopoietic stem/progenitor cell line, confers for decreased megakaryocytic 

differentiation even after TPO stimulation (Park et al., 2015). 

Although, as stated above, STAT5A and STAT5B share a lot of similarities, their differential roles 

in human disease remain under investigation. 

 

1.2.7. STAT1 and STAT3 

 

The two other members of the STAT family of proteins extensively involved in cancer biology are 

STAT1 and STAT3. Deregulation of the signaling cascades mediated by these transcription 

factors can lead to a variety of diseases in humans, including cancer.  

 

1.2.7.1. STAT1 and its role in cancer 

 

STAT1 has been shown to be a tumor suppressor and it functions as a downstream effector of 

IFN signaling, which is important for the immune response against bacterial and especially viral 

infections. It controls cell growth by regulating the expression of cell-cycle related genes; STAT1 

is capable of inhibiting cell growth by stimulating the expression of the Cyclin-dependent kinase 

inhibitors P21 and P27 or by inhibiting the expression of c-myc. It is involved in apoptosis induction 

by promoting the expression of some pro-apoptotic factors (apoptotic protein caspase 1, 3 and 
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11 precursors and Fas). It is also involved in MHC class I antigen presentation, thereby influencing 

the activation of the immune system (Hu et al., 2021). The STAT1 protein has been identified as 

an important player in megakaryopoiesis downstream of GATA-1. Gata-1 deficiency in mice leads 

to decreased STAT1 expression and defective megakaryocyte maturation, confirming its role 

especially in the polyploidization and maturation of megakaryocytes (Huang et al., 2007).  

However, mice lacking STAT1 were shown to be more susceptible to develop solid tumors, with 

the lack of STAT1 leading to faster tumor growth (Kovacic et al., 2006). Nevertheless, an opposite, 

tumor-promoting role of STAT1 has been reported in hematopoietic malignancies. Its tumor 

promoting role has been shown for hematopoietic cancers, such as T-cell acute lymphoblastic 

leukemia (T-ALL) and ALK+ anaplastic large cell lymphoma (ALCL).  

 

1.2.7.2. STAT3 and its role in cancer  

 

STAT3 is a multifunctional protein, being involved in metabolism, autophagy, and cancer. The 

protein also exerts functions in innate immunity (regulating granulopoiesis, DC-dendritic cell 

development and function, anti-inflammatory signaling), and in adaptive immunity (B- and T-

lymphocyte regulation) (Hillmer et al., 2016). The absence of STAT3 in mice is lethal to the 

embryo, confirming its essential role in normal physiology (Bousoik and Montazeri Aliabadi, 2018). 

Posttranslational modifications of STAT3 can also influence its function by either increasing or 

decreasing its activity. CBP/p300-mediated STAT3 acetylation on lysine 685 in the C-terminal 

domain leads to enhanced DNA binding of STAT3, thereby positively influencing the transcription 

of target genes. On contrary, SET9-mediated methylation on lysine 49 of already phosphorylated 

and promoter-bound STAT3 leads to reduction of proteins’s transcriptional activity (Orlova et al., 

2019). Moreover, STAT3 regulates the expression of mitochondrial genes and respiration in 

embryonic stem cells (ESC), thereby influencing their growth and maintenance (Hillmer et al., 

2016). Non-canonical activation of STAT3 by serine phosphorylation on 727 residue (pS727) is 

advantageous for a variety of tumors, leading to protein being integrated into the inner 

mitochondrial membrane. This is followed by oxidative phosphorylation and consequent increase 

in ATP production responsible for providing additional energy for cancer cell proliferation (Arévalo 

et al., 2023), (Brachet-Botineau et al., 2020). 
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In contrast to STAT1, STAT3 is known as a tumor promoter (Wang et al., 2023). STAT3 is 

frequently mutated and constitutively activated in diverse cancers, both solid and hematological. 

It supports carcinogenesis by driving cancer cell proliferation, migration, survival, and immune 

evasion (Wang et al., 2023). This is achieved by STAT3-mediated over expression of its target 

gene products which include anti-apoptotic proteins (Mcl-1, Bcl-2, Bcl-xL, Survivin) and factors 

favoring angiogenesis (VEGF). STAT3 is also capable of down-regulating the expression of 

pro- apoptotic proteins, such as p53, IFNβ, Fas, Fas ligand, and BAX. Persistent STAT3 activity 

has been reported in cancer cells, but also in cells residing in the tumor microenvironment (TME). 

The TME-residing cells, such as cancer-associated fibroblasts (CAFs), endothelial cells, smooth 

muscle cells, tumor infiltrating immune cells and cancer cells themselves suppress the immune 

system by stimulating pro-inflammatory cytokines, by leading to decreased antigen presentation 

and by disabling tumor cell killing by the immune system (Zou et al., 2020). Hyperactivation of 

STAT3 is usually a consequence of GOF mutations, mostly in the SH2 domain of STAT3, or due 

to elevated signaling from GOF mutations in upstream oncogenic drivers (hyperactive mutated 

tyrosine kinases, such as JAK2V617F or FLT3-ITD, or fusion proteins, such as BCR-ABL, 

TEL- JAK2, or TEL-ABL1) (Orlova et al., 2019).  

There is some evidence of a regulatory role of uSTAT3 (unphosphorylated STAT3) in the 

transcription of many pro-oncogenic genes (Bousoik and Montazeri Aliabadi, 2018). uSTAT3 and 

pYSTAT3 dimers bind similar DNA regions. However, uSTAT3 cooperates together with the 

NF- κB transcriptional regulator to regulate transcription of a number of genes not regulated by 

pYSTAT3 (Hillmer et al., 2016). There is also evidence of uSTAT3-mediated inhibition of cancer 

cell apoptosis. This effect can be reversed by inhibiting the N-domain of the protein. STAT3, as a 

transcription factor, directly regulates the transcription of its target genes by binding to their 

promoter regions. Furthermore, activated STAT3 controls gene expression also indirectly by 

recruiting chromatin remodelers which induce either eu-, or heterochromatin states, thereby either 

activating or repressing the expression of certain genes (Orlova et al., 2019). 

 

JAK2V617F -mediated signaling activates not only STAT5 but also STAT1 and STAT3 in 

hematopoietic stem cells. STAT1, STAT3, and STAT5 protein expression imbalance in MPNs 

with the JAK2V617F mutation results in different phenotypic outcomes. Namely, STAT1 

overexpression causes ET-like disease, whereas its depletion causes a PV-like phenotype. The 

development of myelofibrosis is characterized by a pro-inflammatory and fibrotic 
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microenvironment and by the expansion of the MPN clone. Here, STAT3 plays a role for both of 

these processes, because pan-hematopoietic STAT3 deletion has been shown to disrupt the 

phenotype (Grabek et al., 2020). Zhang et al., 2023 have shown in their study that selective 

activation of STAT3 and STAT5 dictates the fate of myeloid progenitor cells. The authors report 

that STAT5 depletion or overexpression affects STAT3 phosphorylation differently. STAT5 

overexpression induced decreased STAT3 phosphorylation, whereas STAT5 depletion led to 

increased phosphorylation and activation of STAT3 (Zhang et al., 2023). All these previous 

findings are encouraging further investigation. Since STAT5 is the major downstream effector of 

mutated JAK2, but STAT1 and STAT3 have also been shown to be activated by the JAK2V617F 

mutation, if and how the lack of STAT5A/B reflects on the levels and activity of STAT1 and STAT3 

needs to be investigated.  

1.3. Rationale of the master thesis 

 

The three classical MPN subtypes (PV, ET, and PMF) can all be driven by the JAK2V617F mutation 

which leads to persistent activation of the JAK2-STAT5 pathway. STAT5 comprises two different 

gene products, STAT5A and STAT5B, and it is not known whether they have differential roles in 

these diseases. Our lab is investigating the implication of this signaling pathway in MPNs and 

whether STAT5A and STAT5B contribute differently to these diseases, or whether one of the 

variants has a more prominent oncogenic role downstream of V617F-mutated JAK2. 

 

STAT5B in a JAK2V617F positive background 

Previous work in the lab performed with human MPN cell lines engineered to over-express either 

human STAT5A or human STAT5B has shown that an increased expression of STAT5B, but not 

STAT5A, in the JAK2V617F mutation positive setting causes an increase in cell proliferation 

(M.  Ploderer, 2020). This implies a more dominant role of STAT5B downstream of V617F 

mutated JAK2 in human MPN cells. Another piece of evidence that points towards a more 

important role of STAT5B in a JAK2V617F positive background is a study from Kollmann et al., 

2021. Here the authors showed that STAT5B, but not STAT5A, is present in the nucleus of mouse 

hematopoietic progenitor cell lines with the JAK2V617F mutation (HPC-7 and HPC-LSKs), whereas 

both variants are present in the cytoplasm. Additional hints towards a more significant role of 
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STAT5B in MPNs is patient data from a Rampal et al. study, showing higher STAT5B target genes 

expression in granulocytes of JAK2V617F positive MPN patients than in controls (Rampal et al., 

2014). Whether this increased STAT5B expression observed in MPN is a consequence of the 

JAK2V617F mutation itself remains unclear.  

 

1.3.1. Aim of the master thesis 

 

Based on the data our lab collected which suggests that STAT5B is the more dominant oncogenic 

sibling downstream of JAK2V617F in human MPN cells, in this study we aimed to get a better insight 

into the effects of both STAT5 variants in this context. This was achieved by conducting 

experiments on human MPN and mouse cell lines. The HEL human MPN cell line, previously 

generated from an erythroleukemia patient, possesses erythroid and monocytic markers as well 

as megakaryocytic markers of differentiation (Tabilio et al., 1984). The cell line is homozygous for 

the JAK2V617F mutation mimicking the polycythemia vera/erythroleukemia disease of MPNs, which 

makes it a very good model for investigation of the mechanisms underlying MPN diseases.  

