
 

 

Patient Specific JAK2 V617F iPS Cells for 

Modelling Bone Marrow Fibrosis 

 

 
 

 

Von der Fakultät für Mathematik, Informatik und Naturwissenschaften der RWTH Aachen 

University zur Erlangung des akademischen Grades eines 

Doktors der Naturwissenschaften genehmigte Dissertation 

 

 

 

 

 

vorgelegt von 

 

Janik Böhnke M.Sc. 
 

aus Einbeck 

 

 

 

 

 

 

Berichter:  Univ.-Prof. Dr. Martin Zenke  

Univ.-Prof. Dr. Dr. Wolfgang Wagner 

Univ.-Prof. Dr. Gabriele Pradel 

 

Tag der mündlichen Prüfung: 13.05.2022 

 

 

 Diese Dissertation ist auf den Internetseiten der Universitätsbibliothek verfügbar. 



 

 

 
 

 

 

 

 

 

  



Table of contents 

 

P a g e  | I 

 

Table of contents 
Table of contents ...................................................................................................... I 

Zusammenfassung .................................................................................................. V 

Abstract .................................................................................................................. VI 

1 Introduction ............................................................................................... 1 

1.1 Stem cells .................................................................................................. 1 

1.1.1 iPS cells ..................................................................................................... 2 

1.1.2 iPS cells for disease modeling and clinical application ............................... 3 

1.2 Hematopoiesis ........................................................................................... 4 

1.2.1 Waves of hematopoiesis ............................................................................ 5 

1.2.2 Hierarchical and continuous model of hematopoiesis ................................. 6 

1.2.3 Megakaryopoiesis ...................................................................................... 8 

1.2.4 The HSC niche and the role of MSC ........................................................ 11 

1.2.5 Hematopoiesis in a dish ........................................................................... 12 

1.3 Myeloproliferative neoplasms (MPN) ..................................................... 13 

1.3.1 JAK2 V617F ............................................................................................. 14 

1.3.2 Polycythemia vera (PV) ............................................................................ 16 

1.3.3 Myelofibrosis in MPN ............................................................................... 16 

1.4 Characteristics and function of CXCL4 and CXCL4L1 ......................... 18 

1.5 CRISPR/Cas9 ........................................................................................... 20 

1.6 Aims and objectives ................................................................................ 23 

2 Materials and methods ........................................................................... 25 

2.1 Cell culture .............................................................................................. 25 

2.1.1 Reprogramming of monocytes into iPS cells ............................................ 25 

2.1.2 Generation and irradiation of MEF ........................................................... 26 

2.1.3 Culture of iPS cells ................................................................................... 26 

2.1.4 EB assay .................................................................................................. 28 

2.1.5 Differentiation of iPS cells into iPS-MSC .................................................. 28 

2.1.6 Isolation of BM-MSC ................................................................................ 29 



Table of contents 

 

P a g e  | II 

 

2.1.7 Differentiation of MSC into adipogenic and osteogenic lineage ................ 29 

2.1.8 Differentiation of iPS cells into megakaryocytes and HSC........................ 30 

2.1.9 Other tested protocols for megakaryocyte differentiation ......................... 32 

2.1.10 Ficoll ........................................................................................................ 33 

2.1.11 Platelet activation assay .......................................................................... 33 

2.1.12 Co-culture of BM-MSC and megakaryocytes ........................................... 34 

2.2 Magnetic activated cell sorting (MACS) ................................................ 35 

2.3 Colony-forming unit (CFU) assay .......................................................... 35 

2.4 Flow cytometry ........................................................................................ 35 

2.5 PCR and NGS .......................................................................................... 37 

2.5.1 DNA isolation ........................................................................................... 37 

2.5.2 PCR for detection of CXCL4KO and CXCL4/L1dKO ..................................... 37 

2.5.3 Allele-specific PCR for JAK2 .................................................................... 38 

2.5.4 NGS analysis ........................................................................................... 39 

2.6 RNA .......................................................................................................... 40 

2.6.1 RNA isolation and RT-qPCR .................................................................... 40 

2.6.2 RNA sequencing (RNA-Seq) .................................................................... 41 

2.7 Staining  ................................................................................................... 42 

2.7.1 Immunostaining ....................................................................................... 42 

2.7.2 Collagen staining ..................................................................................... 43 

2.7.3 Cytospin and Diff-Quick staining .............................................................. 43 

2.7.4 Staining of adipogenic and osteogenic differentiation............................... 43 

2.8 Protein extraction, SDS Page, and Western blot .................................. 44 

2.9 CRISPR/Cas9 mediated genome editing ............................................... 45 

2.9.1 Design of CRISPR/Cas9 mediated CXCL4KO and CXCL4L1KO ................ 45 

2.9.2 Design of CRISPR/Cas9 mediated repair of JAK2 V617F ........................ 47 

2.9.3 CRISPR/Cas9 editing .............................................................................. 47 

2.10 Statistical analysis .................................................................................. 48 

3 Results ..................................................................................................... 49 



Table of contents 

 

P a g e  | III 

 

3.1 Generation and characterization of iPS cells ........................................ 49 

3.1.1 iPS cell clones had further mutations and polymorphisms ........................ 49 

3.1.2 iPS cell clones .......................................................................................... 52 

3.2 CRISPR/Cas9 mediated genome editing ............................................... 53 

3.2.1 Missing JAK2 genotypes were generated by CRISPR/Cas9 .................... 53 

3.2.2 Generation of CXCL4 and CXCL4/L1 deficient iPS cell clones ................. 56 

3.3 Establishing a protocol for iPS cell differentiation into                                
              megakaryocytes ...................................................................................... 59 

3.3.1 Megakaryocyte expansion supplement did not differentiate iPS cells ....... 59 

3.3.2 iPS cells did not produce megakaryocytes in 2D differentiation ................ 60 

3.3.3 3D spin EB protocol generated a high number of megakaryocytes .......... 61 

3.3.4 Caspase inhibitor enhanced survival of purified megakaryocytes ............. 62 

3.3.5 Megakaryocytes showed proplatelet production and have high ploidy ..... 64 

3.4 The JAK2 mutation is reflected in the megakaryocyte phenotype ...... 66 

3.4.1 The JAK2 genotype had only minor effects on HSC ................................. 66 

3.4.2 JAK2 V617F had significant effects on megakaryocyte development ....... 68 

3.4.3 JAK2 V617F caused erythrocyte bias in hematopoietic development ....... 71 

3.4.4 Erythrocyte bias is reflected in CFU assays with CD34+ HSC ................... 73 

3.5 Gene expression analysis ...................................................................... 74 

3.5.1 RT-qPCR analysis revealed differential gene expression ......................... 75 

3.5.2 Differential gene expression is reflected in transcriptome analysis ........... 77 

3.6 Generation of iPS-MSC and BM-MSC .................................................... 80 

3.6.1 Isolation of BM-MSC from healthy donor hip bones.................................. 81 

3.6.2 Directed differentiation of iPS-MSC  ......................................................... 83 

3.7 Co-culture of iPS-MSC and iPS-MK ....................................................... 86 

4 Discussion ............................................................................................... 89 

4.1 Rationale and significance of this study ............................................... 89 

4.2 Successful generation of patient derived iPS cell clones and                     
CRISPR/Cas9 mediated genetic modification ....................................... 90 



Table of contents 

 

P a g e  | IV 

 

4.2.1 Generation of the full complement of V617F JAK2 clones........................ 91 

4.2.2 Generation of CXCL4KO iPS cells ............................................................. 92 

4.3 iPS cell differentiation into megakaryocytes ........................................ 93 

4.4 iPS cell derived megakaryocytes reflected patient phenotypes .......... 94 

4.5     Gene expression analysis showed differences based                                
   on the JAK2 genotype ............................................................................ 96 

4.6     iPS cell-derived megakaryocytes for the establishment of an                    
   in vitro co-culture model ........................................................................ 98 

4.7 Conclusion and future perspective ..................................................... 100 

5 Bibliography .......................................................................................... 103 

6 Appendix ............................................................................................... 125 

6.1 Supplementary figures and tables ....................................................... 125 

6.1 Abbreviations ........................................................................................ 136 

6.2 List of figures ........................................................................................ 139 

6.3 List of tables .......................................................................................... 141 

7 Publications .......................................................................................... 143 

8 Acknowledgements .............................................................................. 145 

9 Declaration of authorship ..................................................................... 147 

 



Zusammenfassung 

 

P a g e  | V 

 

Zusammenfassung 
Bei der Myelofibrose wird blutproduzierendes Knochenmark durch die Einlagerung von 

extrazellulären Matrixproteinen (ECM) durch fibrotisches Gewebe ersetzt. Der Auslöser 

ist die maligne Proliferation hämatopoetischer Stammzellen (HSC), welche durch 

veränderte Zytokinexpression die Aktivierung, Proliferation und Differenzierung von 

mesenchymalen und stromalen Stammzellen (MSC) in Myofibroblasten bewirken. Die 

Myelofibrose entsteht als primäre Myelofibrose (PMF) oder als Sekundärerkrankung aus 

myeloproliferativen Neoplasien (MPN) wie der Polycythaemia Vera (PV). In mehr als 95% 

der PV Patienten ist die JAK2 V617F Mutation der Auslöser. Die Gain-of-Function 

Mutation führt zu einer Phosphorylierung der Tyrosinkinase JAK2 ohne die Bindung eines 

Liganden (wie Thrombopoietin (TPO) oder Erythropoietin (EPO)). Hierdurch wird die 

Blutproliferation dauerhaft stimuliert, was insbesondere Megakaryozyten und 

Thrombozyten betrifft.  

In dieser Arbeit wurden reprogrammierte JAK2 V617F mutierte induzierte pluripotente 

Stammzellen (iPS Zellen) von drei PV Patienten verwendet. Die JAK2 V617Fhom Mutation 

wurde in den iPS Zellen eines Patienten mit CRISPR/Cas9 repariert. Zudem wurde 

CRISPR/Cas9 für den funktionalen Knockout des Chemokins CXC motif ligand 4 (CXCL4, 

auch platelet factor 4, PF4) genutzt, welches als möglicher Effektor bei der Ausbildung 

von Myelofibrose gilt.  

Weiterhin haben wir in unserem Labor ein Differenzierungsprotokoll zur Generierung von 

HSC und Megakaryozyten aus iPS Zellen etabliert und verbessert. Die JAK2 V617F 

differenzierten HSC und Megakaryozyten zeigten im Vergleich zu unmutierten Zellen eine 

beschleunigte Differenzierungskinetik, eine schnellere Maturierung, die vermehrte Bildung 

von Erythrozyten aus HSC und die TPO unabhängige Differenzierung von HSC in 

Megakaryozyten. RNA Sequenzierung zeigte deutliche Unterschiede in der 

Genexpression von JAK2 V617F Megakaryozyten im Vergleich zu JAK2 unmutierten 

Klonen, wie beispielsweise eine geringere Expression von Genen der ECM. 

Die JAK2 V617F Megakaryozyten wurden zusammen mit BM-MSC (bone marrow-MSC, 

Knochenmark-MSC) für ein 2D Kokulturmodell genutzt, um die Interaktionen von 

Megakaryozyten und MSC genauer zu untersuchen. Hierbei wurde keine vermehrte 

Myelofibrose in der Kokultur mit JAK2 V617Fhom Megakaryozyten im Vergleich zu 

unmutierten Zellen festgestellt werden. 

Insgesamt wurde in dieser Arbeit eine große Bandbreite an klonalen iPS Zellen aus drei 

verschiedenen PV Patienten generiert, die Differenzierung dieser Zellen zu HSC und 

Megakaryozyten etabliert und mit Expressionsanalysen sowie ersten Kokulturversuchen 

die Basis für weitere funktionale Studien zur Erforschung von Myelofibrose geschaffen.  
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Abstract 
Bone marrow fibrosis is the central pathologic feature in myelofibrosis. The malignant 

proliferation of hematopoietic clones with abnormal cytokine expression causes an 

increased production of extracellular matrix (ECM) proteins from mesenchymal 

stem/stromal cells (MSC), leading to fibrotic tissue. Myelofibrosis develops as a primary 

disease (primary myelofibrosis, PMF) or a secondary disease from myeloproliferative 

neoplasms (MPN) such as polycythemia vera (PV). Here, the Janus kinase JAK2 is 

mutated in over 95% of cases. The gain-of-function mutation JAK2 V617F leads to 

phosphorylation of the tyrosine kinase without ligand binding (such as thrombopoietin 

(TPO) or erythropoietin (EPO)). This results in permanent activation of blood cell 

proliferation, especially of megakaryocytes and platelets.  

In this work, induced pluripotent stem cell (iPS cell) clones from three PV patients with 

JAK2 V617F mutation were used. JAK2 V617F was repaired in one iPS cell clone using 

CRISPR/Cas9 technology. In addition, a functional knockout of the chemokine CXC motif 

ligand 4 (CXCL4, also known as platelet factor 4, PF4), which is suspected of playing an 

essential role in establishing bone marrow fibrosis, was performed in two iPS cell clones.  

Next, a protocol to differentiate iPS cells into hematopoietic stem cells (HSC) and 

megakaryocytes was established and further developed in our laboratory. The generated 

megakaryocytes had significant differences caused by the JAK2 genotype. JAK2 V617F 

megakaryocytes showed a strong differentiation bias towards erythrocytes, accelerated 

differentiation kinetics with faster maturation, and TPO-independent development of 

megakaryocytes. Furthermore, transcriptome analysis revealed differences in gene 

expression, such as downregulation of ECM genes in JAK2 V617F megakaryocytes.  

The generated megakaryocytes were used together with BM-MSC (bone marrow MSC) 

for a 2D co-culture model to investigate the interactions between these two cell types. 

Here, no increased fibrosis was detected in JAK2 V617F clones compared to the controls.  

Altogether, a broad set of MPN patient-specific iPS cell clones was established, which 

were successfully differentiated to HSC and their progeny megakaryocytes with a protocol 

established in our lab. Combined with BM-MSC, preliminary experiments of co-culture 

models demonstrate a fundamental basis for further functional studies on myelofibrosis. 
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1 Introduction 

1.1 Stem cells 
The term stem cell was used for the first time in 1868 by Ernst Haeckel, describing an 

unicellular organism as the ancestor of multicellular organisms (Haeckel, 1868). Today, 

we know today that all cells of the human body develop from stem cells, starting with the 

fertilized ovum dividing and differentiating into all cells of the adult organism. Stem cells 

are defined as cells with an unlimited self-renewal potential, giving rise to differentiated 

cell types by symmetric and asymmetric cell division (Yamashita et al., 2010).  

In general, stem cells are characterized as totipotent, pluripotent, multipotent, and 

unipotent by their potential to differentiate into different cell types (Figure 1A, Kelly, 

1977). Totipotent stem cells can develop a fully formed organism from one cell 

(embryonic stem cells until morula's 8-cell stadium). Pluripotent cells can differentiate 

into the three germ layers named ectoderm, endoderm, and mesoderm (embryonic stem 

cells after morula's 8-cell stadium, Figure 1B). Multipotent cells are restricted to tissue-

specific cells, like hematopoietic stem cells (HSC), while unipotent cells can only form 

one particular cell type (Mahla, 2016).  

In adults, these different stem cells remain in specific anatomic locations, so-called stem 

cell niches. Here, they control homeostasis by replacing dead cells and renewing tissues 

and organs. For example, HSC reside in the bone marrow producing white and red blood 

cells (D. L. Jones & Wagers, 2008). 
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Figure 1: Human embryonic development. 
(A) Cells divide in the zygote and lose their totipotent capacity in the 8-cell stage. Following differentiation 
steps develop the pluripotent blastocyst and subsequently, the bilaminar disc formation leads to primitive 
multipotent ectoderm, endoderm, and mesodermal tissue. In the further development, the embryo is formed. 
(B) Organs and tissues derived from ectoderm, endoderm, and mesoderm. Ectoderm forms neurons and 
the sensory nervous system, including skin, endoderm builds most of the gastrointestinal and respiratory 
tract and mesoderm generates muscles and the blood system, including vessels. Adapted from Surani & 
Tischler, 2012. 

Stem cells from different origins are used to model tissues and diseases, such as 

pluripotent human embryonic stem (hES) cells from the inner cell mass of the blastocyst, 

embryonic carcinoma cells, or multipotent stem cells from different tissues. Especially 

for the usage of hES cells, there are ethical concerns as these cells are derived from a 

fertilized fetus used in test-tube fertilization. Nevertheless, hES cells are still used, e.g., 

in a recent study by Yu et al., where blastocytes were produced from hES cells for the 

first time (L. Yu et al., 2021). 

Therefore, over many decades researchers tried to create stem cells from somatic cells. 

Takahashi and Yamanaka overcame this problem in 2006 with the reprogramming of 

mouse fibroblasts to so-called induced pluripotent stem cells (iPS cells) through the 

retroviral transduction of octamer-binding transcription factor 4 (OCT4), sex-determining 

region Y-box 2 (SOX2), krüppel-like factor 4 (KLF4) and c-Myc (Takahashi and 

Yamanaka, 2006). 

1.1.1 iPS cells 

One year after the first generation of mouse iPS cells, the first human iPS cell lines were 

generated by reprogramming human fibroblasts (Takahashi et al., 2007; J. Yu et al., 

2007). Multiple methods emerged in the following years to reprogram different cell-types 

without the permanent insertion of DNA into the genome: reprogramming by transfection 

of plasmids (Yu et al., 2009), adenoviral reprogramming, transfection with messenger 

RNA (mRNA, Warren et al., 2010), chemical reprogramming (Hou et al., 2013) and the 

reprogramming by introducing proteins into the cells (Gump & Dowdy, 2007).  

The first generated human iPS cells were cultured on mouse embryonic fibroblasts 

(MEF) in a serum-free medium containing basic fibroblast growth factor (bFGF). 

Regarding the clinical application of iPS cells, e.g., the use of iPS cell-derived platelets 

in transfusion medicine, biologically defined matrixes like laminin, vitronectin, or ECM 

extract from mouse sarcoma (Matrigel) combined with defined medium serum-free 

medium instead of MEF are utilized for the growth of iPS cells.  

iPS cells grow as tight flat colonies with defined borders, high nuclei to cytoplasm ratio 

and an unlimited self-renewal capacity (Maherali & Hochedlinger, 2008). There are 
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several pluripotency markers to characterize iPS cells, such as the tumor related antigen 

1-60 and 1-81 (Tra-1-60 and Tra-1-81), the stage specific antigen 3 and 4 (SSEA3, 

SSEA4) as surface markers, and OCT3 and OCT4, the homeobox protein NANOG, or 

SOX2 as intracellular marker. Moreover, iPS cells can differentiate into all cell types of 

the human body, proven by teratoma assays in mice (Maherali & Hochedlinger, 2008). 

The field of iPS cell understanding is still growing and research on methods like the 

characterization based on DNA methylation, embryonic body (EB) differentiation assay 

or directed differentiation into the ectodermal, endodermal and mesodermal lineage are 

gaining more importance (Asprer & Lakshmipathy, 2015). 

1.1.2 iPS cells for disease modeling and clinical application 

Before the era of iPS cells, mostly cell lines or model organisms were used for clinical 

research and disease modeling due to the ethical concerns of using hES cells. However, 

these techniques only partially reflect the human in vivo situation. Model organisms lack 

properties of the human system and cell lines are adapted to their artificial environments, 

like genetic modifications and characteristics similar to the behavior of cancer cells, such 

as increased proliferation without senescence (van Staveren et al., 2009). 

iPS cells are an inexhaustible source of cells that can differentiate into all cells of the 

body. Therefore, they are of great interest for basic clinical research and direct 

application in humans, e.g., through the controlled differentiation of iPS cells into 

specialized cells and tissues. Since 2007, when the first human iPS cells were 

generated, many different protocols were established to differentiate iPS cells into 

neurons, heart cells, hematopoietic stem cells, or even whole organs, among many 

others (Figure 2).  

iPS cells are used to understand early embryonic development, diseases such as viral 

infections, or the role of different genes during development. For example, Bilz et al. 

showed that the rubella virus infection in iPS cells alters the gene expression and 

differentiation capacity towards the three lineages ectoderm, endoderm, and mesoderm, 

reflecting the situation of virus infections during pregnancy causing congenital defects 

(Bilz et al., 2019). iPS cells are also used for genetic disease modeling like down 

syndrome or hereditary heart diseases (Brigida & Siniscalco, 2016; Buikema & Wu, 

2017). Furthermore, iPS cells provide an essential tool for dissecting the molecular 

mechanisms causing the disease acquired during a lifetime. Moreover, iPS cells helped 

significantly to understand neurogenerative diseases like Parkinson's or Alzheimer's by 
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differentiating patient-derived iPS cells into neurons and other affected cells (Galet et al., 

2020).  

The emerging tool of iPS cell-derived organoids extends the possibilities to model 

diseases and personalize drugs. Protocols for organoids have already been described 

for many organs, like heart, liver, prostate, stomach, and kidney (Schutgens & Clevers, 

2020). Techniques for differentiating iPS cells into hematopoietic cells have been 

established for a long time, but as the bone marrow is not a solid organ, organoid 

modeling for a better understanding is challenging.  

Although there are many excellent and exciting approaches using iPS cells in clinical 

therapy, no method has yet made it beyond clinical test phase II. A study by Deinsberger 

et al. (2020) analyzing all iPS cells used in clinical trials showed that only 131 clinical 

studies involving iPS cells worldwide are registered (Deinsberger et al., 2020). Only 23% 

of these cases iPS cell-derived products were transplanted into patients. Overall, iPS 

cells are a tool to study congenital diseases and disease mechanisms. They are used 

for drug screening, regenerative medicine, and toxicology screens. For example, in our 

laboratory, patient-specific iPS cells with KIT D816V mutation were used for drug 

screening and identified nintedanib as a novel treatment option of mastocytosis and mast 

cell leukemia (Dorrance, 2021; Toledo et al., 2021). 

 

Figure 2: Clinical application of iPS technology. 
Somatic cells (e.g., fibroblasts, mononucleated blood cells) are reprogrammed into iPS cells, modified, and 
differentiated into specialized cells for disease modeling, high throughput drug screening, and toxicity tests. 
They are also used in regenerative or personalized medicine. (Adapted from Bellin et al., 2012). 

1.2 Hematopoiesis 
The hematopoietic (Greek for blood-making) system interacts and penetrates all parts of 

the body, transports nutrients, oxygen, hormones, and cytokines, has an essential role 

in the immune defense, and stabilizes the temperature and pH (C. C. Zhang & Sadek, 

2014). Hematopoiesis comprises the differentiation of rarely dividing long-term 
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hematopoietic stem cells (LT-HSC) into highly proliferative primed progenitors, which 

give rise to every cell type in the hematopoietic system. Hematopoiesis is localized in a 

defined compartment of the bone marrow and the spleen and is not restricted to a single 

solid organ. As a consequence, it is challenging to study hematopoietic processes in the 

human system (Brand & Morrissey, 2020).  

Thus, most of our knowledge was gained from studying animal models (e.g., mouse, rat, 

and zebrafish), in vitro culture of primary human material, and the differentiation of iPS 

cells or ES cells into the hematopoietic lineages. However, each system has drawbacks 

and cannot perfectly represent the human body, firstly because many factors are missing 

or, in animal models, are different than in the human system. Secondly, they cannot 

mimic the hematopoietic niche completely as in vitro cultures only focus on selected cell 

types (Ditadi et al., 2016; Slukvin, 2016). Combining different models to circumvent the 

drawbacks is essential to extent our knowledge of the hematopoietic niche. 

In addition, there are two different types of hematopoiesis: primitive embryonic 

hematopoiesis and definitive adult hematopoiesis. This complicates the understanding 

of hematopoiesis and diseases in this system. A complete understanding of the 

hematopoietic niche with different models is crucial for regenerative medicine and curing 

hematopoietic diseases or cancer. 

1.2.1 Waves of hematopoiesis 

Due to ethical concerns, studying primitive hematopoiesis in humans is particularly 

difficult, and most of our knowledge derives from studies in mice. In the 20th century, two 

hypotheses of embryonic hematopoiesis were developed: (i) Jordan postulated in 1916 

the ventral endothelium of the aorta as the source of embryonic HSC, the so-called 

hemogenic endothelium (Jordan, 1916), whereas (ii) Murray postulated in 1932 a 

common progenitor of endothelium and hematopoietic cells, the so-called hemangioblast 

(Murray, 1932). For decades, these theories were thought to be contradictory, but new 

evidence shows that they go hand in hand, as illustrated in Figure 3.  

Kennedy et al. showed 2007 in hES cell in vitro experiments the existence of 

hemangioblasts: FLK1+ (fetal liver kinase 1, or vascular endothelial growth factor 

receptor VEGFR 2) mesodermal cells give rise to hematopoietic and endothelial cells 

(Kennedy et al., 2007). Furthermore, it was shown in an ex vivo culture that mice FLK1+ 

cells could build hematopoietic, endothelial and smooth muscle cells (Huber et al., 2004). 

These findings still have to be validated in vivo. The existence of hemogenic endothelium 

and its essential role in hematopoietic processes has been proven in many studies. In 
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2008 Zovein et al. showed by lineage fate tracing experiments in mice that hematopoietic 

cells had their origin in endothelial cells (Zovein et al., 2008). 

 

Figure 3: Simplified model of primitive and definitive hematopoiesis in the human embryo.  
In early embryonic development from day 19 to 28 of gestation, mesodermal cells differentiate into the 
hemangioblast located in the yolk sac (YK). The production of primitive erythrocytes, macrophages, and 
megakaryocytes starts. Around day 28 of gestation, mesodermal cells form the hemogenic endothelium, 
producing definitive hematopoietic cells first in the aorta-gonad-mesonephros. These cells migrate around 
day 40 to the liver and around week 22 of gestation to the bone marrow (adapted from Lacaud & Kouskoff, 
2017; Yoder, 2014 and Lange et al., 2021). 

According to the current understanding, hematopoiesis takes place in waves. In the first 

wave, the hemangioblast is generated in the yolk sac, an area outside the embryo (day 

19 to 28). Here, primitive erythrocytes (larger compared to definitive erythrocytes and 

containing a nucleus), macrophages (developing without a monocyte stage) and 

megakaryocytes (reduced ploidy and lower platelet production) are generated. Later, 

erythro-myeloid progenitors (EMPs) start to form in the yolk sac in the second wave. 

Here, erythrocytes and most of the cells of the myeloid linage are produced. The first 

definitive HSC are formed inside the embryo in the aorta-gonad-mesonephros (AGM) 

region starting at day 28. These HSC can self-renew and differentiate into all lineages of 

the adult system. They migrate with the start of blood circulation together with the second 

wave yolk sac cells into the liver and approximately in week 22, cells migrate to their final 

place in the bone marrow (Lange et al., 2021, Figure 3). 

Proper understanding of the different stages of hematopoiesis during embryonic 

development is crucial for the in vitro differentiation of iPS cells into HSC, where 

embryonic development steps are recapitulated. 

1.2.2 Hierarchical and continuous model of hematopoiesis 

Several models have been established and redefined over the last decades for adult 

hematopoiesis. All have in common that LT-HSC are the source of all hematopoietic cells 
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in the adult organism. They are a quiescent and only rarely dividing population, 

generating the pool of actively dividing short-term HSC (ST-HSC). 

In the hierarchical model, ST-HSC subsequently differentiate in a stringent hierarchical 

manner: Common myeloid progenitors (CMP) differentiate into megakaryocyte 

erythrocyte progenitors (MEP) and granulocyte monocyte progenitors (GMP), whereas 

the common lymphoid progenitor (CLP) differentiates directly into B-/T- and natural killer 

cells. This model defines a one-way street to the final differentiated mature cells. 

Intermediate cell populations are classified by distinct surface protein expression 

(Chotinantakul & Leeanansaksiri, 2012). 

The use of modern single-cell RNA sequencing (RNA-Seq) methods has revolutionized 

the hierarchical model. It is now possible to examine individual stages of maturation in 

unprecedented depth. This led to new theories in which models of continuity replaced 

the hierarchical model. Brand & Morrissey suggest a large pool of LT-HSC (c-kithigh (type 

III receptor tyrosine kinase), Sca-1high (stem cells antigen-1), CD34+ (cluster of 

differentiation 34), FLT3- (fms like tyrosine kinase 3)) and ST-HSC (c-kit+, Sca-1+, CD34+, 

and FLT3+) with features of intermediate states that are already, to some extent, primed 

in their path of differentiation (Brand & Morrissey, 2020). This means that fate decision 

is already decided partially. These cells form the pool of HSC and differentiate along a 

continuum to finally differentiated blood cells. 

A more committed progenitor pool of MEP-like cells with c-kit+, Sca-1-, CD34low, 

CD16/32-, IL7R- (interleukin 7 receptor) builds erythrocytes, megakaryocytes, and 

platelets. Another pool of lymphoid-primed multipotent progenitors (LMPP) like cells build 

pools of cells with c-kit+, Sca-1+, and IL7R+ differentiating into monocytes, eosinophils, 

and dendritic cells (DC) and another pool with c-kit+, Sca-1-, CD34+, CD16/32+ and IL7R- 

cells differentiating into B-/T-cells and natural killer cells (Figure 4, Laurenti & Göttgens, 

2018).  