 

In this study, we: 

 

• confirmed the absence of expression of either STAT5 variant in CRISPR/Cas9 targeted HEL 

cells harboring the JAK2V617F mutation  

• studied the effect of STAT5A or STAT5B knock-out on STAT1 and STAT3 protein expression 

and their respective activation levels 

• analyzed the proliferation of HEL STAT5A/B knock-out cell lines to investigate the effects of 

these protein variants on MPN cell growth in a JAK2V617F positive background  

• studied the effect of STAT5A/B over-expression on the apoptosis rate of HEL cells induced with 

interferon-alpha  

• analyzed the relative gene expression and protein expression levels of STAT5A and STAT5B 

and the level of activated, phosphorylated STAT5 in a murine hematopoietic/stem progenitor 

cell line (HPC-7) expressing the JAK2V617F mutation 
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2. Materials and Methods 

 

2.1. Materials 

 

2.1.1. Reagents and buffers used for qPCR 

 

RNA extraction  

 

TRIzolTM LS Reagent (Thermo Fisher Scientific)  

Chloroform (ROTH)  

3M Sodium acetate (Thermo Fisher Scientific)  

 

cDNA synthesis kit 

 

RevertAid RT Kit (Thermo Fisher Scientific) 

 

qPCR MasterMix 

 

GoTaq qPCR MasterMix 2x (Promega) 

 

qPCR primers 

 

Table 1: List of primer sequences used for qPCR analysis  

 

Name Target Species Sequence Origin 

mSTAT5A_RT fw mSTAT5A mouse 
TCCGCAGCACCA

GGTAAA 
Integrated DNA 
Technologies 

mSTAT5A_RT rev mSTAT5A mouse 
GGGATTATCCAA

GTCAATAGCATC 
Integrated DNA 

Technologies 

mSTAT5B_RT fw mSTAT5B mouse 
ACAACGGCAGCT

CTCCAG 
Integrated DNA 
Technologies 

mSTAT5B_RT rev mSTAT5B mouse 
TGGGCAAACTGA

GCTTGGATC 
Integrated DNA 
Technologies 
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mHPRT_RT fw mHPRT mouse 
AGTGTTGGATAC

AGGCCAGAC 
Integrated DNA 
Technologies 

mHPRT_RT rev mHPRT mouse 
CGTGATTCAAAT

CCCTGAAGT 
Integrated DNA 
Technologies 

 
 
 
2.1.2. Reagents and solutions for Western blot 

 

IP-buffer with inhibitors (added freshly) for protein extraction  

 

25 mM HEPES pH 7.5 

25 mM Tris/HCl pH 7.5 

150 mM NaCl 

10 mM EDTA 

0.1% Tween-20 

0.5% NP-40 

1 mM Na3VPO4 

1 mM NaF 

10 μg/mL Leupeptin 

10 μg/mL Aprotinin 

1 mM PMSF 

1x cOmpleteTM Protease Inhibitor Cocktail (Roche)  

 

Loading buffer, 6x  

 

1.6% SDS 

20mM Tris, pH 6.8  

16% glycerol  

0.24 g/mL bromphenol blue  

0.04 g/mL Dithiothreitol 

in ddH2O  
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Stacking gel 5% 

 

5% acrylamide mix 

130 mM Tris/HCl, pH 6.8 

1% SDS 

0.1% Ammonium persulfate (APS)  

0.001% TEMED  

 

Running gel 8% 

 

8% acrylamide mix 

390 mM Tris/HCl, pH 8.8  

1% SDS  

0.1% APS  

0.06% TEMED  

in ddH2O 

 

10x Tris-Glycine buffer  

 

0.25 M Tris 

1.92 M Glycine  

 

1x Running buffer 

 

1:10 dilution of 10x Tris/Glycine buffer  

0.5% SDS 

 

1x Transfer buffer 

  

1x Tris/Glycine buffer  

20% Methanol 
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10x Tris buffered saline solution (TBS)  

 

500 mM Tris, pH 7.9  

1.5 M NaCl (Roth)  

 

1x TBS-T 

 

1:10 dilution of 10x TBS  

0.1% Tween® – 20 (Sigma)  

 

Blocking buffer 

 

5% BSA (bovine serum albumine) (Albumine Fraction V Roth) diluted in TBS 

 

Table 2: List of primary antibodies used for Western blot analysis  

 

Antibody Company Cat. # Dilution Size in kDa Host species 

STAT5A (C-6) X 
Santa Cruz 

Biotechnology 
SC271542 X 1:5000 95 mouse 

STAT5B (G-2) 
Santa Cruz 

Biotechnology 
SC-1656 1:5000 95 mouse 

pYSTAT5 Y694 
Cell Signaling 
Technology 

#9351S 1:1000 90 rabbit 

Actin (C-11)-R 
Santa Cruz 

Biotechnology 
SC-1615-R 1:5000 43 rabbit 

STAT1 

BD 
Transduction 
Laboratories 

610115 1:1000 84/91 mouse 

STAT3 

BD 
Transduction 
Laboratories 

610189 1:1000 92 mouse 

pYSTAT1 
(Tyr701) (D4A7) 

Cell Signaling 
Technology 

#7649S 1:1000 84/91 rabbit 

pYSTAT3 
(Tyr705) 

Cell Signaling 
Technology 

#9131S 1:1000 79/86 rabbit 



 27 

β-Actin (C4) 
Santa Cruz 

Biotechnology 
SC-47778 1:5000 43 mouse 

 
 
 
Table 3: List of secondary antibodies used for Western blot analysis 
 
 

Antibody Company Target Dilution Host species 

IRDye® 680RD 
Goat anti-Mouse 

IgG 
LI-CORTM anti-mouse 1:10 000 goat 

IRDye® 800RCW 
Goat anti-Rabbit 

IgG 
LI-CORTM anti-rabbit 1:10 000 goat 

 
 
 
2.1.3. Reagents and solution used with cell lines 

 

Cultivation medium for HEL cells  

 

Advanced RPMI 1640 Medium (GibcoTM) 

10% fetal bovine serum, FBS (GibcoTM) 

1% L-Glutamine (GibcoTM) 

1% Penicillin-Streptomycin Solution, 100x (Biowest)  

 

Cultivation medium for HPC-7 cells  

 

IMDM 1x (GibcoTM) 

10% fetal bovine serum, FBS (GibcoTM) 

1% penicillin-streptomycin solution (100x stock; Biowest) 

5% SCF (stem cell factor) in media (kindly gifted by Kollmann group, Vetmeduni Vienna)  

74.8 μM monothioglycerol (MTG; Sigma)  
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Phosphate buffered saline solution (PBS)  

 

PBS (GibcoTM)  

pH 7.4  

 

Freezing media  

 

90% FBS (GibcoTM)  

10% DMSO (dimethyl sulfoxide)  

 

MTS cell proliferation assay 

 

PMS, MTS solutions prepared according to the CellTiter 96® Aqueous Non-Radioactive Cell 

Proliferation Assay protocol (Promega)  

 

Cell apoptosis assay reagents  

 

10 000 U/μl rhIFNalpha-2b (ImmunoTools) Cat#. 11343514 

10x AnnexinV binding buffer diluted to 1x Binding buffer in distilled water (BD Biosciences) 

Cat#.556454 

APC AnnexinV (BD Biosciences) Cat#. 550474 

FITC AnnexinV (BioLegend) Cat#. 640906 

0.5 mg/ml PI (Propidium Iodide) (BioLegend) Cat#. 421301 

10 mM and 50 mM Bortezomib (MedChem Express) Cat#. HY-10227 
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2.2 Methods 

 

2.2.1. Cultivation of human and mouse cell lines 

 

The human (HEL) and mouse (HPC-7) cell lines were cryopreserved and stored at -80°C. For the 

purpose of the experiments, cells were thawed and washed with PBS (GibcoTM) to remove trace 

amounts of DMSO, a toxic component of the freezing media. Cells were then cultivated at a 

concentration of 106

 

cells/ml or below in their respective medium (see Materials). Reagents and 

solutions used with cell lines are stated in 2.1.3. All cells were cultured at 37°C and 5% CO2. 

Cells were regularly tested for mycoplasma contamination using a mycoplasma detection kit, 

MycoAlertTM (Lonza).  

 

2.2.2. Harvesting of cells 

 

Prior to RNA or protein extraction, cells were harvested by centrifugation at 300 x g for 5 min at 

room temperature. Afterwards, the media was aspirated, and cell pellets were washed twice in 1x 

cold PBS and centrifuged for 5 min, at 0.4 x g at 4°C after each washing step. Lastly, PBS was 

aspirated, and cell pellets were snap-frozen in liquid nitrogen and stored at -80°C until needed for 

analysis.  

 

 

2.2.3. Freezing of cell lines 

 

To maintain all cell lines in a cell bank, all cell lines were frozen at low passage and at a 

concentration of approximately 2x106

 

cells/ml of freezing media (90% FBS + 10% DMSO). Before 

freezing, the cells were counted by mixing an aliquot of cell suspension with sterile filtered trypan 

blue solution in a ratio 1:1. 10 μl of the mixture was applied in the Neubauer chamber to count 

cells visually using an Axiovert 35 Phase Contrast Microscope (Zeiss). 
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2.2.4. RNA extraction from cell lines 

 

RNA isolation from cell pellets was performed by applying 0.75 ml of TRIzolTM LS Reagent 

(Thermo Fisher Scientific) to 0.25 ml of the samples (approximately 5-10x106

 

cells/sample). 

Homogenization was achieved by pipetting up and down to lyse cells, followed by 5 min incubation 

at room temperature. Afterwards, 150 μl chloroform was added (for 1 ml TRIzol, 200 μl 

chloroform). Samples were shaken thoroughly for 15 sec and incubated for 2-3 minutes at room 

temperature. Samples were then centrifuged at 12 000 x g 15 min at 4°C, which resulted in three 

phases. The RNA in the upper, aqueous phase was carefully taken out and transferred to a fresh 

tube. Per 1 ml TRIzol used for homogenization, 500 μl 100% isopropanol was added to the 

aqueous phase (for 0.75 ml TRIzol, 375 μl 100% isopropanol was added). Samples were shaken 

vigorously and incubated 10 min at room temperature, followed by a centrifugation step at 12 000 

x g for 15 min at 4°C. Supernatants were removed and pellets were washed with 1ml 75% ethanol 

per 1 ml TRIZol. A second washing step was performed. Afterwards, ethanol was removed as 

much as possible without losing the RNA pellets. Pellets were dried at room temperature and 

resuspended in 20-50 μl nuclease free water (depending on the size of the pellet) and RNA 

concentrations of samples were measured with Tecani-control infinite 200 Pro by NanodropTM. If 

required, RNA was precipitated with ethanol to increase the purity. Ethanol precipitation was 

performed by adding 0.1 volumes 3M Sodium acetate and 2.5-3 volumes ice-cold 100% ethanol 

to the RNA and precipitation was performed overnight at -80°C. The next day precipitated RNA 

was centrifuged at 16 000 x g, for 30 min, at 4°C. Pellets were washed twice with 0.5 ml ice-cold 

75% ethanol, and centrifuged for 10 min, at 4°C each time. Ethanol was removed and pellets 

were air-dried. Pellets were resuspended in the appropriate volume of nuclease free water and 

the concentration of RNA was again measured with Tecani-control infinite 200 Pro by 

NanodropTM. RNA samples were stored at -80°C until further use. 

 

2.2.5. Protein extraction from cell lines 

 

Protein was isolated in IP-buffer containing freshly added inhibitors, as stated in 2.1.2. Depending 

on the size of the cell pellet, 50-200 μl IP-buffer with inhibitors was added to the pellets, and 

samples were rotated for 30 min at 4°C, followed by a subsequent centrifugation for 20 min, at 

4°C and 16 000 x g. The supernatants containing the soluble protein were transferred into fresh 

tubes and protein lysates were snap-frozen in liquid nitrogen and stored at -80°C.  
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2.2.6. Bradford assay 

 

Concentration of isolated protein was measured by performing a Bradford assay. For setting up 

the standard curve, BSA (bovine serum albumin) solution was used. BSA solution of a starting 

concentration of 1 μg/ml was added to 1 ml of 1:5 diluted Bradford reagent (Protein Assay Dye 

Reagent Concentrate, Bio-Rad), and a dilution series of 5 standards was made with standard 

concentrations increasing in a range from 1 μg/ml to 16 μg/ml. 1 μl of IP-buffer with inhibitors was 

added to 1 ml of each standard dilution and to the blank. 1 μl of the protein lysate was added to 

1 ml of diluted Bradford reagent. A BioPhotometer plus (Eppendorf) was used to measure the 

absorbance at a wavelength of 595 nm. A linear equation of the standard curve was used to 

determine the protein concentration.  

 

2.2.7. Western blot analysis 

 

20 μg of protein was loaded per well. After adding the loading buffer, samples were boiled at 95°C 

for 5 min, spun down shortly and loaded onto an 8% polyacrylamide gel. A protein ladder 

(PageRulerTM, Thermo Scientific) was loaded as a protein size standard. The electrophoresis was 

run in 1x running buffer at 70 V for 10 min, with an increase in voltage to 120 V for another hour. 

For blotting the proteins on a nitrocellulose membrane, a transfer sandwich was built by 

assembling the polyacrylamide gel with the nitrocellulose membrane with 2 Whatman® papers 

and fiber pads on top and bottom of the sandwich, previously soaked in 1x transfer buffer. Transfer 

of the proteins to the membrane was performed in 1x transfer buffer with a magnetic stirrer for 1 

h, at 4°C and 340 mA. Subsequently, the membrane was blocked for 1 h in blocking buffer, on a 

shaker at room temperature, to prevent unspecific antibody binding. Appropriate dilutions of the 

appropriate primary antibodies were added to the blocking buffer and the membrane and 

incubated for 1 h on a shaker, at room temperature. Then three washing steps in TBS-T, 5 min 

each, were performed. Appropriate dilutions of the appropriate secondary antibodies were then 

applied on the membrane for another hour of incubation under the same conditions. Lastly, 3 

washing steps with TBS-T, each 5 min were done before detection of the membrane with the 

Odyssey® Imaging System. All antibodies, solutions and reagents used for Western blot are 

stated in 2.1.2. 
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2.2.8. qPCR analysis 

 

For synthesizing cDNA, 1 μg of previously extracted RNA was used together with the First strand 

cDNA Synthesis Kit (Thermo Scientific) as described in the manufacturer’s protocol. cDNA was 

diluted 1:5 in nuclease-free water and 2 μl of diluted sample was pipetted together with 8 μl of a 

qPCR master mix (see Table 5) in a 96-well plate. The CFX96 Touch Real-Time PCR Detection 

System was used to perform the analysis using the appropriate qPCR program (Table 6). HPRT 

(Hypoxanthine-guanine-phosphoribosyl-transferase) housekeeping gene, was used to normalize 

Ct values of each sample to the Ct value of this reference gene using the “ΔΔCt-Method”.  

 

Table 5: Reaction mix for qPCR analysis 

 

Reagent Amount for 1 reaction [μl] 

GoTaq qPCR MasterMix 2x 5 

fw primer 10 μM 0.4 

rev primer 10 μM 0.4 

nuclease-free water 2.2 

 
 
 
Table 6: qPCR program 
 

Temperature [°C] Time [s] 

95 120 

95 15 (40 cycles) 

60 60 (40 cycles) 

Melting curve: 65°C – 95°C, 5 min  

 
 

 
2.2.9. MTS - cell proliferation assay 

 

MTS cell proliferation assays were performed each week in the four weeks directly after HEL 

STAT5A/STAT5B knock-out cell lines had been thawed. Cells were seeded at a concentration of 
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60 000 cells/ml or as stated and grown in RPMI culture media containing either 1% FBS or 10% 

FBS. Cells were seeded in triplicates (100 μl per well) into five 96-well plates and the plates were 

cultured under standard conditions. MTS and PMS reagents were prepared according to the 

manufacturer’s protocol (CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay, 

Promega). After seeding the cells, 20 μl of MTS-PMS reagent was added to each well of one 96-

well plate (day 0), followed by plate incubation at 37°C for 1h and subsequent absorbance 

measurement at a wavelength of 490 nm. Since metabolically active cells reduce tetrazolium salt 

MTS to formazan, which is soluble in cell culture medium, the measured absorbance at 490 nm 

corresponds to the number of metabolically active and thereby viable cells. The monitoring was 

done every 24 h over 5 days (time points: 0 h, 24 h, 48 h, 72 h, 96 h). Data was analyzed with 

GraphPad Prism, and two-way ANOVA with Bonferroni correction was used for statistical 

analysis.  

 

2.2.10. Flow cytometry - cell proliferation assay 

 

Seeding of HEL cells with STAT5A or STAT5B knock-out was done in triplicates in T25 cell 

culturing flasks. Prior to cell number quantification using a CytoFLEX (Flow Cytometer, 

BECKMAN COULTER), cells were shortly resuspended and 500 μl of the cell suspension was 

taken out each day for the measurement. Approximately 20 μl of the cell suspension was counted 

by flow cytometry. Statistical analysis was done with GraphPad Prism using two-way ANOVA with 

Bonferroni comparison.  

 

 

2.2.11. Automated cell counting - cell proliferation assay  

 

Assessing cell proliferation with an automated cell counter was done by seeding each cell line 

(HEL STAT5A or HEL STAT5B KOs) in triplicates. Every day, prior to counting, cells were 

resuspended and 500 μl of the cell suspension was taken out and of this a 10 μl aliquot was 

mixed in a 1:1 ratio with sterile trypan blue solution for live/dead staining. 10 μl of this mixture was 

applied onto BioRad slides and counting was performed with a TC20 Automated Cell Counter, 

BioRad. Statistical analysis was done with GraphPad Prism. Two-way ANOVA with Bonferroni 

comparison was performed for statistical analysis.  
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2.2.12. Cell apoptosis assay 

 

Cell lines were seeded in triplicates in a 6-well plate (total volume of 15 ml for triplicates, each 

well 5 ml) at a concentration of 60 000 cells/ml and were cultured with three different conditions 

(untreated, 48 h rhIFNalpha-2b and 96 h rhIFNalpha-2b). 96 h after seeding of cells (day 4), cells 

were harvested, washed, resuspended in 1x binding buffer, and stained with APC-AnnexinV to 

identify apoptosis undergoing cells, FITC AnnexinV to identify GFP expression and low-level 

stable over-expression of the respective variant and with PI staining to detect late apoptotic and 

necrotic cells for flow cytometry analysis. Cell viability and proliferation were quantified. 