In these models, fate decisions are not a classical one-way road but more a fate 

probability. MEP-like cells still have low probabilities of differentiating into LMPP lineage 

cells and the other way around (Brand & Morrissey, 2020). Recent studies showed 

different pathways for the differentiation of DC and shortcuts from HSC to 

megakaryocytic progenitors (Haas et al., 2018; Notta, 2016; Velten, 2017; Figure 4).  

Further studies are needed to fully illuminate the mechanisms of hematopoiesis with all 

effectors. Still, the role of DNA methylation, regulation of transcription factors, and effects 

of stem cell niche composition are poorly understood. Quantitative analysis of single cell 

secretomes and transcriptomes will elucidate these factors. 



Introduction 

 

P a g e  | 8 

 

 

Figure 4: Visualization of the continuous hematopoiesis model. 
Based on new single-cell RNA seq data, new models of hematopoiesis show a continuum of differentiation. 
A pool of LT- and ST-HSC with features of intermediate states differentiate first into committed progenitors 
to more restricted progenitors and finally matured cells. All fate decisions are defined by probabilities 
differentiating to a distinct mature cell rather than a definitive decision. Marker expression indicated at 
different stages does not reflect distinct stages of varying maturation stages but helps to make broad 
classifications. DC: dendritic cells, NK: natural killer cells. (Adapted from Laurenti & Göttgens, 2018) 

1.2.3 Megakaryopoiesis 

Megakaryocytes (Greek for large-nucleus cells) are the largest cells in the hematopoietic 

system, with a size up to 0.15 mm. In adults, they are primarily located in the bone 

marrow. They can be easily characterized by phase-contrast microscopy due to their 

size and the scattered polyploid nucleus, making them look like multinucleated cells. The 

primary biological function of megakaryocytes is the production of platelets. Platelets are 

small non-nucleated, disc-shaped fragments of the megakaryocytes’ outer cell 
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membranes circulating in the blood system with a critical role in homeostasis, blood 

clotting, and inflammation (Behrens & Alexander, 2018).  

Together with erythrocytes and macrophages, megakaryocytes are the first cells 

produced during embryonic development in humans, already starting in the fifth week of 

gestation (Fukuda, 1974, Figure 3). The fetal megakaryocytes differ in the way of 

differentiation, morphology, and function. They have a higher proliferative potential, are 

significantly smaller, show a lower ploidy and produce fewer platelets than their adult 

counterparts (De Alarcon & Graeve, 1996). Analysis of the cytoplasm showed that all 

components, like multiple α-granules and demarcation systems, are similar to adult 

megakaryocytes, including the expression of all surface markers (Ma et al., 1996). Fuchs 

et al. showed in a study from 2012 that in man of the age of two years more adult 

megakaryocytes are generated next to fetal ones. From four years onwards, the 

transition to adult megakaryopoiesis is completed (Fuchs et al., 2012). 

Megakaryocytes emerge from HSC of the HSC pool, which differentiate subsequentially 

into MEPs, megakaryoblasts, pro-megakaryoblasts, and megakaryocytes, forming the 

proplatelets. During maturation, the ploidy and cell size increase due to an endomitosis 

called process, whereafter the proliferation potential is lost (Nimmo et al., 2015). Mature 

megakaryocytes develop a demarcation system for platelet production and migrate to 

the sinusoids in the bone marrow. Here, they release the proplatelets into the 

bloodstream, where they get separated into platelets by shear forces in the bloodstream 

(Junt et al., 2007, Figure 5). 

In recent studies, this stringent model has been revised. In 2013 Sanjuan-Pla et al. 

identified platelet-biased LT-HSC and Notta et al. showed in 2016 that these primed 

megakaryocyte progenitor cells in the LT-HSC department could differentiate into 

megakaryocytes without the MEP step induced by inflammatory stress (Notta, 2016; 

Sanjuan-Pla, 2013). 

Several cytokines and transcription factors regulate the process of differentiation of 

MEPs into fully matured megakaryocytes. Transcription factors are DNA binding 

proteins, activating, or repressing promotors and therefore regulating the gene 

expression. Many transcription factors have been identified during HSC differentiation 

into mature megakaryocytes, guiding the differentiation and maturation. The time- and 

dose-dependent expression of the transcription factors NF-E2 (transcription factor, 

nuclear factor, erythroid 2), EGF (epidermal growth factor), GATA1, GATA2, RUNX1 

(runt-related transcription factor 1), TAL1/SCL (T-cell acute lymphocytic leukemia protein 

1/ stem cell leukemia gene), and FLI1 (Friend leukemia integration 1 transcription factor), 
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to name a few of them, is critical for the differentiation of HSC into megakaryocytes 

(Noetzli et al., 2019). GATA1 marks the initial priming of HSC into the myeloid lineage 

(Arinobu et al., 2007) but is driving the erythroid commitment in later stages, whereas 

GATA2 is driving megakaryocyte commitment (Ikonomi et al., 2000). RUNX1 represses 

the erythrocyte transcription factor KLF1, the antagonist of megakaryocyte-specific 

transcription factor FLI1 (Kuvardina et al., 2015). SCL (also known as TAL1) regulates 

the NF-E2 expression essential for maturation and platelet production of 

megakaryocytes (McCormack et al., 2006).  

Cytokines are proteins that regulate the growth and differentiation of cells. 

Thrombopoietin (TPO) is the primary regulator in megakaryopoiesis and essential for 

differentiation and maturation. The liver produces TPO, which binds to the 

myeloproliferative leukemia protein receptor MPL on megakaryocytes, stimulating the 

JAK-STAT pathway (janus kinase signal transducers and activators of transcription; 

Decker et al., 2018, Figure 8). Due to the internalization of TPO after binding to MPL, 

there is an inverse correlation between the platelet and megakaryocyte mass and the 

TPO plasma concentration. A high TPO concentration causes an increased stimulation 

of thrombopoiesis and, therefore, high clearance of TPO.  

Other cytokines involved in megakaryopoiesis are the interleukins 3, 6, and 11 (IL-3, IL-

6, and IL-11, respectively), leukemia inhibitory factor (LIF), the c-kit receptor binding 

stem cell factor SCF, and FLT3L. When combined, these cytokines enhance 

megakaryopoiesis and thrombopoiesis, but ablation experiments have shown that only 

TPO is essential for megakaryocytic differentiation (Behrens & Alexander, 2018). 

 
Figure 5: Schematic overview of megakaryopoiesis.  
CD34+ HSC differentiate in their osteoblastic niche subsequently into megakaryocyte erythrocyte progenitors 
(MEP), megakaryoblasts, pro megakaryoblasts, and megakaryocytes. This process resides in the vascular 
niche. With the onset of increasing ploidy, megakaryocytes become CD41+, CD42b+, and CD61+ positive 
and lose the expression of CD34. Mature megakaryocytes start to form the demarcation system for the 
production of proplatelets. They migrate to the bone marrow sinusoid and release proplatelets into the 
peripheral blood (PB) stream. Here proplatelets separate into platelets due to shear forces. Committed 
megakaryocyte progenitors in the HSC pool can differentiate directly into megakaryocytes without the MEP 
step in stress situations like inflammation (adapted from Behrens & Alexander, 2018; Szalai et al., 2006). 
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1.2.4 The HSC niche and the role of MSC 

The majority of blood cells are produced in the red bone marrow in bones of the spine, 

hip, shoulder, ribs, and skull. The hematopoietic stem cell niche concept was already 

conceived in 1978 but defining the exact localization took several years (Schofield, 

1978). HSC are located in the perivascular niche, mainly adjacent to the sinusoidal blood 

vessel and arterioles and to the transition zone vessels (Crane et al., 2017; Kiel, 2005).  

The stem cell niche is composed of HSC surrounded by other cells with hematopoietic 

and non-hematopoietic origin maintaining the balance of quiescent, self-renewing, and 

differentiating cells by expressing several cytokines and chemokines and by direct cell-

cell interactions. The cytokines identified as essential for maintaining the niche are SCF, 

CXCL12 (CXC-motif-chemokine 12), TPO, angiopoietin (ANGPT1), bFGF, and TGF-β 

(transforming growth factor β). A combination of different hematopoietic cells expresses 

these factors. Endothelial cells, perivascular cells, and especially mesenchymal 

stem/stromal cells (MSC) play a significant role in maintaining the hematopoietic stem 

cell niche (Crane et al., 2017; Kfoury & Scadden, 2015).  

MSC are a heterogeneous group of multipotent progenitor cells with the potential to 

differentiate into osteoblasts, chondrocytes, myocytes, and adipocytes. They are located 

in different organs and tissues of the human body. MSC express the surface markers 

CD29, CD73, CD90, and CD105 (Dominici et al., 2006). Many studies have been 

conducted to separate and describe different MSC subpopulations in the HSC niche in 

recent years. Nestin positive MSC (Nes+-MSC), GLI1 positive MSC (GLI1+-MSC), Leptin 

receptor-positive MSC (LepR+-MSC), and CXCL12 abundant reticular MSC (CAR-MSC) 

are just some of the characterized populations found in the stem cell niche (H. Gleitz et 

al., 2018). The exact function of these different subpopulations is still unclear and 

overlaps between these groups.  

MSC do not only play a role in maintaining the stem cell niche. It was shown in several 

studies that in hematopoietic diseases and especially in bone marrow fibrosis, MSC lose 

their capacity to support the niche by differentiating, proliferating, and changing their 

cytokine expression (El Agha et al., 2017; H. Gleitz et al., 2020; Schneider et al., 2017). 

Altogether, understanding the HSC niche and blood homeostasis is complex. The 

knowledge of all components is critical for developing therapies and drugs for the 

treatment of hematopoietic diseases.  
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Figure 6: Schematic overview 
of the hematopoietic stem cell 
niche in the adult human bone 
marrow. 
Simplified overview of the 
hematopoietic stem cell niche 
with a focus on different MSC 
subpopulations. MSC and 
osteoblastic lineage cells 
express cytokines and 
chemokines, maintaining the 
equilibrium of quiescent and 
proliferation of HSC, MEP, 
LMPP, and megakaryocytes 
(Adapted from Crane et al., 2017; 
H. Gleitz et al., 2020 and 
Kramann & Schneider, 2018).  
 
 
 

 

 

 

1.2.5 Hematopoiesis in a dish 

Since the early 2000s, several groups published protocols for the differentiation of hES 

cells (Eto et al., 2002; Kaufman et al., 2001) and applied them to iPS cells after their 

establishment in 2007 (Takayama et al., 2008; Ye et al., 2009). In general, two different 

approaches can be distinguished: (1) directed differentiation through the culture of iPS 

cells in a medium with specific cytokines (Liu et al., 2015) and (2) forced differentiation 

through the overexpression of transcription factors (Moreau et al., 2018). Also, the way 

how the cells are cultured and differentiated differs fundamentally in different protocols. 

Some protocols rely on an initial mesodermal differentiation with the help of EB, which 

form in ultra-low attachment plates, hanging droplets, or round-bottom 96-well plates 

(Zeevaert et al., 2020). Others differentiate cells as monolayers (Börger et al., 2016). 

Also, various protocols use co-cultures for the specific differentiation of HSC.  

A common drawback of all protocols is that the differentiated hematopoietic cells often 

resemble cells from the primitive hematopoiesis, such as low nucleated megakaryocytes 

with less platelet production or erythrocytes with embryonic hemoglobin expression 

(Demirci & Tisdale, 2018). In addition, the efficiency of many differentiation protocols is 

still unsatisfying, especially for rare cell types like DC (Sontag et al., 2017). The lineage 

bias towards the myeloid and especially the erythroid lineage of some differentiation 

protocol also lowers the production of other cell types (Tursky et al., 2020). 
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To overcome problems in quantity, several groups established HSC differentiation 

protocols in bioreactors (Eicke et al., 2018; Thon et al., 2014). These could be an efficient 

way to produce platelets or erythrocytes for clinical purposes, but progress in effectivity 

must be made. The problems of differentiation efficiency towards specific cell types and 

the differentiation bias can be solved using forced forward reprogramming, helping to 

increase the production of the desired cell type (Moreau et al., 2018). However, it is 

questionable to what extent the overexpression of transcription factors reflects the in vivo 

situation. In addition, foreign DNA is inserted into the genome, which causes problems 

for a later possible clinical use. 

1.3 Myeloproliferative neoplasms (MPN) 
The term MPN covers several malignant chronic blood diseases of the myeloid lineage. 

In 2001 The World Health Organization (WHO) defined this term for the first time. 

Updates of the classification were published in 2008, 2014, and 2016. MPN can be 

divided based on the phenotype into classical MPN and non-classical MPN. The 

classical MPN include BCR-ABL positive chronic myeloid leukemia (CML) and BCR-ABL 

negative polycythemia vera (PV), essential thrombocythemia (ET), and primary 

myelofibrosis (PMF). The non-classical MPN consist of chronic neutrophilic leukemia 

(CNL), chronic eosinophilic leukemia (CEL), and unclassifiable MPN (Arber et al., 2016).  

The common characteristic for MPN is a driver mutation that activates proliferation 

pathways without an external stimulus by cytokines. These driver mutations result in 

increased counts of erythrocytes, megakaryocytes, granulocytes, and their progenitors. 

The first known mutation causing classical MPN was the BCR-ABL mutation (Nowell, 

1962). A chromosome translocation between chromosomes 9 and 22 leads to a fusion 

protein of the ABL gene (or ABL1; for Abelson Murine Leukemia Viral Oncogene 

Homolog 1) and BCR gene (breakpoint cluster region gene) activating MAPK (mitogen-

activated protein kinase) and STAT pathways. This causes a higher production of 

granulocytes (Melo & Barnes, 2007).  

With the discovery of the JAK2 V617F mutation in 2005 (James et al., 2005), MPL 

mutation in 2006 (A. D. Pardanani, 2006), and CALR (calreticulin) mutation in 2013 

(Klampfl et al., 2013; Nangalia et al., 2013), the drivers of the BCR-ABL negative MPN 

were identified. The three mutations have the same mechanism: the activation of JAK2 

bound receptors without an external stimulus by cytokine binding and phosphorylation in 

downstream pathways. 

In most cases, MPN are not induced by one single but by several earlier mutations. 

Frequently, DNA sequencing is performed when MPN patients already show symptoms 
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and this makes it difficult to identify and study these side mutations. Williams et al. 

showed in a whole-genome sequencing study from 2020 that first mutations can already 

occur in the uterus (Williams et al., 2020). Mutations in the DNA (cytosine-5)-

methyltransferase 3A (DNMT3A) were acquired in the first weeks of gestation. Other 

typical driver mutations are located in additional sex combs-like 1 (ASXL1) or Tet 

methylcytosine dioxygenase 2 (TET2). Models show that a single mutation in a gene like 

DNMT3A takes 30 years to generate a clonal fraction of 1%. A combination of DNMT3A, 

TET2, and JAK2 mutated HSC causes doubling times of 200% per year instead (Williams 

et al., 2020). Furthermore, the combination of different mutations is crucial for choosing 

the correct therapy. A case report from Kiladjian et al. in 2010 showed that IFNα 

(interferon α) treatment of a JAK2 V617F TET2 mutated patient reduced numbers of 

JAK2 V617F mutated clones but did not affect the biclonal cells (Kiladjian et al., 2010). 

1.3.1 JAK2 V617F 

JAK proteins are nonreceptor tyrosine kinases associated with the cytoplasmic part of 

homodimeric cytokine receptors. In humans, there are four JAK proteins. JAK1-3 and 

tyrosine kinase 2 (TYK2) are ubiquitously expressed and involved in several crucial 

processes of embryogenesis, immune response, angiogenesis, and proliferation 

(Kisseleva et al., 2002).  

The JAK proteins are composed of four functional domains illustrated in Figure 7: (1) 

The N-terminal FERM domain is involved in the linkage of the protein in the plasma 

membrane. (2) The SH2 domain allows the docking of other proteins. (3) The 

pseudokinase domain (JH2) is negatively regulating the kinase domain JH1 and 

regulates cytokine pathways due to ATP binding and autophosphorylation, and (4) the 

JH1 domain phosphorylates other proteins (E. Chen & Mullally, 2014). 

 
Figure 7: Structure of the JAK2 protein.  
The JAK2 protein comprises 4 functional domains: the N-terminal FERM domain, the SH2 domain, the 
pseudokinase domain (JH2), and the kinase JH1 domain. The JAK2 V617F mutation can be found on exon 
14 in the JH2 domain. Adapted from Chen & Mullally, 2014. 

In 2005 James et al. discovered the JAK2 V617F point mutation (James et al., 2005). 

The somatic substitution of G to T in the hematopoietic lineage causes the replacement 

of valine (V) with phenylalanine (F) at the amino acid position 633. JAK2 V617F is a gain-
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of-function mutation in the JH2 domain, which results in the constitutive phosphorylation 

of the protein, leading to activated downstream signaling (Gnanasambandan & Sayeski, 

2011). The JAK2 V617F mutations is found in over 95% of PV patients and more than 

50% of ET and PMF patients (Levine et al., 2007). The broad spectrum of different 

disorders caused by the JAK2 V617F mutation can be explained by the allelic burden 

and the function of JAK2 in various receptors of the hematopoietic pathway. PV is 

associated with the homozygote mutation of JAK2, whereas in ET, JAK2 is mutated 

heterozygous (Godfrey et al., 2012). 

JAK2 is attached to the cytoplasmic part of the TPO receptor MPL, the erythropoietin 

receptor (EPOR), and the granulocyte-colony stimulating factor receptor (G-CSF-R). All 

these receptors play a role in myeloproliferation. MPL can also activate TYK2 (Shimoda 

et al., 1997) and G-CSFR JAK1 (Royer et al., 2005). Downstream, JAK2 is activating 

STAT1, STAT3, and STAT5, and the MAPK and PI3K/Akt (phosphoinositide-3-kinase/ 

RAC-alpha serine/threonine-protein kinase) pathway, leading to differentiation, 

proliferation, and angiogenesis. Due to the JAK2 mutation, these pathways stay 

activated even without the binding of cytokines and cell proliferation is enhanced. 

Malignant hematopoietic clones can cause myelofibrosis in later stages (E. Chen & 

Mullally, 2014, Figure 8). 

 
Figure 8: Alteration in the JAK2 signaling caused by mutations in JAK2, MPL, and CALR.  
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The JAK2 coupled receptors G-CSF-R, MPL, and EPOR get activated by mutations in CALR, MPL, and 
JAK2 even without stimulus by a binding cytokine. Due to the mutation, MAPK, PI3/AKT, and STAT 
pathways get activated, changing the transcription, and causing differentiation, proliferation, and 
angiogenesis. This can also cause myelofibrosis in later stages. The flashes indicate the mutated proteins. 
(Adapted from Levine et al., 2007 and Vainchenker & Kralovics, 2017) 

1.3.2 Polycythemia vera (PV) 

PV is one of the BCR-ABL- classical MPN characterized by a high erythrocyte production 

without physiological stimulus. In over 98% of PV, a mutation of the JAK2 tyrosine kinase 

is the main trigger. Besides the higher erythrocyte level in the blood, increased blood 

viscosity, increased hematocrit and hemoglobin levels, lower EPO concentrations in 

blood serum, and higher leukocyte and thrombocyte counts are common clinical 

symptoms in early disease stages. In later stages, thrombosis, strokes, myocardial 

infarctions, and an enlarged spleen can be observed additionally in PV patients (Levine 

et al., 2007).  

PV itself causes only a modest reduction of life span, mostly connected to thrombosis 

events. A small number of PV cases can develop into acute myeloid leukemia (AML) or 

myelofibrosis. The reason and mechanism are still not understood completely. 

Although there is no cure for PV, some therapies have been developed that expand the 

life span of patients. Phlebotomy to reduce the hematocrit level and blood viscosity and 

a low dosage of acetylsalicylic acid to reduce the thrombosis risk are first therapies. In 

progressive PV, hydroxyurea, IFNα, and the JAK2 inhibitor ruxolitinib are applied. The 

application of imatinib and other JAK2 inhibitors is also discussed. (Shallis & Podoltsev, 

2021).  

1.3.3 Myelofibrosis in MPN 

Myelofibrosis is characterized by the deposition of fibers in the bone marrow replacing 

hematopoietic tissue. It is a clonal malignant disease of dysregulated HSC caused by 

mutations in the JAK2 pathway resulting in abnormal proliferation and cytokine 

expression. Myelofibrosis can develop either as PMF or secondarily from PV or ET, also 

referred to as secondary myelofibrosis. Changes in the bone marrow go hand in hand 

with splenomegaly because blood production is outsourced to the spleen (Tefferi, 2021).  

Apart from an allogenic stem cell transplantation, no cure is available so far. JAK2 

inhibitors like ruxolitinib show promising results, but they only comb the symptoms and 

slow down disease progression. Clinical studies searching for effective drugs are 

ongoing. Treatment with IFNα was shown to reduce anemia in over 50% of patients 

(Ianotto et al., 2018) and Imide, like thalidomide, are especially effective in patients with 
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TET2 mutation (Schlenk et al., 2017). Furthermore, clinical studies are performed 

targeting the mTOR (mammalian target of rapamycin) pathway. Telomerase inhibitors 

are currently under investigation, and new JAK2 inhibitor studies are conducted 

(Guglielmelli et al., 2011; A. Pardanani et al., 2015; Mesa et al., 2017). Crucial for therapy 

response is not only the JAK2, CALR, or MPL mutation but also further driver mutations 

like ASXL1 or TET2 influencing the efficacy of treatment.  

Extensive research is needed to understand mechanisms developing fibrosis to find new 

therapeutic targets. It is still unknown which factors drive the progression from ET or PV 

to MF. Also, for PMF, early disease progression remains unclear as symptoms are 

occurring when disease progression is already advanced.  

Recent studies using mouse bone marrow fibrosis models gave mechanistic insights into 

the effectors of myelofibrosis. A murine model of MPN showed that dysregulated 

malignant HSC differentiate into malignant megakaryocytes and cause inflammatory 

processes in the bone marrow niche, which dysregulates and damages Nes+-MSC 

accelerating the MPN phenotype (Arranz et al., 2014). In consequence, Nes+-MSC are 

not driving fibrosis but contribute to disease progression. In 2017 two studies were 

published using fate trace experiments in mouse MPN models to identify the fibrosis-

driving cells. They identified GLI1+-MSC and LepR+-MSC as critical players in fibrosis 

progression (Decker et al., 2018; Schneider et al., 2017). MSC get stimulated and 

activated by malignant HSC, which show an upregulation in cytokines and chemokines 

like CXC motif ligand 4 (CXCL4, also known as platelet factor 4 (PF4)), TGF-β, TPO, 

bFGF, and inflammatory cytokines like IL-6. These lead to proliferation and differentiation 

of the GLI1+-MSC and LepR+-MSC, which lose their supportive function of the niche and 

differentiate into ECM producing myofibroblasts (Figure 9). They also change their 

cytokine profile, upregulate CXCL4, produce reactive oxygen species (ROS), and 

downregulate CXCL12, SCF, and ANGPT1. Those processes accelerate fibrotic 

transformation (Decker et al., 2018; Schneider et al., 2017).  
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Figure 9: HSC niche in fibrotic 
state. 
Due to MPN driver mutations like 
JAK2, CALR, or MPL, HSC are 
dysregulated and differentiate into 
malignant megakaryocytes with 
changes in their expression profile. 
Upregulation of CXCL4, TGF-β, 
TPO, bFGF, and inflammatory 
cytokines like IL-6 causes the loss of 
Nes+-MSC and activation of GLI1+-
and LepR+-MSC. CXCL12, SCF, 
and ANGPT1 are downregulated, 
CXCL4 is upregulated, and more 
ROS are produced. The different 
cytokine expression in the niche also 
activates quiescent HSC and MSC 
differentiating into myofibroblasts, 
producing ECM proteins. (Adapted 
from Crane et al., 2017; H. Gleitz et 
al., 2020 and Kramann & Schneider, 
2018).  
 

 

 

1.4 Characteristics and function of CXCL4 and CXCL4L1 
CXCL4 and CXCL4 like 1 (CXCL4L1), both located in chromosome 4 in a genomic 

section harboring several other CXCL proteins (Figure 10A/B), are proteins from the 

CXC motif chemokine group characterized by four cysteines. The first two cysteines are 

separated by any amino acid "X", followed by 24 amino acids until the third cysteine and 

15 amino acids between the third and fourth cysteine. CXCL4 and CXCL4L1 have three 

exons: a non-coding regulating region, a signaling domain, and the mature protein 

domain. CXCL4 is encoded on the reverse strand, CXCL4L1 on the forward strand 

(Figure 10C, Van et al., 2014). 

CXCL4 is mainly produced by megakaryocytes. It is stored as homotetramers bound to 

chondroitin sulfate during maturation in α-granules of the shedding platelets. After 

platelet activation (e.g., by thrombin), CXCL4 is released in response to protein kinase C. 

It promotes blood coagulation and accumulates at the site of inflammation. Moreover, it 

locally enhances the immune response and plays a role in several inflammatory diseases 

such as atherosclerosis or rheumatoid arthritis (Vrij et al., 2000). 

CXCL4 acts by binding to the chemokine receptor CXCR3A and CXCR3B (CXC-motif-

chemokine receptor 3 A/B) and interacts with chondroitin sulfate and 

glycosaminoglycans. Also, the binding to several chemokines like CXCL12, bFGF, and 

VEGF is described (Carlson et al., 2013). Besides megakaryocytes, CXCL4 is produced 

by monocytes, activated T-cells, and microglia (Schaffner et al., 2005). CXCL4 inhibits 
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the proliferation of T-cells (Fleischer et al., 2002), promotes monocyte survival and 

macrophage activation (Scheuerer et al., 2000), and induces the differentiation of 

monocytes to more mature DC with increase responsiveness (Ran et al., 2013).  

In murine experiments, it was shown that CXCL4 is the main effector in myelofibrosis 

and that ablation of CXCL4 reduces fibrosis. Moreover, it was demonstrated that the 

expression of CXCL4 directly correlates with the severity of the disease and can be used 

as an early myelofibrosis marker (Gleitz et al., 2020; Schneider et al., 2017). If these 

observations reflect the human situation is still not clear.  

A variant of CXCL4 in humans, the nonallelic variant CXCL4L1 (also PF4var1; PF4V1 ), 

was first described in 1989 (Green et al., 1989). CXCL4 and CXCL4L1 differ only in three 

amino acid residues of the mature protein. These changes reside in the C-terminus of 

the protein: Pro58 → Leu, Lys66 → Glu, Leu67 → His (Ruytinx et al., 2018, Figure 10D). 

Similar to CXCL4, CXCL4L1 can interact with the CXCR3A and CXCR3B and affects 

monocytes and T-cells. In contrast to CXCL4, CXCL4L1 is synthesized and secreted 

constitutively by platelets but also smooth muscle cells, T-cells, and others (Lasagni et 

al., 2007). The angiostatic effect of CXCL4L1 is higher than in CXCL4 (Kuo et al., 2013) 

and the interaction with VEGF and bFGF is less pronounced (Carlson et al., 2013). In 

2019 Zhang et al. hypothesized that CXCL4L1 also plays a role in cancer, as the 

downregulation of CXCL4L1 serum level was correlated with poor prognosis in prostate 

cancer (Zhang et al., 2019). The role of CXCL4L1 in myelofibrosis remains unclear, since 

most of the studies were performed in mouse models, where the variant does not exist. 

Also, the blood level of CXCL4L1 in myelofibrosis patients was not included in studies 

so far.  
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Figure 10: Gene locus of CXCL4 and CXCL4L1. 
(A) Schematic representation of the CXCL4 and CXCL4L1 locus on human chromosome 4. (B) Schematic 
representation of the CXC gene cluster on chromosome 4q. (C) Schematic representation ot the CXCL4 
and CXCL4L1 gene structure. Red bars show differences in base pairs between CXCL4 and CXCL4L1. NC: 
noncoding, SP: signal protein, MP: mature protein. (D) Aminoacid sequence of CXCL4 (top) and CXCL4L1 
(bottom). Red marked amino acids are different in CXCL4 and CXCL4L1. 

1.5 CRISPR/Cas9 
Genome editing and genomic engineering hold enormous potential for applications in 

basic science, biomedicine, and biotechnology. Meganucleases, Zink finger, and TALE 

proteins have been widely used in science for genome editing in the past decades. 

However, these systems present drawbacks in applicability, costs, efficiency, and 

duration that hampers its broad application. In 2012, Emmanuelle Charpentier and 

Jennifer Doudna published one of the first papers on the CRISPR (Clustered Regularly 

Interspaced Short Palindromic Repeats)/Cas9 system for efficient genome editing, which 

revolutionized the field (Jinek et al., 2012). The CRISPR system derives from the 

prokaryote adaptive immune system to protect bacteria from foreign nucleic acids, such 

as viruses and bacteriophages (Horvath & Barrangou, 2010)  

In 1987, Ishino et al. identified in the bacterial strain Escherichia coli K12 a repetitive 

sequence of 29 nucleotides interrupted by variable regions of 32 nucleotides (Ishino et 
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al., 1987). In the following decades, others described these repeating regions in different 

prokaryotes, like bacteria and archaea. In 2007 Barrangou and colleagues showed that 

bacteria infected with phages can integrate parts of foreign DNA as spacers into the 

CRISPR regions of their genome and develop immunity against the phages (Barrangou 

et al., 2007). It took five more years to describe a method to use CRISPR for gene editing 

as we know it today.  