Compensation controls for flow cytometry were included, namely, unstained cells, cells stained 

with Annexin V only, or PI only, and compensation for the FITC channel (GPF positive cells). 24 

h before staining and flow cytometric analysis, the positive control was set up. For this, HEL 

parental cells were treated with 10 mM or 50 mM Bortezomib and then analyzed with all other 

samples. All reagents and solutions used for the interferon-induced apoptosis assay are listed in 

2.1.3. 

 

2.2.13. Statistics 

 

One-way, or two-way analysis of variance (ANOVA), together with Bonferroni multiple comparison 

tests, and t-test (unpaired) were applied for statistical analysis of the results, using the GraphPad 

Prism 5 software.  
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3. Results 

 

3.1. The effect of STAT5A or STAT5B knock-out on the proliferation rate 

of a JAK2V617F
 
positive human MPN cell line 

 

We were interested in investigating whether STAT5A and STAT5B contribute differently to MPN 

disease and if one is more dominant in signaling downstream of JAK2V617F than the other. Our lab 

has shown previously that an increased expression of STAT5B leads to a proliferative advantage 

in two human MPN cell lines (HEL and SET-2) positive for the JAK2V617F mutation (M. Ploderer, 

2020). Increased expression of STAT5A did not have this effect. We thus wanted to see if the 

absence of either STAT5 variant would affect the proliferation of HEL cells. For this we used 

CRISPR engineered cell lines that were previously generated in the lab, which have either a 

STAT5A or STAT5B knock-out or knock-down (L. Schreiberhuber, 2021, unpublished). 

 

3.1.1. Confirming the absence of STAT5A or STAT5B protein in HEL knock-out cell lines 

by immunoblotting  

 

To confirm the expected protein levels or lack thereof, we checked the status of our knock-out 

cell lines prior to the proliferation assay experiments. The protein levels of the two STAT5 variants 

was determined via Western blot. For each STAT5 variant, three guide RNAs had been previously 

designed, which induced either a complete knock-out (gRNAs STAT5A_1, STAT5A_3, 

STAT5B_1), or a knock-down (gRNAs STAT5A_2, STAT5B_2, STAT5B_3) of the respective 

variant. The EV (empty vector) control cell line was transduced with an empty vector 

expressessing Cas9 only and does not show any changes in STAT5A or STAT5B levels. The 

expected pattern of knock-out/-down was confirmed by immunoblotting (Figure 4). The knock-

out/-down for each line is specific to either STAT5A or STAT5B and does not affect the level of 

the other STAT5 variant in the same cell line, as seen by similar protein levels as the control cell 

line. Hence, we were able to confirm the expected levels of STAT5A and STAT5B in each of the 

cell lines (Figure 4). 
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Figure 4. STAT5A and STAT5B protein levels in CRISPR/Cas9 targeted HEL cells determined via Western 

blot analysis. The expected pattern of STAT5A and STAT5B knock-out/-down in HEL cells upon knock-

out/-down of STAT5A or STAT5B was observed. Actin was used as loading control. Data shown is 

representative of four independent experiments (n=4). 

 

 

3.1.2. Proliferation of HEL cells upon knock-out of either STAT5A or STAT5B  

 

Since previous data obtained by M. Ploderer with HEL cells engineered to over-express either 

STAT5A or STAT5B variant showed that an increased expression of STAT5B increases 

proliferation, we wanted to assess whether decreased or a lack of expression would have the 

opposite effect. We thus decided to perform an MTS cell proliferation assay on our HEL STAT5A 

and STAT5B knock-out cell lines, as was done for the over-expressor lines. The MTS proliferation 

experiments were repeated four times overall. We cultured cells under standard (media with 10% 

FBS) and low-serum (media with 1% FBS) conditions. Since intracellular signaling pathways 

could be affected by low-serum cell culture, we wanted to see how this stress condition might 

affect the proliferation of our cells that lack or have decreased expression of STAT5A/B. 

Additionally, for the first three MTS assay experiments, side-by-side Western blot analysis was 

performed to ensure that the cells retained their knock-out or knock-down status (Figure 5A, 6A). 
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3.1.2.1. Proliferation of HEL cells upon knock-out of STAT5A 

 

In the low-serum culture condition (1% FBS), cells that lack or have decreased STAT5A 

expression showed very inconsistent proliferation rate trends. The complete STAT5A knock-out 

(gRNA_STAT5A_1) induced decreased proliferation of the cells in the first and in the fourth MTS 

assay, but an increased proliferation in the second and in the third MTS assay, compared to the 

empty vector cells. The other gRNA that also knocked-out STAT5A (gRNA_STAT5A_3), induced 

increased proliferation of the cells in the first and in the third assay, while in the other two assays 

(second and fourth MTS assays), the proliferation rate of the cells remained unchanged compared 

to the control. Cells transduced with the gRNA_STAT5A_2, which led to a knock-down of the 

variant, show a decrease in proliferation only in the last experiment, while in all previous repeats 

their proliferation was unaffected (Figure 5B).  

Cells cultured in standard condition media (10% FBS) also showed diverse proliferation rate 

trends. The lack of STAT5A induced by the gRNA_STAT5A_1 resulted in a decreased 

proliferation in the first and in the second MTS assay, in an increased proliferation in the third 

assay, whereas no change in proliferation rate was observed in the fourth assay, when compared 

to the empty vector control cells. On the other hand, cells transduced with the other knock-out 

guide RNA (gRNA_STAT5A_3) showed an increase in proliferation twice (first and third MTS 

assays), a decrease in proliferation once (second MTS assay), and no change in the proliferation 

rate in the fourth experiment. Cells transduced with the knock-down gRNA_STAT5A_2 showed 

no change in cell proliferation in two out of four assays (first and fourth MTS assays), while in the 

second assay, the proliferation rate was decreased and in the third assay, it was increased, in 

comparison to the empty vector cell line (Figure 5C). This rather variable data and inconsistent 

proliferation rate trends of knock-out/-down cell lines across the experiments did not allow for a 

conclusion on the effect that reduced/absent STAT5A has on cell proliferation in a JAK2V617F 

positive background. We hypothesized that these inconsistencies in the proliferation rate of cells 

in both standard and low-serum culture conditions might be due to technical issues during the 

experimentation or to the assay method not being appropriate for this experimental setup. 

 

 

 



 38 

 

 

 

 

HEL STAT5A-/- 

1% FBS 



 39 

 

 

 

 

 

 

 

 

 

 

Figure 5. Western blot analysis and MTS proliferation assays of HEL cells targeted with CRISPR/Cas9 

against STAT5A. (A) STAT5A protein levels in HEL cells upon knock-out/-down of STAT5A determined via 

Western blot. The Western blots were performed using cells after the indicated amount of culture post-

thawing. Actin was used as loading control. (B) Proliferation of HEL cells upon knock-out/-down of STAT5A 

in a culture media with 1% FBS. (C) Proliferation of the same cell lines in a culture media with 10% FBS. 

Graphs are showing the growth curves of each cell line within 96 h of culture determined via MTS assay. 

Fold change was calculated relative to the basal absorbance level from day 0. The MTS experiments were 

performed in parallel to the Western blot analyses. Error bars indicate the standard error of the mean. For 

statistical analysis a two-way ANOVA with Bonferroni comparisons was performed. The graphs show p-

values for comparisons with EV. ns = p-value > 0.05 ** = p-value < 0.01 *** = p-value < 0.001 **** = p-value 

< 0.0001. 

HEL STAT5A-/- 

10% FBS 
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3.1.2.2. Proliferation of HEL cells upon knock-out of STAT5B 

 

STAT5B knock-out cells (gRNA_STAT5B_1) cultured in media supplemented with 1% FBS 

showed decreased proliferation in two out of the four experiments (first and fourth MTS assays). 

An increase in cell proliferation was observed in the second MTS assay, while in the third 

experiment, no difference in cell proliferation rates could be seen between STAT5B knock-outs 

and the empty vector control. The STAT5B knock-down cells transduced with the 

gRNA_STAT5B_2 showed a decrease in cell proliferation in the first and in the second assay, 

whereas in the third and in the fourth repeats of the experiment, the growth curves of the cells 

didn’t significantly differ from the empty vector control. The other knock-down gRNA_STAT5B_3 

led to an increase in proliferation in the first and in the third assay, no change in the proliferation 

in the second assay, and a decrease in the proliferation in the last assay, when compared to the 

control (Figure 6B). 

 

In growth media supplemented with 10% FBS, a decrease in proliferation of the 

gRNA_STAT5B_1 transduced knock-out cells was observed in the MTS assays performed in the 

first and in the second week after thawing of fresh cells. This trend was lost in the third and in the 

fourth week. However, the gRNA_STAT5B_2 induced knock-down of the variant led to a decrease 

in cell proliferation in the first, second and fourth MTS assays, but to an increase in cell 

proliferation in the third assay. The other STAT5B knock-down by gRNA_STAT5B_3 decreased 

cell proliferation in the first experiment, but it increased proliferation in the two experiments that 

followed (second and third MTS assays), whereas in the last repeat it didn’t induce a significant 

change in the proliferation rates of cells, when compared to the control cell line (Figure 6C). 
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Figure 6. Western blot analysis and MTS proliferation assays of HEL cells targeted with CRISPR/Cas9 

against STAT5B. (A) STAT5B protein levels in HEL cells upon knock-out/-down of STAT5B determined via 

Western blot. The Western blots were performed using cells after the indicated amount of culture post-

thawing. Actin was used as loading control. (B) Proliferation of HEL cells upon knock-out/-down of STAT5B 

in a culture media with 1% FBS. (C) Proliferation of the same cell lines in a culture media with 10% FBS. 

The graphs are showing the growth curves of each cell line within 96 h of culture determined via MTS 

assay. Fold change was calculated relative to the basal absorbance level from day 0. The MTS experiments 

were performed in parallel to the Western blot analyses. Error bars indicate the standard error of the mean. 

For statistical analysis a two-way ANOVA with Bonferroni comparisons was performed. The graphs show 

p-values for comparisons with EV. ns = p-value > 0.05 * = p-value < 0.05 ** = p-value < 0.01 *** = p-value 

< 0.001 **** = p-value < 0.0001. 

 
 

We thus concluded that knocking-out STAT5B in HEL cells resulted most frequently in decreased 

cell proliferation when cells were grown in media with 10% FBS, but this effect did not persist over 

time and was lost already in the third week after the cells had been thawed (Figure 6C). The 

reason behind this might be a compensatory mechanism, which allowed the cells to adapt to the 

loss of STAT5B after being in culture for a prolonged period of time. The absence of STAT5A 

affected the proliferation differently in each of the repeats of the MTS assay monitored and thus 

it is difficult to draw conclusions from these data (Figure 5B, C). Since MTS assay reagents can 

be affected by the presence of FBS in the media (Huang et al., 2004), the assay can display 

variability between experiments due to the low number of cells seeded and small area for growth 

in 96-well plates, and to ensure that no technical error or problem was the cause of the 

inconsistent results, we wanted to validate our results by employing alternative ways of assessing 

proliferation. For this, we next focused on optimization of these methods.  

 

 

3.1.2.3. Validation and optimization of the proliferation assay  

 

To test whether the variable results from the MTS assays were due to technical issues 

(experimental or methodological) or were accurate and inherent to the cell lines, we aimed to 

perform two other methods of monitoring cell proliferation. We included counting with an 

automated cell counter and the quantification of cell numbers via flow cytometry, in addition to 

again measuring via MTS assay. Thus, cells were freshly thawed, cultured as previously 
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described, and their proliferation rate was determined using all three methods side-by-side in the 

first week directly prior to thawing. 

 

 

3.1.2.3.1. Validation of the proliferation assay using HEL cells with knock-out of either 

STAT5A or STAT5B  

 

A comparison of MTS, flow cytometry and automated cell counter methods for measuring 

proliferation rates of low-serum cultured cells (media with 1% FBS) showed that all STAT5A 

knock-out/-down cell lines displayed increased proliferation when analyzed with flow cytometry 

and an automated cell counter, whereas all cell lines showed decreased proliferation by MTS 

assay, compared to control cells (Figure 7A). When monitoring cell proliferation under standard 

conditions (media with 10% FBS), all three methods showed increased cell proliferation for 

STAT5A knock-out/-down cell lines compared to the control (Figure 7B). 

 

On the other hand, all three methods showed decreased proliferation of cells lacking STAT5B 

(gRNA_STAT5B_1) and grown under low-serum culture conditions (media with 1% FBS), 

although when analyzed with the automated cell counter the observed decrease in proliferation 

was not statistically significant when compared to the empty vector cell line, due to high technical 

variance (Figure 7C). The other two STAT5B knock-down (gRNA_STAT5B_2, 

gRNA_STAT5B_3) cell lines showed decreased proliferation in the MTS assay, whereas an 

increase in proliferation rate of these cells was observed via flow cytometry and automated cell 

counting (Figure 7C). Surprisingly, the proliferation of cells cultivated under standard conditions 

(media with 10% FBS) monitored via MTS assay showed that even in the first week post-thawing, 

a lack of STAT5B resulted in increased proliferation (Figure 7D), which doesn’t correlate with our 

previous MTS data of decreased proliferation in the absence of STAT5B in the first and in the 

second week post-thawing (Figure 6C). Flow cytometry analysis showed decreased proliferation 

of cells lacking STAT5B (gRNA_STAT5B_1), whereas automated cell counter analysis shows no 

significant deviation in the proliferation rate in comparison to the empty vector control (Figure 7D). 

Both STAT5B knock-down cell lines (guides RNA_STAT5B_2, RNA_STAT5B_3) displayed 

enhanced proliferation in the MTS assay and flow cytometry analysis, while showing unaffected 

proliferation when analyzed with the automated cell counter (Figure 7D). 
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Figure 7. Proliferation rate of CRISPR/Cas9 targeted HEL cells determined via MTS assay, an automated 

cell counter and cell number quantification via flow cytometry. (A) Proliferation of HEL cells upon knock-

out/-down of STAT5A in culture media with 1% FBS. (B) Proliferation of the same cell lines in culture media 

with 10% FBS. (C) Proliferation of HEL cells upon knock-out/-down of STAT5B in culture media with 1% 

FBS. (D) Proliferation of the same cell lines in culture media with 10% FBS. The growth curves of cell lines 

within 96 h are shown. Fold change was calculated relative to the basal cell counts/absorbance from day 

0. Error bars indicate the standard error of the mean. For statistical analysis a two-way ANOVA with 

Bonferroni comparisons was performed. The graphs show p-values for comparisons with EV.  ns = p-value 

> 0.05 * = p-value < 0.05 ** = p-value < 0.01 *** = p-value < 0.001 **** = p-value < 0.0001. 

 

Overall, our data show that variability among results is maintained despite employing different 

methods for proliferation quantification. It is difficult to conclude which method is the most suitable 

and reliable, since in some cases the same cell line showed different proliferation rates when 

analyzed by a different method, as is the case with cells with STAT5B knock-out induced by the 

guide RNA_STAT5B_1 (Figure 7D). Although, comparing the methods so far reveals that results 

obtained via MTS and flow cytometry are often similar to each other for both low-serum culture 

and standard cell culture conditions (Figure 7). This implies that the MTS assay method is likely 

to be reliable for measuring cell proliferation in our cells and that the variable data obtained in 

Figures 5 and 6 is unlikely to be due to the choice of method. 

 

 

3.1.2.3.2. Validation of the proliferation assay using HEL cells with knock-out of either 

STAT5 variant with different seeding concentrations  

 

In our next attempt to reveal reliable differences between STAT5A and STAT5B in MPN cell 

proliferation, we excluded the automated cell counter, since among the three methods employed 

it yielded the highest variability between technical replicates. However, we continued with both 

MTS assay and flow cytometric analysis for the comparison of proliferation rates and decided to 

try different seeding concentrations of cells in culture media containing either 1% FBS or 10% 

FBS, as used before. In previous experiments, we seeded cells at 60 000 cells/ml, but we wanted 

to see whether stressing the cells even more by reducing cell numbers from the beginning of the 

experiment would further enhance any effects caused by the reduction/loss of either STAT5 

protein and would therefore provide more robust results. Seeding concentrations of 
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15  000  cells/ml and 30 000 cells/ml were then tested to determine whether the proliferation rates 

might be influenced by cell numbers in culture, and whether lower seeding concentrations would 

help reduce the variability of the data. 

 

The proliferation rates of STAT5A or STAT5B knock-out/-down cells gained via MTS or flow 

cytometry did not differ much between the assays, when comparing cells transduced with the 

same guide. We saw that the complete loss of STAT5A or its decreased expression (all STAT5A 

knock-out/-down cell lines) and the complete loss of STAT5B (gRNA_STAT5B_1) led to a 

significantly decreased proliferation only when cell proliferation rates were analyzed via flow 

cytometry and only when cells were grown in low-serum media with 1% FBS and with a seeding 

concentration of 30 000 cells/ml (Figure 8C, G). In all other cases, both assays showed either 

increased or unchanged proliferation of all STAT5A/B knock-out/-down cells when compared to 

the empty vector control, regardless of the culture conditions (Figure 8). Overall, enhanced 

proliferation of the cells was observed more often than unchanged proliferation, when comparing 

different culture conditions (1% vs 10% FBS; and seeding concentrations of 15 000 cells/ml vs 

30  000 cells/ml) and the two methods (MTS assay vs flow cytometry) (Figure 8). The empty 

vector control cell line was the slowest to grow and the combination of low-serum culture media 

together with lower seeding concentration of cells negatively affected the proliferation strongly 

(Figure 8), indicating that this condition is not suitable.  
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Figure 8. Proliferation rate of CRISPR/Cas9 targeted HEL cells determined via MTS assay and cell number 

quantification via flow cytometry. Proliferation of HEL cells upon knock-out/-down of STAT5A/STAT5B. 

Cells grown in culture media with either 1% FBS (A, C, E, G), or 10% FBS (B, D, F, H) and with seeding 

concentrations of either 15 000 cells/ml (A, B, E, F), or 30 000 cells/ml (C, D, G, H). The growth curves of 

cell lines within 96 h are shown. Fold change was calculated relative to the basal cell numbers/absorbance 

level from day 0. Error bars indicate the standard error of the mean. For statistical analysis a two-way 

ANOVA with Bonferroni comparisons was performed. The graphs show p-values for comparisons with EV.  

ns = p-value > 0.05 * = p-value < 0.05 ** = p-value < 0.01 *** = p-value < 0.001 **** = p-value < 0.0001. 
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Figure 9. Summary of all cell proliferation assay results of CRISPR/Cas9-targeted HEL cells determined 

with different methods (MTS assay, flow cytometry, automated cell counter) and under different conditions 

(standard 10% FBS vs low-serum 1% FBS culture media; seeding concentrations of 30 000 cells/ml vs 15 

000 cells/ml). 

 

3.2. The effect of STAT5A or STAT5B knock-out on STAT1 and STAT3 

protein and activation levels in JAK2V617F
 
positive HEL cells  

 

STAT5 is not the only downstream effector activated by V617F-mutated JAK2 tyrosine kinase. 