The defense mechanism against foreign nucleic acids in prokaryotes proceeds as 

followed: in the first contact with a pathogen, foreign DNA is cleaved by the Cas protein 

in short 20 bp sequences, which are inserted into a CRISPR array sequence, the 

protospacer. This locus is transcribed into a pre-CRISPR RNA (pre-crRNA). The Cas9 

protein processes the pre-crRNA into mature crRNA containing the spacer sequence, 

which is derived from the foreign DNA and is flanked by adjacent repeat motifs for the 

binding of the Cas protein. In a second contact with the same DNA, the crRNA can bind 

specifically to the foreign DNA and guide the Cas9 endonuclease to inactivate the 

invading genetic material by cleaving it (Horvath & Barrangou, 2010, Figure 11A).  

For this recognition, the targeted sequence must be followed by the Protospacer 

Adjacent Motif (PAM) sequence, where the Cas9 protein binds. This PAM sequence 

consists of two to six bases specific for different prokaryotic species. As these PAM 

sequences do not occur in the prokaryotic genome, it is an essential targeting component 

that discriminates own DNA from invading DNA. The most used PAM sequence is the 

NGG sequence from Streptococcus pyogenes, where N is any nucleotide and G stands 

for guanine (Horvath & Barrangou, 2010). 

The Alt-R® CRISPR-Cas9 system was developed by Integrated DNA Technologies (IDT, 

Coralville, IA, USA) based on the S. pyogenes CRISPR-Cas9 to optimize genome editing 

for producing on-target double-stranded DNA breaks (Vakulskas et al., 2018). The 2-part 

system combines the optimized shortened target-specific CRISPR RNA (crRNA, with 

36 nt: 20 nt target-specific protospacer region, along with the 16 nt tracrRNA fusion 

domain) and the oligonucleotide with an optimized shortened trans-activating crRNA 

(tracrRNA) oligonucleotide (67 nt, Figure 11). The gRNA complex formation and the 

ribonucleoprotein complex (RNP) formation are performed manually in the lab and then 

delivered into cells (Figure 11B). 
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Figure 11: The CRISPR/Cas9 system in bacteria and clinical application. 
(A) Mechanism of the CRISPR immune response in bacteria: foreign DNA is recognized by the Cas1/Cas2 
complex, cleaved, and the protospacer is integrated into the CRISPR sequence. By the second contact, the 
preRNA is transcribed. The mature crRNA complexes with the Cas9 protein and cleaves the invading DNA. 
(Adapted from Horvath & Barrangou, 2010). (B) ALT-R system from IDT. The complexed crRNA:tracrRNA 
complexes with the Cas9 protein cleaving the genomic DNA. (Adapted from IDT). 
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1.6 Aims and objectives 
This thesis aims by (i) using the CRISPR/Cas9 technology to repair the JAK2 V617F 

mutation in iPS cells and to generate a functional CXCL4 knockout, (ii) establishing a 

protocol for the efficient generation of iPS cell-derived megakaryocytes, (iii) dissecting 

the effect of the JAK2 V617F mutation on megakaryocytic development, and (iv) using 

MSC and megakaryocytes for the establishment of a co-culture model to dissect the role 

of the megakaryocyte MSC crosstalk in myelofibrosis development and fibrosis 

progression. 

Myelofibrosis can arise as PMF or as a secondary disease developed from other MPN 

such as PV. The switch from PV to myelofibrosis is poorly understood and has been 

studied mainly in murine models. To investigate the underlying mechanisms of PV 

transformation into myelofibrosis, we use a patient-specific iPS cell model derived from 

PV patients with a JAK2 V617F mutation. We use the CRISPR/Cas9 technology to 

extend our clone set by generating: (i) the missing JAK2 V617F genotypes to obtain 

JAK2 unmutated, JAK2 V617Fhet, and JAK2 V617Fhom clones from the same patient and 

(ii) a functional knockout of CXCL4, a putative effector of myelofibrosis.  

These iPS cells are used for the differentiation into megakaryocytes and MSC to 

establish a co-culture model. As a control, BM-MSC from healthy donors will also be 

used in the co-culture. Furthermore, we dissect the role of the JAK2 mutation in 

megakaryocytes with different assays like kinetics studies, flow cytometry analysis, CFU-

assays, and RNA-Seq analysis. 

 
Figure 12: Schematic representation of the aims and objectives. 
iPS cells bearing the JAK2 V617F mutation are generated from PV patients and used to differentiate into 
megakaryocytes and MSC. CRISPR/Cas9 is used to repair the JAK2 V617F mutation and to generate a 
functional CXCL4 knockout. The generated megakaryocytes and MSC are then used for the establishment 
of a co-culture model. PB: peripheral blood, BM: bone marrow. 
 



Introduction 

 

P a g e  | 24 

 

  



Materials and methods 

 

P a g e  | 25 

 

2 Materials and methods 

2.1 Cell culture 
If not described otherwise, cell culture work was performed under sterile conditions in a 

laminar flow hood. Cells were cultured in a Heracell incubator in a humidified atmosphere 

with 5% CO2 at 37ºC (both Heraeus, Hanau, Germany). Cells were grown on tissue 

plastic dishes (TPP, Trasadingen, Switzerland) and disposable plasticware like falcon 

tubes and pipettes were from Becton Dickinson (Franklin Lake, NJ, USA). The Heraeus 

Megafuge 16 (Thermo Fisher Scientific, Waltham, MA, USA) was used for centrifugation 

steps with falcon tubes, 96-well plates, and flow cytometry tubes were centrifuged with 

the Heraeus Multifuge 3L (Heraeus).  

Cells were daily monitored on the Leica DM IL microscope (Leica Microsystems, Wetzlar, 

Germany), phase contrast pictures, and colony picking was performed with the digital 

inverted EVOS® FL microscope (Thermo Fisher Scientific). Cells were counted with a 

Neubauer chamber and trypan blue for dead cell exclusion (Sigma Aldrich, St. Louis, 

MO, USA).  

All cells were cryopreserved in 90% FCS (Thermo Fisher Scientific) and 10% dimethyl 

sulfoxide (DMSO, Sigma Aldrich), stored one day at -80ºC, and then transferred to liquid 

nitrogen for long-term storage. For thawing, cells were incubated for a few minutes in the 

water bath at 37ºC and washed with 9 ml KnockOut™-DMEM (KO-DMEM, Thermo 

Fisher Scientific). After centrifugation at 350 g for 4 min, the supernatant was discarded, 

and the cells were seeded in the respective medium and conditions. 

2.1.1 Reprogramming of monocytes into iPS cells 

All iPS cell lines described in this thesis were reprogrammed from peripheral blood 

mononucleated cells (PBMNC) isolated by Ficoll (2.1.10). The cells were cultured for 2-3 

days in StemSpan™ SFEM medium (Stemcell Technologies, Vancouver, Canada) 

supplemented with SCF (supernatant of SCF secreting stable transfected CHO KLS C6 

cells), TPO (Miltenyi Biotech, Bergisch Gladbach, Germany), FLT3L (Peprotech, Rocky 

Hill, NJ, USA) and hyper-IL6 (IL-6/soluble IL-6 receptor fusion, kindly provided by Dr. 

Stefan Rose-John, Institute of Biochemistry, Christian-Albrechts University, Kiel, 

Germany (Fischer et al., 1997)), further referred to as HSC medium. The Cyto-Tune™-

iPS Sendai Reprogramming Kit (Thermo Fisher Scientific) was used according to the 

manufacturer's protocol to reprogram the cells. The virus particles containing OCT4, 
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KLF4, c-Myc, and SOX2 were mixed 1:1. 5x105 cells were incubated in 270 µl HSC 

medium with 40 µl of the Sendai virus mix for 48 h.  

Four days later, the cells' formed grape-like structures were transferred on a MEF layer 

in HSC medium. During the following medium changes, the HSC medium was replaced 

stepwise by iPS medium (Table 2) and the cells were cultured for two weeks with daily 

medium change. When the colonies reached the right size, colonies were picked, and 

the remaining colonies were harvested in bulk and cryopreserved. The iPS cell 

generation was achieved in collaboration with S. Sontag; Ph.D., C. Küstermann; Ph.D., 

and M. A. S. de Toledo, Ph.D., Institute for Biomedical Engineering, Department of Cell 

Biology, RWTH Aachen University, Medical School, Aachen, Germany. 

2.1.2 Generation and irradiation of MEF 

MEF are used as feeder-layer for the culture of iPS cells. MEF were generated by 

sacrificing CD1 mice embryos on embryonic day 13.5. The uterus was opened, and 

embryos were extracted from the fetal bag. The placenta, head, limbs, and inner organs 

were removed, the carcasses were collected and cut into tiny pieces. The hashed 

corpses were incubated five times with 0.05% Trypsin/EDTA (Thermo Fisher Scientific) 

for 4 min at 37ºC to generate a single-cell suspension. Finally, the cell suspension was 

centrifuged (350 g, 4 min) and the supernatant was discarded. The MEF were 

resuspended in MEF medium (Table 1) and seeded on 15 cm dishes coated with gelatin 

(2.5 embryos per plate). The medium was exchanged every second day and the cells 

were split and expanded twice before inactivation by γ-Irradiation with 30 Gy (30 grey, 

performed by Transfusion Medicine, RWTH Aachen University Hospital, Aachen, 

Germany). The cells were cryopreserved at a concentration of 4x106 cells per cryovial.  
Table 1: MEF medium composition. 

Reagent Volume 
 

Company 

High glucose DMEM  440 ml Thermo Fisher Scientific 

FCS 50 ml Thermo Fisher Scientific 

Penicillin/streptomycin (5,000 U/ml) 5 ml Thermo Fisher Scientific 

L-glutamine (200 mM) 5 ml Thermo Fisher Scientific 

2.1.3 Culture of iPS cells 

The iPS cell culture on inactivated MEF monolayer was performed with iPS medium 

(Table 2). The medium was exchanged daily, and cells were passaged every 5-6 days. 

The day before passaging, MEF were seeded on gelatin-coated 6-well plates at a cell 
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density of 300,000 cells/cm2. For passaging the iPS cells, the old medium was discarded, 

cells were washed once with PBS and collagenase type IV (both Thermo Fisher 

Scientific) was added to each well. Cells were incubated for 45-60 min at 37°C until the 

colonies' rim started to detach. Cells were rinsed twice with 2 ml KO-DMEM, and cell 

clumps were collected in a 15 ml falcon. The supernatant was discarded after 

sedimentation and cell clumps were resuspended in 1 ml iPS medium. Medium on the 

MEF coated plates was aspirated, and MEF were washed once with PBS. 2 ml of iPS 

medium per well was added and the iPS cell clumps were equally distributed in a ratio 

of 1:6. 
Table 2: Composition of iPS medium for iPS cell culture on MEF-feeder. 

Reagent Volume 
 

Company 

KO-DMEM  384 ml Thermo Fisher Scientific 

KnockOut™ serum replacement (KO-SR) 50 ml Thermo Fisher Scientific 

Penicillin/streptomycin (5,000 U/ml) 5 ml Thermo Fisher Scientific 

L-glutamine (200 mM) 5 ml Thermo Fisher Scientific 

Non-essential amino acids solution (100x)  5 ml Thermo Fisher Scientific 

β-mercaptoethanol (stock 50 mM) 1 ml Thermo Fisher Scientific 

bFGF (stock 100 µg/ml) 50 µl Peprotech 

For feeder-free culture, iPS cells were cultured on Matrigel™ (Corning, New York, NY, 

USA) coated plates in StemMACS™ iPS Brew XF (iPS Brew, Miltenyi Biotech). Matrigel 

was diluted in KO-DMEM according to the batch-dependent manufacturer protocol. 1 ml 

KO-DMEM Matrigel mix was used to coat one well on a 6-well plate. For passaging, cells 

were washed once with PBS and incubated with 0.5 mM EDTA (Thermo Fisher 

Scientific) for splitting in colonies. After 3 min incubation at RT, EDTA was discarded, 

and cells were washed twice with PBS. Cells were detached by pipetting carefully with 

1 ml iPS Brew per well and seeded 1:6 in freshly coated Matrigel plates. 

For single-cell splitting, Accutase (PAN-Biotech, Aidenbach, Germany) was incubated 

for 4 min at 37ºC. Cells were detached with 2 ml KO-DMEM and centrifuged for 4 min at 

350 g. The supernatant was discarded, the cells were resuspended in 1 ml iPS Brew and 

counted with a Neubauer counting chamber. Cells were seeded in a density of 100,000 

per well on a 6-well plate with 1:1000 Y-27632 (Abcam, Cambridge, UK) on a freshly 

coated Matrigel plate. 
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2.1.4 EB assay 

iPS cells were cultured for 2-3 passages on a MEF layer until confluency of over 70%. 

Cells were incubated for 10-15 min with 1 U/ml dispase (Stemcell Technologies) and 

washed twice with KO-DMEM. Cells were detached and sedimented as big clumps in a 

falcon tube, transferred to suspension culture plates in EB medium, and cultured for 6 

days, changing medium and detaching the forming EB every second day. On day 6, cells 

were seeded on gelatin-coated dishes and cultured for 8 more days with EB medium, 

generating a heterogeneous layer. On day 14, cells were washed once with KO-DMEM 

and incubated for 4 min with 0.05% Trypsin/EDTA and detached, rinsing them with KO-

DMEM. Cells were centrifuged and replated von gelatin-coated glass coverslips (Thermo 

Fisher Scientific) for 3 days. Afterward, immunostaining for germ layer-specific markers 

was performed (2.7.1). 
Table 3: Composition of EB medium. 

Reagent Volume  Company 

IMDM (Iscove’s Modified 

Dulbecco’s Media) 
19  ml Thermo Fisher Scientific 

FCS 3.75  ml Lonza (Basel, Switzerland) 

Protein-free hybrodoma medium  1.25  ml Thermo Fisher Scientific 

Penicillin/streptomycin (5,000 U/ml) 250  µl Thermo Fisher Scientific 

L-glutamine (200 mM) 250  µl Thermo Fisher Scientific 

β-mercaptoethanol (stock 50 mM) 50  µl Thermo Fisher Scientific 

L-ascorbic acid (10 mM) 25  µl Sigma Aldrich 

2.1.5 Differentiation of iPS cells into iPS-MSC 

For differentiation of iPS cells into iPS-MSC, the EB assay (2.1.4) was performed until 

day 6. After transferring the cells to gelatin-coated plates by detaching them with 0.05% 

trypsin/EDTA, MSC medium was used (Table 4). The medium was changed every third 

day and cells were passaged every seventh day by washing the cells once with PBS and 

incubating them for 4 min with 0.05% Trypsin/EDTA at 37ºC. Cells were washed with 

MSC medium, centrifuged, and seeded on a fresh gelatin-coated 6-well plate with 

300,000 cells/well. Cells were finally differentiated after 35 days and flow cytometry 

measurements were performed with CD29, CD73, CD90, CD105 as positive MSC 

markers and CD45, CD34, CD31 as negative MSC markers (2.4). 
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Table 4: MSC medium composition. 

Reagent Volume 
 

Company 

Low glucose DMEM 480 ml Thermo Fisher Scientific 

FCS 10 ml Lonza 

Penicillin/streptomycin (5,000 U/ml) 5 ml Thermo Fisher Scientific 

L-glutamine (200 mM) 5 ml Thermo Fisher Scientific 

2.1.6 Isolation of BM-MSC  

BM-MSC were isolated from human hip bone from endoprosthesis operations under 

sterile conditions under a flow hood. The bone was vortexed in PBS for 1 min at 

maximum speed in a urine beaker, the liquid was collected with a perfusion syringe and 

used for flushing the spongiosa of the bone multiple times. The liquid was collected in a 

50 ml falcon and the flushing was repeated with fresh PBS five times. Cells were 

collected by centrifugation at 500 g for 10 min. The supernatant was discarded, cell 

sediment was washed with 10 ml PBS and centrifuged again. The supernatant was 

discarded, and the cells were resuspended in 30 ml MSC medium and divided into 3xT75 

flasks. The next day, medium was changed, and the attached cells were washed twice 

gently with PBS. Medium change was performed twice a week until cells were reaching 

confluency. Splitting of the cells was performed, washing the cells once with PBS and 

incubating them with 0.05% Trypsin/EDTA for 4 min at 37ºC. After washing and 

centrifugation, cells were seeded at 5,000 cells/cm2. After two passages, BM-MSC were 

cryopreserved. 

2.1.7 Differentiation of MSC into adipogenic and osteogenic lineage 

For the osteogenic and adipogenic differentiation, 10,000 iPS-MSC per well were seeded 

in MSC medium on a 12-well tissue culture plate. After reaching confluency of 60-70%, 

the medium was switched to osteogenic or adipogenic differentiation medium, 

respectively (Table 5 and Table 6) and cells were cultured for three more weeks 

changing the medium twice a week. The staining was performed according to 2.7.4. 
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Table 5: Osteogenic differentiation medium composition. 

Reagent Volume 
 

Company 

Low glucose DMEM  212.5 ml Thermo Fisher Scientific 

FCS 25 ml Lonza 

Penicillin/streptomycin (5,000 U/ml) 2.5 ml Thermo Fisher Scientific 

L-glutamine (200 mM) 2.5 ml Thermo Fisher Scientific 

Dexamethasone (100 µM) 0.25 ml Sigma Aldrich 

L-ascorbic acid-2-PO4 (10 mM) 5 ml Sigma Aldrich 

β-glycerophosphate (1 M) 2.5 ml Sigma Aldrich 

Table 6: Adipogenic differentiation medium composition. 

Reagent Volume 
 

Company 

High glucose DMEM  43.4 ml Thermo Fisher Scientific 

FCS 5 ml Lonza (Basel, Schweiz) 

Penicillin/streptomycin (5,000 U/ml) 0.5 ml Thermo Fisher Scientific 

L-glutamine (200 mM) 0.5 ml Thermo Fisher Scientific 

Dexamethasone (100 µM) 0.5 ml Sigma Aldrich 

3-isobutyl-1-methylxantine (0.5 M) 0.05 ml Enzo Life Science 

(Lörrach, Germany) 

Insulin (10 mg/ml) 0.05 ml Sigma Aldrich 

Indometacin (50 mM) 0.1 ml Sigma Aldrich 

2.1.8 Differentiation of iPS cells into megakaryocytes and HSC 

For differentiation of iPS cells into megakaryocytes and HSC, a modified spin EB based 

protocol from a publication by Liu et al. was used (Figure 13, Liu et al., 2015). On day 0, 

80% confluent iPS cells on Matrigel were incubated and detached for 4 min with 37°C 

prewarmed Accutase and washed twice with 3 ml prewarmed KO-DMEM. Cells were 

counted with the Neubauer chamber and seeded in a 96-well round-bottom plate at a 

density of 3,000 cells/well in serum-free medium (SFM, Table 7) with Y-27632 (10 µM), 

bFGF (10 ng/ml), BMP4 (10 ng/ml, Miltenyi Biotech), Transferrin (6 µg/ml, Sigma 

Aldrich), and L-ascorbic acid (50 µg/ml). The plate was centrifuged for 5 min at 350 g. 
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Table 7: Serum-free medium (SFM). 

Reagent Volume 
 

Company 

IMDM  38 ml Thermo Fisher Scientific 

Ham's F-12  38 ml Thermo Fisher Scientific 

BSA (for cell seeding) 2 ml House made 

Human albumin (starting on day 2) 2 ml Grifols, Barcelona, Spain 

Chemical defined lipid concentrate 0.8 ml Thermo Fisher Scientific 

GlutaMAX 0.8 ml Thermo Fisher Scientific 

1-thioglycerol  0.32 ml Sigma Aldrich 

On day 2, 50 µl of the SFM, supplemented with bFGF, BMP4, SCF (1:200), Transferrin, 

L-ascorbic acid, and VEGF (10 ng/ml, Peprotech) was added. From day 3 to day 7, 50 µl 

medium per well was replaced with fresh medium every day. Starting with day 8, no 

BMP4 and VEGF were added and from day 11 on, TPO (20 ng/ml) was added.  

Cells were harvested on day 14 with 1000 µl pipette tips and filtered through a 100 µm 

cell strainer. Cells are centrifuged for 5 min at 300 g in 15 ml falcon tubes, resuspended 

in 1 ml SFM medium, and counted. For the isolation of megakaryocytes for RNA 

isolation, CD61+ cells were separated by magnetic beads activated cell sorting (MACS, 

Miltenyi Biotech). For the further maturation without MACS, cells were seeded in 24-well 

plates at a density of 1x106 cells/ml in SFM containing SCF (1:800), Transferrin, L-

ascorbic acid, TPO, and IL-11 (100ng/ml, Miltenyi Biotech). 

For the culture of CD61+ cells after MACS purification, cells were cultured in 

1x106 cells/ml in SFM containing SCF (1:800), Transferrin, L-ascorbic acid, TPO, and 

IL-11 (100 ng/ml, Miltenyi Biotech) with the caspase inhibitor Q-VD-OPH (50 µM, 

Selleckchem, Houston, TX, US) for 2 days. 

 
Figure 13: Hematopoietic differentiation of iPS cells into megakaryocytes. 
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Three thousand cells per well were seeded into a 96-well plate, formed embryonic bodies, and differentiated 
into hematopoietic progenitors and megakaryocytes. Cells were harvested and maturated in 24-well plates. 
Scale: 1000 µm. 

2.1.9 Other tested protocols for megakaryocyte differentiation 

2.1.9.1 StemSpan™ megakaryocyte expansion supplement 

CD34+ cells were generated from iPS cells. To this end, iPS cells were cultured on MEF 

layer until reaching a confluency of 80%. Colonies were detached with dispase and 

cultured on suspension culture plates in EB medium. After 5 days, EB were seeded on 

gelatin-coated plates and cultured for 14 more days in progenitor medium (Table 8). 

Subsequently, cells in the supernatant were harvested and CD34+ cells were separated 

by MACS and cultured for 14 days in StemSpan™ medium supplemented with 

StemSpan™ MES (Megakaryocyte Expansion Supplement) following the 

manufacturer’s instruction. Furthermore, StemPro™-34 SFM (Stemcell Technologies) 

and EB medium supplemented either with MES or with TPO only as the central cytokine 

of megakaryocyte differentiation were tested in addition to StemSpan™ (Figure 14).  
Table 8: Progenitor medium composition. 

Reagent Volume  Company 

StemPro™-34 SFM 48.5 ml Stemcell Technologies 

Penicillin/streptomycin (5,000 U/ml) 500 µl Thermo Fisher Scientific 

L-glutamine (200 mM) 500 µl Thermo Fisher Scientific 

Non-essential amino acids (100x) 500 µl Thermo Fisher Scientific 

SCF (1:200) 250 µl CHO KLS C6 cell supernatant 

FLT3L (25 µg/ml) 50 µl Peprotech 

Hyper IL-6 (1000x) 25 µl Fischer et al., 1997, kindly 

provided by S. Rose-John 

IL-3 (150 μg/ml) 10 µl Miltenyi Biotech 

 
Figure 14: Schematic overview of testing StemSpan™ megakaryocyte expansion supplement. 
On MEF layer cultured iPS colonies were detached and seeded on ultra-low attachment plates to form EB. 
After culture in EB medium, supernatant cells were harvested and CD34+ HSC were purified by MACS. After 
further expansion, megakaryocyte differentiation was initiated using different medium conditions. 
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2.1.9.2 2D differentiation of iPS cells into megakaryocytes 

The slightly modified method published by Börger et al. in 2016 was used to test the 

generation of megakaryocytes from iPS cells in a 2D culture model. iPS cells were plated 

as single cells on Matrigel-coated plates and differentiated within 24 days into 

megakaryocytes. STEMdiff™ APEL™ 2 medium (Stemcell Technologies) was used for 

differentiation, supplemented with VEGF and BMP4 until day 4, TPO, SCF and IL-3 from 

day 4 until day 12 and with TPO and SCF from day 12 until day 24 (Figure 15).  

 
Figure 15: Schematic overview 2D differentiation of iPS cells into megakaryocytes. 
Experimental scheme of the 2D iPS differentiation into megakaryocytes published by Börger et al. in 2016. 
iPS cells cultured on Matrigel are grown for 24 days in APEL 2 medium supplemented with VEGF and BMP4 
in the first 4 days, TPO, SCF, and IL3 until day 12 and TPO and SCF until day 24. 

2.1.10 Ficoll 

Ficoll density gradient solution is a neutral, highly branched, hydrophilic polysaccharide 

(Saccharose-Epichlorohydrin-Copolymer) that can separate PBMNC and platelets by 

density gradient centrifugation. The blood was passed through a 100 µm cell strainer 

and diluted 1:2 with cold PBS containing 2 mM EDTA. 15 ml of the Ficoll (GE Healthcare, 

Little Chalfont, UK) was transferred to a 50 ml falcon tube and the sample was carefully 

added on top without mixing of the two phases. Cells were centrifuged for 20 min at 

500 g without brake. Afterwards, the milky interface contained the PBMNC and the top 

transparent layer the platelets. The PBMNC were washed twice with PBS containing 

2 mM EDTA and used for reprogramming (2.1.1). The platelets were washed once, 

centrifugated at 750 g for 10 min, and subjected to the platelet activation assay (2.1.11). 

2.1.11 Platelet activation assay  

Platelets isolated from cord blood (CB) using Ficoll or iPS cell-derived platelets from spin 

EB differentiation were used. To isolate the platelets from the other cells in spin EB, a 

first centrifugation step for 4 min at 100 g was performed, followed by another 

centrifugation step with 750 g for 10 min. All further centrifugation steps are performed 

with 750 g for 10 min. Both, iPS cell-derived and CB-derived platelets, were resuspended 

in flow cytometry buffer (Table 9) and divided into two parts: non-activated resting 

platelets and activated platelets. 
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The resting platelets were fixed with 4% PFA for 20 min and washed twice. They were 

stored at 4°C for staining together with the activated platelets. The activated platelets 

were incubated with 0.2 U/ml thrombin (Peprotech) for 10 min at RT, fixed with 4% PFA 

for 20 min. Both conditions were stained for CD41, CD42b, CD61, and CD62p. 

2.1.12 Co-culture of BM-MSC and megakaryocytes 

To establish the co-culture of BM-MSC and megakaryocytes, different approaches were 

established as summarized in Figure 16. Conditioned medium or the megakaryocyte 

lysate (Figure 16A), MACS purified megakaryocytes (Figure 16B), and early unpurified 

megakaryocytes and hematopoietic cells from spin EB day 11 were used for the co-

culture. All experiments for performed twice. After co-culture, the fibrotic transformation 

was validated by α-SMA immunostaining 2.7.1), the quantitative analysis of α-SMA by 

flow cytometry (2.4), or collagen staining (2.7.2). 

 
Figure 16: Summary scheme of co-culture experiments. 
Schematic overview of different approaches for the co-culture of BM-MSC and megakaryocytes. (A) 
Megakaryocytes were differentiated for 14 days with the spin EB protocol, CD61+ cells were MACS purified 
and cultured for 1 day in SFM without cytokines. The megakaryocyte cell lysate was generated by snap 
freezing in liquid N2. Additionally, the supernatant was collected. Both were applied for 5 days on BM-MSC 
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in SFM containing 0.5% FCS. (B) Megakaryocytes were differentiated for 14 days with the spin EB protocol, 
CD61+ cells were MACS purified cultured for 5 days in SFM containing IL-11, TPO, and SCF, and the first 2 
days Q-VD-OPH caspase inhibitor (casp.). Cells were then co-cultures for 5 days with BM-MSC in SFM with 
0.5% FCS. (C) Megakaryocytes and other hematopoietic cells were differentiated for 11 days with the spin 
EB protocol and used without purification for a 5-day co-culture with BM-MSC in SFM containing 0.5% FCS, 
IL-11, TPO, and SCF. 

2.2 Magnetic activated cell sorting (MACS) 
Cells were harvested at day 14 of megakaryocyte differentiation and counted with the 

Neubauer counting chamber. For the isolation of CD34+ and CD61+, cells were positively 

selected by MACS using CD34 and CD61 MACS MicroBeads (Miltenyi Biotech) following 

the manufacturer's instruction. As MACS buffer, PBS with 2% FCS and 2 mM EDTA was 

used. 

2.3 Colony-forming unit (CFU) assay 
For evaluation of the differentiation capacity of CD34+ HSC, CFU assays were 

performed. Cells were harvested on day 14 of megakaryocyte differentiation (2.1.8), 

passed through a 40 µm cell strainer, and MACS for CD34+ cells was performed. CD34+ 

cells were seeded at a density of 10,000 cells/ml in StemMACS™ HSC-CFU light with 

EPO, human (Miltenyi Biotech) according to the manufacture's protocol and incubated 

for 10 days at 37°C. The different colonies were evaluated by microscopy and individual 

colonies were picked and analyzed by cytospin and Diff-Quick staining (2.7.3). Colonies 

with >200 densely packed red/ brownish cells were classified as burst forming unit 

erythrocyte (BFU-E), smaller red/brownish colonies with <200 cells as colony-forming 

unit erythrocyte (CFU-E). Colony-forming unit granulocytes were consisting of 

translucent compact colonies. Sparsely growing big translucent colonies with >20 cells 

were characterized as colony-forming unit macrophages (CFU-M). Colonies with bigger 

and larger translucent cells were considered as colony-forming unit granulocytes 

macrophages (CFU-GM) and colonies with bigger and larger translucent cells and red/ 

brownish cells as colony-forming unit granulocytes, macrophages, erythrocytes 

megakaryocytes (CFU-GEMM). 