STAT1 and STAT3 also get activated by JAK2V617F in hematopoietic cells and are thus important 

in MPNs (Grabek et al., 2020), (Zhang et al., 2023).  We were interested in investigating whether 

the knock-out of STAT5A or STAT5B influences the expression and activation of STAT1 and 

STAT3. We hypothesized that they are responsible for the increased proliferation observed in our 

proliferation assay experiments with HEL STAT5B knock-out cell lines, as a potential 

compensation mechanism. However, our Western blot analysis showed no changes in STAT1 or 

STAT3 total protein or activation levels upon knock-out of either STAT5 variant (Figure 10). 

Therefore, it seems that STAT1 and STAT3 do not compensate for the loss of either STAT5A or 

STAT5B. 
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Figure 10. STAT1 and STAT3 protein levels and levels of activated, phosphorylated STAT1 and STAT3 in 

CRISPR/Cas9 targeted HEL cells with gRNAs inducing either STAT5A or STAT5B knock-outs/-downs 

determined via Western blot analysis. Actin was used as loading control. Data shown is representative of 

four independent experiments (n=4). 

 

3.3. The effect of STAT5A or STAT5B over-expression on the apoptosis 

rate of JAK2V617F
 
positive HEL cells  

 

HEL cells were previously engineered in the lab to over-express either STAT5A or STAT5B, or 

the GFP-positive empty vector only. The over-expressed proteins are tagged with a FLAG-tag at 

the C-terminus. To ensure stable over-expression, cells were FACS-sorted for GFP expression 

and low-level stable over-expression of the respective variant was previously confirmed by FLAG 

and STAT5 Western blot analysis (M. Ploderer, 2020).  

 

We were interested to see whether the increased expression of either STAT5 variant in the 

JAK2V617F

 
positive background not only leads to increased proliferation, as previously shown, but 

also influences the apoptosis rate of HEL cells. Many clinical trials indicate the suppressive effect 

of IFNα on MPN malignancies by inducing apoptosis (How and Hobbs, 2020). We were thus 

wondering whether IFNα treatment affects the viability of our HEL cells over-expressing STAT5A 

or STAT5B downstream of JAK2V617F. To study this, we treated our cells with human IFNα-2b and 

assessed the apoptosis rate.  
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3.3.1. The effect of hSTAT5A or hSTAT5B over-expression on the IFN-induced apoptosis 

rate of JAK2V617F

 
positive HEL cells  

 

To perform an apoptosis assay with our HEL hSTAT5A or hSTAT5B over-expressor cells, we 

used the same protocol as was used in the Saleiro et al., 2022 study, where an increased 

apoptosis rate was observed upon IFNα treatment in two MPN cell lines (HEL and SET-2), both 

harboring the JAK2V617F mutation. We treated cells with 1000 U/ml human IFNα-2b for 48 h and 

96 h, as was done in the publication (Saleiro et al., 2022). An untreated control and positive control 

treated for 24 h with Bortezomib, a proteasome inhibitor capable of apoptosis induction, were 

included. Bortezomib application for the treatment of various solid and liquid cancers has been 

reported (Ghansah et al., 2021). Apoptosis was measured by AnnexinV and PI staining via flow 

cytometry. 

 

Our data from the first apoptosis experiment showed a significantly higher apoptotic rate of 

positive control cells treated with Bortezomib, as expected, while apoptotic levels of cells treated 

with IFNα-2b were extremely low, indicating a very weak effect of IFNα-2b on cell viability 

(Figure  11A). We thus hypothesized that the IFNα-2b concentration might be too low to induce 

apoptosis and hence, we increased it to 10 000 U/ml and 100 000 U/ml. Upon repeating the 

experiment, this still did not suffice to strongly induce apoptosis in the cells (Figure 11B, C). 
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Figure 11. Apoptosis rates of hSTAT5A and hSTAT5B over-expressor HEL cells induced with IFNα and 

determined with AnnexinV-PI staining for apoptosis with flow cytometric analysis. (A) Treatment with 1000 

U/ml IFNα 48 h or 96 h before flow cytometric analysis. (B) Treatment optimization with increased IFNα 

concentration of 10 000 U/ml 48 h or 96 h before flow cytometric analysis. (C) Second assay optimization 

with further increased IFNα concentration of 100 000 U/ml 48 h or 96 h before flow cytometric analysis. 

Control: HEL cells treated with 10 uM (A) and 50 uM (B, C) Bortezomib 24 h before flow cytometric analysis. 

The graphs were made in GraphPad Prism and show the percentage of single cells in viable state, early 

apoptotic, late apoptotic and necrotic state. Data shown is representative of one independent experiment 

(n=1). 

 

Data obtained from one technical replicate do not allow for conclusion on the effect of IFNα on 

the apoptosis rates of HEL cells over-expressing either STAT5A or STAT5B. Although, the results 

from this experiment suggest the potential trend of STAT5B over-expression leading to a 

decreased induction of apoptosis when compared to the empty vector control and STAT5A over-

expression (Figure 11). This effect was the strongest in early apoptosis though. To confirm the 

results, repetition of the experiment and further optimization to induce stronger apoptosis in these 

cells would be needed but were not performed within this study due to time constraints.  

 

3.4. Assessing STAT5A/B levels in a JAK2V617F positive murine 

hematopoietic precursor cell line (HPC-7)  

 

The previous study has shown an increased STAT5B target genes expression in MPN patients 

with the JAK2V617F mutation (Rampal et al., 2014) which led us to the question of whether this 

increased expression of STAT5B in MPN patients is induced as a downstream consequence of 

the hyperactive JAK2V617F mutant itself, or if there are some other mechanisms involved. To test 

this, we needed a model with and without the JAK2V617F mutation, so our human MPN cell lines 

were not suitable. We instead chose to use HPC-7 wild type and HPC-7 JAK2V617F transduced 

murine cells. We determined the relative Stat5a and Stat5b mRNA expression and protein levels 

via qPCR and Western blot analysis, respectively. Based on the patient data, we expected to see 

either increased or unchanged STAT5B levels in the JAK2V617F positive background compared to 

JAK2wt cells. 
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3.4.1. STAT5A and STAT5B mRNA levels in JAK2V617F positive HPC-7 cells  

 

We performed qPCR analysis to determine gene expression of both STAT5 variants in HPC-7 wt 

and in JAK2V617F positive cells. We observed a strong and significant decrease in relative mRNA 

expression of both STAT5A and STAT5B variants in the JAK2V617F positive cells compared to wild 

type cells (Figure 12).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Relative mSTAT5A and mSTAT5B mRNA expression in JAK2V617F

 
positive HPC-7 cells 

determined by qPCR analysis. The gene expression of the two STAT5 variants was calculated relative to 

the housekeeping gene HPRT and is presented as its x-fold using the ΔΔCt method. The error bars 

represent the standard error of the mean. For statistical analysis a t-test (unpaired) was performed. The 

graphs were made in GraphPad Prism and show p-values for comparison with HPC-7 wild type cells. * = p-

value < 0.05. Data shown is representative of three independent experiments (n=3). 
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3.4.2. STAT5A and STAT5B total protein and activation levels in JAK2V617F positive HPC-7 

cells 

 

To confirm our results of the previous gene expression experiments at the protein level and 

investigate STAT5 activation, we performed Western blot analysis of the HPC-7 lines. HEL cells 

were used as a positive control, since we previously saw consistent protein expression of both 

STAT5 variants in this cell lines (Figure 4). Our data showed a slight decrease in STAT5A protein 

levels in the mutated compared to non-mutated HPC-7 cells. As observed in our qPCR analysis, 

STAT5B protein levels were strongly decreased in the JAK2V617F positive background. As 

expected, a pYSTAT5 signal was present in the HPC-7 JAK2V617F cells, but not in the HPC-7 wt 

cell line (Figure 13). Activity levels of the individual STAT5 variants cannot be determined due to 

a lack of protein-specific pY antibodies. 
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Figure 13. STAT5A and STAT5B protein levels and levels of activated, phosphorylated STAT5 in JAK2V617F

 

positive HPC-7 cells determined via Western blot analysis. pYSTAT5 levels showing the activation of total 

STAT5 protein are indicated by tyrosine phosphorylation at either 694 (STAT5A), or 699 (STAT5B) 

residues. β-Actin was used as loading control. Data shown is representative of four independent 

experiments (n=4). 

 
 
 
 
 

4. Discussion and Outlook  

 

The classical Philadelphia chromosome negative MPNs (PV, ET, and PMF) are clonal 

hematopoietic stem cell disorders resulting in abnormal proliferation of mature myeloid cells. 

Oncogenic mutations in the HSCs of the BM lead to a proliferative advantage of one or more 

myeloid lineages. The molecular origin and the lineages involved account for significant disease 

heterogeneity leading to different phenotypic outcomes, frequency and severity of the disease, 

as well as different responses to available therapy. 

 

The central signaling pathway affected in MPNs is the JAK2/STAT5 pathway. The most commonly 

found mutation in MPNs is the JAK2V617F mutation, which leads to hyperactivation of the 

downstream protein STAT5 (James et al., 2005). STAT5 is central to MPN development as it is 

always found to be activated in MPNs and knocking it out in a murine MPN model abrogates 

disease development (Yan et al., 2011). What remains to be investigated is whether the STAT5 

variants, STAT5A and STAT5B, play equal roles in transmitting oncogenic signaling downstream 

of the JAK2 mutant or if one is more dominant than the other. What has been found so far is that 

mutations in cancer occur more frequently in STAT5B, compared to STAT5A, suggesting STAT5B 

as being more oncogenic (De Araujo et al., 2019), (Pham et al., 2018). In line with this, previous 

work from our lab suggests that STAT5B might be the more dominant downstream effector of 

hyperactive JAK2V617F
 (M. Ploderer, 2020). Our aim for this study was thus to further investigate 

the differential roles of STAT5A and STAT5B in JAK2V617F positive MPN.  

 

Since the lab previously showed that increased STAT5B expression leads to a proliferative 

advantage in MPN cell Iines, which was not the case for increased STAT5A, we wanted to 
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investigate if the opposite is also true when the proteins are reduced/deleted. For this we 

assessed the proliferation of HEL cells, which had been previously engineered to lack or to have 

a decreased expression of either STAT5A or STAT5B. We hypothesized that decreased or a lack 

of STAT5B expression would have the opposite effect of an increased expression and would lead 

the cells to proliferate less. We used growth media both with standard (10% FBS) and low-serum 

(1% FBS) culture conditions. Our MTS cell proliferation assays performed for this study showed 

mixed results. We saw the expected outcome in the first two MTS assay replicates after thawing 

the cells. STAT5B knock-out led to decreased proliferation in the standard culture conditions 

(Figure 6C). In the low-serum culture condition only the first assay showed the expected, 

decreased proliferation of cells (Figure 6B). This effect of decreased proliferation upon decreased 

STAT5B disappeared in the third and fourth repeat of the experiment (Figure 6C). This could be 

due to some compensatory mechanism that allows cells in culture to adapt to their knock-out/-

down status and overcome the associated disadvantage. Another explanation could be that the 

cells lose their knock-out/-down status over time. However, our Western blot analysis performed 

in parallel with the first three MTS assays confirmed that the STAT5A and STAT5B levels in the 

cells remained unchanged over time (Figure 6A). We saw no consistent effect of STAT5A loss on 

the proliferation rate of the cells both in the standard and low-serum culture conditions (Figure 

5B, C).  

 

To ensure that the high variability of our results was not due to technical issues of the MTS assay, 

we performed additional proliferation experiments using flow cytometry and automated cell 

counting (Figure 7). The results between different methods were largely consistent leading us to 

conclude that our MTS data were reliable from the methodology perspective. However, 

comparing the results from different methods led us to conclude that the cell number quantification 

via flow cytometry proves to be, due to its very straightforward and time efficient sample 

preparation and measurement process, a more elegant way to assess proliferation than the MTS 

assay. Additionally, it appeared to be more reliable, since the error bars between the replicates 

were very small. Experiment optimization approaches with different seeding concentrations of 

cells were tried too. Stressing cells by reducing cell numbers was performed with the intention of 

more robustly revealing the differential effect of STAT5A and STAT5B. We reasoned that STAT5B 

might be playing a role in helping cells to be more independent from signals of surrounding cells 

and thus enabling their growth even when they are less dense, but this was not the case. None 
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of the changed experimental conditions improved the reliability of the results and therefore, didn’t 

allow us to conclude on the effects of STAT5A or STAT5B knock-out/-down on cellular 

proliferation in the JAK2V617F positive setting (Figure 8). The results we got do not validate our 

hypothesis that STAT5B knock-out induces decreased proliferation in a JAK2V617F positive 

background. It could be that our cell lines simply have inconsistent growth rates. Due to time 

reasons the experiment with lower seeding concentrations was done only once and it should be 

repeated in the future to validate our results. 

 

JAK2V617F
 -mediated signaling not only activates STAT5, but also STAT1 and STAT3 in 

hematopoietic stem cells (Grabek et al., 2020), (Zhang et al., 2023). STAT1, STAT3, and STAT5 

protein level imbalances in MPNs with the JAK2V617F mutation result in different phenotypical 

outcomes. STAT1 is a regulator of megakaryopoiesis and its deficiency in JAK2V617F mice leads 

to a reduction in megakaryocyte precursors leading to the development of PV (Grabek et al., 

2020). STAT3 deficiency in HSCs leads to increased thrombocytosis and decreased overall 

survival (Grabek et al., 2020). We thus wanted to see whether the absence of either STAT5 

variant had an effect on the expression and activation levels of STAT1 and STAT3. We saw no 

effect of STAT5A/B knock-out/-down on STAT1 or STAT3 protein levels or their activation, as our 

Western blot analyses showed consistent expression of the respective protein across all HEL 

knock-out/-down cell lines (Figure 10).  

 

As classical STAT5 transcriptional targets involve anti-apoptotic proteins such as BCL-xL and 

BCL-2, we wanted to investigate if an increase in either variant would impact apoptosis of HEL 

cells. Based on previous findings from the lab showing increased STAT5B leading to increased 

proliferation, we expected those cells to also be more resistant to apoptosis. Since MPN cells 

were reported to undergo apoptosis upon IFNα exposure, and it is used to treat MPN patients, 

we decided to use IFNα to induce apoptosis in our cells (How and Hobbs, 2020). We did this by 

determining the rate of apoptosis of our cell lines with increased STAT5 expression by monitoring 

the ratio of viable, early and late apoptotic, and necrotic cells using flow cytometry upon IFNα 

treatment. Surprisingly, we saw little to no effect of the IFNα treatment on our cells even after 

increasing the concentration to 100 000 U/mL (Figure 11). This leads us to question whether the 

IFNα used was biologically active enough to induce apoptosis, even though fresh aliquots were 

prepared for these experiments. Even though the IFNα treatment did not induce strong apoptosis 
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in our cells, we still observed that cells expressing increased STAT5B had trends of reduced 

apoptosis levels compared to the STAT5A over-expressing and empty vector control cell lines 

(Figure 11). However, these experiments need to be repeated with a stronger inducer of apoptosis 

to be able to draw clear conclusions on the differential effect of STAT5A and STAT5B on 

apoptosis in HEL cells. 

It was previously observed that JAK2V617F positive MPN patients have increased STAT5B target 

genes expression (Rampal et al., 2014) and thus, we wanted to investigate if this is a direct 

downstream consequence of JAK2 mutant protein signaling or if other mechanisms are involved. 

We decided to use a hematopoietic/precursor mouse cell line (HPC-7) which transgenically 

expresses the JAK2V617F
 mutation and determine its endogenous STAT5A and STAT5B 

expression levels at the mRNA and protein level. We expected the expression of STAT5B to be 

either enhanced in the presence of the mutation (if STAT5B expression is enhanced by mutant 

JAK2) or to remain unchanged (if STAT5B expression is not regulated by the JAK2 mutant). 

Surprisingly, we saw a decreased relative mRNA expression of both STAT5 variants in the JAK2 

mutant positive context, in comparison to the HPC-7 control cells without the mutation (Figure 

12). Our protein expression results were in line with these results, showing slightly decreased 

STAT5A and strongly decreased STAT5B protein levels induced by JAK2V617F (Figure 13). As 

expected, we only observed a signal for activated total STAT5 in JAK2 mutated, but not in the 

control cells (Figure 13).  

The observed data do not match our hypothesis of increased STAT5B expression in MPN patients 

being a consequence of the JAK2V617F mutation. Several reasons could be causing these 

unexpected results. It could be that some other mechanism underlying higher STAT5B levels in 

patients is involved, or we speculate that high transgenic expression of JAK2V617F might lead to 

such strong oncogenic signaling that the cells have to downregulate the STAT5 expression as a 

protective mechanism against too strong and potentially toxic levels of signaling. Another potential 

issue is that at the time of the study no empty vector HPC-7 control cells were available and the 

parental cells used were therefore not the most appropriate control for our experiments. The 

experiment thus should be repeated with proper controls, or another more suitable models with 

lower or more physiological JAK2V617F expression should be used for future studies. Assessing 

STAT5A and STAT5B levels in bone marrow cells isolated from mice with a knock-in of the 

JAK2V617F
 mutation, and in control littermate mice, could be performed. Looking at the relative 
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gene expression by qPCR in these isolated mouse cells as well as protein levels will allow us to 

draw clearer conclusions on whether JAK2V617F drives increased STAT5B expression in patients.  

In summary, the contribution of the STAT5 variants in MPNs remains a topic of investigation and 

the role of each variant downstream of JAK2V617F still needs to be further investigated. In the 

future, this work could potentially contribute to the development of new, more specific and 

effective targeted therapies.  
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6. Appendix  

 

6.1. Abstract  

 

Myeloproliferative neoplasms (MPNs) are blood malignancies that develop due to the over 

proliferation of mutated hematopoietic stem cells (HSC) in the bone marrow, followed by the 

subsequent malignant expansion of mature cells of the myeloid lineage. The three classical MPN 

subtypes are polycythemia vera (PV), essential thrombocythemia (ET), and primary myelofibrosis 

(PMF), all of which are frequently driven by a mutation in the JAK2 gene. This mutation, JAK2V617F, 

results in a constitutively active JAK2 kinase and therefore increased activation of the proliferation 

and survival genes targeted by the downstream transcription factor STAT5. STAT5 comprises 

two different gene products, STAT5A and STAT5B, whose differential roles in human disease 

remain under investigation. Previous work in our lab has shown the proliferative advantage of 

MPN cell lines (HEL, SET-2) positive for the JAK2V617F mutation upon increased levels of STAT5B 

over those with increased levels of STAT5A. This suggests that STAT5B may be the main 

downstream effector of JAK2V617F and leads us to hypothesize that STAT5B is the more oncogenic 

sibling in this context. The aim of this project was to expand our understanding of the functions of 

the STAT5 variants in MPNs by investigating whether the two variants have different roles in the 

disease. For this we used both human MPN and murine hematopoietic cell lines. 