2.4 Flow cytometry 
Flow cytometry was used to characterize and quantify surface and intracellular protein 

expression of HSC, megakaryocytes, platelets, and MSC. Therefore, cells were 

harvested as described before and collected in flow cytometry tubes (Sarstedt, 

Nürmbrecht, Germany). For intracellular markers, cells were fixed with 4% PFA and 

permeabilized with 0.3% Triton X-100 (Merck) in flow cytometry buffer (Table 9), followed 

by blocking with normal goat serum for 30 min. 
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Cells were incubated in the following steps, with the antibody in specific dilution (Table 

10) for 30 min at 4°C, washed once with flow cytometry buffer, and resuspended in 200 

µl flow cytometry buffer. The cells were measured using flow cytometry with a Canto II 

instrument (Beckton Dickinson (BD), Franklin Lakes, NJ, USA). Data were analyzed with 

the FlowJo software (Tree Star, Inc., Ashland, OR, USA). IgG isotype control-stained 

cells were used as control. All flow cytometry experiments were performed in 

collaboration with the Flow Cytometry Core Facility, Interdisciplinary Center for Clinical 

Research, Medical Faculty, RWTH Aachen University, Aachen, Germany. 
Table 9: Flow cytometry buffer composition. 

Reagent Volume 
 

Company 

PBS  500 ml Thermo Fisher Scientific 

EDTA (0.5 M) 2 µl Thermo Fisher Scientific 

BSA 2.5 g PAN Biotech 

Table 10: Fluorochrome labeled antibodies for flow cytometry measurements. 

Marker Fluorochrome Clone Dilution Company 

CD31 PE WM59 1:200 BD 

CD34 APC 581 1:100 BD 

CD43 FITC 1G10 1:100 BD 

CD45 APC-Vio770 5B1 1:200 Miltenyi Biotech 

CD117 PE-Cy7 104D2 1:100 Thermo Fisher Scientific 

CD41 PE-Cy7 H1P8 1:1000 Biolegend (San Diego, CA, USA) 

CD42b APC H1P1 1:100 Biolegend 

CD61 FITC VI-PL2 1:500 Biolegend 

CD62b PE AK4 1:200 Biolegend 

CD90 APC 5E10 1:100 Immunotools (Friesoythe, 

Germany) 

CD105 FITC REA794 1:300 Miltenyi Biotech 

α-SMA Alexa Flour 594 1A4 1:200 R&D Systems (Minneapolis, MN, 

USA) 

CD73 PE AD2 1:100 Immunotools 

CD29 PE-Vio 770 TS2/16 1:100 Miltenyi Biotech 

CD235a PE HIR1 1:2000 Thermo Fisher Scientific 
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2.5 PCR and NGS 
DNA concentrations were measured with the Nanodrop spectrophotometer ND-1000 

(Thermo Fisher Scientific), and PCR was performed with the Epgradient thermocycler 

(Eppendorf, Hamburg, Germany). The PCR products were run with 6x loading dye 

(Thermo Fisher Scientific) on ethidium-bromide containing 1% agarose gels in 1x Tris-

borate-EDTA (TBE) buffer.  
Table 11: Program used for PCR. 

Step Cycles Temperature Time  

Initial denaturation 1x 94°C 5 min 

Denaturation 35x 
 

94°C 30 sec 

Annealing xx°C 30 sec 

Elongation 70°C 1 min 

Final elongation 1x  5 min 

End 1x 10°C ∞ 

2.5.1 DNA isolation  

According to the manufacturer's instructions, DNA was isolated using the NucleoSpin® 

Tissue Kit (Macherey Nagel, Düren, Germany). Suspension cells were collected, washed 

once with PBS, and DNA isolation was performed. For adherent cells like MSC, cells 

were detached for 4 min with 0.05% Trypsin/EDTA and washed once with PBS.  

2.5.2 PCR for detection of CXCL4KO and CXCL4/L1dKO 

For the detection of the CXCL4KO and CXCL4/L1dKO after CRISPR, six primer pairs were 

designed, depicted in Figure 18, with blue arrows for CXCL4KO and black arrows for 

CXCL4/L1dKO, respectively (Table 12). The unmodified CXCL4 fragment has a length of 

641 bp for the CXCL4KO and 1189 bp for the CXCL4/L1dKO. For CXCL4L1 in the 

CXCL4/L1dKO, the unmodified size is 1157 bp. The PCR was performed with the master 

mix displayed in Table 13 and the program in Table 11. For Sanger sequencing, samples 

were sent to Eurofins Genomics (Luxembourg, Luxembourg). 
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Table 12: Primer for the detection of CXCL4KO and CXCL4L1dKO. 

Primer Sequence 5’ to 3’ 
CXCL4KO fwd TAA TCT TGG CTG GCC AGA ACC 

CXCL4KO rev TCC CCA TCT TCA GCT TCAG 

CXCL4dKO fwd CAC CCT GTC ACT AGC ACT GGC TGAA 

CXCL4dKO rev CCT CCC CCA GAC AGA AGT TGT TCT AAC 

CXCL4L1dKO fwd CAC CCT GTC ACT GGC AGT GAC TGA G 

CXCL4L1dKO rev CCT CTC TCA GAC AGA GGT TGT GCT GAT 

Table 13: PCR conditions for CXLC4 PCR. 

Reagent Volume  Company 

10x Taq buffer 2 µl Thermo Fisher Scientific 

dNTP (10 mM) 0.2 µl Thermo Fisher Scientific 

Primer fwd (100 pmol) 1 µl Eurofins Genomics 

Primer rev (100 pmol) 1 µl Eurofins Genomics 

MgCl2 1 µl Merck 

Taq polymerase 0.2 µl produced in house in E. coli 

Template DNA 100 ng  

ddH2O fill up to 25 µl  

2.5.3 Allele-specific PCR for JAK2 

To detect the JAK2 V617F mutation in patient-derived iPS cells, the approach from Jones 

et al. (2005) was used. Three PCR reactions specific for detecting JAK2 and JAK2 

V617F and sequencing/control were used (Figure 17 and Table 14). The master mix 

described in Table 15 and the PCR program in Table 11 were used. For Sanger 

sequencing, samples from the sequencing PCR were sent to Eurofins Genomics. 

 

Figure 17: Position of allele-
specific primer for JAK2 and 
JAK2 V617F. 
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Table 14: Primer for allele-specific JAK2 and JAK2 V617F PCR. 

Primer Sequence 5’ to 3’ 
JAK2fwd TCC TCA GAA CGT TGA TGG CAG 

JAK2rev ATT GCT TTC CTT TTT CAC AAG AT 

JAK2 WTfwd GCA TTT GGT TTT AAA TTA TGG AGT ATA TG  

JAK2 V617Frev GTT TTA CTT ACT CTC GTC TCC ACA AAA  

Table 15: Standard conditions for allele specific JAK2 and JAK2 V617F PCR. 

Reagent  JAK2 WT JAK2 V617F Sanger Company 

10x Taq buffer 2.5 µl 2.5 µl 2.5 µl Thermo Fisher Scientific 

dNTP (10 mM) 0.5 µl 0.5 µl 0.5 µl Thermo Fisher Scientific 

DMSO 1 µl 1 µl 1 µl Sigma Aldrich 

MgCl2 (25 mM ) 2.5 µl 2.5 µl 2.5 µl Merck 

Taq polymerase  1 µl 1 µl 1 µl produced in E. coli 

JAK2 fwd - µl 5 µl 5 µl Eurofins Genomics 

JAK2 rev 5 µl - µl 5 µl Eurofins Genomics 

JAK2 WT fwd 2.5 µl - µl -  Eurofins Genomics 

JAK2 V617F rev - µl 2.5 µl -  Eurofins Genomics 

Template DNA 200 ng 200 ng 200 ng  

2.5.4 NGS analysis 

DNA was isolated according to 2.5.1 and NGS of MPN associated genes was performed 

in collaboration with Angela Maurer, Medical Clinic IV, RWTH Aachen University 

Hospital, Aachen, Germany. Thirty-one genes associated with MPN were analyzed 

(ABL1, ASXL1, BARD1, CALR, CBL, CHEK2, CSF3R, DNMT3A, ETNK1, ETV6, EZH2, 

IDH1, IDH2, JAK2, KIT, KRAS, MPL, NF-E2, NRAS, PDGFRA, PTPN11, RUNX1, 

SETBP1, SF3A1, SF3B1, SH2B2, SRSF2, TCF12, TET2, TP53, U2AF1; Kirschner et 

al., 2018). 250 ng isolated gDNA was used for library preparation and sequencing was 

performed on a MiSeq® sequencing (Illumina, San Diego, CA, USA). The MiSeq 

onboard software was used for demultiplexing and FastQ file generation (MiSeq Control 

Software v2.6 and real-time analysis software v1.18.54, Illumina). SeqNEXT software 

(v4.4.0 build 509, JSI medical systems, New York, NY, USA) was used for alignment 

and variant calling. Non-synonymous variants with a bidirectional frequency of ≥ 5% were 

classified. 5: Pathogenic, 4: likely pathogenic, 3: uncertain, 2: likely not pathogenic of 

little clinical significance, and 1: not pathogenic of no clinical significance. NGS was 
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performed in Genomics Core Facility, Interdisciplinary Center for Clinical Research, 

Medical Faculty, RWTH Aachen University, Aachen, Germany. 

2.6 RNA  

2.6.1 RNA isolation and RT-qPCR 

RNA was isolated with the NucleoSpin RNA II Kit (Machery Nagel) following the 

manufacturer’s instructions. RNA concentration was measured using a Nanodrop 

spectrophotometer ND-1000. According to the manufacturer protocol, cDNA synthesis 

was performed using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher 

Scientific). 1 µg RNA was diluted into 13.7 µl RNAse-free water and used as a template 

for the reverse transcription PCR (RT-qPCR) with random primer (Table 16). The RT-

qPCR was performed with the following steps: 25°C for 10 min, 37°C for 2 h, and 94°C 

for 4 min. 
Table 16: RT-qPCR reaction set up. 

Reagent (Stock concentration) Volume Company 

RT-qPCR buffer (10x) 2.0 µl Thermo Fisher Scientific 

RT-qPCR random primer (10x) 2.0 µl Thermo Fisher Scientific 

RiboLock RNase inhibitor (40 U/µl) 0.5 µl Thermo Fisher Scientific 

dNTP (100 nM) 0.8 µl Thermo Fisher Scientific 

Multiscribe® reverse transcriptase (50 U/µl) 1.0 µl Thermo Fisher Scientific 

RNA (1 µg) 13.7 µl  

After cDNA synthesis, the cDNA was diluted 1:5 with distilled water and used for RT-

qPCR (Table 17). The samples were measured in duplicates and the housekeeping gene 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for normalization. The 

RT-qPCR was performed using the standard program (Table 18) of a StepOnePlus Real-

Time PCR System and the data were analyzed with the StepOne™ Software v2.1 (both 

Thermo Fisher Scientific), Microsoft Excel (Redmond, WA, USA), and GraphPad Prism 

(GraphPad Software Inc. v.6.0, La Jolla, CA, USA). 
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Table 17: Quantitative PCR reaction set up. 

Reagent Volume 
 

Company 

ddH2O 2.5 µl  

Primer mix (10 µM) 0.5 µl Eurofins Genomics 

Fast SYBR® green  5 µl Thermo Fisher Scientific 

cDNA 2 µl  

Table 18: Standard program for RT-qPCR. 

Step Cycles Temperature Time  

Initial denaturation 1x 95°C 20 sec 

Denaturation 40x 
 

95°C 3 sec 

Annealing and elongation 60°C 30 sec 

Melt curve 1x 95°C 15 sec 

1x 60°C 60 sec 

 +0.3°C to 95°C  

1x 95°C 15 sec 

End 1x RT ∞ 

2.6.2 RNA sequencing (RNA-Seq) 

RNA-Seq was performed in the Genomics Core Facility, Interdisciplinary Center for 

Clinical Research, Medical Faculty, RWTH Aachen University, Aachen, Germany. The 

quality of the RNA of purified CD61+ megakaryocytes was quality checked by 

TapeStation 4200 (Agilent, Santa Clara, CA, USA) and RNA integrity number (RIN) was 

measured. RNA concentration was determined with the Fluorometer Quantus™ 

(Promega, Fitchburg, MA, USA). Ribosomal RNA depletion was performed using the 

NeBNext® rRNA Depletion Kit according to manufacturer’s instructions and the library 

preparation was performed with the NeBNext®Ultra™II Directional RNA Library Prep Kit 

for Illumina (both New England BioLabs, Ipswich, MA, USA). For the analysis, 100 ng 

RNA was used. Samples were sequenced in paired end reads (2x76 bp, dual indexed) 

on two NextSeq High Output Kits v2.5 (150 cycles) on a NextSeq 500 instrument (both 

Illumina). Data was analyzed in collaboration with Martin Graßhoff, M.Sc. and Ivan 

Costa, Ph.D., Institute for Computational Genomics, Medical Faculty, RWTH Aachen 

University, Aachen, Germany. 
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2.7 Staining 

2.7.1 Immunostaining 

For immunofluorescent staining, cells were cultured on gelatin- or Matrigel-coated glass 

coverslips. Cells were washed once with PBS and fixed for 20 min with 4% PFA at RT. 

After washing thrice, cells were permeabilized and incubated in 0.3% Triton X-100 in 

PBS for 30 min. Blocking was performed with normal goat serum. The primary antibody 

was incubated overnight at 4°C. The next day, cells were washed thrice and incubated 

with the secondary antibody 1 h at RT. For multiple staining, this procedure was 

repeated. Cells were incubated with 1:1000 Hoechst (Hoechst Frankfurt, Germany) 

diluted in 0.3% Triton X-100 for 10 min at RT. After washing twice, all liquid was 

discarded, the coverslips were dried, and mounted with mounting solution (Dako, 

Hamburg, Germany) on a glass slide. Fluorescence was observed with the Axiovert 200 

microscope (Carl Zeiss, Oberkochen, Germany). Images were processed with Image J 

(National Institute of Health, Bethesda, MD, USA).  
Table 19: List of antibodies used for immunostainings. 

Antigen Clone Species Subtype Dilution Company 

Primary       

OCT4 Sc-9081 Rabbit IgG 1:200 Santa Cruz (Santa 

Cruz, CA, USA) 

TRA 1-60 TRA 1-60 Mouse IgM 1:200 Merck Millipore 

SSEA-4 MC-813-70 Mouse IgG 1:20 Merck Millipore 

Albumin 188835 Mouse IgG 1:100 R&D Systems 

AFP 189502 Mouse IgG 1:100 R&D Systems 

cTNT 200805 Mouse IgG 1:100 R&D Systems 

Nestin 10C2 Mouse IgG 1:100 Merck Millipore 

β-III-tubulin TuJ-1 Mouse IgG 1:100 R&D Systems 

α-SMA 1A4 Mouse IgG 1:500 R&D Systems 

GLI1 Polyclonal Rabbit IgG 1:200 Novus Biologicals 

(Littleton, CO, USA) 

Secondary Fluorochrome     

Anti-mouse Alexa Fluor 488 Goat Anti IgG 1:200 Thermo Fisher Scientific 

Ani-mouse Alexa Fluor 594 Goat Anti IgG 1:200 Thermo Fisher Scientific 

Anti-mouse Alexa Fluor 647 Goat Anti IgG 1:200 Thermo Fisher Scientific 

Anti-mouse Alexa Fluor 594 Goat Anti IgM 1:200 Thermo Fisher Scientific 
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Anti-rabbit Alexa Fluor 488 Goat Anti IgG 1:200 Thermo Fisher Scientific 

Anti-rabbit Alexa Fluor 594 Goat Anti IgG 1:200 Thermo Fisher Scientific 

2.7.2 Collagen staining 

Collagen staining was performed with Sirius Red solution (Chondrex, Woodinville, WA, 

USA) after 5 days of stimulation of BM-MSC following manufacturers' instruction. Cells 

were fixed with 4% PFA for 20 min and incubated with the solution for 30 min. Afterward, 

cells were washed until no red color was visible in the water, dried, and mounted with 

Dako on glass slides. Pictures were taken with the Leica DMRX microscope and the 

Leica Application Software suite v3.1.0. 

2.7.3 Cytospin and Diff-Quick staining  

Diff-Quick (also Wright’s stain) is a hematologic stain with a mixture of eosin and 

methylene blue to distinguish blood cell types. The solutions stain the cell’s 

compartments based on the ionic charge producing varying blue, red, and violet shades. 

Combined with the neutral benzidine staining for erythrocytes, this staining can 

distinguish between erythrocytes, granulocytes, leukocytes, macrophages, 

megakaryocytes, and more. A cytospin chamber was assembled with a filter card and 

glass slide and prepared by adding 200 µl ddH2O per spot and spinning at 400 rpm for 

4 min in a CytospinTM 4 cytocentrifuge (Thermo Fisher Scientific). 50,000 to 100,000 

cells were applied to each spot and centrifuged at 400 rpm for 4 min. The glass slides 

were air-dried, and cells were fixed with methanol for 4 min followed by incubation in 1% 

benzidine solution (Sigma Aldrich) for 2 min and 30% H2O2 solution for 90 sec. The slides 

were washed 30 sec with ddH2O and air-dried. For the Diff-Quick staining, slides were 

incubated five times for 5 sec in Diff-Quick solution I and 30 sec in Diff-Quick solution II 

(both Merck Millipore, Burlington, MA, USA) and afterward washed twice for 30 sec in 

ddH2O. Glass slides were air-dried and mounted with Entallan (Merck). Pictures were 

taken with the Leica DMRX microscope and the Leica Application Software suite v3.1.0. 

2.7.4 Staining of adipogenic and osteogenic differentiation 

Cells of the osteogenic differentiation were washed with PBS, incubated with 4% 

paraformaldehyde (PFA) for 15 min, and stained for 20 min with Alizarin Red S solution 

(Sigma Aldrich) at 37°C. The cells were washed until no red color in the PBS was visible. 

After the staining, pictures were taken with the EVOS® FL microscope. 
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Cells of the adipogenic differentiation were also fixed with PFA, washed, and then 

permeabilized for 5 min with 0.2% Triton X-100 (Merck, Darmstadt, Germany) in PBS. 

After washing twice, cells were incubated for 5 min with 1:1000 Hoechst in PBS. After 

discarding the Hoechst solution, staining with BODYPI was performed, diluting 

BODYPI™ (Thermo Fisher Scientific) 1:10,000 in water and incubating the cells for 

15 min. After discarding the BODYPI solution and washing the cells thrice with water, 

pictures were taken with the EVOS® FL microscope using the Hoechst and GFP 

channel. 

2.8 Protein extraction, SDS Page, and Western blot 
For protein extraction JAK2:CXCL4KO and JAK2 V617F:CXCL4KO iPS cell-derived 

hematopoietic cells were harvested on day 14 of spin EB differentiation. The cell 

suspension was collected in a 15 ml tube. Cells were counted and centrifuged for 4 min 

at 300 g at 4°C. Cells were washed once with PBS followed by resuspension in lysis 

solution: 50 mM Tris-HCl pH 7.4, 1% NP-40, 0.1% sodium dodecyl sulfate (SDS), 0.25% 

sodium deoxycholate, 150 mM NaCl, 5 mM EGTA, 50 mM NaF, 1 mM Na3VO4 (all 

Sigma Aldrich) and 1x protease inhibitor mix (Roche, Basel, Switzerland). The cells were 

incubated 1 h on ice, vortexing the solution every 10 min. Samples were centrifuged at 

13,000 g and 4°C for 4 min. The concentration was determined by the Bradford protein 

assay (BioRad, Berkeley, CA, USA) using BSA (Sigma Aldrich) for a standard curve. 

The absorption was measured at 595 nm with a Tecan photometer (Männedorf, 

Switzerland).  

For the SDS-Page, 40 µg protein lysate was used. The samples were heated for 5 min 

with 4x loading buffer at 95°C, chilled on ice, and then applied on an 8% SDS gel. After 

2 h at 60 mA, the separated proteins were plotted for 2 h with 160 mA on methanol 

activated polyvinylidene difluoride (PVDF) membrane (Thermo Fisher Scientific) using a 

semi-dry blotting device from BioRad. The membrane was blocked afterward for 30 min 

with 4% milk powder washed thrice with Tris-buffered saline (TBS) containing 0.5% 

Tween20 (T-TBS Buffer, Merck) and incubated overnight at 4°C with the first antibody: 

CXCL4 (clone 170138 mouse anti-human, 1:1,000, Thermo Fisher Scientific). CXCL4L1 

(polyclonal rabbit anti-human, 1:1,000, Thermo Fisher Scientific) and β-actin (clone AC-

74, mouse anti-human 1:5,000, Sigma Aldrich) in T-TBS. The next day, the membrane 

was washed thrice and incubated with the secondary antibody at RT for 1 h: CXCL4 and 

β-actin with horseradish peroxidase (HRP) conjugated sheep anti-mouse antibody and 

for CXCL4L1 with HRP conjugated donkey anti-rabbit antibody (all 3 at 1:10,000, GE 

Healthcare). The membrane was washed, and proteins were detected with SuperSignal 
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West Pico chemiluminescence substrate (Thermo Fisher Scientific). Blots were exposed 

and pictures were taken with a Gel-Doc system (BioRad) 

2.9 CRISPR/Cas9 mediated genome editing 

2.9.1 Design of CRISPR/Cas9 mediated CXCL4KO and CXCL4L1KO 

The CRISPR guide RNA (gRNA) sequences were selected with the CRISPR.MIT.EDU 

website by the Zhang Lab (https://zlab.bio/guide-design-resources, Cambridge, MA, 

USA) and double-checked with the IDT DNA website. CXCL4 and CXCL4L1 have three 

exons, including noncoding sequences, the signal protein, and the protein-coding part 

(Figure 18A). For the CXCL4 knockout, two pairs of gRNAs were designed for the Cas9 

nickase system to generate double-strand breaks spanning the first exon to achieve the 

complete deletion of the first exon, to render the protein dysfunctional or not being 

generated. Guides were designed with a maximum offset of eight base pairs and the 

Cas9 cleavage site at the 5’ overhang of the guides. The first pair targets the start of 

exon one and the second pair intron one so that a possible INDEL will not occur in the 

coding sequence of the gene (Figure 18B). Furthermore, sequences were analyzed with 

the Basic Local Alignment Search Tool (BLAST) from the National Center for 

Biotechnology Information (NCBI, Bethesda, MD, USA) for possible off-target effects. 

Only guides with at least two mismatches in the seed region between nucleotide 5 and11 

were used (Ran et al., 2013). 

https://zlab.bio/guide-design-resources
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Figure 18: Design and position of guides for CXCL4KO and CXCL4/L1dKO. 
(A) CXCL4 and CXCL4L1 exon structure with annotation of sequencing primer (arrows) and sgRNA guides 
(lines). CXCL4KO annotation in blue, CXCL4/L1dKO in black. (B) CXCL4KO sequencing primer and sgRNA 
position in detail. (C) CXCL4KO and CXCL4/L1dKO sequencing primer and gRNA position in detail. Adapted 
from Boehnke et al., 2021. 

For the double CXCL4 and CXCL4L1 knockout, the Cas9 nuclease was used because 

it was impossible to design four different guides matching both genes. One guide was 

placed in front of the first exon cutting in both genes CXCL4 and CXCL4L1. The other 

two guides were designed in the first Intron. These will cause the complete knockout of 

the whole first exon of CXCL4 and CXCL4L1 and therefore cause a dysfunctional or 

absent protein.  
Table 20: List of used gRNA for CRISPR 

gRNA Sequence 

gRNA 1A GTACTATCTTAGTTTCCGCA 

gRNA 1B AGTTCCTCGGTGTCCACTTC 

gRNA 2A GCTGAGTGTCTGGCCACAGT 

gRNA 2B CTGCACCTGCACCTCCCACC 

gRNA 1 TGGGTGATTGTTGGTGGAGCC 

gRNA 2 AGCAGGCTCTCCGTTAAGTG 

gRNA 3 AGCTGCGATCATGATCCTAG 

JAK2 gRNA GTAAAACTACAGGCTTTCTAA 

JAK2 donor 
template 

TTCTCACAAGCATTTGGTTTTAAATTATG 
GAGTATGTGTCTGTGGAGACGAGAGTAA 
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2.9.2 Design of CRISPR/Cas9 mediated repair of JAK2 V617F  

The gRNA for targeting the JAK2 V617F locus was designed like the CXCL4 targeting 

gRNAs. The goal was a repair of the mutation and not a knockout. Therefore, a 

fluorescence-labeled guide was designed additionally containing the repair for the G to 

T mutation and additional a silent mutation in the following glycine codon (Figure 18B). 

This additional mutation should prevent the Cas9 protein from modifying the same 

position multiple times and therefore enhance the repair efficacy. As the targeted region 

has limited PAM sequences necessary for the Cas9 targeting, the nuclease system was 

used.

 
Figure 19: Design and position of the guide targeting the JAK2 V617F mutation. 
Schematic overview of the DNA sequence in JAK2 exon 14 with amino acid sequence. Red boxes indicate 
the changed base pairs and the blue box the PAM sequence. 

2.9.3 CRISPR/Cas9 editing  

For the knockout of CXCL4 and CXCL4L1 protein and repair of the JAK2 V617F 

mutation, the ALT-R system of IDT DNA was used based on the S. pyogenes 

CRISPRCas9 system for an optimized genome editing for producing on-target double-

stranded DNA breaks (Vakulskas et al., 2018). The two-part system combines the 

optimized, shortened, target-specific CRISPR RNA (crRNA, with 36 nt: 20 nt target-

specific protospacer region, along with the 16 nt tracrRNA fusion domain) 

oligonucleotide with an optimized, shortened tracrRNA oligonucleotide (67 nt, Figure 

11B). The gRNA complex formation and the RNP complex formation were performed 

manually and then delivered into the cells by the AMAXA nucleofector system. For 

annealing of crRNA and tracrRNA, both were incubated 1:1 for 5 min at 95°C in a 

thermocycler (Eppendorf) and chilled at RT for 30 min. For the crRNA:tracrRNA:Cas9 

RNP complex formation, 1.7 µl of the crRNA:tracrRNA complex was incubated with 

2.5 µl of the Cas9 protein at RT. The RNP was delivered into the cells with the Neon™ 

transfection system (Thermo Fisher Scientific) following the manufacturer’s instructions 

with 1350 volt. 
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2.10 Statistical analysis 
Graphical display and statistical analysis were performed with GraphPad Prism 6 and 

represented with the mean ± standard deviation (SD). Statistical significance was 

analyzed using two-tailed, unpaired Student t-test. P values <0.05 were considered 

statistically significant (*p<0.05, significant; **p<0.01, very significant; ***p<0.001, 

extremely significant; ****p≤0.0001, extremely significant). 
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3 Results 

3.1 Generation and characterization of iPS cells 
iPS cells with JAK2 V617F mutation were generated from patients with PV by previous 

Ph.D. students (Küstermann, 2019; Sontag, 2017). Single-cell iPS cell clones were 

generated and characterized by allele-specific PCR for the JAK2 genotype.  

From patient 1 (female, allele burden 37%), the JAK2 unmutated clone number 007 and 

JAK2 V617Fhet clone number 009 were used (referred to as PV1 JAK2 and PV1 JAK2 

V617Fhet, Table 21). JAK2 V617Fhom  clone number 021 was used from patient 2 (male, 

allele burden 96%, referred to as PV2 JAK2 V617Fhom), and from patient 3 (male, allele 

burden 25%), the unmutated clone JAK2 number 026 and the heterozygous clone JAK2 

V617Fhet number 006 (referred to as PV3 JAK2 and PV3 JAK2 V617Fhet) was used in 

this thesis and verified by allele-specific PCR (Table 21, Figure 20). The unmutated JAK2 

clones showed a band for JAK2 at 229 bp and the control band at 463 bp. The 

homozygous clones had two bands, the 279 bp JAK2 V617F band and the control band, 

and the heterozygous clones had all three bands. More genotypes were generated with 

the CRISPR/Cas9 technology (3.2.1). 
Table 21: Reprogramed iPS cell clones used in this thesis.  

Patient Age Gender 
Disease 
type 

Allele 
burden 

Sample 
type 

Clone 
number JAK2 mutation 

Patient 1 45 f PV 37% PB 
007 JAK2 

009 JAK2 V617Fhet 

Patient 2 47 m PV 96% PB 021 JAK2 V617Fhom 

Patient 3 38 m PV 25% PB 
026 JAK2 

006 JAK2 V617Fhet 

 
Figure 20: Allele-specific PCR for iPS cell clones. 
Representative agarose gel after allele-specific PCR for PV1 JAK2, PV1 JAK2 V617Fhet, PV2 JAK2 
V617Fhom, PV3 JAK2, and PV3 JAK2 V617Fhet. For each tested clone: left JAK2 (fragment size 229 bp), 
JAK2 V617F (fragment size 279 bp), and control (fragment size 463 bp). Reprogramming was performed by 
pervious Ph.D. students (Küstermann, 2019; Sontag, 2017). 

3.1.1 iPS cell clones had further mutations and polymorphisms  

Besides mutations in the JAK2 locus, patient-derived iPS cells gained other disease-

specific MPN-related modifications during disease progression. Clones were screened 
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for these additional mutations by NGS. A panel with 31 genes related to MPN was used 

to analyze all iPS cell clones (Kirschner et al., 2018; Toledo et al., 2021). 

Both clones of PV1 had mutations in CBL and the JAK2 V617Fhet clone in TET2 (Table 

22). No further mutations were found in PV2 JAK2 V617Fhom, but clinically not relevant 

polymorphisms in ASXL1, EZH2, and the tumor protein TP53. PV3 had no further 

mutations but polymorphisms in ASXL1, TP53, TET2, and SETBP1 in all clones. 

Furthermore, clones from all three patients were analyzed for chromosomal 

abnormalities to exclude their influence on the phenotypes observed in experiments 

(Figure 21). The heterochromatin block of the long (q-) arm of chromosome 9 was shifted 

in both PV1 clones to the short (p-) arm by two fracture events and a 180° rotation 

(inv(9)(p12q13)). This reorganization occurs with a frequency of 1.5 % in the European 

population and is not considered as a chromosomal aberration. Clones from PV2 and 

PV3 had no chromosomal abnormalities. 

 
Figure 21: Karyotyping of iPS cell clones shows no aberrations.  
Karyogram of PV1 JAK2, PV1 JAK2 V617Fhet, PV2 JAK2 V617Fhom, and PV3 JAK2. PV1 has an inversion 
(inv) in chromosome 9, PV2 and PV3 have a normal karyotype. In collaboration with the Institute for Human 
Genetics, Uniklinik RWTH Aachen, Germany. 
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Table 22: NGS analysis of MPN-associated genes.  
NGS analysis of MPN-associated genes of PV1 JAK2 and JAK2 V617Fhet, PV2 JAK2 V617Fhom and PV3 JAK2 and JAK2 V617Fhet iPS cell clones (in collaboration with 
the Medical Clinic IV, RWTH Aachen University Hospital, Aachen, Germany). c. HGVS, Human Genome Variation Society notation at the transcript level; p. HGVS, Human 
Genome Variation Society notation at the protein level; -, mutation not detected. Mutation classification: 1, not pathogenic or of no clinical significance; 2, likely not 
pathogenic or of little clinical significance; 3, variant of uncertain significance; 4, likely pathogenic or of clinical significance; 5, definitely pathogenic or of clinical significance. 
CBL, JAK2, and TET2 are classified as mutations, ASXL1, EZH2, TP53, TET2, and SETB1 as polymorphisms. *clones were analyzed by Caroline Küstermann 
(Küstermann, 2019). 

Gene Transcript Loc. c. HGVS p. HGVS 
Mutation 

class. 

PV1 

JAK2* 

PV1 JAK2 

V617Fhet* 

PV2 JAK2 

V617Fhom 

PV3 

JAK2 

PV3 JAK2 

V617Fhet 

CBL NM_005188 E9 c.T1364del p.Y455del 1 39% 25% - - - 

JAK2 NM_001322194 E4 c.1849G>T p.V617F 5 - 29% 99% - 39% 

TET2 NM_001127208 E3 c.35A>G p.N12S 1 - 27% - - - 

ASXL1 NM_015338 E12 c.2444T>C p.L815P 1 - - 100% 100% 100% 

EZH2 NM_004456 E6 c.553G>C p.D185H 2 - - 51% - - 

TP53 NM_000546 E4 c.215c>G p.P72R 2 - - 99% 52% 52% 

TET2 NM_001127208 E11 c.5284a>G p.I1762V 2 - - - 50% 50% 

SETPB1 NM_015559 E4 c.3301G>A p.V1101I 1-2 - - - 51% 51% 

 



Results 

 

P a g e  | 52 

 

3.1.2 iPS cell clones  

For quality assessment of the iPS cell clones, morphology was evaluated, staining for 

pluripotency markers was performed, and differentiation potential into the three lineages 

ectoderm, endoderm, and mesoderm was evaluated. For PV1 derived clones, the quality 

assessment was already performed by Caroline Küstermann (Küstermann, 2019).  

All clones grew as tightly packed colonies with sharp edges and a high nucleus to cell 

plasma ratio. Immunostainings for the pluripotency marker TRA-1-60, SSEA-40, and 

OCT4, combined with the nucleus staining (Asprer & Lakshmipathy, 2015), showed a 

uniform expression pattern in PV2 JAK2 V617Fhom  and PV3 JAK2 (Figure 22A). The 

surface proteins TRA-1-60 and SSEA-40 are localized at the outer cell membrane, the 

transcription factor OCT4 is localized in the nucleus.  

The neuroectoderm markers nestin and β-III-tubulin, the endoderm markers albumin 

(ALB) and α-fetoprotein (AFP), and the mesoderm markers cardiac troponin T (cTNT) 

and α-smooth muscle actin (α-SMA) are commonly used to validate three lineage 

differentiation potential (Zeevaert et al., 2020). Immunostainings of these markers 

verified the differentiation potential PV2 JAK2 V617Fhom and PV3 JAK2 (Figure 22B and 

supplemental Figure 42). 

In summary, generated iPS cells had no other clinically relevant mutations than JAK2 

V617F, show normal karyotypes, typical morphology with uniform pluripotency marker 

expression, and three lineage differentiation potential, which makes them suitable for 

further applications.  
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Figure 22: Pluripotency staining and 3 linage differentiations of PV2 JAK2 V617Fhom and PV3 JAK2.  
(A) Representative fluorescence images of PV2 JAK2 V617Fhom and PV3 JAK2. TRA-1-60 (red), SSEA4 
(yellow), OCT4 (green) and nuclei (blue) were stained. Scale: 100 µm. (B) Representative fluorescence 
images of PV2 JAK2 V617Fhom and PV3 JAK2. β-III-tubulin (ectoderm), albumin (endoderm), and α-SMA 
(mesoderm, all green) were co-stained with the nuclei (blue). Further lineage marker staining in 
supplemental Figure 42. Scale: 50 µm. 

3.2 CRISPR/Cas9 mediated genome editing  
The CRISPR/Cas9 technology is a powerful tool to insert, eliminate or exchange gene 

fragments. In the present work, CRISPR was used to repair the JAK2 V617F mutation 

in PV2 JAK2 V617Fhom and create a knockout of the first exon of CXCL4 and CXCL4L1 

in PV1 JAK2 and JAK2 V617Fhet.  

3.2.1 Missing JAK2 genotypes were generated by CRISPR/Cas9 

In all three patient-derived iPS cells, one (PV2) or at maximum two out of three 

genotypes (PV1 and PV3) naturally occurred because of the high allele burden in PV2 

(96%, only homozygous clones) and low allele burden in PV1 and PV3 (25% and 37%, 

only unmutated and heterozygous clones). To verify that phenotypes observed in later 

experiments are provoked by the JAK2 mutation and not by other patient-specific 

mutations, JAK2 unmutated and JAK2 V617Fhet clones were generated from PV2 

JAK2 V617Fhom using CRISPR/Cas9.  

After electroporation of the PV2 JAK2 V617Fhom clone with JAK2 V617F targeting 

ribonucleoprotein (RNP) complex together with an ATTO-labeled guide, a clear shift of 
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the mean fluorescence intensity (MFI) was observed (Figure 23A). The 18.3% ATTOhigh 

cells were seeded in single-cell suspension on a MEF feeder layer to generate clonal 

iPS colonies. The bulk screening showed a strong band of 229 bp for JAK2 after allele-

specific PCR proving the successful application of CRISPR (Figure 23B). Comparing the 

JAK2 and JAK2 V617F band intensity (Bio-Rad CFX Maestro software), over 50% of the 

bulk cells were modified. 

Single-cell derived colonies were picked 2 weeks later, analyzed by allele-specific PCR 

and colonies with the JAK2 band (unmutated) alone or with JAK2 and JAK2 V617F band 

(heterozygous) were analyzed by Sanger sequencing. Of 96 picked clones, 61 were 

stable and further analyzed. 23% of the colonies were unmutated, 51% heterozygous 

and 26% still non-edited JAK2 V617Fhom clones (Figure 23C). Three JAK2 unmuted 

clones (PV2 JAK2 052, PV2 JAK2 072, and PV2 JAK2 092) and one JAK2 heterozygous 

clone (JAK2 V617Fhet 070) were generated.  

For further experiments, PV2 JAK2 072 and JAK2 V617Fhet 070 were selected and are 

further referred to as PV2 JAK2 and PV2 JAK2 V617Fhet (Figure 23D, Table 23). To prove 

that CRISPR application did not affect the pluripotency status or the differentiation 

capacity into the three germ layers, immunostainings for pluripotency markers and 

lineage markers after differentiation were performed. PV2 JAK2 and PV2 JAK2 V617Fhet 

undifferentiated cells express the surface marker TRA-1-60 and SSEA-40 as well as the 

transcription factor OCT4, proving the pluripotent status (Figure 23E). Differentiated cells 

express lineage-specific markers for ectoderm (β-III-tubulin, nestin), endoderm (albumin 

and AFP), and mesoderm (α-SMA and cTNT), which proved their differentiation capacity 

(Figure 23F, supplemental Figure 42). 

In summary, the JAK2 V617Fhom was successfully repaired using CRISPR technology. 

PV2 JAK2 and JAK2 V617Fhet clones were generated, are pluripotent, and can 

differentiate into all three germ layers. 
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Figure 23: CRISPR/Cas9 mediated generation of JAK2 and JAK2 V617Fhet iPS cell clones from JAK2 
V617Fhom PV2. 
(A) Sorting of ATTOhigh cells 24 h after electroporation. 18.3 % of the cells were seeded for further screening. 
(B) Bulk screening with allele-specific PCR for JAK2 and JAK2 V617F of ATTOhigh sorted cells. The 
JAK2 V617Fhom clones had a strong band or JAK2 and JAK2 V617F after CRISPR editing. (C) Distribution 
of genotype of picked colonies for JAK2 and JAK2 V617F. (D) DNA sequencing of selected iPS cell clones 
used in the thesis (PV1 JAK2 007, PV2 JAK2 V617Fhom 021, PV2 JAK2 072 and PV2 JAK2 V617Fhet 070, 
Table 23). PAM sequence, JAK2 repaired side (RS) and introduced silent mutation (SM) are highlighted. (E) 
Representative fluorescence images of PV2 JAK2 and PV2 JAK2 V617Fhet undifferentiated iPS cells. TRA-
1-60 (red), SSEA4 (yellow), OCT4 (green) and DNA (blue) were stained. Scale: 100 µm. (F) Representative 
fluorescence images of PV2 JAK2 and PV2 JAK2 V617Fhet after EB spontaneous differentiation assay. 
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β-III-tubulin (ectoderm), albumin (endoderm), and α-SMA (mesoderm, all green) were co-stained with the 
DNA (blue). Further lineage marker staining in supplemental Figure 42. Scale: 50 µm. 

Table 23: CRISPR modified iPS cell clones used in this thesis. 

Original clone CRISPR modification 

PV1 JAK2 007 PV1 JAK2:CXCL4KO 

PV1 JAK2 V617Fhet 009 PV1 JAK2 V617Fhet:CXCL4KO 

PV2 JAK2 V617Fhom 021 
PV2 JAK2 072 

PV2 JAK2 V617Fhet 070 

3.2.2 Generation of CXCL4 and CXCL4/L1 deficient iPS cell clones  

Gleitz et al. reported that CXCL4 is a central effector of bone marrow fibrosis in mice (H. 

Gleitz et al., 2020). To dissect the role of CXCL4 in a human system, a CRISPR/Cas9 

mediated knockout of CXCL4 (CXCL4KO) in iPS cells was performed (Boehnke et al., 

2021). In contrast to the murine system, humans harbor CXCL4 and the variant 

CXCL4L1 (also PF4var1). This variant occurred most probably due to gene duplication 

with only three different amino acid residues in the mature protein compared to CXCL4. 

Because the CXCL4L1 protein could rescue the knockout of CXCL4, a CXCL4 and 

CXCL4L1 double knockout (CXCL4/L1dKO) should be generated. Unlike the JAK2 V617F 

repair, no donor template was necessary to generate the CXCL4KO and CXCL4/L1dKO. 

The gRNA was designed to delete the first exon of CXCL4 and CXCL4L1 entirely.  

After the nucleofection of PV1 JAK2 and PV1 JAK2 V617Fhet with the RNP complex 

containing the Cas9 nickase of all four gRNAs, a strong band of around 250 bp was 

visible after bulk PCR screening for both clones (Figure 24A). The CRISPR/Cas9 

nickase knockout had an efficiency of over 85% for both clones, comparing the bands' 

intensity.  

Screening of 24 generated single-cell clones for each bulk, JAK2 and JAK2 V617Fhet, 

resulted in 50% of the colonies with CXCL4KO in both alleles (Figure 24B). Promising 

clones were further analyzed by DNA sequencing and one clone for JAK2 and JAK2 

V617Fhet was selected for deeper analysis, further referred in this thesis as 

JAK2:CXCL4KO and JAK2 V617Fhet:CXCL4KO, respectively (Table 23, Boehnke et al., 

2021). JAK2:CXCL4KO had a biallelic deletion of 425 bp (Figure 24C). In contrast, both 

alleles had a different deletion length in JAK2 V617Fhet:CXCL4KO. To separate the 

signals, CRISPR-ID was used (Dehairs et al., 2016). This bioinformatic web application 

separates up to three alleles from a single Sanger sequencing file. CISPR-ID depicted a 

399 bp deletion on one allele and a 402 bp deletion on the other allele (Figure 24D). 

Furthermore, CXCL4KO was verified on protein level by Western blot. JAK2:CXCL4KO 

and JAK2 V617Fhet:CXCL4KO clones were differentiated into megakaryocytes until 



Results 

 

P a g e  | 57 

 

day 14 of spin EB differentiation because iPS cells do not express CXCL4 in contrast to 

megakaryocytes. As a control, PV2 JAK2 V617Fhet day 14 megakaryocytes and 

recombinant CXCL4 were used. For none of either knockout clone, a CXCL4 band was 

visible, verifying the successful CXCL4KO (Figure 24E, entire Western blot in 

supplemental Figure 43, Boehnke et al., 2021). Both clones exhibit typical iPS-like 

characteristics, express the pluripotency marker TRA-1-60, SSEA-40, and OCT4 (Figure 

24F), and showed differentiation capability into the three lineages ectoderm, endoderm, 

and mesoderm (Figure 24G, supplemental Figure 42, Boehnke et al., 2021). 
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Figure 24: CRISPR/Cas9 nickase mediated CXCL4KO in PV1 JAK2 and JAK2 V617Fhet. 
(A) Bulk PCR 1 day after application of CRISPR. A strong band at around 250 bp is visible for JAK2 and 
JAK2 V617Fhet, with fainter bands at 641 bp and around 500 bp. (B) Frequencies of CXCL4, CXCL4KO het, 
and CXCL4KO hom clones after first PCR screening. Twenty-four clones of JAK2 and JAK2 V617Fhet were 
picked. (C) Sanger sequencing of PV1 JAK2:CXCL4KO. (D) Sanger sequencing of PV1 JAK2 
V617Fhet:CXCL4KO. Deconvolution was performed using CRISPR-ID. (E) Western blot analysis of PV1 JAK2 
V617Fhet:CXCL4KO and PV1 JAK2:CXCL4KO. PV2 JAK2 V617Fhet and recombinant CXCL4 protein were 
used as control. CXCL4 (11 kDa) and β-actin (45 kDa, loading control). (F) Representative fluorescence 
images of PV1 JAK2:CXCL4KO and JAK2 V617Fhet:CXCL4KO undifferentiated iPS cells. TRA-1-60 (red), 
SSEA4 (yellow), OCT4 (green) and DNA (blue) were stained. Scale: 100 µm. (G) Representative 
fluorescence images of PV1 JAK2:CXCL4KO and JAK2 V617Fhet:CXCL4KO after EB spontaneous 
differentiation assay. β-III-tubulin (ectoderm), albumin (endoderm), and α-SMA (mesoderm, all green) were 
co-stained with DNA (blue). Further lineage marker in supplemental Figure 42. Scale bar: 50 µm. Adapted 
from Boehnke et al., 2021. 

As the usage of the Cas9 nickase system for the CXCL4/L1dKO would require eight 

gRNAs (four for targeting CXCL4 and four for CXCL4L1), which was not possible 

because the genomic sequence of CXCL4 and CXCL4L1 share most of the nucleotide 

residues. The Cas9 nuclease system was used instead. Here, just one binding gRNA is 

needed for a double-strand break. gRNA 1 targeted CXCL4 and CXCL4L1, gRNA 2 

targeted CXCL4, and gRNA 3 targeted CXCL4L1 (Figure 18).  

The analysis of the CRISPR/Cas9 nuclease efficiency by bulk PCR showed strong bands 

with similar intensity at 400 bp and above 1000 bp and weak bands in between (Figure 

25A). The calculated CRISPR efficiency of this reaction was 50%. As the used primer 

targeted both, CXCL4 and CXCL4L1, no statement can be made about the individual 

alleles. After single-cell seeding, 24 colonies for JAK2 and JAK2 V617Fhet were picked 

and genotyped (Figure 25B). For CXCL4, 32% of all clones were targeted at least for 

one allele of the JAK2 and JAK2 V617Fhet clone. For CXCL4L1, 40% were targeted for 

JAK2 and only 20% for JAK2 V617Fhet on at least one allele. No clone with a biallelic 

knockout of CXCL4 and CXCL4L1 was generated.  

In summary, CXCL4KO clones were generated successfully for PV1 JAK2 and JAK2 

V617Fhet. The generated clones showed a normal phenotype, had no chromosomal 

aberrations, were pluripotent, and can differentiate into all three germ layers. The 

absence of CXCL4 was verified by Western blot. These clones will be a valuable tool to 
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investigate the role of CXCL4 in human myelofibrosis. The biallelic knockout of both 

CXCL4 and CXCL4L1 was not successful. The already generated CXCL4KO clones could 

be used to knockout CXCL4L1 in these clones.  

 

Figure 25: CRISPR/Cas9 nuclease mediated CXCL4/CXCL4L1dko in PV1 JAK2 and JAK2 V617Fhet.  
(A) Bulk PCR 1 day after application of CRISPR. Two strong bands at around 400 bp and above 1000 bp 
were shown for the JAK2 and JAK2 V617Fhet clone. (B) Distribution of CXCL4/L1, CXCL4/L1KO het, and 
CXCL4/L1KO hom clones after PCR screening. For JAK2 and JAK2 V617Fhet, 24 colonies were picked. No 
CXCL4/L1dKO clone was picked for JAK2 and JAK2 V617Fhet. 

3.3 Establishing a protocol for iPS cell differentiation into 
megakaryocytes 

Three different protocols to generate megakaryocytes from iPS cells were evaluated: (1) 

a commercially available kit designed for megakaryocyte differentiation from PB derived 

CD34+ HSC, (2) a previously published approach using 2D cell culture for iPS cell 

differentiation, and (3) a spin EB based approach also for iPS cells. All chosen protocols 

designated an easy-to-apply protocol with our laboratory equipment.  

3.3.1 Megakaryocyte expansion supplement did not differentiate iPS cells  

The StemSpan™ MES, containing SCF, IL-6, IL-9, and TPO, was developed to 

differentiate human CB or bone marrow-derived CD34+ HSC into megakaryocytes. 

When using StemSpan™ SFEM or StemPro™-34 SFM supplemented with MES, only a 

few, mainly apoptotic cells were observed after 14 days of culture. Thus, these media 

were not suitable for megakaryocyte production of iPS cell-derived HSC. On the other 
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hand, EB medium supplemented with MES resulted in the proliferation of CD34+ cells. 

In contrast, EB medium with TPO led to the attachment of cells to the plastic surface of 

the cell culture dish (Figure 26A). Cells in the supernatant of both EB medium conditions 

were analyzed by flow cytometry to determine if generated cells were megakaryocytes. 

No CD41+ or CD42b+ cells were observed in either medium condition. Only 5% and 1% 

of all cells were CD61+ in EB medium with MES or TPO, respectively (Figure 26B). As 

CD61+ alone is not enough to characterize cells as megakaryocytes, the generation of 

megakaryocytes failed with all tested conditions. 

 

Figure 26: StemSpan™ Megakaryocyte Expansion Supplement is not suitable for megakaryocyte 
generation from iPS cell-derived HSC. 
After 14 days of megakaryocyte differentiation using the StemSpan™ Megakaryocyte Expansion 
Supplement, (A) cell morphology was analyzed by phase-contrast microscopy and (B) megakaryocyte 
surface marker expression was measured by flow cytometry (CD41, CD42b, and CD61). Scale: 400 µm. 

3.3.2 iPS cells did not produce megakaryocytes in 2D differentiation 

In 2016 Börger et al. published a protocol to generate megakaryocytes from iPS cells in 

a 2D culture (Börger et al., 2016). In their approach, iPS cells were plated as single cells 

on laminin-coated plates and differentiated within 24 days into megakaryocytes. 

STEMdiff™ APEL™ 2 medium (further referred to as APEL2 medium) supplemented 

with VEGF, BMP4, TPO, SCF, and IL-3 (Figure 27A).  

In our study, the clones PV1 JAK2 and JAK2V617Fhet were differentiated according to 

the protocol, but after 24 days of differentiation, no suspension cells could be observed 

(Figure 27A). As megakaryocytes could still be attached to the cell layer, the layer was 

harvested with trypsin treatment and cells were analyzed by flow cytometry for the 

hematopoietic markers CD31, CD34, and CD45 as well as the megakaryocyte markers 

CD41, CD42b, and CD61. 

Flow cytometry showed that 6% of cells were CD31+ and 18% CD34+. The surface 

markers CD31 and CD34 are expressed in hematopoietic cells but also markers for 
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endothelial cells and the hemogenic endothelium. All cells were CD45- and negative for 

the megakaryocyte markers CD41, CD42b, and CD61. As the cell layer did not produce 

suspension cells even 10 days after the endpoint of the protocol, the analyzed cells were 

most probably non-hematopoietic endothelial cells. Therefore, differentiation into cells of 

the hematopoietic system failed using this protocol. 

 
Figure 27: 2D megakaryocyte differentiation with APEL 2 medium.  
(A) Phase-contrast pictures of 2D megakaryocyte differentiation with APEL 2 medium at day 2, 7, 14, and 
24. Scale: 500 µm. (B) Cells were harvested on day 24 and analyzed for the expression of CD31, CD34, 
CD45, CD41, CD42b, and CD61 by flow cytometry. Only a few cells are CD31+ and CD34+ and all cells are 
CD41-, CD42b-, CD45-, and CD61-. 

3.3.3 3D spin EB protocol generated a high number of megakaryocytes 

Liu et al. published in 2015 a spin EB based method to differentiate feeder-free iPS cells 

into cells of the hematopoietic system and specifically into megakaryocytes (Liu et al., 

2015). In our study, we used transferrin instead of insulin-transferrin-selenium and BSA 

at day 0 of differentiation as EB disintegrated using HSA at day 0 (data not shown). Liu 

et al. used BMP4 and VEGF until day 11 of differentiation. However, the BMP4 and 

VEGF receptor is expressed only in early stages of differentiation and reduced after 

mesodermal commitment (data not shown). No difference between the conditions 

supplementing VEGF and BMP4 until day 7 or day 14 was observed neither in the 

surface marker expression nor the cell quantity (Supplemental Figure 44). Therefore, 

VEGF and BMP4 were used only until day 7 of differentiation. 

With the spin EB protocol, hematopoietic cells were successfully generated from iPS 

cells with all three different JAK2 genotypes. Three thousand single cells were forming 

an EB, which increased in diameter until day 14. First hematopoietic cells were in 

suspension starting from day 7 for JAK2 V617Fhom and at day 8 to 9 for JAK2 and JAK2 

V617Fhet iPS cells. For JAK2 V617Fhom, HSC were completely dense at day 14, 

recapitulated in the number of suspension cells counted at day 14 for each 96-well plate 

(Figure 28A). Clones with JAK2 revealed around 2.05 ±2.5 million, JAK2 V617Fhet around 

3.15 ±4.5 million cells, and JAK2 V617Fhom 8.85 ±4.4 million cells per plate. Those data 
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demonstrate that more suspension cells were released in cells with a homozygous JAK2 

V617F background (28 B). 

 

Figure 28: Spin EB megakaryocyte differentiation of JAK2, JAK2 V617Fhet, and JAK2 V617Fhom. 
(A) Representative pictures of the EB development in spin EB differentiation from day 2 to day 14 for JAK2, 
JAK2 V617Fhet, and JAK2 V617Fhom. Scale: 1000 µm. (B) Quantification of suspension cells per 96-well plate 
on day 14 of differentiation cumulated for JAK2 (n=22), JAK2 V617Fhet (n=9), and JAK2 V617Fhom (n=13). 
Data is represented as means ± SD. Statistical significance was assessed by Student t-test (**p≤0.005, 
****p≤0.0001). 

3.3.4 Caspase inhibitor enhanced survival of purified megakaryocytes 

Several techniques are available for isolating specific cells like fluorescence-activated 

(FACS) or magnetic-activated (MACS) cell sorting based on the surface protein 

expression. Cell survival after the purification is a crucial criterion. FACS can generate a 

stress response due to the shearing stress of the sheath fluid transporting the cells 

through the flow cell. Especially for larger cells like megakaryocytes, this can lead to 

enhanced apoptosis. Indeed, fluorescence sorted cells showed apoptosis rates of more 

than 75% 5 days after sorting CD41+/CD61+ cells (data not shown).  

MACS is around four to six times faster than FACS and can reduce cellular stress 

(Bowles et al., 2019) but has limitations regarding the selected surface markers. 
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Magnetic sorting of CD61+ cells resulted in efficiencies of more than 95% of the sorted 

cells to be CD41/CD42b/CD61 expressing megakaryocytes. Still, the survival of the cells 

5 days later remained on low levels. Alternative magnetic sorting of CD42b+ cells and 

special MACS columns for larger cells did not enhance the viability. 

Avanzi et al. reported in 2015 that the caspase inhibitor Q-VD-OPH increases the 

maturation and ploidy of megakaryocytes which produce more proplatelets (Avanzi et 

al., 2015). Therefore, we evaluated in our study the effect of Q-VD-OPH supplementation 

at 50 µM directly after magnetic sorting of CD61+ megakaryocytes for 2 and 5 days 

(Figure 29). Two cell populations were observed in the FSC/SSC plot of flow cytometric 

data in the control conditions with DMSO for 5 days. The upper larger population was 

over 90% CD41+/CD61+, but most cells lost CD42b expression. The lower small 

population was also CD41+/CD61+ and over 60% of the double-positive cells were also 

CD42b+. 

In comparison, in both Q-VD-OPH treated conditions, the lower population in the 

FSC/SSC plot increased to more than 55% of detected cells. Similar to the untreated 

cells, the upper population was CD41+/CD61+ but CD42b-. However, cells of the lower 

population were more than 75% CD41+/CD42b+/CD61+. Supplementation with the 

caspase inhibitor for 5 days showed only a slight increase in triple-positive cells 

compared to 2 days of treatment.  

In summary, Q-VD-OPH is suitable for enhancing the overall megakaryocyte survival 

after MACS and can be used for the maturation of sorted cells. As the difference between 

2 days and 5 days of supplementation was only minor, 2 days of supplementation after 

sorting was used for further experiments.  
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Figure 29: Effect of the caspase inhibitor Q-VD-OPH on cell survival after MACS purification. 
Cells were MACS sorted on day 14 of spin EB differentiation for CD61+ cells and cultured for 2 or 5 days 
with 50 µM supplementation of Q-VD-OPH in the medium. As a control, DMSO was supplemented into the 
medium. Cells were analyzed by flow cytometry for indicated surface markers. 

3.3.5 Megakaryocytes showed proplatelet production and have high ploidy 

In addition to the expression of specific surface markers, there are further requirements 

to identify functional megakaryocytes. Premature megakaryocytes do not proliferate, but 

their nucleus is continuously dividing. This process called endomitosis leads to a 

multinucleated phenotype. Fully matured polyploid megakaryocytes start to build 

proplatelets budding from the outer cell membrane.  
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In Figure 30A, representative cytospins of day 14 megakaryocytes are shown for all three 

JAK2 genotypes. Megakaryocytes showed a high ploidy and no differences could be 

observed between the genotypes. Only around 10% of cells had a high ploidy visible in 

cytospins meaning that most megakaryocytes are non-mature but already 

CD41+/CD42b+/CD61+. Maturation of megakaryocytes for longer times did not increase 

ploidy (data not shown). For a better comparison, flow cytometry analysis of the ploidy 

state should be performed in future.  