 

We first assessed the proliferation of a human MPN cell line (HEL), homozygous for the JAK2V617F 

mutation, upon knock-out or knock-down of either STAT5A or STAT5B, using an MTS assay. We 

hypothesized that reduced STAT5B levels would reduce HEL cell proliferation to a higher extent 

than the reduction of STAT5A protein. We observed some degree of variability between the 

repeats of our experiments. In the first two assays the absence of STAT5B did decrease the 

proliferation of cells to a higher degree, compared to the absence of STAT5A. However, this effect 

was not consistent over time. We proceeded to optimize different methods of measuring cell 
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proliferation and different assay conditions, however due to further inconsistency of the results, 

we were not able to conclude on the effect of a lack of STAT5A or STAT5B on the proliferation of 

HEL cells. We also studied the effect of the absence of either STAT5 variant on the expression 

and activation levels of two other transcription factors of the STAT family, STAT1 and STAT3. 

These are, in addition to STAT5, known to be activated by JAK2V617F in hematopoietic cells and 

could serve as compensation mechanisms upon STAT5A/B loss. We observed no effect of the 

absence of either STAT5 variant on STAT1 and STAT3 expression and activation levels. 

Additionally, we were interested in investigating the effect of STAT5A or STAT5B on apoptosis. 

For this we used HEL cells with increased STAT5A or STAT5B levels and induced apoptosis with 

interferon-alpha (IFNα). Unfortunately, only a very weak effect of IFNα on cell viability was 

observed even after some optimization of the assay. We did however observe a trend that 

STAT5B over-expressing cells had decreased levels of apoptosis compared to STAT5A over-

expressing cells or the empty vector control. This effect however was small and needs to be 

confirmed by further experiments and optimization of the assay. Previous data also showed that 

JAK2V617F positive MPN patients have increased levels of STAT5B mRNA expression (Rampal et 

al., 2014). To investigate whether this is a direct consequence of the JAK2V617F mutation itself, we 

used a murine hematopoietic precursor cell line (HPC-7) which transgenically expresses the 

JAK2V617F mutant and examined the STAT5A and STAT5B levels. Surprisingly, we observed 

decreased STAT5A and STAT5B both at the mRNA and protein level in cells with JAK2V617F 

compared to wildtype cells.  

To summarize, our results indicate that knocking out STAT5B in a human MPN cell line positive 

for the JAK2V617F mutation may decrease cell proliferation, and STAT5B over-expression may 

reduce cell apoptosis, but our results were variable and further experiments and optimization are 

required to make clear conclusions. The absence of either STAT5 variant had no effect on the 

protein levels nor the activation levels of STAT1 and STAT3. Lastly, our experiments showed an 

unexpected decrease in STAT5A/B mRNA and protein levels in a mouse progenitor cell line 

transgenically expressing the JAK2V617F mutation. In conclusion, to better understand the 

pathogenesis of MPNs, studying the differential roles of STAT5A/B proteins downstream of the 

JAK2V617F in these diseases remains a topic of interest and serves as an important step towards 

development of novel and improvement of currently available targeted therapies.  
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6.2. Zusammenfassung 

 

Myeloproliferative Neoplasien (MPN) sind maligne Bluterkrankungen, die sich aufgrund der 

übermäßigen Vermehrung mutierter hämatopoetischer Stammzellen (HSC) im Knochenmark 

entwickeln, gefolgt von der anschließenden bösartigen Ausbreitung reifer Zellen der myeloiden 

Linie. Die drei klassischen MPN-Subtypen sind Polycythaemia vera (PV), essentielle 

Thrombozythämie (ET) und primäre Myelofibrose (PMF), die alle häufig durch dieselbe Mutation 

im JAK2-Gen verursacht werden. Diese Mutation, die JAK2V617F-Mutation, führt zu einer 

konstitutiv aktiven JAK2-Kinase und damit zu einer erhöhten Aktivierung der Proliferations- und 

Überlebensgene, die vom nachgeschalteten Transkriptionsfaktor STAT5 angesteuert werden. 

STAT5 besteht aus zwei verschiedenen Genprodukten, STAT5A und STAT5B, deren 

unterschiedliche Rollen bei menschlichen Erkrankungen noch untersucht werden. Frühere 

Untersuchungen in unserem Labor haben gezeigt, dass MPN-Zelllinien (HEL, SET-2), die positiv 

für die JAK2V617F-Mutation sind, bei erhöhten STAT5B-Genexpression einen proliferativen Vorteil 

gegenüber solchen mit erhöhten STAT5A-Genexpression haben. Diese Beobachtungen lassen 

darauf schließen, dass STAT5B der wichtigste nachgeschalteter Effektor von JAK2V617F sein 

könnte, und führt uns zu der Hypothese, dass STAT5B in diesem Zusammenhang das stärker 

onkogene Geschwister sein könnte. Ziel dieses Projekts war es, unser Verständnis der 

Funktionen der STAT5-Varianten in MPNs zu erweitern und zu untersuchen, ob und wie die 

beiden Varianten unterschiedliche Rollen auf die Krankheitsentwicklung spielen. Dazu haben wir 

sowohl menschliche MPN- als auch murine hämatopoetische Zelllinien verwendet. 

Wir untersuchten zuerst die Proliferation einer humanen MPN-Zelllinie (HEL), die homozygot für 

die JAK2V617F-Mutation ist, nach Knock-out oder Knock-down von entweder STAT5A oder 

STAT5B Variante mithilfe eines MTS-Assays. Wir stellten die Hypothese auf, dass reduzierte 

STAT5B die Proliferation von HEL-Zellen stärker reduzieren würde als die Reduzierung des 

STAT5A Proteins. Wir beobachteten eine gewisse Variabilität zwischen den Wiederholungen 

unserer Experimente. In den ersten beiden Assays verringerte die Abwesenheit von STAT5B die 

Zellproliferation stärker als die Abwesenheit von STAT5A. Dieser Effekt war über die Zeit nicht 

konsistent. Dann haben wir verschiedene Methoden zur Messung der Zellproliferation verwendet 

und unterschiedliche Testbedingungen optimiert. Aufgrund weiterer Dateninkonsistenzen 

zwischen den Wiederholungen der Experimente konnten wir keine Schlussfolgerungen auf die 

Auswirkungen des Mangels an STAT5A oder an STAT5B auf die Proliferation von HEL-Zellen 



 76 

ziehen. Wir untersuchten auch die Auswirkungen des Fehlens einer der beiden STAT5-Varianten 

auf die Expressions- und Aktivierungsniveaus zweier anderer Transkriptionsfaktoren der STAT-

Familie, STAT1 und STAT3. Es ist bekannt, dass diese zusätzlich zu STAT5, in 

hämatopoetischen Zellen durch JAK2V617F aktiviert werden und als Kompensationsmechanismen 

bei STAT5A/B-Verlust dienen könnten. Wir beobachteten keine Auswirkung des Fehlens einer 

der beiden STAT5-Varianten auf die Expressions- und Aktivierungsniveaus von STAT1 und 

STAT3. Darüber hinaus waren wir daran interessiert, die Wirkung von STAT5A oder STAT5B auf 

die Apoptose zu untersuchen. Dazu verwendeten wir HEL-Zellen mit erhöhten STAT5A- oder 

STAT5B-Genexpression und induzierten Apoptose mit Interferon-Alpha (IFNα). Leider wurde 

selbst nach einer gewissen Optimierung des Assays nur eine sehr schwache Wirkung von IFNα 

auf die Zelllebensfähigkeit beobachtet. Wir beobachteten jedoch einen Trend, dass STAT5B-

überexprimierende Zellen im Vergleich zu STAT5A-überexprimierenden Zellen oder der leeren 

Vektorkontrolle geringere Apoptosewerte aufwiesen. Dieser Effekt war jedoch gering und muss 

durch weitere Experimente und Optimierung des Assays bestätigt werden. Frühere Daten  zeigten 

auch, dass JAK2V617F-positive MPN-Patienten ein erhöhtes Maß an STAT5B-mRNA-Expression 

aufweisen (Rampal et al., 2014). Um zu untersuchen, ob dies eine direkte Folge der JAK2V617F-

Mutation selbst ist, verwendeten wir eine murine hämatopoetische Vorläuferzelllinie (HPC-7), die 

die JAK2V617F-Mutation transgen exprimiert, und bestimmten ihre STAT5A- und STAT5B-

Expressionswerte. Überraschenderweise beobachteten wir in Zellen mit JAK2V617F im Vergleich 

zu Wildtyp-Zellen einen Rückgang von STAT5A und STAT5B sowohl auf mRNA- als auch auf 

Proteinebene. Zusammenfassend deuten unsere Ergebnisse darauf hin, dass das Ausschalten 

von STAT5B in einer für die JAK2V617F-Mutation positiven menschlichen MPN-Zelllinie die 

Zellproliferation verringern kann und eine Überexpression von STAT5B die Zellapoptose 

verringern kann. Unsere Ergebnisse waren jedoch unterschiedlich und weitere Experimente und 

Optimierungen sind für die klare Schlussfolgerungen erforderlich. Das Fehlen einer der STAT5-

Varianten hatte keinen Einfluss auf die Proteinebene oder die Aktivierungsebene von STAT1 und 

STAT3. Schließlich zeigten unsere Experimente einen unerwarteten Rückgang der STAT5A/B-

mRNA- und Proteinebene in einer Maus-Vorläuferzelllinie, die die JAK2V617F-Mutation transgen 

exprimierte. Um die Pathogenese von MPNs besser zu verstehen, bleibt die Untersuchung der 

unterschiedlichen Rollen von STAT5A/B-Proteinen unten des JAK2V617F bei diesen Krankheiten 

ein interessantes Thema und dient als wichtiger Schritt zur Entwicklung neuer und Verbesserung 

der derzeit verfügbaren zielgerichteten Therapien.  