The demarcation system producing the proplatelets was visible in cytospins and bright 

field microscopy (Figure 30A/B, indicated with black arrows). Long proplatelet structures 

emerged from the megakaryocyte’s outer cell membrane. A platelet activation assay 

based on the stimulation with thrombin was performed to prove the functionality of these 

emerging platelets. Thrombin binds to the protease-activated receptors on the platelet 

surface and activates platelets (De Candia, 2012). As a control, freshly isolated platelets 

from CB were used. After stimulation, CD41+/CD61+ platelets were analyzed regarding 

their expression of p-selectin CD62b. Upon thrombin activation, CD62b, stored in non-

activated platelets in α-granules, is translocated to the plasma membrane and therefore 

detectable by flow cytometry (J. Wang et al., 2005).  

CB-derived platelets show a high population of over 87% CD41+/CD61+ cells, which 

express CD62p after thrombin treatment (Figure 30C/D). Although proplatelets and 

platelets were visible in both, phase contrast images and cytospins from iPS cells derived 

megakaryocytes, only a small proportion of the platelet population was CD41+/CD61+. 

No activated platelets were observed after the treatment with thrombin.  

 

Figure 30: Morphologic characterization of iPS cell-derived megakaryocytes and platelets.  
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(A) Representative Diff-Quick stainings of PV2 JAK2, JAK2 V617Fhet, and JAK2 V617Fhom iPS cell-derived 
megakaryocytes. Scale: 50 µm. (B) Representative phase-contrast picture of proplatelets forming from iPS 
cell-derived megakaryocytes. Scale: 50 µm. (C) Platelet activation assay of platelets derived from CB 
compared with iPS cell-derived platelets. (D) Platelet activation was quantified in CB-derived platelets in two 
independent experiments. Data is represented as means ± SD. Statistical significance was assessed by 
Student t-test (***≤0.001). 

3.4 The JAK2 mutation is reflected in the megakaryocyte 
phenotype 

With the establishment of the spin EB protocol for the generation of megakaryocytes, we 

had the opportunity to investigate the influence of the JAK2 mutation on megakaryocytic 

development. It is of great interest to what extent the mutation influences the cells' 

kinetics, maturation, and composition. 

3.4.1 The JAK2 genotype had only minor effects on HSC 

To determine if the different numbers of suspension cells produced by EB are caused by 

a general difference in kinetics based on the JAK2 genotype PV2 JAK2, JAK2 V617Fhet, 

and JAK2 V617Fhom iPS cells were differentiated with the spin EB protocol. As the 

heterozygous and unmutated JAK2 clones were generated by repairing the mutation in 

the homozygous clone with CRISPR, the clones share all side mutations shown in Table 

22. Therefore, observed differences are solely caused by the JAK2 mutation. 

Cells were collected on day 11, 14, and 19 of differentiation. To further determine the 

effect of the JAK2 mutation, cells were differentiated with and without the 

supplementation of TPO. The JAK2 V617F mutation is expected to impact on the TPO 

effect directly. Cells were analyzed by flow cytometry using a hematopoietic panel with 

antibodies against CD31, CD34, CD43, CD45, and CD117. 

CD34/CD45 are surface markers for hematopoietic stem cells with the potential to 

differentiate to most cells of the hematopoietic system, including megakaryocytes (Figure 

31A). The percentage of double-positive cells remains on an elevated level over the 

analyzed 8 days of differentiation. The JAK2 V617Fhom clone has with around 40% fewer 

HSC than the other two genotypes with about 60% HSC.  

CD34+/CD43+ cells are described in the literature as early hematopoietic progenitors, 

which are also expressed in the early development of the MEP lineage. The number of 

CD34+/CD43+ cells remained on a stably low level for JAK2 V617Fhom with around 20% 

(Figure 31B). In contrast, for JAK2 and JAK2 V617Fhet, the number of double-positive 

cells was about 35%, decreasing over time to approximately 20%, similar to JAK2 

V617Fhom. 

CD117, also known as c-kit, is the SCF receptor and is expressed in early hematopoietic 

development. As expected, the level of c-kit+ cells declined for all three genotypes over 
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time and expression of c-kit on day 11 was higher for JAK2 V617F clones than the 

unmuted one (Figure 31C).  

The platelet endothelial cell adhesion molecule PECAM-1, better known as CD31, is an 

adhesion protein expressed by endothelial cells and various hematopoietic stem cells 

like platelets, macrophages, granulocytes, lymphocytes, and megakaryocytes. The 

number of CD31+ cells increased over time for JAK2 from under 60% to around 80%, is 

stable for JAK2 V617Fhet with approximately 80%, and decreases for JAK2 V617Fhom 

starting with about 80% and reducing to 60% (Figure 31D). 

Taken together, the analysis of the hematopoietic markers showed only minor effects in 

expression and conditions with and without TPO had no influence. 

 

Figure 31: Differentiation kinetics of hematopoietic stem cell marker.  
Suspension cells were analyzed by flow cytometry on day 11, 14, and 19 of differentiation. PV2 JAK2 (blue), 
JAK2 V617Fhet (yellow), and JAK2 V617Fhom (red) were analyzed. TPO treated (dark color) and untreated 
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conditions (light color) were compared to analyze differences in TPO dependency on hematopoietic 
differentiation. (A) CD34+/CD45+, (B) CD34+/CD43+, (C) CD117+ and (D) CD31+ populations were analyzed. 
Three independet experiments were performed and data is represented as means ± SD. 

3.4.2 JAK2 V617F had significant effects on megakaryocyte development 

Even more interesting than the hematopoietic panel is the kinetics of megakaryocytic 

markers, as megakaryocytes are believed to be the main effector in myelofibrosis. 

Therefore, the same approach as in 3.4.1 was applied on the megakaryocytic markers 

CD41, CD42b, and CD61. 

CD41+/CD61+ cells increased over time for the JAK2 unmuted clone from 15% at day 11 

to 30% on day 19 (Figure 32A). The expression in JAK2 V617Fhet was stable around 

30% at all time points, and markers decreased in the JAK2 V617Fhom clone from 30% on 

day 11 to 20% on day 19. For JAK2 mutated clones, culture without TPO did not 

influence megakaryocyte counts. On the other hand, megakaryocyte numbers 

decreased over time to less than 10% in the JAK2 unmutated clone cultured without 

TPO. 

CD41+/CD42b+ cells increased for JAK2 unmutated clones from around 15% on day 14 

to more than 30% on day 19, while they were declining without TPO (Figure 32B). In 

contrast, higher CD41+/CD42b+ megakaryocytes levels were observed in JAK2 mutated 

clones with no difference between the heterozygous and homozygous condition nor the 

condition with and without TPO. 

CD41+/CD42b- megakaryocytes can be characterized, as described above, as more 

mature proplatelet forming cells. Other publications report that the CD42b expression 

remains stable over time, meaning that the loss of this marker can be identified as a 

hallmark of apoptotic cells. This is in line with the observations in 3.3.4, where CD42b+ 

cells increased after the application of the caspase inhibitor. Numbers for JAK2 

unmutated CD41+/CD42b- megakaryocytes increased with the addition of TPO and 

remained on a low level (under 5%) for cells without TPO (Figure 32C). Also, for the 

JAK2 V617F muted clones, CD41+/CD42b- cells increased over time, especially on day 

19. No effects of conditions with and without TPO were observed. 

Figure 32D shows the summarized marker expression of all analyzed clones on day 14 

of spin EB. To not let the erythrocyte bias (more details in 3.4.3) of the homozygous 

clone cross-fade every other effect, cells were gated on CD45+ cells and then analyzed 

for the megakaryocyte markers CD41, CD42b, and CD61. In JAK2 and JAK2 V617Fhet 

clones, more than 40% of the cells were CD41+/CD42b+/CD61+ in the condition with 

TPO. In the JAK2 V617Fhom clone, more than 70% were triple positive. 

The JAK2 unmutated clones had with around 20% significantly fewer 

CD41+/CD42b+/CD61+ cells in the condition without TPO. In JAK2 V617F clones, these 
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numbers remained stable without TPO. The observations made in Figure 32A/B/C are 

recapitulated in Figure 32D (and supplemental Figure 45 and Figure 46) and were 

significant due to the larger sample size and the missing erythrocytes. The patient-

specific effects got less pronounced and the mutation-specific impact more prominent 

In 2017, Sim et al. described that stem cell-derived megakaryocytes have different 

granularities based on their maturation state. Immature megakaryocytes have a low 

granularity which increases over time (Sim et al., 2017). SSC light enters the flow 

channel in flow cytometry from the light source, is refracted by cells in a direction outside 

the original light path and provides information about the internal complexity and 

granularity. Therefore, measurement of the SSC can be used to determine the 

maturation state of megakaryocytes. CD41+/CD42b+/CD61+ cells were analyzed with 

regard to their FSC-A and SSC-A to determine the effect of the JAK2 mutation on 

maturation (Figure 32E). FSC-A, measuring the size of the cells, is at a similar level for 

JAK2, JAK2 V617Fhet, and JAK2 V617Fhom cells. For SSC-A, measured values are higher, 

showing a higher granularity. Therefore, JAK2 V617Fhet and JAK2 V617Fhom were more 

matured than the unmutated cells. Even though all JAK2 V617F clones have a larger 

SSC-A value than the unmutated, this effect is not significant due to the small sample 

size of n=3. 

Altogether it can be concluded that the JAK2 genotype directly influences the kinetics of 

megakaryocyte development. For JAK2 unmuted clones, the number of megakaryocytes 

was lower than for mutated ones. Cells were developing slower and therefore also 

reached the peak of differentiation later. Furthermore, experiments show a direct 

influence of the JAK2 genotype on the TPO effect. For JAK2 unmuted clones, missing 

TPO causes a tremendous reduction of megakaryocytic differentiation. In contrast, only 

minor effects were observed for JAK2 V617Fhet and V617Fhom clones without TPO. JAK2 

V617Fhom clones reached their peak of differentiation between day 11 and day 14. For 

JAK2, unmuted clones reached the highest megakaryocyte count on day 19. JAK2 

V617Fhet clones were in between these extremes. The granularity confirmed this 

observation, as JAK2 mutant clones were less granular and therefore less mature. 
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Figure 32: JAK2 genotype has significant effects on megakaryocytic markers expression and 
granularity. 
Suspension cells of PV2 JAK2 (blue), JAK2 V617Fhet (yellow), and JAK2 V617Fhom (red) were analyzed by 
flow cytometry on day 11, 14, and 19 of differentiation. TPO treated (dark color) and untreated conditions 
(light color) were compared to detect differences in TPO dependency on hematopoietic differentiation. (A) 
CD41+/CD61+, (B) CD41+/CD42b+, (C) CD41+/CD42b- cells were measured (all n=3). (D) Summary of 
differentiation from all three patients and genotypes (JAK2 + TPO n=15, JAK2 – TPO n=13, JAK2 V617Fhet 
+ TPO n=12, JAK2 V617Fhet -TPO n=10, JAK2 V617Fhom + TPO n=11 and JAK2 V617Fhom -TPO n=7). (E) 
Analysis of changes in FSC and SSC populations (n=3). Data is represented as means ± SD. Statistical 
significance was assessed by Student t-test (*p≤0,05, **p≤0.005, ***p≤0.001, ****p≤0.0001). 
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3.4.3 JAK2 V617F caused erythrocyte bias in hematopoietic development 

For further analysis of the effect of JAK2 V617F mutation on hematopoietic development, 

the number of erythrocytes was analyzed. In Figure 33A, representative flow cytometry 

plots for JAK2, JAK2 V617Fhet, and JAK2 V617Fhom suspension cells on day 14 of 

differentiation are shown. 53% (±8.7) of differentiated cells were CD45-/CD235a+ for the 

JAK2 V617Fhom clone. The JAK2 V617Fhet clones had around 10.6% (±12.5) erythrocytes 

and the unmutated clones 1.6% (±1.6). Treatment with and without TPO had no effects 

on erythrocyte numbers. In contrast, conditions with and without TPO had a strong effect 

on the number of megakaryocytes. 

In Figure 33B, erythrocyte numbers are depicted for day 11, 14, and 19 of the spin EB 

differentiation with and without TPO for all three genotypes of PV2. The number of 

erythrocytes was over 40% and remained stable over time for JAK2 V617Fhom. The JAK2 

unmutated clone had less than 10% erythrocytes on day elven and the number declined 

until day 19. The JAK2 V617Fhet clone had more than 20% erythrocytes on day 11, which 

reduced to about 10% on day 14 and day 19. The supplementation of TPO has no 

impact.  

Figure 33C and supplemental Figure 45 shows the summarized CD235a expression of 

all analyzed clones on day 14 of spin EB with and without TPO. The observations of 

Figure 33B are recapitulated and JAK2 specific effects became more pronounced 
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Figure 33: JAK2 V617F mutation causes bias towards erythrocytes.  
(A) Representative flow cytometry plots of JAK2, JAK2 V617Fhet and JAK2 V617Fhom iPS spin EB 
differentiation on day 14 with and without TPO treatment. (B) The CD235a expression was measured in 
suspension cells by flow cytometry on day 11, 14 and 19 of differentiation. PV2 JAK2 (blue), JAK2 V617Fhet 
(yellow) and JAK2 V617Fhom (red) were analyzed. To analyze differences in TPO signaling, TPO treated 
(dark color) and untreated conditions (light color) were compared. (n=3) (C) Summary of CD235a expression 
from all three patients and genotypes (JAK2 + TPO n=15, JAK2 – TPO n=13, JAK2 V617Fhet + TPO n=12, 
JAK2 V617Fhet -TPO n=10, JAK2 V617Fhom + TPO n=11 and JAK2 V617Fhom -TPO n=7). Data is represented 
as means ± SD. Statistical significance was assessed by Student t-test (*p≤0,05, **p≤0.005, ***p≤0.001, 
****p≤0.0001). 
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3.4.4 Erythrocyte bias is reflected in CFU assays with CD34+ HSC 

In CFU assays, colonies are counted after culture for 10 days in a semi-solid medium to 

determine the differentiation potential of CD34+ HSC. 

For the analysis of unbiased myeloid differentiation, CD34+ cells were separated from 

day 14 spin EB suspension cells by MACS and cultured for 10 days in CFU medium. 

Colonies for erythrocytes (BFU-E and CFU-E), granulocytes (CFU-M), and macrophages 

(CFU-M), as well as mixed colonies (CFU-GM and CFU-GEMM), were quantified (Figure 

34A). As bright field microscopy is a subjective quantification, colonies were further 

classified by staining picked colonies with Diff-Quick solution (Figure 34B).  

Colonies were determined based on the following characteristics: Erythrocytes have the 

typical brownish color caused by hemoglobin's reaction with the benzidine peroxide 

solution. As they are not fully matured, they have a nucleus. Small spherical cells with a 

characteristic nucleus consisting of several segments are granulocytes. Macrophages 

are the biggest cells observed with a low nucleus to cytoplasm ratio and characteristic 

vacuoles. CFU-GM and CFU-GEMM are a heterogeneous mixture of the cells described 

above. Megakaryocytes are not visible in CFU as the medium composition does not favor 

megakaryocyte differentiation. 

BFU-E, CFU-E, and CFU-GEMM occur in similar frequencies in all JAK2 genotypes 

(Figure 34C and supplemental Figure 47). In contrast, erythrocyte colonies were with 

53.7% (±12.2) significantly more abundant in JAK2 V617F clones compared to JAK2 

V617Fhet with 29.9% (±14.2) erythrocytes and JAK2 unmutated clones with 24.2% 

(±16.3) erythrocytes. The number of granulocyte colonies was lower in JAK2 V617Fhom 

than JAK2 and JAK2 V617Fhet, and macrophages colonies decreased significantly from 

JAK2 unmutated towards JAK2 V617Fhet/hom. 
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Figure 34: Quantification of colony-forming units from CD34+ cells cumulated from PV1-PV3.  
(A) CD34+ cells were seeded in a density of 10,000 cells per 12-well plate and cultured for 10 days. Bright-
field images of the colonies after 10 days. BFU: burst forming unit, CFU: colony-forming unit, E: erythrocytes, 
G: granulocytes, M: macrophages. Scale: 400 µm (B) Cytospins of the colonies observed in A. Stained with 
Diff-Quick and benzidine peroxide solution. Scale: 50 µm (C) Quantification of the colonies after 10 days of 
culture. Genotypes are summarized over different clones to highlight the effect of the genotype (JAK2 n=9, 
JAK2 V617Fhet n=8 and JAK2 V617Fhom n=3). Data is represented as means ± SD. Statistical significance 
was assessed by Student t-test (*p≤0,05, **p≤0.005, ***p≤0.001). 

3.5 Gene expression analysis 
By analyzing gene expression on mRNA level, it is possible to detect smallest changes 

caused by the JAK2 mutation. Therefore, RT-qPCR and RNA-Seq were performed. 



Results 

 

P a g e  | 75 

 

3.5.1 RT-qPCR analysis revealed differential gene expression 

mRNA gene expression analysis of CD61+-purified megakaryocytes was performed 

using selected target genes on day 14 spin EB of all available clones. Studied genes can 

be divided into three subgroups: CXCL4, CXCL4L1, CXCL7 (also PPBP), and TGF-β as 

those genes associated with the development of myelofibrosis (Figure 35A), FLI1, 

GATA1, vWF, MPL, NF-E2, and EGF are essential genes during the differentiation of 

hematopoietic stem cells into megakaryocytes (Figure 35B) and IL-6 and TNF are genes 

that play an important role in inflammatory responses (Figure 35C). The results were 

summarized by JAK2 genotype from all patients. Results divided by patients are shown 

in supplemental Figure 48. 

All tested myelofibrosis-related genes had the highest expression in JAK2 V617Fhet 

clones and were significantly upregulated compared to the JAK2 unmutated 

megakaryocytes. JAK2 unmutated and JAK2 V617Fhom megakaryocytes were on the 

same level. Furthermore, the chemokines CXCL4 and CXCL7 were even higher 

expressed than the housekeeping gene GAPDH. The cytokine TGF-β, the driver of 

myofibroblast differentiation from MSC, was expressed in similar levels as GAPDH and 

CXCL4L1, which is only found in humans and unknown role in myelofibrosis, was less 

expressed than GAPDH.  

Comparable to the expression of myelofibrosis-associated genes, higher expression of 

megakaryocyte developmental genes was also demonstrated in JAK2 V617Fhet clones. 

Overall expression was significantly lower compared with the myelofibrosis-associated 

genes, but this was expected because FLI1, GATA1, vWF, and NF-E2 are transcription 

factors that are generally expressed at low levels. GATA1 is an early transcription factor 

of megakaryocyte development, FLI1, VWF und EGF are intermediate factors, and NF-

E2 is a late factor in the development. MPL as the TPO receptor was expected to be 

expressed stably over time. An important point to note is that all examined cells were 

CD61+ with an additional high expression of the surfacer markers CD41 and CD42b, 

meaning that all analyzed cells were at least immature megakaryocytes. The higher 

expression of genes in JAK2 V617Fhet clones suggests that at day 14 of spin EB 

differentiation clones reached the peak of differentiation. JAK2 unmutated clones 

seemed to be rather immature, whereas the JAK2 V617Fhom clone showed low 

expression of transcription factors which can be interpreted as more mature 

megakaryocytes.  

Inflammation is an essential mechanism in myelofibrosis, leading to activation of MSC 

and deposition of fibers into the bone marrow. Analysis of the inflammatory-related 

genes IL-6 and TNF revealed no significant differences between different JAK2 
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genotypes. A slight trend showed an increased expression of these two genes in JAK2 

V617Fhom clones, but as one out of the three measured samples had a low expression, 

this effect was not significant. This might indicate a more inflammatory phenotype in 

homozygous clones. To observe significant upregulation of inflammatory genes, day 14 

of spin EB differentiation might be too early to detect significant upregulation of 

inflammatory genes.  

 
Figure 35: RT-qPCR analysis, genotypes summarized from all 3 patients. 
mRNA expression analysis of day14 CD61+ megakaryocytes for PV1, PV2, and PV3. Genotypes are 
summarized for all patients and normalized to GAPDH. Blue: JAK2 (n=8), orange: JAK2 V617Fhet (n=6) and 
red JAK2 V617Fhom (n=3). (A) Myelofibrosis associated genes, (B) megakaryocyte development genes (C) 
inflammatory genes were analyzed (JAK2 n=9, JAK2 V617Fhet n=4 and JAK2 V617Fhom n=3). Data is 
represented as means ± SD. Statistical significance was assessed by Student t-test (*p≤0,05, **p≤0.005, 
***p≤0.001, ****p≤0.0001). 
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3.5.2 Differential gene expression is reflected in transcriptome analysis 

RNA-Seq analyses were performed on day 14 of PV2 JAK2 and JAK2 V617Fhom iPS 

cell-derived CD61+ megakaryocytes. The experiments were independently performed 

three times (in collaboration with K. Olschok, M.Sc. and M. A. S. de Toledo, Ph.D., 

Medical Clinic IV, RWTH Aachen University Hospital, Aachen, Germany). RNA-Seq data 

was analyzed was normalized by VOOM transformation (Law et al., 2014, in 

collaboration with M. Graßhoff, M.Sc. and I. Costa, Ph.D., Institute for Computational 

Genomics, Medical Faculty, RWTH Aachen University, Aachen, Germany). Thereby, the 

mean-variance relationship of the data is estimated and it is used to weight the data and 

translate logarithmic observations into linear models.  

Unsupervised principal component analysis (PCA) was used to analyze the overall 

structure of our dataset (Jolliffe & Jackson, 1993). In Figure 36 A, the three JAK2 

V617Fhom and the JAK2 unmutated megakaryocytes clustered together. Two JAK2 

V617Fhom megakaryocytes also clustered close together and were more distant to the 

third RNA sample. The unsupervised clustering of differentially expressed genes (DEG) 

in Figure 36B showed the specific up- and down-regulation of different genes based on 

the genetic background and highlights the differences between those genotypes. 

Moreover, the sub clustering of the up- and downregulated DEG revealed specific 

patterns based on the genotype.  

Gene ontology (GO) enrichment analysis can manage large data sets by classifying 

genes in specific predefined groups based on their biological function. GO analysis 

represents an easy but elegant way to compare gene expression patterns in differently 

treated samples or genotypes. In Figure 36C, we collected the top 20 up- and 

downregulated gene clusters. Only the three gene classes for organic, carboxylic, and 

sialic acid binding, were significantly upregulated in JAK2 V617Fhom compared to control. 

In total, 9 of these 20 upregulated genes were in the class of binding proteins. Other 

upregulated gene sets were mostly correlated to signaling and differentiation.  

All gene clusters of the top 20 downregulated genes were significantly downregulated 

compared to the JAK2 unmutated sample (Figure 36C). Interestingly, 19 out of 20 gene 

clusters are related to ECM organization, ECM binding, and collagen organization. The 

only cluster not involved in ECM organization or interaction was the class of endoplasmic 

reticulum lumen genes. 
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Figure 36: Analysis of megakaryocyte RNA-Seq data by PCA, VOOM transformed DEG analysis, and 
GO analysis.  
(A) Principal component analysis (PCA) of JAK2 and JAK2 V617Fhom samples showed clustering by 
genotype (B) VOOM transformed differential expressed genes analysis (DEG) JAK2 and JAK2 V617Fhom 



Results 

 

P a g e  | 79 

 

samples show distinct up- and downregulation of gene transcripts based on the underlying genotype. (C) 
Gene ontology (GO) of top up- and downregulated gene sets in JAK2 V617Fhom megakaryocytes compared 
to control. Data acquired in collaboration with K. Olschok, M.Sc. and M. A. S. de Toledo, Ph.D., (Medical 
Clinic IV, RWTH Aachen University Hospital, Aachen, Germany). Data analysis was performed in 
collaboration with M. Graßhoff, M.Sc. and I. Costa, Ph.D., (Institute for Computational Genomics, Medical 
Faculty, RWTH Aachen University, Aachen, Germany). 

The more detailed analysis of the top 20 single up- and downregulated genes (Figure 

37A) showed that 8 of the 20 upregulated genes are zinc finger proteins (highlighted in 

cyan), a heterogeneous group of proteins. They have 3D zinc finger structures with a 

zinc ion coordinating cysteine and histidine in common and play a role in DNA binding 

and transcriptional regulation, apoptosis, and protein folding. (Laity et al., 2001). 

Furthermore, 2 sialic acid-binding immunoglobulin-type lectins (Siglec) are upregulated. 

These proteins are mainly expressed by immune cells (Pillai et al., 2012). Seven of the 

top 20 downregulated genes are ECM proteins (six collagens and FN1). These findings 

are in line with the GO term analysis, where the ECM proteins were also downregulated. 

CXCL4L1 was also differentially expressed (*p=0.005) but not among the top 20 

significantly up- and downregulated genes. Other genes from the RT-qPCR approach, 

including CXCL4 (*p=0.7), did not show a significantly changed expression. In total, more 

than 250 additional significant DEG were found comparing JAK2 V617Fhom 

megakaryocytes with the unmutated control (*p<0.05), including the downregulation of 

lysyl oxidase (LOX, p=*0.042), important as a regulator of ECM production 2020). 

The analysis of pathway responsive genes (PROGENy) showed clustering of JAK2 and 

JAK2 V617Fhom megakaryocytes (Schubert et al., 2018; Figure 37B). No significant 

changes were observed in any of the analyzed pathways. However, a trend toward 

downregulation was observed for EGFR (*p=0.16), PI3K (*p=0.16), and TGF-β (*p=0.16) 

and a trend for upregulation for hypoxia-related genes (*p=0.17). 
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Figure 37: Top up- and downregulated genes in JAK2 V617Fhom compared to unmutated 
megakaryocytes and PROGENy analysis. 
(A) Top 40 DEG divided in left, upregulated genes and right, downregulated genes. Zinc finger protein genes 
are highlighted in cyan, ECM proteins in yellow. (B) PROGENy analysis of JAK2 V617Fhom clones compared 
to the control. Data acquired in collaboration with K. Olschok, M.Sc. and M. A. S. de Toledo, Ph.D., (Medical 
Clinic IV, RWTH Aachen University Hospital, Aachen, Germany). Data analysis was performed in 
collaboration with M. Graßhoff, M.Sc. and I. Costa, Ph.D., (Institute for Computational Genomics, Medical 
Faculty, RWTH Aachen University, Aachen, Germany). 

3.6 Generation of iPS-MSC and BM-MSC 
One of the main points of this work was to establish an iPS cell-derived fibrosis model to 

dissect the interactions of megakaryocytes and MSC. The feasibility of BM- and iPS-

MSC to undergo fibrosis is a major requirement of this system and is described in the 

following. 
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3.6.1 Isolation of BM-MSC from healthy donor hip bones 

To answer whether cytokine stimulation can induce fibrosis on iPS-MSC, BM-MSC 

isolated of hip bone were used as a positive control. To circumvent donor-related 

variations, BM-MSC from 3 different donors were isolated and characterized for 

expression of typical MSC markers CD29, CD73, CD90, and CD105 and their capacity 

to undergo fibrosis. 

The ideal time point was determined to perform the studies mentioned above in a 

preliminary experiment (data not shown). The strongest signal for α-SMA 

immunostainings was observed after 5 days of stimulation, which was then defined as 

the day of analysis for the following experiments. Isolated BM-MSC stimulated with 

CXCL4 or TGF-β/BMP4 expressed CD29, CD73, CD90, and CD105 (Figure 38A).  

The degree of fibrosis was analyzed based on α-SMA expression, the amount of 

extracellular collagen, and the expression of distinct genes. After 5 days of TGF-β/BMP4 

stimulation, BM-MSC had a 30% higher α-SMA expression than the untreated control. 

For CXCL4, only a slight upregulation was measurable. Quantification of all three 

patients showed a significant upregulation in the TGF-β/BMP4 condition (Figure 38B and 

C, supplemental Figure 50). 

The immunostaining in Figure 38D and supplemental Figure 51 recapitulates the findings 

that the TGF-β/BMP4 stimulated condition expressed more α-SMA compared to the 

untreated control. Once again, the CXCL4 condition did not change the α-SMA 

expression. The immunostaining of GLI1 showed the same expression pattern in all 

three conditions. 

Furthermore, staining of extracellular collagen fibers with Sirius Red solution after 5 days 

of stimulation showed increased fibrotic fibers in TGF-β/BMP4 stimulated BM-MSC 

compared to the unstimulated control. In the CXCL4 stimulated condition, only slightly 

more fibers were visible compared to unstimulated cells. BM-MSC treated with CXCL4 

showed faint staining compared to unstimulated cells (Figure 38E).  

To analyze gene expression after stimulation, RT-qPCR was performed. Again, 

validating experiments were performed to define the best time point for analysis on the 

gene level. Three different time points for stimulation were evaluated (1, 3, and 5 days), 

showing the strongest effects after 3 days of stimulation (data not shown). ECM genes 

like fibronectin (FN), the collagens COL1A1, COL1A2, and COL3A1 which are the base 

of reticulin fibers and the intracellular matrix gene α-SMA were analyzed. To elucidate 

the stimulation effect with TGF-β/BMP4 and CXCL4, their receptors TGF-βR, BMPR, 

and CXCR3, respectively, were analyzed. FAP, GLI1, CXCL4, and CXCL4L1 are genes 

described by other publications as possible effectors during fibrosis. MRTF and SRF are 
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serum response genes and regulate early genes in the cell cycle and cell differentiation 

pathways.  

A significant upregulation of FN expression was observed after stimulation with 

TGF-β/BMP4. Furthermore, a slight but not significant increased expression was 

observed in COL1A1, CXCL4, GLI1, and α-SMA. All these genes are known effectors of 

fibrotic transformation. Overall, the treatment of CXCL4 showed no difference in gene 

expression compared to control. All other analyzed genes show no change in gene 

expression after stimulation (Figure 38F). For better visualization, tested genes and 

conditions are summarized in a heat map shown in Figure 38G. The upregulated genes 

COL1A1, CXCL4, GLI1, and α-SMA clustered together in the TGF-β/BMP4 condition. Of 

note, two of the three BM-MSC lines analyzed clustered after TGF-β/BMP4 stimulation 

separated from the other conditions, emphasizing donor-specific differences in primary 

material. No change in these genes could be observed after CXCL4 stimulation, the data 

suggest that the CXCL4 is not enough for fibrotic transformation in this human model. 
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Figure 38: Characterization of BM-MSC from hip bones. 
(A) BM-MSC expressed the MSC core marker CD29, CD73, CD90, and CD105 in flow cytometry analysis 
in control, CXCL4, and TGF-β/BMP4 conditions. Isotype control is displayed in grey. (B) Flow cytometry 
analysis of α-SMA expression is shown in control, CXCL4, and TGF-β/BMP4 conditions (C) α-SMA 
upregulation after stimulation of three different BM-MSC lines with CXCL4 or TGF-β/BMP4 was quantified 
(n=3). (D) Representative images of α-SMA (red), GLI1 (green), and DAPI (blue) immunostaining after 
stimulation of unstimulated BM-MSC, or stimulated BM-MSC with CXCL4 or TGF-β/BMP4 for 5 days. Scale: 
100 µm (E) Syrius Red staining of collagen fibers for unstimulated BM-MSC or stimulated with CXCL4 or 
TGF-β/BMP4 for 5 days. Scale: 100 µm (F) RT-qPCR analysis of relevant genes of unstimulated MSC, or 
stimulated MSC with CXCL4 or TGF-β/BMP4 after 3 days (n=3). (G) Heatmap of gene expression from all 
three healthy donor BM-MSC in control, CXCL4, and TGF-β/BMP4 conditions. Data is represented as means 
± SD. Statistical significance was assessed by Student t-test (**p≤0.005, ****p≤0.0001). 

3.6.2 Directed differentiation of iPS-MSC  

Donor-specific variation in MSC was observed when inducing fibrosis upon TGF-β/BMP4 

stimulation. iPS cell-derived MSC were established to use them in a co-culture model 

with Megakaryocytes to overcome this limitation. Frobel et al. published in 2014 a 

protocol for efficient differentiation of iPS cells into MSC (Frobel et al., 2014). Since the 
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JAK2 V617F mutation has only been reported for the hematopoietic lineage and not for 

MSC, iPS-MSC generation was only performed with JAK2 unmutated clones. 

On MEF layer cultured PV1 JAK2 iPS cells were transferred 5 days on ultra-low 

attachment plates to generate EB and further cultured on gelatin-coated plates. The cells 

had an MSC-like phenotype after 26 days (Figure 39A). Cells were characterized by flow 

cytometry with the MSC surface markers CD29, CD73, CD90, and CD105. The 

hematopoietic and endothelial markers CD31, CD34, and CD45 were analyzed as a 

control and were expected to be negative in MSC (Figure 39B). Over 95% of cells 

expressed the MSC markers but none of the endothelial and hematopoietic markers.  

Furthermore, the differentiation capacity of the MSC towards the adipogenic and 

osteogenic lineage was evaluated. For adipogenic cells, lipid droplets were stained with 

BODYPI visible as green roundish droplets. Lipid droplets were observed in the 

stimulated condition. Alizarin Red S was used for the osteogenic lineage to stain calcium 

deposits which were only present in the differentiated condition (Figure 39C). Thus, iPS 

cells were successfully differentiated into functional MSC.  

Next, we assessed whether the generated iPS-MSC differentiate into myofibroblasts 

after stimulation with TGF-β/BMP4. As described for BM-MSC, iPS-MSC were cultured 

for 5 days with TGF-β/BMP4 to test whether iPS-MSC generate fibrotic α-SMA fibers 

after stimulation. iPS-MSC were stimulated for 5 days and BM-MSC were used as a 

positive control. α-SMA is shown in representative pictures in Figure 39D. For stimulated 

BM-MSC, distinct α-SMA fibers were found, whereas only a background signal was 

observed for unstimulated cells. 

In contrast, iPS-MSC showed less pronounced α-SMA fibers when stimulated. 

Compared to the unstimulated control, no difference in α-SMA expression was observed. 

To quantify the α-SMA expression, fibrotic clusters were randomly counted in 10 pictures 

and quantified for α-SMA positive clusters. For BM-MSC, α-SMA clusters were 

accumulated compared to control, while numbers of clusters were similar between iPS-

MSC and controls. This means that although patient-specific iPS cells can be 

successfully differentiated into iPS-MSC, fibrosis induction was not confirmed. 

Therefore, iPS-MSC were not suitable to use in a 2D co-culture model with 

Megakaryocytes focusing on fibrosis induction. Therefore, BM-MSC were used for the 

establishment of a fibrosis model. 
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Figure 39: Generation and characterization of iPS-MSC.  
(A) Scheme of differentiation of iPS cells into iPS-MSC with representative phase-contrast images of iPS 
cells on MEF, EB formation on ultra-low attachment plate, attachment of EB on gelatin-coated plates, and 
fully differentiated iPS-MSC. Scale: 1000 µm (B) iPS-MSC displayed expression for MSC core marker CD29, 
CD73, CD90, and CD105 and were negative for CD31, CD34, and CD45. Isotype control displayed in grey. 
(C) iPS-MSC differentiated towards the osteogenic and adipogenic lineage and were stained with alizarin 
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red and BODYPI/DAPI, respectively. iPS-MSC cultured with normal growth medium were used as control. 
Scale: 400 µm (osteogenic differentiation) and 50 µm (adipogenic differentiation). (D) Representative 
images of α-SMA (red) and DAPI (blue) immunostaining after stimulation of iPS-MSC and BM-MSC with 
TGF-β/BMP4 for 5 days. Scale: 400 µm and 50 µm (E) Quantification of α-SMA clusters in TGF-β/BMP4 
stimulated cells versus control unstimulated cells in iPS-MSC and BM-MSC. Ten randomly picked images 
were analyzed. Data is represented as means ± SD. Statistical significance was assessed by Student t-test 
(****p≤0.0001).  

3.7 Co-culture of iPS-MSC and iPS-MK 
Due to mutations in the JAK-STAT pathways and its constitutive activation, cytokine 

expression is dysregulated (e.g., CXCL4), leading to the activation of GLI1+ and LepR+ 

MSC differentiating into myofibroblasts, producing the ECM, and therefore causing 

fibrosis in mice. (Decker et al., 2017; Schneider et al., 2017). A co-culture model from 

patient-derived iPS cells differentiated into megakaryocytes combined with isogenic or 

healthy donor MSC can help to elucidate this process.  

To understand the mechanism of fibrosis in a 2D co-culture model, several factors must 

be considered: (i) which kind of MSC can be used (ii) which is the required density and 

the suitable medium for the culture of two different cell types, (iii) how to isolate and purify 

the iPS cell-derived megakaryocytes (iv) which timeframe is suitable for detecting the 

fibrosis.  

As described in 3.6.2, BM-MSC were used in this model instead of iPS-MSC. The first 

experiments tested which medium is suitable for cultivating BM-MSC and iPS cell-

derived megakaryocytes. Several publications describe the co-culture of MSC with 

mostly primary CD34+ HSC or megakaryocytes. The goal in these protocols is to favor 

the megakaryocyte survival and enhance platelet production without activating them. 

The use of FCS to support the growth of MSC is common in all protocols (Mendelson et 

al., 2019; Schneider et al., 2017).  

To minimize the number of FCS that could influence the megakaryocytes, culture tests 

were performed with 0%, 0.5%, 2%, and 10% FCS in SFM with TPO, IL-11, and SCF 

since this is the medium composition for iPS cell-derived megakaryocytes. 0.5% FCS 

still supported slow growth of BM-MSC, whereas 0% resulted in no proliferation. The 

cytokines had no influence on α-SMA expression in the TGF-β stimulation control (data 

not shown). The BM-MSC culture was started with 5,000 cells/cm² seeded 2 days before 

the start of the co-culture, which gave rise to a confluent layer at the end of the co-culture. 

Additionally, low-density MSC were used, not reaching confluency.  

Before starting with the co-culture, tests were performed if the conditioned medium from 

JAK2 V617F megakaryocytes or the lysed cells were suitable to induce the 

transformation of BM-MSC into myofibroblasts. After 5 days, the staining of α-SMA 

showed fibrotic clusters in both JAK2 and JAK2 V617Fhom cells and the lysate and 

conditioned medium. The α-SMA expression was higher with the conditioned medium 
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compared to the lysate condition, but no differences could be observed between JAK2 

and JAK2 V617Fhom (Figure 40). 

 
Figure 40: BM-MSC with conditioned medium and cell lysate.  
BM-MSC were cultured 5 days with conditioned medium and lysate of JAK2 and JAK2 V617Fhom 
megakaryocytes. The medium was changed on day 3 and fresh lysate or conditioned medium was applied. 
Staining for α-SMA (red) and the nucleus (blue). Representative pictures. Scale: 100 µm. 
 
Since the lysed cells and the conditioned medium showed no difference between JAK2 

and JAK2 V617Fhom, the next step was to use a direct co-culture of BM-MSC and iPS 

cell-derived megakaryocytes. For further experiments of purified megakaryocytes, 

treatment with caspase inhibitor for 2 days was performed, followed by the co-culture. 

Furthermore, the day 11 unpurified HSC megakaryocytes population was harvested and 

co-cultured for 5 days. 

Five days of BM-MSC co-culture with CD61+ JAK2 and JAK2 V617Fhom megakaryocytes 

increased the α-SMA in expression. The positive control with TGF-β and BMP4 showed 

a high upregulation with clearly visible α-SMA fibers (Figure 41A). Comparable results 

were observed for the co-culture of day 11 non purified HSC and megakaryocytes (data 

not shown).  

The quantification of the α-SMA expression by flow cytometry did not show an 

upregulation compared to the unstimulated control. Day 11 non purified HSC and 

megakaryocytes were co-cultured for 5 days with BM-MSC in two different densities. For 

high-density BM-MSC, a slight shift in the population for JAK2 V617Fhom compared to 

unmutated and heterozygous mutated JAK2 was visible. However, all three conditions 

show less α-SMA expression than the unstained control and much less than the TGF-β 

and BMP4 stimulated positive control (Figure 41B). 

Additionally, also the ECM protein collagen was stained to detect if fibrosis was induced. 

Only slightly more collagen fibers were observed in all three genotypes compared to the 

unstimulated control. Between the JAK2 genotypes, no differences were found. In 

contrast to the TGF-β/BMP4 stimulated positive control, where collagen fibers were 

visible (Figure 41C). 
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In summary, neither the MSC stimulation with megakaryocytic cell lysate nor conditioned 

medium nor the direct co-culture in different conditions drove the differentiation of MSC 

into myofibroblasts in a 2D model. Differences were found between the co-culture 

conditions and the control. The expected differences between JAK2 unmutated 

megakaryocytes compared with JAK2 V617F megakaryocytes was not observed. 

 
Figure 41: Analysis of α-SMA and collagen expression after co-culture of malignant iPS cell-derived 
megakaryocytes with BM-MSC.  
(A) BM-MSC were co-cultured 5 days with CD61+ JAK2 and JAK2 V617Fhom megakaryocytes. 
Representative images of α-SMA staining and the nuclei are shown in red and blue, respectively. Scale: 
100 µm (upper) and 50 µm (lower). (B) Flow cytometry analysis of α-SMA expression after co-culture of 
BM-MSC in 2 different densities with day 11 spin EB bulk population. (C) Collagen staining after co-culture 
of BM-MSC in 2 different densities with day 11 spin EB bulk population. Scale: 50 µm. 
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4 Discussion 

4.1 Rationale and significance of this study 
MPN are rare diseases with only 2 per 100,000 new diagnosed cases per year, mostly 

in adults over 60. Less than 1 of 100,000 patients develop myelofibrosis (Moulard et al., 

2014). The underlying mechanisms and especially the corresponding mutations 

remained unidentified until the early 2000s.  

With the discovery of the JAK2 mutation in 2005 (James et al., 2005), MPL mutation in 

2006 (A. D. Pardanani, 2006), and CALR mutation in 2013 (Klampfl et al., 2013; Nangalia 

et al., 2013), the underlying driver mutations are known today. A study with more than 

170 MPN patients described a low allele burden with a median of 25% in ET patients, a 

higher allele burden with a median of 40% in PV patients, and the highest allele burden 

in MF with 95% mutated JAK2 V617F (Alshemmari et al., 2014). The underlying 

mechanism in the different outcomes depending in the JAK2 V617F allele burden is still 

unknown.  

Several murine models have been established recently to untangle the mechanistic, but 

translation into the human system needs to be improved. Also, JAK2 V617F MPN cell 

lines are commercially available (e.g., HEL and SET2) and are very well suited for basic 

mechanistic questions on individual protein functions or first drug screening studies 

(Fenerich et al., 2020). The drawback of these cell lines is their adaption to the artificial 

cell culture environment, which makes them behave like cancer cells and not reflect the 

phenotype of the patient (van Staveren et al., 2009). Due to their location in the bone 

marrow, patient material and particularly primary megakaryocytes are challenging to 

obtain.  

With its potential to create patient-specific HSC, megakaryocytes and MSC in high 

amounts, the iPS cell technology allows us to create a human in vitro model to 

understand MPN and bone marrow fibrosis better. In combination with the CRISPR/Cas9 

technology for precise gene editing and the NGS technologies for high throughput 

generation of gene expression data, this gives us the tools needed to unravel the disease 

mechanisms, identify new therapies, and a cure for myelofibrosis.  

Ye et al. were the first group to reprogram JAK2 V617F heterozygous mutated MPN 

PBMNC into iPS cells and differentiating these cells into HSC (Ye et al., 2009). They 

could show that these cells are biased towards the erythrocytic lineage. In a later 

publication, they further tested JAK2 inhibitors in these iPS cell-derived cells (Ye et al., 

2014). Subsequently, many other groups generated iPS cells from MPN patients and 

described EPO resistance of these cells (Saliba et al., 2013), involvement of endothelial 
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cells in thrombopoiesis (Guadall et al., 2018), and differentiation of MPN-derived JAK2 

V617F iPS cells into megakaryocytes (W. Wang et al., 2018). A drawback in these 

studies is that no one analyzed the complete gene set of JAK2 unmutated, JAK2 

V617Fhet, and JAK2 V617Fhom cells, which is different from our study. Furthermore, the 

co-culture of MSC and patient-specific iPS cell-derived hematopoietic cells to dissect the 

mechanisms of myelofibrosis is a novel approach and was not published before. A 

co-culture model holds great potential to understand interactions of different cell types in 

vitro by representing the microenvironment. 

4.2 Successful generation of patient derived iPS cell clones and 
CRISPR/Cas9 mediated genetic modification 

In this study, we used reprogrammed iPS cells from three different PV patients. All clones 

exhibited an iPS cell-specific phenotype, expressed pluripotent markers, showed a three 

lineage differentiation potential, and had a normal karyotype. Previous studies have 

shown that MPN patients with JAK2 V617F mutation have precedent driver mutations 

correlated with poor survival (Papaemmanuil et al., 2013). The analysis of 31 genes 

associated with MPN by NGS (Kirschner et al., 2018; Toledo et al., 2021) revealed 

additional mutations and polymorphisms in TET2, CBL, ASXL1, EZH2, TP53, and 

SETB1 in our iPS cell clones. 

Jeong et al. demonstrated in 2019 the cytokine-regulated activation of TET2 by JAK2 in 

hematopoiesis. Mutations in the TET2 gene are associated with increased self-renewal 

in the hematopoietic lineage cells and co-mutation with JAK2 V617F was reported to 

increase the oncogenic potential in patients (E. Chen et al., 2015). Mutations in CBL 

were found in high frequencies in patients with JAK2 V617F mutation and promoted an 

IL-3 hypersensitivity of these cells. (Jeong et al., 2019). 

A higher mutation frequency in the genes ASXL1, EZH2 TP53, TET2, and SETB1 was 

described in MPN patients, but the observed polymorphisms have not been reported to 

influence MPN yet (Papaemmanuil et al., 2013).  

The presence of different mutations in cells of the same patient reflects the clonal 

composition and genetic complexity in MPN. This highlights the value of the different 

generated iPS cell lines, reinforcing the importance of generating JAK2 unmutated and 

JAK2 V617Fhet clones of the PV2 JAK2 V617Fhom clone, as these new clones share the 

whole genetic background with all side mutations. 

. 
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4.2.1 Generation of the full complement of V617F JAK2 clones 

A drawback of the previously mentioned studies was that they used just one or 2 iPS cell 

clones from one patient. However, to directly correlate the observed phenotypes with the 

genotype, all three JAK2 genotypes are required. Only then can it be safely assumed 

that observed differences are due to the JAK2 mutation and not caused by other patient-

specific mutations.  

We demonstrated that the allele burden of the patient directly correlates with the JAK2 

genotype because patient samples with a JAK2 V617F allele burden lower than 37% 

resulted in JAK2 unmutated and JAK2 V617Fhet clones after reprogramming. In contrast, 

patient samples with an allele burden of 96% resulted in homozygous clones. 

To establish a complete set of genotypes for one patient, we successfully obtained the 

isogenic PV2 JAK2 unmutated and JAK2 V617Fhet clones from the JAK2 V617Fhom clone 

using CRISPR/Cas9. The insertion or repair of the JAK2 V617F mutation to generate 

isogenic clones was performed so far only recently in an immortalized human erythroid 

progenitor cell line (Baik et al., 2021). The repair or insertion of the JAK2 V617F mutation 

in iPS cells has not been reported yet. 

The application of the ALT-R CRISPR system demonstrated high efficiency in repairing 

the JAK2 V617Fhom mutation. Using the ATTO fluorescence label increased the 

efficiency of our approach as FACS of the cells with inserted CRISPR complex was 

possible. 

The additional silence mutation was inserted into the donor template to prevent the JAK2 

V617F gene sequence from being modified multiple times. Due to the two mismatches, 

the V617F mutation and the silent mutation, the gene sequence is not any more 

complementary to the gRNA, and the RNP complex cannot bind. Sanger sequencing of 

the successfully generated PV2 JAK2 V617Fhet clones showed heterozygosity in the 

JAK2 V617F codon and the inserted silent mutation. Unexpectedly, also for the 

generated JAK2 unmutated clone, the inserted silent mutation was heterozygous 

modified. As both codons produce a valine, this fact has no further impact on the clone 

phenotype.  

The off-target screening on the website of iDT DNA resulted in three possible protein-

coding off-target in COA6 and CREBL2. These off-targets were different in at least three 

bases compared to the used sgRNA, of which at least two nucleotides were different in 

the seeding region. Sanger sequencing of these genes revealed no changes (data not 

shown, screening conducted by M. A. S. de Toledo, Institute for Biomedical Engineering, 

Department of Cell Biology, RWTH Aachen University, Medical School, Aachen, 

Germany). 
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4.2.2 Generation of CXCL4KO iPS cells 

Our study aimed to dissect the mechanisms of myelofibrosis in an in vitro system. In this 

context, CXCL4 has been shown to be an important chemokine in the murine system 

and the study of patient samples (H. Gleitz et al., 2020). Knockout of CXCL4 was 

performed using four gRNA where the combination of two gRNA caused a double-strand 

break in combination with the Cas9 nickase (Boehnke et al., 2021). This approach 

reduced the possibility of off-target modifications as two sgRNA that bind close to each 

other are required for a double-strand break. Therefore, the probability of off-targets is 

close to zero. 

Nevertheless, off-targets were analyzed with the help of the iDT DNA website. All 

possible off-targets had at least two mismatches. In combination with the used nickase 

system, the off-target risk can be neglected. The resulting iPS cells showed normal 

growth, pluripotency marker expression, and differentiation potential. As CXCL4 is not 

expressed in the iPS cell state, this was expected (Boehnke et al., 2021). Additionally, 

no knockout effects on kinetics, morphology or differentiation efficiencies were detected 

during the differentiation of CXCL4KO cells into megakaryocytes (data not shown).  

Since the human system contains the chemokine CXCL4L1, which differs by only three 

amino acids in the protein-coding sequence, a double knockout of CXCL4/L1 was 

targeted. The function of CXCL4L1 is not fully known yet. It is possible that this protein 

rescues the CXCL4KO and that no phenotype is visible in a single CXCL4 knockout. 

Analysis of the screened single-cell clones showed no clone with a biallelic knockout of 

both genes. The first screening by PCR showed that the CRISPR/Cas9 application had 

a relative efficiency of almost 50%. However, the calculated theoretic probability of 

finding a clone with a biallelic knockout in both genes has a probability of only 6% (0.54). 

In addition, gRNA 1 was designed to recognize both CXCL4 and CXCL4L1. It is possible 

that the RNP complex did not have the same binding efficiency for both genes. 

In summary, there are 2 possible explanations: The number of single-cell clones 

analyzed was too low, and therefore, no CXCL4/L1dKO clone was found. Alternatively, 

due to the possible unequal recognition of the genes, one gene was less affected. To 

avoid this problem for future experiments, it is helpful to perform a double knockout in 

two steps. First generating a biallelic CXCL4KO and subsequently apply CRISPR/Cas9 

again, specific for CXCL4L1. This approach is more time-consuming, but the probability 

of generating a CXCL4/L1dko clone is higher. As the CXCL4KO was already generated 

(Boehnke et al., 2021), the CXCL4L1KO could be targeted as a next step. 
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4.3 iPS cell differentiation into megakaryocytes 
After establishing all required iPS cell clones, a megakaryocyte differentiation protocol 

was required to generate patient-specific megakaryocytes. The protocol should be easy 

to apply to generate a high number of megakaryocytes in a reasonable time. The 

megakaryocytes should resemble adult human primary megakaryocytes, ideally in 

morphology, gene expression profiles, and other properties.  

Many different protocols are available for megakaryocyte differentiation. Most protocols 

aim to generate megakaryocytes from healthy donor iPS cells as an in vitro source for 

platelets (Börger et al., 2016; Sugimoto & Eto, 2017). In this study, we aimed to find a 

protocol without the need for complex technologies such as culture in bioreactors (Eicke 

et al., 2018) or the integration of foreign DNA into our cells, e.g., in forward 

reprogramming techniques (Moreau et al., 2016).  

Since the first generation of iPS cells in 2007, more than 130 studies were published 

using iPS cells to generate megakaryocytes (pubmed.ncbi.nlm.nih.gov, searching for 

“iPS cells” and “megakaryocytes”, 31.05.2021). The number of publications for the 

generation of other hematopoietic lineages from iPS cells is 10 times higher.  

The number of published studies reflects the difficulties and the need to generate HSC 

and megakaryocytes from iPS cells. Generation of autologous HSC and specified 

hematopoietic cells like megakaryocytes or platelets is a long-standing goal in 

regenerative medicine. This would overcome graft-versus-host-disease and the 

bottleneck of missing transplant material. In addition, no clinical application of iPS cell-

derived megakaryocytes or platelets is on the market yet (Deinsberger et al., 2020). So 

far, our knowledge on hematopoiesis and especially malignant changes in the 

hematopoietic niche are limited (Ackermann et al., 2015).  

In our study, two different protocols for the differentiation of iPS cells into 

megakaryocytes were tested before the successful application of the spin EB protocol. 

The first protocol was the commercially available MES supplement, designed to 

differentiate CD34+ cells from PB into megakaryocytes. The differentiation of CD34+ HSC 

into megakaryocytes with this method failed. Possible reasons for the failure might be 

differences between primary and iPS cell-derived HSC. Several studies showed that in 

vitro generated HSC have an altered differentiation potential and resembled embryonic 

hematopoiesis (Demirci & Tisdale, 2018; Demirci et al., 2020). In addition, the genetic 

background of iPS cells may also influence differentiation, as the MES kit was developed 

for the differentiation of healthy donor HSC. The genetic background might also be the 

reason for the failure of the tested 2D differentiation protocol as the published protocol 

used healthy donor iPS cells (Börger et al., 2016). 
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The differentiation protocol used in this thesis was initially published in 2015 by Liu et al. 

With slight modifications, we could reduce the costs and maintain the number of 

generated megakaryocytes. Generated megakaryocytes expressed the markers CD41, 

CD42b, and CD61 and proplatelet production was observed.  

After MACS purification of CD61+ megakaryocytes, we observed a high percentage of 

apoptotic cells and downregulation of CD42b after 5 days. Sim et al. described in a 

publication from 2017 that CD42b is downregulated in apoptotic megakaryocytes and is 

associated with lower proplatelet production (Sim et al., 2017). In normal 

megakaryopoiesis, CD42b is expressed during the whole megakaryopoiesis and 

thrombopoiesis (Liu et al., 2015; N. Zhang & Newman, 2019). By using the caspase 

inhibitor Q-VD-OPH, described by Avanzi et al. in 2015 and Sim et al. 2017, we 

developed an approach to purify megakaryocytes based on the expression of the marker 

CD61 and showed that the viability of cells increased significantly after using the caspase 

inhibitor(Avanzi et al., 2015; Sim et al., 2017).  

Nevertheless, the analysis of megakaryocytes has shown that only 10% of cells had a 

high ploidy and the platelet activation assay failed. Liu et al. reported that only 16% of 

their analyzed megakaryocytes had a ploidy over 4N. They also observed that only 16% 

of platelets were CD41+/CD42b+ and that ADP could activate only 6% of these 

proplatelets. Sugimoto and Eto described in a review from 2021 that the low ploidy and 

low (pro)platelet production in iPS cell-derived protocols is a general problem of 

differentiation from iPS cells due to the embryonic state of megakaryocytes (Sugimoto & 

Eto, 2021). The yield of platelets can be enhanced by using stirred bioreactors, causing 

shear forces and enhancing platelet production (Eicke et al., 2018). However, the overall 

embryonic state reflects that there are still some unknown components missing to 

develop mature megakaryocytes.  

In our study, several reasons for the low platelet production are possible: (i) platelets 

were cultured for too long and could therefore not be activated anymore, (ii) our iPS cell-

derived megakaryocytes do not produce functional platelets, (iii) observed platelets were 

largely debris, and therefore activation was not possible. More investigations and 

improvements for the generation of (pro)platelets are needed to solve this problem. As 

our study aims to generate patient-specific megakaryocytes from iPS cells for analysis 

and later co-culture models, the megakaryocytes obtained are nevertheless suitable for 

this approach. 

4.4 iPS cell derived megakaryocytes reflected patient phenotypes 
The most prominent symptom in PV is an elevated erythrocyte count. This can lead to 

thrombosis, strokes, and myocardial infarctions (Levine et al., 2007; Putter & 
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Seghatchian, 2021). Additionally, some PV cases can develop into myelofibrosis, but the 

underlying mechanism is still poorly understood. 

The most evident observation in this work was the significantly higher number of HSC 

for the JAK2 V617Fhom clone in the spin EB protocol. Cell counts of suspension cells 

derived from EB were significantly higher in JAK2 V617Fhom clones, followed by JAK2 

V617Fhet clones and JAK2 unmutated clones. The JAK2 V617F mutation causes 

constitutive activation of JAK-STAT pathways without an external stimulus like cytokine 

binding, causing enhanced proliferation of HSC. Further experiments to determine which 

cell type is the effector of the increased HSC counts would give further insights into the 

mechanism. On the one hand, it could be that the hematopoietic layer in the EB produces 

more HSC or on the other hand that the CD34+ HSC have a higher proliferation capacity 

(Fasouli & Katsantoni, 2021). 

Furthermore, JAK2 V617Fhom clones had significantly higher erythrocyte counts 

compared to JAK2 V617Fhet. JAK2 had almost no erythrocyte production. These findings 

were verified in the CFU assay as the spin EB protocol favors the MEP lineage, including 

erythrocytes. Instead, the CFU assay is a tool to analyze the unbiased differentiation 

potential of CD34+ HSC towards myeloid hematopoietic lineages. Again, erythrocyte 

differentiation was significantly lower in JAK2 unmutated cells compared to control. 

These observations are in line with previous publications and reflect the situation in 

patients (Barbui et al., 2018; Senquan et al., 2016)  

In addition, our investigations on differentiation kinetics showed that the JAK2 mutation 

directly influenced the number of generated megakaryocytes. JAK2 V617Fhom had the 

highest percentage of megakaryocytes on day 11, and the percentage decreased on 

further days. In contrast, JAK2 unmutated clones had the highest percentage of 

megakaryocytes on day 19. Also, the overall megakaryocyte differentiation was higher 

in JAK2 V617F clones, especially when considering CD45+ cells. These findings show 

an accelerated megakaryocyte development caused by the JAK2 V617F mutation. 

Megakaryocytic hyperplasia belongs to the diagnosis criteria of PV according to the 

WHO (Barbui et al., 2018).  

Our findings are also in line with a study by McKerrell et al. from 2017, where the 

enhanced engraftment of JAK2 V617F HSC clones was shown in MPN patients 

(McKerrell et al., 2017). The enhanced engraftment and proliferation can be one of the 

reasons for the observed megakaryocytic hyperplasia. 

In addition, the response of the hematopoietic cells to TPO was altered. JAK2 unmutated 

cells developed significantly fewer megakaryocytes without TPO compared to 

supplementation with TPO. JAK2 V617Fhet and JAK2 V617Fhom clones showed similar 
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megakaryocyte numbers with and without the TPO supplementation. The JAK2 V617F 

mutation causes activation of the JAK-STAT pathway even without binding of TPO. 

These findings align with the observation by Takei et al. (2018), who reported the TPO-

independent megakaryocyte development of JAK2 V617F iPS cells. Moreover, studies 

showed that the TPO level in the blood of PV patients is increased (Cerutti et al., 1997; 

Takei et al., 2018). In healthy conditions, the level of TPO is inversely related to the 

number of megakaryocytes and platelets. It might be that TPO is no longer degraded 

because of the TPO-independent signaling, which would explain the higher TPO blood 

levels. Studies of TPO level in the medium for JAK2 unmutated and mutated clones could 

answer this missing information. 

In summary, the analysis demonstrated that our model of in vitro generated 

megakaryocytes reflects the situation in patients to a large extent. Other groups have 

already published comparable results, but the strength of our approach is that we used 

clones from 3 independent patients. Moreover, we generated all three JAK2 genotypes 

from one patient with CRISPR/Cas9, giving us the unique opportunity to compare 

isogenic clones only differing in the JAK2 mutation. For PV2 clones we showed that 

repair of the JAK2 V617F mutation rescued most of the malignant phenotype. The 

differentiation kinetics and erythrocyte bias were reduced, and the megakaryocytic 

hyperplasia reversed. The missing genotypes are currently generated for patient PV1 

and PV3, making our model even more valuable.  

4.5 Gene expression analysis showed differences based on the 
JAK2 genotype 

Next, changes on mRNA level were analyzed for all generated clones by RT-qPCR and 

in more depth for PV2 JAK2 unmutated and JAK2 V617Fhom by RNA-Seq. The RT-qPCR 

revealed significant upregulation of megakaryocyte developmental genes in the JAK2 

V617Fhet clone compared to JAK2 unmutated and JAK2 V617Fhom. Analysis of the 

differentiation kinetics showed that JAK2 V617Fhom reached the maximum percentage of 

megakaryocytes already at day 11 of the spin EB protocol, JAK2 V617Fhet clones at day 

14, and JAK2 unmutated clones at day 19. Therefore, it can be assumed that the 

increased expression of megakaryocyte developmental genes is due to different kinetics. 

These findings would need to be verified with further RT-qPCR assays on day 11 and 

day 19. 

Furthermore, the expression of genes suspected to play a role in myelofibrosis was 

analyzed. Especially CXCL4, CXCL7, and TGF-β were described to be upregulated on 

RNA level in murine MPN models and HSC of MPN patients and influencing 

myelofibrosis development (H. Gleitz et al., 2020; Meier-Abt et al., 2021; Schneider et 
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al., 2017). Additionally, CXCL4L1 was examined due to the high similarity to CXCL4. 

The analysis of these genes unveiled an upregulation in the JAK2 V617Fhet clones 

compared to the unmutated and homozygous mutated JAK2 clone. CXCL4 and CXCL7 

are stored in the α-granules of platelets (Flad & Brandt, 2010). Therefore, it can be 

assumed that the altered expression depends rather on the different kinetics of the 

clones. The same holds true for TGF-β, which plays an essential role in the maturation 

of megakaryocytes (Abbonante et al., 2016). More mechanistic studies are needed to 

reveal the function of CXCL4L1. 

As inflammation is an essential mechanism in PV and especially later in myelofibrosis, 

the inflammatory genes TNFα and IL-6 were analyzed. (Y. Wang & Zuo, 2019). IL-6 also 

plays a general role in thrombocytosis (Kaser et al., 2001; Noetzli et al., 2019). These 

genes were not higher expressed in JAK2 V617F megakaryocytes compared to the 

unmutated counterpart. The analyzed time point at day 14 of the spin EB protocol might 

be too early for inflammatory processes.  

RNA-Seq analysis revealed more than 300 DEG between JAK2 and JAK2 V617Fhom. 

Two different studies from 2020 performed single-cell transcriptome analysis of CD34+  

PB cells of PV and ET patients harboring the JAK2 V617F mutation (Hsu et al., 2020; 

Psaila et al., 2020). They showed heterogeneity in different patients and differentiation 

bias of mutated cells towards the MEP lineage. Our transcriptome analysis investigated 

the expression differences between iPS cell-derived megakaryocytes with JAK2 and 

JAK2 V617F megakaryocytes, allowing us to analyze the primary effector cells. 

The RNA-Seq data revealed a significant upregulation, especially in ECM protein related 

genes and related factors. The establishment of the demarcation system in 

megakaryocytes for proplatelet production is a well-described process in which the ECM 

plays an essential role (Leiva et al., 2018; Noetzli et al., 2019). The detected significant 

downregulation of lysyl oxidase (LOX) must also be considered in this context. This 

enzyme was described as a regulator of ECM production in MPN and was upregulated 

in megakaryocytes of MPN patients (Piasecki et al., 2020). Moreover, Abbonante et al. 

described in 2016 the regulation of ECM components by autocrine TGF-β signaling 

(Abbonante et al., 2016). ECM proteins and TGF-β signaling were shown to be 

upregulated in CD34+ JAK2 V617F cells of MPN proteins. In contrast, our PROGENy 

analysis revealed downregulation of TGF-β signaling. The fact that we analyzed the 

expression in megakaryocytes might explain these differences. 

Importantly, another recent study showed the downregulation of TGF-β signaling in 

combination with low expression of CXCL4 as a possible mechanism of myelofibrosis 

(Meier-Abt et al., 2021). Our results are in line with these observations and might be a 
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hint to an early pre-fibrotic phenotype of our megakaryocytes. Further investigations 

need to be performed to clarify this hypothesis, also addressing the conflicting results of 

the TGF-β expression showed in RT-qPCR. 

Surprisingly, only CXC4L1 was upregulated in JAK2 V617Fhom megakaryocytes, 

whereas CXCL4 was lower expressed in 2 out of 3 samples. This is in contrast with 

studies reporting an increase of CXCL4 in pre-fibrotic patients (H. Gleitz et al., 2020). 

Also, other known upregulated genes in the development of myelofibrosis like CXCL7, 

CXCL12, or S100A were not differentially expressed in our RNA-Seq data. 

Other differently regulated genes were not restricted to any particular function but 

belonged to a wide variety of pathways. PROGENy analysis revealed a slight 

upregulating trend in hypoxia, EGFR, and PI3K pathways. These changes were not 

significant. Increased sample size, including the other two patients, would help clarify the 

role of these pathways.  

Our collected data showed that significant differences exist between JAK2 V617Fhom and 

JAK2 unmutated iPS cell-derived megakaryocytes. The lower expression of ECM 

proteins in combination with low TGF-β signaling and the unchanged expression of 

myelofibrosis-typical genes indicate that our megakaryocytes differ from other analyses. 

Most published studies used patient material with auxilliary side mutations and mostly 

unspecified JAK2 V617F allele burden.  

In our experiments, however, we use a clonal patient-derived system in which the 

observed changes are solely due to the JAK2 V617F mutation. The analysis of further 

iPS cell-derived megakaryocytes from other patients will shed light on whether the 

observations are a patient-specific effect or a previously undescribed mechanism in 

myelofibrosis. The lower maturation of the cells, also supported by the low proplatelet 

production and low ploidy of our cells at day 14 of the spin EB differentiation, could affect 

our observations. 

In summary, our generated megakaryocytes represent an essential tool for 

understanding the processes in MPN and myelofibrosis. Our clonal system has the 

strength to determine the effect of the JAK2 V617F mutation on myelofibrosis unbiased 

by other mutations or variable allele burden. All intermediate stages can be modeled with 

our generated cells from healthy bone marrow to fully developed myelofibrosis.  

4.6 iPS cell-derived megakaryocytes for the establishment of an 
in vitro co-culture model 

MSC are a heterogeneous group of cells and are found in most tissues of the human 

body, including the bone marrow. Here, they are the main effectors of myelofibrosis 

which get activated by malignant megakaryocytes. To generate a co-culture model with 
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JAK2 unmutated iPS-MSC and JAK2 V617F iPS cell-derived megakaryocytes, iPS cells 

were differentiated into iPS-MSC using various protocols and media. The generated iPS-

MSC could be classified as MSC but were lacking the property of differentiating into 

myofibroblasts. Frobel et al. (2014) described differences of iPS-MSC in marker 

expression intensity, differentiation potential, and epigenetics compared to BM-MSC 

(Frobel et al., 2014). Moreover, other studies reported similar results describing that iPS-

MSC show differences in their characteristics compared to primary material (Deyle et al., 

2012; Diederichs & Tuan, 2014).  

Several different MSC populations are found in human bone marrow with different 

expression profiles and characteristics and have different myelofibrosis effects (Crane et 

al., 2017; H. Gleitz et al., 2020). Therefore, the major challenge is not solely to generate 

iPS-MSC but to generate the right MSC reflecting the characteristics of BM-MSC suitable 

for modeling myelofibrosis. More investigations are necessary to find suitable 

differentiation processes of iPS-MSC concerning material stiffness, 2D and 3D culture, 

and possibly other, still unknown factors (Frobel et al., 2014; Goetzke et al., 2019). 

For these reasons, the use of iPS-MSC was not further pursued, and healthy donor MSC 

from 3 different patients showing the potential to differentiate into myofibroblasts were 

used for further investigations. Several publications described the 2D MSC 

megakaryocytes co-culture to enhance platelet production and maturation of the 

megakaryocytes in vitro (Cheng et al., 2000; Robinson et al., 2006). Furthermore, murine 

Gli+-MSC were co-cultured with TPO overexpressing murine megakaryocytes for fibrosis 

studies (H. Gleitz et al., 2020; Schneider et al., 2017).  

The co-culture in this thesis was successfully established and iPS cell-derived 

megakaryocytes were cultured together with BM-MSC for up to two weeks. Direct 

interaction of the cells was visible by the attachment of some megakaryocytes to the 

MSC layer. Nevertheless, no upregulation of intracellular α-SMA or extracellular collagen 

was observed in any tested conditions. Furthermore, stimulation of BM-MSC with CXCL4 

did not show an upregulation of any fibrosis-related genes. 

There might be three major reasons why fibrosis was not visible in our co-culture: (i) 

other components are missing during myelofibrosis, such as immune cells, (ii) generated 

megakaryocytes are unsuitable for the fibrosis model due to their rather embryonic 

phenotype, (iii) 2D co-culture is to artificial, as the bone marrow is a 3D environment. 3D 

cell-cell contacts may be missing to activate the mechanisms of fibrosis. 

Recent studies showed that CXCL4 suppresses the tolerogenic dendritic cells (DC) 

(Silva-Cardoso et al., 2020) and that CXCL4 stimulation of DC can induce fibroblast 

activation and sclerosis. It might be that immune cells such as DC are important for the 
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development of myelofibrosis and are the missing link in our co-culture model. To 

exclude the possibility that our used iPS cell-derived megakaryocytes are not suitable 

for the in vitro modeling of bone marrow fibrosis, comparison with primary CD34+ derived 

megakaryocytes from MPN patients would be suitable for positive control and should be 

included in further studies. For a 3D co-culture model of iPS cell-derived megakaryocytes 

and MSC, collagen or calcium scaffolds might be suitable for mimicking the bone marrow 

(Noreikaitė et al., 2017). Furthermore, we only had one JAK2 V617Fhom clone. There 

might be further unknown mutations that lead in combination with the JAK2 V617F 

mutation to the development of PV into myelofibrosis. 

In summary, the 2D co-culture of BM-MSC and iPS cell-derived megakaryocytes was 

successfully established. However, our experiments have shown that 2D co-culture 

might not be suitable for a myelofibrosis model. Nevertheless, the performed 

experiments provide information on possible missing components that can be targeted 

in further experiments.  

4.7 Conclusion and future perspective 
In this work, PV patient-derived iPS cells from three different donors were fully 

characterized, and missing JAK2 genotypes were generated to extend the set of iPS 

cells to study MPN, including myelofibrosis. For this purpose, additionally, CXCL4KO 

clones were generated from two different iPS cell clones (Boehnke et al., 2021), as 

CXCL4 is believed to be one of the main effectors in early myelofibrosis. This provides 

the basis for mechanistic research on MPN with a broad set of clones. Furthermore, 

these clones will be a valuable tool to generate an in vitro model for bone marrow fibrosis. 

In this context, further efforts are needed to establish more missing clones. 

Subsequently, a protocol for differentiation of iPS cells into megakaryocytes was 

established in our laboratory using the generated clones and improved by optimizing 

media composition. The combination of magnetic beads based purification and a 

caspase inhibitor for the maturation of megakaryocytes made them suitable for longer 

culture and integration into a co-culture model. The generated iPS cell-derived 

megakaryocytes were examined by various functional, phenotypic, and genotypic 

methods. They were proven to be multinucleated and able to form proplatelets.  

JAK2 V617F megakaryocytes were found to exhibit accelerated differentiation kinetics. 

First hints showed tendencies of higher granularity and, therefore, higher maturation in 

JAK2 V617F clones compared to control. Moreover, the erythrocyte bias known from PV 

patients was also present in JAK2 V617Fhom megakaryocytes and was not present in 

JAK2 unmutated megakaryocytes. Furthermore, JAK2 V617F clones showed a TPO-

independent megakaryocyte production. Transcriptome analysis of JAK2 unmutated 
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megakaryocytes compared to JAK2 V617Fhom megakaryocytes showed a different 

expression pattern. In JAK2 V617Fhom megakaryocytes, ECM production, TGF-β 

signaling, EGF3, and PI3K pathways were slightly downregulated. 

In addition, iPS cell derived JAK2 unmutated MSC were generated. They reflected BM-

MSC characteristics such as the expression of CD29, CD70, CD90, and CD105 and the 

differentiation capacity into the adipogenic and osteogenic lineage. However, they 

missed the differentiation capacity into myofibroblasts upon stimulation with TGF-β and 

were not suitable for co-culture experiments. Therefore, primary BM-MSC were used 

from 3 different donors. Here, CXCL4 stimulation alone was not enough to drive the 

fibrotic differentiation. Different strategies of BM-MSC with iPS cell-derived 

megakaryocytes were tested, but no induction of fibrosis in BM-MSC cultured with JAK2 

V617Fhom megakaryocytes were observed compared to control. 

In future work, the generation of the missing JAK2 V617Fhom clones in PV1 and PV3 is 

needed. Furthermore, integration of iPS cells derived from PMF patients would give 

further insights into the mechanistic of myelofibrosis. Preliminary 3D co-culture 

experiments with calcium scaffolds were already performed and showed promising 

results. Here, megakaryocytes derived from primary CD34+ cells of MPN patients would 

be a valuable control. After establishing a functional myelofibrosis model, the integration 

of CXCL4KO clones could elucidate the effect of CXCL4 in myelofibrosis. Further steps 

would be mechanistic assays and the use of the model for drug screenings of promising 

molecules and targets in myelofibrosis. Here, the observed DEG in the class of ECM 

protein genes and the hypoxia, EGFR, and PI3K pathway can be used to find new 

targets.  
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6 Appendix 

6.1 Supplementary figures and tables 

 

Figure 42: Staining of the 3-lineage marker nestin, AFP and cTNT. 
Representative fluorescence images of PV2 JAK2, PV2 JAK2 V617Fhet, PV2 JAK2 V617Fhom and PV3 JAK2 
iPS cells differentiated by an EB assay. β-III-tubulin (ectoderm), albumin (endoderm) and α-SMA 
(mesoderm, all green) were co-stained with the nuclei (blue). Scale: 50 µm. 

 

Figure 43: Complete Western blot of CXCL4KO clones. 
Western blot analysis of PV1 JAK2 V617Fhet:CXCL4KO and PV1 JAK2:CXCL4KO. PV2 JAK2 V617Fhet and 
recombinant CXCL4 protein was used as control. Recombinant CXCL4 with (11 kDa) and β-actin (45 kDa) 
as loading control was used. 
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Figure 44 :Test of spin EB medium with and without BMP4 and VEGF supplementation. 
Spin EB differentiation of PV2 JAK2 V617hom was tested with BMP4 and VEGF for 14 days (top panel), 
compared to conditions with BMP4 and VEGF supplemented until day 7 (w/o BMP4 and w/o BMP4/VEGF, 
lower panels). Flow cytometry analysis were performed at day 14 with the indicated surface markers. 
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Figure 45: Representative flow cytometry plots on day 14 spin EB for PV1, PV2, and PV3. 
Representative plots of flow cytometry analysis of day 14 spin EB differentiation with and without TPO of (A) 
PV1 JAK2 and JAK2 V617Fhet, (B) PV2 JAK2, JAK2 V617Fhet and JAK2 V617Fhom and (C) PV3 JAK and 
JAK2 V617Fhet. 
 



Appendix 

 

P a g e  | 129 

 

 
Figure 46: Quantification of surface markers after spin EB differentiation.  
Surface marker expression was observed after 14 days of spin EB differentiation with and without TPO. 
Upper plot with PV1 JAK2 and JAK2 V617Fhet (both n=5), middle plot with PV2 JAK2 (n=3) JAK2 V617Fhet 
(n=4) and JAK2 V617Fhom (n=7) and lower plot with PV3 JAK2 (n=6) and JAK2 V617Fhet (n=3). Data is 
represented as means ± SD. Statistical significance was assessed by Student t-test (*p≤0,05, **p≤0.005, 
***p≤0.001, ****p≤0.0001). 
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Figure 47: Quantification of colonies in CFU assays, separated by patients. 
Day 10 CFU assays of CD34+ HSC were counted and are displayed separated by patients and genotype. 
N=3. Data is represented as means ± SD. Statistical significance was assessed by Student t-test (*p≤0,05, 
**p≤0.005, ***p≤0.001, ****p≤0.0001). 
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Figure 48: RT-qPCR analysis of PV1, PV2 and PV3 separately. 
mRNA gene expression analysis of day 14 CD61+ megakaryocytes for PV1, PV2 and PV3. Normalized to 
GAPDH. Blue: JAK2, orange: JAK2 V617Fhet and red JAK2 V617Fhom. Top left: PV1 JAK2 (n=3) and JAK2 
V617Fhet (n=3). Top right: JAK2 and JAK2 V617Fhet (n=2), JAK2 V617Fhom (n=3). Lower plot: PV3 JAK2 
(n=3) and JAK2 V617Fhet (n=1). Data is represented as means ± SD. Statistical significance was assessed 
by Student t-test (*p≤0,05, ****p≤0.0001). 



Appendix 

 

P a g e  | 132 

 

 

Figure 49: Quantification of α-SMA by flow cytometry for 3 healthy donor BM-MSC. 
BM-MSC were isolated from three healthy donors and α-SMA expression was analyzed by flow cytometry 
after 5 days of stimulation with TGF-β and BMP4. Grey: unstained control, blue: stimulated BM-MSC. 
 

 

Figure 50: Analysis of BM-MSC surface marker expression after stimulation with TGF-β/BMP4 and 
CXCL4. 
BM-MSC from three healthy donors were stimulated 5 days with CXCL4 and TGF-β/BMP4. MSC surface 
marker expression was measured by flow cytometry. Grey: unstained control, blue: stimulated BM-MSC. 
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Figure 51: Immunostaining of healthy donor BM-MSC GLI1 and α-SMA. 
Representative images of α-SMA (red), GLI1 (green) and nuclei (blue) immunostaining of BM-MSC donor 
1 and 2 unstimulated or stimulated with CXCL4 or TGF-β/BMP4 for 5 days. Scale: 100 µm 
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Table 24: RT-qPCR primer. 

Gene Primer sequence Reference 

BMPR Fwd. TGAAATCAGACTCCGACCAGA Singh et al., 

2018  Rev. TGGCAAAGCAATGTCCATTAGTT 

COL1A1 Fwd. ATCAACCGGAGGAATTTCCGT Chen et al., 

2016  Rev. CACCAGGACGACCAGGTTTTC 

COL1A2 Fwd. GGCCCTCAAGGTTTCCAAGG Corsa et al., 

2016  Rev. CACCCTGTGGTCCAACAACTC 

COL3A1 Fwd. TGGTCTGCAAGGAATGCCTGGA Purushothama

n et al., 2017  Rev. TCTTTCCCTGGGACACCATCAG 

CXCL4 Fwd. GGGTTGCTGCTCCTGCCAC J. Boehnke, 

unpublished  Rev. ACAGCGGGGCTTGCAGGTCC 

CXCL4L1 Fwd. AGGAGATGCTGTTCTTGGCGTTGC J. Boehnke, 

unpublished  Rev. TGTACAGCAGGGCTTGCAGATCCAA 

CXCL7 Fwd. CTGGCTTCCTCCACCAAAGG Kinouchi et al., 

2017  Rev. GACTTGGTTGCAATGGGTTCC 

CXCR3 Fwd. AAGTACGGCCCTGGAAGACT Lo et al., 2010 

 Rev. GGCGTCATTTAGCACTTGGT 

EGF Fwd. CCTGCAAATGTAGCAGTTGATCC M.A.S. de 

Toledo, Ph.D.  Rev. GCCGCTTATCAAGCACATCC 

FAP Fwd. CCAAACTGGATTTCAGGACAAGA N. Flosdorf, 

M.Sc.  Rev. AGTATCTCCAAAGCATGGTTCTA 

FLI1 Fwd. GTGCTGTTGTCACACCTCAG Elzi et al., 

2015  Rev. TACTGATCGTTTGTGCCCCT 

FN Fwd. CGGTGGCTGTCAGTCAAAG Ren et al., 

2016  Rev. AAACCTCGGCTTCCTCCATAA 

GAPDH Fwd. GAAGGTGAAGGTCGGAGTC Furitsu et al., 

1993  Rev. GAAGATGGTGATGGGATTTC 

GATA1 Fwd. GGGATCACACTGAGCTTGC Szabo et al., 

2010   Rev. ACCCCTGATTCTGGTGTGG 

GLI1 Fwd. GGGTGCCGGAAGTCATACTC Rao et al., 

2014  Rev. GCTAGGATCTGTATAGCGTTTGG 

IL-6 Fwd. TCCAAAGATGTAGCCGCCC Sontag, 2017 

 Rev. CAGTGCCTCTTTGCTGCTTTC 

JAK2  Fwd. GATAAAGCACACAGAAACTATTCAGAGTC Merker et al., 

2010  Rev.  AGAATATTCTCGTCTCCACAAAC 
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JAK2 

V617F 

Fwd. GATAAAGCACACAGAAACTATTCAGAGTC Merker et al., 

2010 Rev. AGAATATTCTCGTCTCCACAAAA 

MPL Fwd. CTGCCACTTCAAGTCACGAA Olschok et al., 

2021  Rev. CTGCCACTCCAATTCCAGAT 

MRTF Fwd. AACAGCACCTCACTGACTGG M.A.S. de 

Toledo, Ph.D.  Rev. TCTTGATAGGCTCGAAGGCG 

NF-E2 Fwd. TGAGCAGGGGCAGTAAGTTG Olschok et al., 

2021  Rev. CTGTGACTCCACCACAGGTTT 

SRF Fwd. CGTTCAGACCCCACAACAGA M.A.S. de 

Toledo, Ph.D.  Rev. GATGGTGGAGGTTGTACCCG 

TGF-β Fwd. GAGCCTGAGGCCGACTACTA Design by 

Zenke Lab  Rev. CTTCTCGGAGCTCTGATGTGTT 

TGF-βR Fwd. CACAGAGTGGGAACAAAAAGGT Gao et al., 

2019  Rev. CCAATGGAACATCGTCGAGCA 

TNF Fwd. ACTTTGGAGTGATCGGCCC Sontag, 2017 

 Rev. CATTGGCCAGGAGGGCATT 

vWF Fwd. CAACACCTGCATTTGCCGAA Olschok et al., 

2021  Rev. TGACCTGTGACAAGGCACTC 

α-SMA Fwd. TCCTTCATCGGGATGGAGTCT J. Boehnke, 

unpublished  Rev. TACATAGTGGTGCCCCCTGA 
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6.1 Abbreviations
AFP  alpha-fetoprotein 

AGM aorta-gonad-

mesonephros 

ALB albumin 

ANGPT1 angiopoietin 1 

bFGF basic fibroblast growth 

factor 

BFU-E burst forming unit - 

erythrocyte 

BLAST Basic Local Alignment 

Search Tool 

BM bone marrow 

BMP4 bone morphogenic 

protein 4 

B  bases 

Bp  base pairs 

BSA  bovine serum albumin  

CALR  calreticulin 

CAR CXCL12 abundant 

reticular 

Cas CRISPR associated gene 

CB cord blood 

CD cluster of differentiation 

cDNA  complementary DNA 

CFU  colony forming unit 

CFU-E  erythroid colony forming 

units  

CFU-G granulocyte colony 

forming units 

CFU-GM  granulocyte macrophage 

colony forming units  

CFU-M macrophage colony 

forming units 

CFU-GEMM granulocyte erythrocyte 

macrophage 

megakaryocyte colony 

forming unit 

CML chronic myeloid leukemia 

CMP common myeloid 

progenitor 

Col collagen 

CTRL control 

CRISPR clustered regularly 

interspaced short 

palindromic repeats 

crRNA CRISPR RNA 

Ct threshold cycle 

CXCL C-X-C motif ligand 

cTNT cardiac troponin 

d day 

DC dendritic cells 

DMEM Dulbecco’s modified 

Eagle medium 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

dNTP deoxynucleotide 

triphosphates 

e.g. for example 

EB embryoid bodies 

ECM extracellular matrix 

EDTA ethylene diamine tetra 

acetic acid 

EPO erythropoietin 

hES cells human embryonic stem 

cells 

ET essential 

thrombocythemia 

etc. et cetera 

FACS fluorescence-activated 

cell sorting 
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FCS fetal calf serum 

FLT3L fms-like tyrosine kinase 3 

ligand 

FN fibronectin 

FSC forward scatter 

g gravitational acceleration 

GAPDH glyceraldehyde 3-

phosphate 

dehydrogenase 

G-CSF-R granulocyte colony 

stimulating factor receptor 

gDNA genomic deoxyribonucleic 

acid 

GFP green fluorescent protein 

gRNA guide RNA 

Gy gray 

h hour 

Het heterozygous 

Hom  homozygous 

HSC hematopoietic stem cells 

ICM inner cell mass 

IFN interferon 

IgG immunoglobulin G 

IgM immunoglobulin M 

IL interleukin 

MEF mouse embryonic 

fibroblasts 

iPS induced pluripotent 

JAK janus kinase 

kb kilo base pairs 

kDa kilo dalton 

KO-DMEM KnockOut™-Dulbecco’s 

Modified Eagle Medium 

LepR leptin receptor 

LT long term 

MEP megakaryocyte erythroid 

progenitors 

MF myelofibrosis 

min minute 

mM millimolar 

MPN myeloproliferative 

neoplasm 

MPL thrombopoietin receptor 

mRNA messenger ribonucleic 

acid 

MSC mesenchymal 

stem/stromal cells 

NCBI National Center for 

Biotechnology 

Information 

Nes nestin 

NGS next-generation 

sequencing 

NK natural killer cells 

OCT4 octamer binding 

transcription factor 4 

P p-value 

PI3K phosphatidylinositol-3-

kinase 

PB peripheral blood 

PBMNC peripheral blood 

mononuclear cells 

PBS phosphate-buffered 

saline 

PCR polymerase chain 

reaction 

PFA paraformaldehyde 

PI propidium iodide 

PMF primary myelofibrosis 

PV polycythemia vera 

PVDF polyvinylidene difluoride 
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RT-qPCR reverse transcription 

quantitative polymerase 

chain reaction 

RNA ribonucleic acid 

Rpm rounds per minute 

RT room temperature 

s seconds 

SCF stem cell factor 

SDS sodium dodecyl sulfate 

SDS-PAGE sodium dodecyl sulfate-

polyacrylamide gel 

electrophoresis 

SFM serum-free medium 

sgRNA single guide RNA 

SH2 src-homology 2 

SNP single nucleotide 

polymorphisms 

SMA smooth muscle actin 

SOX2 sex determining region Y 

(SRY)- box 2 

SSC sideward scatter 

SSEA stage specific embryonic 

antigen 

St short term 

STAT signal transducer and 

activator of transcription 

TALEN transcription activator-like 

effector nucleases 

TBS tris-buffered saline 

TGF transforming growth 

factor 

TNF tumor necrosis factor 

TPO thrombopoietin 

TRA tumor related antigen 

tracrRNA trans-activating CRISPR 

RNA 

t-TBS tween-tris-buffered saline 

U units 

VEGF vascular endothelial 

growth factor 

W week 

WHO world health organization 

ZFN zinc finger nucleases 
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